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ABSTRACT

This paper looks into the effect on base pressure of applying a high aspect ratio chamfer to all edges of a simplified squareback model

(the Windsor model). The effects are investigated using force and moment measurements along with surface pressure measurements on

the slanted surface and vertical base. The work forms part of a larger study to develop understanding of the mechanisms that influence

overall base pressure and hence the resulting acrodynamic drag.

A short slant (approx. 4% of model length) was applied to the trailing edges of the simplified vehicle model, representing the small rear

end optimisation typical of many real vehicle geometries. Two experiments were performed: the first applied a chamfer at varying

angles to the top and bottom edges; the second test looked at the same chamfer angle applied to the sides of the model geometry while

the top and bottom angle remained square. The changes in drag are discussed and explained in the context of the base pressures and

area weighted pressure coefficients.

CITATION: Perry, A., Passmore, M., and Finney, A., "Influence of Short Rear End tapers on the Base Pressure of a Simplified Vehicle.,"
SAE Int. J. Passeng. Cars - Mech. Syst. 8(1):2015, doi:10.4271/2015-01-1560.

INTRODUCTION

Advances in conventional, hybrid, fuel cell and EV powertrain
systems and the drive for lightweight vehicles continues to play a
leading role in the reduction of vehicle emissions. However, along
with proposed changes to emissions legislation these advances are
placing increased importance on vehicle aerodynamics. In particular
with the need to reduce drag to lower energy consumption and
increase range, but also to mitigate the effects of reducing weight on
the vehicle crosswind behavior.

The use of square-back geometries is popular in the European market
for small hatchback vehicles, estates and SUVs because of the
additional cabin or load carrying space that it allows. For such
square-back vehicles the flow field is dominated by the wake that
gives rise to a large suction region on the rear faces that is a major
component of the aerodynamic drag. The wake structure is typified
by the shear layers emanating from the vehicle sides, roof and floor,
containing, in the steady state, a toroidal wake structure [1].

To reduce the vehicle drag, it is required to manipulate both the size
and structure of the wake in order to affect an increase in the base
pressure. This can be achieved through passive optimization, for
example geometry changes, vortex generators, flaps, and surface
roughness, or using active control, for example, suction, blowing,
oscillated suction and blowing, moveable vortex generators or flaps
option because of the potential freedom it allows for vehicle styling
as all that is required externally is the jet orifices. However these
systems require additional components, increase vehicle weight and
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cost and absorb energy to operate. Experimentally they have been
shown to change the wake structures but there are few examples
where they are shown to provide a net reduction in energy
consumption that would justify their application.

There are a number of passive drag reduction and optimization
studies reported in the literature and studies that describe the wake
structure and its effect on the aerodynamic drag. The most widely
reported is that of Ahmed [12], who describes the changes in drag
and flow-field between fastback and square-back geometries. The
reduction in drag demonstrated for the optimum fastback compared
to a square-back and the accompanying explanation provided
considerable insight and has been influential in vehicle aerodynamic
design ever since.

Achieving similar drag reductions in a squareback without
significantly affecting the basic squareback design might be achieved
through the application of a high aspect ratio slant to the trailing
edges. Littlewood & Passmore [13] investigated this by applying a
short taper to the top rear edge of a squareback geometry. The slant
length was selected to be representative of what might be acceptable
in a practical vehicle design and the work showed a drag minimum at
12°, with a reduction in C, of 2.7% whilst the base area has only
been reduced by 1.1%. By considering the contributions of each of
the surfaces Littlewood & Passmore showed that the drag reduction
arises out of the increased base pressure and that above 12° the
suction pressures on the slanted surface and the influence of the
trailing vortices outweigh the pressure incregse on the vertical ba
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surface. The flow-fields included in the paper show the rear end taper
inducing a downwash from the rear surface, helping to reduce the
size and length of the wake structure.

In a separate study Littlewood, Passmore & Wood [14] considered
the application of horizontal slats to the base of a squareback
geometry, with the intention of disrupting the near wall flow and
modifying the wake structure. At model scale this produced a drag
reduction of up to AC,=0.008 and was consistent with changes to the
measured base pressures. Much of the gain was in the upper region
close to the upper slat. Though quite different in nature these two
pieces of work show that changes to the near wake structure can alter
the base pressure and reduce drag.

Most recently, Grandemange [15] has applied short trailing edge flaps
to the base of the Ahmed geometry. It was found that when the
bottom flap was at 0°, the optimum top flap angle was 6° reducing the
drag by 1.8% of the baseline case; this is just half of the optimum
inclination found by Littlewood & Passmore [13], and while the
geometry is not the same, the change to the drag can also be
attributed to the creation of a base region cavity, leaving a region of
quiescent air in the vicinity of the base and increasing the base
pressure. Grandemange showed that when the bottom flap angle
remained constant, the drag coefficient was a polynomial fit with the
top flap angle as the independent variable while the lift coefficient
was an affine function of top flap angle. An affine function contains a
linear function plus a translation of the function. The work of
Grandemange, showed that there are strong interactions coming from
the over- and underbody flows at affect a rear end shape optimization.

