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The infl,uence of the boundary layer on the fl,oor of a wind
tunnel on the aerodynamic drag of a model truck is eram'
ined. Through an ertensiue literature suraey, a boundary
layer suction systern proaiding adequate ground simulation
was designed and built. This suction driue was then tested

to ensure that none of the main flo, parameters of the

airstream was infl,uenced through its action. Testing on a

model truck, featuring rotat'ing wheels, with and without
ground simulation, resulted in an increase in drag when

the boundary layer was remoaed. It was also shown that
the further a model protrudes into the original boundary
layer, the less the drag.

Nornenclature
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Introduction

One of the most i-portant requirements of scale-model
testing is that the results obtained therefrom reflect an

accurate picture of the prototype's behaviour. It is there-
fore of fundamental i-portance that scale-model testing
does not introduce any factors which could corrupt the
test data. Classical wind-tunnel testing is characterised
by a model resting on a balance, supported by a sting,
and air is blown against the model. The model then ex-

periences an array of forces and the wind tunnel balance
measures these forces. This procedure however introduces
a type of boundary layer, which is not experienced in the
day-to-d.y operation of full-scale vehicles. When the air is
blown across the wind-tunnel floor and walls, a boundary
layer forms along these surfaces. The boundary layer arises

due to the relative velocity between the air and the floor
of the wind tunnel. It is most i-portantly characterised
by u velocity profile within the boundary layer, increasing
from zero on the tunnel floor to the free stream air veloc-
ity at some height above the floor at a distance further
downstream. This effectively means that the mass flow in
the boundary layer per unit height is less than in the ad-
jacent free stream. Therefore, objects that protrude into
this boundary layer will experience a different force than
objects not protruding into this region, due to the lower
mass flow rate. This paper examines the effect that the
boundary layer has on the aerodynamic drag of a model
truck through the removal of the boundary layer with the
aid of suction.

All researchers in this field have stressed the impor-
tance of model detail and simulation and are in agreement
that a very high degree of model detail is essential. Bur-
gin el al.L felt that rotating wheels were essential, particu-
larly when examining boundary layer effects. A minimum
test Reynolds Number of 700000 is recommended,2 whilst
others ,3,4,5 conducted tests at Reynolds Numbers ranging
from 300000 to 4400000. However, Ohlson et al.3 con-
cluded that this large range does not significantly affect
the drag coefficient.The model height above the ground
plane is also variable. Berndtsson et al.6 stated that if the
boundary layer height was kept to 10% of the ground clear-
ance, then its effect would be minimal. GarryT suggested
that the ground clearance be kept to 5To of the vehicle
height, whilst Bearman et al.8 reasoned that the wheels
should be kept in contact with the moving ground.

Rainbird et al.s felt that a detailed survey of the test
chamber with the ground simulation active was impor-
tant. GarryT achieved a reduction of 58% in the bound-
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ary layer thickness and g0To in the boundary layer dis-
placement thickness. Mercker et al.ro reduced the bound-
ary layer thickness from 155 mm to 20 mm with a scoop
and moving ground plane, whilst a reduction from 24
mm to I mm was achieved by Sardoull for the same ar-
rangement. Similar results were achieved in the Porsche
Wind Tunne1l2'13 Sardoull found that aerodynamic drag
increases with ground simulation; i.e. too low a drag is
measured when there is no ground simulation during wind
tunnel testing. Burgin et al.L showed that floor movement
increases the drag by between 5To and 8yo, whilst the re-
search of Berndtsson et al.6 indicated that boundary layer
suction yielded increased drag results of between I.3% and
3.77o for a natural boundary layer height of 85 mm.

This paper describes aerodynamic drag force exper-
iments carried out on a model truck where ground floor
plane suction is used to remove the boundary layer. The
effect on the boundary layer and subsequent aerodynamic
drag on the vehicle are examined with and without rota-
tion of the truck wheels, and with the inclusion of side
skirts, and vehicle yaw to the incident wind.

Experimental apparatus

Wind tunnel

The experiments were carried out in a return circuit open
jet wind tunnel test section driven by u 12 bladed variable
pitch axial flow fan. The open jet test section was 870
mm x 580 mm, with corner fillets at the throat, and a
working length of 1.6 m. The velocity variation across the
enrpty test section was l% and the turbulence intensity
was 0.4%. The maximum velocity attainable in the test
section was 36 m/s whilst the ratio between the area of
the settling chamber and the area of the test section was
10:1. Pitot-static tube measurements taken in the empty
test section along the horizontal axis of the jet showed a
velocity variation of 2.6% over the 1.6 m jet length. This
was small enough to be considered negligible. The overall
dimensions of the model truck/trailer combination was 170
mm high by 100 mm wide by 880 mm long, resulting in
a projected frontal cross-sectional area of 0 .0I7 rn2. This
gave a tunnel solid blockage ratio of 3.4% that was small
enough to be considered negligible.la

Drag forces were measured electronically on a three
component (lift/dragf yaw) strain gauge wind tunnel bal-
ance, the accuracy of the drag reading being to within
0.02 N.

