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KEYWORDS Abstract Moving model simulations have been a key method of predicting the aerodynamic per-
CFD; formances of High-Speed Trains (HSTs). Ideally, the acrodynamic characteristics of a train moving
Moving train; or being blown by the wind are the same with appropriate ground configurations. In a numerical
Aerodynamic characteristics; simulation, there are differences due to interpolation errors and errors caused by model movement.
Vortex; The impact of the error caused by the movement on the result is not known. Therefore, in this
Slipstream study, stationary and moving cases were used to assess the magnitude of the movement’s effect

using the Improved Detached Eddy Simulation (IDDES) method. A wind tunnel test validated
the numerical algorithm at 60 m/s and a common yaw angle of 0°. Moreover, the spatial and time
discretization satisfied the high accuracy requirements, as determined through a mesh independence
study and convective Courant number testing. The time-averaged drag coefficients predicted by the
moving case were similar to those of the stationary case, especially the total drag coefficients. In
contrast, differences were determined in the stationary and moving cases in terms of the flow struc-
ture and slipstream. The motion encouraged the streamwise vortices around the tail car and the
wake vortices to expand along the spanwise direction and the wall-normal direction, and the vortex
cores shifted away from the outer surface of the vehicle. As a consequence, the average value and
the standard deviation of the slipstream increased. Therefore, moving model simulations require
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more caution. These findings can help researchers make directional corrections in the numerical
simulation of train-tunnel systems.

© 2023 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by;

4.0)).

1. Introduction

The aerodynamic performances of high-speed trains have long
been a focus of research. In research on the aerodynamic per-
formances of high-speed trains, there are four main methods:
full-scale testing, model-scale testing, Computational Fluid
Dynamics (CFD), and analytical methods [1]. The data
obtained from full-scale tests are discrete, and these tests are
costly and difficult to perform [2]. The boundary layer in a wind
tunnel test is a detrimental problem that directly interferes with
the accuracy of the measurement results of the slipstream and
drag [3-5]. Although a moving model test can restore the relative
motion between a vehicle and the ground, it is difficult to attain
high-resolution and satisfactory results due to the complexity of
these tests [6]. CFD has become an important research method in
the pre-research stage because it can decompose the flow into
much smaller turbulence scales, which are much smaller than
those measured in experiments [7].

In most studies, the results of the model tests and numerical
simulations are consistent whether a train is running on a track
[8] or in a crosswind [9-11], so long as moving wall boundary
conditions are used on the ground [4,5]. However, the relative
wind velocity, which is commonly used to simulate the operation
of high-speed trains in crosswinds, does not correctly deal with
the relative movement between the infrastructure and a High-
Speed Train (HST). Several researchers [12-14] have found that
although the aerodynamic forces on HSTs are slightly affected
by the relative movement, the velocity field is strongly affected.
When predicting the aerodynamic forces of trains passing
through bridges and tunnels or passing by each other [15], a mov-
ing simulation must be adopted to correctly replicate the relative
motion; in summary, mesh movement is necessary in many cases.

The use of an overset mesh is a technique introduced by
Simcenter STAR-CCM + for dealing with multiple or moving
bodies. This technique has been widely tested by scholars [16—
19]. However, there is little research on the reliability of an
overset mesh applied to trains. Ideally, the aerodynamic char-
acteristics of a train blown by the wind on moving ground and
those of a train moving on stationary ground are the same.
However, there may be differences between the two cases
due to the mesh movement. The accuracy of the conclusion
cannot be controlled while analyzing the stationary case and
the moving case.

Errors can be divided into two types: mesh interpolation
errors and errors caused by mesh movement. It is well known
that the coupling of an overset mesh and a background mesh
introduces interpolation errors, which have the same order
of magnitude as other discretization errors [20]. Therefore,
interpolation errors can be ignored if the mesh is reasonable.
However, at present, it is unknown what effect mesh move-
ment will have on the result. Research on the overset mesh
for HSTs in motion is lacking. Thus, in this research, two cal-
culation cases are examined, namely, a stationary case and a
moving case, to study the influence of the motion of an overset

mesh on the aerodynamic force and flow field structures of
HSTs. This will help researchers understand the error gener-
ated by the model movement. Furthermore, an appropriate
directional correction is made to the results of numerical sim-
ulations that include the train passing through a tunnel or a
windbreak wall.

The structure of this paper is as follows. In the second sec-
tion, the model, calculation domain, boundary conditions,
meshing strategy, and numerical methods are described. In
the third section, the mesh independence and numerical
method study is presented. In the fourth section, the results
are analyzed. In the fifth section, conclusions are provided.

