
14 Vehicle body aerodynamics 

The constant need for better fuel economy, 
greater vehicle performance, reduction in wind 
noise level and improved road holding and stability 
for a vehicle on the move, has prompted vehicle 
manufacturers to investigate the nature of air resist- 
ance or drag for different body shapes under 
various operating conditions. Aerodynamics is the 
study of a solid body moving through the atmosphere 
and the interaction which takes place between the 
body surfaces and the surrounding air with varying 
relative speeds and wind direction. Aerodynamic 
drag is usually insignificant at low vehicle speed but 
the magnitude of air resistance becomes consider- 
able with rising speed. This can be seen in Fig. 14.1 
which compares the aerodynamic drag forces of a 
poorly streamlined, and a very highly streamlined 
medium sized car against its constant rolling resist- 
ance over a typical speed range. A vehicle with a 
high drag resistance tends only marginally to 
hinder its acceleration but it does inhibit its maxi- 
mum speed and increases the fuel consumption with 
increasing speed. 

Body styling has to accommodate passengers and 
luggage space, the functional power train, steering, 
suspension and wheels etc. thus vehicle design will 
conflict with minimizing the body surface drag so 
that the body shape finally accepted is nearly always 
a compromise. 

An appreciation of the fundamentals of aero- 
dynamics and the methods used to counteract 
high air resistance for both cars and commercial 
vehicles will now be explained. 

14.1 Viscous air flow fundamentals 

14.1.1 Boundary layer (Fig. 14.2) 
Air has viscosity, that is, there is internal friction 
between adjacent layers of air, whenever there 
is relative air movement, consequently when there 
is sliding between adjacent layers of air, energy is 
dissipated. When air flows over a solid surface a 
thin boundary layer is formed between the main 
airstream and the surface. Any relative movement 
between the main airstream flow and the surface of 

F i g .  1 4 . 1  

1600 

Z 
v 1200 
E 
0 

o 
E 
E 

o 

~ 800 
O 

O 

E 

400 

I I I I ~ I ; 

_ 

f ! ~ rolling r e s i s t a n c e  

I I I I , I , 

40 80 120 160 

V e h i c l e  s p e e d  (km/h) 

Comparison of low and high aerodynamic drag forces with rolling resistance 

584 



Outer 
Full velocity of air flow layer 

V5 , ' ~  
Parabolic rise "O 

:3t- V4 , / ~  in air layer 
o velocity from inner I,. 
'*"O ~, ' V3 N,~/ to outer boundary 
u),..a~ -- ~ layer 

t- "¢J V2 . , ~  ~ V i s c o u s  
I- ~ ~  shear 

Surface of body 
~ / / / . / , / / /  / / / / /S , ; .  '/,/ 

Inner 
layer 

Fig. 14.2 Boundary layer velocity gradient 

Viscous 
resistance 

• ' ~ ~  - ' ~ ~  ~ Airstream reading 

plate drag / ~ ~ scale 
Flat plate Rollers 

Fig. 14.3 Apparatus to demonstrate viscous drag 

the body then takes place within this boundary 
layer via the process of shearing of adjacent layers 
of air. When air flows over any surface, air particles 
in intimate contact with the surface loosely attach 
themselves so that relative air velocity at the sur- 
face becomes zero, see Fig. 14.2. The relative speed 
of the air layers adjacent to the arrested air surface 
film will be very slow; however, the next adjacent 
layer will slide over an already moving layer so that 
its relative speed will be somewhat higher. Hence 
the relative air velocity further out from the surface 
rises progressively between air layers until it attains 
the unrestricted main airstream speed. 

14.1.2 Skin friction (surface friction drag) 
(Fig. 14.3) 
This is the restraining force preventing a thin flat 
plate placed edgewise to an oncoming airstream 
being dragged along with it (see Fig. 14.3), in other 
words, the skin friction is the viscous resistance 
generated within the boundary layer when air flows 
over a solid surface. Skin friction is dependent on the 
surface area over which the air flows, the degree of 
surface roughness or smoothness and the air speed. 

14.1.3 Surface finish (Fig. 14.4(a and b)) 
Air particles in contact with a surface tend to be 
attracted to it, thus viscous drag will retard the 

layer of air moving near the surface. However, 
there will be a gradual increase in air speed from 
the inner to the outer boundary layer. The thick- 
ness of the boundary layer is influenced by the 
surface finish. A smooth surface, see Fig. 14.4(b), 
allows the free air flow velocity to be reached 
nearer the surface whereas a rough surface, see 
Fig. 14.4(a), widens the boundary so that the full 
air velocity will be reached further out from the 
surface. Hence the thicker boundary layer asso- 
ciated with a rough surface will cause more adjacent 
layers of air to be sheared, accordingly there 
will be more resistance to air movement compared 
with a smooth surface. 

14.1.4 Venturi (Fig. 14.5) 
When air flows through a diverging and converging 
section of a venturi the air pressure and its speed 
changes, see Fig. 14.5. Initially at entry the unre- 
stricted air will be under atmospheric conditions 
where the molecules are relatively close together, 
consequently its pressure will be at its highest and 
its speed at its minimum. 

As the air moves into the converging section 
the air molecules accelerate to maintain the 
volume flow. At the narrowest region in the 
venturi the random air molecules will be drawn 
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apart thus creating a pressure drop and a faster 
movement of the air. Further downstream 
the air moves into the diverging or expanding sec- 
tion of the venturi where the air flow decelerates, 
the molecules therefore are able to move 
closer together and by the time the air reaches the 
exit its pressure will have risen again and its 
movement slows down. 

14.1.5 Air streamlines (Fig. 14.6) 
A moving car displaces the air ahead so that the air 
is forced to flow around and towards the rear. The 
pattern of air movement around the car can be 
visualized by airstreamlines which are imaginary 
lines across which there is no flow, see Fig. 14.6. 
These streamlines broadly follow the contour of 
the body but any sudden change in the car's shape 

586 



Fig. 14.7 

High pressure Converging Low pressure Diverging High pressure 
low speed accelerating high speed decelerating low speed 

flow flow / 

o o o -  OoO- O 

Low pressure (subatmospheric pressure) high speed 

Relative air speed and pressure conditions over the upper profile of a moving car 

compels the streamlines to deviate, leaving zones of 
stagnant air pockets. The further these streamlines 
are from the body the more they will tend to 
straighten out. 

14.1.6 Relative air speed and pressure conditions 
over the upper profile o f  a moving car (Figs 14.7 
and 14.8) 
The space between the upper profile of the hori- 
zontal outer streamlines relative to the road surface 
generated when the body is in motion can be con- 
sidered to constitute a venturi effect, see Fig. 14.7. 
Note in effect it is the car that moves whereas air 
remains stationary; however, when wind-tunnel 
tests are carried out the reverse happens, air is 
drawn through the tunnel with the car positioned 
inside on a turntable so that the air passes over and 
around the parked vehicle. The air gap between the 
horizontal airstreamlines and front end bonnet 
(hood) and windscreen profile and the back end 
screen and boot (trunk) profile produces a diver- 
ging and converging air wedge, respectively. Thus 
the air scooped into the front wedge can be con- 
sidered initially to be at atmospheric pressure and 
moving at car speed. As the air moves into the 
diverging wedge it has to accelerate to maintain 
the rate of volumetric displacement. Over the roof 
the venturi is at its narrowest, the air movement 
will be at its highest and the air molecules will be 
stretched further apart, consequently there will be 
a reduction in air pressure in this region. Finally the 
relative air movement at the rear of the boot will 
have slowed to car speed, conversely its pressure 
will have again risen to the surrounding atmos- 
pheric pressure conditions, thus allowing the ran- 
dom network of distorted molecules to move closer 
together to a more stable condition. As the air 
moves beyond the roof into the diverging wedge 

region it decelerates to cope with the enlarged flow 
space. 

As can be seen in Fig. 14.8 the pressure con- 
ditions over and underneath the car's body can be 
plotted from the data; these graphs show typical 
pressure distribution trends only. The pressure 
over the rear half of the bonnet to the mid-front 
windscreen region where the airstream speed is 
slower is positive (positive pressure coefficient 
Cp), likewise the pressure over the mid-position of 
the rear windscreen and the rear end of the boot 
where the airstream speed has been reduced is also 
positive but of a lower magnitude. Conversely the 
pressure over the front region of the bonnet and 
particularly over the windscreen/roof leading edge 
and the horizontal roof area where the airstream 
speed is at its highest has a negative pressure (nega- 
tive pressure coefficient Cp). When considering the 
air movement underneath the car body, the 
restricted airstream flow tends to speed up the air 
movement thereby producing a slight negative 
pressure distribution along the whole underside of 
the car. The actual pattern of pressure distribution 
above and below the body will be greatly influ- 
enced by the car's profile style, the vehicle's speed 
and the direction and intensity of the wind. 

14.1.7 Lamina boundary layer (Fig. 14.9(a)) 
When the air flow velocity is low sublayers within 
the boundary layer are able to slide one over the 
other at different speeds with very little friction; 
this kind of uniform flow is known as lamina. 

