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Abstract

A new method for supporting ground vehicle wind tunnel models is proposed. The technique employs a centrally
mounted sting connecting the front face of the vehicle, adjacent to the floor, to a fixed point further upstream.
Experiments were conducted on a 1/24"-scale model, representative of a Heavy Goods Vehicle, at a width-based
Reynolds number of 2.3 X 10°, with detailed comparisons made to more established support methodologies. Changes
to mean drag coefficients, base pressures and wake velocities are all evaluated and assessed from both time-independent
and time-dependent perspectives, with a particular focus within the wake region. Results show subtle changes in drag
coefficient, together with discrete modifications to the flow-field, dependent on the method adopted. Subtle differences
in base pressures and wake formation are also identified, with mounting the model upstream found to demonstrate
retention of many of the beneficial effects of other techniques without suffering their deficiencies. Overall, these results
identify the upstream mounting methodology as a viable alternative to currently available and more well-established tech-
niques used to facilitate wind tunnel aerodynamic interrogation.
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Introduction of horseshoe vortices, which propagate downstream.
These vortices are typically small, less than the bound-
ary layer thickness, and their strength increases with
the bluntness of the obstacle.” A secondary separation
may also occur at the obstacle’s trailing edge, with
Hetherington,® who investigated similar effects on vari-
ous mounting configurations, noting a significant loca-
lised momentum wake deficit caused by the support.
Streamlining and filleting were identified as two ways
to minimise those influe:nces,3’7’8 however, the disturbed
flow was shown to affect the normal model aerody-
namics with increases in pressure and friction drag.® A
dependency on Reynolds number, yaw orientation and
model configuration was also found.>* ! Furthermore,

Wind tunnel testing is a key tool used in road vehicle
aerodynamic design to both assess and improve critical
performance metrics. These vehicles emit more than
110 million tonnes of CO, into the atmosphere annu-
ally within the UK' and an urgent need exists to reduce
their impact on the environment. Essential to these
activities is the highest possible test fidelity, replicating,
most holistically, realistic flow conditions.

The provision of moving air over a stationary model,
typical to most wind tunnel testing, requires some form
of mounting support. While the main aim of these
structures is to hold the model, their presence often acts
to increase measurement uncertainty in ways that
remain difficult to quantify and challenging to pre-
dict.” Among the most common effects are changes to Department of Mechanical and Aerospace Engineering, Brunel University
the surrounding flow-field, such as those occurring at  London, Uxbridge, UK
the support-model junction.® Simpson’ studied such
junction flows between planar surfaces and streamlined ' )
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Hetherington® shows the total force on a mounted
ground vehicle model to be larger than the sum of the
individual components (model and supports). Separate
measurements using dummy supports (not connected)
are normally used to correct such inconsistencies,’ >
but a combination of both experimental and computa-
tional methodologies to obtain similar estimates can
also be used, as outlined by Zhang et al.®

Many different road vehicle mounting techniques
have been developed over the years, with each tending
to be most suitable for specific test conditions and
goals. One of the most common concepts is to support
the model from above.®'®'® This method typically
employs an aerodynamically streamlined strut con-
nected to an internally, or externally fixed, measure-
ment balance. Importantly, this arrangement facilitates
both full-width moving ground use as well as wheel
rotation and, as such, remains popular within the
motorsport industry, where accurate ground-effect
aerodynamic representation is essential. Flow interfer-
ence and contamination of downstream components
however, can be a significant source of uncertainty.'”'®
Page et al.® has reported changes in pressure coefficient
of up to ACp = —0.1 on the model roof directly ahead
and behind of a top strut, reflective of the localised
junction flow forcing an upstream and downstream
roof separation. Additional changes have been noted
by Strachan et al.'* on an Ahmed body (25° backlight
angle) with a significant velocity deficit (u* ~0.95)
extending up to one model length downstream of the
model base, with Strachan et al.!' also showing the
wake of the top strut to increase the surface pressure in
the backlight region, resulting in the generation of
weaker (C-pillar) corner vortices and premature burst-
ing of the separation bubble. Strachan et al.'' also
noted a local central increase in downwash, attributed
to the generated strut-model horseshoe vortex. This
mechanism also prevented normal boundary layer
development downstream of the support. Additionally,
similar variations were also reported by Hetherington®
on a passenger car model, with results also showing a
reduction in vehicle drag using a rear deflector in the
absence of the top strut and an increase with the strut
being used. Further work'® highlights the magnitude of
these effects on a hatchback model with up to 7.5%
and 28.2% increases in drag and lift coefficients, respec-
tively. Notchback, fastback and motorsport configura-
tions were shown less susceptible, with changes limited
to between 1% and 3%>* and 5%'° for drag and lift,
respectively. The primary source of such changes was
shown by Hetherington and Sims-Williams'® to vary
between model configurations, with the increase in drag
for notchback vehicles originating largely from the
junction flow, and for hatchbacks, the support wake
and consequent interactions with downstream flow
being the main contributor.

Similar effects exist for the side-oriented support set-
ups. This method usually incorporates struts fixed to the
wheel hubs,*'%!*% with underbody* ** and chassis**

fixtures also utilised. This technique also facilitates mov-
ing ground use and wheel rotation, and has been shown
to be less detrimental to drag measurements.>® Miao
et al.* reported drag coefficient increases limited to 2%
on a notchback passenger car model with both fixed and
moving ground use. For the hatchback configuration
on a stationary ground, drag increased by 1.4%, with
results using a moving ground found only marginally
more significant (1.7%).* Front and rear wheel side strut
pair influences were also found non-additive, suggesting
the presence of complicated interactions. Hetherington
and Sims-Williams'® attributed this small influence on
drag to the position of the side struts, being typically
located in an already highly turbulent flow where the
local effects, such as junction flow, are subsequently
minimised. Nevertheless, low ride-height racing vehicle
configurations, which remain sensitive to lift (and down-
force), have reported lift coefficient increases of up to
8.3%.'" Notchback passenger car models likewise have
shown similar changes of up to 4.1%.® This configura-
tion has also shown the front wheel strut pair to contrib-
ute less to the lift increase (1%) in comparison with the
rear pair (2.4%), further highlighting non-additive influ-
ences.® Miao et al.* also reported variations to be depen-
dent on ground simulation, resulting in overall Ilift
and downforce increases with stationary and moving
ground use, respectively. The effect on lift has been
reported by Hetherington® to originate from the wake of
the side strut impinging on the vehicle’s sides and affect-
ing underbody pressures, with no obvious changes at
higher vehicle positions.*'° Likewise, more localised
flow-field modifications with struts fixed to wheel hubs
have been reported by Knowles et al.® with notable
reductions in the areas of high turbulence within the
wheel wakes, resulting in weakened diffusion and
mixing further downstream. Wittmeier et al.’ sug-
gested using thin lateral cable supports to reduce the
local effects, but noted the inclusion remains more
difficult to quantify.

