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Preface


This book has been written to support students studying Higher Grade Physics. It follows closely the Higher Course Specification introduced in April 2018. The book addresses the course assessment in Appendix 1 which explores the relevance of physics in everyday life. It does not offer guidance on how to describe an experiment as it was felt this would be better covered in general class teaching.


Throughout the book, the explanations used to describe phenomena are both qualitative and quantitative, and this again reflects the nature of the CfE course. It is hoped that while understanding the nature of the physics involved, our students will also become better communicators of physics.


In addition to the core text, this book also offers the following features:


Worked Examples


Examples of the types of questions used in the external examination are given frequently throughout the book, along with explanations and strategies for structuring answers, step by step. This allows students to work logically through problems and gives them a structure to follow which will help to reduce errors and maximise achievement.


Questions and Consolidation Questions


Questions boxes are provided at regular intervals throughout the text and give students the opportunity to practice calculations. Consolidation Questions appear at the end of each chapter, and provide further means for students to answer questions and consolidate knowledge. There are answers to all questions at the back of the book.


Activities and Research Tasks


Activities throughout the text provide opportunities for students to demonstrate their practical skills and undertake further research as they progress through the course. These can be used as homework activities or as part of a diagnostic procedure.


For Interest


The book attempts to follow the spirit of CfE by providing examples and references to applications of physics beyond the prescribed content. This allows students to gain an indication of how the subject would progress if they wished to continue their studies in physics.


Assessment – Question paper and Assignment skills


The Assessment – Question paper and Assignment skills appendix outlines the assessment requirements of the course and also shows the mark allocation for the various sections, broken into ‘knowledge and understanding’ and ‘skills’. It also provides detailed information and guidance on how to undertake a piece of small-scale research, covering data collection, dependent, independent and control variables and data handling. It then illustrates detailed Worked Examples where uncertainties are dealt with and how these uncertainties can be combined to give a final answer and the associated uncertainty.


Updates and syllabus changes: important note to teachers and students from the publisher


This book covers the current course arrangements for Higher Physics (from 2018).


Please remember that syllabus arrangements change from time to time. We make every effort to update our textbooks as soon as possible when this happens, but – especially if you are using an old copy of this book – it is always advisable to check whether there have been any alterations to the arrangements since this book was printed. You can check the latest arrangements at the SQA website (www.sqa.org.uk), and you can also check for any specific updates to this book at www.hoddereducation.co.uk/HigherScience.
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1 Motion


In general terms the word motion is used to describe something that is moving. How it is moving can vary dramatically. An object can be moving quickly or slowly. It can be going one way then another like a pendulum or a piston in a car’s engine. It can be increasing its velocity or slowing down, flying up in the air or falling, travelling in a circular orbit, a long curvy path or a straight line.


Describing the motion of an object can be complex. This section looks at objects that travel mainly in one dimension and objects that move through the Earth’s gravitational field.


In the study of physics, the term ‘motion’ has a more specific meaning. A physicist would say that motion occurs when an object changes its position. Motion can be described in terms of an object’s displacement, velocity, acceleration and time. In this chapter we will consider how objects move in relatively simple situations and analyse the ways in which we describe their motion.


This section falls under the heading of classical mechanics which deals with situations where objects are relatively large and relatively slow (in other words, are not travelling at speeds approaching the speed of light). For very small and very rapid objects, classical mechanics does not hold true and quantum mechanics is used to describe these situations.


The language of motion


Physicists use specific terms to describe in some detail the motion of objects and this language can take time to become familiar with. We will gradually expand these terms as we work through the text as we will need to be increasingly precise about certain situations so we know exactly the forces that are acting.
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a body – an object


at rest – not moving; motionless


frictionless – having no friction


uniform – constant or not changing
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The following sentence shows how such terms can be applied:


‘A body of mass 4 kg, at rest, on a frictionless horizontal surface, is acted upon by a force of 20 N.’


It appears an unusual way of saying things but it is more precise than saying a 4 kg object is struck by 20 N.


Describing motion


Displacement is the direct distance from a body’s starting position to its final position in an indicated direction. The magnitude (size) of the displacement may be different from the actual distance travelled by the body.
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In the example shown in Figure 1.1, the displacement could be 25 m on a bearing of 120° but the distance travelled would be more like 35 m as the body has not travelled in a straight line.


