
4.3 Summary 
Keeping account of the mechanical energy in a system provides a powerful 
way of thinking about certain problems, and is an effective method for 
solving them. Use of the method requires the ability to calculate the kinetic 
energy and strain energy content of a system and to calculate the work 
done on the system by mechanical means, and other relevant energy 
changes. Energy changes can occur by external influence, when an external 
force acts on a part of the system that moves. Alternatively, energy changes 
can occur internally when mechanical energy is changed into or out of 
other forms of energy, especially chemical and thermal. These internal 
changes can normally be identified with friction, with strain energy, or 
wlth energy-converting devices such as engines. Although energy as a 
whole is conserved, mechanical energy can increase and decrease at the 
expense of other types. In the work-energy method in engineering mech- 
anics only mecharucal energy is accounted for, so other forms, especially 
heat, are considered losses. In the study of other subjects the emphasis is 
drfferent, so for example, thermodynamics pays considerable attention to 
heat and how it can be converted into mechan~cal energy. 

The ideas of work and energy are basic and fundamental tools of the 
mechanical engineer, and the work-energy method is one of the most 
useful techniques available. 

5 Power 

5.1 Introducing power 
Power is the rate at which energy is transferred or work is done. From 
the previous sections you are now in a position to calculate the amount 
of energy required to do certain practical jobs such as lifting a load 
through a certain height, or accelerating a car up to a certain speed. In 
cases like these the engineering designer has to make provision for the 
supply of the required energy, such as an electric motor for a hoist or an 
internal combustion engine for a car. The designer must ensure that the 
energy can be provided in a reasonable time. The size of motor or engine 
needed depends upon the power that is required, not just the energy, and 
this is the reason for the fundamental importance of power to the engineer. 

The rate at which energy is provided, or consumed or transformed, is 
naturally measured in S1 units as joules per second, J S-'. This unit of 
power is sufficiently important to merit a name of its own. It is called the 
watt, W, being named after James Watt (1736-1819). the Scottish engineer 
well known for the major part that he played in the early development of 
the steam engine. When a force is doing work, then that also has a power 
associated with it - the rate of doing work, also measured in watts. 
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Express the watt in terms of the basic S1 units. 

The power may be expressed as an average value over a time period, or 
as an instantaneous value, in the same way as speed. Power is a scalar 
quantity. 

Human beings can do work in the strict mechanical sense. An internal 
combustion engine burns fuel to produce power. Animals have to have 
fuel too, but it is food not petrol. The food is oxidized, although it is not 
burned in quite the same way as in an engine because an animal does it 
at a lower temperature. Nevertheless, the chemical reaction between the 



fuel and air is necessary. If you work physically hard then you breathe 
bard too, to help to get the oxypn into your lungs. Figure 37 shows the 
typical avePags power output that an athlete can ppfoduoe plotted againat 
the time period If the performmm has to be sumined for more than tea 
minutes then about 300W is possible under good mnditions, This power 
can be maintained for much longer periods. This MO W limit is due to 
b i t s  on the supply of the reacting chemicals to the musks. Actually this 
seslns to be mainly due to limits on how well the body can absorb oxygen 
in the luags or W c r  the required chdoals to the muscles using the 
blood supply. It is not abasic limitation of the muscles t h ~ v c a ,  because 
they can deliver mu& more power over a short period. If an athlete only 
has to perform for one minute then the average power a&ievcd is about 
twia the powcr that would be sustainable over a long parid The extra 
energy comw fiom the reservoir of chemical rmtanta already in the 
muscles. A 108 m sprintat operates ahnost entirely on this reservoir. When 
the sprinter has ihkhed those reserves am depleted and have to be re- 
plaoed by breathing heavily to provide oxygen whilsf resting and produ- 
cing virtually no powcr. The shorter the period of effort, the greater the 
average power that this chdca l  reservoir o an provide. For txampIe, in 
a one-miaute enot, &m the graph the average power is 600 W. 

SAOS 
(a) In Ule one-lainute event, how much greater is the power than the long- 
term average power? (b) How mu& extra energy is that? 

If this extra e a q y  is used, estimate the total average power that could 
be produced over (cJ 10 minutes, (d) 3 miaufes, (ej 30 S, (f) 10 S, ($) 1 S. 
(h) Compare your results with the graph. 

max$mum flow300 W 

Your results should haw agrecd well with the graph exwpt for the very 
short periods. In enginering terms I wauld say that I have a reasonable 
model af an athlete's power output for periods greater than about thirty 
scoonds. My model is a MO W sustainable power plus 18000 J of energy. 

