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Abstract: Lattice Boltzmann method (LBM) simulations were performed to capture the long-period
dynamics within the wake of a realistic DrivAer fastback model with stationary and rotating wheels.
The simulations showed that the wake developed as a low-pressure torus regardless of whether the
wheels were rotating. This torus shrank in size on the base in the case of rotating wheels, leading to
a reduction in the low-pressure footprint on the base, and consequently a 7% decrease in the total
vehicle drag in comparison to the stationary wheels case. Furthermore, the lateral vortex shedding
experienced a long-period switching associated with the bi-stability in both the stationary and
rotating wheels cases. This bi-stability contributed to low-frequency side force oscillations (<1 Hz) in
alignment with the peak motion-sickness-inducing frequency (0.2 Hz).

Keywords: bi-stability; DrivAer; LBM

1. Introduction

Simplified square-back automotive models such as the Ahmed body [1] and the
Windsor body [2] have been found to develop aperiodic vortex shedding wherein the
shedding of vortices favors one side of the vehicle over long time periods [2–18]. This
aperiodic wake-switching behavior is typically referred to as bi-stability. The bi-stabiltiy
is responsible for as much as 9% of the vehicle drag [11]. Additionally, the bi-stability is
associated with a long time period, ranging from 1 to 10 s [4]. Such long-period oscillations
have been found to induce motion sickness [19–24], which could negatively affect vehicle
occupants. Mitigation of the bi-stability and its subsequent effects has been effective
through both passive and active flow control methods on simplified automotive models.
Passive flow control techniques, such as the addition of a cavity on the vehicle base,
successfully suppress the low-frequency switching of the bi-stability, reducing the vehicle
drag [13]. Active flow control, such as oscillating flaps on the edge of the base, suppress
the bi-stability and improve vehicle drag as well [12]. However, neither method has gained
acceptance for an actual car. The lack of a realistic representation of production cars when
using simplified automotive models has limited an effective extrapolation of such flow
control studies to production vehicles.

Attempts have been made to rectify the issue of oversimplification by analyzing the
effects of additional vehicle model complexity on the bi-stability of the wake flow. One
obvious extra level of realism has been the addition of wheels. However, even for simplified
square-back automotive models, the impact of wheels on wake bi-stability has not been
conclusive. On one hand, Pavia et al. [4] and Pavia and Passmore [2] reported that adding
stationary wheels to a Windsor body eliminated the bi-stability, resulting in a short-time
swinging of the wake. On the other hand, Grandemange et al. [25] found that the bi-
stability persisted in the wake of an Ahmed body when rotating wheels are added. Such an
inconsistency may suggest a significant impact of wheel rotation on the development of
bi-stability in the wake flow, in addition to the vehicle geometry itself. Vehicle geometry has
been shown previously to impact the structure of the bi-stability on simplified square-back
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models [26]. Additionally, the bi-stability has even been observed for production vehicles
with rotating wheels (albeit at non-zero yaw angles) [27,28]. However, no studies exist thus
far that have directly compared wake dynamics and bi-stability for a single realistic vehicle
with and without wheel rotation.

For the current work, our goal is to characterize the effect of wheel rotation on the
wake dynamics for a realistic automotive model to better inform future flow control
studies. The realistic model considered is the fastback DrivAer model [29] (Section 2.1). To
capture the flow field, we used lattice Boltzmann method (LBM) simulations due to their
computational efficiency for automotive flows [30]. Details on the numerical setup used are
given in Section 2, such as the domain and boundary conditions (Section 2.2), mesh setup
(Section 2.3), and general parameters for the LBM simulations (Section 2.4). Results and
discussions are reported in Section 3, including an assessment of the time-averaged flow to
confirm the validity of the simulations (Section 3.1) and a detailed characterization of the
long-period wake dynamics in the context of stationary and rotating wheels (Section 3.2).
The major findings and conclusions are briefly described in Section 4.

