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Abstract

Many modern vehicles have blunt rear end geometries for design
aesthetics and practicality; however, such vehicles are potentially
high drag. The application of tapering; typically applied to an entire
edge of the base of the geometry is widely reported as a means of
reducing drag, but in many cases, this is not practical on real
vehicles. In this study side tapers are applied to only part of the side
edge of a simplified automotive geometry, to show the effects of
practical implementations of tapers.

The paper reports on a parametric study undertaken in Loughborough
University’s Large Wind Tunnel with the %4 scale Windsor model
equipped with wheels. The aerodynamic effect of implementing
partial side edge tapers is assessed from a full height taper to a 25%
taper in both an upper and lower body configuration. These were
investigated using force and moment coefficients, pressure
measurements and planar particle image velocimetry (PIV). These
geometries showed that the drag reductions are maximised with a
50% span, generating a vertically symmetric wake and less taper drag
contribution when compared to a full span taper.

Introduction

Aerodynamic drag is of concern to vehicle manufacturers because of
its impact on electric vehicle range and emissions of CO2, and to
consumers for its impact on fuel economy. Hence, finding new
methods for reducing drag that can be implemented on real vehicles
is becoming more important. This is a particularly pressing problem
for SUVs because they make up 37.5% of vehicles sold in Europe [1]
and typically have large frontal areas and blunt rear end geometries
that can result in high drag. Indeed for such vehicle up to 30% of the
aerodynamic drag can be attributed to the rear surfaces [2,3]. The
high rear end drag is a consequence of large scale flow separations
from the trailing perimeter of the vehicle that generate shear layer
bounded recirculating flows, that lower the pressure on the base of
the vehicle.

Both passive and active methods have been applied to reducing rear
end drag and both typically attempt to affect the recirculating region
by manipulating the shear layers and increasing the base pressure and
thereby reduce drag. Typical passive methods include side tapering
[4-6], roof tapering [5—10] and cavities [11-13]. Whilst these
methods can be effective, their implementation on a full scale vehicle
may not fit the brand image or reduce rear capacity, (tapering) or
have a significant impact on crash safety (cavities). Whilst active
methods, such as base bleed [12], rotating surfaces [14] or edge
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blowing [15] would overcome this, their implementation is complex,
potentially expensive and the reductions seen in some simplified
studies have not yet been shown to scale up to real geometries.

Whether passive or active, all such methods alter the interaction
between the shear layers around separation to better balance the wake
and reduce the drag contribution of the base region of the vehicle.
However, such modifications also typically exhibit an optimum
condition whereby the reduction in drag contribution of the base is
not offset by the newly introduced drag contributions, such as slant
drag [4-6,9] or device drag [7,12].

Pavia et al. [4] and Perry et al. [5] both consider high aspect ratio
side edge tapers (aspect ratio of 6.42) on a Windsor geometry and
show the optimum at 0° yaw to be a half angle of 12° for both overall
drag and the reduction in base pressure drag. Taper angles larger than
this showed a rise in the pressure drag contribution from the tapered
surface with a reduction in the drag on the base of the geometry or, if
the taper is stalled, a return to a base pressure drag contribution
similar to the 0° taper but a larger overall drag due to the suction over
the tapered surfaces.

Howell et al. [16] applied tapering to the upper 56% of a Windsor
geometry on both the roof and the side edges. Justifying the partial
tapers as being more realistic for real vehicles, as these cannot
normally accommodate a full height body side trailing edge taper
because of the requirement to cover the rear wheels. Howell reported
a complex relationship between taper length and angle and the
interaction between the roof taper and upper body side tapers. The
upper bodyside tapers where also shown to supress the trailing vortex
structures associated with a roof taper but introduced a vortex in the
junction between the upper body taper and the un-tapered lower body
(the shoulder) that generated downwash in the near wake.

