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ABSTRACT

In order to determine the most suitable turbulence model for studying
the aerodynamic performance of bus, the effects of different
turbulence models on the aerodynamic characteristics of bus were
investigated. A comparative analysis was conducted on five
turbulence models (IDDES, DDES, DES, LES, URANS). The
pressure distribution on the cross section at x=0 and y=0 is also
analyzed for each model. The results reveal that IDDES accurately
captures the negative pressure at the rear of the bus and predicts the
pressure gradients more effectively than other models. IDDES also
captures more vortices at the head of the bus and predicts the wake
flow more widely than other models. DDES has obvious shedding
phenomenon in the wake flow, while IDDES provides a relatively
smooth airflow trajectory, but its prediction of airflow trajectory at a
distance is less clear. Through gquantitative and qualitative analyses of
the aerodynamic characteristics of bus under different turbulence
models, it can be concluded that IDDES is the most suitable
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turbulence model to study the aerodynamic characteristics of bus.

1. INTRODUCTION

As highways continue to rapidly develop, bus are
becoming more prevalent. Unlike sedans, bus have large
bodies that lack a streamlined structure (Altaf et al., 2014;
Kongwat et al., 2020). As a result, they produce a strong
wake at high speeds, leading to significant aerodynamic
drag and lift (Volpe et al., 2015; Garcia-Ribeiro et al.,
2023). This can significantly impact the bus's driving
stability and fuel economy (Mohamed et al., 2015; Li et
al., 2016).

Several researchers have conducted wind tunnel
tests and road experiments to investigate the
aerodynamic characteristics of bus. For instance,
Frangois et al. (2009) examined the aerodynamic
properties of a double-decker bus through wind tunnel
experiments, where they measured the pressure
distribution on the front and side of the bus, as well as
the drag and lateral force. Dorigatti et al. (2012) obtained
the lateral force, lift force, and rolling moment of vans,
bus, and trucks by conducting wind tunnel tests. These
vehicles were placed on bridge models with a 1:40 scale.
However, these experimental methods have limitations in
terms of capturing detailed pressure distribution and flow
around the bus body due to the experimental conditions
and environment, as well as the high cost and

time-consuming nature of the experiments. These
limitations significantly hinder the development of bus
aerodynamics.  Conversely, Computational  Fluid
Dynamics (CFD) can overcome these difficulties as it
offers high-speed, cost-effective, and safe operation
capabilities.

Up to date, there have been a number of scholarly
studies (Ashagrie et al., 2017; Jadhav & Chorage, 2020)
that have contributed to the understanding of the
aerodynamic performance of bus. The findings provide
valuable insights for improving driving stability,
reducing aerodynamic drag, and enhancing the efficiency
of commercial bus through aerodynamic optimization.
Numerous studies have utilized CFD to investigate the
aerodynamic characteristics of bus, where the utilization
of a reasonable turbulence model is essential. For
instance, Krajnovic & Davidson (2003) employed the
Large eddy simulation (LES) model to analyze the flow
around a simplified bus and found that instantaneous
flow differs significantly from the time-averaged flow
not only in the wake but also along the entire body.
Kanekar et al. (2017) used the standard k-¢ model to
investigate the aerodynamics of a Maharashtra state
transport bus and discovered that modifying the design
decreased the drag coefficient by 28% and improved fuel
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NOMENCLATURE
Cs  drag force coefficient
Ci lift force coefficient

H height of bus model

Hr  height of computational domain
L length of bus model

Lt  length of computational domain
Q Q Criterion

Vorticity tensor

width of bus model

W width of computational domain
rate tensor

air density

7ix  residual stresses
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economy by 20% at a speed of 80 km/h. Winkler et al.
(2016) employed detached eddy simulation (DES) model
to capture vehicle performance to evaluate aerodynamics
and vehicle dynamics. Zhao et al. (2019) investigated the
influences of crosswind angle and longitudinal spacing
on bus platoon by standard k-¢ model. It is revealed that
the drag coefficient of the bus increases first and then
decreases with the increase of crosswind angle. Yudianto
et al. (2021, 2022) investigated the alteration of the
aerodynamic coefficients of a bus under various
conditions using the SST k- turbulence model.
Alonso-Estébanez et al. (2017) studied the impact of
bridge deck configuration on the aerodynamic
coefficients of a bus under crosswind using RANS.
Chang et al. (2021) based on LES and DES, reliable
numerical calculation method of flow and aero-noise on
coach was established and verified. Although these
studies have contributed significantly to the field, the
most suitable turbulence model for studying the
aerodynamic characteristics of the bus remains unclear.
Therefore, it is necessary to investigate the aerodynamic
characteristics of the bus under different turbulence
effects and identify the best turbulence model.