2. Methodology
2.1. DrivAer Model

Until recently, most automotive aerodynamic studies focused on two types of vehicle
models: simplified models like the classical Ahmed body or production vehicles. Models
such as the Ahmed body have been heavily studied and capture some of the basic flow
structures, such as the separated wake and trailing vortex system. While these simple ge-
ometries make great test beds for fundamental research of basic automotive flow structures,
they fail to represent real automotive vehicles. Rotating wheels, side mirrors, and complex
underbodies are just some of the geometric features that these simplified models lack. On
the other hand, production vehicles have no simplifications whatsoever. Unfortunately,
these geometries vary heavily across markets and time, making transfer of knowledge
difficult across both academia and industry. To bridge the gap between simplified models
and production vehicles, Technische Universität München (TUM) developed a realistic car
model known as the DrivAer model and made it publicly available. The DrivAer model is
a combination of the Audi A4 and BMW 3 Series. It is a highly modular geometry with
three different rear roof configurations (fastback, notchback, and estate back), complex and
smooth underbodies, optional side mirrors, and so on, to represent a variety of automotive
vehicles available on the market. For the current work, we only consider the DrivAer
fastback configuration shown in Figure 1.

Figure 1. DrivAer fastback model.

This model has a length (L) of 4.61 m, a width (W) of 1.76 m, a height (H) of 1.42 m,
and a wheel base of 2.79 m. For the current work, the smooth underbody was used. The
selection of the smooth underbody serves two purposes: it maintains vehicle symmetry
for observing the potential bi-stability, and it represents an underbody more aligned with
electric vehicles, which are increasingly gaining popularity in the automotive market.
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2.2. Domain and Flow Conditions

For the current work, we used the full-scale DrivAer fastback model with a free-stream
velocity of 16 m/s. The Reynolds number (based on vehicle length and free-stream velocity)
was Re = 4.89× 106, and such a Reynolds number matched those from the experiments
by Heft et al. [31] and Collin et al. [32], who used a 40% scaled model with a free-stream
velocity of 40 m/s. The vehicle model and free-air conditions matched those for the 1st
Automotive CFD Prediction Workshop [33]. At the domain inlet (Figure 2), the free-stream
velocity was applied with a turbulence intensity of 0.1%.

Figure 2. Computational domain with closeup of moving ground plane (in gray) and morphed tire
geometry (in blue) for the rotating wheels case.

The inlet was placed 12L upstream of the vehicle nose, with an outlet positioned 25L
downstream of the vehicle base. The vehicle surface was set to a no-slip condition. The
surrounding domain walls were set to a symmetry condition to replicate the free-stream,
with the exception of the ground plane. For the rotating wheels case, a moving ground
condition was applied beneath the vehicle along the ground plane (Figure 2), and the
ground plane was set to the free-stream velocity (16 m/s) to replicate the moving belt
commonly used in experiments. To simulate the wheel rotation, a sliding mesh condition
was used, and a rotational rate of 482.76 rpm was set in accordance with the free-stream
velocity and tire radius. The bottom of the tires intersected the ground plane, creating a
morphed geometry. Such morphed geometries resembled the contact patch of a physical
vehicle, and such a tire treatment was reported to have good predictive capabilities for
flows around the wheels [34,35]. A closeup of the morphed geometry is highlighted in the
inset of Figure 2. For the stationary wheels case, a no-slip condition was used both along
the ground plane and at the wheels.

2.3. Mesh

Discretization of the domain was performed using the commercial LBM code Power-
FLOW (V6-2020). The resultant mesh consists of a lattice of cuboidal elements, referred
to as voxels, and the intersection of the voxels with the geometry surface are referred to
as surfels. Several refinement regions, called VRs in PowerFLOW, were created near the
vehicle surface and wake to capture the relevant wake dynamics. We tested for grid con-
vergence using three grids: coarse, medium, and fine. These grids are visualized through
the symmetry and ground planes (Figure 3).
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(a) (b) (c)

Figure 3. Meshes used in the current simulations: (a) coarse (89M voxels), (b) medium (174M voxels),
(c) fine (272M voxels).

The key parameters of the mesh are summarized in Table 1.

