
2.5 Dynamic analysls procedure: summary 
If you managed to find your way through SAQ 14 you will already have a 
pretty good idea of the approach which I am suggesting for the analysis of 
problems in Dynamics. I have laid out this procedure below in the form 
of a block diagram or flow chart. You may find it useful to make a copy of 
this since I will refer to it many times in the course of these Units. 

I do not expect you to be able to use the procedure yet to solve problems. 
In these Units I will discuss the steps which are new to you, leading up to 
the stage where, hopefully, you will have confidence in tackling problems 
which you have not met before. In these first two sections you have been 
given an overview; now we can go on to look in more detail. 

GETTING STARTED 

Sketch the situation and assemble information regarding mars. 
second moment of mass, dimensions, etc. I 
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Consrmn the free-body diagram, Include paition of G. 
, m-ordinate axes, moment convention and significant force 
, vecmn. 

Apply kinematic constraints regarding the tradation of G. I 

Step 7 I Apply kinematic mnstraints regarding rotation. p 1 
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Evaluate I Combine equations and introduce data from Step l I 

Sketch the motlon curves and extract my required estimates of I velocity or diriaament. I 



3 Free-body diagrams 
The importance of the free-body diagram has k n  emphasized many 
timcs during this course. In solving problems in Dynamics it forms the 
most important step. Thii section is therelore devoted to the construction 
of free-body diagrams, for the type of objects which you will meet in 
Dynamics problems. At the same time we can look in a little more depth at 
the forces which must be identified and included in the diagram. Most of 
those, such as weight and friction, you have met before and so we can look 
more closely at the way in which they arise, and our model8 of them. 
Others, such as fluid dynamic drag, may be relatively new to you. 

3. l Gravltatlonal force 
In Block 2, Statics, you saw and constmcted many free-body diagrams 
which included the weight force. You should recall that it is di6mnt from 
the surface form in that it acts on all parts of the ob j~a ,  but that we can 
consider it to act at one point, the antre of gravity, for the purposes of 
analysis. I will return to the weight force and the centre of gravity in a 
moment, but I want to start by looking more g e n d y  at gravitational 
forces. 

A gravitational force acts between any two objects, attempting to draw 
them together. The gravitational attraction foms act along the line 
joining the centres of mass of the two bodies. Newton's law of gravitation 
enables us to calculate the magnitude of this forcc of attraction, P. 

This inverse squm law, that is one embodying the factor l/ra, was 
developed by Newton to provide a theoretical explanation for the motion 
of the planets in the solar gystem. The nature of planetary orbits had been 
deduced by a Gcrman astronomer. Johaooes Kepler, in the early seven- 
teenth cenhuy from detailed ncords of wtronomioal observations made 
by Tycho Brahe, a Dane, in the late sixteenth century. KepIer's thrce lsws 
of planetary motion were therelore empirical in origin. Newton's law of 
gravitation, together with his thrce laws of motion, provided the theoret- 
ical basis to the Dynamics of planetary motion. 

Does the law of gravitation mean that if a pair of steel sphena wm 
sospcndcd as shown in Figure 45 then forces would act bctwem them, 
drawing them towards each other? That is precisely what it means. Indeed, 
this is more or less the experiment which Hmry Cavcndish performed in 
1798 to meas6re G. By measuring the rather small force between two 
spheres of kqown manses he was able to oaldate the value of G to be: 

G = 66.7 X 10-12 Nml kg-' 

An important feature of G is that it does not depend upon the material of 
the objects involved, nor their masscs. 



The two spheres in Figure 45 each have a mass of 5 kg. 

(a) What is the magnitude of the force of attraction between them? 
(b) What is the force exerted on A by B? 

(c) What is the force exerted on B by A? 

You should have found that, because G is very small, the force of attraction 
between the spheres is very small. Indeed it demonstrates the high quality 
required of the Cavendish experiment. In the sort of problems you will be 
doing it would certainly not be a ,significant force. In Engineering 
Mechanics, gravitational forces only become significant when at least one 
of the massts involved becomes large enough to compensate for the small 
value of G (66.7 X 10-" = 0.000 000 000066 7). 