'i q:~ 
Plgurc38shawaapll~~tationaftlria.Thneiarn 18kJtank, 
which can be replenished at a maximum rate of 300 W. If I opea the tap8 
to take 400 W then I lower the tank contents at 400 - 300 = 100 W, so it 1'1 

will empty in 180 S, B this was a water tank and I opened the tap up more. (;I 

and more I should receive water faster and empty the reservoir more 
quickly, but only up to a point at which the output flow was h i t &  by 
the outlet pipe cesistance. Similarly, with an athlete other limitatibas come 
into play, so the 18 kJcannot all be used in less than about 20 S. There is 
anothsr power limit, this time about 1W W total. 



Ofcourse there are great differences in ability between individual athletes, 
but by analysing the graph in terms of the concepts of power and energy 
we certainly gain a much deeper understanding of it. We also begin to 
understand why a long-distance runner is usually lightly built and has 
light muscles (300 W ones) to make best use of the lungs whereas a sprinter 
has much bigger muscles to help give a big energy store for the brief burst 
of effort, with the lungs playing a minor role. It is interesting to note that 
18 kJ put into potential energy increases the height of a 900 N weight by 
20 m and is usefully delivered in one minute. These figures are presumably 
the result of specific evolutionary pressures. They are about right for a 
quick sprint and a climb up a tree to escape a predator. 

The figures quoted above refer to fit athletes operating in good conditions. 
Normally we do not do as well as that. A fit person may manage an 
average output of about 100 W, which is a useful figure to remember as 
a measure of scale. If you are in a sedentary job and rather unfit you 
might have difficulty managing an average of 25 W. 

Until relatively recent times, most people worked at some kind of physical 
labour. Even today in more primitive agricultural societies a tremendous 
proportion of the people's time is used working the fields. Historically 
speaking, various beasts of burden have provided assistance, a good horse 
producing an average output equal to five or more humans, say about 
500 W. lames Watt measured the output of a good horse as a basis of 
comparison for rating steam engines. This was the origin of the official 
mechanical horsepower, equal to 746 W. It is not so long since most of 
the ploughing in this country was done by horses. However, a h o w  needs 
its fuel (food), and is likely to consume a substantial fraction of the crop 
from the area which it can plough. 

The provision of power by technological means probably began with the 
use of wind for transportation on water, which precedes recorded history. 
On land the waterwheel was used more than 2000 years ago. About 900 
years ago the windmill began to appear in Europe, the idea possibly being 
brought back from the East by the Crusaders. The windmill became very 
widespread as a grain grinder, and was also used extensively for pumping 
water for irrigation and drainage - to drain the fens of East Anglia for 
example. 

This was the situation at the beginning of the industrial revolution. It is 
hardly possible to overstate the dramatic increase in the power available 
to us. In the industrialized countries, we now bum tremendous quantities 
of solid, liquid and gaseous hydrocarbons giving an average continuous 
power consumption in this country of about 1000 W (1 kW) per person, 
which could be likened to having ten slaves each, working twenty-four 
hours per day. The total installed power capacity is about 10000 W 
(10 kW) per person, much of this in our motor cars. The average family 
has a car with an engine capable of producing typically 40 kW net output, 
equivalent to about 400 people. We have a power distribution system 
spread over the count~y to bring electrical power to virtually every home 
in the country. The power is produced mainly from coal or oil, or nuclear 
reactions in power stations with outputs typically 109 W each, equivalent 
to ten million people. Some of this enormous amount of power is uscd to 
provide heat, such as from an electric fire in the home, of which a typical 
single bar is 1 kW, ten people power. Much of it is used to do mechanical 
work. The provision and utilization of power, or energy, is a main preoccu- 
pation of many engineers. 



5.2 The power of a lom 
The work done by a force is given by W = Fs, rememkhg that F is only 
the magnitude of the component of force in the d i d o n  of movement. U 
this movement takes r seconds, then the average power is 

The quotient s/ t  is the average speed so the average power can be taken 
as the force time the average speed. If this average is taken over a very 
short period, then the term 'instantaneous power' may be used, in which 
CaSC 

when v is the speed at that instant. Thus power is the instantaneous rate 
at which work is done. The expression P = Fv is valid for a given instant, 
even if F and v an varying with time. The force on the object and the 
speed of the object must be in the same direction for positive power and 
work to be done on the object, increasing the object's energy. In the 
above equations, F must be the magnitude of the force component in the 
direction of motion. If this component is negative, then the power is 
negative, i.e. power is leaving the object, and so reducing the energy of 
the object. 

