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Abstract

Aerodynamic drag is a large resistance force to vehicle motion, particularly at highway
speeds. Conventional wheel deflectors were designed to reduce the wheel drag and,
consequently, the overall vehicle drag; however, they may actually be detrimental to
vehicle aerodynamics in modern designs. In the present study, computational fluid
dynamics simulations were conducted on the notchback DrivAer model—a simplified,
yet realistic, open-source vehicle model that incorporates features of a modern
passenger vehicle. Conventional and air-jet wheel deflectors upstream of the front
wheels were introduced to assess the effect of underbody-flow deflection on the
vehicle drag. Conventional wheel-deflector designs with varying heights were
observed and compared to 45◦ and 90◦ air-jet wheel deflectors. The conventional
wheel deflectors reduced wheel drag but resulted in an overall drag increase of up to
10%. For the cases studied, the 90◦ air jet did not reduce the overall drag compared to
the baseline case; the 45◦ air jet presented drag benefits of up to 1.5% at 35 m/s and
above. Compared to conventional wheel deflectors, air-jet wheel deflectors have the
potential to reduce vehicle drag to a greater extent and present the benefit of being
turned off at lower speeds when flow deflection is undesirable, thus improving
efficiency and reducing emissions.

Keywords: Vehicle aerodynamics, Wheel and wheelhouse aerodynamics, Automotive,
Active flow control, Passive flow control, DrivAer

1 Introduction
In the last few decades, numerous vehicle models have been developed to study the flow
field around various features of ground vehicles. Le Good and Garry [1] designate vehicle
models by three categories: simple bodies, basic car shapes, and series cars (which are
based on production vehicles). The Ahmed body is an example of a simple body that was
developed in the 1980s to study the wake region created by a slant, such as that seen
in the C-pillar of production vehicles [2]. The SAE reference model, also known as the
Pininfarinamodel, is an example of a basic car shape that was designed to study the effects
of varying ride height [3]. The SAEmodel is more geometrically complex than the Ahmed
body, but provides relatively simplistic insight on the flow field around a ground vehicle.
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The study of simple bodies and basic car shapes is useful in initial parametric studies
but often presents limitations in terms of transitioning to practical applications due to
a lack of true resemblance to modern passenger cars. The DrivAer model, developed by
Technische Universität München (TUM) in conjunction with BMW and Audi, is a com-
bination of the Audi A4 and a 3-series BMW and is a better representation of a realistic
passenger vehicle compared to other simplified generic models, such as the Ahmed body
[4]. The DrivAer model is a modular package which allows the user to choose between
a fastback, notchback, or estateback configuration with a number of other features such
as the inclusion of an engine bay, side mirrors, detailed underbody, detailed wheels, and
an exhaust system. In addition to introducing the model, Heft et al. [4] presented experi-
mental data on the drag coefficient experienced by different configurations of the DrivAer
model, with and without ground simulation, as well as the pressure distribution along the
midplane of the body.
The DrivAer model, an open-source geometry, has gained popularity in recent years

due to an abundant amount of available experimental data for model validation. Wind
tunnel experiments have been conducted by Strangfeld et al. [5] on the fastback DrivAer
model to determine the lift, drag, and side forces using a 6-component force balance and
to visualize the flow field using pressure probes and particle image velocimetry (PIV).
Wieser et al. [6] conducted similar experimental work comparing the flow field of the
fastback and notchback DrivAer configurations with an applied sidewind using 25% scale
models mounted in a wind tunnel. Studies of flow-control devices on the more realistic
DrivAer reference model have been used to relate findings based on simplified vehicle
models, such as the Ahmed body, to production cars. Wieser et al. [7] investigated the
effects of triangular and circular vortex generators on the notchback DrivAer model using
wind tunnel experiments. Although a previous study showed that vortex generators are
beneficial for the Ahmed body [8], Wieser et al. [7] found that their use on the notchback
DrivAer model came with a larger drag penalty than drag reduction.
Flow-control devices, which can either be passive or active, are generally implemented

on production and performance vehicles to reduce drag or to increase downforce [9–12].
Aerodynamic drag is the dominant resistive force for passenger cars traveling on the high-
way, and about 50% of the engine power is used to overcome this force [13]. For a road
vehicle, pressure drag dominates while friction drag forms a smaller portion of the total
aerodynamic drag [14]. A reduction in aerodynamic drag leads to better fuel efficiency,
which is a very desirable outcome in present-day engineering when strict regulations are
being imposed for automotive manufacturers globally due to environmental concerns.
Additionally, an improvement in fuel efficiency is beneficial because it leads to lower
fuel expenses. Many small improvements to the aerodynamics of a vehicle could add up
to a substantial gain, and there have been some particular areas that have been deemed
suitable candidates for drag-reduction opportunities. The wheelhouse region contributes
25-30% of the overall drag of a passenger vehicle [15], a significant portion, making this
region a suitable candidate for a drag-reduction opportunity.
One commonly used passive flow-control device is a wheel deflector which is placed

upstream of a rotating wheel, causing incoming flow to yaw prior to reaching the wheel
and thereby altering the stagnation point of flow on the wheel. Sebben [16] conducted
numerical simulations of a detailed vehicle geometry fitted with various front-wheel-
deflector designs to assess the impact on the drag coefficient. Some designs were found
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to reduce the overall drag of the vehicle by reducing the drag contribution of the wheel,
while other designs did not successfully cause a drag reduction. Sebben [16] concluded
that while wheel deflectors had the potential of reducing the drag of a vehicle by up to 10
drag counts, they had to be carefully designed and placed in order to have a net-positive
effect. Front-wheel deflectors have since been studied in more detail and incorporated
in many vehicle designs. The Nissan Qashqai, for example, is a crossover SUV that
benefits greatly from front-wheel deflectors that cause an overall drag reduction of
∼ 6% [17].
Although requiring additional energy expenditures, a number of experimental [18–21]

and numerical [22, 23] studies have shown promising results using active flow control, in
the form of jets, to reduce drag by modifying the wake region of simplified automotive
bodies. For example, a study by Barsotti et al. [22] on controlling the wake region of an
Ahmed body using wall jets showed that the overall drag of the bluff body can be reduced
by up to 22%. Fewer studies have been performed to investigate active flow control on
more realistic bodies. Baek and Lee [24] performed a numerical study to investigate the
effects of continuous blowing from slots located at the end of the roof and at the C-pillar
of DrivAer models with various backs. From the cases simulated, they found a maximum
drag reduction of 7.5%. Wieser et al. [25] performed an experimental study to examine
the effect of fluid oscillators on the aerodynamic coefficients of the notchback DrivAer
model with a smooth underbody. They found that the actuation resulted in a net-drag
decrease of around 3.5%, thus demonstrating the potential for oscillating jets to influence
the aerodynamic behavior.
Recently, active flow control has been applied to modify the flow in and around

