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ABSTRACT

A considerable degree of driving discomfort can be
experienced when driving a vehicle in the wake of others.
This is especially true in either wet or dusty coaditions when
both forward and rearward vision becomes ohscured. This thesis
reports a wind tunnel investigation of the wake characteristics
of typical road vehicles and a series of basic rectangular
blocks, with and without camber. They are tested through a
renge of yaw while the influence of incidence on the blocks is
studied. The use of static ground simulation is justified and
the alternatives discussed. Prior to obtaining wake measurements
the force characteristics of the various bodies in grouand
proximity are determined. Hot wire anemometer and pressure
probes are used to derive velocity profiles, turbulence
intensities, decay rates and periodic effects in the wake. Two
distinct types of vortex wake are obtained, depending or whether
the 1ift is generated by the influence of camber or incidence.
Finally consideration is given to the problems created for the
drivers of road vehicles by the wake and to ways in which these

can be alleviated by design of the vehicle.
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INTRODUCTION

Ir 1895, some years before the Wright brothers were to perform
their wind tunnel aerofoil tesis, 2 wind okznnsl was used to investigete
the aerodynemic resistance to motion of a model railway train. The
history of ground vehicle zeroadynamics is therefore a long one althoush
it is only recently that the field has once azain besen considered of
primary importance. This level of interest is predominantly a
reflection on the speed of travel. The world's land speed record now
stands at 1000 km/h. Futurs hizh speed ground transvortation vehicles
are expected to reach speeds of 500 km/h should current research
programmes succeed and present generation high speed rzil systems exceed
200 km/h in operations. Speeds above 300 km/h are mzintained by modern
racing cars which are capable of 400 km/h under favourable conditions.
For conventional road vehicles, sustained hish speed motorway driving at
a speed of more than 150 km/h is possible in most countries while even
under rresent restrictions the 110 km/h limit has not discourased the
attention,which increasingly over the past few years, has been paid to

road vel'icle serodynamics

ilost aspects of aerodynamics relevant to road ve-icle design have
been exrlored, although the vehicle has almost invariably bzen considered
in isolation. As the motion of a body throush a2 real fluid gives riae
to a wake flow a road vehicle is verr rarely comvletely outside the
influence of another. In zddition to generating a drag force, the
presence of a wake is resvonsible for a number of un:lesasant features
which reduce driving comfort. Under adverse weather conditions, such as
rain, the vehicle which generates thz wake can suffer from reduced
rearward vision due to the separating shear lavers at the base entraining
water particles, thrown up by the tyres from the road, which then become
deposited on the rear screen. Thise water dronlats which remain in the
wake obstruct the forward vision from vehicles travelling downstream.
Even under ideal weather conditions a vehicle can produce considerable
disturbance on another within its wake. This i3 especially true where
the upstream vehicle is considera™ly larger than the downstream one.

This thesie examines the waks flows of typical road vehicles. in
comnor with most ground vekicles the body shares are moderately bluff

which implies that the flow senarates at a base which is comparable in
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area to the maximum frontal area of the body and that any prior
separations tend to reattach. Comparisons have therefore been made
with the wakes of simple rectangular blocks, for which variations in
geometry, ground clearance, incidence and camber are Teadily separated
and easily performed. )

A review of previous studies of the asrodynamic characteristics
of various types of ground vehicle is given in Appendix A'. In Chapter 1
the wind tunnel facilities and models tested are described and the
limitations imposed by the wind tunnel boundaries are considered. The
force characteristics of the various models are shown in Chapter 2,
while the influence of the bodies on the ground is the subject of
Chapter 3. Chapter 4 presents the wake flow measurements. Finally

in Chapter 5, the influence of a wake on other vehicles is discussed.
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1. WIND TUNNEL TECHNTQUES

1.1 Introduction

The wind tunnel has besen the most widely used tool for
obtaining aerodynamic data on vehicles near to ground, but it is
subject to certain limitations. Various methods have been employed to
simulate the ground and these are briefly discussed. The wind tunnel
and models to be used in this investigation are desecribed and the

errors imposed by the tunnel walls are examined.

1.2 Ground Simulation

A variety of techniques have been employed in the past to
simulate the ground plane in a wind tunnel. These are fully described
in Appendix B but the most common methods are shown in Figure 1, It
ie usual practice for a flat plate to represent the ground. The board
is usuzlly mounted clear of the tunnel floor and the model is located
such that it has a ground clearance equal to the local boundary layer
displacement thickness. The advantage of this arrangement is its
simplicity. It is inexpensive, easy to make and install, but it suffers
the disadvantage of incorrect flow boundary conditions on the ground.
In the case of a vehicle moving in still air the ground is stationary
relative to the external flow, whereas in the wind tunnel the ground
and vehicle are both stationary in a moving stream.i boundary layer
therefore grows on the ground which is unrepresentative of the real
situation. The tunnel floor may be used to represent the ground but

this suffers from an even thicker boundary layer.,

This boundary layer can be eliminated if an image model technigue
is employed. The plane of symmetry then represents the ground surface,
but the relative velocity of the imaginary boundary is then neither zero
nor has the free stream value. Absolute symmetry is regquired and the

setting up procedure is complex.

The only way to obtain the correct boundary conditions at the
ground is by use of a moving ground plane, where a flat flexible belt
moves ai tunnel spsed. This is a costly 2nd complex arrangement and
requires considerable time for both setting up and in operation. Although
this approach gives the theor=tically corrsct boundary conditions, the
evidence available, as discussed fully in Appendix B, shows that this
technique in fact gives rise to considerably greater errors than does

the simpler static ground plans method.
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Congeauently all the expsrimental data that follows was obtained us

4]

41}
&

i
a static ground plane, and in the light of subsaguent measurements Th

problem of sround rerresentation is re-examinad in Chapter 3..

1% Hind Tunnel and Nodels
3 el ind Tunnel

The wind tunnel used for all the expe

M

o
is 2 closed return type with an octamgonal working gaction 1.14 =

4y

wide by 0.935 m hich and 1,53 m lons. Figure ? is a cress asction o
the working area showina the fixed ground board in position, The
ground board has 2 thiclmess of 0.015 m, is of wooden construction
and was mounted 0.2 m ahove the floor of the working section. This
provides an area above the ground plane of 0.7% me., The sround
gpanned the tunnel and was the full lenath of the workins section
it was fitted with a semi-circular leading edge and a straight tapered
trailine esdae, Twenty pressure tappings were distributed alona the
Jenath of the ground boardé upper surface with the front tapping, 0.08 m
aft of the leading edae, beinz duplicated on the lower surface.,
Equalising of the two lesding edge pressuras, implying that the flow
onto the ground plane was parallel to the gurface, was accomplished b
adjusting the anale of a flat plate mounted to the tunnel floor at the
mid lsnoth of the working section. This overation was nerforned from
suteide the tannal. The influence of any model on the circulation around

i
the cround board olus model could therefors be accounted for.,

Also showm in Msure 2 ie the traversing gear which had to be
made for carrying the various probes. It enahled a coaplete range of
vertical and lateral traverses, across a tyrical wake %o be performed
at any siven longitudinal station in the working section, The
prinzinle requirements of tha desisn were, minimum frontal area, the
location of all componants sxcept the probe jitself to be outside of a
typicel wake Boundary, n=A the complets operation had to bYe performed
fron ontaide the funnel. Turihermore it had ta be constructed with
anfPiaiont rigidity that models could be mounted ¢
‘experiments ‘on interference affects hetween wvehicles, The lonzitudinal

statisn was set hy olampine ths runners to tls sjuare secbion rails

which van the lensth of the workin: section. Latsral vositioning wes
by rotation of ths gcrew bhar which passed through a captive slider 49

which wag attashed the vertical traversing arrangenment. This wes
perforned manually from the tunnel roof, with a removeable shafi

18
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gonhecting through a right anzle drive. Tho lateral position was
rocorded by a revolution counter mounted on the serew har, The
vartics]l Lraversinz was obhained from a vertical rack driven

mamaally, via a series of gears, by a flexibls drive which, again,

passed ot through the tunnel zoof. The probes were mountsd on
on extonsion fixed to ths lower end of the rack. Vartical vposition

wae vecorded from a revolution counter driven by the flexible shaft,
The traverse gear gave up to 0.6m lateral movement and
0.2 vertical motion. It had a total frontal area less than 0.02m”.
To avoid positioning errors arising from backlash in the gears the
traverses were always performed in one direction, the zero being set at a
stop.

2 N Wind tunnel calibration

o

Mhe wind tunnel workins section was calibrated in the
absence of any models but with the sround plane fitted. The velocity
distribntion was measured at thres longitudinal stations in the working
section using a standard pitot static prrobe, and with the tunnel speed
nominally 50 m/s. The contours of enual velocity are showm in

Mgt 3 The turbulence intensity was also measured at the three
gtations. using o constant temnaraturs hot-wire anemometer, mounted

0.1 m a-ove the ground board. Tt was Tound to be always less than

478 {8

The static pressure distribution alonz the upper surface of
the pronnd vmlane is shown in Figure 4. A pitot rzke was used to
measure the houndary layer growth a2lonz the around hoard at various
apeeds, The vesulis are plotted, a= 2 function of Reynolds number,
and distance dovmstivean from the leading edge of the ground, in
Figure 5 (a). The hourndary layer thickness O . has been taken as
the heizht at which the velocity ie 297 of the free stream value.

Mhe growth of the boundary layer thicknessz fits tho exgression

=0y

6: 0385 x Rx

(1.1)

wheteo ”.43 the Reynolds number based on the distance aft of the

arpund leading edoe, This is Vn*y cloga to tha theoratical zero
| gradient i . :
nre&ﬂ“nx1r‘w* of & power law boundary layer sith exponent seven.

The spanwise variation in boundary layer thicimess 12 sho'm 1in

Fauras: 5h, A1l stations show a thick

in2 awayv from the cantre line

)

=

i

h-.l
|

but the effect iz most marksd near ihe ding edas,
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A two hole 'waw! probs was mounted on the tunnsl cenfre
line at several stations and traversed.vertically to 2z height of 0.25 m.
The variztion in flow piteh angle is shown in Figure 6., Close o the
ground the flov is parallel but demonstrates an incrsasing downward
inelination with heizht. Variation across the span at the mid length
of the ground plane is slight. The flow yaw 2nsle was not directly
meagured hut suhsejuent data on the lateral force characteristics of
mode? care shows that the yaw anals on the tunnel centre line varies
vetwesn 0° close to the leadins edce and 1.5° near to the trailing edze

of the sround bhoard.

hot wire anemomehsr is sensitive tn temperature variations
in the surrounding fluid. It was expected that the probe would be
suhjcetsd to a considerable amount of start-stop running and so the
tormper-ture variation thraugh a typiczl run crele was measured,
Mlisure 7. The increase appesred excessive and a coolins experiment
wazs attenpted. Air was blown through the hollow corner vanes
immedistely upstream of the settling chamber. Tha effect of this is
ghown, 2lso in Figure 7, and it car be seen that only a slizht
roduction in temperature at a ziven time is reaslisad. Tt was decidad
that ¥ather than eontinususir moaitor the tunnel temperature, a
temvsrature coupsnsated hot wire probe would be more suitasle, The
only disadvantape te such a vrobe Appears to be that it sufers a loos
in frenuency response above 5 kHz, which is outside the freguency

ranae of interest.

i S P Hodels

Vehicles which onerate close to the zround are aimost
invariahly flat bottomed, or have a lower surface which is vredoninantly
parallal tn the sround; they have little or no camber, ani are
modératelsr bluff, The latter implies that tha separating flow at the
base has 2 eross section comiarable with the frontal area of the

?

vehicle. On ramoving the influsnce of camber the simplast hody having

these pr=ral characteristiscs is a rectanavlar block. \ series of
these Wlocks were made for the initisl studiez and one iz shown in
Figirs 8. The dimensions of tha bLlacks are given in Table 1. The
notation used for identifrins eazch block is usad throughost The texh.

Mgl annh aloalk couldl bs added a noss blozk whick intraduced radiused

Wper 448 lower leadinsg edzes. The edge radiusg ef curvature is always

23
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0.25 t whers + is ths bedy thickness, and each block with nose added
bhecomes 25 mm loncer. This configuration; tha most fraguently useid
iz desicnated by W added teo the block numbar.

TABLE I: Block dimensions (metres)

block X b t b/] b/t
1N 0.3 (2 %3 § 0.1 0.33 1.0
2N " 0.2 " 0.67 2,0
3N 0 0.3 " 1.0 3.0
LN " 0.2 0.05 0,67 4,0
5N " 0.2 0,025 0,67 8.0
6N 0,2 0,2 0.1 1.0 2,0
7N Ok 0.2 " 0.5 2,0

Basic blocks 1 - 0,025

blocks NS b ¥ 0,925
Cambered blocks
0.k 0.2 0.15
max thickness pos °
8C 0.25 .1
9C 0.35 1
10C Ohu5 1
E1E 0.6 "1
12 O.h1 0.22 (5 %1 S 4 0.53 2.0
HOTE: A fold out sheet showing all the rectangular blocks

draym in Figure 8, but in clearer detail, is on pags (336) in
pAppendix D at the end of this thesis. This should be used in all

future reference to the rectanzular blocks.

(9]
o
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4 trarsition strip was placed on the vertical Tace of the nose block
at the intersecfion with the radiused horizontal edsges. In
addition, for blocks of height 0.1 m, fitted with the noses section,
gide nlates couvld be attached which inereased the overall blogk

width v 25 mm 2nd introduced a radius of curvature of 12,5 mm on

k]

all thz eide edges except those at trailin: edse. These blocks are
desirnated Yy adding ES to the block pumber. The body having a
planTorm aspect ratio of 0.57 was available ir two additional thick-

ne

uy

ass piving base aspect ratios of 4,0 and 8,0, Thess were only

used in force measurement tests. Two extre blcoks having base aspect
ratio of 2.0 were made. These had vlanfora aspect ratios of 0.5 and

1.0 %o complemsnt the orisinal with planform aspect ratio of 0.47.

For the longer one of these, 2lock 7N, a series of cambarad vpper surfaces
yvere made, Figure 8, which all gave similar aspect ratios and increased
the thiskness by 507. Tha pocition of the maximum thickness could be
varied between 25 and 607" of the overall lensth. ‘These cambered

blocks are desiznated by the suffix C. Blacik 9C was used for make

atudins, the remaindex anly heing emvloved for force measurements,

Three distinet passenzer car types have been modelled.
Phezn are cateasrised as saloon, estate, and fasiback, A medern trend
in vehinle styline is to confuse the distiretion between saloon and

1

fastrack by reducing the backlipht rake 'anzle and increasing the hoot

glonz, but this t:o99 has not been considered. As shown in Pigure 9
a1l the car models have a2 commor lower body shape, the wvariation heiny
alsnoat evelusively above the hoot-bonnet line, The models represent
approximately one twelfth scale vehicles. 111 the Yoot trailing edgen
were made charp odzed as were tha froat and rear winzs, The gill and
bonnet leading edres were 2iver radii of 5 mm and 15mm  resnect-
ively. Tor definition of styling terms referance should he made to
Piaure 10, On the underside of the leower chasis a numher of roushness
@lemants having cross section 3 mm %y 6 mm znd of varying lenzths

eving
were attached in on attempt st rapressatin- tynical underbody comnonents

Fueh o¢ susponz=ion mambers, sileacer and axla, No cooling flow was
Iatraducsd, Pranaition strivs were Fitted at the nose alonz the inter=

sectior of the radiused edze and the vertical face. 'he whoals weye

wade, sastly rasoveabls flush with the lowsy stirface. o effenct of
wheel arsk pegeases weo allowesd Tor.
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The position of ths upper section of ths saloon car model
wag adiustable to zive varigtion in the boot lensth; these models
being designsted Saloon 1, 2 and 3 in ordsr of reducirz hoot lenzth
and where ‘Saloon 1 zeprezernts the conventional saloon car confisuration.
By moving this shape completely aft so that no boot is exvosed a
sportine estale %tyve vrofile is possible, Estate 2, for comparison with
the canventioéyestaie shape, Zstate 1. Three fastback models were
available siving variable windsorsen and backlisht slape. All these
rodels have i;ﬁertical principal dimensions of overall lenpgth, height
and width, The turbls home angle was always 8°. A-vosts and D-posts
were sharp edged while the cantrail and roof leading and trailing edzes

were radinsed 5mm,

For measurements of interference effects between larze and
small vehiclas three lorry models and three additional car modals were
built to approximately one twelfth sczle. The additional car models
were necessary becaunse the internal strain gauge balance used in this
experiment required lishtweight models of hollow constyuction. The
desisen of tha car models is shown in Figure 11, The unper rear body
seotion is removeable to facilitate changes in body confisuration,
Three lorries were investigasted, having identicel cab shape but
Aifferant container lsneths, WPigure 11. The cab lesding unver anft sida
edges’ nlus the upper lonsiiudinal edges of both loxry and cab were radinsed
by 10 mm. 111 other sdges were sharo edaed. Phe lengest lorry had
8 meir of renr axles whila the other two were fitted with a single ona,
The rear wheels wore mounted tc 25 mm sauare steel tuhine runnina the
Length of the lorrr underside. Only fthe short model was used in wake
measurenonts. To aimulate a lorry at smaller scale for wake hneasurements
at o ressonable distance domatream the rectangnlar block 1 was fitted
with a d4iffersnt nose block of similar width to the block which
represented a cab, No further moiificatiors were mads to scale the

two models.

mhe yveriely of racing car configurations is conasiderable. Fox
thi~ study 8 tyope which is known to generate an extreme amount of down-

A

thrnah was chnsan. A8 it har fully enclosed Yodywork it Jdoes not suffer

the disturbing effents of wheel rototion., Fisure 12 shows ths model

which typifiss the Granp 7 Oan-im racing ear. 1t i3 to the same sozla
o8 the other models.  All corners were sharp edged excent for the curve
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win:s was made to aprroximately

'TJ
=
=]
o
0]
1ds
ek
e
i)
<]
.
-3
e g
\”D

above the front whes
Clark ¥ orofile with a thickness to chord ratio of 0.125. o
wheels wers fitted to tha model.

Porce measurements were obtained from an overhead balance,

exceoht Tor interference effects data which came from an intarnal

gtrain sause halance, The model was mounted on a gsinzle strut which

was adjustable in length to provide variabls around clesrsnca. In
the case of ths cambered models a twn strut moundinzg was employed,

the model beins supported between the struts by an mnshielded

circular bar, diameter 5 mm, Hor wake measurements the modals

were mounted to 2 strut, 10 mm diamster, which passed through tha
ground plane andé was clamped to a2 fittinz on the underside of the board,
giving verfical adjustment. The attitude of the model was adjustable

from within the body.

1.4 Wind Tunnel Corrections.

In addition to the problem of ground simula the flow
conditions existing around a model in a wind tunnel differ from those
gxparianced by a body in free air. Sourious foreces arise from the
confined working section boundaries modifyins hoth masaitude and

direction of the flor local to the model.
Teded Static prescure corroction.

Tha presence of a houndavy layer prowing alonag the walls of
the worling gection effectively reduces the area of cross section of
the Jjet. Thiz implies that 2n axial preazsure aradiont exists which
tends to increase the model drsas. The effect on normal forces is

agsumzd to be neglisible.

Por any body the dras cosfflicient increase, Acx 13 niven

by

&
/ 1 QEE {32}
Aox = Tpu% | M &= & s

where & is the frontal ares of the model, A' is ths local sres of cross

gectior 2t x, bp/bx is the oressure sradient,l is the model lenzth,

and Ll,ﬁ) are free strean velocity and density resrectivelv.
s B

ESx
Vi

NG e "N, (1.3)
: P

b5

YzEaming ig & constant thiz simolisi



where ACp is the change of pressure coefficient over the length of

1
the model and ¥ is tize model volume.

Por the racignzular blocks ths ratio ‘!:." 11 is unity, while
for 'the car models thiz ferm i5 not aignificantly different, varying

between 0,79 for the saloon to 0.87 for the estate cars. Thae value

for O Cpis taken from Fizure 4,

For all the rectangular blocks

ACx = 0,02
For the lorries
ACx = 0,02 - 0,04 dapending on length

while for all the car models it is sufficient to take

ACsx = 0017

1.4.2 Streamline survature,

The tunnel walls have = resirmining influence on the flow
aurvature around a 1ifting body. "ho presence of a around vlane close
to th» modsl reduces the chenge in enrvaturs at ths model dus to the
workin: section houndarissg. This is immedistely anparent once the
model and its images are revlaced by a simole horseshos vortex systen
as in Mpure 1l3a. Taking 2 two dimensionnl model near 1o 8 eantral Ly

s

placed ground plane, for simplieity, and writing QO for the flow

angla of incidence sorrection, then
W \
A,O( i -—l-j- (1' "‘!'.'
whora W e ths induced vertical welocity due f2 all the imases outside
the wmnel walls (i.e nob inelsding the image in the ground plane).

The iadnged velosity arising from the nsarest image pairg is given by

% _32 T | & | ke e
270 | HAR (HehPex®  (Hohl+x™ |
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where [ is the me del vortex strength, for a line vortex situsted

at = heisht h above the sround, x is tha distance dormstrean fram
the vortex position, and Hq is the tunrel height.

If h,x<& Hy equation { L5) can ha simplified to

QW= e (1.6)

The induced velocity due to all the external images is then

e S DX i o Py WA (i

Por a 1lifting body, [T can be replaced from

sClolln - (1.8)
Z quUA = UL D
where Z is the 1ift force, b is the gpan, The flow

ireideves correctina. AX ie then siven hy

il A%
2 WYl 2

(1.9)

I
(=)
\n
=
=)
]
H
]
o)

A

Tha aarvraction for a % arzeshoes varter would bas an order a®
magnitude less end so this is a resls ibls correction far raad

vehicle tesfe and can bs isnored,

A
M
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by a sinzle horseshoz vortex. The corrections then becoms
identicnl to those for a convartional three dimensional
1ifting body (see Fijure 13b) except that 1ift is substituted

forea,

by fwice the side

From Pope and HMerper ( 1) the boundary induced cross

flow ahzle, deroted here by A ﬁ s 18 given by

A/jﬂ-g--kBZCY(HT) (1.15)

where k is a constant for a ziven fumnel Azgisn and varies hetwesn 0.10
and 0.15% for a closed jet tuamel depending on crozs cection shape, B is

the ratio of model area to tunnel cross section ares except that the

'model! Ares now includes the image The *Yerm T i3 a functi £
aze., I m 3 unction o

4

dowmatrean distance. The incremental side force coefficient,

is piven by

ACy -AB __ 8Cy 1. (1.15)
el w e e LA (2.15)

Por the modsls tc be tested

B = 0.03
giszygg
Y

T will vary hetrean zare at the front wheels

5.8

ghd For tha tamnel
and approximately 0.4 at the rear wheels, De.oting the side force
at the front wheels by Cyp and at the rear wheels bty Cyg,

the corrections become anproximatelys

g e 2
BCyp = = 0.02 C

ACYR = = 0,03 Co &

At Ehe ovtrems downatresm pozitions, where x ~ O(H), T tends

o ity mad The changs in B0 dirsction a5 siven by

. LA

A3 = 0.04 3 (1.17)

Fegicisbatea e R ol agr s

38



Fallis Solid and Takse RBlockase corrections.

Tha stream velocity around a-model placed in an enclosed
workins section i increased by the constrainin: influsnce of the
wind tuanel walle. This incresse in velocity abave the refereance
eondition implies that the msasured coeffici-nis are in error. TE
the raiio of incremented velocity to free stream velocity is

denoted by € , the corrected coeffecisnts 2-o niven b

k &

= 1.18
Ccorrect il+€ )2 cmeasured ( )

where € is called tha blockaze correction. In general tha
blockage includez terms arisinz from the =ffects of the body and
the wake, although it is common to consider the twa tnaether.

=

e derivations of correction terms exist For hobh stroamlinad

-
=
&
3
2

and asxtremaly bIuff bodies. fawer are availehle for interm=diate

(=5
(&)
et
i

A
»

ghanos, wevresentative of rozd veh

Pope and Harper { 1 ) sugsest an emvirieal correction factor

for bodiss of unusual chaps asiven by

whare ths funnel avea reprrssented in 2 is now the area abave the
gromé nlane and agsuapes prior calibration of tha worling section
with sroand inetalled, Grose and Sackscimnsti (2) have used this
method ¢ith sabisfactory resulis and the exporimants of Bettes and

K elly ('3) support its uss. Calvert (4 ) and subsequently Mair (5)
compared three existing correction metheds for avplication fo blunt
based hadies of revolution., The method of Maskell ( 6) gave the

most suitabls results for badias of enuivalent Finenaszs ratio to
trpical road vehigles, 3ix different correction methods have been
investisated by Carr ((7) in an exverimant uszing rectangular blocks.

It was found thalt the siardgrd HINS eorrection

(i e (1.20)
1 4+ B

g:ve the best results.
Sykes (8) independently obtained an aluost identical correction

factor given by

(120)% = (1+1.98) " (1,21

for similar rectangular bodies. Sykes alsn showed



that +the size of the correction term could be substantially reduced

using a simple slotited wall tunnzl,

There is a factor of four between the most favoured correctim
terms. Crude measurements using z pitnt-static probe in the vicinity
of the lorry model tended t» support the argument in favour of the
larger correction factor, and so t e IRA expression (1.20) was

adopted and applied to all data.

1.5 Conclusions

The use of a fixed ground plane has been justified from
the results of previous investigations. Thase have shown that the
use of a moving ground, although more representative of the true
boundary conditions, gives results which are significantly in error

when compared with tests using a static ground board.

lleasurements on the ground plane in the empty tunnel show
that the boundary layer growth on the ground is almost identical

to that expected for a flat plate.

An analysis of the influsnce of the tunnel boundaries on
flow conditions at the model and in the wake has revealed that for
a body at pitch, near to ground, the effect is negligible. This is
not true for a yawed vehicle. There is a slight pressure gradient
along the whrking section which introduces a small correction to
drag. The blockage effects of a2 typical model are suificient to
require significant correction. The iIRA blockage coxrection factor

has been adopted.
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2. FORCES ON BODIES NEAR TQ GROUND

D ik Introduction

The measurement of aerodynamic loads on bodies in ground proximity
has a long history. The data has been mainly derived for wings
(see Appendix g)and winglike bodies while little attention has been paid
to the problem of bluff or thick bodies near to ground. It was felt
that the wake structure would depend on the lift generated by the body
and so prior to taking wake measurements the force characteristics of
the rectangular blocks at incidence near to ground were determined.
This has been extended to cover the effects of pitch angle on typical road

vehicle aerodymamic characteristics.

2.1.1 Low aspect ratio bodies

Lift and drag forces and pitching moment measurements for an
idealised streamlined uncambered body shape of low aspect ratio (0.%65)
and large thickness (21%) in ground effect were made by Stollery and
Burng (9). Reduction of ground clearance increased lift curve slope
while the influence on drag was only significant at negative incidence
when separation on the lower surface occurred. The forward shift of
the aerodynamic centre and the increase in Cjjo With reducing ground
clearance suggested the effects were similar to the introduction of
negative camber. Provision was made on the model for progressively
blunting the trailing edge. In free stream the blunting had negligible
effect on 1lift, but drag increased due to the extra base drag. The
aerodynamic centre shifted forwards with blunting but as a ratio of actnal
length this direction was reversed. The effects of ground proximity
were found to be similar to those for the streamlined shape. The body
does not represent typical road vehicles because of excessive under-
body curvature, very small ground clearances, giving lift forces which

are too negative and drag forces which tend to be too low.

A similar type of body having planform aspect ratio, 0.256, was
investigated by Carr (10). Variations in thickness, from 9;. to 27%,
were studied and for the thickest model the camber could be modified to
give an essentially flat lower surface. The uncambered models showed
that 117t curve slope was practically independent of thiclkness, although
non linearities were noticeable with the thinner sections at lowest ground
clearances. Thickness was found to have no effect on the induced drag
although ground clearance had a strong influence. Results with the
cambered models at zero incidence showed a rearward shift of the centre of

pressure. The influence of the ground was azain found to be similar to an
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induced negative camber, although there was little change in the location

of the aerodynamic centre. Flow visualisation revealed that streamwise
vortices on the side edges tended %o suppress underflow separation aft of

the minimum ground clearance position. ~ With the model streamlined in planfornm
instead of side elevation, a larger drag was experienced on approaching the
ground, side force slope with yaw increased while yawing moments were very
small. The same criticism can be levelled against these models as agpinst

the earlier one although it should be remambered that the purpose of the
testing was to establish links between aerofoil testing and typical vehicles

by reduction of the former to aspect ratios typical of the latter.

Waters (11) has investigated lift drag and pitching moment on a 40%
thick body with elliptical side profile and planform aspect ratios of 1.0 and
0+.58. The bodies could be halved in thickness to give a flat bottomed
section. The 1ift curve slope, as expected, increased with reducing ground
clearance, but at very low clearances some geometrics exhibited a reversal in
slope. Drag force variation with ground clearance was found to be dependent
on the type of body. The full elliptical body and the half ellipse with flat
surface uppernose experienced a drag which varied inversely with clearance.
Inverting the half body gave a drag reduction with decreasing clearance due
possibly to the influence of vortices forming along the salient edges. Reducing

the ground clearance also lowered the induced drag.

To represent high speed ground transport vehicles Grunwald (12) hes
measured the aerodynamic characteristics of a nunber of slender bodies in
ground proximity. Length to width ratios between 5.0 and 10,0 were studied,
the ratio depending on the cross section. [Fost of the testing was done at
yaw but the effects of incidence were investigated for the bodies at certain
ground clearances, using moving and stationary ground techniques. 'The lift
variation was found to be highly dependent on cross sectionj a circular
section giving the lowest and the semicircular shape with a flat base the
largest change in 1ift due to incidence. The moving ground gave higher
results compared to the stationary belt but as the boundary layer on the latter
is relatively deep, the results could be unrepresentative. The 1lift curve

slope was also found to increase at yaw.
P Effects of pitch on road vehicles.

A vast quantity of literature, has understandable been built up over
the years, examining the influence of yaw on road vehicles. Surprisingly
little attention has been devoted to the subject of forces arising from flow
and attitude changes in the vertical nlans. An anzle of incidence between

a vehicle and the external flow can occur.



for a number of resasons. The waks of a 1lifting body contains

H

transverse velocitiss so that when two vehicles are in close proximity

neideance. Can-inm

s

the dormstrean ons will excerience 'an effective
nzinz cars typically shaped like the model shom
Fizgure 12, has produced three frighteninag accidents in which ona
car following closely hehind another has experienced a ritching moment

sufficisnt to tur

1 the vehicle completely over(13).A vehicle in izolation
can be subjectad to a vertical component of the natural wind, especially
where the road passes through a cutting, over an ambankment or bridse,
or rear to a large buildinz., The vehicle will itself adopt a pitch
iffers from the design value.
Janssen and Hucho (14:) have shown that allowadble weight distributions

produce incidence variationa exceeding 3.5 degrees. Inartial forces

v
angle when the weight distribution 4

similarly have a vitch of€ect, which can he greater thas % 2 degrees

under normal braking and acceleration, Ellis (7I5) . i few brief

studias of the effects of incidence have bean performed, usually dealing
with racing cars. Larrabes (16) measured ths 1i€t curve slove on =z

one twentyfifth scale Corvette Coupe and obteined AC; /dax =4.5 rad™ ¥,
Janscen and Hucho (14 )found 1ift slopes between 2.25/rad and 4.5/rad

for three vehicle tynes, and considerable drag variation was also shom

to exist. Simplifiad models of a saloon ear and

tested by Stafford (17 who found 6Cz/60¢ values of 5.0 and 4.0

respectively. The lift on a saloon, Can-im, and e formila 1 car model

Y

8 srorts car iwere

has besn measured by #rizht (18 ). Based on full scale vehicles travel-

1
linz af 150 m.v.h, the lift per desree was quoted as 100 1bf, 225 1hf and

65 1nf rezpectively which based on tiypical frontal arsas would give 1ift
slopes of 5.5, 19.0, and 6.0 per radian in each case. Pothoff (19) has
shown that the valuzs of éczf & X for a typical svorts racing car
approaches 6.0/rad with the front wheel lift excsedins this figure and
the rear wheel 1lift dacreasing with increasina incidence. A similar
type of vehicle tested by Stollery and Burns (9 ) 2ave a result 25%
higher while a model of Donald Canpbell’s Blushird was found to have a
lift slove of 6.0/rad. Korff (20) in tests on the Goldenrod land

spzef record car found that thz 1i7t curve slops varied hetween O.Afrad
and (,0/rad devending on the =ose design althioush ths whesls on the

model wore nob

that varvzing the nose profils and ths addition of carard winzs nmsde
neali iie difference tp the 1i7t surve Slope A 4.5 rad, ses arpendix,
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2.2 Torce measurements on rectansular blocks at incidencs

221 Jaynold's Number effects.

~

he measurement of forcss on rectangular blocks in ground
proximity and 2t incidence was originally undertaken to provide
raferenca data for comparison with the wake studies using similar
blocks under identical conditions. This asplied to blocks IN, 2N,
SNy 90, The results appeared to ba of general interest so the range
was extended to cover variations such as edge radiusing, thickness

ratio, lerncth ratio, and camber.
-

Tha models were mounted on a single strut to an overhead
balance. The pivot point of the mounting was at the mid-length of
the model and was identiczal in location to the supvort »ivot used for
the wals studies. Height varistion was obtained by adjusting the strut
length. Lift and drag forces and pitching moment were measured, as
was the ground board vpressure distribution. The axes and notation
systen employed are shown in Fizure 14, with coefficients based on
frontal area, and model length. The nominal epeed in the working
gepction was always 30 q/s unless stated otharwise and all results have
been corrected for hlockasce effects only using the MIRA system as

discussed in Chapter 1, equation (1.20).