This paper focuses on the use of short trailing edge tapers but extends
the work of Littlewood & Passmore to consider top and bottom edge
high aspect ratio tapers varied asynchronously over a range of angles
to investigate the interaction of the over- and underbody flow when
there is no base cavity present; and secondly the application of a
similar taper to the vertical sides of the base. As in similar work
reported in the literature a simplified vehicle geometry is used to
ensure that the results can be generalized and to ensure that the
results are insensitive to Reynolds number.

EXPERIMENTAL SETUP

The Facilities

All testing was carried out in the Loughborough University Wind
Tunnel, full details of which can be found in Johl, Passmore &
Render [16]. The normal operating velocity in the test section is
40m/s with freestream turbulence intensity of approximately 0.2%
and flow uniformity of +0.4%. The tunnel is not equipped with a
moving ground plane and it is recognized that this is a limitation if
the results are to be used in an optimization process. However here
the work is designed to compare the underlying relationship between
geometries and the trends are expected to be well represented.
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Figure 1. The Loughborough University Wind Tunnel

The Model

The Windsor Model, as used in [17,18] was used in this work, its
general dimensions are shown in Figure 2. The model is equivalent to
an approximately quarter scale road car and gives a tunnel blockage
of 4.4% in the 2.5m? working section. The model is designed with
relatively large leading edge radiuses (0.05m) to prevent local
separation and the windshield to roof leading edge has a radius of
0.20m. The longitudinal and rear edges are all sharp.
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Length 1044
Widin 389
Height 289

Slant length 222
Angles  0.(5).40

Ground clearance 50
(nom)
Nose radii 50

A-pillarrad 50
Front headerrad 200

Figure 2. Basic dimensions of the Windsor Model

The model has been constructed using a machinable model board and
has multiple rear inserts to implement the different rear slant angles
required for this work. This is illustrated in Figure 3. For each
experiment a different rear section of the model was made into which
the angled inserts were located. All the tapers were 45mm in length,
giving an aspect ratio of 8.66. For the top and bottom taper work,
slant angles of 0°, 6°, 12°, 16° and 20° were used; for the side taper
work slant angles of 0°, 4°, 8°, 12°, 16° and 20° were used.

The model is supported by four pins of M8 threaded bar in locations
representative of front and rear axles and 10mm inboard of the model
sides. The loads are transferred from the model to the 6-component
underfloor balance via the supporting pins. Ground clearances can be
adjusted by adjusting the pins. In this work a ground clearance of
(h/H)=0.17 is used throughout and is typical of an MPV ride height.
Based on the model overall length (1.044m) the Reynolds number for
this work is 2.8x109.

The MIRA co-ordinate system is used throughout this work. The
origin of the system is located on the tunnel floor at mid-wheelbase,
mid-track.
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Figure 3. Exploded view of the Loughborough University Windsor Model for
the two different rear end configurations

Balance Measurements

Balance data was sampled for twenty five seconds after a ten second
settling time. Prior to testing repeatability checks were performed
whereby the model was set up in the tunnel multiple times and the
yaw sweep results compared. The balance measurements are
repeatable to AC =0.001, which is a balance force of 0.IN.

Pressure Measurements

The rear facing surfaces of the model were populated with a grid of
pressure tappings as shown in Figure 4. The tappings are limited to
one half of the model to allow for greater resolution.

Figure 4. Distribution of surface pressure tappings on rear facing surfaces of
the Windsor Model for the two different rear end configurations

The pressure measurements were made using two 64 channel
miniature pressure scanners accurate to £0.15mm H,0. Samples were
triggered by an externally supplied 260Hz signal generator and
samples were taken for 31 seconds for each model configuration.
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Pressure coefficients for the model surface have been calculated using
the free-stream dynamic pressure (recorded at the start of the working
section). All results have been blockage corrected using the MIRA
blockage correction (based on continuity), Equation 1.

1-C
Crory =1 ((1_%4;—2)

TA - Tunnel Area A - Model Frontal Area

0

C, - Recorded Surface Pressure Coefficient

c

peor - Continuity Corrected Pressure Coefficient

RESULTS & DISCUSSION

Top and Bottom Edge Taper

For this work, top and bottom angles of 0°, 6°,12°, 16° and 20° were
used. These were applied asynchronously to create sweeps through
each top edge taper for a given bottom edge taper giving 25
configurations. Non-yawed balance data and surface pressure
measurements were collected for each configuration.