Calculate the power transmitted by the forcar to the objects of Figure 39. 
The velocity shown is that of the object at thc point of application of the 
force. 

0.3 m a-' 

F i  *a) shows a hoist with a load of weight IWO N being lifted at a 
steady speed of 0.8 m S-'. Th load is moving at constant speed so from 
equilibrium thc cabk tension is lWON (ncgkcting cable weight). 
Figure 

The force exerted by the cable on the load has power 

Hence the cable is feeding power into the load. Conversely the power of 
the weight force acting on the load ia 

The weight force draws power from the load. The total power supplied to 
the load is 800 W - 800 W = 0. The kinetic energy in the load is thcrdore 
constant, so the spad is constant, in agrremcnt with thc original in lom-  
tion.The 800W Icavingthclcadiskingstored upaspotmtialcnrrlly. 

A power of 800 W is being supplied to the load through the cable, but we 
have yet to consider the power source, which will certainly be needed. In 
this case it is an electric motor driving through a gearbox, which applies 
a torque M to the drum, which has radius r = 0.4 m. A torque times an 



Figure 42 

angular displacement gives work, W = MO. So naturally the rate of work, 
or power of the torque is 

P = Wlt = Melt 

averaged over time t .  For instantaneous values 

For positive power M and o must be in the same dirtetion. In other 
words M must be measured in the same direction as o. The drum's angular 
S& is 

w =v/r=O.8/O24=2rads-' 

To supply 800 W the torque must be 

M = P / o  = 80012 = 400 N m 

in the appropriate direction - in this case anticlockwise. 

SA0 #l 
For the condition when the load is rising at 0.4 m S-' with an acceleration 
of 5 m s-l: (a) Estimate the cable tension. (b) What is the net power supply 
to the load? (c) What happens to this power? (d) Is this power constant? 

I am towing a trailer with my car at 20 m S- ' steady s p d  The mist- 
to motion of the trailer are estimated to be 20 N rolling b t a n a  and an 
aerodynamic drag of 60 N. 
(a) Estimate the power required. 
(b) Where does this power come from? 

SA0 63 
Figure 41 shows a simple pulley system being used to lift a 10 kg load at 
a speed of 0.1 m S-' and acceleration of 5 m S-'. 

(a) Find the power supply to the load, and that producing potential 
energy. 

(b) Explain the power flow for the complete system (neglect pulley and 
rope inertia and weight). 

SA061 
The pulley drive of Figure 42 is running at constant spced transmitting 
600 W with a belt speed of 12 m S-'. The tension of the lower part of the 
belt is negligible. Explain the power flow between the two pulleys and 
And the tension in the top part of the belt. 

SA068 
With the total power and belt speed in SAQ 64 remaining the same, the 
belt is adjusted so that now the lower part has a tension of 20 N. 
(a) Explain the power flow. 
@) Find the upper tension from the power flow. 



In many of the Dynamics problems that you have met on this course, you 
have neglected friction. This has been necessary to give a model of the 
problem which is simple enough to have a resonably easy solution. Indeed, 
as I have previously pointed out, engineers often go to great lengths to 
minimize friction, whether it be by careful attention to lubrication or to 
minimizing aerodynamic drag, and so on. Nevertheless friction is always 
there, and friction consumes mechanical energy, changing it to thermal 
energy. This has two results, both of which can be very serious. Firstly, 
the power output from say, a gearbox must be less than the power input. 
Secondly, the heat which results can often be a problem. It is therefore 
desirable to minimize the losses due to friction, and the degree of success 
to which this end is achieved is described by the term 'efficiency'. The 
eficiency is normally defined as the ratio of the output power to the input 
power of a particular machine, or the degree of success in transforming 
one sort of energy to another. It is usually represented by q (the Greek 
letter pronounced eta). 

output power P, -- - = input power P, 

Since there must always be some friction losses, the efficiency will always 
be less than 1.0 (less than 100% if expressed as a percentage) and may be 
a great deal lower. Of course, instantaneously the output power of a 
gearbox may be greater than its input power if it is slowing down and 
contributing its own kinetic energy to the output, but this cannot be 
sustained. Efficiency is measured under steady operation or as an overall 
average performance. 

SAOdd 
What must the dimensions and units of dficiency be? 
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(a) What is the output power of a gearbox with input power 6.2 kW and 
efficiency = 0.927 

(b) What input power is needed for an output of 4 k W  

(c) At an output POWM of 1.2 kW the efficiency has fallen to 0.84. What 
input power is needed? 

