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Aims 
The aim of these Units is to introduce the ideas of work, energy, power, 
impulse and momentum, to show how such ideas can be used to predict 
the behaviour of mechanical assemblies, and hencc to show how such 
assemblies are designed. 

Objectives 
After studying these Units you should be able to make estimates of the 
performance of mechanical systems by: 

Calculating the work done by a force or torque (SAQs 1-13). 
Calculating the kinetic energy of a mechanical assembly (SAQs 14-24). 
Calculating the potential energy associated with certain forces (SAQs 
25-42). 
Using the work-energy procedure for the solution of simple problems 
(SAQs 43-57). 
Calculating the power of a force or an energy flow (SAQs 58-65). 
Calculating efficiency, input powers and output powers (SAQs 66-82). 
Calculating power requirements (SAQs 66-82). 

Calculating the momentum of a mechanical system (SAQs 83-84). 
Calculating the impulse of a force and applying impulscmomentum 
analysis (SAQs 85-89). 
Solving simple impact problems (SAQs 90-92). 



1 Work and energy 

1.1 lntroduclng work and energy 
The words 'work' and 'energy' are pan of our everyday language, and as 
usual science has adopted the words and given them a precise quantifiable 
meaning. The oil crises of the 1970s returned the word 'energy' to the 
public domain in a meaning quite close to its scientific one. In a power 
station the coal (or oil or other fuel) is used to produce electricity. In your 
house the electricity can be used to operate a light bulb, a fire or cooker, 
or to drive the electric motor in a drill or perhaps a vacuum cleaner. In 
a car, petrol is consumed to drive the car along. In these examples energy is 
appearing in different forms, being transformed from one form to another. 
Hence I can say that petrol contains chemical energy, by which I really 
mean that petrol can be used in a chemical reaction with oxygen (i.e. 
burning) which will produce the energy in a different form. The result of 
the energy conversion (from chemical to thermal energy) is that the prod- 
ucts of burning are very hot gases - they have a high temperature. (In 
everyday language the gases are said to contain a lot of 'heat', although 
scientists usually prefer to reserve the word heat for something slightly 
different.) In a car engine these hot gases push on the pistons, which push 
the car along because they are connected to the crankshaft, the gearbox 
and hence the wheels; so some of the thermal energy, the 'heat', has in 
turn become mechanical energy of motion of the car - kinetic energy. In 
forcing its way through the air, the car causes turbulence and stirring of 
the air, so energy goes from the car to the air, which heats up. 

AU around us, all the time, these energy interchanges are taking place. In 
fact one of the main occupations of the mechanical engineer is inventing, 
improving or operating machines that convert one form of energy to 
another. All our scientific experience points to the conclusion that energy 
itself can be changed from one form to another but that the total amount 
is constant - an idea perhaps known to you as the 'first law of thermo- 
dynamics'. Quantifying the energy of each sort associated with a particular 
object provides us with a very powerful method of solving problems. 
However, the first law of thermodynamics only says that the total energy 
is a fixed amount, not the energy in any particular object, so we also need 
to deal with the movement of energy from one object or place to another. 
For example, there is a flow of energy from a hot object to a colder one, 
which you can readily experience by standing in front of a hot fire. It is 
this flow of thermal energy that is scientifically called heat. This is part of 
the study of thermodynamics, which means literally 'heatdynamics'. In 
this Block of this course you will be concentrating on certain types of 
energy collectively known as mechanical energy. Mechanical energy is 
transferred from one object to another by the action of forces, so it is very 
closely related to all your studies so far on this course. 

In the example of the car engine, the hot high-pressure gases transfer 
energy to the piston by pushing on the piston whilst it moves. The car 
loses energy to the air because it is moving against the aerodynamic drag 
force. If you try to drill a hole with a hand drill, your muscles exert a 
force on the moving handle. You are providing the energy needed to pull 
apart the object under the drill bit, for example into metal s w d  or saw- 
dust, leaving the desired hole. If you have an electric drill, the electric 
motor provides the mechanical energy, using electricity of course. That 
electrical energy might have wme from several previous sorts of energy, 
for example an oil- or coal-fired power station, nuclear power, hydroelec- 
tric power or a tidal power station. 

