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The problems associated with modelling the wheel
flow in the wind tunnel are discussed and it is shown that
rotation of the wheel and contact between the wheel and floor

are both necessary if the simulation is to include the impor-

tant features of the flow.

Six wheels (three different widths times two different
edge profiles) were tested in the wind tunnel, using a moving
floor rig , The drag and 1lift of the wheels, obtained by
integrating surface pressure measurements, were found to
increase with width, but a drag coefficient based on an area
given by multiplying the tread width in contact with the ground
times the diameter, remains fairly constant, Of the two edge

shapes, the sharper edged wheels had the better aerodynamioc

characteristics.

The rotation of the wheel is shown to produce high
pressures near the ground and a forward movement of separation
from the top of the wheel, Tyre tread patterns, simulated by
grooves in the wheel's surface, were found to decrease the
1ift of the wheel,but to have little effect on the drag,because

of the localised nature of the changes they produced,



The special features associated with the rotation
of the wheel and the presence of the ground are discussed in
detail, and some theoretical models are used to examine these
features, A free streamline solution for a cylinder on the

ground is derived and compared with experimental results,
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(1) INTRODUCTION

Although there have been many investigations into
the aerodynamics of cars in recent years, both of specific
vehicles and of more generalized shapes,‘(e.g. see City
University (1969)),the flow field associated with the wheels
has received very little attention; mainly due to the difficult-
ies in obtaining an adequate simulation of this complex flow,
Yet, in many cases where aerodynamic design is important,the
wheels can play an important role in the behaviour of the
vehicle, The extreme example is the "Grand Prix" racing car,
which travels at high speeds with totally exposed wheels and,
because the body is relatively well "streamlined", these pro=
duce the dominant effects on the drag force and also greatly
influence the 1lift characteristics, It is therefore desirable
to have some understanding of the wheel's flow field,in order
to develop realistic simulation techniques for wind tunnel
testing of vehicles, where having rotating wheels in contact
with the ground is not always feasible, This understanding may
also help in dealing with the entrainment and dispersal of
spray by wheels on a wet road, which can form a hazard to

following vehicles,

We can expect the aerodynamic effects on an auto=

mobile wheel to be influenced by the following factors; the



wheel is a bluff body and, in particular, is basically a
circular cylinder of low aspect ratio; it is rotating; and

it is on the ground, We shall therefore need to consider all
these factors in attempting to understand the aerodynamics of
the wheel, In the following sections a review of relevant work
on the above effects will be presented, First, by considering
aspects of flow common to all bluff bodies, then by looking in
detail at the two dimensional flow past circular cylinders ,

followed by a consideration of the effects of lowering aspect

ratio, of rotation, and of the ground on these flows,

(1.1) Features of bluff body flows .

A Dbluff body can be defined as a body of any shape,
which experiences complete boundary layer separation before
the trailing edge due to the large adverse pfessure gradient
set up over that part of the body behind the position of ma=
ximum thickness, This pressure graéient decelerates the slow
moving fluid within the boundary layer near to the surface
and eventually causes a reversed flow and hence séparation
(Fié.(1-1». Bearman (1972) has given a description of the pre=-
sent knowledge regarding the behaviour of the separated flow,.
After separating, the shear layers entrain fluid from within
the separated region, lowering tﬁe pressure within this re-
gion and hence causing themselves to curve inwards, When the
shear layers meet, fluid is returned to the base region to

balance that removed by entrainment, The downstream position



of this meeting point is stabilised by, and depends on, the
entrainment of fluid from the base region, Thus, in the mean,

we have the flow configuration shown in Fig,(1-1).

The vast difference between this flow and the fully
attached potential model of the flow leads to corresponding
changes in the pressure acting on the body. In particular,the
pressure over the rear of the body does not attain the stagna-
tion value but is usually constant and negative within the se-
parated region, thus leading to a large pressure drag on the
body. Typical results forbluff body flows, including the re-
circulating bubble, can be found in the work of Fail,Lawford
and Eyre (1959), who studied the wakes of flat plates normal

to the free stream,

So far we have described only the mean flow about
the body., In practice, except at very low Reynolds numbers,
the detached shear layers are unstable, create highly un-
steady flow downstream of the body and have a ten&ency to
roll up into discrete vortices, The latter is especially true
of high aspect ratio bodies, In fact, in two dimensional flow,
at most Reynolds nvmbers, it is the entrainment of fluid from
the base region by the formation of discrete vortices, that
dominates the wake mechanics (see Gerrard (19665% whereas in
three dimensional flow, although discrete vortices are formed
(e.g. see Fail, Lawford and Eyre (1959)), they are relatively

weak and entrainment is mainly by the shear layers,



However, om a bluff body with finite curvature the
attached boundary layer can have as important an effect on
the wake mechanics as the free shear layer interaction, in
particular , in establishing the Reynolds number dependence
of the flow., Thus a study of the two dimensional flow about
a circular cylinder can be expected to yield information re-

levant to the three dimensional flow about a wheel,

(1.2) Flow about circular cylinders

Morkovin (1964) has given an excellent review of
the flow features of circular cylinders, giving many re=
ferences on the work carried out in this field up to 1964,
For our purposes, the important point to emerge from this
work is that the flow exhibits distinct flow regimes depend-
ent on Reynolds number, Fig, (1-2). It is the higher Reynolds
number which are of interest in the present study; for auto-
mobile wheels,it will normally be around 105-106, spanning

the subcritical, critical and postcritical regions and at

very high speeds entering the transcritical region,

The factor governing the flow alterations at these
higher Reynolds numbers, is the variation in the position of
transition to turbulence within the shear layers, The Von
Karman vortex street at Re, <150-300 is set up by a purely
laminar instability of the two shear layers due to mutual

interaction (sce Abernathy and Kronauer (1962)). At Reynolds



numnbers above 300, transition occurs in the separated shear

layers which then roll up to form turbulent vortices (Sub-
critical Regime), However, this does not alter the basic vartex
wake structure, the cylinder still s;ffering fluctuating 1lirft,
due to the alternate shedding of vortices,and the Strouhal

number (f d/Uy ) remains fairly constant throughout the

range.

The point of transition to turbulence moves up-
stream with increasing Reynolds number and at the same time

the individual shear layers can undergo local laminar instabil-

ities ahead of the turbulence, When these instabilities reach

the surface of the cylinder, they can radically alter the

flow producing a closed separation bubble (Critical Regime).

As the Reynolds number increases further, the separation
bubbles disappear and the boundary layers become fully ture

bulent before separation (Supercritical Regime),

In the critical and supercritical regimes, the
separation line is highly three dimensional, being affected
by local transitions to turbulence, This réndom three-dimen-
sionality destroys the regular shedding of vortices by greatly
decreasing any spanwise

correlation of the vortex shedding

(i.e. reduces correlation length). However, once the transition



to turbulence within the boundary layer occurs sufficiently
far upstream of the separation position to prevent local tran-
sitions affecting the separation line, regular vortex shedding
recommences., (Transcritical Regime), The boundary layers then
separate in a fully turbulent state, but the separation position
occurs at about the same angular position across the span of

the cylinder, restoring the two dimensionality of the flow,

The effect of the above changes in the flow on the
mean pressure distribution around the cylinder is shown in
Fig,. (1-3). In those regimes, with regular vortex shedding,

the pressures fluctuate producing an oscillatingﬂlifgﬁforce.

<

e 2 TEER,
The 6ffect on the drag coefficient is shown, in Fig-“(ljhi§
Y ’ : Le

I,

Note that the flow around sharp edged objécts.is not sqégﬁg-
ceptibile to Reynolds number changes, because""‘t:h‘;é;gharp edges
maintain straight separation lines, which are little affected

by transitions to turbulence,

(1.3) Lower Aspect Ratio Bodies

In deciding how much of the above is relevant to
the flow around the wheel, we must take into account that
the wheel has an aspect ratio (width/diameter) of less than
oné. The effect of aspect ratio on the drag coefficients of
the circular cylinder and flat plate is given in Fig.(1-5).
The variation of the three curves between AR= 1 and 10 is

very similar, tho dag ratio increasing fairly slowly. Above



10 the drag of the flat plate appears to increase more rapidly
than that of the cylinder. Fail, Lawford and Eyre (1959) give
detailed results for the effects of aspect ratio on flat plates
and in view of the above similarity in drag behaviour, these
may have some relevance to the circular cylinder, It was
found that the base pressure became more negative with in-
creasing aspect ratio, as might be expected since there is
always a close correspondence in the behaviour of the nega-
tive base pressure and the drag of bluff bodies. The recir-
culating bubble length divided by the square root of the
Plate area decreases with aspect ratio, although the same
length divided by the chord increases to a maximum at AR=10
before decreasing. Sharply defined shedding frequencies were
detected down to an aspect ratio of ,5 and the Strouhal num-
ber based on the chord varied slightly, having a minimum at
AR = 10, This vortex shedding will not play as dominant a
part in the wake mechanics as in two dimensional flow, how=

ever, as mentioned previously,

The above results cannot tell us whether the Reyndlds
number dependence of the circular cylinder, associated with
transition to turbulence, still continues at lower aspect
ratios, We might suspect that it does since this is basically
a curved surface phenomenon; the downstream movement of the
separation position with transition is due to the turbulent
boundary layer being more efficient at obtaining energy from
the free stream and so able to sustain a greater adverse
pressure gradient, To examine this we can turn to results

for the flow pastspheres (which do bear some resemblance to



our round edged wheels)., Fig.(1-4) shows the variation of
drag coefficient with Reynolds number given by Schlichting
(1968), and FFig. (1-6) the variation in pressure distribution
found by Fage (1937). The great similarity between these fie-
gures and the corresponding ones for the circular cylinder
suggests that the same processes are taking place, including
the formation of local separation bubbles and the transition

to turbulence.,

Both cylinder and sphere are very susceptible to
small disturbances when in the critical regime., Such agents
as free stream turbulence, support interference and trip wires
can promote an earlier transition to furbulence, with a corres=
ponding change in the pressure distribution and drag.(For
example see the photographs of Weisselberger (1914) in
Schlichting (1968) for the effect of a trip wire on the flow
around a sphere), Because of this there is much scatter in
the data from different experiments in this range of Reynolds
number depending on how adequately the above agents have

been eliminated,

The effect of surface roughness on both is also si=
milar (ref., Goldstein (1938),vol.2) . With increase in rough=-
ness the fall in drag occurs at a lower Reynolds number and
is of smaller extent, When the roughness is very coarse, the
critical drop in CD tends to disappear and the drag to become
independent of Reynolds number, From our discussion of the
circular cylinder flow we see that, bocause the coarse sur=

face is provoking an early transition, the critical and



supercritical regimes are being supressed and the transcritical
regime encouraged, These effects may be significant when
considering the flow over a treaded tyre, which may exhibit
characteristics of the transcritical regime at Reynolds num=-

bers lower than would be necessary for a smooth wheel,

However, the wheels used in the experiments described
herein are smooth, as are the tyres used on racing cars, so
it becomes very necessary to choose the Reynolds number to
at least fall within the same flow regime as that of the real
flow that we wish to model., An average racing car wheei of 20"
dia., has a Reynolds number of 5 x 105 at 30 m.p.h, and 2.5 x
106 at 150 m,p.h, both of which are in the supercritical range.

A choice of Reynolds number within this range would therefore

seem to cover most real situations of interest,

(1.4) Rotating Bodies

Apart from any direct applicability to the wheel, it
is desirable to have an understanding of the flow around cir-
cular cylinder and spheres because these shapes have featured
in all experiments on the effects of rotating bluff bodies,
Simple potential theory yields a solution for flow past a
rotating cylinder, which indicates a 1ift force on the cylin=-
der'proportional to the circulation about the cylinder, Most
of the early experimental work on rotating cylinderswas res-
tricted to measuring the 1ift and drag forces in order to com=
pare the performance with that of aerofoil sections, When it

was found that the aerofoils were generally more efficient for
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aircraft application, (having 1less drag for a given 1ift)
interest inrotating cylinderswaned., There is, therefore, a‘
fair amount of data on the forces experienced by the cylinder
but little regarding those details of the flow field which
might be of use in understanding the wheel flow, In fact the
only work containing detailed measurements in te external
flow field is that of Thom (1931), whilst Prandtl and Tietjens
(1934) have photographed the flow at various values of v/Uoo,

the ratio of the circumferential velocity to the free stream

velocity.

Thom's work was mainly at a Reynolds number of
2x10h and that of Prandtl would appear to be at a much lower
number, That the flow is still sensitive to Reynolds number
is shown in TFigs,. (1-7) and (1-8), where the 1lift and drag
coefficients are plotted against v/Ugyand the variation with
Reynolds number indicated, The 1lift curves incorparate the
results of several experiments and yetthe results agree
fairly well overthe rnange of v/Ua>shown. However, only one
set of results has been used for the drag curves, as the
value of the drag of even the stationary cylinder varies
coﬂsiderably between investigators,seeming to depend on the
aspect ratio used., The variation of the drag with v/Ugy is
similar in all cases,however,although the absolute values
are different, At higher values of v/U“,than are shown there
is considerable difference in the results of different expe-
riments in both 1ift and drag. The range of aspect ratio
covered by these rosults is quite extensive and it is douﬁt-

ful if even approximate two dimensional flow would have been
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achieved in many cases so that end effects would be important.
For example the results of Griffiths and Ma (1969) given in
Fig (1—8) were obtained with a cylinder of aspect ratio of
only 2 and although end plates were fitted the CD of *8 for

the stationary case is lower than would be expected for two
dimensional flow at the Reynolds number indicated, Because

of these discrepancies and also because the detailed results
near the critical range will be influenced by the conditions
of the various experiments only broad trends with Reynolds

number are indicated in Figs, (1-7) and (1-8),

To see what effect a lower aspect ratio will have
on the above results we can compare tham with some results
obtained for rotating spheres, The 1ift and drag coefficients
for spheres are presented on Fig, (1-9), together with the
results of Reid (1924) for a cylinder. The results of Davies
(1949) are for smooth and dimpled golf balls, which were set
spinning at a constant rotational speed and then allowed to
fall through an air stream, the forces being obtained from
measurements of the trajectory. The results of Maccoll (192é)

were obtained using a conventional balance arrangement,

Davies!' method avoided complications due to support
interference,but was subject to other errors, principally the
fact that the ball has an appreciable velocity downwind near
the end of its trajectory and was also influenced by the
walls of the tunnel, Despite these differences the variation
in the coecfficioents with v/Ugp is of a similar form for all

smooth sphores, although the drag coefficient found by Maccoll
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for v/Ugp= O seems a little high. The cylinder also shows

a similar but more extreme variation,

An interesting feature of both cylinder and sphere
flows is the negative lift,(opposite to that indicated by
potential theory),which is obtained at Reynolds numbers
approaching the critical number and at small values of v/Um o
Griffiths and Ma (1969) suggest that for the cylinder this
is due to the upstream moving surface provoking transition
and hence a downstream movement of the separation point on
that side of the cylinder, This gives rise to a pressure
distribution resembling A in Fig. (1-3) on the downstream
moving side of the cylinder and one resembling Cin Fig.(1-3)
on the upstream moving side, The net result is a negative
lift, For subcritical Reynol&s number, Prandtl's photographs
(Prandtl and Tietjens (1934)) and Thom's pressure distributions
(Fig.(1-10)) show that the downstream moving surface suppresses
separation, whilst the flow separates closer to the stagna-
tioﬁ point on the other side, Apparently, for v/Ua,greater
than ,5, this influence of rotation overcomes the effects of

transition since a positive 1lift is found for all Reynolds

number up to 4.6x105, the maximum at which data is available.

The similar results for the lift force on smooth

spheres suggest that the same transition effects are occuring

in the three dimensional flow,
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(1.5) Separation From Rotating Bodies

The concept of separation over a rotating body
needs some consideration., For the present, we shall define
the separation point in terms of the pressure distribution
as the position at which the mean static pressure on the sur-
face becomes constant, On a stationary body this definition
would give a position only just downstream of that at which

au/ay\N becomes zero, the normal definition of separation
point. On a rotating body, the distinction between these two
definitions becomes more necessary because aU/ayw can be=
come zero even in a favourable pressure gradient. To see this,
consider Fig,.(1-11) which presents Thom's results for the
pressure distribution at v/Uq)= 2, together with his measure-
ments of velocity profiles and static pressure at selected
points around the cylinder, The velocity profile at € = 20°
has 3U/ayLw negative, whilst at 6 = 40° it is positive,
therefore, between these two, aU/ayw must be zero, without
having any noticeable effect on the measured pressures,

L]
must be zero between 6 =60-120 pbut between

Similarly a%@y
w
points where the pressure distribution shows significant be-
haviour,i,e, 6 = 1600-2800, 3W®y is always non zero,
w
However, ap/ayl , the static pressure gradient at the wall,
w

does become zero and even negative within this region., These
profiles were obtained withPitot and static tubes, held tan=

gential to the surface, which are likely to have errors near

a rapidly rotating curved body, so we must beware of drawing
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too many conclusions from them, However, a ap/ay < 0 does
violate the boundary layer assumptions which require ap/ay
= Kpu2 (K = curvature, positive for a convex body), The cbvious
conclusion is that the normal velocity is no longer small in

the neighbourhood of points where ap/ay is negative,
w

Some idea of the errors involved in the use of static
tubes can be gained from Fig.(1-11), where the results from
the static tube readings are compared with the pressures ob-
tained from a static hole in the surface of the cylinder, The
pressures were measured through this hole by opening a valve
at a preset angle on each revolution of the cylinder, the
pressure being taken from the cylinder through a mercury seal,
This method was not without error since the valve was open
for a finite angle and tended to have a pumping action which
raised the measured pressure, However, the error is likely to
be less than that associated with the static tube, The major
difference between the two occurs at © = 160° where reading
of static pressureclosest to the surface (at*5 mm,) seems to
indicate an increasing pressure inwards, If this were so, the
appreciable normal velocities would probably make the readings
invalid, so the results for this position must be viewed with
suspicion, Agreement over the rest of the cylinder is much
bettery,suggesting that the profiles at the other points may

be more accurate,

Anothor romarkable foature of Fig., (1=11) is that

the pressure distribution given is the difference in the
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pressures measured with the wind on and with it off, That is,
in making the correction for centrifugal effects, no account
has been taken of the thin layer of air which is set in rota-
tion by the cylinder in still air and so lowers the centrie
fugal pressure below the theoretical value, If allowance is
made for this layer, then the values of cp given in Fig,
(1=11) are too high and the maximum value would be less than
one, The conclusion Thom draws is that the cylinder induces
the same rotation in the layer of air next to it independent
of any external flow, The pressures shown therefore are those
over the surface,not of the cylinder, but of an annulus

corresponding to this thin layer of air,

From the above measurements of Thom, the correspond-
ing photographs of Prandtl and our own measurements and
theoretical work in section(4) s Wwe can conjecture that the
mean flow about a rotating cylinder with v/Ua,= 2 is of the
form shown in Fig, (1-12), Behind the cylinder is the usual
re;irculating bubble associated with bluff bodies, although
now offset to one side and asymetric due to the rotation, Next
to the cylinder is a layer of air which remains attached to
it and rotates in the same direction as the cylinder's surfa-
ce, This means that separation must occur from this layer of
air as shown not from the cylinder's surface and that each
separation point will involve the meeting of four streamlines,
The separation from the upstream moving surface is that rele-
vant to the wheel,as indicated in Fig. (1-19), Here the profi-

les of tangential velocity are basically similar before and
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after separation, although after separation there would be a
greater normal velocity. (c.f. Fig.(1-1) and velocity pro-
files at 6 = 280 and 300° Fig. (1-11),)

'

Separation in three dimensional flow is more complex
than in two dimensions so one must be careful of applying two
dimensional conclusions , Maskell (1955) has identified two
basic forms of separation from a general curved surface (Fig,
(1-13)). He uses the concept of limiting streamlines in the
surface to indicate the direction of the streamlines as the
normal distance tends to zero, These streamlines can be obser-
ved by painting paraffin oil onto the body, In the bubble type
of separation the fluid enclosed by the separation surface is
the recirculating bubble already mentioned, When the 'free
shear layer!' is formed the fluid either side is main stream
fluid, Separation over the top of the wheel will be of the
first type. In the formation of the bubble there is a singular
point S, at which the behaviour of the flow is the same as
in two dimensional flow, At all other points of separation
the limiting streamlines run tangentially into the line of
separation, from which a surface of separation originates,

The behaviour in the neighbourhood of separation on a rotating
body is obviously going to be still more complex, However, if
we can apply our two dimensional ideas near the singular
point,we might expect that the line of separation lies in a
surface above the cylinder and that there is a thinllayer

of fluid next to the cylinder,moving with the cylinder's sur-

face,
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(1=6) The Effect of the Ground

The last of the features of the flow around the
wheel mentioned at the beginning of the introduction is the

effect of the ground,

The real situation which we wish to model in the
wind tunnel is that of a wheel rolling forward in contact with
the ground through still air, In the wind tunnel,we fix the
position of the wheel and move the air past it, but we must
also move the floor with the same velocity as the air,in
ordér to correctly simulate the boundary conditions at the
ground, The wheel should then rotate in contact with the
floor,with, for no slipping,the circumferential velocity of
the wheel equal to the velocity of the floor, A subsidiary
problem is the elimination of the tunnel boundary layer ahead
of the moving floor in order to prevent the slower fluid in
the layer from going above the flox and creating the wrong

conditions there. This required simulation is shown in Fig,

(2-4),

Previous investigators of the flow about the wheel
have not attempted this complete simulation, but have mounted
the wheel with a clearance between itself and the floor to
enable balance measurements of the forces to be obtained, If
the wheel is run in contact with the floor the varying reaction

forces betwoen the two can not be adequately allowed for in
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taking balance measurements, In order to appreciate the im=
pPlications of this incorrect simulation it is necessary to
look at the differences in the flow about bodies close to

the ground and those actually on it,

Potential theory indicates that the venturi effect
of air rushing through the gap beneath a body placed near the
ground generates large suctions on the undersurface and so
causes a 1ift force towards the ground. (see section (4— 2 )
for cylinder and Milne Thompson (1968) p.562 for sphere). This
force increases with proximity to the ground and is also in-
creased by rotation (Fig. (4-5)). A rotating wheel is a lift-
ing body and can be expected to generate trailing vortices,
as was shown by Maccoll (1928) for a rotating sphere,Stollery
and Burns (1969) used the concept of an image horseshoe vortex
to simulate ground effect on a three dimensional wing (see
H, Glauert (1948) for details), They showed that the main
effect of the image system was to increase the 1lift at any
given incidence, a and to reduce the induced drag, Thus dQ/d«
increases as the wing approaches the ground, This effect for
l1ifting bodies is additional to the venturi effect discussed
earlier and, for example, can mean that a wing at large posi-
tive incidence can have its upward 1lift increased by the pro-

Xximity of the ground,

However, whether either of these potential theories
will have much significance for a bluff body, such as the

wheel, is extremely doubtful . For, in addition to these two
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inviscid effects, we find in practice that viscosity can
Play an important part in determining the overall flow, either
through a change in the separation position of the boundary
layers on the body, or, with a small clearance, by directly
modifying the flow through the gap., Balance measurements on
bodies close to the ground show that the above effects can
have a decisive influence on lift and drag forces, but this
type of data can only give a limited understanding of the
flow and no detailed work has been done on the interaction

of viscous and inviscid effects in this situation,

The interrelation between these three effects, the
two inviscid and one viscous, for a more slender body than
the wheel, can be examined in the results of Stollery and
Burns (1969), who measured the forces on an idealized car-
like body, mounted above a stationary ground plane, As shown
in Fig. (1-14), dC /da increases when the body approaches the
ground but the 1lift curve as a whole is moved downwards due
to the venturi effect., As the incidence is decreased the
curves show a levellingoff and reversal of slope, the value of
a at which this occurs boeing dopendont on the height above
the ground, The corresponding increase in the drag coeffi-
cients,at the same incidence,suggests that the boundary layer
on the undersurface has separated upstream of the trailing
edge, This would inhibit the flow beneath and thereby reduce

the venturi effects, decreasing the negative 1lift,

That separation effects can have a crucial influ-

ence on the flow past a body near the ground is emphasised
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by the results of Wadcock (1970), who studied the two dimen=
sional flow past +two circular cylinders inclose proximity,.

