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This thesis details the investigation into the
aerodynamic performance of possible future commercial
vehicle designs for the next decade. Previous testing
within the Department has utilised the 2.1m * 1.7m low
speed wind tunnel with a 2.0m * 1.1m moving belt to
simulate ground effect. Testing of 1/6 scale trucks or 1/3
scale cars takes place at 25 m/s. As future road vehicles
adopt more rounded shapes Reynolds number effects play a
major part in the aerodynamic characteristics. This reason
led to the construction of a 5.3m * 2.4m moving belt rig,
to be installed in a newly acquired 3.5m * 2.6m tunnel. The
greater scale of this moving ground and tunnel would allow
much higher Reynolds numbers to be achieved and increased
similarity to the full scale flow field would be achieved,
this would also allow much greater detail to be included on
the model. Initially this rig needed to be developed and
commissioned. After this had been carried out through
comparison tests of flow quality and operational
parameters, it was used for testing of 1/4 scale commercial
vehicle models. This moving ground facility is one of the
largest in operation and its developement formed a large
part of the initial work, described here. Balances also
needed to be designed and developed, as the balance in the
3.5m * 2.6m tunnel was inadequate for these tests.

The main body of investigation then took place,
starting from tests on a 1/4 scale model of a present day
rigid box van. A design of cab was then initiated which
could easily replace a modern cab without extreme
modifications to the layout, size or basic chassis design
of a present day vehicle. This design was tested in both
1/4 scale and 1/6 scale forms, the 1/6 scale model tested
in both facilities, to assess performance of the cab and
other drag reducing devices. An improved design was then
built and again tested throughout a full range of yaw
angles to assess crosswind performance. The flow field was
measured and viewed to investigate the impact of the
aerodynamic changes on the problem of spray. The final
results were also related to practical economic benefits to
the vehicle operator. This was done by calculating fuel
economies to be made through low drag vehicles and the
effect this has on operating costs.
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Chapter 1. Introduction

Aerodynamics has over the last couple of decades
become an increasingly important area of vehicle design.
Spurred on by rapidly increasing fuel costs in  the
seventies the initial interest was placed in passenger car
aerodynamics. Eventually though with the majority of goods
being transported by road in commercial vehicles interest
in the reduction in operating costs of these vehicles
arose. As these vehicles were being operated on motorways
at high speed the aerodynamic component of the power losses
on these vehicles became important; at motorway speeds, the
power loss due to aerodynamic drag can.rise above 50%. Thus
a vehicle operated mostly on motorways could have its fuel

costs greatly reduced by aerodynamic improvements.

Initially, work was carried out on basic vehicles
with simple add-on devices to control problem areas such as
the large separation and interference area around the <cab
container region. Extensive tests on these devices were
carried out both in this country and in America, see
references, but most work was carried out at zero yaw
angle. This angle is an idealised case and more recent work
‘has shown the need to correctly asses the aerodynamic
performance in crosswinds. This work has shown many of the
simple devices initially developed and proved to reduce
drag, to actually increase drag in crosswinds. Despite all
this work aimed at improving the aerodynamics of commercial
vehicles main improvements have been through add-on devices
with the basic design of the vehicle remaining unchanged.
Passenger car design has changed radically with the
consideration of aerodynamics resulting in the smoothing of
the general shape, front and rear, use of flush glass and
the elimination of guttering and sharp edges. The same sort

of developments appear not to have been considered in
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relatively new commercial vehicle designs, with only light
vans, based on car designs, benefiting from fundamental
design changes.

As well as considering the aerodynamics a
manufacturer also needs to consider production costs,
maintenance problems and above all, the desires of the
operators who will buy the vehicles. Resistance to
fundamental design changes have probably arisen in these
areas, since commercial vehicle manufacturing has been in
decline recently. The aerodynamic drag of commercial
vehicles is only one area of aerodynamic design of
interest. Cooling of the engine and conditioning of the cab
air flows for heating and cooling of the cab are also areas
which need development in a new design. More importantly
perhaps is the problem of spray generated by these vehicles
at high speed on wet roads. As any regular motorway user
knows the problem of visibility when travelling behind or
alongside commercial vehicles is a major hazard, although
often not a proven factor in accidents occurring on wet
roads, it must be a contributory factor and in many cases
the major cause of an accident. Previous work has again
been carried out to investigate the main areas of spray
generation and means of suppressing this but again moves to
change designs or use known spray suppressants on
commercial vehicles have been slow. It 1is only recently
that it has become a requirement to fit spray reducing

devices.

It therefore appears that there is great scope
for improvements in commercial vehicle design to reduce
both operating costs and spray emitted on wet roads. These
factors could be mutually improved, with a lower drag
design having a better flow field giving lower spray
emmissions. The work carried out during the period reported
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was along these two avenues of commercial vehicle design.
The department had already been involved in commercial
vehicle design 1in both areas mentioned and a large

experience in wind tunnel testing had been built up.

Initially the work was carried out in accordance
with the requirements of the sponsors S.E.R.C., grant
referance GR/C/83432 which was a single year contract to
develop unique facilities at the University for commercial
vehicle wind tunnel testing. The work was to develop and
commission the 5.3m * 2.4m moving ground for use in the
3.5m * 2.6m wind tunnel. Some preliminary work was carried
out on basic vehicle aerodynamics to prove the facility.
After this an additional two year contract was approved,
grant referance GR/D/54873 which was titled ‘Aerodynamic
design of Large Road Vehicles for Drag and Spray
Suppression in Crosswinds’. This work was intended as an
investigation into the aerodynamics of commercial vehicles
for the 1990's.

The work was carried out on scale models of rigid
box vans in the two wind tunnels recording force
measurements over a range of yaw angles, flow visualization
studies, wake and surface pressure measurements. Thus a
full picture of the behaviour of the vehicles tested could
be built up as well as a picture of the facilities used and
techniques employed. An introduction at the start of each
chapter is given to fully explaining the work carried out
in respect to the chapter itself and explaining the reasons
behind it. Chapter 2 gives a wider background to the
facilities used during the research. The main objectives

were;

(i) To develop and commission the 5.3m * 2.4m moving

ground to give good testing speed with excellent control,
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no belt 1ift and to give high quality results.

(ii) To prove this facility by testing a 1/4 scale
commercial vehicle model, comparing its performance to
previous similar tests. Also to compare the two tunnels and

the testing techniques used.

(iii) To produce data on the aerodynamic coefficients
on a design of vehicle for the next decade and to develop

this design from a present day vehicle.

(iv) To assess the performance of this design with
regard to the suppression of spray and to maximise this

suppression.

(v) to assess the impact of the aerodynamic
improvements on the fuel economy and to further assess this

impact on operating costs and charges.
(vi) To carry out all this testing both at zero yaw

and non zero yaw to assess the affects of crosswinds on the

forces, spray suppression and operating costs.
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Chapter 2. Wind Tunnel Facilities

2.1. Wind Tunnels

2.1.1. 2.1m*1.7m Wind Tunnel

The main facility used for ground vehicle
aerodynamic assessment is a 2.1m * 1.7m working section,
closed return wind +tunnel. This has been used for
fourteen years in conjunction with a moving ground. The
requirement to simulate the correct ground motion in
wind tunnel tests was recognised and met with the
installation of the 2.0m * 1.1m moving ground in 1973.
This has since been used with great success,a full
description of the moving belt rig can be found in ref.
7.

The top speed of the tunnel is 50 m/s although
testing with the moving ground is limited to 25 m/s to
improve the accuracy and repeatability of results taken.
Models used in this tunnel are of a scale 1limiting
blockage to below 5%, wusual scales are 1/3 or 1/4 scale
car models and 1/6 or 1/8 scale commercial vehicles. The
Reynolds number obtained for a 1/6 scale rigid box van, as
tested in this investigation is 1,960,000 based on model
length.

The models are mounted using an adjustable strut
passing through the roof of both the model and the tunnel,
then connecting to an overhead balance on the tunnel roof.
The balance is a fixed axis, three component, weigh bean
balance which is fully electronically controlled.
The three components mneasured are lift, drag and
pitching moment. Results are sampled by a microcomputer and

then processed to give print outs of all relevant
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information.

The strut used to mount the models had a friction
collet to provide both ride height and yaw angle
adjustment. When the model was yawed an internally mounted
strain gauge dynamometer was placed in the model to measure
sideforce, rolling and yawing moments. These used together
with the results taken on the overhead balance, corrected

for yaw, then give the full details of forces on the model.

2.1.2. 3.5m*2.6m Wind Tunnel

This wind tunnel was a recent addition to the
facilities at the University having been moved here from
R.A.E. Farnborough in 1979. The tunnel is of conventional
closed return design with a working section cross sectional
area of 3.5m * 2.6m. A large scale moving ground was
designed and built to be installed in this tunnel; a
schematic representation of this moving belt rig is shown
in fig. 4. Initial development work was commenced in the

summer of 1984 on this rig (see Chapter 3).

The maximum speed in the working section is 55
m/s but this is restricted to a maximum, at the time of
writing,of 35 m/s when using the moving ground. This speed
is limited due to servere vibrations from the rollers on
the moving ground and to give accurate and repeatable
results a test speed of 28 m/s was used. At this speed no
vibrations were transmitted to the model. In this tunnel as
in the smaller tunnel the scale of models used was chosen
so as to limit blockage to 5% maximum. The desirable scales
are thus 1/2 scale car models and 1/4 scale models for
commercial vehicles. The resulting Reynolds number for the
1/4 scale rigid box van used for this investigation 1is
3,650,000 based on model length.
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The models are mounted as in the smaller tunnel
using a strut passing through both model roof and tunnel
roof attaching to the overhead balance on the tunnel roof.
The balance in this tunnel was converted on its arrival to
a load cell balance, its previous operation had been
electromagnetic, it measured six components of force. This
conversion was found to give accuracy and repeatability
which was totally unsuitable for the road vehicle work. Two
new load cell balances were then designed to measure the
three components of force considered to be of primary
importance, drag, sideforce and yawing moment. These are
described in Chapter 4 and shown in fig. 1. The overhead
balance was retained for mounting as it sat on a turntable
and provided a more convenient yaw angle adjustment
although the friction collet on the strut was retained for
ride height adjustment. Once set, the strut was pinned to

prevent any slippage.

The voltages from the load cells were sampled by
a microcomputer which processed them and printed out a
fully detailed results sheet.

Additional research carried out in the 3.5m *
2.6m wind tunnel was to mount the smaller, 2.0m * 1.1m,
moving ground on a turn table to more fully represent the
road conditions in cross winds. A full account of this
investigation appears in ref. 1. Tests conducted on a 1/6
scale rigid box van measuring forces and surface pressures
showed that the results obtained were not significantly
changed. This suggests that the actual effect of ground
motion is more significant with regard to boundary layer
removal than actual direction of ground motion in the case

of a commercial vehicle with large ground clearance.
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2.2. Models

2.2.1. 1/6 Scale Rigid Box Van

This model is the model originally used in ref.
2. and was loaned to the University by Leyland Vehicles
Ltd.. Originally an all wood model it was extensively
modified for the work carried out here. Firstly a steel
chassis, of 1ladder construction, was made with the cab
mounted at one end and the box container mounted aft of
this on top of the chassis. As detailed as possible an
underbody was fixed underneath including air and diesel
tanks, an exhaust pipe, an engine block and gearbox and

drive train.

The major consideration in building a steel
chassis was to provide a rigid ’backbone’ from which to
mount the rotating wheels. Solid wheels turned from nylon
had bearings mounted in their centres and were suspended
from swinging arms suspended from the steel chassis. These
were attached through bearings to make the arms freely
pivoting vertically,in this way only drag would be
transfered to the balance and minor disturbances from the
wheels running on the moving belt would be ignored. Yaw
testing was carried out using fixed wooden wheels adjusted
to the same position as the rotating wheels but with flats
to give a running height of 5mm above the belt.

The model 1is shown 1in plates 1(a) & (b), and
devices were made to test to investigate possible drag
reductions with this configuration. Such devices consisted
of various cab roof deflectors, gap seals, cab-container

fairings, air dams and side skirts.
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2.2.2. 1/4 Scale Rigid Box Van

This model was chosen as the preferable research
tool due to its scale. Reynolds numbers would be higher
reducing any scale effects; also the model could be made
including greater detail. Leyland Vehicles Ltd. again
provided the model which arrived as a display model and
therefore had to be extensively modified for suitability to
wind tunnel test. The only parts retained were the cab, a
prototype T45 road train cab and the detail underbody parts
which were fixed to a steel chassis, of ladder
construction, designed to closely model the true chassis.
A new box container was also made to the same dimensions as
the one supplied which unfortunately was not to the same
scale dimensions as the 1/6 scale example. This leads to
difficulties in later data analysis but was not a serious

problem.

Solid machined nylon wheels were again suspended
on freely pivoting swinging arms more closely representing
the 1leaf suspension on a typical modern truck. Greater
detail than on the 1/6 scale model was built into the
underbody,see plates 2(a) & (b), with the air and diesel
tanks, engine block, drive train, exhaust pipe, 1light
fittings and rear under rider. Cooling flow was also
considered and a wire mesh radiator with some ducting was

included in the cab modelling.

Devices were also made to test drag reduction
devices presently popular on this Leyland T45 type vehicle,
as a first step in the investigation. This test programme
demonstrated that significant drag reduction could only be

obtained by a redesign of the cab, see section 2.2.3 .
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2.2.3. Fast Front Cab Desian

After the initial experimentation had been
carried out to assess the ’state of the art’ in commercial
vehicle aerodynamic design it was decided to redesign the
cab as the main area of study. It has been suggested in
other reports (ref. 3, 4, & 5) that something like 60%-70%
of the overall wind averaged drag of trucks and buses is
caused by the forebody pressure. Base pressure adding some
15%-25%. Results obtained on the baseline models here also
suggest this, the best configuration arrived at when the
cab was faired into the container this modification
actually giving an 18% drag reduction. A faired
cab/container front end was designed and made, see fig. 2
which was a wedge type front with two flat, angled nose
sections radiused into each other, the sides, top and
bottom.

The radii were increased following the initial
wind tunnel tests and calculations using criteria suggested
in ref. 4. The final Fast Front Design is shown in fig. 3
with dimensions for both the 1/6 and 1/4 scale models. The
Mk.I cab ended with square sides along the top of the
container although the Mk.II ended with a minimum radius
continued from the cab sides along the top sides of the
container.This was the minimum radius calculated in Ch.7.1.
using the expression given in ref. 4 for full scale
attached flow and was intended to improve the yaw
performance of the model. The containers were otherwise
unmodified so as to maintain the present load carrying
capacity of the model class. A change in this would be a
more long term and problematic change for manufacturers and

operators to solve.

As far as possible both cabs were to be scale
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replicas of each other, however as already mentioned, see
Ch.2.2.2., the container of the 1/6 scale was relatively
higher than on the 1/4 scale. This was unavoidable and was
dealt with by keeping the radii on the cab and the angles
of the flat panels equivalent but adjusting the 1length of
these panels to provide the extra height. There was also
some width difference on the models but this was negligible
in comparison to the height.

The design parameters used to design the models
were discussed with Leyland Vehicles Ltd. to give the
required operating tolerances on such things as ground
clearance for operation over rough terrain or to deal with
curbs whilst manouvering. These parameters were (see fig.
3):

(i) a minimum approach angle of 15 deg.
(ii) a minimum ground clearance of:
200mm(full scale) at axles

300mm(full scale) mid wheelbase

These parameters were adhered to except the
minimum mid wheelbase ground clearance which was taken as
equal to that at the axle. This eased the manufacture and
fitting of the flat undertray which needed to cover such
parts as the engine block, propshaft and rear axle. These
were fitted to their respective ground clearances, the rear
axle and engine block, being at the axles, had clearances
of approximately 200mm full scale. The flat undertray could
therfore cover all underbody parts without exception if the
smallest clearance was chosen. This then eased the problems
of wind tunnel tests and was not considered a major problem
as the vehicle was not primarily designed with the rough
terrain operation for which these minimums are relevant.
Modifications could easily be incorporated to suit a
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vehicle with these considerations in mind.

Devices were also made to further increase the
aerodynamic efficiency of the front cab, these included
side skirts, a full and a partial flat bottom, rear panels,

rear deflectors and rear boat-tails.

Other details included were a model radiator of
scale dimensions on the 1/4 scale and a radiator inlet on
both models. The radiator inlet was of an appropriate area
whilst the radiator was modelled as blockage in this inlet,
consisting of fine wire mesh and honeycomb. Although this
is recognised as only part of the full model the results of
open duct and <closed duct revealed no change and the

modelling was considered sufficient.
This then gave the required models with the

greatest detail in order to test in the two wind tunnels

for the successful completion of the work undertaken.
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Chapter 3. Moving Ground Development

3.1. Introduction

Initial wind tunnel tests on road vehicle models
at Southampton in the 1970’s investigated the need to
correctly simulate ground conditions. This was achieved by
designing and building a moving belt rig which was placed
in the tunnel and was operated at a speed synchronous with
the air speed. This then correctly models a vehicle moving
across the ground in stationary air. Experiments
demonstrated the need to correctly simulate the ground
condition,see refs. 6 & 7. The moving ground was developed
and has been successfully used in ground vehicle work for

fourteen years.

The success of this moving ground was such that it was
chosen as the bench mark to assess the progress being
achieved with the larger 5.3m * 2.4m moving belt rig which
was developed for use in the larger 3.5m * 2.6m tunnel. All
aspects of the belts performance were taken into account

for the comparison,these were;

(1) flow quality over the belt

(ii) speed capability

(1ii) controlability of speed, tracking and
belt surface flatness

(iv) belt longevity.

Measurements of flow quality were taken as
vertical total pressure traverses over the belt in the
empty test section of the wind tunnel to assess the
boundary layer present. These measurements being taken at
various spanwise and chordwise positions over the belt, the

main position being that directly under the centre of the
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balance, ie. the mounting point for all models. A rake of
total probes was designed, see plate 5, to measure total
pressures in a vertical line of 21 pressures spaced at 5mm
in proximity to the belt and 20 further pressures spaced at
10mm above those. The lowest probe was wusually run at a
clearance of 5mm to the belt surface. The probes were then
connected to a multitube manometer and values of air
velocity at the measurement point divided by tunnel
velocity, (ie. velocity deficit (u/V)), deduced. This set
up also gave a useful, immediate, visual picture of the
boundary layer present. Levels of freestream turbulence
were not measured as wind tunnel testing is an ideal
situation and simulation of full scale turbulence is not
considered. This would depend on c¢limatic and traffic
conditions at the particular time. The wind tunnel solution
is to produce a relatively low turbulence stream of air to

give reliable conditions for aerodynamic tests.

The other parameters are measured mostly
qualitatively from experience of using the facility. Speed
is assessed as a combination of keeping optimum flow
quality and vibrations from the rotation of the mechanical
components to a minimum. Control of speed and tracking of
the belt is limited by the control systems of both whilst
maintaining a flat, consistent belt surface is limited by
the ability of the suction fans to reduce the pressure in
the suction boxes below the belt to counter the low
pressure wake of the model in the tunnel. Belt longevity is
a result mainly of choosing the correct belt material.
Interestingly temperature rise due to friction under the
belt is not a problem at these speeds and cooling is not

required.
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3.2. 2.0m*1.1m Moving Ground in the 2.1m*1.7m Wind Tunnel

This moving ground is the original, which was to
be made the standard for comparison with the larger ground
which was to be developed. It consists of a continuous belt
passing over rollers each end (uniquely one driving, one
tracking) a flat solid surface is provided between the
rollers by the suction boxes, shown schematically fig.
4.The endless belt is supplied already joined, the join
being made so as not to create a region of thicker material
which could cause the wheels to kick. Presently the belt
material wused 1is made up of a fabric base with a
poly-urethane or P.V.C. upper surface, the lower surface
has a low friction backing to reduce friction as it runs
over the top surface of the suction boxes. The top surface
of the suction boxes is made from steel, drilled with a
grid of holes and anodised,also to reduce friction. The

full moving ground rig set up is described in ref. 7.

The majority of the parameters were Kknown from
studying the testing history of the ground. Extensive use
of the facility with a few belt failures with use of a
number of differing belt materials and constructions has
lead to a criteria where the belt 1is replaced after 6
months running. The retention of speed and tracking of the
belt is excellent and the maintenance of the belt flatness
was excellent at the testing speed of 25 m/s. This testing
speed was largely deduced from ’‘feel’ as this appeared to
be the point at which the ground ran smoothly and
repeatably, giving the best quality results. After
measurements of the flow quality were taken a reason for
this was established and the optimum speed for best flow

quality for the set up proved to be 25 m/s.
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3.2.1. Effect of Configuration Change

L.E Suction Ground d (mm) (u/V)5
on on 20 0.961
off on 90 0.862
off off 115 0.697
on off 27 0.767

The figures above show the difference in the
boundary layer present at the centre of balance position
over the moving ground; the full data is plotted in fig. 5.

Clearly the main reason for reduction of the
boundary layer is the effect of the suction box. It can be
seen from fig. 5, that there are two distinct boundary
layers present. A normal turbulent boundary layer curve in
the ground stopped cases and the modified version of the
turbulent layer with the region of air close to the belt
returning to (u/V)=1 at the belt surface. This layer of air
close to the belt accelerates through friction and
viscosity effects due to the belt motion. The modification
of the boundary layer causes the fold back in the velocity
curve. The excellent, thin boundary layer present in the
usual testing configuration of the ‘all on’ case has a
boundary layer thickness of Jjust 20mm and the minimum
velocity being just 4% below the freestream condition. The
edge of the boundary layer is taken as the point when the
velocity has risen to 98% of the freestream velocity value
to allow for 1loses in the tubing to the manometer and

errors in the reading of the values of the manometer tubes.

Shutting off the 1l.e.suction increases the
boundary layer by 70mm which 1is a 350% increase,the

Q

velocity at 5mm being reduced to 86% of freestream, a
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decrease of 10%. Similarly for the ground stopped case the
boundary layer thickness is increased by 88mm, (326%), when
the 1l.e.suction 1is stopped. In this case the velocity is
just 79% of freestream velocity. The effect of the leading
edge suction box 1is thus seen to be very large which was
surprising as the design was such that the major part of
the tunnel boundary layer should have been fed through the
slot left between the tunnel floor and the suction box. The
suction box was then intended to remove the slight residue
which then flowed over the upper surface. After flow
visualization tests on the box it was found that the upper
surface flow was separating and reattaching towards the
rear of the perforate when the box was shut off. The effect
of suction was to minimise the separation bubble, almost
eliminating it, and then to remove a small amount of the

residue boundary layer.

The effect of ground motion however was less
although still significant, with 1l.e.suction on, stopping
the ground led to an increase in boundary layer thickness
of 7mm which is some 35%. Also the velocity at 5mm is
decreased by a further 20% from freestream. The effect
without 1l.e.suction is to increase thickness by 25mm, 28%,
and decrease the velocity at 5mm a further 16% from
freestream. The mechanism involved is that the air close to
the belt surface is accelerated by the viscous effects of
the belts motion, the velocity at the belts surface being
freestream. When the belt is stopped this no longer happens
and the air must become stationary at the belt surface
leading to the classic turbulent boundary layer velocity
profiles in fig. 5. The turbulent boundary layer starts at
the leading edge of the suction box and grows along the box
and the belt up to the centre of balance position.
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3.2.2. Effect of Speed

The effect was assessed by comparing the usual
testing speed of 24.86 m/s to measurements at a higher
speed of 30.18 m/s. In both cases the belt was run
synchronous with the air speed and 1l.e.suction was wused,
see fig. 6.

d (mm) (u/V)5
24.86 n/s 20 0.961
30.18 m/s 35 0.948

Clearly the effect of increasing the speed of
both air and ground is to increase boundary layer thickness
and reduce the velocity at 5mm. Simply the reason for this
is that the fan evacuating the 1l.e.suction box 1is at
maximum efficiency around 25 m/s and cannot remove the
boundary layer air at the higher speed. The increased flow
over the preforate is too much for the fan to remove and

the increase in boundary layer thickness occurs.

3.2.3. Effect of Downstream Position

The effect of downstream position was assessed by
taking a set of measurements down the centreline of the
belt at positions 508mm (20") and 254mm (10") ahead of the
balance centreline, at the balance centre and 254mm (10")
rearward of the balance centre. These measurements are

shown below, see fig. 7;
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Height/mm 508mm fwd 254mm fwd c/bal. 254mm rwd

- o " - i — oo o - - " T - - - . T T — 0 W o o S oo T S S W O T o T W -V " (i i M i . oo B

1.000 1.000 1.000 1.000

5 0.953 0.956 0.956 0.961

10 0.988 0.985 0.983 0.981
15 1.000 0.997 0.995 0.992
20 1.000 1.000 1.000 1.000

These results confirm the initial description of
the existance of the modified turbulent boundary layer over
the ground. The lower layer being a region of air
accelerated through friction and viscous effects by the
belt surface. As can be seen in the table above the
velocity of this region increases with downstream position
as it is accelerated along the belt through viscosity. The

velocity at 5mm increasing from 95% to 96% of freestream.

The conventional boundary layer exists on top of
this accelerated region and is seen to grow with downstream
position as expected. At 10mm height the initial velocity
is 99% which falls to 98% of freestream at the rearward

position.

These changes are very small and are not of great
importance except that they give the detail of the
mechanisms involved in the formation of the boundary layer
on the belt.

3.2.4. Effect of Transverse Position

The full picture of the boundary layer as seen
across the full width of the belt was assessed by taking a
set of measurements from a traverse across the belt at the
centre of balance position. This then built up information

on the effectiveness of the leading edge suction box across
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its full width. The results are plotted as a contour plot,

looking upstream, shown in fig. 8.

This plot shows the effectiveness of the leading
edge suction box in the centre of the tunnel where the
model is positioned. Two regions either side of this
central region also show up clearly, at 178mm (7") either
side from the centre. These regions of relatively poorly
removed boundary layer occur at the same width measurement
as stringers incorporated in the suction box. These run
longitudinaly and rise to the steel perforate cover to give
structural stiffness to the box and help support the
perforate. As a result of rising to the surface the suction
experienced here is weakened resulting in the larger

boundary layer at these positions.

A comparison of the central plot to that at 178mm
(7") offset from centre is shown in fig. 9. This
demonstrates the thickening of the boundary layer which is
small but not negligible. A lowering or reshaping of these
stringers to give a continuous uninterupted suction trough

under the perforate would cure this problen.

3.3. 5.3m*2.4m Moving Ground in the 3.5m*2.6m Wind Tunnel

This moving ground was designed as a scaled up
version of the highly successful 2.0m * 1.1m design, to be
installed in the 3.5m * 2.6m wind tunnel. The design is
shown schematically in fig. 4. During development, however,
fundamental design changes have taken place, such as
repositioning of the tracking roller. The details of

development are given below in 3.3.1.

The main features of the ground are as on the

smaller version. A continuous poly-urethane or P.V.C. belt
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is fed around an arrangement of rollers which drive, track
and tension it. The upper surface is fed over suction boxes
between the two larger rollers to give the 5.3m long and
2.4m wide flat ground simulation which is positioned in the
tunnel. The upper surface of the belt suction boxes is
anodised steel, the belt having a 1low friction inner
backing. Thus together running of the belt over these
suction boxes does not cause any friction associated

problems.

The belt suction boxes have holes in the upper
surface and are evacuated using a number of fans so as to
counter the low wake and underbody pressurés which tend to
1ift the belt. A flat ground surface is thus maintained
giving constant ride height which is of great importance in
road vehicle testing. The rig is positioned higher than the
original floor so as a slot exists between the old floor
and the underside of the leading edge suction box to remove
the tunnel boundary layer. Any residue boundary layer which
is not removed is removed by the leading edge suction box
by low pressure produced in the box under the perforate
upper surface. This low pressure is produced by evacuating

the box using a fan connected to it.

3.3.1. Development of the 5.3m * 2.4m Moving Ground

A major section of the initial work carried out
in the research program was involved with development and
commissioning of the large moving ground rig. Discussion of
boundary layer development is given in this chapter in
sections 3.3.2, 3.3.3, 3.3.4 and 3.3.5. Below is given the
details an the mechanical development of the ground, the
associated boundary layers measured as the ground

progressed are shown in fig. 10.
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August 1984

Initial tests of the moving ground were
restricted due to servere vibration problems. Drive was by
hydraulic motor on the upper rear 46 cm diameter roller,
tracking was achieved by moving one end of the upper
forward 46 cm roller vertically so the belt would run up or
down it as required. This is identical to the system used
on the smaller ground. Tensioning was provided by a 15 c¢m
diameter roller mounted on vertical slides under the belt
suction boxes. The belt suction was provided by a small
vacuum pump and the boundary layer suction came from the

fan used on the smaller ground.

The vibration problems were far too great to
allow proper running and originated from the 15cm diameter
tensioning roller which was out of balance and distorting
in the centre so that it was ’‘wipping’ against the belt.
This ’wipping’ motion being rotation around the centre of
the tied ends with the roller between being a bowed
cylinder, instead of rotating in the centre around the
centre point it rotates about some offset point. Thus the
centre point at the middle of the 1roller 1length rotates

through an arc.

March 1985

Extensive modification of the tensioning system
had been carried out, now a 23 cm diameter roller was used,
mounted on swinging arms attached to the upper framework of
the moving ground. The roller had been manufactured and
balanced outside the University. Unfortunately during
initial running of the rig a hydraulic line split close to
the motor and covered the belt in hydraulic fluid. After

extensive cleaning of the belt, rollers and suction boxes
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the drive roller was found to be slipping badly. This
limited the speed and since further cleaning was impossible
a solution was reached by attaching 3M grit tape over the

roller surface.

Further running revealed some limitations in the
tracking mechanism which imposed a speed limitation. The
problem was that the belt naturally tracked in one
direction and there was insufficient movement on the front
roller to bring it back. Various solutions were tried
including addition of weight differentially to the
tensioning roller, slewing the roller and use of springs to
increase tension and provide easy adjustment of tension.
None of these modifications resulted in an improvement,
some made the problem worse. The set up was thus put back
to the optimum for this time and boundary layer
measurements taken at 23 m/s. These are shown in fig. 10

and discussed in 3.3.2.

May 1985

Work was carried out on the installation and
running of the 2.0m * 1.1m moving ground as a yawed moving
ground. The rig from the smaller tunnel was transferred and
mounted on a turntable in the 3.5m*2.6m wind tunnel. A
schematic plan of the installation is shown in fig. 16.
More information on this installation is given at the end
of this chapter, however,boundary layer measurements were
taken over this ground which used the main leading edge

suction box from the 5.3m * 2.4m ground.

During flow visualization tests separation was
seen to occur off the leading radius of the box, in this
case with the suction applied. This was prevented by adding
a drooped nose section to the front of the box. Boundary
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layer measurements then taken with various areas of the
upper surface taped and this led to an optimised surface
area on which to apply suction. This area was a a 15cm wide
slot running the full width of the suction box, 15cm behind
the leading edge of the box.

September 1985

The leading edge modifications to the suction box
were incorporated and a new fan installed, rated at 5
m3/min at 1.02m W.G. Pressure. Swinging arm modifications
were also incorporated consisting of adjustable spring
loading and motor cycle dampers to to dampen the motion of

the arms.

