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Abstract: To select a more suitable turbulence model to study tire aerodynamics, the characteristics
of a deformed profile of a 185/65 R14 passenger tire were reproduced using 3D printing technology.
Based on the distance from automobile chassis to the ground, a partially loaded tire model with a
height of 150 mm was selected in this paper, and the surface pressure coefficient of the tire model was
determined using a wind tunnel test. A computational fluid dynamics (CFD) model was established
according to the tire wind tunnel test. The surface pressure coefficient results of three turbulence
models, shear stress transport (SST) k-ω, large eddy simulation (LES), and detached eddy simulation
(DES) were obtained. Compared with the wind tunnel test results, the mean relative errors of the
surface pressure coefficients predicted using SST, LES, and DES in the longitudinal section were
22.4%, 20.9%, and 14.8%, respectively. The LES and DES can capture details of the unsteady flow
field that were not predicted by SST. By synthetically analyzing the results of the surface pressure
coefficient and flow fields, the DES model is more advantageous than the other two models in
predicting the flow characteristics around a statically loaded tire. This study can help designers
in the tire industry to apply these cost-effective tools for minimizing the aerodynamic drag of a
new tire design.

Keywords: tire aerodynamics; turbulence model; wind tunnel test; flow field; numerical simulation

1. Introduction

Due to global warming, an increasing number of steps have been taken by vehicle
manufacturers and governments to reduce CO2 emissions. Decreasing the aerodynamic
drag of automobiles is regarded as an effective measure to reduce CO2 emissions. A 5%
reduction in automotive aerodynamic drag will result in a 1.5 g/km reduction in CO2
emissions [1]. To protect the environment from pollution, electric vehicles (EVs) have
become a major trend in the car industry. Compared with the powertrain energy losses
of a traditional internal combustion engine (ICE) vehicle, the losses for an EV are smaller.
However, the ratio of the aerodynamic loss to the total energy loss of an EV is about
4.4 times higher than that of ICE vehicles [2]. Therefore, aerodynamic drag minimization
is a priority during the vehicle development process. However, it cannot be ignored that
the drag contribution of the tire and wheel lies in the range of 15 to 25% of the vehicle
aerodynamic drag [3]. The aerodynamic drag of the tire and wheel have been found to
have a direct relationship with the flow around the wheel [4]. To understand the flow
characteristics around the tire, a wind tunnel test was conducted by Fackrell, and the
aerodynamic force of the tire was obtained by integrating the static surface pressure [5]. To
analyze the influence of the tire shape on aerodynamic drag, Landström et al. [6] conducted
wind tunnel tests on two 205/55R16 tires, with these two tires having a 10 mm width
difference, and the results revealed that the aerodynamic drag increased by about 2% for the
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wider tire. Wittmeier [7] analyzed the effects of tire shoulder geometries on the flow field
and suggested that the tire aerodynamic performance can be improved by smoothening
the shoulder profile. Hobeika et al. [8] pointed out that the rain grooves have a positive
effect on reducing tire aerodynamic drag by decreasing the pressure difference at both ends
of the tire contact area. The lateral grooves have a negative influence on decreasing tire
aerodynamic drag.

The wind tunnel test requires considerable space and an expensive test facility; for
example, the particle image velocimetry (PIV) or the high-speed camera is selected to
capture velocity field [9,10], but because of the complex test conditions, it is difficult to
conduct aerodynamics research in the academic and industrial community. To overcome
the disadvantage of the wind tunnel test, numerical simulation with computational fluid
dynamics (CFD) code has been approved as one of the efficient and useful tools for study-
ing tire aerodynamics [11]. It is found that CFD simulation results are consistent with the
experimental measurements, and it has been approved as an effective and accurate method
to evaluate the flow characteristics around a tire by both the German Research Associa-
tion of Automotive Technology (FAT) [12,13] and the Society of Automotive Engineers
(SAE) [14]. It can be not ignored that the contact shape between tire and road, or the tire
rotation model, has significant influences on the CFD simulation accuracy [15]. Moreover,
the turbulence model also plays an important role in the computational accuracy [16],
and no one turbulence model can be universally applied to all fluid simulations. It is
reported that the turbulence models applied in the tire or wheel aerodynamics studies
include Reynolds-averaged Navier–Stokes (RANS) equations, large-eddy simulation (LES),
and detached eddy simulation (DES). Axon et al. [11] used the steady RANS method to
analyze the flow field around a rotation wheel, and the simulation results of aerodynamic
drag coefficient had a relative error of about 3.8% compared with the experimental results
obtained by Fackrell [5]. Diasinos studied the effects of the Spalart Allmaras (SA), shear
stress transport (SST) and realizable k-ε model on flow over a tire and pointed out that
the SST model yielded almost identical plots [17]. Although the steady RANS method
provides some information about the complex flow phenomena, the main disadvantage,
however, is that airflow states are not steady, and it is virtually impossible to obtain flow
details with the RANS method. Therefore, more accurate methods are recommended by
LES or DES to analyze the flow characteristics around a tire or wheel [18].