It might be thought that the potential solution for this flow,
given in section (4.2.1),would at least indicate the direction
and relative magnitude of the 1ift forces on the cylinders as
the two approach, yet, Wadcock's results show that the measu-
red mean forces are in the opposite direction to that indica=-
ted by the theory, being repulsive not attractive.(Fig.(4-5)).
Mean pressure measurements around the cylinders indicate that

this is due to a difference in the separation positions on

the two sides of the cylinder,which acts to oppose and over-

come the venturi effect,

Interactions between the vortices shed in the two

wakes of the cylinders have a significant effect on this two

dimensional flow, so that we need not necessarily have the

same situation in three dimensions, although the results of
Hyde (1972), for a circular cylinder of aspect ratio 1.7
mounted above a stationary ground plane,do show the same

repulsive forces as Wadcock's results, This resemblance is

superficial, however, since in Ilyde's case the separation

of the ground plane boundary layer ahead of the circular
cylinder was probably the most significant effect in produ-
cing the upward lift, This again illustrates the danger of

inéorrect simulation of the ground boundary conditions for

curved bluff bodies like the wheel,
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(1.7) LEffect of Ground Clearance on Wheel Flow Simulation

The above discussion on the effect of the ground
can be related to the wheel through the work of the Motor
Industry Research Association (MIRA) (1970) who carried out
testé on model wheels, both rotating and stationary,mounted

at various ground clearances.,

A complete idealized Formula One car model was
used, the forces due to the wheels being obtained by deduct-
ing those due to the body alone, The model was mounted above
a fixed ground (i.e., the working section floor) with a boun-

dary layer thickness, 0 of about 2 ins. The wheels, made

.99’
of polystyrene were 6 ins in diameter and 2,3 and 4 ins, in
widfh all with square edge profiles, Obviously therefore the
boundary layer on the floor would have a large effect on the

flow under the wheels at the small ground clearances which

were used, Some tests were carried out with a moving floor

but with a gap under the wheels, This meant that the movement of the
was of no advantage since it merely increased the flow througﬂoor
thé gap and produced greater error. At the test speed of

61 ft/sec the Reynolds number based on wheel diameter was

2x105 which is in the critical range of circular cylinder and

sphere flows,

The results MIRA designate as zero ground clearance

were obtained by sealing the gap between the wheel and the
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stationary floor with a strip of paper, not by actually
having contact between the two (Fig (1-18)). Although this
will prevent flow under the wheel,it is still an incomplete
simulation of the true flow and will be subject to errors,
For one, the boundary layer on the stationary floor is going
to produce effects unrepresentative of the real flow. Also,
the incorrect boundary conditions at the junction of the
wheel and floor will mean that a unique and significant
feature of the flow will not be modelled correctly., In the
correct simulation, shown in Fig. (2-4), the wheel rotates
in contact with the moving floor and this means that both
the surface of the wheel and that of the floor are moving
together at the line of contact, This movement draws air in
the layers next to the surfaces into the corner between them,
Because the contact between wheel and floor prevents flow
under the wheel,this air must return back upstream as indica-
ted in Fig, (1-19), The above effects occur only in a
very small region under the wheel,but because of the large
preésures and appreciable velocities produced,they can have
a wider influence on the flow field, None of these ce¢ffects
would be correctly simulated in the MIRA experiments, so
that their results at zero ground clearance must not be
thought to accurately represent the true picture when the

wheel is on the ground,

Despite these deficiences it is worth considering
the MIRA results,as they do give some insight into the real
behaviour of three dimonsional bluff body flows with small

gaps, although it must be bame in mind that the detailed
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results will only apply to the particular conditions of the
experiment,

The 1lift and drag coefficients for the 3ins
wide wheel found at various heights above the ground are
given in Fig, (1-15), the coefficients being based on the
projected frontal area of the wheel, The most important
feature of Fig, (1-15) is the behaviour of the 1lift coeffi=-
cient of both the rotating and stationary wheels, This beco-
mes more negative as the gap is reduced,but at some stage this
trend reverses and the coefficient ends up positive when the
gap is sealed, In the rotating case, the change from negative
to positive occurs at a very small gap,although the exact
position is doubtful,because of the wide spacing between
experimental points, This late changeover is despite the
fact that the floor boundary layer must have helped to in-

hibit the flow beneath the wheel,

MIRA also measured the static pressure distribution
around the centre-=line of the wheels, However, this was done
with a static tube held as shown in Fig, (1-16), which was
probably subject to some error in the thin highly curved
shear layer and mounted in the way shown must have considerae
bly disturbed the boundary layer on the wheel, At the Reynolds
number of the experiment (2x105) this might have led to un-
known transition effects,so altering separation and thus the
overall pressure distribution.Another point is that measure=
ments were only made at every 30° around the wheel,so that

the position of separation points and other features cannot
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be fixed with any great certainty., Thus the results of these

tests are unlikely to have any great accuracy,

If the results are considered in a general way, how=-
ever, ignoring the detailed values they can be of use,if only
in demonstrating the striking differences in the pressure
distribution when the gap is sealed to when it is not, Figs,
(1=16) and (1-17) have been drawn with the above consideration
in mind, The details of the MIRA results have not been in-
cluded but the general picture of the distributions is shown
and the different distribution with the gap sealed is empha=
siseds The large suction generated on the underside of the
stationary and, especially, the rotating wheel with open
gaps, agreeing to some extent with potential theory, con-
trast markedly with the more positive pressure over the same
region which occurs with the gap sealed. (The solid line in
Figs (1-16) and (1-17) shows the interpolation at 6 = 90 given
by MIRA but if the gap were truly sealed it would seem more
reasonable to have the pressure tending to stagnation wvalue
in front of the seal as indicated by the dotted line, although
it may be that the thick floor boundary layer has some influmce),
The differences in the pressures on the undersurface at the
various ground clearances is mostly responsible for the

changes in the 1lift coefficients of Fig. (1-15).

The other main point to note from the MIRA distri-
butions is the difference in separation positions on the sta=-

tionary and rotating wheels, at all ground clearances, If we
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examine the separatibn position on the upper and lower (enxpt
'QG = 0) surfaces,then we find that the effect of rotation is
to suppress separation on the undersurface,which is moving
in the downstream direction, from © # 120° to © #200°, but to
promote early separation on the upper surface, from ee 210°
to 2 270°. This is in agreement with Thom's results (Fig.

(1-10)) and also Prandtl's photographs for rotating cylinders,

The above work of MIRA has important implications
for the results presented by Morelli (1969) for the aero-
dynamic actions on an automobile wheel, A full sized racing
car wheel was used for these tests,at speeds giving a Reynolds

5

number range from 5x10° to 2x106. Because the forces on the
wheel were to be measured by a balance, the wheel did not ro-
tate in contact with the floor, but was mounted so that the
bottom projected 15mm, into a slot cut in a fixed ground
board (see Fig. 1-18)). Measurements with a yawed wheel and
various fairings were obtained, but the basic result for an
unyawed wheel in free air was that the CL was about -0.1 and
the CD about 0.,5. The negative 1ift force is especially signia=
ficant as it is completely at odds with the results presented
in this thesis, The great weakness of Morelli's system lies
in thegap of 10mm allowed under the wheel, This gives a gap/
diameter ratio of,016 and we see from MIRA's results (Fig,
(1=15)) that, for a rotating wheel, this can mean a negative
1ift instead of the positive value obtained without the gap,

Morelli does give a correction for the suction experienced

by the wheel duc to the ¢gap as,



Ap pU2 loge (Bﬁéﬁ) (1)

where

Ap is the suction on that part of the wheel in the
slot

R 1is the radius of the wheel 31,5 cm

AR is the gap i.e. 1 cm

U , the velocity of the wheel which is assumed
to be the velocity of the air in the slot between the wheel

and the ground,

The above expression will be small since AR/R is
small end Marelli therefore assumed that the effect of the gap on the

1lift is small,

All that this is saying however, is that the static
pressure gradient dué to centrifugal effects is small in a
thin layer under the wheel; the normal boundary layer assumption,
It ignores completely the fact that there will be a pressufe
gradient between the front and rear of the slot which tends
to force air through, this tendency being helped by the rota-
tion of the wheel, A better approximate correction would be
obtained by ignorgkg these small curvature effects and assuuing
that the transverse velocity components v, w are zero in the
slot, The problem then rcduces to that of unidirectional flow
between parallel plates whose solution is given by Batchelor

(1967). It is worthwhile examining this solution hore,as it
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illustrates the interaction of the flow through the gap with

the external stream. The continuity equation reduces to

du
3;—0

so u is independent of x and we assume independent of y . Then

the full Navier-Stokes equations reduce to

e

2
0" u op 3
-‘La 2 ! oy ~ 0y 55 =0
z
As the right hand side of the 1St equation is inde-

pendent of x, we must have

§£ = const = =-C, say, through the slot,

Thus,if the pressure is known near the two ends of
the slot a linear pressure gradient could be assumed through
the slot, This would have been a far better approximate correct-

ion for Morelli to have used than the one he proposes,

A solution of the above equation,with boundary

conditions u = U,, when z = g and u = O when 2z = 0,is

-C
u = 3; z(g-z) + Uooz/g

_ Yolume flux _ rd C gg
80 Q = nit span udy = 12 2

Now the volume flux depends on C, the pressure
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gradient determined by the external flow, but the external
flow itself will be influenced by the volume of fluid allowed
through the gap, It is this influence which makes any results
obtained with a gap under the wheel very doubtful, even if
some correction could be applied to the 1lift, for the drag,

as well as the lift,may be altered,

(1.8) Conclusions

We feel thaf the features discussed in the intro-
duction have shown the importance of having a correct simula-
tion of the wheel flow, The Reynolds number of the experiment
must be, at least, in the same range as the real flow, since
otherwise the separation position and hence the pressure
distribution may be wrong. For similar reasons,the wheel must
be rotating at the correct velocity,since we have shown that
rotation can have significant effects on boundary layer
separation, The results of MIRA and Morelli, in particular,
have shown that the effects of even a small gap under the
wheel are such as to invalidate any application of the ?esults
to the real flow, Furthermore, because the boundary conditions
near the wheel=floor junction give rise to important wviscous
effects,it is necessary that these same effects should be
produced in the simulation, We therefore require a wheel
rotating in contact with the ground,which,for a wind tunnel,
implies a moving floor, Because the varying reaction forces

which are then generated preclude balance measurements, the
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forces on the wheel must be optained from integrating static
pressure measurements over the wheel surface, This is the

arrangement adopted in the experiments described herein,

Obviously, there are a large number of variable
factors which it would be possible to model in the experiment,
e.8. the tyre tread patterns, the deformation of the wheel
and the effect of various fairings around the wheel, However,
initially it was decided to look at the simplest case of an
isolated, non-deformable, smooth surfaced wheel,in order to
provide a basic starting point from which the effects of the

different factors could then be examined as required,
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(2) SUMMARY OF EXPERIMENTAL APPARATUS AND PROCEDURE

A detailed discussion of experimental techniques
is given in the Appendix, here it is merely intended to give
an outline description in order that the results should be

understandable,

The initial interest in the flow around a wheel
arose out of a study of the aerodynamics of 'Grand Prix' cars,
which, because of the racing rules, have totally exposed wheels
As a consequence the shapes tested are representative of the
tyres and rims currently used for 'Formula One' racing
cars, The diameter of all the model wheels is 16,375 ins and,
ét the test speed of 61 ft/sec.this gives a Reynolds number
of 5.3x105,which is considered sufficiently high for the
tests to be accurately representative of the real flow (i.e.
in the supercritical range of cylinders and spheres)., Six
wheel shapes were tested in all; three different tread widths
(designated A,B, and C with increasing width) and two edge
profiles (designated 1,2). Details of the profiles and the
distribution of the pressure holes are shown in Fig, (2-1) and
(2-2)., After being tested with a smooth rim, wheel C2 had
three grooves cut into the surface as indicated in Fig,.(2-2)
and was then retested, The wheels, which were machined from
light alloy, rotate freely in bearings and are supported

rigidly in contact with a moving floor by a system of adjustable
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rods, Photographs of a wheel mounted in the tunnel are given
in Fig. (2-3). Checks with a stroboscope indicate that the
peripheral speed of the wheel is the same as the floor,so no

slippingoccurs between them,

The wind tunnel boundary layer is bled off ahead
of the moving floor by a fairing and suction is then applied
through a 'Vyon! porous plastic sheet to prevent a new layer
forming (Fig. (2-4)). Originally the speed in the thin detached
shear layer shed from the trailing edge of the fairing fell
to about 80% of the free stream value at the wheel centre
position,but in its final form the fairing prevents the speed
falling below 95% (see Fig. (2-5)). As noted in the introduction,
the flow in the corner region between wheel and floar is likely to be significant,
so it is desirable that the above shear layer should be reduced,

as much as possible,to decrease any effect on this flow,

As the wheel rotates,the pressure sensing holes on
its surface experience a cyclic variation in signal,corres-
ponding to the distribution of mean pressure around the peri-
meter, Superimposed on this are random fluctuations arising
from the unsteady flow in the wake, The measuring system
must be able to respond sufficiently rapidly to resolve the
transient details of these fluctuations,and the data acquisition
equipment has to be capable of separating the random signals
from the mean cyclic variation. The pressure sensing instru-
mentation is shown in Fig. (2-6). A condenser microphéne

(B.&K, 1/4"), with its associated oscillator (DISA No.51E32),
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is placed on the axis of rotation, to eliminate centrifugal
effects on it, and connected to one pressure port at a time,
The relatively high level signal is then taken from the rota-
ting assembly,through slip rings (using low noise silver gra-
phite brushes),to a DISA Reactance Converter (no., 51EO1),the
output of which is proportional to the pressure acting on the

microphone,

Mounting the microphone on the axis meant that the
connecting tube between it and the sensing port had to be at
least 12 ins, long and was chosen to have 3/32 ins internal
diameter to lessen the effects of attenuation, As a conseguence
resonance was experienced at about 200 Hz (and at 3,5,7 etc.
times this), but by placing wire wool in the connecting tube
to act as a damping agent, the resonance was minimised and a
frequency response such as that of Fig, (2-8) obtained, Note
for comparison that the frequency of rotation of the wheel is
14,25Hz, The same length tube was used for all the connections
to the sensing ports to ensure a unique calibration. A correct=-
ion is applied to all the resulting pressure measurements to
allow for the centrifugal pressure difference between the

microphone on the axis, and the surface of the wheel,

A problem, that was not anticipated, was the
unacceptable,large long term drifting of the transducer output,
This difficulty was overcome by making a branch in the tube
connecting the microphone to the sensing hole and leading this

pressure through narrow bore tubing and a rotating seal to a
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manometer, This instrument therefore indicates the mean level
of the signal and the microphone the fluctuating component,
The output signal from the microphone is processed by a
Hewlett-Packard Correlator (Type 3721A) which operates in the
'signal recovery'! mode, This instrument is able to digitally
sample and average several thousand pressure histories; thus
accurately eliminating the random components and retaining
only the true cyclic mean distribution, A trigger signal to
initiate each sampling cycle is derived every revolution of
the wheel by an inductive pick up, The mean pressure distri-
butions are stored within the correlator, from which they are
recorded on an X-=Y plotter and on punched paper tape for

subsequent computing of the forces on the wheel,

These arrangements could not be used for measuring
the pressures acting on the stationary wheel, These distributias -
were obtained graphically on an X-Y plotter using signals
from the pressure transducer and a potentiometer connected to
the wheel to serve as an angular displacement transducer, By
slowly rotating the wheel by hand the distribution for each

hole was plotted automatically.
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(3) RESULTS

Note on Errors

A discussion of possible errors and where they
arise is included in the appendix but it was thought necessary
to give some indication here of the likely error limits of
the results given in this section., The general conclusion reached
in the appendix is that the results obtained for the 1lift and
drag coefficients of the wheels should be within 5% of the
true value (i.e., the true value of the forces on the experimemtal
wheels; the forces on the real road wheel will be affectd by
such factor as tread pattern and type of road surface, This
is discussed 1later),However, because the B wheels were the
first tested and measuring techniques were progressively im-
proved they may be subject to greater errors although within
aboﬁt 10%. In particular the procedure of examining the
rapidly changing pressures near the ground at smaller inter=-
vals, of 1/2° between points instead of the normal 5°, was not
adopted until later, which will have some effect on the results
for the 1lift. The B2 wheel also shows some variation in the
base pressure measured by different holes across the wheel,
which is difficult to account for,and the results for this
wheel must therefore be viewed with some suspicion, It is
unfortunate that there was insufficient time to repeat the

measurements for this wheel,
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(3¢1) Lift and Drag Coefficients

Two sets of 1lift and drag coefficients were calcul-
ated, the first (denoted by subscript 1) are based on the
projected frontal area of the wheel (i,e, the 'X-sect, area')
and the second (subscript 2) based on an area given by multi-
plying the wheel diameter with the width of tread in contact
with the ground, This tread width is h.25", 6,75" and 9,.,25"
for the A, B and C wheels respectively, Thus, although the
cross sectional area of theshape 1 and 2 wheels at any given
width will differ because of the change in edge shape, the
area based on tread x diameter will be the same, This second
area was felt to be of more practical interest,since it 1is
the tread width in contact with the ground which is the basic
leAgth parameter in determining the road holding qualities

of the wheel,

The 1ift and drag coefficients for the six wheel
shapes tested are given in Table 1 and graphically in Fig.
(3-1). These coefficients were obtained by integrating the
static pressure over the external surface of the wheel, They
do not therefore include any skin friction contribution to
the drag . llowever, this contribution is usually a small
part of the drag of bluff bodies'because the separated region
produces such a large pressure drag. The coefficients do not
include any contribution from inside the hub either, These

are given in a separate column of table 1,
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Considering the subscript 1 coefficients first,we
see that both the 1ift and drag coefficients increase with
width, The coefficients for the A and C wheels are almost
the same for the two different edge shapes, whilst those
for the B wheels differ by about 10%, although this may be
due to the greater error associated with these wheels, In
changing to the second set of coefficientsythese values are
multiplied in varying degree, depending on the ratio of the
cross-sectional area to the 'tread x diameter' area, to
yield the results.shown. Surprisingly, the drag coefficients
no longer increase with width and,in fact,are almost constant

for the edge shépe 1 wheels,

The above coefficients can be taken to represent
the forces on flush sided wheels,since they do not include
any contributions from the indented hub, These were obtained
by integrating over the hub surface using the pressures from
the holes shown in Fig, (2-2). The contribution to the drag
is greatest for the narrowest A wheels,whilst that to the
1lift is negligible for all the wheels, For this reason a
column of values for CL1 is not included in the table. We

thus have the surprising result that,when the hub contribution

is taken into account,C is actually greatest for the

D2

narrowest wheels,

(3.2) Comparison with Previous Work

If wo now compare our results with those of previous
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investigators as given in table 2, we will find that the
MIRA values are on the whole compatible with the present
results, but that DMorelli's results are entirely different,
The reasons for the latter were given in the introduction

and a difference in values was only to be expected., We
suggest that Morelli's results are not at all representative
of the real flow about a wheel on the ground due to the gap
under his wheel and,when interpreted as such,are considerably
in error, even to the extent of producing a 1lift force of the

wrong sign.

In comparing with the work of MIRA,it should be
remembered that these results were obtained using a complete
idealised 'Formula One'! racing car model, the wheels of which
were mounted above a stationary floor with the gaps underneath
sealed by paper strips, and, as explained in the introduction,
this arrangement is subject to a number of errors, Note also
that the MIRA wheels are square edged and flat sided, This means
that the coefficients based on actual x-sect., area and those

based on tread x diameter will be the same (i.e, C (o

D2' “L2?

and Cj are the same) and there is no additional con-

1? cLl'
trivbution from the hub,

In table 2 the coefficients with subscript 1 are
for the forces due to the front wheels only, but those with
subscript 4 are for the forces due to all four wheels,
Surprisingly , the MIRA results for the front wheels only are
quite close to the results for he B wheels in the presen£
experiment,despite the differences in simulation., It is un-

fortunate, from our point of view, that the effocts of wheel
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width were only studied for the four wheels together, since
it makes comparison with the present experiment difficult, It
is not possible to separate the effect of the width on the
individual wheels from its effect on the interference between
the front and rear wheels, However, the variation with width
is fairly similar to that of the subscript 2 coefficients of

the sharper edged shape 2 wheels,

It appears as though the MIR@ results do give the
right order of wvalues for the coefficients,despite the ina-
dequate simulation in their experiments, although the coefficiants
for the wheel shape they tested may noﬁ be entirely correct.
It is impossible to quantify any errors;unless the complete
simulation .is done for their wheel shape,and this is really

the weakness in their results,

(3.3) Variation of CL and CD across the Wheels

One advantage of finding the force coefficients
from pressure measurements is that much additional information
is also obtained., Thus,one not only finds the total forces,
but also the contribution to these forces from the different
parts of the wheel, This ability has been utilised to find
the variation in the 1lift and drag coefficients across the
wheels given in Figs. (3-2) to (3-5). In all these figures,
the distance from the centreline of the wheel, w, was non-
dimensionalized by dividing by half the same tread width, t,

as was used in calculatiung tho subscript 2 coefficeénts,
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This does mean that the maximum value of w/t will be different
for each wheel, which would not be the case if the total
width of the wheel had been used, However, dividing by the
tread width does have certain advantages when interpreting

the figures in relation to the C results of table 1,

D2* CLZ
This is demonstrated by Fig.(3-2) which gives the

variation in CD across the wheels for edge shape 1, It is

immediately obvious from the figure how we obtain the rather

surprising result that CD2 is almost constant for the three

{
widths, The coefficents for thewider wheels are greater near

the centre-line, as might be expected, but this is balanced
by the more rapid fall near the edge of the wheel, This latter
fact is reasonable,when one cansiders that the tread width
forms a much smaller propoartion of the total wheel width of
the narrow wheels than it does of the wide wheels, By using
the tread width as our basic length therefore we are, in
effect, causing the wider wheels to have sharper ques than
the narrow wheels, ‘

Note that the results were only taken for one
half of the widest C wheels, This was because the length of
tubing, between the measuring holes and microphone, which
would have been required to obtain measurements over the
whole wheel, would have resulted in a resonance in the micro-
phone response at too low a frequency to have given satis-
factory results, In calculating the total CD and C for

L

these wheels, therefore, it was assumed that the distribution
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was symmetric about the centreline.

