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I
Mechanics: State, explain and interpret principles of horizontal motion
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      Subject outcome

    

    
      Subject outcome 2.1: State, explain and interpret principles of horizontal motion
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      Learning outcomes

    

    
      
        	Analyse and calculate more complex problems, using linear equations of motion: 	[image: \scriptsize {{v}_{f}}={{v}_{i}}+a\Delta t]
	[image: \scriptsize s={{v}_{i}}\Delta t+\displaystyle \frac{1}{2}a\Delta {{t}^{2}}]
	[image: \scriptsize v_{f}^{2}=v_{i}^{2}+2as].



        	Analyse and interpret graphs of motion: types of motion, direction of motion and turning point: 	displacement–time graph
	velocity–time graph
	acceleration–time graph.



        	Calculate and interpret the gradient of: 	s–t graphs to determine v
	v–t graphs to determine acceleration.



        	Calculate area of v–t graphs to find displacement and distance.
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      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Analyse and calculate more complex problems, using linear equations of motion: 	[image: \scriptsize {{v}_{f}}={{v}_{i}}+a\Delta t]
	[image: \scriptsize s={{v}_{i}}\Delta t+\displaystyle \frac{1}{2}a\Delta {{t}^{2}}]
	[image: \scriptsize v_{f}^{2}=v_{i}^{2}+2as].
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      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Analyse and interpret simple graphs of motion including: 	displacement–time graphs
	velocity–time graphs
	acceleration–time graphs.
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      Unit 3 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Analyse and interpret more complicated graphs of motion including: 	displacement–time graphs
	velocity–time graphs
	acceleration–time graphs.



      

    

  

  






Unit 1: Linear equations of motion
Dylan Busa
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      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Analyse and calculate more complex problems, using linear equations of motion: 	[image: \scriptsize {{v}_{f}}={{v}_{i}}+a\Delta t]
	[image: \scriptsize s={{v}_{i}}\Delta t+\displaystyle \frac{1}{2}a\Delta {{t}^{2}}]
	[image: \scriptsize v_{f}^{2}=v_{i}^{2}+2as].



      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Explain the difference between displacement and distance. See level 2 subject outcome 2.1 unit 1 if you need help with this.

    	Calculate speed and average velocity and acceleration. See level 2 subject outcome 2.1 unit 1 if you need help with this.

    	Use simple linear equations of motion to predict the outcome of motion of a body. See level 2 subject outcome 2.1 unit 2 if you need help with this.

    	Explain the difference between a scalar and a vector. See level 2 subject outcome 2.1 unit 3 if you need help with this.

    	Determine the overall result of two or more vectors in two dimensions using a scale diagram. See level 2 subject outcome 2.1 unit 4 if you need help with this.

  

  Introduction

  In level 2 subject outcome 2.1 we learnt about the basic equations of motion that help us calculate and predict the motion of moving objects. These equations are as follows:

  
    [image: \scriptsize \displaystyle \begin{align*}{{v}_{f}}&={{v}_{i}}+a\Delta t &&\text{equation 1}\\s &={{v}_{i}}\Delta t+\displaystyle \frac{1}{2}a\Delta {{t}^{2}} &&\text{equation 2}\\v_{f}^{2}&=v_{i}^{2}+2as &&\text{equation 3}\end{align*}]
  

  Where:

  
    [image: \scriptsize \begin{align*}{{v}_{i}}&=\text{initial velocity (in m}\text{.}{{\text{s}}^{{-1}}})\\{{v}_{f}}&=\text{final velocity (in m}\text{.}{{\text{s}}^{{-1}}})\\a&=\text{acceleration (in m}\text{.}{{\text{s}}^{{-2}}})\\s&=\text{ displacement/distance in a straight line (in m})\\\Delta t&=\text{time (in s)}\end{align*}]
  

  Thankfully, these equations do not need to be learnt off by heart. In the examination, they will be given to you on a data sheet. Each equation has four variables. You will need any three known quantities to be able to calculate the fourth unknown one.

  It is very important to keep in mind that these equations only work for:

  
    	motion that is in one dimension (i.e. for bodies that are travelling in a straight line)

    	objects that are under constant acceleration.

  

  In this unit you will apply your knowledge about the equations of motion to analyse and solve more complex problems. You will also see how these apply in real-world situations and so expand your understanding of the effects of velocity, displacement and acceleration in everyday applications.

  Problem-solving strategy

  The following strategy for solving linear motion problems is adapted from 2.6 Problem-Solving Basic for One-Dimensional Kinematics by OpenStax Physics.

  
    
      
        [image: Problem-Solving Basic for One-Dimensional Kinematics]
      
    
  

  Step 1: Read the question carefully and draw a sketch
 Carefully read the question and the situation it describes to determine which physical principles are involved. It often helps to draw a simple sketch at the outset. You will also need to decide which direction is positive and note that on your sketch. Once you have identified the physical principles, it is much easier to find and apply the equations representing those principles.

  Step 2: Identify the known facts and variables
 Identify the knowns by making a list of what is given or can be inferred from the problem as stated. Many problems are stated succinctly and require some interpretation to determine what is known. Again, a sketch can also be very useful at this point. Remember the following:

  
    	If an object ‘starts from rest’, then [image: \scriptsize {{v}_{i}}=0\text{ m}\text{.}{{\text{s}}^{{-1}}}].

    	If an object ‘comes to rest’ OR stops, then [image: \scriptsize {{v}_{f}}=0\text{ m}\text{.}{{\text{s}}^{{-1}}}].

    	Slowing down means acceleration is negative while still moving in a positive direction.

    	Constant velocity means [image: \scriptsize \displaystyle a=0\text{ m}\text{.}{{\text{s}}^{{-2}}}], [image: \scriptsize {{v}_{i}}={{v}_{f}}] and you can use [image: \scriptsize \overset{\to }{\mathop{v}}\,\text{ = }\displaystyle \frac{{\Delta s}}{{\Delta t}}].

  

  Step 3: Identify what needs to be found
 Identify exactly what needs to be determined. In more complex problems it is not always obvious what needs to be found or in what sequence, but making a list can help.

  Step 4: Find an equation that helps solve the problem
 Find an equation or set of equations that can help you solve the problem. Your list of knowns and unknowns can help here. Look for equations that contain only one unknown.

  If an equation contains more than one unknown, then an additional equation is needed to solve the problem. In some problems, several unknowns must be determined to solve for the targeted one.

  Step 5: Substitute the knowns into the equations(s)
 Substitute the knowns along with their units into the appropriate equation, and obtain numerical solutions complete with units.

  Using this step to check on units can help you find errors. If the units of the answer are incorrect, then an error has been made.

  Step 6: Check your answer
 Check the answer to see if it is reasonable. To see if the answer is reasonable, check both its magnitude and its sign, as well as its units. Here is an example:

  If a person starts a race on foot and accelerates at [image: \scriptsize 0.40\text{ m}\text{.}{{\text{s}}^{{-2}}}] for [image: \scriptsize 100\text{ s}] what would his final velocity be? To solve this, we would use equation 1 noted above.

  
    [image: \scriptsize \displaystyle \begin{align*}{{v}_{f}}&={{v}_{i}}+a.\Delta t\\&=0+0.40\text{ m}\text{.}{{\text{s}}^{{-2}}}\times 100\text{ s}\\&=40\text{ m}\text{.}{{\text{s}}^{{-1}}}\end{align*}]
  

  Now the mathematical calculation is correct but does the answer make sense in the real world. How fast is [image: \scriptsize 40\text{ m}\text{.}{{\text{s}}^{{-1}}}]?

  
    [image: \scriptsize \begin{align*}&\displaystyle \frac{{40\text{ m}\text{.}{{\text{s}}^{{-1}}}}}{{1\ 000\text{ m}\text{.k}{{\text{m}}^{{-1}}}}}\times 3\ 600\text{ s}\text{.}{{\text{h}}^{{-1}}}\\&=144\text{ km/h}\end{align*}]
  

  Clearly, it is not possible for a runner to achieve this speed so one of the values we substituted into the equation of motion was wrong. We would need to go back and determine where the mistake had come from.

  Use equations of motion to solve problems

  Let’s look at some worked examples of these six steps.

  
    
      
        [image: image]
      

      Example 1.1

    

    
      An airplane lands with an initial velocity of [image: \scriptsize 70\text{ m}\text{.}{{\text{s}}^{{-1}}}] and then decelerates at [image: \scriptsize 1.50\text{ m}\text{.}{{\text{s}}^{{-2}}}] for [image: \scriptsize 40\text{ s}]. What is its final velocity?

      
        Solution
      

      In this situation the acceleration is not zero but it is a constant negative [image: \scriptsize 1.50\text{ m}\text{.}{{\text{s}}^{{-2}}}]. We have been given an initial velocity of [image: \scriptsize 70\text{ m}\text{.}{{\text{s}}^{{-1}}}] and asked to find the final velocity after [image: \scriptsize 40\text{ s}]. Because [image: \scriptsize a\ne 0], [image: \scriptsize {{v}_{f}}\ne {{v}_{i}}].

      
        [image: ]
      

      Note: A diagram like this is simply to help you make sense of the information that you have been given and that you need to find. You are not going to use it to do vector addition, therefore it does not need to be perfectly accurate.

      In the diagram, we assign moving to the right as the positive direction. Therefore, the deceleration is acting in the opposite direction (i.e to the left), and is thus negative.

      We have been given the following information:
[image: \scriptsize \begin{align*}{{v}_{i}}&=70\text{ m}\text{.}{{\text{s}}^{{-1}}}\\a&=-1.50\text{ m}\text{.}{{\text{s}}^{{-2}}} && \text{Remember this acts in the opposite direction }\\ &&&\text{to the velocity}\\\Delta t&=40.0\text{ s}\end{align*}]

      
        [image: \scriptsize \begin{align*}{{v}_{f}}&={{v}_{i}}+a.\Delta t\quad \text{This equation relates what we know and what we want to find }({{v}_{f}})\\&=70\text{ m}\text{.}{{\text{s}}^{{-1}}}-1.50\text{ m}\text{.}{{\text{s}}^{{-2}}}\times 40.0\text{ s}\\&=\text{10 m}\text{.}{{\text{s}}^{{-1}}}\end{align*}]
      

      The answer makes sense. After a period of deceleration, we expect the final velocity to be less than the initial velocity.

    

  

  
    
      
        [image: image]
      

      Example 1.2

    

    
      Dragsters can achieve average accelerations of [image: \scriptsize 26.0\text{ m}\text{.}{{\text{s}}^{{-2}}}]. Suppose such a dragster accelerates from rest at this rate for [image: \scriptsize 5.56\text{ s}]. How far does it travel in this time?

      
        Solution
      

      We have been asked to calculate a displacement given the initial velocity of the dragster, its rate of acceleration and the time it accelerates.

      
        [image: ]
      

      In the diagram, we assign moving to the right as the positive direction. Therefore, the acceleration is also acting in the same direction.

      We have been given the following information:
[image: \scriptsize \begin{align*}{{v}_{i}}&=0\text{ m}\text{.}{{\text{s}}^{{-1}}}\\a&=26.0\text{ m}\text{.}{{\text{s}}^{{-2}}}\\\Delta t&=5.56\text{ s}\\\\s&={{v}_{i}}.\Delta t+\displaystyle \frac{1}{2}a.\Delta {{t}^{2}}\\&=\displaystyle \frac{1}{2}\times 26.0\text{ m}\text{.}{{\text{s}}^{{-2}}}\times {{(5.56\text{ s})}^{2}}\\&=401.88\text{ m}\end{align*}]

      At just less than half a kilometre, the answer seems reasonable.

    

  

  
    
      
        [image: image]
      

      Example 1.3

    

    
      A formula one (F1) racing car can accelerate from [image: \scriptsize 0-100\text{ km/h}] in approximately [image: \scriptsize 2.6\text{ s}]. If a car accelerates at this rate and covers [image: \scriptsize 400\text{ m}], what will its final velocity be?

      
        Solution
      

      We have been asked to calculate the car’s final velocity. We have not been directly given the rate of acceleration. We will need to calculate what this is by using the fact that it can increase its velocity from [image: \scriptsize {{v}_{i}}=0\text{ m}\text{.}{{\text{s}}^{{-1}}}] to [image: \scriptsize {{v}_{f}}=100\text{ km/h}] in [image: \scriptsize 2.6\text{ s}].

      Once we know the rate of acceleration, we can calculate the car’s final velocity if it accelerates at this rate over [image: \scriptsize 400\text{ m}].

      To calculate the acceleration, we have been given the following information:
[image: \scriptsize \begin{align*}{{v}_{i}}&=0\text{ m}\text{.}{{\text{s}}^{{-1}}}\\{{v}_{f}}&=100\text{ km/h}=\displaystyle \frac{{100\text{ km/h}\times 1\ 000\text{ m}\text{.k}{{\text{m}}^{{-1}}}}}{{3\ 600\text{ s}\text{.}{{\text{h}}^{{-1}}}}}=27.78\text{ m}\text{.}{{\text{s}}^{{-1}}}\\\Delta t&=2.6\text{ s}\end{align*}]

      
        [image: \scriptsize \begin{align*}{{\text{v}}_{f}} & ={{v}_{i}}+a.\Delta t\\\therefore a & =\displaystyle \frac{{({{v}_{f}}-{{v}_{i}})}}{{\Delta t}}\\ & =\displaystyle \frac{{27.78\text{ m}\text{.}{{\text{s}}^{{-1}}}}}{{2.6\text{ s}}}\\ & =10.68\text{ m}\text{.}{{\text{s}}^{{-2}}}\end{align*}]
      

      Now we can calculate the final velocity, as we have the following information:
[image: \scriptsize \begin{align*}s&=400\text{ m}\\a&=\text{10}\text{.68 m}\text{.}{{\text{s}}^{{-2}}}\\{{v}_{i}}&=0\text{ }\text{.}{{\text{s}}^{{-1}}}\end{align*}]

      
        [image: \scriptsize \begin{align*}{{v}_{f}}^{2} & ={{v}_{i}}^{2}+2as\\ & =0\text{ }{{\text{m}}^{2}}\text{.}{{\text{s}}^{{-2}}}+2\times 10.68\text{ m}\text{.}{{\text{s}}^{{-2}}}\times 400\text{ m}\\ & =8\ 544\text{ }{{\text{m}}^{2}}.{{\text{s}}^{{-2}}}\\\therefore {{v}_{f}} &=92.43\text{ m}\text{.}{{\text{s}}^{{-1}}}\end{align*}]
      

      [image: \scriptsize 92.43\text{ m}\text{.}{{\text{s}}^{{-1}}}=\displaystyle \frac{{92.43\text{ m}\text{.}{{\text{s}}^{{-1}}}\times 3\ 600\text{ s}\text{.}{{\text{h}}^{{-1}}}}}{{1\ 000\text{ m}\text{.k}{{\text{m}}^{{-1}}}}}=332.76\text{ km/h}]. As the top speed of a F1 car is a little less than [image: \scriptsize 360\text{ km/h}] this answer is reasonable.

    

  

  
    
      
        [image: image]
      

      Example 1.4

    

    
      On a dry road surface, a car can decelerate at a rate of [image: \scriptsize 6.92\text{ m}\text{.}{{\text{s}}^{{-2}}}], whereas on a wet surface it can decelerate at only [image: \scriptsize 4.89\text{ m}\text{.}{{\text{s}}^{{-2}}}].

      
        	Find the distances necessary to stop a car moving at [image: \scriptsize 120\text{ km/h}] on: 	a dry road
	a wet road.



        	Now, taking into account that the average driver takes about [image: \scriptsize 0.500\text{ s}] between realising they need to brake and actually depressing the brake pedal, what should the actual following distances be in dry and wet conditions?

      

      
        Solutions
      

      
        	We have been asked to calculate the stopping distances. In each case the car is travelling at an initial velocity of [image: \scriptsize 120\text{ km/h}] and needs to come to a stop. Therefore [image: \scriptsize {{v}_{i}}=120\text{ km/h}] and [image: \scriptsize {{v}_{f}}=0\text{ m}\text{.}{{\text{s}}^{{-1}}}]. Also, we are considering deceleration, meaning that the rate of acceleration will be negative compared to the initial velocity.
.
 We have been given the following information:
[image: \scriptsize \begin{align*}{{v}_{i}}&=120\text{ km/h}=33.33\text{ m}\text{.}{{\text{s}}^{{-1}}}\\{{v}_{f}}&=0\text{ m}\text{.}{{\text{s}}^{{-1}}}\\a&=-6.92\text{ m}\text{.}{{\text{s}}^{{-2}}}\ \text{(part a) and}\ a=-4.89\text{ m}\text{.}{{\text{s}}^{{-2}}}\ \text{(part b)}\end{align*}]
[image: ]	.
[image: \scriptsize \displaystyle \begin{align*}{{v}_{f}}^{2} & ={{v}_{i}}^{2}+2as\\\therefore s & =\displaystyle \frac{{({{v}_{f}}^{2}-{{v}_{i}}^{2})}}{{2a}}\\ & =\displaystyle \frac{{(0\text{ }{{\text{m}}^{2}}\text{.}{{\text{s}}^{{\text{-2}}}}-1\ 110.89\text{ }{{\text{m}}^{2}}\text{.}{{\text{s}}^{{-2}}})}}{{2\times (-6.92\text{ m}\text{.}{{\text{s}}^{{-2}}})}}\\ & =80.27\text{ m}\end{align*}]
	.
[image: \scriptsize \displaystyle \begin{align*}{{v}_{f}}^{2} & ={{v}_{i}}^{2}+2as\\\therefore s & =\displaystyle \frac{{({{v}_{f}}^{2}-{{v}_{i}}^{2})}}{{2a}}\\ & =\displaystyle \frac{{(0\text{ }{{\text{m}}^{2}}\text{.}{{\text{s}}^{{\text{-2}}}}-1\ 110.89\text{ }{{\text{m}}^{2}}\text{.}{{\text{s}}^{{-2}}})}}{{2\times (-4.89\text{ m}\text{.}{{\text{s}}^{{-2}}})}}\\ & =113.59\text{ m}\end{align*}]
.
 It makes sense that the car will take longer to stop on a wet road where the deceleration is less than on a dry road.



        	We need to take account of the distance that the car will continue to travel before the brake pedal is depressed and, therefore, before the car starts to decelerate. Therefore, we need to add this distance to the distances calculated in question 1. Because there is no deceleration during this time, the same distance will be travelled on dry and wet roads.
.
 We have been given the following information:
[image: \scriptsize \begin{align*}v&=33.33\text{ m}\text{.}{{\text{s}}^{{-1}}}\\t&=0.500\text{ s}\\\\s&=v\times t\\&=33.33\text{ m}\text{.}{{\text{s}}^{{-1}}}\times 0.500\text{ s}\\&=16.67\text{ m}\end{align*}]
.
 This means that the safe following distance on a dry road is at least [image: \scriptsize 80.27\text{ m}+16.67\text{ m}=96.94\text{ m}] and at least [image: \scriptsize \text{113}\text{.59 m}+16.67\text{ m}=130.26\text{ m}] on a wet road.

      

    

  

  
    
      
        [image: image]
      

      Example 1.5

    

    
      A car merges into freeway traffic down a [image: \scriptsize 200\text{ m}] ramp. If its initial velocity is [image: \scriptsize 10\text{ m/s}]and it accelerates at [image: \scriptsize 2.00\text{ m/}{{\text{s}}^{2}}], how long does it take to travel down the ramp?

      
        Solution
      

      We have been asked to calculate the time taken for the car to travel [image: \scriptsize 200\text{ m}] at an initial velocity and an acceleration.

      
        [image: ]
      

      We have been given the following information:
[image: \scriptsize \begin{align*}s&=200\text{ m}\\{{\text{v}}_{i}}&=10\text{ m}\text{.}{{\text{s}}^{{-1}}}\\a&=2\text{ m}{{\text{s}}^{{-2}}}\end{align*}]

      
        [image: \scriptsize \begin{align*}s & ={{v}_{i}}.\Delta t+\displaystyle \frac{1}{2}a.\Delta {{t}^{2}}\\\therefore 200\text{ m} & =10\text{ m}\text{.}{{\text{s}}^{{-1}}}\times t+\displaystyle \frac{1}{2}\times 2\text{ m}\text{.}{{\text{s}}^{{-2}}}\times {{t}^{2}}\\\therefore 200 & =10t+{{t}^{2}}\quad \text{It helps to simplify the equation}\end{align*}]
      

      This is a quadratic equation:
[image: \scriptsize \begin{align*}{{t}^{2}}+10t-200 & =0\\\therefore (t-10)(t+20) & =0\\\therefore t=10\ \text{ o} & \text{r }t=-20\end{align*}]

      An answer of [image: \scriptsize t=-20\text{ s}] in this context does not make sense and we can discard it. Therefore, [image: \scriptsize t=10\text{ s}].

      Note: In some situations, both the answers we get from a quadratic equation may make sense, in which case we need to accept both of them.

    

  

  
    
      
        [image: image]
      

      Exercise 1.1

    

    
      
      
        	A motorcycle has a uniform acceleration of [image: \scriptsize 4\text{ m}\text{.}{{\text{s}}^{{-2}}}]. Assume the motorcycle has an initial velocity of [image: \scriptsize 20\text{ m}\text{.}{{\text{s}}^{{-1}}}]. Determine the velocity and displacement at the end of [image: \scriptsize 12\text{ s}].

        	An aeroplane accelerates uniformly such that it goes from rest to [image: \scriptsize 144\text{ km/h}] in [image: \scriptsize 8\text{ s}]. Calculate the acceleration required and the total distance that it has travelled in this time.

        	A car is driven at [image: \scriptsize 25\text{ m}\text{.}{{\text{s}}^{{-1}}}] in a municipal area. When the driver sees a traffic officer at a speed trap, he realises he is travelling too fast. He immediately applies the brakes of the car while still [image: \scriptsize 100\text{ m}] away from the speed trap. 	Calculate the magnitude of the minimum acceleration which the car must have to avoid exceeding the speed limit if the municipal speed limit is [image: \scriptsize 16.6\text{ m}\text{.}{{\text{s}}^{{-1}}}].
	Calculate the time from the instant the driver applied the brakes until he reaches the speed trap. Assume that the car’s velocity, when reaching the trap, is [image: \scriptsize 16.6\text{ m}\text{.}{{\text{s}}^{{-1}}}].



        	In towns and cities, the speed limit is [image: \scriptsize 60\text{ km/h}]. The length of the average car is [image: \scriptsize 3.5\text{ m}], and the width of the average car is [image: \scriptsize 2\text{ m}]. To cross the road, you need to be able to walk further than the width of a car before that car reaches you. To cross safely, you should be able to walk at least [image: \scriptsize 2\text{ m}] further than the width of the car ([image: \scriptsize 4\text{ m}] in total) before the car reaches you. 	How long does it take you to walk a distance equal to the width of the average car?
	How many metres does a car travelling at the speed limit travel, in the same time that it takes you to walk a distance equal to the width of car?
	If you see a car driving toward you, and it is [image: \scriptsize 28\text{ m}] away (the same as the length of eight cars), is it safe to walk across the road?
	How far away must a car be before you think it might be safe to cross? How many car-lengths is this distance?



      

      The 
full solutions can be found at the end of the unit.
    

  

  Summary

  In this unit you have learnt the following:

  
    	How to analyse and calculate more complex problems, using linear equations of motion: 	[image: \scriptsize {{v}_{f}}={{v}_{i}}+a\Delta t]
	[image: \scriptsize s={{v}_{i}}\Delta t+\displaystyle \frac{1}{2}a\Delta {{t}^{2}}]
	[image: \scriptsize v_{f}^{2}=v_{i}^{2}+2as].



    	A basic problem-solving strategy for solving problems of motion in one-dimension.

    	That 	If an object ‘starts from rest’, then [image: \scriptsize {{v}_{i}}=0\text{ m}\text{.}{{\text{s}}^{{-1}}}].
	If an object ‘comes to rest’ OR stops, then [image: \scriptsize {{v}_{f}}=0\text{ m}\text{.}{{\text{s}}^{{-1}}}].
	Slowing down means acceleration is negative while still moving in a positive direction.
	Constant velocity means [image: \scriptsize \displaystyle a=0\text{ m}\text{.}{{\text{s}}^{{-2}}}], [image: \scriptsize {{v}_{i}}={{v}_{f}}] and you can use [image: \scriptsize \overset{\to }{\mathop{v}}\,\text{ = }\displaystyle \frac{{\Delta s}}{{\Delta t}}].



  

  Unit 1: Assessment

  Suggested time to complete: 40 minutes

  
    	A ball is thrown and then caught in a padded mitt. If the deceleration of the ball is [image: \scriptsize 2.10\times {{10}^{4}}\text{ m}\text{.}{{\text{s}}^{{-2}}}], and [image: \scriptsize 1.85\text{ ms}][image: \scriptsize (1\text{ ms}={{10}^{{-3}}}\text{ s)}] elapses from the time the ball first touches the mitt until it stops, what was the initial velocity of the ball?

    	A light-rail commuter train accelerates at a rate of [image: \scriptsize 1.35\text{ m}\text{.}{{\text{s}}^{{-2}}}]. 	How long does it take to reach its top speed of [image: \scriptsize 80~\text{km/h}], starting from rest?
	The same train ordinarily decelerates at a rate of [image: \scriptsize 1.65\ \text{m}\text{.}{{\text{s}}^{{-2}}}]. How long does it take to come to a stop from its top speed?
	In emergencies the train can decelerate more rapidly, coming to rest from [image: \scriptsize 80~\text{km/h}], in [image: \scriptsize 8.30\text{ s}]. What is its emergency deceleration in [image: \scriptsize \text{m}\text{.}{{\text{s}}^{{-2}}}]?



    	A bus on a straight road starts from rest at a bus stop and accelerates at [image: \scriptsize 2\text{ m}\text{.}{{\text{s}}^{{-2}}}] until it reaches a speed of [image: \scriptsize 20\text{ m}\text{.}{{\text{s}}^{{-1}}}]. Then the bus travels for [image: \scriptsize 20\text{ s}] at a constant speed until the driver sees the next bus stop in the distance. The driver applies the brakes, stopping the bus in a uniform manner in [image: \scriptsize 5~\text{s}],. 	How long does the bus take to travel from the first bus stop to the second bus stop?
	What is the average velocity of the bus during the trip?



    	A world record was set for the men’s [image: \scriptsize 100\text{ m}] dash in the 2008 Olympic Games in Beijing by Usain Bolt of Jamaica. Bolt ‘coasted’ across the finish line with a time of [image: \scriptsize 9.69\text{ s}]. 	If we assume that Bolt accelerated for [image: \scriptsize 3.00\text{ s}] to reach his maximum speed and maintained that speed for the rest of the race, calculate his maximum speed and his acceleration.
	During the same Olympics, Bolt also set the world record in the [image: \scriptsize 200\text{ m}] dash with a time of [image: \scriptsize 19.30\text{ s}]. Using the same assumptions as for the [image: \scriptsize 100\text{ m}] dash, what was his maximum speed for this race?



  

  The full solutions can be found at the end of the unit.

  Unit 1: Solutions

  Exercise 1.1

  
    	
      .
      

      [image: \scriptsize \begin{align*}{{v}_{i}}&=20\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\t&=12\ \text{s}\\a&=4\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}\end{align*}]
      

      .
      

      [image: \scriptsize \displaystyle \begin{align*}{{v}_{f}} & ={{v}_{i}}+at\\\therefore {{v}_{f}} & =20\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}+4\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}\times 12\ \text{s}=68\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\end{align*}]
      

      .
      

      [image: \scriptsize \begin{align*}s&=vt+\displaystyle \frac{1}{2}a{{t}^{2}}\\&=20\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\times 12\ \text{s}+\displaystyle \frac{1}{2}\times 4\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}\times {{(12\ \text{s})}^{2}}\\&=528\ \text{m}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \displaystyle \begin{align*}{{v}_{i}}&=0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\{{v}_{f}}&=144\ \text{km/h}=\displaystyle \frac{{144\ \text{km/h}\times 1\ 000\ \text{m/km}}}{{3\ 600\ \text{s/hr}}}=40\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\t&=8\ \text{s}\end{align*}]
      

      .
      

      [image: \scriptsize \displaystyle \begin{align*}{{v}_{f}}& ={{v}_{i}}+at\\\therefore at & ={{v}_{f}}-{{v}_{i}}\\\therefore a & =\displaystyle \frac{{{{v}_{f}}-{{v}_{i}}}}{t}=\displaystyle \frac{{40\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}-0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}{{8\ \text{s}}}=5\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}\end{align*}]
      

      .
      

      [image: \scriptsize \begin{align*}s&=vt+\displaystyle \frac{1}{2}a{{t}^{2}}\\&=0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\times 8\ \text{s}+\displaystyle \frac{1}{2}\times 5\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}\times {{(8\ \text{s})}^{2}}\\&=160\ \text{m}\end{align*}]
    

    	
      .
      
        	.
[image: \scriptsize \begin{align*}{{v}_{i}}&=25\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\{{v}_{f}}&=16.6\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\s&=100\ \text{m}\end{align*}]
.
[image: \scriptsize \begin{align*}{{v}_{f}}^{2} & ={{v}_{i}}^{2}+2as\\\therefore 2as & ={{v}_{f}}^{2}-{{v}_{i}}^{2}\\\therefore a & =\displaystyle \frac{{{{v}_{f}}^{2}-{{v}_{i}}^{2}}}{{2s}}\\ & =\displaystyle \frac{{{{{\left( {16.6\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}} \right)}}^{2}}-{{{\left( {25\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}} \right)}}^{2}}}}{{2\times 100\ \text{m}}}\\ & =-1.75\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}\end{align*}]
.
 Therefore, the minimum acceleration is [image: \scriptsize -1.75\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}] or a deceleration of [image: \scriptsize 1.75\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}].

        	
          .
          

          [image: \scriptsize \displaystyle \begin{align*}{{v}_{f}} &={{v}_{i}}+at\\\therefore at & ={{v}_{f}}-{{v}_{i}}\\\therefore t & =\displaystyle \frac{{{{v}_{f}}-{{v}_{i}}}}{a}=\displaystyle \frac{{16.6\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}-25\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}{{-1.75\ \text{m}\text{.}{{\text{s}}^{{-2}}}}}=4.8\ \text{s}\end{align*}]
        

      

    

    	
      .
      
        	
          .
          

          [image: \scriptsize \begin{align*}v&=5\ \text{km/h}=1.39\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\s&=4\ \text{m}\end{align*}]
          

          .
          

          [image: \scriptsize \begin{align*}v & =\displaystyle \frac{s}{t}\\\therefore t & =\displaystyle \frac{s}{v}=\displaystyle \frac{{4\ \text{m}}}{{1.39\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}=2.88\ \text{s}\end{align*}]
        

        	We need to calculate the distance travelled by a car travelling at [image: \scriptsize 60\ \text{km/h}] in [image: \scriptsize 2.88\ \text{s}].
[image: \scriptsize \begin{align*}v&=60\ \text{km/h}=16.67\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\t&=2.88\ \text{s}\end{align*}]
.
[image: \scriptsize \begin{align*}v &=\displaystyle \frac{s}{t}\\\therefore s & =v\times t=1.39\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\times 2.88\ \text{s}=48.01\ \text{m}\end{align*}]

        	No, it is not safe to cross. The time it takes the car to cover [image: \scriptsize 28\ \text{m}] will be less than [image: \scriptsize 2.88\ \text{s}] and, therefore, less than the time it will take a pedestrian to travel the [image: \scriptsize 4\ \text{m}] considered safe when crossing a road.

      

    

  

  
    Back to Exercise 1.1
  

  Unit 1: Assessment

  
    	
      .
      

      [image: \scriptsize \begin{align*}{{v}_{f}}&=0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\t&=1.85\times {{10}^{{-3}}}\ \text{s}\\a&=-2.10\times {{10}^{{-4}}}\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}\quad \text{(deceleration is negative acceleration)}\end{align*}]
      

      .
      

      [image: \scriptsize \displaystyle \begin{align*}{{v}_{f}} &={{v}_{i}}+at\\\therefore {{v}_{i}} & ={{v}_{f}}-at\\&=0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}-\left( {-2.10\times {{{10}}^{{-4}}}\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}} \right)\times 1.85\times {{10}^{{-3}}}\ \text{s}\\&=38.85\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\end{align*}]
    

    	A light-rail commuter train accelerates at a rate of [image: \scriptsize 1.35\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}]. 	.
[image: \scriptsize \begin{align*}{{v}_{i}}&=0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\{{v}_{f}}&=80\ \text{km/h}=22.22\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\a&=1.35\ \text{m}\text{.}{{\text{s}}^{{-2}}}\end{align*}]
.
[image: \scriptsize \displaystyle \begin{align*}{{v}_{f}} &={{v}_{i}}+at\\\therefore at & ={{v}_{f}}-{{v}_{i}}\\\therefore t & =\displaystyle \frac{{{{v}_{f}}-{{v}_{i}}}}{a}=\displaystyle \frac{{22.22\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}-0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}{{1.35\ \text{m}\text{.}{{\text{s}}^{{-2}}}}}=16.46\ \text{s}\end{align*}]
	.
[image: \scriptsize \begin{align*}{{v}_{i}}&=22.22\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\{{v}_{f}}&=0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\a&=-1.65\ \text{m}\text{.}{{\text{s}}^{{-2}}}\end{align*}]
.
[image: \scriptsize \displaystyle \begin{align*}{{v}_{f}} &={{v}_{i}}+at\\\therefore at & ={{v}_{f}}-{{v}_{i}}\\\therefore t & =\displaystyle \frac{{{{v}_{f}}-{{v}_{i}}}}{a}=\displaystyle \frac{{0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}-22.22\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}{{-1.65\ \text{m}\text{.}{{\text{s}}^{{-2}}}}}=13.47\ \text{s}\end{align*}]
	.
[image: \scriptsize \begin{align*}{{v}_{i}}&=22.22\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\{{v}_{f}}&=0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\t&=8.30\ \text{s}\end{align*}]
.
[image: \scriptsize \displaystyle \begin{align*}{{v}_{f}} &={{v}_{i}}+at\\\therefore at & ={{v}_{f}}-{{v}_{i}}\\\therefore a & =\displaystyle \frac{{{{v}_{f}}-{{v}_{i}}}}{t}=\displaystyle \frac{{0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}-22.22\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}{{8.30\ \text{s}}}=-2.68\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}\end{align*}]



    	
      .
      
        	Distance travelled during period of acceleration:
[image: \scriptsize \begin{align*}{{v}_{i}}&=0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\{{v}_{f}}&=20\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\a&=2\ \text{m}\text{.}{{\text{s}}^{{-2}}}\end{align*}]
.
[image: \scriptsize \displaystyle \begin{align*}{{v}_{f}} &={{v}_{i}}+at\\\therefore at & ={{v}_{f}}-{{v}_{i}}\\\therefore t & =\displaystyle \frac{{{{v}_{f}}-{{v}_{i}}}}{a}=\displaystyle \frac{{20\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}-0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}{{2\ \text{m}\text{.}{{\text{s}}^{{-2}}}}}=10\ \text{s}\end{align*}]
.
[image: \scriptsize \begin{align*}s&=vt+\displaystyle \frac{1}{2}a{{t}^{2}}\\&=0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\times 10\ \text{s}+\displaystyle \frac{1}{2}\times 2\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}\times {{(10\ \text{s})}^{2}}\\&=100\ \text{m}\end{align*}]
.
 Distance travelled during period of constant velocity:
[image: \scriptsize \begin{align*}v&=20\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\t&=20\ \text{s}\end{align*}]
[image: \scriptsize \begin{align*}v&=\displaystyle \frac{s}{t}\\\therefore s & =v\times t=20\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\times 20\ \text{s}=400\ \text{m}\end{align*}]
.
 Distance travelled during period of deceleration:
[image: \scriptsize \begin{align*}{{v}_{i}}=20\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\{{v}_{f}}=0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\t=5\ \text{s}\end{align*}]
.
[image: \scriptsize \displaystyle \begin{align*}{{v}_{f}}&={{v}_{i}}+at\\\therefore at & ={{v}_{f}}-{{v}_{i}}\\\therefore a & =\displaystyle \frac{{{{v}_{f}}-{{v}_{i}}}}{t}=\displaystyle \frac{{0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}-20\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}{{5\ \text{s}}}=-4\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}\end{align*}]
.
[image: \scriptsize \begin{align*}s&=vt+\displaystyle \frac{1}{2}a{{t}^{2}}\\&=20\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\times 5\ \text{s}+\displaystyle \frac{1}{2}\times \left( {-4\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}} \right)\times {{(5\ \text{s})}^{2}}\\&=50\ \text{m}\end{align*}]
 Therefore, the total distance travelled by the bus is [image: \scriptsize 100\ \text{m}+400\ \text{m}+50\ \text{m}=550\ \text{m}].

        	[image: \scriptsize \text{Average velocity}=\displaystyle \frac{{\text{Total displacement}}}{{\text{Total time}}}]
 Total displacement: [image: \scriptsize 550\ \text{m}]
 Total time: [image: \scriptsize 35\ \text{s}]
[image: \scriptsize \text{Average velocity}=\displaystyle \frac{{550\ \text{m}}}{{35\ \text{s}}}=15.71\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]

      

    

    	
      .
      
        	Let Usain Bolt’s maximum speed be [image: \scriptsize x\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]. He travelled at this maximum speed for [image: \scriptsize 9.69\ \text{s}-3.00\ \text{s}=6.69\ \text{s}].
 For the period of acceleration:
[image: \scriptsize \begin{align*}{{v}_{i}}&=0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\{{v}_{f}}&=x\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\t&=3\ \text{s}\end{align*}]
.
[image: \scriptsize \begin{align*}{{v}_{f}}^{2} & ={{v}_{i}}^{2}+2as\\\therefore 2as &={{v}_{f}}^{2}-{{v}_{i}}^{2}\\\therefore a & =\displaystyle \frac{{{{v}_{f}}^{2}-{{v}_{i}}^{2}}}{{2s}}\\ & =\displaystyle \frac{{{{{\left( {x\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}} \right)}}^{2}}-{{{\left( {0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}} \right)}}^{2}}}}{{2s}}\\ & =\displaystyle \frac{{{{x}^{2}}}}{{2s}}\quad \text{Equation 1}\end{align*}]
.
[image: \scriptsize \displaystyle \begin{align*}\text{But }{{v}_{f}} &={{v}_{i}}+at\\\therefore at & ={{v}_{f}}-{{v}_{i}}\\\therefore a & =\displaystyle \frac{{{{v}_{f}}-{{v}_{i}}}}{t}=\displaystyle \frac{x}{3}\quad \text{Equation 2}\end{align*}]
.
[image: \scriptsize \begin{align*}\text{Therefore }\displaystyle \frac{{{{x}^{2}}}}{{2s}} & =\displaystyle \frac{x}{3}\\\therefore 3{{x}^{2}} & =2sx\\\therefore 3{{x}^{2}}-2sx & =0\\\therefore x(3x-2s) & =0\\\therefore x=0\text{ } & \text{or }x=\displaystyle \frac{{2s}}{3}\end{align*}]
.
 But [image: \scriptsize x] cannot be zero. Therefore, [image: \scriptsize x=\displaystyle \frac{{2s}}{3}].
 Now the displacement during the period of acceleration is equal to [image: \scriptsize 100\ \text{m}] (the length of the race) less his displacement during constant velocity.
.
 For the period of constant velocity:
[image: \scriptsize \begin{align*}v&=x\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\t&=6.69\ \text{s}\end{align*}]
.
[image: \scriptsize \begin{align*}v &=\displaystyle \frac{s}{t}\\\therefore s & =v\times t=6.69x\end{align*}]
 Therefore, his displacement during acceleration is [image: \scriptsize 100-6.69x]. We can substitute this for [image: \scriptsize s] in [image: \scriptsize x=\displaystyle \frac{{2s}}{3}].
.
[image: \scriptsize \begin{align*}\text{Therefore }x & =\displaystyle \frac{{2(100-6.69x)}}{3}\\\therefore 3x & =200-13.38x\\\therefore 3x+13.38x & =200\\\therefore 16.38x & =200\\\therefore x & =12.21\end{align*}]
 Therefore, Usain Bolt’s maximum velocity was [image: \scriptsize 12.21\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]and his average acceleration was [image: \scriptsize \displaystyle \frac{{12.21\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}{{3\ \text{s}}}=4.07\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}].

        	If we let his maximum velocity be [image: \scriptsize x\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}] again, we know from part a. that [image: \scriptsize x=\displaystyle \frac{{2s}}{3}]. But his total displacement is now [image: \scriptsize 200\ \text{m}] and he ran at his maximum velocity for [image: \scriptsize 16.30\ \text{s}].
.
 Therefore, for the period of constant velocity:
[image: \scriptsize \begin{align*}v&=x\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\t&=16.30\ \text{s}\end{align*}]
.
[image: \scriptsize \begin{align*}v &=\displaystyle \frac{s}{t}\\\therefore s & =v\times t=16.30x\end{align*}]
.
 Therefore, his displacement during acceleration is [image: \scriptsize 200-16.30x]. We can substitute this for [image: \scriptsize s] in [image: \scriptsize x=\displaystyle \frac{{2s}}{3}].
.
[image: \scriptsize \begin{align*}\text{Therefore }x & =\displaystyle \frac{{2(200-16.30x)}}{3}\\\therefore 3x & =400-32.60x\\\therefore 35.60x & =400\\\therefore x & =11.24\end{align*}]
 Therefore, Usain Bolt’s maximum velocity was [image: \scriptsize 11.24\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}].

      

    

  

  
    Back to Unit 1: Assessment 
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Unit 2: Describe horizontal motion graphically
Dylan Busa



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Analyse and interpret simple graphs of motion including: 	displacement–time graphs
	velocity–time graphs
	acceleration–time graphs.



      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Analyse and calculate more problems on motion in one-dimension, using equations of motion: 	[image: \scriptsize {{v}_{f}}={{v}_{i}}+a\Delta t]
	[image: \scriptsize s={{v}_{i}}\Delta t+\displaystyle \frac{1}{2}a\Delta {{t}^{2}}]
	[image: \scriptsize v_{f}^{2}=v_{i}^{2}+2as].



  

  Introduction

  In this unit you will learn how to represent horizontal motion graphically, by plotting displacement against time, velocity against time and acceleration against time. Seeing the relationships between quantities graphically will help you to understand the characteristics of different types of motion and how they change over time and help you to put your algebraic calculations into context.

  Stationary objects

  The simplest kind of situation involving motion to investigate is one where there is no motion, where the object in question is stationary. Think about a car waiting at a red traffic light (see figure 1). As time passes, does its position change? If we take the traffic light, which is [image: \scriptsize 3~\text{m}] away from the car, as our point of reference, what is the car’s displacement at [image: \scriptsize t=0\ \text{s}], [image: \scriptsize t=10\ \text{s}], [image: \scriptsize t=20\ \text{s}] and [image: \scriptsize t=30\ \text{s}]?

  
    [image: ]
    Figure 1: A car that is stationary at a red traffic light

  

  We can plot the displacement of the car at each of these times (see figure 2).

  

  
    [image: ]
    Figure 2: A plot of the displacement of the car at [image: \scriptsize t=0\ \text{s}], [image: \scriptsize t=10\ \text{s}], [image: \scriptsize t=20\ \text{s}] and [image: \scriptsize t=30\ \text{s}]

  

  Notice that the independent variable, time, is always on the x-axis while the dependent variable, displacement in this case, is on the y-axis.

  Next, we can join these points with a line to indicate that at every time between these points the car’s displacement from the point of reference, the traffic light, is also [image: \scriptsize 3\ \text{m}] (see figure 3). When we do this, we produce a displacement–time graph.

  

  
    [image: ]
    Figure 3: A displacement–time graph for the car between [image: \scriptsize t=0\ \text{s}] and [image: \scriptsize t=30\ \text{s}]

  

  From the graph in figure 3, we can say that the car’s displacement from the point of reference, the traffic light, is [image: \scriptsize 3\ \text{m}] and because it remains [image: \scriptsize 3\ \text{m}] for the entire period between [image: \scriptsize t=0\ \text{s}] and [image: \scriptsize t=30\ \text{s}], the car’s velocity during this period is [image: \scriptsize 0\ \text{m}\text{.}{{\text{s}}^{{-1}}}]. The car does not move; it is stationary.

  What is the gradient of the displacement–time between [image: \scriptsize t=0\ \text{s}] and [image: \scriptsize t=30\ \text{s}]? Remember that gradient is the change in [image: \scriptsize y] divided by the change in [image: \scriptsize x].

  
    
      Note

    

    
      
        [image: \scriptsize \text{Gradient }(m)=\displaystyle \frac{{\Delta y}}{{\Delta x}}]
      

    

  

  The change in [image: \scriptsize y] is the change in displacement or position, and the change in [image: \scriptsize x] is the change in time. Therefore: [image: \scriptsize \displaystyle m=\displaystyle \frac{{\Delta y}}{{\Delta x}}=\displaystyle \frac{{{{x}_{f}}-{{x}_{i}}}}{{{{t}_{f}}-{{t}_{i}}}}=\displaystyle \frac{{3\ \text{m}-3\ \text{m}}}{{30\ \text{s}-0\ \text{s}}}=\displaystyle \frac{{0\ \text{m}}}{{30\ \text{s}}}=0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}].

  Notice how the gradient of the displacement–time graph is zero, which is the same as the velocity of the car. Also notice how the units for the gradient of a displacement–time graph are [image: \scriptsize \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]. This confirms that the gradient of a displacement time graph tells us what the velocity of the object is.

  
    
      
        [image: image]
      

      Take note!

    

    
      The gradient of a displacement–time graph gives the velocity.

      
        [image: \scriptsize \displaystyle m=v=\displaystyle \frac{{{{x}_{f}}-{{x}_{i}}}}{{{{t}_{f}}-{{t}_{i}}}}]
      

      Note: We use [image: \scriptsize {{x}_{f}}] and [image: \scriptsize {{x}_{i}}] to indicate the final and initial positions

    

  

  Because the gradient of the displacement–time graph in figure 3 is constant (and zero), we can say that the velocity of the car over this period is also constant (and zero). We can therefore draw a velocity-time graph for the car for the same period (see figure 4). Remember, at each point between [image: \scriptsize t=0\ \text{s}] and [image: \scriptsize t=30\ \text{s}], the velocity of the car is [image: \scriptsize 0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]. Therefore, the graph is a straight line on the x-axis.

  

  
    [image: ]
    Figure 4: A velocity–time graph for the car between [image: \scriptsize t=0\ \text{s}] and [image: \scriptsize t=30\ \text{s}]

  

  Now, what do you think the gradient of a velocity–time graph tells us about the acceleration of the car? Does the car experience any acceleration during this period?

  Let’s work out the gradient of the velocity–time graph in figure 4.

  
    [image: \scriptsize \displaystyle m=\displaystyle \frac{{\Delta y}}{{\Delta x}}=\displaystyle \frac{{{{v}_{f}}-{{v}_{i}}}}{{{{t}_{f}}-{{t}_{i}}}}=\displaystyle \frac{{0\ \text{m}\text{.}{{\text{s}}^{{-1}}}-0\ \text{m}\text{.}{{\text{s}}^{{-1}}}}}{{30\ \text{s}-0\ \text{s}}}=\displaystyle \frac{{0\ \text{m}\text{.}{{\text{s}}^{{-1}}}}}{{30\ \text{s}}}=0\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}]
  

  Can you see that the gradient of the velocity–time graph gives us the acceleration of the car over the same period? The units of the gradient being [image: \scriptsize \text{m}\text{.}{{\text{s}}^{{-2}}}] confirm this.

  
    
      
        [image: image]
      

      Take note!

    

    
      The gradient of a velocity–time graph gives the acceleration.

      
        [image: \scriptsize \displaystyle m=a=\displaystyle \frac{{{{v}_{f}}-{{v}_{i}}}}{{{{t}_{f}}-{{t}_{i}}}}]
      

    

  

  We know that the car experiences zero acceleration over the entire period. Therefore, we can draw an acceleration–time graph for the car over this period (see figure 5).

  

  
    [image: ]
    Figure 5: An acceleration–time graph for the car between [image: \scriptsize t=0\ \text{s}] and [image: \scriptsize t=30\ \text{s}]

  

  In summary:

  
    	the gradient of a displacement–time graph gives the velocity.

    	the gradient of a velocity–time graph gives the acceleration.

  

  
    
      
        [image: image]
      

      Take note!

    

    
      For a stationary body, there is no change in displacement over time (gradient is constant and zero). Hence the velocity is constant and zero, and the acceleration is constant and zero.

      

      
        [image: ]
        Figure 6: Graphs of motion for a stationary object

      

    

  

  Constant velocity

  Now let’s consider the slightly more exciting scenario of a car travelling at a constant (non-zero) velocity down the road past a traffic light (our point of reference). Because the car is actually moving, its displacement will be constantly changing. Motion at a constant velocity, or uniform motion, means that the position of the object is changing at a constant rate.

  
    
      
        [image: image]
      

      Activity 2.1: Constant velocity

    

    
      Time required: 15 minutes

      
        What you need:
      

      
        	a pen or pencil

        	a ruler

        	a blank piece of paper

      

      
        What to do:
      

      The displacement from a traffic light of a car at various times is as follows:
[image: \scriptsize \begin{align*}t&=0\ \text{s}:0\ \text{m}\\t&=5\ \text{s}:10\ \text{m}\\t&=10\ \text{s}:20\ \text{m}\\t&=15\ \text{s}:30\ \text{m}\\t&=20\ \text{s}:40\ \text{m}\end{align*}]

      
        	Start by drawing a set of axes on your blank piece of paper. Use about one third of the paper. Label the x-axis as time and the y-axis as displacement. Draw a displacement–time graph using the data above.

        	Determine the gradient of the displacement–time graph. Is the gradient positive, negative or zero? What does this tell you about the velocity of the car over this period?

        	What can you say about the average velocity of the car versus the instantaneous velocity of the car at any point during the period?

        	Use the information in the displacement–time graph and your calculation of its gradient to draw a velocity–time graph for the same time period. Use about one third of your paper for this graph.

        	Determine the gradient of the velocity–time graph. What does this tell you about the acceleration of the car over this period?

        	Use the information in the velocity–time graph and your calculation of its gradient to draw an acceleration–time graph for the same time period. Use about one third of your paper for this graph.

        	Go back your velocity–time graph. Determine the area under the graph between [image: \scriptsize t=0\ \text{s}] and [image: \scriptsize t=20\ \text{s}]. What do you think this area tells you?

      

      
        What did you find?
      

      
        	Here is the displacement–time graph of the given data. The individual data points have been joined to form a straight line.
[image: ]

        	Because the displacement–time graph is a straight line, we know that its gradient is the same at any point on the line. Therefore, we can measure the change in [image: \scriptsize y] and the corresponding change in [image: \scriptsize x] between any two points on the line. In the calculation which follows, we have chosen to measure the gradient between the first point and the last point.
.
[image: \scriptsize \displaystyle m=\displaystyle \frac{{\Delta y}}{{\Delta x}}=\displaystyle \frac{{{{x}_{f}}-{{x}_{i}}}}{{{{t}_{f}}-{{t}_{i}}}}=\displaystyle \frac{{40\ \text{m}-0\ \text{m}}}{{20\ \text{s}-0\ \text{s}}}=\displaystyle \frac{{40\ \text{m}\text{.}{{\text{s}}^{{-1}}}}}{{20\ \text{s}}}=2\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]
.
 This means that the velocity of the car over the time period is [image: \scriptsize \displaystyle 2\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]. The gradient of the line is therefore not zero but a positive value. Positive gradients slope up from left to right. A positive gradient indicates a positive velocity. Therefore, a negative displacement–time graph gradient (sloping down from left to right) would indicate a negative velocity.

        	Because the gradient of the displacement–time graph is constant, it means that the velocity of the car is also constant over the period. Therefore, the average velocity of the car ([image: \scriptsize \displaystyle 2\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]) is the same as the instantaneous velocity of the car at any point over the period (also [image: \scriptsize \displaystyle 2\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]).

        	Here is the velocity–time graph for the same period. The velocity of the car is a constant [image: \scriptsize \displaystyle 2\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}].
[image: ]

        	[image: \scriptsize \displaystyle m=\displaystyle \frac{{\Delta y}}{{\Delta x}}=\displaystyle \frac{{{{v}_{f}}-{{v}_{i}}}}{{{{t}_{f}}-{{t}_{i}}}}=\displaystyle \frac{{2\ \text{m}\text{.}{{\text{s}}^{{-1}}}-2\ \text{m}\text{.}{{\text{s}}^{{-1}}}}}{{20\ \text{s}-0\ \text{s}}}=\displaystyle \frac{{0\ \text{m}\text{.}{{\text{s}}^{{-1}}}}}{{20\ \text{s}}}=0\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}]
 The gradient of the velocity–time graph is [image: \scriptsize \displaystyle 0\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}]. Therefore, the acceleration is a constant [image: \scriptsize \displaystyle 0\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}] over the period.

        	The acceleration over the period is constant and zero. Therefore, this is the acceleration–time graph:
[image: ]

        	The area under the velocity–time graph between [image: \scriptsize t=0\ \text{s}] and [image: \scriptsize t=20\ \text{s}] forms a rectangle with a length of [image: \scriptsize \displaystyle 20\ \text{s}] and a height of [image: \scriptsize \displaystyle 2\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]. Therefore, the area is [image: \scriptsize \displaystyle 20\ \text{s}\times 2\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}=40\ \text{m}]. The area under the velocity–time graph is the same as the total displacement of the car over the period ([image: \scriptsize \displaystyle 40\ \text{m}]). The units of this calculation also support the conclusion that the area under a velocity–time graph gives us the displacement.
[image: ]

      

    

  

  In activity 2.1 we confirmed the fact that:

  
    	the gradient of a displacement–time graph gives the velocity

    	the gradient of a velocity–time graph gives the acceleration.

  

  We have also discovered the following:

  
    	a positive gradient (sloping up from left to right) indicates a positive velocity or acceleration

    	the area under a velocity–time graph gives the displacement.

  

  
    
      
        [image: image]
      

      Take note!

    

    
      For a body with constant velocity (zero acceleration), there is a constant change in displacement over time (gradient is constant but non-zero). Therefore, velocity is constant and non-zero, and acceleration is constant and zero.

      The area under the velocity–time graph gives the displacement.

      

      
        [image: ]
        Figure 7: Graphs of motion for an object under constant velocity

      

    

  

  What do you think the area under an acceleration–time graph gives us?

  Constant acceleration

  In the previous section we dealt with uniform motion, where an object moves at a uniform or constant velocity. Because the velocity is constant, the acceleration is zero. But what happens when the acceleration is constant but not zero. In other words, what do the three graphs look like for an object that is experiencing a constant non-zero acceleration?

  Let’s consider a car pulling away from a traffic light under constant acceleration.

  
    
      
        [image: image]
      

      Activity 2.2: Constant acceleration

    

    
      Time required: 15 minutes

      
        What you need:
      

      
        	a pen or pencil

        	a ruler

        	a blank piece of paper

      

      
        What to do:
      

      The velocity of a car at various times is as follows:

      
        [image: \scriptsize \begin{align*}t&=0\ \text{s}:0\ \text{m}\text{.}{{\text{s}}^{{-1}}}\\t&=1\ \text{s}:5\ \text{m}\text{.}{{\text{s}}^{{-1}}}\\t&=2\ \text{s}:10\ \text{m}\text{.}{{\text{s}}^{{-1}}}\\t&=3\ \text{s}:15\ \text{m}\text{.}{{\text{s}}^{{-1}}}\\t&=4\ \text{s}:20\ \text{m}\text{.}{{\text{s}}^{{-1}}}\end{align*}]
      

      
        	Start by drawing a set of axes on your blank piece of paper. Use about one third of the paper. Label the x-axis as time and the y-axis as velocity. Draw a velocity–time graph using the data above.

        	Is the graph a straight line? Is the gradient constant? Is it positive or negative? What does this tell you about the acceleration? Determine the acceleration of the car from your velocity–time graph.

        	What can you say about the average acceleration of the car versus the instantaneous acceleration of the car at any point during the period?

        	Use the information in the velocity–time graph and your calculation of its gradient to draw an acceleration–time graph for the same time period. Use about one third of your paper for this graph.

        	Determine the area under the acceleration–time graph between [image: \scriptsize t=0\ \text{s}] and [image: \scriptsize t=4\ \text{s}]. How does this relate to the velocity of the car?

        	Use the area under the velocity–time graph over each second of the whole period to draw a displacement–time graph for the whole time period. Use about one third of your paper for this graph.

        	Is the displacement–time graph a straight line? Is its gradient constant? What does this tell you about the velocity of the car?

      

      
        What did you find?
      

      
        	Here is the velocity–time graph of the given data:
[image: ]

        	The graph is a straight line. It has a constant positive gradient. Therefore, the acceleration of the car is constant and positive. [image: \scriptsize \displaystyle m=a=\displaystyle \frac{{{{v}_{f}}-{{v}_{i}}}}{{{{t}_{f}}-{{t}_{i}}}}=\displaystyle \frac{{5\ \text{m}\text{.}{{\text{s}}^{{-1}}}-0\ \text{m}\text{.}{{\text{s}}^{{-1}}}}}{{1\ \text{s}-0\ \text{s}}}=\displaystyle \frac{{5\ \text{m}\text{.}{{\text{s}}^{{-1}}}}}{{1\ \text{s}}}=5\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}]

        	Because the gradient of the velocity–time graph is the same in all places, the average acceleration of the car is equal to the instantaneous acceleration of the car at any point over the period.

        	The acceleration of the car over the period is a constant [image: \scriptsize 5\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]. Therefore, the acceleration–time graph is as follows:
[image: ]

        	The area under the acceleration–time graph between [image: \scriptsize t=0\ \text{s}] and [image: \scriptsize t=4\ \text{s}] is a rectangle with a length of [image: \scriptsize 4\ \text{s}] and a height of [image: \scriptsize 5\ \text{m}\text{.}{{\text{s}}^{{-2}}}]. The area of this rectangle is [image: \scriptsize \displaystyle 4\ \text{s}\times 5\ \text{m}\text{.}{{\text{s}}^{{-2}}}=20\ \text{m}\text{.}{{\text{s}}^{{-1}}}]. This is the same as the final velocity of the car at the end of the period.

        	We first need to determine the area under the velocity–time graph for each [image: \scriptsize 1\ \text{s}] slice of time. Each slice can be divided into a right-angled triangle and a rectangle.
.
[image: ]
.
 The areas for each slice are as follows:[image: \scriptsize \begin{align*}t&=0\ \text{s to }t=1\ \text{s}:\displaystyle \frac{1}{2}\times 1\ \text{s}\times 5\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}=2.5\ \text{m}\\t&=1\ \text{s to }t=2\ \text{s}:\displaystyle \frac{1}{2}\times 1\ \text{s}\times 5\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}+1\ \text{s}\times 5\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}=7.5\ \text{m}\\t&=2\ \text{s to }t=3\ \text{s}:\displaystyle \frac{1}{2}\times 1\ \text{s}\times 5\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}+1\ \text{s}\times 10\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}=12.5\ \text{m}\\t&=3\ \text{s to }t=4\ \text{s}:\displaystyle \frac{1}{2}\times 1\ \text{s}\times 5\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}+1\ \text{s}\times 15\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}=17.5\ \text{m}\end{align*}]
.
 After the first second, the total displacement is [image: \scriptsize 2.5\ \text{m}].
 After the second second, the total displacement is [image: \scriptsize 2.5\ \text{m}+7.5\ \text{m}=10\ \text{m}].
 After the third second, the total displacement is [image: \scriptsize 2.5\ \text{m}+7.5\ \text{m}+12.5\ \text{m}=22.5\ \text{m}].
 After the fourth second, the total displacement is [image: \scriptsize 2.5\ \text{m}+7.5\ \text{m}+12.5\ \text{m}+17.5\ \text{m}=40\ \text{m}].
.
 We can now draw the displacement–time graph:
[image: ]

        	The displacement–time graph is not a straight line. Its gradient is, therefore, not constant. Its gradient gets steeper and steeper as time goes on. If the gradient of a displacement–time graph gives us velocity, then this means that the velocity increases as time goes on which is exactly what is happening. Remember the car is accelerating which means that the velocity is constantly increasing.

      

    

  

  Once again, we have seen how the gradient of a displacement–time graph gives the velocity and the gradient of a velocity–time graph gives the acceleration. If a displacement–time graph is a straight line, the gradient is constant meaning that the velocity is constant. If a velocity–time graph is a straight line, the gradient is constant, meaning that the acceleration is constant.

  If a displacement–time graph is not a straight line, the gradient is not constant, and the velocity is changing (the body is accelerating).

  Just as we used a velocity–time graph to find displacement, we can use an acceleration–time graph to find the velocity of an object at a given moment in time. We simply calculate the area under the acceleration–time graph, at a given time. In figure 8, which shows an object at a constant positive acceleration, the increase in velocity of the object after two seconds corresponds to the area of the rectangle under the graph between [image: \scriptsize t=0\ \text{s}] and [image: \scriptsize t=2\ \text{s}].

  

  
    [image: ]
    Figure 8: The area under an acceleration–time graph gives the velocity at a given moment

  

  
    
      
        [image: image]
      

      Take note!

    

    
      For a body with constant non-zero acceleration, there is a constant change in velocity over time (the gradient is constant but non-zero). Therefore, acceleration is constant and non-zero. Displacement changes over time but at a non-constant rate (the graph is not a straight line and does not have a constant gradient).

      The area under the acceleration–time graph gives the velocity.

      

      
        [image: ]
        Figure 9: Graphs of motion for an object under constant non-zero acceleration

      

    

  

  Interpreting graphs of motion

  There are two types of questions that you will need to be able to answer. The first requires you to read and interpret given graphs of motion. The second requires you to draw your own graphs of motion based on information given, either in words or in the form of a graph of motion.

  
    
      
        [image: image]
      

      Example 2.1

    

    
      A radio-controlled car drives along a straight track. The following displacement–time graph was produced:

      
        [image: ]
      

      
        	Calculate the velocity of the car between [image: \scriptsize 30\ \text{s}] and [image: \scriptsize 50\ \text{s}].

        	Calculate the velocity of the car between [image: \scriptsize 0\ \text{s}] and [image: \scriptsize 20\ \text{s}].

        	During which period was the car driving the fastest? Explain.

        	During which period was the car stationary? Explain.

        	Did the car ever reverse? If so, when? Explain.

      

      
        Solutions
      

      
        	The velocity of the car between [image: \scriptsize 30\ \text{s}] and [image: \scriptsize 50\ \text{s}] is the gradient of the line between [image: \scriptsize t=30\ \text{s}] and [image: \scriptsize t=50\ \text{s}].
.
[image: \scriptsize \displaystyle m=v=\displaystyle \frac{{{{x}_{f}}-{{x}_{i}}}}{{{{t}_{f}}-{{t}_{i}}}}=\displaystyle \frac{{25\ \text{m}-10\ \text{m}}}{{50\ \text{s}-30\ \text{s}}}=\displaystyle \frac{{15\ \text{m}}}{{20\ \text{s}}}=0.75\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]
.
 The velocity of the car between [image: \scriptsize 30\ \text{s}] and [image: \scriptsize 50\ \text{s}] is [image: \scriptsize 0.75\ \text{m}\text{.}{{\text{s}}^{{-1}}}].

        	The velocity of the car between [image: \scriptsize 0\ \text{s}] and [image: \scriptsize 20\ \text{s}] is the gradient of the line between [image: \scriptsize t=0\ \text{s}] and [image: \scriptsize t=20\ \text{s}].
.
[image: \scriptsize \displaystyle m=v=\displaystyle \frac{{{{x}_{f}}-{{x}_{i}}}}{{{{t}_{f}}-{{t}_{i}}}}=\displaystyle \frac{{5\ \text{m}-0\ \text{m}}}{{20\ \text{s}-0\ \text{s}}}=\displaystyle \frac{{5\ \text{m}}}{{20\ \text{s}}}=0.25\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]
.
 The velocity of the car between [image: \scriptsize 0\ \text{s}] and [image: \scriptsize 20\ \text{s}] is [image: \scriptsize 0.25\ \text{m}\text{.}{{\text{s}}^{{-1}}}].

        	The period between [image: \scriptsize 30\ \text{s}] and [image: \scriptsize 50\ \text{s}] has the steepest gradient. Therefore, this is when the car was driving the fastest.

        	The period between [image: \scriptsize 50\ \text{s}] and [image: \scriptsize 60\ \text{s}] has a gradient of zero indicating zero velocity. This is when the car was stationary.

        	Between [image: \scriptsize 60\ \text{s}] and [image: \scriptsize 70\ \text{s}], we see that the displacement of the car decreased (the car got closer to where it had started). We can also see that during this period, the gradient of the graph is negative which indicates a negative velocity. Both of these facts indicate that in this period the car reversed. It decreased its displacement by travelling backwards. A negative velocity also indicates that the velocity (and hence motion) of the car was in the opposite direction to before, i.e. reversing.

      

    

  

  
    
      
        [image: image]
      

      Example 2.2

    

    
      The following velocity–time graph shows the motion of a drone taking off from the ground at [image: \scriptsize t=0\ \text{s}] and flying vertically up. Take upwards to be the positive direction.

      
        [image: ]
      

      
        	Describe the motion of the drone between [image: \scriptsize t=0\ \text{s}] and [image: \scriptsize t=2\ \text{s}].

        	What is the acceleration of the drone between [image: \scriptsize 2\ \text{s}] and [image: \scriptsize 6\ \text{s}]?

        	When was the drone’s acceleration zero?

        	Did the drone ever decelerate? If so, when?

        	Describe the motion of the drone between [image: \scriptsize 6\ \text{s}] and [image: \scriptsize 13\ \text{s}].

        	What was the drone’s maximum velocity?

        	Did the drone ever fly downwards?

        	How high off the ground is the drone after the first [image: \scriptsize 6\ \text{s}]?

        	Draw an acceleration–time graph for the period [image: \scriptsize 0\ \text{s}] and [image: \scriptsize 13\ \text{s}].

      

      
        Solutions
      

      
        	As the velocity during this period was positive, this means that the drone took off and flew vertically up with a constant acceleration equal to the gradient of the graph between [image: \scriptsize t=0\ \text{s}] and [image: \scriptsize t=2\ \text{s}].

        	
          [image: \scriptsize \displaystyle m=a=\displaystyle \frac{{{{v}_{f}}-{{v}_{i}}}}{{{{t}_{f}}-{{t}_{i}}}}=\displaystyle \frac{{25\ \text{m}\text{.}{{\text{s}}^{{-1}}}-20\ \text{m}\text{.}{{\text{s}}^{{-1}}}}}{{6\ \text{s}-2\ \text{s}}}=\displaystyle \frac{{5\ \text{m}\text{.}{{\text{s}}^{{-1}}}}}{{4\ \text{s}}}=1.25\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}]
        

        	The change in velocity of the drone was zero between [image: \scriptsize 7\ \text{s}] and [image: \scriptsize 9\ \text{s}] (the gradient of the line is zero). Therefore, its acceleration during this period was zero.

        	Between [image: \scriptsize 9\ \text{s}] and [image: \scriptsize 13\ \text{s}], the gradient of the velocity–time graph was negative (its change in velocity was negative). Therefore, during this period the drone decelerated.

        	Between [image: \scriptsize 6\ \text{s}] and [image: \scriptsize 7\ \text{s}] the drone accelerated from [image: \scriptsize 25\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}] to [image: \scriptsize 30\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]. Then it travelled at a constant velocity of [image: \scriptsize 30\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}] between [image: \scriptsize 7\ \text{s}] and [image: \scriptsize 9\ \text{s}]. Then it decelerated from [image: \scriptsize 30\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}] to [image: \scriptsize 20\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}] between [image: \scriptsize 9\ \text{s}] and [image: \scriptsize 13\ \text{s}].

        	The greatest velocity shown on the graph is [image: \scriptsize 30\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]. This is the drone’s maximum velocity.

        	At no point does the graph represent a negative velocity. Therefore, at no time did the drone fly downwards.

        	The drone’s displacement after [image: \scriptsize 6\ \text{s}] is equal to the area under the velocity–time graph between [image: \scriptsize t=0\ \text{s}] and [image: \scriptsize t=6\ \text{s}].
 This area can be divided up as follows:
[image: ]
 This area is calculated as follows:
[image: \scriptsize \left( {\displaystyle \frac{1}{2}\times 2\ \text{s}\times 20\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}} \right)+\left( {4\ \text{s}\times 20\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}} \right)+\left( {\displaystyle \frac{1}{2}\times 4\ \text{s}\times 5\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}} \right)=110\ \text{m}]
 The drone will be [image: \scriptsize 110\ \text{m}]off the ground after the first [image: \scriptsize 6\ \text{s}].

        	To draw the corresponding acceleration–time graph, we need to calculate the gradient of each part of the velocity–time graph. These gradients are as follows:
[image: \scriptsize \displaystyle \begin{align*}t&=0\ \text{s to }t=2\ \text{s}:10\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}\\t&=2\ \text{s to }t=6\ \text{s}:1.25\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}\\t&=6\ \text{s to }t=7\ \text{s}:5\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}\\t&=7\ \text{s to }t=9\ \text{s}:0\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}\\t&=9\ \text{s to }t=13\ \text{s}:m=\displaystyle \frac{{{{v}_{f}}-{{v}_{i}}}}{{{{t}_{f}}-{{t}_{i}}}}=\displaystyle \frac{{20\ \text{m}\text{.}{{\text{s}}^{{-1}}}-30\ \text{m}\text{.}{{\text{s}}^{{-1}}}}}{{13\ \text{s}-9\ \text{s}}}=\displaystyle \frac{{10\ \text{m}\text{.}{{\text{s}}^{{-1}}}}}{{4\ \text{s}}}-2.5\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}\end{align*}]
.
Note:The final gradient is negative indicating deceleration.
 .
 In all cases, the gradients are constant over the periods, indicating constant accelerations (i.e. flat acceleration–time graphs). Notice how we need to extend the y-axis to accommodate the period of negative acceleration (deceleration).
.
[image: ]

      

    

  

  
    
      
        [image: image]
      

      Exercise 2.1

    

    
      
      
        	The velocity–time graph of a cyclist is shown below:
[image: ]	What is the cyclist’s acceleration for the first [image: \scriptsize 20\ \text{s}]?
	During which period(s) is the cyclist not accelerating?
	Calculate the total displacement of the cyclist after [image: \scriptsize 60\ \text{s}].
	What is the cyclist’s average velocity over the first [image: \scriptsize 60\ \text{s}]?
	Describe the cyclist’s motion at [image: \scriptsize t=70\ \text{s}].



        	The following displacement–time graph describes the motion of an athlete:
[image: ]	What is the athlete’s velocity during the first [image: \scriptsize 15\ \text{s}]?
	What is the velocity of the athlete from [image: \scriptsize t=30\ \text{s}] to [image: \scriptsize t=40\ \text{s}]?
	What is the velocity of the athlete for the last [image: \scriptsize 20\ \text{s}]?
	What is the athlete’s total displacement? Provide a description of the possible motion of this athlete in the real world.



      

      The 
full solutions can be found at the end of the unit.
    

  

  Summary

  In this unit you have learnt the following:

  
    	The gradient of a displacement–time graph gives velocity.

    	The gradient of a velocity–time graph gives acceleration.

    	The area under an acceleration–time graph gives velocity.

    	The area under a velocity–time graph gives displacement.

  

  Unit 2: Assessment

  Suggested time to complete: 30 minutes

  
    	A cyclist cycles with a constant acceleration of [image: \scriptsize 2\ \text{m}\text{.}{{\text{s}}^{{-2}}}] for [image: \scriptsize 8\ \text{s}]. Draw the acceleration–time, velocity–time and displacement–time graphs for the motion. Accurate values are only needed for the acceleration–time and velocity–time graphs.

    	The following velocity–time graph describes the motion of a car:
[image: ]
 Draw the corresponding displacement–time and acceleration–time graphs and explain the motion of the car according to the three graphs.

    	A racing car starts from rest at a pit stop and accelerates at a rate of [image: \scriptsize 3\ \text{m}\text{.}{{\text{s}}^{{-2}}}] for [image: \scriptsize 30\ \text{s}]. It then travels at a constant speed for [image: \scriptsize 20\ \text{s}] and slows down at a rate of [image: \scriptsize 6\ \text{m}\text{.}{{\text{s}}^{{-2}}}] until it comes to a stop. 	Draw a velocity–time graph for the motion of the racing car. Indicate ALL details on the graph.
	From the graph, what is the velocity of the racing car after [image: \scriptsize 30\ \text{s}]?
	From the graph, determine the total distance covered by the racing car.



  

  The full solutions can be found at the end of the unit.

  Unit 2: Solutions

  Exercise 2.1

  
    	
      .
      
        	
          [image: \scriptsize \displaystyle m=a=\displaystyle \frac{{{{v}_{f}}-{{v}_{i}}}}{{{{t}_{f}}-{{t}_{i}}}}=\displaystyle \frac{{10\ \text{m}\text{.}{{\text{s}}^{{-1}}}-0\ \text{m}\text{.}{{\text{s}}^{{-1}}}}}{{20\ \text{s}-0\ \text{s}}}=\displaystyle \frac{{10\ \text{m}\text{.}{{\text{s}}^{{-1}}}}}{{20\ \text{s}}}=0.5\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}]
        

        	Between [image: \scriptsize t=20\ \text{s}] and [image: \scriptsize t=30\ \text{s}] and between [image: \scriptsize t=40\ \text{s}] and [image: \scriptsize t=60\ \text{s}] the gradient of the graph is zero indicating no change in velocity and, hence, no acceleration.

        	We can divide the area under the graph between [image: \scriptsize t=0\ \text{s}] and [image: \scriptsize t=60\ \text{s}] up as follows.
[image: ]
 The total area is:
[image: \scriptsize \left( {\displaystyle \frac{1}{2}\times 20\ \text{s}\times 10\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}} \right)+\left( {10\ \text{s}\times 10\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}} \right)+\left( {\displaystyle \frac{1}{2}\times 10\ \text{s}\times 5\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}} \right)+\left( {30\ \text{s}\times 5\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}} \right)=375\ \text{m}]
 Therefore, the cyclist’s total displacement after the first [image: \scriptsize 60\ \text{s}] is [image: \scriptsize 375\ \text{m}].

        	
          [image: \scriptsize {{v}_{{avg}}}=\displaystyle \frac{{\Delta s}}{{\Delta t}}=\displaystyle \frac{{375\ \text{m}}}{{60\ \text{s}}}=6.25\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]
        

        	At [image: \scriptsize t=60\ \text{s}] velocity is zero. Therefore, the cyclist is stationary.

      

    

    	
      .
      
        	The gradient of the graph gives the velocity. Between [image: \scriptsize t=0\ \text{s}] and [image: \scriptsize t=15\ \text{s}], the gradient of the graph is constant. Therefore, we can measure the gradient between any two points on this segment.
[image: \scriptsize \displaystyle m=v=\displaystyle \frac{{{{x}_{f}}-{{x}_{i}}}}{{{{t}_{f}}-{{t}_{i}}}}=\displaystyle \frac{{1\ \text{m}-0\ \text{m}}}{{10\ \text{s}-0\ \text{s}}}=\displaystyle \frac{{1\ \text{m}}}{{10\ \text{s}}}=0.1\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]

        	Between [image: \scriptsize t=30\ \text{s}] and [image: \scriptsize t=40\ \text{s}] the gradient of the displacement–time graph is zero indicating no change in displacement and hence zero velocity.

        	
          [image: \scriptsize \displaystyle m=v=\displaystyle \frac{{{{x}_{f}}-{{x}_{i}}}}{{{{t}_{f}}-{{t}_{i}}}}=\displaystyle \frac{{0\ \text{m}-5\ \text{m}}}{{60\ \text{s}-40\ \text{s}}}=\displaystyle \frac{{-5\ \text{m}}}{{20\ \text{s}}}=-0.25\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]
        

        	The athlete’s total displacement is zero. For the first [image: \scriptsize 30\ \text{s}], the athlete has a low constant positive velocity. Then they stop for [image: \scriptsize 10\ \text{s}] and for the final [image: \scriptsize 20\ \text{s}] they have a low constant negative velocity. If we assume the starting blocks of a race to be the reference point, this motion may be the athlete slowing walking away from the starting blocks in the positive direction, stopping briefly to turn around and then walking slowly (although slightly more quickly than before) back to the starting blocks. This would explain the zero overall displacement as well as the positive constant, then zero, then positive negative velocity.

      

    

  

  
    Back to Exercise 2.1
  

  Unit 2: Assessment

  
    	
      .
      

      [image: ]
      

      [image: ]
      

      [image: ]
    

    	.
[image: ]
[image: ]
 The car is travelling at a constant positive velocity. Therefore, its acceleration is constant and zero and the increase in its displacement is a constant [image: \scriptsize 5\ \text{m}] every second (the gradient of the displacement–time graph).

    	
      .
      
        	
          .
          

          [image: ]
        

        	The velocity of the racing car after [image: \scriptsize 30\ \text{s}] is [image: \scriptsize 90\ \text{m}\text{.}{{\text{s}}^{{-1}}}].

        	Area under the graph for the full [image: \scriptsize 65\ \text{s}]:
[image: \scriptsize \left( {\displaystyle \frac{1}{2}\times 30\ \text{s}\times 90\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}} \right)+\left( {20\ \text{s}\times 90\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}} \right)+\left( {\displaystyle \frac{1}{2}\times 15\ \text{s}\times 90\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}} \right)=3\ 825\ \text{m}]

      

    

  

  
    Back to Unit 2: Assessment
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Unit 3: More graphs of motion
Dylan Busa



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Analyse and interpret more complicated graphs of motion including: 	displacement–time graphs
	velocity–time graphs
	acceleration–time graphs.



      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Draw simple graphs of motion including displacement–time graphs, velocity–time graphs and acceleration–time graphs. Refer to unit 2 if you need help with this.

    	Interpret simple graphs of motion including displacement–time graphs, velocity–time graphs and acceleration–time graphs. Refer to unit 2 if you need help with this.

  

  Introduction

  In this unit you will learn how to draw and interpret more complicated graphs of motion that include situations of decreasing velocity and acceleration as well as negative displacement, velocity and acceleration.

  Interpreting more complicated graphs of motion

  The best way to explore these ideas is by looking at some worked examples.

  
    
      
        [image: image]
      

      Example 3.1

    

    
      A subway train accelerates uniformly from rest to [image: \scriptsize 30.0\ \text{km/h}] in the first [image: \scriptsize 20\ \text{s}] of its journey between stops.

      
        	Draw an accurate velocity–time graph of this situation.

        	Use the graph to determine the uniform rate of acceleration.

        	Draw an accurate acceleration–time graph of this situation.

        	Draw an approximate displacement–time graph of this situation.

      

      
        Solutions
      

      
        	The first thing we should do is convert the velocity into standard units.
[image: \scriptsize 30.0\ \text{km/h}=8.33\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]
.
 We are told that the train accelerates uniformly i.e. at the same rate throughout the period. Therefore, we know that the gradient of the velocity–time graph will be constant. In other words, it will be a straight line. The train also starts from rest and reaches a velocity of [image: \scriptsize 8.33\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}] after [image: \scriptsize 20\ \text{s}]. Therefore, the velocity–time graph will look as follows:
[image: ]

        	To find the rate of acceleration, we have to measure the gradient of the velocity–time graph. Because the acceleration is uniform, we know the gradient of the line is the same for the whole line. Therefore, we can measure the gradient between any two convenient points, even the points at the start and end of the line.
.
[image: \scriptsize m=a=\displaystyle \frac{{{{v}_{f}}-{{v}_{i}}}}{{{{t}_{f}}-{{t}_{i}}}}=\displaystyle \frac{{8.33\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}-0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}{{20\ \text{s}-0\ \text{s}}}=\displaystyle \frac{{8.33\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}{{20\ \text{s}}}=0.427\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}]

        	We know that the acceleration is a constant [image: \scriptsize 0.43\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}].
[image: ]

        	For a body that is accelerating at a constant rate, its velocity is increasing as time passes and so its displacement is increasing at an increasing rate. In other words, the gradient of the displacement–time graph is not a straight line because a changing gradient reflects the changing velocity. As the velocity increases, the gradient of the displacement–time graph must also increase.
.
 We have not added values to the y-axis because we do not know precisely what these are. We could use the equations of motion to calculate the maximum displacement of the train at [image: \scriptsize 20\ \text{s}].
[image: ]

      

    

  

  You should have found example 3.1 relatively simple as this is work we covered in unit 2. Work through example 3.2 now.

  
    
      
        [image: image]
      

      Example 3.2

    

    
      Suppose the subway train from example 3.1 slows uniformly to a stop at the next station from a speed of [image: \scriptsize 30.0\ \text{km/h}] in [image: \scriptsize 8\ \text{s}].

      
        	Draw an accurate velocity–time graph of this situation, taking the time when it starts to slow down as [image: \scriptsize t=0\ \text{s}].

        	Use the graph to determine the uniform rate of acceleration.

        	Draw an accurate acceleration–time graph of this situation.

        	Draw an approximate displacement–time graph of this situation.

        	If between accelerating to [image: \scriptsize 30.0\ \text{km/h}] and then decelerating to a stop again, the train travels at a constant velocity for [image: \scriptsize 20\ \text{s}], draw velocity–time, acceleration–time and displacement–time graphs of the train’s entire journey from the first stop to the second.

      

      
        Solutions
      

      
        	In this case, the train’s velocity will decrease at a constant rate. Therefore, its gradient will be constant but negative. We know from example 3.1 that its initial velocity is [image: \scriptsize 8.33\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}].
[image: ]

        	To find the rate of acceleration, we have to measure the gradient of the velocity–time graph. Because the acceleration is uniform, we know the gradient of the line is the same for the whole line. Therefore, we can measure the gradient between any two convenient points, even the points at the start and end of the line. We can already see that, because the velocity–time graph gradient is negative, our acceleration will be negative (indicating deceleration).
.
[image: \scriptsize m=a=\displaystyle \frac{{{{v}_{f}}-{{v}_{i}}}}{{{{t}_{f}}-{{t}_{i}}}}=\displaystyle \frac{{0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}-8.33\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}{{8\ \text{s}-0\ \text{s}}}=\displaystyle \frac{{-8.33\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}{{8\ \text{s}}}=-1.04\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}]

        	We know that the acceleration is a constant [image: \scriptsize -1.04\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}].
[image: ]

        	For a body that is decelerating at a constant rate, its velocity is decreasing as time passes and so its displacement is still increasing but at a decreasing rate. In other words, the gradient of the displacement–time graph is not a straight line because a changing gradient reflects the changing velocity. As the velocity decreases, the gradient of the displacement–time graph must also decrease.
[image: ]

        	Here is the velocity–time graph:
[image: ]
 Between A and B, the train accelerated from [image: \scriptsize 0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}] to [image: \scriptsize 8.33\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]. Between B and C, the train travelled at a constant velocity of [image: \scriptsize 8.33\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]. Between C and D, the train decelerated from [image: \scriptsize 8.33\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}] to [image: \scriptsize 0\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}].
.
 Here is the acceleration–time graph:
[image: ]
 From A to B, the train accelerated at a constant rate of [image: \scriptsize 0.43\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}]. Between C and D, the train travelled at a constant velocity, hence its acceleration was [image: \scriptsize 0\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}]. Between E and F, the train accelerated at a constant rate of [image: \scriptsize -1.04\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}] (decelerated).
.
 Here is the displacement–time graph:
[image: ]
 Between A and B, the train’s velocity was increasing. Therefore, the train’s displacement was increasing at an increasing rate. The total displacement after [image: \scriptsize 20\ \text{s}] can be calculated as:
[image: \scriptsize \begin{align*}s&=ut+\displaystyle \frac{1}{2}a{{t}^{2}}\\&=0\times 20\ \text{s}+\displaystyle \frac{1}{2}\times 0.43\ \text{m}\text{.}{{\text{s}}^{{-2}}}\times {{(20\ \text{s})}^{2}}\\&=86\ \text{m}\end{align*}]
.
 Between B and C, the train travelled at a constant velocity of [image: \scriptsize 8.33\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]. Therefore, the graph is a straight line with a positive gradient of [image: \scriptsize 8.33\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]. The displacement after these [image: \scriptsize 20\ \text{s}] can be calculated as:
[image: \scriptsize \begin{align*}s&=ut+\displaystyle \frac{1}{2}a{{t}^{2}}\\&=8.33\ \text{m}\text{.}{{\text{s}}^{{-1}}}\times 20\ \text{s}+\displaystyle \frac{1}{2}\times 0\ \text{m}\text{.}{{\text{s}}^{{-2}}}\times {{(20\ \text{s})}^{2}}\\&=166.6\ \text{m}\end{align*}]
.
 So, the train’s total displacement at this point is [image: \scriptsize 86\ \text{m}+166.6\ \text{m}=252.6\ \text{m}].
.
 Between C and D, the train’s velocity decreased and so its displacement increased but at a decreasing rate. The displacement during these [image: \scriptsize 8\ \text{s}] can be calculated as:
[image: \scriptsize \begin{align*}s&=ut+\displaystyle \frac{1}{2}a{{t}^{2}}\\&=8.33\ \text{m}\text{.}{{\text{s}}^{{-1}}}\times 8\ \text{s}+\displaystyle \frac{1}{2}\times \left( {-1.04\ \text{m}\text{.}{{\text{s}}^{{-2}}}} \right)\times {{(8\ \text{s})}^{2}}\\&=33.36\ \text{m}\end{align*}]
.
 Therefore, the train’s total displacement at this point is:
[image: \scriptsize 86\ \text{m}+166.6\ \text{m}+33.36\ \text{m}=285.96\ \text{m}]
.
Note: You will not be expected to draw an accurate displacement–time graph for this kind of situation. However, it is important that you understand why the graph is shaped like it is and to see the direct link between the graph and the equations of motion we covered in unit 1.

      

    

  

  We can see from example 3.2 what the effects of negative acceleration are. At no point in the journey did the train travel ‘backwards’ towards the first station and so at no time is the velocity–time graph below the x-axis (negative velocity). However, as the acceleration during the final [image: \scriptsize 8\ \text{s}] was negative, we represent this on the acceleration–time graph with a line below the x-axis.

  It is also important to realise how the shape of the displacement–time graph changes from a situation with positive acceleration to one with negative acceleration. At no time does the train get closer to the first station (negative displacement). Its displacement from the first station is always increasing, however the rate of this increase increases during the first [image: \scriptsize 20\ \text{s}], remains constant during the next [image: \scriptsize 20\ \text{s}] and decreases during the last [image: \scriptsize 8\ \text{s}] (see figure 1).

  

  
    [image: ]
    Figure 1: Change in the shape of the displacement–time graph under positive acceleration, zero acceleration and negative acceleration

  

  
    
      
        [image: image]
      

      Example 3.3

    

    
      A subway train approaches a station travelling at a constant velocity of [image: \scriptsize 45\ \text{km/h}]. After [image: \scriptsize 10\ \text{s}], it decelerates uniformly to rest in [image: \scriptsize 12\ \text{s}]. Unfortunately, it overshoots the station and has to reverse, which it does so immediately, accelerating uniformly to [image: \scriptsize 10\ \text{km/h}] in [image: \scriptsize 5\ \text{s}] and then immediately decelerating to rest at the station in [image: \scriptsize 5\ \text{s}].

      
        	Draw an accurate velocity–time graph of this situation.

        	Draw an accurate acceleration–time graph of this situation.

        	Draw an approximate displacement–time graph of this situation.

        	Use one of your graphs to determine the distance the train had to reverse back to the station.

      

      
        Solutions
      

      Before we begin answering any of the questions, we need to define the positive direction for all our vectors. We will assign the initial direction the train travelled to the station as the positive direction and the direction it travelled while reversing back to the station as the negative direction.

      
        	[image: \scriptsize 45\ \text{km/h}=12.5\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]
[image: \scriptsize 10\ \text{km/h}=2.78\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]
 The velocity–time graph is as follows:
[image: ]
 Between A and B, the train is travelling at a constant speed of [image: \scriptsize 12.5\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}] for [image: \scriptsize 10\ \text{s}]. Between B and C, the train is decelerating uniformly to rest (hence the gradient of the line is constant but negative). From C to D, the train is accelerating to [image: \scriptsize 2.78\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]. However, this is in the negative direction. So, the actual velocity reached after [image: \scriptsize 5\ \text{s}] of uniform acceleration is [image: \scriptsize -2.78\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}] and the graph is below the x-axis. From D to E the train is decelerating uniformly to rest in [image: \scriptsize 5\ \text{s}]. During this period, the train is still travelling in the negative direction and so the graph is below the x-axis.

        	The acceleration–time graph is as follows:
[image: ]
 Between A and B, the train is travelling at a constant velocity. Therefore, the acceleration is zero. The gradient of the velocity–time graph during this period is zero. Between B and C, the train is decelerating to rest at [image: \scriptsize -1.04\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}]. The acceleration for this period is negative and so is drawn below the x-axis. We can see that the gradient of the velocity–time graph is constant and negative during this period. Between C and D the train is accelerating from rest to [image: \scriptsize 2.78\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]. It may seem strange, however, that this part of the graph is also negative. If you look at the velocity-time graph for this period (C to D), you will see that its gradient is a constant but negative [image: \scriptsize 0.56\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}]. Even though the train is accelerating (which we normally take to be positive acceleration), it is accelerating in the negative direction. Therefore, this acceleration is [image: \scriptsize -0.56\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}].
.
 Between D and E, the train is decelerating to rest. This is in the negative direction so we can think of this deceleration as [image: \scriptsize -\left( {-0.56\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}} \right)=0.56\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}] i.e. a positive acceleration. We can also see that during this period, the gradient of the velocity–time graph is constant and positive. Therefore, this part of the acceleration–time graph is above the x-axis.

        	The displacement–time graph has the following shape:
[image: ]
 Between A and B, the train is travelling at a constant velocity of [image: \scriptsize 12.5\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]. Therefore, the displacement–time graph has a constant positive gradient of [image: \scriptsize 12.5\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]. Between B and C, the train is decelerating but still travelling in the positive direction. Therefore, its displacement is still increasing but at a decreasing rate as the velocity decreases. Therefore, the displacement–time graph gradient is decreasing. Between C and D, the train starts reversing. Therefore, its displacement is decreasing. Its velocity is negative and increasing and so the gradient of the displacement–time graph is negative and getting more negative. From D to E, the train slows down but is still travelling in the negative direction. Therefore, displacement is still decreasing but at a slower rate as the negative velocity is decreasing and so the gradient of the displacement–time graph is negative but getting less negative.

        	The best graph to use is the velocity–time graph. We need to calculate the area under the graph between points C and E to determine how far the train needed to travel in reverse to get back to the station.
.
 We need to split this area into two triangles. Both will have a base of [image: \scriptsize 5\ \text{s}] and a vertical height of [image: \scriptsize 2.78\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]. Because we are calculating area, we do not need to take the negative nature of the velocity into account.
.
[image: \scriptsize \displaystyle \text{Area}=2\times \displaystyle \frac{1}{2}\times 5\ \text{s}\times 2.78\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}=13.9\ \text{m}]
 Therefore, the train missed the station by [image: \scriptsize \displaystyle 13.9\ \text{m}].

      

    

  

  The most important thing to note about these examples is the signs of the vectors as reflected by the gradients of the graphs, and whether the graphs are above (positive) or below (negative) the x-axis.

  In example 3.3 our chosen positive direction was initially towards the station. Therefore, the initial velocities were positive and the fact that the initial acceleration was negative made sense. Most people interpret negative acceleration as the slowing of an object (deceleration).

  However, this was not always the case in example 3.3. A negative acceleration increased a negative velocity, and a positive acceleration decreased a negative velocity. The crucial point is that the acceleration was in the opposite direction from the velocity. A negative acceleration increases a negative velocity.

  A good general rule is this:

  
    
      If acceleration has the same sign as the velocity, the object is speeding up. If acceleration has the opposite sign to the velocity, the object is slowing down.

    

  

  
    
      
        [image: image]
      

      Exercise 3.1

    

    
      
      
        Question 1 adapted from NC(V) Physical Science Level 3 Paper 1 February 2019 question 4.3
      

      
        	Consider the following displacement–time graph given below for the motion of a bus:
[image: ]	Which statement is true?
 Between D and E: 	The bus is accelerating in the forward direction.
	The bus is accelerating in the reverse direction.
	The bus is decelerating in the forward direction.
	The bus is decelerating in the reverse direction.


	Describe the acceleration of the bus between B and C.
	Describe the motion of the bus between E and G.
	Draw a velocity–time graph for this situation labelling the different portions A to G to correspond with the displacement–time graph.
	Draw an acceleration–time graph for this situation labelling the different portions A to G to correspond with the displacement–time graph.



        	The acceleration–time graph for an electric vehicle starting from rest, is given below:
[image: ]	Calculate the velocity of the car and hence draw the velocity–time graph.
	Use a graph to determine the total displacement of the vehicle.



      

      The 
full solutions can be found at the end of the unit.
    

  

  Summary

  In this unit you have learnt the following:

  
    	Objects with a constant positive acceleration have a displacement–time graph with an increasing gradient. If the velocity is positive, the displacement increases over time.

    	Objects with a constant negative acceleration have a displacement–time graph with a decreasing gradient. If the velocity is negative, the displacement decreases over time.

    	If acceleration has the same sign as the velocity, the object is speeding up.

    	If acceleration has the opposite sign as the velocity, the object is slowing down.

  

  Unit 3: Assessment

  Suggested time to complete: 30 minutes

  
    Question 1 adapted from NC(V) Physical Science Level 3 Paper 1 November 2019 question 6
  

  
    	A bus starts from rest at a station and accelerates at a rate of [image: \scriptsize \displaystyle 2\ \text{m}\text{.}{{\text{s}}^{{-2}}}] for [image: \scriptsize \displaystyle 15\ \text{s}]. It then travels at a constant speed for [image: \scriptsize \displaystyle 45\ \text{s}] and slows down at a rate of [image: \scriptsize \displaystyle 5\ \text{m}\text{.}{{\text{s}}^{{-2}}}] until it comes to a stop. 	Determine the velocity of the bus after [image: \scriptsize \displaystyle 15\ \text{s}]?
	[image: \scriptsize 60~\text{s}] after leaving the station, the bus starts to slow down. How much time does the bus take to slow down and come to a stop?
	Draw a velocity–time graph for the motion of the bus. Indicate ALL details on the graph.
	From the graph, determine the distance covered by the bus (i.e. do not use equations of motion).



  

  
    Question 2 adapted from NC(V) Physical Science Level 3 Paper 1 February 2019 question 6.2
  

  
    	After travelling at [image: \scriptsize \displaystyle 30\ \text{m}\text{.}{{\text{s}}^{{-1}}}] for [image: \scriptsize \displaystyle 15\ \text{s}], the driver of a car sees a traffic camera [image: \scriptsize \displaystyle 50\ \text{m}] away. The driver knows the speed limit is [image: \scriptsize \displaystyle 60\ \text{km/h}], so she accelerates at [image: \scriptsize \displaystyle -1\ \text{m}\text{.}{{\text{s}}^{{-2}}}] until her velocity is [image: \scriptsize \displaystyle 54\ \text{km/h}]. 	Draw a velocity–time graph depicting her motion to the point she passes the camera.
	Use your graph to determine her velocity when she passes the camera.
	Is the driver travelling above or below the speed limit when she passes the camera?



  

  The full solutions can be found at the end of the unit.

  Unit 3: Solutions

  Exercise 3.1

  
    	
      .
      

      [image: ]
      
        	ii. (Between D and E the bus is accelerating in the reverse direction).

        	Between B and C, the bus is travelling with constant positive velocity. Therefore, its acceleration is zero.

        	Between E and F, the bus is travelling with constant negative velocity. Therefore, its acceleration is zero. However, between F and G, its negative velocity is decreasing to zero. Therefore, the bus is accelerating with positive acceleration.

        	
          .
          

          [image: ]
        

        	
          .
          

          [image: ]
        

      

    

    	
      .
      
        	The area under an acceleration–time graph gives the velocity.
[image: \scriptsize \displaystyle t=0\ \text{s}] to [image: \scriptsize \displaystyle t=5\ \text{s}]: [image: \scriptsize \text{Area}=5\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}\times 5\ \text{s}=25\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}] Therefore, the vehicle’s velocity after [image: \scriptsize \displaystyle 5\ \text{s}] is [image: \scriptsize 25\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}].
.
[image: \scriptsize \displaystyle t=5\ \text{s}] to [image: \scriptsize \displaystyle t=12\ \text{s}]: acceleration is zero. Therefore, the vehicle’s velocity is constant i.e. [image: \scriptsize {{v}_{f}}={{v}_{i}}] and its velocity after [image: \scriptsize \displaystyle 12\ \text{s}] is still [image: \scriptsize 25\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}].
.
[image: \scriptsize \displaystyle t=12\ \text{s}] to [image: \scriptsize \displaystyle t=19\ \text{s}]: [image: \scriptsize \text{Area}=-3\ \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}\times 7\ \text{s}=-21\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}] Therefore, if the vehicle’s initial velocity is [image: \scriptsize 25\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}] at [image: \scriptsize \displaystyle t=12\ \text{s}], its final velocity will be [image: \scriptsize 4\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}] at [image: \scriptsize \displaystyle t=19\ \text{s}].
[image: ]

        	The area under the velocity–time graph gives total displacement. The image below shows one way of dividing up the area under the velocity–time graph.
[image: ]
[image: \scriptsize \text{Total displacement}=\left( {\displaystyle \frac{1}{2}\times 25\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\times 5\ \text{s}} \right)+\left( {25\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\times 7\ \text{s}} \right)+\left( {\displaystyle \frac{1}{2}\times 21\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\times 7\ \text{s}} \right)=311\ \text{m}]

      

    

  

  
    Back to Exercise 3.1
  

  Unit 3: Assessment

  
    	
      .
      
        	
          .
          

          [image: \scriptsize \begin {align*} v&=u+at\\ \therefore v&=0~\text{m.s}^{-1}+2~\text{m.s}^{-2} \times 15~\text{s}=30~\text{m.s}^{-1} \end {align*}]
        

        	
          .
          

          [image: \scriptsize \begin {align*} v&=0~\text{m.s}^{-1}\\ u&=30~\text{m.s}^{-1}\\ a&=-5~\text{m.s}^{-2}\\ t&=?\\ v&=u+at\\ \therefore t&=\displaystyle \frac{v-u}{a}\\ &=\displaystyle \frac{0~\text{m.s}^{-1}-30~\text{m.s}^{-1}}{-5~\text{m.s}^{-2}}\\ &=6~\text{s} \end {align*}]
        

        	
          .
          

          [image: ]
        

        	
          .
          

          [image: ]
          

          [image: \scriptsize \begin {align*} \text{Total displacement}&=\displaystyle \frac{1}{2}\times 30~\text{m.s}^{-1}\times 15~\text{s}+30~\text{m.s}^{-1}\times 45~\text{s}+\displaystyle \frac{1}{2}\times 30~\text{m.s}^{-1}\times 6~\text{s}\\ &=1~665~\text{m} \end {align*}]
        

      

    

    	
      .
      
        	Initial velocity is [image: \scriptsize 30~\text{m.s}^{-1}]. Final velocity is [image: \scriptsize 54~\text{km/h}=15~\text{m.s}^{-1}].
[image: ]

        	The driver travels [image: \scriptsize 50~\text{m}] before passing the camera. Therefore, we need to find the section with an area of [image: \scriptsize 50~\text{m}] under the part of the velocity–time graph indicating deceleration.
[image: \scriptsize \begin {align*} \text{Area}&=\displaystyle \frac{1}{2}\times \text{base}\times\text{height}\\ \therefore \text{base}\times\text{height}&=100 \end {align*}]
.
 But the gradient of the line is [image: \scriptsize -1~\text{m.s}^{-2}]. Therefore, the change in [image: \scriptsize x] will be the same as the change in [image: \scriptsize y].
.
 Therefore [image: \scriptsize \text{base}=\text{height}=\sqrt{100}=10].
.
 This means that the driver will travel for [image: \scriptsize 10~\text{s}] while accelerating at [image: \scriptsize -1~\text{m.s}^{-2}].
[image: ]
 The driver’s velocity after [image: \scriptsize 10~\text{s}] will be [image: \scriptsize 20~\text{m.s}^{-1}] when the car passes the camera.

        	[image: \scriptsize 20~\text{m.s}^{-1}=72~\text{km/h}]. She will still be over the speed limit when she passes the camera.

      

    

  

  
    Back to Unit 3: Assessment
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II
Mechanics: Describe, analyse and apply principles of concurrent forces


  
  
    
      
        [image: image]
      

      Subject outcome

    

    
      Subject outcome 2.2: Describe, analyse and apply principles of concurrent forces

    

  

  
    
      
        [image: image]
      

      Learning outcomes

    

    
      
        	Identify force as a vector.

        	Construct vector diagrams of two forces to determine the relationship between the resultant and angle between forces (range [image: \scriptsize 0^\circ]–[image: \scriptsize 180^\circ])

        	Determine the resultant of two forces acting simultaneously on a body.

        	Determine components of a force by calculation or by construction.

        	Identify an object or system of masses in equilibrium.

        	Draw a labelled force diagram (free-body diagram) and vector diagram of three non-parallel forces in equilibrium and find unknown force by construction or mathematically. 	Range: systems to include mass in suspension on ropes or cables, mass on an inclined plane, object with frictional force acting on it.



        	Define, identify and calculate the equilibrant of a system.

      

    

  

  
    
      
        [image: image]
      

      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify force as a vector.

        	Construct vector diagrams of two forces to determine the relationship between the resultant and angle between forces (range [image: \scriptsize 0^\circ]–[image: \scriptsize 180^\circ]).

        	Determine the resultant of two forces acting simultaneously on a body.

      

    

  

  
    
      
        [image: image]
      

      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Determine components of a force by calculation or by construction.

        	Identify an object or system of masses in equilibrium.

        	Define, identify and calculate the equilibrant of a system.

      

    

  

  
    
      
        [image: image]
      

      Unit 3 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Draw a labelled force diagram (free-body diagram) and vector diagram of three non-parallel forces in equilibrium and find unknown force by construction or mathematically as applied to: 	mass in suspension on ropes or cables
	mass on an inclined plane
	object with frictional force acting on it.



      

    

  

  






Unit 1: Vector diagrams
Linda Pretorius



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify force as a vector.

        	Construct vector diagrams of two forces to determine the relationship between the resultant and angle between forces (range [image: \scriptsize 0^\circ]–[image: \scriptsize 180^\circ]).

        	Determine the resultant of two forces acting simultaneously on a body.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Define a vector. Refer to level 2 subject outcome 2.1 unit 3 if you need help with this.

    	Represent a vector graphically. Refer to level 2 subject outcome 2.1 unit 3 if you need help with this.

    	Define the resultant of two vectors. Refer to level 2 subject outcome 2.1 unit 4 if you need help with this.

    	Draw vector diagrams. Refer to level 2 subject outcome 2.1 unit 4 if you need help with this.

    	Define a force. Refer to level 2 subject outcome 2.2 unit 1 if you need help with this.

  

  Introduction

  Parts of the text in this unit were sourced or adapted from Siyavula Physical Science Gr 11 Learner’s Book, p. 3–36, released under a CC-BY licence.

  In this unit you will apply your knowledge of vectors in the context of forces by constructing vector diagrams for concurrent forces. Drawing vector diagrams will help you to understand the effect of two forces acting on a body simultaneously.

  Force is a vector

  We can think of a force being a push or a pull exerted on an object. But it is important to remember that this kind of push or a pull is the result of one object interacting with another, whether through direct contact (contact forces) or acting over a distance (non-contact forces).

  In Level 2, you learnt that force is a vector quantity: it has both magnitude (size) and direction. Forces are additive, like all vector quantities. That means that if two concurrent forces are acting on an object, the net effect will be a combination of the two forces’ magnitude and direction. This net effect is called the resultant force.

  Representing concurrent forces: Vector diagrams

  From Level 2, you also know that vectors can be represented graphically using arrows, with the length of the arrow representing the magnitude and the arrowhead indicating the direction. It follows then that forces can be represented graphically as arrows, and that the combination of two forces can be presented in a diagram to find the resultant force.

  
    
      Note

    

    
      When drawing vector diagrams, we often refer to the head and the tail of the arrow representing the vector:

      
        [image: ]
      

    

  

  When two forces act in one dimension – in other words, in a straight line – the resultant force is simply the algebraic sum of the two forces. Because the forces are acting in one dimension, we can define one direction – for example, to the right – as positive, and the opposite direction –to the left – as negative.

  
    
      
        [image: image]
      

      Example 1.1

    

    
      Use the graphical tail-to-head method to determine the resultant force on a rugby player if two players on his team are pushing him forward with forces of [image: \scriptsize \overrightarrow{{{{F}_{1}}}}=600\ \text{N}] and [image: \scriptsize \overrightarrow{{{{F}_{2}}}}=900\ \text{N}], respectively, and two players from the opposing team are pushing him backward with forces of [image: \scriptsize \overrightarrow{{{{F}_{3}}}}=1\ 000\ \text{N}] and [image: \scriptsize \overrightarrow{{{{F}_{4}}}}=650\ \text{N}], respectively.

      
        Solution
      

      Let’s choose a scale of [image: \scriptsize 0.5\text{ cm}] representing [image: \scriptsize 100\text{ N}] and define the positive direction as to the right.
 Draw each vector in the relevant direction and at the correct length. In the explanation, we use different colours to distinguish between the four forces that are acting on the object. Therefore:

      
        	[image: \scriptsize \overrightarrow{{{{F}_{1}}}}] is drawn as an arrow of [image: \scriptsize 3\text{ cm}] pointing to the right.

        	[image: \scriptsize \overrightarrow{{{{F}_{2}}}}] is drawn as an arrow of [image: \scriptsize \text{4}\text{.5 cm}] pointing to the right.

        	[image: \scriptsize \overrightarrow{{{{F}_{3}}}}] is drawn as an arrow of [image: \scriptsize \text{5 cm}] pointing to the left.

        	[image: \scriptsize \overrightarrow{{{{F}_{4}}}}] is drawn as an arrow of [image: \scriptsize \text{3}\text{.25 cm}] pointing to the left.

      

      
        [image: ]
      

      The resultant force, [image: \scriptsize \overrightarrow{{{{F}_{\text{R}}}}}] is represented by an arrow of [image: \scriptsize 0.75\text{ cm}] to the left, which, according to the scale used in the diagram, represents a force of [image: \scriptsize 150\text{ N}].

    

  

  When two forces act in two dimensions – in other words, not in a straight line – the resultant force is still found by adding the two vectors, but we now have to take the directions of the two individual forces into account. This means that the magnitude of the resultant force will not be the simple algebraic sum of the two vectors.

  Vector diagrams are useful in determining the resultant force of two concurrent forces, and we can draw these diagrams as either tail-to-head or tail-to-tail diagrams. The approach is to draw the vectors one at a time.

  
    	In the tail-to-head method, each vector is drawn from the head of the vector that preceded it. The resultant vector is drawn from the tail of the first vector to the head of the second vector.

    	In the tail-to-tail method, each vector, including the resultant, is drawn from the same origin. This is also called the parallelogram method.

  

  Let’s look at examples of drawing vector diagrams for two forces that are perpendicular to each other using these methods.

  
    
      Note

    

    
      The tail-to-tail method is also called the parallelogram method as the vector diagram it creates is a parallelogram.

    

  

  
    
      
        [image: image]
      

      Example 1.2

    

    
      Sketch the resultant of the following forces using the tail-to-head method:

      
        	[image: \scriptsize \overrightarrow{{{{F}_{1}}}}=4.1\text{ N}] in the positive y-direction

        	[image: \scriptsize \overrightarrow{{{{F}_{2}}}}=3.5\text{ N}] in the positive x-direction.

      

      
        Solution
      

      Let’s define the positive x-direction as to the right, and the positive y-direction as up.

      We can then represent the two forces as follows on a Cartesian plane:+

      

      
        [image: ]
      

      The resultant force is drawn by connecting the tail of the first arrow to the head of the second arrow. The resultant force is measured as [image: \scriptsize 5.7\text{ N}] at a direction of [image: \scriptsize 49.5^\circ] from the positive x-axis.

      

      
        [image: ]
      

      

    

  

  
    
      
        [image: image]
      

      Example 1.3

    

    
      Sketch the resultant of the following forces using the tail-to-tail (parallelogram) method:

      
        	[image: \scriptsize \overrightarrow{{{{F}_{1}}}}=3.5\text{ N}] in the positive y-direction

        	[image: \scriptsize \overrightarrow{{{{F}_{2}}}}=5.2\text{ N}] in the positive x-direction.

      

      
        Solution
      

      Let’s define the positive x-direction as to the right, and the positive y-direction as up.

      We can draw the two forces on a Cartesian plane, with both their tails at the origin.

      
        [image: ]
      

      We then draw a dashed line from the head of each vector, parallel to the other.

      
        [image: ]
      

      

      The resultant force is drawn as an arrow from the origin of the two vectors to the point where the dashed lines intersect. The resultant force is measured as [image: \scriptsize 6.3\text{ N}] at a direction of [image: \scriptsize 34^\circ] from the positive x-axis.

      
        [image: ]
      

    

  

  You already know that the resultant force is a force that represents the net effect of two concurrent forces. In activity 1.1, you will explore the effect of two concurrent forces acting on an object. Activity 1.2 is an extension activity, in which you will explore how the angle between two concurrent forces acting in two dimensions affects the resultant.

  
    
      
        [image: image]
      

      Activity 1.1: Determine the resultant of two concurrent forces

    

    
      Time required: 15 minutes

      
        What you need:
      

      
        	a regular object (e.g. a textbook or a wooden block)

        	string and scissors

        	a marker pen, a sheet of paper and sticky tape

        	a flat, fairly smooth surface

        	a ruler

      

      
        What to do:
      

      
        	Use the string to make a ‘harness’ around the object. Then tie a piece of string to each of two perpendicular sides, to serve as ‘handles’.
[image: ]

        	Place the object on a flat surface. Pull the object sideways, keeping it flat along the surface.
[image: ]	What do you observe?
	What happens when you pull harder on the string?
	What happens when you pull only gently?



        	Repeat what you did in step 2, but now using the other handle to pull the object in a vertical direction. Describe your observations.
[image: ]

        	What can you conclude about the properties of a force that acts on an object?

        	Now place the object on the sheet of paper which is fixed to the flat surface. Mark the starting position of the object. Then pull on both handles at the same time, at a right angle. Try to pull equally hard on both handles. Mark the object’s final position.
	[image: ] 	[image: ] 	[image: ] 
  
	Where did the object end up relative to its starting position? On the paper, draw an arrow to show this. Why do you think the object ended up in this position?
	Now draw arrows to show the two forces you applied. Align the end points of these arrows with the final position.
	Measure the length of each arrow that represents your pull forces, as well as the length of the diagonal arrow. (The diagonal arrow represents the net force, called the resultant.) Which arrow is the longest?



        	Draw dashed lines to connect the tips of the applied forces to the object’s final position (in other words, the tip of the resultant). What shapes do you see?

      

      
        What did you find?
      

      Step 2. When the object is pulled sideways, it moves in the direction it is pulled. If you pull harder, the object moves faster. If you pull only gently, the object does not move as fast as before.
 Step 3. When you pulled the object in an upward direction, you would have seen a similar effect: the object now simply moved in a vertical direction. This shows that the direction and size of the applied force determine the end result.
 Step 4. From these two observations you can conclude that force (as applied here in the form of a pull) has a direction – you can see that from the change in the object’s position. Force also has magnitude, because you could apply a bigger or smaller force to make the object move faster or slower. Force is a vector: it has both magnitude and direction.
 Step 5a. When you pulled on both handles simultaneously, the object came to rest at a position that is at an angle from the starting position.

      
        [image: ]
      

      The two forces acted in different directions. However, because they acted on the same object, the net force – the resultant – is in a direction between the two applied forces.
 The lengths of the arrows representing the two applied forces will depend on how far you pulled the object, but they should be almost equal if you pulled with similar force in both directions. In the picture shown here the lengths are [image: \scriptsize 9.4\text{ cm}] each. The diagonal arrow is [image: \scriptsize 13.2\text{ cm }] in this example, but your answer will be specific to your drawing. The diagonal arrow (resultant) is longer than either of the two applied forces, because it represents the vector sum of the two applied forces. It is important to note that the magnitude is NOT the simple arithmetic sum of the two applied forces, because the two forces do not act in the same line. You will learn how to calculate the sum analytically in the next unit.

      
        [image: ]
      

      Step 5b. Having drawn dashed lines to connect the tips of the applied forces to the tip of the resultant, you can see two triangles, which together form a rectangle. (Remember that a rectangle is a type of parallelogram.) Noting these shapes is an important observation to help you draw vector diagrams, as you will see in activity 1.2 when you learn how to use either the tail-to-head (triangle) or parallelogram method for calculating the resultant force analytically.

      
        [image: ]
      

    

  

  
    
      
        [image: image]
      

      Activity 1.2: Investigate the effect of the angle between forces on the resultant

    

    
      Time required: 10 minutes

      
        What you need:
      

      
        	the same set-up and materials as in activity 1.1

      

      
        What to do:
      

      
        	Put the object at the starting position again. What do you think will happen if you pull with unequal force on the two strings? Try it out.

        	
          .
          
            	If you simultaneously pull the object directly eastwards and in a direction west of north, will the angle between the two applied forces be greater or smaller than [image: \scriptsize 90^\circ]? Where do you think the object will end up? (Take upwards as north and to the right as east.)

            	If you simultaneously pull the object directly eastwards and in a direction east of north, will the angle between the two applied forces be greater or smaller than [image: \scriptsize 90^\circ]? Where do you think the object will end up? (Take upwards as north and to the right as east.)
 Draw sketch diagrams to show your findings in steps 1 and 2 visually. Use what you have learnt in activity 1.1 to help you. How does the length of the arrow representing the resultant compare with that of the other two forces?

          

        

        	What can you conclude about the relationship between the resultant and the angle between the two simultaneously applied forces?

      

      
        What did you find?
      

      
        	Step 1 showed that the size of the forces you apply determine where the object ends up relative to its starting position.
 If you pull hard to the side and only a little in the vertical direction, the object will move along a flat gradient. In other words, the angle between the resultant and the horizontal will be small.
[image: ]
 In contrast, if you pull hard in the vertical direction and only a little to the side, the object will move along a steep gradient. In other words, the angle between the resultant and the horizontal will be large.
[image: ]

        	and 3. Step 2a) showed that when two forces are applied concurrently directly eastwards and west of north, the angle between the two applied forces is greater than [image: \scriptsize 90^\circ](but smaller than [image: \scriptsize 180^\circ]). By using the tail-to-tail (or parallelogram) method of drawing a vector diagram, we see that a parallelogram is formed. In this case, the arrow representing the resultant will be shorter than the longer of the two representing the applied forces. This means the magnitude of the resultant is smaller than the bigger of the two applied forces.
[image: ]
 However, if the angle between the two applied forces is [image: \scriptsize \le 90^\circ], as in Step 2b), the magnitude of the resultant will be greater than that of either of the applied forces, as we can see by using the tail-to-tail method of drawing vector diagrams.
[image: ]

      

    

  

  
    
      
        [image: image]
      

      Exercise 1.1

    

    
      
      
        	Describe the following forces. Use compass directions or angles to state the direction, as applicable. Take the upward direction as north. 	.
[image: ]
	.
[image: ]
	.
[image: ]



        	Are the following statements true or false? Explain your reasoning. 	When two forces act in different directions, the magnitude of the resultant will be the arithmetic sum of the two separate magnitudes.
	When two forces act concurrently on an object at right angles, the angle of the resultant force will be greater than [image: \scriptsize 90^\circ].
	When two forces act on an object, one directly east and another north-west, the resultant force will be south-west.



        	Draw a vector diagram to show the resultant of two concurrent forces of equal magnitude in the following cases. You can use either the tail-to-head method or the tail-to-tail (parallelogram) method. 	When the angle between the two forces is [image: \scriptsize 70^\circ].
	When the angle between the two forces is [image: \scriptsize 90^\circ].
	When the angle between the two forces is [image: \scriptsize 150^\circ].



      

      The 
full solutions can be found at the end of the unit.
    

  

  Summary

  In this unit you have learnt the following:

  
    	Force is a vector quantity. It has both magnitude and direction.

    	The resultant force is a single force that represents the net effect of two forces.

    	Because forces are additive, like all vectors, the resultant force is found by combining the effects of the respective individual forces.

    	When two forces act in different dimensions, the resultant cannot be taken as the simple arithmetic sum of the two individual forces, as the direction of each individual force has to be taken into account:

    	When the angle between the two forces is [image: \scriptsize \le 90^\circ], the magnitude of the resultant will be greater than that of either of the applied forces.

    	When the angle between the two applied forces is greater than [image: \scriptsize 90^\circ](but smaller than [image: \scriptsize 180^\circ]), the magnitude of the resultant will be smaller than the bigger of the two applied forces.

  

  Unit 1: Assessment

  Questions 1–4 are taken from Exercise 1-7 in the Siyavula Gr 11 Physical Science Learner’s Book on pp. 50–53, released under a CC-BY licence

  Suggested time to complete: 15 minutes

  
    	Sketch the resultant of the following concurrent force vectors using the tail-to-head method: 	[image: \scriptsize \overrightarrow{{{{F}_{1}}}}=4.8\text{ N}] in the positive y-direction
	[image: \scriptsize \overrightarrow{{{{F}_{2}}}}=3.3\text{ N}] in the negative x-direction



    	Sketch the resultant of the following concurrent force vectors using the tail-to-head method by first determining the resultant in the x- and y-directions: 	[image: \scriptsize \overrightarrow{{{{F}_{1}}}}=5.2\text{ N}] in the positive y-direction
	[image: \scriptsize \overrightarrow{{{{F}_{2}}}}=7.5\text{ N}] in the negative y-direction
	[image: \scriptsize \overrightarrow{{{{F}_{3}}}}=4.8\text{ N}] in the positive y-direction
	[image: \scriptsize \overrightarrow{{{{F}_{4}}}}=6.3\text{ N}] in the negative x-direction



    	Sketch the resultant of the following force vectors using the tail-to-tail method: 	[image: \scriptsize \overrightarrow{{{{F}_{1}}}}=6.1\text{ N}] in the positive y-direction
	[image: \scriptsize \overrightarrow{{{{F}_{2}}}}=4.5\text{ N}] in the negative x-direction



    	Sketch the resultant of the following force vectors using the tail-to-tail method by first determining the resultant in the x- and y-directions: 	[image: \scriptsize \overrightarrow{{{{F}_{1}}}}=2.3\text{ N}] in the positive y-direction
	[image: \scriptsize \overrightarrow{{{{F}_{2}}}}=11.8\text{ N}] in the negative y-direction
	[image: \scriptsize \overrightarrow{{{{F}_{3}}}}=7.7\text{ N}] in the negative y-direction
	[image: \scriptsize \overrightarrow{{{{F}_{4}}}}=5.2\text{ N}] in the negative x-direction



    	Draw sketch diagrams to show how you would determine the resultant force for the concurrent forces in the following cases. The diagrams do not have to be to scale. 	[image: \scriptsize \overrightarrow{{{{F}_{1}}}}=150\text{ N}] directly east and [image: \scriptsize \overrightarrow{{{{F}_{2}}}}=90\text{ N}] at [image: \scriptsize 60^\circ] north of east. Use the tail-to-head method.
	[image: \scriptsize \overrightarrow{{{{F}_{1}}}}=240\text{ N}] south and [image: \scriptsize \overrightarrow{{{{F}_{2}}}}=120\text{ N}] at [image: \scriptsize 40^\circ] south of west. Use the tail-to-tail method.



  

  The full solutions can be found at the end of the unit.

  Unit 1: Solutions

  Exercise 1.1

  
    	Because force is a vector, you have to state both a magnitude and a direction to describe a force. The unit for force is newtons (N). 	[image: \scriptsize 25\text{ }\text{N}] east
	[image: \scriptsize \overrightarrow{{{{F}_{1}}}}=9\text{ }\text{N}] east; [image: \scriptsize \overrightarrow{{{{F}_{2}}}}=6\text{ }\text{N}] south-east
	[image: \scriptsize \text{12 }\text{N, 20}^\circ] west of north.



    	
      .
      
        	The statement is false. The simple arithmetic sum can be used only if the two forces act in the same line (that is, one dimension). When the two forces act in different dimensions, the magnitude of the resultant will be smaller than the simple arithmetic sum of the two.

        	The statement is false. When two concurrent forces act at right angles, the angle of the resultant will be smaller than [image: \scriptsize 90^\circ]. If the two forces have equal magnitudes, the angle of the resultant will be [image: \scriptsize 45^\circ]. If the force in the vertical direction is the larger of the two, the angle will be [image: \scriptsize \gt 45^\circ]; if the force in the horizontal direction is the larger of the two, the angle will be [image: \scriptsize \lt 45^\circ].

        	The statement is false. The resultant force will be north of east. This can be seen on a vector diagram:
[image: ]
[image: ]
 OR
 The resultant has to be drawn from the same origin as the two applied forces. If the tail-to-head method is used, the resultant has to be drawn from the tail of the first arrow to the head of the second arrow; it is incorrect to draw it from the head of the second arrow to the tail of the first.
 Correct:
[image: ]
 Incorrect:
[image: ]

      

    

    	Vector diagrams drawn with both the parallelogram and tail-to-head method are shown: 	When the angle between the two forces is [image: \scriptsize 70^\circ]:
[image: ]
[image: ]
	When the angle between the two forces is [image: \scriptsize 90^\circ]:
[image: ]
[image: ]
	When the angle between the two forces is [image: \scriptsize 150^\circ]:
[image: ]
[image: ]



  

  
    Back to Exercise 1.1
  

  Unit 1: Assessment

  
    	We define upwards as the positive y-direction and to the right as the positive x-direction.
[image: ]

    	There are three forces acting in the y-direction. Because they act in one dimension, we can determine the resultant force as the simple arithmetic sum: [image: \scriptsize 2.5\text{ N}], which means [image: \scriptsize 2.5\text{ N}] upwards. The perpendicular force (in the horizontal direction) is [image: \scriptsize 6.3\text{ N}] to the left.
[image: ]

    	We define upwards as the positive y-direction and to the right as the positive x-direction.
[image: ]

    	There are three forces acting in the y-direction. Because they act in one dimension, we can determine the resultant force in the y-direction as the simple arithmetic sum: [image: \scriptsize -17.2\text{ N}], which means [image: \scriptsize 17.2\text{ N}] downwards. The perpendicular force, in the horizontal direction, is [image: \scriptsize 5.2\text{ N}] to the right.
[image: ]

    	
      .
      
        	
          .
          

          [image: ]
        

        	
          .
          

          [image: ]
        

      

    

  

  
    Back to Unit 1: Assessment 
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Unit 2: Components of a force
Linda Pretorius



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Determine components of a force by calculation or by construction.

        	Identify an object or system of masses in equilibrium.

        	Define, identify and calculate the equilibrant of a system.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Explain why force is a vector. Refer to level 2 subject outcome 2.2 unit 1 if you need help with this.

    	Define weight as a force. Refer to level 2 subject outcome 2.2 unit 3 if you need help with this.

    	Define the resultant of a force. Refer to level 2 subject outcome 2.2 unit 1 if you need help with this.

    	Define the equilibrant of vectors. Refer to level 2 subject outcome 2.1 unit 4 if you need help with this.

    	Draw force diagrams. Refer to level 2 subject outcome 2.2 unit 2 if you need help with this.

    	Draw vector diagrams of two forces acting simultaneously on a body. Refer to level 3 subject outcome 2.2 unit 1 if you need help with this.

    	Determine the resultant of two forces acting simultaneously on a body. Refer to level 3 subject outcome 2.2 unit 1 if you need help with this.

  

  Introduction

  Parts of the text in this unit were sourced or adapted from Siyavula Physical Science Gr 11 Learner’s Book, p. 36–53, released under a CC-BY licence.

  In this unit you will apply your knowledge about the resultant of a force to understand the components of a force. This, together with what you already know about the equilibrant of a system of vectors, will help you to understand how a combination of forces can work together to keep an object or system of masses balanced. We say such a system is in equilibrium. Once you understand this concept you will be able to determine the equilibrant force of a system.

  Finding the components of a force

  From earlier units you already know that a number of vectors acting together, such as forces acting concurrently, can be combined to give a single vector. This is called the resultant. In much the same way a single vector can be broken down into a number of vectors that can be added up to give that original vector again. These vectors, which sum to the original, are called the components of the original vector. The process of breaking a vector into its components is called resolving it into components.

  Any vector can be resolved into a horizontal and a vertical component, which are at right angles to each other. This means that the x- and y-components are parallel to the x- and y-axes, respectively, in a Cartesian system. Resolving a vector into components that are at right angles to each other makes it easy to determine the size of these components. We usually indicate the components of a vector using the subscript x for the horizontal component and the subscript y for the vertical component. Therefore, when working with forces, the horizontal component for a force [image: \scriptsize \overrightarrow{F}] would be given as [image: \scriptsize \overrightarrow{{{{F}_{x}}}}] and its vertical component as [image: \scriptsize \overrightarrow{{{{F}_{y}}}}].

  Resolving a force into components by construction

  When resolving a force into components that are parallel to the x- and y-axes, we are always dealing with a right-angled triangle. We can use this to construct vector diagrams to determine the magnitudes of the components. To resolve a force by construction, you will need a protractor and a ruler or set square.

  
    
      
        [image: image]
      

      Example 2.1

    

    
      A force, [image: \scriptsize \overrightarrow{F}], of [image: \scriptsize 250\text{ N}] acts at an angle of [image: \scriptsize 30^\circ] to the positive x-axis. Resolve this force into its x- and y-components by construction.

      
        Solution
      

      Define a suitable scale for the diagram, for example [image: \scriptsize 1\text{ cm = 20 N}]. That means that the vector has to be drawn [image: \scriptsize 12.5\text{ cm}] long.
 Draw sketch lines to indicate the positive x- and y-axes.
 Use a protractor to measure an angle of [image: \scriptsize 30^\circ] to the positive x-axis.
 Use a ruler to draw in the force [image: \scriptsize \overrightarrow{F}] at the correct length; in this case, [image: \scriptsize 12.5\text{ cm}].

      
        [image: ]
      

      Draw a faint construction line running down from the head of force [image: \scriptsize \overrightarrow{F}], parallel to the y-axis. Draw another construction line from the head of force [image: \scriptsize \overrightarrow{F}] horizontally towards the y-axis, parallel to the x-axis.

      [image: ]
 Recall that in the tail-to-tail method of drawing vector diagrams, the resultant vector is represented as the diagonal of the parallelogram formed. That means that if we have the diagonal already – in this case [image: \scriptsize \overrightarrow{F}] – the horizontal and vertical sides of the parallelogram are the x- and y-components of [image: \scriptsize \overrightarrow{F}].

      Draw an arrow from the tail of force [image: \scriptsize \overrightarrow{F}] vertically up along the y-axis, to where it connects with the construction line. Measure the length accurately. In this case it is [image: \scriptsize 6.2\text{ cm}].

      Draw another arrow from the tail of force [image: \scriptsize \overrightarrow{F}] horizontally along the x-axis, to where it connects with the construction line. Measure the length accurately. In this case it is [image: \scriptsize \text{10}\text{.8 cm}].

      [image: ]
 Using the defined scale, we find that [image: \scriptsize {{F}_{y}}=6.2\times 20=124\text{ N}] and [image: \scriptsize {{F}_{x}}=10.8\times 20=216\text{ N}]

    

  

  Resolving a force into components by calculation

  Because we are always dealing with a right-angled triangle when resolving a force into components that are parallel to the x- and y-axes, we can use trigonometric identities to determine the magnitudes of the components. (We know the directions because they are aligned with the axes.) Let’s look at the force [image: \scriptsize \overrightarrow{F}] from example 2.1 again to calculate its components mathematically.

  
    
      
        [image: image]
      

      Example 2.2

    

    
      A force, [image: \scriptsize \overrightarrow{F}], of [image: \scriptsize 250\text{ N}] acts at an angle of [image: \scriptsize 30^\circ] to the positive x-axis. Resolve this force into its x- and y-components by calculation.

      
        Solution
      

      Draw a rough sketch diagram to illustrate the given situation. Recall that the x- and y-components of a force create right-angled triangle when drawn as a head-to-tail vector diagram.

      [image: ]
 Use trigonometry to calculate the two components
 For the x-component:
[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{F}_{x}}}}{F}&=\cos 30^\circ \\\therefore {{F}_{x}}&=F\cos 30^\circ \\&=250\text{ N}\times 0.866\\&=216.5\text{ N}\end{align*}]

      For the y-component:
[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{F}_{y}}}}{F}&=\sin 30^\circ \\\therefore {{F}_{y}}&=F\sin 30^\circ \\&=250\text{ N}\times 0.5\\&=125\text{ N}\end{align*}]

      We see that the values are close to what we determined by construction in example 2.1. The slight discrepancy can be attributed to a small margin of error when measuring the lines in the diagram.

      Remember [image: \scriptsize {{F}_{x}}] and [image: \scriptsize {{F}_{y}}] are the magnitudes of the components. [image: \scriptsize \overrightarrow{{{{F}_{x}}}}] is in the positive x-direction and [image: \scriptsize \overrightarrow{{{{F}_{y}}}}] is in the positive y-direction.

    

  

  Knowing how to resolve a vector into components also helps us to find the resultant of two or more concurrent forces of which neither is parallel to the x- or y-axes. Let’s look at an example.

  
    
      
        [image: image]
      

      Example 2.3

    

    
      If [image: \scriptsize \overrightarrow{{{{F}_{1}}}}=5.385\text{ N}] at an angle of [image: \scriptsize 21.8^\circ] to the horizontal and [image: \scriptsize \overrightarrow{{{{F}_{2}}}}=5\text{ N}] at an angle of [image: \scriptsize 53.13^\circ] to the horizontal, find the resultant force, [image: \scriptsize \overrightarrow{R}].

      
        Solution
      

      Both forces are at an angle to the x-axis so we can resolve each one into x- and y-components
 The sum of the two x-components, [image: \scriptsize {{F}_{{x1}}}] and [image: \scriptsize {{F}_{{x2}}}], will be the same as the x-component of the resultant, namely [image: \scriptsize {{R}_{x}}]. Similarly, the sum of the two y-components, [image: \scriptsize \displaystyle {{F}_{{y1}}}]and [image: \scriptsize {{F}_{{y2}}}], will be the same as the y-component of the resultant, namely [image: \scriptsize {{R}_{y}}].

      
        [image: ]
      

      We find the components of the two forces by using known trigonometric ratios:
 For the components of [image: \scriptsize \overrightarrow{{{{F}_{1}}}}]:

      	[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{F}_{{x1}}}}}{{{{F}_{1}}}}&=\cos 21.8^\circ \\\therefore {{F}_{{x1}}}&={{F}_{1}}(\cos 21.8^\circ )\\&=5.385\text{ N}\times 0.928\\&=5.00\text{ N}\end{align*}] 	[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{F}_{{y1}}}}}{{{{F}_{1}}}}&=\sin 21.8^\circ \\\therefore {{F}_{{y1}}}&={{F}_{1}}(\sin 21.8^\circ )\\&=5.385\text{ N}\times 0.371\\&=2.00\text{ N}\end{align*}] 
  

      For the components of [image: \scriptsize \overrightarrow{{{{F}_{2}}}}]:

      	[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{F}_{{x2}}}}}{{{{F}_{2}}}}&=\cos 53.13^\circ \\\therefore {{F}_{{x2}}}&={{F}_{2}}(\cos 53.13^\circ )\\&=5\text{ N}\times 0.6\\&=3.00\text{ N}\end{align*}] 	[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{F}_{{y2}}}}}{{{{F}_{2}}}}&=\sin 53.13^\circ \\\therefore {{F}_{{y2}}}&={{F}_{2}}(\sin 53.13^\circ )\\&=5\text{ N}\times 0.8\\&=4.\text{00}\ \text{N}\end{align*}] 
  

      Now add the x-components and the y-components. It is useful to draw up a table to do this. Also remember that vectors are additive, so the order in which they are added does not matter.

      	Vector 	x-component 	y-component 
 	[image: \scriptsize \overrightarrow{{{{F}_{1}}}}] 	[image: \scriptsize 5.00\text{ N}] 	[image: \scriptsize 2.00\text{ N}] 
 	[image: \scriptsize \overrightarrow{{{{F}_{2}}}}] 	[image: \scriptsize 3.00\text{ N}] 	[image: \scriptsize \text{4}\text{.00 N}] 
 	[image: \scriptsize \overrightarrow{R}] 	[image: \scriptsize 8.00\text{ N}] 	[image: \scriptsize 6.00\text{ N}] 
  

      
        
          Note

        

        
          Remember that we must define which directions are positive, for example to the right as the positive horizontal direction and upwards as the positive vertical direction.

        

      

      Now that we have the components of the resultant, we can use the Pythagoras’ theorem to determine the magnitude of the resultant force, [image: \scriptsize \displaystyle \overrightarrow{R}].
[image: \scriptsize \displaystyle \begin{align*}{{R}^{2}}&={{({{R}_{x}})}^{2}}+{{({{R}_{y}})}^{2}}\\&={{(8.00)}^{2}}+{{(6.00)}^{2}}\\&=100.00\\\therefore R&=\sqrt{{100.00}}\\&=10.00\text{ N}\end{align*}]

      The magnitude of the resultant, [image: \scriptsize \overrightarrow{R}], is [image: \scriptsize 10.00\text{ N}]. So all we must do is calculate its direction. We can specify the direction as the angle the vectors makes with a known direction. To do this you only need to visualise the vector as starting at the origin of a coordinate system. We have drawn this explicitly below and the angle we will calculate is labelled [image: \scriptsize \alpha].

      
        [image: ]
      

      Using known trigonometric ratios we can calculate the value of [image: \scriptsize \alpha]:
[image: \scriptsize \begin{align*}\tan \alpha &=\displaystyle \frac{{6.00}}{{8.00}}\\\alpha &={{\tan }^{{-1}}}(\displaystyle \frac{{6.00}}{{8.00}})\\\alpha &=36.9^\circ \end{align*}]

      Therefore the resultant force, [image: \scriptsize \overrightarrow{R}], is [image: \scriptsize 10.00\text{ N}] at an angle of [image: \scriptsize 36.9^\circ] to the positive x-axis.

    

  

  
    
      Note

    

    
      To revise resolving a force into components, watch this video.

      
        Components of simple vector (Duration: 03.55) [image: Components of simple vector]


      

    

  

  
    
      
        [image: image]
      

      Exercise 2.1

    

    
      
      
        	Resolve the following forces into components by calculation: 	[image: \scriptsize \displaystyle \overrightarrow{F}=15\text{ N}] at [image: \scriptsize 63^\circ] to the positive x-axis.
	[image: \scriptsize \displaystyle \overrightarrow{F}=11\times {{10}^{4}}\text{ N}] at [image: \scriptsize 33^\circ] to the positive x-axis.
	[image: \scriptsize \displaystyle \overrightarrow{F}=11.3\text{ kN}] at [image: \scriptsize 193^\circ] to the positive x-axis.



        	Find the components of the following forces by construction: 	[image: \scriptsize \displaystyle \overrightarrow{{{{F}_{1}}}}=110\text{ N}] at [image: \scriptsize 23^\circ] to the positive x-axis.
	[image: \scriptsize \displaystyle \overrightarrow{{{{F}_{2}}}}=22\text{ N}] at [image: \scriptsize 323^\circ] to the positive x-axis.



      

      The 
full solutions can be found at the end of the unit.
    

  

  Objects in equilibrium

  When all forces acting on an object are balanced, we say the object is in equilibrium. This means there is no net force acting on the object. In other words, the vector sum of all the forces is zero: [image: \scriptsize \sum F=0]. Recall that the vector sum of the forces in a system is called the resultant. Therefore we can also say that if a system is in equilibrium, its resultant is zero.

  
    
      An object in equilibrium has the following characteristics:

      
        	all the individual forces acting on the object are balanced

        	the resultant is zero: [image: \scriptsize \displaystyle \sum F=0]

        	the object experiences no acceleration. That means it is at rest or moving at constant velocity.

      

    

  

  We can explore a system of masses that are in equilibrium practically using a force board.

  
    
      
        [image: image]
      

      Activity 2.1: Explore a system of masses in equilibrium

    

    
      Time required: 20 minutes

      
        What you need:
      

      
        	a phone with a QR scanner (optional)

        	an internet connection

        	a scientific calculator

        	a large sheet of paper

        	a pencil, ruler and protractor

      

      
        What to do:
      

      
        	Watch the video ‘Forces in equilibrium’ (Duration: 11.05)[image: Forces in equilibrium]

        	Use what you have learnt in the video to answer the following questions: 	What would happen if we changed the mass pieces in the practical in the video so that the magnitudes of the forces are now as follows: 	[image: \scriptsize \displaystyle {{F}_{1}}=3\text{ N}]
	[image: \scriptsize \displaystyle {{F}_{2}}=2\text{ N}]
	[image: \scriptsize \displaystyle {{F}_{3}}=8\text{ N}]


	What would happen if we changed the mass pieces in the practical in the video so that the magnitudes of the forces are now as follows: 	[image: \scriptsize \displaystyle {{F}_{1}}=5\text{ N}]
	[image: \scriptsize \displaystyle {{F}_{2}}=2\text{ N}]
	[image: \scriptsize \displaystyle {{F}_{3}}=4\text{ N}]





        	What can you conclude from your observations?

      

      
        What did you find?
      

      
        	The practical in the video shows a system of masses in equilibrium. That means all the downward forces are balanced by the various upward forces.

        	Increasing F3 will increase the angle between the horizontal and both F1 and F2. That is because the y-component of both F1 and F2 needs to increase to balance the larger downward force in the system caused by F3.

        	Similarly, increasing F1 will cause the y-components of the other two forces to change to balance the large downward force of F1 in the system.

        	The practical shows how components of the individual forces change to keep the system in equilibrium. Drawing vector diagrams will give closed polygons every time, which tells us that the system settles into a new equilibrium after each change to the mass pieces (forces).

      

    

  

  Equilibrant of a system

  In level 2 subject outcome 2.1 unit 4, you learnt that the equilibrant is the force equal in magnitude to the resultant, but opposite in direction. In the context of a system of forces, the equilibrant is therefore the force that will cause the sum of the others to be zero. In activity 2.1, the system was in equilibrium. The resultant was zero, as was shown by the vector diagram forming a closed triangle when the vectors were drawn head to tail.

  Understanding the concept of forces in equilibrium is useful in practical applications, as it helps us to determine the conditions required to keep a system in equilibrium. You will practise this in more examples in the next unit.

  
    
      In a system of forces, the equilibrant is the force that will cause the sum of the other forces to be zero. It is equal in magnitude to the resultant but opposite in direction.