LES, in which the smaller-scale features are modeled and the large range of scales
contained in the flow is explicitly resolved, does not decompose the aerodynamic com-
ponents into the mean and fluctuation section; thus, it holds advantages over traditional
approaches such as time-averaged model analysis. Huang et al. [19] studied the aero-
dynamic characteristics of a nonpneumatic tire by using LES. The simulation results of
pressure coefficients agreed with the experimental results except for the results for tire
contact area. Ramachandran and Doig [20] investigated the flow field around an exposed
wheel by using the steady RANS, unsteady RANS, and LES methods. They pointed out
that, compared with the RANS method, LES can present a higher number of physical flow
features that are expected to occur in real life. However, a critical problem for LES is the
cost required to refine the boundary layer mesh and resolve the near-wall region. DES
model is a hybrid method that combines RANS and LES. In other words, the DES uses
the RANS method for the near-wall regions and uses LES for the remainder of the flow
far away from the boundaries. Salati [21] used DES to investigate and predict the flow
characteristics and pointed out DES can provide a good surface static pressure correlation
by using Fackrell’s experimental work. Collectively, the work presented by Dassanayake
et al. [22] concluded that LES or DES can capture flow vortices around the isolated wheel
that were not apparent by using unsteady RANS simulations, and it pointed out that LES
is more computationally expensive than DES in the simulation process.

It is certain that CFD has enormous advantages in studying the flow field character-
istics of tires. However, the tire models are highly simplified. For example, an isolated
simplified smooth tire without patterns and with no deformation was investigated [17].
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Actually, the deformation profile and contact shape of a loaded tire will have a direct effect
on the airflow field over the tire. It is fact that there are some differences between the
flow around an isolated tire and that of a tire mounted in a car; however, due to the open
zones under the car body that lead to similar flow field characteristics near the ground,
the flow field near the isolated tire contact patch is very similar to that of the tire mounted
in a car (e.g., the separated flow and vortices around tire) [23]. When the airflow passes
through the underbody, the complex tread patterns and the deformation sidewall shape of
the partially loaded tire, which is out of the wheelhouse and exposed to the free airflow
between the underbody and the ground, can easily disturb the air motion around the tire
and result in flow separation and vortex formation. It can be illustrated that the different
selections of turbulence models will have a significant impact on the prediction results of
tire aerodynamics.

Therefore, the aim of the paper is to determine the most suitable turbulence approach
to study the aerodynamics of a tire with a complex tread pattern. This is performed by
comparing the performances of three turbulence approaches, k-ω SST, LES, and DES, on
the lower section of a cut 185/65 tire, which is statically loaded. The evaluation is made
in terms of surface pressure and flow field. Firstly, the outer profile deformation features
were obtained using finite element analysis (FEA); then, the deformed tire geometric model
was rebuilt by three-dimensional (3D) printing with a 1:1 scale ratio, and the surface
pressure coefficient was tested in the wind tunnel. Then, the comparisons of the surface
pressure and flow around the partially statically loaded tire using SST, LES, and DES were
analyzed and discussed to determine the more suitable turbulence model for investigating
tire aerodynamics. The research results will provide a reference for developing the low-
aerodynamic-drag tire design.

