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ABSTRACT

A considerable degree of driving discomfort can be

experienced when driving 2 vehicle in the wake of other
s.

This is especially true in either wet or dusty conditions when

poth forward and rearward vision becomes obscured. 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

range of yaw waile 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 ground

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 on wheth
er

the lift is generated by the influence of camber or incidenc
e.

Finally consideration is given to the problems created for the

drivers of road vehicles by the wake and to ways in which th
ese

can be alleviated by design of the vehicle.

11



NOTATION

constant

model frontal area (max)

local cross section area

Model span, vortex spacing

solid blockage ratio

damping

skin friction coefficient

constant

pressure coefficient

base pressure coefficient

drag force coefficient

side " m

Teh x

rolling moment "

pitching " «

yawing i nH

effective lift coefficient (Cz - (02) 4 hae!)
jin

spacing between shear layers

model width (overtaking data)

r.m.s. voltage output

d.c. voltage

height of vortex

step height

form factor

wind tunnel height

ui: "width

moment of inertia

constant, suspension stiffness

length, wheelbase

Thwaites function

car length (overtaking data)

moments

vehicle mass

frequency (H,)

rotating vane speed (r.p.n.)

pressure

pitch rate

Reynolds! number

Laplace operator



5 Strouhal number

t thickness (max)

4 thickness (base), uniformising variable

U,V Ww disturbance velocities ;

U.VeW mean velocity components

Uc critical vehicle speed

Un Ugo (1+Cpd)”

yi Volume

in complex potential

x distance aft of ground board leading edge

XyV9Z displacements

X,¥,Z forces

Zz ground clearance

« incidence

BR yaw

boundary layer thickness

* displacement thickness

increment

6

6
A

€ blockage correction

wavelength 2 oo

-[ geo a(log n )
2 velocity, stream potentials 00

O°

Qin) spectrum function such that

8 momentum thickness, polar coordinate

ae flow correction constant

1 vortex strength

vy kinematic viscosity

@ density

Dna natural frequency

2 complex variable

Suffices

front suspension

rear e

front wheels

rear wheels

car

lorry

bubble

vortex

half widthgrwi ech ata Ne free stream
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history of ground vehicle aerodynamics is therefore a long one although

it is only recently that the field has once again been 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. Future high speed ground transportation vehicles

are expected to reach speeds of 500 km/h should current research

programmes succeed and present generation high speed rail systems exceed

200 km/h in operations. Speeds above 300 km/h are maintained by modern

racing cars which are capable of 400 km/h under favourable conditions.

For conventional road vehicles, sustained high speed motorway driving at

a speed of more than 150 km/h is possible in most countries while even

under present restrictions the 110 km/h limit has not discouraged the

attention, ch increasingly over the past few years, has been paid to

road vehicle aerodynamics

Most aspects of aerodynamics relevant to road vevicle design have

been explored, although the vehicle has almost invariably been considered

in isolation. As the motion of a body through a real fluid gives rise

to a wake flow a road vehicle is very rarely comvletely outside the

influence of another. In addition to generating a drag force, the

presence of a wake is responsible for a number of unpleasant features

which reduce driving comfort. Under adverse weather conditions, such as

rain, the vehicle which generates the wake can suffer from reduced

rearward vision due to the separating shear layers at the base entraining

water particles, thrown up by the tyres from the road, which then become

deposited on the rear screen. Those water droplets which remain in the

wake obstruct the forward vision from vehicles travelling dommstream.

Even under ideal weather conditions a vehicle can produce considerable

disturbance on another within its wake. This is especially true where

eam vehicle is considerably larger than the downstream one.

ieThis thesis examines the wake flows of typical road vehicles. In

cles the body shapes are moderately bluff

at a base which is comparable in



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 readily separated

and easily performed.

A review of previous studies of the aerodynamic 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.

15



1. WIND TUNNEL TECHNIQUES

1.1 Introduction

The wind tunnel has been 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 described 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 l. It

is usual practice for a flat plate to represent the ground. The board

is usually 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.A 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 technique

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 required 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 at tunnel spsed. This is a costly and complex arrangement and

requires considerable time for both setting up and in operation. Although

this approach gives the theoretically correct 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 plane method.

16
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Consequently all the experimental data that follows was obtained using

a static ground plane, n the lisht of subsequent measurements the

ee

Loc Wind Tunnel

rsity.

is a closed return type with an octagonal work

wide by 0.93 m hich and 1.53 m lose. Figure 2 is a cross section of

the worki area showing the fixed ground board in vosition. The

ground board has a thickness of 0.015 m, is of wooden construction

section. Thisand was mounted 0.2 m above the floor of the wor’

provides an area above the ground plane of 0.75 nm. ‘The ground

spanned the tunnel and was the full length of the working section;

it was fitted with a semi-circular leading edge and a straight tapered

Twenty oressure tapvings were distributed along the

of the ground boaré upper surface with the front tapping, 0.08 m

cthe leading edge, being duplicated on the lower surface.

of the two leadine edge pressures, implying that the flow

rallel to the surface, was accomplished byonto the around plane was

headjusting the angle of a flat plate mounted to the tunnel floor at

” is operationmid length of the working section.

y model on the circulation aroundoutsite the tunnel. The ir

1the sround’ board plus mode

Also show in ‘igure 2 is the traversing gear which had to be

made for carrying the various probes. It enabled a coaplete range of

verticel and lateral traverses, across a typical wake to be performed

at any given longitudinal station in the working section. ‘The

principle requirements of the desien were, minimum frontal area, the

location of all components except the probe itself to be outside of a

4 the complets operation had to be performedtypicel wake bot

hermore it had to be constructedfrom outside the tunnel. E

nteubficie rigidity that mofels could be mounted to it for the

e effects between vehicles. ‘The longitudinal
experiments ‘on interfere

nes

station was set hy clamping the runners to thc uare section rails

whies ron the lenzth of workin? section.

by rotation of the screw t

which was attached the vertic

performed manually from t tunnel roof, with a removeable shaft

18
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FIG.2 WIND TUNNEL WORKING SECTION



connectine through a riaht ansle drive. The lateral position was

recorded by a revolution counter mounted on the screw bar. The

driventraversing was obtained from a vertical ra

via a series of gears, by a flexible drive which, again,

passed out through the tunnel roof. The probes were mounted on

en extension fixed to the lower end of the ra Vertical position

yes recorded from a revolution counter driven by the flexible shaft.

The traverse gear gave up to 0.6m lateral movement and

0.2m 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.

Lepee Wind tunnel calibration

The wind tunnel working section was calibrated in the

absense of any models but with the around plane fitted. The velocity

ms in the working

section using a standard pitot sta probe, and with the tunnel speed

nominally 30 n/s. The contours of equal velocity are shown in

he turbulence intensity was also measured at the three

nt temneraty anemometer, mountedusing & const:

»1 m above the ground board. It be always less then

The static pressure distribution alongs the upper surface of

the pround plane is shown in Figure 4. A vitot rake was used to

xr growth alone + eraund hoard at variousmeasure the boundary lay

speeds. Phe results are plotted, as 2 function of Reynolds number,

and distance domstream fron the leading edge of the ground, in

taken asFigure 5 (a). The boundary layer thickness 6 » has bi

the heizht at which the velocity is 99% of the free stream value.

The growth of the boundary layer th fits the expression

CayO= 0. 3855x% Re

where Ris the Reynolds number based on the distance aft of the

is very close to the theoretical zeroground leading edze. sy

radient : 4
bressure/ growth of a power law boundary layer with exronent seven.

mm inThe ion in boundary ls

411 stations show a th ne avay from the céntre line
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g&
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4—___2__2___¢
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FIG.4

0.5 1.0
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A-two hole 'y ' vrobe was mounted on the tunnel centre

Vir > at several stations and traversed-vertically to a height of 0.25 1.

The variation in flow pitch angle is shown in Figure 6. Close to the

ground the flow is varallel but demonstrates an increasing downward

inclination with height. Variation across the span at the mid length

of the ground plane is slight. The flow yaw angle was not directly

measured but svbsequent data on the lateral force characteristics of

model shows that the yaw anale on the tunnel centre line variesa

between O° close to the leadinz edze and 1.5° near to the trailing edae

of ti 2round board.

hot wire anemometer is sensitive to temperature variations

in +}

subjected to a considerable amount of start-stop running and so the

surrounding fluid. It was expected that the probe would be

tempe: oture variation through a typical run cycle was measured,

Figure 7. The inerease appeared excessive and a coolins experiment

was attenpted. Aix was blowm through the holloy corner vanes

immediately upstream of the settling chamber. The effect of this is

shown, also in Figure 7, and it car be seen that only 2 slisht

reduction tn temp given time is realised.

that rether than continuousls tonitor the tunnel temperature, a

tenveratire compensated hot wire probe would be more suita> 1

advantage to such a vrohe appears to be that it suffonly dé

in frenuency response above 5 kHz,

2st.

ich is outside the frequency

range of int

1.3.3 Models

ostVehicles which onerate close to the ground are

invariably flat bottomed, or have a lower surface which is vredominantly

varallel to the ground; they have little or no camber, and are

moderately bluff. TMhe latter implies that the separating flow at the

base has a cross section comuerable with the frontal area of the

vehicle. On removing the influence of camber the simplest body having

these sercral characteristics is a rectangular block. \ series of

these blocks were made for the initial studies and one is shown in

Figure 3. he mensions of the blocks are given in Table 1. The

notation used for identifyina each block is used throughout e text.

Toi dach lock could be added a nose intraduced radiused

upper ed Lower leadine edges.
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TABLE Block dimensions (metres)

block i b t we We

1N 0.3 aus 0.1 0.33 Doo:

2N n 0.2 " 0.67 2.0

3N " 053 " 1.0 3.0

Ln " 0,2 0.05 0.67 4.0

5N " 0.2 0.025 0.67 8.0

6N Ose 0.2 O.L 1.0 2.0

7N O4 0.2 " 0.5 2.0

Basic blocks 1 - 0.025

blocks NS b + 0.025

Cambered blocks

O.4 0.2 Oe15

max thickness pos

8C Oe Deak

9c 0.35 1

10¢ 0.45 1

11c 0.62

12 O41 Ose O.41 0.53 2.0

NOTE: A fold out sheet showing all the rectangular blocks

draym in Figure 8, but in clearer detail, is on page (336) in

Appendix D at the end of this thesis. This should be used in all

future reference to the rectangular blocks.

nm oy
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4 transition strip was placed on the vertical face of the nose block

@= cts8 im tersection with the radiused horizental edges. In

, for blocks of height 0.1 m, fitted th the nose section,wit

nich increased the overall block

25 mm ond i radi for vature of 12.5 mm onreduced

all the eide edges excent those at trailin: e These blocks are

ted by adding ES to the block number. The body having a

planform aspect ratio of 0.67 was available in two additional thick-

desir

nesses giving base aspect ratios of 4.0 and 8.0. These were only

used in force measurement tests. Two extra bleoks having base aspect

ratio of 2.0 were made. These had plenform aspect ratios of 0.5 and

1.0 to complement the original with planform aspect ratio of 0.67.

For longer one of these, dlock 7N, a series of cambered upper surfaces

were made, Figure 8, which all gave similar aspect ratios and increased

the thickness by 507. The position of the maximum thickness could be

and 60% of the overall lenoth. ‘These cambered

9C was used for wake

varied between 25

blocks are designated vy the suffix C. Blo

studies, the remainder only being employed for force measurements,

pes have been modelled.TMhree distinct passenger car

These are categorised as saloon, estate, and fastback A modern trend

in vehicle styline is to confuse the distiretion between saloon and

fastoack by reducing the backlight rake ansle and increasing the boot

slone, but this trpe has not been considered. As shown in ure 9

all the car models have a common lower hody the variation being

Almost exeLusiveljy above the hoot-bonnet line. Tho models represent

approximately one twelfth scale vehicles. All the boot trailing edges

sharp edsed as were the frontwere mad rear wings The sill

bonnet leading edzes were given radii of 5 mm end 15mm _= respect-

ively. For definition of styling terme reference should he made to

On the underside of the lower chasis a number of roughness

elemants having cross section 6 mm 2nd of varying lengths

ttached in en attempt at lerbody comnonentspical wr

such as suspension memb< acer and axle. No cooling flow wa

introduces. Mransition strips were fitted at the nose alonz the

section of the radiused edse and the vertical face. he wheels were

wade easily removeable flush with the lower surface. No effect of

wheel arch recesses
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The position of the upper section of the saloon car model

was adjustable to give variation in the boot length; these models

being designated Saloon 1, 2 and 5 in order of reducin2 boot length

and where Saloon 1 renresents the conventional saloon car configuration.

By moving this shape completely aft so that no boot is exposed a

sportins estate type 2, for comparison ¥i

is were
. al

the convention\es Three fastback mo

available sivine var e windscreen and backlizht slope. All these

models have igdentic: pal dimensions of overal

ys 8°,and width. The tumble home angle was als

were sharp edged while the cantrail and roof leading and trailing edges

were radiused 5mm,

For measurements of interference effects between large and

small vehicles three lorry models and three additional car models were

built to approximately one twelfth scale. The additional car models

were necessary because the internal strain gauge balance used in this

experiment required lightweight models of hollow construction. The

desien of the car models is shovrm in Figure 11. The upver rear body

section is removeable to facilitate changes in body configuration.

‘hree lorries were investiaoted, having identicel cab shape but

ide

iused

different container leneths, The cad leading unver and

edges olus the upper lonsi of both lorry and cab were r

by 10mm. All ot edges were sharn edged. The longest lorry had

@ nair of rear while the other two were fitted with a sinele one.

theThe rear wheels re mounted tc 25mm sauare steel tubing runn

leneth of the lorry underside. Only the short model vas used in wake

measnrenents. fo simulate a lorry at smaller scale for wake measurements

ice downstream the rectangular block 1. was fitted

block which

at a reasonable distan

with a different nose block of similar width to tt

ther moiifications were made to scale therepresented a cz No f

two models.

siderable. ForThe variety of racing car configurations is cor

an extreme angunt of idknown to genera

it-har fully e

this study a type whi

was chosen. closed bodywork it does not suffer

TMLoure 12 shows the modelsturbina effects of

Group 7 Can-Am racine car. Tt is to the same scale

as th models. All. corners rp edged excent for the curve
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above the front wheel position. The wine was made to approximately

Clark ¥ ss to chord a-et O,.L25% Noorofile with a thi

wheels were fitted toa the model.

