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All marks were allocated as indicated in exam paper.
Generally, this was well done, although often candidates provided only poor sketches and weak explanations for their workings. 
The straightforward initial derivation (similar to one performed in the lectures) was not always well answered, whereas most students did well on (b). 
The discussion of the effects of wing configuration on wing loading and stall behaviour (c) was sometimes not sufficiently detailed. Not many were able to explain their result from (b) or put this into context.



a) Expect low pressures around the (rounded) corners (particularly the lower front 
edge because of ground effect) and approximately something slightly below free-
stream pressure at the top rear corner. There are high pressures around the 
stagnation area. An actual result is shown here (crosses are along upper surface and 
open symbls are at lower surface). I do not expect correct answers for the pressures 
below the vehicle, as long as a suction peak is suggested at the lower front edge. 

 
b) Separation might occur downstream of each corner (suction peak) and of course all 

across the rear. 
c) The vehicle has a large separation at the rear, like a typical bluff body. Thus, any 

answer in the region of Cd=0.3-0.45 is acceptable. This can be with reference to the 
drag of 3-dimensional bluff bodies with a rounded front (eg semi-sphere, which as 
Cd=0.42 in the notes, however the body here is more elongated and thus would be 
expected to be lower drag) or to hatchback cars with a large rear separation (various 
references in the notes are also around 0.4). The presence of wheels and actual 
roughness in real vehicles might suggests that an idealised body as shown here is a 
bit lower than 0.4. 

d) The obvious improvement is the addition of a boat-tail (ensuring that the boat-tail 
angle is below 20deg). This can make the vehicle very aerodynamic, possibly even 
down to values around 0.2 in an idealised case. However, the question suggests that 
this is a commercial vehicle (i.e. van) and these generally require large internal 
volume and rear doors for access. Boat-tails would have an adverse effect on both, 
which is why current vans are relatively ‘box-shaped’. 

e) Wheels obviously increase the drag do to the additional frontal area and their not 
exactly streamlined shape. However, the exposed parts of rotating wheels is 
generally moving in the direction of the flow and therefore the additional drag for 
rotating wheels is below that of stationary ones. Here is actual data: 
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Figure 5.12: a schematic representation of the pitch angle variation; b centreline pressure for
the configuration with „s = 12o, tested at � = 0.0o, � = ≠1.0o and � = ≠2.0o. In b the symbol
‘ú’ denotes the taps located on the upper surfaces whilst ‘¶’ refers to the taps placed on the

lower half of the model.

positive pressure gradient in the vertical direction, with the region of lower pressure located
close to the bottom trailing edge. This appears to be in contrast with the results obtained
here, showing a wake asymmetric in the vertical direction, but with ˆCp

ˆz < 0 (Fig. 5.3 and
5.4). In order to shed some light on the origin of these discrepancies, bearing in mind the high
level of sensitivity shown by axisymmetric bodies’ wakes to small pitch angle variations (as
pointed out by Grandemange et al (2012b), Wolf and Stumpf (2014) and Gentile et al (2017)),
an investigation into the e�ects of limited changes of the model pitch angle � on the main time
averaged and unsteady features of the wake developing downstream of the Windsor body with



d) Following the derivation in the notes (simple first year fluid mechanics): 
Take a control volume approach. Here we assume a radiator area Ar with a local flow 
velocity on entry vr . We also assume that the flow is incompressible and steady. 
 

 
We can assume that the mass flow entering the car through the front radiator 
(which has a stagnation pressure equivalent to free stream) eventually leaves with 
negligible momentum (relative to the car). Thus, its momentum is ‘lost’ which causes 
drag. A momentum balance then provides the following additional cooling drag 
coefficient: 
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where A is the cross-sectional area of the car.  
 
Using the values given,  
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For a typical passenger vehicle cD ≈ 0.3, thus radiator drag is about 1.5% of the total.. 
 
 
Comments: 
Marks were allocated as indicated on the exam paper. 
 
On the whole, this was well done by many. Unfortunately, quite a number of 
candidates produced very poor sketches of the pressure distribution in (a), often 
missing regions of adverse pressure gradient altogether. In (c), some candidates 
(erroneously) used 2-dimensional drag coefficients as reference, giving a much too 
high drag coefficient estimate. Not many candidates were able to recognize the 
difference in drag between stationary and rotating wheels. Almost all of those who 
attempted the last part on radiator drag (f) achieved near-perfect answers. 
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