Numerous scholars have compared various
turbulence models for vehicles such as trains, trucks, and
blunt bodies. For instance, He et al. (2022) assessed LES,
Improve Delay Detached Eddy Simulation (IDDES), and
Unsteady Reynolds Averaged Naviver Stokes (URANS)
models for predicting the flow around streamlined
high-speed trains. The LES model was found to be
suitable for studying the aerodynamic characteristics of
such trains. Wang et al. (2017) used URANS, Scale
Adaptive Simulation (SAS), and DES models to predict
the flow field of a general train model, and all three
models were able to predict the time-averaged and
transient flow characteristics, as well as longitudinal
vortex and spanwise oscillation. Similarly, He et al.(2021)
and Serrea et al. (2013) evaluated different turbulence
models for predicting the flow field around the Ahmed
body, with the LES and IDDES models found to produce
consistent results with experimental data. Patel et al.
(2019) compared the aerodynamic coefficient and
surface pressure of trucks under LES and RANS models,
with the LES model providing more detailed information
about the complex flow structure around trucks.
Additionally, Cheng et al. (2011) simulated the flow
around road vehicles using LES and RANS models,
showing that unsteady aerodynamics can be utilized for
stability control. Numerous scholars also used a specific
turbulence model to discuss aerodynamic problems (Gu
et al., 2016; Huang et al., 2017; Gilotte et al., 2022;
Probst & Melber-Wilkending 2022; Zheng et al., 2022).
In addition, several studies (Bhattacharya & Ahmed,
2010; Joshi & Bhattacharya, 2019; Anzalotta et al., 2020;
Joshi et al., 2023) have provided valuable insights for

1355

further research and the development of innovative
aerodynamic methods. These studies collectively explore
different aspects of aerodynamics, including fluid
dynamics simulations, and wake dynamics. It also
provide a foundation for understanding fluid dynamic
phenomena, as well as for engineering applications to
improve aerodynamic performance. Comparative
research on the aerodynamic performance of bus by
using different turbulence models is still lacking. Thus,
this study will conduct in-depth research in this field.

In this study, five different turbulence models were
employed to study the aerodynamic performance of bus.
Section 2 provides a detailed description of the bus
model, simulation method and wind tunnel experiments.
Then the aerodynamic characteristics of the bus under
different turbulence models were analyzed qualitatively
and quantitatively.

2. COMPUTATIONAL MODEL

2.1. Bus Model and Computation Domain

To optimize computational resources and time, a
simplified version of the bus model was used without
sacrificing accuracy by excluding elements such as the
rear-view mirrors and wiper. The full-size simplified
model of the bus is depicted in Fig. 1(a), with
dimensions of 3.565 m in height (H), 2.500 m in
width(W), and 11.942 m in length(L).

To ensure that the flow field is fully developed, a
rectangular computational domain is used in this study,
as shown in Fig. 1(b). The dimensions of the
computational domain are set to a length (Lt) of 135.11
m, a height (Hr) of 17.83 m, and a width (W) of 44.90
m. The inlet boundary is set to a velocity boundary with

@)

(b)
Fig. 1 Hlustration of the bus model: (a) simplified
geometry of the bus model; (b) computational domain
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a velocity of 30 m/s, which is consistent with the wind
tunnel test. The Reynolds number, based on the
characteristic length of the vehicle body, is 2.385x107.
And the characteristic length of the vehicle body which
was used to calculate Reynolds number is 11.924 m. The
outlet boundary is set to a pressure outlet boundary. The
ground, top, left and right sides of the wind tunnel are set
as no-slip walls. The front end of the bus is located 4L
from the inlet boundary, while the rear end is located 8L
from the outlet boundary. The height of the
computational domain is set to 5H, and the distance
between the bus and the left and right walls is 8W,
respectively.

