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Fuel efficiency becomes very important for new vehicles. Therefore, improving the aero-
dynamics of tires has started to receive increasing interest. While the experimental
approaches are time-consuming and costly, numerical methods have been employed to
investigate the air flow around tires. Rotating boundary and contact patch are important
challenges in the modeling of tire aerodynamics. Therefore, majority of the current mod-
eling approaches are simplified by neglecting the tire deformation and contact patch. In
this study, a baseline computational fluid dynamics (CFD) model is created for a tire
with contact patch. To generate mesh efficiently, a hybrid mesh, which combines hex ele-
ments and polyhedral elements, is used. Then, three modeling approaches (rotating wall,
multiple reference frame, and sliding mesh) are compared for the modeling of tire rota-
tion. Additionally, three different tire designs are investigated, including smooth tire,
grooved tire, and grooved tire with open rim. The predicted results of the baseline model
agree well with the measured data. Additionally, the hybrid mesh shows to be efficient
and to generate accurate results. The CFD model tends to overpredict the drag of a rotat-
ing tire with contact patch. Sliding mesh approach generated more accurate predictions
than the rotating wall and multiple reference frame approaches. For different tire
designs, tire with open rim has the highest drag. It is believed that the methodology pre-
sented in this study will help in designing new tires with high aerodynamic performance.
[DOI: 10.1115/1.4051311]
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Introduction

Fuel efficiency is very important when designing new vehicles.
During operation, available energy is consumed by aerodynamic
drag and rolling resistance. According to previous studies, it is
estimated that the aerodynamic drag generated from the tire and
rim assembly contributes to 25% of the vehicle aerodynamic drag
[1,2]. It is also believed that the tire geometrical design has
considerable influences on the aerodynamic performance of the tire
[3]. Therefore, the design optimization [4–6] by investigating the
aerodynamic drag of tires started to capture interest in the field.

The aerodynamic coefficient of tires can be obtained both
experimentally and numerically. While performing wind tunnel
tests is costly and time-consuming, computational fluid dynamics
(CFD) could be a better alternative. Good correlations between
the CFD predictions and experimental data were obtained for a
tire simulated statically [7]. The flow around a static Formula 1
tire was simulated using two turbulence-modeling approaches
(Reynolds-averaged Navier–Stokes and large eddy simulation).
The contact patch was included in the model, and the location of
vortex cores behind the tire was predicted [8]. Different front and
rear wheel designs in terms of aerodynamic drag were compared
[9]. It was concluded that aerodynamic drag can be reduced using
different front and rear wheel designs. The effects of different
tires showed experimentally to be significant. It was found that
grooved tires get lower drag force for a sedan car [10]. Investiga-
tions conducted on an isolated tire found that the most important
differences between grooved tire and slick tire are pressure

distribution and drag coefficient [11]. A scaled tire model showed
to represent accurately a production tire in the experiment. There-
fore, it was used then to optimize the aerodynamic performance of
a tire without the vehicle [12].

Modeling of tire rotation is a challenging task, so several mod-
eling techniques were investigated in literature. The most popular
approaches include sliding mesh [13], moving wall, multiple ref-
erence frames [14], and immersed boundary. In a study [13], it
was shown that sliding mesh has better predictions than rotating
wall, but the CFD model showed poor correlation relative to parti-
cle image velocimetry results. The lattice Boltzmann method was
also used to simulate the rotating tire tread. Compared to rotating
wall boundary condition, it showed better agreement with the
experimental wake survey behind the tire. Overall, previous stud-
ies mostly used only one rotating modeling approach. While a few
studies have compared different approaches, they used unde-
formed tires. Therefore, it would be interesting to know how dif-
ferent rotating approaches affect the modeling of tires with
contact patch. Additionally, the effect of open rim on the aerody-
namic performance of a stand-alone tire has not been explicitly
investigated yet.

The main objective of this study is to create a baseline CFD
model for a single tire with contact patch and validate it with
experimental data. In the process, three rotation-modeling
approaches are compared and analyzed. The aerodynamic drag of
the tire is used as the major indicator of the tire aerodynamic per-
formance. A hybrid mesh is used to show its ability to represent
the sharp edge and large curvature around the contact patch.