Using the combination of side supports with a top
strut has also been investigated.® '*!*?*2° Normally,
no contact between the wheels and the body exists for
such configurations, with component forces determined
individually. This combination is typically more com-
plex, particularly when testing at yaw.” Increases in
drag and lift coefficients of up to 6.9% and 15.8%,
respectively, have been observed on a hatchback
model.'® Again, the effects of the combination were
found non-additive (top and sides separately) for most
vehicle configurations, highlighting the complexity of
the interactions which occur under these conditions.?

Underbody support systems are also common, par-
ticularly in commercial vehicle testing.?’ ** This method
tends to minimise impact on the surrounding flow-field,
with the added advantage of limiting any adverse
impact when testing at yaw.”® However, this system
effectively precludes use of a full-width moving ground,
limiting practical applicability. Recent advances in
multi-belt configurations™ %3336 have since
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compensated somewhat for this deficiency, also allow-
ing wheel rotation, however, such facilities tend to be
much more complex to operate and maintain.
Additionally, in such cases, the support struts are typi-
cally positioned in line with the wheels, making an
assessment of this area particularly difficult.’” Tortosa
et al.>’” described a facility where this could be alleviated
by means of shifting the longitudinal position of the
restraint posts depending on need, however, limits exist,
particularly for long vehicles.

Rear-mounted support configurations also exist and
remain popular within the aerospace industry. These
can however, produce many unfavourable effects, par-
ticularly when located close to aircraft control surfaces
(horizontal tail, etc.), with significant alteration to local
pressure distributions.*® *° Rear-mounted ground vehi-
cles can also be adversely affected in this way within the
sensitive base wake, making true and accurate repro-
duction of the natural flow-field difficult to achieve.
Mercker and Knape*' identified this effect on a passen-
ger car model, with a rearward-mounted sting entering
at an angle through the back window shown to reduce
drag by up to 4%.*' Noting such deficiencies however,
Page et al.” does suggest horizontal rear stings can be
advantageous from a time-averaged flow perspective.

Other more exotic mounting methods have also been
used, however, remain largely outside mainstream use.
Magnetic suspension or levitation systems started to
appear over 50 years ago, with early examples including
support of bullet-like rotating bodies.** The advantage
of this type of support is the capability to remove any
support structure affecting the flow-field. More
recently, Muscroft et al.** successfully employed a com-
parable system on a simplified body representative of a
Formula One car. However, the inclusion of rotating
wheels and/or a moving ground was not easily attain-
able, with this technique also suffering from high initial
costs, significant inherent complexity and large power
requirements.**

Supporting the model at the front or upstream is
another option. This methodology has been used in the
past within the aerospace industry to test free-flight
sub-scale aircraft models,* but appears largely over-
looked for ground vehicle applications; this omission
being perhaps a result of the expectation that any
upstream disturbance may be detrimental to the natural
evolution of the aerodynamics. In reality however, all
mounting configurations suffer, to differing degrees,
from this issue, and if this can be overcome or mini-
mised, the concept may offer a promising alternative
for ground vehicle experimental investigations. For
such a configuration, full-width moving ground use
with wheel rotation remains a possibility, as does
unhindered access to the base wake; both allowing rea-
listic and detailed interrogation of the most sensitive
region on which primary performance metrics (such as
drag) fundamentally depend. Such a support configura-
tion could also be expected to minimise the flow
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Figure I. Schematic of baseline model.

interference at the rear (if positioned close enough to
the ground) and thus, impart minimum impact on the
aerodynamics. Likewise, any increase in solid model
blockage from supporting the model could be mini-
mised, providing the means for a more favourable envi-
ronment for replication of true aerodynamic
performance.

With these considerations, this work aims to evalu-
ate the concept of a front or upstream-oriented mount-
ing method applied to a generic ground vehicle test
model to determine suitability for purpose. Direct com-
parisons from both time-independent and time-
dependent perspectives are made against other more
established support methodologies from the top or
sides with a particular focus centred within the base
wake. These established techniques were chosen pri-
marily given their popularity within the field as well as
the capability to facilitate full-width moving ground
use and wheel rotation. All tests incorporate the use of
a full-width moving belt and wheel rotation, with drag
coefficients, base pressures and detailed hot-wire ane-
mometry (HWA) wake measurements compared, eval-
uated and assessed.

Experimental setup and apparatus
Baseline model

Figure 1 presents the simplified 1/24™-scale model used
(width, W = 110 mm). This baseline, representative of a
Heavy Goods Vehicle (HGV), includes a rounded front
(tractor) profile based on the Ground Transportation
System (GTS)*® and neglects fine detail. The model is
made from Perspex and Aluminium and consists of two
main parts: a tractor and trailer bottom section, and a
trailer. This design allows the trailer to ‘free-float’,
making contact at three points: via a load cell and con-
necting rod at the front face, and two sliding links
towards the rear. The tractor-trailer gap was chosen rel-
atively small (0.13W) to minimise any possible develop-
ment of significant unsteadiness unrelated to the base
wake, contaminating load cell signal quality. The model
contacts the ground with eight fully rotating aluminium
wheels equipped with bearings and supported by steel
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Figure 2. Schematic of the model installed in the test section
via: (a) side supports, (b) top support and (c) front support.

axels. Fixed at the wind tunnel centreline (y* = 0), the
model’s front face is positioned Ax* = 3.3 downstream
of the leading edge of a front flow splitter.

Mounting configurations

The model was secured in the test section using three
different techniques. The first used support struts from
the model sides. For this purpose, two steel rods, of
thickness = 0.03W, were used to replace the front and
aft wheel axels, as indicated in Figure 2(a). The struts
extended horizontally from the wheel hubs to each test
section wall. This allowed fully rotatable wheels.