2.2. Grid Generation and Grid

Verification

Independence

To ensure accurate flow field data and optimize
computational resources, this study utilizes two types of
grids in the computational domain. The dense areas
around the body surface are covered with triangular
prism grids, while the rest of the domain employs
hexahedral grids. The size of fine meshes around the bus
is 50 mm and the size of coarse meshes is 100 mm. To
ensure the continuity, consistency, and isotropy of field
guantities across different scales of grid, linear
interpolation method is employed to generate new data
points on the fine grid by interpolating between existing
data points on the coarse grid. The vehicle surface
generates eight boundary layers, and a local grid
refinement scheme is used to increase grid density
around the bus and in the wake, while ensuring a smooth
transition to a lower resolution away from the bus. The
grid consists of three refinement areas: one for the body
and two for the background. Figure 2 illustrates the grid,
which was generated using commercial software
STAR-CCM+,

In this study, three grid schemes are generated by
adjusting the grid size near the vehicle to achieve
different resolutions. Table 1 provide details of the grid
resolutions used, with the height of the first layer of the
grid on the entire model surface set to 0.05 mm to ensure
the wall-normal resolution is less than 1. The rear of the
vehicle has denser grids, providing higher resolution of
the wake, while finer surface grids are used around the
edges of the body. The streamwise and spanwise
resolutions are both around 3. Table 2 shows the errors in
Cqs and C; of IDDES model. To verify the grid
independence, three different grid cases are used, as
shown in Fig. 3. Based on a balance between
computational accuracy and cost, the medium case is
employed in this study.

Table 1 Details of the grids
case coarse medium fine

Grid number 2.480x10’ 3.470x107 4.860x10’
Wall-normal . N N

resolution n<l n <l n<1
Streamwise

resolution 3<AL<40 3<A<30 3<AT<20

Spanwise

resolution 3<<AI<28 3<AT<25 3<<AT<20

Table 2 Prediction of Cq and Ci in different grid case
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Case Coarse Medium Fine EXP

Cq 0.4236 0.4402 0.4418 0.4525
Error 6.39% 2.72% 2.36%

C -0.1035 -0.1002 -0.0999 -0.0971
Error 6.59% 3.19% 2.88%

€Y

(b)

(©

Fig. 3 Details of grids with different densities. (a)
coarse; (b) medium; (c) fine

2.3. Experiment

To ensure the accuracy of the model, a wind tunnel
test was conducted at the HD-2 wind tunnel of Hunan
University. The length of test section is 17 m, with a
rectangular cross-section measuring 2.5 m in height and
3 m in width. The maximum wind speed is 58 m/s and
the contraction ratio is 3:2. The turbulence intensity is
0.13%. The aerodynamic force are measured by the six
component balance. The wind speed in the wind tunnel is
measured using a hot wire anemometer. The wind tunnel
test setup is illustrated in Fig. 4.
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Fig. 4 Wind tunnel test

2.4. Turbulence Model

Different turbulence models have their own
capabilities in specific areas. For example, RANS is
widely used in industrial flows, such as pipe flows and
pollution dispersion prediction. LES is typically used for
simulating complex turbulent flows, such as turbulent
wakes, turbulent combustion, and turbulent eddies. DES
is suitable for problems that require simulating both
turbulent details and large-scale flow structures, such as
aerodynamic noise prediction and hydrodynamic studies.
(Argyropoulos & Markatos 2015; Spalart, 2015;
Duraisamy et al., 2019; Salari & Ortega 2021). An
incompressible gas assumption was employed in this
study.

The basic equation is as follow,

ou;
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In this paper, several turbulence models such as
URANS, DES, Delay Detached Eddy Simulation
(DDES), IDDES and LES are used.