Numerical Model

In this study, a three-dimensional (3D) CFD model was created
around a tire (Fig. 1(a)) using ANSYS FLUENT 2020R2. In order to
anchor the numerical results, the tire size (225/55 R17) is the
same as references [15,16]. The deformed tire shape was calcu-
lated using an finite element model provided by Nexen Tire
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(Yangsan-si, South Korea) using ABAQUS 2020. The boundary set
up for the CFD model was applied (Fig. 1(b)). The parameters
used in the CFD model are listed in Table 1 [17]. Due to the perio-
dicity of the tire rotating process, a 1 s simulation showed to be
sufficient for the objective of this study [15,16].

Turbulence Model. In the baseline model, renormalization
Group (RNG)-k-e model, developed based on the Boussinesq
approximation, is used [15]. The isotropic Reynolds stress can be
written in the form of a turbulent viscosity of the fluid as

sij ¼ 2ltSij �
2

3
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@Vi
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The turbulent viscosity can be calculated from turbulent kinetic
energy and dissipation
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The empirical coefficients are Cl ¼ 0.085, C�1 ¼ 1, C�2 ¼ 1.68,
dk0 ¼ d�0 ¼ d�t ¼ dkt ¼ 0:719, g0 ¼ 4:38; b ¼ 0:012 [15,16].

Wall functions are semi-empirical formulas and functions used
to model the near wall region. They connect the solution variables
at near wall cells with the quantities on the wall. In this approach,
wall functions are used to bridge the viscosity-affected region
between the wall and the fully turbulent region. In such case, tur-
bulence model does not need to be changed to consider the effect
of the wall [18]. The drawback of wall function is the error in wall
shear stress and wall heat transfer from refined mesh near the
wall. It is known that the accuracy of numerical results can deteri-
orate if yþ value is too small. However, FLUENT provides yþ value
insensitive formulations for wall function in x based and e based
turbulence equations. The turbulence viscosity has a maximum in
the middle of the boundary layer.

Mesh Generation. A hybrid mesh, which consists in polyhe-
dral mesh on all the boundaries and hex elements inside the vol-
ume, was used in this model (Fig. 2(a)). The mesh quality around
the sharp corner of the contact patch was improved using a step
(Fig. 2(b)) [17].

Tire Rotation Modeling Approaches. Three rotating tire
rotation-modeling approaches are investigated in this study.

Rotating Wall Approach. In this approach, a rotational speed is
defined on a moving surface boundary. The cell velocities on the
surface are determined by multiplying the angular speed with the
distance [19]. Only the tangential component can be applied to the
wall, so the normal component of the velocity is removed. When
the rotating velocity is normal to the surface boundary, the rotat-
ing wall approach is not valid. As a result, it is not feasible to use
rotating wall approach on spokes and lateral grooves. The conver-
sion from translate velocity to rotating velocity is made using
Eq. (5) (Fig. 3)

x ¼ Dh
Dt

¼ 2acrtan
1
2
Dxflat
r

 !
v

Dxflat
(5)

Moving Reference Frame Approach. In this approach, different
zones are set to different speeds, including rotational and transla-
tional speeds. Moving reference frame (MRF) equations are
solved in these zones. The flow parameters are transformed at the
interfaces so that they can be used to calculate the fluxes at the
boundary of the adjacent zone.

A separated flow region is set to a rotating frame in this
method, where the geometry does not actually move. The rim
remains in the initial position. Centrifugal and Coriolis accelera-
tion are represented as volume forces, which are transformed into
a rotating reference frame. In this case, the tire surface is part of
the moving reference frame being inside the rotating region,
which is defined by the user. In FLUENT software, the coordinate
system of the rotating region is rotating with an angular velocity
x: The vector r represents the relative location of the two systems.
The velocity in rotating frame can be written as

Vr þ x� r ¼ V (6)

where Vr is the velocity in rotating frame, V is the absolute veloc-
ity viewed from stationary frame, x� r represent the velocity of
the rotating frame relative to the inertial reference frame.