A person leaving their home, going to work and then coming back to their home will have travelled a large distance but their displacement is zero. They have come back to their starting position.


It may appear unfamiliar to use the term displacement instead of distance but we need to refer to an object’s displacement if, for example, it can return to its starting point. An object pushed up a slope could return to its starting point and objects thrown upwards will fall back to their initial position. In such cases it is important to distinguish between distance and displacement.
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Worked Example 1.1





1  A body travels 120 m due North, stops then returns along the road a further 30 m. Calculate its displacement.


The magnitude of its displacement is the distance from its starting point to its finishing point. This is 120 m – 30 m. This gives a displacement of 90 m (North). The distance travelled, however, is 150 m.



2  A person walks due North for 270 m then turns right and heads due East for 360 m. Calculate his displacement.


To calculate his displacement we need to consider his direction. We did this in the previous example and this is why we subtracted the 30 m from the 120 m. In this example the direction is at right angles and so we will need to use Pythagoras’ theorem or a scale drawing to calculate the displacement.


Pythagoras’ theorem states that x2 = y2 + z2
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The distance travelled by the person is 270 m + 360 m = 630 m.


The displacement is 450 m on a bearing of 053º.
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Questions





1  Calculate the magnitude of the displacement and the distance travelled in the following situations:







    a)  An athlete runs two laps of a 440 m track and crosses the line just at the point the laps began.


    b)  A bus takes the route shown in Figure 1.2.
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    c)  An object is thrown as shown in Figure 1.3.
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    d)  A geostationary satellite orbits the Earth 10 times at a height of 36 000 km.


    e)  A ship follows the route as shown in Figure 1.4.







[image: ]






    f)  A trolley rolls down a slope as shown in Figure 1.5 and rebounds to position B.
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Types of motion



Velocity


An object moving from position A to position B has to cover the displacement from A to B in a certain time. The term we use to describe this is its velocity. Velocity can be calculated by using the following equation:
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For example, a cyclist, initially at rest, travels 600 m along a straight road in 120 seconds. Calculate her average velocity.
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What this means is that for the duration of her journey she travelled 5 m every second (on average).


For most of her journey she would be travelling at a uniform or constant velocity but she would have had to increase her velocity at the beginning of her journey. We use the term average velocity in this context as we do not know her exact velocity at various points of the journey. It is possible to calculate her exact velocity at certain points, such as half way or after 45 seconds, but the calculation is more difficult. It is often referred to as instantaneous velocity.


Another way to think of velocity is the ‘rate of change’ of displacement with respect to time. In other words, the displacement changes by 5 m every second. It may appear slightly contrived but it is merely a different approach to considering the same effect.


This information can also be represented in a graphical form. We can plot a graph of the velocity of the cyclist as the journey progresses. This means we measure the velocity at various stages of the journey: after 5 s, 10 s, 15 s and so on.
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Figure 1.6 is known as a velocity–time graph and it shows the velocity of the cyclist during the journey. The graph gives us more information regarding the journey. We can determine the velocity at 20 s or 30 s, for example, or look at the graph to determine when the cyclist was at her fastest, when she was slowing down or when she was travelling at a constant velocity.


By looking at Figure 1.6 we can determine the following:


From A to B the cyclist starts from rest until she reaches her maximum velocity.


From B to C she stays at pretty much the same velocity (uniform velocity).


From C to D she slows down and stops.
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Questions





2  A velocity–time graph of the motion of two objects is shown in Figure 1.7.







    a)  State the maximum velocity in both graphs.


    b)  At what time(s) was object A’s velocity 6 m s−1?
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3  The motion of an object is represented by the velocity–time graph shown in Figure 1.8.







    a)  State the maximum velocity of the object.


    b)  What was its velocity at 4 s?


    c)  At what time(s) was it travelling at 4 m s−1?








4  Velocity–time graphs of two objects are shown in Figure 1.9.







    a)  Which object had the greater acceleration?


    b)  Explain your answer.