A good large electrical generator, such as would be found in a power 
station converting mechanical power to electrical, might exceed = 0.95. 
A small one such as can be found on a typical car is much worse, say 
v '0.5. The national electricity grid manages about 0.85 in distributing 
electrical energy. Electric motors usually range in efficiency between 0.6 
and 0.9 (electrical to mechanical energy conversion). The incandescent 
lamp (electrical to light radiation) is less than 0.05 dficient, the other 0.95 
plus emerging directly as heat. In the above examples, the inefficiency is 
not due only to mechanical friction, but also electrical losses. A typical 
mechanical gearbox will have an dficiency of 0.90, although this can vary 
widely. As a general rule large machinery tends to be better than small. 

The spark ignition internal combustion engine converting the chemical 
energy of its petrol (plus air) to mechanical energy manages typically 
= 0.28 when delivering a quarter of its maximum output (a diesel engine 

does a little better). Figure 43 shows typical power Bows for a car engine. 

direct air 
radiator cooling 8% fuel 
cooling 25% 

Figure 43 

exhaust hent40% 
unburnt fuel 2% 



If the rapidly varying pressures in the cylinders of an engine are measured, 
the average power input to the pistons can be estimated. This is called 
the indicated power. The power output actually measured at the crankshaft 
is rather less. This is called the brake power (brake horsepower in old 
parlance) because it is usually measured by dissipating the power against 
a friction brake. If I call the chemical power input of the fuel flow thejuel 
power then the ratio indicated powerlfuel power is called the indicated 
thermal eficiency (Figure 44a): 

The indicated efficiency v, is about 0.4, so 0.6 of the fuel power has been 
discarded. There are, of course, good reasons for this (Second Law of 
Thermodynamics) but they are outside the scope of this course. Of the 
indicated power 

some is lost in mechanical losses in the engine, especially in friction of the 
piston and rings and bearings and in operating the valves. The brake 
power Pb is therefore the indicated power times the mechanical efficiency 
(Figure 44b): 

Pb = 'lmpi 

'lm is probably 0.8 or better. If I express the brake power directly as a 
ratio of the fuel power, then this ratio is caUed the brake thermal &ciency: 

Pb= 'lbpf 

What is the value of 11, in this case? From my previous two equations 
Pb = 'lrnp, = ' l m ' l ~ p r .  SO 

'lb = 'lm'li 

The brake thermal efficiency is the product of the mechanical efficiency 

mechanical 
IOSSES 

brake Ib)& power 

6x19 IOsseD 

u.efulootput p a w  
to the whseia 

and indicated thermal efficiency. Typically v, = 0.8 X 0.4 = 0.32 So of our 
total fuel power, only 0.4 gets into the pistons and 0.8 of that (0.32 of the 
original) leaves the engine as mechanical power. 

It is not necessary for you to memorize the above, but I have explained 
it in some detail to show you how engineers think in terms of efficiencies, 
and also to emphasize that a series of efficiencies must be multiplied 
together to find the overall efficiency. It also makes the point that for one 
item, say an engine, the term efficiency may be used in different ways, so 
it is necessary to be unambiguous about the particular efficiency that is 
being referred to. 

A brake thermal efficiency of 0.32 may seem rather depressing in view of 
the price of petrol, but the story is far from over. Of the 0.32 left a good 
deal can be used to drive the alternator or dynamo, the oil pump, the 
water pump and the radiator fan. I caU this the installation efficiency, 

~ZI 0.8 (Figure 44c). By now you may be down to an overall efficiency of 
11 = 0.25. The gearbox may average tl = 0.9 depending on how you drive 
- it is best in top gear. The differential and rear axle (or front driveshafts 
for front-wheel drive) may have = 0.9 (Figures 44d and e). What is left 
is used to provide kinetic energy during acceleration, and finally to heat 
up the air and your brakes. 
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If the fuel power was 43 kW for the car described above estimate the 
power delivered (a) to the gearbox, (b) to the differential, (c) the wheels. 
(d) Calculate the efficiency of wheel powerlfuel power. 



A mechanical gearbox of dficiency 0.74 is required to deliver 6 kW of 
power. (a) What input power is required? (b) If the input power is 8 kW, 
estimate the output power. 

A gearbox comprises a succession of four gear stages operating in series, 
each stage of efficiency 0.97. The input power is 820 W. Estimate (a) the 
gearbox efficiency, (b) the output power. 

An electric motor of dficiency 0.75 drives a hoist through a gearbox of 
efficiency 0.80. The hoist is required to lift a 1200 N load at 0.5 m S-'. 