14.1.8 Turbulent boundary layer (Fig. 14.9(b)) 
At higher air flow velocity the sublayers within the 
boundary layer also increase their relative sliding 
speed until a corresponding increase in interlayer 
friction compels individual sublayers to randomly 
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break away from the general direction of motion; 
they then whirl about in the form of eddies, but still 
move along with the air flow. 

14.1.9 Lamina[turbulent boundary layer 
transition point (Fig. 14.10(a and b)) 
A boundary layer over the forward surface of a 
body, such as the roof, will generally be lamina, 
but further to the rear a point will be reached called 
the transition point when the boundary layer 
changes from a lamina to a turbulent one, see Fig. 
14.10(a). As the speed of the vehicle rises the transi- 
tion point tends to move further to the front, see 
Fig. 14.10(b), therefore less of the boundary layer 
will be lamina and more will become turbulent; 
accordingly this will correspond to a higher level 
of skin friction. 

14.1.10 Flow separation and reattachment 
(Fig. 14.11 (a and b)) 
The stream of air flowing over a car's body tends to 
follow closely to the contour of the body unless 
there is a sudden change in shape, see Fig. 
14.11 (a). The front bonnet (hood) is usually slightly 
curved and slopes up towards the front windscreen, 
from here there is an upward windscreen tilt (rake), 
followed by a curved but horizontal roof; the rear 
windscreen then tilts downwards where it either 
merges with the boot (trunk) or continues to slope 
gently downwards until it reaches the rear end of 
the car. 

The air velocity and pressure therefore reaches 
its highest and lowest values, respectively, at the top 
of the front windscreen; however, towards the rear 
of the roof and when the screen tilts downwards 
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there will be a reduction in air speed and a rise in 
pressure. If the rise in air pressure towards the rear 
of the car is very gradual then mixing of the air- 
stream with the turbulent boundary layers will be 
relatively steady so that the outer layers will be 
drawn along with the main airstream, see Fig. 
14.11 (b). Conversely if the downward slope of the 
rear screen/boot is considerable, see Fig. 14.11 (a), 
the pressure rise will be large so that the mixing rate 
of mainstream air with the boundary layers cannot 
keep the inner layers moving, consequently the 
slowed down boundary layers thicken. Under 
these conditions the mainstream air flow breaks 
away from the contour surface of the body, this 
being known as flow separation. An example of 
flow separation followed by reattachment can be 
visualized with air flowing over the bonnet and 
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front windscreen; if the rake angle between the 
bonnet and windscreen is large, the streamline 
flow will separate from the bonnet and then 
reattach itself near the top of the windscreen or 
front end of the roof, see Fig. 14.11 (a). The space 
between the separation and reattachment will then 
be occupied by circulating air which is referred to 
as a separation bubble, and if this rotary motion is 
vigorous a transverse vortex will be established. 

14.2 Aerodynamic drag 

14.2.1 Pressure (form) drag (Figs 14.12(a-e) 
and 14.13) 
When viscous air flows over and past a solid form, 
vortices are created at the rear causing the flow 
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to deviate from the smooth streamline flow, see 
Fig. 14.12(a). Under these conditions the air flow 
pressure in front of the solid object will be higher 
than atmospheric pressure while the pressure behind 
will be lower than that of the atmosphere, conse- 
quently the solid body will be dragged (sucked) in 
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the direction of air movement. Note that this effect 
is created in addition to the skin friction drag. An 
extreme example of pressure drag (sometimes 
known as form drag) can be seen in Fig. 14.13 
where a flat plate placed at right angles to the 
air movement will experience a drag force in the 



direction of flow represented by the pulley weight 
which opposes the movement of the plate. 

Pressure drag can be reduced by streamlining any 
solid form exposed to the air flow, for instance a 
round tube (Fig. 14.12(b)) encourages the air to flow 
smoothly around the front half and part of the rear 
before flow separation occurs thereby reducing the 
resistance by about half that of the flat plate. The 
resistance of a tube can be further reduced to about 
15% of the flat plate by extending the rear of the 
circulating tube in the form of a curved tapering 
lobe, see Fig. 14.12(c). Even bigger reductions in 
resistance can be achieved by proportioning the 
tube section (see Fig. 14.12(d)) with a fineness ratio 
a/b of between 2 and 4 with the maximum thickness 
b set about one-third back from the nose, see 
Fig. 14.12(e). This gives a flow resistance of roughly 
one-tenth of a round tube or 5% of a flat plate. 

14.2.2 Air resistance opposing the motion 
o f  a vehicle (Fig. 14.13) 
The formula for calculating the opposing resistance 
of a body passing though air can be derived as 
follows: 

Let us assume that a fiat plate body (Fig. 14.13) 
is held against a flow of air and that the air particles 
are inelastic and simply drop away from the 
perpendicular plate surface. The density of air is 
the mass per unit volume and a cubic metre of air 
at sea level has an approximate mass of 1.225 kg, 
therefore the density of air is 1.225 kg/m 3. 

Then let 

Hence 

or 

Let 

Mass - m kg 

Volume = Q m 3 

Density = p kg /m 

m kg/m_ 3 

( k g  m 3 ) k g  

Density of air flow = p kg /m 3 

Frontal area of plate -- A m 2 

Velocity of air striking surface = v m/s  

Volume of air striking 
plate per second = Q = v A m  3 

Mass movement of air per second = p Q = p  × vA 

since Q = vA 

Momentum of this air (mv) = pvA × v 

therefore momentum lost by 
air per second = p A v 2 

From Newton's second law the rate at which the 
movement of air is changed will give the force 
exerted on the plate. 
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Fig. 14.13 Pressure drag apparatus 
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Hence 
force on plate - p Av 2 Newton's 

However, the experimental air thrust against a 
flat plate is roughly 0.6 of the calculated pAv 2 force. 
This considerable 40% error is basically due to the 
assumption that the air striking the plate is brought 
to rest and falls away, where in fact most of the air 
escapes round the edges of the plate and the flow 
then becomes turbulent. In fact the theoretical air 
flow force does not agree with the actual experi- 
mental force (F) impinging on the plate, but it has 
been found to be proportional to p A v 2 

hence 

F cx A v  2 

therefore air resistance F = CD A 1:2 where CD 
is the coefficient of proportionality. 

The constant CD is known as the coefficient of 
drag, it has no unity and its value will depend upon 
the shape of the body exposed to the airstream. 

14.2.3 After f low wake (Fig. 14.14) 
This is the turbulent volume of air produced at the 
rear end of a forward moving car and which tends 
to move with it, see Fig. 14.14. The wake has a 
cross-sectional area equal approximately to that 
of the rear vertical boot panel plus the rearward 
projected area formed between the level at which 
the air flow separates from the downward sloping 
rear window panel and the top edge of the boot. 

14.2.4 Drag coefficient 
The aerodynamic drag coefficient is a measure of 
the effectiveness of a streamline aerodynamic body 
shape in reducing the air resistance to the forward 
motion of a vehicle. A low drag coefficient implies 
that the streamline shape of the vehicle's body is 
such as to enable it to move easily through the 
surrounding viscous air with the minimum of resis- 

tance; conversely a high drag coefficient is caused 
by poor streamlining of the body profile so that 
there is a high air resistance when the vehicle is in 
motion. Typical drag coefficients for various 
classes of vehicles can be seen as follows: 

Vehicle type drag coefficient CD 

Saloon car 0.22-0.4 
Sports car 0.28-0.4 
Light van 0.35-0.5 
Buses and coaches 0.4-0.8 
Articulated trucks 0.55-0.8 
Ridged truck and draw bar trailer 0.7-0.9 

14.2.5 Drag coefficients and various body shapes 
(Fig. 14.15(a-f)) 
A comparison of the air flow resistance for differ- 
ent shapes in terms of drag coefficients is presented 
as follows: 

(a) Circular plate (Fig. 14.15(a)) Air flow is head 
on, and there is an immediate end on pressure 
difference. Flow separation takes place at the 
rim; this provides a large vortex wake and a 
correspondingly high drag coefficient of 1.15. 

(b) Cube (Fig. 14.15(b)) Air flow is head on but 
a boundary layer around the sides delays the 
flow separation; nevertheless there is still a large 
vortex wake and a high drag coefficient of 1.05. 

(c) Sixty  degree cone (Fig. 14.15(c)) With the 
piecing cone shape air flows towards the 
cone apex and then spreads outwards parallel 
to the shape of the cone surface. Flow separ- 
ation however still takes place at the periph- 
ery thereby producing a wide vortex wake. 
This profile halves the drag coefficient to 
about 0.5 compared with the circular plate 
and the cube block. 

Flow Turbulent 
separation volume 

Fig. 14.14 After flow wake 

r 
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(a) Circular disc (Co= 1.15) 

m 

(b) Cube (Co= 1.05) (c) 60 ° cone (CD= 0.5) 

(d) Sphere (Co= 0.47) (e) Hemisphere (Co= 0.42) 

Fig. 14.IS(a--e) Drag coefficient for various shaped solids 

(f) Tear drop (Co= 0.05) 

(d) Sphere (Fig. 14.15(d)) Air flow towards the 
sphere, it is then diverted so that it flows out- 
wards from the centre around the diverging sur- 
face and over a small portion of the converging 
rear half before flow separation occurs. There is 
therefore a slight reduction in the vortex wake 
and similarly a marginal decrease in the drag 
coefficient to 0.47 compared with the 60 ° cone. 