Fig. (3-3) gives the corresponding variation in drag
coefficients for edge shape 2 wheels., The most striking feature
is the behaviour of the B2 wheel, in particular the large wavy
variation near the centreline. This, and an equivalent wavi-
ness of the 1lift coefficient (Fig. (3-5)), are consequences
of the variation of pressure in the base region of the wheel
(i1lustrated in Fig. (3-17)). None of the other wheels show
such large changes in base pressure across the wheel and,as
suggested before,tﬁere must therefore be some suspicion that

the measuring system was in error in this case,

The behaviour of the 1ift coefficents given in Figs,
(3-4) and (3-5) is very similar to that of the drag already
discussed, including the negative contributions from the
edges of the wheels, with the exception that the B wheels
have value of CL very close to or exceeding(for B2) those of
the C wheels,even near the centre=line of the wheels, This
may well be a consequence of not examining the pressures near
the ground at smaller intervals,since the result of doing

this for the other wheels was a reduction of about 3% in the

1lift coefficients near the centre~line,

(3.4) Pressure Distributions for A Wheecls

It is not intended to present all the pressure
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distributions obtained for all the wheels since there is an
essential similarity between wheels, rather we shall give
detailed results for the A-wheels only and then concentrate

on pointing out any significant differences for the other

wheels,

Figure (3-6) presents the pressures measured around
the centre-line of the A-wheels, The most remarkable feature
of both curves is the sharp rise to a positive pressuré
coefficient greater than 2 near the floor (® = 90°)., Now,
the cp cannot rise above the stagnation value unless extra
energy is being injected into the flow and this is produced
by the viscous actions referred to in the introduction and
assoclated with the moving boundaries, The pressure does not
fall immediately to a low value after 0 = 90° but takes about
4° to reach a cp of zero and then oscillates briefly before
settling down at the base pressure, This might be an effect
connected with the response of the measuring system, but the
frequency of oscillation, about 800 lz, does not correspond
to any of the theoretical resonance peaks of the system
(nearest are 600, 1000 Hz), Instead we fecl that this may
well be caused by the moving floor lifting in the low pressure
region behind the wheel, to toudh the wheel's surface, and
then falling back, This process would occur in the small
region under the wheel,bchind the line of contact with the

floor,and would create the fluctuating pressure picked up by

the measuring hole,
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It would also account for the lack of the negative
pressure peak predicted by the theoretical solution for this

region given in section (4-2-2).

The positive pressure peak,which was found,will
contribute a significant amount to the 1lift coefficient of
the wheel, In fact the range of 6 from 750 to 105° contributes

almost 30% of the 1ift coefficient for this hole (.64),
Y

In connection with the 1lift, the other important
feature is the position of separation from the top of the
wheel, Experiments to be described 1ater,uging flow visuaii-
sation and Pitot =static traverses of the wheel boundary layer,
all suggest that separation occurs about 6 = 280-2900, i.,e.
10°-20° in front of the top of the wheel, The pressure dis-—
tribution shows a slight adverse pressure gradient before
this position (862 300° to 280°) and then a reversal of slope
at around 2800. We shall take this as indicating the separation
poéition,although the mean pressures over the rear of the

wheel behind this position are not particularly constant,

Ilowever, the important point is the absence of any
large negative pressure over.the top of the wheel, which
would occur if the boundary layer remained attached, This
early separation therefore acts to lower the 1lift coefficient
of the wheel, opposing the action of the wviscous effects_at

the bottom of the wheel.,

Both these effects are associated with the moving
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boundaries of the rotating wheel and the moving floor, (it is
shown later that the early separation does not occur on the
stationary wheel),and so would not be produced in any simulation
which did not involve these features, Such simulation would
therefore be liable to errors in estimating the 1lift coefficient
and, since these special features will presumably have some
influence on the recirculating flow behind the wheel and hence

the base pressure, the drag coefficient might also be in error,

Note the great similarity between the curves in Fig,
(3-6),suggesting that changing the edge shape appears to pro-

duce little change at the centre-line even on the narrowest

wheel,

Fig., (3-7) and (3-8) give the pressure distributions
at holes 8 and 7 respectively, both of which are on that part
of the wheel which comes into contact with the ground, The
form of the curves for these holes and hole 9 is very similar;
all show the sharp rise in pressure near the ground and have
the separation position aro;nd 275-2800. The base pressure is
also similar and shows the same variation, The most noticeable
chénge is that for hole 7 the pﬁessure no longer rises to near

stagnation value at the front, but this might be expected since

this hole is displaced by 1,6 ins from the centre-=line,

Hole 6 (Fig.(3-9))is the first position where the
surfacce does not actually contact the floor at the bottom,

although Lhe gap in this case 1s vory small (about .05 ins),
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However,at © = 90° there is still a sharp rise in pressure,
although not to the same extent as before, and now immediately
followed by a similar sudden decrease in pressure, Other
features of the distribution correspond to those of previous

holes,

The distribution shown for hole 5 is of a different
form to those already described. The pressure does not become
positive at any point on the curve and indeed becomes highly
negative between 0 = 50° and 800, for both wheels, For wheel
A2 the pressure is more negative over most of the front than
it is over the rear, Note that, for this hole and following
ones up to hole 1, the positions of the holes on the two
wheels no longer correspond (see Fig, (2-1)), so that agree-
ment between the two cannot be expected, Because of the more
neg?tive pressure acting in the lower front region, this hole
contributes a negative drag and 1ift to the total forces, for

both wheels,

The distribution for hole 4 (Fig, (3-10)) is similar

to that for hole 5,but with less variation near the ground,

Holes 3,2,1 at the side of the wheel give similar
results, with the variation in pressure over the rear half

growing larger from hole 3 to hole 1,

Fig. (3-12) shows the pressures measured by two

holes placed inside the hub at positions indicated in Fig,

.
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(2-2). The positive pressures at @ = 140° to 200° from hole
H1, suggests that the air is entering the hub in this region,
The contribution to the 1lift from these holes is not very
significant, but there is quite a large contribution to the
drages In fact integrating over the surface of the hub using
Just these two holes gives an addition of .12 and .14 to the
CD2 of ,97 and ,90 for A1 and A2 respectively, There is little
point in obtaining this value to greater accuracy by using
more holes, since it will depend on the shape of the hub which
is likely to vary from car to car., However,since our hub
shapes are similar for all the wheels tested,we can directly
compare between the results, In the present case,the addition
to the drag is the same for both wheels and significant enough
‘to suggest that a cover over the hub well, flush with the
wheel edge, would greatly reduce the drag of the wheel,although
there may be other considerations, such as brake cooling,

which would make this undesirable,

Only mean pressures were given in the aboyef&gures,
as obtained from the correlator. However,the fluctuating
parF of the signal can contain some useful information, For
example,the separation position could be deduced as the point
at which large scale pressure fluctuations begin,due to the
unsteady nature of flow in the separation bubble, An example
of the non-averaged signals is given in TFig, (3-13) where
the signals for wheel A1 are presented, Note that for holes

9,6 and 5 tho major variations in the signal are over tho

rear, boginning at about the point previously referroed to as
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the separation point, and also near the ground at the front
(cf. Figs., (3-6) and (3-9)). A noticeable feature of the
signals from the three edge holes, is the negative pulse-like
fluctuations that occur, of about 1 to 1 1/2 times the dynamic
pressure in magnitude, although these are not as frequent as
might be suggested by the photographs, which were chosen to
include this phenomenm in order to illustrate the very large

scale of the turbulent pressure fluctuation around the edge.

(3.5) Pressure Distributions for other VWheels

We shall now compare the above results with those
for the other wheel widths, doing this first for the shape
1 wheels, Fig. (3-14) presents the mean pressures given by

the holes an the centre-~lines of the three wheels,

At the ground, 6 = 900, the B curve does not rise
qQuite as high as the other ?nd then falls more slowly, Again,
this is , most likely, a consequence of using 5° intervals
between measurements for this wheel, as opposed to 1/2o for
the other, since the other curves would also be more spread
out if a higher resolution had not been used, It is this
spread which suggests that the contribution to the 1ift from
this region may be too high for the B wheel, although this
will be mitigated,somewhat,by the lower maximum value at 6=90°.
The oscillation in the pressure after 6 = 90 will not show up

with the 5° intervals and,in interpolating between points in



this region,we have drawn a smooth curve,as this 1s the shape

assumed in the integration of the pressure distributions,

Major differences in the pressure occur over the
lower front face,where the narrow A-wheel has a much lower
pressure than the other two wheels,and over the base region
where the widest wheel has the lowest pressure, as might be
expected, Near the separation position, 6 = 2800, the B and C
wheels behave in a similar way and both appear to have sepa=
ration slightly further forward than does the A wheel, Over

the upper front of the wheel all three wheels behave alike,

The pressure distributions at holes 6 and 5 are
presented in Fig, (3-15). The most obvious features of the
figure is that the complete change in appearance of the
distributions between these two holes is common to all three
wheels, For hole 5, the pressure distribution of the B wheel
is much closer to that of the C wheel than to that of the A

wheel, although for hole 6 this is not so noticeable,

If we look at the'pressure distributions given by
hole 1 and by the two holes insilde the hub (Fig,(3-16), we
again find that the B and C wheels behave alike, while the A
wheel is noticeably different, There are no results for H1l
from the B-wheel as no hole was provided in this position
for either of the B-wheels, The greater variation iq pressure
inside the hub of the A-~wheel suggests that there 17 more

interaction with the external flow for this wheel and this
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is reflected in the respective 1lift and drag coefficients

from the hub given in table 1,

The pressure distributions near the centre-line of
the shape 2 wheels show similar features to those for shape
1 given above, The only exception is the behaviour of the
pressures in the base region of the B2-wheel,which has been
mentioned previously as being anomalous, The large variation
in base pressure across the wheel is illustrated in Fig,
(3-17) which gives the distributions at two adjacent holes.
The pressure distributions near the edge of the wheels are
given in Fig, (3-18), There is less evidence of any difference
in #he behaviour of the A-wheel compared to theothers, especially
at hole 1, Inside the hub the variation in pressure is much
as before,although with a slightly greater variation for all

the shape ‘2 wheels,

(3.6) Effects of Rotation

In order to isolate the specific effects of wheel
rotation on the flow field,a comparison was made between a
stationary and a rotating wheel, including measurements of
total head, The wheel chosen for this comparison was B2, It
is unfortunate that the B2 rotating results are not very
consistent with measurements taken of the other wheels,at a

later date, but it is felt that these inoconsistences are of

such a nature as to in no way invalidate any general conclusions
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drann from the comparison with the stationary wheel,

The two sets of resuits areigiﬁen in table 3, which
suggests that the effects of gotation are.beneficial in
reducing both the drag and- the 1ift of the wheel, If we turn
to fig. (3=-19), which gives the mean pressure distribution
around the centre-line, we can sec the reasons for these
reductions, The 1lift produced by the sharp pulse of high
pressure at the bottom of the rotating wheel is more than
balanced by the large region of low pressure over the top of
the stationary wheel, whilst the lower pressure acting over
the rear of the stationary wheel contributes towards the
groater drag, The figure shows that the early separation from
the wheel noted previously is a product of the rotation of
the wheel and not an intrinsic quality of the shape, This
early separation provably also plays a large part in deter-
mining the different base pressure, although the action of
the rotation on the separated region itself may be significant,

since one would normally expect a later separation to yield a

higher base pressure,

If we compare the pressures in Fig, (3-19) with
those in Fig. (1-3) and (1-6) for a stationary sphere and
cylinder respectively, we see that the pressures over the top
of the stationary wheel becar a close resemblance to those of
the sphere and cylinder at an equivalent Reynolds number
(5x105),but the pressures over the top of the rotating wheel

resemble those of the sphicre and cylinder at a lower Reynolds

3
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number,with laminar ecparation, Despite this resemblance, it

is shown later (section (h-1-1)) that the separating boundary
layer above the rotating wheel is indeed turbulent before
separation, which is in agreement with the results of Griffiths.
and Ma (1969), discussed in the introduction, who showed that

the rotating surface moving against the free strocam provokes

transition and does not suppress it,

It is illuminating to consider a direct comparison
betweon the pressure distributions obtained by 1IIRA for the
wheel with a scaled gap and the present results, for both the
stationary and rotating cases. This is given in Figs, (3-20)
and (3-21). Dealing with the rotating case first, we see that .,

the base pressures are in fair agrecment , but,near the ground

and near separation,there are wide discrepancies between the

two results,

The low pressures given by MIRA at 6 = 90o are
quite unrealistic for zero ground clearance,bcing either due
to poor interpolation,or poor simulation,as mentioned pro-
viously. Near separation,we fecl that the measuring tcchnigue
used by MIRA would have been in error, if only by disturbing
the boundary layer flow sufficiently to affect the separation
position, Note that the NMIRA results imply a very steep

adversc pressure gradient before separation,

The two stationary wheels show much the sarie
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differencos, The ggroomont in base pressure is not so good,

but both results give-thc stationary wheel a lower base
pressure than the rotating one, The same remarks as before can
be made regarding the differences at the ground and at separation,
Note that although the IIIRA results do not agree with the
present ones near separation, they do show a greater region

of low pressure over the top of the stationary wheel, than

over the rotating wheel,

The great differences between our results for the
rotating and stationary pressure distributions occur right
across the wheel as is shown by Tig, (3-22), which compares
the pressures at hole 6 and hole 5, and also by Fig, (3~23),

which gives the variation in C_ and CL across the wheel ,

D
Note that the stationary wheel exhibits the same form of wavy
variation in CL and CD necar- the centfé-line as the rotating
wheel, although not to qﬁite such a large extent, It appears
from the pressure distribu£ions for the stationary wheel

that at w/t = 3,(hole 9).the boundary layer remains attached

further around the wheel (Iig,(3-24)) giving the greater

1ift and lower drag at this point,

As well as the above results for the pressures and:
forces acting on the wheel, the external flow field was
oxamined by measuring total head with a Kiel tube (for des-
cription see Appondix ). A total head mcasuroment below the
free strecam value indicates that the fluid concerned has

undergone viscous action. The position of shear layers and
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wake regions can therefore be identified by a survey of total
head, The total head was measurced in four planes at right
angles to the flo& direction at positions,shown in Fig.(3-25),
the results obtained for these planes being plotted in the
next four figures. These results are presénted in the form
of contour lines Jjoining points of equal total head wvalue,
Only the contours for wvalues of ¥7§§ﬁig’= 0,9 are shown ,

partly for clarity and partly because it was felt that further
in the wako the_ total head measdrements would be affected by
the high intensity of the turbulence;‘The‘O.9 contour can
loosely be thought of as-a map‘of the edge of the wake; Only
the half of the flow field opposite to the supporting rods is
shown,since their wakes would only confuse the picture,and

for the same reason measurements wére ﬁot taken very close

to the ground due to the wake of the fairing at the front of

the floor,

Fig., (3f26) shows the .9 total head contour for plane
1, 1.7 ins. downstream of the wheel axis.Contours for the
rotating and stationary cases are compared (designated'R and
S respectively). Note that the R-contour is well away from
the top surface of the wheel,sugsesting that the boundary
layer has already separated upstream of plane 1, On the other
hand,the S-contour shows the boundary layer still attached

to the stationary wheel, thus tending to confirm the pressure

measurements described earlier.

At the side of the whecel,the R-contour is well away
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from the whecel outside the upper part of the recessed hub, but
comes quite close further down. lMeasurements, using wool tufts
to give the flow direction, suggested that the air inside the
hub is on the whole rotating in the same way as the wheel ,Thus,
the air in the upper part is moving against the external flow,
whilst that in.the bottom part is moving with the flow, We
would therefore expect there to be more viscous interaction
between the air in the upper part of the hub and the free
stream. This effect does not occur with the stationary wheel,
of course; the contour suggesting that there is little inter-

action,

Lower down, the contours in both cases move right
away from the wheel, This is the turbulent region produced
by air coming out from under the front of the wheel, Rather
surprisingly, at first sight , the S-contour lies outside the
R-contour, One might have expected the jet produced under the
rotating wheel would have created a greater disturbance,
However, the wider spread around the stationary wheel is
probably due to the boundary layer on the stationary floor
separating ahead of the wheel aud rol{ing up to form a horse-
shoe shaped vortex around the wheel."

Figs., (3-27), (3;28) and (3-29) show the qevelopment
of the wake as it moves downstream, The main points of note
are tle differences between the two contours at the top of
the wheel and the spread of the large disturbed region at

the bottom, The Re~contours at the top on the rotating case
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remain at a high level, just above wheel height, but the S-
contours suggest that the air is swept down close behind the
wheel, only breaking into a disturbed wake at just about

half wheel height, One interesting feature of the stationary
case is that the contour at about 1 ins from the centre-line
appears to reﬁain closer to the wheel than it does at
neighbouring points, This is the position corresponding to
hole 9 and, as noted previously, the pressure distribution
measured by this hole also suggests the above., However, the
total head measurements for the rotating wheel do not shpw
any such non-uniformity in this region,even through the 1lift
and drag coefficents have the same wavy variation as the
stationary ones. The disturbed region at the bottom of the
wheel spreads both outward and upward,the R-contour remaining
inside the S contour at each station, and this region extends
halfway up the wheel and out to the cdge of the moving floor

by plane 3,

As a further examination of the separation region
and the flow around the bottom of the wheel,some flow visuali-
zation experiments were conducted g§ipg wool tufts and
smoke, Some of the photographs obtained are given in Figs.
(3-30) and (3-31). The top smoke photographs clearly show
the earlier scparation and'higher wake region of the rotating
wheel, The wool tufts confirm this and also show the reversed
flow back over the top of ithe whecel, The spread of the flow
around the bottom of the wheel is shown in the two lower

photographs of Vig. (3-30. Note tho greater spread in the
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non-rotating case confirnming the total head measurements,

The above results have enabled us to distinguish
those features of the flow which are specifically due to the
rotation of the wheel, The early separation over the top of
the wheel is seen to be caused by the rotation and not to be
an inherent quality of the wheel at the Reyﬁolds number used,
The rotation also produces viscous actions near the ground
and these, together with the early separation, are the basic
agents in determining the pressures and hence the forces
actinzg on the wheel, The wake region is also to a large extent
determined by these effects; together with .any extra rotation

induced into the wake by the moving surface of the wheel,

(3.7) The FEffoct of Grooves in the Wheel Surface

Three, 1/4" wide, 1/8" deep, grooves were machined
into the surface of the C2 wheel, at.fhe centre-=line and 2"
either side of it. It waé hoped that these grooves would
approximately simulate the.?ffects of tyre tread pattern on
the wheel flow, In fact, the groov;s were deliberately made

larger than most tread patterns to exagerate any such effects,

Table 4 presents the results for the two configura-
tions of C2, From what has been said previously regarding the
consequences of leaving even a small gap under the wheel, it

mlight have beon cxpoctlted thal the grooves would have & more
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dramatic effect on the whcel but the decrease in the 1lift
coefficient CL1 is only about 10%, whilst the drag coefficient
CD1' remains the same. In generating the second set of
coefficients,the tread width in contact with the ground of

the grooved wheel is taken to be less than that of the normal
wheel by 3/4" (i.e. 8.5" instead of 9:é5"), so the area on
which the coefficients are Bast will be ies§. Thus CD2 be-

comes greater for the grooved wheel, while CL2 is almost the
same for the two wheels, When viewed in terms of the amount
of wheel actually contacting the ground, therefore, the

grooved wheel is less efficient than its normal counterpart.

To scek the reason for this low efectiveness,we must
consider the individual pressure distributions. Fig.(3-32)
gives a comparison at hole 11 on the centre-line of the two
wheels and,thereforc,within the central groove of the grooved
wheel, The first point of note is that, although the pressures
differ markedly in the wvicinity of the ground, over the rest
of the wheel there is virtually no change at all, Our dis-
cussion of the effect of gap under the wheel leads us to
expect a low pressure in the groove at the bottom, but note
that the cp rises to a value close to 1 at about 80° before
falling to its lowest value of =-1,2 at 950. Thus we see that
the effect of the groove is confined to a fairly small region
at the bottom of the wheel, although this is an important
region for the lift,because of the very high pressures normally
found there, Thus the 1lift for this particular hole is reduced

considerably,but because of the localized nature of the effect

*
- .
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the drag is not altered.

To see if the groove effect is less localized across
the wheel,we compare the pressures at hole 10, midway between
two grooves (Fig.(3-33).). It is immediately obvious that the
grooves have no effect on this hole, in particular, the high
pressure at the bottom of the wheel is as strong as ever,

This is not too surprising,if we femember that it is generated
by viscous forces which are theméelves'Very localized in action,
If we examine the pressures measﬁfed b} the other holes, we
find that only those hol;s act&ally in a groéve are at all
affected. This is best seen by looking at the variation of CL
and CD across the wheel for the two cases, given in Fig.,
(3-34). Here we have used the same value of t = 9.,25/2 for

both wheels,as we wish to make a direct comparison of the

same position across the wheel,

It is surprising that the air passing through the
groove at the bottom does not have more effect on base pressure,
since even quite low ratces of base bleed can reduce the nega-
tive base pressure and hence drag by a significant amount.

It is possible that the viscous actions,still generated by
the surface which contacts the ground,act to reduce the effect
of the air passing through the grooves,since the action in
the rear cornar will tend to induce any air to flow back into

the corner,as discussed in section (4-23),

It has been argued (e.g. Morelli (1969)) that,

because the grooved tread pattern of tyres allows air to pass
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under the whoel, this is equivalent to having a slight gap
between wheel and floor. The major criticism of this practice
is that any errors introduced will not be quantifiable unless
the full simulation is carried out, Our results show that

the effect of e grooves is to decrease the 1lift in their
immediate neighbourhood only and that the viscous actions
associated with the contacting surfaqes of the wheel and ground
will still occur and be important, This being so,allowing an&
gap under the wheecl, which will eliminate these effects, will

not give a realistic representation,

(3.8) Variation in Wined Speed

In order to accurately model the wheel flow in the
wind tunnel it is necessary to equate the wind speed with
the specd of the floor, However, since the wind épeed is
likely to drift slightly with changes in temperature and
other atmospheric conditions,it was decided to investigate
alteration of the wind speed from the optimum equal value in
order to discover whether the flow was very susceptible to
such changes, If this was s;, it would be a source of error

difficult to account for,

Fortunately, our résults for wind'speed values either
side of the desired equal value shows that there is little
deviation from the results alrecady described. Fig. (3-35)
comparcs the thrce iressure distributions at the centre-line

of the C2 wheel for v/Uoo= .87, 1.0, 1,07 (v = rotational
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speed). The pressures given are uncorrected for blockage effects,
since the correction used (due to Maskell,see Appendix) deperds
on a knowledge of the mean base pressure across the whole of
the base region of the wheel and this was not avajlable for
the difforent wind speeds, only the pressures on the centre-
line being obtained. The pressures were measured at 5.1°
intervals around the wheel only, so the interpolation near.

e = 900 may be inaccurate, Bearing this in mind the agreement,
w.ithin 2%, for the C, and C; is quite acc;,eptable. The most
significant difference in the pressure distribution occurs
near the separation position, 9£=280°, where it would appear
from the lower pressure that the separation occurs further
downstream at higher wind speed (i.,e. lower v/Ua>). If,as has
been suggested, theearly separation from the wheel .is pro=-
duced by the rotation, it would seem reasonable that a lower

V/Ua> would decrease this effect.

