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Abstract
Drag reduction continues to be a high priority for automotive manufactures, to reduce CO2
emissions targets and improve the range of electric vehicles. For squareback geometries, a
popular vehicle shape, base pressure drag contributes a large proportion of the overall drag
and therefore a robust computational method was developed to characterise wake structures,
for chosen simplified models, and their influence on base pressure drag. Within the method
development both spatial and temporal resolution were considered and the importance of the
replication of flow near the floor of the computational domain identified. Further to this the
sensitivity of a highly simplified model, with lateral and vertical symmetry, to experimental
misalignment was indicated through analysis of the time-dependent wake.
Analysis of the flow fields demonstrated a relationship between the main recirculating
structures and the near base flow velocities. A method of manipulating this structure was identified, in the form of rectangular cross-section, horizontal base slats. The slats were designed
to be geometrically small to ensure minimal aesthetic impact. A statistically significant drag
reduction was achieved due to flow impingement on the upper slat surface and a reduction
in near base velocity of the lower recirculation, these mechanisms were also observed on a
fully detailed geometry. Further configurations considered an asymmetric slat design and a
combination of slats, with the optimum configuration producing a drag reduction of 6 counts
(∆CD = 0.006), worth approximately 0.75gCO2 /km or a 3km increase in electric vehicle range.
This is especially significant given how small the geometry change is, and highlights how
many localised flow modifications can produce large cumulative effects; indicating existing
vehicle development strategies should be supplemented by localised feature optimisation.
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Chapter 1
Introduction
CO2 emission targets are becoming increasingly stringent, as demonstrated by European market regulations mandating significantly reduced, manufacturer fleet averages to be achieved by
2021 [1]. This increases the need for automotive manufacturers to improve vehicle efficiency
in order to avoid the financial penalties for failing to meet the required limits. One way to
improve efficiency is to reduce the vehicle drag as this means the powertrain has to produce
less energy to move or accelerate the vehicle [2]. A reduction in drag coefficient of just 4
counts (∆CD =0.004) is equivalent to a saving of 0.5gCO2 /km and being over emissions targets
by this amount will result in fines of e47.5 per car sold. Further to this, as we move towards
an increased number of electric vehicles, this same drag reduction increases vehicle range by
approximately 2km. This shows the increased requirements for even small improvements in
drag and so provides impetus for the work presented here.
In order to assess methods of drag reduction computationally, which can often be more
time and cost effective than an experimental approach, particularly in the early phases of
the design process, the methodology must first be validated to ensure it is robust. Further to
this a validation study enables a high level of understanding of the baseline flow field. This
in turn allows a greater knowledge of the mechanisms of drag reduction through geometry
changes. Within this thesis an unsteady computational methodology will be developed and
then applied to two simplified reference models to enable validation and analysis of their flow

Introduction

2

fields. Then a chosen reference model and method will be used to assess the effectiveness of
base slats as a drag reduction approach.

1.1

Background & Motivation

Current vehicle emissions tests have shown up to a 30% discrepancy when compared to
real world driving conditions. Due to this a revised vehicle test cycle (WLTP) is set to be
introduced that will be more representative as it is longer and more dynamic. Based on this
test cycle a vehicle fleet average of 100 g CO2 /km has been set for 2020 [3]. This fleet average
target is adjusted depending on the weight of the vehicles so heavier cars are subject to less
stringent targets [4]. Some car manufactures, such as Jaguar Land Rover, are subject to a
niche derogation as they register between 10,000 and 300,000 new vehicles a year. This means
they have a reduced target of lowering their 2007 emissions by 55% before 2020 [5]. These
targets mean all automotive manufacturers are looking to improve vehicle efficiency to help
lower emissions and meet their targets. Failure to do so will result in substantial fines of e95
per g CO2 /km over target for each registered vehicle [6]. One method of achieving this is to
improve the aerodynamic characteristics of their vehicles as reducing drag leads to better
fuel economy and less CO2 emissions.
Automotive vehicle drag can be broken down into different sources, skin friction drag and
pressure drag. The first of these is due to the frictional forces as the air flows over the surface
of the vehicle. Improvements in skin friction drag can come from maintaining the lower
drag, laminar boundary layer by designing the vehicle body to ensure the pressure gradually
decreases along the vehicle length [7]. Considerations must be made when designing any
drag reduction devices as adding additional vehicle surface will increase the component of
drag associated with skin friction.
Pressure drag is a result of the large separation of the flow at the trailing edge of the
vehicle which forms a large, low pressure wake region. From literature Figure 1.1 has been
created to show the different quoted levels of contribution to overall drag from the base. This
source of drag can be attributed to up to 50% of the overall drag of a squareback geometry,
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Figure 1.1: Contribution of overall drag attributed to the base.

Figure 1.2: Contributions to energy consumption for vehicles with internal combustion
engines and electric vehicles [8].
such as an SUV, and so will be the focus of this work. For other geometries, such as fastback
vehicles, pressure recovery over the slanted of the rear screen and a smaller base surface
reduce the contribution from base pressure drag as seen for the passenger car in Figure 1.1.
Therefore identifying devices that would achieve similar results in terms of either one, or
both, of these mechanisms, without dramatically altering the vehicle aesthetic is of interest.
Aerodynamic drag is also a key factor in limiting the range of electric vehicles whose
popularity is rapidly increasing. According to the European Environment Agency [9] the
number of electric vehicles rose by 57% from 2013 to 2014. As the number of electric cars
continues to increase so does the relative importance of aerodynamics. Figure 1.2 shows
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that for electric vehicles the proportion of energy consumption due to aerodynamic losses
increases by 4.4 times compared to an internal combustion engined vehicle.
The need for improved drag reduction is clear and is of great interest to automotive
manufacturers as relative improvements in aerodynamics have a greater effect on efficiency
than other methods such as weight reduction and are relatively cheap to implement.

1.2

Reference Models

In order to characterise the effects of drag reduction devices and understand how they work
the baseline wake topology must first be established and characterised. This work focusses
on squareback geometries, as these vehicles typically have the highest base pressure drag.
The most commonly used simplified model with a squareback is the Ahmed model [10], with
some work seen on the Windsor model as well [11]. These simplified reference models have
been evaluated by LeGood and Garry [12] who discussed their merits when used for research
purposes. They concluded that whilst producing a similar overall flow field, the reduced
complexity enables high levels of repeatability experimentally. This makes them ideal for
use as CFD validation cases as there is a wealth of data available and the geometry is easily
replicated in CAD software.
The impact of underbody roughness on the wake of a Windsor model has been examined
by Perry and Passmore [13] who saw that adding roughness strips to the underside of the
model increased the drag by changing the typical wake structure and base pressure (Figure
1.3). The biggest effects of adding roughness were seen for the model in the lowest ground
clearance configuration. Adding roughness increased the suction on the lower half of the base
and Particle Image Velocimetry (PIV) data showed this was due to the lower recirculation
moving closer to the base. This was attributed to the roughness strips creating turbulence
that slowed the inner lower shear layer. The outer layer was therefore stronger and able
to create more up wash which led to the centre of the recirculation occurring nearer to the
base. Other work by Östh and Krajnović [14] for the flow around a freight train carriage
illustrated similar effects when adding detail to the underbody. It was observed that the lower
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Figure 1.3: Roughness strips used by Perry [15] to investigate the impact of underbody
detail of a simplified vehicle wake.
recirculation in the wake was closer to the base which was attributed to the flow beneath
the body having reduced momentum. Due to this, the time-averaged wake vortex ring was
seen to be angled; an effect not seen in other, similar studies of squareback bluff bodies with
a smooth underfloor.
As the underbody roughness has been seen to affect more than just the absolute drag
value it should be considered when evaluating drag reduction devices. The flow structures
modified by the device may not be present in a more realistic model and so the effectiveness
of the device may reduce when it is applied to a real car. This study also shows that the
roughness has differing effects depending on ground clearance, so using a larger ground
clearance would increase the correlation between smooth and rough underbody however this
may be less representative of real cars.
Dependence of the wake on front end effects should also be considered. It has been seen
that for a freight train carriage a roof separation is present. Oscillations in this structure
are seen to be in phase with those seen in the upper free shear layer, due to the common
vorticity shed from the roof separation bubble [14]. Therefore, it is important to ensure the
model selected provides the correct level of isolation between these two features. The critical
value for the ratio of front end radius to model width to ensure independence between the
separation bubble and drag has been identified as 0.075 [16]. The Ahmed body [10] has been
designed to comply with this and therefore has a much longer length proportionally than a
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typical road car. The simplifications of the model remove the wheels, underfloor and exterior
surface detail, despite this all the main bulk wake features are produced. As a result the model
can be used to investigate how rear-end geometry changes modify the wake flow, without
the additional noise that would be introduced with a full detailed geometry.
The Ahmed model can be tested in both a squareback and fastback configuration by adding
a rear slant. When the slant is introduced the flow structures are modified and the drag is
highly dependent on the angle [17]. The slope creates separation lines that are parallel to the
flow resulting in two counter-rotating streamwise vortices being formed on the two slant
sides. Between these two vortices a downwash is induced which forces the flow to remain
attached to the slant for angles less than 15◦ . In turn this reduces the wake size and the drag.
When the slant angle is between 20◦ & 30◦ the flow separates and reattaches on the angled
surface. The size of the recirculation bubble on the slope increases with the angle as does
the drag. For slant angles greater than 30◦ the flow can completely separate over the slant
creating a wake structure more comparable to a squareback geometry. Downstream of the
base surface the two recirculations seen with a squareback configuration are present with the
upper recirculation being the trapped part of a horseshoe vortex, the trailing legs of which
are the counter-rotating streamwise vortices.
Although this wake structure is different to that of a squareback geometry, mainly through
the introduction of longitudinal vortices, studies of a fastback Ahmed model are still of interest.
They show the influence optimisation of the trailing edge geometry could have on the overall
drag characteristics of the model. This has been demonstrated by Littlewood and Passmore
[18] & Pavia et al. [19] by adding tapers to the rear of a Windsor model to reduce drag.
Another improvement of this is to reduce the influence of bi-stability in the wake.

1.3

Wake Structure

For a generalised square-back vehicle the wake can be characterised as a large low pressure
region due to the geometry induced separation at each of the trailing edges. The time-averaged
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Figure 1.4: Time-averaged wake topology for a squareback vehicle [20]

wake is commonly described as a toroidal structure [20, 21] (Figure 1.4) enclosed by the free
shear layers emanating from the roof, sides and under-body [22].
In practice, when the instantaneous flow field is considered the main recirculating structures, known to form the arms of the time-averaged toroid, are still present but in a less
defined form. They are accompanied by many smaller vortical structures that shed from
the trailing edges of the model [23]. As described by Hucho [24] when the trailing edge is
perpendicular to the local flow direction, vortices are formed with an axis parallel to the
separation line. This is the case for square-back vehicles, and so the free shear layers bounding
the recirculating wake region are formed of these vortical structures as they are shed from
the trailing edges [25]. The positions of the recirculating vortex cores can also be seen to
vary with time as the relative magnitudes of the two recirculating structures in a given plane
alternate; often linked to a short time scale flapping of the wake driven by von Kármán
shedding or, if certain conditions facilitate it, longer time scale bi-stable switching [26–28].
The flapping of the wake is attributed to the vortex shedding from the trailing edges. Due the
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Figure 1.5: Schematic diagram of the two extreme states experienced during wake pumping,
with the long wake state on the left and the shortened wake of the right [27].

ground proximity and aspect ratio, width greater than height, of typical squareback bodies
the shedding frequency from the vertical edges varies to that from the horizontal edges. The
influence of the ground suppresses the vertical motion within the wake, illustrated by the
reduced energy in the associated periodic motion, compared to that of the horizontal flapping
[29, 27]. Spectral analysis of forces, base pressures and probes within the wake have been
used to determine the energy and frequency of the periodic wake motions. Initially Duell
and George [29] identified three periodic modes corresponding to different time-dependent
features of the wake of an Ahmed body. The lowest frequency of these is a periodic pumping
of the wake.They hypothesised that the shear layers entrain air causing the recirculation
length to increase. This continues until the wake reaches a critical length at which point
instability causes a vortex to be shed from the free stagnation point. When the vortex is
shed the recirculation length is reduced, this periodic fluctuation in recirculation length is
described as wake pumping (Figure 1.5). Both pressure data from the base and a velocity
probe at the free stagnation identified high energy content at a frequency of 15 Hz. When
non-dimensionalised by model height the resultant Strouhal Number (StH ) is 0.07, which has
been observed in subsequent studies for similar models [23, 27, 30].
Under certain conditions, the wake of a squareback vehicle can switch, over a long time
scale, between two stable symmetry breaking states. The ground clearance and aspect ratio
determine whether or not a model will exhibit bi-stable behaviour and in which direction
the instability will occur (Figure 1.6). Grandemange et al. [31] have shown that bi-stability
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Figure 1.6: Domains for lateral (blue) and vertical (red) bi-stability deduced by
Grandemange et al. [31] based on experiments and symmetry assumptions in terms of
normalised ground clearance (C ∗ ) and model aspect ratio (H ∗ ).
is present once the ground clearance, non-dimensionalised by model width (C ∗ ), is greater
than 0.09. At this height the underbody flow is no longer dominated by viscous effects and so
has enough momentum to prevent ground boundary layer separation. This gives rise to the
typical wake for this type of model, defined by an upper and lower recirculating structure
in the time-averaged vertical mid-plane. For ground clearances smaller than the critical
value, the wake instead resembles that of a backward facing step. Once the ground clearance
is sufficiently large for bi-stability to exist, the direction of the instability is dependent on
the aspect ratio, H ∗ , defined as model height over width. For traditional geometries, such
as the Ahmed model where the model width is larger than the height, the instability was
observed in the lateral direction, with opposing asymmetric stable states in the horizontal
mid-plane. For a model with a height greater than its width the direction of the instability is
switched, occurring instead in the vertical plane. For models with a square aspect ratio no
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Figure 1.7: Time history for two pressure tappings, one on the left side of the base (above)
and one on the right side (below), for a model exhibiting bi-stable behaviour [19].
data was collected, however the authors hypothesised these would fall into an interfering
region, whereby there is an interaction between the lateral and vertical instabilities in which
they may co-exist.
There are many indicators to suggest a model is exhibiting bi-stable behaviour which
have been described by Volpe et al. [27]. The first of which is two distinct peaks in the RMS
of the fluctuations in pressure coefficient on the base, the locations of which are symmetric
about the centreline. Another indicator is to consider the time pressure history of these two
points, as the pressure measured will switch between two distinct levels out of phase with
one another. An example of this, taken from Pavia et al. [19], in Figure 1.7 shows as the
pressure drops on the left side of the base it instantaneously increases on the right. The PDF
distribution of the pressure coefficient at these points is also seen to be bimodal to account
for each of the two steady states. Another method of identifying bi-stability is to perform
POD on the base pressure field, the first mode of which will show side to side asymmetry
indicating bi-stability. However, caution should be used here as this mode is also attributed
to the left to right von Kármán mode [27].
Bi-stability is very sensitive to yaw with small angles, in the region of 0.5◦ , able to suppress
the effect [19] and the phenomena being eliminated altogether for angles greater then 1◦
[27]. This is due to the forcing of the wake into favouring one of the asymmetric states by
altering the vertical free shear layers. There is also a high level of sensitivity in regards to
model pitch. Pavia et al. [32] identified a configuration of the Windsor model that could
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exhibit bi-stable behaviour, provided the turbulent kinetic energy within the upper and lower
free shear layers was evenly distributed. Pitching the model by 1◦ in either direction from
the bi-stable configuration was able to force the wake to be either upwash or downwash
dominated and so locked in one asymmetric state. These results highlight the sensitivity of
the model wakes to any asymmetries in experimental set-up and illustrate the dependency of
bi-stability on a balance, or global equilibrium, within the wake. Therefore, other than model
alignment there are other methods of dampening or suppressing the phenomena, such as
geometric modifications. Base flaps achieve this by moving the mixing downstream and away
from the base surface [33] and cavities can stabilise the wake into a time-averaged toroid
[20, 34, 35] (Figure 1.8). Smaller geometry changes, with increased applicability to the real
world, are able to achieve the same result. Small high aspect ratio tapers are able to reduce
the tendency of the wake to exhibit bi-stable behaviour. Perry et al. [36] applied tapers to
the upper and lower trailing edges and, as the angled surfaces closed the space between the
corresponding free shear layers, the bi-stability was suppressed. Pavia et al. [19] observed a
similar result for horizontal trailing edge tapers and furthered the investigation by considering
vertical, side edge tapers in addition. These were also able to reduce the bi-stability, providing
further evidence for the need of a global equilibrium within the wake to necessitate a bi-stable
wake. The direction of the instability is fixed in the work by both Pavia et al. [19], Perry
et al. [36], however it can be suppressed by bringing either the vertical or horizontal free
shear layers closer together indicating a dependency on a balance between all of the four
free shear layers. The ability of an individual short lower edge taper to suppress the bi-stable
motion, by reducing the time between switches due to increased upwash and the resulting
more "forced" wake [19], is of interest as very few real world vehicles have a square lower
rear side profile. Therefore a simplified model could implement such a feature to not only
increase the applicability of the model but, also reduce the tendency of bi-stability within the
wake which allows a shorter period of data collection to obtain an accurate time-averaged
flow field [19].
Very few computational investigations have identified bi-stability, with many being completed on models which fit the criteria for a bi-stable wake but showing no evidence of its
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Figure 1.8: Wake topology of each lateral symmetry breaking state for a bi-stable model
(left) and the time-averaged wake toroid achieved by suppressing bi-stability with a base
cavity (right) [35].

presence [37, 20, 14]. Despite this there has been some success, Large Eddy Simulations (LES)
have been able to capture bi-modal flow for an Ahmed model, however this was at a very low
Reynolds number which ensures a laminar boundary layer and so has limited applicability
[38]. Other simulations have been successful at more representative Reynolds numbers, with
Dalla Longa et al. [39] achieving a couple of switches using wall-resolved LES at a Reynolds
number of 33,000 and Lucas et al. [34] capturing one bi-stable state at a Reynolds number
of 396,000, also with LES. Despite these successes, they are still limited with the most representative Reynolds number flow being unable to capture a switch, attributed to a short run
time by the authors. The computations are highly expensive, especially given switches have
not yet been achieved at a Reynolds number representative of real world vehicles, due to the
need for a long run time given the very low frequency of bi-stability. Additionally both these
simulations suggest the time-averaged toroid remains in a bi-stable wake, with the orientation
rotated so the arm closest to the base corresponds to the lowest pressure region. This is in
direct contrast the the structure described experimentally, which is instead two symmetric
hairpin vortices, one for each bi-stable state [35, 33, 26, 36] (Figure 1.8). This indicates that
there may still be obstacles to predicting bi-stable flows computationally and there may be
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limits to the accuracy with which the bi-stable modes can be predicted. However, this does
not mean that computational simulations are invalid unless bi-stability, and the corresponding
long averaging window, are correctly reproduced. The simulations cited previously as not
producing bi-stable flows, despite the geometry fulfilling the bi-stable criteria all produced the
correct time-averaged flow fields [37, 20, 14]. These results would indicate to the user that the
computational method was providing an accurate description of the flow when in fact important transient wake behaviour has been omitted. This is increasingly likely as the awareness
of bi-stability continues to increase and as a result experimental methods are designed to be
robust against it, with increasing sample sizes to ensure both stable states are captured to
a sufficient degree to produce the correct time-averaged flow fields. As a consequence care
should be taken to consider the transient flow when experimental results are used to validate
a computational method. In addition, even if bi-stable behaviour is observed experimentally
but not computationally it is worth noting the instantaneous wake structures are still highly
comparable. Both asymmetric states present in a bi-stable flow are commonly seen in the
computational result, just in a less stable and rapidly fluctuating form. This means that they
can be analysed and the impact of geometry modifications can be assessed with a reasonable
degree of accuracy. The shortfalls in the computational method are of greater impact when
modal analysis of the time dependent wake features is required. For example bi-stability is
seen to have a large impact on the POD modes observed within the wake, contributing a
substantial proportion of the overall energy. Therefore, the decision has been taken in this
work to avoid models known to exhibit bi-stability to ease the computational complexity and
reliability and enable transient analysis to be completed with increased confidence.

1.4

Drag Reduction Devices

When considering methods of base pressure drag reduction the wake structure and it’s
impact on base pressure should be first characterised to enable an understanding of how a
drag reduction is achieved. The main recirculating structures found within the wake have
different positions, relative to the base surface, depending on the vehicle geometry. The
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Figure 1.9: Influence of the bulk wake structures on the base pressure as shown by a
bi-stable flow field [34]. Pressure iso-surface (left) and the corresponding base pressure
distribution (right).

distance between the vortex core and the base surface, along with the size of the structure
help determine it’s influence on the base surface. This can be illustrated by considering a
bi-stable flow field (Figure 1.9) in which a given asymmetric state results in a portion of the
base exhibiting the lowest pressure. The corresponding wake structure shows an arm of the
wake vortex to be closest to this region of the base, whether in the experimental hairpin form
[35, 33, 26, 36] or the computational toroid [39, 34]. Therefore the interaction between the
recirculating wake structures and the base surface is an area to target if drag reduction is
desired. A further method of improvement is to consider the pressure at the trailing edges of
the model. If this can be increased through pressure recovery, then the flow will separate and
enter the wake at a higher pressure, reducing the wake suction as a result.
The simplest way to achieve either of these effects is through trailing edge geometry
modifications, examples of which include base cavities, extension plates and high aspect ratio
tapers or boat-tailing. As shown when applied to bi-stable geometries a base cavity can be
used to move the recirculating structures downstream and away from the base surface, with
the added consequence of suppressing the bi-stable tendency within the wake [34]. When
the vehicle forces are considered a 9.5% drag reduction can be achieved with a cavity depth
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Figure 1.10: Illustrations of an external [23] (left) and internal [42] (right) base cavities.