Fig. 1 Geometry and boundary conditions of the CFD (a) tire
size (225/55R17) and (b) fluid domain

Table 1 Parameter used in CFD model

Properties Value

Turbulence model k–e
Turbulence intensity and length scale 0.2%, 3mm
Formulation URANS
Wall treatment Enhanced
Rotation model Rotating wall, sliding mesh
Solver SIMPLE, compressible
Internal iterations per time step 5
Under-relaxation speed/pressure/turbulence 0.8/0.2/0.8
Time discretization Second order
Time step 10�4 s
Solution time 1.0 s
Convergence criteria 10� 10�4

Height of the first prism layer on the wheel 0.015mm

URANS: unsteady Reynolds-averaged Navier–Stokes.
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In the tire CFD model, the rotating domain is small compared
with the whole computational domain. Using absolute velocity
formulation is recommended to reduce the numerical diffusion in
the solution. The absolute velocity formulations are shown as
follows:

Conservation of mass

@q
@t

þr � qVr ¼ 0 (7)

Conservation of momentum

@q
@t

qVr þr � qVrVð Þ þ q x� rð Þ ¼ �rpþr � sþ F (8)

In the momentum equation, Coriolis acceleration and centripetal
acceleration are combined in one term.

Sliding Mesh Approach. Sliding mesh is a transient process,
which contains actual rotation of a partial grid. In the simulation,
the rotating zone rotates in respect to the global static frame at tire
speed. The value on the interface is transferred between grids
using a rotationally symmetric property. The position of the inter-
faces has influence on the results. The conservation equation for a

general scalar on an arbitrary control volume V, which has a slid-
ing boundary, is shown as

d

dt

ð
V

qØdV þ
ð
@V

qØðV � VgÞdA ¼
ð
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CrØdAþ
ð
V

SØdV (9)

where q is the density, V is the flow velocity, Vg is the mesh
velocity of the moving boundary, C is the diffusion coefficient, SØ
is the source term of Ø; and @V is the boundary of the control vol-
ume V.

Time derivative term can be written as

d

dt

ð
V

qØdV ¼ qØVnþ1 � qØVn

Dt
(10)

Since the volume stays constant, the following equations can be
derived for the transient term in sliding mesh approach:

Vnþ1 ¼ Vn (11)

dV

dt
¼ 0 ¼

ð
@V

VgdA ¼
X

VgiAi (12)

Fig. 2 Mesh generation (a) hybrid mesh elements and (b) cross section of the mesh

Fig. 3 Conversion of translational velocity and rotating speed

Fig. 4 Grid convergence study
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Results and Discussion

Baseline Model Validation. In order to select an optimal grid
density, a grid independence study was conducted. Drag area of
the tire is used as an indicator for different mesh densities. As it
can be observed (Fig. 4), a plateau region occurs after about

Table 2 Error analysis

Critical variable Drag area

Three mesh densities 6, 9, 12 (million)
GCIfine 0.66%
Uncertainty of drag area 60.00052

Fig. 5 Smoothed tire with groove experiment [15]: (a) reference, (b) CFD, (c) reference, (d)
CFD, and (e) measuring planes
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9� 106 elements in terms of drag area. Therefore, a final mesh
density of 9� 106 was chosen for the baseline model.

The numerical uncertainty of baseline model was analyzed as
well. A method based on Richardson extrapolation was used to
estimate the discretization error [20]. Grid convergence index
(GCI) is calculated (Table 2).

The baseline model is also validated against experimental data
from Ref. [15]. The wind tunnel tests were conducted in AERO-
LAB at BMW. The tire of dimension 225/55 R17 was tested. In
the wind tunnel test, the tires were mounted support stings with
steel frames. The pressure profiles were measured using a twelve-
hole probe. The measuring planes are displayed in Fig. 5(e). The
baseline tire has a closed rim and four rain grooves on tire surface
(Fig. 1(a)). The total pressure coefficient distribution on center
plane and wake plane obtained from CFD simulation (Figs. 5(a)
and 5(c)) are compared with the corresponding data recorded in
wind tunnel tests (Figs. 5(b) and 5(d)). It can be seen that the
numerical predictions and experimental measurements have simi-
lar patterns. The CFD model can also predict well the downward
flow near the top of the tire. The main difference is terms of the
pattern close to the road. This area is affected by the contact patch
of the tire and the fixture. It is believed that the difference is
mainly caused by inconsistencies in the fixture geometry and the
deformed shape of the tire. Three different fixture geometries are
compared to show their effects. The wake patterns are displayed

for different shaft dimensions (Fig. 5). It can be seen that if the
dimension of the shaft changes, the corresponding flow pattern
near the road is also different. Therefore, this agrees with the pre-
vious conclusion that the major difference between the experiment
data from the reference and simulation is caused by the fixture
dimension.