Heavy vibrations were again encountered at around
27 m/s and investigations were carried out with a strobe
light to see were the vibrations were most evident. These
revealed large movements in the frame and ‘wipping’ of the
tensioning roller. The ’‘wipping’ could not be cured but the
frame was strengthened in key areas. The rig could then run
at 30 m/s,wind off. Wind on running resulted in lifting of
the belt from the suction boxes at these high speeds so the

boundary layer measurements were taken at 24 m/s.

March 1986

A new 46 cm diameter roller was purchased to
replace the 23 cm diameter tensioning roller, this had been
dynamically balanced to 2000 R.P.M., a full speed of 50 m/s
for the belt. Tracking was also altered, the 1large front
roller now being fixed. Instead the smaller idling roller
which feeds the belt onto the front roller was used, this
being vertically adjusted using a Jjacking motor. Thus
tension along the width of the belt is made differential
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and the belt then moves right or left as this tension is
altered. »

All these modifications worked well and with
increased frame rigidity, through extra ties and struts,
wind off tests were able to reach 47.5 m/s, although
vibrations were too great to test at this speed. A test
speed of 35 m/s would, however, be possible. Belt 1lift at
this speed was avoided by the use of four new suction fans
connected to the belt suction. These fans rated at 28.3
m3/min at 0.15 W.G. Pressure. As 35 m/s was a maximum,
testing was carried out at 28.55 m/s for all configurations

and yaw angles with no problems.

May 1986

These tests involved the ground in its final
specification for this research project. Belt suction had
been improved by the addition of holes in the rear suction
box and the connecting of two fans to it. This was done as
belt 1lift always occured first at the rear of the ground,
then moving forward as speed increases. The next box had a
single fan connected to it whereas the front two boxes were

interconnected to the remaining fan.

Boundary layer measurements were then taken and
model tests performed at speeds up to 35m/s for all
configurtions with no belt lift. Vibrations still 1limited
speed to 35m/s as above this vibrations were transmitted to
the model and interfered with the results. The speed
however was considered to be more than sufficient with the
larger scale of model to give good Reynolds numbers. At
28.55m/s, the standard test speed, this was 3,960,000 based
on model length.
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Auqust/September 1987

In this period of final testing no extensive
development was carried out until after the tests. The only
modification was the repositioning of the leading edge
suction fan which improved boundary layers as the delivery
length was shorter between the fan and the suction box,
thus reducing losses. These boundary layer measurements are
discussed after this section as the final configuration

used for the extensive final tests.

Further modifications have been incorporated in
the leading edge suction, since August, to improve the
boundary layers to those shown in figs. 10, 11, 12, 13 &
14. Results for the new configuration are shown in fig. 15
and described in Ch.3.3.5.

3.3.2. Boundary Laver Reduction

Throughout the ground development detailed in
3.3.1. measurements were taken using the boundary layer
rake. Thus modifications to the boundary layer removal
system could be judged and a knowledge of the empty test
section flow over the belt attained. The major figures
obtained from these tests are given below and are taken
under the balance centreline, but offset 279mm (11") to the
right. This was as a result of traverses across the width
of the belt revealing the flow in the centre to be poor
when compared with the rest of the traverse. This is fully

explained in 3.3.5.
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March 1985 210 0.842
September 1985 73 0.931
March 1986 45 0.945
May 1986 45 0.954
August 1987 22 0.971
The fiqgures demonstrate the continuous

development of the installation to its present state. The
major achievements were obtained when a new suction fan was
bought between March and September 1985. Also the flow
visualization studies in May 1985 had revealed the leading
edge separation which had been cured with a drooped leading
edge. Even with the new fan poorly installed with a long
connecting pipe between it and the suction box involving
great losses, the thickness of the boundary layer was
reduced by 66%. The velocity at 10mm was brought to 93% of

freestreanm.

Subsequent testing consisted of attempting to
improve belt suction and reducing vibrations to increase
testing speed. This concentrated on the belt suction boxes
and the tensioning roller, the boundary layer removal
system was however subtly changed to achieve some
improvement. Between September 1985 and March 1986 a large
diameter hard walled tube was used to connect between the
fan and the suction box to reduce losses. This improved the
boundary 1layer greatly, reducing thickness by 50% but only

increasing the velocity at 10mm by an extra 1.5%.

Modifications to reduce the blockage in the
removal slot under the leading edge suction box lead to
more efficient removal of the boundary layer by this
method. This resulted in a layer of the same overall
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thickness but of greater velocity at 10mm, now more than

95% of freestream.

The final improvement was also a major one,
achieved by repositioning the fan closer to the suction
box. This resulted in reducing the length of connecting
tube by around 66% thus increasing efficiency. The boundary
layer thickness was again reduced by 50%, resulting in a
thickness of just 22mm, 2mm more than in the smaller
tunnel. Allowing for the increased model scale in the
larger tunnel means the boundary layer is relatively much
better. The lowest velocity, at 10mm, was just 0.9% below
the edge of the boundary layer condition (98% freestream
velocity), also better than in the smaller tunnel and
resulting in an almost negligable boundary layer. Thus the
large ground matched the criteria layed down for it by the

’state of the art’ smaller ground.

3.3.3. Effect of Configquration Change

Measurements were again taken, again on the
balance centreline, 11" offset to the right, of the effect
of leading edge suction and ground motion on the boundary

layer,see fig. 11.

L.E.Suction Ground d (mm) (u/V)1o0
on on . 22 0.971
on off 38 0.794
off off 76 0.776

The three plots again demonstrate the existance
of a normal turbulent boundary layer coming away from from
the leading edge suction box. In the case of the ground

stopped this then continues back leaving a large boundary
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layer, close to the ground. This layer is twice as thick
with the leading edge suction off. The ground moving case,
as in the smaller tunnel, shows that this boundary layer is
modified as the air close to the belt surface is
accelerated through friction and viscous effects. This
greatly increases the velocities close to the belt, 97% of
freestream at 10mm an increase of 20%. This being 0.9% from
the 98% criteria giving an almost negligible boundary layer

condition.

3.3.4. Effect of Downstream Position

The results taken by measurements taken 279mm
(11") offset to the right at the balance centreline, 1092mm
(43") forward and 1143mm (45") rearward of this centreline
give the results plotted in figs. 12 & 13. One plot is for
the leading edge suction on, ground on case the other being

for the leading edge suction on, ground stopped case.

Most important is the ground moving case which
shows 1little change with downstream position except for an
increase in the velocity at 10mm as the air closest to the
ground is accelerated through viscous effects and the

ground motion.

d (mm) (u/Vv)1o0
1092mm Fwd. 40 0.948
C/Balance 22 0.971
1143mm Rwd 40 0.969

In the case of ground stopped the usual growth of
boundary layer with downstream position is witnessed. The
majority of growth occuring before the balance centreline.
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3.3.5. Effect of Traverse Position Across Belt

These measurements a spanwise series of vertical
traverses across the belt at the centreline of the
balance.These were taken at a spacing of 140mm (5.5"). The
plot, fig. 14 are the plots showing the major changes. The
results proved symetric of the centreline so only one side

is considered;

d (mm) (u/V)10
Centre of belt 51 0.950
140mm offset 40 0.965
280mm offset 22 0.971
420mm offset 30 0.965
560mm offset 40 0.965
700mm offset 40 0.970

Those at the centre, 280mm (11") offset and 560mm
(22") offset are plotted in fig. 14. These results show
that in the centre and at 560mm (22") offset the boundary
layer is more than 200% thicker than that found 280mm (11")
offset. The actual velocities at 10mm height are not very
different, the centre case is 2% down but still 95% of
freestrean. The reason for these differences 1is the

construction of the suction box.

The box is made in two halves and joined in the
centre. At the end of each half and at 560mm (22")
interval across them are longitudinal stringers dividing
the box up. These stringers extend up to the perforate
steel surface and are 19mm (3/4") wide. This results in an
area of reduced suction at these points, a decrease in the
centre of twice as much. This results in thicker boundary

layers and lower velocities aft of these regions which are
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seen 1n the traverse measurements.

Although these results show an imperfect
situation the boundary layer present is of comparible state
to that present in the 2.1m * 1.7m wind tunnel and as such
was acceptable for the research carried out. Further
improvements have been carried out on the leading edge
suction box which have resulted in a uniform boundary layer
over the width of the belt, shown in fig. 15. This is as a
result of removing the strengthening stringers and making a
continuous trough under the perforate which gives an even
depression along its length thus giving even boundary layer
removal. Other modifications are planned, highlighted
during this research, which should also improve the speed
limitation resulting in a very powerful facility for future

work.

3.4. Yawed 2.0m*1.1m Ground in the 3.5m*2.6m Wind Tunnel

In order to obtain a better simulation of
crosswinds in the wind tunnel the moving ground should be
yawed to the oncoming air along with the model. In this way
the motion of the ground is correct to the axis of the
model and rotating wheels can be used on the model and run
on the belt. If the wheels are suspended from the model
full force measurements cannot be taken as sideforce and
yawing moment would be reacted by the wheels on the belt. A
full set of results would require that the wheels be in
position but suspended on arms from the side of the ground
and not attached to the model. The aerodynamic force on the
wheel itself is then measured separately to the
measurements on the model. This set up is ideal for
pressure measurements where wheel rotation effects the flow
and wheels can be mounted from the model so no outside
mountings effect the flow. This simulation was achieved by
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mounting the 2.0m * 1.1m moving ground on a turntable in
the 3.5m * 2.6m wind tunnel, shown 1in schematic plan in
fig. 16. As this was the configuration used in the smaller
tunnel no problems were experienced in terms of tracking,
belt tracking or speed control. Boundary layers however
proved a different matter. The set up was initally used
fitted flush with the existing floor and used both the
leading edge suction boxes from both ground rigs. The
boundary layers obtained were unacceptably high so the
ground was raised to allow a slot at the leading edge to
help remove the boundary layer. This together with a
drooped leading edge as described earlier and a suction fan
bought especially for the boundary layer removal gave
improvements resulting in the boundary layers shown in fig.
17. This shows the excellent results obtained except for
the central position which again was affected by the

leading edge suction box design as described in 3.3.5.

Measurements taken at vyaw were affected by the
central partition and a loss of suction in the area where
the front and side suction boxes Jjoined and as yaw
increased this played a bigger part in the boundary layers

present.See fig. 18.

To summarise the best measurements show d=0mm and
(u/V)10=0.985, the worst case, at the centreline,give
d>60mm and (u/v)10=0.948. This configuration was considered
acceptable for the work carried out wusing it as the
velocities are within 5% of freestream. Greater detail of
the testing configuration is given in ref. 8, with greater

detail of work carried out, reported in ref. 1.
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Chapter 4. Balance Assessment

4.1. Introduction

Since at the commencement of research a new wind
tunnel was being used, its suitability for the work needed
to be assessed. The size, speed and state of the ground, as
previously described, are all part of this suitability.
Another aspect, and possibly the main aspect, is the level
of performance achievable by the force measuring equipment.
Parallel studies of the various force balances in use were
undertaken at the time of the ground development work. This
would lead to a thorough knowledge of the various ways of
obtaining force measurements from model tests over a moving

ground.

All the original balances were assessed along
with new balances designed specifically for this research
when the o0ld balances were found to be inadequate or
limited for this work. The measurements used were various,
from statically loaded calibration tests to dynanic
repeatability tests on a model configuration. The static
calibrations were carried out over a range of forces
similar to those expected in the scale model tests. In this
way the balances could be judged for accuracy and
repeatability. Accuracy is the minimum quantity which can
be confidently measured. Assessment of accuracy was made
from static weight calibration tests together with a
knowledge of data logging system used to take the readings.
Repeatability is the ability of the balance to give the
same result for a number of separate identical test runs.
This was assessed by viewing both the repeatability of the
static weight calibration tests and the repeatability of
model tests of identical configuration. Sensitivity is also

assessed by consideration of the minimum measurement
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possible with the equipment used.

The descriptions of the balances are given first
followed by the assessment of the statically 1loaded
calibration tests. The discussion of the dynamic
performance of all the balances is given in Ch.4.6. so that
comparison of all the balances can be made in their major
role, taking results from wind tunnel tests. Comparison is
then made with other balances used for road vehicle work in

other establishments.

4.2.1. 2.1m * 1.7m Wind Tunnel Balance

The balance used in this tunnel is of overhead
weigh beam type which is fully automatic in operation. It
is mounted on the working section roof, 1is fixed,
co-ordinated to the tunnel axis and measures lift, drag and
pitching moment. A vertical strut passes through the tunnel
roof attaching to the model having passed through the model
roof and via a pivot to leave the model free in pitch.
Force is transmitted to the beams on which the balance of
the beam is sensed. The electronics then drive stepper
motors to move a sliding weights along the beams until each
beam is balanced. The number of steps taken to balance each
beam is displayed on a console and 1is read by a

microcomputer.

4.2.2. calibrations

These results were taken by applying static loads
to the balance in whichever direction was of interest, any
cross-coupling was also investigated. Typical results can
be seen plotted in figs. 19(a), (b) and (c). In all cases
the calibrations were linear with excellent repeatability.

Throughout the calibration exercise the accuracy and
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repeatability of the balance proved excellent giving the
following results:

Lift 0.00418 N/step +/- 0.05%
Drag 0.01668 N/step +/- 0.05%
Pitch ~-0.00254 N/step +/- 0.05%

These were all within the shown margin of the
calibrations quoted by the manufacturers, Elven, when the
balance was installed in 1981. These results meant that the
least sensitive channel, drag, could read 0.017 N static
load, being 1 step, to 0.05%. In practice, however, this
accuracy could not be achieved as due to the unsteady
forces acting on the model in testing the final figure on
the step readout was unsteady. Thus the computer is used
and twenty samples are taken and averaged. The deviation on
drag readings usually being 0.1%. The worst deviation found
being for lift which was usually no more than 0.5%, the
least accurate reading being to 1.3%. This poor reading was
due to poor mounting of the underbody being tested and with
more careful set up variations in the lift reading fell
back to 0.5%. For a full assessment of the dynamic

performance of the balance see Ch.4.6.

4.3.1. 3.5m * 2.6m Wind Tunnel Balance

The balance installed in this tunnel is the
modified overhead balance used with the tunnel at R.A.E.
before being moved to Southampton University. At R.A.E. it
used electromagnets to to measure all six components of
force, each being measured individually with the other five
sections being locked. This was an old system and clearly
inappropriate to the requirement of the tunnel here,
measurements must also have been very time consuming to

record. On installation here the balance was modified so
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that measurements were taken from load cells attached to
the relevant force beam on the balance. Initially only
lift, drag and pitching moment were of interest, all three
being unlocked and measured simultaneously. All other
components being left locked.

The load cells are all connected to a common,
stabilised voltage supply of 10 V, the cables are screened
to maintain a ‘clean’ signal. Readings of the voltage
output are then taken on a digital voltmeter, D.V.M., and
minate system connected to a microcomputer.

4.3.2. Calibration

As previously described in 4.2.1. static weight
calibrations were obtained on the various channels by
loading them with weights over ranges as expected during
model testing. This was done to assess repeatability of the
calibrations and to investigate cross~coupling. The
calibrations obtained showed both poor 1linearity and
repeatability. There was a great deal of hysterysis present
in the set up, as shown in an example plot for drag in fig.

20. The calibration figures found were:

Lift 137.03 N/mV +/- 2.0%
Drag(222 N cell) 29.11. N/mV +/~ 7.0%

(111 N cell) 11.32 N/mV +/- 6.0%
Pitch 11.17 N/mV  +/- 5.0%

All the load cells initially installed had
maximum loads of 222 N (50 1bs). The poor accuracy and
repeatability of the drag system led to the trial of a load
cell with maximum loading of 111 N (25 1lbs) to improve

sensitivity.
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The maximum reading sensitivity of the
D.V.M.-minate system is one microyvolt although this figure
was never constant even for the static load cases described
here. Thus the effect is to result in a lower accuracy than
stated here. It can be seen that all the sensitivities for
the static 1load calibrations are much less than for the
smaller tunnel’s balance, with the exception of the drag
channel using the 111 N (25 1b) 1load cell. Using the
smaller load cell the sensitivity is of the same order as
for the weigh beam balance but its accuracy is to +/- 6%,
more than a hundred times that of the weigh beam balance.
Also the drag channel of the weigh beam balance is the
least sensitive channel. Lift, although being comparibly
repeatable, to +/- 2%, is thirty times less sensitive than

the weigh beam balance.

These results together with the dynamic
repeatabilities described in C¢Ch.4.6. clearly show the
ineffectivness of the balance for the commercial vehicle
reseach. The balance had been designed for aeronautical
work and the modifications to it had deteriorated its
performance rendering it unsuitable for the research
reported here. The repeat runs for various test
configurations detailed in Ch.4.6. demonstrated the
variations in the results obtained to be greater than the
differences resulting from aerodynamic modifications. Thus
new balances were then designed for the commercial vehicle

work see Ch.4.4.

4.4.1. Internal Ioad Cell Balances

Due to the poor performance of the overhead
balance in the 3.5m * 2.6m tunnel new balances were
required in order to carry out the 1/4 scale model testing.
In order to cut down on the complexity of the balances
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required it was decided that a drag balance should first be
designed and tested to prove its functioning. This was
carried out sucessfully and an additional sideforce/yawing
moment balance was designed using the same philosophy. The
three components were chosen as those being of most concern
to commercial vehicle aerodynamics as a full six component
balance could not be developed. These balances are shown in
fig. 1(a) and (b).

The balances are load cell balances with flexures
used between the uppér and lower plate. These flexures are
used to tie the balance,allowing only forces in the
direction of interest to be transmitted to the load cell.
The load cell on the drag balance is mounted from the upper
plate and a bearing assembly fixed to the lower plate. The
bearings are brought into contact with a tongue attached to
the load cell, thus allowing loads to be transmitted to it.
In the sideforce/yawing moment balance two load cells are
used, one forward and one rearward on the centreline. The
outputs from these two load cells taken additionally will

give sideforce and differentially to give yawing moment.

Initially the means of transfering loads to the
sideforce/yawing moment balance utilised wasted down ties
on 7just one side of each cell. These were fine in tension
but as they were also required to take compressive loads
needed to be changed and the bearing system used on the
drag balance was used. A bearing race either side of a

smooth tongue was attached to the load cell.

These balances were fixed inside the model, in
the container of the box van, the strut mounting from the
overhead balance then attaching to these balances. The
overhead balance was locked in all components for these
tests. Yawing of the model was simple as the overhead
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balance was turntable mounted so all yaw angles could be
easily set on the turntable, the balances always remaining

body axis co-ordinated.

4.4.2. Calibration

The balances were mounted on a calibration stand
and static loads could then be applied, over the ranges
expected during model tests. Readings were taken to
calibrate the balances and investigate any cfoss coupling
effects. The results showed the calibrations to be linear,
see figs. 21(a), (b) and (c¢), but some problems were

encountered.

The bearings needed very careful setting up as
this greatly affected both the 1linearity and the
repeatability of the calibration. What occurred was that
during 1loading, if some negative preload had been applied
to the load cell through the bearing assembly, a position
was reached when, although loaded, the balance was in its
zero state. This meant a gap appeared between one or both
of the bearings and the load cell tongue. Thus a step would
appear in the plot of load against output voltage. This
was, however, easily identified and overcome. In the case
of the drag balance the bearings were set up so that slight
positive preload was present on the load cell thus ensuring

no ’zero point’ was passed through.

The sideforce /yawing moment balance was a little
harder to remedy. In this case no obvious preload could be
placed on the load cells as the sideforce and yawing moment
system acting on the model could result in forces acting on
the load cells in either sense. An acceptable solution was
achieved by extremely careful setting up resulting in

either a minimum gap being left between each bearing and
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the tongue using a feeler gauge, or more practically, each
bearing being minutely adjusted to result in the load cell
reading zero volts at zero load. Thus no other zero point
exists and no step occurs at =zero or small loads. This
solution proved to work well.

Another problem encountered with the
sideforce/yawing moment balance was that the sideforce
calibrations, although linear and repeatable, were slightly
different for positve or negative sideforces. Checking of
the mounting and loading systems on the calibration stand
revealed no misallignments. The problem is probably due to
slight misallignments in the flexures or load cells in the
balance. These would be unavoidable in the construction but
as the calibrations are linear and repeatable the problem
was overcome in the programming of the microcomputer
sampling the D.V.M.. A relevant calibration being applied
dependant on whether the sideforce witnessed was positive

or negative. The calibrations found were:

(@]
oo

Drag 24.817 N/nV  +/-
Sideforce (+ve) 27.174 N/mV  +/-

(-ve) 28.011 N/mV +/-
Yawing Moment 10.444 N/mV +/-

et W W
o O
o0 o

(@]
o

Repeatabilities were very dependant on the set up
of the balance as described but if care was taken excellent
repeatability was obtained. As with the overhead load cell
balance the microcomputer D.V.M. system was used measuring
to one microvolt. This time though during the static
calibrations the final figure read was steady, again being
at least a factor of ten less steady during dynamic tests.
Thus for drag the sensitivity is of the same order as for
the weigh beam balance in the 2.1m * 1.7m tunnel. The

repeatability is less as a consequence of using load cells,
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the load cell has a constant and instantaneous response to
any load change on it, as found in model tests. The weigh
beam balance, on the other hand, being automatic has a
control loop in which some delay can be incoporated giving
some damping to wunsteady forces. This then gives rise to
better repeatability through the smoothing of unsteady

readings.

No cross coupling was found, the flexures working
well, allowing only deflections in the desired direction.
The dynamic performance of the balances is given in
Ch.4.6..

4.5.1. Internal Strain Gauge Dynamometer

In order to test models at yaw in the 2.1m * 1.7m
wind tunnel an internal strain gauge balance, measuring
sideforce, yawing and rolling moments, needs to be used
with the overhead balance. The design and full description
of this balance is given in ref. 9. The overhead balance is
fixed with its axis orientated to the tunnel working
section, thus at yaw the model is yawed relative to the
balance. Drag as measured by the balance is therefore a
combination of drag and sideforce. The internal strain
gauge balance stays orientated to the models body axis so
by calculation from the six components measured, the full
six components of the body orientated force and moment can

be found.

4.5.2. Calibration

Calibrations of all forces and moments were
carried out to give both calibrations for each channel and
to check for any cross- coupling present. The calibrations
proved linear and repeatable and although some
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cross-coupling was evident it was both nonlinear and
negligable compared to the outputs from forces on the
correct channels. The results from the calibrations, see
fig. 22(a), (b) and (c) are:

Sideforce 90.349 N/mV +/- 0.2%
Yawing Moment ~-10.996 Nm/mV +/- 1.6%
Rolling Moment 41.445 Nm/mV +/- 1.2%

During  testing, rolling moment had to be
disregarded as readings taken from it showed great scatter.
This was later traced to a bad connection in the rolling
moment circuit. It was not possible to deal with at the
time and as sideforce and yawing moment were of primary
interest testing was carried out without rolling moment

measurements.

The calibrations show excellent 1linearity and
repeatability. The D.V.M. and minate system used 1in the
2.1m * 1.7m tunnel is of the same type as used in the 3.5m
* 2.6m tunnel, and reads to one microvolt. This 1is then
sampled by a microcomputer which takes and averages a
number of readings during a run. During the static 1load
tests the final one microvolt figure was reasonably steady
though for dynamic tests averages needed to be taken as the
readings varied by tens of microvolts. The sensitivity of
sideforce was not very high but since this would be
measuring high forces at the high yaw angles this was not a
problem. The sensitivity of the yawing moment channel was
as for the load <cell balance described in Ch.4.4. The

dynamic performance is assessed in Ch.4.6.

4.6. Dynamic Performance

The assessment of the dynamic performance of the
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balances was carried out by repeat runs of identical
configurations to see how well the results repeated. Thus
an accuracy could be placed on the coefficients calculated
from the readings taken. The figures quoted here represent
the variation of coefficients found ,on repeat test runs on
the same and different days, from the average coefficient
calculated for that particular configuration. These are
then compared to results found for other wind tunnels
carrying out similar work. Firstly ref. 10. gives the
variation in coefficients from the average, for four North

American wind tunnels as:

cl +/-0.011
cd +/=0.002
cm +/-0.004
cy +/-0.005
Cn +/-0.003
cr +/-0.005

The 1ift coefficient repeatability was reported
as being poor due to the particularly poor repeatability of
one tunnel. The average repeatability in lift coefficient

for the remaining three tunnels is +/-0.006.

Data is also given in ref. 11, on the
repeatability of drag coefficients about the mean for a
given configuration. The variations are given as:

N.R.C.,Canada +/-0.001
N.M.I.,Britain +/-0.005
Fachhofschule,Germany +/~0.004
Cranfield,Britain - +/=-0.005
M.I.R.A.,Britain +/=-0.002

Results of this kind were found here, for the
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various balances, and used to compare with the results
listed above. Some of these results from truck work carried
out at the start of this research and during other research
are given in ref. 1. These results are given here together
with more recent figures:

2.1m * 1.7m Tunnel Overhead Balance

Date Configurations Repeats Ccl cd Cm
8/84 20 48 .003 .006 .002
9/84 11 22 .005 .006 -
4/85 1 23 .004 .007 .004
8/85 2 38 .005 .006 .003
8/85 9 18 .001 .002 .001
9/85 34 68 .002 .001 .001
1/86 11 22 .002 .001 .001
7/86 5 25 . 005 .007 .004
9/86 5 40 .002 .004 .002
10/86 10 34 .003 .002 .002
4/87 9 18 .002 .002 .002

3.5m * 2.6m Tunnel Overhead Balance

Date Configurations Repeats cl cd Cm
11/84 5 12 .012 .078 .027
3/85 2 12 .008 .034 .018
7/85 1 3 .014 .017 .014

(111 N) 1 3 - .050 -
9/85 4 16 . 005 .011 -

(111 N) 2 6 - .014 -

Load Cell Balances

Date Configurations Repeats Cd Cy Cn
9/85 6 22 .005 - -
10/85 76 152 .005 - -
7/87 25 73 .002 .003 .001
9/87 5 26 .003 .005 .004

Page 44



Strain Gauge Dynamometer

Date Configurations Repeats Cy Cn Cr
9/84 11 22 .021 . 004 . 009
11/84 5 12 .005 .003 .016
10/85 76 152 .007 .008 .006
4/87 6 43 .005  .002 -

These results are all the average variations,
positive and negative, about the mean ‘coefficient. The
results for the 2.1m * 1.7m tunnel show excellent
repeatability throughout all the testing. The slight trend
noticeable is of improving repeatability with
familiarization and the more precise model set up that good
testing requires. A problem that did show up, however, was
an occasional step change in the coefficient was obtained.
Modification to the model still gave the same change in
result but the baseline figure had changed. This step
change would always be 1in the range +/-0.005 in the
coefficient and as it had no effect on the trends and
changes due to modifications on the model it was not
considered a major problem. It was accounted for by taking
an average result from a number of repeat runs taken over a
number of days on the baseline configuration of the model.
The trends in the aerodynamic characteristics then relate

to this average.

The reason for the step change is due to changes
in the day to day performance of the leading edge suction
box. The box was found to have separation from its leading
radius which Jjust reattached when suction was applied to
the box. The fan was therefore operating at its 1limit and
small condition changes to the air in the tunnel could
affect the amount of reattachment. Thus the boundary layer
would be affected which would alter the underbody
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performance of the model leading to slight step changes in
the baseline coefficients. As the more major changes to the
model are carried out above the boundary layer zone, the
performance of these modifications would be unalterred.
This futher demonstrates the great effect the ground
simulation can have on results on ground vehicles. Overall
the 2.1m * 1.7m tunnel weigh beam balance is accurate and
highly repeatable being better than that obtained with the

balances used in refs. 10 & 11.

The poor performance of the 3.5m * 2.6m tunnel
overhead balance is again demonstrated. Even the use of the
111 N (25 1b) load cell does not improve matters and the
balance was clearly unsuitable for the work to be
undertaken. All the repeats obtained were a factor of ten
greater than required, although 1ift showed promising
repeatability. Generally the scatter in the results was
greater than the effect of some of the changes to the
model. As a result the load cell balances were designed
and built so that satisfactory results could be obtained
for the 1/4 scale model in the 3.5m * 2.6m tunnel.

Repeatability of the 1load cell balances was
dependant on the careful setting up of the bearings
transfering the forces, as described in Ch.4.4.2. When care
was taken the repeatabilities proved excellent,+/-0.003 for
drag coefficient and at worst +/-0.005 for sideforce
coefficient. During the 1/4 scale tests the variation in
the drag readout was better than 2%.These excellent figures
for the 1/4 scale where also reiterated when the 1/6 scale
model was tested with its corresponding lower forces. The
sideforce and yawing moment coefficients repeatability was
also excellent although for some readings the variation in
the 1load cells output was over 100%. This was due to

measurements when the force system acting on the model was
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such that one load cell was varying around its zero point
giving large percentage deviations. When this was combined
with the output from the other load cell the variations

were more of the order +/-5%.

These results demonstrate that the balances
designed were of equal «capabilities as the balances
descibed in refs. 10 & 11. Also, around this time, smaller
scale automotive models were being tested and a new six
component load cell balance was purchased for this purpose.
This was unsuitable for the 1/4 scale work but has proved
reliable in the limited use it has experienced so far.

The strain gauge dynamometer also shows excellent
dynamic behaviour, up to the standard of the balances used
in the North American tunnels. This was both surprising and
pleasing as initially the balance had been designed as a
third year undergraduate project and between the tests
detailed during 10/85 and 4/87 the balance had been
redesigned and rebuilt. No deterioration in performance was
evident, 1in fact a slight improvement occured. The balance
had been modified to 1lower its overall height as this
limited its use in some scale car models. The poor
sideforce repeatability during 9/84 had been due to play in
the mounting system between the dynamometer and the strut
and was overcome by a redesign of the pivot assembly.

The balances used here in Southampton University
tunnels are of excellent standard, comparing as favourably
if not more so than others detailed from other
establishments carrying out road vehicle research. The
results from this chapter demonstrate the accuracy and
reliability of the measurements taken here. All results
quoted in this report are given to three decimal places, as

is the common practice, but confidence can be placed in
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them due to the results reported in this chapter.
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Chapter 5. Present Day Commercial Vehicles

5.1. Introduction

Initially the work undertaken was to develop the
3.5m * 2.6m wind tunnel into a viable moving ground test
facility. It was felt that this would be best done by
proving it using a model representing a typical modern day
rigid box van. Results could then be compared to similar
studies in the 2.1m * 1.7m tunnel and with a bank of
similar data found in refs. 1-5, 8, 10, 11, 13, 16-21, and
in the bibliography. Although anomalies do occur in this
published data the overall picture of the aerodynanmic
behaviour is well established. The main reason for
differences in results being scale, ground representation,
model detail, set up detail, blockage and other test
facility differences. The forces measured throughout this
work are in the senses shown 1in fig. 23, as given for

general use in the S.A.E. recommended practice, ref, 12.

5.2. 1/4 Scale Model

A 1/4 scale model was loaned by Leyland Vehicles
Ltd., the scale being chosen as the most suitable for the
3.5m * 2.6m tunnel to give good Reynolds numbers and to
keep blockage below 5%, as given in the S.A.E. Test
Procedure for Trucks and Buses, ref. 12. The model supplied
was a rigid box van, of 10-30 ton type, with a T45

prototype cab and rectangular box container, see plate 2.