(e) Hemisphere (Fig. 14.15(e)) Air flow towards 
and outwards from the centre of the hemi- 
sphere. The curvature of the hemisphere gradu- 
ally aligns with the main direction of flow after 
which flow separation takes place on the per- 
iphery. For some unknown reason (possibly 
due to the very gradual alignment of surface 
curvature with the direction of air movement 
near the rim) the hemisphere provides a lower 
drag coefficient than the cone and the sphere 
shapes this, being of the order of 0.42. 

(f) Tear drop (Fig. 14.15(f)) If the proportion of 
length to diameter is well chosen, for example 
0.25, the streamline shape can maintain a 
boundary layer before flow separation occurs 
almost to the end of its tail. Thus the resistance 
to body movement will be mainly due to viscous 
air flow and little to do with vortex wake suc- 

594 

tion. With these contours the drag coefficient 
can be as low as 0.05. 

14.2.6 Base drag (Fig. 14.16(a and b)) 
The shape of the car body largely influences the 
pressure drag. If the streamline contour of 
the body is such that the boundary layers cling to 
a converging rear end, then the vortex area is con- 
siderably reduced with a corresponding reduction 
in rear end suction and the resistance to motion. If 
the body was shaped in the form of a tear drop, the 
contour of the body would permit a boundary layer 
to continue a considerable way towards the tail 
before flow separation occurs, see Fig. 14.16(a), 
consequently the area heavily subjected to vortex 
swirl and negative pressure will be at a minimum. 
However, it is impractical to design a tear drop 
body with an extended tapering rear end, but if 
the tail is cut off (bobtailed) at the point where 
the air flow separates from the contour of the 
body (see Fig. 14.16(b)), the same vortex (negative 
pressure) exists as if the tail was permitted to con- 
verge. The cut off cross-section area where flow 
separation would occur is known as the 'base 
area' and the negative vortex pressure produced is 
referred to as the 'base drag'. Thus there is a trend 
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for car manufacturers to design bodies that taper 
slightly towards the rear so that flow separation 
occurs just beyond the rear axle. 

14.2.7 Vortices (Fig. 14.17) 
Vortices are created around various regions of a 
vehicle when it is in motion. Vortices can be 
described as a swirling air mass with an annular 
cylindrical shape, see Fig. 14.17. The rotary speed 
at the periphery is at its minimal, but this 
increases inversely with the radius so that its 
speed near the centre is at a maximum. However, 
there is a central core where there is very little 
movement, consequently viscous shear takes place 
between adjacent layers of the static core and the 
fast moving air swirl; thus the pressure within 
the vortex will be below atmospheric pressure, 
this being much lower near the core than in the 
peripheral region. 

14.2.8 Trailing vortex drag (Fig. 14.18(a and b)) 
Consider a car with a similar shape to a section 
of an aerofoil, see Fig. 14.18(a), when air flows 

from the front to the rear of the car, the air 
moves between the underside and ground, and 
over the raised upper body profile surfaces. Thus 
if the upper and lower airstreams are to meet at the 
rear at a common speed the air moving over the 
top must move further and therefore faster than 
the more direct underfloor airstream. The air 
pressure will therefore be higher in the slower 
underfloor airstream than that for the faster air- 
stream moving over the top surface of the car. 
Now air moves from high to low pressure regions 
so that the high pressure airstream underneath the 
car will tend to move diagonally outwards and 
upwards towards the low pressure airstream flow- 
ing over the top of the body surface (see Fig. 
14.18(b)). Both the lower and the upper airstreams 
eventually interact along the side-to-top profile 
edges on opposite sides of the body to form an 
inward rotary air motion that continues to whirl 
for some distance beyond the rear end of the for- 
ward moving car, see Fig. 14.18(a and b). The 
magnitude and intensity of these vortices will to a 
great extent depend upon the rear styling of the 
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car. The negative (below atmospheric) pressure 
created in the wake of the trailing vortices at the 
rear of the car attempts to draw it back in the 
opposite direction to the forward propelling 
force; this resistance is therefore referred to as the 
'trailing vortex drag'. 

14.2.9 Attached transverse vortices 
(Fig. 14.19(a and b)) 
Separation bobbles which form between the bonnet 
(hood) and front windscreen, the rear screen and 

boot (trunk) lid and the boot and rear light panel 
tend to generate attached transverse vortices (see 
Fig. 14.19(a and b)). The front attached vortices 
work their way around the 'A' post and then 
extend along the side windows to the rear of the 
car and beyond. Any overspill from the attached 
vortices in the rear window and rear light panel 
regions merges and strengthens the side panel vor- 
tices (see Fig. 14.19(b)); in turn the products of 
these secondary transverse vortices combine and 
enlarge the main trailing vortices. 

Separation bubble / /  ~ ~ 
transforms into / /  / ~ ~ / - ~ - ~  
transverse v o % < / 0 , < .  - 

(a) Front and side vortices 

Side 
vortex 

Side vortex 

" - - -  ~ Transverse 
vortex 

Trailing 
vortex 

i 

(b) Near and side vortices 

Fig. 14.19(a and b) Notch back transverse and trailing vortices 
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1 4 . 3  A e r o d y n a m i c  l i f t  

14.3.1 Lift coefficients 
The aerodynamic lift coefficient CL is a measure of 
the difference in pressure created above and below 
a vehicle's body as it moves through the surround- 
ing viscous air. A resultant upthrust or downthrust 
may be produced which mainly depend upon the 
body shape; however, an uplift known as positive 
lift is undesirable as it reduces the tyre to ground 
grip whereas a downforce referred to as negative 
lift enhances the tyre's road holding. 

14.3.2 Vehicle lift (Fig. 14.20) 
When a car travels along the road the airstream 
moving over the upper surface of the body from 
front to rear has to move further than the underside 
airstream which almost moves in a straight line (see 
Fig. 14.20). Thus the direct slower moving under- 
side and the indirect faster moving top side air- 
stream produces a higher pressure underneath the 
car than over it, consequently the resultant vertical 
pressures generated between the upper and under 
surfaces produce a net upthrust or lift. The magni- 
tude of the lift depends mainly upon the styling 
profile of both over and under body surfaces, the 
distance of the underfloor above the ground, and 
the vehicle speed. Generally, the nearer the under- 
floor is to the ground the greater the positive lift 
(upward force); also the positive lift tends to 
increase with the square of the vehicle speed. Cor- 
respondingly a reduction in wheel load due to the 
lift upthrust counteracts the downward load; this 

therefore produces a reduction in the tyre to 
ground grip. If the uplift between the front and 
rear of the car is different, then the slip-angles 
generated by the front and rear tyres will not be 
equal; accordingly this will result in an under- or 
over-steer tendency instead of more neutral-steer 
characteristics. Thus uncontrolled lift will reduce 
the vehicle's road holding and may cause steering 
instability. 

14.3.3 Underbody floor height versus 
aerodynamic lift and drag 
(Figs 14.21 (a and b) and 14.22) 
With a large underfloor to ground clearance the car 
body is subjected to a slight negative lift force 
(downward thrust). As the underfloor surface 
moves closer to the ground the underfloor air 
space becomes a venturi, causing the air to move 
much faster underneath the body than over it, see 
Figs 14.21(a) and 14.22. Correspondingly with 
these changing conditions the air flow pressure on 
top of the body will be higher than for the under- 
body reduced venturi effect pressure, hence there 
will be a net down force (negative lift) tending to 
increase the contact pressure acting between the 
wheels and ground. Congersely a further reduction 
in underfloor to ground clearance makes it very 
restrictive for the underbody air flow (see Figs 
14.21 (b) and 14.22), so that much of the airstream 
is now compelled to flow over the body instead of 
underneath it, which results in an increase in air 
speed and a reduction in pressure over the top to 
cope with the reduction in the underfloor air 

Atmospheric 
pressure (+ve) 

/ 
Higher stagnant 
air pressure 

Fig. 14.20 Aerodynamic lift 

Upthrust 
Faster moving air . . . .  , (positive lift) Low pressure 
greater reduction ~ ~ , x w a k e  l-ve , 
in p r e s ~  

qli 

- / 

Slower moving air Direction Drag 
slight reduction of motion resistance 
in pressure 
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(a) Large ground clearance (negative lift downthrust) 

Small increase in air speed 
small reduction in pressure 
(compared with Fig. 14.21(b)) 

Small reduction in air speed 
small increase in pressure 
(compared with Fig. 14.21 (b)) 

Negative 

Venturi effect 

(b) Small ground clearance (positive lift upthrust) 

Slow air flow 
high pressure 

\ 

- -  v 

Fast air flow 
low pressure 

Fig. 14.21 (a and b) Effects of underfloor to ground clearance on the surrounding air speed, pressure and aerodynamic 
lift 

movement. Thus the over and under pressure con- 
ditions have been reversed which subsequently now 
produces a net upward suction, that is, a tendency 
toward a positive lift. 

