
INTRODUCTION
Aerodynamic drag is an increasing concern for vehicle manufacturers 
due to its impact on CO2 emissions and fuel economy. For instance, 
the European Union will phase in significant penalties for CO2 
emissions above a mass-dependent limit curve from 2020 [1]. As 
Sport Utility Vehicles (SUVs) are the most popular body type [2], the 
methods of reducing their drag come under closer scrutiny, 
specifically when the success of these vehicles owes much to 
elements of design and utility.

The blunt nature of SUV rear geometries arises from their historical 
use as working vehicles, with a need for maximal access to a large 
rear load space, whilst maintaining off-road capability. For 
squareback geometries, such as these, more than one-third of the 
aerodynamic drag is attributable to the rear surfaces [3], resulting 
from separation at the trailing edges leading to low pressure on the 
base.

In order to combat the depressed static pressure on the base of 
vehicles a number of studies have been done to investigate base 
pressure recovery. Typical passive methods such as side tapering 
[4,5], roof tapering [4,6, 7, 8, 9], roughness strips [10] and underbody 
tapering [11,12] have all been shown to result in base drag reductions. 
Active methods have also been tested with drag reductions being 
reported but little shown in terms of net energy reduction (as the 
systems require energy input); these include rolling trailing and 
leading edges [13], blowing [14] and thermal riblets [15].

Both passive and active methods alter the shear layers bounding the 
wake of the vehicle and, as a result change the base pressure and 
reduce drag. Typically the reduction in drag is shown to be due to the 
increase in base pressure [4,5,7,8] but the resulting geometry changes 
also introduce other drag components (referred to by some as vortex 
drag [6], slant pressure drag [8] or device drag [16]). Many of the 
geometries exhibit an optimum where the increase in the introduced 
drag contributions is minimal in comparison to the increase in base 
pressure.
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Perry et al[4], Littlewood and Passmore [9] and Grandemange et al 
[7] have all investigated high aspect ratio (AR) roof tapers, (aspect 
ratio defined as taper span over taper length) and show that they 
produce drag reductions of the order of 1% on two different 
automotive bluff bodies. Grandemange et al shows this optimum to 
be at 6° on low AR flaps that extend into the wake, due to the 
increasing base pressure on the upper half of the base (measured on 
the centerline) which corresponds to the shear layer being moved 
downwards; the upper shear layer interacts with the lower shear layer 
producing a slower recirculation on the lower base thus decreasing 
the pressure. Littlewood and Passmore shows an incremental base 
pressure increase across the entire base and Perry shows a high 
pressure region encroaching on the base from the sides of the model. 
Perry et al and Littlewood and Passmore also show that past the 
optimum (both showed this to be a 12° taper) the increase in drag is a 
combination of the decreasing base pressure as well as the decreasing 
slant pressure.

Howell and Le Good [6] shows that for a Windsor geometry the taper 
angle at which minimum drag occurs is dependent on the aspect ratio 
of the taper. For smaller aspect ratios the drag minimum is at a higher 
taper angle with a larger drag reduction (∼5% [10°] at AR = 2.25 to 
∼13% [15°] at AR = 1.25) attributed to better pressure recovery over 
a much longer taper. To identify the origin of the reduction in drag 
the base, pressures are inferred from a vortex drag calculation based 
on the lift and drag. The increase in drag past the optimum is shown 
to be from the vortex drag component, or the slant pressure drag, 
whilst the base pressure drag continues to fall with the base area.

Perry et al [4] and Pavia et al [5] also consider tapering the sides of 
the model and both show that for high AR (8.66) tapers the optimum 
drag reductions are seen at 12° for both the base pressure and the 
overall drag measurement. They conclude that the side tapers reduce 
the strength of the recirculating region and as such increase the base 
pressure. Past the optimum the lower recirculating region becomes 
much stronger and has a more significant effect on reducing the base 
pressure.

The advantages of rear end tapering are evident, but lead to a rear end 
shape that for SUV manufacturers may be unacceptable. Gaining the 
advantages in drag reduction from tapering, while preserving the 
external square shape, would allow for more design freedom. This 
might be achieved with active flow control methods, or passively by 
introducing ducting that feeds into the base area. This latter approach 
is sometimes referred to as base ventilation.