To investigate this further,some more pressure
distributions were obtained at much lower wind speeds, It was
not possible to obtain any at higher speeds because of excessive
belt 1lift. Also, the wind speed was chosen to bec varied,because
changing the floor speed involves the fitting of new gear
ratios in the drive, for every speed change. The results,un-
corrected for blockage as above, are presented in Fig, (3-36)
The pulse of high pressure at 8 = 9o°appears greater at the
lower speeds although in absolute magnitude this is not so,

In fact this phenomenon is more closely related to the speed

of the boundaries, which is kept constant, than to the wind



speed and, as the pressures at each wind speed are normalized
by the appropriate dynamic pressure, the pulse magnitude, in

coefficient terms, will appear greater at the lower speeds.

The position of separation at the higher wvalues of
v/Uoois difficult to interpret,since the base pressures are
far from constant, It is probably best merely to say that the
low pressure over the top of the wheel, is progressively re-
duced by the rotation, although the indentations in the
pressure distributions, around 6 = 3000, do suggest that the
Phenomenon we have called separation is moving upstream as
the rotational speed increases, except that it no longer
gives rise to even approximately constant pressure, Despite
this reduction in pressure at the top of the wheel the CL of
the lower v/Uoovalues is the greatest because of the increase
in importance of the high pressure at the bottom, The CD re=-
mains much the same for all the yalues of v/U0° tested., This
applies only to the uncorrected values, of course,if a correction.

for blockage is applied the above conclusion may be different,

€

-3

It is felt that tlie findings of section (3-6),where
the rotating and statioﬁary wheel§ were conpared, have been
confirmed in the present section, It appears that the rota-
tion is responsible fof reducing the pressure over the top
of the wheel (i.e. provoking early separation) and for
reducing the negative base press?re, the amount of reduction

in both cases being proportional to the speed of rotation,

Y
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(3.9) Two Dimensionnl Flow

It was felt that the two dimensional flow past the
wheel (or, in two dimensions, therefore, a cylinder) would
pProve of interest in a number of ways; it would provide a
bridge between the theoretical work which applies to the two
dimensional case and the experimental results for the wheel;
it would give an extreme value for the aspect ratio results;
and should enable.thOSe special features associated with ro-
tation to be more easily observed, since in a sense, these

are diluted in the three dimensional flow;

Unfértunately,in the time available,it was not

possible to use a cylinder of ver& high aspect ratio as this
i

would have meant major changes to the.apparatus, so a com-
promise had to be reached by using tﬁé widest wheellavailable
with square edge ﬁrofileé, givﬁng a wiéth of.13 1/4 ins,, and
fitting it between endplatés. The arrangement in the tunnel
is given in Fig. (3-37). Flat plétes were fitted normal to
the air stream outside the end p&ates and flaps fitted to the
rear of the endplates,in order to balance the flow through
the three sections, The ends of the wheel were covered in
feit cloth and the bottom of the endplates with draught ex-~
cluding strip in order to prevent undesired flow through any

gaps.

Although care was taken to achieve as uniform a flow

through the central section as possible, clearly, with an
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aspect ratio less than onec, true two dimensional flow will
not be attained and significant three dimensional efflects

were found. Our results must therefore be considered as not
truly representative of the two dimensional case, especially
in such features as separation and base pressure, The realisa-
tion that we were unlikely to attain very satisfactory
answers decided us against pursuing this project in detail,
instead measurements were restricted to obtaining the mean
pressure distribution near the centnﬂiﬁe of the cylinder and

taking some smoke photographs of the flow,

Another source of.possible error is contained in
the calculation of the correction which must be applied to
the dynamic head to al}ow for ﬁlockage. The blockage corrections
of the flat plates in the outer sections of the tunnel were
calculated using Maskell's method (which can be applied to
flat plates near the ground according to Gould (1970)) and
the results averaged, Tt was then asspmeq thatysince the flow
in all three sections had been balanééd,the blockagecarrecﬁpn
of the wheel in the central scdction would be the same as the
average of the plates, The.addition to the dynamic hcad,
given by this process, amounted to almost 30%. Such a large
degree of blockage would almost certainly affect the flow in
other ways,bhesides increasing the effective free stream
velocity; in particular, the separation position may well
be‘altered. llowever, despite all the foregoing, the results
obtained are considered sufficicoently interesting to be in-

cluded licre,
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Fig. (3—39) oives the average pressure distribution
around the wheel, the éverage being taken over 5 holes spaced
at 1 ins, intervals with the middle hole on the centre-line,
Some idea of the non-uniformity of the flow is given by
comparing the results from each hole as in Fig. (3—38).The
rotating distribution shows muéh the.gémé features as with
the ordinary whee%,but the ﬁasg pressure is lower and the
separation slightly further forward. There is now no stagna-
tion region near the centre of the wheel at the front,but
theipressure at the ground still rises to a high value,
although no higher than irlﬁhe threé dimensional case, again
demonstrating the local nature of this feature. Note that

o
average pressures were only taken at every 5.1 , so any

oscillation in pressure after 6 = 90o will not show up.,

The stationary results are considerably different
from those presented for the B2 wheel in section (3.3). One
major reason is that the boundary layer on the stationary
floor in front of the two dimensional wheel separates ahead
of the wheel and thus effect{ively 'streamlines' the flow.
Thus the pressure on the lower face is that in this separated
region, Note that separation from the wheel now occurs much
closer to the top, about & = 260?, which is probably the
reason why the low pressure over the top is no more than in
the three dimensional flow (see Fig., (3-19)).The base pressure
is more constant in the two dimensional case and is also re-
markably similar to the rotating value, although this may

well be an effect of the upstream separation from the floor,

o
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rather than an indication that the rotation no longer affects
the base pressure, The results of Wadcock (1970) for two
stationary cylinders in contact, indicate a base pressure
around -1,5, but in our resulés the stationary base pressure
is l1little lower tlhian the three dimensional stationary case,
at about -.7; However, Wadcockls figure was obtained at a much

lower Reynolds number, which might explain the difference

(2.5x10% against 5.2x105).

Smoke photographs for the stationary and rétating
cases are given in Fig. (3-40). The earlier separation and
higher wake region of the rotating wheel is demonstrated in
the fipgure, with the difference from the three diﬁé;sional
flow that the separation from the stationary wheel now occurs
near the top, agreeing with the pressure distributions, The
bottom photographs are of the flow in front of the wheel,
Unfortunately, because of the separation in front of_tﬁe
stationary wheel, the two pictures do not indicate a very
clear difference between the flows, llowever, one can distin-
guish that the flow leaving the floor in the rotating case
does so at a sharper angle. This flow above the moving floor
is almost certainly caused by the upstream moving jet emerging
from the cornerbetween the wheel and floor and is not a boun-
dary layer separation under adverse pressure gradient as in

the stationary case,

]

For comparison with the above, some more photographs
. i

wore obtained in a small smoke tunnel (26" x 2 1/4" section)
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of the flow around a simple image-system model, consisting
of two 2 ins, diameter cylinders in contact, with the wakes
being separated by a splitter plate, 20" length, Fig. (3-41)
presents photographs of the flow, with the cylinders rotating
in the same way as a Wheel and in the opposite direction, and
with them stationary. The influence of the rotation on the
separation position can clearly be seen, Note that the se=
paration appears further forward in the stationary case than
it does in Fig, (3-40), which is probably connected with the
lower Reynolds number of the image system (2x10h),but may
also be influenced by the lack of separation in front of the
cylinder, When the cylinder is rotating as a wheel,thére is
evidence of a large disturbed region at the front, The solution
for this flow in the corner suggests that the jet emerges
midway between the bounding surfaces,whiéh would indicate that,
with the image system,the jet would point directly upstrean,
whereas,with the moving floor,it would be angled upwards,In
this way,the image system is notla complete analogy to the
wheel flow, -

From the above observations of the flow, together
with the low Reynolds number solutions for the flow in the
corners, plus what has been conjectured about separation
over the rotating body, the likely mean streamlines of the
various two dimensional configurations have been drawn
(Fig. (3-42)). It must be emphasised that these figures have
been constructed from the above information and are not tlhe
results of spoecific mecasurements in the flow, They do, how-

ever, account for the features shown in the smoke photographs,
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The figure of the cylinder on the moving floor illustrates
the unique properties of the flow, including the Jétting

at the front, the free separation point with its associated
complex boundary layer and the way in which the flow near the
ground at the rear affects the recirculating bubble, Note
that,in the mean,the fluid in the layer next to the cylinder
recirculates about the cylinder and separation region. In
this,it is - compavable to the layer shown in Fig, (1-12),
which circulates around the rotating cylinder in a free stream,
In the three dimensional flow,the fluid which comes over the
top of the wheel is lost around the side in the forward going
Jet and this mechanism must therefore extract fluid from the
base region. On the other hand,the action in the rear corner
should tend to induce fluid back into the base region and

would also contribute to the general increase in circulation.

in the separated region behind the rotating wheel,

(3.10) Conclusions =

We have usually drawn conclusions from the results
as they were presented and here we merely intend to summarize
the more important ones, Two sets of coefficients wpré derived
in ?nalysing the results, in order to study them frpm diffe=
rent viewpoints. By basing the coefficients on an area equal
to the tread width in contact with the ground x the diameter,
we were able to show that,for a given tread width,the sharper

edged wheels were better as regards drag and, except for the
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B wheels, as regards lift also, The same set of coefficients
showed no obvious increasing trend with increase in width,but
coefficients based on the projected frontal area of the wheels,
as is more usual, did show an increas; with width in both 1lift
and drag, In all cases the lift force was directed upwards

contrary to the results of Morelli (1969),

Rotation o} the wheel was found to have a beneficial
effect,in the sense that bath the drag and the lift were de=-
creased, The pressure distributions showed that this was due
to a reduction in base pressure,combined with a forward move-
ment of the position of separation from the top of the wheel.
This movement of separation and also the high pressure found
under the wheel are connected with the movement of tle boun-
daries of the wheel and floor and would only be produced in a
complete simulation of the real flow., Because of their effect
on the overall forces acting on the wheel,these features are

examined in greater detail in the next chapter,

. A smooth .surfaced, non deformable wheel was chosen
for these tests,in order to present a basic result upon which
the effects of any other factors could be added.-T%e smooth
surfaced wheel has direct application to one pract%cal case
where the aerodynamics are of great importance, that of Grand
Prix cars which run with treadless tyres, but it was felt that
some attempt should be made to study the effects of tregd
pattern and this was done by simulating the pattern Qith slots

in the wheel surface, It was found that the slots decreased
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the 1ift on the wheel,but had little effect on the drag. The
results also indicate that it is not possible to accurately
simulate the effects of ty?e ﬁattern by leaving a small gap
under the wheel,since the flow near the ground,produced by

the raised part of the surface,is still important,

No tests were made on the effects of deformation of
the wheel under an axle load,but it seems likely that the same
flow features will still occur, However, there will probably
be a small reduction in the wvalue of the l1lift and drag coeffi-
cients,because the affective height of the wheel above th;

floor will be decreased and also because there will be a finite
’ air
area in contact with the ground,on which no, pressures act,

An attempt was made to obtain some two dimensional
reqults,but.because of the iow aspect ratio and high blockagg
of the cylinder used,these are probably not very accurate,
The two dimensional flow may well repay furfher study using
a better experimental arrangemenﬁ,since some of the mor? in-
teresting features of the flow, such as the epecia&fgggara-

' |
tion, should be easier to study in two dimensions,
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(4) DISCUSSION OF FLOW FEATURES ASSOCIATED WITH THE WHEEL

The results of the last chapter have established
that the maJorfhcﬁms in determining the wheel flow are the
rotation of the wheel and the presence of the ground, In this
chapter,it is intended to give some consideration to the spe=
cial features produced by these agents, Inevitably, a great
many simplifyihg assumptions have to be made in applying any
theory to such a complex flow and‘we do not claim that any
of the theoretical models cam accurately predict the real flow
about the wheel, Rather, the theory ié used solely as an aid
in understanding the exp;rimenkal work and in this sense bad
agreement with experiment ;;n be as illuminating as good

agreement,

We shall first consider those features associated
with the rotation only, especially the early separation from
th; top of the wheel. Then, the effects of the ground are
discussed, including those features which are due to a cpm-
bination of the rotation and the ground, Finally, a free stream-
line theory for a cylinder on the ground is presentgd, which
takes into account the effects of separation on the pressure

distribution over the body.
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(4.1) Features Associated with Rotation

-

- i

(h.1.1) The Boundary layer- on the wheel near separation

Because the early separation from the rotating wheel
has such an important effect on the 1lift,it was decided to
investigate the boundary layer near the separation position,
Unfortunately, the present experimental set—-up does not lend
itself to this type of investigation, The main difficulty is
that the wheel is subject to a certain amount of wvibration,
which appears to be initiated by the Jjoint in the endless
belt of the floor passing between the wheel and the roller,
This occurs every 31/2 revolutions of the wheel, The thickness
of the belt at the joint is greater by about ,1 mm and the
amplitude of vibration of the wheel is somewhat more than this,

whilst, at the Reynolds number of the experiment, the boundary

layer thickness, 5, 9" on the front face of the wheel,is about

3 mm, This vibration introduces an amount of uncertainty into
the measurement of distance from the wheel surface and also
mmn% that the very lowest portion of the boundary layer cannot
be observed., Since our main interest was in seeing whether

the velocity profile of the layer, near separation on the
centreline, resembled that conjectured for the two dimensional
flow in the introduction, it was felt sufficient to use pitot

and s tatic tubes to measure this,rather than hot wires,which

would be easily damaged by contact with the wheel, A flattened

L
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pitot tube was used, Fig. (2-16§, because of the thinness of
the boundary layer. A correction was applied,to allow for the
displacement effect on the measurements in the shear layer ,
o0f ,2 times fhe external normal dimension of the tube (i.e.
«lmm), The above form of the correction really applies to
round tubes only,but it was felt that,because of the uncer-
tainty in normal distance measurement due to the vibration,
'there was little point in trying to obtain a more accurate
correcti:q? Measurements in the free stream indicated that
-static

the Pitot ,tube read high at low speeds, although no more than

5%,|and another correction was applied for this,

The results for the velocity profiles of the layer
on the centreline of the wheel A 1 are presented in Fig.(h—l).'-
The important point is the overall shape of the profiles, ra- |
ther than the actual values of the velocity, which may be
in error for the reasons given above. It is unfortunate that
the: reversed part of the layer on the rotating wheel is so
thi? that we were unable to make measurements of rewersed
velocity except at & = 270? at which position the layer has
definitely separated, Note the inflexion in the profile at
this position, whereas at the other positions the shape is
ﬁasically similar,although yith some alteration and a definite
thickning at 6 = 280°, The rotating layer, as a whole, is
thicker than the stationary one and the thickness increases
with movement downstream, The stationary layer, on the other
hand, remains much the same throughout the region measured,

confirming that separation does not occur on the stationary



72

wheel until later,

Because the pressure distribution around the centre=
=line of the rotating wheel resembled that about a sphere with
laminar separation, as has been noted earlier, the question
arose of wh;ther the wheel layer was laminar or turbulent,

All that was required was some indication of the relative
turbulent intensities in different parts of the layer, Thus,
comparative measurements of pressure fluctuation,such as those
given by a stethoscope,would prove sufficient, To obtain per=-
manent recordings of the results, the B& K 1/4" microphone,
used previously in the wheel, was now connected via flexible
tub?ng to a probe, consisting simply of a straigﬂ;‘metal tube
1/16% inside diameter, which could be placed in the boundary
layer, Photographs were theF taken of the signal from the
microphone displayed on an oscilloscope screen,

|
{

The ‘results presehted in Fig. (4=2) therefore are
representative of pressure fluctuations in the boundary layer.
Note that the first photograph does not indicate a high tur=
bulence level in the free stream, merely that the measuring
apparatus is somewhat ‘'noisy!. Near the front stagn?tion posi-
tion,there is no great increase above the free stream fluctuat-
ion, suggesting a laminar region. This region extends only
about 10% above the stagnat?on point and about 20° below; downe
stream of these positions,a small higher frequency pressure

fluctuation becomes noticeable, indicating a turbulent layer.

The amplitude of these fluctuations grows éradually over the
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top of the wheel, until at abouthe = 280° a larger lower
frequency oscillation is also picked up, This is probably
associated with the pressure fluctuations in the wake and
thus suggests that the layer has separated at about this
position, Investigations on the stationary wheel indicate a
laminar layer until about 10° behind the top, then a short
separation bubble,with turbulent transition in the shear
layer,which reattaches about 20-25° behind the top., The tran-
sition to turbulence in this case 1is quite abrupt and at re=
attachement the pressure fluctuafions are as large as thoqe_ -
of the rotating layer just before separation, On the rotating
wheel no such abrupt change takes place, the pressure fluctua-

tions Jjust increase slowly with movement downstream,

Although the wheel apparatus is not well suited for
investigations of the boundary layer, we feel that the above
results do indicate that the boundary layer near the centre=
line of the rotating wheel does have the form at separation
that was conjectured for the two.dimensional flow past a ro=
tating circular cylinder. It would appear to agree in basic
form with the work of Thom (Fig.{1-11)) and suggests that near
the centreline two dimensional ideas might be applied.(Note
that by two dimensional here we mean the rotating cylinder
in free air,as the boundary layer for the cylinder on the
ground is more complex and less representative of the flow
near the centreline of the wheel). Moreover,although the layer

separates far forward on the whefl, it would appear to be
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turbulent before separation, This agrees with the work of
Griffiths and Ma (1969) on rotating cylinders and that of
Maccoll (1928) an& Davies (1949) on rotating spheres, all of
which indicated that the upstream moving surfaces provoked
early transition to turbulence within the boundary layer.
This early transition implies that there is likely to be

little change at higher Reynolds numbers than that of the

present experiment, since the transition is already so far

forward and,hence,the experimenf wil;fﬁe‘representative of

wheel flow over a wide rgngé of car speedé.
i

As discussed in the introduction,it appears that

separation from a rotating ?ody is of unique form, actually

being separation from a thin layer of air which remains attached

to the surface and moves in the same direction as the surface,
t

This form of separation does not imply that the she?r stress
at the wall becomes zero at separation, bu% does apﬁear to

be more easily provoked than ordinary separation, w;th hardly
any jadverse pressure gradient before separation. In the next

|
section we shall discuss some theories connected with the

special features of this type of separation,

(4.1.2) The two~dimensional boundary layer on a rotating
cylinderxr

Although, as discussed in the introduction,éopara—
!

tion in three dimensions is in general of a different form to
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that in two, near the critical position (see Fig. (1-13)), the
flow does show some two dimensional behaviour and our results
indicate that this also applies in the rotating case. Also,
the movement of the separation points with rotation seems

to occur whether the boundary layer is laminar or turbulent,
It would therefore seem reasonable to use some of the two=
dimensional laminar boundary layer theory available,as a
starting point in examining the boundary layer flow on the

wheel, in particular near separation,

- Glauert, M.B.(1957),has given a general boundary
layer theory which has applications to rotating cylinders,
The theory is based on the assertion that if (u1,v1, Wi Py
TI)’ which are known functions of (x ,y, z, t) are a solution
of the general boundary layer equations, with given boundary
conditions, and there exists a second set of expressions

(“2' Vor Vo Do Tz),such that
“2(x’ Y, 2, t) = ul(xo Yy Z +§ ) t)

+§ o t)

vz(xo Yy 2, t) = V1(xt Y

Pz(xo Ys Z, t) p1(xo Yy 2 "'Cv t) (1)

Tz(x. Yy % t)

[}
I
~~
L
3
N
+
7o
(L4
A

\12(19 Yy, 2, t) -(w1 -a—t-»-n—-&.-}?z.ry



76

(where§ = U(x, y, t)
and h1 dx, hzdy are elements of length in the coordinate die

rections)

then the quantities with subscript 2 also satisfy the boundary layer

equations and so give a second solution,which will satisfy

different conditions at z = O to the first solution, Glauert

proves the theorem by direct substitution of quantities (2)
into the boundary layer equations, proving that they satisfy

the equations, provided g does not change so rapidly that addi-

tional curvature terms must be introduced,

In two dimensional, steady, incompressible flow

equations (1) reduce to

uy(x, 2z) = u,(x, z +{)

(2)

(Tan

wz(x, z) = W1(xoz*§ ) - ul(x, z +() %x'

where [ = {(x)

or, in terms of the stream function ¢

"pz(xa z) = q).l(xv z +§)

using Taylor's expression on the above gives

ga% 2 g -a—q)’- + cecccee

q)z(xo z) = q) +
(3)

au
1
= q).l +§u1 + ?gz 52—1 + oe0cccee
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32u

322

1

+* cececcee

Ju
u, = u, +C §;l + 1/2.;2

(3)

2 = 1 + .
dz oz . azz eececccccssccocce

At z = O,so0lution 1satisfies ¢1 = u, = 0,

du T
1
(5;-)z=0 =

-1 (&)
M
where T is the skin friction

and

aZ
1 =1l _pu
322 (gm0 H OX W

(

&le

(5)

from the boundary layer equations, where U(x) is the velocity

outside the boundary layer.,

Glauert now assumes that (E/S)%$:1,i.e. the distance
gis small compared to the boundary layer thickness . Then
at z = 0O

Ct

b, =0, u, = _|J.l’ 2= 'gPU(%

from (3)9 (u)! (5)'

It is because u, is not necessarily zero at the

wall that the theorem can be applied to a raetating cylinder,

Thus,if the cylinder has a small tangential velocity,Uw at
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the surface and solution 1 gives the flow with zero wvelocity

at the surface, choosing

C = uwit/1, (6)

gives the required solution 2,with

2 1 T, dax (7)

Note that the external velocity U,used for solution
1,must be that for the rotating cylinder, Also that (g/ﬁ) small
implies Uw/U small, so the solution will only apply to slowly
rotating cylinders, but,since we are basically interested in
the qualitative effect of rotation on the layer,this is not a
great disadvantage,since our results on wind speed variation
suggest that effects which are connected with the rotation,
such as the forward movement of separation, are amplified
by an increase in the rotational speed,without undergoing

any basic change in character,

When Uw is negative, i.e, when the surface is moving
in the opposite direction to the external stream, the second
solution will not be defined for( <£z<0,but Glauert over-
comes this difficulty by postulating an analytic continuation

of the original solution across z = 0O for the small distance

C.