The effect of sm2ll variation in Rey:10ld's number, based on
overall lensth, on the drag coefficient of various blocks, in free
astream, at zero incidence, is showm in Figure 15. The nominal running
speed corresvonds to 2 Reynolds number of 0.65 x 106. Considerable
reduction in drag coefficisnt iz arparent for all bodies on inCreasing
speed, the rate of change devending on body geometry and slishtly less
on edra effects. The lower the model span the more critical the
Reynoldt's number problem becomes, although the results seem surprising
for these sharp edged bodiss which would be expected to show little

influance of Reynold!s number.

Bl Affect of edge radius,

The effect of an edae radius on ths aerodynamic characteristics
of blocks 1,2 and 3 in sround vroximity was deterwmined.  Bscause of
similarities between tha Tesulis For all three hlocks only thz data
derived for blogk 2 iz presented. The ground clearsnce as measurad
at the mid-length was wvaried from 2,5 mm to 50mm for each block and

ferance £

Pres girass condition wa3 obtained with the meodel mounted

w

r

@

J

n ths +tusnel centre line in the =hsence of a arpund plans. Pigure 15

Q
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shows the resnlts of

varyina iﬁcidenee and ground elearance, for bloocls
2,27 and 298, whara tlock 2 is the basic body with all edges sharp;
blogk 2 is fitted with 2 nose block %o giva the upper and lower
leading edze a raiins of 25mm s 2nd block 2HS has additionzl side
plates, increasir; the span by 25mm., which give the upver and lower

longitudinal and side leadinz edzes 2 radius of 12,5mm . The

9
U H

trailinz edges were always sharvp edged.

]

In figure 16(a) the change of 1ift with incidence is seen to
increase dramatically with reducins ground clearance. A high degree
of linearity exists in all cases, although the divergence at higher
incidence increases with reducinz ground clearance. Chanzes to the
edge conditions apoears to have only a very slight effect on the lift
esrecially at positive incidence. At the lowest ground clearance, for
which incidence variation was possible, all the blocks show a reversal in
the 1ift slope, which indicates a separation of the flow from the model
or the zround. The basic modzl, 2, hehaves similarly at all ground
clearances although the eoffect is lass marked as the clearance increases.
A1l models, near the ground, exhibit a slizht negative lift at zero
incidence, except at the minimum clearance when a positive 1lift results

o .

from the blocking of the flow in the gap between body ani ground.

The influence of edse conditions on dragz is more noticeanles as
would be expected, Figure 16 (b). The basic model drag arpsars to ba
virtually independent of ground clearance, when in ground proximity,
showinz the dominatina effect of the flow separation, althouszh the fres
stream case has substantially less dras. Adding the nose reduces draz
considera®ly and introduces a deperdance on ground clearance, tha drag
reducins with increasinz clearance. Radiusing the side edzes reduces
the draz further althouszh the reduction is less, especially at largsr
clearance, The minimum dras incidence bacomes increasingly nezative
with ground clearance for all tests although thz free stream case must
obvionsly bhe symmetriczal. Comparing blocks 2N and 2N3 anpsars t2 give
an addiftional draz, due to sdae effect, which is cgnstant for all

incidanna 'mt is depandent o= srommd clsarance

-alsSe

1

The induced drag can ha dsduced from Figure 16(c), where the

L

stfective 1ift coefficient, 23, rlotted, is siven by

Czy = (Cz - (Cz)cx ]
min
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sins the actual 1ift coefficient and (Cz)(:x i is the 1lift

ricient ah the minimum drag incidence. The drag due to 1ift is
reduced with sround clearance. Block 2 expe&iaaces sporoximately

twice the induced drag of the other iwo blocks which differ only slighfly.
Figure 16 (4) plots the pitchinz moment versus 1ift. Ground proximity
and variation in the clearancs produce very little change in the curve
slope, the aerodynamic centre moving aft by 157 of the length batween

the free stream and the near to ground condition.

2.8.5 Tnfluence of Planfora asrect ratio,

The aerodymamic characteristics of Blocks IN aad 3N are shown
in Figure 17(a)-(d). Comparison with the data for block 2N from
Figure 16 zives three different planform asrect ratios from 0.33 to 1.0
with constant thiclmess to length ratio of 0.33. Increasing the span
increased the 1ift curve slope approximately proportional to span while
the zero incidence 1ift co=fficient ramains nearly equal for all three
blooks at a given ground clearance. This is not true at minimum
clearance where the 1ift coefficient increases with span. The curves

of drag coefficient againet incidence show that in free stream

O

onditiona only small differences exist. Or reducinz thz ground
slearancs the model wiith the lowest aspect ratio shows considerably
sreater changes in coefficients than the higher ratios. At the same

time the minimum draz incidence changes more raridly with increasing span.
The induced draz curves show similar features to those for the blocks 2.
Increasing of the span is ssen to noticeably reduce ths draz due to lift.
The pi*ching moment characteristics of blosk 3N are almost identical to
those of block 2N Block T, however, while demonstrating similar

slopes at negative lift, has a considerably greater spread of data at zero

and positive lift, although the increase of scale should be noted.

2.2.4 Modifications of thiclkness to length ratio.

1idi*ional wariations in planform aspect ratio were obtainad by
modifins tha length of the models, while maintaining ths width to haizht ratio
(base mspact ratio) constant and equal to that of block 2. The planform
asweﬂt ratios obtainad were 1.0 (block 6X) and 0.5 (block TN). Fizure

14
18(=)-{3) shows the asrodymamic characteristics of both bodies at incidence

and in ~round proximiiy. The lonzer body =sxnariences 2 greater degree of
non-linesrisy of lift to incidence, and the underbody flow breaks down at
considerably lower incidence. Fraa streaxm 1ift for dotnr bodiss is

52
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identical whic
is anprtroschad the 1lift curve slope increases with increasing body

ements arse obizinsd in free stre=am for

f

length. Tdzntical drag meas
both boiias and the same is frue at the highest ground clearances tested.
At lower clearances, however, the shorter body experisnces considerably
greater dra: ccefficient. The minimum drag for block 6N is comparabls
with that for block 2N although the incidence at which minimum drag
occurs anvears to be more positive. The induced drag for both cases is
similar, although as always, there is a spread of data points, which
allow considerable choice for the interpretation of slope. Curves of
pitching moment against 1litt for both blocks give only a limited linear
region, the longer body produsing non linearity from its earlier
proximity to the ground and the shorter body suffering from its lack of

length.

Turther variation in thickness to length ratio was available
by modifying the thickness of the block while maintaining a constant
olanform aspect ratio, equal to that for block 2N. The two additional
blocks investizated had base aspect ratios of 4,0 (block 4N) and 8,0 (hlock 5NY)
The lenst1s were similar to that of block 2N while the edge radius on the
wover and lower leadinz edse remained at 25% of body thiclmess. Only fwo

ground clearances were studied besides the free streanm case and the
results are shown in Figure fé (a)-(d). The 1lift coefficient increases
considsrably on reducing thicimess, although it can be seen that if the

1ts were based on planform rathsr than frontal area, the coefficients

would then ba virtually identical for all thres blocks of identical
planforn. This suzzests that in the presence of the ground the effects of
thickness are nealigible. The drag curves azain show very hish coefficients
of dras on reducing the thickness when in ground proximity althougitthe free
stream curves are very similar for all blocks. The lower frontal area
exaggerates an almost constant force, arising from the flow through
jdentical 2ans hetween body and ground, into a large additional
goefficient, Thz induced draz curves for the frse stream case show 2
reduced 3lope on raducing the thickness and at 2 given ground clearance

the slops appears to ba reduced by a similar ratio. The pitching moment

14

gurves sre identical for both bodies, if, as bafore, the coefficients are
based oh planform area. fTote that as vlotfed th: coefficients are based

on frontal araa.
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22 Tffeats of camher.

Rlock TH was fitted with a curved upper section to produce
a eamhered hody whils retaining a flat lower surface. The maximum
thickness was irereased by 507 aad occurred at 357 of model length
aft of the nose (block 9C). The trailing =dge geometry remained
identical to that for block 2W. Tha aesrodynamic characteristics are
plotted in Figure 20 (a)-(d). Comparison with Figure 18 shows that near
to grouni the camber has very littls influence on absolute lif't values
apart from 2 slight increase in 1lift. Additional camber profiles were
investigated in free stream only and it can be seen that a rearward
shift in the maximum thickness position introduces a 1lift increment and
an increased nose down pitching moment. There is negligible effect on
drag. In ground proximity the pitching moment characteristics are very
similar to those for block TN apart from a negative pitching moment
change. These results tend to confirm the dominating effects of the

ground.

An additional cambered model, (block 127), which had cross
gection changes in the nose razion only and had a flat lower surface, was
also ianvestigated, see Fizure 21. The model could bs inverted to study
tha

The l1ift characteristics are very similar to thoss of block 2N apart

ffact of a gross chanze of the flov condition at the leading edss.

iIJ

3

from 2 marked non linearity at nezative incidence and a negative lift
increment, Inverting the model only produces a further lift increment
due to ths curvature of the lower surface and initiates a2 flow breakdowm
at an earlier incidence. The two drag curves show an effecfive incidence
ahift over most of the incidence ransge, although a large difference is
apvarent at the minimum ground clearance. The induced drag curves show
8imilar characteristics for both bodies at all ground clearances studied.
The pitehing moment slove shows little influence of either zhapa or

ground rroximity but the absnlute value of the pitching moment differs
consider2hly with shape, ths model with the upvermost leading edge

naving a significantly higher nnse up moment.

2.2.6 The Influencz of Ground proximity.

of essential paramsters against sround clearance have hesn made. Tha
paramefers of interast are the 1ift s Gz /0 , the zero incidence
1ift cosTlicient C 5, che minimum drag c:efﬂlc*;wt, Cy o the incidsnce
Z in
ot whie oceurs O , and the "efficisnecy" of tha body as a
i Cxmin
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liftine device as mazsured by Cy/ACH.  The ground clearance has
or'!h-:xmu' I
been pormalissd by the span c;“,\t‘-;*.r: bloclk, In figure 22 (
varamsters are compared fof the three édge conditf T
all lis on a straight line, Tor a given body, when plotted azainst
inverse of the ground clearance, The bhasic block 2 shows less changze
dus %o ths anproaching ground, while blocks 2¥ and 2N5 give comparable
results, A1l the 1lift coefficients at zero inciderce lie close to a
gingle curve. The minimum drag coefficient curves show that significant
drag chznzes occur on avproachinz the zround for block 2N while block
23 shows a considerably reduced effect and the basic block experiences
nagliagibls variation over the ranze investigated although the presence
of the 2round obviously has an influence. The plot of CK[(:
against around clearance shows that the basic square edged blocgils not
influenced by the ground while the other two blocks experience similar
variation of the incidence, which increases negatively over the range of
heights investigated. The curves of 6Cx/6Cf against ground clearance
all sho~ similar trends with an initially linear slope from the origin,
the basic block giving the zreatest slop=. Normalisinz with respect to

the free stream value pives a common curve.

On varyinz the span, Figure 22(b), the slope of 6Cz/60t
against normalised ground clearsnce remains constant, the ahsolute value

increasing by a fixed amount at a given ground clearance dus to the frae

o
Q
=
)
(¢ ]
*J-
(e
]
< |
¥
D

stream increase. Ze 1ift coefficient is given by a singls

curva for a2ll three blocks. The curve of C, ,.:, 2g8ainst ground

n

O -

alearanc» shows similar free stream values while the drag coefficient

variation near to around shows similar trends, the magnitude increasing
with reducing span. The minimum drag incidence shows almost identical
results for all three blocks, while the plots of 8 Cy/AC} display the
initial linear trend seen earlier with the slope increasing dramatically

with reducing base aspect ratio.

Modifying model lensth whils maintaining the base section of

bloclk 217 sives lift curve slornes which increase apvroximately provortional

to lensth when in close ground proximity and are egqual in fres stream:

Fizura 22(c). Zero incidence lift is agzain similar for all blocks.

is similar to that consistantly measured on block: 2N. 245 &
mdy

The hlarclks all shor a2 similar frend for the miniou

this time there is g greater s-oread of

/73
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give zimilar rosults for all thres blocks when in free stream while
near to ground the short block has considerably hisher values than the

two lonrcer blocks which show very similar reenlss.

Reducing the thickness of ths block whils kearinz the same
planform aspeet ratio has the effect of increasing the fres streanm
1ift slona directly proportional to the base aspect ratio. The
increase in 1ift slope when in ground vroximity is similzrly increased
asg is tho zero incidence 1lift coefficisnt. The minimum drag coefficient
is onlyr slightly changed in free stream but is strongly influsnced by

thiclnees when near to ground. Only two data vpoints were taken for

each "lock in ground proximity so interpretation of these results is
difficult.  All the minimum drag incidence values were very close to

zero. The increase of bcx/ACz’-' with ground clearance reduces
approximately proportional to the thickness to length ratio, although

at fres stiream conditions ths variation is stronger, Figure 22(d).

)
1))

When the of

orincival characteristics of thzs cambered blocks are compored with those

cts of ground proximity on the

for bHlock TN, the longer version of hlock 2N, which has a length equal to
bloclk 97 and approximately equal tn hlock 12, the 1lift curve slopes
increase less rapidly for koth cambored models on approachinz the ground.
The zero imcidence 1lift for bhlocks 7Y and 9C are similar once corrected
for the effects of free strsam 1lift, For blocks 12 the frend is similar
but the magnitudes are completsly different. For the remaining

-

characteristics only block 9C shows any consistency with previous resulis,

.

The minimum drag coefficient i= reduced on adding the camber and the

related incidence is more negative. The curve of 5Cx/6022 for block
9C' sho7s a greater spread of results than for »ravious blocka althouan
the init

block 717, Free stream results showy that 1ift increased as the mavimum

ita

al trend and the free stream value are similsr to those for

thickress vozition movas aft while the vitchinz moment bacomes inereasingly

negative.

245 Discussion
2 fres strean data

The minimum drag coefficisnt is plosted against base asreet

ratio far all hlocks in Fizure 23, For a zivan noge confiouration the
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drag ceeffigient iz 2 minimum far an aspect ratio of unity. Tha
trend azrees with drag measuremenis obtained_fram flat plates mounted
riormal to the airstream by Pail, Owen and Eyre (21 ). The initro-
auction nf ecanber reduces ths draz by modifyinz the slope of the
upper sensrating shear layer, while changes to the body length sesnm
to have a neslizihle effect. The fres stream lift curve slope is

=¥

plotted on the sams =2raph. 111 blocks tested fall onto a single
straight line through the origin. This implies that 1ift is
indensndent of both thickness -and length depending geometrically

only on the span. Slender wing theory for a rectangular planform

does sizzest that all the lift is carried at the leading edge, and

from all the curves of pitching moment against 1ift the 1lift acts at
147 of “lock length aft of the nose. The curve of 0Cc/ 9 sz

for all blocks when plotted azainst (t/p)? azain gives a straight line
throush tra orizin for all blogcks in the 'N' configuration. There is
a greater spread of results for the other shapes but in the case of the
camberad hody this is improved by taking the base measurements rather

than ths maximum thickness.

LA, S round proximity - collected data

considerable desree of uniformity is obtained for the 1ift
curve slipe data when olotted in ths form showm in Fiszure 24. The
only sisnificant deviation from the one straisht line that all the
resul+ts tend to collazse ontn i3 ziven by thes hasic block data. The
independence of the lift forcs due to incidence from the effects of
thickness is apparent. Thz increase in 1lift of a body in ground
proximity clearly arises predominantly from the flow changes in the
gap hetween body and ground. The zero incidence lift is similarly
plotted in Figure 25. There iz again a remarkably good collapse of
the data to a sinzle curve. iAlthoush there avpears to be a
considaratls spread of results, these zive a 1lift coefficient to
t 2.5% of the length to thickness ratio which rerresents a small
chanss o 1ift force in practice. For a typical vehicle having a
frortal area of 2 o? travellinz at 30 mfs this gives 2 1ift force
iatinn of 160 or possibly 1.5 of the weight. & body approachinz
the sround in as inviscid streas should experience an inersasingly
nasutiva 1ift ab zero incidencs dua to ths accelsration of the flow

irths san hetwesn bhody and around. Tha sudden depariture of the
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ourve Trom the inviscid case occurs whan the 2round clearance

approaches the local boundary layer -

The increase in drag at a given airspeed experienced on
approaching the ground is shown in Figure 26 to be a function of ground
clearance and span only. The exceptions are given by the shortest,
narrowest, and bluffest blocks, all other bodies fitting closely to a
single curve with the exception of the short block when plotted as in
Figure 27. For ground clearances up to one third of body thickness the
expression (®Cyx /bcz’ ) increases directly proportional to ground
clearance. The collapse of the data is remarkable and generates extremely
uséful design information.

2.4 Forces on car bodiss at incidence
2l Peynolds Number Effscts

Draz and 1ift forces and pitching moment were measured at
various fHunnel speeds *QDVQSE“"ﬁ" Reynolds numbers, based on overall

car lenzth, ranzing from 0.6 x 10 to 1.05 x 1ﬁ° for the saloon 1

ear moi=l only in various preliminary stazes of reorssentation. G
Pigure 23. The basic model drag coefficient reduces by 227 as the
Reynolds number increases by 75%. In conmon with most other works on

ented in terms of lift

l'l}

road vahizle serodynamics ths moment data 1s pre

at ths front and rear wheels, Tha MIRA blockage correction, Zquation
(1.20), has heen applied to all cosfficients.  Addition of the transitiom

3trip is seen to give an almost constant, but small, reduction in drag
1

throuatout the speed ranse. t also reduces front wheel 1ift wh
increazins the 1ift force at the rear wheels. Fitting the underhody

roughness elements increases the drag by almost 10% throughout the
Reynolds number ranze, restorss front wheel 1ift to its non-transition
value a3 substantially increases rear wheel 1ift, The effects of
ingidance on this confisuration ars noticeable only on 1ift at the
front whaals, while the change of Reynolds number has a neszligible
effect on forces a2t incidenca. Adding the wheels survrisinsly produces
no chenze in drag, reduces rear wheel 1ift slightly but dramafically

inereasen front wheel 1ift. Tha aslearance hatween the whezals and the

ground board in this test w2z 5S5mm. It i3 clear that substantial
modifinasions ta the front whael 1ift coefficient arise from the
sdditinn of wheels +¢ ths basic shape a2nd from changes in wvenicle
gttituds, fess dranatic changes arise from the addilion of underihody
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roushness and transition strins. Tha rear 221 1ift and the
averall dras are ssnsitive to the state.of the underbody. 411

o}

subsequsnt tests were periarzéd at a nominal 30 qfs tunnel speed,
The offect that addition of underbody detailing has on the

1ift curve slove is shown in Figare 29. Jithout rouzhness slements

on the underside both front and rear wheel 1ift sre incidence dependent
with resr wheel lift decreasins with increasing anzls. On adding the
underhody strins the zero incidence 1lift at both axles increases,

front whesl 1ift slope reduces by 107 and the rear wheel 1lift bacomes
independent of pitch angle. The overall 1lift variation with incidence
remains virtually identical. For all subsequent runs the underbody

detailin: was fitted as were ths nose transition strips.

2ude2 The influence of ground clearance. 3

Tha overhead mechanical balance necessitated 2 small clearance
hetween wheels and ground to prevent spurious loadings arisinz from
contact., Prior to obtaininz lift data for wheeled bodies at incidence,
the possihle errors, ariszins from incorrect setting of th2 gap between
wheels and azround, had to he asfiablished. Six car models were tested
2t three heishts, ths car beinaz raised with the wheels. Tha different
hody shiapes were modelled by fittina various upper body “locks to modify
tha gids nrofile. The rear wheel 1if% and draz are seen in Figure 30 to
vary only very slizhtly with change of wheel to 3round clearance. The
1ift at the front whaels, however, show in all cases, a very dramatic
rigse when the clearance is less than 2mm, This figure corresponds
roughly with the local displacement thickness of the ground board
boundary layer, as measured with the model absent. The increase in

1ift ie indepsndent of body shape as shown in Figure 31.

Mo differsntiate between 1ift effects arising from the wheel
to ground 2ap and those arising from changes to the vehicle bhody clearance,
the latter effect was determined by removing the wheels and varying the
height above the ground plane., The result is shown in Figure 31
for thres tvoical shapes as an incremental 1ift over th2 value obfained
at ‘a olasarance of 20mm, which correszonds to the whesl to ground gap
of lmm, Veasurements wers iaken over a2 consgiderably areater rangs

of heishts than in the previous test. Both front and rear whsel Lift

ineresssn sroximataly linearly with reducing ground clearancs, with tha
front whaal 13f+4 increasing at a faster rate. Comparizorn with & similar
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curve for tha whesl clearance suows that 21l the additional rear wheel

while the 1if% at the front

2
o
Q
£
4
o
i_]
£l
H
1
i
Q
Q]

1if4 ariges from the change of

shealg ta atill donminated by the affzct of th2 zap bebweser the whesl and

the around mnlane. Wote the different disvlscement scaless.

These results susgest that the only satisfactary way to dbtain
1ift data on vehicles at ineidencs is ‘or individusl adjustment of each
wheel so that the clearance hetweern wheel and around remains constant,
irrespective of the attitude of the hodv. \s this avproach would be
time consuming; the model could not bs easily modified to zive this
adjustment, and, furthermore, the main objsct of the experiment was only
to establish 1ift data at zero incidence for direct comparison with the
wake studi=s, a simpler alternativa was adonted. In this approach the
forces were measured at zero incidence with wheels fitted. The wheels
wera then removed flush with the underside of the body and the force data
obtained over the incidence ranzes of interest. It was assumed that the
lift dus to the presence of the whesls would be indevenient of vehicle
atritude over the small ranze of incidence conzidared. The corrected

1if% coefficient, C,, for the car at incidence is then given by

Cz = Cz“ + (Czo- CZO(. )CK=O (2‘1)

where C?xiﬂ the lift coefficient at incidence, O , measurad without

i)

wheels, aad €, is the 1ift coeffifient at zero incidence obtained

with the wheels fitted.

20805 The effect of incidence

The wvariation of front and rear wheel 1lift and drzs forcas
with incidence is presented for all car model shapes in Figure 32.
The coefficients have bean corracted to give the 1ift on 2 bhody with
wheels and having a clearance of 0.75mm - between ths whaels and the

ground wlane, The drag forces ars ssen to chanze only slightly with

athitude. Thz throa saloon car models zive the highest dras with the
satate vehicles experiencing slishtly laza, The difference reducesz =as

the ingidence decresases. There is little difference between the drag
coefficients for the three fastbacxk mouels; they are approxinmately

20% lower than those for the other two body styles.
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TABLE TII: Lift curve slopes - car models

Model dCy/0X deg_1

Saloon 1 0,092
2 0.098
g

0,103

Estate

—_—

0.110
0.121

n

Fastback 1 0.094
2 0.090
3 0.094

Can Am 0,48

Rear whael 1ift varies almost negligibly with incidence for

all modelé. The fastback shapes have the greatest lift forces and the
.intermediate camber model experiences the maximum force. The saloon

car models with the longest boot sections, S1 and 52, show almost as

much 1ift on the rear axle, but reducinz this length further reduces

1ift considerably. Tha Eaxtate 1 modal has the lowest value of rear

wheel 1ift. T™he variations of front whasl lift with incidence is alzo
seen to ba very similar for 2ll models; the only differance heing recorded

for the Estate 2 model which has the moat aft windseresn vosition. The

0]
r.h
=
t

faathaels models experience tha greatest 1ift forces, the value increas

ct
:

1

Wil

5

+

i

-

=
o
oy

Q

with the aft movement of moess position. This sgrees
with the reasurements on the cambered ractanzular blocks. The salonn 1
model has almozt identical 1ift at the front wheel to the Fastback 3
model, which has the steepest backlisht rake. On reducine tha boot
length of the saloon models the front wheel 1ift reduces. This iz the
opposite effect to that found on the fastback models and a
related to ths rearwards movement of the windscreen. The estate cars
experience the lowest 1ift values at the front wheels with the minimum
beins found on the Hsatate 2 model. The overall lift curve slopes for

all these models are summarised in Table 11,above. The zlope tends
to incrsase For 21l models with the a7+ movenment of the maximum thickmess

position.

Ta the last few years racing saloon cars have appeared with

-

front spoilers fittad delew the froni buzpar roaition: see for instance
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It is claimed that these spoilers
raduge draz and ircraase downthrust at ths nose, thereby increasins
road holdine, esrecially under eross wind conditions. Many road

cars noy 'seem to have adaoted the davice, although this may be purely

for lcosmetic! sons. To investigate thzs offect on the vehicle
characﬁeristics 7hen vitching, two modifications were made to tha frowt

lower leadin: a2dze of tha saloon 1 model, Tha first modification

wag sinply to square off the orizinelly wall radiused front 8ill while
the second modification extended th» vertisal front face of the nose
dowmwards to halve the 2av batween the underzide and the ground, The
1if't and drag characteristics far ths Saloon 1 model with and without
these modifications is shown in Figzure 33. Addition of the eamared nose
is seen to slishtly increase drag while the model with the spoilar suffers
a considerably incressed draz, es pecially at negative incidence. 'Mhis
contradicts some exnperiments with snoilers slthough Janssen and Hucho

(14 ) have showm that the design and location ars oritical. The rear
wheal 1ift shows a small desree of dependence on attitude for both noss
shipes, albeit of differant sign, and the 1if% increases with the extent

ront whsels reduces

=3
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e
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B
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l’j
=
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D
—
e
H
ct
)
s 1
o
%
o

of modification.
noticeably as the leading adae charoness increazas, but whereas the 1ift
slopa of the squared leadins sdae model is very similar to that for

the unmodified saloon, the 2ddition of a svoilar makes tha froat whesl
1ift essantially indsnandent of incidence. This imnlies that the
handling qualities of a vehicle fitted with such a spoiler are much more

se for a vehicla without as the loais onn the steesrad

=
¥
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T
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14
-
i
]
20
(R
3
3
L9
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or l'J

ant irrespective of vshisle attitude or externsl

flow conditions,

In section 2.4.2. the variation of zers incidence 1ift with
ground clsarance was examined. Figure 34 shows the effect of incidence
at those zround clearances, for the three basic types of passenger car;
the Saloon 1, Fasthack 2, and Fstate 1 models. All three vehicles
display similar trends. The rear wheel 1ift slope is always class to
zern and the 1if% slons at the front whesls insrasases on approaching the
peound . The overall 1ift derivative 6cz/6o< is plotted against the

£

reciprocal of ths ground clearance, <or all three models, in Figure 33.

The 33loon and fastdack nmodels disclay almozt identical results while

f
e

the satate car exmerisnces a considerably sreater 1ift siope a2t a given
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2.h.4 Incidence at yaw

Lot y E . o
icle to experiencz zeTra Fav

conditions for Smw subsiantizl paried of time, The efTeots of

combinsd viteh ond yvaw attitudas were studied usinz ths Saloomm 1,
u

Fastback 2, and Wstate 1 models, The results ars shavm in Tijure 34,
Considering the szloon gar only, an increase of yaw anzle raisses hoth
the Zoro ineidsnece 1ifE, and the 1ift slope. \s befiore ths 1ift

vaw ansle of 15° the 1ift slops for the front wheels is 5075
at zero yaw. The fastback model exrerisnces greater variation at the
rear whasls, althoush the overall responsa is similar to that for the
galoon., The estate car shows a sreater variation of zero incidence

1ift it yaw dbut the 1ift slope with incidence is similar to the other

models.
2,4.5 Can &m Racing Car

Figure 37 gives the front and rear wheel 1lift coeflicients
for thn model Can Am Racina ecar at ingidence. This modal wne only
tasted without wherlz so the abzolubds 1ifE valuss are in arror. The
oregance of whaals would have tha effaest of increacing the 1ift, AT

zero incidence both the front and rear wheels evnsrience considerable
downforce and the nitchins mement is vozitive sli-htly, which is

typinal of these vehicles. the 1ift variation with incidence is very
high espacially at the front wheels althousgh the rear whesls contribute
one auarter of the total. Tt will later be shorm that on this model
thars avnesars to be considerable separation from the ground plane
immedintely aft of the model. This is due to a combination of low
ground clearance and strong upwvash., It is not clear how unrepresent-
ative this mizht be, but it is possibl~ that it contributes towards the
Jiigh 1ift chenges by creatins hicher underhody vressures due to flow
stasnation than wonld exist on ax acipal vehicle. The bshaviour of
real vehicles of this type dozs su nant, however, that sxireme chances

70 %ake nlace, see Hulme (13).

k]
2.4 Digcussion
2.5.1 Forces o1 zctual wehicles
Sone previous meazuremenis o’ 1ift dus2 teo ircidonca have Ween
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in whesl elesrance, The absnluts value of 1ift is stronaly dspendent

on the state of revresentation, whather it iz wheel clearance, transition,
or undarbody detailing. 1ift variation with incidence is notably nore
dependent on larzer scals zgeometrical chanzes. Over the Reynolds number
range studied there is g neglizibls shange in 1lift characteristics

although the draz coefficient reduces considerably.

The aerodynamic centre, for all wehinles tested, is situated,
longitudinally, very close to the frornt axle and, vertically, just
below the upper surface of tha bonnet. A1l shapes experience a lift
coefTicient slope cloze to 0.1 deg . This corresponds to a change of
1ift force at the front wheels whan the zpeed oF the vehicle is BOm/S
(68 m.p.h.) of 115N (25 1lbf) per desree; at 42 m/s (100 m.p.h) this
force increases to 242N (55 1bf) per dearse. Tt is possible that the
measured values of lift slope differ from those obtained on a real
vehicle .as the position of maximum variation in lift is al=o where the
greatest inaccuracies in modelling are found. 7ith wheels in place the
confining of the flow should increase the 1lift slope in the same way that
lift is improved by the addition of endplates to a sround effect winz.
AL the same time the local body surface is nob usually flat or continuous,

ag this regsion is the engine compartment in most vehicles, an? is thersz-

tD

fore open on the undersid These changes would have opposite affects,
although compariseon with the data of Janssen a2nd Hucho (14 ) , who show
lower 1lift slopes, suzgests that the latter effzct may dominate. Tha
results of these authors alsc differed, however, in showing =2 drag

variation with incidence,

The action of a cross wind, represented in the tunnsl by a yawed
model, increases both the 1lift force at zero incidence and the 1lift slops.
The increase in owvarall 1lift curve slove is plotted in Figure %8 as a
function of the slope at zero yaw for the three wvehicle types considered.
There is 2 =zlirsht soread of results but the trend is similar for all
vehicles, A doublinas of 1lift curve slope occurs aft 2 yaw ansle of leas

than 20°, The aaloon car data is extrapolated to give the total 1lift

coeffinisnt at 2 nitch anzle of 2° positive and i= plotted against yaw
angle in Figure 29,  This shows that the 1ift coefficient anproaches
unit: for o yaw anala of 20°, This incidenca ansle is possible with

meny passenasr cars and dges Nos necescarilv imnle an overloaded cass,
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Tg gererate an effsetive yaw anzls of 20 would require a c¢ross wind

valocity of 10 m/s whan the vakicle sreed is 30 m/z (68 m.p.h.) and
for & vehicle travellins at 42 m/s (100 m.ov.h.) 2 wind speed of 14 n/s
wonld be neceszary. The latiter welociiy c¢zn not be considered extrens.