Varney et al. [6] applied side edge tapering to a Generic SUV
geometry at a small aspect ratio (~1.5), and for the same reasons as
Howell applied them only to the upper 40% of the geometry, also
producing the same shoulder junction as Howell ef al. [16]. This
produced an overall drag optimum at a half angle of 15° but the study
did not report the base pressure drag separately. It does however
show some base pressure distributions, and, that the introduction of
the 15° taper changed the wake from being up-wash dominated to a
downwash dominated wake, suggesting that despite being a relatively
modest modification it has had a substantial effect on the wake
structure that would be worthy of deeper investigation.

Varney et al. [17] also repeated the same geometries as Pavia et al.
[4] and Perry et al. [5] on the Windsor geometry with wheels



showing a shift in the optimum to a broad 12° to 20° half taper angle.

Additionally, they tested tapers only on the upper 50% of the
Windsor body equipped with wheels, showing a greater total drag
reduction than the full height tapering. This was attributed to
longitudinal vortices re-symmetrising the wake, consistent with the
literature that reports a more symmetric wake as resulting in lower
drag [18-20], but no pressure or flow field measurements were
presented to confirm this.

The work reported in this paper provides a more comprehensive
study of the work from Varney et al. [17] to show how the reduced
span tapering impacts the wake flow on the % scale Windsor
geometry with wheels, and in addition covers smaller increments of
reduced span tapers. For completeness the experiment also explores
the effect of applying tapering only to the lower part of a body, while
this is perhaps unrealistic for real vehicles it provides a more
complete understanding of the flow physics.

Experimental Set Up
The Facilities

All the testing has been carried out in the Loughborough University
Large Wind Tunnel (Figure 1). The tunnel is an open return, closed
working section design with a cross sectional area of 2.5m?, capable
of flow speeds up to 45m/s with a turbulence intensity of 0.2%, a
flow uniformity of £0.4% [21].

Figure 1. The Loughborough University wind tunnel [21].
The Model

The model used here is a variant on the % scale Windsor geometry,
modified to accept removable wheels (Figure 2 and Figure 3). The
use of a simplified model Is a widely accepted approach for reducing
sensitivity to Reynolds number while generating results that can be
appropriately generalised. The addition of the wheels compared to
other applications of this model results in a bulk wake flow that is
comparable to a full scale vehicle. The Windsor model was selected
over the simpler (Ahmed) model because it has height/width/length
ratios that are more representative of all modern vehicles.

In this form the Windsor geometry has a blockage ratio of 4.7%. It
was tested at a non-dimensional ground clearance of 0.17 (defined as
the ground clearance divided by the model body height). All forward
facing radii are 50mm to prevent separation around the front of the
model; all other longitudinal and lateral edges are sharp. The
geometries tested are made of either dimensionally stable model
board or 3D printed from a rigid opaque material.

The principal dimensions of this variant of the Windsor geometry are:
1040 mm (length), 289 mm (height), 389 mm (width); with a 334 mm

track, a 637.5mm wheelbase and 150mm diameter wheels.
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The coordinate system defined by SAE J1594 [22] is used throughout
this work, with the origin located at mid-wheelbase, mid-track and on
the ground. The model is supported by four, 8 mm diameter pins
protruding into the working section, on which the model is fastened.
These are placed on either side of the model just behind the front
wheels and just in front of the rear wheels to minimise the impact on
the general flow, no drag tare for the pin protrusion has been
included. The wheels have ~4mm ground clearance due to a recessed
floor panel that maintains a non-dimensional ride height of 0.17,
illustrated in Figure 4.

The side edge tapers used here have a length along the slant of 45mm
(15.5% of the base height) resulting in a full body aspect ratio of 6.4,
with half angles of 0° to 20° in steps of 4° (Figure 5, referred to as
taper angle from here on in) with a sharp leading edge. These are
applied symmetrically to the geometry, but also have the aspect ratio
varied by removing some of the tapering. The range of spans
considered is 25%, 50% and 75% on both the upper and lower body,
illustrated in Figure 6.
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Figure 3. Windsor geometry with T
wheels installed in the Loughborough
University wind tunnel.

Figure 4. Illustration of the
wheel ground clearance.
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Figure 5. Geometric representation of taper values.
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Figure 6. Explanation of reduced span tapering, including the pressure tapping
distributions.