Drag area, calculated as the product of drag coefficient and
front area of the tire, was reported (Table 3). It can be observed
that both the prediction from this study and reference are higher
than the experimental measurement. This is partially due to the
fixtures inside the wind tunnel measurement (Fig. 6). Based on the
presented results (Figs. 5 and 6 and Table 3), it could be con-
cluded that the baseline model is validated against the experimen-
tal measurements.

In order to further verify the CFD model, a lifted smooth tire
case is also compared with the reference. In this case, the smooth
tire is lifted above the road. The minimum distance from the tire
surface to the road is 5mm. Sliding mesh and rotating wall techni-
ques are compared using the lifted tire case (Fig. 7). A comparison
of drag area is presented as well (Table 4). It can be observed that
the predictions agree well with the wind tunnel measurements.
The results from current CFD model have better predictions than
the reference. Sliding mesh shows closer result than rotating wall
approach. This also agrees with previous studies, which showed
that sliding mesh provides the best prediction [21].

Table 3 Drag area for smooth tire with grooves

Drag area CdA (m2) Smooth tire with grooves Absolute percentage error (%)

Experiment [15] 0.063
Reference numerical [15] 0.080 26.9
CFD 0.076 20.6

Fig. 6 Wake profile of different shaft dimensions (a) fixture size 1, L5 400mm, (b) fixture
size 3, L5600mm, (c) fixture size 3, L5 500mm, and (d) wake profiles at 20mm and 1 tire
diameter (1D) downstream
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Rotating Simulation. After the validation of baseline model,
the tire model with an open rim is investigated using rotating
wall, sliding mesh and MRF approaches. The sliding mesh and
MRF approaches cannot be applied directly to the contact region
due to its plane motion relative to the road instead of rotating.
Therefore, these approaches were combined with moving wall
approach. As a result, in the CFD model, the tire external surface
is set as rotating wall while the open rim region is set as a rotating
domain. The geometry of this tire model and the location of the
rotating domain are shown in Figs. 8(a) and 8(b), respectively.

Three cases, which employ MRF, sliding mesh and rotating
wall approaches are compared in this study. In MRF, rotating wall
is used on tire external surface, and moving reference frame is
applied on the rim region. Similarly, in sliding mesh case, sliding
mesh is used on the rim region. In the third case, rotating wall
boundary is applied to all tire surfaces. The drag area values and
ventilation moments are summarized (Table 5). The predicted
drag area from the sliding mesh method is lower than the MRF
approach. Based on the results of the baseline model, the CFD
model tends to over predict the drag area. Therefore, in this case,
it is reasonable to conclude that the sliding mesh approach gener-
ates better results, which also agree with previous studies [22–26].
The ventilation moment is the moment caused by aerodynamic
resistance, which is also referred as ventilation resistance [2,27]
and indicates the effects of tire rotation on the surrounding flow.
The ventilation moment of the tire in rotating wall case is much
lower than sliding mesh and MRF. The main difference comes
from the rim region.

As stated in the methodology section, sliding mesh method is
an unsteady simulation, the flow is solved for different rim posi-
tions. The elements inside the rotating domain are actually rotat-
ing relative to the stationary domain. However, in MRF, an
angular velocity vector x is introduced to transform the velocity
in the rotating domain. As a result, a pressure gradient is added to
the elements which are not strongly affected by rotating parts.
This pressure gradient creates discontinuity and errors in these
elements. It changes the velocity magnitude of the elements where
the flow directions do not align with the axis of rotation [21,28]. It

Fig. 8 Tire with groove and open rim (a) geometry of idealized
open rim and (b) location of rotating domain

Fig. 7 Smooth tire, sliding mesh versus rotating wall

Table 4 Drag area for smooth tire

Drag area CdA (m2) Smooth tire Absolute percentage error (%)