Force measure’ obtained from an overhead balance,

for interference effects data which came from an internal

eruge balance. The model was mounted on a sin

was adjustable in length to provide variable around cl

the case of the cambered models a tvo strut mounting

the model beins supported between the struts by an wnshielded

ster 5 mm, for wake measurements the modelscircular bar, dia

were mounted to 2 strut, 10 mm diameter, which passed through the

@round plane and was clamped to a fitting on the underside of the board,

giving vertical adjustment. The attitude of t} model was adjustable

from within the body.

1.4 Wind Tunnel Corrections,

In addition to the problem of ground simulation the flow

differ from those

urious forces arise from th

conditions existing around a model in a wind tunn

¢experienced by a body in free air.

confined working section boundaries modi’

direction of the flow local to the model.

1.4.2 Static pressure correction.

The presence of a boundary layer esrovring along the walls of

the workd section effectively reduces the area of cross section of

the jet. This implies that an 21 pressure gradient exists which

tends to increase +

assumed to be neglicible.

model drag effect on normal forces is

Por any body the drag coefficient increase, cx is siven

by

1 deAcy = aul * At dx (1.2)
0

where \ is the frontal area of the model, \' is the local area of cross

section pt ~ x, &wA x is th e@ eradient,1 is the model lensth,
and U.p are free stream velocity and density resrectively.



where Acp is the change of vressure coeffici

' ;

V is the model volume.the model a

For the rectqgnaular blocks

for term is no

petween 0.79

for ACpis

For all the rectangular blo

Axo,= 0.02

For the lorries

ACy = 0.02 -.0.04 depending on length

while for all the car models it is sufficient to ts

AC, ="0.017.

1.4.2 Streamline curvature,

The tunnel walls have . restraining

curvature around a lifting body. The presence of a ground plane close

to the model reduces the chenge in curvature at the model

section boundariss. "his is immedictely a.

model and its images are reolaced by a simple horsesho> vortex system

as in Figure 13: Taking a two. dimensional mo

placed ground plane, for si

angle of incidence correction,

( a’
a (1.4)AX

where Wis the

ing tel walls (i.e not in in the ground ola

The induced velocity arising from the rest imase vnirs is siven by

Tx 2 | | oe
We ial el f

tN oT Hep (Hyeh)@t x (H-hY + x”
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strength, for a line vortex situated

is the din i
Q

is the tunnel h

If h,yx<€ Hj, equation (15) can be simplified to

(1.6)

The 

i

Wie DM Gah rah (a
42, ntgeen H*

Por a liftine body, [ can be replaced fron

Z =G>pUA = purb ot

where Z nae Paeny 
Theorce, b is the span he flow

fence correction, AQ is then eiven hy

Substituti extreme values for ora vehicles:

ed)

0.1

A/ yy A= 0.025

N
"

Ss j23} n

= 05> x LO rad.

orseshoe vortex Ta 

£

would be an order of

ude less and so this is a nesliribls correction rand

vehicle tests 9 n be icnored,

Ww



image horseshoe

he plane of the model.

es predominantly

in the horizontal rn The immediately

2 veloci

(4.10)

Tf) hb << He

=| 4hb_ b (2.11Aw ae HZ )
The total downwash, is

w --L£4 aaah (1-12)

Subs tity

cee Ban issAo = 52 Fp | 1645 — FP L202 (1.13

= pe pao mtor 8 /H = 0.07 (1.14)

solid blockage ratio, 3,

rad, when B= 0.025,

wich have 2 low



by a single horseshoe vortex. corrections then become

ide 1 to those > a conyertional three dimensional

liftine vody (see Fisure 13b) except that lift is substituted

by twice the side

er ( 1) the boundary induced cross

flow an

AB~ Gn kB2G (HT) (2.25)

where k is a constant for a given +

and 0.15 for a closed t tunnel

varies between 0.10

bion she

ares, except thatthe ratio of model are

‘model! area now includ e, The term T is a function of

a

is given by

tream distance. he incremental side force coefficient,

aCy

3p
Ay -AB _= —f=- + (2.16)Cy B K Bi sare ie Te)

Por the models to be tested

at the front wheelsand for the- tu will vary between zeri

and approximately 0.4 at the rear wheels. Denoting the side force

at the front wheels oy Cyp.. and at +t
the

wheels ty Cyp,

me approximately;

3T ter

G27)
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Solid and Yake Blockaze corrections.

The stream velocity around a-model placed in an enclosed

workine section increased by the constraining influence of the

wind tunnel walle. This increase in velocity above the reference

condition implies that the measured coefficicnts are in error. ae

the ra of incremented velocity to free stream velocity is

» the corrected coeffecients ave given by

ae
as 18Ccorrect = (i+€ )? Cneasured (a8)

where € is called the blockage correction. In general

blockage includes terms arisine from the effects of the bo:

the wat althouch it is common to consider the two together.

Numerous derivations of correction terms exist for both streamlino¢

and extremely bluff bodies. Fexer ere available for intermediate

shapes, representative of road vehicles.

Pope and Harper { 1) sugeest an empirical correction factor

for bodies of unusual shap= given by

€ = 0.25 B (1.19)

where funnel area represented in RB is now the area above the

grounc calibration of the workine section

with sround and Seekscienski (2) have used this

method witt and the’ experi f Bettes and

Kelly (3)

conpared three existing correction methods for arplication to blunt

at

Calvert (4) and anbsequently Mair (5)

based bodies of revolution. The method of Maskell (6) gave the

most suitable results for bodies of equivalent fineness ratio to

typical x 1 vehicles.

investigated by Carr (°7) in an exneriment using rectangular blocks.

It was found that the star

oat (1,20)

gave the best results.

Sykes (8) independently obtained an alaost identical correction

factor given by

(140)? = (41.98)? (021)
for similar rectangular bodies. Sykes also showed
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that the size of the correction term could be substantially reduced

using a simple slotted wall tunnel.

There is a factor of four between the most favoured correctiin

terms. Crude measurements using a pitot-static probe in the vicinity

of the lorry model tended to support the argument in favour of the

larger correction factor, and so te IRA expression (1.20) was

adopted and applied to all data.

1.5 Goaclusions

The use of a fixed ground plane has been justified from

the results of previous investigations. These 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.

Measurements 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 influence 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 working section which introduces a small correction to

drag. The blockage effects of a typical model are sufficient to

require significant correction. The MIRA blockage correction factor

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

2.1 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, )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 aerodynamic 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 (0.365)

and large thickness (21%) in ground effect were made by Stollery and

Burn$ (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 Cig 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 lift, but drag increased due to the extra base drag. ‘The

aerodynamic centre shifted forwards with blunting but as a ratio of actual

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.

4A similar type of body having planform aspect ratio, 0.256, was

investigated by Carr (10). Variations in thickness, from 9j to 27h,

were studied and for the thickest model the camber could be modified to

give an essentially flat lower surface. The uncambered models showed

that lift curve slope was practically independent of thickness, 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. @he influence of the ground was again 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 to suppress underflow séparation aft of

the minimum ground clearance position. With the model streamlined in planform

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 against

the earlier one although it should be remembered 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 lift 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 uppermose 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) has

measured the aerodynamic characteristics of a number 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. liost 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 section; a circular

section giving the lowest and the semicircular shape with a flat base the

lurgest change in lift 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 lift curve

slope was also found to increase at yaw.

2.1.2. 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 plane. An angle of incidence between

a@ vehicle and the external flow can occur.



for a number of reasona

transverse velocities so

ically shaned like the model shown

has produced three frightening accidents in which one

car following closely behind another has experienced a pitching moment

sufficient to turn the vehicle completely over(13).A vehicle in isolation

can be subjected to a vertical component of the natural wind, especially

where the road passes through a cutting, over an embankment or bridge,

or near to a large building. The vehicle will itself adopt a pitch

angle when the weight distribution differs from the design value. ©

Janssen and Hucho (14:) have shown that allowable weight distributions

produce incidence variations exceeding 3.5 desrees. Inertial forces

similarly have a pitch effect, which can be greater than UP, degrees

under normal braki: ad acceleration, Ellis (15) . 4 few brief

studies of the effects of incidence have been performed, usually dealing

with racing cars. Larrabee (16) measured the lift curve slope on a

one twentyfifth scale Corvette Couve and obteined 8G, /80K=4.5 rad 8

Janssen and Hucho (14)found lift slopes between 2.25/rad and 4.5/rada

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

t. Simplified models of 2 saloon car and a srorts car were

found OCz/Sa values of 5.0 and 4.0

The lift on 2 saloon, Can-im, and a formula 1 car model

toe

tested by Stafford (17) wh

respectiv

has been measured by Wright (18). Based on full scale vehicles travel-

ling at 150 m.p.h, the lift per degree was quoted es 100 lof, 225 lbf and

65 lof respectively which based on typical frontal areas would give lift

Slopes of 5.5, 19.9, and 6.0 per radian in each case. Pothoff (19) has

shown that the value of 8cz/ Oa fora typical svorts racing car
approaches 6.0/rad with the front wheel lift exceeding this figure and

the rear wheel lift decreasing with increasing incidence. A similar

type of vehicle tested by Stollery and Burns (9) aave a result 25%

higher while a model of Donald Canpbell's Bluebird was found to have a

lift slove of 6.0/rad. Korff (20) in tests on the Goldenrod land

speed record car found that the 1 curve slope varied between 0.4/rad

and 0.0/rad depen 2 on the nose design althoush the wheels on the

model ware not fix to the ground and could have produced

ioua results, on a smell racing car the author found2. o
Spt

that v



eae! Force measurenents on rectangular blocks at incidence

Qreek Reynold's Number effects.

The measurement of forces on rectangular blocks in ground

proximity and at incidence was originally undertaken to provide

reference data for comparison with the wake studies using similar

blocks under identical conditions. This acplied to blocks IN, 2N,

3M, 9C. The results appeared to be of general interest so the range

was extended to cover variations such as edge radiusing, thiclmess

ratio, length ratio, and camber.

The models were mounted on a single strut to an overhead

palance. The pivot point of the mounting was at the mid-length of

the model and was identical in location to the support pivot used for

the wake studies. Height veriation was obtained by adjusting the strut

length. Lift and drag forces and pitching moment were measured, as

was the ground board vressure distribution. The axes and notation

system employed are shown in Fisure 14, with coefficients based on

frontal area, and model length. The nominal sneed in the working

section was always 30 n/s unless stated otherwise and all results have

een corrected for blockase effects only using the MIRA system as

discussed in Chanter 1, equation (1.20).

The effect of sm21]1 variation in Reynold's nunber, based on

overall Lene on the drag coefficient of various blocks, in free

stream, at zero incidence, is show in Figure 15. The nominal running

6
sponds to a Reynolds number of 0.65 x 10°. Considerable

n drag coefficient is anvearent for all bodies on increasing

speed, the rate of change depending on body geometry and slightly less

on edze effects. The lower the model span the more critical the

Reynold's number problem becomes, although the results seem surprising

for these sharp edged bodies which would be expected to show little

of Reynold's number.

2.2.2 affect of edge radius.

The effect of an edge radius on the serodynamic characteristics

1,2 and 3 in ground ovr: 8 determined. Because of

similarities between the results vlocks only the data

2 as measured

length was varied from 2.5 mm to 50mm for each block and

obtained with the model mounted
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shows the resnlts of var ying incidence and ground elearance, for blocks

2,2% and 2NS, whara block 2 is the basic body with all edges sharp;

block 2N is fitted with a nose block to give the upper and lower

leading edge a radius of 25mm , and block 2NS has additional side

» increasing the span by 25mm, w' ve the upper and loweri

udinal and side leading edges a radius of 12.5mm. The

trailing edges were always sharv edged.

In figure 16(a) the change of lift 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 reducing ground clearance. Changes to the

edge conditions appears to have only a very slight effect on the lift

especially at positive incidence. At the lowest ground clearance, for

which incidence variation was possible, all the blocks show a reversal in

the lift slope, which indicates a separation of the flow from the model

or the ground. The basic model, 2, behaves Similarly at all ground

clearances although the effect is less marked as the clearance increases.

All models, near the ground, exhibit a slight negative lift at zero

incidence, except at the minimum clearance when a positive lift results

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

The influence of edge conditions on drag is more noticeable as

would be expected, Figure 16 (b). The basic model drag arpears to be

virtually independent of ground clearance, when in ground proximity,

showing the dominating effect of the flow separation, althouzh the free

stream case has substantially less drag. Adding the nose reduces drag

considerably and introduces a dependence on ground clearance, the drag

aeducina with increasing clearance. Radiusing the side edges reduces

the drag further although the reduction is less, especially at larger

clearance. The m drag ineidence becomes increasingly negative

with ground clearance for 211 tests although the free stream case m

obvionsly be symmetrical. Comparing blocks 2N and 2NS anpears to give

nstant for all
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Gy beings the actual lift coefficient and (Cz) Gx min iS the lift

coefficient at the minimum drag incidence. The drag due to lift is

reduced with ground clearance. Block 2 experiences approximately

twice the induced drag of the other two blocks which differ on
ly slightly.

Figure 16 (a) plots the pitching moment versus lift. Ground proximity

and variation in the clearance produce very little change in the curve

slope, aerodynamic centre moving aft by 15% of the length between

the free stream and the near to ground condition.

2.2.3 Influence of Planform aspect ratio,

The aerodynamic characteristics of Blocks IN and 3N are shown

in Figure 17(a)-(4). Comparison with the data for block 2N from

Figure 16 gives three different planform aspect ratios from 0.33 to 1.0

with constant thickness to length ratio of 0.33. Increasing the span

increased the lift curve slope approximately proportional to span while

the zero incidence lift coefficient ramains nearly equal for all three

yleoks at a given ground clearance. This is not true at minimum

clearance where the lift coefficient increases with span. The curv

inet incidence show that in free streamof drag c

conditions only small differences exist. On reducing the ground

clearance the model the lovest aspect ratio shows considerably

greater changes in coefficients the higher ratios. At the same

time the minimum érag incidence changes more rapidly with increasing span.

The induced drag curves 1 similar features to those for the blocks 2.

Increasing of the span is seen to noticeabl} 2 drag due to lift.

The pitching moment characteristics of vlock 3N are almost identical to

those of block 2N. Block IN, 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 thickness to length ratio.