Force Measurements

All measurements were taken with an onset flow velocity of 40m/s
(giving a length-based Reynolds number of 2.7 X 10°) . Balance data
were sampled at 300Hz for 300 seconds with an arithmetic mean
taken during post processing.

All coefficient calculations use a corrected value for the velocity
estimated using a continuity correction seen in Equation 2 [23]. The

force coefficient calculation is presented in Equation 3.

VA 5
Vcorrected = A, — A, 2

A — Tunnel Area (m?), Ay, — Model Area (m?), v — Velocity (m/s)

Force
Cforce = # 3)
prmvcorrected

p — Air Density (kg /m3)

The measurement uncertainty was assessed by calculating 95%
confidence intervals of each coefficient using Equation 4 [24]. The
maximum resulting uncertainty from these calculations for the drag
coefficient is 0.001.

o
95% confidence interval = +£1.96 * — 4
beont N @

o — Standard Deviation, N — Sample Length
Pressure Measurements

Surface static pressure measurements are achieved using a 64 channel
pressure scanner via 500mm long smooth bore silicone tubing. The
scanner accuracy is between +0.06% and +0.1% of the full scale
measurement (+232mm - H,0) depending on the operating
conditions. The pressure scanner was located inside the model with
the communications cable exiting behind the front wheels to
minimise interaction with the bulk wake flow.

The pressure scanner is a multiplexed device, so an interpolation
based correction is applied to time align all 64 channels with the first
channel, this is well documented by Wood [25]. Additional
correction for the frequency response effects of the silicone tubing
has not been applied as only mean pressure results are presented.

The locations of the surface static pressures are indicated in Figure 6,
representing a 7 X 6 grid on the base. The pressure coefficient is
calculated for each pressure tapping using Equation 5 where the total
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and static measurements are taken from a pitot-static located
upstream. The pressure coefficient is then corrected for blockage
using the continuity correction in Equation 6.

_P~Pbs_P_bs 5)
Pt — Ds

p — is the measured pressure at the surface (Pa), subscripts of t
and s represent the total and static measurements at the upstream

location.
C. +2-F A 6
Cp corrected = % where E = A—T ( )

The corrected pressure coefficients are then integrated over the base
of the geometry, using Equation 7, to generate the contribution of the
base pressure to the total drag of the model, this integrated value is
referred to as the base drag (Cyj). Using the analysis in Equation 4,
the 95% confidence interval for the base drag is £0.001 for this
work.

1
CdbzA_pr'dA (7)
mJA

Rather than relying on a simple geometric 0° yaw condition the
model is installed and the aerodynamic 0° yaw condition is
determined for each configuration separately by yawing the model, in
small increments until a symmetric base pressure distribution is
achieved. This is necessary as simplified squareback geometries are
sensitive near the 0° yaw condition with 0.1° yaw being sufficient to
force the wake into an asymmetric state [5,26]. This is evaluated
objectively by calculating the centre of pressure on the base, using
Equation 8.

_ 2 Cpi i ®)

C_pi — mean of the pressure coefficient for the i pressure tapping,
yi — lateral position of the i’ pressure tapping (m)



Flow Field Measurements

The near wake flow field is measured using Particle Image
Velocimetry (PIV), a non-intrusive laser based measurement method
that allows the velocity field to be measured over relatively large
planes, making it possible to capture snapshots of the complete wake.
The planar PIV plane reported in this paper is located on the vertical
centreline at y = Oh, from the base of the geometry to 700mm
downstream of the base. Two 5 megapixel sSCMOS cameras as
presented in Figure 7 are employed in tandem to produce a large field
of view. The light sheet was created using a 525nm Nd-YAG double
pulsed 200m/ laser passed through a plano-convex lens to generate
the sheet. The sheet was approximately 1mm thick in the field of
view. To image the flow field, the flow was seeded with 1um heavy
alcohol (DEHS) particles using a rake located in the settling chamber
and through an underfloor mounted plenum at the start of the
working section. Particles were seeded throughout the test as the
open return nature of the tunnel used results in negligible recycled

particles.

Figure 7. PIV plane location and camera set up in this work (y = Oh).