2. Geometry Model of the Loaded Tire

A passenger car radial (PCR) tire 185/65 R14 was selected in this study. To reflect the
influence of the deformable profile on the tire aerodynamics, a finite element model of a
static tire with the inflation pressure of 241.3 kPa and the load of 4000 N was established.
The detailed modeling process is described in the work by Zhou et al. [24]. A radial
deformation test was conducted to test the tire model, as shown in Figure 1a. A comparison
between the radial deformation simulation results and experimental tests is presented in
Figure 1b. Taking the vertical stiffness as an object, the relative error between simulation
and test was 6.08%. Besides, the largest deformations in tire section width were 205.2
and 203.5 mm for the experiment and simulation, with a difference of 2%. It can be
illustrated that the proposed tire finite element model is accurate enough to reproduce
profile deformation. When a tire is mounted on the car, the distance from the automobile
chassis to the ground is approximately 150 mm; thus, a partially loaded tire geometric
model with a height of 150 mm was built. The outer profile and tread groove deform
easily under the vertical loads acting on the actual tire, and these deformation features
have important influences on tire aerodynamics. Therefore, the effects of the loaded tire
deformation on tire aerodynamics cannot be ignored. To represent the tire deformable
profile in the wind tunnel test, a solid geometry model was reproduced using 3D printing
technology with a 1:1 scale ratio, and the sizes and deformation features are showed
in Figure 2. It can be seen that the grooves are squeezed and the contact patch is the
plane surface.
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Figure 1. Test and simulation for tire stiffness. (a) Stiffness test; (b) stiffness simulation.

Figure 2. Tire model sizes and deformations. (a) Model sizes; (b) deformation features.

3. Wind Tunnel Experiment

The wind tunnel experiment for the tire surface coefficient was conducted at Yangzhou
University. The wind tunnel includes low-speed and high-speed test sections, and the
wind speed range is from 0 to 25 m/s. The tire model was braced by a plate to reduce the
influence of the unstable flow near the bottom on tire aerodynamics. The plate was above
the bottom with a height of 1 m, and the tire model was fixed on the central line of the
plate. Figure 3 shows the experimental devices and sizes employed in the wind tunnel.

The surface pressure coefficients were recorded by using an electronic pressure trans-
ducer, which includes 2 modules and 128 channels, as shown in Figure 4. There are 15
lateral sections and 4 longitudinal sections in the tire model; each odd lateral section has
7 measuring points, each even lateral section has 6 measuring points, and each longitudi-
nal section has 9 measuring points [25]. The detailed arrangement of pressure measuring
points is presented in Figure 5. Due to the 128 channels and the limit of 14 intersection
points between the lateral sections and the longitudinal sections, there were 114 pressure
measuring points in total.
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Figure 3. Tire installed in wind tunnel.

Figure 4. Pressure measuring. (a) Pressure transducer; (b) pressure measurement points.

Figure 5. Tire sections and pressure measuring points. (a) Section positions; (b) point position distribution.
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4. Numerical Simulation Model
4.1. Turbulence Model

Compared with the unsteady analysis of LES or DES, the RANS turbulence model
has the advantage of the capacity to obtain relatively acquire time-averaged results. The
SST k-ω model is one of the popular two-equation RANS models; it accounts for the
transport of the turbulent shear stress and provides highly exact predictions of the onset and
the amount of flow separation under adverse pressure gradients. The detailed equations of
the SST k-ω model are presented in [26].

LES model directly calculates large-scale eddies, whereas only small-scale eddies are
modeled by the subgrid-scale model. Thus, the LES model can provide higher accuracy
than the typical RANS model. A comprehensive introduction of LES equations is presented
in a study by Liu et al. [27].

The improved delayed DES (IDDES), which originates from the DES method, utilizes
a hybrid RANS–LES approach that resolves turbulence motion using LES only in the field
of a large or detached separation region and models turbulence using RANS in almost the
whole boundary. The complete transport equations of IDDES and the SST-IDDES model
are provided in [28].

4.2. Computational Domain and Boundaries

The outline profile of the statically loaded tire was extracted using the 3D Free-Curved
Surface in CATIA Software, and the partially loaded tire model was obtained by a cutting
plane with the height of 150 mm. Then, using the Boolean operator “subtract”, the tire
model was removed from the wind tunnel model. The length, width, and height of the
computational domain are 7, 1.5, and 3 m, respectively, and the refinement box and the
detailed boundary settings are presented in Figure 6. In order to improve the mesh quality
near the contact patch, there is a convex plate with 1 mm height at both ends of the contact
zone in the middle plane, as shown in Figure 7. The computational domain setting is
similar to the wind tunnel test setting. The outlet boundary is zero-pressure; the tire, table,
and ground are nonslip wall conditions; and the inlet velocity is 15 m/s. The top surface
and sides are set as symmetric boundary conditions.