\daitional variations in planform aspect ratio were obtained by

modify: ; the length of the models, while maintaining the width to height ratio

(vase aspect ratio) constant and equal to that of block 2. ‘The planform

aspect ratios obtained were 1.0 (vlock 6%) and 0.5 (block 7). Figure
19

18(2)-'a) shows the aerodynamic characteristics of both bodies at inci

and in sround prox

non-linearis,
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identical which is exrected from sl mder body theory, but as the ground

is aprroached the lift curve slope increases with increasing body

length. Tdentical drag measurements are obtained in free stream for

both bo

At lower clearances, however, the shorter body experiences considerably

and the same is true at the highest ground clearance tested.

greater iris coefficient. The minimum drag for block 6N is comparable

with that for block 2N although the incidence at which minimum drag

occurs years to be more positive. The induced drag for both cases is

similar, although as always, there is a spread of data points, which

alloy considerable choice for the interpretation of slope. Curves of

pitching moment against lift for both blocks give only a limited linear

region, the longer body producing 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

planform aspect ratio, equal to that for block 2N. The two additional

vlock: restigated had base aspect ratios of 4,0 (block 4N) and 8.0(block 51)

The lencths were similar to that of block 2N while the edge radius on the

upper and lower leading edze remained at 25% of body thickness. Only two

the free stream case and the

results are shown in Figure d The lift coefficient increases

considerably on reducing thicimes hough it can be seen that if the

results were based on planform n frontal area, the coefficients

would then be virtually identical for all three blocks of identical

planforn. This sugzests that in the presence of the ground the effects of

thickness are negligible. The drag curves again show very high coefficients

of drag on reducing the thickness when in ground proximity althougmthe free

stream curves are very similar for all blocks. The lower frontal area

exaggerates an almost constant force, arising from the flow through

identical gans between body and ground, into a Sarge additional

coefficient. The induced draz curves for the free stream case show a

curves are identical for both bodies, if, as b

based on planform area. Note that as vlotted

on frontal area.

= /64.
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fects of camber.

Block 7 was fitted with a curved upver section to produce

ed body while retaining a flat lower surface. The maximum

sed by 50%iner and occurred at 35% of model length

the nose (block 9C). The trailing edge geometry remained

identical to that for block 2N. The aerodynamic characteristics are

plotted in Figure 20 (a)-(a). Comparison with Figure 18 shows that near

to ground the camber has very little influence on absolute lift values

apart from a slight increase in lift. 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 lift 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 7N apart from a negative pitching moment

change. These results tend to confirm the dominating effects of the

ground.

An additional red model, (block 120), which had cross

section changes in the nose rezion only and had a flat lower surface, was

also investigated, see Figure 21. The model could be inverted to study

of the floy condition at the leading edge.the effect a@ gross chan

+ characteristics are very similar to those of block 2N apart

from a marked non li ity at negative incidence an ative liftJ 8

increment. Inverting the model only produces a further lift increment

due to the curvature of the lower surface and initiates a flow breakdowm

at an earlier incidence. The two drag curves show an effective incidence

shift over most of the incidence range, although a large difference is

apparent at the minimum ground clearance. The induced drag curves show

Similar characteristics for both bodies at all ground clearances studied.

The pitching moment slove shows little influence of either shape or

ground vroximity but the absolute value of the pitching moment differs

consider2>ly with shape, the model with the uppermost leading edge

having a significantly higher nose up moment.

2.2.6 The Influence of Ground proximity.

ground proximity, plots

e have been made. The

of the body as a
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The ground clearance has

In figure 22 (a) these

parameters are compared fof the three edge conditions. The lift sloves

all lie on a straight line, for a given body, when plotted against the

inverse of the ground clearance. The basic block 2 shows less change

due to the approaching ground, while blocks 2N and 2NS give comparable

results. All the lift coefficients at zero incidence lie close to a

single curve. The minimum drag coefficient curves show that significant

drag ohe @ occur on approaching the ground for block 2N while block

2NS shows a considerably reduced effect and the basic block experiences

negligible variation over the range investigated although the presence

of the ground obviously has an influence. The vlot of & le ‘

against ground clearance shows that the basic square edged BicchPs not
influenced by the ground while the other two blocks e rience similar

variation of the incidence, which increases negatively over the range of

heishts investigated. The curves of dCy/dCcZ against ground clearance

all show similar trends with an initially linear slope from the origin,

the basic block giving the greatest slove. Normalising with respect to

the free stream value gives a common curve.

On varyin span, Figure 22(b), the slope of 8Cz/da

against normalised ground clearance remains constant, the absolute value

increasing by a fixed amount at a given ground clearance due to the free

stream increase. Zero incidence lift coefficient is given by a single

curve for all three blocks. The curve of C, min against ground

elearanco shows similar free stream values while the drag coefficient

variation near to ground 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 OC,/dC7 display the

initial linear trend seen earlier with the slopne increasing dramatically

with reducing base aspect ratio.

Modifying model length while maintaining the base section of

block 2% sives lift curve slopes which increase approximately provortional

to leneth when in close ground or ity and are equal in free stre:

Figure 22(c). Zero incidence lift is a similar for all blocks.

Ce min 28 similar to that con ured on block. 2N.:.%.

The eks all show a for the minimum drag incidence but

this time there is 4 ¢ f results. The induced drag slovas
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results for all three blocks when in free stream whilegive simil

er values than thenear to ground the short block has considerably *

which shoy very similar rtwo lonser blo

2 the thickness of the block while eping the same

planfornm aspect ratio has the effect of increasing the free stream

lift slone directly proportional to the base aspect ratio. The

ineresse in lift slope when in ground proximity is similarly increased

as is the zero incidence lift coefficient. The minimum drag coefficient

is only slightly changed in free stream but is strongly influenced by

thickness when near to ground. Only two data points were taken for

each »lock in ground proximity so interpretation of these results is

difficult.

zero. The increase of 8Cx/dCz? with eround clearance reduces

All the minimum drag incidence values were very close to

approximately proportional to the thickness to length ratio, alth ugh

at free stream conditions the variation is stronger, Figure 22(d).

When the effects of ground proximity on the

princival characteristics of the cambered blocks are compared with those

for block 7N, the longer version of block 2N, which has a length equal to

block 99 and approximately equal to block 12, the lift curve slopes

increase less rapidly for b ambered models on approaching the ground.

The zero incidence lift for +t 7N and 9C are similar once corrected

for the effects of free strean lift. For blocks 12 the trend is similar

but the magnitudes are completely different. For the r ning

characteristics only block 9¢ shows any consistency with previous results.

icient ic reduced on adding the camber and the

The curve of O¢,/dC,? for block

C’ shows a greater spread of results than for vrevious blocks although
3

The minimum drag coef

related incidence is more ne

trend and the free stream value are similar to those for

Free stream results show that lift increased as the maximum

thickness vosition moves aft while the vitchinz moment becomes increasingly

negative.

2.3 Discussion

2.3.1 Free strean data

nt is plotted against base asrect

For a ai en nose confisuration the
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aspect ratio of unity. Thefficierdrag co

trend agrees with ¢ mts obtained from flat plates mounted

normal to the airst Pail, Owen and Eyre (21). The intro-

duction of the drag by modifying the slope of the

upper separating shear layer, while changes to the body length seen

to have a negligible effect. e free stream lift curve slope is

All blocks tested fall onto a singleplotted on the same ap

straight line through the origin. This implies that lift is

independent of both thickness -and length depending geometrically

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

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

from 211 the curves of pitching moment against lift the lift acts at

14% of >lock length aft of the nose. The curve of ocx /d oe

for all blocks when plotted against (th)? again gives a straight line

through the origin for all blocks in the 'N' configuration. There is

a greater spread of results for the other shapes but in the case of the

cambered body this is improved by taking the base measurements rather

than the maximum thickness.

Redee fround proximity - collected data

4 considerable dearee of uniformity is obtained for the lift

curve slope data when vlotted in the form shown in Fisure od. The

only sisnificant deviation from the one straizht line that all the

results tend to collapse onto is given by the basic block data. The

independence of the lift force due to incidence from the effects of

thickness is apparent. The increase in lift of a body in ground

proximity clearly arises predominantly from the flow changes in the

gap hetveen body and ground. The zero incidence lift is similarly

plotted in Figure 25. There is again a remarkably 300d collapse of

the data to a single curve. Although there appears to be a

considerable spread of results, these give a lift coefficient to

+ 2.5% of the length to thickness ratio which represents a small

change of lift force in practice. For a typical vehicle having a

frontal area of 2 nf travelling at 30 n/s this gives a lift force

variation of 160% or possibly 1.5% of the weight. 4 body approaching

the around in an inviscid stream should experience an increasingly

ative lift at cero incidence due to the acceleration of the flow

gan between body and 2rour
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id case occurscurve from

approaches al boundary layer -

The increase in drag at a given airspeed experienced on

approaching the ground is show 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 (dC, fdGor ) increases directly proportional to ground

clearance. ‘The collapse of the data is remarkable and generates extremely

useful design information.

2.4 Forces on car bodies at incidence

2.4.1 Reynolds Number Effects

rag and lift forces and pitching moment were measured at

various tunnel speeds representing Reynolds numbers, based on overall

. + 2. 6 6
car lenzth, ranging from 0.6 x 10° to 1.05 x 10°, for the saloon 1

car model only in various preliminary stages of representation. See

Figure 28. The basic model drag coefficient reduces by 227% as the

Reynolds number incre: In common with most other vorka on

road vehicle aserodyna da presented in terms of lift

at mt and rear wheels. The MIRA blockage correction, Z=quation

s been applied to all coefficients. Addition of the transition

n to give an almost constant, but small, reduction in drag

It also reduces front wheel lift while

the rear wheels. Fitting the underbody

roughness elements increases the drag by almost 10% throughout the

s number range, restores front wheel lift to its non-transition

value and substantially increases rear wheel lift. The effects of

incidence on this configuration are noticeable only on lift at the

siblefront 2e1s, while the change of Reynolds number has a negl

effect on forces at incidence. Adding the wheels surprisingly produces

no chense rear wheel lift slightly but dramatically

he wheels and the
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the state-of the underbody. AL

s were performed at a nominal 30 m/s tunnel speed,

tarmolds number of 0.75 x 10°,

The effect that addition of underbody detailing has on the

lift curve slope is shown in Figure 29. Jithout roughness elements

on the underside both front and rear wheel lift are incidence dependent

with rear wheel lift decreasing with increasing angle. On adding the

underbody strivs the zero incidence lift at both axles increases,

front wheel lift slope reduces by 107 and the rear wheel lift becomes

independent of pitch angle. The overall lift variation with incidence

remains virtually identical. For all subsequent runs the underbody

detailin= was fitted as were th nose transition strips.

204.2) The influence of ground clearance. a

The overhead mechanical balance necessitated 2 small clearance

between wheels and ground to prevent spurious loadings arising from

contact. Prior to obtaining lift date for wheeled bodies at incidence,

the possible errors, arisinz from incorrect setting of the gap between

wheels and ground, had to be established. Six car models were tested

at three heights, the car being raised with the wheels. The different

yody shaves were modelled by 2 various upper body blocks to modify

the side vrofile. The rear wheel lift and drag are seen in Figure 30 to

vary only very slichtly with change of wheel to ground clearance. The

lift at the front wheels, however, show in all cases, a very dramatic

rise when the clearance is less than 2mm. This fi ure corresponds

roughly with the local displacement thickness of the ground board

boundary layer, as measured with the model absent. The increase in

lift is independent of body shape as shown in Figure 31.

To differentiate between lift effects arising from the wheel

to ground gap and those arising fron changes to the vehicle body clearance,

the latter effect was determined by removing the wheels and varying the

+ above the ground plane. The result is show in Fisure 51

for three typical shapes as an incremental lift over the value obdtai:

at a clearance 20mm,. which corr sponds to the wheel to ground gap

feasurements were takof Imm. an over a considerably greater rar

of heishts an in the vrevious te

incre:

front wh Comnar
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eurve for the wheel cl

arises from the change of body clearance while the lift at the front

yneels is still dominated by the effect of the sap between the wheel and

the ground plane. Note the different da acement scales.

These results suggest that the only satisfactary way to obtain

Lift data on vehicles at incidence is “or individual adjustment of each

wheel so that the clearance between wheel and ground remains constant,

irrespective of the attitude of the body. As this approach would be

time consuming; the model could not bs easily modified to give this

adjustment, and, furthermore, the m object of the experiment was only

to establish lift data at zero cidence for direct comparison with the

wake studics, a simoler alternative was adopted. In this approach the

forces were measured at zero incidence with wheels fitted. The wheels

were then removed flush with the underside of the body and the force data

obtained over the incidence ranze of interest. It was assumed that the

lift due to the presence of the wheels would be indeperident of vehicle

attitude over the small range of incidence considered. The corrected

2p

lift coefficient, C2, for the

Cz = Cag + (Cz0- C2q )yio (2.1)

wheels, at zero incidence obtained

with the

2.4.3 The effect of incidence

The variation of front and rear wheel lift and dres forces

with incidence is presented for all car model shapes in Figure 32.

The coefficients have been corrected to give the lift on a body with

wheels and having a clearance of 0.75mm ~~. between the wheels and the

around plane. en to change only slightly with

attitude, The ive the highest drag with the

The 4estate vehicles ence reduces as

the incidence decreases. There is little difference between the drag

coefficients for the three fastback models; they are approximately

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

Model d02/dK deg”!

Saloon 1 0.092

2 0.098

3 0.103

Estate 1 0.110

2 0.121

Fastback 1 0.094

2 0.090

3 0.094

Can Am 0.48

Rear wheel lift varies almost negligibly with incidence for

all models. The fastback shapes have the greatest lift forces and the

intermediate camber model experiences the maximum force. The saloon

car models with the lo ot sections, Sl and 32, show almost as

tmuch lift on the rear axle, but reducing this length further reduces

as the lowest value of rearlift considerably. The Estate

°. eel lift with incidence is a
wheel lift. The variations

seen to be very similar for 211 models; the only difference being recorded

for the Estate 2 model which has the most aft vindsereen vosition. The

models experience

with the aft movement of

with the measurements on

2

model, which has the steepest backlis

length of the saloon nodels the

opposite effect to that found on the fastback models and is presumablyP 
z J

related to the rearwards movement of the windscreen. The estate cars

+sexperience the lowest lift values at the front wheels with the mininum

veins found on the Estate 2 model. The overall lift curve slopes for

all these models are summarised in Table Ir, above, he slope tends

models with the aft movement of the maximum. thiclmessto increase

position.

cars have appeared with

tion: see for instance



Marcell, and

reduce drag

road holdin

cars now seem to have adovted the device, al though this may be purely

2 effect on the vehicle
for ‘cosmetic! reasons.

ations were made to the front

saloon 1 model. The first modification

inally

he vertical front face of the nose

lower leadins edae of +

front sill while
was sinply to square off the ori

ommwards to halve the gav between the underside and ¢ ground. The

ift and drag characteristics for the Saloon 1 model with and without

dition of the eqnared nose

a

hese modifications is sh

is seen to slishtly increase drag while the model with the spoiler suffer:

a considerably increased drag,

0.

ecially at neaative incidence. This

b
contradicts some experiments with spoilers althoust

(14) have show that the design and location are critical. ‘The rear

a
wheel lift shows a small dearee of den de for both nose

ft increases with the extent

front wheels reduces

but whereas the lift

2 front

This implies that thepA

miling qualities of a vehicle fitted with such a spoiler are much more

for a vehicle without as the 1 ered
consistent than those on the s

stant irrespective of vehicle attitude or external
wheels remain

flow conditions.