The model was very detailed with engine and
cooling fan, exhaust manifold énd silencers, gearbox and
drive train, axles, suspension and all exterior tanks well
modelled. The chassis was made from thin sheet steel and
was originally a display model and therefore 1lacked the
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rigidity required of a wind tunnel model. Also as the model
had fixed wooden wheels it required suspension from which
to mount rotating wheels to upgrade it for use over the
moving ground.

In fact all that was kept from the original model
was the fibre glass cab and detailed underbody parts. A new
rigid steel chassis was built, the cab and underbody parts
being fitted to this chassis. A new box container was built
in wood, to the same overall dimensions as the original
corrigated version. This was done to ease access into the
container and for fixing of add-ons to the container. The
suspension was made from solid steel bars and fashioned to
mimic the leaf suspension of the original model. Each
swinging arm was attached to the chassis via bearings in
blocks screwed to the chassis. The arm was then able to
freely pivot up and down thus allowing only the drag of the
rolling wheel to be transmitted to the balance. Rolling
resistance was eliminated from the results by first zeroing
the balance with the belt moving with no wind blowing.
After this the wind speed was increased allowing the

aerodynamic forces to be measured.

Cooling was also modelled using a metal frame
over which a fine gauze was stretched. This simulated
radiator was then placed in position with a small wunder
bumper scoop to feed air to it. The devices made for these
tests were similar to those used as add-ons on vehicles
today. Three flat plate deflectors of varying size, a 3-d,
Leyland style deflector, four sizes of air dam and rear
mounted spoilers to minimise the wake were constructed to
test.

Force measurements and some flow visualizations

were then carried out on the model in various
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configurations at zero yaw angle and then at steps of 5
degrees up to 15 degrees of yaw. The velocity in the plane
of the model was measured by four pitot-static tubes placed
around the working section. These were averaged and this
speed then set to match the moving belt. This was also
taken as the test speed to calculate the coefficients and
thus no blockage correction applied. Freestream velocity
was also noted and area blockage corrected results recorded
" for comparison, these always gave lower values and for the
purpose of this report coefficients relating to the working
section velocity are used unless indicated. All
coefficients are calculated referenced to a standard
baseline frontal area. Thus although addition of an airdam
increases the frontal area, if the result is referenced to
a standard area its true effect on the aerodynamic forces
is witnessed in the coefficient. This avoids complicating

area related effects.

5.3. Discussion

The forces acting on the model arise from
differences 1in the pressures acting on opposing faces of
the model. Drag arises from a build up of pressure on the
front face and low pressures 1in the wake acting on the
base. Pressure differences between upper and lower surfaces
result in 1ift and between the sides result in sideforce.
The distibution of these pressures on the surface alters
the effective centre of these forces resulting in moments.
Due to its bluff nature the majority of drag arises from
the high frontal pressures built up on cab and container
faces. Separations from any sharp edges increase drag

through increasing the wake size of the vehicle.

The vehicle tested here was equipped with a
modern cab, a T45 prototype, so was equipped with radiused
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leading edges. Flow visualization revealed that no
separation occurred over the cab roof, unlike the case of a
square edged cab. This has two converse effects, the drag
component of the cab is reduced but the drag component of
the container 1is increased as the flow incident on its
front face is now of greater velocity. Thus although the
cab 1is improved overall the performance is poor due to

containers contribution.

The drag distribution has been estimated as about
60-70% from the forward faces and 15-25% from the base
faces. Therefore the best savings are to be made from
modifications to the front of the vehicle, to relieve
pressure and prevent separations from any leading edges.
This philosophy has resulted in some of the add-ons in use
today as these were the simplest most easily applied

solutions to a present day vehicle.

Readings obtained for sideforce and yawing moment
were not as reliable as hoped due to the means of
transmission used in the load cell balance, see Ch.4.4.1..
An idea of trends can, however, be deduced and thus most of
this chapter refers to drag readings but with some
description of the other components.

5.3.1. Revnolds Number Effects at Zero Yaw

The variation of the drag coefficient with
Reynolds number is shown in fig. 24. A classic effect is
shown with with an initial constant value suddenly falling
between 26 and 28 m/s then becoming constant again. This is
the effect of the separations on the side of the cab. Flow
visualization showed the flow on the upper cab radius to be
attached, and the flow from the sides and upper edge of the
container to be separated as expected. The flow around the
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side radii, being smaller than the wupper radius, is
detatched becoming attached as the Reynolds number is
increased. Then with fully attached flow developed on the
cab the drag again becomes constant, with separations from
the square container edges. Testing at 28.55 " m/s,
Re(1)=3,650,000, 1is Jjustified for this scale in this
tunnel. See also Ch. 6.3.1.

5.3.2. Cab Roof Deflectors

The most obvious way to ease the flow around the
forebody of a cab-container configuration is to use a
deflector matching the flow over the cab to the flow over
the container. Thus the container front face pressures are
relieved, as are separations, and the flow down between the
gap is reduced and with it the 1lift induced drag from the
underbody flow. Initially flat plate deflectors were used
but now 3-d deflectors have evolved. All these types were
tested, including three flat plates of different size and a
Leyland type 3-d deflector. Each was built to a
specification to optimise flow matching over the cab roof.

At zero yaw the the flat plate deflectors reduced
drag progressively from the smallest to the largest. The
3-d deflector was slightly less effective than the largest
flat plate, this being as a result of the shielding effect
of the 3-d defector being less. It did not span as much
width as the flat plate deflector and thus some build up of
pressure on the container upper front corners will occur.
This slight decline in the effectiveness of the 3-d
deflector is small and unimportant in comparison to its
performance at yaw, as described later. The savings on the

drag coefficient at zero yaw are given over the page;
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Flat plate no.1l ~0.010

Flat plate no.2 ~0.044
Flat plate no.3 ~0.069
Leyland style ~-0.064

It is seen that the matching achieved by the flat
plate no.3 and the ’Leyland’ style deflector is the same
and was confirmed by flow visualization showing fully
attached flow over the top of the container. Flat plates 1
and 2 still resulted in separation from the container
leading edge as fully matched flow was not achieved. Their
drag reducing performance was from shielding a portion of
the container front face, thus the greater the shielding

the greater the drag reduction.

When yawed the effectiveness of the deflectors
changes, the reductions in drag coefficient for the various

yaw angles are given below;

5 deg. 10 deg. 15 deg.

Flat Plate no.1 -0.049 -0.009 -
Flat plate no.2 -0.047 ~0.009 -
Flat plate no.3 -0.075 -0.013 +0.006
Leyland style ~0.096 -0.071 ~0.067

As these results clearly demonstrate as yaw
increases the effectiveness of the flat plate deflectors
diminishes rapidly, at 15 degrees the largest deflector
gives a drag increase. The two smaller deflectors giving
maximum performance at 5 degrees yaw then having 1little
effect at 10 degrees. One reason for this is that as the
model is yawed their shielding effect is only that from the
area which projects onto the container front face. As yaw
increases some of the deflectors area now lies outside the

container front face and is simply producing extra drag.
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Also since the deflector sides are sharp there is a sharp
edge effect of the windward edge of the deflector on the
crosswind. The air either is fed over the deflector or it
is allowed to continue to build up the pressure on the now
exposed portion of the container front face. The 3-d
deflector, however, is designed so that at yaw the solid
side part of the deflector helps flow deflect down the
windward side of the container, still resulting in the
relief of the container fore-pressure. Its design is also
such that 1little, if any, of its projected area falls
outside the container area until very high angles of yaw
are reached. Thus no additional drag results via this

mechanisn.

The 3-d deflector is then the ideal choice of
deflector as it works as well in crosswinds as it does at
zero yaw. This is also demonstrated in the wind averaged
drag coefficients. These are calculated using the formulae
given in refs. 4, 5, 12, and given in Appendix 1. In order
to ease comparison the S.A.E. practice, using an average
wind of 7 m.p.h. and a vehicle speed of 55 m.p.h. 1is used

here. The resulting values are;

cd(55)

Baseline 0.786
Flat plate no.1l 0.749
Flat plate no.2 0.742
Flat plate no.3 0.718
Leyland style 0.705

These results again demonstrate the effect of the
devices at yaw. The two smaller plate deflectors have
similar results and the third plate deflector works well
but the 3-d deflector is clearly better. The calculation

relies heavily on the vehicle speed chosen,the faster the
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speed the 1lower the statistical yaw angles resulting
become. Thus for a speed of 55 m.p.h. the maximum yaw angle
used is 7.2 degrees, for a lower speed a higher maximum yaw
angle would result. This would show an even greater benifit
from the 3-d deflector.

Comparing these results to those in ref. 4, the
results published are of remarkably similar order. The
results published are for a basic straight truck, (a rigid
box wvan), the baseline wind averaged drag factor was
Cd(55)=0.775 and with a slightly curved plate deflector
this fell to Cd(55)=0.695. These results agree closely with
those obtained here, the differences in wind averaged drag
factor due to a flat plate plate here and a slightly curved
plate in ref. 4, were -0.069 flat plate and -0.078 curved
plate. The better result due to curving of the plate

helping its yaw performance.

The effects of the deflectors on sideforce was to
lower the value; although the change was small. This is as
a result of the shielding effect on the container front
face. The <change is small since, although shielding and
hence reduction takes place, an extra component due to the
deflector itself is introduced. This component also results
in the yawing moment becoming negative as the shielding
effect causes the loss of sideforce from the front face of
the container. Thus the centre of sideforce 1is shifted
rearwards changing the sign of the yawing moment. The
magnitude of the yawing moment appears to be the same order
but of different sign. Again the 3-d deflector is the
optimum, minimising the yawing moment, even though the

sideforce is nearly identical for all deflectors.
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5.3.3. Fairing

A fairing was made to fill the gap between the
cab with the 3-d deflector fitted and the container. It was
designed to make the smoothest possible blend between the
two. Continuity was obtained along both sides and the upper
surface. In addition the upper surface of the 3-d deflector
matched to the container upper surface and the sides of the
3-d deflector matched to the upper sides of the container.
The drag coefficient reductions, from the baseline and from
the baseline plus 3-d deflector, were found to be;

0 deg. 5 degq. 10 deg. 15 deg.
Deflector + Fairing =-0.116 -0.201 -0.209 -0.190
Fairing -0.052 -0.105 -0.138 -0.123

These results show the effectiveness of
completely avoiding the build up of pressure on the
container face, fully matching the flow from cab to
container and avoiding flow through the gap to interfere
with underbody or side flows. It also demonstrates that the
interference which exists between cab and container 1is at
its greatest at yaw and thus the fairing is most useful at
yaw. The wind averaged drag factor for this configuration
is ¢€d(55)=0.608, a reduction of 0.107, 15%, from the
deflector only case. This is a very useful saving since it
is greater than the saving for a 3-d deflector over the
baseline configuration. Thus simple matching of the flow
between cab and container is not an ideal solution and the
interference caused by the gap is of equal importance and
needs dealing with, especially when considering operation

in crosswinds.

As would be expected though both sideforce and

yawing moment are increased with this configuration. The
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gap when completely sealed obviously causes a greater build
up of pressure on the windward side and stops some relief
of the leeward side wake which would occur from flow
filling this wake flowing between cab and container. Thus
sideforce is increased and the point of action moved
forward increasing the yawing moment. Here the shielding of
the container front face which resulted in the centre of
sideforce moving rearward is more than equalled by the
shift forward caused by blocking the gap. The yawing moment
results are unreliable but at least the general effect can
be seen.

5.3.4. Gap Seals

As demonstrated in Ch.5.3.3., the flow between
cab and container has a major influence on the overall
performance of the vehicle at yaw. As well as the complete
fairing, simple vertical plates were tested as a means of
sealing the gap, preventing any through flow. Two plates
were tested, one sealing from the chassis to the cab roof
and the other sealing the full height of the container.
They were tested both individually and in conjunction with
the 3-d deflector. As there was negligable difference
between the two only the larger is described below. There
was no benefit from the gap seal at zero yaw, the

reductions of drag coefficient at yaw are given below;

5 deg. 10 deg. 15 deg.
Gap Seal ~-0.010 -0.034 -0.004
Deflector +Gap Seal - -0.105 -0.112

It is clear that in both these cases use of a gap
seal creates a drag reduction at low yaw angles, however at
15 degrees the saving is just -0.004 in drag coefficient.
In comparison to the reductions achieved using a full
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fairing to seal the gap, a vertical plate seal is an

inefficient means of controlling the gap flow.

The effect on sideforce and yawing moment is similar to the
full fairing, sideforce is increased and its centre shifted
forward. The amount of increase is as for the fairing thus
since 1less drag saving is achieved a vertical plate seal
must be seen as an ineffective device for this class of
vehicle. However, some drag reduction is achieved with it
and since this would be a much simpler device to attach to

an articulated vehicle may still be of benefit.

5.3.5. Airdams

Airdams have become a typical feature on modern
vehicle to reduce drag and aid stability in crosswinds by
restricting underbody flow  which on encountering
obstructions would give rise to drag and lift. Four airdams
were tested; they were made of flat plates which fitted to
the shape of the cab bumper and ran full width to Jjust
ahead of the front wheels. They were of depths of 20mm,
40mm, 60mm and 80mm, and all had cut- outs to allow cooling
simulation. The effect on drag coefficient is shown below,
all are referenced to the 3-d deflector and fairing

configuration as the base;

0 deg. 5 deg. 10 deg. 15 deg.
20mm -0.015 +0.005 -0.007 +0.006
40mm -0.017 +0.006 +0.010 +0.008
60mm -0.018 0 +0.026 +0.045
8 0mm -0.019 +0.021 +0.050 +0.089

Clearly the optimum performance is achieved at
zero yaw and at yaw the use of an airdam on this

configuration is detrimental. This may at first appear to
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be an anomaly but on closer inspection is as would be
expected; In this configuration a deflector and fairing are
used so that the normal flow component flowing down the
cab-container gap and under the vehicle is absent. Thus the
only underbody flow is that arising from flow passing under
the front bumper and any flowing in down the sides. At zero
yaw air passing under the vehicle encounters obstructions
and a build up in pressure occurs raising drag and lift.
Also, as a result of this, air then escapes between the
front and rear wheels and interferes with the side flow of
the vehicle causing a degradation of this flow, increasing
the wake and raising the drag. When an airdam is fitted
flow under the vehicle is restricted by various degrees
depending on the depth of the airdam. Thus less air passes
into the same underbody space resulting in lower underbody
pressures and so reducing the drag component from that
obtained from the previous pressure build up. Outflow from
the underbody is also reduced, if not eliminated, so that
the wake is not added to in the same way also reducing this

component of the drag.

At yaw the position changes, now the oncoming
air, at an angle to the vehicle, passes under the vehicle
from both the front and the windward side. Also the main
obstructions to the underbody flow are the rear wheels,
axle and differential, which will all tend to block the
flow passing under the vehicle from side inflow. Thus
giving the associated pressure rise and increase in lift
and drag. As yaw increases the airdam provides less and
less shielding of the underbody components and simply
becomes extra drag producing area on the front face of the
cab. This may be more the case with the simple flat airdams
tested here and this drag increasing tendancy may not occur

with an optimised, shaped airdam.
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The effect of airdams on sideforce and yawing
moment was insignificant, sideforce being slightly reduced.
It was felt, however, that more effect on lift and pitch
would be seen.

5.3.6. Skirts

The effect of skirts down the entire 1length of
the model was tested. They extended from just behind the
front wheel wells to the rear of the container, with a cut
out round the rear wheels so the whole wheel was visible.
They had an unrepresentative ground clearance of 20mm which
would have been too low for practical operation full scale
but for the purpose of these tests was acceptable. The
results gave the reductions of drag coefficient shown

below;
0 deg. 5 deg. 10 deg. 15 deg.
Skirts -0.032 -0.070 -0.119 ~-0.153
As would be expected the effectiveness of the
skirts increases with increasing yaw angle. The

configuration they were tested on was with 3-d deflector,
fairing and 80mm airdam. In this configuration the skirts
smooth the flow down the sides of the container, preventing
any outflow or disturbance from any underbody flow and
containing the rear wheel disturbed flow. As at yaw most of
the underbody drag arises from side flow passing under the
vehicle and hitting obstructions the skirts prevent this.
As yaw increases this effect would increase and hence the
increasing effectiveness of the skirts. The smoothing of
the flow down the side of the vehicle also results in a
less disturbed wake resulting in lower drag. The wind
averaged drag coefficient for this configuration is
Cd(55)=0.560, the reduction due the skirts is -0.066, 11%,
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a reduction similar to that achieved from use of an
optimised 3-d deflector.

Skirts do have a detrimental effect on the
sideforce, as by blocking underbody flow and deflecting
flow down the sides of the container a pressure build up
results which increases the sideforce. Also this restricted
underbody flow prevents some of the leeside pressure relief
which would otherwise occur and this increases sideforce.
Yawing moment results look less reliable although 1little
effect 1is in evidence. The increased sideforce appears
close to the wheelbase centre thus minimising its effect on

yawing moment.

5.3.7. Rear Turning Vanes

Previous reports have suggested various means of
reducing the wake size and giving drag reductions. One
means suggested was to use turning vanes on the rear
corners of the container to increase the wake pressures by
turning the flow inwards. The devices tested here were
aerofoil sections mounted on the rear corners of the
container such that varying angles could be applied to
them. The aerofoils outer surface was curved whilst its
inner surface was flat, they were mounted to upper and both
side corners. Although these were not of the most efficient
shape, their purpose was to indicate possible savings to be
made from this area. Firstly the aerofoils were optimised
at =zero yaw, tested through a range of angles to give the
best result. This result was for an angle of 7.5 degrees

and gave a drag coefficient change of -0.033.
This was a favourable result and a good drag
reduction, however, at yaw this same saving was not found

and drag was actually increased for all angles tested. As
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from a practical stand point the side mounted aerofoils
would be unsafe, the use would be limited to the upper rear
corner only. This together with the wview that even an
optimised aerofoil/vane would not be effective at yaw and
their use would not be recommended. In future work other
means of wake reducing devices would be tested, ie.
boat-tailing.

5.3.8. Blocked Cooling

The cooling, modelled by a fine mesh grill as the
radiator with a ducted flow to it, was tested open and
blocked to test its effect. The cooling flow modelling used
was the best option since although not strictly accurate to
present practice any modifications to the cab for through
flow would have been difficult to achieve. The effect of

blocking the cooling on the drag coefficient was;

0 deg. 5 deg. 10 deg. 15 deg.
Blocked Cooling =-0.004 ~0.005 -0.011 -0.015

The results show the effect of blocking the
cooling duct, at zero and low yaw angles this is small, but
still reduces the drag. The use of a duct under the front
bumper means that blocking of it results in its becoming a
small airdam. Its shielding at low yaw is good as it is
positioned on the centreline as is the propshaft and rear
differential. Thus its shielding effect is beneficial. Its
inceasing effectiveness with yaw must mean it is closer to
the optimum set up than the full width airdams as it only
spans a third of the vehicle width.

The effect it has on sideforce and yawing moment
is small, sideforce is reduced due to the blocking creating

a wedge from the scoop instead of the two sideforce
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generating walls the scoop would have provided. The effect

on yawing moment was negligible.

5.3.9. Mirrors

A pair of mirrors of plane vertical plate design
were attached to the cab to test their effect on the
overall flow. These were mounted on the cab in typical
fashion from an upper and lower arm. As expected the effect
was to increase drag at zero yaw, due to the mirrors
contribution. As yaw was increased this increase fell away
until no increase was seen at 15 degrees yaw. The reason is
that when the vehicle is yawed the mirror on the leeside
becomes shielded by the cab and the windward mirror
actually partially shields the cab. The effects were small
and as expected, so further testing of mirrors was not

carried out.

5.4. Conclusions

The major reasons for these tests was to prove
the viability of the newly developed facility and to give a
platform from which to carry out the future commercial
vehicle testing. On both counts the tests were a great
success. The operation of the moving ground together with a
1/4 scale model with rotating wheels was carried out
without problem. The drag balance worked well although the

sideforce/yawing moment balance required extra work.

The results obtained compared very favourably
with those described in refs, 1, 2, 3, 4, 13, ete. and
although small differences did occur these could arise from
a number of factors. These include Reynolds number for
smaller scale tests, model detail, moving ground and wheels

and model dimensions. Overall the results compare very well
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when all these differences are taken into account,
especially as the major effect on results is from the
overall vehicle dimensions and configuration. Ref. 13,
states that in tests on two models of different design the
effects of identical devices vary due to the effective flow
field from the vehicle tested. Thus the facility must be

judged a success for moving ground road vehicle testing.

The major reducers of drag were modifications to
the cab-container area, deflectors and fairings. Also at
yaw shielding of the wunderbody by the use skirts is of
great benefit. There also appears to be savings to be made
from attempts to reduce wake size on the base of the

vehicle.
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Chapter 6. Fast Front Mk.I Cab Design

6.1. Introduction

This chapter gives the initial results taken in
both wind tunnels on 1/4 scale and 1/6 scale models of the
Fast Front Mk.I cab design. This initial testing was
carried out at zero yaw. The cabs were tested for Reynolds
number effects and various devices were tested on the 1/6
scale model to establish their drag reducing potential at
zero yaw. Also viewed were the effects of wheel rotation on
the results. Most configurations were tested with fixed
wheels, with flats to give clearance to the moving belt. In
these cases the axles were fixed 1in a position so the
wheels were in identical positions to the rotating wheels
and a 5mm gap left between belt and wheel flat. Firstly the
cab design 1is described and then the various results

are given under their respective headings.

6.2. Mk.I Cab Design

After proving the tunnel and testing of the basic
add on devices to present day commercial vehicles, a more
fundamental modification to the aerodynamics was needed.
The initial testing had confirmed the drag distribution as
being 60-70% forebody pressure and 15-25% base pressure,
see refs. 3 & 5. This fact together with the initial
findings on the add-ons suggested that the major design
change should be a cab-container change. Extending the idea
of the best add-on device, that being a 3-d deflector with
cab-container fairing, it was decided that a wedge shaped
cab completely faired to the container was best, making a
fully integrated cab-container design. This cab was
designed to stay within the original overall length of the

present day configuration. Also left wunchanged was the
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container dimensions as this was felt to be too major a
change and the aerodynamics for this load capacity carrying
vehicle was to be investigated. Any change in the container
would be of much greater effect to the operation of the
vehicle so the limits imposed by present day capacities and
operation were kept.

Other restrictive design parameters imposed were
as suggested by Leyland Vehicles Ltd, see Ch.2.2.3. These
were suggested operational constraints such as ground
clearance which would restrict the surfaces over which the
vehicle could be run, see Ch.2.2.3. Shown in fig. 2 & 3,
are these dimensions for 1/6 scale and 1/4 scale models,
the approach angle being the same for both models. This
angle is the angle made to the ground by a 1line from the
front of the contact area of the front wheel to the lowest
point of the vehicle forward of this. This angle was to be
a minimum of 15 degrees. The minimum ground clearances for
the 1/4 scale were 50mm at axle centres and 75mm at mid
wheelbase. The corresponding 1/6 scale values were to be

33mm at axle centres and 50mm at mid wheelbase.

The cabs were made to fit the original chassis
and containers so that with the baseline configuration the
only change to the model was the fitting of this cab. The
first model made was the 1/4 scale model, see fig. 2. This
had side radii on the leading sides of the cab, two flat
inclined surfaces for the front surfaces, one from the
radiused nose had a length of 440mm. A radius then faired
this to the second flat surfacé% This then led up to the
container upper surface with a radius between the two. The
larger surface was inclined at 59 degrees to the horizontal
the second surface at 37 degrees to the horizontal. The
radius of the nose was 82mm the radii of the joins between

the plane surfaces were maximums, approximately 85mm. The
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side radii tapered from an initial 40mm at the nose to a
radius of 25mm at the join between the plane surfaces. This
then tapered to a square edge where the cab joins the
container. This was the original cab design but due to time
and financial constraints after the first tests of this
cab, the development had to be moved to the 2.1m * 1.7m
wind tunnel using the 1/6 scale model.

The 1/6 scale model was made as close as possible
to the 1/4 scale using ’scaled’ radii. The radius of the
nose was 42mm, the sides tapering from 25mm at the nose to
15mm at the join between the two front flat surfaces, then
tapering further to square edges at the container.
Unfortunately the container of the 1/6 scale was found to
be relatively higher than the 1/4 scale container. To
account for this the lengths of the two inclined front
surfaces were extended. The section from the nose to the
‘roof line’, inclined at 59 degrees, rose for a length of
350mm. The wupper section was lengfhened 150mm, the slope
was still 37 degrees. This resulted in both a slightly
stretched version of the 1/4 scale cab and an overall
increase in the model length. This must be remembered when
comparing the results from the two models, they are similar
but not identical. As with the 1/4 scale model chassis,
underbody detail and container where left as tested

previously, see ref. 1.

A number of devices were made up to add to the
baseline configuration so as to arrive at a minimum drag
configuration. These devices consisted of side skirts, both
fully enclosing and open around the rear wheel, a flat
undertray to smooth underbody flow, a base-board to add to
the rear ‘under rider’ and rear boat-tail modifications.
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6.3. Reynolds Number Effects at Zero Degrees Yaw Angle

Initially a ’‘first look’ test was carried out on
the 1/4 scale model in the 3.5m * 2.6m tunnel but
restrictions then moved the testing into the 2.1m * 1.7m
tunnel using the 1/6 scale model. The development of the
devices was done on the smaller scale. Firstly Reynolds
number investigations were carried out on both scales to

see if any effects were evident.

6.3.1. 1/4 Scale Mk.I Cab

The original T45 prototype cab had shown Reynolds
number dependancy, see fig. 24. The initial drag
coefficient measured was steady over the lower Reynolds
number range, then a drop was seen and at higher still
Reynolds numbers the drag again is seen to be constant.
The drop occurs in the range 3,260,000 to 3,520,000 . As
the cabs leading edges are radiused this drag reduction
could be due to separations around these edges. Original
flow visualization had shown the roof radius to prevent
separation but due to roughness, caused by the ‘A’ pillars,
there was separation from the cab side radii. Also Reynolds
effects could be effecting the flow around the wheels
causing this drag drop. As the Reynolds number for the
tests on the devices was 3,650,000 and this was in the
region of steady coefficient after this fall region the

tests were considered acceptable.

The Fast Front Mk.I cab does not demonstrate this
same drag drop, see fig. 24. A slight steady fall in the
value of drag coefficient is seen, this drop being -0.021
over the full range tested. The majority of this fall
occurs above the 28.55 m/s test speed, after which the fall
is just -0.002. This again demonstrates that the testing at
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these Reynolds numbers, being considerably higher than
recommended by S.A.E. practice, ref. 12, are ideal for this

testing.

What is possibly occurring on the front radii and
causing this small fall in the drag coefficient is slight
changes in the boundary layer flowing around the smallest
radii close to the container square edges. As speed is
increased small separations from the smaller radii are
suppressed giving an increasingly smaller separated region,
resulting in the small drag loss. Flow visualization showed
fully attached flow although this was not caried out in
such fine detail as to see the effect close to the square

edges, see plate 4.

6.3.2. 1/6 Scale Mk.I Cab

Allowing for the radiused forward edges of the
Fast Front design a great dependance on Reynolds number
might be expected as described in ref. 4, where varying the
radius on the 1leading edges of a bluff body was
investigated. Over the range of Reynolds numbers tested in
this case, no such larée drop in drag was seen only a
slight decline in the coefficient, see fig. 5. This decline
is not the same as the drop described by Cooper, ref. 4,
but 1is due to similar effects. In his case, the model was
made up with all leading edges of equal radius. When the
critical Reynolds number was reached intermittent
attachment and separation occurred in the critical region
developing to fully attached flow above this region. This
attachment would occur to all the radii at nearly the same
instant giving a greater change in the flow and hence the
drag. This occurs even more rapidly for smaller radii where
the change from separated to attached flow is more sudden.

These same mechanisms apply to the Fast Front design though
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their effect is less dramatic.

Flow visualization using wool tufts reveals that
separation is occurring part way up the sides of the cab,
the 1lower flow and flow over the front and upper cab onto
the container roof is fully attached. Therefore at these
Reynolds numbers the radii above the separation point are
too sharp to maintain attached flow. This separation is
shown in plates 3(a)&(b), (a) is at Re(l)=1,960,000 and (b)
is at Re(l)=2,365,000. These demonstrate the differing
separation due to the movement of the separation point
upwards to a smaller radius on the taper with the increased
Reynolds number. Although the difference is small it is
significant and gives rise to the dropping drag coefficient
seen. Looking at the third row of tufts back from the nose,
the upper four tufts are all showing upward flow indicating
separation. The fifth tuft down is unsteady in (a) and
steady in (b) demonstrating attached flow is now at this
level at the higher Reynolds number. In both cases where
separation is apparent the length of the separation bubble
grows as the radius from which it originates decreases. The
length of the separation bubble is seen to decrease for
each radius with higher Reynolds number, this effect also

_described by Cooper, ref. 4.

It would appear that at still higher Reynolds
numbers that all the separation would disappear, as seen on
the similar 1/4 scale cab. The drag cofficient would then
stabilise at a plateau value. The speed limitation of the
tunnel is such that this could not be verified but since
fully attached flow as observed over the 1/4 scale cab
resulted in only marginally lower drag coefficients, the
testing of the devices 1is still acceptable although
consideration of the Reynolds number performance would need
to be assessed to finalise any design configuration.
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Another effect, discussed in Ch.3.2.2, was the performance
of the 1leading edge suction box on the smaller ground at
high speed. Itsigegeen that the performance is reduced with
increasing the ', as the suction fan 1is overworked. This
effect on any drag figures at high speed would need to be
accounted for and‘has a major effect on the results in the
ground simulation and with a boundary layer present. It is
more important to test the configurations under optimum
tunnel conditions. Thus the testing was carried out at
24.86 m/s, Re(l)=1,960,000.

The effect of rotating or stopped wheels was also
investigated during this testing. The drag coefficient
change is negligible until the higher Reynolds numbers are
reached, see fig. 26. At higher Reynolds numbers the drag
of the rotating wheel configuration is seen to fall more
quickly than the stopped wheel case giving a lower drag.
This 1is as a result of effects on the flow caused by the
wheel rotation and how these effects are Reynolds number
dependent. The effects are those described in refs. 14 &
15. The separation point on the wheel circumference is
seen to move forward in the rotating wheel case and instead
of the resulting larger wake giving larger drag the
converse was found. The wake pressures were seen to
increase and the drag decrease. This was found for an
exposed, isolated wheel and for a vehicle the effect would
be smaller, as seen here, since the wheel is shielded from

the flow thus reducing the effects.

The effect of Reynolds number on the front and
rear 1lift coefficients is also very small, see fig. 27.
Clearly there is very little change in either coefficient
with increasing Reynolds number for either wheel condition.
This is not surprising as for all conditions the flow over

the cab onto the container was observed to be fully

Page 72



attached from the nose to the base, all the separations
occurring down the sides of the model. Large variations in
the absolute coefficients were found, however, between
tests. This change could be as great as to change the sign
of the pitching moment. This was thought to be as a result
of the wedge cab having sensitivity to the model set up in
pitch and vyaw. Subsequent tests on the Mk.II cab proved
this to be the case. The 1lift coefficients became
excellently repeatable when the model was set up for each
test with extreme care.

