
2 Kinetic energy 

2.1 Translation 
If I apply a force of 8 N to an object as it moves a distance 2 m, far out 
in space where I can neglect other forces, then I have done 16 J of work 
and the object will have acquired a velocity. For a mass of 2 kg, using the 
methods of Block 4 I can say that the acceleration will be constant: 

Over the distance 2 m, using the constant acceleration formula v'= 
u2+2kswithu=0, 

~ ~ = 2 k s = 2 ~ 4 ~ 2 = 1 6 m ~ s - ~  

v = 4 m s - '  

The result of the 16 J of work done on the 2 kg object is that it has 
acquired a speed of 4 m S-' (Figure 8). 

Now if I try to stop the object, I shall have to apply a force against its 
motion, i.e. do negative work on it. To look at this another way, the object 
will do positive work on me, or anything that tries to stop it. Furthermore, 
the work done by the object whilst stopping will be equal to work put in 
to get it going (remember that we are operating under conditions where 
other forces are negligible at the moment). Any moving object is capable 
of doing work in being brought to rest. A convenient way of thinking 
about this is that the moving object is 'carrying' this ability to do work. 
In other words it has energy. This is an important point so I shall repeat 
it. Mechanical energy is the ability to do work. The energy associated with 
motion is called kinetic energy. 

In my example I applied 8 N through 2 m, giving 16 J of work. If I had 
instead applied 16 N through 1 m, the work would still be 16 J. The 
acceleration would be 8 m S-' which at constant acceleration over l m 
gives, from v2 = 2ks, v = 4 m S-', the same speed as before. This is true 
even if the force is not constant. As long as the work is 16 J, for a 2 kg 
mass the speed comes to 4 m S-'. Therefore, we can say with some con- 
fidence that a 2 kg object translating at 4 m s-' had 16 J of work done 
on it to get it going, and can do 16 J in stopping. It is said to have 16 J 
of kinetic energy. 

Now obviously it is going to be very important to an engineer to be able 
to calculate the energy of a moving object, to tell how much work would 
be needed to get it going, or how much it will produce if it is stopped. 
For translation you would expect this to depend only on the mass and 
speed. Indeed it does - the kinetic energy is simply given by 

K = f mu2 

The $etails of the way the work was put in do not matter. Just as a check, 
you can see that 2 kg at 4 m S-' has a kinetic energy 

K=fmu2=f  x 2 k g x  161n%-~ 

= 16 kg m2 S-' 

The value of 16 agrees, but what about the units? 1 N is 1 kg X l m S-', 

so 16kgm2s-2=16Nm=16J.  

If you try using the methods of Block 4 to find the speed resulting from 
various forces and distances on various masses, you will certainly confirm 
the result that +mu2 equals the work done. In fact, if we take the equation 
v2 = 2ks (from u = 0, constant acceleration k), and multiply by fm, then 
)mu2 = mks. Now ink = F, so the right-hand side is Fs which is the work, 
and the leh-hand side you will recognize as the energy. 
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Figure 8 



Energy then is the potential to do work, and kinetic energy is a measure 
of the ability of an object to do work by virtue of its motion. Like work, 
kinetic energy is a scalar: it does not have direction. Because m and v' are 
both always positive, kinetic energy can never be negative. 

A large aircraft of mass 250 X 1O'kg has four engines giving a total 
horizontal thrust of 800 kN. Make a simple estimate of the length of 
runway required to acquire the take-off speed of 50 m S-', neglecting drag 
and tyre resistance. 

801udlon 
The work done, force times distance, must equal the kinetic energy: 

Of course, I neglected aerodynamic dtag to keep the example very simple. 
To solve this problem by the methods of Block 4 would require you to 
first calculate the acceleration, and then use Kinematics, which would 
take much longer to do. Of course, there are some problems that have to 
be done using the methods of Block 4 for example if you want to know 
an acceleration or a force at a particular instant. 

Estimate the kinetic energy of 
(a) A 3 g machine component at 2 m S-'. 

(b) A0.I kgappleat4ms-l .  

(c) An 80 kg man walking at 1.5 m S-'. 

(d) A 1400 kg car travelling at 20 m S-'. 

(e) A 100 Mg plane flying at 280 m S-'. 

You throw a cricket ball of mass 170 g at a speed of 20 m S-'. (a) Estimate 
its kinetic energy. @) You threw the ball by applying a force for a distance 
of about 0.5 m. Estimate the average force. 



2.2 R0t8ti0n 
You have already seen that work can be done by either a force or a torque. 
Correspondingly, there is kinetic energy associated with rotation whether 
there is any translation or not. In other words, it requires a torque moving 
through an angle to do work to provide kinetic energy of rotation, and a 
rotating body is capable of doing work in stopping. 

In Block 4 you saw that for translation and rotation there arc analogous 
equations representing Newton's Second Law, F = ma and M = la, where 
I is the second moment of mass and a is the angular acceleration in 
rad S-'. Hence we would expect the kinetic energy equation K = fmv2 to 
have an analogous equation K = +lw2 where w is the angular velocity. 
This is indeed the case. Please note that whether it is a force or a torque 
that is involved, the work and kinetic energy are of exactly the same 
nature and all have the unit J (joule). (Actually the kinetic energy of 
rotation can be consided to be the sum of the kinetic energies of transla- 
tion of all the particles of the object, each beiig 'credited' with its tangen- 
tial velocity.) 

You should remember from Block 4 that when applying the equation 
M = Ia the normal method was to measure M and I about the centre of 
mass G, although M = l a  can also be used correctly about a fixed axis of 
rotation provided that the appropriate I value is used. Thin is often useful 
for example for a machine link pivoted to the frame (Figure 9). 