5  Sketch the velocity–time graphs corresponding to the following situations:







    a)  A body starts from rest and accelerates uniformly to 5 m s−1 in 10 seconds. It remains at that velocity for 4 seconds then it slows down and stops in a further 8 seconds.


    b)  A body travelling at 3 m s−1 remains at a constant velocity for 5 seconds. It accelerates to 10 m s−1 in a further 7 seconds then slows down and stops 8 seconds after that.


    c)  A car travelling at 6 m s−1 remains at that velocity for 10 seconds then stops in a further 5 seconds. It remains at rest for 5 seconds then accelerates to 8 m s−1 in 6 seconds.





[image: ]





Vectors and Scalars


Earlier work in physics will have introduced the difference between vectors and scalars. At Higher the difference has greater significance as we consider objects moving in different directions.


Displacement can be considered the vector equivalent of distance.


Velocity can be considered the vector equivalent of speed.


Acceleration


In describing motion earlier we spoke of objects with constant or changing velocity. Acceleration is the term we use when describing an object which has a changing velocity. In everyday language, acceleration refers to an increase in velocity and deceleration to an object with a decreasing velocity. In physics, however, where acceleration refers to changing velocity, it can mean an object increasing or decreasing its velocity. In this textbook, acceleration is the only term we will use.


Acceleration is calculated using the equation:
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This can be written with symbols as:


[image: ]




[image: ]


Worked Example 1.2


A car starts from rest and reaches a velocity of 30 m s−1 in 10 seconds.


Calculate its acceleration.
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The car’s velocity changed by 30 m s−1 in 10 seconds. In words, this means that its velocity changed by 3 m s−1 each second. We write this as 3 m s−1 per second. This is sometimes described as ‘3 m s−1 (squared)’ or written as 3 m s−2. The acceleration of the car is in the same direction as the car’s motion. Acceleration is a vector and requires an indication of direction also.


We could describe these data in the form of a velocity–time graph.


Figure 1.10 shows how the velocity of the car changes with time. At this level, we will only consider examples where the acceleration is uniform. There are many examples where the acceleration changes but it can be complex mathematically.
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In much the same way that we could describe velocity as the rate of change of displacement with respect to time, we can also describe acceleration as the rate of change of velocity with respect to time.


This may seem complex but the principle of the ‘rate of change’ is an important one in physics and we will return to it throughout the text.


Equations of motion


From earlier work you should be familiar with simple acceleration situations such as a block sliding down a ramp, an object falling under gravity or a car speeding up. As detailed in the previous section, acceleration is the term we use to describe an object when it is increasing or decreasing its velocity. Acceleration is a measure of how quickly an object’s velocity changes. We generally calculate acceleration as the change in an object’s velocity in one second.
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Worked Example 1.3
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A block goes from 4 m s−1 to 10 m s−1 in 3 seconds.


Its velocity goes from 4 m s−1 to 10 m s−1. It increases by 6 m s−1.


It increases by 6 m s−1 in 3 seconds.


This is the same as saying an increase of 2 m s−1 in 1 second. We would describe this as an acceleration of 2 m s−1 per second or 2 m s−2 (2 metres per second squared) in the direction of motion.


The equation [image: ] can be used in this example if we substitute as follows:


v = final velocity


u = initial velocity


t = time taken for velocity to change


a = acceleration


This gives:
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Using the equation gives us a quick method of calculating the acceleration. We completed the calculation in one line compared to three or four previously.
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The term acceleration is used to describe many everyday situations:


‘The sprinter accelerated out of the blocks.’


‘The acceleration in this car pulls your head back.’


‘The ball accelerated from the moment it left his boot.’


Some descriptions are good but others are misleading and may cause misconceptions when looked at closely.


Further equations


By analysing some simple graphs and rearranging what we have, we can generate additional equations which can help us solve more complicated problems regarding the motion of objects.


In the following equations, these letters will be substituted for the relevant terms:


v = final velocity


u = initial velocity


t = time taken for velocity to change


a = acceleration


s = displacement


Equation 1


[image: ] can be manipulated algebraically to give
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Taking u to the other side gives
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Turning around gives
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This is our first equation of motion.


This allows us to calculate any of these terms, a or v for example, if we have information about the others.