Tracked Howvarcraft Lid. (22) took as their design case z value of
almost twice this. 1t the lower sre=d the saloon car would experience
a 1ift force of 1.1 X7 (240 1»f) and this increases to 4.0 k¥ (900 1bf)

at the hizher speed. The front whesls under thass conditions must e

0
e

almost comnlsetely unloaded. Combined with the rearward shift of the
centre of gravity, producing the initial incidence, this chanse in
loading mnst produce a serious dsterioration o ths handling, On =211
the pagssenzer vehicles considerad, increasing incidence shifts the
centre of action of the lift force forwards while the opposite is true

at nasative incidence,

The fan Am racing car =t ineidence develons 1.73 kN (390 1bf)

of 1ift ver degree at 63 m/s. At 84 m/s' . avproximately maximum
greed, this figure is increased to 3.0 kN, @ighty ver cent of the

1ift chanse is ecarrizd at the front wheels. These cars have a %otal
weight of less than 1.0 tonne but the high dowmforce on the bodies at

sero incidence means that the front wheels do not suffer positive 1ift

intil thz weohicle iz almost at 2° of incidence, which would represent
the total suspension travsl. The very ch 1ift forces necessary at the
front whasls to overturn one of these racina cars could only be generated

by an external disturbance. This counld take the form of upwash from

another car's wake flow or may be inertial as would occur when the road

flo
I

ot

radient reduces. s verhaps disturbing fo note that the frend in

' pingle seat racing cars, and Formula 1 types in particular, is towards
the hildina of the maximum width bodies available under present
restrictions. These machines travel at similar speeds but are of

considerably lighterweight and therefore more susceptible to disturbance

by the similar aerodynamic loads bsing gensrated.

Variation of tha ground clearsnce of the nassensger cars

orodusss characteristics similar to those obtainsd for the rectangular

blocks. Mha intercert on ths vertical axis representing the free
stream case, sgrees closely for all models and with the value for a
rectananlar hlock having identical fi:icknese e width ratio. nn
arpraoaching the ground, however, ths ostate car 1ift slore diverges
Fienifisantly from tlose for it saloon and Tashbask models.
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rear end zeomstry should have an
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influsnce when in sround proximity and no effect in free streanm. Ths

T
+a showr that the

ol

garlisr sxrerimsnts using reetansular “locks seeme
shanzes &tn 1ift slope arisins from sround proximity arose purely from
the modified flow conditions in tha gap betwsen vehicle and ground.

These rodulis, however, show that the flow around the outer body parts,
that iz well away {from ground, aposars to be of similar i=portance. The
campered regtansular block, 9C, in comparison with the basic uncambered
bleoeci, T, revealed a similar trend. The point is emphasised by
comparing the 1ift curve slopes of ths rectangular blocks near to around
with those of the estate car, which of the car shapes most resembles a
block The data for the basic blocks tends to collapse fto a single line
but the estate car results, as a function of ground eclsarance, have only
half the squivalent slope. The saloon and fastback models exnerience a
1ift curve slope that is further raduced by 407, The discrevancy
between eztate car and rectanaular blocks data can be explained by con-
sidering the underbody flow. The trailina edge conditions ars not
sufficiently different hetwasn ths two cases or over the incidence

range of interest to have s larae influence on 1if4, The chanaes dne

to ineidence must therefore arise from tha lesdins sdae flow., The
stsznation streamline is »rokabdly not influpenced strongly by the aft

Wedy zeometry and ‘ao the flow under tha leadine a2dge is fnairly depsndent

an the ratio of the nosa thiclmess to the ground clearanca, The road

vehioles are therafore zommarabls with rectanzular hlocks at relatively

sreater srownd clearance,

The differences hetween the warious car designs arises from the
influence of the hody cireulation on the leading edge flow. The greater
the vehicle 1ift the lower the front stagnation point and so the flow
tnder tha vehicle !sssat an affectively thinner body, that is one at

relatively grezater clearance again.

At the same time thaze affects mould not be netbiceskle in free

ndent only on the body planform.
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or. The salisnt lower
gdge dramatically lowers ths front stagration poinkt, so reducing the

ssngivivity of Yift to incidences
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Mo exsmine =ny aserndrmemic influsnee on vahicle behaviour
the lomsitudinal esuations of motion aze molifiad by including
agrodynamic terms. hese squations, set out bvelow, are simplified

tha fvras Mha mpwa ahanos af Ara i+, inpidencse anahlez +th
yres i 1 ith incidencs qlas
= - * - A & T A1
counline with velocityr error fo bz iznored. [ith reference to Fijure
: : el . ¥ . Al
AQ tha esuntions describing the vitch and heave motion for a 502y

AZ=m(Z+&U) = —(kzgkz)+AZq (2.2)
AM= koc = k,l,z; k,1,Z+*AMqg (2.3)
where AZ, A\ are total chanses from equilibrium in 1ift force and

pitchins moment resvectively, on a2 body of mass m, 2nd pitel inertia

Iy’ travellihg with forward velocity U,and pitch angle o¢, The vertical

displacement z, and stiffness k, are referred to front and rear suspension

[} 1 g
b the enfficas 1 and 2 resmectivelr. Tha suffix, a, refers to
neradimamia terme, and the suspension iz distsncs, 1, from the centre of
gravity. The terms 3y ané z, can be expanded as

Zl =Z'I'|‘O( rz.;'.}
Z, =2Z-1,X

whers = i3 the heave displacement of ths centrs of gravity, and the

nerod;mamic terms, making the assumption that all the lift variation

takes vlsce at the front wheels, can he written

oCz

AZ, = e

QUA (2.5)

Mha sharastaristic atustion, writins § “or differantiation



msz+(k|+k2) m5U+k,I,—-kzli-%z&q

kl—kl, I,€ 4k, ek 2 — 82g
dox
(2.5)

lany vehiclas have almost uncouplad h2ave and sitch motions arisine
Many vehiclas h i 1Cot nas 1 i mot ari >

[FLEE 4L

from

K= kyl, (5

and making this sinpli

ication it iz immedi=telr obvious that the

heave root iz indenendent of any assrodymami
- w e =

s, = illkiky) /m)™ (28)

The other root., howsver, still containg an asrod menmic tersm awAd is

aivan by

2, _08Cz, | .32 2%
szxy=-&f1,59u.a- (k, +k,13) (%.9)

tfhen s ig real this snuation renrssents an pnetahle situation and a

eritical velocity, Uk y can be defined, after suhstitution from (2,7)

s

as
1
= 3 (2.10)
Cz A 0
S o
and the mode iz 2 couvled »itch and heave of the €.2. with the centre
0z ratation at the rear axle. 3 this is & lingariged analysis the

b
stability. Inclusion of dam~ins terms doss,thersfore,not modify the
-] ] 5 Rziall 1050 0L daioin Larms JES H LABTETOIC,N0T Modl1ly e
Tesnlt. Myrra ':".4"._‘":""1':':_ h=2ins an ardear po macnitada nysatar than

suspension stiffasss, can be ignored. For U<Uct"~_=

frequency . W, of the nitchine motion is siven b+
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dZq
Wy = kL1 +12) - T L, = (1= Sta/éx )

(2.11)
Iy i k,(1,+1,)

where We 13 the natural frejuency at zero speed. Tha variation of

the frequency with speed can be sxpresssi as

L

{ medium sized saloon car typically has suspsnsion stiffness giving
zitecn and heave frenuencies of about 1.25 Hz, the weinht is 0.8 tonne
with a wheelbase of 2.5 m and a 50/50 weisht distribution., The
frontal area is ?mg and substitution of the wind tunnel results for
8Cz /8¢ gives a critical valocity of 100 m/s (2 25 m.p.h).  This

is of academic interest o normal road goins vehicles, which at

typical maximum spseds will not notice any reduction in natural frejusncy

aither. There wzas, however, an inatance some years azn, when z fag-
furbins sranelled Volkswacen Bpetlat, known as the '3lack Tidow!

hecame airborne at a speed of B4 m/s .. while nerforaing on a drage—

..... 4

yacing sirin, Por 1

(J

and the ratio of wheelbase to croIs sectional area remain apvroximastely

constant and so tha critical velocity will increase proportionally with

the square root of ths mass, Ths 0axn Am e¢ar, in common with most

racing cars, has susvension stiffness which are typicially twice those

= T e k- " e £ iy - £ T 3
ger pasienzer cars the frasnencyr of the suspansion

of a2 econventional ear. The frontal area is reduced by 307 while the lift

alopa iz increased fourfold at the front wheels. These factors combine

to aive a critical velocitr closes to 84mfs (200mph) which is the ordsr

of their limiftine spered and wa2ll above the spsed of 63m/s 2t which

thras averturning incidents hava occurred whils racinz(13).

Begides modifving ths natural frenuency of a systam introduction

of aerodynamic effectz can altsr the damping tarms. Gonsider tha Flow
4lane tha underside of tha hody. in offactive local angle of incidence
XKp, 20 be created by a 2sometrigal incidence, OX , ar Br a loeal
haavin? valLocitis arizins from both 2 heara velosity, 2, and a piteh
rania, M. This gan be writiten

/ (2.13)



whare x iz the distance forward of the scenire of zravity, of the
statior considared. Tadar 2 nurs haave motion =ach station of the
Hody exrperiences the same sffsctive incidence a1d so the 1ift foree

due t5 @ heavine motion can be assumad to act at the front whaels,

Lift and pitchins moment derivations due to heave valocity can there-

fore he defined

5o e \
Czi_ucza (214)

X

(:ni ==‘lJ<:z°‘

ghere | is the wheelhase. Tha derivatives due to Titch rate are
imuossibla to define withont knoving the distribution of lift force
due to incidence. \ agunins, hawsver, that the foreca changes are
sonfined to a resinp ~losa ta ths front suspension and therefore well

forward of the centre of aravitr. a2 firet aprrorcimation fo ths 1ift

and pitchine moment derivatives dus to pitch rate wo1d be

L7 ]
e

CZq‘”% Cze (21

2
I

e BT

Trnically o mashanical damrer nrovides 207 o

damring, 57 a sinzle Asgree of freadom system, Fijure 41 b
ronragantins the front susvension, the dampins constani,g,, 1S given hr

c, =0.4muw, (2.15)
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ar ‘a typical passenser car the Tatio

of asrodynsmic heave dampinz to toial méchanieal front susnension

-L ¥
Lq _ _CzuTQUA (2:17)

= 0.046 U (m/s)

&)

The two expressions become equal at 22 m/s (50 m.p.h.) 2nd the
combined damping goes critical at four times ¢ o)

natural frejuency iz reduced, as given 3y eguation (2.12), the
critical damping speed i= reached earlier at ahout 52.5 m/s (140 m.v.h.).

1,

This is s3till stable buf no oscillatory term apoears in ths root. The
effect on the handling at this speed must be noticeable although
between the normal drivin: sveeds of I3 m/s 1and 3Om/s there is
less than a 50° increase in total damning. Tha Can im car iz found

to be twice a3 sensitive to zpeed. Por any high spaed road or racs
vehicle any device which can reduece 1ift sensitiviy

comsiderahly valus.

2,6 Conclusions
For the rectangular blocks the 1ift slove is inversely

rroportional to ground clearance. The data can be collarsed onto
a gingle curve. Introduction of camber noticeably reduces tha 1lift
curve slope at a civen sround clearanca, In addition for all the
rectangular blocks reduction of thz data to sinsle curves is vossible

for the induced drag, the minimum dras, and the zero incidence 1ift.

The data for the road vehicles shows that for all passenger
cars the gderodynamic centre iz close to the front axla. Slizh
variations in lift curve slops are arparent for different desizns
ariginz From the inTlusnce of nose Zesziazn and vehicle 1lift on the flow
nnder the nos=. iran dopendence or incidence is naglizible. A cross

wind ircreases bha garsitivity to »iseh
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3, GROTND BOARD BOTWDARY IAYER

-

e
oduction
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ry

=

n Chapter 1 the problem of ground simulation was introduced
and discussed. 1t was decided that =2 static sround board wonld
provide adeguats renresentation. The flow conditions in the walke of

a moving vehicle will differ from those measured in a wind tunnel as
the boundary conditions are no: satisfied at ground surface. This
discrepancy will arise for two reasons. Firstly thes force character-
istics of the body itself will bz modified and will become manifest in
the wake. Secondly the wake boundary conditions must be false at the
ground surface. From measursments of the static pressure distribution
along the ground plane and of total head using a pitot rake the velocity
profiles at the surface can bz derived and an understanding of the
boundary layer growth obtained. Agssumptions can be made concerning
the develooment of the ground bSoundar - layer near a moving vehicle and
from the differences the possibls errors arisinas from false represent-

ation of the ground can be detsrmined.

3.2. Ground board pressure distribution

3.2.1 Rentangular blocks

The pressure distribution alons thzs centre line of the ground
hoard was recorded for every bleck and car model for which wake studies
were to be made. Pressure corrections as given by equation (1.20) have
been applied throughout the length of the ground board, although they
are probably invalid far from the model. Ths models were mounted in
one of two poaitions on the ground board depending on whether force or
wake data was beinz obtained. Tor walke studies the models were mounted
close to the leadinz edge, enabling the traverses to be performed at thao
sufficient downstream position, while tha force mvasufemants were
obtained with the modal mounted at the mid length of the ground board.
To ensure similarity of flow between tha two cases the pressure distrih-
utions for both situations are compared in Figure 42 for block 2N,

The longer sround board lenath forward of the model givaes rize to a
glower change in pressure immediately downstream of thz ground board

leading edpe, bt this is the only noticsablzs diffsrence.
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This distribution is %ypical for all bodies near %o sround. Dostream
of the model th= flow decelarates o 2 minimux welocity just forward
of the model leadins edsze. Y rarid qcca’~Iin 1 then takes place

ander the nose; the maxinmum velocity bein: attained just behind the

model leadine edge. Ths flow then d=c=2lerates %to the trailing edge

oy

where 3 bhaze separation, approximatelr parallsl to the ground, occurs,
This is inferred from thz neglizible vrassurs differsnce immedistaly
npstrean and dowmstream of the trailing edze. In the near wake the
deceleration continuss but a preszure recovery occurs as ths wake
flow develops., Figure 43 (a)-{c) plots ths ground board rpressure
distridution with the block 2M ot incidence for various mean ground
clearances. At a given ground clearsnce tha upstream pressure
distribution shows a slowly increasing deceleration as incidence
decreases. Reducing eround olearancs similarly increases the rate

of deceleration in ths unstream region. Beneath the model, however
t.e - ]
An

(¢ 3
ia

the pressure distribution is strongly influsnced by inciden

A an
W, 2 an

ground clearance. For nazative incidences the chanses in distribution
are confined to the rezion of the model leadinz edge, with very hizh
guction arising a2s the nose a2nnroaches the grouﬂd. 4t »positive
incidence the increase in nressure orn the undsrside is almost constant
alons the entire lenzth, the increase beingcroportional to incidence,
ThHe conditions at the trailing edne tond to de similar in 211 inatances.
The lack of acceleration in this region indizates, as before, that the

geparating +hear layer i3 parallel to th2 eround in most cases.

For the ramaining blocks the vressure distribution is plotted
for the zero incidencs case, only, and at a constant ground élearance
of ., -/25mm; see [ 44, Block 2NS gives identical results t

block 20 while the basic block 2 shows & similar initial flow retardation
but a lenathened rnose suction area dus to thz flow separation at the

leadinz edge. Trailing edse pressuras are considerably lower.for block 2.

.

On increasins the apan, the local pressure, thrsushout the

length of the ground hoard, similarly increases in magnitude, In Figure

-

45, the pressure distribution for hlocks 2W, A, TH, having constant cross
T

asection hut of varying lenpgth, are comnared, Th> zero disp

veprasents tha nose of each wahicsls, Tipstraan of the Ylock trtiliﬁg

.

pdge tha regnlia ave almpat identicel, althoush tha lonzer model reveals

iy

Siciant at mic length ard a lowser

s
1 1t 8

W

a gli ~11t1y ol _3'?':,3:- sraganre ¢o
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coefficient mear the trailing edaze. The szm= Tigure shows the
pressure distribution beneath the camdbered block, 9C. The initial
flow decelaration iz slishily faster while hizhor oressure is evident
directly under the block, when corpared with thz uncambered case,
At the trailin: edae th2 vressure ic higher, whilas the base flow is
modified, suspestin

shorter reverse flow region.

35,2 Car models.

The pressure distribution alons the zround plane was alag

measured for ths car modselsz, Tho offact of three model stations

are shovn in Figure 46 for the saloon car model at zero incidence.

It can be geen that the points tend to fall onto a sinale curve excernt
n the vicinity of the zround board leadinz edze. TIn one case the
model was without wheels »ut this a2rrwears to have no significance.
The pattern upstream and cownstream of the model iz similar to that
for the blocks as would be expected for a reaion outside of the
immediate influence of the model itsel?f. Directly underneath the
model the pressure distribution differs in having two peaks, hoth
oceurring at the whael voszitions, althongh as nodted earlier these
have little effect thamsselves. This characteristic was noticeable
for the 1iftins rectarnsilar bloclts. On the szamz curve the effects of
rear end geometyy are shows to he of imnortance only in the region of

the trailinz =2daze. The aztats car has noticeably lower rressurss in

1 s -

this resion, the prasszure increasins as the geomstr:; becomes less blunt,

Further studies using the 3aloon ear are shovm in Figure 47.
The influence of Reynolds Mumber on tha pressure distribution iz =seen
to be maglizible as would he expected from tha force data. Attitude
chanzes are investigated in th2 same figzure, on a displaced curve.
A small change of incidance is seen to have ne offect upstrean of the

model but doss modify the distrib®ation underneath and aft of the car.

No pressure taopings coincided with the peak pressure position, howaver,

gso the effect immediately uniar ths nose iz unczriain, fith the model
at yaw differences ars confined to the area betwsan the wheels, where
inereazing yaw nroducesz zreaater auetion. Tha ftmo additionil nose
confizurations ave compared to thz normal saloon car in Fisure 48.

A3 the sharpness of the nosa increases the upstreanm decelsration

ineraages wiile tha valacity bpezk mnésxr the nos=s moves for—ard and

-1

inereases in mesnitude. “he nressure variation downstream of the
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leading peak alao becomes consideratly more evan with the spoiler fitted.

Also shown in Tigure 48 is the pressure disiribution bensath
the Can Am raoing car model, This differs in naving substantially

less chanze in vressurs at the lesdins edsge, while a uniform pressure

exists over the entire underside. Ths uniform preossurs sxtends some
way dowmstream of the model frailinz adge and tends to indicate a

separated flow reattachinz to the zround. The pressura racovery in

the waka is then displaced domstrean.

3.5 Boundary laysr measursments

331 Velocity distribution

The velocity distribution in the boundary layer upstream of

the model and in the flov hatween mod=l lower surface and ground was

jode

determined for a few models, at zer> incidence, usinz a small pitot

rake., This simple pitot rake was constructsd by glueing

lengths of hypodermiz tubinz of 0.8 mm outside diamster to a thin

brase strip The static pregsure was assumed To be constant across

the boundary layer, or risht across the gap between model anid ground, ang

wos derived from the nzrevious measurements of the ground hpoard vressure
igtribution, obtained without tha rale, Manzuraments were only trken
alon: the ecentre line of tho around nlane, The results for blaocl 2N at

25 ‘mm' ' grovnd clearance ars shown in Mizure 49. Tha annroaching
boundary layer is seen to slewly thicken. Mrectly under the model

nose the around hoard toundary layer is considerably reduced in thickness,

while the model boundary layer iz just developing. Hoving towaxrds the
trailinzs edoe the g2p flow becomes syvmmetrieal, with the houndary layars
on hoth zaround plane and model growine at the sams Tate. Tithout the

nose, block 2, the build uns of tha around board houndary layer, upstreanm
of the model, is mors oroncunced; ¥igure HO. Under th2 nose a rezion
of separated flow is apparent. The flow reattacked before 307 of model

lanstl aft of the leadinz sdze, althoush the model boundsry layer thiclmess
is consideradbly thinlksned. Tha flor fends o symmetry at the traiiing
edge but the maximum velocity is 40/ lower than for the block 2N :case
The flow under the cambered model , block 9C at 37.5mm ground clearance
is seen in Figure 51 to be similar to that for block 2l with a high

level of symmetry.

Jith block 2N mounted at different ground clearances , still

at zero incidence , the velocity distributions -~hown in Figure52 were
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obtnined a2t ths trailing edse. her the model clsarance is 25 mm,
and sreater, the sround board boundary layer is idenfical. At lower
sround clearancas a flow blockags. 2aus2d by ths mersins boundary layers,

iz apparent. The peak velocity just sxceeds half ths frae stream valus

at ths mintmam zround clesrance. Tn fizure 53 the effsct of vlanform
modification on the velocity distribution at a given heizht is seen to
be nezlizibla,

The saloon car model, fitted with whzaels and having a rough
underside, produces an agymuetric flow batween model and ground,
Fizure 54. As in this case the rouzhness is distridbuted alonzg the

underside the symmatrical Tlor condition is not restored. The measurement '
of total head was *aken to the model floor by cutting awsy @ narrow centre
sectionr'“ the rounshness strips. At the trailing edge the velocity
digtribution increases lirnearly across the gap, and is similar to a

fully developed, zero pressure radient, Couette flow profile.

.2 VS S Roundary layer thickness.

The displacement thickness, & *, ras determined from the area

under the veloecity profile curve, ®or certain configurations, blocks

o1 and 90, this could be defined back to the trailins edae of the block,
tut in ths othar cases the disnlacem:znt thickness could only be derived
forward of the model nose. Tha variations of displacemsnt thickness with

2
pogition relative o the model leading edse are plotted in Figure B
In all cases the trend is for tha boundary layer displacement th
increase on approaching the modsl nose. At
reduses the thisliness considerably and it thon continues to grow again at
an apnroximately wniform rate., The only siznificant deviation between

the four results occurs at the marximum pressure voint, immediately up-

stream of the models.

In the case of block 2N, the zround board boundary layer
momentum thicknens, S] , hag alsp haen computed, and the ratioa, 6*/9 »
Imovm as the form factor, H, was found to be close to L 5. At a tnigal
test Zoymolds famhar of 1’)5, +ths ex—ascted valus of B is 2bout 1.4, but il
ig known that thias can increase considerably under adverse pressure

gradisnts. In cozrarison, withou

the around board hounZary layer give T as 1,35 wiich 1s sufficiently
close to the evpscted value. Tha yariation gf 6* i +ha bare ground
board is nlottad for compariszon. T~ asnoral tha displacemaont thickness
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j¢ areaiter, with the model present, in +ma reaious of retarded flow, and

less whare the pressure sradisnt is favouravlas
S e T Theoretical boundary laysr srowil.

Consider the case of 2 two dimensional turbulent boundary layer
in a pressure gradisni., The momentun inteoral eguation iz usually

written

Where © iz the momentum thicknsse, H is the form factor, Uj
i3 the local velocity, and cr ic +Hf}@kin friction coefficient. The

skin friction term, can, in sensral, be replacad by

cg = aR (3.2)

Mare a, b are constants, nard Rg i3 the Reynolds numbsr
based on momentum thickness.  Substitution of (3.2) in (3.1) resulis
in a differantial enquation of the Bernoulli Type. \fter substituting
representative values for the sonatants and replacinz © by 6“}@{
(assuming 1 is constant) the solution is

X/L
.‘-'-’" Has Lo

125 445 *
[ ] Ul | 002RT | |M d[i-] (3.3)

been introduced and the 2eymolds mumber 2, is 1130 based on this lensth,
and tha free stream velocity, L § SR The suffix, 0, usually refers to

the transition point hut it is convenient in thia inatance to take the

'J

oL 8

position immediately unitream of thz model influsnce; that is, whera
the local velocity can still be considered as equal to the free straam
valocityr, Onder +hs latter conditions the displacement thickness is

approvimately givaen Wrr tha walue ohtained on a flat plate, namely

% s .’
e T T A W . 4)
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Ty the sitaation whore the model i=2 ssveral modsl lensths aft
of the 2round board leadinz edra, or vwhore the initial houndary
lazor fe wery thick, the térm undsy the intepral bocomes negligible
far snv=nl wehiclas, 58 given by the preéssure measurements of
gegtion 3.1, Phe dianlacemsnt Thickness enuation reducses o the
gimols exvression

S*U?'uo = constant (3.6)

Fast (24 ) intuitively concluded this in arpuing that the
Loeal oind board boundary layer dizplacement thiclmess under a
narticonlar wing re=r to sround was denendent only on the distance
gerariting the model from ths pyronni hoasrd leadin: ed-e, and the ore
on the displacenment thicimess in the ahgence of the model. This may

well b

gromm

2.7 im
ingrea

the. e

vehinla

Paad

1l

v valid in the case of a wing which ia never verv close to the

Lo bt in the wind tunnal testing of trpical yoad vehicle models
eanditions do not a-nly, and the intesral term hacomes
inle with the othars. \s an examole the theoretical displacemant
ngge immediately apstream of the saloan 1 modsl in the forward
Ap ae aiven Wr equstion (3.5) is 3,7 mm, whisk compares favour-

vith the measured velue of 3.9 mm, whereas expresaion (3.6) gives

. fMall secale wind fiannel testing of automobiles, fhereby

ging Reynolda number by an order of masnitudz, wopld not improve

iative results unless the ratio of disnlacement thizkness to

lansth was substantially greater than for the model test. n
‘' fhe sround hoard used in these one tenth scalz model teats

placement thizlmeses at the centre of the hare board is 2.3 mn

73 in the MIRY fll seale funnel 4% in aporoximately 41.0 ma(inferred from

ity relatively, considersbly sreater, so there iz a tendency

"*‘.LO‘I {:3-‘:-} II'L,'] '.|ﬂ_'-'1__’4

Oomparicon #ith the movin® vshicls aase.
T hanmaar aagndi fians Lt areimt swlans dnoa 1..\',__},_'{,,_11 wiva
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tunnel test usinz a statie zround board ars unreorezentative of the
real conditions wherc a vehiele moves ovar 2 stationary surface i

obtain an estimate of the errors arisin 18 from this misrepresentation
-

the size of the true zrouni boundary layer produced by a body
travelling near ths surface must bs estahlizhed, _h:r.tlallv it must
he assumed that the instantansous pressure distribution on thn ground

beneath a moving veahicle ig identical to that measured on a static

ground board in a wind tunnel.

It has already bsen seen that on the surface of the wind tunnsl
ground plane the flow which is initially at free strean tunnel velocity
decelerates on approaching the model nose. This Process is reversed
under the nose as the flow accelerates thr ugh the gap between vehicle
and ground. Along the underside of the car whers the ground clearance
is essentially constant the velocity is restored 10 near free stream
coniitions, deceleratinz once more on exranding downstream of the
vehicle base, Consider, on the other hani, a point on the surface of
2 road as a vehicle is about to pass. The adjacent fluid is initially
a rest, As the wvehicle apnroaches, the noint axperiences a flow velocity,
away from the vehicle, which although increasin» in nagnitude 1s always
lesz than the car speed. Mhen the nose is overhead the flow direction
cuddenly reverses, opposing the vehicle motion, alihoush the velocity
manitude iz similar. The point under consideration then experiencaes &
deceleration to 2 constant, but small velocity as the base passes ahove.
Tha flow then decelerates throush zero so that the velocity vector changes
sisn, and the dirsction is once more the same as the vehicle motion as
the wake passes. This flow description is also .valid for a point fixed
on the surface of a moving belt revolving in a2 wind tunnel environment.
Yote that the pressure sradisnts are similar to those on a static
ground board only underneath the model: hoth upstream and dovmstream

of tha vehicle the gradients are of opposite sizgn.

A fluid particlegg(;he ground under a movinz vehicle typically
attains 20f% of the vehicle velacity whilst traversing a distance
aprroximately equivalent to 107 of vehicla lenzth., The Reynolds numbar
of =uch a flow neer a full gize vahizle of 4.5m length, travellinz at 30 n/s,
is then 2 x 10; which ic just suberitical. Tha boundary layer on the

ground under & movins wvehiecle must therefore bs conziderad to be laminar.
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The accelerating flow as the vehicle approzches has a
velocity which increases approximately linearly with time , or
distance, for a substantial period. From the textbooks , the growth
of a boundsry layer under such conditions is zero and the momentum

thickness,©, is given by

& 2 v Um) (3.7)

© = e+

where 1(m) is Thwzites function, which can
be given the value C,.22 , H is the form factor, Y is t e <inematic

viscosity, and 'C is the constant in the velocity expression

AU = Cx (3.8)

where AU is the velocity induced by the vehicle. From the saloon
car data , after normalising with respect »~f vehicle length, 1 , and

velocity, U , the value of C is approximately

~ o

Substituting for the momentum thickness, the displacement thickness,

S“, can be approximated by

_Ef«- R"é (3.9)

As the vehicle nose passes overhead the velocity changes
rapidly in a sinusoidal manner. The problem tTo be solved is then
simply Stokes' second problem; namely the boundary l-yer growth
on an oscillating plate, although the transients and the initial
conditions are ignored. From the solution giving the velocity
distribution a varying displacement thickness can be dmr%ved, but
typically the normalised thickness is agzin of »rder R <.
for the same vehicle consider-d earlier the Reynolds number is 107
and so the displacement thickness is at least an order of magnitude
less than that for the turbulent boundary layer on 2 static ground
board upstream of either a model or 2 full scale vehicle in a wind
tunnel. For small scale models mounted over a moving zround of

limited speed capability the differences are ‘ust as great.
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y\ laminar bonnédary layer iz likely %o separate immediately
the flow bhagins i~ dacalerate,. 4%t this station, just upstream of
the vehipls-noss. tho Deyﬂolds number bazed or displacsmsnt thickness,

RS* , and lozal welocity is given by

RS* £ 1250 for the real vehicle case

RS* 2 360 for the moving ground simulation
Both valuss are suberitical, confirming the initial
assunntion, while the latter iz helow thz critical walus necassary to

rroduce short seraration bubbles.

Yhile hoth flows are liahl- fo separate the real asround flow
immediafaly becomes turbulent and will reattach in that state under
the favourable rressurs gradisnt which occurs as the vehicle nose
vazsas3 overhead. The followving adverse vrescure gradisnt can then ba
accomxdated ithout separation. Tha insensitivity of boundary layer
grovth %o considerabls chanses of Zeynolds numbsr (see sjuation (3.4})
implies that the normalised dicsplacement thicimess grovth on the road

dirsectly under a real vehisla and on a shatie around hoard haneath 2

modal ara very similar, This only snplisg to the region immediately
under the wehizls. Nn the movine halt, however, tha unsfirean

adverse vressure gradiesnt will initiate separation followed hy laminar
reattachment. "he flow will no% then have gufficiant azzray to over-
gome Sho adverse vressure cradient along the wvehicle underzide and is
likelr to separate., This would equally apply to smzll scale moving

model rizs a3 used by 3rown and Seeman (25).

This argument may explain why Beauvais, Tiznor and Turner (26},
when comparinz wind tunnel tests with road test data found seneral

agreement when using a fixed around but large errors with the moving

helt zimmlation. Tha suzgasted diffarences are shown schematiocslly
in ¥i-ure 56,

Bl gD Dorraction Yo measurad wals valoeity profilza.

Downstraa= of ‘$he model haze the nressure gradisnts are small
itz grouns board “oundar: layer contimies to
o the koundary layer on the ground

‘Dlans in the absesnes of the madsl. Mtside of th: dizrlacdemsnt
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thickness the affect on the velocity distributions is likely %o be
minimal, it the extreme downstream position-the total boundary
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he modifications neccessary t> the measurad velocity
vrofiles are sketchad in Fisure 57. Congiger initially the vealocity

vrofile for a pair of wakes generatad %y two bodizs in mirror imagze,

thus removing any asround effacts. Tha profilzs of each wake are
ob7iously didentical and followin- the usual wake flow simplifications

thz flow velocities can be sumperimuosed. A tyoical waks profile is
then as showm in Pigure 57(a). DMn the static arouni plane a boundary
layer will develop having aa oute: ?elocltv,u,, say, aiven by the
velocity at the height equal to thes local boundary layer thickness, 8 ’

and the additional velocity profile will be given by

== =) (3.10)

assumine a2 trpical vower law relationship. The resulting velocity

profile as measured in the tunnel usin- a static 2round board is shown
in Figure S7{(b). In the real ground situation, howsver, the velocity
at the ground must be ezual o the fre: stream welocity. A boundary

larer therefors dsvelopz on ths roa’ surfrzee which has an outer
velocity aiven ble, say, which iz essentially IJ‘U, s becaus= the tw
boundary layers bein:z considered =will develor 2t 2 similar rate dus,

onege again, to ths insensitiviiy fto ‘lsynolds number. The velocity

profile of this boundary layer is
m
AU, o (z) (3.11)
il 3

where the exponent can bhe taken as a first avproximation to be equal

]

ta that in (3.10). The resultine profile, rerresenting that expectad

over a road zurface is sketched in Fiecure 57(c). The combined velocity

deficit to restore the measured data to a real road case is then quite

simply

U-(AU+8Uz) = U= (U B =ui- (3 .12)
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With the same assumptions and simplifications as earlier
this iz the profils as measured in the abserce of a modal. It
i

is therefors only nsgessary to th2 value- of 8 , the bare ground

H
=2
ol

houndary layer thickness, when correctins stetic board data.