33% of the body height. Extending the cavity further, to 50% of the body height increased
this reduction to almost 20% [40] (Figure 1.10), with the same mechanism of moving the
recirculation downstream being observed. The surfaces of the cavity itself must also be
considered, Khalighi et al. [23] applied a cavity, as shown in Figure 1.10, the surfaces of which
were inboard of the model trailing edges. As a result flow separated from the trailing edge
and reattached to the outer surfaces of the cavity allowing a greater pressure recovery. This
additional benefit explains why the drag reduction was, for the longer cavity, larger. Drag
is expected to decrease with increasing cavity depth until a critical value is reached, at this
point the free shear layers of the wake begin to interact with the cavity surfaces. As a result
pressure oscillations are induced which amplify instabilities within the wake region and drag
is seen to increase with any additional length [41]. A further disadvantage of the cavity
walls has been shown in full scale wind tunnel tests whereby the cavity surfaces contribute
additional skin friction drag [42]. The authors in this case proposed an alternative, internal
cavity which extended into the existing vehicle, removing the need for any additional surfaces
(Figure 1.10). However, given the length of the vehicle was fixed any increase in cavity depth
reduced the size of the passenger compartment, limiting the depth to around 25% H resulting
in a reduced drag reduction of 2% compared to the larger model scale external cavities.
Another method of increasing the pressure recovery, without the need for a full cavity, is
to consider extension plates. Full scale wind tunnel tests have been completed by Sterken
et al. [43] on a simplified SUV with closed cooling and a smooth underbody to investigate the
effect of adding extension plates to the roof and sides of the vehicle’s base surface (Figure
1.11). A global base pressure increase, resulting in a drag reduction of 10 counts, was observed
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Figure 1.11: Illustration of extension plates with a kicker on the upper trailing edge of a
simplified SUV [43].
due to a translation of the recirculating structures downstream, along with increased pressure
recovery along the surfaces of the extension plates. The angled trailing edge created at the
roof drives the upper shear layer downward, giving it increased energy versus that from the
underbody. As a result the wake structure is flipped from the baseline case without the plate
to be dominated by the upper recirculation, with a reduced wake length also identified. To
regain some balance within the wake a kicker was added to the end of the extension plate to
reduce some of the induced downwash. The upper recirculation is moved downstream as a
consequence, allowing a further pressure reduction over the rear screen. This is a promising
technique for drag reduction, however design constraints should be considered. Application
of extension plates would result in reduced visibility through the rear windscreen, although
there is currently no legislative requirements for this.
The considerations regarding additional external surfaces for implementation of cavities
and extension plates can be removed if they are instead incorporated into the body of the
vehicle. Unlike the internal cavity proposed by Irving Brown et al. [42], adding short, high
aspect ratio tapers to the model trailing edges ensures there are no additional surface extensions whilst causing minimal reductions to the passenger compartment or rear load space. A
taper of less than 15◦ applied to the upper trailing edge of the Windsor model was able to
produce an increasing drag reduction with taper lengths up to 12% of the model length [44].
To understand the relationship between drag reduction and taper length each component
of drag must be considered (Figure 1.12). Lift is seen to increase linearly with taper length
until it reaches a steady state, at which length the vortex drag, which has been increasing
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Figure 1.12: Drag vs taper length plot showing the breakdown of total drag coefficient
(CDT) into base drag coefficient (CDB), skin friction drag coefficient (CDF) and vortex drag
coefficient (CDV). The lift coefficient (CL) is also plotted [44].
non-linearly with lift, also plateaus. As base pressure drag decreases linearly with taper
length, due to the reduction in base area, once lift and vortex drag have reached a constant
value the overall drag will begin to decrease linearly with taper length. The additional effect
of an upper trailing edge taper is the introduction of streamwise vortices at the slope edges.
Littlewood and Passmore [18] investigated similar geometry tapers with a chord 16% of the
body height and found a optimum angle of 12◦ for short upper trailing edge taper, resulting in
a 4% drag reduction. Coupling the upper trailing edge taper with one on the the lower trailing
edge results in further improvements. Perry et al. [45] found that for a 16◦ upper edge taper
combined with a 6◦ lower taper, both of the same length used by Littlewood and Passmore
[18], produced a drag reduction of 5%. Each taper was seen to influence the corresponding
arm of the time-averaged wake toroid, with the optimum configuration occurring when the
most balanced wake was achieved. Later work considered the same length tapers applied to
the vertical trailing edges, with the same angle applied to each edge [15]. In this case the
largest drag reduction, of 7%, was found for a side taper angle of 12◦ which was attributed
to further increasing the balance within the wake when compared to the best case obtained
with horizontal trailing edge tapers. Pavia et al. [19] has reported similar results with the
performance of horizontal trailing edge tapers reliant on achieving a balance between the
induced upwash, for lower edge tapers, and downwash, for upper edge tapers which allows
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Figure 1.13: Time-averaged wake topology for an Ahmed body with a backlight angle and
so representative of a fastback vehicle [46].
for a more symmetric wake structure. Vertical tapers were again seen to provide a greater
drag reduction when compared to horizontal tapers with the authors crediting the additional
drag reduction to a further movement of the wake torus downstream.
As the work presented here is focussed on squareback geometries, the previously discussed
upper trailing edge tapers have been limited to those which are short enough to ensure the
vehicle can remain classed as a squareback, rather than becoming more representative of a
fastback geometry as in the case of the well studied Ahmed body with a backlight angle. With
the increased length of the slanted surface in the case of the Ahmed model to 77% of the model
height, compared to 16% H tapers used by Littlewood and Passmore [18], Perry et al. [45]
& Pavia et al. [19], the strength of the longitudinal vortices induced at the side edges of the
tapered surface increase. The formation of these structures is due to the low surface pressure
on the slanted surface that enables side-body flow to travel around the streamwise edge of
the taper, creating the vortex (Figure 1.13). When considering the breakdown of drag, Ahmed
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observed an 8% drag reduction for a 12.5◦ taper, double that achieved for the similar 12◦ high
aspect ratio taper [18]. This comes from an increased reduction in base pressure drag of 37%,
due to the much reduced area in the case of the Ahmed body. However, the larger slanted
surface is an additional source of drag, with pressure drag over this surface contributing
16% of the overall drag, a much larger proportion than the 4% observed by Littlewood and
Passmore [18]. The minimum drag configuration for the Ahmed body is at a slant angle of
12.5◦ , for any larger angles the drag begins to increase as the flow separates over the slanted
surface. For slant angles below 30◦ the flow reattaches on the surface, with a separation
bubble forming, the size of which grows with slant angle. Within this range, the strength
of the longitudinal vortices increases with slant angle as does slant drag, with base pressure
drag continually reducing. Once a slant angle of 30◦ is reached the wake takes both high
and low drag forms with the separation either occurring at either the upstream (low drag)
or downstream (high drag) horizontal edges of the slanted surface [46]. For the high drag
configuration the longitudinal vortices are at their strongest and are a major contributor to
the overall drag, their downwash enables the flow to stay attached to the slanted surface and
as a result this surface contributes 56% of the overall drag [10]. For the low drag configuration
the flow is fully separated at the upper edge of the slant, reducing its contribution to drag.
The induced longitudinal vortices have an impact on the bulk wake structures and therefore,
should be considered as a consequence of using larger rear tapers. Furthermore, such a large
taper length modifies not only the aesthetic of a vehicle, but also its functionality in terms of
rear load space and the passenger cabin.
Therefore, combining shorter tapers to each of the trailing edges should be considered
to further improve the benefits observed by Perry [15], Perry et al. [45] & Pavia et al. [19].
Verzicco et al. [25] & Khalighi et al. [40] have both applied tapers of the same length and
angle to each trailing edge of a squareback model, referred to as boat-tailing, achieving a
drag reduction of approximately 30% in each case compared to the baseline geometry. The
larger drag reductions compared to the horizontal or vertical tapers are due to the cumulative
pressure recovery from applying tapers to each edge and a further reduced base area. Although
the taper angles are comparable to those used by Littlewood and Passmore [18], Perry et al.
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Figure 1.14: Schematic diagrams of the jet boat tail, with the generic mechanism (left) and
the application to the simplified body (right) [47].

[45], & Pavia et al. [19] at 9◦ the taper length is greater, at approximately 45% of the model
height and as a result the base area is substantially smaller.
The benefits of boat-tailing can be magnified by injecting high momentum flow at a
separation line to create an angled "virtual trailing edge". Hirst et al. [47] designed a jet
boat-tail which used a converging duct to accelerate flow from the sides of the model into
the wake (Figure 1.14). The expected benefits of tapered surfaces, as seen for a traditional
boat tail, are observed with a shorter wake due to more angled free shear layers. Additionally,
the jet was able to increase the velocity within the wake, reducing the velocity deficit and
so the recirculation length. The static pressure within the wake region was also increased
as indicated by higher base pressure values. Vortex shedding from the trailing edges was
suppressed, observed as a reduction in fluctuations within the drag coefficient and can be
attributed to the jetted flow creating a virtual trailing edge that increases the wake stability.
Although this device was able to achieve a drag reduction of 15%, the skin friction drag was
increased due to the additional surfaces of the device, therefore it must be carefully designed
to limit the friction surfaces. A similar result was observed by Littlewood and Passmore [48]
who implemented steady blowing at the upper trailing edge of the Windsor model. By angling
the jet nozzle at 45◦ from the freestream and toward the wake centre a drag reduction of up to
12% could be achieved. It was noted that the jet produced in this configuration was actually
angled by only 9.5 ◦ from the base surface, which was attributed to a coanda effect within the
curved internal ducting of the jet. When the blowing was applied a global increase in base
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Figure 1.15: Vertical mid-plane for three different splitter plate locations, x/H=0.4 (left),
x/H=0.5 (center) and x/H=0.6 (right), showing how positioning of the arms of the vortex core
varies with plate location [49].

Figure 1.16: Horizontal mid-plane for two different splitter plate locations, x/H=0.5 (left)
and x/H=0.6 (right), showing the split of the vertical wake toroid arms once a critical plate
location is reached [49].
pressure was observed, with almost all the drag difference being due to this base pressure
drag reduction. This pressure increase is coupled with a reduction in wake size, due to more
angled upper shear layers, as observed for the jet boat tails [47]. However,
Another method of moving the time-averaged wake structures further from the base
surface, as opposed to trailing edge geometry changes, is to consider splitter plates. Gilliéron
and Kourta [49] investigated the effects of vertical splitter plates of different sizes and locations,
placed within the wake of a squareback Ahmed body. Vertical planes of velocity show the
upper and lower arms of the vortex ring sit within the cavities created between the plate and
base surface. As the distance between the splitter plate and base increases the vortex cores
move downstream, allowing a maximum drag reduction of 12% when for a splitter plate with
dimensions 90% of those of the base surface placed half a model height downstream of the
base. For this configuration the vortex cores sat centrally within the cavity, minimising their
impact on both the base and splitter plate surfaces (Figure 1.15). In the horizontal plane the
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vertical arms of the wake toroid were seen to sit outside the cavity, giving a further reduced
impact on the base surface. When the splitter plate was moved further downstream the arms
of the vortex split, enabling part of the structure to sit within the cavity, increasing the drag
(Figure 1.16).

With the exception of short, high aspect ratio tapers, the devices discussed so far have
limited real world applications as they incur aesthetic and functional costs. One approach is
to consider deployable devices. Although this would require additional design work it would
enable the device to be hidden within the existing geometry; leaving the aesthetics of the
vehicle unaffected when parked or at low speed. Many devices have the greatest effect when
the vehicle is travelling at motorway speed, due to the relationship between drag coefficient
and velocity, and so could only be deployed under these conditions. This technique has
been discussed previously by Kang et al. [50] who proposed hiding a deployable rear diffuser
within the bumper for use at high speed, when the device has the largest impact on drag.
Although packaging constraints must be considered with the location of the device, in this
case the maximum available length was larger than that required to achieve the maximum
drag reduction of 4%; further indicating there is potential for deployable devices. The diffuser
was shown to reduce drag by blocking upwash from the lower pressure underbody flow,
causing the space to be filled by higher pressure air from the vehicle sides. This causes the
base pressure to be increased in this location and so the drag is reduced. As diffusers cause
the pressure on the lower surface to increase they also affect the lift of the vehicle which
could cause instabilities for the driver; therefore this must also be considered when assessing
this type of device. Even though this study appears to show this is a plausible technique it is
worth noting that the computational mesh was small and there was limited discussion on
the practicality of the design and no notes on how the device would be deployed and the
energy this process would require. Such active aerodynamic device are becoming increasingly
common features on road cars. For example the Ferrari 488 GTB uses an active diffuser that
features a flap capable of opening by 17◦ to reduce drag at high speeds and Porsche have
patented a similar technology [51].
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Figure 1.17: Horizontal slats implemented by Littlewood et al. [52]

Therefore a better approach may be to consider smaller scale geometry changes that
target the flow structures known to contribute to the vehicle drag. As described previously,
the time-averaged recirculating wake structures correspond to the low pressure on the base
surface and so moving these structures downstream can result in increased surface pressures
and reduced drag. The investigation by Littlewood and Passmore [48] found steady blowing
at the upper trailing edge was able to reduce the strength of the lower recirculation. As the
baseline wake structure was dominated by this recirculation it had a large influence on the
drag of the body. The vorticity of the structure was reduced with the additional downward
momentum from the upper trailing edge jet flow and as a result so were the local near base
velocities. It followed that this reduced velocity was responsible for a localised pressure
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increase on the base surface. It therefore follows that alternative methods of reducing this
near wall velocity could also bring about a drag reduction.

Littlewood et al. [52] applied small horizontal slats to the lower half of the base surface
of a Windsor model, the slats were geometrically very small, extending just 8mm (3% of the
model height) into the wake with a thickness of 1mm (Figure 1.17). As such they would have
minimal impact on vehicle aesthetics and could possibly be incorporated into existing features,
such as a rear screen wiper. The slats were seen to be effective at disrupting the near base flow
and as a result reducing the local velocities, being particularly effective in the region of the
uppermost slat. As a result a pressure increase was seen over the base surface with slats and
additional pressure increases where the recirculating flow impinged on the upper slat. Due to
the success in the scale model tests, slats were applied to a squareback MPV (multi-purpose
vehicle) for full scale tests. Here the need for a smooth underbody was identified, highlighting
the link between the lower recirculation, fed by flow from the underbody, and the mechanism
of drag reduction.

Robertson et al. [53] completed further work employing a steady state computational
method to investigate the optimum scale model configuration identified by Littlewood et al.
[52]. This identified similar mechanisms of change, plus increased turbulent kinetic energy
in the upper shear layer which increased the relative size of the upper recirculation and so
balance within the wake. However, the study employed steady-state Reynolds-Averaged
Navier Stokes (RANS) which is generally accepted to be insufficient for this type of geometry.
Typically only the drag force can be well replicated with the wake structures and pressure
distributions often incorrect [54]. This is due to the differences between the instantaneous
and time-averaged flow structures defined previously, with a steady computational approach
failing to capture the time-dependent physics such as vortex shedding and wake flapping
found within the flow. The inclusion of these time-dependent flow features is seen to change
the time-averaged result of an unsteady simulation, indicating the replication of these physics
drives the production of a correct time-averaged flow field.
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Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) is commonly used as a tool to both characterise and
analyse bluff body flows and, assess the impact of drag reduction devices, examples of
which have been given in Sections 1.3 & 1.4 respectively. With accompanying experimental
validation, computational results are widely accepted and have become an integral part of
vehicle development within the automotive industry. For example, CFD has been used for
every design developed by Volvo since 1996 [55]. Fully-detailed, full-scale models are now
simulated using grid sizes of approximately 50 million cells, resulting in some manufacturers
quoting computational drag values within 5 counts of experimental test results [56].
The simplest computational approach, RANS, considers a steady state solver, which
applies the Reynolds Averaged Navier Stokes equations, with a turbulence model to solve the
closure problem. This approach has been implemented in many studies due to the reduced
computational cost involved, with an unsteady IDDES (Improved Delayed Detached Eddy
Simulation) approach costing approximately 17 times more than RANS when applied to the
DrivAer model [57]. However, due to the steady state nature of the method the transient
behaviour of the flow cannot be captured. This limits the applicability of the approach, due
to the highly unsteady nature of automotive wake flows, as discussed in Section 1.3. Many
studies have shown this to be the case in practise where, although drag forces can sometimes
be well replicated, the flow features are not. Studies completed on the generic SUV [58] and
Ahmed body with a 25◦ slant [57] have both shown RANS unable to correctly capture the
flow. In both these cases the separation and recirculating region over the slanted surfaces, the
diffuser for the SUV and backlight slant for the Ahmed body, are over-predicted with RANS.
As a result there is a reduction in the turbulent mixing between the shear layer and the wake
region leading to an increased wake length when compared to experimental data.
Although the RANS approach has limited applicability, it can be combined with unsteady
Large Eddy Simulation (LES) to produce a hybrid approach. Giving a successful compromise
between the correct physics produced within an unsteady solver whilst remaining cost
effective. Both Hybrid RANS-LES and LES methods have been used successfully within many
studies, accurately replicating both forces and flow structures for automotive geometries. The
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Figure 1.18: Time-averaged base pressure distributions for the generic SUV model taken
from Kabanovs [63] with the experimental result on the left (a) and the IDDES result on the
right (b).
drag coefficient is commonly replicated within 5% of the experimental value [57–60]. Both the
base pressure distribution [61] and wake structures [40, 62] are also seen to replicate those
seen within experiments. An example of this is the work by Kabanovs [63] who performed
CFD simulations using IDDES of the generic SUV model with complementary wind tunnel
experiments. The drag coefficient was predicted within 4% of the experimental result and
the time-averaged base pressure magnitudes and distribution were well-matched (Figure
1.18). The wake structures were also presented (Figure 1.19) by considering the time-averaged
velocity in three vertical planes within the wake. Again a high level of agreement is seen,
with the recirculation length, vortex core positions and the size of the recirculating structures
all being accurately replicated using the computational method.
For the Ahmed and Windsor models mesh sizes are typically between 15 and 20 million
cells [57, 64], whilst for more realistic geometries larger meshes are required. The addition of
complex features, such as wheels and detailed surface geometry means meshes are often 3 or
4 times greater than those applied to more simplified geometries. Example include, around
70 million cells for the generic SUV [58, 63] and approximately 80 million for the DrivAer
model [57, 65]. In a majority of cases, using either simplified or more complex geometries the
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Figure 1.19: Time-averaged velocity in three vertical planes within the wake of the generic
SUV model taken from Kabanovs [63] with the experimental result in the upper row and the
IDDES result in the lower row.

wall y+ is defined to be less than 1 over the model surfaces to ensure the boundary layer is
resolved [66].
Different methods of implementing CFD have been developed and successfully applied to
automotive aerodynamics. Commercial softwares are available, with some using the Navier
Stokes approach including StarCCM+ [67], and others applying the Lattice Boltzmann Method
(LBM) such as PowerFLOW [61]. Both these approaches have been seen to produce accurate
flows for a generic SUV model, with the LBM method giving a more cost effective result due
to its increased calculation efficiency [54]. Open-source software such as OpenFOAM is also
popular as there are no licensing costs making it cheaper to apply to parallel computing and
it is highly customisable for a given user’s application [68].
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1.6

Objectives

The aim of this work is to understand how the structures within the wake of a simplified
model correspond to the base drag. With this knowledge modifications to the geometry can
be defined to modify identified wake features to deliver a reduction in drag. Given the more
traditional and commonly used drag reduction methods, such as trailing edge tapering, are
reasonably well understood the aim here is to consider much smaller geometry modifications
and focus on understanding their local impact on the flow and the resultant impact on the
global wake structures. The added benefit of small geometric features is the reduced aesthetic
costs and the opportunity to introduce an additional approach to vehicle development that
considers more localised flow changes that can be developed in parallel to the more global
aerodynamic features. In order to evaluate very small geometric features a computational
approach provides many benefits compared to an experimental campaign. Data can be
collected anywhere within the flow and on any surface, such results cannot be easily obtained
within a wind tunnel as flow visualisation techniques, such as PIV, are difficult to implement
near the model surfaces. Additionally any surface data can only be collected if the model
surface itself is sufficiently large to permit the fitting of a pressure tapping. Given these aims
the following objectives were defined:
• Develop a best practise computational methodology that is able to efficiently simulate the
flow around a simplified reference model, with the results validated by complementary
experiments. Sufficient detail near the model surfaces must be captured to ensure small
geometric features can be well described, and their impact on the flow evaluated.
• Implement the defined methodology to develop an understanding of the flow field and
how wake structures correspond to the base pressure distribution and, in turn, drag.
With these features identified outline novel methods to reduce their associated drag
without introducing large aesthetic changes.
• Complete a parametric study using the identified drag reduction methodology with a
simplified model that can also be efficiently simulated using the defined, best practise,
methodology.
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• Assess the impact of the geometry modification on the time-averaged and instantaneous flow fields to determine how the force changes are produced. Test any further
configurations and define the generic mechanisms which enable a drag reduction to
develop design guidelines for targeting specific wake features.

Chapter 2
Simulating Bluff Body Flows
In order to improve the understanding of base drag and how it can be reduced, a robust
computational methodology must first be developed to enable well-resolved and validated
flow fields for analysis. Therefore, two simplified reference models were identified for use as
test cases. Experimental validation data was obtained using Loughborough University’s Large
Wind Tunnel and compared to the computational result in each case. A commercial CFD
code was used for the numerical simulations and the aim was to achieve a computationally
efficient methodology that could accurately replicate all the important flow features within
the wake. This would enable the flow field to be well understood and assess how structures
within the wake contribute to the drag. From this, methods of modifying these structures to
achieve a drag reduction can be hypothesised and tested using the proven methodology.
Within this chapter the computational method development for two simplified models
will be detailed. An overview of the completed simulations is given in Table 2.1, outlining
the different approaches. For the first simplified geometry, the 1-Box model, the initial
computational approach defined based on the parameters of existing studies, as surveyed
in Section 1.5, was insufficient to capture the correct flow features. As a result the initial
simulation was analysed to determine the limitations of the approach to enable the method
to be improved until a good result was achieved. For the Windsor model however, the initial
simulation parameters were sufficient and, as a result, this method was applied to other model
configurations to determine how robust it was to geometric feature changes.
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Table 2.1: An overview of the simulations detailed within Chapter 2.
Geometry

Numerical Method

Comments

1

1-Box Model

k-ω SST IDDES

2

1-Box Model

k-ω SST IDDES

3

1-Box Model

4

1-Box Model

Lattice Boltzmann
Method
k-ω SST IDDES

5

1-Box Model

k-ω SST IDDES

6

1-Box Model

k-ω SST IDDES

7

Windsor Model

k-ω SST IDDES

8, 9 & 10

Windsor Model

k-ω SST IDDES

18.5 million cell mesh,
∆t = 4.75 × 10−5 s
As Configuration 1 with
mesh refinement
50 million voxels, ∆t =
3.218 × 10−6 s
As Configuration 2 with
∆t = 4.75 × 10−6 s
As Configuration 4 with
uniform mesh in wake region
As Configuration 4 with
increased averaging time
12◦ lower trailing edge taper
6, 16 & 20◦ lower trailing
edge tapers

2.1

Model Selection

The wake’s of two different simplified bluff bodies have been simulated to ensure a robust
methodology has been developed. The first, the 1-Box model, geometry is very simple with
both horizontal and vertical symmetry and a relatively large ground clearance to reduce the
interaction with the floor. The model is similar to the Ahmed geometry [10] but is shorter
to provide an aspect ratio closer to a road vehicle. Complexity has been added with the
second model choice, the Windsor Model, which has been chosen to better replicate real
world vehicles. Its slanted front-end and rectangular cross-section are more representative
and so result in a more realistic flow field. The same methodology has been applied to both
models to assess its applicability to different flow fields.
The 1-Box model, is a simplified model initially developed to investigate the optimisation
of fore-body radii and how this influences the base pressure. The original model, created by
Newnham [69], used interchangeable front faces to enable varying radii on the top and side
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Table 2.2: Key dimensions of the 1-Box and Windsor models.

Height
Width
Length
Front Radii
Roof Radii
Ground Clearance

1-Box model

Windsor model

0.38m
0.39m
0.845m
0.1m
0.1m ≈ 0.26H

0.289m
0.389m
1.044m
0.05m
0.2m
0.05m ≈ 0.17H

edges. This model was then adapted by Perry [15] to also vary the radius on the lower edge
of the front section. As the purpose is to have more realistic wake features, the model length
is shorter than the traditional Ahmed Body [10] where the intention was to decouple the base
from the front-end. Although this interaction was not the aim of this work, the model was used
as it was readily available for experimental work and the time-averaged wake is comparable
to squareback vehicles. Both Newnham and Perry’s investigations considered many front
radii and ground clearances, however only one of these configurations was selected for this
work as summarised in Table 2.2. A front radii of 100mm was chosen as this ensured there
was no leading edge separation. A ground clearance of 100mm was used to further simplify
the flow as it places the model well outside the boundary layer on the floor of the wind tunnel,
with the aim of minimising this interaction. The model in this configuration is illustrated in
Figure 2.1, where Length (L) is 0.845m, Width (W) is 0.39m and Height (H) is 0.38m.
The flow field for a second bluff body, the Windsor Model, was also simulated. This model
is again a simplified geometry however its slanted front end generates a more representative
flow than the Ahmed or 1-Box models. The standard dimensions, summarised in Table 2.2, of
L=1.044m, W=0.389m and H=0.289m were used, making the model equivalent to a 1/4 scale
passenger car (Figure 2.2). To prevent separation the front radii are 0.05m and the roof has a
0.2m radius.
The experimental model has interchangeable rear sections meaning differing taper angles
can be added to any of the four rear edges. For this study the primary configuration employed
a 12◦ , 45mm long taper on the lower trailing edge. This rear geometry was chosen as it
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Figure 2.1: 1-Box Reference Model

Figure 2.2: Windsor model with 12◦ lower taper
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ensures the model produces a more realistic wake structure, given vehicles rarely have a
square rear lower side profile. A further advantage of the inclusion of a tapered lower surface
is that it increases upwash in the wake. Pavia et al. [19] found that, whilst the taper angle
is small enough to ensure the flow remains attached to the angled surface, fluctuations in
base pressure are reduced. This ensures a reduced total simulation time would be required
to fully capture the time-averaged field, particularly as the squareback configuration, with
no tapers on the trailing edges, of the Windsor Model is known to be bi-stable and the
addition of a lower taper reduces the impact of this phenomena. In this configuration the
time spent in the symmetric state was increased along with a reduced time between switches
being observed, indicating the laterally asymmetric states were less stable. The total time
required to accurately capture the field was therefore reduced, with a 30 second period of
data collection during the experiment giving the same base pressure drag as was seen in 630
seconds [19]. This is a benefit for the computational work as limited computational resources
make simulation efficiency very important. Further taper angles of 6, 16 and 20◦ were also
considered to ensure the methodology was able to accurately predict trends due to geometry
modifications. All the simulations were completed at a ground clearance of 50mm, or 0.17H,
which again increases the comparison to real world geometries.