During setup the inter-frame time, (dt) was optimised to minimise
peak locking (bias to integer pixel movements of the particles) which
has a negative effect on the resulting vector field [27]. The selected
time of 30us was used throughout the results presented here. For
each configuration 1000 image pairs were taken at a sampling
frequency of 5Hz. Previous work [28] has shown 1000 image pairs to
be sufficient to generate vectors that are within +2% of their true
value at a 99% confidence interval.

All the images have a mean background subtraction using all images
prior to processing to reduce the influence of reflections and reduce
noise. The calculation of the vectors employs a multi-pass scheme for
cross-correlation starting with a 256 X 256 pixel window with a 50%
overlap reducing to a 48 X 48 pixel window with a 75% overlap. A
g-ratio, the ratio between the highest and second highest correlation,
of 1.3 was used to improve the quality of the vectors, with vectors not
meeting the criteria being deleted. This processing resulted in a
spatial resolution of approximately a vector every 2mm.

Results and Discussion

The change in drag and base drag from implementing the full span
and reduced span tapering is presented in Figure 8 and Figure 9 for
all configurations tested. For all taper angles, the full body tapering
results in a drag reduction, as with the previous work [17], with an
maximum total drag reduction of 0.018 between a taper angle of 12°
and 16°. The total drag reduction is attributed to an overall increase
in base pressure, that is offset by increases in taper drag. The
maximum base drag reduction of 0.039 occurs for the 20° taper, but
this is offset by a large taper or device drag in that case. The result is
consistent with results in the literature [4—6], where larger taper
angles are shown to generate more device drag providing the flow
remains attached over the taper.
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Figure 8. Change in drag coefficient with taper span and taper angle.
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Figure 9. Change in base drag coefficient with taper span and taper angle.

When applying a partial span taper to the lower portion of the model,
the maximum drag reduction is 0.003 and occurs for 8 = 4° with a
span of 75% of the height. This reduction is small in comparison to
the drag reduction for a full height taper at the same angle where a
reduction of 0.010 is achieved. In fact, for many configurations of
lower taper a drag penalty occurs, whereas, the upper body tapering
always produces a drag reduction, regardless of the angle or span.
The overall best total drag reduction occurs for a 50% upper taper
with an angle of & = 16°. This configuration generates a total drag
reduction of 0.026, considerably more than the best full span taper
that gave a drag reduction of 0.018. The 50%, 20° upper body taper
also results in a larger drag reduction than its full span equivalent,
yielding a total drag reduction of 0.016 compared to 0.013. These
results differ slightly from those reported in previous work [17] , and
is attributed to the to the different setup process employed here,
where the symmetric base pressure distribution was found for each
configuration as opposed to using a global 0° yaw condition.

Considering the integrated base pressure, or base drag, Figure 9,
shows that all configurations produce a reduction, ranging between
0.002 (6 = 16°, 25% span lower tapering), to 0.039 for the full span
20° taper. The upper tapers generally result in larger base drag



reductions. The base pressure distributions (Figure 10) show that the
drag reduction achieved by the 100% span tapering is a result of
increasing the overall base pressure. As a reduced span lower taper is
introduced, the strength of the upwash is increased affecting the
strength of the impingement. With the 75% lower body taper this
results in a lower pressure in the impingement region. As the span is
reduced to a 25% lower body taper, the region of lowest pressure is
higher up the base signifying a larger lower recirculation. On the 25%
lower body taper, there is also a region of increased suction on the
base of the 16° and 20° taper geometries close to the junction
between the 0° upper portion and the tapered surface. This is the
effect of the longitudinal vortex described by Howell et al. [16] but it
is not visible on the base pressure distributions at other span lengths.
This is assumed to be a result of constructive interference with a
longitudinal vortex emitted from the wheelhouse as the low pressure
does not occur with other reduced spans.