3.4 Corrections to force data

The static ground hoard bomndary layer is ncgligibly
differsnt from the boundary layer that develors on the road near a
moving vehicle,@fe%;s-stream of the body. The modification to the
aporoach flow will most likely raise the stasnation point on the statie
vehicle a distance aporoximately equal to the maximum displacement
thiclness of the boundary layer. The local flow changes both under
and over the nose of the car may gensrate sourious forces. The

influence of thase flow chanses cannot be determined directly from

wind tunnel tests using a static ground board without anvlving suction
over the entire region forward of the model. The only way to decrease
the boundary layer thickness is t2 move the model nearer to the leading
edase and that introduces problems of flow balancing arsund the around

board. However, the boundary layer thickness can be increased and an

extravolation made to give effect of an initially zero thickness boundary

!

layer. in- experiment was therefore verformed in ~vhich 1ift forces were
measurad on three car shaves, saloon 1, fasthack 2, and estate 1 models,
without wheels and tha bhoundar; laver thickness was varied by placing

two different boundary layer trips at the ground board leadir:z edze.

Yach trin was in the form of a bhackward facinz ster with a shaped

leadins edaze as shown in Fisure 58. The steps were 3 mm =and 6mm
deep, while each was 12mm . lon2 and mounted 4Omm back from the ground

bhoard leading edze. The velocity distributions across ths boundary layer

as meagured half way along the zround hoard are compared in Figure 58.

The tabulated displacement thiclmesses appear to increase uniformly with

step size. The pressure distribution was measured on the upper surface
f the sround board with the saloon car in place and thisz showasd that,

downstrean of 0.15 m aft of the leadina edee, tha grésence or otharwize

of a strip d4id not aliesr

e
e
1

regr wneel 1ift ceefficients are shown in Fisure 59. The results are
corrected accordin: to squation (2.1) except that the G,, term is

alwara the 14if: ceefficzisnt az mea=sured with whkaals snd =ithout any
3

thiakening of the boundary Iayer. 111 thress csr shapes exparisncs
similar trends, and ths affects ars anproximataly inispendent of incidshce.
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The front axle 1ift initially incresses on thickening the boundary
layer but then apnears to level off. At the rear axle the 1lift

coefficient increases throushout ths variation in trip size but the

incidence effectz sesm slightly chaotic ir the c2se of thz estate car.
Tr Fiaure 50 the increase in Lift coefficient at tha front axls is

plotted as a function of the boundary layer thickness, normalised to

the vehicle gZround clearance, z, , as measured at the centre of the
ground plane, in the absence of the model. Althoush there is a spread
of results the trend is definite. Fxtrapolating to the condition of
zero displacemsnt thickness shows 2 noticeable lift increment at the
front wheels, given approximately by A Cz = -0.3 8*/20

for all vehicles.It should be rememberad, however, that this corresponds
to a boundary layer which has zero thickness only in the absence of a
pressure gradient but is still subiect to the growth according to the
exprassion under the intearal sizn of equation (3.3) and is therefore
still not truly representative of a moving vehiclea. lNo attempt has
been made to extraoolate the rear wheel 1lift data as following the
previsus discussion on boundary layer sgrowth both the static ground

and moving wvehicle situations are thoushit to generate similar boundary
layers local %o the rear axle. Mason and Sovran (27 ) in a similar
experinment varied the normalised boundary layer thickness on a ground
plare and found similar trends in overall 1ift coefficient hut the
increase in lift with thickerinz houndary laver was pradominantly at the
rear wisels. However, as their models were fitted with wheels the flow
in the zap between wheels and ground could have had a dominating
influence on the front axle 1lift and comparison between the results is

therefore difficult.

Ignoring the remainins discrepancy in simulation these results
susgeat that the typical wind tunnel test of a road vehicle, using a
static sround board, overestimates the 1lift cozfficisnt by approximately
0.03 and the measured zitchins moment is too positive by an amount
given by this increase in 1ift aectins at the front axle. dgsuming no

chanse in drags force the incremeatal moment coefficient about a mid-

gheelhags refarence voint would bs 0,015, This walune would incrsase
For a thicker boundary layer on the bare zround vlane. Dacts comnaring

the 1ift davelomed bir a moving vehinla it thosa derived in a wind tunnel

have hasn narformed by Beauwais, Ti-ngr and Turnar (26} who found that

¥ 3 B

-

atatia wind tunmnel tests on = Ford T=lavie 2=y modal zave lift coeffisients
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varying hetwsen 0.570 and 0.596, depending on model clearance, while

thas full scals wehicle on

tha road recorded D.552. A% thz same tims

the pitchins moment was found to increase from avrroximately 0.17 on

the road %0 012 in the tumnsl, Mrthar confirmation of this
trend was earlier ziven by "hite and Paish (28 ),who measured
T o

rotational spseds irn the trailins vortices of two cars mounted in a
n the

tunnel gave 1ift coefficients of 0.45 and 0.33 resvectively, while the

wind funnel and driven alonz ths road. Balance measuremsnts in
maximum rotational speed in the vortex was 257 lower on the road then
in the funnel for both vehicles. Incremental 1ift coefficients of
0.11 and ©.08 would bs ex;ected. Az the MIRA tumnel doundary layer
is relatively considerably thicker (by 75% in ths bare tunnel taking
account of seala), the tech:igue just discussed would predict an
incremental 1ift of 0.06. This is conﬁiderably less than for one of the

vehicles tested but it is at least in the right direction.

These measurements and those of the previous section suggest
a form of ground board which may improve measurements on road vehicles.
The houndary layasr growth unstream of the model must be reduced %o
neaxly mero. As this reaion is subject to an adverse nressure gradient
this eannot ocour naturally. The suction resuired to remove the entire
boundary layexr i3 excessive and would h-ve to be distributed. An
alternative would be to renrofile tha zround beard surfsce faorward of ths
model, Thig, if done correctly, would maintain an essentially flat
displacement surface., A simple ramp would probahly be sufficient as

Tizure 61. The dimensions would not be critical but it wonld

I_l

showm
extend approximately a model lensth forward of the model nnd the maximum
devpth immediately upstream of the model nose would be ejual to the loeal
displacement thickness on:a flat ground plane in the presence of the

model., Care would have to be talen to avoid sevarations but this could

be monitored.

3.5 Conclusions

The boundary layer developing on a road as a moving vahicls

raszses, differs negligibly i2 thiicimess from that on a static ground

bpard in a wind tunnel in the region upstream of the nose Thi
modifies the 1iff forece zeting at the front whesls, the tuarel results
ovarestimating the 1ift coefficisnt by avproximatesly O Ezfﬂ/zo whers

L A oL i AR ;
6 ig the boundaxy layer displacermciit thickneass measursd locally in

the ansence of the model, and 25 iz the wvehizls sround clearance.
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Certain road test data confirms this result., A suggestion is made for
modifying a conventional ground board so that the correction is

automatic,

The wake profiles as measuresd above a static ground board
will be virtually unaffected above a height equal to the local
displacement thickness as measured on the bare ground plane. Where
this is significant the velocity profile is modified by subtracting
the known profile of the ground boundary layer without the model present,

giving the profile to be found on the road.
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4. JAKES OF BLUFF BODIES AND ROAD VEHICLES

4.1 Introduction

Although the study of two dimensional bluff body wake flows
has been extensive over the years the same is not true of either three
dimensional or axisymmetric bodies and plates., A review of previous
research on three dimensional plates is given in Appendix C. Earlier
studies of the wakes of three dimensional bodies are examined in this

introduction.

The wake measurements performed for this thesis fall into
three distinct categories. Firstly the wakes of the simple rectangular
blocks were investigated under zero lift conditions using a hot-wire
anemometer, and mean velocity, turbulence intensity, and periodic
effects were studied. These bodies were then set at incidence, to
generate 1lift, and the wake structure determined by use of pressure
probes., This was also done for one cambered model. Finally the wakes
of typical road vehicles were studied using a combination of both

techniques,
4.1.1 Vakes of three dimensional bluff bodies.

The near wake properties of a series of axisymmetric
shapes, ranging from a parachute form (Cx = 1,40 ) to an
elongated body ( Cx = 0,195 ), were investigated by Heinrich and
Fekstrom (29). The mean velocity distribution was determined from
pressure measurements and the results were compared with an
analysis based on the theoretical work of Swain (30). The exponents
for the wake width and velocity defect laws were substituted
empirically, Although considerable scatter existed both exponents
were noticeably higher than predicted, showing a higher growth rate
and velocity recovery in the near wake., A good engineering approximatisn
tn the decay of the wake was achieved dependent only on the drag of

the body generating the wake.

Calvert (31),(32), has measured the near wake properties for
a saries of axisymmetric bluff bodies. The work on cones of varying
apex angle, in which the disc and semi-infinite cylinder f-rm special
cases, showed that a universal Strouhal number ¢ould bs defined for

all models. The value obtained was 0.19 and w7as based on the spacing
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3forza and YMons (40) measured the mean velocity profiles in
the wake of a series of plates of varying span mounted at the leading
edze of a streamwise flat plate. A reasonable fit to the data for the
long span obstacles was provided by an error function expression.
Large differences in the decay of the centre line velocity dsfect were
apparent between the large and small nbjects. No turbulence measurements

were obtained.

There have been few measurements of the wakes of tall building
type structures. Wootton (41) found that spectral measurements taken
at the edge of the wake behind a circular cylinder of finite height
yielded two distinct peaks when the probe was mounted near the tip,
the lower frequency, associated with the flow over the top, dying
away as the probe moved downstream. lair and lMaull (42) reported some
unpublished work by Jackson and Samworth on the wake boundaries of a
triangular flat plate of small apex angle mounted on a wind tunnel floor,
normal to the airstream. These showed a marked downflow behind the

ucper apex of the triangle.

Measurements of powar spectra in the wake of a body of finite
height mounted to a tunnel floor in both a uniform and a shear flow
have been reported by Maull and Young (43). In a uniform stream the
shedding freauency remained constant over the height of the body
althoush the peak became less pronounced near the top. Vith a shear
flow superimposed , two distinct shedding frequencies became apparent.
Phe lower half of the body exhibited one frequency which disappeared
as the probe was raised, while the upper half produced a considerably
higher frequency. Base pressures along the centre line showed a marked

three dimensional effect.

The flow behind model building structures, of varying height
to span ratios, and immersed in a two dimensional boundary layer type
flow, simulating the earths natural shear layer has been investigated
by Hunt and Smith (44) and Hunt (45). In both cases transverse
components were always less than, but usually of the same order as,
the longitudinal component. Comparisons were made with a thecretical
gsolution for the longitudinal mean velocity deficit, based on the

usual simplifying assuaptions. Reasonable agreement was found.
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b (37
between the separated shear layers rather than on the body diameter.
The reverse flow 'bubble'! boundary where the local velocity becomes
zero , was found to coincide with a turbulence intensity minimum.
Similarity profiles for all bodies could be plotted for mean velacity,
turbulence intensity, and axial static pressure variation. In the
second study a disc was set at incidence to the flow 2nd similar
measurements performed. A Strouhal number was defined for the periodic
base flow in a similar manner as before but its value was increased
by 10/. The flow immediately to the rear of the disc was dominated by
an aluost steady recirculation while the periodic effects seemed to

arise from a vortex separating at the trailing edge.

llear wake data for two elliptic bodies; one effectively
gemi-infinite the other a flat plate, was presented by Trentacoste
and Sforza (33). The axial velocity defect law exponent of 0,67 was
seen to apply to the semi-infinite body downstream ~f two base heights.
A distinct realignment of the wake axes was clearly shown. Verna (34)
had earlier shown with wake velocity contours for a number of bodies
that this effect occurs with most non axisymmetric cross section shapes.

It was thought to be due to secondary flows.

A prolate spheroid with length to diameter ratio of six and
having the lowest drag coefficient yet discussed, Cx = 0.06, was tested
by Chevray (35). The near wake axial velocity and turbulerce intensity

profiles showed good similarity throughout the wake . Reynolds stresses
were lower than for the disc measurements and tended to confirm that a
low rate of production of turbulence within the separatisn zone gives

rise to quick establishment of self preservation.

The near wake of a semi-infinite streamwise cyli:der has been
investigated by lcErlean (36), using pressure probes. Gdod agreement
between the similarity profile of mean velocity and the theory f Hall
(166) was obtained, Similarity was achieved beyond throe base diameters
into the wake. This development distance would appear typical for

bodies of this sort.

galvert (37) studied ‘tae near wake of & spuere and found that
the Strouhal number for the wake periodicity was identical to the other
axisymretric bodies which had earlier been investigated. At 0.19 this
compared favourably with the results of Commetta (38), 0.18 and
Kendall (39), 0.20. Addition of a trip wire for transiti-n was found
to modify the base flow considerably and to supress the regular shedding

of vortices.
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h,2 Wake flow measurements

Rectangular blocks, zero lift

4,2,1  Technique

Initially the rectangular blocks were set up in the wind
tunnel rigidly mounted to the ground board, or in the free stream
case attached to the tunnel floor, at the zero lift incidence as
derived in Chapter 2. The model location on the ground plane was
nearer to the leading edge than for the force measurements. This

was to give the maximum downstream length. Pressure measurements
on the ground surface, compared in chapter 3 showed that the differences

in pressure coefficient along the ground centre line were negligible.
As a further test the ground plane was shifted aft relative to the
model and the 1ift force remeasured. This showed that the difference
in zero incidence 1ift was within the possible setting up error,
which was =0.1 degrees. lio account was taken of the difference in
mounting between the two cases. A short single strut supported the

model off the ground plane. This was located at mid model length and
at 25mm off the centre line.

A traverse gear was mounted in the tunnel with the vertical

mechanism carrying the hot wire anemometer probe so that the probe body was
parallel to the X-axis. The wire was always aligned parallel to the

ground surface. The cooling effect on the wire is obtained from the
flow components normal to the wire and so the output voltages from the
lineariser, (DISA Model 55 D10), denoted by E for the d.c. voltage and

e the r.m.s. voltage, represent flow velocities given by

i Ul
E = ky (UP+w2)% (.1)

1
e = ki (ul+kov24w?)?

where U.V.W are the mean flow velocity compenents in the x,y,z
directions and u,v,w are the corresponding turbulence velocity
components. Hoole and Calvert ( 46) found k» to be about 0.2.

To avoid confusion the results are always plotted in terms of

the output voltages rather than as approximated velocities. The
value E represents the longitudinal mean velocity, with only small

error under most conditions. When the cross flow velocity, W is
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equal to 0.2U the error is only 2% of U . It is expected that the
lateral components of turbulence intensity will be of the same order

as the longitudinal components for most of the wake so no such

simplification is permissible,

4.2,2 Free stream wakes

Horizontal and vertical wake centre line traverses were
carried out for blocks 1N, 2N and 3N at four downstream stations.
In all cases the traverse nearest the body was within the reverse flow
region and the voltage signal has been given a negative sign as if it
has direction. Downstream distances have been normalised by the

thickness of the body at the trailing edge, Figure 62,

The vortex sheet separating from the base of the body is
defined by the turbulence intensity peak while it can be seen that
the local turbulence intensity minimum just inside the sheet denotes
the edge of the reverse flow 'bubble', as found by Calvert (31)..
Increasing the width of the. body has little influence on the velocity
distribution from the vertical traverse, buE for the horizontal traverse
the distribution changes to one éoqtaining a distinct step in the profile.
llear to the body the step seems tolériginate approximately at the
position of peak turbulence intensity, which moves rapidly inwards.
This mizght suggest that the step is associated with the thick separating
boundary layer on the side walls but it would then still be apparent
in the case of block 1lli. A similarity profile for the vertical
traverse is shown in Figure 62. The wake half width denoted by
the suffix % is the distance from the centre line to the pnint
where ‘he local velocity deficit is half the maximum. The collapse
is fairly good over most of the wake but not very good in the outer
region. It is not possible to produce such a profile for the lateral
direction. The decay of the centre line velocity deficit as shown
in FPigure 63 is similar for blocks 2N and 3N with the deficit always
greater for the larger span model, and while the square body generates
an initially faster decay rate all three exvonents are close to - 2/3.
Another feature of the rectangular section bodies is the switching of
the wake axes, as noted previously by Kuo and Baldwin (47 ) and Verna
(34) for other non axisymmetric shapes. Figure 64 shows plots of the
wake half widths. A distinct changeover point can bs seen within a

few base heights of the base.
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Boundary layer measurements immediately upstream of the base
were performed for all the blocks. The horizontal surfaces generated
thinner layers than the sides, the difference being about 20%.
Typically the upper surface boundary layer had a total thickness of
4Omm with a momentum thickness of about 5 mm,i. UNash (48) has
shown that provided the momentum thickness is less than 6% of the
base height at separation then there is a negligible influence on the
base pressure.

Base pressure measurements for the three blocks, Figure 65,
show that the square section base has an almost uniform pressure
distribution while increasing the span alters the lateral distribution
only. The rectangular bodies have a peak suction at about one third

gspan out from the centre line and its magnitude increases with span.

Following Calvert (31) the length of the recirculation region
is defined by the peak in the local e/E distribution as measured along
the centre line of the wake. These traverses are shown in Figure 66
for the three blocks. Increasing the span increases the 'bubble!
length over the range investigated. This follows a similar trend to
the flat plates studied by Fail, Lawford and Eyre (49 ).

To test for periodic effects in the wake the signal from the
hot wire anemometer was passed through a freguency analyser, This
instrument has a one third octave bandwidth and a narrow band facility.
The procedure adopted was to investigate the spectrum using the one tiird
octave bandwidths, any regions of interest being further scanned using
the narrow band. The resulis given are the averaged data from at least
two runs. As plotted the vertical axis represents the energy contained
within a given frequency band. Thus where a marked peak occurs the
energy is predominantly contained within eddies shed at the peak frequency.
The position of the probe was varied around the perimeter of the
vortex sheet immediately downstream of the reverse flow region, unless
otherwise stated. The results for block 2N are shown in Figure 67,
The tunnel speed was set at 30 m/s in all cases. Along the horizontal
vortex sheet there is a pronounced peak at 65 Hz, while the vertical
sheet exhibits 55 Hz and 125 Hz peaks. Outboard of the vertical sheet
a 125 Hz peak is apparent. Six base heights downstream the peak in
the spectrum measured on the vertical axis of the wake remains at
65 Hz; Figure 67. The effects of a streamvise displacement on the
gpectrum measured on the horizontal axis of the wake is also shown

in Pigure 67. Initially the spectrum has a oredominantly 125 Hz frenquency
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but on moving dovmstream a 60-65 Hz peak emerges. This grows

as the higher freguency peak diminishes, the latter becoming pract-
ically non-existent by six base heights downstream. The wake is
tending towards axi-symmetry beyond this point. The peaks in the
frequency spectrum measured in the near wake of block 3N are more
pronounced as would be expected for a more two dimensional case,
Figure 68. Measurements in the extreme lateral positions show very
similar results to the block 2N case. This suggests that the out-
board wake regions can be considered as a tip effect superimposed on
an essentially two dimensional structure. The square cross section
®odel, block IN, differs in that two distinct peaks are apparent at
all positions around the perimeter of the vortex sheet. These occur
at 75 Hz and 125 Hz, as also shown in Figure 68. Comparison with the
basic block 2 showed that the bluffer model gave reduced peak frequen-
cies of around 55 Hz on the horizontal sheet but 125 Hz remained the
peak on the vertical vortex sheet. The thicker boundary layer has

presumably an influence here.

4,2.3% Influence of ground proximity.

The wake properties for block 2N have been obtained at various
ground clearances. The results of the vertical and horizontal traverse,
through the wake centre line with the hot wire anemometer are shown in
Figure 69. for ground clearances ranging from 3mm' = to 50mm, The
horizontal traverses show distributions of mean velocity and turbulence
intensity which are very similar to the free stream results. The
results from the vertical traverse slow a considerable influence of the
ground. At the largest ground clearance, equal to half the body
thickness the wake is initially very similar to the free stream fornm,
except that the turbulence intensity peak for the vortex sheet springing
from the edge nearest to the ground is greafer,. As the wake moves down-
stream the position of maximum velocity deficit aprroaches the ground.
At the most extreme downstream station (x/t = 6.0) the wake profile has
completely changed with the maximum velocity deficit occurring at the
ground. The lower peak in the turbulence intensity profile has also
disappeared. As the ground clearance is reduced the wake deformation
to this far downstream state occurs nearer to the model, until for the
ground clearance condition, zo/t = 0.125, the vertical wake profiles at

all stations downstream of the reverse flow region are of this form.
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At the minimum ground clearance, zo/t = 0.03, there is no vortex
sheet at the lower edge and the flow at the trailing edge forms a
clogsed bubble with the separating shear layers reattaching to the
ground plane. The ground board pressure distribution confirms this
as did smoke tunnel tests, although the latter were performed at a
considerably lower Reynolds number and might therefore be expected
to behave slightly differently.

Distributions of E/E, and e/Ew. have been obtained for
blocks IN and 3N at one ground clearance only, zo/t = 0.25, and these
are shown in Figure 70. In figure 71 the decay of the maximum velocity
deficit is plotted for all cases in ground proximity. For the far
wakes where the maximum deficit is very close to the ground the deficit
is taken at the height of the local boundary layer thickness as measured in
the absence of the model. This was discussed in Chapter 3. When the
rectangular models have ground clearances of 25mm: and less, 35/$<0.25 ,
the decay rate follows a constant power law throughout the region of
measurement. The exponent is close to - 2/3. The square model attains
this value aft of three base heights downstream. In all cases the
maximum velocity deficit at any parficular dovmstream location is greater
than the free stream condition but the difference reduces as ground
clearance increases. Increasing the span also delays the velocity

recovery.

'Bubble'! measurements, Figure 72, show that the length of the
reverse flow region increases with reducing ground clearance and with
increasing span, as was noted for the freestream case. Squaring the
leading edges, block 2, reduces bubble length.

A more thorough investigation of the near waké was performsd on
block 215, with nose and side plates, at a ground clearance ratio, zo/t,
of 0.25. 'The vertical traverses show that the 'bubble' contour remains
highly symmetrical, although the ground is close, while the horizontal
traverses display the loss of energy in the outer shear layers and the
emergence of turbulent energy peaks at a more inboard position, Figure
75. The maximum velocity deficit,igure 71, is always slightly greater
than for block 2N as would be @xpected from ths greater span, but the
exponent of the power law is again very close to - 2/3. The !bubble!

length is similarly longer, Figure 72. Contours of mean velocity and
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turbulence intensity were plotted at two downstream stations; one
immediately aft of the reverse flow region, at X/t = 2.0, and the other
near the trailing edge of the ground board at x/, = 6.0, see Figure T4.
The contours of mean velocity at the upstream station show a distortion
of the wake in the region of the body corners. 4 hizh degree of
symmetry is again apparent. Contours of e/‘::un at the sams location
show peaks at the centres of the horizontal shear laysrs, but these
extend out a small way spanwise and then turn inwards. slightly, to
enclose an approximately square region. At the downstream station the
outer velocity contours are approximately semi-elliptical with the minor
axis aligned with the vertical axis through the body centre line and the
major axis on the ground plane. The deformation noted upstream
persists for the upper corners of the mean volacity contours, while only

the upper turbulence intensity peak remains.

The total head pressure distribution gives a good approximation
to the velocity for flows which have small transverse velocities and are
not highly periodic. It is assumed that the static pressure measured
outside the wake is equal to the static pressure within the wake. Using
o pitot rake mounted at x /t = 3.0 the contours of velocity shown in
Iigure 75 were obtained for blocks I[N, 2N and 3N at zo/t = 0,25, A1l
show the retarding influence of the ground and the distortion around the

corners of the body.

Base pressure measurements were obtained for block 2N at zero
incidence while mounted at different ground clearances. These are shown
in Figure 76. Except for the lowest clearance the distributions have
similar forms. There is negligible variation in base pressure at a given
gpanwise position but the horizontal distribution shows a distinct off
centre peak. The situation is reversed when the body is practically

touching the ground.

Frequency spectra for blocks 2N, 2NS and 2 at zo/t = 0,25 are
shown in Figure 77. For block 2N the upper shear layer exhibits a
slightly reduced predominant frequency from the free stream case, as
does the side vortex sheet. A Reynolds number check on the frequency
measured in the latter position showed that a 467 reduction in velocity
reduced the shedding freguency by 49%. The lower shear layer gives rise
to a 90 Hz shedding frequency however, which is confirmed by an 85 Hz

measurement for the block 2N5 in this position. The gap flow must
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therefore influence the shedding frequency, although the local velocity
is not significantly different to the free stream condition. All
subsequent measurements of spectra were performed on the basic blocks.

For block 2 the frequency spectra are compared, for a given probe
position relative to the block as the ground clearance is reduced,in
Figure 77. This shows a negligible difference due to the ground
proximity, but the very bluff leading edges do not allow any inference

to be drawm regarding the effect of ground on other blocks. Measurements
were similarly performed on the other basic blocks in ground proximity but
they are not reproduced here because they show no significant difference

from the free stream case.

h,2.4 Discussion

The wake immediately downstream of the rectangular blocks at
zero 1lift conditions is characterised by the distortion at the corners of
the wake of the velocity contours. If the vortex sheet separating at
the base is considered at its inception then a simple explanation is
possible. To simplify matters, no boundary layer is allowed to develop
on the body. The vorticity generated at separation is then siumply Uz/?
per unit length. This sheet has the same cross section as the body, see
Figure 78, and it moves downstream, initially, with velocity {1/2.
Allowing the vortex sheet to grow for a small distance it is obvious that
being free it will become distorted by itself, 1In fact at the corners it
cannot develop at all because if it were to do so an infinite upstream
velocity would be implied on the adjacent vortex sheet. The “initial
wake must consist of four bounded vortex sheets with strong longitudinal
(streamwise) components of vorticity near the corners. These will combine
to give an inward flow at the corners, which would distort the wake in the
manner found in the experiments. At the same time, for the rectangular
bodies, the smaller vortex sheets arising from the side edges, will progress
downse tream a&alower rate thanthe wider horizontal sheets. This tends to
reduce the longitudinal vorticity components in the side sheets so that
the later distortion in the horizontal sheets could allow the wake to distort

sufficient to show a switch of the major and minor axes.

It is interesting to note that, taking the formulation of Calvert
(31)) for the Strouhal number, S, given by

_ nd' (4.2)
S 1

o



where @' is the spacing between the shear layers, as given by
the peaks in the turbulence intensity, n is the fregquency, and Uy

is the velocity just outside the wake and is given by

1
By = Ug(1 - Cpp)* (4.3)

where Cpp is the uncorrected base pressure coefficient and
Ugp is the free stream velocity, then the Strouhal number for
blocks 2N and 3N with a shedding frequency of 65 Hz, taking the
mean base pressure, is 0.20. Calvert found that a universal
Strouhal number existed for axisymmetric bluff Lodies which was
approximately 0,19,

When the ground is approached the wake takes on a notice-
ably different velocity profile, changing from a typical Gaussian
shape to one which is almost a boundary layer type profile. To a
certain extend this is illusory. Consider a two dimensional wake
flow near to ground, subject to theusial wake flow simplifications,
namely; all velocity components differ only slightly from free streanm
values, and are in the free stream direction only. It is then
permissible to remove the ground and replace it by an image wake,
Taking the shape of each wake velocity profile, as given by the
measured similarity profile for the free stream case, the resulting
velocity component is simply the sum of the velocity components due
to the model and its image. The profiles are shown in Figure 79
for various ratios of wake half width, as measured in the free stiream,
to the distance of the body centre line above the ground. As this
ratio increases, implying a growing wake, the transformation in the
velocity profile is clearly seen. Restriction to two dimensional
wakes is not necessary as the simplifications are equally applicable

to three dimensional non-lifting wakes.

On the road these wake profiles would be modified according
to the scheme set out in Chapter 3. The resulting far wake profiles
then become reminiscent of wall jet flow, Glauert (350), as also
shown in Figure 79, except that there is a momentum loss rather than
a gain.

No evidence was found throughout these measurementis of any

flow separation at the ground apart from the lowest ground clearance
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tested, zo/'l: = 0.03. This confirms the ground board pressures
distribution data of Chapter 3, Figure 43. This setting is the
only one for which the total boundary layer displacement thickness
of body and bare ground exceeds the ground clearance, which could

represent a crude limiting condition.
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L,3 Wake flow measuremenis

‘Lifting bodies

4.3,1 Introduction
The highly three dimensional nature of a lifting body wake

requires a different measuring technique to that employed for non
lifting body wakes. This arises because of the directional sensitivity
of the hot wire anemometer, as discussed in 4.2,1. This property of
the probe may be used to advantage, in measuring all flow velocity and
turbulence components, by rotating the probe through a number of
positions. At least six positions are reguired in the method due to
Davies (51). The technique is very time consuming and is only applicable
in situations where the flow is not time dependent. The author built
such a probe system with the anemomster mounted beneath a twelve position
stepping switch. The set up was rather bulky and the mechanical
development alone took considerably longer than planned so no reliable
measurements were taken. As the interest of this research was more

general, with a number of body configurations being investigated over
a range of incidence and ground clearance, the initial reguirement was
for a simple but effective way of determining the overall nature of
the flow. This calls for a less sophisticated device than that
described, in both instrumentation and operation, and was eventually done
by measuring the total head distribution through the wake. A loss of
total head occurs in regions of vorticity whether it is a non lifting
wake or a vortex flow. For the first few measurements a Kiel probe,
as described by Kiel (52 ), was used. This was made by the author and
had an outer diameter of 2.5 mm, It was found to be insensitive to
yaw beyond forty degrees. It was realised, however, that as most of
the flows being investigated did not inelude wver) high transverse
velocities and in general the flow anile is less than twenty degrees
a plain square ended pitot tube should have been adequate. According
to a study reported in Bryer and Pankhurst (53 ) a tube with an inner
to outer diameter ratio of 0.663 will show a reduction from the true
total head of approximately three per cent of the dynamic head at
twenty degrees of yaw. This improves as the wall thickness is reduced.
A pitot rake was therefore constructed with square ended large bore
tubes and in a comparison with the total head contours derived from

measurements usinz the Keil probe in the wake of Block 2N at 60
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incidence and at a mean ground clearance of 25mm : gave essentially
identical results. All subsequent pressure measurements were there-
fore obtainesd usins the rake. The pressure rake consisted of

twenty eighf pitot tubes spanning spanning 0.21 m with half the tubes
spaced at 5Smm. . In the middle of the rake pitot tubes were placed 5Snm
above and below the central tube. Static pressure probes were mounted
at the extremities of the rake. The pressure data is presented as
contours of total head pressure cosfficient given by P-Pao/Po-Pao
where Po, Pey are the local total head and static pressure recorded

at the same downstream location but outside the wake, and P is the
measured total head in the wake. In a turbulent flow the pitot
reading, P is given by

P = Py+ %F)(U2+V2+w2+u2+v2+w2)

where Poy is the local static. Assuming there is small static pressure
variation across the wake the contours give a reasonable value for

'( U/ U)?

@/, fThey do provide a quick and effective overall picture
of the flow and thus define regions requiring further measurementis.
The hot wire anemometer was u.ed in this way to provide information on

turbulence intensities and periodic effects,

To generate the wakes two types of lifting configuration were
investigated. Firstly the rectangular blocks were set at incidence

while later a cambered model was used.

§.3.2 Rectangular blocks at incidence.

Contours of total head, for all blocks, were obtained at
three downstream stations, x/t = 3.0, 4.5, 6.0. The rake was always
aligned parallel to the ground and with the pitot tubes in the free
stream direction. The rake was traversed across the wake to find the
position of maximum total head deficit, which was aligned approximately
with the central tube of the rake using manometer readings from the
main rake to give horizontal location and the three tubes on the rake
centre line to give vertical position. A coamplete vertical traverse
was made across the wake at this lateral position with measurements
being taken at intervals of 12,5mm,  Any single contour plot is

then mzde up of at least 400 pressure points. If the rake did not
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extend to the wake centre line then a further vertical traverse was
made along this axis. To ensure symmetry a singls horizontal
traverse was always made, at the same height as the total head

minimum, completely across the wake.