Suryanarayana [17] carried out passive ventilation on a sphere by 
ducting air from the front of the sphere to the base with a duct that 
was 15% of the diameter of the sphere, producing drag reductions of 
up to 60%. The ventilation resulted in a ring shaped stagnation at the 
front of sphere and a toroidal recirculating region, due to an 
additional shear layer, at the base of the model. Suryanarayana [18] 
went on to show that by introducing the ventilation, and integrating 
the pressures over the sphere, that the pressure drag nearly becomes 
zero at supercritical Reynolds numbers.

In a similar method to Suryanarayana, Irving Brown et al. [3] used a 
passive base bleed system to deliver flow from the front to the rear of 
a full scale SUV. This work used straight ducts and showed that 
depending on the location of the outlet of the ventilation in the wake 
the resulting difference in drag can be up to a 1% increase to nearly a 
2% decrease. The best reduction in drag arose when the ventilation 
was introduced at the top and side edges, although it is not made clear 
where the flow is taken from in this instance.

Bartow and Hirst [19,20] carried out similar work on wing mirror 
geometries. Bartow et al [20] used an automotive mirror with a bell 
shaped internal geometry to duct the flow to the base of the mirror, 
this flow was vented circumferentially. Whilst no experimental force 
measurements were presented for these geometries, particle image 
velocimetry (PIV) shows that increasing the intake area increases the 
mass flow rate and as a result reduces the size of the wake. Hirst et al 
[19] uses a truck type mirror with an intake placed on the outside of 
the geometry at the trailing edge , this ventilates the base 
circumferentially. When the ventilation is introduced the size of the 
wake decreases at both Reynolds numbers tested with the 
computational analysis showing a drag reduction of approximately 
15%.

The focus of the work reported in this paper is on the effect of 
ventilation introduced by floating trailing edges located over large 
side and rear upper body tapers. The general arrangement is 
illustrated in Figure 1. The paper considers the effectiveness of the 
tapers alone and then of using the external floating edge to form the 
duct. The influence of duct width is considered and the results of 
balance measurements and base pressure are presented.

(a). Side Ventilation

(b). Roof Ventilation

Figure 1. Slotted Geometries on the Generic SUV Geometry
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EXPERIMENTAL SET UP

The Facilities
All testing was carried out in the Loughborough University Large 
Wind Tunnel (Figure 2). This tunnel is an open return, closed 
working section design capable of flow speeds up to 45m/s with a 
turbulence intensity of 0.2%, a flow uniformity of ±0.4% and a cross 
sectional area of 2.5m2 [21].

Figure 2. The Loughborough University Wind Tunnel [21]

The Model
The model used here is the ¼ scale Generic SUV model, seen in 
Figure 3 and first presented by Wood et al [22]. This model results in 
a blockage of 5.6% and is tested at a non-dimensional ride height (h∗ 
= h/H) of 0.21 (where h is the ride height and H is the height of the 
model base). All the rear edges of the model are sharp and all 
longitudinal edges have a 10mm radius. It has been designed in a 
modular way so that the upper 40% of the base can be fitted with a 
taper. All geometries tested are made of either dimensionally stable 
model board (of varying densities, manufactured on a 3-axis mill) or 
3D printed from a rigid opaque material.

The principal dimensions of the generic SUV are an overall length of 
1040mm, 315mm base height, 410mm base width, 340mm track and 
a 650mm wheel base.

Figure 3. Generic SUV Geometry [22]

The coordinate system set out in SAE J1594 [23] is used throughout 
this paper with the origin located mid-wheelbase, mid-track and on 
the floor of the tunnel. The model is supported by four, 8mm diameter 
pins protruding into the working section, on which the model wheels 
sit. The wheels are set to have 4mm clearance from the tunnel floor 
when the tunnel is off. No correction has been made for the pins. The 
length based Reynolds number used throughout is 2.7 × 106.