The second supported the model from above. For
this setup, an aerodynamically streamlined support
strut affixed atop the trailer was used (Figure 2(b)).
This extended through the wind tunnel roof
(Iength = 1.85W) where it was mounted externally to a
horizontal substructure. The same aerofoil profile used
by Strachan et al.'' was selected for this purpose. The
thickness-to-chord ratio was 0.25 (chord = 0.36W),
with the strut positioned at the model centreline, Ax* =
2.18 downstream of the tractor front face.

The front mounting configuration investigated is
shown in Figure 2(c). An L-shaped metal support of
thickness 0.02W was attached to the underside of the
tractor, extending upstream by 1.05W. At this location,
it was rigidly fixed to the test section floor. This design
was chosen for two main reasons: (1) to minimise solid
support-related blockage affecting the flow underneath
the model and (2) to ensure sufficient structural stiffness
to resist aerodynamic loading. The sting is also posi-
tioned close to the ground (0.01W), below the front
stagnation position of the model, to better facilitate any
disturbance being directed under the model, minimising
its impact (Figure 2(c)). For all three configurations,
during installation, the model was elevated (0.01W)
before being fixed in place. This ensured the wheels only
made light contact with the ground, minimising rolling
resistance.

Wind tunnel

The experiments were conducted in an open-circuit
wind tunnel with a closed test section measuring 1.3 m
long, 0.46 m wide and 0.36 m high. The freestream velo-
city for all tests was U, = 30m/s, resulting in a width-
based Reynolds number of Rew = 2.3X 10°.
Freestream uniformity, turbulence intensity and height-
wise velocity consistency at a central test section
(empty) position are *£1%, 0.5% and %1%, respec-
tively. Based on the frontal areas of the model and sup-
port structures, the solid blockage ratios for the three
configurations were 11.2% (top), 10.8% (side) and
10.0% (front); all considerably below the 15% limit
suggested in SAE J1252.% All data was corrected for
blockage using Mercker’s method,*” with dynamic
pressure and drag coefficient corrected by equations (1)
and (2), respectively. This method was chosen based on
its suitability for the test model chosen (sharper cor-
ners), facilitating some sensitivity to frontal separa-
tion.*® As recommended by Cooper,*” all data was
corrected with n = 0.41.
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The wind tunnel includes a centrally mounted mov-
ing belt, Ay* = 3.27 wide and Ax* = 7.5 long. The belt
speed is matched to freestream velocity within =1 m/s
and monitored using LabVIEW software. Its motion
precipitated wheel rotation. Suction is applied to the
underside of the belt to prevent lifting during operation,
with cooling water circulated through the floor to aid
heat rejection. When operating, the freestream velocity
profile is within 0.9 < u* < 1 a distance z* = 0.045
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above the floor, with a front splitter incorporating suc-
tion holes installed to further reduce boundary layer
development (Figure 2).

Load measurements

The load cell used in all tests is a Model 31 single axis
tension/compression load cell (full scale output of 44N)
by RDP Electronics. The mounting position, load cell
and rod used to connect the tractor and trailer are
shown in Figure 1. This arrangement allowed measure-
ment of drag of the ‘free-floating’ trailer (Cpt) for all
three configurations. Total model drag (Cpy) was
measured for the top mounting configuration using a
Tedea Huntleigh compression load cell (full scale out-
put of 196N) affixed directly to the top support strut
and supported externally by the wind tunnel roof. For
the top mounting system, trailer drag is determined
from the difference between the two load cells.

Both load cells were calibrated in situ for a maxi-
mum load of up to 10N. To assess Cpr, eleven equally
spaced calibration steps up to 1.2N were used, with a
further 10 equal steps up to 10N for Cpy (top support
only). These calibration ranges were chosen based on
expectations. All points were sampled at 20kHz for
40s, with this process repeated three times to assess
variability. Uncertainty estimates, encompassing over-
all repeatability, thermal drift and non-linearity, were
less than ACpy = £0.018 (=10N range) and
ACpt = =0.010 (=1.2N range).

The drag was sampled at up to 25kHz for 20s and
averaged from up to four measurements. The initial
‘wind-off” load measurement (moving ground on) was
used for data correction as recommended in SAE
J1252.%  Additional measurements taken using a
dummy top strut extending down to, but not touching
the top of the trailer (2mm separation), and with the
model fixed by a rear-mounted support sting, were used
to correct for top strut tare. No attempt was made to
correct for the side strut tare, since only trailer drag
alone is measured.

Prior to testing, the sensitivity of total model and
trailer drag coefficients (Cpy and Cpr respectively) to
Reynolds number was evaluated. These results are pre-
sented in Figure 3 with only a weak dependence evident
for both Cpp and Cpr.

Hot-wire anemometry

The flow-field was assessed using hot-wire anemometry
(HWA). A dual sensor x-wire probe was used in con-
junction with an automated 3D traverse system (resolu-
tion 0.01 mm). The probe was calibrated in the velocity
range from 0.5 to 40 m/s, with polynomial coefficients
determined by 20-point curve-fitting. A separate direc-
tional calibration, with the probe axis varying between
—40° and 40° (5° increments), was also performed to
determine the probe yaw factors. The probe overheat
ratio was set to 0.8,°° with all results corrected for
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Figure 3. Variation of drag coefficient with Reynolds number;
Cpbm (solid), Cpt (dashed).

ambient temperature changes. The maximum velocity
uncertainty within the obtained range was less than
*1m/s (Au* = =0.033).