14.3.4 Aerofoil lift and drag 
(Figs 14.23(a-d), 14.24(a and b) and 14.25) 
Almost any object moving through an airstream 
will be subjected to some form of lift and drag. 
Consider a flat plate inclined to the direction of 
air flow, the pressure of air above the surface of 
the plate is reduced while that underneath it is 
increased. As a result there will be a net pressure 
on the plate striving to force it both upwards and 
backwards, see Fig. 14.23(a). It will be seen that 
the vertical and horizontal components of the 
resultant reaction represents both lift and drag 
respectively, see Fig. 14.23(b). The greater the 
angle of inclination, the smaller will be the upward 
lift component, while the backward drag component 
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will increase, see Fig. 14.23(c and d). Conversely as 
the angle of inclination decreases, the lift increases 
and the drag decreases; however, as the angle of 
inclination is reduced so does the resultant reaction 
force. If an aerofoil profile is used instead of the flat 
plate, (see Fig. 14.24(a and b)), the airstream over the 
top surface now has to move further and faster than 
the underneath air movement. This produces a 
greater pressure difference between the upper and 
lower surfaces and consequently greatly enhances 
the aerodynamic lift and promotes a smooth air 
flow over the upper profiled surface. A typical rela- 
tionship between the CL, CD and angle of attack 
(inclination angle) is shown for an aerofoil section 
in Fig. 14.25. 

14.3.5 Front e n d  nose  shape (Fig. 14.26(a-c)) 
Optimizing a protruding streamlined nose profile 
shape influences marginally the drag coefficient 
and to a greater extent the front end lift coefficient. 
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Fig. 14.22 Aerodynamic lift versus ground, floor height 

With a downturned nose (see Fig. 14.26(a)) the 
streamlined nose profile directs the largest propor- 
tion of the air mass movement over the body, and 
only a relatively small amount of air flows under- 
neath the body. If now a central nose profile is 
adopted (see Fig. 14.26(b)) the air mass movement 
is shared more evenly between the upper and lower 
body surfaces; however, the air viscous interfer- 
ence with the underfloor and ground still causes the 
larger proportion of air to flow above than below 
the car's body. Conversely a upturned nose (see 
Fig. 14.26(c)) induces still more air to flow 
beneath the body with the downward curving 
entry gap shape producing a venturi effect. 
Consequently the air movement will accelerate 
before reaching its highest speed further back at 
its narrowest body to ground clearance. Raising 
the mass airflow in the space between the body 
and ground increases the viscous interaction of the 

600 

air with the under body surfaces and therefore 
forces the air flow to move diagonally out and 
upward from the sides of the car. It therefore 
strengthens the side and trailing vortices and as a 
result promotes an increase in front end aerody- 
namic lift force. 

The three basic nose profiles discussed showed, 
under windtunnel tests, that the upturned nose had 
the highest drag coefficient CD of 0.24 whereas 
there was very little difference between the central 
and downturned nose profiles which gave drag 
coefficients CD of 0.223 and 0.224 respectively. 
However the front end lift coefficient CL for the 
three shapes showed a marked difference, here the 
upturned nose profile gave a positive lift coefficient 
CL of +0.2, the central nose profile provided an 
almost neutral lift coefficient CL of +0.02, whereas 
the downturned nose profile generated a negative 
lift coefficient CL of --0.1. 
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Fig. 14.23(a-d) Lift and drag on a plate inclined at a small angle to the direction of air flow 

14.4 Car body drag reduction 

14.4.1 Profile edge rounding or chamfering 
(Fig. 14.27(a and b)) 
There is a general tendency for aerodynamic lift 
and drag coefficients to decrease with increased 
edge radius or chamfer: experiments carried out 
showed for a particular car shape (see Fig. 14.27(a)) 
how the drag coefficient was reduced from 0.43 to 
0.40 with an edge radius/chamfer increasing from 
zero to 40ram (see Fig. 14.27(b)), and there was a 
slightly greater reduction with chamfering than 

rounding the edges; however, beyond 40 mm radius 
there was no further advantage in increasing the edge 
radius or chamfer. 

14.4.2 Bonnet slope and windscreen rake 
(Fig. 14.28(a-c)) 
Increasing the bonnet (hood) slope angle ~ from 
zero to roughly 10 ° reduces the drag coefficient, 
but beyond 10 ° the drag reduction is insignificant, 
see Fig. 14.28(b). Likewise, increasing the rake angle 
y reduces the drag coefficient (see Fig. 14.28(c)) 
particularly when the rake angle becomes large; 

Direction of Direction of Smooth flow over 
air flow Turbulent flow air flow upper surface 

ab.---~_._~_~_ over upper surface __---------~ ...... -'t--.-/.~ 
Increased air speed 

~- Vortices 

Up wash 
P l a t e  ~ airspeed 

higher pressure Down wash 

(a) Inclined plate (b) Inclined aerofoil 

Fig. 14.24(a and b) Air flow over a flat plate and aerofoil inclined at a small angle 
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however, very large rake angles may conflict with 
the body styling. 

14.4.3 Roof and side panel cambering 
(Figs 14.29(a and b) and 14.30(a and b)) 
Cambering the roof (see Fig. 14.29(a and b)) and the 
side panels (see Fig. 14.30(a and b)) reduces the drag 
coefficient. However, if the roof camber curvature 
becomes excessive the drag coefficient commences 
to rise again (see Fig. 14.29(b)), whereas the reduc- 
tion in drag coefficient with small amounts of side- 
panel cambering is marked (see Fig. 14.30(b)), but 
with excessive camber the reduction in the drag 
coefficient becomes only marginal. Both roof and 
side panel camber should not be increased at the 
expense of enlarging the frontal area of the car as 
this would in itself be counter-productive and would 
increase the drag coefficient. 

14.4.4 Rear side panel taper 
(Fig. 14.31 (a and b)) 
Tapering inwards the rear side panel reduces the 
drag coefficient. This can be seen in Fig. 14.31 

(a and b) which shows a marked reduction in the 
drag coefficient with both a 50mm and then a 
125 mm rear end contraction on either side of the 
car; however, there was no further reduction in the 
drag coefficient when the rear end contraction was 
increased to 200 mm. 

14.4.5 Underbody rear end upward taper 
(Fig. 14.32(a and b)) 
Tilting upwards the underfloor rear end produces 
a diffuser effect which shows a promising way to 
reduce the drag coefficient, see Fig. 14.32(a and b). 
However, it is important to select the optimum 
ratio of length of taper to overall car length and 
the angle 13 of upward inclination for best results. 

14.4.6 Rear end tail extension 
(Fig. 14.33(a and b)) 
Windtunnel investigation with different shaped tail 
models have shown that the minimal drag coeffi- 
cients were produced with extended tails, see Fig. 
14.33(a and b), but this shape would be impractical 
for design reasons. Conversely if the rear end tail is 
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Fig. 14.26 (a--c) A greatly exaggerated air mass distribution around a car body for various nose profiles 

cropped at various lengths and curved downwards 
there is an increase in the drag coefficient with each 
reduction in tail length beyond the rear wheels. 

14.4.7 Underbody roughness 
(Fig. 14.34(a and b)) 
The underbody surface finish influences the drag 
coefficient just as the overbody curvature, tapering, 
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edge rounding and general shape dictates the drag 
resistance. Moulding in individual compartments in 
the underfloor pan to house the various components 
and if possible enclosing parts of the underside with 
plastic panels helps considerably to reduce the drag 
resistance. The underside of a body has built into it 
many cavities and protrusions to cater with the 
following structural requirements and operating 
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components: front and rear wheel and suspension 
arch cavities, engine, transmission and steering com- 
partment, side and cross member channelling, floor 
pan straightening ribs, jacking point straightening 
channel sections, structural central tunnel and rear 
wheel drive propeller shaft, exhaust system catalytic 
converter, silencer and piping, hand brake cable, 
and spare wheel compartment etc. A rough under- 
body produces excessive turbulence and friction 
losses and consequently raises the drag coefficient, 
whereas trapped air in the underside region slows 
down the air flow and tends to raise the underfloor 
pressure and therefore positive lift force. Vehicles 
with high drag coefficients gain least by smoothing 
the underside. The underfloor roughness or depth of 
irregularity defined as the centre line average peak 
to valley height for an average car is around 
+ lS0mm.  A predictable relationship between the 
centre line average roughness and the drag coeffi- 
cient for a given ground clearance and vehicle length 
is shown in Fig. 14.34(a and b). 

14.5 Aerodynamic lift control 

14.5.1 Underbody dams (Fig. 14.35(a-c)) 
Damming the underbody to ground clearance at 
the extreme rear blocks the underfloor airstream 
and causes a partial pressure build-up in this 
region, see Fig. 14.25(a), whereas locating the 
underbody dam in the front end of the car joins 
the rear low pressure wake region with the under- 
floor space, see Fig. 14.35(b). Thus with a rear end 
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underfloor air dam the underfloor air flow pressure 
increase raises the aerodynamic upthrust, that is, it 
produces positive lift, see Fig. 14.35(a). Conversely 
a front end air dam reduces the underfloor air 
flow pressure thereby generating an aerodynamic 
downthrust, that is, it produces negative lift (see 
Fig. 14.35(b)). Experimental results show with a front 
end dam there is a decrease in front lift (negative 
lift) whereas there is a slight rise in rear end lift 
(positive lift) as the dam height is increased, and 
as would be expected, there is also a rise in drag as 
the frontal area of the dam is enlarged, see 
Fig. 14.35(c). 