2.2

Computational Methodology

Both the simplified models are known to produce a three-dimensional and highly unsteady
wake meaning steady approaches such as Reynolds Averaged Navier Stokes (RANS) are
insufficient at capturing the required time-dependent turbulent structures to fully replicate the
flow field [70]. Preliminary RANS simulations, completed using StarCCM+ v.10.04.009, showed
this to be the case with the k-ω Shear Stress Transport (SST) turbulence model performing
better than the Spalart-Allmaras (SA), Realizable k-ϵ and standard k-ω models. This is in
agreement with Pachpund et al. [71]. Both the k-ω simulations produced relatively accurate
drag coefficients, within 1 and 2% of the experimental result for the standard and SST models
respectively. The SST variant however, was able to produce more comparable base pressure

Simulating Bluff Body Flows

36

values and as a result was able to produce a base pressure drag, defined as an integration of the
pressure coefficients over the base surface, within 0.5% of the experimental result. Despite the
accuracy within these metrics, the wake structures and pressure distributions were found to
be incorrect, which is commonly seen when applying RANS to this type of geometry [54, 70].
This study did, however, identify the best RANS turbulence model for implementation in a
Detached Eddy Simulation (DES) methodology.
The inability of RANS to accurately capture the wake structures led to the requirement
of an unsteady, eddy-resolving approach, such as Large Eddy Simulation (LES); however
the requirement for a high resolution mesh comes with a large computational cost. This
computational expense can be reduced by considering a hybrid RANS-LES approach such as
DES, first suggested by Spalart et al. [72]. RANS is used in the near-wall regions allowing a
reduced local grid size, whilst away from the wall LES is employed ensuring the unsteady
turbulent structures are resolved. A blending factor, based on grid size, dictates where the
switch between models occurs as the turbulent length scales resolved are dependent on cell
size within LES. DES is known to perform well for flows with a large separated region, where
the point of separation is dictated by the geometry and is therefore insensitive to the near-wall
flow; this ensures a near-wall RANS approach will be sufficient. For both geometries tested
here, the separation is induced by the sharp trailing edges, meaning DES can be applied with
a high level of confidence [59]; it has therefore been used in its different variations for many
automotive applications [73, 67, 74].
Within this work the Improved Delayed Detached Eddy Simulation (IDDES) has been used
with a k-ω SST near wall treatment. IDDES deals with two issues faced by the earlier DES
variants; grid induced separation and log layer mismatch. The first of these was observed by
Menter et al. [75] who identified that high near-wall grid resolution could cause a premature
switch from RANS to LES resulting in flow separation. This is solved by adapting a blending
function within the SST model to delay the transition. Spalart et al. [76] extended this to
develop a generic shielding function used to delay this separation by considering both eddy
viscosity and wall distance, making it applicable to any implemented eddy viscosity based
DES approach. This approach, Delayed Detached Eddy Simulation (DDES), has effectively
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superceded the original DES approach. Despite this it still suffers from log layer mismatch,
whereby the intercept of the log law region found at the interface of the RANS and LES
regions do not match. Shur et al. [77] suggested IDDES which increases the resolved nearwall turbulence resulting in a better matched interface. Although more complex, IDDES has a
wider range of applications whilst matching or surpassing the performance of DDES, making
it the approach selected for this work.
The IDDES approach was employed using the commercially available software, StarCCM+
v.10.04.009. An all y+ wall treatment was used, to allow high wall y+ treatment for the tunnel
walls and roof, where a coarser mesh is used, and low wall y+ treatment on the surfaces on the
model. A hybrid second order upwind/bounded central-differencing convection scheme was
selected. All other properties were assigned the default values with StarCCM+, full details of
the defining equations for the k-ω SST IDDES formulation can be found in Gritskevich et al.
[78].
The computational domain used for each test geometry was the same and defined to
reflect the wind tunnel test conditions under which the validation data would be obtained
(Figure 2.3). This means the geometry was placed within a constant rectangular cross section
domain 1.92m wide by 1.32m high to reflect a simplified version of the tunnel’s working
section. In order to determine the required inlet length an empty tunnel simulation was
completed and the boundary layer profile on the tunnel floor assessed at different locations.
Experimental boundary layer profiles were measured at two locations, at approximately the
centre and front of the test geometries (Figure 2.4). It was found that an inlet length of 4.4m
was required for the desired boundary layer, with a displacement thickness of 7.2mm, to
develop by the mid-wheelbase of the vehicle model. This inlet length is equivalent to 12H
and 15H for the 1-Box and Windsor models respectively. With this tunnel definition the
boundary layer profiles at both locations were in good agreement as shown in Figure 2.4.
The inlet velocity was set to 40m/s with a turbulence intensity of 0.2%, again replicating the
experimental setup and producing a representative Reynolds number.
For each geometry the domain was discretised using a Cartesian mesh with prismatic
layers adjacent to the surfaces. This process was completed using StarCCM+’s in-built
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Figure 2.3: Definition of the computational domain with the
Windsor model in place.

meshing capabilities. Volumetric refinement was focused in the regions of interest, the near
wake and shear layers, and the mesh density decreased away from the test geometry where
the relative gradients within the flow were reduced. The mesh produced for each geometry
will be described in more detail in subsequent sections.
The characteristic time, or flow through time, (tc ) is defined as the time taken for the flow
to travel the characteristic distance, which in this case is the model height, H. The time step
(∆t) was then defined to enable 200 time steps per tc . For each time step 10 inner iterations
were completed to ensure a sufficient level of convergence. Based on this time step, the cell
size (∆x) and velocity (v), the Courant-Friedrichs-Lewy (CFL) number, the 1 dimensional form
of which is defined in Equation 2.1, was evaluated and found to be in the region of 1 around
the model in both cases. Sterken et al. [79] obtained a similar value for the CFL number and
as the condition CF L ≤ 1 was exceeded decided to complete additional simulation. The
time step was halved to ensure CF L < 1 for the entire domain and with this condition a
negligible change was observed in all measured forces meaning the reduction in CFL was not
worth the additional computational cost.

CF L = v

δt
δx

(2.1)
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Figure 2.4: Boundary layers on the floor of the tunnel at two locations for both the
experimental and computational domain, with an indication of the profile locations.
Figure 2.5 illustrates how the drag coefficient develops with time from initialisation of the
simulation. To ensure a fully-developed, quasi-steady state had been reached an initial settling
period of 1 second was selected. However, the results in Figure 2.5 suggest an initialisation
period of 0.5 seconds appears to have been sufficient as indicated by the settling of the drag
signal. Unfortunately, this couldn’t be implemented within this study, to save computational
resources, as the initialisation period and averaging window had to be pre-defined. An
averaging window of 1 seconds was used as this gave affordable total simulation times and
has been implemented successfully for the quarter scale models [80].
This computational method was applied to each geometry and and the key simulation
quantities relating to temporal and spatial discretisation are summarised for each case in
Table 2.3. Any further geometry specific detail will be given later in the relevant section.

Simulating Bluff Body Flows

40

Figure 2.5: Example drag coefficient history, with averaging window
indicated by dashed box.
Table 2.3: Summary of the computational set-up for the 1-Box and
Windsor models.

Mesh Cell Count
Characteristic Time (tc ) [s]
Time Step (∆t)
[s]
Averaging Window

2.3

1-Box model

Windsor model

18.5×106
0.0095
4.75 ×10−5
105 tc

21.3×106
0.0072
3.61×10−5
138 tc

Experimental Methodology

All experimental testing was carried out in Loughborough University’s Large Wind Tunnel
illustrated in Figure 2.6 and described by Johl [81]. This is an open-loop tunnel with a working
section of 2.5m2 , giving a blockage ratio of 5.9% and 4.4% respectively with 1-Box and Windsor
models in place. The model was supported in each case by four M8 bars at the desired ground
clearance above the fixed ground plane. No correction has been applied to the forces to
account for these bars. The flow velocity was set to 40 m/s with a free-stream turbulence of
0.2% and flow uniformity of ±0.4%. For each wind tunnel test the model was initially yawed
in 0.1◦ increments to find the true zero yaw condition. This ensures the lateral symmetry of
the model holds, producing a symmetric time-averaged base pressure distribution and is not
removed by any misalignment in the experimental set-up.
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Figure 2.6: The Loughborough University wind tunnel [82].
The base surface was populated with a grid of pressure tappings spread across the entire
width, as is it is known the instantaneous base pressure distribution is frequently asymmetric.
For the Windsor model the lower taper was also populated with a row of tappings. Pressure
measurements were collected at a sampling rate of 260 Hz for 300 seconds for the 1-Box
model and 600 seconds for the Windsor model, with the accuracy of the pressure scanner
being 0.06%-0.1% of full scale (±2.2kPa) depending on the operating conditions. Pressure
coefficients were calculated using Equation 2.2 considering the recorded pressure (p) along
with the free-stream static pressure (p∞ ) and free-stream velocity (V∞ ) both measured using
a Pitot-static tube located upstream of the model. The air temperature was also recorded and
used to calculate air density (ρ). All experimental and computational pressure measurements
were blockage corrected using Equation 2.3 [83].

CP =

p − p∞
0.5 · ρ · V∞2

CPcorr =

CP + 2 AAmt
1 + 2 AAmt

(2.2)

(2.3)

where CPcorr is the corrected surface pressure coefficient, CP is the measured surface pressure
coefficient, Am is the cross-sectional area of the model and At is the cross-sectional area of
the tunnel working section.
The force balance measurements were obtained using a six component underfloor balance,
with an accuracy of 0.01% of full scale for drag (±120N). Data was collected at 300Hz for 300
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seconds for the 1-Box model and 600 seconds for the Windsor model after an initial settling
period. Each measured force (F ) has been non-dimensionalised using Equation 2.4, which
uses a corrected velocity (ucorr ) estimated via the continuity correction defined in Equation
2.5 [84]. The uncertainty in the force coefficients can be estimated at 0.5% of the mean values.
This same correction has also been applied to the computational result.

Cf orce =

2F
ρ · ucorr 2 · Am

ucorr =

V∞ · At
At − Am

(2.4)

(2.5)

Particle Image Velocimetry (PIV) was used to obtain two-dimensional, two component,
planar velocity fields for the Windsor model. The set-up followed the best practice developed
for the Loughborough University Wind Tunnel with similar experiments described previously
[32, 15, 26] . The PIV was performed using a 200mJ double pulse Nd:YAG laser with the
flow seeded with 1 µm DEHS (Di-Ethyl-Hexyl-Sebacat) particles. Two 4 megapixel LaVision
Imager ProX cameras were used with 50mm lenses resulting in an approximate resolution
of 5 pixels per mm for each of the cameras. The cameras were located side by side in the
stream-wise direction to capture the entire wake length with an appropriate overlapping field
of view. Both the cameras and the laser were triggered using a programmable timing unit
controlled using commercially available DaVis software at 7.26Hz, the maximum recording
frequency of the cameras.
The images were pre-processed using a minimum background subtraction over all of the
images. The processing initially used 128x128 pixel windows with a 50% overlap decreasing
in size to the final window size of 24x24 pixels with a 50% overlap. The final window size
was used for two passes and applied a circular weighting to the windows. All processing was
completed using the aforementioned DaVis software. The level of uncertainty in the velocity
measurements can be estimated at 0.5% of the mean and 1.5% of the Root Mean Square (RMS)
values of the free-stream [26].
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Figure 2.7: Mesh around the 1-Box model taken from the y = 0 mid-plane.

2.4

1-Box Model

The first geometry to be assessed was the 1-Box model, chosen for its high level of simplicity;
removing many of the complexities associated to performing CFD. This eased the meshing
process in particular as there were no complex geometrical features and the geometry induced
separation at the trailing edges means DES is a good candidate method, reducing computational costs. The 18.5 million cell mesh shown in Figure 2.7 was a result of a mesh dependency
study completed using a RANS methodology; which showed independence in drag was
reached for a cell count over 16 million. The work using RANS has not been presented here as
it was unable to capture the base pressure distribution or wake structures successfully, which
is a widely reported result [70, 54]. For validation purposes, experimental data was obtained
using the previously defined method in Section 2.3 for balance and pressure measurements.
A sampling window of 5 minutes was implemented; which is substantially larger than the 1
second averaging window used for the computational result. The two quantitative comparison
metrics were the drag coefficient (CD ) and base pressure drag coefficient (CDbase ); the latter
of which is obtained by integrating the surface pressures over the base surface area (A) as
defined in Equation 2.6.

CDbase

N
1Z
1X
CP · A i
=
CP · dA ≈
A
A i=1 i

(2.6)

where N is the total number of pressure tappings and Ai is the projected base surface area
associated to a given pressure tapping.
Throughout, normalised quantities are presented and are denoted with a superscript
asterix (∗ ). The reference values used are model height, H, and free-stream velocity, V∞ . To
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Table 2.4: Mean values for computational and experimental drag
coefficient and base pressure drag coefficient for the 1-Box model.

CD
CDBase

Experiment

CFD

0.285
0.179

0.282
0.161

improve the communication of the results within the wake, figures showing this region define
the base surface as x∗ =0. This allows the origin to remain at mid-wheelbase, as dictated by
convention, whilst also enabling easier interpretation of the wake length for the reader.
To improve the validity of the comparison the locations of the experimental base pressure
tappings have been used to extract data from the computational result using the same spatial
resolution and locations. This is important as the reduced experimental resolution, compared
to CFD, results in less well described pressure gradients over the base surface. This would
result in the introduction of errors in the base pressure drag calculation if the full resolution
of the computational data set was compared to the experimental result. Applying this method
also ensures the same area of the base is considered, highlighting a benefit of the computational
data set. The experimental result can only be interpolated within the bounds of the pressure
tapping locations, however computational data can be collected over every model surface, with
limited interpolation due to the increased resolution of data points. Inconsistent measurement
areas between numerical and experimental data sets would also introduce errors within
the validation. These two factors should not be overlooked when comparing two data sets,
especially those obtained using different methods.
A high level of agreement was seen between the experimental and computational results
for the time-averaged drag coefficient. As detailed in Table 2.4, the percentage difference
between the two results is just 1.1%. However, the similarity between the drag coefficients is
not carried through to the base pressure drag. Here there is a clear discrepancy between the
two results with the percentage difference for this value being an order of magnitude larger.
This indicates the computational method to be insufficient, in order to identify where the
improvements should be made the existing result was analysed in more detail.
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(b) IDDES

Figure 2.8: Time-averaged base pressure distribution of the 1-Box model with the pressure
tapping locations indicated.

The base pressure distributions (Figure 2.8) show that the magnitudes of pressure are
incorrect, as is the orientation of the distribution itself. Computationally the low pressure
suction region is found on the lower portion of the base, whereas experimentally the converse is seen. This low pressure suction is also of reduced magnitude in the computational
result, explaining the smaller base pressure drag coefficient. Given the total drag coefficient
was well matched, there appears to be a source of drag elsewhere; which is over-predicted
computationally. As there are no fore-body pressure measurements available for the model
it is difficult to identify the cause of this discrepancy. This highlights the need to consider
multiple metrics when assessing the validity of a computational result.
The base pressure distributions also indicate a difference in wake balance regarding the
upper and lower recirculations between the CFD and experiment. Experimental PIV data
was not available, meaning the wake topology must be inferred from the base pressure result
and reported literature. Computationally the lower time-averaged recirculation is seen to
dominate (Figure 2.10), corresponding to the lowest pressure region on the base which is
toward the lower edge. Similar results have been reported by Lucas et al. [34], who captured
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one of the laterally asymmetric bi-stable states and as a result could demonstrate the larger
vortex, with a core closer to the model, correlated to the region of lowest base pressure.
Therefore, the experimental result indicates a dominating upper recirculation should be
expected. This wake balance is dependent on the behaviour of the upper and lower free
shear layers and their interactions with the recirculating wake flow. Limited ground effect
was expected, due to the large ground clearance, however the experimental result indicates
this is not the case. The dominating upper recirculation seen here can only be achieved if
the under-body flow is being significantly affected by the ground plane, otherwise the flow
above and below the model would be the same; resulting in wake symmetry. This is the
result achieved in RANS whereby the flow emanating from each of the model edges behaves
the same, due to the simplification of a steady flow field. Instead the experimental result
indicates the lower shear layer has reduced interaction with the recirculating flow than the
upper shear layer. Less of the under-body flow becomes entrained into the recirculating flow
and as a result the upper recirculation dominates, whereas as for the computational result the
converse is seen. The velocity profile within the channel created between the lower surface
of the model and the ground plane is shown in Figure 2.9 for the computational data. Here
the ground boundary layer has a laminar profile, with a sharper velocity gradient. A laminar
boundary layer will separate earlier than a turbulent one, with separation on the ground
plane allowing easier entrainment to the recirculating wake region. Although experimental
data is unavailable in this region, it is expected that the boundary layer on the ground plane
should be turbulent, meaning this is likely a cause of the differences between the balance of
the upper and lower free shear layers for the experimental and computational results.
Considering the computational result in Figure 2.10 the direction of the flow leaving
the upper and lower edges is relatively similar, however separation from the tunnel floor
allows the under-body flow to be more easily entrained into the recirculating wake flow. This
additional flow entrainment causes the lower recirculation to grow and so dominate the wake.
The lower vortex core is also closer to the base surface, with the converse being expected
experimentally. This is due to the increased mixing between the free shear layer and the wake
which has been identified as a method of reducing the wake length [53] and here moves the
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Figure 2.9: Velocity profile between the model under-body and the floor, with the velocity
profile location illustrated on the y = 0 mid-plane by the blue dashed line.
lower recirculation closer to the base. This has a negative impact on the base pressure, as the
vortex core in closest proximity to the base corresponds to the region of lowest pressure. The
difference in wake balance between the experimental and computational results indicates
the CFD method is currently incorrectly replicating the effect of the ground plane on the
under-body flow; leading to an incorrect balance of the wake vortices. Therefore, additional
work should be considered to investigate this region.
Despite this the level of lateral symmetry between the two results is well matched. The
computational result in the horizontal mid-plane shows near symmetric vortices as expected
by the level of symmetry in the corresponding base pressure distribution. This indicates a
sufficient averaging time has been used to capture the necessary time-dependent states of
the wake and produce a representative average field. It also implies that any lateral motion
within the wake is a relatively high-frequency one as each state is equally captured within
a reasonably small averaging window. Indicating that, for this geometry the instantaneous
asymmetry is unstable, unlike other square-back models known to exhibit bi-stability [26–28].
Although the flow field have not been well predicted the computational results for the wake
mid-planes have importantly shown the bulk recirculating structures are directly correlated
to the base pressure distribution. The level of symmetry observed within a given plane for
the computational result has also been seen to hold for that direction in the base pressures.
Therefore, these results indicate two different potential modifications that may alter the
base drag. Firstly, moving the vortex cores away from the base results in lower pressure, as
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(a) Vertical mid-plane

(b) Horizontal mid-plane

Figure 2.10: Time-averaged vertical (y = 0) and horizontal (z ∗ = 0.76) mid-planes within
the wake for the computational result obtained for the 1-Box model. (x∗ = 0 defined as the
model base)
illustrated by the vertical mid-plane in the computational result. Secondly, increasing the
wake symmetry is likely to improve the base drag, given the horizontal mid-plane shows both
vortex cores to be as far, or further from the base than in the vertical plane. If this were to
hold for the vertical mid-plane, increasing the level of symmetry between the upper and lower
vortex should move the currently dominating vortex core closer to the base. This in turn
would reduce its effect on the base surface and so increase the observed pressure. Currently,
the vortex core position is driven by the angle of the recirculating flow that impinges on
the base surface. Computationally, the dominating lower recirculation causes flow from the
under-body to travel back toward the upper portion of the base surface. This angled flow
effectively creates a symmetry plane for the two vortex cores, meaning if one is close to the
base the other will be further away.
The results presented here show that although the current computational methodology
is able to well-replicate the drag force acting on the 1-Box model, there are errors in the
computational result in terms of the base pressure distribution and wake structures. The
pressure magnitudes are under-predicted and the wake balance in the vertical mid-plane is
flipped. The balance is seen to be driven by the relative strengths of the upper and lower
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free shear layers. For this geometry, and the large ground clearance used, it was assumed
the model would not experience any effects from the tunnel floor as it is placed well outside
the ground boundary layer. However, for the experimental result this is not the case, Perry
[15] showed the same base pressure distribution was found for this geometry even as the
ground clearance was reduced, with the suction found on the upper-portion of the base in
each case. For the lower ground clearances tested, the model was close to the boundary layer
on the tunnel floor, meaning effects from the ground plane were present. In this case the
two boundary layers on the ground and under-body of the model take up a large enough
proportion of the cross-sectional area under the model to cause an acceleration of the flow
in the centre of the channel created by the two surfaces. The result of this is increased flow
velocity, that limits the upwash into the wake due to increased shear between the recirculating
and under-body flows. As a result, the lower vortex is moved downstream, allowing the upper
recirculation to dominate the wake. As the ground clearance is increased the proportion of
under-body flow that is unaffected by the boundary layers grows, reducing the peak velocity.
This is seen in the computational result, whereby the under-body flow is easily entrained into
the wake; indicating minimal ground effect.

2.4.1

Refining the Computational Method

Given the aim of this work is to identify how wake structures correspond to drag, and in
turn how these can be modified to achieve a drag reduction, it is important to ensure the
flow field is well-replicated, not just the forces. The existing methodology has been seen to
accurately determine the drag, however the wake is seen to be flipped and the base pressure
drag under-predicted. It has been hypothesised that this is due to an under-resolved ground
boundary layer; causing reduced floor effects. Therefore, further work is required to refine
the computational method to make it more applicable to the 1-Box model. With this in mind
the impact of both spatial and temporal resolution have been investigated.
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Impact of Spatial Resolution

The flow fields presented previously showed an incorrect wake balance was being produced
with the initial computational method. Although mesh independence was achieved in initial
steady-state RANS simulations, it appears the criteria may have been insufficient given
the high level of time-dependence which makes RANS so inapplicable. Therefore, the first
improvement applied was an increase in the mesh density. The shear layer refinement was
modified to fit the free shear layers identified within the mid-planes of the initial simulations,
enabling an efficient use of cells. Further to this an increase in the overall mesh density
within the wake region was introduced to reduce the undesirable step change in density used
in the initial work to keep computational costs to a minimum. This effective placement of
refinement also enabled a denser mesh for the description of the flow near the ground plane.
The resulting mesh, illustrated in Figure 2.11, comprises of 23.4 million cells; an increase of
25% of the original cell count. Other than the revised spatial discretisation no other simulation
settings were changed and the simulation was reinitialised.
The results are summarised in Table 2.5 and show the improved mesh results in a drop
in drag coefficient, increasing the difference between the experimental and numerical result.
Although this would appear to indicate the result has worsened, in fact the converse is true
with the fore-body drag now being more accurately predicted. The base pressure drag is
unchanged with the increased mesh resolution, indicating that there are changes upstream
of the base, whereby the estimated drag on the fore-body is reduced with the increased
resolution in this area. Given the simulated base pressure drag is 18 counts less than the
experimental result, if the rest of the model drag is accurately predicted, then the difference
between the numerical and experimental overall drag values should remain at 18 counts.
With the improved mesh there is a 23 count difference between the drag coefficient in the
computational and experimental results, implying the fore-body drag is predicted within 5
counts. Given the original CFD result gave only a 3 count difference to the experimental
drag coefficient, but the same base pressure drag value, the fore-body drag in that case was
over-predicted and so, gave a drag coefficient that was misleadingly accurate.
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Figure 2.11: Mesh around the 1-Box model in the y = 0 mid-plane with increased
refinement for the under-body flow and the wake region. Detailed views of the base
refinement and prism layers are shown in blue and red respectively.

Table 2.5: Mean values for computational and experimental drag
coefficient and base pressure drag coefficient for the 1-Box model
including the improved mesh result.

CD
CDBase

Experiment

Original CFD

Improved Mesh CFD

0.285
0.179

0.282
0.161

0.262
0.161
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(a) Experiment

(b) Initial IDDES

(c) Refined mesh IDDES

Figure 2.12: Time-averaged base pressure distribution for the 1-Box model.

Despite the base pressure drag coefficient being unchanged, the base pressure distribution
itself has also been improved with the additional mesh refinement. Figure 2.12 shows the
wake balance has been flipped, to match the experimental result, with the improved mesh
resolution for the underbody flow. The distributions still show the pressures over the base
surface to be higher than those expected from the experimental result indicating the mesh
changes have modified the direction of the free shear layers but not the length of the wake or
the stream-wise vortex core locations.
The improved wake balance in Figure 2.13, whereby the upper vortex now dominates the
wake, shows that the return flow approaches the base at a reduced angle; due to a flattening of
each of the upper and lower recirculations. The wake closure remains at a similar location in
each case, below the mid-base height. The wake length is also unchanged, as indicated earlier
by the constant base pressure drag. The improved balance indicates a better reproduction
of the under-body flow, meaning less is drawn into the recirculating wake; better matching
the experiment. A velocity profile for the original and modified mesh, 0.02H upstream of the
base between the model under-body and the floor (Figure 2.14), shows the modified meshing
in this region enables a better description of the boundary layer on the wind tunnel floor;
resulting in a turbulent boundary layer. This is in contrast to the laminar boundary layer
profile seen for the original mesh. Such a profile makes separation from the ground easier
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(b) Refined mesh IDDES

Figure 2.13: Time-averaged normalised stream-wise velocity in the vertical mid-plane
(y = 0).
and so explains why the under-body flow was entrained into the wake to a greater extent in
the original simulation.
To further illustrate the effect of the improved simulation of the underbody flow, Figure
2.15 highlights the bounds of the free-stream flow and the recirculating regions and their
relation to the mesh. From here, as expected from the previous analysis, the fast under-body
flow is seen to travel further and parallel to the floor as the mesh density in this region is
increased. The switch in wake balance has been accompanied by an increase in downwash
over the model roof, with the free-stream flow drawn into the wake to a greater extent.
This indicates that it is not only the suppression of the floor separation, and so upwash,
that has been produced by this modified mesh. The flow entering the upper recirculation is
likely increased in mass flow as well as velocity as indicated by the vi∗ ≥ v∞ bound which
is following the shape of the bounding streamline much more closely. The reason for the
additional entrainment of this flow is not clear, however the refinement has been more
targeted in this region and as a result is able to extend further downstream.
A slightly clearer comparison of the two cases can be seen in Figure 2.16 where the outlines
of the bounded regions in Figure 2.15 have been overlayed. This highlights the clear modifications to the bounds of the flow travelling at the free-stream velocity described previously. It
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Figure 2.14: Velocity profile between the model under-body and the floor for the original
mesh (red) and the modified mesh (blue). With the velocity profile location illustrated on the
y = 0 mid-plane for the updated mesh by the blue dashed line.
also shows how the change in wake balance modifies the shape of the recirculating region.
For the original mesh the boundary appears angled, covering a vertical region on the upper
portion of the base. For the improved mesh the recirculation appears to have been rotated
counter-clockwise to sit more parallel to the free-stream with increased symmetry in it’s
shape. In this case the off-centre base impingement appears to be achieved by a vertical
movement of the recirculating region downward, rather than a rotation as seen for the original
mesh. This follows the same trend described in the horizontal positioning of the upper and
lower vortex cores. Whereby, the recirculating regions were described as flatter and with
similar x positions of their cores in the improved mesh case compared to the angled and
unbalanced cores seen for the original result.
The results show that the improvement of the mesh in the region between the floor and
the model significantly improves the computational result. The wake balance now accurately
matches that obtained from experiments, as indicated by the well-replicated shape of the
base pressure distribution. This improvement has been attributed to a better description
of the turbulent boundary layer on the tunnel floor which prevents premature separation.
The flow over the roof also has increased downwash, where the mesh refinement has been
better targeted in the new simulation. It is unclear if this flow feature is due to the better
resolved under-body flow, and so the reduced strength of the lower recirculation, or due to
the upper shear layer mesh refinement. Despite the improvements in the wake balance the
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(a) Initial IDDES

(b) Refined mesh IDDES

Figure 2.15: Time-averaged normalised stream-wise velocity in the vertical mid-plane
(y = 0). Only vi∗ ≥ v∞ is shown in red and vi∗ ≤ v0 in blue, with each mesh overlayed. The
wake bounding streamtraces are also shown.