HWA was chosen as the main analysis tool for its
ability to provide high frequency spectral content to
small spatial resolution at reasonable cost. This tech-
nique does not allow accurate determination of direc-
tion within reversed flow regions (recirculating wake,
etc.), however, general inference in terms of velocity
magnitude and spectral content is offered where appro-
priate.lz’5 1753 Qutside these areas, all data lie well within
the limits (Uy,s* < 0.3, ummg/u < 0.5) specified by
Chandrsuda and Bradshaw.>*

Measurements were taken at eight different planes:
four transverse planes (T1-4), three streamwise vertical
planes (SV1-3) and one streamwise horizontal plane
(SH1). The size and position of these planes are
described in Figure 4(a) and Table 1. Planes T1 and
SV2-3 were included to capture the flow-field directly
downstream of the top and side support struts, respec-
tively. Measurement points were selected equally
spaced throughout (0.091W), however, a finer resolu-
tion (0.045W) was selected in areas of specific interest
(i.e. separated shear layers, etc.). Grid spacing was also
increased (0.18W) in other areas to reduce test duration
where possible. These point distributions are sum-
marised in Table 2. To minimise the risk of probe dam-
age, a lower limit of z* = 0.091 was set for all planes
with sensor wires located Ax* = 0.73 upstream of the
probe vertical support strut. All hot-wire data was
sampled at up to 25kHz for 20s. The results are pre-
sented interpolated by a factor of two (using Gaussian
process regression) to enhance feature detail.

Base pressure measurements

A Scanivalve MPS-4264 was used to measure the base
surface pressures at 64 equally spaced positions (Figure
4(b)) using 0.8 mm surface holes via 90 mm long silicon
tubing (I mm ID). The frequency response characteris-
tics of the connecting tubing were assessed against a
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Figure 4. Schematics of measurement positions: (a) HWA planes and (b) base pressure.
Table |. Specifications for hot-wire measurement planes.
TI T2 T3 T4 SVv2 SV3 SVI SHI
x* -1.05 0.42 I.11 2.59 -048-143  -048-143  0.14-2.59  0.14-2.59
y* -0.76-0.76 076076 076076 076076 076 0.76 0 -0.76-0.76
z* 1.55-1.82 0.09-1.82 0.09-1.82 0.09-1.82 0.09-1.82 0.09-1.82 0.09-1.82  0.92
Grid points 217 528 360 360 357 357 552 552

Bruel and Kiaer 4133 laboratory standard microphone
up to 400 Hz. All presented results are corrected for
these variations using a method similar to that of Sims-
Williams and Dominy.>”

The sampled data was transmitted to a PC using a
custom-built wireless communication system fitted
inside the trailer. The system used a battery-powered
Belkin N100 wireless access point to relay 60s of data
at a rate of 800 Hz, providing 48,000 samples for subse-
quent post-processing. A separate connecting pneu-
matic tube, channelled out the trailer and test section,
was used to measure the reference static pressure at a
port located on the side of the wind tunnel directly adja-
cent to the trailer base. The pressure measurements
were made independent of hot-wire tests, with all results
averaged over three separate runs. The maximum pres-
sure coefficient uncertainty is less than ACp = *0.006.

Results and discussion

Drag coefficients

Drag coefficients for all three mounting configurations
are presented in Table 3. Total drag of the model
(Cbm) determined by the top configuration is
Cpm =~ 0.649. This is in general agreement to similar
model configurations in other studies (Cpym ~ 0.5,
Com =~ 0.75,°7 Cpm =~ 0.586,°% Cpym ~ 0.641%%). A small
overall contribution of the trailer to total drag is

characteristic for all three configurations. This is likely
the result of the influence of the small tractor-trailer
gap. In such a configuration, lower surface pressures

Table 2. Grid spacing specifications for hot-wire measurement
planes.

Alternate 0.045W 0.18W
grid spacing
Tl -0.59 < y* < 0.59 -
.55 < z* < 1.81
T2 041 < |y*| < 0.59 -
045 < z* < 0.64
145 < z* < 1.64
SVI 0.09 < z* < 0.27 .55 < x* < 245
1.36 < z* < 1.55
SvV2-3 0.09 < z* < 045 043 < x* < 1.43
127 < z* < 1.81
SHI 0.59 < |y*| < 0.36 .73 < x* < 245

Table 3. Total (Cpm) and trailer (Cp) drag coefficients for the
three mounting configurations.

Top Side Front
Cpm (+0.018) 0.649 - -
Cpt (*0.010) 0.017 0.011 0.006
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Figure 5. Time-averaged base pressure data: (a) Cp and (b) Cp,ms; (i) front, (ii) top, (iii) side and (iv) plots of differences top-front

and side-front along the vertical centre.

Table 4. Average base pressure (Cpyp) and trailer base drag
(CoTb) coefficients for the three mounting configurations.

Top Side Front
Cpy, (£0.006) —-0.132 —0.121 —0.121
Comb 0.096 0.088 0.088

are known to act on the trailer front, promoting
reduced trailer-alone drag results.®* %> Also shown in
Table 3 is trailer drag being larger for the top mounting
(Cp1=0.017) in comparison to the side (Cpt~0.011)
and front (Cpt = 0.006) setups. These changes are very
subtle, with all lying within the experimental uncer-
tainty (=0.010).

Time-averaged base pressure

Figure 5(a) presents base pressure coefficient (Cp) distri-
butions for all three configurations. Relative differences
to the front-mounted configuration are also indicated for
direct comparison. Overall, topologies indicate general
similarities, with all showing a vertical symmetry and
horizontal asymmetry. Maximum Cp is shown close to
the top trailing edge, with magnitudes decreasing to a
minimum at lower base locations. This topology is typi-
cal to this model type®®*®” and corresponds to regions

dictated by the upper-recirculating flow impingement
and lower wake vortex core proximity, respectively.>>¢56°
The former appears slightly more pronounced in Figure
S(a)(iii) (side), with Figure 5(a)(iv) indicating a localised
increase of ACp=0.007 at z* =~ 1.36 relative to Figure
5(a)(i). A similar comparison between Figure 5(a)(ii) and
(a)(1) (top to front) is shown less localised and more offset
(ACp ~0.01), with all magnitudes lower for the former.
This suggests two dissimilar mechanisms are responsible
for these relative changes: the former being a shift in ver-
tical wake balance, and the latter, a reduction in wake
length. Results presented in Table 3 for Cpt support the
second allegation. The implications of these observations
are discussed further in the following section.
Comparable root-mean-square (Cp,ns) results are
presented in Figure 5(b). Again, a characteristic vertical
symmetry and horizontal asymmetry is present, in gen-
eral agreement with Castelain et al.>® Figure 5(b)(ii)
(top) is shown to produce the highest relative Cpps
increase (ACp;ms = 0.004 at z* ~ 1.24 —Figure 5(b)(iv)),
with Figure 5(b)(iii) (side) lower by a similar magni-
tude. In each case, all variations lie within experimental
uncertainty indicating insensitivity to support config-
uration for these test conditions. Overall, the results
presented in Figure 5 indicate the front mounting to
have little influence on the base pressure distribution,