    

  

  
    
      
        [image: image]
      

      Example 2.4

    

    
      Consider two concurrent forces acting on an object, as shown in the diagram:

      
        	[image: \scriptsize \displaystyle {{F}_{1}}=10.00\text{ N}] at [image: \scriptsize 30^\circ] to the positive x-axis

        	[image: \scriptsize \displaystyle {{F}_{2}}=12.00\text{ N}] at [image: \scriptsize 70^\circ] to the negative x-axis

      

      What force would be required to keep the system in equilibrium?

      	[image: ] 	Take the positive x-direction as to the right and the positive y-direction as upwards. 
  

      
        Solution
      

      The question asks us to determine the equilibrant of the system. If we draw a tail-to-head vector diagram, it will be the vector that creates a closed triangle. It is shown as [image: \scriptsize {{F}_{3}}] in the diagram.

      
        [image: ]
      

      We can then use simple trigonometric ratios to determine the magnitude of the equilibrant. Because the equilibrant is the force that will make the sum of the other forces zero, it follows that the magnitude of its y-component must be equal to the sum of the y-components of the other forces. The same principle applies to determining the x-component of the equilibrant.

      For F1:

      	[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{F}_{{x1}}}}}{{{{F}_{1}}}}&=\cos 30^\circ \\\therefore {{F}_{{x1}}}&={{F}_{1}}(\cos 30^\circ )\\&=10.00\text{ N}\times 0.866\\&=8.66\text{ N}\end{align*}] 	[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{F}_{{y1}}}}}{{{{F}_{1}}}}&=\sin 30^\circ \\\therefore {{F}_{{y1}}}&={{F}_{1}}(\sin 30^\circ )\\&=10.00\text{ N}\times 0.5\\&=5.00\text{ N}\end{align*}] 
  

      F2 is at an angle of [image: \scriptsize 70^\circ] to the negative x-axis. That means it is at [image: \scriptsize \displaystyle 180^\circ -70^\circ =110^\circ] to the positive x-axis. Therefore, for F2:

      	[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{F}_{{x2}}}}}{{{{F}_{2}}}}&=\cos 110^\circ \\\therefore {{F}_{{x2}}}&={{F}_{2}}(\cos 110^\circ )\\&=(12.00\text{ N)}\times (-0.342)\\&=-4.10\text{ N}\end{align*}] 	[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{F}_{{y2}}}}}{{{{F}_{2}}}}&=\sin 110^\circ \\\therefore {{F}_{{y2}}}&={{F}_{2}}(\sin 110^\circ )\\&=(12.00\text{ N)}\times 0.939\\&=11.28\text{ N}\end{align*}] 
  

      Now add all the x-components together, as well as all the y-components.

      	Vector 	x-component 	y-component 
 	F1 	[image: \scriptsize 8.66\text{ N}] 	[image: \scriptsize 5.00\text{ N}] 
 	F2 	[image: \scriptsize -4.10\text{ N}] 	[image: \scriptsize \text{11}\text{.28 N}] 
 	[image: \scriptsize \sum F] 	[image: \scriptsize 4.56\text{ N}] 	[image: \scriptsize 16.28\text{ N}] 
  

      The sum of the forces, [image: \scriptsize \sum F], is the resultant. Because the equilibrant has the same magnitude as the resultant but opposite direction, it follows that the x-component of [image: \scriptsize {{F}_{{x3}}}] is [image: \scriptsize 4.56\text{ N}] in the negative x-direction, i.e. [image: \scriptsize {{F}_{{x3}}}=-4.56\text{ N}], and its y-component [image: \scriptsize \displaystyle {{F}_{{y3}}}] is [image: \scriptsize \displaystyle 16.28\text{ N}] in the negative y-direction, i.e. [image: \scriptsize \displaystyle {{F}_{{y3}}}=-16.28\text{ N}].

      	[image: ] 	We can now use the x- and y-components to draw a right-angled triangle. The equilibrant, [image: \scriptsize {{F}_{3}}], is represented by the hypotenuse of the triangle at an angle of [image: \scriptsize \theta]. 
  

      To find the magnitude of the equilibrant, we use the Pythagoras’ theorem:
[image: \scriptsize \displaystyle \begin{align*}{{F}_{3}}^{2}&={{({{F}_{{x3}}})}^{2}}+{{({{F}_{{y3}}})}^{2}}\\&={{(4.56)}^{2}}+{{(16.28)}^{2}}\\&=285.83\\\therefore {{F}_{3}}&=\sqrt{{285.83}}\\&=16.91\text{ N}\end{align*}]

      To find the angle, we use a simple trigonometric ratio:
[image: \scriptsize \begin{align*}\tan \theta &=\displaystyle \frac{{16.28}}{{4.56}}\\\theta &={{\tan }^{{-1}}}(\displaystyle \frac{{16.28}}{{4.56}})\\\theta &=74.35^\circ \end{align*}]

      Therefore, [image: \scriptsize {{F}_{3}}=16.91\text{ N}] at [image: \scriptsize 74.35^\circ] from the horizontal.

    

  

  
    
      
        [image: image]
      

      Exercise 2.2

    

    
      
      
        	

[1] Determine, by resolving into components, the equilibrant of the following four forces acting at a point: 	[image: \scriptsize \overrightarrow{{{{F}_{1}}}}=3.5\text{ N}] at [image: \scriptsize 45^\circ] to the positive x-axis
	[image: \scriptsize \overrightarrow{{{{F}_{2}}}}=2.7\text{ N}] at [image: \scriptsize 63^\circ] to the positive x-axis
	[image: \scriptsize \overrightarrow{{{{F}_{3}}}}=1.3\text{ N}] at [image: \scriptsize 127^\circ] to the positive x-axis
	[image: \scriptsize \overrightarrow{{{{F}_{4}}}}=2.5\text{ N}] at [image: \scriptsize 245^\circ] to the positive x-axis


        Choose the statement or statements that are true:
 A point is acted on by two forces and the resultant is zero. The forces: 	have equal magnitudes and directions.
	have equal magnitudes but opposite directions.
	act perpendicular to each other.
	act in the same direction.


        A point is acted on by three forces in equilibrium, as indicated in the diagram below. Force [image: \scriptsize {{F}_{1}}] has components [image: \scriptsize \text{15 N}] due south and [image: \scriptsize \text{13 N}] due west. What are the components of force [image: \scriptsize {{F}_{2}}]?
[image: ]
        A sign of [image: \scriptsize 2.3\text{ kg}] attached to a horizontal beam hangs outside a shop. The beam is attached to the wall by a taut cable. Determine the tension (i.e. the pulling force) in the cable.
[image: ]
      
      The full solutions can be found at the end of the unit.

    

  

  Summary

  In this unit you have learnt the following:

  
    	The components of a vector are a series of vectors that, when combined, give the original vector as their resultant.

    	Components are usually created that align with the Cartesian coordinate axes.

    	Vectors can be added algebraically using Pythagoras’ theorem or by resolving them into components.

    	The direction of a vector can be found using simple trigonometric calculations.

    	For a vector [image: \scriptsize \overrightarrow{F}] that makes an angle of [image: \scriptsize \theta] with the positive x-axis, the x-component is [image: \scriptsize \displaystyle {{\overrightarrow{R}}_{x}}=R\cos \theta] and the y-component is [image: \scriptsize \displaystyle {{\overrightarrow{R}}_{y}}=R\sin \theta].

    	If [image: \scriptsize \sum F=0] in a system, the system is in equilibrium. That means all the forces are balanced.

    	A closed vector diagram is a set of vectors drawn on the Cartesian coordinate system using the tail-to-head method and that has a resultant with a magnitude of zero.

    	The equilibrant is the force that keeps the system in equilibrium. It has the same magnitude as the resultant but is opposite in direction.

    	When an object or system of masses is in equilibrium it experiences no acceleration. That means it is at rest or moving at constant velocity.

    	A closed vector diagram can be drawn for a system that is in equilibrium.

  

  Unit 2: Assessment

  Questions 1 and 2 are taken from Exercise 2.10 in the Siyavula Gr 11 Physical Science Learner’s Book on pp. 120–131, released under a CC-BY licence.

  Suggested time to complete: 25 minutes

  
    	P and Q are two forces of equal magnitude applied simultaneously to a body at X.
[image: ]
.
 As the angle [image: \scriptsize \theta] between the forces is decreased from [image: \scriptsize 180^\circ] to [image: \scriptsize 0^\circ], the magnitude of the resultant of the two forces will: 	initially increase and then decrease.
	initially decrease and then increase.
	increase only.
	decrease only.
 Give a reason for your answer with reference to the components of the resultant.



    	As a result of three forces [image: \scriptsize {{F}_{1}}], [image: \scriptsize {{F}_{2}}] and [image: \scriptsize {{F}_{3}}] acting on it, an object at point P is in equilibrium.
[image: ]
.
 Which of the following statements is not true with reference to the three forces? 	The resultant of forces [image: \scriptsize {{F}_{1}}], [image: \scriptsize {{F}_{2}}] and [image: \scriptsize {{F}_{3}}] is zero.
	Force [image: \scriptsize {{F}_{1}}], [image: \scriptsize {{F}_{2}}] and [image: \scriptsize {{F}_{3}}] lie in the same plane.
	Force [image: \scriptsize {{F}_{3}}] is the resultant of forces [image: \scriptsize {{F}_{1}}] and [image: \scriptsize {{F}_{2}}].
	The sum of the components of all the forces in any chosen direction is zero.



    	Picture frames A and B are both hanging perfectly straight. Which object is heavier? Give a reason for your answer. Assume that the tensions in the two strings are the same in each case.
[image: ]

    	A sign hangs on a wall, but it is not straight. What should you do to get the system into equilibrium, and why?
[image: ]

    	A hiker’s backpack (mass = [image: \scriptsize 30\text{ kg}]) fell down a cliff with a slope of [image: \scriptsize 75^\circ]. The hiker clambers down along a few ledges and then ties a rope to the backpack so that his friend standing at the top of the cliff can hoist the backpack up. Determine the tension in the rope when the backpack hangs at rest in the air for a short while.
[image: ]

  

  The full solutions can be found at the end of the unit.

  Unit 2: Solutions

  Exercise 2.1

  
    	
      .
      
        	Draw a rough sketch to help you visualise the problem.
[image: ]	[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{F}_{x}}}}{F}&=\cos 63^\circ \\\therefore {{F}_{x}}&=F\cos 63^\circ \\&=15\text{ N}\times 0.454\\&=6.81\text{ N}\end{align*}] 	[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{F}_{y}}}}{F}&=\sin 63^\circ \\\therefore {{F}_{y}}&=F\sin 63^\circ \\&=15\text{ N}\times 891\\&=13.37\text{ N}\end{align*}] 
  


        	Draw a rough sketch to help you visualise the problem.
[image: ]	[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{F}_{x}}}}{F}&=\cos 33^\circ \\\therefore {{F}_{x}}&=F\cos 33^\circ \\&=(11\times {{10}^{4}}\text{)}\times (0.839)\\&=92.25\times {{10}^{3}}\text{ N}\end{align*}] 	[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{F}_{y}}}}{F}&=\sin 33^\circ \\\therefore {{F}_{y}}&=F\sin 33^\circ \\&=(11\times {{10}^{4}}\text{)}\times (0.545)\\&=59.91\times {{10}^{3}}\text{ N}\end{align*}] 
  


        	Draw a rough sketch to help you visualise the problem.
[image: ]	[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{F}_{x}}}}{F}&=\cos 193^\circ \\\therefore {{F}_{x}}&=F\cos 193^\circ \\&=(11.3\times {{10}^{3}}\text{)}\times (-0.974)\\&=-11.01\times {{10}^{3}}\text{ N}\end{align*}] 	[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{F}_{y}}}}{F}&=\sin 193^\circ \\\therefore {{F}_{y}}&=F\sin 193^\circ \\&=(11.3\times {{10}^{3}}\text{)}\times (-0.225)\\&=-2.54\times {{10}^{3}}\text{ N}\end{align*}] 
  


      

    

    	
      .
      
        	Scale: [image: \scriptsize 1\text{ cm = 10 }\text{N}]
[image: \scriptsize {{F}_{x}}=102\text{ }\text{N}]
[image: \scriptsize {{F}_{y}}=43\text{ }\text{N}]
[image: ]

        	Scale: [image: \scriptsize 1\text{ cm = 2 }\text{N}]
[image: \scriptsize {{F}_{x}}=17.6\text{ }\text{N}]
[image: \scriptsize {{F}_{y}}=13.2\text{ }\text{N}]
[image: ]

      

    

  

  
    Back to Exercise 2.1
  

  Exercise 2.2

  
    	Draw a sketch to help visualise the problem.
	[image: ] 	We are asked to determine the equilibrant, which we know is the opposite of the resultant. We therefore determine the resultant first by summing all the x-components of the individual forces and all the y-components. 
  
	Vector 	x-component 	y-component 
 	F1 	[image: \scriptsize \begin{align*}{{F}_{{x1}}}&={{F}_{1}}\cos 45^\circ \\&=(3.5)(0.707)\\&=2.47\text{ N}\end{align*}] 	[image: \scriptsize \begin{align*}{{F}_{{y1}}}&={{F}_{1}}\sin 45^\circ \\&=(3.5)(0.707)\\&=2.47\text{ N}\end{align*}] 
 	F2 	[image: \scriptsize \begin{align*}{{F}_{{x2}}}&={{F}_{2}}\cos 63^\circ \\&=(2.7)(0.454)\\&=1.23\text{ N}\end{align*}] 	[image: \scriptsize \begin{align*}{{F}_{{y2}}}&={{F}_{2}}\sin 63^\circ \\&=(2.7)(0.891)\\&=2.41\text{ N}\end{align*}] 
 	F3 	[image: \scriptsize \begin{align*}{{F}_{{x3}}}&={{F}_{3}}\cos 127^\circ \\&=(1.3)(-0.602)\\&=-0.78\text{ N}\end{align*}] 	[image: \scriptsize \begin{align*}{{F}_{{y3}}}&={{F}_{y}}\sin 127^\circ \\&=(1.3)(0.799)\\&=1.04\text{ N}\end{align*}] 
 	F4 	[image: \scriptsize \begin{align*}{{F}_{{x4}}}&={{F}_{4}}\cos 245^\circ \\&=(2.5)(0.423)\\&=-1.06\text{ N}\end{align*}] 	[image: \scriptsize \begin{align*}{{F}_{{y4}}}&={{F}_{4}}\sin 245^\circ \\&=(2.5)(-0.906)\\&=-2.27\text{ N}\end{align*}] 
 	R 	[image: \scriptsize {{R}_{x}}=1.86\text{ N}] 	[image: \scriptsize {{R}_{y}}=3.65\text{ N}] 
  


  

  
    
      Note

    

    
      For a quick check as you work, remember which ratios are positive in each quadrant of the Cartesian system using the CAST rule.
[image: ]

    

  

  We can draw a rough sketch of the resultant because we have its x- and y-components.
[image: ]

  	[image: \scriptsize \displaystyle \begin{align*}{{R}^{2}}&={{({{R}_{x}})}^{2}}+{{({{R}_{y}})}^{2}}\\&={{(1.86)}^{2}}+{{(3.65)}^{2}}\\&=16.782\\\therefore R&=\sqrt{{16.782}}\\&=4.10\text{ N}\end{align*}] 	[image: \scriptsize \displaystyle \begin{align*}\tan \theta &=\displaystyle \frac{{{{R}_{y}}}}{{{{R}_{x}}}}\\\tan \theta &=\displaystyle \frac{{3.65}}{{1.86}}\\\theta &={{\tan }^{{-1}}}(\displaystyle \frac{{3.65}}{{1.86}})\\\theta &=63^\circ \end{align*}] 
  

  Therefore: [image: \scriptsize R=4.10\text{ N}] at angle of [image: \scriptsize 63^\circ] to the positive x-axis.
 The equilibrant is therefore [image: \scriptsize 4.1\text{ N}] at [image: \scriptsize 180^\circ +63^\circ =243^\circ].

  
    	B. have equal magnitudes but opposite directions.

    	Define east as the positive x-direction and north as the positive y-direction.
 The object is in equilibrium, so [image: \scriptsize \sum {{F}_{y}}=0] and [image: \scriptsize \sum {{F}_{x}}=0].
 We know that [image: \scriptsize {{F}_{{y1}}}=15\text{ N}] due south, so [image: \scriptsize \displaystyle {{F}_{{y2}}}=15\text{ N}] acting due north.
[image: \scriptsize \begin{align*}\sum {{F}_{x}}&={{F}_{{x1}}}+{{F}_{{x2}}}+20\text{ N}\\\therefore {{F}_{{x2}}}&=-20+13\\&=-7\text{ N}\end{align*}]
 Therefore: [image: \scriptsize \displaystyle {{F}_{{x2}}}=7\text{ N}] due west and [image: \scriptsize \displaystyle {{F}_{{y2}}}=15\text{ N}] due north.

    	Draw a force diagram to visualise the problem.
[image: ]
[image: \scriptsize \begin{align*}W&=mg={{T}_{y}}\\{{T}_{y}}&=(2.3)(9.8)\\&=22.54\text{ N}\\T&=\displaystyle \frac{{{{T}_{y}}}}{{\sin 47^\circ }}\\&=\displaystyle \frac{{22.54}}{{0.731}}\\&=30.83\ \text{N}\end{align*}]

  

  
    Back to Exercise 2.2
  

  Unit 2: Assessment

  
    	C. Increase only. This is because the y-component of the resultant will increase as the angle of the resultant changes from [image: \scriptsize 180^\circ] towards [image: \scriptsize 90^\circ], and the x-component of the resultant will increase as the angle changes from [image: \scriptsize 90^\circ] towards [image: \scriptsize 0^\circ].

    	C. Force [image: \scriptsize {{F}_{3}}] is the equilibrant of forces [image: \scriptsize {{F}_{1}}] and [image: \scriptsize {{F}_{2}}], not the resultant.

    	The tension forces in A have bigger y-components than those in B. This means that the upward forces in A can balance a larger downward force (weight) than in B. Picture frame A is therefore the heavier of the two.

    	String A should be shortened, which would lengthen string B at the same time. Because the angles with the horizontal will then be the same, the y-components of each string will be equal. They will each contribute one half of the upward force, which together will balance the downward force (weight) of the sign.

    	Draw a force diagram to visualise the problem.
[image: ]
[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{T}_{y}}}}{T}&=\sin 75^\circ \\\therefore T&=\displaystyle \frac{{{{T}_{y}}}}{{\sin 75^\circ }}\\&=\displaystyle \frac{{(30)(9.8)}}{{0.966}}\\&=304.35\text{ N}\end{align*}]

  

  
    Back to Unit 2: Assessment 
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Unit 3: Determine the unknown force in a system
Linda Pretorius



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Draw a labelled force diagram (free-body diagram) and vector diagram of three non-parallel forces in equilibrium and find unknown force by construction or mathematically as applied to: 	mass in suspension on ropes or cables
	mass on an inclined plane
	object with frictional force acting on it.



      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Draw force diagrams. Refer to level 2 subject outcome 2.2 unit 2 if you need help with this.

    	Draw vector diagrams of forces acting concurrently. Refer to level 3 subject outcome 2.2 unit 1 if you need help with this.

    	Determine the resultant or equilibrant of a system. Refer to level 3 subject outcome 2.2 unit 2 if you need help with this.

    	Resolve a force into components. Refer to level 3 subject outcome 2.2 unit 2 if you need help with this.

  

  Introduction[1]

  In this unit you will apply your knowledge of forces acting concurrently to understand their effects on a system. You will draw on your knowledge of resolving a force into components and forces in equilibrium to calculate unknown forces in a system. You will work with problems that involve masses hanging on ropes or cables, objects resting on an inclined plane and objects that are subject to friction.

  In unit 2 you learnt that a system is in equilibrium when all the forces acting on it are balanced. This was also illustrated when hanging masses on strings on a force board. Drawing force diagrams – also called free-body diagrams – is useful to see how forces apply in a system. We can use force diagrams to visualise the forces in any system, from masses hanging on ropes to systems where an object rests on a surface.

  Masses hanging on ropes

  Understanding the forces that apply to objects hanging on ropes or cables and knowing how to keep the system in equilibrium is useful in many everyday situations, as you can see in figure 1. Think about a firefighter using ropes to pull a person from a burning building, using cables to suspend a signboard, hanging pictures on a wall straight, keeping a hot-air balloon stable or determining the maximum weight a cable can support when lifting up an object.

  
    [image: ]
  

  
    [image: ]
  

  
    [image: ]
  

  
    [image: ]
  

  
    [image: ]
  

  Figure 1: Forces that keep suspended objects in equilibrium apply to many everyday situationsLet’s look at some examples of how this type of problem applies in practice.

  
    
      
        [image: image]
      

      Example 3.1

    

    
      This sign hangs in a shop window as shown. It is perfectly balanced. Each cable is at an angle of [image: \scriptsize 65^\circ] to the horizontal and experiences a tension force of [image: \scriptsize 2.5\text{ N}].

      
        	What is the size of the downward force acting on the sign?

        	What is the mass of the sign?

      

      
        [image: ]
      

      
        Solution
      

      
        	Start by drawing a force diagram to show the forces in the system.
[image: ]
 The system is in equilibrium, which means all the forces must be balanced. Therefore, the downward force acting on the sign must be balanced by the upward forces exerted by the cables.
 Therefore [image: \scriptsize {{F}_{{y1}}}+{{F}_{{y2}}}={{F}_{3}}].
.
 Because the angles of the cables are the same, [image: \scriptsize {{F}_{{y1}}}={{F}_{{y2}}}], we can write [image: \scriptsize 2{{F}_{{y1}}}={{F}_{3}}].
 To find [image: \scriptsize {{F}_{{y1}}}]:
[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{F}_{{y1}}}}}{{{{F}_{1}}}}&=\sin 65^\circ \\{{F}_{{y1}}}&=2.27\text{ N}\end{align*}]
.
 Therefore [image: \scriptsize {{F}_{3}}=2(2.27)=4.54\text{ N}].

        	We know that F3 is the weight of the sign: [image: \scriptsize {{F}_{3}}=mg].
 To determine its mass, we rearrange the equation:
[image: \scriptsize m=\displaystyle \frac{{{{F}_{3}}}}{{9.8}}=0.46\text{ kg}]

      

    

  

  
    
      
        [image: image]
      

      Example 3.2

    

    
      
        Example taken from Chapter 4 in OpenStax Physics, p. 174 released under a CC-BY licence
      

      A person of [image: \scriptsize 76\text{ kg}] is being pulled away from a burning building as shown in the diagram.

      
        	Calculate the tension in the two ropes if the person is momentarily motionless. Include a free-body diagram in your solution.

        	Explain how you can check your reasoning.
[image: ]

      

      
        Solution
      

      
        	Start by drawing a force diagram to show the forces in the system.
[image: ]
 We can then calculate the forces. [image: \scriptsize \displaystyle {{T}_{1}}] makes an angle of [image: \scriptsize \displaystyle 15^\circ] with the wall, so the angle with the horizontal is [image: \scriptsize \displaystyle 75^\circ]. 	[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{T}_{{x1}}}}}{{{{T}_{1}}}}&=\cos 75^\circ \\\therefore {{T}_{{x1}}}&={{T}_{1}}(\cos 75^\circ )\\{{T}_{{x1}}}&={{T}_{1}}(0.2588)\end{align*}] 	AND 	[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{T}_{{x2}}}}}{{{{T}_{2}}}}&=\cos 10^\circ \\\therefore {{T}_{{x2}}}&={{T}_{2}}(\cos 10^\circ )\\{{T}_{{x2}}}&={{T}_{2}}(0.9848)\end{align*}] 
  
.
 Because the system is in equilibrium, the horizontal forces balance each other out, and we can therefore solve for [image: \scriptsize \displaystyle {{T}_{1}}] in terms of [image: \scriptsize \displaystyle {{T}_{2}}].
	[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{T}_{{y1}}}}}{{{{T}_{1}}}}&=\sin 75^\circ \\\therefore {{T}_{{y1}}}&={{T}_{1}}(\sin 75^\circ )\\&={{T}_{1}}(0.9659)\\&=(3.805{{T}_{2}})(0.9659)\\&=3.6753{{T}_{2}}\end{align*}] 	AND 	[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{T}_{{y2}}}}}{{{{T}_{2}}}}&=\sin 10^\circ \\\therefore {{T}_{{y2}}}&={{T}_{2}}(\sin 10^\circ )\\{{T}_{{y2}}}&=0.1736{{T}_{2}}\end{align*}] 
  
.
[image: \scriptsize \displaystyle \begin{align*}{{T}_{{y1}}}+{{T}_{{y2}}}&=W\\\therefore {{T}_{{y1}}}+{{T}_{{y2}}}&=76\times 9.8=744.8\text{ N}\\\text{3}.6753{{T}_{2}}+0.1736{{T}_{2}}&=744.8\ \text{N}\\\therefore {{T}_{2}}&=193.51\ \text{N}\end{align*}]
.
[image: \scriptsize \displaystyle \begin{align*}{{T}_{1}}&=3.805{{T}_{2}}\\\therefore {{T}_{1}}&=3.805(193.51)\\&=736.30\text{ N}\end{align*}]


        	The force needed to hold steady the person being rescued from the fire, [image: \scriptsize {{T}_{2}}], is less than her weight and less than the force [image: \scriptsize {{T}_{1}}] in the other rope as the more vertical rope supports a greater part of her weight (a vertical force).

      

    

  

  
    
      
        [image: image]
      

      Exercise 3.1

    

    
      
      
        Questions 1 and 2 taken from 
Exercise 1-7 in the Siyavula Gr 11 Physical Science Learner’s Book on pp. 50–53, released under a CC-BY licence
      
      
        	An object of weight [image: \scriptsize W] is supported by two cables attached to the ceiling and wall as shown.
[image: ]
 The tensions in the two cables are [image: \scriptsize \displaystyle {{T}_{1}}] and [image: \scriptsize \displaystyle {{T}_{2}}], respectively. [image: \scriptsize \displaystyle {{T}_{1}}=1200\text{ N}]. 	Determine the tension [image: \scriptsize \displaystyle {{T}_{2}}] by construction and measurement.
	Determine the tension [image: \scriptsize \displaystyle {{T}_{2}}] by calculation.
	Determine the mass of object [image: \scriptsize W].
	Compare the mass as determined by calculation and construction. Give a reason for your answer.



        	An object X is supported by two strings, A and B, attached to the ceiling as shown in the sketch. Each [image: \scriptsize \displaystyle {{T}_{2}}] of these strings can withstand a maximum force of [image: \scriptsize \displaystyle 700\text{ N}]. The weight of X is increased gradually.
[image: ]	Draw a rough sketch of the triangle of forces, and use it to explain which string will break first.
	Determine the maximum weight of X which can be supported.



        	A mirror ball (mass = [image: \scriptsize 6.6\text{ kg}]) is suspended by two cables attached to a ceiling as shown. Determine the tensions in [image: \scriptsize \displaystyle {{T}_{1}}] and .
[image: ]

      

      The full solutions are at the end of the unit.

    

  

  Objects on an inclined plane

  An inclined plane is a surface that is at angle with the horizontal, in other words a slope. Objects placed on an inclined plane will slide down the surface if the forces acting on it are unbalanced. Similarly, if all forces are balanced, the object can be kept stationary. To calculate the forces governing an object’s behaviour on an inclined plane, we have to resolve forces into their components.

  
    
      
        [image: image]
      

      Example 3.3

    

    
      
        Example taken from Siyavula Gr 11 Physical Science Learner’s Book on p. 71, Example 6, released under a CC-BY licence
      

      A block on an inclined plane experiences a force due to gravity, [image: \scriptsize \displaystyle {{F}_{g}}=137\text{ N}] straight down. If the slope is inclined at [image: \scriptsize \displaystyle 37^\circ] to the horizontal, what is the component of the force due to gravity perpendicular and parallel to the slope?

      
        Solution
      

      We know that for a block on a slope we can resolve the force due to gravity, [image: \scriptsize \displaystyle {{F}_{g}}], into components parallel and perpendicular to the slope:
[image: ]

      
        	Parallel component: [image: \scriptsize \displaystyle {{F}_{{gx}}}={{F}_{g}}\sin 37^\circ]

        	Perpendicular component: [image: \scriptsize \displaystyle {{F}_{{gy}}}={{F}_{g}}\cos 37^\circ]

      

      Therefore:
[image: \scriptsize \displaystyle \begin{align*}{{F}_{{gx}}}&={{F}_{g}}\sin 37^\circ \\&=(137)(\sin 37^\circ )\\&=82.45\text{ N in the negative }x\text{-direction}\text{.}\end{align*}]

      
        [image: \scriptsize \displaystyle \begin{align*}{{F}_{{gy}}}&={{F}_{g}}\cos 37^\circ \\&=(137)(\cos 37^\circ )\\&=109.41\ \text{N in the negative }y\text{-direction}\text{.}\end{align*}]
      

    

  

  
    
      
        [image: image]
      

      Example 3.4

    

    
      
        Example taken from Siyavula Gr 11 Physical Science Learner’s Book on pp. 92-93, Example 15, released under a CC-BY licence
      

      A force of magnitude [image: \scriptsize \displaystyle T=312\text{ N}] up an incline is required to keep a body at rest on a frictionless inclined plane which makes an angle of [image: \scriptsize \displaystyle 35^\circ] with the horizontal. Calculate:

      
        	the force due to gravity

        	the normal force.

      

      
        Solutions
      

      
        [image: ]
      

      Define upwards as the positive y-direction and to the right as the positive x-direction.

      
        	For the force due to gravity:
[image: \scriptsize \displaystyle \begin{align*}{{F}_{{gx}}}&={{F}_{g}}\sin 35^\circ \\{{F}_{{gx}}}+T&=0\\\therefore {{F}_{g}}\sin 35^\circ &=-312\text{ N}\\\therefore {{F}_{g}}&=543.96\ \text{N downwards}\end{align*}]

        	We know that the normal force is the opposite of the perpendicular component of [image: \scriptsize \displaystyle {{F}_{g}}]. We can use the given angle and [image: \scriptsize \displaystyle {{F}_{g}}] as calculated to determine this component, and by implication the normal force, [image: \scriptsize \displaystyle {{F}_{\text{N}}}].
 However, to keep the calculation dependent only on given values (in case our calculation of [image: \scriptsize \displaystyle {{F}_{g}}] was incorrect), we can use the angle only. We know that [image: \scriptsize \displaystyle T=312\ \text{N = }{{F}_{g}}\sin 35^\circ] and [image: \scriptsize \displaystyle {{F}_{\text{N}}}={{F}_{g}}\cos 35^\circ].
 Recall further from trigonometry that [image: \scriptsize \displaystyle \frac{{\sin \theta }}{{\cos \theta }}=\tan \theta].
 Therefore:
[image: \scriptsize \begin{align*}\displaystyle \frac{{{{F}_{g}}\sin 35^\circ }}{{{{F}_{g}}\cos 35^\circ }}&=\tan 35^\circ \\\therefore {{F}_{\text{N}}}&=\displaystyle \frac{T}{{\tan 35^\circ }}\\&=445.58\ \text{N}\end{align*}]
 We can double check our answers (for both [image: \scriptsize \displaystyle {{F}_{g}}] and its perpendicular component) by using the value of [image: \scriptsize \displaystyle {{F}_{g}}] calculated earlier.

      

    

  

  
    
      
        [image: image]
      

      Exercise 3.2

    

    
      
      
        Questions taken from 
Siyavula Gr 11 Physical Science Learner’s Book on pp. 120–131, Exercise 2-10, released under a CC-BY licence
      
      
        	A stationary block of mass [image: \scriptsize \displaystyle 3\ \text{kg}] is on top of a plane inclined at [image: \scriptsize \displaystyle 55^\circ] to the horizontal.
[image: ]	Draw a force diagram (not to scale). Include the weight of the block as well as the components of the weight that are perpendicular and parallel to the inclined plane.
	Determine the values of the weight’s perpendicular and parallel components.



        	An elephant is being moved from the Kruger National Park to the Eastern Cape. It is loaded into a crate that is pulled up a ramp (an inclined plane) on frictionless rollers. The diagram shows the crate being held stationary on the ramp by means of a rope parallel to the ramp. The tension in the rope is [image: \scriptsize 5000\text{ N}].
[image: ]	Draw a labelled free-body diagram of the forces acting on the elephant. (Regard the crate and elephant as one object, and represent them as a dot. Also show the relevant angles between the forces.)
	The crate has a mass of [image: \scriptsize 800\text{ kg}]. Determine the mass of the elephant.



      

      The full solutions are at the end of the unit.

    

  

  Working with friction

  Friction arises where two surfaces are in contact and moving relative to each other. When the surface of one object slides over the surface of another, each body exerts a frictional force on the other. For example, if a book slides across a table, the table exerts a frictional force onto the book and the book exerts a frictional force onto the table. Frictional force acts parallel to the surface.

  
    [image: ]
  

  
    
      Frictional force ([image: \scriptsize {{F}_{{\text{friction}}}}]) is the force that opposes the motion of an object in contact with a surface and it acts parallel to the surface the object is in contact with.

    

  

  The magnitude of the frictional force depends on the surface and the magnitude of the normal force ([image: \scriptsize {{F}_{\text{N}}}] – the force exerted perpendicularly by a surface on an object in contact with it). Different surfaces will give rise to different frictional forces, even if the normal force is the same. A frictional force is therefore proportional to the magnitude of the normal force: [image: \scriptsize {{F}_{{\text{friction}}}}\propto {{F}_{\text{N}}}].

  
    
      
        [image: image]
      

      Take note!

    

    
      Frictional force can also be written as [image: \scriptsize f] or [image: \scriptsize {{F}_{{\text{fr}}}}].

    

  

  For every surface we can determine a constant factor – called the coefficient of friction – which allows us to calculate what the frictional force would be if we know the magnitude of the normal force. Static friction and kinetic friction have different magnitudes, so we have different coefficients for the two types of friction:

  
    	[image: \scriptsize \displaystyle {{\mu }_{s}}] is the coefficient of static friction

    	[image: \scriptsize \displaystyle {{\mu }_{k}}] is the coefficient of kinetic friction.

  

  
    
      
        [image: image]
      

      Take note!

    

    
      Remember that the coefficients of friction are unitless quantities.

    

  

  Static friction

  A force is not always large enough to make an object move. For example, a small applied force might not be able to move a heavy crate. The frictional force opposing the motion of the crate is equal to the applied force but acting in the opposite direction. This frictional force is called static friction ([image: \scriptsize \displaystyle {{f}_{s}}]). Static friction can vary from zero (when no other forces are present and the object is stationary) to a maximum, which depends on the characteristics of the two surfaces. The maximum value for the static friction: [image: \scriptsize \displaystyle f_{s}^{{\max }}={{\mu }_{s}}{{F}_{\text{N}}}].

  Kinetic friction

  When the applied force is greater than the maximum static frictional force, the object moves but still experiences friction. This is called kinetic friction ([image: \scriptsize \displaystyle {{f}_{k}}]). The value of kinetic friction remains the same regardless of the magnitude of the applied force. The magnitude of the kinetic friction is given by: [image: \scriptsize \displaystyle {{f}_{k}}={{\mu }_{k}}{{F}_{\text{N}}}].

  
    
      
        [image: image]
      

      Take note!

    

    
      Remember that static friction is present when an object is not moving, and kinetic friction while the object is moving. For example, when you drive at constant velocity in a car on a tar road, you have to keep the accelerator pushed in slightly to overcome the friction between the tar road and the wheels of the car. However, while moving at a constant velocity the wheels of the car are rolling, so this is not a case of two surfaces ‘rubbing’ against each other and we are, in fact, looking at static friction. If you were to break hard, causing the car to skid to a halt, we would be dealing with two surfaces rubbing against each other, and hence kinetic friction. The higher the value for the coefficient of friction, the more ‘sticky’ the surface is and the lower the value, the more ‘slippery’ the surface is.

      
        [image: ]
      

    

  

  
    
      
        [image: image]
      

      Example 3.5

    

    
      
        Example taken from Siyavula Gr 11 Physical Science Learner’s Book on pp. 62-63, Example 1, released under a CC-BY licence
      

      A box resting on a surface experiences a normal force, [image: \scriptsize {{F}_{\text{N}}}], of magnitude [image: \scriptsize 30\text{ N}] and the coefficient of static friction between the surface and the box, [image: \scriptsize {{\mu }_{s}}], is [image: \scriptsize 0.34]. What is the maximum static frictional force?

      
        Solution
      

      We know that the relationship between the maximum static friction, the coefficient of static friction and the normal force to be:
[image: \scriptsize \displaystyle f_{s}^{{\max }}={{\mu }_{s}}{{F}_{\text{N}}}]

      We have been given that [image: \scriptsize {{\mu }_{s}}=0.34] and [image: \scriptsize {{F}_{\text{N}}}=30\text{ N}]. Therefore:
[image: \scriptsize \displaystyle \begin{align*}f_{s}^{{\max }}&={{\mu }_{s}}{{F}_{\text{N}}}\\&=(0.34)(30)\\&=10.2\text{ N}\end{align*}]

    

  

  
    
      
        [image: image]
      

      Example 3.6

    

    
      
        Example taken from Siyavula Gr 11 Physical Science Learner’s Book on pp. 64-65, Example 3, released under a CC-BY licence
      

      The normal force exerted on a pram is [image: \scriptsize 100\text{ N}]. The pram’s brakes are locked so that the wheels cannot turn. The owner tries to push the pram but it does not move. The owner pushes harder and harder until the pram suddenly starts to move when the applied force is three-quarters of the normal force. After that, the owner is able to keep it moving with a force that is half of the force at which it started moving.

      
        	What is the magnitude of the applied force at which the pram starts moving?

        	What are the coefficients of (a) static and (b) kinetic friction?

      

      
        Solutions
      

      
        	The owner of the pram increases the force he is applying until the pram suddenly starts to move. This will be equal to the maximum static friction, which we know is given by: [image: \scriptsize \displaystyle f_{s}^{{\max }}={{\mu }_{s}}{{F}_{\text{N}}}].
 The magnitude of the applied force is three-quarters of the normal force. So:
[image: \scriptsize \displaystyle \begin{align*}f_{s}^{{\max }}&=\displaystyle \frac{3}{4}{{F}_{\text{N}}}\\&=\displaystyle \frac{3}{4}(100)\\&=75\text{ N}\end{align*}]
 The applied force at which static friction is overcome, and so allows the pram to start moving, is [image: \scriptsize 75\text{ N}].

        	
          .
          
            	We now know both the maximum magnitude of static friction and the magnitude of the normal force, and so we can find the coefficient of static friction:
[image: \scriptsize \displaystyle \begin{align*}f_{s}^{{\max }}&={{\mu }_{s}}{{F}_{\text{N}}}\\75&={{\mu }_{s}}(100)\\{{\mu }_{s}}&=0.75\end{align*}]

            	The magnitude of the force required to keep the pram moving is half of the force required to get it to start moving. Therefore:
[image: \scriptsize \displaystyle \begin{align*}{{f}_{k}}&=\displaystyle \frac{1}{2}f_{s}^{{\max }}\\&=\displaystyle \frac{1}{2}(75)\\&=37.5\ \text{N}\end{align*}]
.
 We know the relationship between the magnitude of the kinetic friction, magnitude of the normal force and coefficient of kinetic friction. We can use it to solve for the coefficient of kinetic friction:
[image: \scriptsize \displaystyle \begin{align*}{{f}_{k}}&={{\mu }_{k}}{{F}_{\text{N}}}\\37.5&={{\mu }_{k}}(100)\\{{\mu }_{k}}&=0.375\end{align*}]

          

        

      

    

  

  
    
      
        [image: image]
      

      Exercise 3.3

    

    
      
      
        Questions taken from 
Exercise 2-1 in the Siyavula Gr 11 Physical Science Learner’s Book on p. 67, released under a CC-BY licence
      
      
        	A box is placed on a rough surface. It has a normal force of magnitude [image: \scriptsize 120\text{ N}]. A force of [image: \scriptsize 20\text{ N}] applied to the right cannot move the box. Calculate the magnitude and direction of the friction forces.

        	A block rests on a horizontal surface. The normal force is [image: \scriptsize 20\text{ N}]. The coefficient of static friction between the block and the surface is [image: \scriptsize 0.40] and the coefficient of kinetic friction is [image: \scriptsize 0.20]. 	What is the magnitude of the frictional force exerted on the block while the block is at rest?
	What will the magnitude of the frictional force be if a horizontal force of magnitude [image: \scriptsize 5\text{ N}] is exerted on the block?
	What is the minimum force required to start the block moving?
	What is the minimum force required to keep the block in motion once it has been started?
	If the horizontal force is [image: \scriptsize 10\text{ N}], determine the frictional force.



      

      The full solutions are at the end of the unit.

    

  

  Summary

  In this unit you have learnt the following:

  
    	In a system in which an object is stationary (at rest), all the forces acting concurrently on the object are balanced. This means the system is in equilibrium.

    	An inclined plane is a surface that makes an angle with the horizontal.

    	The behaviour of an object on an inclined plane is determined by whether the forces acting on it are balanced or unbalanced. 	If the forces are unbalanced, the object will slide down the surface.
	If the forces are balanced, the object will remain at rest.



    	To calculate the forces acting concurrently on an object on an inclined plane or hanging on ropes, we must resolve the diagonal forces into components.

    	Friction is a force that resists motion. Friction occurs when two surfaces are in contact and moving relative to each other.

    	Friction acts parallel to the surface the object is in contact with.

    	Static friction is the frictional force that exists between an object and a surface before the object starts moving. 	The maximum value for the static friction: [image: \scriptsize \displaystyle f_{s}^{{\max }}={{\mu }_{s}}{{F}_{\text{N}}}].



    	Kinetic friction is the frictional force that occurs when an object moves over a surface. 	The magnitude of the kinetic friction is: [image: \scriptsize \displaystyle {{f}_{k}}={{\mu }_{k}}{{F}_{\text{N}}}].



  

  Unit 3: Assessment

  Suggested time to complete: 60 minutes

  
    Questions 1, 5–7, 8 and 9 are taken from Chapter 2 in the Siyavula Gr 11 Physical Science Learner’s Book, pp. 56-133 released under a CC-BY licence
  

  
    	A heavy box, mass m, is lifted by means of a rope R, which passes over a pulley fixed to a pole. A second rope, S, is tied to rope R at point P and exerts a horizontal force that pulls the box to the right. After lifting the box to a certain height, the box is held stationary as shown in the diagram. Ignore the masses of the ropes. The tension in rope R is [image: \scriptsize 5850\text{ N}].
[image: ]
 By resolving the force exerted by rope R into components, calculate the: 	magnitude of the force exerted by rope S
	mass, m, of the box.



    	A punching bag of mass [image: \scriptsize 60\text{ kg}] is attached to a point on a ceiling by two cables. What is the tension in each cable?
[image: ]

    	An object of [image: \scriptsize 14.6\text{ kg}] is supported by two cables of equal length. The cables are at an angle of [image: \scriptsize 64.8^\circ] to each other. Determine the tension in each cable.
[image: ]

    	A hammock is attached to two trees. The cable T1 is at an angle of [image: \scriptsize 32^\circ]to the horizontal and experiences a tension force of [image: \scriptsize 550\text{ N}]. The tension in cable T2 is [image: \scriptsize 610\text{ N}]. What should the angle be between T2 and the tree so that the system will be in equilibrium when someone gets onto the hammock?
[image: ]

    	A block on an inclined plane experiences a force due to gravity, [image: \scriptsize {{F}_{g}}] of [image: \scriptsize 300\text{ N}] straight down. If the slope is inclined at [image: \scriptsize 67.8^\circ] to the horizontal, what is the component of the force due to gravity: 	perpendicular to the slope?
	parallel to the slope?



    	A block on an inclined plane is subjected to a force due to gravity, [image: \scriptsize {{F}_{g}}] of [image: \scriptsize 287\text{ N}] straight down. If the component of the gravitational force parallel to the slope is [image: \scriptsize {{F}_{{gx}}}=123.7\text{ N}] in the negative x-direction (down the slope), what is the incline of the slope?

    	A block on an inclined plane experiences a force due to gravity, [image: \scriptsize {{F}_{g}}] of [image: \scriptsize \text{98 N}] straight down. If the slope is inclined at an unknown angle to the horizontal but we are told that the ratio of the components of the force due to gravity perpendicular and parallel to the slope is [image: \scriptsize 7:4]. What is the angle the incline makes with the horizontal?

    	The forwards of a rugby team are trying to push their scrum machine. The normal force exerted on the scrum machine is [image: \scriptsize 10000\text{ N}]. The machine is not moving at all. If the coefficient of static friction is [image: \scriptsize 0.78], what is the minimum force they need to exert to get the scrum machine moving?

    	A [image: \scriptsize 12\ \text{kg}] box is placed on a rough surface. A force of [image: \scriptsize \text{20 N}] applied at an angle of [image: \scriptsize 30^\circ] to the horizontal cannot move the box. Calculate the magnitude and direction of the: 	normal force
	friction forces.



  

  The full solutions are at the end of the unit.

  Unit 3: Solutions

  Exercise 3.1

  
    	
      .
      
        	.
[image: ]
 Scale: [image: \scriptsize 1\text{ cm = 200 N}]

        	Draw a force diagram to visualise the problem.
[image: ]
 The system is in equilibrium so [image: \scriptsize \sum {{T}_{x}}=0] and [image: \scriptsize \sum {{T}_{y}}=0].
 Therefore [image: \scriptsize \displaystyle {{T}_{{x1}}}={{T}_{{x2}}}]
[image: \scriptsize \displaystyle \begin{align*}{{T}_{{x1}}}&={{T}_{1}}\cos 50^\circ \\&=(1200)(0.643)\\&=771.35\text{ N}\end{align*}]
.
 The system is in equilibrium so [image: \scriptsize \sum {{T}_{x}}=0] and [image: \scriptsize \sum {{T}_{y}}=0].
[image: \scriptsize \begin{align*}{{T}_{{x1}}}&={{T}_{{x2}}}\\\therefore {{T}_{{x2}}}&=771.35\text{ N}\end{align*}]
.
[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{T}_{{x2}}}}}{{{{T}_{2}}}}&=\cos 20^\circ \\\therefore {{T}_{2}}&=\displaystyle \frac{{{{T}_{{x2}}}}}{{\cos 20^\circ }}\\&=\displaystyle \frac{{771.35}}{{0.94}}\\&=820.59\text{ N}\end{align*}]

        	.
[image: \scriptsize \begin{align*}\sum {{T}_{y}}&=0\\\therefore {{T}_{{y1}}}+{{T}_{{y2}}}&=-W\\({{T}_{1}}\sin 50^\circ )+({{T}_{2}}\sin 20^\circ )&=-W\\&=(1200\times 0.766)+(820.59\times 0.342)\\&=919.25+280.66\\&=1199.9\text{N}\\&\approx 1200\text{ N}\end{align*}]
 Thus, [image: \scriptsize \displaystyle W=1200\text{ N}] acting downwards, and to find the mass of object [image: \scriptsize W]:
[image: \scriptsize \displaystyle \begin{align*}W&=mg\\\therefore m&=\displaystyle \frac{W}{g}\\&=\displaystyle \frac{{1200}}{{9.8}}\\&=122.43\text{ kg}\end{align*}]

        	From the construction diagram, [image: \scriptsize W] was measured as [image: \scriptsize 5.95\text{ cm}]. Using a scale of [image: \scriptsize 1\text{ cm = 200 N}], [image: \scriptsize \displaystyle W=1190\text{ N}], and therefore its mass is determined as [image: \scriptsize \displaystyle 121.43\text{ kg}] vs [image: \scriptsize \displaystyle 122.43\text{ kg}] as determined by calculation. The discrepancy is due to the precision of the measuring tools.

      

    

    	
      .
      
        	We draw a rough sketch:
[image: ]
 We note that [image: \scriptsize {{T}_{A}}\cos 30^\circ ={{T}_{B}}\cos 45^\circ]. Therefore:
[image: \scriptsize \begin{align*}\displaystyle \frac{{{{T}_{A}}}}{{{{T}_{B}}}}&=\displaystyle \frac{{\cos 45^\circ }}{{\cos 30^\circ }}\\&=\displaystyle \frac{1}{{\sqrt{2}}}\times \displaystyle \frac{{\sqrt{3}}}{2}\\&\therefore \displaystyle \frac{{{{T}_{A}}}}{{{{T}_{B}}}}<1\\&\therefore {{T}_{A}}<{{T}_{B}}\end{align*}]
 The tension in B is greater and hence it will break first.

        	As B will break first, the maximum weight that can be supported is when B is at tension of [image: \scriptsize 700\text{ N}].
[image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{T}_{A}}}}{{{{T}_{B}}}}&=\displaystyle \frac{{\cos 45^\circ }}{{\cos 30^\circ }}\\\therefore {{T}_{A}}&=700\times \displaystyle \frac{{\cos 45^\circ }}{{\cos 30^\circ }}\\{{T}_{A}}&=572\text{ N}\\X&=\text{(}{{T}_{A}}\sin 30^\circ )+{{T}_{B}}\sin 45^\circ \\&=781\text{ N}\end{align*}]

      

    

    	.
[image: ]
 The system is in equilibrium so [image: \scriptsize \sum {{T}_{x}}=0] and [image: \scriptsize \sum {{T}_{y}}=0].
[image: \scriptsize \displaystyle {{T}_{{x1}}}={{T}_{1}}\cos 35^\circ] and [image: \scriptsize \displaystyle {{T}_{{x2}}}={{T}_{2}}\cos 42^\circ].
 Because [image: \scriptsize \sum {{T}_{x}}=0] we can write:
[image: \scriptsize \displaystyle \begin{align*}{{T}_{1}}\cos 35^\circ &={{T}_{2}}\cos 42^\circ \\{{T}_{1}}\times 0.819&={{T}_{2}}\times 0.743\\\therefore {{T}_{2}}&=(\displaystyle \frac{{0.819}}{{0.743}}){{T}_{1}}\\\therefore {{T}_{2}}&=1.102({{T}_{1}})\end{align*}]
.
 We know that [image: \scriptsize {{T}_{{y1}}}+{{T}_{{y2}}}=W=mg] and [image: \scriptsize mg=6.6\times 9.8=64.68\text{ N}].
[image: \scriptsize \begin{align*}\therefore {{T}_{{y1}}}+{{T}_{{y2}}}&=64.68\text{ N}\\{{T}_{1}}\sin 35^\circ +{{T}_{2}}\sin 42^\circ &=64.68\text{ N}\\({{T}_{1}}\times 0.574)+[(1.102{{T}_{1}})(0.669)]&=64.68\text{ N}\\{{T}_{1}}(0.574)+{{T}_{1}}(0.737)&=64.68\text{ N}\\{{T}_{1}}(1.311)&=64.68\text{ N}\\{{T}_{1}}&=49.34\text{ N}\end{align*}]
.
 To calculate T2:
[image: \scriptsize \begin{align*}{{T}_{2}}&={{T}_{1}}\times 1.102\\&=(49.34)(1.102)\\&=54.37\text{ N}\end{align*}]

  

  
    Back to Exercise 3.1
  

  Exercise 3.2

  
    	
      .
      
        	The force diagram for the problem is as follows:
[image: ]

        	For the component of the weight [image: \scriptsize W] perpendicular to the slope:
[image: \scriptsize \begin{align*}\displaystyle \frac{{{{W}_{x}}}}{W}&=\cos 55^\circ \\\therefore {{W}_{x}}&=W\cos 55^\circ \\&=(3\times 9.8)\cos 55^\circ \\&=16.86\text{ N}\end{align*}]
.
 For the component of the weight [image: \scriptsize W] parallel to the slope:
[image: \scriptsize \begin{align*}\displaystyle \frac{{{{W}_{y}}}}{W}&=\sin 55^\circ \\\therefore {{W}_{y}}&=W\sin 55^\circ \\&=(3\times 9.8)\sin 55^\circ \\&=24.08\text{ N}\end{align*}]

      

    

    	
      .
      
        	
          .
          

          [image: ]
        

        	In the diagram: [image: \scriptsize {{W}_{y}}={{W}_{\parallel }}\text{ ; }{{W}_{x}}={{W}_{\bot }}]
[image: \scriptsize \displaystyle \begin{align*}{{W}_{\parallel }}&=T=W\sin 15^\circ \\\therefore W&=\displaystyle \frac{{5000}}{{\sin 15^\circ }}\\&=19318.52\text{ N}\end{align*}]
.
 We know that [image: \scriptsize W] represents the force due to the combined mass of the crate and the elephant.
 Therefore:
[image: \scriptsize \begin{align*}({{m}_{{\text{crate}}}}+{{m}_{{\text{elephant}}}})&=\displaystyle \frac{W}{g}\\\therefore {{m}_{{\text{elephant}}}}&=\displaystyle \frac{W}{g}-{{m}_{{\text{crate}}}}\\&=\displaystyle \frac{{19318.52}}{{9.8}}-800\\&=1971.277-800\\&=1171.28\ \text{kg}\end{align*}]

      

    

  

  
    Back to Exercise 3.2
  

  Exercise 3.3

  
    	The normal force is given ([image: \scriptsize 120\ \text{N}]) and we know that the block does not move when an applied force of [image: \scriptsize 20\ \text{N}] is used.
 We are asked to find the magnitude and direction of the friction forces. As the box is stationary and the applied force is insufficient to move the box, we know that the kinetic friction force is [image: \scriptsize 0\ \text{N}].
 The frictional force is defined as the force that opposes the motion of an object in contact with a surface and it acts parallel to the surface the object is in contact with. Therefore the static frictional force is [image: \scriptsize 20\ \text{N}] to the left to give a resultant of zero.

    	
      .
      
        	The block is not moving and so there is no kinetic frictional force acting on the block. There is also no force applied to the block and so the static frictional force is also zero.

        	The block is not moving and so there is no kinetic frictional force acting on the block. The frictional force is defined as the force that opposes the motion of an object in contact with a surface and it acts parallel to the surface the object is in contact with. Therefore the static frictional force is [image: \scriptsize 5\ \text{N}] in the opposite direction to the applied force.

        	To find the minimum force required to start the block moving we need to calculate the maximum static friction force:
[image: \scriptsize \displaystyle \begin{align*}f_{s}^{{\max }}&={{\mu }_{s}}{{F}_{\text{N}}}\\&=(0.40)(20)\\&=8\ \text{N}\end{align*}]
 So we must apply a force of magnitude greater than [image: \scriptsize 8\ \text{N}] to start the box moving.

        	To find the minimum force required to keep the block in motion we need to calculate the magnitude of the force of kinetic friction:
[image: \scriptsize \displaystyle \begin{align*}{{f}_{k}}&={{\mu }_{k}}{{F}_{\text{N}}}\\&=(0.20)(20)\\&=4\ \text{N}\end{align*}]
 So we must apply a force of [image: \scriptsize 4\ \text{N}] to keep the box in motion.

        	This force is greater than the force required to start the block moving. So the static frictional force is [image: \scriptsize 0\ \text{N}].
 For kinetic friction, the value of the frictional force remains the same regardless of the magnitude of the applied force. So the kinetic frictional force is [image: \scriptsize 4\ \text{N}].

      

    

  

  
    Back to Exercise 3.3
  

  Unit 3: Assessment

  
    	Draw a force diagram to visualise the problem:
[image: ]	.
[image: \scriptsize \displaystyle \begin{align*}{{R}_{x}}&=S\\\displaystyle \frac{{{{R}_{x}}}}{R}&=\cos 20^\circ \\{{R}_{x}}&=R\cos 20^\circ \\&=5497.2\text{ N}\end{align*}]
	.
[image: \scriptsize \begin{align*}\displaystyle \frac{{{{R}_{y}}}}{R}&=\sin 20^\circ \\{{R}_{y}}&=R\sin 20^\circ \\&=5850\times 0.342\\&=2000.8\text{ N}\end{align*}]
.
 Weight of box = mg
[image: \scriptsize \begin{align*}\therefore m&=\displaystyle \frac{{2000.8}}{{9.8}}\\&=204.17\ \text{kg}\end{align*}]



    	Draw a force diagram to visualise the problem:
[image: ]
[image: \scriptsize \begin{align*}W&=mg\\&=60\times 9.8\\&=588\text{ N}\end{align*}]
.
[image: \scriptsize \begin{align*}{{T}_{{y\text{1}}}}+{{T}_{{y\text{2}}}}&=W\\{{T}_{{y1}}}&={{T}_{{y\text{2}}}}\\\therefore {{T}_{{y\text{1}}}}&=\displaystyle \frac{W}{2}\\&=\displaystyle \frac{{588}}{2}\\&=294\text{ N}\end{align*}]
.
[image: \scriptsize \begin{align*}\displaystyle \frac{{{{T}_{{y\text{1}}}}}}{{{{T}_{1}}}}&=\sin 65^\circ \\\therefore T&=\displaystyle \frac{{{{T}_{{y\text{1}}}}}}{{\sin 65^\circ }}\\&=\displaystyle \frac{{294}}{{0.906}}\\&=324.50\ \text{N}\end{align*}]

    	Draw a force diagram to visualise the problem:
[image: ]
[image: \scriptsize W=143.08\text{ N}]
[image: \scriptsize \begin{align*}2\theta +64.8^\circ &=180^\circ \\\therefore \theta &=57.6^\circ \end{align*}]
.
 Because [image: \scriptsize {{T}_{{y1}}}={{T}_{{y2}}}] we can write:
[image: \scriptsize \begin{align*}2{{T}_{{y1}}}&=W=143.08\text{ N}\\\therefore {{T}_{{y1}}}&=71.54\text{ N}\end{align*}]
[image: \scriptsize \begin{align*}\displaystyle \frac{{{{T}_{{y1}}}}}{{{{T}_{1}}}}&=\sin 57.6^\circ \\\therefore {{T}_{1}}&=\displaystyle \frac{{{{T}_{{y1}}}}}{{\sin 57.6^\circ }}\\&=\displaystyle \frac{{71.54}}{{0.844}}\\&=84.76\text{ N}\\\therefore {{T}_{1}}&={{T}_{2}}=84.76\text{ N}\end{align*}]

    	Draw a force diagram to visualise the problem:
[image: ]
[image: \scriptsize \displaystyle \begin{align*}{{T}_{{x1}}}&={{T}_{{x2}}}\\{{T}_{1}}\cos 32^\circ &={{T}_{2}}\cos \theta \\(550\times 0.848)&={{T}_{2}}\cos \theta \\466.43\text{ N}&={{T}_{2}}\cos \theta \\\cos \theta &=\displaystyle \frac{{466.43}}{{610}}\\\cos \theta &=0.765\\\therefore \theta &=40.13^\circ \end{align*}]
 The angle between [image: \scriptsize {{T}_{2}}] and the tree is therefore [image: \scriptsize 90^\circ -40.13^\circ =49.87^\circ].

    	Draw a diagram to visualise the problem:
[image: ]	For the perpendicular component of [image: \scriptsize {{F}_{g}}]:
[image: \scriptsize \begin{align*}{{F}_{{g\bot }}}&={{F}_{g}}(\cos 67.8^\circ )\\&=(300)(0.3778)\\&=113.35\ \text{N}\end{align*}]
	For the parallel component of [image: \scriptsize {{F}_{g}}]:
[image: \scriptsize \begin{align*}{{F}_{{g\parallel }}}&={{F}_{g}}(\sin 67.8^\circ )\\&=(300)(0.92587)\\&=277.76\ \text{N}\end{align*}]



    	Draw a diagram to visualise the problem:
[image: ]
[image: \scriptsize \begin{align*}\sin \theta &=\displaystyle \frac{{{{F}_{{gx}}}}}{{{{F}_{g}}}}\\&=\displaystyle \frac{{123.7}}{{287}}=0.4310\\\therefore \theta &=25.53^\circ \end{align*}]

    	Draw a diagram to visualise the problem:
[image: ]	[image: \scriptsize \begin{align*}{{F}_{{g\parallel }}}&={{F}_{g}}(\sin \theta )\\&=98\times \sin \theta \end{align*}] 	AND 	[image: \scriptsize \begin{align*}{{F}_{{g\bot }}}&={{F}_{g}}(\cos \theta )\\&=98\times \cos \theta \end{align*}] 
  
We are told that: [image: \scriptsize \displaystyle 7{{F}_{{g\parallel }}}=4{{F}_{{g\bot }}}]
 Therefore:
[image: \scriptsize \displaystyle \begin{align*}7(98)\sin \theta &=4(98)\cos \theta \\686\times \sin \theta &=392\times \cos \theta \\\displaystyle \frac{{\sin \theta }}{{\cos \theta }}&=\displaystyle \frac{{392}}{{686}}=0.5714\end{align*}]
.
 Recall that: [image: \scriptsize \displaystyle \displaystyle \frac{{\sin \theta }}{{\cos \theta }}=\tan \theta]
 Therefore:
[image: \scriptsize \displaystyle \begin{align*}\tan \theta &=0.5714\\\theta &=29.74^\circ \end{align*}]


    	The question asks what the minimum force will be to get the scrum machine moving. We do not know a relationship for this but we do know how to calculate the maximum force of static friction. The forwards need to exert a force greater than this, so the minimum amount they can exert is in fact equal to the maximum force of static friction.
.
[image: \scriptsize \displaystyle \begin{align*}f_{s}^{{\max }}&={{\mu }_{s}}{{F}_{\text{N}}}\\&=(0.78)(10000)\\&=7800\ \text{N}\end{align*}]

    	
      .
      
        	The normal force is equal in magnitude to the weight of the object. Therefore: [image: \scriptsize {{F}_{\text{N}}}=mg=12(9.8)117.6\text{ N}]:
 This force acts straight up from the surface.

        	The friction force is: [image: \scriptsize {{F}_{{\text{friction}}}}={{F}_{{\text{app}}}}\cos 30^\circ =(20)\cos 30^\circ =17.3\text{ N}]
 The frictional force acts in the opposite direction to the applied force.

      

    

  

  
    Back to Unit 3: Assessment
  

  
    Media Attributions

    
      	PS 3_2.2_3_Img01a © Artem Beliakin is licensed under a CC0 (Creative Commons Zero) license

      	PS 3_2.2_3_Img01b © Victor Grabarczyk is licensed under a CC0 (Creative Commons Zero) license

      	PS 3_2.2_3_Img01c © Gaetano Cessati is licensed under a CC0 (Creative Commons Zero) license

      	PS 3_2.2_3_Img01d © Elvir K is licensed under a CC0 (Creative Commons Zero) license

      	PS 3_2.2_3_Img01e © Jumper 5392 is licensed under a CC0 (Creative Commons Zero) license

      	PS 3_2.2_3_Img02 © Victor Forgacs is licensed under a CC0 (Creative Commons Zero) license

      	PS 3_2.2_3_Img03 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img04 © OpenStax/Rice University is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img05 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img06 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img07 © Siyavula is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img08 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img013 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img014 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img015 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img016New © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img017 © Siyavula is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img018 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img019 © Siyavula is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img020 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img021 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img022 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img09 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img010 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img011 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img012 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img023 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img024 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img025 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img026 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img027 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img028 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img029 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img030 © DHET is licensed under a CC BY (Attribution) license

      	PS 3_2.2_3_Img031 © DHET is licensed under a CC BY (Attribution) license

    

  

  

  
    
      	Parts of the text in this unit were sourced or adapted from Siyavula Physical Science Gr 11 Learner’s Book, p. 36–53, released under a CC-BY licence. ↵


    

  

  





  
  




III
Mechanics: Describe, analyse and apply principles of non-concurrent forces


  
  
    
      
        [image: image]
      

      Subject outcome

    

    
      Subject outcome 2.3: Describe, analyse and apply principles of non-concurrent forces

    

  

  
    
      
        [image: image]
      

      Learning outcomes

    

    
      
        	Distinguish between applied forces: 	concurrent and non-concurrent forces
	parallel and non-parallel non-concurrent forces.



        	State and apply the two conditions for equilibrium with parallel forces.

        	Identify and draw a labelled force diagram of parallel forces to solve problems using the centre of gravity.

        	Identify and draw a labelled force diagram of non-parallel forces to solve problems.

      

    

  

  
    
      
        [image: image]
      

      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Distinguish between concurrent and non-concurrent forces

        	State and apply the two conditions for equilibrium with parallel forces.

      

    

  

  
    
      
        [image: image]
      

      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify and draw a labelled force diagram of parallel forces to solve problems using the centre of gravity.

        	Identify and draw a labelled force diagram of non-parallel forces to solve problems.

      

    

  

  






Unit 1: Working with non-concurrent forces
Linda Pretorius



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Distinguish between concurrent and non-concurrent forces

        	State and apply the two conditions for equilibrium with parallel forces.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Define a force. Refer to level 2 subject outcome 2.2 unit 1 if you need help with this.

    	Draw a force diagram. Refer to level 2 subject outcome 2.2 unit 2 if you need help with this.

  

  Introduction

  In this unit you will extend your knowledge of working with forces to situations where forces act on different points in an object. These are called non-concurrent forces. In this unit you will apply the concept of torque in solving problems that involve non-concurrent forces.

  Non-concurrent forces

  When forces are applied to a single point in an object at the same time, we say they act concurrently. Applied forces that act on different points in an object at the same time are said to act non-concurrently, as shown in figure 1. In the figure, [image: \scriptsize {{F}_{1}}] and [image: \scriptsize {{F}_{2}}] are parallel non-concurrent forces. [image: \scriptsize {{F}_{3}}] and [image: \scriptsize {{F}_{4}}] are non-parallel non-concurrent forces. The point P represents the pivot.

  
    [image: ]
    Figure 1: Non-concurrent forces

  

  As you already know from your study of concurrent forces, an object will move in the direction of a non-zero resultant force. This also applies when forces act non-concurrently. However, because the forces do not act on the same point, the movement will not necessarily be in a straight line. Unbalanced non-concurrent forces applied to an object fixed at a point will cause the object to turn – or rotate – about that point (see figure 1).

  
    
      
        [image: image]
      

      Activity 1.1: Observe the effect of non-concurrent forces

    

    
      Time required: 5 minutes

      
        What you need:
      

      
        	a dowel stick of about 1 m

        	a short cylinder (e.g. a toilet roll inner)

        	a few coins, all of the same type

        	sticky putty or modelling clay

      

      
        What to do:
      

      
        	Place the cylinder on a table and stick it down with some sticky putty or modelling clay.

        	Place the dowel stick on the cylinder so that it is balanced. Where does the cylinder have to be, relative to the length of the dowel stick, to keep it balanced?
[image: ]

        	Now move the dowel stick more to one side. What do you notice?

        	Return the dowel stick back to the position where it is balanced. Place a coin on each side of the dowel stick. 	Where do the coins have to be placed to keep the system balanced?
	What happens when the coins are not placed at equal distances from the cylinder?



        	Return the dowel stick back to the position where it is balanced. Now place two coins on one side of the dowel stick, and one coin on the other side of the dowel stick. The coins should be placed at equal distances. What do you notice?

      

      
        What did you find?
      

      
        	Step 2: To balance the dowel stick, the cylinder must be in the middle of the stick. In other words, the distance from the cylinder to the tip of the dowel stick on each side must be the same.

        	Step 3: If you move the dowel stick more to one side, the longer section dips downwards. The cylinder acts as the pivot.

        	Step 4: If you place a coin (of the same type) at equal distances on each side of the pivot, the stick remains balanced.
 If the coins are placed at unequal distances, the system is unbalanced and the stick will dip downwards on the side where the coin is further from the pivot.
[image: ]

        	Step 5: When the two coins are placed on one side of the stick, but only one coin on the other side, the stick dips downwards on the side of the two coins. This is because the downward force – in other words, the weight – is unbalanced, and greater on one side of the pivot.
[image: ]

      

    

  

  In activity 1.1, you observed rotation about a pivot. The rotation is caused by an unbalanced force. This quantity is called torque, which is a measure of the ability of a force to cause a rotation. Torque is usually represented by the symbol [image: \scriptsize \tau] (the Greek letter ‘tau’) and calculated as the product of the force and its perpendicular distance from the pivot: [image: \scriptsize \tau =F{{r}_{\bot }}]. The unit of torque is newton metres ([image: \scriptsize \displaystyle \text{N}\text{.m}]).

  
    
      Torque is the product of a force and its perpendicular distance from the pivot: [image: \scriptsize \tau =F{{r}_{\bot }}]

    

  

  
    
      
        [image: image]
      

      Take note!

    

    
      The torque of a force is also called its moment.

    

  

  Conditions for equilibrium

  You already know that to keep a system of forces in equilibrium, the resultant force must be zero. In other words, all the forces in the vertical direction must be balanced, as must all the forces in the horizontal direction, So, [image: \scriptsize \displaystyle \Sigma {{F}_{x}}=0] and [image: \scriptsize \displaystyle \Sigma {{F}_{y}}=0]. This is the first condition for equilibrium.

  The second condition for equilibrium is that the sum of the clockwise torques must be equal to the sum of the anticlockwise torques: [image: \scriptsize \displaystyle \Sigma {{\tau }_{{\text{clockwise}}}}=\Sigma {{\tau }_{{\text{anticlockwise}}}}].

  
    
      Conditions for equilibrium:

      
        	[image: \scriptsize \displaystyle \Sigma {{F}_{x}}=0] and [image: \scriptsize \displaystyle \Sigma {{F}_{y}}=0]

        	
          [image: \scriptsize \displaystyle \Sigma {{\tau }_{{\text{clockwise}}}}=\Sigma {{\tau }_{{\text{anticlockwise}}}}]
        

      

    

  

  Understanding what the conditions for equilibrium are allows us to solve problems in which a system of non-concurrent forces must be balanced.

  
    
      
        [image: image]
      

      Example 1.1

    

    
      
        Example taken from Chapter 9 in OpenStax Physics, p. 322 released under a CC-BY licence
      

      The two children shown in the diagram are balanced on a seesaw of negligible mass. The first child has a mass of [image: \scriptsize 26.0\ \text{kg}] and sits [image: \scriptsize 1.60\text{ m}] from the pivot.

      
        [image: ]
      

      
        	If the second child has a mass of [image: \scriptsize 32.0\ \text{kg}], how far is she from the pivot?

        	What is [image: \scriptsize \displaystyle {{F}_{\text{p}}}], the force exerted on the seesaw by the pivot?

      

      
        Solutions
      

      
        	We are asked for a distance. Thus, the second condition for equilibrium (regarding torques) must be used. Recall that the downward force exerted by each child – the weight – is calculated as [image: \scriptsize W=mg].
 Thus: [image: \scriptsize \displaystyle {{W}_{1}}={{m}_{1}}g=26.0\ \times \ 9.8=254.8\ \text{N}] and [image: \scriptsize \displaystyle {{W}_{2}}={{m}_{2}}g=32.0\ \times \ 9.8=313.6\ \text{N}].
[image: \scriptsize \displaystyle \begin{align*}\Sigma {{\tau }_{{\text{clockwise}}}}&=\Sigma {{\tau }_{{\text{anticlockwise}}}}\\(254.8)(1.6)&=(313.6){{r}_{2}}\\\therefore {{r}_{2}}&=1.3\text{ m}\end{align*}]
 The second child has to sit [image: \scriptsize \text{1}\text{.3 m}] from the pivot.

        	We know that the sum of the forces in the vertical direction is zero. Thus:
[image: \scriptsize \displaystyle \begin{align*}\Sigma {{F}_{y}}&=0\\{{F}_{\text{p}}}-254.8-313.6&=0\\\therefore {{F}_{\text{p}}}&=568.4\text{ N}\end{align*}]

      

    

  

  
    
      
        [image: image]
      

      Exercise 1.1

    

    
      
      
        	When opening a door, you push on it perpendicularly with a force of [image: \scriptsize 55.0\text{ N}] at a distance of [image: \scriptsize 0.850\text{ m}] from the hinges. What torque are you exerting relative to the hinges?

        	When tightening a bolt, you push perpendicularly on a wrench with a force of [image: \scriptsize 165\text{ N}] at a distance of [image: \scriptsize 0.140\text{ m}] from the centre of the bolt. How much torque are you exerting in newton metres (relative to the centre of the bolt)?

        	A beam of [image: \scriptsize 2.4\ \text{m}] is balanced on a pivot. An object of [image: \scriptsize 27\ \text{kg}] hangs from one end of the beam, [image: \scriptsize 1.2\ \text{m}] from the pivot. Another object hangs on the other side of the pivot, [image: \scriptsize 800\ \text{cm}] from the pivot. What is the mass of the second object if the beam is perfectly balanced?
[image: ]

      

      The 
full solutions are at the end of the unit.
    

  

  Summary

  In this unit you have learnt the following:

  
    	Non-concurrent forces are forces that act on different points of an object.

    	Unbalanced non-concurrent forces applied to an object fixed at a point will cause the object to rotate about that point.

    	Torque ([image: \scriptsize \tau]) is a measure of the ability of a force to cause a rotation. Torque is calculated as the product of the force and its perpendicular distance from the pivot: [image: \scriptsize \tau =F{{r}_{\bot }}].

    	The unit of torque is newton metres ([image: \scriptsize \displaystyle \text{N}\text{.m}]).

    	The two conditions for equilibrium are: 	[image: \scriptsize \displaystyle \Sigma {{F}_{x}}=0] and [image: \scriptsize \displaystyle \Sigma {{F}_{y}}=0]
	[image: \scriptsize \displaystyle \Sigma {{\tau }_{{\text{clockwise}}}}=\Sigma {{\tau }_{{\text{anticlockwise}}}}]



  

  Unit 1: Assessment

  Suggested time to complete: 15 minutes

  
    	Define torque.

    	Explain why it is easier to push open a door when you apply a force further from the hinge than close to the hinge.

    	Two children push on opposite sides of a door during play. Both push horizontally and perpendicular to the door. One child pushes with a force of [image: \scriptsize 17.5\text{ N}] at a distance of [image: \scriptsize 0.6\text{ m}] from the hinges, and the second child pushes at a distance of [image: \scriptsize 0.45\text{ m}]. What force must the second child exert to keep the door from moving? Assume friction is negligible.

  

  The full solutions are at the end of the unit.

  Unit 1: Solutions

  Exercise 1.1

  
    	
      .
      

      [image: \scriptsize \begin{align*}\tau &=F{{r}_{\bot }}\\&=(55)(0.85)\\&=46.75\text{ N}\text{.m}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \begin{align*}\tau &=F{{r}_{\bot }}\\&=(165)(0.14)\\&=23.1\text{ N}\text{.m}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \begin{align*}\Sigma \tau &=0\\\therefore {{\tau }_{{\text{anticlockwise}}}}&={{\tau }_{{\text{clockwise}}}}\\(27\times 9.8)(1.2)&=(m\times 9.8)(0.8)\\317.52&=7.84m\\\therefore m&=40.5\text{ kg}\end{align*}]
    

  

  
    Back to Exercise 1.1
  

  Unit 1: Assessment

  
    	Torque is a measure of the ability of a force to cause a rotation.

    	The hinge serves as the pivot about which the rotation occurs. Torque is the product of the force and the perpendicular distance to where the torque is applied. Because the relationship is directly proportional, it means that a longer distance will multiply the force. Pushing against the door further away from hinge therefore allows you to exert a smaller force to obtain the same effect.

    	
      .
      

      [image: \scriptsize \begin{align*}\Sigma \tau &=0\\\therefore {{\tau }_{{\text{anticlockwise}}}}&={{\tau }_{{\text{clockwise}}}}\\(17.5)(0.6)&={{F}_{2}}(0.45)\\\therefore {{F}_{2}}&=\displaystyle \frac{{10.5}}{{0.45}}=\\&=23.3\text{ N}\end{align*}]
    

  

  
    Back to Unit 1: Assessment
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Unit 2: Force diagrams of non-parallel forces
Linda Pretorius



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify and draw a labelled force diagram of parallel forces to solve problems using the centre of gravity.

        	Identify and draw a labelled force diagram of non-parallel forces to solve problems.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Define non-concurrent forces. Refer to level 3 subject outcome 2.3 unit 1 if you need help with this.

    	Define torque. Refer to level 3 subject outcome 2.3 unit 1 if you need help with this.

    	State the two conditions for equilibrium. Refer to level 3 subject outcome 2.3 unit 1 if you need help with this.

    	Resolve a force into components. Refer to level 3 subject outcome 2.2 unit 2 if you need help with this.

    	Draw a force diagram. Refer to level 3 subject outcome 2.2 unit 2 if you need help with this.

  

  Introduction

  In this unit you will apply your knowledge of non-concurrent forces to solve practical problems. You will learn to work with both parallel and non-parallel non-concurrent forces and determine how to keep systems in equilibrium and stable.

  Centre of gravity

  A system that is balanced – in other words in equilibrium – is not necessarily stable. For a system to be balanced and stable, the centre of gravity must be directly over the pivot point. An object’s centre of gravity is the point through which its weight acts.

  Consider the pencils in figure 1.

  	A. [image: ]
 	B. [image: ]
 	C. [image: ]
 
 	Figure 1: Three pencils in various states of equilibrium 
  

  
    	In figure 1 A, the pencil is in stable equilibrium. 	The system is in equilibrium because the sum of the vertical forces (the weight, [image: \scriptsize W], and the normal force, [image: \scriptsize {{F}_{\text{N}}}]) are balanced and the sum of the torques is also zero. Both conditions for equilibrium are therefore met.
	The system is stable, because the weight acts directly over the pivot point. In other words, the centre of gravity is directly over the pivot point



    	In figure 1 B and C, respectively, the pencil experiences an unstable equilibrium. 	Although the vertical forces (the weight, [image: \scriptsize W], and the normal force, [image: \scriptsize {{F}_{\text{N}}}]) are balanced, a net torque is experienced when the tip of the pencil is pushed slightly to one side. Because the centre of gravity is now not directly over the pivot point anymore, the equilibrium is unstable. If the pencil is pushed over just a little bit in, say, an anticlockwise direction, its weight will cause an opposing torque, in other words in the clockwise direction (see figure 1 B). This will return the system to a stable equilibrium.
	However, if the pencil is pushed far to the one side, the centre of gravity is displaced too far over the pivot point. A large torque is exerted in the anticlockwise direction. The pencil’s weight will cause an additional torque in the same direction and cause the pencil to topple over (see figure 1 C).



  

  
    
      
        [image: image]
      

      Take note!

    

    
      For a regular object, the centre of gravity is the same as the geometrical centre.

    

  

  Example 2.1 shows how the principle of stability applies in a practical situation where non-concurrent parallel forces act.

  
    
      
        [image: image]
      

      Example 2.1

    

    
      A bucket of paint (mass = [image: \scriptsize \displaystyle 26\text{ kg}]) is placed on a plank (mass = [image: \scriptsize \displaystyle \text{15 kg}]) attached to two ropes. The plank is [image: \scriptsize 3\text{ m}] long and the bucket of paint is placed [image: \scriptsize \text{1}\text{.2 m}] from the edge of the plank. What is the tension in the two ropes if the system is in equilibrium and stable?

      
        Solution
      

      First draw a force diagram to visualise the problem:

      
        [image: ]
      

      
        	The plank’s centre of gravity is halfway through its length (because the centre of gravity of a regular object is the same as its geometrical centre), therefore at [image: \scriptsize \text{1}\text{.5 m}].

        	The bucket of paint exerts its weight at [image: \scriptsize \text{1}\text{.2 m}] from the edge of the plank.

        	The weight of the bucket of paint is [image: \scriptsize \displaystyle {{W}_{{\text{paint}}}}={{m}_{{\text{paint}}}}g=26.0\ \times \ 9.8=254.8\ \text{N}].

        	The weight of the plank is [image: \scriptsize \displaystyle {{W}_{{\text{plank}}}}={{m}_{{\text{plank}}}}g=15.0\ \times \ 9.8=147\ \text{N}].

      

      Both conditions for equilibrium must be met. In other words, the sum of the forces must be equal as well as the sum of the torques.

      For the sum of the vertical forces – the combined weight of the system and the tensions in the ropes:
[image: \scriptsize \begin{align*}\Sigma {{F}_{{\text{vertical}}}}&=0\\{{T}_{1}}+{{T}_{2}}&=254.8+147=401.8\text{ N}\end{align*}]     Equation 1

      For the sum of the torques, take the system’s centre of gravity as the point of rotation and the clockwise torque as positive. Recall that torque is calculated as the product of the applied force and the perpendicular distance: [image: \scriptsize \tau =F{{r}_{\bot }}].
[image: \scriptsize \begin{align*}\Sigma \tau =0\\ \therefore {{T}_{1}}{{r}_{1}}+W{{r}_{\bot }}-{{T}_{2}}{{r}_{2}}&=0\\ [({{T}_{1}}\times 1.5)+(254.8\times 1.2)]-({{T}_{2}}\times 1.5)&=0\\ 1.5{{T}_{1}}-1.5{{T}_{2}}&=-305.76\text{ N} \end{align*}]      Equation 2

      To solve simultaneously, multiply Equation 1 by [image: \scriptsize 1.5] and add the equations together. Thus:
[image: \scriptsize \begin{align*}(1.5{{T}_{1}}+1.5{{T}_{2}})+(1.5{{T}_{1}}-1.5{{T}_{2}})&=(1.5\times 401.8)\ -305.76\ \text{N}\\\text{3}{{T}_{1}}&=296.94\ \text{N}\\\therefore {{\text{T}}_{\text{1}}}&=98.98\text{ }\text{N}\end{align*}]

      We can now calculate [image: \scriptsize {{T}_{2}}] by substituting [image: \scriptsize {{T}_{1}}] into Equation 1:
[image: \scriptsize \begin{align*}98.98+{{T}_{2}}&=401.8\text{ N}\\\therefore {{T}_{2}}&=401.8-98.98\\&=302.82\text{ }\text{N}\end{align*}]

    

  

  We can use the same principle to solve problems that involve centre of gravity when non-parallel non-concurrent forces are at work. Work through activity 2.1 and example 2.2 to understand the principle.

  
    
      
        [image: image]
      

      Activity 2.1: Understand how non-parallel non-concurrent forces affect equilibrium

    

    
      Time required: 10 minutes

      
        What you need:
      

      
        	an internet connection

        	a tablet, smartphone or computer

        	a notebook and pencil

      

      
        What to do:
      

      
        	Open the at this link.[image: How much weight can the drawbridge support?]Scroll down the page and then open the drawbridge simulation.

        	Watch the introductory animation and then continue to the simulation.

        	On the simulation page, set the starting conditions as follows: 	Let the forces show (switch slide to ‘On’) and also let the forces at the pivot show.
	Cart mass = [image: \scriptsize 1000\text{ kg}]
	Cable angle = [image: \scriptsize 45^\circ]
	Cart position = [image: \scriptsize 20\text{ m}]
	Bridge length = [image: \scriptsize 40\text{ m}]
 Note the magnitudes of the forces at the pivot and the tension in the cable.



        	Reduce the angle of the cable (e.g. to [image: \scriptsize 30^\circ] ) and then increase it beyond the starting value (e.g. to [image: \scriptsize 60^\circ]). What is the effect on the system?

        	Reset the angle of the cable to the starting value ([image: \scriptsize 45^\circ]). Reduce the cart position (e.g. to [image: \scriptsize 10\text{ m}]) and then increase it (e.g. to [image: \scriptsize 30\text{ m}]). What is the effect on the system?

        	Reset the cart position to the starting value ([image: \scriptsize 20\text{ m}]). Reduce the cart mass (e.g. to [image: \scriptsize 600\text{ kg}]) and then increase it (e.g. to [image: \scriptsize 1200\text{ kg}]). What is the effect on the system?

        	Now change the angle of the cable, the cart position and the mass of the cart. What is the effect on the tension in the cable and the force experienced at the pivot?

      

      
        What did you find?
      

      
        	Step 4: The smaller the angle, the higher the tension in the cable to keep the system in equilibrium.

        	Step 5: The further the cart is from the pivot point, the greater the torque exerted by the system (bridge + horse and cart), and subsequently the greater the tension in the cable.

        	Step 6: The bigger the mass of the system (bridge + horse and cart), the larger the upward force will be required to balance the downward force of the weight. A larger downward force will create a large clockwise torque, which means the tension in the cable has to increase to create a sufficient counter-torque.

        	Step 7: The combination of cart position, angle of the cable and the mass of the system (bridge + horse and cart) determines the tension in the cable and the forces experienced at the pivot.

      

    

  

  
    
      
        [image: image]
      

      Example 2.2

    

    
      A beam that pivots at a point along a wall is supported by a cable that makes an angle of [image: \scriptsize 27^\circ] with the horizontal. The beam has a mass of [image: \scriptsize 30\text{ kg}] and is [image: \scriptsize \text{4 m}] long. The cable is connected at a point [image: \scriptsize \text{0}\text{.7 m}] from the end of the beam and a basket of rocks of mass [image: \scriptsize \text{40 kg}] hangs at the end of the beam. Determine the tension in cable.

      
        Solution
      

      First draw a force diagram to visualise the problem:

      
        [image: ]
      

      We note the following points before we start the calculation:

      
        	Use the point P as the point of rotation.

        	The weight of the beam acts through its centre of gravity, that is, halfway along the beam’s length.

        	
          [image: \scriptsize \displaystyle {{W}_{{\text{beam}}}}={{m}_{{\text{beam}}}}g=30\ \times \ 9.8=294\text{ N}]
        

        	
          [image: \scriptsize \displaystyle {{W}_{{\text{rocks}}}}={{m}_{{\text{rocks}}}}g=40\ \times \ 9.8=392\text{ N}]
        

        	Take the clockwise moment as positive.

      

      Remember that the vertical component [image: \scriptsize T] represents the upward force, while the weight of the rocks and the beam act downwards.

      For rotational equilibrium, the sum of the clockwise and anticlockwise moments must be zero: [image: \scriptsize \displaystyle \Sigma \tau =0]. Therefore:
[image: \scriptsize \displaystyle \begin{align*}\Sigma {{\tau }_{{\text{clockwise}}}}&=\Sigma {{\tau }_{{\text{anticlockwise}}}}\\ [(294\times 2)+(392\times 4)]&=[(T\sin 27^\circ )\times 3.3]\\2156&=1.5T\\\therefore T&=1437.3\text{ N}\end{align*}]

    

  

  
    
      
        [image: image]
      

      Exercise 2.1

    

    
      
      
        	At a fruit vendor’s stall, two large baskets of fruit hang from a pole [image: \scriptsize 2.2\ \text{m}] long. The one basket has a mass of [image: \scriptsize \text{12 kg}] and hangs [image: \scriptsize 1\ \text{m}] from the support. The other basket has a mass of [image: \scriptsize \text{17 kg}]. The pole is perfectly balanced.
[image: ]	How far from the support does the [image: \scriptsize \text{17 kg}] basket hang?
	What is the tension in the ropes that support the two baskets?



        	A drawbridge of mass [image: \scriptsize 85\text{ kg}] and length [image: \scriptsize 3.2\text{ m}] is lowered over a moat. If a man (mass = [image: \scriptsize \text{72 kg}]) stands on the bridge [image: \scriptsize \text{0}\text{.5 m}] from its end, what is the tension in the cable supporting the system if the cable makes an angle of [image: \scriptsize 39^\circ] with the horizontal?

      

      The 
full solutions are at the end of the unit.
    

  

  Summary

  In this unit you have learnt the following:

  
    	A system that is balanced is not necessarily stable. For a system to be balanced and stable, the centre of gravity must be directly over the pivot point.

    	An object’s centre of gravity is the point through which its weight acts.

    	For a regular object, the centre of gravity is the same as the geometrical centre.

    	We apply the two conditions for equilibrium to determine the variables involved in keeping a system in equilibrium and stable. This holds for both parallel and non-parallel non-concurrent forces.

  

  Unit 2: Assessment

  Suggested time to complete: 15 minutes

  
    Questions 2 and 3 are from Chapter 9 in OpenStax Physics, p. 317–346 released under a CC-BY licence.
  

  
    	Calculate the tension in the cable that supports a rigid beam [image: \scriptsize \text{5}\text{.0 m}] long and which pivots about point P. A mass of [image: \scriptsize \text{7}\text{.5 kg}] hangs [image: \scriptsize \text{40 cm}] from the end of the beam. The cable makes an angle of [image: \scriptsize 30^\circ] with the horizontal.
[image: ]

    	A person carries a plank of wood [image: \scriptsize \text{2}\text{.0 m}] long with one hand pushing down on it at one end with a force [image: \scriptsize {{F}_{1}}] and the other hand holding it up at [image: \scriptsize \text{0}\text{.5 m}] from the end of the plank with force [image: \scriptsize {{F}_{2}}]. If the plank has a mass of [image: \scriptsize \text{20}\text{.0 kg}] and its centre of gravity is at the middle of the plank, what are the magnitudes of the forces [image: \scriptsize {{F}_{1}}] and [image: \scriptsize {{F}_{2}}]?

    	A man holds a pole of [image: \scriptsize 5.0\text{ kg}] as shown in the diagram. His hands are [image: \scriptsize 90\text{ cm}] apart and the centre of gravity of the pole is [image: \scriptsize 60\text{ cm}] from the left hand. Calculate the force exerted by each hand [image: \scriptsize \text{(} {{F}_{{\text{RH}}}}] and [image: \scriptsize {{F}_{{\text{LH}}}} \text{).}]
[image: ]

  

  The full solutions are at the end of the unit.

  Unit 2: Solutions

  Exercise 2.1

  
    	Both conditions for equilibrium must be met. In other words, the sum of the forces must be equal as well as the sum of the torques. 	.
[image: \scriptsize \displaystyle \begin{align*}\Sigma {{\tau }_{{\text{clockwise}}}}&=\Sigma {{\tau }_{{\text{anticlockwise}}}}\\(12\times 9.8)(1)&=(17\times 9.8)r\\\therefore r&=0.7\text{ m}\end{align*}]
	For the sum of the vertical forces, we take the combined weight of the system and the tensions in the ropes:
[image: \scriptsize \begin{align*}\Sigma {{F}_{{\text{vertical}}}}&=0\\{{T}_{1}}+{{T}_{2}}&=(12\times 9.8)+(17\times 9.8)\\&=117.6+166.6\text{ N }\\&=284.2\text{ N}\end{align*}]    Equation 1
.
 For the sum of the torques, take the system’s centre of gravity as the point of rotation and the clockwise torque as positive. Recall that torque is calculated as the product of the applied force and the perpendicular distance: [image: \scriptsize \tau =F{{r}_{\bot }}].
[image: \scriptsize \displaystyle \begin{align*}\Sigma \tau &=0\\\therefore {{T}_{1}}{{r}_{1}}-{{T}_{2}}{{r}_{2}}&=0\\({{T}_{1}}\times 1.0)]-({{T}_{2}}\times 0.7)&=0\\\therefore 1{{T}_{1}}&=0.7{{T}_{2}}\end{align*}]    Equation 2
.
 Substituting Equation 2 into Equation 1:
[image: \scriptsize \displaystyle \begin{align*}0.7{{T}_{2}}+{{T}_{2}}&=284.2\text{ N}\\\text{1}\text{.7}{{T}_{2}}&=284.2\text{ N}\\\therefore {{T}_{2}}&=167.18\text{ N}\end{align*}]
.
 AND
.
[image: \scriptsize \displaystyle \begin{align*}1{{T}_{1}}&=0.7{{T}_{2}}\\&=0.7(167.18)\\&=117.03\text{ N}\end{align*}]



    	For rotational equilibrium, the sum of the clockwise and anticlockwise moments must be zero: [image: \scriptsize \displaystyle \Sigma \tau =0].
 Therefore:
[image: \scriptsize \displaystyle \begin{align*}\Sigma {{\tau }_{{\text{clockwise}}}}&=\Sigma {{\tau }_{{\text{anticlockwise}}}}\\(85\times 9.8)(1.6)+(72\times 9.8)(2.7)&=(T\sin 39^\circ )(3.2)\\1332.8+1905.1&=0.629T\\\therefore T&=5147.7\text{ N}\end{align*}]

  

  
    Back to Exercise 2.1
  

  Unit 2: Assessment

  
    	For rotational equilibrium, the sum of the clockwise and anticlockwise moments must be zero: [image: \scriptsize \displaystyle \Sigma \tau =0].
 Therefore:
[image: \scriptsize \displaystyle \begin{align*}\Sigma {{\tau }_{{\text{clockwise}}}}&=\Sigma {{\tau }_{{\text{anticlockwise}}}}\\(7.5\times 9.8)(4.6)&=(T\sin 30^\circ )(4.6)\\73.5&=0.5T\\\therefore T&=147\text{ N}\end{align*}]

    	Draw a diagram to visualise the problem:
[image: ]
.
 Both conditions for equilibrium must be met. In other words the sum of the forces must be equal as well as the sum of the torques.
.
 For the sum of the vertical forces – the combined downward force and the upward force:
[image: \scriptsize \begin{align*}\Sigma {{F}_{{\text{vertical}}}}&=0\\ {{F}_{1}}+{{W}_{{\text{plank}}}}-{{F}_{2}}&=0\\ [{{F}_{1}}+(20\times 9.8)]-{{F}_{2}}&=0\\ \therefore {{F}_{1}}-{{F}_{2}}&=-196\text{ N}\end{align*}]    Equation 1
.
 For the sum of the torques, take the system’s centre of gravity as the point of rotation and the clockwise torque as positive. Recall that torque is calculated as the product of the applied force and the perpendicular distance:[image: \scriptsize \tau =F{{r}_{\bot }}].
[image: \scriptsize \displaystyle \begin{align*}\Sigma \tau &=0\\ \therefore {{F}_{1}}{{r}_{\bot }}+W{{r}_{\bot }}-{{F}_{2}}{{r}_{\bot }}&=0\\ [({{F}_{1}}\times 1.5)+(20\times 9.8\times 1)]-({{F}_{2}}\times 0.5)&=0\\ 1.5{{F}_{1}}-0.5{{F}_{2}}&=-196\text{ N}\end{align*}]    Equation 2
.
 To solve simultaneously, multiply Equation 1 by [image: \scriptsize -2] and add the equations together. Thus:
[image: \scriptsize \begin{align*}(-3{{F}_{1}}+{{F}_{2}})+{{F}_{1}}-{{F}_{2}})&=(-2\times 196)\ -196\ \text{N}\\-2{{F}_{1}}&=-588\ \text{N}\\\therefore {{F}_{\text{1}}}&=294\text{ }\text{N}\end{align*}]
.
 We can now calculate [image: \scriptsize {{F}_{2}}] by substituting [image: \scriptsize {{F}_{1}}] into Equation 1:
[image: \scriptsize \begin{align*}294-{{F}_{2}}&=-196\text{ N}\\\therefore {{F}_{2}}&=294+196\\&=490\text{ }\text{N}\end{align*}]

    	Draw a free-body diagram to visualise the problem:
[image: ]
.
 We use the second condition for equilibrium ([image: \scriptsize \Sigma \tau =0]) and choose the pivot point as either of the hands. This makes the torque from that hand zero. Let’s choose the left hand as the pivot.
.
 There are now only two non-zero torques: those from the weight of the pole ([image: \scriptsize \displaystyle {{\tau }_{\text{W}}}]) and from the push or pull of the right hand ([image: \scriptsize \displaystyle {{\tau }_{{\text{RH}}}}]). We know that [image: \scriptsize \Sigma {{\tau }_{{\text{clockwise}}}}=\Sigma {{\tau }_{{\text{anticlockwise}}}}]. In this case, [image: \scriptsize {{\tau }_{{\text{RH}}}}=\Sigma {{\tau }_{\text{W}}}], as the weight of the pole creates an anticlockwise torque and the right hand counters with a clockwise torque. Using the definition of torque, [image: \scriptsize \tau =F{{r}_{\bot }}] and substituting known values, we get:
[image: \scriptsize \displaystyle \begin{align*}(0.9)({{F}_{{\text{RH}}}})&=(0.6)(mg)\\\therefore {{F}_{{\text{RH}}}}&=0.667(5.0)(9.8)\\&=32.7\text{ N}\end{align*}]
 Remember to convert centimetres to metres for this calculation.
.
 To calculate the force exerted by the left hand, we use the first condition for equilibrium, namely [image: \scriptsize \Sigma F=0]. We see from the free-body diagram that [image: \scriptsize \displaystyle {{F}_{{\text{RH}}}}+{{F}_{{\text{LH}}}}-mg=0]
 Therefore:
[image: \scriptsize \displaystyle \begin{align*}{{F}_{{\text{LH}}}}&=mg-{{F}_{{\text{RH}}}}\\&=(5.0)(9.8)-32.7\\&=49-32.7\\&=16.3\text{ N}\end{align*}]

  

  
    Back to Unit 2: Assessment
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IV
Mechanics: State, explain, analyse and apply principles of Newton’s first and second laws of motion


  
  
    
      
        [image: image]
      

      Subject outcome

    

    
      Subject outcome 2.4: State, explain, analyse and apply principles of Newton’s first and second laws of motion

    

  

  
    
      
        [image: image]
      

      Learning outcomes

    

    
      
        	Identity whether forces applied on a mass are balanced or not; and determine the net force.

        	Define inertia and give examples.

        	Define Newton’s first law of motion and relate to examples.

        	Define and apply Newton’s second law of motion.

        	Plan and conduct a scientific investigation to investigate the proportionality between mass and acceleration.

        	Solve problems using Newton’s second law of motion on systems containing one and more than one object for horizontal and vertical motion.

      

    

  

  
    
      
        [image: image]
      

      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify whether forces applied on a mass are balanced or not; and determine the net force.

        	Define inertia and give examples.

        	Define Newton’s first law of motion.

        	Relate Newton’s first law of motion to examples.

      

    

  

  
    
      
        [image: image]
      

      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Define Newton’s second law of motion.

        	Understand how Newton’s second law of motion applies.

        	Plan and conduct a scientific investigation to investigate the proportionality between mass and acceleration.

        	Use Newton’s second law to solve problems that involve a single object or multiple objects moving either horizontally or vertically.

      

    

  

  






Unit 1: Newton’s first law of motion
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        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify whether forces applied on a mass are balanced or not; and determine the net force.

        	Define inertia and give examples.

        	Define Newton’s first law of motion.

        	Relate Newton’s first law of motion to examples.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Draw vector diagrams for two forces acting on an object and determine the resultant. Revise subject outcome 2.2 unit 1 to help you with this.

    	Determine the components of a force. Revise subject outcome 2.2 unit 2 to help you with this.

    	Draw labelled free-body diagrams of objects in various situations. Revise subject outcome 2.2 unit 3 to help you with this.

    	Draw free-body diagrams of parallel forces. Revise subject outcome 2.3 unit 2 to help you with this.

    	Draw free-body diagrams of non-parallel forces. Revise subject outcome 2.3 unit 2 to help you with this.

  

  Introduction

  Parts of the text in this unit were sourced from Siyavula Physical Science Gr 11 Learner’s Book, Chapter 21, released under a CC-BY licence

  In this unit you will learn how force affects motion. This is a universal principle that is described by Newton’s first law of motion. Newton’s first law of motion helps us to understand what makes an object stay at rest or keep it moving uniformly. Once you understand this relationship between force and motion, you will be able to identify examples of how Newton’s first law applies in the world around us.

  Finding the net or resultant force

  You have already learnt how to determine the resultant or net force acting on an object, [link to Phys Sci L3 SO 2.2 Unit 1] and to draw free-body diagrams.

  
    [image: ]
    Figure 1: A free-body diagram of two unbalanced forces acting on a box

  

  In figure 1, the resultant or net force is obtained by adding the two vectors, taking their directions into account.

  For the example, assume that the positive direction is to the right, then:
[image: \scriptsize \begin{align*}{{F}_{{net}}}&={{F}_{1}}+{{F}_{2}}=-6+(+4)=-2\\{{F}_{{net}}}&=2\text{ N to the left}\end{align*}]

  Remember that a negative answer means that the force acts in the opposite direction to the one that you chose to be positive. You can choose the positive direction to be any way you want, but once you have chosen it, you must use it consistently for that problem. These forces are referred to as being unbalanced forces. They act in the same plane but are different magnitudes, therefore there will be a resultant force in the direction of the larger force.

  
    [image: ]
    Figure 2: A force diagram of two balanced forces acting on a car

  

  In figure 2, the forces acting in the same plane are equal in magnitude. When you do the vector addition to find the resultant, you will get [image: \scriptsize 0\text{ N}] as the answer. This simply means that the forces are balanced forces, and the resultant is zero.

  The principle of vector addition can be used to find the net or resultant force in the horizontal or vertical planes, or on inclined planes.

  
    
      
        [image: image]
      

      Exercise 1.1

    

    
      
      For the following situations, say whether the forces are balanced or unbalanced and determine the net force:

      
        [image: ]
      

      The 
full solution is at the end of the unit.
    

  

  Inertia

  The property of an object to continue in its current state of motion unless acted upon by a net force, is called inertia. All objects with mass will have inertia. If an object is stationary, it will not move unless a net force acts on it, and if an object is moving at constant velocity, it will not speed up, slow down, change direction or stop unless a net force acts on it.

  Let us consider the following situations:

  
    	An ice skater pushes herself away from the side of the ice rink and skates across the ice. She will continue to move in a straight line across the ice unless something stops her.

    	If we kick a soccer ball across a soccer field, it continues to move in the direction in which we kicked it, unless another force acts on it to stop it or change its direction.

  

  In real life there is always friction between surfaces or even friction between moving objects and the air, so we never experience the situation of the objects continuing to move forever. Friction is what causes moving objects to slow down and eventually stop. Without friction, the inertia of an object will result in it continuing to move at a constant velocity forever! So, if we were able to remove friction from the above situations, the ice skater and the soccer ball will continue moving at constant velocity forever.

  Newton’s first law of motion

  Sir Isaac Newton was a scientist who lived in England (1642–1727) who was interested in the motion of objects under various conditions. He suggested that a stationary object will remain stationary unless a force acts on it and that a moving object will continue moving unless a force slows it down, speeds it up or changes its direction of motion. From this he formulated what is known as Newton's first law of motion.

  
    
      
        Newton’s first law of motion
      

      An object continues in a state of rest or uniform motion (motion with a constant velocity) unless it is acted on by an unbalanced (net or resultant) force.

    

  

  Let us look at the following examples which illustrate this law.

  Seat belts

  We wear seat belts in cars for safety. This is to protect us when the car is involved in an accident. If a car is travelling at [image: \scriptsize 120\text{ km}\text{.}{{\text{h}}^{{-1}}}], the driver and passengers in the car are also travelling at [image: \scriptsize 120\text{ km}\text{.}{{\text{h}}^{{-1}}}]. When the car suddenly stops a force is exerted on the car (making it slow down), but if the driver and passengers are not wearing seatbelts, no force is exerted on them. The driver and passengers will carry on moving forward at [image: \scriptsize 120\text{ km}\text{.}{{\text{h}}^{{-1}}}] according to Newton’s first law. If they are wearing seat belts, the seat belts will stop them by exerting a force on them and thus prevent them from getting hurt.

  
    [image: ]
    Figure 3: A seatbelt exerts a net force to stop a driver moving forward

  

  Rockets and Spaceships

  When a spaceship is launched into space, the force of the exploding gases pushes the spaceship through the air into space. Once it is in space, the engines are switched off and it will keep on moving at a constant velocity. There is no air friction or significant gravitational force to slow it down. If the astronauts want to change the direction of the spaceship, they need to fire an engine. This will then apply a force on the spaceship and it will change its direction.

  
    [image: ]
    Figure 4: A spaceship travelling at constant velocity in outer space without force from engine

  

  
    
      
        [image: image]
      

      Activity 1.1: Investigate balanced and unbalanced forces and demonstrate Newton’s first law of motion

    

    
      Time required: 20 minutes

      
        What you need:
      

      
        	an internet connection

      

      
        What to do:
      

      
        	Use this link to access a computer simulation on how Newton’s first law of motion relates to the movement of an object.[image: computer simulation]

        	Click on the first of the four windows, labelled Net Force. You will see a cart with a rope attached to either side of it, and blue and red figures underneath.

        	Move the smallest blue figure up to the rope (see figure 5), and notice that there is now an applied force to the left. Click on the button labelled Go! and see what happens as a result of this force.
[image: ]Figure 5: An unbalanced force pulling towards the left



        	To start everything again click the reset button (orange button with white circular arrow ↺)

        	Move the smallest blue figure up to the rope again, and this time add the smallest red figure to the other side of the rope (see figure 6). 	What do you notice about the forces on the cart?
	What happens when you press the Go! button?
[image: ]Figure 6: Balanced forces





        	Now add another of the smallest blue figures to the rope, and see what happens to the forces.
 What is the direction of the net force? (You can see the net force by selecting the square labelled Sum of Forces, as shown in figure 7). [image: ]Figure 7: Select the Sum of Forces option



        	Press the Go! Button. Once the cart is moving, add another smallest red figure to the other side of the rope so that there is no net force. 	What happens to the movement of the cart when there is no net force on it while it is moving?
	What do you need to do to stop the cart from moving? (Experiment with adding figures to the rope to see how to stop the cart.)



        	Use your observations to complete these sentences: 	When the cart is standing still, and the left and right forces on the cart are balanced, the cart will _____________________________.
	When the cart is moving to the left, and the left and right forces on the cart are balanced, the cart will _____________________________.
	What you need in order to change the movement of the cart is ______________________.



      

      
        What did you find?
      

      In this simulation you would have observed the following:

      
        	When one of the blue figures was pulling on the left rope, there was only one applied force to the left, which meant that there was a net (unbalanced) force on the cart. When the button labelled Go! was clicked, the cart started accelerating towards the left as a result of this net force.

      

      
        	
          .
          
            	When there was a blue figure and a red figure pulling on opposite sides of the cart, the force to the left was balanced by the force to the right, and as a result there was no net force on the cart.

            	When you pressed the Go! button there was no movement, since there was no net force to cause a change in the cart’s state of motion.

          

        

        	When another small blue figure was added to the left rope, the forces were no longer balanced. There was a net force acting on the cart to the left. This caused the cart to accelerate to the left.

        	
          .
          
            	Once the cart was moving, when one of the smallest red figures was added to the right side of the cart, the forces were balanced and there was no net force. As a result the cart kept moving to the left with constant speed. (You can check this by clicking on the box labelled Speed at the top right of the screen).
[image: ]Figure 8: Balanced forces result in constant velocity



            	What you need to do to stop the cart from moving is to add another red figure so that there is a net force to the right. This net force will cause the cart to slow down until it stops. If you don’t pause the motion once it has stopped the net force to the right will then cause the cart to accelerate towards the right.
[image: ]Figure 9: A net force to the right will cause a cart moving to the left to slow down



          

        

        	The completed sentences are shown below: 	When the cart is standing still, and the left and right forces on the cart are balanced, the cart will remain standing still.
	When the cart is moving to the left, and the left and right forces on the cart are balanced, the cart will continue moving to the left with a constant speed.
	What you need in order to change the movement of the cart is a net (or unbalanced) force.



      

      These sentences are a description of Newton’s first law. (Have a look at it again, and compare it with the observations you made during the simulations.)

    

  

  
    
      
        [image: image]
      

      Example 1.1

    

    
      Why do passengers get thrown to the side when the car they are driving in goes around a corner?

      
        Solution
      

      Step 1: What is happening before the car turns?

      Before the car starts turning both the passengers and the car are travelling at the same velocity (see picture A in figure 10).

      Step 2: What happens while the car turns?

      The driver turns the wheels of the car, which then exerts a force on the car and the car turns. This force acts on the car but not the passengers, hence (by Newton’s first law) the passengers continue moving with the same original velocity (see picture B in figure 5).

      Step 3: What happens to the passengers?

      If the passengers are wearing seat belts, they will exert a force on the passengers until the passengers’ velocity is the same as that of the car (see picture C in figure 5). Without a seat belt the passengers will continue to move in their original direction (forward) and hit the side of the car.

      
        [image: ]
        Figure 10: What happens to the passengers inside a car when the car turns a corner

      

    

  

  
    
      
        [image: image]
      

      Exercise 1.2

    

    
      
      Explain how the following real-life examples illustrate Newton’s first law of motion.

      
        	Coin drop
[image: ]
.
 The piece of card is flicked horizontally by the finger and the coin falls into the glass.

        	Pile of blocks
[image: ]
.
 Stack a pile of wooden blocks on a table. Hit the lower block hard and fast without touching the others. The bottom block moves away quickly, the other blocks drop vertically onto the table but do not move horizontally like the bottom block.

        	Car crash
[image: ]
.
 A person is in a car and is not wearing a seatbelt. The car crashes into a wall and the driver is ‘thrown’ from the car.

      

      The 
full solutions are at the end of the unit.
    

  

  
    
      Note

    

    
      Watch this video to see a collection of inertia demonstrations.

      
        Collection of Inertia Demonstrations (Duration: 09:42) [image: Multiplying binomials]


      

    

  

  Summary

  In this unit you have learnt the following:

  
    	When two or more forces in one plane are equal in magnitude but act in opposite directions they are referred to as balanced forces.

    	When two or more forces acting in one plane and in opposite directions are not equal they are referred to as unbalanced forces.

    	When forces are unbalanced, there will be a net or resultant force on the object.

    	Net or resultant forces can be calculated using vector addition: [image: \scriptsize {{F}_{{net}}}={{F}_{1}}+{{F}_{2}}] (remember to choose a direction as positive).

    	Inertia is the property of an object that causes it to resist a change in its state of rest or uniform motion.

    	Newton’s first law of motion states that an object continues in a state of rest or uniform motion (motion with a constant velocity) unless it is acted on by an unbalanced (net or resultant) force.

  

  Unit 1: Assessment

  Suggested time to complete: 20 minutes

  
    	State whether the following situations involve balanced or unbalanced forces on the underlined object. If the forces are unbalanced, calculate the net force: 	a book rests on a table
	a man pushes a wheelbarrow with a force of [image: \scriptsize 120\text{ N}] and the frictional force of the surface is [image: \scriptsize 70\text{ N}]
	a skydiver has a weight of [image: \scriptsize 720\text{ N}] and the air resistance is [image: \scriptsize 600\text{ N}]
	a briefcase is held by a man.



    	Explain the term inertia.

    	State Newton’s first law of motion.

    	Thabo has attached a rope to a box, and is pulling on the rope, but the box does not move at all. 	What is the net force on the box?
	Explain what is keeping the box from moving.



    	A mother is sitting in the front passenger seat of a car with a child on her lap, and is not wearing a seat belt. Explain why this is dangerous, especially for the child.

    	Use Newton’s first law of motion to explain why it is dangerous to stand in a moving bus.

    	A girl on a train jumps up while a train is moving forward with a constant velocity. What will her position be when she lands, relative to her position when she took off upwards. Explain your answer referring to Newton’s first law of motion.

  

  The full solutions can be found at the end of the unit.

  Unit 1: Solutions

  Exercise 1.1

  
    [image: ]
  

  
    Back to Exercise 1.1
  

  Exercise 1.2

  
    	An external force is applied to the piece of card and not to the coin. The inertia of the coin causes it to resist a change in its state of motion and it remains in its original position. (The friction of the card on the coin is not enough to move it sideways.) Without the card in place the coin falls into the glass. (If the card is moved slowly and not flicked, friction will act on the coin and it will move sideways with the card.)

    	An external force acts on the bottom block so it moves sideways. The inertia of the upper blocks causes them to resist a change in their state of motion and they remain in their original horizontal position. (As in question 1, if the lower block is moved slowly, the frictional force between the blocks will act on the upper blocks and move them sideways.)

    	When the car hits the wall, the wall applies an external force to the car and it stops. The inertia of the driver causes him to resist a change in his state of motion and he continues to move forward at his original velocity. Therefore, he lands up on the front bonnet of the car.

  

  
    Back to Exercise 1.2
  

  Unit 1: Assessment

  
    	
      .
      
        	balanced forces (the book is not moving)

        	unbalanced
[image: \scriptsize \begin{align*}{{F}_{{net}}}&={{F}_{1}}+{{F}_{2}}=120+(-70)=50\\&=\text{50 N in the original direction}\end{align*}]

        	unbalanced
[image: \scriptsize \begin{align*}{{F}_{{net}}}&={{F}_{1}}+{{F}_{2}}=720+(-600)=120\\&=\text{120 N down}\end{align*}]

        	balanced

      

    

    	Inertia is the property that objects have that causes them to resist a change in their state of motion.

    	An object continues in a state of rest or uniform motion (motion with a constant velocity) unless it is acted on by an unbalanced (net or resultant) force.

    	
      .
      
        	net force is zero (object is not moving)

        	there must be a frictional force that balances the applied force (same size but acting in the opposite direction)

      

    

    	The mother and child have inertia. They will therefore, according to Newton’s first law of motion, resist a change in their state of motion. During a collision, the car will slow down because a resultant force acts on it. No resultant force acts on the mother and child, so both will continue moving forward at their original velocity. They will therefore hit the dashboard or windscreen and suffer severe injury. This is particularly dangerous for the child as when a resultant force (the dashboard) stops the child, the mother will still continue at her initial velocity and squash the child.

    	If the bus comes to a sudden stop, a person who is standing will resist a change in their state of motion because of inertia. They will obey Newton’s first law of motion. Their feet will stop with the bus as an unbalanced force (friction) acts on them, but their body will continue to move at the original velocity and this will cause them to fall over.

    	The girl has inertia, and will obey Newton’s first law of motion. She will continue in her original state of forward motion even when she is not touching the floor of the train. No unbalanced forces act on her in the horizontal plane. So, she will land in her original position on the floor of the train.

  

  
    Back to Unit 1: Assessment
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Unit 2: Newton’s second law of motion
Leigh Kleynhans



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Define Newton’s second law of motion.

        	Understand how Newton’s second law of motion applies.

        	Plan and conduct a scientific investigation to investigate the proportionality between mass and acceleration.

        	Use Newton’s second law to solve problems that involve a single object or multiple objects moving either horizontally or vertically.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Draw vector diagrams for two forces acting on an object and determine the resultant. Revise subject outcome 2.2 unit 1 to help you with this.

    	Determine the components of a force. Revise subject outcome 2.2 unit 2 to help you with this.

    	Draw labelled free-body diagrams of objects in various situations. Revise subject outcome 2.2 unit 3 to help you with this.

    	Draw free-body diagrams of parallel forces. Revise subject outcome 2.3 unit 2 to help you with this.

    	Draw free-body diagrams of non-parallel forces. Revise subject outcome 2.3 unit 2 to help you with this.

  

  Introduction

  Parts of the text in this unit were sourced from Siyavula Physical Science Gr 11 Learner’s Book, Chapter 21, released under a CC-BY licence

  In this unit you will extend your knowledge about the relationship between force and motion. You will learn how changing the applied force will affect an object’s motion and what the effect of the object’s mass is on its acceleration. This is described by Newton’s second law of motion. You will also investigate how Newton’s second law applies in practice and use your knowledge to solve problems in real-world settings.

  Newton’s second law of motion

  Newton’s second law of motion follows on from Newton’s first law, since it tells us how you can calculate the change of motion of an object as a result of a net force.

  
    
      Newton’s second law states: When a net force [image: \scriptsize {{F}_{{net}}}], is applied to an object of mass [image: \scriptsize m], the object accelerates in the direction of the net force. The acceleration [image: \scriptsize a], is directly proportional to the net force and inversely proportional to the mass.

    

  

  You can write Newton’s second law as a mathematical equation:
[image: \scriptsize {{F}_{{net}}}=ma]

  Where:

  [image: \scriptsize {{F}_{{net}}}] is the net force on an object, measured in the units newtons ([image: \scriptsize \text{N}])

  [image: \scriptsize m] is the mass, measured in [image: \scriptsize \text{kg}]

  [image: \scriptsize a] is the acceleration of the object, measured in [image: \scriptsize \text{m}\text{.}{{\text{s}}^{{\text{-2}}}}]

  Force is always measured in the units newtons ([image: \scriptsize \text{N}]). [image: \scriptsize 1\text{ N}] of force is the amount of force that will cause an object with a mass of [image: \scriptsize 1\text{ kg}] to accelerate at [image: \scriptsize 1\text{ m}\text{.}{{\text{s}}^{{-2}}}]. So [image: \scriptsize 1\text{ N = 1 kg}\text{.m}\text{.}{{\text{s}}^{{-2}}}].

  Because acceleration is a vector quantity, force is also a vector quantity. The direction of the acceleration is always in the same direction as the net force. But remember that the direction of the acceleration is not always the direction of the motion.

  
    	When the motion, net force and acceleration are all in the same direction, the object is speeding up.

    	When the motion is in the opposite direction to the acceleration and net force, the object is slowing down.

  

  
    
      
        [image: image]
      

      Activity 2.1: Plan an investigation to find the relationship between mass and acceleration

    

    
      Time required: 30 minutes

      
        What you need:
      

      
        	internet access

        	graph paper

      

      
        What to do:
      

      
        	Watch the video How to use a light gate, on how to measure the velocity of a moving object using a light gate. How to use a light gate – GCSE Physics (Duration: 01:55)[image: How to use a light gate - GCSE Physics]



        	Watch the video Newton’s Second Law which shows an experiment to find the relationship between mass and acceleration when the force is constant. Newton’s Second Law – GCSE Physics (Duration: 03:40)[image: Newton's Second Law - GCSE Physics]



        	Design an experiment you could carry out to find the relationship between mass and acceleration if you had the equipment demonstrated in the two videos. You must include the following: 	investigative question
	hypothesis
	independent variable and how you will vary it
	dependent variable and how you will measure it
	variables that need to be controlled and how you will control them
	steps that will be taken to ensure reliability of results.



        	The data in the table below is a possible set of results that could be obtained for the experiment. Plot a graph of the data with mass on the [image: \scriptsize x]-axis and acceleration on the [image: \scriptsize y]-axis.
.	Mass ([image: \scriptsize \text{kg}]) 	Acceleration ([image: \scriptsize \text{m}\text{.}{{\text{s}}^{{-2}}}]) 
 	[image: \scriptsize 0.5] 	[image: \scriptsize 0.82] 
 	[image: \scriptsize 1.5] 	[image: \scriptsize 0.41] 
 	[image: \scriptsize 2.0] 	[image: \scriptsize 0.27] 
 	[image: \scriptsize 2.5] 	[image: \scriptsize 0.20] 
 	[image: \scriptsize 3.0] 	[image: \scriptsize 0.16] 
  



        	State the possible conclusion that can be drawn from the shape of your graph.

        	The mathematical relationship for variables that are inversely proportional is [image: \scriptsize xy=k] where [image: \scriptsize k] is a constant value. Using the data from the table, and this mathematical relationship, confirm that the relationship between mass and acceleration is an inverse proportion when the force is constant.

      

      
        What did you find:
      

      
        	Design of investigation: 	Investigative question: How does the mass affect the acceleration of an object when the force is constant?
	Hypothesis: The acceleration will be inversely proportional to the acceleration when the force is kept constant.
	Independent variable and how you will vary it: the mass of the trolley which will be varied by adding mass pieces to the trolley.
	Dependent variable and how you will measure it: the acceleration which will be calculated using the formula [image: \scriptsize a=\displaystyle \frac{{v-u}}{{\Delta t}}] using the [image: \scriptsize u=0], [image: \scriptsize v] measured by the light gate and using a stopwatch to measure [image: \scriptsize \Delta t] from the start to when the trolley passes through the light gate
	Variables that need to be controlled and how you will control them: the force on the trolley will be kept constant by keeping a fixed mass hanging on the string over the pulley.
	Steps that will be taken to ensure reliability of results: for each mass, three measurements will be taken, and the average calculated.



        	Graph:
[image: ]

        	The shape of the graph indicates that the relationship could possibly be an inverse proportion.

        	Confirmation using data from the table:
[image: \scriptsize \begin{align*}&xy=k\\&\text{0}\text{.5 x 0}\text{.82 = 0}\text{.41}\\&\text{1}\text{.0 x 0}\text{.41 = 0}\text{.41}\\&\text{1}\text{.5 x 0}\text{.27 = 0}\text{.405}\\&\text{2}\text{.0 x 0}\text{.20 = 0}\text{.40}\\&\text{2}\text{.5 x 0}\text{.16 = 0}\text{.40}\end{align*}]
 Values are constant (within experimental error). This confirms that acceleration is inversely proportional to mass.

      

    

  

  Applying Newton’s second law of motion

  The following points should be kept in mind when you apply Newton’s second law to solve problems:

  
    	When you apply the equation, [image: \scriptsize {{F}_{{net}}}=ma] you need to identify all the forces acting on that object first. Only substitute the net force into this equation.

    	Always draw a free body diagram showing all the forces acting on the object. This will enable you to use the equation, [image: \scriptsize {{F}_{{net}}}={{F}_{1}}+{{F}_{2}}...] to find the net force.

    	If all the forces acting on an object are in equilibrium, they balance each other out and the net force is zero. This means that the object will remain at rest or will travel with a constant velocity.

    	If the forces on the object do not balance each other out (non-equilibrium), there is a net force on the object. This means that the object will have acceleration (it will be speeding up or slowing down).

    	The components of the forces in the vertical (y) direction should be looked at separately to find [image: \scriptsize {{F}_{{net\text{ }y}}}]. This can then be used to find the acceleration in the y direction: [image: \scriptsize {{F}_{{net\text{ }y}}}=m{{a}_{y}}].

    	Similarly, the forces in the horizontal (x) direction should be looked at separately to find [image: \scriptsize {{F}_{{net\text{ }x}}}]. This can then be used to find the acceleration in the x direction: [image: \scriptsize {{F}_{{net\text{ }x}}}=m{{a}_{x}}].

  

  
    
      
        [image: image]
      

      Example 2.1

    

    
      A box with a mass of [image: \scriptsize 5\text{ kg}] is being pushed along the ground in the [image: \scriptsize x]– direction with a force of [image: \scriptsize 30\text{ N}]. There is a frictional force of [image: \scriptsize 10\text{ N}]between the box and the ground. Calculate the acceleration of the box.

      
        Solution
      

      Step 1: Draw a free body diagram of all the forces on the box You will only look at the forces acting on the box, since you want to calculate the acceleration of the box.

      
        [image: ]
      

      The forces perpendicular to the surface are in equilibrium, so [image: \scriptsize {{F}_{{net\text{ }y}}}=0].

      The net force parallel to the surface is not balanced.

      Step 2: Calculate the [image: \scriptsize {{F}_{{net\text{ }x}}}]

      Start by choosing a direction as positive; to the right will be positive.

      
        [image: \scriptsize \begin{align*}{{F}_{{net\text{ }x}}}&={{F}_{A}}+{{F}_{f}}\\&=\text{30+(-10)}\\&=\text{20 N to the right}\end{align*}]
      

      Step 3: Use Newton’s second law to find the acceleration

      
        [image: \scriptsize \begin{align*}{{F}_{{net}}}&=ma\\\text{ }20&=5a\\\text{ }a&=4\text{ m}\text{.}{{\text{s}}^{{-2}}}\text{ to the right}\end{align*}]
      

    

  

  
    
      Note

    

    
      Watch the video on Newton’s second law of motion.

      
        Newton’s second law of motion (Duration: 04:46) [image: Newton’s second law of motion]


      

    

  

  
    
      
        [image: image]
      

      Exercise 2.1

    

    
      
      
        	An object with a mass of [image: \scriptsize 150\text{ kg}] has an acceleration of [image: \scriptsize 2\text{ m}\text{.}{{\text{s}}^{{-2}}}] south. Calculate the magnitude of the net force on the object.

        	The net force on a [image: \scriptsize 25\text{ kg}] object is [image: \scriptsize 500\text{ N}] forward. Find the acceleration of the object.

        	A car with a mass of [image: \scriptsize 800\text{ kg}] is being towed using a tow rope. The tension in the tow rope is [image: \scriptsize 1\text{ 500 N}], and the acceleration of the car is [image: \scriptsize 1.25\text{ m}\text{.}{{\text{s}}^{{-2}}}]. There is a frictional force between the car and the road surface. (Ignore the mass of the tow rope.)
[image: ]	Draw a free body diagram of all the forces acting on the car.
	Calculate the frictional force between the car and the road.



        	A car with a mass of [image: \scriptsize 1\text{ 000 kg}] is being lifted vertically upward at a constant speed of [image: \scriptsize 5\text{ m}\text{.}{{\text{s}}^{{-1}}}] by a strong cable. The tension in the cable that is lifting the car is [image: \scriptsize 10\text{ 000 N}]. There is an air resistance force acting on the car, and there are no horizontal forces acting on the car. 	Draw a free body diagram of the forces acting on the car.
	Calculate the magnitude of the air resistance force



        	Thomas gave a [image: \scriptsize 50\text{ g}] ball a flick so that it rolled along a horizontal surface, and the ball eventually slowed down to a stop. If the frictional force between the ball and the surface is [image: \scriptsize 0.2\text{ N}], calculate the acceleration of the ball.

        	A car with a mass of [image: \scriptsize 1\text{ 000 kg}] is pulled along a horizontal road with a force of [image: \scriptsize 5\text{ 000 N}] to the right. There is a frictional force opposing the car’s movement. As a result, the net force on the car is [image: \scriptsize 4\text{ 000 N}] to the right. 	Draw a free body diagram of all the forces acting on the car.
	Calculate the acceleration of the car.
	What is the magnitude and direction of the frictional force?



        	A car with a mass of [image: \scriptsize 1.4\text{ x 1}{{\text{0}}^{3}}\text{ kg}] is being towed by a tow truck. The car is accelerating at a rate of [image: \scriptsize 0.5\text{ m}\text{.}{{\text{s}}^{{-2}}}]. There is a frictional force of [image: \scriptsize 200\text{ N}] between the car’s wheels and the road. What is the magnitude of the tension in the tow rope?

        	An object with a mass of [image: \scriptsize 1.2\text{ kg}] is falling through the air with an acceleration of [image: \scriptsize 9\text{ m}\text{.}{{\text{s}}^{{-2}}}]. What is the magnitude and direction of the force due to air resistance?

      

      The 
full solutions are at the end of the unit.
    

  

  Applying Newton’s second law when the applied force is at an angle

  The definition of Newton’s second law states that the acceleration is in the same direction as the resultant force. If an object is accelerating horizontally, but the applied force is at an angle to the horizontal, the horizontal component, [image: \scriptsize {{F}_{x}}], must be determined.

  
    
      
        [image: image]
      

      Example 2.2

    

    
      A man is pulling a [image: \scriptsize 20\text{ kg}] box with a rope that makes an angle of [image: \scriptsize {{60}^{0}}] with the horizontal. If he applies a force of magnitude [image: \scriptsize 150\text{ N}] and a frictional force of magnitude [image: \scriptsize 15\text{ N}] is present, calculate the acceleration of the box.

      
        [image: ]
      

      
        Solution
      

      Step 1: Draw a free body diagram

      The motion is horizontal and therefore we will only consider the forces in a horizontal direction. Remember that vertical forces do not influence horizontal motion and vice versa.

      
        [image: ]
      

      Step 2: Choose a direction as positive

      Let the direction to the right be positive.

      Step 3: Calculate the horizontal component ([image: \scriptsize {{F}_{x}}]) of the applied force

      The applied force is acting at an angle of [image: \scriptsize {{60}^{0}}] to the horizontal. We can only consider forces that are parallel to the motion. The horizontal component of the applied force, [image: \scriptsize {{F}_{x}}] ,needs to be calculated.

      
        [image: \scriptsize {{F}_{x}}={{F}_{A}}\cos \theta =150\cos {{60}^{0}}=75\text{ N to the right}]
      

      Step 4: Determine the net force on the box

      
        [image: \scriptsize \begin{align*}{{F}_{{net}}}&={{F}_{x}}+{{F}_{{}}}_{f}\\&=\text{75 + (-15)}\\&=\text{60 N }\end{align*}]
      

      Step 5: Calculate the acceleration

      To find the acceleration we apply Newton’s second law:

      
        [image: \scriptsize \begin{align*}{{F}_{{net}}}&=ma\\60&=20 \times a\\&=\text{3 m}\text{.}{{\text{s}}^{{-2}}}\text{ to the right}\end{align*}]
      

    

  

  
    
      
        [image: image]
      

      Exercise 2.2

    

    
      
      
        	Two forces act on a box as shown below. Calculate the acceleration of the box.
[image: ]

        	A man starts pushing a [image: \scriptsize 17\text{ kg}] lawnmower with a force of [image: \scriptsize 100\text{ N}]pushing down on the handle. The frictional force of the lawn is [image: \scriptsize 18\text{ N}]. The handle makes an angle of [image: \scriptsize {{60}^{0}}] with the ground. Calculate the acceleration of the lawnmower.
[image: ]

        	If a shopping trolley of mass [image: \scriptsize 35\text{ kg}] accelerates down the aisle of a supermarket at [image: \scriptsize 2\text{ m}\text{.}{{\text{s}}^{{-2}}}] when it is pushed with a force of [image: \scriptsize 80\text{ N}] acting at an angle of [image: \scriptsize {{25}^{0}}] to the horizontal, calculate the frictional force acting on the trolley.

      

      The 
full solutions are at the end of the unit.
    

  

  Applying Newton’s second law of motion to objects on inclined planes (slopes)

  When we apply Newton’s second law to problems where objects are on an inclined plane, we need to include the component of the gravitational force parallel to the slope, because this will affect the resultant force on the object.

  Think of a book on a table. As one side of the table is lifted higher the book starts to slide. Why? The book starts to slide because the component of the gravitational force parallel to the surface of the table gets larger for the larger angle of inclination. This is like the applied force, and it eventually becomes larger than the frictional force (acting upwards) and the book accelerates down the table or inclined plane.

  
    [image: ]
    Figure 1: Components of the gravitational force ([image: \scriptsize {{F}_{g}}]) for an object on an inclined plane

  

  
    
      
        [image: image]
      

      Example 2.3

    

    
      A crate is pulled up an inclined slope, moving from the bottom of the hill to the top. The crate has a mass of [image: \scriptsize 50\text{ kg}]. The motor applies a force of [image: \scriptsize 300\text{ N}] up the slope and the crate experiences a frictional force of [image: \scriptsize 10\text{ N}]. The angle of inclination of the hill is [image: \scriptsize {{31}^{0}}].

      Calculate the acceleration of the crate.
[image: ]

      
        Solution
      

      Step 1: Draw a free body or force diagram for the crate
[image: ]

      Step 2: Evaluate the forces that will affect the acceleration of the crate in the plane of the slope
[image: \scriptsize {{F}_{{motor}}}=300\text{ N up the slope}]
[image: \scriptsize {{F}_{{friction}}}=10\text{ N down the slope}]
[image: \scriptsize {{F}_{x}}\text{ of }{{F}_{g}}=(50\text{ x 9}\text{.8)sin3}{{\text{1}}^{0}}=252.37\text{ N down the slope}]

      Step 3: Choose a direction as positive and apply Newton’s second law

      Let up the slope be positive.
[image: \scriptsize \begin{align*}{{F}_{{net}}}&={{F}_{{motor}}}+{{F}_{x}}+{{F}_{{}}}_{f}\\&=\text{800 + (}-\text{252}\text{.37)+(}-10)\\&=\text{536}\text{.63 N up the slope }\end{align*}]
[image: \scriptsize \begin{align*}\text{ }{{F}_{{net}}}&=ma\\537.63&=50 \times a\\&=\text{10}\text{.75 m}\text{.}{{\text{s}}^{{-2}}}\text{ up the slope}\end{align*}]

    

  

  
    
      
        [image: image]
      

      Exercise 2.3

    

    
      
      
        [image: ]
      

      A box is sliding on a slope under various conditions. Calculate the acceleration for each set of conditions:

      Condition 1:
[image: \scriptsize \theta ={{20}^{0}}] no friction present, [image: \scriptsize m=10\text{ kg}]

      Condition 2:
[image: \scriptsize \theta ={{35}^{0}}] , [image: \scriptsize 10\text{ N}] friction with box moving down slope, [image: \scriptsize m=20\text{ kg}]

      Condition 3:
[image: \scriptsize \theta ={{60}^{0}}] , [image: \scriptsize 15\text{ N}] friction with box moving up slope, [image: \scriptsize m=15\text{ kg}]

      Condition 4:
[image: \scriptsize \theta ={{30}^{0}}], [image: \scriptsize 12\text{ N}] friction with girl pushing box up slope with a force 55 N, [image: \scriptsize m=10\text{ kg}]

      The 
full solution is at the end of the unit.
    

  

  Applying Newton’s second law of motion to two connected objects

  Newton’s second law can be applied to two connected objects moving horizontally or vertically. All objects in a connected system will have the same acceleration. These cases involve the force in a rope between the two objects, called tension. It is important to note that both ends of the rope apply a force with the same magnitude on each object, but it is opposite in direction. It is advisable to draw separate free body diagrams for each object.

  
    [image: ]
    Figure 2: The spring balance measuring applied force and the tension in a rope between two objects

  

  The spring balance will indicate that the magnitude of the force on the [image: \scriptsize 2\text{ kg}] object and the [image: \scriptsize 1\text{ kg}] object will be the same. The direction in which the force is exerted will be different: the force on the [image: \scriptsize 2\text{ kg}] object will be to the left and the force on the [image: \scriptsize 1\text{ kg}] object will be to the right.

  
    
      
        [image: image]
      

      Example 2.4

    

    
      Two crates, [image: \scriptsize 10\text{ kg}] and [image: \scriptsize 15\text{ kg}] respectively, are connected with a thick rope according to the diagram.

      
        [image: ]
      

      A force, to the right, of [image: \scriptsize 500\text{ N}] is applied. The boxes move with an acceleration of [image: \scriptsize 2\text{ m}\text{.}{{\text{s}}^{{-2}}}] to the right. One third of the total frictional force is acting on the [image: \scriptsize 10\text{ kg}] block and two thirds on the [image: \scriptsize 15\text{ kg}] block.

      Calculate:

      
        	the magnitude and direction of the total frictional force present

        	the magnitude of the tension in the rope at [image: \scriptsize T].

      

      
        Solutions
      

      Step 1: Evaluate what is given

      To make things easier let us give the two crates labels, let us call the [image: \scriptsize 15\text{ kg}] crate number [image: \scriptsize 1] and the [image: \scriptsize 10\text{ kg}] crate number [image: \scriptsize 2].

      The fact that the crates are tied together with a rope means that they will both have the same acceleration. They will also both experience the same force due to the tension in the rope, but in opposite directions.

      We are told that there is friction, but we are only given the relationship between the total frictional force both crates experience and the fraction each one experiences. The total friction will be the sum of the friction on crate 1 and the friction on crate 2. We know the blocks are accelerating to the right and we know that friction will be in the direction opposite to the direction of motion and parallel to the surface.

      Step 2: Draw free body or force diagrams

      The diagram for crate [image: \scriptsize 1] will be:

      
        [image: ]
      

      The diagram for crate [image: \scriptsize 2] will be:

      
        [image: ]
      

      Step 3: Apply Newton’s second law of motion

      The problem tells us that the crates are accelerating along the [image: \scriptsize x]-direction which means that the forces in the [image: \scriptsize y]-direction do not result in a net force. Let to the right be positive.

      We can now apply Newton’s second law of motion to each crate.

      For crate [image: \scriptsize 1]:
[image: \scriptsize \begin{align*}{{F}_{{net\text{ 1}}}}\text{ }&=ma\\&=15\times 2\\&=\text{30 N right}\end{align*}]
[image: \scriptsize \begin{align*}{{F}_{{net\text{ 1}}}}&={{F}_{A}}+{{F}_{{f\text{ 1}}}}+T\\30&=\text{500+(}\displaystyle \frac{2}{3}{{F}_{f}})+(-T) & \text{Note that }T \text{ on crate 1 is to the left, } \\&&\text{so it must be negative}\\T&=470+\displaystyle \frac{2}{3}{{F}_{f}}......eqtn\text{ 1}\end{align*}]

      Now apply Newton’s second law of motion to the crate 2:
[image: \scriptsize \begin{align*}{{F}_{{net\text{ 2}}}}\text{ }&=ma\\&=\text{10 x 2}\\&=\text{20 N right}\end{align*}]
[image: \scriptsize \begin{align*}{{F}_{{net\text{ 2}}}}&=T+{{F}_{{f\text{ 2}}}}\\20&=T\text{+}\displaystyle \frac{1}{3}{{F}_{f}}\\T&=20-\text{ }\displaystyle \frac{1}{3}{{F}_{f}}......eqtn\text{ 2}\end{align*}]

      Step 4: Solve simultaneous equations

      We have used Newton’s second law of motion to create two equations with two unknowns, this means we can solve simultaneously.

      
        [image: \scriptsize \begin{align*}470+\displaystyle \frac{2}{3}{{F}_{f}}&=20-\displaystyle \frac{1}{3}{{F}_{f}}\\\displaystyle \frac{2}{3}{{F}_{f}}+\displaystyle \frac{1}{3}F&=20-470\\\text{ }{{F}_{f}}&=-450\\\text{ }{{F}_{f}}&=450\text{ N to the left}\end{align*}]
      

      Step 5: Substitute the total friction force into either of the equations to find the tension in the rope

      
        [image: \scriptsize \begin{align*}T&=\text{470 +}\displaystyle \frac{2}{3}{{F}_{f}}\\&=\text{470 + }\displaystyle \frac{2}{3}(-450)\\&=\text{170 N}\end{align*}]
      

    

  

  
    
      
        [image: image]
      

      Example 2.5

    

    
      A crane is lifting a [image: \scriptsize 30\text{ kg}] mass and a [image: \scriptsize 50\text{ kg}] mass vertically as in the diagram. If they accelerate upwards at [image: \scriptsize 1\text{ m}\text{.}{{\text{s}}^{{-2}}}], calculate the values of tension [image: \scriptsize T1] and [image: \scriptsize T2](ignore air friction).

      
        [image: ]
      

      
        Solution
      

      Step 1: Evaluate the question

      To make things easier let us give the two crates labels, let us call the [image: \scriptsize 30\text{ kg}] crate number 1 and the [image: \scriptsize 50\text{ kg}] crate number 2.

      The fact that the crates are tied together with a rope means that they will both have the same acceleration ([image: \scriptsize 1\text{ m}\text{.}{{\text{s}}^{{-2}}}]up). They will also both experience the same force due to the tension [image: \scriptsize T2], but in opposite directions.

      Step 2: Draw force or free body diagrams

      
        [image: ]
      

      Step 3: Apply Newton’s second law of motion

      The problem tells us that the crates are accelerating along the [image: \scriptsize y]-direction. There are no forces in the [image: \scriptsize x]-direction. Let up be positive.

      We can now apply Newton’s second law of motion to each crate.

      For crate 2:
[image: \scriptsize \begin{align*}{{F}_{{net\text{ 2}}}}\text{ }&=ma\\&=50 \times 1\\ &=50{ N up}\end{align*}]
[image: \scriptsize \begin{align*}{{F}_{{net\text{ 2}}}}&=\text{ }T\text{2}+{{F}_{g}}\\50&=T\text{2 +(50 x }-\text{9}\text{.8)}\\2&=490+50 && \text {note that }T2 \text{ on crate 2 is up}\\&=\text{540 N }\end{align*}]

      For crate 1:
[image: \scriptsize \begin{align*}{{F}_{{net\text{ 1}}}}\text{ }&=ma\\&=\text{30 x 1}\\&=\text{30 N up}\end{align*}]
[image: \scriptsize \begin{align*}{{F}_{{net\text{ 2}}}}&=T1+(-T2)+{{F}_{g}}\\30&=T\text{1+(}-540)+(30\text{ x }-9.8)\\T\text{1}& =30+540+294 && \text{note that } T2 \text{ on crate 1 is down}\\T\text{1}&=\text{840 N up}\end{align*}]

    

  

  
    
      
        [image: image]
      

      Exercise 2.4

    

    
      
      
        	Two boxes of [image: \scriptsize 30\text{ kg}] and [image: \scriptsize 50\text{ kg}] are connected with a rope as in the diagram below. A force to the right of [image: \scriptsize 1\text{ }500\text{ N}] is applied. The boxes move with an acceleration of [image: \scriptsize \text{2 m}\text{.}{{\text{s}}^{{-2}}}] to the right. The frictional force on each block is in the same ratio as their masses. Calculate the total frictional force on the two boxes.
[image: ]

        	Two objects of [image: \scriptsize 2\text{ kg}] and [image: \scriptsize 8\text{ kg}] are accelerated upward by an applied force of [image: \scriptsize 150\text{ N}]. Calculate the acceleration and the tension [image: \scriptsize T] in the rope connecting them.
[image: ]

      

      The 
full solutions are at the end of the unit.
    