14.5.2 Exposed wheel air flow pattern 
(Fig. 14.36(a-c)) 
When a wheel rotates some distance from the 
ground air due to its viscosity attaches itself to the 
tread and in turn induces some of the surrounding 
air to be dragged around with it. Thus this con- 
centric movement of air establishes in effect a weak 
vortex, see Fig. 14.36(a). If the rotating wheel is in 
contact with the ground it will roll forwards which 
makes windtunnel testing under these conditions 
difficult; this problem is overcome by using a sup- 
portive wheel and floor rig. The wheel is slightly 
submerged in a well opening equal to the tyre width 
and contact patch length for a normal loaded wheel 
and a steady flow of air is blown towards the 
frontal view of the wheel. With the wheel rig simu- 
lating a rotating wheel in contact with the ground, 
the wheel vortex air movement interacts and dis- 
torts the parallel main airstream. 
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Fig. 14.33(a and b) Effect of rear end tail extension on drag coefficient 

The air flow pattern for an exposed wheel can be 
visualized and described in the following way. The 
air flow meeting the lower region of the wheel will 
be stagnant but the majority of the airstream will 
flow against the wheel rotation following the con- 
tour of the wheel until it reaches the top; it then 
separates from the vortex rim and continues to flow 
towards the rear but leaving underneath and in the 
wake of the wheel a series of turbulent vortices, see 
Fig. 14.36(b). The actual point of separation will 
creep forwards with increased rotational wheel 
speed. Air pressure distribution around the wheel 
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will show a positive pressure build-up in the stag- 
nant air flow front region of the wheel, but this 
changes rapidly to a high negative pressure where 
the main air flow breaks away from the wheel rim, 
see Fig. 14.36(c). It then declines to some extent 
beyond the highest point of the wheel, and then 
remains approximately constant around the rear 
wake region of the wheel. Under these described 
conditions, the exposed rotating wheel produces 
a resultant positive upward lift force which tends 
to reduce the adhesion between the tyre tread and 
ground. 
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Fig. 14.36(a-c) Exposed wheel air flow pattern and pressure distribution 

14.5.3 Partial enclosed wheel air flow pattern 
(Figs 14.37(a and b) and 14.38(a-c)) 
The air flow passing beneath the front of the 
car initially moves faster than the main airstream, 
this therefore causes a reduction in the local air 
pressure. At the rear of the rotating wheel due to 
viscous drag air will be scooped into the upper  
space formed between the wheel tyre and the 
wheel mudguard arch (see Fig. 14.37(a and b)). The 

air entrapped in the wheel arch cavity circulates 
towards the upper front of the wheel due to a 
slight pressure build-up and is then expelled 
through the front end wheel to the mudguard gap 
which is at a lower pressure in both a downward 
and sideward direction. Decreasing the clearance 
between the underside and the ground and shield- 
ing more of the wheel with the mudguard tends to 
produce a loss of momentum to the air so that both 
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Fig. 14.37 (a and b) 
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aerodynamic lift CLw and drag CDw coefficients, 
and therefore forces, are considerably reduced 
Fig. 14.38(a-c). 

14.5.4 Rear end spoiler (Fig. 14.39(a-c)) 
Generally when there is a gentle rear end body 
profile curvature change, it will be accompanied 
with a relatively fast but smooth streamline air flow 
over this region which does not separate from the 
upper surface. However, this results in lower local 
pressures which tend to exert a lift force (upward 
suction) at the rear end of the car. A lip, see Fig. 
14.39(a), or small aerofoil spoiler, see Fig. 14.39(b), 
attached to the rear end of the car boot (trunk) 
interrupts the smooth streamline air flow thereby 
slowing down the air flow and correspondingly 
raising the upper surface local air pressure which 
effectively increase the downward force known as 
negative lift. A typical relationship between rear 
lift, front lift and drag coefficients relative to the 
spoiler lip height is shown in Fig. 14.39(c). The 
graph shows a general increase in negative lift 
(downward force) by increasing the spoiler lip 
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height. However, this is at the expense of a slight 
rise in the front end lift coefficient, whereas the 
drag coefficient initially decreases and then mar- 
ginally rises again with increased spoiler lip height. 
It should be appreciated that the break-up of the 
smooth streamline air flow and the increase in rear 
downward pressure should if possible be achieved 
without incurring too much, if any, increase in 
front end positive lift and aerodynamic drag. 

14.5.5 Negative lift aerofoil wings 
(Fig. 14.40(a-c)) 
A negative lift wing is designed when attached to 
the rear end of the car to produce a downward 
thrust thereby enabling the traction generated by 
the rear driving wheels to be increased, or if a 
forward negative lift wing is fitted to improve the 
grip of both front steering wheels. 

With the negative lift wing the aerofoil profile is 
tilted downward towards the front end with the 
negative and positive aerofoil section camber at 
the top and bottom respectively, see Fig. 14.40(a). 
The airstream therefore moving underneath the 
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aerofoil wing has to move further and faster than 
the airstream flowing over the upper surface; the 
pressure produced below the aerofoil wing is there- 
fore lower than above. Consequently there will be a 
resultant downthrust perpendicular to the cord of 
the aerofoil (see Fig. 14.40(b)) which can be resolved 
into both a vertical downforce (negative lift) and a 
horizontal drag force. Enlarging the tilt angle of the 
wing promotes more negative lift (downthrust) but 
this is at the expense of increasing the drag force 
opposing the forward movement of the wing, thus 
a compromise must always be made between 
improving the downward wheel grip and the extra 
drag force opposing the motion of the car. Racing 
cars have the aerofoil wing over the rear wheel 
axles or just in front or behind them, see Fig. 

611 

14.40(c). However, the drag force produces a clock- 
wise tilt which tends to lift the front wheels of the 
ground, therefore the front aerofoil wings (see Fig. 
14.40(c)) are sometimes attached low down and 
slightly ahead of the front wheels to counteract 
the front end lift tendency. 

14.6 Afterbody drag 

14.6.1 Squareback drag (Figs 14.41 and 14.42) 
Any car with a rear end (base) slope surface angle 
ranging from 90 ° to 50 ° is generally described as a 
squareback style (see Fig. 14.42). Between this 
angular surface inclination range for a squareback 
car there is very little change in the air flow pattern 
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and therefore there is virtually no variation in the 
afterbody drag (see Fig. 14.41). With a parallel 
sided squareback rear end configuration, the 
whole rear surface area (base area) becomes an 
almost constant low negative pressure wake region. 
Tapering the rear quarter side and roof of the body 
and rounding the rear end tends to lower the base 
pressure. In addition to the base drag, the after- 
body drag will also include the negative drag due to 
the surrounding inclined surfaces. 

14.6.2 Fastback drag (Figs 14.41 and 14.43) 
When the rear slope angle is reduced to 25 ° or less 
the body profile style is known as a fastback, see 
Fig. 14.43. Within this much reduced rear end inclin- 
ation the airstream flows over the roof and rear 
downward sloping surface, the airstream remain- 
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ing attached to the body from the rear of the roof 
to the rear vertical light-plate and at the same time 
the condition which helps to generate attached and 
trailing vortices with the large sloping rear end is 
no longer there. Consequently the only rearward 
suction comes from the vertical rear end projected 
base area wake, thus as the rear end inclined angle 
diminishes, the drag coefficient decreases, see Fig. 
14.41. However, as the angle approaches zero there 
is a slight rise in the drag coefficient again as the 
rear body profile virtually reverts to a squareback 
style car. 

14.6.3 Hatchback drag (Figs 14.41, 14.44 and 
14.45) 
Cars with a rear sloping surface angle ranging from 
50 ° to 25 ° are normally referred to as hatchback 
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style, see Fig. 14.44. Within this rear end inclin- 
ation range air flows over the rear edge of the roof 
and commences to follow the contour of the rear 
inclined surface; however, due to the steepness of 
the slope the air flow breaks away from the surface. 
At the same time some of the air flows from the 
higher pressure underfloor region to the lower pres- 
sure roof and rear sloping surface, then moves 
slightly inboard and rearward along the upper 
downward sloping surface. The intensity and direc- 
tion of this air movement along both sides of the 
rear upper body edging causes the air to spiral into 
a pair of trailing vortices which are then pushed 
downward by the downwash of the airstream 

flowing over the rear edge of the roof, see 
Fig. 14.45. Subsequently these vortices re-attach 
themselves on each side of the body, and due to 
the air's momentum these vortices extend and trail 
well beyond the rear of the car. Hence not only 
does the rear negative wake base area include the 
vertical area and part of the rearward projected 
slope area where the airstream separates from the 
body profile, but it also includes the trailing conical 
vortices which also apply a strong suction pull 
against the forward motion of the car. As can be 
seen in Fig. 14.41 there is a critical slope angle 
range (20 to 35 ° ) in which the drag coefficient 
rises steeply and should be avoided. 
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14.6.4 Notchback drag (Figs 14.46, 14.47(a and b) 
and 14.48(a and b)) 
A notchback car style has a stepped rear end body 
profile in which the passenger compartment rear 
window is inclined downward to meet the horizontal 
rearward extending boot (trunk) lid (see Fig. 14.46). 
With this design, the air flows over the rear roof 
edge and follows the contour of the downward 
sloping rear screen for a short distance before 
separating from it; however, the downwash of the 
airstream causes it to re-attach itself to the body 
near the rear end extended boot lid. Thus the base- 
wake area will virtually be the vertical rear boot 
and light panel; however, standing vortices will be 
generated on each side of the body just inboard on 
the top surface of the rear window screen and boot 
lid, and will then be projected in the form of trailing 
conical vortices well beyond the rear end of the 
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boot, see Fig. 14.19(b). Vortices will also be created 
along transverse rear screen to boot lid junction 
and across the rear of the panel light. 