showing trends in general agreement with the litera-
ture 28:53:63-69
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Results presented in Table 4 explore more global
changes with average base pressure (Cpy) and calcu-
lated trailer base drag (Cpryp) coefficients included for
comparison. Both Cp, and Cpry, are identical for the
side and front mounting configurations, with the top
support indicating a relative reduction in Cp, and
increase in Cpy, (9.1%); the latter in agreement with
the trend identified in Table 3. Hetherington and Sims-
Williams'? reported a similar trend with inclusion of a
top strut, with a 7.5% increase in drag. No significant
impact on drag from side struts was also identified in
their work, with similar conclusions also drawn by
Miao et al.* The results presented here support these
findings, and therefore, indicate the front-mounted
setup does not materially impact mean drag produc-
tion. The significance of the tractor-trailer gap at
reducing trailer drag is also highlighted, with Cpry, con-
tributing between 13.6% (front and side) and 14.8%
(top) of total model drag (Cpwm).

Time-independent wake characteristics

Characteristics of the time-averaged wake are now
explored. Initially, mean wake velocity magnitudes are
considered. Detailed interrogation of each configuration

top and (jii) side mounting.

is then presented, with the influence on time-dependent
characteristics discussed thereafter.

Overall effects on the flow-field. Figure 6 presents the
streamwise velocity (u*) contours in planes T2 and T4.
In Figure 6(a), the wake is represented by lower velo-
city magnitudes directly downstream of the model pro-
file. In each case, undisturbed freestream flow is shown
to surround this area, except for remnants of the
boundary layer close to the floor (Jy*| > 0.5, z*~0.1).
Within |y*| < 0.4, 0.45 < z*¥ < 1.35, u* magnitudes
are shown to decrease from trailer top to bottom, with
minimum u* coinciding with minimum Cp values
(Figure 5(a)), commensurate with the central location
of the lower recirculating wake vortex core®>%*%® and
confirming the front sting does not fundamentally
affect the mean structure of the base wake from this
perspective. The wake is symmetric vertically, with clo-
sure attained by T4 for all three configurations (Figure
6(b)).

Figure 6(a) shows u* topologies downstream of the
base remain relatively unchanged for the front and top
mounting methodologies, with the inclusion of side
supports prompting a small reduction in size of lowest
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Figure 7. Velocity magnitude profiles: (a) u* in T4 at z* ~ 0.5,
(b) u* at x* ~0.14 and y* ~ 0 (SVI) and (c) w* at x* ~0.14 and
y*=~0 (SVI).

u* magnitudes (0.5 < z* < 0.8 - |y*l < 0.4). This
suggests a subtle change in vertical wake balance has
occurred, in agreement with Figure 5(a)(iv).®® For the
top mounting (Figure 6(a)(ii)), the influence of the sup-
port wake is captured (u*=~0.95 at y*~0, z*¥~1.8)
with a similar deficit (Au* ~ 0.05) and general topology
to that reported by Strachan et al.'' The influence of
the side supports is also shown (Figure 6(a)(iii)—
ly*| > 0.5, z* < 0.3) with regions of flow retardation
up to Au*=0.2 close to the floor, in general agreement
with Hetherington.> For the front mounting (Figure
6(a)(1)), similar effects are not observed, suggesting no
comparable interference exists locally and showing the
use of the front sting to eliminate the support wake
influence typically reported for side® and top'"'* sup-
port setups.

The full impact of differing support strut configura-
tions is further realised by considering results for plane
T4 (Figure 6(b)). Both the top and front mounting con-
figurations show only limited impact on mean wake
development, each being approximately the same height
and width (minimum u* located within |y*| < 0.2 at
z*¥ < 0.7). The side-mounted configuration (Figure
6(b)(iii)) however, appears to have a marked impact
indicating a notable reduction in width above z* >0.5.
This contraction would be expected to have both mean
and unsteady implications on wake development, even

though base pressure disparities appear marginal
(Figure 5). As will be shown in the following sections,
this change is precipitated by the increase in flow mag-
nitudes around the model profile sides caused by the
additional wake blockage. Given results appear very
similar at T2 (Figure 6(a)), this data in particular, high-
lights the danger of making wide-ranging conclusions
based on limited data sets.

To better quantify the relative changes identified in
Figure 6, Figure 7 presents u* and w* profiles at
z*=~ 0.5 (in T4) and y*~0 (SV1 — x*~0.14). For the
side-mounted setup, the reduced wake width (Figure
6(b)(iii)) is clear in Figure 7(a). Using the bounded cri-
terion Au*~ —0.05 relative to freestream for compari-
son (indicated), a reduction from |y*| < 0.55 to
ly*| < 0.48 is evident. The flow exiting the underbody
(Figure 7(b) and (c)) also highlights a general insensitiv-
ity to mounting method at the vehicle centreline, with
mean underbody mass flux (z* < 0.4 —Figure 7(b))
and relative upwash (z* < 0.4 —Figure 7(c)) all show-
ing excellent agreement. From this perspective, these
results suggest the front-mounted sting design adopted
does not markedly affect the performance near the
moving ground, similar to the top and side supports

typically used for these applications.>*%!!

Impact on mean turbulence production within the wake. The
contours of mean turbulent kinetic energy (K) pre-
sented in Figure 8 provide differences in turbulence
production within T2. All configurations indicate ele-
vated K principally surrounding the vehicle edges and
directly behind the wheels. The front support (Figure
8(a)) indicates most intense K around the upper side
and top edges of the model, as well as directly behind
the wheels (0.3 < |y* < 0.5, 09 < z*¥ < 1.4 and
0.3 < |y* < 0.5 0.1 <z*¥ < 0.35 respectively).
Figure 8(b) (top) shows less intense K along the top
edge (ly*| < 0.5, 1.3 < z* < 1.4) within the top sepa-
rated shear layer. For this configuration, K production
is also more intense behind the wheels, with a similar
effect indicated in Figure 8(a). Magnitudes further dis-
sipate within the region for Figure 8(c). Figure 8(d)
highlights this disparity directly, as well as quantifying
the significant difference (increase) to K production the
side struts impart outside the region directly behind the
model. Generally, these results (Figure 8(c) and (d))
agree with Knowles et al.,*> showing reduced regions of
high turbulence intensity within the wheel wake when
using side struts, and show that the front sting imparts
no similar influence, exhibiting a local topology largely
comparable with the top strut.