The one common gravitation force which we encounter is the attraction 
which the mass of the Earth exerts on objects around it. This is, of course, 
the force we know as the weight of the object. For objects on or close to the 
surface of the Earth the distance between their centres and the Earth's 
centre may be taken as the radius of the Earth, Since this is about 6370 km 
(6.37 X IO6 m), climbing Nelson's Column or descending a coal mine is not 
going to make much difference to your weight. Indeed even in an aircraft 
Bying at 10 000 m, the reduction in your weight compared with its value 
on the ground is only some 0.3%. 

Approximating the Earth as a sphere of radius 6.37 X 106 m. and mass 
5.98 X 10a4 kg, what is the gravitational force acting on an object of mass 
1 kg: (a) on the surface of the Earth? (b) at an altitude of 1000 km? 

The answer to part (a) of the last SAQ should look familiar. It is 
numerically almost equal to the value of g, 9.81 N kg-', which you have 
used previously to calculate the weight forces of objects on Earth. This 
figure of 9.81 is, in fact, an average of experimental values measured at 
different positions on the Earth's surface. There is some variation due to 
the rotation of the Earth and the fact that it is not a perfect sphere. You 
should now, however, be able to see how the value of g arises: 

g=-- 9.81 N kg-' m, - the mass of the Earth (kg) r: - 
re - the radius of the earth (m) 

As was remarked earlier, we are standardizing on a value of g =  
9.81 N kg-' = 9.81 m S-' in this course. (Although g varies a little with 
latitude from South to North across the United Kingdom, 9.81 N kg-' is 
the value to three significant figures in Milton Keynes!) 

SA0 17 
Assuming the Moon to be a sphere of diameter 3.48 X 106 m and mass 
73.5 X 10'' kg what is the value of g for objects on the Moon's surface? 

An astronaut weighs 685 N o n  Earth. What is the astronaut's mass (a) on 
Earth? (b) on the Moon? (c) What does the astronaut weigh on the Moon? 



Figure 46 

Colatnrtiag the freebody diagram 

As I have said previously, gravitational forces are different from the 
majority of foroes, in that they act not on the surface of an object, but on 
every particle throughout the object. When you construct the fm-body 
diagram, however, you need a single force vector positioned such that it 
would have the same effect on the object as the distributed force. 

So where should this single vector be positioned to produce the same 
effect? I do not think you need any sort of mathematical derivation. You 
should racall that, to produce a rotational acceleration there must be a 
moment about the centre of mass of an object. If an object, such as the golf 
ball you met in Section 2, is allowed to fall under the action of gravity there 
is no rotation induced. The gravitational force must, therefore, not have a 
moment about the centre of mass. I hope it seems reasonable, therefon, 
that we can replace the distributed gravitational forces by a single force at 
the antre  of mass. 

&cause gravitational forces are considered to act at the centre of mass the 
terms 'centre of mass' and 'centre of gravity' arc often used synonymously. 
Strictly speaking there is a difference. Consider the uniform column 
standing vertically on the Earth, Figure 46. The centre of mass G, is at the 
geometrical centre. Equal mass particles closer to the Earth, such as m, 
will, however, experience a slightly greater weight force than particles such 
as in2 since the force varies inversely with the square of the distance from 
the Earth's centre. The centre of gravity G, will, tberefon, be slightly closer 
to the Earth than the centre of mass. 

For almost all engineering purposes the di&rence in position between the 
centres of mass and gravity is not sigai6cant. Certainly in this course all 
gravitational f o r m  will be simplified to a single force acting through the 
centre of mass. 

SA0 10 
A space station is positioned relative to the Earth and Moon as shown in 
Figure 47. The mass of the Earth is about 5.98 X 101' kg and that of the 
Moon 73.5 X 101' k g  The station weighed 50 000 N on Earth. 
(a) Calculate the mass of the station. 
(b) Draw a free-body diagram of the station (showing the gravitational 

fonxs in magnitude and d i i t i o n  relative to the co-ordinate system 
shown in the diagram). 