Experiments have shown (see Fig. 14.47(a)) that 
the angle made between the horizontal and the 
inclined line touching both the rear edges of the 
roof and the boot is an important factor in deter- 
mining the afterbody drag. Fig. 14.47(b) illustrates 
the effect of the roof to boot line inclination; 
when this angle is increased from the horizontal 
the drag coefficient commences to rise until reach- 
ing a peak at an inclination of roughly 25 °, after 
which the drag coefficient begins to decrease. From 
this it can be seen that raising the boot height or 
extending the boot length decreases the effective 
inclination angle Be and therefore tends to reduce 
the drag coefficient. Conversely a very large effective 
inclination angle Be will also cause a reduction in the 
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drag coefficient but at the expense of reducing the 
volume capacity of the boot. The drag coefficient 
relative to the rear boot profile can be clearly illus- 
trated in a slightly different way, see Fig. 14.48(a). 
Here windtunnel tests show how the drag coeffi- 
cient can be varied by altering the rear end profile 
from a downward sloping boot to a horizontal 
boot and then to a squareback estate shape. It 
will be observed (see Fig 14.48(b)) that there is a 
critical increase in boot height in this case from 50 
to 150mm when the drag coefficient rapidly 
decreases from 0.42 to 0.37. 

14.6.5 Cabriolet  cars (Fig. 14.49) 
A cabriolet is a French noun and originally referred 
to a light two wheeled carriage drawn by one 
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horse. Cabriolet these days describes a car with 
a folding roof such as a sports (two or four seater) 
or roadster (two seater) car. These cars may be 
driven with the folding roof enclosing the cockpit 
or with the soft roof lowered and the side screen 
windows up or down. Streamlining is such that the 
air flow follows closely to the contour of the nose 
and bonnet (hood), then moves up the windscreen 
before overshooting the screen's upper horizontal 
edge (see Fig. 14.49). If the rake angle of the wind- 
screen is small (such as with a high mounted off 
road four wheel drive vehicle) the airstream will be 
deflected upward and rearward, but with a large 
rake angle windscreen the airstream will not rise 
much above the windscreen upper leading edge 
as the air flows over the open driver/passenger 
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compartment towards the rear of the car. A separ- 
ation bubble forms between the airstream and 
the exposed and open seating compartment, the 
downstream air flow then re-attaches itself to the 
upper face of the boot (trunk). However, this bub- 
ble is unstable and tends to expand and burst in a 
cyclic fashion by the repetition of separation and 
re-attachment of the airstream on top of the boot 
(trunk), see Fig. 14.49. Thus the turbulent energy 
causes the bubble to expand and collapse and the 
fluctuating wake area (see Fig. 14.49), changing 
between h~ and h2 produces a relatively large drag 
resistance. With the side windscreens open air is 
drawn into the low pressure bubble region and in 
the process strong vortices are generated at the side 
entry to the seating compartment; this also there- 
fore contributes to the car drag resistance. Typical 
drag coefficients for an open cabriolet car are given 

as follows: folding roof raised and side screens up 
CD 0.35, folding roof down and side screens up CD 
0.38, and folding roof and side screens down CD 
0.41. Reductions in the drag coefficient can be 
made by attaching a header rail deflector, stream- 
lining the roll over bar and by neatly storing or 
covering the folding roof, the most effective device 
to reduce drag being the header rail deflector. 

14 .7  C o m m e r c i a l  veh ic l e  a e r o d y n a m i c  

f u n d a m e n t a l s  

14.7.1 The effects of rounding sharp front cab 
body edges (Fig. 14.50(a-d)) 
A reduction in the drag coefficient of large vehicles 
such as buses, coaches and trucks can be made by 
rounding the front leading edges of the vehicle. 
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Simulated investigations have shown a marked 
decrease in the drag coefficient from having sharp 
forebody edges (see Fig. 14.50(a)) to relatively large 
round leading edge radii, see Fig. 14.50(b). It can 
be seen from Fig. 14.50(d) that the drag coefficient 
progressively decreased as the round edge radius 
was increased to about 120 mm, but there was only 
a very small reduction in the drag coefficient with 
further increase in radii. Thus there is an optimum 
radius for the leading front edges, beyond this there 
is no advantage in increasing the rounding radius. 
The reduction in the drag coefficient due to round- 
ing the edges is caused mainly by the change from 
flow separation to attached streamline flow for 
both cab roof and side panels, see Fig. 14.50(a 
and b). However, sloping back the front profile of 
the coach to provide further streamlining only 
made a marginal reduction in the drag coefficient, 
see Fig. 14.50(c). 

14.7.2 The effects o f  different cab to trailer body 
heights with both sharp and rounded upper 
windscreen leading edges (Fig. 14.51 (a-c)) 
A generalized understanding of the air flow over 
the upper surface of an articulated cab and trailer 
can be obtained by studying Fig. 14.51(a and b). 
Three different trailer heights are shown relative to 
one cab height for both a sharp upper windscreen 
leading edge (Fig. 14.51(a)) and for a rounded 
upper windscreen edge (Fig. 14.51(b)). It can be 
seen in the case of the sharp upper windscreen 
leading edge cab examples (Fig. 14.51(a)) that 
with the low trailer body the air flow cannot follow 
the contour of the cab and therefore overshoots 
both the cab roof and the front region of the trailer 
body roof thereby producing a relatively high coeffi- 
cient of drag, see Fig. 14.51 (c). With the medium 
height trailer body the air flow still overshoots 
(separates) the cab but tends to align and attach 
itself early to the trailer body roof thereby produ- 
cing a relatively low coefficient of drag, see Fig. 
14.51(c). However, with the high body the air flow 
again overshoots the cab roof; some of the air then 
hits the front of the trailer body, but the vast 
majority deflects off the trailer body leading edge 
before re-attaching itself further along the trailer 
body roof. Consequently the disrupted air flow 
produces a rise in the drag coefficient, see Fig. 
14.51(c). 

In the case of the rounded upper windscreen 
leading edge cab (see Fig. 14.51(b)), with a low 
trailer body the air flowing over the front wind- 
screen remains attached to the cab roof, a small 
proportion will hit the front end of the trailer body 
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then flow between the cab and trailer body, but the 
majority flows over the trailer roof leading edge 
and attaches itself only a short distance from the 
front edge of the trailer roof thereby producing a 
relatively low drag coefficient, see Fig. 14.51(c). 
With the medium height trailer body the air flow 
remains attached to the cab roof; some air flow 
again impinges on the front of the trailer body 
and is deflected between the cab and trailer body, 
but most of the air flow hits the trailer body leading 
edge and is deflected slightly upwards and only re- 
attaches itself to the upper surface some distance 
along the trailer roof. This combination therefore 
produces a moderate rise in the drag coefficient, see 
Fig. 14.51 (c). In the extreme case of having a very 
high trailer body the air flow over the cab still 
remains attached and air still flows downwards 
into the gap made between the cab and trailer; 
however, more air impinges onto the vertical front 
face of the trailer body and the deflection of the air 
flow over the leading edge of the trailer body is 
even steeper than in the case of the medium height 
trailer body. Thus re-attachment of the air flow 
over the roof of the trailer body takes place much 
further along its length so that a much larger roof 
area is exposed to air turbulence; consequently there 
is a relatively high drag coefficient, see Fig. 14.51 (c). 

14.7.3 Forebody pressure distribution 
(Fig. 14.52(a and b)) 
With both the conventional cab behind the engine 
and the cab over or in front of the engine tractor 
unit arrangements there will be a cab to trailer gap 
to enable the trailer to be articulated when the 
vehicle is being manoeuvred. The cab roof to trailer 
body step, if large, will compel some of the air flow 
to impinge on the exposed front face of the trailer 
thereby producing a high pressure stagnation 
region while the majority of air flow will be 
deflected upwards. As it brushes against the upper 
leading edge of the trailer the air flow then separ- 
ates from the forward region of the trailer roof 
before re-attaching itself further along the fiat 
roof surface, see Fig. 14.52(a). As can be seen the 
pressure distribution shows a positive pressure 
(above atmospheric pressure) region air spread 
over the exposed front face of the trailer body 
with its maximum intensity (stagnant region) just 
above the level of the roof; this contrasts the nega- 
tive pressure (below atmospheric pressure) gener- 
ated air flow in the forward region of the trailer 
roof caused by the air flow separation turbulence. 
Note the negative pressure drops off towards the 
rear of the roof due to air flow re-attachment. 
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By fitting a cab roof deflector the pattern of air 
flow is diverted upwards and over the roof of the 
trailer body, there being only a slight degree of flow 
separation at the front end of the trailer body roof, 
see Fig. 14.52(b). Consequently the air flow moves 
directly between the cab roof deflector and the roof 
of the trailer body; it thus causes the air pressure in 
the cab to trailer gap to decrease, this negative pres- 
sure being more pronounced on the exposed upper 
vertical face of the trailer, hence the front face upper 
region of the trailer will actually reduce that portion 
of drag produced by the exposed frontal area of the 
trailer. Conversely the negative pressure created by 
the air flow over the leading edge of the roof falls 
rapidly, indicating early air flow re-attachment. 