Estimate the power required (a) into the load, (b) into the gearbox, (c) into 
the motor. 

SAO n 
An electric motor delivers 15 N m output torque at 1480 rev min-' with 
an input power of 2.75 kW. What is the motor efficiency? 

5.4 Power in energy supply 
In discussing the notion of power so far, the emphasis has been on power 
calculated from fora  times speed, or torque times angular speed. How- 
ever, in many cases it is more convenient to think of power as rate of 
supply, transmission or consumption of energy. This may be particularly 
useful in the initial stages of a design before any specific details are settled. 

As an example consider the problem of transporting people into and out 
of an underground 'tube' transport system. The design requirement is to 
move as many as 2000 people per hour from road level down 25 m, and 
another 2000 back up. For an average person, I estimate a mass of 70 kg. 
Raising 2000 people of average mass 70 kg through a height of 25 m gives 
them a total potential energy increase of 

This must be done in one how, i.e. 3600 S, so the average power going 
into potential energy is 

Now we know that it will be necessary to provide at least this amount of 
power to the lifting system, and we have not even considered whether to 
use a lift or escalator yet. Actually the power would have to be greater 
because there will be inefficiencies, including friction. For the part of the 
system lowering passengers, the potential energy is being released so the 
minimum power requirement is negative, -9.5 kW. In other words, we 
might be able to design a system to lower the passengers safely without 
providing any power input at all. Alternatively, the desanding passengers 
might be used to provide power to raise the ascending ones, in which case 
it might only be necessary to provide a fairly small amount of extra 
power to overcome friction. This would cost money to gear the escalators 
together, but would save on power costs. In practice, of course, it would 
be necessary to allow for situations where the Bows of passengers up and 
down were not in balana. 



Figure 45 

An irrigation pump is required to raise 30 m3 of water daily from a depth 
of 18 m (i.e. the water table is 18 m below ground level). The expected 
pump efficiency is 0.7 and motor efficiency 0.8. Friction losses in the pipe 
are expected to be small. Estimate (a) the mass of water raised daily, 
(b) the mass flow rate (kg per second). (c) the power used to produce 
potential energy, (d) the power from the motor to the pump, (e) the elec- 
trical power required by the motor. 

In the pumping system of the last SAQ, the water emerges finally from a 
spray nozzle at a speed of 6 m S-'. Estimate: (a) the power used to produce 
kinetic energy; (b) the increase in electric power required. 
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A hydroelectric power station unit (Figure45), operates with a Pelton 
wheel turbine driving an electric generator. In this arrangement, the flow 
from a nozzle causes the rotation o f a  wheel by forcing against specially- 
shaped 'scoops' around the periphery of the wheel. The nozzle is 300 m 
below the reservoir water surface. The water's potential energy is con- 
verted to kinetic energy. (a) Neglecting friction, estimate the speed of the 
water emerging from the nozzle. (b) The turbine efficiency is 0.88 and the 
generator 0.91. For a generator output of 50 MW calculate the water mass 
flow rate required. 

One advantage of thinking of power in terms of the rate of energy transfer 
rather than rate of working is that the equivalence to non-mechanical 
forms of energy is apparent. Thus I can say that a flow of petrol into a 
car engine represents a fuel power flow. As a final example of the use of 
the idea of power and energy I shall examine a typical saloon car, to show 
how fuel consumption is related to the consumption of energy by the car. 

You need just a little more knowledge to do this job - knowledge about 
the fuel system. I shall consider the car to be running at constant speed, 
so there is a certain fuel flow rate into the engine. If a volume Q flows 
during t seconds then the average flow rate is Q/t. The instantaneous value 
of flow rate is dQ/dt = Q, using the dot notation for time derivative. For 
a fuel of density p, volume Q has a mass pQ. The average mass flow rate 
is pQ/t, and the instantaneous mass flow rate is m = dm/dt = p ~ .  

Check the units of the equation m = =Q. 

The energy liberated when unit mass of fuel is fully burned is called 
the heat of combustion. For a typical petrol this is about 45 MJ kg-'. 
Representing the heat of combustion by H, the energy from a mass m of 
fuel is E = mH. In a time t, for a fuel flow of m, the average fuel energy 
delivery rate, or 'fuel power' for short, is E/t = mH/t. The power is E/t, 
and m/t is the average mass flow rate so P = mH. In words, the fuel power 
equals the mass flow rate times the heat of combustion. Finally, m = =Q, 
so if we want to work with the volume flow rate, P = peH. 