Table 1. Key mesh parameters in the mesh generation of the vehicle.

Parameter Coarse Medium Fine

Largest Voxel (mm) 2048 1536 1280
Smallest Voxel (mm) 2 1.5 1.25

Minimum Wake Refinement Voxel (mm) 4 3 2.5

Total Voxels (×106) 89 174 272

Wall y+ 0.84–215 0.71–111 0.54–107
Turbulence Model RNG k− ε

Time-Step Size (s) 2.273× 10−5 1.704× 10−5 1.421× 10−5

2.4. Lattice Boltzmann Method (LBM)

For the current work, LBM simulations are used due to their computational efficiency
compared to other methods [30]. LBM has been found to be effective in predicting the wake
structure for a variety of vehicle configurations [30,36–38]. A thorough review of LBM and
its application to automotive flow is described in Kotapati et al. [39] with a summary of the
method given as follows.

LBM is based on the Boltzmann equation, which solves for particle motion based on
a particle distribution function f (x, u, t), where f is the number density of particles at a
position x with a speed u at time t. This function can be written in terms of the convective
motion of the particles and a collision operator C(x, u, t), as in Equation (1).

∂ f (x, u, t)
∂t

+ u · ∇ f (x, u, t) = C(x, u, t) (1)

The collision operator C(x, u, t) is defined as

C(x, u, t) =
1
τ
[ f (x, u, t)− f eq(x, u, t)] (2)

where τ is the time for the velocity distribution function to relax to the equilibrium dis-
tribution function f eq(x, u, t). From these equations, the Navier–Stokes and conservation
equations can be obtained.

For high Reynolds number flows, PowerFLOW uses a Very Large Eddy Simulation
(VLES) approach as a standard practice. The VLES approach directly simulates resolvable
scales and models unresolved flow scales using a turbulence model acting as a sub-grid
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scale (SGS) model. Turbulence modeling is implemented by modifying the relaxation time
τ to yield τe f f .

τe f f = τ + Cµ
k2/ε

T(1 + η2)1/2 (3)

A variant of the RNG k− ε equations is used to obtain the turbulent kinetic energy k and
turbulent dissipation ε:

ρ
Dk
Dt

=
∂

∂xj
[(

ρν0

σk0

+
ρνT
σkT

)
∂k
∂xj

] + τijSij − ρε (4)

ρ
Dε

Dt
=

∂

∂xj
[(

ρν0

σε0

+
ρνT
σεT

)
∂ε

∂xj
] + Cε1

ε

k
τijSij − [Cε2 + Cµ

η3(1− η/η0)

1 + βη3 ]ρ
ε2

k
(5)

where ρ is the air density, τij is the stress tensor, and η = k|S|/ε is a dimensionless shear rate.
The eddy viscosity in the RNG formulation is represented by the parameter νT = Cµk2ε [39].

For the time-marching component of the current simulations, the time-step was au-
tomatically calculated by PowerFLOW best-practices criteria. This criteria is based on
Equation (6):

∆t =
K1× characteristic length

resolution×maximum expected velocity
(6)

where K1 is a proprietary constant (0.236403 for wall-modeled external flow), characteristic
length represents the length of the vehicle, resolution is the number of voxels along the
vehicle length, and the maximum expected velocity is 1.3 times the free stream velocity.
This resulted in three time-step sizes non-dimensionalized by the free stream velocity U∞
and vehicle length of ∆tU∞/LD = 7.9× 10−5 (2.273× 10−5 s), 5.9× 10−5 (1.704× 10−5 s),
and 4.9× 10−5 (1.421× 10−5 s) for the coarse, medium, and fine grids, respectively.

For the initial grid convergence study, simulations were carried out over 5.5 s (19 con-
vective time units based on vehicle length and free stream velocity). Time-averaging and
statistics were collected over the last 3.0 s (10 convective time units). These simulations were
run on the Ohio Supercomputer Center’s (OSC) Owens cluster taking 6,000–17,000 CPU
hours depending on mesh density. Additional long-time simulations to capture the bi-
stability were carried out on only the coarse mesh using OSC’s Pitzer cluster for 205 s (711
convective time units). Time-averaging and statistics were collected over the last 200 s (694
convective time units). These simulations required roughly 225,000 CPU hours for each
wheel condition.