For combined translation and rotation (considered in more detail in 
Section 2.3), the total kinetic energy is 

K = fmv2 + )lw2 

where v is the speed of the centre of mass, and I is the value about G. 
Using 

v=wd 

where d is the distance from G to the pivot, 

K = fm(od)' + f l u 2  

=f(md2 +I)w2 

= fl,,u2 

where l. = I + md2 (Parallel Axes Theorem, Block 4). 

I. is the second moment of mass measured about 0. For a link pivoted 
to the frame it is usually a little easier to use this method than to analyse 
motion of G. Also if the second moment of mass is measured expcrimen- 
tally, it is usually I. that is actually determined. This is just a matter of 
convenience and if you prefer to always work about G then do so. 
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(a) What are the S1 units of I (second moment of mass)? 
(b) Check the units of K = flw2 

Figure 9 

If a calculation is performed about a fixed axis, not through G, is the 
calculated w or a affected? 



Table l Second moments of mass 

12) IO = I0+md1, where In is the value for a parallel axis through G. 
13) I for an assembly IS the sum of the Is for the pans about that axls. 
(4) I for a 'hollow' form is the difference between the solid and missing I 

Table I shows the values of I for some basic shapes. Such a table cannot 
show the I value for every possible axis of rotation, but as you have just 
seen you can calculate I0 from I, (where 1, is about an axis through 0 
parallel to the axis through G), by using 

The total mass is m, and the perpendicular spacing of the axes is d. (In 
Unit l1 you saw a similar formula for the second moment of area of a 
cross-section - the similarities between these two continue, and so does 
the danger of confusion, so please be careful.) If d is large then most of 
the I. comes from the md2 term rather than I,. An example of this would 
be a hammer swung about the end of its handle. 



F i  10 shows the pendulum of an impact testing machine used for 
measuring the toughness of materials, i.e. the amount of energy required 
to break them. In the position shown o = 4 rad S-'. Estimate (a) the 
second moment of mass about the axis through 0, and (b) the kinetic 
energy of the pendulum. 

sahmon 
(a) Approximating the arm and head as uniform and rectangular: 

For the arm (using Table 1) 

I o = d 2 + I o  

= (0.8 X 0.4') +A X 0.8 X (O.la + O.ga) 

= 0.128 + 0.043 

=0.171 kg ma 

For the head 

Io=md'+Io 

=(2 X 0.85l)+& X 2 X (0.Ia+0.2') 

= 1.445 + 0.008 

= 1.453 kg m' 

Total l. = 1.624 kg m' 

Note that nearly all the 1, comes from the mdz term for the head. 
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A large flywheel has mass l S00 kg and radius of gyration k = 0.75 m. The 
flywheel is running at 120 rad S-' when it is di~comected from its drive. 
It is found to complete 2500 revolutions in coming to rest. Estimate 
(a) the initial kinetic energy, (b) the average resistance torque. 

Figure 11 shows two solid bodies rotating with an angular speed of 
100 rad a-'. Estimate the kinetic energy of each. 

The flywheel of a punching machine has second moment of mars 20 kg m'. 
Each punching operation uses 2.4 kJ of energy. 
(a) If the flywheel's angular speed is 240 rev min-' just bdore punching, 

estimate the speed imrncdiitely afterwards, 
(b) A constant torque of 48 N m is applied to the flywheel shaft to bring 

it back to its original speed. Estimate how many revolutions this 
takes. 



2.3 Combined motlon 

Figure 12 

Figure 13 

In Block 4 you treated the dynamic analysis of combined motion as a 
translation of the mass centre G and a rotation about G. Is this a useful 
approach when using work-energy methods? Yes, it usually is, because 
the kinetic energy of an object in combined motion is simply the sum of 
the energies of translation and rotation: 

It is of course essential that the speed of the centre of mass should be used 
in this case, and I must be measured about G. 

Figure 12 shows a grounded link of a four-bar linkage. It is symmetrical, 
so the centre of mass is at the centre. Estimate (a) the speed of G, (b) I 
(I without a subscript means measured about G), (c) the kinetic energy. 

In this case there is a fixed axis, so you could have worked the other way. 
Estimate (d) I,, (e) the kinetic energy. 

Figure 13 shows a satellite made up of small spheres of mass 800 kg joined 
together by a light tube. (a) Where is G, the centre of mass of the satellite? 
(bi~stimate I. (c) Estim& the kinetic energy of rotation. (d) What is the 
tangential velocity of each sphere relative to G? (e) What is the kiietic 
energy of translation associated with this velocity (both spheres)? 

An axle unit comprising two wheels (each of mass 14 kg, radius of gyration 
0.22 m, radius 0.28 m) joined by a light axle, is rolling at a speed of 5 m S-'. 

(a) Estimate the kinetic energy. ( b ) ~  retarding force of 100 N is applied 
horizontally to the axle. What distance is covered before it stops? 

A small car of total mass 720 kg has four wheels each of diameter 0.56 m, 
radius of gyration 0.22 m and mass I2 kg. The car's speed is 36 m S-'. 

(a) Estimate the kinetic energy. 
(b) What fraction of the total energy d o s  the wheel rotation contribute? 

2.4 Summary 
Kinetic energy is the mechanical energy associated with motion of an 
object. For general plane motion K = *mu2 + flm2 (v and I the values for 
the centre of mass G). For pun  translation W = 0 and K = fmv2. For pure 
rotation about G, v = 0 and K = 413 .  For fixed-axis rotation other than 
through G, it is permissible and sometimes more convenient to use 
K = flow2 with I, measured about the appropriate axis. 