Experiment [15] 0.068
Rotating wall 0.071 9.7
Sliding mesh 0.070 9.6
Reference [15] 0.073 10.1

Fig. 9 Velocity vectors inside the rotating domain for sliding mesh and MRF: (a) location of
the cut face, (b) velocity distribution of MRF, and (c) velocity distribution of sliding mesh

Table 5 Drag area for tire with open rim and longitudinal grooves

Open rim tire Drag area CdA (m2) Ventilation moment of entire tire (N�m) Ventilation moment of rim (N�m)

Sliding mesh 0.091 1.39 0.49
MRF 0.094 1.26 0.40
Rotating wall 0.092 0.90 0.17
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can be seen that a large portion of the velocity vectors are in the
perpendicular direction of the axis of rotation in MRF case (Fig.
9(c)). These velocity components in the flow then produce unreal-
istic pressure gradients. Also, the velocity distribution inside the
rim region is very different between sliding mesh case and MRF
case (Figs. 9(b) and 9(c)).

In rotating wall case, the predicted ventilation moment of the
rim region is dramatically lower than the other cases. This is
because that velocity components that are normal to the wall
boundaries are neglected to satisfy continuity equation. As shown
in Fig. 10, there are no velocity components normal to the wall
surface can be observed. But, rotating wall method can still pre-
dict a drag area which is very close to the sliding mesh case
(Table 5). It can be concluded that rotating wall can provide rea-
sonable estimation in terms of aerodynamic drag if the tire geome-
try has limited surface area that has normal velocity components.

Influence of Open Rim. The drag area of the open rim tire is
much higher than that of the closed rim comparing the data in
Tables 4 and 5. The open rim design increases the total aerody-
namic drag of the tire as well. The total pressure plane cutting
through the center of the tire horizontally (Fig. 11) shows the
details of the behavior around the rim. It can be observed that the
flow separates at almost the same location for both cases. How-
ever, since the rim forms a cavity, its low pressure region is much
larger than in the closed rim case, which explains the higher drag
of open rim tire relative to close trim tire.

Conclusions

In this study, a 3D CFD model is created for an isolated tire.
The baseline model is validated by experimental measurements,
and then different rotation modeling approaches are compared.
CFD model tends to overpredict the drag of a rotating tire with
contact patch. Hybrid mesh, which combines polyhedral elements
and hex elements, is efficient and can generate accurate results.
Discretization error analysis shows good accuracy of the baseline
model. The differences of the prediction and experimental data
are caused by the uncertainty of the fixture dimension and exact
contact shape. Sliding mesh approach can predict more accurate
results than the rotating wall and MRF approaches. Rotating wall
can also provide more accurate longitudinal drag force prediction
than ventilation moment. For a single tire, open rim design can
increase the aerodynamic drag.

Acknowledgment

This work has been partially supported by the Center for Tire
Research (CenTiRe), an NSF-I/UCRC (Industry/University Coop-
erative Research Centers) program led by Virginia Tech. The
authors hereby wish to thank the industrial advisory board (IAB)
of CenTiRe for their kind support and guidance.

Funding Data

� NSF (Award Nos. 1650460 and 1650423; Funder ID:
10.13039/100000001).

Nomenclature

C�2 ¼ turbulence model constant
C�1 ¼ turbulence model constant
Cl ¼ turbulence model constant
F ¼ external force

GCI ¼ grid convergence index
k ¼ turbulence kinetic energy
r ¼ position vector

SØ ¼ source term
t ¼ time
V ¼ velocity vector
Vg ¼ mesh velocity of the moving boundary
Vr ¼ velocity in rotating frame
xj ¼ space coordinates
yþ ¼ Y plus
b ¼ turbulence model constant
C ¼ diffusion coefficient
dkt ¼ turbulence model constant
dk0 ¼ turbulence model constant
d�t ¼ turbulence model constant
d�0 ¼ turbulence model constant
lt ¼ turbulence viscosity
� ¼ turbulence eddy dissipation

g0 ¼ turbulence model constant
q ¼ density
s ¼ stress tensor
s ¼ isotropic Reynolds stress
x ¼ rotating velocity
Ø ¼ a general scale
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