3. Results and Discussion

In this section, results of the computationally efficient LBM simulations for the DrivAer
fastback model are reported. The time-averaged flow is first presented and compared with
experiments and other well-established computations in Section 3.1 in order to show the
validity of the current simulations. The effects of wheel rotation on the long-period (<1 Hz)
wake dynamics are discussed next in Section 3.2 by comparing simulation results with and
without wheel rotation.

3.1. Time-Averaged Flow

LBM has been found to be accurate for flow predictions around realistic automotive
models, comparing well with experiments and other computational methods [30,36–38].
We look to compare the forces and the surface pressure to those of experiments and other
published simulations to validate the current computational setup. A grid convergence
study was performed with a simulation time of 5.5 s due to the demanding computational
expense of the full 200 s simulations. Of this 5.5 s, the flow field is averaged for the last 3 s.
Despite this simulation time being smaller than that used for studying wake bi-stability,
the forces and surface pressure fluctuations have achieved adequate time convergence to
draw meaningful conclusions.
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First, we consider the forces acting on the vehicle. Table 2 compares the coefficients of
drag D and lift L using different meshes and wheel conditions. Each force coefficient was
calculated as

CD =
D

(1/2)ρ∞U2
∞ A

, CL =
L

(1/2)ρ∞U2
∞ A

(7)

where A is the frontal area of the vehicle. The vehicle forces match very well with the
experimental results [31,32,40]. The coefficient of drag CD for the rotating wheels case is
within 10% of the experimental value for all grids, while an even better match is achieved
in the case of stationary wheels. Wheel rotation is found to decrease the total drag acting on
the vehicle by 7% relative to the stationary wheels, and such a drag reduction matches well
with the experiments of Heft et al. [31]. The small differences in the wheel drag CDwheels (i.e.,
the difference in total drag and the vehicle body drag) between the rotating and stationary
wheels conditions are consistent with the DES performed by Guilmineau [40]. A lack of
difference in wheel drag suggests that very little of the total drag reduction is attributed
directly to the drag acting on the wheels. Instead, the change in drag between the rotating
and stationary wheels cases is caused by a complex interaction between the wheel flow and
the vehicle wake. The wake, characterized as a low-pressure torus, reduces in size over
the vehicle base as a result of wheel rotation (Figure 4). Additionally, the lift coefficient
also compares well with the experimental results. Only minor variation exists between
the coarse and fine grids for both the drag and lift coefficients. The insensitivity of the
time-averaged forces on the coarse and fine meshes confirms the adequate resolution of the
coarse grid.

Table 2. Comparison of force coefficients using different meshes and wheel conditions. The subscript
wheels denotes the force coefficients attributed directly to the wheels (i.e., the difference in force
coefficients between the total vehicle and the vehicle body).

Method Wheel Condition CD CDwheels CL CLwheels

Experiments [31] Stationary 0.254 – – –
Experiments [40] Stationary 0.254 – 0.010 –

DES [40] Stationary 0.257 – 0.114 –
LBM (Coarse) Stationary 0.250 0.054 −0.004 0.016

LBM (Medium) Stationary 0.254 0.059 0.011 0.011
LBM (Fine) Stationary 0.254 0.060 0.008 0.010

Experiments [32] Rotating 0.252 0.063 −0.008 –
Experiments [40] Rotating 0.243 – −0.060 –

DES [40] Rotating 0.225 – −0.060 –
LBM (Coarse) Rotating 0.233 0.053 −0.030 0.003

LBM (Medium) Rotating 0.234 0.051 −0.012 −0.001
LBM (Fine) Rotating 0.233 0.052 −0.018 −0.004

(a) (b)