  

  Summary

  
    	Newton’s second law states that when a net force is applied to an object of mass, the object accelerates in the direction of the net force. The acceleration is directly proportional to the net force and inversely proportional to the mass.

    	You can write Newton’s second law as an equation: [image: \scriptsize {{F}_{{net}}}=ma].

    	This equation, as well as the equation for finding a net force using vector addition ([image: \scriptsize {{F}_{{net}}}={{F}_{1}}+{{F}_{2}}...]) can be used to solve problems for horizontal motion, vertical motion, objects moving on inclined planes and when two or more objects are linked together and moving as one system.

    	It is important to always draw a free body or force diagram when solving these problems.

  

  Unit 2: Assessment

  Suggested time to complete: 40 minutes

  
    	A sports car (mass [image: \scriptsize 1\text{ 000 kg}]) is able to accelerate uniformly from rest to [image: \scriptsize 30\text{ m}\text{.}{{\text{s}}^{{-1}}}] in [image: \scriptsize 6\text{ s}]. 	Calculate the magnitude of the acceleration of the car.
	What is the magnitude of the resultant force acting on the car during these [image: \scriptsize 6\text{ s}]?
	The magnitude of the force that the wheels of the vehicle exert on the road surface as it accelerates is [image: \scriptsize 7\text{ 500 N}]. What is the magnitude of the retarding forces acting on this car?



    	A braking test is carried out on a car travelling at [image: \scriptsize 20\text{ m}\text{.}{{\text{s}}^{{-1}}}]. A braking distance of [image: \scriptsize 30\text{ m}] is measured when a total braking force of [image: \scriptsize 6\text{ 000 N}] stops the car. 	Calculate the acceleration of the car.
	Show that the mass of this car is [image: \scriptsize 900\text{ kg}].



    	A box is being lifted by a [image: \scriptsize 200\text{ N}] force. Ignore air resistance.
[image: ]	Calculate the net force on the box.
	Calculate the acceleration of the box.



    	A pallet with bricks is being lifted vertically by a crane. The pallet and bricks have a combined mass of [image: \scriptsize 2\text{ 000 kg}]. The pallet and bricks move upwards at an acceleration of [image: \scriptsize 0.03\text{ m}\text{.}{{\text{s}}^{{-2}}}]. Calculate the tension in the cable during this time.

    	Two crates, Q and P, are pushed by a force of [image: \scriptsize 80\text{ N}] along a rough surface. The frictional force acting on each block is [image: \scriptsize 5\text{ N}]. 	Calculate the acceleration of the blocks.
	Calculate the force that P exerts on Q.
[image: ]



    	A rocket (mass [image: \scriptsize 20\text{ 000 kg}]) accelerates at [image: \scriptsize 25\text{ m}\text{.}{{\text{s}}^{{-2}}}] in the first [image: \scriptsize 1.6\text{ s}] of its journey upwards into space. What is the magnitude of the total thrust exerted on the rocket during this time? (Ignore the effects of air friction.)

    	Car A is towing Car B with a light tow rope. Car A and B are identical. The cars move along a straight, horizontal road. 	Write down a statement of Newton’s second law of motion (in words).
	As they start off, Car A exerts a forward force of [image: \scriptsize 600\text{ N}] at its end of the tow rope. The force of friction on Car B when it starts to move is [image: \scriptsize 200\text{ N}]. The mass of Car B is [image: \scriptsize 1\text{ 200 kg}]. Calculate the acceleration of Car B.
	Calculate the applied force exerted by the engine of Car A.



    	Two trolleys are joined by a light string as shown in the diagram. Calculate the acceleration of the system and the tension [image: \scriptsize T].
[image: ]

    	A block of mass [image: \scriptsize 240\text{ kg}] accelerates down an inclined plane at a rate of [image: \scriptsize 1.5\text{ m}\text{.}{{\text{s}}^{{-2}}}]. The frictional force acting on the block is [image: \scriptsize 49\text{ N}]. Calculate the inclination of the plane [image: \scriptsize \theta].
[image: ]

    	A crane is lowering two crates of bricks connected by a cable in which the tension ([image: \scriptsize T2]) is [image: \scriptsize 500\text{ N}\text{. }]The crates of bricks have masses of [image: \scriptsize 750\text{ kg}] and [image: \scriptsize 500\text{ kg}] as shown in the diagram. Calculate the acceleration of the crates and the tension in the upper cable ([image: \scriptsize T1]).
[image: ]

  

  The full solutions are at the end of the unit.

  Unit 2: Solutions

  Exercise 2.1

  
    	[image: \scriptsize m=150~\text{kg}], [image: \scriptsize a=2~\text{m.s}^{-2}]. Let south be positive
[image: \scriptsize \begin{align*}{{F}_{{net}}}&=ma\\&=\text{150 x 2}\\&=\text{300 N south}\end{align*}]

    	[image: \scriptsize {{F}_{{net}}}=500~\text{N}], [image: \scriptsize m=25~\text{kg}]. Let forward be positive
[image: \scriptsize \begin{align*} {{F}_{{net}}}&=ma\\ 500&=25 \times a\\ a&=20~\text{m.s}^{-2}~\text{ forward} \end{align*}]

    	
      .
      
        	
          .
          

          [image: ]
        

        	You first need to calculate the net force using the acceleration:
 Let forward be positive.
[image: \scriptsize \begin{align*}{{F}_{{net}}}&=ma\\&=\text{800 x 1}\text{.25}\\&=\text{1 000 N}\end{align*}]
 The forces in the [image: \scriptsize y] direction are in equilibrium, so you do not need to use these to calculate the frictional force.
 In the x direction:
[image: \scriptsize \begin{align*}\text{ }{{F}_{{net}}}&={{F}_{T}}+{{F}_{{}}}_{f}\\\text{1 000}&= \text{1500 + }{{F}_{f}}\\&=\text{-500 N }\\&=\text{500 N in the opposite direction}\end{align*}]

      

    

    	
      .
      
        	The direction of the air resistance force is down since it opposes the upward motion of the car.
[image: ]

        	[image: \scriptsize {{F}_{{net\text{ }x}}}=0] since there are no horizontal forces.
 The direction of motion is upward, so choose up as the positive direction.
 The vertical speed is constant, so [image: \scriptsize a=0].
 Therefore [image: \scriptsize {{F}_{{net}}}=ma=0]
 But [image: \scriptsize {{F}_{{net}}}={{F}_{T}}+{{F}_{g}}+{{F}_{a}}].
[image: \scriptsize {{F}_{g}}=mg=1\text{ 000 x -9}\text{.8 = -9 800 N}]
 Therefore:
[image: \scriptsize \begin{align*}\text{ }0&=10\text{ 000 + (-9 800) + }{{F}_{a}}\\{{F}_{a}}&=\text{ -200 N }\\&=\text{200 N down}\end{align*}]

      

    

    	[image: \scriptsize {{F}_{f}}=-0.2\text{ N}] (friction is negative as it opposes the motion)
[image: \scriptsize m=50\text{ g }\div \text{ 1 000 = 0}\text{.05 kg}]
 Since there are no other unbalanced forces on the ball, [image: \scriptsize {{F}_{{net}}}={{F}_{f}}=-0.2\text{ N}].
[image: \scriptsize \begin{align*}\text{ }{{F}_{{net}}}&=ma\\-0.2&=0.05a\\\text{ }a&=-4\text{ m}\text{.}{{\text{s}}^{{-2}}}\\&=\text{4 m}\text{.}{{\text{s}}^{{-2}}}\text{ in the opposite direction}\end{align*}]

    	
      .
      
        	
          .
          

          [image: ]
        

        	
          .
          

          [image: \scriptsize \displaystyle \begin{align*}\text{ }{{F}_{{net}}}&=ma\\\text{4 000}&= \text{1 000 x }a\\a&=\text{4 m}\text{.}{{\text{s}}^{{-2}}}\text{ right}\end{align*}]
        

        	Choose right as positive.
[image: \scriptsize \begin{align*}\text{ }{{F}_{{net}}}&={{F}_{A}}+{{F}_{f}}\\4\text{ 000 }&= \text{5 000 + }{{\text{F}}_{f}}\\\text{ }{{F}_{f}}&=\text{-1 000 N}\\&=\text{1 000 N left}\end{align*}]

      

    

    	Free body diagram of the forces:
[image: ]
.
[image: \scriptsize m=1.4\text{ x 1}{{\text{0}}^{3}}\text{ kg}][image: \scriptsize a=\text{ 0}\text{.5 m}\text{.}{{\text{s}}^{{-2}}}]
 Choose forward as positive:
[image: \scriptsize \displaystyle \begin{align*}{{F}_{{net}}}&=ma\\&=\text{(1}\text{.4 x 1}{{\text{0}}^{3}}\text{) x 0}\text{.5}\\&=\text{700 N forward}\end{align*}]
[image: \scriptsize \begin{align*}{{F}_{{net}}}&={{F}_{T}}+{{F}_{f}}\\700&={{F}_{T}}+(-200)\\\text{ }{{F}_{T}}&=\text{ 900 N forward}\end{align*}]

    	Free body diagram of the forces:
[image: ]
.
 Choose down as positive (you usually choose the direction of motion as the positive direction in your frame of reference).
[image: \scriptsize {{F}_{g}}=mg=1.2\text{ x 9}\text{.8 = 11}\text{.76 N}][image: \scriptsize a=9\text{ m}\text{.}{{\text{s}}^{{-2}}}]
[image: \scriptsize \displaystyle \begin{align*}{{F}_{{net}}}&=ma\\&=\text{1}\text{.2 x 9}\\&=\text{10}\text{.8 N down}\end{align*}]
[image: \scriptsize \begin{align*}\text{ }{{F}_{{net}}}&={{F}_{g}}+{{F}_{a}}\\10.8&=\text{ 11}\text{.76}+{{F}_{a}}\\\text{ }{{F}_{a}}&=\text{ 0}\text{.96 N up}\end{align*}]

  

  
    Back to Exercise 2.1
  

  Exercise 2.2

  
    	
      [image: \scriptsize {{F}_{x}}={{F}_{A}}\cos \theta =200\cos {{30}^{0}}=173.21\text{ N to the right}]
      

      [image: \scriptsize \begin{align*}{{F}_{{net}}}&={{F}_{x}}+{{F}_{{}}}_{f}\\&=\text{173}\text{.21 + (}-200\text{)}\\&=\text{ }-26.79\text{ N }\end{align*}]
      

      [image: \scriptsize \begin{align*}{{F}_{{net}}}&=ma\\-\text{26}\text{.79}&= \text{20 x }a\\a&=-1.34\\&=\text{1}\text{.34 m}\text{.}{{\text{s}}^{{-2}}}\text{ to the left}\end{align*}]
    

    	
      [image: \scriptsize {{F}_{x}}={{F}_{A}}\cos \theta =100\cos {{60}^{0}}=50\text{ N to the right}]
      

      [image: \scriptsize \begin{align*}{{F}_{{net}}}&={{F}_{A}}+{{F}_{{}}}_{f}\\&=\text{50 + (}-18\text{)}\\&=\text{32 N right }\\ {{F}_{{net}}}&=ma\\\text{32}&= \text{17 x a}\\\text{ }a&=1.88\text{ m}\text{.}{{\text{s}}^{{-2}}}\text{ to the right}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \begin{align*}{{F}_{{net}}}&=ma\\&=\text{35 x 2}\\&=\text{70 N}\end{align*}]
      

      [image: \scriptsize \begin{align*}{{F}_{{net}}}&=F_{A}+F_{f}\\70&=80+F_{f}\\F_{f}&=-10 \text{ N}\\&=10 \text{ N in the opposite direction}\end{align*}]
    

  

  
    Back to Exercise 2.2
  

  Exercise 2.3

  Let down the slope be positive.

  Condition 1:

  
    [image: \scriptsize \begin{align*}{{F}_{x}}\text{ of }{{F}_{g}}&=(10\text{ x 9}\text{.8)sin2}{{\text{0}}^{0}}\\&=\text{33}\text{.52 N down the slope}\\\text{ }{{F}_{{net}}}={{F}_{x}}&=ma\\\text{ 33}\text{.52}&= \text{10}a\\\text{ }a&=3.35\text{ m}\text{.}{{\text{s}}^{{-2}}}\text{down the slope}\end{align*}]
  

  Condition 2:

  
    [image: \scriptsize \begin{align*}{{F}_{x}}\text{ of }{{F}_{g}}&=(20\text{ x 9}\text{.8)sin3}{{\text{5}}^{0}}\\&=\text{112}\text{.42 N down the slope}\\\text{ }{{F}_{{net}}}&={{F}_{x}}+{{F}_{f}}\text{ }\\&=\text{112}\text{.42 +(}-10)\\&=\text{102}\text{.42 N}\\\text{ }{{F}_{{net}}}&=ma\\\text{102}\text{.42}&=\text{20}a\\a&=5.12\text{ m}\text{.}{{\text{s}}^{{-2}}}\text{ down the slope}\end{align*}]
  

  Condition 3:

  
    [image: \scriptsize \begin{align*}{{F}_{x}}\text{ of }{{F}_{g}}&=(15\text{ x 9}\text{.8)sin6}{{\text{0}}^{0}}\\&=\text{112}\text{.31 N down the slope}\\\text{ }{{F}_{{net}}}&={{F}_{x}}+{{F}_{f}}\text{ }\\&=\text{127}\text{.31+}15 && \text{friction is positive because the object is moving up the slope}\\&=\text{142}\text{.31 N down the slope}\\\text{ }{{F}_{{net}}} &=ma\\\text{142}\text{.31}&=\text{15}a\\a& =9.49\text{ m}\text{.}{{\text{s}}^{{-2}}}\text{ down the slope}\end{align*}]
  

  Note: this object will be slowing down because acceleration is in the opposite direction to the motion.

  Condition 4:

  
    [image: \scriptsize \begin{align*}{{F}_{x}}\text{ of }{{F}_{g}}&=(10\text{ x 9}\text{.8)sin3}{{\text{0}}^{0}}\\&=\text{49 N down the slope}\\\text{ }{{F}_{{net}}}&={{F}_{x}}+{{F}_{f}}\text{+}{{F}_{A}}\text{ }\\&=\text{49 +}12+(-55)\\&=-\text{6 N}\\\text{ }{{F}_{{net}}}&=ma\\\text{ }-\text{6}&= \text{10}a\\\text{ }a&=-0.6\\&=\text{0}\text{.6 m}\text{.}{{\text{s}}^{{-2}}}\text{ up the slope}\end{align*}]
  

  
    Back to Exercise 2.3
  

  Exercise 2.4

  
    	Let to the right be positive.
 For the [image: \scriptsize 30\text{ kg}] box:
[image: \scriptsize \begin{align*}{{F}_{{net}}}\text{ }&=ma\\&=\text{30 x 2}\\&=\text{60 N right}\end{align*}]
[image: \scriptsize \begin{align*}{{F}_{{net}}}&=T+\displaystyle \frac{{30}}{{80}}{{F}_{f}}\\\text{ 60}&=T\text{+(}\displaystyle \frac{{30}}{{80}}{{F}_{f}})\\\text{ }T&=\text{60}-(\displaystyle \frac{{30}}{{80}}{{F}_{f}})......eqtn\text{ 1}\end{align*}]
.
 For the [image: \scriptsize 50\text{ kg}] box:
[image: \scriptsize \begin{align*}{{F}_{{net}}}\text{ }&=ma\\&=\text{50 x 2}\\&=\text{100 N right}\end{align*}]
 Solve simultaneously:
[image: \scriptsize \begin{align*}\text{60}-(\displaystyle \frac{{30}}{{80}}{{F}_{f}})&=\text{1400}-(\displaystyle \frac{{30}}{{80}}{{F}_{f}})\\-{{F}_{f}}&=1400-60\\\text{ }{{F}_{f}}&=1340\text{ N to the left}\end{align*}]

    	Let up be positive.
 For the [image: \scriptsize \text{2 kg}] mass:
[image: \scriptsize \begin{align*}\text{ }{{F}_{{net}}}&={{F}_{A}}+{{F}_{g}}+(-T)\\\text{ }ma&=150+(2\text{ x }-9.8)-T\\2(a)&=130.4-T...eqtn\text{ 1}\end{align*}]
 For the [image: \scriptsize \text{8 kg}] mass:
[image: \scriptsize \begin{align*}\text{ }{{F}_{{net}}}&=T+{{F}_{g}}\\\text{ }ma&=T+(6\text{ x }-9.8)\\\text{ 8}(a)&=T-78.4...eqtn\text{ 2}\end{align*}]
 Solve simultaneously:
[image: \scriptsize \begin{align*}2a+8a&=(130.4-T)+(T-78.4)\\\text{ 10a}&= \text{52}\\\text{ a}&= \text{5}\text{.2 m}\text{.}{{\text{s}}^{2}}\text{ up}\end{align*}]
 To find tension, substitute into either equation 1 or equation 2:
[image: \scriptsize \begin{align*}\text{ }2a&=130.4-T\\2(5.12)&=130.4-T\\\text{ }T&=120.16\text{ N}\end{align*}]

  

  
    Back to Exercise 2.4
  

  Unit 2: Assessment

  
    	
      .
      
        	
          .
          

          [image: \scriptsize \begin{align*}u&=0\text{ }   v=30\text{ m}\text{.}{{\text{s}}^{{-1}}}   \text{ }\Delta t\text{ = 6s}\\a&=\displaystyle \frac{{v-u}}{{\Delta t}}\\&=\displaystyle \frac{{30-0}}{6}\\&=\text{5 m}\text{.}{{\text{s}}^{{-2}}}\end{align*}]
        

        	
          .
          

          [image: \scriptsize \begin{align*}{{F}_{{net}}}&=ma\\&=\text{1000 x 5}\\&=\text{5 000 N}\end{align*}]
        

        	
          .
          

          [image: \scriptsize \begin{align*}\text{ }{{F}_{{net}}}&={{F}_{A}}+{{F}_{f}}\\5\text{ 000}&= \text{7 500 + }{{F}_{f}}\\\text{ }{{F}_{f}}&=\text{-2 500}\\&=\text{2 500 N in the opposite direction to motion}\end{align*}]
        

      

    

    	
      .
      
        	
          .
          

          [image: \scriptsize \begin{align*}u&=20\text{ m}\text{.}{{\text{s}}^{{-1}}}   s=30\text{ m }   v\text{ = 0}\\{{v}^{2}}&={{u}^{2}}+2as\\0&={{20}^{2}}+2(a)(30)\\a&=-6.67\\&=\text{6}\text{.67 m}\text{.}{{\text{s}}^{{-2}}}\operatorname{in}\text{ the opposite direction}\end{align*}]
        

        	
          .
          

          [image: \scriptsize \begin{align*}\text{ }{{F}_{{net}}}&=ma\\-6000&=m(-6.67)\\\text{ }m&=\text{900 kg}\end{align*}]
        

      

    

    	
      .
      
        	
          .
          

          [image: \scriptsize \begin{align*}{{F}_{{net}}}&={{F}_{{up}}}+{{F}_{g}}\\&=\text{200 + (15 x }-9.8)\\&=\text{53 N up}\end{align*}]
        

        	
          .
          

          [image: \scriptsize \begin{align*}{{F}_{{net}}}&=ma\\\text{ 53}&= \text{15}a\\\text{ }a&=\text{3}\text{.53 m}\text{.}{{\text{s}}^{{-2}}}\text{ up}\end{align*}]
        

      

    

    	Let up be positive.
[image: \scriptsize \begin{align*}{{F}_{{net}}}&=ma\\&=\text{2 000 x 0}\text{.3}\\&=\text{600 N up}\end{align*}]
[image: \scriptsize \begin{align*}{{F}_{{net}}}&={{F}_{T}}+{{F}_{g}}\\\text{600}&={{F}_{T}}\text{ + (2 000 x }-9.8)\\\text{ }{{F}_{T}}&=\text{20 200 N up}\end{align*}]

    	
      .
      
        	Let to the right be positive.
[image: \scriptsize \begin{align*}{{F}_{{net}}}&={{F}_{A}}+{{F}_{f}}\\&=\text{80 + (}-10)\\&=\text{70 N right}\end{align*}]
[image: \scriptsize \begin{align*}{{F}_{{net}}}&=ma\\70&= 16a\\a&=4.38~\text{m.s}^{-2}~\text{ right}\end{align*}]

        	For Q only:
[image: \scriptsize \begin{align*}{{F}_{{net}}}&=ma\\&=8 \times 4.38\\&=35~\text{N}\end{align*}]
[image: \scriptsize \begin{align*}{{F}_{{net}}}&={{F}_{A}}+{{F}_{P}}\\35&=80+{{F}_{P}}\\{{F}_{P}}&=-45\\&=45~\text{N left}\end{align*}]

      

    

    	Let up be positive.
[image: \scriptsize \begin{align*}{{F}_{{net}}}&=ma\\&=\text{2 000 x 25}\\&=\text{500 000 N up }\end{align*}]
[image: \scriptsize \begin{align*}\text{ }{{F}_{{net}}}&={{F}_{{up}}}+{{F}_{g}}\\\text{500 000}&={{F}_{{up}}}\text{+ (20 000 x }-9.8)\\\text{ }{{F}_{{up}}}&=\text{696 000 N up}\end{align*}]

    	
      .
      
        	When a net force is applied to an object of mass, the object accelerates in the direction of the net force. The acceleration is directly proportional to the net force and inversely proportional to the mass.

        	
          .
          

          [image: \scriptsize \begin{align*}{{F}_{{netB}}}&={{F}_{T}}+{{F}_{f}}\\\text{ }ma&=\text{600 + (}-200)\\\text{ 1 200}a&=\text{ 400}\\\text{ }a&=\text{0}\text{.33 m}\text{.}{{\text{s}}^{{-2}}}\text{ forward}\end{align*}]
        

        	
          .
          

          [image: \scriptsize \begin{align*}\text{ }{{F}_{{netA}}}&={{F}_{A}}+{{F}_{T}}+{{F}_{f}}\\\text{ }ma&={{F}_{A}}\text{+ (}-T)+(-200)\\\text{1 200 x 0}\text{.3 }&={{F}_{A}}-600-200\\\text{ }{{F}_{A}}&=1\text{ }200\text{ N forward}\end{align*}]
        

      

    

    	Let to the right be positive.
 For A:
[image: \scriptsize \begin{align*}{{F}_{{netB}}}&={{F}_{T}}+{{F}_{f}}\\\text{ }ma&=T\text{ + (}-5)\\\text{ 3}a\text{ }&=T-5...eqtn\text{ }1\end{align*}]
 For B:
[image: \scriptsize \begin{align*}{{F}_{{netB}}}&={{F}_{A}}+{{F}_{f}}+{{F}_{T}}\\\text{ }ma&=\text{28+(}-3)+(-T)\\\text{ 2}a\text{ }&=25-T...eqtn\text{ }2\end{align*}]
 Solve simultaneously:
[image: \scriptsize \begin{align*}3a+2a&=T-5+25\_T\\\text{ }5a&=20\\\text{ }a&=\text{4 m}\text{.}{{\text{s}}^{{-2}}}\text{ right}\end{align*}]
[image: \scriptsize \begin{align*}\text{ }3a&=T-5\\3(4)&=T-5\\\text{ }T&=17\text{ N}\end{align*}]

    	Let down be positive.
[image: \scriptsize \begin{align*}{{F}_{{net}}}&=ma\\&=\text{240 x 1}\text{.5}\\&=\text{360 N down }\end{align*}]
[image: \scriptsize \begin{align*}\text{ }{{F}_{{net}}}&={{F}_{f}}+{{F}_{{x\text{ }of\text{ }g}}}\\\text{360}&=-49\text{+(240 x }9.8)\sin \theta \\\text{409 }&=2352\sin \theta \\\text{ }\sin \theta &=0.17\\\text{ }\theta &=\text{1}{{\text{0}}^{0}}\end{align*}]

    	Let down be positive.
 For the [image: \scriptsize 500\text{ kg}] mass:
[image: \scriptsize \begin{align*}\text{ }{{F}_{{net}}}&={{F}_{{T2}}}+{{F}_{g}}\\\text{ }ma&=-500\text{+(500 x 9}.8)\\\text{500}a&=4\text{ }400\\\text{ }a&=\text{8}\text{.8 m}\text{.}{{\text{s}}^{{-2}}}\text{ down}\end{align*}]
 For the [image: \scriptsize 750\text{ kg}] mass:
[image: \scriptsize \begin{align*}\text{ }{{F}_{{net}}}&={{F}_{{T1}}}+{{F}_{{T2}}}+{{F}_{g}}\\\text{ }ma&={{F}_{{T1}}}\text{+500 +(750 x }-9.8)\\\text{750 x 8}\text{.8 }&=\text{ }T1\text{ + 7350}\\\text{ 6 600}&=T1\text{ + 7350}\\\text{ }T&=-750\text{ N}\\&=\text{750 N up}\end{align*}]
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Mechanics: Describe, analyse and apply principles of simple machines and mechanical advantage
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      Subject outcome

    

    
      Subject outcome 2.5: Describe, analyse and apply principles of simple machines and mechanical advantage

    

  

  
    
      
        [image: image]
      

      Learning outcomes

    

    
      
        	Describe, identify and calculate the mechanical advantage of an inclined plane.

        	Identify and describe the mechanical advantage of screws and give examples.

      

    

  

  
    
      
        [image: image]
      

      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Describe, identify, and calculate the mechanical advantage of inclined planes.

      

    

  

  
    
      
        [image: image]
      

      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify and describe the mechanical advantage of screws and give examples.

      

    

  

  






Unit 1: The mechanical advantage of an inclined plane
Leigh Kleynhans



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Describe, identify, and calculate the mechanical advantage of inclined planes.

      

    

  

   What you should know

  Before you start this unit, make sure you can:

  
    	Identify an inclined plane as a simple machine.

  

  Introduction

  In this unit you will build on your knowledge of simple machines and forces to understand how an inclined plane offers mechanical advantage. You will also learn how to calculate the mechanical advantage of an inclined plane.

  Inclined planes are often used when heavy objects need to be moved to a higher vertical position. Instead of lifting the object up, it can be pushed up a ramp. There are many examples in everyday life where ramps are used to make a task easier.

  How inclined planes create a mechanical advantage

  For an inclined plane, less force is put into moving an object up the slope than if the object were lifted straight up, so the mechanical advantage will be greater than [image: \scriptsize 1]. The more gradual the slope of the inclined plane, the less input force is needed and the greater the mechanical advantage.

  
    [image: ]
    Figure 1: Two planes with different angles of inclination

  

  The inclined plane on the right has a more gradual slope, so it has a greater mechanical advantage. Less force is needed to move objects up the gentler slope, yet the objects attain the same height as they would if more force were used to push them up the steeper slope on the left.

  There is a trade-off with this simple machine. If the slope is gentle, a person has to push or pull the object over a longer distance, but with little effort. If the slope is steep, a person has to push or pull the object over a very short distance, but with more effort.

  
    
      
        [image: image]
      

      Activity 1.1: Investigate the mechanical advantage of an inclined plane

    

    
      
        What you need:
      

      
        	small rocks

        	a sandwich bag

        	a stack of books

        	a spring balance (If you do not have a spring balance watch the video link at the end of the activity)

        	a ruler

        	a flat piece of wood of minimum length [image: \scriptsize 1\text{ m}]

      

      
        What to do:
      

      
        	Fill the sandwich bag with rocks and seal the bag.

        	Attach the hook of the spring balance through the top of the sandwich.

        	Lift the bag vertically and read the force required to lift the bag to a height of [image: \scriptsize 30\text{ cm}].

        	Place one end of the flat piece of wood on the stack of books of height [image: \scriptsize 30\text{ cm}] to make an inclined plane.

        	Drag the bag of rocks, using the spring balance up the slope and measure the force required.

      

      
        What did you find?
      

      The force required to lift the bag of rocks vertically is greater than the force required to drag it up the slope. The inclined plane reduced the required effort force to raise the bag of rocks to a height of [image: \scriptsize 30\text{ cm}].

    

  

  
    
      Note

    

    
      If you do not have access to a spring balance, you can watch a video of this experiment online.

      
        Experiment (Duration: 01:15) [image: Experiment]


      

    

  

  Calculating mechanical advantage of inclined planes

  To lift an object vertically, the force required would be equal to the weight of the object. ([image: \scriptsize {{F}_{g}}=mg]) and the object will gain gravitational potential energy ([image: \scriptsize {{E}_{p}}=mgh]). Level 2 Subject Outcome 2.2 Unit 3 and Level 2 Subject Outcome 2.3 Unit 1

  
    [image: ]
    Figure 2: Lifting an object vertically

  

  To push an object up a frictionless inclined plane, the force would be the effort (Fe) exerted over the distance up the plane. ([image: \scriptsize W={{F}_{e}}L]). However, the gain in gravitational potential energy would still be the same ([image: \scriptsize {{E}_{p}}=mgh]).

  
    [image: ]
    Figure 3: Raising an object using an inclined plane

  

  Therefore:

  [image: \scriptsize \begin{align*}mgh&={{F}_{e}}L\\{{F}_{g}}h&={{F}_{e}}L\end{align*}]
 and the ideal mechanical advantage ([image: \scriptsize IMA]) can be expressed as [image: \scriptsize \displaystyle \frac{{{{F}_{e}}}}{{{{F}_{e}}}}\text{ or }\displaystyle \frac{L}{h}].

  As heights and lengths can be easily measured, the following formula is most commonly used to calculate the ideal mechanical advantage of an inclined plane:

  
    [image: \scriptsize IMA=\displaystyle \frac{L}{h}\text{ where: }L\text{ is the length of the plane and }h\text{ is the vertical height}]
  

  
    [image: ]
    Figure 4: Calculating mechanical advantage of an inclined plane

  

  In reality, there will always be some energy ‘lost’ in overcoming friction when objects are pushed over surfaces.

  
    
      
        [image: image]
      

      Example 1.1

    

    
      Calculate the ideal mechanical advantage of using a frictionless ramp of length [image: \scriptsize 4\text{ m}] to raise a box to a platform with a vertical height of [image: \scriptsize 2.5\text{ m}\text{.}]

      
        Solution
      

      Step 1: Write the formula

      
        [image: \scriptsize IMA=\displaystyle \frac{L}{h}]
      

      Step 2: Substitute the values and do the calculation

      
        [image: \scriptsize \displaystyle \frac{4}{{2.5}}=1.6]
      

      Note: there are no units for mechanical advantage.

    

  

  
    
      Note

    

    
      To consolidate your understanding, you can watch this video to see the mechanical advantage of an inclined plane when loading a box into the back of a van.

      
        Mechanical advantage of an inclined plane (Duration: 01:13) [image: Mechanical advantage of an inclined plane]


      

    

  

  Summary

  
    	An inclined plane is a simple machine that consists of a sloping surface connecting a lower elevation to a higher elevation. It is used to move objects more easily to the higher elevation.

    	Less force is needed to move an object uphill with an inclined plane, but the force must be applied over a greater distance.

    	The mechanical advantage of an inclined plane is always greater than [image: \scriptsize 1] because the machine puts out more force than the user puts into it.

    	The ideal mechanical advantage of a frictionless inclined plane can be calculated using the formula: [image: \scriptsize IMA=\displaystyle \frac{L}{h}].

  

  Unit 1: Assessment

  Suggested time to complete: 15 minutes

  
    	Explain how inclined planes act as simple machines.

    	The mechanical advantage of an inclined plane can be increased by: 	shortening the path of the incline
	enlarging the angle of the incline
	minimising the angle of the incline
	reducing the force used to move objects



    	Calculate the ideal mechanical advantage of using the following frictionless inclined planes: 	.
[image: ]
	.
[image: ]



    	Calculate the ideal mechanical advantage of using the following frictionless inclined planes: 	.
[image: ]
	.
[image: ]



    	What is the height of the platform illustrated below if the ideal mechanical advantage provided by the ramp is 6?
[image: ]

    	A learner pushes an object with a force of F from point A to point B, as shown in the figure below. If the friction between object and board is ignored, determine the mechanical advantage.
[image: ]

    	Name three situations in everyday life where inclined planes are used.

  

  The full solutions are at the end of the unit.

  Unit 1: Solutions

  Unit 1: Assessment

  
    	Inclined planes reduce the force required to move an object up to a higher level by increasing the distance over which the force acts.

    	C (minimising the angle of inclination)
.
 Here is an explanation:
.
 The equation of mechanical advantage of the inclined plane is as follows:
.
Mechanical advantage = length of inclined plane/height of the inclined plane	The mechanical advantage is directly proportional to the length of the inclined plane and therefore the mechanical advantage is enlarged if the length of the incline is enlarged.
	The mechanical advantage is inversely proportional to the height of the inclined plane; therefore, the mechanical advantage is minimised if the height of the inclined plane is enlarged and the mechanical advantage is enlarged if the height of the incline is reduced.
[image: ]
	 If the angle is minimised then the height of the inclined plane is reduced. The mechanical advantage is enlarged if the height of the inclined plane is reduced. Hence if the angle is minimised then the mechanical advantage is enlarged.
	If the angle is enlarged then the height of the inclined plane is enlarged. The mechanical advantage is minimised if the height of the inclined plane is enlarged. Hence if the angle is enlarged then the mechanical advantage is minimized.



    	
      .
      
        	
          [image: \scriptsize IMA=\displaystyle \frac{L}{h}=\displaystyle \frac{{12}}{5}=2.4]
        

        	
          [image: \scriptsize 50\text{ cm = 0}\text{.5 m}]
          

          [image: \scriptsize IMA=\displaystyle \frac{L}{h}=\displaystyle \frac{{1.5}}{{0.5}}=3]
        

      

    

    	
      .
      
        	Use Pythagoras to find [image: \scriptsize L]:
[image: \scriptsize \begin{align*}{{L}^{2}}&={{2}^{2}}+{{6}^{2}}\\L&=6.32\text{ m}\end{align*}]
[image: \scriptsize IMA=\displaystyle \frac{L}{h}=\displaystyle \frac{{6.32}}{2}=3.16]

        	Use Pythagoras to find [image: \scriptsize h]:
[image: \scriptsize \begin{align*}{{7}^{2}}&={{5}^{2}}+{{h}^{2}}\\h&=4.9\text{ m}\end{align*}]
[image: \scriptsize IMA=\displaystyle \frac{L}{h}=\displaystyle \frac{{4.9}}{2}=2.45]

      

    

    	
      .
      

      [image: \scriptsize \begin{align*}IMA&=\displaystyle \frac{L}{h}\\\text{ }6&=\displaystyle \frac{{10}}{h}\\\text{ }h&=\text{1}\text{.67 m}\end{align*}]
    

    	Height of inclined plane [image: \scriptsize =4-1=3\text{ m}]
 Length of horizontal plane [image: \scriptsize 4\text{ m}]
 Use Pythagoras to calculate length of the inclined plane:
[image: \scriptsize \begin{align*}{{L}^{2}}&={{3}^{2}}+{{4}^{2}}\\L&=5\text{ m}\end{align*}]
[image: \scriptsize IMA=\displaystyle \frac{L}{h}=\displaystyle \frac{5}{3}=1.67]

    	
      .
      
        	loading ramps

        	wheelchair ramps

        	stairs

        	escalators

        	inclined conveyor belts

        	ladders

        	roads to high elevations

        	or any other appropriate examples.

      

    

  

  
    Back to Unit 1: Assessment
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Unit 2: The mechanical advantage of screws
Leigh Kleynhans



  
  
    
      
        [image: image]
      

      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify and describe the mechanical advantage of screws and give examples.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Describe what a simple machine is.

  

   Introduction

  In this unit you will build on your knowledge of simple machines and forces to understand how a screw offers mechanical advantage. Once you understand the concept, you will be able to give examples of real-world applications in which screws help make work easier.

  A screw is a cylinder with a head (solid top) at one end and a pointed tip (like a nail) at the other end. More importantly, it has sloped ridges winding around it. The correct term for the ridges (or grooves) around the shaft or cylinder is the  thread. The distance between threads is constant but different screws can have different spacing sizes between the threads. The distance between threads is called the  pitch.

  Screws are useful for holding things together. They can pull or push an object together. They can be used to lift heavy items and tighten things.

  
    [image: ]
    Figure 1: The parts of a screw

  

  How a screw functions as a simple machine

  As a screw turns, the rotational movement is changed into a linear movement. It is easier to rotate the thread over a longer distance than to drive the screw vertically downwards.

  A screw is essentially a continuous inclined plane. A screw has a long incline wrapped around a shaft, so its mechanical advantage can be approached in the same way as that of an inclined plane.

  Inclined planes reduce the amount of effort force required by increasing the distance over which the force acts.

  The mechanical advantage of a screw depends on the space between the threads and the length (and thickness) of the screw. The closer the threads are, the greater the mechanical advantage. It is easier to drive a screw into an object if the thread spacing is smaller. It takes less effort but more turns (essentially a longer distance). If the spaces between the threads are wider, it is harder to drill a screw into an object. It takes more effort but fewer turns (shorter distance).

  
    
      Note

    

    
      Watch this video on how screws function as a simple machine.

      
        How screws function as a simple machine (Duration: 01:43) [image: How screws function as a simple machine]


      

    

  

  How screws are commonly used in real-world situations

  There are many applications for screws. Some applications are to hold items together and others are to lift or stretch objects.

  Screws used to hold things together

  The screw design can be used to secure, tighten, fasten or connect items. Look at some everyday examples in figure 2.

  
    [image: ]
    Figure 2: Examples of screws used to hold things together

  

  A bolt is a kind of screw but does not have a pointed tip. A bolt is not drilled into place, but rather, a hole is made for the bolt to go through. Then a nut is placed at the end to secure the bolt. Bolts are powerful tools used to hold things together.

  Screw top lids on jars and bottles are another example of how two things can be held together tightly using the principle of a screw as a simple machine. Less force is required to close or open the lid by unscrewing than if you tried to lift the lid off vertically.

  Light bulbs are fixed to electrical fittings by using the screw at the base of the bulb.

  Screws used to lift or stretch objects

  A corkscrew is used to lift a cork out of a bottle more easily. Guitars and violins are tuned by using a screw mechanism to tighten or loosen the strings. Some office chairs or stools use a screw mechanism to make them higher or lower.

  
    [image: ]
    Figure 3: Examples of screws used to lift and tighten

  

  
    
      
        [image: image]
      

      Activity 2.1: Make an Archimedes screw to lift cereal

    

    
      Suggested time: 30 minutes

      
        What you need:
      

      
        	internet access

      

      
        What to do:
      

      Watch this video on how to make an Archimedes screw.

      If you have access to the items listed in the video, try can make your own Archimedes screw by following the steps.

      
        How to make an Archimedes screw (Duration: 02:57) [image: How to make an Archimedes screw]


      

      
        What did you find?
      

      Much less effort is required to lift the cereal using the Archimedes screw. The Archimedes screw concept can be adapted to raise water from a low level to a high level for the irrigation of crops.

    

  

  Summary

  
    	A screw is a simple machine based on a continuous inclined plane.

    	The mechanical advantage of a screw depends on the pitch of the screw. The closer the threads of a screw, the greater the mechanical advantage.

    	Screws can reduce the force required to hold things together, lift things or stretch things.

    	There are many uses of screws in everyday life, such as screw top lids, clamps, bolts, corkscrews and swivel chairs.

  

  Unit 2: Assessment

  Suggested time to complete: 10 minutes

  
    	Describe how a screw functions as a simple machine.

    	What factors determine the mechanical advantage of a screw?

    	Explain how the space between the thread of a screw affects the mechanical advantage.

    	Give three examples of where screws are used to hold things together.

    	Give three examples of where screws are used in lifting or stretching.

  

  The full solutions are at the end of the unit.

  Unit 2: Solutions

  Unit 2: Assessment

  
    	The thread of a screw acts like a continuous inclined plane. This increases the distance over which the force acts and therefore reduces the amount of effort (force) required.

    	
      .
      
        	length of the screw

        	thickness of the screw

        	pitch of the screw (space between the thread)

      

    

    	The closer the threads are, the greater the mechanical advantage. This is because the spiral distance is longer, therefore less effort is required. If the spaces between the threads are wider, the spiral distance is shorter, so more effort is required. It is harder to drill in a screw with a wide pitch into an object.

    	screw top lids, nuts, bolts, clamps, lightbulbs

    	tuning strings on musical instruments, swivel chairs and stools, Archimedes water screw, spiral staircase, spiral ramps in multi-storey carparks

  

  
    Back to Unit 2: Assessment
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VI
Waves, sound and light: Describe, analyse and apply principles of longitudinal waves in everyday life


  
  
    
      
        [image: image]
      

      Subject outcome

    

    
      Subject outcome 3.1: Describe, analyse and apply principles of longitudinal waves in everyday life

    

  

  
    
      
        [image: image]
      

      Learning outcomes

    

    
      
        	Describe the production and propagation of longitudinal waves in various media.

        	Identify examples of longitudinal waves and differentiate between sound and radio waves.

        	Describe and calculate: 	wave speed
	wavelength
	frequency
	amplitude.



        	Differentiate between: 	intensity and loudness
	pitch and tone.



        	Describe interference and reflection in sound and give examples.

        	Identify and describe resonance in musical instruments and structures (building and bridges).

      

    

  

  
    
      
        [image: image]
      

      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify examples of longitudinal waves.

        	Describe the production and propagation of longitudinal waves in various media.

        	Describe and calculate: 	wave speed
	wavelength
	frequency
	amplitude.



        	Differentiate between sound and radio waves.

      

    

  

  
    
      
        [image: image]
      

      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Differentiate between: 	intensity and loudness
	pitch and tone.



        	Describe interference and reflection in sound and give examples.

      

    

  

  
    
      
        [image: image]
      

      Unit 3 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify and describe resonance in musical instruments and structures (building and bridges).

      

    

  

  






Unit 1: Longitudinal waves
Dylan Busa



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify examples of longitudinal waves.

        	Describe the production and propagation of longitudinal waves in various media.

        	Describe and calculate: 	wave speed
	wavelength
	frequency
	amplitude.



        	Differentiate between sound and radio waves.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Identify and describe vibration and oscillation as a periodic motion.

    	Define period, frequency and amplitude.

    	Define a wave and identify different examples.

    	Describe the nature of waves (a disturbance that travels and not the medium or energy that is carried or transferred.)

    	Distinguish between the two categories of waves, longitudinal and transverse, and identify examples.

    	Identify particle position on graphs showing displacement to illustrate difference between longitudinal and transverse waves.

    	Draw, label and interpret a displacement position graph of a simple harmonic wave showing wavelength and amplitude.

    	Calculate frequency, period and wave speed and wavelength of a transverse wave.

    	Describe the effect of medium on wave speed.

    	Distinguish between standing and moving waves

    	Identify and describe superposition in standing waves.

  

  Refer to level 2 subject outcomes 3.1 and 3.2 if you need help.

  Transverse wave recap

  Let’s start with a quick recap of transverse waves and their basic properties. Firstly, a wave is just a regular and repeated disturbance that takes place in a medium, resulting in a transfer of energy through the medium.

  Transverse waves are probably the kind of waves you think about first when you think of waves. They are the waves (or ripples) we see on the surface of water (see figure 1).

  
    
      [image: ]
    
    Figure 1: Waves on the surface of water

  

  In transverse waves the disturbance of the medium through which the wave travels is perpendicular (or at right-angles to) the direction of the wave itself. If the wave is moving horizontally (left to right as in figure 2), then the particles in the medium (the water droplets in water for example) move up and down.

  
    [image: ]
    Figure 2: Particle movement and wave movement of a transverse wave

  

  Figure 3 shows important properties of a transverse wave.

  
    [image: ]
    Figure 3: The properties of a transverse wave

  

  
    
      
        [image: image]
      

      Take note!

    

    
      
        	The rest position is the position where the particles of the medium would be if there was no disturbance and no wave.

        	The peak or crest is the highest point of displacement above the rest position.

        	The trough is the lowest point of displacement below the rest position. The distance of the trough from the rest position is the same distance as the peak from the rest position.

        	The amplitude is the height of the disturbance from the rest position. It is the distance of a peak or a trough from the rest position.

        	The wavelength is the distance between any two consecutive points on a wave that are in phase (for example, the distance between successive peaks or troughs).

      

      Light and radio waves are other examples of transverse waves. They can travel in a vacuum.

    

  

  We will look at the properties of longitudinal waves in more detail in the next sections.

  Longitudinal waves

  A sound wave is an example of a longitudinal wave.

  
    
      
        [image: image]
      

      Activity 1.1: ‘See’ a sound wave

    

    
      Time required: 10 minutes

      
        What you need:
      

      
        	a bowl

        	some plastic cling film

        	table salt

      

      
        What to do:
      

      
        	Pull the cling film over the top of the bowl so that it is very tight.

        	Pour a little salt onto the cling film and spread it around.

        	Now make a loud noise near the bowl. You can shout, clap your hands, bang on something or playing loud music. What happens to the salt?

        	Why do you think the sound affects the salt in this way?

      

      
        What did you find?
      

      When you make a loud noise near the salt, you should see it vibrating. The salt vibrates because the cling film is vibrating. The cling film vibrates because the sound wave transfers its energy to the cling film.

      The sound causes vibrations to travel through the air in the form of a longitudinal wave. This causes the air particles to vibrate backwards and forwards, passing the wave along. This causes the cling film to vibrate as it receives or ‘catches’ the sound wave. These vibrations make the salt vibrate as well.

    

  

  This experiment clearly shows why we sometimes call longitudinal waves pressure waves. The change in pressure of the air particles caused by the sound makes the cling film and, hence, the salt vibrate. We can use these vibrations to transmit sounds.

  
    
      
        [image: image]
      

      Activity 1.2: Tin can telephone

    

    
      Time required: 15 minutes

      
        What you need:
      

      
        	two tin cans or paper cups

        	a nail

        	a long piece of string (at least [image: \scriptsize 3\ \text{m}])

        	a friend to assist

      

      
        What to do:
      

      
        	Make a hole in the bottom of each of the tin cans or paper cups using the nail.

        	Push one end of the piece of string through the bottom of one cup. Tie a knot on the inside so that the string will not slip out. Do the same with the other end of the string in the other cup.

        	Take one of the cups and ask a friend to take the other one. Move apart from each other until the string is taut.

        	Put the cup to your ear while your friend talks into the other cup. What do you hear?

        	Now swop around and talk into your cup while your friend holds their cup to their ear. What happens?

      

      
        What did you find?
      

      When listening in your cup, you would have heard the sound of your friend’s voice coming from inside the cup. When they speak into their cup, the sound waves make vibrations. These vibrations travel through the air in the form of a longitudinal wave, causing the air particles to vibrate backwards and forwards. This causes the bottom of the cup to vibrate as well, and these vibrations then travel along the string. The string vibrations cause the bottom of your cup to vibrate which causes the air particles in your cup to vibrate. The pattern of these vibrations in your cup is the same as the patterns of vibrations in your friend’s cup and so you hear their voice.

    

  

  
    
      Note

    

    
      If you have an internet connection or were unable to do activity 1.2, watch the video called How to make a Paper Cup Phone.

      
        How to make a Paper Cup Phone (Duration: 02.06) [image: How to make a Paper Cup Phone]


      

    

  

  The same basic principle we discovered in activity 1.2 is behind how all speakers, big and small, work. In the case of a speaker, an electrical signal is used to make an electromagnet move in and out of a round permanent magnet. This in-and-out vibration is amplified by the speaker’s diaphragm, which makes the air particles vibrate which makes the sound that we hear.

  
    
      Note

    

    
      If you have an internet connection, watch the video called How do speakers work? to see a simple demonstration.

      
        How do speakers work (Duration: 03.44) [image: How do speakers work]


      

    

  

  The characteristics of longitudinal waves

  Longitudinal waves have many of the same properties as transverse waves. However, there are two important differences.

  The disturbance of the medium through which the wave travels is parallel to the direction of the wave itself not perpendicular as is the case for a transverse wave (left to right as in figure 4).

  Instead of peaks or troughs like a transverse wave, longitudinal waves have compressions (areas of high pressure) and rarefactions (areas of low pressure). For this reason, longitudinal waves cannot travel through a vacuum; they can only travel through a medium. This is why no one can hear you scream in space!

  
    [image: ]
    Figure 4: Particle movement and wave movement of a longitudinal wave

  

  
    [image: ]
    Figure 5: The properties of a longitudinal wave

  

  
    
      Note

    

    
      If you have an internet connection, watch this animation of the motion of a longitudinal wave.

      
        
          
            [image: animation]
          
        
      

    

  

  Like transverse waves, longitudinal waves also have a wavelength and an amplitude. As we will see in the next unit, these properties define what the sound wave sounds like to us.

  The wavelength of a longitudinal wave (denoted by [image: \scriptsize \lambda]) is the distance between two consecutive points that are in phase (see figure 6). We usually take these two points as two compressions or two rarefactions, but the wavelength can be measured between any two in phase points. When we say ‘in phase’ we mean that the points are located at the same position in the wave cycle and are therefore separated by whole number of wavelengths.

  
    
      Note

    

    
      [image: \scriptsize \lambda] is the Greek letter Lambda, and gives the ‘I’ sound.

    

  

  
    
      
        [image: image]
      

      Take note!

    

    
      The wavelength ([image: \scriptsize \lambda]) of a longitudinal wave is the distance between two consecutive points that are in phase. We usually measure wavelength in metres ([image: \scriptsize \text{m}])

    

  

  
    [image: ]
    Figure 6: The wavelength of a longitudinal wave

  

  The amplitude of a longitudinal wave is the maximum displacement from equilibrium. For a longitudinal wave, which is a pressure wave, this means the maximum increase (or decrease) in the pressure that the particles in the medium experience when a compression (or rarefaction) passes through it.

  
    
      
        [image: image]
      

      Take note!

    

    
      The amplitude of a longitudinal wave is a measure of the maximum increase (or decrease) in pressure from the equilibrium pressure of the medium.

    

  

  Like transverse waves, we can also measure the period of longitudinal waves. The period is the time it takes for one full wavelength to pass a fixed point or for one particle in the medium to complete a full vibration cycle. We use capital [image: \scriptsize T] as the symbol for period.

  The frequency of longitudinal waves is a count of the number of wavelengths that pass a given point per second. We use cursive [image: \scriptsize f] as the symbol for frequency

  
    
      
        [image: image]
      

      Take note!

    

    
      The period ([image: \scriptsize T]) of a wave is the time taken for one wavelength to pass a point.
 The frequency ([image: \scriptsize f]) of a wave is the number of wavelengths per second that pass a point.

    

  

  
    
      Note

    

    
      Period and frequency are closely related and can be confused. The frequency is how many times something happens in a given time. The period is how long it takes each of those things to happen. If you take three steps every second, then the frequency of your steps is three steps per second. However, to take three steps every second, each step must take one third of a second to complete. So, the period of one step is one third of a second.

    

  

  The period of a wave is the inverse of its frequency. If four full wavelengths of a wave pass a point in one second (i.e. the frequency of the wave is [image: \scriptsize 4\ \text{Hz}]), then each wave must take [image: \scriptsize \displaystyle \frac{1}{2}] of a second to pass a point (i.e. the period is [image: \scriptsize 0.25\ \text{s}]). We can relate period and frequency mathematically as follows:
[image: \scriptsize f=\displaystyle \frac{1}{T}] or [image: \scriptsize T=\displaystyle \frac{1}{f}]

  
    
      Did you know?

    

    
      The human ear can hear sound waves with a frequency of between about [image: \scriptsize 20\ \text{Hz}] and [image: \scriptsize 20\ \text{kHz}].

      Ultrasound is like audible sound except it cannot be heard by humans because it has a frequency greater the [image: \scriptsize 20\ \text{kHz}] (sometimes up to thousands of kHz or GHz).

      Infrasound, on the other hand, are sounds with a frequency too low for humans to hear.

    

  

  
    
      Note

    

    
      If you have an internet connection, watch the video called Transverse & Longitudinal Waves for a summary of the differences between transverse and longitudinal waves.

      
        Transverse & Longitudinal Waves (Duration: 02.56) [image: Transverse & Longitudinal Waves]


      

    

  

  Speed of a longitudinal wave

  If we know the wavelength of a wave and either it’s period or frequency, we can work out the speed at which the wave is travelling. The speed of a longitudinal wave is the distance travelled by one wave compression or rarefaction divided by the time taken to cover this distance. Therefore, the speed of a longitudinal wave is given by the formula [image: \scriptsize v=f.\lambda], where:
[image: \scriptsize v] is the speed of the wave, measured in metres per second ([image: \scriptsize \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}])
[image: \scriptsize f] is the frequency, measured in hertz ([image: \scriptsize \text{Hz}]) or ([image: \scriptsize {{\text{s}}^{{\text{-1}}}}])
[image: \scriptsize \lambda] is the wavelength of the wave, measured in metres ([image: \scriptsize \text{m}])

  
    
      
        [image: image]
      

      Example 1.1

    

    
      The musical note middle C has a frequency of [image: \scriptsize 256\ \text{Hz}] and a wavelength of [image: \scriptsize 131.87\ \text{cm}]. Calculate the speed at which the sound travels.

      
        Solution
      

      We need to calculate the speed. We are given two pieces of information – the frequency and the wavelength – and we know that [image: \scriptsize v=f.\lambda].

      Before calculating the speed, we need to make sure that the values are in the correct units. The frequency is already in hertz ([image: \scriptsize \text{Hz}]) but the wavelength is in centimetres ([image: \scriptsize \text{cm}]). We need to convert it into metres ([image: \scriptsize \text{m}]).

      
        [image: \scriptsize \displaystyle \displaystyle \frac{{131.87\ \text{cm}}}{{100}}=1.3187\ \text{m}]
      

      Now we can calculate the speed using the wave equation:
[image: \scriptsize \displaystyle \begin{align*}v & =f.\lambda \\\therefore v & =256\ \text{Hz}\times 1.3187\ \text{m}\\ & =337.5872\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\\ & =337.59\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\quad \text{Rounded to two decimal places}\end{align*}]

    

  

  
    
      
        [image: image]
      

      Example 1.2

    

    
      A longitudinal wave is formed on a slinky so that it travels along the slinky with a speed of [image: \scriptsize 15~\text{cm.s}^{-1}]. The distance between two consecutive rarefactions is [image: \scriptsize 0.1\ \text{m}]. What is the frequency of this wave?

      
        Solution
      

      In this case, we are asked to determine the frequency of the wave. We are given the speed of the wave and its wavelength (the distance between two consecutive rarefactions). We know that [image: \scriptsize v=f.\lambda] but we have to rearrange the equation to make [image: \scriptsize f] the subject.

      
        [image: \scriptsize f=\displaystyle \frac{v}{\lambda }]
      

      Before we use the wave equation, we need to make sure that they are in the correct units. The wavelength is already in metres ([image: \scriptsize \text{m}]). The speed is in centimetres per second ([image: \scriptsize \text{cm.s}^{-1}]). We need to convert it to metres per second ([image: \scriptsize \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]).

      
        [image: \scriptsize \displaystyle \frac{{15\ \text{cm}\text{.}{{\text{s}}^{{\text{-1}}}}}}{{100}}=0.15\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}]
      

      Now we can use the wave equation:
[image: \scriptsize \displaystyle \begin{align*}f&=\displaystyle \frac{v}{\lambda}\\\therefore f&=\displaystyle \frac{0.15\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}{{0.1\ \text{m}}}=1.5\ \text{Hz}\end{align*}]

    

  

  
    
      
        [image: image]
      

      Exercise 1.1

    

    
      
      
        	Give an example of a transverse wave, and of a longitudinal wave.

        	Draw a diagram of a longitudinal wave and label the following on your diagram: 	a compression
	a rarefaction
	the wavelength
	two points on the wave that are in phase with each other; use the letters A and B to label these points.



        	A longitudinal wave is formed on a slinky so that it travels along the slinky with a speed of [image: \scriptsize 30\ \text{cm.s}^{-1}]. The distance between three successive compressions is [image: \scriptsize 1.85\times {{10}^{{-2}}}\ \text{m}]. 	What is the wavelength of this wave?
	What is the frequency of the wave?
	What is the period of the wave?



        	Five full wavelengths of a wave that has a length of [image: \scriptsize 42\ \text{mm}] pass by a fixed point in a time of [image: \scriptsize 4.8\ \text{s}]. Calculate the following for this wave: 	the frequency
	the period
	the speed.



        	A longitudinal wave has a compression-to-compression distance of [image: \scriptsize 12\ \text{m}]. It takes the wave [image: \scriptsize 7\ \text{s}] to pass a point. 	What is the wavelength of the longitudinal wave?
	What is the speed of the wave?



        	A sound wave passes from the air into water. If sound travels faster in water, how will this affect the following characteristics of the wave: 	the period?
	the wavelength?



      

      The 
full solutions can be found at the end of the unit.
    

  

  Summary

  In this unit you have learnt the following:

  
    	The rest position is the position in a longitudinal wave where the particles of the medium would be if there was no disturbance and no wave.

    	A compression is a part of the longitudinal wave where the particles are closest together. In a compression, the particles are under the greatest pressure. This is why a longitudinal wave is sometimes called a pressure wave.

    	The rarefaction is the part of the longitudinal wave where the particles are furthest apart. In a rarefaction, the particles are under the least pressure.

    	The amplitude is the maximum increase (or decrease in pressure) that is caused when a compression (or rarefaction) passes a point.

    	The wavelength is the distance between any two consecutive points on a wave that are in phase (for example, any two successive compressions or any two successive rarefactions).

    	Longitudinal waves obey the basic wave equation [image: \scriptsize v=f\times \lambda].

  

  Unit 1: Assessment

  Suggested time to complete: 15 minutes

  
    	Which of the following can a longitudinal wave not travel through? 	solid
	liquid
	gas
	vacuum



    	Which of the following is not an example of a longitudinal wave: 	sound travelling in water
	the sound of a train in a train track
	ultrasound
	radio waves



    	A guitar produces a musical sound travelling at a speed of [image: \scriptsize 333\ \text{m}\text{m.s}^{-1}]. The frequency of the note is [image: \scriptsize 440\ \text{Hz}]. Calculate: 	the period of the note
	the wavelength of the note.



    	Two learners form a longitudinal wave on a [image: \scriptsize 2.5\ \text{m}] long slinky. The wave takes [image: \scriptsize \displaystyle 1.85\ \text{s}] to move from one end of the slinky to the other. They tie a piece of string to the slinky and observe that it moves a total distance of [image: \scriptsize 6.3\ \text{mm}] backwards and forwards. They also observe that the distance between four successive compressions is [image: \scriptsize 72\ \text{cm}]. 	Explain how they should move the slinky to create this wave.
	Find the speed of the wave.
	What is the wavelength of the wave?
	Work out the number of complete wavelengths that pass the piece of string in one second.
	Find the time that it takes for one complete wavelength to pass a fixed point.
	What is the amplitude of the wave?



    	A sound wave with a frequency of [image: \scriptsize 515\ \text{Hz}] travels [image: \scriptsize 2.37\ \text{km}] through the air in [image: \scriptsize 7.5\ \text{s}]. 	Calculate the speed of sound in air.
	Calculate the period of this sound wave.
	Calculate the distance between two successive rarefactions of the sound wave.



  

  The full solutions can be found at the end of the unit.

  Unit 1: Solutions

  Exercise 1.1

  
    	Transverse wave: light
 Longitudinal wave: sound

    	
      .
      

      [image: ]
    

    	
      .
      
        	The distance between three successive compressions is [image: \scriptsize 1.85\times {{10}^{{-2}}}\ \text{m}]. Therefore, the wavelength is [image: \scriptsize 1.85\times {{10}^{{-2}}}\ \text{m}] or [image: \scriptsize 0.0185\ \text{m}].

        	
          [image: \scriptsize v=30\ \text{cm.s}^{-1}=0.3\ \text{m.s}^{-1}]
          

          [image: \scriptsize \begin{align*}\lambda & =0.0185\ \text{m}\\v & =f\times \lambda \\\therefore f & =\displaystyle \frac{v}{\lambda }\\ & =\displaystyle \frac{{0.3}}{{0.0185}}\\ & =16.22\ \text{Hz}\end{align*}]
        

        	
          [image: \scriptsize T =\displaystyle \frac{1}{f}=\displaystyle \frac{1}{{16.22}}=0.062\ \text{s}]
        

      

    

    	
      .
      
        	[image: \scriptsize 5] waves pass in [image: \scriptsize 4.8\ \text{s}]. Therefore, [image: \scriptsize f=\displaystyle \frac{5}{{4.8\ \text{s}}}=1.042\ \text{Hz}].

        	
          [image: \scriptsize T =\displaystyle \frac{1}{f}=\displaystyle \frac{1}{{1.042\ \text{Hz}}}=0.96\ \text{s}]
        

        	
          [image: \scriptsize 42\ \text{mm=0}\text{.042}\ \text{m}]
          

          [image: \scriptsize \displaystyle \begin{align*}v & =f.\lambda \\\therefore v & =1.042\ \text{Hz}\times 0.042\ \text{m}\\ & =0.044\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\end{align*}]
        

      

    

    	A longitudinal wave has a compression-to-compression distance of [image: \scriptsize 12 \text{m}]. It takes the wave [image: \scriptsize 7 \text{s}] to pass a point. 	[image: \scriptsize \lambda =12\ \text{m}]
	[image: \scriptsize f=\displaystyle \frac{1}{7}=0.14\ \text{Hz}]
[image: \scriptsize \displaystyle \begin{align*}v & =f.\lambda \\\therefore v & =1.14\ \text{Hz}\times 12\ \text{m}\\ & =1.68\ \text{m.s}^{-1}\end{align*}]



    	We know that the frequency of a longitudinal wave is determined by the vibrations of the source of the wave. This means that the frequency of a wave does not change even if the speed changes. Because the period is the inverse of the frequency, the period of a wave will also not change. Since [image: \scriptsize v=f\times \lambda], if the speed of a wave changes then the wavelength of the wave must also change. 	The period, as the inverse of the frequency, does not change.
	[image: \scriptsize v=f\times \lambda]. If [image: \scriptsize f] does not change and the speed increases, this means the wavelength must decrease.



  

  
    Back to Exercise 1.1
  

  Unit 1: Assessment

  
    	A longitudinal wave cannot travel through a vacuum.

    	A radio wave is not a longitudinal wave

    	
      .
      
        	
          [image: \scriptsize T=\displaystyle \frac{1}{f}=\displaystyle \frac{1}{{400\ \text{Hz}}}=0.0025\ \text{s}]
        

        	
          .
          

          [image: \scriptsize \begin{align*} v & =f. \lambda\\ \therefore \lambda&=\displaystyle \frac{v}{f}\\ &=\displaystyle \frac{333\ \text{m.s}^{-1}}{44~\text{Hz}}\\ & =0.76~\text{m}\end{align*}]
        

      

    

    	
      .
      
        	To create a longitudinal wave, they would need to move their hands backwards and forwards in the same direction as the spring.

        	The wave takes [image: \scriptsize 1.85\ \text{s}] to travel [image: \scriptsize 2.5\ \text{m}].
[image: \scriptsize \text{speed}=\displaystyle \frac{{\text{distance}}}{{\text{time}}}=\displaystyle \frac{{2.5\ \text{m}}}{{1.85\ \text{s}}}=1.35\ \text{m.s}^{-1}]

        	The distance between four successive compressions is [image: \scriptsize 72\ \text{cm}]. Therefore, there are [image: \scriptsize \displaystyle \frac{{72\ \text{cm}}}{3}=24\ \text{cm}] between each compression. Therefore, the wavelength is [image: \scriptsize 24\ \text{cm}=0.24\ \text{m}].

        	
          .
          

          [image: \scriptsize \begin{align*}v & =f.\lambda \\\therefore f & =\displaystyle \frac{v}{\lambda }\\ & =\displaystyle \frac{1.35\ \text{m.s}^{-1}}{0.24\ \text{m}}\\ & =5.63\ \text{Hz}\end{align*}]
        

        	
          [image: \scriptsize T=\displaystyle \frac{1}{f}=\displaystyle \frac{1}{{5.63\ \text{Hz}}}=0.18\ \text{s}]
        

        	The amplitude is [image: \scriptsize 6.3\ \text{mm}=0.0063\ \text{m}]

      

    

    	A sound wave with a frequency of [image: \scriptsize 515 \text{Hz}] travels [image: \scriptsize 2.37 \text{km}] through air in [image: \scriptsize 7.5 \text{s}]. 	[image: \scriptsize 2.37\ \text{km}=2\ 370\ \text{m}]
[image: \scriptsize \text{speed}=\displaystyle \frac{{\text{distance}}}{{\text{time}}}=\displaystyle \frac{{2\ 370\ \text{m}}}{{7.5\ \text{s}}}=316\ \text{m.s}^{-1}]
	[image: \scriptsize T=\displaystyle \frac{1}{f}=\displaystyle \frac{1}{{515\ \text{Hz}}}=0.0019\ \text{s}]
	.
[image: \scriptsize \begin{align*}v & =f.\lambda\\ \therefore \lambda & =\displaystyle \frac{v}{f}\\ & =\displaystyle \frac{316\ \text{m.s}^{-1}}{515\ \text{Hz}}\\ & =0.61\ \text{m}\end{align*}]



  

  
    Back to Unit 1: Assessment
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Unit 2: Perception and applications of sound
Dylan Busa



  
  
    
      
        [image: image]
      

      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Differentiate between: 	intensity and loudness
	pitch and tone.



        	Describe interference and reflection in sound and give examples.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Identify examples of longitudinal waves.

    	Describe and calculate: 	wave speed
	wavelength
	frequency
	amplitude.



  

  Introduction

  As a foetus in our mothers’ wombs, sound is one of the first outside inputs we respond to. There is good evidence that by the time a baby is born, it knows the sound of its mother’s voice.

  
    
      [image: ]
    
    Figure 1: A 10-week-old foetus in the womb

  

  Humans are constantly surrounded by sound whether they consciously register it or not. Most people notice immediately when there is complete silence. Humans (like other animals) use sound to interpret the world around them. Human ears are quite remarkable at being able to pick up and register a huge range of sounds and can even immediately tell from what direction a sound comes by comparing the sound wave that arrives at each ear.

  As we learnt in the previous unit, sound is an example of a longitudinal wave. If the sound is loud enough, we can sometimes ‘feel’ it as our bodies register the change in air pressure caused by the pressure wave. Animals such as snakes and spiders do not have ears. They sense the vibrations caused by longitudinal waves that travel through the ground.

  In this unit we will build on our knowledge of the properties of sound as a longitudinal wave to understand how the perceptual qualities of sound (its volume and pitch) relate to the characteristics of the sound wave. You will also learn about some real-world applications of the behaviour of longitudinal waves.

  The anatomy of sound

  Sound is produced when something vibrates and creates a disturbance in the air. These pulses form a longitudinal wave that travels through the air to our ears (see figure 2).

  
    
      [image: ]
    
    Figure 2: Sound waves travel to the ear as a longitudinal or pressure wave

  

  The sound wave is captured and funnelled into the ear by the structures of the outer ear (see figure 3). The compressions and rarefactions cause the eardrum (the tympanic membrane) to vibrate, which, in turn, causes the tiny bones in the middle ear to vibrate. These vibrations are converted into nerve signals by the cochlea, which then travel to the brain where they are interpreted as the sounds.

  
    
      [image: ]
    
    Figure 3: The structure of the human ear

  

  
    
      Note

    

    
      If you have an internet connection watch the following excellent explanation of how we hear.

      
        The Ear (Duration: 04.09) [image: The Ear]


      

    

  

  Sound is richer and more complicated than we may first realise. It has three important characteristics – loudness (or volume), pitch and tone.

  Loudness and intensity

  Sounds can be at different volumes. As you lie in your bed at night, it might be quiet enough for you to hear the blood pumping in your ears. Other times, music may be so loud you cannot hear the person shouting next to you.

  The volume or loudness of a sound is a determined by the amplitude of the wave. The greater the amplitude, the greater the loudness we will perceive. However, as we get further away from a loud sound it sounds softer. Perceived loudness also differs for sounds of different frequencies. We need a better, more objective measure of loudness.

  This better measure is called the intensity of the sound. Intensity is defined as the power (in watts) per unit area ([image: \scriptsize \displaystyle \frac{\text{W}}{{{{\text{m}}^{\text{2}}}}}]). Remember, all waves transmit energy over a distance and sound is no different. The amount of energy in the wave is determined by the amplitude of the wave. We know that the amplitude of a longitudinal wave is the maximum deviation in pressure that particles in the medium experience from equilibrium. It makes sense then that the greater this deviation in pressure, the greater the energy that is transmitted by the wave.

  We measure intensity in decibels ([image: \scriptsize \text{dB}]). To help us compare the intensity of different sounds, we use the decibel scale. The decibel scale starts at zero – the threshold of hearing. The scale is not linear though. It is logarithmic. This means that a [image: \scriptsize 10\ \text{dB}] sound (like the rustle of leaves) is ten times louder and a [image: \scriptsize 20\ \text{dB}] whisper is ten times louder still.

  Have a look at the decibel scale in figure 4. It shows the intensities of different kinds of sounds and the threshold where our hearing can be permanently damaged. Remember that a dishwasher at [image: \scriptsize 60\ \text{dB}] is [image: \scriptsize 100] times louder than a quiet room at [image: \scriptsize 40\ \text{dB}].

  
    
      [image: ]
    
    Figure 4: The decibel level of several different sounds

  

  
    
      
        [image: image]
      

      Take note!

    

    
      Loudness refers to how loud or soft a sound seems to a listener. The loudness of sound is determined, in turn, by the intensity of the sound waves. Intensity is a measure of the amount of energy in sound waves and is measured in [image: \scriptsize \text{W/m}^{2}]. Measuring the intensity of sound this way is not very practical so the decibel intensity scale was developed which compares the intensity of different sounds relative to a reference value. The decibel scale is logarithmic which means that a sound intensity of [image: \scriptsize 10\ \text{dB}] is [image: \scriptsize 10] times lounder than a sound of [image: \scriptsize 0\ \text{dB}] (the quietest audible sound) but a sound of [image: \scriptsize 20\ \text{dB}] is [image: \scriptsize 100] times louder.

    

  

  The reason why the intensity of sound decreases the further away you are from the source is that the energy of the sound wave is spread over a greater and greater area (see figure 5) and so the energy per unit area falls.

  
    
      [image: ]
    
    Figure 5: Intensity decreases with increase in distance from the source

  

  Pitch and tone

  Some sounds have a high pitch, like a baby crying or the whine of a siren. Others have a low pitch, like the bass riff in your favourite song.

  The pitch of a sound is determined by the frequency of the sound wave. Higher-frequency sound waves are perceived as higher-pitched sounds.

  Humans can generally hear sounds between about [image: \scriptsize 20\ \text{Hz}] and [image: \scriptsize 20\ 000\ \text{Hz}]. Sounds with frequencies below [image: \scriptsize 20\ \text{Hz}] are called infrasound. Infrasound is too low-pitched for humans to hear. Sounds with frequencies above [image: \scriptsize 20\ 000\ \text{Hz}] are called ultrasound. Ultrasound is too high-pitched for humans to hear.

  
    
      Did you know?

    

    
      Some animals can hear sounds in the ultrasound range. For example, dogs can hear sounds with frequencies as high as [image: \scriptsize 50\ 000\ \text{Hz}]. Special dog whistles produce sounds with frequencies too high for the human ear to detect but that dogs hear just fine. Bats can hear even higher-frequency sounds – up to [image: \scriptsize 120\ 000\ \text{Hz}]! They use the echoes or reflections of these sound waves off objects to find their way around. This is called echolocation. Dolphins can hear sounds up to [image: \scriptsize 200\ 000\ \text{Hz}]!

    

  

  The tone of a sound can be described as the ‘quality’ of the sound. Tone is subjective. Some sounds are warm. Others are bright. Some are dark while others are shrill. This is why two instruments can play the very same note, but you will be able to hear the difference. Each type of instrument (and even each individual instrument) has its own tone. Tone results from the complex interplay of many different aspects of the object creating the sound including its size and shape, the material it is made from, how it is played and even the skill of the person playing it. Have you ever heard the tone made by someone learning to play the violin vs a maestro?! We will learn more about this in the next unit.

  Comparing sounds

  When we compare sounds, we often represent the longitudinal wave as a transverse wave where the compressions are represented by peaks and the rarefactions by troughs (see figure 6). This makes it easier to visualise.

  
    
      [image: ]
    
    Figure 6: How a sound wave (longitudinal) can be represented as a transverse wave

  

  Look at the following four representations of sounds. Which one represents the:

  
    	loudest sound?

    	sound with the highest pitch?

    	softest sound?

    	sound with the lowest pitch?

  

  Try and answer these for yourself before you read on.

  
    	
      .
      

      [image: ]
    

    	
      .
      

      [image: ]
    

    	
      .
      

      [image: ]
    

    	
      .
      

      [image: ]
    

  

  
    	Image 1 is the wave with the smallest frequency. Therefore, it represents the sound with the lowest pitch.

    	Image 2 is the wave with the highest frequency. Therefore, it represents the sound with the highest pitch.

    	Image 3 is the wave with the greatest amplitude. Therefore, it represents the loudest sound (or more accurately, the sound with the greatest intensity).

    	Image 4 is the wave with the smallest amplitude. Therefore, it represents the sound with the lowest intensity.

  

  
    
      
        [image: image]
      

      Example 2.1

    

    
      Study the following wave diagram representing a musical note.

      
        [image: ]
      

      Redraw the wave for a note:

      
        	with a higher pitch but the same loudness as the original sound

        	that is louder but with the same pitch as the original sound

        	that is softer but with the same pitch as the original sound.

      

      
        Solution
      

      
        	The original wave is the dashed line. A sound with a higher pitch will be the result of a sound wave with a higher frequency.
[image: ]

        	The original wave is the dashed line. A sound which is perceived as louder will be the result of a sound wave with a greater intensity and hence a greater amplitude.
[image: ]

        	The original wave is the dashed line. A sound which is perceived as softer will be the result of a sound wave with a lesser intensity and hence a smaller amplitude.
[image: ]

      

    

  

  
    
      
        [image: image]
      

      Exercise 2.1

    

    
      
      
        	Which word from column A best describes or explains the idea in column B?
	Column A 	Column B 
 	Longitudinal wave 	The pitch of a sound 
 	Amplitude 	The loudness of a sound 
 	Frequency 	Power per square metre 
 	Intensity 	 
 	Speed 	 
  


        	A drum, a tin can and a motor are all producing sounds. This is because they are all in a state of: 	rarefaction
	compression
	flux
	rotation
	tension
	vibration



        	If a drummer wanted to make his snare drum sound a slightly higher pitch, what would he need to do? 	Hit the drum softer.
	Hit the drum harder.
	Hit the drum with his finger rather than a drumstick.
	Tighten the velum (the drum skin)
	Loosen the velum (the drum skin)



        	What is the range of the average healthy human ear? 	[image: \scriptsize 0.2\ \text{Hz}\to 200\ \text{Hz}]
	[image: \scriptsize 2\ \text{Hz}\to 2\ 000\ \text{Hz}]
	[image: \scriptsize 20\ \text{Hz}\to 20\ 000\ \text{Hz}]
	[image: \scriptsize 200\ \text{Hz}\to 200\ 000\ \text{Hz}]
	[image: \scriptsize 2\ 000\ \text{Hz}\to 2\ 000\ 000\ \text{Hz}]



        	Study the following wave diagram representing a musical note:
[image: ]
 Redraw the wave for a note: 	with a lower pitch but with the same loudness
	that is louder and has a higher pitch.



      

      The 
full solutions can be found at the end of the unit.
    

  

  Reflection of sound waves

  Reflections and echoes

  An echo forms when a sound wave bounces off a large solid object such as a wall or the side of a mountain. This ‘bouncing off’ is called reflection and is the same thing that happens to light that reflects off a mirror. You learnt about wave reflections in level 2 subject outcome 3.1 unit 2. We will also look more closely at the physics of how waves reflect off surfaces in the next subject outcome.

  Sound waves are always reflecting off objects. This is why we can hear people that are in another room. The sound waves reflect off the walls, floor and ceiling to make it to our ears. We only hear reflections clearly as echoes when the sound is loud, the reflecting object is large and flat and there are few other objects in the way.

  By changing the shape of the walls of a room or hall or covering the walls with special materials of special shapes, acoustic engineers can either eliminate almost all sound reflections (see figure 7) or get the sound to reflect in such a way as to make the room ‘sound’ great (see figure 8).

  
    
      [image: ]
    
    Figure 7: The wall of a sound-proof recording studio

  

  
    
      [image: ]
    
    Figure 8: The walls of the Sydney Opera House are designed to bring out the best in the sound made on the stage

  

  Sonar and echolocation

  Some animals such as bats and dolphins use the reflection of sound waves off objects in the environment to create very accurate representations of the environment. This is called echolocation. The animal basically shouts out and then listens for the echo. The time it takes the echo to reach their ears and the way that the echo is different from the original sound wave are interpreted by the animal’s brain to help them ‘see’ what is around them.

  
    
      Note

    

    
      If you have an internet connection, watch the video called Echolocation, the Animal 6th Sense for a simple explanation of echolocation.

      
        Echolocation, the Animal 6th Sense (Duration: 04.34) [image: Echolocation, the Animal 6th Sense]


      

    

  

  It is not just animals that use echolocation and the reflection of sound waves. Humans have designed similar systems to ‘see’ things we cannot ordinarily see and to accurately measure the distances of far away objects.

  One technology that allows us to ‘see’ inside the human body, for example, is ultrasound. As the name suggests, this technology uses very high-frequency sound waves in the ultrasound range to create a picture of what is going on inside our bodies and other objects. Ultrasound is routinely used to check on the health of foetuses as they grow inside a mother’s uterus (see figure 9).

  
    
      [image: ]
    
    Figure 9: Ultrasound image of a human foetus

  

  Sometimes the energy of ultrasound can be focused and targeted to deliver energy to specific points for specific purposes such as breaking up kidney stones or cleaning delicate equipment.

  Another use of ultrasound is sonar. Sonar sends out ultrasound pulses and times the length of time it takes for the ‘echo’ to return. Using the time of this delay, the sonar machine can determine if there is an object in the environment and how far away it is. You may have seen simple sonar devices at work in some shops which use automatic doors. As you approach the door, the sound waves reflect off you telling the door that you are there and to open for you.

  
    
      
        [image: image]
      

      Activity 2.1: Measure the speed of sound in air

    

    
      Time required: 15 minutes

      
        What you need:
      

      
        	a large wall

        	a stopwatch

        	a tape measure or ruler

        	something to make a loud sound with

      

      
        What to do:
      

      
        	By using the reflection of sound, you can measure the speed of sound in the air. All you need is a large flat wall in an open space (like a hall) and a stopwatch.

        	Measure your distance from the large flat wall in metres. Make sure you are at least [image: \scriptsize 40\ \text{m}] away.

        	Get the stopwatch on your mobile phone ready. Make a loud noise by shouting or hitting something and at the exact same time start the stopwatch.

        	As soon as you hear the echo of the sound off the wall, stop the stopwatch. Record the length of time taken for the sound to return to you. Repeat this process at least ten times.

        	Find the average of all the times you recorded.

        	Using the fact that speed is equal to distance divided by time, calculate the speed at which the sound travelled.

        	Why is it easier to use the time of an echo to measure the speed of sound than just shouting at someone across a field.

        	Why is it necessary to repeat the experiment several times?

        	Why is it best to be as far away from the wall as possible?

      

      
        What did you find?
      

      The time it takes for you to hear the echo after you made the original sound will differ depending on the distance you stand from the wall. However, by using the formula [image: \scriptsize \text{speed}=\displaystyle \frac{{\text{distance}}}{{\text{time}}}] you should have found that the speed of sound in the air is approximately [image: \scriptsize 300-350\ \text{m.s}^{-1}] For example, if you were standing [image: \scriptsize 40\ \text{m}] from the wall, the total distance the sound would have to travel would be [image: \scriptsize 80\ \text{m}]. If it took [image: \scriptsize 0.23\ \text{s}] for you to hear the echo, this would mean that the speed of sound is:
[image: \scriptsize \text{speed}=\displaystyle \frac{{80\ \text{m}}}{{0.23\ \text{s}}}=347\ \text{m.s}^{-1}]

      It is best to use the return time of the echo for two reasons. Firstly, this doubles the distance that the sound needs to travel making it easier to start and stop the stopwatch in time. Secondly, it means that the same person can start and stop the stopwatch without the need to synchronise the watches of the person making the sound and the person hearing the sound.

      Whenever we do a science experiment, it is important to repeat the experiment several times. This ensures that the results are repeatable and that any once-off errors are worked out of the results.

      The further away from the wall you are, the longer it will take the echo to return to you making the starting and stopping of the watch a little easier and more accurate.

    

  

  
    
      
        [image: image]
      

      Example 2.2

    

    
      A ship uses sonar to send a signal to the bottom of the ocean to determine the depth of the ocean at that point. The speed of sound in sea water is [image: \scriptsize 1\ 450\ \text{m}\text{.}{{\text{s}}^{{-1}}}]. If the signal is received [image: \scriptsize 1\ 675\ \text{s}] later, how deep is the ocean at that point?

      
        Solution
      

      We know that [image: \scriptsize \text{speed}=\displaystyle \frac{{\text{distance}}}{{\text{time}}}]. Therefore, we can rearrange the equation to make distance the subject.

      
        [image: \scriptsize \begin{align*}\text{distance}&=\text{speed}\times \text{time}\\&=\text{1}\ \text{450}\ \text{m.s}^{-1}\times 1.675\ \text{s}\\&=\text{2}\ \text{428}\text{.75}\ \text{m}\end{align*}]
      

    

  

  Summary

  In this unit you have learnt the following:

  
    	The loudness of a sound is determined by the amplitude of the sound wave. The greater the amplitude, the greater the perceived loudness.

    	The objective ‘loudness’ of a sound wave is measured as intensity which is the energy of the sound wave per unit area.

    	The pitch of a sound is determined by the frequency of the sound wave. The higher the frequency, the higher the pitch.

  

  Unit 2: Assessment

  Suggested time to complete: 40 minutes

  
    	If the amplitude and frequency of a sound wave are both decreased, how is the loudness and pitch of the sound affected?

    	A dolphin emits an ultrasonic wave with a frequency of [image: \scriptsize 0.2\ \text{MHz}]. The speed of sound in sea water is [image: \scriptsize \displaystyle 1\ 500\ \text{m}\text{.}{{\text{s}}^{{-1}}}]. What is the wavelength of this wave?

    	A farmer shouts to someone at the other end of a field [image: \scriptsize 135\ \text{m}] away. If the speed of sound is [image: \scriptsize 344\ \text{m}\text{.}{{\text{s}}^{{-1}}}], how long does it take the sound to reach the other person?

    	A sonar pulse reflects off an object and returns to the source in [image: \scriptsize 0.525\ \text{s}]. If the speed of sound is [image: \scriptsize 344\ \text{m}\text{.}{{\text{s}}^{{-1}}}], how far away is the object?

    	A learner stands between two cliff faces at point [image: \scriptsize D] as shown in the diagram. She stands facing the nearer cliff and claps her hands once. If the speed of sound in air is about [image: \scriptsize 344\ \text{m}\text{.}{{\text{s}}^{{-1}}}], what will be the time between the two echoes she will hear?
[image: ]

    	A mosquito beats its wings [image: \scriptsize 600] times a second. Assuming the sound travels at [image: \scriptsize 344\ \text{m}\text{.}{{\text{s}}^{{-1}}}], calculate the frequency and wavelength of the sound.

    	If people can detect frequencies up to [image: \scriptsize 20\ 000\ \text{Hz}] and the speed of sound in water is [image: \scriptsize 1\ 500\ \text{m}\text{.}{{\text{s}}^{{-1}}}], what is the wavelength of the sound at the limits of audible hearing in water.

  

  The full solutions can be found at the end of the unit.

  Unit 2: Solutions

  Exercise 2.1

  
    	The pitch of a sound is the result of the frequency of the sound wave.
 The loudness of a sound is the result of the intensity of the sound wave.
 The power per square metre transmitted by the sound wave is the result of the amplitude of the sound wave.

    	The correct answer is vibration. Objects which vibrate make sounds. As they vibrate, they cause the air molecules to vibrate which creates a sound wave. The vibrations of the air molecules are captured by our ears and interpreted by our brains as sounds.

    	The correct answer is to tighten the velum (the drum skin). By tightening the velum, it will vibrate at a higher frequency, creating a sound with a higher pitch.

    	The correct answer is [image: \scriptsize 20\ \text{Hz}\to 20\ 000\ \text{Hz}].

    	
      .
      
        	A lower pitch is the result of a sound with a lower frequency. The dotted line is the original wave.
[image: ]

        	A higher pitch is the result of a sound with a higher frequency. A louder sound is the result of a greater amplitude. The dotted line is the original wave.
[image: ]

      

    

  

  
    Back to Exercise 2.1
  

  Unit 2: Assessment

  
    	If the amplitude is decreased, the intensity and hence the loudness of the sound will decrease. If the frequency is decreased, the pitch will decrease.

    	
      .
      

      [image: \scriptsize \begin{align*}v & =f\times \lambda \\\therefore \lambda & =\displaystyle \frac{v}{f}=\displaystyle \frac{{1\ 500\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}{{200\ 000\ \text{Hz}}}=0.0075\ \text{m}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \begin{align*}\text{speed}&=\displaystyle \frac{{\text{distance}}}{{\text{time}}}\\\therefore \text{time}&=\displaystyle \frac{{\text{distance}}}{{\text{speed}}}=\displaystyle \frac{{135\ \text{m}}}{{344\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}=0.39\ \text{s}\end{align*}]
    

    	.
[image: \scriptsize \begin{align*}\text{velocity} & =\displaystyle \frac{{\text{displacement}}}{{\text{time}}}\\\therefore \text{displacement} & =\text{velocity}\times \text{time}=344\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}\times 0.525\ \text{s}=186.38\ \text{m}\end{align*}]
Note: It is best to use the vector quantities of velocity and displacement rather than speed and distance.

    	Echo off the cliff in front:
[image: \scriptsize \begin{align*}\text{velocity}&=\displaystyle \frac{{\text{displacement}}}{{\text{time}}}\\\therefore \text{time}&=\displaystyle \frac{{\text{displacement}}}{{\text{velocity}}}=\displaystyle \frac{{220\ \text{m}}}{{344\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}=0.64\ \text{s}\end{align*}]
 Echo off the cliff behind:
[image: \scriptsize \begin{align*}\text{velocity}&=\displaystyle \frac{{\text{displacement}}}{{\text{time}}}\\\therefore \text{time}&=\displaystyle \frac{{\text{displacement}}}{{\text{velocity}}}=\displaystyle \frac{{380\ \text{m}}}{{344\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}=1.105\ \text{s}\end{align*}]
 Time difference: [image: \scriptsize 1.105\ \text{s}-0.64\ \text{s}=0.465\ \text{s}]

    	The frequency has been given: [image: \scriptsize f=600\ \text{Hz}].
[image: \scriptsize \begin{align*}v & =f\times \lambda \\\therefore \lambda & =\displaystyle \frac{v}{f}=\displaystyle \frac{344\ \text{m.s}^{-1}}{600\ \text{Hz}}=0.573\ \text{m}\end{align*}]

    	
      .
      

      [image: \scriptsize \begin{align*}v & =f\times \lambda \\\therefore \lambda & =\displaystyle \frac{v}{f}=\displaystyle \frac{1\ 500\ \text{m.s}^{-1}}{20\ 000\ \text{Hz}}=0.075\ \text{m}\end{align*}]
    

  

  
    Back to Unit 2: Assessment
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Unit 3: Resonance
Dylan Busa



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify and describe resonance in musical instruments and structures (building and bridges).

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Describe and calculate: 	wave speed
	wavelength
	frequency
	amplitude.



    	Distinguish between standing and moving waves.

    	Identify and describe superposition in standing waves.

  

  Introduction

  In level 2 subject outcome 3.1 unit 4 we learnt about standing waves and resonance and the importance of these concepts in acoustics, architecture and the large structures such as buildings and bridges.

  In this unit, we are going to dive a little deeper into these topics and their real-world applications. We will see how these concepts explain why different instruments, playing the same note, still sound different; why some bridges sway badly in the wind; and why modern skyscrapers are far more stable than they might appear even in high winds or during earthquakes.

  Resonance revision: Interference and standing waves

  From level 2 subject outcome 3.1 unit 4 we know that a standing wave is a perceived wave pattern that results from the interaction of two travelling waves moving in opposite directions in a medium (like a guitar string or a column of air). A standing wave is so called because it appears to stand still.

  Remember, the interaction of two or more waves in the same location is called superposition. When the amplitudes of superimposed waves combine, constructive interference occurs. This happens when two positive or two negative disturbances combine, resulting in a bigger amplitude than either of the two individual amplitudes (see figure 1).

  
    [image: ]
    Figure 1: Superposition of two waves causing constructive interference

  

  Destructive interferences occurs when a positive and a negative disturbance combine, resulting in a smaller amplitude than that of the bigger of the two original amplitudes (see figure 2).

  
    [image: ]
    Figure 2: Superposition of two waves causing destructive interference

  

  A point of perfect destructive interference in a standing wave is called a node. A node represents a point of zero amplitude on a standing wave. A point of perfect constructive interference in a standing wave is called an antinode. An antinode represents a point of maximum amplitude on a standing wave (see figure 3).

  
    [image: ]
    Figure 3: Nodes and antinodes on a standing wave

  

  
    
      Note

    

    
      If you have an internet connection, have a look at a standing wave on a string simulation.

      
        
          
            [image: standing wave on a string simulation]
          
        
      

      This is an example of a standing wave produced on a string as the waves moving in opposite directions along the string interfere constructively and destructively creating nodes and antinodes.

    

  

  Figure 4 shows an image taken from the standing wave simulation. It is important to note that, because of the constructive interference at the antinode, the amplitude of the standing wave is twice as great as the amplitude of either of the individual waves. When standing waves are produced, the energy of the whole system is increased.

  
    
      [image: ]
    
    Figure 4: The amplitude of the resulting standing wave is twice the amplitude of the other waves

  

  Now you can see that a standing wave forming on a string of a certain length depends entirely on the wavelength of the wave traveling along that string (and hence its frequency). If the wavelength is too short or too long (or the frequency is too high or too low), the interference of the waves travelling in opposite directions along the string will not be such as to let the peaks and troughs line up just right to create a standing wave.

  In figure 3, you can see that a standing wave will form if the wavelength of the wave is exactly double the length of the string. In figure 5 and figure 6 you can see that a standing wave will also form if the wavelength of the wave is exactly the same as the length of the string (figure 5) or exactly two-thirds the length of the string (figure 6).

  
    [image: ]
    Figure 5: Standing wave pattern for a wave with a wavelength equal to the length of the string

  

  
    [image: ]
    Figure 6: Standing wave pattern for a wave with a wavelength two thirds the length of the string

  

  The standing wave equation

  In level 2 subject outcome 3.1 unit 4, we discovered that the relationship between the length of the string and the wavelength of waves that result in standing waves is [image: \scriptsize \displaystyle L=\displaystyle \frac{{n{{\lambda }_{n}}}}{2}], where [image: \scriptsize \displaystyle L] is the length of the string, [image: \scriptsize \displaystyle n] is any natural number and [image: \scriptsize \displaystyle {{\lambda }_{n}}] is the wavelength of the wave creating the [image: \scriptsize {{n}^{{th}}}] kind of standing wave.

  We call the different standing wave patterns harmonics. Figure 7 shows the first or fundamental harmonic, the second harmonic, and the third harmonic.

  
    [image: ]
    Figure 7: The first, second and third harmonics

  

  We can rewrite the equation in terms of the wavelength of the wave that results in a harmonic standing wave pattern as [image: \scriptsize {{\lambda }_{n}}=\displaystyle \frac{{2L}}{n}].

  
    
      Note

    

    
      Go back to the standing wave simulation and click the ‘n=2’, ‘n=3’, ‘n=4’, ‘n=5’ and ‘n=6’ buttons at the bottom to see what the second, third, fourth, fifth and sixth harmonics look like. Notice how the frequency of the first harmonic wave is lower than the frequency of the fifth harmonic, but that the wavelength of the first harmonic standing wave is bigger.

    

  

  An object vibrating at one (or more) of its harmonics is said to be resonating. This phenomenon is called resonance. Every material has a natural frequency at which it will vibrate, called its resonant frequency. When a material resonates, its natural vibration is amplified because of the standing wave patterns created through constructive interference, which increases the amplitude of the waves travelling through the object (the medium).

  This is what happens when you pluck a guitar string. The string naturally vibrates at one or more of its resonant frequencies (those frequencies that result from waves of just the right wavelength to cause standing wave patterns to form on the string). As you shorten the sting by placing your finger at various positions on the fretboard (see figure 8), you change the length of the string, hence the wavelength of the waves that result in resonance and hence the frequency of these waves. In other words, you change the pitch of the sound produced.

  
    
      [image: ]
    
    Figure 8: Fingers on a guitar fretboard changing the length of the string

  

  Now, think of a bridge across a river. A bridge is similar to a guitar string fixed at both ends. If a wind blows or there is an earthquake that causes the bridge to vibrate at just the right frequency (its resonant frequency), a standing wave will appear across the bridge amplifying the inputs that got the bridge vibrating in the first place. As the amplitude increases, the energy of the wave increases until the bridge can no longer handle the forces, and so collapses. This is partly what happened to the Tacoma bridge in 1940.

  
    
      Did you know?

    

    
      The famous Tacoma Bridge collapse was not purely the result of wind causing the bridge to vibrate at its resonant frequency. Vortices of wind catching the bridge from the side and causing it to sway back and forth were actually the more immediate cause of its failure.

      
        Tacoma Bridge Collapse (Duration: 00.45) [image: Tacoma Bridge Collapse]


      

    

  

  
    
      Note

    

    
      The same phenomenon explains why certain frequencies of sound can cause wine glasses to shatter. If you have an internet connection, watch the video called “How I broke a wine glass with my VOICE (using science!)” to see the principle of resonance and resonant frequency in action and hear a really good explanation for what is going on.

      
        How I broke a wine glass with my VOICE (using science!) (Duration: 10:30) [image: Multiplying binomials]


      

    

  

  
    
      Note

    

    
      Before moving on, if you have an internet connection, watch the video called “Standing waves on strings” for a more detailed explanation of what we have covered so far.

      
        Standing waves on strings (Duration: 13:24) [image: Standing waves on strings]


      

    

  

  Resonance in tubes

  We saw in the section on standing waves in strings that a resonant system, like a guitar string, always has nodes on both ends because the string is fixed at both ends. By definition, if it is fixed at these points, it cannot vibrate at these points.

  But systems like those created by guitar strings are not the only kinds of systems that can experience resonance. Two other types of systems can experience resonance. These are tubes that are open at both ends and tubes that are open at one end. A flute is an example of a tube open at both ends (an open tube). A clarinet or an empty bottle is an example of a tube open at only one end (a closed tube).

  Resonance in open tubes

  Open-tube systems, as we will see, can be thought of as the ‘inverse’ of string systems. Like string systems, waves with particular wavelengths (relative to the length of the tube or column of air) will cause standing wave patterns to occur inside the column of air and, hence, resonance.

  
    
      
        [image: image]
      

      Activity 3.1: Investigate resonance in open tubes

    

    
      Time required: 20 minutes

      
        What you need:
      

      
        	an internet connection

        	a pen or pencil

        	a blank piece of paper

      

      
        What to do:
      

      
        	Open the ‘Harmonics of open pipe’ simulation.[image: Harmonics of open pipe]
.
 Here you will find an open tube system with two sliders – one for the harmonic number and another for the length of the tube. With Harmonic = 1, identify the location of and count the number of nodes and antinodes.

        	Change the number of the harmonic to 2, 3, 4, 5 and 6, each time locating and counting the number of nodes and antinodes. Are nodes or antinodes always created at the ends of the tube? How does this compare to the string system?

        	Now create a table like the one below to record the wavelength of the resulting standing waves for each harmonic as well as the number of nodes.
	Harmonic 	Number of nodes 	Wavelength of standing wave 
 	1 	 	 
 	2 	 	 
 	3 	 	 
 	4 	 	 
 	5 	 	 
 	6 	 	 
  


        	Using the data, determine an equation that relates the wavelength of the standing wave for each harmonic to the length of the tube for each harmonic. Change the length of the open tube to [image: \scriptsize 2\ \text{m}] to make sure your equation is correct. How does this equation relate to the one for the standing wave wavelength equation for a string?

        	Set the harmonic to 1. What is the frequency of the standing wave when the open tube is [image: \scriptsize 4\ \text{m}] long? What is its frequency when the tube is [image: \scriptsize 3\ \text{m}] long? If this were a musical instrument, what change would you hear when you changed the length of the open tube from [image: \scriptsize 4\ \text{m}] to [image: \scriptsize 3\ \text{m}]?

        	Look back at the standing wave on a string simulation or figures 3, 5 and 6 and describe the difference between the pattern of nodes and antinodes of the different harmonics on a string and in an open tube.

      

      
        What did you find?
      

      
        	The first harmonic is a standing wave pattern with two antinodes and one node. The antinodes are at each end of the tube and the node is in the centre.
.
[image: ]

        	The following table shows a summary of the second to sixth harmonics.
	Harmonic  	Number of nodes 	Number of antinodes 	Nodes and antinodes 
 	2 	2 	3 	[image: ] 
 	3 	3 	4 	[image: ] 
 	4 	4 	5 	[image: ] 
 	5 	5 	6 	[image: ] 
 	6 	6 	7 	[image: ] 
  
Antinodes are always created at the ends of the tube. This is the opposite of string systems, where nodes are always created at the ends.


        	The table below shows the wavelengths of the resulting standing waves for each harmonic and the corresponding number of nodes present.
	Harmonic 	Number of nodes 	Wavelength of standing wave 
 	1 	1 	[image: \scriptsize 8\ \text{m}] 
 	2 	2 	[image: \scriptsize 4\ \text{m}] 
 	3 	3 	[image: \scriptsize 2.67\ \text{m}] 
 	4 	4 	[image: \scriptsize 2\ \text{m}] 
 	5 	5 	[image: \scriptsize 1.6\ \text{m}] 
 	6 	6 	[image: \scriptsize 1.33\ \text{m}] 
  


        	The equation relating the wavelength of the standing wave for the different harmonics for an open tube of length [image: \scriptsize L] is [image: \scriptsize {{\lambda }_{n}}=\displaystyle \frac{{2L}}{n}]where [image: \scriptsize n] is the harmonic number. This is the same equation as that for a string.

        	The frequency of the first harmonic for a tube [image: \scriptsize L=4\ \text{m}] is [image: \scriptsize 42.5\ \text{Hz}]. The frequency of the first harmonic for a tube [image: \scriptsize L=3\ \text{m}] is [image: \scriptsize 56.67\ \text{Hz}]. Because the frequency of the first harmonic for the [image: \scriptsize 3\ \text{m}] tube is higher than for the [image: \scriptsize 4\ \text{m}] tube, a note with a higher pitch would be heard.

        	Remember, the standing wave pattern of nodes and antinodes for an open tube is the exact inverse of that for a string. Where there are nodes on the string, there are antinodes in the open tube and vice versa.

      

    

  

  We have seen from activity 3.1 that the resonance and harmonics of an open tube are very similar to those of a string. Where a string is fixed at both ends, an open tube is open at both ends. The pattern of nodes and antinodes for each harmonic on a string is the inverse of that in an open tube. However, the equation relating the wavelength of the standing wave to the harmonic number in each system is exactly the same.

  Sometimes people refer to the harmonics of a system as overtones. In simple terms, the first overtone is the second harmonic, the third overtone is the fourth harmonic, and so on.

  
    
      
        [image: image]
      

      Take note!

    

    
      [image: \scriptsize {{\lambda }_{n}}=\displaystyle \frac{{2L}}{n}] for [image: \scriptsize n=1,2,3,\ldots] relates the wavelength of the standing waves in an open tube to the length of the tube.

      This is the same equation that relates the wavelengths of the standing waves on a string to the length of the string.

    

  

  
    
      
        [image: image]
      

      Example 3.1

    

    
      Find the length of an open tube that has a fundamental frequency of [image: \scriptsize 128\ \text{Hz}]. What is the frequency of the fifth harmonic? Assume that the speed of sound in air is [image: \scriptsize 344\ \text{m}\text{.}{{\text{s}}^{{-1}}}].

      
        Solution
      

      We know that the length of an open tube is related to the wavelength of the harmonics (the wavelengths of the different resonant frequencies) by [image: \scriptsize {{\lambda }_{n}}=\displaystyle \frac{{2L}}{n}]. If we are interested in the fundamental frequency, we are interested in the first harmonic. In other words, [image: \scriptsize n=1].

      But first, we need to determine what the wavelength of the wave with a frequency of [image: \scriptsize 128\ \text{Hz}] is.
[image: \scriptsize \begin{align*}v & =f\times \lambda \\\therefore \lambda & =\displaystyle \frac{v}{f}=\displaystyle \frac{{344\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}{{128\ \text{Hz}}}=2.69\ \text{m}\end{align*}]
[image: \scriptsize n=1]
[image: \scriptsize \lambda =2.69\ \text{m}]
[image: \scriptsize \begin{align*}{{\lambda }_{1}} & =\displaystyle \frac{{2L}}{1}\\\therefore L & ={{\lambda }_{1}}\times \displaystyle \frac{1}{2}=2.69\ \text{m}\times \displaystyle \frac{1}{2}=1.34\ \text{m}\end{align*}]

      The length of the tube would need to be [image: \scriptsize 1.34\ \text{m}].

      To work out the frequency of the fifth harmonic, we need to let [image: \scriptsize n=5] for a tube of length [image: \scriptsize L=1.34\ \text{m}].
[image: \scriptsize \displaystyle \begin{align*}{{\lambda }_{5}} &=\displaystyle \frac{{2L}}{5}\\ & =\displaystyle \frac{{2\times 1.34\ \text{m}}}{5}=0.54\ \text{m}\end{align*}]

      We have the wavelength of the fifth harmonic. Now we can calculate its frequency.
[image: \scriptsize \begin{align*}v & =f\times \lambda \\\therefore f & =\displaystyle \frac{v}{\lambda }=\displaystyle \frac{{344\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}{{0.54\ \text{m}}}=637.04\ \text{Hz}\end{align*}]

    

  

  
    
      Note

    

    
      If you have an internet connection watch the video called Standing waves in open tubes for another explanation.

      
        Standing waves in open tubes (Duration: 14:18) [image: Standing waves in open tubes]


      

    

  

  Resonance in closed tubes

  Closed-tube systems are those which are closed at one end only. Like string systems and open tubes, waves with particular wavelengths (relative to the length of the tube or column of air) will cause standing wave patterns to occur inside the column of air contained inside a closed tube and, hence, resonance.

  Because a standing wave in a closed tube has a node at the closed end and an antinode at the open end, standing waves occur only at the odd harmonics (i.e. 1, 3, 5, 7, etc.).

  
    
      Note

    

    
      If you have an internet connection, watch Standing waves in closed tubes for an explanation as to why.

      
        Standing waves in closed tubes (Duration: 09.56) [image: Standing waves in closed tubes]


      

    

  

  
    
      
        [image: image]
      

      Activity 3.2: Investigate resonance in closed tubes

    

    
      Time required: 20 minutes

      
        What you need:
      

      
        	an Internet connection

        	a pen or pencil

        	a blank piece of paper

      

      
        What to do:
      

      
        	Open the ‘Harmonics of closed pipe’ simulation.[image: Harmonics of closed pipe]
.
 Here you will find a closed-tube system with two sliders – one for the number of nodes and another for the length of the tube.

        	With Number of nodes = 1, identify the location of and count the number of nodes and antinodes.

        	Change the number of nodes to 2, 3, 4, 5 and 6, each time locating and counting the number of nodes and antinodes. These correspond to harmonics 3, 5, 7, 9 and 11.

        	Now create a table like the one below to record the wavelength of the resulting standing waves for each harmonic as well as the number of nodes.
	Harmonic 	Number of nodes  	Wavelength of standing wave 
 	1 	 	 
 	3 	 	 
 	5 	 	 
 	7 	 	 
 	9 	 	 
 	11 	 	 
  


        	Using the data, determine an equation that relates the wavelength of the standing wave for each harmonic to the length of the tube for each harmonic. Change the length of the open tube to [image: \scriptsize 2\ \text{m}] to make sure your equation is correct. How does this equation relate to the one for the standing wave wavelength equation for a string?

        	Set the number of nodes to 1. What is the frequency of the standing wave when the closed tube is [image: \scriptsize 4\ \text{m}] long? What is its frequency when the tube is [image: \scriptsize 3\ \text{m}] long? If this were a musical instrument, what change would you hear when you changed the length of the open tube from [image: \scriptsize 4\ \text{m}] to [image: \scriptsize 3\ \text{m}]?

      

      
        What did you find?
      

      
        	The first harmonic is a standing wave pattern with one antinode and one node.
.
[image: ]

        	The table below shows a summary of the second to sixth harmonics.
	Harmonic 	Number of nodes  	Wavelength of standing wave 
 	3 	2 	2 
 	5 	3 	3 
 	7 	4 	4 
 	9 	5 	5 
 	11 	6 	6 
  


        	The table below shows the wavelengths of the resulting standing waves for each harmonic and the corresponding number of nodes present.
	Harmonic 	Number of nodes  	Wavelength of standing wave 
 	1 	1 	[image: \scriptsize 16\ \text{m}] 
 	3 	2 	[image: \scriptsize 5.33\ \text{m}] 
 	5 	3 	[image: \scriptsize 3.2\ \text{m}] 
 	7 	4 	[image: \scriptsize 2.29\ \text{m}] 
 	9 	5 	[image: \scriptsize 1.78\ \text{m}] 
 	11 	6 	[image: \scriptsize 1.45\ \text{m}] 
  


        	The equation relating the wavelength of the standing wave for the different harmonics for an open tube of length [image: \scriptsize L]is [image: \scriptsize {{\lambda }_{n}}=\displaystyle \frac{{4L}}{n}]where [image: \scriptsize n] is the harmonic number. This is the same equation as that for a string.

        	The frequency of the first harmonic for a tube [image: \scriptsize L=4\ \text{m}] is [image: \scriptsize 21.25\ \text{Hz}]. The frequency for the first harmonic for a tube [image: \scriptsize L=3\ \text{m}] is [image: \scriptsize 56.67\ \text{Hz}]. Because the frequency of the first harmonic for the [image: \scriptsize 3\ \text{m}] tube is higher than for the [image: \scriptsize 4\ \text{m}] tube, a note with a higher pitch would be heard.

      

    

  

  Activity 3.2 showed us three important things:

  
    	Closed tubes can also experience resonance and have different wavelengths of waves that cause standing waves.

    	Closed tubes have only odd harmonics.

    	The equation relating the wavelength of the standing wave to the length of the tube is [image: \scriptsize {{\lambda }_{n}}=\displaystyle \frac{{4L}}{n}] for [image: \scriptsize n=1,3,5,\ldots], which is different from that of open tubes and strings ([image: \scriptsize {{\lambda }_{n}}=\displaystyle \frac{{2L}}{n}] for [image: \scriptsize n=1,2,3,\ldots]).

  

  
    
      
        [image: image]
      

      Take note!

    

    
      [image: \scriptsize {{\lambda }_{n}}=\displaystyle \frac{{4L}}{n}] for [image: \scriptsize n=1,3,5,\ldots] relates the wavelength of the standing waves in a closed tube to the length of the tube. Remember only odd harmonics are allowed.

    

  

  
    
      
        [image: image]
      

      Example 3.2

    

    
      A closed tube has a length of [image: \scriptsize 32\ \text{cm}]. What is the frequency of the fifth harmonic? Assume that the speed of sound in air is [image: \scriptsize 344\ \text{m}\text{.}{{\text{s}}^{{-1}}}].

      
        Solution
      

      In order to find the frequency of the fifth harmonic, we need to find its wavelength. We have an equation that relates the wavelength of the harmonics with the length of a closed tube. This is [image: \scriptsize {{\lambda }_{n}}=\displaystyle \frac{{4L}}{n}] for [image: \scriptsize n=1,3,5,\ldots]. In our case [image: \scriptsize n=5] and [image: \scriptsize L=0.32\ \text{m}].

      
        [image: \scriptsize \begin{align*}{{\lambda }_{n}} & =\displaystyle \frac{{4L}}{n}\\\therefore {{\lambda }_{5}} & =\displaystyle \frac{{4\times 0.32\ \text{m}}}{5}=0.256\ \text{m}=25.6\ \text{cm}\end{align*}]
      

      
        [image: \scriptsize \begin{align*}v & =f\times \lambda \\\therefore f & =\displaystyle \frac{v}{\lambda }=\displaystyle \frac{344\ \text{m.s}^{-1}}{0.256\ \text{m}}=1\ 343.75\ \text{Hz}\end{align*}]
      

    

  

  Resonance in real life

  Resonance and harmonics are a big part of the reason that different instruments sound different. The A string of a bass produces a sound with a frequency of [image: \scriptsize 110\ \text{Hz}]. This is the first or fundamental harmonic. However, it also produces sound waves of frequencies related to all of the other possible harmonics.

  The second harmonic, for example, has a wavelength half the fundamental or first harmonic (see figure 9). Therefore, it has a frequency double the first harmonic of [image: \scriptsize 220\ \text{Hz}]. Remember that the speed of the wave does not change and that [image: \scriptsize v=f\times \lambda]. The second harmonic is said to be one octave higher than the first harmonic. The third harmonic is higher still but not another whole octave. Its wavelength is one third the first harmonic’s (see figure 9).

  
    
      [image: ]
    
    Figure 9: Relative wavelengths of the different harmonics

  

  It is the combination and interaction of these different harmonics that give a guitar its distinctive sound. The same note, played on a cello will also be dominated by the same first harmonic at [image: \scriptsize 110\ \text{Hz}], but a different combination of other harmonics with be produced and will interact to give the cello its own unique sound. Figure 10 illustrates how the combination of the different harmonics combine to produce a unique waveform for an instrument.

  
    
      [image: ]
    
    Figure 10: Different harmonics combine to produce a unique waveform for an instrument

  

  A guitar player produces notes of different frequencies (pitches) by changing the length of each string. The shorter the string, the higher the fundamental frequency or first harmonic that is produced and so the higher the note.

  Wind instruments such as flutes (open tubes) and clarinets (closed tubes) have keys that open and close the tube at different places. By manipulating these keys, the musician can change the length of the open or closed tube created inside the instrument. Once again, the shorter the tube, the higher the note that is produced.

  An understanding of resonance and the frequency of standing waves is also used when building skyscrapers. Skyscrapers, being fixed to the ground but not to the sky, behave like closed tubes. If an earthquake or wind causes the building to start vibrating at any of its resonant frequencies, this energy will get amplified and might cause the building to collapse.

  To stop this happening, engineers use tuned mass dampers. As the building starts to sway, big heavy masses (usually near the top of the building) start to move like a pendulum. But these systems are designed to have resonant frequencies very similar to the building’s. The result of this is that they remove energy from the building and, therefore, keep it from swaying too much.

  
    
      Note

    

    
      If you have an internet connection, watch the video called What is a Tuned Mass Damper? for an explanation of how these systems work.

      
        What is a Tuned Mass Damper? (Duration: 09.37) [image: What is a Tuned Mass Damper?]


      

    

  

  
    
      
        [image: image]
      

      Exercise 3.1

    

    
      
      
        	Why is the lowest note that can be played on a clarinet (a closed tube) lower note than what can be played on a flute (open tube) when both instruments are about the same length?

        	What length should a tube open at both ends have to produce a fundamental frequency of [image: \scriptsize 110\ \text{Hz}] on a day when the speed of sound is [image: \scriptsize 340\ \text{m}\text{.}{{\text{s}}^{{-1}}}]?

        	What are the first three overtones of a bassoon that has a fundamental frequency of [image: \scriptsize 90\ \text{Hz}]? It is open at both ends.

        	How long must a flute (an open tube) be in order to play middle C, which has a fundamental frequency of [image: \scriptsize 262\ \text{Hz}], on a day when the speed of sound in air is [image: \scriptsize 340\ \text{m}\text{.}{{\text{s}}^{{-1}}}]?

      

      The 
full solutions can be found at the end of the unit.
    

  

  Summary

  In this unit you have learnt the following:

  
    	Sound waves (longitudinal waves) interfere in the same way as transverse waves.

    	Sound waves (longitudinal waves) show the same resonance patterns and properties as transverse waves.

    	In air columns, the lowest resonant frequency is called the fundamental, whereas all higher resonant frequencies are called overtones. Collectively, they are called harmonics.

    	The resonant wavelengths of a tube closed at one end (a closed tube) are [image: \scriptsize {{\lambda }_{n}}=\displaystyle \frac{{4L}}{n}] where [image: \scriptsize n=1,3,5,\ldots] .

    	The resonant wavelengths of a tube open at both ends (an open tube) are [image: \scriptsize {{\lambda }_{n}}=\displaystyle \frac{{2L}}{n}] where [image: \scriptsize n=1,2,3,\ldots] .

  

  Unit 3: Assessment

  Suggested time to complete: 40 minutes

  
    	Is the wavelength of the fundamental standing wave in a tube open at both ends greater than, equal to, or less than the wavelength of the fundamental standing wave in a tube of the same length with only one open end?

    	What is the fundamental frequency of a [image: \scriptsize 0.672\ \text{m}] long tube, open at both ends, on a day when the speed of sound is [image: \scriptsize 344\ \text{m}\text{.}{{\text{s}}^{{-1}}}]? What is the frequency of its second harmonic?

    	If a wind instrument, such as a tuba, plays a note with a fundamental frequency of [image: \scriptsize 32\ \text{Hz}], what are the first three overtones? It is closed at one end.

    	What tube length does an oboe need to produce the note [image: \scriptsize G4] which has a fundamental frequency of [image: \scriptsize 392\ \text{Hz}] on a day when the speed of sound is [image: \scriptsize 343\ \text{m}\text{.}{{\text{s}}^{{-1}}}]? It is open at both ends.

    	What is the length of a tube that has a fundamental frequency of [image: \scriptsize \displaystyle 176\ \text{Hz}] and a first overtone of [image: \scriptsize 352\ \text{Hz}] if the speed of sound is [image: \scriptsize 342\ \text{m}\text{.}{{\text{s}}^{{-1}}}]?

  

  The full solutions can be found at the end of the unit.

  Unit 3: Solutions

  Exercise 3.1

  
    	Let the instruments play the lowest note possible (i.e. the note emitted when the tubes are made their longest). A flute is a tube with two open ends. Therefore, the wavelength of the fundamental standing wave ([image: \scriptsize n=1]) is [image: \scriptsize \lambda =2L]. A clarinet is open at one end and closed at the other end by the player’s lips and the reed. Therefore, the wavelength of the fundamental standing wave ([image: \scriptsize n=1]) is [image: \scriptsize \lambda =4L]. As the wavelength of the clarinet’s standing wave is longer, its frequency is lower.

    	
      .
      

      [image: \scriptsize \begin{align*}v & =f\times \lambda \\\therefore \lambda & =\displaystyle \frac{v}{f}=\displaystyle \frac{340\ \text{m.s}^{-1}}{110\ \text{Hz}}=3.09\ \text{m}\end{align*}]
      

      .
      

      [image: \scriptsize \begin{align*}{{\lambda }_{n}} & =\displaystyle \frac{{2L}}{n}\\\therefore {{\lambda }_{1}} & =2L\\\therefore L & =\displaystyle \frac{{3.09\ \text{m}}}{2}=1.55\ \text{m}\end{align*}]
    

    	The first three overtones are the second, third and fourth harmonics of an open tube.
[image: \scriptsize \displaystyle \begin{align*}{{\lambda }_{n}} & =\displaystyle \frac{{2L}}{n}\\\therefore {{\lambda }_{1}} & =2L\\{{\lambda }_{2}} & =\displaystyle \frac{{2L}}{2}=L\\{{\lambda }_{3}} & =\displaystyle \frac{{2L}}{3}=\displaystyle \frac{2}{3}L\\{{\lambda }_{4}} & =\displaystyle \frac{{2L}}{4}=\displaystyle \frac{1}{2}L\end{align*}]
.
[image: \scriptsize \begin{align*}v & =f\times \lambda \\\therefore f & =\displaystyle \frac{v}{\lambda }\\\therefore {{f}_{1}} & =\displaystyle \frac{v}{{2L}}=90\ \text{Hz}\\{{f}_{2}} & =2\times \left( {\displaystyle \frac{v}{{2L}}} \right)=2\times 90\ \text{Hz}=180\ \text{Hz}\\{{f}_{3}} & =3\times \left( {\displaystyle \frac{v}{{2L}}} \right)=3\times 90\ \text{Hz}=270\ \text{Hz}\\{{f}_{4}} & =4\times \left( {\displaystyle \frac{v}{{2L}}} \right)=4\times 90\ \text{Hz}=360\ \text{Hz}\end{align*}]

    	
      .
      

      [image: \scriptsize \begin{align*}v & =f\times \lambda \\\therefore \lambda & =\displaystyle \frac{v}{f}=\displaystyle \frac{340\ \text{m.s}^{-1}}{262\ \text{Hz}}=1.30\ \text{m}\end{align*}]
      

      .
      

      [image: \scriptsize \begin{align*}{{\lambda }_{n}} & =\displaystyle \frac{{2L}}{n}\\\therefore {{\lambda }_{1}} & =2L\\\therefore L & =\displaystyle \frac{{1.30\ \text{m}}}{2}=0.65\ \text{m}=65\ \text{cm}\end{align*}]
    

  

  
    Back to Exercise 3.1
  

  Unit 3: Assessment

  
    	In a tube with two open ends [image: \scriptsize {{\lambda }_{1}}=2L]. But [image: \scriptsize v=f\times \lambda]. Therefore [image: \scriptsize \displaystyle \frac{v}{f}=2L].
 In a tube with only one open end [image: \scriptsize {{\lambda }_{1}}=4L]. But [image: \scriptsize v=f\times \lambda]. Therefore [image: \scriptsize \displaystyle \frac{v}{f}=4L].
 The wavelength of the fundamental standing wave in a tube open at both ends is less than the wavelength of the fundamental standing wave in a tube with only one open end.

    	.
[image: \scriptsize \begin{align*}{{\lambda }_{n}} & =\displaystyle \frac{{2L}}{n}\\\therefore {{\lambda }_{1}} & =2L=0.672\ \text{m}\times 2=1.344\ \text{m}\end{align*}]
.
[image: \scriptsize \begin{align*}v & =f\times \lambda \\\therefore f & =\displaystyle \frac{v}{\lambda }=\displaystyle \frac{{340\ \text{m}\text{.}{{\text{s}}^{{\text{-1}}}}}}{{1.344\ \text{m}}}=255.95\ \text{Hz}\end{align*}].
.
 The fundamental frequency is [image: \scriptsize 255.95\ \text{Hz}]. The second harmonic has a wavelength half the fundamental harmonic. Therefore, the second harmonic has a frequency double the fundamental frequency or [image: \scriptsize 511.9\ \text{Hz}].

    	The first three overtones are the third, fifth and seventh harmonics of a closed tube.
[image: \scriptsize \displaystyle \begin{align*}{{\lambda }_{n}} & =\displaystyle \frac{{4L}}{n}\\\therefore {{\lambda }_{1}} & =4L\\{{\lambda }_{3}} & =\displaystyle \frac{{4L}}{3}=\displaystyle \frac{4}{3}L\\{{\lambda }_{4}} & =\displaystyle \frac{{4L}}{5}=\displaystyle \frac{4}{5}L\\{{\lambda }_{7}} & =\displaystyle \frac{{4L}}{7}=\displaystyle \frac{4}{7}L\end{align*}]
.
[image: \scriptsize \begin{align*}v & =f\times \lambda \\\therefore f & =\displaystyle \frac{v}{\lambda }\\\therefore {{f}_{1}} & =\displaystyle \frac{v}{{4L}}=32\ \text{Hz}\\{{f}_{3}} & =3\times \left( {\displaystyle \frac{v}{{4L}}} \right)=3\times 32\ \text{Hz}=96\ \text{Hz}\\{{f}_{5}} & =5\times \left( {\displaystyle \frac{v}{{4L}}} \right)=5\times 32\ \text{Hz}=160\ \text{Hz}\\{{f}_{7}} & =7\times \left( {\displaystyle \frac{v}{{4L}}} \right)=7\times 32\ \text{Hz}=224\ \text{Hz}\end{align*}]

    	
      .
      

      [image: \scriptsize \begin{align*}v & =f\times \lambda \\\therefore \lambda & =\displaystyle \frac{v}{f}=\displaystyle \frac{343\ \text{m.s}^{-1}}{392\ \text{Hz}}=0.875\ \text{m}\end{align*}]
      

      .
      

      [image: \scriptsize \begin{align*}{{\lambda }_{n}} & =\displaystyle \frac{{2L}}{n}\\\therefore {{\lambda }_{1}} & =2L\\\therefore L & =\displaystyle \frac{{{{\lambda }_{1}}}}{2}=\displaystyle \frac{{0.875\ \text{m}}}{2}=0.438\ \text{m}=43.8\ \text{cm}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \begin{align*}v & =f\times \lambda \\\therefore \lambda & =\displaystyle \frac{v}{f}=\displaystyle \frac{342\ \text{m.s}^{-1}}{176\ \text{Hz}}=1.94\ \text{m}\end{align*}]
      

      .
      

      [image: \scriptsize \begin{align*}{{\lambda }_{n}} & =\displaystyle \frac{{2L}}{n}\\\therefore {{\lambda }_{1}} & =2L\\\therefore L & =\displaystyle \frac{{{{\lambda }_{1}}}}{2}=\displaystyle \frac{{1.94\ \text{m}}}{2}=0.97\ \text{m}=97\ \text{cm}\end{align*}]
    

  

  
    Back to Unit 3: Assessment
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VII
Waves, sound and light: Identify and critically evaluate the impact of geometrical optics on human development


  
  
    
      
        [image: image]
      

      Subject outcome

    

    
      Subject outcome 3.2: Identify and critically evaluate the impact of geometrical optics on human development

    

  

  
    
      
        [image: image]
      

      Learning outcomes

    

    
      
        	Construct and interpret images formed by converging (convex) and diverging (concave) lenses.

        	Apply knowledge of convergence and divergence to spectacles and the correction of lens defects in the eye and its use in telescopes, microscopes and cameras.

      

    

  

  
    
      
        [image: image]
      

      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Construct and interpret diagrams of an image formed by a converging (convex) lens.

        	Construct and interpret diagrams of an image formed by a diverging (concave) lens.

      

    

  

  
    
      
        [image: image]
      

      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Apply knowledge of convergence and divergence to spectacles and the correction of lens defects in the eye.

        	Apply knowledge of convergence and divergence to the use of lenses in telescopes, microscopes and cameras.

      

    

  

  






Unit 1: Converging and diverging lenses
Dylan Busa



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Construct and interpret diagrams of an image formed by a converging (convex) lens.

        	Construct and interpret diagrams of an image formed by a diverging (concave) lens.

      

    

  

  What you should know

  Before you start this unit, make sure you can

  
    	Identify light as a transverse wave.

    	Identify and describe the wave properties of light including reflection and refraction.

    	Draw diagrams showing reflection, angle of incidence and angle of reflection using plane, concave and convex mirrors and the type, size and distance of the image formed.

    	Describe what a ray diagram is and draw a ray diagram.

  

  Refer to level 2 subject outcome 3.2 units 1 and 2 if you need help with any of these concepts.

  Introduction

  Some people wear glasses to help them read. While you might not wear glasses now, it is likely that, as you grow older, you too will need glasses to help you see the world more clearly. Some people need glasses to help them see things that are close. Others need glasses to help them see things that are far away. Still others need both types.

  In this unit, we will use what we know about how light behaves to learn about the principles that govern the behaviour of light through different types of lenses. A lens is a piece of glass or other transparent material with curved sides for focussing or dispersing light rays. All lenses have a focal point – a point at which the light rays meet. The position of this focal point determines the kind of image that the lens forms.

  Lenses are commonly used in glasses, also called spectacles, magnifying glasses, microscopes and telescopes.

  In this unit we will learn how to draw ray diagrams that show how a specific lens focusses or disperses light rays and to determine where the focal point is. Understanding how to draw and interpret such ray diagrams will serve as the basis for understanding the applications of lenses later.

  Types of lenses

  There are two basic types of lenses that we will deal with – converging lenses and diverging lenses.

  Converging (convex) lenses

  A converging lens, as the name suggests, is a piece of specially shaped glass that has the effect of making light rays entering the lens on one side to converge (or meet) at a single point on the other side of the lens. They achieve this by being convex in shape. You learnt about convex mirrors in level 2 subject outcome 3.2. These lenses bulge out in the middle (see figure 1).

  
    
      Note

    

    
      Because both sides are curved, these lenses are also sometimes called double or biconvex lenses.

    

  

  
    
      [image: ]
    
    Figure 1: A converging (convex) lens

  

  An ordinary magnifying glass is an example of a converging (convex) lens (see figure 2).

  
    
      [image: ]
    
    Figure 2: A magnifying glass with a converging (convex) lens

  

  The point at which parallel light rays converge on one side of the lens is called the focal point (sometimes also called the principal focus). The position of the focal point (shown in figure 3) depends on the curvature of the lens. The distance from the middle of the lens to the focal point is called the focal length.

  The more curved the lens is, the closer the focal point is to the lens, the shorter the focal length is, and the more powerful the lens is said to be. In simple terms, the power of a lens is a measure of the extent to which the lens converges or diverges the light. The more powerful a lens is, the more it can converge or diverge light.

  We learnt in level 2 subject outcome 3.2 that we can use ray diagrams to model how mirrors converge and diverge light and to describe the kind of image that is formed. We can use ray diagrams with lenses in the same way.

  Figure 3 is a ray diagram showing how a converging lens converges light to the focal point.

  
    
      [image: ]
    
    Figure 3: A ray diagram showing the position of the focal point of a converging (convex) lens

  

  Diverging (concave) lenses

  A diverging lens, as the name suggests, is a piece of specially shaped glass that has the effect of making light rays entering the lens on one side diverge or spread out from each other on the other side of the lens. They achieve this by being concave in shape. They curve inward in the middle (see figure 4).

  
    
      Note

    

    
      To help you remember the name you can think of the shape as resembling the inside of a cave. Because both sides are curved, these lenses are also sometimes called double concave or biconcave lenses.

    

  

  
    
      [image: ]
    
    Figure 4: A diverging (concave) lens

  

  As with converging lenses, diverging lenses also have a focal point. However, this is the point at which the diverging rays meet if we continue them with imaginary lines (see figure 5).

  
    
      [image: ]
    
    Figure 5: A ray diagram showing the position of the focal point of a diverging (concave) lens

  

  Ray diagrams for converging lenses

  We know that a converging lens will make the light rays entering from one side of the lens converge at the focal point on the other side of the lens. But how do they do this and what kind of image do they create? We draw ray diagrams to determine the location, size, orientation, and type of image formed. When drawing ray diagrams for convex lenses, we need to remember the three rules of refraction for convex lenses.

  The three rules of refraction for converging (convex) lenses

  To discover these rules, there are two important lines we first need to label – the principal axis and the vertical axis (see figure 6). Where these axes meet is called the optical centre of the lens.

  
    [image: ]
    Figure 6: The principal and vertical axes of a convex lens

  

  Now, suppose that two light rays travel parallel to the principal axis of the lens. Upon reaching the front face of the lens, the rays will refract towards the normal at the surface because, at this boundary, they pass from air into a more dense medium (usually plastic or glass). Since the rays pass from a less optically dense medium to a more optically dense medium, they slow down and bend towards the normal (see figure 7). The rays then travel in a straight line until they reach the back face of the lens. At this boundary, the rays refract away from the normal to the surface because they are passing from a more optically dense medium to a less optically dense medium and speed up. They bend away from the normal line (see figure 7). The result is that the light rays converge at the focal point.

  
    [image: ]
    Figure 7: Refraction of incident light rays travelling parallel to the principal axis

  

  
    
      Note

    

    
      Any incident ray travelling parallel to the principal axis of a converging lens will refract and travel through the focal point of the lens on the opposite side of the lens.

    

  

  The above situation also happens in reverse. Any light ray travelling through the focal point on the way to the lens will be refracted to emerge from the other side of the lens to run parallel to the principal axis.

  The final behaviour of a light ray we need to consider is that of a ray that passes through the optical centre of the lens where the principal and vertical axes meet. These rays refract in such a way that they pass directly through the lens in a straight line (see figure 8).

  
    [image: ]
    Figure 8: Refraction of a light ray travelling through the optical centre of a convex lens

  

  
    
      
        [image: image]
      

      Take note!

    

    
      An incident ray that passes through the centre of the lens will, in effect, continue in the same direction that it had when it entered the lens.

    

  

  
    
      To draw a ray diagram for a converging (convex) lens:

      
        	Any incident ray travelling parallel to the principal axis of a converging lens will refract through the lens and travel through the focal point on the opposite side of the lens.

        	Any incident ray travelling through the focal point on the way to the lens will refract through the lens and travel parallel to the principal axis on the opposite side of the lens.

        	An incident ray that passes through the optical centre of the lens will, in effect, continue in the same direction that it had when it entered the lens.

      

    

  

  Let’s put these rules to work by drawing a ray diagram for an object that is more than twice the focal length away from the lens.

  Step 1: Draw the lens, the principal axis and the vertical axis. On the principal axis, mark the focal point of the lens on both sides of the lens as [image: \scriptsize F]. Also mark the points [image: \scriptsize 2F] – the points representing twice the focal length (see figure 9).

  
    [image: ]
    Figure 9: Mark the focal points

  

  Step 2: Place the object in the necessary position on the principal axis. In this case the object must be more than twice the focal distance away from the lens. From the top of the object draw three incident rays travelling towards the lens. One of these rays must travel parallel to the principal axis. Another must travel through the focal point. The third must travel through the centre of the lens (see figure 10).

  
    [image: ]
    Figure 10: Draw the incident rays

  

  
    
      Note

    

    
      Ray diagrams can be created for objects which do not lie on the principal axis, but this is not a case that you will need to draw.

    

  

  Step 3: Refract each of the incident rays according to the rules of refraction for convex lenses (see figure 11). The ray travelling parallel to the principal axes passes through the focal point on the other side of the lens. The ray travelling through the focal point, emerges to run parallel to the principal axis. The ray travelling through the centre of the lens continues in the same straight line.

  
    [image: ]
    Figure 11: Draw the refracted rays

  

  Step 4: Where the three refracted rays meet is the location of the top of the image (see figure 12). Mark this point. Remember that this is just the image of the top of the object and that the rest of the object has an image as well.

  
    [image: ]
    Figure 12: Mark the location of the top of the image

  

  Step 5: Repeat the same process for the bottom of the object to find its image. If the bottom of the object is on the principal axis (as in this case), then the image of the bottom will also lie on the principal axis the same distance away from the lens as the image of the top of the object. We can now draw in the full image (see figure 13).

  
    [image: ]
    Figure 13: Draw the object

  

  Our ray diagram reveals that when an object is more than twice the focal length away from a converging lens the image formed is:

  
    	real – it can be projected

    	inverted – it is upside down

    	reduced – smaller than the original

    	positioned between [image: \scriptsize F] and [image: \scriptsize 2F].

  

  
    
      
        [image: image]
      

      Activity 1.1: Draw an image formed by a converging lens

    

    
      Time required: 45 minutes

      
        What you need:
      

      
        	a piece of paper

        	a pencil

        	a ruler

        	an internet connection

      

      
        What to do:
      

      
        	Draw your own ray diagram to find out what kind of image is formed if an object (a vertical arrow with its bottom on the principal axis) is placed at a distance of [image: \scriptsize 2F] from a converging lens.

        	Draw your own ray diagram to find out what kind of image is formed if an object (a vertical arrow with its bottom on the principal axis) is placed at a distance between [image: \scriptsize F] and [image: \scriptsize 2F] from a converging lens.

        	Draw one or more ray diagrams to see what happens to the magnification and the position of the image as the object is moved closer to [image: \scriptsize F].

        	Draw your own ray diagram to find out what kind of image is formed if an object (a vertical arrow with its bottom on the principal axis) is placed at a distance of [image: \scriptsize F] from a converging lens.

        	Draw your own ray diagram to find out what kind of image is formed if an object (a vertical arrow with its bottom on the principal axis) is placed at a distance less than [image: \scriptsize F] from a converging lens.

        	Draw one or more additional ray diagrams to see what happens to the placement of the image as the object is placed beyond [image: \scriptsize 2F] and further and further away from the lens, potentially an infinite distance away.

        	If you have an internet connection, you can check your work by using the interactive convex ray diagram simulation.[image: interactive simulation]Here you will be able to change the height of the object as well as the focal length of the lens.

      

      
        What did you find?
      

      
        	An object placed at a distance of [image: \scriptsize 2F] forms a real, inverted image the same size as the object at a distance of [image: \scriptsize 2F].
[image: ]

        	An object between [image: \scriptsize F] and [image: \scriptsize 2F] forms a real, inverted, magnified image at a distance greater than [image: \scriptsize 2F].
[image: ]

        	As we move the object closer and closer to [image: \scriptsize F], we can see that the image is formed further and further away from the lens and that the magnification of the image gets greater and greater.
[image: ]

        	An object at the focal length forms no image.
[image: ]

        	An object at less then [image: \scriptsize F] forms a virtual, non-inverted, magnified image on the same side of the lens at a distance greater than the distance of the object from the lens.
[image: ]

        	We know that when an object is placed at [image: \scriptsize 2F], an image forms at [image: \scriptsize 2F].
[image: ]
 However, as we continue to move the object further and further away, we see that the image formed gets closer and closer to [image: \scriptsize F]. We can say then that when an object is placed very far away from a convex lens, the image will be formed at the focal point of the lens.
[image: ]

      

    

  

  From activity 1.1 we can see that the placement of the object has an effect on the type, placement and size of the image formed.

  In the final part of activity 1.1, we also discovered that sometimes the image formed by a convex lens is virtual. This means that the image cannot be projected onto a screen but is rather the image the appears to be formed or the image we perceive to be created. In fact, it is in this situation that magnifying glasses work as magnifying glasses. The image we perceive is not inverted. In other words, it is upright, magnified and seems to be formed on the same side of the lens as the object we are viewing. Because the rays do not converge on the other side of the lens as the object, we have to extrapolate them back using dotted lines until they intersect (see figure 14). We also draw the image with a dotted line to indicate that it is a virtual image.

  
    [image: ]
    Figure 14: The formation of a virtual image with a convex lens

  

  
    
      
        [image: image]
      

      Take note!

    

    
      Here is a summary of the object–image relationships for converging lenses.

      	Object position 	Image position 	Image type 	Image size 	Image orientation 
 	Beyond [image: \scriptsize 2F] 	Between [image: \scriptsize 2F] and [image: \scriptsize F] 	Real 	Reduced 	Inverted 
 	Note: The further away the object is, the closer the image is to [image: \scriptsize F]. We can assume that if an object is very far away then the image is formed at [image: \scriptsize F] 
 	At [image: \scriptsize 2F] 	At [image: \scriptsize 2F] 	Real 	Same size 	Inverted 
 	Between [image: \scriptsize 2F] and [image: \scriptsize F] 	Beyond [image: \scriptsize 2F] 	Real 	Magnified 	Inverted 
 	Note: As the object gets closer and closer to F so the image is formed further and further away from the lens and the magnification is greater and greater. 
 	At [image: \scriptsize F] 	No image 
 	Between [image: \scriptsize F] and lens 	In front of [image: \scriptsize F] (on the same side as the object) 	Virtual 	Magnified 	Upright
 (not-inverted) 
  

    

  

  Notice how similar this is to the kinds of images formed by converging mirrors that we saw in level 2 subject outcome 3.2 unit 2.

  	Object position 	Image position 	Image type 	Image size 	Image orientation 
 	1. Beyond [image: \scriptsize 2F] 	Between [image: \scriptsize 2F] and [image: \scriptsize F] 	Real 	Reduced 	Inverted 
 	2. At [image: \scriptsize 2F] 	At [image: \scriptsize 2F] 	Real 	Equal to size of object 	Inverted 
 	3. Between [image: \scriptsize 2F] and [image: \scriptsize F] 	Beyond [image: \scriptsize 2F] 	Real 	Magnified 	Inverted 
 	4. At [image: \scriptsize F] 	No image formed 
 	5. Between [image: \scriptsize F] and mirror 	Behind mirror, at a distance that corresponds to a point between [image: \scriptsize 2F] and [image: \scriptsize F] 	Virtual 	Magnified 	Upright 
  

  
    
      
        [image: image]
      

      Take note!

    

    
      The object in all the examples above is just a simple vertical line with its bottom on the principal axis. The same process can be applied to any object in any orientation positioned anywhere in front of the lens. However, in these non-simple cases, it is necessary to repeat the process above for each point on the object. You will only be expected to draw ray diagrams of this simplified case. Click here to experiment with a simulation of this simple case.

      
        
          
            [image: interactive simulation]
          
        
      

      You will also have noticed that in figure 6 and all the ray diagrams in activity 1.1, we did not draw the incident ray that passes through the focal point of the lens and emerges parallel to the principal axis. In the simple case of a vertical object resting on the principal axis, we only need to draw two of the possible three rays in order to define the type and position of the object. In principle, you can choose to draw any two of the standard three rays, however, not drawing the ray passing through the optical centre of the lens is common practice.

      As soon as the object is not on the principal axis, the third ray becomes essential to include.

    

  

  Ray diagrams for diverging lenses

  The same three basic rules of refraction apply to a diverging or convex lens with a few modifications.

  Any incident ray travelling parallel to the principal axis of a diverging lens will refract through the lens and travel in line with the focal point (i.e. in a direction such that its extrapolation will pass through the focal point) (see figure 15).

  
    [image: ]
    Figure 15: Any incident ray travelling parallel to the principal axis of a diverging lens

  

  Any incident ray travelling towards the focal point on the way to the lens will refract through the lens and travel parallel to the principal axis (see figure 16).

  
    [image: ]
    Figure 16: Any incident ray travelling towards the focal point on the way to the lens

  

  An incident ray that passes through the optical centre of the lens will, in effect, continue in a straight line (see figure 17).