SAO n 
Check the units of the equations P = mH and P - p e n .  
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When I drive into a garage to refuel my car, it takes me 30 s to put five 
gallons of fuel into the tank. One gallon has a mass of 3.18 kg and a 
volume of 4.54 X 10-3 m3. Calculate (a) the volume flow rate, (b) the mass 
flow rate, (c) the fuel power. 

Example 8 
Now you are ready to do the car analyais. We shalt look at a typical 
family saloon car of mass 1400 kg including driver, moving steadily at 
30 m S-' on a horizontal road. (30 m S-' is about 65 miles per hour.) The 
frontal area is 1.8 m2 with an aerodynamic drag coefficient of 0.37. Here 
I shall assume an air density of 1.20 kg m-'. The rolling resistance coeffi- 
cient is 0.02. The wheel diameter is 0.56 m. The engine has a typical brake 
thermal efficiency of q, = 0.3 (it may be even worse, especially if the engine 
is in poor condition and needs adjustment). I estimate that the ancillaries 
(pumps, fan, alternator) consume 5% of the brake power, so q2 =0.95 
of the brake power gets to the gearbox. I shalt use a gearbox efficiency 
q3 = 0.9 and a diiTerential/rear axle aciency q4 = 0.9. I emphasize that 
these figures are estimates only, but they are reasonable approximations. 

Figure 46 shows the car free-body diagram. 

Weight mg = 1400 X 9.81 = 13 734 N 

Total normal reaction N = 13 734 N 

Rolling resistance FR=paN=0.02 X 13734=275N 

Aerodynamic drag q = +pv2 = ) X 1.20 X 30' = 540 N m-' 

D=CqA=360N 

Total resistance H = F R + D = 6 3 5 N  

By moving forward against this resistance force, the car is losing energy 
which must be constantly replaced by the engine to keep the kinetic energy 
constant. Power lost P = F X v = 635 X 30 = 19.05 kW total (against drag 
10.8 kW, against rolling resistance 8.25 kW, Figure 47). 

Now although the driving (rear) wheels have a forward force on them, the 
tractive force T, the wheel does not move forward at that point, so that 
force does not do work. This is reasonable - it is not the ground that 
replaces the energy lost. Mechanical energy appears in the engine, at the 
cost of chemical energy, and is transmitted through the gearbox and 
propshaft to the rear axle. The axle pushes forward on the body, transmit- 
ting power into the bodywork, whilst some is diverted into the wheels to 
go to overcome rolling resistance. 

The power output from the rear axle is P, = 19.05 kW, equal to the total 
car power loss. The rear-axle power input must be P' = Pl/q,, where q, 
is the axle efficiency. 

This is P, = 19.05/0.9 = 21.17 kW 

Similarly the gearbox input power is 

P, =21.17/0.9 = 23.52 kW 

The engine brake power 

P, = 23.52/0.95 = 24.76 kW 

The fuel power 

P, = 24.7610.3 = 82.52 kW 

Cm data: 
m = 1400 kg 
U-30ms-' 
A = 1.8 m' 
C = 0.37 

Figure 46 

b. 8.25 kW 
Figure 47 

Engine: 
qb = 0.3 

Installation: 
q2 = 0.95 

Gearbox: 
q3 = 0.9 

Axle: 
q, = 0.9 



Figure 48 summarizes these power calculations. The power actually used 
to drive the car is 

ancillaries gearbox axle 
1.3kW 2.3kW 2.2kW 

wheels 

fuel power 
82.6 kW 

Figure 48 

Less than one quarter of the fuel power is used for its end purpose. 

Themfuel flow rate can now be calculated using P = mH: 

This tells us the fuel flow rate, which would be important in the design of 
a fuel pump or carburettor, but of more general interest is the 'miles per 
gallon' achieved. In one second the car goes 30 m and uses 1.834 g of fuel, 
so the range is 

One kilogram of fuel will take the car 16.4 km. In Imperial units that is 
32 miles per gallon. It seems a realistic result to me for cruising steadily at 
65 miles per hour, and suggests that our initial data values were reasonable 
estimates. 
If the car is driven in town then its fuel economy may be worse than the 
above figures. Speeds will be lower, reducing the power used against 
normal resistance, but a lot of power is used to build up the kinetic energy 
(speed) only to have it removed by the brakes, and time is also spent with 
the engine consuming fuel while the car is stationary. 