The best drag result is seen for a 16° top slant angle and a 6° bottom
slant angle where a reduction of AC;=—0.014 compared to the
baseline square-back is achieved (Figure 5). For all bottom slant
angles greater than 6° there is a marked increase in the drag of all the
configurations except for the 16° top slant angle with a 12° bottom
angle which shows a reduction of AC =0.003 compared to the 16° top
slant angle with a 0° bottom angle.
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Figure 5. Top slant angle vs Drag Coefficient for all bottom slant angles

Documents

Document Sharing Hub


http://avadocuments2026.com/doc/sae-2015-01-1560
http://avadocuments2026.com/doc/sae-2015-01-1560

320 Perry et al / SAE Int. J. Passeng. Cars - Mech. Syst. / Volume 8, Issue 1 (May 2015)

——&—— 0deg Bottom Angle
——if—— 6deg Bottom Angle
—OS—— 12deg Bottom Angle |
—&— 16deg Bottom Angle |
~——{—— 20deg Bottom Angle

0.1

0'0:, /
-0.05 ///
.o.1::- — s /;/‘?

o

AR

O 015F o — 2
.0.2/ — ==
-0.25 F

¥
-0.3
¢ /,
-0.35
(‘0, I I 5 L I L 1 L i 5 15 L L L 20

10
Top Angle,[°]

Figure 6. Top slant angle vs Lift coefficient for all bottom slant angles

All the drag results follow a similar trend and increasing the bottom
slant angle leads to a shift of the data rather than fundamentally
changing the shape. There is however some interaction occurring
between the top and bottom slant angles, which is most clearly seen
in the moving local drag minimum.

For a 0° top angle, the data shows that increasing bottom angle leads
to an increase in drag coefficient. This is attributed to an additional
up-wash from the underbody diffusing section. Looking more closely
at the data suggests that the drag minimum may actually occur
somewhere between 0° and 6°, with the diffuser causing a small
amount of pressure recovery that is offset by some separation on the
diffusing slant angle that increases the drag back to the baseline case
by 6°. Jowsey & Passmore [19], at a non-dimensional ride height of
h/H=0.14 (the maximum tested), found the lowest drag case was the
baseline squareback shortened Ahmed model, with all diffuser angles
resulting in a drag increase.

The lift results, Figure 6, show that as the top angle is changed from
the 0° baseline case to 16° there is a monotonic increase in the lift,
giving a maximum for the 16° top angle for all bottom angles. For the
20° top angle, there is a drop off in the lift results for all bottom angle
cases except the 12° case where the result is constant (within the
experimental error of e=+0.001). The decrease in the lift for the 20°
top angle cases suggests a complete flow separation from the upper
slanted surface.

Conversely, as the bottom angle is increased from 0° to 16° there is
now a monotonic decrease in the lift for all top angles before the lift
value increases again for the 20° bottom angle case. The increasing
lift for the 20° angle case indicates flow separation from the diffuser
and a loss in efficiency.

The lower slant, while only 4% of the model length is included as a

means of increasing base pressure but acts somewhat like an
underbody diffuser. In the literature a number of diffuser studies are
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reported but use considerably longer slant lengths. Both Cooper [20]
and Jowsey & Passmore [19] used 25% diffusers with end plates and
found similar monotonic decreases in the lift. Cooper's work has a
maximum diffuser angle of 15.6° which is also the minimum lift
condition, while Jowsey & Passmore found a lift minimum for the
16° diffuser, as seen in this work. When Jowsey & Passmore then
increased the diffuser angle further, there was only a significant
increase in the lift (reduction in down-force) when the diffuser angle
was 25° or greater. By increasing the slant length, a larger separated
region may form with reattachment still occurring within the slant
length consequently maintaining the advantageous diffuser up-wash
characteristics, even though diffuser efficiency is reduced.

If the relationship between drag and lift is now examined more
closely though plotting the two values against each other, parabolic
curves can be fitted through the data, shown in Figure 7. These
parabolic curves take the form of Equation 2, based on the work of
Grandemange [15] and the application of induced drag coefficient
theory [21]. Grandemange recorded similar results to those presented
here when using trailing edge flaps rather than slants. In Equation 2
the values of C) and C, ; refer to the values of drag and lift
coefficients for the minimum drag condition; the value of & defines
the gradient of the parabola. For this work the fit generates a value of
k=1.45; 27% larger than that found by Grandemange. This can be
attributed to the lack of cavity region on the base in the present work.
The presence of the flaps in the work of Grandemange act to remove
the separated flow from the near wall region and leave a region of
quiescent air next to the base. This is well known [3, 4, 5, 10] to
create an increase in the local base pressure, and is often presented as
a passive method for drag reduction on commercial vehicles. In the
work of Grandemange, changing the flap angles will then act to
change the wake size and energy as well as the balance between the
upper and lower vortex structures and the interaction between these.

CD = CDO + k(CL - CLo)Z
2

Using the parabolic curve, an “optimum” drag and lift value can be
found for each bottom angle; the “optimum” condition is taken as the
apex of the parabola i.e. the minimum drag. It is noted that for each
curve there is one point which does not fall close to the parabola;
these are all results for the 20° top angle. It is suggested that this is
due to complete flow separation on the top surface resulting in a
modified wake structure and therefore a drag value that no longer
follows the trend. If this relationship is examined using the rear lift
coefficient value, then the minimum drag value occurs at the same
point in the parabola which is not necessarily the nearest zero value.

The parabolic curve fit seen in Figure 7, is known to define the vortex
drag for the top angle surfaces, with some error due to base pressure
changes that are caused by the downwash from the upper slant [21].
Howell & Le Good [21] showed that for a long slant the actual vortex
component of the drag matched that predicted from wing theory
relatively well. That is not the case in this work where a k-factor of
1.45 is found against an expected value of 0.24 for this high aspect
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