the wheelhouse for a simplified body with the intent of reducing overall vehicle drag.
Since many simplified bodies, such as the Ahmed body, lack rotating wheels, Fabijanic
[26] developed a two-wheeled bluff body for the purpose of investigating the wheel-
house air flow. Active flow control has been simulated on the Fabijanic body in the
form of air-jet wheel deflectors. Lee [27] found that the use of air jets upstream of
the wheelhouse reduced the overall drag coefficient of the simplified body by chang-
ing the momentum of the incoming flow without an additional drag-inducing surface, as
is the case with conventional wheel deflectors. Nabutola and Boetcher [28] found that
a wheel-drag reduction of 16% could be achieved using air-jet wheel deflectors, which
corresponded to an overall drag reduction of 2.8% for the Fabijanic body. Air-jet wheel
deflectors have the potential to greatly impact the drag of modern passenger cars where
the wheel drag is a more substantial portion of the overall drag compared to the Fabijanic
body.
The present study includes an assessment of conventional and air-jet wheel deflectors

for reducing the drag of the notchback DrivAer reference model. Prior to introducing
flow-modification devices, a series of transient simulations, using multiple turbulence-
modeling approaches, was first conducted to compare their performance and compu-
tational cost for the baseline model. Based on the results of the baseline simulations,
wall-modeled large eddy simulation (WMLES) was chosen as the turbulence model
for the simulations involving flow-modification devices. The height of the conventional
wheel deflectors and the velocity of the air-jet wheel deflectors were parametrically
varied. The results show the opportunity for drag reduction using air-jet wheel deflectors
at higher speeds.
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Fig. 1 Notchback DrivAer model with simplified underbody, closed wheels, and no mirrors (dimensions in
mm)

2 Physical model
A full-scale notchback DrivAer reference model, with a smooth underbody, closed engine
bay, closed wheels, and no side mirrors, was analyzed in the present investigation. The
overall dimensions of the vehicle model are shown in Fig. 1. The configuration for the
present investigation was judiciously chosen to minimize computational cost while focus-
ing on the areas that would be most impacted by the presence of the flow-modification
devices being studied. While the side mirrors are not an insignificant source of drag on
the vehicle model, their inclusion would not offer further insight on the influence of the
wheel deflectors. However, including them means solving another unsteady wake region
which would require mesh refinement in their vicinity—further increasing the number of
cells to resolve details in the flow field that are not critical to the present study.
The closed-wheel configuration was chosen because the largest source of drag experi-

enced by the vehicle model is pressure drag. The sidewall contribution of the closed wheel
to the pressure drag is negligible compared to the pressure drag that results from the
underbody flow that impacts the front of the wheels. Additionally, including the detailed
rim would require an unsteady sliding mesh that accounts for the position of the rim
spokes with time. This would add significant computational time due to an increase in
the number of cells and time-dependent remeshing. The closed rim provides a good first
approximation as to whether these devices are effective. However, there are additional
considerations that future work will address. The use of a detailed rim will provide more
understanding of the “fan effect” on the flow field that results from the flow-modification
devices. The fan moment, first documented by Wickern et al. [15], is a phenomenon that
results from a combination of offset resultant aerodynamic force on the wheel, rotational
component of flow imparted by the rotating motion of the spokes, and the frictional force
on the rotating wheel caused by the shear stress associated with the oncoming flow field.

2.1 Conventional wheel deflectors

Sebben [16] conducted numerical and experimental work of several conventional wheel-
deflector designs on a simplified vehicle body and observed a drag reduction with almost
all designs considered—some designs being significantly more effective than others.
Sebben [16] applied a steady-state approach in order to reduce computational cost, even
though the flow field within the wheelhouse and in the wake of a ground vehicle is largely
unstable.
Three different conventional wheel-deflector designs were applied to the notchback

DrivAer reference model. The designs were similar to those that [16] reported to produce
the greatest drag reduction. All wheel deflectors were designed to conform with the end
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Fig. 2 Notchback DrivAer model with a conventional wheel deflector (a) front view and (b) bottom view

curvature of the wheelhouse as shown in Fig. 2. The wheel deflectors have a total length
of 268 mm and a thickness of 5 mm. The short, medium, and long wheel deflectors have
heights of h = 15, 25, and 50 mm, respectively.

2.2 Air-jet wheel deflectors

Two different air-jet wheel deflector designs were analyzed. The profile of the first air-
jet wheel deflector was similar to the conventional wheel deflector and spanned the front
curvature of the wheelhouse. The air jets, shown in Fig. 3, were aimed perpendicular (90◦)
to the incoming underbody flow with the intention of causing air deflection similar to
the conventional wheel deflector. A second design that was intended to cause smoother
mixing of the jet stream and underbody flow was also investigated. In this design, which is

Fig. 3 Notchback DrivAer model with a 90◦ air-jet wheel deflector (a) front view and (b) bottom view
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Fig. 4 Notchback DrivAer model with a 45◦ air-jet wheel deflector (a) side view and (b) bottom view

shown in Fig. 4, the jet stream only spanned the portion of the wheelhouse that overlapped
with the front wheels and was angled at 45◦ to the underbody flow.