Boundary layer suction system

The boundary layer suction apparatus consisted of a rect-
angular box, which featured a perforated top. At the sides
of the box were the suction pipes, each 25.4 mm in di-
ameter, which were connected to fans, which sucked the
boundary layer air through the perforated top of the box.
The top surface of this suction box was then the surface
on which the model rested. This surface was completely

flat and reinforced with aluminium struts on the inside of
the box. The surface was made up of five 1 mm thick gal-
vanised steel sheets, each with the same length and width.
Figures 1 and 2 show the hole pattern employed on this
suction surface. Both patterns were characterised by the
same centre to centre distance of the holes.

1Omm

Figure 1 Arrangement of suction holes for basic suction
with 5 mm diameter holes

1Omm

Figu re 2 Arrangement of suction holes for distributed
suction with 4 mm diameter holes

Two types of suction were used to remove the bound-
ary layer. Over the first 100 mm of surface, basic suc-
tion was used which removed the boundary layer that had
formed on the nose and forward sections of the perforated
surface. This section of basic suction is shown in Figure
1. To remove the larger boundary layer that had already
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formed, 5 mm diameter holes were drilled into this section.
Also, the distance between each hole was 15 mm. The re-
nraincier of the surface used distributed suction, as shown
in Figure 2. which meant that only the boundary layer
that would build up over the 16 IrIm between the holes
had to be removed. These holes were 4 mm in diameter.

Figure 3 shows the layout of the suction surface, with
the 7 test locations, the outline of the model, and the
suction pipes all clearly shown. The front of the box was
fitted with a large boundary layer scoop, which removed
the oncoming boundary layer already present on the wind
tunnel floor. The sides of the suction floor were fitted with
fences .10 nlm high, to reduce the possibility of air being
clrawn onto the suction surface from the sides.

The entire suction box was mounted on a frame, which
\,vas in turn fitted with castors that could rotate and be

locked in place. Along the top of the frame a three dimen-
sional traverse allowed a pitot probe to be traversed along
the length of the test section (x-direction), the width of the
test section (z-direction), and the height of the test section
(;'-direction). This traversing probe was vital in surveying
the test section air flow to ensure a high quality air stre&il,
and was formed from a hypodermic needle, with the last
10 mm bent at 90o to the rernainder of the needle and flat-
tened. This resulted in a compact flat headed micro pitot
probe suitable for measuring the stagnation pressure in
t,he thin boundary layer. The reference free stream static
pressure was measured with the static pressure tapping
of a standard pitot-static probe located in the free stream.
The pressure differential between the micro pitot tube and
t,he free stream static pressure was used to calculate the
flow velocity at any location within the boundary layer.

€5mm SSmm

Basic Suction Dlstrlbuted Sucton

' Spochlly Strapod t{oco S€dlon

C Measurlng Posltlon along Centrellne of Suctlon Flmr

The model was a fr-scale model of the Ford Aero-
master horse and US Reefer trailer unit and is shown in
Figure 4. Overall length was 880 mm, width 100 rnm, and
height I70 mm. The model was suitably modified to allow
for rotation of the wheels and the fitting of side skirts.

Figu re 4 Model horse and trailer with skirts fitted

Suction box calibration

Previous investigations have revealed that many bluff bod-
ies are not sensitive to over-suction. However, no detailed
description of these bluff bodies was given and it was felt
that the vertical velocity i-posed on the body by the
suction might influence readings, especially the lift force
experienced by the body. In order that only the rnini-
mum arnount of suction required to remove the boundary
layer was applied, the suction box flow rate was calibrat,ed
against tunnel wind speed. With two fans connected to
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the suction box, calibration was done by moving the mi-
cro pitot tube to point 3 (Figure 3), 4 mm in front of a
suction hole and touching the floor. The air speed was set
to the required value and the pressure difference (velocity
head) between the micro pitot tube and the free stream
static pressure was recorded for maximum suction. The
flow rate through fan 2 was then slowly decreased until the
velocity head began to drop. This indicated that as the
flow rate of fan 2 was reduced, a threshold flow rate was
reached where insufficient boundary layer air was being
sucked away. This resulted in an excess of boundary layer
airflow remaining close to the ground, and consequently
the speed of the airflow in the still existing boundary layer
was too high. The total discharge for both fans when this
threshold flow rate was reached was determined for a range
of tunnel wind speeds. The fan discharges were determined
from pitot-static tube measurements taken across the dis-
charge flange of each fan. Summing the discharge flow
from both fans (Qr), when the threshold value for fan 2