Figure 2.16: Overlay of the vi∗ ≥ v∞ and vi∗ ≤ v0 bounds from Figure 2.15, with the original
mesh shown in red and the improved mesh blue.
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magnitude of the base pressure is still much higher than seen experimentally, indicating the
wake length is over-predicted. The improved mesh also increased the difference between the
experimental and computational drag coefficients, however given the offset in base pressure
drag this indicates a better replication of the overall forces. Therefore, in the next stages the
improved mesh will be used for the investigations into how to reduce the simulated wake
length.

Impact of Temporal Resolution
Given the improved meshing strategy, further work focussed on achieving a better result
regarding the magnitude of the base pressure. It has been shown that reducing mixing and
entrainment of the free shear layers into the recirculating region increases the wake length
[85]. Therefore, it would appear the current method is under-predicting this mixing within
the free shear layers and giving a longer wake, which reduces the interaction between the
recirculating structures and the base surface. To gain further understanding an alternative
solver and method was applied to the problem. Access to Jaguar Land Rover’s computational
methodology was available using PowerFLOW, a Lattice Boltzmann solver, which has been
previously used for validated simulations of the Ahmed body [20]. Many of the settings
were predefined by a set of best practise guidelines used by Jaguar Land Rover for their
vehicle development, giving limited variability for this work. However it has been seen to
be successful at simulating the flow around another simplified model, the generic SUV, in
previous work [80]. The same 1-Box model and domain were used, however ground boundary
layer development could not be investigated for this software, possibly introducing a source
of error. The meshing strategy within PowerFLOW uses Variable Resolution (VR) regions to
define areas of the domain and sets their level of refinement. The domain is then discretised
into surfels, which are similar to the surface mesh in Star-CCM+, and voxels which are volume
cells. The cell size in the region of finest refinement is set and this size doubles as the VR
level decreases. The approach in this case was to set the finest refinement region as a 20mm
offset from the model surfaces, defining the cell size as 1mm. From there regions with an
increased offset and distances at the front and rear of the model were defined, with the cell
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size doubling at each level. This led to a mesh with approximately 50 million voxels. The
time step used by PowerFLOW is scaled based on the input parameters and in this case was
3.218 × 10−6 seconds, which is an order of magnitude smaller than that used in the IDDES
method described in the preceding section. In order to establish the required settling time a
receding average of the force measurements was made. When this average reached a steady
value it was assumed the settling period had ended as the average was no longer affected by
removing a value. Both the lift and drag coefficients plateaued after approximately 72,000 time
steps, which is equal to approximately a quarter of a second. Half the 0.5 seconds required
for the IDDES method.
When discussing the results presented here the improved method outlined in section 2.4.1
will be referred to as the IDDES method and the PowerFLOW approach the LBM method.
Additional computational resources were available for the LBM simulation, through use of
the HPC at Jaguar Land Rover, this enabled a total simulation time of 5 seconds. Given the
settling time of 0.25 seconds, as defined by receding averages of lift and drag, the averaging
window was 4.75 seconds; which is substantially larger than the 1 second average presented
for the IDDES results. The LBM result compares well to the experimental result, with the low
pressure region occurring on the upper portion of the base (Figure 2.17). A slight asymmetry
in the time-averaged result indicates a high level of instantaneous lateral asymmetry, given
the longer averaging window and the geometric symmetry. The magnitudes of pressure
coefficient are also improved, comparing much more favourably to the experimental values.
The visual improvement is confirmed when considering the base pressure drag coefficient, as
in Table 2.6. The difference between the LBM and experimental result is just 1%, a substantial
improvement from the IDDES approach. However, this solver is over-predicting the total
drag by 7%. This is a marginally smaller deviation than seen by the IDDES method but is in
the opposite direction. Given the base pressure drag is less than the experimental value this
indicates a larger error source is present upstream of the base.
The improved base pressure drag is, as hypothesised, achieved by reducing the wake
length; as illustrated in Figure 2.18. The wake closure is moved approximately 0.2 x* upstream,
toward the base. As a result the vortex cores are also closer to the base, increasing their
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(a) Experiment

(b) Refined mesh IDDES

(c) LBM

Figure 2.17: Time-averaged base pressure distribution for the 1-Box model.

(a) Refined mesh IDDES

(b) LBM

Figure 2.18: Time-averaged normalised stream-wise velocity in the vertical mid-plane
(y = 0).
Table 2.6: Mean values for computational and experimental drag coefficient
and base pressure drag coefficient for the 1-Box model including the IDDES
and LBM results.

CD
CDBase

Experiment

IDDES

LBM

0.285
0.179

0.262
0.161

0.303
0.177
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Table 2.7: Mean values for computational and experimental drag
coefficient and base pressure drag coefficient for the 1-Box model
including the improved mesh and reduced time step results.

CD
CDBase

Experiment

Improved Mesh

Reduced Time Step

0.285
0.179

0.262
0.161

0.284
0.1843

interaction and so reducing the pressure. Comparing the shapes of the two recirculating
vortices the two computational results share many features, the balance and base impingement
are highly comparable. The LBM method results in a slightly lower base impingement due to
an increased angle of the return flow. The elongated vortex core seen in the upper recirculation
using IDDES is also present for the LBM result, however instead favours the upstream core,
with a reduced overall size as a result. This could be a factor of the increased averaging
window if the core location is oscillating between the two positions indicated in the IDDES
result, with one position being favoured as the sampling period increases.
Although there are big differences between the two methods; the solver, the mesh size
and the time step, the correct wake balance found through mesh refinement, indicates the
grid resolution to be sufficient in the IDDES method. This leaves either the temporal settings
or the solvers as the likely routes to improvement. Given the k-ω SST IDDES method has
been successfully used for these types of flows [67, 73], it was concluded that changing this
would provide limited improvements unless dramatically increasing the computational cost;
by switching to LES for example. Therefore, the time step was identified as a possible area of
improvement. The LBM method employed a time step an order of magnitude smaller than
the initial method. Therefore, this was replicated, reducing the time step from 4.75 × 10−5 to
4.75 × 10−6 , whilst keeping all other settings the same.
Much closer agreement with the experimental result is seen in both the drag and base
pressure drag (Table 2.7). The overall drag coefficient is increased to 0.284, reducing the
percentage difference between the CFD and experiment from 8% to almost zero. For the base
pressure drag a similar change is seen, with the difference reducing from 10% to 3%. This is a
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(a) Experiment

(b) Refined mesh IDDES

(c) Reduced time step IDDES

Figure 2.19: Time-averaged base pressure distribution for the 1-Box model.
much improved level of agreement and indicates the improved mesh, when accompanied by
a reduced time step has been able to well-replicate the experimental result.
To confirm this the base pressure distributions are shown in Figure 2.19. Here the pressure
values are more comparable to the experiment when compared to the larger time step result.
The wake remains in the correct orientation, however the magnitude of pressure on the upper
portion of the base has been reduced with the smaller time step. If anything, the pressure is
lower than experimentally in the improved result, explaining the higher integrated pressure
coefficient drag.
As for the LBM method the wake has been shortened with the reduction in time step;
moving the upper vortex core closer to the base as a consequence. The asymmetry within
the plane has been increased compared to the larger time step result, resembling the LBM
result more closely. The upper recirculation dominates the wake to a greater extent, with
a lower base impingement location as a result. Despite this the wake closure remains at a
similar vertical location, translated approximately 0.2x* upstream. This explains the smaller
pressure range covered in the larger time step simulation. In this case the upper vortex still
dominates the wake, however the recirculating structures sit much flatter. This results in
more similar x positions of the upper and lower vortex cores, giving rise to a smaller pressure
gradient in the vertical direction over the base. The angle of the return flow sets the plane of
symmetry for the position of the upper and lower vortex cores. The shortening of the wake
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(b) Reduced time step IDDES

Figure 2.20: Instantaneous turbulent kinetic energy (TKE) in the vertical mid-plane (y = 0).

modifies the angle of this flow as it determines the distance over which the flow has to turn
before travelling back toward the base. With a shorter wake the flow is unable to turn fully
and so travels back to the base at an angle. For an increased wake length, the flow is able to
complete the turn and so travel toward the base at 90◦ .
The reduced wake length is due to an increased mixing between the faster flow within the
free shear layers and the slower recirculating region. A good indicator of this interaction is
the turbulent kinetic energy (TKE), as shown in Figure 2.20 for both the original and reduced
time step simulations. Here a much larger magnitude of TKE is seen for the plane as a whole
with the reduced time step, this increased mixing of the free shear layers results in them
turning sooner into the wake and to a greater degree. This moved the wake closure upstream
as the velocity is recovered by the wake more efficiently. A useful observation from this is
that a drag reduction may be achieved by suppressing this mixing as it enables the wake
recirculations to sit further from the base surface, reducing their effect.
The improved IDDES method, with a revised mesh and reduced time step is able to predict
the wake of the 1-Box model much more accurately than the initial approach. The improved
meshing strategy enables an accurate replication of the upper and lower free shear layers and
their interaction with the recirculating flow, driving the correct wake balance of a dominating

Simulating Bluff Body Flows

62

upper recirculation. Changes to the mesh alone were unable to produce the necessary base
pressure magnitudes to accurately match the experiment; this required a reduced time step.
The wake length was being over-predicted with the original time step. Reducing this by
an order of magnitude, as implemented for the LBM solver, increased the level of mixing
between the free shear layers and the recirculating flow. As a result the wake length was
reduced, moving the upper vortex core closer to the base surface. This in turn gave rise to the
correct base pressure magnitudes and so a more accurate prediction in base pressure drag.
This revised method has shown to be able to accurately predict drag and base pressure drag
along with the correct wake structures and base pressure distributions; resulting in a high
level of confidence in the method. Therefore, given the validation presented here, it will be
taken forward to further studies of the 1-Box model wake with the aim of understanding why
this geometry requires a more expensive computational methodology.

2.4.2

Identification of the Edge Vortex

The high resolution of the computational mid-planes also highlight an additional feature of
the near wake. Small vortices are seen at each edge of the base surface (Figure 2.21) for the
vertical mid-plane. The small vortical structures are seen at each edge of the base and rotate
in the opposing direction to the neighbouring free shear layer. This indicates they are not the
result of the reported shedding vortices described as flow rolling over the trailing edges [86].
A similar structure has been identified by Krajnovic and Davidson [37] who also observed
separated flow at the rear edges of their bus-shaped geometry. In that case the vortex was
only present in unsteady simulations and could not be seen in RANS or experiments. The
authors cited the small velocities associated with the structures as the reason they were not
seen experimentally and their unsteadiness causing their absense within RANS. They showed
the vortex at the lower edge to be smaller than that at any of the other edges, as for the 1-Box
model in Figure 2.21. This can be attributed to the wake balance, with the largest recirculating
vortex corresponding to the largest edge vortex. No explanation for the formation of this
vortex was provided by Krajnovic and Davidson [37] and the structure was seen to be meshdependent; given its absence in the coarsest mesh used. The flow fields presented for the
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Figure 2.21: Computational time-averaged vertical mid-plane (y = 0) data for the 1-Box
model, with the edge vortex highlighted.
three different meshes Krajnovic and Davidson [37] implemented gave different flow fields,
with the balance between the upper and lower vortices increasing with the cell count. The
drag coefficient was also changing significantly with each mesh refinement, indicating mesh
independence was not reached.
Therefore, to ensure the structures were a physical feature within the flow, and not induced
by the method, a further simulation was completed. To identify whether the structure is only
found in the denser mesh used for free shear layer refinement because the transition to a
coarser mesh may induce the separation. The mesh in Figure 2.22 implemented a constant,
but more coarse density across the entire wake region. Despite this the vortex was still
well formed (Figure 2.23), indicating it is neither a result of the mesh gradient or refinement
location. Instead, indicating it to be a phenomena due to the relative velocity of the flows in
this region. The fast free shear layer and the base surface appear to be acting as walls to the
recirculating flow, resulting in a corner vortex as seen in potential flow theory.
Given the computational investigations into the spatial discretisation showed the structure
was not mesh-induced, further experimental tests were conducted to assess whether or not it
was present in wind tunnel tests. The previous test was repeated with the same model and
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Figure 2.22: Computational mesh in the wake on the plane y = 0 for the original meshing
strategy (left) and the reduced resolution constant density mesh (right).

Figure 2.23: Computational time-averaged vertical mid-plane (y = 0) data for the 1-Box
model using a constant mesh resolution across the wake, with the edge vortex highlighted.

wind tunnel parameters, this time implementing a PIV set-up focussed on capturing the upper
trailing edge on the y = 0 centreline (Figure 2.24). The same laser and seeding method was
used however just one camera was required due to the smaller area of interest. A 5 mega-pixel
LaVision Imager sCMOS camera with a 180mm lens was used, giving a smaller field of view
and a resolution of approximately 26 pixels per mm. As previously a timing unit was used to
trigger both the laser and camera, this time at a higher frequency of 15 Hz. The images were
processed using the commercially available DaVis software. A seven image Butterworth filter
was used to pre-process the images, then initial 128x128 pixel windows with a 50% overlap
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Figure 2.24: Location of the PIV plane used to visualise the
edge vortex on the 1-Box model.
were implemented decreasing in size to 16x16 pixels with a 87% overlap. The final window
size was used for two passes and applied a circular weighting to the windows.
The time-averaged results shown in Figure 2.25 clearly reveals the edge vortex in the
experimental flow field, at a similar location to that in the computational result. The exact
dimensions and positioning of the experimental vortex are difficult to measure given the flow
very close to the surface cannot be captured, as indicated by the blanked white regions in
Figure 2.25. Despite this, the experimental result is able to clearly identify the structure and
so validate its presence. This was not previously achieved by Krajnovic and Davidson [37],
who were only able to observe the structure computationally.
The ability of the simulation to replicate such a small structure is encouraging as it indicates
the method to be robust; especially given the presence of this structure was unknown until
identified by the computational result. This increases confidence of the method to predict
the interactions between the wake flow and the base surface, indicating it would accurately
simulate the effect of small geometry modifications on the base surface.
Given this structure has been confirmed with complementary experiments, its nature
can be examined in greater detail using the computational data set. It is present on each
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(a) Experiment

(b) IDDES

Figure 2.25: Vertical mid-plane near the upper trailing edge of the 1-Box model to visualise
the edge vortex.
edge of the base, for a majority of the edge length. This is illustrated in Figure 2.26 where
small stream-wise planes have been used around the trailing edges of the base to visualise
the vortex. The upper and right vortices have been shown in more detail with the use of
streamtraces to illustrate how the vortex behaves at the corners of the base surface. Just these
two vortices have been shown as they are indicative of all other vortices seen. At each corner
of the base the vortex becomes entrained into the free shear layers, where the velocity is
highest for a given edge.
The cause of the vortex formation was initially assumed to be due to a similar phenomena
to that seen in potential flow theory for flow travelling around a 90◦ corner. However,
inspection of the vortices shows that the flow appears to reattach to the base surface, instead
indicating the flow to be more similar to an adverse pressure gradient induced separation
bubble. A plot of pressure gradient magnitude (Equation 2.7) over the base surface supports
this theory as a region of increased pressure gradient is seen towards each edge (Figure 2.27).
s

P Gmag =

(

δCp 2
δCp 2
) +(
)
δy
δz

(2.7)

Inspection of the flow forming the upper and right vortices along the respective mid-planes
shows that the flow begins to separate where an adverse pressure gradient is seen, forming a
small separation bubble. The cause of this pressure gradient is unclear, however it is likely due
to the interaction between the recirculating flow and the perpendicular free shear layer. The
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Figure 2.26: Edge vortex illustrated via small stream-wise planes, with detailed view of the
upper and right edges.

recirculating flow is much slower than the free stream and so is turned away from the base as
it is influenced by the faster velocity bulk flow. This could be acting like a diverging channel
flow for the attached base flow causing the velocity here to reduce and the pressure gradient
to increase; resulting in the separation seen. This would explain why computationally the
lower vortex is much larger than the upper one. For the dominating lower recirculation,
which feeds the lower edge vortex, the recirculating flow is attached to the base surface
for a greater distance. As a result the radius of the turning flow as it meets the lower free
shear layer is larger; creating a greater adverse pressure gradient. This is illustrated in Figure
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Figure 2.27: Detailed views of the upper and right edge vortices at the centrelines on the
corresponding edges with normalised streamwise velocity in the mid-plane and base
pressure gradient on the base surface. The upper edge vortex, shown in the red box, shows
p
) and the right edge vortex, in the blue box,
the vertical pressure gradient on the base ( δC
δz
p
shows the horizontal pressure gradient on the base ( δC
).
δy
2.27, whereby the contours show a larger magnitude along the lower edge. A similar plot of
pressure gradient magnitude can be obtained for the experimental result and complementary
features are seen. Again the ring of high pressure gradient is present, although at reduced
resolution due to the limited number of data points. The magnitude is larger on the upper
edge, due to the dominating upper recirculation in this case.
The ability of the computational method to replicate such a small, low velocity feature
indicates a best practise has been achieved. Given the structure was first identified in CFD,
before being validated experimentally, further illustrates the method is able to produce a
highly resolved and reliable flow field for the 1-Box model. The presence of the edge vortex
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(b) IDDES

Figure 2.28: Pressure gradient magnitude on the base surface of the 1-Box model.
indicates the correct replication of not only the main wake structures, but also the near base
flow, including the level of attachment and development of pressure gradients on the base
surface.

2.4.3

Temporal Evolution of the Wake

The revised computational method is able to accurately replicate the time-averaged flow field,
however it is unclear why such a high level of resolution, both spatially and temporally, is
needed for this geometry. Therefore, the time-dependent behaviour of the wake was investigated using both the experimental and computational data sets. For this the experimental data
has an advantage in that the total sample time is substantially longer than the computational
data set, due to limited computational resources and the high resolution set-up required to
reproduce the flow field. To establish whether the computational sample size was sufficient
spectral analysis of the drag signal was completed. The power spectral density of the drag
signal was calculated using the Welch periodogram, with a window size of 5000 samples
and a 50% overlap. The experimental data showed a low frequency periodic mode at StH =
0.09, that was not observed in the 1 second computational sample. Given this spectral peak

Simulating Bluff Body Flows

70

Figure 2.29: Power Spectral Density of the drag signal measured from 1 and 4 second CFD
samples and the 300 second experimental data set. Each curve has been shifted along the
vertical axis to enable easier interpretation of the result.
is indicative of the commonly reported pumping mode within the wake [29, 27, 30], it was
concluded that an increased computational simulation time was required. With the total time
of the CFD increased to 4 seconds the mode is identified (Figure 2.29), due to the replication
of 38 cycles instead of 9. The lowest frequency peak in the experimental drag signal is not
significant as it has previously been identified as acoustic resonance of the measurement
balance [32, 87].
With the increased simulation time of 4 seconds the time-averaged base pressure distribution is changed, with increased lateral asymmetry. This is similar to the distribution seen for
the PowerFLOW simulation, which has a similar averaging window of 4.75 seconds (Figure
2.30). This indicates that although the averaging window appeared to be sufficient, given the
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(a) LBM

(b) IDDES

Figure 2.30: Time-averaged base pressure distribution for the 4 second IDDES result and the
4.75 second LBM simulation.

convergence of drag and the horizontal wake mid-plane, the solution was still evolving. This
is indicative of the results reported by Urquhart et al. [88] who showed an 11 second sample
of CFD data was required to achieve convergence of the most energetic POD modes for a
detailed Volvo XC60 geometry. Unfortunately computational resources limited the total run
time here to 4 seconds, however, as the spectral analysis of the drag indicated a replication of
the periodic modes it is worth continuing the analysis, as the low frequency motions may be
less significant for this more simplified geometry. For all subsequent work the reported CFD
data set is this 4 second sample, unless stated otherwise.
Due to the rotation of the base pressure distribution, the location of the centre of pressure
on the base was considered to explore the nature of the motion within the wake. The centre
of pressure (COP ) was calculated for each instantaneous snapshot of the computational and
experimental data sets using Equation 2.8, where x is the vector (y, z) giving the position on
the base in Cartesian coordinates.
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Figure 2.31: 1-Box model base, with an overlay of the polar coordinate system. Each bin of
theta is defined by its central angle.

R

COP =

CP · x · dA
R
≈
CP · dA

N
P

CP · xi · Ai

i=1
N
P

(2.8)

CP · Ai

i=1

In order to illustrate how the centre of pressure moves around the base surface, it was
divided into 8 sections, based on a Polar coordinate system. As all the radial values for the
centre of pressure were small, bins of the angular coordinate, θ, could be used to distinguish
between each corner and edge of the base surface (Figure 2.31). The right edge bin spans
−22.5 ≥ θ < 22.5,with each bin encompassing the same range of angles but rotated. So,
for the upper right corner the minimum and maximum angles are increased by 45◦ , giving
bounds of 22.5 ≥ θ < 67.5 and so on for the entire range of θ.
With these bins defined, the proportion of the overall sample time spent with a COP in
a given section could be defined as R for any given bin, enabling polar plots to be produced
for both the experimental and computational results (Figure 2.32). These plots show a clear
difference in the motion of the wake between the two data sets. The experimental results show
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(a) Experiment

(b) IDDES

Figure 2.32: The proportion of time spent with the centre of pressure on each portion of the
base, defined by angular bins corresponding to each side and corner of the base surface.

a tendency of the COP to oscillate between the two upper corners of the base, resulting in
a large proportion of time spent with the low pressure region on the upper portion of the
base. This indicates the dominating upper recirculation, and so the low pressure region on the
upper portion of the base, are very stable. Similar behaviour has been seen by Pavia et al. [32]
for a Windsor model with side tapers of 12◦ . In this configuration the wake was stable in a
downwash dominated configuration and as a result was locked in a vertical symmetry breaking
state. Pavia et al. [32] showed that when the wake is reconstructed from the three highest
energy POD modes the wake was seen to rotate around the vertical symmetry breaking state
but the vortical structures broke down before the switch to a laterally breaking state could be
achieved. This appears to be what is happening in the experimental result here, whereby the
wake cannot fulfil the full rotation required to switch the wake state. For the computational
result however, the full angular range of the base is explored, when the COP is considered,
indicating a rotational motion of the wake that reduces stability. Again, referring back to
the work by Pavia et al. [32], when a small pitch angle was applied the balance between
the upper and lower shear layers was increased and as a result a more unstable wake was
produced. For this result both lateral symmetry breaking states and one vertical symmetry
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(a) Experiment

(b) IDDES

Figure 2.33: The RMS of the pressure fluctuations on the base surface.

breaking state were seen when the three most energetic modes are reconstructed. This is
more representative of the computational result, whereby the COP is spread over a wider
portion of the base surface and appears, on occasion, to complete a full rotation around the
base surface. For the most part, however, the COP rotates around one half of the base,
centred at the same angle as the symmetry plane within the time-averaged base pressure
distribution.
Further evidence of a higher level of balance between the free shear layers in the computational result can be seen when the level of unsteadiness in the base pressure is considered.
Plots of RMS of the fluctuating component of the pressure coefficient on the base show higher
levels in the computational data set than the experiment (Figure 2.33). This again indicates a
more forced and stable experimental wake, perhaps due to a slight pitching of the geometry in
the experimental set-up. For the Windsor model investigated by Pavia et al. [32], a pitch angle
of 1◦ was sufficient to make the wake more symmetric and so unstable. A further degree of
pitch was able to flip wake balance, resulting in a stable state. The Windsor model, employed
by Pavia et al. [32], has a rectangular cross-section, with H < W , however the 1-Box has
an aspect ratio considerably closer to 1. When an axisymmetric body is considered, a pitch
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angle an order of magnitude less was able to force a more stable asymmetric wake [89]. The
additional symmetry of the geometry, due to the aspect ratio being approximately equal to 1,
appears to have increased the sensitivity of the geometry to experimental misalignment in
terms of pitch.
The aspect ratio of the geometry also impacts the frequency associated with the lateral and
vertical vortex shedding from the trailing edges. Previous studies on squareback Ahmed and
Windsor models, with an aspect ratio (W/H) of 1.35, have shown the lateral vortex shedding
to occur at St ≈ 0.13 and the vertical shedding at a higher frequency of St ≈ 0.19 [27, 26].
When, instead the model height is the greater dimension, giving an aspect ratio of 0.71, the
frequencies switch [30]. The longest side, now the height, has the highest frequency shedding,
with the lateral vortex shedding at St ≈ 0.17 and the vertical shedding St ≈ 0.13. For the
1-Box model the shedding frequencies from the vertical and horizontal trailing edges are
expected to occur at a similar frequency, due to the increased comparison to an axisymmetric
body.
In order to isolate the shedding modes a Proper Orthogonal Decomposition (POD) of the
instantaneous base pressure distributions was completed, to isolate the associated flapping
of the wake. POD was first applied to turbulence research by Lumley [90] and decomposes
the flow by using a low-dimensional approximation. Equation 2.9 shows that a variable, z,
which varies in space and time can be approximated by the product of a temporal function
and a spatial function. If Φk (x) is an orthonormal function ordered so the first i values of
k give the best possible i-term approximation then Equation 2.9 is the Proper Orthogonal
Decomposition (POD) of z(x, t).