3 Turbulencemodels
The flow around the DrivAer model is incompressible, subsonic, and turbulent. Three
turbulence models were investigated to determine a suitable model for evaluating the
flow-modification devices: shear-stress transport (SST) k-ω, improved delayed detached
eddy simulation (IDDES), andWMLES. The SST k-ω turbulence model [29, 30] has been
shown to work well for simulating flow separation where there is an adverse pressure
gradient. Other authors [31] have found excellent agreement with experimental results
for the DrivAer model using the scale-adaptive simulation (SAS) model [32]. The use of
Reynolds-averaged Navier-Stokes (RANS) sacrifices a portion of the true physics of the
flow through the averaging process. This is beneficial because it allows the mesh resolu-
tion to be coarser since the flow is not being fully resolved. However, for a more realistic
representation of the flow field, flow-resolving eddy-viscosity models such as large eddy
simulation (LES) and detached eddy simulation (DES) should be implemented. Both
methods havemuchmore stringent spatial and temporal discretization requirements and,
therefore, require more computational resources.
Ashton and Revell [33] compared the use of RANS and DES in simulating the flow

around the DrivAer reference model and validated their results using forces and pres-
sure coefficients determined experimentally. The authors found that DES produced more
accurate results than various turbulence models assessed, including the one-equation
Spalart-Allmaras model and the more commonly used realizable k-ε and SST k-ω mod-
els. Choi et al. [34] compared the performance of the SST k-ω model and IDDES [35]
on determining the flow field around the DrivAer model. The authors found that a tran-
sient analysis using IDDES produced a drag coefficientmore consistent with experimental
results. Ajure et al. [36] compared the results obtained using classic LES and WMLES
on numerical simulations of a fastback DrivAer model. The authors found that a 70%
reduction in computational time was achieved using WMLES instead of classic LES.
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To the best knowledge of the authors, no prior investigators have performed a detailed
turbulence-model validation for flow within the wheelhouse of a DrivAer model. Collin
et al. [37] provide overall wheel drag coefficients separate from the main body with com-
parison to CFD; however, the results presented do not differentiate between front and
rear wheels, and wheel pressure coefficient distributions are not provided. Nonethe-
less, previous work has been done to investigate LES models for flow around a wheel
in a wheelhouse for a Fabijanic body. Krajnović et al. [38] used LES to investigate its
efficacy in modeling the drag and surface pressure coefficients of the wheel and wheel-
house of a Fabijanic body. They reported that even though the difference between the
drag coefficients determined from LES and the experimental data was between 20 and
30%, they noted that the experimental uncertainty of the Fabijanic [26] results was
quite high—between 20 and 35%. Nabutola and Boetcher [39] recently evaluated sev-
eral different turbulence models, including IDDES and WMLES, for flow around a wheel
and wheelhouse for a Fabijanic body. The difference in the simulated time-averaged
wheel drag coefficients for IDDES and WMLES was 0.3%. The values for IDDES and
WMLES were slightly outside the lower bound of the Fabijanic experimental uncertainty
by approximately 1%. In regards to surface pressure coefficients within the wheelhouse,
the nearly identical IDDES and WMLES values agreed the most with the Fabijanic data.
Although some discrepancies existed, general trends were on par with the experimental
data. Both Krajnović et al. [38] and Nabutola and Boetcher [39] discuss the issues related
to the Fabijanic experiment and reasons for discrepancies. Based on this information, the
accuracy and computational time of IDDES andWMLES in modeling the DrivAer model
are further investigated in the present study.

4 Spatial and temporal discretization
Fluentmeshing was used to create three differentmeshes for the full-scale baselinemodel.
In all cases, the cells in the freestream were sized at 300 mm. Advanced cell-sizing fea-
tures were used to ensure that curvature was captured for the wheels and the DrivAer
walls in order to accurately represent the geometry. Prismatic cells extruded from the
walls of the DrivAer body and the wheels were used to control the near-wall mesh density
in order to resolve the boundary layer and accurately determine the aerodynamic coeffi-
cients. A portion of the wheel was truncated to create a contact patch where the wheel
meets the ground in order to prevent tangency which would otherwise present problems
with meshing. In reality, tangency with the ground does not occur at a point because the
wheel deforms near the ground due to the weight of the vehicle. Cells were concentrated
near the contact patch to capture the large pressure and velocity gradients that exist in
that region.
For flow-resolving methods such as LES, there are stringent grid requirements for the

streamwise, wall-normal, and spanwise cell dimensions. Best practices recommend that
�x+ ≈ 100, y+ ≈ 1, and �z+ ≈ 30 [40]. The coarse mesh was designed to meet these
cell-sizing recommendations; the medium and fine meshes were further refinements of
the coarse mesh. Bodies of influence were used to control the maximum cell size near
the DrivAer walls and, even more so, within the wheelhouse region to ensure that turbu-
lent flow structures were accurately resolved. Table 1 summarizes the mesh-sizing details.
Figure 5 shows the surface mesh for the coarse mesh along with a part of the mesh at the
midplane of the solution domain with a close-up of the near-wall resolution.
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Table 1Mesh and time-step details

Coarse Medium Fine

Minimum Cell Size (mm) 2.00 1.75 1.50

First-Cell Height (mm) 0.020 0.017 0.016

Number of Layers 20 25 25

Average Wall y+ 0.36 0.30 0.28

Average � x+ 30 26 21

Average � z+ 30 26 21

Number of Cells (million) 34 50 60

Time-Step Size (s) 5× 10−5 4× 10−5 3.5× 10−5

The numerical simulations were conducted for a physical time of 1 s, which corresponds
to 16 wheel revolutions for the 15 m/s cases. For each time step, the criteria for con-
vergence was set to 1× 10−5 for the continuity, momentum, and turbulence equations.
The Courant-Friedrichs-Lewy (CFL) number is used to determine stability, particularly
with explicit temporal schemes. A larger time step requires less computational resources
to simulate a specified physical time but may not sufficiently resolve time scales. Ekman
et al. [41] conducted studies on the accuracy of scale-resolving simulations with various
time-step sizes on the DrivAer reference model. The authors found that significant sav-
ings in computational time were achieved with sufficiently accurate results up to a CFL
of 20; however, as the time-step size increased, larger discrepancies were seen at the A-
pillar, side window, C-pillar, and the wheels. Accurately representing the flow, particularly

Fig. 5 Surface mesh of the notchback DrivAer model and mid-plane mesh with close-up of the boundary
layer
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in the wheelhouse region, was deemed important in this study; therefore, a time step was
chosen such that a CFL of unity for most of the solution domain was achieved.

CFL = U∞�t
�x

(1)

Here, U∞ is the wind tunnel inlet velocity, �x is the length interval, and �t is the time
step.