Figure 6. Computational domain and boundaries.
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Figure 7. Locally enlarged view of the tire contact zone.

4.3. Numerical Method

The simulation analysis was conducted according to the flow reaching an accept-
able convergence that was judged by two criteria. Firstly, a steady-state calculation was
conducted until the numerical calculation satisfied full convergence conditions in which
the calculated residuals of all transported quantities dropped by at least three orders of
magnitude. Secondly, the averaged drag coefficient over the last 500 iterations needed to
not show obvious fluctuation. Then, the next unsteady simulation was conducted based
on the initial conditions of the steady numerical results. During the unsteady simulation,
the flow field characteristics were predicted using the LES and IDDES.

The temporal terms for LES and IDDES were discretized using a second-order back-
ward implicit scheme. A second-order central differencing scheme was selected for the
source and diffusion terms. The convection terms of the momentum and turbulence equa-
tions were discretized using a second-order upwind scheme for the RANS and IDDES mod-
els. However, a bounded central differencing scheme was implemented for the LES model.
The semi-implicit method for pressure-linked equations (SIMPLE) was employed for the
pressure–velocity decoupling method in the RANS simulation. The pressure-interpolated
splitting of operator (PISO) algorithm was chosen for LES and IDDES.

In the unsteady simulation of LES and IDDES, the step time ∆t was determined as
0.0001 s, which can provide corresponding mean and maximum Courant–Friedrichs–Lewy
(CFL) numbers of 0.001 and 2, respectively. The total number of iterative steps was 20,000,
which leads to 2 s of flow time. The last 8000 steps were used to compute the average
results of velocity. A few cells (less than 30,000) of the computational domain had CFL
numbers larger than 1. Compared to the million cells, these cells almost had no significant
effect on the flow field. The double-precision mode of ANSYS Fluent was used to conduct
all the numerical simulations of different models.

4.4. Computational Mesh

The computational domain was discretized using the HyperMesh software to generate
the cells. In order to really reflect the boundary layer flow over the tire model, the first
layer mesh thickness normal to the tire surface was 0.05 mm, the expansion ratio was 1.2,
and the boundary region had 10 layers. The coarse, medium, and fine meshes consisted
of 4.2, 8.8, and 14.5 million cells, respectively. The sizes of tire surface cells in the three
different meshes models were 3, 1, and 0.5 mm, and the maximum mesh sizes of the tire
surface were 8, 5, and 3 mm, respectively. The details of the three computational meshes are
outlined in Table 1. The locally enlarged view of the medium mesh is shown in Figure 8.
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Table 1. Mesh sensitivity analysis using IDDES model.

Mesh Type Surface Cell
Size

Thickness of First
Boundary Layer

Number of
Boundary Layers

Number of
Total Cells

Time of 100
Iterations

Drag
Coefficients

Coarse 3~8 mm 0.05 mm 10 4.2 Million 249.9 s 0.407
Medium 1~5 mm 0.05 mm 10 8.8 Million 534.4 s 0.395

Fine 0.5~3 mm 0.05 mm 10 14.5 Million 878.5 s 0.394

Figure 8. The locally enlarged view of medium mesh on the middle plane of the tire model.

4.5. Mesh Sensitivity

For the mesh independence, the IDDES model was chosen for numerical simulation.
The drag coefficients of the tire are also shown in Table 1. When the number of meshes
increased from 8.8 million to 14.5 million, the relative difference in drag resistance was
0.001. Due to the LES and IDDES models belonging to the scale resolution model, the
calculation requirement of LES and DES models is that the first layer mesh thickness normal
to tire surface should be close to the values of y+ less than 1. The y+ values of the LES and
IDDES models obtained by using the medium mesh are presented in Figure 9, and it shows
that the y+ values of LES and IDDES models were mostly less than 1, and the medium
quality can meet calculation requirements.

The surface pressure coefficient Cp is defined as

Cp =
pi − pr

0.5ρU2
r

(1)

where Ur is the airflow speed, Pi and Pr are the measured mean pressure and the reference
pressure, respectively, and ρ is the air density. In this experiment, the reference pressure Pr
is considered static pressure 101,325 Pa.
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Figure 9. The surface y+ values of the tire using different models (left, LES; right, IDDES).