  
    [image: ]
    Figure 17: An incident ray passing through the optical centre of the lens

  

  Draw a ray diagram for a concave lens

  We use the same process to draw ray diagrams for diverging lenses as we use for converging lenses. Only now we need to apply the slightly modified rules of refraction for diverging lenses.

  
    
      
        [image: image]
      

      Activity 1.2: Drawing diverging lens images

    

    
      Time required: 15 minutes

      
        What you need:
      

      
        	a piece of paper

        	a pencil

        	a ruler

        	an internet connection

      

      
        What to do:
      

      
        	Draw your own ray diagram to find out what kind of image is formed if an object (a vertical arrow with its bottom on the principal axis) is placed at a distance greater than [image: \scriptsize 2F] from a diverging lens.

        	Draw your own ray diagram to find out what kind of image is formed if an object (a vertical arrow with its bottom on the principal axis) is placed at a distance of [image: \scriptsize 2F] from a diverging lens.

        	Draw your own ray diagram to find out what kind of image is formed if an object (a vertical arrow with its bottom on the principal axis) is placed at a distance between [image: \scriptsize F] and [image: \scriptsize 2F] from a diverging lens.

        	Draw your own ray diagram to find out what kind of image is formed if an object (a vertical arrow with its bottom on the principal axis) is placed at a distance of [image: \scriptsize F] from a diverging lens.

        	Draw your own ray diagram to find out what kind of image is formed if an object (a vertical arrow with its bottom on the principal axis) is placed at a distance less than [image: \scriptsize F] from a diverging lens.

        	If you have an internet connection, you can check your work by using the interactive concave ray diagram simulation.[image: interactive simulation]Here you will be able to change the height of the object as well as the focal length of the lens.

      

      
        What did you find?
      

      
        	An object placed at a distance greater than [image: \scriptsize 2F] forms a virtual, non-inverted and reduced image at a distance less than [image: \scriptsize F] on the same side of the lens as the object.
[image: ]

        	An object placed at a distance of [image: \scriptsize 2F] forms a virtual, non-inverted and reduced image at a distance less than [image: \scriptsize F] on the same side of the lens as the object.
[image: ]

        	An object between [image: \scriptsize F] and [image: \scriptsize 2F] forms a virtual, non-inverted and reduced image at a distance less than [image: \scriptsize F] on the same side of the lens as the object.
[image: ]

        	An object at the focal length forms a virtual, non-inverted and reduced image at a distance less than [image: \scriptsize F] on the same side of the lens as the object.
[image: ]

        	An object placed at a distance less than [image: \scriptsize F] forms a virtual, non-inverted, magnified image on the same side of the lens at a distance greater than the distance of the object from the lens.
[image: ]

      

    

  

  Irrespective of where we place the object, a diverging lens will always form an image that is:

  
    	virtual

    	upright (upright)

    	reduced

    	on the same side of the lens as the object.

  

  However, we can say that as the object distance is decreased, the image distance decreases, and the image gets bigger.

  Scale ray diagrams

  As we have seen, ray diagrams are useful in determining the kind of image that a lens will form when the object is in different positions. However, if we draw ray diagrams to scale, we can also use them to determine exactly where and how big the image will be. Have a look at the next example.

  
    
      
        [image: image]
      

      Example 1.1

    

    
      A convex lens has a focal length of [image: \scriptsize 40\ \text{mm}]. An object, [image: \scriptsize 20\ \text{mm}] high, is placed on the principal axis [image: \scriptsize 70\ \text{mm}] from the optical centre of the lens.

      
        	Determine the size of the image formed and how far from the optical centre of the lens it is.

        	Determine the magnification.

      

      
        Solution
      

      
        	The only difference between the ray diagram we need to draw to answer this question and the diagrams we have drawn previously is that this one needs to be drawn to scale. Therefore, the first thing you need to do is to choose an appropriate scale. One possible scale to use is to make [image: \scriptsize 5\ \text{mm}] be [image: \scriptsize 1\ \text{cm}]. Therefore, the focal length of this lens, on paper, will be [image: \scriptsize 8\ \text{cm}].
.
 Here is a ray diagram, drawn to scale. We can see that the general object–Image relationship for a converging lens where the object is between [image: \scriptsize 2F] and [image: \scriptsize F] is correct. The image is: 	beyond [image: \scriptsize 2F]
	real
	magnified
	inverted.

[image: ]
 All we need to do now is measure the length of the image and measure the distance of the image from the optical centre, remembering to convert the distance on paper to the actual distance using our chosen scale. When you do this, you should find that the image is about [image: \scriptsize 27\ \text{mm}] in length and [image: \scriptsize 93\ \text{mm}] away from the optical centre.


        	Magnification is just the ratio of the image height to the object height. Because we are dividing one length by another, magnification has no units.
[image: \scriptsize \text{Magnification}=\displaystyle \frac{{\text{Image height}}}{{\text{Object height}}}=\displaystyle \frac{{27\ \text{mm}}}{{20\ \text{mm}}}=1.35]

      

    

  

  
    
      
        [image: image]
      

      Exercise 1.1

    

    
      
      
        Question adapted from NC(V) Physical Science Level 3 Paper 1 November 2019 question 8.3
      

      A convex lens has a focal length of [image: \scriptsize 30\ \text{mm}]. An object, [image: \scriptsize 20\ \text{mm}] high, is placed on the principal axis [image: \scriptsize 45\ \text{mm}] from the optical centre of the lens.

      
        	Draw an accurate ray diagram to show how the image is formed by this lens.

        	Determine the size of the image formed from the diagram.

        	Determine the distance of the image from the lens.

      

      The 
full solutions can be found at the end of the unit.
    

  

  Summary

  In this unit you have learnt the following:

  
    	Converging lenses cause parallel rays to converge at the lens’ focal point.

    	Converging lenses are convex in shape.

    	Diverging lenses cause parallel rays to diverge, such that the extrapolated lines converge at the lens’ focal point.

    	Diverging lenses are concave in shape.

    	The position of an object affects the type, size and position of the image formed by a converging lens.

    	Diverging lenses always form virtual, reduced, non-inverted images.

    	Ray diagrams drawn to scale can be used to determine the image height and distance from the optical centre of the lens.

  

  Unit 1: Assessment

  Suggested time to complete: 20 minutes

  
    	What is the difference between a real and a virtual image?

    	If the focal length of a lens is [image: \scriptsize 5\ \text{cm}] and the object is placed [image: \scriptsize 7.5\ \text{cm}] in front of a converging lens: 	What type of image will form?
	Where will the image form relative to the focus point of the lens?
	Construct a ray diagram to illustrate your answer.



    	What type of image do you expect to form when an object is placed in front of a diverging lens? Construct a diagram to illustrate your answer.

  

  
    Question 4 adapted from NC(V) Physical Science Level 3 Paper 1 March 2019 question 8.2
  

  
    	An object [image: \scriptsize 2\ \text{cm}] high is placed [image: \scriptsize 3\ \text{cm}] from a convex lens between [image: \scriptsize F] and [image: \scriptsize 2F]. The lens has a focal length of [image: \scriptsize 2\ \text{cm}]. 	Determine the size and position of the image formed by this lens through construction and measurement.
	Name any three properties of the image formed by the above lens.
	Calculate the magnification of the image.
	Name one use of a convex lens.



  

  The full solutions can be found at the end of the unit.

  Unit 1: Solutions

  Exercise 1.1

  
    	
      .
      

      [image: ]
    

    	The size of the image is about [image: \scriptsize 39\ \text{mm}].

    	The distance of the image from the optical centre is about [image: \scriptsize 90\ \text{mm}].

  

  
    Back to Exercise 1.1
  

  Unit 1: Assessment

  
    	A real image occurs where light rays converge. A virtual image occurs where light rays only appear to converge but in fact have diverged. To find the location of a virtual image, one needs to extrapolate the diverging rays back to the point where they meet. Real images can be produced by converging lenses but only if the object is placed further away from the lens than the focal point. In this case the real image is inverted.

    	If the focal length of a lens is [image: \scriptsize 5\ \text{cm}] and the object is placed [image: \scriptsize 7.5\ \text{cm}] in front of a converging lens: 	The object is placed between [image: \scriptsize 2F] and [image: \scriptsize F]. Therefore, a real, magnified and inverted image will be formed.
	The image will form beyond [image: \scriptsize 2F].
	.
[image: ]



    	A diverging lens will create a virtual, reduced, non-inverted image.
[image: ]

    	
      .
      
        	The image height is [image: \scriptsize 4\ \text{cm}]; the image distance is [image: \scriptsize 6\ \text{cm}].
[image: ]

        	Real, inverted, magnified, beyond [image: \scriptsize 2F]

        	
          [image: \scriptsize \text{Magnification}=\displaystyle \frac{{\text{Image height}}}{{\text{Object height}}}=\displaystyle \frac{{4\ \text{cm}}}{{2\ \text{cm}}}=2]
        

        	Magnifying glass

      

    

  

  
    Back to Unit 1: Assessment
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Unit 2: The uses of lenses
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      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Apply knowledge of convergence and divergence to spectacles and the correction of lens defects in the eye.

        	Apply knowledge of convergence and divergence to the use of lenses in telescopes, microscopes and cameras.

      

      Refer back to unit 1 if you need hep with this.

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Construct and interpret diagrams of an image formed by a converging (convex) lens.

    	Construct and interpret diagrams of an image formed by a diverging (concave) lens.

  

  Introduction

  Lenses have changed the world! From the revolutions in science, culture and religion brought about by Galileo and his telescope in the 16th century (see figure 1) to the more recent breakthroughs in chemistry, biology, genetics and medicine due to microscopy and the use of microscopes (see figure 2), lenses have played an enormous role in humankind’s development and progress. This is not to mention the many millions of people whose lives have been greatly improved because of glasses, also called spectacles.

  
    
      [image: ]
    
    Figure 1: Galileo Galilei’s original telescope

  

  
    [image: ]
    Figure 2: A common compound laboratory microscope

  

  When we think of lenses, we usually think of optical lenses, those made of glass or other high-tech plastic polymers. However, lenses can also be magnetic fields like those used to focus beams of electrons in electron microscopes. Lenses can also be as simple as a satellite dish that focus all the radio waves captured by the dish to a single point. There are even acoustic lenses – devices that refract and focus sound waves. Any physical object that bends or refracts waves in predictable and useful ways can be considered a lens and their action is often termed lensing. Even planets and whole galaxies exert a lensing effect on light travelling through space.

  
    
      Did you know?

    

    
      One building in London’s financial district, nicknamed the ‘Walkie-Talkie’ for its shape (see figure 3), has the effect of focusing the sun’s rays on a particular part of a nearby street so effectively that the resulting heat can melt the road and cars parked in the road.

      
        
          [image: ]
        
        Figure 3: The ‘Walkie-Talkie’ building in London

      

      If you would like to learn more about this amazing story, you can watch the video called UK building melts cars.

      
        UK building melts cars (Duration: 01.53) [image: UK building melts cars]


      

    

  

  Lenses and the eye

  A common use of lenses is in spectacles (the glasses that people wear to correct problems with their vision). To understand what these problems are and how lenses are used to correct them, we need to first understand how the eye works.

  How the eye works

  
    The following description of how the eye works is adapted from OpenStax Physics Chapter 26: Vision and optical instruments.
  

  The eye is remarkable in how it works, especially in terms of the richness of detail and colour it can detect.

  
    
      [image: ]
    
    Figure 4: The anatomy of the human eye

  

  Figure 4 shows the basic anatomy of the human eye. The cornea and lens form a system that, basically, acts as a single, thin, convex lens. For clear vision, a real image must be projected onto the light-sensitive retina at the back of the eye. This lies at a fixed distance from the lens. Therefore, the focal length of the system needs to be changed. While the cornea actually accounts for the majority of the refraction in this system, it is hard, and its shape cannot be changed.

  Therefore, the curvature (and hence power) of the lens is adjusted to produce an image on the retina for objects at different distances. The centre of the image falls on the fovea, which has the greatest density of light receptors and the greatest acuity in the visual field. The optic nerve conveys signals received by the eye to the brain where they are processed and understood.

  Figure 5 shows how the eye refracts light from an object to create a real image on the retina.

  
    
      [image: ]
    
    Figure 5: How the eye forms an image

  

  The human eye can see objects from [image: \scriptsize 25~\text{cm}] in front of us to practically an infinite distance away. The process of adjusting the eye’s focal length is called accommodation. For distant objects, the lens is relaxed, which reduces its curvature and power. Light rays from very far objects enter the eye essentially parallel to each other and so need a less powerful lens ([image: \scriptsize P]) to make them converge on the retina (see figure 6).

  
    
      [image: ]
    
    Figure 6: How the eye sees distant objects

  

  However, for nearby objects, light rays will tend to enter the eye diverging from each other, and so the eye increases the curvature and power ([image: \scriptsize P]) of the lens to converge these rays onto the retina (see figure 7).

  
    
      [image: ]
    
    Figure 7: How the eye sees nearby objects

  

  
    
      Note

    

    
      For a more detailed explanation of how the eye works watch the video called How the Eye Functions. It is old and a bit long but fascinating.

      
        How the Eye Functions (Duration: 11.25) [image: How the Eye Functions]


      

    

  

  Vision correction

  As we age, the lens becomes less elastic and less able to accommodate objects at different distances. We need spectacles to correct for this. For other people, their eyeballs are either too short or too long, meaning that the lenses are not able to accommodate sufficiently to see objects at some distances clearly.

  There are two basic types of vision problems:

  
    	Near-sightedness or myopia is the inability to see distant objects clearly while close objects are clear.

    	Far-sightedness of hyperopia is the inability to see near objects clearly while distant objects are clear.

  

  Figure 8 illustrates the main causes of myopia and hyperopia.

  
    
      [image: ]
    
    Figure 8: The main causes of myopia and hyperopia

  

  Before reading on, think for a moment how you think each of these problems could be corrected. What kind of lens needs to be placed in front of the eye? Look at figure 8 again to see what problem needs to be resolved.

  Because a near-sighted eye converges light rays too much, the correction for myopia is to place a diverging lens in front of the eye (see figure 9). This reduces the power of the eye’s lens.

  
    
      [image: ]
    
    Figure 9: Correction of myopia

  

  You can think of this another way. A diverging lens means that the object viewed by the eye is perceived by the eye as being nearer than it actually is. To determine the power of the diverging lens needed, you need to know the person’s far point – the greatest distance at which they can see clearly. The spectacle lens needs to be such that the image produced by it must be at this distance or closer for the near-sighted person to be able to see it clearly.

  Because a far-sighted eye under converges, the correction for hyperopia is to place a converging lens in front of the eye to increase the power of an eye (see figure 10).

  
    
      [image: ]
    
    Figure 10: Correction of hyperopia

  

  You can think of this another way. A converging lens means that the object viewed by the eye is perceived by the eye as being further away than it actually is. To determine the power of the converging lens needed, you need to know the person’s near point – the smallest distance at which they can see clearly. The spectacle lens needs to be such that the image produced by it must be at this distance or further for the far-sighted person to be able to see it clearly.

  People who experience both myopia and hyperopia may sometimes choose to wear bifocal spectacles instead of carrying around two pairs of glasses. Part of the lens corrects for myopia and the other part corrects for hyperopia.

  
    
      Note

    

    
      If you have an internet connection, spend some time playing with the Optics of the human eye interactive simulation.

      
        
          
            [image: interactive simulation]
          
        
      

      Here you can simulate myopia and hyperopia as well as the correction of these conditions.

    

  

  Astigmatism

  Another common eye problem is called astigmatism and is the result of an unevenness or asymmetry in the eye. This means that different parts of the lens system produce images at slightly different locations depending on the direction from which the light enters the eye. The brain can compensate for some of this but, after a point, the person will see some images as elongated or images along certain axes being clearer than others.

  Have a look at figure 11. Check each of your eyes separately by looking at the centre cross (without spectacles if you wear them). If lines along some axes appear darker or clearer than others, you may have an astigmatism.

  
    
      [image: ]
    
    Figure 11: A chart used to detect astigmatism

  

  
    
      Did you know?

    

    
      Some types of astigmatism as well as myopia and hyperopia can be corrected with laser eye surgery. This surgery uses tiny lasers to correct vision problems by changing the shape of the cornea itself, rather than placing a corrective lens in front of the eye. Remember the cornea accounts for most of the refractive power in the cornea/lens system.

    

  

  The small and far

  As amazing as human sight is, it does have its limits. For example, if you look at a full moon on a clear night, you can see some detail but definitely not all. You also cannot see objects smaller than about [image: \scriptsize 0.1~\text{mm}] with your naked (or unaided eye). To help us see objects very far away in more detail and to see things that are really small, we have invented telescopes and microscopes.

  Microscopes

  The first microscopes were invented in the 1600s and the basic design has not changed that much since. Most microscopes are compound microscopes. They have two convex lenses – an objective lens and an eyepiece lens (see figure 12). The image formed by the objective lens becomes the object for the eyepiece lens. With this simple arrangement, microscopes can achieve magnifications of [image: \scriptsize 1~500~\text{X}] and higher and can help us see objects that are about [image: \scriptsize 0.2~\mu\text{m}] big.

  
    
      [image: ]
    
    Figure 12: A ray diagram for a typical compound microscope

  

  The object is placed just beyond the objective lens’ focal point ([image: \scriptsize f_o] in figure 12). This lens therefore forms a real image that is inverted and magnified. If you recall from the previous unit, this is the ‘Between [image: \scriptsize 2F] and [image: \scriptsize F]’ case. This image becomes the object for the eyepiece lens. The eyepiece lens is designed and positioned so that this object is closer to it than its focal length ([image: \scriptsize f_e] in figure 12). The image formed is therefore, virtual, non-inverted and magnified. In this case, the eyepiece lens is acting as an ordinary magnifying glass.

  
    
      Note

    

    
      For a more detailed look at how a compound microscope works, watch the video called Compound microscope.

      
        Compound microscope (Duration: 05.47) [image: Compound microscope]


      

    

  

  The total magnification of the system is the product of the magnifications of each lens i.e. [image: \scriptsize m=m_o\times m_e].

  
    
      Note

    

    
      If you have an internet connection, spend some time using a virtual microscope in a lab to see whether a sample of yoghurt has been contaminated with harmful bacteria. This virtual lab will give you a sense of how microscopes are used in real laboratories.

      
        
          
            [image: Using the Microscope]
          
        
      

    

  

  
    
      
        [image: image]
      

      Take note!

    

    
      The overall magnification of any multiple-element system is the product of the individual magnifications of its elements. In the case of a compound microscope this is [image: \scriptsize m=m_o\times m_e].

    

  

  Telescopes

  The earliest telescopes had two lenses. Most had a convex objective lens and a concave eyepiece lens (see figure 13). The telescopes constructed by Galileo were of this type. The diverging (concave) eyepiece lens resulted in an upright or non-inverted final image and so this is the design still used today for spyglasses and opera glasses.

  
    
      [image: ]
    
    Figure 13: The basic components of a telescope

  

  Many camera lenses still use this basic arrangement today. More modern telescope designs use a compound system of two convex lenses (like a microscope), but this results in an inverted final image (see figure 14). For looking at the stars, this is not a problem.

  
    
      [image: ]
    
    Figure 14: The construction of a simple modern telescope

  

  Figure 14 illustrates, by way of a ray diagram, how a modern telescope (sometimes called an astronomical telescope) works. Because the object is very far away, we can assume that a real, reduced, inverted image is formed at the focal length of the objective lens. This image becomes the object for the eyepiece lens. If this object is placed less than the eyepiece lens’ focal length away from the eyepiece lens, then a virtual, magnified and upright or non-inverted image is formed. In other words, the objective lens brings the distant object closer and then the eyepiece lens works like an ordinary magnifying glass.

  
    
      Note

    

    
      For a more detailed description of how astronomical telescopes work watch the video called How telescopes work.

      
        
          How telescopes work
          (Duration: 07.52)
          
            
              
                [image: How telescopes work]
              
            
          

        

      

    

  

  For applications such as ship telescopes and gun sights, the inverted image that results from the two convex lens design is a problem. In these cases, a third convex lens is used re-invert the image (see figure 15).

  
    
      [image: ]
    
    Figure 15: The construction of a modern three-lens telescope

  

  Summary

  In this unit you have learnt the following:

  
    	Short-sightedness or myopia occurs when a person is only able to see near objects. They cannot focus on distant objects.

    	Myopia is corrected by reducing the power of the lens with a diverging lens.

    	Far-sightedness or hyperopia occurs when a person is only able to see distant objects. They cannot focus on near objects.

    	Hyperopia is corrected by increasing the power of the lens with a converging lens.

    	Compound microscopes use two convex lenses. The objective lens serves to create a real, inverted and magnified image that becomes the object for the eyepiece lens which acts like a normal magnifying glass.

    	Telescopes use a variety of designs but the common astronomical telescope is very similar in design and operation to the microscope. The objective lens forms a real, inverted and magnified image which becomes the object for the eyepiece lens which acts like a normal magnifying glass.

  

  Unit 2: Assessment

  Suggested time to complete: 20 minutes

  
    	What type of lens can be used to correct short-sightedness? Draw a simple ray diagram to illustrate your answer. Include rays for the corrected and uncorrected condition.

    	What type of lens can be used to correct long-sightedness? Draw a simple ray diagram to illustrate your answer. Include rays for the corrected and uncorrected condition.

    	What type of image is formed by the lens system in a compound microscope? Draw a ray diagram to explain how a compound microscope works.

  

  The full solutions can be found at the end of the unit.

  Unit 2: Solutions

  Unit 2: Assessment

  
    	A diverging lens is used to correct short-sightedness.
[image: ]

    	A converging lens is used to correct far-sightedness.
[image: ]

    	A virtual, inverted and magnified image is formed by the lens system of a compound microscope.
[image: ]

  

  
    Back to Unit 2: Assessment 
  

  
    Media Attributions

    
      	figure1 © Sailko is licensed under a CC BY-SA (Attribution ShareAlike) license

      	figure2 © Sarah Greenwood is licensed under a CC BY (Attribution) license

      	figure3 © Loco Steve is licensed under a CC BY-SA (Attribution ShareAlike) license

      	figure4 © Lumen Learning is licensed under a CC BY (Attribution) license

      	figure5 © Lumen Learning is licensed under a CC BY (Attribution) license

      	figure6 © Lumen Learning is licensed under a CC BY (Attribution) license

      	figure7 © Lumen Learning is licensed under a CC BY (Attribution) license

      	figure8 © Lumen Learning is licensed under a CC BY (Attribution) license

      	figure9 © Lumen Learning is licensed under a CC BY (Attribution) license

      	figure10 © Lumen Learning is licensed under a CC BY (Attribution) license

      	figure11 © Lumen Learning is licensed under a CC BY (Attribution) license

      	figure12 © Lumen Learning is licensed under a CC BY (Attribution) license

      	figure13 © Lumen Learning is licensed under a CC BY (Attribution) license

      	figure14 © Lumen Learning is licensed under a CC BY (Attribution) license

      	figure15 © Lumen Learning is licensed under a CC BY (Attribution) license

      	assessmentA1 © Geogebra is licensed under a CC BY-SA (Attribution ShareAlike) license

      	assessmentA2 © Geogebra is licensed under a CC BY-SA (Attribution ShareAlike) license

      	assessmentA3 © Geogebra is licensed under a CC BY-SA (Attribution ShareAlike) license

    

  

  





  
  




VIII
Magnetism and electricity: State, analyse and apply principles of static electricity (electrostatics)


  
  
    
      
        [image: image]
      

      Subject outcome

    

    
      Subject outcome 4.1: State, analyse and apply principles of static electricity (electrostatics)

    

  

  
    
      
        [image: image]
      

      Learning outcomes

    

    
      
        	Define Coulomb’s law and apply the law to calculate the force between charges.

        	Identify and draw the electric field around: 	single charges
	a pair of charges
	a Faraday cage.



        	Calculate electric field strength around a charge and between parallel plates.

        	Define and apply electric potential energy and electric potential.

        	Define capacitance and apply the principle to the parallel plate capacitor.

        	Identify and apply the relation between charge, potential difference, and capacitance.

        	Describe, identify, and apply the capacitor as a circuit device.

      

    

  

  
    
      
        [image: image]
      

      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Define Coulomb’s law.

        	Apply Coulomb’s law to calculate the force between charges.

      

    

  

  
    
      
        [image: image]
      

      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify and draw the electric field around: 	single charges
	a pair of charges
	a Faraday cage.



        	Calculate electric field strength: 	around a charge
	between parallel plates.



      

    

  

  
    
      
        [image: image]
      

      Unit 3 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Define and apply electric potential energy and electric potential.

        	Define capacitance.

        	Apply the principle of capacitance to the parallel plate capacitor.

        	Identify and apply the relation between charge, potential difference, and capacitance.

        	Describe, identify, and apply the capacitor as a circuit device.

      

    

  

  






Unit 1: Electrostatic force
Leigh Kleynhans



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Define Coulomb’s law.

        	Apply Coulomb’s law to calculate the force between charges.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Describe how objects become charged. You can refer to level 2, subject outcome 4.2, unit 1 to revise this.

    	Describe how charged objects interact. You can refer to level 2, subject outcome 4.2, unit 2 to revise this.

    	Find the resultant of vectors. You can refer to level 2, subject outcome 4.2, unit 4 to revise this.

  

  Introduction

  Parts of the text in this unit were sourced from Siyavula Physical Science Gr 11 Learner’s Book, Chapter 9, released under a CC-BY licence

  You know that charged objects exert forces on each other and that the rule of electrostatics is ‘like charges repel and unlike charges attract’. In this unit you will learn about the factors that determine the strength of this electrostatic force and how to calculate the force.

  Measuring charge

  You know that objects become charged by gaining or losing electrons. The number of electrons lost or gained will determine how charged the object is. The unit in which charge is measured is called a coulomb (C). One coulomb is a very large charge. In electrostatics we therefore often work with charges in micro-coulombs ([image: \scriptsize 1\text{ }\mu \text{C}=1\text{ x }{{10}^{{-6}}}\text{C}]) and nanocoulombs ([image: \scriptsize 1\text{ }n\text{C}=1\text{ x }{{10}^{{-9}}}\text{C}]).

  Coulomb’s law

  The electrostatic force between charges increases when the magnitude (size) of the charges increases or the distance between the charges decreases.

  The electrostatic force was first studied in detail by Charles-Augustin de Coulomb around 1784. Through his observations he was able to show that the magnitude of the electrostatic force between two point charges is inversely proportional to the square of the distance between the charges ([image: \scriptsize F\alpha \displaystyle \frac{1}{{{{r}^{2}}}}]). He also discovered that the magnitude of the force is proportional to the product of the charges ([image: \scriptsize F\alpha {{Q}_{1}}{{Q}_{2}}]). Using the results of his observations he derived the following formula to calculate the electrostatic force between two charged objects:

  [image: \scriptsize F=\displaystyle \frac{{k{{Q}_{1}}_{{}}{{Q}_{2}}}}{{{{r}^{2}}}}]
 Where:
[image: \scriptsize F] is the electrostatic force (in N)
[image: \scriptsize k] is the electrostatic constant ([image: \scriptsize 9\text{ x }{{10}^{9}}\text{ N}\text{.}{{\text{m}}^{2}}.{{\text{C}}^{{-2}}}])
[image: \scriptsize {{Q}_{1}}\text{ and }{{Q}_{2}}] are the charges on each object (in coulombs)
[image: \scriptsize r] is the distance between the centres of the charges (in m)

  Coulomb’s law is defined as follows:

  
    
      Coulomb’s law
 The magnitude of the electrostatic force between two point charges is directly proportional to the product of the magnitudes of charges and inversely proportional to the square of the distance between their centres.

    

  

  
    
      Note

    

    
      
        	When you use the equation for Coulomb’s law, you do not include the + or – signs of the charges.

        	You use this equation to calculate the size (magnitude) of the force.

        	The direction of the force can be worked out by applying the law of electrostatics – like charges repel and unlike charges attract.

        	The magnitude of the force on each charge will be equal but opposite in direction.

      

    

  

  The following example demonstrates how to solve a problem using Coulomb’s Law.

  
    
      
        [image: image]
      

      Example 1.1

    

    
      Study the arrangement of charges below and answer the questions that follow.

      
        [image: ]
      

      
        	What is the magnitude and direction of the force exerted by [image: \scriptsize {{Q}_{2}}] on [image: \scriptsize {{Q}_{1}}]?

        	What is the magnitude and direction of the force exerted by [image: \scriptsize {{Q}_{1}}] on [image: \scriptsize {{Q}_{2}}]?

      

      
        Solutions
      

      Step 1: Write down the given information and what is being asked for in the questions

      [image: \scriptsize \begin{align*}{{Q}_{1}}&=\text{2}\text{.0 C}\\{{Q}_{2}}&=\text{1}.5\text{ C}\\r&=\text{3 cm}\\F&=\text{?}\end{align*}] (there is no need to use [image: \scriptsize +] and [image: \scriptsize -] signs for charges at this stage)

      Step 2: Check units and convert if necessary

      
        [image: \scriptsize r=\text{ 3 cm = 0}\text{.03 m}]
      

      Step 3: Write down the formula

      
        [image: \scriptsize F=\displaystyle \frac{{k{{Q}_{1}}_{{}}{{Q}_{2}}}}{{{{r}^{2}}}}]
      

      Step 4: Substitute the values into the formula and calculate the answer

      
        [image: \scriptsize F=\displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})(2.0)(1.5)}}{{{{{0.03}}^{2}}}}\text{ = 3 x 1}{{\text{0}}^{{13}}}\text{ N}]
      

      Step 5: Look at the signs of the charges to determine the direction of the force

      [image: \scriptsize {{Q}_{1}}] is positive and [image: \scriptsize {{Q}_{2}}] is negative. Opposite charges attract. Therefore the force exerted by [image: \scriptsize {{Q}_{2}}] on [image: \scriptsize {{Q}_{1}}] will be to the right.

      Step 6: Write the answers with magnitude and direction

      
        	The force exerted by [image: \scriptsize {{Q}_{2}}] on [image: \scriptsize {{Q}_{1}}] will be [image: \scriptsize \text{3 x 1}{{\text{0}}^{{13}}}\text{ N}] to the right.

        	The force on charge [image: \scriptsize {{Q}_{2}}] is equal and opposite to the force on charge [image: \scriptsize {{Q}_{1}}]. Therefore the force on charge [image: \scriptsize {{Q}_{2}}] is [image: \scriptsize \text{3 x 1}{{\text{0}}^{{13}}}\text{ N}] to the left.

      

    

  

  
    
      
        [image: image]
      

      Example 1.2

    

    
      A charged object of [image: \scriptsize 1.6\text{ }\mu \text{C}] experiences a force of [image: \scriptsize 7\text{ }200\text{ N}] to the right when it is placed [image: \scriptsize 2\text{ mm}] to the left of an unknown charge [image: \scriptsize Q]. What is the charge on [image: \scriptsize Q]?

      
        Solution
      

      Step 1: Write down the given information and what is being asked for in the question

      
        [image: \scriptsize \begin{align*}{{Q}_{1}}&=\text{1}\text{.6 }\mu \text{C}\\r&=\text{2 mm}\\F&=\text{7 200 N}\\{{Q}_{2}}&=\text{?}\end{align*}]
      

      Step 2: Check the units and convert if necessary

      
        [image: \scriptsize \begin{align*}r&=\text{ 2 mm = 0}\text{.002 m}\\{{Q}_{1}}&=\text{1}\text{.6 }\mu \text{C = 1}\text{.6 x 1}{{\text{0}}^{{-6}}}\text{ C}\end{align*}]
      

      Step 3: Write down the formula

      
        [image: \scriptsize F=\displaystyle \frac{{k{{Q}_{1}}_{{}}{{Q}_{2}}}}{{{{r}^{2}}}}]
      

      Step 4: Substitute the values and calculate the answer

      
        [image: \scriptsize \begin{align*}7\text{ 200}&=\displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})(1.6\text{ x 1}{{\text{0}}^{{-6}}}){{Q}_{2}}}}{{{{{0.002}}^{2}}}}\text{ }\\{{Q}_{2}}&=\text{ 2 x 1}{{\text{0}}^{{-6}}}\text{ C}\end{align*}]
      

      Step 5: Determine whether the unknown charge has a positive or negative charge from the direction of the force given in the question

      
        [image: ]
      

      Force is attraction, therefore [image: \scriptsize {{Q}_{2}}] must have the opposite charge to [image: \scriptsize {{Q}_{1}}]. So, it must be negative.

      Step 6: Write the answer with magnitude and sign

      The unknown charge is [image: \scriptsize -2\text{ x 1}{{\text{0}}^{{-6}}}\text{ C}].

    

  

  
    
      Note

    

    
      Watch the video called Coulomb’s Law | Electrostatics | Electrical engineering by the Khan Academy.

      
        Coulomb’s Law (Duration: 11.50) [image: Coulomb's Law]


      

    

  

  Summary

  In this unit you have learnt the following:

  
    	Charge is measured in the units called coulombs (C).

    	Coulomb’s law states that the electrostatic force between two point charges is directly proportional to the product of the magnitude of the charges (in coulombs) and inversely proportional to the square of the distance between their centres.

    	The magnitude of the force [image: \scriptsize F] between point charges [image: \scriptsize {{Q}_{1}}] and [image: \scriptsize {{Q}_{2}}] that are a distance [image: \scriptsize r] apart, can be found using Coulomb’s law, which you can write mathematically as:
[image: \scriptsize F=\displaystyle \frac{{k{{Q}_{1}}_{{}}{{Q}_{2}}}}{{{{r}^{2}}}}] where [image: \scriptsize k=9\text{ x 1}{{\text{0}}^{9}}\text{ N}\text{.}{{\text{m}}^{2}}.{{\text{C}}^{{-2}}}].

    	The magnitude of the force on each charge will be equal but opposite in direction.

    	The direction of the force can be determined by applying the law of electrostatics: like charges repel and unlike charges attract.

  

  Unit 1: Assessment

  Suggested time to complete: 40 minutes

  
    	Study the arrangement of charges in the diagram and answer the questions that follow:
[image: ]	Find the magnitude and the direction of the force on the [image: 2\text{ x 1}{{\text{0}}^{{-5}}}\text{ C}] charge.
	Find the magnitude and the direction of the force on the [image: \scriptsize -6\text{ x 1}{{\text{0}}^{{-5}}}\text{ C}] charge.



    	Study the arrangement of charges in the diagram and answer the question.
[image: ]
.
 Calculate the magnitude and direction of the force that charge [image: \scriptsize {{Q}_{1}}] experiences.

    	Two point charges of [image: \scriptsize +3\text{ x 1}{{\text{0}}^{{-9}}}\text{ C}] and [image: \scriptsize +5\text{ x 1}{{\text{0}}^{{-9}}}\text{ C}] are [image: \scriptsize 2\text{ mm}]. Determine the magnitude of the force between them and state whether it is attractive or repulsive.

    	Calculate the distance between two charges of [image: \scriptsize +4\text{ nC}] and [image: \scriptsize -3\text{ nC}] if the electrostatic force between them has a magnitude of [image: \scriptsize 0.005\text{ N}].

    	Three point charges are in a straight line as illustrated below. The distances between the charges are given.
[image: ]
.
 Calculate the resultant force on [image: \scriptsize {{Q}_{2}}].

    	Three point charges, [image: \scriptsize {{Q}_{1}}], [image: \scriptsize {{Q}_{2}}] and [image: \scriptsize {{Q}_{3}}], form a right-angled triangle as illustrated below:
[image: ]
.
 Calculate the resultant electrostatic force on [image: \scriptsize {{Q}_{1}}].

    	The magnitude of the force between two unknown charges is [image: \scriptsize 8\text{ N}]. The distance between the charges is then halved. What is the new force between these charges? Explain your answer.

    	The force between two charged objects is [image: \scriptsize F]. Which of the following changes will increase the force between the charges to [image: \scriptsize 4F]? (Just write YES or NO) 	Double the charge on one of the objects.
	Increase the charge on one of the objects by a factor of [image: \scriptsize 4].
	Double the charge on both objects.
	Increase the charge on both objects by a factor of [image: \scriptsize 4].
	Halve the distance between the charges.
	Double the distance between the charges.
	Reduce the distance between the charges by a factor of [image: \scriptsize 4].
	Increase the distance between the charges by a factor of [image: \scriptsize 4].



  

  The full solutions are at the end of the unit.

  Unit 1: Solutions

  Unit 1: Assessment

  
    	
      .
      
        	.
[image: \scriptsize \begin{align*}{{Q}_{1}}&=\text{ 2 x 1}{{\text{0}}^{{-5}}}\text{ C}\\{{\text{Q}}_{2}}&=6\text{ x 1}{{\text{0}}^{{-5}}}\text{ C}\\r&=\text{0}\text{.3 mm = 0}\text{.0003 m}\\F&=\text{ }\displaystyle \frac{{k{{Q}_{1}}{{Q}_{2}}}}{{{{r}^{2}}}}\text{ = }\displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})(2\text{ x 1}{{\text{0}}^{{-5}}})(6\text{ x 1}{{\text{0}}^{{-5}}})}}{{{{{0.0003}}^{2}}}}\text{ = 1}\text{.2 x 1}{{\text{0}}^{8}}\end{align*}]
 Unlike charges, therefore force will be attraction.
 The force on [image: \scriptsize {{Q}_{1}}] will be [image: \scriptsize \text{1}\text{.2 x 1}{{\text{0}}^{8}}\text{ N}] downwards.

        	The force on [image: \scriptsize {{Q}_{2}}] will be [image: \scriptsize \text{1}\text{.2 x 1}{{\text{0}}^{8}}\text{ N}] upwards.

      

    

    	.
[image: \scriptsize \begin{align*}{{Q}_{1}}&=\text{ 6 x 1}{{\text{0}}^{{-5}}}\text{ C}\\{{\text{Q}}_{2}}&=1\text{ x 1}{{\text{0}}^{{-5}}}\text{ C}\\r&=\text{3 cm = 0}\text{.03 m}\\F&=\text{ }\displaystyle \frac{{k{{Q}_{1}}{{Q}_{2}}}}{{{{r}^{2}}}}\text{ = }\displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})(6\text{ x 1}{{\text{0}}^{{-5}}})(1\text{ x 1}{{\text{0}}^{{-5}}})}}{{{{{0.03}}^{2}}}}\text{ = 6 000}\end{align*}]
 Unlike charges, therefore force is attraction. Force on [image: \scriptsize {{Q}_{1}}] will be [image: \scriptsize 6\text{ 000 N}] to the right.

    	.
[image: \scriptsize \begin{align*}{{Q}_{1}}&=\text{3 x 1}{{\text{0}}^{{-9}}}\text{ C}\\{{\text{Q}}_{2}}&=5\text{ x 1}{{\text{0}}^{{-9}}}\text{ C}\\r&=\text{2 mm = 0}\text{.002 m}\\F&=\text{ }\displaystyle \frac{{k{{Q}_{1}}{{Q}_{2}}}}{{{{r}^{2}}}}\text{ = }\displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})(3\text{ x 1}{{\text{0}}^{{-9}}})(5\text{ x 1}{{\text{0}}^{{-9}}})}}{{{{{0.002}}^{2}}}}\text{ = 0}\text{.034 N}\end{align*}]
 Like charges, therefore force will be repulsion.

    	.
[image: \scriptsize \begin{align*}{{Q}_{1}}&=\text{ 4 x 1}{{\text{0}}^{{-9}}}\text{ C}\\{{\text{Q}}_{2}}&=3\text{ x 1}{{\text{0}}^{{-9}}}\text{ C}\\F&=\text{0}\text{.005 N}\\F&=\text{ }\displaystyle \frac{{k{{Q}_{1}}{{Q}_{2}}}}{{{{r}^{2}}}}\\0.005&=\displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})(4\text{ x 1}{{\text{0}}^{{-9}}})(3\text{ x 1}{{\text{0}}^{{-9}}})}}{{{{r}^{2}}}}\\r&=\text{ 4}\text{.65 x 1}{{\text{0}}^{{-3}}}\text{ m}\end{align*}]
 (Do not forget to square root to find [image: \scriptsize r].)

    	First calculate force of [image: \scriptsize {{Q}_{2}}] on [image: \scriptsize {{Q}_{1}}]:
[image: \scriptsize \begin{align*}{{Q}_{1}}&=\text{2 x 1}{{\text{0}}^{{-9}}}\text{ C}\\{{\text{Q}}_{2}}&=\text{1 x 1}{{\text{0}}^{{-9}}}\text{ }{{\text{C}}^{{}}}\\r&=\text{2 x 1}{{\text{0}}^{{-2}}}\text{ m}\\F&=\text{ }\displaystyle \frac{{k{{Q}_{1}}{{Q}_{2}}}}{{{{r}^{2}}}}\text{ = }\displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})(2\text{ x 1}{{\text{0}}^{{-9}}})(1\text{ x 1}{{\text{0}}^{{-9}}})}}{{{{{(2\text{ x 1}{{\text{0}}^{{-2}}})}}^{2}}}}\text{ = 4}\text{.5 x 1}{{\text{0}}^{{-5}}}\end{align*}]
 These are like charges so they will repel. The force on [image: \scriptsize {{Q}_{2}}] will be [image: \scriptsize 4.5\text{ x 1}{{\text{0}}^{{-5}}}\text{ N }] to the right.
 Now calculate the force of [image: \scriptsize {{Q}_{3}}] on [image: \scriptsize {{Q}_{2}}]:
[image: \scriptsize \begin{align*}{{Q}_{3}}&=\text{3 x 1}{{\text{0}}^{{-9}}}\text{ C}\\{{Q}_{2}}&=\text{1 x 1}{{\text{0}}^{{-9}}}\text{ }{{\text{C}}^{{}}}\\r&=\text{4 x 1}{{\text{0}}^{{-2}}}\text{ m}\\F&=\text{ }\displaystyle \frac{{k{{Q}_{3}}{{Q}_{2}}}}{{{{r}^{2}}}}\text{ = }\displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})(3\text{ x 1}{{\text{0}}^{{-9}}})(1\text{ x 1}{{\text{0}}^{{-9}}})}}{{{{{(4\text{ x 1}{{\text{0}}^{{-2}}})}}^{2}}}}\text{ = 1}\text{.69 x 1}{{\text{0}}^{{-5}}}\end{align*}]
 These are unlike charges so they will attract. The force on [image: \scriptsize {{Q}_{2}}] will be [image: \scriptsize 1.69\text{ x 1}{{\text{0}}^{{-5}}}\text{ N }] to the right.
[image: \scriptsize {{F}_{{net}}}=\text{ }{{F}_{1}}\text{ + }{{F}_{2}}] Let to the right be +ve
[image: ]
.
[image: \scriptsize =\text{ (4}\text{.5 x 1}{{\text{0}}^{{-5}}})+\text{ (1}\text{.69 x 1}{{\text{0}}^{{-5}}})=6.19\text{ x 1}{{\text{0}}^{{-5}}}\text{ N}] to the right

    	First calculate force of [image: \scriptsize {{Q}_{2}}] on [image: \scriptsize {{Q}_{1}}]:
[image: \scriptsize \begin{align*}{{Q}_{1}}&=\text{ 4 nC = 4 x 1}{{\text{0}}^{{-9}}}\text{ C}\\{{Q}_{2}}&=6\text{ nC = }6\text{ x 1}{{\text{0}}^{{-9}}}\text{ }{{\text{C}}^{{}}}\\r&=\text{5 x 1}{{\text{0}}^{{-2}}}\text{ m}\\F&=\text{ }\displaystyle \frac{{k{{Q}_{1}}{{Q}_{2}}}}{{{{r}^{2}}}}\text{ = }\displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})(4\text{ x 1}{{\text{0}}^{{-9}}})(6\text{ x 10}9)}}{{{{{(5\text{ x 1}{{\text{0}}^{{-2}}})}}^{2}}}}\text{ = 8}\text{.64 x 1}{{\text{0}}^{{-5}}}\end{align*}]
 These are like charges, so they repel. The force on [image: \scriptsize {{Q}_{1}}] will be [image: \scriptsize 8.64\text{ x1}{{\text{0}}^{{-5}}}\text{ N }] to the left.
 Now calculate force of [image: \scriptsize {{Q}_{3}}] on [image: \scriptsize {{Q}_{2}}]:
[image: \scriptsize \begin{align*}{{Q}_{1}}&=\text{ 4 nC = 4 x 1}{{\text{0}}^{{-9}}}\text{ C}\\{{Q}_{3}}&=3\text{ nC = 3 x 1}{{\text{0}}^{{-9}}}\text{ }{{\text{C}}^{{}}}\\r&=\text{3 x 1}{{\text{0}}^{{-2}}}\text{ m}\\F&=\text{ }\displaystyle \frac{{k{{Q}_{1}}{{Q}_{2}}}}{{{{r}^{2}}}}\text{ = }\displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})(4\text{ x 1}{{\text{0}}^{{-9}}})(3\text{ x 1}{{\text{0}}^{{-9}}})}}{{{{{(3\text{ x 1}{{\text{0}}^{{-2}}})}}^{2}}}}\text{ = 1}\text{.2 x 1}{{\text{0}}^{{-4}}}\end{align*}]
 These are unlike charges so they will attract. The force on [image: \scriptsize {{Q}_{1}}] will be [image: \scriptsize \text{1}\text{.2 x1}{{\text{0}}^{{-4}}}\text{ N }]upwards.
 Now find the resultant of these two forces:
[image: ]
.
[image: \scriptsize \begin{align*}{{({{F}_{{ne{{t}^{{}}}}}})}^{2}}&=\text{ (8}\text{.64 x 1}{{\text{0}}^{{-5}}}{{)}^{2}}+\text{ (1}\text{.2 x 1}{{\text{0}}^{{-4}}}{{)}^{2}}\\{{F}_{{net}}}&=\text{ 1}\text{.48 x 1}{{\text{0}}^{{-4}}}\text{ N}\end{align*}]
[image: \scriptsize \begin{align*}\tan \theta &=\text{ }\displaystyle \frac{{8.64\text{ x1}{{\text{0}}^{{-5}}}}}{{1.2\text{ x 1}{{\text{0}}^{{-4}}}}}\\\theta &=\text{35}\text{.7}{{\text{5}}^{o}}\end{align*}]
 Resultant force on [image: \scriptsize {{Q}_{1}}] is [image: \scriptsize \text{1}\text{.48 x 1}{{\text{0}}^{{-4}}}\text{ N}] at [image: \scriptsize \text{35}\text{.7}{{\text{5}}^{o}}] from the vertical.

    	From Coulomb’s law, the magnitude of the force between two charges is inversely proportional to the square of the distance between the charges. You write this mathematically as: [image: \scriptsize F\propto \text{ }\displaystyle \frac{1}{{{{r}^{2}}}}].
 If the distance between the charges is halved, this means that the new force ([image: \scriptsize {{F}_{2}}]) is related to the old force [image: \scriptsize F] in this way:
[image: \scriptsize {{F}_{2}}\propto \text{ }\displaystyle \frac{1}{{{{{(\displaystyle \frac{1}{2})}}^{2}}}}\text{ }     F\text{ }\propto \text{ }\displaystyle \frac{1}{{\displaystyle \frac{1}{4}}}\text{ = 4}F]
.
 So the new force will be greater than the previous force [image: \scriptsize F] by a factor of [image: \scriptsize 4]. Therefore the magnitude of the force will be [image: \scriptsize 8\text{ x 4 = 32 N}].

    	
      .
      
        	Double the charge on one of the objects. NO
 ([image: \scriptsize F\text{ }\propto \text{ }Q], force is proportional to charge, so this will increase the force to [image: \scriptsize 2F], not [image: \scriptsize 4F].)

        	Increase the charge on one of the objects by a factor of [image: \scriptsize 4]. YES
 ([image: \scriptsize F\text{ }\propto \text{ }Q], force is proportional to charge, so this will increase the force to [image: \scriptsize 4F].)

        	Double the charge on both objects. YES
 ([image: \scriptsize F\text{ }\propto \text{ }Q], force is proportional to charge, so this will increase the force to [image: \scriptsize 4F].)

        	Increase the charge on both of the objects by a factor of 4. NO
 ([image: \scriptsize F\text{ }\propto \text{ }Q], force is proportional to charge, so this will increase the force to [image: \scriptsize 16F], not [image: \scriptsize 4F].)

        	Halve the distance between the charges. YES
 ([image: \scriptsize F\text{ }\propto \text{ }\displaystyle \frac{1}{{{{r}^{2}}}}], force is inversely proportional to the square of the distance between the charges, so this will increase the force to [image: \scriptsize 4F].)

        	Double the distance between the charges. NO
 ([image: \scriptsize F\text{ }\propto \text{ }\displaystyle \frac{1}{{{{r}^{2}}}}], force is inversely proportional to the square of the distance between the charges, so this will decrease the force to [image: \scriptsize \displaystyle \frac{1}{4}F].)

        	Reduce the distance between the charges by a factor of [image: \scriptsize 4]. NO
 ([image: \scriptsize F\text{ }\propto \text{ }\displaystyle \frac{1}{{{{r}^{2}}}}], force is inversely proportional to the square of the distance between the charges, so this will increase the force to [image: \scriptsize 16F].)

        	Increase the distance between the charges by a factor of [image: \scriptsize 4]. NO
 ([image: \scriptsize F\text{ }\propto \text{ }\displaystyle \frac{1}{{{{r}^{2}}}}], force is inversely proportional to the square of the distance between the charges, so this will decrease the force to [image: \scriptsize \displaystyle \frac{1}{{16}}F].)
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Unit 2: Electric fields
Leigh Kleynhans



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify and draw the electric field around: 	single charges
	a pair of charges
	a Faraday cage.



        	Calculate electric field strength: 	around a charge
	between parallel plates.



      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Describe how objects become charged. You can refer to level 2, subject outcome 4.2, unit 1 to revise this. [link to Physical Science Level 2, Subject Outcome 4.2, Unit 1]

    	Explain that a charged object can exert a force on other charged objects. You can refer to level 3, subject outcome 4.1, unit 1 to revise this. [link to Physical Science Level 3, Subject Outcome 4.1, Unit 1]

  

  Introduction

  Parts of the text in this unit were sourced from Siyavula Physical Science Gr 11 Learner’s Book, Chapter 9, released under a CC-BY licence.

  You have learnt that charged objects can exert forces of attraction or repulsion on one another without needing to touch each other. This is because any charged object creates an electric field in the space around it, and any other object that moves into this space experiences the effects of this electric field.

  The electric field is described as a region in which an electric charge experiences a force. In this unit, you will learn how to draw the electric field using electric field lines, and how to find the magnitude and direction of the electric field.

  Electric fields

  We have seen in the previous unit that point charges exert forces on each other even when they are far apart and not touching each other. How do the charges ‘know’ about the existence of other charges around them?

  The answer is that every charge is surrounded in space by an invisible electric field. The electric field is the region of space in which another electric charge will experience a force. An electric field is a vector. The direction of an electric field at a point in space is the same direction in which a positive test charge would move if placed at that point.

  
    
      Note

    

    
      Watch this animation, called Electrostatics explained – part 1, by cg-physics-global, which gives a visual representation of an electric field.

      
        Electrostatics explained – part 1 (Duration: 02.20) [image: Electrostatics explained]


      

    

  

  Representing electric fields

  It is useful to use diagrams to indicate these invisible electric fields. These diagrams use field lines to indicate the characteristics of the electric field.

  We use the following conventions when drawing electric field lines:

  
    	Arrows on the field lines indicate the direction of the field, i.e. the direction in which a positive test charge would move if placed in the field.

    	Electric field lines therefore point away from positive charges (like charges repel) and towards negative charges (unlike charges attract).

    	Field lines are drawn closer together where the field is stronger.

    	Field lines do not touch or cross each other.

    	Field lines are drawn perpendicular to a charge or charged surface.

  

  Look at the diagrams below which are representations of electric fields around a positive charge and a negative charge.

  
    [image: ]
    Figure 1: Electric field diagrams for a positive charge and a negative charge

  

  The field lines go outwards from a positive fixed charge, as this is the direction a positive test charge would move if placed in the field (repulsion). The field lines go inwards around a negative fixed charge, as this is the direction in which a positive test charge will move if placed in the field (attraction).

  Close to the central charges, the field lines are close together. This is where the electric field is strongest. Further away from the central charges, where the electric field is weaker, the field lines are more spread out from each other.

  The greater the magnitude of the charge, the stronger its electric field. We represent this by drawing more field lines around the greater charge than around charges with smaller magnitudes.

  
    [image: ]
    Figure 2: Representations of electric fields around a [image: \scriptsize 1\text{ nC}] charge and a [image: \scriptsize 10\text{ nC}] charge

  

  Some important points to remember about electric fields:

  
    	There is an electric field at every point in space surrounding a charge.

    	Field lines are merely a representation – they are not real. When we draw them, we just pick convenient places to indicate the field in space.

    	Field lines exist in three dimensions, not only in two dimensions as we draw them.

    	The number of field lines we draw is proportional to the charge.

  

  Resultant electric fields around pairs of charges

  When two charges are placed in the same area, their electric fields will interact. When a positive test charge is placed in the field, the force it experiences will be the resultant of the forces experienced from each individual field.

  The diagram below represents the resultant electric field around two positive charges.

  
    [image: ]
    Figure 3: Representation of the electric fields around a pair of positive charges

  

  The diagram representing the resultant electric field around two negative charges will be the same as the diagram above, except the arrowheads will go inwards.

  When one negative charge and one positive charge have interacting electric fields, a positive test charge will be attracted towards the negative fixed charge and repelled by the positive fixed charge. The resulting electric field is shown in Figure 4 below.

  
    [image: ]
    Figure 4: Representation of the electric field around a pair of charges, one negative and the other positive

  

  Electric field around charged parallel plates

  Electric fields can also develop between two metal plates when they are connected to a power source. The one plate will be positively charged and the other plate will be negatively charged.

  
    [image: ]
    Figure 5: Electric field between oppositely charged parallel metal plates

  

  The electric field around point or spherical charges is described as a radial electric field. The strength of the field decreases as the distance from the central charge increases. This can be seen in the field diagrams by noting that the field lines get further apart.

  The electric field between parallel plates is described as being a uniform electric field. The strength of the field is the same at any point between the plates. This can be seen in the field diagrams by noting that the field lines are parallel.

  Electric field around a Faraday cage

  A Faraday cage is a hollow structure made from a conducting material. An external electrical field causes the electric charges within the cage’s conducting material to be distributed so that they cancel the field’s effect in the cage’s interior.

  
    [image: ]
    Figure 6: Electric fields around charged hollow spheres

  

  
    This phenomenon is used to protect sensitive electronic equipment often during testing or alignment of the device. They are also used to protect people and equipment against actual electric currents such as lightning strikes and electrostatic discharges, since the enclosing cage conducts current around the outside of the enclosed space and none passes through the interior. This was discussed in 
    level 2 subject outcome 4.2 unit 2
    on interaction of charge.
  

  
    
      
        [image: image]
      

      Activity 2.1: Use an internet simulation to observe the electric field around positive and negative charges

    

    
      Suggested time: 10 minutes

      
        What you need:
      

      
        	internet access

      

      
        What to do:
      

      
        	Go to the Charges and Fields simulation.[image: interactive simulation]

        	When the window opens with the simulation, at the bottom of the screen you will see a red positive charge (labelled [image: \scriptsize +1\text{ nC}]) and a blue negative charge (labelled [image: \scriptsize -1\text{ nC}]). Drag the positive charge into the middle of the screen. (You can do this by drag and drop i.e., select the charge by clicking on it, move it while holding down the mouse button, then let go of the mouse button when the charge is in the middle of the screen.)

        	As soon as you have positioned the charge in the middle of the screen you will notice the electric field arrows around it. The brightness of the field arrows indicate the strength of the electric field at that point.

        	Notice the direction in which the electric field arrows are pointing.

        	Notice the brightness of the field arrows further away from the charge. What does this tell you about the strength of the electric field near the charge compared with further away from the charge?

        	Click the ‘Reset’ button on the bottom right of the screen (↺), and now drag the negative charge into the middle of the screen. Are the field arrows pointing in the direction that you expect them to?

        	Now reset all the settings and add one positive and one negative charge to the window. Notice the shape of the electric field that forms around these charges.

        	Now reset all the settings and add two positive charges to the window. Notice the shape of the electric field that forms around these charges.

        	Now reset all the settings and add two negative charges to the window. Notice the shape of the electric field that forms around these charges.

      

      
        What did you find?
      

      This simulation shows that the direction of the electric field points outward from a positive charge, and inward towards a negative charge. When two charges are close to each other, the electric fields combine to form a field pattern which depends on the types of the charges.

      The simulation should have confirmed your understanding of the shape of electric fields around single charges and pairs of charges as discussed in this unit. You will also have confirmed that the field is strongest close to the source of the field and gets weaker as you move further away from the charge.

    

  

  Calculating electric field strength around a point charge ([image: \scriptsize Q])

  In activity 2.1 you would have noticed that the electric field is strongest nearer the charge and becomes weaker the further out you go from the charge.

  To calculate the electric field strength of the electric field at a distance [image: \scriptsize r] from a charge [image: \scriptsize Q] , you can use the equation: [image: \scriptsize E=\displaystyle \frac{{kQ}}{{{{r}^{2}}}}]

  Where:

  [image: \scriptsize E] is the magnitude of the electric field strength, measured in units of [image: \scriptsize \text{N}\text{.}{{\text{C}}^{{\text{-1}}}}]

  [image: \scriptsize k] is the electrostatic constant: [image: \scriptsize k=9\text{ x 1}{{\text{0}}^{9}}\text{ }{{\text{N}}^{2}}.{{\text{m}}^{2}}.{{\text{C}}^{{-2}}}]

  [image: \scriptsize Q] is the magnitude of the charge that creates the field, measured in coulombs (C)

  [image: \scriptsize r] is the distance from the charge, measured in metres (m).

  In this equation you can see that the electric field is proportional to [image: \scriptsize \displaystyle \frac{1}{{{{r}^{2}}}}]. In other words, the greater the distance away from the charge, the weaker the electric field. This supports your observations of the reduced strength of the electric field further away from the charge in activity 2.1.

  
    
      Note

    

    
      This formula can only be used for calculations involving point charges or hollow spheres. It cannot be used for parallel plates.

    

  

  
    
      
        [image: image]
      

      Example 2.1

    

    
      What is the electric field strength at a point that is [image: \scriptsize 3\text{ mm}] to the right of a charge [image: \scriptsize Q=-2\text{ nC}]?

      
        Solution
      

      Step 1: Write down the given information, check units and convert if necessary

      
        [image: \scriptsize \begin{align*}r&=3\text{ mm = 0}\text{.003 m}\\Q&=-2\text{ nC = 2 x 1}{{\text{0}}^{{-9}}}\text{ C}\\E&=?\end{align*}]
      

      Step 2: Write down the formula

      
        [image: \scriptsize E=\displaystyle \frac{{kQ}}{{{{r}^{2}}}}]
      

      Step 3: Substitute the values into the formula and calculate the answer

      
        [image: \scriptsize \displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})(2\text{ x 1}{{\text{0}}^{{-9}}})}}{{{{{0.003}}^{2}}}}\text{ = 2 x 1}{{\text{0}}^{6}}\text{ N}\text{.}{{\text{C}}^{{-1}}}]
      

      Step 4: Work out the direction of the electric field

      The source of the field is a negative charge, so the direction of the electric field will be towards [image: \scriptsize Q]. Therefore the direction at a point to the right of [image: \scriptsize Q] will be to the left.

      Step 5: Write the final answer with magnitude and direction

      [image: \scriptsize \text{2 x 1}{{\text{0}}^{6}}\text{ N}\text{.}{{\text{C}}^{{-1}}}] to the left

    

  

  
    
      
        [image: image]
      

      Exercise 2.1

    

    
      
      
        	Calculate the electric field strength at a point [image: \scriptsize 0.3\text{ m}] to the left of a point charge of [image: \scriptsize 6\text{ x 1}{{\text{0}}^{8}}\text{ C}].

        	If the electric field strength is [image: \scriptsize 25\text{ N}\text{.}{{\text{C}}^{{-1}}}] to the right at a distance of [image: \scriptsize 5\text{ cm}] to the left of a charge [image: \scriptsize Q], calculate the charge on [image: \scriptsize Q].

        	At what distance will the electric field strength be [image: \scriptsize 2\text{ x 1}{{\text{0}}^{6}}\text{ N}\text{.}{{\text{C}}^{{-1}}}] outwards from a charge of [image: \scriptsize 70\text{ nC}]?

      

      The 
full solutions are at the end of the unit.
    

  

  Calculating the force experienced by a test charge ([image: \scriptsize q]) placed in an electric field

  When a test charge ([image: \scriptsize q]) is placed in an electric field, it will experience a force (according to Coulomb’s law). The following formula can be used to calculate the force if the charge on the source of the field ([image: \scriptsize Q]) is not known but the electric field strength ([image: \scriptsize E]) is known.

  [image: \scriptsize F=Eq] or [image: \scriptsize E=\displaystyle \frac{F}{q}]
 Where:
[image: \scriptsize F] is the force measured in [image: \scriptsize \text{N}]
[image: \scriptsize E] is the electric field strength measured in [image: \scriptsize \text{N}\text{.}{{\text{C}}^{{-1}}}]
[image: \scriptsize q] is the charge on the test charge measured in [image: \scriptsize \text{C}]

  
    
      Note

    

    
      This formula can be used for calculations involving point charges or hollow spheres and for parallel plates.

    

  

  
    
      
        [image: image]
      

      Example 2.2

    

    
      Calculate the magnitude of the force experienced by a charge of [image: \scriptsize 3\text{ }\mu \text{C}] placed in an electric field with a strength of [image: \scriptsize 4\text{ x 1}{{\text{0}}^{3}}\text{ N}\text{.}{{\text{C}}^{{-1}}}].

      
        Solution
      

      Step 1: Write down the given information, check units and convert if necessary
[image: \scriptsize \begin{align*}q&=3\text{ }\mu \text{C = 3 x1}{{\text{0}}^{{-6}}}\text{ C}\\E&=4\text{ x 1}{{\text{0}}^{3}}\text{ N}\text{.}{{\text{C}}^{{-1}}}\\F&=?\end{align*}]

      Step 2: Write down the formula
[image: \scriptsize F=Eq]

      Step 3: Substitute values and calculate answer
[image: \scriptsize (4\text{ x 1}{{\text{0}}^{3}})(3\text{ x 1}{{\text{0}}^{{-6}}})=\text{ 0}\text{.012 N}]
 The question asks for the magnitude of the force, so no direction required.

    

  

  
    
      
        [image: image]
      

      Exercise 2.2

    

    
      
      
        	Calculate the magnitude of the force on a charge of [image: \scriptsize 26\text{ C}] placed in an electric field of strength [image: \scriptsize 60\text{ N}\text{.}{{\text{C}}^{{-1}}}].

        	What is the magnitude of the electric field strength if a charge of [image: \scriptsize 250\text{ mC}] experiences a force of [image: \scriptsize 35\text{ N}] when placed in the field?

        	What is the magnitude of a charge if it experiences of force of [image: \scriptsize 2\text{ N}] when placed in an electric field of strength [image: \scriptsize 560\text{ N}\text{.}{{\text{C}}^{{-1}}}]?

      

      The 
full solutions are at the end of the unit.
    

  

  
    
      Note

    

    
      By convention, the symbol [image: \scriptsize Q] is used for the charge that is the source of the field and the symbol [image: \scriptsize q] is used for a charge that is placed in the field.

    

  

  Calculating the electric field strength between parallel plates

  The electric field strength between parallel plates is determined by the voltage connected to the plates and the distance between the plates. The greater the voltage, the stronger the electric field. The further apart the plates, the weaker the electric field. The formula to calculate the electric field strength between parallel plates is:
[image: \scriptsize E=\displaystyle \frac{V}{d}]
 Where:
[image: \scriptsize E] is the electric field strength in [image: \scriptsize \text{N}\text{.}{{\text{C}}^{{-1}}}]
[image: \scriptsize V] is the voltage measured in volts ([image: \scriptsize V])
[image: \scriptsize d] is the distance between the plates measured in metres ([image: \scriptsize m])

  
    [image: ]
    Figure 7: An electric field between parallel plates

  

  

  
    
      Note

    

    
      This formula can only be used for the electric field strength between parallel plates.

    

  

  
    
      
        [image: image]
      

      Example 2.3

    

    
      Calculate the electric field strength between two parallel plates when the voltage is [image: \scriptsize 6\text{ V}] and the distance between the plates is [image: \scriptsize 4\text{ cm}].

      
        Solution
      

      Step 1: Write down the given information, check the units and convert if required
[image: \scriptsize \begin{align*}V&=6\text{ V}\\d&=\text{4 cm = 0}\text{.04 m}\\E&=?\end{align*}]

      Step 2: Write down the formula
[image: \scriptsize E=\displaystyle \frac{V}{d}]

      Step 3: Substitute the values and calculate the answer
[image: \scriptsize \displaystyle \frac{6}{{0.04}}=\text{ 150 N}\text{.}{{\text{C}}^{{-1}}}]

      Step 4: Determine the direction of the field
 Rule: the direction of the field is the direction in which a positive test charge will move. A positive test charge will move towards the negative plate.

      Step 5: Write answer
[image: \scriptsize 150\text{ N}\text{.}{{\text{C}}^{{-1}}}] towards the negative plate

    

  

  
    
      
        [image: image]
      

      Exercise 2.3

    

    
      
      
        	Calculate the strength of the electric field between two parallel plates if they are [image: \scriptsize 2\text{ m }] apart and the voltage is [image: \scriptsize 24\text{ V}\text{.}]

        	If the electric field strength between two parallel plates is [image: \scriptsize 2\text{ x 1}{{\text{0}}^{4}}\text{ N}\text{.}{{\text{C}}^{{-1}}}] and the voltage is [image: \scriptsize 220\text{ V}], calculate the distance between the plates.

      

      The 
full solutions are at the end of the unit.
    

  

  Summary

  In this unit you have learnt the following:

  
    	An electric field is a region of space in which an electric charge will experience a force.

    	The direction of a field at a point in space is the direction in which a positive test charge would move if placed at that point.

    	We can represent an electric field using field lines.

    	An electric field due to a point charge [image: \scriptsize Q] is defined as the force per unit charge [image: \scriptsize q] placed in the field.

    	The magnitude of an electric field around a point charge can be calculated using the formulae: [image: \scriptsize E=\displaystyle \frac{{kQ}}{{{{r}^{2}}}}] or [image: \scriptsize E=\displaystyle \frac{F}{Q}].

    	The magnitude of an electric field around parallel plates can be calculated using the formulae: [image: \scriptsize E=\displaystyle \frac{F}{Q}] or [image: \scriptsize E=\displaystyle \frac{V}{d}].

    	The units of an electric field strength are newtons per coulomb ([image: \scriptsize \text{N}\text{.}{{\text{C}}^{{-1}}}]).

  

  Unit 2: Assessment

  Suggested time to complete: 30 minutes

  
    	Draw diagrams to illustrate the electric fields of the following: 	A negative point charge.
	Two negative charges near each other.
	Two oppositely charged parallel plates.
 State whether the fields are radial or uniform.



    	A charge of [image: \scriptsize 6\text{ }\mu \text{C}] is placed in an electric field around a point charge of [image: \scriptsize 8\text{ x 1}{{\text{0}}^{{-3}}}\text{ C}] in a position [image: \scriptsize 7\text{ cm}] from the source of the field. Calculate the magnitude of the force it will experience.

    	A charge of [image: \scriptsize -3\text{ C}] is placed in an electric field between two parallel, oppositely charged plates with a voltage of [image: \scriptsize 0.6\text{ V}] and experiences of force of [image: \scriptsize 5\text{ N}]. Calculate the distance between the plates.

    	Two charges of [image: \scriptsize {{Q}_{1}}=+3\text{ nC}] and [image: \scriptsize {{Q}_{2}}=-4\text{ nC}] are separated by a distance of [image: \scriptsize 50\text{ cm}]. What is the electric field strength at a point that is [image: \scriptsize 10\text{ cm}] from [image: \scriptsize {{Q}_{1}}] and [image: \scriptsize 30\text{ cm}] from [image: \scriptsize {{Q}_{2}}]? The point lies at x in the diagram below.
[image: ]

    	Two point charges form a right-angled triangle with the point [image: \scriptsize A] at the origin. Their charges are [image: \scriptsize {{Q}_{2}}=6\text{ nC}] and [image: \scriptsize {{Q}_{3}}=-3\text{ nC}]. The distance between [image: \scriptsize A] and [image: \scriptsize {{Q}_{2}}] is [image: \scriptsize 0.05\text{ m}] and the distance between [image: \scriptsize A] and [image: \scriptsize {{Q}_{3}}] is [image: \scriptsize 0.03\text{ m}]. What is the net electric field measured at [image: \scriptsize A] from the two charges if they are arranged as shown?
[image: ]

  

  The full solutions are at the end of the unit.

   Unit 2:  Solutions

  Exercise 2.1

  
    	
      .
      

      [image: \scriptsize \begin{align*}r&=0.3\text{ m}\\Q&=\text{ 6 x 1}{{\text{0}}^{8}}\text{ C}\\E&=?\\E&=\displaystyle \frac{{kQ}}{{{{r}^{2}}}}\text{ = }\displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})(6\text{ x 1}{{\text{0}}^{{8)}}}}}{{{{{0.3}}^{2}}}}\text{ = 6 x 1}{{\text{0}}^{{19}}}\text{ N}\text{.}{{\text{C}}^{{-1}}}\text{ to the left}\end{align*}]
    

    	.
[image: \scriptsize \begin{align*}r&=\text{ 5 cm = 0}\text{.05 m}\\E&=25\text{ N}\text{.}{{\text{C}}^{{-1}}}\\Q&=?\\E&=\displaystyle \frac{{kQ}}{{{{r}^{2}}}}\text{ }\\\text{25}&=\displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})Q}}{{{{{0.05}}^{2}}}}\\Q&=\text{6}\text{.94 x 1}{{\text{0}}^{{-12}}}\text{ C}\\Q&=-6.94\text{ x 1}{{\text{0}}^{{-12}}}\text{ C}\end{align*}]
 The charge must be negative if the direction of field is towards the charge [image: \scriptsize Q]

    	
      .
      

      [image: \scriptsize \begin{align*}Q&=\text{ 70 nC = 70 x 1}{{\text{0}}^{9}}\text{ C}\\E&=2\text{ x 1}{{\text{0}}^{6}}\text{ N}\text{.}{{\text{C}}^{{-1}}}\\r&=?\\E&=\displaystyle \frac{{kQ}}{{{{r}^{2}}}}\text{ }\\\text{2 x1}{{\text{0}}^{6}}&=\text{ }\displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})(70\text{ x 1}{{\text{0}}^{{-9}}})}}{{{{r}^{2}}}}\\r&=\text{ 0}\text{.018m}\end{align*}]
    

  

  
    Back to Exercise 2.1
  

  Exercise 2.2

  
    	
      .
      

      [image: \scriptsize \begin{align*}q&=26\text{ C}\\E&=\text{60 N}\text{.}{{\text{C}}^{{-1}}}\\F&=?\\F&=Eq=60\text{ x 26 = 1 560 N}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \begin{align*}q&=250\text{ mC = 0}\text{.25 C}\\F&=35\text{ N}\\E&=?\\E&=\displaystyle \frac{F}{q}\text{ = }\displaystyle \frac{{35}}{{0.25}}\text{ = 140 N}\text{.}{{\text{C}}^{{-1}}}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \begin{align*}F&=2\text{ N}\\E&=560\text{ N}\text{.}{{\text{C}}^{{-1}}}\\q&=?\\E&=\displaystyle \frac{F}{q}\text{ }\\\text{560}&=\displaystyle \frac{2}{q}\text{ }\\\text{q}&=\text{3}\text{.57 x 1}{{\text{0}}^{{-3}}}\text{ C}\end{align*}]
    

  

  
    Back to Exercise 2.2
  

  Exercise 2.3

  
    	
      .
      

      [image: \scriptsize \begin{align*}d&=2\text{ m}\\V&=24\text{ V}\\E&=\text{?}\\E&=\displaystyle \frac{V}{d}=\displaystyle \frac{{24}}{2}\text{ = 12 N}\text{.}{{\text{C}}^{{-1}}} && \text{towards negative plate}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \displaystyle \begin{align*}V&=220\text{ V}\\E&=2\text{ x 1}{{\text{0}}^{4}}\text{ N}\text{.}{{\text{C}}^{{-1}}}\\d&=?\\E&=\displaystyle \frac{V}{d}\\2\text{ x 1}{{\text{0}}^{4}}&=\displaystyle \frac{{220}}{d}\text{ }\\d&=\text{0}\text{.011 m}\end{align*}]
    

  

  
    Back to Exercise 2.3
  

  Unit 2: Assessment 

  
    	
      .
      
        	
          .
          

          
            [image: ]
            radial

          

        

        	
          .
          

          
            [image: ]
            radial

          

        

        	
          .
          

          
            [image: ]
            uniform

          

        

      

    

    	
      .
      

      [image: \scriptsize \begin{align*}Q&=8\text{ x 1}{{\text{0}}^{{-3}}}C\\q&=6\text{ }\mu \text{C = 6 x 1}{{\text{0}}^{{-6}}}\text{ C}\\r&=7\text{ cm = 0}\text{.07 m}\\F&=?\\E&=\displaystyle \frac{{kQ}}{{{{r}^{2}}}}=\displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})(8\text{ x 1}{{\text{0}}^{{-3}}})}}{{{{{0.07}}^{2}}}}=1.\text{47 x 1}{{\text{0}}^{{10}}}\text{ N}\text{.}{{\text{C}}^{{-1}}}\\F&=Eq=(1.47\text{ x 1}{{\text{0}}^{{10}}})(6\text{ x 1}{{\text{0}}^{{-6}}})=88\text{ 163,27 N}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \begin{align*}q&=-3\text{ C}\\V&=0.6\text{ V}\\F&=5\text{ N}\\d&=?\\E&=\displaystyle \frac{F}{q}=\displaystyle \frac{5}{3}=1.67\text{ N}\text{.}{{\text{C}}^{{-1}}}\\E&=\displaystyle \frac{V}{d}\\1.67&=\displaystyle \frac{{0.6}}{d}\\d&=0.36\text{ m}\end{align*}]
    

    	First solve for [image: \scriptsize {{Q}_{1}}]: [image: \scriptsize \displaystyle E=\displaystyle \frac{{kQ}}{{{{r}^{2}}}}=\displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})(3\text{ x 1}{{\text{0}}^{{-9}}})}}{{{{{0.1}}^{2}}}}=2\text{ 700 N}\text{.}{{\text{C}}^{{-1}}}] to the right
.
 Then solve for [image: \scriptsize {{Q}_{2}}]: [image: \scriptsize E=\displaystyle \frac{{kQ}}{{{{r}^{2}}}}=\displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})(4\text{ x 1}{{\text{0}}^{{-9}}})}}{{{{{0.3}}^{2}}}}=3.\text{99 x 1}{{\text{0}}^{2}}\text{ N}\text{.}{{\text{C}}^{{-1}}}] to the right
 The field is away from [image: \scriptsize {{Q}_{1}}] and towards [image: \scriptsize {{Q}_{2}}]. We need to add the two electric fields because both are in the same direction.
[image: \scriptsize {{E}_{{total}}}=\text{ 2 700 + 3}\text{.99 x 1}{{\text{0}}^{2}}=\text{ 3 099 N}\text{.}{{\text{C}}^{{-1}}} \text{ towards }{{Q}_{2}}]

    	First calculate field from [image: \scriptsize {{Q}_{2}}]: [image: \scriptsize E=\displaystyle \frac{{kQ}}{{{{r}^{2}}}}=\displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})(6\text{ x 1}{{\text{0}}^{{-9}}})}}{{{{{0.05}}^{2}}}}=2.\text{16 x 1}{{\text{0}}^{4}}\text{ N}\text{.}{{\text{C}}^{{-1}}}] to the left
 Now calculate the field from [image: \scriptsize {{Q}_{3}}]: [image: \scriptsize E=\displaystyle \frac{{kQ}}{{{{r}^{2}}}}=\displaystyle \frac{{(9\text{ x 1}{{\text{0}}^{9}})(3\text{ x 1}{{\text{0}}^{{-9}}})}}{{{{{0.03}}^{2}}}}=3\text{ x 1}{{\text{0}}^{4}}\text{ N}\text{.}{{\text{C}}^{{-1}}}] upwards
 Resultant electric field:
[image: ]
[image: \scriptsize \begin{align*}E_{{res}}^{2}&=\text{ (}2.16\text{ x 1}{{\text{0}}^{4}}{{)}^{2}}\text{ + (3 x 1}{{\text{0}}^{4}}{{)}^{2}}\\{{E}_{{res}}}&=\text{ 36 967}\text{.01 N}\text{.}{{\text{C}}^{{-1}}}\end{align*}]
 Find the angle using trigonometry: [image: \scriptsize \begin{align*}\tan \theta &=\displaystyle \frac{{2.16\text{ x 1}{{\text{0}}^{4}}}}{{3\text{ x 1}{{\text{0}}^{4}}}}\\\theta &=\text{ 35}\text{.7}{{\text{5}}^{o}}\end{align*}]
 Answer: [image: \scriptsize \text{36 967}\text{.01 N}\text{.}{{\text{C}}^{{-1}}}] at [image: \scriptsize \text{35}\text{.7}{{\text{5}}^{o}}] to the left of the field from [image: \scriptsize {{Q}_{3}}]

  

  
    Back to Unit 2: Assessment
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Unit 3: Electric potential and capacitance
Leigh Kleynhans



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Define and apply electric potential energy and electric potential.

        	Define capacitance.

        	Apply the principle of capacitance to the parallel plate capacitor.

        	Identify and apply the relation between charge, potential difference, and capacitance.

        	Describe, identify, and apply the capacitor as a circuit device.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Draw and identify the electric field between oppositely charged, parallel plates. You can refer to level 3, subject outcome 4.1, unit 2 to revise this.

    	Use the two formulae to calculate the electric field strength between parallel plates. You can refer to level 3, subject outcome 4.1, unit 2 to revise this.

  

  Introduction

  In this unit we will look at how charges can gain electric potential energy and how this can create an electric potential difference. This concept is used in circuit components called capacitors, and we will discover how they work.

  Electric potential energy

  Potential energy is a ‘stored’ energy that an object has by virtue of its position. You already know from level 2, subject outcome 2.3, unit 1 that the higher above the surface of the earth, the greater an object’s gravitational potential energy.

  The same principle can be applied to charges in an electric field. Consider the diagram in Figure 1 below. The positive test charge will have a high electric potential energy when it is nearer the positively charged plate, and as it moves towards the negative plate its electric potential energy will decrease. Think of a mass being dropped – it has high gravitational potential energy at its maximum height and decreasing gravitational potential energy the closer it gets to the ground.

  
    [image: ]
    Figure 1: A representation of electric potential energy in the field between parallel plates

  

  Moving a positive test charge against the direction of an electric field is like moving a mass upward within Earth’s gravitational field. Both movements would be like ‘going against nature’ and would require work by an external force. This work would in turn increase the potential energy of the mass or charge. On the other hand, the movement of a positive test charge in the direction of an electric field would be like a mass falling downward within Earth’s gravitational field. Both movements would be like ‘going with nature’ and would occur without the need of work by an external force. This motion would result in the loss of potential energy. Electric potential energy is the stored energy related to the location of the charge within an electric field. The positive test charge will have a different electric potential energy at various locations within an electric field.

  Work would be required to move a positive test charge towards the positive plate, against the electric field. The amount of force involved in doing the work is dependent upon the amount of charge being moved. The greater the charge on the test charge, the greater the repulsive force and the more work that would have to be done on it to move it the same distance. If two objects of different charge – with one being twice the charge of the other – are moved the same distance into the electric field, then the object with twice the charge would require twice the force and thus twice the amount of work. This work would change the electric potential energy by an amount that is equal to the amount of work done. Thus, the electric potential energy is dependent upon the amount of charge on the object experiencing the field and upon the location within the field. (Just as gravitational potential energy at a point is dependent on both the mass and the height of the object.)

  
    [image: ]
    Figure 2: Two charges [image: \scriptsize q] and [image: \scriptsize 2q] in an electric field

  

  The charge [image: \scriptsize 2q] will have twice the electric potential energy as charge [image: \scriptsize q].

  Electric potential

  While electric potential energy has a dependency upon the charge of the object experiencing the electric field, electric potential is purely location dependent. Electric potential is the potential energy per unit charge.

  
    [image: \scriptsize \text{Electric potential = }\displaystyle \frac{{\text{potential energy (measured in Joules)}}}{{\text{charge (measured in coulombs)}}}]
  

  A test charge with twice the quantity of charge would possess twice the electric potential energy at a given location; yet its electric potential at that location would be the same as any other test charge. Electric potential is simply a property of the location within an electric field. Suppose that the electric potential at a given location is [image: \scriptsize 12] joules per coulomb, then that is the electric potential of a [image: \scriptsize 1] coulomb or a [image: \scriptsize 2] coulomb charged object. Stating that the electric potential at a given location is [image: \scriptsize 12] joules per coulomb, would mean that a [image: \scriptsize 2] coulomb object would possess [image: \scriptsize 24] joules of potential energy at that location and a [image: \scriptsize 0.5] coulomb object would experience [image: \scriptsize 6] joules of potential energy at the location.

  Consider the positive charge in an electric field in the diagram in Figure 3:

  
    [image: ]
    Figure 3: Two positions, A and B in an electric field

  

  In moving the charge against the electric field from location A to location B, work will have to be done on the charge by an external force. The work done on the charge changes its potential energy to a higher value; and the amount of work that is done is equal to the change in the potential energy. As a result of this change in electric potential energy, there is also a difference in electric potential between locations A and B. This difference in electric potential is represented by the symbol [image: \scriptsize \Delta V] and is formally referred to as the electric potential difference. By definition, the electric potential difference is the difference in electric potential ([image: \scriptsize V]) between the final and the initial location when work is done upon a charge to change its electric potential energy. In equation form, the electric potential difference is:

  
    [image: \scriptsize \Delta V={{V}_{B}}-{{V}_{A}}=\displaystyle \frac{{\text{Work}}}{{\text{Charge}}}=\displaystyle \frac{{\text{Change in potential energy}}}{{\text{Charge}}}]
  

  The standard metric unit for electric potential difference is the volt, abbreviated V. One volt is equivalent to one joule per coulomb. If the electric potential difference between two locations is [image: \scriptsize 1] volt, then one coulomb of charge will gain [image: \scriptsize 1] joule of potential energy when moved between those two locations. If the electric potential difference between two locations is [image: \scriptsize 3] volts, then one coulomb of charge will gain [image: \scriptsize 3] joules of potential energy when moved between those two locations. And finally, if the electric potential difference between two locations is [image: \scriptsize 12] volts, then one coulomb of charge will gain [image: \scriptsize 12] joules of potential energy when moved between those two locations. Because electric potential difference is expressed in units of volts, it is sometimes referred to as the voltage.

  
    
      
        [image: image]
      

      Exercise 3.1

    

    
      
      
        	The quantity electric potential is defined as the amount of _____. 	electric potential energy
	force acting upon a charge
	potential energy per charge
	force per charge



        	Complete the following statement:
.
 When work is done on a positive test charge by an external force to move it from one location to another, potential energy _________ (increases, decreases) and electric potential _________ (increases, decreases).

        	The following diagrams show an electric field (represented by arrows) and two points – labelled A and B – located within the electric field. A positive test charge is shown at point A. For each diagram, indicate whether work must be done upon the charge to move it from point A to point B. Finally, indicate the point (A or B) with the greatest electric potential energy and the greatest electric potential. 	.
[image: ]
	.
[image: ]
	.
[image: ]
	.
[image: ]



      

      The 
full solutions are at the end of the unit.
    

  

  Capacitors

  A capacitor is a circuit component consisting of two parallel plates which have the ability or ‘capacity’ to store energy in the form of an electrical charge producing a potential difference across its plates, much like a small rechargeable battery.

  In its basic form, a capacitor consists of two or more parallel conductive (metal) plates which are not connected or touching each other but are electrically separated either by air or by some form of a good insulating material such as waxed paper or plastic, which is called the dielectric.

  

  
    [image: ]
    Figure 4: A diagram of a capacitor

  

  Charging a capacitor

  When parallel plates are connected to a battery, the negative terminal supplies electrons and the positive terminal takes in electrons. In this way, one plate in Figure 4, becomes positively charged and the other plate becomes negatively charged. Eventually the build-up of charge prevents any further movement of electrons. During the charging process there is current in the wires connecting the plates to the battery which decreases until there is no more current flow. Once charged, the potential difference (P.D.) across the plates is the same as that of the battery.

  
    [image: ]
    Figure 5: A capacitor charging

  

  The charge is now stored in the parallel plates (capacitor), even when the battery is disconnected and there is no more flow of current.

  Discharging a capacitor

  When a charged capacitor is connected in a circuit it will be able to release the electrical energy that has been stored in it. It acts like a battery and electrons will flow from the negative plate to the positive plate. As the capacitor discharges, the P.D. will decrease across it. The current will be at a maximum when the capacitor first starts to discharge and there will be no current flow once it has discharged completely.

  
    [image: ]
    Figure 6: A capacitor discharging

  

  The direction in which the current flows when a capacitor is discharged will be opposite to the current flow when it is being charged.

  Capacitance

  The property of a capacitor to store charge on its plates in the form of an electrostatic field is called the capacitance of the capacitor. The capacitance of a capacitor is determined by the surface area of the conductive plates and the distance of separation between them. Altering any two of these values alters the value of its capacitance. Because capacitors store the energy of the electrons in the form of an electrical charge on the plates, the larger the plates and/or smaller their separation the greater will be the charge that the capacitor holds for any given voltage across its plates. In other words, larger plates, smaller distance, more capacitance.

  The capacitance of a capacitor can be calculated using the following formula:

  
    [image: \scriptsize C=\displaystyle \frac{Q}{V}]
  

  Where:
[image: \scriptsize Q] is the charge measured in coulombs ([image: \scriptsize \text{C}])
[image: \scriptsize V] is the voltage measured in volts ([image: \scriptsize \text{V}])
[image: \scriptsize C] is the capacitance measured in coulombs per volt ([image: \scriptsize \text{C}\text{.}{{\text{V}}^{{-1}}}]) which is equivalent to Farads (F)

  
    
      
        [image: image]
      

      Take note!

    

    
      The units milliFarads ([image: \scriptsize \text{mF}]), microFarads ([image: \scriptsize \mu \text{F}]), nanoFarads ([image: \scriptsize \text{nF}]) and picoFarads ([image: \scriptsize \text{pF}]) are often used in the section. They must be converted to Farads before substituting into an equation.

      Conversion factors:
[image: \scriptsize \begin{align*}1\text{ mF}&= \text{1 x 1}{{\text{0}}^{{-3}}}\text{ F}\\\text{1 }\mu \text{F}&= \text{1 x 1}{{\text{0}}^{{-6}}}\text{ F}\\\text{1 nF}&= \text{1 x 1}{{\text{0}}^{{-9}}}\text{ F}\\\text{1 pF}&= \text{1 x 1}{{\text{0}}^{{-12}}}\text{ F}\end{align*}]

    

  

  
    
      
        [image: image]
      

      Example 3.1

    

    
      Calculate the capacitance of a capacitor if the charge stored on the plates is [image: \scriptsize 3\text{ nC}] and the voltage is [image: \scriptsize 0.6\text{ V}].

      
        Solution
      

      Step 1: Write down the given information, check units and convert if required

      
        [image: \scriptsize \begin{align*}Q&=3\text{ nC = 3 x 1}{{\text{0}}^{{-9}}}\text{ C}\\V&=0.6\text{ V}\end{align*}]
      

      Step 2: Write down the formula

      
        [image: \scriptsize C=\displaystyle \frac{Q}{V}]
      

      Step 3: Substitute the values and calculate the answer

      
        [image: \scriptsize \displaystyle \frac{{3\text{ x 1}{{\text{0}}^{{-9}}}}}{{0.6}}=5\text{ x 1}{{\text{0}}^{{-9}}}\text{ F}]
      

    

  

  Uses of capacitors

  Timing

  Capacitors can be used in a time-dependant circuit because their charging and discharging takes place at regular intervals. This could be connected to any light-emitting diode (LED) or loudspeaker system, and it is likely that any flashing light that you see, or regular beeping uses a timing capacitor.

  Smoothing

  A capacitor can convert AC (alternating current) to DC (direct current) by ‘smoothing’ the current. Imagine AC current as a single line constantly snaking up and down. A capacitor will charge as this line rises and at the peak will discharge. Once fully discharged, it starts to charge again, so that the output current never has time to fully dip and operates as if it were direct current.

  Coupling

  Capacitors can let AC current pass yet block DC current in a process called coupling. This is used in the case of a loudspeaker. Speakers work by converting an alternating current into sound, but they could be damaged by any direct current that reaches them. A capacitor prevents this from happening.

  Tuning

  The charging and discharging current of a capacitor takes place at regular intervals, but it can be changed by altering the capacitor. If the frequency of these intervals is the same as the frequency of a nearby radio station, then the amplifier in the radio will strengthen this signal and you will hear the broadcast.

  Storing energy

  In some cases, like the flash circuit of a camera, you need a build-up of energy and then a sudden release. This is exactly what a capacitor does. In the camera circuit, you press the button to take the picture and a charge is released to the capacitor. Once it has reached the peak level, the capacitor discharges, causing a flash.

  
    
      Note

    

    
      You can watch this video to consolidate the concepts of capacitors and capacitance.

      
        Capacitors and capacitance (Duration: 05.52) [image: Capacitors and capacitance]


      

    

  

  Summary

  In this unit you have learnt the following:

  
    	Charges gain electric potential energy when an external force moves them in an electric field. For example, a positive charge will have more potential energy the closer it moves towards the positive plate in the electric field between oppositely charged plates.

    	The electric potential is the energy per unit charge.

    	Electric potential difference is the difference between the electric potential between two points in an electric field.

    	Capacitors are devices used in electrical circuits to store charge.

    	Capacitance is the measure of the ability of a capacitor to store charge.

    	Factors that affect the capacitance of a capacitor are the surface area of the plates and the distance between the plates.

    	Capacitance can be calculated using the formula: [image: \scriptsize C\text{ = }\displaystyle \frac{Q}{V}].

    	The units in which capacitance is measured are Farads.

  

  Unit 3: Assessment

  Suggested time to complete: 20 minutes

  
    	The following circuit consists of a D-cell and a light bulb. Use >, <, and = symbols to compare the electric potential at A to B and at C to D. Indicate whether the devices add energy to or remove energy from the charge.
[image: ]

    	Use your understanding of the mathematical relationship between work, potential energy, charge and electric potential difference to complete the following statements: 	A [image: \scriptsize 9] volt battery will increase the potential energy of [image: \scriptsize 1] coulomb of charge by ____ joules.
	A [image: \scriptsize 9] volt battery will increase the potential energy of [image: \scriptsize 2] coulombs of charge by ____ joules.
	A [image: \scriptsize 9] volt battery will increase the potential energy of [image: \scriptsize 0.5] coulombs of charge by ____ joules.
	A ___volt battery will increase the potential energy of [image: \scriptsize 3] coulombs of charge by [image: \scriptsize 18] joules.
	A ___volt battery will increase the potential energy of [image: \scriptsize 2] coulombs of charge by [image: \scriptsize 3] joules.
	A [image: \scriptsize 1.5] volt battery will increase the potential energy of ____ coulombs of charge by [image: \scriptsize 0.75] joules.
	A [image: \scriptsize 12] volt battery will increase the potential energy of ____ coulombs of charge by [image: \scriptsize 6] joules.



    	What charge is stored in a [image: \scriptsize 180\text{ }\mu \text{F}] capacitor when [image: \scriptsize 120\text{ V}] is applied to it?

    	Find the charge stored when [image: \scriptsize 5.50\text{ V}] is applied to an [image: \scriptsize 8.00\text{ pF}] capacitor.

    	Calculate the voltage applied to a [image: \scriptsize 2\text{ }\mu \text{F}] capacitor when it holds [image: \scriptsize 3.1\text{ mC}] of charge.

    	What voltage must be applied to an [image: \scriptsize 8.00\text{ nF}] capacitor to store [image: \scriptsize 0.160\text{ mC}] of charge?

    	What capacitance is needed to store [image: \scriptsize 3.00\text{ }\mu \text{C}] of charge at a voltage of [image: \scriptsize 120\text{ V}]?

    	Name three devices that make use of capacitors in their electrical circuits.

    	Draw the symbol used for a capacitor in a circuit.

  

  The full solutions are at the end of the unit.

  Unit 3: Solutions

  Exercise 3.1

  
    	Answer: C (Electric potential is the amount of potential energy per unit of charge.)

    	When work is done on a positive test charge to move it from one location to another, potential energy increases and electric potential increases.

    	
      .
      
        	.
[image: ].
 Work done on charge? No (The + charge is moving with nature; work is not required when it moves with the E field.)
.
 Electric PE is greatest at: A (When a + charge moves naturally in the direction of the E field, it is moving from high PE to low PE. So the charge has a higher PE at A.)
.
 Electric potential is greatest at: A (For the same charge, the electric potential is greatest at locations of higher potential energy.)

        	.
[image: ].
 Work done on charge? Yes (The + charge is moving against nature; work is required to move it against the E field.)
.
 Electric PE is greatest at: B (When work is done to move an object against nature, the PE of the object increases. So the charge possesses more PE when at B.)
.
 Electric potential is greatest at: B (For the same charge, the electric potential is greatest at locations of higher potential energy.)

        	.
[image: ]
 Work done on charge? No (The + charge is moving with nature; work is not required when it moves with the E field.)
.
 Electric PE is greatest at: A (When a + charge moves naturally in the direction of the E field, it is moving from high PE to low PE. So the charge has a higher PE at A.)
.
 Electric potential is greatest at: A (For the same charge, the electric potential is greatest at locations of higher potential energy.)

        	.
[image: ].
 Work done on charge? Yes (The + charge is moving against nature; work is required to move it against the E field.)
.
 Electric PE is greatest at: B (When work is done to move an object against nature, the PE of the object increases. So the charge possesses more PE when at B.)
.
 Electric potential is greatest at: B (For the same charge, the electric potential is greatest at locations of higher potential energy.)

      

    

  

  
    Back to Exercise 3.1
  

   Unit 3: Assessment

  
    	The cell adds energy to the charge to move it from the low potential, negative terminal to the high potential, positive terminal. The light bulb removes energy from the charge. Thus, the charge is at lower energy and a lower electric potential when at locations C and A. Since there is no energy-consuming circuit element between locations B and D, these two locations have roughly the same electric potential. The same can be said of locations C and A.
[image: ]

    	This question targets your mathematical understanding of the relationship between the electrical potential difference, the voltage and the amount of charge. The relationship is expressed by the following equation:
.
[image: \scriptsize \Delta V={{V}_{B}}-{{V}_{A}}=\displaystyle \frac{{\text{Work}}}{{\text{Charge}}}=\displaystyle \frac{{\text{Change in potential energy}}}{{\text{Charge}}}]	A [image: \scriptsize 9] volt battery will increase the potential energy of [image: \scriptsize 1] coulomb of charge y [image: \scriptsize 9] joules.
	A [image: \scriptsize 9] volt battery will increase the potential energy of [image: \scriptsize 2] coulombs of charge by [image: \scriptsize 18] joules.
	A [image: \scriptsize 9] volt battery will increase the potential energy of [image: \scriptsize 0.5] coulombs of charge by [image: \scriptsize 4.5] joules.
	A [image: \scriptsize 6] volt battery will increase the potential energy of [image: \scriptsize 3] coulombs of charge by [image: \scriptsize 18] joules.
	A [image: \scriptsize 1.5] volt battery will increase the potential energy of [image: \scriptsize 2] coulombs of charge by [image: \scriptsize 3] joules.
	A [image: \scriptsize 1.5] volt battery will increase the potential energy of [image: \scriptsize 0.5] coulombs of charge by [image: \scriptsize 0.75] joules.
	A [image: \scriptsize 12] volt battery will increase the potential energy of [image: \scriptsize 0.5] coulombs of charge by [image: \scriptsize 6] joules.



    	
      .
      

      [image: \scriptsize \begin{align*}C&=\text{180 }\mu \text{F = 180 x 1}{{\text{0}}^{{-6}}}\text{ F}\\V&=\text{120 V}\\Q&=\text{?}\\C&=\displaystyle \frac{Q}{V}\\180\text{ x 1}{{\text{0}}^{{-6}}}&=\text{ }\displaystyle \frac{Q}{{120}}\\Q&=0.022\text{ C}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \displaystyle \begin{align*}C&=\text{8}\text{.00 pF = 8 x 1}{{\text{0}}^{{-12}}}\text{ F}\\V&=\text{5}\text{.50 V}\\Q&=\text{?}\\C&=\displaystyle \frac{Q}{V}\\8\text{ x 1}{{\text{0}}^{{-12}}}&=\text{ }\displaystyle \frac{Q}{{5.50}}\\Q&=4.4\text{ x1}{{\text{0}}^{{-11}}}\text{ C}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \begin{align*}C&=\text{2 }\mu \text{F = 2 x 1}{{\text{0}}^{{-6}}}\text{ F}\\Q&=\text{3}\text{.1 mC = 3}\text{.1 x 1}{{\text{0}}^{{-3}}}\text{ C}\\V&=\text{?}\\C&=\displaystyle \frac{Q}{V}\\\text{2 x 1}{{\text{0}}^{{-6}}}&=\text{ }\displaystyle \frac{{3.1\text{ x 1}{{\text{0}}^{{-3}}}}}{V}\\V&=\text{ 1 550 V}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \begin{align*}C&=\text{8}\text{.00 nF = 8 x 1}{{\text{0}}^{{-9}}}\text{ F}\\Q&=\text{0}\text{.16 mC = 0}\text{.16 x 1}{{\text{0}}^{{-3}}}\text{ C}\\V&=\text{?}\\C&=\displaystyle \frac{Q}{V}\\\text{8 x 1}{{\text{0}}^{{-9}}}&=\text{ }\displaystyle \frac{{\text{0}\text{.16 x 1}{{\text{0}}^{{-3}}}}}{V}\\V&=\text{ 20 000 V}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \begin{align*}Q&=\text{3}\text{.00 }\mu \text{C = 3 x 1}{{\text{0}}^{{-6}}}\text{ C}\\V&=\text{120 V}\\\text{Q}&= \text{?}\\C&=\displaystyle \frac{Q}{V}\text{ = }\displaystyle \frac{{3\text{ x 1}{{\text{0}}^{{-6}}}}}{{120}}\text{ = 2}\text{.5 x 1}{{\text{0}}^{{-8}}}\text{ F}\\\end{align*}]
    

    	Capacitors are used loudspeakers, camera flashed, radios, flashing lights, beeping of an alarm system.

    	
      .
      

      [image: ]
    

  

  
    Back to Unit 3: Assessment
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IX
Magnetism and electricity: State, analyse and apply principles in electromagnetism


  
  
    
      
        [image: image]
      

      Subject outcome

    

    
      Subject outcome 4.2: State, analyse and apply principles in electromagnetism

    

  

  
    
      
        [image: image]
      

      Learning outcomes

    

    
      
        	Identify and draw diagrams of the magnetic field associated with current in a long, straight current-carrying conductor and in a solenoid.

        	Identify and describe the use of the magnetic field and its application in electromagnets.

        	Identify the effect of the magnetic field on a charged particle in motion.

        	Describe and apply electromagnetic induction to produce current by changing magnetic fields and how it is applied in dynamos and transformers.

      

    

  

  
    
      
        [image: image]
      

      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify and draw diagrams of the magnetic field associated with current: 	in a long, straight, current-carrying conductor
	in a solenoid.



        	Identify and describe the use of the magnetic field and its application in electromagnets.

        	Identify the effect of the magnetic field on a charged particle in motion.

      

    

  

  
    
      
        [image: image]
      

      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Describe and apply electromagnetic induction to produce current by changing the magnetic field.

        	Describe how electromagnetic induction is applied in dynamos and transformers.

      

    

  

  






Unit 1: Magnetic field around a conductor
Leigh Kleynhans



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify and draw diagrams of the magnetic field associated with current: 	in a long, straight, current-carrying conductor
	in a solenoid.



        	Identify and describe the use of the magnetic field and its application in electromagnets.

        	Identify the effect of the magnetic field on a charged particle in motion.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Describe what a magnetic field is. You can refer to level 2, subject outcome 4.1, units 1 and 2 to revise this.

    	Describe what electric current is. You can refer to level 2, subject outcome 4.3, unit 1 to revise this.

  

  Introduction

  Parts of the text in this unit were sourced from Siyavula Physical Science Gr 11 Learner’s Book, Chapter 11, released under a CC-BY licence.

  Up to this point you have learnt about electricity and magnetism as separate concepts. In this unit you will learn about the relationship between them. This relationship is called electromagnetism.

  You should recall that an electric current is the movement of charges through a conducting wire. The higher the value of the current, the higher the rate of movement of the charges through the wire. You should also recall that a magnetic field is formed around a permanent magnet, and when an object made of a magnetic material is brought into this space it will experience a force. In addition, you have learnt about the magnetic field around the earth. You used magnetic field lines to represent magnetic fields.

  The magnetic field around a straight current-carrying conductor

  A scientist called Han Oersted discovered that when current is flowing in a wire, a magnetic field is produced. Activity 1.1 explores this discovery.

  
    
      
        [image: image]
      

      Activity 1.1: Investigate the magnetic field around a current-carrying conductor

    

    
      Time required: 5 minutes

      
        What you need:
      

      
        	internet access

      

      
        What to do:
      

      Watch the video on Hans Oersted’s experiment by scanning the QR code or following the link.

      
        Hans Oersted’s experiment (Duration: 02.59) [image: Hans Oersted’s experiment]


      

      
        What did you find?
      

      
        	When there is no current flowing in the wire, the compass needle remains still.

        	As soon as there is a current flowing in the wire, the compass needle is deflected (turns).

        	When you disconnect the battery or remove the wire, the compass needle returns to its original position.

        	The shape of the magnetic field around a current-carrying conductor is circular.

        	The direction of the magnetic field is determined by the direction in which the current is flowing.

      

    

  

  Oersted’s experiment demonstrated that there is a magnetic field that is formed when a current flows through a wire. This is shown graphically in figure 1.

  
    [image: ]
    Figure 1: A circular magnetic field around a current-carrying conductor

  

  

  A simple rule to work out the direction of the magnetic field that is induced by the current is called the right-hand (thumb) rule. With your thumb pointing in the direction of the current, curl the fingers of your right hand as if you are grabbing hold of the wire. Your curled fingers will be pointing in the direction of the magnetic field (see figure 2).

  
    [image: ]
    Figure 2: The right-hand (thumb) rule

  

  
    
      Note

    

    
      When using the right-hand (thumb) rule, the thumb always points in the direction of conventional current flow ([image: \scriptsize I]). The flow of electrons would be in the opposite direction.

    

  

  To make the drawing of these circular magnetic fields easier, we often refer to the wire as being perpendicular to the page. If the current is upwards, coming out of the page it is represented using a dot [image: \scriptsize \odot]. A cross [image: \scriptsize \otimes] can be used to show that the direction of the current is downward, going into the page. These symbols are used because, if you picture an arrow coming out of the page, you would see its sharp tip, which looks like a dot. If the arrow is going into the page, you would see the back of the arrow, which looks like a cross.
 The use of this convention is illustrated in figure 3.

  
    [image: ]
    Figure 3: (a) A magnetic field around a conductor carrying current perpendicularly out of the page and (b) a magnetic field around a conductor carrying current perpendicularly into the page

  

  The direction of the magnetic field in (a) is described as anti-clockwise and in (b) as clockwise.

  Field lines not only indicate direction of a field but also how strong the field is. In the magnetic field around a current-carrying conductor, the field will be strongest close to the conductor and gets weaker, the further away from the conductor. You will notice that the concentric circles in the diagrams get further apart to indicate this (as can be seen in figure 3 above).

  The greater the value of the current in the wire, the stronger the magnetic field that will be produced around the wire. This can be indicated by drawing more concentric circles around a wire with a higher current.

  The dot-cross notation can also be used for the direction of the magnetic field when the conductor is lying horizontal to the page. If the magnetic field direction is upwards, coming out of the page it is represented using a dot [image: \scriptsize \odot] , and a cross [image: \scriptsize \otimes]would indicate that the magnetic field is going into the page. When using the right-hand (thumb) rule in this situation, you start with curling your finger in the given direction of the magnetic field, and your thumb would point in the direction of conventional current flow. This is illustrated in figure 4.

  
    [image: ]
    Figure 4: The magnetic field direction indicated with dot-cross notation

  

  
    
      
        [image: image]
      

      Exercise 1.1

    

    
      
      
        	Using dot-cross notation for the direction of current, draw the magnetic field around a current-carrying conductor that is perpendicular to the page and: 	the conventional current is going into the page. Describe the direction of the magnetic field.
	the conventional current is coming out of the page. Describe the direction of the magnetic field.



        	Using dot-cross notation for the direction of the magnetic field, draw the magnetic field around a current-carrying conductor that is lying horizontally to the page and: 	the conventional current is to the right.
	the conventional current is to the left.



      

      The 
full solutions are at the end of the unit.
    

  

  Magnetic field around a solenoid

  If you take a current-carrying wire and make a single loop with it, you can work out the pattern of the magnetic field around the loop. If you look at figure 5, on the left-hand diagram you can see the magnetic field around the loop shown using curved arrows, and in the diagram on the right, where the magnetic field is pointing out of the page it is shown using dots, and where it is pointing into the page It is shown with crosses.

  
    [image: ]
    Figure 5: The magnetic field around a loop of wire

  

  
    From the diagrams in figure 5, you can see that the magnetic field at the centre of the loop points outward from the page, and on the outside of the loop it points into the page. Again, you may use the right-hand (thumb) rule to work this out. If you curl your fingers in the direction of the magnetic field in a current-carrying loop, your thumb will point in the direction of the current in the loop. Or if you point your thumb in the direction of the current, your finger curl in the direction of the magnetic field.
  

  If you have several current-carrying loops, all wound in the same direction (like a spring), they form a solenoid. The magnetic fields from the individual loops in a solenoid have the same direction, so they work together to create a stronger magnetic field. Figure 6 shows what a magnetic field associated with a solenoid looks like.

  
    [image: ]
    Figure 6: The magnetic field around a solenoid

  

  The magnetic field pattern around a solenoid is similar to the magnetic field pattern around a bar magnet which has a definite north and south pole. The magnetic field can be enhanced by placing a soft iron core through the centre of the solenoid. The magnetic field is only present when there is current in the solenoid and is referred to as an electromagnet.

  A variation on the right-hand rule will allow you to determine the poles of an electromagnet. If you make the fingers of your right hand follow the direction of the current in the loops, your thumb will point in the direction where the field lines emerge. This will be the north pole (where the field lines emerge from a bar magnet) and the opposite side would then be the south pole. We will refer to this rule as the right-hand (solenoid) rule.

  
    [image: ]
    Figure 7: The right-hand (solenoid) rule to find the polarity of an electromagnet

  

  
    
      
        [image: image]
      

      Exercise 1.2

    

    
      
      
        	The diagram below shows the direction of the current in a single looped wire. 	What is the direction of the magnetic field at the centre of the loop?
	What can you do to change the direction of the magnetic field so that it has the opposite direction?
[image: ]



        	The diagram below shows the direction of the magnetic field around a current-carrying looped conductor. What is in the direction of the current in the loop (clockwise or anti-clockwise)?
[image: ]

        	Determine the polarity of the electromagnets (use left and right in your answer): 	.
[image: ]
	.
[image: ]



      

      The 
full solutions are at the end of the unit.
    

  

  
    
      
        [image: image]
      

      Activity 1.2: Investigate an electromagnet

    

    
      Time required: 5 minutes

      
        What you need:
      

      
        	internet access

      

      
        What to do:
      

      
        	Go to the magnets and electromagnets simulation.[image: interactive simulation]

        	When the simulation is running, click on the tab at the top of the window labelled ‘Electromagnet’.

        	Move the compass around to see the direction of the magnetic field around the electromagnet.

        	IMPORTANT NOTE: In this simulation the movement of charges shows the direction in which electrons would move, i.e. negative charges. Keep in mind that conventional current, which is the direction that you have been using for current (and when applying the right-hand rules), is opposite to the direction of electron movement.

        	Turn the current on and off using the slider on the battery and note the direction of the magnetic field by moving the compass.

      

      
        What did you find?
      

      
        	When you move the slider on the battery so that current flows through the coil of wire, you observe that there is a magnetic field around the electromagnet (indicated by the deflection of the compass needle).

        	As soon as the current is stopped, (by moving the slider on the battery to the centre) there is no longer a magnetic field (the compass points to the earth’s magnetic North in any position).

        	Using the right-hand (solenoid) rule, confirms the polarity of the electromagnet as indicated by the compass needle.

      

    

  

  Applications of electromagnets

  The fact that the magnetism can be switched on and off in electromagnetics can be very useful. Electromagnets are commonly used in research, industry, medical, and consumer products. Examples of commonly used electromagnets are in electric bells, relay switches, loudspeakers, and scrapyard cranes.

  
    [image: ]
    Figure 8: An electric bell

  

  In an electric bell, shown in figure 8, when the switch is closed the electromagnet attracts the hammer, which then strikes the gong. The movement of the hammer breaks the circuit, so the magnetism disappears and the hammer springs back and completes the circuit again. The magnetism is then restored, and the hammer strikes the gong. This is repeated until the switch is turned off.

  
    [image: ]
    Figure 9: A circuit diagram for a relay switch

  

  A relay switch is used as a safety mechanism so that a low voltage circuit can be used to close a high voltage circuit. In figure 9, when the switch in the [image: \scriptsize 9\text{ V}] battery circuit is closed, the electromagnet closes the switch in the [image: \scriptsize 230\text{ V}] circuit.

  
    [image: ]
    Figure 10: A loudspeaker

  

  In a loudspeaker (see figure 10), alternating current (AC) to the electromagnet causes its polarity to keep on changing at regular intervals. The causes continuous attraction and repulsion to the permanent magnet which then causes the cone to vibrate and make sound.

  
    [image: ]
    Figure 11: A scrapyard magnetic separator

  

  To separate scrap metal from other junk in a scrapyard, a large electromagnet can be used (see figure 11). It is switched on to lift the metal, carried to another area and then switched off to release it.

  
    
      Note

    

    
      You can watch the following videos to see animations of the uses of electromagnets to consolidate your understanding:

      
        Electric bell (Duration: 01.44) [image: Electric bell]


      

      
        Loudspeaker (Duration: 01.09) [image: Loudspeaker]


      

      
        Uses of electromagnets (Duration: 04.34) [image: Uses of electromagnets]


      

      
        Electromagnetic devices (Duration: 03.06) [image: Electromagnetic devices]


      

    

  

  Force on a charged particle in motion

  We have seen that moving charge (current) has a magnetic field around it. If this charge moves in another magnetic field there will be interaction between the two fields. This interaction will result in a force being on exerted on the charge. If this flow of charge is in a wire, the entire wire will experience a force.

  
    [image: ]
    Figure 12: The force on a current-carrying conductor in a magnetic field

  

  To determine the direction of the force, you can use your left hand to help you. Look at figure 13. With the index finger of your hand pointing in the direction of the magnetic field (B), and your middle finger pointing in the direction of the velocity of the charge (or in the direction of the current (I), your thumb will be pointing in the direction of the force (F). Your fingers must be held at right angles to each other. This is called the left-hand rule.

  
    [image: ]
    Figure 13: The left-hand rule

  

  
    
      
        [image: image]
      

      Exercise 1.3

    

    
      
      
        	In the following diagram. B is the direction of the magnetic field, [image: \scriptsize v] is the direction of movement of the positive charge [image: \scriptsize q].
[image: ]	What is the direction of the force on the positive charge shown in the diagram?
	What do you think the direction of the force would be on a negative charge moving in the same direction?



        	Use the left-hand rule to fill in the missing directions of F, B or I on the following diagrams: 	.
[image: ]
	.
[image: ]
	.
[image: ]



      

      The 
full solutions can be found at the end of the unit.
    

  

  Summary

  In this unit you have learnt the following:

  
    	Moving charges (current) can create a magnetic field.

    	The shape of the magnetic field around a current-carrying conductor is circular and the right-hand (thumb) rule can be used to determine the direction of the field.

    	A solenoid is a current-carrying conductor folded into a series of loops and it creates a magnetic field similar to that of a bar magnet.

    	An electromagnet can be made using a solenoid wrapped around a soft iron core to enhance the magnetic effect.

    	The polarity of an electromagnet can be determined using the right-hand (solenoid) rule.

    	Because the magnetism of an electromagnet can be switched on and off, it has useful applications in devices such as electric bells, relay switches, loudspeakers and scrapyard cranes.

    	When the moving charged particles are placed at right angles into a magnetic field, a force is created.

    	The direction of the force can be determined using the left-hand rule.

  

  Unit 1: Assessment

  Suggested time to complete: 20 minutes

  
    	Describe how you could test for the presence of a magnetic field near a current-carrying conductor.

    	The diagram below shows the direction of the current in a coil of conducting wire. What is the direction of the magnetic field at points A, B and C?
[image: ]

    	An electromagnet is made by winding a length of current-carrying wire around a nail. The magnetic north is at the sharp tip of the nail. Draw a diagram of this set-up, showing how the wire should be connected to a torch cell to create a magnetic field in this direction.

    	The diagram below shows the direction of the field lines of a circular magnetic field.
[image: ]	What direction of current would create this magnetic field?
	How could the direction of the magnetic field be reversed?
	If a positive charge moves to the left at point P, what is the direction of the force on it?
	If a positive charge moves to the right at point Q, what is the force on it?
	If a compass is placed at point Q, what would happen to its needle?
	If the current is suddenly switched off, what would happen to the compass needle?



    	Give three uses of electromagnets.

    	Explain how an electromagnet could be used to separate iron filings from sand.

  

  The full solutions can be found at the end of the unit.

  Unit 1: Solutions

  Exercise 1.1

  
    	
      .
      
        	clockwise
[image: ]

        	anti-clockwise
[image: ]

      

    

    	
      .
      
        	
          .
          

          [image: ]
        

        	
          .
          

          [image: ]
        

      

    

  

  
    Back to Exercise 1.1
  

  Exercise 1.2

  
    	
      .
      
        	into the page (use the right-hand thumb rule)

        	change the direction of the current to be anti-clockwise in the loop (the right-hand thumb rule)

      

    

    	anti-clockwise (the magnetic field is coming out of the page in the centre of the loop – use the right-hand thumb rule)

    	
      .
      
        	North is left (the current is going up in front – use the right-hand solenoid rule – thumb points left)

        	North is right (the current is going behind – use the right-hand solenoid rule – thumb points right)

      

    

  

  
    Back to Exercise 1.2
  

  Exercise 1.3

  
    	
      .
      
        	The force on the positive charge shown in the diagram is down. (Use the left-hand rule, where you move your hand so that the index finger points to the left, in the direction of the magnetic field, and the middle finger points out of the page, in the direction of the movement of the charge. Then the force on the charge is shown by the thumb, which is pointing downward.
[image: ]

        	The force on a negative charge moving in this direction would mean conventional current (I) is going into the page. Use the left-hand rule to see that the force would therefore be in the opposite direction, so it would be up.

      

    

    	(use the left-hand rule) 	I is into the page
	B is downwards
	F is left



  

  
    Back to Exercise 1.3
  

  Unit 1: Assessment

  
    	You could test for the presence of a magnetic field using a compass. When a current is flowing in the wire, the compass needle will point in the direction of the magnetic field. You could also use pins or paper clips made from iron or some other magnetic metal. When a current is flowing in the wire, the paper clips will be attracted by the wire.

    	Use the right-hand thumb rule – using your right hand, curl your fingers in the direction of the current in the wire, and then your thumb will point in the direction of the magnetic field (left). Therefore: 	At point A: direction of magnetic field is left.
	At point B: direction of magnetic field is right.
	At point C: direction of magnetic field is left.



    	Your drawing should look similar to the picture shown below:
[image: ]

    	
      .
      
        	The current direction would be into the page.

        	By reversing the current direction (i.e. out of the page).

        	The force direction is into the page (you use the left-hand rule).

        	No force, since it is moving parallel to the magnetic field.

        	The compass needle would point to the left (in the direction of the magnetic field).

        	It would point in the direction of the earth’s magnetic North.

      

    

    	Electric bell, relay switch, loudspeaker, scrapyard crane.

    	Turn the electromagnet on and pass it through the iron filings and sand mixture. The iron filings will be attracted to the magnet. Move the electromagnet to a separate container. Turn the electromagnet off and the iron filings will be released into the container.

  

  
    Back to Unit 1: Assessment
  

  
    Media Attributions

    
      	img01_Figure1 © DHET is licensed under a CC BY (Attribution) license

      	img02_Figure2 © DHET is licensed under a CC BY (Attribution) license

      	img03_Figure3 © Siyavula is licensed under a CC BY-NC-ND (Attribution NonCommercial NoDerivatives) license

      	img04_Figure4 © Siyavula is licensed under a CC BY-NC-ND (Attribution NonCommercial NoDerivatives) license

      	img05_Figure5 © DHET is licensed under a CC BY (Attribution) license

      	img06_Figure6 © Siyavula is licensed under a CC BY-NC-ND (Attribution NonCommercial NoDerivatives) license

      	img07_Figure7 © L Kleynhans is licensed under a CC BY (Attribution) license

      	img08_Ex1.2Q1b) © DHET is licensed under a CC BY (Attribution) license

      	img09_Ex1.2Q2 © DHET is licensed under a CC BY (Attribution) license

      	img10_Ex1.2Q3 © Siyavula is licensed under a CC BY-NC-ND (Attribution NonCommercial NoDerivatives) license

      	img10_Ex1.2Q3 © Siyavula is licensed under a CC BY-NC-ND (Attribution NonCommercial NoDerivatives) license

      	img11_Figure8 © L Kleynhans is licensed under a CC BY (Attribution) license

      	img12_Figure9 © L Kleynhans is licensed under a CC BY (Attribution) license

      	img13_Figure10 © L Kleynhans is licensed under a CC BY (Attribution) license

      	img14_Figure11 © Pixabay is licensed under a CC0 (Creative Commons Zero) license

      	img15_Figure12 © L Kleynhans is licensed under a CC BY (Attribution) license

      	img16_Figure13 © Jfmelero is licensed under a CC BY-SA (Attribution ShareAlike) license

      	img17_Ex1.3Q1 © DHET is licensed under a CC BY (Attribution) license

      	img18_Ex1.3Q2 © L Kleynhans is licensed under a CC BY (Attribution) license

      	img18_Ex1.3Q2 © L Kleynhans is licensed under a CC BY (Attribution) license

      	img18_Ex1.3Q2 © L Kleynhans is licensed under a CC BY (Attribution) license

      	img19_AssessmentQ2 © DHET is licensed under a CC BY (Attribution) license

      	img20_AssessmentQ4 © DHET is licensed under a CC BY (Attribution) license

      	img21_Ex1.1Q1a)answer © Siyavula is licensed under a CC BY-NC-ND (Attribution NonCommercial NoDerivatives) license

      	img22_Ex.1.1.Q1b)answer © Siyavula is licensed under a CC BY-NC-ND (Attribution NonCommercial NoDerivatives) license

      	img23_Ex. 1.1Q2a)answer © DHET is licensed under a CC BY (Attribution) license

      	img24_Ex.1.1Q2b)answer © DHET is licensed under a CC BY (Attribution) license

      	img25_Ex.1.3Q1a)answer © DHET is licensed under a CC BY (Attribution) license

      	img26_AssessmentQ3answer © DHET is licensed under a CC BY (Attribution) license

    

  

  





  
  





Unit 2: Electromagnetic induction
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      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Describe and apply electromagnetic induction to produce current by changing the magnetic field.

        	Describe how electromagnetic induction is applied in dynamos and transformers.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Describe the magnetic field around a current-carrying conductor. You can refer to level 3, subject outcome 4.2, unit 1 to revise this.

    	Use the right-hand (solenoid) rule. You can refer to level 3, subject outcome 4.2, unit 1 to revise this.

  

  Introduction

  Connecting a wire to a power supply is not the only way to produce a current. Electricity can also be induced in a wire by moving it in a magnetic field. This is known as electromagnetic induction.

  An electromotive force (emf), voltage, is induced in a coil of wire when a bar magnet is pushed in or pulled out of it. Emfs of opposite signs are produced by motion in opposite directions, and the emfs are also reversed by reversing the poles of the magnet being pushed in or pulled out. The same results are produced if the coil is moved over the magnet and then off – It is the relative motion that is important. The faster the motion, the greater the induced emf, and there is no induced emf when the magnet is stationary relative to the coil.

  
    
      
        [image: image]
      

      Activity 2.1: Investigate electromagnetic induction

    

    
      Time required: 10 minutes

      
        What you need:
      

      
        	internet access

      

      
        What to do:
      

      
        	Go to the simulation of Faraday’s Law.
[image: interactive simulation]Tick voltmeter and field lines.‬‬

        	Slowly move the magnet into the coil of wire.

        	Note what happens to the reading on the voltmeter when the magnetic field lines that are closer together (at the north and south poles) move through the wire, compared to when the middle of the magnet moves through the coil?

        	Move the magnet into and out of the coil faster.

        	Observe whether the speed at which you move the magnet inside of the coil has any effect on the voltage induced.

        	Note that the needle on the voltmeter changes direction depending on whether the magnet is moved into or out of the coil.

        	Switch the poles of the magnet and note the effect.

        	Add a coil with fewer loops and note the effect on the induced voltage.

      

      
        What did you find?
      

      
        	A voltage is induced when a magnet moves relative to a coil of wire.

        	There is no voltage if the magnet is stationary.

        	The amount of voltage is affected by the speed at which the magnet moves and the number of loops in the coil.

        	The voltmeter needle changes direction depending on whether the magnet is moved into or out of the coil, and which pole of the magnet is moving in or out. This is an indication that the current produced will change direction i.e. it will be alternating current (AC).

      

    

  

  Electromagnetic induction

  If a magnet is moved in and out of a solenoid, an emf (voltage) will be induced and consequently a current if the solenoid is in a closed circuit. No voltage or current is induced if the magnet is stationary. The electromagnetic induction depends on the changing magnetic field through the solenoid. In other words, the number of field lines passing through the coil is increasing or decreasing. If the number of field lines in the coil is constant, no emf or current is induced.

  The direction of the induced current depends on which pole of the magnet is facing the solenoid and whether it is moving into or out of the solenoid. The induced current flows in a direction so as to set up a magnetic field to oppose the change in the magnetic field of the magnet.

  If the north pole of a magnet is moved into the solenoid (as in figure 1), the current in the solenoid will be induced to oppose this movement. In other words, current will flow in the solenoid to set up a magnetic field to repel the north pole, which means another north pole. You can use the right-hand (solenoid) rule: with your thumb pointing to north, your fingers curled around the solenoid will show you the direction of the induced current (up at the back and down in the front).

  
    [image: ]
    Figure 1: The north pole of a bar magnet is pushed into a solenoid

  

  In the case where a north pole is moving away from the solenoid (repulsion), the current will flow so that a south pole is established at the end of the solenoid closest to the outward moving magnet to attract it. Using the right-hand (solenoid) rule, you can see that the current in the solenoid will be upwards in the front (as in figure 2 below).

  
    [image: ]
    Figure 2: The north pole is pulled out of a solenoid

  

  In the case where a south pole is moving away from the solenoid (repulsion), the current will flow so that a north pole is established at the end of the solenoid closest to the outward moving magnet to attract it. The current in the solenoid will be down in the front (see figure 3).

  
    [image: ]
    Figure 3: The south pole is pulled out of a solenoid

  

  In the case where a south pole is brought towards the solenoid (attraction) the current will flow so that a south pole is established at the end of the solenoid closest to the approaching magnet to repel it. The current in the solenoid will be up in the front (see figure 4).

  
    [image: ]
    Figure 4: The south pole is pushed into a solenoid

  

  
    
      
        [image: image]
      

      Exercise 2.1

    

    
      
      Fill in the direction of the induced current on each solenoid:

      
        	
          .
          

          [image: ]
        

        	
          .
          

          [image: ]
        

        	
          .
          

          [image: ]
        

        	
          .
          

          [image: ]
        

      

      The 
full solutions are at the end of the unit.
    

  

  Dynamos (DC generators)

  A generator converts kinetic energy into electrical energy. In a generator there is a magnetic field between two permanent magnets that is stationary, and a wire (or coil of wire) is moved within the field. The movement of the wire means the magnetic field, relative to the wire, changes so an emf will be induced and there will be current in the wire or coil. We can predict the direction of the induced current using Fleming’s right-hand (dynamo) rule.

  
    [image: ]
    Figure 5: Fleming’s right-hand (dynamo) rule

  

  The thumb, index finger and middle finger of your right hand are held at right angles to each other. The thumb (F) is placed in the direction of the force (movement of the wire), the index finger (B) in the direction of the magnetic field (north to south) and the middle finger (I) will then point in the direction of the induced current.

  Practise using Fleming’s right-hand (dynamo) rule to show that the current in the wire below will be upwards.

  
    [image: ]
    Figure 6: Using Fleming’s right-hand (dynamo) rule to find direction of induced current

  

  
    
      
        [image: image]
      

      Exercise 2.2

    

    
      
      The pictures below are from a simple generator. Fill in the direction of the missing quantity (force, magnetic field or current) in these pictures using Fleming’s right-hand (dynamo) rule.

      
        	
          .
          

          [image: ]
        

        	
          .
          

          [image: ]
        

        	
          .
          

          [image: ]
        

      

      The 
full solutions are at the end of the unit.
    

  

  To generate a continuous flow of charge (current), a coil of wire is rotated in a magnetic field. One arm of the coil will be moving upwards while the other is moving downwards. The direction of movement of the arm of the coil changes every half rotation. Thus the current induced in the coil will be alternating current (AC).

  
    [image: ]
    Figure 7: A coil in a magnetic field

  

  In a dynamo, the alternating current induced in the coil is changed to direct current (DC) in an external circuit by a device called a split-ring commutator. The layout of a DC generator is shown in figure 8 below.

  
    [image: ]
    Figure 8: A 2-D image of a dynamo

  

  The current in the loop reverses direction but if you look carefully at the 2-D image (see figure 8) you will see that the section of the split-ring commutator also changes which side of the external circuit it is touching as it rotates. If the current changes direction at the same time that the commutator half-ring swaps sides, the external circuit will always have current going in the same direction – direct current (DC).

  The speed at which the coil rotates in the magnetic field determines the amount of current generated. The faster the coil is turned, the greater the current induced. This can be seen practically on bicycle dynamos where the pedalling rotates a coil in a magnetic field to power a light. The faster you pedal, the brighter the light.

  The current induced in a dynamo can also be increased by increasing the number of loops in the coil.

  
    
      Note

    

    
      As the functioning of a generator is based on movement, it is important that you watch the animation showing the process in this video called the Working Principle of DC Generator.

      
        Working Principle of DC Generator (Duration: 06.58) [image: Multiplying binomials]


      

    

  

  Transformers

  The principle of electromagnetic induction is also used in transformers. A transformer is an electrical device that is used to change high voltages to lower voltages or vice versa. Not all electrical appliances need the same voltage to operate properly, therefore transformers are used to convert the voltage supplied from power stations into a variety of voltages specific to the requirement of the electrical device.

  How transformers work is based on the two concepts you have covered in this section on magnetism and electricity:

  
    	When an electric current flows through a wire, it generates a magnetic field around it. The direction of the field is determined by the direction of the current. (As covered in Unit 1.)

    	When there is a changing magnetic field around a coil of wire, it induces an emf and consequently an electric current in the wire. (As covered earlier in this unit.)

  

  By using a source of alternating current (AC) in one coil of wire, the continuous direction change of the current will create a constantly changing magnetic field. So if we put a second coil of wire next to the first one, we will induce an emf and create an electric current in the second wire. The voltage in the first coil is usually called the primary voltage and the voltage in the second wire is the secondary voltage. The current in the first coil (primary coil) induces a current in the second coil (secondary coil). We can make the changing magnetic field pass more efficiently from one coil to the other by wrapping them around a soft iron bar (sometimes called a core).

  
    [image: ]
    Figure 9: An illustration of a transformer

  

  To make a coil of wire, we simply curl the wire round into loops or (‘turns’ as physicists like to call them). If the secondary coil has the same number of turns as the primary coil, the electric current in the secondary coil will be the same size as the one in the primary coil. But (and here is the clever part) if we have more or fewer turns in the second coil, we can make the secondary voltage bigger or smaller than the primary voltage.

  One important thing to note is that this trick works only if the electric current is fluctuating in some way in the primary coil. In other words, you have to use alternating current (AC) in the primary coil of a transformer. Transformers do not work with direct current (DC), where a steady current constantly flows in the same direction as this will create a constant magnetic field and not a changing magnetic field.

  Step-down transformers

  If the primary coil has more turns that the secondary coil, the secondary voltage is smaller than the primary voltage.

  
    [image: ]
    Figure 10: A step-down transformer

  

  This is called a step-down transformer. If the secondary coil has half as many turns as the primary coil, the secondary voltage will be half the size of the primary voltage; if the secondary coil has one tenth as many turns, it has one tenth the voltage.

  The current is transformed the opposite way: a decrease in the number of turns in the secondary coil results in an increase in current in the secondary circuit.

  Step-up transformers

  A step-up transformer boosts a low voltage into a high one, because there are more turns on the secondary coil than on the primary coil. The current in the secondary coil will be lower than the current in the primary coil.

  
    [image: ]
    Figure 11: A step-up transformer

  

  Uses of transformers

  There are transformers in towns and cities where the high voltage electricity from incoming power lines is converted into lower voltages. But there are many transformers in your home as well. Large electrical appliances such as washing machines and dishwashers use relatively high voltages of [image: \scriptsize 110-240\text{ V}], but electronic devices such as laptop computers and mobile phones use relatively low voltages: a laptop needs about [image: \scriptsize 15\text{ V}], an iPad charger about [image: \scriptsize 12\text{ V}] and a mobile phone charger less than [image: \scriptsize 6\text{ V}] when you charge the battery. So electronic appliances like these have small transformers built into them (often mounted at the end of the power cable) to convert the [image: \scriptsize 110-240\text{ V}] domestic supply into a smaller voltage they can use.

  Summary

  In this unit you have learnt the following:

  
    	An emf and current can be induced in a conductor by the process of electromagnetic induction.

    	Electromagnetic induction involves a conductor placed in a changing magnetic field.

    	A conductor can experience a changing magnetic field in two ways: by moving the conductor in a stationary magnetic field or moving a magnet relative to the conductor.

    	The greater the speed of movement or the greater the number of loops in the conductor, the greater the induced emf and current.

    	The direction of the induced current is such that it creates an electromagnet that opposes the changing magnetic field.

    	The direction of the induced current can be determined using the right-hand (solenoid) rule.

    	Generators consist of a coil rotated in a magnetic field, thus using electromagnetic induction to create electricity.

    	The rotation of the coil induces alternating current (AC) because the movement of each arm of the coil changes from up to down every half rotation.

    	In a dynamo the AC in the coil can be changed to DC in the external circuit by using a split-ring commutator.

    	Fleming’s right-hand (dynamo) rule can be used to determine the direction of the induced current in each arm of the coil.

    	Transformers use electromagnetic induction to change the voltage in a primary circuit into a different voltage in a secondary circuit based on the ratio of the number of turns in the primary coil to the number of turns in the secondary coil.

  

  Unit 2: Assessment

  Suggested time to complete: 30 minutes

  
    	Magnets are moving relative to a coil of wire as illustrated in the diagrams below. Determine the direction of the induced current in the circuits. 	.
[image: ]
	.
[image: ]



    	A galvanometer is an instrument used to measure small amounts of current. The galvanometer needle gets deflected in the direction of the current. In the diagrams below, determine whether the magnet should be pushed into the coil or pulled out of the coil to induce current (I) in the direction shown. 	.
[image: ]
	.
[image: ]
	.
[image: ]
	.
[image: ]



    	Consider the following simplified diagram of a portion of the coil in a generator:
[image: ]	The coil is rotated as shown. Will the current flow clockwise (ABCD) or anticlockwise (DCBA) initially?
	What will happen to the direction of the current if there is continuous rotation of the coil?
	Name and give the function of the apparatus that would be connected to the ends of the rotating coil of this generator to produce direct current in an external circuit.
	Give two ways in which the induced current in this generator could be increased.



    	An ideal transformer is illustrated.
[image: ]	Explain how electromagnetic induction is used in a transformer.
	Why will a transformer not operate using a direct current input.
	Give two examples of where you think transformers have had an impact.



    	An American traveller in South Africa carries a transformer to convert South Africa’s standard [image: \scriptsize 240\text{ V}] supply in wall sockets to [image: \scriptsize 120\text{ V}] so that she can use some small appliances on her trip. 	What kind of transformer is she using?
	How could a South African travelling in the USA use this same transformer to power her [image: \scriptsize 240\text{ V}] appliances from the [image: \scriptsize 120\text{ V}] supply in the USA?



  

  The full solutions can be found at the end of the unit.

  Unit 2: Solutions

  Exercise 2.1

  If the magnet is moving towards the solenoid, the current will be induced in the direction that creates a pole to repel the magnet (use the right-hand solenoid rule).

  If the magnet is moving out of the solenoid, the current will be induced in the direction that creates a pole that will attract the magnet (use the right-hand solenoid rule)

  
    	
      .
      

      [image: ]
    

    	
      .
      

      [image: ]
    

    	
      .
      

      [image: ]
    

    	
      .
      

      [image: ]
    

  

  
    Back to Exercise 2.1
  

  Exercise 2.2

  Use Fleming’s right-hand (dynamo) rule:

  
    	current is into the page

    	South pole of magnet is on top

    	force is to the left

  

  
    Back to Exercise 2.2
  

  Unit 2: Assessment

  
    	
      .
      
        	
          .
          

          [image: ]
        

        	.
[image: ]
 Use the right-hand solenoid rule: curl your fingers in the current direction then your thumb will point to the north of the solenoid. Force must oppose this. In other words, if the solenoid’s pole is the same as the magnet’s this would be repulsion, so the movement of the magnet must be attraction (towards the solenoid). If the solenoid’s pole is opposite to the magnet’s this would be attraction, so the movement of the magnet must be repulsion (away from the solenoid).

      

    

    	
      .
      
        	
          .
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          .
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          .
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          .
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      .
      
        	ABCD (Use Fleming’s right-hand dynamo rule)

        	The current will change direction at regular intervals (every half rotation). So, alternating current (AC) is generated.

        	Split-ring commutator

        	Rotate the coil faster or increase the number of loops in the coil.

      

    

    	
      .
      
        	Alternating current in the primary coil creates a continuously changing magnetic field. This changing magnetic field induces an emf and current in the secondary coil. The soft iron core linking the primary and secondary coils enhances the changing magnetic effect.

        	Direct current will create a fixed magnetic field. Electromagnetic induction only takes place when a magnetic field is changing all the time.

        	Many different appliances can be used from a single voltage supply. Electricity can be distributed at high voltages around the country and then stepped down to individual homes and offices.

      

    

    	
      .
      
        	step-down transformer

        	The transformer can be switched around so that the input power source is connected to the coil with fewer turns and the output circuit is connected to the coil with more turns. This effectively swops the primary and secondary coils around and the transformer will become a step-up transformer.

      

    

  

  
    Back to Unit 2: Assessment
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Magnetism and electricity: State, analyse and apply principles in electric circuits
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      Subject outcome

    

    
      Subject outcome 4.3: State, analyse and apply principles in electric circuits
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      Learning outcomes

    

    
      
        	Define and apply Ohm’s law.

        	Determine the proportionality between current and potential difference (Ohm’s law).

        	Distinguish between resistance, equivalent resistance, and internal resistance.

        	Identify symbols used in electrical circuit diagrams: 	cell and battery of cells (in series and parallel)
	capacitor
	voltmeter, ammeter, and galvanometer
	switch, fuse, and ground
	different types of resistors, namely globe, fixed resistor, and rheostat.



        	Analyse and solve problems in electrical circuits calculating: pd, emf, resistance in series and parallel networks.

        	Describe the purpose of a Wheatstone bridge.
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      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Define and apply Ohm’s law.

        	Determine the proportionality between current and potential difference (Ohm’s law).
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      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify symbols used in circuit diagrams: 	cell and battery of cells (in series and parallel)
	capacitor
	voltmeter, ammeter, and galvanometer
	switch, fuse, and ground
	different types of resistors, namely globe, fixed resistor, and rheostat.



        	Distinguish between resistance, equivalent resistance, and internal resistance.
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      Unit 3 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Analyse and solve problems in electrical circuits calculating: pd, emf, resistance in series and parallel networks.

        	Describe the purpose of a Wheatstone bridge.

      

    

  

  






Unit 1: Ohm’s law
Leigh Kleynhans
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      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Define and apply Ohm’s law.

        	Determine the proportionality between current and potential difference (Ohm’s law).

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Describe resistance in an electric circuit. Refer to level 2 subject outcome 4.3 unit 2 if you need help with this.

    	Describe voltage in an electric circuit. Refer to level 2 subject outcome 4.3 unit 3 if you need help with this.

  

  Introduction

  Parts of the text in this unit were sourced from Siyavula Physical Science Gr 11 Learner’s Book, Chapter 11, released under a CC-BY licence.

  In this section we will be learning about the relationship between current, voltage (also called potential difference) and resistance in electrical circuits. These three quantities are fundamental to electric circuits. To recap:

  
    	Electrical current ([image: \scriptsize I]), is defined as the rate of flow of charge through a circuit.

    	Potential difference or voltage ([image: \scriptsize V]) is the amount of energy per unit charge needed to move that charge between two points in a circuit.

    	Resistance ([image: \scriptsize R]), is a measure of how ‘hard’’ it is to push current through a circuit element.

  

  Ohm’s law

  An important relationship between the current, voltage and resistance in a circuit was discovered by Georg Simon Ohm and it is called Ohm’s law.

  Ohm’s law is defined as follows: The amount of electric current through a metal conductor, at a constant temperature, in a circuit is directly proportional to the voltage across the conductor.

  In other words, at constant temperature, the ratio of the voltage across a resistor to the current passing through it is constant. This value is equivalent to the resistance of the conductor.

  Ohm’s law tells us that if a conductor is at a constant temperature, the current flowing through the conductor is directly proportional to the voltage across it. This means that if we plot voltage on the [image: \scriptsize y]-axis of a graph and current on the [image: \scriptsize x]-axis of the graph, we will get a straight line.

  
    [image: ]
    Figure 1: A graph to show the relationship between voltage across a resistor and the current through it

  

  The gradient of a straight-line graph is constant and can be represented as follows:

  
    [image: \scriptsize \displaystyle \displaystyle \frac{{\Delta x}}{{\Delta y}}=\displaystyle \frac{{\Delta V}}{{\Delta I}}]
  

  Ohm determined that the gradient of the graph represents the resistance ([image: \scriptsize R]) of the resistor.