In section 2.4.2. the variation of zero incidence lift with

ground clearance was examined. Figure 34 shows the effect of incidence

at those ground clearances, for the three basic types of passenger car;

the Saloon 1, Fastback 2, and Hstate 1 models. All three vehicles

play similar trend The rear wheel lift slope is aly

the lift slope at the

The overall lift derivative ai yaaa is plotted against the
21 of the ground clearance, for all three models, in Figure 35.

ults while

er lift slove at a given

refore has some importance.
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2.4.4 Incidence at yaw

The effects oF

combined the Saloon 1,

Fastback 2 aure 36.

Consideri the saloon car only, crease of yaw angle raises both

redominantly at the front

angle there is some dependence of rear wheel lift on incidence. Ata

sle of 15° the lift slope for the front wheels is 507: sreater thanyaw ar

at zero yaw. The fastback model experiences greater variation at the

; althoush the overall response is similer to that for the

The estate car shows a greater variation of zero incidence

yaw but the lift slope with incidence is similar to the other

and rear wheel lift c

incidence. This model was only

= are in error. The

d rear wheels experience

ctdowmforce and tive slichtly, which is

typical of the e vehicles. t variation wi incidence is very

at the front wheels although the rear wheels contribute>& oe. © a 's°3 a o ie— a1

one quarter of the total. Tt will later be shorm that on this model

there avnears to be considerable separation from the ground plane

is due to a combination of lowimmediately aft of the model.

ground clearance and strong upvash. It is not clear how unrepresent-

ble that it contributes towards theative this misht be, but it is pos

creating hicher underbody mres due to floLise chi

than would exist om an actual vehicle. The behaviour of

icles of thie type does succest, however, that extreme chances

do take place, see Hulme (13).

ence havea been
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made with wheels fitted to models and it has %

precautions taken to avoid large lift chan:

in wheel clearance. The absolute value of

on the state wheel clearance, trz,

or underbody detailing. th incidence is notably more .

dependent on larger scale geometrical ch: Over the Reynolds number

range studied there is a negligible chan n lift characteristics

although the drag coefficient reduces considerably.

The aerodynamic centre, for all vehicles tested, is situated,

longitudinally, very close to the front axle and, vertically, just

below the upper surface of the bonnet. All shapes experience a lift

coefficient slope close to 0.1 ego s This corresponds to a change of

lift force at the front wheels when the speed of the vehicle is 30m/s

(68 m.p.h.) of 115N (25 lef) per degree; at 42 m/s (100m.p.h) this

force increases to 242N (55 bf) per dearee. It is possible that the

measured values of lift slove differ from those obtained on a real

vehicle.as the position of maximum variation in lift is also where the

greatest inaccuracies in modelling are found. vith wheels in place the

confining of the flow should increase the lift slope in the same way that

lift is improved by the addition of endplates to a around

At the same time the local body surface is not usually flat or continuous,

as this region is the engine at in most vehicles, an? is there-

fore open on the underside. These have opp

although comparison with the data of Janssen and Hucho (14), who s

lower lift slopes, suggests that the latter effect may dominate.

results of these authors also differed, however, in showing 2 drag

variation with incidence.

The action of a cross wind, represented in the tunnel by a yawed

model, increases both the lift force at zero incidence and the lift slope.

The increase in overall lift curve slove is plotted in Figure 38 as a

function of the slove at zero yaw for the three vehicle types considered.

There is a slizht svread of results but the trend is similar for all

vehicles. A doubline of lift curve slope occurs at 2 yaw anszle of less

than 20°. The saloon car data is extrapolated to give the total lift

coefficient : gle of 2 positive and is plotted against yay

angle in Fi Phis shows that the lift cae!

my

unity for a yaw angle of 20°.
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fq generate an effe 20° would rve yaw anole of yuire a cross wind

velocity of 10 m/s when the vehicle sreed is 30 m/s (68 m.n-h.) and

for a vehicle travelling at 42 m/s (100 m.v.h.) a wind speed of 14 n/s

would be nece The latter veloci msidered extrFe

Tracked Hovercraft Ltd. (22) took as their design case a value of

almost twice t At the lower specd the saloon car would experience

a lift force of 1.1 «7 (240 lof) and this creases to 4.0 kil (900 1bf)

wheels under these conditions must beat the hisher speed. The fron

almost completely unloaded. Combined with the rearward shift of the

centre of gravity, producine the initial incidence, this chanze in

loading mist produce a serious deterioration to the handling. On all

inereasing incidence shifts the

centre of action of the lift force forwards while the opposite is true

at negative incidence.

re) 2 Gan Am racing car at incidence develons 1.73 kN (390 1bf)

of lift per degree at 63 m/s. At 84 m/s". approx

speed, this figure is increased to 3.0 kN.

Eietiick

weight of less

mately maximum

ghty ver cent of the

22 is front wheels. These cars have a total

but the high downforce on the bodies at

zero incidence m front wheels do not suffer positive lift

wntil the vehicle is almost a

the total suspension travel.

front wheels to overturn one of could only be generated

ake the form of upwash from

as would occur when the road

gradient reduces. It is verhaps disturbing to note that the trend in

single seat racing cars, and Formula 1 types in particular, is towards

the building of the maximum width bodies available under present

restrictions. These machines travel at similar speeds but are of

considerably lighterweight a therefore more susceptible to disturbance

by the similar aerodynamic loads being generated.

ground clearance of the passenger cars

produces characteristics similar to those obtained for the rectangular
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d have an

The

from ground proximity aro urely from

in the cap between vehicle and ground.

that the flow around the outer body parts,

+ WE ground, apoears to be of similar izp al The

camocred re lar block, 9C, in comparison with the basic uncambered

block, 7N, revealed a similar trend.

comparing the lift curve slopes of the rectangular blocks near to ground

with those of the estate car, which of the car shapes most resembles a

block. The data for the basic blocks tends to collapse to a single line

but the estate car results, as a function of ground clearance, have only

half the equivalent slope. The saloon and fastback models exnerience a

lift curve slope that is further reduced by 407

between estate car and rectangular

hesidering the underbody flow.

sufficiently different between

range of interest to have ea larae influence on lift. She change:

7to incidence must therefore arise from tha leading adze flow.

not influenced strongly by the aft

leadin2 edge is fairly dependent

@ roadatio of the nose tric ground clearanc

are therefore commarable h rectangular at relatively

areater ground clearance,

3nces between the various car designs arises from the

circulation on the leadins edge flor. The greater

the front stagnation point and so the flow

e time able in free

strean conditions and the lift is dependent only on the body plenform.

aecounted for, e Salient lowerof a spoiler Qo

matically lowers

9T



by isnorins all

h velocity error to be

1s describing

AZ=m(Z+KU) = —(k,z#k,Z)+AZq (2.2)

AM= Ye = klzz k,l\ZtAMg (2.3)

where AZ, AM are total cl lift force and

pitching moment respectively, on a body of mass m, and pitch inertia

Ty travelling with forward velocity U,and pitch angle «, The vertical

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

the suffices 1 and 2 resvectivel TMho suffix, a, refers to

manic terms, and distance, 1, the centre of

anded 2SThe terms “2;

Z, =Z+lo 2.4)

Zag =Z-1,«

s the heave displacement of the centre of er: and the
where 2

nerodynamic terms, making the assumption that all the lift variation

2 at the front wheels, can be written

= 862 gl ou (5.8)AZ, Sac aa 2.5)

OCz el 2,
AM, = Sor toes

ths charactert
ha’



meth) ms Util hye S25

=10)
2 2 AOLk,l -kalo To+k, Ipekgle — a I

(2.6)

Many. motions arising

from

and mali

heeve root is

$= ik.) /m)? (28)

The other root, however

given by

nm
xo

OG ls= = en Wa UA- (ki frrkala) fas

When s is real tion represents an able situation and a

critical velocity, Us + 1c be defined, after substitution from (2,7)

as

and the mode is a couvled

o> rotation at the

same result could h

Q °stability. Inclusi

result. order tede. ¢

suspension st fess, can be ignored. For U<ut
requenor! Os of fh : :

4



dZq
3 = Lolita) Bor 8 QZa/dax (2:11)

ly k,(,+1,)

variation ofwhere’ Wo is the natural frequency at zero sveed.

the frequency with speed can b

4 medium sized saloon car typically has suspension stiffness givingi

pitch and heave fre: is 0.8 tonne

with a wheelbase of 2.5 mand a 50/50 weii istribution. The
- d

frontal area is 2m and substitution of the wind tunnel results for

8CzZ/8QK gives a critical velocit (2°25 m.9.h).

is of academic interest to normal road which at

maximum speeds will not notice any reduction in natural frequency

There was, however, a instance some years 229, when a gas-

and 2 ratio of wheelbase

constant and so the critica

the square root of the mass.

racing cars, has susvension stiffness which are typicially twice those

of & conventional car. he frontal area is reduced by 30% while the lift

slope is increased fourfold at the front wheels. These factors combine

to aive a critical velocity close to 84m/s (200 mph) which is the order

of th sd of 63m/s- at which the

racing (13).

ed and well above the sir limiting

three overturning incidents have occurred whil

Besid

of aerodyn

the body. n effective local

a or bya local

slons of incidence,

ereated Sy a 2eometrical incidens:

2 2; and a pitch

/ (2.13)



ex. is e forward of the centre of gravity, of the
whe

station considered. Under 2 pure weave motion each station of the

vody exreriences the same ence and so the lift force

due to a haavine motion can > front wheels.

ocity can there-

fore be defi

ack 214)Cz = bez (214)

due to in

confined

forward

and pitching moment derivati

N w a

mer provides 20% of critical

a "1 9h 3 ic S oy

where m, =m la
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Using the values quoted ear

heave damping

is

£q __ Cz FQUA (2.17)

= 0.046 U(m/s)

The two expressions become ¢ (50 m.p.h.) and

combined damping goes critical at times +’

equation (2.12), the

critical damping speed is reached earlier at about 52.5 m/s (140 m.p.h.).

his speed. As the

natural frequency is reduced, as 5

This is still stable but no oscillatory term appears in the root. The

effect on the handling at this speed must be noticeadle although

vetween the normal drivin: speeds of I3 m/s \and 3Om/s there is

less th ir total damping. The Can Am car is found

to be twice to speed

vehicle any device which can reduce lift s

considerably value.

2.6 Conclus

the rectansular blocks the lift slope is inversely

proportion The data can be collapsed ontoto ground clearance,

Ina single curve. atroduction camber noticeably reduces the lift

curve slope at a siven ground clearance. In addition for all the

rectangular blocks reduction of the data to ale curves is vossible

incidence lift.for the induced drag, the um drag,

The data for the road veh

cars the aerodynamic centre is ol

variations in Lift curve slope are

arising from

under the rose. vag devendence

wind increases



Ss GROUND BOARD BOUNDARY LAYER

3,1.

In Chapter I the problem of ground sisulation was introduced

and discussed. It was decided that 2 static ground board would

provide adequate representation. The flow conditions in the wake of

a moving vehicle will differ from those masured in a wind tunnel as

the boundary conditions are not satisfied at ground surface. This

discrepancy will arise for two reasons. Firstly the force character-

istics of the body itself will be modified and will become manifest in

the wake. Secondly the wake boundary conditions must be false at the

ground surface. From measurements of the static pressure distribution

along the ground plane and of total head using a pitot rake the velocity

profiles at the surface can be derived and an understanding of the

boundary layer growth obtained. Assumptions can be made concerning

the development of the ground boundary layer near 2 moving vehicle and

from the differences the possible errors arising from false represent~

ation of the ground can be dete ed.

3.2. Ground board pressure distribution

3.2.1 Rectangular blocks

The pressure distribution along the centre line of the ground

board was recorded for every block and car model for which wake studies

were 40 be made. Pressure corrections as given by equation (1.20) have

been applied throughout the length of the ground board, althoush they

are probably invalid far from the model. The models were mounted in

one of two positions on the ground board depending on whether force or

wake data was being obtained. For wake studies the models were mounted

close to the leading edge, enabling the traverses to be performed at the

sufficient downstream position, while the force measurements were
obtained with the model mounted at the mid length of the ground board.

To ensure simila: 7 of flov between the two cases the pressure distrib-

utions for both situations are compared in Figure 42 for bloc

The longer ground board lenath forward of the model to a

slower ¢ ediately downstream of the ground board

leading edge, but this is the only noticeable difference.
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This distribution is typical for all bodies near to around. Uostream

of the model the floz elerates to y just forward

of the model leading edee. \ rapid acceleration then takes place

ed ind theunder the nose; the maximum velocity bein: atts

model leading edge. The floy then decelerates to the trailing edge

where a base separation, approximately rar:

This is inferred fron th

upstream and downstream of

deceleration continues but

flow develops. Figure 43

h. the block ¢distribution wi

clearances. At a given ground clearance the upstream pressure

distribution shows a slowly increasing deceleration as incidence

decreases. Reducing eround clearance similarly increases the rate

of deceleration in the upstream region. Beneath the model, however,

the pressure distribution is strongly influence

ences +ground clearance. For negative i: e changes in distrit

are confined to the region of the model leading edge, with very h:

suction arising as the nose annroaches the sround. 4t positive

incidence the incr: sre or the underside is almost constantase in pres

along t entire 1 ,» the increase being vroportion2l to incidence,

o be similar in all instances.The conditions at the

The lack of acceleration in thi cates, as before, that the

Separating shear layer is parallel to the ground in most cases.

For the remaining blocks stribw is plotted

for the zero incidence case, only, and at a constant ground clearance

of ‘25mm; see ical results to

block 2N while the basic block 2 shows a lar initial flow retardation

ion at thebut a lengthened nose suction area due

leading edge. Trailing edge pressures are considerably lower for block 2,

On increasing the svan, the local pressure, throughout the

lenath of the ground boar in magnitude.

tribution for45, the pressure d

section but of va

represents the nose of

eége the results ere al

a slishtly hi
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coefficient n a2 edge. The same figure shows the

pressure distribution beneath the cambered. block, 9c. The initial

flow deceleration her pressure is evident

directly under the block

At the trailins edze

esting 2

Bie Car models.