Figure 4. Iso-surface of the time-averaged total pressure coefficient Cp0 = −0.025 overlayed with
streamlines for the (a) stationary wheels and (b) rotating wheels cases.
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Next, we consider the pressure along the symmetry plane of the vehicle surface above
and below the wheel axis, dubbed the upper and lower surfaces. The pressure distribution
is captured through the pressure coefficient defined as

Cp =
Pw − P∞

q
(8)

where Pw is the time-averaged surface pressure, P∞ is the free stream pressure, and q is
the free stream dynamic pressure (1/2)ρ∞U2

∞. The Cp results were compared to those of
the experiments reported in reference [40]. Figure 5 shows that the current simulations
effectively replicated the experimental results over both the upper and lower surfaces.
Small discrepancies of Cp exist on the upper surface at X/L = 0.4. However, these features
have been attributed to the lack of the mounting strut in the experiments being modeled
with the simulations [29,41]. Negligible difference can be observed among the predictions
on the fine, medium, and coarse meshes, which further demonstrates grid convergence
using the coarse grid.

(a) (b)

(c) (d)

Figure 5. Comparison of the surface pressure coefficient Cp on the symmetry plane of simulations
with experiments [40] on the (a) upper surface (stationary wheels), (b) lower surface (stationary
wheels), (c) upper surface (rotating wheels), (d) and lower surface (rotating wheels).
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Given the small differences among the solutions across the different grids, grid con-
vergence has been established with the coarse grid. The run on the coarse grid is continued
for as long as 200 s to study the wake dynamics, and the wake bi-stability in particular.
Further analysis of the grid refinement, including second-order statistics, can be found in
Appendix A.

3.2. Long-Period Dynamics

The effects of the long-period wake dynamics are most clearly observed in the time
trace of the side-force coefficient CS (Figure 6). The side-force coefficient CS was calcu-
lated as

CS =
FS(t)

(1/2)ρ∞U2
∞ A

, (9)

where FS(t) is the instantaneous side force that varies as a function of time t, and Fs (or
Cs) is positive along the positive Y-axis (right side of the vehicle). Large-scale oscillations
on the order of 10 s or greater dominate the side force signal for both the stationary and
rotating wheels cases. Such long-period oscillations become more apparent in the filtered
signals (with a sliding average window of 5 s, corresponding to the peak nausea-inducing
frequency of 0.2 Hz or St = f W/U∞ = 0.02). Considering that the typical bluff-body vortex
shedding periods for the given flow are ∼ 0.5 s (based on a Strouhal number of St = 0.2),
the time periods of these large-scale oscillations are at least one order of magnitude longer
than the vortex shedding periods. Such a long-period phenomenon, which is also aperiodic
in nature, aligns well with the observations from the side force measurements for the
simplified square-back automotive models [2,8], and these previous studies referred to
this phenomenon as the bi-stability of the wake. Wheel rotation is found to significantly
decrease both the magnitude and periods of these bi-stability oscillations, as evidenced by
the peak-to-peak distances highlighted in Figure 6.

The impact of wheel rotation on the bi-stability is also apparent when considering
the time trace of the surface pressure fluctuations extracted from slices of the upper
(Z/H = 0.70), middle (Z/H = 0.45), and lower (Z/H = 0.22) regions of the vehicle
base (Figure 7). On the upper and middle regions of the base, large low-pressure fluctu-
ations are apparent. These pressure fluctuations show clear asymmetry, switching from
one side of the vehicle base to the other intermittently, similar to the oscillations in the side
force. Such asymmetric, intermittent switching remains apparent on the lower surface for
the stationary wheels case. However, when wheel rotation is applied, the presence of the
bi-stability on the lower surface is less clearly distinguishable in comparison to the upper
and middle surfaces. Similar to the time traces of the side-force coefficient Cs (Figure 6),
the fluctuations of base pressure fluctuations for the rotating wheels case show a shorter
time scale compared to the stationary wheels case.