z(x, t) ≈

M
X

ak (t)Φk (x)

(2.9)

k=1

So, given base pressure varies with space and time it can be approximated using POD,
it is used to obtain a description of the flow in terms of spatial modes. In order to obtain
the best approximation for a given number of terms the modes are ranked based on their
associated fluctuating kinetic energy. This means the highest energy modes are considered
which are expected to correspond to the largest scale structures. Caution is required when
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using this method because the imposition of orthogonality means as the modes may not be
representative of distinct physical events [91].
One way to identify POD modes is to first compose an N × M matrix, A, containing
each instantaneous fluctuation of the flow field as a row. If the method is to be applied to the
base pressure distribution then each row will contain an instantaneous pressure coefficient
fluctuation at each, giving N equal to the number of instants in time and M equal to the
number of locations. If the velocity field within a plane of the wake is to be decomposed N is
still equal to the instant in time, however M is now the product of the number of locations and
the number of velocity components. Each row of A is now made up of all the instantaneous
fluctuations of the stream-wise components of velocity (vi ) for each probe location then the
spanwise components (vj ) and so on. Once matrix A has been compiled a Singular Value
Decomposition (SVD) can be performed (see Equation 2.10). In this Equation U is an N × N
orthogonal matrix, V is an M × M orthogonal matrix, with V T being the transpose of V ,
and Σ is an N × M diagonal matrix.
A = U ΣV T

(2.10)

If Q = U Σ and so is an N × M matrix then Equation 2.10 can be simplified to
A = QV T

(2.11)

If qk is then defined as the k th column of Q and similarly vk as the k th column of V then A
can be defined as
A=

m
X

qk vkT

(2.12)

k=1

Equation 2.12 is therefore a discrete version of the approximation defined in Equation 2.9,
where A = z(x, t), qk = ak (t) & vkT = Φk (x). This enables a lower rank approximation of A
to be obtained by just considering the first few values of k.
Depending on the data set used either the classical or snapshot [92] methods should be
used. In many cases, for a computational data set the spatial resolution often exceeds the
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temporal one. As such, when M > N it is more efficient to use the snapshot method as
it requires N eigenvalues to be computed as opposed to M [93]. For the base pressures,
the computational data was collected at such a high frequency that N is greater than M in
this case, with the same being said for the experimental result due to the limited number of
pressure tappings. As a result, the classical approach was implemented.
The instantaneous fluctuations in the base pressure coefficient are combined into a matrix,
F , where each row in turn contains the spatial values for a given time step. As the method
uses an eigendecomposition it must be applied to a square matrix, therefore the covariance
matrix C is obtained using Equation 2.13, where F T is the transpose of matrix F and then
the eigenvalue problem in Equation 2.14 is solved.
C = FTF

(2.13)

CΦ = λΦ

(2.14)

The POD modes, Φn , are then sorted based on their corresponding eigenvector, λn , as
this is representative of the energy contained within the mode. This ensures the first mode
contains the most energy. The temporal coefficients of the proper orthogonal modes, an , can
then be found using
an = ΦTn Fn

(2.15)

As the modes are ordered based on energy content, the most significant can be isolated.
Here the first 5 modes are shown as combined they contain 62% and 75% of the overall energy
content for the experimental and computational result, and any further modes contain less
than 5% (Figure 2.34). The spatial coefficients of the 5 most energetic modes have been plotted
in Figure 2.35 for both experimental and computational data sets, showing a reasonable level
of agreement. The first two modes in each case show opposing in plane motion, with the
first mode being perpendicular to the second. For the experimental result, these modes are
aligned to the vertical and lateral trailing edges, whereas computationally they are rotated
toward the corners. This rotation follows that of the time-averaged base pressure distribution

Simulating Bluff Body Flows

78

Figure 2.34: The energy content for each of the first five POD modes from the base pressure
fluctuations as a percentage of the total energy.
and is in agreement with the first two POD modes seen for an axisymmetric body [94, 95].
However for an axisymmetric body the energy contained within the first two modes is very
similar, and when combined contain around half the overall energy. In the computational
case the first mode dominates, with an energy content of 40%, which is double that contained
within the second mode (Figure 2.34). These two modes therefore contribute a majority of
the wake’s energy. A single dominant mode is expected when the COP plots are revisited,
given the wake was seen to rotate between the two corners, that have the highest spatial
coefficient in mode 1. It follows that this opposing motion would contain more energy than
that corresponding to the other two corners, which is the motion described by mode 2. The
COP plots show the wake to favour the upper left corner over the lower right corner. This
increased stability toward one asymmetric state reduces the energy content associated to the
opposing fluctuations explaining the order of these modes. For an axisymmetric body, this
motion is coupled to a greater extent, with the wake rotating fully and consistently, explaining
the similar energy levels within the two modes.
Experimentally, the first mode is due to a vertical instability. The highest coefficient
is at the same location as the highest RMS of the base pressure fluctuation. Therefore,
corresponding to the base impingement and variation within this. The second mode is the
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Figure 2.35: Spatial distribution of each of the five most energetic POD modes found from
the base pressure distributions, for the experimental data (above) and the computational data
(below).

lateral instability, due to a flapping of the wake driven by vortex shedding from the vertical
trailing edges. Spectral analysis of the temporal coefficient of these two modes show the
frequency associated with each to be the same, around St ≈ 0.19 (Figure 2.36). This can
be attributed to the aspect ratio of the geometry, which is much closer to 1 than traditional
Ahmed or Windsor models. A similar trend was seen for rectangular flat plates, where the
lateral and vertical shedding frequency was the same for a plate with an aspect ratio of 1 [96].
The computational result shows the same peak frequencies illustrating a good replication of
the vortex shedding from the trailing edges.
The third mode, both computationally and experimentally, is representative of the wake
pumping, where variations in the wake length cause fluctuations in the base pressure [29]. As
acknowledged by Taira et al. [97] the standard POD approach, which has been implemented
here, is unable to isolate the frequency of the periodic modes. Therefore, the pumping mode
can be observed in the spectral analysis of the temporal coefficients for the first two modes
(Figure 2.36). For the experimental result the fluctuating region, associated with pumping, is
moved toward the lower edge of the base, as is also seen in mode 2. The restriction of the
mode is due to the stability of the wake with regards to the dominating upper recirculation.
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Figure 2.36: Spectra of the temporal coefficient of the two most energetic POD modes for
both the experimental and computational data sets.

The reduced fluctuation over this portion of the base as seen in the RMS plot (Figure 2.33), is
carried through to the POD modes as they are defined based on the fluctuating component of
the pressures.
The fourth and fifth modes presented here appear in a different order for the computational
and experimental result as the smaller energy content associated with them makes the ordering
less reliable. Therefore their replication is of greater importance than proportion of energy
they contain. After the first three, all subsequent modes contain less than 5% of the overall
energy content, making it more difficult to characterise the corresponding wake motion.
Despite this similarities can still be drawn between the two data sets. Mode 4 computationally
and 5 experimentally show the diagonally opposing corners to be in phase with each other,
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Figure 2.37: Spatial distribution of each of the five most energetic POD modes found from
the base pressure distributions, for a 4 seconds sample of the experimental data.

whilst being out of phase with those rotated 90◦ . This is likely related to vortex shedding and
is again suppressed over the upper portion of the base in the experimental result.
Given the much larger experimental sample time, the data set was averaged over four
second windows to investigate how the sample size modified the time-dependent wake. For
almost 40% of these shorter samples the first and second POD modes were rotated, making
them a closer comparison to the computational result (Figure 2.37). The lower energy modes
remain unchanged by the reduced sample size, likely due to them describing a higher frequency
or more stable motion, which can be accurately captured in the shorter sample. Despite the
replication of the rotation in the first two POD modes, the order has been switched. The timeaveraged base pressure distribution for this sample shows a small rotation, in the opposing
direction to the computational data. Therefore the description of the first mode for the full
experimental data set holds. For a wake with the low pressure on the upper right corner of the
base, the right recirculation would dominate. As a result the base impingement would move
toward the left side of the base surface, indicated by the region of high spatial coefficient.
When a small yaw angle of 0.3◦ is applied to the geometry experimentally, the timeaveraged base pressure distribution is rotated and so more closely resembles that seen computationally, with the low pressure region in the upper left corner (Figure 2.38). As a result a
rotation is seen in the first two POD modes (Figure 2.39) and the energy redistributed more
evenly between the two modes. A higher proportion of the four seconds samples within
the data set for the yawed case show rotated first and second POD modes, when compared
to the 0◦ yaw configuration. Despite the increased rotation the experimental data remains

Simulating Bluff Body Flows

82

Figure 2.38: Time-averaged base pressure distribution, RMS of fluctuations in the base
pressure distribution and the centre of pressure distribution for the 5 minute sample of the
experimental data collected at a yaw angle of -0.3◦ .

Mode 1

Mode 2

Mode 3

Mode 4

Mode 5

Figure 2.39: Spatial distribution of each of the five most energetic POD modes found from
the base pressure distributions, for 5 minute sample of experimental data at -0.3◦ yaw.
more stable than the computational result as illustrated by reduced RMS in the base pressure
fluctuations (Figure 2.40). The COP plot is rotated, with the most probable location more
comparable, but still indicates the motion is an oscillation around the upper half of the base
surface (Figure 2.41).
Combining the first two experimental POD modes gives a distribution of the spatial
coefficient very similar to that seen computationally for the first mode. When combined, the
energy content is also very similar at around 40%. This indicates the separation of the lateral
and vertical instabilities seen experimentally is not produced in the computational result. In
this case the motion between the two is coupled to such an extent the motion is combined into
one higher energy mode. This follows the earlier suggestion that the computational method
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(b) IDDES

(c) Experiment -0.3◦ yaw

Figure 2.40: The RMS of the fluctuation in base pressure coefficient.

(a) Experiment 0◦ yaw

(b) IDDES

(c) Experiment -0.3◦ yaw

Figure 2.41: The proportion of time spent with the centre of pressure on each portion of the
base, defined by angular bins corresponding to each base side and corner.
produces a more balanced wake which causes greater unsteadiness in the wake motion and
so couples the vertical and horizontal instabilities. A slight pitch in the experimental set-up
may be causing enough stability in the vertical plane to de-couple the motion between the
vertical and horizontal trailing edges, ensuring a flapping of the wake is present as opposed
to the rotation seen computationally.

2.4.4

Summary

Through development of the computational method a validated result has been obtained.
Both the spatial and temporal resolution were refined in order to achieve the correct flow field

Simulating Bluff Body Flows

84

computationally. Increasing the mesh count enabled a better replication of the boundary layer
on the tunnel floor and so predicted the separation with increased accuracy. This is therefore
an area of the method that will be carried forward in subsequent studies. Targeted refinement
of the mesh in the region of the free shear layers enabled an efficient use of additional cells
in this region and ensured the mesh size remained viable for the computational resources
available. The result of these two improved meshing parameters was a correct reproduction
of the relative strengths of the time-averaged upper and lower recirculations within the wake.
With the original meshing parameters the wake balance was flipped, producing an incorrect
wake topology and corresponding base pressure distribution. This highlights the importance
of ground effect and its influence on underbody flow entrainment into the wake region.
Indicating correct replication of the ground boundary layer is crucial even for relatively
large ground clearances which place the geometry well outside the ground boundary layer
thickness. The temporal resolution was seen to impact the description of the vortices shed
from the trailing edges. With a reduced time step smaller structures, with higher turbulent
kinetic energy were produced in the free shear layers. This led to increased mixing between
the faster free-stream flow and the recirculating wake region. The result of this was faster
velocity recovery, which in turn gave a shorter wake length. This brought the base pressure
coefficients in line with those seen experimentally, giving a more accurate base pressure drag
coefficient.
The improved computationally methodology enabled a more in-depth analysis of the flow
to be completed. The result was well validated using the time-averaged base pressure distribution, as well as through the identification of the edge vortex. This structure, which had only
been previously reported in computational results was also identified through complementary
experiments. Further to this, analysis of the time-dependent flow was completed to assess
the temporal evolution of the wake. Before this could be completed the computational run
time was extended to ensure periodic modes within the drag force matched those observed
experimentally. With a total simulated time of 4 seconds spectral analysis showed peaks in the
drag signal at both StH = 0.0&0.19, indicative of known wake modes previously defined as
wake pumping [29] and trailing edge vortex shedding [27]. Analysis of the centre of pressure
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on the base showed the computational and experimental wake motions differed. The computational result showed a bias toward the upper left corner, indicated by the time-averaged base
pressure, and also showed a tendency for a rotational motion of the wake. Experimentally the
motion was more limited, with instead an oscillation between the two upper corners of the
base surface, with the favoured state being on the upper edge of the base; again foretold by
the time-averaged base pressure distribution. POD provided further evidence of this with the
most energetic modes showing opposing out of phase motion, with mode two being rotated
90◦ from mode one. For the experimental result, these modes aligned with the trailing edges
however, computationally they were rotated by 90◦ . Combining the first and seconds experimental POD modes gave a mode more representative of the most energetic computational
mode and with a similar energy content of approximately 40%. This indicates a coupling
of the vertical and horizontal instabilities seen experimentally in the computational result,
giving rise to the rotational motion. The difference between the numerical and experimental
result was suggested to be due to a small misalignment in the wind tunnel which caused a
slight nose up pitch. As a result of this the upper and lower free shear layers were given a
small imbalance, giving a more forced and stable wake. This is comparable to the result seen
by Pavia et al. [32] for the Windsor model. Given the computational simulation was set-up in
a symmetric, axis-aligned state the shear layers are more balanced and, as a result, the wake
is more unstable, enabling the rotational motion.

2.5

Windsor Model

Given the simplicity, aspect ratio and ground clearance of the 1-Box model have all been
identified as causes for making the simulation of the flow field more difficult, it was hoped
the added realism of the Windsor model would enable the computational method to perform
better. Therefore, no modifications to the computational method were implemented at this
stage.
The computational domain was discretised as shown in Figure 3.18. The prism layers were
defined to give a first cell size of 5×10−7 m which results in a wall y + <1 ensuring the boundary
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Figure 2.42: Mesh around the Windsor model, including detailed
view of prism layers, taken from the y = 0 mid-plane.
layer on the surface is resolved rather than modelled. Applying this meshing strategy gave
a cell count of around 21 million cells; which compares well to similar studies [25]. This is
slightly larger than the mesh used for the 1-Box model which is attributed to the reduced
ground clearance. The refinement of the lower shear layer was required to be extended to the
floor to avoid quick variations in mesh density and the increased resolution used just for the
free shear layers previously was extended to the entire base region to ensure the direction
of the shear layers was well captured. A mesh sensitivity study was completed and found
doubling the cell count achieved a negligible drag change of 2%.
Experimentally, the Windsor Model shown in Figure 2.43 was used for this study with a
grid of 56 pressure tappings spread over the base surface. The area toward the base edges
was more densely populated to account for the higher pressure gradients expected in this
region. Pressure and balance measurements were collected for a total of 600 seconds after
an initial settling period. All other experimental and computational set-up was as described
previously. PIV measurements were taken in the vertical and horizontal wake mid-planes;
the locations of which are illustrated in Figure 2.44.

2.5.1

Representative Configuration

First the flow field around the 12◦ lower taper configuration was considered in detail as
this configuration had been identified as representative of a real-world geometry. Later the
effects of geometric changes, in the form of the angle of the lower trailing edge taper, will be
considered to ensure the experimental trends are replicated within the simulations.
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Figure 2.43: Pressure tapping distribution over the
base surface and lower taper.

Figure 2.44: The locations of the two PIV planes used for
wake visualisation; vertical mid-plane in red and horizontal
mid-plane in blue

Table 2.8 shows the experimental and computational drag coefficients along with base
pressure drag coefficients. There is a small difference of approximately 8% in drag coefficient,
whereby the computational result under-predicts drag. However, the base pressure drag is
very well matched with a difference of just 2% between the computational and experimental
results. This indicates the CFD is under-predicting a source of drag elsewhere, however as
the experimental result is limited to overall body drag and base pressure tappings this source
cannot be easily identified. As the main region of interest is the wake flow, this is not a crucial
factor when evaluating the suitability of the method; and, provided it can be shown to be a
constant offset should not impact the result of any further work.
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Table 2.8: Mean values for computational and experimental drag
coefficient and base pressure drag coefficient for the Windsor model.

CD
CDbase

(a) Experiment

Experiment

CFD

0.291
0.173

0.267
0.177

(b) IDDES

Figure 2.45: Time-averaged vertical mid-plane (y = 0) within the wake for the baseline
configuration. x∗ = 0 has been defined as the location of the base surface to enable easier
interpretation of the result.
The high contribution of base pressure drag to the overall drag is typical for this type of
geometry due to the large separated wake region. Here the wake structure is characterised
and validated by considering the time-averaged flow field. The averaged wake consists of a
toroid formed as flow rolls over each of the trailing edges, consistent with similar geometries
reported in the literature [98, 36] . Due to the lower taper present in this case the ring vortex
is distorted, with the lower recirculation dominating, as shown in Figure 2.45. This can be
attributed to the lower taper accelerating the under-body flow into the wake, whilst also
angling the flow toward the center.
This dominating lower recirculation is one of the main sources of drag, when considering
the base pressure distribution in Figure 2.46. The regions of lowest pressure can be found
on the lower portion of the base, at approximately the height of the lower recirculation. The
region of highest pressure is found at the impingement point of the lower recirculation, at
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(b) IDDES

Figure 2.46: Time-averaged base pressure distribution for the Windsor model with the
pressure tapping locations indicated.

Figure 2.47: Time-averaged base pressure distribution for the baseline configuration at the
full computational resolution (left). Root mean square of the pressure fluctuations over the
base surface for the full resolution computational result (right).
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approximately 3/4 of the base height. This agrees with Grandemange et al. [99] who also
found that for a wake dominated by the lower recirculation, an impingement above the
mid-base height was observed and accompanied by a positive pressure gradient along y = 0
on the base surface. The RMS of the fluctuation in the base pressure coefficient (Figure 2.47)
shows the highest level of fluctuation is found toward the upper trailing edge of the base. This
is similar to the results by Pavia et al. [100] who found the addition of a lower taper moved
the fluctuations upwards compared to a true squareback geometry. This figure also shows
that there is only one distinctive region of high RMS, indicating no bi-stability is present in
the computational result. Therefore, given the sampling time considered and the symmetry of
the geometry, the wake is symmetric in the horizontal mid-plane as illustrated in Figure 2.48.
Throughout Figures 2.45-2.48 the computational and experimental flow features and
base pressures observed are all in good agreement in terms of both wake structures and the
magnitude of the variables displayed. The main difference is in the region of the lower taper
where the experimental result sees a higher degree of upwash. The result of this is a shorter
recirculation length and a more angled wake along with a separation on the tunnel floor.
Despite these differences the near wake flow is well replicated, in particular the angle of
the return flow, the location of base impingement and the near wall flow velocities. This
explains why the base pressure distributions are still so well matched, even though the wakes
have visible differences. The distributions themselves are reasonably similar in shape and
magnitude, with the lowest pressure region being slightly larger in the computational result.
This effect is exaggerated by extracting data only at the experimental resolution, if the full
data set is considered the error is reduced from 2% to 0.5%, highlighting the data loss when
considering a reduced spatial resolution.
Although no three-dimensional wake data could be obtained for the experimental result,
the high level of agreement in the presented results enables a more thorough analysis of the
flow field using the computational data set. Both instantaneous and time-averaged quantities
are available; with considerable detail in the small time-dependent structures being captured.
Figure 2.50 shows that there is a high level of vortex shedding occurring from each of the
trailing edges; further indicating how well resolved the flow field is. This drives a lateral
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(b) IDDES

Figure 2.48: Time-averaged horizontal mid-plane (z ∗ = 0.67) within the wake for the
baseline configuration. x∗ = 0 has been defined as the location of the base to enable easier
interpretation of the result.

motion of the wake as described by Volpe et al. [27] because the shedding from the vertical
trailing edges is out of phase. Close to the base the smallest vortical structures are observed
and downstream the structures coalesce, increasing in size until they are shed from the free
stagnation point. This shedding results in a varying wake length, as defined by Duell and
George [29] as wake pumping.

When averaged (Figure 2.49), these instantaneous vortices result in the wake toroid
expected from the previous mid-plane analysis and as presented for the similar Ahmed
geometry by Dalla Longa et al. [39] and Lucas et al. [34]. Here, the relationship between base
pressure and the wake toroid is quite clear as the lower arm of the toroid corresponds to the
low pressure region, which is also a region of high velocity downward flow. This relationship
has been documented previously by Lucas et al. [34] who captured one of the asymmetric
bi-stable states of an Ahmed body wake and showed a bias time-averaged toroid for which
the dominating recirculation correlated to the region of lowest base pressure.
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Figure 2.49: Base parallel plane, 0.002H downstream of the base,
with vertical velocity as filled contours and pressure coefficient as
contour lines along with a pressure iso-surface (CP =-0.25) to visualise
the time-averaged wake vortex ring for the baseline flow field.

2.5.2

Parametric Study: Lower Edge Taper Angle

As the method has been well validated for the 12◦ lower taper configuration the effect of
changing this taper angle was also considered. This would further validate the methodology,
ensuring flow changes due to geometry modifications are well replicated. Being robust to
such changes is important when applying the method to assess drag reduction strategies in
subsequent work.
The configurations tested employed taper angles of 6, 12, 16 and 20◦ ; with balance and
pressure measurements collected for each case, along with the same two planes of PIV defined
earlier for the 12◦ configuration. The locations of the pressure tappings were modified slightly
compared to the previous configuration and so the locations have been illustrated on the
presented base pressure distributions.
On the whole the drag coefficient is well matched, with the trend of increasing drag with
taper angle being well replicated (Figure 2.51). As with the 12◦ configuration there is an offset
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Figure 2.50: Instantaneous vortical structures within the wake as
illustrated via an iso-surface of normalised Q-criterion (Q∗ = 5) and
coloured by stream-wise velocity.
of around 25 counts between the experimental and computational result, with the CFD giving
a reduced drag coefficient in each case. For the largest taper angle there is a larger difference
between the two results, the sharp drop in drag seen computationally is expected when the
flow separates from the lower taper. This indicates a difference in critical slant angle between
the computational and experimental flows.
Despite the reasonably large differences in drag coefficient between the computational and
experimental results, the base pressure drag compares much more favourably (Figure 2.52).
This again supports the previous suggestion that the source of error between the two methods

Figure 2.51: Changes in drag coefficient with varying lower taper angle.
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Figure 2.52: Changes in base pressure drag coefficient with varying lower taper angle.

(a) 6◦ Lower Taper

(b) 12◦ Lower Taper

(c) 16◦ Lower Taper

(d) 20◦ Lower Taper

Figure 2.53: Base pressure distribution for each lower taper angle for both the experimental
(above) and computational result (below).
occurs upstream of the separated wake region; indicating the method is likely still applicable
to developing methods of base pressure drag reduction. Again the trend is well matched for
the first three taper angles, with a deviation seen again for the largest angle. This time a more
varying offset is seen with the computational result both under and over-predicting the base
pressure drag depending on the configuration. To better understand these differences, the
base pressure distributions were considered.
Figure 2.53 shows the general shape of the base pressure distribution is, as expected
from the base pressure drag results, well matched for the first three taper angles. The large
difference in the results for the 20◦ taper is clear here, with the computational result being
more comparable to the 6◦ taper and the experimental result the 16◦ case. This indicates, as

2.5 Windsor Model

95

hypothesised earlier, in the computational result the flow is separating from the taper and so
entering the flow at a reduced angle. Once flow is separated from the lower taper the flow
field reverts back to that seen for a smaller taper angle as the slanted surface cannot affect the
flow and manipulate its direction once separation has occured. For the experimental result
the flow remains attached to the tapered surface and so topology is similar to the 16◦ case but
with a further reduced pressure. The vertical wake mid-planes (Figure 2.54) show this to be
the case.
The upwash is seen to be reduced in each of the tested configurations in the computational
result, leading to an increased wake length. This explains why the separation occurs at a
smaller taper angle. Here, as expected from the base pressure distributions, the computational
result for the 20 ◦ lower taper is highly comparable to that seen with a 6 ◦ taper. By considering
the region of the lower taper more closely, as in Figure 2.55, the location of separation for
each computational result can be evaluated. The flow is seen to remain attached to the entire
tapered surface for both the 6 and 12 ◦ taper angles. As expected by the vertical mid-planes
shown in Figure 2.54, the flow has started to separate over the slant for the 16◦ taper and is
fully separated by the time the angle is increased to 20 ◦ . Unfortunately the PIV setup was
focussed on capturing the wake flow and so was unable to provide data on the slanted taper
surface. However, the angle of the flow entering the wake from the underbody can be used to
infer the result over the slant. Increasing upwash can be seen with increasing taper angle
up to 16◦ . For the 20◦ degree case there is still a higher level of upwash than in the 6◦ case,
indicating some flow attachment; however this is to a lesser extent than the 16◦ case implying
the flow is not attached to the entire tapered surface. This indicates the critical taper angle
for separation is likely comparable for both the computational and experimental flows and in
the region of 20◦ ; occurring sooner computationally.
Despite the changes in the level of upwash other flow features are well matched, excluding
the 20◦ lower taper. As was described earlier for the 12◦ lower taper, the vertical position of
the wake closure and relative positioning of the vortex cores is well replicated; explaining the
high level of agreement in the base pressure distributions. It is hard to accurately state the
experimental base impingement locations as the PIV method employed for this work was
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(a) 6◦ Lower Taper

(b) 12◦ Lower Taper

(c) 16◦ Lower Taper

(d) 20◦ Lower Taper

Figure 2.54: Vertical wake mid-plane for each lower taper angle for both the
experimental (left) and computational results (right).
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(a) 6◦ lower taper

(b) 12◦ lower taper

(c) 16◦ lower taper

(d) 20◦ lower taper

Figure 2.55: Flow over the lower taper in the y = 0 mid-plane for the
computational result.
unable to capture sufficiently good data near the base surface. However, the direction of the
return flow approaching the base is seen to be highly comparable between the two results,
indicating this feature is likely well replicated.
A higher level of agreement is seen when considering the horizontal mid-plane, as in
Figure 2.56. The 12◦ lower taper produces the most laterally symmetric field of the 4 tested
taper angles. This is expected given the previous discussion regarding bi-stability, in that this
configuration has been seen to have the shortest time between switches; resulting in a higher
proportion of time spent with a symmetric wake. This level of symmetry is well replicated
computationally. The trends in symmetry with taper angle are seen to correlate well between
the computational and experimental result. This is not necessarily expected given the large
variation in averaging window between the two methods. The result therefore, indicates
that although the bi-stability is not reproduced in the computational result the asymmetric
states are, just in an unstable form. Given this the computational method is seen to be highly
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(a) 6◦ Lower Taper

(b) 12◦ Lower Taper

(c) 16◦ Lower Taper

(d) 20◦ Lower Taper

Figure 2.56: Horizontal wake mid-plane for each lower taper angle for both the
experimental (left) and computational results (right).
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applicable for use in investigating how geometry modifications alter the wake flows. If all the
instantaneous flow fields can be replicated, so can the geometry’s impact on them. Meaning,
even though the flow fields aren’t stably reproduced, when averaged a representative result
can be achieved.
The results presented here show that the computational method is able to replicate the
changes due to a geometry modification, up until the critical taper angle. This illustrates the
methodology to be robust at predicting how small geometry changes impact the resulting
flow field, with quantitative trends in both drag and pressure pressure drag being correctly
reproduced. There appears to be limitations in the method’s ability to predict separation over
an angled surface, however that due to a sharp trailing edge is well captured. This is expected
to some extent, given the use of a hybrid method, which relies on RANS near the surfaces.
Further improvements are likely achievable by implementing a full LES method, however
the additional computational costs associated with such a method are likely too expensive to
make it an efficient methodology, especially given the relative importance of this flow feature.
The change in upwash, while flow remains attached, due to this feature appears to produce a
reasonably constant offset in drag. Therefore, this should be carried over to investigations
into drag reduction techniques making the differences due to geometry changes reliable.