Whilst you are winding the hand drill or pushing a saw you may well 
claim to be doing work. Scientifically speaking this is still true, because 



work is done when a force acts on an object that moves. Work is the 
transfer of mechanical energy. To use these ideas to solve problems we 
need to be able to calculate the mechanical energy of a chosen 'system', 
and to be able to calculate the changes of energy when work is done. The 
mechanical energy E of a system is the sum of its energy of motion (the 
kinetic energy K) and the energy of deformation (the strain energy S): 

E = K + S  

If you have studied mechanics before, you will also have come across 
'potential energy: associated with the position of an object in a gravita- 
tional field. I shall discuss this in detail later. 

When a force or forces act on a moving object, the final energy in the 
object (E,) is just the initial energy (E,) plus the energy added, i.e. the 
work (W) done on that object by the force or forces, so 

E 2 = E l + W  

Let me emphasize that we shall only be interested in the mechanical 
energy, so transfers of other sorts of energy, e.g. heat, will not be of 
interest, although, of course, they would be important in a thermodynamic 
analysis. On the other hand, mechanical energy changing into non- 
mechanical energy, for example into thermal energy by the action of 
friction forces, is something that you will need to look out for, and I shall 
have more to say on that later. The next important step for you to take 
is to learn how to calculate mechanical energy and work. Once you can 
do that, you can start to use them to solve problems. 

1.2 The work done by a force 
The work done by a force on a moving object is the magnitude of the 
component of the force in the direction of motion times the distance 
moved: 

If the force or its direction varies, then the work done is the integral of 
the force component with respect to the displacement. 

SA0 7 

What must the S1 units of work be? 

Because of the great importance of work and energy we have a special 
name for the unit N m. It is called the joule, J, after James Joule 
(1818-1889) the English physicist and brewer. 

You apply a constant force of 2 N horizontally to a book of weight 5 N. 
sliding it 0.6 m along a table, in the direction of the force. What work is 
done on the book by your 2 N force? 

~ ~ - -~ - ~~ -~-~~p 

SAQ 3 
For the book of SAQ 2, what work was done by the weight force? 

You are pushing my car, applying a force of 200 N acting slightly down- 
wards at 20" below the horizontal. You push for 22 m. How much work 
do you do on the car? 



If the component of the force in the direction of motion is not constant 
then it is necessary either to integrate, using W =SF ds instead of just 
W = Fs, or to measure the area under the F-s curve if this is available, 
where F is the appropriate component. The component may vary beoause 
the magnitude of the force varies or the angle bctween the force and the 
direction of motion varies, or both. It is also very important to note that 
if the force is acting in a direction opposed to the motion, then the work 
done by the force on the object is negative, which means that it removes 
energy Irom the object. It is usually necesary to draw a free-body diagram 
to ensure that you know the directions of the forces, and often nccesary 
to do some basic dynamic analysis too. Work is a scalar quantity: it goes 
into or out of the chosen 'system' or object (correspondingly being positive 
or negative), but it does not have d i i t i o n  in the way that a force does, 
fora  being a vector. 

Example 1 
A crate of weight 1000 N has a coefficient of friction with a horizontal 
floor of 0.4. A horizontal constant force of 500 N is applied, moving the 
crate a distance of 4 m. Find the work done by each force on the crate, 
and the total work done on the crate. 

Figure 1 shows the freabody diagram. For a horizontal floor the motion 
is purely horizontal. The horizontal components of the weight force and 
d o n  IQ are zero, so they do zero work. The work done by the force 
P is 

Wp=S00Nx4m=2000J 

The work done by F, where F = 0.4 X 1000 N = 400 N, is 

Note that because the friction force on the crate is in the opposite direction 
to the motion of the crate, the work done by this force on the crate is 
negative. The total work done on the crate is 

This represents an addition of energy to the crate. This implies a gain of 
kinetic energy, so the mate wiU have gained speed 

(U06 
For the crate of the last example, if the force applied had been 800 N 
directed downwards at 30" below the horizontal, find the work done on 
the crate by each force, and also the total. 

From the above examples, you should see that evaluating the work done 
on a 'rigid body' is fairly straightforward. The distance moved by the 
object, and hence the work done by the force, is reasonably clear. How- 
ever, in some practical cases the object chosen for investigation has in- 
ternal motions, in which case the movement of a force acting on its surface 
may not be so obvious. A good example of this is a motor car, where the 
wheels rotate relative to the body. 