2.4.1. URANS

In the Reynolds-averaged Navier-Stokes (RANS)
approach, the flow characteristics are decomposed into
their mean and fluctuating components and time
averaging is performed. On the other hand, in unsteady
RANS (URANS), an additional unsteady term is
included in the momentum equation. The URANS
simulations in this study use the two-equation SST k-w
model (Menter, 1994). The SST k-w model is capable of
accurately predicting turbulent shear stress transfer, as
well as handling inverse pressure gradient and zero
pressure gradient (Nived et al., 2022). The standard form
of SST k-w model is as follows:

a(Pk)+ alpu k) _
at ox,
d ok )
P—p’ pok + gj[(ﬂ + akﬂt)g]}

P 2, 0
="=P- oo +—
Bp ™

ot oX; Hy i
0w po,, K dw ©)
+ — |+2(1-F)—22 ——
[@ awmaxj e
2.4.2. DES

In DES, a combination of RANS and LES models is
used to solve the flow field. RANS is applied near the
solid boundaries and in regions where the turbulence
scale is smaller than the maximum grid size. When the
turbulent length scale exceeds the grid size, LES is used
to solve the flow field in the large eddy region, where
large-scale unsteady turbulence dominates. In this
region, DES restores the LES with a sub-grid model. In
the near-wall area, RANS is restored (Spalart, 2009).
This approach significantly reduces the computational
cost of applying LES to high Reynolds number
engineering problems. However, the accuracy and
effectiveness of DES depend on the ability of the
turbulence model to accurately switch between RANS
and LES (Shur, et al. 2015). The equation for DES can
be expressed as follows:

JZ

e ©
_|_Z {V . [(V+\7)V\7]+ CbZ(VV)Z}

2.4.3. DDES

Although the DES model can produce better results
than the RANS model in many cases, it has been found
that when calculating the flow separation of certain
smooth surfaces, the position of the separation is
sensitive to the total Reynolds stress. Moreover, when
DES switches from RANS to LES, the transition of the
boundary layer may not be smooth (Deck & Renard,
2020; Mockett et al., 2015; Renard & Deck, 2015),
resulting in the inability to switch to LES in some
regions due to insufficient grid density. Consequently,
the total Reynolds stress is low, and the separation
occurs earlier. In such situations, the performance of
DES is not between RANS and LES, but rather worse
than RANS, which is unexpected. To address these
issues, Spalart proposed further modifications, and Shur
et al. (2008) introduced the DDES turbulence model,
which redefines the length scale to resolve the problem
of simulated stress degradation.

N 0 - >
E“,-&(V):CMSV—CWJW(

o <1

lopes=0d — fy —max(0—CpeA) (7

Where fq is the delay function to realize the delay
from RANS mode to LES mode.
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2.4.4. IDDES

The RANS model can be used as the wall model
directly, which is far away from the wall and coincides
with LES. However, in fully developed channel flow
experiments, it was found that the Log-Layer was
divided into two segments that could not be matched,
which is known as the Log-Layer Mismatch (LLM)
(Reddy et al., 2014). The transition between RANS and
LES causes the modeled Reynolds stresses to not
transition smoothly and slowly, resulting in relatively
low total Reynolds stresses. Consequently, the slope of
the Log-Layer becomes problematic. To address this
issue, Shur et al. (2008) introduced a new sub-grid length
scale definition that depends on the wall distance,
resulting in the IDDES model. The IDDES model not
only successfully resolves the LLM problem but also
performs better than the DDES model in some complex
flow problems that involve walls.

The definition of grid filter in the IDDES model
depends on the grid size and wall distance, as shown in
the following formula:

G Comci P ] (8)

Where Cy= 0.15 is an empirical constant, hmax is the
maximum of grid spacing in all three directions, and hun
is the grid spacing in the normal direction of the wall.
The length scale combination of LES and URANS is

A:mMmM@WM

IIDDES = fd (1+ fe )IURANS +(1_ fd )LES 9)
lurans = vk /0.090 (10)
| es =CpesA (11)

The function fy is a mixed function between URANS
and LES modes. In order to counteract the reduced
turbulence in the boundary layer, the enhancement
function f. is regarded as a part of the definition of length
scale.

2.4.5.LES

LES is a computational method used for calculating
turbulence (Tyliszczak et al., 2014; Chaouat, 2017). It is
based on the concept that the larger eddy structures are
greatly influenced by the flow field, while the smaller
eddies can be considered as isotropic. Thus, LES
separates the simulation of large eddies from that of
small eddies and calculates them using different models.
In LES, the large eddy structures are filtered out from the
flow field, leaving only the large eddies to be calculated.
The small eddies are then solved by additional equations.
The filtering scale is typically chosen as the grid scale.