The pressur tribution along the around plane was also

measured for the car models. Tho effect of three model stations

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

1
It can be seen that the voints tend to fall onto a sin: curve excent

in the vicinity of the ground board leading edge. In one case the

model was without wheels but this appears to heave no significance.

The pattern upstream and downstream of the model is similar to that

for the blocks’ as’ would be © ted for a region outside of the

model the pressure distribution differs in having two peaks, both

oceurrins at the wheel nocitions, although as noted earlier these

have little effect themselves. This characteristic was noticeable

for the lifting rectangular blocks. On the 2 curve the effects of

rear end geometry are to be of ortance only in the region of

the trailing edge. The estate car has noticeably lower pressures in

this res es less blunt.as the geometry b

Purther studies using

ynolds

to be negligible as would be expected from the force data. Attitude

the saloon car are showm in Tigure 47.

The influence of seanmber on the pressure distribution i

changes are investigated in the same figure, on a displaced curve.

A small change of incidence is seen to have no effect unstream of the

aft of the car.

No pressure tanpings coincided with the peak pressure vos

model but does m

ion, however,

so the effect h the model

at yay differences betveen the wheels, where

The tyvo additional nose

48.

inereasin2 yaw produces greater 31

tions are comoared to

lll /15
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leading peak also becomes consideradly more even with the spoiler fitted.

34

“pressure distribution beneath

ring substantially

edge, while a uniform pressure

e extends some

ted flow reatta

ca is then displaced domnstrean.

3.3 Boundary layer measurements

Baek Velocity distribution

The velocity distribution in the boundary layer upstream of

the model and in the flov between model lower surface and ground was

determined for a fey models, at zero incidence, using a small pitot

rake. This simple pitot rake was constructed by glueing

brass strip

© gap between model andthe boundary layer, or ound, and

wos derived from the orevious measurements of the ground board »vressure

distribution, obtained without the rake. Measurements were only taken

alonz: the centre line of tho ground plane. The results f

25-mm'' ground clearance are shown in Figure 49. The anvroaching

Directlboundary layer is seen to slowly t+?

nose the ground board boundary layer is consi

while the model boundary layer is just developing. Moving towards the

trailine edee the gen flov becomes symmetrical ith the houndary layers

on both ground plane and model grovine at the same rate. fithout the

nose, block 2, the build uo of ths sround board boundary layer, upstream

of the model, is more pronounced; ure 50. Under the nose a region

30% of model

t

ness

is considerably + simmetry at e trailing

edge but the maximum velocity is 40% lower than for the block 2N-case

The flow under the caimbered model , block 9C at 37.5mm ground clearance

is seen in Figure 51 to be similar to that for block 2N with a high

level of symmetry.

ith block 2N mounted at different ground clearances , still

at zero incidence , the velocity distributions <aown in Figure52 were
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sarance is 25mm,

identical. At lower

2 boundary layers,

he peak velocity j free stream value

minimum ground clearance. tr

ation on the veloci

be negligible.

The saloon car model ad wi wheels and having a rough

underside, produces an etri 1 batveen model and ground,

Figure 54. As in along the

underside the symnetri a 2

c

1 flow condition is not restored. The measure

of total head was taken to the model floor by cutting away a narrow centre

section \ dll the rox s ips. At the traili

distr

fully developed, sero pressure gradie

edge the velocity

bution increases linearly across the gap, and is similar to a

it Couette flow profile.

3.3.2 Boundary layer thickness.

The displacement thickmess, & *, was deter ed from the area

under the velocity profile curve. For certain co: rations, blocks

7
ey and 9C, trailing edge of the block,

but in the other cases the displacems

forward of the model nose. The variations of displacen

position rela @ to the model leading edge are plotted

In all cases the trend is for the boundary layer displacem

increase on at the model nose. At the nose the accelerating flow

reduces y and it then continues to grow again at

an approximately uniform rate. only sianificant deviation between

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

stream of the models.

In the case of block 2N, the ground board boundary layer
*

ness, 8 » has also been computed, and the ratio, $70 ’

H, was found to be close to 1,5. At a topical
2

6
seted value ofey is about 1.4, but it

is known that this can increase considerably under adverse pressure

; model wresent, measurements of

layer givebot suf iciently

ted value. the bare ground

11g
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turbulent boundary layer

Where © is the momentum

is the local velocity,

skin friction term, can,

cr = ar5> (3.2)

here a, b are constants, ard Re i the Reynolds number

of}based on momentum stitution of (3.2) in (3.1) results

anuation of the Bernoul \fter substituting

representative values for the constants and replacing 6 vy 8*/a

(assuming H is constant) the solution is

a ul" far ns8" OO

[eye eee [4] = O02 Ria [al [7] (3.3)
Ko/L

where normalisation vith respect of vehicle length 1, has

been introduced eynolds number 2, is also based on this length,

and the free stream velocity, U sually refers to

the transition point but it is

position immediately upstream of

the local vel:

that is, where

ty can still be considered 4 al to the free stream

velocity. 19 latter cond ness is

approximately yr the value ohtai

Ste ao one Rs x (3.4)



of the era adca, or whore the initial boundary

very thic ; the term e intesral becomes negligible

for normal vehicles, 28 ven by the pressure measurements of

splacenent +section 3.1. Phe @ ess equation reduces to the

gimale e ”ressi

oe = constant (3.6)

wast (24 ) intuitively concluded t} arauing that the

loes1 sxound board boundary layer displace:

particular wing n ar to cround only on the distance

the mode
from th

leadine ed-a, and therefore

splacenent thic’ in the absence of the model. This may

well bo valid in the case of a close to the

grown?, bub in the » t@ ‘tunne? testing of nical road vehicle models

and the intearal term becomes

comma

thic

an examole the soretical displace’

loon 1 model in the fory

TVooatianm os xiven bee 3.7 mn, hi

2 comnares favour-

ably ‘ith the measure whereas expression (3.6) gives

2.7 tim. Full scale ng of automobiles, thereby

inerea ting Reynolds number by a > of magnit 2, wovld not improve

the relative results unless the ratio of displacement thickness to

vehicle lensth was greater than for the model test. Tn

fact for the ground the: h scale model tests

th sLacement thiclmess the ‘centre of bare board is 2.3 mn

3 in the ly 41.0 ma (inferred from

ndency

Bats Comparison sith the novins vehicle case

plese in a tynieal

125



surface must be Initially it must

be assumed that the instantaneous pressure distribution on the ground

to that measured on a static
beneath a moving v: i

ground board in a wind tunnel.

It has already been seen that on the surface of the wind tunnel

ground pla:

decelerates on approaching the model nose. This Process is reversed

under the nose as the flow accelerates through the gap between vehicle

and ground. Along the underside of the car where the ground clearance

is essentially constant the velocity is restored to near free stream

conditions, deceleratins once more on expandin: dowmstream of the

vehicle base. Consider, on the other hand, a voint on the surface of

a road as a vehicle is about to pass. The adjacent fluid is initially

9 rest. As the vehicle approaches, the noint experiences a flow velocity,

the vehicle, which although increasin> in magnitude is always

the car speed. Then the nose he flow directionct

suddenly reverses, oppos the vehicle motion, althoush the velocity
8 y 9 ODE 

ii

maenitude is similar. The poin deration then experiences a

deceleration to 2 constant, but small velocity as the base passes above.
2:

"he flow then decelerates throu: zero so that the velocity vector changes
ce

sien, and the direction 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 a vind tunnel environment.

Note that the pressure gradients are similar to those on a static

ground board only underneath the model; both upstream and downstream

of the vehicle the gradients are of opposite sign.

A fluid particle to the ground
attains 20% of the vehicle velocity whilst traversing a distance

er a moving vehicle typically

approximately equivalent to 10% of vehicle lensth. The Reynolds number

of such a flow near a full size vehicle of 4.5m length, travelling at 30 n/s,5

2x 10° which is just subcritical. The boundary layer on the

vehicle must there ered to be laminar.
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The accelerating flow as the vehicle approaches 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 momentun

thickness,9, is given by

2_ _ 2»v im) 3.7)

a C (1+(2H+3)) ;
where 1(m) is Thwaites function, which can

be given the value 0.22 , 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 of vehicle length, 1 , and

velocity, U , the value of C is approximately

|
c= O15

Substituting for the momentum thickness, the displacement thickness,

‘Se can be approximated by

Bia Roz (3.9)

As the vehicle nose passes overhead the velocity nges

rapidly in a sinusoidal manner. The problem to be solved ig then

simply Stokes' second problem; namely tne boundary layer 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 derived, but

typically the normalised thickness is again of order R “.

for the same vehicle consider-d earlier the Reynolds number is 10!
and so the displacement thickness is at least an order of magnitude

less than that for the turbulent boundary layer on a static ground

board upstream of either a model or a full scale vehicle in a wind

tunnel. For small scale models mounted over a moving ground of

limited speed capability the differences are ‘ust as great.
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4 laminar boundary layer is likely to separate immediately

agins t> decelerate. At this station, just upstream of

b@-nos2, the Reynolds numb: don displacement thic!mess,

local velocity is given by

Row # 1250 for the real vehicle case

Rew 360 for the moving ground simulation

Both values are subcritical, confirming the initial

critical value nxion, while the latter is helo the assary to

produce short separation bubbles.

While both flows are liable to separate the real around flow

7

immedia y becomes turbulent and will reattach in that state under

the favourable pressure gradient which occurs as the venicle nose

passe

accammdated i thot separa

overhead. The follovine adverse pressure gradient can then be

. The insens ity of boundary layer

ber (see equation (3.4))

mess grovth on the road

growth to considerable changes of Reynolds num

implies that the normalised displacement th

directly under a real vehicle and on a static sround board heneath a

model are ive: imiler.

under the vehicls. » the unstrean

adverse pressure sre

reattachment. The flow will not then have s

come tho adverse vressure eradi:

likely

nt along the

This would equally apply to sr

eeman (25).na a

This argument may explain why Beauvais, Tignor and Turner (26),

when comparing wind tunnel tests with road test data fo: eral

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

suzgested dbelt simlation. erences are shi

56.

tically

in Fix

Sorraction to measured wars velocity nrof

tae pressure gradients are small

“oundary layer continues to

identic. rx on the ground

absence of the model. placenent
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SW s
on static ground plane in wind tunne

i ESR
(b) on rodd under real moving vehicle

cocci ims” |
(c) on moving ground in wind tunnel

or on static ground under moving

model at small scale,

BIG 256 BOUNDARY LAYER GROWTH WITH

VARIOUS SIMULATIONS OF GROUND 12



velocity

he extreme downstream

layer thickness is nearly

ly the velocity

in mirror image,

removing any sround effects.

ovr ly identical and followin- usual wake flow simplifications

the flow velocities can be superimposed. A typical wake profile is

then as show in Figure 57(a). On the static ne a boundary

will develop having an outer velocity, U,, say, given by the

local boundary layer thickness, & ’velocity at the height equal to

additional velocity profile will be given by

bu, 10)U, (3

assuming a typical power law relationship. The resulting velocity

in Figure 57(b). In the real ground

profile as measured in the tunnel usin> a static 2round board is shown

t he velocity

at the ground must be boundary,

an outerlayer therefore develops on the ro

velocity given oy U, say, which is » because the two

boundary layers bei develop 2t a similar rate due,

once again, to the teynolds number. The velocity

profile of this boundary 1.

AU,Se (3.11)

U2

where the exponent can ximation to be equal

to that in (3.10). senting that expected

over a road surface is combined velocity

deficit to restore the nm C ta to a real road case is then quite

simply

U-( AU, + AU,) = U-(utug-Zy” =uIHtB") (3.12)
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With the same assumptions and simplifications as earlier

this is the profiils as measured in the abserce of a model. It

is therefore onl ssary to know the value-of 6 » the bare ground

boundary layer thickness, when correcting static board data.

to force data3.4

ic ground board boundary layer is negligibly

different from the pune layer that develops on the road near a

jexcentast tream of the body. The modification to the
ill most likely raise tt

moving vehicl

approach flow stagnation point on the static

hicle a distance aporoximately equal to the maximum displacement

thickness of the boundary layer. The local flow changes both under

and over the nose of the car may generate syurious forces. The

influence of these flow changes cannot be determined directly from

wind tunnel tests using a static ground board without anplying suction

over the entire region forward of the model. The only way to decrease

the boundary layer thickness is t9 move the model nearer to the leading

balanedge and that introduces problems of around the ground

board. However, the boundary layer thickness be inereased and ano

ctracolation made to give effect of an initially zero thickness boundary

layer. in experiment was therefore verfor 1 which lift forces were

saloonmeasured on three car st estate 1 models
+

without wheels and the boundary layer thickness was varied by placing

two different houndary layer trips at ground board leadinz edge.

ed

leading efge as shown in Figure 58. The steps were 3 mm. 2nd 6mm

Fach trip was in the form of a ha rd facing step with a shez

deev, while each was 12mm © lonz and mounted 4Omm back from the ground

board leading edge. The velocity distributions across the boundary layer

ground board are compared in Figure 58.as measured half way along tt

The tabulated displacement tt esses appear to increase uniformly withLC

step size. The pressure distribution was measured on the u

of the sround board with the saloon car in place and this showed that,

downstream of 0.15 m aft of the leading edee, the presence or othe:

of a strip did not alter the external flow conditions. The front and

rear wheel lift coefficients are shown in Figure 59. ho results are

corrected accordins to equation (2.1) excent

Lift coefficient =

411 three car shapes experience

7 independent of inci
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kening the boundaryt

layer but then apnears to level off. At the rear axle the lift

nm3 cty oFcoefficient increases throushout the variatior 2 size but the

seem slightly chaotic in the case of the estate car.