The contours, for blocks IN, 2N, and 3N mounted in free
stream at six degrees incidence, are shown in PFigure 80. From
earlier force measurements it is obvious that little 1lift is being
generated and this iz apparent from the little distortion in the
contours. The centre of the wake is displaced noticeably downwards by
a similar amount for all blocks. Throughout the following diagrams
only the maximum and minimum contour values will be given unless a

step change is introduced.

Total head contours are similarly plotted in Figure 81,
showing the effect of the approaching ground on Block 2N at incidence
angles of four, six and eight degrees. In each case the ground
clearance quoted is that measured at mid-length. Even for the lowest
1ift case, a distinct off-centre maximum in the total hcad defieit is
shown. This can be compared with Figure 75 which represents the zero
lift case. It can be assumed, then, that the flow modifications are
related to the generation of lift and so the deficit in total head can
reasonably be expected to represent a developing vortex. For a given
incidence and ground clearance the trailing vortex moves outwards
noticeably as it moves downstream but there appears to be negligible
vertical motion. As the ground clearance is reduced the spacing
between the vortices increases and a similar effect occurs on increasing
incidence. At the largest 1lift conditions the vortex becomes isolated
from the main part of the wake. The upper central part of the wake
does not significantly differ over a wide range of conditions which
suggests that the vortex is springing from the lower surface of the
body. Also shown in Figure 82 are the contours for blocks IN and 3N
respectively, mounted at six degrees incidence and at two intermediate
around clearances. In the case of block IN a high degree of symmetry
is achieved while with the higher span model an inner less pronounced
total head nminimum is apparent. The latter was visible in the wakes

of certaia block 2N configurations but it cannot be readily explained.

The path of the vortex can be plotted as it moves downstream

and I"igure 83 shows plan and rear views for all the blocks.
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Note that the length scale in the x - direction is half that in the
Yy - direction. It has sometimes been possible to define a lateral
position of the vortex core but not its vertical location. In all
cases the trailing vortex spacing increases as it moves downstrean,
as would be expected for a lifting body. The displacement increases
almost linearly over the range investigated while at the same time
the vortex moves slightly upwards. TFor all ground clearances and
incidences the height of the vortex core lies within a ver:r narrow

range for a given body; this height increasing slightly with span.

Base pressure measurements were performed on block 2N at
zo/t = 0.25 for various angles of incidence. These are shown in
Pigure 84. As before negligible variations in base pressure occur
for a particular spanwise position. All incidence angles give a
similar marked spanwise variation except for the extreme negative
incidence block which gives a constant base pressure over the entire

base.

A few traverses were perflormed, using the hot wire aneno-
meter, vertically and horizontally through the maximum total head
deficit point, as defined by the pitot rake measurements. The
probe was always aligned as in the previous section and measurements
were only taken for block 2N set at six degrees of incidence.

Assuming cylindrical flow in the vortex core; that is no radial
component exists, then for the horizontal traverse the probe output
B/Bep represents (U2+W2 )?Uoo , where W here is the circumfer-
ential flow velncity component, while in the vertical traverse it
measures U /'U o Initial measurements, Figure 85, show the traverses
at various downstream stations, which inexplicably differ from those of
the pressure measurements, with the model set at a ground clearance of
25mm, Lateral traverses show a distinct velocity deficit in the
vortex core the amount of the wake contained in this rezion increasing
with dormstream displacement. The turbulence intensity distribution
gshows that initially the vortex is masked by the bluff body but on
moving downstrean the vortex appears to carry an increasing proportion
of the turbulent energy. Across the core itself the distribution is
almost constant. The vertical traverses show the presence of turbulence
intensit - peaks either side of the minimum velocity. These are
probably the rollina up vortex sheet. To investigate briefly the

effect of reducing ground clearance a sinzle vertical and horizontal
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traverse was performed as before but at one station, x/t = 4.5,

Figure 86. At the higher ground clearance the wake is contained in

two outer regiqﬁé and the turbulence intensity is almost constant

across the entire wake. By the lowest ground clearance the wake has
divided into three regions with the central part exhibitinz an off

centre turbulence intensity peak as for the non-lifting wakes.

putside of this is a clearly defined region of velocity deficit' .

which can be associated with the vortex from the pressure measurements.
‘This region has again a fairly constant turbulence intensity distribution
which is superimposed on that from the central wake. The vertical
traverses through the vortex cores again shows up the constant turbulence

intensity that occurs across the vortex.

A frequency analysis was performed on the signal from the hol wire
probe when the anemometer was placed near the outer edges of th: vortex,
as defined bycﬁpe turbulence intensity region. lMeasurements are shown
in Figure BﬂXPlock 2 only, mounted at 25mm = ground clearance and six
degrees incidence. Three downstream positions were investizated and at
each three spectra ara obtained corresponding to upper, inner and outer
edges of the vortex. At all positions peaks occur at frequencies of 50-60
Hz and 140-160 Hz. As the wake moves downstream it becomes more ordered,
the turbulence energy being contained within a narrower frequency band.
A particular frequency becomes associated with each position of the probe.
The outer location gives a distinct 55 Hz pe2ak, while the inner produces

150 Hz, and a frequency of 105 Hz is dominant at the upper probe psoition.

4,3,3. Cambered block, zero incidence.

The cambered block, 9C, was set with the flat undersids parallel
to the ground plane and at various ground clearances. Pitot rake
measurements were taken at three downstream stations; x/t = 2,0, 3.0 and
4.0. The total hecad contours are shown in Figure 88 and it can be seen
that a distinct change, from the results typical for a body at incidence,
has taken place. The wakes for the cambered block all have similar
form with the central part of the wake deflected noticeably downwards and
with the maximum total head deficit occurring just inboard of the block
gides as projected dowvmstream. The spacing between ths vortices remains
essentially constant, for a particular configuration, with distance from

the mod21l and moves very slightly outwards as the zround is approached.



This is shown in the plan view of the vortex core location, PFigure 89
Also shown is a side view of the vortex centre position. This shows
a drop in height on moving downstream, while a reduction of model
ground clearance has a similar effect. At the lowest clearance the
minimam total head does not define the vortex as interference with

the ground has occurred.

Traverses with the hot wire probe, were performed vertically
and horizontally through the minimua total head position, for the four
ground clearances at x/t = 2.0. These are shown in Figure 90,
Additional measurements were made at x/t = 4.0 for the model at 25mm
ground clearance while in all cases vertical traverses through the wake
centre line were made. 4ilong the wake centre line the velocity profiles
are very similar to boundary layer profiles; only at the highest ground
clearance is a typical wake profile observed. At the station nearest
the mocdel the turbulent intensity distribution always shows a distinct
peak, the height of which increases with model ground clearance, By
the dovmstream station this peak has disappeared. A distinet velocity
deficit is measured across the vortex, and, as with the block at incidence,

the turbulence intensity across this region is almost constant.

Frequency spectra were obtained for the cambered model mounted
at zo/t = 0.25 with the probe at x/t = 2.0, Figure 91. The most
distinct periodic effects were measured on the centre line of the wake
and show a strong 65 Hz peak and a lesser one at 125 Hz. 411 the other
spectra show two peaks; one at 120-125 Hz, the other between T0-80 Haz.

b4.3.4 Discussion
The striking feature of these lifting body wakes is the

difference that exists between the effects of incidence and camber.

While the trailing vortex of the former experiences an essentially horizontal
motion the other moves almost vertically downwards. Consider the flow
mechanisms in each case. Under the blocks at incidence a large pregsure
gradient exists between the centre line of the body and the side edzes
which are approximately at free stream pressure. This ensures that a
cross flow arises, which, if strong enough will separate from the salient

vody edges, producing a vortex that will continue to be fed from the
cross flow uander the body. ‘he evidedce of the vortex paths downstreanm

of the blocks at incidence supports this idea. Fven if no separation
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along the side edges exists, as in the case of low incidence or hish
ground clearance, the trailing vortex structure arising from the

small crossflow under the body may still dominate that from the upper
body surfaces. This would not be true if there were camber on the
upper surface and for the cambered case investizated here, which has

the lower surface at zero incidence the opposite is true. In this
situation a trailing vortex structure, arising from lift effects, will
only develop downstream of the upper surface trailing edge; the
contribution of the side edges will be negligible, and so the conditions
in the near wake will be little different from those in free streanm.
Thus in the former case the vortex is generated close to the ground so
that it becomes dominated by its own mirror image rather than its

pair generated on the opposite side of the vehicle. In the cambered
model case the vortices are formed far enough from the ground that their
om influence is greatexr than that of the ground images and they tend to

behave as in free stream.

This can be substantiated by analysing the motion of a pair
of line vortices above a ground plane. The situation is identical to
a line vortex approaching a right angle corner. The path, given in
most fluids' text books, (Lamb (54 )) is simply

r sin20 = a (4.4)

where r.© are the polar coordinates of the vortex, and a is a constant,
which is also the assymptotic vortex spacing. The curve is plotted in -
Figure 92, and it can be seen that over most of its path it is almost
parallel to either the y-or the z-axis. Only in the vicinity of the
origin does the path deviate significantly. The velocity, V , parallel

to the y-axis is given by

e e T (4.5)

whera [° is the vortex strength, and this velocity is plotted on the
same graph. The vertical velocity W, is obtained by substituting

y for z in equation (4.5). These velocities do not reach their
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assyuptotic free stream value quite so readily.

Substituting typical initial vortex positions it can be
gseen that from the blocks at incidence a flow parallel to the ground
results while the cambered blocks produce an almost vertical motion.
It does not explain why in the case of the blocks at incidence an
increase of span raises the vortex location when the opposite would
be expected. Similarly the slight increase in core position as the
vortex moves downstream is not predicted. 'This characteristic has
been noted for aircraft vortices near to the ground by Dee and
licholas (55 ), and Harvey and Perry ( 56) subsequently showed that
the vortex rise could be due to a secondary separation on the ground.
There is little evidence of separation in these wake flows, but a
distinct thickening of the boundary layer on the ground is apparent,
To examine this further, a series of measurements were taken with the
Kiel probe close to the ground and aft of block 2N set at six degrees
incicence and 2.5mm ' ground clearance. Total head contours are shown
in Figure 93 for downstrean stations x/t = 1.5, 2.25 and 3.75. At
the station nearest to the block base a separation region is apparent,
extending over most of the model span. It does not include the central
part of the wake which explains why it was not noticeable on the pressure
measurenents., The separation is most likely to arise from the expansion
of the flow aft of the recirculation region althoush it is possible that
it is the last stage of the reverse flow bubble. It is unlikely to be
a spurious pitot measurement due to an acute local flow angle because
these are not expected at such a location. By the next station th=s
separation has spread outwards under the growing vortex and while more
pronounced is of generally less extent. It disappears hy the final station
which is, in any case, between the stations used for the pitot rake
measurements., Having established that a limited separation takes place
there is no reason to suspect that it is either a product of the vortex or

that it produces a rise in the vortex position.

fith regard to the flow periodicity, it is unclear whether this
arises from the shedding of a vortex ring along a vortex tube structure
formed by the trailing vortex elements or whether the trailing vortex
sheets roll into a pair of trailing vortices which then process dowmstream
in a helical fashion. Levy and Fosdyke ( 57 ) have showan that the latter
is stable while an earlier paper showed the forazer mode to b2 unstable.

The increasing order shown by the flow as it prozresses downstream might
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then indicate that the helical structure is formed, but detailed

correlation measurements would be required to verify it.

.4 Road Vehicle iakes

h.4.1 Introduction

A few very brief studies of road vehicle wakes have been
reported. Lind Walker (59) inserted a paddle wheel arrangement
in the trailing vortex of a saloon car and obtained a figure for the
trailing vortex strength. Ain induced drag term was then deduced.
A similar device was later used by White and Paish (28 ) in a study
of the 1ift forces on cars. The lift obtained from the wake
measurements was often quite different from that recorded on the force
balance under identical tunmel conditions, It was also found that
differences in the rotational speasd of the paddle wheel exicted
between tunnel and road tests, but these were consistent. An
interesting finding was the narrow spacing between the trailing
vortices, In all cases this was found to be less than half the car
width and it reduced with vehicle lift. Pothoff (19) in a determin-
ation of the induced drag of model vehicles near to ground also used
a rotating vane device. In addition a tuft grid wag placed dowm-
gtream of the model to locate the vortex cores. The spacing between
the vortex cores was found to increase sharply as the ground was
approached, the shape of the body having little significance. Away
from the ground, however, the car shapes produced vortex spacings
considerably lower than those found for a streamlined shape; the
latter being approximately that predicted for an elliptical load
distribution. For one of the road vehicle models, considerable
differences were found between the two methods used for finding
vortex position. Finally P ringham and Bowman ( 60) have recently
reported some exhaust flow studies using both model and full scale
vehicles. The influence of exhaust pipe geometry on the entrainment

of exhaudt gases into the near wake was established.

The techniques employed for this study of road vehicle wakes
were a combination of those previously describsd in sections 4.2 and
k,3 and in addition a small rotating vane and a yaw probe were used.

The procedure adonted was also similar to that used previously.



Pitot contours were used to define the vortex core and traverses were
then made horizontally and vertically through this point with the hot
wire anemometer, the yaw probe and the rotating vane. Additional

traverses were made vertically along the wake centre line.

7Thereas the rotatinz vanes used in earlier investigations
were of the paddle wheel type the vane used here was a simple cylinder.
The cylinder was 2mm . diameter brass tubing, 25mm ~° long, and the
axis of rotation was normal to the cylinder at its mid length. For
a bearing a lmm diameter tube was inserted along the axis of rotation
and the vane rotated about z short length of piano wire which was
mounted to the traversing gear. To measure rotational speeds a
stroboscope was used, while the vane had one arm painted black and
the obther silver to avoid elementary counting errors. The surface
condition of the vane had a pronounced effect on speed of rotation.
A couple of small burrs on the end of the vane were found to induce a
rotational speed of 1500 revolutions per minute, when the vane was mounted
in the free stream. After removal of the burrs the speed dropped to
60 r.p.m, but difficulty was exparienced in rsducing this figure. Only

very few measurements were obtained with this device.

The yaw probe was of the two hole type, ensuring that the distance
between the orifices was kept to a minimum. The probe was made from two
2 mm diameter tubes with the ends chamfered at 450. The difference
in the two pressures, p;and Py is a measure of the flow angularity.
Provided that the flow angles in both pitch and yaw are less than about
15o then the flow angle, { , in the plane of the probe holes is given
by

Pi1-p2

=k FTE (4.6)
where k is found from the probe calibration in a uniform stream. The
value of P is the local total head as measured separately using the pitot
rake while the assumption of uniform static pressure, Qﬁ, continues.

A ccording to Bryer and Pankhurst (53 ) the effect of stream turbulence
on the determination of flow direction is small for this type of probe.
"he influence of shear cannot, however, be so readily ignored, although
no attempt is made to correct for it. This is justified where the
total velocity gradient in the plane containing the probs orifices is
small, which is true in all casss to be studied, except possibly where

radial flow components are considered.
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Unleas otherwise stated all the following measuremenis were

taken at a nominal tumel speed of 30 m/s.

k,g.2 {lake measurements
In this section the wake data obtained for the passenger cars,
the lorry, and the Can-Am racing car, is presented. As with all previous
wake neasurements these vehicles were mounted at the forward ground board
location. The distance from the leading edge of the ground bhoard to the
vehicle nose was in all cases close ty 0.40 m. It has been shown in
section 3.2.2 that this change of location has a negligible influence on
the conditions prevailing upstream of the model. The distance between
the trailing edges of the model and the ground plane is then approximately
0.75 m although in only one case, the large lorry model, was a measuring
station taken beyond 0.45 m aft of the model, The influence of the ground t.e.
can be ignored. The model mounting strut was 10mm diameter and as with the
rectangular blocks was offset 25mm . from the model centre line. The
height of the model was adjusted so that the clearance between the wheels
and ground was always 1mm, . As before the origin of the wake axes
is taken as the point on the ground board that is directly beneath the

centre of the model trailing edge.

The pitot pressure contours are sihown for six passenger car
shapes in [igures 94-99. lieasurements were made at Qix downstream stations
in each case extending four and a half model heights into the wake. The
wakes are presented in order of increasing 1lif't. The estate car with
nearly zero lift shows a disturbance arising from the upper loagitudinal
roof edges, which could arise from the slight neszative flow angle in the
gtream. As the 1ift increases the downwash at the centre of the wake
increases and the saloon car shows a distinct vortex pair structure. The
fasthack models display an increasingly pronounced vortex pair dominating
the wake, The roof generated vortices appear well inboard for these
shapes; the displacement increasing with decreasing rear roof slope.

The distance between the main vortices increases at the same time. In
all cases the wake form is similar to that of the cambered rectangular
models, the vortices move downwards on travelling downstream but exhibit

negligible lateral motion.

To represent the effect of a cross wind, three vehicle models
were seb at yaw. The saloon 1 model was yawad 5,10 and 15 degrees and

pitot contours obitainad at three downstream stations in each case,
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Figure 100. The origin of the wake represents the point directly
behind the centre line of the base on the ground board and in the
direction of the free stream. The wake is dominated by two vortices.
The vortex on the windward side, left looking towards the model, is
essentially the same as that arising on the unyawed model. The lee-
side vortex arisés from the cross flow over the roof and by inference
rotates in a similar direction to the first vortex. The right-hand
voriex of the unyawed model has almost disappeared at five degrees of
Jaw. The lee-side vortex moves rapidly downwards on travelling down-
stream and the displacement increases with increasing yaw. Both vortices
show a movement to the left, that is reducing the angle between the
stream direction and the car axis. Similar measurements were performed
on the fastback 2 and estate 1 models set at ten degrees of yaw; Figure
101. The estate car wake exhibits a very pronounced vertical motion
of the lee-side vortex as it moves downsiream, while this vortex for

the fastback model becomes almost separated from the rest of the wake.,

To represent a lorry shape the basic block 1 was given a
different nose section to represent a lorry cab, and four crude wheels
were added. The pitot pressure wake contours are shown in figure 102
for three downstream stations. The intermediate station differs in-
significantly from the wake contours measured on the rectangular block.
The distortions in the sides of the wake could arise from flow
separations but are more likely the result of longitudinal vortices
forming downstream of the body corners. At the most upstream station
a jet of air with velocity approaching that of the free stream emerpes
from underneath the vehicle but its energy is soon dissipated. As a
comparison fraverses were performed in the wake of the large lorry model
which was later to be used for wake interference studies. fThis lorry
was relatively higher and had better underbody and wheel simulation and
the results are shown in Figure 139,

The racing car (Can-in type) shape was tested without wheels
as it was felt that these would not contribute significantly to the wake
flow. the downstream position of the contours was measured from the
trailing edge of the wing and the body height for normalisation was taken
to be the maximum thiclness of the body ignoring the wins. Figure 103
shows the pitot pressure contour. These differ noticeably from the
saloon car wakes because the vehicle is generating considerabl§ downforce.

At the upstreanm station the separated reverse flow rezion extends to the
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ground plane and this persists to the following station. On noving
downstrean the wake centre moves sharply away from the ground although
the vortices do not appear to shift noticeasly. A slight asymmetry

is apparent throughout these contours.

Base pressures were measured at the centre of the base for
all passenger vehicles. As no static tapping was provided the
pressure was measured by a static pressure probe tapéd to the model
base with the single static hole facing upstream and opening onto
a shallow hole drilled into the model base. These pressure
coefficients, corrected by the MIRA system, are given in Table 3, below.
It can be seen that the pressure is lowered as the roof canopy is moved
aft. Note that the estate 2 model uses the same upper body as the saloon

models.

Having established the existence of a trailing vortex pair for
the saloon 1 and fastback models vertical and horizontal traverses were
performed through the position of minimum total head using a temperature
compensated constant temperature anemometer. Figures 104 to 107 show
the mean velocity and turbulence intensity profiles obtained for the
saloon and fastback moilels. Asymmefry between each trailing vortex is
apparent in the horizontal traverses. A distinct minimum in the D.C.
signal occurs in the region of the vortex core although this disappears
on the vertical traverse at large downstream distance due probably to
the effects discussed in 4.2.4. The horizontal distribution of
turbulence intensity is dominated near to the base by a distinct pair
of peaks either side of the velocity minimum. This feature persists
throughout the wake, the spacing between the peaks increasing with
distance dovnstream of the base. TFor the vertical traverse, only one
turbulence intensity peak is apparent at most stations, and this occurs
above the velocity minimum. A lower peak is noticeable at the most
upstream station of the Fastback 2 and 3 models and there is a sugges-
tion of the peak moving rapidly towards the ground.

In the case of the saloon car model more detailed traverses
were performed at the station x/t = 2.25 and from these contours of &/liy,
and e/E have been constructed, Figure 104. The d.c. output of the
probe which is a measure of the longitudinal velocity compvonent shows
an alunost identical set of contours to the pitot pressure results.

Hote that the pitot conbour values represent velocity ratio squared

while the d.c. output approximates the velocity directly. The peak
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TABLE III: Base pressures - passenger cars

Model - Cpb
Saloon 1 0.19
2 0.185
3 0.18
Bstate 1 0.16
2 0,17
Fastback 1 0.23
2 0.23
A 0.23
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turbuleice intensity occurs at the boot upper surface level, but a
degree of symmetry exists about a line drawn from the origin through

the vortex centre.

In addition vertical and horizontal traverses, through the
minimum total head position, were made using a two hole yaw probe.
Downwash and cross flow velocities at various dowmstream stations are
shown in Figure 105 for the saloon 1 and fastback 2 models. Both
cross flow curves show similar trends. In the saloon case the missing
section of the curve for the station nearest to the base arises
because the local flow conditions are outside the calibrated range and
g0 do not give sensible results. At this same station an inward flow
is apparent for both models adjacent to the ground surface. At the
three stations furthest from the base, the cross flow at the ground is
outwardly directed and appears constant for a particular model. In
the case of the fastback model this velocity is one quarter of the free
stream velocity. The downwash distribution for the saloon car shows
a peak dowvnwash at the centre of the two vortices as would be expected
for a closely spaced vortex pair. For the fastback model the peak
occurs off centre. In both cases the bias in favour of the downward
component of flow would suggest that the vortex is moving dowmwards

fairly rapidly.

A complete set of traverses was performed for the saloon car
model at stationxft = 2,25, From these the local velocity vector was
determined and the flow is shown in Figure 105. The length of each
arrow in the figure is equal to the local total velocity of cross flow

and the direction is indicated correctly.The station is the arrow tail.

A few measurements were made using the rotating vane described
in the introduction. The rotational speed of this device was never
constant but fluctuated continuously over z 5% of the mean reading with
a period of approximately three seconds. Vertical traverses were made
through the maximum total head deficit point at x/t = 0.75 and 1.5, for
the saloon car model, and a single horizontal traverse was performed at
the latter station, Figure 107. At the upstream station a high level
of vorticity is apparent at the roof level and close to the ground; both
avprozimately equal in strenzgth but opposite in sign to that of the nain
vortex. The former is evident in the pitot contours while the latter
has showvn up previously in the cross flow profiles. Both disappear at

the next measuring station. Short traverses were performed at several
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stations, for all cax shapes that experienced significant 1ift, in the
expected region of the vortex cores, to find the peak rotational speed.
These are plotted in Figure 108 and it can be seen that all the results
fall into a fairly narrow band while in general the rotational speed
increases as the 1lift force. It was felt that the device was too crude

to justify further measurement.

Vertical traverses along the wake centre line were performed
for the saloon 1 and fastback 2 models, using the hot wire anemometer
and the yaw probe, at the stations previously investigated. The
anemometer results are shown in Figures 109 and 110. In both cases the
wake adopts a typical boundary layer profile; the saloon profile being
fuller than that of the fastback model as less of the wake is entrained
by the vortices. The pitch velocities are given in Figure 1ll. At
the upstream station both cars show an upward flow immediately above the
ground plane but this featire soon disappears. The saloon car initially
shows greater downwash velocities than the fastback model but this
gsituation is soon reversed, and only arises because the peak downwash for

the fastback model occurs off-centre.

The estate 1 car model, which experiences very little 1ift, has
the maximum total head deficit occurring on the wake centre line.
Vertical and horizontal traverses were performsd through this point using
both the hot wire ansmometer and the yaw probe. The results of the
traverses with the hot wire »robe at stations corresronding to those used
with the other car models are shown in Figure 112. The separated flow
ig clearly seen at the upsiream station, but in comparison with the
traversss behind the rectangular blocks, the lower surface vortex sheet,
as defined by the turbulence intensity peak, is soon dissipated. M gure
113 shows the results from the yaw probe traverses. The vertical
velocities on the centre line show an anti-symmetrical flow at x/t = 1.5
with the flow converging on the wake centre. On moving downstream the
flow is predominantly upward which is consistent with the slight negative
1i{t force experienced. The vertical velocity distribution as obtained
from the horizontal traverse shows a central upward flow changing
direction on moving outwards. A single horizontal traverse to measure
lateral velocity components was performed at */t = 2.25. This shows

a distinct inward flow in the region of th: vortex sheet.

A limited number of traverses were performed in the wake of

the Can Am racing car; again using both probes. Vertical traverses
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with the hot wire anemometer at the upstreanm stations,Figure 114I
confirm the earlier pitot measurements which showed the spearated
flow region in the base extending to the ground plane. The main
wake flow is seen to move upwards considerably, once downstream of
this region. The negative lift experienced by this vehicle is
apparent from the cross flow velocities shown in Figure 115,

Large vertical velocities are apparent on the wake centre line

even at the extreme downstream station.

To investigate the extent of the reversed flow region at
the vehicle base a further series of vertical traverses were made
along the wake centre line using the hot wire anemometer. All the
passenger car models seen previously were studied, and the results
are shown in Figure 116. The three fastback models show very similar
profiles except that the reverse flow region exitends further down-
stream for the fastback 1 model. There exist slight differences in
the turbulence intensity levels above the upper vortex sheet. This
sheet moves downwards on moving downstream whereas the vortex sheet
springing from the underbody moves parallel to the ground. The
saloon car model shows similar profiles which again differ signific-
antly only in the unseparated region. Velocity profiles measured above
the baot upper surface are shown in Figure 117, ¢ . .y and these
show that the flow has reattached well forward of the boot trailing edge.
A traverse performed immediately downstream of the boot trailing edge,
at x = élmm s where the flow can be assumed to be parallel to the boot
rear surface, measured a vertical velocity equal to 16% of the free streanm
velocity. On shortening the boot length the separating flow from the
roof eventually encloses the boot trailing edge. The reversing flow is
indicated by the pronounced turbulence intensity minimum above the boot
surface. This was confirmed by tuft studies on the boot upper surface,
which in addition showed that not all the boot was necessarily immersed
in a separated flow. For the saloon 2 model only the very centre of
the boot trailing edge was affected while the saloon % model boot was
entirely immersed in the reverse flow bubble. As the model configuration
approaches that of the estate car higher turbulence levels occur and the

velocity profiles become fuller.

Horizontal traverses in the stream direction were performed to

establish the length of the reverss flow bubble, a technique previously
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employed on the rectanzular blocks. These were performsd

for all models and include the effect of an increase in Reynolds
number ﬁn the saloon 1 measurement. A 23% increase in Reymolds
nuanber was found to have no influence on bubble length; a result

typical of separated flows.

Periodic effects were studied using the sams techniques as
before. The hot wire probe was located for a given downstream station
at the position of peak turbulence intensity in four points around the
vortex sheet. For the saloon car and the three fastback models the
vortex sheet surrounded the vortex core while for the estate car
model the readings were taken centrally on the side, top and bottom
sheet. All readings were made at x/t = 2.25 except for the saloon
model for which measurements were performed throughout the wake.
Comparison of the estate car spectra, shown in Figure 118, with those
obtained behind the non lifting rectangular block 2N reveals similar
results, when the probe is positioned near to the upper and side vortex
sheets. In the case of the sheet separating from the lower surface
this has less pronounced periodicity than the upper sheet although
the freguency is still the same.

In contrast the vehicle developing most lift, fastback 3,
indicates a similar spectrum, Figure 119, for all points on the vortex
sheet with two clearly defined peaks, one at 75 Hz and the other near
250 Hz. The higher frequency peak dominates in all positions except the
one nearest to the ground. The fastback 2 wmodel produces very similar
spectra, Figure 119, except that more energy is now contained at the
lower frequency and the frequency of the other peak in the spectrum is
reduced. Figure 120, for the fastback 1 model, reveals less ordered
spectra, but the only differences are that a peak of 125 Hz. appears on
the inboard part of the sheet and that the lower probe position gives
a broader peak at the lover frequency and no peak at the higher frequency.
With the probe in the outboard positionthe upper frequency peak occurs at

a lower value than for the previous models.

The saloon car model, with the probe positioned at x/f = 2,25,
produces a series of speetra which continue the trend of the fastback
1 model. The upper frequency peak is again reduced, this time to 180 Iz,

but no other spectrum gives this frequency peak, Fizure 120.
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The influence of dowmstreanm location on the spectra is shown in

Figure 121 for the wake of the saloon 1 model. ithen mounted nearest
to the model base the probe in the outboard vosition gives a single
peak spectrum. On moving downstream this changes to a two peak
spectrum similar to the fastback models, and the amounts of energy
within each peak change so that the lower frequency finally dominates.
#ith the probe situated on the uppermost part of the vortex sheet the
initial spectrum indicates peaks at 175 Hz and 75 Hz. The higher
frequency peak rapidly reduces in frequency on moving downstreanm.

A similar result emerges with the probe positioned inboard of the vortex.
Mounting the probe nearest to the ground again produces two peaks in
the turbulent energy spectrum, one at 65 Hz and the other at 300 Hz.

On travelling downstream the lower frequency remains unaltered but the
upper frequency peak reduces to 100 Hg  In general the wake which
initially contains energy at two distinct freguencies becomes dominated
by the lower frequency on moving downstream, although the upper
frequency persists in the outboard region of the vortex throughout the

wake.

A single additional spectrum was obtained on the wake centre
line immediately downstream of the separation bubble. This is sliown
in Figure 122 and reveals a dominant peak at 95 Hz with additional
peaks at 65 Hz and 170 Hz.

4.4.3 Discussion

In this discussion consideration is given to the flow properties
only. The consequenc es of these flows as experienced by a driver of a
road vehicle is left to Chapter 5.

The initial stage in the wake formation, the near wake is
characterised by the reverse flow region produced by the Tlow separation
at the trailing edge boundaries. The estate car separation bubble is
very similar in extent to that for the rectangular block while the flow
profiles for all the car shapes that develop significant 1ift are
remarkably similar considering the differences in body geometry immed-
iately upstream of the base. To define the region of reverse flow the
contour of zero velocity has been plotted in Figure 123 for all the car
shapas, The position of zero velocity is defined similarly to Calvert (31)

by a local maximum in the ratio of the r.m.s. to D.C. voltage output

268 /272



e
d
n g(n) i y s g
3 3 :
P b 075 @ d e e
¢ 1’5 b “ . 3
243857 i¢ W/ LD
d ; 3.0 d : V\
+06 ) . 45 @ \¢ b
N\ \\
A | \’
_. N \
\\\ /
posni \ posh 2 : posn 3
lio 102 ! Hz. 10 10!
10" LE 62 T
& . F1G.I2] FREQUENCY . SPECTRA —SALOON 1| - EFEECT OF TINME



OoLc

106

41 0-4

L 02

.1;01 = !:02 g HZ- I=O
F1G.121 [CONTINUED]

110

n Zn)

104

Lo2

| 2

nHz

1o : 10

i0

1, WAKE CL.

F1G.122 SPECTRUM —SALOON



1L2

saloon

estate |

|
FoX

fastback 2

\\\

sl boot ‘bubble

s3

/

el

b
\r_

F1G.123 _REVERSE FLOW 'BUBBLE SHAPES




from the hot wire ansmoneter, e/E. The longitudinal extent of the
bubble was definad from a sinzle horizontal traverse in the free
stream direction through the position of maximum reverse velocity.
The saloon 1 and fastback models show identical contours while
reducing the boot length increases the extent of the reverse flow
region.  While the saloon 2 contour just rezains attached at the
boot trailing edge the saloon 3 bubble fails to do so and the bubble
size rapidly approaches that for the estate car. As with the rect-
angular blocks significant reverse flow velocities are present for

all vehicles. These approach 407 of vehicle spsed.