2. Numerical method

2.1. Geometric model

The geometric model was a 1/8 model of the CRH2, which had
available experimental data [21] and was convenient for valida-
tion. The model included a head car, a middle car, and a tail
car. The pantograph was ignored, and the basic contour char-
acteristics of the side and roof of the train were modeled well,
as shown in Fig. 1. It should be noted that to clearly show the
details, the model scales were not the same. There was a 64-
mm gap between the windshields at the full scale [22], which
was consistent with the wind tunnel test settings. The wind-
shield included an outer windshield and an inner windshield,
which could truly reflect the separation of the fluid at that posi-
tion. The full-scale bogies retained larger structural features
that were more than 100 mm in size [23]. The full-scale train
wheels were reduced by 40 mm to avoid contact with the track
and keep the ground clearance unchanged in the numerical
validation[23,24]. The full-scale train had a height of 3.7 m,
a width of 3.4 m, a length of 25.7 m for the head and tail cars,
and a length of 25.0 m for the middle car. The characteristic
height was defined as H =31 = 0.4625 m.

2.2. Computational domain and boundary conditions

For both the stationary and moving cases, an overset mesh
was used to ensure that the same interpolation error occurred
in the coupled regions. The calculation domain was divided
into two parts. The background region contained the entire
solution domain and the overset region contained the moving
objects and their surroundings. The sizes of the two regions are
shown in Fig. 2. The background region had a height of 10H
and a width of 20H. The size of the background region was
sufficient for the full development of the flow field [25]. There
was no correction to the simulation results because the block-
ing ratio was 0.016, which was less than 0.05 [26]. In the sta-
tionary case, as shown in Table 1, the upstream size A of the
background region was 10H, while the downstream size B
was 30H [25]. In the moving case, the upstream size A of the
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Fig. 1 CRH2 model: (a) side view, (b) front view, (c) windshield, and (d) bogie.
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Fig. 2 Schematic diagram of the computational domain: (a) side view and (b) top view.

Table 1 Setting of boundary conditions.

Case A B Plane C Plane D Ground

Stationary case 10H 30H Velocity inlet Pressure outlet No-slip moving wall
Moving case 86H 16H Pressure outlet Stagnation inlet No-slip stationary wall

background region was 86H, which was sufficient for the train
to move 0.6 s in the negative X-direction at a speed of 60 m/s
and to ensure that the distance from the overset mesh to Plane
C was 4H when the motion was over. The downstream size B
was 16H [26]. The height of the overset region was 1.6H and
the width was 3H. The upstream length of CRH2 in the overset
region was 2H and the downstream length was 8H. Two sym-
metric and opposite streamwise vortices were generated at the
end of the tail car [27,28]. These vortices were of interest for
this analysis. The streamwise vortices expanded along the
spanwise direction [29], so the width of the overset in the wake
area had to be slightly larger than the width of the vehicle to

avoid high-pressure gradients at the overset mesh boundaries
and reduce interpolation errors. This was also the reason for
setting the 2H and 8H dimensions.

In the two cases, both the sides and the top of the back-
ground boundaries were set to the symmetry plane [16]. In
the stationary case, Plane C was defined as the velocity inlet
with a turbulence intensity of 1% and velocity of 60 m/s, which
simulated the low-turbulence horizontal free flow in the wind
tunnel [30]. Plane D was defined as a pressure outlet, and the
tangential speed of the ground was set to 60 m/s in the X-
direction. In the moving case, the overset region moved in
the X-direction at a speed of — 60 m/s. Plane C was defined



688

B. Xu et al.

as a pressure outlet. Plane D was defined as a stagnation inlet
[16], and the ground was a no-slip stationary wall.

2.3. Meshing strategy

The mesh was generated by a STAR-CCM + trimmed
mesher, which was suitable for the numerical simulation of
the external flow field. The mesh of the surroundings and the
wake of the vehicle was refined to capture the subtle changes
in the flow field and became sparser as it deviated from the
vehicle, as shown in Fig. 3. The overset mesh was colored
red, and the blue mesh was generated from the background
region. Both meshes were coupled at their interface. The prism
layers, which allowed the solver to resolve the near-wall flow
accurately, were generated next to the wall surface. To verify
the adequacy of the mesh resolution while using the same

refinement boxes, the train surfaces x + and z + and the size
of the volume mesh were changed, excluding y +, where X, y,
and z denote the streamwise, wall-normal, and spanwise direc-
tions, respectively [31]. In the stationary case, three types of
meshes were generated: coarse, medium, and fine meshes.
The related parameters for the meshes are shown in Table 2.
There were 16 prism layers near the train surface and six layers
near the ground. Their growth rate was 1.2. The maximum of
the train wall y + was less than 20, and the average value was
less than 10.

2.4. Numerical model

The Large Eddy Simulation (LES) method can more accu-
rately resolve the momentum, heat, and mass transfer in free
shear flow at high Reynolds numbers than the Reynolds-

(@)

Fig.3 Mesh around the high-speed train (HST): (a) front view of the upstream region, (b) top view of wake region, and (c) train surface

mesh.
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Table 2 Setting of mesh parameters.