was reached, resulted in the total threshold suction flow
rate for each wind speed setting in the tunnel for bound-
ary layer removal. A theoretical approach was also used
to verify the experimental results. Referring to Figure 1,

it was reasoned that the boundary layer could grow for 15

mm for the basic suction, and in Figure 2,, 16 mm for the
distributed suction, until it was sucked off again by a suc-
cessive hole. Using equation (1) for the growth of a lam-
inar boundary layer,tu (Reynolds number below 500000)
the mass flow in the boundary layer is given by

dMnr

shown by the cross-hatched lines. Thus equation (3) can
be modified to first calculate the volume flow rate in the
boundary layer for each patch and then summing the 50
patches per section will give the total boundary layer air
that has to be sucked off over the 100 mm by 100 mm sec-
tion. The distributed suction area features 64 100 mm by
100 mm sections and the basic suction area has six sirnilar
sections. The above is used to determine the theoretical
volume flow rate that has to be removed from the entire
test section. The subscripts denote that one hole has to
suck off the boundary layer forming over 15 mm and the
other hole has to suck off the boundary layer forming over
16 mm. The total theoretical volume of air (Qr) that has
to be removed is then calculated.l6

Q, - uoo (1.3756rr * 20.08616) (5)

dt
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In a laminar boundary layer, the velocity distribution may
be assumed to be given by

(1)

(2)

(3)

Inserting equation (2) into equation (1) and dividing by
the density of air gives the theoretical volume flow rate
(Qt) in the boundary layer over a unit width of 1 m, or

e, = 3r"" 
r,

The theoretical boundary layer thickness (6r) in the lami-
nar flow region at any position r along a smooth flat plate
is given by

5, _ b (u**1 -+
r\u/

Figure 5 100 mm x
holes and patches

where the boundary

100 mm su ction section with su ction
(first fou r cross hatched for clarity)
layer is removed by the hole behind it
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Figure 6 Actual and theoretical boundary layer flow rates
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Referrittg to Figure 5, each 100 mm by 100 mm section
of plate contains fifty suction holes. Assuming that each
hole has to remove the boundary layer forming on the area
directly itt front of it, the required suction rate can be cal-
culated. For the basic suction, using 5 mm holes, the dis-
tance between each hole is 15 mm and for the distributed
suction using 4 mm holes, the distance is 16 mm. Each of
these 100 mm by 100 mm sections has 50 such patches, &s
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Both brs and 616 depend on the free stream speed over the
test section. Figure 6 compares the theoretical (Qr) and
actual (Qt) boundary layer flow rates. The results corre-
late well and show only a slight divergence at tunnel wind
speeds over 18 m/s. This is caused by the fact that the
available suction cannot remove enough of the boundary
layer flow at higher wind tunnel speeds. F'igure 7 compares
the velocity profiles at station 3 with the boundary layer
intac.t i.e. with suction off, and with the boundary layer
removed, i.e. with suction on. Station 3 corresponds to
the position of the front of the model on the suction plate
during subsequent drag tests.

Experimental method

The drag on the model was measured at various combina-
tions of boundary layer criteria, wheel rotation, Reynolds
number and yaw angle. Except where the Reynolds num-
ber was varied, it was kept constant at 20000 correspond-
irrg to a tunnel wind velocity of 22 m/s. Wheel rotational
speeds were set to produce the required ground speed tan-
gential velocity.

The boundary layer fwheel rotation combinations are
classified as Types 1 through 4.