The effect of stopped wheels is also demonstrated
in fig. 26, with little effect on frontal 1ift but greater
effect evident on the rear 1lift. This difference is simply
accounted for by the front wheels being fully enclosed and
hence shielded mostly from the flow. The rear wheels are
exposed to the side and underbody flows, also, being twice
as wide as the front wheels this doubles any effects. As
seen in fig. 28, the lift generated by a wheel is highly
dependant on both rotation and the gap between the wheel
and the ground. When no gap is used the rotating wheel has
no 1lift whereas the stopped wheel has a coefficient
approaching one. As a gap is created the rotating wheel
develops a downforce due to the Magnus effect and also due
to a venturi being set up under the wheel which is enhanced
by the wheel and ground motion. The stopped wheel still
develops its 1ift although this is reduced by a venturi
effect under the wheel but in this case it is less strong.
Thus the increase in rear 1lift of the model is due the
stopped wheel developing a 1ift, especially on the larger,

exposed rear wheels.
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6.4. Aerodynamic Devices at Zero Yaw

This section discusses the results found in
conjunction with devices added to the Mk.I cab
configuration. The model is the 1/6 scale model tested in
the 2.1m * 1.7m tunnel at a Reynolds number of 1,960,000
based on model length.

6.4.1. Baseline Configuration

This configuration 1is cab-container only, all
other aspects of the model are as for a modern day vehicle,
the sides, rear and underbody are all open to the flow. The
baseline coefficients for the rotating wheel and fixed
wheel cases were found for the Mk.I cab configuration

with no devices added. These were;

Rotating Fixed

cd 0.498 0.500
Clf ~0.080 -0.076
Clr ~0.172 -0.107

The effect of wheel motion is evident as
described in Ch.6.3.2. and as in ref. 14. The simple
modification of the cab has resulted in a drag reduction of
near 35% from the previous baseline configuration of the
1/6 scale model. The equivalent coefficients for the
typical present day model, 1/6 scale with no devices

added were;

Rotating Fixed

cd 0.765 0.769
Cl(total) 0.036 0.097
Cm 0.423 0.404
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These figures show the drag reduction for the cab
only, also the change from lift to downforce which helps
the stability of the vehicle and the reduction in pitching
moment for the Fast Front cab. That is the downforce centre
is closer to the wheelbase centre again helping stability.
Once again the effect of stopped wheels is shown, slightly
raising drag, increasing 1lift, especially on the large
exposed rear wheels, thus decreasing pitching moment. All
the results now described relate to the Fast Front baseline
figures.

6.3.2. Skirts

_ Four skirt configurations were tested on the
model to find the best configuration. Small and large open
wheel skirts with an opening around the rear wheel were
used with ground clearances of 60mm for the small and 35mm
for the 1large skirts. Also tested was a fully enclosing
skirt running from the rear of the cab front wheel valance
to the rear of the container. This skirt had a ground
clearance of 30mm and was tested flat to the container
sides and with tapering aft of the rear wheels to minimise
the wake and produce a lower drag. The major effect of the
skirts on the flow at zero yaw is to prevent turbulence
from air mixing with the underbody flow between the wheels
and prevent the turbulence created around the rear wheels
flowing out and producing a larger more turbulent wake. The
effect on the model coefficients, with rotating wheels, was
found to be;

dcd dclft dClr
Small open wheel -0.035 -0.034 ~0.010
Large open wheel -0.036 -0.033 ~0.012
Full side -0.041 -0.030 ~0.019
Full tapered side =-0.045 ~0.031 ~0.008
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Clearly the best skirts are the tapered full side
skirts, the tapering reducing the drag slightl y from the
straight case. The performance of the two open wheel types
of skirt is identical and leads to the conclusion that no
gain is to be made at zero yaw, with an open underbody, by
reducing the ground clearance of the skirts. The Fast Front
design is such that no underbody parts protrude below the
line of the cab wunderbody, which is a flat undertray
between the nose and the front axle line. In this way the
underbody flow 1is restricted and the underbody parts
shielded. The volume aft of the nose 1is greater and no
underbody pressure rise should occur,so little out flow
should occur. The small skirts therefore seem sufficient in
depth to prevent this flow and create smooth side flow, the

larger open wheel skirts would not have any extra benefit.

A small decrease in drag coefficient is then seen
by employing the fully enclosing side skirts. This arises
from the benefits of smoothing the flow around the rear
wheels. The open skirts do not prevent interaction between
the sideflow, the flow around the wheel and the wheel
itself. This complex region will create some effects on the
flow down the side of the model effecting the drag as seen.
The possibility is that turbulence in this region causes
some degradation of the wake and the drag rise observed.
Enclosing the wheels prevents any sideflow encountering the
wheel so eliminating this drag producing problem. Tapering
of the sides aft of the rear wheels as a form of
boat~tailing helps minimise the wake by bringing the
sideflow in and gives the further drag reduction shown

above.

The baseline configuration produces negative

1ift, +this arises from underbody pressures and from the
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wedge front with angled surfaces creating a downwards
component from the high pressures acting on these surfaces.
The split is near 30% at the front axle and 70% at the rear
axle and this mostly arises from the drag force component
from the bluff body producing a nose up pitching moment.
The effect of the skirts is to increase downforce slightly
moving the centre forward giving a more balanced
distribution. The reason for this probably lies with the
effect of the nose. The skirts producing better channelling
of the air under the model create better conditions at the
nose, giving a greater flow there. This increase in flow
rate would result in lower pressure under the nose, giving
the downforce measured. The rear axle 1lift increase found
with tapering, results from the slight pressure increase in
the wake caused by the tapering reducing the flow at the
rear end causing a slight pressure increase in this area
resulting in less downforce. This change is small and
therefore does not effect the conditions upstream at the

nose and no change is seen there.

When the wheels are stopped the corresponding

coefficient changes due to the skirts are;

dcd dclt dClr
Small open skirts =-0.030 -0.026 -0.031
Large open skirts =-0.030 -0.034 -0.039
Full side -0.033 -0.031 -0.056
Full tapered side -0.046 ~-0.039 ~0.039

These results show slight variation from those
taken with rotating wheels. The trends are the same but
drag reductions are reduced ‘except for the tapered side
skirts. The front axle lift changes are close to those for
rotating wheels but there is a large difference between the

small and large open skirts. The rear axle lift change is
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more negative.

The drag is showing the same trend of lower drag
with rotating wheels as previously discussed although here
they must be seeing more limited flow.The rear lift is more
negative, as now greater flow under the rear wheel due to
the channelling of the underbody flow creates a better
venturi through the wheel/ground gap, generating downforce.
This effect is enhanced by the fully enclosed skirts as no
air is able to escape around the wheel so the flow is
increased. The tapering of the sides produces the same
effect as before of increasing the presure in this rear

area and thus reducing the downforce.

The results again show the tapered fully
enclosing skirts to be the optimum for reduced drag at zero
yaw. The effect of increasing downforce and moving the
centre of action forward towards the wheelbase centre is

also beneficial as this would have a stabilising effect.

6.4.3. Undertray (Underbody Masking)

The effect of totally smoothing the underbody
flow was investigated using a flat undertray which fully
masked the underbody. It was used in conjunction with the
two types of full side skirts and was mounted at a ground
clearance of 30mm, the same as the skirts. The cooling flow
through the nose opening was allowed to pass between the
underbody and the undertray and into the wake through the
open rear. As well as being teéted completely flat it was
also tested for three diffuser angles aft of the rear axle.
The effect on the coefficients by the flat undertray were;
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dcd dclft dClr
Full Side and Undertray -0.056 +0.116 ~-0.012
Tapered side and Undertray -0.057 +0.124 -0.029

The effect of the undertray on drag is to further
reduce the coefficient by -0.015 from that of the
configuration with skirts fitted. This saving 1is achieved
by preventing any underbody flow encountering the underbody
obstructions. As the nose on the Fast Front design has a
flat undertray to the front axle 1line under which no
underbody part protrudes these parts are already shielded.
Thus the effectiveness of the undertray is less than could
be expected if total shielding was needed. This drag
reduction is wuseful and mainly arises from prevention of

the underbody flow encountering the rear axle and wheels.

The use of this undertray creates 1lift at the
front and a slight increase in the downforce at the rear
axle. The change at the rear axle is small compared to the
change at the front axle. This change arises from the
masking of the underbody. Unmasked the volume wunder the
container is greater than that under the nose creating a
low pressure region helping flow under the nose creating
downforce. This would be lost using the undertray as the
underbody volume is now constant and this extra force due
to flow under the nose is no longer present. The air which
was drawn under the nose now passes over the body which
gives higher speeds over the truck. The associated lower
pressures give dreater 1ift especially over the front
radii. Thus the extra lift acts on the front of the model

giving the distribution shown.
The use of stopped wheels causes the drag to
reduce, to 1lower the lift increase at the front axle and

increase downforce at the rear axle. These effects are all
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caused by the introduction of the gap between wheel and
belt. The flow is now almost totally disi}buted over the
top, sides and below the undertray, very little flow occurs
between container and undertray. Therefore the flow seen by
the wheels is limited to that under the undertray. As this
encounters less wheel area the drag is reduced. Also as the
air encounters the curved part of the wheel and the flat a
venturi is set up under the wheel. This then causes the
front and rear downforces which effect the coefficients as

shown.

The effects on the coefficients of the flat
undertray configuration are given below, the diffuser

angles were measured approximately to give a guide;

dcd dcif dClr
2 deg. +0.003 +0.007 -0.037
3 deg. +0.006 +0.014 ~-0.068
5 deg. +0.012 +0.024 ~0.104

These effects are on the tapered full side skirts
configuration with rotating wheels, and the effects on the
full flat skirts are of the same order. The effect of
stopped wheels is as already discussed. The diffuser is
clearly working and creating a pressure drop below itself.
The drag is raised as some of this low pressure has a
component in the drag direction. Its effect is changed by
the pressure drop caused and the angle of the diffuser, as
the angle grows the drag component grows. The pressure drop
created also creates downforée at the diffuser which shifts
the overall downforce centre rearwards giving the slight
1ift increase seen at the front axle. These effects all
serve to degrade the performance of the model and use of
the flat undertray is the optimum shielding device, the use

of a diffuser is unnecessary.
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6.4.4. Blocked Cooling

The cooling flow was either left fully open or
fully blocked. The configuration on which this was tested
was with full side skirts. The effect of blocking the

cooling on this configuration was;

dcd dclf dCir
Rotating wheels +0.004 ~-0.016 -0.008
Stopped wheels +0.012 -0.017 ~-0.014

Little blockage actually ex isted as simulation
of the radiator for the 1/6 scale so the effects are
basically for an open duct or a blocked duct, which should
amplify any effects blocking the duct may create. As
expected the blocking of this duct gives a drag rise since
where flow could pass unhindered it is now blocked giving
drag. However, considering the duct 1is close to the
stagnation point of the front and the open duct could be
considered fully open, the drag increase is small. It is
therefore clear that addition of radiator blockage would
not give as great a drag rise as might have been expected
and does not present problems. Both these configurations
give extra downforce, equal at the front axle but greater
for stopped wheels at the rear axle. Greater flow under the
nose due to the cooling flow now flowing under and over the
nose gives a lower pressure under the nose giving the front
downforce, (see also Ch.6.4.2.). This flow then continues
back and encountering the rear wheels, stopped with gaps,
improves the venturi effect through the gap giving greater

downforce at the rear.
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6.4.5. Back Board

A flat back board was added to the configurations
using full side skirts only and full side skirts and
blocked cooling. The effect of the back board on these
configurations was found to be;

dcd dclf dClr
Full Side : +0.054 +0.092 +0.201
Full Side +Blocked Cooling +0.039 +0.093 +0.198

As can clearly be seen the use of a back board is
of very detrimental effect. 1Its presence blocks the
underbody flow out into the wake at the rear of the
container causing a build up of pressure under the
container. This leads to increased drag and the
configuration almost. looses nearly all its downforce. The
major effect on lift is at the rear axle where the blocking
and pressure rise occurs although this feeds upstreanm
causing the 1ift at the front axle. Blocking the cooling
flow means some of this flow now passes over the model and
less flow is fed under the model. Thus the build up of
pressure on the back board is not as great and so the drag
rise 1is less. Although this also means that the 1lift from
the underbody is lowered this is cancelled by the extra
flow over the model creating lower pressures on the upper
surface giving the same lift increase as with open cooling.
As no benefits of this back board could be conceived and as
its effect would probably be to cause outflow under the
model degrading the wake, 1its use even as a spray

suppresion device must be in doubt.

6.4.6. Rear Boat-tailing

Extensions were added to the rear face of the
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container along the top and side edges. These were of
almost square 1" section in clay running from the bottom of
the container right round the container periphery to the
bottom of the other side following the container edges.
Clay was used so that progressive angles could be tested on
these boat-tails so that an optimum angle could be
approached, at which drag would be a minimum. Their purpose
is to allow the base region wake to be relieved by greater
flow turning the rear corners, filling the wake. The
results found by their addition to to the configuration
using tapered full side skirts and a flat undertray, the

model using rotating wheels, were found to be;

dcd dCclf dClr

4 deg. slope -0.012 -0.005 +0.028
5.8 deg. slope -0.021 -0.016 +0.057
9 deg. slope -0.029 -0.026 +0.086

These slope angles were approximately measured,
being the average values that the boat-tails made to the
container surface. Variation in the clay could not be
avoided and the side tails could only be approximately
measured. The main effects can clearly be seen. Firstly the
wake 1is relieved by the turning of more flow into it and
hence the drag is reduced. This reduction increases with
slope suggesting an optimum has not yet been reached. In
each case, the flow must be attached and the greater the
angle the greater the filling of the wake. This would be
expected to reach a maximum and then any increase in slope
would reverse this falling drag trend until the addition
would be of no effect on the drag without the boat-tails.

) The effect on lift is such that flow flowing over
the horizontal upper boat-tail accelerates as it follows

the contour giving rise to a negative pressure. This
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produces a lift which gives a nose down pitch. This then
accounts for the increased downforce at the front and
decreased downforce at the rear. This is not of detrimental
effect, infact it is of benefit in that the centre of the
overall downforce created by the aerodynamics is moved
forward towards the wheelbase centre. This is a stabilising
effect as the configuration added to has a nose up pitch
with 1ift at the front and downforce at the rear. The
boat-tails reduce this in strength which would improve the
handling of the vehicle.

The effectiveness of these boat-tails is
encouraging and probably is helped by the state of the flow
arriving at them from the aerodynamics of the front. The
better the flow over the container, that is to say the more
attached the flow, the better the boat-tails will perform.
This is the «case described in ref. 16, which shows the
performance of identical boat-tails on configurations with

bad and good frontal characteristics.

6.4.7. Rear Turning Aerofoil

The aerofoils mounted on the rear edges of the
container as described in Ch.5.3.7. were used here on the
upper surface only to test their effect on the boat-tails.
The configuration used was with full tapering side skirts,
flat wundertray and the 9 degree slope boat- tails. The
angle of the aerofoil was optimised and its effect on the

models coefficients was;

dcd dcif dClr
Optimum Aerofoil ~0.004 -0.024 -0.075

This shows that the drag saving to be made at

optimum set up is negligible. The effect on 1lift is as
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described in Ch.6.4.6. with the boat-tails only with the
aerofoil generating the rear 1lift the effect is increased.
As previously described this would be a stabilising
influence and hence desirable. It may be considered
desirable to use aerofoils for this trimming of 1lift as
there is no drag penalty, although at yaw this would not be
the case, see Ch.5.3.7. Therefore their use would not be
considered an attribute.

6.5. Conclusions

These results show the Fast Front Mk.I cab design
to be a good step forward from modern conventional cab
design. The drag reductions achieved with the cab could be
further improved with additions to the configuration to
smooth side and underbody flow and increase the pressures

in the wake by use of boat-tails.

The cab has shown in 1/6 scale form to develop
separations from the upper side radii. This effect was
Reynolds number dependent but also since the radii tapered
to square edges at the join to the container this was
considered not to be the optimum design for the cab
particularly when considering crosswind performance. A much
better design would appear to be to taper the sides to a
minimum radius and then continue this along the top edges
of the container. Reports were read, particularly ref. 4,
and investigations carried out to determine the Reynolds
number performanée of leading edges, ref. 1. The Mk.II was

then conceived, see next chapter.
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Chapter 7. Fast Front Mk.II cab Design

7.1. Introduction

After extensive 1/6 scale tests,and flow
visualization comparisons with the 1/4 scale, it was
evident that due to the small radii on the upper sides of
the Mk.I cab that Reynolds effects were occurring. It was
then decided to modify both cabs, similarly, to overcome
these effects. Instead of the side radii tapering to square
edges where they meet the container, they would taper to a
minimum radius. This radius would be continued from its
initial point of occurrence back along the top side edges
of the container to the rear of the container. This would
not 1lead to much cargo space loss and should benefit the

cross wind performance of the models.

In improving the leading edge radii a number of
factors needed to be considered. The reports, ref. 4, 17,
18, 19, 20 & 21, show studies of Reynolds number effects
and edge radii on simple bluff bodies give similar
findings. Square and small radiused edges produce
separations which effect the flow field of the model. This
usually results in a drag increase but with a tandem cab
container type model a drag reduction can be achieved from
matching the cab roof separation to the container height.
In this way shielding of the container front face is
achieved with a drag loss. Increasing the radius of these
edges reduces the size of the separations and by increasing
the radius further fully attached flow results. The most
comprehensive study, by Cooper, ref. 4, shows the data
coilapsing to a relationship where the critical Reynolds
number for attached flow is constant based on the radius,

the number being:
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Re (r)=130,000

Using this expression a radius for the 1/4 scale
model of 57mm was calculated using the 3.5m * 2.6m tunnel
speed of 28.55 m/s, the 1/6 scale radius was found to be
76mm.The full scale interpretation of this expression
resulted in a radius of 91mm, 23mm for the 1/4 scale and
15mm for the 1/6 scale, based on this figure. Cooper
continued his expression since at yaw this optimum radius
increased or the «critical Reynolds number for a given
radius was increased with yaw. Taking this into account
leads to the radii for the scale models, from full scale
calculations, of 35mm for the 1/4 scale and 27mm for the 1/6
scale. Consideration of the flow visualization of the 1/6
scale Mk.I cab, see plates 3(a) & (b), shows separation at
around half way up the first side radius, at a point where
the radius is approximately 18mm. The 1/4 scale, however,
showed no signs of separation, see plate 4. This behaviour
is possibly due to the higher Reynolds numbers on the 1/4
scale model also the fact that the models are not bluff
simple blocks as used by Cooper. The expression used does
not take account of the boundary layer state arriving at
the corner which for this wedge front end 1is considerably
different from that of a bluff front at 90 degrees to the
flow.

It was therefore decided a convenient solution to
the question of what size to make the radii, after
examination of the radii on the Mk.I cab, that the lower
corner would be kept as the Mk.I. The radius at the point
where the two sloping flat front faces join was an ideal
size and this was then continued back over the container to
the rear. These radii were 25mm for the 1/4 scale and 15mm
for the 1/6 scale model. These correspond well to those

initially calculated from the relationship developed by
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Cooper for the full scale vehicle. It would be expected
that fully attached flow would be seen on the 1/4 scale but
separations would still occur on the 1/6 scale.
Investigations on the Reynolds effects on the 1/6 scale
model could then be carried out including tripping of the
boundary layer before the corners. The 1/4 scale would have

a much more representative flow to the full scale vehicle.

Aside from this modification to the cab the other
devices' remained the same as for the Mk.I, although
boat-tailing was further investigated. Forces were measured
at both zero yaw and at yaw angles, flow visualization and
wake total pressure surveys carried out. Initially this
work was carried out in the 2.1m * 1.7m tunnel 1/6 scale
but was finally verified and compared in the 3.5m * 2.6m
tunnel with both models. Comparison of the tunnels and

measuring techniques was also possible.

7.2. Reynolds Number and Transition on 1/6 Scale Model

The effects of Reynolds number were measured to
assess their effect on the performance of the 1/6 scale
model with greater radiusing. The effect of tripping the
boundary layer and the variation of this with Reynolds
number was also investigated. The results are plotted in
fig. 29 , for the effect on drag and fig. 30, for the
effect on 1lift.

The effect of Reynolds number on the drag
coefficient of the baseline configuration can be seen to be
small. A similar situation to that found on the Mk.I cab,
with rising Reynolds number causing a fall in drag. The
overall <change in drag coefficient over the range of
numbers tested was 0.022. Plates 6(a) & (b) show the flow
around the front corners at 24.86 m/s and 30 mnm/s
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respectively. It is clear that separation is occurring and
comparison with plates 3(a) & (b) shows that the difference
between the Mk.I and the Mk.II is small. The separation
occurring in both <cases 1is probably less for the Mk.II
giving the lower drag results.The separation point is still
around the 18mm radius point the lengths of the separations
from each point on the corner appearing equal resulting in
a diagonal flow pattern up the side of the container. The
separation from the upper corner being strong and
reattachment 1is not observed on the area seen. Plate 6(b)
shows the difference between the flows at the two speeds to
be 1little different, the initial separation point moving
slightly upwards resulting in the lowering of drag
coefficient with speed seen in fig. 29. The critical point
of initial separation moves up as radius reduces for
attached flow as Reynolds number increases. It would be
expected that as the speed increased further a more
dramatic drag drop would be seen as the flow from the upper
edge of 15mm radius would attach as the «critical Reynolds
number was reached. As this would effect the full side at
once, a greater drag loss would be seen. The effect on the
surface flow 1is seen in plates 7 and 8 where tripping has
been used to help prevent separation.The effect of Reynolds
number on this tripped flow is seen in fig. 29.

The major effect on the drag coefficient has been
through the use of devices on the baseline configuration
although the tripping of the boundary 1layer has been
effective in further reducing the drag. The reduction at
24.86m/s from the 60 grade grit was ~-0.010 and from the 22
gauge wire the reduction was -0.030, no difference in the
lift or its distribution was evident. The carborandum grit
was of 0.30 mm diameter the wire of 0.70 mm diameter.
Information relating to the choice of transition size for

various Reynolds numbers gives an ideal size of 0.40 mm
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diameter falling between the two sizes tested, see ref. 22.
The figures and the visualization show the wire to be much
more effective than would be expected. The grit being of
smaller diameter than recommended is not of sufficient size
to trip the boundary 1layer and hence does not prevent
separation. The wire does trip the boundary layer
sufficiently to almost create fully attached flow. The
effect of increasing the speed is to help tripping of the
flow, as can be seen in plate 7(b), the flow is close to
fully attached. This large flow change gives the greater
dependancy on Reynolds Number seen in fig. 29, for the

configurations using trips.

The lines for the two configurations tripped are
tending to converge, the flows are tending to fully
attached flow. The difference between plates 7(b) and 8 (b)
shows the flows in both cases being almost
indistinguishable as the flow is very close to being fully
attached. In this case the drag readings will be tending to
the same figure. The trips are then seen to perform in
their expected manner and the effect of Reynolds number on
the flow round the sides is demonstrated as in Ch.6.3.2. It
would also be expected that as the lines in fig. 29, are
converging and are very close at the high speed and the
flow visualization shows nearly fully attached flow,that
the 1/4 scale tests at higher Reynolds number should prove
to demonstrate no Reynolds dependancy with fully attached
flow.

There is no effect on lift or its distribution as
can be seen in fig. 30. As seen previously on the Mk.I cab
the only separations are down the sides of the cab with
fully attached flow over the upper surfaces. The control of
these separations therefore has no effect on 1ift and
tripping the boundary layer is of no effect. The major
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change in lift being caused by the devices on the baseline,
the actual distribution being the same but the overall
downforce being less. The 1lines appear to show slight
increase in front axle downforce with Reynolds number and
slight increase in 1lift for the rear axle, the changes
being insignificant. The main point to note is the pitch of
both baseline and fully developed designs is nose down, a
stabilising characteristic which would help handling
characteristics.

7.3. The Effect of Devices on the 1/6 Scale Mk.II cab
Design

The effectiveness of various devices, skirts,
undertrays and boat-tails was tested on the 1/6 scale Mk.II
design at zero yaw and over a range of yaw angles to assess
their cross wind performance. These devices were the same
as tested on the Mk.I design so the better performing
devices were chosen, the fully enclosing skirts for
example, and boat-tailing was further investigated and
optimised. The results are discussed under their relevant
headings, both yawed and unyawed results being discussed in
the same section. Measurements of drag, 1lift, sideforce
yawing moment and rolling moment were taken to give the
full range of measurements. Rolling moment was unreliable
although some trends could be seen and in most cases is
only discussed in qualitative terms. The primary interest

lies with drag, sideforce and yawing moment.

7.3.1. Transition

The effect of placing 22 gauge transition wire in
front of the front corners to trip the boundary layer and
prevent separation is shown in figs. 31(a) & (b). The main
effect being on drag coefficient with 1little effect on
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frontal downforce. No effect on sideforce or yawing moment
with yaw angle was seen. The major effect is the promotion
of more attached flow round the corners of the cab,
described in Ch.7.2., continuing throughout the yaw range.
This effect can be seen in plates 9 & 10 showing the
leeside flow at 3 degrees and 9 degrees yaw with
transition. The previous separation was much greater as
demonstrated in plate 11, the Mk.I cab with no transition
at 9 deg vyaw. The radii at the upper sides is also
decreased for the Mk.II but the separation in plate 11 is
occuring on unchanged radii to those showing attached flow
for the Mk.II in plate 10. Thus the wire is tripping the
flow to promote attachment to the corners and the drag is
subsequently lower.

Lift is unchanged at the rear but a slight loss
in downforce is seen at the front. This is due to the
tripping of the boundary layer over the upper radius onto
the container roof. Although previously attached without
the wire the flow over the upper radius increases its
pressure slightly,the low pressure previously is increased

and a loss in 1lift experienced.

7.3.2. Skirts

As the results on the Mk.I cab proved the fully
enclosing skirts to be of more benefit to drag reduction at
zero vyaw these were chosen as the most fitting
modification. It was felt that having studied refs, 24-28,
on the areas of spray generation that fully enclosing the
underbody and wheels would be of great benefit to suppress
the carrying of spray into the side flows and wake. Initial
tests also demonstrated the improved drag reduction with
the full skirts diffused to the rear aft of the rear
wheels, so the open wheeled skirts and the straight full
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skirts were dropped from the program.The changes in the
force coefficients measured over the yaw range are plotted
in figs. 32(a), (b), (c) & (4).

Firstly it can be seen that wusing the full
diffused skirts 1lowers the drag for the range of yaw
angles. As explained in Ch.6.3.2. the reason for the
reduced drag at zero yaw 1is to prevent underbody flow
flowing out and degrading the side flow and also side flow
encountering the rear wheels. These are both mechanisms
giving rise to drag and if the side flow can be kept smooth
the wake will be improved lowering the drag. As the model
is yawed the drag reduction varies slightly, although it is
always of the order of a drag coefficient reduction of
-0.040. As the model is yawed and the side is presented to
the oncoming air stream, the prevention of underbody flow
from the side, flowing between the front and rear wheels
and under the model becomes more important. If this flow
was allowed, a build up of pressure due to the large volume
of air +trying to flow under the model, thus hitting the
underbody obstructions, would occur. This would give rise to
drag and lift as in the case at zero yaw. The skirts being
of greater area than the underbody obstructions do give
rise to some extra drag due to this area but the
streamlining of the side flow into the wake creates a far
less turbulent wake with the results that the overall drag
is reduced.

The reduction of the drag coefficient throughout
the range of yaw angles tested gives a large reduction in
the wind averaged drag coefficient for this
configuration.The wind averaged drag coefficients, again
calculated for the 55 m.p.h. speed, for the baseline

configuration and for the skirted configuration are;
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cd (55) .
Baseline 0.527
Full Tapered Side Skirt 0.494

These figures compare favourably with those found
for the original 1/4 scale model of a typical modern
vehicle. A rigid box van of today was found to have a wind
averaged drag factor of 0.797 and the best add-on devices
reduced this to 0.560. Using skirts lowered the figure by
-0.066 and for the Mk.II Fast Front the corresponding
reduction was -0.033. In this way it can be seen that the
standard of flow from the front of the vehicle affects the
performance of devices on the subsequent flow. This was
also stated by Gilhaus, ref. 23. If the flow down the sides
of the vehicle is relatively uniform then the skirts have
less ’tidying up’ to do, if the flow is turbulent then the
skirts control +this and stop further degredation in the
flow. In all cases the skirts can still be seen to be of

great benefit especially to cross wind performance.

The effect of the skirts on lift is more variable
with yaw angle. At zero yaw, as with the Mk.I <cab, they
create a downforce since the channelling of the underbody
flow together with the low nose of the cab developes 1low
underbody pressures resulting in this downforce. In this
case, the distribution front and rear is unaffected, with
the 1low pressures developed from increasing the flow speed
under the nose for frontal downforce and the channelling of
this flow into a 1larger volume under the model causes a
depression rearwards to balance the downforce. As the model
is yawed the general trends of front and rear lift are the
same although compared to the baseline configuration there
is a difference with frontal 1ift. Frontal lift increases
with yaw angle and this increase is greater when skirts are
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fitted. Thus initially, the downforce is increased with
skirts but at high yaw angles downforce is 1lost at the
front. Rear lift, positive for the baseline, decreased but
still positive with the skirts, decreases and becomes

negative with yaw.

The effect with skirts is of similar form to the
baseline only a greater decrease 1is seen at small
angles of vyaw. Overall this gives rise to a rearwards
shift in the centre of action of the downforce with pitch
becoming less nose down but a downforce still remains at
the nose. The main reason for these effects is that as the
model 1is yawed 1less air flows directly under the nose
between the front wheels. As a result the venturi effect on
the flat under nose surface is diminished and downforce is
lost in this region. As yaw increases less air is
channelled this way and the 1loss of downforce here is
compounded. Since less air is flowing under the model the
overall underbody pressure is reduced so a gain towards the
rear of the underbody arises from these decreased pressures
producing downforce. The overall effect then is for the
fully enclosing tapering skirts to produce downforce the

centre of action of which moves rearwards with yaw.

Sideforce and yawing moment coefficients are
effected in an expected fashion, both are raised by the
skirts this rise increasing as the yaw angle increases, see
figs. 32(c) & (d). Since the side area presented to the
oncoming flow is increased with the skirts fitted the
sideforce, based on simple pressure build up on the added
area, 1is increased accordingly. The growth of sideforce
with yaw is the normal, linear, relationship as described
in other vehicle work. The build up of extra pressure on
the windward side due to the skirts can be seen in the fig.
33(c) 6 (d), showing the surface pressure coefficients in a
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ring round the model at a height of 150mm. Figs. 33(a) &
(b) show the location and marking of the ring of surface
pressure tappings. The pressures on the windward side all
become positive except at the rear as the flow accelerates
round the base corner into the wake. It is also clear that
the centre of action of this pressure is ahead of the mid
wheelbase position resulting in the increased yawing
moment. Negative pressures on the front leeside corner and
over the whole leeside also contribute to the sideforce.
Their centre of action is also forward mostly arising from
the flow accelerating around the front edge. The pressures
are so low here that separation occurs as seen from flow
visualization studies. The skirts also tend to even out the
pressure down the side of the model eliminating underbody
and rear wheel effects. The leeside pressuresare not seen
to be changed only smoothed by the skirts thus the only
effect of the skirts is the build up of pressures on the

windward side.