2.6

Summary

A well-validated and efficient IDDES method has been applied and a best practice developed
to enable accurate simulations of the flow field around simplified geometries within a wind
tunnel at a representative Reynolds number. The method implemented within StarCCM+ has
shown a good level of success for both the tested geometries.
For the highly simplified geometry of the 1-Box model with a large ground clearance,
the computational method was able to accurately replicate the drag to within 1%. However,
this masked the ability of the computational result to produce an accurate base pressure
distribution. The main differences between the experimental and computational results were
the magnitude of the base pressure coefficient and the vertical balance of the recirculating
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wake structures. The first of these could be improved by reducing the time step which enabled
smaller structures to be shed from the trailing edges. The result of this was a reduced wake
length which in turn moved the vortex cores closer to the base surface, increasing their
influence and reducing base pressure. It was seen that this reduced wake length was due to
the smaller structures enhancing the mixing between the recirculating region and the free
shear layers, allowing faster velocity recovery. The incorrect wake balance was caused by an
under-resolved ground effect. It had been assumed that the geometry was located sufficiently
far from the floor of the tunnel to have little effect on the flow field. This resulted in a meshing
strategy that was too coarse on the ground plane resulting in a laminar boundary layer that
meant the under-body flow, floor separation and in turn the interaction with the recirculating
wake flow, was incorrectly simulated. Based on this result the mesh in this region was refined
to ensure the turbulent ground boundary layer was produced and as a result the wake balance
was flipped to produce the same result as seen experimentally.

Further to the validation through time-averaged base pressure distributions, the method
was able to accurately identify and reproduce a small edge vortex. This small, low velocity
structure was observed at each edge of the 1-Box model and its presence was validated with
experimental wind tunnel tests, which had not been previously achieved [37]. A PIV plane
taken at the upper trailing edge, showed the structure to be present in both instantaneous and
time-averaged flow fields. Given this validation, the nature of the structure was investigated in
more detail using the computational data set. The vortex occurs on each edge of the base and
flow within the vortex travels along the base edge until it becomes entrained into the free shear
layers at the corner. The vortex is formed due to flow on the base separating in an adverse
pressure gradient. This gradient is induced by the free shear layers drawing the recirculating
flow away from the base surface. The radius of this turned flow acts as a diverging duct for
the base attached flow, reducing its velocity and so resulting in the introduction of an adverse
pressure gradient. The presence of this structure within the computational result illustrates
the method is able to correctly replicate many of the flow features, in particular those of
interest near the base surface. In its current form the method cannot be fully validated for the
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1-Box model, but the initial simulations show only minor development is required to produce
a robust approach.
For the Windsor model the method has been well-validated. The reduced ground clearance,
and so anticipated floor effects was addressed with locally increased mesh density all the
way to the ground plane; removing this source of error and enabling a better prediction
of the under-body flow. This, combined with the high level of upwash induced by the 12◦
lower taper, meant the relative strengths of the upper and lower free shear layers could be
well replicated. In turn giving a high level of agreement between the computational and
experimental wake structures. All the experimentally measured features were replicated
to a high standard computationally; as were the trends due to geometric changes. A small
difference between the experimental and numerical values for drag coefficient was observed,
however this offset remained constant for all tested configurations. The parametric study into
lower taper angle was successfully completed with both methods indicating separation over
the tapered surface for an angle greater than 16◦ . The separation was predicted prematurely
for the computational result due to the implementation of DES, which has limited accuracy
when considering separation over an angled surface because of the use of RANS near the
wall. Despite this, and especially given the reduced computational costs associated with a
hybrid RANS-LES approach, on the whole all the crucial flow features were well replicated;
indicating the outlined methodology to be robust for this geometry.
Therefore, future investigations into drag reduction techniques with be completed using
this methodology with the 12◦ lower taper configuration of the Windsor model being used as
the baseline geometry. The analysis of the flow fields presented here have indicated a base
drag reduction could be achieved by moving the recirculating vortex cores within the wake
downstream; reducing their effect on the base surface. The results have also indicated this
could be achieved by increasing the planar symmetry within the wake.

Chapter 3
Individual Horizontal Slats
For the simplified bluff bodies investigated in Chapter 2 it was shown that a high proportion
of the overall model drag could be attributed to base pressure drag; due to the large, geometryinduced, separation at the trailing edges of the bluff body. This is representative of SUVs
which also feature blunt rear geometries. Many methods of reducing the drag of such a vehicle
have already been identified such as tapering and cavities. Unfortunately, these come with
a high functional and aesthetic cost, often reducing the rear load-space and compromising
the favoured square styling. Therefore, this chapter describes a study completed to assess
the sensitivity of the structures within the wake of a simplified vehicle geometry to small
modifications on the base surface and how these influence the base drag.
Reducing the strength of the lower recirculation, as achieved by Littlewood and Passmore
[48] with steady blowing at the upper trailing edge, enables a drag reduction by decreasing the
near wall velocity (See Section 1.4). However the reduction is partially offset once the power
requirements of the jets are considered. Littlewood et al. [52] therefore investigated a passive
approach to influence the lower vortex through small base geometry changes. Experimentally,
small horizontal slats were added to the base of a quarter-scale Windsor model; achieving a
drag reduction of 8 counts when four slats were equally spaced over the lower half of the
base surface. Each slat extended 8mm, or 0.8% of the model length into the wake and was
1mm thick. The slats were tested at three different wind speeds, corresponding to a realistic
Reynolds numbers. Pressure measurements on the base showed regions of increased pressure
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directly above the highest slat and it was concluded that the lower recirculation impinged
on the upper surface of this slat. Additionally, a reduction in the size of the low pressure
suction region corresponding to the lower vortex was observed. Although no wake data was
obtained, it was hypothesised that the rotational energy of the lower recirculation had been
reduced, resulting in the observed changes in base surface pressure. Full scale tests employing
a production SUV reported similar results, provided a smooth under-body was used [52]. This
highlights that the drag reduction is directly linked to modifications of the lower recirculating
structure.
In order to gain a deeper understanding of the mechanisms of drag reduction a computational study of the same, four-slat, geometry was completed by Robertson et al. [53].
This once again showed the increased pressure region directly above the highest slat, with
accompanying wake analysis illustrating a reduced wake length. A change in wake balance
was identified as the cause of this due to increased turbulent kinetic energy within the upper
vortex, indicative of higher levels of energy dispersion. However, this study was completed
using steady-state RANS which, as discussed in Section 2.2, is known to be insufficient for
this type of geometry [54].
While both the experimental and computational work available in the literature is quite
limited there is evidence that small features within the wake that act to modify the dominating
recirculation, and so increase the wake balance, can have a significant effect on drag. Therefore,
a more in-depth computational investigation has been completed, this time considering a
single horizontal slat at 4 different locations on the base of a simplified vehicle. The aim is to
modify the lower recirculation in such a way that the near wall velocities associated with the
structure are reduced. The effects on wake structures, forces and base pressures have been
examined, with extra attention paid to the near base flow field as this is where the largest
changes are expected.
Within this Chapter the existing method, developed and validated in Section 2.5, will be
applied to the Windsor model with the same dimensions as summarised in Table 2.2. The 12◦
lower trailing edge taper configuration has been used with horizontal slats applied at four
different locations on the base surface.

3.1 Slat Configurations

105

Figure 3.1: Detail view of the slat geometry with dimensions in mm,
illustrated in the mid-base (Sz∗ =0.5) slat configuration.

Figure 3.2: Streamline plots in the vertical wake mid-plane for the baseline flow field, taken
from Littlewood [101] (left) and for the 12◦ lower taper baseline configuration used in this
work (right).

3.1

Slat Configurations

As the flow field for the Windsor model with a 12◦ lower trailing edge taper has been well
characterised in the process of developing a robust methodology (Section 2.5) it is used as
the baseline model for this investigation. The slats used for this study were designed by
considering the work completed by Littlewood et al. [52], whilst finding a balance between
manufacturability and the desire to keep the slats as small as possible for aesthetic reasons.
This resulted in the slats illustrated in Figure 3.1 which are 3mm thick and extend 10mm,
or 1% of the model length, into the wake. Meaning the slat dimensions can be defined as
0.01H wide and 0.035H long. To ensure the geometry was sufficiently captured within the
simulation an additional mesh refinement box was added around the slat surfaces.
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Table 3.1: Definition of each slat location (Sz∗ ) normalised by model height, H, and measured
from the underside of the model.
Slat Configuration

Slat Location (Sz∗ )

Colour

Lower-Slat
Mid-Base Slat
Upper-Slat
Upper-Quarter Slat

0.375
0.5
0.625
0.75

Aqua
Red
Purple
Orange

The slat locations tested, referred to as Sz∗ , are normalised by the model height, H, and
measured from the underside of the model, as illustrated in Figure 3.1. Table 3.1 defines
each of the configurations which are also illustrated in Figure 3.3. The positions of the slats
were defined by considering the baseline flow field. The work by Littlewood et al. [52] used
squareback configuration of the Windsor model with a smaller ground clearance of 30mm,
despite these differences compared to the baseline model chosen for this work, a comparison
of the vertical wake mid-plane showed a similar wake structure in terms of the vertical balance
and base impingement (Figure 3.2). As expected from the results presented in Chapter 2.5 the
wake length is greater in the computational result than seen experimentally by Littlewood
et al. [52], however given the high degree of similarity in the near base flow the results
obtained by Littlewood et al. [52] were used to influence the slat locations for this study.
Littlewood et al. [52] observed the greatest pressure change was found above the highest slat,
located at mid-base height. Therefore, this was identified as a key location and used for the
mid-base, Sz∗ =0.5, configuration. For Littlewood’s four-slat configuration pressure increases
were seen over the entire base area above the highest slat. This indicates that moving the
slat down, to Sz∗ = 0.375, would increase the area above the slat over which the increased
pressure can act; leading to a greater drag reduction. Finally, analysis of the baseline flow field
(Figure 3.2 indicated the recirculating flow impinges on the base surface at approximately
three-quarters of the base height. The interaction between this impingement that defines
the vertical wake balance and the impingement on the upper slat surface is of interest and
so slats were placed at equal intervals up to this height, defining the upper (Sz∗ =0.625) and
upper-quarter (Sz∗ =0.75) slat configurations.

3.2 Mid-Base Slat Configuration
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Figure 3.3: Illustration of all four slat locations; lower-slat (aqua),
mid-base slat (red), upper-slat (purple) & upper-quarter slat (orange).

3.2

Mid-Base Slat Configuration

In order to ensure the CFD methodology developed in Chapter 2 is robust enough for use
within this study, a validation study on the mid-base (Sz∗ =0.5) slat configuration was conducted.
This was included as a check given the slat geometry is small and so the mesh in this region
had to be correctly refined. The results presented here are for validation purposes only and so
the effect of the slat on the flow field will be discussed in detail within the subsequent section.
For this validation the experimental data was collected using the methodology outlined in
Section 2.3 and was limited to balance and pressure measurements. PIV data was not collected
due to the regions of interest being near the base and slat surfaces where it is difficult to
collect sufficiently high quality data.
The overall body drag for this configuration was, as in the baseline case, slightly underpredicted by the computational result; with a percentage difference of 8% to the experimental
value of 0.292. This difference between CFD and experiment is the same for both the slat
configuration and the baseline case, meaning the change in drag due to the addition of
the slat is well replicated. When the base pressure distribution is considered (Figure 3.4)
a high level of agreement is seen, with both the distribution and magnitudes being highly
comparable. As previously, the computational pressure data has been extracted at the same
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Figure 3.4: Time-averaged base pressure distribution for the mid-base slat configuration,
with the pressure tapping locations indicated.
locations as the experimental pressure tappings, giving the same spatial resolution. This
configuration highlights the importance of this approach given the limited base area available
in the experimental result and when the full base area is considered the base pressure drag is
seen to change by 3%. When the base pressure drag coefficient is considered the numerical
result is seen to be within 1% of the experimental value of 0.181; further validating the result
and illustrating the methodology is suitable for application to this study.

3.3

Results & Discussion

Having illustrated the computational methodology to be robust it was applied to each of
the four slat configurations (Sz∗ =0.375, 0.5, 0.625 & 0.75) in turn; with the results for each
presented and discussed here.
In order to assess the significance of changes in the lift and drag forces a statistical
analysis was first required to estimate their levels of uncertainty. As identified by Gaylard
et al. [98] there is a level of dependence between any two subsequent samples taken from
a time history; due to the development of time-dependent motions within the wake that
drive the forces experienced by the model. The force history does not therefore contain
the statistically independent samples required to estimate the uncertainty. To resolve this
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issue Islam et al. [102] outlined a method of determining a re-sampled data set to remove the
statistical dependence in the unsteady signal, which has been applied in this case.
The re-sampled data set is determined by identifying the time difference between two
data points to ensure they are statistically independent of one another. This time, or lag, can
be estimated by considering the autocorrelation of the signal. The autocorrelation function
(ACF ) for each lag (k) was calculated using Equation 3.1.
n−k
P

ACFk =

(ct−k − c̄)(ct − c̄)

t=k+1
n
P

(ct − c̄)2

(3.1)

t=1

where ct is the value of the force coefficient signal at sample t, and c̄ is the mean value of
the force coefficient. Using this the upper (U Lk ) and lower (LLk ) 95% significance limits for
each lag could also be defined using Equations 3.2-3.4 and the t-statistic for 95% confidence
with n − 1 degrees of freedom. Figure 3.5 shows the autocorrelation function of the timedependent drag coefficient for the baseline configuration, with these significance limits. As the
lag increases the correlation between two samples decreases and as a result the significance
limit increases. Therefore, after a lag of 0.035 seconds, which is equivalent to 5 flow passes,
the samples are no longer significantly correlated and remain so as the lag increases further.
As a result the point at which the autocorrelation crossed within the significance limits and
remained within them was determined as the required lag. In order to minimise any data
loss, rather than use this lag as a re-sampling interval the data was instead averaged over
windows of this size to produce the uncorrelated signal. Although not shown here, as the
plots are similar in each case, this analysis was repeated for each lift and drag coefficient
signal to produce a new data set compiled of statistically independent samples.

SE(ACFk ) =

v
u
k−1
P
u
u1 + 2
(ACFm )2
t
m=1

n

U Lk = t(0.95,n−1) × SE(ACFk )

(3.2)

(3.3)
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Figure 3.5: Autocorrelation function for the drag coefficient in the baseline
configuration with 95% significance limits

LLk = t(0.05,n−1) × SE(ACFk )

(3.4)

where SE(ACFk ) is the standard error of the autocorrelations function for lag k, n is the
number of samples within the force signal.
This newly defined time series was then used for a traditional statistical analysis, given
subsequent data points can now be considered independent. All error analysis presented
from this point has been applied to the block-averaged data set and is independent of the
autocorrelation analysis, which was implemented just to produce the time series with independent data points. Therefore, the number of samples, ns , is used from now on to indicate
the number averaged blocks to create the new time series, compared to n which was used
previously within the autocorrelation analysis to represent the total number of samples in the
original data series. With this 95% confidence intervals (CI) for the mean value of the drag
and lift forces for each configuration were estimated using Equations 3.5 & 3.6.
s
e = t(0.05,ns −1) √
ns

(3.5)

CI = x̄ ± e

(3.6)
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where the uncertainty error is denoted by e, the standard deviation of the block-averaged data
set s, the block-averaged mean x̄ and the number of averaged blocks ns . This analysis was
later applied to each slat configuration, enabling the uncertainty in the delta (e∆ ) between
the baseline and the slat configuration to be estimated using Equation 3.7.

e∆ =

q

(eb )2 + (eslat )2

(3.7)

The changes in the lift and drag coefficients are summarised in Figure 3.6, with the
statistical errors in the deltas illustrated via error bars of 95% confidence intervals . This
shows significant reductions in drag for the two configurations with a slat above mid-base
height and significant changes in lift for the lower (Sz∗ =0.375), mid-base (Sz∗ =0.5) and upperquarter (Sz∗ =0.75) slats. Inspection of the surface pressures over the entire model shows the
changes in lift were local to the base region; and are due to a combination of changes to the
pressures on the diffuser surface and a pressure differential between the upper and lower
slat surfaces. For each configuration the pressure over the lower surface of the slat is lower
than the pressure over the upper surface creating an overall suction, or reduction in lift. For
the lower (Sz∗ =0.375) and mid-base (Sz∗ =0.5) slats this is compounded by a pressure reduction
over the surface of the lower edge taper. For the other configurations the pressure over this
surface is increased compared to the baseline case; causing an increase in lift when coupled
with the minimal pressure differential on the upper and lower slat surfaces.
The changes in drag are mainly due to changes in the base pressure drag, with the skin
friction drag remaining relatively unchanged because the slat has a very small surface area and
is located in a region of separated flow. To further understand the changes in base pressure
drag, the contribution was calculated for the areas above and below the slat separately (Figure
3.7). For the mid-base (Sz∗ =0.5) slat, the benefit of reduced drag from above the slat is cancelled
out by the increase in drag below, explaining why the overall drag of the model is relatively
unchanged. When the slat is moved down, to Sz∗ =0.375, the gains above the slat are retained
with the penalties below the slat reducing due to a smaller area of low pressure, enabling
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Figure 3.6: Changes in drag and lift coefficients compared to the
baseline configuration for each tested slat location, with uncertainty
due to fluctuations in the signal indicated via error bars.
an overall drag reduction. For the two slat configurations above mid-base height, the base
pressure drag both above and below the slat reduces due to an increase in pressure over the
entire base surface, giving statistically significant drag reductions of approximately 4 counts.
Further insight to these changes can be identified from the base pressure distributions in
Figure 3.8. Localised changes are present in all cases, with an increase in pressure directly
above each slat and a reduction directly below. For the lower (Sz∗ =0.375) and mid-base (Sz∗ =0.5)
slats these local changes are largest in magnitude and so dominate the changes. Leading to
the split in behaviour above and below the slat for the base pressure drag. For the upper
(Sz∗ =0.625) and upper-quarter (Sz∗ =0.75) slat configurations a more global change is seen, with
increases in pressure seen over the entire base surface.
The mechanisms responsible for the local changes in pressure close to the slats are
illustrated in Figure 3.9. Here the flow within the lower recirculation can be seen to approach
the base surface before turning parallel to the base. The vertical velocity of this flow increases
as it approaches the slat until it stagnates on the upper slat surface. This stagnation is indicated
by a red marker in Figure 3.9 and results in an increased pressure region around the centreline
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Figure 3.7: Changes in drag coefficient and base pressure drag
coefficient.

Figure 3.8: Above: Base pressure distributions.
Below: Changes in base pressure compared to the baseline case.
Left to Right: Sz∗ =0.375, Sz∗ =0.5, Sz∗ =0.625, Sz∗ =0.75.
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Figure 3.9: Local slat mechanisms illustrated on the mid-base slat
configuration; upper slat surface impingement indicated by red
marker & below slat separation vortex visualised via blue streamtrace.
of the model. This higher pressure is observed on the the stagnation surface of the slat and is
also spreads to the neighbouring base surface. Figure 3.10 shows the pressure distribution
over the upper surface of each slat and highlights that this impingement is present in every
configuration; whilst also illustrating the distribution is almost independent of slat location.
The upper (Sz∗ =0.625) and upper-quarter (Sz∗ =0.75) slats have a slightly higher pressure on
the whole, and the lower (Sz∗ =0.375) and mid-base (Sz∗ =0.5) slats show some lower pressure
regions towards the downstream edge of the slat; as expected given they are placed in a low
pressure region of the base pressure distribution.
A further effect of the slat (Figure 3.9) is to create an obstacle to the recirculating flow
with some streamlines being diverted downwards, rather than follow a straight path to the
base. This, combined with the impinging flow on the upper slat surface, results in a region
of separation directly below the slat. Within this separated region a vortex is formed, that
is visualised in Figure 3.9 by a blue streamtrace. This structure is seen to rotate the flow
and drive it outward to be entrained within the free shear layers emanating from the model
sides. The strength of this structure is greatest at the centreline of the model and reduces as it

3.3 Results & Discussion

115

Figure 3.10: Pressure distribution over the upper surface of each
tested slat.

extends to the model edges, with the width over which there is a high rotational velocity being
dependent on the slat location. For the mid-base (Sz∗ =0.5) slat configuration the rotational
strength of the vortex is greater over a larger width than in any other case, because the
slat is a more substantial obstacle to the flow than at any other location; resulting in the
largest separated region. This is visualised by considering the fluctuations in the base pressure
′

coefficient (RM S(CP )) in Figure 3.11. Here, for the mid-base (Sz∗ =0.5) slat, a region of high
RMS can be seen in the location of the vortex formed in the separated region below the slat.
The highest values are over the central portion of the base and dissipate toward the model
edges. For the lower (Sz∗ =0.375) slat the high RMS attributed to this structure is smaller in
size, indicative of its reduced rotational strength and so less defined structure compared to
the mid-base (Sz∗ =0.5) case. For the upper (Sz∗ =0.625) and upper-quarter (Sz∗ =0.75) slats the
vortex structure is not clearly defined, instead a larger region of high RMS dominates the
distribution. This is more similar to the baseline case (Figure 2.47) where the high RMS region
corresponds to the base impingement; indicating the slats interaction with this flow feature
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Figure 3.11: Root mean square of the pressure fluctuation on the base surface.
Left to Right: Sz∗ =0.375, Sz∗ =0.5, Sz∗ =0.625, Sz∗ =0.75.
has a larger impact on the distribution than the introduction of the vortex in the separated
region below the slat.
The magnitude of these localised pressure changes varies depending on the slat location
as illustrated in Figure 3.12, which shows the pressure coefficient on the base surface along
the line y = 0. All the slat locations show very similar pressure profiles, which away from the
slat converge close to the baseline profile. For the cases with a more global pressure increase,
such as the upper-quarter (Sz∗ =0.75) slat, the same profile shape is observed but translated
to higher pressure values. Additionally the localised changes are clearly demonstrated, by
the sharp deviations in pressure directly above and below each slat location, acting over a
similar vertical distance in each case. The magnitudes of change differ, with the mid-base
(Sz∗ =0.5) slat showing the largest, and the upper-quarter (Sz∗ =0.75) slat the smallest deviations.
The span-wise effect of these near slat mechanisms is also dependent on slat location, as
illustrated in Figure 3.13 which shows the base pressure coefficient along the lines y = −W/4
and y = W/4. It demonstrates that the mid-base (Sz∗ =0.5) slat has the largest off-centre effect
with large pressure changes still being observed away from the centreline. For the baseline
configuration a high level of left to right symmetry is observed with the two off-centre
pressure profiles being almost identical. However, with the addition of a slat the pressure
profiles show larger differences between each side of the base, indicating an increased level
of asymmetry in the wake. This is unexpected, given the model itself remains horizontally
symmetric. The vortex below the slat has been shown to feed into the free shear layers at the
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Figure 3.12: Pressure coefficient on the model base for each
configuration along the line y = 0
model sides, likely driving additional wake flapping and, due to the relatively short averaging
window, contributes to an increase in the time-averaged asymmetry. Across Figures 3.12 &
3.13 a clear similarity between pressure profiles for each slat configuration is observed, this
further highlights the localised nature of the changes and indicates minimal impact on the
more stable time-averaged wake features. At the higher slat locations the base pressure is
higher than is seen where the lower (Sz∗ =0.375) and mid-base (Sz∗ =0.5) slats will be placed,
therefore the deviation is due to the relative difference between this baseline base pressure and
the impingement pressure, which is the greatest in the mid-base (Sz∗ =0.5) slat configuration.
The vortex located below the slat and identified in Figure 3.9 is present for every slat
location (Figure 3.14), but the magnitude of the low pressure attributed to this structure varies
considerably due to the flow velocity and direction as it interacts with the slat. The flow close
to the slat is shown for each configuration in Figure 3.14 where the different direction of the
approaching flow can be clearly seen. The vortex is strongest in the mid-base (Sz∗ =0.5) slat
configuration as the flow approaching the slat is travelling parallel to the base surface and
so normal to the slat. This ensures the slat is a large obstacle to the flow and so the largest
separated region is formed. The vortex formed within this region is shown to have similar
vorticity to the structures within the free shear layers, further indicating the significance of the
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Figure 3.13: Pressure coefficient on the model base for each configuration along the lines
y = −W/4 (left) & y = W/4 (right).
structure. This is shown in Figure 3.15, where only the mid-base (Sz∗ =0.5) slat configuration is
shown to avoid repetition given it is indicative of all other cases. The lower (Sz∗ =0.375) slat is
placed closer to the lower recirculation and so the flow direction is changed. As the flow now
approaches the slat at an angle, it impedes less of the flow; resulting in a smaller separation
and weaker vortex. The same can be said for the upper (Sz∗ =0.625) and upper-quarter (Sz∗ =0.75)
slats. In these cases the flow has yet to be turned fully parallel to the base as it approaches
the slat and so has an easier path to the base, resulting in an even weaker separation vortex.
The strength and size of the vortex can be indicated by vertical velocity close to the
base surface (Figure 3.16). Here it can be seen that the velocity both above and below
the slat are largest for the mid-base (Sz∗ =0.5) slat, as is the width of the high velocity region.
Furthermore, the vertical velocity attributed to the lower recirculation is reduced in magnitude,
corresponding to increased surface pressure. This explains the reduction in drag below the slat
for the upper (Sz∗ =0.625) and upper-quarter (Sz∗ =0.75) slats as this pressure increase dominates
over the negative effects of the weaker separation vortex. The effect is still present in the other
two configurations, however the low pressure associated with the vortex located directly
below the slat now dominates; leading to an increase in drag when the entire area below the
slat is considered. The conclusion is that the near slat mechanisms are disrupting the lower
recirculating structure enough to slow its rotational velocity; with the significance of the
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Figure 3.14: Vertical mid-plane (y = 0) near the base surface.
Left to Right: Sz∗ =0.375, Sz∗ =0.5, Sz∗ =0.625, Sz∗ =0.75.