In LES method, @ is the filtered variable, which
represents the spatially averaged quantity of the field at a
particular location, rather than the time-averaged
quantity (Friess et al., 2015). It can be obtained using the
following formula:

# = [ #G(x, x)dx

Where D is the flow area. X is the spatial coordinate.
G(x, x) is the filter function, which determines the scale
of the solved vortex.

(12)
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Fig. 5 (a) Cq; (b) Ci; (c) Power spectrum density

3. RESULT AND ANALYSIS

3.1. Coefficient of Aerodynamic Load

Figure 5 displays the drag coefficient (Cq) and lift
coefficient (C;) obtained from five different turbulence
models. The experimental drag coefficient is 0.4525,
which is closely approximated by all five turbulence
models. The drag coefficient obtained from the URANS
model is 0.3877, slightly lower than the other models,
resulting in a difference of 0.0648 from the experimental
result. In contrast, the drag coefficient obtained from the
IDDES model is 0.4226, slightly higher than the other
models, with a difference of only 0.0299 from the
experimental result. The lift coefficient obtained from
the experiment is -0.0971, as shown in Fig 5(b). It can be
observed that there are some difference between the lift
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Fig. 6 Pressure, velocity and streamline distributions on x =7: (a) pressure; (b) velocity; (c) streamline

coefficient obtained from different models and the lift
coefficient measured in the experiments. This difference
is primarily due to geometric variations between the
models used in simulations and the laboratory setups.
The measurement process of the lift coefficient in
experiments may be affected by measurement errors,
such as sensor accuracy, calibration inaccuracies and so
on. The lift coefficient obtained from the URANS model
is -0.0500, significantly different from the experimental
result. The flow around a bus exhibits complex unsteady
turbulence structures, such as vortex shedding and vortex
interactions. URANS model have limitations in capturing
these details. The lift coefficients obtained from the
DES, LES, and IDDES models are all significantly larger
than the experimental result. However, the lift coefficient
obtained from the DDES model is -0.1061, the closest
approximation to the experimental result, with only a
small difference of 0.0090. Thus, in terms of
aerodynamic load coefficients, the DDES and IDDES
models are more suitable for studying aerodynamic
coefficients by addressing the problems of grid-induced
separation and inconsistency of log-layer curves,
respectively. Figure 5(c) shows the PSD of the lift
coefficient exhibits high peak values and a more
complex trend, it indicates that the bus is influenced by
more nonlinear flow phenomena such as turbulence and
wake interaction. This could be attributed to the
non-uniformity of the flow.

3.2. Wake Flow

At high speeds, the airflow around the vehicle body
produces separation, resulting in the formation of
vortices and vortex shedding at the rear end. These
phenomena significantly increase the vehicle's drag. The
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aerodynamic drag of the bus is also affected by the
pressure distribution at the front and rear ends. The
pressure change at the rear end of the bus body is
particularly significant, so the pressure distribution at the
rear greatly affects the aerodynamic drag of the bus
(Zhang et al., 2020; Huang et al., 2023). Consequently,
this section focuses on the distribution of wake flow.