Equation 2


The derivation of the second equation comes from the velocity–time graph of a moving object, as shown in Figure 1.12.
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As indicated earlier, the magnitude of the displacement is the straight line distance from the starting position to the finishing position. More fully, displacement is the term we give to the distance covered in a certain direction.


The displacement is given by calculating the area of the velocity–time graph for that period. The area can be obtained by splitting the graph into a rectangle at the base and a triangle at the top.


Area of rectangle = length × height = t × u


This can be rearranged to give u × t = ut
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From equation 1, however, at = v − u
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The total area (the displacement) can now be obtained by adding the two areas together, therefore
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This is our second equation of motion.


This equation is more complicated than the first as it has four variables, the same term is in two portions of the equation and there is a t squared term to deal with. With simple algebraic manipulation, however, it can be solved in much the same way as equation 1.


Equation 3


This third equation helps us solve problems where we would have to use a combination of equations. It can be quite difficult to follow. Being able to use the equation is the key skill but if you can follow its derivation, it will help with the general algebraic skills required for the course.


[image: ]


We now rearrange the right-hand side
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Taking the 2 out of the right-hand side bracket
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As our second equation of motion is
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We can substitute this to get
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This is our third equation of motion.


These three equations of motion can be used to solve most of the problems posed in this section. How we combine and use them is the skill that is crucial. In examinations, the equations are given in the data sheet but it saves time if you can remember them as you will spend less time referring to a separate sheet when solving problems.
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Between them these three equations contain five variables: v, u, a, t and s. Combining the equations above with what we know from the information given in the questions can allow us to solve a range of problems.
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Worked Example 1.4





1  A car starts from a stationary point and reaches 28 m s−1 in 15 seconds.


Calculate its acceleration.


One method of solving such questions is to write the five variables down one side of the page and insert the values that you have been given. This will help you decide which equation to use to calculate the unknown quantity.
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To calculate a (acceleration) if we know v, u and t, we should use v = u + at.


Inserting the information from the question gives


28 = 0 + a × 15


Rearranging gives


15a = 28


a = 28/15 = 1.87 = 2.0 m s−1


You can rearrange the equation prior to inserting the numbers. Some people prefer this and both methods are acceptable.


This would give


v = u + at


Rearranging gives


[image: ]








2  A ball dropped from a balcony hits the ground 4.0 seconds later.


Calculate its velocity just as it hits the ground and the height it was dropped from.
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To calculate v we can use v = u + at


This becomes v = 0 + 9.8 × 4.0 = 39.2 m s−1 = 39 m s−1


To calculate s we can use s = ut + [image: ] at2


This reduces to s = [image: ] at2 as u = 0 m s−1.
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3  An object moving at 4 m s−1 accelerates to 12 m s−1. It travels a distance of 32 m during this phase.


Calculate its acceleration during this time and how long it takes to reach 12 m s−1.
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We can use v2 = u2 + 2as as we know v, u and s. Substituting gives
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To calculate t we use v = u + at and this gives
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4  An object is dropped from a 22 m high window. How long does it take to hit the ground and what velocity does it reach just before it hits the ground?
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To calculate t we use [image: ]
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The need for using vectors is more evident in these examples. Objects moving up and down or from side to side involve vector calculations and this is essential for further study.
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Questions




  6  An object is dropped from an opening 44 m above the ground.







      a)  How long does it take to hit the ground?


      b)  What velocity does it reach just before it hits the ground?







  7  A ball is dropped from a tower and hits the ground 5 seconds later.







      a)  From what height was it dropped?


      b)  What is its velocity just before impact?







  8  A high-speed train can reach a velocity of 250 km/hr (70 m s−1). It takes 3 minutes to reach this velocity from rest.







      a)  Calculate its acceleration in m s−2.


      b)  What is the minimum distance required for the train to reach this velocity?







  9  A sports car can accelerate from rest to 60 mph in 3.2 seconds. Calculate its acceleration in m s−2.



10  A trolley is released from rest on a slope. After 1.3 seconds the trolley passes through a light gate 2.0 m away.







      a)  Calculate its acceleration.


      b)  Calculate the velocity of the trolley as it passes the light gate.