(c) Draw a Im-body diagram of the Moon. 

3.2 Forces caused by surfaces In conW 
In order to understand the models which are used to estimate the forces 
between surfaces in contact it is first necessary to appreciate something 
about the nature of surfaces. Consider the surface of the table top on which 
you are working, or the surface of this page; both would be dcsctibcd in 
everyday language as 'smooth'. In the construction of machine wmpo- 
nents, such as the bearings of a car engine, a great deal of effort is expended 
to produce surfaces which are considerably 'smoother' than this. But how 
smooth is smooth? Even bearing surfaces, if examined under a microscope, 
turn out to be topographically more akin to a mountain range than to a 
flat plane! Indeed the comparison is a good one to keep in mind for it not 
only emphasizes the imguhi ty  ofthe surfacc, but also the contamination 
which is always present in between the upstanding a m ,  or asperities as 
they are known. 



3.21 Normal contact forms 
Figure 48 shows what happens when two of these microscopic mountain 
ranges come into contact. You will remember that the normal force was 
defined in Block 2 to be the force component perpendicular to the 
contacting surfaces. The normal force pressing the surf- together is not 
distributed over the full area hut is actually taken by those asperities which 
happen to touch. If the n o d  force increases then those asperities will 
deform, more asperities will meet, and the actual surface area in contact *cllUleow 

only MW p n k a  
increases to support the load. Figure 48 
Consider now a block standing on a level surface. You could visualize it as, 
say, a container standing on the floor. Figures 49 and 50 illustrate such a 
situation with the contact surf- magni6ed to give some impression of 
the way in which the weight of the block is resisted by the normal forces at 
the asperity contacts. Of course, when we draw the free-body diagram, we 
replace all of these individual normal forces with a single equivalent force 
R, as shown in Figure SO. 

Now consider what happens to the normal force when we apply a sideways 
push to the block, as shown in FigweSl. As you saw in Statics tbe 
tendency for the block to tip over is resisted by a shift in the line of action 
of the normal force. If we envisage the surfaces as being perfectly flat and 
smooth it is diicult to sw how suoh a shift could -, the force is either 
distributed evenly over the contact area or the block ia tipping over. If, 
however, we noognize that the contact is only at the asperitica then a 
turning moment is resisted, after a very d rotation, by a ditlemt set of 
asperities The equivalent position for thme forces can be seen to have 
shifted as shown in the ftee-body diagram of Figure 52. F w e  52 

C- the free-bdy -m 
When inserting n o d  contact forces on the free-body diagram there are 
only a fnv points to remember. The W o n  is, of cowne, by definition 
perpendicula~ to the s d c e .  If the apparent oontact M a point or a line, for 
sxampk, the wheel in Figure 53, which is assumed not to deform at the 

' 

contact point, then the line of action is also known. Ifthe apparent contact 

action has to be determined by consideration of the m o k S  acting. It is, 
area M a surface, such as that of the Hook in Figure 49, then the line of ~ i g u ~  53 

however, uaually possible to detedne by h p d o n ,  on which side of the 
centre ofmass the reaction acts. W1th c o n ~ ~ ~ t r i c  curved o u r l a m  in contact 
such as the shaR and bssring (Figure 54, it is not possible to decide on the 
Une of action without analysis. In such casts it is usual to k x t  the foroes 
as oomponents as shown '3' 
SA0 20 Figure 54 

R g w e  55 shows a series of objects in contact with the ground Construct 
the b b o d y  diagram for each object and insert the n o d  reaction force 
in each W. 
(a) Irr+'@ I b~ (c) (d) '2'2 

F@e 55 

29 



8.2.2 TangentIaI wnt.el lomr - frtctlon 
In Statics you met the concept of friction: a tangential force between 
contactkg surfaces which resists slip, tendency to slip or relative motion. 
You should recall that it can take any value up to a limiting value at which 
point relative motion OCCUIS. From consideration of the asperity wntact 
between surf= you can probably now appreciate the mechanism 
through which this form a&s. In order to produce relative tangential 
motion of two contacting surfam, sufficient force must be provided to 
shear the bonds which have been formed owr the actual contact area. 