5 Numerical solver and boundary conditions
Fluent 19.2 was used to conduct all CFD simulations of the DrivAer model. All tran-
sient simulations were initiated from a converged steady-state solution using the SST
k-ω turbulence model. Second-order formulation was used for discretization of pressure,
turbulence kinetic energy, and specific dissipation rate. Second-order implicit transient
formulation was applied with warped-face gradient correction. Bounded central differ-
ence was applied for the momentum formulation, as is recommended for LES and DES
due to its low numerical dissipation. The pressure-velocity coupling applied for all cases
was a semi-implicit method for pressure linked equations-consistent (SIMPLEC).
The solution domain is shown in Fig. 6. An inlet velocity is specified five car-lengths

upstream of the DrivAer model. A moving ground plane having the same translational
velocity as the inlet velocity was applied. Twelve car-lengths downstream, an outlet with
0 Pa gauge pressure was specified. A symmetry boundary condition which specifies zero
flux of all quantities was applied to all other boundaries of the fluid enclosure.
An initial freestream velocity of 15m/s was chosen for model validation using wind tun-

nel experiments conducted by Heft et al. [4] on the baseline notchback DrivAer model.
The open-road configuration is commonly used as an analog comparing wind tunnel tests

Fig. 6 Solution domain and boundary conditions
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to more realistic driving conditions. Modern wind tunnels are capable of achieving inlet
turbulence intensities of 0.5%. However, since the geometry used in the present investi-
gation is based on an open-road configuration, a turbulence intensity of 5% was specified
at the inlet. Furthermore, a turbulent viscosity ratio of 10 was also specified. The vehicle
model was placed sufficiently far downstream of the inlet to minimize solution sensitivity
to the inlet conditions. The Reynolds number is defined as

Re = ρU∞L
μ

(2)

A Reynolds number of 4.66 × 106 was calculated using a velocity of 15 m/s and a ref-
erence length, L, of 4.62 m—the length of the full-scale DrivAer model. Standard air
properties were used to determine the density, ρ, and the dynamic viscosity, μ.
Flow-modification devices were assessed for a range of vehicle speeds. A speed of 15

m/s (34 mph) was used for Reynolds-number matching with the original DrivAer exper-
iments [4] and to assess the effectiveness of the flow-modification devices. Additional
tunnel inlet speeds of 25 m/s (56 mph), 35 m/s (78 mph), and 45 m/s (100 mph) were also
investigated because they are more representative of highway speeds where aerodynamic
drag is the dominant resistance to ground-vehicle motion.
The closed-wheel geometry excludes the rim spokes; therefore, there are flow struc-

tures associated with the spinning rims that are not accounted for by the current model.
However, the tangent-velocity approach has been found to produce results that are in
agreement with experimentation without the need for time-dependent remeshing, which
leads to a major saving in computational time [42]. Therefore, a rotating-wall boundary
condition was applied to the wheels such that the tangential component at the contact
between the wheel and the ground would be equal to the forward motion of the vehicle.
Conventional wheel deflectors were realized with a geometry variation; air-jet wheel

deflectors were implemented using a velocity inlet. The speed of air injection, Ujet , was
varied parametrically, and the impact on wheel drag and overall drag of the vehicle model
was assessed. In the following equation, the jet speed was non-dimensionalized using the
freestream air speed, varied in increments of U = 1/3.

U = Ujet

U∞
1/3 ≤ U ≤ 6/3 (3)

6 Baselinemodel and turbulencemodel validation
6.1 Drag coefficient

The original experimental DrivAer work was conducted by Heft et al. [4] on a 40% scale
version of the model. The experiments of [4] include the configuration studied here
(notchback, smooth underbody, no side mirrors, and ground simulation). Collin et al.
[37] conducted both numerical (full-scale) and experimental (40% scale) studies on the
DrivAer model with the various backs installed. Although they investigated the notch-
back DrivAer model with a smooth underbody and ground simulation, they included the
mirrors, which, according to the results of [4], can add more than 10 counts of drag to
the overall vehicle drag coefficient. Additional detailed experimental results for full-scale
models of the DrivAer body tested in several different wind tunnel facilities are provided
by James et al. [43]. However, the results presented by [43] for smooth-underbody config-
urations were obtained using static ground and not a moving belt system. Therefore, the
aerodynamic drag simulated by the three meshes in the present study was compared to
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Table 2 Overall drag coefficients from CFD compared to experimental data for the baseline model

Turbulence Model/Experiment Coarse Medium Fine Experiment

SST k-ω - Steady 0.242 0.245 0.242

IDDES - Transient 0.242 0.242 0.234

WMLES - Transient 0.231 0.240 0.227

Heft et al. [4] 0.232

[4] for a notchback DrivAer model with moving wheels, a simplified underbody, and no
side mirrors. The drag coefficient is defined as

CD = Fx
1
2ρU2∞AF

(4)

In this equation, Fx is the total drag force, composed of both pressure and friction drag
and AF = 2.11m2—the frontal area of the vehicle model.
Table 2 compares the total, time-averaged drag coefficients obtained using CFD with

the experimental results [4]. The drag coefficients obtained after the initial steady SST k-ω
analysis deviated the most from Heft et al. [4]. Soares and de Souza [42] assessed the per-
formance of various RANS models in determining the aerodynamic forces experienced
by the fastback DrivAer model at two different speeds: 16 m/s and 40 m/s. Among the
RANS models assessed, they found that the drag coefficient determined by the SST k-ω
model deviated 19% from the experimental value. However, these authors found that the
realizable k-ε model agreed better with the experimental data than the SST k-ω model at
both speeds (<2%). Regardless, due to the unsteady nature of the flow, using a steady-state
solver can lead to inaccurate results. Additionally, the development of flow structures
in the inherently unsteady regions will not be captured accurately—hence the need for
flow-resolving techniques.
Flow-resolving methods produced results that were more consistent with the experi-

ment, where WMLES matched the experimental data better than IDDES. Based on these
results, WMLES with the coarse mesh was used for the passive and active flow-control
studies presented here. Further validation of WMLES with the coarse mesh is presented
in the lift and pressure coefficient sections. The present results are on the same order
of accuracy as those by Collin et al. [37], who used delayed detached eddy simulation
(DDES) on a full-scale notchback DrivAer model with the same configuration as the
present investigation with the exception that they included the side mirrors. Additionally,
[37] conducted CFD simulations with and without the top strut used to keep the vehicle
model in position in the wind tunnel. With the strut modeled, their average numerical
drag coefficient was 3.7% different from the same corresponding configuration (consid-
ering side mirrors) from Heft et al. [4]; without the strut, their numerical drag coefficient
was <1% from Heft’s wind tunnel experiments.