Figure 6(a) displays the pressure distribution on a
section located at the rear of the bus at x = 7. The
turbulence models exhibit significant variations in the
pressure distribution. The URANS model is not suitable
for capturing the tail pressure due to its limitations in
capturing negative pressure. This is mainly because the
URANS model calculates the time-averaged flow field
and filters out many small vortices through
time-averaging. The DDES model exhibits more intricate
pressure fluctuations and is more effective in capturing
the pressure gradients at the rear, aligning closely with
the actual driving conditions of a bus. Figure 6(b) shows
the velocity distribution at the rear of the bus. The
URANS model captures a symmetric velocity field
distribution with inaccurate wake vortex and airflow
trajectory compared to other turbulence models. This
implies that the URANS model is not suitable for
predicting the velocity distribution of the rear and wake
vortex. The IDDES model captures more complex
turbulence details at the top of the bus tail, indicating its
capability of capturing the flow field changes at the rear
end of the bus. Figure 6(c) displays the velocity
streamline at the rear of the bus. The airflow trajectories
of DDES and DES models are complex, whereas that of
the IDDES model is relatively smooth, predicting the
trends of flow well.
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Fig. 7 Pressure, velocity and streamline distributions on z =1: (a) pressure; (b) velocity; (c) streamline
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In Fig. 7, the pressure, velocity, and velocity 800
streamline distributions on a cross-section located at z=1
at the rear end of the vehicle are presented. The spanwise Ly g
pressure distribution captured by all five turbulence
models is very similar. However, IDDES is able to
predict further negative pressure in the flow direction 200
pressure distribution, making it superior to the other
three turbulence models. The IDDES turbulence model
predicts more negative pressure values mainly due to its
enhanced detached eddy simulation and improved
turbulence closing model. DDES and DES models are
better than LES model in capturing the pressure at a -600
distance. URANS model's ability to capture pressure in
the flow direction is not as good as the other turbulence =500
models. In Fig. 7(b), the velocity distribution shows that 1000
IDDES model has a broader and larger area for
predicting wake flow, but the speed fluctuation is Fig. 8 Pressure distribution on y=0
obvious and not as even as LES model. The wake of
DDES model falls off more quickly, and DES model
doesn't show a good velocity gradient. Figure 7(c) shows
velocity streamline, and the details of air flow trajectory

—— DDES
---DES

---- IDDES
- LES
------ URANS

Pressure(Pa)

Front Back
1

filtered out. Therefore, URANS model is also suitable
for predicting the air flow trajectory.

captured by LES model are still the clearest, thanks to Figure 8 shows the pressure distribution of bus along
the filtering process of LES model. DDES, DES, and the y=0 line, as predicted by the DES, DDES, LES,
IDDES models have their own characteristics in URANS, and IDDES models. The models are generally
capturing the air flow trajectory. The streamline in in agreement, except for the IDDES model which shows

IDDES and DDES models are relatively smooth, while a stepwise increase in pressure. The pressure gradients at
DES model captures more flow details. Both DDES and the turning points of the front and bottom, front and top,
IDDES models are based on DES model, which is the and rear and bottom are evident in all models, except for
product of adding RANS model equation and LES model  the front and top and bottom and back turning points.
equation together. It is equivalent to using RANS model The LES model captures the largest pressure gradient at
in the boundary layer and using LES model outside the the front and bottom turning point compared to the other
boundary layer. URANS model only captures the airflow models. The IDDES model predicts a slightly higher
on hoth sides of the bus, and most of the flow details are average pressure difference than the URANS, LES,

IDDES, and DES models, which is consistent with the

1360



T. Huang et al. / JAFM, Vol.

17, No. 7, pp. 1354-1367, 2024.

@
(b)

DDES
@ -‘
(b) 1
©

Pressure(Pa)

-250
Fig. 10 (a) different x-plane pressure diagram at the rear; (b) different z-plane pressure diagram at the rear; (c)
pressure diagram at the rear body surface

results obtained in section 3.1 regarding the drag
coefficient.

As illustrated in Fig. 9(a), the LES model is able to
generate the most uniform wake flow in the flow
direction, while the wake flow predicted by IDDES
model is closer to the ground and lacks clarity in the flow
direction. The flow trajectories predicted by DES and
IDDES models are more intricate than those predicted by
the other three turbulence models, as depicted in Fig.
9(b). This better reflects the actual situation of air flow at
the rear of the bus. However, the IDDES model fails to
predict the long-distance flow trajectory. All the
turbulence models, except for URANS, are able to form
relatively complete wake vortices near the rear.

The turbulence separation at the rear of the bus is a
complex phenomenon and a major contributor to the
increase in driving drag. To better understand the

-150
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-100

pressure distribution at the rear of the bus, Fig. 10
presents an analysis of the pressure in this region.