Grids A zZ+ Total numbers
Stationary coarse 500 500 35.8 million
Stationary medium 450 450 47.4 million
Stationary fine 400 400 64.8 million
Moving medium 450 450 57.6 million

averaged Navier-Stokes (RANS) method, and it can resolve a
cascade of energy at large scales [32]. The cost of the LES
method is an extremely high mesh accuracy with a huge num-
ber of calculations, which is unacceptable. In addition, the flow
in the turbulent boundary layer does not have large eddies,
which allows the use of the wall model to resolve the near-
wall region to obtain the correct wall shear stress. Therefore,
as a hybrid LES-RANS model, the Detached Eddy Simulation
(DES) method uses the RANS method to resolve the boundary
layers and the LES method to resolve the separated regions.
The DES method has received attention and is widely used
by scholars [30,33.34] because of its acceptable calculation cost
and the resolution of large-scale separation vortices. In the
Improved Delayed Detached Eddy Simulation (IDDES)
method, premature separation, which is caused by ambiguous
grid densities in thick boundary layers and shallow separation
regions, and Log-Layer Mismatch (LLM) have been solved by
[35] and [36], respectively. The IDDES method has excellent
performance and was used in this study.

The segregated flow solver in STAR-CCM +, which uses
the SIMPLE algorithm to deal with the pressure—velocity cou-
pling, is appropriate for incompressible fluids with Mach num-
bers below 0.3 [20]. This approach has the advantage of speed
and simplicity compared with the coupled flow solver.

The fluid in this study was assumed to be 15 °C air, with a
density of 1.225 kg/m® and a dynamic viscosity of 1.78 x 107>
Ns/m? [23]. The Reynolds number of the 1/8-scale HST was
Re = "“l%” = 1.9 x 10° meeting the requirement of being

greater than 2.5 x 10° [26], where u,, = 60 m/s.

To accurately repeat the development of the wake vortex
structure in each cycle, the time discretization format was
second-order, the time step was At = 0.005T .y, and the num-
ber of inner iterations was eight, where T, = f The convec-
tive Courant number is an important reference for determining
the time step, which represents the number of grid elements
that the fluid crosses per time step. Fig. 4 shows the convective
Courant number of the moving case. The Courant number in
the improved mesh region was mostly under 0.5, which met the
requirement for high-precision predictions that the Courant
number be less than 1. Large values exceeding 1 appeared only
in the prism layer of the vehicle, and the proportion of such
grid elements to the total was no more than 0.1%, which
was acceptable [33,37].

Before performing simulations with the IDDES method
(Shear Stress Transport (SST) k — w), the unsteady
Reynolds-Averaged Navier-Stokes (URANS) method (SST
k — w) was used to initialize the flow field to enhance the com-
putational stability and accelerate convergence. The total cal-
culation time was T =77.8T,, of which the URANS

calculation time was Tyrans = 6.5T e, and the IDDES calcu-
lation time was Tjppgs = 71.3T,,;, Which corresponded to a
physical time of 4.8 s in the full-scale model. Fig. 5 shows
the time history curve of the drag coefficients of the head car
in the calculation process of the moving case. The formula
Ca = Gxpusasy
S = 0.175 m? is the cross-sectional area of the 1/8 HST and
F, represents the aerodynamic drag. The calculation results
of the URANS showed high-frequency oscillations, but the
drag coefficient Cy4 quickly converged. This helped the conver-
gence of the IDDES calculations and stabilized the flow field
development over a short period, which is displayed in the
green region in the figure. Thus, it was appropriate to sample
in the green region.

for the drag coefficient is where

2.5. Numerical validation

This section compares the numerical calculation data with the
wind tunnel test data and describes the verification of the inde-
pendence of the mesh density to guarantee that the calculation
was reliable. The CRH2 wind tunnel test results [22] have been
adopted for numerous validations [14,38] because they are
exceedingly reliable. It is important to select identical models
to obtain consistent results for numerical simulations and wind
tunnel tests. In the validation calculation, the track was added,
which did not exist in our subsequent research and would have
had a greater impact on the drag of the vehicle by changing the
ground clearance and relative position. In addition, the calcu-
lation domain boundaries (except for the inlet and outlet) were
set as no-slip stationary walls. Table 3 shows the drag coeffi-
cients of each vehicle in the numerical simulation and the wind
tunnel test. The error of the head car was 3.4%, and the error
of the tail car was 3.1%. Thus, the errors were both less than
5%, which was suitable for this study [38].

Table 4 shows the drag coefficients for the three grids. It
should be noted that the mesh independence validation model
did not include tracks. The Cq4 difference between the coarse
grid and the fine grid was relatively large. The medium grid
achieved high calculation accuracy with a reasonable number
of grid elements, and the variation in the Cq4 of the head car
between the medium grid and the fine grid did not exceed
1.5%.

Fig. 6 shows the time-averaged pressure coefficients along
the centerline of the HST with the three grids. The pressure

coefficient formula is C, = (Ops;’;g), where P is the pressure
Spie

and P, is the reference static pressure. Although there were
small discrepancies near the windshield and the nose of the tail
car, this was caused by the violent flow separation, which was
difficult to accurately simulate. Other positions on the surface
of the HST showed high similarity, including the head car
upstream. This indicated that the medium grid was suitable.