Tn Fieure 40 the in at the front axle is

plotted as

the v 1

ground plane, in the absence of the model. Although there is a spread

function of the boundary layer thickness, normalised to

ground clearance, Zp , as measured at the centre of the

of results the trend is definite. Extrapolating to the condition of

zero displacement thickness shows a noticeable lift increment at the

front wheels, given approximately by A Cz = -0.3 $*/z>

for all vehicles.It should be remembered, however, that this corresponds

to a boundary layer which has zero thickness only in the absence of a

pressure gradient but is still subject to the grozth according to the

expression under the integral sign of equation (3.3) and is therefore

still not truly representative of a moving vehicle. No attempt has

el lift data as following thebeen made to extravolate the

previous discussion on boundary layer growth both the static ground

and moving vehicle situations are th generate similar bou

layers local to the rear axle. Mason and Sovran (27) in a similar

experiment varied the normalised boundary layer

plane and found similar trends in overall lift coeffic

increase in lift with thickening boundary layer

rear wheels. However, as their models were fitted with wheels the flow

in the gap between wheels and ground could have had a dominating

influence on the front axle lift and comparison between the results is

therefore difficult.

Ignoring the remainins discrepancy in simulation these results

suzgest that the typical wind t el test of a road vehicle, using a

static ground board, overestimates the lift coefficient by approximately

0.0% and the measured pitching moment is too positive by an amount

given by this increase in lift actine at the front axle. Assuming no

+ coefficient about a mid-

woulda increase

ker boundary la Tects comvaring

the lift develoved by a mov nd. tunnel

performed by Bear

gunnel. tests on 2
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2 on model clearance, while

same timerecorded 9.552. At th

from avproximately 0.17 on

confirmation of this

nd Paish (28 ),7ho measured

tywo cars mounted in a

tunnel

ximam rotati

in the tunnel for both vehi . Incremental lift coeffici

0.11 and 0.08 vould be ex

is relatively considerably thicker ls 75% in the bare tunnel taking
ie 4s the MIRA tunnel boundary layer

ict an

incremental lift of 0.06. This is considerably less than for one of the

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

account of scale), the technique just discussed would or

These measurements and those of the previous section suggest

a form of ground board ay improve measurements on road vehicles

The boundary layer growth unstream of the model must be reduced to

nearly zero. As this region is subject to an adverse pressure gradient

this cannot occur naturally. The suction required to remove the entire

ld have to be distributed.boundery lever is

ground board surface forward of the

ssentially flat

ramp would probably be sufficient as

t+ be critical but it would

extend approximately a model lenazth forward of the model snd the maximum

alternative wo

model. This, if

displacement surface. A

shown in Fisure 61.

depth immediately upstream of the model nose would be equal to the local

displacement thickness on:a flat ground plane in the presence of the

model. Care would have to be taken to avoid separations but this could

be monitored.

3.65 Concl

The boundary layer developing on a road as a moving vehicle

iffers negligibly

board in a wind ee 2 region upstream of the nose. This

imess fron that on a static ground

; the tunnel results

y 0.36*/zq where

asured locally

clearance.



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 measured above a static ground board

will be virtually unaffected above a height equal to the local

displacement thiclmess 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. WAKES 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 lift, 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 Wakes of three dimensional bluff bodies.

The near wake properties of a series of axisymnetric

shapes, ranging from a parachute form (c,. = 1.40 ) to an

elongated body ( Be = 0.195 ye 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 approximation

to 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 series of axisymmetric bluff bodies. The work on cones of varying

apex angle, in which the dise and semi-infinite cylinder form special

cases, showed that a universal Strouhal number could be defined for

all models. The value obta Ss 0.19 and was based on the spacing



Sforza and Mons (40) measured the mean velocity profiles in

the wake of a series of plates of varying span mounted at the leading

edge 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 defect were

apparent between the large and small objects. No turbulence measurements

were obtained.

There have been few measurements of the wakes of tall building

type structures. Yootton (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. Mair and Maull (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 power 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 frequency remained constant over the height of the body

although the peak became less pronounced near the top. ith a shear

flow superimposed , two distinct shedding frequencies became apparent.

fhe 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.

‘fhe 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 theoretical

solution for the longitudinal mean velocity deficit, based on the

usual simplifying assunptions. Reasonable agreement was found.
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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 velocity,

turbulence intensity, and axial static pressure variation. In the

second study a disc was set at incidence to the flow and 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 almost steady recirculation while the periodic effects seemed to

arise from a vortex separating at the trailing edge.

Near wake data for two elliptic bodies; one effectively

semi-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, Gy = 0.06, was tested

by Chevray (35). The near wake axial velocity and turbulence 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 separation zone gives

rise to quick establishment of self preservation.

The near wake of a semi-infinite streamwise cyli:der has been

investigated by McErlean (36), using pressure probes. Gdod agreement

between the similarity profile of mean velocity and the theory of Hall

(166) was obtained. Similarity was achieved beyond three base diameters

into the wake. This development distance would appear typical for

bodies of this sort.

Calvert (3/) studied ‘tne near wake of a spuere and found that

the Strouhal number for the wake periodicity was identical to the other

axisymmetric 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 transition was found

to modify the base flow considerably and to supress the regular shedding

of vortices.

138 )



Kee 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 lift force remeasured. This showed that the difference

in zero incidence lift was within the possible setting up error,

which was 40,1 degrees. No 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 © for the d.c. voltage and

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

B= ky (u24w2)? (4.1)wt

1

ky (u24kov24w?)?@ u

where U.V.\ 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 ky 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, WV is

139



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, but for the horizontal traverse

the distribution changes to one containing a distinct step in the profile.

Near to the body the step seems to originate approximately at the

position of peak turbulence intensity, which moves rapidly inwards.

This might 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 1N. 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 point

where the 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 Figure 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 exponents 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 be 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 mms. Nash (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

span 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/B 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 treng to

the flat plates studied by Fail, Lawford and Eyre (49).

To test for periodic effects in the wake the signal from the

hoa wire anemometer was passed through a frequency 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 results 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 n/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 streamwise displacement on the

spectrum measured on the horizontal axis of the wake is also shown

in Figure 67. Initially the spectrum has a vredominantly 125 Hz frequency

M47 /15%
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but on moving dowmstream a 60-65 Hz peak emerges. This grows

as the higher frequency 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

ffodel, 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.

4263 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 forn,

except that the turbulence intensity peak for the vortex sheet springing

from the edge nearest to the ground is greater.. As the wake moves down-

stream the position of maximum velocity deficit approaches 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, z,/% = 0.125, the vertical wake profiles at

all stations downstream of the reverse flow region are of this forn.
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At the minimum ground clearance, 2,/t = 0.03, there is no vortex

sheet at the lower edge and the flow at the trailing edge forms a

closed 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 B/E,, and e/E.. 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, %q/%<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 dowvmstream 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 wake was performed on
block 2NS, with nose and side plates, at a ground clearance ratio, Zo/t,

of 0.25. he 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

73. ‘The maximum velocity deficit,Figure 7l, is always slightly greater

than for block 2N as would be expected from the greater span, but the

exponent of the power lew 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 74.

The contours of mean velocity at the upstream station show a distortion

of the wake in the region of the body corners. 4A high degree of

symmetry is again apparent. Contours of e/E,, at the same location

show peaks at the centres of the horizontal shear layers, 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

a pitot rake mounted at x /t = 3.0 the contours of velocity shown in

Figure 75 were obtained for blocks IN, 2N and 3N at zo/t = 0.25. All

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

spanwise 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 #educed 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 46% reduction in velocity

reduced the shedding frequency by 497%. The lower shear layer gives rise

to a 90 Hz shedding frequency however, which is confirmed by an 85 Hz

measurement for the block 2NS 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.

4.2.4 Discussion

The wake immediately downstream of the rectangular blocks at

zero lift 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 simply wv /2
per unit length. This sheet has the same cross section as the body, see

Figure 78, and it moves downstream, initially, with velocity u/2.

Allowing the vortex sheet to grow for a small distance it is obvious that

being free it will become distorted by itself. In 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

downstream atclower 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)eee

Up
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where @! is the spacing between the shear layers, as given by

the peaks in the turbulence intensity, n is the frequency, and U,

is the velocity just outside the wake and is given by

a

Uq = Uli - Crp)? (4.3)

where Cpp is the uncorrected base pressure coefficient and

Ug 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 bodies which was

approxiniately 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 leyer type profile. Toa

certain extend this is illusory. Consider a two dimensional wake

flow near to ground, subject to the usual wake flow simplifications,

namely; all velocity components differ only slightly from free stream

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 stream,

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 (50), as also

shown in Figure 79, except that there is a momentum loss rather than

a gain.

No evidence was found throughout these measurements of any

flow separation at the ground apart from the lowest ground clearance
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tested, 2,/t = 0.03. This confirms the ground board pressure

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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43 Wake flow measurements

Lifting bodies

43.1 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 required 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 anemometer 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 requirement 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 include very high transverse

velocities and in general the flow ansle 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 using the Keil probe in the wake of Block 2N at 6°
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incidence and at a mean ground clearance of 25mm : gave essentially

identical results. All subsequent pressure measurements were there-

fore obtained using the rake. The pressure rake consisted of

twenty eight pitot tubes spanning spanning 0.21 m with half the tubes

spaced at 5mm. -. In the middle of the rake pitot tubes were placed 5mm

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 coefficient given by P=Poao/Po-Pao

where Po, Pgg are the local total head and static pressure recorded

at the same dowastream 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

Pear9 + zp (OPEV eWay a)

where Pg is the local static. Assuming there is small static pressure

variation across the wake the contours give a reasonable value for

’ a

( U/ Veo) . They do provide a quick and effective overall picture
of the flow and thus define regions requiring further measurements.

The hot wire anemometer was used 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.

4.3.2 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 complete 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 made 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. fo ensure symmetry a single 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 Figure 80. From

earlier force measurements it is obvious that little lift is being

generated and this is 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

lift case, a distinct off-centre maximum in the total head deficit 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 lift 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 31

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 minimum is apparent. ‘The latter was visible in the wakes

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

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

and Figure 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

y - 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 dowmstream,

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. For all ground clearances and

incidences the height of the vortex core lies within a very narrow

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

Base pressure measurements were performed on block 2N at

20/% = 0.25 for various angles of incidence. These are shovm in

Figure 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 performed, 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

8/Beo represents (U2+W2 Yeo » where W here is the circumfer-
ential flow velocity component, while in the vertical traverse it

measures U / Veo + Initial measurements, Figure 85, show the traverses

at various dowmstream 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 region increasing

with dowmstream displacement. The turbulence intensity distribution

shows that initially the vortex is masked by the bluff body but on

moving downstream 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 rolling up vortex sheet. fo investigate briefly the

effect of reducing ground clearance a single 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 regious 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 exhibiting an off

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

Outside of this is a clearly defined region of velocity deficit’ 5

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 hot wire

probe when the anemometer was placed near the outer edges of th: vortex,

as defined by the turbulence intensity region. Measurements are shown

in Figure 8i\block 2N only, mounted at 25mm. ground clearance and six
degrees incidence. Three downstream positions were investigated and at

each three spectra are 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 peak, while the inner vroduces

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 underside 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 head 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

sides as projected downstream. The spacing between the vortices remains

essentially constant, for a particular configuration, with distance fron

the 21 and moves very slightly outwards as the ground is approached.
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This is shown in the plan view of the vortex core location, Figure 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

minimum 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 minimum 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. Along 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 model 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 distinct 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.. All the other

spectra show two peaks; one at 120-125 Hz, the other between 70-80 Hz.

443.4 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 pressure

gradient exists between the centre line of the body and the side edges

which are approximately at free stream pressure. This ensures that a

eross flow arises, which, if strong enough will separate from the salient

body edges, producing a vortex that will continue to be fed from the

eross flow under the body. Dhe evidesce of the vortex paths downstream

of the blocks at incidence supports this idea. liven if no separation
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along the side edges exists, as in the case of low incidence or high

ground clearance, the trailing vortex structure arising from the

small crossflow under the body may still dominate that from the upper

body surfaces. his would not be true if there were camber on the

upper surface and for the cambered case investigated 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 stream.

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

own influence is greater 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. he situation is identical to

a line vortex approaching a right angle corner. The path, given in

most fluids! text books, (Lamb (54)) is simply

rsin2Q0=a (4.4)

where r.Q are the polar coordinates of the vortex, anda isa 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

2ra | = ie (4.5)

where [T is the vortex strength, and this velocity is plotted on the

Same graph. The vertical velocity ¥, is obtained by substituting

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

Substituting typical initial vortex positions it can be

seen 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

Nicholas (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 downstream 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

measurements. The separation is most likely to arise from the expansion

of the flow aft of the recirculation region although 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 the

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.

With 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 shown that the latter

is stable while an earlier paper showed the former mode to be unstable.

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

correlation measurements would be required to verify it.

ed Road Vehicle Wakes

Ade 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. An induced drag term was then deduced.

A similar device was later used by White and Paish (28:) in a study

of the lift forces on cars. The lift obtained from the wake

measurements was often quite different from that recorded on the force

balance under identical tunnel conditions. It was also found that

differences in the rotational speed of the paddle wheel existed

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-

stream of the model to locate the vortex cores. ‘he 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

Gistribution. 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 exhaust gases into the near wake was established.

The techniques employed for this study of road vehicle wakes

were a combination of those previously described in sections 4.2 and

4,3 and in addition a small rotating vane and a yaw probe were used.

The procedure adopted 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.

Whereas the rotating 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 Imm diameter tube was inserted along the axis of rotation

and the vane rotated about a 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 other 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 strean. After removal of the burrs the speed dropped to

60 r.pem, but difficulty was experienced in reducing 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

2mm diameter tubes vith the ends chamfered at 45°. The difference

in the two pressures, pj and Poo is a measure of the flow angularity.

Provided that the flow angles in both pitch and yaw are less than about

15° then the flow angle, Y , in the plane of the probe holes is given

by

pero (4.6)
©

where k is found from the probe calibration in a uniform stream. The

value of ? is the local total head as measured separately using the pitot

rake while the assumption of uniform static pressure, Xo 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.

‘fhe 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 probe orifices is

small, which is true in all cases to be studied, except possibly where

radial flow components are considered.
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Unless otherwise stated all the following measurements were

taken at a nominal tunnel speed of 30 n/s.

44.2 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 measurements these vehicles were mounted at the forward ground board

location. The distance from the leading edge of the ground board to the

vehicle nose was in all cases close t» 0.40 n. 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.

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 shown for six passenger car

shapes in Figures 94-99. Measurements were made at six downstrean stations
in each case extending four and a half model heights into the wake. The

wakes are presented in order of increasing lift. The estate car with

nearly zero lift shows a disturbance arising from the upper longitudinal

roof edges, which could arise from the slight negative flow angle in the

stream. As the lift increases the downwash at the centre of the wake

increases and the saloon car shows a distinct vortex pair structure. The

fastback 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.

fo represent the effect of a cross wind, three vehicle models

were set at yaw. The saloon 1 model was yawed 5,10 and 15 degrees and

pitot contours obtained at three downstream stations in each case,
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Figure 100. he 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
vortex of the unyawed model has almost disappeared at five degrees of

yaw. The lee-side vortex moves rapidly doymmwards 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
lol. The estate car wake exhibits a very pronounced vertical motion
of the lee-side vortex as it moves downstream, 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 emerges
from underneath the vehicle but its energy is soon dissipated, Asa

comparison traverses were performed in the wake of the large lorry model

which was later to be used for wake interference studies. This lorry

was relatively higher and had better underbody and wheel simulation and
the results are shown in Figure 139.