  The formula for Ohm’s law is therefore: [image: \scriptsize R=\displaystyle \frac{V}{I}]

  Where:
[image: \scriptsize I] is the current through the conductor (in amperes, A)
[image: \scriptsize V] is the voltage across the conductor (in volts, V)
[image: \scriptsize R] is the resistance of the conductor (in Ohms, [image: \scriptsize \Omega]).

  
    
      
        [image: image]
      

      Activity 1.1: Determine the relationship between current going through a resistor and the potential difference (voltage) across the resistor (Ohm’s law)

    

    
      Time required: 20 minutes

      
        What you need:
      

      
        	internet access

        	graph paper

      

      
        What to do:
      

      
        	Copy the table below into your notebook.
	Voltage ([image: \scriptsize \text{V}]) 	Current ([image: \scriptsize \text{mA}]) 	Current ([image: \scriptsize \text{A x 1}{{\text{0}}^{{-3}}}] ) 
 	[image: \scriptsize 0] 	[image: \scriptsize 0] 	[image: \scriptsize 0] 
 	[image: \scriptsize 1] 	 	 
 	[image: \scriptsize 2] 	 	 
 	[image: \scriptsize 3] 	 	 
 	[image: \scriptsize 4] 	 	 
 	[image: \scriptsize 5] 	 	 
 	[image: \scriptsize 6] 	 	 
 	[image: \scriptsize 7] 	 	 
 	[image: \scriptsize 8] 	 	 
 	[image: \scriptsize 9] 	 	 
  


        	Go to this simulation for Ohm’s law.[image: interactive simulation]

        	Move the resistance slider to [image: \scriptsize 365\text{ }\Omega]. Do not move this slider from here for the rest of the experiment.

        	Carefully move the voltage slider to [image: \scriptsize \text{1 V}].

        	Record the current in milliAmps in the data table. Repeat, increasing the Voltage in increments of [image: \scriptsize \text{1 V}] up to [image: \scriptsize 9\text{ V}].

        	Once data is recorded, close the simulation.

        	The current needs to be in amperes ([image: \scriptsize \text{A}]). Transfer your data directly into the third column of the table and note that the units will now be in [image: \scriptsize \text{A x 1}{{\text{0}}^{{-3}}}]. These will be the units for the current in the label for the [image: \scriptsize x]-axis of your graph.

        	Plot your data on graph paper. Plot the current on the [image: \scriptsize x]-axis and the voltage on the [image: \scriptsize y]-axis.

        	Draw a best-fit line using a ruler.

        	When you have plotted your graph. Calculate the gradient of the graph using [image: \scriptsize \displaystyle \frac{{\Delta y}}{{\Delta x}}=\displaystyle \frac{{{{y}_{2}}-{{y}_{1}}}}{{{{x}_{2}}-{{x}_{1}}}}].

        	What do you notice about the shape of the graph? What does this indicate about the relationship between the voltage and the current?

        	What do you notice about the value for the gradient of the graph (with a margin for experimental error)? (Refer to point 3 in these instructions).

      

      
        What did you find?
      

      
        	As the voltage in the circuit was increased, the current also increased.
[image: ]

        	The graph is a straight line through [image: \scriptsize 0]. This means that the voltage is directly proportional to the current.

        	This confirms Ohm’s law which states that voltage across a conductor is directly proportional to the current through the conductor (when the temperature remains constant).

        	The gradient of the graph is equivalent to the resistance of the resistor.

      

    

  

  Applying Ohm’s law

  We are now ready to see how Ohm’s law is used to analyse circuits.

  Consider a circuit with a cell and a resistor, [image: \scriptsize R]. If the resistor has a resistance of [image: \scriptsize 5\text{ }\Omega] and voltage across the resistor is [image: \scriptsize 5\text{ V}], then we can use Ohm’s law to calculate the current flowing through the resistor. The circuit diagram for this problem looks like this:

  
    [image: ]
    Figure 2: Circuit diagram with a resistor [image: \scriptsize R] and one cell.

  

  Figure 2: Circuit diagram with a resistor [image: \scriptsize R] and one cell.

  The equation for Ohm’s law is: [image: \scriptsize R=\displaystyle \frac{V}{I}]

  which can be rearranged to: [image: \scriptsize I=\displaystyle \frac{V}{R}]

  The current flowing through the resistor is: [image: \scriptsize I=\displaystyle \frac{5}{5}=1\text{ A}]

  
    
      
        [image: image]
      

      Example 1.1

    

    
      Study the circuit diagram below.

      
        [image: ]
      

      The resistance of the resistor is [image: \scriptsize 10\text{ }\Omega] and the current going through the resistor is [image: \scriptsize 4\text{ A}]. What is the potential difference (voltage) across the resistor?

      
        Solution
      

      Step 1: Write down the given information and what is being asked for

      
        [image: \scriptsize \begin{align*}R&=10\text{ }\Omega \\I&=4\text{ A}\\V&=\text{?}\end{align*}]
      

      Step 2: Rearrange the equation above and substitute the known values for [image: \scriptsize R] and [image: \scriptsize I] to solve for [image: \scriptsize V]

      
        [image: \scriptsize \begin{align*}V&=IR\\&=\text{4 x 10}\\&=\text{40 V}\end{align*}]
      

      Step 3: Write the final answer

      The voltage across the resistor is [image: \scriptsize 40\text{ V}]

    

  

  Summary

  
    	Ohm’s law defines the relationship between the voltage across a conductor (resistor) and the current flowing through it.

    	Ohm’s law is defined as: the amount of electric current through a metal conductor, at a constant temperature, in a circuit is directly proportional to the voltage across the conductor.

    	The ratio of the voltage across a resistor to the current flowing through it is constant and is equivalent to the resistance of the resistor.

    	The formula for Ohm’s law is: [image: \scriptsize R=\displaystyle \frac{V}{I}].

    	When the voltage across a resistor is plotted against the current flowing through it, the graph is a straight line through [image: \scriptsize 0] which indicates a directly proportional relationship between these variables.

    	The gradient of this straight-line graph is equivalent to the resistance of the resistor.

  

   Unit 1: Assessment

  Suggested time to complete: 15 minutes

  
    	Give the formula for Ohm’s law and the units for the variables.

    	Define Ohm’s law.

    	Use the data in the table below to answer the following questions:
	Voltage ([image: \scriptsize \text{V}]) 	Current ([image: \scriptsize \text{I}]) 
 	[image: \scriptsize 0.0] 	[image: \scriptsize 0.0] 
 	[image: \scriptsize 0.4] 	[image: \scriptsize 3.0] 
 	[image: \scriptsize 0.8] 	[image: \scriptsize 6.0] 
 	[image: \scriptsize 1.2] 	[image: \scriptsize 9.0] 
 	[image: \scriptsize 1.6] 	[image: \scriptsize 12.0] 
  
	Plot a graph of voltage (on the [image: \scriptsize y]-axis) and current (on the [image: \scriptsize x]-axis).
	What type of graph do you obtain? (straight line, parabola, other curve)
	Calculate the gradient of the graph.
	What does the gradient of the graph represent?
	What would the voltage be if the current reading was [image: \scriptsize 7\text{ A}]? Indicate with dotted lines on your graph where you read off your answer.
	What would the current reading be if the voltage is [image: \scriptsize 0.5\text{ V}]? Indicate with dotted lines on your graph where you read off your answer.
	Do your experimental results verify Ohm’s law? Explain.



    	How would you go about finding the resistance of an unknown resistor experimentally?

    	Calculate the resistance of a resistor that has a potential difference of [image: \scriptsize 8\text{ V}] across it when a current of [image: \scriptsize 2\text{ A}] flows through it.

    	What current will flow through a resistor of [image: \scriptsize 6\text{ }\Omega] when there is a potential difference of [image: \scriptsize 18\text{ V}] across its ends?

    	What is the voltage across a [image: \scriptsize 10\text{ }\Omega] resistor when a current of [image: \scriptsize 1.5\text{ A}] flows though it?

  

  The full solutions are at the end of the unit.

  Unit 1: Solutions

  Unit 1: Assessment

  
    	The formula for Ohm’s Law is: [image: \scriptsize R=\displaystyle \frac{V}{I}]
 Where:
[image: \scriptsize I] is the current through the conductor (in amperes, A)
[image: \scriptsize V] is the voltage across the conductor (in volts, V)
[image: \scriptsize R] is the resistance of the conductor (in Ohms, [image: \scriptsize \Omega]).

    	The amount of electric current through a metal conductor, at a constant temperature, in a circuit is directly proportional to the voltage across the conductor.

    	
      .
      
        	
          .
          

          [image: ]
        

        	straight line

        	
          [image: \scriptsize \displaystyle \frac{{\Delta y}}{{\Delta x}}=\displaystyle \frac{{1.2-0}}{{9-0}}=0.13]
        

        	The resistance of the resistor is [image: \scriptsize 0.13\text{ }\Omega].

        	
          [image: \scriptsize \pm 1\text{ V}]
        

        	
          [image: \scriptsize \pm 0.4\text{ V}]
        

        	Yes – the graph is a straight line through [image: \scriptsize 0], which indicates that the voltage is directly proportional to the current.

      

    

    	Place the unknown resistor into a circuit.
 Connect a voltmeter in parallel across the resistor and an ammeter in series.
 Take the voltage and current readings.
 Use Ohm’s law, [image: \scriptsize R=\displaystyle \frac{V}{I}], to calculate the resistance of the resistor.

    	
      [image: \scriptsize R=\displaystyle \frac{V}{I}=\displaystyle \frac{8}{2}=4\text{ }\Omega]
    

    	
      [image: \scriptsize I=\displaystyle \frac{V}{R}=\displaystyle \frac{{18}}{6}=3\text{ A}]
    

    	
      [image: \scriptsize V=IR=1.5\text{ x 10 = 15 V}]
    

  

  
    Back to Unit 1: Assessment
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Unit 2: Work with circuit diagrams
Leigh Kleynhans



  
  
    
      
        [image: image]
      

      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify symbols used in circuit diagrams: 	cell and battery of cells (in series and parallel)
	capacitor
	voltmeter, ammeter, and galvanometer
	switch, fuse, and ground
	different types of resistors, namely globe, fixed resistor, and rheostat.



        	Distinguish between resistance, equivalent resistance, and internal resistance.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Describe resistance in an electric circuit. Refer to level 2 subject outcome 4.3 unit 2 if you need help with this.

    	Describe the relationship between load (total resistance) and current. Refer to level 2 subject outcome 4.3 unit 2 if you need help with this.

    	Define electrical potential difference (voltage) and emf. Refer to level 2 subject outcome 4.3 unit 3 if you need help with this.

    	Identify a battery with cells in series and one with cells in parallel. Refer to level 2 subject outcome 4.3 unit 3 if you need help with this.

    	Describe how voltage is divided in a series circuit. Refer to level 2 subject outcome 4.3 unit 3 if you need help with this.

    	Describe the functioning of a capacitor in an electric circuit. Refer to level 3 subject outcome 4.1 unit 3 if you need help with this.

  

  Introduction

  Parts of the text in this unit were sourced from Siyavula Physical Science Gr 11 Learner’s Book, Chapter 11, released under a CC-BY licence.

  Circuit diagrams are a simple representation of how various components can be arranged in an electrical circuit. It is important that you learn the symbols for each component and their function in the circuit.

  Symbols in electrical circuit diagrams

  Some common elements (components) which can be found in electrical circuits include light bulbs, cells, batteries, connecting leads, switches, resistors, voltmeters and ammeters. Table 1 shows the items and their symbols:

  Table 1: Common electrical components 	Component 	Symbol 	Usage 
 	light bulb/globe 	[image: ] 	electrical energy is converted to light and heat energy when charge moves through it 
 	one cell 	[image: ] 	provides energy for charge to move 
 	battery of cells in series 	[image: ] 	adding cells in series, increases the emf of the battery 
 	battery of cells in parallel 	[image: ] 	adding cells in parallel does not change the emf of the battery but it will last longer 
 	battery 	[image: ] 	any number of cells connected together 
 	switch 	[image: ] 	allows a circuit to be open or closed 
 	resistor 	[image: ] OR
  	resists the flow of charge and electrical energy is converted to other types of energy 
 	[image: ] 
 	rheostat 	[image: ] 	a resistor in which the resistance can be varied 
 	fuse 	[image: ] 	a safety device made of a small thin wire that will melt and break the circuit if it overheats 
 	voltmeter 	[image: ] 	measures potential difference (voltage) 
 	ammeter 	[image: ] 	measures current in a circuit 
 	galvanometer 	[image: ] 	measures very small amounts of current and indicates direction of flow 
 	connecting lead 	[image: ] 	connects circuit elements together 
 	capacitor 	[image: ] 	stores charge (can act as a source of potential difference) 
 	ground 	[image: ] 	provides a pathway for excess charge to return to the earth 
  

  Remember that voltmeters must be connected in parallel across a battery or resistors, but ammeters must be connected in series.

  
    [image: ]
    Figure 1: A circuit diagram with a voltmeter connected in parallel and an ammeter connected in series

  

  Working with resistors in series

  When we add resistors in series to a circuit:

  
    	There is only one path for current to flow which ensures that the current is the same at every point in the circuit.

    	The voltage is divided across the resistors. The voltage across the battery in the circuit is equal to the sum of voltages across the series resistors:
[image: \scriptsize {{V}_{{battery}}}={{V}_{1}}+{{V}_{2}}......]

    	The resistance to the flow of current increases. The equivalent resistance, [image: \scriptsize {{R}_{s}}] is given by:
[image: \scriptsize {{R}_{s}}={{r}_{1}}+{{r}_{2}}...]

  

  Let us look at this in a bit more detail. In figure 2 you can see what the different measurements for three identical resistors in series could look like. The total voltage across all three resistors is the sum of the voltages across the individual resistors. Resistors in series are known as voltage dividers because the total voltage across all the resistors is divided amongst the individual resistors.

  
    [image: ]
    Figure 2: Voltage across resistors in series

  

  Consider the diagram in figure 3 below. On the left there is a circuit with a single resistor and a battery. No matter where we measure the current, it is the same in a series circuit. On the right, we have added a second resistor in series to the circuit. The total resistance of the circuit has increased, and you can see from the reading on the ammeter that the current in the circuit has decreased.

  
    [image: ]
    Figure 3: Current in a series circuit

  

  
    
      
        [image: image]
      

      Example 2.1

    

    
      A circuit contains two resistors in series. The resistors have resistance values of [image: \scriptsize 5\text{ }\Omega] and [image: \scriptsize 17\text{ }\Omega].

      
        [image: ]
      

      What is the equivalent resistance in the circuit?

      
        Solution
      

      Step 1: Analyse the question

      We are told that the circuit is a series circuit and that we need to calculate the equivalent resistance. The values of the two resistors have been given in the correct units, Ω.

      Step 2: Apply the relevant principles

      The equivalent resistance for resistors in series is the sum of the individual resistances. We can use:

      
        [image: \scriptsize {{R}_{s}}={{r}_{1}}+{{r}_{2}}...]
      

      We have only two resistors:

      
        [image: \scriptsize {{R}_{s}}=5+17]
      

      The equivalent resistance of the resistors in series is [image: \scriptsize 22\text{ }\Omega].

    

  

  Working with resistors in parallel

  When we add resistors in parallel to a circuit:

  
    	There are more paths for current to flow which ensures that the current splits across the different paths.

    	The voltage is the same across the resistors. The voltage across the battery in the circuit is equal to the voltage across each of the parallel resistors:
[image: \scriptsize {{V}_{{battery}}}={{V}_{1}}={{V}_{2}}={{V}_{3}}]

    	The resistance to the flow of current decreases. The equivalent resistance, [image: \scriptsize {{R}_{p}}], is given by:
[image: \scriptsize \displaystyle \frac{1}{{{{R}_{p}}}}=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}...]

  

  In contrast to series, when we add resistors in parallel, we create more paths along which current can flow. By doing this we decrease the total resistance of the circuit.

  Look at the diagrams in figure 4. The ammeter shows a current of [image: \scriptsize 1\text{ A}]. On the right we have added a second resistor in parallel to the first resistor. This has increased the number of paths (branches) the charge can take through the circuit – the total resistance has decreased. You can see that the current in the circuit has increased. Also notice that the current in the different branches can be different.

  
    [image: ]
    Figure 4: Adding resistors in parallel

  

  The equivalent resistance of a number of parallel resistors is NOT the sum of the individual resistances as the overall resistance decreases with more paths for the current. The equivalent resistance for parallel resistors is given by:

  
    [image: \scriptsize \displaystyle \frac{1}{{{{R}_{p}}}}=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}...]
  

  
    
      
        [image: image]
      

      Example 2.2

    

    
      A circuit contains two resistors in parallel. The resistors have resistance values of [image: \scriptsize 15\text{ }\Omega \text{ }] and [image: \scriptsize 7\text{ }\Omega].

      
        [image: ]
      

      What is the equivalent resistance in the circuit?

      
        Solution
      

      Step 1: Analyse the question

      We are told that the resistors in the circuit are in parallel circuit and that we need to calculate the equivalent resistance. The values of the two resistors have been given in the correct units, Ω.

      Step 2: Apply the relevant principles

      The equivalent resistance for resistors in parallel is given by the formula:

      
        [image: \scriptsize \displaystyle \frac{1}{{{{R}_{p}}}}=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}...]
      

      We have only two resistors:

      
        [image: \scriptsize \begin{align*}\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{15}}+\displaystyle \frac{1}{7}\\{{R}_{p}}&=4.77\text{ }\Omega \end{align*}]
      

      When solving for [image: \scriptsize {{R}_{p}}], do not forget to invert.

      Step 3: Quote the final result

      The equivalent resistance of the resistors in parallel is [image: \scriptsize 4.77\text{ }\Omega].

    

  

  When two resistors are connected in parallel, their equivalent resistance is less than the value of the smallest resistor in the combination on its own. This is because the parallel connection opens more pathways for the current to move through, so there is less total resistance to the flow of the current.

  When current enters a parallel branch in a circuit, it is divided. The branch with the lower resistance receives a higher current. For this reason, parallel resistors are called current dividers.

  
    [image: ]
    Figure 5: Current in a parallel circuit

  

  The potential difference across parallel branches is equal, even if the branches have different resistances. When parallel branches are connected directly across the battery, the potential difference across each branch is equal to the potential difference of the battery.

  
    
      
        [image: image]
      

      Exercise 2.1

    

    
      
      
        	The battery in the circuit has a potential difference of [image: \scriptsize 8\text{ V}].
[image: ]	Find the unknown currents I1 and I2
	Find the potential difference across the [image: \scriptsize 4\text{ }\Omega] and [image: \scriptsize 2\text{ }\Omega] resistors.



        	
          .
          
            	Calculate the total resistance in the circuit below:
[image: ]

            	Find currents I1 , I2 and I3.

            	The terminal potential difference of the battery is [image: \scriptsize 8\text{ V}\text{. }]Find the potential difference across resistors [image: \scriptsize {{\text{R}}_{1}},\text{ }{{\text{R}}_{2}}\text{ and }{{\text{R}}_{4}}].

            	If the branch with the resistor [image: \scriptsize {{\text{R}}_{4}}] is removed from the circuit, explain what effect this will have on: 	The total resistance in the circuit.
	The current through the battery.
	The potential difference across resistor R1.



          

        

      

      The 
full solutions are at the end of the unit.
    

  

  Internal resistance

  Up until now we have been dealing with ideal batteries in that they are not affected by the circuit or current in any way and provide a precise voltage until they go flat. In reality, the voltage of a battery will be affected when it is connected into a circuit.

  If you measure the potential difference across the terminals of a battery not connected in a circuit, you will get a different value to what you measure when it is connected in a complete circuit. The value will be less when the battery is included in a complete circuit. The difference between these two readings is called the lost volts. Nothing has actually been lost but some energy carried by the charges has been transferred.

  Real batteries are made from materials which have resistance. This means that real batteries are not just sources of potential difference (voltage), but they also possess what we call internal resistance. As the charges flow through the battery, they will transfer some of their energy ‘pushing’ through this resistance. The energy per charge (voltage) when they come out of the battery will therefore be slightly less than the emf.

  The internal resistance of a battery or cell is represented using the symbol [image: \scriptsize r]. The internal resistance will be in series with the other resistors in the circuit which are referred to as the external resistance.

  
    [image: ]
    Figure 6: A circuit with a battery that has internal resistance

  

  In the circuit above Ɛ represents the emf of the cell and [image: \scriptsize V] is the voltage when the circuit is connected. The value of [image: \scriptsize V] will be slightly less than the value of Ɛ, because of the internal resistance of the cell.

  Summary

  
    	Resistors can be arranged in series or parallel in electric circuits.

    	When resistors are added in series: 	the equivalent resistance is calculated using the formula: [image: \scriptsize {{R}_{s}}={{r}_{1}}+{{r}_{2}}...]
	the voltage of the battery is divided between them: [image: \scriptsize {{V}_{{battery}}}={{V}_{1}}+{{V}_{2}}......]
	and the current is the same through all the resistors. [image: \scriptsize {{I}_{{battery}}}={{I}_{{R1}}}={{I}_{{R2}}}...].



    	When resistors are added in parallel: 	the equivalent resistance is calculated using the formula: [image: \scriptsize \displaystyle \frac{1}{{{{R}_{p}}}}=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}...]
	the voltage is the same across all the resistors: [image: \scriptsize {{V}_{{battery}}}={{V}_{1}}={{V}_{2}}={{V}_{3}}]
	and the current is divided between them: [image: \scriptsize {{I}_{{battery}}}={{I}_{{R1}}}+{{I}_{{R2}}}......].



    	All cells or batteries have internal resistance. This is the energy used per unit charge when current passes through the battery itself.

  

   Unit 2: Assessment

   Suggested time to complete: 20 minutes

  
    	Explain what happens when resistors are added in: 	series
	parallel



    	Draw a circuit diagram which consists of the following components:
 two cells in series, three light bulbs in parallel, and an ammeter measuring the total current in the circuit.

    	If you have a circuit consisting of four resistors of equal resistance in series and the total voltage across all of them is [image: \scriptsize 17\text{ V}], what is the voltage across each of them?

    	If you have a circuit consisting of four resistors of equal resistance in parallel and the total voltage across all of them is [image: \scriptsize 17\text{ V}], what is the voltage across each of them?

    	Calculate the equivalent resistance for the following circuit:
[image: ]

    	
      .
      
        	Calculate the equivalent resistance for the following circuits.
[image: ]

        	
          .
          

          [image: ]
        

      

    

    	There are three resistors in parallel with resistances of [image: \scriptsize 3\text{ }\Omega], [image: \scriptsize 4\text{ }\Omega] and[image: \scriptsize 11\text{ }\Omega] What is the equivalent resistance of the parallel combination?

    	The same three resistors as in question 6 are now arranged in series. What is the equivalent resistance of the series combination?

    	The equivalent resistance of two resistors in parallel is [image: \scriptsize 3\text{ }\Omega], the one resistor has a resistance of [image: \scriptsize 5\text{ }\Omega], what is the resistance of the other resistor?

  

  The full solutions are at the end of the unit.

  Unit 2: Solutions

  Exercise 2.1

  
    	
      .
      
        	[image: \scriptsize {{R}_{1}}] has half the resistance of [image: \scriptsize {{R}_{2}}], so the current divides so that the [image: \scriptsize {{R}_{1}}] branch will receive double the current of the [image: \scriptsize {{R}_{2}}] branch. Therefore:
[image: \scriptsize \begin{align*}{{I}_{1}}&=2\text{ x 2 }\\&=\text{4 A}\end{align*}]                    [image: \scriptsize \begin{align*}{{I}_{2}}&={{I}_{1}}+2\\&=4\text{ + 2 }\\&=\text{6 A}\end{align*}]

        	The potential difference across each of the parallel branches is equal to the potential difference across the battery.
 Therefore [image: \scriptsize {{V}_{{6\text{ }\Omega }}}={{V}_{{4\text{ }\Omega }}}={{V}_{{battery}}}=8\text{ V}]

      

    

    	
      .
      
        	[image: \scriptsize {{R}_{2}}] and [image: \scriptsize {{R}_{3}}] are in series: [image: \scriptsize {{R}_{s}}={{r}_{1}}+{{r}_{2}}=4+4=8\text{ }\Omega]
 Now add the resistors in parallel:
[image: \scriptsize \begin{align*}\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}+{{r}_{3}}}}+\displaystyle \frac{1}{{{{r}_{4}}}}\\&=\displaystyle \frac{1}{4}+\displaystyle \frac{1}{8}+\displaystyle \frac{1}{8}\\&=\displaystyle \frac{2}{8}+\displaystyle \frac{1}{8}+\displaystyle \frac{1}{8}\\&=\displaystyle \frac{4}{8}\\{{R}_{p}}&=\displaystyle \frac{8}{4}\\&=2\text{ }\Omega \end{align*}]

        	The branch with [image: \scriptsize {{R}_{2}}] and [image: \scriptsize {{R}_{3}}] has the same resistance as [image: \scriptsize {{R}_{4}}], so this branch will receive the same current as the [image: \scriptsize {{R}_{4}}] branch. So [image: \scriptsize {{I}_{1}}=1\text{ A}].
[image: \scriptsize {{R}_{1}}] has half the resistance of [image: \scriptsize {{R}_{4}}], so the current divides so that the [image: \scriptsize {{R}_{1}}] branch will receive double the current of the [image: \scriptsize {{R}_{4}}] branch. So [image: \scriptsize {{I}_{2}}=2\text{ A}].
[image: \scriptsize {{I}_{3}}={{I}_{1}}+{{I}_{2}}+1\text{ A = 2+1+1= 4 A}]

        	[image: \scriptsize {{V}_{{R1}}}=8\text{ V}] since it is connected directly across the battery, so it will have the same voltage as the battery.
[image: \scriptsize {{V}_{{R2}}}=4\text{ V}] since this branch has two [image: \scriptsize 4\text{ }\Omega \text{ }] resistors that are together connected across the battery, so they share [image: \scriptsize 8\text{ V }]equally between them.
[image: \scriptsize {{V}_{{R4}}}=8\text{ V}] since it is connected directly across the battery.

        	
          .
          
            	If one of the parallel branches is removed, then there are fewer pathways for the current, so the total resistance will be increased.

            	Since the resistance is increased, the current through the battery will decrease because current is inversely proportional to resistance.

            	The potential difference across resistor [image: \scriptsize {{\text{R}}_{1}}] will not change, because it is connected directly across the battery, so will receive the full battery terminal potential difference.

          

        

      

    

  

  
    Back to Exercise 2.1
  

  Unit 2: Assessment

  
    	
      .
      
        	The equivalent resistance of the circuit will increase.

        	The equivalent resistance of the circuit will decrease.

      

    

    	
      .
      

      [image: ]
    

    	Resistors in series will share the voltage provided by the battery. As the resistors are identical, they will share the voltage equally.
[image: \scriptsize \displaystyle \frac{{17}}{4}=4.25\text{ V}] They will each get [image: \scriptsize 4.25\text{ V}].

    	Resistors in parallel each get the same voltage as the battery. Therefore they will each get [image: \scriptsize 17\text{ V}].

    	
      .
      

      [image: \scriptsize \begin{align*}\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}+\displaystyle \frac{1}{{{{r}_{3}}}}\\&=\displaystyle \frac{1}{{15}}+\displaystyle \frac{1}{3}+\displaystyle \frac{1}{7}\\{{R}_{p}}&=\text{ 1}\text{.84 }\Omega \end{align*}]
    

    	
      .
      
        	
          .
          

          [image: \scriptsize \begin{align*}\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}\\&=\displaystyle \frac{1}{3}+\displaystyle \frac{1}{2}\\\text{ }{{R}_{p}}&=\text{ 1}\text{.2 }\Omega \end{align*}]
        

        	
          .
          

          [image: \scriptsize \begin{align*}\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}+\displaystyle \frac{1}{{{{r}_{3}}}}+\displaystyle \frac{1}{{{{r}_{4}}}}\\&=\displaystyle \frac{1}{2}+\displaystyle \frac{1}{3}+\displaystyle \frac{1}{4}+\displaystyle \frac{1}{1}\\{{R}_{p}}&=\text{ 0}\text{.48 }\Omega \end{align*}]
        

        	
          .
          

          [image: \scriptsize \begin{align*}{{R}_{s}}&={{r}_{1}}+{{r}_{2}}\\&=\text{3 + 2 }\\&=\text{5 }\Omega \end{align*}]
        

        	
          .
          

          [image: \scriptsize \begin{align*}{{R}_{s}}&={{r}_{1}}+{{r}_{2}}+{{r}_{3}}+{{r}_{4}}\\&=\text{2 + 3 + 4 + 1 }\\&=\text{10 }\Omega \end{align*}]
        

      

    

    	
      .
      

      [image: \scriptsize \begin{align*}\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}+\displaystyle \frac{1}{{{{r}_{3}}}}\\&=\displaystyle \frac{1}{3}+\displaystyle \frac{1}{4}+\displaystyle \frac{1}{{11}}\\{{R}_{p}}&=\text{ 1}\text{.48 }\Omega \end{align*}]
    

    	
      .
      

      [image: \scriptsize \begin{align*}{{R}_{s}}&={{r}_{1}}+{{r}_{2}}+{{r}_{3}}\\&=\text{3 + 4 + 11 }\\&=\text{18 }\Omega \end{align*}]
    

    	
      .
      

      [image: \scriptsize \begin{align*}\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}\\\displaystyle \frac{1}{3}&=\displaystyle \frac{1}{5}+\displaystyle \frac{1}{{{{r}_{2}}}}\\\displaystyle \frac{1}{{{{r}_{2}}}}&=\displaystyle \frac{1}{3}-\displaystyle \frac{1}{5}\\\text{ }{{\text{r}}_{2}}&=\text{ 7}\text{.5 }\Omega \end{align*}]
    

  

  
    Back to Unit 2: Assessment 
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Unit 3: Resistance and electrical circuits
Leigh Kleynhans



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Analyse and solve problems in electrical circuits calculating: pd, emf, resistance in series and parallel networks.

        	Describe the purpose of a Wheatstone bridge.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Identify resistors in series and resistors in parallel, and calculate equivalent resistance for both. Refer to level 3 subject outcome 4.3 unit 2 if you need help with this.

  

  Introduction

  Parts of the text in this unit were sourced from Siyavula Physical Science Gr 11 Learner’s Book, Chapter 11, released under a CC-BY licence.

  Now that you understand Ohm’s law and the relationship between current and voltage, you will learn to apply the concept in series and parallel circuits.

  Working with Ohm’s law in circuits

  You can use Ohm’s law ([image: \scriptsize R=\displaystyle \frac{V}{I}]) to solve circuit problems.

  
    
      
        [image: image]
      

      Example 3.1

    

    
      Calculate the current ([image: \scriptsize I]) in this circuit.

      
        [image: ]
      

      
        Solution
      

      Step 1: Determine what is required

      We are required to calculate the current flowing in the circuit.

      Step 2: Determine how to approach the problem

      We can use Ohm’s law. There are however two resistors in the circuit and we need to find the total resistance.

      Step 3: Find the total resistance in circuit

      Since the resistors are connected in series, the total (equivalent) resistance [image: \scriptsize \text{R }]is:

      
        [image: \scriptsize {{R}_{s}}={{r}_{1}}+{{r}_{2}}]
      

      Therefore:

      
        [image: \scriptsize \begin{align*}{{R}_{s}}&=2\text{ + 4 }\\&=\text{6 }\Omega \end{align*}]
      

      Step 4: Apply Ohm’s law

      
        [image: \scriptsize \begin{align*}I&=\displaystyle \frac{V}{R}\\&=\displaystyle \frac{{12}}{6}\\&=2\text{ A}\end{align*}]
      

      Step 5: Write the final answer

      A current of [image: \scriptsize 2\text{ A}] is flowing in the circuit.

    

  

  
    
      
        [image: image]
      

      Example 3.2

    

    
      Two resistors are connected in series with a cell. Find the resistance of [image: \scriptsize {{R}_{2}}], given that the current flowing through [image: \scriptsize {{R}_{1}}] and [image: \scriptsize {{R}_{2}}] is [image: \scriptsize 0.25\text{ A}] and that the voltage across the cell is [image: \scriptsize 1.5\text{ V}].

      
        [image: ]
      

      Solution

      Step 1: Determine how to approach the problem

      We can use Ohm’s law to find the total resistance [image: \scriptsize R] in the circuit, and then calculate the unknown resistance using [image: \scriptsize {{R}_{s}}={{r}_{1}}+{{r}_{2}}], because it is a series circuit.

      Step 2: Find the total resistance

      
        [image: \scriptsize \begin{align*}R&=\displaystyle \frac{V}{I}\\&=\displaystyle \frac{{1.5}}{{0.25}}\\&=6\text{ }\Omega \end{align*}]
      

      Step 3: Find the unknown resistance

      We know that [image: \scriptsize R=6\text{ }\Omega] and that [image: \scriptsize {{R}_{1}}=1\text{ }\Omega].

      Since [image: \scriptsize {{R}_{s}}={{r}_{1}}+{{r}_{2}}], therefore:

      
        [image: \scriptsize \begin{align*}6&={{r}_{2}}+1\\{{r}_{2}}&=5\text{ }\Omega \end{align*}]
      

      Step 4: Write the answer

      
        [image: \scriptsize {{R}_{2}}=5\text{ }\Omega]
      

    

  

  
    
      
        [image: image]
      

      Example 3.3

    

    
      For the following circuit, calculate:

      
        	the voltage drops [image: \scriptsize {{V}_{1}}], [image: \scriptsize {{V}_{2}}] and [image: \scriptsize {{V}_{3}}] across the resistors [image: \scriptsize {{R}_{1}}], [image: \scriptsize {{R}_{2}}] and [image: \scriptsize {{R}_{3}}].

        	the resistance of [image: \scriptsize {{R}_{3}}].
[image: ]

      

      
        Solution
      

      Step 1: Determine how to approach the problem

      We are given the voltage across the cell and the current in the circuit, as well as the resistances of two of the three resistors. We can use Ohm’s law to calculate the voltage drop across the known resistors. Since the resistors are in a series circuit the voltage is [image: \scriptsize {{V}_{{battery}}}={{V}_{1}}+{{V}_{2}}+{{V}_{3}}] and we can calculate [image: \scriptsize {{V}_{3}}]. Then we can use this information to find the voltage across the unknown resistor [image: \scriptsize {{R}_{3}}].

      Step 2: Calculate voltage drop across [image: \scriptsize {{R}_{1}}]

      Using Ohm’s law:

      
        [image: \scriptsize \begin{align*}V&=IR\\&=2\text{ x 1 }\\&=\text{2 V}\end{align*}]
      

      Step 3: Calculate voltage drop across [image: \scriptsize {{R}_{2}}]

      Again using Ohm’s law:

      
        [image: \scriptsize \begin{align*}V&=IR\\&=2\text{ x 3 }\\&=\text{6 V}\end{align*}]
      

      Step 4: Calculate voltage drop across [image: \scriptsize {{R}_{3}}]

      Since the voltage drop across all the resistors combined must be the same as the voltage drop across the cell/battery in a series circuit, we can find [image: \scriptsize {{V}_{3}}] using:

      
        [image: \scriptsize \begin{align*}{{V}_{{battery}}}&={{V}_{1}}+{{V}_{2}}+{{V}_{3}}\\18&=2+6+{{V}_{3}}\\\text{ }{{V}_{3}}&=10\text{ V}\end{align*}]
      

      Step 5: Find the resistance of [image: \scriptsize {{R}_{3}}]

      We know the voltage across [image: \scriptsize {{R}_{3}}] and the current through it, so we can use Ohm’s law to calculate the value for the resistance:

      
        [image: \scriptsize \begin{align*}R&=\displaystyle \frac{V}{I}\\&=\displaystyle \frac{{10}}{2}\\&=5\text{ }\Omega \end{align*}]
      

      Step 6: Write the final answers

      
        [image: \scriptsize \begin{align*}{{V}_{1}}&=2\text{ V}\\{{V}_{2}}&=6\text{ V}\\{{V}_{3}}&=10\text{ V}\\{{R}_{1}}&=5\text{ }\Omega \end{align*}]
      

    

  

  
    
      
        [image: image]
      

      Example 3.4

    

    
      Calculate the current ([image: \scriptsize I]) in this circuit.
[image: ]

      
        Solution
      

      Step 1: Determine what is required

      We are required to calculate the total current flowing in the circuit.

      Step 2: Determine how to approach the problem

      We can use Ohm’s law. There are however two resistors in the circuit and we need to find the total resistance.

      Step 3: Find the total resistance in the circuit

      Since the resistors are connected in parallel, the total (equivalent) resistance [image: \scriptsize \text{R }]is:
[image: \scriptsize \begin{align*}\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}\\&=\displaystyle \frac{1}{2}+\displaystyle \frac{1}{4}\\\text{ }{{R}_{p}}&=1.33\text{ }\Omega \end{align*}]

      Step 4: Apply Ohm’s law

      
        [image: \scriptsize \begin{align*}I&=\displaystyle \frac{V}{R}\\&=\displaystyle \frac{{12}}{{1.33}}\\&=\text{9 A}\end{align*}]
      

      Step 5: Write the final answer

      The current flowing in the circuit is [image: \scriptsize 9\text{ A}].

    

  

  
    
      
        [image: image]
      

      Example 3.5

    

    
      Two resistors ([image: \scriptsize {{R}_{1}}] and [image: \scriptsize {{R}_{2}}]) are connected in parallel with a cell. Find the resistance of [image: \scriptsize {{R}_{2}}], given that the current flowing through the cell is [image: \scriptsize 4.8\text{ A}] and that the voltage across the cell is [image: \scriptsize 9\text{ V}].
[image: ]

      
        Solution
      

      Step 1: Determine what is required

      We need to calculate the resistance [image: \scriptsize {{R}_{2}}].

      Step 2: Determine how to approach the problem

      Since we are given the voltage across the cell and the current through the cell, we can use Ohm’s law to find the equivalent resistance in the circuit.

      
        [image: \scriptsize \begin{align*}R&=\displaystyle \frac{V}{I}\\&=\displaystyle \frac{9}{{4.8}}\\&=\text{1}\text{.875 }\Omega \end{align*}]
      

      Step 3: Calculate the value for [image: \scriptsize {{R}_{2}}]

      Since we know the equivalent resistance and the resistance of [image: \scriptsize {{R}_{1}}], we can use the formula for resistors in parallel to find the resistance of [image: \scriptsize {{R}_{2}}].

      
        [image: \scriptsize \begin{align*}\text{ }\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}\\\text{ }\displaystyle \frac{1}{{1.875}}&=\displaystyle \frac{1}{3}+\displaystyle \frac{1}{{{{r}_{2}}}}\\\text{ }{{r}_{2}}&=5\text{ }\Omega \end{align*}]
      

      Step 4: Write the final answer

      The resistance [image: \scriptsize {{R}_{2}}] is [image: \scriptsize 5\text{ }\Omega].

    

  

  
    
      
        [image: image]
      

      Example 3.6

    

    
      An [image: \scriptsize 18\text{ V}] cell is connected to two parallel resistors of [image: \scriptsize 4\text{ }\Omega] and [image: \scriptsize 12\text{ }\Omega]. Calculate the current through the cell and through each of the resistors.
[image: ]

      
        Solution
      

      Step 1: Determine how to approach the problem

      We need to determine the current through the cell and each of the parallel resistors. We have been given the potential difference across the cell and the resistances of the resistors, so we can use Ohm’s law to calculate the current.

      Step 2: Calculate the current through the cell

      To calculate the current through the cell we first need to determine the equivalent resistance of the rest of the circuit. The resistors are in parallel and therefore:

      
        [image: \scriptsize \begin{align*}\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}\\&=\displaystyle \frac{1}{4}+\displaystyle \frac{1}{{12}}\\\text{ }{{R}_{p}}&=\text{ 3 }\Omega \end{align*}]
      

      Now using Ohm’s law to find the current through the cell:

      
        [image: \scriptsize \begin{align*}I&=\displaystyle \frac{V}{R}\\&=\displaystyle \frac{{18}}{3}\\&=\text{6 A}\end{align*}]
      

      Step 3: Now determine the current through one of the parallel resistors

      We know that for a purely parallel circuit, the voltage across the cell is the same as the voltage across each of the parallel resistors. For this circuit:

      
        [image: \scriptsize V={{V}_{1}}={{V}_{2}}=18\text{ V}]
      

      Let’s start with calculating the current through [image: \scriptsize {{R}_{1}}] using Ohm’s law:

      
        [image: \scriptsize \begin{align*}I&=\displaystyle \frac{V}{R}\\&=\displaystyle \frac{{18}}{4}\\&=\text{4}\text{.5 A}\end{align*}]
      

      Step 4: Calculate the current through the other parallel resistor

      We can use Ohm’s law again to find the current in [image: \scriptsize {{R}_{2}}]:

      
        [image: \scriptsize \begin{align*}I&=\displaystyle \frac{V}{R}\\&=\displaystyle \frac{{18}}{{12}}\\&=\text{1}\text{.5 A}\end{align*}]
      

      An alternative method of calculating current through the [image: \scriptsize 12\text{ }\Omega] resistor would have been to use the fact that the currents through each of the parallel resistors must add up to the total current through the cell:

      
        [image: \scriptsize \begin{align*}{{I}_{{total}}}&={{I}_{{4\Omega }}}+{{I}_{{12\Omega }}}\\\text{ 6}&= \text{4}\text{.5 + }{{\text{I}}_{{12\Omega }}}\\\text{ }{{I}_{{12\Omega }}}&=\text{1}\text{.5 A }\end{align*}]
      

      Step 5: Write the final answers

      The current through the cell is [image: \scriptsize 6\text{ A}].

      The current through the [image: \scriptsize 4\text{ }\Omega]resistor is [image: \scriptsize 4.5\text{ A}].

      The current through the [image: \scriptsize 12\text{ }\Omega] resistor is [image: \scriptsize 1.5\text{ A}].

    

  

  
    
      
        [image: image]
      

      Exercise 3.1

    

    
      
      
        	Calculate the value of the unknown resistor in the circuit:
[image: ]

        	Calculate the value of the current in the following circuit:
[image: ]

        	Three resistors with resistance [image: \scriptsize 1\text{ }\Omega], [image: \scriptsize 5\text{ }\Omega] and [image: \scriptsize 10\text{ }\Omega] are connected in series with a [image: \scriptsize 12\text{ V}] battery. Calculate the value of the current in the circuit.
[image: ]

        	Calculate the current through the cell:
[image: ]

        	Calculate the value of the unknown resistor [image: \scriptsize {{R}_{4}}] in the circuit:
[image: ]

        	Three resistors with resistance [image: \scriptsize 1\text{ }\Omega], [image: \scriptsize 5\text{ }\Omega] and [image: \scriptsize 10\text{ }\Omega] are connected in parallel with a [image: \scriptsize 20\text{ V}] battery. Calculate the value of the total current in the circuit and through each individual resistor.
[image: ]

      

      The 
full solutions are at the end of the unit.
    

  

  Working with series and parallel resistors in one circuit

  Now that you know how to handle simple series and parallel circuits, you are ready to tackle circuits which combine these two setups such as the following circuit:

  
    [image: ]
    Figure 1: An example of a series-parallel network (the dashed boxes indicate parallel sections of the circuit)

  

  It is relatively easy to work out these kinds of circuits because you apply everything you have already learnt about series and parallel circuits. The only difference is that you do it in stages.

  
    
      
        [image: image]
      

      Example 3.7

    

    
      Consider the circuit in figure 1. All the resistors have a resistance of [image: \scriptsize 10\text{ }\Omega]. Calculate the equivalent resistance of the circuit.

      
        Solution
      

      The circuit consists of two parallel portions that are then in series with a cell. To work out the equivalent resistance for the circuit, you start by calculating the equivalent resistance of each of the parallel portions and then add up these resistances in series.

      Step 1: Start by calculating the total resistance of Parallel Circuit 1

      
        [image: ]
      

      The value of [image: \scriptsize {{R}_{{p1}}}] is:

      
        [image: \scriptsize \begin{align*}\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}\\&=\displaystyle \frac{1}{{10}}+\displaystyle \frac{1}{{10}}\\\text{ }{{R}_{{p1}}}&=\text{ 5 }\Omega \end{align*}]
      

      Step 2: Calculate the total resistance of Parallel Circuit 2 exactly as above

      
        [image: \scriptsize {{R}_{{p2}}}=5\text{ }\Omega]
      

      Step 3: Now treat the circuit like a simple series circuit

      
        [image: ]
      

      Therefore the equivalent resistance is:

      
        [image: \scriptsize \begin{align*}{{R}_{s}}&={{r}_{1}}+{{r}_{2}}\\&=\text{5 + 5}\\&=\text{10 }\Omega \end{align*}]
      

    

  

  
    
      
        [image: image]
      

      Exercise 3.2

    

    
      
      Determine the equivalent resistance of the following circuits:

      
        	
          .
          

          [image: ]
        

        	
          .
          

          [image: ]
        

        	
          .
          

          [image: ]
        

      

      The 
full solutions are at the end of the unit.
    

  

  The purpose of a Wheatstone bridge

  The Wheatstone bridge was invented by Samuel Hunter Christie in 1833 and improved and popularised by Sir Charles Wheatstone in 1843.

  A Wheatstone bridge is used to find the resistance of an unknown resistor. The Wheatstone bridge is the interconnection of four resistances forming a bridge. The four resistances in circuit are referred to as arms of the bridge. The bridge is used for finding the value of an unknown resistance connected with two known resistors, one variable resistor and a voltmeter or galvanometer. To find the value of unknown resistance, the resistance of the variable resistor is adjusted until the reading on the voltmeter or galvanometer is zero. This point is known as the balance point of the Wheatstone bridge.

  
    [image: ]
    Figure 2: A Wheatstone bridge

  

  In the circuit of the Wheatstone bridge in figure 2, [image: \scriptsize {{R}_{x}}] is the unknown resistance. [image: \scriptsize {{R}_{1}}], [image: \scriptsize {{R}_{2}}] and [image: \scriptsize {{R}_{3}}] are resistors of known resistance and the resistance of [image: \scriptsize {{R}_{2}}] is a rheostat (variable resistor). If the ratio of [image: \scriptsize {{R}_{1}}:{{R}_{2}}] is equal to the ratio of [image: \scriptsize {{R}_{x}}:{{R}_{3}}], then the potential difference between the two midpoints (D and B) will be zero and no current will flow between the midpoints. In order to determine the unknown resistance, [image: \scriptsize {{R}_{2}}] is varied until this condition is reached. That is when the voltmeter reads [image: \scriptsize 0\text{ V}]. The value of the unknown resistor can then be calculated using the formula:

  
    [image: \scriptsize {{R}_{x}}:{{R}_{3}}={{R}_{2}}:{{R}_{1}}]
  

  
    
      
        [image: image]
      

      Example 3.8

    

    
      What is the resistance of the unknown resistor [image: \scriptsize {{R}_{x}}] in the diagram below, if [image: \scriptsize {{R}_{1}}=4\text{ }\Omega], [image: \scriptsize {{R}_{2}}=8\text{ }\Omega] and [image: \scriptsize {{R}_{3}}=6\text{ }\Omega].

      
        [image: ]
      

      
        Solution
      

      Step 1: Determine how to approach the problem

      The arrangement is a Wheatstone bridge. So we use the equation:

      
        [image: \scriptsize {{R}_{x}}:{{R}_{3}}={{R}_{2}}:{{R}_{1}}]
      

      Step 2: Substitute the values and solve the problem

      
        [image: \scriptsize \begin{align*}{{R}_{x}}:6&=8:4\\& or\\\displaystyle \frac{{{{R}_{x}}}}{6}&=\displaystyle \frac{8}{4}\\{{R}_{x}}&=12\text{ }\Omega \end{align*}]
      

      Step 3: Write the final answer

      The resistance of the unknown resistor is [image: \scriptsize 12\text{ }\Omega].

    

  

  Summary

  
    	In circuits with series and parallel combinations of resistors, the equivalent resistance of the circuit must be worked out in stages.

    	Ohm’s law ([image: \scriptsize R=\displaystyle \frac{V}{I}]) can be applied to the whole circuit or different parts of a circuit.

    	A Wheatstone bridge is an electrical device that can be used to find the resistance of an unknown resistor using the formula: [image: \scriptsize {{R}_{x}}:{{R}_{3}}={{R}_{2}}:{{R}_{1}}].

  

  Unit 3: Assessment

  Suggested time to complete: 20 minutes

  
    	Examine the circuit below.
[image: ]
 If the potential difference across the cell is [image: \scriptsize 12\text{ V}], calculate: 	the current [image: \scriptsize I] through the cell.
	the current through the [image: \scriptsize 5\text{ }\Omega] resistor.



    	Study the circuit diagram below. If the current flowing through the cell is [image: \scriptsize 2\text{ A}], calculate the voltage across the cell and each of the resistors, [image: \scriptsize {{R}_{1}}], [image: \scriptsize {{R}_{2}}] and [image: \scriptsize {{R}_{3}}].
[image: ]

    	For the following circuit, calculate:
[image: ]	the current through the cell
	the voltage drop across [image: \scriptsize {{R}_{4}}]
	the current through [image: \scriptsize {{R}_{2}}].



    	Describe how a Wheatstone bridge is used to find the resistance of an unknown resistor.

    	What is the resistance of the unknown resistor [image: \scriptsize {{R}_{x}}] in the diagram below, if [image: \scriptsize {{R}_{1}}=2\text{ }\Omega], [image: \scriptsize {{R}_{2}}=4\text{ }\Omega] and [image: \scriptsize {{R}_{3}}=9\text{ }\Omega].
[image: ]

  

  The full solutions are at the end of the unit.

  Unit 3: Solutions

  Exercise 3.1

  
    	We first use Ohm’s law to calculate the total series resistance:
[image: \scriptsize \begin{align*}R&=\displaystyle \frac{V}{I}\\&=\displaystyle \frac{9}{1}\\&=\text{9 }\Omega \end{align*}]
 Now find the unknown resistance:
[image: \scriptsize \begin{align*}{{R}_{s}}&={{r}_{1}}+{{r}_{2}}+{{r}_{3}}+{{r}_{4}}\\\text{ 9}&= \text{3 + 3+1+}{{r}_{4}}\\\text{ }{{r}_{4}}&=\text{2 }\Omega \end{align*}]

    	First find the total resistance:
[image: \scriptsize \begin{align*}{{R}_{s}}&={{r}_{1}}+{{r}_{2}}+{{r}_{3}}\\&=\text{1 + 2}\text{.5 + 1}\text{.5}\\&=\text{5 }\Omega \end{align*}]
 Now calculate the current:
[image: \scriptsize \begin{align*}I&=\displaystyle \frac{V}{R}\\&=\displaystyle \frac{9}{5}\\&=\text{1}\text{.8 A}\end{align*}]

    	Find the total resistance:
[image: \scriptsize \begin{align*}{{R}_{s}}&={{r}_{1}}+{{r}_{2}}+{{r}_{3}}\\&=\text{1 + 5 + 10}\\&=\text{16 }\Omega \end{align*}]
 Now calculate the current:
[image: \scriptsize \begin{align*}I&=\displaystyle \frac{V}{R}\\&=\displaystyle \frac{{12}}{{16}}\\&=\text{0}\text{.75 A}\end{align*}]

    	Find the total resistance:
[image: \scriptsize \begin{align*}\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}\\&=\displaystyle \frac{1}{1}+\displaystyle \frac{1}{3}\\\text{ }{{R}_{p}}&=\text{ 0}\text{.75 }\Omega \end{align*}]
 Now calculate the current:
[image: \scriptsize \begin{align*}I&=\displaystyle \frac{V}{R}\\&=\displaystyle \frac{9}{{0.75}}\\&=\text{12 A}\end{align*}]

    	Find the total resistance:
[image: \scriptsize \begin{align*}R&=\displaystyle \frac{V}{I}\\&=\displaystyle \frac{{24}}{2}\\&=\text{12 }\Omega \end{align*}]
 Now calculate the unknown resistance:
[image: \scriptsize \begin{align*}\text{ }\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}+\displaystyle \frac{1}{{{{r}_{3}}}}+\displaystyle \frac{1}{{{{r}_{4}}}}\\\text{ }\displaystyle \frac{1}{{12}}&=\displaystyle \frac{1}{{120}}+\displaystyle \frac{1}{{40}}+\displaystyle \frac{1}{{60}}+\displaystyle \frac{1}{{{{r}_{4}}}}\\\text{ }{{r}_{4}}&=30\text{ }\Omega \end{align*}]

    	To calculate the value of the current through the battery you first need to calculate the equivalent resistance:
[image: \scriptsize \begin{align*}\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}+\displaystyle \frac{1}{{{{r}_{3}}}}\\&=\displaystyle \frac{1}{1}+\displaystyle \frac{1}{5}+\displaystyle \frac{1}{{10}}\\\text{ }{{R}_{p}}&=\text{ 0}\text{.77 }\Omega \end{align*}]
 Now calculate the current through the battery:
[image: \scriptsize \begin{align*}I&=\displaystyle \frac{V}{R}\\&=\displaystyle \frac{{20}}{{0.77}}\\&=\text{26 A}\end{align*}]
 Now calculate the value of the current in each of the three resistors.
 For a parallel circuit the voltage across cell is the same as the voltage across each of the resistors. For this circuit:
[image: \scriptsize V={{V}_{1}}={{V}_{2}}={{V}_{3}}=20\text{ V}]
 Now use Ohm’s law for each resistor:
[image: \scriptsize \begin{align*}{{R}_{1}}:\text{ }I&=\displaystyle \frac{V}{R}\\&=\displaystyle \frac{{20}}{1}\\&=\text{20 A}\end{align*}]
[image: \scriptsize \begin{align*}{{R}_{2}}:\text{ }I&=\displaystyle \frac{V}{R}\\&=\displaystyle \frac{{20}}{5}\\&=\text{4 A}\end{align*}]
[image: \scriptsize \begin{align*}{{R}_{3}}:\text{ }I&=\displaystyle \frac{V}{R}\\&=\displaystyle \frac{{20}}{{10}}\\&=\text{2 A}\end{align*}]
 You can check that these add up to the total current ([image: \scriptsize 20+4+2=26\text{ A}]).

  

  
    Back to Exercise 3.1
  

  Exercise 3.2

  
    	Start by determining the equivalent resistance of the parallel combination:
[image: \scriptsize \begin{align*}\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}\\&=\displaystyle \frac{1}{4}+\displaystyle \frac{1}{2}\\\text{ }{{R}_{p}}&=\text{ 1}\text{.33 }\Omega \end{align*}]
 Now that you have a circuit with two resistors in series, you can calculate the equivalent resistance:
[image: \scriptsize \begin{align*}{{R}_{s}}&={{r}_{1}}+{{r}_{2}}\\&=\text{2 + 1}\text{.33}\\&=\text{3}\text{.33 }\Omega \end{align*}]

    	Start by determining the equivalent resistance of the parallel combination:
[image: \scriptsize \begin{align*}\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}\\&=\displaystyle \frac{1}{1}+\displaystyle \frac{1}{2}\\\text{ }{{R}_{p}}&=\text{ 0}\text{.67 }\Omega \end{align*}]
 Now that you have a circuit with three resistors in series, you can calculate the equivalent resistance:
[image: \scriptsize \begin{align*}{{R}_{s}}&={{r}_{1}}+{{r}_{2}}+{{r}_{3}}\\&=\text{4 + 6 + 0}\text{.67}\\&=\text{10}\text{.67 }\Omega \end{align*}]

    	Start by determining the equivalent resistance of the parallel combination:
[image: \scriptsize \begin{align*}\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}+\displaystyle \frac{1}{{r3}}\\&=\displaystyle \frac{1}{1}+\displaystyle \frac{1}{5}+\displaystyle \frac{1}{3}\\\text{ }{{R}_{p}}&=\text{ 0}\text{.652 }\Omega \end{align*}]
 Now that you have a circuit with two resistors in series, you can calculate the equivalent resistance:
[image: \scriptsize \begin{align*}{{R}_{s}}&={{r}_{1}}+{{r}_{2}}\\&=\text{2 + 0}\text{.652}\\&=\text{2}\text{.652 }\Omega \end{align*}]

  

  
    Back to Exercise 3.2
  

  Unit 3: Assessment

  
    	
      .
      
        	Start by determining the equivalent resistance of the parallel combination:
[image: \scriptsize \begin{align*}\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}+\displaystyle \frac{1}{{{{r}_{3}}}}\\&=\displaystyle \frac{1}{1}+\displaystyle \frac{1}{5}+\displaystyle \frac{1}{3}\\\text{ }{{R}_{p}}&=\text{ 0}\text{.652 }\Omega \end{align*}]
 Now that you have a circuit with two resistors in series, you can calculate the equivalent resistance:
[image: \scriptsize \begin{align*}{{R}_{s}}&={{r}_{1}}+{{r}_{2}}\\&=\text{2 + 0}\text{.652}\\&=\text{2}\text{.652 }\Omega \end{align*}]
 So the current through the cell is:
[image: \scriptsize \begin{align*}I&=\displaystyle \frac{V}{R}\\&=\displaystyle \frac{{12}}{{2.652}}\\&=\text{4}\text{.52 A}\end{align*}]

        	The current through the parallel combination of resistors is [image: \scriptsize 4.52\text{ A}]. (The current is the same through series combinations of resistors and we can consider the entire parallel set of resistors as one series resistor.)
 Using this we can find the voltage through the parallel combination of resistors (remember to use the equivalent parallel resistance and not the equivalent resistance of the circuit):
[image: \scriptsize \begin{align*}V&=\displaystyle \frac{I}{R}\\&=\displaystyle \frac{{4.52}}{{0.652}}\\&=\text{2}\text{.95 V}\end{align*}]
 Since the voltage across each resistor in the parallel combination is the same, this is also the voltage across the [image: \scriptsize 5\text{ }\Omega] resistor.
 So now you can calculate the current through the resistor:
[image: \scriptsize \begin{align*}I&=\displaystyle \frac{V}{R}\\&=\displaystyle \frac{{2.95}}{5}\\&=\text{0}\text{.59 A}\end{align*}]

      

    

    	To find the voltage, first find the equivalent resistance. You start by calculating the equivalent resistance of the parallel combination:
[image: \scriptsize \begin{align*}\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}\\&=\displaystyle \frac{1}{4}+\displaystyle \frac{1}{2}\\\text{ }{{R}_{p}}&=\text{ 1}\text{.33 }\Omega \end{align*}]
 Now that you have a circuit with two resistors in series, you can calculate the equivalent resistance:
[image: \scriptsize \begin{align*}{{R}_{s}}&={{r}_{1}}+{{r}_{p}}\\&=\text{4}\text{.66 + 1}\text{.33}\\&=\text{5}\text{.99 }\Omega \end{align*}]
 So the voltage across the cell is:
[image: \scriptsize \begin{align*}V&=IR\\&=\text{2 x 5}\text{.99}\\&=\text{12 V}\end{align*}]
 The current through the parallel combination of resistors is [image: \scriptsize 2\text{ A}]. (The current is the same through series combinations of resistors and you can consider the entire parallel set of resistors as one series resistor.)
 Using this, find the voltage through the each of the resistors. Start by finding the voltage across [image: \scriptsize {{R}_{1}}]:
[image: \scriptsize \begin{align*}V&=IR\\&=\text{2 x 4}\text{.66}\\&=\text{9}\text{.32 V}\end{align*}]
 Now find the voltage across the parallel combination:
[image: \scriptsize \begin{align*}V&=IR\\&=\text{2 x 1}\text{.33}\\&=\text{2}\text{.66 V}\end{align*}]
 Since the voltage across each resistor in the parallel combination is the same, this is also the voltage across resistors [image: \scriptsize {{R}_{2}}] and [image: \scriptsize {{R}_{3}}].

    	
      .
      
        	To find the current, first find the equivalent resistance. Start by calculating the equivalent resistance of the parallel combination:
[image: \scriptsize \begin{align*}\displaystyle \frac{1}{{{{R}_{p}}}}&=\displaystyle \frac{1}{{{{r}_{1}}}}+\displaystyle \frac{1}{{{{r}_{2}}}}\\&=\displaystyle \frac{1}{1}+\displaystyle \frac{1}{1}\\\text{ }{{R}_{p}}&=\text{ 0}\text{.5 }\Omega \end{align*}]
 Now that you have a circuit with two resistors in series, you can calculate the equivalent resistance:
[image: \scriptsize \begin{align*}{{R}_{s}}&={{r}_{1}}+{{r}_{4}}+{{r}_{p}}\\&=\text{2 + 1}\text{.5 + 0}\text{.5}\\&=\text{4 }\Omega \end{align*}]
 So the current through the cell is:
[image: \scriptsize \begin{align*}I&=\displaystyle \frac{V}{R}\\&=\displaystyle \frac{{10}}{4}\\&=\text{2}\text{.5 A}\end{align*}]

        	The current through all the resistors is [image: \scriptsize 2.5\text{ A}]. (The current is the same through series combinations of resistors and we can consider the entire parallel set of resistors as one series resistor.)
 Using this, find the voltage through [image: \scriptsize {{R}_{4}}]:
[image: \scriptsize \begin{align*}V&=IR\\&=\text{2}\text{.5 x 1}\text{.5}\\&=\text{3}\text{.75 V}\end{align*}]

        	The current through all the resistors is [image: \scriptsize 2.5\text{ A}]. (The current is the same through series combinations of resistors and you can consider the entire parallel set of resistors as one series resistor.)
 Using this, find the current through [image: \scriptsize {{R}_{2}}].
 First find the voltage across the parallel combination:
[image: \scriptsize \begin{align*}V&=IR\\&=\text{2,5 x 0}\text{.5}\\&=\text{1}\text{.25 V}\end{align*}]
 Now find the current through [image: \scriptsize {{R}_{2}}] using the fact that the voltage is the same across each resistor in the parallel combination:
[image: \scriptsize \begin{align*}I&=\displaystyle \frac{V}{R}\\&=\displaystyle \frac{{1.25}}{1}\\&=\text{1}\text{.25 A}\end{align*}]

      

    

    	The unknown resistor is arranged in a Wheatstone bridge with two known resistors and a rheostat (variable resistor). The variable resistor is adjusted until the voltmeter in the Wheatstone bridge reads [image: \scriptsize 0] (reaches the balance point). The value of the unknown resistor can then be calculated using the formula:
[image: \scriptsize {{R}_{x}}:{{R}_{3}}={{R}_{2}}:{{R}_{1}}]

    	
      .
      

      [image: \scriptsize \begin{align*}{{R}_{x}}:{{R}_{3}}&={{R}_{2}}:{{R}_{1}}\\\displaystyle \frac{{{{R}_{x}}}}{9}&=\displaystyle \frac{4}{2}\\{{R}_{x}}&=\text{ 18 }\Omega \end{align*}]
    

  

  
    Back to Unit 3: Assessment
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XI
Matter and materials: State and apply mechanical properties of matter
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      Subject outcome

    

    
      Subject outcome 5.1: State and apply mechanical properties of matter
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      Learning outcomes

    

    
      
        	Describe mechanical properties of solids. 	Range of mechanical properties is applied hardness, tensile strength, elasticity, plasticity, fracture and creep (descriptive), ductility and brittleness.



        	Differentiate between stress and strain, compression stress and shear stress.

        	Define, investigate and interpret Hooke’s law.
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      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Explain properties of a solid in terms of: 	tensile strength
	elasticity
	fracture
	creep
	plasticity
	ductility
	brittleness.



        	Explain and understand the difference between: 	stress and strain
	compression stress and shear stress.



        	Define and explain Hooke’s law.
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      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Explain properties of a solid in terms of: 	tensile strength
	elasticity
	fracture
	creep
	plasticity
	ductility
	brittleness.



        	Explain and understand the difference between: 	stress and strain
	compression stress and shear stress.



        	Define and explain Hooke’s law.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Identify and describe the phases of matter (physical property of matter).

    	Distinguish between the phases of matter in terms of energy, shape and volume.

    	Classify and describe materials using observation and research according to macroscopic properties.

  

  Refer to level 2 subject outcome 5.1 units 1 and 2 if you need help with these concepts.

  Introduction

  If you are reading this on a computer device such as a phone or a laptop, what materials is the device made of? Why do you think these materials were chosen? If you have a mobile phone, does it have a protective cover? What material is this cover made of? Why do you think this material was chosen? What would happen if you dropped your device?

  If you are reading this on a piece of paper, what properties does paper have that makes it so well suited for making books?

  What are you sitting on? What is this object made of? Why do you think these materials were chosen? Do the materials used make this seat comfortable? Why or why not?

  Now, have a look around the room you are in right now. It probably has walls and a ceiling. What are the walls made of? What is the ceiling made of? Do you feel safe in the room, or do you worry that the structure is going to collapse on you?

  Every object around us that has been made by people is made out of one or more specific materials. Every kind of material has specific properties, and it is these properties that make certain materials useful for certain objects. Would you make a needle out of rubber? Would you build a house out of paper? Would you create a phone out of concrete?

  In this unit we are going to learn about the physical or mechanical properties of solids. We are going to learn how these properties are described and measured, and why some materials are better suited for different applications than others.

  Elastic and non-elastic materials

  What comes to mind when you read the words ‘elastic’ and ‘elasticity’? Like most people, you probably think of elastic bands. Elastic bands are certainly elastic. If you stretch them and then let go, they spring back into their original shape (see figure 1).

  
    
      [image: ]
    
    Figure 1: A stretched elastic band

  

  Speaking of things springing back into shape, springs are also elastic. If you stretch a spring, it literally springs back into shape (see figure 2). But springs are often made of steel, not a material one immediately associates with elasticity. But think about it. Take a kitchen knife and bend it sideways. What happens? It immediately snaps back into shape.

  
    
      [image: ]
    
    Figure 2: A stretched spring

  

  Now, can you think of any materials that are non-elastic? If you deform them, they do not snap back into their original shape. You may have thought of modelling clay or mud (see figure 3). If you deform or change the shape of these materials, they stay in the new shape. Imagine trying to model something out of clay and it keeps reverting to its original shape!

  
    
      [image: ]
    
    Figure 3: Modelling clay that has been deformed to make a worm

  

  We can define elasticity as the property of a material that makes it regain its original shape once a deforming force has been removed. This means that even materials such as bone are elastic. If you pick up a heavy object, your bones deform slightly because of the mass. But as soon as you put the object down, they regain their original shape.

  It does not matter how small the deformation is. In the case of bone, the deformations are tiny, but they are there.

  However, if the deforming force is great enough, your bones can break. If you stretch a steel spring beyond a certain point, the spring becomes permanently deformed. If you stretch an elastic band too much, it breaks. All materials have their limit. So long as the deforming force is below this limit, they will regain their original shape. But as soon as the deforming force is greater than their elastic limit, they break, snap, or become permanently deformed (see figure 4).

  
    [image: ]
    Figure 4: A deformed slinky spring

  

  All materials exhibit some form of elasticity. Those materials that have a large elastic limit are on the highly elastic side of the spectrum. Those materials that have a low elastic limit are on the less elastic/non-elastic side of the spectrum (see figure 5).

  We sometimes use the term plastic to describe non-elastic materials.

  
    [image: ]
    Figure 5: Elastic and plastic materials

  

  
    
      
        [image: image]
      

      Take note!

    

    
      The measure of a material’s elasticity does not depend on how much the material deforms when a certain deforming force is applied to it. What matters is the magnitude of the deforming force it can withstand and still regain its original shape.

      Therefore, the fact that, under a certain deforming force, a rubber wire will stretch more than a steel wire does not mean that rubber is more elastic than steel. In fact, steel is more elastic because it can withstand a greater deforming force before it is permanently deformed.

    

  

  
    
      
        [image: image]
      

      Take note!

    

    
      Highly elastic materials are those that regain their original shape immediately and completely after the removal of a deforming force e.g., quartz and phosphor bronze, etc.
Highly plastic materials are those which do not regain their original configuration at all on the removal of a deforming force e.g., putty, paraffin, wax, etc.

    

  

  
    
      Note

    

    
      If you have an internet connection, watch the video called Elastic and non-elastic materials for an excellent summary.

      
        Elastic and non-elastic materials (Duration: 11.50) [image: Elastic and non-elastic materials]


      

    

  

  Measuring elasticity

  Now that we understand what we mean by elasticity, we need to find a way to measure the elasticity of different materials so that we can compare them.

  
    
      
        [image: image]
      

      Activity 1.1: Measure elastic bands

    

    
      Time required: 60 minutes

      
        What you need:
      

      
        	a piece of paper

        	a pen or pencil

        	five identical elastic bands

        	six paper clips

        	five small plastic bags with [image: \scriptsize 100\ \text{g}] of sugar in each

        	a ruler

        	a calculator

      

      
        What to do:
      

      
        	Start by measuring the length of the elastic bands. They should all be the same length and thickness. Make a note of this length.

        	Take two paper clips and bend the inner loop out to create a double loop (see figure 6).
[image: ]Figure 6: A double-looped paper clip



        	Hang the larger loop over a door handle, towel rail or any other firm support. Hang one of the elastic bands on the smaller loop.

        	Bend another paper clip in the same way and use it to connect a packet of sugar to the other end of the elastic band. Allow the bag to hang freely.

        	Measure and note the length of the elastic band now. Calculate the change in length (subtract the new length from the original length) of the elastic band. We call this [image: \scriptsize \Delta L].

        	Connect another bag of sugar to the elastic band and let both bags hang freely. Measure and note the change in length ([image: \scriptsize \Delta L]) of the elastic band again.

        	Suspend the other three bags in turn and measure and note the change in length of the elastic band after adding each one.

        	Create a plot of the data you have collected so far. Place the total mass suspended from the elastic band on the x-axis and the change in length of the elastic band on the y-axis. Once all your data points are plotted, draw a straight line that goes through or as close to as many points as possible.

        	Remove the bags of sugar.

        	Connect all five of the elastic bands to the same paper clip loop.

        	Once again, add each bag in turn and measure and note the change in length of the five elastic bands after adding each bag.

        	Remove the bags and, on the same axes as before, create a new plot of this data. Draw a new straight line that goes through or as close to as many points as possible. What do you notice about this new graph? How is it the same as the first graph? How does it differ from the first graph? Why do you think the graphs are different?

        	String the five elastic bands together end-to-end using the remaining paper clips.

        	Now, add each bag of sugar in turn to the end of the elastic band string and measure and note the change in length of each band and the entire string.

        	Remove the bags and, on the same axes as before, create a new plot of this data. What do you notice about this new graph? How is it the same as the first two graphs? How does it differ from the first two graphs? Why do you think the graphs are different?

      

      
        What did you find?
      

      Starting with the one elastic band, each time you added a bag of sugar to the elastic band, you stretched it some more. Each time you added another bag of sugar, you increased the deforming force on the elastic band.

      When adding bags of sugar in turn to a single elastic band, you should have seen that the change in the length of the elastic band was the same each time another bag was added. When you graph the change in length against the total mass of sugar, you should have gotten a straight line. This means that the change in length of the elastic band is proportional to the deforming force (the total mass of the sugar multiplied by the force due to gravity).

      Your graph should have looked similar to figure 7. The exact change in length would have depended on the elastic band you were using.

      
        [image: ]
        Figure 7: Graph of [image: \scriptsize \Delta L] vs mass of sugar for one elastic band

      

      When you did the same experiment but with the five elastic bands connected to the same hook you basically created a single elastic band that was the same length but five times thicker than a single elastic band. In this case, when you plotted your data, you should have noticed that the change in the length of this ‘thicker’ elastic band was still proportional to the mass of sugar. However, because the new elastic band was five times thicker than the original, the change in length resulting from each additional bag of sugar was five times less. It took five times the original force to stetch the thicker elastic band the same amount as the original single elastic band (see figure 8). In figure 8, we can see that five times more sugar was needed to stretch the five-times thicker elastic band the same amount as the single elastic band.

      
        [image: ]
        Figure 8: Graph of [image: \scriptsize \Delta L] vs mass of sugar for one elastic band (green graph) and a five-times thicker elastic band (orange graph)

      

      When you strung the five elastic bands end-to-end you created an elastic band that was five times longer than the original but the same thickness. In this case, when you plotted your data, you should have found that this five-times longer elastic band stretched five times more for the same mass of sugar as a single elastic band (see figure 9).

      
        [image: ]
        Figure 9: Graph of [image: \scriptsize \Delta L] vs mass of sugar for one elastic band (green graph), a five-times thicker elastic band (orange graph) and a five-times longer elastic band (blue graph)

      

      Another way to think of this is that each elastic band in the string still stretched the same amount as the original but when this change in length of all five elastic bands was added together, the sum of these changes was five times as great.

    

  

  Let’s unpack and formalise what we discovered from activity 1.1 in a little more detail.

  Stress

  When we hang bags of sugar off the end of an elastic band the weight of the sugar pulls down and applies a deforming force to the elastic band which stretches it. We know that if we remove this downward force, the elastic band snaps back into its original shape. We call the deforming force on the elastic band, the load.

  We can say that the load is proportional to the change in length [image: \scriptsize \Delta L] of the elastic band. The greater the load applied, the greater the change in the length of the elastic band.

  When we group five elastic bands together to form a single thicker elastic band, we see that the load needed to change the length of this thicker elastic band by the same amount as a single band is five times greater. This is precisely because the new elastic band is thicker. Another way of looking at this is that the thicker elastic band has a cross-sectional area five times greater than the original elastic band.

  If the load required to stretch a single elastic band with a cross-sectional area of [image: \scriptsize 10\ \text{m}{{\text{m}}^{\text{2}}}] by [image: \scriptsize 1\ \text{cm}] is [image: \scriptsize 100\ \text{N}], then the load needed to stretch an identical elastic band five times thicker (i.e. with a cross sectional area of [image: \scriptsize 50\ \text{m}{{\text{m}}^{\text{2}}}]) by the same [image: \scriptsize 1\ \text{cm}] will be [image: \scriptsize 5\times 100\ \text{N}=500\ \text{N}]. Even though the load needed to stretch the thicker band by the same amount is greater, the load per unit of cross-sectional area is the same.

  
    [image: \scriptsize \displaystyle \frac{{100\ \text{N}}}{{10\ \text{m}{{\text{m}}^{\text{2}}}}}=\displaystyle \frac{{500\ \text{N}}}{{50\ \text{m}{{\text{m}}^{\text{2}}}}}]
  

  Therefore, when we measure the elasticity of materials, we do not simply consider the force or load applied. We always consider the force or load per unit area.

  We call the force or load per unit area the stress. We represent stress using the Greek letter sigma ([image: \scriptsize \sigma]). Stress has the units [image: \scriptsize \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}].

  
    
      
        [image: image]
      

      Take note!

    

    
      Stress is force per cross-sectional unit area

      
        [image: \scriptsize \sigma =\displaystyle \frac{{\text{Force}}}{{\text{Cross-sectional area}}}=\displaystyle \frac{F}{A}]
      

      Units are [image: \scriptsize \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}]

    

  

  Strain

  Now let’s consider what happened when we strung five elastic bands together end-to-end to create a single band that was the same thickness as the original but five times longer.

  When we string five elastic bands together to form a single longer elastic band, we see that the same load results in a change in length of this longer elastic band that is five times greater than the change in length of the original elastic band.

  If a certain load stretches an elastic band with a length of [image: \scriptsize 10\ \text{cm}] by [image: \scriptsize 1\ \text{cm}] then this same load will stretch an identical elastic band five times longer (i.e. with a length of [image: \scriptsize 50\ \text{cm}]) by [image: \scriptsize 5\times 1\ \text{cm}=5\ \text{cm}]. Even though the longer elastic band is stretched more, the change in length per unit of original length is the same.

  
    [image: \scriptsize \displaystyle \frac{{1\ \text{cm}}}{{10\ \text{cm}}}=\displaystyle \frac{{5\ \text{cm}}}{{50\ \text{cm}}}]
  

  Therefore, when we measure the elasticity of materials, we do not simply consider change in length. We always consider the change in length per unit of original length.

  We call the change in length per unit of original length the strain. We represent strain using the Greek letter epsilon ([image: \scriptsize \epsilon]). Because strain is [image: \scriptsize \displaystyle \frac{{\Delta L}}{L}] it is dimensionless.

  
    
      
        [image: image]
      

      Take note!

    

    
      Strain is the change in length per unit of original length
[image: \scriptsize \epsilon =\displaystyle \frac{{\Delta L}}{L}]
[image: \scriptsize \epsilon] is dimensionless

    

  

  We sometimes represent strain as a percentage. If the strain caused by a given stress is [image: \scriptsize 5\%], this means that if the material is ordinarily [image: \scriptsize 1\ \text{m}] long and it is being stretched, its new length under load will be [image: \scriptsize 1.05\ \text{m}].

  
    
      Note

    

    
      If you have an internet connection watch the video called Strain & stress for an excellent summary.

      
        Strain & stress (Duration: 10.35) [image: Strain & stress]


      

    

  

  Hooke’s law and the modulus of elasticity

  In the section above, we defined what we mean by stress and strain. We used elastic bands to think about these concepts. It stands to reason that the greater the stress an elastic band experiences, the greater the strain it will exhibit.

  The same is true of any material. The greater the stress placed on the material, the greater the strain it will exhibit.

  Therefore, we can say that stress is proportional to strain. We can express this in three ways.

  Stress is proportional to strain
 or
[image: \scriptsize \sigma \propto \epsilon]
 or
[image: \scriptsize \displaystyle \frac{F}{A}\propto \displaystyle \frac{{\Delta L}}{L}]

  We call this relationship Hooke’s law.

  
    
      Hooke’s law: Stress is proportional to strain
 or
[image: \scriptsize \sigma \propto \epsilon]
 or
[image: \scriptsize \displaystyle \frac{F}{A}\propto \displaystyle \frac{{\Delta L}}{L}]

    

  

  But remember that if we apply a force to a material that exceeds that material’s elastic limit, the material will become permanently deformed. Therefore, Hooke’s law only applies within the material’s elastic limit.

  Different materials will have different elastic limits because different materials exhibit different degrees of elasticity.

  It is also true that under the same stress, different materials will deform by different amounts. They will exhibit different amounts of strain. Therefore, we can create an equation based on Hooke’s law for every kind of material as follows:

  [image: \scriptsize \sigma =k\times \epsilon \text{ or }\displaystyle \frac{F}{A}=k\times \displaystyle \frac{{\Delta L}}{L}] where [image: \scriptsize k] is some constant value specific to the material.

  The specific value of [image: \scriptsize k] for a material tells us how much strain it will experience for a given stress. Because strain is dimensionless, the units of the constant, [image: \scriptsize k], are [image: \scriptsize \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}].

  Let’s investigate this constant in more detail in the following activity.

  
    
      
        [image: image]
      

      Activity 1.2: Explore Hooke’s law

    

    
      Time required: 15 minutes

      
        What you need:
      

      
        	a piece of paper

        	a pen or pencil

        	a calculator

      

      
        What to do:
      

      Imagine we have a steel wire and a piece of string. Both are [image: \scriptsize 1\ \text{m}] long and have a cross-sectional area of [image: \scriptsize 1\ \text{m}{{\text{m}}^{2}}]. A [image: \scriptsize 2\ \text{kg}] mass is suspended at the end of each. The steel wire stretches by [image: \scriptsize 0.098\ \text{mm}] and the string stretches by [image: \scriptsize 2.48\ \text{mm}]. Assume that [image: \scriptsize g=9.8~\text{m.s}^{-2}].

      
        	Calculate the stress each material is under. Remember that [image: \scriptsize \sigma =\displaystyle \frac{F}{A}].

        	Calculate the strain each material exhibits. Remember that [image: \scriptsize \epsilon =\displaystyle \frac{{\Delta L}}{L}].

        	Hooke’s law states that stress is proportional to strain. Find the constant, [image: \scriptsize {{k}_{{steel}}}], needed to make the equation [image: \scriptsize \sigma =k\times \epsilon] true for the steel wire.

        	Find the constant, [image: \scriptsize {{k}_{{string}}}], needed to make the equation [image: \scriptsize \sigma =k\times \epsilon] true for the string.

      

      
        What did you find?
      

      
        	Each material is under the same stress. Before we can calculate the stress, we need to calculate the force the [image: \scriptsize 2\ \text{kg}] mass is applying to the material, and we need to calculate the area in [image: \scriptsize {{\text{m}}^{2}}].
.
[image: \scriptsize F=m\times g=2~\text{kg}\times 9.8~\text{m.s}^{-2}=19.6~\text{N}]
[image: \scriptsize A=1\ \text{m}{{\text{m}}^{\text{2}}}=\displaystyle \frac{1}{{1\ 000\times 1\ 000}}=1\times {{10}^{{-6}}}\ {{\text{m}}^{\text{2}}}]
[image: \scriptsize \sigma =\displaystyle \frac{F}{A}=\displaystyle \frac{{19.6\ N}}{{1\times {{{10}}^{{-6}}}\ {{m}^{2}}}}=19.6\times {{10}^{6}}\ \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}]

        	
          [image: \scriptsize \epsilon =\displaystyle \frac{{\Delta L}}{L}]
          

          .
          

          [image: \scriptsize \begin{align*}\Delta {{L}_{{steel}}} & =0.098\ \text{mm}=0.000098\ \text{m}\\\therefore {{\epsilon }_{{steel}}} & =\displaystyle \frac{{\Delta {{L}_{{steel}}}}}{{{{L}_{{steel}}}}}=\displaystyle \frac{{0.000098\ \text{m}}}{{1\ \text{m}}}=9.8\times {{10}^{{-5}}}\end{align*}]
          

          .
          

          [image: \scriptsize \begin{align*}\Delta {{L}_{{string}}} & =2.48\ \text{mm}=0.00248\ \text{m}\\\therefore {{\epsilon }_{{string}}} & =\displaystyle \frac{{\Delta {{L}_{{string}}}}}{{{{L}_{{string}}}}}=\displaystyle \frac{{0.00248\ \text{m}}}{{1\ \text{m}}}=2.48\times {{10}^{{-3}}}\end{align*}]
        

        	[image: \scriptsize {{k}_{{steel}}}]:
[image: \scriptsize \begin{align*}\sigma &=k\times \epsilon \\\therefore k&=\displaystyle \frac{\sigma }{\epsilon }=\displaystyle \frac{{19.6\times {{{10}}^{6}}\ \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}}}{{9.8\times {{{10}}^{{-5}}}}}=2\times {{10}^{{11}}}\ \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}\end{align*}]

        	[image: \scriptsize {{k}_{{string}}}]:
[image: \scriptsize \begin{align*}\sigma &=k\times \epsilon \\\therefore k&=\displaystyle \frac{\sigma }{\epsilon }=\displaystyle \frac{{19.6\times {{{10}}^{6}}\ \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}}}{{2.48\times {{{10}}^{{-3}}}}}=7.90\times {{10}^{9}}\ \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}\end{align*}]

      

    

  

  In activity 1.2, both materials were put under the same stress, but they exhibited different amounts of strain. The amount of strain was determined by the value of [image: \scriptsize k] in the equation [image: \scriptsize \sigma =k\times \epsilon].

  We calculated that the value of [image: \scriptsize {{k}_{{steel}}}] was much higher (about [image: \scriptsize 100\times]) than the value of [image: \scriptsize {{k}_{{string}}}]. This means that steel is more elastic than string. Under the same stress, steel will exhibit less strain than string (it will deform less and quickly revert to its original shape when the stress is removed).

  We call the value of [image: \scriptsize k], the elastic modulus or the modulus of elasticity and give it the symbol [image: \scriptsize {\mathrm E}] (uppercase Epsilon). However, many texts will simply use the letter uppercase [image: \scriptsize E].

  [image: \scriptsize E] can be calculated for any material by placing the material under a known stress and measuring the resulting strain.

  
    [image: \scriptsize \begin{align*}\sigma & =E\times \epsilon \\\therefore \displaystyle \frac{F}{A} & =E\times \displaystyle \frac{{\Delta L}}{L}\\\therefore E & =\displaystyle \frac{{\displaystyle \frac{F}{A}}}{{\displaystyle \frac{{\Delta L}}{L}}}=\displaystyle \frac{F}{A}\times \displaystyle \frac{L}{{\Delta L}}\\\therefore E & =\displaystyle \frac{{F\cdot L}}{{A\cdot \Delta L}}\end{align*}]
  

  
    
      Modulus of elasticity

      
        [image: \scriptsize E =\displaystyle \frac{{F\cdot L}}{{A\cdot \Delta L}}]
      

    

  

  
    
      
        [image: image]
      

      Example 1.1

    

    
      Calculate the modulus of elasticity of a copper wire with a radius of [image: \scriptsize 2\ \text{mm}] if it exhibits a strain of [image: \scriptsize 0.45\%] when a mass of [image: \scriptsize 700\ \text{kg}] is suspended from it. Assume that [image: \scriptsize g=9.8~\text{m.s}^{-2}].

      
        Solution
      

      We know that the strain is [image: \scriptsize 0.45\%=0.0045].

      We need to find the stress produced by suspending the [image: \scriptsize 700\ \text{kg}] mass. First, let’s calculate the cross-sectional area of the copper wire. We can assume that the cross-sectional area is circular, and we know that the area of a circle is given by [image: \scriptsize \text{area}=\pi {{r}^{2}}].

      
        [image: \scriptsize \text{area}=\pi {{r}^{2}}=\pi \times {{(2\ \text{mm})}^{2}}=12.57\ \text{m}{{\text{m}}^{\text{2}}}=12.57\times {{10}^{{-6}}}\ {{\text{m}}^{\text{2}}}]
      

      
        [image: \scriptsize \sigma=\displaystyle \frac{F}{A}=\displaystyle \frac{m\times g}{A}=\displaystyle \frac{700~\text{kg}\times 9.8~\text{m.s}^{-2}}{12.57\times 10^{-6}~\text{m}^{2}}=5.46\times 10^{8}~\text{N.m}^{-2}]
      

      Now we can calculate the modulus of elasticity of the copper wire.
[image: \scriptsize \begin{align*}\sigma & =E\times \epsilon \\\therefore E & =\displaystyle \frac{\sigma }{\epsilon }=\displaystyle \frac{{5.46\times {{{10}}^{8}}\ \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}}}{{0.0045}}=121.28\times {{10}^{9}}\ \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}\end{align*}]

    

  

  
    
      
        [image: image]
      

      Exercise 1.1

    

    
      
      The modulus of elasticity of a steel rod of diameter [image: \scriptsize 10\ \text{cm}] is [image: \scriptsize 190\times {{10}^{9}}\ \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}].

      
        	What will the strain on the rod be if it experiences a stress of [image: \scriptsize 13\ 500\ \text{N}\text{.}{{\text{m}}^{{-2}}}]?

        	If a strain of [image: \scriptsize 0.002\%] is permitted, what maximum mass can it support? Assume that [image: \scriptsize g=9.8~\text{m.s}^{-2}].

        	Another steel rod of a different quality of steel of the same diameter experiences a strain of [image: \scriptsize 0.025\%] when placed under the same load as in 2. Is the rod more or less elastic than the original?

      

      The 
full solutions can be found at the end of the unit.
    

  

  Types of stress and strain

  So far in this unit, we have only considered what happens when a material, such as an elastic band, is stretched. When a material is pulled, we say it is under tensile stress and exhibits tensile strain. An example is the tensile stress and tensile strain of the chain of a tyre swing (see figure 10).

  
    
      [image: ]
    
    Figure 10: The chain of a tyre swing experiences tensile stress and exhibits tensile strain

  

  But we know that objects can also be pushed. Think of a column holding up part of a roof. In this case, the column is under compressive stress and exhibits compressive strain (see figure 11).

  
    
      [image: ]
    
    Figure 11: Columns holding up a roof experience compressive stress

  

  Instead of the material being pulled and getting longer, it gets pushed and gets shorter. However, this does not change how we use or calculate [image: \scriptsize \Delta L] and it does not matter if the change is because the material has been stretched or compressed. We still calculate how much the length of the material has changed (see figure 12).

  
    
      [image: ]
    
    Figure 12: [image: \scriptsize \Delta L] in an object experiencing tensile (a) and compressive (b) stress

  

  We also still use [image: \scriptsize \sigma] to represent compressive stress and [image: \scriptsize \epsilon] to represent compressive strain.

  
    
      Did you know?

    

    
      In many structures, such as bridges, the same piece of material can experience tensile and compressive stresses at the same time. This happens when a member bends and the one portion is compressed, while the other portion is stretched (see figure 13).

      
        
          [image: ]
        
        Figure 13: A steel bar experiences tensile and compressive stress as it bends

      

    

  

  In both tensile and compressive stress, the force is applied at right angles or normally to the cross-sectional area. However, this does not need to be the case. There is a third important kind of stress and strain. Think what happens when you push or pull an object from the side. In this case, the force is being applied parallel to (rather than at right angles to) the cross-sectional area (see figure 14). This produces shear stress and results in shear strain.

  
    
      [image: ]
    
    Figure 14: A comparison of tension, compression and shear stresses

  

  Because shear stress and strain are fundamentally different from tensile and compressive stress and strain, we use different symbols. Shear stress is represented as [image: \scriptsize \tau] (Greek letter tau) and shear strain is represented as [image: \scriptsize \gamma] (Greek letter gamma).

  The way shear strain is measured is slightly different to tensile and compressive strain. Because the deformation is not in the same direction as the length of the object, we tend to use [image: \scriptsize \Delta x] to indicate the amount the object has been deformed. [image: \scriptsize \Delta x] is the amount by which the object moves from its rest position when no shear stress is applied (see figure 15). However, we still use the same basic measure of strain as [image: \scriptsize \gamma =\displaystyle \frac{{\Delta x}}{L}].

  
    
      [image: ]
    
    Figure 15: An illustration of how shear strain is measured

  

  The basics of Hooke’s law still apply in that shear stress is proportional to shear strain (within the elastic limits of the material). However, we no longer refer to the modulus of elasticity as the constant. Instead, we refer to the modulus or shear or the shear modulus and use the letter [image: \scriptsize G].

  
    [image: \scriptsize \begin{align*}\tau & =G\times \gamma \text{ or }\displaystyle \frac{F}{A}=G\times \displaystyle \frac{{\Delta x}}{L}\\\therefore G & =\displaystyle \frac{\tau }{\gamma }=\displaystyle \frac{{F\cdot L}}{{A\cdot \Delta x}}\end{align*}]
  

  
    
      Shear modulus

      
        [image: \scriptsize G=\displaystyle \frac{\tau }{\gamma }=\displaystyle \frac{{F\cdot L}}{{A\cdot \Delta x}}]
      

    

  

  
    
      
        [image: image]
      

      Exercise 1.2

    

    
      
      Have a look at figure 16 of a suspension bridge. Identify whether each labelled part of the bridge is under tensile stress, compressive stress or, shear stress.

      
        

          [image: ]
        
        Figure 16: Different parts of a suspension bridge experience different kinds of stresses

      

      The full solutions can be found at the end of the unit.

    

  

  When things bend and break

  So far in this unit we have looked at how materials behave when the forces applied are within their elastic limits. But we know from real life that things break or deform when the forces applied to them exceed their elastic limits. Just as different materials have different elastic limits and exhibit different amounts of elasticity, when those limits are reached or exceeded, different materials behave in different ways.

  To understand this, lets follow how a material such as steel behaves as it is placed under greater and greater stress. This is called a stress test. We plot stress on the y-axis and strain on the x-axis (see figure 17).

  
    
      [image: ]
    
    Figure 17: A stress test curve for a steel rod

  

  As we start to increase the stress on the rod, we increase the strain. This is Hooke’s law. Because stress is proportional to strain, we get a straight line. The gradient of this line is the modulus of elasticity (also called Young’s modulus) of the material. So far, so good. We have not reached the material’s elastic limit, so if we remove the stress, the material will assume its original shape. Any deformation in the material is reversible and so this is elastic deformation.

  But if we continue to increase the stress, we will eventually reach the material’s elastic limit or yield point. After the yield point, any further deformation is permanent. This is plastic deformation. In the case of a steel rod, the material deforms but does not yet break.

  If we continue to increase the stress, the material will reach its ultimate strength point. This is the most stress it can handle. After this point, less stress starts to be needed to continue to strain the material. In the case of a steel rod, you will see it start to ‘neck’. This is the term used when the diameter of the rod gets smaller (see figure 18).

  
    
      [image: ]
    
    Figure 18: Necking of a steel rod

  

  http://www.engineeringarchives.com/les_mom_necking.html – Fair use

  Necking continues until the rod breaks or fractures.

  Materials that have a very large plastic deformation region (i.e. will keep permanently deforming long before fracturing) are said to be ductile. Copper is a highly ductile material and this is one reason it can easily be made into long thin wires. Materials with a very small plastic deformation region (i.e. they fracture very soon after the yield limit is reached) are said to be brittle. Glass is a very brittle material. It fractures almost immediately when its yield strength is reached.

  Figure 19 shows a comparison of the stress test curves of a brittle and ductile material.

  
    
      [image: ]
    
    Figure 19: A brittle and ductile material stress test curve

  

  Figure 19 also illustrates that the area under each stress test curve is equivalent to the amount of energy the material can absorb. Toughness is a measure of the amount of energy a material can absorb. Tough materials can absorb a great amount of energy.

  The shape of the fracture that occurs in a brittle vs ductile material is also shown in figure 19. When a brittle material fractures, there is little plastic deformation before the fracture, so the surface of the fracture tends to be granular and flat.

  When a ductile material fractures, there is greater plastic deformation prior to the fracture which results in a cup and cone fracture surface.

  While a steel rod in a stress test may regain its original shape after a stress is momentarily applied and then removed, that same steel rod under the same stress may permanently deform if it is placed under the stress for a long period of time. We call this creep and it is the tendency of a solid material to move slowly or deform permanently under the influence of persistent mechanical stresses.

  A final important property of materials is hardness. Hardness is a measure of how resistant a solid material is to deformation when it is subjected to a compressive force.

  
    
      Note

    

    
      If you have an internet connection, the video Material Properties 101 gives an excellent summary of all these concepts.

      
        Material Properties 101 (Duration: 06.09) [image: Material Properties 101]


      

    

  

  Summary

  In this unit you have learnt the following:

  
    	Tensile stress occurs when a material is placed under a pulling deforming force normal to its cross-sectional area. The material exhibits tensile strain.

    	Compressive stress occurs when a material is placed under a pushing deforming force normal to its cross-sectional area. The material exhibits compressive strain.

    	Shear stress occurs when a material is placed under a sideways deforming force parallel to its cross-sectional area. The material exhibits shear strain.

    	Stress is measured as the deforming force per unit area.

    	Strain is measured as the change in length per unit length.

    	Hooke’s law states that, within a material’s elastic limit, stress is proportional to strain.

    	Young’s modulus states that the elastic modulus, or the modulus of elasticity, is the constant value for a material that relates the tensile or compressive strain it experiences for a given tensile or compressive stress.

    	The shear modulus is the constant value for a material that relates the shear strain it experiences for a given shear stress.

    	Elasticity is that property of a material that causes it to regain its original shape after the removal of the deforming force.

    	Elastic limit is the upper limit of a deforming force up to which, if the deforming force is removed, the body regains its original form completely. Beyond this limit, the body loses its property of elasticity and becomes permanently deformed.

    	Elastic deformation is non-permanent deformation of a material under stress.

    	Plastic deformation is the permanent deformation of a material under stress.

    	Fracture is the separation of an object or material into two or more pieces under the action of stress.

    	Ductile materials have a large range of stress under which they will undergo plastic deformation.

    	Brittle materials have a small range of stress under which they will undergo plastic deformation.

    	Toughness is a measure of the amount of energy a material can absorb. Tough materials can absorb a great amount of energy.

    	Creep is the tendency of a solid material to move slowly or deform permanently under the influence of persistent mechanical stresses.

    	Hardness is a measure of how resistant a solid material is to deformation when it is subjected to a compressive force.

  

  Unit 1: Assessment

  Suggested time to complete: 15 minutes

  
    Questions 1, 2 and 3 are adapted from NC(V) Physical Science Level 3 November 2019 question 5
  

  
    	What is the difference between an elastic material and a plastic material?

    	A spanner that was used to tighten bolts suddenly breaks off while in use. 	Is this because the spanner is too brittle or too ductile?
	What type of fracture would you expect to find at the point where the spanner broke?



    	Complete the following sentences by filling in the missing word or words. 	__________ stress is experienced when a metal is pushed by perpendicular forces.
	__________ stress is experienced when a metal is pulled by perpendicular forces.



  

  Question 4 is adapted from NC(V) Physical Science Level 3 February 2019 question 5

  
    	A learner performed an experiment to investigate the relationship between the elongation (length of extension) of a spring and the force producing the elongation (length of extension). The following results were tabulated:
	Force in N 	Elongation in cm 
 	[image: \scriptsize 1.5] 	[image: \scriptsize 3.6] 
 	[image: \scriptsize 3.0] 	X 
 	[image: \scriptsize 4.5] 	[image: \scriptsize 10.8] 
 	[image: \scriptsize 6] 	[image: \scriptsize 14.4] 
  
	Write an investigative question for this experiment.
	What is the independent variable in this investigation?
	Determine the value of X in the table.
	Name the law that was investigated.



    	Concrete has a compressive strength of [image: \scriptsize 15\times {{10}^{6}}\ \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}]. What diameter does a circular concrete pillar need to have to be able to support a load of [image: \scriptsize 15\ 000\ \text{N}] if the maximum allowed strain is [image: \scriptsize 0.025\%]?

  

  The full solutions can be found at the end of the unit.

  Unit 1: Solutions

  Exercise 1.1

  
    	.
[image: \scriptsize \displaystyle \begin{align*}\sigma & =E\times \epsilon \\\therefore \epsilon & =\displaystyle \frac{\sigma }{E}=\displaystyle \frac{{13\ 500\ \text{N}\text{.}{{\text{m}}^{{-2}}}}}{{190\times {{{10}}^{9}}\ \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}}}=7.1\times {{10}^{{-8}}}\end{align*}]

    	Diameter of the rod: [image: \scriptsize 10\ \text{cm}]. Therefore, radius: [image: \scriptsize 5\ \text{cm}=0.05\ \text{m}]
 Cross-sectional area of the rod: [image: \scriptsize A=\pi {{r}^{2}}=\pi \times 25\ \text{c}{{\text{m}}^{\text{2}}}=7.85\times {{10}^{{-3}}}\ {{\text{m}}^{\text{2}}}]
[image: \scriptsize \displaystyle \sigma =E\times \epsilon =190\times {{10}^{9}}\ \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}\times 0.00002=3\ 800\ 000\ \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}]
.
[image: \scriptsize \begin{align*}\sigma &=\displaystyle \frac{F}{A}\\\therefore F&=\sigma \times A=380\ 000\ \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}\times 7.85\times {{10}^{{-3}}}\ {{\text{m}}^{\text{2}}}=29\ 830\ \text{N}\end{align*}]
.
[image: \scriptsize \begin{align*}F&=m\times g\\ \therefore m&=\displaystyle \frac{F}{a}=\displaystyle \frac{29~830~\text{N}}{9.8~\text{m.s}^{-2}}=3~043.88~\text{kg} \end{align*}]

    	For the same stress, the strain the rod experiences is greater. Therefore, the modulus of elasticity for the rod is less. Therefore, the rod is less elastic.

  

  
    Back to Exercise 1.1
  

  Exercise 1.2

  
    [image: ]
  

  
    Back to Exercise 1.2
  

  Unit 1: Assessment

  
    	Elastic materials regain their original shape once a deforming force (a stress) is removed. For a given stress, an elastic material will exhibit a smaller strain than a plastic material. An elastic material requires a far greater stress to permanently deform it.

    	
      .
      
        	If a spanner suddenly breaks it is because it is too brittle. A ductile material would bend before breaking. In other words, a ductile material would have a greater range of stress under which it would undergo permanent deformation prior to fracturing (or breaking).

        	As it is a brittle material the fracture surface would be granular and smooth.

      

    

    	
      .
      
        	Compressive

        	Tensile

      

    

    	
      .
      
        	How does the amount of force (tensile stress) affect the elongation (tensile strain) of a spring?

        	The independent variable is the amount of force with which the spring is stretched.

        	
          [image: \scriptsize 7.2\ \text{cm}]
        

        	Hooke’s law

      

    

    	
      [image: \scriptsize \displaystyle \sigma=E\times \epsilon =15\times {{10}^{6}}\ \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}\times 0.025=37\ 500\ \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}]
      

      .
      

      [image: \scriptsize \displaystyle \begin{align*}\sigma &=\displaystyle \frac{F}{A}\\\therefore A&=\displaystyle \frac{F}{\sigma }=\displaystyle \frac{{15\ 000\ \text{N}}}{{37\ 500\ \text{N}\text{.}{{\text{m}}^{{\text{-2}}}}}}=0.4\ {{\text{m}}^{\text{2}}}\end{align*}]
      

      .
      

      [image: \scriptsize \begin{align*}A & =\pi {{r}^{2}}\\\therefore {{r}^{2}} & =\displaystyle \frac{A}{\pi }=\displaystyle \frac{{0.4\ {{\text{m}}^{\text{2}}}}}{\pi }=0.13\ {{\text{m}}^{\text{2}}}\\\therefore r & =0.36\ \text{m}=36\ \text{cm}\end{align*}]
    

  

  
    Back to Unit 1: Assessment
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XII
Mechanical Properties of matter: State, analyse and apply principles of atomic combinations: molecular structure


  
  
    
      
        [image: image]
      

      Subject outcome

    

    
      Subject outcome 5.2: State, analyse and apply principles of atomic combinations: molecular structure

    

  

  
    
      
        [image: image]
      

      Learning outcomes

    

    
      
        	Use group properties of the periodic table to find the number of valence electrons and valency number of an element.

        	Use and draw Lewis diagrams and use octet rule to explain chemical bonds.

        	Define electronegativity of atoms and apply it to explain the polarity of chemical bonds.

        	Calculate oxidation number of atoms in molecules to explain their relative richness in electrons

        	Identify and molecular shapes and give molecular examples for the shapes. 	Range: Molecular shapes are linear, angular, pyramidal, tetrahedral.



        	Identify polar and non-polar substances.

      

    

  

  
    
      
        [image: image]
      

      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Use group properties of the periodic table to find the number of valence electrons and valency number of an element.

        	Use and draw Lewis diagrams and use the octet rule to explain chemical bonds.

      

    

  

  
    
      
        [image: image]
      

      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Define electronegativity of atoms and apply it to explain the polarity of chemical bonds.

      

    

  

  
    
      
        [image: image]
      

      Unit 3 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Calculate oxidation number of atoms in molecules to explain their relative richness in electrons.

      

    

  

  
    
      
        [image: image]
      

      Unit 4 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify molecular shapes and give molecular examples for the shapes. Range: Molecular shapes are linear, angular, pyramidal, tetrahedral.

      

    

  

  
    
      
        [image: image]
      

      Unit 5 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify polar and non-polar substances.

      

    

  

  






Unit 1: Molecules and molecular structure
Emma Harrage



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Use group properties of the periodic table to find the number of valence electrons and valency number of an element.

        	Use and draw Lewis diagrams and use the octet rule to explain chemical bonds.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Understand the layout of the periodic table. Refer to level 2 subject outcome 5.3 unit 1 to revise this.

    	Understand electron configuration. Refer to level 2 subject outcome 5.3 unit 2 to revise this.

    	Understand the structure of groups on the periodic table. Refer to level 2 subject outcome 5.3 unit 3 to revise this.

    	Identify and define atoms, ions, and molecules. Refer to level 2 subject outcome 5.4 unit 1 to revise this.

    	Understand ionic, covalent, and metallic bonding. Refer to level 2 subject outcome 5.4 unit 3 to revise this.

  

  Introduction[1]

  In this unit you will learn about valence electrons, the valence number of an element and how to draw Lewis structures to represent the number of electrons in the outer shells of an atom of the element. Valence electrons are the electrons which orbit the nucleus on the outer level and are involved in forming chemical bonds. The valency number of an element is the number of electrons on the outermost shell. Lewis structures are drawn to show the valence number and follow the octet rule which states that a maximum of eight electrons can be on each level except the first level which can have a maximum of two electrons.

  Valence electrons and valency

  As you learnt in Level 2, the periodic table is laid out according to increasing atomic number in rows called periods and in horizontal groups because the elements have similar chemical properties. The groups are numbered, with some groups, like group [image: \scriptsize \displaystyle 1] the alkali metals and group [image: \scriptsize \displaystyle 17] the halogens, given special names. The horizontal rows of the periodic table, from [image: \scriptsize \displaystyle 1] to[image: \scriptsize \displaystyle 7], are called periods. The period corresponds to the number of electron shells in an atom of that element.

  
    [image: ]
    Figure 1: The periodic table

  

  Valence electrons are the electrons an atom has on its outer most energy level, and this is determined using the electron configuration.

  
    
      
        [image: image]
      

      Take note!

    

    
      
        Calculating valence electrons
      

      Oxygen has an atomic number of [image: \scriptsize 8].

      This means that a neutral atom of oxygen has [image: \scriptsize 8] electrons, so its configuration will be [image: \scriptsize 2,6]. (Remember that a maximum of two electrons can fit on the first energy level and [image: \scriptsize 8] on the second).

      So, oxygen has [image: \scriptsize 6] valence electrons.

    

  

  It is the valence electrons that are involved in bonding. Bonds are formed in order to fill their outer energy levels so that they are more stable. To be stable an atom needs to have [image: \scriptsize 8] electrons in its outermost energy level. This is why atoms bond with each other, and their valence electrons influence how many bonds are formed.

  Finding valence electrons for all elements

  The valence electrons increase in number as you count groups from left to right, along a period. All elements in group [image: \scriptsize 1] have atoms with one valence electron; elements in group [image: \scriptsize \displaystyle 2] have atoms with two valence electrons; elements in group [image: \scriptsize \displaystyle 13] have atoms with three valence electrons; elements in group [image: \scriptsize \displaystyle 14] have atoms with four valence electrons; and so forth up to group [image: \scriptsize \displaystyle 18]. Elements in group [image: \scriptsize \displaystyle 18] have atoms with eight valence electrons, except for helium, which has only two. For groups [image: \scriptsize \displaystyle 13] to [image: \scriptsize \displaystyle 10], the number of valence electrons is the group number minus [image: \scriptsize \displaystyle 10].

  The transition metals, groups , do not follow these rules. Transition metals are more complicated because they can have incomplete shells; they do not follow the rule of [image: \scriptsize \displaystyle 2,8,8,2] in their arrangement of electrons. Their valency can vary depending on the other atoms they bond with. The valency is indicated using a stock number (roman numeral) in brackets in the name of the compound, for example copper (II) oxide. Copper has a valency of [image: \scriptsize \displaystyle 2] in this compound.

  Valency

  The valency of an atom is the number of bonds it can form. Valency is important to know because it allows you to work out the ratio in which atoms will bond with other atoms. Remember, atoms bond to complete their outer energy levels, either by giving away electrons in their outer most energy level (becoming cations), gaining electrons to fill up their outermost energy level (becoming anions), or by sharing electrons (forming molecules).

  There is a relationship between the valency of an element and the number of valence electrons. For groups [image: \scriptsize \displaystyle 1,\text{ }2,\text{ }13] and [image: \scriptsize \displaystyle 14], the valency is equal to the number of valence electrons. These elements tend to lose electrons to revert to an inner energy level that is full. Their valency is given a positive sign.

  For groups [image: \scriptsize \displaystyle 15] to [image: \scriptsize \displaystyle 18], the valency is equal to [image: \scriptsize 8] minus the number of valence electrons. These elements tend to gain electrons in order to fill up their outer energy level. Their valency is given a negative sign. Elements in group [image: \scriptsize \displaystyle 18] have atoms with full outer energy levels; therefore their valency is [image: \scriptsize 0]. They do not form bonds with other atoms. For the transition metals, the valency can vary. In these cases, we indicate the valency by a roman numeral after the name of the metal in the compound, for example iron (III) chloride.

  
    
      
        [image: image]
      

      Example 1.1

    

    
      Calculate the valency of the following non-metals:

      
        	carbon in group [image: \scriptsize \displaystyle 14]

        	nitrogen in group [image: \scriptsize \displaystyle 15].

      

      
        Solution
      

      
        	The valency of carbon is group [image: \scriptsize \displaystyle 14\text{ -}10\text{ =}~4], so carbon has [image: \scriptsize 4] valence electrons.
.
 The atomic number is [image: \scriptsize 6], which means [image: \scriptsize 6] protons and [image: \scriptsize 6] electrons.
 The electron configuration is [image: \scriptsize 2,4].
.
 To have a full outer energy level carbon needs to gain [image: \scriptsize \displaystyle 4]electrons because [image: \scriptsize 8-4=4].
.
 Therefore, carbon has a valency of [image: \scriptsize \displaystyle 4]. This means it can form [image: \scriptsize 4] bonds.

        	The valency of nitrogen is group [image: \scriptsize \displaystyle 15-10=5], so nitrogen has [image: \scriptsize 5] valance electrons, [image: \scriptsize 8-5=3], therefore valency of [image: \scriptsize 3].
.
 The atomic number is [image: \scriptsize \displaystyle 7] which means it has [image: \scriptsize \displaystyle 7] electrons and [image: \scriptsize \displaystyle 7] protons.
.
 The electron configuration is [image: \scriptsize 2,5] (so there are [image: \scriptsize 5] electrons in the outer energy level).
 To have a full outer energy level of [image: \scriptsize 8] electrons, a nitrogen atom needs to gain [image: \scriptsize 3] more electrons: [image: \scriptsize 8-5=3].
.
 Therefore, nitrogen has a valency of [image: \scriptsize 3] and it can form [image: \scriptsize 3] bonds.

      

    

  

  
    
      
        [image: image]
      

      Exercise 1.1

    

    
      
      Copy the following table into your notebook and then complete it:

      	Element  	Group Number 	Number of Valence 	Electrons Number of electrons needed (gained or lost) for a full outer energy level  	Valency (+/-) 
 	Cl 	 	 	 	 
 	Li 	 	 	 	 
 	P 	 	 	 	 
 	S 	 	 	 	 
 	Ne 	 	 	 	 
 	Mg 	 	 	 	 
 	Al 	 	 	 	 
 	C 	 	 	 	 
 	N 	 	 	 	 
 	O 	 	 	 	 
  

      The 
full solutions can be found at the end of the unit.
    

  

  Bonding and Lewis structures

  In level 2, subject outcome 5.3, unit 3, you learnt about how elements bond. Atoms bond in order to become stable, like the noble gases. The noble gases have a full valence electron energy level. For example, neon has the following electronic configuration: [image: \scriptsize 2,8]. The second energy level is the outermost (valence) shell and is full.

  When different atoms bond they form new compounds. Compounds can have a mixture of single, double, and triple bonds and an atom can have several bonds. In other words, an atom does not need to share all its valence electrons with one other atom but can share its valence electrons with several different atoms. Atoms that have at least one unpaired electron can form a bond with any other atom that also has an unpaired electron. A pair of electrons, one from each atom that form a bond are called a bonding pair. This is not restricted to just two atoms.

  Not all the electrons on the outermost energy level are involved in forming bonds. The valence electrons not involved in bonding are called lone pairs.

  
    [image: ]
    Figure 2: The bonds and lone pairs when hydrogen and oxygen bond to form water

  

  
    [image: ]
    Figure 3: The attraction between the negatively charged electrons and the positively charged protons is what forms the bond when two atoms are close together

  

  

  
    
      
        [image: image]
      

      Take note!

    

    
      
        	Atoms form bonds to try to achieve the same electron configuration as the noble gases.

        	Atoms with a full valence electron energy level are less reactive as they do not form bonds to fill their outer energy levels.

        	The octet rule states that a maximum of [image: \scriptsize 2] or [image: \scriptsize 8] electrons can be on the outer most energy level depending on the atom.

        	Only valence electrons are involved in bonding.

        	During bonding, atoms will gain, lose, or share electrons to have a full outer energy level and therefore become a stable compound.

        	Valency is the number of electrons an atom needs to lose or gain to have a full outer shell.

      

    

  

  Covalent bonding

  Non-metals will bond with each other by sharing electrons on their outer most energy level. This is called covalent bonding. The outermost orbitals of the atoms overlap so that unpaired electrons in each of the bonding atoms can be shared. By overlapping orbitals, the outer energy shells of all the bonding atoms are filled. The shared electrons move in the orbitals around both atoms. As they move, there is an attraction between these negatively charged electrons and the positively charged nuclei. This attractive force holds the atoms together in a covalent bond.

  
    [image: ]
    Figure 4: By overlapping their outer energy levels, hydrogen and oxygen share their unpaired electrons so all the atoms have a stable configuration. Each hydrogen atom has [image: \scriptsize 2] electrons (outermost energy level is the first energy level) and the oxygen atom has [image: \scriptsize 8] electrons (outermost energy level is the second energy level).

  

  

  Ionic bonding

  Metals and non-metals will bond by gaining or losing electrons and this is called ionic bonding. Ionic bonding takes place when the difference in electronegativity between the two atoms is more than [image: \scriptsize \displaystyle 1,7]. This usually happens when a metal atom bonds with a non-metal atom. When the difference in electronegativity is large, one atom will attract the shared electron pair much more strongly than the other, causing electrons to be transferred to the atom with higher electronegativity. When ionic bonds form, a metal donates one or more electrons, due to having a low electronegativity, to form a positive ion or cation. The non-metal atom has a high electronegativity, and therefore readily gains electrons to form a negative ion or anion. The two ions are then attracted to each other by electrostatic forces.

  Lewis structures

  Lewis structures use dots and crosses to represent the valence electrons on different atoms. The chemical symbol of the element is used to represent the nucleus and the inner electrons of the atom. To determine which are the valence electrons we look at the outermost energy level in the atom’s electron structure.

  
    [image: ]
    Figure 5: The Lewis structure of hydrogen which has [image: \scriptsize 1] valence electron

  

  

  
    [image: ]
    Figure 6: The Lewis structure of chlorine which has [image: \scriptsize 7] electrons on its last energy level

  

  

  
    [image: ]
    Figure 7: A Lewis structure of the compound carbon dioxide where the dots represent the valence electrons of the oxygen atoms and the crosses represent the valence electrons of the carbon atom

  

  

  
    
      
        [image: image]
      

      Exercise 1.2

    

    
      
      Represent the following atoms as Lewis structures:

      
        	Lithium

        	Nitrogen

        	Helium

      

      The 
full solutions can be found at the end of the unit.
    

  

  Lewis structures and covalent bonds

  A single covalent bond is formed when two electrons are shared between the same two atoms, one electron from each atom.

  A double covalent bond is formed when four electrons are shared between the same two atoms, two electrons from each atom. An example of a double covalent bond can be seen in figure 7.

  A triple covalent bond is formed when six electrons are shared between the same two atoms, three electrons from each atom.

  Let’s look at an example of single covalent bonding.

  
    
      
        [image: image]
      

      Example 1.2

    

    
      How do hydrogen and chlorine atoms bond covalently in a molecule of hydrogen chloride?

      
        Solution
      

      Step 1: Determine the electron configuration of each of the bonding atoms

      A chlorine atom has [image: \scriptsize 17] electrons and an electron configuration of [image: \scriptsize \displaystyle 2,8,7] therefore, chlorine has [image: \scriptsize \displaystyle 7] valence electrons and a valency of [image: \scriptsize 1]. A hydrogen atom has only one electron and an electron configuration of [image: \scriptsize 1]. Therefore, hydrogen has [image: \scriptsize 1] valence electron and a valency of [image: \scriptsize 1].

      Step 2: Determine how many of the electrons are paired or unpaired

      
        [image: ]
      

      Chlorine has seven valence electrons. One of these electrons is unpaired.

      
        [image: ]
      

      Hydrogen has one valence electron, and it is unpaired.

      Step 3: Work out how the electrons are shared

      
        [image: ]
      

      The hydrogen atom needs one more electron to complete its outermost energy level. The chlorine atom also needs one more electron to complete its outermost energy level. Therefore, one pair of electrons must be shared between the two atoms. A single covalent bond will be formed.

    

  

  Let’s look at an example of covalent bonding involving multiple bonds.

  
    
      
        [image: image]
      

      Example 1.3

    

    
      How do nitrogen and hydrogen atoms bond to form a molecule of ammonia (NH3)?

      
        Solution
      

      Step 1: Give the electron configuration

      A nitrogen atom has seven electrons, and an electron configuration of [image: \scriptsize \displaystyle 2,5]. A hydrogen atom has only one electron, and an electron configuration of [image: \scriptsize \displaystyle 1].

      Step 2: Give the number of valence electrons

      Nitrogen has five valence electrons. Three of these electrons are unpaired (they are lone electrons). Hydrogen has one valence electron, and it is unpaired.

      Step 3: Work out how the electrons are shared

      Each hydrogen atom needs one more electron to complete its valence energy shell. The nitrogen atom needs three more electrons to complete its valence energy shell. Therefore, three pairs of electrons must be shared between the four atoms involved. Three single covalent bonds will be formed.

      
        [image: ]
      

    

  

  Now let’s look at an example of covalent bonding involving a double bond.

  
    
      
        [image: image]
      

      Example 1.4

    

    
      How do oxygen atoms bond covalently to form an oxygen molecule?

      
        Solution
      

      Step 1: Determine the electron configuration of the bonding atoms

      Each oxygen atom has eight electrons, and their electron configuration is [image: \scriptsize \displaystyle 2,6].

      Step 2: Determine the number of valence electrons for each atom and how many of these electrons are paired and unpaired

      Each oxygen atom has six valence electrons. Each atom has two unpaired electrons.

      Step 3: Work out how the electrons are shared

      Each oxygen atom needs two more electrons to complete its valence energy shell. Therefore, two pairs of electrons must be shared between the two oxygen atoms so that both outermost energy levels are full. A double bond is formed.

      
        [image: ]
      

    

  

  Here is an example looking at triple bonds in hydrogen cyanide (HCN).

  
    
      
        [image: image]
      

      Example 1.5

    

    
      Hydrogen cyanide (HCN) as triple bonds.

      
        	For each atom, determine the number of valence electrons that the atom has from its electron configuration.

        	Arrange the electrons in the HCN molecule so that the outermost energy level in each atom is full.

      

      
        Solutions
      

      
        	The electron configuration of hydrogen is [image: \scriptsize 1], the electron configuration of nitrogen is [image: \scriptsize 2,5] and for carbon is [image: \scriptsize 2,4]. Hydrogen has [image: \scriptsize 1] valence electron; carbon has [image: \scriptsize 4] valence electrons and nitrogen has [image: \scriptsize 5] valence electrons.
[image: ]

        	The HCN molecule is represented below. Notice the three electron pairs (highlighted in red) between the nitrogen and carbon atom. Because these three covalent bonds are between the same two atoms, this is a triple bond.
[image: ]
.
 Lines can be used to represent the bonds formed between atoms as shown in the diagram below. A line represents a shared pair of electrons and these diagrams are called Couper structures.
[image: ]

      

    

  

  
    
      
        [image: image]
      

      Exercise 1.3

    

    
      
      
        	Explain the bonds formed in water by answering the following questions:
[image: ]	What is the electron configuration of oxygen?
	What is the electron configuration of hydrogen?
	How many valence electrons do oxygen are hydrogen have?
	State the number and kinds of bonds formed.



        	Explain the difference between the number of valence electrons and the valency of an element.

      

      The 
full solutions can be found at the end of the unit.
    

  

  Lewis structures and ionic bonds

  When electrons are transferred from one atom to another it is called ionic bonding. Metals tend to lose electrons and become anions which are positively charged, and non-metals gain electrons to become anions which are negatively charged.

  
    [image: ]
    Figure 8: Sodium will donate its 1 valence electron to chlorine

  

  

  
    
      
        [image: image]
      

      Example 1.6

    

    
      
        	How does ionic bonding occur in sodium chloride?

        	Give the balanced equation for this reaction.

      

      
        Solutions
      

      
        	The difference in electronegativity between Na [image: \scriptsize (0.93)] and Cl [image: \scriptsize (3.16)] is [image: \scriptsize 2.1].
.
 Sodium has only one valence electron, while chlorine has seven.
.
 Because the electronegativity of chlorine is higher than the electronegativity of sodium, chlorine will attract the valence electron of the sodium atom very strongly. This electron from sodium is transferred to chlorine. Sodium loses an electron and forms an [image: \scriptsize [\text{N}{{\text{a}}^{+}}]] ion.
[image: ]
.
 Chlorine gains an electron and forms a [image: \scriptsize [\text{C}{{\text{l}}^{-}}]] ion:
[image: ]
.
 The electron is therefore transferred from sodium to chlorine:
[image: ]

        	The balanced equation for this reaction is: [image: \scriptsize 2\text{Na + C}{{\text{l}}_{{_{{{{2}_{{}}}}}}}}\to 2\text{NaCl}].

      

    

  

  
    
      
        [image: image]
      

      Example 1.7

    

    
      
        	How does ionic bonding occur in magnesium oxide?

        	What holds the compound together?

      

      
        Solutions
      

      
        	Magnesium has two valence electrons and an electronegativity of [image: \scriptsize 1.31], while oxygen has six valence electrons and an electronegativity of [image: \scriptsize 3.44].
.
 Since oxygen has a higher electronegativity, it attracts the two valence electrons from the magnesium atom and these electrons are transferred from the magnesium atom to the oxygen atom.
.
 Magnesium loses two electrons to form Mg2+, and oxygen gains two electrons to form O2-.
[image: ]

        	The attractive force between the oppositely charged ions is what holds the compound together MgO.

      

    

  

  The crystal lattice structure of ionic compounds

  Ionic substances are a combination of many ions bonded together into a giant molecule. The arrangement of ions in a regular, geometric structure is called a crystal lattice.

  Sodium chloride does not contain one chlorine ion and one sodium ion, but rather millions of these two ions arranged in a crystal lattice where the ratio of sodium to chlorine ions is [image: \scriptsize \displaystyle 1:1]. The structure of the crystal lattice is shown in figure 9.

  
    [image: ]
    Figure 9: A crystal of sodium chloride is made up of a large number of sodium and chlorine ions which are held together by electrostatic forces.

  

  

  
    
      
        [image: image]
      

      Exercise 1.4

    

    
      
      Draw Lewis diagrams to represent the following ionic compounds:

      
        	sodium iodide (NaI)

        	calcium bromide (CaBr2)

        	potassium chloride (KCl)

      

      The 
full solutions can be found at the end of the unit.
    

  

  Summary

  In this unit you have learnt the following:

  
    	Atoms will form bonds by gaining, sharing, or losing electrons to gain a stable electron configuration.

    	The valence electrons are the electrons in the outermost energy level and are involved in bonding. The number of valence electrons can be calculated by using the group number of the element in the periodic table.

    	The valency of an element is the number of bonds it can form.

    	If an atom has more than one unpaired electron it can form multiple bonds to another atom. In this way double and triple bonds are formed.

    	A lone pair is an electron pair in the outermost level of an atom that is not shared or bonded to another atom.

    	Covalent bonds are formed between non-metals and involve sharing electrons.

    	Ionic bonds are formed between metals and non-metals and involve the loss or gain of electrons. 	Metals will lose electrons to become positively charged cations.
	Non-metals will gain electrons to become negatively charged anions.



    	Lewis structures are diagrams drawn to show the bonds formed and the lone pairs, where dots and crosses are used to represent the electrons involved from different elements.

  

  Unit 1: Assessment

  Suggested time to complete: 30 minutes

  
    	Explain the difference between a covalent bond and an ionic bond.

    	Draw Lewis diagrams to represent the following: 	argon (Ar)
	chlorine (Cl2)
	methane (CH4)
	oxygen difluoride (OF2)



    	Magnesium and chlorine react to form magnesium chloride (MgCl2). The electronegativity of magnesium is: [image: \scriptsize 1.31]. The electronegativity of chlorine is [image: \scriptsize 3.16]. 	Calculate the difference in electronegativity.
	Use the difference in electronegativity to explain what type of bonding will form between these two elements and state which element will lose electrons and which will gain electrons.
	Draw a Lewis structure to show the bonding in MgCl2.



    	Hydrogen will readily bond with nitrogen to form the gas ammonia (NH3). 	For this reaction give the number of: 	valence electrons for each atom involved in the reaction.
	bonds each atom can form.


	Draw a Lewis diagram of the product formed.



    	A chemical compound has the following Lewis diagram:
[image: ]	How many valence electrons does element Y have?
	How many valence electrons does element X have?
	How many covalent bonds are in the molecule?
	Suggest a name for the elements X and Y.



    	Copy the following table into your notebook and complete it:
	Compound 	CO2 	CF4 	HI 	C2H2 
 	Lewis diagram 	 	 	 	 
 	Total number of bonding pairs 	 	 	 	 
 	Total number of lone pairs 	 	 	 	 
 	Single, double, or triple bonds 	 	 	 	 
  


  

  The full solutions can be found at the end of the unit.

  Unit 1: Solutions

  Exercise 1.1

  The number of valence electrons are the electrons on the outermost energy level. The valency is the number of bonds an element can form, and it is the same number as the number of electrons an atom needs to lose, gain or share to have a full outer energy level.

  	Element  	Group Number 	Number of Valence 	Electrons Number of electrons needed (gained or lost) for a full outer energy level  	Valency (+/-) 
 	Cl 	[image: \scriptsize 17] 	[image: \scriptsize 7] 	[image: \scriptsize 1] 	[image: \scriptsize +1] 
 	Li 	[image: \scriptsize 1] 	[image: \scriptsize 1] 	[image: \scriptsize 1] 	[image: \scriptsize -1] 
 	P 	[image: \scriptsize 15] 	[image: \scriptsize 5] 	[image: \scriptsize 3] 	[image: \scriptsize +3] 
 	S 	[image: \scriptsize 16] 	[image: \scriptsize 6] 	[image: \scriptsize 2] 	[image: \scriptsize +2] 
 	Ne 	[image: \scriptsize 18] 	[image: \scriptsize 8] 	[image: \scriptsize 0] 	[image: \scriptsize 0] 
 	Mg 	[image: \scriptsize 2] 	[image: \scriptsize 2] 	[image: \scriptsize 2] 	[image: \scriptsize -2] 
 	Al 	[image: \scriptsize 13] 	[image: \scriptsize 3] 	[image: \scriptsize 3] 	[image: \scriptsize -3] 
 	C 	[image: \scriptsize 14] 	[image: \scriptsize 4] 	[image: \scriptsize 4] 	[image: \scriptsize +4] 
 	N 	[image: \scriptsize 15] 	[image: \scriptsize 5] 	[image: \scriptsize 3] 	[image: \scriptsize +3] 
 	O 	[image: \scriptsize 16] 	[image: \scriptsize 6] 	[image: \scriptsize 2] 	[image: \scriptsize +2] 
  

  

  
    Back to Exercise 1.1
  

  Exercise 1.2

  
    	Lithium
[image: ]

    	Nitrogen
[image: ]

    	Helium
[image: ]

  

  
    Back to Exercise 1.2
  

  Exercise 1.3

  
    	
      .
      
        	
          [image: \scriptsize 2,6]
        

        	
          [image: \scriptsize 1]
        

        	Valence electrons of oxygen: [image: \scriptsize 6]
 Valence electrons of hydrogen: [image: \scriptsize 1]

        	Two covalent bonds are formed.

      

    

    	Valence electrons are the electrons on the atom’s outer energy level and the valency is the number of bonds the atom can form.

  

  
    Back to Exercise 1.3
  

  Exercise 1.4

  
    	sodium iodide (NaI)
[image: ]

    	calcium bromide (CaBr2)
[image: ]

    	potassium chloride (KCl)
[image: ]

  

  
    Back to Exercise 1.4
  

  Unit 1: Assessment

  
    	A covalent bond occurs when valence electrons are shared by the atoms which are bonding together. Covalent bonds occur between non-metals.
.
 Ionic bonding happens when a metal donates electrons to a non-metal. This means that the metal will become positively charged and the non-metal will become negatively charged.

    	
      .
      
        	Argon
[image: ]

        	Chlorine
[image: ]

        	Methane
[image: ]

        	oxygen difluoride
[image: ]

      

    

    	Magnesium and chlorine react to form magnesium chloride (MgCl2). 	[image: \scriptsize 3.16-1.31=1.85]
	Because the electronegativity is [image: \scriptsize 1.85] an ionic bond will form. This is because the electronegativity is higher than [image: \scriptsize 1.7] and a metal is involved in the formation of the compound.
 Magnesium will lose [image: \scriptsize 2] electrons and each chlorine atom will gain [image: \scriptsize 1] electron.
	.
[image: ]



    	
      .
      
        	
          .
          
            	Each hydrogen atom has [image: \scriptsize 1] valence electron, and nitrogen has [image: \scriptsize 5].

            	Each hydrogen atom can form [image: \scriptsize 1] bond and the nitrogen can form [image: \scriptsize 3].

          

        

        	
          .
          

          [image: ]
        

      

    

    	
      .
      
        	
          [image: \scriptsize 6]
        

        	
          [image: \scriptsize 1]
        

        	
          [image: \scriptsize 2]
        

        	X – hydrogen, Y – oxygen or sulphur

      

    

    	
      .
      

      	Compound 	CO2 	CF4 	HI 	C2H2 
 	Lewis diagram 	[image: ] 	[image: ] 	[image: ] 	[image: ] 
 	Total number of bonding pairs 	[image: \scriptsize 4] 	[image: \scriptsize 4] 	[image: \scriptsize 1] 	[image: \scriptsize 5] 
 	Total number of lone pairs 	[image: \scriptsize 4] 	[image: \scriptsize 12] 	[image: \scriptsize 3] 	[image: \scriptsize 0] 
 	Single, double, or triple bonds 	Two double bonds 	Four single bonds 	One single bond 	One triple bond and two single bonds 
  

    

  

  
    Back to Unit 1: Assessment
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Unit 2: Electronegativity and polarity
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        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Define electronegativity of atoms and apply it to explain the polarity of chemical bonds.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Understand molecules and molecular structure. Refer to level 3 subject outcome 5.2 unit 1 to revise this.

  

  Introduction

  Parts of the text in this unit were sourced from Siyavula Physical Science Gr 11 Learner’s Book, Chapter 3, released under a CC-BY licence.

  In this unit you will learn about the electronegativity of atoms and apply this to explain the polarity of chemical bonds. Electronegativity is the tendency of an atom to attract electrons to itself.

  Electronegativity

  Electronegativity can be defined as a measure of the attraction of a bonded atom for pairs of electrons and is measured on the Pauling scale. Electronegativity increases up a group and across a period in the periodic table, with fluorine being the most electronegative element. Non-metals have a higher electronegativity than metals. This means that metals are less likely to hold onto electrons.

  
    [image: ]
    Figure 1: A periodic table with electronegativity values

  

  Across a period, the number of protons increases, therefore the positive charge on the nucleus increases and consequently the attraction for the outer electrons increases and the bonding pair of electrons will be attracted more strongly.

  As you go down a group, the number of energy shells increases so a bonding pair of electrons will be increasingly further away from the nucleus. The electrons on the outer energy shell are further away from the nucleus and the bonding pair of electrons are attracted less strongly.

  
    [image: ]
    Figure 2: Fluorine has [image: \scriptsize \displaystyle 2] energy levels, but as you go down group [image: \scriptsize \displaystyle 17] to iodine, you can see that the number of energy levels increases as the electronegativity decreases (the diagram is not to scale; therefore it appears that the outer energy levels are the same distance from the nucleus)

  

  The greater the electronegativity of an atom of an element, the stronger its attractive pull on a bonding pair of electrons. For example, in a molecule of hydrogen bromide (HBr), the electronegativity of bromine [image: \scriptsize (2.8)] is higher than that of hydrogen [image: \scriptsize (2.1)], so the shared electrons will spend more of their time closer to the bromine atom. Bromine will have a slightly negative charge, and hydrogen will have a slightly positive charge. In a molecule like hydrogen (H2) where the electronegativities of the atoms in the molecule are the same, the bonding pair of electrons spend equal time around each atom so both atoms have a neutral charge.

  Electronegativity and bonding

  The electronegativity difference between two atoms can be used to determine what type of bonding exists between the atoms. Electronegativity is a measure of the tendency of an atom to attract electrons (or electron density) towards itself. So, it determines how the shared electrons are distributed between the two atoms in a bond. The higher the electronegativity, the more strongly an atom attracts the electrons in its bonds and consequently the bond formed is polar.

  These are some general rules:

  
    	If the electronegativity difference between two atoms in a bond is less than [image: \scriptsize 1.7], then the bond is polar covalent.

    	If the electronegativity difference between two atoms in a bond is greater than [image: \scriptsize 2.0], then the bond is ionic.

    	If the electronegativity difference between two atoms in a bond is between [image: \scriptsize 1.6-\text{2}\text{.0}] and if a metal is involved, then the bond is considered ionic.

    	If the electronegativity difference between the atoms is [image: \scriptsize \displaystyle 0], the bond is pure covalent.

  

  
    
      
        [image: image]
      

      Exercise 2.1

    

    
      
      Choose the correct answer for each question.

      
        	Electronegativity is the ability of an atom to _____ 	repel protons.
	repel electrons.
	attract neutrons.
	attract protons.
	attract electrons.



        	As you move from left to right on the periodic table, what happens to the electronegativity? 	It decreases.
	It remains constant.
	It decreases, then increases with the noble gases.
	It increases.



        	As you move from top to bottom on the periodic table, why does the electronegativity decrease? 	Because the outermost electrons get farther and farther away from the atom’s nucleus, the attraction between the nucleus and the bonding electrons decreases.
	Because the outermost electrons get closer and closer to the atom’s nucleus, the attraction between the nucleus and the bonding electrons decreases.
	Because the outermost electrons get farther and farther away from the atom’s nucleus, the attraction between the nucleus and the bonding electrons increases.
	Because the outermost electrons get closer and closer to the atom’s nucleus, the attraction between the nucleus and the bonding electrons increases.



      

      The 
full solutions can be found at the end of the unit.
    

  

  Polarity of molecules

  Polarity is the property of being polar.

  Molecules are described as being polar when there is an overall unequal distribution of charge creating one side with a positive charge and one side with a negative charge. This happens when the bonds between the atoms are polar, and the molecule has an asymmetrical shape.

  Water is a polar molecule because of the polar bonds between the oxygen and the hydrogen atoms and its asymmetrical shape.

  
    [image: ]
    Figure 3: The water molecule with oxygen and hydrogen molecules and with respective electronegativities of [image: \scriptsize 3.44] and [image: \scriptsize 2.20]

  

  As you can see in figure 3, the water molecule is made up of oxygen and hydrogen, with respective electronegativities of [image: \scriptsize 3.44] and [image: \scriptsize 2.20]. The electronegativity difference polarises each H–O bond, shifting the electrons towards the oxygen. This gives the oxygen side of the molecule a negative charge and the side with the hydrogen atoms a positive charge.

  Electrons in a polar covalent bond are shifted towards the more electronegative atom, giving this side of the molecule a partial negative charge. The greater the difference in electronegativity, the more polarised the electron distribution and the greater the polarity of the molecule.

  
    [image: ]
    Figure 4: As the difference in electronegativity changes, the type of bond formed changes

  

  	Electronegativity difference 	Type of bond 
 	[image: \scriptsize 0] 	Pure covalent 
 	[image: \scriptsize 0-1] 	Weak polar covalent 
 	[image: \scriptsize 1.1-1.9] 	Strong polar covalent 
 	[image: \scriptsize \ge 2.0] 	Ionic 
  

  Remember that when the electronegativity difference is between [image: \scriptsize 1.6-1.9] and a metal is involved in the formation of the compound, the type of bond will be ionic.

  Let’s look at an example of how to calculate the electronegativity difference between molecules.

  
    
      
        [image: image]
      

      Example 2.1

    

    
      Calculate the electronegativity difference between hydrogen and oxygen.

      
        Solution
      

      Read the electronegativity of each element off the periodic table.

      From the periodic table we find that hydrogen has an electronegativity of [image: \scriptsize 2.1] and oxygen has an electronegativity of [image: \scriptsize 3.5]

      Calculate the electronegativity difference

      
        [image: \scriptsize 3.5-2.1=1.4]
      

    

  

  Chlorine is an example of non-polar covalent bond. The electronegativity difference is [image: \scriptsize 0] because both atoms have an electronegativity value of [image: \scriptsize 3.0], and [image: \scriptsize 3.0-3.0=0].

  
    [image: ]
    Figure 5: A pure covalent bond in a chlorine molecule

  

  Because the bond is non-polar, there is no unequal distribution of charge across the molecule. Therefore the molecule will be non-polar. The polarity of the molecules in a substance affects its properties such as its boiling point, melting point, and solubility.

  Summary

  In this unit you have learnt the following:

  
    	Electronegativity is a chemical property which describes the power of an atom to attract electrons towards itself.

    	Electronegativity can be used to explain the difference between two types of covalent bonds: polar covalent bonds (between non-identical atoms) and non-polar/pure covalent bonds (between identical atoms or atoms with the same electronegativity).

    	A polar molecule is one that has one end with a slightly positive charge, and one end with a slightly negative charge, examples include water, ammonia, and hydrogen chloride.

    	A non-polar molecule is one where the charge is equally spread across the molecule.

  

  Unit 2: Assessment

  Suggested time to complete: 20 minutes

  
    	Define electronegativity.

    	
      .
      
        	On the Pauling scale the electronegativities of nitrogen and oxygen are respectively [image: \scriptsize \displaystyle 3.0] and [image: \scriptsize \displaystyle 3.5.] Why is oxygen more electronegative than nitrogen?

        	On the same scale, the electronegativity of sulphur is [image: \scriptsize \displaystyle 2.5]. Why is sulphur less electronegative than oxygen?

      

    

    	By thinking about where the following atoms are in the periodic table, sort them into order of increasing electronegativity:
 aluminium
 barium
 boron
 caesium
 calcium
 carbon
 fluorine

    	Given the following:
 oxygen (O2), magnesium chloride (MgCl2) sodium chloride (NaCl) and sulfuric acid (H2SO4) 	Which substance/s has/have non-polar bonds? Explain your answer.
	Calculate the electronegativity difference for: 	Sodium and chlorine
	Magnesium and chlorine





  

  The full solutions can be found at the end of the unit.

  Unit 2: Solutions

  Exercise 2.1

  
    	e

    	d

    	a

  

  
    Back to Exercise 2.1
  

  Unit 2: Assessment

  
    	Electronegativity is the ability of an atom to attract and hold onto a bonding pair of electrons.

    	
      .
      
        	Oxygen is more electronegative than nitrogen because it has more protons. The positively charged protons allow oxygen to have a stronger force of attraction on electrons.

        	Sulfur is less electronegative than oxygen because it is in period [image: \scriptsize \displaystyle 3]. This means that it has three energy shells compared to oxygen which has two. The electrons on the 3rd level are further away from the nucleus and the force of attraction will be weaker.

      

    

    	.
 Fluorine
 Carbon
 Boron
 Aluminium
 Calcium
 Caesium
 Barium

    	
      .
      
        	Two oxygen atoms have an electronegative difference of [image: \scriptsize \displaystyle 0]. (Sodium chloride and magnesium chloride are ionically bonded because both sodium and magnesium are metals.)

        	
          .
          