To visualize the structures pertaining to this bi-stability, we utilize the pressure loss in
the wake through iso-surfaces of the instantaneous total pressure coefficient Cp0 = −0.025
(Figure 8). The total pressure coefficient is defined as

Cp0 =
P0(t)− P∞

(1/2)ρU2
∞

(10)

where P0(t) is the instantaneous total pressure that is the sum of the static pressure P and the
dynamic pressure q based on local velocity magnitude, and P∞ is the free stream pressure.
To best highlight the structures associated with the bi-stable switching, we selected the
instantaneous snapshots corresponding to the most positive or negative side forces acting
on the vehicle. Similar to the time-averaged flow observed previously, the structures of the
wake can be characterized as toroidal in nature. Dynamically, the low-pressure torus is
observed to deform similarly to the wake observed for a square-back model [16]. When the
side force is positive (right side of the vehicle), the torus predominantly impinges on the
right side of the vehicle. While the side force is negative, the torus predominantly impinges
on the left side of the vehicle.
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Although the general wake structure is similar for both cases, wheel rotation directly
impacts the structure of the low-pressure torus as switching occurs. In the stationary
wheels case, the dominant portion of the low-pressure torus extends across a majority
of the vehicle base, and the non-dominant side of the torus deforms, moving away from
the vehicle base while maintaining a similar size. In the rotating wheels case, however,
the dominant portion of the low-pressure torus envelops less than half of the vehicle
base, and the detached portion of the torus shrinks in size. Such a change in size and
distortion of the torus may be caused by the increased momentum from the underbody
flow when the wheels are set to rotate, as previously observed in the time-averaged wake
by Guilmineau [40]. This increased momentum from the underbody displaces the torus
farther away from the base surface, weakening the impingement of the wake structure
over the base. Decreased impingement by the torus further reduces the pressure loss in the
wake during the bi-stable switching for the rotating wheels case. This reduction in pressure
loss is consistent with the reduced magnitude of side force oscillations and decreased time
period of the switching phenomena when the wheels are rotating, as shown in Figure 6.

(a)

(b)

Figure 6. Time trace of the side-force coefficient CS for the (a) stationary wheels and (b) rotating
wheels cases overlayed with a sliding average using a window size associated with St = 0.02 (black).
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(a)

(b) (c) (d)

(e) (f) (g)

Figure 7. Fluctuations in the surface pressure coefficient Cp extracted from (a) slices on the vehicle
base at (b) Z/H = 0.70 (stationary wheels), (c) Z/H = 0.45 (stationary wheels), (d) Z/H = 0.22
(stationary wheels), (e) Z/H = 0.70 (rotating wheels), (f) Z/H = 0.45 (rotating wheels), and
(g) Z/H = 0.2 (rotating wheels).

The bi-modal nature of the wake is further shown by considering the probability
density function (PDF) of the side force (Figure 9). The PDF is calculated based on the
filtered time trace with a sliding average window of 5 Hz, similar to the down-sampling
used by Perry et al. [8] and Pavia and Passmore [2]. The bi-stability can clearly be discerned
from the dual peaks in the PDF. Note that these peaks are asymmetric, which may indicate
favorability to one side of the vehicle for the bi-stable switching. A similar asymmetry of
the PDF peaks was observed in the experiment of Pavia et al. [4] and was ascribed to the
presence of some residual asymmetries in the experimental set-up. Here, we found that the
asymmetry of the PDF was caused by the lock of bi-stability into an initial state, the residue
of which persisted over long time periods. More than 100 s seems to be required before the
development of the second peak that could break the favorability of the initial state, and an
even longer signal may be necessary to fully restore the symmetry. The lock of bi-stability
into an initial state was also observed in a second independent run on the medium mesh
for 50 s (Appendix A), wherein the initial state favored the opposite side of the vehicle,
suggesting that the initial state of the bi-stability does not consistently favor one side of
the vehicle.
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(a) (b)

(c) (d)

Figure 8. Iso-surface of the instantaneous total pressure coefficient Cp0 = −0.025 for the (a) Maximum
CS (stationary wheels), (b) Minimum CS (stationary wheels), (c) Maximum CS (rotating wheels),
(d) Minimum CS (rotating wheels). The iso-surfaces are colored by the streamwise velocity u/U∞ to
highlight the wake modes.