6.2 Lift coefficient

The lift coefficient is defined as

CL = Fz
1
2ρU2∞AF

(5)

Here, Fz is the lift force.
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The lift coefficient determined from the WMLES with the coarse mesh in the present
study is 0.0232, which translates into a lift-to-drag ratio of 0.1. The lift coefficient, in
general, is challenging to validate. Heft et al. [4] focused on the drag and pressure coeffi-
cients, but neglected to present any results on lift coefficients. To the best knowledge of
the authors, there is no published experimental data for the lift coefficient for a notchback
DrivAer model with no side mirrors, smooth underbody, and ground simulation.
Numerical studies of ground vehicles are often performed in an open-road setting to

simulate more realistic vehicle operation. While there is good agreement between wind
tunnel experiments and numerical simulations for the drag coefficient, there are still dis-
parities for the lift coefficient despite correction factors that account for blockage, ground
effects, and wall effects [44]. A wide-range of lift coefficient values for other configu-
rations of the notchback DrivAer model are seen in the experimental literature. Collin
et al. [37] present inconsistent lift coefficient results for the notchback DrivAer model
with mirrors, smooth underbody, and moving wheels for two wind tunnel facilities: TUM
(Munich, Germany) (CL = -0.028) and Audi (Ingolstadt, Germany) (CL = 0.004). James
et al. [43] experimentally determined a lift coefficient of 0.031 for a notchback DrivAer
model without mirrors, smooth underbody, and static ground.

6.3 Pressure coefficient

Surface pressure coefficients were compared to experimental data that was obtained using
pressure probes on the surface of the DrivAer reference model along the midline of the
upperbody and the underbody. The pressure coefficient is defined as

CP = p − p∞
1
2ρU2∞

(6)

In this equation, p is the pressure and p∞ is the freestream pressure.
Figure 7(a) shows the upperbody pressure coefficient compared to experimental data

from [4] and [43]. James et al. [43] conducted wind tunnel tests to determine surface
pressure data for only a detailed underbody at three different locations: Monash Uni-
versity (Clayton, Australia), Tongji University (Shanghai, China), and PVT (Gothenburg,
Sweden). Heft et al. [4] observed very minute differences in the pressure coefficients of
the upperbody between the smooth and detailed underbody, as well as with and without
ground simulation. Therefore, it is appropriate to compare the upperbody pressure coef-
ficients for a smooth underbody, obtained using CFD, to experimental work conducted
with a detailed underbody. Surface pressure data is shown here for WMLES with the
coarse mesh (which adequately predicted the drag coefficient) for further validation of
the baseline case.
Generally, there is good agreement between the pressure coefficients obtained numer-

ically with the coarse mesh and the experimental results used for comparison. As seen in
Fig. 7(a), there are a few regions of discrepancy, some of which can be attributed to the
low resolution of pressure probes used during the wind tunnel tests. Pressure coefficients
obtained numerically are much lower than the experimental results in region A. This is
because there are large surface pressure gradients near the front of the vehicle that are
not adequately captured experimentally due to too few pressure probes. However, wind
tunnel experiments conducted at PVT are shown to capture a lower pressure in region A,
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Fig. 7 Pressure coefficients along the center plane of the notchback DrivAer model to compare present
WMLES (U∞ = 15 m/s) with available experimental data (a) upperbody and (b) underbody

consistent with the numerical results presented. Similarly, an inadequate number of pres-
sure probes near the top of the windshield led to pressure gradients in region B not being
captured entirely in experimental studies. In this region, the numerical results also agree
more with the experiments conducted at PVT. In region C, the experimental results from
PVT deviate the furthest from numerical results and from the results of other wind tunnel
experiments. This was noted as a potentially erroneous region at the attachment points
of the main body and the interchangeable rear-end [43]. The numerical results deviate
slightly from all of the experimental results in region D, which is the rear windshield of
the reference model. This region is largely influenced by vortex shedding from the roof,
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and the unsteady nature of the flow could have led to the discrepancies observed. Other
authors [36, 45] who have used numerical methods have observed inconsistencies in the
same regions.
Figure 7(b) shows a plot of the underbody pressure coefficients. The results from James

et al. [43] are omitted here because they only conducted surface pressure experiments
for a detailed underbody, which is not suitable for comparison with a smooth under-
body. There are some large discrepancies seen in regions E and F, which are partially
attributed to the low resolution of the wind tunnel results. However, this is a region of
complex flow due to the interaction of vortices from the front wheelhouses with the
underbody flow near the front bumper. The rest of the pressure measurements in the
underbody agree well with the experiment. Region G shows a series of points from
the numerical study that appear to capture a minor pressure drop, likely due to the
interaction of the underbody flow and the rear-wheel vortices. This was not observed
with the experimental results because only a single pressure probe was used in that
region.
Figure 8 shows the pressure field of a front and rear wheel, respectively, on the baseline

model. A high-pressure region is observed on the front wheel in line with the bottom of
the bumper. This area of high pressure is the largest contributor to pressure drag for the
wheel. The stagnation region on the front of the wheel causes the incoming underbody
flow to accelerate as it yaws past the wheel, creating the low-pressure region observed on
the lower outboard side of the wheel. There is evidence of a high-pressure region on the
rear wheels, although the pressure observed is much lower than the front-wheel pressure.
Therefore, the rear-wheel contribution to the overall pressure drag of the vehicle is much
smaller than the front wheel.

Fig. 8 Pressure coefficient contours for the baseline notchback DrivAer reference model for U∞ = 15 m/s (a)
front wheel and (b) rear wheel
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7 Flow-modification devices
7.1 Conventional wheel deflector