Localised influence of top support strut. To further assess
the effects discussed more locally, Figure 9(a) presents
u* variations at z* ~ 1.8 within T1 for all three support
configurations. Little change is shown between the side
and front-mounted setups, consistent with the presence
of undisturbed freestream flow. A similar trend exists
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for the top mounting configuration for [y*| > 0.1, with maximum K=0.011 and K~=0.010, respectively

Au* < 0.05 indicating only a limited influence exists
within these areas. Between |y*| < 0.1 however, the
top support strut produces the characteristic velocity
deficit discussed previously. A similar corresponding
change is shown in Figure 9(b) for u,,*, indicating
higher turbulence production (U;ms* =~ 0.04) within the
same area.

Further comparisons of K production at plane T1
are shown in Figure 10. For all configurations,
increased K is evident in two primary areas: close to the
trailer corners and coincident with the vehicle centre-
line. Topologies for the front (Figure 10(a)) and side
(Figure 10(c)) configurations remain similar, with

(y*~0 —Figure 10(d)). Results behind the top strut
however (Figure 10(b)), show marginally increased K
over a greater width (Figure 10(d)) as the flow negoti-
ates the obstruction caused by the strut.” At z*~ 1.55
(Figure 10(d)), this configuration is also shown to pro-
duce a characteristic reduction in K (wake deficit) at
the model centreline, with a relative increase also evi-
dent for z* > 1.7 (Figure 10(b)). The former agrees
with suppression of the roof boundary layer down-
stream of the top strut suggested by Strachan et al.!!
and offers some support for the reduced turbulence lev-
els within the top separated shear layer presented in
Figure 8(b). Overall, the results within T1 for the front
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Figure 10. Average turbulent kinetic energy K in T1: (a) front,
(b) top, (c) side and (d) profiles at z* ~ |.55.

and side mounting setups show similar trends, with
Hetherington® also reporting the use of side struts to
have little impact on the upper model portions.

Localised influence of side supports. The influence of the
side supports is now considered (only left side included
for brevity). Figure 11(a) presents the u* and u,,,s* pro-
files at x* ~ 0.25 for SV2. All three configurations show
a near-uniform velocity profile with u*~1 consistent
with undisturbed flow above z* =~ 0.4 (Figure 11(a)(i)).
Below z* ~ 0.4, the side setup deviates markedly with a
minimum of u*~0.76 at z*~0.2. This deficit repre-
sents the influence of wake generated by the strut, with
the central axis coinciding with the location of mini-
mum velocity magnitude. Further downstream (Figure
11(b)(1)), the side supports are also shown to markedly
increase the local flow velocity adjacent to the model
(z* > 0.6). This occurs from the additional blockage
generated by their wake and reflects a change of up to
Au*~0.13 higher, with this effect precipitating the
reduced wake width discussed previously (Figures 6(b)
and 7(a)).

Results for u,,¢* show similar deviations (Figure
11(a)(ii) and (b)(ii)). This metric indicates relative insen-
sitivity to mounting method above z*~0.5 (Uyps*
~(.025), but differing characteristics closer to the

ground, particularly when using side supports. For this
test case (Figure 11(a)(ii)), u,ns* increases markedly up
to a maximum of u.,s*~0.093 (z* =~ 0.22), signifying
elevated turbulence production adjacent to the model
wake. This region is shown to widen at T4 (Figure
11(b)(i1)) and reduce in magnitude to u.,*~ 0.064,
indicating the significant impact use of side supports
can impart to the surrounding flow-field.

Figure 12(a) unlocks additional detail by presenting
the Reynolds shear stress (u'w’)* at SV2. The top and
front mounting configurations show little variation
except close to the ground, where traces of the bound-
ary layer remain. Results are markedly different for the
side-mounted configuration however, with the region
0.1 < z*¥ < 0.5 indicating significant turbulent
momentum flux typical of a separated wake. Unlike an
axisymmetric wake however, these struts are dominated
by significantly greater downward momentum due to
the proximity of the ground. The vorticity results
(Figure 12(b)) further highlight this effect, with Qy
magnitude being more intense and distributed above
the strut than below. Downstream propagation is also
more significant with a presence extending up to
x*~1.

This asymmetric flow over the side strut also pro-
duces secondary effects. Figure 13 presents the stream-
wise vorticity (Qx) contours downstream of this area at
T2 (only left wheel data presented for brevity). For
each instance, a common vortical structure (y*~ —0.4,
z*~(.45) develops from the flow around the trailer
bottom corner. Strength and size are similar in all cases
(Ay*=~0.1, Az*~ 0.1 and Qxax =~ 1.8), with compari-
sons between the front and top mounting suggesting
similar characteristics. As shown in Figure 13(c) for the
side-mounted setup, an additional structure develops
closer to the ground, directly behind the wheel (y* ~
—0.4, z*~0.15). This vortex is also indicated in Figure
13(a), albeit with a reduced magnitude, being even
weaker in Figure 13(b). This decreasing trend stems
from the increasing difference in flow magnitudes
between the underbody (nominally invariant with
mounting method —Figure 7(b)) and that adjacent to
the outside of the wheel (Figure 6(a)(iii)). Lastly, the
remnants of the vorticity produced over the side strut
are also visible (Qx ~ —0.55 at y*~ —0.6, z*~0.25 —
Figure 13(c)). From this perspective, the similarities
between the results for the top mounting, which typi-
cally affects upper-model portions,*'" and the front
setup indicate no significant interference from the
upstream sting on the flow near the ground.