We are most interested in the solution near the

separation points,where,for the non-rotating cylinder,the shear
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stress 'I:1 becomes small, Thusgbecomes large and the solution
ceases to be valid. However if the terms in EZ are retained

in (3), the boundary condition on u, is satisfied by

2
qu=§1;1 - 1/2.§2p U(g) (8)

Glauert now substitutes the value of C satisfying
(8) into (7) and so derives

))1/2

2 du
T, =(1:1 - 2y upu(gy

(9)

which is equivalent to (7) when I1 is not small,but does

not become large near separation,

Using (9), Glauert cansiders the values of 1:2 at the
two separation points, If Uw is positive, so that the surface
is moving in the same direction as the external stream, then
Iz has a finite wvalue when tl = O,since %% is negative here,
The validity of the solution ceases at this point,so no further
deductions can be mada, although Glauert supposes that 12 would

fall steadily to zero as x increases, When Uw is negative,

TZ = O when
T,% = 20pp u(53) (10)

i.e. when t1> 0, and the solution cannot be extended further,

because there is no point in solution 1,o0or its continuation
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below z = O,which could be taken as the new position of the

surface, Glauert thus assumes that"c2 remains zero beyond

this point,

It would be natural to assume that what Glauert shows
above is that separation moves forward on the upstream moving

surface, especially as this would agree with the experimental

results given previously., However, this is not true in the

sense in which we have been using separation, since a value

of the shear stress tz equal to O meed not produce any apparent

effect on the pressure distribution, as is true for a rotating

body. This is demonstrated by the work of Thom (1926 and 1931),
already discussed in the introduction (see Fig, (1-11)), al-
though his results are for a faster rotation rate than the
theory., Glauert, himself, is careful not to equate the shear
stress being zero with separation and this independence of the
two can be shown by drawing a further conclusion, which

Glauert fails to make, This is that,with I1 positive,Uw posi-
tive, and (dU/dx) positive, Izcan still be zero from (9).

Thus tz can be zero in a favourable pressure gradient and,in

fact,would be zero in the same regions as that indicated by

the results of Thom mentioned above,

On the surface moving against the external stream,
our picture of separation would suggest that t2 does not be=
come zexro at all,whereas the theory suggests that it might,
However,at the lower rotational speeds to which the theory

is applicable,it may be that thespeed of the recirculating
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fluid in the separated region will be as great as that of the
rotating surface,in which case T, will become zero, Also note
that both the results of Thom and the present ones indicate
that at the higher rotational speeds (dU/dx) hardly becomes

negative at all,so that 12 is unlikely to become zero by (10).

To summarise, the theory of Glauert is applied toa
cylinder rotating such that Uw/U<K1,but does agree with the
independence of the pressure distribution from the wall shear
stress,deduced from Thom's results for a higher rotational
velocity., This independence does mean that one cannot make
the assumptions, which Glauert does ma.ke,that‘t2 will fall to
zero on the Uﬁ-positive surface,or that.if'cz once becomes

zeroontheUﬁ-ne@xive surface,it will remain zero,

We can take this examination a stage further,by
considering the flow near separation in a mamnner suggested by
Milne- Thompson (1968). for a stationary surface.

If

Q, = Q(x,0) = vorticity at the wall,z = O,

then

0
n
'
le})
NS

Therefore near to the wall, we assume

u = -sz
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From the equation of continuity

jw
Nlt
u
)
o
S
"
O
N

where the dash refers to differentiation with respect to x.

Thus
! 2
w = 1/2Q =z
w
since w = O when z = O
) U
W
e o "'; =-1/2 (QW/ Qw)z (1)

'
which is small for z small,provided (éz!) = 0(1),

Q
w
U
but if{}w = OJ?W # O it becomes infinite and we shall take
this to be an indication of separation. Thus,separation occurs

when du/dz \w'_’ 0,

Now, if we try and apply the same analysis to a

moving boundary, with wall velocity Uw’ then we must assume

u = 4sz + Uw

hence

’

dw du

4

s
w = !6 CLzz as before, since w = O when z'= O
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' 2
2 Qu =z
so = = 1/2 8y =z (2) which remains small for z small,

u -Q,z + Uw
even if Qw= 0

Thus,again demonstrating that au/azL can be zero
on a moving boundary,without indicating any equivalent sepa-

ration to that shown above,

However, if instead,we consider the point in the
boundary layer above the moving wall,where the tangential

velocity u is zero, at height z_  say. Then if Qo = vorticity

at this point = %—"zl- » @assuming %_xw small,since it is of 0(6)
o

in the boundary layer,

we can let

14
]

-Q,(z=2) near z_

- Qoh say.
Then from the equation of continudity

w = r- g;;' dz = Q'Y J (z-zo)dz = Q;(zz/z - zzo)

(¢} (¢}

‘ /
v = 1/2. Qo (z2-2zz°+z§) - 1/2 Qlozi = 1/2 Qo(hz-zi)

' 22n?)
8o E = 1/2 Qo %—h— ' (3)

This will, of course, tend to infinity as h tends
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to zero,since u has been specified to be zero at this point
whilst w need not be, but it will also tend to infinity for

0 =0 anan # o,

This suggests that a new condition for separatiomn,
which could be applied above moving boundaries,is that Jdu/dz
should become zero at the value of z at which u is zero., In
fact, this could be taken as a more general definition of
separation, since the stationary case is included,and would
be.compatible with the idea of a free separation point above

the solid surface.

(4.1.3) The movement of separation position

The above theories, although indicating why the se=
paration positions might be different on a rotating cylinder,
do not indicate what sort of changes would occur., The theore-
tical determination of the separation position is obviously
a complex issue, inyolving a continuous interaction between
the external stream, the wake and the boundary layer and,in
fact,the problem has not been entirely solved for even a sta-
tionary cylinder, All that we can do here is to offer some
suggestions for the movement of separa?ion, concentrating on
the case of most interest at present, that when the surface

is moving opposite to the external stream,

On a rotating body,the flow near separation is com=

plicated by the presence of a reversed sublayer of fluid next
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to the body's surface, In our time mean picture o0f the flow
past a rotating cylinder (Fig. (1-12)), this sub-layer is
completely separate from the recirculating fluid in the wake
region and also separate from the external stream, The sepa-
ration point marks the limit of the upstream movement of air
in the recirculating region behind the cylinder. In a separa-
tion from a stationarybody, the adverse pressure gradient has
first to decelerate the fluid near the wall against the influence
of the faster moving fluid in the outer part of the boundary
layer, but in the present case,which already has a reversed
sublayer,this should not be necessary and it would seem likely
that even a slight adverse pressure gradient would produce

an upstream flow of the fluid in the separated region, espe~
cially as any greater circulation induced into the wake region
by the rotation of the cylinder would aid in this., It is not
surprising, therefore, that the experimental pressure distri-
butions obtained in the present experiment,and by Thom,show

little or no adverse pressure before separation,

Another physical effect, which is ignored by boun-
dary layer theory but which may be of importance near separa-—
tion,has been discussed by Kuchemann (1967). This is that the
vorticity in the shear layer,when it is turned through some
non-zero angle, such as at separation, has an induced velocity
field with a component parallel to the body's surface which
acts to retard the flow before separation, If this effect is
strong enough,therefore,it may provoke separation further up-
stream, Kuchemann uses a simple model of flow with constant

vorticity to examine the above effect in separation from the
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trailing edge of an aerofoil,but the same model can be thought
of as a general separation from a plane surface with the flow

in the separated region ignored, as shown in Fig, (4=3(ii)).

Far away from the separation point,at some arbitrary
distance 1, the constant vorficity model produces a straight
velocity profile with a non zero velocity, U at the wall
(Fig. (4-3(i))), which may be regarded as an approximation to
a turbulent boundary layer profile without the laminar sublayer,
In this model,the condition for separation is taken as being
when the velocity at the wall falls to zero, This will always
occur at r = 0, the original separation point, but can occur
upstream of this point,to form a separation bubble,as shown
in Fig. (4=3 (iii)) and this is interpreted as a forward move-
ment of separation, The necessary condition for the bubble is

found to be

U <wl tan ©
o o

where w 4is the vorticity and eo is the angle

the flow is turned through at separation

UO is simply the difference between the true wall
velocity and the constant vorticity model velocity at the
wall, If we assign a velocity to the solid boundary and hold
Ub constant,then we shall have a greater value of vorticity,
w, if the boundary moves against the external stream and less
if it moves with it., An increase in the value of w acts to
increase the chance of the above condition being fulfilled.

Thus,if we think of the solution with no enclosed bubble as
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being the conditions at separation on the stationary surface,
movement of the surface against the flow will tend to move

the separation position forward, which agrees with the experi-
mental results, It is not suggested here that the vorticity

is necessarily a major agent in the movement of separation,
the special form of the separation when acted upon by the
changed external pressure distribution is probably more impore

tant, but it is one possible cause,

(h.].h) Flow near the stagnation point on a moving surface

Another singular point in the boundary layer,which
is likely to have a different form when the surface is moving,

_ is the stagnation point,

The solution for the two dimensional flow near
stagnation with a moving surface of any velocity has been
given by Glauert, M,B. (1956),as a special case of an oscillat-
ing surface, The solution is derived from that when the sur-
face is stationary, given e.g. in Schlichting (1968) and

shown below,

The potential flow solution for flow against an in-

finite flat plate at z = 0 is given by
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For a bluff body of any shape, the above is true in the neigh-
bourhood of the stagnation point, x = z = 0, (i,.e. Xy z small
cf. the radius of curvature of bodylTo solve the flow with

viscosity included,we assume that in this neighbourhood
u = xf'(z) and w = =f(z) (2)

which satiasfies the equation of continuity, Using

non-dimensional variables (2) becomes

u = cxf'(S), wa= -(V’c)1/2 £(C) whereGs= 2(3)1/2

(V= kinematic viscosity)

If these values are substituted in the boundary

layer equation in two dimensions,with boundary conditions
u=swaO at z=0 u—>U=cx as z = 00,

(or into the full Navier-Stokes,two dimensional equations)
then

ftll...ffll-flz-l-]:o (3)

with boundary conditions (for a stationary surface)

£(0) = £4(0) = 0, f'(® =1
(which is the Hiemenz equation)

Wwith a boundary moving transverse to the flow with a velocity
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Uw we look for solutions of the form
u = oxf1(6) + UBE), w=- (V)2 £(5) (4)

where f and § are as before and the continuity equation is still
satisfied,
The new boundary conditions are

u==U w=0 at5=0; u>U = ¢x asG>w

w?

Substituting in the boundary layer equation now gives

czx (f“' + £E = £12 4 1) + Uw( g + £Pr = f'¢) = 0 (5)

the expression in the first bracket is equal to zero by

equation (3) so

g + £g' - £1¢ = 0 (6)‘
with boundary conditions

g(0) =1 @(o9 =0 (7)
If we differentiate equation (3) we have

f(IV) + ££fM o £if0= O (8)
therefore ¢ = f" is a solution of (6)

Numerical integration of (3) yields f"(0) = 1.2326

and f"(w) = O, Hence
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g = f71.2326 = .8113f" satisfies the boundary conditions (8)

Thus u = cxf'(G) + .8113U  £(G)

| (9)
w = =(ev)? £(g)

is the solution derived by Glauert

It ¢ is the stream function , such that

2 5
zsu a.nd-x=w

(10) (11)
then
(10) implies ¢ = (cv)'/2 x£ + .8113 U§(§)1/2f' + g(x)
and
(11) implies = (cv)'/2 x£ + n (2)

choosing Y= 0 when G= 0 (i.e. on the boundary ) gives

g=vu ()13 EU:,’S £+ .8113£ )

In fig. (4-4),we have plotted xf + ,8113f' = cons=-
tant lines,in order to give an idea of the form of the flow
given by the above. The streamlines shown,suggest that the
flow is divided into two parts by ¢ = O,although the two

halves of‘Pn O do not meet, Streamlines to the left ofd)s o
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in Fig. (4-4) go to the left,while those to the right eventually
go to the right., No streamline actually connects with the sur=-
face and there is no singular point in the stagnation region,

at which a streamline divides. These features of the flow have
been used in proposing the picture of the two dimensional flow
past a rotating circular cylinder,given in Fig, (1-12) and

discussed in the introduction,

(4.1.5) Conclusion

In the present section we have discussed separation
from & rotating body, in particular from the upstream moving
surface and have pointed out some of the unique features
associated with flow about such a body. Simplified mathematical
models have been used to demonstrate some of the features
although no attempt has been made to obtain any quantitative
theoretical results because of the complexity of the flow,
These models have shown the independence of the wall shear
stress and separation, A new criterion has been suggested,
namely that separation should be deemed to have occuredat
the position where both u and au/az are zero, The causes of
separation movement were discussed and one possible agent indi-

cated, although other effects will probably be as important,

The experimental results for the wheel indicate
that the special form of separation plays an important part

in determining the overall forces, especially in reducing the
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1ift component, so that further study of the conditions near
separation would prove useful, The present experimental set-up,
which was designed, basically, for measuring the surface
pressure .distribution on the wheel,is not well suited to a
detailed study of the boundary layer,but such results as were
obtained do not disagree with the separation picture proposed,
at least near the centreline of the wheel., A study of the two
dimensional separation from a cylinder rotating in free air
would be a suitable starting point for any further investi=-
gation, as this would eliminate the difficulties experienced
in taking measurements in the boundary layer and provide suit=
able results for a theoretical treatment. The same forward
movement of separation seems to occur over a wide range of
Reynolds number provided the rotation rate is high enough to
overcome transition effects, so that lower numbers might be
used initially to increase the boundary layer thickness and

thus make measurements easier,

(4.2) Features Associated With the Ground and Rotation

(4.2,1) Potential flow solutions for cylinder

In this section we shall give some potential flow
solutions for a cylinder above and on the ground, and with
rotation added, The results will then be compared with availa-
ble experimental data, Of course, a potential solution for
such a bluff body as a cylinder is unlikely to give realistic

results for the magnitude of forces but we might expect it to
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indicate correct trends with variation in height above the

ground,

The potential solution

radius, a, in free air at z = ic
pPlus a doublet, thus

2

Ua

w=@g +1i{ = Uz + ~—

To model the ground we

at z = =ic i,e. an image doublet

for flow past a cylinder

consists of a uniform stream

must include an image cylinder

strength Py = Ua2 dt 2z = =ic,

But this in turn must have an image in the first cylinder to

keep the cylinder shape as a streamline i.e.,

strength P = Py a.z/llc2 at z = i(c-dz) where d

a doublet of

, = a/2c. We

then require an image of this doublet in the image cylinder

and so on, Thus we generate an infinite series;

©
w=Uz + Y - P
zix(c-d 5

n=1
2
where P1 = Ua
2
F' Pn-1 a
=
n (2c-dn 1)2
[ ] d 2
¢ Pn = lJ'n-1 -
2
a
and d1 = 0
2
d = 2

(1)

(2)

(3)
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The solution is given in the above form by Carpenter (1958).

From (1)

dw g Pn
- e—— - i 2 U =-
L 5 GRale-a

dz

(%)

We are most interested in the pressures on the cylinder, and

if we take the radius a = 1,so that <% + (y-c)2

© A (Y:(C-d ))
v = 2Ux Y >
1 (1+2yc-2yo+2yd -2cd_+d, 2)

where k = p /u= A e d2 and k = 1

Terms

Apyq(y=(c-d

A_(y+(c=a_)) )
2

+
2 2 2
(1-2cd +d”+2y(2¢c-d )) (1-20dn+1 +d5  +2yd, +1)

can be combined,using (3) and (6),as

(y-c) ( L)4 2ontl
xn+1 l kn+1
2d
(1 ﬁ-’m v)?
n+1

2
Define An = l/kn then An- = dn An and A

1

(9)

1

(5)

(6)

(7)

= I/A1=I=X1

(10)
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thus (7) becomes

2
(An+1+dn+1An+1)+2dn+1An+1

(y=c)
2
(1+2dnAnyn)

The uncombined term can be included in the summation in (5) in

the same form as the combined terms so that

@ 2
(y=c)(1+d%)A_+24_4A
v = 2Ux Z: n__n 3 nn
] (1+2dnAnyn)
or%:ZxS (11)

where S represents the summation,

The other velocity component, u, can be treated in

a similar way to yield

uw/U = =2(y-¢)s - (12)

We can prove that S is a convergent series in the following

ways

<1, thand = < €1

d, = 0 and if d
1 n

-1
since c2 1, Thus dn<1, all n

Similarly,we can show by induction that dn2.0 and dn>»dn_1
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for all n,
Also =1 < (y-c)<1

(+) aa0-0) + aimy] | | 2ekaes | 5

2|~5.2
(1+2d_ Ao_ v)* I(ZdnAhY) | 2y A,

80

Now

Q
2 2.2 2 2
Egl(I/An) =1 + d2 + d2d3 + ...(dzo..dn) teoeoee

o
< 3 (di)r which is a convergent geometric
r=0
series since

|a2 | <1

©
Therefore Z'(1/An) is convergent and hence S is absolutely
1

convergent by comparison,

To take rotation into account, we must add vortices
inside the cylinders,so as to retain the cylinders as stream-
lines. Thus, if the vortices are added at z = = ib, b>c, the

complex potential due to the vortices strength KU, «KU is

w. = i KU 1o (z+ib)
2 - Z2n 8\ z=ib (13)

KU , . PA

= on log PB where PA, PB are defined in

Fig. (4-5)

thus,%% = constant,are streamlines and
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PA (c+a)-b b=(c-a)
PB = (c+a)+b ~ b+(c-a)

at C and D respectively

o b2 = (c+a)(c-a) or (c+1)(c-1) if a = 1

dw
Then 2 = ZEKUZ (1&)
dz Z +b

and therefore on cylinder

= —bKHL;i)' (15)

UxXb
o ———— u

Vo ° Yy 2

Adding these values to the previous solution for a stationary

cylinder, gives

u/y = -Z(Y-c)(s -bK/Zy) = -2(y.c)s:s

ay
(16)

viv = 2x ( s-P% /2y ) = 2xS!

Let
¥
then
2
cp = 1=4S" (17)

and the forces on the cylinder can be found by integration.

To obtain the potential for a stationary cylinder
actually on the ground,we return to equation (1) and take

c=a,which gives
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2 2 2
a a” /4 a”/9
z*ia | zZia/2 T zia/3 T ‘e )

w=1U (z+

Combining 2 terms gives

oo} 2
2a 2z
II( z+ 2 'E"E???)
n=1 a +n 2z

>
L]

= anU coth (%}) = U coth (%}),for a=1

which is the same as the solution given by Milne-Thompson,

(1968) p. 180,

Near the ground,the rotational part of the potential,
given by (13), as ¢c>a or b>0 becomes =- ;E—Iz{-, by expanding
the logarithm in a Taylor series and ignoring terms 0((b/z)3).
This term will give rise to a velocity which tends to infinity
at the origin, z=0, However, near the ground,we might expect
viscous forces to modify the flow significantly, Indeed, the
low Reynolds number solution for the flow in the corner between
cylinder and ground, given later, suggests that when the cylinder
is actually touching the ground, the moving boundaries give
" rise to an upstream moving jet and the experimental results
indicate a cp greater than 1 at the ground,which obviously
cannot be obtained in a potential solution., The jet might
be modelled by reversing the sense of the vortex doublet in
the solution with rotation,but, although this will give a flow
pPicture bearing a closer resemblance to the real one, it will

also give an infinite negative pressure on the cylinder near

the ground, Since all potential models are likely to be un-
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realistic on a bluff body,it would seem that taking the sta=
tionary case for the cylinder on the ground will be sufficient
for the present purposes,i,e, the effect of touching the ground

is taken to be destroy the circulation about the cylinder,

The wvariation in the 1lift with height above the
ground is given in Fig. (4=5). This suggests that the cylinder
will experience a lift force towards the ground, which reaches
very high values near to thebground, and that rotation of the
cylinder exagerates this trend, Note that the values of rota-
tion used in the theory were chosen to give a free stream 1lift
force close tothe experimental values for rotating two dimensional
cylinders with v/U“>= 1 and for the MIRA wheel., Once the cylin=-
der actually touches the ground, there is a complete reversal

of 1lift force and a large upward lift is generated,

The pressure distributions, given in Figs. (4-6)
and (4=7) for the stationary and rotating cylinders respecti=-
vely, at different heights,show how the downward 1lift force
is generated by the large suctions on the under-
surface of fhe cylinder,caused by fluid rushing through the gap
between the cylinders.They also show how the increase in ne-
gative pressure is proportionally greater in the rotating
case, When the cylinder is in contact with the ground,the
theoretical pressures are of a completely different form (Fig.
(4=8)). The negative pressures an the undersurface have been
eliminated by the prevention of flow through the gap and have
been replaced by an extensive region of high pressure, which

together with the large suction over the top of the cylinder,
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produces a high upward l1lift,

Wadcock's (1970) mean pressure results are included
in Fig., (4-6) and show how different the experimental distri-
butions are, as well as indicating how the movement of the
two separation points produces a positive 1lift force. It
might have been thought that the theoretical modelwould most-—
resemble Wadcock's two dimensional flow, but in fact the re-
sults of MIRA for the wheel (Figs., (1-16) and (1-17)) bear a
closer Tesemblance to the potential solution, probably because
of the elimination of wake interference effects, The conclusion
to be drawn is that we must be very careful about applying
potential solutions to bluff bodies near the ground,for they
may give completely wrong answers, even for the direction of

the forces.

Potential theory can be extended to three dimensions
for lifting bodies by using the Horseshoe Vortex model descri=
bed by Glauert, H, (1948). Here the body is replaced by a bound
vortex and two trailing vortices., Because the theory ignores
the body's shape,it obviously cannot take any separation effects
into account and so is unlikely to give very good results for
bluff bodies near to the ground, Thus,although this theory
has been applied to 'streamlined! bodies near the ground
(StollexryaBurns (1969)), with fair results at larger clear-
ances, it was thought unlikely to give very satisfactory re-
sults for a rounded bluff body such as the wheel, no more so
than in two dimensions.Similarly the numerical potential methods

of the type described by lless & Smith (1968), are unlikely to be
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of great use for such a body and hence were not pursued. The
only way in which potential theory can be applied to bodies
with separation,with reasonable success,is in some form of

free streamline theory as discussed in section (4-3), possibly

extending to three dimensions by combining the numerical methods
with free streamline assumptions.,Fven then those features of
the flow determined by viscous effects will have to be obtained

empirically or by a separate analysis,

(4.2.2) Viscous flow very near the ground

The flow in the neighbourhood of the line of contact
between wheel and floor will be dominated by ‘the viscous forces
arising from the movement of the boundaries, We might there=
fore obtain some understanding of the behaviour in this region
by looking at a theoretical solution for the two dimensional
viscous flow,induced entirely by the movement of straight

boundaries meeting at a finite angle. (see Fig, (h-9)).