The largest increase in sideforce coefficient, at
15 degrees yaw, was 0.340. In comparison with data taken on
the 1/6 scale model in present day configuration shows the
sideforce of the baseline and skirted versions to be, see

ref. 1;

Cy Cn

Baseline 1.15 -0.05
Base + Skirts 1.38 ~-0.05

These results demonstrate the performance of the
Fast Front Mk.II cab to be of similar levels to a present
day vehicle, the sideforce coefficients being slightly
higher, the yawing moment is higher and positive. This
arising from the 1low pressures around the leeside front

corner and the prevention of relief of 1leeside pressure
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from ‘flow between the cab-container gap on a present day
configuration. The sideforce build up in this respect is
not considered detrimental to the performance of the
overall configuration the yawing moment being regarded in
the same way. The rolling moment was seen to rise although
was still small and thought to be of similar size to that
for a present day vehicle and of no large, destabilising
magnitude.

7.3.3. Undertray

The effect of masking the rough underbody using a
flat undertray was investigated as with the Mk.I cab. Again
the flow through the cooling duct was allowed to pass above
this undertray and into the wake. The ground clearance was
again 30mm, although below the recommended mid axle
minimum, it was to the level of the skirts. This was not
considered a problem as today many methods of controlling
the ride height of a vehicle and for the purposes of this
aerodynamic study the minimum clearance at the axles was
used. The configuration on which the undertray was tested
included the tapered full skirts, the effect of the
undertray is shown in figs. 34(a), (b), (c) & (4).

Drag coefficient, as at zero yaw with the Mk.I
cab, is reduced but this reduction is effected by yaw. The
drag reduction achieved at small yaw angles diminishes as
yaw increases to a minimum reduction of just -0.012 for the
coefficient at 7.7 degrees of yaw. At higher yaw angles the
drag reduction again grows. The method of assessing wind
averaged drag factor includes only the converging sector of
Fig.34 (a) is taken into account. Quite why the drag saving
becomes a minimum at 7.7 degrees is not clear. Possibly a
situation arises when the oncoming air close to the ground
being affected by the ground motion reaches a choking point
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as it flows under the model as it 1is yawed. This point
arises as the model to ground geometry reaches a point
where this choking affects the drag to a maximum. Above
this yaw angle the effect is seen decreasingly for drag
giving the converging then diverging lines in fig. 34(a).

The major drag reducing mechanism is as described
before that shielding the underbody prevents a build up in
pressure under the model around obstructions. This then
gives both a smoother flow under the body but also into the
wake giving higher base pressures. The resulting wind

averaged drag for this configuration is;

cd (55)
Tapered skirts + Undertray 0.463

This result is a difference of -0.031 in the
averaged coefficient from the skirted configuration and
represents a useful saving. As mentioned before when
discussing the Mk.I cab, the effect is possibly lower than
would be expected when considering the rough nature of a
commercial vehicle underbody. The reason for this being the
low ground clearanceé of the nose with flat undersection to
the front axle. This is lower than any of the underbody

parts so a large shielding effect is already in play.

The effect on 1lift is to halve the downforce at
small angles of yaw and as yaw increases the overall effect
diminishes. In fact the undertray causes the overall 1lift
to return to the level of the baseline configuration. The
main reason for this is the loss in downforce at the front
axle previous arising from a venturi set up under the nose.
As described in Ch.6.4.3. the skirts help retain suction in
the larger underbody volume which pulls extra air through

the smaller nose volume thus creating extra low pressure
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and downforce. When the undertray is fitted the extra pull
is 1lost and the volume under the model is constant. This
results in loss of the venturi effect and 1loss of 1lift.
This is shown in fig. 34(b), showing 1loss in frontal
downforce and an increase in rear downforce with the centre
of force now moving rearward but the pitch always remains
nose down. The main reason for these trends is that as the
model 1is vyawed less flow is channelled between the front
wheels since less opening is presented to the flow. As
previously explained flow accelerates to pass under the
nose giving lower pressures and now this effect is reduced
and downforce is 1lost in this region. At the rear the
situation is different. Here, as the model 1is yawed,a
larger entry gap is presented to the flow and the effect of
ground motion is to help pull air under the model. Thus, as
it is yawed, a greater flow rate is experienced under the
model at the rear. As the air must speed up to achieve
this, lower associated pressures are found giving the

increasing downforce with yaw seen at the rear.

The effect on sideforce and yawing moment is
small, a slight increase in each is seen in figs. 34 (c¢) &
(d). This increase is a little unexpected as it would seem
that better underbody flow would give lower coefficients.
The increase probably arises from a small extra build up in
windward side pressures due to the fixed volume under the
model through which any flow must pass. At yaw the flow
encountering the skirts increasingly trying to flow under
the body is restricted by the gap. This would lead to a
build up of pressure on the windward side giving higher
sideforces which must be centred just forward of mid
wheelbase giving the higher yawing moments. This small
increase in sideforce would be expected to slightly
increasé rolling moment but the measured value was only

half the expected value and was unreliable. This must be
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due to the distribution of the low pressures under the
model with the elimination of underbody obstructions. this
must counteract the increased sideforce giving much lower

rolling moment.

Overall there is little change in the
characteristics other than drag. The wuse of underbody
fairings is therefore beneficial with no handling or
stability degradations.

7.3.4. Boat-tail Extensions

Rear boat-tails were tested as on the Mk.I cab
described in Ch.6.4.6. Initially these were again fashioned
from clay so that the 'angle they made to the container
upper surface could be optimised. The optimised boat-tails
were then made up in wood so they could be reliably placed
on the model during yaw angle testing. The results from the
first optimising tests, at zero yaw, showing the changes to

the coefficients of;

dcd dClf dClr
Flat Extensions . -0.007 -0.004 +0.013
5.5 deg slope ~0.016 ~0.015 +0.042
7.5 deg slope ~0.034 ~0.024 +0.087
10 deg slope -0.033 -0.030 +0.094
12.5 deg slope -0.043 -0.042 +0.117

These results show the effect of the various
extensions on the 1lift and drag coefficients when they were
added to the baseline configuration. When added to the ’low
drag’ configuration with tapered full skirts and flat

undertray the following trends were seen;

Page 100



dcd dclf dClr

7.5 deg slope -0.034 -0.024 +0.087
10 deg slope ~0.037 -0.025 +0.118
12.5 deg slope -0.035 ~-0.019 +0.147

These results demonstrate that the savings
possible from devices depends upon the configuration on
which they are tested and the general flow field changes.
The baseline configuration results show the optimum tested
to be 12.5 degrees slope on the boat~tails whereas the
second set of result show it to be a 10 degree slope. The
general trends of the coefficients are obvious that as the
slope 1is 1increased the flow turns the corner filling the
wake and increasing its pressure. In this way drag is
reduced, the flow in the first set of results showing
increasing turning in each case. The flow must therefore be
attached on the boat-tails in each case. This also shows in
the 1ift coefficient trends. As the flow accelerates round
on the boat-tails a pressure drop results on this section
of the model. This drop on the upper boat-tail gives extra
rear 1lift and ‘as a result of pitching nose down a
corresponding front downforce 1is seen. As the flow is
attached in each case the extent and effect of this
pressure drop on the boat-tails is increased with

increasing angle.

Similar trends are seen 1in the second set of
results although here the flow appears to have become
slightly detached from the 12.5 degree sloping boat-tail.
Here the increasing drag reduction with increasing slope is
lost and a small loss of drag reduction is seen. Also the
effect on front 1lift is slightly 1lost although the rear
lift is greatly increased. The optimum angle therefore
appears to be Dbetween 10 and 12.5 degrees, with

intermittent separation on the larger angle. This result is
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confirmed from result given in ref. 4, which shows rear
boat-tailing to be optimised at the same angles found here.
As the separation was intermittent and would not be a
problem when testing 1/4 scale the 12.5 degree slopping
boat-tails were chosen and made in wood to test throughout
the yaw range. It was also decided to test them on the ’‘low
drag’ configuration, with tapered full skirts and flat
undertray. The boat-tails were 5150 continued down to the
level of the skirts so as the full base region was
modified. The results on the coefficients over the yaw

range are shown in figs. 35(a), (b), (c) & (4).

The effect on drag coefficient is to reduce it by
around the same amount over the complete yaw range. The
upper flow on the container roof being attached has the
same effect over the yaw range. The side extension on the
windward side is also always effective as until higher yaw
angles are reached it still angles away from the flow into
the wake. A small decrease in the drag reduction is seen
above 12.5 degrees when the side is no longer ’‘filling in’
the wake, ie. it now makes a small yaw angle to the
oncoming flow. The wind averaged drag factor calculated for

this configuration is;

Cd (55)
Tapered Skirts, Undertray + Extensions 0.421

This represents a change in this coefficient of
-0.042 resulting from the use of these rear extensions.
This is an excellent drag saving from a rear modification
altering the wake, their good performance enhanced by the

state of the flow arriving at the base.

The effect on 1lift coefficients is as described

above and this does not change significantly with yaw. The
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flow accelerating ovér the upper boat-tail causes a
reduction in pressure thus creating 1ift on the rear of the
container and the boat-tail. This gives a nose down pitch
with rear 1lift and front downforce as seen in fig. 35(b).
Over the range of yaw angles the increased downforce at the
front is again lost, the 1lift at the rear falling away as
less flow 1is seen by the upper extension. Overall a
downforce increase is seen from the small 1ift generated at
zero yaw, the centre of action of this downforce moving

rearward as the rear 1lift falls away.

The effect on sideforce and yawing moment
coefficients is small and generated in the same way as the
effect on 1lift. The flow down the windward side accelerates
as it flows round the rear boat-tail causing the associated
fall in pressure. The leeside does not see this same effect
as the flow 1is not as strong down that side with
separations. The resulting effect is a negative sideforce
being developed on the rear windward side which lowers the
sideforce of the model. As this acts at the rear of the
container it adds to the yawing moment of the model, this
increase rising as vyaw rises. The effect on sideforce is
negligible although the effect on yawing moment is worthy
of consideration to its effects on the handling of the

vehicle.

Also seen was the effect of transition wusing 22
gauge wire on this final configuration which was the same
as the effect on the baseline configuration. The effects on
all the coefficients is as described for the baseline
configuration in Cch. 7.3.1. Drag is reduced, frontal
downforce is 1lost with no effect on rear lift, little
effect is seen for sideforce and only a small drop in
yawing moment is seen at intermediate yaw angles. The
reasons for these changes is as previously described. The
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major effect is again on drag coefficient and the resulting
wind averaged drag coefficient for this configuration
becomes;

dcd (55)
Tapered full skirts,undertray,12.5 deg rear +wire 0.389

This is a change of -0.032 due to the wire so it
would be expected that at higher Reynolds numbers the drag
would drop to this level. The 1/4 scale should have a drag
of around this 1level as experience with the Mk.I cab
revealed fully attached flow without extra radiusing. The
same saving of ~0.033 in wind averaged drag factor was
found for the wire wusing the baseline configuration.
Changes to the frontal flow are then seen to dominate the
drag reduction picture as the savings tripping the boundary
layer to promote attached flow give the same result
regardless of the configuration. The devices tested in
addition to the cab have shown the dependance on the
history of the flow incident to them, the state of the
flow, attached,separated and the degree of turbulence
effects the way in which the devices affect the flow field.

7.4. Reynolds Number on 1/4 Scale Model

The Mk.II cab made up 1/4 scale was tested in the
3.5m * 2.6m wind tunnel, a full range of tests including
force measurements and flow visualization were performed.
In this section the effect of Reynolds number will be
assessed on the model at zero degrees yaw. The results for
drag coefficient are shown in fig. 36. A similar trend to
that observed on both the MK.I cab and with the 1/6 scale
model of the Mk.II cab is seen, the drag coefficient falls
nearly 1linearly with increasing Reynolds number. The flow
visualization taken on the 1/4 scale Mk.I cab showed
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attached flow, although at the very upper parts of the side
corners separation must be occurring, see plate 4. The
report by Cooper ,ref. 4, suggests that the radii now on
the 1/4 scale should not provide fully attached flow, see
Ch.7.1. Thus small separation bubbles possibly exist on the
upper side radii which reattach before the tufts placed on
the sides. These bubbles would reduce in size as the
Reynolds number increases giving a corresponding decrease
in drag. This would explain the steady fall in drag
coefficient. It also shows the majority of the drag
reduction occurs below the normal testing speed of 28.55
m/s, above this speed the reduction is small. At normal
testing speed the flow must be approaching fully attached
flow as the reattachment point moves forward. The small
nature of the change above 28.55 m/s, as also witnessed for
the 1/4 scale Mk.I cab demonstrates the wvalidity of the
greater scale, more realistic Reynolds number testing for

which the 3.5m * 2.6 m tunnel was developed.

The other two lines on the plot show the low drag
configuration, full tapered side skirts, flat undertray and
rear boat~tails, over the range of Reynolds numbers and the
baseline configuration at 3 degrees yaw over the range
Reynolds numbers. Both these cases further confirm the
description of the flow with Reynolds number given above.
The low drag case showing less effect on the drag with
Reynolds number again all the drag reduction occurs before
the usual testing speed of 28.55 m/s. The vyawed baseline
model demonstrates a change to this trend in that the drag
fall with Reynolds number is much more pronounced. This is
as a result of the flow round the leeside front corner
which as the model is yawed gives greater separations. The
flow, in effect, must flow further round the radius so when
separation occurs the bubble to reattachment is larger. 1In
this way as Reynolds number increases the effect is similar
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to the ﬁnyawed model with smaller radii and larger
separation bubbles. The higher Reynolds numbers give
smaller separations until attached flow is established and
the drag ’plateaus’ with increasing Reynolds number. As the
separations are larger for the yawed case the region on the
figure over which drag 1loss 1is seen with increasing
Reynolds number is in effect shifted to the right and as
described by Cooper, ref. 4, the critical Reynolds number

is increased.

7.5.The Effect of Devices on the 1/4 Scale Mk.II Cab Desian

As in Ch.7.3. various devices to further reduce
the drag of the 1/4 scale Mk.II cab model were made and
tested over the range of yaw angles to assess their full
yaw dependant performance. These devices were the 1/4
scaled versions of the devices optimised from the 1/6 scale
testing. Fully enclosing tapering side skirts were tested,
these having a ground clearance of 50mm. Again this. is less
than the minimum mid axle ground clearance and represents
the clearance at the axle, this clearance given to the
front wheel skirt then continued back on the detachable
side skirt. This is not restrictive in the terms of this
aerodynamic study as already described in Ch.2.2.3. A flat
undertray was also tested covering the full ground plan of
the model, also it was made in three sections being divided
lengthways. This could then be attached to fully cover the
underside or leave the central drive section,into which the
cooling flow fed, open. Rear boat-tail extensions of 12.5
degrees slope to the container were also made up. Fixed
wheels and stopped ground cases were also cosidered.
Measurements of drag, sideforce and yawing moment were
taken with some flow visualization wusing smoke was also

performed to help explain the results.
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7.5.1. Skirts

The effect on the coefficients measured with yaw

angle is shown in figs. 37(a), (b) & (c), the only

configuration tested was with the tapered full skirts.

As expected the effect on drag coefficient is to
reduce it in the same way it was reduced on the 1/6 scale
model. Two different aspects are clear in comparison with
the results previously taken on the 1/6 scale model .
Firstly the skirts are reducing the drag increasingly well
with increasing yaw angle and secondly that above 12
degrees yaw the rising drag then falls with increasing yaw
angle. The performance of the skirts 1is again of great
benefit and the increasing performance with yaw is a return
to the situation with the 1/4 scale present day model
performance. This suggests that the blockage of the yawed
1/6 scale in the 2.1m * 1.7m tunnel is effecting the
results at high vyaw angles. This blockage being less and
the width of the yawed model to tunnel width ratio being
lower in the 3.5m * 2.6 m tunnel with the 1/4 scale model
result in more reliable measurements at the higher yaw
angles. It would be expected as the model is yawed for the
drag reduction to increase since the reduction arises
mostly from the prevention of flow under the container and
striking obstructions resulting in drag. As this flow would

increase with yaw the savings from its prevention increase.

The drag fall at high yaw angles results from the
relief of the high frontal pressures as the incident flow
sees less of the frontal area and the major pressures act
towards sideforce rather than drag. The resulting wind
averaged drag factor for this configuration and the

baseline Mk.II cab are;
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cd (55)
Baseline 0.488
Tapered Full Skirts 0.447

This is a difference of -0.042 due to the skirts
again demonstrating that the savings possible from
modifications to the model configuration depend on the flow
arriving. The state of the flow down the sides is
important, if it is turbulent the skirts reduce drag to a
greater extent than if the flow is smooth as in this case.

The effect on sideforce and yawing moment is as
expected to increase both. The sideforce is increased due
to incident flow encountering a greater side area than the
under body obstruction, the pressure on the windward side
builds up increasing the sideforce. The distribution of
this pressure gives a rise 1in the yawing moment as the
increased sideforce acts towards the front of the model
adding to the vyawing moment. These findings are in

agreement to the results found for the 1/6 scale model.

7.5.2. Undertray

The addition of a flat undertray to the
configuration using skirts was tested. Two configurations
were tested. The undertray was divided into three,
lengthways, with two outer panels and an inner pannel. the
inner panel was as wide as the ladder chassis, roughly a
third of the overall width of the model. Tests were then
performed with only the sides masked by the undertray and
with the complete underside masked by the full undertray.
This was tested to see the difference obtained by leaving
the central passage open to allow the flow to mix with the
cooling flow and to provide extra flow to cool the drive
train. Having the underside fully covered may lead to
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cooling problems in these areas and a feel of how
productive it 1is to cover the central region would be an
asset. The results are shown in figs. 38(a), (b) & (c).

The drag is reduced for both undertray cases; the
fully covered underside expectedly being the lower drag
configuration over the full yaw ranQe. More surprisingly is
that the difference between the two configurations is
greatest at small yaw, thus flow in the central section is
greatest at small yaw angles. As the vehicle is yawed lower
rates of flow are fed down the body axis from under the
nose and since the flow passing under from the sides is
restricted by the skirts and side undertrays 1less flow
exists in the central cavity. This flow encountering the
rear axle and other obstructions causing increases in
pressure around them give the greater drag with the central
region open. As the yaw increases and this flow reduces the
drag arising from this region 1is reduced as are the
possible savings from covering this area. The resulting
wind averaged drag coefficients for the two configurations,

with tapered full skirts, are:;

cd(55)
Side Undertrays 0.418
Full Undertray 0.380

These figures show a difference of =0.038 is
achieved by covering the central section; this arises from
the calculation of the figure to be found from small vyaw
angles where the difference between the cases is largest.
The saving made by use of the full undertray is =-0.085, a
large saving showing the greater detail of the underbody of
the 1/4 scale model to have a ‘much more pronounced effect

on the flow than the 1/6 scale tests would suggest.

Page 109



‘ The sideforce and yawing moment plots again show
little affect for the undertrays. . Sideforce is slightly
reduced as the shielding of the underbody is increased, the
full undertray being the better configuration. The vyawing
moment is very slighty increased with both types of
undertray. These results disagree slightly with the results
found for the 1/6 scale model in the 2.1m * 1.7m tunnel
which was probably affected by blockage at high vyaw, see
Ch.7.6.1. The effects are small and possibly affected by
repeatability. The main shielding of the underbody appears
to be from the skirts the undertray doing little to further
improved underbody flow.

7.5.3. 12.5 Degree Rear Extensions

The rear boat-tail extensions optimised for the
1/6 scale model were made up to scale dimensions for the
1/4 scale, they extended 50mm from the base of the
container. They were identical to the 1/6 scale versions
extending below the container to the ground level of the
skirts, extending the skirts back at a rate of 12.5 degrees
to the container sides. The results obtained, for the use
of the extensions on the ’‘low drag’ configuration, with

skirts and full undertray, are shown in figs. 39(a), (b) &

(c).

As previously measured, drag is reduced across
the full range of yaw angles and the reduction achieved is
almost constant for the full range. This is achieved by the
’filling in’ of the wake, the effective reduction in base
area reducing the component of drag from the low wake
pressures acting on the base. The reduction achieved is
again considerable when regarding the low percentage of
drag estimated to arise from this region, although the
percentage distribution for the drag producing areas for
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this low drag producing cab will be considerably altered.
As the front becomes more efficient the wake contribution
to drag will grow. The wind averaged drag factor calculated

for this configuration is;

Ccd (55)
Full Tapered Skirts,Underbody+Extensions 0.340

This is a change in this coefficient of ~0.040, a
large saving, due to the addition of the rear extensions.
This configuration has given the lowest drag of all so far
and represents a change from a present day rigid box van of
-0.457 in the wind averaged drag coefficient, a drop of
57%. This figure is also now around the figures achieved
for modern saloon cars showing that when the aerodynamics
of commercial vehicles are improved along similar lines to
how passenger cars have been improved in the last decade
then considerable drag reductions can be achieved without

compromising the load size or layout.

The effect of the extensions on sideforce and
yawing moment are the same as found before. The flow on the
windward side flowing around the extension accelerates
producing a low pressure region around the extension. This
low pressure gives rise to a negative sideforce applied at
the rear of the container. Resulting from this is the fall
in sideforce but rise in yawing moment associated with such
an applied sideforce. The effect on sideforce being
beneficial although the rise in yawing moment would effect
the handling characteristics of the vehicle in crosswinds.
The rise 1is, however, small and the effect on handling

minimum.

7.6 Comparison of Tunnels/Techniques

Page 111




In this section the results taken from tests of
two scales of models, in two tunnels using two measurement
techniques are discussed. Comparisons of scale and
technique can then be made along with assessment of the
tunnels suitabilities for this type of testing. All data
was taken to S.A.E. recommended. practice, ref. 12. The
comparison of the testing carried out to recommended

practice is shown below;

S.A.E Practice 2.1m*1.7m Tunnel 3.5m*2.6m Tunnel
max 5% blockage 5.8% blockage 3.6% blockage
max Ht=0.3 tunnel Ht 0.24 tunnel Ht. 0.16 tunnel Ht.
max w =0.3 tunnel w 0.22 tunnel w 0.26 tunnel w
Re (min)=700000 .+ Re(A)=750000 Re (A)=1080000
Re (w)=650000 Re (w)=1282000

The other stipulations about modelling, mounting
and testing procedures were all carried out as standard
practice at Southampton University and met with the
recommended practices. Testing was carried out in the 3.5m
* 2.6m tunnel with both 1/4 and 1/6 scale models using the
load cell balances and in the 2.1m * 1.7m tunnel the 1/6
scale was tested using both overhead and internal strain
gauge balances and load cell balances only. In this way a
full set of results was built up testing for both Reynolds
number effects and assessing yawed performance.

7.6.1. Comparison of Tunnels

This comparison is best carried out from the
results taken wusing the 1/6 scale model in both tunnels,
taking the results from the load cell balances. The results
are shown 1in figs. 40 (a), (b), (c) & (d). The first two
plots shown the drag in the larger tunnel to be

significantly lower. The decrease is mainly at lower yaw
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angles and as yaw increases the drag values converge. The
wind averaged drag coefficients work ‘out to be quite
different, Cd(55)=0.464 for the 2.1m * 1.7m tunnel and
Cd(55)=0.437 for the 3.5m * 2.6m tunnel. The reasons for
this fall are two fold, firstly the blockage of the 1/6
scale in the larger tunnel is negligible whilst in the
smaller tunnel it is Jjust 1larger than the minimum 5%
recommended. This may cause a slight increased build up of
pressure on the front of the model giving increased drag.
This would however be accounted for by applying a blockage
correction which when applied to the two sets of results
still reveals the same drag relation. A more feasable
explaination is that the turbulence level in the 3.5m *
2.6m tunnel is above that in the 2.1m * 1.7m tunnel. This
would then lead expectedly to the lower drags seen in the
larger tunnel. A turbulence grid was tested in the smaller
tunnel which did bring the level of drag down below that
found in the larger tunnel. As no figure on the level of
turbulence produced was available and since this would be
much higher than for the 1larger tunnel this result is

inconclusive but a useful guide.

The sideforce and yawing moment coefficients
compare very well, again for the reasons used to explain
the drag loss in the larger tunnel there 1is a sideforce
loss also. The yawing moments compare well until at high
yaw the rate of increase of yawing moment with yaw angle in
the larger tunnel drops but stays relatively the same for
the smaller tunnel. This must be a blockage effect as at
these vyaw angles the blockage of the model in the smaller
tunnel is approaching 17%. As this occurs the flow is
restricted thus building up pressure along the windward
side and creating reduced wake pressures; the distribution
of these pressures leading to increased yawing moment. This

sideforce in the larger tunnel must act more rearward with
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less blocked flow giving the reduced vyawing moment
measured. This would be as expected as more side area is
presented to the incident flow and the sideforce

incfeasingly must act more centrally on the side.

7.6.2. Comparison of Models

Comparing. the results taken in each tunnel on the
respective models and the results taken in‘the same tunnel
with the two model scales should give a comparison of the
relative merits of each set of tests. Straight comparisons
cannot be used, however, as the models are similar and not
identical, as previously described. The results obtained
for the models are shown in figs. 41 (a), (b), (c), & (4),

showing the Reynolds number and yawing characteristics.

The drag with Reynolds number plot shows two
trends which relate to the results for each model. The 1/6
scale Mk.I and Mk.II cabs are initially different in drag
levels but tend to the same drag coefficient at higher
numbers. This is seen in the flow visualization in plates 3
& 6, showing the flows, despite extra radiusing on the
Mk.II, to be the same. Thus the drag mechanism for both
cabs is the same. The two cabs show distinct differences
for all Reynolds numbers for the 1/4 scale model as fully
attached flow was seen for both cabs. The Mk.II with
greater frontal rounding will have relieved frontal
pressure and hence a lower drag. The 1/4 scale has a lower
drag than the 1/6 scale both as a result of the fully
attached flow at the higher Reynolds numbers and since it
is relatively smaller in frontal area due to the container
height. The major effect is however the fully attached
flow.

Sideforces are seen to be in close agreement for
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both models over the full range of yaw angles and for all
configurations. In each scale the baseline is lowest and
adding ‘skirts raises this to the highest value. Addition of
a flat wundertray and rear extensions lowers the raised
sideforce but it remains higher than for the baseline
configuration. The actual values are the same for the
configurations 1/4 or 1/6 scale. The yawing moments do show
differences with them being lower for the 1/6 scale model.
The only reason for this appears to be that for this set up
the pitch wire is mounted off the model centre line for yaw
angles this offset increasing with yaw. The effect on this
is to cause some cross coupling since the pivot between
strut and model still acts along the model centre line. As
a result of this interaction with pitch the yawing moment
is mostly effected because of the moment arm between strut
and pitch wire, the interaction is negligible on the other
components due to their size. Yawing moment is less
sensitive as a result of this interaction and as shown in
the results a lower yawing moment is measured. This is also
shown in the results shown in Ch.7.6.1. where no diffenence
in yawing moment was seen using the load cell balances,
which are unaffected by this pitch wire interaction.

Analysis of the results obtained with the 1/6
scale model in the 2.1m * 1.7m tunnel the effect of
Reynolds number is in evidence, as previously described.
The results and flow visualization both help demonstrate
this point. The test Reynolds number is only just the
S.A.E. recommended minimum which in work described in refs.
4 & 10, 1is shown as a low estimate for a minimum. Thus
comparisons of the results must take this into account and
the 1/4 scale results taken as most representative. Still
the smaller tunnel is a useful facility were work can be
carried out quickly and efficiently to build up a set of
data which can then be analysed and full scale or at least
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larger scale tests carried out to finalise modifications.

7.6.3. Comparison of Technigues

In comparing the techniques from the results
shown above the main point seems to be that wusing the
overhead balance gives larger drag figures than the use of
internal balances. The reason for this 1lies in the
recording of tare values for the forces on the exposed
strut which are sensed by the overhead balance and not for
the internal balances. The method used to record the values
was to set the strut for its position and height when
mounting the model. Then the tunnel was run up fo a speed
calculated as the speed for the model testing plus an area
blockage correction for the missing model. The speed being
measured in the plane of the model. This however gives tare
values which are too high since the increased speed due to
the model pres ence is only seen by the lower part of the
strut where the flow is accelerated by the area effect of
the model. When the tunnel speed is increased to make wup
for the removal of the model the complete strut is now
effected and the strut away from the model 1is of larger
area than close to the model resulting in larger forces. A
way around this problem would be to take tare readings with
the model in place to account for any model/strut

interferences on the section of strut closest to the body.

Little difference 1is then seen on the other
measurements taken although as described above care must be
taken with tares and interactions which cause
incompatibility of results. Otherwise the results from the
two tunnels with the two models taking into account
Reynolds numbers seem to compare and agree and show the two
tunnels to be good for the testing of these types of

vehicles.
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7.7 Conclusions

(i) The Mk.II cab 1is an improvement over the Mk.I with
better yawing performance although for the smaller scale at
the Reynolds numbers tested the radii are inadequate for
attached flow.

(1i) A low drag configuration was found, as for the Mk.I
cab, using skirts, undertray and rear extensions which gave
a wind averaged drag coefficient of 0.340, 1/4 scale, a
reduction of -0.457 from a present day standard

configuration.

(iii) Cross wind performance was not seriously compromised
by these modifications although yawing moments were

increased substantially.

(iv) The two tunnels compared well giving similar results

although comparison of absolute figures needs care.

(v) Both techniques for measuring forces worked well but
better corrections for tares and interactions are needed
for the overhead balance with internal stain gauge balance,
the load cell balances worked extremely well within their

design parameters.

(vi) Within Reynolds number ranges use of the two scale
models caused no problems although Reynolds number effects
were found and future testing where critical radiusing is
to be used should be carried out at highest possible
Reynolds numbers to avoid effects. This can be achieved by
higher speeds or greater scale equally well.
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Chapter 8. Fuel Economy and Operating Costs

8.1. Introduction

One of the problens when assessing the
aerodynamics of a road vehicle is to estimate the impact on
the fuel economy of the improved aerodynamics. The problems
occur since the effects are speed related, the higher the
speed of the vehicle the 1larger the proportion of
resistance is aerodynamic. The power requirements from the
engine are related to the forces acting multiplied by the
velocity. The rolling resistance power requirement
increases in proportion to velocity whereas the aerodynamic
power requirement increases with the cube of velocity.
Other power requirements are also accountable due to the
road gradient and other equipment losses such as for air
compressor, power steering and cab ventilation systems. All
these requirements have an effect on the fuel economy and
hence the operating costs of a vehicle. The main interest
from an operators point of view 1is the impact of any
aerodynamic changes on operating costs and the benefits to
the profit levels from these changes, This chapter attempts
to put some quantitative data relating to the effects on
fuel economy and the associated effects on operating costs

and profit levels.

8.2. Effects on Fuel Econony

The effect of the aerodynamics on fuel economy
can be estimated using the formulae and assumptions given
by Drollinger, ref. 5. From the various power requirements
an expression can be deduced for the total power required

at a fixed velocity:
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Pt=((Fa+Fg+Fr).V)/Mef + Pe
where;
Pt = total power required
Fa = aerodynamic force
Fg = road gradient force (assumed zero for a
level road)
Fr = rolling resistance
V = velocity
Mef= mechanical efficiancy (assumed 90% )

Pe = equipment power requirement

The various forces can be found, for a level road
the road gradient term 1is zero, and the total power
required of the engine calculated for a velocty of V. The
equipment power requirement is assumed to be 8 h.p. (5966
W), for the vehicle running without the «cooling fan, as
could be assumed for a high constant velocity case. A
vehicle in good condition can be assumed to have a
mechanical efficiency of 90%. The aerodynamic force is
calculated in the usual way, however since a given velocity
is wused 1in the equation the corresponding wind averaged
drag factor can be used to take account of crosswinds to
give the wind averaged aerodynamic drag expected. An
expression for the rolling resistance of a commercial

vehicle is given in ref. 5, which states;

Fr=(0.0041+0.000041.V) .GVW

where;
V = velocity in m.p.h. (the constants in the
equation make this dimensionless)
GVW = gross vehicle weight

The velocity is rendered dimensionless so the
equation becomes a fraction of the gross vehicle weight.