Time-dependent characteristics

Given results suggest the front-mounted support con-
figuration is a viable alternative from a time-
independent perspective, a comparison of time-
dependent aspects is now considered. All wake velocity
spectra presented are averaged from 39 time-segments
(0.5s duration), with a 50% overlap and bin widths of
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Model wake dynamics. The general wake dynamics,
including bubble pumping and shedding modes, for this
model under identical test conditions have been previ-
ously described by Rejniak and Gatto.”” The same
peaks at Stw~0.107, corresponding to the bubble
pumping characteristic frequency, are also evident here
in the streamwise velocity spectra (E,) within the sepa-
rated side shear layers for all three configurations
(Figure 14(a)). Comparisons to previous work show
good agreement with Duell and George®'— Sty ~ 0.069,

Stw =~ 0.11, McArthur et al.>'= Sty ~0.08 and Pavia
et al.®— Sty ~0.094. Wake oscillations, synonymous
with lateral shedding, are also exposed within these
results (E,—Figure 14(b)), remaining largely insensitive
to mounting method (Stw~0.212). Grandemange
et al.,”> Volpe et al.”! and McArthur et al.*! all found
similar lateral shedding characteristic frequencies. One
possible exception may be the results using the side
struts. As shown in Figures 6(a)(iii), 6(b)(iii) and 11,
these struts produce a strong localised disturbance,
which would be expected to impact this mechanism.
Figure 14(c) also identifies a broader heightwise
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Figure 14. Velocity spectra in the wake: (a) E, at x* =0.64, y* = —0.36, z* = 0.92; (b) E, at x* = 1.64, y*=0, z¥=0.92; (c) E,, at

x*=1.36, y*=0, z* = |.5 (relative offset of A5 dB/Hz).

shedding mode at Sty =~ 0.22. Unlike the results for the
lateral shedding mode however, this mechanism
appears largely unaffected by mounting configuration.

Additional insight into these processes can be
obtained through considering Proper Orthogonal
Decomposition (POD)”* of the base pressure signals.
The first two modes with a combined energy content
approximating half of the total are presented in Figure
15. In Figure 15(a) a near-uniform topology pervades
for each configuration, confirming a near-global wake
oscillation (bubble pumping mode). Comparing Figure
15(a)(i) (front) and (a)(ii) (top), near-identical energy
levels are present, each being significantly higher rela-
tive to Figure 15(a)(iii) (side). This is a possible conse-
quence of the influence the side struts impart to the
base wake. The trends for the second mode are also
shown in Figure 15(b). These results confirm the
heightwise shedding mode identified in Figure 14(c),
with energy content being approximately one-quarter
that of the first mode (for top and front). In agreement
with results presented in Figure 14(c), little variation
exists between the mounting methods used. Overall,
these results (Figures 14 and 15) further highlight that
the front sting does not fundamentally affect the model
wake dynamics, with typical processes and characteris-
tic frequencies in good agreement with those reported
in literature,3!->1:52:6971

Spectral comparisons. Finally, wake velocity spectra are
compared at selected locations to assess the localised
impact of the differing mounting methods. Figure 16
presents the lateral ((a)-(d)) and wvertical ((d)(f))

evolution at T1. At (a), streamwise velocity spectra
(E,) show little variation, indicating the flow remains
insensitive to support configuration at this position.
Further inboard at (b), a decrease in E, (~3-5dB/Hz)
is evident beyond Sty =~ 0.1 for the top mounting, indi-
cating a subtle reduction in high-frequency turbulence.
The opposite is evident closer to the strut, with signifi-
cantly higher E, magnitudes at (¢) and (d). A maximum
increase (~15-20dB/Hz) is evident directly down-
stream of the strut centre at (d), confirming the top
support wake as a source of localised turbulence at this
distance away from the trailer roof, in agreement with
Figure 10. Moving towards the top surface of the trai-
ler however, the heightwise evolution of E, (Figure 16)
indicates relative reductions in magnitudes for the top-
mounted setup at (e), with this trend persisting to lower
positions ((f)), albeit to a lesser degree (=~2.5dB/Hz
reduction at Stw < 0.4). These results agree with
Strachan et al.,'' who note a suppressed boundary
layer over the roof downstream of an overhead strut,
and are consistent with the K results presented in
Figure 10.

The impact of the top strut is also assessed further
downstream. Figure 17 presents the vertical evolution
((a)(c)) of E, at two different streamwise locations (I
and II). At I, broad peaks centred around Sty =~ 0.2
are discernible for all configurations at locations (a)
and (c), corresponding to the heightwise shedding iden-
tified in Figure 14(c). At (a), the increase in magnitudes
(up to 10dB/Hz) below Sty =~ 0.4 remains for the top-
mounted configuration. Comparisons to position (d) in
Figure 16 show the wake emanating from the strut per-
sists further downstream. Moving downward through
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configurations.

(b), this influence weakens, with no appreciable effect
at (¢). Further downstream at II (Figure 17), the impact
of the top strut is no longer observable, with near-
identical spectra between all configurations at all verti-
cal positions ((a)—(c)). One exception is evident in the
spectra of the front-mounted model at (a), showing
magnitude reductions at lower frequencies relative to
the other two setups, reflective of less intense turbu-
lence within the freestream flow. Overall, general simi-
larities between the side and front setups from this
perspective confirm low levels of interference exist
locally for both.?

The spectral characteristics of the side strut wake
are evidenced in plane SV2, with E, presented in
Figure 18. Positions (a)—(e) show strong heightwise
variations close to the strut, with positions (f)—(j)
located further downstream. At position (a), closest
to the ground, E, show similar characteristics, with
minor reductions in magnitude (=~1-5dB/Hz) at the
lowest frequencies (Styy < 0.1) for the side-mounted

setup. A discrete peak is shown at Sty ~ 0.82 for the
front and side setups, corresponding to the wheel
rotation frequency (Sty =~ 0.80).”° For the former,
this peak persists up to position (d), with positions
(a)—(c) also showing a related harmonic at Sty ~ 1.64.
For the side-mounted model at (b), magnitudes
beyond Stw =~ 0.1 show a relative increase of up to
10 dB/Hz. This increase is most significant at position
(c) within the strut wake, with values up to 20dB/Hz
higher. These results confirm the influence of the side
strut at producing substantial turbulence to the local
flow-field. This influence is shown to persist verti-
cally, with magnitudes at (d) increasing by 15dB/Hz
relative to the front-supported setup; the effect evi-
dent to z*~0.4. Additionally, the top-mounted
model also shows higher magnitudes at this position
(up to 10dB/Hz relative to front), indicating addi-
tional streamwise unsteadiness. Higher E, spectral
energies for the top-mounted setup are also shown up
to (e), with the magnitudes for the side support
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similar to those observed for the front-mounted con-
figuration, suggesting a general flow insensitivity at
this position.