The purpose of the wheel deflector is to reduce the wheel drag and effectively reduce
the overall drag experienced by the DrivAer model. However, there is a drag penalty
associated with disrupting the underbody flow, and in order to make the wheel deflector
effective, the drag penalty must not exceed the drag benefit. Figure 9 shows the drag coef-
ficient of the DrivAer model when fitted with conventional wheel deflectors compared to
the baselinemodel for different freestream speeds. Previous experimental work by [4] and
[5] determined that a 40% scale model and a 25% scale model achieve Reynolds indepen-
dence for the aerodynamic coefficients at approximately Re = 4.2×106 and Re = 2.8×106,
respectively. However, from the present investigation, the full-scale DrivAer model did
not achieve Reynolds independence, even at Re = 3.15 × 107 (45 m/s, 100 mph). There-
fore, the impact of wheel deflectors on the drag coefficient must be compared separately
for each freestream speed considered.
Figure 10 shows the front-wheel drag component for the DrivAermodel fitted with con-

ventional wheel deflectors compared to the baseline model. The wheel deflectors prove
to be successful in reducing the front-wheel drag—greater front-wheel drag reduction is
observed as the height of the wheel deflector is increased. However, the 50-mm wheel
deflector, which was particularly effective in [16], produced the greatest drag penalty
and increased the overall drag of the DrivAer model by approximately 10% in all cases
(Fig. 9). At 45 m/s, the 15-mmwheel deflector caused a drag reduction of 0.25%. All other
cases considered resulted in a drag increase, suggesting that the drag penalty of intro-
ducing a conventional wheel deflector is detrimental to the aerodynamics of the DrivAer
model, even at higher speeds. However, it should be noted that a baseline drag coeffi-
cient of 0.231 is relatively low compared to modern sedan cars. Therefore, the shape of
the DrivAer model is already favorable from an aerodynamic perspective, and this type
of flow-modification device is not appropriate in reducing drag. Additionally, even the

Fig. 9 Time-averaged drag coefficient for the notchback DrivAer model with conventional wheel deflectors
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Fig. 10 Time-averaged drag coefficient for the front wheels only with conventional wheel deflectors

15-mm conventional wheel deflector, which was the best performer of the designs consid-
ered, would only be beneficial if the vehicle was mostly operating at speeds above 45 m/s
(100 mph). At speeds lower than 45 m/s, the conventional wheel deflector has a negative
effect on the vehicle drag.
The effect of conventional wheel deflectors on the pressure field of the front wheels was

analyzed. Figure 11 shows wheel pressure coefficient contours at a freestream speed of 45
m/s for the baseline model compared to the 15-mm wheel deflector. The top of the high-
pressure region on the front wheel follows the shape of the front bumper in the baseline
model. The wheel deflector reduces the size of the high-pressure region on the front of
the wheel, and the low-pressure region on the side of the wheel, which impacts the flow
field in the vicinity of the wheel. However, the wheel deflector, which is attached to the
DrivAer body, also experiences a drag force and has a negative impact on the overall drag.
Therefore, a reduction in wheel drag does not always lead to a reduction in overall drag.

7.2 90◦ air-jet wheel deflector
Much like the conventional wheel deflector, the air-jet wheel deflector is intended to
divert the flow in the vicinity of the wheel, thereby potentially reducing drag. However,
unlike the conventional wheel deflector, the air-jet wheel deflector does not have the asso-
ciated penalty of having an additional drag-inducing solid surface. The drag coefficient
for the baseline DrivAer model with no flow-modification devices is compared to the 90◦

air-jet wheel-deflector cases in Fig. 12 for four freestream speeds considered.
In all cases, the 90◦ jets cause a drag penalty that exceeds the drag benefit, resulting in

an overall increase in drag force. Figure 13 shows the component of the front-wheel drag
that contributes to the total drag for the 90◦ air-jet wheel deflector cases. In all cases, even
though the front-wheel drag is significantly reduced by the wheel deflectors, the body
and rear-wheel drag exceeds the baseline case enough to nullify the positive impact of the
wheel deflectors. At higher speeds, applying a jet speed of U = 2/3 produces results that
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Fig. 11 Pressure coefficient contours on the front left wheel for U∞ = 45 m/s (a) baseline and (b) 15-mm
conventional wheel deflector

are comparable with the baseline, but still present no benefit. Therefore, this jet design is
not suitable for overall drag reduction of the DrivAer model in its present configuration.
However, it provides an opportunity to study the effects of this technology on the front
wheels and underbody flow in order to determine more appropriate flow-modification
alternatives for this vehicle model.
Figure 14 shows the front-wheel pressure of the baseline DrivAer model compared to

the first air-jet wheel-deflector design, with U = 1/3, 3/3, and 6/3, for a freestream velocity

Fig. 12 Time-averaged drag coefficient for the notchback DrivAer model with 90◦ air-jet wheel deflectors
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Fig. 13 Time-averaged drag coefficient for the front wheels only with 90◦ air-jet wheel deflectors

of 15 m/s. The high-pressure region on the front of the wheel diminishes as the air-jet
speed is increased. The jet stream causes a momentum change in the underbody flow,
pushing it closer to the contact region between the wheel and the ground as the speed of
the air jet is increased. Consequently, the high-speed underbody flow impacts a smaller
area of the wheel and reduces the wheel drag.
The corresponding bottom view of the DrivAer model, as seen in Fig. 15, shows that as

the jet speed is increased, there is evidence of a high-pressure region growing upstream
of the air-jet wheel deflectors. This occurs as a result of the incoming underbody flow col-
liding with the jet stream, thus adding resistance to flow under the vehicle. This provides
more evidence that disrupting the underbody flow causes an increase in body drag.

Fig. 14 Pressure coefficient contours on the front left wheel of the notchback DrivAer reference model at U∞
= 15 m/s (a) baseline, (b) 90◦ air jet with U = 1/3, (c) 90◦ air jet with U = 3/3, and (d) 90◦ air jet with U = 6/3
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Fig. 15 Pressure coefficient contours on the underside of the front left wheel and surrounding area of the
notchback DrivAer reference model at U∞ = 15 m/s (a) baseline, (b) 90◦ air jet with U = 1/3, (c) 90◦ air jet
with U = 3/3, and (d) 90◦ air jet with U = 6/3