            	
              [image: \scriptsize 3-0.9=2.1]
            

            	
              [image: \scriptsize 3-1.2=1.8]
            

          

        

      

    

  

  
    Back to Unit 2: Assessment
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Unit 3: Oxidation numbers
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        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Calculate oxidation number of atoms in molecules to explain their relative richness in electrons.

      

    

  

  What you should know:

  Before you start this unit, make sure you can:

  
    	Summarise the principles of chemical reactions. Refer to level 2 subject outcome 6.3 unit 1 to revise this.

    	Explain molecules and molecular structure. Refer to level 3 subject outcome 5.2 unit 1 to revise this.

    	Describe electronegativity and polarity. Refer to level 3 subject outcome 5.2 unit 2 to revise this.

  

  Introduction

  Parts of the text in this unit were sourced from Siyavula Physical Science Gr 11 Learner’s Book, Chapter 3, released under a CC-BY licence.

  In this unit you will learn about how oxidation numbers are used to show how many electrons are lost or gained by an atom during the formation of a compound in a redox reaction.

  Oxidation-reduction reactions

  Oxidation – reduction (redox) reactions are a common type of reaction where one substance loses electrons (called oxidation) and another substance gains electrons (called reduction). Two further terms used in redox reactions are reducing agents and oxidising agents. An element that is oxidised is called a reducing agent, while an element that is reduced is called an oxidising agent.

  Examples of redox reactions include rusting, photosynthesis, combustion, and respiration.

  Redox reactions involve the exchange of electrons. One species loses electrons and becomes positively charged, while the other species gains electrons and becomes negatively charged. In a redox reaction the charges on the atoms involved will change because of the transfer of electrons. The more electronegative atom will gain electrons and the atom with the lower electronegativity will lose electrons. In the reaction between lithium and fluorine, the electronegativity of lithium is [image: \scriptsize 1.0] and the electronegativity of fluorine is [image: \scriptsize 4.0]. This means that lithium will readily lose an electron and fluorine will readily accept an electron. The lithium will be oxidised (it will lose its [image: \scriptsize \displaystyle 1] valence electron, and fluorine will be reduced (it will gain the electron from lithium). Because the lithium has lost an electron it will become an ion with a charge of [image: \scriptsize \displaystyle {{1}^{+}}]. The fluorine atom having gained an electron will become an ion with a charge of [image: \scriptsize \displaystyle {{1}^{-}}].

  
    [image: ]
    Figure 1: The redox reaction between lithium and fluorine

  

  The reaction stages are called half reactions:

  [image: \scriptsize \text{Li }\to \text{L}{{\text{i}}^{+}}+{{e}^{-}}] oxidation half reaction
[image: \scriptsize \text{F + }{{\text{e}}^{-}}\to {{\text{F}}^{-}}] reduction half reaction

  The lithium atom starts with a neutral charge, then loses an electron to become an ion with a charge of [image: \scriptsize \displaystyle {{1}^{+}}]. The fluorine atom starts with a neutral charge, then gains an electron to become an ion with a charge of [image: \scriptsize \displaystyle {{1}^{-}}].

  The number of electrons lost or gained is determined by the valency of the element. In the overall redox reaction, the total number of electrons lost must be equal to the total number of electrons gained.

  In another example, sodium metal is oxidised to form sodium oxide. The balanced equation for this is:
[image: \scriptsize \displaystyle \text{4Na+}{{\text{O}}_{2}}\to 2\text{N}{{\text{a}}_{\text{2}}}\text{O}]
 In the above reaction sodium and oxygen are both neutral and so have no charge.

  If we look at the half reactions:
[image: \scriptsize \text{2Na}\to 2\text{N}{{\text{a}}^{+}}+2{{e}^{-}}] the sodium is oxidised – it has lost electrons
[image: \scriptsize \text{O + 2}{{\text{e}}^{-}}\to {{\text{O}}^{{2-}}}] the oxygen is reduced – it has gained electrons

  
    [image: ]
    Figure 2: The ions formed in sodium oxide

  

  Because an oxygen atom has a valency of [image: \scriptsize \displaystyle 2], it will gain two electrons to become an ion with a charge of[image: \scriptsize \displaystyle {{2}^{-}}]. Sodium has a valency of [image: \scriptsize \displaystyle 1], so it can only lose one electron. Therefore two sodium atoms need to each donate one electron to balance the overall electron transfer.

  Rust occurs naturally when iron reacts with oxygen in the air to form iron oxide. Oxygen is a very good oxidizing agent whereas iron is a reducing agent. Therefore, the iron atom readily gives up electrons when exposed to oxygen. The chemical formula for iron oxide is [image: \scriptsize \text{F}{{\text{e}}_{\text{2}}}{{\text{O}}_{\text{3}}}]. This process will happen faster when water is involved:

  First iron is oxidised in water to form iron ions:

  
    [image: \scriptsize \text{2Fe}\to 2\text{F}{{\text{e}}^{{2+}}}+\text{ }4\text{e}-]
  

  Then the oxygen which is dissolved in water is reduced and hydroxide ions form:

  
    [image: \scriptsize {{\text{O}}_{\text{2}}}\text{+2}{{\text{H}}_{\text{2}}}\text{O}+4\text{e}-\to 4\text{O}{{\text{H}}^{-}}]
  

  Next the iron ion and the hydroxide ion react to form iron hydroxide:

  
    [image: \scriptsize \text{2F}{{\text{e}}^{{\text{2+}}}}\text{+4O}{{\text{H}}^{\text{-}}}\to \text{2Fe(OH}{{\text{)}}_{\text{2}}}]
  

  Then iron oxide reacts with oxygen to yield red rust:

  
    [image: \scriptsize \text{F}{{\text{e}}_{\text{2}}}{{\text{O}}_{\text{3}}}\text{.}{{\text{H}}_{\text{2}}}\text{O}]
  

  Note: It is important to remember that these reactions happen simultaneously.

  
    [image: ]
    Figure 3: A rusty padlock

  

  There is an easy mnemonic for remembering reduction and oxidation, OIL RIG:

  	O 	Oxidation 
 	I 	Is 
 	L 	Loss 
 	R 	Reduction 
 	I  	Is 
 	G 	Gain 
  

  
    
      
        [image: image]
      

      Exercise 3.1

    

    
      
      Choose the correct answer for each question.

      
        	Which change is oxidation? 	gain of electrons
	gain of hydrogen
	loss of oxygen
	loss of electrons



        	Oxidation and reduction occur: 	simultaneously.
	in separate reactions.
	on the product side of the reaction.



        	The species that is being reduced will have: 	a more negative charge after the reduction has occurred.
	a more positive charge after the reduction has occurred.
	no change in its charge after the reduction has occurred.



        	Simply stated, the gain of electrons is: 	reduction
	oxidation
	sublimation



        	A reducing agent is: 	the species which is gaining electrons.
	the species which is losing electrons.
	the latest anti-hero in a Marvel movie.



      

      The 
full solutions can be found at the end of the unit.
    

  

  Oxidation numbers

  An oxidation number is the charge an atom would have if it were in a compound composed of ions. By giving elements an oxidation number, it is possible to keep track of whether that element is losing or gaining electrons during a chemical reaction and whether given reactants are oxidised or reduced in a reaction. The loss of electrons in one part of the reaction must be balanced by a gain of electrons in another part of the reaction.

  
    [image: ]
    Figure 4: The oxidation states of groups

  

  

  This table in figure 4 is a generalisation which works in most instances, but elements such as carbon and sulfur can have different oxidation numbers depending on the elements or ions they are bonding with.

  Rules for assigning oxidation numbers

  There are several rules that you need to know about oxidation numbers, and these are listed below:

  
    	A molecule consisting of only one element always has an oxidation number of zero, since it is neutral. This applies even if the element is diatomic e.g. O2 or Cl2. These substances are called ‘free elements’.
 For example, the oxidation number of hydrogen (H2) is [image: \scriptsize \displaystyle 0]. The oxidation number of bromine (Br2) is also [image: \scriptsize \displaystyle ~0].

    	Monatomic ions (ions with only one element or type of atom) have an oxidation number that is equal to the charge on the ion.
 For example, the chloride ion Cl– has an oxidation number of [image: \scriptsize ^{-}1], and the magnesium ion Mg2+ has an oxidation number of [image: \scriptsize ^{+}2].

    	In a molecule or compound, the sum of the oxidation numbers for each element in the molecule or compound will be zero.
 For example, the sum of the oxidation numbers for the elements in water will be [image: \scriptsize 0].

    	In a polyatomic ion (an ion made of different elements) the sum of the oxidation numbers is equal to the charge.
 For example, the sum of the oxidation numbers for the elements in the sulfate ion ([image: \scriptsize \text{SO}_{4}^{{2-}}]) will be [image: \scriptsize {}^{-}2].

    	An oxygen atom in a compound usually has an oxidation number of [image: \scriptsize {}^{-}2] . One exception is in peroxides (e.g. hydrogen peroxide) when oxygen has an oxidation number of [image: \scriptsize ^{-}1].
 For example oxygen in water will have an oxidation number of [image: \scriptsize {}^{-}2] while in hydrogen peroxide (H2O2) it will have an oxidation number of [image: \scriptsize ^{-}1].

    	The oxidation number of hydrogen is often [image: \scriptsize ^{+}1]. One exception is in the metal hydrides where the oxidation number is [image: \scriptsize ^{-}1].
 For example, the oxidation number of the hydrogen atom in water is [image: \scriptsize ^{+}1], while the oxidation number of hydrogen in lithium hydride (LiH) is [image: \scriptsize ^{-}1].

    	The oxidation number for Fluorine is [image: \scriptsize ^{-}1].
 You will notice that some elements always have the same oxidation number while other elements can change oxidation numbers depending on the compound they are in.

  

  
    
      
        Summary of rules for specific atoms or periodic table groups
      

      The abbreviation O.N. stands for oxidation number

      A. For group 1: O.N. = [image: \scriptsize \displaystyle ^{+}1] in all compounds
 B. For group 2: O.N. = [image: \scriptsize \displaystyle ^{+}2] in all compounds
 C. For hydrogen: O.N. = [image: \scriptsize \displaystyle ^{+}1] in combination with non-metals
 O.N. = [image: \scriptsize \displaystyle ^{-}1] in combination with metals and boron
 D. For fluorine: O.N. = [image: \scriptsize \displaystyle ^{-}1] in all compounds
 E. For oxygen: O.N. = [image: \scriptsize \displaystyle ^{-}1] in peroxides
 O.N. = [image: \scriptsize \displaystyle ^{-}2] in all other compounds (except with F)
 F. For group 17: O.N. = [image: \scriptsize \displaystyle ^{-}1] in combination with metals, non-metals (except O), and other halogens lower in the group

    

  

  Let’s now look at an example.

  
    
      
        [image: image]
      

      Example 3.1

    

    
      What is the oxidation number of sulfur in a sulfate ion?

      
        Solution
      

      Step 1: Determine the oxidation number for each atom

      Oxygen will have an oxidation number of [image: \scriptsize {}^{-}2] (rule 5, this is not a peroxide). The oxidation number of sulfur at this stage is uncertain since sulfur does not have a set oxidation number.

      Step 2: Determine the oxidation number of sulfur by using the fact that the oxidation numbers of the atoms must add up to the charge on the compound

      In the polyatomic ion [image: \scriptsize \text{SO}_{4}^{{2-}}], the sum of the oxidation numbers must be [image: \scriptsize {}^{-}2] (rule 4).

      Let the oxidation number of sulfur be x. We know that oxygen has an oxidation number of [image: \scriptsize {}^{-}2] and since there are four oxygen atoms in the sulfate ion, then the sum of the oxidation numbers of these four oxygen atoms is [image: \scriptsize ^{-}8].

      Step 3: Put this information together

      
        [image: \scriptsize x+{{(}^{-}}8)x{{=}^{-}}2+8{{=}^{+}}6]
      

      So, the O.N. of sulfur is [image: \scriptsize ^{+}6] in a sulfate ion.

    

  

  
    
      
        [image: image]
      

      Example 3.2

    

    
      Give the oxidation number of both elements in ammonia (NH3).

      
        Solution
      

      Step 1: Determine the oxidation number for each atom

      Hydrogen will have an oxidation number of [image: \scriptsize {}^{+}1] (rule 6, ammonia is not a metal hydride). At this stage we do not know the oxidation number for nitrogen.

      Step 2: Determine the oxidation number of nitrogen

      Use the fact that the oxidation numbers of the atoms must add up to the charge on the compound.

      In the compound NH3, the sum of the oxidation numbers must be [image: \scriptsize 0] (rule 3).

      Let the oxidation number of nitrogen be x. We know that hydrogen has an oxidation number of [image: \scriptsize ^{+}1] and since there are three hydrogen atoms in the ammonia molecule, the sum of the oxidation numbers of these three hydrogen atoms is [image: \scriptsize ^{+}3].

      Step 3: Put this information together

      
        [image: \scriptsize x+{{(}^{+}}3)=0{{=}^{-}}3]
      

      So, the O.N. of nitrogen is [image: \scriptsize {}^{-}3].

      Hydrogen has an O.N. of [image: \scriptsize {}^{+}1] and nitrogen has an O.N. of [image: \scriptsize {}^{-}3] in NH3.

    

  

  
    
      
        [image: image]
      

      Example 3.3

    

    
      Give the oxidation numbers for all the atoms in sodium chloride (NaCl).

      
        Solution
      

      This is an ionic compound composed of Na+ and Cl– ions. Using rule 2, or the periodic table in figure 4, the oxidation number for the sodium ion is [image: \scriptsize {}^{+}1] and for the chlorine ion it is [image: \scriptsize {}^{-}1]. This then gives us a sum of [image: \scriptsize 0] for the compound.

      The O.N. for sodium is [image: \scriptsize {}^{+}1] and for chlorine it is [image: \scriptsize {}^{-}1] in NaCl.

    

  

  
    
      
        [image: image]
      

      Exercise 3.2

    

    
      
      
        	Which of the following statements is true? 	Hydrogen can only have one possible oxidation number.
	The oxidation number of chlorine is always [image: \scriptsize {}^{+}1].
	The oxidation number of oxygen is always [image: \scriptsize {}^{-}2].
	The oxidation number of fluorine is always [image: \scriptsize {}^{-}1].



        	What is the oxidation number of Ba in BaCl2? 	[image: \scriptsize {}^{+}2]
	[image: \scriptsize {}^{+}1]
	[image: \scriptsize {}^{-}2]
	[image: \scriptsize {}^{-}1]



        	When assigning oxidation numbers to elements in a compound, the sum of all the charges must equal: 	a positive value.
	zero.
	a negative value.



        	Give the oxidation number for each element in the following compounds: 	MgF2
	KCl
	CO2



      

      The 
full solutions can be found at the end of the unit.
    

  

  
    
      Note

    

    
      For a further explanation on oxidation numbers you can watch these two videos:

      
        Tyler DeWitt: How to Calculate Oxidation Numbers Introduction (Duration: 13.25) [image: How to Calculate Oxidation Numbers Introduction]


      

      
        Tyler DeWitt: How to calculate oxidation numbers Practice problems (Duration: 15.24) [image: How to calculate oxidation numbers Practice problems]


      

    

  

  Oxidation numbers and oxidation and reduction

  By looking at how the oxidation number of an element changes during a reaction, we can easily see whether that element is being oxidised (losing electrons) or reduced (gaining electrons).

  If the oxidation number of a species becomes more positive, the species has been oxidised and if the oxidation number of a species becomes more negative, the species has been reduced.

  
    
      
        [image: image]
      

      Example 3.4

    

    
      Explain the reaction between magnesium and chlorine to form magnesium chloride.

      
        Solution
      

      The chemical equation for this reaction is: [image: \scriptsize \text{Mg+C}{{\text{l}}_{\text{2}}}\to \text{MgC}{{\text{l}}_{\text{2}}}].

      As a reactant, magnesium has an oxidation number of zero, but as part of the product magnesium chloride, the element has an oxidation number of [image: \scriptsize {}^{+}2]. This indicates that magnesium has lost two electrons in the reaction and has therefore been oxidised (note how the oxidation number becomes more positive). This can be written as a half-reaction. The half-reaction for this change is: [image: \scriptsize \text{Mg}\to \text{M}{{\text{g}}^{{2+}}}+2{{e}^{-}}].

      As a reactant, chlorine has an oxidation number of zero, but as part of the product magnesium chloride, the element has an oxidation number of [image: \scriptsize ^{-}1]. This indicates that each chlorine atom has gained an electron and the element has therefore been reduced (note how the oxidation number becomes more negative). The half-reaction for this change is: [image: \scriptsize \text{C}{{\text{l}}_{\text{2}}}+2{{e}^{-}}\to 2\text{C}{{\text{l}}^{-}}]

    

  

  In the two half-reactions for a redox reaction the number of electrons donated is exactly the same as the number of electrons accepted. We will use this to help us balance redox reactions.

  Summary

  In this unit you have learnt the following:

  
    	An oxidation number is the charge an atom would have if it was in a compound composed of ions and is used to determine whether a substance has gained or lost electrons during a redox reaction.

  

  Unit 3: Assessment

  Suggested time to complete: 30 minutes

  
    	The oxidation number of any free element is: 	positive.
	zero.
	negative.



    	The oxidation number of any alkali metal ion is: 	[image: \scriptsize {}^{-}2]
	[image: \scriptsize 0]
	[image: \scriptsize {}^{+}1]



    	When assigning oxidation numbers to elements in covalent compounds, the __________ will have the negative oxidation number. 	more metallic element
	diatomic element
	more electronegative element



    	The goal of a redox reaction is to keep the number of electrons lost: 	less than the number of electrons gained.
	equal to the number of electrons gained.
	more than the number of electrons gained.



    	Consider the following chemical equations:
[image: \scriptsize \text{Fe}\to \text{F}{{\text{e}}_{2}}+2{{e}^{-}}]
[image: \scriptsize \text{4}{{\text{H}}^{+}}\text{+}{{\text{O}}_{2}}+4{{e}^{-}}\to 2{{\text{H}}_{\text{2}}}\text{O}]
.
 Which one of the following statements is correct? 	Fe is oxidised and H+ is reduced.
	Fe is reduced and O2 is oxidised.
	Fe is oxidised and O2 is reduced.
	Fe is reduced and H+ is oxidised.



    	What is the oxidation number of the oxygen atom in each of the following compounds? 	H2O2
	H2O



    	Give the oxidation numbers for each of the elements in the reaction to produce the compound carbon dioxide. State if there is any difference between the oxidation number of the element in the reactant and the element in the product and what this indicates about the transfer of electrons.
[image: \scriptsize \text{C+}{{\text{O}}_{2}}\to \text{C}{{\text{O}}_{2}}]

  

  The full solutions can be found at the end of the unit.

  Unit 3: Solutions

  Exercise 3.1

  
    	d. Loss of electrons. Oxidation – oxidation means the loss of electrons and can change an element to a positively charged ion

    	Oxidation and reduction occur: a. simultaneously – Redox half reactions happen at the same time

    	The species that is being reduced will have: a. a more negative oxidation state after the reduction has occurred. Reduction is the gaining of electrons – electrons are negatively charged.

    	Simply stated, the gain of electrons is: a. reduction

    	b. The species which is losing electrons. The reducing agent is the species which is being oxidised

  

  
    Back to Exercise 3.1
  

  Exercise 3.2

  
    	d – see rule 7

    	a – see rule 2

    	b – see rule 3

    	
      .
      
        	In the compound MgF2, the oxidation number of fluorine is [image: \scriptsize ^{-}1] (rule 7).
 Let the oxidation number of magnesium be x. We know that fluorine has an oxidation number of [image: \scriptsize ^{-}1] and since there are two fluorine atoms in the compound, the sum of the oxidation numbers of these two fluorine atoms is [image: \scriptsize {}^{-}2].
[image: \scriptsize x+({}^{-}2)=0={}^{+}2]
 So, the oxidation number of magnesium is [image: \scriptsize {}^{+}2].
 Magnesium has an oxidation number of [image: \scriptsize {}^{+}2] and fluorine has an oxidation number of [image: \scriptsize ^{-}1].

        	KCl is an ionic compound. Using rule 2, the oxidation number for K is [image: \scriptsize {}^{+}1] and for Cl it is [image: \scriptsize ^{-}1].
[image: \scriptsize {}^{+}1+{}^{-}1=0]
 So, the O.N. for K is [image: \scriptsize {}^{+}1] and for Cl it is [image: \scriptsize ^{-}1]

        	In the compound CO2, the sum of the oxidation numbers must be [image: \scriptsize \displaystyle 0] (rule 3).
 Let the oxidation number of carbon be x. We know that oxygen has an oxidation number of [image: \scriptsize {}^{-}2] and since there are two oxygen atoms in the molecule, then the sum of the oxidation numbers of these two oxygen atoms is [image: \scriptsize {}^{-}4].
[image: \scriptsize x+({}^{-}4)=0={}^{+}4]
 The O.N. of carbon is [image: \scriptsize {}^{+}4] and oxygen is [image: \scriptsize {}^{-}2] .

      

    

  

  
    Back to Exercise 3.2
  

  Unit 3: Assessment

  
    	b. zero

    	c. [image: \scriptsize {}^{+}1]

    	c. more electronegative element

    	b. equal to the number of electrons gained

    	c. Fe is oxidised and O2 is reduced

    	
      .
      
        	Hydrogen = [image: \scriptsize ^{+}1]. 2 x H =[image: \scriptsize {}^{+}2]. Oxygen = [image: \scriptsize x]
[image: \scriptsize 2x+({}^{+}2)x=0={}^{-}1]
 O.N. of oxygen is [image: \scriptsize {}^{-}1]

        	This compound is also not a peroxide, so the oxidation number of oxygen is [image: \scriptsize {}^{-}2] (rule 5).

      

    

    	O.N. of C = [image: \scriptsize x]
 O.N. of O2 = [image: \scriptsize ^{-}4]
[image: \scriptsize x+({}^{-}4)=0={}^{+}4]
 O.N. of C = [image: \scriptsize {}^{+}4]
 The oxidation number of carbon in the products is [image: \scriptsize 0] and in the reactants it is [image: \scriptsize {}^{+}4] The oxidation number has increased (become more positive). Carbon has lost electrons in an oxidation half reaction.
.
 The oxidation number of oxygen in the products is [image: \scriptsize 0] and in the reactants it is [image: \scriptsize {}^{-}2]. The oxidation number has decreased (become more negative). Oxygen has gained electrons in a reduction half reaction.

  

  
    Back to Unit 3: Assessment
  

  
    Media Attributions

    
      	Fig 1 © DHET is licensed under a CC BY (Attribution) license

      	Fig 2 © DHET is licensed under a CC BY (Attribution) license

      	Fig 3 © Zbysiu Rodak is licensed under a CC0 (Creative Commons Zero) license

      	Fig 4 © DHET is licensed under a CC BY (Attribution) license

    

  

  





  
  





Unit 4: Molecular shape
Emma Harrage



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify molecular shapes and give molecular examples for the shapes. Range: Molecular shapes are linear, angular, pyramidal, tetrahedral.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Understand molecular structure. Refer to level 3 subject outcome 5.2 unit 1 to revise this.

    	Understand electronegativity and polarity of molecules. Refer to level 3 subject outcome 5.2 unit 2 to revise this.

  

  Introduction

  Parts of the text in this unit were sourced from Siyavula Physical Science Gr 11 Learner’s Book, Chapter 3, released under a CC-BY licence.

  In this unit you will learn about molecular shape and give molecular examples for these shapes. The shape of a molecule is determined by electron pairs which repel each other to get as far away as possible from each other. Carbon dioxide will form a linear shape because the electron pairs on the oxygen atoms are trying to get as far away from each other as possible. Water forms an angular molecule because of the two electron

  Molecular shape

  Molecular shape (the shape that a single molecule has) is important in determining how the molecule interacts with other molecules around it. Molecular shape also influences the boiling point and melting point of the molecule. If all molecules were linear then life as we know it would not exist. Many of the varying properties of molecules are because of the particular shape that a molecule has. For example, if the water molecule were linear, it would be non-polar and so would not have all the special properties it has that make life possible on earth.

  
    [image: ]
    Figure 1: Water has an angular (bent) shape and is not linear

  

  The molecular geometries of molecules are determined by the number of lone pairs and bonding pairs on the central atom. The total number of electron pairs, both bonding pairs and lone pairs, lead to what is called the electron domain geometry. This determines the 3-D shape of the molecule.

  
    [image: ]
    Figure 2: In CO2, each double bond counts as one electron domain

  

  Electron domain geometry

  You know that when you hold two like poles of a magnet close to each other they will repel each other. Lone pairs of electrons repel each other in the same way.

  
    [image: ]
    Figure 3: Magnetic repulsion is caused when two of the same poles are held near each other

  

  An atom’s electron domain is the number of lone pairs or chemical bond locations that surround it. It represents the number of locations expected to contain electrons. By knowing the electron domain of each atom in a molecule, you can predict its geometry. This is because electrons distribute around an atom to minimise repulsion with one another.

  Electron repulsion is not the only factor that affects molecular geometry. Electrons are attracted to positively charged nuclei. The nuclei, in turn, repel each other. Electrons repel one another, so when they are placed near one another, they automatically organise themselves into a shape that minimises repulsions among them. This phenomenon is described as VSEPR, or valence shell electron pair repulsion.

  
    [image: ]
    Figure 4: Water’s shape comes from the two electron domains, and the repulsion caused by the two sets of lone pairs around the oxygen atom

  

  Valence shell electron pair repulsion (VSEPR) theory

  The shape of a covalent molecule can be predicted using the valence shell electron pair repulsion (VSEPR) theory. Very simply, VSEPR theory says that the valence electron pairs in a molecule will arrange themselves around the central atom(s) of the molecule so that the repulsion between their negative charges is as small as possible. In other words, the valence electron pairs arrange themselves so that they are as far apart as they can be.

  The central atom is the atom around which the other atoms are arranged. In a molecule of water, the central atom is oxygen. In a molecule of ammonia, the central atom is nitrogen.

  VSEPR theory is based on the idea that the geometry (shape) of a molecule is mostly determined by repulsion among the pairs of electrons around a central atom. The pairs of electrons may be bonding or lone pairs. Only valence electrons of the central atom influence the molecular shape in a meaningful way. Electrons generally try to maximise distance from each other, but they are influenced by other forces, such as the proximity and size of a positively charged nucleus.

  For example, a molecule with two bonding pairs and no lone pairs around the central atom has a linear shape. Beryllium hydride, pictured in figure 5, carbon dioxide and hydrogen cyanide, pictured in figure 6, are examples of a linear molecules.

  
    [image: ]
    Figure 5: Beryllium hydride is a linear molecule because there are two bonding pairs and no lone pairs

  

  
    [image: ]
    Figure 6: Hydrogen cyanide is a polar molecule which forms a linear shape

  

  A molecule with four electron pairs and no lone pairs around the central atom would have a tetrahedral shape (see figure 7).

  
    [image: ]
    Figure 7: A tetrahedral shape formed by compounds such as methane and carbon tetrachloride

  

  

  
    [image: ]
    Figure 8: Carbon tetrachloride has a tetrahedral shape because there are four electron pairs around the central atom of carbon

  

  When there is a combination of bonding pairs and lone pairs around a central atom, the geometry gets distorted because of the varying strength of repulsion between these pairs.
 The ammonia molecule contains three single bonds and one lone pair around one central nitrogen atom, so it has four electron domains around the central atom. The repulsion between the bonding pairs of electrons is not as strong as the repulsion between the lone pair and a bonding pair. This will distort the shape and the bond angle between the hydrogen atoms will decrease.

  
    [image: ]
    Figure 9: The molecular geometry of NH3 is called trigonal pyramidal

  

  VSEPR theory predicts these distortions by establishing an order of strength of repulsions and the amount of space occupied by different kinds of electron pairs. The order of electron-pair repulsions from greatest to least repulsion is:

  lone pair-lone pair > lone pair-bonding pair > bonding pair-bonding pair

  VSEPR theory predicts the arrangement of electron pairs around each central atom and thus the correct arrangement of atoms in a molecule. We should understand, however, that the theory only considers electron-pair repulsions. Other interactions, such as nuclear-nuclear repulsions and nuclear-electron attractions, are also involved in the final arrangement that atoms adopt in a particular molecular structure.

  Determining molecular shape

  
    	To predict the shape of a covalent molecule, follow these steps:

    	Draw the molecule using a Lewis diagram. Make sure that you draw all the valence electrons around the molecule’s central atom.

    	Count the number of electron pairs around the central atom.

  

  Determine the basic geometry of the molecule using the table below.
 Table 1 gives the common molecular shapes. In this table we use A to represent the central atom, X to represent the terminal atoms (i.e. the atoms around the central atom) and E to represent any lone pairs.

  Table 1: Common molecular shapes 	Number of bonding electron pairs 	Number of lone pairs 	Geometry 	Generic formula 	Common examples 
 	[image: \scriptsize 1\text{ or }2] 	[image: \scriptsize 0] 	linear 	AX or AX2 	CO2 
 	[image: \scriptsize 2] 	[image: \scriptsize 2] 	bent or angular 	AX2E2 	H2O 
 	[image: \scriptsize 4] 	[image: \scriptsize 0] 	tetrahedral 	AX4 	SF4 
  

  
    [image: ]
    Figure 10: Common molecular shapes

  

  Of these shapes, the ones with no lone pairs are called the ideal shapes. The two ideal shapes are: linear and tetrahedral.

  One important point to note about molecular shape is that all diatomic molecules (two identical atoms in a molecule) and molecules with only two atoms are linear. For example H2, HCl and Cl2 are all linear.

  
    [image: ]
    Figure 11: 3-D models of molecular shapes; the green balls represent the lone pairs (E), the white balls (X) are the terminal atoms, and the red balls (A) are the centre atoms

  

  
    
      
        [image: image]
      

      Example 4.1

    

    
      What is the molecular shape of Chlorine?

      
        Solution
      

      Step 1: Draw the molecule using a Lewis diagram

      
        [image: ]
      

      Step 2: Count the number of electron pairs around the atom

      There is one electron pair.

      Step 3: Determine the basic geometry of the molecule

      There is one electron pair and no lone pairs. Cl2 has the general formula: AX2. Using this information and table 1 we find that the molecular shape is linear.

      The molecular shape of Cl2 is linear.

    

  

  
    
      
        [image: image]
      

      Example 4.2

    

    
      What is the molecular shape of Ammonia?

      
        Solution
      

      Step 1: Draw the molecule using a Lewis diagram

      
        [image: ]
      

      Step 2. Count the number of electron pairs around the central atom

      There are four electron pairs.

      Step 3. Determine the basic geometry of the molecule

      There are three bonding electron pairs and one lone pair. The molecule has the general formula AX3E. Using this information and table 1 we find that the molecular shape is trigonal pyramidal.

      The molecular shape of NH3 is trigonal pyramidal.

    

  

  
    
      
        [image: image]
      

      Activity 4.1: Build molecular models

    

    
      Time required: 20 minutes

      
        What you need:
      

      
        	jelly tots or any soft sweets which come in different colours

        	toothpicks

      

      
        What to do:
      

      
        	Using two differently coloured jelly tots, build a model of CO2. 	What shape is the molecule?
	In your notebook, draw a Lewis structure and write down the shape.



        	Repeat step 1 for the following molecules, remembering to use different coloured jelly tots to represent the different elements: 	F2
	BeF2
	SO3
	GeF2



      

      Remember to use two toothpicks to represent a double bond and use table 1 to help you.

      
        What did you find?
      

      This is what your molecules should look like:

      
        [image: ]
      

    

  

  Summary

  In this unit you have learnt the following:

  
    	Valence shell electron pair repulsion (VSEPR) theory is a model in chemistry, which is used to predict the shape of individual molecules. VSEPR is based upon minimising the extent of the electron pair repulsion around the central atom being considered.

    	Electrons repel one another; hence, the most stable arrangement of a given number of electron pairs is the one that minimises the repulsions among them.

    	There are two types of valence shell electron pairs: bonding pairs and lone pairs.

    	It is common to represent bonding patterns by generic formulas such as AX4, Ax2E2, etc., in which ‘X’ stands for bonding pairs and ‘E’ denotes lone pairs. This convention is known as the ‘AXE Method’.

  

  Unit 4: Assessment

  Suggested time to complete: 30 minutes

  
    	Which one of the following is a linear molecule? 	HF
	BF3
	CH4
	CCl4



    	The shape of carbon dioxide is described as: 	linear
	angular
	tetrahedral
	trigonal planar



    	The molecule whose shape is based on lone pairs is: 	CH4
	CO2
	H2O
	SF6



    	Which of the following statements about H2S molecules is true? 	The -H-S bond angle is [image: \scriptsize \displaystyle 180^\circ].
	Their shape is based on them having two lone pairs and two double bond pairs.
	Their shape is based on them having one lone pair and two bonding pairs.
	They are tetrahedral.



    	What are lone pairs? Explain how lone pairs affect molecular geometry.

    	Determine the shape of the following molecules: 	H2O
	CH4
	C2H4



  

  The full solutions can be found at the end of the unit.

  Unit 4: Solutions

  Unit 4: Assessment

  
    	a

    	a

    	c

    	c

    	Lone pairs are two electrons which are not involved in the bonding in a molecule. They will repel the electrons in the bonding pair, causing the shape of a molecule to change.

    	
      .
      
        	angular

        	tetrahedral

        	linear

      

    

  

  
    Back to Unit 4: Assessment
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Unit 5: Polar and non-polar substances
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        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify polar and non-polar substances.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Understand molecules and molecular structure. Refer to level 3 subject outcome 5.2 unit 1 to revise this.

    	Understand electronegativity and polarity. Refer to level 3 subject outcome 5.2 unit 2 to revise this.

    	Understand shapes of molecules. Refer to level 3 subject outcome 5.2 unit 4 to revise this.

  

  Introduction

  In this unit you will learn about polar and non-polar substances. A polar substance is one which contains molecules that have oppositely charged sides. This arises when the covalent bonds are polar because electrons are not equally shared, and the shape of the molecule is asymmetrical. Non-polar substances have molecules that do not have oppositely charged sides because the covalent bonds are pure (electrons are shared equally) or they have polar bonds, but the molecular shape is symmetrical. Ionically bonded substances are also considered to be polar and there are separate ions with opposite charges.

  Polar and non-polar (pure) covalent bonds

  It is important to be able to determine if a molecule is polar or non-polar since the polarity of molecules affects properties such as solubility, melting points and boiling points.
 Polarity occurs when an atom or a molecule has both positive and negative charges, and it is the separation of the electric charge which leads a molecule to have a positive and negative end. The bond or the molecular polarities depend upon the electronegativities of the atoms or the molecules as well as the molecular shape.

  As we learnt in unit 2electronegativity can be used to explain the difference between two types of covalent bonds. If the electronegativity is less than [image: \scriptsize 0.4] then the bond formed is called a pure covalent bond, if the electronegativity is below [image: \scriptsize 1.7] the bond formed is polar and if the electronegativity difference is above [image: \scriptsize 1.7] the bond formed is ionic. Remember that bonds with an electronegative difference above [image: \scriptsize 1.6] and a metal element is involved, then the bond formed will be ionic.

  
    [image: ]
    Figure 1: Electronegativity plays an important role in the type of bonds formed between different elements

  

  	Electronegativity difference 	Type of bond 
 	[image: \scriptsize 0] 	Pure covalent 
 	[image: \scriptsize 0-1] 	Weak polar covalent 
 	[image: \scriptsize 1.1-1.9] 	Strong polar covalent 
 	[image: \scriptsize \ge 2.0] 	Ionic 
  

  Non-polar (pure) covalent bonds form between two identical non-metal atoms, for example H2, Cl2 and O2. Because the two atoms have the same electronegativity, the electron pair in the covalent bond is shared equally between them.

  If two different non-metal atoms bond, then the shared electron pair will be pulled more strongly by the atom with the higher electronegativity. As a result, a polar covalent bond is formed where one atom will have a slightly negative charge and the other a slightly positive charge.

  
    [image: ]
    Figure 2: A water molecule

  

  In a water molecule (see figure 2), the electrons from the two hydrogen atoms will spend more time orbiting the oxygen atom because it has a higher electronegativity.

  This slightly positive or slightly negative charge is known as a partial charge. These partial charges are represented using the symbols δ+ (slightly positive) and δ− (slightly negative).

  
    
      The δ symbol is pronounced ‘delta’

    

  

  
    [image: ]
    Figure 3: Non-polar covalent bonds have no charge on the atoms, whereas polar covalent bonds do

  

  Polar and non-polar molecules

  A non-polar molecule is one that does have sides with opposite charge. Either the bonds are non-polar or it is a symmetrical molecule with polar bonds. Examples include carbon dioxide, oxygen and methane. Simply put, a non-polar bond is formed when the electronegativity difference is zero.

  
    [image: ]
    Figure 4: The shared electron pair in a chlorine molecule, highlighted in red, are equally attracted to the nucleus of both atoms, which is what forms the pure covalent bond

  

  In figure 4, you can see the electrons being shared between two chlorine atoms. Because the electronegativity of the atoms is the same, the electrons will spend an equal amount of time close to both nuclei and they will both have a neutral charge. A pure covalent bond is formed by the equally strong electrostatic attraction between the shared pair of electrons and the nuclei of the bonded atoms. The molecule does not have oppositely charged ends and is therefore non-polar.

  Methane is another example of a non-polar molecule. Methane’s formula is CH4. It forms a symmetrical tetrahedral shape when bonded, and the C-H bonds have an electronegativity difference of [image: \scriptsize 0.4] so the bonds are polar. The H atoms will have a slightly positive charge. However, because of the symmetrical shape, the molecule does not have oppositely charged sides, therefore it is non-polar.

  
    [image: ]
    Figure 5: A molecule of methane showing its symmetrical shape

  

  A polar molecule is usually formed when the one end of the molecule is said to possess a positive charge and the opposite end of the molecule has a negative charge, creating electrical polarity. When a molecule has polar bonds, and the shape of the molecule is asymmetrical (linear with different atoms, pyramidal and angular), then the entire molecule will be a polar molecule.

  Water is the most common polar molecule. As described in figure 2, water is polar because the central atom, oxygen, has a higher electronegativity than the hydrogen atoms causing the electrons to spend more time orbiting the oxygen atom. The O-H bonds are polar. Because the shape of the molecule is asymmetrical, the molecule will also be polar.

  
    [image: ]
    Figure 6: The molecular shape of water is bent or angular giving the molecule an angular shape

  

  Some molecules with polar covalent bonds are polar molecules, for example water. But not all molecules with polar covalent bonds are polar, as illustrated in the methane example above. Another example is carbon dioxide. Although CO2 has two polar covalent bonds (between Cδ+ atom and the two Oδ− atoms), the molecule itself is not polar. The reason is that CO2 is a linear molecule, with both terminal atoms the same, and is therefore symmetrical, so there is no difference in charge between the two ends of the molecule.

  
    [image: ]
    Figure 7: The partial polarity of carbon dioxide

  

  A non-polar molecule can be formed in two ways: firstly, in a molecule with pure covalent bonds where the charge is equally spread across the molecule, for example oxygen, OR secondly, in a molecule with polar covalent bonds and a symmetrical shape where the charge is the same on opposite sides of the molecule, for example carbon dioxide.

  Polarity of molecules determines their solubility. In a solution, a solute consisting of polar molecules cannot dissolve in a solvent that has non-polar molecule. For example, consider water and oil. In this solution, water is a polar molecule whereas oil behaves as a non-polar molecule. Fats, petrol, oil, gasoline are non-polar molecules, so they do not dissolve in water. Ionic substances (salts) are classified as polar because of the oppositely charged ions and will therefore dissolve in water. Ethanol has both polar and non-polar characteristics so it will allow both polar and non-polar substances to dissolve in it.

  How to determine whether a molecule is polar or non-polar

  The following method will help you determine whether a molecule is polar or non-polar.

  
    	Draw a Lewis diagram.

    	Use the electronegativity difference to determine if the covalent bonds are polar or pure.

    	If the bonds are pure covalent, the molecule will be non-polar.

    	If the bonds are polar covalent, use VSEPR to determine the shape of the molecule.

    	If the shape is symmetrical (linear with both atoms the same or tetrahedral), the molecule will be non-polar.

    	If the shape is asymmetrical (angular or pyramidal), the molecule will be polar.

  

  
    
      
        [image: image]
      

      Example 5.1

    

    
      Is hydrogen a polar molecule?

      
        Solution
      

      Step 1: Determine the shape of the molecule

      The molecule is linear because there is one bonding pair of electrons and no lone pairs.

      Step 2: Write down the electronegativities of each atom

      Hydrogen: [image: \scriptsize 2.1]

      Step 3: Determine the electronegativity difference for each bond

      There is only one bond and the difference is [image: \scriptsize \displaystyle 0].

      Step 4: Determine the polarity of each bond

      The bond is non-polar (pure). Therefore the molecule is non-polar.

    

  

  
    
      
        [image: image]
      

      Example 5.2

    

    
      Is methane a non-polar molecule?

      
        Solution
      

      Step 1: Determine the shape of each molecule

      The molecule is tetrahedral because there are four bonding pairs of electrons and no lone pairs.

      Step 2: Determine the electronegativity difference for each bond

      There are four bonds. Since each bond is between carbon and hydrogen, we only need to calculate one electronegativity difference. This is [image: \scriptsize 2.5-2.1=0.4].

      Step 3: Determine the polarity of each bond

      Each bond is polar because the difference in electronegativity is [image: \scriptsize 0.4]. However, the molecule has a tetrahedral shape which is symmetrical, so the molecule is non-polar.

    

  

  
    
      
        [image: image]
      

      Example 5.3

    

    
      Is hydrogen cyanide (HCN) a polar or non-polar molecule?

      
        Solution
      

      Step 1: Determine the shape of the molecule

      
        [image: ]
      

      The molecule is linear with different atoms on each end. There are four bonding pairs, three of which form a triple bond and so are counted as one. There is one lone pair on the nitrogen atom.

      Step 2: Determine the electronegativity difference and polarity for each bond

      There are two bonds. One between hydrogen and carbon and the other between carbon and nitrogen. The electronegativity difference between carbon and hydrogen is [image: \scriptsize \displaystyle 0.4] (H side will have a partial positive charge) and the electronegativity difference between carbon and nitrogen is [image: \scriptsize \displaystyle 0.5] (N side will have a partial negative charge). Both bonds are polar.

      Step 3: Determine the polarity of the molecule

      The molecule is not symmetrical because there are two different elements around the central atom, so the molecule is polar.

    

  

  
    
      
        [image: image]
      

      Exercise 5.1

    

    
      
      
        	Copy the table below into your notebook and complete it:
	Geometry  	Molecule  	Symmetrical or asymmetrical 	Polar or non-polar molecule 
 	Linear 	CO2 	 	 
 	Linear 	O2 	 	 
 	Bent/angular 	GeF2 	 	 
 	Trigonal pyramidal 	NH3 	 	 
  


        	In a molecule of hydrogen chloride: 	What is the electronegativity of hydrogen?
	What is the electronegativity of chlorine?
	Which atom will have a slightly positive charge, and which will have a slightly negative charge in the molecule? Represent this on a sketch of the molecule using symbols for partial charges.
	Is the bond a non-polar or polar covalent bond?
	Is the molecule polar or non-polar?



      

      The 
full solutions can be found at the end of the unit.
    

  

  
    
      Note

    

    
      For a further explanation about electronegativity, molecular shape, and polarity you can watch this video, SnapRevise Electronegativity and bond polarity.

      
        SnapRevise Electronegativity and bond polarity (Duration: 15.44) [image: SnapRevise Electronegativity and bond polarity]


      

    

  

  Summary

  In this unit you have learnt the following:

  
    	Electronegativity is a chemical property that describes the power of an atom to attract bonding pairs of electrons towards itself in a chemical bond.

    	Electronegativity can be used to explain the difference between two types of covalent bonds: polar covalent bonds (between non-identical atoms) and non-polar or pure covalent bonds (between identical atoms or atoms with the same electronegativity).

    	A polar molecule is one that has one end with a slightly positive charge, and one end with a slightly negative charge. Examples include water, ammonia, and hydrogen chloride.

    	A non-polar molecule is one where the charge is equally spread across the molecule or a symmetrical molecule with polar bonds. Examples include carbon dioxide and methane

  

  Unit 5: Assessment

  Suggested time to complete: 30 minutes

  
    	Which one of the following molecules is linear? 	Cl2O
	CO2
	SO2
	H2



    	Which is the correct description of polarity in F2 and HF molecules? 	Both molecules are polar.
	Only one of the molecules is polar.
	Neither molecule contains a polar bond.
	Both molecules contain a polar bond.



    	Which of the following substances is made up of molecules containing polar covalent bonds? 	Water
	Calcium oxide
	Chlorine
	Sodium bromide



    	For a covalent bond to be non-polar, the bonding atoms must have the same: 	number of neutrons
	electronegativity
	number of valence electrons
	atomic radius



    	The polarity of a bond between two elements can be best determined by: 	The difference in electronegativity between the elements.
	The difference in first ionisation energy between the elements.
	The number of electrons shared in the bond.
	The difference in atomic radius between the elements.



    	The ability of an atom to attract bonding pairs of electrons to itself is called: 	Geometry
	Conductivity
	Electronegativity
	Ionisation energy



    	What kind of compound is CO2? 	Non-polar molecule with polar bonds
	Polar molecule with polar bonds
	Ionic
	Polar molecule with non-polar bonds



    	Phosphine is a compound of phosphorus and hydrogen. It is a highly toxic gas with the formula PH3. 	The shape of a molecule of phosphine is likely to be: 	bent
	pyramidal
	tetrahedral
	linear


	Draw a diagram of PH3, showing its correct shape.
	Is the molecule polar or non-polar? Explain your answer.



    	Complete the table below:
	Molecule  	Difference in electronegativity between atoms 	Non-polar/polar covalent bond 	Polar/non-polar molecule 
 	H2O 	 	 	 
 	HBr 	 	 	 
 	F2 	 	 	 
 	C2H2 	 	 	 
  


  

  The full solutions can be found at the end of the unit.

  Unit 5: Solutions

  Exercise 5.1

  
    	
      .
      

      	Geometry  	Molecule  	Symmetrical or asymmetrical 	Polar or non-polar molecule 
 	Linear 	CO2 	Symmetrical 	Non-polar 
 	Linear 	O2 	Symmetrical 	Non-polar 
 	Bent/angular 	GeF2 	Not symmetrical 	Polar 
 	Trigonal pyramidal 	NH3 	Not symmetrical 	Polar 
  

    

    	
      .
      
        	
          [image: \scriptsize 2.1]
        

        	
          [image: \scriptsize 3.0]
        

        	The electronegativity of chlorine is higher than the electronegativity of hydrogen so the electrons will spend more time orbiting the chlorine atom making the chlorine side more negative and the hydrogen side more positive.
[image: ]

        	The bond is polar because the electrons will spend more time around the nucleus of the chlorine atom.
[image: \scriptsize 3.0-2.1=0.9] The bond is weakly polar.

        	The molecule is linear, but it is a polar molecule.

      

    

  

  
    Back to Exercise 5.1
  

  Unit 5: Assessment

  
    	b

    	b

    	a

    	b

    	a

    	c

    	a

    	
      .
      
        	ii

        	
          .
          

          [image: ]
        

        	Electronegativity of P = [image: \scriptsize 2.1]
 Electronegativity of H = [image: \scriptsize 2.1]
[image: \scriptsize 2.1-2.1=0]
 PH3 is non-polar

      

    

    	
      .
      

      	Molecule  	Difference in electronegativity between atoms 	Non-polar/polar covalent bond 	Polar/non-polar molecule 
 	H2O 	[image: \scriptsize 3.5-2.1=1.4] 	Polar covalent bond 	Polar molecule. Water has a bent or angular shape. 
 	HBr 	[image: \scriptsize 2.8-2.1=0.7] 	Polar covalent bond 	Polar molecule. Hydrogen bromide is linear but not symmetrical. 
 	F2 	[image: \scriptsize 4.0-4.0=0] 	Pure covalent bond 	Non-polar molecule 
 	C2H2 	[image: \scriptsize 2.5-2.1=0.4] 	Polar covalent bond 	Non-polar molecule. The molecule is tetrahedral and symmetrical. 
  

    

  

  
    Back to Unit 5: Assessment
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XIII
Mechanical Properties of matter: State, analyse and explain change of state due to molecular forces


  
  
    
      
        [image: image]
      

      Subject outcome

    

    
      Subject outcome 5.3: State, analyse and explain change of state due to molecular forces

    

  

  
    
      
        [image: image]
      

      Learning outcomes

    

    
      
        	Describe and distinguish between intermolecular bonding and intramolecular forces.

        	Identify the types of intramolecular forces: hydrogen bonding and van der Waals forces and illustrate with examples.

        	Explain the physical state of matter with reference to intramolecular forces and illustrate with examples.

        	Use boiling point of group- 5, 6, 7 hydrides to differentiate between the strength of hydrogen and van der Waals forces and the effect of mass on the boiling point.

      

    

  

  
    
      
        [image: image]
      

      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Describe and identify intermolecular bonding.

        	Describe and identify intramolecular forces.

        	Describe and identify hydrogen bonding.

        	Describe and identify van de Waal’s forces.

      

    

  

  
    
      
        [image: image]
      

      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Understand and identify that intramolecular forces act within physical states of matter.

        	Understand and identify the effect molecular mass has on boiling point.

        	Understand and identify that the strength of both hydrogen bonds and van der Waals forces affect the boiling point of elements in groups [image: \scriptsize \displaystyle 15-17].

      

    

  

  






Unit 1: Thermal properties of solids and liquids
Emma Harrage



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Describe and identify intermolecular bonding.

        	Describe and identify intramolecular forces.

        	Describe and identify hydrogen bonding.

        	Describe and identify van de Waal’s forces.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Identify the differences between solids, liquids, and gases. Refer to level 2 subject outcome 5.1 unit 1 to revise this.

    	Explain covalent and ionic bonding. Refer to level 2 subject outcome 5.4 unit 3 to revise this.

    	Understand electronegativity and polarity. Refer to level 3 subject outcome 5.2 unit 2 to revise this.

    	Define polarity and polar molecules. Refer to level 3 subject outcome 5.2 unit 5 to revise this.

    	Explain molecular shape. Refer to level 3 subject outcome 5.2 unit 4 to revise this.

  

  Introduction

  In this unit you will learn about different types of intermolecular and intramolecular bonding. Intermolecular refers to the bonding between atoms to form molecules and intramolecular bonding forms when molecules stick together because of electrostatic forces.

  
    
      Note

    

    
      The prefix ‘inter’ means between or amongst.

      The prefix ‘intra’ means within.

    

  

  Inter molecular and intramolecular forces

  Intramolecular forces are the forces between atoms in a molecule, commonly called bonding. There are three types of intramolecular forces: ionic bonding, covalent bonding, and metallic bonding. Intramolecular forces are those within the molecule that keep the molecule together, for example in water, the intramolecular force is the bond between the atoms of hydrogen and oxygen.

  Intermolecular forces are forces that act between the particles of a substance, regardless of whether these particles are molecules, atoms, or ions. Intermolecular forces are electrostatic forces of attraction that may exist between the atoms and molecules of a substance. These forces hold particles close together. As the kinetic energy of the particles increases, these forces can be overcome and the distance between particles will increase.

  As we learnt in level 2 subject outcome 5.1 unit 1, particles in a solid are tightly packed together and often arranged in a regular pattern; in a liquid, they are close together with no regular arrangement; in a gas, they are far apart with no regular arrangement. Particles in a solid vibrate about fixed positions and do not generally move in relation to one another; in a liquid, they move past each other but remain in essentially constant contact; in a gas, they move independently of one another except when they collide.

  The differences in the properties of a solid, liquid, or gas reflect the strengths of the attractive forces between the atoms, molecules, or ions that make up each phase. The phase in which a substance exists depends on the extent of its intermolecular forces and the kinetic energy of its molecules.

  
    [image: ]
    Figure 1: The changes in the physical state of a substance may be induced by changing the kinetic energy (KE); increasing the kinetic energy of a substance reduces the intermolecular forces (IMF) between the particles in the substance

  

  Intermolecular forces determine bulk properties such as the melting points of solids and the boiling points of liquids. Liquids boil when the molecules have enough thermal energy to overcome the intermolecular attractive forces that hold them together, thereby forming bubbles of vapour within the liquid. Similarly, solids melt when the molecules acquire enough thermal energy to overcome the intermolecular forces that lock them into place in the solid.

  Intermolecular forces come from the interaction between positively and negatively charged species or positively and negatively charged poles on molecules. Like covalent and ionic bonds, intermolecular interactions are the sum of both attractive and repulsive components. Because electrostatic interactions fall off rapidly with increasing distance between molecules, intermolecular interactions are most important for solids and liquids, where the molecules are close together. These interactions become important for gases only at very high pressures. We can also liquefy many gases by compressing them if the temperature is not too high. The increased pressure brings the molecules of a gas closer together, such that the attractions between the molecules become strong relative to their KE.Consequently, they form liquids. Butane is the fuel used in disposable lighters and is a gas at standard temperature and pressure. Inside the lighter’s fuel compartment, the butane is compressed to a pressure that results in its condensation to the liquid state.

  When gaseous water is cooled sufficiently, the attractions between H2O molecules will be capable of holding them together when they come into contact with each other; the gas condenses, forming liquid H2O.

  
    [image: ]
    Figure 2: Liquid water forms on the outside of a cold glass as the water vapour in the air is cooled by the cold glass

  

  Intermolecular forces are a microscopic property which affects the macroscopic behaviour of substances. If a substance has weak intermolecular forces, then it will evaporate easily. Substances with weak intermolecular forces also have low surface tension and do not rise as far up in narrow tubes as substances with strong intermolecular forces. Boiling points are lower for substances with weak intermolecular forces. Substances are more likely to be soluble in liquids with similar intermolecular forces.

  Polarity and intermolecular forces

  As we learnt in subject outcome 5.2 unit 5, molecules can be either polar or non-polar. A polar molecule is one in which there are polar bonds (there is a difference in electronegativity between the atoms in the molecule, such that the shared electron pair spends more time close to the atom that attracts it more strongly) and the shape of the molecule is asymmetrical. The result is that one end of the molecule will have a slightly positive charge ([image: \scriptsize \displaystyle {{\delta }^{+}}]), and the other end will have a slightly negative charge ([image: \scriptsize \displaystyle {{\delta }^{-}}]). The molecule is said to be a dipole.

  Polar bonds form between atoms, and polar molecules are formed when the bond forms a dipole moment. A dipole moment arises in any system when there is a separation of charge. This means they can form in ionic bonds as well as in covalent bonds. Dipole moments occur due to the difference in electronegativity between two chemically bonded atoms.

  A bond dipole moment is a measure of the polarity of a chemical bond between two atoms in a molecule. It involves the concept of an electric dipole moment, which is a measure of the separation of negative and positive charges in a system.

  It is important to be able to recognise whether the molecules in a substance are polar or non-polar because this will determine what type of intermolecular forces there are and the polarity of molecules affects properties such as solubility, melting points and boiling points.

  Water is polar because of polar bonding and the bent shape of the molecule. The shape means most of the negative charge is on the oxygen side of the molecule and the positive charge is on the hydrogen side of the molecule.

  
    [image: ]
    Figure 3: The intermolecular forces between two molecules of water are the result of the negative charge on the oxygen of one of the molecules and the positive charge on the hydrogen of the other molecule

  

  Because chlorine is more electronegative than hydrogen, chlorine in the HCl molecule polarises electron density towards itself. Therefore, the H−Cl molecule is a polar covalent molecule, in which the electronegative chlorine atom strongly polarises electron density.

  
    [image: ]
    Figure 4: An example of a dipole-dipole interaction can be seen in hydrogen chloride (HCl): the relatively positive end of a polar molecule will attract the relatively negative end of another HCl molecule

  

  A dipole molecule is a molecule that has two (di) poles. One end of the molecule is slightly positive and the other is slightly negative. It is important to remember that just because the bonds within a molecule are polar, the molecule itself may not necessarily be polar. The shape of the molecule may also affect its polarity. The interaction between the two dipoles is an attraction rather than a bond because no electrons are shared between the two molecules.

  Under appropriate conditions, the attractions between all gas molecules will cause them to form liquids or solids. This is due to intermolecular forces.

  
    [image: ]
    Figure 5: Intramolecular forces keep a molecule intact; intermolecular forces hold multiple molecules together and determine many of a substance’s properties

  

  The strengths of these attractive forces vary widely, though usually the intermolecular forces (IMFs) between small molecules are weak compared to the intramolecular forces that bond atoms together within a molecule.

  
    
      
        [image: image]
      

      Activity 1.1: Investigate evaporation and to determine the relationship between evaporation and intermolecular forces

    

    
      Time required: Up to an hour

      
        What you need:
      

      
        	[image: \scriptsize \displaystyle 20\text{ ml}] of ethanol

        	[image: \scriptsize \displaystyle 20\text{ ml}] water

        	[image: \scriptsize \displaystyle 20\text{ ml}] nail polish remover (acetone)

        	[image: \scriptsize \displaystyle 20\text{ ml}] methylated spirits

        	[image: \scriptsize 4] shallow basins, saucers, or side plates

        	a permanent marker

        	a stopwatch/timer

      

      
        What to do:
      

      
        	Copy the table below into your notebook to record your results.

        	Place [image: \scriptsize \displaystyle 20\text{ ml}] of each substance required in separate identical evaporating dishes.

        	Carefully move each dish to a warm and sunny spot.

        	Mark the level of liquid in each dish using a permanent marker.

        	Observe each dish every minute and note which liquid evaporates fastest.

      

      	 	Level after (mins): 
 	Substance 	[image: \scriptsize 1] 	[image: \scriptsize 2] 	[image: \scriptsize 3] 	[image: \scriptsize 4] 	[image: \scriptsize 5] 
 	Water 	 	 	 	 	 
 	Ethanol 	 	 	 	 	 
 	Acetone 	 	 	 	 	 
 	Methylated spirits 	 	 	 	 	 
  

      You do not need to measure the level of the liquid, but rather just write how much the level had dropped (e.g. for water you might write ‘did not notice any decrease in the level’ or for ethanol you might write ‘almost all the liquid had evaporated’).

      
        What did you find?
      

      Water takes the longest time to evaporate, and the acetone takes the least amount of time.

      Water has strong intermolecular forces (hydrogen bonds). Ethanol ([image: \scriptsize \displaystyle \text{C}{{\text{H}}_{3}}\text{C}{{\text{H}}_{2}}\text{OH}]) and methylated spirits, which is a mixture of ethanol with some methanol ([image: \scriptsize \displaystyle \text{C}{{\text{H}}_{3}}\text{OH}]) both have hydrogen bonds, but these are slightly weaker than the hydrogen bonds in water. Acetone ([image: \scriptsize \displaystyle \text{C}{{\text{H}}_{3}}\text{COC}{{\text{H}}_{3}}]) has dipole-dipole forces only and so evaporates quickly.

      Substances with weaker intermolecular forces evaporate faster than substances with stronger intermolecular forces.

    

  

  Types of intermolecular forces

  It is important to remember that just because the bonds within a molecule are polar, the molecule itself may not necessarily be polar. As we learnt in subject outcome 5.2 unit 5, the shape of the molecule may also affect its polarity. Molecules will be polar if the bonds are polar, and the shape of the molecule is not symmetrical. So linear and tetrahedral shaped molecules are not polar but bent and triagonal pyramidal are.

  Van der Waals forces

  Van der Waals forces only occur in covalently bonded molecules, and they are weaker than normal covalent and ionic bonds. They are all short-range forces and hence only interactions between the nearest particles need to be considered (instead of all the particles). Van der Waals attraction is greater if the molecules are closer.

  
    	Ion-dipole force: this type of intermolecular force exists between an ion and a dipole (polar) molecule. A positive ion will be attracted to the negative pole of the polar molecule, while a negative ion will be attracted to the positive pole of the polar molecule. This can be seen when sodium chloride (NaCl) dissolves in water. The positive sodium ion (Na+) will be attracted to the slightly negative oxygen atoms in the water molecule, while the negative chloride ion (Cl–) is attracted to the slightly positive hydrogen atoms. These intermolecular forces weaken the ionic bonds between the sodium and chloride ions so that the sodium chloride dissolves in the water.
[image: ]Figure 6: Ion-dipole forces in a sodium chloride solution



    	Dipole-dipole force: when one dipole molecule comes into contact with another dipole molecule, the positive pole of the one molecule will be attracted to the negative pole of the other, and the molecules will be held together in this way. Examples of materials/substances that are held together by dipole-dipole forces are [image: \scriptsize \displaystyle \text{HCl}], [image: \scriptsize \displaystyle \text{S}{{\text{O}}_{\text{2}}}] and [image: \scriptsize \displaystyle \text{C}{{\text{H}}_{\text{3}}}\text{Cl}].
[image: ]Figure 7: Two arrangements of polar molecules, such as HCl, that allow an attraction between the partial negative end of one molecule and the partial positive end of another



    	Ion-induced dipole force: this force is similar to an ion-dipole force, and exists between ions and non-polar molecules. The ion induces a dipole in the non-polar molecule leading to a weak, short-lived force which holds the particles together. These forces are found in haemoglobin (the molecule that carries oxygen around your body). Haemoglobin has [image: \scriptsize \displaystyle \text{F}{{\text{e}}^{{\text{2+}}}}] ions. Oxygen ([image: \scriptsize \displaystyle {{\text{O}}_{\text{2}}}]) is attracted to these ions by ion-induced dipole forces.

    	Induced dipole force: this force is also known as a London force, or a dispersion force. In non-polar molecules the electronic charge is usually evenly distributed but it is possible that at a particular moment in time, the electrons might not be evenly distributed (remember that the electrons are always moving in their orbitals). The molecule will become a temporary dipole; opposite ends of the molecules have a slight charge, either positive or negative. When this happens, molecules that are next to each other attract each other very weakly. These forces are found in the halogens (e.g. F2 and Cl2) and in other non-polar molecules such as carbon dioxide and carbon tetrachloride.
.
 All covalent molecules have induced dipole forces. For non-polar covalent molecules, these forces are the only intermolecular forces. For polar covalent molecules, dipole-dipole forces are found in addition to the induced dipole forces. When the noble gases condense, the intermolecular forces that hold the liquid together are induced dipole forces. [image: ]Figure 8: The result of the development of many temporary dipoles is a series of brief dispersion forces

.
 Induced dipole forces are very weak because the charges that generate these forces are not long lasting and disappear as quickly as they are formed. Large molecules tend to have a greater surface area for dispersion forces to form and therefore the forces acting between the molecules, although weak, are slightly stronger than the forces between smaller molecules.


    	Dipole-induced dipole force: this type of force occurs when a dipole molecule induces a dipole in a non-polar molecule. This is like an ion-induced dipole force. An example of this type of force is chloroform (CHCl3) and carbon tetrachloride (CCl4).

  

  
    
      
        [image: image]
      

      Take note!

    

    
      The three forces (dipole-dipole forces, dipole-induced dipole forces and induced dipole forces) are collectively known as van der Waals forces.

    

  

  
    	Hydrogen bond: this is a special type of dipole-dipole force, that develops between molecules containing a hydrogen atom covalently bonded to another highly electronegative atom (F, O or N).
.
 Water molecules for example, are held together by hydrogen bonds between the hydrogen atom of one molecule and the oxygen atom of another. Hydrogen bonds are a relatively strong intermolecular force and are stronger than other dipole-dipole forces. It is important to note however, that hydrogen bonds are weaker than the covalent and ionic bonds that exist between atoms. As a result of hydrogen bonding, molecules such as water (H2O), ammonia (NH3) and hydrogen fluoride (HF) have much higher boiling points and melting points than expected for such small molecules. [image: ]Figure 9: Water is a covalently bonded molecule held together by intramolecular forces, shown with the blue lines; the hydrogen bonds between the molecules of water are shown with the red dashed lines



  

  
    
      
        [image: image]
      

      Take note!

    

    
      It is important to note that a hydrogen bond is not an actual bond, it is an intermolecular force.

    

  

  
    
      Note

    

    
      To consolidate your understanding of intermolecular forces you can watch this video by Snaprevise: Intermolecular forces.

      
        Intermolecular forces (Duration: 21.18) [image: Intermolecular forces]


      

    

  

  
    [image: ]
    Figure 10: A summary of how to determine the type of intermolecular force present in a substance

  

  
    
      
        [image: image]
      

      Example 1.1

    

    
      Which intermolecular forces are found in carbon tetrachloride (CCl4)?

      
        Solution
      

      Step 1: Think about what you know about the molecule

      Carbon has an electronegativity of [image: \scriptsize \displaystyle 2.5]. Chlorine has an electronegativity of [image: \scriptsize \displaystyle 3.0]. The electronegativity difference between a carbon atom and a chlorine atom is [image: \scriptsize 3.0-2.5=0.5]. Therefore the bonds will be polar.

      Step 2: Is the molecule polar?

      We know that the bond between carbon and chlorine is polar, but the molecule of CCl4 is nonpolar because it has a symmetrical tetrahedral shape.

      
        [image: ]
      

      Step 3: Decide which intermolecular forces are found in CCl4

      Carbon tetrachloride is non-polar and so the only kind of force that can exist is induced dipole forces (or London forces).

    

  

  Here is a tabulated summary of the intramolecular and intermolecular forces.

  	Intramolecular forces 	Intermolecular forces 
 	Forces between atoms 	Forces between molecules 
 	Strong forces 	Weak forces 
 	Short distance between atoms 	Larger distances than in intramolecular forces 
 	Covalent
 Ionic
 Metallic 	Ion-dipole
 London forces
 Dipole-dipole
 Hydrogen bonds 
  

  
    
      
        [image: image]
      

      Exercise 1.1

    

    
      
      
        	Give one word or term for each of the following descriptions: 	The attractive force that exists between molecules.
	A molecule that has an unequal distribution of charge.



        	Thato states that van der Waals forces include ion-dipole forces, dipole-dipole forces, and induced dipole forces.
.
 Simphiwe states that van der Waals forces include ion-dipole forces, ion-induced dipole forces and induced dipole forces.
.
 Thabile states that van der Waals forces include dipole-induced dipole forces, dipole-dipole forces, and induced dipole forces.
.
 Who is correct and why?

        	Theo and Bongani are arguing about which molecules have which intermolecular forces. They have drawn up the following table:
	Compound  	Type of force 
 	Potassium iodide in water (KI(aq)) 	dipole-induced dipole forces 
 	Hydrogen sulfide (H2S) 	induced dipole forces 
 	Helium (He) 	ion-induced dipole forces 
 	Ammonia (NH3) 	Dipole-dipole forces 
  
	Theo says that hydrogen sulfide is non-polar and so has induced dipole forces. Bongani says hydrogen sulfide is polar and has dipole-dipole forces. Who is correct and why?
	Bongani says that helium (He) is an ion and so has ion-induced dipole forces. Theo says helium is non-polar and has induced dipole forces. Who is correct and why?
	They both agree on the rest of the table. However, they have not got the correct force for potassium iodide in water (KI(aq)). What type of force exists in this compound?



      

      The 
full solutions can be found at the end of the unit.
    

  

  Summary

  In this unit you have learnt the following:

  
    	Intermolecular forces occur between molecules.

    	Intermolecular forces are the forces that hold the atoms in molecules together.

    	The type of intermolecular force in a substance depends on the nature of the molecules.

    	Polar molecules have an unequal distribution of charge, meaning that one part of the molecule is slightly positive, and the other part is slightly negative. The molecule is said to be a dipole.

    	Non-polar molecules have an equal distribution of charge.

    	There are five types of intermolecular forces: ion-dipole forces, ion-induced-dipole forces, dipole-dipole forces, dipole-induced dipole forces and induced dipole forces.

    	Ion-dipole forces exist between ions and polar (dipole) molecules. The ion is attracted to the part of the molecule that has an opposite charge to its own.

    	Ion-induced dipole forces exist between ions and non-polar molecules. An ion induces a temporary dipole in the non-polar molecule.

    	Dipole-dipole forces exist between two polar (dipole) molecules.

    	Dipole-induced dipole forces exist between a polar molecule and a non-polar molecule.

    	Induced dipole forces exist between two non-polar molecules.

    	Dipole-dipole forces, dipole-induced dipole forces and induced dipole forces are collectively called van der Waals forces.

    	Hydrogen bonds are a type of dipole-dipole force that occurs when a hydrogen atom is bonded to a highly electronegative atom (oxygen, fluorine, nitrogen). The hydrogen atom on one molecule is attracted to the electronegative atom on a second molecule.

    	Intermolecular forces affect the properties of substances.

    	In general, substances with larger molecules have stronger intermolecular forces than substances with smaller molecules.

  

  Unit 1: Assessment

  Suggested time to complete: 25 minutes

  
    	Which of these is not an intermolecular force? 	Dipole-dipole forces
	London dispersion forces
	Covalent bonding
	Hydrogen bonding



    	Which of the following type of force is the strongest intermolecular force? 	London dispersion force
	Hydrogen bonding
	Ionic bonding
	Dipole-dipole



    	What type of intermolecular force is present in Hydrogen fluoride (HF)? 	Dipole-dipole
	Dipole-induced dipole
	Hydrogen bonding
	Covalent bonding



    	Which type of intermolecular force is present in chlorine (Cl2)? 	London dispersion force
	Hydrogen bonding
	Ionic bonding
	Dipole-dipole



    	Hydrogen bonding is a special type of what force? 	Dipole-dipole
	Dipole-induced dipole
	Hydrogen bonding
	Covalent bonding



  

  For the following questions state which intermolecular forces are present in:

  
    	Helium (He)

    	Methane (CH3)

    	Carbon dioxide (CO2)

  

  The full solutions can be found at the end of the unit.

  Unit 1: Solutions

  Exercise 1.1

  
    	
      .
      
        	Intermolecular force

        	A polar molecule

      

    

    	Thabile is correct. Van der Waals forces are the only forces that can exist with covalent molecules and so including either ion-dipole or ion-induced dipole forces is not correct.

    	
      .
      
        	Theo is correct. Hydrogen sulfide is nonpolar. Although it has an asymmetrical molecular geometry, the entire molecule is non-polar due to the absence of any polar bonds.

        	Theo is correct. Helium is a noble gas and so exists as single atoms, not as a compound. Helium is non-polar and so has induced-dipole forces.

        	KI(aq) has potassium and iodide ions in water. Water is a polar molecule, so the type of force must be ion-dipole.

      

    

  

  
    Back to Exercise 1.1
  

  Unit 1: Assessment

  
    	c

    	b

    	c

    	a

    	a

    	Helium is non-polar covalent molecule. It is linear and symmetrical. So the type of intermolecular force is London dispersion force.

    	Methane is a non-polar covalent molecule. It is tetrahedral and symmetrical, so the type of intermolecular force is London dispersion forces/induced dipole forces.

    	Carbon dioxide is a nonpolar covalent molecule. It is linear and symmetrical. So the type of intermolecular force is London dispersion force/induced dipole force

  

  
    Back to Unit 1: Assessment
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Unit 2: The effect of mass and intramolecular forces
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        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Understand and identify that intramolecular forces act within physical states of matter.

        	Understand and identify the effect molecular mass has on boiling point.

        	Understand and identify that the strength of both hydrogen bonds and van der Waals forces affect the boiling point of elements in groups [image: \scriptsize \displaystyle 15-17].

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Understand intermolecular and intramolecular forces. Refer to level 3, subject outcome 5.3, unit 1 to revise this.

  

  Introduction

  The type of intermolecular force determines whether a substance is soluble in different solvents and affects its melting and boiling points. Molecular mass also affects a substance’s melting and boiling point. The higher the molecular mass the higher the boiling and melting points and vice versa. Hydrogen bonds and van de Waals forces will also affect the boiling point of elements in groups [image: \scriptsize \displaystyle 15-17]. These groups are made up of mainly non-metals and the stronger the forces the higher the melting point.

  Intramolecular forces

  Intramolecular forces are the forces of attraction between atoms in a molecule. There are three different types of intramolecular forces: ionic, covalent, and metallic. These forces are responsible for the formation of chemical bonds. Thus, intramolecular forces are much stronger than intermolecular forces. Intramolecular interactions occur when two atoms share electrons or donate/gain electrons to/from another atom. When electrons are shared between two atoms, the bond is called a covalent bond. When one atom gives/gains electrons, the bond is called an ionic bond.

  Intermolecular forces and boiling points

  Intermolecular forces dictate several properties, such as melting points, boiling points, and solubilities of substances. Molar mass, molecular shape, and polarity affect the strength of different intermolecular forces, which influence the magnitude of physical properties across a family of molecules. Temporary attractive forces such as dispersion are present in all molecules, whether they are polar or nonpolar. They cause gases to condense (liquefy) and liquids to freeze (solidify) under very low temperature (or high pressure) conditions. Dispersion forces arise from temporary dipoles caused by the asymmetrical distribution of electrons around the atom’s nucleus. Atoms (or molecules) with a greater number of electrons (a higher molecular mass) display stronger dispersion forces than atoms (or molecules) with a lower molecular mass.

  We know that raising the temperature of a substance will increase the kinetic energy of molecules, and if the kinetic energy is raised high enough, then the molecules will be able to overcome the electrostatic attraction of the intermolecular forces. If the molecules in a liquid can move apart, then the free molecules will form a gas, causing the liquid to boil.

  Intermolecular forces can be used to predict boiling points. The stronger the intermolecular force, the higher the boiling point. Therefore, we can compare the relative strengths of the van der Waals forces of the compounds of similar molecular mass to predict their relative boiling points:

  H-bonding > dipole-dipole > London dispersion

  London dispersion forces

  London dispersion forces are the weakest intermolecular force that arise from temporary dipole moments in nonpolar molecules. These temporary dipoles influence neighbouring nonpolar molecules and weak dipole-induced dipole interactions form. These forces cause nonpolar substances to condense into liquids and freeze to solids if the temperature is low enough.

  Melting and boiling points increase as you move down the non-metal groups of the periodic table. These increase because of increases in atomic mass. The strength of London dispersion forces are affected by the electronic structure of the atoms or molecules in the substance. In a larger atom, the valence electrons are further from the nuclei than in a smaller atom; they are less tightly held and can more easily form the temporary dipoles that produce the attraction.

  As dispersion forces become stronger, the electrostatic force of attraction between molecules becomes stronger and melting and boiling points of covalent substances thus increase with larger molecular mass.

  As you move down the halogens group, from fluorine to iodine, melting points and boiling points increase with increasing atomic mass.

  Table 1: The molar mass and melting and boiling points of group [image: \scriptsize \displaystyle 17] elements 	Halogen  	Molar mass (g/mol) 	Melting point (0C) 	Boiling point (0C) 
 	Fluorine (F2) 	[image: \scriptsize 38] 	[image: \scriptsize -220] 	[image: \scriptsize -188] 
 	Chlorine (Cl2) 	[image: \scriptsize 71] 	[image: \scriptsize -101] 	[image: \scriptsize -35] 
 	Bromine (Br2) 	[image: \scriptsize 106] 	[image: \scriptsize -7] 	[image: \scriptsize 59] 
 	Iodine (I2) 	[image: \scriptsize 254] 	[image: \scriptsize 114] 	[image: \scriptsize 184] 
 	Astatine (At2) 	[image: \scriptsize 420] 	[image: \scriptsize 302] 	[image: \scriptsize 337] 
  

  
    [image: ]
    Figure 1: A graph to show the melting and boiling points of the elements in group [image: \scriptsize \displaystyle 17]

  

  
    
      
        [image: image]
      

      Exercise 2.1

    

    
      
      You will need graph paper for this exercise, and you will need to use the information in Table 1 for the following questions.

      
        	On a piece of graph paper, plot a graph of the mass vs boiling point of the halogens.

        	Explain the trend on the graph.

      

      The 
full solutions can be found at the end of the unit.
    

  

  Polar substances exhibit dipole-dipole attractions. The effect of this attraction can be seen when comparing the properties of polar hydrogen chloride (HCl) molecules to nonpolar fluorine (F2) molecules. Both HCl and F2 consist of the same number of atoms and have approximately the same molecular mass. At a temperature of [image: \scriptsize \displaystyle \text{-123}\text{.15}{{\text{ }}^{^\circ }}\text{C}], molecules of both substances would have the same average kinetic energy.

  
    [image: ]
    Figure 2: How the different van der Waals forces affect the boiling points of substances

  

  However, the dipole-dipole attractions between HCl molecules are sufficient to cause them to ‘stick together’ to form a liquid, whereas the relatively weaker London dispersion forces between nonpolar Fluorine molecules are not, and so this substance is gaseous at this temperature. The higher normal boiling point of HCl at [image: \scriptsize -85{{\text{ }}^{0}}\text{C}] compared to F2 at [image: \scriptsize -188{{\text{ }}^{\text{0}}}\text{C}] reflects the greater strength of dipole-dipole attractions between HCl molecules, compared to the attractions between nonpolar F2 molecules.

  Hydrogen bonds and hydrides

  The presence of hydrogen bonds has a significant effect on the physical properties of substances in which they are found.

  Hydrogen can form compounds with less electronegative elements and are known as hydrides. So when hydrogen reacts with any other element the product formed is a hydride.

  A hydrogen molecule usually reacts with many elements except noble gases to form hydrides. However, the properties of these compounds may vary depending on the type of intermolecular force that exists between the molecules, its molecular mass, temperature, and other factors.

  Covalent hydrides are formed when hydrogen reacts with other elements with similar electronegativity like Si, C, and sulfur. The most common examples are methane and hydrogen sulfide. In general, compounds that are formed when hydrogen is reacted with non-metals are called covalent hydrides. Covalent hydrides can be either liquids or gases at room temperature and can be volatile or non-volatile.

  Not all compounds with hydrogen have hydrogen bonding. Let us look at two different chemicals with a similar molecular geometry but different types of intermolecular forces: water and hydrogen sulfide (H2S). Even though H2S has a higher molecular mass than water, water has hydrogen bonding and hydrogen sulfide has dipole-dipole forces. The boiling point of hydrogen sulfide ([image: \scriptsize -60{{\text{ }}^{\text{0}}}\text{C}]) is far lower than the boiling point of water ([image: \scriptsize 100{{\text{ }}^{0}}\text{C}]). Hydrogen sulfide does not have hydrogen bonding since sulfur has a low electronegativity. This reduces the boiling point of hydrogen sulfide because less energy is required to overcome the dipole-dipole forces between molecules of hydrogen sulfide than the hydrogen bonds of water.

  If we consider the general trend in boiling points for the hydrides of group [image: \scriptsize \displaystyle 15], group [image: \scriptsize \displaystyle 16] and group [image: \scriptsize \displaystyle 17] in the graph in figure 3, it is clear that the effect of increasingly stronger dispersion forces dominates that of increasingly weaker dipole-dipole attractions, and the boiling points increase steadily with increasing molecular mass. The much higher than expected boiling points for ammonia, water and hydrogen fluoride than their molecular size would indicate are a result of them having hydrogen bonding. The measured boiling points for these compounds are about [image: \scriptsize \displaystyle -33.34\text{ }^\circ \text{C}] for NH3, [image: \scriptsize \displaystyle 100\text{ }^\circ \text{C}] for H2O, and [image: \scriptsize \displaystyle 19.5\text{ }^\circ \text{C}] for HF. These boiling points highlight the strength of hydrogen bonding.

  
    [image: ]
    Figure 3: The melting points of hydrogen compounds across groups

  

  Summary

  In this unit you have learnt the following:

  
    	Hydrogen bonds are a type of dipole-dipole force that occurs when a hydrogen atom is bonded to a highly electronegative atom (oxygen, fluorine, nitrogen). The hydrogen atom on one molecule is attracted to the electronegative atom on a neighbouring molecule.

    	Intermolecular forces affect the physical properties of substances.

    	Substances with larger molecules have stronger intermolecular forces than substances with smaller molecules.

    	Substances with weak intermolecular forces will have low melting and boiling points while those with strong intermolecular forces will have high melting and boiling points.

    	Hydrides are hydrogen compounds formed with elements with a lower electronegativity.

    	Hydrogen forms covalently bonded compounds with elements in groups [image: \scriptsize \displaystyle 15-17].

    	Hydrogen bonding between elements will cause the compound to have a higher than expected melting and boiling point.

  

  Unit 2: Assessment

  Suggested time to complete: 25 minutes

  
    	Refer to the list of substances below:
.
 HCl, Cl2, H2O, NH3, N2, HF
.
 Select the most correct statement from the list below: 	[image: \scriptsize \displaystyle \text{N}{{\text{H}}_{\text{3}}}] is a non-polar molecule.
	The melting point of [image: \scriptsize \displaystyle \text{N}{{\text{H}}_{\text{3}}}] will be higher than for [image: \scriptsize \displaystyle \text{C}{{\text{l}}_{\text{2}}}].
	Ion-dipole forces exist between molecules of HF.
	At room temperature [image: \scriptsize \displaystyle {{\text{N}}_{\text{2}}}] is usually a liquid.



    	The following table gives the melting points of various hydrides:
	Hydride  	Melting point (0C) 
 	Hydrogen iodide (HI) 	[image: \scriptsize -34] 
 	Ammonia (NH3) 	[image: \scriptsize -33] 
 	Hydrogen sulfide (H2S) 	[image: \scriptsize -60] 
 	Methane (CH4) 	[image: \scriptsize \displaystyle -164] 
  
	In which of these hydrides does hydrogen bonding occur? 	HI only
	[image: \scriptsize \displaystyle \text{N}{{\text{H}}_{\text{3}}}] only
	HI and [image: \scriptsize \displaystyle \text{N}{{\text{H}}_{\text{3}}}] only
	HI, [image: \scriptsize \displaystyle \text{N}{{\text{H}}_{\text{3}}}] and [image: \scriptsize \displaystyle {{\text{H}}_{\text{2}}}\text{S}]


	Draw a graph to show the melting point of these hydrides.



    	The respective boiling points for four chemical substances are given below:
	Hydride  	Melting point (0C) 
 	Hydrogen sulfide (H2S) 	[image: \scriptsize -60] 
 	Ammonia (NH3) 	[image: \scriptsize -33] 
 	Hydrogen fluoride (HF) 	[image: \scriptsize 20] 
 	Water (H2O) 	[image: \scriptsize 100] 
  
	Which substance exhibits the strongest forces of attraction between its molecules in the liquid state?
	Give the name of the force responsible for the relatively high boiling points of hydrogen fluoride and water.
	The shapes of the molecules of hydrogen sulfide and water are similar, yet their boiling points differ. Explain.



  

  The full solutions can be found at the end of the unit.

  Unit 2: Solutions

  Exercise 2.1

  
    	
      .
      

      [image: ]
    

    	As the mass of the element increases, the boiling point increases. This is because the strength of the intermolecular forces increases.

  

  
    Back to Exercise 2.1
  

  Unit 2: Assessment

  
    	b. (The melting point of NH3 will be higher than for Cl2.).

    	
      .
      
        	ii. [image: \scriptsize \displaystyle \text{N}{{\text{H}}_{3}}] only

        	
          .
          

          [image: ]
        

      

    

    	
      .
      
        	water

        	hydrogen bonding

        	Hydrogen sulfide does not have hydrogen bonding since sulfur has a low electronegativity. This reduces the boiling point of hydrogen sulfide since it requires less energy to overcome the weaker dipole-dipole intermolecular forces between molecules of hydrogen sulfide than the hydrogen bonding in water.

      

    

  

  
    Back to Unit 2: Assessment
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XIV
Mechanical Properties of matter: Describe, analyse and apply properties of gases theory


  
  
    
      
        [image: image]
      

      Subject outcome

    

    
      Subject outcome 5.4: Describe, analyse and apply properties of gases theory

    

  

  
    
      
        [image: image]
      

      Learning outcomes

    

    
      
        	Define the properties of gases and state the kinetic-molecular theory.

        	Define and list the properties of an ideal gas.

        	Describe and distinguish between the terms atmospheric pressure and gauge pressure.

        	Identify and apply the relationship between volume and pressure at constant temperature (Boyle’s law).

        	Identify and apply the relationship between volume and temperature at constant pressure (Charles’s law).

        	Identify and apply the relationship between pressure and temperature at constant volume.

        	Do calculations on the combined gas laws and ideal gas equation

      

    

  

  
    
      
        [image: image]
      

      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Describe and identify properties of gases.

        	Describe and identify kinetic-molecular theory.

        	Describe and identify an ideal gas.

      

    

  

  
    
      
        [image: image]
      

      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Describe the difference between atmospheric and gauge pressure.

        	Identify and apply the relationship between volume and pressure at a constant temperature which is Boyle’s law.

        	Identify and apply the relationship between volume and temperature at a constant pressure which is Charles’s law.

        	Identify and apply the relationship between pressure and temperature at a constant volume which is Guy-Lussac’s law.

        	Do calculations using: 	gas law equations
	the ideal gas law equation.



      

    

  

  






Unit 1: Gas theory
Emma Harrage



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Describe and identify properties of gases.

        	Describe and identify kinetic-molecular theory.

        	Describe and identify an ideal gas.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Understand kinetic theory. Refer to level 2 subject outcome 5.1 unit 1 to revise this.

    	Understand intermolecular forces. Refer to level 3 subject outcome 5.3 unit 1 to revise this.

  

  Introduction

  The particles in a gas have high kinetic energy but there are still weak forces of attraction between the particles. An ideal gas is defined as a theoretical gas whose particles have no force of attraction between them and all particles move at the same speed. We use the ideal gas theory to predict how gases behave within temperature and pressure ranges.

  Kinetic theory of gases

  The kinetic theory of matter, covered in level 2 subject outcome 5.1 unit 1, says that all matter is composed of particles that have a certain amount of energy which allows them to move at different speeds depending on the temperature. The temperature of a gas is a measure of the average kinetic energy of the particles. There are spaces between the particles and attractive forces between particles when they come close together.

  If the gas is heated the average kinetic energy of the gas particles will increase and if the temperature is decreased, the average kinetic energy of the particles decreases. If the energy of the particles decreases significantly, the gas becomes a liquid.

  
    [image: ]
    Figure 1: The random and constant motion of a gas

  

  The main assumptions of the kinetic theory of gases are as follows:

  
    	Gases are made up of particles. The size of these particles is small compared to the distance between the particles and the total volume occupied by gas molecules themselves is negligible relative to the total volume of their container.

    	Particles are constantly moving because they have kinetic energy. The particles move in straight lines at different speeds.

    	There are weak attractive forces between particles.

    	The collisions between particles and the walls of the container do not change the kinetic energy of the system.

    	The average kinetic energy of gas particles is proportional to the absolute temperature of the gas, and all gases at the same temperature have the same average kinetic energy.

  

  From these assumptions we can define the pressure and temperature of any gas.

  An ideal gas is a hypothetical gas that does not really exist in the environment. The concept of ideal gas was introduced since the behaviour of real gases is complicated and the behaviour of a real gas can be described with respect to the properties of an ideal gas. It is a useful starting point to study the properties of gases.

  One of the assumptions of the kinetic theory of gases is that all particles have a different speed. However, this is only the case for a real gas. For an ideal gas we assume that all particles in the gas have the same speed. So for an ideal gas we can simply talk about the speed of particles.

  But for a real gas we must use the average speed of all the particles. Real gases behave like ideal gases except at high pressures and low temperatures.

  The pressure of a gas is a measure of the number of collisions of the gas particles with the sides of the container that they are in, per unit time.

  Real gas behaviour

  Real gas molecules have weak van der Waals intermolecular attractions between them. When two real gas particles collide with each other, a change in the energy of the particle and a change in the direction of its movement can be observed.

  Real gases may behave as ideal gases under low pressure and high temperature conditions. At high temperatures, the kinetic energy of gas molecules is increased. Therefore the speed of gas molecules increases. This results in no intermolecular interactions between real gas molecules. At low pressures the particles are so far apart there will be no intermolecular interactions between them.

  Ideal gases and non-ideal gas behaviour

  Ideal gases are gaseous compounds that are composed of very tiny molecules that have a negligible volume and mass. As we already know, all real gases are composed of atoms or molecules that have a definite volume and mass. Ideal gases have no intermolecular forces between them. The atoms or molecules in an ideal gas move at the same speed. The collisions between ideal gas molecules are elastic. This means, there are no changes in the kinetic energy or the direction of the movement of the gas particles.

  There are no attraction forces between ideal gas particles at any temperature or pressure. Therefore, particles move here and there freely, and consistently.

  Almost all gases obey the ideal gas laws within a limited range of pressures and temperatures. It is only at low temperature and high pressures that real gases will behave differently from ideal gases:

  
    	
      Molecules of real gases do occupy volume.

      When pressures are very high and the molecules are compressed, the volume of the molecules becomes significant. This means that the total volume available for the gas molecules to move is reduced and collisions become more frequent. This causes the pressure of the gas to be higher than what would be expected for an ideal gas.

      
        [image: ]
        Figure 2: Real gases deviate from ideal gases at high pressure

      

    

    	
      Forces of attraction do exist between molecules of real gases.

      At low temperatures, when the speed of the molecules decreases and they move closer together, the intermolecular forces become more apparent. As the attraction between molecules increases, their movement decreases and there are fewer collisions between them. The pressure of the gas at low temperatures is therefore lower than what would have been expected for an ideal gas. If the temperature is low enough or the pressure high enough, a real gas will liquefy.

    

  

  The differences between a real gas and an ideal gas

  Here is a summary of the differences between a real gas and an ideal gas.

  	Real gas 	Ideal gas 
 	Gaseous substance that really exists 	Hypothetical gas which does not really exist 
 	Intermolecular forces of attraction between the particles 	No intermolecular forces of attraction between the particles 
 	Have a definite volume and mass 	Have no mass and no definite volume 
 	Collisions between the particles are non-elastic 	Collisions between the particles are elastic 
 	The kinetic energy of the particles changes when there is a collision 	The kinetic energy is constant 
 	Particles may behave as an ideal gas when the temperature is high, and the pressure is low 	May behave as a real gas when the temperature is low, and the pressure is high 
  

  Summary

  In this unit you have learnt the following:

  
    	The kinetic theory of gases helps to explain the behaviour of gases under different conditions.

    	The kinetic theory of gases states that gases are made up of constantly moving particles that have attractive forces between them.

    	The pressure of a gas is a measure of the number of collisions of the gas particles with the sides of the container that they are in, per unit time.

    	The temperature of a substance is a measure of the average kinetic energy of the particles.

    	An ideal gas has identical particles of zero volume, with no intermolecular forces between the particles. The atoms or molecules in an ideal gas move at the same speed.

    	A real gas behaves like an ideal gas, except at high pressures and low temperatures. At low temperatures, the forces between molecules become significant and the gas will liquefy. At high pressures, the volume of the particles becomes significant.

  

  Unit 1: Assessment

  Suggested time to complete: 10 minutes

  For the following statements answer only with true or false:

  
    	The conditions for a gas to behave ideally are high temperature and low pressure.

    	As the temperature of gas particles increases, the average kinetic energy increases, and the speed of particles decreases.

    	When ideal gas particles collide with something they lose some of their energy as heat.

    	When real gas particles collide, they lose some energy as heat.

    	An ideal gas does not exist.

    	An ideal gas behaves like a real gas at high pressure and low temperature.

    	An ideal gas has van der Waals forces of attraction between its particles.

    	Real gas particles have constant kinetic energy and non-elastic movement.

    	At a high temperature and low pressure a gas will change to a liquid.

    	If a gas is compressed the pressure will increase as there are more collisions between the particles.

  

  The full solutions can be found at the end of the unit.

  Unit 1: Solutions

  Unit 1: Assessment

  
    	true

    	false

    	false

    	true

    	true

    	true

    	false

    	false

    	false

    	false

  

  
    Back to Unit 1: Assessment
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Unit 2: The gas laws
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      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Describe the difference between atmospheric and gauge pressure.

        	Identify and apply the relationship between volume and pressure at a constant temperature which is Boyle’s law.

        	Identify and apply the relationship between volume and temperature at a constant pressure which is Charles’s law.

        	Identify and apply the relationship between pressure and temperature at a constant volume which is Guy-Lussac’s law.

        	Do calculations using: 	gas law equations
	the ideal gas law equation.



      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Understand the difference between a real gas and an ideal gas. Refer to level 3 subject outcome 5.4 unit 1 to revise this.

  

  Introduction

  Parts of the text in this unit were sourced from Siyavula Physical Science Gr 11 Learner’s Book, Chapter 7, released under a CC-BY licence.

  There are three gas laws which are used to predict and explain how a gas will behave at different volumes, temperatures, and pressures. Boyle’s law states that if the temperature remains constant, the pressure of a fixed volume of gas is inversely proportional to the pressure. Charles’s law states that the volume of a gas is directly proportional to the temperature at a constant pressure. Guy-Lussac’s law states that pressure is directly proportional to temperature at a constant volume. These laws are then combined to form the general gas equation and the ideal gas equation.

  
    
      
        [image: image]
      

      Take note!

    

    
      The following SI units are necessary for this unit:

      	Variable  	SI units 	Other units 
 	Pressure (p) 	Pascals (Pa) 	[image: \scriptsize \displaystyle 760~\text{ mm Hg}=1~\text{ atm}=101~\text{ }325~\text{ Pa}=101.325\text{ }~\text{kPa}] 
 	Volume (V) 	[image: \scriptsize \displaystyle {{\text{m}}^{\text{3}}}] 	[image: \scriptsize \displaystyle 1~{{\text{m}}^{\text{3}}}=1~\text{ }000~000~\text{ c}{{\text{m}}^{\text{3}}}=1~000~\text{ d}{{\text{m}}^{\text{3}}}=1~000\text{ }~\text{L}] 
 	Moles (n) 	mol 	 
 	Universal gas constant (R) 	[image: \scriptsize \displaystyle \begin{align*}{\text{J}\text{.}{{\text{K}}^{{-1}}}\text{.mo}{{\text{l}}^{{-1}}}} \end{align*}] 	 
 	Temperature (K) 	Kelvin (K) 	 
  

      Pressure is measured in several different units. We can measure pressure in millimetres of mercury (mm Hg) or pascals (Pa) or atmospheres (atm). The SI unit for pressure is Pa.

    

  

  
    
      
        [image: image]
      

      Activity 2.1: Investigate the relationship between volume and pressure

    

    
      Time required: 5 minutes

      
        What you need:
      

      
        	a syringe without a needle (the plunger needs to be able to form an airtight seal)
[image: ]

      

      
        What to do:
      

      
        	Pull the plunger halfway up the syringe.

        	Place your thumb over the end of the syringe (where the needle normally goes) and form an airtight seal.

        	Press the plunger down.

        	Once you have pushed it as hard as you can, let go of the plunger. Watch what happens.

      

      
        What did you find?
      

      As gas particles are constantly moving, they are also constantly colliding with each other and with the walls of their container. There are forces involved as gas particles bounce off the container walls. The force generated by gas particles divided by the area of the container walls yields pressure.

      As you push it down you should notice that it becomes harder and harder to push. This is because you are forcing the gas particles into a smaller space. This increases the pressure inside the syringe because there are now more collisions between the gas particles, the sides of the syringe and the gas particles. If the volume decreases, the number of collisions increases and so the pressure will naturally increase. The opposite is true if the volume of the gas is increased. When you let go of the plunger, it would have risen – increasing the volume in the syringe. The gas particles now have a greater volume so they collide less frequently, and the pressure will decrease.

    

  

  
    [image: ]
    Figure 1: Pressure is what results when gas particles rebound off the walls of their container

  

  Atmospheric and gauge pressure

  The air around you has weight, and it presses against everything it touches. This pressure is called atmospheric pressure, or air pressure. It is the force exerted on a surface by the air above it as gravity pulls it to Earth.

  Atmospheric pressure is commonly measured with a barometer. In a barometer, a column of mercury in a glass tube rises or falls as the weight of the atmosphere changes. Meteorologists describe the atmospheric pressure by how high the mercury rises.

  An atmosphere (atm) is a unit of measurement equal to the average air pressure at sea level at a temperature of [image: \scriptsize 15\text{ }^\circ \text{C}]. One atmosphere is [image: \scriptsize \displaystyle 1013] millibars, or [image: \scriptsize \displaystyle 760] millimetres of mercury.

  Atmospheric pressure drops as altitude increases. As the pressure decreases, the amount of oxygen available to breathe also decreases. At very high altitudes, atmospheric pressure and available oxygen get so low that people can become sick and even die.

  Atmospheric pressure is an indicator of weather. When a low-pressure system moves into an area, it usually leads to cloudiness, wind, and precipitation. High-pressure systems usually lead to fair, calm weather.

  If you limp into a petrol station with a nearly flat tire, you will notice the tire gauge on the airline reads nearly zero when you begin to fill it. In fact, if there were a gaping hole in your tire, the gauge would read zero, even though atmospheric pressure exists in the tire. Why does the gauge read zero? There is no mystery here. Tire gauges are simply designed to read zero at atmospheric pressure and positive when pressure is greater than atmospheric.

  Similarly, atmospheric pressure adds to blood pressure in every part of the circulatory system. But atmospheric pressure has no net effect on blood flow since it adds to the pressure coming out of the heart and going back into it, too. What is important is how much greater blood pressure is than atmospheric pressure. Blood pressure measurements, like tire pressures, are thus made relative to atmospheric pressure.

  It is very common for pressure gauges to ignore atmospheric pressure – that is, to read zero at atmospheric pressure. We therefore define gauge pressure to be the pressure relative to atmospheric pressure. Gauge pressure is positive for pressures above atmospheric pressure, and negative for pressures below it.

  Boyle’s law: Pressure and volume of an enclosed gas

  Let’s look at an activity to explore Boyle’s law.

  
    
      
        [image: image]
      

      Activity 2.2: Investigate the relationship between volume and pressure

    

    
      Time required: 10 minutes

      
        What you need:
      

      
        	internet access

      

      
        What to do:
      

      
        	Go to this simulation.
[image: interactive simulation]

        	On the main page, click on the block which says Laws.

        	Click on the red dot at the bottom right of the screen. This changes the particles from heavy to light.

        	Lift the handle of the pump and add light particles to the container. Whilst doing this, watch the readings on the pressure gauge.
[image: ]

        	Keep adding light particles until there are no more to add and make a note of the pressure reading.

        	Change the volume of the container using the handle on the side and move it left. This will increase the volume. Make a note of the pressure reading.

        	Move the handle to the right, making the container smaller whilst keeping a note of the changing pressure.

      

      
        What did you find?
      

      As particles were added, the pressure increased. This is because there were more collisions between the particles and the sides of the container.

      When the size of the container increased (the volume was increased), the pressure decreased. This is because there were fewer collisions between the sides of the container and the particles.

      When the volume was reduced (the container was made smaller) the pressure increased because there were more collisions between the particles and the sides of the container and the particles.

      So, in conclusion, the gas molecules are moving and are a certain distance apart from one another. An increase in pressure pushes the molecules closer together, reducing the volume. If the pressure is decreased, the gases are free to move about in a larger volume. The change in volume affects the pressure.

      Pressure is directly proportional to volume. As volume increases, pressure decreases and vice versa.

    

  

  The pressure of a fixed quantity of gas is inversely proportional to the volume it occupies so long as the temperature remains constant. The relationship between pressure and volume is inversely proportional; the volume of the gas decreases when the pressure increases, and the volume increases when the pressure decreases.

  Pressure is directly proportional to volume. As volume increases, pressure decreases and vice versa.

  
    [image: ]
    Figure 2: Boyle’s law states that pressure is inversely proportional to volume

  

  Robert Boyle (1627–1691), an English chemist, discovered that doubling the pressure of an enclosed sample of gas, while keeping its temperature constant, caused the volume of the gas to be reduced by half. Boyle’s law states that the volume of a given mass of gas is inversely proportional to the pressure when the temperature is kept constant.

  
    [image: ]
    Figure 3: The pressure of a gas decreases as the volume increases

  

  We can write this relationship symbolically as: [image: \scriptsize \displaystyle p\propto \displaystyle \frac{1}{V}]
 Where [image: \scriptsize \propto] means proportional and we write [image: \scriptsize \displaystyle \frac{1}{V}] to show that the proportionality is inverse.

  
    [image: ]
    Figure 4: When pressure is plotted against the inverse of volume, a straight-line graph is produced.

  

  Mathematically, Boyle’s law can be expressed by the equation: [image: \scriptsize \displaystyle pV=k] = Pressure multiplied by volume equals some constant k. Where P is the pressure of the gas, V is the volume of the gas, and k is a constant for a given sample of gas and depends only on the mass of the gas and the temperature.

  This equation means that, assuming the temperature and amount of gas is constant, multiplying any pressure and volume values for a fixed amount of gas will always give the same value (k). For example:

  [image: \scriptsize \displaystyle \begin{align*}{{p}_{1}}{{V}_{1}}&=k\\{{p}_{2}}{{V}_{2}}&=k\end{align*}]
 where the subscripts 1 and 2 refer to two pairs of pressure and volume readings for the same mass of any gas at the same temperature.

  From this, we can then say that: [image: \scriptsize \displaystyle {{p}_{1}}{{V}_{1}}=\text{ }{{p}_{2}}{{V}_{2}}]

  When using this formula, any units for pressure and volume can be used, as long as they are the same.

  Boyle’s law requires two conditions. First, the amount of gas must stay constant. If you let a little of the air escape from the container in which it is enclosed, the pressure of the gas will decrease along with the volume, and the inverse proportion relationship is no longer valid. Second, the temperature must stay constant. Cooling or heating matter generally causes it to contract or expand, or the pressure to decrease or increase. In the experiment, if we were to heat up the gas, it would expand and require a greater force to keep the plunger at a given position. Again, the proportionality would no longer be valid.

  
    
      
        [image: image]
      

      Example 2.1

    

    
      A sample of helium occupies a volume of [image: \scriptsize \displaystyle 160\text{ c}{{\text{m}}^{\text{3}}}] at [image: \scriptsize \displaystyle 100\text{ kPa}] and . What volume will it occupy if the pressure is adjusted to [image: \scriptsize \displaystyle 80\text{ kPa}] and the temperature remains unchanged?

      
        Solution
      

      Step 1: Write down all the information given about the gas

      
        [image: \scriptsize \displaystyle \begin{align*}{{p}_{1}}&=100\text{ kPa}\\{{p}_{2}}&=80\text{ kPa}\\{{V}_{1}}&=160\text{ c}{{\text{m}}^{\text{3}}}\\{{V}_{2}}&=?\end{align*}]
      

      Step 2: Use an appropriate gas law equation to calculate the unknown variable

      Because the temperature of the gas stays the same, the following equation can be used: [image: \scriptsize \displaystyle {{p}_{2}}{{V}_{2}}=\text{ }{{p}_{1}}{{V}_{1}}]

      Step 3: Substitute the known values into the equation

      Make sure that the units for each variable are the same. Calculate the unknown variable.

      
        [image: \scriptsize \displaystyle \begin{align*}\left( {80} \right){{V}_{2}}&=\left( {100} \right)\left( {160} \right)\\ & =16\text{ }000\\&=200\text{ c}{{\text{m}}^{\text{3}}}\end{align*}]
      

      The volume occupied by the gas at a pressure of [image: \scriptsize \displaystyle 80\text{ kPa}] is [image: \scriptsize 200\text{ c}{{\text{m}}^{\text{3}}}].

      Check your answer: Boyle’s law states that the pressure is inversely proportional to the volume. Since the pressure decreased the volume must increase. The answer for the volume is greater than the initial volume and so our answer is reasonable.

    

  

  
    
      
        [image: image]
      

      Example 2.2

    

    
      The volume of a sample of gas is increased from [image: \scriptsize \displaystyle 2.5\text{ L}] to [image: \scriptsize \displaystyle 2.8\text{ L}] while a constant temperature is maintained. What is the final pressure of the gas at the new volume condition, if the initial pressure is [image: \scriptsize \displaystyle 695\text{ Pa}]?

      
        Solution
      

      Step 1: Write down all the information given about the gas

      
        [image: \scriptsize \displaystyle \begin{align*}{{V}_{1}}&=2.5\text{ L}\\{{V}_{2}}&=2.8\text{ L}\\{{p}_{1}}&=695\text{ Pa}\\{{p}_{2}}&=?\end{align*}]
      

      Step 2: Choose a relevant gas law equation to calculate the unknown variable

      The sample of gas is at constant temperature and so we can use Boyle’s law: [image: \scriptsize \displaystyle {{p}_{2}}{{V}_{2}}=\text{ }{{p}_{1}}{{V}_{1}}]

      Step 3: Substitute the known values into the equation

      Make sure that the units for each variable are the same. Calculate the unknown variable.

      
        [image: \scriptsize \displaystyle \begin{align*}\left( {2,8} \right){{p}_{2}}&=\left( {695} \right)\left( {2.5} \right)\\ & =1\text{ }737.5\\ & =620.54\text{ kPa}\end{align*}]
      

      The pressure of the gas at a volume of [image: \scriptsize \displaystyle 2.8\text{ L}] is [image: \scriptsize \displaystyle 620.5\text{ kPa}].

      Check your answer: Boyle’s law states that the pressure is inversely proportional to the volume. Since the volume increased the pressure must decrease. The answer of [image: \scriptsize \displaystyle 620.5\text{ kPa}] is less than the initial pressure and so our answer is reasonable.

    

  

  
    
      
        [image: image]
      

      Example 2.3

    

    
      A sample of oxygen gas has a volume of [image: \scriptsize \displaystyle 425\text{ mL}] when the pressure is equal to [image: \scriptsize \displaystyle \text{387 kPa}]. The gas is allowed to expand into a [image: \scriptsize \displaystyle \text{1}\text{.75 L }\!\!~\!\!\text{ }] container. Calculate the new pressure of the gas.

      
        Solution
      

      Step 1: List the known quantities and plan the problem

      
        [image: \scriptsize \displaystyle \begin{align*}{p}_{1}&=387\text{ kPa}\\ {V}_{1}&=425\text{ ml}\\ {V}_{2}&=1.75\text{ L}=1750\text{ ml}\\ {p}_{2}&=?\text{ kPa} \end{align*}]
      

      It is important that the two volumes are expressed in the same units, so V2 has been converted to mL.

      Step 2: Rearrange the equation algebraically to solve for P2

      
        [image: \scriptsize \displaystyle {{p}_{2}}=\displaystyle \frac{{{{p}_{1}}x{{V}_{1}}}}{{{{V}_{2}}}}]
      

      Step 3: Substitute the known quantities into the equation and solve

      
        [image: \scriptsize {{p}_{2}}=\displaystyle \frac{{387x425}}{{1750}}=94.0\text{ kPa}]
      

      Check your answer: The volume has increased to slightly over [image: \scriptsize \displaystyle 4] times its original value and so the pressure is decreased by about a quarter.

    

  

  
    
      
        [image: image]
      

      Exercise 2.1

    

    
      
      
        	An unknown gas has an initial pressure of [image: \scriptsize \displaystyle 150\text{ kPa}] and a volume of [image: \scriptsize \displaystyle 1\text{ L}]. If the volume is increased to [image: \scriptsize \displaystyle 1.5\text{ L}], what will the pressure be now?

        	A bicycle pump contains [image: \scriptsize \displaystyle 250\text{ c}{{\text{m}}^{\text{3}}}] of air at a pressure of [image: \scriptsize \displaystyle 90\text{ kPa}]. If the air is compressed, the volume is reduced to [image: \scriptsize \displaystyle 200\text{ c}{{\text{m}}^{\text{3}}}]. What is the pressure of the air inside the pump?

        	The air inside a syringe occupies a volume of [image: \scriptsize \displaystyle 10\text{ c}{{\text{m}}^{3}}] and exerts a pressure of [image: \scriptsize \displaystyle 100\text{ kPa}]. If the end of the syringe is sealed and the plunger is pushed down, the pressure increases to [image: \scriptsize \displaystyle 120\text{ kPa}]. What is the volume of the air in the syringe?

      

      The 
full solutions can be found at the end of the unit.
    

  

  Charles’s law: Volume and temperature of an enclosed gas

  When the temperature of a gas increases, so does the average speed of its molecules. The molecules collide with the walls of the container more often and with greater impact. In a container that can expand, these collisions will push back the walls, so that the gas occupies a greater volume than it did at the start.

  
    
      
        [image: image]
      

      Activity 2.3: Demonstrate Charles’s Law

    

    
      Time required: 15 minutes

      
        What you need:
      

      
        	an empty glass bottle

        	a balloon

        	a pot

        	water

        	a hot plate

      

      
        What to do:
      

      
        	Fill the pot about [image: \scriptsize \displaystyle \frac{1}{3}] full of water and place it on the hot plate and allow the water to boil.

        	Place the balloon over the neck of the bottle and stand the bottle in the pot.

        	Observe what happens.

      

      
        What did you find?
      

      After a few minutes, you should see the balloon filling. As the air inside the bottle is heated, the pressure also increases. This causes the air in the bottle to increase in volume, and because the glass bottle is a fixed shape and cannot expand, the warmed gas fills the balloon.

      The temperature and volume of the gas are directly proportional to each other. As one increases, so does the other.

    

  

  French physicist Jacques Charles (1746–1823) studied the effect of temperature on the volume of a gas at constant pressure. Charles's law states that the volume of a given mass of gas is directly proportional to the absolute temperature of the gas when pressure is kept constant. The absolute temperature is the temperature measured with the Kelvin scale. The Kelvin scale must be used because zero on the Kelvin scale corresponds to a complete stop of molecular motion.

  
    [image: ]
    Figure 5: As a container of confined gas is heated, its molecules increase in kinetic energy and push the movable piston outward, resulting in an increase in volume

  

  Mathematically, the direct relationship of Charles’s law can be represented by the following equation: [image: \scriptsize \displaystyle \displaystyle \frac{V}{T}=k]

  As with Boyle’s law, k is constant only for a given gas sample.

  Table 1: The temperature and volume data for a set amount of gas at a constant pressure 	Temperature (K) 	Volume (mL) 
 	[image: \scriptsize 50] 	[image: \scriptsize 20] 
 	[image: \scriptsize \displaystyle 100] 	[image: \scriptsize 40] 
 	[image: \scriptsize \displaystyle 150] 	[image: \scriptsize 60] 
 	[image: \scriptsize 200] 	[image: \scriptsize 80] 
 	[image: \scriptsize 400] 	[image: \scriptsize 160] 
 	[image: \scriptsize 800] 	[image: \scriptsize 320] 
  

  
    [image: ]
    Figure 6: The plotted data from table 1 forms a straight line

  

  When the data from table 1 is plotted you can see it forms a straight line which confirms that temperature is directly proportional to volume.

  Notice that the line goes exactly toward the origin, meaning that as the absolute temperature of the gas approaches zero, its volume approaches zero. However, when a gas is brought to extremely cold temperatures, its molecules would eventually condense into the liquid state before reaching absolute zero. The temperature at which this change into the liquid state occurs varies for different gases.

  Charles’s law can be used to compare changing conditions for a gas. We use [image: \scriptsize \displaystyle {{V}_{1}}] and [image: \scriptsize \displaystyle {{T}_{1}}] to stand for the initial volume and temperature of a gas, while [image: \scriptsize \displaystyle {{V}_{2}}] and [image: \scriptsize \displaystyle {{T}_{2}}] stand for the final volume and temperature. The mathematical relationship of Charles’s law becomes: [image: \scriptsize \displaystyle \frac{{{{V}_{1}}}}{{{{T}_{1}}}}=\displaystyle \frac{{{{V}_{2}}}}{{{{T}_{2}}}}]

  When using this formula, any units can be used for volume, but the temperature must be in Kelvin.

  
    
      
        [image: image]
      

      Example 2.4

    

    
      A balloon is filled to a volume of [image: \scriptsize \displaystyle 2.20\text{ L}~] at a temperature of [image: \scriptsize \displaystyle 22\text{ }{}^{\text{0}}\text{C}]. The balloon is then heated to a temperature of [image: \scriptsize \displaystyle 71{{\text{ }}^{\text{0}}}\text{C}]. Find the new volume of the balloon.

      
        Solution
      

      Step 1: Identify the given information and what the problem is asking you to find

      Do not forget that the temperatures given need to be converted to Kelvin from Celsius.

      
        [image: \scriptsize \displaystyle \begin{align*}{{V}_{1}}&=2.20\text{L}\\{{T}_{1}}&=22\text{ }^\circ \text{C = 273 + 22= 295 K}\\{{T}_{2}}&=71\text{ }^\circ \text{C}=273+71=344\text{ K}\\{{V}_{2}}&=\text{ ?}\end{align*}]
      

      Step 2: Rearrange the equation

      
        [image: \scriptsize {{V}_{2}}=\displaystyle \frac{{{{V}_{1}}x{{T}_{2}}}}{{{{T}_{1}}}}]
      

      Step 3: Substitute the known quantities into the equation and solve

      
        [image: \scriptsize \begin{align*}{{V}_{2}}&=\displaystyle \frac{{2.20x344}}{{295}}\\{{V}_{2}}&=2.57\text{ L}\end{align*}]
      

      Check your answer: The volume increases as the temperature increases.

    

  

  
    
      
        [image: image]
      

      Example 2.5

    

    
      A sample of a gas has an initial volume of [image: \scriptsize \displaystyle 34.8\text{ d}{{\text{m}}^{3}}] and an initial temperature of [image: \scriptsize \displaystyle -67\text{ }\!\!^\circ\!\!\text{ C}]. What must the temperature of the gas be for its volume to be [image: \scriptsize \displaystyle 25.0\text{ d}{{\text{m}}^{3}}]?

      
        Solution
      

      Step 1: Identify the given information and what the problem is asking you to find

      Do not forget to convert the temperature from Celsius to Kelvin.

      
        [image: \scriptsize \displaystyle \begin{align*}{T}_{1}~&=\text{-}67\text{ }^\text{o}\text{C =273+ -67= 206 K}\\ {V}_{1}~&=34.8\text{ d}{\text{m}}^{3}\\ {V}_{2}~&=25.0\text{ d}{\text{m}}^{3}\\ {T}_{2}~&=?\text{ K} \end{align*}]
      

      Step 2: Substitute the known quantities into the equation and solve

      
        [image: \scriptsize {{T}_{2}}=\displaystyle \frac{{25.0x206}}{{34.8}}=148\text{ K}]
      

      Check your answer: [image: \scriptsize 148\text{ K = -125 }^\circ \text{C}]. As volume decreases the temperature decreases.

    

  

  
    
      
        [image: image]
      

      Exercise 2.2

    

    
      
      
        	If:
[image: \scriptsize \displaystyle \begin{align*}{{V}_{1}}&=623\text{ mL}\\{{T}_{1}}&=\text{ }255\text{ }\!\!^\circ\!\!\text{ C}\\{{V}_{2}}&=\text{ }277\text{ mL}\end{align*}]
 What is T2?

        	A sample of nitrogen monoxide (NO) gas is at a temperature of [image: \scriptsize 8\text{ }^\circ \text{C}] and occupies a volume of [image: \scriptsize \displaystyle 4.4\text{ d}{{\text{m}}^{\text{3}}}]. What volume will the sample of gas have if the temperature is increased to [image: \scriptsize 25\text{ }^\circ \text{C}]?

        	A sample of oxygen gas is at a temperature of [image: \scriptsize \displaystyle 340\text{ K}] and occupies a volume of [image: \scriptsize \displaystyle 1.2\text{ d}{{\text{m}}^{3}}]. What temperature will the sample of gas be at if the volume is decreased to [image: \scriptsize \displaystyle 200\text{ c}{{\text{m}}^{3}}]?

      

      The 
full solutions can be found at the end of the unit.
    

  

  The relationship between temperature and pressure

  The pressure of a gas is directly proportional to its temperature, if the volume is kept constant. Remember that as the temperature of a gas increases, so does the kinetic energy of the particles in the gas. This causes the particles in the gas to move more rapidly and to collide with each other and with the side of the container more often. Since pressure is a measure of these collisions, the pressure of the gas increases with an increase in temperature. The pressure of the gas will decrease if its temperature decreases.

  
    [image: ]
    Figure 7: As pressure is increased, the temperature also increases

  

  

  
    [image: ]
    Figure 8: A graph of pressure vs. temperature

  

  The graph in figure 8 also illustrates a direct relationship. As a gas is cooled at constant volume, its pressure continually decreases until the gas condenses to a liquid.

  Mathematically this can be written as:

  [image: \scriptsize T\alpha p]
 so: [image: \scriptsize p=kT] and [image: \scriptsize k=\displaystyle \frac{p}{T}]
 and provided that the volume of gas stays the same: [image: \scriptsize \displaystyle \frac{{{{P}_{1}}}}{{{{T}_{1}}}}=\displaystyle \frac{{{{P}_{2}}}}{{{{T}_{2}}}}]

  
    
      
        [image: image]
      

      Example 2.6

    

    
      The gas in an aerosol can is under a pressure of [image: \scriptsize \displaystyle 3.00\text{ atm}] at a temperature of [image: \scriptsize 25\text{ }^\circ \text{C}]. It is dangerous to dispose of an aerosol can by incineration. What would the pressure in the aerosol can be at a temperature of [image: \scriptsize 845\text{ }^\circ \text{C}]?

      
        Solution
      

      Step 1: State what is known, remembering to convert the temperatures from Celsius to Kelvin

      
        [image: \scriptsize \displaystyle \begin{align*}{{p}_{1}}&=3.00\;\text{atm}\\{{T}_{1}}&=25\text{ }^\circ \text{C= 25+273=298 K}\\{{T}_{2}}&=845{{\text{ }}^{^\circ }}\text{C= 845+273=1118 K}\\{{p}_{2}}&=?\text{ atm}\end{align*}]
      

      Step 2: Rearrange the equation [image: \scriptsize \displaystyle \frac{{{{P}_{1}}}}{{{{T}_{1}}}}=\displaystyle \frac{{{{P}_{2}}}}{{{{T}_{2}}}}] to solve for [image: \scriptsize {{p}_{2}}]

      
        [image: \scriptsize \begin{align*}{{p}_{2}}&=\displaystyle \frac{{{{p}_{1}}\text{x }{{T}_{2}}}}{{{{T}_{1}}}}\\{{p}_{2}}&=\displaystyle \frac{{3.00\text{ x }1118}}{{298}}\\{{p}_{2}}&=11.25\text{ atm}\end{align*}]
      

      Check your answer: The pressure increases by a large amount because of the large increase in the temperature.

    

  

  
    
      
        [image: image]
      

      Example 2.7

    

    
      At a temperature of [image: \scriptsize \displaystyle 298\text{ K}], a certain amount of oxygen (O2) gas has a pressure of [image: \scriptsize \displaystyle 0.4\text{ atm}]. What temperature will the gas be at if its pressure is increased to [image: \scriptsize \displaystyle 0.7\text{ atm}]?

      
        Solution
      

      Step 1: Write down all the given information about the gas

      
        [image: \scriptsize \begin{align*}{{T}_{1}}&=298\text{ K}\\{{p}_{1}}&=0.4\text{ atm}\\{{p}_{2}}&=0.7\text{ atm}\\{{T}_{2}}&=?\text{ atm}\end{align*}]
      

      Step 2: Choose a relevant gas law equation that will allow you to calculate the unknown variable

      The volume is kept constant while the pressure and temperature are being varied. The amount of gas is also kept constant and so we can use the pressure-temperature relation:
[image: \scriptsize \displaystyle \frac{{{{P}_{1}}}}{{{{T}_{1}}}}=\displaystyle \frac{{{{P}_{2}}}}{{{{T}_{2}}}}]

      Step 3: Substitute the known values into the equation and calculate the unknown variable

      
        [image: \scriptsize \begin{align*}{{T}_{2}}&=\displaystyle \frac{{0.4}}{{298}}=\displaystyle \frac{{0.7}}{{{{T}_{2}}}}\\{{T}_{2}}&=\displaystyle \frac{{0.7}}{{0.0013}}\\{{T}_{2}}&=538.46\text{ K}\end{align*}]
      

      Check your answer: The temperature has increased as the pressure increased.

    

  

  
    
      
        [image: image]
      

      Example 2.8

    

    
      A fixed volume of carbon monoxide (CO) gas has a temperature of [image: \scriptsize 32\text{ }^\circ \text{C}] and a pressure of [image: \scriptsize \displaystyle 680\text{ Pa}]. If the temperature is decreased to [image: \scriptsize 15\text{ }^\circ \text{C}] what will the pressure be?

      
        Solution
      

      Step 1: Write down the known information.

      Remember to convert the temperature from Celsius to Kelvin.

      
        [image: \scriptsize \begin{align*}{{T}_{1}}&=32\text{ }\!\!^\circ\!\!\text{ C}=32+273=305\text{ K}\\{{T}_{2}}&=15\text{ }^\circ \text{C =15+273 =288 K}\\{{p}_{1}}&=680\text{ Pa}\\{{p}_{2}}&=?\text{ Pa}\end{align*}]
      

      Step 2: Choose a relevant gas law equation that will allow you to calculate the unknown variable.

      Substitute the known values into the equation to calculate the unknown variable.

      
        [image: \scriptsize \displaystyle \begin{align*}\displaystyle \frac{{{{p}_{2}}}}{{{{T}_{2}}}}&=\displaystyle \frac{{{{p}_{1}}}}{{{{T}_{1}}}}\\\displaystyle \frac{{{{p}_{2}}}}{{288}}&=\displaystyle \frac{{680}}{{305}}\\\displaystyle \frac{{{{p}_{2}}}}{{288}}&=2.229\\{{p}_{2}}&=288\text{ x }2.229\\{{p}_{2}}&=641.95\text{ Pa}\end{align*}]
      

      Check your answer: The temperature decreases and so the pressure must decrease.

    

  

  
    
      
        [image: image]
      

      Exercise 2.3

    

    
      
      
        	A cylinder that contains methane gas is kept at a temperature of [image: \scriptsize 15\text{ }^\circ \text{C}] and exerts a pressure of [image: \scriptsize \displaystyle 7\text{ atm}]. If the temperature of the cylinder increases to [image: \scriptsize 25{{\text{ }}^{^\circ }}\text{C}], what pressure does the gas now exert?

        	A cylinder of acetylene gas is kept at a temperature of [image: \scriptsize \displaystyle 291\text{ K}]. The pressure in the cylinder is [image: \scriptsize \displaystyle 5\text{ atm}]. This cylinder can withstand a pressure of [image: \scriptsize \displaystyle 8\text{ atm}] before it explodes. What is the maximum temperature that the cylinder can safely be stored at?

      

      The 
full solutions can be found at the end of the unit.
    

  

  The general gas law

  All the gas laws we have described so far rely on the fact that the amount of gas and one other variable (temperature, pressure, or volume) remains constant. Since this is unlikely to be the case most times, it is useful to combine the relationships into one equation. We will use Boyle’s law and the pressure-temperature relation to work out the general gas equation.

  Boyle’s law: [image: \scriptsize \displaystyle p\propto \displaystyle \frac{1}{V}] (constant T)
 In other words, pressure is inversely proportional to the volume at constant temperature.

  Pressure-temperature relation: [image: \scriptsize \displaystyle p\propto T] (constant V)
 In other words, pressure is also directly proportional to the temperature at constant volume.

  If we now vary both the volume and the temperature, the two proportionalities will still hold, but will be equal to a different proportionality constant.

  So we can combine these relationships, to get:
[image: \scriptsize \displaystyle p\propto TV]
 Note that this says that the pressure is still directly proportional to the temperature and inversely proportional to the volume.

  If we introduce the proportionality constant, k, we get:
[image: \scriptsize \displaystyle p=kTV]
 or rearranging the equation:
[image: \scriptsize \displaystyle pV=kT]

  We can also rewrite this relationship as follows:
[image: \scriptsize \displaystyle \displaystyle \frac{{pV}}{T}=k]
 Provided the mass of the gas stays the same, we can also say that:
[image: \scriptsize \displaystyle \frac{{{{p}_{1}}{{V}_{1}}}}{{{{T}_{1}}}}=\displaystyle \frac{{{{p}_{2}}{{V}_{2}}}}{{{{T}_{2}}}}]

  In the above equation, the subscripts [image: \scriptsize 1] and [image: \scriptsize 2] refer to two pressure and volume readings for the same mass of gas under different conditions. This is known as the general gas equation. Remember that the general gasequation only applies if the mass (or number of moles) of the gas is fixed. Temperature is always in Kelvin and the units used for pressure and volume must be the same on both sides of the equation.

  
    
      
        [image: image]
      

      Example 2.9

    

    
      At the beginning of a journey, a truck tyre has a volume of [image: \scriptsize \displaystyle 30\text{ d}{{\text{m}}^{\text{3}}}] and an internal pressure of [image: \scriptsize \displaystyle 170\text{ }kPa]. The temperature of the tyre is [image: \scriptsize 16\text{ }^\circ \text{C}]. By the end of the trip, the volume of the tyre has increased to [image: \scriptsize \displaystyle 32\text{ d}{{\text{m}}^{\text{3}}}] and the temperature of the air inside the tyre is [image: \scriptsize 40\text{ }^\circ \text{C}]. What is the tyre pressure at the end of the journey?

      
        Solution
      

      Step 1: Write down all the given information about the gas

      Remember to convert the temperatures from Celsius to Kelvin.

      
        [image: \scriptsize \displaystyle \begin{align*}{{T}_{1}}&=16\text{ }^\circ \text{C}=273+16=289\text{ K}\\{{T}_{2}}&=40\text{ }^\circ \text{C= }273+40=313\text{ K}\\{{V}_{1}}&=30\text{ d}{{\text{m}}^{\text{3}}}\\{{V}_{2}}&=32\text{ d}{{\text{m}}^{\text{3}}}\text{ }\\{{p}_{1}}&=170\text{ kPa}\\{{p}_{2}}&=?\text{ kPa}\end{align*}]
      

      Step 2: Choose a relevant gas law equation that will allow you to calculate the unknown variable

      Temperature, pressure, and volume are all varying so we must use the general gas equation:

      
        [image: \scriptsize \displaystyle \displaystyle \frac{{{{p}_{2}}{{V}_{2}}}}{{{{T}_{2}}}}=\displaystyle \frac{{{{p}_{1}}{{V}_{1}}}}{{{{T}_{1}}}}]
      

      Step 3: Substitute the known values into the equation and calculate the unknown variable

      
        [image: \scriptsize \begin{align*}\displaystyle \frac{{(32){{p}_{2}}}}{{313}}&=\displaystyle \frac{{(170)(30)}}{{289}}\\\displaystyle \frac{{(32){{p}_{2}}}}{{313}}&=17.647\\(32){{p}_{2}}&=5523.529\\{{p}_{2}}&=172.61\text{ kPa}\end{align*}]
      

      Check your answer: The volume and temperature increased so the pressure will also increase.

    

  

  
    
      
        [image: image]
      

      Example 2.10

    

    
      A cylinder of propane gas is kept at a temperature of [image: \scriptsize \displaystyle 298\text{ K}]. The gas exerts a pressure of [image: \scriptsize \displaystyle 5\text{ atm}] and the cylinder holds [image: \scriptsize \displaystyle 4\text{ d}{{\text{m}}^{\text{3}}}] of gas. If the pressure of the cylinder increases to [image: \scriptsize \displaystyle 5.2\text{ atm}] and [image: \scriptsize \displaystyle 0.3\text{ d}{{\text{m}}^{\text{3}}}] of gas leaks out, what temperature is the gas now at?

      
        Solution
      

      Step 1: Write down all the given information about the gas

      
        [image: \scriptsize \displaystyle \begin{align*}{{T}_{1}}&=298~\text{K}\\{{T}_{2}}&=?\\{{V}_{1}}&=4~\text{d}{{\text{m}}^{\text{3}}}\\{{V}_{2}}&=4-0,3=3.7~\text{d}{{\text{m}}^{\text{3}}}\\{{p}_{1}}&=5~\text{atm}\\{{p}_{2}}&=5.2~\text{atm}\end{align*}]
      

      Step 2: Choose a relevant gas law equation that will allow you to calculate the unknown variable

      Since volume, pressure, and temperature are varying, we must use the general gas equation:

      
        [image: \scriptsize \displaystyle \frac{{{{p}_{1}}{{V}_{1}}}}{{{{T}_{1}}}}=\displaystyle \frac{{{{p}_{2}}{{V}_{2}}}}{{{{T}_{2}}}}]
      

      Step 3: Substitute the known values into the equation and calculate the unknown variable

      
        [image: \scriptsize \begin{align*}\displaystyle \frac{{(5)(4)}}{{298}}&=\displaystyle \frac{{(5.2)(3.7)}}{{{{T}_{2}}}}\\0.067&=\displaystyle \frac{{19.24}}{{{{T}_{2}}}}\\(0.067){{T}_{2}}&=19.24\\{{T}_{2}}&=287.16\text{ K}\end{align*}]
      

      Check your answer: The pressure increases and the volume decreases, so the temperature will decrease.

    

  

  
    
      
        [image: image]
      

      Exercise 2.4

    

    
      
      
        	A closed gas system initially has a volume of [image: \scriptsize \displaystyle 8\text{ L}] and a temperature of [image: \scriptsize 100\text{ }^\circ \text{C}]. The pressure of the gas is unknown. If the temperature of the gas decreases to [image: \scriptsize 50\text{ }^\circ \text{C}], the gas occupies a volume of [image: \scriptsize \displaystyle 5\text{ L}] and the pressure of the gas is [image: \scriptsize \displaystyle 1.2\text{ atm}]. What was the initial pressure of the gas?

        	[image: \scriptsize \displaystyle 25\text{ c}{{\text{m}}^{\text{3}}}] of gas at [image: \scriptsize \displaystyle 1\text{ atm}] has a temperature of [image: \scriptsize 25\text{ }^\circ \text{C}]. When the gas is compressed to [image: \scriptsize \displaystyle 20\text{ c}{{\text{m}}^{\text{3}}}], the temperature of the gas increases to [image: \scriptsize 28\text{ }^\circ \text{C}]. Calculate the final pressure of the gas.

      

      The 
full solutions can be found at the end of the unit.
    

  

  Ideal gas law equation

  In the early 1800s, Amedeo Avogadro noted that if you have samples of different gases, of the same volume, at a fixed temperature and pressure, then the samples must contain the same number of freely moving particles.

  Avogadro’s law states that equal volumes of gases, at the same temperature and pressure, contain the same number of molecules.

  The ideal gas law: the volume of a given amount of gas is directly proportional to the number of moles of gas, directly proportional to the temperature and inversely proportional to the pressure.

  From the previous section, where we combined different gas law equations to get one that included temperature, volume, and pressure. In this equation:

  [image: \scriptsize \displaystyle \displaystyle \frac{{pV}}{T}=k] where the value of k is different for different masses of gas.

  We find that when we calculate k for [image: \scriptsize \displaystyle 1] mol of gas that we get:

  
    [image: \scriptsize \displaystyle \displaystyle \frac{{pV}}{T}=8.314]
  

  This result is called the universal gas constant, R. R is measured in units of [image: \scriptsize \displaystyle \text{J}\text{.}{{\text{K}}^{{\text{-1}}}}\text{.mo}{{\text{l}}^{{\text{-1}}}}]. No matter which gas we use, [image: \scriptsize \displaystyle 1\text{ mol}] of that gas will have the same constant.

  If we now extend this result to any number of moles of a gas, we get the following:
[image: \scriptsize \displaystyle \displaystyle \frac{{pV}}{T}=nR]
 where n is the number of moles of gas.
 Rearranging this equation gives: [image: \scriptsize \displaystyle pV=nRT]. This is the ideal gas equation.

  All quantities in the equation [image: \scriptsize \displaystyle pV=nRT] must be in the same units as the value of R. In other words, SI units must be used throughout the equation.

  	Variable  	SI Units 	Other units 
 	Pressure (p) 	Pascals (Pa) 	[image: \scriptsize \displaystyle 760~\text{ mm Hg}=1~\text{ atm}=101~\text{ }325~\text{ Pa}=101.325\text{ }~\text{kPa}] 
 	Volume (V) 	[image: \scriptsize \displaystyle {{\text{m}}^{\text{3}}}] 	[image: \scriptsize \displaystyle 1~{{\text{m}}^{\text{3}}}=1~\text{ }000~000~\text{ c}{{\text{m}}^{\text{3}}}=1~000~\text{ d}{{\text{m}}^{\text{3}}}=1~000\text{ }~\text{L}] 
 	Moles (n) 	mol 	 
 	Universal gas constant (R) 	[image: \scriptsize \displaystyle{\text{J}\text{.}{{\text{K}}^{{-1}}}\text{.mo}{{\text{l}}^{{-1}}}}] 	 
 	Temperature (K) 	Kelvin (K) 	 
  

  
    
      
        [image: image]
      

      Example 2.11

    

    
      Two moles of oxygen (O2) gas occupy a volume of [image: \scriptsize \displaystyle 25\text{ d}{{\text{m}}^{\text{3}}}] at a temperature of [image: \scriptsize 40\text{ }^\circ \text{C}]. Calculate the pressure of the gas under these conditions.

      
        Solution
      

      Step 1: List all the known information

      Remember to convert the temperature to Kelvin and the volume to [image: \scriptsize {{m}^{3}}] because the ideal gas equation must be used with SI units:

      
        [image: \scriptsize \displaystyle \begin{align*}p&=?\\V&=25~\text{ d}{{\text{m}}^{\text{3}}}=\displaystyle \frac{{25}}{{1000}}=0.025\text{ }{{\text{m}}^{3}}\\n&=2~\text{ mol}\\T&=40~\text{ }^\circ \text{C }=273+40=313\text{ K}\\R&=8.314~\text{ J}\text{.K}\text{.mo}{{\text{l}}^{{\text{-1}}}}\end{align*}]
      

      Step 2: Choose the appropriate equation

      Every component (pressure, temperature, and volume) is being varied so the correct equation to use is:

      
        [image: \scriptsize \displaystyle pV=nRT]
      

      Step 3: Solve the equation

      
        [image: \scriptsize \displaystyle \begin{align*}(0,025~\text{ }{{\text{m}}^{\text{3}}})(p)&=(2~\text{ mol})(8.314~\text{ J}\text{.}{{\text{K}}^{{\text{-1}}}}\text{.mo}{{\text{l}}^{{\text{-1}}}})(313~\text{K})\\(0,025~\text{ }{{\text{m}}^{\text{3}}})(p)&=5~204.564~\text{Pa}\text{.}{{\text{m}}^{\text{3}}}\\p&=208~182.56~\text{Pa or 208}\text{.5 kPa}\end{align*}]
      

    

  

  
    
      
        [image: image]
      

      Example 2.12

    

    
      Carbon dioxide (CO2) gas is produced as a result of the reaction between calcium carbonate and hydrochloric acid. The gas that is produced is collected in a container of unknown volume. The pressure of the gas is [image: \scriptsize \displaystyle 105\text{ kPa}] at a temperature of [image: \scriptsize 20\text{ }^\circ \text{C}]. If the number of moles of gas collected is[image: \scriptsize \displaystyle 0.86\text{ mol}], what is the volume?

      
        Solution
      

      Step 1: List all known information, remembering to convert the required components to SI units

      
        [image: \scriptsize \displaystyle \begin{align*}p&=105~\text{ kPa}=105\text{ }x\text{ }1000=105000\text{ Pa}\\V&=?\\n&=0,86~\text{ mol}\\T&=20~\text{ }^\circ \text{C = 273 + 20 = 293 K}\\R&=8.314~\text{ J}\text{.K}\text{.mo}{{\text{l}}^{{\text{-1}}}}\end{align*}]
      

      Step 2: Choose the appropriate equation

      The temperature, pressure and volume is being varied so we will use:

      
        [image: \scriptsize \displaystyle pV=nRT]
      

      Step 3: Solve the equation

      
        [image: \scriptsize \displaystyle \begin{align*}(105~000~\text{Pa})V&=(0,86~\text{ mol})(8,314~\text{ J}\text{.}{{\text{K}}^{{\text{-1}}}}\text{.mo}{{\text{l}}^{{\text{-1}}}})(293~\text{K})\\(105~000~\text{Pa})V&=2~094.96\text{ }~\text{Pa}\text{.}{{\text{m}}^{\text{3}}}\\V&=0,020~\text{ }{{\text{m}}^{\text{3}}}=20\text{ }~\text{d}{{\text{m}}^{\text{3}}}\end{align*}]
      

    

  

  
    
      
        [image: image]
      

      Example 2.13

    

    
      Nitrogen (N2) reacts with hydrogen (H2) according to the following equation:
[image: \scriptsize \displaystyle {{\text{N}}_{2}}\text{+3}{{\text{H}}_{2}}\to \text{2N}{{\text{H}}_{3}}]
[image: \scriptsize \displaystyle 2\text{ }mol] ammonia (NH3) gas is collected in a separate gas cylinder which has a volume of [image: \scriptsize \displaystyle 25\text{ d}{{\text{m}}^{\text{3}}}]. The pressure of the gas is [image: \scriptsize \displaystyle 195.89\text{ kPa}]. Calculate the temperature of the gas inside the cylinder.

      
        Solution
      

      Step 1: List the known information

      Remember to convert the required components to SI units.

      
        [image: \scriptsize \displaystyle \begin{align*}p&=195.98~\text{ kPa}=195.98x1000=195\text{ }980\text{ Pa}\\V&=25~\text{ d}{{\text{m}}^{\text{3}}}=\displaystyle \frac{{25}}{{1000}}=0.025\text{ }{{\text{m}}^{\text{3}}}\\n&=2~\text{ mol}\\R&=8.3~14\text{J}\text{.}{{\text{K}}^{{\text{-1}}}}\text{mo}{{\text{l}}^{{\text{-1}}}}\\T&=?\end{align*}]
      

      Step 2: Choose the relevant gas law, substitute in the known values and solve

      
        [image: \scriptsize \displaystyle \begin{align*}pV&=nRT\\(195~890)(0,025)&=(2)(8,314)\text{T}\\4~897,25\text{T}&=16,628(\text{T})\\T&=294.52~\text{ K}\end{align*}]
      

    

  

  
    
      
        [image: image]
      

      Exercise 2.5

    

    
      
      An unknown gas has a pressure of [image: \scriptsize \displaystyle 112583.33\text{ Pa}], a temperature of [image: \scriptsize 120\text{ }^\circ \text{C}] and the number of moles is [image: \scriptsize \displaystyle 0.28\text{ mol}]. What is the volume of the sample?

      A learner is asked to calculate the answer to the problem below:
Calculate the pressure exerted by[image: \scriptsize \displaystyle 1.5\text{ moles}]of nitrogen gas in a container with a volume of[image: \scriptsize \displaystyle 20\text{ d}{{\text{m}}^{\text{3}}}]at a temperature of[image: \scriptsize \displaystyle 37\text{ }^\circ \text{C}].
 The learner writes the solution as follows:
[image: \scriptsize \displaystyle \begin{align*}n&=1.5\text{ mol}\\V&=20\text{ d}{{\text{m}}^{\text{3}}}\\T&=\text{37}+\text{273}=\text{310 }\!\!~\!\!\text{ K}\\R&=8.314\text{ J}\text{.}{{\text{K}}^{{-1}}}\text{.mo}{{\text{l}}^{{-1}}}\\pT&=nRV\\p(310)&=(1,5)(8,314)(20)\\p(310)&=249.42\\p&=0.8~\text{kPa}\end{align*}]
 Identify two mistakes which were made.

      The 
full solutions can be found at the end of the unit.
    

  

  
    
      Note

    

    
      To consolidate your understanding of the gas laws you can watch this video by Professor Dave. Whilst watching this video, please note that the pressure is stated in atm’s so the value of the constant is different to the one used in this unit.