Fig. 7 shows the time-averaged streamwise velocity of the
tail car. Compared with the time-averaged pressure coefficient,
there was a modest deviation between the coarse grid and the
fine grid, with the exception of the thickness of the boundary
layer. The turning points of the asymptotic curves of the three
grids were parallel. The velocity curve of the medium grid was
in suitable agreement with the fine grid, so the medium grid
was selected to maintain the calculation precision and reduce
the calculation cost.
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Fig. 4 Convective Courant number of the near-wake region in the moving case.
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Fig. 5 Drag coefficient time history curve of the head car.

Table 3 Drag coefficients of the numerical simulation and

wind tunnel test.

Cases Drag coefficients
Head car Middle Tail car
car

Wind tunnel test [22] 0.145 - 0.163
Numerical simulation 0.143 0.081 0.158
(URANS)
Numerical simulation (IDDES) 0.150 0.085 0.158
Table 4 Drag coefficients from different grids.
Grids Drag coefficients

Head car Middle car Tail car
Coarse 0.189 0.091 0.147
Middle 0.181 0.093 0.152
Fine 0.183 0.093 0.150

3. Results and analysis

3.1. Calculation efficiency

These calculations were performed at the High Performance
Computing Platform of Central South University. The CPU
used was an Intel(R) Xeon(R) Gold 6248R. Twenty CPUs
were used in the stationary and moving cases, and each CPU
had 48 cores. The calculation costs for the stationary and mov-
ing cases, excluding the URANS initialization times, were
55,104 and 63,360 core hours, respectively. Compared with
the stationary case, the moving case had a higher calculation
cost of approximately 15%. The grids in the overset region
of the stationary and moving cases were the same, so the rea-
son for the difference in the calculation costs was that the
background region of the moving case was larger, resulting
in a larger number of grid elements of more than 10.2 million.
In addition, the overset region and the background region of
the stationary case did not need to be recoupled at each time
step.

The longer the physical time was, the larger the background
region was in the moving case. This led to a significant increase
in the number of grid elements and time steps. Furthermore,
the inclusion of the mesh coupling required additional calcula-
tions. Thus, as the physical time increased, the calculation cost
of the moving case far exceeded that of the stationary case.

3.2. Aerodynamic analysis

Table 5 shows the difference in the time-averaged Cq_ including

the viscous C4 and pressure C4, where C; = W is the drag

coefficient. The difference in the total C4 between the station-
ary and moving cases was only approximately 0.5%. The vis-
cous drag coefficients of the moving case were always larger;
those of the head car, middle car, and tail car for the moving
case were 1.7%, 4.3%, and 4.4% larger, respectively. It was
expected that the motion of the overset mesh would increase
the wall shear stress slightly. The growth was only approxi-
mately 4%—4.5%, with the exception of the head car because
the boundary layer emerged. The subsequent research focused
on the pressure C4 because it exhibited a greater difference
between the stationary and moving cases. The moving case
provided a reduction in the pressure Cq4 of 11.1% in the middle
car and 5.8% growth in the tail car. It was reasonable to attri-
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Fig. 7 Time-averaged streamwise velocity at the streamline zone of the tail.

Table 5 Time-averaged Cq4 values in the stationary and moving cases.
Cases Cq

Viscous Pressure

Head car Middle car Tail car Total Head car Middle car Tail car Total
Stationary Case 0.059 0.047 0.045 0.151 0.120 0.045 0.104 0.269
Moving Case 0.060 0.049 0.047 0.156 0.116 0.040 0.110 0.266
Difference 1.7% 4.3% 4.4% 3.3% —3.3% —11.1% 5.8% —1.1%

bute the change to the separation vortices at the windshield
and wake vortices near the tail nose region. Both of these were
difficult to predict precisely. However, the pressure Cq4 of the

middle car was small, and it was prone to larger fluctuations.
Therefore, it was more valuable to explore the reasons for
the large difference in the Cq4 value of the tail car.
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The maximum and standard deviation (STD) values of the
Cq4 are shown in Table 6. The maximum value was not consis-
tent with the time-averaged Cy4. The Cy4 value of the head car
predicted by the stationary case was slightly higher than that
of the moving case, while the Cq4 values of the middle and tail
cars were considerably lower than those of the moving case.
The STD explained this. Compared with the stationary case,
the STDs of the middle and tail cars increased by approxi-
mately 15.8% and 26.2%, respectively, in the moving case.
This revealed that the middle and tail cars had greater fluctu-
ations in the moving case, so the maximum could fluctuate
from the time-averaged value by a large margin. The STD of
the head car was relatively small and the maximum was rela-
tively close in the two cases, which was beneficial for the accu-
racy of the calculation. The pressure drag was related to the
pressure distribution, which indicated that the pressure distri-
bution of the head car of the moving case was extremely sim-
ilar to that of the stationary case.