The Navier=Stokes equation is

3 +V(1/26%) - xpu = - 1P v, 0 (1)
where w =V,v is the vorticity (2)

and the equation of continuity is

Vv = O (3)
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We can now merely assume that the inertial effects

are negligible,in which case the left hand side af (1) dis=-

appears, or we can make the approximation more formally,by

introducing the Reynolds number Ul/v, and using non dimensional

variables defined thus

R(p-p) (i)

%:ft,g:g/l,izz/v,ﬁa 2
pU

Then (1) becomes

<D
>
e

R(s-g—‘j+€7(1/zgz -$,8)=-9p -
t

A
where V is the gradient operator with respect to ﬁ

=V, v

s>

S = Strouhal number = fo% (f = frequency)

If we now let R>0 and assume that all the terms

in the bracket remain finite,(5) becomes

ie>

Vp = =V,
or dropping the"symbol
(6)

Vp =V, 0

and this even applies to the unsteady case provided the fre-

quency of variation is not great.

The equation of continuity is unaffected by the apro-

ximation,
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Since our boundary conditions are expressed in v
alone, we will eliminate p from (6) by taking the curl of

both sides thus
Va(Vaw) =0 (7)

Since V.w =V.(V,¥) = 0,(7) is equivalent to
Vzga o (8)
In two dimensional flow, with polar coordinates

(r, o), @ has only one component in the direction normal to

the plane (r, 6), the z direction,say

' 1 0 10V -
0, = 757 (*vg) - za5—

and defining a stream function such that

oy

d
wz = -V2¢
2 32 19 1 9%
where V< =( m= 4+ = z— + — — )
ar® T OT 2 342
so from (8)
v2(v3p) = o (10)

We shall look for a separated solution of (10) in

the form

P = r“fn(e) (11)
(where n = arbitrary real or
complex number)
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satisfying boundary conditions

(12)

The condition %a“p/ae = constant along the walls

is such as to suggest that n = 1,i.e.

= rr(e) (13)
Then V241= 1/r.(£+f)
and VZ(V2¢) = 1/r3(f(IV) + 2f" 4+ £) = 0 (14)

Try £ = epe + eePe
Then (14) becomes
(}L2+1 )20eH® (p2+1) (p.2+2+p.+1)eue =0
which is true if u= :i, 80
f = Asin® + Bcos® + COsin® + DBcosd (15)

Now let Y= Urf

so that boundary conditions become

(16)

f=0, f'=-1, on 6=a
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Applying these boundary conditions to (15) gives
4 simultaneous equations for the constants, which can be sol=-

ved to give

A=t 0 B =0 C=ghid P =i
so that,
¢ = aE:ina (-2zsiné + (1-cosa).6sin® + sina.cos 6 )
or
b = —E_ (osn(a-6)-(x-6)sino ) (17)

and it is immediately apparent that{= O when & = 0,a and a/2.

From (17)

U

v = -
r Ad=s1na

(sin(a-8)=6cos(a=-8) + sine-(a-6)cos6 )
(18)

=-U

v = -
e Q=sina

( @sin(a=0)=(x-0)sind ) (19)

The velocities given by (18) and (19) are independent
of r, so will be of the same form at any radius, (e.g. section
AB Fig. (4-9)). As an example,they are plotted for a=30°, U=t
in Fig.(4-10) and the form of the flow field indicated. Note
that the two boundaries moving into the corner actually proe-
duce a jet of air moving outwardsat a maximum velocity about
u/2.

The shear stress on 0=0 is given by
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b = (D) + 1(5=))
e B resn)

i,e. &« 1/r

and the pressure from (6) as

e IR Ok

= ‘—g (gm + £1)

r

i,e. -
©« p-p x1/r

Thus as r >0,the solution implies infinite values,
In practice,the boundaries do not make contact at a non-zero
angle .and there is never perfect contact between two bodies,
so that the values remain finite.

Now

v - U( 2sinle/2) - acoslr/2) )

(a=sina)

e=a/2

and for small a,we can substitute for sines and cosines from
from the appropriate Taylor expansions,with terms O(ah) Nne=

glected,

Thus

V.

U[z(a/z--(%%ﬁ)-a(h-(%%ﬁ)]

6=a/2 (a-a+03/31)
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2
= /2 (to o(T53)) (20)

so that the Jjet emerges with half the velocities of the boun-=

daries,

The motion is reversible,since the governing equations
are linear and homogeneous, so that the flow in the rear corner
between wheel and floor can also be modelled and this time
there would be an inward flow in the central region between

the boundaries (Fig. (4-9))

Now, the assumptions regarding the dominance of the
viscous terms in the Navier-Stokes equation will only be true
in a very small region near the corner, However, we feel that
this form of flow does occur under the wheel and gives rise
to the high pressures measured there; not the infinite pressu-
res of the theory, probably because the curvature of the wheel
enables the actual contact with the floor to be tangential,
Moreoverybecause the central jet has a significant velocity
(O(U/Z)) in a region of little external flow, the effects of
these viscous actions are noticeable over a much greater region
than that for which the assumptions are wvalid. Thus, in the
Photographs of the two dimensional flow (Figs.(3-40) and (3-41))
the effects of the forward moving jet can clearly be seen, al=-
though in the three dimensional flow most of the jetting is
lost around the side of the wheel., Conversely, the flow in the
corner is relatively little affected by the external flow,

because of the localised nature of the actions producing it.
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Fig, (4-11) compares the pressures near the ground, with a
free stream velocity equal to that of the boundaries and with

no external velocity.

The solution in the rear corner indicates a flow
with velocity of 0(U/2) into the corner,of fluid in the se-
parated region,which would appear likely to have an important
effect on this region and thus in determining the base pressu=-
re, Our results do not show a large negative pressure here,
which might be expected from the theory, and this cannot be
entirely due to the response of the transducer,since the low
pressures in the grooves of wheel C2G were followed quite
easily, It would seem likely that the moving floor would l1lift
up to touch the wheel,if a large negative pressure were applied
above it and this probably accounts for the oscillation of the
pressure in this region, which was discussed in section (3.4).
There may, therefore, be an error in the results from the ex=-
perimental modelling with a moving floor, although a real de-
formable tyre might undergo a similar reaction in this rear
corner region; the tyre moving to meet the floor instead of
vice versa, In that case,the basic feature of a large pressure
near the ground would still occur, One could never model this
region very close to floor entirely,anyway, since on this scale
the different road surfaces encountered by the wheel will have

a significant effect,

This viscous flow,produced in a very localized region

under the wheel,can be significant in determining the overall
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flow field around the wheel and will be important in studying

such features as spray dispersal from a wet road, It is there=
fore necessary to duplicate these actions in the wind tunnel,

as far as possible, by having the wheel in contact with a

moving floor, if realistic results are to be obtained.

(4.3) Free Streamline Theory for Cylinder on Ground

(4.3.1) Free Streamline Theory

The basic assumption underlying free streamline
theory is that the region of separated flow behind a bluff
body can be separated from the main stream by steady stream=
lines, These streamlines can be thought of as an idealized
form of the separated shear layers as the Reynold!'s
number tendg to infinity; the shear layers become thinner
with rise in Reynolds number and hence could be considered
"as lines of discontinuity, the free streamlines, on extrae=
polating to infinity. In real flows,these shears layers soon
break down into the turbulent wake region, with entrainment
of fluid from the mainstream, violating the assumptions of
the theory, However, it might be expected that the free stream-
line concept will have some validity close to the body and,
in particular, in predicting the pressures on the wetted

surface of the body. (The surface before separation).

The theory cannot be used to predict base pressure,

or he position of the separation point on curved bodies,since
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these properties depend on the mechanics of the wake and of
the attached boundary layer, both of which are ignored by the
theory. Consequently, the values of these items must be fed
into the theory from empirical data, or from separate mathe-
matical treatments of the boundary layer and/or wake, which
must then be matched with the theory.(for example Roshko(1955)

and Bluston & Paulson (1972)).

Having made the above assumption, one is faced with
the problem of finding the potential flow of the main stream,
given the direction of the velocity on the wetted surface and
its magnitude along the free streamline, the position of the
free streamline being unknown. This last point, the indetermi~
nancy of the free streamline position in the physical plane
(z plane), means that it is more convenient to work with the
complex potential,w = ¢ + i‘P.as the independent variable,
since streamlines are then represented by ¢ s constant in
the w=plane and, in particular, the streamline which stagna-
tes on the body, forms the wetted surface and then separates
to become the unknown free streamlines, can be simply repreéen-
ted asq)a O, Because of the form of the mixed boundary condi=
tions described above,the most useful function of w to solve

for is
dw -i6
0 = log, (Uo/Gz) = log (U fae™ )

= loge(UJq) + 10 =T + 10, say (1)

since © will be given on the wetted surface and T will be given
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on the free streamlines,and this separation of the boundary
conditions enables the problem to be solved. Once O= O (w)
has been found for a given flow,other properties can be deri-

ved immediately, from

z=-ﬁ1—J‘e°'dw (2)
[0 o]
2
2 dw 2 =27
qQ = d—z' =Ume (3)

and then from Bernoulli's equation
2 -2T
P =p,+ 1/2.pUm( 1-e ) (&)

The initial form of the theory, derived by Helm-
holtz and Kirchoff, applies only to rectilinear boundaries
with the velocity on the free streamlines taken as constant
and equal to the free stream velocity,Uaf The boundaries will
then form a polygon in the o plane, since © is constant on the -
wotted: surface, except for discontinuities, and T is constant
on the free streamlines (Fig.(4-12)). The boundaries can then
be transformed to the real axis of an intermediate §1-p1ane
by a Schwarz-Christoffel transformation., The boundaries in
the w-plane are of a similar form and can be transformed to.
the real axis of another intermediate plane, gz. The relation
between the g1 and gz Planes can then be uniquely determined
from three pairs of corresponding points on the real axis,
usually the stagnation point and the two separation points,

In theory,gl and C2 can be eliminated and o= o (w) found,but in

practice one of theg}is usually retained as a parameter,
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The further development of the theory has been cqne~
cexrned with two points; the extension to curved boundaries
and allowing non constant velocities along the free stream-
lines, either of which means that the simple form of the boun=
daries in the O-plane will be lost and,in general, the

Schwarz- Christofell transform can no longer be used,(Fig.

(4.14)).

Levi-Civita (1907) considered the case of flow past
a general bluff body, The transform from the w-plane to the

intermediate g -plane is

2

€
]

4a(§2 - sin@&é))z (5)

2
(8172« 81/2) fi6
(#1/2-g1/2)
(83/2+9}/%)

where a

s1a(%) =

and ¢1 and ¢2 are the values of ¢ at the separation points

(The stagnation point is taken as § = O see Fig., (4=13)).

The §1’§2 relation is defined as
C, ==Ll + 1/§1) (6)
and so

w=a(l, +1/Q, + 2etnlty) )2 (7)

(6) maps the upper half of the g -plane onto the

2
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upper half of the unit circle in the g,-plane,such that the
wotted surface lies on the semi-circle and the free stream-
lines lie on the real axis., It is now only necessary to spe-

cify the mapping from g-plane to the § =-plane to complete the

1
solution, Levi-Civita assumes a mappingcr(§1). then uses (6),
(5) and (2) to obtain the corresponding boundary shape, His

theory is thus an inverse method only,since the boundary shape

cannot be specified in advance.

However, Brodetsky (1923) was able to obtain a nu-
merical solution for flow past circular and elliptic cylinders
by making use of Levi~Civita's method and the method was ex-
tended by Villat (1920),to form the basis of a direct method
of solution by an iterative process, Villat's method is in
principle similar to the method of Woods (1955), which is des=
cribed later, but suffers from the disadvantage of having to
specify a constant velocity along the free streamlines, (as

do all the methods mentioned so far),

The severity of this disadvantage can be appreciated
from a consideration of the base pressure acting on the sur-
face of a bluff bodyysdown stream.of separation, The base
pressure coefficient,cpb,is defined as pb-pq>/1/2pUi> and,in
real flows, - is always negative and virtually constant across
the base, A velocity of Ua>at separation implies, through
Bernoulli, that cpb = O,which will therefore lead to a much
lower value for the drag than the experimental wvalue. To

obtain a negative base pressure,the velocity on the free
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streamlines at separation must be given as KUoo s Where K> 1

and must be determined from empirical data,or from a considera-
tion of the wake flow. (The velocity must be the same on the
two streamlines because of the constant base pressure). Since
the velocity on the free streamlines should tend to Uaffar
downstream of the body, this implies that the velocity, and

hence pressure, must vary along the streamlines,

Another major defect of assuming constant velocity
is that,far downstream,the width of the wake tends to infinity,
Since,in the mathematical model,the fluid inside the wake is
assumed to have zero velocity, the wake width is equiwvalent to
the displacement thickness and,from a consideration of momentum
balance,the far downstream wake displacement thickness should
be finite and proportional to the drag of the body, Any theory
which purports to give a realistic drag value ought, therefore,

to lead to a finite value of wake width at infinity,

Attempts to obtain a realistic base pressure have
been made by Riabouchinsky(1920) and Gilbarg and Rock (1945),
who retained the constant velocity along the free streamline,
but with a closed wake cavity,and by Roshko (1954),who
allowed the velocity to vary along the free streamline,
Unfortunately, although Roshko's method is fairly straight-
forward for straight edged objects, he adapts Brodetsky's
numerical method for the circular cylinder,resulting in a
complex procedure which is unlikely to be applicable to a

general curved obstacle.



115

For a general curved body the method of Woods (1955),
which is based on the work of Levi-Civita and Villat, is much
to be preferred. Here the upper halfcz-pla.ne of Fig, (’4-13)

is mapped, not into the upper half circle of the C =plane, but

1
into an infinite strip by

=6 + i (8)

(see Fig, (4=-15))

Cz = tanh §1 ’ §1

The boundaries now transform intoi: O for the wetted surface
and £ = m/2 for the free streamlines., Thus the function
O=T +1i0 is such that © is given on§= O and T is given on

§= n/2+, Woods uses the properties of such functions to obtain

g(§,) as

G(bog) = % I“>( 90(6*) cosech (6*-5-ig ) + .
et Tn}ﬁ') sech (8-6-i§) )dd
2

(9)

where 90(6) = 6(5,0)
T,(6)= (5,7/2)

Because the infinite range of integration makes
numerical treatment of the above integral difficult, it is

more convenient to transform to X:T]+ iY by

§2 = tanh§1 = = isinh(X/,) (10)

(see Fig, (4-15))
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Here,the wetted surface is‘q = 0, =TLYE N and the

free streamlines are "= m, Y<O and = -, Y<O, Substituting
in (9 ) gives

U

= cosh(X/2) 6, (Y) dy’
ot COSZTI', [j‘ sin(Y72)+isinh(X/2) +
-t
o %
T, (M) df T,(1) o
cosh(1{/2) +i sinh(X/2) cosh(Ty2) =i sinh (X/2) ()

where suffixes 1 and 2 refer to the upper and lower streamlines

respectively, and integrating the 1St term by parts gives

T oY i X
1 n ( sin( )y de,(¥)
= i6\-m - —J _ b ©
oK)= | ) Ty E cos(Y=iX) }
= 4
0 X X X
cosh(X/2) T, (7)) d'ﬂx . T2(7) dm ]
2T cosh(W/2)+isinh(X/2)  cosh(n/2)= isinh(X/2)
-
(12)
w(X) is given from (5) and (10) by
w= ha(isioh (X/2)+ sin(N/2))? (13)
On the body where X = 1Y
deo(Y)u-‘;—ef%%%ng=--F&-%$dY (14)

o

d
where s is the distance along the surface, R = -(-é-:—-) is

the radius of curvature of the surface and q, is the velocity

on the surface,
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From (13)

3 . 22 . ha(etn(%) - sin(™)) cos(%) (15)

so on the body (12) becomes

U
T (Y) = 1og¢(q—(°-$-)-)
n ) - YSY
= lia—j ! (sin(Y/xz) - sin(x/z) )cos(y/z). In, 4 ) dY

T 4 Rq(Y) cos({*Y)

-

sin()%y-)

B+ In

T cos().\i_Y)
4

(which is the contribution to the 18°% integral in (12)

from the discontinuity of size GT, in Ooat the stagna-

tion point Y =A,)

+ the terms in (12) involving T1Cn), TZCﬂ) and indepen-

dent of q,

(16)-

Now if some distribution of velocity on the free
streamlines is specified, so that TI and"C2 can be assumed
known, the above represents a complicated integral equation
for q,e The velocity distriﬁution chosen should be such as to
give a finite wake width far downstream, for reasons discussed
earlier. By expanding o (¥X) in (12) at infinity, Woods shows

that the above condition requires‘tl, Iz to satisfy
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-

j GO(Y)Sin(’Y/Z) dY - f (‘121+ Iz)cosh(n/z) an=0 (7)

Also,since the base pressure is constant, the pressure at the

two separation points must be the same,or

T,(M=0) = T,(n=0) = T_, say (18)

‘ZT S

so c =1 = @
Py

If T1 and I2 are required to have the correct form near infinity,

the wake width there must be set proportional to drag, but

since the main use of the theory is for calculating pressure

distributions on the body, the exact form at infinity is not

necessary and some simple mathematical form can be chosen to

satisfy the first two conditions only, Woods adopts

Ts
2 1+ bzsinh”(“/z) : (1)

which satisfies (18) and (17) if

T, =1

T
= ;1:1: I o, (Y) sin(y/z) a¥ (20)

-T

ol=

If this value for T, and T, is inserted into (16)

the equation reduces to

m(Uﬁ ) = -lij [COS(Y/ZHSin(Y/Z) -sin()\/z)) in sin( 4 ) ] d'Y, .
YY) nJ RqY) COS@)
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A=Y
_ 8 tn,| S(Z) T :
T cos()\%Y) YT bcos(¥/7)

(21)

We can attempt to solve for qb(Y) in the above by
numerical iteration, A distribution qo(Y) is assumed and (15)
used to obtain s = s(Y). Then R = R(Y) can be found since
R = R(s) is known for any given body. These values of R(Y) and
and qo(Y) are then introduced into (21) and a new qo(Y) is
found,completing one iteration., There is no proof of the con-
vergence of this process and,although Woods found that for
circular cylinders the convergence was quite rapid, the present
author has found cases where there was no convergence., This
is discussed more fully in section (h.3.3.). A numerical
procedure for solving the equation in the above manner is given
by Woods in his paper (1955) and this method was followed in
devising a computer program to selve for the flow about a
cylinder on the ground (i.e. two cylinders touching). The
process is quite suitable for computerizing, so provided
convergence can be achieved,the lengthy and complex numerical
procedures required are not necessarily a problem. Much more

of a problem was the lack of convergence found for certain

cases,

Woods theory provides the formal solution to the
general problem of flow over curved surfaces, with yostrictions‘
placed on symmetry and smoothness only., More recently, Parkinson

and Jandali (1970) have used a much simpler approach to the



120

pProblem, They make use of the fact that the required wake
characteristics resemble those of a 'wake'! produced by a source
in a uniform stream (The distribution chosen by Woods is also
similar to a wake source flow) and simulate the wake effect

by sources,

The flow model is set wup in a {-plane (Fig.(4-17)
and consists of the uniform flow past a doublet at the origin,
with the wake effect supplied by two surface sources, of
strength 2Q, symmetrically located at angles :6 on the circum-
ference of the circle, The complex potential for such a flow

is

w(l) = v(C+ %i)+% (ln(C-Reia) + ;Ln(!-RJié) - 1nl ) (22)

and the velocity comes from

2
vE) = G = VO v R et T ) =)

The circle of radius R is a streamline of the flow
and has symmetrical stagnation points located at S1 and 82 due

to the upstream flow of the two sources,

The aim now is to find a conformal mapping,z=f({)(24)
+from the circle to a given body shape in the z=plane, This
mapping must preserve the direction of velocity at dinfinity
and have S1 and 82 as critical points, at which £'(L) nas

simple zeros, Hence angles of intersection of curves are doubled
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at S, and S,,

stagnation streamlines in the U-plane then become streamlines

when they are mapped into the z-plane. The

tangentially leaving the body surface at S1 and 52 in the z-~
plane and the circle actually maps onto the slit,SIASZBS1,
flow inside the free streamlines being ignored, If f(C) can be

found then velocity in the z-plane follows from

dw dw al v(L
v(z) = dz _ df dz f'zgs (25)
and pressures would come from Bernoulli's equation ,

The separation points are given in the z-=plane and
Q and § must then be chosen to ensure that.v(g) = 0 at the
corresponding points in the { -plane, thus providing one relation
between them, A second relation is obtained by equating the

velocity at separation to its given value, thus

v(z)
U

=K = (1-cpb)‘/2 (26)

(Note that v(z) is finite at separation since both v({) and

£1(Y) are zero there).

The two relations enable Q and § to be specified for
a given base pressure and separation point,and the problem

solved,provided f({) can be found for the given body.

Parkinson and Jandali give mappings f(§) for a flat

plate, a wedge and a circular cylinder and also deal with
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elliptic cylinders by mapping from the circular cylinder

solution, The transform for the circular cylinder

1

z = £({) =0~ cota = {=cota (27)

where a is the angle of the stagnation points in the

{-plane and is related to 618, the separation angle in the

.

z-plane by

a = 915/2 (28)

Now f'(g) = O when

T=2 41 + cota, z = * 2i
which fixes the position of the singular points so that
R = cosecd and h = Lcosec e, (29)

setting v({) = 0 at @ = a gives

(cosd~-cosa)
Q = 2nU, S (30)

and substituting in (23) for Q, (25) becomes

g0 _ %= ()]

- (1-Zcosacose+coszal
U T QI

cosd=cosd

= 8ino

@ @

(31)

on the wetted surface.
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If v(z) in the above is set equal to its desired
value, K Uaf at separation, 8 = a, then

3

sin

X (32)

cosd = cosa +

which completes the solution.