Four of the models develop sufficient 1lift to produce trailing
vortices which have been detected by four different measuring techniques.
The vertical position and the lateral spacing of the vortex centres as
defined by the maximum total head deficit fr-m the pitot pressure
results, the maximum velocity deficit from the hot wire anemometer data,
the zero transverse flow velocity from the yaw probe measurements, and
the maximum rotational velocity of the rotating vane, are plotted in
Figure 124. All the models have virtually identical vertical paths
for the vortex cores irrespective of the measuring technique or the
vehicle geometry. The vertical core positions are ill defined at large
dovmstream distances when using the longitudinal velocity methods. fhe
lateral spacings of the vortices of the fastback models shows that the
spacing reduces as the vehicle lift increases with all the paths showing
initial convergence followed by a diverzent motion. In the case of
the fastback 2 model these paths are essentially confirmed by both the
Yaw probe and the rotating vane measurements. The saloon 1 car wake,
on the other hand, shows a convergence of the vortices followed by a
parallel motion, when using data from the hot wire anemometer and the
pitot rake, while the yaw probe and rotating vane results, which in
themselves are very similar show a slowly diverzing path. The two sets
of results, while initially substantially different, are in broad
agreement downstream of x/t = 2.5. As it is considered preferable that
vortex data be obtained from transverse velocity measurements directly
rather than be inferred from longitudinal velocities the former results
are taken as being correct. It must therefore be assumed that pitot
measurements are unsuitable for determination of vortex core locations
in the wake aownstream of a large separation region. The velocity of
the vortex itself is unlikely to introduce noticeable errors in the

yaw probe data.
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Although the vortex core position may be ih error there is
no reason to suspect the pitot data itself which is still representative
of flows behind real vehicles. The same may not be true at the ground
surface, however. No separations on the ground board were visible
when tufts were stuck onto it but the pressure measurements suggest that
sudden changes in the flow direction do occur. All the pitot contours
show a considerable thickening of the ground board boundary layer
outboard of the trailing vortices, as seen previously with the lifting
rectangular blocks. The cross flow velocities for the saloon car as
measured at x/t = 2.25 using the yaw probe show a reversal of flow
direction at the ground in a similar position to the thickened boundary
layer. The local flow structure is shown in Figure 125 (a). Further
upstream both the saloon and fastback models show that immediately
behind the trailing edge an inward flow exists directly beneath the
vortex and an upward flow occurs on the wake centre-line, just above
the ground. Both flow features are associated with the flow expansion
downstream of the vehicle base and the result is a vortical motion in
the corner of the planes of symmetry which opposes the main vortex,

Figure 125(b), although this motion soon disappears.

To ascertain the representative nature of these ground flows,
consider Figure 125(c¢), which shows the flow near to the ground due to
corbined longitudinal and transverse components in road and tunnel
situations. At the ground surface, the velocity components in both
asituations are zero relative to the ground. Just above the ground the
transverse velocities are equal. The longitudinal velocity in the

tunnel at the same height is U-U. where U is the tunnel speed and U

1
is the local velocity in the wake. Oa the road the longitudinal

1

velocity is Ul and so, provided the two longitudinal velocities are
of the same order and Reynolds number criteria are not violated, then
the two flows will behave similarly. These remarks are only valid

close to the ground.

However, the flow in the base of the Can Am racing car must
be unrepresentative. In the wind tunnel the recirculation region
extends to the ground plane whereas on the road flow reversal is not
likely to occur below the lovel of the vehicle underside. As the shear
layer separating pt the vehicle base extends to the ground, and the mass

flow rate through the trailinz edue gap will be small, it is reasonable
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to expect that thz base recirculation rezion will not be significantly

different in exteat to that measured here.

In general the trailing vortices generated by the lifting
car shapes experience both lateral and vertical motions, and the wakes
are not therefore represented by either the cambered blocks, which
generated vertical motion of the vortices only or the blocks at incidence,

which produced purely lateral vortex movement.

Theoretical studies of the rolling up of the trailing vortex
sheet behind wings in free stream have been made by numerous authors,
and the problem has been treated in detail by Cone (61 ). For
comparison the streamlines for a vortex pair near to ground, or,
identically, for a vortex in a corner, have been determined. The
complex potential, W, for a line vortex of strength, r‘, situated at

g =yb, % =Ty is given by

Freiig ey IOt s Ny bz, )
2n (N =ly-iz,)) (Q+y,~iz,)

(4-7)

wheregq, 9{, are the velocity and stream potentials respectively, while

() is the complex variable of the y-z plane, y + iz. Substituting

k for the expression e"qm’ﬁ.and after some manipulation the result
is
Ya
N B L 4
YHZHY +Z, = _l_:k..[( yzv+zyv)—k(yz,-zyv)] (4.8)

which is really of little use. A graphical solution has been obtained
and the corresponding streamlines are plotted in Figure 126 for the
vortex symmetrically situated in the corner. A circular form is
approached close to the vortex. For the vortex in free stream the

corresponding streamlines are always true circles.

The vortex in a corner experiences both a vertical and
horizontal velocity. In general it is not possible to superimpose a
flow which would satisfy all the Loundary conditions but taking the
simple corner flow given by

w, = cqo’ (*9)



Zy=Yy

FIG.126 VORTEX IN A CORNER

AT §



FIG.127 VORTEX IN A CORNER WITH SUPERIMPOSED

CORNER FLOW
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where W,= ¢z+iy)2 and C is a constant, the flow conditions
at the origin and at the vortex can be satisfied, when Y=z, only.
This corresponds to the vortex symmetrically placed in the corner,

again, and the constant, C, is given by

C = r (4-10)
161y, z,

The potentials can be superimposed and the solutions for
9&4—?)2 = constant were found graphically as before. The
resulting streamlines are plotted in Figure 127. The stagnation
streamline is independent of the circulation value, and is almost
circular in shape. As the vortex moves towards the ground and away
from the z-axis the fluid within the closed boundary must stay with it.
At some point the boundaries dividing the two vortices above the ground
w111 no longer include the vertical axis and the streamline pattern of
a vortex pair near to ground, after a sufficiently long period, will be
the same as the free stream case except that the pairing for a
particular vortex bec.mes its mirror image. Cone ( 61/) has shown that
the closed boundary in this case is nearly elliptical in shape with
a minor axis at the ground plane of length equal to 1.2 times the vortex
spacing and a major axis 77% larger. As the vortex spacing is reduced
to (ZY times that investigated here, the area enclosed is conaiderably

reduced,

The decay of the maximum spesd of the rotating vane is shown
in Figure 128. All models display an approximately similar rate of
decay, this being close to the reciprocal of the square root of the
distance downstream from the base. As this distance is directly proport-
ional to the life of the vortex this tends to support the theoretical work
of Squire (‘52 ) and Owen (.63 ) and the experimental studies of Rose and
Dee ( 64), amonist others, which showed that that the maximum circumferential
velocity due to the vortex varied with the inverse root of time. The
peak downwash is plotted for the saloon 1 and the fastback 2 models on
the same curve. This sliows a considerably faster rate of decay but then

it must be remembered that the yortices are moving apart.

The hot wire anemometer results can be expected to be accurate
near to the vortex core where circumferential velocities are small. The

decay of the maximum veloeity deficit in the vorted is plotted in PFigure 129,
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and this shows that for all 1iftinz models the decay is proportional
to the downstream distance raissd to the power of —2/3 » approximately.
The estate car wake is seen to behave similarly and indeed this is the

same decay rate that has been found for any bluff non-lifting body.

Figurs 130 plots the longitudinal velocity at the Vortex sheet
position, as indicated by the peak turbulence intensity, against the
maximua velocity deficit. The data presented is the mean of a
particular traverse. It can be seen that throughout the wake, the
vortex sheet moves in the vehicle direction with a speed equal to

two thirds of the maximum velocity deficit in the vortex.

The vortex sheet that separates at the base distorts strongly
downwards at the wake centre line, and gives the impression of forming
a pair of vortex tubes. As noted earlier for the cambered model and
in the data obtained by Paish and White (28 ) for full size cars the
initial vortex spacing for all these vehicles is small, varying between
40% and 60% of the car width. This implies a strange spanwise lif't
distribution on the vehicle. From the work of Widnall and Barrows ( 65)
it is known that the 1ift distribution on a wing approaches a
parabolic form as the ground clearance becomes small. However this does
s8till not produce a vortex spacing which is as small as that found in

these experiments.

The earlier results for the periodic effects in the wakes of
non-lifting bluff bodies showed that a Strouhal number of about 0.2
could be defined for all of the bodies. The estate car, which has an
identical distance between the shear layers at separation shows a similar
dominant frequency, close to 60 Hz, although, as before, higher
frequencies are apparent in the side vortex sheets. All the 1lilfting
car shapes show a frequency peak at around 75 Hz which, with a base
separation height reduced by 45/, represents a glightly lower Strouhal
nurber. The influence of the rear end geometry is probably important
here, In addition the near wake is dominated by a peak at considerably
higher frequency and, as stated earlier, this appears to be a function
of lxft. It can be seen in Figure 131 that thre frequency increases
approsimately proportional to 1lift. ‘This dependence on the 1ift suggests
that a helical trailing vortex exists as a vortex ring structure should
show no dependeice on 1lift, the vortex strength of such a ring being

related to vehicle velocity only, while a rotating vortex tube or line
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vortex would not be time dependent. The theoretical work of Levy
and Fosdyke ( 57.) showed that the rotational and translational speed
of a helical vortex was dependent on thé vortex strength. The
coexistence of a ring and helical vortex structure, which is implied
by the two fregquency psaks is difficult to explain. In relating
the periodic measurements to full size road vehicles; the Strouhal
number remains invariant, and so at %0 m/al a vehicle ten times
larger would have a freguency of one tenth that measured here. A
frequency of 7.5 Hz at this speed corresponds to a wavelength of 4.2 m
or approximately a car length., The frequency associated with the
helical structure of the wake is considerably higher and 20 Hz

corresponds to a considerably shorter wavelength 1.55 m.

445 Conclusions

No dramatic effects due to ground proximity are evident for
the wakes of non-lifting bodies, excevt that the vertical distribution
of longitudinal velocity increasingly adopts a 'wall wake' profile as
the ground is approached. Interesting three dimensional effects are

explained by the action of secondary flows.

The wakes of lifting bodies near to ground display one of
two distinet vortical structures. For bodies at incidence close to
ground the crossflow developed in the underbody gap generates a long-
itudinal vortex as the flow emerges at the body sides. This vortex
is produced sufficiently close to the ground that its subsequent motion
is purely horizontal. The vortex development is similar to that above

low aspect ratin wings.

A cambered body, with a flat lower side, on the other hand
generates trailing vorticity which is essentially confined to the upper
surface. The initial motion of these vortices is similar to that for

a free stream wake, vertically downwards.

The road veiicles that develop lift forces show an intermediate
gbate » where both transverse and vertical velocities of the vortex core
are apparent. This vortex is nothing wore than a distortion of the
vortex sheet that separates at the vehicle trailing edge. Very narrow

vortex spacing is apparent.

A road veiicle ait yaw produces a noticeably modified trailing
vortex structure with the wake characterised by two strong co-rotating

Vortices.
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Axial velocities for both lifting and non lifting wakes tend to decay
at a similar rate; proportional to (time )."2/5 while for the

transverse velocities the exponent is -1/2,

Distinct periodic effects were found for all wakes. The
proximity of ground modified the local shedding rate in non-lifting
wakes while in general a Strouhal number of approximately 0.2 could
be defined for all three dimensional bodies generating zero lift.

This value is almost identical to that found for various two dimensional
and axi-symmetric bodies. Higher frequencies are apparent near the tip
of three dimensional bodies. These disappear on travelling downstream.
Cambered lifting bodies produce two distinct shedding frequencies

one of which gives a constant Strouhal number and the other is

1ift dependent.
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5. THE INFLUSNCE OF WAKE PLOWS ON DRIVING CONDITIONS

Hel Introduction

The wake flow results from the fact that air is a real
fluid. This implies the existence of drag forces which naturally
consume DOWEI. In addition wake flows of road vehicles manifest
themselves to drivers in a number of unpleasant ways. In this
chapter the problem of reduced visibility, arising from the intro-
duction of particles into the wake, is discussed along with the
forces that a vehicle experiences when immersed in the wake of
another. The latter problem is extended to cover the effects of
vehicle proximity in general. Finally certain other aerodynamic
characteristics of road vehicles directly attributable to the effects

of a wake flow are briefly considered.

542 Rearward visibility

The shear layers that separate at the vehicle base enclose a
region of recirculating flow. In adverse driving conditions, whether
dry or wet, droplets of water or particles of dust, thrown up by the
tyres, enter the lower shear layer via the boundary layer growing on
the vehicle underside. The process of turbulent mixing ensures that
many of these droplets cross into the reverse flow area ti settle on
the body surfaces enclosed by the 'bubble'. If the surface happens
to include the backlight then the rearward visibility of the driver
will be impaired. From the zero velocity contours, shown in Figure 12%,
it can be seen that this situation cannot arise with the saloon 1 or any
of the fastback models. Althouglh the rear screen of the saloon is
enclosed by a reverse flow region this does not extend to the boot
trailing edge where the flow is in the stream direction, and so
particles entering the wake downstream of the boot cannot communicate -
with the upstream reverse flow region. As the boot length is shortened
the two 'bubbles! can intersect allowing the rear view to become
obscured. This will occur when the boot length is just shorter than
on the saloon 2 model. It is possible to define whether separation
will or will not occur for a particular vehicle rear geometry by a
limiting angle between the line joininz the boot trailing edze to the
roof separation point and the vertical axis. This can be called the
effective backlight angle and it is assumed that the body geometry

between these two points is not particularly relevant. The limiting
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angle is therefore betwsen 560, representing the saloon 3 model, for
which the flow at the boot trailins edge is definitely reversed, and
620, for the saloon 2 model, which just maintains an attached flow.
Janssen and Hucho (14)have shown that a sudden jump in both drag and
rear wheel 1lift occurs on fastback models when the backlight angle
is between 550 and 60° and they sugzest that flow separation occurs

when the angle is 56°.

To prevent the build up of deposits on the backlights of
vehicles with steeply angled rear surfaces a number of car manufacturers
have tried using small deflectors, similar in concept to the Townend
ring found on the noses of early radial engine aircraft, mounted either
on the roof trailing edge or to the vertical rear edges. The
additional fitting of windscreen wipers for the rear window suggests
that the aerodynamic device is ineffective. The reasons for failing to
work are probably that the vanes are too small and are normally too
deevly immersed in the vehicle boundary layer. Insufficient external
flow energy is therefore diverted into the reverse flow region. The
problem can possibly be eliminated by using carefully designed turning
vanes but the only sure way to avoid poor rearward vision is to increase
the effective backlight angle. An article by Clarke (66 ) has shown
that a simple modification to the rear design can produce favourable
results., The car modifications are sketched in Figure 1%2. It is
interesting to note that the backlight angle on the original car is
aoproximately 45° which is sub critical, while after modification the
effective angle is 60° and Just above the limiting angle. This is a

useful confirmation of the flow results.

Bl Forces on a car in proximity to a lorry

ST Preliminary comments

The aerodynamic characteristics of road vehicles have almost
invariably been determined for ths vehicle in isolation. The real vehicle
howsver, is very rarely out of the presence of other road users, and a
considerable part of driving time is spent in passing, or being overtaken
by, other wvehicles. When the manoesuvre is carried out at high speed,
as would happen, for instance, on a motorway, substantial forces can be

generated for which the driver must take corrective action.

A number of wind tunnel investigations of the interference
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effects between vehicles have been made, and as part of this research
the author undertook a series of static wind funnel tests to determine
the aerodynamic forces on various cars immersed in the wake of a lorry.
It became clear that the maximum load chshiges occurred outside of the
wake region so the work was extended to cover the gensral effects of
proximity., The main results of this study have been previously
reported and are contained in the Appendix to this thesis. Included

in that paper is a summary of the previous ressarch on the interference
problem., Subsequently a number of authors have produced similar
studies, dealing with the influence a large vehicle exerts on a smaller
one. Choulet, Favero and Romani ( ©7) studied all force and moment
components on a car carrying out one fixed overtaking path relative to
yawfhgyfoth mogdf&flggdtggse féc& go becggggi éggbfgs huvestignted by
while large changes in pitching moment and lilt force were found.
Heffley (68 ) in a similar wind tunnel experiment investigated the
interference effect produced by lorry and bus shapes on a variety of
passenger cars including a car and caravan cowbination. Comparisons
with full scale measurements of flow angle close to a truck and in

front of an overtaking car were made. A pressure tapped model was used
by Johnson, Speckhart and Bridwell ( 69) to investigate interference
effects between rectangular blocks simulating large bluif road vehicles.
The only data to be derived using moving vehicles was obtained by Browm
(70 ) who used models mounted on a cable drive system. Different passing
speeds could be represented and cross winds were simulated by ducting the

output from an array of fans across the track.

Bede.2 Additional force measurements

Limited working section length in conventional wind tunnels
means that the study of such phenomena as the overtaking manoeuvre is
restricted in the size of the models that can be used while ensuring that
the ground board length available allows adeguate model spacing and that
sufficient flow settling occurs upstream of the force model. Manipulation
of the force model position, as already described by the author can
effectively double the working section length while limiting the boundary
layer thickness on the ground plane. In addition, it was felt that as
the major disturbances occur only at the extremities of the lorry, an
increase in ground board space was obtainable by reducing the lorry
length. Two additional rear cargo sections were built, giving an over-
all lorry model length of 0.255 m and 0.765 m. These models have been

described in Section .2. 3 and are shown in Figure 11, alonz with
1. '1
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the car models.

The influence of Reynolds number on the drag force experienced

by the three car anéd three lorry models is shown in Figure 133.

Measurements of side and drag force and yawing moment co-
efficients were made as before but using only the saloon car
configuration, as the force model. The results are shown in Figure 134,
for the longest lorry, and Figure 135 for the shortest lorry. It is
apperent that data obtained in the region of the nose uisturbance, and
forward of this point is very similar for all three lorry models.

The same is true at, and downstream of, the rear disturbance. The
region between these two pecaks shows that there is an effect of lorry
length; the shorter model tending to reduce the suction experienced by
a car half way along its length. Using the shorter lorry model to
obtain force measurements at greater downstream distances within the wake
of the lorry shows that the force changes occur slowly. 4ll drag

curves exhibit a small disturbance near to one car leangth downstreanm of
the lorry base. This is probably the region of closure for the reverse
flow bubble at the lorry base. 211 the car wodels except the fastback,
experience a thrust when very close to the lorry trailing edge. 4 check

on repsatability and the Reynolds number effect is shown in Figure 136.

Measurements of lift force and pitching moment were made using the
saloon car model mounted at a limited range of positions in. proximity to
the shortest lorry model. Considerable variations occur when the car is
just in front of the lorry,Figure 137. Small lateral position changes
produce quite large lift variations (ZLCZ¥0.3 ) while in the wake of the

lorry the car experiences an increase in both lift and pitch.

The response of the car model to incidence variation when in
proximity to the lorry was examined at two positions. The spacing
between models was half the car length, with the car mounted on the lorry
centre line both upstream and dovmstream of the lorry. #hen the car is
upstream of the lorry, Figure 138, the 1lift variation is similar to that
in frees stream, but the car in the lorry wake has considerably reduced

sensitivity to incidence.

B Discussion

In order to assess the flow field in which the car is immersed
a few measurements of wake properties were uade downstream of the short
lorry model. Fitot pressure coatours are shown for three stations in

Figure 139, A small separation is apparent at the upstream station.
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This occurs on the ground immediately behind the wheels of the lorry.
The general contour shape differs slightly from that found for the
smaller lorry model, Figure 102. The greater degree of underbody
roughness may account for the more pronounced retardation of the flow
near to the ground while the fact that the larger model has well
radiused longitudiml edzes results in less distortion in the corners
of the wake. 'The downstream station of the larger model corresponds
approximately with the upstream station of the smaller model. A
limited number of traverses were performed with the hot wire anemometer.
The results of these are shown in Figure 140. The horizontal traverses
were made at a height of 40 mm at three downstream stations. A
distinct turbulence intensity peak is apparent throughout the wake at
a position just inboard of the vehicle sides. Three vertical traverses
were performed at one downstream location and at different spanwise
positions. The profiles are of complicated shape at a position
corresponding approximately with the turbulence intensity peak of the
horizontal traverse while the wake is not noticeable at the outboard

station.

The static wind tunnel simulation employed here is obviously
only rerresentative of two vehicles travelling at equal speeds. An
extrapolation of the data, as indicated in the appendix, can be safely
used for the situation where the overtaking speed is small in relation
to the veuicle speeds. This assumes that the lateral force changes
arise solely from a superizposed cross flow. in interesting point mads
in that paper was that given this simplificalion the curves shown
represent any combination of vehicle speeds if the velocity term
necessary for non dimensionality is the product of the two vehicle

speeds.

ifith regard to dynamic effects there are two limiting
conditions. [Firstly the response of a vehicle to a 'steady' gust must
be considered. The results of a theoretical analysis by Hucho and
Emmelman (71) imply that if a typical car encounters a lateral gust of
sinusoidal shape and having a rise distance, the distance required for
the cross wind to reach its maximum value, of more than five vehicle
lengths, then the response is guasi-static; the lateral loads are
approximetely proportional to the local cross wind angle. For a rise fime
less than half this an incressing overshoot in the loads is apparent.
From the results of this study of overtaking the rise distance is

typically greater than half the car length relative to the lorry.
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The disturbance rise distance relative to the car is given by

U
c

2(Uc-U1)
where the suffices c,1l, refer to the car and lorry velocities respectively.
The overtaking speed is therefore limited to 10% of the car speed.

car lengths

As the lateral spacing betwesn vehicles increases the rise distance
of the gust becomes greater and so a greater overtaking speed can be

represented.

Secondly, the response of a real vehicle will be different
if the frequency of any disturbance approaches the natural frequency
of the vehicle suspension systen. The vertical forces are not periodic
but the lateral loads vary in a highly periodic manner when the vehicles
are close together. The wavelength, )\, of this disturbance is
approximately twice the car length, so the input frequency, w , to a

passing car will be

{5:1)

where UB and 'Ul are the speeds of the two vehicles. Typically

the natural frequeucy, Wn for the rolling motion of a car is about 1.5 Hz
while the lateral frequency is somewhat higher due to the tyre stiffness
being fairly high, ahout 6 Hz. The steady state representation is

therefore invalig& when

UQ'U]_ i )\ Wn (5.2)

ie the overtaking spsed is 13.5 m/s. This condition is distinctly
higher than the previous one. The steady state representation in a
wind tunnel of the overtaking situation is therefore valid for moderate

overtaking speeds only.

An elementary exercise to predict the peak side loads experienced
by a small vehicle in the presence of a larger one was performed. The
small vehicle was assumed to have a negligible effect on the flow around
the lorry. The length and height of the lorry, being much greater than
the car dimensions were considered to be unimportant. Consequently
the lorry was replaced by a two dimensional rectangular surface

extending dovnstream and vertically to infinity. The car itself was
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renoved and the forces upon it determined from the sensitivity to a
yaw flow and the local cross flow angle. The problem is therefore
reduced to the determination of the flow up a step as shown in

Figure 141. The theorem of Schwarz-Christoffel can be used to
transform the surface of the step, representing the plane of symmnetry
and the lorry surface, in the z-plane to the real axis of the g—-plana.
}iilne-Thomson ( 72 ) has shown that a convenient solution can be

obtained using a uniforwising variable, t', where

& = cosh t! (5..3)

so that for a step height, hY{ and free stream velocity, U

z =7 ( '+ sinh t1 ) = x4y (54)

h'U

cosh t! = u+iv {55)

define the flow velocities at a given station.

As it is found that the flow properties change dramatically
over the length of the car, replacing the vehicle by a single point
representation was employed. A typical car in a cross flow experiences
peak loadings at the extremities of the vehicle but for this computation
the reference points were taken to be the front and rear axle positions.
Denoting the front and rear axle conditions by the suffix F and R respectively
the side force coefficient CY and the yawing moment coefficient C

are given by

dCyy tan B¢ . ,4Cy, tanld ;
S ld(;r cos’ 3. T (A,BY)R cos’ﬂz (246)

2 C __J(ij) tcnﬁs'-'_ (6Cy) tﬁnﬁg

N 83 F cos33e 33 R COS*/3q (5.7)

where FB is the flow angle.
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The theoretical curves Tor the inner and outer experimental lateral
positions are shown in Figure 142 compared with the collected saloon

car experimental data. Although the peak values are comparable in

amplitude they are of the order of half a car length out in
location.
Blsd Interference effects bebween racing cars

A class of vehicle, which has shown itself to be highly
susceptible to aerodynamic interference effects, is the Can-Am racing
car. Three incidents have occurred in which one car travelling very
close behind another at high speed has been completely overturned.
See for instance the report of the first incident at the Road Atlanta

circuit as given by the driver, Hulme ( 13)

For the measﬁrement of the effects of vehicle proximity a
similar model to that constructed for the wake measurements was made.
Mo attempt was made to scale a particular vehicle but the typical
characteristics of these vehicles; the sharply angled nose and the
large rear wing, were both modeled. As shown in the 1ift force
data, both models experienced a slight nose up pitching moment and

substantial downforce

Measurements of 1liit and drag force, and pitchinz moment

were obtained with the force model in front of and behind the other

model, and a few additional lateral positions were investigated. ‘“The

incremental coefficients are presented in Figure 143. Jhen approachad

from behind the force model is only subjected to a slight increase in
drag and pitch. The vehicle that is moving closer, however,
experiences very dramatic changes in both lift force and pitching
moment, which are accentuated by a slight lateral offset. The worst
effect is felt by a vehicle which changes position, when immediately
downstream from just to one side of the leading vehicle to directly
behind, Figure 144. The 1lift coefficient increases by 1.8, which
represents a force of 8.0 kil at 62 m/s (150 m.p.h). fThis force is
comparable to the all up weight of a typical Can~Am car. The 1lift
increase is accompanied by a similarly dramatic rise in pitching
moment so that all the 1lift is generated at the front axle. This
represents a2 highly unstable situation. The present generation of
wide bodied Formula 1 cars would be subject to load changes of a

gimilar magnitude,.

/311



AC,
carl

12 Y

X v B

e % 5 + OO0

sl (TS R TR
3 © 05
4 A 1O
' 7 1:25
o8 T l-@- | IB
: —
5 O 4
~J
02 T+
© . 7P
—2:0 o ° =10 2-0
s " , i o) ' i
X
t

—0.4-..

F1G.143 FORCES ON CAN AM RACING CAR

IN _PROXIMITY TO ANOTHER(a) LIFT FORCE




ACMcqr

02 +

04

-0l +

T

=02 A

F1G.143 (D) PITCHING MOMENT

=3



60¢

02 1

ACy

car |

Fant
o

F1G. 143 (c)

DRAG

FORCE




olg

F1G.144 FORCE VARIATION WITH

OFFSET

—'B
posNa pos” B
o} Q
-— -
0B O5B

vehicle
n ]
Isolation

2:0

+~0-6

Fi1G.145 EFFECT OF VEHICLE PROXIMITY ON
SENSITIVITY TO INCIDENCE




The 1lift and pitching moment sensitivities to incidence for
a vehicle immediately upstream and downstream of another are compared
with the results for an isolated vehicle in Figure 145. It can be
seen that the lift curve slopss are identical for the free stream case
and the situation where the force model is upstream. When submerged

in the wake of the other vehicle the slope is reduced by 20%.

D45 Additional wake induced problems

A problem often encountered by fastback ¥ehicles is strong
sensitivity to cross winds. Pictures of these cars often show that
flow separation occurs upstream of the trailing edge but below the
roof line, and in many instances it can be seen that the wake
extends well forward of the rear of the car. This implies that the
separation point will shift considerably under different external flow
conditions. The lift force at the rear axle must therefore be
similarly susceptible to changing cross winds, in addition to having
a basically high 1ift force when  at zero yaw, Carr (73). Janssen
and Hucho (l4have shown that by varying the backlight angle between
50° and 60° the flow separation point, at zero yaw, changes from the
roof line to the trailing edge, while the rear wheel lift coefficient
increases by 0.25. The rear wheel lift coefficient for various car
shapes, at yaw, is shown in Figure 146. While most vehicles, including
all the fastback models, show only a slow variation with yaw, the saloon
5 model experiences a sudden rise in 1ift at the rear axle, immediately,
on being yawed. For this particular model the separated flow at the
roof does not reattach to the boot under zero yaw conditions. On
being yawed, however, the flow must generally reattach to give the
increase in lift force. The reason for the fastback models not giving
similar behaviouT is that the rear slope is always too great for
separation to occur upstream of the trailing edge. The usual way to
cure the problem is to place a sroiler at the trailing edge which
encourages the flow to behave predictably while effectively reducing
backlight slope and rear wheel lift.

A problem associated with the accumulation of dirt on the
backlight, in bad weather, is the obscuring of rear lights, which creates
a hazard because the reduction in light inteusity is accentuated at the
time the lights are most necessary. The problem is particularly acute

on lorries. The effect occurs irrespective of the design of the vehicle
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because the lights are invariably enclosed in the recirculafion bubble.
Goetz (T74) has shown that an improvement can be gained by ribbing the
light cover to promote clean flow locally. An alternative solution
might be to mount the lights clear of the reverse flow region.

This usually implies besing mounted clear of the bodywork; either to
the side of, or above, the car. The former could create a pedestrian
hazard while the latter infringes height regulations regarding location
of lights, and would be impractical in the case of a lorry. The
problem can be overcome by adopting a solution similar to that shown

in Pigurel47 . Here the lights are mounted at the vehicles sides but
sufficiently forwurd of the trailing edge that there is no coumunication
between the reverse flow regions arising at the light itself and the

vehicle base. A beneiicial effect on drag force might also be found.

The driver immersed in a wake in bad weather already has a
vigibility problem because of spray being throwm up by the vehicle in
front. Once again this problem is most acute on lorries and numerous
attempts to limit it have achieved little success, Sherard (75) .

The spray is created from water thrown up by the tyres, hitting the body-
work, and then atomising. The spray then fills the wake, through the
process of turbulent mixing, and remains there until gravitational forces
overcome the fluid effects. In the case of a lorry, the spray from the
front wheels fills the separation region that usually exists at the
leading edge of a bluff body. This region can extend laterally a
considerable distance, and on motorways the effect is noticeable well
into the adjacent lane. In such a situation it would seem desirable to
radius the leading edges of both cab and body so that the separation
region is eliminated. 1In addition to creating less of a nuisance to
other road users this would also lower drag which should benefit the
lorry operators. In the wake itself there a pears to be no easy
solution for either cars or lorries. Reducing the size of the wake by
streamlining the vehicle may not help because this usually implies a
greater 1ift in the case of a passenger car. i more pronounced vortical
structure is therefore generated which enables the spray to psrsist even
further downstream. he fitting of mud flaps to cars is no solution as
it increases the size of the reverse flow region and being close te the

7 I::.-.- mai anKe.,.
ground probably encourages spray into the main wake

Periodic effects in the wake may have an influence on the noise

experienced inside a dovmstream vehicle. Tempest and Bryan (76 ) have
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shown that very high levels of noise are apparent at frequencies below

5 Hz. This frequency is much lower than that due to sources such as
engine or body vibration or aerodynamic inputs arising from flow
separation at the windscreen pillars. The small scale lorry model, which
is about 1/25th scale produces energy peaks at 75 Hz at 30 mjs as

recorded by a probe stationary relative to the lorry. At full scale

and similar speed this would correspond to 3 Hz as sensed by an

observer in a car travelling a fixed distance downstream of the lorry.

The low frequency noise may arise therefore from the passage of a car

through a relatively slowly varying flow field.

5.6 Conclusions

The forces on a car submerged in the wake of a lorry only
change significantly very close to the lorry. The dominant effects

of proximity are experienced when the car overtakes the lorry.

For two Can Am cars racing close together very large changes
in 1ift force and pitching moment can be experienced especially when

lateral changes in position occur.

From the desizn point of view, the obscuring of rearward
vision in bad weather can be eliminated if the effective backlight slope
is at least 60° from the vertical. fhis simultaneously reduces the
vehicle sensitivity to cross winds. A desiagn for limiting the dirt

accunulation on rear lights has been presented.