When the upper body tapering is introduced, the longitudinal vortex
balances the wake into a state where the upper and lower vortex
structures are approximately equal in size (vertically symmetric). A
vertically symmetric wake is present for a 20° taper with the 25%
upper span, but the 20° and 16° with an upper 50% taper presenting a
downwash dominated wake, based on the base pressure distributions.
The use of the upper body tapering presents a point that generates a
switch between an upwash and downwash dominated base pressure

distribution in the same way as previous work [6]. This is clear with
the upwash dominated base pressure distribution on a 16° taper on
the upper 25% of the body. This shows that there is a compromise
between the taper angle and span length in order to switch the wake
position.

The total drag reduction is dependent on the balance between the
improvements to the base drag and the drag introduced by the taper.
This is shown when reducing the 16° taper span from 100% to a 50%
upper, which increased the base drag but resulted in a larger total
drag reduction. It is, therefore, likely that a similar drag reduction
could be achieved for several different taper angles by optimising the
span to maximise the total drag reduction.

Flow field measurements on the streamwise centreline (y = Oh) were
performed using PIV for a selection of the 16° side edge taper
configurations. The flow fields are presented in Figure 11 and for
comparison the base configuration without tapers is included.
Tapering the upper body tends to increase the downwash in the wake,
for the 25% upper taper the wake is still upwash dominated, but an
increase to 50% produces a downwash dominated case. Increasing
the upper taper further, to 75%, returns the wake to upwash
dominated. This demonstrates how the wake balance, that is closely
related to the base drag, is a subtle balance between the geometry of
the upper and lower body, the ground and the wheels.
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25% 50% 75% 100%

75% 50% 25%
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Figure 10. Base pressure distributions for the full range of taper spans for the 12°, 16° and 20° taper angles.
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Figure 11. Normalised velocity magnitude for the 0° taper and a selection of reduced span tapers based on a

16° taper angle.

Given the effect of the tapers on the wake balance they also have a
significant impact on the lift coefficient, presented in Figure 12. As the
full span tapering is introduced on the model, the lift tends to be
reduced compared to the base configuration. The reduced span tapering
shows the ability to further modify the lift consistent with the changes
in the upwash and downwash as the geometries with the most
downwash (6 = 16°, 50% upper taper) and most upwash (6 = 16°,
50% lower taper) present large increases and decreases in lift
respectively. There is also a small component of the lift associated with
the area at the junction between the tapered and untapered surface, but
as the pressures in this area are not measured, its contribution is not
measured.
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Figure 12. Change in lift coefficient with taper span and taper angle.
Summary/Conclusions

The work presented here uses force, pressures and PIV measurements to
investigate the impact of applying full span and partial tapering to a
simplified Y4 scale automotive geometry equipped with wheels.
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6 = 16°, 25% upperbody tapering

6 = 16°, 75% upperbody tapering

e The full span taper optimum for total drag reduction is between
12° and 16°, with a total drag reduction of 0.018. The
improvement in total drag is attributed to an increase in
pressure on the base of the geometry.

e The optimum taper angle for base drag reduction is 20°, but the
base drag reduction is offset by an increase in device drag that
results in a total drag reduction of 0.039.

e A reduced span taper can reduce the drag by more than a full
span taper (0.026 total reduction) because it produces a more
vertically balanced wake while incurring a smaller device drag
penalty.

e  Subtle geometric changes, in the form of reduced span
tapering, have been shown to alter the wake balance and
thereby reduce the base drag. This is an important
consideration for the development of real vehicles, and a
general result.

e  The lift increase is correlated with a lower drag condition as
downwash is introduced. This may have a negative impact on
high speed stability if implemented on a vehicle.

e These results show the potential to allow more design freedom
for full scale vehicles whilst maintaining a low drag condition.

Further Work

Any further work on these geometries should consider a smaller range
of taper angles with the upper body tapering at yaw. This has shown
potential in previous work and smaller increments of the reduced span
may prove beneficial when relating to real vehicles.

It is unlikely that a real vehicle has no tapering on a portion of the
geometry. A study that would investigate a combination of taper angles,
such as a 16° taper on the upper 50% of the geometry and a 12° taper
on the lower 50% of the geometry, may show the benefits of generating
the longitudinal vortices but without the drawbacks of not tapering part
of the geometry.
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