Wheel rotation
On
otr
On
otr

Wheel rotation signifies if the wheels were rotating
or station&ry, while fan suction indicates removal of the
boundary layer. Suction'On'means that the fans are
switched or, the correct flow rate was selected and the
boundary layer was removed. Rotation 'On' means that
the wheels were rotating. The model was mounted in the

test section, &s per Figure 4, on a 25 mm hollorv sup-
port sting which protruded through the perforated ground
plane and which was attached to a three-component
Iiftldrag/yaw balance below the model. The cables for
providing power to the wheel drive motors passed up
through the inside of the sting. Before testing commenced,
the aerodynamic drag of the sting was measured at the
height corresponding to the truck wheels being in contact
with the ground, and at other heights up to a maxirnum
corresponding to a wheel height of 25 mm. At the com-
mencement of each test, the model was set at the required
yaw angle defined in Figure 8. Ground clearance was rnea-
sured at the front wheels'' i.e. a ground clearance of 5 rnm
indicates that the front wheels were 5 mm off the ground.
All data were referred to a body axis system. Skirting was
added during the final tests to determine the influence of
lowering the overall ground clearance of the model body.
A full description of all tests is provided by Lut z .16

Prevailing wind

Direction of frovel

Figure 8 Yaw angle defined as that between the direction of
motion and the prevailing wind

Results and discussron

In Figure 9, the basic type z simulation shows that as the
ground clearance is increased, so the drag increases due
to air striking the lower parts of the vehicle at a higher
velocity and a higher mass flux. This trend of increasing
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drag with ground clearance is also followed by the wheel
rotation only (Typ. 1) simulation, but the effect of wheel
rotation alone is to decrease the drag, particularly at srnall
ground clearances. When boundary layer suction is pro-
vided, there is a general increase in drag for both the sta-
tionary wheel (TVp e 4) and rotating wheel (TVpe 3) sim-
ulations. The general effect of a drag reduction when the
rvheels are rotating is similar in trend to that obtained for
sedan cars.17 It is also to be noted that the effect of wheel
rotation decreases as the height of the model above the
ground plane increase. Thus the model should be placed
as close to the ground as possible, commensurate with the
test requirements. Due to the softness of the rubber model
tyres, deformation of the tyres occurred at the wheel rota-
tion speed of 5500 r.p.m., and therefore the model was set
at a height of 6 mm abcve the ground plane to preclude
cornpromising the drag readings through tyre contact with
the ground plane.

for the fr-scale model truck tested demands a wind tun-
nel speed of 24 times the road speed. At these speeds,
compressibility effects would be introduced in the model
flow regime. Tests at different Reynolds numbers with
side skirting attached were carried out and the results are
shown in Figure 10. Here, the drag coefficient remains
fairly constant from a Reynolds Number of about 100000
and greater, based on the square root of the frontal area.
Once again the boundary layer removal (suct,ion on) in-
creases the measured drag, but the effect of wheel rotation
is negligible.

1 o No Skirts
r Skirts I

5 10 15

Yaw Angle (degrees)

Figu re 11 Drag force for type 3 simu lation versus yaw angle
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Drag coefficient versus Reynolds nurnber

A basic requirement for correct wind tunnel testing is that
of dynamic similarity between the on-road and model test
conditions, which is achieved through equality of Reynolds
number for the two systems. However, this requirement

Aerodynarnic drag versus yaw angle

The graph presented in Figure 11 compares the model drag
without skirts to that with skirts at the same non-rotating
wheel clearance of 6 mm. The drag measured by the bal-
ance is the body axis component in the direction of motion
of the truck resolved from the drag balance measurement.
The skirts effectively lower the overall ground clearance be-
tween of the vehicle body 20 mm, Ieaving an 8 mm body to
ground clearance. The model fitted with the skirts displays
lower drag than the model without the skirts, due mainly
to the smaller air flow on the underside of the model and
its accompanying drag. This effect is amplified at higher
yaw angles and is similar for all simulation types. Figure
12 shows the variation in drag coefficient with the skirts
removed. In calculating the drag, both the drag force and
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free st,ream velocity are resolved into the direction of mo-
tion of the truck. The simulation type hardly affects the
drag for a given yaw angle. This is due to the increased
pressure drag caused by the model being at an angle to
the prevailing wind direction, when sharp edge separation
from the front and rear edges of the model occurs. This
increased pressure drag is much greater than any change
in drag caused by the different types of simulation on their
own. The rapidly increasing value of Co with yaw is typ-
ical of an increasing wake.

Conclusions

This research has demonstrated the need for adequate
ground simulation during vehicle model testing, especially
if the test model is close to the ground plane. It is shown
that a simple suction device could add sufficient energy
to the overall flow by removitrg the retarded flow in the
boundary layer. The suction device described in this pa-
per removed 60% of the boundary layer thickness and 80 %
of the boundary layer displacement thickness at the front
of the model. The drag increases, which were measured for
this model truck with the removal of the boundary layer,
range from 3.8% to I0% with the skirts fitted. This is a
large increase and can impact on the overall projected per-
formance of the truck in day to day duty cycle operations.
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