If the bonds are stronger than the shear strength of one or other of the 
materials then the mechanism of slidimg will involve the asperities in the 
weaker material being broken off. This would w u r ,  for example, ifa block 
of candle wax was sliding aaoss a metal surface. A good example is the 
wear of ffirtain types of @cial replaments for human joints, w k  one 
component is metal and the other polyethylene..The wear rate decreases ' 

dramatically after an initial period, during which a tllm of the polyethylenc 
is transferred, and a s  the gaps between the asperities on the metal 
component. 

If a contaminant is interposed between any contacting surfaces the 
strength of the bonds is drastically reduced. This is the mechanism of any 
lubricants, in particular, greases. However, oil lubrication is usually 
designed to separate the asperities completely, thus reducing the force to 
that required to shear the oil film. 

Friction is, then, a vsfy complex process and any model which we use is 
bound to be a gross simplihtion. That does not, however, red- its 
usefulness for our purposes. It simply means that once more wt are 
reminded that our wlculations provide 'estimates' rather than 'answers'. 

In Statics you saw how the friction force F would resist the motion of, for 
example, the block shown in Figure 56. It can take any value up to the 
limiting Come F,, given by: 

The value of p depends upon the materials in wntact, and the surface 
condition. Typical values for p were given in Table 2 of Unit 4, which is  
repeated here as Table 1. 

Table 1 Table of typical coefecients of limiting friction 

Material A on Material B 

PTFE 
wood 
Steel 
Steel 
Steel 
Steel 
Normal car tyre 
Racing car tyre 
Normal car tyre 
Any two greasy surfaces 

Most things 
Most things 
FTFE polymer 
White bearing metal 
Brass 
Steel 
Tarmac (clean and dry) 
Tarmac (clean and dry) 
Ice 



You may have thought it strange that the area of wntact makes no 
difference. Certainly racing cars use wide tyres, providing a greater area in 
contact with the road, in an attempt to get better 'grip'. Let us then look at 
frictional forces in terms of the asperity contact which we know to exist 
between surfaces. As I have said before the maximum frictional force F,, 
is the force required to shear the bonds. This is going to be proportional to 
the area actually bonded together, the actual contact area A,. 

Now the wntact area A, increases with the normal force acting: 

A,=k2N 

so then 
F, ,=k,k ,N 

Calling the product of the two constants p returns us to the relationship 
with which you are familiar, F,. = pN. 

So in this model the maximum frictional force available between a pair of 
surfaces is proportional to the actual wntact area (though not the 
apparent area) which is in turn proportional to the normal reaction, hence 
the well known relationship. This model does in fact work quite well for 
hard dry materials in contact although the actual values for p have to be 
used with some caution since contamination of the surfaces has a very 
significant effect. (One survey of published figures for p between steel 
surfacts demonstrated a variation from 0.15 to 0.82.) 

Why, then, do racing-car designers need to use large contact areas between 
tyres and road to increase the frictional force available? With a highly 
deformable material such as tyre rubber the actual wntact area is not 
much less than the apparent contact area. So in order to increase the 
bonded area, the apparent contact area must be increased. This calls for 
wider tyres. 

So far then we have a means of estimating the friction force that is possible 
between 'dry' surfaces of the majority of materials. What happens to the 
frictional force when the limit of resistance is overcome, when relative 
motion is occumng? 

Look again at Figure 56. If the driving force P steadily increases with time 
and the friction force F is monitored, they would have a form similar to 
that shown in Figure 57(a). The friction force is equal in magnitude (and 
opposite in direction) to the force P up to the point where slipping occurs. 
Thereafter, there is an immediate reduction in the friction force followed 
by a steady reduction with increasing sliding velocity. This is equivalent to 
the graph of p against sliding velocity shown in Figure 57(b). 