Figure 2(a) represents a rear-wheel drive car moving at constant speed. I 
am neglecting rolling resistance temporarily, so the significant foras are 
the aerodynamic drag and the tractive force at the driving wheels, plus 
normal reactions. How much work is done by each force as the car moves 
forward a distance .S? I tbink it is evident that IQ,, h', and the weight force 
do no work, having no horizontal component. The drag force does 
work W = - Ds. What about the traction fo ra  F ? This force acts on the 
bottom of the whwl but the bottom of the wheel has zero velocity relative 



(C) 

Figure 3 

to the ground (it is not skidding). Of course, the piece of wheel touching 
the ground is constantly changing, hut any particular piece does not move 
along the road whilst the road force acts on it. Hence the work done by 
the force F is zero. The road does not do work on the car. The car 
maintains a steady speed because the engine supplies energy which com- 
pensates for the negative work performed by the drag force. (We will 
explore this more fully later.) 

The important point to remember is that the work done by a force depends 
not on whether the position of the force changes, but on the movement 
of the object. In this case, the force acts on the bottom of the wheel, and 
this part of the wheel is momentarily stationary. 

What happens if the driver applies the brakes moderately, still not skid- 
ding? There are now retarding forces on the wheels at the ground contact 
(Figure 2b). As the wheels are rolling these forces will not do work. There 
is still no horizontal motion of the bottom of the tyre. If the driver now 
presses harder on the brakes and locks the wheels, the wheels are no 
longer rolling The bottom of the wheel now moves along with the same 
velocity as the rest of the car. In this case work will be done: work Fs, 
which will be negative because the forces oppose the motion. With locked 
wheels the whole car can be treated as a rigid body. But if the wheels are 
rolling then the forces on the bottom of the wheels, resulting from brake 
or engine action, do not do work. 

Now what happens if we include rolling resistance in our model? We 
know that the wheel is not truly circular, but is distorted slightly at the 
bottom. As a piece of tyre goes through the bottom region it is bent this 
way and that, scrubs slightly on the road and has to squeeze air out of 
the way, or water if the road is wet. The result is a resistance to motion. 
The effect of rolling resistance is to add a horizontal force component, 
and also to move the normal reaction slightly forward (Figure 3h). 
An alternative and equivalent representation is with N on the vertical 
centre-line and F ,  at wheel centre height, Figure 3(c), which is the usual 
representation, and the one that you should normally use. What is really 
happening is that in the distortion of the wheel mechanical energy is lost, 
and the manifestation of this is a resistance to rolling. To keep the wheel 
rolling at steady speed requires a forward force, so we say that this is 
pushing against the rolling resistance force. The size of the resistance force 
depends upon many factors including especially the hardness of the wheel 
and ground. The rolling resistance force is related to the wheel normal 
force by F,  = p,,N. Typical values of the coefficient of rolling friction p, 
are 0.001 for steel on steel as on a railway, 0.01 to 0.025 for car tyres, and 
about 0.01 for trucks. Trucks tend to have lower values than cars because 
of higher inflation pressures and harder rubber. In Figure 3(c) it is fairly 
clear that F,  moves through the distance moved by the car, opposing the 
motion, so the work done by the resistance force on the car is -F,s .  

The bearing friction moment at the wheel centre acts both on the wheel, 
opposing the rotational motion, and on the bearing support, which does 
not rotate. Hence negative work is done on the bearings of a moving car. 
To keep the wheel rotating against this bearing resistance moment, if there 
is no driveshaft torque then a force at the bottom of the wheel is needed 
on the free-body diagram. In normal rolling this force is on a point of the 
wheel that is not moving, so it does no work. In an energy analysis of a 
car, for accurate work the bearing friction moment, which does negative 
work on the wheel, would need to be included. Often, the bearing resist- 
ance is neglected. 

So, in summary, if the wheel is rolling without skidding then the rolling 
friction force F,  = p R N  does work; actually negative work on the car 
because it opposes the motion. If the wheel is locked, the whole friction 
force does work. Other horizontal components, because of engine or brake 



action during rolling, do not do work. The bearing friction moment does 
negative work (MO, see Section 1.3). Rolling resistance, and especially 
bearing friction, are sometimes neglected. 