11  An object accelerates from rest at 4 m s−2 for 4 seconds.







      a)  Calculate its velocity after 4 seconds.


      b)  What distance has it travelled after 4 seconds?


      c)  How long would it have to maintain this acceleration if it had to cover 100 m?
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The term ‘acceleration’ is used to describe objects which are changing their velocity. Velocity is a vector and this requires a direction. Any object which changes direction is changing its velocity and therefore accelerating. This includes cars turning corners and satellites in orbit. You should be familiar with acceleration for objects in a straight line which involves speeding up and slowing down and simple examples such as that of a ball falling.


We notice and ‘feel’ the acceleration when we are in vehicles that change their velocities rapidly. Fairground rides, motorbikes and rapid stops in cars all make us move unexpectedly and this movement as a result of the acceleration is sometimes not obvious to explain.


Examples to illustrate and further explain acceleration


The following examples give some everyday uses of the term ‘acceleration’ along with some higher level explanations of the phenomena described.


‘The acceleration in this car pulls your head back’


Does the acceleration in a car pull your head back?


If yes, what does the pulling?


If no, why does it go back?


Explanations and answers


The acceleration of a car does not pull your head back. Your head is not attached to anything in the car that can do that, so it is not pulled back. Acceleration is just a description of the motion of a body. It cannot do anything in itself. Saying the acceleration ‘pulls your head back’ also gives it some sort of life-like quality. This is poor physics and leads to misconceptions.


When the car accelerates it goes forward and increases its velocity. A driver in that car will go forward because of his or her contact with the seat. The driver’s head is generally above the level of the seat and not in direct contact with the headrest. The driver’s body is accelerated forwards due to the forces applied by the seat. The head has no seat pushing it so it does not move, therefore the body moves forward leaving the head where it was.


‘The ball accelerated from the moment it left his boot’


Can the ball accelerate after it has been kicked?


Explanation and answer


It can. Once the ball has left the boot, the external forces on the ball are air resistance and gravity. These forces will make the ball accelerate (change its speed) but it will slow down not speed up.


To our eyes the ball is moving very quickly and, depending on the angle at which it was kicked, it will appear to travel in a straight line in an upwards direction (possibly). It will, however, travel in an arc with the ball slowing down. Technically it is accelerating but not in the way the commentator intended.


‘The sprinter accelerated out of the blocks’


This is a reasonably accurate description of what happens. The sprinter is stationary to begin with (at rest) and increases his/her velocity until they reach their maximum running velocity.


Graphs


Graphs are a good way of presenting a lot of data in one image. They can give an overview of the relationship between two variables and make trends or patterns easier to identify. They can also be used to hypothesise what would happen if one variable was to decrease to, for example, zero or increase to a certain value.


In the study of motion we use a number of graphs to analyse the displacement or velocity or acceleration of an object. We plot these variables against time and this allows us to note how each of the properties change as an object’s motion is charted.


Velocity–time graphs


The following graphs illustrate how the velocity of an object varies with respect to time.
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Worked Example 1.5


A body at rest accelerates uniformly until it reaches a velocity of 12 m s−1 in 10 seconds. It then remains at that velocity for a further 5 seconds.


Draw the velocity–time graph for this.


The graph shows how the velocity of the object changes with time. We can also find the velocity at various points along the journey. For example, the velocity after 5 seconds can be obtained by drawing a line vertically from 5 seconds and noting where it crosses the y-axis (6 m s−1).
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Using velocity–time graphs to calculate displacement


Example 1




[image: ]




The displacement can be calculated by working out the area of the velocity–time graph. A simple way to do this is to split this graph into two triangles and calculate the area of each.


[image: ]


Total displacement = 150 m


This was a straightforward example but more complex situations can also be examined.


Example 2




[image: ]




The displacement can be calculated by splitting the graph into three simple sections and calculating the areas of the first triangle, the rectangle and the second triangle.


[image: ]


Total displacement = 40 + 100 + 20 = 160 m


Example 3




[image: ]




This is more complex as it is a velocity–time graph with a negative velocity. The negative term means that the object is travelling in the opposite direction to its initial movement. An object going away, slowing down, stopping, then returning to you would be a possible description of its motion.