Fig. 8 shows the spectrum analysis results of the pressure
C4 of the head car, middle car, and tail car in both the station-
ary and moving cases. The Power Spectral Density (PSD) esti-
mate was analyzed based on the monitored pressure Cq4 time
history curve with Welch’s method. Each segment was win-
dowed with a Hanning window, and the number of overlap-
ping samples was 50% of the window length. The ordinate
was normalized according to the maximum, and the unit of
the abscissa frequency f was converted into the Strouhal num-
ber St = £—’: The pressure C4 minus the mean value reduced the

direct flux in the frequency spectrum to enhance the recogni-
tion of the dominant frequency. As shown in Fig. 8, the most
dominant frequency of the moving case was approximately
St = 0.31, which was higher than that of the stationary case.
In the stationary case, the three cars had different most-
dominant frequencies. The reason for the above phenomenon
was that the motion of the overset region introduced a domi-
nant frequency. This phenomenon was especially obvious in
the tail car. When St = 0.306, the amplitude corresponding
to the stationary case was very low, while the maximum ampli-
tude was observed in the moving case. This illustrated the fact
that there was a component of the moving case that did not
exist in the stationary case. For the head car only, there were
multiple dominant frequencies for the differential pressure
Cq4 in the moving case, including two Strouhal numbers with
amplitudes exceeding 90% and 80%. The pressure Cq4 of the
middle car showed multiple dominant frequencies in the sta-
tionary case. The pressure drag was directly related to the pres-
sure on the upstream and downstream sides, and the pressure
was greatly affected by the vortices, especially the separated

Table 6 Maximum and standard deviation (STD) of pressure Cyq.

vortices near the windshield. Therefore, this frequency spec-
trum also reflected a certain difference in the vortex shedding
frequency between the stationary and moving cases. In partic-
ular, for the middle car in the stationary case, there was no
high-power component similar to that of the moving case near
the most-dominant frequency St = 0.303. This difference
indicated that there was an inconsistent vortex-shedding fre-
quency of the windshields on both sides. Near the most-
dominant frequencies St = 0.226 and 0.121 of the head car
and tail car in the stationary case, there were also several
strong frequency components in the moving case. This sug-
gested that the difference was caused by the impact of the vor-
tex shedding of the windshield on the head and tail cars, while
the similarity was due to the same pressure fluctuations at the
noses of the head and tail cars.

3.3. Flow structure

The frequency spectrum analysis of the pressure Cy revealed
that the vortices in the stationary and moving cases were sig-
nificantly different, which motivated the analysis of the flow
structure vortices discussed in this section. When the HST
was running, the shear and separation of the airflow and the
wall produced many flow vortices. To quantify the vortices,
the vorticity vector was used to measure the rotation intensity
of the flow field. The vorticity is expressed by the curl, and the
three direction components are

ow  Ov ou Ow v Ou

xZ@*aaC}-:E*a@::a*@

¢
The curl is written as V x U, where V is the Hamiltonian
operator, and U represents the velocity vector, whose compo-
nents are u, v, and w. The plane was cut in the X-direction on
the side of the tail car close to the windshield, as shown in
Fig. 10, and it was colored based on the
vorticity X component &, to obtain Fig. 9. A positive value
indicated that the flow field rotated clockwise, and a negative
value indicated that the flow field rotated counterclockwise.
In Fig. 9 (a), the vorticity is marked with ‘SV’ (stationary
case vortices), where SVG is the abbreviation of the stationary
case vortex group. There were six main large-scale vortices
near the wall of the train, six small-scale vortices in the
SVG, and two small-scale vortices between SV1 and SV6.
Fig. 9 (b) shows that there were four main large-scale vortices
near the wall of the HST and six small-scale vortices in the
MVG (moving case vortex group). Based on the overall scale
of the streamwise vortices, the spanwise extension of the mov-
ing case was more intense, especially in MV2 and MV5, and

Cases Cq

Maximum STD

Head car Middle car Tail car Head car Middle car Tail car
Stationary 0.154 0.077 0.137 0.0098 0.0101 0.0099
Moving 0.147 0.090 0.151 0.0091 0.0117 0.0125
Difference —4.5% 16.9% 10.2% —7.1% 15.8% 26.2%
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Fig. 8 Comparison of the C4 power spectral density: (a) head car, (b) middle car, and (c) tail car.
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Fig. 9 X-direction vorticity distribution: (a) Stationary case and (b) Moving case.

their vortex cores were significantly far from the HST sidewall.
MV3 and MV4 were larger in scale, resulting in a certain
expansion in the spanwise direction. The expansion of vortices
in the spanwise direction had a significant impact on the rail
side pressure fluctuations and slipstream of the HST. The slip-
stream is described in the following sections.

There were significant differences in the distribution of vor-
tices at the underbody of the vehicle. The tails of MV3 and
MV4 and the near-wall sides of MV2 and MVS5 in the moving
case extended to the underbody of the vehicle to form swirling
flow structures arranged vertically. In the stationary case, there
were additional vortices SV1 and SV6 at the bottom of the
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train, and the two small-scale vortices in opposite directions
between them formed a left-right arrangement. The difference
in the flow structure at the underbody of the HST directly
affected the lift coefficient and the pressure distribution at
the bottom of the train.