The value of p for two surfaces in relative motion is typically about 75% of 
that at F,,,. Thinking again of the contact between asperities, the drop in 
p is due to the fact that a bond formed and immediately broken during 
sliding is weaker than one which has formed statically. The drop in friction 
we5cient with the onset of slidiig is worthy of discussion since it helps to 
explain many observable phenomena (for example, the fact that it is 
important to keep the tyres on the point of slip rather than actually sliding 
when braking on ice). 



Tinmls vlms-' 

Figure 58 

When estimating fdctional forces in dynamic analysis, however, we usually 
use a simpler model. The model which you wiU be using on this course is 
shown in Figure 58. Comparison with Figure 57 will demoastrate the 
simplification involved. I am suggesting that reasonable estimates may be 
obtained using a single value for p. The frictional force thus rises to a limit 
and maintains this value unaffected by sliding velocity. It may seem 
strange that we use a model which deliberately ignorea a phenomenon 
which we know to exist There is little point, however, in increasing model 
complexity when, as I said earlier, our estimates of p are liable to rather 
large errors. If you were interested, for example, in the field of human joint 
replacemmt this type of model would give a first estimate of how the 
frictional characteristics of metal/polyethylene joints would compare with, 
say, metal/metal joints. If, however, you were involved with the detailed 
design you would have to resort to experiment to determine how friction 
and wear actually depended upon load, speed, roughness, materials and 
so on. 

The wheel was invented to reduce the effects of friction - sliding is replaced 
by rolling at the contact. Your experiences of moving furniture with and 
without 'castors' will confirm that the resistance is less with castors, but 
not zero. The remaining friction is called rolling resistance, and must often 
be taken into account in vehicle analysis. The resulting coefficient of 
friction is generally less the larger the wheels, and also depends upon the 
materials, in particular their hardness. Examples are s ta l  on steel, such as 
railways, giving p % 0.001, and pneumatic tyres for cars on tannac giving 
p % 0.01 to 0.02. 

Rolling resistance can be generated by several factors, such as deformation 
at contacting surfaces (a tyre on the road) and Mction in the wheel 
bearings. A full analysis is very complicated so I will use a simple model 
here. I will indicate rolling resistance on my free-body diagrams, when 
appropriate, by a single force vector opposing motion at the front of the 
body, approximately at axle height. (See, for example, the solutions to 
SAQs 31 and 32). A fuller discussion of rolling resistana will be given in 
Block 7, later in this course, 

Drawing the freebody diagram 
Marking the c o m t  friction force on the free-body diagram is a step at 
which mistakes often occur, in both static and dynamic analysis. You saw 
in Block 2 that the Mction force is tangential to the contacting surfaces. 
The other factors to consider are the sense and the magnitude. If there is 
sliding, or slipping, at the contacting surfaces, then, in accordance with the 
simple model of Figure 58, 

F = F,, = pN 

and the sense of the force opposes the relative motion. 

U you imagine yourselI as part of the object for which you are drawing 
the FBD, then the relative velocity of the other (contacting) objcd is 
in the same direction as the friction force on the free body. You can 
imagine the contacting surface trying to drag the 'free body' along with it 
(Figure 59). 



What if sliding is not known to be occurring? Then of course F may well C 
not equal F-. C c W y  F will not be greater than F- and the force 
magnitude will depend upon the static or dynamic analysis, where F wiU 
be the size required to prevent slipping. 
Similarly its sense, or direction, will be dependent on the details of the 
Statics or Dynamics. Physically the friotion fora will oppose the tendency F W e  

of the body to slip at the contact surface. In the case of no dipping, if you 
mark F in the. wrong direction then the. mathematics can cope with this 
and will givc a negative value result, provided you make no mistakes. 
However, to get a physical fed and understanding of the problem it is still 

to imaginc what would happen if there was acgligibk friction at that 

-Q 
better, and safer. to mark F in the right d i d o n .  A good way to do this is fa, 

N, 
surfacq imaginc the surlaa to be 'icy'. The result will be sliding at the 
surface, so you can chwsc the direction of F to resist that motion. 