Although still clearly present in both cases, the bi-stability shows large changes in
the side-force PDF when changing the state of the wheels. By using rotating wheels,
the PDF becomes thinner, aligning well with the reduction in large-scale fluctuations, as
observed in Figure 6. In addition, the two peaks in the PDF of the rotating wheels case
have moved closer to each other, resulting in a more symmetric, Gaussian-like profile.
Such a trend suggests that the bi-stability becomes less pronounced, albeit still observable,
for the rotating wheels case. Additionally, these results also suggest a difference in the
bi-stability of the DrivAer model from that of the simplified Windsor model, wherein the
implementation of wheels almost fully eliminated a second peak in the PDF of the side
force for both stationary and rotating wheel conditions [2].

In order to identify the influence of wheel rotation on the relevant frequencies of
the bi-stability, Figure 10 plots the Pre-multiplied Power Spectral Density (PPSD) of the
side-force coefficient fluctuations. The PPSD was computed using Welch’s method with a
Hamming window, for both stationary and rotating wheels cases. Two window segments
were used with an 80% overlap to preserve the low-frequency content. Further increasing
the window segments did not change the frequency content for either the stationary or
rotating wheels cases.

Both cases capture clear dominant peaks in the frequency band less than 1 Hz (or
St = f W/U∞ ∼ 0.1). For the stationary wheels case, these dominant frequencies are St ∼
0.019, 0.011, 0.006, and 0.003. The subharmonics are observed to closely follow the so-called
“golden ratio” similar to the turbulent vortex shedding around a cylinder [42] despite not



Fluids 2022, 7, 19 12 of 18

aligning with typical bluff body shedding. In addition, the lowest two frequencies closely
align with the peak-to-peak distances observed in the time-trace previously (Figure 6).
Similar to the stationary wheels case, nearly identical frequency peaks are captured when
implementing rotating wheels. However, a clear reduction in the PPSD is observed in
the low-frequency content due to wheel rotation, especially at the lowest frequency of
St ∼ 0.003. This reduction in the lowest frequency shows a clear change in the relevant
dynamics of the flow around the vehicle when changing the wheel condition, quantifying
the changes in side force observed previously (Figures 6 and 9). It should be noted that
the dominant side force frequencies from the bi-stability can overlap with the frequency
at which the peak motion sickness is induced. For instance, Golding et al. [19] estimated
such a motion-sickness frequency to be 0.2 Hz (St = 0.022), which closely aligns with the
dominant frequencies from the bi-stability under the current conditions. We do note that
the current study is performed at a relatively low velocity compared to typical highway
speeds. Despite this lower velocity, the bi-stable frequency of St = 0.02 would still be
within the motion-sickness-inducing frequency band (<0.5 Hz) even at typical highway
speeds of up to 140 kph [23,24]. Thus, under the current conditions, the bi-stability is
associated with lateral oscillations that can induce motion sickness in vehicle occupants.

Figure 9. Probability density function (PDF) of the side-force coefficient CS filtered at 5 Hz (solid
line), in comparison with the PDF of a Gaussian distribution (dashed line).

Figure 10. Pre-multiplied power spectral density (PPSD) of the side-force coefficient CS for the
stationary (black line) and rotating (blue-dashed line) wheels cases.
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4. Conclusions

Lattice Boltzmann method (LBM) simulations were performed to study the influence
of wheel rotation on the wake dynamics for the realistic DrivAer fastback model. The
study found that the wake structure past the vehicle base was characterized as a low-
pressure torus. When the wheels were rotating, the size of the low-pressure torus became
smaller and less pressure loss occurred within the torus, leading to a reduction in the
turbulence intensity in the underbody of the vehicle as well as an overall drag reduction by
7% compared to the stationary wheels case.