Compared with the SVG, the vortices showed higher activ-
ity in the MVG in the moving case. Its left-right symmetry
decreased slightly and there were some broken vortices at the
upper half arc of the MVG far from the roof. This suggested
that the moving case was more prone to vortex separation
and shedding, which might have led to stronger aerodynamic
fluctuations in the time domain and enhanced the high-
frequency components in the frequency domain.

Although the spanwise and vertical vortex distributions and
characteristics were analyzed based on the X-section vorticity
figure, the visualization in the streamwise dimension was still
lacking in the study of spatial vortex shapes. Fig. 10 shows
the distribution characteristics of vortices in the streamwise
direction in the stationary and moving cases. The figure mainly
contained five elements, including the vector figure, for which
only the Y-direction and Z-direction components were used to
determine the color. The vortex core in the figure is represented
by red tubes, and the surface of the HST and the iso-surface
for the time-averaged Q-criterion with the value of
16,000 s2 are colored based on the time-averaged pressure
coefficient. The plane is colored based on the stream vector.
The vector field function used in the vector figure and the vor-

tex core were based on the time-averaged normalized velocity
in the stationary case, and the normalized velocity formulas
are as follows:

Ul (stationary) 7z (stationary)
UN = y VN =

_v

[tsrain|

" (moving)

Uirain

(moving) ’

w

= (stationary)
Wy=4"", .
Y (moving)

[tsrain]

where Uy, Vy, and Wy represent the normalized velocity com-
ponents in the streamwise, transverse, and vertical directions.
u,, represents the incoming flow speed, which was 60 m/s,
and uy,;, represents the train’s running speed, which was
—60 m/s.

To make it easier to compare the stationary and moving
cases, the concept of a relative time-averaged normalized
velocity was introduced, which was used in the vector diagram
and vortex core in the moving case. The formulas are as
follows:

U+ Uy v

Ve =—,
%0 7

Ury = Wan =

w
[t4oc|
where Ugrn, Vrn, and Wry represent the relative normalized
velocity components in the streamwise, transverse, and vertical
directions in the moving case.

Compared with the vorticity figure, the velocity vector fig-
ure could more vividly display the location of the vortex core
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Fig. 10  Distribution of tail car vortices: (a) Stationary case and (b) Moving case.
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at the cost of the resolution decreasing. From the enlarged
view of the underbody, the vortices in the stationary case were
regularly arranged left and right, while those in the moving
case were arranged diagonally. Additionally, there was a large
low-speed region in the center of the underbody, which signif-
icantly changed the pressure. MV3-1 and MV3-2 were two
independent vortices with the same rotation direction, which
could not be reflected completely in Fig. 9. The same features
applied to MV2. In the MVG at the roof of the moving case,
the asymmetry of the vortices was more significant.

The evident difference in the vortex cores between the two
cases revealed that their vortex distributions along the stream-
wise direction were very different. The vortex core in the MVG
extended significantly along the streamwise direction, and the
six vortices had independent and clear vortex cores extending
to the position of the streamline zone of the tail car. In the
SVG, only the two larger vortices in the middle had strong vor-
tex cores, and the vortex cores of the other four vortices at the
edge were not clearly displayed. Similarly, the two large-scale
vortices SV2 and SV3 did not have the expected strong vortex
cores. In sharp contrast, MV2 and MV3-1, the two large-scale
vortices in the moving case, had excellent characteristics in
terms of the vortex core length and continuity. The aforemen-
tioned results showed that the energy of the streamwise vortex
in the stationary case might have been unstable in the stream-
wise direction, and there were various fluctuations. Because the
drawing of the vortex core was based on the (relative) time-
averaged normalized velocity, another reason for the differ-
ence might have been that the vortex in the stationary case
had difficulty maintaining the same vortex structure over the
whole sampling time, so there was no clear vortex core, which
was the opposite situation to that in the moving case.
Although the streamwise vortices of the stationary and moving
cases were very different, they still followed the same variation
tendency. The vortices in the SVG and MVG only flowed
along the streamwise direction, whereas the large-scale vortices
on the sides of SV2, SV3, MV2, and MV3-1 flowed along the
streamwise direction while gradually moving away from the
HST; that is, deviating in the Y-direction.

Although there were vortices with strong energy at the top,
underbody, and both sides of the tail car according to the vec-
tor figure and vortex core, the isosurface drawn by the time-
averaged Q-criterion did not appear. The formula of Q is

Q = 5 (llfF - Is|F)

where Q is the spin tensor and S is the strain-rate tensor. When
the vortex intensity in the streamwise direction was high, the
reason for the low Q value was that the strain rate around
the tail car was high, that is, the velocity was too high. This
was consistent with the daily observation. It was not easy to
observe vortices on either side of the HST. Vortices easily
appeared near the wake region of the tail car. Wake vortices
are very important structures for an HST that have a direct
impact on the aerodynamic performance of the tail car.