Further downstream (Figure 18(f)-(j)), E, trends
close to the ground at (f) and (g) remain similar to (a)
and (b), with the wheel rotation frequency
(Stw =~ 0.82)"° again evident for the front mounting. At
positions (h)—(j), the front and top mounting spectra
capture broad peaks centred around Sty ~ 0.4, with a
subtle shift to a lower frequency for the former. At this
position, this peak represents the lateral wheel wake
shedding mode described by Rejniak and Gatto’® with
the use of a top strut, suggesting these characteristics
are retained when using the front sting. The offset in
magnitudes between these two configurations at (i) and
(j) is still evident as in (d) and (e), albeit significantly
lower (=5 dB/Hz), suggesting the same effect of the top
mounting seen upstream is weaker at these positions.
With the model supported from the sides, the wheel
wake signature appears completely inhibited by the

overall increase in magnitudes ((h)—(j)), coherent with
the results indicated in Figure 8. Higher unsteadiness
for the side-mounted model is evident up to positions
(h)—(), confirming the side strut wake propagates
downstream and upwards affecting the flow-field at
higher positions, in agreement with Figures 6(a)(iii),
6(b)(iii), 11 and 12. A qualitative comparison to
Figures 16 and 17 also reveals that the wake shed from
the side strut has a broader, more significant, impact
on the surrounding flow than the wake generated by
the top strut. In this area, the overall trends for the
front mounting are shown similar to the top-mounted
model, suggesting no appreciable interference from the
front support exists locally.

Conclusion

An experimental study comparing the effects of differ-
ent wind tunnel model mounting techniques was con-
ducted on a 1/24™-scale model representative of a HGV
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at Rew = 2.3 X 10°. With the focus on the flow-field
around the vehicle base, a novel upstream support was
assessed and compared to the more common techniques
of mounting from the top and sides.

Evaluation of the recorded load data and base pres-
sure showed the inclusion of the front sting to have lit-
tle effect on the mean drag production. General base
wake topologies were found similar for the top and
front configurations, with a subtle relative change in
vertical wake balance identified for the side setup. The
local wakes generated by the top and side struts were
clearly identified, with significant flow retardation
accompanied by increases in turbulence production.
The side struts were shown to alter the vorticity pro-
duction around the rear wheel profile. Propagation of
the wake of the side strut was also shown to affect the
flow-field further downstream, with additional flow
retardation produced close to the ground, resulting in
velocity magnitude increases in the higher locations
and subsequent reductions in wake width.

Analysis of the time-dependent aspects revealed no
strongly defined oscillatory behaviour, with broader
characteristic typical instead. The streamwise wake
oscillation (bubble pumping) mode was found to domi-
nate the wake dynamics, with the characteristic fre-
quency insensitive to mounting configuration. With the
side-mounted model however, the energy of bubble

pumping was identified substantially weaker relative to
mounting configurations from the front and top. The
asymmetric shedding (flapping) from the vertical and
horizontal base edges was also identified, largely insen-
sitive to varying support methods, with the exception
being the side setup exhibiting less defined lateral wake
oscillation characteristics.

The top strut was found to increase turbulence pro-
duction within the flow above the trailer and suppress
fluctuations towards the roof surface boundary layer,
with this influence weakening with downstream evo-
lution. Similar, but more intense, increases in turbu-
lence were also found behind the side struts. The
wake generated by the side strut was also shown to
propagate downstream and upward, with the overall
increase in turbulence inhibiting wheel wake shedding
characteristics.

Overall, results presented in this work show the
front mounting configuration to exhibit the same or
improved base flow-field characteristics in comparison
with more conventional support techniques from the
top and sides. No significant interference was found
locally, along with only subtle effects identified from
both mean and unsteady aerodynamic perspectives.
These qualities highlight the possibility that this sup-
port methodology may represent a viable alternative
for high fidelity road vehicle aerodynamic analysis.



Rejniak and Gatto

2009

E, (dB/Hz)

\\\ ~-"’_\\‘“'\“»\,-.V., ) o (d)

\\_\ - (PPN e o
s '\V\N"MMMWMW

N L R (e)

W\INN\JMW

F —FRONT
L T(e)
@ 1) ]
1? -——TOP
*NO.SE ﬁewﬁlﬂ
0: T Ol
E 1 = SIDE
e 0
7<|(a)|\”mo\ \Vi]\”m(f)
0.5 0 0.5 1

x*

0.01 0.1 i
Sty
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Appendix

Notation

A, At model and trailer frontal areas

Ac wind tunnel test section area

Ar combined frontal area of model and

mounting
Cpm, Cptr  model and trailer corrected drag
coefficient based on A

Cbme model corrected drag coefficient based on
Ar

CbMm.u model uncorrected drag coefficient based
on A, 2D/pU A,

Cbtb trailer base drag coefficient,
—((Cp-dA7))/A

Cp pressure coefficient, 2(p — pe)/pU o’

Cpp average base pressure coefficient
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CPrms root-mean-square of pressure coefficient, u*, v*, w* streamwise, crosswise and heightwise
(E(Cp’' — Cp)»)/n)*? velocity normalised by U,

D drag force (W )* Reynolds shear stress normalised by U.,>

E, Power Spectral Density of variable x Ue freestream velocity

f frequency Ve combined volume of model and mounting

GTS Ground Transportation System w width of the wind tunnel test section

h height of the wind tunnel test section A% width of model

HGV Heavy Goods Vehicle x* y*, z* streamwise, crosswise and heightwise

HWA Hot-wire anemometry dimensions normalised by W

K Mean Turbulent Kinetic Energy A change
normalised by U2 p air density

L¢ combined length of model and mounting ¢ POD coefficient

P, P surface and freestream static pressure Q vorticity magnitude normalised by W/U

POD Proper Orthogonal Decomposition

45 dm corrected and measured dynamic pressure Subscripts

Rew Reynolds Number based on width W

Stw Strouhal number based on width W, rms root mean square . .

X,Y,Z streamwise, crosswise and heightwise

fW/U directions

T wind tunnel shape factor,

0.36[w/h + h/w]