The maximum gross vehicle weight for a rigid box van is
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30,490 Xkg. The effect of speed has a bearing on the fuel
economy of a vehicle, the quicker the speed the 1lower the
fuel economy and the better the aerodynamics the quicker
the possible speed can be. Thus there 1is a conflict in
improving the aerodynamic drag that trades fuel economy
against possible speed. It is therefore necessary to
estimate the savings at two speeds, those chosen being 55

m.p.h. and 60 m.p.h. The wind averaged drag factors for the
four main configurations are;

cd(55) cd(60)
Present Day Base 0.797 0.787‘
Best Present Day 0.560 0.551
Fast Front II 0.488 0.481
F/F II + devices 0.340 0.332

Thus using these values the aerodynamic force can
be found and added to that of rolling resistance. Then
substituting into the first expression to give the total
power requirement at 55 or 60 m.p.h. The percentage of
total power required of the aerodynamic drag is;

55 m.p.h. 60 m.p.h.

Present Day Base 42 % 45 %
Best Present Day 33 % 37 %
Fast Front II 30 % 33 %
F/F II + devices 23 % 26 %

Thus it is seen that improvement of the
aerodynamics reduces its contribution to power requirement
to a great extent also that a speed increase gives an
increase in the aerodynamic power requirement as expected.

The values for total power requirement can then be used in
an expression for fuel economy:;
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m.p.g.= K.V.Tef.Et/Pt

where;
m.p.g. = miles per gallon

K = 1/1609 miles/m to convert from
metres to miles

v = velocity (m/s)

Tef = thermal efficiency of the engine

Et = calorific value of diesel oil
(172.522 MJ/gal)

Pt = total power required

Ref. 5 suggests using a thermal efficiency of
0.37 but it was considered more appropriate to cal culate a
figure using the value of 9 m.p.g. quoted in ref. 29 for a
30 ton present day rigid box van. This figure can then be
used for our present day baseline configuration at a
constant speed of 55 m.p.h. and all the fuel economies and
costings related to this. Thus a thermal efficiency of 0.34
was calculated. The miles per gallon figures were then

calculated for the four cases;

55 m.p.h. 60 m.p.h.
Present Day Base 9.0 m.p.g 8.7 m.p.g
Best Present Day 10.3 m.p.g. 10.1 m.p.qg.
Fast Front II 10.8 m.p.g. 10.6 m.p.qg.

F/F II + devices 11.9 m.p.g. 11.8 m.p.qg.

These figures show the savings to be made by
improving the aerodynamic drag of a commercial vehicle
keeping all else constant. Two main points appear, firstly
improved aerodynamics improve fuel economy and secondly the
loss of fuel economy due to high speed operation is greatly
reduced with an aerodynamically efficient vehicle. The loss
was 3.3% for a present day type vehicle and just 0.8% for
the fully developed Fast Front II design. These savings
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could then be translated into operating cost savings, and
although the improvements appear small, given the large
mileages travelled by these vehicles the savings would add
up showing much better returns for high mileages. The
figures do show that reducing aerodynamic drag 1is an
effective way of improving fuel economy and minimising the
effects that speed has on this. Although these figures are
deduced for constant high speed cases savings would also be
made at lower speeds, these figures are representative of
motorway driving, a condition for which a high proportion
of time is spent with todays commercial vehicles.

8.3. Operating Costs

Operators of commercial vehicles want to see
their operating costs minimised to increase profit margins
or make their charges more competitive 1in todays market
place. Thus the m.p.g. figures given above need to be
translated into cost savings and profit increases. Tables
of operating costs are obtainable for various classes of
vehicle, see ref. 29 , these tables giving a break down of
all costings. Two types of cost are detailled each having a
number of contributary sections. Firstly standing costs,
those of 1licences, wages, rent and rates, insurances and
interest, these are estimated and averaged and given as a
cost per week. The figure for a 30 ton rigid box van is
£ 494.22 per week. This figure is assumed to remain

constant for the four configurations under consideration.

The second cost is running costs under which fuel
is 1listed, other cost items are lubricants, tyres,
maintainence and depriciation. Again these have been
averaged and listed as a cost per mile. The fuel cost per
mile is calculated from the m.p.g. figure and an estimated
average fuel cost of € 1.30 a gallon, this is an averaged
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bulk stored fuel price not pump price. Thus applying the
m.p.g. figures calculated new running costs can be found,
these are worked out for the two extreme cases given in the
tables for mileages of 500 or 2,500 per week. The present
day baseline case is again considered as the case given in
the tables and the m.p.g. figure assuming constant speed
operation as a necessary simplification. The total
operating cost in £ per week is given below, the first
figure is for 55 m.p.h. and the second for 60 m.p.h.:

500 miles 2,500 miles
Present Day Base 729.17 / 731.67 1668.97 / 1681.47
Best Present Day 720.07 / 721.32 1623.47 / 1629.72
Fast Front II 717.17 / 718.27 1608.97 / 1614.47
F/F 1II + devics 711.57 / 712.07 1580.97 / 1583.47

When these figures are then compared, adding 30 %
to give a minimum charge per week, with the minimun charge
for the present day baseline configuration the possible
increase in profit (or decrease in charge) can be seen.
These percentages are given below again the first figure is

for 55 m.p.h. and the second for 60 m.p.h.;

500 miles 2,500 miles
Best Present Day 4.2% / 4.8% 9.1% / 10.6%
Fast Front II 5.5% / 6.2% 12.0% / 13.7%
F/F II + devices 8.0% / 9.1% 17.6% / 20.1%

The effect on the profit by the increase in

average speed, a 9% increase, is;
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500 miles 2,500 miles

Present Day Base -1.1% ~-2.5%
Best Present Day ~-0.5% -1.1%
Fast Front II -0.5% -1.0%
F/F II1 + devices -0.2% ~0.4%

These figures show the large impact the
improvement of aerodynamics can have on the operation of a
commecial vehicle even at 1low mileages. A present day
vehicle with all the modifications could return a increase
in profits of around 5% for low milage and 9-10% for high
mileage. This compares to the Fast Front design with all
the devices which would return 8-9% for the low mileage and
17-20% for high mileage. This shows that great savings can
be made from reduction of the aerodynamic drag and that
work is needed to alter the basic design of commercial
vehicles to produce these savings. The effect of driving
faster is also shown that by a small increase in speed a
relatively large fall in the profit increase is seen. This
effect is greatest for the less efficient configuration and
is greatly reduced for the Fast Front with all devices
configuration. Overall a desirable effect on operating
costs 1is seen with improved aerodynamics, and even if this
effect is decreased, from the aerodynamic effect only to
the effect on operating costs due to the other factors, it

is still seen to be worthwhile.

8.4. Conclusions

Although some simple assumptions have been made
in the workings of this chapter improved aerodynamics are
seen to have a great effect on fuel economy and this
reflects in the operating costs of the wvehicle. This
reduced costing could be used in a number of ways, as a
selling point to operators whose primary concern with these
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vehicles is to provide as cost effective a service as
possible. The operator can use the savings to either reduce
charges to the customer or to increase profits or a
combination of both. These savings were calculated from
constant speed figures and although the vehicles do not
operate at constant speed the majority of their operational
time is spent on high speed roads to maximise their
operational value. Speed is seen to have an effect on costs
although a favourable reduction in this effect is seen for
a more aerodynamic vehicle. Overall a number of factors
apply to operating costs and aerodynamics is just one but
obviously an important one. In providing a better vehicle
for the next decade other factors such as maintainance
charges and engine efficiencies would also need improving

to give a complete vehicle package.
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Chapter 9. Wake and Spray Studies

9.1. Introduction

The majority of aerodynamic studies on commercial
vehicles, as with this investigation, centre around the
reduction of drag in an effort to improve the fuel economy
of these vehicles. This is of primary interest as the
marketing and operational costs of commercial vehicles are
of most interest to both manufacturers and operators. The
operational costs of these vehicles is also reflected in
the cost of goods which need to be distributed from
factories or warehouses to retail outlets. In this way
costs must be kept down both for an operator to be
competitive and to for the cost increase of goods due to

transportation not to be excessive.

There is, however, another extremely important
area in which the aerodynamics of the vehicle plays a vital
role. This area is the problem of spray generated by these
vehicles 1in wet conditions which can in certain situations
be a major hazard to other road users. The vision of
drivers, following or overtaking, is impaired by the spray
and is a contributory factor in some accidents in wet
weather. Any driver has experience of these problems, which
are particularly in evidence on motorways and other roads
were vehicle speed is high. This chapter gives details of
tests carried out during this program of work aimed at ways

of relieving this problem through improved aerodynamics.

9.2. Spray Generation and Suppression

A number of previous studies have been carried
out with relative success aimed at both prevention of spray

generation and the entrainment of any spray into the flow
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field. In these two areas the must successful work has
dealt with minimising the generation of spray, see refs.
24, 25, 26, 27 & 28. In these reports the work carried out
is detailed which is summarised in this section, it deals
with the mechanisms of spray generation and its subsequent

dispersal and methods of minimising it.

There are two problems to consider, splash and
spray, spray is a result of splash striking obstructions
and breaking down into fine droplets. The major areas of
spray production are from the water sheet ejected from the
tyre treads,this then breaking up on hitting underbody
obstructions and capillary adhesion spray when water held
in the tread is forced out by pressure in the surrounding
air. The tread throw problem occurs just aft of the tyre
contact patch, the water sheet/droplets breaking up to fine
spray when they encounter the mudguards, container
surfaces, etc. This was found to be best contained by use
of materials such as plastic grass which caught the
droplets without them breaking up into spray.

The spfay was not totally prevented from forming
by the plastic grass as not all the water ejected was
captured and spray was still generated. Capillary adhesion
spray still existed and as this was generated from the
tyre the spray was not controlled by plastic grass. Thus
spray was not going to be eliminated due to the working of
a tyre tread, its generation could be minimised but not
stopped. Some other details on the workings of spray were
found. The generation of spray was equally as strong from
the front wheels as the rear wheels. This is a result of
the front wheels encountering an undisturbed water layer on
the road surface. Since the drying effect of the front
wheels on the road is seen by the rear wheel this lowers

the spray generated at the rear wheels. Flow at the sides
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of the vehicle was only seen to flow outwards around the
rear wheels. Other ways of reducing the generation of spray
could be taken up, ie. the use of porous road surfaces to
minimise the depth of standing water on the surface, but it
was clear the distribution of spray in the flow field
needed to be controlled.

Allen,Burgin & Lilley, ref. 26, carried out
comprehensive tests in the wind tunnel and on the test
track to establish both the mechanisms of spray generation
and the subsequent effect of the aerodynamics on the
distribution. Firstly pressure data was taken on small
scale models with flow visualization to establish the flow
field. A wheel assembly was tested in the tunnel to
establish the local flow field around the wheel, this gave
two main points. The pressure distribution around the wheel
was unaffected by the presence of a mudguard. Secondly the
suctions developed on the upper surface of the wheel, as
also described in refs. 14 & 15, were reduced with side
valencing of the mudguard. Full scale tests on various
devices were then carried out also detailed in refs. 19, 25
& 27.

The findings of these tests showed the methods of
reducing the generation of spray that were most effective.
The valencing of mudguards over the upper section of the
wheel were seen to be effective though not a complete
solution. Collection of the ejected water and channelling
by gutters to avoid catchment by the rear wheels was also
effective. The modifications to the aerodynamics, with a
cab roof deflector, airdam and back board were shown to be
of little effect. The theory of producing a 1low pressure
region under the vehicle to pull in the sideflow and
contain any spray proved of little effect. The cab roof

deflector preventing down flow between cab and container
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was seen to be highly cross wind dependant, the spray
problem increased with yaw angle. More effective means of
generating these low underbody pressures should prove more
useful. Results taken by Weir, ref. 28, also agree with
those above the best devices reduced the generation of
spray.

The overall picture obtained by all tests
demonstrated the spray problem to be highly speed
dependent. This is probably the most crucial area in the
control of spray. The density of spray is shown to increase
with the cube of velocity, that is spray would be greatly
reduced if in bad weather speed restrictions were to be
observed. The areas of study for this program would deal
with the changes in the flow field of the modified models
which would effect the distribution of the spray into the
side and wake regions..This was decided after consideration
of present devices, which work well at minimising the spray
generation. It was felt that removal of separation regions
and reductions in turbulence levels in the flow field would
have great benefits to suppressing the spray that would
still be generated. The tests performed were mostly
attempts to visualize the flow field using. smoke injected
around the wheels to simulate spray, use of smoke to assess
the general flow field and measuring the total pressures in

the wake to view the wake structure.

9.3 Flow Visualization Studies

The initial studies carried out involved
injection of smoke at a number of points around the wheels
of the 1/4 scale model. This it was hoped would simulate
the generated spray around the wheels and the entrainment
into the flow could be observed. This was carried out on
the model using the T45 prototype cab and was of limited
success. The general flow patterns could be seen although
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the volume of smoke possible was insufficient to photograph
well. Observations were still recorded and a picture of the
spray distribution was around this model was possible.

The flow from the front wheel moves outward from
infront of the wheel. The flow above the wheel wraps around
the top of the wheel arch and then down the back of the
rear section of the arch, caused by the strong downflow
between the cab and container, eventually mixing with the
frontal outflow. Also the flow at the rear of the wheel
flows out, all these streams mix and continue down the side
of the vehicle. The flow being tubulent soon breaks up the
smoke and just general haze can be séen, this must
represent poor regions of spray suppression. Little
difference was observed when the wheels were stopped, only
a slight increase in the out flow from the upper section
over the top of the arch. Valencing of the upper arch to
cover the upper part of the wheel stopped this wrap around
flow. The overall outflow did not appear to reduce 1if
anything the flow from the front and rear of the wheels was
stronger. The overall height of the smoke plume then fell
so although the smoke passing into the sideflow is of
similar density its reduction in height would be of
benefit.

The rear wheel was tested both with and without a
mudguard, without the guard the smoke showed the flow
around the wheel separating close to the top point. This
lifted but was held by the container lower surface before
being broken down by the turbulent wake. Thus no sideflow
was in evidence and the problem here would be in the wake,
the large wake soon distributing the smoke as would occur
to the spray. Stopping the wheels resulted in a larger
smoke filled wheel wake, flow staying attached further

around the wheel. This gave a greater break up of the plume
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which would increase the spray distribution. The flow with
the mudguard was similar to that observed for the front
wheel strong outflow into the sideflow of the model with
some wrap of the smoke over the top of the guard. BAgain
this wrap increased when the wheels were stopped and was
eliminated with valencing; the density of the overall plume
increased with valencing. Thus the same effects were
observed for front and rear wheels. The strong outflow for
the rear wheels, with mudguards, creates an increased side

spray problem whilst reducing the wake problem.

The flow outward from both sets of wheels creates
the bad spray problem for this configuration. The sideflow
is turbulent due to the separated frontal flow, the mixing
with the outflow ahead of the rear wheels caused by
blockage to the underbody flow and the effect of the rear
wheels. This outward flow is strongest from the front of
the wheel where larger pressures are seen. Above the wheel
the pressure is slightly negative so the outflow here must
be caused by the low preséures in the turbulent sideflow
pulling the smoke outward. As the sideflow is turbulent the
smoke or spray is distributed over a larger area which
causes increased problems. As previous successful valencing
tests suggest, the best means to suppress this would be to
reduce the amount of outflow by covering as much of the
wheel as possible, leading to fully enclosed wheels. This
would appear the best solution as attempts at preventing
outflow from under the vehicle had no effect. Also to
reduce the turbulence in the sideflow would result in less
break down of any spray close to the sides of the vehicle
reducing the spray further out. This would naturally lead
to the fully enclosed skirts developed for low drag. Any
spray entering the wake is going to be distributed by the
turbulent flow andAlifted by the low pressures causing bad

spray conditions. If the wake can be minimised and the flow
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smoothed as much as possible this will result in less spray
density in the wake. Thus the fully attached flow with
better filling in of the wake using the rear boat-tails
should help to suppress the spray in this region.

The next flow visulization took place on the
Mk.II 1/4 scale model in the 3.5m * 2.6 m tunnel where a
smoke probe was used to test the overall flow field and its
effects on any spray distribution deduced. The tests were
carried out on three basic configurations, the baseline,
fully skirted with or without wundertray and the skirted
with undertray and rear boat~tails configuration. Early
tests showed that no difference was visible to the outer
flow by addition of the undertray. The three configurations
were then tested over a range of yaw angles to see any flow

change.

The flow for the baseline configuration shows
that the flow follows generally along the side of the
vehicle, see plate 12 (a) & (b) . No evidence of inward or
outward flow from the underbody interference 1is apparant.
The smoke plume is not consistent and is seen to break up
due to the turbulence present. This arises from the flow
from the exposed ‘rear wheels interfering and mixing with
the sideflow causing this turbulence. This would have a bad
effect on spray as it would cause it to be caught up and
distributed into the sideflow as for a present day truck.
The flow around the front of the model is smooth showing no
separations and no interference from the front wheel on the
flow. Aft of the model the large turbulent wake formed is
seen to break up the smoke further with a possible vortex
being seen. This large wake tended to 1lift spray into it
thus reducing visibility behind the model. The solutions to
these problems would appear to be to reduce the affect of

the rear wheels on the sideflow and reduce the size of the
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wake and attempt to smooth the flow into the wake.

The effect of the skirts is shown in plates 13
(a) & (b). Here the flow 1is seen to be much more
consistent, the plume of smoke staying together until it
reaches the wake. Thus the flow has been greatly improved
by the full skirts which as well as decreasing the amount
of spray generated and passed into the flow would also
result in that generated being contained by the strong
sideflow and not distributed out into the rest of the
sideflow. Also the flow into the wake is shown to be
greatly smoothed and ’‘fills in’ to a greater extent which
would result in higher pressures and less spray lifting.
This coﬁfiguration with much improved side and wake flow
would result in little spray down the sides of the vehicle
and reduced spray in the wake. The strong sideflow would
probably keep any spray generated at the lower part of the
wheels from rising and propagating into the flow.

The effect of the rear boat-tails is shown in
plates 14 (a) & (b). Again the flow down the sides of the
model is still consistent and smooth with no break up 1in
the flow. The change to the flow is an increased flow back
into the wake of the model, the flow bending back into the
wake region around the rear boat~tails. This should lead to
less spray lifting in the wake as the pressure in the wake
is raised. Also the flow appears to be less turbulent as
the flow turns back into the wake. Thus any small amount of
spray down the sides of the vehicle would not be broken up
and distributed over as large a region as before and thus

the overall problem would be reduced.

At yaw the flow changes are more distinguishable.
The baseline flow is greatiy disturbed even at small vyaw

angles, see plate 15 (a) at 6 degrees yaw. This shows large
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break up of the flow down the side due to turbulence in the
flow. This would be bad for spray which would be pulled
into the flow and distributed into the side and wake flows
causing visibility problems. The addition of skirts greatly
reduces this break up of the flow, see plate 15 (b). The
turbulence 1is reduced and the smoke plume is seen to flow
down the sides of the skirts with no separation then into
the wake. There is a greater break up of flow in the wake
than at zero yaw for the same configuration though this is
expected due to the larger wakes exsisting at yaw. The
skirted version is seen again to improve the sideflow which
would aid spray suppression preventing the spray spreading
into the side and wake flows. Also a better ‘pull back’
into the wake is seen from the tapering of the skirts again
this would was improved by the rear boat-tails lessening
the wake and reducing turbulence.

At higher yaw angles again the flow down the
leeside is seen to deteriorate, plates 16 (a) & (b). The
plume of smoke in plate 16 (a) is shown to break up to a
much greater extent, aft of the rear wheels the flow back
into the wake shows a large level of turbulence. This shows
the region would not help contain spray which would be
pulled into the side and wake flows and be distributed well
into the flow. Using the skirts again helps the flow stay
attached and flow smoothly down the side, see plate 16 (b).
The plume is slightly more disturbed than for the lower yaw
case showing that in the sideflow little spray dispersal
would result. Again a degradation in the wake is seen
though overall the flow is ' less turbulent and the wake
smaller than for the baseline. This was again aided by the
rear boat-tails which would result in less spray lifting

into the wake.

Overall then the flow 1is seen to be greatly
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improved by the aerodynamic improvements to the basic
model. The flow, particularly at yaw, 1is reduced in
turbulence and helped pass straight down the sides of the
model by the skirts. The rear boat-tails help fill the wake
which would result in a higher pressure, reduced turbulence
wake which would prevent lifting of the spray in this area.
The undertray which would increase the velocities and make
the flow at the ground less turbulent would also help stop
lifting of the spray into the wake. It is important to
reduce wake size to leave the area between the undertray
and the container open. This allows flow from the cooling
to pass out into the wake which also helps raise its
pressure. This was seen in drag measurements and would be

seen in spray patterns in the wake.

The only problems with these devices are from an
operationél point of view, both for access to the wheels
and for cooling of brakes and tyres. These problems could
readily be solved with consideration to ‘tuning’ of these
devices and creating adequate cooling flow to the brakes,
the flow to the tyres would need to be considered carfully
in view of spray suppression, use of higher temerature
rubber compounds could be a solution. The construction of
the skirts could easily allow access to the wheels. This
was not however the purpose of this study and attention is
just drawn to possible problems that would need
consideration if the results found were to be used further

in the design process for a possible vehicle.

9.4. Total Pressure Wake Survevys

In order to further assess the effectiveness of
the devices on the flow of the model it was decided to
carry out a study of the total pressures in the wake. This
was also a back up to the flow visualization carried out
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into spray suppression. A rake of hypodermic tubing was
made up into a grid of ten by ten tubes. The spacing of the
tubes was 25mm and they were all tied to give the rake
rigidity and so no movement in the positioning of the tubes
would take place due to the air pressure. A picture of the
rake in the 2.1m * 1.7m tunnel with the 1/6 scale model is
shown in plate 17.

' Initially it was thought the bunching of tubing
at the centre upper portion of the rake would interfere
with the pressure readings. The rake was then initially
tested tunnel empty and no effects were seen, the rake
performing well. The tubes in the rake were connected to a
scani-valve pressure sensing transducer, the tubes being
fine bore had to be allowed to settle and provision was
made for this. The results being recorded on a
microcomputer were then reduced and a linear interpretation
used to plot the Cp points used for the constant pressure
lines plotted. Three positions were tested at zero vyaw,
185mm behind the model at the most rearward position on the
moving ground, at-the rear wheel position 25mm off the
container side and 1m behind the model. This last position
was the position chosen for the yaw tests as more useful
results were achieved. Unfortunately this position was over
the stationary tunnel floor behind the model. This did not
appear a problem though some small boundary layer would

exsist.

9.4.1. 185mm Rearwards of the Model

The plots for the four configurations are shown
in figs. 42 (a), (b), (¢) & (d). The initial plot for the
baseline immediately shows the region of pressure lower
than Cp=0.0 to show the general outline of the base of the
model. The container is seen together with the chassis
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underneath it. Also shown on each plot is a region either
side of the model which relates to the boundary layer
formed on the stationary tunnel floor each side of the
moving ground. It is clear these regions do not interfere
with the model flow and are not caused by it. The major
area of interest is the flow from the rear wheels which
appears to be causing an increasing broadening of the wake
towards the ground. 1in these regions there 1is 1large
pressure changes which would lead to turbulence in the flow
around these regions. These areas are in effect regions of
unclean flow which are both drag producing and detrimental
to the suppression of spray. Another area shown 1is under
the model, 1little flow occurs here a few points of Cp=0.1
were found but not enough to determine the contour, it was
felt best to 1leave out the points for clarity. Thus the
blockage by underbody parts causes little flow to arrive at
the rear, the rest of which must flow outwards to some

extent increasing the spray problem.

The addition of the full tapering skirts
eliminates these regions and the freestream velocity flow
is pulled in close to the sides right down to the ground.
The flow at the skirts is actually seen to be pulled
further in by the action of the tapering. This elimination
of these areas of changing pressure result in a smoother
flow which is very beneficial to drag and spray suppression
as seen by the visualization. The strong sideflows would
prevent great outflows of spray into the sides of the
model.‘ The region of lower than Cp=0.0 1is larger,
interestingly, which would lead to greater base drag but
this is not reflected in the overall drag figures. This
leads to the conclusion that the skirts, restricting the
flow to the rear wheels and axle, results in a larger drag
reduction than first realised. The turbulence caused by the

rear wheels, without skirts, must also have such an affect
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as to cause wheel base drag which 1s eliminated with
skirts. There is also a slight in flow close to the ground
caused by the containment of the underbody flow and greater
velocities in the flow under the model. Overall the wake is
much more tidy and narrower with stronger, smoother flows
at the sides which would give a greatly reduced spray
pattern both at the sides and in the wake of the model.

Adding the flat undertray to this, fig. 42 (c¢),
has 1little effect but small detremental patterns can be
seen. The small inflow close to the>ground is 1lost and a
slight outflow seen, shown by the curving outwards of the
constant Cp lines close to the ground. This is now a result
of the high velocity flow under the nose now continuing
down the full length of the body and not being able to
diffuse into the underbody section. Then encountering the
rear wheels pressure builds up and small outflow close to
the ground results. This 1is detremental to the spray
pattern though not the drag. Drag must be more greatly
affected by the low pressures set up under the container
and any turbulences set up in this flow. Again the lower
than Cp=0.0 area is seen to be enlarged as now the only
flow between the undertray and the container is from the
restricted cooling flow, also this increased size is not
witnessed as a drag increase. This is further explained by
the results taken further to the rear were different wake

patterns are seen.

The rear boat-tails when added to the above
configuration show little effect, the outflow close to the
ground is a little more apparent but this is more likely to
be repeatability. The only real effect and the expected
one, is a small decrease in the overall width of the wake
as the flow is pulled in by the boat-tails. The effect is
small so close to the base of the model although it is
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still apparent and detectable. This reduction of the wake
size corresponds with the drag reduction found and would
suppress the lifting of spray in the wake of the model.

9.4.2. 25mm Off the Container Side at the Rear Wheel Centre

These tests were to view the total pressures
along side the model at the rear wheel position to see any
local flow disturbances which would affect the spray
control. There was little difference 1in the results for
all, The best, 1least disturbed flow was with the skirts
only which showed just freestream flow down the sides. The
baseline showed some low speed flow close to the ground
which must have been caused by outflow due to the presence
of the exposed wheels. When the undertray was added again
this outflow was seen and appeared stronger than for the
baseline. This must again result from the prescence of the
wheels to the underbody flow which is now faster as it does
not reduce due to flow into the underbody cavity. Thus this
local outflow is stronger and would carry spray causing a
detrimental effect. These plots are shown figs. 43 (a), (b)
& (c). These effects, particularly with the exposed rear
wheels, are smaller than expected and must result from the
quality of the sideflow arriving at the rear wheels. The
attached flow round the front corners and the subsequent
skirting of the front wheel means undisturbed air flows
down the sides with little cause to move in. As a result
little of the flow is affected by the rear wheels and the
effects do not propagate out far from wheel. This
demonstrates why the history of the flow has a great effect
on the possible benefits achievable by modifications

downstream.
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9.4.3. 1000mm Rearwards of the Model

(i) Zero Yaw

The results taken at =zero vyaw for the four
configurations are shown in figs. 44 (a), (b), (c) & (4).
The model was also tested with fixed wheels with a 5mm gap
in all configurations at zero vyaw. As a result of the
lowest measurements being at 25mm ground clearance no
differences moving to stopped wheels were found. The plots
discussed here are for the rotating wheel case. No time was
available to assess the difference moving or stopped ground
and this was thought unnecessary as the more realistic flow
is moving ground. Previous reports have demonstrated the
need for moving ground and its use 1in this 1is not in
question. The region of boundary layer flow to the side of
the wake is again due to the boundary layer formed on the
stationary sides to the moving ground and is not an affect
of the model flow. The two flows are Jjust apart and not
interfering at this position though at yaw and further back
they will be mixing. This must be remembered when looking

at the yawed wakes.

The ~ baseline configuration again shows the main
features discovered previously, namely the outflow towards
the ground causing the outward sweep of the constant Cp
lines. The overall wake size is seen to be large, mostly
due to this out sweep, no regions lower than Cp=0.3 are
seen in any of the plots. This region for the baseline
model 1is a small region close to the ground not being of
great effect though there is a large region above before
the Cp=0.5 1lines. Overall the flow seems dominated by the
out flow causing the enlarging of the wake, with turbulence
also 1in these regions, which would result in poor spray

suppression in the wake.
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The skirts again cause the pulling in of the out
sweep of constant Cp 1lines close to the ground as seen
previously. The lines continuing inward as straight lines
following the sides of the model until the enlarged lower
than Cp=0.3 region in the centre. The flow down the sides
of the model are thus seen to be smooth and turbulence free
for the full height of measurements. Also the slight pull
in of the Cp lines close to the ground is seen, a result of
the skirt tapering and a help to spray suppression. The
smaller overall wake size and the tidy up of the turbulent
flow from the rear wheels give the drag reductions found
for the skirts.

As found from the measurements closer to the
model the effect of the undertray 1is to recreate the
outflow prevented by the skirts. The size of the outflow is
small compared to the baseline model and although it would
be detrimental to spray suppression other drag reduction
considerations may outway this small deterioration. The
size of the lowest pressure and velocity region, Cp<0.3, is
much reduced as is the region above it til Cp=0.5. Thus the
drag reductions are produced by the higher velocity flow
flowing from under the model into the wake increasing the
wake pressures. This effect was not seen close to the model
but is seen well in these measurements further from the

model.

Adding the rear boat-tails futher enhances this
wake filling with the low pressure regions all reducing in
size with a pulling in of all lines towards each other. The
lowest pressure region is lost and the region of 0.3<Cp<0.5
closes up towards the upper measurements. The outward flow
and sweep of Cp lines due to the undertray are still as
strong and this would cause degredation in the spray
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pattern. Overall, however, the wake pattern is smaller and
the spray 1lifting into the wake of the vehicle would be
reduced although some spray would be passed outwards around
the rear wheels this would bé a reduced effect to the
baseline configuration and would need to be compromised
with drag reductions.

(ii) Yawed Wake

The important point to remember when viewing the
plots of constant Cp for the yawed model 1is that the
’slice’ of the wake is not perpendicular to the model axis.
Thus as the model is yawed a growth in the width of the
wake will be seen since the measurements are taken at an
angle across it. It is therefore easier to compare wakes of
differing configurations with the same yaw angle to those
of the same configuration at different yaw angles. Some
changes - in the wake outline are decernable as the model is

yawed changing the general flow pattern.

The first change seen for the baseline and other
configurations at 3 degrees yaw is shown in figs. 45 (a),
(b), (c) & (d). This change is a sweeping out of the Cp
lines close to the ground on the leeside of the model, and
a straightening of the lines on the windward side. This
results from the pressure build up on the windward side
helping straighten the flow down the side and into the
wake. The sweeping out of the flow on the leeside is as a
result of some of the windward sideflow flowing under the
model and slowing down due to the wheels and underbody
obstructions. This slowing of the flow causes the low Cp’s
and this sweeping out of the 1lines. The baseline
configuration again shows the out-sweep and turbulence due
to the exposed wheels on the windward side although the
size is smaller due to the stronger sideflow. The overall
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size of the wake is little changed by the yaw angle, with

just added slow flow on the leeside.