Thus, the theory leads to a simple analytic form for

q, on the wetted surface,compared with the complicated integral

equation of Woods, When the two theories are compared with

the experimental values of pressure distribution for a circular
cylinder,the agreement of the Parkinson and Jandali method is
at least as good as that of the Woods method,despite the fact
that it is only a model of the flow and not a formal solution
of the problem, Thus,if one can find £({) for the given body,
or transform from one of the known solutions for a circular

cylinder, it would be better to wuse the simpler method,

A froee streamline solution,obtained by any of the
above methods,may be subject to the physical unrealities
shown in Fig. (h-17), i.e. the free streamlines cross each
other producing a doubly covered region,or they intersect with
the downstream solid surface (although the former is not
applicable to the Parkinson and Jandali model).Woods (1955)
has examined both types of physical unreality .,He considers
the first type by expanding o (X) on the free streamlines, far
downstream,to show that the distance between the free stream-

lines remains positive and tends to a finite limit at infinity,
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provided the condition given in equation (17) holds. The other
type of unreality is considered by examining the radius of
curvature near the separation point of the free streamline.
The condition that the streamline should have either finite
curvature or infinite curvature away from the body is shown by

Woods to imply

T Q0
A= I tan(Y._Elt.) dGO(Y) + J[coth(‘né') daT, (‘7]) - tanhmé.) d’CZ(T])]
-7 o .
< 0

(33)

By then considering the pressure gradient just before separa-
tion , . Woods shows that a value of A<O implies an infinite
adverse gradient, which in turn implies that the boundary
layer would have separajbed earlier, It therefore appears as
though A = O is a necessary condition for physical reality
at separation. However, real flows are found for which A#0,
suggesting that viscous boundar} layer effects,neglected by
the theory,may be of importance in determining conditions
near separation, Th; conditions, given in equations (17) and
(33), must not therefore be thought to necessarily place
physical restrictions on real flows,but simply to examine
the reality of the free streamline solutions. Even than the
condition A0 cannot guarantee that the streamlines would
not intersect with the body further downstream,if the body's'

curvature reduces downstream, It is therefore a necessary

condition,but not sufficient and must be checked
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by calculating the positdans of the free streamlines,

When the Parkinson and Jandali model is applied to
a circular cylinder,the conditions on the separation point
reduce to a simple form, as they show by considering the
pressure gradient on the wetted surface near separation and

comparing with Wood's results. The condition is

+ve K<3/2.sin61
d¢ )
3-52 is finite if K= 3/2.sine, (34)
1 sepn.
-ve X>3/2,sin8

1

corresponding to A<O, A = 0, A>0,Thus, for a given base
pressure,the separation angle,91,is restricted to a range
of values, for which sineszK/3 and,if sine1= 2K/3.the stream-

lines will separate with finite curvature,

(4.3.2) Transform for cylinder on ground

The easiest method of obtaining a free streamline
solution for the flow past a cylinder on the ground seemed
to be a transform from the single cylindexr to two cylinders
in contact, the second cylinder being the image of the first
in the ground plane.Once found,such a transform can be used

with any of the methods discussed above that will give realistic
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solutions for a single cylinder, but,because of its simplicity,
the Parkinson and Jandali method was preferred, In addition,

Woods theory appeared to offer a method of tackling the problem

directly and it was decided to apply it to the two cylinder

case,both to compare with the results obtained by transforming

the cylinder solution and to see if his numerical routine

would converge to a solution for the bluffer obstacle presented

by two cylinders,

Considerable thought was given to the problem of
obtaining a suitable transform and, eventually, the solution

was suggested by the 'coaxal! coordinates of Milne-Thompson

(1968, p.176). If A and B are two points on the x axis at
(¢, 0) and (-c, O) respectively, the coordinates of any point

P may be expressed in terms of (rl, 91), (rz, OZL

Where (ry,0) and (r2,92) are the polar coordinates
of P,treating A and B as poles respectively (see Fig.(4-18)),

If we define 'coaxal! coordinates by

€= ®, = 8, and M= loge(rz/r1) ’

then X=E+in is given by
Z+C
X= 1loge (z_c)

iccot(x/z) (1)

z

The important point,from our point of view,is that all curves,
E=constant,are circles passing through A and B,whose centres

are at (0, ccotf),with radii of ccosecf ; in particular =rn/2
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is a semi-circle,radius c,centre at the origin, (Fig. (4-18),
Thus, if we transform a circular cylinder at the origin in
the zI-plane to the X-plane defined above, the wetted surface
transforms into two straight lines,which are parts of the

lines £= n/2 and €= -n/2, Fig. (4-18). A simple linear transform

X, = aX (2)

moves the lines to lie on £= an/2, -an/2, but these determine

two equal circular segments in the z_-plane with the x-axis

2
as the line of symmetry (see Fig.(h—19))- If a tends to zero,
the shape in the z2-p1ane tends to the desired two cylinders,

whilst a2 produces a straight line on the x, axis.

Thus, the required transform from the circular cylinder

solution of Parkinson and Jandali consists of

N
n
N
|

o

(3)

z, +c

X =4 log (Z3) (%)

z, = id cot (ax/2) (5)
which may be combined to yield

2 = d (z=(b=c))@ + (z=(btc))?2 (6)

(z=(b-c))® = (z-(b+c))?

although it is simpler in practice to use the separate trans-
forms., (3) transforms the cylinder, radius c, with centre at
z = b,into one at the origin. Thus,(28) and (29) of the pre-

vious section, determine ¢ and b as
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2 cosec 2a (7)

Q

"
12

it

and b = ccosé, = -ccos2a = -2co0t2Q (8)

(The separation points lie on the y axis in the z-plane)

The constant a in (5) must be chosen to give the
required shape in the zz-plane, in our case a-=>0, The constant
d 1s obtained from the requirement that the velocity should

tend to U _as z,., >,
fo'e

2

We shall first deal with the general solution ‘for any
a and then take the limiting case as a>0, .In both cases,we
shall be aiming mainly to find the pressures acting over the

wetted surface.,

The wvelocity in the z Plane

v(z) = v(8)/£1({) is known from the Parkinson and

Jandali solution for a cylinder, so

_|dw lv(z)l
IV(Zz)I Tldz,| dz, dxl \dzz (9)
=zl =
From (3)
dz

-(10)

|
-

dz
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From (4)
X _ (e =)
dz; - * z +C z,=c
6,
On the wetted surface z, = ce |, so
dX _ =2ic _ __=2ic _ =21
a2y z?-c2 c2(92167-1) c(005261-1+isin261)
so
IQ(" = 4 1/2 = —_— (11)
dz 206%(1~cos2e,) csiné,
From (5)
dz2 _ _ ida c") o2 2% _ _-ida
dax = 2 se 2 (1-cosaX)
dzz = da _
dax [(1-cosa§.coshax;)2+(sina§.sinha‘n)2.]1/E

which reduces to

dzi

da
| = (12)

(coshaﬂ-cos(aﬂ/z))

on the wetted surface, where from (4)

£=12 /2
(13)

n = -log(tan(8/2))
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Hence, on the wetted surface

Iv(22)| = lv(z)l.c.Sinm(c:zhan—cosan/z) (14)

At the front stagnation point in the z_-plane, which

2

corresponds to | >-w, ©,> N,we require |v(z >0,
1 ' 2

Now
1 1 ) a
cosh an = + (tan "1/2)%)
2" (tan®%/2)2
a a
) ] (1+cose1) +(1-cosel) (15)
(sinOI)a 2
‘and

lv(z)l ~ 83in@ from (31) of the last section,

1
so from (14)

lv(zz)l ~ (sine1 )Z-a. as 6,>T

o« o lv(zz)l—>0 provided a<2

Another requirement is that v(zz) should tend to

Uco as z,>® and this is best examined using %X as the variable,

2
then

dz, ~ic dz, -ida

a% = T-cosx and ax, - (1-cosax) (16)
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Thus

c(1~cosaX)
ad(1-cosX)

lv(zz)l = lv(zﬂ

= ‘v(z)l lf(x)‘ , say

Now 22->o:> is equivalent to X0 and,using L' hospitals rule,

nd . calcosaX ac
the 2 derivative of f(%X) gives - TTY = =3
x=0

e o« We choose d = ac to satisfy our requirement,since

>1 as z=>m®

viz)
U

@

Hence, the cylinders in the z_ plane are of radius

2

d ac + an
= s with centres at = ac cot(——
sin®"/ 2 FNEA . . 2

and as a->0,the radius->2c/n,with centre—= %f,which gives

the two cylinders just touching,

The relation between the base pressures in the z,

and z4 pPlanes comes straight from (Ih) as

K
1 .
K, = ;z (sanI(coshan - cosan/z) ) (17)

sepn

where

KZ = (1-c )1/2
sz :
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It merely remains to find the relation between 61

and ez,so that 6, at separation can be found for a given

1

separation angle, 6, . From (13)

( 1 ) 1 z,+d
"N = log (M)} = — log -
80
. z,-d 1/a
tan 1/2 “lz_+d
2
which reduces to
(625721 1/2a
e 1+sin - 2
tan 1 = - 18
/2 [1+51n(92+a5& ) ] ( ?

A more convenient relation for changing from 91 to

e, is from (5)

- 1-co0s®Y coshan (19)
sin®% sinhay .

tan®

which can be written as

- 2(sin91)a-cosatlz((1+cose1)Ejjl-cos@])a)

tand an/ a a
sin 2((1+00891) -(l-cosel) )

2

to show that at 91 =T

-COSan/

4 =
-sinanlz 2 tanan/Z

tane (20)

)

STAG
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which fixes the value of a for a given body shape in the z,

plane,

To obtain the solution when a->0,it is simpler to

make an assumption of small a in transform (5), rather than

try to take the limits of the previous results., This then

becomes
2id
2 - ax -~
Then
dz, _ =2id
dx aXF

so using (10) and (16)

1

a log(

dz1.ff.d22
dz dz1 ax
Z2

= 2a(1-cosX)

(21)

>momas X >0,80 applying L'hospitals rule,we find that the

above expression ->§(—;3 as X~>0 and we therefore choose d = ac

as before to give lv(z2)|€>U°°.

Then

N
s
0

ldzl 50 2

a1 "1 T (%2754 13

(22)

(23)
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on the wetted surface,

From (16)

dX

EET\= Q/coshn (24)

Thus, on the wetted surface,

[v(a)] B +n?)

lv(zz = |v(z)| £(n) (25)
2 coshM
or in terms of 61
v(z)] = [v(2)| 222 /k + (108(tan % 1)?)
(26)

= Iv(z)l f(91),say

To examine the behaviour of f at the stagnation

point write “1 = =1 then

N2 92
cosh . W T 1 1 1 1 >0 as 1, >
6 (—Tb —)+ -5-1711 + e
7]1 7]1 *

... IV(zz)l—>0 asy>-w

The relationship between the base pressure comes from (26) as

K1 = -i-‘.(§1—). (27)

8

and the relationship between 61 and 92 is
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01 = o~V -, _co0s62
tan '/2 = e exp ( > __1+sin92 ) (28)
or
T 91
tan(®2/2)= g§§t2=( /2)+10g(tane /2) _ (29)
(n/Dd-1log(tan~1/2)
To find the coordinates of the streamlines in the
zz—plane we start with the streamline equation in the Parkinson

and Jandali g-plane.

Im w(l) = 2q (30)
If we write = ;1+i-\f and substitute into the equation for

w(C) ( (32) of section (4=3-1)) the above becomes

v(pPw?r?) | o, +(p? w2 R?) _Q
(}1244/2) * nUooa = ((}LZJ)(}L-ZRcosé)-bPRz Vo (31)

which can be written in the form

Q 2 2 2 2
o = J‘rttzloo (p ;Vz)ata.n ( 2-'\"(|J- +“-R°) 2) (32)
(e +wW2-R ) (p fvz)(u-ZRcosb)+pR
and L g_s_:i;n_zg s 2Rcosd = 2cota + 2 - 2cota+ 251n2a
ny, K, ’ TUp K,

So once a and Kl are known the above equation can be solved

by iteration to find &~ for a givenp,It then remains to trans-

form the coordinates into the z,-plane. For the case when

2

a->0 suitable transforms are (writing cota as ct and tana as t)
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where r2
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z, = X, + iy1
2
x, = (p=ct) | 1 L - it -1
1 P (F._ct)z_'_vz t
(33)
1
Y = '\,(1 + )
1 (P_ct)zwz
X =E+ in
Yy 2¢
£ = atan X -5 ~ atan g lc = atan( 71 > )
1 1 (xl-c)(x1+c)+y
(34)
2
= gl S
( 71 2 1
t/sinza
z, = x2 + iy2
|
x Y
2 TC 2 T
== —— y T = (35)
T2 (E22) T2 (E2?)
= %f = radius of cylinders in zz-plane

The far downstream width of the wake can be obtained

in the Parkinson and Jandali model from continuity considera-

tions as
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2Q = U_H (36)

Substitute for Q from (4.3.1), equation (30)

2T
H = -E(1-cos915)

Hence the wake width is finite downstream,

H ©nH = sino _
h2= 7-:111 ——-—15-1 (1 coseis)

where

h2 = total width of obstruction in zz-plane
= 2 x diameter of cylinder

h1 = diameter of cylinder in z, plane

The condition,sin® 2 ZéJﬂ,fbr the free streamlines

not to intersect the cylinder in the z1-p1ane, also determines

the physical reality at separation in the zz-plane. In terms

of 22 variables,this is

T(cos6,
sech®( 2( 1+ SiNBG,, ))

K, € 3% —3(i+sine g)

(4.3.3.) Comparison of results

Computer programs were written for the two transform

cases,of 0<a<2 and a—>0,and also for Woods theory,using the
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numerical procedure given in his report (1955). It was found
that this procedure would not always converge to a solution

for the bluffer body shape presented by the two cylinders in
contact., This lack of convergence seemed to be connected with
the length of wetted surface, STOT; the rate of convergence
decreasing with increasing STOT until finally ceasing altogether
i.e. one iteration would yield a set of values for Ay which
when iterated returned to the previous set and so on, This
behaviour was not investigated very extensively, since Woods
theory was mainly being used as a comparison with the transform

theory and sufficient cases with convergence could be obtained

for this requirement,

Woods theory was therefore applied to some of those
shapes, with a between O and 1 for which the iterations con-
verged and compared with the transform results for the same
shape, It was felt that agreement between the two theories,
for these shapes,would be a good check on the correctness,or
otherwise,of the mathematics and programming involved, Some
of the results are shown in Fig. (4-20). The fairly close
agreement for a = ,333 suggests that both programs are working
as expected,although as a gets smaller the agreement between
the two decreases, This is probably due to the bluffer body
shapes emphasizing the differences between the two theories,
Our results indicate that,surprisingly, the Parkinson and

Jandali transformed model gives ?loser agreement with available

experimental data than does Woods theory,
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The results for the transform theory are firstcom=-
pared with the pressure distribution obtained by Wadcock (1970)
for the two dimensional flow around two cylinders in.contact,
since this flow is the closest experimental analogue to our
ftee streamline model, (Fig.(4-21)). The experimental pressure
coefficient at separation is =-1,35 and the theoretical results
are plotted for two separation angles. The experimental results
appear to have separation at © = 280%‘but a theoretical value
of es = 290° appears to give the best overall fit, The
theoretical curves have an infinite adverse pressure gradient
at separation, since A in equation (4.3.2.(33)) is less than
zero, and so cannot be expected to give good agreement with
real flows in this region; viscous effects not considered in
the theory tend to smooth out the experimental curve.However,
away from the separation region, the curve for Ss = 2900 is
almost coincident with the experimental curve, in particular,
showing the very large stagnation region between 0 = 30° and
90°, I

In fig. (4-22),the theory is compared with the pressure

distribution obtained for the flow over the stationary wheel
with endplates. It should be remembered that the fleoor boundary
layer separated before the stationary wheel and therefore
stagnation pressure was not attained near the floor, This also
had the effect of 'streamlining' the flow over the wheel and
of thus smoothing out the expect?d pressure variation over the
body surface, Since the theory does not take these effects into

account the agreement with the experimontal pressure is not as
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good as before, The same considerations apply to the rotating
wheel (Fig.(4-23)), the viscous effects leading to the high
pressures and upstream jetting at the bottom of the wheel
being ignored by the theory, as are any special effects at

separation.

The position of the free streamlines after separation
is shown for the three cases in Fig.(h-Z&). In the stationary
wheel case, the solution for 68=270° is chosen,as this gives a
closer agreement for free streamline position with the smoke
phofograph, Fig.(3-40). The other solutions can also be com-
pared with the appropriate smoke photographs (Figs.(3-40) and
(3-41)) when it will be seen tha? the streamline positions at
least show the same trends as the photographs, the rotating

solution having the highest streamline,

The main wuse of free streamline theory in connection
with the wheel is that, having established that the theory
gives good agreement to the flow around two stationary cylinders
in contact, we can point oué those areas of the two~dimensional
flow around the wheel on the ground which differ significantly
from the theory and thus fr;m the simple flow, We can then
postulate reasons for the differpnces and test our conclu-
sions by further experiment and/or by other theoretical conside~
rations., If desired it may then be possible to use the theory
as a basis for a more exact theoretical treatment of the flow,

bringing in the boundary layer and the viscous effects in the

corner, However, even then,the theory in its present form
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could not be applied to the three dimensional flow about the
wheel, although it is possible that three dimensional bluff
bodies could be dealt with by modelling the wake with sources
and using some form of numerical potential method to obtain
the flow on fhe wetted surface, However, this was thought

to be too difficult to attempt in the time available, so,
instead,we have used the theory in its simple form to help

in understanding the two dimensional flow, which in turn should

lead to a further understanding of the three-dimensional case.

(4.4) Conclusions

Of necessity, the theoretical work in this section
has had to be confined to simplified approaches to some of
the interesting features of the wheel flow and has,therefore,
given rise to a number of isolated models of these features,
Becgause the assumptions used are not the same in ea¢h case,
it is not generally possible to mathematically Jjoin the wvarious

solutions together to form a whole, However, one can do this

intuitively to some extent and use has been made of the various
solutions in postulating the flow pictures of Figs. (1-12),

(1-19) and (3-42). For example,in Fig.(3-42(iii)) , we began
with the low Reynolds number solution for flow in the front

and rear corners, added the picture of separation that has

been built up, and then, Jjoining up the mean streamlines to
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to prevent any starting or finishing in the flow, the picture
had to be as shown, The same type of process was used to form

Fig,(1-12); here,starting with the pictures of separation and

stagnation which had been deduced,

The extension from these two dimensional models to
the three dimensional flows about the wheel is more difficult,
although they provide a suitable basis for this,when allowance
is made for flow around the sides of the wheel., For example,
we would expect to quickly lose the upstream jetting from the
front corner around the side of the wheel,but the high pressﬁre
under the wheel can still be explained by assuming a flow
aimilar to the low Reynolds number solution will still take
Place,sufficiently close to the line of contact., Again,although
separation in three dimensions is different from that in two,
in general, near the centreline,the resemblance will be close,
so the movement of separation above the wheel can be partly

explained in term of the special type of separation, deduced

for two dimensional flow,

Where the theoretical work has not been directly
applicable to the wheel, as in the case of free streamline
theory, it has been of use in comparing with the two dimensional
experimental results,as an aid to understanding theq,and the
theory, as given here,could form a possible starting point
for a more extensive treatment. Thus, although the ideas in
this section have applied to diverse simplified models,they
have all helped to contribute to an understanding of the flow,

as revealed by the experimental results,
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Foot Note

After this thesis had been written,a report by Telionis
and Werle (1972) came to the author's attention, The report
discusses a numerical computation of the boundary layer above
moving boundaries, Models of the flow near separation, with
the boundary moving upstream and downstream, are given,which
agree with the models discussed in this thesis, It appears
that these were first proposed by Moore, Rott and Sears in
connection with unsteady separation from a fixed boundary. The
numerical results of Telionis and Werle show features that
have been discussed in this thesis, For example, the numerical
integration proceeds smoothly through a point of vanishing
skin friction without any singularities, When a singularity
of the type normally associated with separation does appear,
it occurs some perpendicular distance away from the boundary
and nonsingular flow continues underneath it, Thesé results

lend support to the models of the flow near separation given

in this thesis, [
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Telionis, D.P. 'Boundary layer separation from moving
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tute and State University Report No.
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ABEendix

Details of experimental apparatus

(A-1) The Wind Tunnel

The tunnel used is the Aeronautics departments 5' x 4!
closed return tunnel, with a speed range of 40-150 ft/sec.
The working section is 7 ft., long, of rectangular shape,with
corna fillets,which reduce the average cross sectional area
to 17.5 sq.ft.,. The fillets decrease in size along the working
section,to allow for boundary layer growth, Breather slots
at the downstream end of the working section ensure that the
static pressure within the section is close to atmospheric,
although slightly less due to leakage around the tunnel circuit,
When the moving floor is used, it is necessary to remove the
bottom tunnel boundary layexr ahead of the floor. This means
that for a given speed the stati¢ pressure is lower and has
more variation along the working section, as given in Fig,
(2-7). A honeycomb and gauze placed upstregm of the contraction

ensure a free-stream turbulence level of about 0,2%,

The tunnel speed was measured from the difference
in the static pressure before the contraction and at the be=
ginning of the working section, this difference having first

been calibrated against the speed in the empty working section
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at the wheel centre position,given by a Pitot-static tube,
In calculating the results a correction is applied to the

speed measured in this way,to allow for blockage effects,

(A=2) The Moving Floor

A detailed description of the design and development
of the moving floor has been given by A.J.Berry (1968). The
floor consists,basically, of an endless belt running under
tension between two rollers one of which is driven by a cons-
tant speed AC motor.(Fig.(2-4 )). To control any sideways
tracking of the belt,the end rollers are crowned and the
bearings of the non-driven roller are movable,to provide un-
equal tensioning, The belt is 33 ins. wide and has j ft,
between roller centres, these dimensions being chosgn to
enable the floor to fit under the bottom corner fillets, re-

pPlacing the fixed tunnel flooring,

For use with the wheel a support rollexr is mounted
under the floor on bearings (Fig.(2-4)). The wheel is arranged
to press down on this roller, sandwiching the floor between
them, When the floor moves therefore,it causes the wheel and
roller to rotate, Checks of the floor speed and wheel rotation,

with a stroboscope show that there is no slipping between them,

When the belt is subjected to a negative overpressure,

such as might occur beneath and behind a model mounted above
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the belt, it will 1lift away from its supporting surface into
the tunnel, This can have important consequences for tests on
models mounted close to the floor, altering the flow on their
underside and hence possibly the whole flow field. In the
present experiment the wheel pressed down on the middle of the
belt, helping to prevent lifting. However, at high tunnel
speeds, the large negative static overpressure caused the belt
to 1lift excessively all around the wheel and especially in the
wake region, For this reason,it was felt desirable to run the
tunnel at as low a speed as possible,within the limitations

imposed by Reynolds number requirements,

In order to accurately model the real flow with the
moving floor,it is necessary to eliminate the tunnel boundary
layer before the floor,as completely as possible, Initially,
this was attempted by fitting a fairing in front of the floor
to give a 2 ins, duct,through which the boundary layer could
bleed away, The duct was fitted with a variable venturi , to
ensure a favourable pressure gradient through it, This arran=
gement eliminated the tunnel boundary layer, but allowed a
new layer to grow over the top of the fairing, resulting in
a boundary layer over the moving floor of the form shown in,
Fig, (2-5(1)). To overcome this,a portion of the upper sur-
face of the fairing was removed and replaced with Vyon porous
plastic material, through which suction was applied., This

improved the situation, but not as much as had been hoped,

resulting in the boundary layer profile of Fig. (2-5(ii)).It

was felt that this was due to the area through which suction
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was applied being too small and possibly by the blockage to

the duct caused by the suction chamber beneath the fairing,

The whole fairing was therefore redesigned to increase the
suction area, reduce the blockage and at the same time increase
its strength. This final version is shown in Fig.(2-5 (III)),

together with the much improved boundary layer profile.

(A=3) The Wheel

As explained previously, the diameter of the wheel
had to be such as to give a Reynolds number in the super-
critical range, when used at the maximum tunnel speed at
which the moving floor would not 1ift excessively., The choice
was for a wheel of 163/8" diameter, running at a speed of 60.8
ft/sec, giving a Reynolds number of 5.3 x 107 and a maximum
blockage ratio of 8%, The static pressure in the working
section at this speed is of the order of 0,05 ins,., of water,
without the wheel present,and the maximum negative over-
pressure (in the wake close to the wheel) was less than 0,5ins,

of water, which did not cause the belt to 1lift excessively.