As an example consider the bulldozer pushing an oil drum (Figure 60). 
The free-body diagram of the drum will include a weight force and two 
normal reactions (Figure 61a). What about friction? We do not h o w  
whether the oil drum will slide or roll, but imagine the ground to be i a  

-Q NI 

under the drum. The drum will slide rather than roll, so from the sliding, 
F, is to the. l& (Figure 61b). The moment of the force F, around the drum 
antm will givc the drum a tendency to rotate, or roU on the ground. In 
thew circumstances what friction force is ~encratsd b e e n  the drum and 
the bulldozer front plate? Considex the bulldozer front plate. to be ice. The 
dnun will IOU on the ground, dipping at the line of contact with the 
bulldoze.r, so the friction fora on the drum is downwards (R- 61c). 6, 
Whether the drum will achlally slip at either, or both, of the ground and 
bulldozer contacts will naturally depend upon the two co&ents of 
friction. 

The analysis of vehicles such as can is a common problem in which 
friction is an important consideration. When I puU away in my car, how is 
the car actually caused to accelerate forward? (Figure 62). Figure 63(a) 
shows an incomplete free-body diagram for one of the wheels driven by the . , , 
engine - in this case a rear one. 

F l p e  62 
The body ex- vertical and horizontal forces at the antrc, and when I 
release the clutch the enginc applies a torque M to the wheel. The ground 
exerts a vertical reaction to support the car, but what about friction? Using 
the i a  method, without friction the wheel would spin clockwise because of 
the applied moment, so the friction force tries to stop this happening, and 
acts to the right on the wheel (Figure 63b). Considering the k -body  
diagram of the complete car with wheels (Figure 64), this friction force is 
the fora that pushes the car forward giving the acceleration 

reaction components at the antre. The ground provides a vertical reaction 

(br 

What about the front wheel? The body appliw vertical and horizontal Fwe 63 
7- 

(Figure 656, and also friction, but which way? On 'ice' the wheel being 
pushed along at the centre, would slide without rotating, so friction acts to 
the left (Figure 65b). On the car as a whole, this friction force opposes the 
forward acceleration, but is much smaller than the friction from the 
driving wheels and can often be neglected. 

Conversely if the car in Figure 62 is driven by the front wheels, the analysis 

whala The overall driving force on the car is then the di6nena betwm 
the total friction force acting forwards on the front wheels and the total 
friction force acting backwards on the. rear wheels. 

$3 
of Figure 63 applies to the front whctls and that of Figure 65 to the rear M 

This analysis, of course, has made no allowancc for the rolling resistance to 
which I referred earlier, but it does illustrate how simple, physical insight 
can be used in many cases to determine the direction of a friction force. 

In summary then, the friction model that you will be using in Dynamics is 

33 

the m e  as in Statics, but now I have added that o n a  dipping ocours, the Figure 65 



friction force will be estimated from F = F- = pN. Probably the most 
common mistake is to use F =  F-, when this M not actually true. 
Remember that this can only be used when slipping is occurring, or at least 
is impending. 

SA0 21 
(a) A tree trunk rolls down a slope, supported by the reversing bulldozer 

(Figure 66). Draw the frce-body diagram for the tree trunk. 
(b) Would it be different if the bulldozer was going forwards instead of 

backwards? Draw a new free-body diagram to decide. 
Figure 66 

SA0 22 
Figure 67 shows a pair of rollers which are processing a sheet of metal, 
thinning it down slightly. The moment M applied to the lower rollers draw 
the sheet through, pulling against its tension. The top roller is driven by - the metal sheet. Draw frce-body diagrams for the two rollers, and for a 
short piece of metal, of negligible weight, between the rollers. Neglect 
bearing friction of the bottom roller, but not of the top one which is faulty. 