Two sections for mesh sensitivity were section 1 and section 9; one is located in the
longitudinal direction and the other is located in the lateral direction. The surface pressure
coefficients Cp on sections 1 and 9 obtained using the IDDES with different meshes are
compared and shown in Figure 10. It can be seen that the three mesh parameters show
similar trends and have no impact on the surface pressure coefficient of the front contact
patch. However, they have a large influence on the pressure coefficient of the contact patch
and the rear surface, as shown in Figure 10a. Taking the average relative error as a criterion,
the average relative errors of different measuring points using different mesh types in
section 1 were 14.5% using coarse, 11.6% using medium, and 10.4% using fine. The Cp
value of the fine mesh was higher than that of the test, and the Cp values of the medium and
coarse meshes were lower than that of the test. The medium mesh could accurately predict
the surface pressure coefficient of the longitudinal section 1, except for the contact patch.
The reason might be that the tread groove deformations were complex and irregular in the
contact patch; slight differences were observed between the CFD simulation and the real
deformations used in the wind tunnel test. Figure 10b shows that the mesh sizes almost
have no effect on the surface pressure coefficient of section 9. Based on consideration of the
iteration time and drag coefficients mentioned above, the medium mesh was selected for
the following simulations.

Figure 10. Pressure coefficients along two sections using IDDES for different meshes. (a) Section 1 (y = 0.011 m); (b) section 9
(z = 0.125 m).
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5. Results and Discussion
5.1. Comparisons of Surface Pressure Coefficients

Figure 11 presents the values of Cp obtained using SST, LES, and DES along sections 1
and 2. It can be seen that the turbulence models have different effects on the Cp on the
windward surface, contact patch, and leeward face, and a high Cp is observed on the
windward surface. The Cp values of both SST and LES were obviously fluctuating on
the leeward face, and the Cp value of DES was relatively flat. Figure 11a shows that the
LES model predicted a significantly smaller Cp value than the DES and SST models in
the windward zone, and the Cp values obtained using the SST and LES models in the
leeward zone were higher and lower than those obtained by experimentation, respectively.
However, the Cp value obtained using the DES model was similar to that obtained by
experimentation. Taking the average relative error as the criterion, the average relative
errors of different measuring points in section 1 were 22.4% using SST, 20.9% using LES,
and 14.8% using DES. The Cp values had the same trend on the longitudinal section 2.
However, the three models also exhibited fluctuations in the leeward zone, as shown in
Figure 11b. The difference between the results of the three models and the experimental
results in the longitudinal section 2 is similar to that for the longitudinal section 1. The
reason for this difference may be that the outlets in the leeward zone have air jets with
higher speeds, and this results in a separated flow and countertrading vortices, which was
discussed by McManus and Zhang [18]. Therefore, in a subsequent analysis, the flow field
characteristics must be considered.

Figure 11. Pressure coefficients Cp obtained using three models along longitudinal sections. (a) Section 1 (y = 0.011 m);
(b) section 2 (y = 0.0387 m).

As the tread on the tire is symmetric, the surface pressure coefficient Cp in half of
the lateral sections was used in the analysis. Figure 12 displays a comparison of the Cp
values in different lateral sections in the windward surface. The highest Cp value exists
at the center of the tread (Y = 0 m), and the lowest Cp value exists at the sidewall. The
tendencies of the simulated Cp values of the three models are almost consistent with the
experimental result, and the average deviation is small and within 3.5%. However, the
simulated Cp value obtained using the LES model in section 7 was slightly lower than the
experimental value obtained near the center of the tread.
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Figure 12. Pressure coefficients on lateral sections in the windward surface. (a) Section 5 (z = 0.244 m); (b) section 7
(z = 0.19 m).

Figure 13 displays the difference between the predicted and the wind tunnel test
Cp values of different transverse sections in the leeward zone. The Cp values obtained using
the LES and DES model were lower than those obtained by experimentation. Moreover, the
Cp values obtained using SST models were higher than those obtained by experimentation.
It can be seen that the Cp value obtained through the wind tunnel test decreased with the
distance from the center, the LES and DES presented a similar trend of pressure change;
however, the SST model presented relatively steady flow near the sidewall and cannot
reflect this decreasing tendency. The average relative errors of different measuring points
in sections 14 and 16 were 24.5% using SST, 11.5% using LES, and 15.6% using DES.
For a comprehensive analysis of the effects of turbulence models on surface pressure
coefficients Cp, it is necessary to analyze the differences in flow fields obtained using
different turbulence models to determine the more suitable turbulence model to study
tire aerodynamics.