The displacement can be calculated by splitting the graph into two triangles – one above the horizontal line and one below.


[image: ]


The total displacement is 25 m − 16 m = 9 m. In other words, the object finishes 9 m away from its initial starting point in the initial direction.


This technique is applicable to all velocity–time graphs. The graphs can be fairly complex in their shape but the principle is the same.




[image: ]


Questions


Velocity–time graphs for a range of moving objects are shown.





12  
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      a)  Calculate the final displacement of the object in Figure 1.17.


      b)  Calculate its acceleration during section B–C.



13  a)  Calculate the acceleration of the object in Figure 1.18 during sections A–B and B–C.


      b)  Calculate its final displacement.




[image: ]





14  a)  How far did the object in Figure 1.19 travel when it was travelling at a constant velocity?




[image: ]










      b)  Calculate its overall displacement.


      c)  Calculate the average velocity of the object.


      d)  Calculate the acceleration during each of the three phases: A–B, B–C and C–D.








15  A trolley is pushed up a slope and a velocity–time graph of its motion is shown in Figure 1.20.







[image: ]






      a)  Calculate the acceleration of the trolley as it travels up the slope.


      b)  Calculate its acceleration as it moves down the slope.


      c)  How far up the slope did the trolley travel?


      d)  Did it return to its starting position? Justify your answer.


      e)  Calculate its average velocity for the journey.








16  The velocity–time graph for a sky diver is shown in Figure 1.21.


Describe the sky diver’s motion and explain the shape of the graph.




[image: ]





17  Many roads now have ‘average speed cameras’ as a way of reducing speeding in certain areas. They operate by identifying a car at a certain point on a road and then checking that car at a much later point. Are average speed cameras a better way of reducing speeding than traditional speed traps or cameras? Justify your answer.
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Displacement–time graphs


These types of graph chart the displacement of an object with time. An object moving steadily from an initial point will have a displacement graph similar to that shown in Figure 1.22. The graph is a simple straight line and it shows that the displacement from its starting point increases by the same amount in the same time.


This is straightforward to interpret and is the displacement–time graph of an object moving steadily.


For an object gradually increasing its velocity, it is best to consider the velocity–time graph and calculate its displacement at certain times along its journey.


Its displacement at certain times can be determined by calculating the area of the graph at these points. These areas will all be triangles and we calculate the area of the triangle from the origin each time.
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We then plot a graph of the displacement against time as shown in Figure 1.24.




[image: ]




It can be seen that the graph is a parabolic shape and similar to the shape of y = x2. This is what we would anticipate as this is a graph of displacement against time.


The equation for displacement is [image: ] and as it starts from rest this becomes [image: ].


This is of a similar form to y = x2, hence the parabolic shape of the graph.




[image: ]


Worked Example 1.6


A car at rest accelerates at 2 m s−2 for 10 seconds.


Draw





a)  the velocity–time graph



b)  the displacement–time graph.







[image: ]




There are a number of ways to work on this question. One straightforward way is to calculate the velocity after 2 s, 4 s, 6 s, 8 s and 10 s.


Using v = u + at we get v = 4 m s−1, 8 m s−1, 12 m s−1, 16 m s−1 and 20 m s−1.




[image: ]




This gives a graph as shown in Figure 1.25.


To calculate the displacement we work out the area at 2 s, 4 s, 6 s, 8 s and 10 s. This gives 4 m, 16 m, 36 m, 64 m and 100 m, respectively.


We can also calculate the displacement using [image: ].


As the car starts from rest we can remove the ut term to give us [image: ].


This gives the displacement as 4 m, 16 m, 36 m, 64 m and 100 m, respectively, as before.


A graph of these results looks like Figure 1.26.


[image: ]
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Questions





18  Draw a velocity–time graph and a displacement–time graph for a body that is at rest and then accelerates at 3 m s−1 for 5 seconds.



19  Draw a velocity–time graph and a displacement–time graph for a car that is travelling at a uniform velocity of 8 m s−1 for 10 seconds.