The plane streamlines provided an exact indication that the
wake vortices were mainly composed of two vortices with
opposite rotation directions, named SV7 and SV8 in the sta-
tionary case and MV7 and MVS in the moving case. SV7
and MV7 rotated clockwise and SV8 and MV8 rotated coun-
terclockwise. However, there was a slight difference in the
shape of the wake vortices between the stationary case and

the moving case. MV7 and MVS expanded more to the side.
In contrast, the shapes of SV7 and SV8 were closer to circles.
This was similar to the difference between SV2 and MV2. The
isosurface of the wake vortices also reflected the same varia-
tion. The span of the isosurface in the Y-direction was small
in the stationary case and large in the moving case. In the sta-
tionary case, the vortices were concentrated, the vortex core
was strong, and the vortices were densely distributed in the
downstream region of the wake vortex region, which indicated
that the vortices in the stationary case were stable and contin-
uous. In contrast, in the moving case, vortex cores were rare,
which might mean that the wake vortex fluctuated and was
prone to rupture.

Although the shapes of the wake vortices were different,
their formation processes were similar. According to the iso-
surface, the two air streams entangled with each other after
flowing out of the arch and shoulder and finally separated near
the tip of the nose. The positions of the two separation points
were the same.

3.4. Slipstream

The slipstream was caused by the shear between the HST and
the air, which was a characteristic of the HST itself. A slip-
stream is an important test standard for train operation on
an open track because it has a great impact on personnel
and basic equipment. The formula for a slipstream is as
follows:

Usp =\ U3 + V3,

A slipstream has an important impact on the safety of pas-
sengers and workers. The Technical Specifications for Interop-
erability (TSI) has developed detailed monitoring standards.
Based on some slipstream conditions described in the TSI,
33 independent and comparable test samples were simulated
and sampled in this research, which was higher than the
requirement of 20 samples. In the stationary case, the probes
were released from the velocity inlet and moved to the pressure
outlet at the same speed of 60 m/s as the velocity inlet. The
sampling interval of the probe was Atyping = 0.25T,., and
the interval distance between adjacent probes was H. Each
probe started 4H upstream of the head car and ended 8H
downstream of the tail car.

The slipstreams obtained by each probe are summarized in
Fig. 11, and the maximum slipstream values collected by each
probe are marked with points. In the vertical axis labels, M
represents the moving case, S represents the stationary case,
and U represents the platform height, which was 1.4 m from
the rail surface (the rail surface was 0.235 m from the ground),
and D represents the trackside height, which was 0.2 m from
the rail surface. For example, SLU indicates the slipstream
at the platform height in the stationary case.

The flow field was divided into three parts: the nose
region, the boundary-layer region, and the near-wake region
[1]. The nose region extended from upstream of the train to
approximately 10 m behind the nose (—14.5H to — 7.5H).
The boundary-layer region of the train extended from the
end of the nose region to the end of the train (—7.5H to
10.5H). The near-wake region extended approximately
100 m behind the train, where there was a large velocity peak
(10.5H-18H).
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Thirty-three groups of slipstream measurements: (a) Platform height of the stationary case, (b) Trackside height of the moving

case, (c) Trackside height of the stationary case, and (d) Platform height of the moving case.

Each measured data point was independent and had simi-
larities and differences with other data points. All measure-
ments of the slipstream had high coincidence in the nose
region and the same peak value, which was the position where
the maximum of the partial slipstream occurred. In the bound-
ary layer region, at the platform height, the measurement still
maintained partial similarity, the value was small, and few
measurement maxima appeared. At the trackside height, the
measuring points were deeply affected by vortices MV2 and
SV2, the fluctuations of the measured values increased greatly,
and some of the maxima of the slipstream appeared. In the
near-wake region, the slipstream fluctuated violently, and most
of the slipstream maxima appeared in this region because it
was controlled by wake vortices. Compared with the station-
ary case, more maxima of the slipstream in the moving case
appeared in the near-wake area, and the values were larger.

The averages and standard deviations of the 33 groups of
slipstream data were calculated [39] as shown in Fig. 12. In
the nose region, the average slipstream had clear peaks in both
the stationary and moving cases, and the difference was small.
The peak of the average slipstream at trackside height was
slightly greater than that at the platform height, with a differ-
ence of 0.015 and a relative difference of 14%. The STDs in the
streamline zone of the head vehicle and the zone in front of the
nose tip were small, less than 0.01, indicating that the slip-
stream there was relatively stable in the stationary and moving

cases. At the end of the nose region, the STD showed an
upward trend.