      
        Professor Dave (Duration: 05.10) [image: Multiplying binomials]


      

    

  

  
    
      Note

    

    
      To further understand how to use each gas law and which law to use watch this video. Whilst watching this video, please note that the pressure is stated in atm’s so the value of the constant is different to the one used in this unit.

      
        Using Gas Laws (Duration: 26.31) [image: Using Gas Laws]


      

    

  

  Summary

  In this unit you have learnt the following:

  
    	An ideal gas has identical particles of zero volume, with no intermolecular forces between the particles. The atoms or molecules in an ideal gas move at the same speed.

    	A real gas behaves like an ideal gas, except at high pressures and low temperatures. At low temperatures, the forces between molecules become significant and the gas will liquefy. At high pressures, the volume of the particles becomes significant.

    	Boyle’s law states that the pressure of a fixed quantity of gas is inversely proportional to the volume it occupies so long as the temperature remains constant. In other words, [image: \scriptsize \displaystyle pV=k] or [image: \scriptsize \displaystyle {{p}_{1}}{{V}_{1}}={{p}_{2}}{{V}_{2}}].

    	Charles’s law states that the volume of an enclosed sample of gas is directly proportional to its Kelvin temperature provided the pressure and amount of gas remains constant. In other words, [image: \scriptsize \displaystyle \displaystyle \frac{V}{T}=k] or [image: \scriptsize \displaystyle \displaystyle \frac{{{{V}_{1}}}}{{{{T}_{1}}}}=\displaystyle \frac{{{{V}_{2}}}}{{{{T}_{2}}}}].

    	The pressure of a fixed mass of gas is directly proportional to its temperature if the volume is constant. In other words, [image: \scriptsize \displaystyle \displaystyle \frac{p}{T}=k] or [image: \scriptsize \displaystyle \displaystyle \frac{{{{p}_{1}}}}{{{{T}_{1}}}}=\displaystyle \frac{{{{p}_{2}}}}{{{{T}_{2}}}}].

    	For Charles’s law and for the pressure-temperature relation, the temperature must be written in Kelvin. Temperature in degrees Celsius (℃) can be converted to temperature in Kelvin (K) using the following equation: [image: \scriptsize \displaystyle TK=T{{\text{ }}^{o}}C+273].

    	Combining Boyle’s law and the relationship between the temperature and pressure of a gas, gives the general gas equation, which applies as long as the amount of gas remains constant. The general gas equation is [image: \scriptsize \displaystyle \displaystyle \frac{{pV}}{T}=k] or [image: \scriptsize \displaystyle \frac{{{{p}_{1}}{{V}_{1}}}}{{{{T}_{1}}}}=\displaystyle \frac{{{{p}_{2}}{{V}_{2}}}}{{{{T}_{2}}}}].

    	Avogadro’s law states that equal volumes of gases, at the same temperature and pressure, contain the same number of molecules.

    	The universal gas constant (R) is [image: \scriptsize \displaystyle 8.314\text{ J}\text{.}{{\text{K}}^{{\text{-1}}}}\text{.mo}{{\text{l}}^{{\text{-1}}}}]. This constant is found by calculating [image: \scriptsize \displaystyle \frac{{pV}}{T}] for [image: \scriptsize \displaystyle 1\text{ mol}] of any gas.

    	Extending the above calculation to apply to any number of moles of gas gives the ideal gas equation: [image: \scriptsize \displaystyle pV=nRT].

    	In this equation, SI units must be used. The SI unit for volume is [image: \scriptsize \displaystyle {{\text{m}}^{\text{3}}}], for pressure it is [image: \scriptsize \displaystyle \text{Pa}] and for temperature it is K.

  

  Unit 2: Assessment

  Suggested time to complete: 30 minutes

  
    	Give one word or term for each of the following definitions: 	A gas that has identical particles of zero volume, with no intermolecular forces between the particles.
	The law that states that the volume of a gas is directly proportional to the temperature of the gas, provided that the pressure and the amount of the gas remain constant.
	A measure of the average kinetic energy of gas particles.



    	Which one of the following properties of a fixed quantity of a gas must be kept constant during an investigation of Boyle’s law? 	density
	pressure
	temperature
	volume



    	Three containers of equal volume are filled with equal masses of helium, nitrogen, and carbon dioxide gas, respectively. The gases in the three containers are all at the same temperature. Which one of the following statements is correct regarding the pressure of the gases? 	All three gases will be at the same pressure.
	The helium will be at the greatest pressure.
	The nitrogen will be at the greatest pressure.
	The carbon dioxide will be at the greatest pressure.



    	The ideal gas equation is given by [image: \scriptsize \displaystyle pV=nRT]. Which one of the following conditions is true according to Avogadro’s Law?
	a 	[image: \scriptsize \displaystyle p\propto V~~~~](T = constant) 
 	b 	[image: \scriptsize \displaystyle V\propto T] (p = constant) 
 	c 	[image: \scriptsize \displaystyle V\propto n] (p, T = constant) 
 	d 	[image: \scriptsize \displaystyle p\propto T] (n = constant) 
  
                  


    	Use your knowledge of the gas laws to explain the following statements: 	It is dangerous to put an aerosol can near heat.
	A pressure vessel that is poorly designed and made can be a serious safety hazard (a pressure vessel is a closed, rigid container that is used to hold gases at a pressure that is higher than the normal air pressure).
	The volume of a car tyre increases after a trip on a hot road.



    	One of the cylinders of a motor car engine, before compression contains [image: \scriptsize \displaystyle 450\text{ c}{{\text{m}}^{\text{3}}}] of a mixture of air and petrol in the gaseous phase, at a temperature of [image: \scriptsize 30\text{ }^\circ \text{C}] and a pressure of [image: \scriptsize \displaystyle 100\text{ kPa}]. If the volume of the cylinder after compression decreases to one tenth of the original volume, and the temperature of the gas mixture rises to [image: \scriptsize \displaystyle 140\text{ }^\circ \text{C}], calculate the pressure now exerted by the gas mixture.

    	A gas of unknown volume has a temperature of [image: \scriptsize 14\text{ }^\circ \text{C}]. When the temperature of the gas is increased to [image: \scriptsize \displaystyle 100\text{ }^\circ \text{C}], the volume is found to be [image: \scriptsize \displaystyle 5.5\text{ L}]. What was the initial volume of the gas?

    	An average pair of human lungs contains about [image: \scriptsize \displaystyle 3.5\text{ L}] of air after inhalation and about [image: \scriptsize \displaystyle 3.0\text{ L}] after exhalation. Assuming that air in your lungs is at [image: \scriptsize 37\text{ }^\circ \text{C}] and [image: \scriptsize \displaystyle 1.0\text{ atm}], determine the number of moles of air in a typical breath.

  

  The full solutions can be found at the end of the unit.

  Unit 2: Solutions

  Exercise 2.1

  
    	.
[image: \scriptsize \displaystyle \begin{align*}{{p}_{2}}{{V}_{2}}&={{p}_{1}}{{V}_{1}}\\1.5~\text{L}{{p}_{2}}&=(150~\text{kPa})(1~\text{L})\\{{p}_{2}}&=\displaystyle \frac{{150}}{{1.5}}\\&=100~\text{kPa}\end{align*}]
 The volume has increased, so the pressure will decrease.

    	.
[image: \scriptsize \displaystyle \begin{align*}{{p}_{2}}{{V}_{2}}&={{p}_{1}}{{V}_{1}}\\200\text{ c}{{\text{m}}^{3}}{{p}_{2}}&=(90~\text{kPa})(250~\text{c}{{\text{m}}^{\text{3}}})\\200\text{ c}{{\text{m}}^{\text{3}}}{{p}_{2}}&=22~500~\text{kPa}\\{{p}_{2}}&=\displaystyle \frac{{22500}}{{200}}\\&=112.5~\text{kPa}\end{align*}]
 The volume is reduced so the pressure will increase.

    	.
[image: \scriptsize \displaystyle \begin{align*}{{p}_{2}}{{V}_{2}}&={{p}_{1}}{{V}_{1}}\\120~\text{kPa}{{V}_{2}}&=(100~\text{kPa})(10~\text{c}{{\text{m}}^{\text{3}}})\\{{V}_{2}}&=\displaystyle \frac{{1000}}{{120}}\\&=8.33~\text{c}{{\text{m}}^{\text{3}}}\end{align*}]
 The pressure has increased so the volume will be reduced.

  

  
    Back to Exercise 2.1
  

  Exercise 2.2

  
    	
      .
      

      [image: \scriptsize \displaystyle \begin{align*}{{V}_{1}}&=623\text{ mL}\\{{T}_{1}}&=\text{ }255\text{ }\!\!^\circ\!\!\text{ C = 273+ 255 = 528 K}\\{{V}_{2}}&=\text{ }277\text{ mL}\\{{T}_{2}}&=\displaystyle \frac{{{{V}_{2}}\text{x}{{T}_{1}}}}{{{{V}_{1}}}}\\{{T}_{2}}&=\displaystyle \frac{{277\text{x}528}}{{623}}=234.76\text{ K}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \displaystyle \begin{align*}{{T}_{1}}&=8+273=281\text{ K}\\{{T}_{2}}&=25+273=298\text{ K}\\{{V}_{1}}&=4.4\text{ d}{{\text{m}}^{3}}\\{{V}_{2}}&=\displaystyle \frac{{{{V}_{1}}x{{T}_{2}}}}{{{{T}_{1}}}}\\{{V}_{2}}&=\displaystyle \frac{{4.4x298}}{{281}}\\{{V}_{2}}&=4.67\text{ d}{{\text{m}}^{3}}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \begin{align*}{{V}_{2}}&=200\text{ c}{{\text{m}}^{\text{3}}}=\displaystyle \frac{{200}}{{1000}}=0.2\text{ d}{{\text{m}}^{3}}\\{{V}_{1}}&=1.2\text{ d}{{\text{m}}^{3}}\\{{T}_{1}}&=340\text{ K}\\{{T}_{2}}&=?\\{{T}_{2}}&=\displaystyle \frac{{{{V}_{2}}\text{x}{{T}_{1}}}}{{{{V}_{1}}}}\\{{T}_{2}}&=\displaystyle \frac{{0.2\text{x}340}}{{1.2}}\\{{T}_{2}}&=56.67\text{ K}\end{align*}]
    

  

  
    Back to Exercise 2.2
  

  Exercise 2.3

  
    	
      .
      

      [image: \scriptsize \displaystyle \begin{align*}{{T}_{1}}&=15+273=288\text{ K}\\{{T}_{{_{2}}}}&=25+273=298\text{ K}\\{{p}_{1}}&=7\text{ atm}\\{{p}_{2}}&=?\text{ atm}\\\displaystyle \frac{{{{p}_{2}}}}{{{{T}_{2}}}}&=\displaystyle \frac{{{{p}_{1}}}}{{{{T}_{1}}}}\\\displaystyle \frac{{{{p}_{2}}}}{{298}}&=\displaystyle \frac{7}{{288}}\\\displaystyle \frac{{{{p}_{2}}}}{{298}}&=0.024\\{{p}_{2}}&=7.24\text{ atm}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \displaystyle \begin{align*}{{T}_{1}}&=8\text{ K}\\{{T}_{2}}&=?\text{ K}\\{{p}_{1}}&=5\text{ atm}\\{{p}_{2}}&=291\text{ atm}\\\displaystyle \frac{{{{p}_{1}}}}{{{{p}_{2}}}}&=\displaystyle \frac{{{{T}_{1}}}}{{{{T}_{2}}}}\\\displaystyle \frac{5}{{291}}&=\displaystyle \frac{8}{{{{T}_{2}}}}\\0.0017&=\displaystyle \frac{8}{{{{T}_{2}}}}\\(0.0017){{T}_{2}}&=8\\{{T}_{2}}&=465.6\text{ K}\end{align*}]
    

  

  
    Back to Exercise 2.3
  

  Exercise 2.4

  
    	
      .
      

      [image: \scriptsize \displaystyle \begin{align*}{{T}_{1}}&=100+273=373~\text{K}\\{{T}_{2}}&=50+273=323~\text{K}\\{{p}_{1}}&=?\\{{p}_{2}}&=1.2\text{ atm}\\{{V}_{1}}&=8\text{ L}\\{{V}_{2}}&=5\text{ L}\end{align*}]
      

      [image: \scriptsize \begin{align*}\displaystyle \frac{{{{p}_{1}}{{V}_{1}}}}{{{{T}_{1}}}}&=\displaystyle \frac{{{{p}_{2}}{{V}_{2}}}}{{{{T}_{2}}}}\\\displaystyle \frac{{{{p}_{1}}(8)}}{{373}}&=\displaystyle \frac{{(1.2)(5)}}{{323}}\\\displaystyle \frac{{{{p}_{1}}(8)}}{{373}}&=0.0185\\({{p}_{1}})(8)&=6.928\\{{p}_{1}}&=0.87\text{ atm}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \displaystyle \begin{align*}{{T}_{1}}&=25+273=298~\text{K}\\{{T}_{2}}&=28+273=301~\text{K}\\{{p}_{1}}&=1\text{ atm}\\{{p}_{2}}&=?\\{{V}_{1}}&=25\text{ c}{{\text{m}}^{3}}\\{{V}_{2}}&=20\text{ c}{{\text{m}}^{3}}\\\displaystyle \frac{{{{p}_{2}}{{V}_{2}}}}{{{{T}_{2}}}}&=\displaystyle \frac{{{{p}_{1}}{{V}_{1}}}}{{{{T}_{1}}}}\\\displaystyle \frac{{{{p}_{2}}(20)}}{{301}}&=\displaystyle \frac{{(1)(25)}}{{298}}\\\displaystyle \frac{{{{p}_{2}}(20)}}{{301}}&=0.08389\\({{p}_{2}})(20)&=25.516\\{{p}_{2}}&=1.26\text{ atm}\end{align*}]
    

  

  
    Back to Exercise 2.4
  

  Exercise 2.5

  
    	
      .
      

      [image: \scriptsize \displaystyle \begin{align*}T&=120\text{ }^\circ \text{C = 273+120 = 393 }K\\V&=?\\p&=112583.33Pa\\n&=0.28\text{ }mol\\R&=8.314\text{ }J.{{K}^{{-1}}}mo{{l}^{{-1}}}\end{align*}]
      

      [image: \scriptsize \displaystyle \begin{align*}pV&=nRT\\(112~583.33)V&=(0.28)(8.314)(393)\\(112583.33)V&=895\text{ }7256\\V&=0.008~\text{ }{{\text{m}}^{\text{3}}}=8~\text{ d}{{\text{m}}^{\text{3}}}\end{align*}]
    

    	The learner has not used the correct equation. The ideal gas equation is [image: \scriptsize \displaystyle pV=nRT].
 The learner did not convert the volume to SI units.

  

  
    Back to Exercise 2.5
  

  Unit 2: Assessment

  
    	
      .
      
        	Ideal gas

        	Charles’s law

        	Temperature

      

    

    	c. Temperature must be kept constant.

    	b. The sample of helium gas will be at the greatest pressure. Helium is the smallest, in terms of atomic mass, which means there will be more helium particles in the container, leading to more collisions so the pressure will be the highest.

    	c. [image: \scriptsize \displaystyle V\propto n], with p, T constant.

    	
      .
      
        	As the temperature of a gas increases the pressure also increases (provided the volume stays constant). Since the volume of an aerosol can stays constant, the pressure will increase and cause the can to explode.

        	As the temperature of a gas increases the pressure also increases (provided the volume stays constant). Since the volume of a pressure vessel stays constant, the pressure will increase if the temperature increases and cause the vessel to explode. Also, since the vessel keeps the gas at a higher pressure than normal, the gas is more likely to burst out of the container.

        	Volume is proportional to temperature at a fixed pressure. The pressure of a car tyre is fixed. After a long trip, the temperature of the tyre increases which leads to an increase in the volume.

      

    

    	
      .
      

      [image: \scriptsize \displaystyle \begin{align*}{{T}_{1}}&=30\text{ }^\circ \text{C = }273+30=303\text{ K}\\{{T}_{2}}&=140\text{ }^\circ \text{C}=273+140=413\text{ K}\\{{V}_{1}}&=450\text{ c}{{\text{m}}^{\text{3}}}=\displaystyle \frac{{450}}{{1000}}=0.450\text{ }{{\text{m}}^{\text{3}}}\\{{V}_{2}}&=\displaystyle \frac{1}{{10}}{{V}_{1}}=0.0450\text{ }{{\text{m}}^{\text{3}}}\\{{p}_{1}}&=100\text{ kPa}=100000\text{ Pa}\\{{p}_{2}}&=?\\\displaystyle \frac{{{{p}_{2}}{{V}_{2}}}}{{{{T}_{2}}}}&=\displaystyle \frac{{{{p}_{1}}{{V}_{1}}}}{{{{T}_{1}}}}\\\displaystyle \frac{{{{p}_{2}}(0.0450)}}{{413}}&=\displaystyle \frac{{(100000)(0.450)}}{{303}}\\\displaystyle \frac{{{{p}_{2}}(0.0450)}}{{413}}&=148.52\\{{p}_{2}}(0.0450)&=61336.6\\{{p}_{2}}&=1363036.3\text{ Pa}=1363.0\text{ kPa}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \begin{align*}{{T}_{1}}&=14+273=287\text{ K}\\{{T}_{2}}&=100+273=373\text{ K}\\{{V}_{1}}&=?\\{{V}_{2}}&=5.5\text{ L}\\\displaystyle \frac{{{{V}_{1}}}}{{{{T}_{1}}}}&=\displaystyle \frac{{{{V}_{2}}}}{{{{T}_{2}}}}\\\displaystyle \frac{{{{V}_{1}}}}{{287}}&=\displaystyle \frac{{5.5}}{{373}}\\\displaystyle \frac{{{{V}_{1}}}}{{287}}&=0.020\\{{V}_{1}}&=5.74\text{ L}\end{align*}]
    

    	
      .
      

      [image: \scriptsize \begin{align*}V&=3.5\text{ L}-3.0\text{ L}=0.0005\text{ }{{\text{m}}^{\text{3}}}\\T&=37+273=310\text{ K}\\p&=101325\text{ Pa}\\n&=?\\R&=8.314\text{ J}\text{.}{{\text{K}}^{{\text{-1}}}}\text{.mo}{{\text{l}}^{{\text{-1}}}}\\pV&=nRT\\(101325)(0.0005)&=n(8.314)(310)\\50.6625&=(n)(2577.34)\\n&=0.02\text{ mol}\end{align*}]
    

  

  
    Back to Unit 2: Assessment
  

  
    Media Attributions

    
      	Fig 1 © Nadina Wiokiewicpzi is licensed under a CC BY-SA (Attribution ShareAlike) license

      	Fig 2 © Libretext is licensed under a CC BY-NC-SA (Attribution NonCommercial ShareAlike) license

      	Fig 4 © DHET is licensed under a CC BY (Attribution) license

      	Fig 5 © NASA is licensed under a Public Domain license

      	Fig 6 © Libretext is licensed under a CC BY-NC-SA (Attribution NonCommercial ShareAlike) license

      	Fig 7 © Siyavula is licensed under a CC BY-ND (Attribution NoDerivatives) license

      	Fig 8 © Libretext is licensed under a CC BY-NC-SA (Attribution NonCommercial ShareAlike) license

      	Fig 9 © DHET is licensed under a CC BY (Attribution) license

      	Fig 10 © Libretext is licensed under a CC BY-NC-SA (Attribution NonCommercial ShareAlike) license

      	Fig 11 © Siyavula is licensed under a CC BY-ND (Attribution NoDerivatives) license

    

  

  





  
  




XV
Mechanical Properties of matter: Describe, analyse and apply principles heat and thermal properties of solids and liquid
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      Subject outcome

    

    
      Subject outcome 5.5: Describe, analyse and apply principles heat and thermal properties of solids and liquid
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      Learning outcomes

    

    
      
        	Describe and apply expansion of solids (refer to linear, area and volume expansion).

        	Describe and apply expansion of liquids and viscosity.

        	Define and calculate latent heat.

        	Describe and differentiate between vapour pressure and boiling point.

        	Describe evaporation as a cooling process and factors that have an effect (surface area, temperature, volatile liquids, air currents and air pressure).
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      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Describe and apply expansion of solids (refer to linear, area and volume expansion).

        	Describe and apply expansion of liquids and viscosity.
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      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Define and calculate latent heat.

        	Describe and differentiate between vapour pressure and boiling point.

        	Describe evaporation as a cooling process and factors that affect it.

      

    

  

  






Unit 1: Expansion of solids and liquids
Emma Harrage
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      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Describe and apply expansion of solids (refer to linear, area and volume expansion).

        	Describe and apply expansion of liquids and viscosity.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Understand kinetic energy and its relationship to the temperature and movement of particles. Refer to level 2 subject outcome 5.1 unit 1 to revise this.

  

  Introduction

  In this unit we learn about thermal expansion. The expansion of alcohol in a thermometer is one of many commonly encountered examples of thermal expansion. Thermal expansion is the change in size or volume of a given mass with temperature. Hot air rises because its volume increases, which causes the hot air’s density to be smaller than the density of surrounding air, causing a buoyant (upward) force on the hot air. The same happens in all liquids and gases, driving natural heat transfer upwards in homes, oceans, and weather systems. Solids also undergo thermal expansion. Railroad tracks and bridges, for example, have expansion joints to allow them to freely expand and contract with temperature changes.

  
    [image: ]
    Figure 1: Expansion joints on a bridge

  

  Bridges made of steel girders also expand during the day and contract during the night. They will bend if their ends are fixed. To allow for this a thermal girder rests on rollers in the gap left for expansion.

  Thermal expansion

  It is a well-known phenomenon that substances expand on heating and contract on cooling. If you heat a body, it alters its dimensions, depending on the shape of the body.

  Thermal expansion is related to temperature change. The greater the temperature change, the more a bimetallic strip will bend. Secondly, it depends on the material. In a thermometer, for example, the expansion of alcohol is much greater than the expansion of the glass containing it.

  As is discussed in level 2 subject outcome 5.1, an increase in temperature means an increase in the average kinetic energy of the individual atoms. In a solid, unlike in a gas, the atoms or molecules are closely packed together, but their kinetic energy (in the form of small, rapid vibrations) pushes neighbouring atoms or molecules apart from each other. This neighbour-to-neighbour pushing results in a slightly greater distance, on average, between neighbours, and adds up to a larger size for the whole body. For most substances under ordinary conditions, there is no one direction, and an increase in temperature will increase the solid’s size by a certain fraction in all dimensions.

  Thermal expansion can be defined as the change in the length, width, height, or volume of any material on changing the temperature. Thermal expansion is very evident in solids as atoms are densely packed. Thermal expansion of solids has many applications in day-to-day life.

  Objects expand in all dimensions, as illustrated in figure 2 below. That is, their areas and volumes, as well as their lengths, increase with temperature. Holes also get larger with temperature. If you cut a hole in a metal plate, the remaining material will expand exactly as it would if the plug was still in place. The plug would get bigger, and so the hole must get bigger too. (Think of the ring of neighbouring atoms or molecules on the wall of the hole as pushing each other farther apart as temperature increases. Obviously, the ring of neighbours must get slightly larger, so the hole gets slightly larger).

  There are three types of common expansion.

  
    	The expansion that occurs in length is called linear expansion.

    	If we take a square tile and heat it, the expansion will be on two fronts, length, and breadth, and this is called area expansion.

    	If we take a cube and heat it, all its sides expand and now the body experiences an increase in the overall volume due to this and this is called volume expansion.

  

  
    [image: ]
    Figure 2: In general, objects expand in all directions as temperature increases; in these drawings, the original boundaries of the objects are shown with solid lines, and the expanded boundaries with dashed lines

  

  In figure 2, the drawing (a) area increases because both length and width increase. The area of a circular plug also increases. In drawing (b), if the plug is removed, the hole it leaves becomes larger with increasing temperature, just as if the expanding plug were still in place. In drawing (c) the volume also increases, because all three dimensions increase.

  The coefficient of thermal expansion describes how the size of an object changes with a change in temperature. Specifically, it measures the fractional change in size per degree change in temperature at a constant pressure, such that lower coefficients describe lower tendency for change in size. The expansion of a solid when heated is small. A metal ruler may expand by when heated. Though small, this expansion can create a very large force if it is restrained.

  The volumetric thermal expansion coefficient is the most basic thermal expansion coefficient, and the most relevant for fluids. In general, substances expand or contract when their temperature changes, with expansion or contraction occurring in all directions.

  Liquid particles are usually less tightly attracted to neighbouring molecules, they generally move further than solid particles when heated. Hence, liquid expands more than a solid if the temperature rise is the same. This expansion of liquid may be used in a liquid-in-glass thermometer. The volume increase of alcohol or mercury may be calibrated to provide a temperature reading since the expansion is almost directly proportional to the temperature rise.

  
    [image: ]
    Figure 3: Water expands in all directions when heated

  

  Bulb thermometers (glass thermometers) exploit the property of thermal expansion of materials to put a number on the amount of internal heat of a substance.

  Figure 4 shows a thermometer at a relatively low temperature (on the left).

  
    [image: ]
    Figure 4: Liquid in a thermometer will expand when heated

  

  When the bulb is exposed to a material with more heat energy, the atoms/molecules of the material collide with the glass of the bulb, which transfers the collision energy to the molecules of the thermometer liquid, which absorb that energy and so the volume of the liquid expands. It is not the particles which expand, but the space between the particles that increases.

  A number of materials contract on heating within certain temperature ranges; this is usually called negative thermal expansion, rather than ‘thermal contraction’. For example, the coefficient of thermal expansion of water drops to zero as it is cooled to [image: \scriptsize \displaystyle 3.983~^\circ\text{C}] and then becomes negative below this temperature; this means that water has a maximum density at this temperature, and this leads to bodies of water maintaining this temperature at their lower depths during extended periods of sub-zero weather.

  Factors affecting thermal expansion

  Unlike gases or liquids, solid materials tend to keep their shape when undergoing thermal expansion. Thermal expansion generally decreases with increasing bond energy, which also influences the melting point of solids, so, high melting point materials are more likely to have lower thermal expansion.

  In general, liquids expand slightly more than solids. The thermal expansion of glass is higher compared to that of crystals.

  Absorption or desorption of water (or other solvents) can change the size of many common materials; many materials change size much more due to this effect than due to thermal expansion. Common plastics exposed to water can, in the long term, expand by many percent.

  Thermal expansion changes the space between particles of a substance, which changes the volume of the substance so changing its density. This plays a crucial role in convection of unevenly heated fluid masses, such as making thermal expansion partly responsible for wind and ocean currents.

  In general, objects will expand with increasing temperature. Water is the most important exception to this rule. Water expands with increasing temperature (its density decreases) when it is at temperatures greater than [image: \scriptsize \displaystyle 4\text{ }^\circ \text{C}]. However, it expands with decreasing temperature when it is between [image: \scriptsize \displaystyle 4\text{ }^\circ \text{C}] and [image: \scriptsize 0\text{ }^\circ \text{C}]. Water is densest at [image: \scriptsize \displaystyle 4\text{ }^\circ \text{C}].

  Perhaps the most striking effect of this phenomenon is the freezing of water in a pond. When water near the surface cools down to [image: \scriptsize \displaystyle 4\text{ }^\circ \text{C}] it is denser than the remaining water and so it will sink to the bottom. This ‘turnover’ results in a layer of warmer water near the surface, which is then cooled. Eventually the pond has a uniform temperature of [image: \scriptsize \displaystyle 4\text{ }^\circ \text{C}]. If the temperature in the surface layer drops below [image: \scriptsize \displaystyle 4\text{ }^\circ \text{C}], the water is less dense than the water below, and so it stays near the top. As a result, the pond surface can completely freeze over. The ice on top of liquid water provides an insulating layer from winter’s harsh exterior air temperatures. Fish and other aquatic life can survive in [image: \scriptsize \displaystyle 4\text{ }^\circ \text{C}] water beneath ice, due to this unusual characteristic of water. It also produces circulation of water in the pond that is necessary for a healthy ecosystem of the body of water.

  Applications of thermal expansion in everyday life

  Thermal expansion is used in many applications in our daily life.

  
    	Thermometers: In thermometers, thermal expansion is used in temperature measurements.

    	Removing tight lids: To open the cap of a bottle that is tight enough, immerse it in hot water for a minute or so. Metal caps expand and become loose and therefore easier to turn and open.

    	Riveting: To join steel plates tightly together, red hot rivets are forced through holes in the plates. The end of hot rivets is then hammered. On cooling, the rivets contract and bring the plates tightly together.

    	Fixing metal tyres on wooden wheels: Iron rims are fixed on wooden wheels of carts. Iron rims are heated. The thermal expansion allows them to slip over the wooden wheel. Water is poured on them to cool. The rim contracts and becomes tight over the wheel.

    	Railway tracks expand during a hot day. If the tracks are not designed for the expansion, the entire track may bend out of shape during expansion. Rails in direct sunshine can be as much as [image: \scriptsize \displaystyle \text{20 }\!\!^\circ\!\!\text{ C}] hotter than air temperature. Because rails are made from steel, they expand as they get hotter, and can start to curve, known as ‘buckling’.

  

  
    [image: ]
    Figure 5: Buckled railway tracks caused by linear expansion

  

  Railway tracks are lengths of rails joined by rail joints (joint bars, fishplates). If you look closely at the rails, you will find that every [image: \scriptsize \displaystyle 12] or [image: \scriptsize \displaystyle 24] metres, there will be a small gap between the two rails.

  
    [image: ]
    Figure 6: The gap between rails

  

  This is done to solve the problem of thermal expansion and contraction of railroad rails. If there is no such gap, the steel rails will squeeze, twist, and buckle when they are extremely heated, and deform the entire railway. When the weather is hot in summer, the length of the rails increases and the rails without reserved gaps can only bulge upwards, which is not good for safety. To avoid this phenomenon, a gap must be reserved between the rails.

  The expansion of solids can be put to good use. Two pieces of different metals with different expansion coefficients may be bound together. When the temperature changes, the two metals expand differently. This causes the strip to bend according to the temperature. This bimetallic strip may be used to open and close an electric circuit to control temperature.

  
    [image: ]
    Figure 7: A bimetallic strip, consisting of two metals that expand at different rates

  

  A bimetallic strip can be made to bend at a given temperature, forming a temperature-activated switch. A bimetallic strip consists of two thin strips of different metals such as brass and iron joined together (see figure 7). On heating the strip, brass expands more than iron. This unequal expansion causes the bending of the strip.

  Bimetal strips are used for various purposes. Bimetal thermometers are used to measure temperature, especially in furnaces and ovens. Bimetal strips are used in thermostats. A bimetal thermostat is used to control the temperature of the heater coil in an electric iron.

  
    [image: ]
    Figure 8: The bimetallic strip will bend upwards when heated, closing the circuit

  

  One example of where a bimetallic strip is used is in petrol stations for the running of petrol from a freshly filled tank on a hot day. Gasoline starts out at the temperature of the ground under the gas station, which is cooler than the air temperature above. The gasoline cools the steel tank when it is filled. Both the gasoline and steel tank expand as they warm to air temperature, but gasoline expands much more than steel, and so it may overflow.

  
    [image: ]
    Figure 9: A car petrol gauge

  

  This difference in expansion can also cause problems when interpreting the petrol gauge in a car. The actual amount (mass) of petrol left in the tank when the gauge hits ‘empty’ is a lot less in the summer than in the winter. The petrol has the same volume as it does in the winter when the ‘petrol light goes on, but because the petrol has expanded, there is less mass. If you are used to getting another [image: \scriptsize \displaystyle 40] kilometres on ‘empty’ tank in the winter, beware – you will probably run out much more quickly in summer.

  Other examples of thermal expansion in our daily life include:

  
    	cracks in the road when the road expands on heating

    	sags in electrical power lines

    	windows with metal frames need rubber spacers to avoid thermal expansion creating gaps

    	tyres bursting on hot days when filled full of air.

  

  Thermal stress is created by thermal expansion or contraction. Thermal stress can be destructive, such as when expanding petrol ruptures a tank. It can also be useful, for example, when two parts are joined together by heating one part in manufacturing, then slipping it over the other part and allowing the combination to cool. Thermal stress can explain many phenomena, such as the weathering of rocks and pavements by the expansion of ice when it freezes. Railroad tracks and roadways can buckle on hot days if they lack sufficient expansion joints (see figure 5.) Power lines sag more in the summer than in the winter and will snap in cold weather if there is insufficient slack. Cracks open and close in plaster walls as a house warms and cools. Glass cooking pans will crack if cooled rapidly or unevenly, because of differential contraction and the stresses it creates.

  
    
      Note

    

    
      To consolidate your understanding of thermal expansion, you can watch this video by JamJar called Thermal expansion of solids, liquids and gases.

      
        Thermal expansion of solids, liquids and gases (Duration: 03.58) [image: Thermal expansion of solids, liquids and gases]
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      Exercise 1.1

    

    
      
      
        	List the three types of expansion an object or substance can experience.

        	Liquids expand when they are heated. Using this knowledge, explain why you should fill your car with petrol or diesel in the early morning in summer.

        	Explain why powerlines sag more in the summer.

      

      The 
full solutions are at the end of the unit.
    

  

  Viscosity of liquids

  Viscosity is a measure of how resistant a substance is to motion. Most fluids offer some resistance to motion, and we call this resistance ‘viscosity’. Viscosity arises when there is relative motion between layers of the fluid. More precisely, it measures resistance to flow arising due to the internal friction between the fluid layers as they slip past one another when fluid flows. Viscosity can also be thought of as a measure of a fluid’s thickness or its resistance to objects passing through it.

  A fluid with large viscosity resists motion because its strong intermolecular forces give it a high internal friction, resisting the movement of layers past one another. On the contrary, a fluid with low viscosity flows easily because its molecular makeup results in very little friction when it is in motion. Gases also exhibit viscosity, but it is harder to notice in ordinary circumstances.

  
    
      
        [image: image]
      

      Take note!

    

    
      Viscosity is a measurement of how resistant a fluid is when attempts are made to move through it.

    

  

  

  
    
      [image: ]
    
    Figure 10: The blue liquid has a lower viscosity than the orange liquid

  

  A fluid with low viscosity of said to be ‘thin’, whilst a high viscosity is said the be ‘thick’ and more viscous.

  A low-viscosity substance will flow much more easily than a high-viscosity substance. For this reason, if you are looking for an adhesive that will stay put after it’s dispensed, for example, you will want one with high viscosity. Meanwhile, if you need one that will spread out easily, you’ll need one with low viscosity.

  
    [image: ]
  

  Figure 11: The viscosity of a substance is affected by its temperatureThe viscosity of liquids decreases rapidly with an increase in temperature, and the viscosity of gases increases with an increase in temperature. So, upon heating, liquids flow more easily, whereas gases flow more slowly.

  With regard to machinery that uses oil for lubrication of moving parts. If the oil’s viscosity becomes too high, the oil’s flow will be restricted. As a result, the machinery’s components will not have the lubrication they need. This will lead to metal-on-metal damage.

  If you have a gearbox that uses oil and the oil is too thick due to cold temperatures, the gear will have to push chunks of the lubricant away. The oil will therefore not reach the other housing components that require lubrication. Using substances that are too viscous can also pose a safety concern.

  Newtonian and non-Newtonian fluids

  If the viscosity does not change with pressure, we describe something as being a Newtonian fluid. And, if the viscosity does change as the temperature changes, we describe something as being a non-Newtonian fluid.

  The fluid whose viscosity remains constant is known as the Newtonian fluid. These fluids are independent of the amount of shear stress applied to them with respect to time. The relationship between the viscosity and shear stress of these fluids is linear.

  Examples of Newtonian Fluids are:

  
    	water

    	alcohol

    	mineral oil

    	petrol.

  

  A fluid in which viscosity changes when shear stress is applied is known as a non-Newtonian fluid. These fluids are the opposite of Newtonian fluids.

  Examples of non-Newtonian Fluids are:

  
    	toothpaste

    	tomato sauce

    	cosmetics

    	paint.

  

  
    
      Note

    

    
      You can watch a video on non-Newtonian fluids by Sciencemandotcom called Physics – Non-Newtonian Fluids.

      
        Physics – Non-Newtonian Fluids (Duration: 03.36) [image: Physics - Non-Newtonian Fluids]


      

    

  

  Summary

  In this unit you have learnt the following:

  
    	Thermal expansion is the increase, or decrease, of the size (length, area, or volume) of a body due to a change in temperature.

    	Thermal expansion is relatively small, but not negligible, for liquids and solids.

    	Linear thermal expansion is the change in length with change in temperature.

    	Solids change in area due to thermal expansion.

    	Liquids change in volume due to thermal expansion

    	Thermal stress is created when thermal expansion is controlled.

    	Viscosity is a measure of how resistant a substance is to motion

  

  Unit 1: Assessment

  Suggested time to complete: 15 minutes

  
    	One method of getting a tight fit, say of a metal peg in a hole in a metal block, is to manufacture the peg slightly larger than the hole. The peg is then inserted when at a different temperature than the block. Should the block be hotter or colder than the peg during insertion? Explain your answer.

    	Does it really help to run hot water over a tight metal lid on a glass jar before trying to open it? Explain your answer.

    	Due to the strange behaviour of water, for the same mass, the volume of ice is more than that of water. Is this true or false? Explain your answer.

    	When water is cooled from [image: \scriptsize \displaystyle 4\text{ }^\circ \text{C}] to [image: \scriptsize 0\text{ }^\circ \text{C}] does it: 	contract
	expand
	first contract then expand
	first expand and then contract?
 Explain your answer.



    	What is viscosity? Write a definition.

    	How are viscosity and flow rate related?

  

  The full solutions are at the end of the unit.

  Unit 1: Solutions

  Exercise 1.1

  
    	linear, area and volume

    	Petrol comes out of the storage tank at the temperature of the ground under the petrol station, which is cooler than the air temperature above. Cooler petrol has a higher density and mass and is less likely to evaporate. So you get more fuel!

    	Metals expand on heating. During the summer, the powerlines will heat up causing them to expand, meaning they will sag more.

  

  
    Back to Exercise 1.1
  

  Unit 1: Assessment

  
    	The block should be warmer than the peg. Solids expand when heated. When the peg is placed in the hole, and the block cools, the block will contract, making a tight fit with the peg.

    	Yes. As you heat the lid, it will expand, so it will be easier to open the jar.

    	True. Generally, the volume of substances increases on heating and decreases on cooling. But when water is heated from [image: \scriptsize 0\text{ }^\circ \text{C}] to [image: \scriptsize 4\text{ }^\circ \text{C}] , its volume decreases and increases only after [image: \scriptsize 4\text{ }^\circ \text{C}].

    	The correct option is B. Expansion of water occurs when water is cooled from [image: \scriptsize 4\text{ }^\circ \text{C}] to [image: \scriptsize 0\text{ }^\circ \text{C}] since density begins to decrease after attaining maximum value at [image: \scriptsize 4\text{ }^\circ \text{C}].

    	Viscosity is a measure of a fluid’s resistance to flow.

    	The viscosity of liquids decreases rapidly with an increase in temperature, and the viscosity of gases increases with an increase in temperature.

  

  
    Back to Unit 1: Assessment
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      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Define and calculate latent heat.

        	Describe and differentiate between vapour pressure and boiling point.

        	Describe evaporation as a cooling process and factors that affect it.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Understand the expansion of a liquid. Refer to level 3 subject outcome 5.5 unit 1 to revise this.

  

  Introduction

  Latent heat is defined as the heat or energy that is absorbed or released during a phase change of a substance. It could either be from a gas to a liquid or liquid to solid or vice versa. Latent heat is related to a heat property called enthalpy.

  Latent heat

  When ice (a solid) melts, it turns into water (a liquid); this is called fusion. When water (a liquid) boils, it turns into steam (a gas); this is called vaporisation.

  When a substance changes from one state to another, energy is either absorbed or liberated. This heat energy is called the latent heat, and part of it is the energy used to overcome the forces of attraction between the molecules.

  It is important to realise that no temperature change occurs during the change of state. The temperature will only rise or fall when the entire specimen has changed from one state to the other. As far as the mechanism is concerned, latent heat is the work that is needed to overcome the attractive forces that hold molecules and atoms together in a substance. However, an important point that we should consider regarding latent heat is that the temperature of the substance remains constant.

  Let us look at an example. Suppose a solid substance is changing to a liquid, it needs to absorb energy to push the molecules into a wider, more fluid volume. Similarly, when a substance changes from a gas phase to a liquid, their density levels also need to go from a lower to a higher level and so the substance then needs to release or lose energy so that the molecules come closer together. This energy change that is required by a substance to either freeze, melt or boil is said to be latent heat.

  
    [image: ]
    Figure 1: A graph explaining phase changes according to changes in time and temperature

  

  
    It is clearly useful to know the energy required to change the state of unit mass of the substance. This is known as the specific latent heat and is defined as follows: The specific latent heat is the energy required to change the state of [image: \scriptsize \displaystyle 1\text{ kg}] of the substance.
  

  
    [image: ]
    Figure 2: The two different types of latent heat

  

  
    Latent heat is measured in units of joules per kilogram ([image: \scriptsize \displaystyle \text{J/kg}]). The energy is referred to as latent, or hidden, because in phase changes, energy enters or leaves a system without causing a temperature change in the system; so, in effect, the energy is hidden.
  

  If we look at how much energy is needed to melt a kilogram of ice at [image: \scriptsize \displaystyle 0~^\circ\text{C}] to produce a kilogram of water at [image: \scriptsize \displaystyle 0~^\circ\text{C}], we find that [image: \scriptsize \displaystyle \text{334 kJ}] of energy is needed. So, [image: \scriptsize \displaystyle 334\text{ kJ}] is the energy needed to melt a kilogram of ice. This is a large amount of energy as it represents the same amount of energy needed to raise the temperature of [image: \scriptsize \displaystyle 1\text{ kg}] of liquid water from [image: \scriptsize \displaystyle 0~^\circ\text{C}~\text{to}~79~^\circ\text{C}]. Even more energy is required to vaporise water; it would take [image: \scriptsize \displaystyle 2256\text{ kJ}] to change [image: \scriptsize \displaystyle 1\text{ kg}] of liquid water at the normal boiling point of [image: \scriptsize 100 ~^\circ\text{C}] to steam (water vapour).

  This example shows that the energy for a phase change is enormous compared to energy associated with temperature changes without a phase change.

  Phase changes can have a tremendous stabilising effect even on temperatures that are not near the melting and boiling points, because evaporation and condensation (the conversion of a gas into a liquid state) occur even at temperatures below the boiling point.

  For example, the fact that air temperatures in humid climates rarely go above [image: \scriptsize \displaystyle 35.0~^\circ\text{C}], is because most heat transfer goes into evaporating water into the air. Similarly, temperatures in humid weather rarely fall below the dew point because enormous amounts of heat is released when water vapour condenses.

  
    [image: ]
    Figure 3: A graph of temperature versus energy added

  

  
    In figure 3, you can see that the system is constructed so that no vapour evaporates while ice warms to become liquid water, and so that, when vaporisation occurs, the vapour remains in the system. The long stretches of constant temperature values at [image: \scriptsize \displaystyle 0~^\circ\text{C}] and [image: \scriptsize \displaystyle 100~^\circ\text{C}] reflect the large latent heat of melting and vaporisation, respectively.
  

  The effects of phase change are examined more precisely, by adding heat to a sample of ice at [image: \scriptsize -20~^\circ\text{C}] (as shown in figure 3). The temperature of the ice rises linearly, absorbing heat at a constant rate of [image: \scriptsize 0.50~\text{cal/g.}^\circ\text{C}] until it reaches [image: \scriptsize 0~^\circ\text{C}]. Once at this temperature, the ice begins to melt until all the ice has melted, absorbing [image: \scriptsize \displaystyle \text{79}\text{.8 cal/g}] of heat. The temperature remains constant at [image: \scriptsize 0~^\circ\text{C}] during this phase change. Once all the ice has melted, the temperature of the liquid water rises, absorbing heat at a new constant rate of [image: \scriptsize 1.00~\text{cal/g.}^\circ\text{C}]. At [image: \scriptsize 100~^\circ\text{C}], the water begins to boil, and the temperature again remains constant while the water absorbs [image: \scriptsize \displaystyle \text{539 cal/g}] of heat during this phase change. When all the liquid has become steam vapour, the temperature rises again, absorbing heat at a rate of [image: \scriptsize 0.482~\text{cal/g.}^\circ\text{C}].

  Any material has two specific latent heats; the specific latent heat of fusion and the specific latent heat of vaporisation.

  The specific latent heat of fusion is the thermal energy required to convert [image: \scriptsize \displaystyle 1\text{ kg}] of solid to liquid with no change in temperature. This term is used when melting a solid or freezing a liquid.

  
    	When a solid substance is melted, its temperature stays constant until all the substance has melted.

    	The latent heat of fusion is the energy needed to break the forces of attraction between the molecules.

    	If the substance in its liquid state is cooled, it will solidify at the same temperature as its melting point.

    	When this happens, the particles are attracted together together into a rigid structure.

    	Latent heat is transferred to the surroundings as the substance solidifies and the particles form stronger attractive forces.

  

  The specific latent heat of vaporisation is the thermal energy required to convert [image: \scriptsize \displaystyle 1\text{ kg}] of liquid to gas with no change in temperature. This term is used when vaporising a liquid or condensing a gas.

  
    	When a liquid substance is heated, at its boiling point, the substance boils and turns into vapour.

    	The latent heat of vaporisation is the energy needed by the particles to break away from their neighbouring particles in the liquid.

    	If the substance in its gas state is cooled, it will condense at the same temperature as its boiling point.

    	Therefore, latent heat is transferred to the surroundings as the substance condenses into a liquid and its particles form new intermolecular forces.

  

  Calculating specific latent heat

  The amount of energy [image: \scriptsize E] required to melt or vaporise a mass of [image: \scriptsize m] with latent heat [image: \scriptsize \displaystyle L] is:
[image: \scriptsize \displaystyle E\text{ }=\text{ }mL]
 Where:
[image: \scriptsize E] = thermal energy required for a change in state, in joules ([image: \scriptsize \displaystyle J])
[image: \scriptsize m] = mass, in kilograms [image: \scriptsize (\text{kg})]
[image: \scriptsize \displaystyle L] = specific latent heat, in joules per kilogram ([image: \scriptsize \displaystyle \text{J/kg}])

  
    [image: ]
    Figure 4: This equation can be rearranged with the help of a formula triangle

  

  For context, the values of latent heat for water are:
 Specific latent heat of fusion = [image: \scriptsize \displaystyle 330\text{ kJ/kg}]
 Specific latent heat of vaporisation = [image: \scriptsize \displaystyle 2.26\text{ MJ/kg}]
 Therefore, evaporating [image: \scriptsize \displaystyle 1\text{ kg}] of water requires seven times more energy than melting the same amount of ice to form water.

  
    
      
        [image: image]
      

      Example 2.1

    

    
      Calculate the energy transferred to the surroundings as [image: \scriptsize \displaystyle 0.60\text{ kg}] of stearic acid changed state from liquid to solid. The specific latent heat of fusion of stearic acid is [image: \scriptsize \displaystyle 199\text{ }000\text{ J/kg}].

      
        Solution
      

      Step 1: List the known quantities
 Mass = [image: \scriptsize \displaystyle m=0.60\text{ kg}]
 Specific latent heat of fusion, [image: \scriptsize \displaystyle L] = [image: \scriptsize \displaystyle 199\text{ }000\text{ J/kg}]

      Step 2: Write down the relevant equation
[image: \scriptsize \displaystyle E\text{ }=\text{ }mL]

      Step 3: Substitute in the values and calculate
[image: \scriptsize \displaystyle E\text{ = 0}\text{.60 }\!\!\times\!\!\text{ 199 000 = 119 400 J}]

    

  

  
    
      
        [image: image]
      

      Exercise 2.1

    

    
      
      
        	What is the name of the variable that tells you how much heat energy is required to change the state of a substance? 	Specific latent heat
	Specific heat capacity
	Capacity of materials to withstand heat



        	What happens to the temperature of an object when it changes from a solid to a liquid? 	It increases
	It decreases
	It remains the same



        	What happens to the temperature of an object when it changes from a liquid to a gas? 	It remains the same
	It decreases
	It increases



        	Why does the temperature of ice remain at [image: \scriptsize 0\text{ }^\circ \text{C}] when it is melting? 	Heat energy is moving the particles more quickly
	Heat energy is making the particles expand
	Heat energy is being used to overcome the forces between the particles



        	
          .
          
            	The melting point and boiling point of lead are [image: \scriptsize \displaystyle 327\text{ }^\circ \text{C}] and [image: \scriptsize \displaystyle 1774\text{ }^\circ \text{C}] respectively, and [image: \scriptsize \displaystyle -219\text{ }^\circ \text{C}] and [image: \scriptsize \displaystyle -183\text{ }^\circ \text{C}] for oxygen respectively. 	At [image: \scriptsize \displaystyle -\text{ }200\text{ }^\circ \text{C}] will the oxygen be a solid, liquid, or gas?
	At [image: \scriptsize \displaystyle 450\text{ }^\circ \text{C}] will the lead be a solid, liquid, or gas?



            	The graph below shows how the temperature of a pure substance changes as it is heated.
[image: ]	At what temperature does the substance melt?
	Identify the section of the graph with a letter X where the substance is a liquid only and with a letter Y where it exists as both a liquid and solid at the same time.
	If the heat applied to the substance provides [image: \scriptsize \displaystyle 100\text{ J}] of heat energy every second, use the graph to calculate the energy required to melt this substance.
	If [image: \scriptsize \displaystyle 1.5\text{ kg}] of the substance was used, use your answer to part (ii) to calculate the specific latent heat of fusion for this substance.



          

        

      

      The 
full solutions are at the end of the unit.
    

  

  Vapour pressure and boiling point

  Vaporisation and boiling are two terms used to express the phase change of a liquid or a solid. Vaporisation is the phase change of a liquid or solid into its vapour. Boiling causes the phase change of a liquid into its vapour. Vaporisation gives rise to the vapour pressure of a closed system. The boiling point is the temperature at which a liquid is vapourised. Although these two terms are related to each other, there are differences between them. The main difference between vapour pressure and boiling point is that vapour pressure is a measurement of pressure whereas boiling point is a measurement of temperature.

  What is vapour pressure?

  Vapour pressure can be defined as the force exerted by the vapour.

  
    [image: ]
    Figure 5: Vapour pressure is the force exerted by the vapour released by a liquid in a closed container or space

  

  The vapour should meet the following conditions to exert the vapour pressure:

  
    	The vapour should be in equilibrium with its liquid or solid phase.

    	Vapour should be at a constant temperature.

    	Both vapour and its condensed form should exist in a closed system.

  

  Vapour pressure is related to the desire of molecules to escape the liquid or solid. Substances with high vapour pressure at normal temperature are volatile. If the temperature remains constant, the vapour pressure also remains constant. But once the temperature increases, the average kinetic energy of liquid molecules increases, releasing more and more molecules from the liquid. As a result, the transition of liquid molecules into vapour is increased. So, the vapour pressure is also increased. At a certain temperature, the vapour pressure becomes equal to the external pressure exerted on the liquid or solid. The temperature at which this happens is called the boiling point of the liquid.

  What is boiling point?

  The boiling point is the temperature at which a liquid boils. In other words, it is the temperature at which the vapour pressure of a liquid is equal to the external pressure which is applied on the liquid by the surrounding environment.

  
    [image: ]
    Figure 6: The vapour pressures of several liquids as a function of temperature; the point at which the vapour pressure curve crosses the dashed line is the normal boiling point of the liquid

  

  The boiling point of a liquid varies with the atmospheric pressure. Hence the value of the boiling point for a certain liquid is not always constant. The atmospheric pressures varies according to elevation. For example, water normally boils at [image: \scriptsize \displaystyle 100\text{ }^\circ \text{C}] when the atmospheric pressure is [image: \scriptsize \displaystyle 1] atm. But at higher altitudes, water boils at lower temperatures. That is because the vapour pressure should be equal to the atmospheric pressure for a liquid to boil. As the pressure at higher altitudes is lower, a low heat energy (temperature) is enough to meet the above criteria.

  Even at temperatures below the boiling point, liquid molecules will become vapour due to a process called evaporation. Evaporation is the escaping of liquid molecules which are located on the surface of a liquid. These molecules are only loosely bound to the other molecules in the liquid; thus, they can easily detach from other molecules and escape the liquid as vapour. But in boiling, molecules located anywhere in the liquid can escape the liquid.

  
    [image: ]
    Figure 7: More evaporation means a higher vapour pressure

  

  Vapour pressure and boiling point are inversely proportional. If the vapour pressure of a liquid is low, the boiling point is high, and vice versa. Vapour pressure is inversely proportional to the strength of the intermolecular forces of attraction.

  So, weak intermolecular forces mean the liquid has a higher vapour pressure. Less heat energy needs to be applied to overcome the forces of attraction., and the boiling point will be quite low.

  Conversely, if the intermolecular forces are strong, the molecules will be strongly attracted to each other. Fewer molecules break away and convert into vapours. Hence, the vapour pressure will be low. In this case, the boiling point will be high

  Table 1: The difference between vapour pressure and boiling point 	Vapour pressure 	Boiling point 
 	The force exerted by vapour released from a liquid in a closed space or container. 	The temperature at which the vapour pressure is equal to the external pressure applied on the liquid. 
 	Defined for a closed system with a constant temperature. 	Defined for a system with a constant pressure. 
 	Related to both a liquid and solid phase. 	Related to a liquid phase only. 
  

  
    
      
        [image: image]
      

      Exercise 2.2

    

    
      
      
        	The lower the boiling point, the ___________ the intermolecular forces. 	stronger
	weaker



        	When the atmospheric pressure equals the equilibrium vapour pressure _________ occurs. 	freezing
	melting
	boiling
	sublimation



        	The atmospheric pressure of four cities is listed below:
	 	City 	Atmospheric pressure (kPa) 
 	i 	Johannesburg 	[image: \scriptsize 1~035] 
 	ii 	London 	[image: \scriptsize \displaystyle 1~013] 
 	iii 	Tokyo 	[image: \scriptsize \displaystyle 1~090] 
 	iv 	Jericho 	[image: \scriptsize \displaystyle 1~009] 
  

	Based on the above data, in which city will water boil first?
	List the cities in order from first to last.



      

      The 
full solutions are at the end of the unit.
    

  

  Evaporation

  Evaporation can generally be defined as a process in which a liquid or solid is transformed into vapour.

  When you spray perfume on your body, your body feels slightly cooler. The same effect happens with acetone and water. This is an effect of evaporation or the change of matter from its liquid state to its vapour state. The only difference is the rate at which the coolness is felt. In the case of acetone, the part of your body that is in contact with the liquid will cool the fastest. This happens because the evaporation rate of acetone is higher than that of water or perfume.

  Evaporation is a form of vaporisation that usually happens on the surface of liquids, and it involves the transition of the liquid particles into the gaseous phase. Therefore, this process is said to involve a change in the state of matter of liquids. The surrounding gas must not be saturated with the substance which is evaporating. The liquid particles will escape and enter the surrounding air as a gas when a molecule near the surface gains enough energy to overcome the vapour pressure. The energy extracted from the liquid as evaporation occurs will decrease the temperature of the liquid, resulting in a process known as evaporative cooling.

  Evaporation causes cooling naturally. To change its state, the matter must either gain or lose energy. In the case of change of phase from liquid to gas, molecules of matter require kinetic energy. So, the liquid takes this energy from its surroundings. When energy transfer occurs, it results in an increase or decrease in temperature of the substance, depending on whether the energy is being transferred from the substance to the surroundings or vice versa.

  Although there is an increase in temperature of the substance until its boiling point is reached, there is no observable heat transfer in the phase change. The molecules of the substance absorb heat energy continuously from the surroundings and cool the surroundings until they reach the boiling point, after which they start to break free from the liquid and turn into vapour. Since there is no change in temperature until the evaporation process is complete i.e. the entire liquid changes into vapour, the amount of energy required for this phase change is called the latent heat of vaporisation. This heat will not change the temperature reading on a thermometer.

  Applications of evaporative cooling

  Our bodies use this process to cool down by sweating. . Water from our body evaporates, taking energy from our body in the process and this results in the lowering of our body temperature.

  
    [image: ]
    Figure 8: Sweat evaporating from the skin keeps us cool

  

  An air-cooling system also utilises this principle, and so is more effective on hot, dry days. The basic principle behind the working of an air cooler is evaporative cooling. On a hot, dry day, the temperature is high, and humidity is low, so the evaporation rate is high. The water takes energy from the air and is converted to vapour. This makes the air cooler.

  
    [image: ]
    Figure 9: A schematic diagram of an air-cooling system

  

  
    
      
        [image: image]
      

      Exercise 2.3

    

    
      
      
        	Which process causes cooling naturally? 	Esterification
	Eutrophication
	Evaporation
	Equilibrium



        	Which of the following is an example of evaporation? 	Melting of butter
	Drying of clothes
	Conversion of water to ice
	Conversion of ice to water



        	If someone gets wet in chilly weather, why will they feel colder? 	The water is colder than the air.
	The water will evaporate from their skin and take heat from their body to do so.
	Water is a good conductor.
	Water is a good insulator.



        	Explain how evaporation causes cooling.

      

      The 
full solutions are at the end of the unit.
    

  

  Summary

  In this unit you have learnt the following:

  
    	To change a solid into a liquid, or a liquid into a gas, requires heat energy. This heat energy allows the change of state to happen, and the temperature remains constant during the process.

    	The amount of energy required to change the state of a substance depends upon the mass and characteristics of that substance.

    	When a substance changes from one state to another, the temperature remains constant. For example, when heat energy is added to ice at its melting point ([image: \scriptsize 0\text{ }^\circ \text{C}]), it changes into the same mass of water at [image: \scriptsize 0\text{ }^\circ \text{C}].

    	The energy required to change the state of a material is known as the latent heat.

    	The amount of energy required to change the state of that material is known as the specific latent heat of that substance.

    	A solid substance at its melting point has less energy than the same mass of the substance when it is a liquid at the same temperature.

    	Energy is required to change the phase of a substance, such as the energy to overcome intermolecular forces in a block of ice so it may melt.

    	The amount of energy required to change the state of [image: \scriptsize 1\text{ kg}] of that material is known as the specific latent heat of that substance. It can be: 	specific latent heat of fusion (solid to liquid) or
	specific latent heat of vaporisation (liquid to gas).



    	During a phase change energy may be added or removed from a system, but the temperature will not change. The temperature will change only when the phase change is completed.

    	Vaporisation is the phase change of a liquid or solid into its vapour.

    	Boiling causes the phase change of a liquid into its vapour.

    	Evaporation is a phase change from a liquid to a gas and causes natural cooling.

  

  Unit 2: Assessment

  Suggested time to complete: 15 minutes

  
    	Copy the following sentences into your notebook and fill in the blanks: 	A solid must be given __________ _________ heat of _________ before it can be melted into a liquid.
	A liquid must be given ___________ ____________ heat of _________ before it can be boiled into a gas.
	The energy needed to melt a solid is used to overcome the ___________ ________ between the molecules so that they can move __________ freely.
	The specific latent heat of fusion is the amount of energy (measured in _________) needed to melt _________ kg of a solid into a ___________ without changing its ___________.



    	Explain why a burn from steam at [image: \scriptsize 100\text{ }^\circ \text{C}] is so much worse than a burn from water at [image: \scriptsize 100\text{ }^\circ \text{C}].

    	An electric kettle produces [image: \scriptsize \displaystyle 2000\text{ J}] of energy each second. It is filled with water, weighed, and switched on. After coming to the boil, it is left on for a further [image: \scriptsize \displaystyle 120\text{ seconds}] and is then switched off. It is found to be [image: \scriptsize \displaystyle 90\text{ g}] lighter. Calculate the specific latent heat of vaporisation from this data.

    	
      .
      
        	Explain how perspiration helps to keep you cool.

        	When walking on a mountain in wet weather a person’s clothing became soaked. Explain why this could be dangerous to the person’s health.

      

    

  

  The full solutions are at the end of the unit.

  Unit 2: Solutions

  Exercise 2.1

  
    	a

    	c

    	a

    	c

    	
      .
      
        	
          .
          
            	liquid

            	liquid

          

        

        	
          .
          
            	
              [image: \scriptsize \displaystyle 110\text{ }^\circ \text{C}]
            

            	X should be between [image: \scriptsize \displaystyle 110] and [image: \scriptsize \displaystyle 440~^\circ\text{C}] (on the line between [image: \scriptsize \displaystyle 3] and [image: \scriptsize \displaystyle 5.8] seconds)
 Y should be on the flat line at [image: \scriptsize \displaystyle 110~^\circ\text{C}] (between [image: \scriptsize \displaystyle 0.6] and [image: \scriptsize \displaystyle 2.8] seconds)

            	it melts for [image: \scriptsize \displaystyle 2.2] seconds; energy is [image: \scriptsize \displaystyle 100\text{ J}] every second, so:
[image: \scriptsize \displaystyle 100\text{ }x\text{ }2.2\text{ }=\text{ }220\text{ J}] of energy is needed to melt the substance

            	
              [image: \scriptsize \displaystyle L=\displaystyle \frac{E}{m}=\displaystyle \frac{{220}}{{1.5}}=\text{ }146.7\text{ J/Kg}]
            

          

        

      

    

  

  
    Back to Exercise 2.1
  

  Exercise 2.2

  
    	b

    	c

    	
      .
      
        	iv) Jericho

        	iv, ii, i, iii

      

    

  

  
    Back to Exercise 2.2
  

  Exercise 2.3

  
    	c

    	b

    	b

    	Evaporation causes cooling because the process requires heat energy. The energy is taken in by the molecules when they convert from liquid into gas, and this causes cooling on the original surface.

  

  
    Back to Exercise 2.3
  

  Unit 2: Assessment

  
    	
      .
      
        	specific latent, fusion

        	specific latent, vaporisation

        	intermolecular forces/attractive forces, more

        	[image: \scriptsize \displaystyle \text{J/kg}], [image: \scriptsize 1], liquid, temperature

      

    

    	When [image: \scriptsize 100\text{ }^\circ \text{C}] water touches your hand it cools and releases energy, this energy can be calculated using the specific heat capacity. When [image: \scriptsize 100\text{ }^\circ \text{C}] steam touches your hand, the steam condenses and changes into a liquid; it releases the latent heat of vaporisation. It then cools releasing the same energy as the water. This means that the steam releases more energy.

    	Specific latent heat = energy/mass [image: \scriptsize \displaystyle L=\displaystyle \frac{E}{m}=\text{ }2000\text{ x }\displaystyle \frac{{120}}{{0.09}}=\text{ }\displaystyle \frac{{240,000}}{{0.09}}=\text{ }2\text{ }670\text{ }000\text{ J/Kg}]

    	
      .
      
        	perspiration evaporates, takes in (latent) heat from skin and the skin cools

        	water evaporating from damp clothing needs heat from body, causing the person to get very cold

      

    

  

  
    Back to Unit 2: Assessment
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      Subject outcome

    

    
      Subject outcome 6.1: Identify, analyse and apply energy changes
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      Learning outcomes

    

    
      
        	Identify, draw, and apply exothermic and endothermic reactions, activation energy and enthalpy.
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      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Describe and identify endothermic reactions.

        	Describe and identify exothermic reactions.

        	Describe and identify enthalpy.

        	Describe and identify activation energy.

      

    

  

  






Unit 1: Energy changes
Emma Harrage
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      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Describe and identify endothermic reactions.

        	Describe and identify exothermic reactions.

        	Describe and identify enthalpy.

        	Describe and identify activation energy.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Understand bonding. Refer to level 2 subject outcome 5.4 unit 3 to revise this.

  

  Introduction

  Parts of the text in this unit were sourced from Siyavula Physical Science Gr 11 Learner’s Book, Chapter 12, released under a CC-BY licence.

  Enthalpy is a measure of the total amount of thermal energy in a system which is useful to know as it can be used to do work. Most chemical reactions involve enthalpy changes. Energy is absorbed to break bonds in the reactants and released when new bonds are formed to make the products. The comparison of the input and output energies results in either an overall release of thermal energy – exothermic reactions – or an overall absorption in thermal energy – endothermic reactions.

  Energy changes

  When a chemical reaction occurs, bonds in the reactants break, while new bonds form in the formation of the product. For example, when hydrogen reacts with oxygen to form water. The equation for this reaction is: [image: \scriptsize \displaystyle \text{2}{{\text{H}}_{{\text{2}\left( \text{g} \right)}}}\text{+}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{g} \right)}}}].

  The bond between the two hydrogen atoms in the H2 molecule will break, so will the bond between the oxygen atoms in the O2 molecule. New bonds will form between the two hydrogen atoms and the single oxygen atom in the water molecule that is formed as the product.

  For bonds to break, energy must be absorbed. When new bonds form, energy is released.

  The energy that is required to break a bond or that is released when a bond is formed is called the bond energy or bond dissociation energy. Bond energies are measured in units [image: \scriptsize \displaystyle \text{kJ}\text{.mo}{{\text{l}}^{{\text{-1}}}}].

  
    [image: ]
    Figure 1: Graph showing the changes in energy that take place as the distance between two atoms changes

  

  We can use the diagram in figure 1 to understand why bond breaking requires energy and bond making releases energy. Point X on the diagram is at the lowest energy. When a bond breaks, the atoms move apart and the distance between them increases (i.e. the atom moves to the right on the x-axis or from point X to point A). Looking at the diagram we see that when this happens, the energy increases (i.e. the energy at point A is greater than the energy at point X). As a result, when a bond breaks energy is needed.

  When a bond forms the atoms move closer together and the distance between them decreases (i.e. the atom moves to the left on the x-axis or from point A to point X). Looking at the diagram we see that when this happens, the energy decreases (i.e. the energy at point X is less than the energy at point A). As a result, when a bond forms energy is released.

  Let’s look at the example of hydrogen reacting with oxygen to form water:
[image: \scriptsize \displaystyle \text{2}{{\text{H}}_{{\text{2}\left( \text{g} \right)}}}\text{+}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{g} \right)}}}]

  Energy is needed to break the bonds in the hydrogen molecule and to break the bonds in the oxygen molecule. Also, energy is released when hydrogen and oxygen bond to form water. When we look at the entire reaction and consider both bond breaking and bond forming, we need to look at the enthalpy change of the system.

  Endothermic and exothermic reactions

  Let’s look at an activity to explore endothermic and exothermic reactions.

  
    
      
        [image: image]
      

      Activity 1.1: Explore endothermic and exothermic reactions

    

    
      Time required: 30 minutes

      
        What you need:
      

      
        	juice from a lemon

        	sodium bicarbonate

        	a polystyrene cup

        	a lid for the cup

        	a thermometer

        	a glass stirring rod

        	scissors

      

      You can get polystyrene cups with lids from coffee shops or fast food stores. Cardboard cups will also work fine. Some of the lids will have a hole for a straw, which is useful for this experiment, and you can find sachets of bicarbonate of soda and citric acid at a supermarket.

      
        [image: ]
      

      
        What to do:
      

      
        	If your lid does not have a hole for a straw, then cut a small hole into the lid. This is for the thermometer.

        	Mix [image: \scriptsize \displaystyle 2] teaspoons of citric acid with [image: \scriptsize \displaystyle 5\text{ mls}] of water to form a paste, replace the lid and measure and record the temperature using the thermometer.

        	Stir in a teaspoon of sodium bicarbonate (NaHCO3), then cover the cup again. Immediately record the temperature.

        	Take a temperature reading every two minutes after that. Record your results in a table in your notebook.
.
Results	Time (mins) 	Temperature (oC) 
 	[image: \scriptsize 0] 	 
 	[image: \scriptsize 2] 	 
 	[image: \scriptsize 4] 	 
 	[image: \scriptsize 6] 	 
  


        	Plot your temperature results on a graph of time (x-axis) against temperature (y-axis).

        	What happens to the temperature during this reaction?

        	Did the temperature increase or decrease?

      

      
        What did you find?
      

      The lemon juice contains citric acid ([image: \scriptsize {{\text{C}}_{\text{6}}}{{\text{H}}_{\text{8}}}{{\text{O}}_{\text{7}}}]) which reacts with the sodium bicarbonate ([image: \scriptsize \text{NaHC}{{\text{O}}_{\text{3}}}]) to produce sodium citrate, water, and carbon dioxide. This reaction gives out heat so as the reaction occurs you should have noticed that the temperature increased.

      
        [image: \scriptsize \displaystyle {{\text{C}}_{\text{6}}}{{\text{H}}_{\text{8}}}{{\text{O}}_{{\text{7}\left( {\text{aq}} \right)}}}\text{+ 3NaHC}{{\text{O}}_{{\text{3}\left( \text{s} \right)}}}\to \text{3C}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\text{+ 3}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\text{(l)}}}}\text{+ N}{{\text{a}}_{\text{3}}}{{\text{C}}_{\text{6}}}{{\text{H}}_{\text{5}}}{{\text{O}}_{{\text{7}\left( {\text{aq}} \right)}}}]
      

    

  

  In some reactions, the energy that must be absorbed to break the bonds in the reactants, is less than the energy that is released when the new bonds of the products are formed. This means that in the overall reaction, energy is released as either heat or light. This type of reaction is called an exothermic reaction.

  Another way of describing an exothermic reaction is that it is one in which the energy of the products is less than the energy of the reactants, because energy has been released during the reaction. We can represent this using the following general formula:

  reactants → products + energy

  As in the experiment, the temperature of the surroundings will increase because of the overall release of thermal energy.

  In other reactions, the energy that must be absorbed to break the bonds in the reactants, is more than the energy that is released when the new bonds in the products are formed. This means that in the overall reaction, energy must be absorbed from the surroundings. This type of reaction is known as an endothermic reaction.

  Another way of describing an endothermic reaction is that it is one in which the energy of the products is greater than the energy of the reactants, because energy has been absorbed during the reaction. This can be represented by the following general formula:

  reactants + energy → products

  In an endothermic reaction, there will be a decrease in the temperature of the surroundings because of the overall absorption of thermal energy from the surroundings which is now in the form of chemical energy in the bonds of the products.

  The difference in energy between the reactants and the products is known as the heat of the reaction. It is also sometimes referred to as the enthalpy change of the system. This is represented using [image: \scriptsize \displaystyle \Delta H].

  [image: \scriptsize \displaystyle \Delta] is read as delta and means a change in.

  Examples of exothermic and endothermic reactions

  The burning of fuel is an example of a combustion reaction, and we as humans rely heavily on this process for our energy requirements. The following equations describe the combustion of a hydrocarbon such as petrol ([image: \scriptsize \displaystyle {{\text{C}}_{8}}{{\text{H}}_{{18}}}]):

  fuel + oxygen → heat + water + carbon dioxide

  
    [image: \scriptsize \displaystyle \text{2}{{\text{C}}_{\text{8}}}{{\text{H}}_{{\text{18}\left( \text{l} \right)}}}\text{+ 25}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{16C}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\text{+ 18}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{g} \right)}}}\text{+ heat}]
  

  We burn fuels (such as paraffin, coal, propane, and butane) for energy, and because the chemical changes that take place during the reaction release huge amounts of energy, we can use this released energy for things like power and electricity.

  Respiration is the chemical reaction that happens in our bodies to produce energy for our cells. The equation below describes what happens during this reaction:

  
    [image: \scriptsize \displaystyle {{\text{C}}_{\text{6}}}{{\text{H}}_{{\text{12}}}}{{\text{O}}_{{\text{6}\left( \text{s} \right)}}}\text{+ 6}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{6C}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\text{+ 6}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\text{+ energy}]
  

  In the reaction, glucose reacts with oxygen from the air that we breathe in, to form carbon dioxide water and energy. The energy that is produced allows the cell to carry out its functions efficiently.

  It is not the food itself that provides you with energy, but the exothermic reaction that takes place when compounds within the food react with the oxygen you have inhaled.

  Photosynthesis is the chemical reaction that takes place in green plants, which uses energy from the sun to change carbon dioxide and water into food that the plant needs to survive, and which other organisms can eat so that they too can survive. The equation for this reaction is:

  
    [image: \scriptsize \displaystyle \text{6C}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\text{+ 6}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\text{+ energy}\to {{\text{C}}_{\text{6}}}{{\text{H}}_{{\text{12}}}}{{\text{O}}_{\text{6}}}_{{\left( \text{s} \right)}}\text{+ 6}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}]
  

  Photosynthesis is an endothermic reaction. Energy in the form of sunlight is absorbed during the reaction.

  In industry, the breakdown of limestone into quicklime and carbon dioxide is important.

  
    [image: \scriptsize \displaystyle \text{CaC}{{\text{O}}_{{\text{3}\left( \text{s} \right)}}}\text{ + heat }\to \text{Ca}{{\text{O}}_{{\left( \text{s} \right)}}}\text{+ C}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}]
  

  Quicklime ([image: \scriptsize \displaystyle \text{CaO}]) can be used to make steel from iron and to neutralise soils that are too acid. However, the limestone must be heated in a kiln at a temperature of over before the decomposition reaction will take place.

  
    
      
        [image: image]
      

      Exercise 1.1

    

    
      
      
        	State whether energy is taken in or released in each of the following situations: 	The bond between hydrogen and chlorine in a molecule of hydrogen chloride breaks.
	A bond is formed between hydrogen and fluorine to form a molecule of hydrogen fluoride.
	A molecule of nitrogen ([image: \scriptsize \displaystyle {{\text{N}}_{\text{2}}}]) is formed.
	A molecule of carbon dioxide breaks apart.



        	State whether the following descriptions are used to describe an endothermic or an exothermic reaction: 	Reactants react to give products and energy.
	The energy that must be absorbed to break the bonds in the reactants is greater than the energy that is released when the products form.
	The energy of the products is found to be greater than the energy of the reactants for this type of reaction.
	Heat or light must be absorbed from the surroundings before this type of reaction takes place.



      

      The 
full solutions can be found at the end of the unit.
    

  

  The heat of reaction

  The heat of the reaction is represented by the symbol [image: \scriptsize \displaystyle \Delta H], where:
[image: \scriptsize \displaystyle \Delta H={{E}_{{prod}}}-{{E}_{{react}}}]

  In an exothermic reaction, [image: \scriptsize \displaystyle \Delta H] is less than zero (or negative) because the energy of the reactants is greater than the energy of the products. Overall, energy is released in the reaction. For example when hydrogen and chlorine react to form hydrogen chloride:

  
    [image: \scriptsize \displaystyle {{\text{H}}_{\text{2}}}_{{\left( \text{g} \right)}}\text{+ C}{{\text{l}}_{{\text{2}\left( \text{g} \right)}}}\text{ }\to \text{2HC}{{\text{l}}_{{\left( \text{g} \right)}}}\text{ }\Delta H \lt 0]
  

  In an endothermic reaction, [image: \scriptsize \displaystyle \Delta H] is greater than zero (or positive) because the energy of the reactants is less than the energy of the products. Energy is absorbed in the reaction. For example when carbon and water react to form carbon monoxide and hydrogen:

  
    [image: \scriptsize \displaystyle {{\text{C}}_{{\left( \text{s} \right)}}}\text{+ }{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\text{ }\to \text{C}{{\text{O}}_{{\left( \text{g} \right)}}}\text{+ }{{\text{H}}_{{\text{2}\left( \text{g} \right)}}}\text{ }\Delta H \gt 0]
  

  Writing equations

  The units for [image: \scriptsize \displaystyle \Delta H] are [image: \scriptsize \displaystyle \text{kJ}\text{.mo}{{\text{l}}^{{\text{-1}}}}]. In other words, the [image: \scriptsize \displaystyle \Delta H] value gives the amount of energy that is absorbed or released per mole of product that is formed. Units can also be written as [image: \scriptsize \displaystyle \text{kJ}], which then gives the total amount of energy that is released or absorbed when the product forms.

  For the exothermic reaction between carbon and oxygen, we can write:
[image: \scriptsize \displaystyle \begin{align*}{{\text{C}}_{{\left( \text{s} \right)}}}\text{+ }{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\text{ }\to \text{C}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\text{ }&\Delta H=-393\text{ kJ}\text{.mo}{{\text{l}}^{{\text{-1}}}}\\& or\\{{\text{C}}_{{\left( \text{s} \right)}}}\text{+ }{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{C}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\text{ }&+393\text{ kJ}\text{.mo}{{\text{l}}^{{\text{-1}}}}\end{align*}]

  For the endothermic reaction between carbon and hydrogen we can write:
[image: \scriptsize \displaystyle \begin{align*}{{\text{C}}_{{\left( \text{s} \right)}}}\text{+}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{g} \right)}}}\to {{\text{H}}_{{\text{2}\left( \text{g} \right)}}}\text{+C}{{\text{O}}_{{\left( \text{g} \right)}}}&\text{ }\!\!\Delta\!\!\text{ H}=+131\text{ kJ}\text{.mo}{{\text{l}}^{{\text{-1}}}}\\& or\\{{\text{C}}_{{\left( \text{s} \right)}}}\text{+}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{g} \right)}}}\text{+} 131\text{ kJ}\text{.mo}{{\text{l}}^{{\text{-1}}}}& \to {{\text{H}}_{{\text{2}\left( \text{g} \right)}}}\text{+ C}{{\text{O}}_{{\left( \text{g} \right)}}}\end{align*}]

  The energy changes during exothermic and endothermic reactions can be plotted on a graph:

  
    [image: ]
    Figure 2: The energy changes which take place in an exothermic reaction

  

  
    [image: ]
    Figure 3: The energy changes which take place in an endothermic reaction

  

  Activation energy

  Activation energy is the minimum amount of energy needed to start a chemical reaction. The reaction will not take place until the system has the minimum amount of energy added to it. The activation energy is the difference between the energy of the reactants and the energy required to break bonds in the reactants.

  NASA uses the reaction between hydrogen and fluorine as rocket fuel because of the amount of energy released. It is an exothermic reaction.

  
    [image: \scriptsize \displaystyle {{\text{H}}_{{\text{2}\left( \text{g} \right)}}}\text{+}{{\text{F}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2H}{{\text{F}}_{{\left( \text{g} \right)}}}]
  

  The reaction between hydrogen and fluorine needs energy to proceed, and this is the activation energy. To form the product the bond between [image: \scriptsize \displaystyle \text{H}] and [image: \scriptsize \displaystyle \text{H}] in [image: \scriptsize \displaystyle {{\text{H}}_{\text{2}}}] must break. The bond between [image: \scriptsize \displaystyle \text{F}] and [image: \scriptsize \displaystyle \text{F}] in [image: \scriptsize \displaystyle {{\text{F}}_{\text{2}}}] must also break. This unstable, intermediate state when all the atoms are separates is called the activated complex or transition state. The activated complex lasts for only a short time. After this short time one of two things will happen: the original bonds will reform, or different bonds will form and a new product is made.

  In this example, the final product is [image: \scriptsize \displaystyle \text{HF}] and it has a lower energy than the reactants. The reaction is exothermic and [image: \scriptsize \displaystyle \Delta H] is negative.

  
    [image: ]
    Figure 4: The energy changes which take place when hydrogen bonds with fluorine

  

  In endothermic reactions, the final products have a higher energy than the reactants. An energy diagram is shown in figure 5 for the endothermic reaction:

  
    [image: \scriptsize \displaystyle {{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\text{+}{{\text{N}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2N}{{\text{O}}_{{\left( \text{g} \right)}}}]
  

  
    [image: ]
    Figure 5: The energy changes when nitrogen reacts with oxygen

  

  
    
      
        [image: image]
      

      Example 1.1

    

    
      Using the graph below, answer the following questions:

      
        [image: ]
      

      
        	Calculate [image: \scriptsize \displaystyle \Delta H].

        	Determine if this reaction is exothermic or endothermic.

        	Calculate the activation energy.

      

      
        Solutions
      

      
        	[image: \scriptsize \displaystyle \Delta H] is found by subtracting the energy of the reactants from the energy of the products. We find the energy of the reactants and the products from the graph.
.
[image: \scriptsize \displaystyle \Delta H] = energy of products − energy of reactants = [image: \scriptsize \displaystyle 10\text{ kJ}-45\text{ kJ}=-35\text{ kJ}]

        	The reaction is exothermic since [image: \scriptsize \displaystyle \Delta H \lt 0].
.
 We also note that the energy of the reactants is greater than the energy of the products.

        	The activation energy is found by subtracting the energy of the reactants from the energy of the activated complex. Again we can read the energy of the reactants and activated complex off the graph.
.
 activation energy = energy of activated complex − energy of reactants = [image: \scriptsize \displaystyle 103\text{ kJ}-45\text{ kJ}=58\text{ kJ}]

      

    

  

  Summary

  In this unit you have learnt the following:

  
    	When a reaction occurs, bonds in the reactants break and new bonds form to make the products. These changes involve energy.

    	When bonds break, energy is absorbed and when new bonds form, energy is released.

    	The bond energy is a measure of bond strength in a chemical bond. It is the amount of energy that is needed to break the chemical bond between two atoms, or the amount of energy released when that bond is formed.

    	Enthalpy is a measure of the total energy of a chemical system for a given pressure and is given the symbol [image: \scriptsize \displaystyle \text{H}].

    	If the energy that is needed to break the bonds is less than the energy that is released when new bonds form, then the reaction is exothermic. The energy of the products is less than the energy of the reactants.

    	An exothermic reaction is one that releases energy in the form of heat or light. The temperature of the surroundings will increase.

    	If the energy that is needed to break the bonds is more than the energy that is released when new bonds form, then the reaction is endothermic. The energy of the products is greater than the energy of the reactants.

    	An endothermic reaction is one that absorbs energy in the form of heat or light. The temperature of the surroundings will decrease.

    	Photosynthesis and the thermal decomposition of limestone are both examples of endothermic reactions.

    	Combustion reactions and respiration are both examples of exothermic reactions.

    	The difference in energy between the reactants and the product is called the heat of reaction and has the symbol [image: \scriptsize \displaystyle \Delta H].

    	[image: \scriptsize \displaystyle \Delta H] is calculated using: [image: \scriptsize \displaystyle \Delta H={{E}_{{prod}}}-{{E}_{{react}}}]

    	In an endothermic reaction, [image: \scriptsize \displaystyle \Delta H] is a positive number (greater than 0). In an exothermic reaction, [image: \scriptsize \displaystyle \Delta H] will be negative (less than 0).

    	Chemical reactions will not take place until the system has some minimum amount of energy added to it.

    	The activation energy is the minimum amount of energy that is needed to start a chemical reaction.

  

  Unit 1: Assessment

  Suggested time to complete: 20 minutes

  
    	For each of the following, give one word or term for the description. 	The minimum amount of energy that is needed for a reaction to proceed.
	A measure of the bond strength in a chemical bond.
	A type of reaction where [image: \scriptsize \displaystyle \Delta H] is less than zero.
	A type of reaction that requires heat or light to proceed.



    	Carbon reacts with water according to the following equation:
[image: \scriptsize \displaystyle {{\text{C}}_{{\left( \text{s} \right)}}}\text{+}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{g} \right)}}}\to \text{C}{{\text{O}}_{{\left( \text{g} \right)}}}\text{+}{{\text{H}}_{{\text{2}\left( \text{g} \right)}}}\Delta H \gt 0]
 Is this reaction endothermic or exothermic? Give a reason for your answer.

    	Refer to the graph below and then answer the questions that follow:
[image: ]	What is the energy of the reactants?
	What is the energy of the products?
	Calculate [image: \scriptsize \displaystyle \Delta H].
	What is the activation energy for this reaction?



    	Consider the following chemical reaction:
[image: \scriptsize \displaystyle \text{2N}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to {{\text{N}}_{\text{2}}}{{\text{O}}_{{\text{4}\left( \text{g} \right)}}}\text{ }\Delta H \lt 0]
 Which one of the following graphs best represents the changes in potential energy that take place during the production of [image: \scriptsize \displaystyle {{\text{N}}_{\text{2}}}{{\text{O}}_{\text{4}}}]?
[image: ]

  

  The full solutions can be found at the end of the unit.

  Unit 1: Solutions

  Exercise 1.1

  
    	
      .
      
        	This is bond breaking and so energy is taken in.

        	This is bond forming and so energy is released.

        	A bond is formed and so energy is released.

        	A bond is broken and so energy is taken in.

      

    

    	
      .
      
        	Exothermic

        	Endothermic

        	Endothermic

        	Endothermic

      

    

  

  
    Back to Exercise 1.1
  

  Unit 1: Assessment

  
    	
      .
      
        	activation energy

        	bond energy

        	an exothermic reaction

        	an endothermic reaction

      

    

    	Endothermic, as [image: \scriptsize \displaystyle \Delta H \gt 0]

    	
      .
      
        	
          [image: \scriptsize -15\text{ KJ}]
        

        	
          [image: \scriptsize 0\text{ KJ}]
        

        	[image: \scriptsize \displaystyle \Delta H] = energy of products − energy of reactants = [image: \scriptsize \displaystyle \text{0 kJ-}\left( {\text{-15 kJ}} \right)\text{=15 kJ}]

        	activation energy = energy of activated complex − energy of reactants = [image: \scriptsize \displaystyle \text{25 kJ-}\left( {\text{-15 kJ}} \right)\text{=40 kJ}]

      

    

    	b) is correct. The reaction is exothermic ([image: \scriptsize \displaystyle \Delta H \gt 0]), so the energy of the reactants must be greater than the energy of the products.

  

  
    Back to Unit 1: Assessment
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XVII
Chemical Change: Describe, analyse and apply quantitative aspects of change


  
  
    
      
        [image: image]
      

      Subject outcome

    

    
      Subject outcome 6.2: Describe, analyse and apply quantitative aspects of change

    

  

  
    
      
        [image: image]
      

      Learning outcomes

    

    
      
        	Write chemical equations down, recognise reactants and products, conservation of mass and matter (atoms), conservation of energy.

        	Balance chemical equations.

        	Define mole and calculate molar volume of gases.

        	Identify volume relationships in gaseous reactions.

      

    

  

  
    
      
        [image: image]
      

      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Write chemical equations.

        	Identify the reactants and products.

        	Understand that mass is conserved during a chemical reaction.

        	Balance chemical equations.

      

    

  

  
    
      
        [image: image]
      

      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Define the mole.

        	Calculate the molar volume of gases.

        	Understand the volume relationships in gaseous reactions.

      

    

  

  






Unit 1: Chemical equations
Emma Harrage



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Write chemical equations.

        	Identify the reactants and products.

        	Understand that mass is conserved during a chemical reaction.

        	Balance chemical equations.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Understand how to write chemical formulae. Refer to level 2 subject outcome 5.4 unit 3 to revise this.

    	Understand and can represent the electron configuration of an element. Refer to level 2 subject outcome 5.3 unit 1 to revise this.

  

  Introduction

  Parts of the text in this unit were sourced from Siyavula Physical Science Gr 10 Learner’s Book, Chapter14, released under a CC-BY licence.

  Chemical equations show what is being used to make new substances. The purpose of writing a balanced chemical equation is to know the reactants (starting materials) and products (end results) that occur and the ratios in which they react so you can calculate how much of the reactants you need and how much of the products will be formed.

  Writing chemical formulae

  Before you learn to write balanced chemical equations, it is very important to know the chemical symbols for common elements in the periodic table, so that you can write chemical equations and recognise different compounds. Using chemical symbols, you can then write chemical formulae for compounds.

  A chemical formula is a concise way of giving information about the atoms that make up a particular chemical compound. A chemical formula shows each element by its symbol and also shows the ratio of the atoms of each element in that compound. The number of atoms (if greater than one) is shown as a subscript. For example, water is made up of [image: \scriptsize 2] atoms of hydrogen and [image: \scriptsize 1] atom of oxygen and has the chemical formula: [image: \scriptsize {{\text{H}}_{2}}\text{O}]. The subscript [image: \scriptsize 2] shows that for every atom of oxygen, [image: \scriptsize 2] atoms of hydrogen are needed. This is because oxygen has an electron configuration of [image: \scriptsize 2,6] so it needs to share/gain [image: \scriptsize 2] electrons for a stable electron configuration.

  Prefixes and suffixes in chemical formulae

  The chemical suffix or end part of a chemical name needs careful attention. Prefixes can be used to describe the ratio of the elements that are in the compound. This is used for non-metals. You should know the following prefixes: ‘mono’ (one), ’di’ (two) and ’tr’” (three).

  Let’s look at some examples:

  
    	[image: \scriptsize \displaystyle \text{CO}] (carbon monoxide) – there is one atom of oxygen for every one atom of carbon

    	[image: \scriptsize \displaystyle \text{N}{{\text{O}}_{\text{2}}}] (nitrogen dioxide) – there are two atoms of oxygen for every one atom of nitrogen

    	[image: \scriptsize \displaystyle \text{S}{{\text{O}}_{\text{3}}}] (sulfur trioxide) – there are three atoms of oxygen for every one atom of sulfur.

  

  There is a big difference between the ‘ide’, ‘ate’ and ‘ite’ suffixes used in chemical names

  
    	As a general rule an ‘ide’ suffix indicates a non-metal element in a compound. e.g. sulfide [image: \scriptsize \displaystyle {{\text{S}}^{{\text{-2}}}}], nitride [image: \scriptsize \displaystyle {{\text{N}}^{{-3}}}] and phosphide [image: \scriptsize \displaystyle {{\text{P}}^{{\text{-3}}}}]. The exceptions are hydroxide [image: \scriptsize \displaystyle \text{O}{{\text{H}}^{\text{-}}}] and cyanide [image: \scriptsize \displaystyle \text{C}{{\text{N}}^{\text{-}}}].

    	The suffixes ‘ates’ and ‘ites’ always contain oxygen. e.g. nitrate [image: \scriptsize \displaystyle \text{N}{{\text{O}}_{\text{3}}}^{\text{-}}] and nitrite [image: \scriptsize \displaystyle \text{N}{{\text{O}}_{\text{2}}}^{\text{-}}].

    	The suffix ‘ates’ always has a higher number of oxygen atoms than the corresponding ‘ites’. e.g. sulfate [image: \scriptsize \displaystyle \text{SO}_{4}^{{-2}}] and sulfite [image: \scriptsize \displaystyle \text{SO}_{3}^{{-2}}]

  

  Polyatomic ions

  Some ions are formed from groups of atoms. The formulae of compounds containing polyatomic ions are worked out in a similar way to single atom ions, except when there is more than one polyatomic ion, then its formula is written inside brackets.

  For example, calcium hydroxide contains [image: \scriptsize \displaystyle \text{C}{{\text{a}}^{{\text{2+}}}}] and [image: \scriptsize \displaystyle \text{O}{{\text{H}}^{-}}] ions. This is two positive charges and one negative charge. To balance, it will need, one [image: \scriptsize \displaystyle \text{C}{{\text{a}}^{{\text{2+}}}}] ion and two [image: \scriptsize \displaystyle \text{O}{{\text{H}}^{-}}] ions, so the formula is [image: \scriptsize \displaystyle \text{Ca}{{\left( {\text{OH}} \right)}_{\text{2}}}].
 Examples of common polyatomic ions are listed in table 1.

  Table 1: Common polyatomic ions, remember negatively charged ions are called anions and positively charged ions are called cations 	Compound 	Formula ion 	Compound 	Formula ion 
 	Hydroxide 	[image: \scriptsize \displaystyle \text{O}{{\text{H}}^{-}}] 	Phosphate 	[image: \scriptsize \text{PO}_{4}^{{-3}}] 
 	Nitrite 	[image: \scriptsize \displaystyle \text{NO}_{2}^{{-1}}] 	Hypochlorite 	[image: \scriptsize \displaystyle \text{Cl}{{\text{O}}^{\text{-}}}] 
 	Nitrate 	[image: \scriptsize \text{NO}_{3}^{{-1}}] 	Carbonate 	[image: \scriptsize \displaystyle \text{CO}_{3}^{{-2}}] 
 	Hydrogen carbonate 	[image: \scriptsize \displaystyle \text{HCO}_{3}^{-}] 	Chromate 	[image: \scriptsize \displaystyle \text{CrO}_{\text{4}}^{{\text{-2}}}] 
 	Hydrogen sulfite 	[image: \scriptsize \displaystyle \text{HSO}_{3}^{-}] 	Dichromate 	[image: \scriptsize \displaystyle \text{C}{{\text{r}}_{\text{2}}}\text{O}_{7}^{{-2}}] 
 	Hydrogen sulfate 	[image: \scriptsize \displaystyle \text{HSO}_{4}^{-}] 	Permanganate 	[image: \scriptsize \displaystyle \text{MnO}_{4}^{-}] 
 	Sulfite 	[image: \scriptsize \displaystyle \text{SO}_{3}^{{-2}}] 	Dihydrogen phosphate 	[image: \scriptsize \displaystyle {{\text{H}}_{\text{2}}}\text{S}{{\text{O}}_{\text{4}}}] 
 	Sulfate 	[image: \scriptsize \displaystyle \text{SO}_{4}^{{-2}}] 	 	 
 	Thiosulfate 	[image: \scriptsize \displaystyle {{\text{S}}_{\text{2}}}\text{O}_{3}^{{-2}}] 	Ammonium 	[image: \scriptsize \text{NH}_{4}^{+}] 
  

  Chemical equations

  A chemical equation is a written symbolic representation of a chemical reaction. The reactant chemicals are given on the left-hand side of an arrow and the product chemicals on the right-hand side.

  
    [image: ]
    Figure 1: The reaction between methane and oxygen which are the reactants forms carbon dioxide and water which are the products

  

  A chemical equation describes a chemical reaction by using symbols for the elements involved. The reaction in figure 1 shows methane ([image: \scriptsize \text{C}{{\text{H}}_{4}}]) reacting with oxygen ([image: \scriptsize {{\text{O}}_{2}}]) to form carbon dioxide ([image: \scriptsize \text{C}{{\text{O}}_{2}}]) and water ([image: \scriptsize {{\text{H}}_{\text{2}}}\text{O}]).
 Written as a word equation, the reaction is: [image: \scriptsize \text{methane + oxygen }\to \text{ carbon dioxide + water}].

  To turn word equations into symbolic equations, we need to follow the given steps:

  
    	Identify the reactants and products. This will help you know which symbols go on each side of the arrow and where the [image: \scriptsize \displaystyle +] signs go.

    	Write the correct formulae for all compounds.

    	Sometimes a reactant or product is only an element (like hydrogen gas or oxygen gas). There are seven elements that are considered diatomic, meaning that, in their pure form, they are always found in pairs in nature (diatomic elements).

  

  If we substitute chemical formulae into the equation from figure 1, it is written as:
[image: \scriptsize \text{C}{{\text{H}}_{4}}+2{{\text{O}}_{2}}\to \text{C}{{\text{O}}_{2}}+2{{\text{H}}_{2}}\text{O}]

  When sulfur dioxide burns in the presence of oxygen, sulfur trioxide is formed:

  
    [image: ]
    Figure 2: A symbolic equation for the reaction between sulfur dioxide and oxygen

  

  Table 2 shows the symbols used in chemical equations.

  Table 2: Symbols used in chemical equations 	Symbol  	Description  	Symbol  	Description 
 	+ 	used to separate multiple reactants or products 	(s) 	reactant or product in the solid state 
 	→ 	arrow; separates reactants from products 	(l) 	reactant or product in the liquid state 
 	⇌ 	replaces the arrow for reversible reactions 	(g) 	reactant or product in the gas state 
 	 	 	(aq) 	reactant or product in an aqueous solution (dissolved in water) 
  

  
    
      
        [image: image]
      

      Exercise 1.1

    

    
      
      Transfer the following symbolic equations into word equations or word equations into symbolic equations.

      
        	
          [image: \scriptsize \displaystyle \text{HC}{{\text{l}}_{{\left( {\text{aq}} \right)}}}\text{+ NaO}{{\text{H}}_{{\left( {\text{aq}} \right)}}}\to \text{NaC}{{\text{l}}_{{\left( {\text{aq}} \right)}}}\text{+ }{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}]
        

        	Gaseous propane, [image: \scriptsize \displaystyle {{\text{C}}_{\text{3}}}{{\text{H}}_{\text{8}}}], burns in oxygen gas to produce gaseous carbon dioxide and liquid water.

        	Hydrogen fluoride gas ([image: \scriptsize \displaystyle \text{HF}]) reacts with an aqueous solution of potassium carbonate ([image: \scriptsize \displaystyle {{\text{K}}_{\text{2}}}\text{C}{{\text{O}}_{\text{3}}}]) to produce an aqueous solution of potassium fluoride, liquid water, and gaseous carbon dioxide.

        	Hydrogen gas reacts with nitrogen gas to produce gaseous ammonia.

      

      The 
full solutions can be found at the end of the unit.
    

  

  Conservation of mass

  The reaction shown in figure 1 is a combustion reaction where methane, the main ingredient in natural gas, is burnt. Count the atoms in the molecules. What do you notice about the number of red atoms (used to represent hydrogen) on the left and the right? You can do the same with the black atoms (carbon) and the blue atoms (oxygen).

  In a chemical reaction the total mass of all the substances taking part in the reaction remains the same. The total number and kind of atoms in a reaction remains the same too. Mass cannot be created or destroyed in a chemical reaction.

  
    [image: ]
    Figure 3: Burning is a chemical process; the flames are caused as a result of a fuel undergoing combustion

  

  For example, when wood burns, the mass of the soot, ashes, and released gases equals the original mass of the charcoal and the oxygen when it first reacted. So the mass of the product equals the mass of the reactant. A reactant is the chemical reaction of two or more elements to make a new substance, and a product is the substance that is formed as the result of a chemical reaction. Atoms and their corresponding mass may not be created or destroyed but can be rearranged in different ratios to form other substances.

  If you witness [image: \scriptsize \displaystyle 10\text{ kg}] of wood burning, there are only ashes left after the burn, with a total mass of [image: \scriptsize \displaystyle 1\text{ kg}], you may wonder where the other [image: \scriptsize \displaystyle 9\text{ kg}] went. The other [image: \scriptsize \displaystyle 9\text{ kg}] was released into the atmosphere as smoke and carbon dioxide, so the only thing left that you could see is the [image: \scriptsize \displaystyle 1\text{ kg}] of ash. If you know the law of conservation of mass, then you know that the other [image: \scriptsize \displaystyle 9\text{ kg}] has to go somewhere, because the total mass of the ash, smoke and released gases must equal the total mass of the tree and oxygen used for burning.

  For any chemical equation (in a closed system) the mass of the reactants must be equal to the mass of the products. To make sure that this is the case, the number of atoms of each element in the reactants must be equal to the number of atoms of those same elements in the products. The law of conservation of mass says that no atoms can be made in a chemical reaction. Also, none can be destroyed.

  
    [image: ]
    Figure 4: The total mass of products at the end of the reaction is equal to the total mass of the reactants at the beginning. This is because no atoms are created or destroyed during chemical reactions

  

  
    
      Note

    

    
      Watch this video on a demonstration of mass conservation by mulchem (Duration: 3.51).

      
        Demonstration of mass conservation (Duration: 03.51) [image: Multiplying binomials]


      

    

  

  Conservation of energy

  When physical or chemical changes occur, they are generally accompanied by a transfer of energy. The law of conservation of energy states that in any physical or chemical process, energy is neither created nor destroyed. In other words, the entire energy in the universe is conserved. To better understand the energy changes taking place during a reaction, we need to define two parts of the universe, called the system and the surroundings.

  The surroundings is everything in the universe that is not part of the system. In practical terms for a laboratory chemist, the system is the chemicals being reacted, while the surroundings is the immediate vicinity within the room. During most processes, energy is exchanged between the system and the surroundings.

  During an endothermic process, the system gains heat from the surroundings and so the temperature of the surroundings decreases. A chemical reaction or physical change is exothermic if heat is released by the system into the surroundings. Because the surroundings is gaining heat from the system, the temperature of the surroundings increases. Exothermic and endothermic reactions can be thought of as having energy as either a product of the reaction or a reactant. Exothermic reactions give off energy, so energy is a product. Endothermic reactions require energy, so energy is a reactant.

  Phase changes are also classified in a similar way. The change from gas to liquid (condensation) and liquid to solid (freezing) are exothermic. The change from solid to liquid (melting), and liquid to gas (evaporation and boiling) are endothermic. The exothermic processes release heat to the surroundings while the endothermic processes absorb heat from the surroundings.

  When bonds form, energy is released, and the principle of conservation of energy demands that the opposite is true: that breaking bonds requires energy. Atoms bond together to form compounds because in doing so they attain lower energies than they possess as individual atoms. A quantity of energy, equal to the difference between the energies of the bonded atoms and the energies of the separated atoms, is released, usually as heat. That is, the bonded atoms have a lower energy than the individual atoms do. When atoms combine to make a compound, energy is always given off, and the compound has a lower overall energy.

  When a chemical reaction occurs, molecular bonds are broken, and other bonds are formed to make different molecules. For example, the bonds of two water molecules are broken to form hydrogen and oxygen.

  Energy is always required to break a bond, which is known as bond energy. While the concept may seem simple, bond energy serves a very important purpose in describing the structure and characteristics of a molecule.

  When a chemical reaction occurs, the atoms in the reactants rearrange their chemical bonds to make products. The new arrangement of bonds does not have the same total energy as the bonds in the reactants. Therefore, when chemical reactions occur, there will always be an accompanying energy change. In this process, one adds energy to the reaction to break bonds, and extracts energy for the bonds that are formed. Energy is always required to break a bond. Energy is released when a bond is made.

  Balancing chemical equations

  A balanced equation is a chemical equation in which mass is conserved and there are equal numbers of atoms of each element on both sides of the equation. We can write a skeleton chemical equation for the reaction of carbon with hydrogen gas to form methane [image: \scriptsize \text{C}{{\text{H}}_{\text{4}}}]:

  [image: \scriptsize \displaystyle {{\text{C}}_{{\left( \text{s} \right)}}}+{{\text{H}}_{{\text{2}\left( \text{g} \right)}}}\to \text{C}{{\text{H}}_{{\text{4}\left( \text{g} \right)}}}]
 Remember that hydrogen is a diatomic molecule and so is written as [image: \scriptsize {{\text{H}}_{\text{2}}}].

  When we count the number of atoms of both elements, we see that the equation is not balanced. There are only [image: \scriptsize 2] atoms of hydrogen on the reactant side of the equation, while there are [image: \scriptsize \displaystyle 4] atoms of hydrogen on the product side. The subscript in the formula [image: \scriptsize {{\text{H}}_{2}}] cannot be changed as it represents the ratio in which hydrogen atoms join to form a molecule. Therefore the only way to balance the above equation is by adding a coefficient of [image: \scriptsize \displaystyle 2] in front of the formula for hydrogen:

  
    [image: \scriptsize \displaystyle {{\text{C}}_{{\left( \text{s} \right)}}}\text{+ 2}{{\text{H}}_{{\text{2}\left( \text{g} \right)}}}\to \text{C}{{\text{H}}_{{\text{4}\left( \text{g} \right)}}}]
  

  A coefficient is a small whole number placed in front of a formula in an equation in order to balance it. The [image: \scriptsize \displaystyle 2] in front of the [image: \scriptsize {{\text{H}}_{\text{2}}}] means that there are a total of [image: \scriptsize \displaystyle 2\times 2=4~] atoms of hydrogen as reactants (or [image: \scriptsize \displaystyle 2] molecules of [image: \scriptsize {{\text{H}}_{2}}]).

  Let’s look at another example.

  
    
      
        [image: image]
      

      Example 1.1

    

    
      Aqueous solutions of lead (II) nitrate and sodium chloride are mixed. The products of the reaction are an aqueous solution of sodium nitrate and a solid precipitate of lead (II) chloride. Write the balanced chemical equation for this reaction.

      
        Solution
      

      Step 1: Write the skeleton equation for the reaction

      
        [image: \scriptsize \displaystyle \text{Pb}{{\left( {\text{N}{{\text{O}}_{\text{3}}}} \right)}_{{\text{2}\left( {\text{aq}} \right)}}}\text{+ NaC}{{\text{l}}_{{\left( {\text{aq}} \right)}}}\to \text{NaN}{{\text{O}}_{{\text{3}\left( {\text{aq}} \right)}}}\text{+ PbC}{{\text{l}}_{{\text{2}\left( \text{s} \right)}}}]
      

      Step 2: Count the number of each atom or polyatomic ion on both sides of the equation

      Reactants:
[image: \scriptsize \text{1 Pb}] atom, [image: \scriptsize \displaystyle 2\text{N}{{\text{O}}^{{-3}}}] ions, [image: \scriptsize \displaystyle 1\text{ Na}] atom, [image: \scriptsize \displaystyle \text{1 Cl}] atom

      Products:
[image: \scriptsize \text{1 Pb}] atom, [image: \scriptsize \displaystyle \text{1N}{{\text{O}}^{{-3}}}] ions, [image: \scriptsize \displaystyle 1\text{ Na}] atom, [image: \scriptsize \displaystyle \text{2 Cl}] atoms

      The nitrate ions and the chlorine atoms are unbalanced. If we start by placing a [image: \scriptsize \displaystyle 2] in front of the[image: \scriptsize \displaystyle \text{NaCl}], this increases the reactant counts to [image: \scriptsize \displaystyle 2\text{ Na}] atoms and [image: \scriptsize \displaystyle 2\text{ Cl}] atoms.

      So then place a [image: \scriptsize \displaystyle 2] in front of the [image: \scriptsize \displaystyle \text{NaN}{{\text{O}}_{\text{3}}}]. The result is:

      
        [image: \scriptsize \displaystyle \text{Pb}{{\left( {\text{N}{{\text{O}}_{\text{3}}}} \right)}_{{\text{2}\left( {\text{aq}} \right)}}}\text{+2NaC}{{\text{l}}_{{\left( {\text{aq}} \right)}}}\to \text{2NaN}{{\text{O}}_{{\text{3}\left( {\text{aq}} \right)}}}\text{+PbC}{{\text{l}}_{{\text{2}\left( \text{s} \right)}}}]
      

      If we now count the atoms and polyatomic ions on both sides of the equation, we can see the equation is now balanced.

    

  

  
    
      
        [image: image]
      

      Take note!

    

    
      These are the basic techniques for balancing equations:

      
        	Identify reactants and products and write an unbalanced word equation.

        	Determine the correct chemical formulas for each reactant and product (using valency rules), write the reactants left of the arrow and the products right of the arrow (the order is not important).

        	Count the number of atoms of each element that appears as a reactant and as a product. If a polyatomic ion is unchanged on both sides of the equation, count it as a unit.

        	Leave a space for coefficients. Placing a line in front of each chemical is a good way to do this: __Reactant(A) + __Reactant(B) → __Product(X) + __Product(Y)

        	Balance each element one at a time by placing coefficients in front of the formulae (use a pencil as you may have to go back and change your workings). No coefficient is written for a [image: \scriptsize \displaystyle 1]. It is best to begin by balancing elements that only appear in one chemical formula on each side of the equation. NEVER change the subscripts in a chemical formula – you can only balance equations by using coefficients.

        	Check each atom or polyatomic ion to be sure that they are equal on both sides of the equation.

        	Make sure that all coefficients are in the lowest possible ratio. If necessary, reduce to the lowest ratio, then add phase symbols.

      

    

  

  
    
      
        [image: image]
      

      Activity 1: Balance chemical equations

    

    
      Time required: 10 minutes

      
        What you need:
      

      
        	internet access

      

      
        What to do:
      

      
        	Go to this online simulation.[image: interactive simulation]

        	Click on Introduction.

        	Press the tools button and add the scales.

        	Balance the ammonia by adding coefficients in front of nitrogen, hydrogen and ammonia until the equation is balanced.

        	Repeat for water, and methane.

      

      
        What did you find?
      

      By increasing the coefficients on both sides of the equation, you can determine the balanced equation.

      
        [image: ]
      

    

  

  
    
      
        [image: image]
      

      Example 1.2

    

    
      Balance the following equation:
[image: \scriptsize \text{Mg+HCl}\to \text{MgC}{{\text{l}}_{\text{2}}}\text{+}{{\text{H}}_{\text{2}}}]

      
        Solution
      

      Step 1: Identify the reactants and products

      The reactants are magnesium (Mg) and hydrogen chloride (HCl)
 The products are Magnesium chloride (MgCl2) and Hydrogen (H2)

      Step 2: Write the skeleton equation for the reaction

      
        [image: \scriptsize \text{Mg+HCl}\to \text{MgC}{{\text{l}}_{\text{2}}}\text{+}{{\text{H}}_{\text{2}}}]
      

      Step 3: Count the number of atoms of each element in the reactants and products

      Reactants: Mg = [image: \scriptsize \displaystyle 1] atom, H = [image: \scriptsize \displaystyle 1] atom, Cl = [image: \scriptsize \displaystyle 1] atom
 Products: Mg =[image: \scriptsize \displaystyle 1] atom, H = [image: \scriptsize 2] atoms, Cl = [image: \scriptsize 2] atoms

      Step 4: Balance the equation

      The equation is not balanced since there are two chlorine atoms in the product and only one in the reactants. If we add a coefficient of two to the HCl to increase the number of H and Cl atoms in the reactants, the equation will look like this:
[image: \scriptsize \text{Mg+2HCl}\to \text{MgC}{{\text{l}}_{\text{2}}}\text{+}{{\text{H}}_{\text{2}}}]

      Step 5: Check that the atoms are balanced

      If we count the atoms on each side of the equation, we find the following:
 Reactants: Mg = [image: \scriptsize \displaystyle 1] atom, H = [image: \scriptsize 2] atoms, Cl = [image: \scriptsize 2]atoms
 Products: Mg = [image: \scriptsize \displaystyle 1] atom, H = [image: \scriptsize 2] atoms, Cl = [image: \scriptsize 2] atoms
 The equation is balanced. The final equation is: [image: \scriptsize \text{Mg+2HCl}\to \text{MgC}{{\text{l}}_{\text{2}}}\text{+}{{\text{H}}_{\text{2}}}]

    

  

  
    
      
        [image: image]
      

      Example 1.3

    

    
      Balance the following equation: [image: \scriptsize \text{C}{{\text{H}}_{\text{4}}}\text{+}{{\text{O}}_{\text{2}}}\to \text{C}{{\text{O}}_{\text{2}}}\text{+}{{\text{H}}_{\text{2}}}\text{O}]

      
        Solution
      

      Step 1: Count the number of atoms of each element in the reactants and products

      Reactants: [image: \scriptsize \displaystyle \text{C = 1, H = 4, O = 2}]
 Products: [image: \scriptsize \displaystyle \text{C = 1, H = 2, O = 3}]

      Step 2: Balance the equation

      If we add a coefficient of [image: \scriptsize \displaystyle 2] to [image: \scriptsize {{\text{H}}_{\text{2}}}\text{O}], then the number of hydrogen atoms in the products will be [image: \scriptsize \displaystyle 4], which is the same as for the reactants. So the equation will be:
[image: \scriptsize \text{C}{{\text{H}}_{\text{4}}}\text{+}{{\text{O}}_{\text{2}}}\to \text{C}{{\text{O}}_{\text{2}}}\text{+2}{{\text{H}}_{\text{2}}}\text{O}]

      Step 3: Check that the atoms balance

      Reactants: C = [image: \scriptsize \displaystyle 1], H = [image: \scriptsize 4], O =[image: \scriptsize 2]
 Products: C = [image: \scriptsize \displaystyle 1], H = [image: \scriptsize 4], O = [image: \scriptsize 4]

      You will see that, although the number of hydrogen atoms now balances, there are more oxygen atoms in the products. You now need to repeat the previous step. If we put a coefficient of [image: \scriptsize \displaystyle 2] in front of [image: \scriptsize \displaystyle {{\text{O}}_{2}}], then we will increase the number of oxygen atoms in the reactants by [image: \scriptsize \displaystyle 2]. The new equation is:
[image: \scriptsize \text{C}{{\text{H}}_{\text{4}}}\text{+2}{{\text{O}}_{\text{2}}}\to \text{C}{{\text{O}}_{\text{2}}}\text{+2}{{\text{H}}_{\text{2}}}\text{O}]

      When we check the number of atoms again, we find that the number of atoms of each element in the reactants is the same as the number in the products. The equation is now balanced.

    

  

  
    
      
        [image: image]
      

      Example 1.4

    

    
      In our bodies, sugar ([image: \scriptsize \displaystyle {{\text{C}}_{\text{6}}}{{\text{H}}_{{\text{12}}}}{{\text{O}}_{\text{6}}}]) reacts with the oxygen we breathe in to produce carbon dioxide, water, and energy. Write the balanced equation for this reaction.

      
        Solution
      

      Step 1: Identify the reactants and products in the reaction

      Reactants: sugar ([image: \scriptsize \displaystyle {{\text{C}}_{\text{6}}}{{\text{H}}_{{\text{12}}}}{{\text{O}}_{\text{6}}}]) and oxygen ([image: \scriptsize \displaystyle {{\text{O}}_{2}}])
 Products: carbon dioxide ([image: \scriptsize \displaystyle \text{C}{{\text{O}}_{\text{2}}}]) and water ([image: \scriptsize \displaystyle {{\text{H}}_{\text{2}}}\text{O}])

      Step 2: Write the skeleton equation

      
        [image: \scriptsize {{\text{C}}_{\text{6}}}{{\text{H}}_{{\text{12}}}}{{\text{O}}_{\text{6}}}\text{+}{{\text{O}}_{\text{2}}}\to \text{C}{{\text{O}}_{\text{2}}}\text{+}{{\text{H}}_{\text{2}}}\text{O}]
      

      Step 3: Count the number of atoms of each element in the reactants and in the products

      Reactants: [image: \scriptsize \displaystyle \text{C = 6, H = 12, O = 8}]
 Products: [image: \scriptsize \displaystyle \text{C = 1, H = 2, O = 3}]

      Step 4: Balance the equation

      It is easier to start with carbon as it only appears once on each side. If we add a 6 in front of CO2, the equation looks like this: [image: \scriptsize {{\text{C}}_{\text{6}}}{{\text{H}}_{{\text{12}}}}{{\text{O}}_{\text{6}}}\text{+}{{\text{O}}_{\text{2}}}\to 6\text{C}{{\text{O}}_{\text{2}}}\text{+}{{\text{H}}_{\text{2}}}\text{O}]

      Reactants: [image: \scriptsize \displaystyle \text{C = 6, H = 12, O = 8}]
 Products: [image: \scriptsize \displaystyle \text{C = 6, H = 2, O = 13}]

      Change the coefficients again to try to balance the equation.

      Let us try to get the number of hydrogens the same this time.
[image: \scriptsize {{\text{C}}_{\text{6}}}{{\text{H}}_{{\text{12}}}}{{\text{O}}_{\text{6}}}\text{+}{{\text{O}}_{\text{2}}}\to 6\text{C}{{\text{O}}_{\text{2}}}\text{+6}{{\text{H}}_{\text{2}}}\text{O}]

      Reactants: [image: \scriptsize \displaystyle \text{C = 6, H = 12, O = 8}]
 Products: [image: \scriptsize \displaystyle \text{C = 6, H = 12, O = 18}]

      Now we just need to balance the oxygen atoms: [image: \scriptsize {{\text{C}}_{\text{6}}}{{\text{H}}_{{\text{12}}}}{{\text{O}}_{\text{6}}}\text{+6}{{\text{O}}_{\text{2}}}\to 6\text{C}{{\text{O}}_{\text{2}}}\text{+6}{{\text{H}}_{\text{2}}}\text{O}]

      Reactants: [image: \scriptsize \displaystyle \text{C = 6, H = 12, O = 18}]
 Products: [image: \scriptsize \displaystyle \text{C = 6, H = 12, O = 18}]

    

  

  
    
      
        [image: image]
      

      Exercise 1.2

    

    
      
      
        	Balance the following equations: 	[image: \scriptsize \text{Mg+}{{\text{O}}_{\text{2}}}\to \text{MgO}]
	[image: \scriptsize \displaystyle \text{CaC}{{\text{l}}_{\text{2}}}\text{+N}{{\text{a}}_{\text{2}}}\text{C}{{\text{O}}_{\text{3}}}\to \text{CaC}{{\text{O}}_{\text{3}}}\text{+NaCl}]
	[image: \scriptsize \displaystyle {{\text{C}}_{{\text{12}}}}{{\text{H}}_{{\text{22}}}}{{\text{O}}_{{\text{11}}}}\text{+}{{\text{O}}_{\text{2}}}\to \text{C}{{\text{O}}_{\text{2}}}\text{+}{{\text{H}}_{\text{2}}}\text{O}]



        	Propane is a fuel that is commonly used as a heat source for engines and homes. Balance the following equation for the combustion of propane:
[image: \scriptsize {{\text{C}}_{\text{3}}}{{\text{H}}_{\text{8}}}_{{\text{(l)}}}\text{+}{{\text{O}}_{{\text{2(g)}}}}\to \text{C}{{\text{O}}_{{\text{2(g)}}}}\text{+H}{}_{\text{2}}{{\text{O}}_{{\text{(g)}}}}]

      

      The 
full solutions can be found at the end of the unit.
    

  

  Summary

  In this unit you have learnt the following:

  
    	A chemical reaction is the process by which one or more substances are changed into one or more new substances.

    	Chemical reactions are represented by chemical equations.

    	Chemical equations have reactants on the left, an arrow, and the products on the right. A chemical equation uses symbols to describe a chemical reaction.

    	The law of conservation of mass states that the mass of a closed system of substances will remain constant, regardless of the processes acting inside the system. Matter can change form but cannot be created or destroyed.

    	In any chemical reaction, the law of conservation of mass applies. This also means that the total number of atoms in the reactants must be the same as the total number of atoms in the product.

    	If the number of atoms of each element in the reactants is the same as the number of atoms of each element in the product, then the equation is balanced.

    	If the number of atoms of each element in the reactants is not the same as the number of atoms of each element in the product, then the equation is not balanced.

    	Chemical processes are labelled as exothermic or endothermic based on whether they give off or absorb energy, respectively.

    	Atoms are held together by a certain amount of energy called bond energy.

    	Energy is released to generate bonds, which is why the enthalpy change for breaking bonds is positive. Energy is required to break bonds. Atoms are much happier when they are ‘married’ and release energy because it is easier and more stable to be in a relationship (

    	To balance an equation, coefficients can be placed in front of the reactants and products until the number of atoms of each element is the same on both sides of the equation.

    	The state of the compounds in a chemical reaction can be expressed in the chemical equation by using one of four symbols. The symbols are g (gas), l (liquid), s (solid) and aq (aqueous solutions). These symbols are written in brackets after the compound.

  

  Unit 1: Assessment

  Suggested time to complete: 30 minutes

  
    	Balance the following equations: 	[image: \scriptsize \displaystyle \text{Fe + C}{{\text{l}}_{\text{2}}}\text{ }\to \text{ FeC}{{\text{l}}_{\text{3}}}]
	[image: \scriptsize \displaystyle \text{FeB}{{\text{r}}_{\text{3}}}\text{ + }{{\text{H}}_{\text{2}}}\text{S}{{\text{O}}_{\text{4}}}\text{ }\to \text{ F}{{\text{e}}_{\text{2}}}{{\left( {\text{S}{{\text{O}}_{\text{4}}}} \right)}_{\text{3}}}\text{ + HBr}]
	[image: \scriptsize \displaystyle {{\text{C}}_{\text{4}}}{{\text{H}}_{\text{6}}}{{\text{O}}_{{\text{3 }}}}\text{+ }{{\text{H}}_{\text{2}}}\text{O }\to \text{ }{{\text{C}}_{\text{2}}}{{\text{H}}_{\text{4}}}{{\text{O}}_{\text{2}}}]
	[image: \scriptsize \displaystyle {{\text{C}}_{\text{4}}}{{\text{H}}_{{\text{10}}}}\text{O + }{{\text{O}}_{\text{2}}}\text{ }\to \text{C}{{\text{O}}_{\text{2}}}\text{ + }{{\text{H}}_{\text{2}}}\text{O}]
	[image: \scriptsize \displaystyle {{\text{H}}_{\text{2}}}\text{SiC}{{\text{l}}_{\text{2}}}\text{ + }{{\text{H}}_{\text{2}}}\text{O}\to \text{ }{{\text{H}}_{\text{8}}}\text{S}{{\text{i}}_{\text{4}}}{{\text{O}}_{\text{4}}}\text{ + HCl}]
	[image: \scriptsize \displaystyle {{\text{C}}_{\text{5}}}{{\text{H}}_{\text{8}}}{{\text{O}}_{{\text{2 }}}}\text{+ NaH+ HCl }\to \text{ }{{\text{C}}_{\text{5}}}{{\text{H}}_{{\text{12}}}}{{\text{O}}_{\text{2}}}\text{ + NaCl}]



    	Sulfur can be produced by the Claus process. This two-step process involves reacting hydrogen sulfide with oxygen and then reacting the sulfur dioxide that is produced with more hydrogen sulfide. The equations for these two reactions are:
[image: \scriptsize \displaystyle \begin{align*}&{{\text{H}}_{\text{2}}}\text{S + }{{\text{O}}_{\text{2}}}\text{ }\to \text{S}{{\text{O}}_{\text{2}}}\text{+ }{{\text{H}}_{\text{2}}}\text{O}\\&{{\text{H}}_{\text{2}}}\text{S + S}{{\text{O}}_{\text{2}}}\text{ }\to \text{S + }{{\text{H}}_{\text{2}}}\text{O}\end{align*}]
 Balance these two equations.

    	Hydrogen fuel cells are extremely important in the development of alternative energy sources. Many of these cells work by reacting hydrogen and oxygen gases together to form water, a reaction which also produces electricity. Balance the following equation:
[image: \scriptsize {{\text{H}}_{{\text{2(g)}}}}+{{\text{O}}_{{\text{2(g)}}}}\to {{\text{H}}_{\text{2}}}{{\text{O}}_{{\text{(l)}}}}]

    	Aspartame, an artificial sweetener, has the formula [image: \scriptsize \displaystyle {{\text{C}}_{{\text{14}}}}{{\text{H}}_{{\text{18}}}}{{\text{N}}_{\text{2}}}{{\text{O}}_{\text{5}}}]. Write the balanced equation for its combustion (reaction with oxygen) to form carbon dioxide gas, liquid water, and nitrogen gas.

  

  The full solutions can be found at the end of the unit.

  Unit 1: Solutions

  Exercise 1.1

  
    	An aqueous solution of hydrochloric acid reacts with an aqueous solution of sodium hydroxide to produce an aqueous solution of sodium chloride and liquid water:
[image: \scriptsize \displaystyle \text{hydrochloric aci}{{\text{d}}_{{\text{(aq)}}}}\text{+ sodium hydroxid}{{\text{e}}_{{\text{(aq)}}}}\text{ }\!\!~\!\!\text{ }\to \text{ }\!\!~\!\!\text{ sodium chlorid}{{\text{e}}_{{\text{(aq)}}}}\text{+ wate}{{\text{r}}_{{\text{(l)}}}}]

    	Reactants: propane ([image: \scriptsize {{\text{C}}_{3}}{{\text{H}}_{\text{8}}}]) and oxygen ([image: \scriptsize \displaystyle {{\text{O}}_{2}}])
 Product: carbon dioxide ([image: \scriptsize \text{C}{{\text{O}}_{\text{2}}}]) and water ([image: \scriptsize {{\text{H}}_{\text{2}}}\text{O}])
[image: \scriptsize \displaystyle {{\text{C}}_{\text{3}}}{{\text{H}}_{\text{8}}}_{{\left( \text{g} \right)}}\text{+ }{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{C}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\text{+ }{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}]

    	Reactants: hydrogen fluoride and potassium carbonate
 Products: potassium fluoride, water, and carbon dioxide
[image: \scriptsize \displaystyle \text{H}{{\text{F}}_{{\left( \text{g} \right)}}}\text{+ }{{\text{K}}_{\text{2}}}\text{C}{{\text{O}}_{{\text{3}\left( {\text{aq}} \right)}}}\to \text{K}{{\text{F}}_{{\left( {\text{aq}} \right)}}}\text{+}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\text{+C}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}]

    	d. [image: \scriptsize \displaystyle {{\text{H}}_{{\text{2}\left( \text{g} \right)}}}\text{+ }{{\text{N}}_{{\text{2}\left( \text{g} \right)}}}\to \text{N}{{\text{H}}_{{\text{3}\left( \text{g} \right)}}}]

  

  
    Back to Exercise 1.1
  

  Exercise 1.2

  
    	
      .
      
        	The oxygen needs balancing: [image: \scriptsize \text{2Mg+}{{\text{O}}_{\text{2}}}\to 2\text{MgO}]

        	The sodium and chlorine need balancing: [image: \scriptsize \displaystyle \text{CaC}{{\text{l}}_{\text{2}}}\text{+N}{{\text{a}}_{\text{2}}}\text{C}{{\text{O}}_{\text{3}}}\to \text{CaC}{{\text{O}}_{\text{3}}}\text{+2NaCl}]

        	Balance the carbon: [image: \scriptsize \displaystyle {{\text{C}}_{{\text{12}}}}{{\text{H}}_{{\text{22}}}}{{\text{O}}_{{\text{11}}}}\text{+}{{\text{O}}_{\text{2}}}\to 12\text{C}{{\text{O}}_{\text{2}}}\text{+}{{\text{H}}_{\text{2}}}\text{O}]
 Balance the hydrogen: [image: \scriptsize \displaystyle {{\text{C}}_{{\text{12}}}}{{\text{H}}_{{\text{22}}}}{{\text{O}}_{{\text{11}}}}\text{+}{{\text{O}}_{\text{2}}}\to 12\text{C}{{\text{O}}_{\text{2}}}\text{+11}{{\text{H}}_{\text{2}}}\text{O}]
 Balance the oxygen: [image: \scriptsize \displaystyle {{\text{C}}_{{\text{12}}}}{{\text{H}}_{{\text{22}}}}{{\text{O}}_{{\text{11}}}}\text{+12}{{\text{O}}_{\text{2}}}\to 12\text{C}{{\text{O}}_{\text{2}}}\text{+11}{{\text{H}}_{\text{2}}}\text{O}]

      

    

    	Balance the hydrogen: [image: \scriptsize {{\text{C}}_{\text{3}}}{{\text{H}}_{\text{8}}}_{{\text{(l)}}}\text{+}{{\text{O}}_{{\text{2(g)}}}}\to \text{C}{{\text{O}}_{{\text{2(g)}}}}\text{+4H}{}_{\text{2}}{{\text{O}}_{{\text{(g)}}}}]
 Balance the carbon: [image: \scriptsize {{\text{C}}_{\text{3}}}{{\text{H}}_{\text{8}}}_{{\text{(l)}}}\text{+}{{\text{O}}_{{\text{2(g)}}}}\to 3\text{C}{{\text{O}}_{{\text{2(g)}}}}\text{+4H}{}_{\text{2}}{{\text{O}}_{{\text{(g)}}}}]
 Balance the oxygen: [image: \scriptsize {{\text{C}}_{\text{3}}}{{\text{H}}_{\text{8}}}_{{\text{(l)}}}\text{+5}{{\text{O}}_{{\text{2(g)}}}}\to 3\text{C}{{\text{O}}_{{\text{2(g)}}}}\text{+4H}{}_{\text{2}}{{\text{O}}_{{\text{(g)}}}}]
 Balanced equation: [image: \scriptsize {{\text{C}}_{\text{3}}}{{\text{H}}_{\text{8}}}_{{\text{(l)}}}\text{+5}{{\text{O}}_{{\text{2(g)}}}}\to 3\text{C}{{\text{O}}_{{\text{2(g)}}}}\text{+4H}{}_{\text{2}}{{\text{O}}_{{\text{(g)}}}}]

  

  
    Back to Exercise 1.2
  

  Unit 1: Assessment

  
    	
      .
      
        	
          [image: \scriptsize \displaystyle \text{2 Fe + 3 C}{{\text{l}}_{\text{2}}}\text{ }\to \text{ 2 FeC}{{\text{l}}_{\text{3}}}]
        

        	
          [image: \scriptsize \displaystyle \text{2FeB}{{\text{r}}_{\text{3}}}\text{ + 3}{{\text{H}}_{\text{2}}}\text{S}{{\text{O}}_{\text{4}}}\text{ }\to \text{ F}{{\text{e}}_{\text{2}}}{{\left( {\text{S}{{\text{O}}_{\text{4}}}} \right)}_{\text{3}}}\text{ + 6HBr}]
        

        	
          [image: \scriptsize \displaystyle {{\text{C}}_{\text{4}}}{{\text{H}}_{\text{6}}}{{\text{O}}_{{\text{3 }}}}\text{+ }{{\text{H}}_{\text{2}}}\text{O }\to \text{ 2}{{\text{C}}_{\text{2}}}{{\text{H}}_{\text{4}}}{{\text{O}}_{\text{2}}}]
        

        	
          [image: \scriptsize \displaystyle {{\text{C}}_{\text{4}}}{{\text{H}}_{{\text{10}}}}\text{O + 6}{{\text{O}}_{\text{2}}}\text{ }\to 4\text{C}{{\text{O}}_{\text{2}}}\text{ + 5}{{\text{H}}_{\text{2}}}\text{O}]
        

        	
          [image: \scriptsize \displaystyle \text{4}{{\text{H}}_{\text{2}}}\text{SiC}{{\text{l}}_{\text{2}}}\text{ + 4}{{\text{H}}_{\text{2}}}\text{O}\to \text{ }{{\text{H}}_{\text{8}}}\text{S}{{\text{i}}_{\text{4}}}{{\text{O}}_{\text{4}}}\text{ + 8HCl}]
        

        	
          [image: \scriptsize \displaystyle {{\text{C}}_{\text{5}}}{{\text{H}}_{\text{8}}}{{\text{O}}_{{\text{2 }}}}\text{+ 2NaH + 2HCl }\to \text{ }{{\text{C}}_{\text{5}}}{{\text{H}}_{{\text{12}}}}{{\text{O}}_{\text{2}}}\text{ + 2NaCl}]
        

      

    

    	
      [image: \scriptsize \displaystyle \text{2}{{\text{H}}_{\text{2}}}\text{S+3}{{\text{O}}_{\text{2}}}\to 2\text{S}{{\text{O}}_{\text{2}}}\text{+2}{{\text{H}}_{\text{2}}}\text{O}]
      

      [image: \scriptsize \displaystyle \text{4}{{\text{H}}_{\text{2}}}\text{S+2S}{{\text{O}}_{\text{2}}}\to 6\text{S+4}{{\text{H}}_{\text{2}}}\text{O}]
    

    	
      [image: \scriptsize \text{2}{{\text{H}}_{{\text{2(g)}}}}+{{\text{O}}_{{\text{2(g)}}}}\to 2{{\text{H}}_{\text{2}}}{{\text{O}}_{{\text{(l)}}}}]
    

    	
      [image: \scriptsize \displaystyle {{\text{C}}_{{\text{14}}}}{{\text{H}}_{{\text{18}}}}{{\text{N}}_{\text{2}}}{{\text{O}}_{\text{5}}}_{{\text{(s)}}}+16{{\text{O}}_{\text{2}}}_{{\text{(g)}}}\to 14\text{C}{{\text{O}}_{{\text{2(g)}}}}\text{+ 9}{{\text{H}}_{\text{2}}}\text{O + }{{\text{N}}_{{\text{2(g)}}}}]
    

  

  
    Back to Unit 1: Assessment
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Unit 2: The mole
Emma Harrage



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Define the mole.

        	Calculate the molar volume of gases.

        	Understand the volume relationships in gaseous reactions.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Calculate atomic, molecular and formula mass. Refer to level 2 subject outcome 6.4 unit 1 to revise this.

  

  Introduction

  Parts of the text in this unit were sourced from Siyavula Physical Science Gr11 Learner’s Book, Chapter 8, released under a CC-BY licence.

  The mole is a measure of the number of atoms, ions, or molecules in a substance. It is a fixed number with a value of [image: \scriptsize \displaystyle 6.02214076\text{ x }{{10}^{{23}}}] which is referred to as Avogadro’s number or constant. Using the mole we can calculate the amount of a substance in grams and work out the molar volume of gases.

  Atomic mass and the mole

  As we learnt in level 2 the chemical equation for a reaction can provide us with useful information. It tells us what the reactants and the products are in the reaction, and it also tells us the ratio in which the reactants combine to form products. Look at the equation below:

  
    [image: \scriptsize \displaystyle \text{Mg + O}\to \text{MgO}]
  

  In this reaction, every atom of magnesium (Mg) will react with a single atom of oxygen (O) to form magnesium oxide (MgO). However, what the equation does not tell us, is the quantities or the amount of each substance that is involved. It is important to know the quantities of reactants that are needed, and the quantity of product that will be formed.

  Sometimes it is important to know exactly how many particles (e.g. atoms or molecules) are in a sample of a substance, or what quantity of a substance is needed for a chemical reaction to take place. The amount of substance is so important in chemistry that it is given its own name, which is the mole.

  The mole (abbreviation ‘mol’) is the SI (Standard International) unit for ‘amount of substance’.

  The mole is a counting unit just like hours or days. The mole is [image: \scriptsize \displaystyle 602\text{ }204\text{ }500\text{ }000\text{ }000\text{ }000\text{ }000\text{ }000]or [image: \scriptsize \displaystyle 6,022\times {{10}^{{23}}}] particles. We call this number Avogadro’s number.

  If we had this number of cold drink cans, then we could cover the surface of the earth to a depth of over [image: \scriptsize \displaystyle 300\text{ km}]!

  We use Avogadro’s number and the mole in chemistry to help us quantify what happens in chemical reactions. If we measure [image: \scriptsize \displaystyle 12.0\text{ g}] of carbon, we have one mole or [image: \scriptsize \displaystyle 6,022\times {{10}^{{23}}}] carbon atoms. [image: \scriptsize \displaystyle 63.5\text{ g}] of copper is one mole of copper or [image: \scriptsize \displaystyle 6,022\times {{10}^{{23}}}] copper atoms. In fact, if we measure the relative atomic mass of any element on the periodic table, we have one mole of that element.

  
    
      Note

    

    
      The number below the symbol for an element on the periodic table is its relative atomic mass.

      For example, the relative atomic mass of iron is [image: \scriptsize \displaystyle 55.85]:
[image: \scriptsize \underset{{\text{55}\text{.85}}}{\overset{{\text{26}}}{\mathop {\text{Fe}}}}\,]

    

  

  The mole

  The mole is a unit for the amount of substance similar to familiar units such as grams or kilograms. It provides a specific measure of the number of atoms or molecules in a bulk sample of matter.

  A mole is defined as the amount of substance containing the same number of particles as the number of atoms in a sample of pure carbon-12.

  The mole is a unit of measurement that defines quantity as a counted number. It is the value of Avogadro’s constant, which is [image: \scriptsize \displaystyle 6,022\times {{10}^{{23}}}].

  
    
      Note

    

    
      Watch this video to understand how big a mole actually is: How big is a mole? (Not the animal, the other one.)

      
        How big is a mole? (Duration: 04.23) [image: How big is a mole?]


      

    

  

  For example, Lithium (Li), with three protons and three neutrons in its nucleus, has half the atomic mass of carbon. The same number of atoms, each of which weighs half the mass of carbon, should produce a total mass of half of our [image: \scriptsize 12] grams of carbon. That means that in [image: \scriptsize \text{6g}] of Li, there are [image: \scriptsize \displaystyle \text{6}\text{.022 x 1}{{\text{0}}^{{\text{23}}}}] Li atoms. It turns out that there are [image: \scriptsize \displaystyle \text{6}\text{.022 x 1}{{\text{0}}^{{\text{23}}}}] atoms of any element in n grams of that element, where n is its relative atomic mass.

  
    
      
        [image: image]
      

      Take note!

    

    
      Remember that there are [image: \scriptsize \displaystyle \text{6}\text{.022 x 1}{{\text{0}}^{{\text{23}}}}] atoms of any element in a mass of that element equal to the relative atomic mass expressed in grams. That mass is called [image: \scriptsize 1] mole of the element. Note, the symbol for mole is mol.

    

  

  As we learnt in level 2 subject outcome 6.4 unit 1, the equation to calculate moles or molar mass or the mass of a substance is [image: \scriptsize \text{n = }\displaystyle \frac{\text{m}}{\text{M}}]

  Where:

  M = molar mass of the pure substance (measured in [image: \scriptsize \displaystyle g.mo{{l}^{{-1}}}])
 m = mass of the pure substance (measured in grams, g)
 n = amount of the pure substance (measured in moles, mol)

  
    
      
        [image: image]
      

      Exercise 2.1

    

    
      
      
        	How many atoms are there in: 	[image: \scriptsize \displaystyle 1] mole of a substance
	[image: \scriptsize \displaystyle 2] moles of calcium
	[image: \scriptsize \displaystyle 5] moles of phosphorus
	[image: \scriptsize \displaystyle 24.3] g of magnesium
	[image: \scriptsize \displaystyle 24.0] g of carbon



        	Calculate the number of moles of carbon dioxide molecules in [image: \scriptsize \displaystyle 22\text{ g}] of [image: \scriptsize \displaystyle \text{C}{{\text{O}}_{\text{2}}}].

        	Calculate the mass of [image: \scriptsize \displaystyle 2] mol of [image: \scriptsize \displaystyle \text{C}{{\text{O}}_{\text{2}}}].

      

      The 
full solutions can be found at the end of the unit.
    

  

  Molar volume of gases

  It is rather tricky to find the number of moles of a gas by measuring its mass. Chemists determine the number of moles of any gas by measuring its volume. However, this cannot be done for solids and liquids.

  It is found that under the same temperature and pressure, equal volumes of all gases contain the same number of particles. Therefore, chemists introduced the concept of molar volume.

  The molar volume of a gas is defined as the volume of one mole of the gas. So, the molar volume is also the volume occupied by [image: \scriptsize \displaystyle 6.02\text{ x }{{10}^{{23}}}] particles of gas.

  The molar volume of any gas is [image: \scriptsize \displaystyle 22.4\text{ d}{{\text{m}}^{\text{3}}}\text{.mo}{{\text{l}}^{{\text{-1}}}}] at STP.

  STP refers to standard temperature of [image: \scriptsize 273\text{ K}] and pressure of [image: \scriptsize 101.3\text{ kPa}].

  
    [image: ]
    Figure 1: The molar volume of any gas is [image: \scriptsize \displaystyle 22.4\text{ d}{{\text{m}}^{\text{3}}}\text{.mo}{{\text{l}}^{{\text{-1}}}}] at STP

  

  It is possible to calculate the volume of one mole of gas at STP using what we now know about gases.

  We write down all the values that we know about one mole of gas at STP:

  
    [image: \scriptsize \displaystyle \begin{align*}p&=101.3\text{ kPa}=101\text{ }300\text{ Pa}\\n&=1\text{ mol}\\R&=8.31\text{ J}\text{.}{{\text{K}}^{{\text{-1}}}}\text{.mo}{{\text{l}}^{{\text{-1}}}}\\T&=273\text{ K}\end{align*}]
  

  Now we can substitute these values into the ideal gas equation:

  
    [image: \scriptsize \displaystyle \begin{align*}pV&=nRT\\\left( {101\text{ }300} \right)V&=\left( 1 \right)\left( {8.31} \right)\left( {273} \right)\\\left( {101\text{ }300} \right)V&=2\text{ }265.9\\V&=0.0224\text{ }{{\text{m}}^{\text{3}}}=22.4\text{ d}{{\text{m}}^{\text{3}}}\end{align*}]
  

  The volume of [image: \scriptsize 1] mole of gas at STP is [image: \scriptsize \displaystyle 22,4\text{ d}{{\text{m}}^{\text{3}}}]. If we had any number of moles of gas, not just one mole, then we would get: [image: \scriptsize \displaystyle Vg=22.4 ng].