The spray problem encountered while overtaking heavy lorries
can be reduced by radiusing the leading edges of the cab, although
suppression of spray in the wake of both cars and lorries is likely

to be extremely difficult.
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e CONCLUSIONS

The wake characteristics of road vehicles and of basiec
rectangular blocks near to ground have been determined from a series
of wind tunnel tests. Prior to obtaining this data a study was made
of the results of other investigators, using various methods of
ground simulation., This established that the most suitable ground
representation for wind tunnel testing of road vehicles is the static
ground board. Of the usual wind tunnel corrections the only cnes
found to be significant for bodies near to sround were those due to

blockage and a cross flow correction for vehicles at yaw,

It was necessary to ascertain the forces on the bodies
generating the subsequently studied wakes., All the shapes showed an
increasing sensitivity of 1ift force to incidence as the ground was
approached, but the lift generated by the addition of camber was not
found to be dependent on ground clearance., For many parameters all
the data could be collapsed to a single curve, generating useful

design information,

The car shapes all revealed considerable changes in lift due
to incidence, the effect increasing with yaw. An increase in camber
was found to reduce the sensitivity through a modification of the
flow under the nose. A distinct effect on handling was found from gn
analysis of the equations of vehicle motion and certain racing car
designs were shown to be dangerously sensitive., Lift sensitivity to

incidence was dramatically reduced by mounting a spoiler under the nose.

From modifications to the ground board boundary layer a lift
force correction for wind tunnel tested road vehicles has been devised.
This is applicable at the front wheels only and from previously published

data is seen to have some justification.

A simple velocity correction to convert wake profiles obtained
in a wind tunnel when using a static ground board to the equivalent
for a moving body over a fixed plane was determined, This simply
subtracts the local ground board boundary layer velocity vrofile as
measured in the absence of the model, Little evidence of ground board
separations were found, For these bodies, developing small 1ift forces,
the limiting ground clearance is given by the ground bosard boundary

layer displacement thickness at the model trailins edge position.

The rectangular blocks set at zero 1ift incidence show

interesting three dimensional effects, which can bhe explained by
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considering the longitudinal vorticity generated dowmstream of the
trailing edze. On approaching the ground the initially Gaussian wake
profiles adopt an increasingly 'boundary layer' appearance. This ecan

be related to the interference of the mirror image wake.

The lifting bodies develop totally different wake forms
dependent on whether the 1ift is generated from the influence of camber
or incidence. Along the underside of bodies at incidence near to
ground, a strong cross flow is produced which can easily separate from the
vehicle sides to initiate a vortex in a manner similar to that over a
slender wing. The wake downstream of the body remains but the vortices,
under the action of the local image move rapidly sideways with negligible

vertical motion.

Cambered blocks with flat lower surfaces, on the other hand,
produce vortices with very narrow spacing that move vertically dowmwards
as if in free stream. The influence of the image is very small in the

rear wake investigated.

The passenger car shapes that develop 1ift, the saloon and
fastback models, form vortex wakes that initially show an intermediate
state. The vortices experience both vertical and lateral motion.

Four methods were used to define the wake characteristics. The pitot
pressure method was found to be inadequate for defining the vortex core
location in one instance. The estate car and lorries which generate
negligible lift forces produce almost symmetrical wakes similar to those
for the non lifting blocks although the underbody roughness of the road
vehicles has an influence. The Can-Am racing car model, typical of
racing machines that develop extremely high downloads, generates a
distinct wake in which the centre moves rapidly away from the ground under

the action of the two vortices. High vertical velocities were apparent.

For all the wakes longitudinal velocities were found to have a
decay rate exponent of - 2/3 while for rotational velocities in the

trailing vortices this was - 1/2

Periodic effects were not dominant in these three dimensional
bluff body wakes but a Strouhal number close to 0.2 could be defined for
most blocks in both free siream and ground proximity. Higher frequencies

were aprarent near the $ips of the blocks but these decayed on moving domstrean.
The cars that generate noticeable trailing vortices showed two distinct

-
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frequency peaks one of which was strongly lift dependent while the other
was constant. The former was believed to be associated with a helical

vortex.

The wake flow manifests itself to a driver in a number of
unpleasant ways. A car immersed in the wake of a lorry was found to
experience noticeable force variations but these were dominated by the
changes that occur when the car is alongside the lorry. One racing
car, however, travelling close behind another can experience very serious

destabilising forces capable of overturning it.

To limit visibility problems a few suggestions for vehicle
design have been made. From measurements of the recirculation bubble
it has been found that a miniuum 'effective backlight slope! of 60°
is required to stop the accumulation of dirt on the screen. This also
reduces the sensitivity of rear wheel 1ift to =a cross wind disturbance.
An idea for reducing the deposits on rear lights has been presented but
there appears little hope of a simple solution for reducing the spray
problem except that occurring at the front of lorries.

This problem of spray is one of the most disconforting aspects

of modern driving and deserves considerable attention in the near future.
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APPENDIX A

A REVIEY OF GROUND VEHICLE AERODYNAMICS,

A.l1] Introduction

Over the past eighity years of investigation
into the asrodynamics of vehicles that operate close to
the ground a considerable amount of data has been
accumulated. Although substantially less effort has
been devoted to this aspect of aerodynamics than to
aircraft related problems, a complete survey of previous
wori would still be an immense task., In this chapter a
very brief review of previous studies is presented
although where more appropriate a particular investigation

is introduced in the introduction to the relevant chapter.

A,2 Road Vehicle Aerodvnamics

Barly experiments on road vehicle aerodynamics
were primarily aimed at reducing the drag force experienced,
Ludvigsen (77) has given a fascinating account of the
earliest developments, while Koenig-Fachsenfeld (78) has
reported extensively on the thorough German experiments
performed prior to and immediately after W.W II. It is
interesting to note that since 1950 when separate wings
and headlights disappeared no further improvement has been
made in the drag coefficient of typical road vehicles:
indeed in recent years the trend towards lower drag coeff-
icients has been reversed, Interest in drag reducticn is
still evident, however, whether by modification to the
overall shape of the car, Janssen and Hucho (14), increas-
ing edge radii, Carr (79), or the fitting of spoilers,
Marcell and Romberg (80), and the smoothing of the under-

body roughness, Carr (82), Turner (81),

Over the past fifteen years the response of a
vehicle to a yawed flow, which represents a steady cross-
wind, bas received considerable attention. The most
thorough investigations are due to Bowman (83), Barth (84)
and Carr (79) althonsh most of the literature is devoted
to this one aspect., The wvehicle motion arising from

entering a gust has been examined experimentally by Lay
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and Lett (85), and Bundorf, FPollock and Hardin (86).using
full size wvehicles and by Beauvais (87) using models,
Theoretical treatment of the same problem has concerned
many authors especially Hawks and Larrabee (88), Hales (89}
and Russell and Scibor-Rylski (90)., A cross wind as
represented in the wind tunnel has a uniform velocity,

In practice the natural wind is a shear flow. The inf lusnce
of a velocity gradient on the lateral characteristics of

typical road vehicles has been investigated by Maccabee (91L

The aerodynamic characteristics of a car-caravan
combination at yaw have been obtained by Beauvais (92)
while Griffiths (93) and Waters (94) have considered the
influence of caravan shape on the drag force. Hawks (95)
has considered the response of such a combination to a

wind gust,

Many detail design features on cars can benefit
from the attention of an aerodynamicist, Passenger
compartment ventilation has been studied by Goetz (74)
who also devised a means of keeping rear lights free from
road deposits, 7The effect that cooling flow through the
radiator has on the external aerodynamics has been invest-
igated by Turner (81) and Janssen and Hucho (14),

Dawley (96) has measured the 1ift of windscreen wiper
blades and the cooling flow of air through wheels to the

brake surfaces.

By replacing the car shape by a lamina, simple
theoretical estimates have been obtained for 1ift and
pitching moment, Morelli (97), and also the lateral deriv-
atives, Larrabee (16) and Hucho and lmmelmann 15725 Y
more sophisticated method for predicting the loading
pPlaces a distribution of vortex loops over the entire body
surface, Stafford (17). Encouraging results have been

obtained,

Apart from a few early wind tunnel cxperiments
on the drag of commercial vehicles, Schlichting (98),
Plynn and Kyropoulos (99), this aspect of road vehicle
aerodynamics has been largely ignored until recentily, A
number of devices have appeared which aim to reduce the

asrodynamic resistance. These either modify the flow



over the cab roof or deflect the flow around the sharp
leading edges of the truck body; Eirsch, Garg and
Bettes (100), :

The influence of pitch angle on the aerodynamnic
characteristics of road wvehicles has been considered in
Chapter 2, while in Chapter 5 the interference cffects

between road vehicles in close proximity were investigated,

A.3 _Racing Cars and Land Speed Record Vehicles

Designers of racing cars have for a long time
recognised the need for aerodynamic research. Jor
commercial reasons a great deal is never published, but
early experiments concentrated on drag reduction and
improving lateral stability, Lind-Walker (59). The
outlawing of all enveloping bodywork ensured that the
flow field around Formula cars became dominated by the
effects of the rotating wheels, The asrodynamic effects
created by rotating wheels have been investigated in
isolation, Morelli (101), Fackrell and Harvey (102), and
combined with typical bodies, Stollery and Burns (9),
Stapleford and Carr (103), Scibor-Rylski (104), The
improvement in cornering speeds obtained by applyving an
aerodynamic download at the wheels has encouraged a
proliferation of wing-like devices fitted to racing cars.
This has tended to concentrate research to 1ift reduction,
Pothoff (19), Scibor-Rylski (105), Jim Clark Foundation (108),
although drag is still of concern to less powerful racing

cars.,

Sports racing cars with enclosed wheels tend to
be unstable at high speeds. Improvements to the handling
have been made by fitting front and rear spoilers,

Bowman (107), Pothoff (19), Scibor-Rylski (104), while
redesign of the nose shape has been considered by Sussex
and Northcote-Smith (108), Stollery and Burns (9), Boyce

and Lobb (109).

It has been suggested by Pershing (110) that an

= ]

improvement in the performance of dragsters could be

realised by reducing the asrodynamic drag.

The importance of drag reduction for land speed
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record cars has always been obvious, In 1929 Irving's
Sunbeam CGolden Arrow was the first such car to be wind
tunnel tested (Irving (111)). More recently the drag
coefricient has been lowered to 0,12 for both M.G.,
(Ludvigsen (77)) and Golden rod (Korff (20) record
breaking vehicles., Donald Campbell's Bluebird had a

drag coefficient of 0,16 (Stollery and Burns (9)) but

the need for minimising 1ift by modification of the camber
line was recognised, Transonic tunnel tests were necessary
for the model of Blue Flame (Torda and Morel (112)) which
subsequently achieved 622 m.,p.h., (280 m/s). Speeds in
excess of Mach 1.0 are now being contemplated by both
American and Russian groups. In a considerably lower
speed range the speed and stability of motor cycles have
been improved by the application of wind tunnel testing
during the design stage (Schlichting (98), Cooper (113)).

A.B Trains

The first known wind tunnel experiment on the
‘drag of trains was reported by Goss (114), performed three
years earlier in 1895. Periodically there have been attempfs
to streamline trains. Johansen (115) measured lateral
forces as well as drag on convential and streamlined train
configurations, This remained the standard work on the
subject for many years, Recently, however, considerable
attention is again being paid to the aerodynamic charact-
eristics of high speed trains, Gawthorpe (116) has given
a comprehensive review of the research to date and the
problems requiring solution, The need to reduce power
consumption, in which aerodynamic drag forms the major
component, is still the most important problem (Hara,
Kawaguti, Fukuchi and Yamamoto (117)). Of great concern
is the drag rise associated with running into and through
tunnels, Gaillard (118). The aerodynamic loads arising
from two vehicles running on adjacent traclks and the forces
on trackside objects immersed in the wake flow have also

beent considered (Hara et al (117).

Theoretical estimates of the leoadirmg on train-

like bodies have been made by Morrow and Maccabee (119),
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the method requiring a distribution of source-sinks

over the entire body surface,

A.,5 High Speed Ground Transport and other Ground Effect

Machines

A number of groups throughout the world are
developing tracked high speed ground vehicles for operating
in the speed range 400-500 km/h, and utilising a variety
of suspension systems., Wwhile the attention has switched
from the hover vehicles to magnetically suprorted ones,
the aerodynamic problems remain the same. A number of
wind tunnel studies have been made, Grunwald (12) and
Tracked Hovercraft Ltd.,(22), in which various body shapes
and track geometries have been investigated, Theoretical
studies of the aerodynamic characteristics of such bodies
have been made by ¥Yoolard {(120) using the 'slender body!
approach, In competition with these systems are the
tracked ram wing designs which utilise aerodynamic 1ift
for support and stability, Barrows (121). Theoretical
estimates for the 1lift to drag ratio, based on slender
wing theory, have been obtained by Barrows and Widnall (65}
while a more sophisticated approach using vortex lattice
distribution which can account for tracks that are non-

planar has been developed by Davis and Harris (122).

In addition to these tracked vehicles just
considered, conventional hovercraft have been studied for
a number of years and free flying ram wings have been
built, Wind tunnel studies of the external aerodynamic
characteristics of hovercraft seem to be rare, the
exceptions being Trebble (123), Andrews (124), Zeitfuss
and Brooks (125). Ram wing vehicles have been experim-
entally investigated by Fumar (126), Ando (127), Gallington,
Miller and Smith (128) while numerous authors have obtainod
theoretical characteristics; Ando (129}, Ashill (130),

Widnall and Barrows (131).

A,6_Nings

An extensive literature is available on the

effect of ground on the 1ift of wings, Betz (132) extended
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biplane interference theory to account for the presence

of the ground. A summary of the early experiments, for
which a variety of gzround simulation methods were employed,
and theoretical methods, has been given by Pistolesi (133).
Tani, Taimi and Simidu (134) investigated in detail the
effect of ground on a monoplane wing and compared their
results with theory. The pressure distribution around a
two dimensional wing in ground proximity was measured by
Bagley (135). The effects of finite aspect ratio were
studied by Pink and Lastinger (130) using 22% thick wings,
Whereas previous investigations had measured ground effeoct
with the wing clearance similar to that for a landing
aircraft, this investigation studied very low ground
clearances. Little change in zero incidence 1ift due to
height variation was observed but there was considerable
effect on the 1ift curve slope, All the wings exhibited
height stability at positive incidence. Carter 97
performed tedts on a unity aspect ratio wing having similar
section, and found large improvements in 1ift to drag ratio
attributable to the Titting of endplates, Little influence
of ground proximity on profile drag was noted., Numerous
authors have investigated the influence of ground on low
aspect ratio delta wings, among them Kirkpatrick (138) and
Fox (139). Berry (140) employed a moving and stationary
ground to compare 1ift and drag measurements for a wing of
aspect ratio 6, Differences only became apparent at very
low ground clearances or at high incidence, Similar
comparisons have been made for VSTOL aircraft models;
Turner (141) and later South (142) deriving a limiting
value of 1lift, devendent on freometry, above which a noving
ground is essential,

A

MNectangular Blocks in Ground Proximity

Basic rectangular blocks have been investigated
by Barth (143) under yawed conditions while set at small

fixed ground clearance., The effects of variations in

length to height ratio, width to height ratio, and edge
radiusing, on side force and yawing moment, were studied,
Hith coefficients based on side area the lateral charact-

eristics were found to be identical for a considerable



range of length ratio, The side force derivative with yaw
was a maximum with the length to height ratio equal to 2.0
although below this value non-linearities were present.

A similar effect was noticable for the vawing moment. At
a fixed length ratio the side force coefficient increased
with increasing width to height ratio at yaw angles

below 0.2 radians but above this wvaw value the effect was
reversed, The position of the centre of pressure was
found to be 40% of the length aft of the nose for all the
leng bodies, This position moved aft with increasing
width ratio, and reducing length ratio while it moved
forward on radiusing the transverse edges., Rounding of
the longitudinal edges had no influence on the location of
the centre of pressure but it did reduce the side force

at yaw.

Carr (144) has measured the six force and moment
components on a rectangular body of fixed overall dimensious
while varying the edge radius, ground clearance and nose
shape. Drag forces were dramatically reduced by small
edze radiusing; a radius of 10% of the body height was
sufficient to give a drag reduction of 75% when comparaed
with a sharp edged body, ¥For the latter model, variation
in ground clearance had little effect on drag but increasing
the radius produced different effects., PFitting of a well-
rounded nose had little influence on drag at small yaw
angles but gave a marked reduction above 0,1 radians of yaw,
Increasing the ground clearance tended to increase all
coefficients, especially at yaw, The 1lift variation with
vaw was most noticably increased on reducing the edge
radius, High rolling moment derivatives were found on all
bodies, with edge radius having only a small effect. The
drag results were a striking confirmation of the conclusion
of Lay (145) that the lowest vehicle drag coefficient can
he obtained on a simple rectangular shape with radiused
edges, and that in addition this geometry gives highly
desirable yaw charactevistics for all other forces and

moments.



APPENDIX B

GROUND SIMULATION ~ THE ALTERNATIVES.

Besl Alternative Ground Representations

A variety of techniques have been emploved in
the past to simulate the ground plane in a wind tunnel.
These are shown schematically in Figure 1, The most
commonly used method is a simple flat plate representing
the ground, This board is usually mounted away from the
tunnel floor, often at the centre line of the tunnel.

The model is typically mounted just clear of the ground
by an amount approximately equal to the boundary layer
displacement thickness, at the model position, The presence
of the model gives rise to a circulation around the
combined ground and model and various devices have been
used to control the flow over the leading edge of the
ground plane; the most common being a trailing edge flap.
The advantage of this system is its simplicity, It is
inexpensive, easy to make and instal, It suffers the
disadvantage that the flow boundarv conditions on the
surface of the ground are incorrect. TIor a real moving
vehicle the fluid is stationary relative to the ground at
some distance away from the vehicle. In the wind tunnel
this relative velocity becomes equal to the free stream
velocity ( the simulated forward speed of the vehicle).

A boundary layer therefore developns on the ground which

is unrepresentative of the real situation., If the ground
plane length upstream of the model is fairly short and

the model ground clearance is considerably greater than
the local boundary layer displacement thickness then the

influence on the model is likely to be small,

An even simpler alternative is to mount the model
directly to the floor of the working section. This
arrangement suffers from the relatively thick boundary
layer found in such a position, The thickness of this
boundary layer can be halved by awvplyinsg sufficient
suction through a slot in the floor just upstream of the
model. The boundary laver thickness can also be reduced

by use of a 'scraper' (Dunsby, Wardlaw and Marsden (146))
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consisting of itwo lengths of thin angle strip mounted to
the tunnel floor to form a vee, apex forward, immediately
upstream of the test object., The same conditions then

exist as over a separate ground plane,

It is sometimes suggested that suction can be
distributed over the entire region of the ground plane
occupied by the model, thereby removing the boundary layer
completely, Bettes (147). There would seem to be few
advantages to such a scheme. The flow rates required
would be very high and to neutralise vertical flow compon-
ents at the surface would entail using alternative suction
and blowing slots., Local flow rates would have to be
matched to individual wvehicle configurations and

displacements.

The elimination of the ground boundary layer
can be accomplished by removing the ground plane completely
and substituting an image model to maintain flow symmetry.
The flow conditions on the plane of symmetry still do not
accurately represent the true conditions in that no boundary
layer is developed at all, however, the system should rep-
resent an improvement over the fixed ground technique.
This does not apply where turbulence exists, as in the
wake of the wvehicle, because mixing then takes place across
the plane of symmetry., This problem can be alleviated by
placing a thin plate on this plane downstream from the
point where the wake flows or the body-generated boundary
layers intersect. The requirement of two absolutely
identical models is a disadvantage as is the need for very
careful setting up to avoid errors arising from the

sensitivity of bodies near to ground to attitude changes,

The only way to obtain correct boundary condit-
ions in a wind tunnel is by use of a moving ground plane
where the ground surface becomes the upper part of a
continuous belt. This system hias been developed by Butler,
Moy, Pound (148} but is, however, subject to 2 number of
disadvantages, which tend to preclude its use. They are
costly to manufacture and insgall, and the running procedure
i8 lengtiiy because of the need to continucusly maintain

equal belt and tunnel speeds. The Frontal area of a ground
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plane containing a moving surface is very large because
of the need for large diameter rollers, This implies
that correction factors are inevitably higher. A fairing
has to be placed over the front of the leading roller
housing, and this generates a boundary layer which would
tend to persist along the ground unless rTemoved by suction.
Sucticn, additionally, has to be applied to the underside
of the moving belt to reduce its 1lift, Balance mechanisms
cannot be mounted direct to the ground and so require a
sting or over head supports, further increasing interfer-

ence effects.

An alternative model technique is to have a
moving model, ‘This may be mounted on a rotary arm or be
part of a linear facility. The former method is subject
to errors arising from considerable swirl generated by
motion of the model and arm, Kumar (149). The latter may
oither be connected to another moving vehicle, Smith (150),

or run on a long straight track, Curtiss and Putman (151).

B.2 Comparisons Between Methods

A number of authors have performed experiments
usging identical models but over differing simulations of
the pround, Heald (152) measured the drag coefficient of
a car model with several static ground representation
techniques, while Stalker (153) reports on earlier
comparative tests. In both cases considerable variation
was found, A year earlier, lLay (145) had performed a
nunber of tests using the image technique, no ground, and
flat plates with and without suction and in this case
considerable variation was again found in drag coefficiemt,
An investigation of flow patterns around two dimensional
car shapes was made by Ono (154) using fixed ground, image
and moving model techniques. The difference in flow
patterns was more noticable in the comparison between
fixed ground and moving model than for the image and moving
model casz., Schmid (155) carried ount drag measurements in
a series of wind tunnel experiments using most of the
methods discussed in B.,1 aod including the moving ground
approach which had been developed by Klemin (15ﬁ). The

discrepancy hatieen fixed and moving ground methods was
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found to vary from 0.8% to 12 depending on model geometry.

Full scale measurements of 1ift and drag were
obtained by Gross and Sekscienski (2) and compared with
three forms of fixed ground; a conventional full span
board, a partial span board and a small ground board fixed
to the model, where the interference between model and
ground was determined from force and moment measurements
of the ground plane alone but in the presence of the model.
In the tunnel the lift, drag and side forces were found to
be comparable for all methods up to 20° of yaw, and for
all moments using the full and partial span ground boards.
The interference method gave totally different moment data.
It produced, however, the most favourable comparison with

the full scale 1lift and drag data,

A detailed comparison of model forces using
several models and two different moving ground rigs has
been made by Carr and Rose (23). The moving ground showed
a 5% increase in drag and had a similar effect on the
lateral derivatives., Lift forces were reduced by up to 104
depending on the yaw angle while little change was noted
for the pitching moment. It should be pointed out that
the fixed ground in these tests was simply the stationary
belt which allows the development of a considerably larger
boundary layer thickness than would occur over a conventional
static plate. The advantages to be gained by correctly
simulating the boundary conditions at the ground and by
the use of rotating wheels were considered to be small in
relation to the effort exiended. Turner (81) performed a
similar comparative test using a single car model. A
difference was found in 1ift force only and even this was
considerably less than the 1ift variation due to yaw, To
determine the effect of thes enlarged boundary layer over
the stationary belt, the moving ground was run at different
speeds relative to the airstream and measurements of the
boundary layer thickness were taken. %With the belt stat-
ionary the thickness was twice that for a typical static
plate of similar size, and it was found that to generate
the comparable boundary layer thickness the belt had to be
ran at 355 of wind speed, The total 1Tift wvariation betwean

this speed and full speed was then reduced by 607. Thesc
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results were extended by Beauvais, Tignor and Turncr (26)
who measured 1ift and drag forces on a similar full scale
vehicle on the road. The suprising result was that the
moving ground data seriously underestimated both 1ift (2#5%)
and drag (5.0%) whereas the error from fixed ground plane
tests amounted to 3.3% and 2.4% respectively. Ontani,

Takei and Sakamocto (15?) have similarly compared full

scale and tunnel data on 1lift and drag forces. Complete
agreement was found between Tull scale vehicles on the

road and in the tunnel, while quarter scale model measure-

ments underestimated drag by 10%,

Farly wind tunnel tests on a locomotive and tender
by ¥Klemin (158) using fixed and moving ground, no ground
and image methods showed that the first two techniques
gave identical results for drag coefficient, while the
measurement from the image method was 30% highen and with
no ground at all an increase of 45% was found, Volgepohl (159)
compared drag measurements of a single railway coach,
obtained from a wind tunnel model, with full scale track
measurements, The model results underestimated drag by 5%
although the error was found to increase to 15% as surface
detail was removed. In wind tunnel tests on a tracked air
cushion vehicle, Tracked Hovercraflt Ltd. (22) found that
both 1lift and pitching moment were sensitive to the length
of track forward of the model leading edge. Grunwald (12)
measured the aerodynamic characteristics of several
elongated bodies in ground proximity using stationary and
moving belt and image methods, The image approach was
found to give greater 1lift and lateral derivatives as well
as more negative pitching moment, Stopping the moving
ground belt was fiound to reduce the 1lift curve slope by
almost 50% although as stated earlier this method is

representative of no other fixed ground technique,

A few authors have attempted to correct data
obtained with static ground for the influence of the
boundary layer. 1In an investigation of the ground effect
on the pressure distribution over a two-dimensional wing
Bagley (135) measured boundary layer thickness on the
gronnd under the leading and trailing edsges of the wing

and hence deduced a correction for incidence, Unpublished
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worik by Smith and others at RAE Farnborough, reported
by Fast (24) demonstrated substantial increases in 1ift
when the extension of the static ground board leading
edge forward of a delta wing model was reduced., DLast
found that variation of boundary layer thickness on the
ground board strongly influenced the 1ift force, the
effect being most noticable on low aspect ratio wings.
A correction factor was devised, dependent only on the
boundary laver thickness in the absence of the model,
Turner (141) has compared 1ift measurements for several
wings over moving and fixed ground surfaces. From the
discrepancies between the two, limiting conditions of
lift and ground clearance were obtained for which use
of a moving ground becomes necessary. Stricter conditions
were deduced by South (142), based on 1lift coefficient

and ground clearance,

These wing tests were predominately at large
ground clearances, For ground effect wings which operate
at very low clearance the most common test technique
utilises image models, Ashill (160) compared image and
fixed ground methods, finding little difference, while
Kumar (161} has compared image tests with results from

a rotating arm facility.

The evidence suggests that for most test
purposes, where lift is not very great and the ground
clearance is moderate, the simplest solution toc the

ground simulation problem is also the best,
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APPENDIX C

WARES CF THREE-DIMENSIONAL PLATES.

Although the study of two-dimensional bluff
body wake flows has been extensive over the years, the
same is not true of either three-dimensional or axisymme tric
bodies and plates, However, as early as 1912, photographs
taken by REden (162) of the wake behind flat plates in air
and water showed clearly the pericdic nature of the flow.
Simmons and Dewey (163) later investigated the air flow
past circular discs and found that above a Reynolds
number of 100 the standing vortex formed on the base of
the disc broke away at regular intervals., Stanton and
Marshall (164) in a more carefully controlled experiment
using circular discs in a water tanlk found that the wake
was ccomprised of a series of regularly spaced but distorted

vortex loops.,

Swain (30) extended the theoretical work of
Prandtl, using the momentum transfer theory, to the
axisymmetric wake but no experimental results of this
case were obtained until Goldstein (165) reported some
measurements by Schlichting in 1930 when comparing the
theoretical method of Swain with Taylor's vorticity
transfer theories., This showed pooer agreement but sub-
sequent measurements by Hall and Hislop (166) in the wake
behind a similar body, using a tunnel with lower
turbulence produced results which fitted closely to the

momentum transfer theory.

Fail, Owen and Eyre (21) measured the mean
flow and turbulence velocities in the near wake of a
series of sharp-adged flat plates set at incidence to
the airstream. The necar wake is taken to mean the wake
within a few bodywidths of the plate., At 90% to the free
stream direction, contours of mean velocity along the
centre line of the plates, were mapped from pitot and
static probe measurements. This showed the reverse flow
region to be almost identical in shane ard oxtont for

triangular, circular and rectangzular plates. Static
’ : P



pressure measurements along the wake centre line showed
the distribution to be independent of the shape generating
the wake. Contours of mean velocity taken normal to the
free stream direction, at a distance of three plate widths
downstream of the square plate, show an almost axisymmelric
outer wake, becoming increasingly sguare in shape as the
centre is approached, An interesting feature is the
rotation of the planes of symmetry through T/4 radians.

A similar effect is noticable in the contours of turbulence
intensity. Measurements were taken from a hot wire
anerometer with the wire aligned normal to the free stream
direction. On reducing the angle of the plate below 50D
the wake becomes dominated by vortices springing from the
longitudinal edges of the plate, The turbulent energy
spectrum showed that under these conditions the wake flow
was highly periocdic. Decreasing the angle of the plate
increased the frequency of the disturbance, but at 40°
incidence the nature of the disturbance changed and
although the frequency continued to increase the intensity

reduced dramatically,

A hot wire anemometer was used by Cooper and
Lutzky (167) to investigate the far wakes of a series of
flat rectangular plates and a circular disc. Measurements
of the longitudinal flow components were obtained at
downstream distances of up to one thousand plate widths.
Similarity profiles could be plotted for the turbulence
data based on peak turbulence intensity although not for
the mean velocity deficit. An unexplained feature of
most wakes was the occurrence of an offcentre maximum
velocity deficit. TFurther work by Fail, Lawford and
Byre (49) extended the earlier measurements on periodicity
in the wake flow behind rectangular plates, relating the
results to two-dimensional flows. Base pressure increassed
on reducing aspect ratic while drag reduced, the aspect
ratio being the ratio of width to height of the plate.
The bubble length as a ratio of the smaller plate dimensicn
was found fto be a maximum for an aspect ratio of ten,
while the square and infinite aspect ratio plates were
almost identical, The GHtrounal number based on the same
dimension and the free strsam velocity was found to be

almost constant,
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Tt was shown by Billerbeck {168) that the data
of Cooper and Lutzky for the rate of growth of the wake
width could be fitted te a universal expression based
on the drag coefficient of the body generating the wake.
The limited data presented gave a growth rate identical
to that for a two-dimensional wake except that the
exponent of the distance downstream was one third for

the three-dimensional case and one half in two-dimensions.

Steiger and Bloom (169) used the assumption
of Prandtl to derive wake profiles for a body generating
an initially elliptical wake. Bxperimental work by Kuo
and Baldwin (47) on the far wake structure of elliptical
plates, however, found that the wake rotated through a
riht angle within a few plate widths downstream., This
meant that the major axis of the wake aligned itself
with the minor axis of the body. The wake thereafter
tended to axi-symmetry. Spectral measurements showed a
Strouhal number increasing with eccentricity, with the
Strouhal number based on the equivalent diameter,
Detailed measurements in the wake of a circular disc
had ecarlier been performed by Carmody (170). Using hot
wire anemometer and pressure probe measurements it was
found that similarity was established within fifteen
diameters. Ninety five per cent of the energy transfer
from mean to turbulent motion toolk place within three
diameters: that is the region of the recirculation
bubble. JHwang and Baldwin (171) carried out far wake
studies on a circular disc at distances up to one

thousand plate diameters downstream.
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APPENDIX D

Fold out diagram showing the rectangular blocks

and the cambered blocks.
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WAKE PROPERTIES OF TYPICAL ROAD VEHICLES

J. P. Howell
Department of Aeronautics, ¥
The City University
London,

Abstract

A considerable degree of driving discomfort can be experienced when driving a
vehicle in the wake of others, This is especially true in either wet or dusty
conditions when both forward and rearward vision becomes obscured. This
report investigates the wake properties of various vehicle types, principally a
saloon car, from a series of wind tunnel tests, Longitudinal and transverse
velocity distributions derived from pressure measurements are shown for
various downstream positions in the wake, Hot-wire anemometer measure-
ments are used to map the shape of the base flow recirculation bubble for a
variety of typical rear end designs; to show the distribution of mean velocity
and turbulence intensity in the wake, and the deformation and decay of the
trailing vortex sheet. Periodic effects arising from instabilities of the sepa=-
rated shear layer are investigated and a yawed flow is shown to have an
influence on the wake.

NOMENCLATURE
= vehicle width PP, = pressures in two hole probe
= lift coefficient (based on frontal area) P = total head pressure
= r.m,s, voltage Re = reynolds number
= turbulent energy within bandwidth s = static Presenre
= bandwidth /tuned frequency u,v,w =r,.m,s., velocity in X, Y, Z direction
=d,c., voltage U, V, W = mean velocity in X, Y, Z direction
= frequency x = distance from ground board leading edge
= vehicle height ) = yaw angle
= constant &% = boundary later displacement thickness
L (ew)z [4] = density
W ¥ = flow angularity
W ;
= = free stream

* Now Research Fellow, Magnetic Levitation Project, Department of Engineering,
University of Warwick, Coventry, England.