Figure 67 

3.3 Fluld dynamlc forces 
One of the forces that you looked at in Statics was that due to the pnssun -+ of a stationary fluid In Dynamics you also have to consider the possibility 
of forces arising from the steady motion of an object through a fluid, for 
example, an aeroplane or ship, or the steady motion of fluid past an object, 

(vA). for example, the wind on a building. From your Kinematics studies you 
should be able to appreciate that these a n  equivalent problems, in that it is 
the relative velocity of the object and'the fluid that matters, so the problem 

Figure 68 of the force of the air on an aeroplane can be considered from the point of 
view of the pilot, that is, with co-ordinate axes fixed in the aircraft, in 
which it is the air which moves, past the aircraft, just as air does past a 
building in the wind. This equivalence is valid when the motion is a steady 
one. If either the body or the fluid has an acceleration matters arc more 
complicated but I will not discuss this aspccl further here. 

The engineers desigaing an aircraR that will fly, or a building that will 
resist high winds, nccd to estimate the consequent forocs. In drawing the 
free-body diagrams for such problems, you will nccd to include thefluid 
dynmnkforce, and you will need to estimate its magnitude, direction and 
line of action. 

In studying 'dry' friction it was convenient to divide the total force exerted 
at a contact into two perpmdicula~ components, a normal one and a 
friction one. Similarly, in analysing fluid dynamic forces it is often 
convenient to consider the total force in two components. The one parallel 
to the general flow direction is called drag, D, and the perpendicular one M 
called lift, L (Figure 68). These terms originated in application to aircraft, 
of mum.  Figure 68 shows the forces on an aircraft in level flight and 
Figure 69 shows the free-body diagram for a climbing aircraft. 

Fluid dynamic forces also occur on moving underwater objects - for 
example, fish and submarines, and on surface ships too, when the waves 
created by the ship cause additional drag. Similarly when an aimaft Bies 
at a spced close to or above the speai of sound (about 340 m S-' at sea 
level), waves are created in the air, which you hear as the sonic boom. Even 
at the more mundane spced of motor vehicles the aerodynamic drag is of 
great importance - most of the petrol is used in fighting against it. The 
enormous world consumption of oil and its products by transport vehicles, 
mainly cars and planes, is largely spent maintaining speed against 
d y n a m i c  drag. 

34 



The commercial importana of such form is therefore considerable. A 
detailed study is the provina of Fluid Mechanics and outside the 
immediate aims of this course - here we can only touch upon a few of the 
badc ideas. 

Are there any simple rules for predicting the e m  of size and speed, and 
indeed the shape of an object, on fluid dynamic forces? The answer to this 
is a qualified 'yes'. The fluid flow around most objects is enormously 
complicated in detail, so you could not expect simple rules to be very 
accurate. Fortunately however, there are some simple rules which are quite 
good for most purposes. Within the range of speeds of cars and low-speed 
aircraft, the foras are proportional to the square of the speed, F a v'. 
Doubling the speed produces four times the force. 

Also, for two objects of the same shape but different sizes, the force is 
proportional to the relevant area A, so that F a A. Moreover the area is 
proportional to the square of a suitable length dimension. A half-scale 
model at the same speed would therefore have close to (f)', that is one- 
quarter, of the force. It also turns out that the force is proportional to the 
dendty of the fluid, F cc p. So the force is proportional to speed squared, 
area, and density, F a pu2A. To e x p m  this as an equation we need a 
constant, C, giving 

I have taken this opportunity to introduce the 'half' here because fpv2 is 
called the dynmnic pressure, usually symbolized by q. If a tlat plate is held 
across the fluid flow then 

is the extra pressure that the fluid exerts against the middle of the front of 
the plate. Writing fpu2 as q we end up with the expression 

F=CqA 

C is called theforce coegfcient, or more strictly here the drag coegfcient, 
and A is a reference area which must be specified. For an aircraft the wing 
area in plan (top) view is normally used. For many other objects, including 
cars, it is normal to use the frontal area, that is, the total ana of the front 
view. If this seems complicated, let me summarize the steps in estimating a 
fluid dynamic fora. 