Adding the skirts again straightens the flow down
to the ground on both sides. The wake is again ieduced in
width close to the ground as a result of the better inwards
flow caused by the tapering of the skirts. This causes an
inwards sweep of the constant Cp lines on the windward side
and a large reduction in the out-sweeep of the lines on the
leeside. Some flow still passes under the skirts from the
windward side and slows down due to obstructions causing
this slow outflow on the leeside. The effect of these two
sweeps of the Cp lines is to cause the wake to appear to be
leaning towards the windward side. The overall width of the
wake again seems to be reduced although the region lower
than Cp=0.3 is larger than for the baseline configuration.
The outflow and turbulence cause by the exposed wheels
giving a larger wake close to the ground must give the

higher drag found for the baseline.

The flat undertray giving much higher velocities
under the model almost causes this region of Ilowest
pressures to disappear. Only a small region close to the
ground is seen, thus the pressure in the wake is increased
which would reduce the lift of spray into the wake. This
would also give the lower drag found. There is not such a
large increase in the outflow and sweep of the Cp lines
close to the ground as found for this configuration at zero
yaw. In fact 1little change in the wake other than the
reduction in the size of the 1lowest pressure region is
evident thus for the yaw case only benefits are seen and
not the possible spray increasing problems seen at zero

yaw.
The rear boat-tails this time cause a degradation
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in the wake causing similar problems as the undertray at
zero vyaw. The wake size in the upper region is closed up
due to more in flow due to the boat-tails although as the
flow approaches the ground outsweeping of the Cp lines is
seen. Separations must be occuring from the rear boat-tails
at this yaw angle where the flow has already followed the
tapering of the skirts. The extra tapering due to the
boat-tails must cause an adverse pressure dradient
resulting in separations. As a result the overall wake is
enlarged near the ground and the region of Cp<0.3 is
increased. These separations do not occur off the container
sides or top so the extensions pull in the flow reducing
the wake above skirt level. Thus, overall, the wake size is
reduced, reducing drag although the increased low pressure
region close to the ground could be detremental to

controlling the lifting of spray in the wake.

These effects are all evident with the same
changes in wake with configuration across the yaw range. As
yaw increases the ‘leaning’ of the wake to the windward
side increases showing much slower moving air down the
leeside <close to the ground whereas the flow appears to
increase in speed close to the ground on the windward side.
The baseline and baseline with all devices configurations
at 15 degrees yaw are shown in figs. 46 (a) & (b). These
plots show a major difference in the wakes at this high yaw
which demonstrate the more efficient aerodynamics of the

final configuration.

The baseline configuration again shows the large
out- sweep on the leeside due to the slow, obstructed,
turbulent flow under the model. This large area would lead
to spray lifting and flowing into the sideflow in large
amounts. The increasing inward sweep towards the ground on

the windward side arises from the flow turning in just aft
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of the rear wheel below skirt level whereas this does not
occur til the base of the container above the skirt height.
This then gives rise to the slant in the wakes at yaw. When
using the skirts the tapering gives a similar effect. There
is still a 1large Cp<0.3 region in the centre of the wake
giving rise to larger drags and which would 1lift spray into
the wake. This ‘region has in fact grown for this
configuration as it was yawed, at the lower yaw angles the
this region fell to a minimum at 9 degrees then enlarged at

higher yaw as the base area enlarged.

The add-ons cause this region to disappear which
it had done at 1lower yaw for the skirts and undertray
configuration at 6 degrees yaw. It was not until 9 degrees
that it was lost for this configuration. The wake size is
roughly of equivalent extreme dimensions although the flow
within the wake 1is of higher pressure and thus higher
velocity. Overall then the wake is greatly reduced for this
configuration at this yaw angle this would give good spray
suppression and lower drag as found previously. There would
be less spray in the 1leeside flow as there is less Cp
contours in the region and the spread 1is therefore less.
The 1lifting of spray into the leeside flow region would

thus be much reduced.

9.5. Conclusions

These results demonstrate the minimised effect on
the side and wake flows brought about by the much improved
aerodynamics. This improvement is brought about both by the
cab design and the devices fitted subsequently. Together
all the devices bring about an improvement 1in a certain
area, this 1s always beneficial to the reduction of drag.
The effect on possible spray suppression appears more

complex with some aerodynamic improvements causing possible
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spray problems in certain conditions. The overall effect of
the devices is shown to reduce turbulence and low pressures
in the sideflows and to decrease the size of the wake and
increase the pressures in it. These changes can only be of
benefit, reducing the lifting of spray into the sideflow
and wake. All the changes together over the yaw range are
effective in reducing the aerodynamic areas of spray

problems.
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Chapter 10. Conclusions

This chapter briefly states the conclusions drawn

in the preceding chapters from the work carried out.

10.1 Facilities

' (i) Moving ground test facilities now exist for
large scale models in the 3.5m * 2.6m wind tunnel, the
moving ground plan dimensions being 5.3m * 2.4m. The ground
runs synchronous to the air stream at 30 m/s with excellent
control. Boundary layer thickness is negligible and uniform
across the width of the belt. '

(ii) The 2.0m * 1.1m moving ground can be
installed in the 3.5m * 2.6m wind tunnel to allow yawed
belt and model testing to better simulate the crosswind
case.This is unneccessary for commercial vehicle testing
though may be wvalid for lower ground clearance vehicles
where the interaction between underbody flow and ground

motion is much more critical.

(iii) The moving ground facility in the 2.1m *
1.7m wind tunnel remains an excellent facility for moving
ground testing. The facility has been in use for some
fourteen years giving an excellent broad base from which to
commence aerodynamic investigations. Improvements could be

incorporated to update the facility:

(a) a new variable rate boundary layer suction
box with a constant trough as now used in the 3.5m * 2.6m
tunnel to give uniform boundary layer removal at varying

speeds.
(b) improved, controllable belt suction to allow
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testing at speeds to 35-40 m/s to better simulate Reynolds
number at small scale.

(iv) Measurements can be taken accurately and
repeatably in both tunnels. Since the overhead balance in
the 3.5m * 2.6m tunnel proved inaccurate and unrepeatable,
balances needed to be designed and developed for the 1/4
scale testing giving the main three components of interest
for crosswind testing. The overhead balance in the 2.1m *
1.7m tunnel proved an excellent tool being extremely
sensitive and repeatable; also it proved easy to use, a
great advantage. The strain gauge balance for use at yaw in
this tunnel performed well, perhaps its age was shown by
its inability to measure rolling moment although this was
not a serious problem. It is time to a new dynamometer
should be designed/built.

(v) A 1/4 scale rigid box van of present day
configuration was successfully tested over the 5.3m * 2.4m
ground in the 3.5m * 2.6m tunnel. The results showed
excellent compatability to other similar configured models
tested here and at other establishments. The techniques,
facility and model were all proven and the ground

commissioned for wind tunnel work.

10.2 Present Day Commercial Vehicles

(i) The basic present day vehicle with a wind
averaged drag coefficient of C€d(55)=0.797 could with a
number of devices available today be reduced to 0.667.
Fairing the gap between cab and container further reduced
this to 0.560, around the lowest drag achievable with a

present day design, see fig. 47.

(ii) These improvements could increase fuel
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economy to 10.3 m.p.g. from a base of 9 m.p.g. at a
constant 55 m.p.h. although an increase of speed to 60
m.p.h. would give a 2-3% decrease in these figures. These
savings can be related to costs and hence profits, the best
configuration tested could give increases in profits of
4.2-4.8% for a weekly mileage of 500 miles and 9.1-10.6%
for a 2,500 miles weekly average. These savings could also
translate to lower charges as well as increased profits.

10.3 Future Commercial Vehicle Designs

(i) A Fast Front cab design was tested and
developed through Mk.I to Mk.II stages, both 1/4 scale and
1/6 scale models being used, the results of which compared
well. The wind averaged drag factor of the final Mk.II cab
baseline configuration was 0.488 (1/4 scale), already
showing an improvement over the best present day
configuration. Use of additional devices further reduced
this figure to 0.340 (1/4 scale). Fig. 48, shows the
improvements achieved over the yaw range for the various

configurations mentioned in (vi) and (viii).

(ii) As the model was yawed no large increases in
the other components were found, thus the devices could be
used without extreme loss of stability .or handling

characteristics.

(iii) As with the present day configurations
these drag reductions can be seen to affect the m.p.g.
figures‘ for a vehicle. The Fast Front II cab only
configuration would return 10.8 m.p.g. at 55 m.p.h. whereas
the final configuration could return 11.9 m.p.g. at 55
m.p.h. An increase in the average speed reduces these
figures, -though less than for the present day
configurations; for the final configuration the figure
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becomes 11.8 m.p.g. at 60 m.p.h., a reduction of less than
1%. Reflecting these figures on operating costs and profits
shows that for the cab only a 5.5-6.2% increase in profits
for a mileage of 500 miles weekly and 12.0-13.7% increase
for 2,500 miles weekly. The corresponding figures for the
final configuration are 8.0~9.1% for 500 miles and
17.6-20.1% for 2,500 miles. The effect of the higher
average speed 1is again reduced for this configuration,
falling below a 1% reduction of the increased profit.

10.4 Model Testing Techniques

(i) The results from both the scale tests from
the two tunnels compare well, the differences occurring due
to modelling dissimilarities and different tunnel

turbulence levels.

(ii) The two tunnels as testing facilties compare
well, using an identical model in both shows differences
arising from both the differing turbulence levels and to a
lesser extent to the boundary layer differences at the time
of testing.

(iii) Reynolds number effects were found and
require greater consideration in smaller scale testing as
progress to more radiused shapes is made. Higher Reynolds
numbers need to be aquired either by increasing the testing
speed for smaller models or by use of larger scale models,

as here, to fully represent the Reynolds effects.

10.5 Wakes and Spray

(i) Facilities including a wake total pressure
rake were developed to attempt to investigate spray

problems.Tests in wind tunnels were found to wuseful to
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discover the general flow field but limited to studies of

the wake region in dealing with spray.

(ii) Wake studies of pressure and flow
visualization proved useful to assess the effects of
improving the aerodynamics of the vehicle on spray. The
improved flow down the sides of the vehicle for all Fast
Front cab configurations would suppress the distribution of

spray.

10.6 Overall Conclusions

(i) Overall an extremely 1low drag commercial
vehicle shape was developed, using exsisting container
dimensions and chassis type and layout. ©No great
degradation in the other components affecting stability
were found. The improved flow field would suppress spray
although present methods to suppress the generation of

spray would still need to be used.

(ii) The facilities exsist for all wind tunnel
testing of road vehicles up to a maximum scale of 1/4 scale
for commercial vehicles and 1/2 scale for passenger and
other cars over a moving ground with excellent Reynolds
number representation. Using these facilities a low drag
future commercial vehicle design was developed which would
also have a reduced spray problem due to its aerodynamic

design.
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Chapter 11.‘Future Work

The main area for improvement for future
aerodynamic work on road vehicles is to better simulate
full scale conditions in the wind tunnel. The moving ground
with no boundary layer above it is the correct simulation
of road motion to the model under test. As car aerodynamics
dictates car designs with more rounded shapes the problens
of separation become a major part of any aerodynamic
investigation. In order to correctly assess these problems
the scale test Reynolds number needs to be pushed closer to
the full scale value. The two ways to achieve this are to
increase model scale, as here in this research, or to
increase the test speed of smaller scale tests.

It is felt that the maximum test scale has been
reached with 1/4 scale models of commercial vehicles and
1/3 or 1/2 scale cars. These models can be tested at high
Reynolds number in the large tunnel. However it 1is often
easier to start with small scale models of basic shapes and
for this reason it would be of great value to increase the
test speed in the smaller tunnel. This would involve
improved belt and boundary layer suction. The two tunnels
could then be used to full effect as both have their
respective merits for aerodynamic design. The smaller scale
tunnel is simpler to use and a series of tests can be
carried out quickly and with confidence, allowing
fundamental basic shapes to be assessed. The larger scale
tunnel then allows a more finalised model with much greater
detail to the true vehicle to be tested at realistic
Reynolds numbers. Surface detail is important when looking
at the flow for separations and boundary layer transition.
These studies would the; give confidence towards final full

scale testing of a developed design.
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Other improvements would concern tunnel equipment
such as improved flow visualization equipment and
techniques, and automatic wake surveying. These facilities
would give much more power to the aerodynamist in any
investigation. Computation = facilities would need
strengthening to support these developments and this is
currently in hand. Thus almost instant surface Cp plots or
contours could be produced greatly helping the
understanding of flow mechanisms at work during a test. The
computer is also particularly useful for quick access to
previously recorded data to plot or compare with new data.

Although futher testing of models using smoke or
a laser techniqueeato investigate the spray problem of
commercial ‘vehicles it is clear that full representation of
real conditions is required. This calls for a programme of
full scale testing in correct climatic conditions in order
to fully understand the influence of aerodynamics on the

distribution of spray into the flow field.

A full investigation of Reynolds number effects
would be a very useful program of work, to assess the
effects of rounding, sloping these radii to the flow, and
the surfaces for and aft of these radii. This information
could then lead to the development of a computer code to
model frontal flows and accurately predict separations and
laminar or turbulent surface flow. This would be a powerful
tool in the initial design of vehicles with regard to

frontal aerodynamics.

is needed
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APPENDIX 1

Wind Averaged Dragq Factor

A vehicle driving along a road experiences, in still
wind conditions, a force equivalent to a stream of air
hitting the stationary vehicle square on. This is the ideal
case and in reality a crosswind exsists which acts on the
vehicle at a certain angle. Taking the resultant of the
vehicle velocity and the crosswind velocity gives the
single velocity of the effective stream of air. In order to
give a feel for the general effect of crosswinds the wind
averaged drag factor was developed, see ref. 12, which with
the aid of some assumptions gives a figure which can be
used to compare the crosswind performance of different
vehicles. The main assumption used is that the crosswind is
equally 1likely to act at any angle, which would seem
justified given that roads lie in all directions and the
variation of winds throughout the year. It is also assumed
that the wind speed is the national average; 7 m.p.h. The
wind averaged drag factor 1is then the average of a
weighting multiplied by the drag coefficient for the
particular yaw angle;

6 » »
ca(vt)= 1 .3 M(3).cd(j)
6 1

where cd(Vt) = the wind averaged drag factor at vehicle
speed Vt
M(3) the weighting given by the formula below

]

Cd(3) the drag coefficient at yaw angle

M(3)= 1 +<_\_7_v\1>2+ 2. Vw .cosg@ (j)
vt vt

2 (3)= (3.30) - 15

Ccd(j)= cd(w# (3))

~ (5)= tan’i((Vw/Vt).sinQ'('il >
)

1+ (Vw/Vt) .cos & (3
wind speed relative to the ground

where Vw

Vt = vehicle speed
& = wind angle relative to the vehicle
¥ = resultant yaw angle of vehicle

These equations then allow tables to be drawn up of
M(j) and (j) for a particular vehicle speed from which the
wind averaged drag factor can be calculated. The speed
chosen for this report to allow comparisons with similar
data from America is 55 m.p.h. The figures for this are
therefore;
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g

M(3)
1.262 1
1.196 4
1.082 6.

7
5
2

. b

NN O

0.950
0.836
0.770

OV U > W N = e

Similar figures were also caculated for 60 m.p.h.
which is more representative of this country and were used
in the fuel economy workings in Ch.8.

M(3) ‘ (
1.239 1.
1.179 4
1.074 6
0.953 6.
0.849 5
0.788 1

Ul o W N i

Obviously these figures give a lower value as the
effect of the crosswind on the vehicle is reduced by the
higher velocity of the vehicle, ie. the resultant yaw
angles are smaller. Thus this factor is velocity dependant
but comparisons of figures for a single speed are valid and
a useful way of assessing crosswind performance.

Page 161



WIND ////FL;XURE
C — —
gﬁ T /H’j:ﬁﬁ
- \\x‘} |
Side View LOAD CELLS
—
— 7
' wind

sectiorn th rough

flex ure X—X

Plan View

8) SIDE FORCE AND YAWING MOMENT DYNAMOMETER

LOAD CELL

WIND //
L / 1
g’E;E XEX
FLEXURE'
L / ]
L y
BEARINGS
} R,

b) DRAG'DYNAMOMETER:SWWzELEVATWON

-

internal Losd Cell Dynemometers



SQUARE

383

540

] 1]

_._JDJ /9:--65 T
&

-47— Drigin of Co-ordinstes

All Dimensions 1o mm

284

8¢3

tHeo

Fig.2 Fest Front Mk.]I with MeJor 1/6 Scele Dimensions

e 2s Os%) .
(2313
Ceb Side Radil \
w
®
¥
by
reso ®
N\
1 7N
I — ; )
[ $ L] 3 ]

-é— Drigin of Co-ordinetes

AUt Dimenslons In mm

543

1512

19850

Fig.3 Faest Front Mk.II with Mejor 1/4 Sceie Dimensions

* 1/6 Scele Minimum Ceb-Conteiner Resdius



i > Direction of Airflow

Tracking Roller

Perforated Plate

Driven Roller

i

L8 U S RN

ik d LT

I

]

Boundary
Layer Section

2.1m x 1.7m Wind Tunnel, Moving Ground Length =
3.5m x 2.6m Wind Tunnel, Moving Ground Length =

@ Beit Tension

Ground Plane

Suction Chambers

2m and Width = 1.1m
5.3m and Width = 2.4m

SOUTHAMPTON UNIVERSITY

Fig.4 SCHEMATIC LAYOUT OF MOVING GROUND PLANE,
158 1 Flg.5 Velocity Traverse for 2.im * {.7m Wind Tunne|
148 over the 2.8m r 1.1m Moving Ground
3
138 T
T 1286 + /
L /
w11 + ¢ Ground on L.E, Suction on /
s [
‘: 188 + — — —~ Ground on L.E, Suction off / ]
y !
S gg < Ground off L.E. Suction off /1
2 [ /%
» /1
£ 88 =t ~+vw.a Bround off L.E. Suctlon on 4
P ) [y
z 78 1+ [1 %
/1
B8 1 !
// 4
58 4+ / / ®
/ / %
48 + / !
/!
38 - ;
/ /
28 + [
J {
18 + /./' ..
" : T ‘ ‘\ =~
188 288 388 400 588 588 8@ 888 G988 1806

Velocity Ratin (u/V)
(%x1888)



Hefght Above Beit (mm)

Helight Above Belit (mm)

158

148

138

120

118

188

98

88

70

68

58

48

38

28

18

158

148

138

128

118

108

a8

88

78

68

58

48

38

28

18

. Flg.B Effect of Speed in 2.im * 1.7m Wind Tunne!
over the 2.8m * {,1m Moving Ground
24.86 m/s Ground on L.E.Suction on
— e - 38.18 m/s Ground on L.E.Suctlon on
|
180 200 300 488 588 508 788 808 See 1888
Veloclty Ratia (u/V)
(%1808)

Fig.7 Velocity Traverse of Boundary Layer in 2.1m ¥ 1.7m Wind Tunnel

over 2.8m x 1.1m Moving Ground ot Varlous Chordwise Positions

28" Fwd of Balance Cantrev

Balance Centre

18" Fwd of Balance Centre

18" Awd of Balsmnce Centre

i i I 1

288 388 488  SB9

788 BO8 gps 1808
Valoclity Ratio (u/V)
{¥1888)

588



Helght Above Belt (mm)

Y Co-drdinate/mm

158

148

138

128

«©

188
90

680

158
148
138
128
118
189
98
88
78
g8
S8
48
38

28

Y

Flg.8 Contour Plot for Empty Test Sectlon In 2.im % 1{.7m Wind Tunnel

over 2.8m ¥ {.1m Moving Ground ot Balence Cantrelline

Cp=1.8

— — Cp=0.88

e Cp=8.986

- - Cp=8.894

288 388 498 588
X Co~ordinnte/mm

+ Flg.8 Velocity Treverse of Houndary Layer in Z2.im % 1.7m Wind Tunnel

over 2.8m ¥ 1.1m Moving Ground &t Two Spenwise Positions

Centreiine of Belt

— w77 Left of Centrellna

488 588 [=1:1) 708 888 988 1888
Veloclity Ratlio (u/V)
{%x1888)



158

IS
o

[}
o

N
[+

2}

188

w
o

88

Halght Above Belt (mm)

78

68

58

48

30

28

18

158

148

138

128

188

g8

88

Halght Above Beit (mm)

78

&8

58

48

38

28

Fl1g.18 Progress with Time for the 3.5m * 2.8m Wind Tunne!

over 5.3m ¥ 2,4m Moving Ground

$—x Merch 1885

- e ~ September 1985
i March 1986

- - - August 1887

Fig.11

over S.3m x 2,4m Moving Ground

288

Velocel

T y—,

388 408 580 688 780 808 992 10e8
Veloc!ity Ratlo (u/V)
(%1888)

ty Traverse In the 3.5m ¥ 2.5m Wind Tunnel

Ground on L.E,Suction gn
Ground off L,E.Suctlion an

Ground off L.E.Suction off

X f Il i 3 2

188

288

388 480 508 588 788 888 989 1g@e
Velocity Retlo (u/V)
(x1088)



150 Flg.12  veioclty Traverse of Boundary Lasyer In 3.5m % 2.6m

Wind Tunne! over 5.3m * 2.4m Moving Ground

o
©

Various Chordwise Positlons

W
o
}
t

N
[+

43" Fwd of Bmsimnce Centrelline

o
}

18 + - o - Bslence Centreilne

i 45" Rwd of Balence Centreline

o
Q
#

@
<
}

Helght Above Belt (mm)

50 +

S8 +

38

28 -+

1 3 } ' 3 i i 3 L
+ t + + t y

188 208 388 488  s5BB 586 768 Beeg gge 1o

Velocity Rstio (u/Vv)
(x10888)

158 Flg.13 Velocity Trmverse of Boundary Layer In 3.5m ¥ 2.6m

148 Wind Tunne! over Stopped Ground
Varlous Chordwise Positlons

138
128

118 43" Fwd of Beisnce Centreline

—

188 <+ - — — Bslence Centrellne

g9g 4+ ——eomims 45" Awd of Belsnce Centre]ine

88 -+

Halght Above Beit (mm)

78 +

s 1

@ +

3L -+

18 +

188 208 3p8 488 568 588 788 BBB 8988 188
Velocity Retlo (u/V)
(%1988)



158

148

138

128

118

188

=12

68

Helght Above Belt (mm)

78

E8

se

48

38

28

158

148

188

Vs
[\

88

Halght Above Belt (mm)

78

68

58

48

38

28

18

Velocity Treverse of Boundary Layer In 3.5m % 2.B8m

Wind Tunne! over 5.3m ¥ 2.4m Maving Ground

et Various Spanwise Positions

Centre of Belsnce

) i

288

Fig.15 BGenaral

September 1887

T ¥ +

768 808 988 1808
Velocity Retlo (u/V)
(x1888)

Veloclty Plot of Boundary Leyer In 3.5m * 2.5m

Wind Tunnel over S.3m * 2.4m Moving Ground

: 1l L

788 888 998 10608

Velacity Rstla (u/V)
(x1888)



Moving ground Front suction boxes

Direction
of airflow

Wind tunnet floor

/ \

Side suction box 78mm front slct

Flg.18 Schemstic Plan View of Yawed 2.8m * 1.1m Moving Ground
in the 3.5» » 2,.6m Wind Tunne!

200 —
- Transverse Oistance
E Across Belt [mm)
1 + 127
s ) ¥ 254
0 0 8
£
2
2 100
E=3
£
£
50
Fig.17 Boundary Layer Plaot over
Yawed 2.0m#{.1m Ground in
3.5m¥2.6m Wind Tunnel (0 deg.Yaw)
0 T 1
0.8 0.9 1.0
Local Velocity Ratis (V/Vo)
60
] Transverse Distance
Across Belt (mm)
50 + 254
] ¥ 508
= g 762
£ 40 X 1046
E 4
> 30+
z -
= i
3 20 A
10 - Fig.18 Boundary Layer Plst gver
] Yawed 2.0m*1.im Ground in
3.5m¥2.6m Wind Tunnel (15 deg.Yaw)
0 |

0.9 1.0
Local Velocity Ratin (V/Vao)



STEPS/x10

STEPS/%100

STEPS/2100

300

700

600

500

400

300

200

100

500

500

400

300

200

100

~100

~150

~200

~250

2)  LIFT CALIBRATION

+ = DADING PLOT
0 =UNLOADING PLOT

Y T Y Y T Y A T T 1

4.0 40 5.0 6.0 7.0 6.0 9.0 10 i1 12 {3 14 15
APPLIED LIFT/XGS

D) DRAG CALIBRATION .

+ =LOADING PLOT
0 =UNLOADING PLOT

v T A T l

5.0 10 i5 20 25
APPLIED DRAG/KGS

APPLIED PITCH/KES (PITCH ARM LENGTH=1S IN.)

as a2 a2

Flg.18 2.1m ¥ 1.7m Tunne! Overhesd Weighbeam

+ =_QADING PLOT
0 =MN_OADING PLOT

€)  PITCH CALIBRATION

Bsisnce Callibrations



Orag Reading (mv)

~10

Fig.

20 Typica]l

0 5 10 15 20
i Applied Drag (Kgs)
] =L OADING PLOT

i ¥ =UNLOADING PLOT

k

3,.5m*%2.6m Dverhead Load Cell Balance Calibration



{g) Orag Channel
S
>
[:3
~
]
£
T 4
©
@
«
3
2
1
o + + + + + + + + )
1 2 3 4 5 s 7 a g 19 11 12
Lond Appiied / Kgn
8 o
- o 4 Ayt Upstream Losd Cell
=~ ~ 8 4
=~ @ wn o e Downstreem Losd Cail
>~ £
~
~ o 3
- @
~ . 4 4 +
~
~
~
~ ~
- o -
2 - ~ -
-
-
~
~ -~
e
~
¥ 3 + + .a 4 ~ & —t
] -5 -12 -8 -4 8 4 28
~2 7 Lond Appiled / Kgs
(b) Sidefarce Channel
-5 4+
__a £
8 r -
7
P
s
ey, Upstrenam Load Cell 2 P
~ B = -’ -
— e o Downgtresm Lond Cail o -
~
< -
: -7
i Ve
[-S : .
H s
|~
2l
s 2 7
- H
s H
- ]‘ /
I H
- i
N : s " + NP . . s
¥ + + e + G +
8 -36 -32 -28 —25,-/’29 -i6 =12 -8 -4 8 4 8 12 18 24 28 32 36 48
P < ! . Lond Appiled/Kgm
- j
- -7 4+

e

(e)  Yawing Moment Chennel

Fig.21 Load Cell Baience Calibretions



() Callbretion of Sideforce

Rsading / aVv

. ;

ji:] ~16 16 28
Lond Appiied / Kga
2l
%
- 2 - b) Roliling Moment Cailbretion
=d
£
b
o
F4
.
|
+ @ | 4
2 -1 8 1 2
Loed Applled/Kgm
4 7 . (¢) Yewing Noment Cajidretion
i
~ 3 -
2 )
3
.3
L3
€ 2 4L
’ -
k + $ ) + + 4
~38 -28 ~18 4 18 28 3@

Lond Appiled/Kgm

-2 -

-3 4

Ll

Fig.22 Streln Geuge Dynsmometer Callbretions




Dreg Coefficlent Cd (x130&)

&Lt

| ST

t”
|
|

1868

588

868

788

588

588

48

2ee

188

Plan

Fig.?3 BODY AXIS

Vo f
— Pitching T
/‘\ moment ng N - Side
Belt surface K/ Rollingk/ force
. moment
Side Elevation Front Elevation
0
\ \-C
Drag
' \m_\ el - o & Origin of co-ordinates
\\L{ Yawing
‘ moment
l Side
force

CO-ORDINATE SYSTEM

Fig.24 1/4 Scele Model Vsristion of Dreg Coefficient with

Reynolds Number tn 3.5m % 2.6m Wind Tunnel

N T45 Type Present Dey Ceb

— e Fest Front

Mk, I

Cab

4

Reynoids Number Re(l)
(/VEBB)



(+1088)

Prag Coefficient Cd

(+1800)

brag Coetticient Cd

1086

18]
[an]
[is]

880

7898

588

428

288

2080

188

508

468

288

188

Fig.25 Variation ang Repeatapitity oF Drag loefficiant

i

«ith Reynoids Numpar Tor 1/5

in 2.im % {.7m Wind Tunnel

cale Mode!

W

w88t Front Mk.I (Sept BE)
— Fest Front Mk.I (0ct 88)
2 3
Reynoids Numper,Re(l)
(/1EB6)
Fig.25 Varietion of Dreg Ccefficient with
Reynoids Numpar Tor 1/5 Sczie Moael
In 2.1m % 1.7m Wind Tunnel
. Fast Front Mk.I (Moving Wheeis)
— _.Fest Front Mk.,I (Fixed Wneels)
2 2

Feynalds Numper , Re(l)
(/1E88)



LIFT COEFFICIENT (Clw)

Litt Coerricient CI (x1008)

120

uy
<3

58 +

-188 +

-288 -

rast

Fig.27 Variation of L!
Fag

¥t Cgetficiant

Front Mk.I o 2uimxt.Tm Tunnal

wiin RBeynalds Numper Far 1/8 S

Fig.28

1.0

<
(o]

Front Axie

3
Reynoids Numoer
(/1EBB}

e CHF moving wheels
Cif fixed wneals
v Clr moving wnee!s

R Clr fixed whee'ls

VARIATION OF WHEEL LIFT COEFFICIENT
WITH GROUND CLEARANCE AND WHEEL ROTATION

T~

0\.

STATIONARY

\.

-1.0~

10

{5

WHEEL CLEARANCE (mm)

ROTATING




x10808)

Coefficient Ci

Lift

Drag Coefficient Cd (*1088)

1088

500

8ea

580

408

368

208

58

-58

~1808

-158

-229

Fig.29 Variation of Drag Coefficient with

Reynolds Number 7or 1/6 Scale Mode!

In 2.1m % 1.7m Wind Tunne!

e Fast Front Mk,II Baseline

— -Fast Front Mk.II

88T Front Mk.II

. J

2 3

Reynolds Number ,Re(l)
(/1EBB)

Fig.38 Variation of Lift Coefficient with Reynol!ds Number far 1/6 Scale

Fast Front Mk.II in 2.1mx1.7m Tunne!

Reer Axle

e TR
—

syl . .
y .

Devices

2 3
Reynoids Numper

{/1E86)
Front Axie

T e CUf Devices with Grit

Rear Axie
~~-»/'"""“ o e we  Clr Devices with Grit
Buse e CIf Devices with Wire

\ Front Axle - . Clir Devices with Wire

—
———

e C1f Beseline

e Clir Baseline

Trensition

Transition

Transitian

Transition



d (#1808

Drag Coefficient (

(x10686)

Lift Coefficient

1868 -+ Fig.31le) Drag Coefficient Variation with Yaw Angle for !'/6 Scale
Fast Front Mk.II Mode! in 2,!mx!.7» Tunne!
cge -
388 -
788 +
526
a8
488 +
388 +
w3 Sz5eline
268 4+ — — Base plus Wire Transition
188 +
0 : : i ¢ ; ; + |

] 2 3 4 5 5 7 g g 18 1t 12 13 14 15
Yaw Angle/Deg

2089 T Fig.31(b) Variation of Lift Coefficient with Yaw Angle for 1/6 Scale

Fast Front Mk.II in 2.im*!' 7m Tunnel

158 +
189
8 7 T T~ Resr Axle
~
~
~
~
= .