Estimates of fuel consumption under different conditions such as climbing 
hills and accelerating can be made in this way. However, some caution is 
required. If the vehicle is travelling at a constant speed then the tractive 
force T exerted by the ground on the car at the rear wheels must equal 
the sum of the resistances to motion. The power required equals 
(D + F.) X v, which is equal to TV. Indeed, more than one textbook makes 
the general assertion that the engine power required is P = TV. However, 
as a result of my careful explanation of the work-energy procedure, you 
should be feeling suspicious about this assertion. The tractive force T does 
not do any work, and therefore does not put power into the car. To clarify 
this we will need to look in more detail at the wheels. Firstly, consider a 
front wheel, which (for a rear-wheel drive car) has only a very small torque 
applied to it - the wheel bearing resistance, which is negligible for our 
purposes. There is a rolling resistance Fn (Figure 49) so a forward force 
G is needed to keep this wheel going. As discussed in Section 1.2, F. acts 
at the wheel centre. 



Now what happens if I try to accelerate this front wheel increasing G to 
do s o l  How big will G have to be for a given acceleration? At steady speed 
we know that G = F R  = AH. Now I ask you to accept that it is plausible 
that the rolling resistance when the wheel has speed v and acceleration a 
is the same as if it had speed v and zero acceleration, at least to the degm 
of accuracy that we need. If the wheel does not skid then the acceleration 
a requires an angular acceleration a = a/r. This requires a moment, pro- 
vided by a tangential force F exerted by the ground (Figure 50). The 
moment on the wheel is M = Fr. 

For angular rotation, M = Fr = Ia (Block 4 procedure). 

So F = l a / r  is the extra force. 

For translation along X: 

Now we have an estimate of the force required to accelerate the wheel, 
but it can be tidied up a little, by using a = a/r: 

What is the physical meaning of this? The force at steady speed was just 
pRH, and that is still then, but there is an increase of (m + 1/r2)a. The 
effective inertia in this case is bigger than the mass m; it is m + I/r2.  This 
expression is called the effective inertia or effective mass. The equation 
R = mP from Block 4 is still correct, but when you push the wheel (force 
G) the ground pushes back (force F) to give the angular acceleration; so 
the translational acceleration arises from G- F, not just G, and hence the 
lower acccleration From the work-energy point of view this makes sense 
too. For a given amount of work done on the wheel, the kinetic energy 
has to be shared between translation and rotation, so v is smaller than 
otherwise. 

K = fmv' + f lw2 

so confirming that the eflective inertia of a rolling wheel is m + I/r2. 

So in my car example, because of rotation of the front wheel, the body 
must push forward on it harder than otherwise, so we would expect to 
need a correspondingly larger tractive force at the rear wheels to give this 
acceleration. What about the rear wheels themselves? The forces are a 
little more complicated but you have just done most of the analysis 
needed. Figure 51 shows the rear-wheel free-body diagram. Note that this 
wheel pushes the car body forward (to the right) so, by Newton's Third 
Law, G on this wheel is to the left. The result of the axle moment M A  
applied to the wheel is the tractive fora  T exerted by the ground on the 
wheel to the right. 

Figure SO 

Figure 51 



For translation along X: 

G is the force on the car body, so it includes the force needed to overcome 
drag and to accelerate the car body, and as you saw earlier, will include 
the force needed to accelerate the front wheel including rotation effects 
and rolling resistance on the front wheel. The term ma is a force to give 
translational acceleration of the rear wheel and F,  is its rolling resistance. 
However, there is no term corresponding to the rotational requirements 
of the rear wheel. The tractive force includes the rotational needs of the 
front wheel but excludes those of the rear one. 

Rotation of the rear wheel: 

This equation says that the moment applied by the axle does include the 
Iu term associated with angular acceleration. 

The supply of power into the wheel from the axle is 

= (Tr + l a b  

= Trw + law 

If the acceleration is zero, U = 0 and hence the power P is numerically 
equal to the product TV. However, remember that this does not have the 
physical significance of T  doing work. The equation P =  Mm is much 
preferable because it is the power to be delivered to the wheels whether 
the car is accelerating or not, and it also has real physical significance - 
the moment does actually do the work. 

Figure 52 shows the free-body diagram for a car of mass m ascending a hill. 
I,a/r is the force required to give the front wheel its angular acceleration. 