Figure 10(a) presents the pressure distribution on
the three surfaces at the rear end of the bus located at
x=6, x=5, and x=4. The ability of different turbulence
models to capture pressure at a distance is observed on
the x=4 plane. The results show that LES model
outperforms the other four turbulence models in
capturing the pressure at the rear of the bus. The pressure
predicted by LES model becomes more widely
distributed towards x=4. In contrast, IDDES, LES, and
DES models demonstrate better performance than DDES
model in capturing the pressure in the distance. URANS
model is relatively weak in capturing pressure on the x=4
cross section. Moreover, IDDES model is capable of
capturing the significant high negative pressure on the
x=5 section, which is superior to DES, LES, and DDES
models. On the x=6 section, the pressure predicted by
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URANS
Fig. 11 Vortex with Q=1000

IDDES, LES, and DES models covers the entire plane,
while URANS and DDES models fail to cover the plane.

The pressure distribution on three sections at z=0,
z=1, and z=2 is depicted in Fig. 10(b). These results
further confirm the findings that IDDES model performs
better in capturing distance pressure and DDES model
excels in capturing large vortex shedding on the z=1
section. Moreover, it is re-validated that the LES model
provides a more uniform pressure distribution on all
three planes compared to the other four turbulence
models. LES captures turbulent details more accurately
by resolving and simulating the smaller-scale turbulent
structures within the wake. This enables LES to provide
more realistic and refined turbulence simulation results.
Specifically, it is less dispersed than the DES model and
not as minimal as the URANS model.

In Fig. 10(c), the pressure distribution at the rear of
the bus body is depicted, and it is evident that different
turbulence models yield different pressure distributions.
The IDDES model captures a more complex pressure
gradient with an average pressure around -50Pa.
Conversely, the pressure gradient captured by the
URANS model is insignificant, which does not align
with the actual situation. The LES model predicts a
wider pressure distribution with a more even pressure
and an average of around -60 Pa, while the pressure
gradient is less. The DES model predicts a relatively
wide pressure distribution, similar to that of the LES
model, with an average pressure of around -40 Pa. These
results suggest that the IDDES model is more
appropriate for capturing the bus body pressure, and the
LES model need not be considered in cost calculation.
The URANS model captures insignificant pressure
gradient changes and is not suitable for capturing bus
body pressure.

Figure 11 depicts the vortices around the bus body,
where the Q criterion (Dong et al., 2016) is used as the
iso-surface to identify the size of the vortex with
Q=1000. Q is defined as 0.5*[||||%-||S||%*], where Q
and S are the vorticity tensor and the strain rate tensor,
respectively. This criterion is a commonly used method
for extracting and identifying vortices. It can be observed
that LES model captures the most vortices due to its
ability to accurately solve the motion of all turbulence
scales above a certain scale through filtering processing,
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but the vortex at the rear of the bus is fewer than those
captured by DDES, DES, and LES models. URANS
model is not suitable for capturing the vortex. Trailing
edge vortices exhibit small-scale structures and rapid
spatial variations. URANS models typically have limited
spatial resolution due to turbulence closure models and
computational constraints. This limited resolution may
result in inadequate capture of the intricate details of
trailing edge vortices. At a distance from the bus, LES,
IDDES and DES models catches many large vortice. To
conduct a quantitative analysis of the pressure at the rear
of the bus, six probes were established as shown in Fig.
12. Probes 1, 2, and 3 have the same y- and
z-coordinates, while their x-coordinates correspond to 6,
5, and 4 m, respectively. Probes 4, 5, and 6 have the
same Xx- and y-coordinates, while their z-coordinates
correspond to 2.5, 1.5, and 0.5 m, respectively. Each
probe has a resolution of 100 points to monitor the
pressure. The pressure fluctuations of LES, IDDES, and
DDES models on probe 1 are larger than those of DES
and URANS models. On probe 2, the pressure
fluctuations of LES model are significantly larger than
those simulated by the other four turbulence models.
However, the pressure fluctuations of LES and DDES
models are similar and greater than those of the other
three turbulence models. This indicates that LES can
capture the vertical pressure fluctuation whether it is near
or far from the rear of the bus. DDES can also capture
the vertical pressure fluctuation far from the rear of the
bus. At probes 5 and 6, the pressure fluctuation of
IDDES model is greater than that of the other four
turbulence models, suggesting that IDDES model has a
stronger ability to capture the pressure fluctuation of the
bus along the y-axis. In addition, URANS model has
minimal fluctuation. At probe 4 and 5, DDES, DES and
LES models are similar and have small fluctuations in
capturing pressure.