SA0 8 
If a wheel is locked by the brakes, and is not rotating, should there be a 
rolling resistance force on the free-body diagram? 

SA0 7 
A 9 kN weight car has rolling resistance coefficient 0.02, and tyres with 
limiting sliding friction coefficient 0.9 on tarmac and 0.1 on ice. Estimate 
the work done by the friction force of the pound on the 0.28 m radius 
wheels in moving 50 m: (a) rolling, brakes off, (b) with the brakes locking 
the wheels on tarmac, (c) with the brakes locking the wheels on ice, 
(d) with the brakes on moderately, (e) with the engine applying a torque 
of 60 N m to each rear wheel to give a constant speed, (f) with the engine 
applying a torque of 100 N m to each rear wheel to accelerate the car. 

SA0 8 

(a) Find the work done on a spring of constant stiffness 200 N m-' in 
extending it 0.1 m (consider one end fixed). 

(b) Find the extra work needed to extend it a further 0.1 m. 

SA0 B 
Figure 4 shows the force-extension curve for a rubber band. Estimate: 
(a) the work done on the band in extending if (b) the work done on the 
bind when it is allowed to contract, (c) the-work which has been 'lost'. J%W@ 4 

1.3 The work done by a torque 
Just as the work done by a force is the force times the corresponding 
displacement, the work done by a torque is simply the torque times the 
angular displacement, where the angular movement must be expressed in 
radians. Figure 5 helps to show the reason for this. The force F is applied 
perpendicularly to the arm of length r, which rotates through a small 
angle O radians. The point of application of the force moves in the direction F 
of force through a total distance rO, so the work done is Figure 5 

Some caution must be exercised with the units here. The units of torque 
are N m. The units of work are also N m but are called joules (J). Torque 
must never be given the unit ofjoules. The definitions of torque and work 
help to clarify this. In finding the moment of a force, the force is multiplied 
by a distance measured perpendicular to the line of action of the force. 
The work done by a force requires a movement in the same direction as 
the force. There are tberefore two clear distinctions between N m of torque 
and N m = J of work. The direction of the distance measured is different 
by 90", and also work requires a change of position whereas torque does 
not. 

Hence the work done by a moment (or torque or couple) M is W = MO 
for a constant M .  If M varies then integration must be used, estimating 
W from the area under the M-O curve or using W = j M  dB. If M and O 
have opposite directions then the work done is negative (meaning energy 
is being removed). 



SA0 10 
A motor-car propshaft applies a clockwise torque of 60 N m to the differ- 
ential. (a) How much work does the propshaft do on the differential in 
rotating one revolution clockwise? @) How much work does the differen- 
tial do on the propshaft? 

Figure 6 shows a plan view of a door which is rotated through 90" by the 
force of 50 N at a constant angle to the door. Find the work done by the 
force on the door. 

Figure 7 shows a hoist winding drum raising a 90 kg load through 10 m 
at a constant acceleration of 1 m S-'. Friction, rope mass and drum mass 
can be neglected. Estimate: (a) the work done on the load by the rope, 
(b) the work done on the drum by the rope. 

SA0 13 
You apply a constant horizontal force of 20 N to a parcel to slide it 1.5 m 
along a table. You then reverse the force to push it back to its original 
position. What work have you done on the parcel (a) after the first move 
ment, @) after returning it? 

1.4 Summary 
Mechanical energy can be considered as the ability to do work, which is 
associated with the movement of a force. Work is then the mechanical 
means of transmission of energy from one body to another. 

A force does work when its point of application on an object moves. The 
work is mathematically defined as 

W =  J F d s  

where F is the magnitude of the force component in the direction of the 
movement, and the integration is done over the appropriate range of 
movement. The work is correapond'igly the area under the F-S curve, or 
simply Fs for constant F. Work is a scalar quantity, in contrast to the 
vector force. However, the sign of work is still very important. If the force 
component in the direction of motion is negative, then the work done on 
the object is negative, which means that energy is being removed from the 
object by the force. 

A torque M docs work 

W=IMdB 

for M and 9 in one plane, which is correspondingly the area under the 
M-8 curve, or MO for constant M. If the torque is negative in the 9 
direction then the work is negative. The angle 9 must be measured in 
radians. 

The units of work are N m, called joules (J) in distinction from torque. 
The joule is also the unit of energy. 