. . J 

rear wheel 

Figure 52 

Along X: 

so T = D + F , + m g s i n ~ + m a + I , a / r z  

Rotation of the rear wheel: 

M - T r = I , a  

so M / r = T + l , a / r  

= T + l 1 a / r 2  



Substituting the equation for T, and using P = Mu = Mv/r 

where m. = m  + I/r2, the effective mass, and I is the total second moment 
of mass of the four wheels of radius r. This enables you to find the power 
needed to be delivered to the wheels including acceleration and hill climb- 
ing. If you neglect the effect of wheel rotation then m. becomes just m, the 
true mass. You have come a long way using just a few basic principles. 
That is the beauty and interest of engineering - sorting out a complicated 
problem and understanding it, and &g that understanding to improve 
the design. 

SA0 7s 
Check the units of the equation for PIU. 

The car of the earlier fuel consumption example (Example 8) is cruising 
steadily at the reduced speed of 20 m S-'. Estimate (a) the wheel thrust 
required, (b) the axle torque and the wheel power required, (c) the fuel 
power required, (d) the fuel mass Bow rate, (e) the range (km per kg). 
(I) Comment on the change of range. (g) What would happen to the range 
at even lower speeds? 

SAP I 1  
The car in SAQ 80 is travelling at l S m S- ' up an incline at ZO, accelerating 
at l m S-'. Estimate (a) the engine brake power, (b) the range. 

81462 
A commercial vehicle of weight 30 kN has a diesel engine of maximum 
brake power 120 kW. The wheel diameter is 0.68 m. The efficiencies are: 
for installation 0.95, gearbox 0.92, differential 0.9. (a) What maximum 
power is available at the wheels (given suitable gearbox ratios)? At a speed 
of 20 m S-' what maximum thrust can the engine produce at the wheels? 

5.5 Summary 
Power is the rate of work, or rate of energy utilization. Power is a very 
important conoept in engineering because it is the power available that 
determines how rapidly a given amount of work can be done. The size 
and hence cost of an engine or motor is principally dependent on its 
power. 

A force acting on a moving object transmits power into that object given 
by P = Fv where F is magnitude of the component offorce in the direction 
of ii, the velocity of the point of application. If the component of force is 
negative then the power is negative, i.e. energy is being removed from the 
object. 

The efficiency of a machine is the fraction of its input power that emerges 
as the desired form of output power. Although a gearbox can act as a 
lever, increasing the output torque, this can only be done by reducing the 
output speed, or the speed can only be increased by reduction of torque. 
Because of frictional losses the useful output power is always less than 
the input power. The lost mechanical power ultimately becomes thermal 
energy. 



Figure 53 

PowercanPlro l3ccs t imatcddirect lyholn~rgy~lorcxamplc  
when pumping known quaatities ofwater. This is p t i a d i u l y  d where 
detailed b b o d y  diagrams end fora a d y &  would be very di@dt, 
and thea an avoided. Thc basic input powcr rcquirtd mwt be at bast 
qual to the output power, so a low W t  on input power epa u d y  
be cakdared quite essily. If information is availabk on the eWcmy of 
the systdm components, then an estimate of the actual input powar can 
be made. 

Transport vehicks use power @ n u t  clcrodynsmic drag and roWq resis- 
Iance, end intsrmittently against the brakbmlrss and to podm pormtial 
energy when climbing hills. Powa is Plso q u i d  for O r n o r e i c l a t i o n  to 
provide kinetic energy. Thc instantmco~~ power requirement at the 
wheel8 can be estimated by a dgnamic analysis of the vehicle, and the 
C I I ~ ~  power can then bc athared with idonnation on component ct8- 
&my. Hsna t b  rate of fuel consumption may be catimnted, 

6 lmpulse and momentum 

6.1 lntrod~~lng Impulse and momentum 
There is one more fundamental tool of Dynamics that I want to show 
you in this course. This is the use of the concepts of impulse and mo- 
mentum. The linear momentum G of an object in translation is defined as 
the product of its mass and velocity: 

Momentum is a vector - it is in the same direction as the velocity. 

The impulse of a force is 

I - I F  dt 

which is simply Ft for a constant force over a given time t. The change 
of the momentum inside a chosen system is equal to the impulse on that 
system, so 

G , = C , + J  

Impulse is therefore a transfer of momentum, and is also a vector. For 
motion in a straight line 

As a simple example, consider dropping a 2 kg brick, releasing it with an 
initial velocity of 0.5 m S-' downwards. Neglecting the aerodynamic force 
there is only one significant force, the weight (Figure 53). which I shaU 
call F. The fact that it is a weight force is of no special significance. What 
is the velocity of the brick after a time t = 2 S? The initial momentum 
along y is 

Note that the units of momentum arc kg m S-!. 

Over a period of 2 S, the impulse of the (constant) force F = mg along y 
is 

J=Ft=19.6Nx2sJ=39.2NsJ 