  
    
      
        [image: image]
      

      Example 2.1

    

    
      What is the volume of [image: \scriptsize \displaystyle 2.3\text{ mol}] of hydrogen gas at STP?

      
        Solution
      

      Find the volume

      
        [image: \scriptsize \displaystyle \begin{align*}{{V}_{g}}&=\left( {22.4} \right)ng\\{{V}_{g}}&=\left( {22.4} \right)\left( {2.3} \right)\\{{V}_{g}}&=51.52\text{ d}{{\text{m}}^{\text{3}}}\end{align*}]
      

    

  

  Reactions and gases

  Some reactions take place between gases. For these reactions we can work out the volumes of the gases using the fact that volume is proportional to the number of moles.

  We can use the following formula: [image: \scriptsize \displaystyle {{\text{V}}_{\text{A}}}\text{= }\displaystyle \frac{\text{a}}{\text{b}}{{\text{V}}_{\text{B}}}]

  Where:

  [image: \scriptsize {{\text{V}}_{\text{A}}}] = volume of A
[image: \scriptsize {{\text{V}}_{\text{B}}}] = volume of B
 a = stoichiometric coefficient of A
 b = stoichiometric coefficient of B

  
    
      Note

    

    
      The number in front of a reactant or a product in a balanced chemical equation is called the stoichiometric coefficient or stoichiometric ratio.

    

  

  
    
      
        [image: image]
      

      Example 2.2

    

    
      Hydrogen and oxygen react to form water at STP according to the following equation:
[image: \scriptsize \displaystyle \text{2}{{\text{H}}_{{\text{2}\left( \text{g} \right)}}}\text{+}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{g} \right)}}}]

      If [image: \scriptsize \displaystyle \text{3 d}{{\text{m}}^{\text{3}}}] of oxygen is used, what volume of water is produced?

      
        Solution
      

      We use the equation given above to work out the volume of water produced:

      
        [image: \scriptsize \displaystyle \begin{align*}{{\text{V}}_{\text{A}}}&=\displaystyle \frac{\text{a}}{\text{b}}{{\text{V}}_{\text{B}}}\\{{\text{V}}_{{{{\text{H}}_{\text{2}}}\text{O}}}}&=\displaystyle \frac{2}{1}{{\text{V}}_{{{{\text{O}}_{\text{2}}}}}}\\{{\text{V}}_{{{{\text{H}}_{\text{2}}}\text{O}}}}&=\text{2}\left( \text{3} \right)\\{{\text{V}}_{{{{\text{H}}_{\text{2}}}\text{O}}}}&=\text{6 d}{{\text{m}}^{\text{3}}}\end{align*}]
      

      We can interpret the chemical equation in the worked example above as [image: \scriptsize \displaystyle \text{2}{{\text{H}}_{{\text{2}\left( \text{g} \right)}}}\text{+}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{g} \right)}}}]:

      [image: \scriptsize \displaystyle 2] moles of hydrogen react with [image: \scriptsize \displaystyle 1] mole of oxygen to produce [image: \scriptsize \displaystyle 2] moles of water. We can also say that [image: \scriptsize \displaystyle 2] volumes of hydrogen react with [image: \scriptsize \displaystyle 1] volume of oxygen to produce [image: \scriptsize \displaystyle 2] volumes of water.

    

  

  
    
      
        [image: image]
      

      Example 2.3

    

    
      What volume of oxygen at STP is needed for the complete combustion of [image: \scriptsize \displaystyle 3.3\text{ d}{{\text{m}}^{\text{3}}}] of propane ([image: \scriptsize \displaystyle {{\text{C}}_{\text{3}}}{{\text{H}}_{\text{8}}}])?

      Hint: [image: \scriptsize \displaystyle \text{C}{{\text{O}}_{\text{2}}}] and [image: \scriptsize \displaystyle {{\text{H}}_{\text{2}}}\text{O}] are the products as in all combustion reactions.

      
        Solution
      

      Step 1: Write a balanced equation for the reaction

      
        [image: \scriptsize \displaystyle {{\text{C}}_{\text{3}}}{{\text{H}}_{{\text{8}\left( \text{g} \right)}}}\text{+5}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{3C}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\text{+ 4}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{g} \right)}}}]
      

      Step 2: Determine the volume of oxygen needed for the reaction

      We use the equation given above to work out the volume of oxygen needed:
[image: \scriptsize \displaystyle \begin{align*}{{\text{V}}_{\text{A}}}&=\displaystyle \frac{\text{a}}{\text{b}}{{\text{V}}_{\text{B}}}\\{{\text{V}}_{{{{\text{O}}_{\text{2}}}}}}&=\displaystyle \frac{5}{1}{{\text{V}}_{{{{\text{C}}_{\text{3}}}{{\text{H}}_{\text{8}}}}}}\\{{\text{V}}_{{{{\text{O}}_{\text{2}}}}}}&=\text{5}\left( {\text{3}\text{.3}} \right)\\{{\text{V}}_{{{{\text{O}}_{\text{2}}}}}}&=\text{16}\text{.5 d}{{\text{m}}^{\text{3}}}\end{align*}]

    

  

  
    
      
        [image: image]
      

      Exercise 2.2

    

    
      
      Methane burns in oxygen at STP, forming water and carbon dioxide according to the following equation:

      
        [image: \scriptsize \displaystyle \text{C}{{\text{H}}_{{\text{4}\left( \text{g} \right)}}}\text{+2}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{g} \right)}}}\text{+C}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}]
      

      If [image: \scriptsize \displaystyle 4\text{ d}{{\text{m}}^{\text{3}}}] of methane is used, what volume of water is produced?

      The 
full solutions can be found at the end of the unit.
    

  

  Volume relationships in gaseous reactions

  In unit 1 we learnt to balance chemical equations and in subject outcome 5.4 we learnt about the different gas laws. We can now apply these principles to reactions involving gases.

  
    [image: ]
    Figure 2: A reminder of the formulae needed to solve gaseous reactions

  

  
    
      
        [image: image]
      

      Example 2.4

    

    
      Ammonium nitrate is used as an explosive in mining. The following reaction occurs when ammonium nitrate is heated:

      
        [image: \scriptsize \displaystyle \text{2N}{{\text{H}}_{\text{4}}}\text{N}{{\text{O}}_{{\text{3}\left( \text{s} \right)}}}\text{ }\to \text{2}{{\text{N}}_{{\text{2}\left( \text{g} \right)}}}\text{ + 4}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{g} \right)}}}\text{+ }{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}]
      

      If [image: \scriptsize \displaystyle 750\text{ g}] of ammonium nitrate is used, what volume of oxygen gas would we expect to produce at STP?

      
        Solution
      

      Step 1: Work out the number of moles of ammonium nitrate

      
        [image: \scriptsize _{M}\text{(N}{{\text{H}}_{\text{4}}}\text{N}{{\text{O}}_{\text{3}}}\text{)}=(14+4+14+48)=80]
        

        [image: \scriptsize \displaystyle \begin{align*}n&=\displaystyle \frac{m}{M}\\n&=\displaystyle \frac{{750}}{{80}}=9.375\text{ mol}\end{align*}]
      

      Step 2: Work out the amount of oxygen

      The mole ratio of [image: \scriptsize \displaystyle \text{N}{{\text{H}}_{\text{4}}}\text{N}{{\text{O}}_{\text{3}}}] to [image: \scriptsize \displaystyle {{\text{O}}_{\text{2}}}] is [image: \scriptsize \displaystyle 2:1]. The stoichiometric coefficient for ammonia is [image: \scriptsize \displaystyle 2] and for oxygen it is [image: \scriptsize \displaystyle 1].

      So the number of moles of [image: \scriptsize \displaystyle {{\text{O}}_{\text{2}}}] is:

      
        [image: \scriptsize \displaystyle \begin{align*}{{\text{n}}_{{{{\text{O}}_{\text{2}}}}}}&={{\text{n}}_{{\text{N}{{\text{H}}_{\text{4}}}\text{N}{{\text{O}}_{\text{3}}}}}}\text{ }\!\!\times\!\!\text{ }\displaystyle \frac{{\text{stoichiometric coefficient }{{\text{O}}_{\text{2}}}}}{{\text{stoichiometric coefficient N}{{\text{H}}_{\text{4}}}\text{N}{{\text{O}}_{\text{3}}}}}\\ &=\text{9}\text{.375 mol N}{{\text{H}}_{\text{4}}}\text{N}{{\text{O}}_{\text{3}}}\text{ }\!\!\times\!\!\text{ }\displaystyle \frac{{\text{1 mol }{{\text{O}}_{\text{2}}}}}{{\text{2 mol N}{{\text{H}}_{\text{4}}}\text{N}{{\text{O}}_{\text{3}}}}}\\ &=\text{4}\text{.6875 mol}\end{align*}]
      

      Step 3: Work out the volume of oxygen

      Remember that one mole of any gas occupies [image: \scriptsize \displaystyle 22.4\text{ d}{{\text{m}}^{\text{3}}}] at STP.

      
        [image: \scriptsize \displaystyle \begin{align*}\text{V}&=\left( {\text{22}\text{.4}} \right)\\\text{n}&=\left( {\text{22}\text{.4}} \right)\left( {\text{4}\text{.6875}} \right)\text{=105 d}{{\text{m}}^{\text{3}}}\end{align*}]
      

    

  

  
    
      
        [image: image]
      

      Example 2.5

    

    
      Airbags in cars use a controlled explosion to inflate the bag. When a car hits another car or an object, various sensors trigger the airbag. A chemical reaction then produces a large volume of gas which inflates the airbag.

      Sodium azide is sometimes used in airbags. When triggered, it has the following reaction:

      
        [image: \scriptsize \displaystyle \text{2Na}{{\text{N}}_{{\text{3}\left( \text{s} \right)}}}\to \text{2N}{{\text{a}}_{{\left( \text{s} \right)}}}\text{+3}{{\text{N}}_{{\text{2}\left( \text{g} \right)}}}]
      

      If [image: \scriptsize \displaystyle 55] grams of sodium azide is used, what volume of nitrogen gas would we expect to produce?

      
        Solution
      

      Step 1: Work out the number of moles of sodium azide

      
        [image: \scriptsize _{\text{M}}\text{(Na}{{\text{N}}_{\text{3}}}\text{) = (23+42) = 65}]
        

        [image: \scriptsize \displaystyle \begin{align*}\text{n}&=\displaystyle \frac{\text{m}}{\text{M}}\\\text{n}&=\displaystyle \frac{{\text{55}}}{{\text{65}}}\text{= 0}\text{.85 mol}\end{align*}]
      

      Step 2: Work out the amount of nitrogen

      The mole ratio of [image: \scriptsize \displaystyle \text{Na}{{\text{N}}_{\text{3}}}] to [image: \scriptsize \displaystyle {{\text{N}}_{\text{2}}}] is [image: \scriptsize \displaystyle 2:3]. So the number of moles of is [image: \scriptsize \displaystyle {{\text{N}}_{\text{2}}}]:

      
        [image: \scriptsize \displaystyle \begin{align*}{{\text{n}}_{{{{\text{N}}_{\text{2}}}}}}&={{\text{n}}_{{\text{Na}{{\text{N}}_{\text{3}}}}}}\text{ }\!\!\times\!\!\text{ }\displaystyle \frac{{\text{stoichiometric coefficient }{{\text{N}}_{\text{2}}}}}{{\text{stoichiometric coefficient Na}{{\text{N}}_{\text{3}}}}}\\&=\text{0}\text{.85 molNa}{{\text{N}}_{\text{3}}}\text{ }\!\!\times\!\!\text{ }\displaystyle \frac{{\text{3 mol }{{\text{N}}_{\text{2}}}}}{{\text{2 mol Na}{{\text{N}}_{\text{3}}}}}\\ &=\text{1}\text{.27 mol }{{\text{N}}_{\text{2}}}\end{align*}]
      

      Step 3: Work out the volume of nitrogen

      
        [image: \scriptsize \displaystyle \begin{align*}\text{V}&=\left( {\text{22}\text{.4}} \right)\\\text{n}&=\left( {\text{22}\text{.4}} \right)\left( {\text{1}\text{.27}} \right)\text{= 28}\text{.4 d}{{\text{m}}^{\text{3}}}\end{align*}]
      

    

  

  
    
      
        [image: image]
      

      Exercise 2.3

    

    
      
      
        	What volume of oxygen is needed for the complete combustion of [image: \scriptsize \displaystyle 5\text{ g}] of magnesium to form magnesium oxide?

        	Annalise is making a mini volcano for her science project. She mixes baking soda which is mostly [image: \scriptsize \displaystyle \text{NaHC}{{\text{O}}_{\text{3}}}] and vinegar (acetic acid) which is mostly [image: \scriptsize \displaystyle \text{C}{{\text{H}}_{\text{3}}}\text{COOH}] together to make her volcano erupt. The reaction for this equation is:
[image: \scriptsize \displaystyle \text{NaHC}{{\text{O}}_{{\text{3}\left( \text{s} \right)}}}\text{+ C}{{\text{H}}_{\text{3}}}\text{COO}{{\text{H}}_{{\left( {\text{aq}} \right)}}}\to \text{C}{{\text{H}}_{\text{3}}}\text{COON}{{\text{a}}_{{\left( {\text{aq}} \right)}}}\text{+}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\text{+C}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}]
.
 What volume of carbon dioxide is produced if Annalise uses [image: \scriptsize \displaystyle 50] ml of [image: \scriptsize \displaystyle 0.2\text{ mol}\text{.d}{{\text{m}}^{\text{3}}}] acetic acid?

      

      The 
full solutions can be found at the end of the unit.
    

  

  Summary

  In this unit you have learnt the following:

  
    	The volume of one mole of gas at STP is [image: \scriptsize \displaystyle 22.4\text{ d}{{\text{m}}^{\text{3}}}].

    	For any number of moles of gas at STP we can use [image: \scriptsize \displaystyle {{\text{V}}_{\text{g}}}\text{ =22}\text{.4ng}] to find the volume.

    	The volume relationship for two gases in a reaction is given by: [image: \scriptsize \displaystyle {{\text{V}}_{\text{A}}}\text{= }\displaystyle \frac{\text{a}}{\text{b}}{{\text{V}}_{\text{B}}}], where [image: \scriptsize {{\text{V}}_{\text{A}}}] is the volume of gas A, [image: \scriptsize {{\text{V}}_{\text{B}}}] is the volume of gas B, a is the stoichiometric coefficient of gas A and b is the stoichiometric coefficient of gas B.

    	The molar volume of a gas expresses the volume occupied by [image: \scriptsize \displaystyle 1] mole of that respective gas under certain temperature and pressure conditions.

    	The most common example is the molar volume of a gas at STP which is equal to [image: \scriptsize \displaystyle 22.4\text{ d}{{\text{m}}^{\text{3}}}] for [image: \scriptsize 1] mole of any ideal gas at a temperature equal to [image: \scriptsize \displaystyle 273\text{ K}] and a pressure equal to [image: \scriptsize \displaystyle 1.00] atm.

  

  Unit 2: Assessment

  Suggested time to complete: 20 minutes

  
    	Acetylene ([image: \scriptsize \displaystyle {{\text{C}}_{\text{2}}}{{\text{H}}_{\text{2}}}]) burns in oxygen according to the following reaction:
[image: \scriptsize \displaystyle \text{2}{{\text{C}}_{\text{2}}}{{\text{H}}_{{\text{2}\left( \text{g} \right)}}}\text{+5}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{4C}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\text{+2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{g} \right)}}}]
.
 If [image: \scriptsize \displaystyle 3.5\text{ d}{{\text{m}}^{\text{3}}}] of acetylene gas is burnt, what volume of carbon dioxide will be produced?

    	Given the following reaction:
[image: \scriptsize \displaystyle \text{3N}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\text{+}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{g} \right)}}}\to \text{2HN}{{\text{O}}_{{\text{3}\left( \text{g} \right)}}}\text{+ N}{{\text{O}}_{{\left( \text{g} \right)}}}]
.
 If [image: \scriptsize \displaystyle \text{2}\text{.7 d}{{\text{m}}^{\text{3}}}] of [image: \scriptsize \displaystyle \text{N} {{\text{O}}_{\text{2}}}] is used, what volume of [image: \scriptsize \displaystyle \text{HN}{{\text{O}}_{\text{3}}}] is produced?
.
[image: \scriptsize \displaystyle \begin{align*}&\text{a}\text{. 4}\text{.1 d}{{\text{m}}^{\text{3}}} \\ &{\text{b}\text{. 2}\text{.7 d}{{\text{m}}^{\text{3}}}} \\ &{\text{c}\text{. 1}\text{.8 d}{{\text{m}}^{\text{3}}}} \\ &{\text{d}\text{. 3}\text{.4 d}{{\text{m}}^{\text{3}}}} \end{align*}]

    	Some airbags contain a mixture of sodium azide ([image: \scriptsize \displaystyle \text{Na}{{\text{N}}_{\text{3}}}]) and potassium nitrate ([image: \scriptsize \displaystyle \text{KN}{{\text{O}}_{\text{3}}}]). When a car crash is detected by the signalling system, the sodium azide is heated until it decomposes to form nitrogen gas and sodium metal: [image: \scriptsize \displaystyle \text{2Na}{{\text{N}}_{{\text{3}\left( \text{s} \right)}}}\to \text{2N}{{\text{a}}_{{\left( \text{s} \right)}}}\text{+3}{{\text{N}}_{{\text{2}\left( \text{g} \right)}}}].
.
 The potassium nitrate then reacts with the sodium metal forming more nitrogen:
[image: \scriptsize \displaystyle \text{10N}{{\text{a}}_{{\left( \text{s} \right)}}}\text{+2KN}{{\text{O}}_{{\text{3}\left( \text{s} \right)}}}\to {{\text{K}}_{\text{2}}}{{\text{O}}_{{\left( \text{s} \right)}}}\text{+5N}{{\text{a}}_{\text{2}}}{{\text{O}}_{{\left( \text{s} \right)}}}\text{+ }{{\text{N}}_{{\text{2}\left( \text{g} \right)}}}]
.
 A typical passenger side airbag contains [image: \scriptsize \displaystyle 250\text{ g}] of sodium azide. 	What mass of sodium metal is formed in the first reaction?
	What is the total volume of nitrogen gas formed from both reactions?



  

  The full solutions can be found at the end of the unit.

  Unit 2: Solutions

  Exercise 2.1

  
    	
      .
      
        	
          .
          

          [image: \scriptsize \displaystyle 1 \text{ mole of a substance contains } \text{6 x 1}{{\text{0}}^{{\text{23}}}}]
        

        	
          .
          

          [image: \scriptsize \displaystyle \begin{align*} 2 \text{ moles of calcium}&= \text{2 x 6}\text{.02 x 1}{{\text{0}}^{{\text{23}}}}\\&=\text{1}\text{.204 x 1}{{\text{0}}^{{\text{24}}}}\end{align*}]
        

        	
          .
          

          [image: \scriptsize \displaystyle \begin{align*} 5 \text{ moles of phosphorus}&= \text{5 x 6}\text{.02 x 1}{{\text{0}}^{{\text{23}}}}\\&=\text{3}\text{.01 x 1}{{\text{0}}^{{\text{24}}}}\end{align*}]
        

        	
          .
          

          [image: \scriptsize \displaystyle 24.3 \text{ g of magnesium}= \text{1 x 6}\text{.02 x 1}{{\text{0}}^{{\text{23}}}}]
        

        	
          .
          

          [image: \scriptsize \displaystyle \begin{align*} 24.0 \text{ g of carbon}&= \text{2 x 6}\text{.02 x 1}{{\text{0}}^{{\text{23}}}}\\&=\text{1}\text{.204 x 1}{{\text{0}}^{{\text{24}}}}\end{align*}]
        

      

    

    	Relative atomic mass:
[image: \scriptsize \displaystyle \begin{align*}\text{C}&=12\\\text{O}&=16\end{align*}]
.
 Molar mass of carbon dioxide:
[image: \scriptsize \displaystyle 12\text{ }+\text{ }16\text{ }+\text{ }16\text{ }=\text{ }44\text{ g}\text{.mo}{{\text{l}}^{{-1}}}]
.
 Number of moles:
[image: \scriptsize \displaystyle \begin{align*}\text{n}&=\displaystyle \frac{\text{m}}{\text{M}}\\&=\text{ }\displaystyle \frac{{22}}{{44}}=\text{ }0.5\text{ mol}\end{align*}]

    	
      .
      

      [image: \scriptsize \displaystyle \begin{align*}\text{m}&= \text{n x M}\\\text{m}&=\text{ }2\text{ }\times \text{ }44\text{ }\\\text{m}&=88\text{ g}\end{align*}]
    

  

  
    Back to Exercise 2.1
  

  Exercise 2.2

  
    [image: \scriptsize \displaystyle \begin{align*}{{\text{V}}_{\text{A}}}&=\displaystyle \frac{\text{a}}{\text{b}}{{\text{V}}_{\text{B}}}\\{{\text{V}}_{{{{\text{H}}_{\text{2}}}\text{O}}}}&=12{{\text{V}}_{{\text{C}{{\text{H}}_{4}}}}}\\{{\text{V}}_{{{{\text{H}}_{\text{2}}}\text{O}}}}&=12(4)\\{{\text{V}}_{{{{\text{H}}_{\text{2}}}\text{O}}}}&=8~\text{d}{{\text{m}}^{\text{3}}}\end{align*}]
  

  
    Back to Exercise 2.2
  

  Exercise 2.3

  
    	The balanced equation for this reaction is:
[image: \scriptsize \displaystyle \text{2M}{{\text{g}}_{{\left( \text{s} \right)}}}\text{+ }{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2Mg}{{\text{O}}_{{\left( \text{s} \right)}}}]
.
 The number of moles of magnesium used is:
[image: \scriptsize \displaystyle \begin{align*}\text{n}&= \displaystyle \frac{\text{m}}{\text{M}}\\\text{n}&=\displaystyle \frac{5}{{24}}\text{= 0}\text{.2083 mol}\end{align*}]
.
 The mole ratio of Mg to [image: \scriptsize \displaystyle {{\text{O}}_{\text{2}}}] is [image: \scriptsize \displaystyle 2:1]. So the number of moles of is [image: \scriptsize \displaystyle {{\text{O}}_{\text{2}}}]:
[image: \scriptsize \displaystyle \begin{align*}{{\text{n}}_{{{{\text{O}}_{\text{2}}}}}}&={{\text{n}}_{{\text{Mg}}}}\text{ }\!\!\times\!\!\text{ }\displaystyle \frac{{\text{stoichiometric coefficient O2}}}{{\text{stoichiometric coefficient Mg}}}\\&=\text{0}\text{.2083 mol Mg }\!\!\times\!\!\text{ }\displaystyle \frac{{\text{ 1mol }{{\text{O}}_{\text{2}}}}}{{\text{2 mol Mg}}}\\&=\text{0}\text{.1042 mol }{{\text{O}}_{\text{2}}}\end{align*}]
.
 The volume of oxygen is:
[image: \scriptsize \displaystyle \begin{align*}\text{V}&=\left( {\text{22}\text{.4}} \right)\\\text{n}&=\left( {\text{22}\text{.4}} \right)\left( {\text{0}\text{.1042}} \right)\text{ = 2}\text{.33 d}{{\text{m}}^{\text{3}}}\end{align*}]

    	The number of moles of acetic acid used is:
[image: \scriptsize \displaystyle \begin{align*}\text{C}&=\displaystyle \frac{\text{n}}{\text{V}}\\0.2&=\displaystyle \frac{\text{n}}{{\text{0}\text{.05}}}\\\text{n}&= \text{0}\text{.01 mol}\end{align*}]
.
 The mole ratio of [image: \scriptsize \displaystyle \text{C}{{\text{H}}_{\text{3}}}\text{COOH}] to [image: \scriptsize \displaystyle \text{C}{{\text{O}}_{\text{2}}}] is [image: \scriptsize \displaystyle 1:1]. So the number of moles of [image: \scriptsize \displaystyle \text{C}{{\text{O}}_{\text{2}}}] is [image: \scriptsize \displaystyle \text{0}\text{.01 mol}].
[image: \scriptsize \displaystyle \begin{align*}\text{V}&=\left( {\text{22}\text{.4}} \right)\\\text{n}&=\left( {\text{22}\text{.4}} \right)\left( {\text{0}\text{.01}} \right)\\\text{n }&= \text{ 0}\text{.224 d}{{\text{m}}^{\text{3}}}\end{align*}]

  

  
    Back to Exercise 2.3
  

  Unit 2: Assessment

  
    	
      .
      

      [image: \scriptsize \displaystyle \begin{align*}{{\text{V}}_{\text{A}}}&=\displaystyle \frac{\text{a}}{\text{b}}{{\text{V}}_{\text{B}}}\\{{\text{V}}_{{\text{C}{{\text{O}}_{\text{2}}}}}}&=42(3.5)\\{{\text{V}}_{{\text{C}{{\text{O}}_{\text{2}}}}}}&=7~\text{d}{{\text{m}}^{\text{3}}}\end{align*}]
    

    	c)
[image: \scriptsize \displaystyle \begin{align*}{{\text{V}}_{\text{A}}}&=\displaystyle \frac{\text{a}}{\text{b}}{{\text{V}}_{\text{B}}}\\{{\text{V}}_{{\text{HN}{{\text{O}}_{\text{3}}}}}}&=\displaystyle \frac{2}{3}{{\text{V}}_{{\text{N}{{\text{O}}_{\text{2}}}}}}\\{{\text{V}}_{{\text{HN}{{\text{O}}_{\text{3}}}}}}&=\displaystyle \frac{2}{3}\text{(2}\text{.7)}\\{{\text{V}}_{{\text{HN}{{\text{O}}_{\text{3}}}}}}&=\text{1}\text{.8 }\!\!~\!\!\text{ d}{{\text{m}}^{\text{3}}}\end{align*}]

    	
      .
      
        	The amount of sodium metal:
[image: \scriptsize \displaystyle \text{n}=\displaystyle \frac{{250}}{{65}}=3.846~\text{mol}]
.
 The molar ratio of sodium azide to sodium is [image: \scriptsize \displaystyle 2:2\text{ }\left( {1:1} \right)] so the number of moles of sodium is: [image: \scriptsize \displaystyle 3.846\text{ mol}]
.
 And the mass of sodium metal is:
[image: \scriptsize \displaystyle \begin{align*}\text{m}&= \text{ nM}\\\text{m}&=\left( {3.846} \right)\left( {23} \right)=88.461\text{ g}\end{align*}]

        	To find the total volume of nitrogen produced we need to calculate the volume of nitrogen produced in each reaction and then add these two numbers together.
.
 The first reaction uses [image: \scriptsize \displaystyle 3.846\text{ mol}] of sodium azide. The mole ratio of sodium azide to nitrogen is [image: \scriptsize \displaystyle 2:3], so the number of moles of nitrogen is:
[image: \scriptsize \displaystyle \begin{align*}{{\text{n}}_{{{{\text{N}}_{\text{2}}}}}}&={{\text{n}}_{{\text{Na}}}}\text{ }\!\!\times\!\!\text{ }\displaystyle \frac{{\text{stoichiometric coefficient }{{\text{N}}_{\text{2}}}}}{{\text{stoichiometric coefficient Na}{{\text{N}}_{3}}}}\\&=\text{3}\text{.846 mol Na}{{\text{N}}_{3}}\text{ x }\displaystyle \frac{{\text{2 mol }{{\text{N}}_{\text{2}}}}}{{\text{3 mol Na}{{\text{N}}_{3}}}}\text{ =2}\text{.564 mol }{{\text{N}}_{\text{2}}}\end{align*}]
.
 Now we find the volume:
[image: \scriptsize \displaystyle \begin{align*}\text{V}&=22.4\\\text{n}&=\left( {22.4} \right)\left( {2.564} \right)=57.436\text{ d}{{\text{m}}^{\text{3}}}\end{align*}]
.
 For the second reaction we have [image: \scriptsize \displaystyle 3.846\text{ mol}] of sodium (the sodium from the first reaction is used up in the second reaction). The mole ratio of sodium to nitrogen is [image: \scriptsize \displaystyle 10:1], so the number of moles of nitrogen is:
[image: \scriptsize \displaystyle \begin{align*}{{\text{n}}_{{{{\text{N}}_{\text{2}}}}}}&={{\text{n}}_{{\text{Na}}}}\text{ }\!\!\times\!\!\text{ }\displaystyle \frac{{\text{stoichiometric coefficient }{{\text{N}}_{\text{2}}}}}{{\text{stoichiometric coefficient Na}}}\\&=\text{3}\text{.846 mol Na }\!\!\times\!\!\text{ }\displaystyle \frac{{\text{1 mol}{{\text{N}}_{\text{2}}}}}{{\text{10 mol Na}}}\\&=\text{0}\text{.385 mol }{{\text{N}}_{\text{2}}}\end{align*}]
.
 Now we find the volume:
[image: \scriptsize \displaystyle \begin{align*}\text{V}&=22,4\\\text{n}&=\left( {22.4} \right)\left( {0.385} \right)\\\text{n}&=8.615\text{ d}{{\text{m}}^{\text{3}}}\end{align*}]
.
 And the total volume of nitrogen is:
[image: \scriptsize \displaystyle \begin{align*}{{\text{V}}_{{\text{Total}}}}&={{\text{V}}_{\text{1}}}\text{+}{{\text{V}}_{\text{2}}}\\{{\text{V}}_{{\text{Total}}}}&=57.436+8.615\\{{\text{V}}_{{\text{Total}}}}&=66.051\text{ d}{{\text{m}}^{\text{3}}}\end{align*}]

      

    

  

  
    Back to Unit 2: Assessment
  

  
    Media Attributions

    
      	Fig 1 © DHET is licensed under a CC BY (Attribution) license

      	Fig 2 © Siyavula is licensed under a CC BY-ND (Attribution NoDerivatives) license

    

  

  





  
  




XVIII
Chemical Change: Identify and apply types of chemical reactions


  
  
    
      
        [image: image]
      

      Subject outcome

    

    
      Subject outcome 6.3: Identify and apply types of chemical reactions

    

  

  
    
      
        [image: image]
      

      Learning outcomes

    

    
      
        	Identify and write down combination, decomposition, and displacement reactions with reference to industrial gases (7): 	Range: Combination reactions are metal +[image: \scriptsize \displaystyle {{\text{O}}_{\text{2}}}], non-metal +[image: \scriptsize \displaystyle {{\text{O}}_{\text{2}}}], metal + non-metal, metal oxide + H2O, non-metal oxide + H2O. Decomposition reactions are metal oxides, carbonates, nitrates, chlorates and H2O2 decomposing in heat. Single-displacement reactions are halogen + halide, metallic salt + salt, metal + acid, metal + H2O –activity series).



      

    

  

  
    
      
        [image: image]
      

      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	identify the following types of chemical reactions: 	Combination
	Decomposition
	Single displacement.



      

    

  

  






Unit 1: Types of chemical reactions
Emma Harrage



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	identify the following types of chemical reactions: 	Combination
	Decomposition
	Single displacement.



      

    

  

  What you should know

  Before you start this unit, make sure you can:

  Balance chemical equations. Refer to level 3 subject outcome 6.2 unit 1 to revise this.

  Introduction

  Parts of the text in this unit were sourced from chem.libretexts.org, Chapter: Descriptive Chemistry, released under a CC-BY-NC-SA 3.0 licence.

  Chemical reactions are the processes by which chemicals interact to form new chemicals with different compositions. Simply stated, a chemical reaction is the process where reactants are transformed into products. How chemicals react is dictated by the chemical properties of the element or compound – the ways in which a compound or element undergoes changes in composition.

  Combination reactions

  A combination reaction is a reaction in which two or more substances combine to form a single new substance. Combination reactions can also be called synthesis reactions. The general form of a combination reaction is shown in figure 1.

  
    [image: ]
    Figure 1: The general equation for a combination reaction

  

  Here are some examples of simple combination reactions when two elements combine to form a compound:

  
    	Solid sodium metal reacts with chlorine gas to produce solid sodium chloride
[image: \scriptsize \displaystyle \text{2N}{{\text{a}}_{{\left( \text{s} \right)}}}\text{+C}{{\text{l}}_{{\text{2}\left( \text{g} \right)}}}\to 2\text{NaC}{{\text{l}}_{{\left( \text{s} \right)}}}]

    	Sulfur reacts with oxygen to form sulfur dioxide
[image: \scriptsize \displaystyle {{\text{S}}_{{\left( \text{s} \right)}}}\text{+}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{S}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}]

    	Often, nonmetal reactants can combine in different ratios and produce different products. Sulfur can also combine with oxygen to form sulfur trioxide.
[image: \scriptsize \displaystyle \text{2}{{\text{S}}_{{\left( \text{s} \right)}}}\text{+3}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2S}{{\text{O}}_{{\text{3}\left( \text{g} \right)}}}]

    	Sulfur trioxide gas reacts with water to form sulfuric acid. This is, unfortunately, a common reaction that occurs in the atmosphere in some places where oxides of sulfur are present as pollutants. The acid formed in the reaction falls to the ground as acid rain:
[image: \scriptsize \displaystyle \text{S}{{\text{O}}_{{\text{3}\left( \text{g} \right)}}}\text{+}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\to {{\text{H}}_{\text{2}}}\text{S}{{\text{O}}_{\text{4}}}_{{\left( {\text{aq}} \right)}}]

  

  Combination reactions can also take place when an element reacts with a compound to form a new compound composed of a larger number of atoms. Carbon monoxide reacts with oxygen to form carbon dioxide according to the equation:
[image: \scriptsize \displaystyle \text{2C}{{\text{O}}_{{\left( \text{g} \right)}}}\text{+}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2C}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}]

  Two compounds may also react to form a more complex compound. A common example is the reaction of an oxide with water. Calcium oxide reacts readily with water to produce an aqueous solution of calcium hydroxide:
[image: \scriptsize \displaystyle \text{Ca}{{\text{O}}_{{\left( \text{s} \right)}}}\text{+}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\to \text{Ca}{{\left( {\text{OH}} \right)}_{{2\left( {aq} \right)}}}]

  Reactions with oxygen

  One sort of combination reaction that occurs frequently is the reaction of an element with oxygen to form an oxide. Metals and nonmetals both react readily with oxygen under most conditions. Oxides of metals are basic, and oxides of nonmetals are acidic.

  Group 1 alkali metals

  Oxygen reacts rapidly with group 1 elements. All alkali metal oxides form basic solutions when dissolved in water. The oxide [image: \scriptsize \displaystyle {{\text{M}}_{\text{2}}}\text{O}] (where M represents any alkali metal) can be formed with any of the alkali metals. When heated, lithium, sodium, potassium, rubidium, and caesium ignite through combustion reactions with oxygen.

  Lithium reacts with oxygen to form [image: \scriptsize \displaystyle \text{Li}{{}_{\text{2}}}\text{O}]and burns with a red flame.

  
    [image: \scriptsize \displaystyle \text{4L}{{\text{i}}_{{\left( \text{s} \right)}}}\text{+ }{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2L}{{\text{i}}_{\text{2}}}{{\text{O}}_{{\left( \text{s} \right)}}}]
  

  Sodium burns in air with often little more than an orange glow. Using larger amounts of sodium or burning it in pure oxygen produces a strong orange flame.

  
    [image: \scriptsize \displaystyle \text{4N}{{\text{a}}_{{\left( \text{s} \right)}}}\text{+}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2N}{{\text{a}}_{\text{2}}}{{\text{O}}_{{\left( \text{s} \right)}}}]
  

  
    [image: ]
    Figure 2: Sodium burns with a yellow flame

  

  Pieces of potassium burn with a lilac-coloured flame.

  
    [image: \scriptsize \displaystyle \text{4}{{\text{K}}_{{\left( \text{s} \right)}}}\text{+}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to 2{{\text{K}}_{\text{2}}}{{\text{O}}_{{\left( \text{s} \right)}}}]
  

  Group 2 alkali earth metals

  The elements of group 2 also react with oxygen, though not as rapidly as group 1 metals; these reactions also require heating. Similarly to group 1 oxides, most group 2 oxides are only slightly soluble in water and form basic solutions. All group 2 metals react similarly, burning to form oxides as shown:

  
    [image: \scriptsize \displaystyle \text{2}{{\text{M}}_{{\left( \text{s} \right)}}}\text{+}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2M}{{\text{O}}_{{\left( \text{s} \right)}}}]
  

  Once started, the reactions with oxygen are vigorous except beryllium which does not react with air or water.

  Magnesium reacts rapidly and dramatically when ignited, combining with oxygen from the air to produce a fine powder of magnesium oxide:

  
    [image: \scriptsize \displaystyle \text{2M}{{\text{g}}_{{\left( \text{s} \right)}}}\text{+}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2Mg}{{\text{O}}_{{\left( \text{s} \right)}}}]
  

  
    [image: ]
    Figure 3: Magnesium burns with a brilliant white light

  

  Group 13 elements

  Group 13 elements vary in their reactions with oxygen. All group 13 elements also produce compounds of the form of [image: \scriptsize \displaystyle \text{M}{{}_{\text{2}}}{{\text{O}}_{\text{3}}}]. Here is the equation of the reaction of oxygen and a group 13 element:

  
    [image: \scriptsize \displaystyle \text{4}{{\text{M}}_{{\left( \text{s} \right)}}}\text{+3}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2}{{\text{M}}_{\text{2}}}{{\text{O}}_{{\text{3}\left( \text{s} \right)}}}]
  

  The most common oxide form of boron, [image: \scriptsize \displaystyle {{\text{B}}_{\text{2}}}{{\text{O}}_{\text{3}}}] or boron trioxide, is obtained by heating boric acid.

  Aluminium occurs almost exclusively in the [image: \scriptsize \displaystyle +\text{ }3] oxidation state. It rapidly reacts with oxygen in air to give a water-insoluble coating of [image: \scriptsize \displaystyle \text{A}{{\text{l}}_{\text{2}}}{{\text{O}}_{\text{3}}}]. This oxide layer protects the metal beneath from further corrosion. The reaction is shown below:

  
    [image: \scriptsize \displaystyle \text{4A}{{\text{l}}_{{\left( \text{s} \right)}}}\text{+3}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2A}{{\text{l}}_{\text{2}}}{{\text{O}}_{\text{3}}}]
  

  Transition metals

  Transition metals can adopt multiple positive charges within their ionic compounds. Therefore, most transition metals can form different products in a combination reaction.
 Iron reacts with oxygen to form both iron (II) oxide and iron (III) oxide which is otherwise known as rust:

  
    [image: \scriptsize \displaystyle \begin{align*}& {\text{2F}{{\text{e}}_{{\left( \text{s} \right)}}}\text{+}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2Fe}{{\text{O}}_{{\left( \text{s} \right)}}}} \\& {\text{4F}{{\text{e}}_{{\left( \text{s} \right)}}}\text{+3}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2F}{{\text{e}}_{\text{2}}}{{\text{O}}_{{\text{3}\left( \text{s} \right)}}}} \end{align*}]
  

  Metalloid and nonmetal reactions with oxygen

  Group 14 elements

  Group 14 is made up of both metals (towards the bottom of the group), metalloids, and nonmetals (at the top of the group). The oxides towards the top of the group 14 elements are slightly acidic, and the acidity of the oxides decreases down the group.

  
    	Non-metal: The non-metal carbon burns to form [image: \scriptsize \displaystyle \text{C}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}] and, when oxygen is present in smaller amounts, [image: \scriptsize \displaystyle \text{C}{{\text{O}}_{{\left( \text{g} \right)}}}]; both are acidic under different conditions. Carbon monoxide is only slightly soluble in water and does not react with it.

    	Metalloid: The metalloid silicon reacts with oxygen to form only one stable compound, [image: \scriptsize \displaystyle \text{SiO}{{}_{\text{2}}}].

    	The three metals in this group have many different oxide compounds because they do not obey the octet rule. For example:

  

  Germanium: [image: \scriptsize \displaystyle \text{GeO, }\!\!~\!\!\text{ Ge}{{\text{O}}_{\text{2}}}]
 Tin: [image: \scriptsize \displaystyle \text{SnO, }\!\!~\!\!\text{ SnO}{{}_{\text{2}}}]
 Lead: [image: \scriptsize \displaystyle \text{PbO, }\!\!~\!\!\text{ Pb}{{\text{O}}_{\text{2}}}\text{, }\!\!~\!\!\text{ P}{{\text{b}}_{\text{3}}}{{\text{O}}_{\text{4}}}]

  Group 15 elements

  The nitrogen family, Group 15, can react with oxygen in many ways. Nitrogen and phosphorus are non-metallic, arsenic and antimony are metalloids, and bismuth is metallic.

  Nitrogen reacts with oxygen to form many oxides ranging in oxidation states from [image: \scriptsize +1] to [image: \scriptsize +5]: All these oxides are gases at room temperature except for [image: \scriptsize \displaystyle \text{N}{{}_{\text{2}}}{{\text{O}}_{\text{5}}}], which is solid. The nitrogen oxides are: [image: \scriptsize \displaystyle \text{NO, }{{\text{N}}_{\text{2}}}\text{O, }{{\text{N}}_{\text{2}}}{{\text{O}}_{\text{3}}}\text{, N}{{\text{O}}_{\text{2}}}\text{, }{{\text{N}}_{\text{2}}}{{\text{O}}_{\text{5}}}].

  All these reactions are endothermic, requiring energy for oxygen to react directly with [image: \scriptsize \displaystyle {{\text{N}}_{{\text{2(g)}}}}] and the products are acidic.

  Phosphorus reacts with oxygen, usually forming two oxides depending on the amount of available oxygen: it forms [image: \scriptsize \displaystyle ~{{\text{P}}_{\text{4}}}{{\text{O}}_{\text{6}}}] when reacted with a limited supply of oxygen, and [image: \scriptsize \displaystyle {{\text{P}}_{{\text{4}}}}{{\text{O}}_{{\text{10}}}}] when reacted with excess oxygen; the latter is shown below.

  
    [image: \scriptsize \displaystyle {{\text{P}}_{\text{4}}}{{\text{O}}_{{\text{10}}}}\text{+6}{{\text{H}}_{\text{2}}}\text{O}\to \text{4}{{\text{H}}_{\text{3}}}\text{PO}]
  

  Group 16 elements

  The elements in group 16 include oxygen, sulfur, selenium, tellurium, and polonium. Oxygen reacts with the elements in its own group to form various oxides, mostly in the form of [image: \scriptsize \displaystyle \text{A}{{\text{O}}_{\text{2}}}] and [image: \scriptsize \displaystyle \text{A}{{\text{O}}_{\text{3}}}] where A represents a group 16 element.

  Although oxygen is in group 16, it is unique in its extreme electronegativity; this allows it to readily gain electrons. Because it is the smallest element in its group, it can form double bonds.

  Oxygen can react with itself, forming allotropes: ozone ([image: \scriptsize \displaystyle {{\text{O}}_{\text{3}}}]), and dioxygen ([image: \scriptsize {{\text{O}}_{\text{2}}}]).

  Sulfur’s reaction with oxygen produces the oxides mentioned above. Sulfur dioxide, [image: \scriptsize \displaystyle \text{S}{{\text{O}}_{2}}], and sulfur trioxide, [image: \scriptsize \displaystyle \text{S}{{\text{O}}_{3}}], are the only common sulfur oxides.

  
    [image: \scriptsize \displaystyle {{\text{S}}_{{\left( \text{s} \right)}}}\text{+ }{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{S}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}]
  

  Selenium and tellurium adopt compounds of the forms [image: \scriptsize \displaystyle \text{A}{{\text{O}}_{\text{2}}}\text{, A}{{\text{O}}_{\text{3}}}], and [image: \scriptsize \displaystyle \text{AO}].

  Group 17 elements: The halogens

  The halogens react with oxygen, but many of the resulting compounds are unstable, lasting for only moments at a time. They range in structure from [image: \scriptsize \displaystyle {{\text{X}}_{{\text{2}}}}\text{O}] to [image: \scriptsize \displaystyle \text{X}{{}_{\text{2}}}{{\text{O}}_{\text{7}}}], where X represents a halogen. Their extended octets allow them to bond with many oxygen atoms at a time.

  The most electronegative element adopts the [image: \scriptsize \displaystyle -1] oxidation state. Fluorine and oxygen form [image: \scriptsize \displaystyle \text{O}{{\text{F}}_{2}}], which is known as oxygen fluoride.

  
    [image: \scriptsize \displaystyle \text{2}{{\text{F}}_{\text{2}}}\text{ + 2NaOH}\to \text{O}{{\text{F}}_{\text{2}}}\text{ + 2NaF + }{{\text{H}}_{\text{2}}}\text{O}]
  

  Group 18 elements: The noble gases

  Noble gases are chemically inert except for xenon, which reacts with oxygen to form [image: \scriptsize \displaystyle \text{Xe}{{\text{O}}_{{\text{3}}}}] and [image: \scriptsize \displaystyle \text{XeO}{{}_{\text{4}}}] at low temperatures and high pressures. [image: \scriptsize \displaystyle \text{Xe}{{\text{O}}_{{\text{3}}}}] is highly unstable, and is known to spontaneously detonate in a clean, dry environment.

  
    
      
        [image: image]
      

      Exercise 1.1

    

    
      
      
        	If there are [image: \scriptsize \displaystyle 4.00\text{ g}] of potassium, how much [image: \scriptsize \displaystyle {{\text{K}}_{\text{2}}}\text{O}] is created during combustion (in excess oxygen)?

        	Which noble gas(es), if any, react with oxygen?

        	Complete and balance the following reaction: [image: \scriptsize \displaystyle \text{A}{{\text{l}}_{{\left( \text{s} \right)\text{ }}}}\text{+ }{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to]

        	What is the best environment for nitrogen and oxygen to react in?

        	What are the principal combustion products of each group 1 element with oxygen?

      

      The 
full solutions can be found at the end of the unit.
    

  

  Oxidation and reduction

  Oxidation is the loss of electrons from a substance. It is also the gain of oxygen by a substance. For example, magnesium is oxidised when it reacts with oxygen to form magnesium oxide:
[image: \scriptsize \displaystyle \text{2Mg + }{{\text{O}}_{\text{2}}}\text{ }\to \text{2MgO}]

  Reduction is the gain of electrons by a substance. It is also the loss of oxygen from a substance. For example, copper(II) oxide can be reduced to form copper when it reacts with hydrogen:
[image: \scriptsize \displaystyle \text{CuO + }{{\text{H}}_{\text{2}}}\text{ }\to \text{Cu + }{{\text{H}}_{\text{2}}}\text{O}]

  Usually, oxidation and reduction take place at the same time in a reaction. We call this type of reaction a redox reaction.

  For example when aluminium reacts with iron oxide:
 aluminium + iron(III) oxide → iron + aluminium oxide

  It is easy to see that the aluminium has been oxidised. This means that the iron oxide is the oxidising agent. We can also see that the iron oxide has been reduced. This means that the aluminium is the reducing agent.

  Rusting is an oxidation reaction. The iron reacts with water and oxygen to form hydrated iron(III) oxide, which we see as rust.

  
    
      
        [image: image]
      

      Take note!

    

    
      The oxidising agent is the chemical that causes oxidation.
 The reducing agent causes the other chemical to be reduced.

    

  

  Single displacement reactions

  A displacement reaction involves a metal and a compound of a different metal. In a displacement reaction a more reactive metal will displace a less reactive metal from its compound.

  Single displacement reactions occur between metals because the ions of low-ranking metals are readily reduced by high-ranking metals on the reactivity series. Therefore, low ranking metals are easily displaced by high-ranking metals in the single displacement reactions between them.

  This concept has several practical applications in the extraction of metals. For example, titanium is extracted from titanium tetrachloride via a single displacement reaction with magnesium.

  The reactivity series of metals can also be used to predict the outcome of single displacement reactions. A displacement reaction can also be a combination reaction.

  
    [image: ]
    Figure 4: The general equation for a single displacement reaction

  

  Displacement reactions are easily seen when a more reactive metal is placed in a solution of a salt of the less reactive metal. During the reaction, the more reactive metal gradually disappears as it forms a solution and the less reactive metal ions precipitate out as the solid metal. For example, magnesium is more reactive than copper:
[image: \scriptsize \text{M}{{\text{g}}_{{\text{(s)}}}}\text{+CuS}{{\text{O}}_{\text{4}}}_{{\text{(aq)}}}\to \text{MgS}{{\text{O}}_{\text{4}}}_{{\text{(aq)}}}\text{+ C}{{\text{u}}_{{\text{(s)}}}}]

  
    [image: ]
    Figure 5: When a piece of magnesium is dipped into blue copper sulfate solution, the blue colour fades as colourless magnesium sulfate solution forms and brown copper settles at the bottom of the container

  

  No reaction is seen if you do things the other way round – in other words if you put copper powder into magnesium sulfate solution. This is because copper is not reactive enough to displace magnesium from magnesium sulfate.

  Further examples of single displacement reactions:
 Hydrogen in hydrogen chloride is replaced by zinc, and in the process hydrogen and zinc chloride are formed.
[image: \scriptsize \displaystyle \text{2HC}{{\text{l}}_{{\left( {\text{aq}} \right)}}}\text{+Z}{{\text{n}}_{{\left( \text{s} \right)}}}\to \text{ZnC}{{\text{l}}_{{\text{2}\left( {\text{aq}} \right)}}}\text{+}{{\text{H}}_{{\text{2}\left( \text{g} \right)}}}]

  Another example of a single-replacement reaction is:
[image: \scriptsize \displaystyle \text{2NaC}{{\text{l}}_{{\left( {\text{aq}} \right)}}}\text{+}{{\text{F}}_{{\text{2}\left( \text{g} \right)}}}\to \text{2Na}{{\text{F}}_{{\left( \text{s} \right)}}}\text{+C}{{\text{l}}_{{\text{2}\left( \text{g} \right)}}}]

  A typical characteristic of a single-replacement reaction is that there is one element as a reactant and another element as a product.

  Displacement reactions of metal oxides

  A more reactive metal will displace a less reactive metal from a compound. The thermite reaction is a good example of this. A thermite reaction is an exothermic reaction between ferrous oxides and aluminium. It is used to produce white hot molten (liquid) iron in remote locations for welding. A lot of heat is needed to start the reaction, but then it releases an incredible amount of heat, enough to melt the iron.

  
    [image: \scriptsize \displaystyle \text{2Al + F}{{\text{e}}_{\text{2}}}{{\text{O}}_{\text{3}}}\text{ }\to \text{ 2Fe + A}{{\text{l}}_{\text{2}}}{{\text{O}}_{\text{3}}}]
  

  Because aluminium is more reactive than iron, it displaces iron from iron(III) oxide. The aluminium removes oxygen from the iron(III) oxide: iron is reduced, and the aluminium is oxidised.

  
    
      Note

    

    
      To see more about this, you can watch the thermite reaction, by WTN Chemistry.

      
        Thermite reaction (Duration: 03.14) [image: Thermite reaction]


      

    

  

  Reactions between metals and metal oxides allow us to put a selection of metals into a reactivity series. In general, the greater the difference in reactivity between two metals in a displacement reaction, the greater the amount of energy released.

  Aluminium is much higher than iron in the reactivity series, so the thermite reaction releases a lot of energy. Magnesium is very high in the reactivity series, and copper is very low – so the reaction between magnesium and copper oxide is more violent.

  The reactivity series

  The reactivity series of metals, also known as the activity series, refers to the arrangement of metals in descending order of their reactivities.

  
    [image: ]
    Figure 6: The data provided by the reactivity series can be used to predict whether a metal can displace another in a single displacement reaction

  

  Metals tend to readily lose electrons and form cations. Most of them react with atmospheric oxygen to form metal oxides. However, different metals have different levels of reactivity with oxygen. The unreactive metals such as gold and platinum do not readily form oxides when exposed to air.

  Important points:

  
    	All metals that are found above hydrogen in the reactivity series liberate [image: \scriptsize \displaystyle {{\text{H}}_{\text{2}}}] gas upon reacting with dilute hydrochloric acid ([image: \scriptsize \displaystyle \text{HCl}]) or dilute sulfuric acid ([image: \scriptsize \displaystyle {{\text{H}}_{\text{2}}}\text{S}{{\text{O}}_{\text{4}}}]).

    	Metals that are placed higher on the reactivity series have the ability to displace metals that are placed lower, from their salt solutions.

    	Higher ranking metals require greater amounts of energy for their isolation from ores and other compounds.

    	Another important feature of the reactivity series is that while moving down the series, the electron-donating ability of the metals decreases.

  

  Apart from providing insight into the properties and reactivities of the metals, the reactivity series has several other important applications. For example, the outcome of the reactions between metals and water, metals and acids, and single displacement reactions between metals can be predicted with the help of the reactivity series.

  Remember: non-metals get more reactive as you move up the group in the periodic table. This is particularly true of the halogens, where bromine is more reactive that iodine but less reactive than chlorine.

  
    
      
        [image: image]
      

      Exercise 1.2

    

    
      
      
        	Which is the most reactive of these three metals? 	Lithium
	Copper
	Zinc



        	Which of the following combinations will result in a displacement reaction? 	Copper and zinc nitrate
	Zinc and magnesium nitrate
	Magnesium and copper sulfate



        	What has been reduced in this reaction: iron oxide + carbon → iron + carbon monoxide? 	Iron oxide
	Carbon
	Carbon monoxide



        	What is the oxidising agent in this reaction: lead oxide + carbon → lead + carbon monoxide? 	Lead oxide
	Carbon
	Lead



      

      The 
full solutions can be found at the end of the unit.
    

  

  Reaction between elements and water

  Water is composed of two hydrogen atoms and an oxygen atom. It exhibits polarity and is naturally found in the liquid, solid, and vapour states. Its polarity makes it a good solvent and it is commonly known as the universal solvent. Because of its abundance on Earth, it is important to note that it is involved in many chemical reactions. Many of these chemical reactions behave in trends that can be categorised using the periodic table.

  Calcium and the metals that are more reactive than calcium in the reactivity series can react with cold water to form the corresponding hydroxide while giving off hydrogen gas. For example, the reaction between potassium and water yields potassium hydroxide and [image: \scriptsize \displaystyle {{\text{H}}_{\text{2}}}] gas, as described by the chemical equation: [image: \scriptsize \displaystyle \text{2}{{\text{K}}_{{\text{(s)}}}}\text{+ 2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\text{(l)}}}}\text{ }\to \text{ 2KO}{{\text{H}}_{{\text{(aq)}}}}\text{ + }{{\text{H}}_{\text{2}}}_{{(g)}}]

  Therefore, the reactivity series of metals can be used to predict the reactions between metals and water.

  Group 1: Alkali metals

  A common characteristic of most alkali metals is their ability to displace [image: \scriptsize \displaystyle {{\text{H}}_{{\text{2}\left( \text{g} \right)}}}] from water. In this event, the group 1 metal is oxidised to its metal ion and water is reduced to form hydrogen gas and hydroxide ions. The general reaction of an alkali metal (M) with H2O (l) is given in the following equation:
[image: \scriptsize \displaystyle \text{2}{{\text{M}}_{{\left( \text{s} \right)}}}\text{+2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\to \text{2}{{\text{M}}^{\text{+}}}_{{\left( {\text{aq}} \right)}}\text{+2O}{{\text{H}}^{\text{-}}}_{{\left( {\text{aq}} \right)}}\text{+}{{\text{H}}_{{\text{2}\left( \text{g} \right)}}}]

  Group 1 elements are called alkali metals because of their ability to displace [image: \scriptsize \displaystyle {{\text{H}}_{{\text{2}\left( \text{g} \right)}}}] from water and create a basic solution.

  Alkali metals are also known to react violently and explosively with water. This is because enough heat is given off during the exothermic reaction to ignite the [image: \scriptsize \displaystyle {{\text{H}}_{{\text{2}\left( \text{g} \right)}}}].

  
    [image: ]
    Figure 7: The reaction of lithium in water

  

  
    [image: ]
    Figure 8: Sodium reacting with water

  

  
    [image: ]
    Figure 9: Potassium reacting with water

  

  Group 1: Alkali metals oxides and water

  Oxides of group 1 elements also react with water to create basic solutions. Alkali metals react with oxygen to form monoxides, peroxides, or superoxides. These species react with water in different ways:

  Monoxides ([image: \scriptsize \displaystyle {{\text{M}}_{\text{2}}}\text{O}]) produce alkali metal hydroxides: [image: \scriptsize \displaystyle {{\text{M}}_{\text{2}}}{{\text{O}}_{{\left( \text{s} \right)}}}\text{+2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\to \text{2}{{\text{M}}^{\text{+}}}_{{\left( {\text{aq}} \right)}}\text{+2O}{{\text{H}}^{\text{-}}}_{{\left( {\text{aq}} \right)}}]

  Peroxides ([image: \scriptsize \displaystyle \text{M}{{}_{\text{2}}}{{\text{O}}_{\text{2}}}]) produce metal hydroxides and hydrogen peroxide:[image: \scriptsize \displaystyle {{\text{M}}_{\text{2}}}{{\text{O}}_{{\text{2}\left( \text{s} \right)}}}\text{+2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\to \text{2}{{\text{M}}^{\text{+}}}_{{\left( {\text{aq}} \right)}}\text{+2O}{{\text{H}}^{\text{-}}}_{{\left( {\text{aq}} \right)}}\text{+}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\text{2}\left( {\text{aq}} \right)}}}]

  Superoxides ([image: \scriptsize \displaystyle \text{M}{{\text{O}}_{\text{2}}}]) produce metal hydroxides, hydrogen peroxide, and oxygen gas:
[image: \scriptsize \displaystyle \text{2M}{{\text{O}}_{{\text{2}\left( \text{s} \right)}}}\text{+2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\to \text{2}{{\text{M}}^{\text{+}}}_{{\left( {\text{aq}} \right)}}\text{+2O}{{\text{H}}^{\text{-}}}_{{\left( {\text{aq}} \right)}}\text{+}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\text{2}\left( {\text{aq}} \right)}}}\text{+}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}]

  Alkali metal hydrides and water

  Similarly to the group 1 oxides, the hydrides of the group 1 elements react with water to form a basic solution. In this case, however, hydrogen gas is produced with the metal hydroxide. The general reaction for alkali metal hydrides and water is given below:
[image: \scriptsize \displaystyle \text{M}{{\text{H}}_{{\left( \text{s} \right)}}}\text{+}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\to {{\text{M}}^{\text{+}}}_{{\left( {\text{aq}} \right)}}\text{+O}{{\text{H}}^{\text{-}}}_{{\left( {\text{aq}} \right)}}\text{+}{{\text{H}}_{{\text{2}\left( \text{g} \right)}}}]

  This reaction can be generalized to all alkali metal hydrides.

  Group 2: Alkaline earth metals

  Most alkaline earth metals also produce hydroxides when reacted with water. The hydroxides of calcium, strontium, and barium are only slightly soluble in water; however, enough hydroxide ions are produced to make a basic solution. The general reaction of calcium, strontium, and barium with water is represented below, where M represents calcium, strontium, or barium:
[image: \scriptsize \displaystyle {{\text{M}}_{{\left( \text{s} \right)}}}\text{+2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\to \text{M}{{\left( {\text{OH}} \right)}_{{\text{2}\left( {\text{aq}} \right)}}}\text{+}{{\text{H}}_{{\text{2}\left( \text{g} \right)}}}]

  Magnesium does not react with water but reacts with steam to form magnesium hydroxide and hydrogen gas:
[image: \scriptsize \displaystyle \text{M}{{\text{g}}_{{\left( \text{s} \right)\text{ }}}}\text{+ }{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{g} \right)}}}\to \text{ Mg}{{\text{O}}_{{\left( \text{s} \right)}}}\text{ + }{{\text{H}}_{\text{2}}}_{{\left( \text{g} \right)}}]

  Alkaline earth metal oxides and water

  Similarly to the alkali metal oxides, alkaline earth metal monoxides combine with water to form metal hydroxide salts except for beryllium, whose oxide ([image: \scriptsize \displaystyle \text{BeO}]) does not react with water.

  The general equation for these reactions are: [image: \scriptsize \displaystyle \text{M}{{\text{O}}_{{\left( \text{s} \right)}}}\text{+}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\to \text{M}{{\left( {\text{OH}} \right)}_{{\text{2}\left( \text{s} \right)}}}]

  One of the most familiar alkaline earth metal oxides is [image: \scriptsize \displaystyle \text{CaO}] or quicklime. This substance is often used to treat water and to remove harmful [image: \scriptsize \displaystyle \text{S}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}] from industrial smokestacks.

  Alkaline earth metal hydrides and water

  Except for beryllium, the alkaline metal hydrides react with water to produce the metal hydroxide and hydrogen gas. The reaction of these metal hydrides can be described:[image: \scriptsize \displaystyle \text{M}{{\text{H}}_{{\text{2}\left( \text{s} \right)}}}\text{+2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\to \text{M}{{\left( {\text{OH}} \right)}_{{\text{2}\left( {\text{aq}} \right)}}}\text{+2}{{\text{H}}_{{\text{2}\left( \text{g} \right)}}}]

  Nonmetal and metalloid groups

  Nonmetal and metalloid groups, groups 13 to 18, are generally not very reactive to water.

  
    	Group 13 elements are not very reactive with water and boron does not react with water. Aluminium does not react with water because an outer layer of aluminium oxide ([image: \scriptsize \displaystyle \text{A}{{\text{l}}_{\text{2}}}{{\text{O}}_{\text{3}}}]) solid forms and protects the rest of the metal.

    	For the most part, group 14 elements do not react with water. One interesting consequence of this is that tin (Sn) is often sprayed as a protective layer on iron cans to prevent the can from corroding.

    	the elements in group 15 do not tend to react with water. Compounds of nitrogen (nitrates and nitrites) as well as nitrogen gas dissolve in water but do not react.

    	Oxygen is found in group 16 and as mentioned earlier, many group 1 and group 2 oxides react with water to form metal hydroxides. The nonmetal oxides react with water to form oxoacids. Examples include phosphoric acid and sulfuric acid.

    	Generally group 17 halogens react with water to give halides. Because fluorine is so electronegative, it can displace oxygen gas from water. The products of this reaction include oxygen gas and hydrogen fluoride.
[image: \scriptsize \displaystyle \text{2}{{\text{F}}_{{\text{2(g)}}}}\text{+2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\text{(l)}}}}\to \text{4H}{{\text{F}}_{{\text{(aq)}}}}\text{+}{{\text{O}}_{{\text{2(g)}}}}]
 The hydrogen halides react with water to form acids and, except for HF, they are strong acids in water. Hydrochloric acid ([image: \scriptsize \displaystyle \text{HCl}]) is a strong acid, for example.

    	Group 18, the noble gases, do not react with water.

  

  
    
      
        [image: image]
      

      Exercise 1.3

    

    
      
      
        	Predict the products of the following reactions: 	[image: \scriptsize \displaystyle \text{B}{{\text{e}}_{{\left( \text{s} \right)}}}\text{+2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\to]
	[image: \scriptsize \displaystyle \text{N}{{\text{e}}_{{\left( \text{g} \right)}}}\text{+2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\to]
	[image: \scriptsize \displaystyle \text{L}{{\text{i}}_{\text{2}}}{{\text{O}}_{{\left( \text{s} \right)}}}\text{+2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\to]



        	True/False 	Metal oxides form basic solutions in water.
	Sodium is the alkali element that reacts most violently with water.



        	Does aluminium react with water? Explain your answer.

      

      The 
full solutions can be found at the end of the unit.
    

  

  Reaction between metals and acids

  Metals react with acids at different rates, depending on how reactive the metals are. Hydrogen can be produced from acids when they react with metals. Lead and the metals ranking above lead on the reactivity series form salts when reacted with hydrochloric acid or sulphuric acid.

  These dilute acids react with relatively reactive metals such as magnesium, aluminium, zinc, and iron. In general, the more reactive the metal, the more quickly and/or violent the reaction.

  Table 1: A summary of reactions with some metals and hydrochloric acid 	Metal 	Reaction with hydrochloric acid 
 	Potassium 	Reacts explosively 
 	Sodium 	Reacts explosively 
 	Calcium 	Reacts violently 
 	Magnesium 	Reacts rapidly 
 	Aluminium 	Has a protective oxide layer, so it reacts slowly with acids to begin with but then reacts rapidly 
 	Zinc 	Reacts moderately 
 	Iron 	Reacts slowly 
  

  The products of these reactions are a salt plus hydrogen gas.

  
    [image: ]
    Figure 10: The general equation for the reaction between a metal and an acid

  

  The name of the salt depends on the name of the acid. For example, when magnesium reacts with hydrochloric acid magnesium chloride and hydrogen gas are produced:
[image: \scriptsize \displaystyle \text{M}{{\text{g}}_{{\text{(s)}}}}\text{+ 2HC}{{\text{l}}_{{\text{(aq)}}}}\to \text{MgC}{{\text{l}}_{{\text{2 }}}}_{{\text{(aq)}}}\text{+ }{{\text{H}}_{\text{2}}}_{{\text{(g)}}}]

  The reaction between zinc and sulfuric acid forms zinc sulfate and hydrogen gas:
[image: \scriptsize \displaystyle \text{Z}{{\text{n}}_{{\text{(s)}}}}\text{ + }{{\text{H}}_{\text{2}}}\text{S}{{\text{O}}_{\text{4}}}_{{\text{(aq)}}}\text{ }\to \text{ZnS}{{\text{O}}_{\text{4}}}_{{\text{(aq)}}}\text{ + }{{\text{H}}_{\text{2}}}_{{\text{(g)}}}]

  When magnesium reacts with a dilute solution of nitric acid, magnesium nitrate and hydrogen are produced:
[image: \scriptsize \displaystyle \text{M}{{\text{g}}_{{\text{(s)}}}}\text{ + 2HN}{{\text{O}}_{\text{3}}}_{{\text{(aq)}}}\text{ }\to \text{Mg}{{\left( {\text{N}{{\text{O}}_{\text{3}}}} \right)}_{{\text{2(aq)}}}}\text{ + }{{\text{H}}_{{\text{2(g)}}}}]

  The salt produced depends on the type of acid involved in the reaction:

  
    	when a metal reacts with hydrochloric acid, the salt produced is a metal chloride

    	when a metal reacts with sulfuric acid, the salt produced is a metal sulfate

    	when a metal reacts with nitric acid, the salt produced is a metal nitrate.

  

  Displacement of halogens and halides

  Generally, halogens are good electron acceptors and therefore are good oxidising agents. When going down group 17, the size of the halogen atoms increases. The nucleus is further away from the outermost occupied shell. So the electronegativity of halogens or their ability to accept electrons to form negatively charged halide ions decreases down the group. As a result, the strength of halogens as oxidising agents decreases down the group.

  In a displacement of a halogen, a more electronegative halogen displaces a less electronegative halogen from its halide solution. Halogens oxidise halide ions. The halide ion must be lower down in group 17. For example in the reaction between sodium bromide and chlorine, the bromide will be displaced by chlorine, because chlorine is more reactive than bromine.
[image: \scriptsize \text{2NaB}{{\text{r}}_{{\text{(aq)}}}}\text{+ C}{{\text{l}}_{{\text{2(g)}}}}\to \text{NaC}{{\text{l}}_{{\text{(aq)}}}}\text{+B}{{\text{r}}_{{\text{2(l)}}}}]

  The halide ions of the less electronegative halogen act as the reducing agent. They lose their electrons and are oxidised to form halogen molecules. The electrons are accepted by the more electronegative halogen which acts as the oxidising agent. By doing so, the halogen undergoes reduction to form its halide ion.

  Chlorine is more reactive than iodine. A solution of chlorine can displace iodine from potassium iodide solution:
 chlorine + potassium iodide → potassium chloride + iodine
[image: \scriptsize \displaystyle \text{C}{{\text{l}}_{{\text{2}\left( {\text{aq}} \right)}}}\text{ + 2K}{{\text{I}}_{{\left( {\text{aq}} \right)}}}\to \text{ 2KC}{{\text{l}}_{{\left( {\text{aq}} \right)}}}\text{ + }{{\text{I}}_{{\text{2}\left( {\text{aq}} \right)}}}]

  
    
      Note

    

    
      You can watch the video Displacement of Halogens, by The Rugby School.

      
        Displacement of Halogens (Duration: 05.37) [image: Displacement of Halogens]


      

    

  

  Decomposition reactions

  Decomposition reactions are common and occur when one chemical splits into two or more chemicals, like this:

  
    [image: ]
    Figure 11: The general equation for decomposition

  

  Mercury (II) oxide, a red solid, decomposes when heated to produce mercury and oxygen gas:

  
    [image: \scriptsize \displaystyle \text{2Hg}{{\text{O}}_{{\left( \text{s} \right)}}}\to \text{2H}{{\text{g}}_{{\left( \text{l} \right)}}}\text{+}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}]
  

  Hydrogen peroxide will decompose when it is exposed to light, high temperatures, and when diluted in water to form water and oxygen:

  
    [image: \scriptsize \displaystyle {{\text{H}}_{\text{2}}}{{\text{O}}_{\text{2}}}_{{\text{(aq)}}}\rightleftharpoons {{\text{H}}_{\text{2}}}{{\text{O}}_{{\text{(l)}}}}\text{+}{{\text{O}}_{{\text{2(g)}}}}]
  

  Large amounts of aluminium are produced from the decomposition of aluminium oxide. This is done by applying heat and electricity to solutions of aluminium oxide:

  
    [image: \scriptsize \text{2A}{{\text{l}}_{\text{2}}}{{\text{O}}_{\text{3}}}_{{\text{(s)}}}\to \text{4A}{{\text{l}}_{{\text{(s)}}}}\text{+3}{{\text{O}}_{{\text{2(g)}}}}]
  

  Decomposition reactions happen all around us and are often a result from heating a substance. For instance, when heated, a salt may lose a gas like oxygen or carbon dioxide, leaving behind a simpler salt or metal. This could happen explosively, depending on the compound. Or, when heated, a metal hydroxide loses water to form the metal oxide. For example, ammonium dichromate decomposes on heating to produce nitrogen gas, water vapour, and solid chromium (III) oxide:

  
    [image: \scriptsize \displaystyle {{\left( {\text{N}{{\text{H}}_{\text{4}}}} \right)}_{\text{2}}}\text{C}{{\text{r}}_{\text{2}}}{{\text{O}}_{{\text{7}\left( \text{s} \right)}}}\text{ }\to \text{C}{{\text{r}}_{\text{2}}}{{\text{O}}_{{\text{3}\left( \text{s} \right)}}}\text{ + }{{\text{N}}_{\text{2}}}_{{\text{(g)}}}\text{ + 4 }{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{g} \right)}}}]
  

  While the ammonium dichromate decomposes, it gives off orange sparks and the green chromium (III) oxide crystals are projected into the air, producing an effect that looks like a miniature volcanic eruption.

  
    
      Note

    

    
      You can watch a demonstration of this reaction by Mr Lund Science called Volcano Reaction – Ammonium Dichromate Decomposition.

      
        Volcano Reaction – Ammonium Dichromate Decomposition (Duration: 02.23) [image: Volcano Reaction – Ammonium Dichromate Decomposition]


      

    

  

  A decomposition reaction can be both endothermic or exothermic. However, exothermic reactions are more common than endothermic ones. For example, the decomposition of [image: \scriptsize \displaystyle \text{NO}] to [image: \scriptsize \displaystyle {{\text{N}}_{\text{2}}}] and [image: \scriptsize \displaystyle {{\text{O}}_{\text{2}}}] is exothermic, so is the decomposition of ozone to oxygen.

  
    [image: ]
    Figure 12: Decomposition occurs when a compound splits in two and is the opposite of combination reactions

  

  Most decomposition reactions require an input of energy in the form of heat, light, or electricity.

  Decomposition reactions can be classified into three types:

  
    	thermal decomposition

    	electrolytic decomposition

    	photo decomposition.

  

  Thermal decomposition

  In thermal decomposition, a single substance breaks into two or more substances when heated. Since heat is required to break the bonds, these reactions are endothermic. The following compounds undergo thermal decomposition.

  
    	Carbonates: Carbonates are compounds formed between a metal and the carbonate ion, [image: \scriptsize \displaystyle {{\left( {\text{C}{{\text{O}}_{\text{3}}}} \right)}^{{\text{2-}}}}]. When a carbonate decomposes, a metal oxide and carbon dioxide gas are produced.
.
 Calcium carbonate (limestone) decomposes into calcium oxide or quick lime, which is the main ingredient of cement, and carbon dioxide:
[image: \scriptsize \displaystyle \text{CaC}{{\text{O}}_{{\text{3}\left( \text{s} \right)}}}\to \text{Ca}{{\text{O}}_{{\left( \text{s} \right)}}}\text{+C}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}]
.
 Sodium carbonate decomposes to form sodium oxide and carbon dioxide gas:
[image: \scriptsize \displaystyle \text{N}{{\text{a}}_{\text{2}}}\text{C}{{\text{O}}_{{\text{3}\left( \text{s} \right)}}}\to \text{N}{{\text{a}}_{\text{2}}}{{\text{O}}_{{\left( \text{s} \right)}}}\text{ + C}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}]

    	Chlorates are compounds formed between a metal and the chlorate ion,[image: \scriptsize \displaystyle {{\left( {\text{Cl}{{\text{O}}_{\text{3}}}} \right)}^{{\text{1-}}}}]. When a chlorate decomposes, a metal chloride and oxygen gas are produced. Chlorates are often referred to as oxidisers because they produce their own oxygen when they react.
.
 Potassium chlorate decomposes into potassium chloride and oxygen when it is strongly heated:
[image: \scriptsize \displaystyle \text{2KCl}{{\text{O}}_{{\text{3}\left( \text{s} \right)}}}\to \text{2KC}{{\text{l}}_{{\left( \text{s} \right)}}}\text{+3}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}]

    	Nitrates: Nitrates of highly reactive metals decompose thermally to form a metal nitrite and oxygen gas when heated. Nitrates of moderately reactive metals produce toxic brown fumes of nitrogen dioxide gas when heated, as well as the metal oxide and oxygen gas. Nitrates of low reactive metals decompose thermally to form the metal, nitrogen dioxide and oxygen.
.
 Lead nitrate will decompose into lead oxide, nitrogen dioxide and oxygen:
[image: \scriptsize \text{2Pb(N}{{\text{O}}_{\text{3}}}{{\text{)}}_{\text{2}}}_{{\text{(s)}}}\to \text{2Pb}{{\text{O}}_{{\text{(S)}}}}\text{+ 4N}{{\text{O}}_{{\text{2(g)}}}}\text{+ }{{\text{O}}_{{\text{2(g)}}}}]
.
 Lead nitrate is a colourless solid, and when it is heated, brown fumes of nitrogen dioxide will be produced, and lead oxide which is a yellow solid will be left behind.

    	Hydroxides: Metal hydroxides decompose on heating to yield metal oxides and water. Sodium hydroxide decomposes to produce sodium oxide and water:
[image: \scriptsize \displaystyle \text{2NaO}{{\text{H}}_{{\left( \text{s} \right)}}}\to \text{N}{{\text{a}}_{\text{2}}}{{\text{O}}_{{\left( \text{s} \right)}}}\text{+}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{g} \right)}}}]
.
 Some unstable acids decompose to produce nonmetal oxides and water. Carbonic acid decomposes easily at room temperature into carbon dioxide and water:
[image: \scriptsize \displaystyle {{\text{H}}_{\text{2}}}\text{C}{{\text{O}}_{{\text{3}\left( {\text{aq}} \right)}}}\to \text{C}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\text{+}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}]

  

  Rules for thermal decomposition:

  
    	Carbonates decompose into carbon dioxide and an oxide.

    	Chlorates decompose into oxygen gas and a chloride.

    	Hydroxides decompose into water and an oxide.

    	Acids containing oxygen decompose into water and a molecular oxide.

    	Oxides decompose into oxygen and another element.

  

  Table 2: A summary of thermal decomposition reactions 	Metal  	Chlorate ([image: \scriptsize \text{Cl}{{\text{O}}_{\text{3}}}]) 	Nitrate ([image: \scriptsize \text{N}{{\text{O}}_{3}}]) 	Carbonate ([image: \scriptsize \text{C}{{\text{O}}_{\text{3}}}]) 	Hydroxide ([image: \scriptsize \text{OH}]) 
 	Potassium
 Sodium 	metal chlorate→ metal chloride + oxygen 	metal nitrate → metal oxide + nitrogen dioxide + oxygen 	no decomposition 	no decomposition 
 	Calcium
 Magnesium
 Aluminium
 Zinc
 Iron
 Lead
 Copper 	metal chlorate→ metal chloride + oxygen 	metal nitrate → metal oxide + nitrogen dioxide + oxygen 	metal carbonate → metal oxide + carbon dioxide 	metal hydroxide → metal oxide + water 
 	Silver
 Gold 	metal chlorate→ metal chloride + oxygen 	metal nitrate → metal oxide + nitrogen dioxide + oxygen 	meta carbonate → metal oxide + carbon dioxide 	does not exist 
  

  
    
      Note

    

    
      To find out more about this, you can watch a video about the decomposition of carbonates, called Heating carbonates C0050, by Nigel Baldwin.

      
        Heating carbonates C0050 (Duration: 06.15) [image: Heating carbonates C0050]


      

    

  

  Electrolytic decomposition

  In electrolytic decomposition, a substance will decompose when an electric current is passed through an aqueous solution of a substance.

  Passing an electric current through water decomposes it to form hydrogen and oxygen:
[image: \scriptsize \displaystyle \text{2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\to \text{2}{{\text{H}}_{{\text{2}\left( \text{g} \right)}}}\text{+}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}]

  
    [image: ]
    Figure 13: Passing an electric current though water, decomposes it into oxygen and hydrogen

  

  Sodium chloride can be decomposed as molten sodium chloride to give off sodium and chlorine, but it is easier to decompose when it is in an aqueous solution to form sodium hydroxide, chlorine and hydrogen gases:
[image: \scriptsize \displaystyle \text{2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\text{ + 2NaCl }\to \text{ }{{\text{H}}_{{\text{2}\left( \text{g} \right)}}}\text{ + C}{{\text{l}}_{\text{2}}}_{{\text{(g) }}}\text{+ 2NaO}{{\text{H}}_{{\text{(s)}}}}]

  Photo decomposition

  Photo decomposition is the decomposition of substances in light. As mentioned earlier hydrogen peroxide decomposes in the presence of light, which is why it is usually stored in a brown bottle.

  Silver chloride decomposes in light to form silver and releases chlorine gas:

  
    [image: \scriptsize \text{2AgC}{{\text{l}}_{{\text{(s)}}}}\to \text{2A}{{\text{g}}_{{\text{(s)}}}}\text{+C}{{\text{l}}_{{\text{2(g)}}}}]
  

  Application of decomposition reactions

  One major application of decomposition reactions is in the extraction of metals from their ores. For example, zinc can be obtained from calamine in a similar manner to how sodium can be obtained from sodium chloride. Other industrial applications include:

  
    	the production of calcium oxide or quicklime

    	the production of lithium oxide

    	the preparation of oxygen and carbon dioxide.

  

  Table 3: A summary of combination vs decomposition reactions 	 	Combination reactions  	Decomposition reactions 
 	 	Two or more reactant compounds are involved in combination reactions. 	A single compound is involved in a decomposition reaction. 
 	Products  	result in a single product 	result in several products 
 	Chemical bonds 	result in bonding of atoms to produce the single end product 	chemical bonds are broken down to form two or more end products 
 	Molecules  	cause simple molecules to react and produce complex molecules 	cause complex molecules to break down into simple molecules 
  

  
    
      
        [image: image]
      

      Exercise 1.4

    

    
      
      
        	Why are decomposition reactions mostly endothermic in nature?

        	State which of the following are examples of decomposition reactions: 	Calcium carbonate is heated. Calcium oxide is formed, and carbon dioxide is given off.
	Magnesium oxide is heated to give magnesium and oxygen.
	You burn a piece of toast. It turns black.



      

      The 
full solutions can be found at the end of the unit.
    

  

  Summary

  In this unit you have learnt the following:

  
    	A composition reaction produces a single substance from multiple reactants.

    	A decomposition reaction produces multiple products from a single reactant.

    	A displacement reaction happens when a more reactive element takes the place of a less reactive element in a chemical compound.

    	The reactivity series is a list of metals according to their ability to react with oxygen, water, and acids.

    	Combination reactions and decomposition reactions are simple reactions which are the opposite of each other.

    	The main difference between combination and decomposition reactions is that a combination reaction involves the combination of two or more reactant molecules to result in a single end-product whereas decomposition reaction involves the breakdown of a single compound into two or more products.

  

  Unit 1: Assessment

  Suggested time to complete: 20 minutes

  
    	How does a combination reaction differ from a decomposition reaction?

    	Write and name the general equation of each type of chemical reaction.

    	For the following reactions, state which are examples of combination reactions: 	[image: \scriptsize \displaystyle \text{NaCl + AgN}{{\text{O}}_{\text{3}}}\text{ }\to \text{ AgCl + NaN}{{\text{O}}_{\text{3}}}]
	[image: \scriptsize \displaystyle \text{CaO + C}{{\text{O}}_{\text{2}}}\text{ }\to \text{ CaC}{{\text{O}}_{\text{3}}}]
	[image: \scriptsize \displaystyle {{\text{H}}_{\text{2}}}\text{ + C}{{\text{l}}_{\text{2}}}\text{ }\to \text{2HCl}]
	[image: \scriptsize \displaystyle \text{2HBr + C}{{\text{l}}_{\text{2}}}\text{ }\to \text{2HCl + B}{{\text{r}}_{\text{2}}}]



    	For the following reactions, state which are examples of decomposition reactions: 	[image: \scriptsize \displaystyle \text{HCl + NaOH}\to \text{NaCl + }{{\text{H}}_{\text{2}}}\text{O}]
	[image: \scriptsize \displaystyle \text{CaC}{{\text{O}}_{\text{3}}}\to \text{CaO + C}{{\text{O}}_{\text{2}}}]
	[image: \scriptsize \displaystyle \text{3}{{\text{O}}_{\text{2}}}\to \text{ 2}{{\text{O}}_{\text{3}}}]
	[image: \scriptsize \displaystyle \text{2KCl}{{\text{O}}_{\text{3}}}\to \text{2KCl + 3}{{\text{O}}_{\text{2}}}]



    	Predict the products that will result when these reactants combine and write a balanced chemical equation for each: 	[image: \scriptsize \displaystyle \text{Fe + CuS}{{\text{O}}_{\text{4}}}\to]
	[image: \scriptsize \displaystyle \text{B}{{\text{r}}_{\text{2}}}\text{ + MgC}{{\text{l}}_{\text{2}}}\to]
	[image: \scriptsize \displaystyle \text{Mg + AlC}{{\text{l}}_{\text{3}}}\text{ }\to]
	aluminium bromide ([image: \scriptsize \text{AlB}{{\text{r}}_{\text{3}}}]) + chlorine
	sodium iodide ([image: \scriptsize \text{NaI}]) + bromine
	calcium + hydrochloric acid
	magnesium + nitric acid ([image: \scriptsize \text{HN}{{\text{O}}_{\text{3}}}])
	potassium + water



    	What is the reactivity series and how does it relate to chemical reactions?

  

  The full solutions can be found at the end of the unit.

  Unit 1: Solutions

  Exercise 1.1

  
    	[image: \scriptsize \displaystyle \text{0}\text{.00 g }{{\text{K}}_{\text{2}}}\text{O}]. Potassium reacts with oxygen to form [image: \scriptsize \displaystyle {{\text{K}}_{\text{2}}}{{\text{O}}_{\text{2}}}] and [image: \scriptsize \displaystyle \text{K}{{\text{O}}_{\text{2}}}] only.

    	Xenon

    	
      [image: \scriptsize \displaystyle \text{4A}{{\text{l}}_{{\left( \text{s} \right)\text{ }}}}\text{+ 3}{{\text{O}}_{{\text{2}\left( \text{g} \right)}}}\to \text{ 2A}{{\text{l}}_{\text{2}}}{{\text{O}}_{{\text{3}\left( \text{s} \right)}}}]
    

    	High temperatures – It takes energy to cause those reactions.

    	Li generally forms [image: \scriptsize \displaystyle \text{L}{{\text{i}}_{\text{2}}}\text{O}\text{.}] Na usually forms [image: \scriptsize \displaystyle \text{N}{{\text{a}}_{\text{2}}}{{\text{O}}_{\text{2}}}]. The rest of group 1 elements tend to form compounds in the form of [image: \scriptsize \displaystyle {{\text{M}}_{\text{2}}}\text{O}] where M represents the letter for the group 1 element.

  

  
    Back to Exercise 1.1
  

  Exercise 1.2

  
    	a) Lithium is found in group 1 of the periodic table and is therefore a very reactive metal.

    	c) Magnesium is more reactive than copper, so it will displace it from a solution of copper sulfate.

    	a) Iron oxide had its oxygen removed in this reaction, so it was reduced.

    	a) The lead oxide was the source of the oxygen in this reaction, so it was the oxidising agent.

  

  
    Back to Exercise 1.2
  

  Exercise 1.3

  
    	
      .
      
        	No reaction, beryllium does not react with water.

        	No reaction, noble gases do not react with water.

        	
          [image: \scriptsize \displaystyle \text{L}{{\text{i}}_{\text{2}}}{{\text{O}}_{{\left( \text{s} \right)}}}\text{+2}{{\text{H}}_{\text{2}}}{{\text{O}}_{{\left( \text{l} \right)}}}\to \text{2LiO}{{\text{H}}_{{\left( {\text{aq}} \right)}}}]
        

      

    

    	
      .
      
        	True

        	False

      

    

    	No reaction occurs because there is a protective layer of aluminium oxide which prevents any reaction.

  

  
    Back to Exercise 1.3
  

  Exercise 1.4

  
    	Most decomposition reactions require energy either in the form of heat, light, or electricity. Absorption of energy causes the breaking of the bonds present in the reacting substance which decomposes to give the product.

    	b and c

  

  
    Back to Exercise 1.4
  

  Unit 1: Assessment

  
    	In a combination reaction, two or more substances combine to form a single product. However, in a decomposition reaction, a single substance breaks down to give two or more substances. Therefore, the two are opposite to each other. Generally, combination reactions are mostly exothermic, while decomposition reactions are endothermic.

    	Combination: [image: \scriptsize \displaystyle \text{A + B }\to \text{AB}]
 Decomposition: [image: \scriptsize \displaystyle \text{AB }\to \text{A + B}]
 Single displacement: [image: \scriptsize \displaystyle \text{AB + C }\to \text{ AC + B}]

    	
      .
      
        	yes

        	yes

        	yes

        	no

      

    

    	
      .
      
        	no

        	yes

        	no

        	yes

      

    

    	
      .
      
        	
          [image: \scriptsize \displaystyle \text{Fe + CuS}{{\text{O}}_{\text{4}}}\to \text{FeS}{{\text{O}}_{\text{4}}}\text{+Cu}]
        

        	[image: \scriptsize \displaystyle \text{B}{{\text{r}}_{\text{2}}}\text{ + MgC}{{\text{l}}_{\text{2}}}\to] No reaction will occur because bromine is less reactive than chlorine.

        	
          [image: \scriptsize \displaystyle \text{3 Mg + 2AlC}{{\text{l}}_{\text{3}}}\text{ }\to 2\text{Al + 3MgC}{{\text{l}}_{\text{2}}}]
        

        	
          [image: \scriptsize \displaystyle \text{2AlB}{{\text{r}}_{\text{3}}}\text{ + 3C}{{\text{l}}_{\text{2}}}\text{ }\to \text{2AlC}{{\text{l}}_{\text{3}}}\text{ + 3B}{{\text{r}}_{\text{2}}}]
        

        	
          [image: \scriptsize \displaystyle \text{2NaI + B}{{\text{r}}_{\text{2}}}\text{ }\to \text{ 2NaBr + }{{\text{I}}_{\text{2}}}]
        

        	
          [image: \scriptsize \displaystyle \text{Ca + 2HCl }\to \text{ CaC}{{\text{l}}_{\text{2}}}\text{ + }{{\text{H}}_{\text{2}}}\text{ }]
        

        	
          [image: \scriptsize \displaystyle \text{Mg + 2HN}{{\text{O}}_{\text{3}}}\text{ }\to \text{ Mg}{{\left( {\text{N}{{\text{O}}_{\text{3}}}} \right)}_{\text{2}}}\text{ + }{{\text{H}}_{\text{2}}}]
        

        	
          [image: \scriptsize \displaystyle \text{2K + 2}{{\text{H}}_{\text{2}}}\text{O }\to \text{ 2KOH + }{{\text{H}}_{2}}]
        

      

    

    	The reactivity series is a list of metals (or halogens) in order of decreasing reactivity. It is used to predict which reaction will occur. For example, a metal with a higher activity will replace a metal with a lower activity in a single displacement reaction. The same is true for halogens.

  

  
    Back to Unit 1: Assessment
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XIX
Chemical Systems and Industry: Identify and critically evaluate the impact of scientific knowledge on the atmosphere and the quality of human, environmental and socio-economic development


  
  
    
      
        [image: image]
      

      Subject outcome

    

    
      Subject outcome 7.1: Identify and critically evaluate the impact of scientific knowledge on the atmosphere and the quality of human, environmental and socio-economic development

    

  

  
    
      
        [image: image]
      

      Learning outcomes

    

    
      
        	Identify industrial gases (e.g. CO2, O2, H2, CH4, N2, NH3, acetylene): the chemical properties and uses.

        	Identify examples of gases emitted by industries rated as hazardous (NO, NO2, SO2, H2S, etc.) and explain the reason for the gases status.

        	Identify and describe air pollution and methods of prevention in industries and elsewhere.

      

    

  

  
    
      
        [image: image]
      

      Unit 1 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Understand the chemical properties and uses of carbon dioxide, oxygen, hydrogen, methane, nitrogen, and acetylene.

      

    

  

  
    
      
        [image: image]
      

      Unit 2 outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify gases which are emitted by industry and explain why these gases are hazardous to human health.

        	Describe and define air pollutants and methods of prevention.

      

    

  

  






Unit 1: The atmosphere
Emma Harrage



  
  
    
      
        [image: image]
      

      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Understand the chemical properties and uses of carbon dioxide, oxygen, hydrogen, methane, nitrogen, and acetylene.

      

    

  

  What you should know:

  Before you start this unit, make sure you can:

  
    	Understand the physical properties of a gas in level 2 subject outcome 5.1 unit 1.

    	Understand the structure and function of the hydrosphere in level 2 subject outcome 7.1 unit 1.

  

  Introduction

  The earth’s atmosphere is made up of many different gases such as oxygen, carbon dioxide, ozone, and hydrogen. The atmosphere is made up of different layers of gas which stretch from the surface all the way out into space and this protective layer of gases shelters all life on Earth, keeping temperatures within a relatively small range and blocking out harmful rays of sunlight. The gases are held near the surface of the planet by Earth’s gravitational attraction. Air pollution caused by industry releasing pollutants such as methane, nitrous oxides and sulphurous oxides cause a variety of problems for humans including asthma, lung disease and different types of cancer.

  The importance of the atmosphere

  Without the atmosphere, Earth would look a lot more like the moon. Atmospheric gases, especially carbon dioxide (CO2) and oxygen (O2), are extremely important for living organisms.

  
    [image: ]
    Figure 1: The earth’s atmosphere as seen from space

  

  
    [image: ]
    Figure 2: The earth’s atmosphere can be divided into five different layers

  

  The troposphere is the lowest layer in the atmosphere. It extends upward to about [image: \scriptsize \displaystyle 10\text{ kms}] above sea level starting from ground level. The lowest part of the troposphere is called the boundary layer and the topmost layer is called the tropopause. The troposphere contains [image: \scriptsize \displaystyle 75\%] of all air in the atmosphere. Most clouds appear in this layer because [image: \scriptsize \displaystyle 99\%] of the water vapour in the atmosphere is found here. Temperature and air pressure drop as you go higher in the troposphere.
 As part of the hydrologic cycle, water spends a lot of time in the atmosphere, mostly as water vapour. All weather takes place in the atmosphere, virtually all of it in the lower troposphere.

  Ozone, which is found in the stratosphere, is a molecule composed of three oxygen atoms, (O3). Ozone in the upper atmosphere absorbs high-energy ultraviolet (UV) radiation coming from the sun. This protects living things on Earth’s surface from the sun’s most harmful rays. Without ozone for protection, only the simplest life forms would be able to live on Earth.

  Along with the oceans, the atmosphere keeps Earth’s temperatures within an acceptable range. Greenhouse gases trap heat in the atmosphere so they help to moderate global temperatures. Without an atmosphere with greenhouse gases, Earth’s temperatures would be frigid at night and scorching during the day. Important greenhouse gases include carbon dioxide, methane, water vapour, and ozone.

  Gases in the atmosphere

  Nitrogen and oxygen together makeup [image: \scriptsize \displaystyle 99\%] of the planet’s atmosphere. The rest of the gases are minor components but sometimes are particularly important. Humidity is the amount of water vapour in the air. The amount of water vapour in air varies according to the temperature and density of air. The amount of water vapour ranges from a trace amount to up to [image: \scriptsize \displaystyle 4\%] of the mass of air. Hot air can hold more water vapour than cold air, so the amount of water vapour is highest in hot, tropical areas and lowest in cold, polar regions.

  
    [image: ]
    Figure 3: The composition of gases found in the atmosphere

  

  Some of what is in the atmosphere is not gas. Particles of dust, soil, metals, salt, smoke, ash, and other solids make up a small percentage of the atmosphere. Particles provide starting points (or nuclei) for water vapour to condense on and form raindrops.

  Chemical properties and industrial use of gases

  Many naturally occurring gases such as oxygen and nitrogen are used in industry and commercially to manufacture items used in our everyday lives.

  Oxygen

  Oxygen makes up [image: \scriptsize \displaystyle 21\%] of the air and is a colourless odourless gas. Oxygen has two forms, diatomic oxygen(O2) and triatomic ozone (O3).

  During respiration, animals, plants and some bacteria take oxygen from the atmosphere and release carbon dioxide, whereas during photosynthesis, green plants use carbon dioxide in the presence of sunlight and give off oxygen. Almost all the free oxygen in the atmosphere is due to photosynthesis. Dissolved oxygen is essential for the respiration of fish and other marine life. Oxygen is necessary for combustion and is added to air to produce oxygen rich air.

  When required in large quantities, oxygen is prepared by the fractional distillation of liquid air. The steel industry is the largest consumer of pure oxygen in the manufacture of high carbon steel. Oxygen is needed for the reaction that converts carbon to carbon dioxide gas in steel working, which takes place under high temperatures in a blast furnace. The carbon dioxide produced allows for the reduction of iron oxides into more pure iron compounds.

  Oxygen rich air or commercially produced oxygen is used to degrade hydrocarbon compounds, which are broken apart by heating them. During combustion, the reaction gives off water and carbon dioxide, but can also produce the hydrocarbons acetylene, propylene, and ethylene.

  Oxygen is used in other applications involving metals and requiring high temperatures, such as welding torches. Oxygen is a significant requirement in several industries that use kilns.

  Ozone is a powerful oxidising agent, capable of converting sulfur dioxide to sulfur trioxide, sulfides to sulfates, and many organic compounds to oxygenated derivatives such as aldehydes and acids. Commercially, ozone has been used as a chemical reagent, as a disinfectant, in sewage treatment, water purification, and bleaching textiles.

  Nitrogen

  Nitrogen is important to the chemical industry. It is used to make fertilisers, nitric acid, nylon, dyes, and explosives. To make these products, nitrogen must first be reacted with hydrogen to produce ammonia. This is done by the Haber process. [image: \scriptsize \displaystyle 150] million tonnes of ammonia are produced in this way every year.

  
    [image: ]
    Figure 4: A simplified flow diagram showing how the Haber process is used to manufacture ammonia

  

  Nitrogen gas is also used to provide an unreactive environment to preserve foods, and in the electronics industry during the production of transistors and diodes. Large quantities of nitrogen are used in annealing stainless steel and other steel mill products. Annealing is a heat treatment that makes steel easier to work. Liquid nitrogen is often used as a refrigerant. It is used for storing sperm, ova/eggs and other cells for medical research and reproductive technology. It is also used to rapidly freeze foods, helping them to maintain moisture, colour, flavour, and texture.

  Nitrogen is cycled naturally by living organisms through the ‘nitrogen cycle’. It is taken up by green plants and algae as nitrates dissolved in water from the soil and used to build up the bases needed to construct proteins.

  
    [image: ]
    Figure 5: The nitrogen cycle

  

  Microbes in the soil convert the nitrogen compounds back to nitrates during decomposition for plants to re-use. Crop yields can be greatly increased by adding chemical fertilisers containing nitrates to the soil. These fertilisers are manufactured from ammonia.

  Carbon dioxide

  Carbon dioxide is an odourless, colourless gas that is stable at room temperature. Living creatures produce carbon dioxide as a waste product of respiration, which is then utilised by plants to form food by photosynthesis.

  Carbon dioxide gas is used in industries to produce chemicals. Carbon dioxide gas is involved in the production of refrigeration systems, welding systems, water treatment processes (to stabilise the pH of water) and carbonated beverages. Carbon dioxide is soluble in water. When it dissolves it forms carbonic acid. Carbonic acid is what gives fizzy drinks their bubbles. At high pressures, more carbon dioxide dissolves in water, and because this reaction is reversible, when the pressure decreases carbon dioxide is released again. This explains why bubbles appear in a bottle of sparkling water when you unscrew the lid.

  Carbon dioxide is also used in the metals industry to enhance the hardness of casting moulds and as a soldering agent. Carbon dioxide is found in various fire extinguishers and prevents oxygen from further fuelling a fire. Carbon dioxide is denser than air. It sinks, which means that it can smother a fire – starving the fire of oxygen and putting it out. This is why many fire extinguishers contain carbon dioxide gas to manage electrical fires and those caused by solvents, fuels, and oils.

  Carbon dioxide gas is used to make urea, methanol, inorganic and organic carbonates, polyurethanes, and sodium salicylate. Carbon dioxide is combined with epoxides to create plastics and polymers. It is used for water treatment; to keep food cool (as dry ice); and to cool, pressurise and purge equipment.

  Carbon dioxide gas is used in the electronics industry for circuit board assembly, to clean surfaces and in the manufacture of semiconductor devices.

  Carbon dioxide gas is used in enhanced oil recovery. Carbon dioxide is injected under high pressure into an oil reservoir, which pushes the oil through pipes and up to the surface of the ground. Carbon dioxide gas injection aids oil recovery and reduces the viscosity of recovered oil.

  Carbon dioxide is also a potent greenhouse gas and causes the increased acidity of oceans.

  Hydrogen

  Hydrogen gas (H2) is a colourless, odourless gas. It has the lowest density of all gases. It is highly flammable and will burn in air at a very wide range of concentrations. Hydrogen has many chemical and industrial uses.

  A common use of hydrogen gas is in the gas welding process. It is used in this type of welding to generate a high temperature of [image: \scriptsize \displaystyle 4000^\circ \text{C}]. This high temperature leads to the melting of metals and thereby joining broken surfaces. Besides generating heat, hydrogen also acts as a shielding gas. Since metals at high temperatures are very reactive, hydrogen prevents them from reacting with other elements such as nitrogen and carbon during the process. This process is also called atomic hydrogen welding.

  Hydrogen is commonly used as fuel for automobiles. Hydrogen fuel is a zero-emission fuel that burns on reaction with oxygen. It is an exciting concept which aims to power vehicles by use of hydrogen instead of petroleum fuels. This technology is being developed for use on a large scale as a substitute for petroleum oil-based engines because burning hydrogen as a fuel does not cause air pollution.

  Hydrogen is also used in petroleum refining. Hydrogen gas is widely used in the petroleum industry to remove sulfur. It is also used to break long-chain hydrocarbons into shorter chains.

  Hydrogen gas is used in ultraviolet lamps, such as deuterium arc lamps, in the form of deuterium. The lamps have a tungsten filament, which generates heat. The heat in the bulb excites the deuterium atoms (2H), which produce ultraviolet light.

  One of the first uses of hydrogen gas was in flying hot balloons in the air. Due to its lightweight and low cost, hydrogen gas was used in the air balloons for flight. But due to its explosiveness, it has been replaced with helium, a more stable gas.

  As rocket fuel for space programs, hydrogen is a powerful propellant for rockets. It has the lowest molecular weight and is said to burn with extreme intensity.
 Hydrogen is used in mass destruction bombs. The explosion relies on the principle of nuclear fusion of hydrogen atoms isotopes. Hydrogen bombs are [image: \scriptsize \displaystyle 1\text{ }000] times more powerful than an atomic bomb.

  
    [image: ]
    Figure 6: The mushroom cloud which formed after testing the first hydrogen bomb in 1952

  

  Hydrogen bonds with oxygen to form hydrogen peroxide (H2O2). Hydrogen peroxide is used as a sterilising agent in clinics and hospitals because it kills bacteria.

  Methane

  Methane (CH4) is a colourless, odourless gas. Methane is the primary component of natural gas, which is a common fuel source. It is widely used to power homes, turbines, and vehicles. Methane can also be liquefied for ease of storage or transport. When combined with liquid oxygen, refined liquid methane can serve as a source of fuel for rockets.

  Natural gas is also used to produce hydrogen gas on an industrial scale. Hydrogen is then used for manufacturing ammonia, which is used for fertilisers and explosives. The carbon black generated upon incomplete combustion of methane is a reinforcing agent for rubber in tires.

  Some of the most important chemical reactions involving methane are combustion because of the amount of heat energy it releases when it is burnt.

  
    [image: ]
    Figure 7: The combustion of methane releases substantial heat (891 kJ/mol)

  

  Methane is the cleanest burning fossil fuel and constitutes most of natural gas. Although methane is relatively stable, it can be explosive when its content is between [image: \scriptsize \displaystyle 5\%] and [image: \scriptsize \displaystyle 14\%] in air, and it has been the cause of many mine disasters. Methane is also a potent greenhouse gas.

  Acetylene

  Acetylene is a chemical compound composed of two carbon and two hydrogen atoms (C2H2) and is slightly soluble in water. Acetylene is best known as the simplest of all alkynes. It is a colourless gas that has an odour similar to garlic. In its normal state, it can undergo a phase change from gas to liquid; but when heated or exposed to, it may explode.

  
    [image: ]
    Figure 8: The structure of acetylene

  

  Acetylene is manufactured by subjecting methane to partial combustion in a process called thermal cracking. Methane is heated to the point where the atomic bonds break, or crack. After the hydrocarbon atoms break apart, they can be made to rebind to form different materials.

  Acetylene can also be prepared from the hydrolysis of calcium carbide (CaC2). This reaction produces a considerable amount of heat, which must be removed to prevent the acetylene gas from exploding. This process is called wet processing because an excess amount of water is used to absorb the heat of the reaction.

  
    [image: \scriptsize \displaystyle {{\text{H}}_{2}}\text{O + Ca}{{\text{C}}_{2}}\text{ }\to \text{ }{{\text{C}}_{2}}]
  

  
    [image: ]
    Figure 9: An oxyacetylene gas flame

  

  Since acetylene burns with an extremely hot flame, the most common use of acetylene is in oxyacetylene gas welding and oxyacetylene gas cutting. When acetylene is subjected to combustion with oxygen, the flame created is known to have a temperature of roughly [image: \scriptsize \displaystyle 3600\text{ K/ 3 327}{{\text{ }}^{0}}\text{C}].

  Acetylene is also used in the production of several polyethene plastics.

  Because acetylene is highly explosive, it must be stored and handled with great care. When it is transported through pipelines, the pressure is kept very low, and the length of the pipeline is short. In most chemical production operations, the acetylene is transported only as far as an adjacent plant. When acetylene must be transported for use in oxyacetylene welding and metal cutting operations, it is pressurised and stored in special storage cylinders. The cylinders are filled with an absorbent material, such as crushed silica rock, and a small amount of acetone. The acetylene is pumped into the cylinders at high pressure, and it dissolves in the acetone. Once dissolved, it loses its explosive capability, making it safe to transport.

  Summary

  In this unit you have learnt the following:

  
    	The troposphere is the lowest level of the atmosphere.

    	The troposphere contains most of the air found in the atmosphere and where most weather and the hydrologic cycle take place.

    	The air is made up of the gases nitrogen, oxygen, carbon dioxide and other trace gases which are useful for industrial processes.

    	Nitrogen is used to make explosives, ammonia (the Haber Process) and to preserve food.

    	Carbon dioxide is used in feedstock, refrigerants, carbonated soft drinks and other useful chemicals.

    	Methane is found in natural gas and is used domestically and industrially as a fuel and in the production of hydrogen.

    	Hydrogen has many industrial uses, including welding and as a fuel for vehicles.

    	Oxygen is needed for combustion and for respiration to occur and is produced during photosynthesis.

    	Acetylene is a hydrocarbon manufactured from methane and is used in welding because it burns with an extremely hot flame.

  

  Unit 1: Assessment

  Suggested time to complete: 15 minutes

  
    	State the two main gases found in the air.

    	List an industrial use for: 	Methane
	Nitrogen
	Acetylene



    	Briefly explain the Haber Process. You may use a flow diagram as your explanation.

    	Which gas is used to produce hydrogen on an industrial scale? State the uses of the hydrogen produced.

    	Identify the advantage of using an acetylene torch to weld versus a hydrogen torch.

  

  The full solutions can be found at the end of the unit.

  Unit 1: Solutions

  Unit 1: Assessment

  
    	Nitrogen and oxygen.

    	
      .
      
        	Methane – source of fuel

        	Nitrogen – to manufacture ammonia (or any of the following: explosives, fertiliser, nitric acid, unreactive atmosphere, annealing)

        	Acetylene – fuel for welding torches

      

    

    	The Haber process
[image: ]Figure 4: A simplified flow diagram showing how the Haber process is used to manufacture ammonia



    	Methane is used to produce hydrogen. Hydrogen is used in explosives, as a fuel, for welding, in petroleum refining, in UV lamps and balloons.

    	Acetylene torches burn with a much hotter flame than a hydrogen flame.

  

  
    Back to Unit 1: Assessment
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Unit 2: Air pollution
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      Unit outcomes

    

    
      By the end of this unit you will be able to:

      
        	Identify gases which are emitted by industry and explain why these gases are hazardous to human health.

        	Describe and define air pollutants and methods of prevention.

      

    

  

  What you should know

  Before you start this unit, make sure you can:

  
    	Identify industrial gases. Refer to level 3 subject outcome 7.1 unit 1 to revise this.

  

  Introduction

  Hazardous gases are emitted by industry in the manufacture of goods, by power stations when fossil fuels are burnt, in emissions from vehicles and aeroplanes, and from burning biomass. These gases cause air pollution. Air pollution refers to the introduction of harmful substances into the atmosphere. Air pollution has adverse effects on humans, other living organisms, and the environment either as solid particles, liquid droplets, or gases. Air pollution emanates from various sources, which include natural and anthropogenic sources. Natural sources of air pollution include volcanoes, which produce sulphur, chlorine, and particulates. Wildfires result in the production of smoke, carbon dioxide and carbon monoxide. Other natural sources of air pollution include domestic animals such as cattle, which release methane, and pine trees, which release volatile organic compounds (VOCs). Most forms of air pollution we know today are because of human activities and include fossil fuel burning (coal, oil, and natural gas in industrial processes), electricity generation, vehicle emissions, aircraft emissions, domestic fuel burning, and the use of household materials that contain organic pollutants, biomass burning and waste incineration.

  South Africa’s Air Quality Act of 2004 put in place various measures for the prevention of pollution and national norms and standards for the regulation of air quality in the country. Further additions have been made since then to include legislation to reduce the emissions of greenhouse gases, and air quality standards for the emissions of seven pollutants including ozone, carbon dioxide and sulfur dioxide.

  In 2020 the South African government stated that Eskom would not be allowed to operate its plants at current emission levels until their scheduled closure. The Minister for the Environemnt also advised Sasol that they would not be allowed to postpone installation of pollution abatement equipment at an oil refinery beyond March 2025. Together these two companies account for over half of the air polluting gases emitted in South Africa.

  Hazardous gases released by Industry

  Pollutants are categorised into two major types based on how they originated, namely primary and secondary pollutants. Primary pollutants are those released directly from the source into the air in a harmful form. The primary pollutants that account for nearly all air pollution problems are carbon monoxide, VOCs, nitrogen oxides, sulfur dioxides and particulate material. Secondary pollutants are produced through reactions between primary pollutants and normal atmospheric compounds. For example, ground-level ozone forms over urban areas through reactions, powered by sunlight, between primary pollutants (oxides of nitrogen) and other atmospheric gases such as VOCs.

  Primary pollutants

  Below is a list of the most prevalent primary pollutants.

  
    [image: ]
    Figure 1: Sources of air pollutants

  

  Carbon monoxide (CO) is a colourless, odourless gas emitted from combustion processes, specifically the incomplete combustion of fuel. Nationally and, particularly in urban areas, most of the CO emissions into the air come from moving sources such as vehicles. CO can cause harmful health effects by reducing oxygen delivery to the body’s organs (like the heart and brain) and tissues. At extremely high levels, CO can cause death.

  Nitrogen dioxide (NO2) is one of a group of highly reactive gases known as ‘oxides of nitrogen’, or ‘nitrogen oxides (NOx)’. Other nitrogen oxides include nitrous acid and nitric acid. NO2 is a yellowish-brown to reddish-brown foul-smelling gas that is a major contributor to smog and acid rain. Nitrogen oxides result when atmospheric nitrogen and oxygen react at the high temperatures created by combustion engines. Most emissions come from combustion in vehicle engines, electrical utilities and industrial combustion.

  Sulfur dioxide (SO2) is one of a group of highly reactive gases known as ‘oxides of sulfur’. The largest sources of SO2 emissions are from fossil fuel combustion at power plants. Smaller sources of SO2 emissions include industrial processes such as extracting metals from their ores, and the burning of high sulfur containing fuels by trains, large ships, and non-road equipment.

  Lead (Pb) is a metal found naturally in the environment as well as in manufactured products. The major sources of lead emissions have historically been from fuels in motor vehicles (such as cars and trucks) and industrial sources. As a result of the removal of lead from petrol, emissions of lead from the transportation sector dramatically declined by 95% between 1980 and 1999, and levels of lead in the air decreased by 94% during that time. The major sources of lead emissions today are ore and metal processing and piston-engine aircraft operating on leaded aviation fuel. Today, the highest levels of lead in air are usually found near lead smelters.

  Volatile Organic Compounds (VOCs) are carbon-containing chemicals emitted as gases from natural and human-made sources. Natural sources of VOCs include plants, the largest source, and bacteria in the guts of termites and ruminant animals. These compounds are generally oxidised to carbon monoxide and carbon dioxide in the atmosphere. VOCs are of great concern because they are precursors for the formation of ozone, a secondary air pollutant.

  Many synthetic organic chemicals such as benzene, toluene, formaldehyde, vinyl chloride, chloroform, and phenols are widely used as ingredients in countless household products. Paints, paint strippers, varnishes, many cleaning, disinfecting, cosmetic, and degreasing materials contain VOCs. Fuels are also made up of organic chemicals. All these products can release organic compounds while you are using them, and, to some degree, when they are stored. The ‘new car smell’ characteristic of new cars is from a complex mix of dozens of VOCs. Also, concentrations of many VOCs are consistently higher indoors (up to ten times higher) than outdoors.

  Particulate material (PM), sometimes known simply as ‘particulates’ refers to solid particles and liquid droplets suspended in the air we breathe. Particulate pollution is made up of a variety of components, including acids (nitrates and sulfates), organic chemicals, metals, soil or dust particles, and allergens (pollen and mould spores). The size of the particles are linked to their potential for causing health problems. Particles that are [image: \scriptsize \displaystyle 10] micrometres in diameter or smaller generally pass through the throat and nose and enter the lungs.

  Particulate material is grouped into two types: ‘inhalable coarse particles’, with diameters larger than [image: \scriptsize \displaystyle 2.5] micrometres and smaller than [image: \scriptsize \displaystyle 10] micrometres and ‘fine particles’, with diameters that are [image: \scriptsize \displaystyle 2.5] micrometres and smaller. Our respiratory systems are equipped to filter larger particles out of the air once it is inhaled.

  
    [image: ]
    Figure 2: The average human hair is about 70 micrometres in diameter – making it 30 times larger than the largest fine particle

  

  The lungs are vulnerable to both coarse particles (PM [image: \scriptsize \displaystyle 10]), and fine particles (PM [image: \scriptsize \displaystyle 2.5]). These can slip past the respiratory system’s natural defences and get deep into the lungs and some may even get into the bloodstream. Coarse particles come from road dust while fine particles come from combustion processes.

  Secondary sources

  Ground-level ozone (O3) is a colourless gas with a slightly sweet odour and is created by the interaction of sunlight, heat, oxides of nitrogen (NOx) and VOCs. Ozone is likely to reach unhealthy levels on hot sunny days in urban environments. Emissions from industrial facilities and electric utilities, motor vehicle exhaust, petrol and diesel vapours, and chemical solvents are some of the major sources of NOx and VOCs.

  Of the six pollutants, particle pollution and ground-level ozone are the most widespread health threats. The American Environmental Protection Agency (EPA) calls these pollutants ‘criteria’ air pollutants because it regulates them by developing human health-based and/or environmentally based criteria (science-based guidelines) for setting permissible levels. The set of limits based on human health is called primary standards. Another set of limits intended to prevent environmental and property damage is called secondary standards.

  Air pollution

  Air pollution refers to the introduction, into the atmosphere, of substances that have harmful effects on humans, other living organisms, and the environment either as solid particles, liquid droplets, or gases.

  
    [image: ]
    Figure 3: A map of air pollution; areas shaded in red have the worst air pollution

  

  Air pollution can result from natural processes such as dust storms, forest fires, and volcanic eruptions, or from human activities such as biomass burning, vehicle emissions, mining, agriculture, and industrial processes. Natural events that result in air pollution include volcanic eruptions and veld fires, which release particles and gases into the air. Weather conditions such as wind and rain quickly disperse these pollutants and maintain the atmosphere’s natural balance.

  Currently, population growth, urbanisation and industrialisation are causing more pollution than natural air cleaners can manage. Human activities that contribute to air pollution are burning/fires, industrial emissions (especially from burning fossil fuels), vehicle emissions, waste incineration and combustion on mine dumps.

  Air quality in various areas of the country is affected by pollutants emitted by numerous sources. These sources include power generation activities, industrial processes, waste disposal, transportation (private and public vehicles), biomass burning, domestic fuel burning, landfill sites, wastewater treatment and agriculture.

  Immediate effects of air pollution include irritation of the eyes, nose, and throat, headaches, dizziness, and fatigue. Such immediate effects are usually short-term and treatable. Sometimes the treatment is simply eliminating the person’s exposure to the source of the pollution if it can be identified. Symptoms of some diseases, including asthma, hypersensitivity pneumonitis, and humidifier fever also show up soon after exposure to some indoor air pollutants.

  Air quality in a region is not just affected by the number of pollutants released into the atmosphere in that location but by other geographical and atmospheric factors. Winds can move pollutants into or out of a region and a mountain range can trap pollutants and commonly trap pollutants within a cool air mass. If the inversion lasts long enough, pollution can reach dangerous levels.

  Pollutants remain over a region until they are transported out of the area by wind, diluted by air blown in from another region, transformed into other compounds, or carried to the ground when mixed with rain or snow. The conversion by ozone of hydrocarbons from automotive exhaust gases to these acids and aldehydes contributes to the irritating nature of smog.

  Photochemical smog

  Photochemical smog is a mixture of pollutants that are formed when nitrogen oxides and VOCs react to sunlight and fog, creating a brown haze above cities. It tends to occur more often in summer, because that is when we have the most sunlight. It is especially prevalent in geologic basins encircled by hills or mountains. It often stays for an extended period over densely populated cities or urban areas and can build up to dangerous levels.

  
    [image: ]
    Figure 4: Smog over a city in Kazakhstan

  

  Primary pollutants

  The two major primary pollutants, nitrogen oxides and VOCs, combine to change in sunlight in a series of chemical reactions, outlined below, to create what are known as secondary pollutants.

  Secondary pollutants

  The secondary pollutant that causes the most concern is ozone that forms at ground level. While ozone is produced naturally in the upper atmosphere, it is a dangerous substance when found at ground level. Many other hazardous substances are also formed, such as peroxyacetyl nitrate (PAN).

  Tropospheric, or ground level ozone, is not emitted directly into the air, but is created by chemical reactions between oxides of nitrogen (NOx) and volatile organic compounds (VOC). This happens when pollutants emitted by cars, power plants, industrial boilers, refineries, chemical plants, and other sources chemically react in the presence of sunlight.

  Table 1: A list of the common primary and secondary pollutants 	Primary pollutants 	Secondary pollutants 
 	CO 	SO3 
 	CO2 	O3 
 	NO 	H2SO4 
 	NO2 	HNO3 
 	SO2 	PANs 
 	Most hydrocarbons 	 
 	Most suspended particles e.g. soot, dust 	 
  

  Major sources of photochemical smog

  While nitrogen oxides and VOCs are produced in nature, there are also major anthropogenic (man-made) emissions of both.

  Natural sources

  Natural emissions tend to be spread over large areas, reducing their effects, but man-made emissions tend to be concentrated close to their source, such as a city.

  In nature, bushfires, lightning, and the microbial processes that occur in soil generate nitrogen oxides. VOCs are produced from the evaporation of naturally occurring compounds, such as terpenes, which are the hydrocarbons in oils that make them burn. Eucalyptus trees have also been found to release significant amounts of these compounds.

  Man-made sources

  Nitrogen oxides are produced mainly from the combustion of fossil fuels, particularly in power stations and motor vehicles. VOCs are formed from the incomplete combustion of fossil fuels, from the evaporation of solvents and fuels, and from burning plant matter – such as backyard burning and wood-burning stoves. Motor vehicles contribute 44% of VOC emissions, and area sources including petrol and solvent evaporation contribute 33%.

  Smog formation

  Figure 5 shows how photochemical smog is formed.

  
    [image: ]
    Figure 5: The formation of photochemical smog

  

  Below is a simplified explanation of the chemistry of smog formation. Nitrogen dioxide (NO2) can be broken down by sunlight to form nitric oxide (NO) and an oxygen radical (O):

  
    	
      [image: \scriptsize \displaystyle \text{N}{{\text{O}}_{\text{2}}}\text{ + sunlight }\to \text{NO + O}]
    

  

  Oxygen radicals can then react with atmospheric oxygen (O2) to form ozone (O3):

  
    	
      [image: \scriptsize \displaystyle \text{O + }{{\text{O}}_{2}}\text{ }\to \text{ }{{\text{O}}_{3}}]
    

  

  Ozone reacts with nitric oxide to produce nitrogen dioxide and oxygen:

  
    	
      [image: \scriptsize \displaystyle {{\text{O}}_{3}}\text{ + NO }\to \text{N}{{\text{O}}_{2}}\text{ + }{{\text{O}}_{2}}]
    

  

  Harmful products, such as PANs, are produced by reactions of nitrogen dioxide with various hydrocarbons (R), which are compounds made from carbon, hydrogen, and other substances:

  
    	
      [image: \scriptsize \displaystyle \text{N}{{\text{O}}_{2}}\text{ + R }\to \text{products such as PAN}]
    

  

  The main source of these hydrocarbons is the VOCs. Similarly, oxygenated organic and inorganic compounds (ROx) react with nitric oxide to produce more nitrogen oxides:

  
    	
      [image: \scriptsize \displaystyle \text{NO + ROx }\to \text{N}{{\text{O}}_{2}}\text{ + other products}]
    

  

  The significance of the presence of the VOCs in these last two reactions is vital. Ozone reacts with nitric oxide, as in reaction 3. However, when VOCs are present, nitric oxide and nitrogen dioxide are consumed as in reactions 4 and 5, allowing the build-up of ground level ozone.

  Sulfurous smog

  Sulfurous smog is mainly a product of burning large amounts of high sulfur coal. London was covered in smog for five days in [image: \scriptsize \displaystyle 1952]. The smog was formed from industrial pollution and domestic fires and was responsible for [image: \scriptsize 4000] deaths.

  
    [image: ]
    Figure 6: Smog in London in 1952

  

  Clean air laws passed in [image: \scriptsize \displaystyle 1956] have greatly reduced smog formation in the United Kingdom; however, in other parts of the world London-type smog is still very prevalent. The coal burnt in the power stations in South Africa has a high sulfur content. The main constituent of London-type smog is soot, but it also contains large quantities of fly ash, sulfur dioxide, sodium chloride and calcium sulfate particles. If concentrations are high enough, sulfur dioxide can react with atmospheric hydroxide to produce sulfuric acid, which will precipitate as acid rain.

  
    [image: \scriptsize \text{S}{{\text{O}}_{\text{2}}}\text{+O}{{\text{H}}^{\text{.}}}\to \text{HOS}{{\text{O}}_{\text{2}}}]
  

  
    [image: \scriptsize \text{HOS}{{\text{O}}_{\text{2}}}\text{+}{{\text{O}}_{\text{2}}}\to \text{H}{{\text{O}}_{\text{2}}}\text{+S}{{\text{O}}_{\text{3}}}]
  

  
    [image: \scriptsize \text{S}{{\text{O}}_{\text{3}}}\text{+}{{\text{H}}_{\text{2}}}\text{O}\to {{\text{H}}_{\text{2}}}\text{S}{{\text{O}}_{\text{4}}}]
  

  The biggest concern about photochemical smog is the effect it has on people’s health.

  
    
      Note

    

    
      To consolidate your knowledge of smog watch this video: The Science of Smog by TED-ED.

      
        The Science of Smog (Duration: 05.43) [image: The Science of Smog]


      

    

  

  Climate change and air pollution

  Climate change is the global variation of the earth’s climate due to natural causes and human activity caused by global warming. Global warming is accelerated by greenhouse gases caused by human activity. The main greenhouse gases are carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O). Although CO2 is the main gas contributing to climate change, it is not harmful to human health. Climate change is making air pollution worse because of ozone pollution. Ozone is formed when heat and sunlight cause chemical reactions between oxides of nitrogen and volatile organic compounds. Ozone pollution, otherwise known as smog, forms in warm weather. Warmer temperatures create conditions ideal for smog to form as they can cause the air to stagnate, keeping dirty air from leaving a given area.

  Sources of air pollution

  There are a variety of sources of air pollution. Some are man-made sources and some are natural.

  
    [image: ]
    Figure 7: Types and sources of air pollution

  

  Man-made sources of air pollution

  Electricity generation is by far the greatest concern with sources of air pollution in South Africa is the continued use of coal to generate electricity. South Africa generates 90% of its electricity by burning coal.

  
    [image: ]
    Figure 8: The location of all power stations managed by Eskom

  

  In a series of studies conducted by the World Health Organisation in 2018, it was found that Mpumalanga has some of the worst air pollution in the world. It has been calculated that air pollution from coal-fired power stations is costing the country more than R33 billion a year in health-related costs, and that the human rights of millions of South Africans are being violated with at least 2 200 people a year dying prematurely from air pollution-related illnesses like bronchitis and asthma (credit: Dr. Ranajit Sahu 2018).

  In a study conducted by Dr Mike Holland in 2016, titled Health impacts of coal fired power plants in South Africa, he estimated that the following impacts are attributable to burning coal:

  
    	2 239 deaths per year: 157 from lung cancer; 1 110 from ischaemic heart disease, 73 from chronic obstructive pulmonary disease, 719 from strokes, and 180 from lower respiratory infection

    	2 781 cases of chronic bronchitis per year in adults

    	9 533 cases of bronchitis per year in children aged 6 to 12

    	2 379 hospital admissions per year

    	3 972 902 days of restricted activity per year

    	94 680 days of asthma symptoms per year in children aged 5 to 19

    	996 628 lost working days per year

  

  He concluded that the total costs associated with these impacts exceed US$2 billion (approximately R28 billion) a year.

  Household cooking and heating in some communities within South Africa from burning coal, wood, or paraffin to warm their homes or cook. Pollutants from the burning of wood include fine particles, nitrogen oxides, carbon monoxide, etc. The burning of paraffin produces pollutants such as nitrogen dioxide, particulate matter, carbon monoxide, formaldehyde, and sulphur dioxide. The burning of these fuels increases during winter as there is a need for heating. This results in poor air quality and an unhealthy environment. Burning wet wood produces more smoke than dry logs. This includes PM2.5 that are more harmful than bigger flakes of soot because they can penetrate deep into the respiratory system and bloodstream.

  Vehicle emissions contribute to the deterioration in air quality, especially in urban areas. There has been an increase in the number of privately owned vehicles in South Africa. The increase in the number of vehicles has, as expected, resulted in an increase in fuel consumption. In urban areas, vehicle emissions may be responsible for 90% to 95% of carbon monoxide and 60% to 70% of nitrogen oxides within the atmosphere. Emissions from vehicles contribute to photochemical smog, especially in areas that experience high traffic density such as central business districts, and are responsible for the brown haze which can be seen over urban areas.

  Mining processes such as mine dumps, ore handling, drilling, blasting and mine vehicle traffic travelling on unpaved roads are mainly responsible for air pollution in the form of dust, especially in open mines, which are not covered with vegetation. Blasting operations and unplanned burning also release gases such as carbon monoxide, various nitrogen oxides and sulphur dioxide. Asbestos mine dumps are a serious health hazard, and poorly managed coal mines can leak methane into the atmosphere. Coal waste contains materials that can burn on their own and produce poisonous particles and gases.

  Farming also contributes to air pollution. Methane arises from animal dung, biological decay, and fermentation in the stomachs of cows and sheep. Agricultural activities such as ploughing and harvesting produce dust particles. Large-scale burning to clear agricultural fields also adds significantly to air pollution. The use of fertilisers, pesticides and herbicides also contributes to air pollution.

  Refuse burning is dangerous, as refuse is a mixture of many different materials. For example, if you burn plastics or tyres, dangerous substances are given off that can harm the environment.

  Natural sources of air pollution

  In addition to man-made sources, large quantities of air pollutants are released from natural sources:

  Veld and forest fires are common man-made and natural sources of air pollution. They spread quickly and have a large impact on the atmosphere’s chemistry, emitting pollutants such as carbon monoxide, nitrogen oxides, sulphur dioxide and tiny particles into the atmosphere. Significant quantities of pollutants are also released from natural sources such as animals, marshes, pollen, and soil.

  Volcanic eruptions produce gases such as carbon dioxide, sulphur dioxide and hydrogen fluoride (HF), as well as ash particles. Eruptions release the pollutants high into the atmosphere, where they can travel long distances and cause disruptions.

  Wind erosion carries dust particles that are released from soil surfaces in windy conditions, especially where there are few plants and dry soil, e.g. in deserts.

  Health and environmental effects of pollution gases

  Breathing in air with a high concentration of nitrous dioxide (NO2) can irritate airways in the human respiratory system. Such exposure over short periods can aggravate respiratory diseases, particularly asthma, leading to respiratory symptoms (such as coughing, wheezing or difficulty breathing), and hospital admissions. Longer exposure to elevated concentrations of NO2 may contribute to the development of asthma and potentially increase susceptibility to respiratory infections. People with asthma, as well as children and the elderly are generally at greater risk for the health effects of NO2.

  The nitrate particles that result from NOx make the air hazy and difficult to see though. Ozone at ground level is a harmful air pollutant, because of its effects on people and the environment, and it is the main ingredient in ‘smog’.

  
    [image: ]
    Figure 9: The reactions which create ozone

  

  Ozone is most likely to reach unhealthy levels on hot sunny days in urban environments but can still reach high levels during colder months. Ozone can also be transported long distances by wind, so even rural areas can experience high ozone levels.

  Ozone in the air we breathe can harm our health. People most at risk from breathing air containing ozone include people with asthma, children, older adults, and people who are active outdoors, especially outdoor workers.

  Breathing ozone can trigger a variety of health problems including chest pain, coughing, throat irritation, and airway inflammation. It also can reduce lung function and harm lung tissue. Ozone can worsen bronchitis, emphysema, and asthma, leading to increased medical care.

  Ozone affects sensitive vegetation and ecosystems, including forests, parks, wildlife refuges and wilderness areas. Ozone harms sensitive vegetation during the growing season.

  Ozone can damage various materials. It can cause the cracking of rubber, the reduction in tensile strength of textiles, fading of dyed fibres and cracking of paint. Ozone’s potential to damage artworks and books is of cultural importance, and some museums and libraries have taken steps to minimise this effect.

  Carbon monoxide poisoning is the most common type of fatal air poisoning in many countries. Carbon monoxide is colourless, odourless and tasteless, but highly toxic. It combines with haemoglobin to produce carboxyhaemoglobin, which blocks the transport of oxygen. At concentrations above [image: \scriptsize \displaystyle 1000\text{ ppm}] it is considered immediately dangerous and is the most immediate health hazard from running engines in a poorly ventilated space.

  
    
      
        [image: image]
      

      Take note!

    

    
      ppm stands for parts per million. Ppm is commonly used as a dimensionless measure of small levels (concentrations) of pollutants in air, water, body fluids.

    

  

  The effects of the major primary and secondary pollutants in smog are given in Table 2

  Table 2: The health effects of pollutants involved in photochemical smog 	Pollutant 	Effects 
 	Nitrogen oxides 		can contribute to problems with heart and lungs
	linked to decreased resistance to infection

  
 	Volatile organic compounds (VOCs) 		eye irritation
	respiratory problems
	some compounds are carcinogens

  
 	Ozone 		coughing and wheezing
	eye irritation
	respiratory problems (particularly for conditions such as asthma)

  
 	Peroxyacetyl nitrate (PAN) 		eye irritation
	respiratory problems

  
  

  Solutions to air pollution

  Various air pollution control technologies and strategies are available to reduce air pollution. At its most basic level, land-use planning is likely to involve zoning and transport infrastructure planning. In most developed countries, land-use planning is an important part of social policy, ensuring that land is used efficiently for the benefit of the wider economy and population, as well as to protect the environment.

  Because a large share of air pollution is caused by the combustion of fossil fuels such as coal and oil, the reduction of these fuels can reduce air pollution drastically. As can be seen in figure 10, the discontinuation of coal power stations has an immediate effect on the air quality surrounding the power stations.

  
    [image: ]
  

  
    [image: ]
    Figure 10: The effect of lockdown on emissions of sulphur dioxide and nitrogen dioxide in South Africa in 2020

  

  Most effective is the switch to clean power sources such as wind power, solar power or hydro power which do not cause air pollution. A highly effective means to reduce air pollution is the transition to renewable energy. According to a study published in Energy and Environmental Science in 2015 the switch to 100% renewable energy in the United States would eliminate about 62 000 premature mortalities per year if no biomass were used. This would save about $600 billion in health costs a year due to reduced air pollution by 2050, or about 3.6% of the 2014 U.S. gross domestic product.

  There is a timetable to decommission several coal power stations in South Africa over the next 15 years. The decommissioning of coal plants (total 28GW by 2040 and 35GW by 2050), together with emission constraints imposed by government legislation mean that coal will contribute less than 30% of the energy supplied by 2040 and less than 20% by 2050. The shortfall in generation will then be met by renewable sources.

  
    [image: ]
    Figure 11: The projected energy sources in South Africa by 2030

  

  Efforts to reduce pollution from mobile sources includes primary regulation expanding regulation to new sources (such as cruise and transport ships, farm equipment, and small petrol-powered equipment such as weed trimmers, lawn mowers and chainsaws), increased fuel efficiency (such as using hybrid vehicles), conversion to cleaner fuels or conversion to electric vehicles.

  The United Kingdom and other European countries have put in place legislation which bans the sale of all new diesel and petrol vehicles from 2030. Only (new) electric and hybrid vehicles will be allowed to be sold from 2030. European cities have introduced bans or charges to drive vehicles into cities and have banned diesel lorries and trucks which do not conform to low emission standards from entering cities.

  Control devices

  The following items are commonly used as pollution control devices in industry and transportation. They can either destroy contaminants or remove them from an exhaust stream before being emitted into the atmosphere.

  
    [image: ]
    Figure 12: A wet scrubber which is used to remove excess sulphur dioxide from flue gases

  

  Table 3: Methods of removing pollutants at the source. (Source: chemlibretext.org) 	Pollutant 	Method 
 	Particulate control 	Mechanical collectors (dust cyclones, multicyclones)
 An electrostatic air cleaner is a particulate collection device that removes particles from a flowing gas using an electrostatic charge
 Baghouses are dust collectors consisting of a blower, dust filter, a filter-cleaning system, and a dust receptacle or dust removal system
 Particulate scrubbers are a form of pollution control technology 
 	NOx control 	Low NOx burners
 Selective catalytic reduction
 Selective non-catalytic reduction
 NOx scrubbers
 Exhaust gas recirculation
 Catalytic converters 
 	VOC 	Adsorption systems, using activated carbon
 Flares
 Thermal oxidisers
 Catalytic converters
 Biofilters
 Absorption (scrubbing)
 Cryogenic condensers
 Vapor recovery systems 
 	SO2 control 	Wet scrubbers
 Dry scrubbers
 Flue-gas desulfurisation 
  

  
    [image: ]
    Figure 13: A catalytic convertor allows for the combustion of all carbon-containing compounds to carbon dioxide and reduces the release of nitrogen oxide and VOCs from fuel-burning engines including cars

  

  Air quality index

  The Environmental Protection Agency (EPA) devised a colour coded system to identify the air quality in an area. This system has been adopted worldwide and information about air quality using this index can be found on most mobile weather apps.

  
    [image: ]
    Figure 14: The air quality index developed by the Environmental Protection Agency (EPA)

  

  
    [image: ]
    Figure 15: A screen shot of the real-time air quality index over South Africa

  

  
    
      Note

    

    
      You can go online and look at the real-time air pollution map of South Africa.

      
        
          
            [image: real-time air pollution map]
          
        
      

    

  

  The South African Government has an app, called SAAQIS, downloadable from the Google play store or the Apple app store which allows you to check the air quality in your area.

  
    [image: ]
    Figure 16: The landing page of SAAQIS

  

  If you click on one of the faces it will then tell you the air quality at that testing station.

  
    [image: ]
    Figure 17: The air quality as measured at Diepsloot at 9am on the 10 May 2021 is poor

  

  
    
      Note

    

    
      To consolidate your knowledge of air pollution you can watch this video by National Geographic called Air Pollution 101.

      
        Air Pollution 101 (Duration: 03.52) [image: Air Pollution 101]


      

    

  

  Summary

  In this unit you have learnt the following:

  
    	Air pollution refers to the introduction into the atmosphere of substances that have harmful effects on humans, other living organisms, and the environment either as solid particles, liquid droplets, or gases.

    	These include combustion pollutants (from burning of oil, gas, kerosene, coal, wood, and tobacco products); building materials and furnishings, products for household cleaning and maintenance, personal care, or hobbies; central heating and cooling systems and humidification devices.

    	Major sources of air pollution are gas emissions from fossil-fuelled vehicles and their reaction products (CO, NOx, Ozone) as well as particulate matter, SO2, and VOCs.

    	Smog is a mixture of air pollutants (sulfur dioxide, nitrogen oxides, ozone, and particulates) that often form over urban areas because of fossil fuel combustion. The term was coined from the terms ‘smoke’ and ‘fog’ referring to a brownish haze that pollutes the air, greatly reducing visibility and making it difficult for some people to breathe.

    	Photochemical smog is a mixture of pollutants that are formed (mostly during the hot summer months) when nitrogen oxides and volatile organic compounds (VOCs) react to sunlight, creating a brown haze above cities.

    	Photochemical smog is formed from the reactions of natural and man-made emissions of nitrogen oxides and VOCs.

    	Air pollution is a serious problem in many cities and continues to harm human health. Ground-level ozone, sulphur dioxide, nitrogen dioxide and carbon monoxide are especially harmful for senior citizens, children, and people with heart and lung conditions such as emphysema, bronchitis, and asthma.

  

  Unit 2: Assessment

  Suggested time to complete: 20 minutes

  Please answer the following multiple-choice questions by giving the most correct answer

  
    	What are the two main causes of air pollution? 	Man-made and natural sources
	Natural resources and waste disposal
	Natural sources and climate change
	Man-made and natural resources



    	Which two pollutants result in man-made air pollution. 	Nitrogen and carbon dioxide
	Carbon monoxide and nitrogen
	Oxygen and carbon dioxide
	Carbon monoxide and nitrogen oxide



    	What are the causes of man-made air pollution and natural air pollution respectively? 	Waste incinerators and volcanic eruptions
	Swimming and wind erosion
	Smoking and forest fires
	Hurricanes and power plant emissions
	a and c



    	Which three effects of air pollution harm the environment. 	Destroy ecosystem, acid rain destroys habitats and climate changes
	Corrode buildings, affect photosynthesis, and cause poor visibility
	Destroy plants, destroy ecosystem, and cause soil erosion
	Cause climate changes, cause natural disasters and destroys habitats



    	What is an example of natural air pollution? 	Acid rain
	Vehicle emission of harmful gases
	Volcanic eruption
	Burning fuels



    	Which of the following sources create pollutants that are responsible for smog? 	Incinerators
	Emissions from vehicles
	Both incinerators and emissions from vehicles
	None of the above



    	Which of the following are secondary air pollutants? 	PANs
	Ozone
	Carbon monoxide
	a and b



    	Which of the following are particulate pollutants? 	Ozone
	Radon
	Fly ash
	Ethylene



    	Which of the following can be classified as a primary pollutant? 	Sulfur dioxide
	Carbon dioxide
	Hydrogen fluoride
	a and b



    	Which of the following statements is true about smog? 	Smog is made up of fog.
	Smog is made from smoke and ozone.
	Smog is made up of water vapour.
	Smog is made up of fog and nitrogen dioxide.



    	What type of precautions should be taken to reduce ozone pollution? 	Drive less.
	Only fill your vehicle with fuel when the temperature is cooler.
	Use public transport where possible.
	All the above.



    	Which of the following statements is true about the air quality index? 	It indicates the colour of the air.
	It predicts ozone levels in your area.
	It determines the intensity of sound pollution.
	It estimates air pollution, mainly sulphur content, in the air.



    	Which of the following diseases are caused by smog? 	Heart disease.
	Bronchitis
	Breathing problems
	All the above



    	Smoke, fumes, ash, dust, nitric oxide, and sulphur dioxide are the main sources of ________. 	primary pollutants
	secondary pollutants
	bio-degradable pollutants
	None of the above



    	Which of the following industries plays a major role in polluting air and increasing air pollution? 	Manufacture of gases industries
	Electricity generation
	Electrical appliances and electrical goods industries
	All the above



    	Increased levels of air pollution results in _______. 	soil erosion
	global warming
	respiratory problems
	b and c.



  

  The full solutions can be found at the end of the unit.

  Unit 2: Solutions

  Unit 2: Assessment

  
    	a

    	d

    	e

    	c

    	c

    	c

    	d

    	c

    	d

    	d

    	d

    	b

    	d

    	a

    	a

    	d

  

  
    Back to Unit 2: Assessment
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