Figure 16 shows streamlines of the flow approaching the front left wheel for the baseline
model, U = 1/3, 3/3, and 6/3 for U∞ = 15 m/s. In the case of the baseline model, a small
portion of the flow is observed to diverge as it enters the wheelhouse region, resulting
in a larger impact area of underbody flow on the front wheel. As the speed of the air-jet
wheel deflector is increased, the underbody flow is diverted more towards the bottom of
the wheel. Although this causes a reduction in the size of the stagnation region, it also
causes a local acceleration in the underbody flow, which may lead to higher pressures
being observed over a smaller area. This is evident in Fig. 14(d) with the high-pressure
contour bands corresponding to 1.025 <CP <1.25 that are not seen with the lower air-jet
speeds.
Dimensionless surface streamlines at a plane 50-mm above the moving ground plane

are plotted in Fig. 17. A recirculation region, α, forms in the vicinity of the rear, outboard
region of the wheel in the baseline model. This changes the effective shape of the vehi-
cle geometry seen by the incoming airflow. Region α causes underbody flow to yaw away
from the vehicle body. After passing region α, the moving air is drawn back towards the
underbody, denoted by an arrow labeled β in Fig. 17, and a portion of the flow directly
impacts the rear wheel. When air-jet wheel deflectors are introduced, the size of the recir-
culation region, α, grows proportionally to the speed of the air jets. As region α grows,
the yawed flow has a greater tendency to be drawn to the underbody, as seen in Figs. 17(b)
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Fig. 16 Streamlines, colored by dimensionless velocity magnitude, approaching the front left wheel of the
notchback DrivAer reference model for U∞ = 15 m/s (a) baseline, (b) 90◦ air jet with U = 1/3, (c) 90◦ air jet
with U = 3/3, and (d) 90◦ air jet with U = 6/3

and (c). Due to the incident angle of the flow on the rear wheel, the pressure drag expe-
rienced by the rear wheel decreases. However, when region α becomes sufficiently large,
the suction effect of the underbody causes yawed flow on both sides of car to meet near
the midplane and effectively reflect back towards the rear wheels, as shown in Fig. 17(d),
causing the rear-wheel drag to increase.
The flow field surrounding a vehicle over a moving ground plane with rotating wheels

comprises vortex structures that are revealed by analyzing the velocity gradient tensor.
The second invariant of the velocity gradient tensor, Q, represents the local relationship
between the shear strain rate and the magnitude of vorticity [46]. Figure 18 shows instan-
taneous isosurfaces of the second invariant of the velocity gradient tensor corresponding
to Q(D/U∞)2 = 80. The baseline model shows vortices developing around the wheel
as the underbody flow enters and meanders through the wheelhouse. As air-jet wheel
deflectors are introduced, and the speed of air injection is increased, the vortex structures
around the wheelhouse are observed to decrease. This is most evident when comparing
Fig. 18(a), the baseline model, to Fig. 18(b), air-jet wheel deflector with U = 6/3. The flow
instability associated with the vortex structures contributes to the drag force experienced
by the wheelhouse.
Furthermore, it is evident in Fig. 18 that there are vortex structures forming on either

side of the jet streams. The air-jet wheel deflector causes a small recirculation region
upstream of the jet which is also seen clearly in Fig. 16(b). This circulation region is
responsible for changing the effective shape of the DrivAer model just upstream of the
wheelhouse such that the underbody flow can be deflected as intended—the jet stream
behaves like an artificial, flexible wall.
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Fig. 17 Surface streamlines, colored by dimensionless velocity magnitude, at z = 50 mm above the ground
plane for U∞ = 15 m/s (a) baseline, (b) 90◦ air jet with U = 1/3, (c) 90◦ air jet with U = 3/3, and (d) 90◦ air jet
with U = 6/3

7.3 45◦ air-jet wheel deflector
In order to have a net-positive effect, the jet stream from the wheel deflector has to mix
smoothly with the underbody flow. The angled air-jet wheel deflector has a velocity com-
ponent parallel to the underbody flow but still achieves flow deflection such that the
stagnation region is diminished. Figure 19 shows the drag coefficient for the 45◦ air-jet

Fig. 18 Isosurfaces of the second invariant velocity gradient tensor, Q(D/U∞)2 = 80, for U∞ = 15 m/s (a)
baseline, (b) 90◦ air jet with U = 6/3
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Fig. 19 Time-averaged drag coefficient for the notchback DrivAer model with 45◦ air-jet wheel deflectors

wheel deflector for four freestream speeds investigated. At inlet speeds of 15 m/s and 25
m/s, the overall drag of the DrivAer model with air jets is observed to be greater than the
baseline model. At higher speeds, the aerodynamic drag dominates, and the air-jet wheel
deflectors have a greater impact.
Comparing the 90◦ and 45◦ air-jet wheel deflector designs, it is clear that the latter had

more of an impact on overall drag reduction. The 45◦ air-jet wheel deflector successfully
reduced the drag below the baseline value for some cases at 35 and 45 m/s freestream
speeds. At 35 m/s, a drag reduction of up to 0.65% is observed when a jet speed of 70 m/s
(U = 6/3) is applied. At 45 m/s, a drag reduction of 1.4% is observed with a jet speed of 30
m/s (U = 2/3). Due to the interaction of flow structures of different frequencies, the drag
coefficient does not decrease linearly with increasing jet speed.
Figure 20 shows wheel surface pressure contours and streamlines originating from

the left jet for the 90◦ and 45◦ air-jet wheel deflectors with a jet speed of U=2/3 for a
freestream speed of 45 m/s. The 45◦ jets appear more flattened by the underbody flow
and consequently do not reduce the high pressure region as much as the 90◦ jets—hence,
the greater wheel drag reduction for the 90◦ jet. However, due to the reduced angle, the
45◦ jet leads to better mixing and still plays an important role in ensuring the underbody
flow does not expand when it reaches the wheelhouse, thus reducing the flow impact area
on the wheels compared to the baseline case and reducing the wheel drag sufficiently to
result in an overall drag reduction for this case.
The front-wheel drag is successfully reduced by the air-jet wheel deflectors for all cases

as shown in Fig. 21. The greatest impact of the air jets on the front wheels is observed at
a freestream speed of 15 m/s. However, at low speed, the contribution of the front wheels
on the vehicle drag is too small to have a positive impact. At a freestream speed of 45 m/s,
the greatest reductions to front wheel drag occur when U = 2/3 and U = 5/3. As seen in
Fig. 19, this translates to a reduction in overall vehicle drag.
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Fig. 20 Pressure coefficient contour diagram for the notchback DrivAer model for U∞ = 45 m/s with U = 2/3
(a) 90◦ air-jet wheel deflector (b) 45◦ air-jet wheel deflector

The 45◦ wheel deflectors were more successful because of the smaller effect on the
underbody flow further from the wheelhouse region. This is observed when comparing
the drag components for the 90◦ air-jet cases from Fig. 13 to the 45◦ air-jet cases presented
in Fig. 21. Figure 13 shows that for a freestream of 45 m/s, a jet speed of U=2/3 for the 90◦

air-jet wheel deflector reduced the front-wheel drag by 21.3%, while the 45◦ air jet results
in a 14.1% drag reduction (Fig. 21). However, the former results in a 5% increase in body
drag (DrivAer body only without front and rear wheels), while the latter only leads to a
1% increase —recall that the body-drag contribution is much larger than the wheel drag.
Finally, since some of the air-jet configurations for 45◦ show promise for higher air

speeds, the effect of the jets on lift is examined. The lift coefficients for the 45◦ air-jet
case are presented in Fig. 22. The case with the greatest overall drag reduction (U = 2/3
at 45 m/s) of up to 1.5% when compared to the baseline model shows a change in lift

