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Version SH/3

Solution
Vorticity dynamics

(a) Incompressible and irrotational flow:

u— —%krérJrkzéz 2)
- dug  1duy ., 10u, Jdug. . duy duy,,
V=g et Gae m 5 TG T % =0 O
~ druyp  1dug  du,  19r(kr) Jkz
V= e tymh - 2o m W
(b) Streamlines
dr d
== 5)
Uy Uy
dr dz
=% ©
dinr% =dlnz M
2? = const. (8)
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(c) Vorticity conservation:

Do
T —w-V
D w u
Jo; Jm, du,
S L By

The terms on the left are the convection of vorticity, and the term on the right is the

stretching of the vorticity in the z direction.
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Version SH/3
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e
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—%Alcrt)cra*lza‘/z+l +Akz(% + l)raza/zfl = Akp® %/ 21 (; + (% + 1)) = ko,

QED.

(d) The circulation at a given cross section zq is given by ['(zp) = ¢ @ -dS.

1) rg z
I(z0) = fo ® 277 dr = /0 Az 2y dr = ARy

The term rgzgis constant along a streamtube, so the circulation is constant.
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Solution

2

The overriding flow features (and problems) are the separation behind the bluff trailer and the flow
through the gap between the tractor and the trailer. Typically there are four major sources of aerodynamic
drag: The towing vehicle (mainly the front and ddes), the larpe wake, the tractor-trailer gap and the
underbody. 8o figure below,

30%

Approximate breakdown of aerodynamic drag contribution on a typical articulated
HGY

b} Towing vehicles should have rounded corners and clean lines. The radiator should be kept as amall ag
possible (the large engine requires considerable cooling so this is larger than on cars}. However, practical
vongiderations limit what can be achieved. In particular, the maximuarm length of a truek is limited by law
fthe combined length of tractor and trailer} which is why designers aim to make the towing vehicle as
vommpact as possible to maximise load gpace. This is different in the US where only the length of the trailer

is restricted. Asa result the towing vehicle is more aerodynamic with a longer ‘nose’.

The tractor -trailer gap is a significant problem. A sdzeable gap is necessary to allow tight torning cireles
and aeress for maintenance and various vontrols (e g cooling on a refrigerated trailer}). The best soluton

are spoilers on the roof of the tractor cab which direct the flow around the trailer to reduce this problem.



Tractor-trailer gap treatment

The rear of the trailer generally features no aerodynamic treatrnents because itis the main access for
loading funleading . Thus strearlining, whichis such a domininant featiwe in passenger vehicle design, is
comripletely absent. There have been experiments with add-on devices which show considerable drag

reducti ons but these remain impractical (and illegal because of the addiional lengthy.

Modern cornmerdial vehicles alse incdude treatments to reduce underbody drag, similar to these found
on cars. The frent tewing vehide can indude a small speiler to reduce the flow towards the underside

{or atleast the front shape is designed to move the stagnation peint devn as far as possble).



Another feature widely used are side-skirts on the trailer to limit the entrainment of flow from the sides
into the underbody of the vehicle — these can give significant underbody drag reductions,

Side skirts on a modern trailer’

However, many commercial vehicles require considerable ground clearance which limits the extent to

which front spoilers and skirts can be employed.

c) For Point I —the llow separation iz delayed until the trailing edge of the boat tail, and the drag is
reduced accordingly.

In regime IT {16 = < a <19 @), in addition to a separation bubble, strong side longitudinal vortices are
formed in the near wake and rapidly increase the drag with increasing & by generating the induced drag.

In regime III {& 2 20 ° ), the main separation occurs at the leading edge of the boat tail, and thus the drag
is the same as that experienced by the vehicle without the boat tail,

d)