In the boundary layer region, there were significant differ-
ences between the average slipstreams for the moving and sta-
tionary cases. The average slipstream at the trackside height in
the moving case was approximately 0.045 m/s higher than that
in the stationary case, and the average slipstream at the plat-
form height in the moving case was approximately 0.01 m/s
higher than that in the stationary case. With the downstream
development, the difference between the stationary and mov-
ing cases gradually increased, reaching the maximum at the
end of the head car and then gradually decreasing. At the
end of the boundary layer region, the difference decreased to
the minimum. In the process of the slipstream developing
downstream, the growth of the average slipstream in the sta-
tionary case was relatively stable, while the growth was irreg-
ular in the moving case. The STD of the slipstream at the
trackside height in the stationary case also increased gradually,
indicating that the fluctuation increased gradually. The STD of
the slipstream in the moving case fluctuated significantly, and
the fluctuation degree was sometimes large and sometimes
small. However, the stationary and moving cases had the same
variations. At the end of the train position, the slipstream pro-
duced a peak that appeared earlier, at approximately 0.7H, at
the platform height rather than at the trackside. With the
development downstream, the STD of the slipstream gradually
increased. The trackside height STD increased from 0.01 to
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Fig. 12 Average value and standard deviation (STD) of slipstream.

0.06, and the platform height STD increased from 0.005 to
0.02. The STD of the trackside slipstream was significantly
greater than that of the platform height slipstream, which indi-
cated that the slipstream at the platform height was relatively
stable, while the slipstream at the trackside height fluctuated
greatly.

In the near-wake region, the average slipstream first
increased and then decreased, and the difference between the
average slipstreams of the stationary and moving cases also
first increased and then decreased. At the end of the region,
the average slipstreams in the stationary and moving cases
were almost equal. The STD of the slipstream at the trackside
height first increased and then decreased, while the STD of the
slipstream at the platform height gradually increased. The two
STDs tended to have the same value of 0.07 at the end of the
region, and the STDs of the slipstream also tended to have the
same value in the stationary and moving cases. This was
because the velocity was mainly affected by the wake vortices
at 18H, so the STDs at the platform height and trackside
height were roughly the same. At the end of the near-wake

Table 7 Space-average and STD of the slipstream.

region, the averages and STDs of the slipstream were the same
in the stationary and moving cases. It was concluded that the
difference between the two cases ended downstream after a car
length, and that the downstream flow fields could be regarded
as the same.

Table 7 lists the space-averaged slipstream U, standard
deviation a,,, and 26, upper limit of the confidence interval
U,, at the trackside and platform heights. All of the results in
the moving case were greater than those in the stationary case,
especially at the trackside height. The main reason for the dif-
ference was that the vortex core positions of vortices SV2 or
MV2 and SVS5 or MV5 were significantly different, resulting
in different degrees of influence of the vortices on the probe.
The space-averaged slipstreams had a difference of 40%, and
the STDs had a difference of 17%. The slipstreams at the plat-
form height were mainly affected by SV3 (or MV3) and SV4
(or MV4) in the stationary case (or moving case). There was
little difference between vortices in the previous analysis, so
the difference in the space-averaged slipstream at the platform

Case Trackside Platform

l_/slip Tslip Z’slip + 2o'slip l_]slip Islip E,slip + 2U'slip
Stationary 0.0869 0.0584 0.2037 0.0355 0.0264 0.0883
Moving 0.1219 0.0685 0.2589 0.0401 0.0266 0.0933
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height was much smaller than that at the trackside height, by
approximately 13%, and the STD was the same.

4. Conclusion

The goal of this study was to explore the impact of overset
mesh motion on the aerodynamic performance of an HST
and a flow field structure. There were two scenarios, stationary
and moving overset meshes, modeled with the IDDES method.
The aerodynamic force, PSD, vortices, and slipstreams were
discussed. Based on the numerical predictions, the conclusions
were as follows.

(1) With the same spatial and time discretization, when cal-
culating the physical time of the 1/8 high-speed train
model for 0.6 s, the calculation core hours required in
the moving case were 15% greater than those in the sta-
tionary case.

(2) The motion of the overset mesh increased the time-
averaged viscous Cq of the train by 3.3% and decreased
the time-averaged pressure C4 by 1.1%. The pressure Cy
fluctuation intensity of the tail car increased by 26.2%
according to STD in the moving case.

(3) While the power spectral density most-dominant fre-
quencies of the pressure Cy of the head car, middle
car, and tail car in the stationary case were different,
the same most-dominant frequency of St = 0.31
appeared in the moving case. The most-dominant fre-
quencies of the stationary case also existed in the moving
case, whose power was slightly lower than the dominant
frequency created by the motion.

(4) The motion of the overset mesh expanded the vortices in
the spanwise and vertical directions. In the moving case,
the vortices were more active and dispersed, including
the streamwise vortices around the tail car and the wake
vortices. The vortex cores of the streamwise vortices
around the vehicle in the moving case were further from
the HST.

(5) The motion of the overset mesh increased the average
value and standard deviation of the slipstream in the
boundary layer region and the upstream area of the
near-wake region of the HST. The impact range was
approximately from 2H downstream of the head car
nose to 8H downstream of the tail car nose.

This research reveals the influence of mesh movement on
the calculation results from various angles and provides a ref-
erence for the numerical simulation of a train passing through
a tunnel or windbreak walls with overset mesh.

Only the motion of overset mesh was studied in this
research. There is still a lack of understanding of the numerical
simulation errors of sliding and dynamic meshes. Future work
will include studying and comparing the main model movement
methods, which will help researchers choose the most suitable
method for trains when examining the movement mode.
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