8 : ; : ; : ; : : : : " ; :

~—

12 3 4 5 6 7 8 g 18 11 12 {314 -1
Yaw Angle/Deg -

. CIf Baseline
-198 + — — Clr Beseline
. CIf Heseline plus Wire Transition
~-158 +

- - Cir Baseline plus Wire Transition

-2088 4 I

-258 Front Axle

-390



(x1288)

Cd

Orag Coefticient

(x1888)

LIft Coafflclent Ci

1888

92

806

788

680

589

408

388

288

180

209

158

168

58

-188

~158

~-2008

~258

-300

Fig.32(a) Drag Coefficient Variation with Yaw Angle for 1/6 Scale

Fast Front Mk.II Mode! in 2.1m%{.7m Tunnel

»—ouyx Boseline

. .. Bese plus Full Side Skirts

T

11 12 13 14
Yaw Angle/Deg

Flg.32¢(b) Veristion of LIft Coafflclent with Yaw Angle for 1/6 Scale

Fast Front Mk.II in 2.1m¥1.7m Tunnel
-~ CIf Baseline
4 e e Clr Beselline
T - - _ —se. CIf Bese plus Full Skirts
~ . Resr Axie T~ - - Cir Bsse plus Full SKirts
~ =~ ~
Y ol " 1 i i i 1 I ~ o I i { i
} Pt t + t t t + Pt 4 {
1 2 3 Y~5_6 -7 *B-._? 8 11 12 'TB\~15 15
! ~ Yaw Angle/Deg ™
F ////
4 ront Axle //,/
~
./‘
,/’//’
_——--....’-—-*'-—-‘-—"—-'-—'/./.



Sldeforce Caoafflclent Cy (%1288)

Yaw M. Coafficlant Cn (%1B88)

1688 4
Fi1g.32(c) Verletlon of Sldeforce Coefflclant with Yaw/kﬁgle for

1588 T 1,6 Scmle Fest Front Mk.II In 2.1m¥i.7m Tunnel //
1400 + 4
1380 +
1200 + Y
1180 + y
1eee -+ /

ape + /

8e8 + /

788 +
688 + y

508 + /

408 + , - DBesellne
300 4+ /s — -~ Bese plus Full Slde Skirts

288 + ,

188 + /

4 3 S ] il 3 ] i
+ v T y v ¥ 1

1 2 3 4 S 6 7 8B 8 18 {1 12 13 14 15
) Yaw Angle/Dap

10@ - F18.32(d) Varlstion of Yawing Moment Coefficlent with Yew Angle
for 1/6 Scele Fest Front Hk.II In 2.1m¥1.7m Tunnel

gge +
- Bessllne

800 -+ — -. Bese plus Full Slde Skirts
788 +
688 +
see +
488 -
3ea + e

280 + -

180 + -

s 1 1 3 3
§ t } $ 4 t } 4 i t 3 + } ~

1 2 3. 4 1 6 7 8 8 19 11 12 13 14 15
Yaw Angle/Deg




Plane of Surfece Pressuras CD

AB

- e - . . e~

""""""""" "'"""""""T"’]F‘
| " | somn
‘/—_ h/
77 AT T T 77
8) Side View
A D

A T T T T S NSO

b) Pian View Showing Marks ( Cp's Plotted Anti-clockwise)

Fig.33 Locetion of Surface Pressure Tappings



Cp Value

Nose Surface AB Base Surfesce CD

1 . @ 1
, 2
©
>
Q.
j &
/ , ; .
5 - ‘ . ; i 9 . ; : : {
2 4 5 8 19 4 . V. 1%
X/C (%18) '
5 c X/C (%18)
D
-1 4 - -1 4+
P
-7 & -2
X/C= Non-dimension Position Along Row of Tappings
Windward Side Surface BC
AR IS
2
> ,
>
a !
o H
?\1\\{“\
8 - ; M
| 8 2 3 4 5 & 7 8 g 18
] X/C (x18)
g C
-] -
l
|
_2 _'
Lee Side Surfsce DA
w i -
2
o
>
a
(&)
2 ; } + t i ’
R Ty S & 7 8 s e
D X/C (%18)
-1
-2

Fig.33(c)

Surface Pressure Coefficients for 1/6 Scale Fast Front Mk.I

Baseline at 15 Degrees Yaw

in 2.1m % 1.7m Wind Tunnel



Cp Value

N Surf A8 Base Surface CD
ose Surface 1:

Cp Value

[s¢]
38

2 4 5
X/C (%18)

X/C (%18) =) C

X/C= Non-dimension Position Along Row of Tappings

Windwerd Side Surface BC
a1 v
2
o
>
[
O
[2] ; + 1 : |
8 1 2 3 4 5 B 7 8 9 18
X/C (x18) C
-1
o
Lee Side Surface DA
2T
kg
>
(=8
Q
3 ; . , . ; ,
] 7 3 g 18
X/C (x18)
A
, .
-1 4
-2

Fig.33(d)

Surface Pressure Coefficients for 1/6 Scale Fast Front Mk.I

Base plus Full Side Skirts at 15 Degrees Yaw

In 2.1m % 1.7m Wind Tunnel



(x10e8)

Cd

Drag Coefficient

(%1888}

LIft Coafflcient Ci

18089

3868

808

788

500

588

409

380

288

208

158

186

58

-50

-128

~158

~280

~258

~388

Fig.34(a) Drag Coefficient Variation with Yaw Angte for 1/6 Scele

Fast Front Mk,II Mode! in 2.1m¥1.7m Tunnal

x——x Bese plus Full Side Skirts

Above plus Flat Undertrey

Il 3 H y 1 3 L : It 1 3 ¢ 4 i
t ! i t + + + t + T + f + i

1 2 3. 4 5 5] 7 8 ] 18 11 12 13 14 15
Yew Angle/Deg

+ Flg.34(b) Verietion of LIft Coafficlant with Yaw Angle for 1/6 Scale
Fast Front Mk.II In 2.1m%1.7m Tunnal

e CIf Bese plus Sklrts

+ e w Clr Base plus Skirts
T - - e CIf sbove plus Undertrsy
o Il N — ~
L Reer Axle -~ ~ - - Clr sbove plus Undertray
~ o ~ ~
: g M 3 i Il i L 1 1 LS g i 1 i
+ + L + { : } + } 4 = e
1 2 3 4_ s 6 7 8 8 18 11 12 13~14 15
1 c . - . Yew Angle/Deg
= ~ /./
~ P
~
4 e e, __m"’lt -~
— T ~ .
._...-...__.,—--—-"'// )
—
= Front Axie




Sideforce Coefflclent Cy (%1808)

Yew M. Coefficlant Cn (%1888)

1689

1588

1488

13689

1200

1108

1008

968

8eoe

708

680

584

480

3e8

200

180

18608

989

808

700

608

500

400

300

208

188

Flg.34(c) Varliatlon of Slideforce Coefflicient with Yew Ahple for

1/6 Sceie Fest Front Mk.II in2.1m%1.7m Tunne| y

— Bese plus Skirts

e —. ®mbove pius Undertray

4 3 1 1 }

I 3 N
- t T t ¥ ¥ 1

7 8 g 18 11 12 13 14 15
Yew Angle/Deg

Fig.34(d) Veriatlon of Yewing Moment Coefflclent with Yew Angle

for 1/6 Scele Fest Front Mk.II In 2.1m%¥1.7m Tunnel

. Base plus Full Skirts

Above plus_Undertray

I 3 (3
. e

7 8 9 18 11 12 13 14 15
Yew Angle/Deg



(%10088)

Lift Coaffliclent O}

(1822

Drag Coefficient (Cd

208

158

188

50

-180

-158

-200

~258

-3ee

1888

988

888

708

6588

508

488

388

286

188

Fig.35(a) Drag Coefficient Variation with Yaw Angle for 1/6 Scale

Fast Front Mk,II in 2.1m¥1.7m Tunnel

%y Bese Full Skirts and Undertray

— — Above plus Rear Boast-tails

1 2 3 4 S B 7 8 9 18 1t 12 13 14 15
Yaw Angle/Deg

T Fig,.35(b) Varlation of LIft Coefflélent with Yaw Angle for 1/5 Scale
Fest Front Mk.II in 2.im%*1.7m Tunnel

e LCif Base Skirts snd Undertray

4 S - — Clir Bese Skirts snd Undertray
R ——— CIf sbove plus Resr Bost-talls
L Rear Axle - ~C(I above plus Resr Bost-tal|s
\\\ ~ -~
o~ 1 i I 1. I i 1 i 1 1 >4 i
' < , : } t ¢ : ¢ } + e
2 3 & . 5 & 7 8 g 18 11 12 13 14 1is
NS - e - Yaw Angle/Deg
+ ~

Front Axle

e A et i i

i

e



Sideforce Cosfficlent Cy (%1888)

Coafficlient Cn (¥10808)

Yaw M.

1688 -
Flg.35(c) Varlatlon of Slideforce Coefficlent wlth Yaw Angle for

1588 T 1,5 Scele Fest Front Mk.II In 2.1m¥1.7m Tunnel 7/

1488 + /
1388 +
1208 + 7
1198 + <
1888 -+ /s

988 +
gee +
788
688 +

588 +

488 4 we. Bmse Skirts and Undertreay
38 + — - mbove plus Rear Boet-tslls
280 T

188 T

i’ " J I 1 I 1 4 1 4 1 —
1 { t + t + t T 1

1 2 3 4 S 6 7 8 g 18 11 12 13 14 158
) Yaw Angle/Deg

1989 -+ F!8.35(d) Veristlon of Yewlng Moment Coefflclent with Yaw Angle

for 1/6 Scele Fast Front Mk.II In 2.1m%}.7m Tunnel
998 +
— . Bese Skirts end Undertray
ge8 -+ — - Above plus Reer Bost-tslls
788 -+
500 +
se8 -
-~
—-—
- -
4880 4+ _ - :: PR
—~ -
- -
-~ -~
-7 - -
388 + PR
~ -
// -~
s
288 1 Pt
[
-~
- -~
P
100 al
<
Z
<
”
0 + : £ 3 ¢ f—g

1 2 3 4 s 6 7 8 g 18 1t 12 13 14 1is
Yaw Angle/Dag



Drag Coefficient Cd (x1988)

1908

969

808

788

81515

588

409

308

208

100

Fig.36 Varistion of Drag Coefficient with
Reynolds Number for 1/4 Scale Model
In the 3.5m % 2.6m Wind Tunnel

88t Front Mk.II Cab Baseline

. Fast Front Mk.II Cab plus Add-ons

| H i. H

s T T 1

2 i 3 4 5

Reynolds Number,Re(l)
(/1EBB)



Drog Coefficient (d (418687

Sidaforce Coafficiant Cy {(¥1880)

Yaw M, Coafficiant Cn (¥1088)

308

288

188

1688

1588

1488

1328

1288

1108

1804

900

aee

788

£ee

568

480

398

284

188

1880

989

808

788

see

408

388

288

188

#£ig.37¢e) Dreg Coefficient Vsriation with Yaw Angle for 1/4 Scale

Sast Frant Mk, IDIin 3,3mx2,8m Tunne!

Yy Beseline

. .. Bese ptius Full Side Skirts

1 2 3 4 S B 7 8 § 18 11 12 13 14 15
Yaw Angie/Deg

Fig.a7(b) Verlatian of Sideforce Coafficlent with Yew Aqﬂ{l far

1/4 Scale Fost Front M 11 In 3.5m¥2.6a Tunnel //
7
7/
/
7/
/
/
’
/
7
’
’
/
Ve
/
e
/
7/
/
’
’
/
/
Vi
/ e Bmsellina
7/
, 7 — .. Dnse pius Full Side Skirts
7/
7
s
/
v

+ + L 4 . 4 ' s i 4 1

.

1 2 3 4 .S 6 7 8 9 118 1t 12 13 14 1s
Yuw Angle/Deg

Elg.37(c) VAristion of Yawing Homent Coafficlant with Yew Angie
far 1/4 Scale Fest Front M, 11 in 3.Smw2.6m Tunnat

e Blesaline

— .. HBome plus Full Slde Skirts

: + 5 1y s

1 2 3 4 5 & 7 8 g 18 1t 12 13 14 1S
Yaw Angia/Deg



Drag Coefflcient Cd (¥1088)

Sideforca Cosfflclant Cy (¥100Q)

Coefficlent Cn (¥x1008)

Yew M.

1888

828

see

768

588

388

208

188

1606

1588

1488

1388

1288

1188

1gee

960

Bae

788

668

588

408

3e0

268

18@

1808

ges

L)

788

588

588

488

308

288

188

Fig.3B(s) Drog Coefficient Veristion with Yew Angie for 1/4 Scele

Fest Front Mk.II in 2.52%2.6m Tunnel

¥»x Bese end Fuii Side Skirts

Above pius Side Undertrays

Above plus Fuli Underirasy

" I

1 2 3 4 5 & 7 8 g 182 11 12 13 14 15
Ysw Angie/Deg

Fip.38¢(b) Verlation of Sldeforce Coefficlent with Yow Angld for

T 1/4 Senle Fogt Front Mk,II in 3.5m¥2.6m Tunnei é/
: 4
£ 'V
/%/

T V.

2
i 4

4
e //
7
4 /////
T 7
4
T 4
v
L 7
4
Y

Bese plus Full Skirts

— — Above pius Slide Undertreys

e AboOVe plus Full Undertrey

' 4 4 3 ; ; i :

+ + t $ + + g ul

1 2 3 4 s & 7 8 8§ 18 11 12 13 14 18
Yew Angle/Deg

Fig.38(c) Vsristion of  Yewing Moment Coefflclent with Yew Anple

for 1/4 Sceie Fast Front Mk.II in 3.5m%2,8m Tunnel

NN
N
N
N

/,
v e Bose plus Full Skirts
7 w — Above pilus Side Undertreys

& e ADOVeE plus Full Undertrsy

1 2 3 4 5 B 7 B 8 18 1t 12 13 14 15
Yew Angle/Deg



Dreg Coeffliclent Cd (¥1008)

Sidatoree Cos?ficiant Oy (»1808)

Coefficient Cn (¥1908)

Yow M,

1888

See

888

788

gee

588

228

188

1688

1588

1488

1308

1208

1188

1808

S8e

8ee

788

528

488

368

208

1880

1808

888

8ge

708

588

see

4g2

388

2088

Fig.380le) Drag Coatficient Varietion with Yaw Angle for 1/4 Scele

Fest Front Mk.ID in 3.Em%2.En Tunneg!

w3 BBse Full Skiris end Unaertreay

Above plus Resr Boet-teiis

1 2 3 4 5 & 7 8- 8 18 11 12 13 14 18
Yew Angie/Deg

Fig.39(b) Varletion of Sideforce Coafficlent with Yew Anni/ for
T 1/4 Scaie Fast Front Mk.I1 In 3.5m%2.Bm Tunnei 7

Bese Skirts snd Full Undertray

4 2 w « Above plus Rear Bost~tslixz

" 4 " N -+ + + P— + PR—

1 2 3 4 5 6 7 8 8 18 11 12 13 14 1§
Yow Angle/Dap

o+ Fig,38(c) Varietion of Yewing Moment Coefficient with Yew Angle
-~

for /4 Scels Fest Front Mk.Il in 3.Zm*2.8m Tunnel e

sy . Bese Skirts end Undertrey

s/ w = Above plus Fesr Bost-teiis

1 2 3 4 s B 7 8 =] B 12 13 14 18
Yaw Angie/Deg



(x1888)

Drag Coefficient Cd

1868

8868

868

768

508

508

460

389

289

108

Fig.48(s) Compsrison of the Drag Coefficient Variation with

Reynolds Number far 1/6 Scale Mode! in 2.1m%l.7m and 3.5m%2,6m Tunnels

X\NX**\'*‘“‘X“‘“X——%—MX

&\\\*,»%-k—4*’**~ﬁk’%

w—xfast Front Mk.II in 3.5m*%2.6m Tunne]

- xFsst Front Mk.II in 2.1m%1.7m Tunne]|

I ¥

T 1

2 3
Reynolds Number,Re{!)
(/1EBB)



Drag Coafficiant Cd (¥1099)

Sldaforce Coafficlent Cy (¥1008)

Co {(¥1000)

Yaw M. Coetficient

1808

988

368

788

608

See

488

3a8

288

18@

1668
1588
1408
1309
12680
1108
1880
1]
880
708
a8
508
408

388

188

tage

]

788

sSee

408

380

288

188

Fig.48¢(b) Comparison of the Varimtion of Dreg Coefficient with Yew Angle
for 1/6 Sconle Famt Front Mk.II in the Two Tusnals

Yourte LOBD Call Belonce In 3.Smx2.5m Tunnal

4 — — Lond Cell Balence In 2,1m&l.7n Tunnet!

t 2 3 4 5 8 7 B & 18 11 12 13 14 15
Yaw Angle/Deg

T Flg.48(c) Compnmrison of Sidaforce Coefficient Varintlon with Yaw Angla
T for 1/6 Scamie Fast Front Mc.II in the Two Tunnels

'
’
3 ’
s
L ’ 7’
7
s
b s
s
v
o s
/
§ e
7
e
i v
Vg
L /7
s
7,
+ 2
L e Loed Cells in 3.Sme2.Es Tunnet
7
L 7 e on  Lownd Ceils in 2,1m¢1.78 Tunnei
s
1 7’
s
7
I rd
-~
e

. ; - + " . s + ;

1 2 3 4 1 B8 7 8 g 1@ 1t 12 13 14 18
: Yaw Angle/Deg

. Fig.42(d) Camparisen of Yawing Momant Coefficient Veriation wis Yaw Angle

for 1/5 Scale Fast Frant Mk,II in *ha Two Tunnets

e
s e Loed Calls in 3.5m%2.5m Tunnel
e :
s
N — - Loed Cetls in 2,im*!,7m Tunme!
d
././/
s
Z7
1 2 3 4 S 8 7 8 9 1@ 11 12 13 14 1§

Yew Angle/Deg




Drag Coeffliclent Cd (%1888)

1288

988

(51=]%)

7088

608

588

488

386

288

108

T

Flg.41(e) Comperison of Drag Coefflclent Verletion with Reynolds Number

for Various Mode! Sceles and Test Technlques

—1/4 Scele F/F I Loed Cells In 3.Sm%2.5m Tunnel
— 1/6 5cele F/F I Overhesd Belsnce In 2.1m%1.7m Tunne|
—1/4 Scele F/F II Load Cells In 3.5m%2.6m Tunnel
~ 1/6 Scele F/F 11 Overhesd Belence In 2.1mx!.7m Tunne|

- 1/6 Scele F/F 1] Loed Cells In 2.1m#l.7m Tunne |

f ] 1

2 3 4 5

Reynolids Number ,Re(1)
(/1EBB)



Drsg Coafficlant Cd ($10988)

Stdaforce Coafficient Cy (¥ioB0)

Coefticient Cn (+1008)

Yaw M.

1868

seg

880

788

B88

568

488

388

208

180

1668
1588
1488
1308
1288
1188
10@8
see
8o8
788
BR8
588
4688
368
288

188

Fig.41(b) Comparison of Drag Coefficlent Variation w!th Yaw Angle

for Varilous Modeis and Techniques

—e 1/4 Scale Load Celis in 3,5me2.6m Tunne!

m ~ 1/B Sesie Losd Calls In 3.Smx2.Bm Tunnel
e 1/6 Scwie Loed Celis In 2,1mx}.7m Tunnel
-~ ~ 1/B Scsle Overhesd Baiance In 2.1m%1.7m Tunne!

£ " ; + + 4 ; ’ :

A

L i e B e IR N E U S

T2 3 4 5 B 7 B 9 18 11 17 13 14 15
Yaw Angie/Deg

Fig.41(¢e) Comparison of Sldeforce Coeffleient Verimtion with Yaw Angle

for Verlous Models snd Techniques

e 1/4 Sceie Loed Celis In 3,5n%2.6m Tunnei
—~ — 1/B Scele Lond Cells in 3.5m%2.6m Tunmel
e 1/B Scele Loed Ceils In 2.1m#1.7m Tunmel
PR 1/8 Scele Dverhend in 2,im#i.7m Tunnei

s : ‘ : 3 J

1 2 3 4 5 8 7 8 8 18 11 12 13 14 15
Yaw Angle/Dep

1800 T Fig.41(d) Comparison of Yewing Mement Coefficient Verietion with Yew Angle

geg

ges

788

588

488

386

288

188

e R U

B e S VU

for Various Models snc Tethniaues

174 Sceie tond Cells in 3,5m%2.6m Tunne !

- — /5 Sceie Leed Celis im 3.5ms2,Bm Turne§
—— 1/B 5ceie Loed Cells in 2,1me!, 7m Tunne !

: : : i

1 2 3 4 5 6 7 8 8 18 11 12 13 14 15
Yow Angie/Deg



Y Co-ardinata/Inchas Y Co-ordinsta/inches Y Co-ordinata/inches

Y Co~ordinata/inchas

Flg.42(s) Contour Plot for 1/6 Sceile Fast Front Mk, 11

Boereline 8 Degrses Yew Rotasting Wheels

5 1 2.1m % 1.7m Wind Tunnel 185mm Resrwerds of Model Bese
14
137 Tunne! Centrallne
12 4
Nl v’
18 : £
9 % [ i
B ' !
7 4+ '
5 : 1
L . 1
5 ; ' ,
.4 i} ! ' +
3 1 : a o 0%
2 1 e _ . T %0 JE
144w A% & ! S X%
° ' e o e} I e e e S Lt ST FRUANEE NS ST SR SUS SN
2 4 6 8B 18 12 t4 18 18 28 22 24 265 28 38 32 34 36 38 4B 42 44 4G 4B 58
X Co-ordinsta/Inches
F19.42(b) Contour Plot for 1/6 Scele Fest Front Mk.II
Bese plus Full Side Skirts B Degrees Yew Rotating Wheals & Cp = 8.9
15 ¢
14 s Cp = 8.6
13 +
:12 4 & Cp = B.3
e 4 = 0.8
g | x Cp
B 4
7 -
5 4
S 4
4 -
RN .
2?2 ¢ -
1 7 XX A Ah bt 64
o SN T s S —!
2 4 B B 1P 12 14 1B 18 28 27 24 26 28 30 32 34 38 38 48 42 44 48 48 5@
X Co-ordinste/Inches
Flg.42(c) Contour Plot for 1/6 Scele Fest Front Mk.I1l
Boee Skirts plus Undarbody © Depress Yow Rotatinpg Wheels
15 -
14
13
12
LRI 3
e A
g -
8 +4
7 ES
E 4
S L
4 -4
3 4 A
2 Le ]
1+ XXX A
e i SRS SRS MO ' 4 1 s e SR S
2 4 B B 18 12 14 1B 1529'222426283932343638484244454858
X Co-ordinete/inches
Flg.42(d) Contour Plot for 1/6 Scele Fest Front Mk.Il
Sklrts Undertray end Resr Bost-tolis B Degress Yow Rotnting Wheels
15 1
14 4
13
12
1o+
ig
g
B +
7
5
5
4
3
7 E
1
2]

2 4 B B 18 12 14 16 18 28 22 24 26 28 38 32 34 35 38 49 42 44 4B 48 5P
X Co-ordinste/Iinches



Flg.43(e) Contour Plot for 1/6 Scele Fast Front Mk.II

Baseline B Degrees Yaw Rotatling Wheels

15 7 2.1m % 1.7m Wind Tunnae!
14 +
e 13 +
12 +
P 1
< LRI i Model Side Positlon
o 18 + ¥ !
v 9t . :/
©
— g8 4+ N
« 1
» 7+ !
o ¥
Ps ;
o 5 1 !
> 4 1 ! et Cp = B.98
3 A1 1
o 1 6f¢ X o Cp = 8.8
1
2 1 v ]
) by, + CP = 8.8

2 4 B 8 1B 12 14 16
X Co~ardinmte/inches

Fl1p.43(b) Contour Plot for 1/5 Scale Fast Front Mk.II
Bese plus Sklrts 8 Degress Yaw Rotating Whaeels

15 -
]
13+
12 4
1o+
18+

Y Co-ardinste/inches

~ NWbH WO N~y OoWw
"
t

S S TR SO SO S
2 4 B B 18 12 14 18
X Co~ordlinste/!inches

Flg.43(c) Contour Plot for 1/6 Scele Fast Front Mk.II
Skirts end Undertrey 8 Degrees Yaw Roteting Whaeaels

15

—t ek b .

Y Co-ordinate/Inches
~ N WU N @WO O — N W oo

I

- f%ﬁ;( /#f
e RS [SRRRY SR UUNISE TN S S

2 4 6 B8 18 12 14 18
X Co-ordinate/Inches

n
1




Flig.44(n) Contour Plot far 1/6 Scele Fast Front Mk.Il

Beseline B Degress Yew

15 in 2.im * 1.7m Wind Tunnel 1888mm Resrwards of Mode! Bese
14 +
213 +
£i12 4 ! Tunnql Centraline
©
- 11 +
519 1 :
297 :
s 8t {
5 el «
a B 7 v
S 5 4
> 4 +
3 4
2 + i
1 1
° k~+m+~4~—%~+—4—~b~+m $rd S S T
2 4 B8 B 19 12 14 18 18 28 22 24 26 28 38 32 34 36 38 48 42 44 48 48 5B
X Co-ordinate/Inches
:j T Flg.44(b) Contour Plot for 1/5 Scsie Fast Front Mk.1l
213 + Bose plus Skirts B Degrees Yew FAoteting Wheels C -
12 + o Cp = 0.
SRR
~ —
:’9 1 n Cp - 8n7
g 9 4
5 87 A Cp = 8.5
577
327 Cp = 8.3
S s | x LP .
> 4 +
3 4.
2 +
1 N
N I e e e i SUUME SIUY SUUN TEUUUN YOOI WS S T
2 4 B 8 18 12 14 16 18 20 22 24 26 28 30 32 34 36 38 48 42 44 465 48 S8
% Co~ordinate/inchaes
15
e 1 Flg.44(c) Contour Plot for 1/6 Scale Fast Front Mk.Il
E 13 i Skirts and Undertrey @ Degrees Yaw Rotating Whaeals
g 12 1
- 11 L
Sie 4
£ ]
s 9
5 7 1
é &
-1
> 4 i
3
2 % f
1
2 4 B 8 18 12 14 16 18 28 22 24 76 28 30 32 34 36 3B 406 42 44 46° 48 50
X Co~ardinata/inchas
15 T Flg.44(d) Contour Plet for 1/6 Scmle Fest Front Mk.I1
@ :; I Skirts Undertray and Reer Bomt-talls B Degrees Ysw Roteating Wheels
@ 4
L
(_112 +
=1 1
o 18 4
s 8
:; 7 4
L6 1
3 g5 4
> 4 4
‘1 o
2 £
¢4 A

t t 1 y + + + + t + .l

o

2 4 6 8 10 12 14 16 18 20 22 74 26 28 38 37 34 36 38 48 42 44 46 48 50
X Co-ordinste/inches



Y Co~ordinata/inchas Y Co-ordinata/inchas Y Co-ordinate/lInches

Y Co-ordinate/Inchas

- o bt -
Q0 -~ N W s

- N W~ oW

- . -
@ -~ N W s

- N Was W@

Q- N WsWn

- N WA WO~ o

— . .
® — N W s Wn

- N Wwse o~ oo

T . * 1.7m Wind Tunnel '
i tn 2.1m lwTunne| Centreline

| jgé«w
! %f/i“?ﬁ?,“,,_

T Flg.45(a) Contour Plot for 1/6 Scele Fest Front Mk, 11

Y
L Basel!ne 3 Degees Yaew 1888mm Rearwards of Mode Bese

'
1
R S T B S B St SN

2 4 B B 10 12 14 16 18 28 22 24 26 28 38 32 34 36 38 48 42 44 46 48 50
X Co~ordinete/!nches

™ Flg.45(b) Contour Plot for 1/6 Scele Fast Front Mk.II

: Bese plus Skirts 3 Degress Yaw

. o Cp = 8.8
1 i hi- CP = 0.7
+ A [:P = 8.5
1 &« Cp = 0.3
4 o &

T T S B S e [Tt PHUTIS NS SR S B

+ + % ¥ =

2 4 6B 8 18 12 14 16 18 28 22 24 26 28 38 32 34 36 3B 48 42 44 45 48 58
X Co-ordinete/!Inches

"« Fig.45(c) Contour Plot for 1/6 Scmie Fest Front Mk.II
Skirts and Undertrey 3 Degrees Yew

1 .

IS b4

s &
1 e

L g

2 4 B B 19 12 14 16 18 28 22 24 26 2B 38 32 34 36 38 48 42 44 46 48 58
X Co-ordinate/Inches

3
+

"
t

i3 i
+ 1

Flg.45(d) Contour Plot for 1/6 Scele Feat Front Mk.II
1 Skirts Undertrey and Reer Boet-tells 3 Degrees Yew

m@

I 3 It
+ + 4 Lo ¢ t

}
+

1

3
t

3 I i
¥ + J

2 4 6 8 10 12 14 16 18 28 22 24 26 28 38 32 34 36 38 48 42 44 46 48 S8
X Co-ordinste/Inches



Y Co—ordinate/inches

0~ AW s U

- Nt NN~ @

Y Co-ordinate/Inches

) Cp = 8.9
Flg.46(s) Contour Plot for 1/6 Sceie Fsst Front Mk.11 ¢ Cp = 8.7
Basallna 15 Degrees Yaw A CP - @.5
r in 2.1m *x 1.7m Wind Tunne] o 3
1 Cp = 8.
| 180 mm Resrwsrds of Modei Basge ™ P
1 ®
T Tunne! Centreline
! ¢
+ M
e 4 4 + + + t + + 4 4 + + +~ {
2 4 B 8 10 12 14 16 18 28 22 24 26 28 3@ 32 34 36 38 4B 42 44 46 48 58
X Co-ord!nate/Inches
Flp.46{(b) Contour Plot for 1/6 Scole Fmst Front Mk.1lI
Skirts Undartrey and Reer Boot-tails |5 Degraess Yaw
15 ¢
14 |
13+
12+
LR
18 -
9 +
8 +
7 4
E -+
S i
4 4
3 4
2
' b
° t 4 + ¢ 4 t L e e AR e

2 4 65 8 18

12

14

16 18 28 2

2 24 26 28 38 32 34 36 38 48 42 44 46 48 SB1
X Co-ordinete/inches '



Drag Coefficient Cd (%1888)

1988 - Fig.47 Dversl! Improvement of Dreg Coefficient with Yaw Angle
for 1/4 Scele in 3.5m%2.6m Tunnel
808 -
BB
788 -7
3 -
608 -7
599 ‘l"—“ ».’/"'/'/.-/“
/v/,./"/'/
.A/'/.'
488 + I T
LR
yx Present Dsy No Devices
288 — — Present Day with Full Add-ons
e FBst Front Mk.II Cab No Devices
188 +
P Fast Front Mk.I] Cab with Full Add-ons
8

1 2 3 4 = 6 7 B 8 18 11 12 13 14 15
Yew Angle/Deg













