Yoptta “og  ~
lfszZA CD& &

Fraction E saving = 1 —

Cross winds will limit applicability, There will still be an increase in skin friction and underbody drag

and an increase in drag at the gaps between the vehicles,

e) Although HSTs (High Speed Trains) share many operating conditions with other ground vehicles,
they exhibit some special flow features, The most obvious difference between HSTs and other ground
vehicles is the large contribution of the skin friction to the total aerodynamic drag force because of the
much higher length-to-width ratio of trains relative to other ground vehicles. The high speed, large
length-to width ratio, and relatively low weight of an HST indicate that the flow around it causes
significant instability when the train is under a strong crosswind or when trains are passing each other,
When an HST enters a tunnel, the high entry speed and the large blockage ratio between the train and

the tunnel cross-sectional area produce important aerodynamic phenomena that do not exist with other




ground vehicles. When an HST enters a tunnel, a compression wave is generated in front of the train
and propagates along the tunnel. At the tunnel exit, the compression wave is reflected back into the
tunnel, forming an expansion wave. These pressure waves cause additional aerodynamic forces and
moments on the train (this aerodynamic drag can exceed 90% of the total drag on a train when passing
through a tunnel) and on facilities inside the tunnel. Furthermore, such waves can cause serious
discomfort for passengers. The strength of the compression wave depends mainly on the blockage ratio
and entry speed of an HST'; by contrast, the cross-sectional shape of the train does not have a significant

influence on wave generation.
&



Q1 Potential flow

Parts (b) and (c) of these question can be done is a couple of ways. Either by using a polar or
cartesian representation of the complex quantities. In part (d), it is not necessary to calculate Ur,
because by construction, on the surface of the cylinder it is zero. Most people got the location of

stagnation points wrong. Note the location depends on the relationship between ¢ and a.
Q2 Vortices

A popular question. Almost everyone got parts (a) and (b) right. Part (c) proved tricky for most
candidates. There are a couple of ways to solve the problem. It can be done graphically or
algebraically. Most candidates got the idea of how to solve the question right but made the
trigonometry and algebra unnecessarily complicated. There was some confusion in answering
c(ii). A few candidates tried to use the solution in ¢(i) and apply n -> infinity to obtain the graph.
But in part c(i), we are asked to derive the motion of the vortices, whereas, in c(ii) we are asked
to derive the vertical velocity induced along the x-axis.

Q3 Vorticity and circulation

Almost everyone got part (a) right. Several candidates tried to use a streamfunction approach to
solve part (b). But streamfunctions, as described in the lectures and the databook, only applies to
2D problems. The correct (and easier) way to solve the problem is to use the definition of a
streamline — curves that are tangent to the velocity vector. Part (c) was generally answered well.
Some students had problems with part (d) because they were not clear on the definition and

interpretation of the terms in the integral to obtain the circulation.
Q4 Boundary layer suction

The number and quality of attempts at this question were somewhat

disappointing given that this was one of easiest questions. A common mistake was to assume
that the vertical velocity would be zero because there is no velocity gradient in the y-direction.
However, there is a vertical velocity going into the plate because of the applied suction. Those
who were able to complete part (a) went on to solve part (b) correctly. There was some confusion

in answering part (d).



QS Source Flow Boundary Layer

Popular but hard question. Most had an idea how to do it but got lost in the maths in part c.
Common mistakes where to assume zero pressure gradient or apply the wrong boundary
conditions. Thus, not many understood that there was a strong adverse pressure gradient which

could cause separation.
Q6 Horseshoe vortex model

Not very popular question, that proved to be more difficult than expected. Common problems
were that candidates treated the problem as 2-dimensional, forgot the mirror image system and
did not use a moving coordinate system to make the problem steady. There were also signs that
many left this question to the end and ran out of time.

Q7 Twisted Wing

Relatively popular question, well done by most candidates with quite a few near-perfect answers.
Some students forgot to include the downwash when calculating the effective angle of attack. A

few candidates also overlooked the fact that the datasheet contained useful information.
Q8 Lorry Aerodynamics

This was a very popular question that was well answered by many candidates. There were no
particular problems and the answers discriminated well between those candidates who had a
deeper understanding of the material vs those that only copied information from memory.As a
general comment, there appears to be some evidence that some candidates did not make
optimum use of the datasheet appended to the examination paper. A cause for this may be the
difficulty of flicking back-and forth through the online paper during the examination. This may
suggest that “digital” examinations are more difficult than ‘paper” versions (where the datasheet

is supplied separately and can be easily consulted side-by-side with the exam paper).

A. Agarwal (Principal Assessor) , H. Babinsky (Second Assessor)