Figure 13. Pressure coefficients on lateral sections in the leeward surface. (a) Section 14 (z = −0.09 m); (b) section 16
(z = −0.16 m).
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5.2. Comparisons of Flow Field Characteristics

The flow field characteristic in a horizontal plane 0.002 m above the bottom surface
was analyzed. Figure 14 displays the average velocity distribution in the horizontal plane
for the three models. The turbulence models have a noticeable effect on the velocity fields.
There are few differences at the windward surface, and even the flow separations are similar
to an extent. The differences in velocity are concentrated mainly in the leeward zone. The
SST and LES predicted a typical shear layer, with the velocity gradient perpendicular to
the flow direction. Moreover, the regions obtained using the SST and LES were dominated
by large-scale vortices and nonuniform velocity distribution. Differences between the three
turbulence models are seen in the vortex fields (Figure 15), where SST shows the vortices
only around the tire contact area, while the distinctive vortices using LES and DES appear
in the wake region.

Figure 14. Average velocity fields using different models in a horizontal plane.

Figure 15. Vortex field using different models in a horizontal plane.
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In general, the flow separation and the complex flow structure occur around the tire
due to geometric singularities introduced by the tread pattern. Because of the adverse
effects on a tire, the flow stagnates at points near the front of the tire contact patch. The flow
accelerates from the stagnation points and reaches the highest value at both sides of the
sidewall. However, the flow velocity has a sudden change on the leeward surface, that is, a
negative pressure region on the leeward surface. The phenomenon of the negative pressure
region was in agreement with other studies published by Schnepf et al. [15]. According to
the average velocity distribution illustrated in Figure 14, the biggest region of the minimum
velocity of the three turbulence models is found for LES, the second is for SST and the last
is for DES. This implies that the LES provides the most noticeable negative pressure region,
followed by the SST and finally the DES.

Figure 16 displays the flow streamlines obtained using three models. The flow field
on the leeward surface is greatly different. The streamline has changed significantly, and
the characteristics of shape, size, number, and location of the wake vortex are significantly
different. The SST model can capture a few vortices near the ground that have a large
diameter, while the LES and DES models can capture smaller diameter vortices. A study
by Dassanayake et al. [22] proposed that the RANS simulation cannot present the counter-
rotating vortices and shedding vortices on the leeward surface that are presented by the
LES and DES models. This is due to the differences in different turbulence models in
the numerical calculations for the flow separation caused by the tire. Because the size of
vortices is very sensitive to the viscosity coefficient, the viscosity coefficient of different
turbulence models may differ several times, which is also the reason for the difference in
calculated vortices. According to the analysis result of Cp of the tire on the leeward surface,
the main reason for the difference in Cp values obtained using different models is that the
flow field characteristics are quite different in the three models.

Figure 16. Streamlines of the flow field around tire colored by velocity.

Figure 17 shows the z-velocity distribution of different cross-sections along the flow
direction. It can be seen that the turbulence models have noticeable effects on the velocity
field. The airflow vortex is easily generated at the sidewall and wake, which leads to an
increase in the flow energy consumption. Compared with the SST model, the LES and DES
models can capture the detailed flow characteristics in the flow direction. Compared with
the DES model, the relative velocity using SST and LES appears around the tire sidewall
at the same position (there is less separation at z = −0.2 m), which means that the flow
separation would take place earlier. With the increase in the distance from the contact
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patch, the airflow causes the development of the tire wakes (z = −0.3 m, z = −0.4 m),
and the range of the vortex becomes small. Figure 18 presents the comparison results of
streamlines among the three turbulent models. It can be seen that the SST simulation is
not able to capture the detailed vortices, while LES and DES can capture similar wake
structures; the differences mainly focus on the positions of vortices. Compared with
the experimental results of the vortices positions conducted by Parfett [29], DES is more
advantageous than LES to capture the two much smaller structures near the ground.
A reason for this difference is that the tire used in this study has complex tread patterns,
and the experimental tire does not, and these differences would result in flow field change
consistent with the conclusions from Hobeika that tread grooves have a significant effect
on the flow field around a tire [8].