The racing car (Can-Am 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 thickness of the body ignoring the wing. Figure 103
shows the pitot pressure contour. These differ noticeably from the

saloon car wakes because the vehicle is generating considerably downforce,
At the upstream station the Separated reverse flow rezion extends to the
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round plane and this persists to the following station. On moving

downstream the wake centre moves sharply away from the ground although

the vortices do not appear to shift noticeasly. A slight asymne try

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 taped 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 wore

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 models. Asymmetry 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. he horizontal distribution of

turbulence intensity is dominated near to the base by a distinct pair

of peaks either side of the velocity minimum. ‘his feature persists

throughout the wake, the spacing between the peaks increasing with

distance domstream of the base. For 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 eround.

In the case of the saloon car model more detailed traverses

were performed at the station */ = 2.25 and from these contours of B/Bgo

and e/® have been constructed, Figure 104. The d.c. output of the

probe which is a measure of the longitudinal velocity component shows

an alnost identical set of contours to the pitot pressure results.

Note that the pitot contour 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

fe =Model - ore

Saloon 1 0.19

2 0.185

3 0.18

Estate 1 0.16

a 0.17

Pastback 1 0.23

2 0.23

3 0.23
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turbule:ce 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 downstream 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

s0 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 dowmwash 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 dommwards

fairly rapidly.

A complete set of traverses was performed for the saloon car

model at station*/t = 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 = 5% of the mean reading with

a period of approximately three seconds. Vertical traverses were made

through the maximum total head deficit point at *K = 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

approximately equal in strength but opposite in sign to that of the main

vortex. The former is evident in the pitot contours while the latter

has shown up previously in the eross flow profiles. Both disappear at

the next measuring station. Short traverses were performed at several
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stations, for all car shapes that experienced significant lift, 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 lift 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 111. At

the upstream station both cars show an upward flow immediately above the

ground plane but this feature soon disappears. The saloon car initially

shows greater downwash velocities than the fastback model but this

situation 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 lift, has

the maximum total head deficit occurring on the wake centre line.

Vertical and horizontal traverses were performed through this point using

both the hot wire anemometer and the yaw probe. The results of the

traverses with the hot wire probe at stations corresponding to those used

with the other car models are showmm in Figure 112. The separated flow

is clearly seen at the upstream station, but in comparison with the

traverses behind the rectangular blocks, the lower surface vortex sheet,

as defined by the turbulence intensity peak, is soon dissipated. Figure

113 shows the results from the yaw probe traverses. The vertical

velocities on the centre line show an anti-symmetrical flow at Xe = 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

lift 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 ths 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 upstrean stations, Figure 114,

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 dowstream 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 extends 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 boot upper surface are shown in Figure 1l7; -y and these

show that the flow has reattached well forward of the boot trailing edge.

A traverse performed immediately domstream of the boot trailing edge,

at x= 2mm , where the flow can be assumed to be parallel to the boot

rear surface, measured a vertical velocity equal to 16% of the free stream

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 4 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 reverse flow bubble, a technique previously
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employed on the rectangular blocks. These were performed

for all models and include the effect of an increase in Reynolds

number on the saloon 1 measurement. A 25% increase in Reynolds

number was found to have no influence on bubble length; a result

typical of separated flows.

Periodic effects were studied using the same 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 frequency 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 model 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 lower 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/t = 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 Hz,

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

Figure 121 for the wake of the saloon 1 nodel. When mounted nearest

to the model base the probe in the outboard position 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.

With 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 downstrean.

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 Hy In general the wake which

initially contains energy at two distinct frequencies 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 showm

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 flow 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 lift are

remarkably similar considering the differences in body geometry imned-

iately upstream of the base. fo define the region of reverse flow the

contour of zero velocity has been plotted in Figure 123 for all the car

shapes. 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
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from the hot wire anemometer, e/B. The longitudinal extent of the

bubble was defined from a single horizontal traverse in the free

stream direction through the position of maximun 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 speed.

Four of the models develop sufficient lift to produce trailing

vortices which have been detected by four different measuring techniques.

The vertical position and the lateral spacing of the vortex centres ag

defined by the maximum total head deficit from 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. ‘he

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 divergent 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 diverging 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 cownstream of a large separation region. ‘he 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 in 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. he 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 126(»), although this motion soon disappears.

To ascertain the representative nature of these ground flows,

consider Figure 125(¢), which shows the flow near to the ground due to

combined longitudinal and transverse components in road and tunnel

situations. At the ground surface, the velocity components in both

situations 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 J is the tunnel speed and ay

is the local velocity in the wake. On the road the longitudinal

velocity is Uy 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 level of the vehicle underside. As the shear

layer separating pt the vehicle base extends to the ground, and the mass

flow rate through the trailing edge gap will be small, it is reasonable
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to expect that the base recirculation region will not be significantly

different in extent 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, i, for a line vortex of strength, [, situated at

reyes 2 =Zy is given by

Es Axlytiz, ) (Aty tiw= grip, =AL In (A-(ytiz, )) (Atytiz,) (47)

(Qelyciz5) (Ory siz2,)

where g, Y » are the velocity and stream potentials respectively, while

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

k for the expression ent ona after some manipulation the result
is

Yo
anid eaeYEZEY 2) eo oa [tve2y,)-Kos-2y) | (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 boundary conditions but taking the

simple corner flow given by

Ww, = cor (49)
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CORNER FLOW
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where W,= Briv, and C is a constant, the flow conditions
at the origin and at the vortex can be ‘Satisfied, when ¥rz, only.

This corresponds to the vortex symmetrically placed in the corner,

again, and the constant, C, is given by

C = neat e Aas (4.10)
1670 yy zy

The potentials can be superimposed and the solutions for

y+ WP. = 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

will 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 becomes 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 ne a major axis 77% larger. As the vortex spacing is reduced

to (er Bt ines that investigated here, the area enclosed is considerably
reduced,

The decay of the maximum speed 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 (‘s2) and Owen (.63) and the experimental studies of Rose and

Dee ( 64), amongst others, which showed that that the maximum circumferential
velocity due to the vortex varied with the inverse root of time. ‘The

peak dowmwash is plotted for the saloon 1 and the fastback 2. models on

the same curve. This shows 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 velocity deficit in the vorted is plotted in Figure 129,
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and this shows that for all lifting models the decay is proportional

to the downstream distance raised to the power of -2/35 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.

Figure 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 (29. 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 lift

distribution on the vehicle. From the work of Widnall and Barrows ( 64)

it is known that the lift distribution on a wing approaches a

parabolic form as the ground clearance becomes small. However this does

still 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 lifting

car shapes show a frequency peak at around 75 Hz which, with a base

separation height reduced by 45%, represents a slightly lower Strouhal

number. 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 lift. It can be seen in Figure 131 that the frequency increases

approximately proportional to lift. This dependence on the lift Suggests

that a helical trailing vortex exists as a vortex ring structure should

show no dependence on lift, 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 the vortex strength. The

coexistence of a ring and helical vortex structure, which is implied

by the two frequency peaks is difficult to explain. In relating

the periodic measurements to full size road vehicles, the Strouhal

number remains invariant, and so at 40 m/s1 a vehicle ten times

larger would have a frequency 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.

4e5e Conclusions

No dramatic effects due to ground proximity are evident for

the wakes of non-lifting bodies, except 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 distinct 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 notion

is purely horizontal. The vortex development is similar to that above

low aspect ratio 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 vericles that develop lift forces show an intermediate

state , where both transverse and vertical velocities of the vortex core

are apparent. Phis vortex is nothing more than a distortion of the

vortex sheet that separates at the vehicle trailing edge. Very narrow

vortex spacing is apparent.

A road veiicle at 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 ) 2/3 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

lift dependent,
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OF WAKE5. THE INFLI SON DRIVING CONDITIONS

5el Introduction

The wake flow results from the fact that air is a real

fluid. This implies the existence of drag forces which naturally

consume power. 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. Pinally certain other aerodynamic

characteristics of road vehicles directly attributable to the effects

of a wake flow are briefly considered.

5 2 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 ts 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. rom 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. Although 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 a

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 joining the boot trailing edge to the

roof aration 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. fhe limiting
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angle is therefore between 56°, representing the saloon 3 model, for
which the flow at the boot traili: edge is definitely reversed, and

62°, 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 lift occurs on fastback models when the backlight angle

is between 55° and 60° and they suggest 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

deeply 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 132. It is

interesting to note that the backlight angle on the original car is

approximately 45° which is sub critical, while after modification the

effective angle is 60° ana just above the limiting angle. This is a

useful confirmation of the flow results.

5.3 Forces on a car in proximity to a lorry

SAsek Preliminary comments

The aerodynamic characteristics of road vehicles have almost

invariably been determined for the vehicle in isolation. The real vehicle

however, is very rarely out of the presence of other road users, and a

considerable part of driving time is ent in passing, or being overtaken

by, other vehicles. When the manoeuvre 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 tunnel tests to determine

the aerodynamic forces on various cars immersed in the wake of a lorry.

It became clear that the maximum load cheMges occurred outside of the

wake region so the work was extended to cover the general 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 research 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 ( 67) studied all force and moment

components on a car carrying out one fixed overtaking path relative to

aay ne both Thofeis, ana ‘nes faasd Be be Gonsi enapte saveettee tea
while large changes in pitching moment and lift 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 combination. 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 Brown

(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.

53-2 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 adequate 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

inerease 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 +265 and are shown in Figure 11, along with
\
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the car models.

The influence of Reynolds number on the drag force experienced

by the three car and 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 show 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 jisturbance, 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 peaks 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. All drag

curves exhibit a small disturbance near to one car length downstream of

the lorry base. This is probably the region of closure for the reverse

flow bubble at the lorry base. All the car models except the fastback,

experience a thrust when very close to the lorry trailing edge. A check

on repeatability 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 (Ac, +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 dowmstream of the lorry. hen the car is

upstream of the lorry, Figure 138, the lift variation is similar to that

in free stream, but the car in the lorry wake has considerably reduced

sensitivity to incidence.

5.5.5 Discussion

In order to assess the flow field in ch the car is immersed

a few measurements of wake properties were wade downstream of the short

lorry model. Pitot pressure contours 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 edges 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 apyroximately with the turbulence intensity peak of the

horizontal traverse while the wake is not noticeable at the outboard

station.

The static wind tunnel simulation e oyed here is obviously

only representative 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 vehicle speeds. his assumes that the lateral force changes

arise solely from a superimposed cross flow. 4n interesting point made

in that paper was that given this simplification 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.

With 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 quasi-static; the lateral loads are

approximately proportional to the local cross wind angle. For a rise time

less than half this an increasing 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(U,-J,)

where the suffices c,l, refer to the car and lorry velocities respectively.

car lengths

The overtaking speed is therefore limited to 10% of the car speed.

As the lateral spacing between 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 system. The vertical forces are not periodic

but the lateral loads vary in a highly periodic manner when the vehicles

are close together. The wavelength a My of this disturbance is

approximately twice the car length, so the input frequency, , to a

passing car will be

Doe
wo =—— 

(5.1)
aN

where U, and 0, are the speeds of the two vehicles. Typically

the natural frequency, Wy 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, about 6 Hz. The steady state representation is

therefore invalid when

Ut, = aa (5.2)

ie the overtaking speed is 1565 n/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 dowmstream and vertically to infinity. The car itself was



removed 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 show in

Figure 141. The theorem of Schwarz-Christoffel can be used to

transform the surface of the step, representing the plane of symnetry

and the lorry surface, in the z-plane to the real axis of the §-plane.

Milne-Thomson (72) has shown that a convenient solution can be

obtained using a uniformising variable, t', where

§ = cosh +! (5.3)

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

2 == ( t'+ sinh t' ) = xtiy (5.4)

T cosh tt = utiv (5.5)

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 PF and R respectively

the side force coefficient cy and the yawing moment coefficient co

are given by

tan ton Br tanG ay core Snir (5,6)oS i, cos*B a+ {oo

&Cy) tanh, dscy, tanZG,
aN “(a conan (See tos" Be 6.7)

where - is the flow angle.

504.



—theoretical experimental

D

Cn @ 1:39
Oo 264

SOE

FIG,14] REPRESENTATION OF LORRY as

BY _2-D_ STEP FIG.I42 COMPARISON BETWEEN THEORY & EXPERIMENT

SALOON



The theoretical curves for 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.

SUA. Interference effects between racing cars

A class of vehicle, which has show 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 measurement of the effects of vehicle proximity a

similar model to that constructed for the wake measurements was made.

No 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 lift force

data, both models experienced a slight nose up pitching moment and

substantial downforce

Measurements of lift and drag force, and pitching moment

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

model, and a few additional lateral positions were investigated. vhe

incremental coefficients are presented in Figure 143. hen approached

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 lift coefficient increases by 1.8, which

represents a force of 8.0 kil at 62 m/s (150 m.p.h). ‘his force is

comparable to the all up weight of a typical Can-Am car. The lift

increase is accompanied by a similarly dramatic rise in pitching

moment so that all the lift is generated at the front axle. This

represents a highly unstable situation. The present generation of

wide bodied Formula 1 cars would be subject to load changes of a

similar magnitude.
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The lift 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 slopes 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%

5.5 Additional wake induced problems

A problem often encountered by fastback vehicles 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 lift force when at zero yaw, Carr (73.). Janssen

and Hucho (14)ave 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 show in Figure 146. While most vehicles, including

all the fastback models, show only a slow variation with yaw, the saloon

3 model experiences a sudden rise in lift 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

inerease 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 spoiler 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 accunulation of dirt on the

backlight, in bad weather, is the obscuring of rear lights, which creates

a hazard because the reduction in light intensity 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



because the lights are invariably enclosed in the recirculation bubble.

Goetz (74) has show 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 being 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 Figurel47. Here the lights are mounted at the vehicles sides but

sufficiently forward of the trailing edge that there is no communication

between the reverse flow regions arising at the light itself and the

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

The driver immersed in a wake in bad weather already has a

visibility problem because of spray being throw 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).

fhe 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. In 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 appears 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 lift in the case of a passenger car. A more pronounced vortical

structure is therefore generated which enables the spray to persist even

further downstream. fhe fitting of mud flaps to cars is no solution as

it increases the size of the reverse flow region and being close to the

ground probably encourages spray into the main wake.