A range of roof and side tapers were tested prior to the passive base 
ventilation (Figure 4(a) and Figure 4(b)). All the tapers had a length 
(along the x-axis) of 190mm (60% model height, resulting in a range 
of aspect ratios of 2.03 to 2.16) tested at 5°, 10°, 15° and 20° with the 
side tapers only being implemented on the upper 40% of the model.

For the passive ventilation only straight ducts (Inlet and Outlet are 
identical) have been tested, with perpendicular distances from the 
tapered surface to the inner duct being between 5mm and 25mm (in 
steps of 5mm), as seen in Figure 4(c). The passive ventilation has 
been tested in combination with 10° and 15°side tapers and a 15° roof 
taper.

(a). 5° to 20° Side Tapering

(b). 5° to 20° Roof Tapering

(c). Vane Ventilation Geometry Definition on the 15° Roof Taper

Figure 4. (a) Side Tapering, (b) Roof Tapering and Diffuser Geometry, (c) 15° 
Roof Taper Vane Description.
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Balance Measurements
All data was taken at 300Hz for 300 seconds and averaged during 
post processing with typical confidence bounds being ±0.001 for Cd 
and ±0.002 for Cl, calculated using Equation 1.

(1)

 - Sample Mean

z* - Upper Critical Value for the Standard Normal distribution

σ - Standard Deviation

n - Sample Size

All coefficient calculations use a corrected value for the velocity 
estimated by using a continuity correction seen in Equation 2 [24].

(2)

At - Tunnel Area (m2), Am - Model Area (m2), v - Velocity (m/s)

Pressure Measurement
The tapered surfaces and the base area of the model have been fully 
populated with a grid of pressure tappings (Figure 5). These tappings 
cover the entire model base to allow for any asymmetry to be 
characterized.

The pressure measurements were made with two 64 channel pressure 
scanners accurate to ±0.15mm H2O with samples triggered at 260Hz. 
Data was taken for approximately 300 seconds.

All pressure results have been blockage corrected using a continuity 
based correction (Equation 3, [9]). The pressure coefficients on the 
model surface have been calculated using the freestream dynamic 
pressure that is measured far upstream of the model.

(3)

CP - Measured Surface Pressure Coefficient

The area weighted pressure coefficient presented in the results is 
calculated using Equation 4 [9] and shows a ±0.002 confidence value 
at a 99.9% confidence level for  (using Equation 1).

(4)

 - Area Weighted Pressure Coefficient

dA - Area Over Which Each Measurement Location Acts

Because all models show some small amount of asymmetry in both 
the yaw sweep and the base pressure distribution, an initial test to 
establish a common 0° yaw position was performed. This used the 
15° roof taper configuration and working over a small range of yaw 
angles close to geometric zero the position that obtained the most 
symmetric base pressure distribution was determined and set as the 0° 
yaw condition across all tests.

Figure 5. Pressure Tapping Locations Signified by Red Dots

RESULTS AND DISCUSSION

Side Tapers
The side tapering introduced here is on the upper 40% of the model 
only and has a length of 60% of the base height, the taper angles used 
are 5°, 10°, 15° and 20°. Balance data was taken for all configurations 
but pressure data was only taken for the 0° and the 15° tapers.

At the common 0° yaw the results show that the best drag reduction 
is the 15° taper angle with a reduction of ΔCd = -0.025 relative to the 
un-tapered case (Figure 6). The optimum determined here is at a 
somewhat higher angle than that obtained by Perry et al and Pavia et 
al [4,5] of 12°; but it is a quite different model with significantly 
different slant aspect ratios. The reduction in drag is similar to that 
reported by Perry (ΔCd = -0.02).

For the SUV model, the change in drag coefficient is due to a 
combination of the base and slant pressures with an increase in the 
area weighted base pressure of 0.042, as calculated with Equation 4, 
partially offset by a contribution from the slanted surfaces of 0.017, 
also calculated with Equation 4, to give the overall reduction of 
0.025. The pressure distribution (Figure 7, the change in contour 
levels represents a change in Cp of 0.01, consistent throughout) 
indicates a significant change in the flow structure when the slant is 
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