20  Draw a velocity–time graph and a displacement–time graph for an object that starts at 12 m s−1 and gradually slows down and stops in 15 seconds.
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Acceleration–time graphs


As the title indicates these are graphs which plot the acceleration of an object with time. In this section we will only consider examples of graphs where the acceleration is constant. Although it is possible to deal with situations where the acceleration increases or decreases, we will only consider uniform acceleration here.


Consider an object which goes from rest to 30 m s−1 in 20 seconds. If asked to draw the velocity–time graph for this object using the method shown previously, you would end up with a graph like that shown in Figure 1.27.




[image: ]




The acceleration of this object is calculated using [image: ].


Using the graph we could calculate the acceleration at 5 s.


[image: ]


No matter at what time we calculate the acceleration, the result is always 1.5 m s−2. Our acceleration–time graph is therefore a horizontal straight line at 1.5 m s−2.




[image: ]




This is the shape of an acceleration–time graph for an object with a steadily increasing speed or uniform acceleration.


Consider another example of an object which goes from rest to 40 m s−1 in 8 seconds.


If asked to draw the velocity–time graph for this object using the method shown previously, you should end up with a graph like that shown in Figure 1.29 overleaf.
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The acceleration of this object is calculated using [image: ].


Using the graph we could calculate the acceleration at 4 s.


[image: ]


It does not matter at what time we calculate the acceleration, the result is always 5 m s−2. This gives us a graph of a horizontal straight line at 5 m s−2 as shown in Figure 1.30.




[image: ]




This is the same type of graph as the previous example but the acceleration is greater and therefore the slope of the velocity–time graph is greater. The slope/gradient of the velocity–time graph is the acceleration!


Making the connection


In our analysis of graphs so far we have considered the link or relationship between displacement–, velocity– and acceleration–time graphs. You should be able to draw the displacement–time graph from a velocity–time graph and the acceleration–time graph from a velocity–time graph.
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Objects moving under the Earth’s gravitational field


From earlier work you should be aware that objects falling due to the gravitational attraction of Earth will accelerate downwards towards the centre of the Earth.




[image: ]




Measurement of the acceleration due to gravity


A simple way to do this is to drop a ball from a height of around 2.0 m and time how long it takes for the ball to hit the ground.


A student carried out this investigation and repeated the experiment five times. Some possible results are given here:


0.65, 0.68, 0.62, 0.7, 0.68 s.


This gives a mean value of 0.67 s for a ball to fall a displacement of 2.0 m.


Using the equation [image: ] (and removing the ut term as the ball is dropped from rest) we have


[image: ]


This can be rearranged to give 2s = at2 which then


[image: ]


This is a reasonable approximation as the accepted value for the acceleration due to gravity (g) is 9.8 m s−2. You may have used the figure of g = 10 m s−2 in previous studies, but the accepted value for this course is 9.8 m s−2. This means that an object dropped will accelerate at 9.8 m s−2 unless acted on by another force. As a result, the velocity–time graph for a dropped object will look like Figure 1.33.




[image: ]




The velocity–time graph of a falling object will be a straight-line graph with a slope of 9.8 m s−2, starting at rest and increasing its velocity.


This idea can be extended slightly to allow for objects which are thrown up and then return to Earth or objects which fall to Earth and then rebound. When we take into account objects moving up and down in opposite directions, and given that velocity is a vector quantity, we need to assign a positive or negative value to indicate which direction the object is travelling. For a dropping object, this is relatively straightforward.


A ball is released and falls towards the Earth. Its velocity–time graph is of an object gradually accelerating. Its velocity increases at a constant rate and therefore the shape of the graph is a straight line of slope 9.8.


For an object thrown upwards and allowed to fall back to its original position, it is slightly more challenging (see Figure 1.34).
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Schools have many devices now which can plot the motion of an object under certain circumstances. A simple experiment is to hold a motion sensor above the ground at a certain height and drop a large object like a football or basketball. The motion sensor sends small ultrasonic signals which travel out, reflect from an object and are then detected by the sensor. These reflected signals allow the sensor to measure displacement, velocity and acceleration. In this experiment the sensor should be set to measure velocity with respect to time.