3.3 Flow Field in the Middle of Bus Body

In Fig. 13, the pressure, velocity, and velocity
streamline for the x=0 section in the middle of the bus
body are depicted. The results demonstrate that the
IDDES model exhibits the widest range for capturing
pressure, as well as the most accurate pressure
distribution around the bus body compared to the other
turbulence models. This can be attributed to the fact that
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the minimum negative pressure obtained by the IDDES
model is lower than that of the other four models, leading
to a greater pressure gradient. Conversely, the URANS
model does not exhibit a small negative pressure, which
can be explained by the complex turbulence at the
bottom of the bus resulting in an uneven pressure
distribution. This phenomenon is well-captured by the
IDDES model.

Figure 13(b) displays the velocity field around the
middle section of the bus body. A large vortex on the
roof of the bus, which is captured by the IDDES model,
suggests that it performs better in capturing turbulence at
the top of the bus. The turbulence obtained by the DDES
and IDDES models at the bottom is more complex
compared to that of the LES and DES models. However,
the  URANS model captures few details of the
turbulence.

Figure 13(c) depicts the streamline at the middle
section of the bus body. The LES model is capable of
capturing numerous fine vortices around the body,
demonstrating its superior ability to capture the overall
turbulence. However, the streamline captured by the
URANS model exhibits unreasonable symmetry. The
DDES model also displays symmetry in capturing
vortices around the body, but numerous vortices are
observed near the bus body. This finding implies that the
DDES model is stronger in capturing vortices near the
wall than those far from the wall. Notably, the IDDES
model captures fine vortices on the top and around the
bus body, indicating that it is more accurate in predicting
air flow trajectory. The IDDES model combines the
advantages of RANS and LES to achieve higher spatial
resolution in the near-wall and vortex formation regions.
This higher resolution grid enables more accurate capture
of small-scale vortex structures.

Figure 14 displays the pressure distribution at x=0.
The results demonstrate that DDES, LES and DES
models exhibit a larger average pressure difference
between the bottom and top compared to URANS and
IDDES models. Consequently, DDES, LES and DES
models can generate greater lift than IDDES and
URANS models, which could compromise the adhesion
of the bus and compromise driving safety. On the other
hand, IDDES model exhibits the smallest average
pressure difference between the top and bottom.
Furthermore, IDDES model also has a smaller average
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pressure difference between the left and right than the
other four turbulence models.

4. CONCLUSION

This  study investigates the  aerodynamic
performance of a bus using five distinct turbulence
models. The simulations were carried out using the grid
refinement method, and the accuracy of the turbulence
models was confirmed by comparing the numerical
results with Wind tunnel test data. The velocity field,
pressure field, and streamline of the bus were thoroughly
analyzed and compared for the five turbulence models at
both the rear and middle sections of the bus.

The drag coefficient obtained from the IDDES
model is closest to the experimental results. The results
show that the IDDES model accurately captures the
larger negative pressure at the rear of the bus, as well as
the pressure further away from the rear. Similar to the
DDES model, IDDES can effectively resolve the
pressure gradients at the rear of the bus. Furthermore, the
IDDES model was found to capture turbulence at the top
of the rear and had a wider range for wake flow at the
rear. On the other hand, DDES exhibited clear shedding
in the wake. The wake flow of LES was most even in the
flow direction. The air flow trajectory of IDDES model
was relatively smooth, as seen from the analysis of wake
vortex and air flow trajectory. The LES, DES, DDES,
and IDDES models are capable of forming a detailed and
rich wake vortex at y=0. In contrast, the wake vortex
formed by the URANS model at y=0 is relatively smooth
and lacks some detailed descriptions. Notably, the
IDDES model captured many small vortices around the
bus body at x=0, while LES model captured fewer
vortices.

This study provides important guidance for the
selection of turbulence models in the research of bus
aerodynamics and demonstrates the reliability of the
IDDES model in studying bus aerodynamics. The results
of this research are expected to have a positive impact on
the study of bus aerodynamics. Future research can build
upon the results of this study to further improve
turbulence models and explore turbulence models that
are more suitable for the study of bus aerodynamics. In
addition, it is possible to compare the variations in
velocity and pressure on the windward surface under
different turbulence models.
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