99



| I .;-
I |

100

1
I e o
mle







i




| |

|_|

AN SN I S S
X | I S S §

103



=




I I S B
A S S S
I B S I
F F N NN
3§ ¥ J
I L B S
S
. rrr r
I B B Y S
o S B S SN S S S
A N S S S S S
A S S
8 3 33 3§ __§ __§ |
I
I B DS N G
I Y B I B
A
I

Y I N ) . .

105

I Y S
——Fr ¥ r r rr r |
. r B
— F  F  F ¥TF ¥
§¥ §rF Fr r ]






I I ]




- m

108



(6)

109



REFERENCES

(3)

(%)

(5)

(6)

(7)

(8)

(9)

(10)

A.Pope
J.J.Harper

D,S.Groess

We.S.5ekscienski

W.H.Bettes

K.B.Felly

J.R.Calvert

W.A,Mair

E.C.Maskell

G.%W.Carr

D.M.3ykes

J.L.Stollery

W.K.Burns

G.%.Carr

Low Speed Wind Tunnel Testing
1966

2.

John Wiley & Sons,Inc.

Some problems concerning wind
tunnel testing of automotive vehicles

SA1E 660385 1966

The influence of wind tunnel solid
boundaries on automotive test data
Advances in Road Vehicle Aerodynamics
BHRA Cranfield 1973

Blockage corrections for blunt
based bodies of revolution
Jnl.Roy.Aero.Soc. Vol 70 1966

pp 532-533

Blockage corrections for blunt
based bodies of revolution
The Aero., Jnl. Vol 72 pl038 1968

A theory of the blockage effects on
bluff bodies and stalled wings in
a closed wind tunnel

ARC Ra&M 3400 1965

Wind tunnel blockage corrections
for road vehicles

MIRA Report 1971 Nok 1971

Blockage corrections for large bluff
bodies in wind tunnels

Advances in Road Vehicle Aerodynamics
BHRA Cranfield 1973

Forces on bodies in the presence
of the ground
Paper 1 Road Vehicle Aerodynamics

The City University 1969

The aerodwnanics of basic shapes
for road vehicless Pt III stream-
lined bodies

MIRA Report 1970 Yol 1970

537



(11)

(12)

(15)

(16)

(17)

(18)

(19)

D.M.Waters

¥.J.Grunwald

D.Hulme

L.J.Janssen

W.H.Hucho

J.R.Ellis

E.R.Larrabee

L.G.Stafford

P.G.Wright

J.Pothoff

Thickness and camber effects on
bodies in ground proximity
Advances in Road Vehicle Aerodyamics

Paper 12 BIHRA Cranfield 1973

Aerodynamic characteristics of
vehicle bodies at crosswind cond-
itions in ground proximity

NASA TND-5935 1970

't 3chind the Wheel'
Autosport July 20 1972

The effect of various parameters

on the aerodynamic drag of
passenger cars

Advances in Road Vehicle Aerodynamics
Paper 14 BHRA Cranfield 1973

nffect of suspension design on the
attitudes of a car during braking
and acceleration

Proc.I.Mech.® Vol 187 p787 1973

Small scale Tesearch in automobile
aerodynamics
SAL 660384 1966

Calculation of the pressure dist-
ribution over the surface of a

ground vehicle: PhD thesis

The City University 1972
see also: Advances in Road Vehicle
Aerodynamics

Paper 11 BHRA Cranfield 1973

'Stability is a drag'
Motor Jan. 5 1974

Luftwiderstand und auftrieb
moderner kraftfahrzeuse

Paper 12 Road Vehicle Aerodynamics
The City University 1969



(20)

(21)

(22)

(23)

(25)

(26)

. H.Korff

R.Fail
T,.B.0wen
R.C.W.Eyre

Tracked lHover-
craft Ltd,

G.W.Carr
M.J.Rose

L.F.Rast

G.J.Brown

F.N.Beauvais
S,C.Tignor

T.R.Turner

W.T.Mason

G.Sovran

R.G.s5."Yhite
M.G,Paish
H.G.Heinrich

D.J,Fekstrom

Aerodynamic design of the Goldenrod
to increase stability, traction
and speed

The Aerodynamics of Sports and
Competition Automobiles

ATAA 1968

Preliminary low speed wind tunnel
tests on flat plates and air brakes
RAY Tech,Note Aero 2356 1955

A cost comparison of three tracked
air cushion vehicle configurations
FRA-RT 71-68 July 1970

Wind tunnel tests of vehicle models
using a moving ground surface
MIRA 1966/13 19606

The measurement of ground effect:
using a fixed ground board in a
wind tunnel

RAT;, TR 701273 1970

The highway aerodynamic test facility
Advances in Road Vehicle Aerodynamics

Paper 19 BHRA Cranfield 1973

Problems of ground simulation in
automotive aerodynamics

SAE 680121 1968

Ground plane effects on the aero-
dynamic characteristics of automobile
models - an examination of the wind
tunnel test technique

Advances in Road Vehicle Aerodynamics

Paper 17 BHRA Cranfield 1973

A study of vehicle aerodynamic 1ift

MIRA Report 1966/16 1960

Velocity distribution in the wake
of bodies of revolution based on
dracs coefficient

ASD=TDR-62-11073 1963

339



(30)

(540

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)
(40)

(41)

L.M,Swain

J.R.Calvert

J.R.Calvert

N.Trentacoste

P.M.5forza

C.Verna

R.Chevray

D.l’.MC.“:rlean

J.R.Calvert

C.Commetta

J.M.Kendall

P, M.Sforza

R.F.kons

L.R.YVootton

On the turbulent wake behind a
body of revolution
Proc.Roy,.Soc.(London) Ser.a

Vol 125 No 799 1929

Experiments on the low speed flow
past cones
J.¥luid Mech., Vol 27 p273-80 1967

Sxperiments on the flow past an
inclined disc
J.Fluid Mech, Vol 29 pd91 1967

Some remarks on three-dimensional
wakes and jets
ATAA Jnl. Vol 6 No 12 pl2 1968

Deformation of subsonic wind
tunnel wakes 1966
ATAA Student Jnl. Vol 1%t No 3 p86

Turbulent wake of a body revolution
ASME Jnl.Basic Eng.Ser D Vol 90
P 275 1968

Near wake of a blunt based axisym-
metric body at Mach 0,14

PhD thesis 1970
University Microfilms Inc. 70-16,944

Some experiments on the flow past
a sphere
Aero. Jnl. April 1972 pz48 1972

An investigation of the unsteady
flow pattern in the wake of cylinders
and spheres, using a hot wire probe
Brown Univ,Eng,Tech,Rep,WT21 1957

J.Fluid Mech., Vol 21 1965

Wall-wake: flow behind a leading
edge obstacle
AJAA Jnl, Vol 8 Dec. p262 1970

Proc.Symp.Working Committee for
tower shaped structures

The tapue 1969

340



(h2)

(43)

(47)

(48)

(49)

(50)

(52)

W.A . Mair

D.J.Maull

D.Jd.Maull

R.A.Young

J.C.R,Hunt
G.P.Smith

J.C.R.Hunt

B.J.Hoole
J.R.Calvert

Y-, ¥ue
L.V.Baldwin

J.F.Nash

R.Fail
J.A.Lawford
R.C.¥.Eyre

M.B.Glauert

T.wW.Davies

G.Xiel

Aerodynamic behaviour of bodies in
1971
Phil.Trans.Roy.Soc.London A269 ph2s

the wakes of other bodies

The wake of a three-dimensional
bluff body in uniform and non-
uniform streams 1972

Symposium on External Flows. Bristol

A theory of wakes behind buildings
and some provisional results

CERL Lab.Note RD/L/N31 1969

Further aspects of the theory of
wakes behind buildings and a comp-
arison of the theory with
experimental results

CERL Lab,.Report RD/L/R1665 1970

The use of a hot wire anemometer
in turbulent flow
Vol 71 July

The Aero Jnl. 1967

Diffusion and decay of turbulent
elliptic wakes

AIAA Jnl, Vol 4 Pt 9 1966
An analysis of two-dimensional
turbulent base flow, including the
effect of the approaching

boundary layer
NPL Aero Rpt. 1036 1962
Low speed experiments on the wake
characteristics of flat plates

normal to an airstream

ARC R&M 13120 1959
The: wall jet
Jnl,.Fluid Mech, Vol 1 19560

ot wire anemmometry in highly
turbulent flows 1972

Symposium on External Flows, Bristol

A total head meter with small
sensitivity to vaw
NACA TM 775 1935

341



(53) D.¥W.Bryer Pressure probe methods for determ-

ining wind speed and flow direction

H.}M.S.0. London 1971
(54) H.Lamb Hydrodynamics (6th ®dition) 1932
(55) F.S.Dee Flight measurements of wing tip
Q.P.Nicholas vortex motion near to ground
ARC CP 1065 1968
(56) J.K.Harvey Flowfield produced by trailing
F.J.Perry vortices in the vicinity of the
ground
ATAA Jnl, Vol 9 No 8 1971
(57) H.Levy The steady motion and stability
A.G,Fosdyke of a helical vortex
Proc.Roy.Soc. A Vol 120 1928
(58) H.Levy
A.G.Fosdyke Proc.Roy.Soc. A Vol 116 1927
(59) G.E.Lind¥alker Car Aerodynamics
Automobile iAngineer 1958

June pp215-221, July pPp262-270

(60) W.B.Pringham fixhaust flow pattern study in a
¥.D,Bowman wind tunnel
SAT 730236 1973
(61) c.pn.Cone A theoretical investigation of

vortex sheet deformation behind
a highly loaded wing and its
effect on 1ift

NASA TN D-657 1961

(62) H.B.Squire The growth of a vortex in

turbulent flow

The Aero. Qtly. Vol 16 1965
(63) P.R.Owen The decay of a turbulent trailing

vortex

The Aero, Qtlv. Vol 21 1970
(64) R.Rose Aircraft vortex wakes and their

effects on aircraft

RAT Tech.Note Aero 2934 1963

342



(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

T.M.Barrows

S.E.Widnall

L.U.P.Clarke

R.Choulet
J=L.Favero

L.Romani

R.,K,Heffley

W.5.Johnson

F.Il,Speckhart

R.E,Bridwell

G.J.Brown

W~H,Hucho

H.J.Emmelman

L.M.,Milne~

Thompson

G.w.Carr

T.D.Sherard

Optimum lift-drag ratio for a

ram wing tube wvehicle

ATAA Jnl. Vol 8 No 3 1970
'See-through 1100!
The Motor Jan. 3 1970

A study of the aerodynamic inter-
action between a lorry and a car
Advances in Road Vehicle Aer odynamics

Paper 15 BHRA Cranfield 1973

Aerodynamics of passenger vehicles
in close proximity to trucks & buses
SAE 730235 1973

Aerodynamic effects of passing
vehicles

SAE 730687 2975

Aerodynamic disturbances encountered
in highway passing situations

SAE 730234 1973

Theoretical prediction of the
aerodynamic derivatives of a
vehicle in cross wind gusts

SAE 730232 1973

Theoretical Hydrodynamics (5th kdn.)

Macmillan, London 1968

The study of road vehicle aerodynamics
using wind tunnel models
Road Vehicle Aerodynamics, Paper 14

The City University 1969

The influence of wind tunnel tests
on body design, ventilation, and
surface deposits of sedans and
sports cars

SAE 710212 1971

Suppression of vehicle splash and

spray

SAE 730718 1973

543



(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

W.Tempest

M.E.Brvan

K.E.Ludvigsen

R.Kéniz-

Fachsenfeld

G.%W.Carr

R.P,Marcell
G.F.Romberg

T.R.Turner

G.W.Carr

W.D,Bowman

R.Barth

W.B.,Lay
P.W.Lett
R,T.Bundorf
N,",Pollock

M.C.llTardin

Low frequency sound measurements
in vehicles

Applied Acoustics Vol 5 1972

The time tunnel - an historical
survey of Automotive Aerodynamics

SA¥Y 700035 1970

'Aerodynamik des Kraftfahrzeugs'
Umschau Verlasg, Frankfurt,

Germany

1951

The aerodynamics of basic shapes

for road vehicles Part 2: Saloon
car bodies
MIRA 1968/9 1968

Aerodynamic development of the
Charger Daytona for stock car
competition

SAE 700036 1970

Wind tunnel investigation of a %%
scale automobile model over a
moving belt groundplane

NASA TN-D 4229 1967

Aerodynamic effects of underbody
details on a typical car model
MIRA 1965/7 1965

Generalisations on the aerodynamic
characteristics of sedan type
automobile bodies

SAZ 660389 . 1966

Aerodynamic forces on motor wvehicles
Deutsche Kraftfahrtforschung und
Strassenverkehrstechnik

Vol 184 pp L4-14 1964

Wind effects on car stability

SAE Trans. Vol 61 pp 608-18 1953

Vehicle handling response to
aerodvnamic innuts
SAE 19673

Paper 716-3B

344



(87)

(88)

(89)

(90)

(91)

(92)

(93)

(94)

(95)

(96)

F,N,.Beauvais

R,J.lawks

w

B.EB.Larrabee

F.D.Hales

J.B.Russell
A.J.Scibor-

Rylski

F.G.Maccabee

F.N.Beauvais

R.Griffiths

D.M.Waters

R,J.Hawks

M.,W.Dawley

Transient nature of wind gust
effects on an automobile

SAE 670608 1967

The calculated effect of cross
wind gradients on the disturbance
of automotive vehicles

The Aerodynamics of Sports and
Competition Automobiles

ATAA Ed.B.Pershing 1968

Stability problems of road vehicles
Paper 8 Road vehicle aerodynamics
The City University 1969

Ed, A.,J.Scibor-Rylski

Aerodynamic effects on the lateral
control and stability of motor
Road wvehicle

vehicles Paper 7

acrodynamics

The City University 1969

The effect of shear flow on car
aerodynamics
Paper 2 Road vehicle aerodynamics

The City University 1909

Aerodwnamic characteristics of a

car-trailer combination

SAE 070100 1967
'ITt's a drag!
Caravan Sept.l1967 pp51=53 1967

The aerodynamic behaviour of car-
caravan combinations
Paper 4 Road Vehicle Aerodynamics

The City University 1969

Reduction of tractor-trailer
1971

cross wind response

ATAA - Jnl, Ajircraft

Aerodynamic effects on automotive
components

SAE paper

1965

345



(97) A.Morelli Theoretical method for determining
the 1ift distribution on a wvehicle

Fisita Congress, Tokyo 1964

(98) H.Schlichting Aerodynamic problems of motor cars

Agard Report 307 1960
(99) H.Flynn Truck aerodynamics
P.Xyropoulos SAY Transactions 1962
(100) J.¥W.Kirech Drag reduction of bluff vehicles
S.K.Garg with airvanes
WV.H.Bettes SAT T30686 1973
(101) A.Morelli Aerodynamic actions on an

automobile wheel

Paper 5 Road Vehicle Aerodynamics

The City University 1969
(102) J.E.Fackrell The flow field and pressure dist-
J.XK.Harvey ribution of an isolated road wheel -

Paper 10 Advances in Road Vehicle
Aerodynamics BHRA Cranfield 1973

(103) W.R.Stapleford Aerodynamic characteristics of

G.W,.Carr exposed rotating wheels
MIRA Report No 1970/2 1970
(104) A.J.Scibor- txperimental investigation of the
Rylski negative aerodynamic 1lift wings

used on racing cars Paper 9

Advances in Road Vehicle Aerodynamics

BHRA Cranfield 1973
(105) A.J.Scibor- Negative 1ift devices on racing cars
Rylski Paper 19 Road Vehicle Aerodynamics
The city University 1969
(106) Jim Clark The aerodynamic characteristics of
Foundation racing cars fitted with aerofoils

Research Report J.C.F., Londoan 1969

(107) W.D.Bowman The present status of automobile
aerodynamics in automobile
engineering and development
The Aerodynamics of Sports and

Competition Automobiles, ATAA 1968

346



(108)

(109)

(110)

(111)

(112)

(113)

(114)

(115)

(116)

A.D,.Sussex
R.Northcote~-

Smith

T.R,.Boyce
P.J.Lobb

B.Pershing

J.S.Irving

T.P.Torda

T.A.Morel

K.R.Cooper

V.F.M.Goss

F.C,Johansen

R.G.Gawthorpe

The aerodynamic characteristics of
the Piper GTR Group 6 Sports car
prototyvpe

Paper 18 Road Vehicle Aerodynamics

1969

The City University

An investigation of the aerodynamics
of current Group 6 Sports car designs
Advances in Road Vehiicle Aerodynamics
BHRA Cranfield 1973

Dragster Aerodynamics - Streamlinihg
versus weight; The Aerodynamics of
Sports and Competition Automobiles

ATAA 1968

The Golden Arrow and the VWorld's
1930
Automobile Eng. Vol 24 May ppl86-96

Speed Record

Aerodynamic design of a land speed

1071
ATAA JInl., Aircraft Vol 8 No 12

record car

The wind tunnel dewelopment of a
low drag, partially streamlined

1973
DME/NAE Qtly.Bull. No 1973(%)

motor cycle

Atmospheric resistance to the
1898
Aug.l1l2 ppldlass

motion of railway trains

The Engineer,

The air resistance of passenger
trains
Vol 134 1936

Proc,I.Mech, R

Aerodynamic problems of high speed
trains running on conventional
tracks: Lecture Series 48 - High
Speed Vehicles

Von Karman Institute for Fluid

Dynamics, April 10-14 1972

347



(117) T.Hara
M.Rawaguti
G.Fukuchi

A.Yamamoto

(118) M.Gaillard

(119) T.B.Morrow

FF.G.Maccabee

(120) H.W,Woolard

(121) T.M.Barrows

(122) J.E.Davis

G.L.Harris

(123) W.J.G.Trebble

(124) E.J.Andrews

(125) W.Zeitfuss Jr

BE.N.Brooks Jr

(126) P.E.Kumar

Aerodynamics of high speed train
Monthly Bulletin of the Internat-
ional Railway Congress Association

Vol 45 No 2 Feb. 1968

Aerodynamics of trains in tunnels
Paper J4 Aerodynamics and ventil-
ation of vehicle tunnels

BIIRA Canterbury 1973

Prediction of the pressure distrib-
ution on vehicles moving near the
ground; N,P.L. Industrial

Aerodynamics Meeting,June3(Q, 1971

Slender body aerodynamics for
high speed ground wvehicles
ATAA Paper 7T70-139 1970

The ram air cushion - Advanced
fluid suspension for tracked
levitated vehicles

ASME Paper No 73-ICT-14 1973

Non-planar wings in non-planar
ground effect 1973
ATAA Jnl, Aircraft Vol 10 No 5

Low speed wind tunnel tests on a
:b%th scale model of an air cushion
vehicle

ARC CP 983 1968

The external aerodynamics of

Hovercraft
The Aeronautical Jnl. Vol 74 June
pp 472-482 1970

Prediction of static aerodynamic
characteristics of air cushion
vehicles through 180° of yaw
ATAA Jnl, Aircraft Vol 9 No 4
pp 306-310 1972

Stability of Ground Effect Wings
College of Aeronautics, Cranfield.

Report Aero 196 1967

348



(127)

(128)

(129)

(130)

(131)

(132)

(133)

(134)

(135)

(136)

3 .Ando

R.%W.Gallington
M.,K.,Miller

W.D,Smith

S.Ando

P.R,Ashill

S,%.Widnall

T.M.Barrows

A,Betz

F.Pistolesi

L. Tani
M.Taima

S.Simidu

J.Bagley

M. P Fink

J.L.Lastingsr

Summary of model tests for
simple ram wing KAG-3 1964
Hovering Craft & Hydrofoil,Aug—Sep.

The ram wing surface effect vehicle:
comparison of one-dimensional
theory with wind tunnel and free
flight tests

Hovering Craft & Hydrofoil,

Vol 11, No 5 pp 10-19 1972

An idealised ground effect wing
Aeronautical Qtly. Feb. 1966

On the minimum induced drag of
ground-effect wings
Aeronautical Qtly. Aug. 1970

An analytic solution for two- and
three-dimensional wings in ground
effect

Jnl.Fluid Mech, Vol 41 1970

Auftrieb und Widerstand einer
tragflldche in der n#dhe einer
horizontal @bene

ZFM No 12 1912

Ground effect - theory and practice
NACA TM 828 1935

The effect of ground on the aero-
dynamic characteristics of a
monoplane wing

Rpt. No 156 Aero Research Institute
Tokyo University 1937

The pressure distribution on two-
dimensional wings near the ground
ARC R&M 3238 1960

Aerodynamic characteristics of low
aspect ratio wings in close
Proximity to the Eround

NASA TN D-92§5 1961

349



(137)

(138)

(139)

(140)

(141)

(142)

(143)

(144)

A M., Carter

D.L.I.Kirkpatrick

C.H.Fox

A.J.Berry

T.R.Turner

P.South

R.Barth

G.W.Carr

W.E.Lay

Effect of ground proximity on the
aerodynamic characteristics of
aspect ratio 1 airfoils with and
without endplates

NASA TN D-970 1961

Experimental investigation of the
ground effect on the subsonic
longitudinal characteristics of a
delta wing of aspect ratio 1.616
RAT Tech.Report 66179 1966

Prediction of 1ift and drag for

slender sharp edged delta wings

in ground proximity

NASA TN D-4891 1968

An experimental investigation of
ground effect using a moving
surface simulation, M.Phil thesis

University of London 1968

ndless belt technique for ground
simulations

Conf, V STOL Aircraft NASA SP-116
Paper No 25 1966

Measurement of flow breakdown in
rectangular working sections
NRC Aero Rpt, LR-513 1968

Effect of unsymmetrical wind
incidence on aerodynamic forces
acting on vehicle models and
similar bodies

SAE 650136 1965

The aerodynamics of basic shapes
for road vehicles Pt I: simple
rectangular bodies

MIRA Report 1968/2 1968

Is 50mpg possible with correct
streamlining?

Jai, SAE Vel 132 1933

350



(146) J.A.bunsby
R.L.Wardlaw

D.Jd.Marsden

(147) v.H.Bettes

(148) s.F.J.Butler
H..’\..M.UY
T.N.Pound

(149) P.E.KXumar

(150) M.C.G.Smith

(151) H.C.Curtis,Jr
W.F.Putman

(152) R.H.Heald

An experimental investigation of
some methods of reducing the
boundary layer thickness on the
working section of No3 low-speed
wind tunnel with particular
reference to half model testing
Lab.Memo AE-106 NAR, Ottawa 1958

Aerodynamic testing of high perform-
ance land borne vehicles -~ a
critical review

The Aerodynamics of Sports and
Competition Automobiles

ATAA 1968

A moving belt rig for ground
simulation in low speed wind tunnels
ARC Ré&M 3451 1963

The College of Aeronautics dhirling

Arm - Initial development tests

Coliege of Aeronautics, Aero Note 174
1967

The use of a runway vehicle for
testing lifting rotors in simulated
forwvard flight

The Aeronautical Jnl. Vol T4, July
pp 548-559 1970

A facility for the measurement of
VTOL aircraft dynamic characteristics
using semi-free flight models
Institute of Aerophysics, University
of Toronto, Decennial Symposium
Proceedings Pt IT 1959

Comparison of the ground plane and
image methods for representing

grouid effect in tests on wvehicle

models
U.5.Yat.Bureau of Standards Jal. of
Research Vel 13 1934

351



(153) B.A.Stalker

(15%) #.0no

(155) C.C.Schmid

(156) A.Klemin

(157) K.Ohtani

M,Takei

H.Sakamoto

(158) A.Klemin

(159) G.Volgepohl

(160) P.R.Ashill

(161) P.E.Kumar

(162) ¢.c.Eden

A reflection plate representing

the ground

Jnl,Aeronautical Sciences Vol 1 July
PP 151-152 1934

On the representation of a ground
in a wind tunnel 1935

Jnl.Aeronautical Sciences Vol 3 Nowv

Luftwiderstand von Kraftfahrzeugen,
Versuche am Fahrzeuge und Modell
Deutsche Kraftfahrtforschung
e S Verlag 1938

A belt method of representing the
ground
J.Aero Sciences Vol 1 Oct, 1934

Nissan full-scale wind tunnel -
Its application to passenger car
design

SAE 720100 1972

Aerodynamics of the railway train
Railway Mechanical Engineer
Vol 108, Aug,, pp282-285 1934

Luftwviderstand von Yisenbahn-
Fahrzeugen
Z.V.DoL. Fab, 1934

On some aspects of the aerodynamic
performance of ground effect wings
PhD thesis, Southampton Uni, 1968

An experimental investigation into
the aerodynamic characteristics of
a wing with and without endplates

in ground effect

College of Aeronautics, Cranfield
Report Aero 201 1968

Investigation by wvisual and photo-
graphic methods of the flow past
nlates and models

Adv. Commn, Aeron, R&M 58 1912

ol
\n
(A%



(163)

(164)

(166)

(169)

(170)

(171)

Simmons

Dewey
T.%.,S5tanton

D.Marshall

S.Goldstein

A.,A.Hall
G.S.Hislop

R.D,.Cooper
M.Lutzky

W.J.Billerbeck

M.H.,Steiger

M.l1.Bloom

T.Carmody

N.H.C.Hwang
L.V.Baldwin

ARC RaM 1334 1931

On the eddy current system in the
wake of flat circular plates

ARC R&M 1358 1932

On the velocity and temperature
distribution in the turbulent wake
behind a heated body of revolution

Proc,.Camb,Phil,Soc., 34 1938

Velocity & temperature distributions
in the turbulent wake behind a
heated body of revolution
34

Proc,Camb,Phil.Soc, 1938

Exploratory investigation of turbulent

wakes behind bluff bodies 1955
David Taylor Model Basin Report 963

Empirical eyunation for the wake
spreading limits behind three-
dimensional bodies

1960

J.Ade.5ei, Aug,

Three-dimensiocnal effects in
viscous wakes
AIAA Jnl,. Vol 1 1963

Lstablishment of the wake behind

a disc
Trans,A.S.M.%, Jnl, Basic Eng. Ser.D
Vol 86 1964

Decay of turbulence in axisymmetric

wakes
Trans, A,S.M,E, Jnl.Basic Eng. Ser.D
Vol 88 1966

353



PUBLISHED PAPERS

1. The influence of the proximity of a2 large vehicle on the aerodynamic
characteristics of a typical car.
Advances in Roazd Vehicle ierodynamics, B.H.R.A. Cranfield 1573

2, Wake properties of typical road vehicles.
AIAA 2nd Symposium Aerodynamics and Racing Cars. Los Angeles 1974

3, Wake properties of a saloon car.
Kolloguium uber Industrieasrodynamik., Aachen 1974

4. The influence of pitch on the 1lift characteristics of typical road
vehicles,

As 3 above.

5, The aerodynamics of the IBZC club formula racing car.
'General Fngineer' Vol.37, 5, May/June 1976

6. The Wolfson maglev project.
ISER Transactions on lagnetics,Vol MaglO No.3 Sept 1974

7. Stability of magnetically levitated vehicles over a split guideway,
IERE Transactions on Magnetics,Vol Magll No.5 Sept 1975

8. Performance and stability characteristics of an electrodynamically
levitated vehicle over a split guideway.
ASME Paper 76-Aut-HH, Jnl. of Dyn. Syst. lieas.and Control.

9, Electrodynamic levitation of high speed vehicles.
IEE 2nd Conference on Advances inllagnetic laterials and their

Application, London 1976

10. The application of superconducting magnets to high speed trains.
tThe Indian Engineer' Anniversary Issue 1977

11, Design criteria for rectangular superconducting eoils for transport
applications,

6th International Conference on Magnet Technology. Bratislava 1977

354



PAPER 13

THE INFLUENCE OF THE PROXIMITY OF A LARGE VEHICLE ON
THE AERODYNAMIC CHARACTERISTICS OF A TYPICAL CAR

J.P.Howell , B, Sc.
The City University, U.K,

Summary .

A considerable amount of aerodynamic data is now available for the automobile
covering almost every aspect of its environment. Apart from a few examples this data
concerns the vehicle in isolation, whereas an actual vehicle is likely to spend much of
its time near other vehicles. In this report the influence exerted by a large vehicle on
a smaller one is investigated in a series of static wind tunnel tests. The effects of
position on the drag and side forces and on the yawing moment are studied along with
the effects of basic changes in vehicle geometry. The forces and moments exerted on
a typical car by a large commercial type vehicle are found to be considerable depending
upon the relative positions of the iwo vehicles. These resulis have been extrapolated to
show to a first approximation the effect an overtaking manoeuvre by the car would have
on the measured forces which only represent the condition where the two vehicles are
relatively stationary.
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Cs

Cy

Qmeas

(= T T

K1,Kp

NOMENCLATURE

-g—f—}g— Drag coefficient

ﬁ%ﬂ’-’:—?—g Side force coefficient
Yawérjg.goment Yawing moment coefficient
effective dynamic head. = Qmeas (1+€)

measured dynamic head

blockage correction = €g + €
Solid blockage

wake blockage

Frontal area
Mode| Frontal area

Working section area

Area ratio

Nose to nose distance (+ve car forward)
Length of car model

Wheelbase of car model

Yaw angle

Velocity

lateral spacing ( @ car to E lorry)
Width of car model

Constants
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WAKE PROPERTIES OF A SALOON CAR
J. HOWELL

Department of Engineering,
University of Warwick,
Coventry, England.

Summary

A considerable degree of driving discomfort can be experienced when
driving a vehicle in the wake of others. This is especially true in
efither wet or dusty conditions when both forward and rearward vision
becomes obscured. This report investigates the wake properties of a
typical saloon car from wind tunnel tests. Longitudinal and transverse
velocity distributions derived from pressure measurements are shown for
various downstream positions in the wake and the decay of turbulence
intensity is obtained from hot wire anemometer results. A yawed flow
is shown to have a strong influence on the wake.

(NOMENCLATURE)
U, V, W Mean velocity in X, Y, Z direction.
Uy Vo W R.m.s. velocity in X, Y, Z direction.
3" Boundary layer displacement thickness.
X Distance from ground board Teading edge.
Re Reynolds number.
C Lift coefficient (based on frontal area).

Density.

Total head pressure.
Static pressure.
Flow angularity.
Yaw angle.

Constant.

Py Pressures in two hole probe.
D.C. voltage.
R.m.s. voltage.
Vehicle height.
Yehicle width.
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THE INFLUERCE OF PITCH OH THE LIFT CHARACTERISTICS
OF TYPICAL ROAD VEHICLES

J. HOWELL

Department of Engineering
University of Warwick
Coventry, England

Summary

The response of a road vehicle to a yawed flow is of great importance to
its handling qualities end has naturally received considerable attention,
Less interest has been shown in the effects of changes in pitch angle,
which occur for a number of reascns. Wind tunnel tests have been per-
formed on a variety of vehicle shapes to determine the effects of pitch and
yaw on lift and drag forces. The front wheel lift of a typical vehicle is
very sensitive to small changes in incidence. The rear wheel lift and drag
are almost independent.

Nomenclature

Lift coefficient (based on frontal erea)
Front wheel lift coefficient
Rear vheel lift coefficient

Lift coefficient at o = 0, wheels on

SEde

Lift coefficient at a, wheels off

Drag coefficient

=

Angle of incidence

Angle of yaw
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The aerodynamics of the

ci_‘
IBEC Club

Formuila racing car

by J. P. Howell BSc(Eng)

Over the years members have shown
some interest in the IBEC Club Formula
racing cars. This enterprise of Mr lan
Bracey was first mentioned in the Digest
column of the March 1973 Journal and
an article was published in May of the
same year. This was followed by a paper
from lan Bracey (Managing Direcior
and Driver, IBEC Racing Developments),
Brian Main (Mechanical Engineering)
and J. P. Howell (Department of
Aerodynamics), The City University. It
was presented in April, 1974. At the time
a copy suitable for publication was not
available bur Mr Howell (now Research
Fellow, Department of Engineering
Science University of Warwick on the
Magnetic Levitation Project) has sent
us this article on the aerodynamics of
the P2 car which we are sure will be of

special  interest to certain of our
members. — Editor

Notation

L = lift force

D = drag force

M = pitching moment

F = generalised force

Vv = air velocity

P = air density

p = air density

v == air kinematic viscosity
Q = 1pV? total head

Cu = L = QA

Co = D = QA

(-\r = M = Q‘As\\"‘

Cr = F =+ QA

May & June 1576

A = model frontal area

W = model wheelbase

D = model overall length

A = increase over basic case
o = incidence angle

B = wheel fairing angle

Re = Reynolds number = VD +v
Subscripts

Wing wing (front or rear)

Body body

F front

R rear

-
-
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