Suppose a ball is released and allowed to hit the ground, rebound, rise and fall again. The detector plots its velocity and the graph produced will be similar to that shown in Figure 1.35.
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Explanation


As the ball falls it increases its velocity which is in the downward direction. It hits the ground and, very quickly, changes direction and rebounds upwards. This velocity is in the opposite direction to the original velocity. As it rises, its velocity decreases until it slows down and stops for a brief time at the top of its bounce. It then falls downward, increasing in downwards velocity until it hits the ground again. It does not then rebound to the same height as some of its energy is lost when it hits the ground.


This sort of graph can appear difficult initially as it is easy to confuse the slopes of the graph with the direction the ball is travelling in, but that is not the way to interpret the graph.





•  When a ball is dropped it accelerates and increases its velocity.



•  When it hits the ground, it stops for a brief time and then rebounds upwards. This direction is opposite to its original direction and therefore its velocity has an opposite sign.



•  The moment the ball leaves the ground it starts to slow down as gravity ‘acts’ in the downward direction.



•  The ball heads upwards while accelerating in a downwards direction. This is difficult to comprehend at first but a way of considering it is to accept that all objects acted on by gravity will be accelerated downwards. It may be travelling upwards but it is slowing down. Gravity is causing it to decelerate.



•  It reaches its highest point, where its velocity is zero for an instant (this is when it cuts the x-axis) and then it starts to accelerate downwards and ‘repeats’ its downwards journey.



•  This continues until the ball stops bouncing.





The previous section considered objects falling under the effect of gravity in a vertical direction. You should also be aware that objects accelerate down slopes. Most of you would also accept that the acceleration down the slope increases with the angle of the slope.





[image: ]


Activities


Set up a track and a trolley on a small slope. Release the trolley and measure its acceleration. This could be done by the use of light gates placed at the side of the slope. Increase the slope slightly and measure the acceleration again. Repeat this for a range of angles.


Table 1.1 gives some possible results.






	Angle of slope, θ/°

	Acceleration, a/m s−2






	0

	0.0






	5

	0.9






	10

	1.7






	15

	2.5






	20

	3.4







Table 1.1  
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Questions





•  Does the acceleration increase as the angle of the slope increases?



•  Is there a mathematical relationship?



•  Can we manipulate or combine the results to obtain a relationship that will allow us to predict the acceleration at, for example, 25 or 35°?





A simple test is to divide one number by the other and look for a constant value.


Copy Table 1.1 and add two additional columns.


Complete the third column with [image: ] and insert the answer into the appropriate column. Is there a pattern or a consistent set of results?


Complete the fourth column with [image: ].


The explanation of why these results are typical is examined later in the text.


[image: ]
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Worked Example 1.7


A ball is thrown vertically upwards from a balcony at 4.5 ms-1. It reaches a maximum height and then falls back to the ground 3.2 m below the level at which it was released.




    a)  Calculate the maximum height above the balcony reached by the ball.


When the ball reaches its highest point, its velocity is 0 m s-1.


[image: ]


To calculate the height(s) we can use v2 = u2 + 2as


[image: ]


    b)  How long was it in the air before it struck the ground?


[image: ]


When the ball strikes the ground it lands 3.2 m below the level of the balcony. Accordingly, the final displacement is −3.2 m.


To solve for t we could use [image: ] would involve solving a quadratic equation which may not have a simple solution.


Alternatively, it can be done by a two-step process.


The first involves calculating v using v2 = u2 + 2as.


[image: ]


Now that we have v = −9.1 m s-1 we can use v = u + at.


[image: ]
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Consolidation Questions




  1  Explain the difference between a scalar and a vector.


  2  List two scalars and two vectors.


  3  A runner runs 3 km due North then 4 km due East. He takes 30 minutes to run the first leg and another 30 minutes to run the second leg.


Calculate the average speed and average velocity of the runner and give the direction in degrees.


  4  A car is driving along a road at 15 m s−1 when the driver is forced to brake heavily. The car stops in a distance of 38 m.


Calculate the acceleration of the car.


  5  A hot air balloon of mass 200 kg is descending vertically at 4.0 m s−1. A 10 kg bag of sand is released and it hits the ground 6.0 s later. From what height was it released?
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Figure 1.33 The velocity-time graph of a dropped object
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Figure 1.29 The velocity-time graph for our object
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