Figure 17. Z-velocity distribution of different cross-sections along the flow direction.

Dubief and Delcayre [30] proposed the Q criterion as a method for identifying the
vertical coherent structure. The size and strength of flow vortices can be better visualized
with the help of the Q criterion, as shown in Equations (2)–(4):

Sij =
1
2

(
∂ui
∂xj
−

∂uj

∂xi

)
(2)

Ωij =
1
2

(
∂ui
∂xj

+
∂uj

∂xi

)
(3)

Q =
1
2

(∥∥∥Ω2
∥∥∥− ‖S‖2

)
(4)

where Sij is the rate of strain tensor and Ωij is vorticity; they are the antisymmetric and
symmetric parts of the velocity gradient, respectively. Thus, the quantity Q represents the
balance between the rate of vorticity Ω2 = ΩijΩij and the rate of strain S2 = SijSij, which is
the local balance between the shear strain rate and magnitude of vortices. In the present
study, the iso-surfaces of the Q criterion are used to visualize these flow structures.
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Figure 18. Comparisons of streamlines between experiment and simulations. (a) Measurement planes at z = −0.35 m;
(b) SST model; (c) LES model; (d) DES model.

Figure 19 illustrates instantaneous iso-surfaces of Q criterion (Q = 4000) colored using
the velocity component on the leeward surface. The flow separates from the tire near the
bottom of the contact patch, which appears in all three turbulence models, and the flow
separation emerges at the sidewall; these phenomena were also presented in Wäschle’s
results [22]. Since the tire’s outer profile is not streamlined, the vortex is caused by the
flow separation. When placing an isolated tire on the ground, the flow near the ground is
forced outwards on each side of tire. This phenomenon is called the jetting effect, and there
are four types of flow vortex around the isolated tire, the jetting vortex 1©, the horseshoe
vortex 5©, the C-shoulder vortex 3©, and the horseshoe vortex behind the tire 2©. Although
there are major differences between the flow around an isolated tire and that of a tire
mounted in a car, the open zones under the car body would lead to similar flow field
characteristics near the ground. Concentrating on the lower portion of the tire mounted
in the car shown in Figure 19a, the jetting vortex 1© and the horseshoe vortex 2© around
the isolated partially loaded tire model appear around the tire contact patch when using
LES and DES, and the horseshoe vortex 2© does not appear when using SST. However,
the number of wake vortices obtained using LES is larger than that obtained using DES,
and it can be seen from the differences in Figure 16 that there are many small vortices
in the leeward zone. The change in the vortex structures causes energy dissipation and
pressure fluctuation [31]. The vortex structures obtained using three turbulence models
were significantly different on the leeward surface, and this would cause a considerable
difference in pressure coefficient Cp in the leeward zone.



Symmetry 2021, 13, 1319 16 of 18

Figure 19. Comparisons of instantaneous vortex structures around tire between experiment and simulation. (a) Experimental
results [22]; (b) SST model; (c) LES model; (d) DES model.

6. Conclusions

The surface pressure coefficients and flow field characteristics around a partially
statically loaded tire were investigated using SST, LES, and DES turbulence models. Based
on the experimental and analytical results, the following conclusions can be drawn:

(1) The surface pressure coefficient Cp of a tire under static load was obtained by
conducting the wind tunnel experiment. The Cp values in the longitudinal sections firstly
decreased and then increased, then dropped suddenly near the front of the contact patch,
and finally attained a relatively steady state with little fluctuation. Besides, along the
transverse sections, the Cp values were reduced with upsurges in the distance from the
center of the tread.

(2) Compared to the wind tunnel experiment, SST, LES, and DES can predict similar
pressure coefficient Cp trends. However, some differences were observed in the leeward
zone and the lateral sections. The relative error of the SST model is the maximum at 22.4%,
the LES is next, and the DES is the minimum at 14.8%.

(3) The effects of the three turbulence models on the flow around the tire were sig-
nificant, especially in the leeward zone. Notably, the SST model is not able to capture the
instantaneous flow field information, and the LES and DES models can predict the complex
wake vortex structures. Considering the differences in surface coefficient Cp obtained using
the three turbulence models, the DES model has better predictive ability in capturing the
unsteady flow characteristics around a statically loaded tire.
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