It was decided to have three different rim widths,
1 3 : 1 3 ;
4°/4 ins,.,, 6°/4 ins and 9 /4 ins, all of 16”7/8 ins, diameter,
in order to study the effects of varying aspect ratio, These
rims were to be combined with 2 edge profiles, representative
of tyres used on Grand Prix cars, to give a total of 6 models

to be tested. (fig.(Z-l)). The different edge shapes give
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overall widths which are 4 ins. and 31/h ins, greater than the
width of the particular rim used, To accomodate the various
overall widths needed,one inner hub (4 ins, wide), two outer
hubs (31/2 ins, and 6 ins,) and two spacers(31/4 ins, and

21/2 ins,) are used in various combinations, All the above

are cast from aluminium alloy,

Pressure measuring holes (1/16 ins, dia,) are dis=-
tributed over the wheels at the positions indicated in Figs,
(2-1) and (2-2). Flexible plastic tubing (3/32 ins. I/D)
connects the holes to brass tubes in the hub well and the
transducer on the wheel axis is connected to one tube at a
time (Figs.(2-3) and (2~-9)). The tubing is arranged to have
the same overall length for all the measuring holes, for feasons

connected with the frequency response of the system.(section

(A=4)),

The wheel rotates freely on bearings, the bearing
assembly being supported by 3/8 ins, diameter mild steel rods
each of which is adjustable in length to a small extent, Thus
the rods can be adjusted to allow the wheel to press down onto
the floor,with sufficient force to prevent any slipping between
the two. Outside the tunnel,the rods are connected to a heavy

girder framework bolted to the laboratory floor,

Fig. (2=9) shows the mounting arrangement for the
pressure transducer,which is placed on the wheel axis to avoid

centrifugal effects,
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The output from the transducer is led through a shaft of mild
steel tube to a DISA oscillator No 51E32,rotating with the
wheel, The oscillator output is taken from the rotating
assembly through two silver graphite brushes,running on silver

slip rings. (Fig.(2-10)).

Because of difficulty experiencedwith drifting of
the D.C. component of the transducer signal,a small diameter
tube was teed to the tube leading to the transducer and the
mean pressure is led along the rotating shaft through this
tube and out via the pressure seals, as shown in Fig,(2-10),
Another tube is led through the shaft to comnect the air
behind the transducer diaphragm to the external atmosphere,
to allow for long term variations in atmospheric pressure 3}
The size of this tubing is sufficiently small to prevent short
term variations in pressure being transmitted with sufficient

power to affect the transducer.

(A-h) The Pressure Measuring System

The transudcer, mounted at the centre of the wheel,
is a B.& K. -1/4 ins condenser microphone, type 4135, This
consists of a thin diaphragm (2j) mounted close to a rigid
back plate, the two forming the electrodes of a capacitor.The
chamber behind the diaphragm communicates with the external
air as described above, When the diaphragm is subjected to a

varying pressure on its front face, it moves and so alters

-
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the distance between itself and the back plate,

The capacity thus
varies in step with the pressure, This capacitance forms part
of a resonant circuit,with a basic resonant frequency of around
5 MHz, The variation of the microphone capacitance changes
this frequency by a few KHz., producing a frequency modulated

signal,

The resonant circuit and the driving signal of 5MHz,
are provided by the DISA 51E32 oscillator,rotating with the
wheel, The oscillator is powered by and the resulting F.M.
signal returned to a DISA reactance converter, Type 51EO01,
(Fig.(2-6)). The reactance converter amplifies and rectifies
the F.,M. signal, producing a varying D.C. voltage at the out-
putydependent on the pressure acting on the transducer
diaphragm, Over the range of pressure used,this variation was

found to be linear (Fig.(2-11)).

The frequency response of the transducer in free
air is virtually flat between 6 Hz, and 5 KHz,, However, to
measure the pressure at the rim of the wheel,the transducer
has to be connected to the measuring holes by tubing around
13 ins. long, This tubing then determines the frequency cha=-
racteristics of the system, since it both attenuates higher

frequencies and suffers from resonances,

The attenuation of pressure waves in narrow tubes

has been given by Olson (1957). If A is the amplitude at a
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distance x along the tube from where the amplitude is A, we

can write

Then for a tube length 1, diaﬁeter d, the attenuation is

determined by

where f = frequency

and B is a constant

In theory,therefore,attenuation can be overcome,
for any particular frequency required,by choosing a large
enough internal diameter for the tubing (in our case 3/32 ins.)
However,if a large diameter is used,there are problems with
resonance of the air in the tube, The simple theory for reso=-
nance in a tube,with one end closed,is given in many texts
(e.g.Milne =Thompson, 1968, p.462) and shows that resonances

occur at frequencies of

c_ (fundamental 3¢ 5c

L1 frequency)? 41 * 41 ete,

where ¢ = speed of sound.

In particular, the frequency of the first resonance
varies as 1/1. Thus ,to have the fundamental frequency as high
as possible and to reduce phase change of the pressure waves,

in passing down the tube,we require 1 to be small. However,
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this would necessitate reducing the diameter of the wheel, d,
and the frequency of rotation of the wheel, fw, varies as qb/d

From the above,the first resonance,fr y,varies as 1/d. So
Re. No.
fw/:f‘r' ~ Vs —a *

Thus,to obtain the best definition in pressure
variation around the wheel would require choosing the wheel
diameter large,although this would increase the attenuation
in the tubing, Obviously some compromise has to be reached
between these conflicting requirements and the other require-

ments, such as tunnel blockage.

For the chosen wheel size and speed, the tube length
of around 13 ins, gives a first resonance peak about 200 Hz,
compared to the frequency of rotation of the wheel of 14,25Hz,
This resonance caused a pronounced ringing in the signal from
the wheel,as the pressure hole passes the floor. Initially,
we attempted to eliminate this ringing by electrical filtering,
but found it very difficult to counter completely in this way,
so eventually a combination of electrical filtering and
mechanical damping was used, The mechanical component consists
of a tuft of wire wool inserted into the tube leading from
the transducer to the connection in the hub, By varying the
compactness and amount of wire wool, it was possible to
obtain a much flatter frequency response, smoothing out the

resonance peaks,(Fig,(2-8)).

However, this does not eliminate all the unfortunate
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features of using a long tube, As described previously, when
the measuring hole passes the floor,it receives a sharp pulse-~
like input, due to the rise in pressure in front of the line
of contact between wheel and floor,followed by the sharp
decrease Jjust after, This pulse contains components at many
frequencies, including high frequencies, and, as these travel
along the tube, they suffer varying amounts of attenuation and
phase change, Thus,on recomposition at the transducer head,
the signal will no longer have its initial form. Thus,the sudden
rise and fall of pressure at the floor is not followed exactly
by the transducer and one cannot know the magnitude of the
error involved,since the true form of the signal is unknown,
The pulse r;sponse of the system was studied using the set up
shown in Fig.(2-11(1)). It was found that the results, in the
sense of fastest rise and fall times, could be obtained by
méking the frequency response as flat as possible up to as .

high as possible,

As mentioned in section (4.2.2), in this region,there
will.also be some error due to the lifting of the belt in the
low pressure region behind the line of contact, In the deter-
mination of the 1lift force on the wheel, however, the movement
of the separation position has most effect,since the pressures
near the ground act only on a very small area of the wheel's
surface (although because of the large values involved they are
significant)., It is hoped, therefore, that the error in the
1ift force for the model wheels is not greater than 5%.However,
the 1lift forces on actual wheels,running on different types of
road surface,y,will have some variation from our figures,because

of <the effect on this region near the
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ground., The drag is little affected by the pressures in this

region and so should not have such a great variation,

An initial difficulty in operating the system was

' the high rate of drift of the D.C., level, the rate being
variable and influenced by such factors as wind speed and
wheel rotation, To overcome this difficulty,it was decided

to measure the mean pressure directly with a manometer, as
described before, and to use the microphone to measure the
fluctuating pressures only, The fitting of the side branch,to
do this,will have an effect on the response of the transducer
to the pressure fluctuations passing down themain tube, as
can be seen by considering the electrical analogy of the
acoustic system,(see Olson(1958)). Because,at the frequencies
of interest,the wavelengths of the pressure fluctuations

are long compared with the tube length, we can use a lumped
impedance analogy, where electrical current is analogous to
volume current and e.m.f, to pressure, Then the acoustic
system can be represented as in Fig, (2-13) and we can apply
Kirchoff's laws ,in the normal way,to get four simultaneous

equations,which can be solved to give

90 zzzu

) &2(z1+z3+z;) + z1zu+zjz£7

in particular, the dependance on z, is in the form

2
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We should like the system to be as independent of

z,, as possible, The form of the above shows two ways of doing

2
z

this; (1) if z, is made small so that z,z.>O then SO0 =me—t_

1 173 e Z3+zy

independent of =z Physically, this means taking the side branch

2.
as close to the measuring hole as possible; (2) z, is made

large or, physically, the side tube diameter is made small

Because, for simplicity, the side branch was taken
from the tube joining the transducer to the connecting tubes
on the hub, it was not possible to achieve the first alter-
native above, A small diameter (.1 mm) side tube was therefore
used,but the time taken for the manometer to attain the mean
pressure was then excessive (being inversely dependent on the
fourth power of diameter (Chubb(1968))) and the tube was
susceptible to blockage., The simple answer was to use the
system,without the side branch,to measure the fluctuating
pressures, then to fit a wider side branch (1mm dia.) to
measure the mean pressure, This Tmm tubing does affect the
fluctuating signal received by the transducer,but this should

not affect the value of the mean pressure,

The mean pressure,obtained in this way,has to be
corrected for the effects of the centrifugal pressure gradient,
since we are taking the pressure out of the rotating system
at some small radius, r_, (fig.(2-10)) and we wish to know
the pressure at the radius of the measuring hole, Tge The
correction is obtained by considering the pressure difference

across a small element of thickness,dr, i.e. szrdr, and
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integrating to give

b =p PVa , (ri-r:})
s m * 72 r2
o

max.
where ro =Aradius of wheel.

The mean pressure must also be adjusted to allow for
the static pressure at the wheel position, This is obtained by
measuring the static pressure of the undisturbed flow at the
beginning of the working section and then assuming the same

variation with distance along the working section as occurs

when the wheel is not present,

The calibration of the transducer was performed in
the range 15-800Hz using a B4 K Pistonphone No,.,4220, which
produces a constant amplitude signal throughout this range
of frequencies, Measurements at higher frequencies were per-
formed by comparing the response of the measuring assembly with
a transducer placed at the source of the pressure waves (Fig.

(2-11)), the same set-up being used to compare the pulse

response of the system,

(A-5) Data Reduction

The fluctuating signal,emerging from the pressure
measuring system,is fed into a Hewlett-Packard Correlator, No,
3721A (Fig.(2-6)). By taking an average from several thousand

samples (usually 8K), the correlator is able to eliminate any
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noise present on the signal; the 'noise' in this case being
mostly produced by the turbulence in the separated region of

the flow, very little electrical noise being present.

The correlator averages in the following way: At each
revolution of the wheel,a trigger pulse is fed to the correlator
to initiate a sampling cycle, in which the incoming signal is
sampled consecutively at 100 points, the time interval between
points being adjustable between 1 Usec and 1 sec, Each sample
of 100 points is divided by the total number of samples and
added to previous samples, In this way we eventually obtain
100 equally spaced points around the wheelyeach of which re=~
presents the average of the signal at that point, Any distur-
bance on the signal.which is not correlated with the rotation
of the wheel, e.g. noise or hum, is therefore eliminated,
provided enough samples are taken, The correlator is used in
an AC mode, i,e, with all signal fluctuations below 1Hz,
filtered off, This is to eliminate the varying D.C. level,
refered to earlier, The correlator output can then be re=-
combined with the reading of mean pressure from the manometer

to produce the complete averaged pressure signal,

The electronics for applying the trigger pulse to
the correlator,once every revolution of the wheel,are given
in schematic form in Fig,(2-12). The inductive transducer
head is mounted on the fixed wheel supports,close to the hub
(Fig.(2-9)). A small steel insert in the hub passes close

to the transducer head,as the wheel rotates, causing a change
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in the inductance of the transducer head and hence altering
the signal from the bridge network, This signal is processed
by the rest of the system,to provide a suitable pulse to the
correlator every revolution of the wheel, An adjustable time
delay could be added to the system by inserting a second

monostable,

This time delay allows any particular portion of
the signal tobe picked out in greater detail., For example,
the basic signal from the wheel is repeated every 70 msec .
and the correlator is usually set up with 1 msec between
points so that every two revolutions of the wheel yield 100
msec of the signal and the distance between points is 5.1°
around the wheel.(The second trigger pulse generated during
this sampling is ignored), If it is required to look at any
portion of this signal in greater detaii, the time delay can
be set to initiate the sample just before the portion of
interest and the time interval between points reduced to give
the desired definition, Thus,setting the interval to O, msec
one could examine 10 msec of the signal at every 0.5° around
the wheel, This ability was particularly useful in providing
small intervals between points near the floor, The error
from numerical integration in this region of rapid change
can be reduced to fall within theerror due to the transient

response of the system,

The correlator was connected to a Facit 4070 punch,

in order to obtain the output on paper type for computing
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purposes, It was also connected to a H-P 7034A X-Y plotter,
to give a permanent visual record of the output display, for
use in comparing with the processed results,as a check for

any computing errors,

A program was developed to provide the pressure,
1lift and drag coefficients for the wheel, As input,the pro-
gram requires the averaged pressure signal data for each hole,
from the correlator, with a specification of the angular
interval between the points of this data,and of the position
and direction of each hole. Also required,are an indication
of the position,within each set of 100 points,which corresponds
to the point of contact with the floor, the dynamic head
corrected for blockage, the mean pressure corrected for cen-
trifugal effects and tunnel static pressure, and a zero level
signal, The last, obtained from the rotating wheel with the
wind tunnel off and the transducer not connected to any of
the pressure measuring holes, is necessary to eliminate any
effects, such as varying resistance around the slip rings,
producing a fluctuating signal.which is correlated with the
wheel'!s rotation, The position corresponding to the point
of contact with the floor was determined by scrutinizing the
detailed X-=Y. plots of the pressure near the ground and choosing
the position of highest pressure as the required point. As

a check, the effect on C. and C_, of displacing the floor

L D

position 2° away from this maximum position was computed

for a typical signal, This produced a change of less than 4%,
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For each hole,the program subtracts the zero level
data from the pressure data and then adds the appropriate
mean pressure and divides by the dynamic head,to give the
pressure coefficients around the wheel for that hole, Because
the signal from the wheel repeats every 70 msec only 70 of

the 100 points are needed, the others being discarded,

The integrals for the total lift and drag coefficients

are

W '

Cp =J~ °, 8in® cosP rde dw/Area

6 o
W

Cph =J c, cos6 cos@ rde dw/Area

where the symbols are explained in Fig.(2-14) and the area

chosen was either

I 2rdw
o (projected frontal Area)
or tread width x diameter,

In practice,the lift coefficient for each hole is

defined as

T
¢, = 1/2 cos@ Jg sinode

o
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and this is calculated using Simpsons rule., The normal inter-
val between points is 5.10, but near the ground a smaller
interval of O.51° is used and the contribution to the integral

from this region i1s evaluated separately,

The total CL of the wheel is then

rc,. dw

oz
| g

o L
H
o
=

and these integrals are evaluated by the trapezium rule,to
deal more simply with the unequal interval size,occasioned
by the unequal spacing of the pressure measuring holesacross

the wheel,

The drag coefficient is evaluated in a similar

way,

The dynamic head,used in the above calculations,
must first be corrected for tunnel blockage., This 4is done
using a correction due to Maskell(1963), who uses a model
of the separated flow similar to that in the free streamline
theory discussed in section (4-3),but applied in three dimen-
sions, That is,he assumes that the separated region is divided
from the main stream by a surface of discontinuity,on which
the velocity is KU, py considering the momentum balance past

the body in the tunnel,Maskell obtains the relation
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2 c
K D S S
Kc2 Ki-l c c

orxr

neglecting terms O( (S/C)z)

where

C.S
B = (K2+1-—g—)

S = Area of the model used in calculating CD

C = X=-sect, area of wind tunnel working section

and subscript ¢ denotes corrected values,

The correction for the dynamic head Q= I/Z.PUi) comes from

G S TY
K2 1-cp q
Cc Cc

Gould (1970) has shown that the above can be
applied with success to wall mounted flat plates, which follows
from the fact that the theory makes no use of imagesybut con-
siders only the momentum balance in the tunnel, The theory
does assume that the effect of blockage is a simple increase
in dynamic head,which is equivalent tosaying that the distri-
bution of the static pressure on the model is unaltered by

blockage., Maskell shows that this is largely true for flat
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plates normal to the stream,but for more three dimensional
bodies,with rounded surfaces,the effect on the pressure dis-
tribution is likely to be greater. In such circumstances, it
is best to keep the blockage ratio, S/C ,small so that any
errors are minimized, The corrections calculated for the
wheels are given in table 5. The base pressure used is the

mean taken over the base region of the wheel,

(A-6) Additional apparatus, used in examining the external

flow

For the measurements of total head,given in section
(3=6),a Kiel tube was used because of its insensitivity to the
yawing of the flow., The dimensions of the tube are given by
Fink and Taylor (1955),together‘with a yaw calibration show-
ing the flat response to yaw angles between :300. Despite
this,because of the large deviations in the flow directions
around the wheel, the tube had t; be mounted in the tunnel
with the ability to point in any‘direction and this was
achieved using the supporting system shown in Fig, (2—15).
The approximate flow direction was found by using a wool tuft
and the yaw insensitivity of the tube made use of to eliminate

any errors in the direction so obtained,

For measurements of the boundary layer profiles on
the wheel,a flattened Pitot tube and a static tube wareuwsed,the

sizes are given in Fig. (2-16), The special problem connected
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with this work,was due to the vibration of the wheel and the
supports of the Pitot or static tube had to be fairly stiff
and well damped,in case the wheel should contact the tube
and set it vibrating. The arrangement shown in Fig.(2-16)

was found to be satisfactory. At each station where a profile
was required, this arrangement was set up with the Pitot or
static tube parallel to the wheel's surface and then the

tube and supporting rods traversed mnormal to the surface.
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Table 2

Total |Tread ||Four Wheels |Front Wheels
Width |Width
Dia. Dia. CDQ. CL&- CDI CLI
MIRA} -33 33 ) 111 50 —_— —
-50 50 || 1-00 -60 || -64 40
67 67 || 1-06 b4
Morelli 39 28| — e 45 | -1
Table 3
Wheel No. Co, CL, Co, Cy,
B2 Rotating | 58 | -44 || -85 | -65
B2 Stationaryy -77 76 || 113 | 1.12
| Table 4
X=-Sect | Tread |
Wheel |Area |x Dia. '
No. | sq.ft.|sq.ft. Co, CL, Cp, | Cuy
C2 (142|105 70 | “43 | -94 | ‘57
C2G || 1-42 -97 70 -38 |1 1:02 -56
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c A

1.4

Re=3x10"

Arrows Show Average Trend
with Increasing Reynolds
Number.

All Re. No. Between
1-4x10" and 4- 6x10°

s

Aspect  Reynodds
Ratio umbe
57.6  3x10- 6x10
Thom (1925) %9-6 4x10-14x10°
81 9x10- 6x10°
Reid (1924) 133 4x10%12x10°

Betz (1925) 47 - 52x10*EPR
Griffiths and 20  74x10%-46x10°
Ma (1969) EP
‘ EP = End Plates Fitted
3 110 12 v N
U,

Effects of Rotational Speed
.and Reynolds Number_on C;

of Circular Cylinder .
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Surface of

Separation Bubble
Viscous Region
in External Stream

(1)
Surface of
Solid Body
Streamlines
in Surface
of Body
. . Surface, of Viscous
(2) Separation Region
Surface of
Solid Body
Streamline
in External

Stream

Limiting Streamlines

FIG.(HB) Forms ot Separation_in_Three Dimensional Flow




FIG.(1-14)
C L Against Incidence for
Various Ground Clearances

(Stollery and Burns (1969) )
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FI1G.(1-15) Variation in Lift and Drag
Coefficients of Wheel with

Height Above the Ground.
(After MIRA(1970))
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FIG.(1-18)  Experimental Configurations
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Centre-line Positions For
Three Rim Widths

Profile Shape 1

( full scale)

( Pressure Holes Marked A Are Common To All Rim Widths,
Hole Positions Near Centre-line Vary From Rim To Rim)

® @ | N
A

Profile Shape 2

FIG.(2-1) Edge Profiles And Pressure .

Hole Positions
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FIG(2-2) Pressure Hole Positions,Near Centre-line
of Rim and Inside Hub
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(i) View from Upstream

(ii) Side View

Fig.(2-3)

Wheel in Wind Tunnel
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FIG.(2-7)  Static Pressure in Working_Section
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FIG.(2-8) Typical Frequency Response
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FIG.(2-13) Electric Analogy of Acoustic System

FIG (2-14) _Symbols for Integration over Wheels Suyrface
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Fig.(3-26) Total Head Contours at Plane 1.
1-7 in from wheel centre.
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(i) Side View, Rotating (ii) Side View, Stationary

(iii) Top View, Rotating (iv) Top View, Stationary

FIG.(3-30) Smoke Visualisation of Flow past Wheel




(ii) Top of Wheel , Stationary

(iii) Behind Top, Rotating (iv) Behind Top, Stationary

FIG.(3-31)  Wool Tufts Showing Flow over Wheel
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(i) Side View, Rotating (ii) Side View , Stationary

(iii) View of Front, Rotating (iv) View of Front, Stationary

FIG.(3-40) SmokeVisualisation of ‘Two-Dimensional’
Flow past Wheel




(i) Cylinder Rotating as Wheel, V{ =1

(ii) Cylinder Stationary , V/U =0

L —

(iii) Cylinder Rotating Opposite to Wheel , V/U: -1

FIG(3-41) Smoke Visualisation of Two Dimensional

Flow past Cylinder, Re = 2 x 104




F1G.(3-42)  Two Dimensional Mean Streamlines

55l

(i)  Stationary (Mirror Image)

(ii) = Rotating (Mirror Image)
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FI1G.(4-3) Kuchemann's Model of Separation

(1) Typical Turbulent Boundary
/ Layer Profile

>

Constant Vorticity
Model Profile

X
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C % FI1G.(4-5) Variation in Lift Coefficient With

Height Above Ground

\ ( Potential Solution at 94 = 0
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FI1G.(4-10)

Results for Flow in Corner

With a=30°

-1:0-

.05 -

Vg (Equivalent to-q’/r )
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Z-Plane

W-Plane

D’ S B S D

FIG(4-12) Kirchoff Theory Transform Planes



Z-Plane

FIG.(4-13) Levi-Civita Transform Planes
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FIG(4~14) 0 -Plane For Curved Obﬁstacles
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FIG.(4-15) Transform Planes For Wood's

Theory
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FIG.(4-17)  Possible Unrealjties Of Free
Streamline Solutions
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FIG.(4-18) Coaxal Coordinates
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