14.7.4 The effects of  a cab to trailer body roof 
height step (Fig. 14.53(a and b)) 
Possibly the most important factor which contri- 
butes to a vehicle's drag resistance is the exposed 
area of the trailer body above the cab roof relative 
to the cab's frontal area (Fig. 14.53(a)). Investigation 
into the forebody drag of a truck in a windtunnel 
has been made where the trailer height is varied 
relative to a fixed cab height. The drag coefficient 
for different trailer body to cab height ratios (t/c) 
were then plotted as shown in Fig. 14.53(b). For 
this particular cab to trailer combination dimen- 
sions there was no noticeable change in the drag 
coefficient C of 0.63 with an increase in trailer body 
to cab height ratio until about 1.2, after which the 
drag coefficient commenced to rise in proportion to 

the increase in the trailer body to cab height ratio up 
to a t/c ratio of 1.5, which is equivalent to the max- 
imum body height of 4.2 m; this corresponded to a 
maximum drag coefficient of 0.86. Hence increasing 
the trailer body step height ratio from 1.2 to 1.5 
increases the step height from 0.56 m to 1.4 m and 
in turn raises the drag coefficient from 0.63 to 0.86. 
The rise in drag coefficient of 0.23 is considerable 
and therefore streamlining the air flow between the 
cab and trailer body roof is of great importance. 

14.8 Commercial vehicle drag reducing devices 

14.8.1 Cab roof deflectors (Figs 14.54(a and b), 
14.55(a and b) and 14.56(a-c)) 
To partially overcome the large amount of extra 
drag experienced with a cab to trailer height mis- 
match a cab roof deflector is commonly used. This 
device prevents the air movement over the cab roof 
impinging on the upper front of the trailer body 
and then flowing between the cab and trailer gap, 
see Fig. 14.54(a). Instead the air flow is diverted by 
the uptilted deflector surface to pass directly 
between the cab to trailer gap and then to flow 
relatively smoothly over the surface of the trailer 
roof, see Fig. 14.54(b). These cab roof deflectors 
are beneficial in reducing the head on air flow but 
they do not perform so well when subjected to side 
winds. Slight improvements can be made to prevent 
air flowing underneath and across the deflector 
plate by enclosing the sides; this is usually achieved 
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Fig. 14.54(a and b) Air flow between cab and trailer body with and without cab roof deflector 

by using a fibre glass or plastic moulded deflector, 
see Fig. 14.55(b). 

If trailers with different heights are to be coupled 
to the tractor unit while in service, then a mismatch 
of the deflector inclination may result which will 
again raise the aerodynamic drag. There are some 
cab deflector designs which can adjust the tilt of the 
cab deflector to optimize the cab to trailer air flow 
transition (see Fig. 14.55(a)), but in general altering 
the angle setting would be impractical. How the 

cab roof deflector effectiveness varies with deflec- 
tor plate inclination is shown in Fig. 14.56(c) for 
both a narrow and a wide cab to trailer gap, repre- 
senting a rigid truck and an articulated vehicle 
respectively (see Fig. 14.56(a and b)). These graphs 
illustrate the general trend and do not take into 
account the different cab to trailer heights, cab to 
trailer air gap width and the width to height ratio of 
the deflector plate. It can be seen that with a 
rigid truck having a small cab to trailer gap the 
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Fig. 14.56(a-c) Optimizing roof deflector effectiveness for both rigid and articulated trucks 

reduction in the drag coefficient with increased 
deflector plate inclination is gradual, reaching an 
optimum minimum at an inclination angle of 80 ° 
and then commencing to rise again, see Fig. 14.56(c). 
With the articulated vehicle having a large cab to 
trailer gap, the deflector plate effectiveness 
increases rapidly with an increase in the deflector 
inclination angle until the optimum angle of 50 ° is 
reached, see Fig. 14.56(c). Beyond this angle the 
drag coefficient begins to rise steadily again with 
further increase in the deflector plate angle; this 
indicates with the large gap of the articulated vehicle 
the change in drag coefficient is much more 
sensitive to deflector plate inclination. 

14.8.2 Yaw angle (Figs 14.57 and 14.58) 
With cars the influence of crosswinds on the drag 
coefficient is relatively small; however, with much 
larger vehicles a crosswind considerably raises the 
drag coefficient therefore not only does the direct 
air flow from the front but also the air movement 
from the side has to be considered. It is therefore 
necessary to study the effects crosswinds have on 
the vehicle's drag resistance, taking into account the 
velocity and angle of attack of the crosswind rela- 
tive to the direction of motion of the vehicle and its 
road speed. This is achieved by drawing to scale a 
velocity vector triangle, see Fig. 14.57. The vehicle 
velocity vector line is drawn, then the crosswind 
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velocity vector at the crosswind angle to the direc- 
tion of motion; a third line representing the relative 
air velocity then closes the triangle. The resultant 
angle made between the direction the vehicle is 
travelling and the resultant relative velocity is 
known as the yaw angle, and it is this angle which 
is used when investigating the effect of a crosswind 
on the drag coefficient. 

In addition to head and tail winds vehicles are also 
subjected to crosswinds; crosswinds nearly always 
raise the drag coefficient, this being far more 
pronounced as the vehicle size becomes larger and 
the yaw angle (relative wind angle) is increased. The 
effect crosswinds have on the drag coefficient for 
various classes of vehicles expressed in terms of 
the yaw angle (relative wind angle) is shown in 

Fig. 14.58. Each class of vehicle with its own head 
on (zero yaw angle) air flow drag coefficient is given 
a drag coefficient of unity. It can be seen using a 
drag coefficient of 1.0 with zero yaw angle (no wind) 
that the drag coefficient for a car reaches a peak of 
1.08 at a yaw angle of 20 °, whereas for the van, 
coach, articulated vehicle and rigid truck and trailer 
the drag coefficient rose to 1.18, 1.35, 1.5 and 1.7 
respectively for a similar yaw angle of 20 °. 

14.8.3 Cab roof deflector effectiveness versus 
yaw angle (Fig. 14.59(a and b)) 
The benefits of reducing the drag coefficient with a 
cab roof deflector are to some extent cancelled out 
when the vehicle is subjected to crosswinds. This 
can be demonstrated by studying data taken from 
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one particular vehicle, see Fig. 14.59(a and b), which 
utilizes a cab roof deflector; here with zero yaw 
angle the drag coefficient reduces from 0.7 to 0.6 
as the deflector inclination changes from 90 ° 
(vertical) to 50 ° respectively. With a 5 ° yaw angle 
(relative wind angle) the general trend of drag 
coefficient rises considerably to around 0.9 whereas 
the tilting of the deflector from the vertical over an 
angle of 40 ° only shows a marginal decrease in the 
drag coefficient of about 0.02; with a further 10 ° 
inclination decrease the drag coefficient then 
commenced to rise steeply to about 0.94. As the 
yaw angle is increased from 5 to 10 ° the drag coef- 
ficient rises even more to 1.03 with the deflector in 
the vertical position, however this increase in drag 
coefficient is not so much as from 0 to 5 °. Hence the 
reduction in the drag coefficient from 1.03 to 0.98 
as the deflector is tilted from the vertical to 40 ° is 
relatively small compared to the overall rise in drag 
coefficient due to crosswind effects. However, rais- 
ing the yaw angle still further from 10 to 15 ° indi- 
cates on the graph that the yaw angle influence on 
the drag coefficient has peaked and is now begin- 
ning to decline: both the 10 and 15 ° yaw angle 
curves are similar in shape but the 15 ° yaw angle 

curve is now below that of the 10 ° yaw angle curve. 
Note the minimum drag coefficient deflection inclin- 
ation angle is only relevant for the dimensions of 
this particular cab to trailer combination. 

14.8.4 Comparison of  drag resistance w#h 
various commercial vehicle cab arrangements 
relative to trailer body height (Fig. 14.60(a-e)) 
The drag coefficient of a tractor-trailer combin- 
ation is influenced by the trailer body height and 
by different cab configurations such as a conven- 
tional low cab, low cab with roof deflector and high 
sleeper cab, see Fig. 14.60(a-c). Thus a high cab 
arrangement (see Fig. 14.60(c, d and e)) is shown to 
be more effective in reducing the drag coefficient 
than a low cab (see Fig. 14.60(a, d and e)) and there- 
fore for long distance haulage the sleeper compart- 
ment above the driver cab has an advantage in 
having the sleeper area behind the driver's seat. Con- 
versely with a low cab and a roof deflector which has 
an adjustable plate angle (see Fig. 14.60(b, d and e)), 
the drag coefficient can be kept almost constant for 
different trailer body heights. However, it is not 
always practical to adjust the deflector angle, but 
fortunately a great many commercial vehicle 
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cab-trailer combinations use the same size trailer 
bodies for one particular application so that the 
roof deflector angle can be pre-set to the minimum 
of drag resistance. With a low cab the drag coeffi- 
cient tends to increase as the cab roof to body roof 
step height becomes larger whereas with a high cab 
the drag coefficient tends to decrease as trailer 
body height rises, see Fig. 14.60(d and e). 