Figure 3.15: Normalised vorticity magnitude in the y = 0 mid-plane
of the wake for the mid-base (Sz∗ =0.5) slat configuration.
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Figure 3.16: Vertical velocity in a base parallel plane, 0.002H downstream of the base, for
each slat configuration.
Left to Right: Sz∗ =0.375, Sz∗ =0.5, Sz∗ =0.625, Sz∗ =0.75.
pressure increase due to this dependent on the magnitude of the low pressure vortex formed
in the separated region below the slat. For the upper-quarter (Sz∗ =0.75) slat a neater region
of higher velocity downward flow is seen above the slat. On inspection this is due to the
formation of a vortex above the slat as well as below(Figure 3.14). Only the near base field has
been included within this figure as the main recirculating structures are unaffected by the
addition of a slat at any height. It is worth noting this is also true for the horizontal mid-plane
explaining why it has not been presented here. This indicates that the slat’s proximity to
the base impingement is important with regards to determining the near slat mechanisms,
however a further benefit is observed in the upper (Sz∗ =0.625) and upper-quarter slat (Sz∗ =0.75)
configurations. In both these cases there is a region of high pressure lower on the base surface
than in the baseline configuration (Figure 3.8). This is due to the slat increasing the area over
which the flow approaching the base stagnates, resulting in multiple impingement locations.
One of these being below the slat, whilst there remains an impingement above the slat as
expected from the baseline flow field. A further impingement is seen on the base surface
of the slat as indicated by the higher pressure region around y = 0 in Figure 3.17. The
increased region of base impingement is also evidenced in the RMS values shown in Figure
3.11, whereby for the upper (Sz∗ =0.625) and upper-quarter (Sz∗ =0.75) slat configurations the
region of high RMS extends further toward the lower edge of the model.
The bulk mean wake structures have not been radically changed with the addition of
a base slat. The time-averaged wake remains very similar, as illustrated in Figure 3.20 for
the lower (Sz∗ =0.375) and upper (Sz∗ =0.625) slat configurations, which are deemed to be
representative of all cases. The pressure iso-surfaces are less complete with a base slat than
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Figure 3.17: Pressure distribution over the base parallel surface of
each tested slat.

was seen for the baseline configuration in Figure 2.49. Indicating increased unsteadiness
within the flow, which is also seen when considering the model side force. The RMS of the
fluctuations in side force coefficient (CS′ ) has been evaluated to determine the unsteadiness
and instantaneous asymmetry within the wake. To aid the comparison between the baseline
and slat configurations the values have been normalised by the baseline result as presented
in Table 3.2. From this it can be seen that there is an increase for every slat configuration,
providing further evidence of the slat’s ability to increase the unsteadiness and instantaneous
asymmetry within the wake. The largest increase is in the upper (Sz∗ =0.625) slat configuration,
with the fluctuations increasing by almost 60%. The vortical structure formed in the separated
region below the slat (Figure 3.9) feeds into the free shear layers at the model sides, when
the time-averaged flow is considered and the same mechanism can be observed within the
instantaneous flow in Figure 3.18. Here similar vortical structures are seen emanating from
the model trailing edges as in the baseline flow field. Part of the iso-surface of normalised
Q-criterion has been removed in order to see the near base behaviour. Here the vortex formed
in the separated region can be clearly identified along with the entrainment into the free
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Table 3.2: RMS of the fluctuation in side force coefficient for each slat configuration,
normalised by the baseline value.
RMS (CS′ )
Baseline
Lower-Slat (Sz∗ =0.375)
Mid-Base Slat (Sz∗ =0.5)
Upper-Slat (Sz∗ =0.625)
Upper-Quarter Slat (Sz∗ =0.75)

1
1.18
1.42
1.57
1.37

shear layer at the side of the model; indicating this instantaneous interaction is driving the
increased fluctuation in side force.
This interaction drives an increased flapping of the wake resulting in a higher level of
instantaneous asymmetry, evident in the velocity fluctuations at the side edge of the model.
Figure 3.19 plots the RMS of the fluctuations in velocity magnitude for a plane at the model
edge. For each slat configuration an additional region of high RMS is seen, originating at
the base slat. Although the fluctuations emanating from the upper corner of the model still
dominate, these additional regions of high RMS are clearly visible and traceable to the slat.
Further analysis showed a high proportion of this fluctuation is within the lateral component
of velocity, indicative of the through-plane motion that would drive wake asymetry. The
periodic modes of the side force also provide evidence for this interation. For a Strouhal
number based on model height of around 0.13, associated with side-to-side wake flapping [27],
the PSD is higher; indicating increased energy within this motion. Despite these instantaneous
modifications to the bulk flow once the field is averaged the effect on the main wake structures
is minimal as the averaging window is sufficient to capture a balance of both the left and
right biased asymmetric states.
Further minor modifications to the bulk flow have been observed when the velocities
of the main recirculating structures are considered. Figure 3.20 shows a reduction in the
stream-wise velocity of the under-body flow entrained into the lower recirculation for the
upper (Sz∗ =0.625) slat configuration. This effect is also seen for the upper-quarter (Sz∗ =0.75)
slat and is seen to increase the effectiveness of the base impingement as the velocity of the

Figure 3.18: Instantaneous flow field for the mid-base (Sz∗ =0.5) slat configuration with an iso-surface of
normalised Q-criterion (Q∗ =5) to visualise the vortical structures. The iso-surface is partially cut away to
enable the instantaneous vortex in the below slat separated region to be illustrated via purple streamtrace.
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Figure 3.19: RMS of the fluctuations in velocity magnitude in a vertical plane at the side
edge of the model (y ∗ = 0.67).
Top: baseline, lower-slat(Sz∗ =0.375), mid-base slat (Sz∗ =0.5).
Bottom: upper-slat (Sz∗ =0.625), upper-quarter slat (Sz∗ =0.75).

Figure 3.20: Changes in base pressure coefficient and planar velocity in y = 0 mid-plane
compared to the baseline for lower-slat, Sz∗ =0.375 (left) & upper-slat, Sz∗ =0.625 (right)
configurations with a pressure iso-surface (CP =-0.25) illustrating the time-averaged vortex
ring.
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flow stagnating on the base surface below the slat is increased. When the lower (Sz∗ =0.375)
and mid-base (Sz∗ =0.5) slats are considered rather than alterations to the impingement of the
lower recirculation, the vertical velocity of the near wall flow is reduced. This indicates, as
suggested by Littlewood et al. [52], a reduction in rotational energy of the lower arm of the
wake toroid resulting in an increase in the surface pressure corresponding to this structure.
These effects highlight how changes local to the slats result in subtle modifications to the
more dominant flow structures. There is a significant cumulative effect when all the observed
changes are considered despite the bulk mean flow features being maintained. This underlines
the need for high resolution analysis, in particular, near the model surfaces when analysing
the effect of small geometry changes.

3.4

Real World Applications

This analysis has shown the ability of small horizontal slats to reduce the drag of a simplified
vehicle. The mechanisms are attributed to the interaction between the slat and base parallel
flow or base impingement. Therefore, if real vehicle flows contain either of these features slats
should be applicable and able to achieve a drag reduction. In order to assess this application,
simulations were completed using a full scale, fully detailed Range Rover Sport geometry.
These simulations were implemented using Jaguar Land Rover’s CFD best practises with the
LBM solver PowerFLOW, while the details of this are sensitive a similar approach has been
successfully implemented and validated by Forbes et al. [54].
Considering the baseline flow field (Figure 3.21) there is no clear base parallel flow other
than that over the bumper which is already a detailed feature, and so was not targeted.
Instead the impingement just above the lower bumper was identified as an area of possible
improvement; based on the previous results for the upper-quarter slat. The slat geometry
itself maintained the same aspect ratio as used for the model study, with the length of the slat
scaled by the overall length of the vehicle; giving the slat a length of 50mm and a height of
15mm. The shape of the slat was curved to match the tailgate geometry, ensuring the slat
length remained the same at any y position on the vehicle (Figure 3.22).
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Figure 3.21: Time-averaged vertical mid-plane (y = 0) within the
wake for the baseline vehicle.

Figure 3.22: Slat on tailgate surface of Range Rover Sport geometry.

The addition of the slat gave a reduction in drag of 2 counts (∆CD =-0.002) and many of
the flow features outlined in Section 3.3 were observed. The global wake structures remained
unaffected by the small change to the tailgate geometry, with the main modifications coming
in the region close to the slat. As for the simplified geometry the changes in drag came due
to changes in base pressure drag, with upstream features such as front-end impingement
unchanged. The changes in base pressure drag were again found by an area-weighted
integration of the pressure coefficient over each of the base surfaces in turn, with the main
changes summarised in Table 3.3. Most of the changes can be attributed to three of the vehicle
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Table 3.3: Change in base pressure drag coefficient, broken down into separate base surfaces.
∆CDBase
Whole Vehicle
Bumper
Rear Screen
Tailgate

-0.002
-0.0024
+0.0015
-0.001

surfaces; the tailgate and bumper, which show increased pressure, and the rear screen for
which the pressure is reduced.
As expected, local pressure changes were observed in the region close to the slat, with
the higher pressure regions associated with the impingement increasing in size, covering not
only a larger vertical area, but also seen to spread over a wider portion of the surface. Both
the baseline and slat configurations show asymmetric pressure distributions, as expected due
to the more complex geometry which does not hold the same level of symmetry seen for the
simplified models. This results in asymmetric regions of change due to the slat. Benefits are
seen on the left side of the tailgate surface, however these are countered by lower regions
of pressure on the right side. It is unclear if this is due to an interaction between different
flow structures on each side of the model, arising from the geometrically induced asymmetric
baseline flow field, or if unsteadiness in the flow is responsible. Given this, there may be
advantages to considering where the asymmetry occurs and designing future slats to target
the different flow mechanisms. Below the slat the near base flow is more confined and this
appears to increase the level of symmetry. The slat interacts with the trailing vortices formed
at the lower corners of the vehicle, pushing them further down and outward. A larger pressure
recovery is also observed over the lower bumper surface explaining the reduced base pressure
drag attributed to this surface. The base pressure distributions also show a reduction in
pressure over the rear screen, due to a stronger vortex being formed over this surface (Figure
3.23). This appears to be due to an increase in the velocity of the flow drawn into the structure.
Further work would consider how this effect can be negated to boost the performance of the
slat.
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Figure 3.23: Time-averaged y = 0 mid-plane highlighting the recirculating region for the
baseline geometry (above) and the slat configuration (below).

Figure 3.24: Changes in streamwise velocity compared to the baseline case in the y = 0
vertical mid-plane.

3.4 Real World Applications

129

Figure 3.25: Time-averaged pressure distributions over the slat surfaces.

Figure 3.26: Visualisation of the near slat vortical structure through streamlines in the
y = 0 mid-plane
As with the upper-quarter slat configuration the velocity of the flow entering the wake
is altered through the addition of a horizontal slat at the impingement location (Figure
3.24). Again the flow under the model is seen to reduce in velocity whilst the flow over the
roof is faster. This increased velocity flow draws the upper bound of the recirculating flow
closer to the free shear layer as illustrated in Figure 3.23. As for the simplified model, the
reduced velocity of the underbody flow leads to an increase in the return velocity of the lower
recirculation; increasing the pressure associated with it’s impingement on the base surface.
The slat surfaces themselves show the expected pressure distributions (Figure 3.25). Both
the upper and base surfaces show an high pressure region around y = 0 indicative of flow
impingement. Further analysis of the local flow shows that, as with the upper-quarter slat,
vortices are formed in the regions directly above and below the slats (Figures 3.26 & 3.27).
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Figure 3.27: Visualisation of the near slat vortical structure through streamlines, chosen as
they feed the structure at the centreline.

These again show the effect of the asymmetry in the base pressure distribution with the above
slat vortex breaking down at a smaller lateral distance on the left side than the right. The
vortex is seen to separate and begin to move downstream of the base surface at approximately
y = ±W/4. This implies a full width slat is not necessarily required to produce a drag
reduction, given the impingement benefits are also centralised. The vortex formed in the
separated region below the slat has a much lower rotational strength and is seen to dissipate
rapidly as the flow moves outboard. Despite this the vortex has a strong lateral velocity
that leads to the flow travelling parallel to the base for the entire width of the slat. The
result of this is seen in the base pressure distribution (Figure 3.28) whereby the low pressure
separated region is pushed outward. It is not known, given the configurations tested to date,
whether this flow needs to be bounded by the slat to produce this effect; or if the central
vortex formation is enough. Given the path of the flow it would appear the motion is driven
by the central rotation and so gives further evidence to suggest a smaller width slat may be
applicable.
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Figure 3.28: Time-averaged base pressure distribution for the baseline geometry (left) and
the slat configuration (right).

3.5

Summary

An investigation into rectangular cross-section horizontal slats has been completed, placing
the slats at four different heights on the base of a simplified vehicle and then applying the
lessons learned to a fully detailed vehicle. For the simplified model the time-averaged wake
structures at first glance remain unchanged. However, there are in fact many small localised
differences that have a cumulative effect on the bulk wake. The addition of a slat caused
statistically significant changes to both lift and drag. The best case, a slat placed at Sz∗ =0.75,
resulted in a drag reduction of approximately 4 counts which is equivalent to a saving of 0.5
gCO2 /km or an increase in electric vehicle range of 2 km.
Drag reductions are shown to be due to an increase in pressure over the entire base surface
caused by changes to the near-wall vertical velocity associated with the lower recirculation
and changes to the base impingement, including promoting multiple impingement zones. The
slat also reduces the velocity of the under-body flow entering the wake, resulting in increased
impingement velocity and further increasing the benefit of these multiple impingements. The
cumulative result of all these increased pressure regions is a significant reduction in base
pressure drag and so overall model drag.
For all slat locations tested local effects result in pressure changes in the regions directly
above and below the slats. A high-pressure region is seen directly above each slat and is due
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to recirculating flow impinging on the upper slat surface. The magnitude of this pressure
increase is similar for all slats considered. Below each slat a region of separation induces a
vortical structure that becomes entrained in the free shear layers at the slat ends. This drives
additional flapping of the wake, increasing the instantaneous asymmetry. The strength of the
separation vortex is dependent on the local approach flow and hence on the slat location and
as the vortex strength reduces there is a smaller reduction in pressure. The results highlight
how small geometry change can influence the body forces, without drastic changes to the
bulk recirculating structures. This demonstrates that the conventional approach that relies on
controlling separation and increasing pressure recovery should be supplemented with efforts
to control the interaction between recirculating flow and the base surface.
A limited number of configurations have been explored here so combinations of slats may
enable further drag reduction to be achieved. For example by combining an upper slat with a
modified lower slat designed to prevent separation on the lower surface. Such an approach
may allow the gains in global pressure to be supplemented with the localised benefits seen on
the upper surface of the lower slat.
The slats have been shown to produce the same mechanisms of change when applied to
a fully detailed geometry as seen on the simplified model; despite the increased complexity
of the wake structures. It is interesting to note that the different wake structures resulted
in the impingement location moving from the top to the bottom of the model and yet the
mechanisms still hold. This indicates slats may have applicability to a wide range of vehicles,
with varying wakes.

Chapter 4
Modified and Combined Horizontal
Slats
The configurations investigated in Chapter 3 have highlighted two regions of interest within
the wake that can be modified, by small geometry changes, to reduce the drag of the Windsor
model. A slat placed below the mid-base height, at 0.375H, disrupted the flow parallel to
the base of the lower recirculating structure and so benefited from an impingement on the
upper slat surface. These benefits were countered by a region of separation below the slat in
which a small vortical structure was formed. Therefore, modifications to the slat geometry
have been investigated to try and suppress this separation and so increase the effectiveness
of the slat. The original slat had a rectangular cross-section, giving a large enough surface
area on the upper surface to create a significant impingement; therefore, this feature remains
unchanged. Instead, the lower surface has been modified to reduce the region of separation.
The geometry can then be coupled with the already proven upper-quarter slat to produce a
cumulative effect; resulting in a greater overall reduction in drag.
Five different configurations have been tested within this Chapter. The first two, in Section
4.1, investigate the lower surface modifications to reduce the separated region that occurs
here in the rectangular cross-section case. The first approach uses an angled lower surface,
with the second swapping the slat for a step. In Section 4.2, these modified slat geometries
will each be coupled with the upper-quarter slat used in Chapter 3. The final configuration
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Figure 4.1: Geometry of the lower asymmetric slat on the base
surface of the Windsor Model with a 12◦ lower taper (AsymLS
configuration).
investigates the effect of extending or maintaining the model length. All simulations described
within this chapter use the same computational method implemented in Chapter 3 and the
Windsor model with the dimensions summarised in Table 2.2.

4.1

Modified Lower Slats

Two solutions were proposed to modify the slat geometry in order to prevent separation,
without compromising the benefits associated with the upper surface impingement. The
first, referred to as AsymLS (Figure 4.1), uses an angled lower geometry to enable the flow
to follow the slat surface back to the base. The second configuration, StepLS (Figure 4.2),
reduces the length of the model by 10 mm above 0.375H to create a step at the same height
as the original slat. This configuration is of particular interest as it is representative of a
rear bumper geometry and so may illustrate that optimising the location of this feature may
enable a reduction in drag within real world vehicle development.
Table 4.1 shows that for the two new slat geometries the drag reduction remains similar to
that seen for the initial rectangular slat. The AsymLS configuration performs slightly better
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Figure 4.2: Geometry of the lower step on the base surface of
the Windsor Model with a 12◦ lower taper (StepLS configuration).
Table 4.1: Changes in drag coefficient and base pressure drag coefficient for the modified
lower-slat configurations.
∆CDBase

∆CD
Lower-Slat
AsymLS
StepLS

-0.002
-0.003
-0.002

Whole Base

Above Slat

Below Slat

-0.002
-0.003
-0.002

-0.004
-0.005
-0.004

+0.002
-0.001
+0.001

with a 3 count reduction compared to 2 counts achieved for the StepLS. Small improvements
in base pressure are observed enabling this additional drag reduction. When considering
the base pressure distributions in Figure 4.3, both the modified slats significantly increase
the pressure over the upper portion of the base surface as for the lower (Sz∗ = 0.375) slat.
For the base area below the slat the same region of increased pressure, corresponding to
reduced velocity of the lower recirculation is seen. The main improvement occurs in the
region directly below the slats. For the two modified configurations the region of low pressure
associated with the separated region in the lower-slat case is reduced in size. This is the
intended benefit of the new designs and demonstrates that although the impact on drag is
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Figure 4.3: Above: Base pressure distributions.
Below: Changes in base pressure compared to the baseline case.
Left to Right: Baseline, Sz∗ =0.375 slat, AsymLS, StepLS.

minimal, the desired changes to the flow mechanisms have been achieved. A further benefit of
removing the separation below the slat is a reduction in the RMS of the side force coefficient.
For both these configurations this has been reduced to the baseline value for compared to
1.18 times the baseline value for the standard lower slat; indicating there may still be some
separation in this case.
For the AsymLS configuration the distribution is visually more laterally asymmetric,
resulting in a larger region of low pressure on the upper-right portion of the base. This is
attributed to the flow on the lower slat surface, where a small vortex is formed. The geometry
of the slat for the AsymLS configuration was defined to try and maintain flow attachment
and the behaviour is much better than in the lower (Sz∗ =0.375) slat configuration. Despite this,
as illustrated in Figure 4.4, a small region of separation is still present. This is the cause of the
low pressure on this surface and contributes a level of unsteadiness to the wake. Following
the same mechanism as identified in Section 3.3 this vortex feeds into the side shear layers,
adding additional energy to the lateral motion of the wake.
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Figure 4.4: Vertical mid-plane (y = 0) near the base surface.
Left to Right: Lower-Slat (Sz∗ =0.375), AsymLS and StepLS.

Figure 4.5: Changes in base pressure coefficient (left) and planar velocity near the base
(right) for the AsymLS configuration compared to the baseline configuration. The plane for
the velocity plot is taken 0.002H downstream of the base.
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Despite this separation, the AsymLS configuration is seen to improve the base pressure to
a larger extent that the StepLS case; indicating that a further mechanism is present. For the
lower base area it has previously been demonstrated that a region of pressure increase arises
when a reduction in rotational strength of the lower vortex reduces the near wall vertical
velocity. When the planar velocity near the base is considered for this case the changes are
seen to correlate well with the changes in pressure (Figure 4.5). For the area below the slat
the vertical velocity is once again reduced due to the slat impeding the flow, with the lower
vortex core also moving downstream and further from the base surface. This combined effect
enables a pressure increase over the surface as a whole, despite the separated region on the
slanted surface of the slat.
The movement of the lower vortex downstream also results in a more vertically symmetric
wake, with the streamwise distance between the two vortex cores being around 40% of
that seen in the baseline case. It is also of note that for the lower portion of the base the
pressure distribution is much more symmetric than observed on the upper portion of the
base, comparable to the behaviour of the fully detailed geometry. This is likely due to the
flow near the base being contained within this region by the slat and so is less affected by the
global wake flapping. Above the slat, a clear asymmetry is present whereby the pressure on
the entire left half of the base is increased. For the right side the region of reduced pressure
corresponds to increased velocity, mainly in the lateral component. Analysis of horizontal
planes within the wake show that above the slat the right vortex core is closer to the base
surface than the left. As was the case for the recirculating structures in the vertical mid-plane,
the distance between the recirculating core and the base surface influences the near base
velocity. Therefore, in the horizontal plane where the right vortex core is closer to the base
surface, the corresponding near wall flow is faster resulting in reduced base pressure is this
region.
On the whole the distributions for StepLS and the lower (Sz∗ =0.375) slat configuration
are very similar with the general regions of increased and reduced pressure corresponding
well. However, two main changes can be identified, one on each portion of the model base.
Firstly, as expected, by transforming the slat geometry into a step the region of separation
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has been minimised; resulting in a smaller pressure reduction directly below the slat. There is
now only a very small vortical structure in the time-averaged field at the centreline of the
model (Figure 4.4). Despite this improvement the overall pressure drag for this lower surface
is still higher than in the baseline case. This is surprising given the additional benefit of
moving the lower vortex core downstream has been achieved, reducing the near-wall vertical
velocity. The under-body flow is seen to separate from the model at the beginning of the lower
edge taper and as a result the level of upwash as the flow enters the wake is reduced. The
consequence of this earlier separation is observed in the main wake recirculating structures
whereby the lower vortex core is moved downstream. Moving the vortex core further from
the base surface reduces the near wall velocity and, as with the individual slats, causes an
increase in base pressure. Further to this the earlier underbody separation also contributes to
the large reduction in lift of 11 counts seen for this configuration.