Both the time-traces of the side force and pressure fluctuations and the probability
density function of the side-force coefficient suggested that the wake bi-stability existed
for both the stationary and rotating wheels cases, in which vortex shedding favors one
side of the vehicle over the other while maintaining its low-pressure torus structure. When
rotating wheels were implemented, the bi-stability became less pronounced with a shorter
time scale, and the low-pressure torus displayed an alternating expansion and contraction
on the vehicle base instead of an alternating deformation as in the stationary wheels case.
For both stationary and rotating wheels cases, the pre-multiplied power spectral density
showed that the dominant frequencies of the side force closely aligned with the motion-
sickness-inducing frequency, which may suggest that the bi-stability negatively impacts
the vehicle occupants for the given DrivAer model and flow conditions.
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Appendix A

Here, further consideration to the grid convergence from Section 3.1 is given through
the second-order flow statistics. Figure A1 plots the iso-surfaces of the mean turbulent
kinetic energy k/U2

∞ for both stationary and rotating wheels cases. In both cases, the wake
takes on a two-pronged shape, with the highest concentration of k coming from the upper
and lower shear layers near the center of the vehicle. When the wheels are stationary,
the high concentrations of k extend far beyond the vehicle base from the underbody
flow. This underbody turbulence is greatly diminished when the wheels are set to rotate,
indicating a heavy influence on the underbody flow. The reduction in the turbulence
intensity around the vehicle base is consistent with the smaller size of the low-pressure
torus over the vehicle base for the rotating wheels case (Figure 4). Such a trend also
suggests an increase in the impact of the underbody flow on the general wake structure
due to wheel rotation. Further grid refinement shows little change in the general structure
of the turbulent wake. Additionally, Figure A2 further compares the root mean square of

the surface pressure fluctuations
√

C′2p on the fine, medium, and coarse meshes. Apparent
grid convergence is seen among the predictions on the different meshes. As expected,
the simulations on all three grids predict high-amplitude pressure fluctuations in regions of
large flow separation, including the regions near the A and D pillars and the regions along
the center of the rear window and spoiler. These trends match well with the experimental
results of Strangfeld et al. [43].
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(a) (b) (c)

(d) (e) (f)

Figure A1. Iso-surfaces of the turbulent kinetic energy k/U2
∞ for the (a) coarse (stationary wheels),

(b) medium (stationary wheels), (c) fine (stationary wheels), (d) coarse (rotating wheels), (e) medium
(rotating wheels), and (f) fine (rotating wheels) meshes.

In addition to performing the general grid convergence study on the time-averaged
flow in Section 3.1, the simulation for the medium mesh was extended to 50 s for the
rotating wheels case. Figure A3 shows that the long-period oscillations of the side force
are still present regardless of the mesh density. Similarly, the magnitude and time scales
associated with these oscillations are comparable between the two meshes. Figure A4
further shows the pressure fluctuations across the base. The bi-stability was still seen on
the medium mesh, and little discernible change can be observed between the coarse and
medium meshes in the general structure of the bi-stable switching. The insensitivity of the
bi-stable switching to grid refinement confirms the adequacy of the baseline coarse mesh
for capturing the bi-stability phenomenon.
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(a) (b) (c)

(d) (e) (f)

Figure A2. Comparison of the root mean square of surface pressure fluctuations
√

C′p for the (a) coarse
(stationary wheels), (b) medium (stationary wheels), (c) fine (stationary wheels), (d) coarse (rotating
wheels), (e) medium (rotating wheels), and (f) fine (rotating wheels) meshes.

(a) (b)

Figure A3. Time-trace of the side-force coefficient CS for the rotating wheels case on the (a) coarse
mesh and (b) medium mesh overlayed with a sliding average using a window size associated with
0.2 Hz (black).
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(a)

(b) (c) (d)

(e) (f) (g)

Figure A4. Fluctuations in the surface pressure coefficient Cp extracted from (a) slices on the vehicle
base at (b) Z/H = 0.70 (coarse mesh), (c) Z/H = 0.45 (coarse mesh), (d) Z/H = 0.22 (coarse mesh),
(e) Z/H = 0.70 (medium mesh), (f) Z/H = 0.45 (medium mesh), and (g) Z/H = 0.2 (medium mesh)
for the rotating wheels case.
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