14.8.5 Corner  vanes (Fig. 14.61 (a-c)) 
The cab of a commercial vehicle resembles a cube 
with relatively flat upright front and side panels, thus 
with well rounded roof and side leading edges the 
cab still has a blunt front profile. When the vehicle 
moves forward the cab penetrates the surrounding 
air; however, the air flow passing over the top, 
underneath and around the sides will be far from 
being streamlined. Thus in particular the air flow- 
ing around the side leading edges of the cab may 
initially separate from the side panels, causing 
turbulence and a high resistance to air flow, see 
Fig. 14.61 (a). 

One method of reducing the forebody drag is 
to attach corner vanes on each side of the cab 
(Fig. 14.61(c)). The corner vane is set away from 

the rounded vertical edges and has several evenly 
spaced internal baffles which bridge the gap 
between the cab and corner vane walls. Air meeting 
the front face of the cab moves upwards and over 
the roof, while the rest flows to the left and right 
hand side leading edges. Some of this air also flows 
around the leading edge through the space formed 
between the cab and corner vanes (see Fig. 14.61 
(b and c)); this then encourages the airstream to 
remain attached to the cab side panel surface. Air 
drag around the cab front and side panels is there- 
fore kept to a minimum. 

14.8.6 Cab to trailer body gap (Fig. 14.62) 
Air passing between the cab and trailer body gap 
with an articulated vehicle due to crosswinds sig- 
nificantly increases the drag resistance. As the 
crosswind angle of attach is increased, the flow 
through the cab-trailer gap produces regions of 
flow separated on the sheltered side of the trailer 
body, see Fig. 14.62. This flow separation then 
tends to spread rearwards, eventually interacting 
with and enlarging the trailer wake, the net result 
being a rise in the rearward pull due to the enlarged 
negative pressure zone. 

Cab 

Flow 
separation 

(a) Air flow without corner vanes 

~ Corner 
vanes 

flDirectio n 
of air ~ _ 
ow_. j -q  ~ 

Corner 
vane 

(b) Air flow with corner vanes (c) Pictorial view of corner 
vanes mounted on cab 

Fig. 14.61 (a-c) Influence of corner vanes in reducing cab side panel flow separation 
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14.8.7 Cab to trailer body gap seals (Fig. 14.63 
(a and b), 14.64, 14.65(a and b) and 14.66(a-d)) 
Simple tilt plate cab roof deflectors when subjected 
to side winds tend to counteract the gain in head on 
airstream drag resistance unless the deflector sides 
are enclosed. With enclosed and streamlined cab 
roof deflector sides, see Fig. 14.55(a and b), improve- 
ments in the drag coefficient can be made with 
yaw angles up to about 20 °, see Fig. 14.63(a and b). 
Further reductions in the drag coefficient are 
produced when the cab to trailer gap is sealed by 
some sort of partition which prevents air flowing 
through the cab to body gap, see Fig. 14.63 
(a and b). The difficulty with using a cab to trailer 
air gap partition is designing some sort of curtain 
or plate which allows the trailer to articulate when 
manoeuvring the vehicle-trailer combination. 
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Cab to trailer gap seals can be divided into three 
basic designs: 

1 Cab extended side panels 
2 Centre line gap seals (splitter plate seal) 
3 Windcheater roller edge device (forebody edge 

fairing). 

Cab extended side panels (Fig. 14.64) These 
devices are basically rearward extended vertical 
panels attached to the rear edges of the cab which 
are angled towards the leading edges of the trailer 
body. This type of gap fairing (side streamlining) is 
effective in reducing the drag coefficient with 
increasing crosswind yaw angle. With zero and 
10 ° yaw angles a drag coefficient reduction of 
roughly 0.05 and 0.22 respectively have been 
made possible. 
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Centre line and offset double gap seal (vortex 
stabilizer) (Fig. 14.65(a and b)) A central vertical 
partition or alternatively a pair of offset flexible 
vertical plates attached to the trailer body (see Fig. 
14.65(a and b)) is effective in not only preventing 
crosswinds passing through the cab to trailer gap 
but also stabilizes the air flow entering the gap by 
generating a relatively stable vortex on either side 
of the plate or plates. The vortex stabilizer is 
slightly less effective than the extended side panel 
method in reducing the drag coefficient when side 
winds prevail. 

Rolled edge windcheater (Fig. 14.66(a-d)) This 
device consists of an extended quadrant section 
moulding attached to the roof and both sides of the 
leading edges of the forebody trailer panel. When 
there are sharp leading edges around the trailer 
body air flowing through the cab to trailer space 
tends to overshoot and hence initially separate 
from the side panels of the trailer body (see Fig. 
14.66(a)) and even with rounded edging there is still 
some overshoot and flow separation (Fig. 14.66(b)). 
The effectiveness of different sectioned forebody 
edge fairings are compared corresponding to a yaw 
angle (relative wide angle) variation from 0 to 20 °, 
see Fig. 14.66(d). Here it can be seen that there is 
very little difference between the semi circular and 
elongated semi circular moulding but there is a 
moderate improvement in the drag coefficient at 

low yaw angles from 0 to 10 ° for the quadrant 
section; however, with the extended-quadrant 
moulding there is a considerable improvement as 
the yaw angle is increased from 0 to 20 °. With the 
extended quadrant moulding (see Fig. 14.66(c)) the 
air flow tends to move tangentially between the cab 
to trailer air gap; some of the air then scrubs along 
the flat frontage of the trailer body until it reaches 
the extended-quadrant step, is then deflected 
slightly rearwards and then again forwards before 
closely following the contour of the curved corner. 
This makes i t  possible for the air flow to remain 
attached to the side panel surface of the trailer 
body, therefore keeping the drag resistance on the 
sheltered trailer panel side to the minimum. 

14.8.8 Tractor and trailer skirting 
(Fig. 14.67(a and b)) 
Crosswinds sweeping tangentially underneath the 
tractor and trailer chassis and between and around 
the road wheels and axles produce a rise in the 
drag coefficient. To partially counteract the 
increase in vehicle drag with increased yaw angle, 
side skirts can be attached either to the trailer or the 
tractor or both units. The effectiveness of both 
tractor and trailer skirting for one particular com- 
mercial vehicle is shown in Fig. 14.67(a and b); here 
it can be seen that with increased yaw angle (rela- 
tive wind angle) the effectiveness of the trailer skirt 
peaked at a drag coefficient of 0.07 for a yaw 
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angle of 5 ° . The skirt effectiveness in reducing the 
drag coefficient then decreases steadily over an 
increasing yaw angle until it reaches its minimum 
of 0.04 at a yaw angle of 20 °. Conversely the trailer 
skirt's effectiveness with respect to the yaw angle 
rose rapidly to 0.06 over a yaw angle range of 5°; 
the drag coefficient then continued to rise at a 
slower rate so that for a yaw angle of 20 ° the drag 
coefficient effectiveness reached a maximum of just 
over 0.09. However when considering attaching 
skirts to a vehicle there can be a problem with the 
accessibility for routine inspection and for mainten- 
ance of the steering, suspension, transmission and 
brakes; they can also restrict the cooling of the 
brake drums/discs. 

14.8.9 Comparison of various devices used to 
reduce vehicle drag (Fig. 14.68(a-e)) 
A comparison of various devices used to reduce 
vehicle drag particularly when there are crosswinds 
can be seen in Fig. 14.68(a-e). The graph shows for a 
low cab and no roof deflector that the drag is at its 
highest due to the cab to trailer step and that the drag 

coefficient rises with increasing crosswind yaw angle 
(relative wide angle) from 0.48 to about 1.05 over a 
15 ° increase in yaw angle (see Fig. 14.68(a and e)); 
a reduction in the drag coefficient occurs when a cab 
roof deflector is matched to the trailer body (Fig. 
13.68(b and e)). When a cab to trailer gap seal is 
attached to the trailer there is a further reduction in 
the drag coefficient particularly with increasing yaw 
angles (Fig. 14.68(c and e)), and finally there is even 
a greater drag coefficient reduction obtained when 
fitting a trailer skirt (Fig. 14.68(d and e)). 

14.8.10 Effects o f  trailer load position on 
a vehicle's drag resistance (Fig. 14.69(a and b)) 
The effects of positioning a container load on a 
platform container truck considerably influences 
the drag resistance. This becomes more noticeable 
with crosswinds (see Fig. 14.69(a and b)), and that 
with a yaw angle of 20 ° the drag coefficient without 
a container was only 0.7 whereas with the container 
mounted in front, centre and towards the rear, 
the drag coefficients reached 1.2, 1.6 and 1.7 
respectively. 
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