,;.. 
Calculate d ~ ~ ~ ~ n s s u n :  q = f p$. Ensure tkacyi$r* the 
coneot fluid-a&sii,, and the relative speed'ofobjg and fluid. 
act a force &ent estimate (including which &a tbis is 
referred to - wing ana or frontal area), usually from other 
e x p e h t a l  nsults. I 
~ubstitute in F =CqA using appropriate A for the aurru~t case. 1 

How well does this work? It can be pretty good. However, the detailed 
behaviour of fluids is complex, so the results have to be treated with some 
caution. If the drag is measured for a sphere of 100 mm diameter, over a 
wide range of speeds in air, we can calculate the drag coefficient at each 
speed. The reference area is the frontal area, n? = 7.85 X lO-=  m'. At 
v = 5 m S-', q =fpv2 =f  X 1.225(5)' = 15 N m-' and the measured drag 
is 0.055 N. From F = CqA, the drag coefficient C = FIqA = 0.47. The 
results for a range of speeds are given in Figure 70. If our model of drag, 
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These comments on the aerodynamics of cars have becn couched in terms 
of drag and the design goal of redwing such form. Lift forces are also 
experienced by cars and by either increasing or reducing the loads carried 
on the wheels, such form can change the magnitude of the friction forces 
generated on the ground. Changcs of this kind will affect a car's dynamic 
and control charaotcristics. Some car designs incorporate small 'wing' at 
the rear, although in many cases such aerofoils m more as flow control 
devices rather than S i n g  surfaces. 

Aerodynamic form also have a role to play in the directional stability of 
can, although in this context the effects of the lateral foras are also 
important. The vertical tail fins on the test vehicle of Figun 73 contribute 
to directional stability. 

Drawing the fre&odj diagram 
The previous explanation should enable you to estimate the magnitude 
and direction of fluid dynamic form if you a n  given the appropriate 
information. What about the line of action? This is a difficult problem 
except for very simple shapes, and is usually measured experimentally, 
when needed. In general a drag force, for example, is directed very roughly 
through the centre of frontal area. If you need to know the line of action to 
solve a problem then you will b$ given that information -otherwise when 
drawing the free-body diagram just show the force vector at a position 
which you think reasonable. 

One difficulty which you will encountef ia deciding in which cases fluid 
dynamic forces are significant. In engineering practice such decisions are 
founded on experience and preliminary oalculations. In these early stages 
of your studies it is not easy to decide. However, remember that the force 
depends on the relative fluid speed, so in problems where this is zero (for 
example, accelerating from rest) the fluid force must be zero. In facing 
examination or other assessment questions you obviously must neglect the 
force if you are not given the information needed to estimate it. If you are 
given a drag coefficient, that is a pretty clear hint to use it. 

4 Translatlonal motion 
In Section 1 you were asked to accept that if a system of forces acts on an 
object (Figure 74). the motion of the centre of mass may be estimated from 
the relation 

R=& K - the resultant of the force system 

m - the mass of the objcct 

cT - the acceleration of the centre 
of mass 

Now we will look at the justification for this and go on to use the first five 
s-of the problem-solving proccduro of Section 2.4 to analyst situations 
in which rotation is not important. 

I should emphasize, at this stage, that you will not bt expected to 
reproduce the derivation of 4.1. It is included because I feel that it is much 
easier to use an equation once you have seen how it is derived. 

4.1 Derlvatlon of the translatlonal equation, 
R= ma 

The starting point is Newton's Second Law of Motion for a particle. This 
is summarized in Figure 75. Since we will only be dealing with problems 
which can be analysed in two dimensions we will not need the z co- 
ordinate. It is worth noting that three-dimensional analysis does not 

-X 
Figure 75 R, = ma, R, - may 