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

experienced inside a downstream 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 m/s 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 lift force and pitching moment can be experienced especially when

lateral changes in position occur.

From the design 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. this simultaneously reduces the

vehicle sensitivity to cross winds. A design for limiting the dirt

accumulation 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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6. CONCLUSIONS

The wake characteristics of road vehicles and of basic

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 ones

found to be significant for bodies near to ground 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 lift 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 an

analysis of the equations of vehicle motion and certain racing car

designs were show 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 profile as

measured in the absence of the model. Little evidence of ground board

separations were found. Por these bodies, developing small lift forees,

the limiting ground clearance is given by the ground board boundary

layer displacement thickness at the model trail ag edge position.

The rectangular blocks set at zero lift incidenc

interesting three dimensional effects, which can be explained by

315



considering the longitudinal vorticity generated downstream of the

trailing edge. On approaching the ground the initially Gaussian wake

profiles adopt an increasingly 'boundary layer' appearance. This can

be related to the interference of the mirror image wake.

The lifting bodies develop totally different wake forms

dependent on whether the lift 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 mamer 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 lift, 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 stream and ground proximity. Higher frequencies

were apparent near the tips of the blocks but these decayed on moving downstream.

The cars that generate noticeable trailing vortices showed two distinct

316



frequency peaks one of which was strongly lift dependent while the other

wes 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.

fo limit visibility problems a few suggestions for vehicle

design have been made. From measurements of the recirculation bubble

it has been found that a mininum effective backlight slope' of 60°

is required to stop the accumulation of dirt on the screen. This also

reduces the sensitivity of rear wheel lift 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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IX A

OF GROUND VEHICLE AWRODYNAMICS,

A.1l_ Introduction

Over the past eighty years of investigation

into the aerodynamics 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

work 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 Aerodynamics

Sarly 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 TI. 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 reductien 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, has 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 vehicle motion arising from

entering a sust has been examined experimentally by Lay
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and Lett (85), and Bundorf, Pollock and Hardin (86) ,using
full size vehicles 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 influence
of a velocity gradient on the lateral characteristics oft
typical road vehicles has been investigated by Maccabee (91).

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. The 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 lift and

pitching moment, Morelli (97), and also the lateral deriv-
atives, Larrabee (16) and Hucho and immelmann Fa, A.

more sophisticated method for predicting the loading

Places a distribution of vortex loops over the entire body
surface, Stafford (17). Encouraging results have been

obtained,

Apart from a few early wind tunnel experiments
on the drag of commercial vehicles, Schlichting (98),

Flynn and Kyropouloes (99), this aspect of road vehicle

aerodynamics has been largely ignored until recently, <A

number of devices have appeared which aim to reduce the

aerodynamic resistance. ‘These either modify the flow
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over the cab roof or deflect the flow around the sharp

leading edges of the truck body; Kirsch, Garg and

Bettes (100).

The influence of pitch angle on the aerodynanic

characteristics of road vehicles has been considered in

Chapter 2, while in Chapter 5 the interference effects

between road vehicles in close proximity were investigated,

A.3_ Racing Cars and Land Speed Record Vehicles

Designers of racing cars have fora long time

recognised the need for aerodynamic research, For

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 aerodynamic 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 applying 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 lift reduction,

Pothoff (19), Scibor-Rylski (105), Jim Clark Foundation (106),

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 aerodynamic drag,

The importance of drag reduction for land speed
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record cars has always been obvious, In 1929 Irving's

Sunbeam Golden Arrow was the first such car to be wind

tunnel tested (Irving (111)). More recently the drag

coefficient has been lowered to 0.12 for both N.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 lift 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 mp.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-4 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 attempis

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 tracks and the forces

on trackside objects immersed in the wake flow have also

been considered (Hara et al (117).

Theoretical estimates of the loading on train-

like bodies have been made by Morrow and Maccabee (419),
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the method requiring a distribution of source-sinks

over the entire body surface,

As5

Machines

developing tracked high speed ground vehicles for operating

in the speed range 400-500 km/h, and utilising a variety

of suspension systems. While the attention has switched

from the hover vehicles to magnetically supported 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 systoms are the

tracked ram wing designs which utilise aerodynamic lift

for support and stability, Barrows (121). ‘Theoretical

estimates for the lift 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 C25). Ram wing vehicles have been experim-

entally investigated by Kumar (126), Ando (127), Gallington,

Miller and Smith (128) while numerous authors have obtaincd

theoretical characteristics; Ando (129), Ashill (130),

Widnall and Barrows (131).

An extensive literature is available on the

effect of ground on the lift 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 ground 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 Fink and Lastinger (136) using 22% thick wings.

Whereas previous investigations had measured &round effect

with the wing clearance similar to that for a landing

aircraft, this investigation studied very low ground

clearances, Little change in zero incidence lift due to

height variation was observed but there was considerable

effect on the lift curve slope. All the wings exhibited

height stability at positive incidence. Carter (137)

performed tests on a unity aspect ratio wing having similar

section, and found iarge improvements in lift to drag ratio

attributable to the fitting of endplates, Little influence

of sround 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 lift and drag measurements for a wing of

aspect ratio 6. Differences only became apparent at very

low ground clearances or at high incidence, Similar

conparisons have been made for VSTOL aircraft models;

Turner (141) and later South (142) deriving a limiting

value of lift, dependent on geometry, above which a moving

Ground is essential,

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 ain

length to height ratio, width to height ratio, and edge

radiusing, on side force and ya ng moment, were studisd,
“ith coefficients based on 

1 the lateral charact-

eristics were found to be identical fora 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 yawing moment. At

a fixed length ratio the side force coefficient increased

with increasing width to height ratio at yaw angles

below 0. radians but above this yaw 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

long 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 dimensions

while varying the edge radius, ground clearance and nose

shape. Drag forces were dramatically reduced by small

edge radiusing; a radius of 10% of the body height was

sufficient to give a drag reduction of 75% when compared

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. Fitting 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 lift variation with

yaw 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. ne

drag results were a striking confirmation of the conclusion

of Lay (145) that the lowest vehicle drag coefficient can

be obtained on a simple rectangular shape with radiused

edges, and that in addition this geometry gives highly

dosirable yaw characteristics for ali other forces and

moments.
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GROUND SIMULATION = THE ALTERNATIV{

Bel _ Alternative Ground Representations

A variety of techniques have been employed 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 boundary conditions on the

surface of the ground are incorrect. For 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 develops 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 applying sufficient

suction through a slot in the floor just upstream of the

can also be reduced
model. The boundary layer thickness

by use of a 'scraper' (Dunsby, Wardlaw and Marsden (146) )
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(a) FIXED PLATE

(b) MIRROR IMAGE

(c) MOVING GROUND

FIG.| BASIC GROUND SIMULATION TECHNIQUES
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consisting of two 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 vehicle 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 vehicle, 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 has been developed by Butler,

Moy, Pound (148} but is, however, subject to a number of

disadvantages, which tend to preclude its use. They are

costly to manufacture and install, and the running procedure

because of the to continucusly maintain

equal belt and tunnel spee i 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 removed by suction.

Sucticn, additionally, has to be applied to the underside

of the moving belt to reduce its lift. 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

either be connected to another moving vehicle, Smith (150),

or run on a long straight track, Curtiss and Putman (152).

B » Compa

A number of authors have performed experiments

using identical models but over differing simulations of

the ground, 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 carlier, Lay (145) had performed a

number 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 coefficient,

An investigation of flow patterns around two dimensional

car shapes was made by Cno (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 case, Schmid (155) carried ont drag measurements in

a series of wind tunnel experiments using most of the

methods discussed in B,1 and including the moving ground

approach which had been developed by Klemin (156). The

discrepancy between fixed and moving ground methods was
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found to vary from 0.8% to 12% depending on model geometry.

Pull scale measurements of lift 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 lift 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 10%

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 expended, Turner (81) performed a

similar comparative test using a single car model. A

difference was found in lift force only and even this was

considerably less than the lift variation due to yaw. To

determine the effect of the enlarged boundary layer over

the stationary belt, the moving ground was run at differmt

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 simi size, and it was found that to generate

the comparable boundary layer thickness the belt had to be

run at 35% of wind speed, total lift variation betwem

this speed and full speed reduced by 60%. These



results were extended by Beauvais, Tignor and Turner (26)

who measured lift and drag forces on a similar full scale

vehicle on the road, The suprising result was that the

moving ground data seriously underestimated both lift (24.5%)

and drag (5.6%) whereas the error from fixed ground plane

tests amounted to 3.3% and 2.4% respectively. Ontani,

Takei and Sakamoto (157) have similarly compared full

scale and tunnel data on lift and drag forces. Complete

agreement was found between full scale vehicles on the

road and in the tunnel, while quarter scale model measure-

ments underestimated drag by 10%,

Rarly 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% highey 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. Jn wind tunnel tests on a tracked air

eushion vehicle, Tracked Hovercraft Ltd. (22) found that

both lift 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 lift and lateral derivatives as well

as more negative pitching moment. Stopping the moving

ground belt was fiound to reduce the lift 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. in an investigation of the ground effect

on the pressure distribution over a two-dimensional wing

Bagley (135) measured boundary layer thickness on the

ground under the leading and trailing edges of the wing

and hence deduced a correction for incidence. Unpublished
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work by Smith and others at RAE Farnborough, reported

by Rast (24) demonstrated substantial increases in lift

when the extension of the static ground board leading

edge forward of a delta wing model was reduced. TEast

found that variation of boundary layer thickness on the

ground board strongly influenced the lift force, the

effect being most noticable on low aspect ratio wings.

A correction factor was devised, dependent only on the

boundary layer thickness in the absence of the model.

Turner (141) has compared lift 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 lift 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 to the

ground simulation problem is also the best,



WARK _OF 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 axisymmetric

bodies and plates, However, as early as 1912, photographs

taken by Eden (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 dise broke away at reguiar intervals, Stanton and

Marshall (164) in a more carefully controlled experiment

using circular discs in a water tank found that the wake

was comprised 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 poor 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-edged flat plates set at incidence to

the airstream. The near wake is taken to mear 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 piteot and

static probe measurements. This showed the reverse flow

rerion to be almost identical in shane and extent for

triangular, circular and rectangular plates. Static
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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 axisymmetric

outer wake, becoming increasingly square in shape as the

centre is approached, An interesting feature is the

rotation of the planes of symmetry through K/h radians,

A similar effect is noticable in the contours of turbulence

intensity. Measurements were taken from a hot wire

anemometer with the wire aligned normal to the free stream

direction. On reducing the angle of the plate below 50°

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 periodic. 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. Further work by Fail, Lawford and

Eyre (49) extended the earlier measurements on periodicity

in the wake flow behind rectangular plates, relating the

results to two-dimensional flows, Base pressure increased

on reducing aspect ratio while drag reduced, the aspect

ratio being the ratic of width to height of the plate,

The bubble length as a ratio of the smaller plate dimension

was found to be a maximum for an aspect ratio of ten,

while the square and infinite aspect ratio plates were

almost identical, The Strouhal number based on the same

dimension and the free stream velocity was found to be

almost constant,
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It was shown by Billerbeck (168) that the data

of Cooper and Lutzky for the rate of growth of the wake

width could be fitted to 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. Experimental work by Kuo

and Baldwin (47) on the far wake structure of elliptical

plates, however, found that the wake rotated through a

rifht 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 earlier 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 took place within three

diameters; that is the region of the recirculation

bubble. Hwang 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 P)P, = pressures in two hole probe

lift coefficient (based on frontal area) P e total hesaareenure

r.m.s. voltage R, = reynolds number

turbulent energy within bandwidth s = ilasie Peeaaaee

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 8 = yaw angle

constant 8% = boundary later displacement thickness
(Sw)? p = density
e! ¥ = flow angularity
we

CS = free stream

* Now Research Fellow, Magnetic Levitation Project, Department of Engineering,
University of Warwick, Coventry, England.
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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 two vehicles. These results 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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ep

Cs

Cy

Qmeas

Es

ey

ue =e ee
1 ,Ko

NOMENCLATURE

ee Drag coefficient
Side Force

Q.F

ieeng foment Yawing moment coefficient

effective dynamic head. = Qmeas (1+€)

Side force coefficient

measured dynamic head

blockage correction = Es + Ey

Solid blockage

wake blockage

Frontal area

eecokcins Model Frontal area

Working section area

Nose to nose distance (+ve car forward)

Length of car model

Wheelbase of car model

Yaw angle

Velocity

lateral spacing ( € car to € lorry )

Width of car model

Constants
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WAKE PROPERTIES OF A SALOON CAR

d. 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

either 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 VW R.m.s. velocity in X, Y, Z direction.

e" Boundary layer displacement thickness.

x Distance from ground board leading edge.

Re Reynolds number.
& Lift coefficient (based on frontal area).

Density.

Total head pressure.

Static pressure.

Flow angularity.

Yaw angle.

Constant.

Pressures in two hole probe.

D.C. voltage.

R.m.s. voltage.

Vehicle height.

Vehicle width.oremyp xr ee nwco ss
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THE INFLUENCE OF PITCH ON THE LIFT CHARACTERISTICS

OF TYPICAL ROAD VEHICLES

J. HOWELL

Departuent 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 and has naturally received considerable attention,

Less interest has been shown in the effects of changes in pitch angle,

which occur for a number of r

formed on a variety of vehicle shapes to determine the effects of pitch and

ons. Wind tunnel tests have been per-

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 aluost independent.

Momencleture

c Lift coefficient (based on frontal area)

ed Front wheel lift coefficient

Cp Rear wheel lift coefficient

Gq Lift coefficient at a = 0, wheels on
0

a; Lift coefficient at a, wheels off

c Drag coefficient

a Angle of incidence

8 Angle of yaw
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The aerodynamics of the

IBEC Club Formula 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 Ian Bracey (Managing Director

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 but 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

Vi air velocity
P = air density

p = air density

v ==. air kinematic viscosity

Q = 4pV? total head

Ch L +QA

Co D+QA

Cx M + QAW

Cr = F +QA

May & June 1976

A model frontal area

WwW model wheelbase
D model overall length

A increase over basic case

x incidence angle

B wheel fairing angle

Re = Reynolds number = VD+v

Subscripts

Wing wing (front or rear)

Body body

Ey front
R rear
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