Fig. 21 Time-averaged drag coefficient for the front wheels only with 45◦ air-jet wheel deflectors
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Fig. 22 Time-averaged lift coefficient for the notchback DrivAer model with 45◦ air-jet wheel deflectors

coefficient of 1.2%. In all cases (including the lift coefficients for the conventional and
90◦ air-jet wheel deflectors), the introduction of the flow-modification devices had a net
increase in positive lift. Even when the baseline model exhibits a downforce at 45 m/s,
the subsequent air-jet cases reveal a reduction in downforce, showing that the air jets
are contributing a lift force to the vehicle. It should be noted that the lift coefficients are
very small compared to the drag coefficients, so their effect on typical passenger vehicles,
including the DrivAer model, is not as important.

8 Concluding remarks
The DrivAer model is based on two production passenger cars—the 3 Series BMW and
the Audi A4. The particular configuration presented here lacks some of the details that
the production cars have: no detailed underbody, no mirrors, and no rims. Therefore, the
drag coefficients reported are lower than they would be inmost practical situations. How-
ever, this study presents valuable insight on the impact of wheel deflectors on the drag
force experienced by modern sedan cars. Particularly, conventional wheel deflectors can
have a negative impact on vehicle drag, even at high speeds, for vehicles that are already
relatively streamlined. Additionally, cars are becoming increasingly aerodynamic with
time, and design features that were once believed to be beneficial need to be reassessed.
Perhaps traditional flow-control methods are more beneficial for larger vehicles that
experience greater drag forces and have more ground clearance. For example, the Nissan
Qashqai, which has a drag coefficient approximately 30% greater than the DrivAer model
studied here, seems to benefit significantly from the presence of conventional wheel
deflectors [17].
At higher speeds, the resistance to motion for ground vehicles is dominated by aero-

dynamic drag; at lower speeds, rolling resistance is the dominant force. Therefore, a
reduction in aerodynamic drag at lower speeds has less of an impact on the overall
drag than at higher speeds. Two different flow-modification devices were applied to the
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notchback DrivAer model, and it was determined that when a freestream speed of 15 m/s
was applied, the drag penalty associated with modifying the DrivAer flow field exceeds
the drag benefit with both devices. However, at higher speeds, both devices become more
effective. Additionally, a reduction in wheel drag did not always result in an overall drag
reduction. Due to the competing effects of disrupting underbody flow and altering the
stagnation region on the wheels, there is a balance required in order to achieve an overall
reduction in drag.
Most countries have speed limits that restrict the legal operation of vehicles to speeds

less than 70 mph. Therefore, using a conventional wheel deflector that is only benefi-
cial at speeds above 45 m/s (100 mph) is impractical. Instead, it would be beneficial to
implement a flow-modification device that can be turned off at lower speeds. However, it
should also be noted that the flow-modification devices presented here would likely have
a more significant impact on vehicles that have a greater baseline drag coefficient. Fur-
thermore, there is potential for the air-jet wheel deflector to be much more beneficial on
the notchback DrivAer model than observed from the current investigation. The model
used in these simulations had a smooth underbody to save on computational cost, result-
ing in less tumultuous flow under the vehicle body. Wind tunnel experiments conducted
by Heft et al. [4] showed that a detailed underbody adds CD=0.03 to the overall drag of the
40% scale DrivAer model. Simulating a detailed underbody will provide further insight
on the flow field and more context to the real-life practicality of this technology. Future
work on this topic should also include a detailed rim. Although it will require more com-
putational time due to time-dependent remeshing, and a moving reference frame for the
wheel tread, the benefit is a more comprehensive understanding of flow-modification
devices on the flow field near the wheel when the fan effect caused by the spokes is
present [15].
Disparities are observed between results obtained using a steady and unsteady formu-

lation for the DrivAer reference model. This occurs due to the fact that the surrounding
flow field is characterized by several time-dependent vortex structures that are not
captured by steady-state formulation. Therefore, in order to accurately represent the
flow field around the DrivAer model, and capture the unsteadiness, it is necessary to
use flow-resolving methods such as LES and DES. However, such methods require
greater computational resources than RANS. The baseline DrivAer model simulated
using WMLES with the coarse mesh took approximately 21 hours with 360 Linux pro-
cessors. IDDES cases required, on average, 58% more computation time than WMLES
cases—a significant amount of time considering the resources required for computation.
IDDES results were found to be less accurate than WMLES results when compared to
experimental data for the coarse and medium meshes. A relatively small difference was
observed applying IDDES with the fine mesh, but the computational time required to
achieve this result was 169% greater than with WMLES with the coarse mesh, which
yielded comparable results. Therefore, in order to achieve more accurate time-averaged
force coefficients with a shorter computation time, WMLES is recommended over
IDDES.
The consideration of aesthetics is important in vehicle design. Many customers who

purchase cars consider the appearance as well as the utility. Air-jet wheel deflectors
will potentially present drag-reduction opportunities without any visible modification to
the vehicle exterior. Even though conventional wheel deflectors are a minute feature of



Nabutola and Boetcher Advances in Aerodynamics            (2021) 3:29 Page 26 of 28

passenger cars, there is potential to eliminate them altogether while still achieving the
intended effect of underbody flow deflection.
The inclusion of air-jet wheel deflectors has additional implications. The present inves-

tigation shows the underhood as a blackbox, but in reality, there will either need to be
mechanical components added to compress the underhood air and discharge it at the
desired location, or the underhood will need to be designed to release just upstream
of the front wheels—many automotive manufacturers presently purge underhood flow
through the underbody or the wheelhouse. The inclusion of mechanical components
can be costly and will add to the weight of the vehicle, but will provide an opportu-
nity to control the jet speed as needed. The case where underhood air is intentionally
directed to release upstream of the front wheels forms a passive system. This passive
flow modification will lead to a constant jet-to-freestream speed relationship. However,
a system like this will need to be turned off at lower speeds where flow modification is
undesirable.
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