This more global benefit, however, is negated by the low pressure seen around the side
and upper edges of the lower portion of the model base. The small separation identified in the
vertical mid-plane, grows in size as it stretches to the side-edge of the model. As its vertical
size increases, so does the region of low pressure associated with it. This is different to the
behaviour of the vortices formed in the separated regions seen for the original slat geometries.
In these cases the vortical structure is formed due to base parallel flow impinging on the
upper surface of the slat leaving a separated region below in which the vortex is formed.
Therefore, toward the model edges, the impingement is reduced due to the increased lateral
velocity of the flow away from the centreline and so too is the separation, reducing the vortex
strength. In this case the vortex is formed as flow follows the step geometry, travelling from
the upper surface of the step round to the lower base surface. The vortex is therefore on the
base surface and not in a separated region underneath the slat. This means flow entrained
into the structure has much higher velocity; in particular the vertical component, enabling
the vortex to grow as is reaches the model edge rather than dissipate. Although this indicates
the StepLS geometry has not worked as desired, it may still be a good candidate for combined
slat geometries. The addition of a slat higher on the model base would act as an obstacle to
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Figure 4.6: Streamlines in the vertical mid-plane (y = 0) for the StepLS configuration in
black compared to the baseline case in grey.
the flow and so reduce the vertical velocity of the flow interacting with the vortex; likely
reducing its strength.
Above the step the pressure over the side edges of the base has been reduced. This can
be attributed to modifications of the main recirculating structures within the wake. Figure
4.6 shows there is a change in wake balance in the vertical mid-plane. The upper vortex is
now closer to the base than the lower vortex; also giving a slightly increased wake length.
Given the link identified between base pressure and the distance to the vortex core this lateral
motion of the upper recirculation has a negative impact on velocity near this portion of
the base. The cause of the change in balance is the movement of the upper trailing edge of
the model upstream, modifying the relative strength and direction of the upper free shear
layer. The pressure reduction resulting from the closer vortex is only seen at the model
edges. Toward the centre of the base the impingement pressures are sufficient to dominate the
changes. The recirculating flow in the lower recirculation approaches the base at a reduced
angle, giving a flatter lower structure because the reduced upwash and modified upper shear
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layer improves the balance within the wake; increasing the level of vertical symmetry. In
addition the base impingement location is moved down, explaining the higher pressure along
y = 0 for the majority of the base above the slat. This demonstrates that the correlation
between velocity and base pressure holds where base parallel flow is considered, however
additional mechanisms such as impingement must be accounted for as well; meaning the
velocity distribution is not the only indicator of the pressure.

4.2

Combined Slats

By modifying the geometry of the lower slat, an increase in the pressure over the lower
portion of the base has been achieved. This additional improvement enables combined slats to
be investigated with the aim of producing a cumulative effect; and so a larger drag reduction.
In this section the upper-quarter (Sz∗ =0.75) slat will be combined with each of the modified
lower slat geometries (AsymLS and StepLS), as shown in Figure 4.7. The configurations will be
referred to as UQ_AsymLS and UQ_StepLS, respectively. The results will enable the level of
interaction between the two mechanisms observed for each slat configuration individually to
be assessed. Given the localised changes seen for each slat, the expected result is an addition
of the benefits.
For the UQ_StepLS configuration the cumulative effect is seen in the drag coefficient,
whereby a reduction of 6 counts is observed. This is equal to the sum of the 2 count drag
reduction of the lower step and the 4 counts from the upper-quarter slat (Table 4.2). On the
other hand for the UQ_AsymLS configuration only a 3 count drag reduction is observed,
rather than the expected 7 counts. The reduction in base pressure drag for this configuration
is found to be less than that seen for each of the individual slat configurations; indicating an
interaction between the two mechanisms may be present.
To further understand these interactions, the three distinct regions of the base surface
were considered separately. These regions are the upper base, mid base and lower base.
The upper base is defined as the area above the upper-quarter slat to the upper edge of
the base. The mid base is the portion between the two slats, and the lower base is the
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Figure 4.7: Isometric view (left) and side profile (right) of combined slat configurations,
UQ_AsymLS (top) and UQ_StepLS (bottom).

area below the lower slat up to the lower edge of the base, or the vertical portion of the
step. By considering each of these base areas separately the comparison to the relevant
individual slat configurations, from Section 3.3 for the upper-quarter slat or Section 4.1 for the
asymmetric lower slat and step, can be evaluated. For both configurations the base pressure
drag coefficient for each of these base portions has been calculated so it can be compared to
the applicable area for the relevant individual slat configuration. This allows the interaction
between the two slat mechanisms to be highlighted as, if no interactions are present, an
additive effect is expected. Anything other than this would suggest combining two slats
results in an interaction between the two mechanisms. Further to this, the analysis has also
been applied to the base pressure distributions. First, the base pressure distributions, and
changes to the no slat baseline configuration, are presented for each of the relevant individual
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Table 4.2: Changes in drag coefficient and base pressure drag
coefficient for the combined slat configurations.
∆CDBase

∆CD
UQ_AsymLS
UQ_StepLS
UQ_EStepLS

-0.003
-0.006
-0.006

Whole Base

Upper Base

Mid Base

Lower Base

-0.002
-0.007
-0.005

-0.003
-0.001
-0.004

-0.006
-0.011
-0.010

+0.002
-0.006
-0.002

slat cases alongside the combined slat configuration. This allows a visual comparison of the
differences in each of the separate base areas. Once these have been identified an approximate
distribution has been produced. This uses only data for the two individual slat configurations
to produce a distribution as close to the combined slat case as possible. Each portion of the
base is considered separately, choosing to present either the individual slat configuration, a
sum of the two individual slat configurations or an average of them, for each area. For both
the combined slat cases the approximated distribution is highly comparable to the actual
result, enabling a good understanding of how the individual slat mechanisms are interacting.
the one slat configurations should be considered in conjunction with the combined slat
case, as in Figure 4.8, for the base pressure distributions. In the area between the model edge
and the slat the change in base pressure for the combined case replicates that seen for the
individual slat configuration. For example, the portion of the base above the upper-quarter
slat shows the same changes in pressure for the upper-quarter slat configuration and the
UQ_AsymLS case. In contrast, for the central portion of the base, an average of the changes
seen in each configuration is observed. Considering the base pressure distributions for the
individual slat configurations this can expected given the changes compared to the baseline,
no slat case, are localised.
Based on this analysis an approximated result can be obtained considering the two individual slat configurations. Figure 4.9 shows the distribution obtained by amalgamating the upper
base from the upper-quarter slat and the lower base from the AsymLS with an average of the
two mid-bases. As shown in Table 4.3, when the area weighted averages of the base pressure
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Figure 4.8: Above: Base pressure distributions.
Below: Changes in base pressure compared to the baseline case.
Left to Right: AsymLS, UQ & UQ_AsymLS.
for each of these three areas is considered the result is highly comparable to the simulated
result. Therefore, illustrating the absence of an interaction between the two different slat
mechanisms and the lack of cumulative drag reduction as the increase in pressure below
the slat in the AsymLS configuration is smaller than that seen for the upper-quarter slat,
reducing the benefit compared to this one slat configuration. When considering the central
portion of the base the smaller pressure increase in the upper-quarter slat case negates the
larger benefits seen for the AsymLS when the mean is taken. So, when these two factors are
considered combining the slats compounds the negatives rather than amplify the positives;
resulting in no net improvement.
The same analysis was applied to the UQ_StepLS configuration to understand why a cumulative effect was seen here. Considering the individual slat configurations, as in Figure 4.10,
it is clear none of the individual base areas are carried over to the combined slat case. Instead
the sum of the base pressure changes is more comparable, as shown in the approximated
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Figure 4.9: Change in base pressure distribution compared to the baseline configuration for
the simulated UQ_AsymLS configuration (left) and the approximated UQ_AsymLS
configuration (right).
Table 4.3: Changes in base pressure drag coefficient for the individual, combined
and approximated slat configurations for the UQ_AsymLS configuration.

Upper-Quarter Slat
AsymLS
UQ_AsymLS
Approximated UQ_AsymLS

Upper Base

Mid Base

Lower Base

Area Weighted
Average

-0.002
-0.002
-0.003
-0.002

-0.004
-0.007
-0.006
-0.005

-0.006
-0.001
+0.002
-0.001

-0.004
-0.003
-0.004
-0.003

distribution in Figure 4.11. Although the approximated distribution appears mirrored the
changes observed on each portion of the base compare well. This is further demonstrated by
considering the base pressure drag for each portion of the base (Table 4.4). Here base pressure
drag coefficient for the whole base for the approximated configuration is within one count
of the simulated result, indicating there is a definite interaction between the mechanisms in
that the upper and lower portions of the base are affected by the other, more distant, slat;
promoting a more global change in base pressure.
In order to determine whether these changes were a result of the interacting slats or
the upstream translation of a large portion of the base surface one further configuration
was considered. Rather than keep the lower portion of the base at the baseline position the
step was instead extruded; leaving the upper portion of the base at the standard position
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Figure 4.10: Above: Base pressure distributions.
Below: Changes in base pressure compared to the baseline case.
Left to Right: StepLS, UQ & UQ_StepLS.

Figure 4.11: Change in base pressure distribution compared to the baseline configuration for
the simulated UQ_StepLS configuration (left) and the approximated UQ_StepLS
configuration(right).
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Table 4.4: Changes in base pressure drag coefficient for the
individual, combined and approximated slat configurations for the
UQ_StepLS configuration.

Upper-Quarter Slat
StepLS
UQ_StepLS
Approximated UQ_StepLS

Upper Base

Mid Base

Lower Base

Area Weighted
Average

-0.002
0.000
-0.001
-0.002

-0.004
-0.006
-0.011
-0.010

-0.006
-0.003
-0.006
-0.004

-0.004
-0.002
-0.006
-0.005

Figure 4.12: Isometric view (left) and side profile (right) of the combined slat configuration,
UQ_EStepLS.
(Figure 4.12). This configuration is referred to as UQ_EStepLS and has been included with the
intention of ensuring the same upper separation condition as seen in the baseline case.
This configuration achieves the same 6 count drag reduction as the standard UQ_StepLS
configuration, indicating the interacting slat mechanisms are the driving force rather than the
modified base position. Despite this, Table 4.2 highlights the two configurations differ when
considering the distribution of base pressure drag reduction over the base surface. For both
configurations the largest change happens between the two slats; indicating an interaction of
the mechanisms here. The bias between the upper and lower areas however is dependent
on which portion of the base is moved compared to the baseline position; with the smallest
pressure increase seen on the translated surface.
The large changes in surface pressure highlight the importance of defining a robust
computational methodology, that provides a sufficient level of detail in the result. Each
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localised change is small, however produces a significant cumulative effect meaning each in
turn must be well captured. Further to this these results have implications for experimental
wind tunnel work, a high level of detail and accuracy must be included within the set-up to
ensure any errors such as misalignment do not produce an incorrect field, given the sensitivity
of the overall flow to small local modifications. Additionally, data collection methods must be
evaluated to ensure detail close to the model surfaces is captured as again small near surface
changes can lead to substantial force differences. The interaction of mechanisms between the
slat and step also indicate the complex nature of the changes induced by the small geometry
modifications, highlighting the need to fully characterise and understand drag reduction
mechanisms to allow lessons to be learned and transferred to other geometries or flow fields
where previously isolated features may now influence one another.
Firstly, by considering the central portion of the base, where the two configurations
behave similarly a large pressure increase is seen over the entire surface. The position offset
between the two portions of the base is seen to flatten the return flow attributed to the lower
recirculation, moving the impingement location down. This causes a large pressure increase
in this area; spreading over a majority of the surface. The high pressure due to impingement
on the upper surface of the step is also increased, likely due to a merging of these two high
pressure regions. A further pressure increase is observed due to the motion of the flow
between the lower step and upper-quarter slat being constrained. These geometric features
prevent the flow from gaining vertical momentum and so reduce the velocity compared to
the baseline case. The combined effect of all these changes is a reduction in base pressure
drag for this area of around 10 counts.
For the upper portion of the base the behaviour differs for the two configurations; with
almost no change in pressure for the UQ_StepLS configuration but a significant increase for
the UQ_EStepLS case. The direction of return flow is flatter in the standard UQ_StepLS case,
and so more flow reaches the base below the upper-quarter slat. The result is a reflected
version of the near slat mechanisms seen for the standard lower-slat. The flow travelling
toward the upper edge of the model is impeded by the upper-quarter slat and so a separated
region is formed on the upper surface of this slat; within which a low pressure vortex is
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created. This is coupled with the flow being diverted around the vortex, rather than travelling
to the base, which increases the vertical velocity and so further reduces the pressure. The
net result is the benefits over the upper portion of the base are partially negated, halving the
base pressure drag reduction compared to the individual upper-quarter slat configuration.
For the extruded case a smaller separated region is observed, not only reducing the negative
impacts of this structure, but also allowing the impinging flow to maintain its streamwise
velocity. This improves the pressure benefit due to the flow impinging on the upper base
surface; doubling the base pressure drag reduction observed for the upper-quarter slat alone.
The addition of the upper-quarter slat is able to disrupt the flow enough to prohibit the
formation of a vortex on the lower portion of the base surface. In both configurations, an
increase in pressure is seen over this surface, due to the combination of the lack of separation
and the movement of the lower vortex core downstream. This impact is greatest in the
standard UQ_StepLS configuration, which is surprising given the y = 0 mid-plane shows the
lower vortex core to be closer to the base in this configurations versus UQ_EStepLS. However,
when a vertical plane is taken at the center of the left recirculating structure, where the
lowest pressures are observed, the converse is seen. Now the vortex core is further from the
base surface in the standard configuration, explaining why the left low pressure region is
of greater pressure than in the extruded step case. For the UQ_EStepLS configuration the
lower taper is moved downstream, further away from the model supports. It is hypothesised
that this reduces the turbulence within the flow as it approaches the slant; resulting in earlier
separation on this surface. The observed change is an increase of the turbulent structures
entering the lower shear layer (Figure 4.13). This in turn increases the mixing and shortens
the wake length; thus moving the vortex core toward the base surface. This explains why the
pressure increase over the lower portion of the base is lower in the extruded case than the
standard.
This earlier separation on the slant surface is seen in the mid-plane to move the lower
vortex downstream, and enables a switching in the balance of the vortex cores. The StepLS
configuration also showed this switch along with premature separation. Therefore, it suggests
at the centreline of the model the relative strength and direction of the free shear layers drives
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Figure 4.13: Q-critereon in the vertical plane at the centre of the left vortex core
(y = −0.4H) for the UQ_StepLS (left) and UQ_EStepLS (right) configurations.

the wake balance. With reduced upwash and earlier separation from the upper trailing edge
both driving a switching of the wake balance. A similar result was observed by Perry [15]
when increasing the ground clearance of a squareback Windsor model. Initially a low ground
clearance ensured low momentum underbody flow resulting in a separation from the ground
plane that angled the lower free shear layer upward causing a dominating lower vortex.
Increasing the ground clearance increased the momentum of the underbody flow and so the
ground separation was suppressed. As a result the lower shear layer was horizontal, increasing
the balance between the upper and lower free shear layers and driving a more balanced wake
as a consequence. In contrast for flow away from the centreline, where the wake flow gains
more lateral velocity, the mixing of the free stream into the wake instead drives the vortex
positioning as increased turbulence enhances the mixing bringing the recirculating vortex
core upstream.
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Figure 4.14: Vertical mid-plane (y =0) for the baseline case, with the vortex core and wake
closure locations for each of the modified and combined slat configurations indicated with a
cross.
In all the further configurations tested the wake symmetry in the vertical mid-plane was
improved. Figure 4.14 shows the vortex core locations and wake closure for each of the
five further configurations on the baseline flow field. All cases show a reduced stream-wise
distance between the upper and lower vortex cores along with a more vertically central wake
closure. Indicating the slats are able to alter the vertical balance within the wake through
small modifications to the dominating lower recirculating structure along with the upper and
lower shear layers.

4.3

Generic Mechanisms

Given the results presented here generic flow features can be identified and targeted for
manipulation by small base geometry changes to achieve drag reductions. These can either be
targeted independently or together to reduce the vehicle drag. The configurations tested here

152

Modified and Combined Horizontal Slats

had multiple subtle impacts on the flow field to achieve the total drag reduction. However, the
main mechanisms can be simplified to produce a more generic set of design rules. These can
then be used in development as a starting point for a wide range of vehicles and applications.
The first wake feature to be targeted is base parallel flow (Figure 4.15a). This can be
manipulated by introducing an obstacle to the flow; resulting in high pressure impingement
on the upper surface of the obstruction. The individual horizontal slats detailed in Section 3.3,
have demonstrated this mechanism of drag reduction (Figure 3.10). When implementing this
technique attention must be paid to flow below the obstacle as it is important to limit any
low pressure separated region (Figure 3.9). This has been achieved on the simplified model
through angled surfaces and steps, however the method chosen is likely case-dependent.
Wakes with base impingement can also be improved by placing an obstacle at the location
of the impinging flow (Figure 4.15b). This causes the area of impingement to increase by
modifying the path of the base approach flow; diverting it both above and below the obstacle.
The upper and upper-quarter slats have illustrated this effect in Figure 3.14 with the resulting
pressure improvements highlighted in Figure 3.8. This mechanism has already been shown to
transfer to a fully detailed vehicle geometry (Section 3.4), with minimal optimisation.
In some cases these two approaches may be combined to increase the benefits seen. When
the impinging and base parallel flow can be contained, further drag reduction can be achieved
through the individual mechanisms described along with reduced near wall vertical velocity.
Manipulating these flow features through very small changes enables the main recirculating structures to be relatively unaffected; indicating these optimisations can be completed in
conjunction with larger, more global, vehicle development changes. One consideration within
vehicle development when applying these methods would be to consider their impact on rear
surface contamination. Although the dominating wake structures, that often determine the
path of contaminant to the base surface, are not dramatically changed, small features modify
the position at which the flow interacts with the base surface. This is likely to have a bigger
effect on the smaller particles as these develop less of their own momentum and so follow
sharp changes of direction more easily.
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Increased pressure
due to impingement

Avoid low pressure
due to separation

(a) For base parallel flow.

Wake featuring
impingement on
the base surface

Increased pressure due to
larger impingement area

(b) For base impingement.

Figure 4.15: Generic approaches to modifying wake flows through base geometry
modifications.
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4.4

Summary

By modifying the rectangular cross-section of the lower-slat detailed in Chapter 3 the separated
region below the slat has been reduced. This enables a small improvement in base pressure
drag over the lower portion of the base to be achieved. Given this improvement combined
slat configurations were investigated.
A combined upper-quarter and asymmetric lower slat configuration was tested and seen
to be unsuccessful; as minimal interactions between the two individual slat mechanisms were
observed. Each of the two individual slat configurations had counteracting regions of change,
meaning the benefits were mostly negated when the slats were combined.
Despite this, a large improvement in drag was seen when combining a lower step with
the same upper-quarter slat. Both variations of this configuration achieved a drag reduction
of 6 counts; equal to a saving of 0.75 gCO2 /km and a 3km increase in electric vehicle range.
This is mostly attributed to the outlined generic mechanisms. High pressure regions were
introduced through impingement on the upper surface of the step by widening the area
of impingement from recirculating flow. These effects were compounded by confining the
impingement between the two geometric features and so reducing the near base velocity.
The larger wake structures were also modified to a greater extent than any of the previous
configurations; with an increased level of vertical symmetry seen within the wake.
Fully detailed vehicle development could benefit from the generalised design rules produced as a result of this study. Especially, when considering how the geometric features could
be incorporated into existing vehicle development. The step used in these simplified cases
has larger similarities to the rear bumper, with the same being said of the upper-quarter slat
and the rear screen wiper. Therefore, if analysis of the flow field in the region of these vehicle
components contains the generic features identified position optimisation alone may be able
to produce drag benefits. Further to this the existing work indicates full width features may
not be required given the impacts observed are mainly centralised. This indicates further
optimisation may be possible in subsequent tests to investigate how wide the geometric obstructions must be to achieve the desired manipulation of the flow. Reducing the aesthetic and
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functional impact further may lead to increased applicability of the identified drag reduction
technique.

Conclusions
The development of a robust computational methodology was completed using two simplified
squareback vehicle models, the 1-Box and Windsor Models. The first of these presented many
challenges due to the highly unsteady and unstable wake produced. This was attributed to
the lateral and vertical symmetry, almost square cross-section and relatively large ground
clearance.
• The need for targeted mesh refinement to ensure the correct description of the flow
drawn into the wake was identified. Despite the relatively large ground clearance
the boundary layer on the floor of the computational domain was important when
determining the balance of the upper and lower recirculating structures within the
wake, and critical to the correct prediction of the base pressure. Initially the mesh in
this region was too coarse and as a result a laminar boundary layer was observed. This
led to a premature separation from the ground, increasing the upwash into the wake,
producing an incorrect wake balance.
• Mesh refinement resulted in a turbulent boundary layer that gave rise to a more realistic
separation from the ground plane and so enabled the correct wake balance to be achieved.
Despite the main time-averaged wake structures being reproduced by the computational
method, the base pressure drag was lower than that produced experimentally.
• Increasing the temporal resolution brought the base pressure drag in line with that seen
in the complementary validation experiments. The reduced time step enabled smaller
scale vortical structures to be produced within the free shear layers emanating from
the trailing edges. As a result the mixing between the free stream and wake region

158
was enhanced, allowing a quicker velocity recovery and so a shorter wake length. The
shorter wake moves the recirculating structures upstream, toward the model base,
increasing the near base flow velocity and reducing the corresponding base pressure.
• The free shear layers are all highly balanced and as a result there is a high level of
instability as the relative strengths of the free shear layers fluctuates with time, as
evidenced through analysis of the instantaneous wake. Comparatively the experimental
data showed a more stable wake structure, indicating a small degree of misalignment
in the set-up of the model within the wind tunnel test section.
• By contrast, such temporal refinement was not required for the Windsor model because
the lower trailing edge taper produces a more stable wake. This difference between the
models impacts the free shear layers which bound the recirculating wake region. For
the Windsor model the lower edge taper induces a high degree of upwash, feeding the
lower recirculation, which as a result dominates the time-averaged wake.
The results presented here show strong evidence of the need for sufficient spatio-temporal resolution even for the most simplified geometries to ensure key flow features are captured. The
importance of this, especially for realistic Reynolds numbers, should not be underestimated
when developing drag reduction methods using CFD.
Analysis of the flow fields for the 1-Box and Windsor models illustrated the relationship
between the main recirculating structures within the wake and the base pressure of the model.
The position of the recirculating core was shown to impact the near wall velocity and so
base pressure. Therefore, this recirculating structure was targeted for drag reduction as it
appeared that impeding the rotational motion would reduce the near wall flow velocities and
thereby increase base pressure. The reduced computational cost associated with successfully
simulating the Windsor Model with a 12 ◦ lower edge taper compared to the 1-Box model
meant this was used for the drag reduction studies.
Rectangular cross-section, horizontal base slats were implemented with the intention of
disrupting the main recirculating structures. They were designed to be implemented with
minimal aesthetic cost, due to the very small dimensions, increasing the likelihood of being
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adopted by vehicle manufacturers. A parametric study considered the effect of a single slat at
four different positions on the base surface, achieving a statistically significant drag reduction
for given configurations.
• A pressure increase was observed as flow impinged on the upper slat surface, supplemented by a reduction in the rotational strength of the lower recirculating structure
and therefore a reduction in near wall velocity and base pressure increase.
• The benefits of the single slat were however, partially negated by the formation of a
separated region directly below the slat, in which a vortical structure was observed.
• The best case, a single slat placed at

3
4

of the base height, produced a statistically signif-

icant drag reduction of 4 counts (∆CD =0.004), which is equivalent to approximately
0.5 gCO2 /km.
• Based on the success of the simplified model tests the slat was also applied to a fully
detailed vehicle geometry with a drag reduction again achieved due to a replication of
the mechanisms observed for the simplified model.
To reduce the negative effects of the slat, further modified slat designs were considered, with
the intention of reducing the low pressure separated region that forms directly below the slat.
• Asymmetric approaches were implemented, with a slat with an angled lower surface and
a step both being considered. Combined slat and step configurations were also tested
and the optimum configuration achieved a drag reduction of 6 counts (∆CD = 0.006)
or approximately 0.75gCO2 /km which would translate to an increase of range for an
electric vehicle of around 3km.
• The mechanisms of drag reduction, previously described, were replicated with pressure
increases due to impingement on the upper slat surface and reduced near wall velocity
of the lower recirculating structure both being observed.
• For the best case, an additional pressure increase was achieved in the region between
the slat and the step. The near wall velocity over this portion of the base was reduced
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as the flow was unable to accelerate due to the bounding surfaces of the slat and step
effectively "trapping" the flow.
Based on these results generic design rules were developed to enable the lessons learned to
be applied to any given flow, provided it features either base impingement or flow travelling
parallel to the base surface, these rules can be summarised as.
• For impinging flow, applying a geometric feature at the location of impingement spreads
the high pressure impingement region over a larger base area, whilst also introducing
additional surfaces on which the flow impinges.
• For base parallel flow a protrusion from the base surface can reduce the rotational
energy of the corresponding recirculating structure and so reduce the near base flow
velocity, giving an increased surface pressure coefficient.
All the mechanisms characterised in the tested configurations illustrate the ability of small
geometric features to produce localised modifications to the flow field. When the cumulative
effect of these changes is considered a significant impact on vehicle drag can be achieved, with
the wake balance also being altered, making the need to accurately simulate the flow field all
the more important. As a result small, localised geometry optimisation should be completed
in parallel with more substantial geometric changes in the aerodynamic development process.
The work presented here indicates existing features such as rear screen wipers and
bumpers may be examples of standard components that have not previously been considered
for drag reduction, but with small modifications may be able to manipulate existing flow
structures to improve the aerodynamic characteristics.
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