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ABSTRACT

In order to investigate the effect of natural turbulent crosswinds on the aerodynamic loads of a high-speed train (HST) running through a
tunnel entrance of high-speed railways, the new contribution is that the changing law of the HST’s aerodynamic loads under the incoming
turbulence with actual turbulence integral scale is revealed when the HST running in tunnel-flat ground-tunnel scenes, based on two types of
turbulence generators with size scaled up by 8 times. The train surface pressure coefficients of the numerical model are compared with the
corresponding results of wind tunnel experiments to verify the computational fluid dynamics method. The primary results show that the
incoming turbulent flow generated by the spire is consistent with the characteristics of the measured wind. The peak aerodynamic load coeffi-
cients of the head carriage increase 1.12-1.5 and 1.06-2.0 times, respectively, under the incoming turbulent flow by the spire and fence, com-
pared to the incoming flow of 11.50 m/s.
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I. INTRODUCTION

With the extensive building of high-speed railway tunnels in
China, infrastructure switching scenarios, such as tunnel-flat ground
tunnel (TFT), are always considered in the operation of high-speed
trains (HSTs). The HSTs aerodynamic loads will suddenly change if
HSTs encounter the crosswind at a tunnel entrance,’ ~ causing a sig-
nificant threat to the HSTS’ operational safety. The crosswinds at the
entrance of mountain tunnels are often incoming turbulent flow with
complex fluctuating components.” Turbulent characteristics of the
incoming flow have an important influence on the HSTS’ operational
safety.’;’7 Theoretical derivation based on an empirical formula, wind
tunnel testing, and numerical simulation are the three main techniques
used to simulate turbulent wind.”'* Niu et al.® varied the incoming
turbulent flow by adjusting the spires distance based on wind tunnel
experiment. They also compared the aecrodynamic coefficients and tur-
bulence characteristics of the HST under turbulent incoming flow. In
this study, by adjusting the size, spacing, and distance of the turbulence

generator from the high-speed railroad line, incoming turbulent flow
matching the actual turbulence integration scale are generated.
Compared with the traditional wind tunnel and empirical formulas,
the method is an economical choice, avoids the scale effect of wind
tunnel experiments, and the simulated incoming turbulent flow is
more consistent with the measured wind.

Crosswind has a significant effect on the operational safety of
high-speed trains."” ' There is a potential risk associated with abrupt
fluctuations in aerodynamic forces of high-speed trains under cross-
winds. Based on the Lattice Boltzmann method (LBM), Masoud and
Mohammad'” investigated the law of the influence of fences on the
strength of airflow over a high-speed train. The results show that cross-
wind has a significant effect on the aerodynamic loads of high-speed
trains. The fence greatly reduces the wind speed above the high-speed
train. Masoud and Mohammad'® combined the LBM and multi-
objective genetic algorithm to study the aerodynamics of wind protec-
tion devices for high-speed railroads and to optimize their shapes.
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Based on field test and numerical simulations, Yang et al.” investigated
the aerodynamic characteristics of the high-speed train at the tunnel-
bridge section under natural wind. The results show that turbulent
crosswinds cause sudden and continuous fluctuations in aerodynamic
loads on high-speed trains.

The new contribution is that the changing law of the HST’s aero-
dynamic loads (i.e., the lateral load, the lift load, the rolling moment,
the yawing moment, and the nodding moment) under the incoming
turbulence with actual turbulence integral scale is revealed when the
HST running in the TFT scenes, based on two types of turbulence gen-
erators with size scaled up by 8 times. First, the wind field’s characteris-
tics are analyzed by the field measurement at the TFT scene. Then,
combined with Fluent, a 3D air-HST-tunnel-flat ground-spire/fence
CFD model is established. Finally, the HST’s aerodynamic loads in the
whole process of the TFT scene operation is analyzed under the
incoming turbulent flow, and the mechanism of aerodynamic load
changes is also revealed by wind speed, spectrum, and turbulence
statistics.

Il. FIELD TEST
A. Field test overview

Two 3D ultrasonic anemometers were positioned at the tunnel
entrance for long-term sampling. These devices were used to obtain
the measurements reported below, which in turn formed the basis of
the turbulence generator methods used later in Sec. I1I for the incom-
ing turbulent flow of the Improved Delayed Detached Eddy
Simulation (IDDES).

From March to September 2021, a typical TFT site in Changsha,
Hunan Province, China, was continuously sampled. Figure 1 shows
the diagram of the field test. Two 3D ultrasonic anemometers (32 Hz)

[Tunnel B

FIG. 1. The field test diagram of the TFT.
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are located at measurement points No. 1 and No. 2 on the west side of
the high-speed railway. The distance between No. 1 and No. 2 is 0.26L
(the length (L) of the HST is 76.65 m).

B. Mean wind velocity and direction

The HST’s running time in the TTF scenario is 3s or less.
Therefore, the wind velocity data collected during the 4h continuous
period with the strongest wind on site are segmented by a 3 s time
interval. Radar maps are used to display the sample’s 4h mean wind
speed (U) and direction ) (Fig. 2). The equations are used to obtain
TU and direction 0 for each sample,

n

1
S Uk + U, 6))
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1<
9:;;0,-. 2)

Figure 2 shows that as the wind velocity increases, the mean wind
direction of the Nos. 1 and 2 measuring points is perpendicular to the
direction of the HST operation, and the majority of wind angles are
270° (Rotated clockwise from due north, the wind direction is from 0°
to 360°). The sample’s greatest mean wind velocity is 14.1 and 13.9 m/s
at Nos. 1 and No. 2, respectively. Both Nos. 1 and No. 2 measuring
point’s high wind velocity segments primarily fall within the 10-14 and
9-14 m/s ranges.

ql

C. Turbulence intensity

The Z direction is specified as the u component (Uy and U, rep-
resent the horizontal wind velocity and the vertical wind velocity). The
following equations determine the turbulence intensity (I,,) on the Z
(). Figure 3 displays the turbulence intensity’s scatterplot.

3)

g
I, = %7 (4)
where U,; represents wind velocity’s u component for each sample.
Turbulence intensity refers to the velocity change magnitude of
the incoming turbulent flow, which is important for the study of
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FIG. 2. Wind speed-direction.
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FIG. 3. Turbulence intensity scatterplot.

vibration and aerodynamic loads fluctuation of the HST. When the
wind speed is less than 12 m/s, as the wind speed increases, the vari-
ance range of turbulence intensity gradually decreases. The turbulence
intensity of No. 1 tends to be around 0.2, while the turbulence intensity
of No. 2 is larger and tends to be near the range of 0.3. When the wind
velocity exceeds 12m/s, Fig. 3 shows that the turbulence intensity
tends to stabilize. The turbulence intensity of both No. 1 and No. 2
tends to be 0.3. The incoming flow with high wind speed significantly
influences the HST’s aerodynamic loads. Therefore, the turbulence
intensity (0.3) of the incoming flow of 14 m/s is taken as the typical
turbulence intensity of the simulation.

I1l. CFD modeling
A. IDDES

IDDES is a hybrid LES/RANS method, which solves the near-
wall flow of the turbulence generator and the HST by RANS, while
LES is used for solving the rest of the model. IDDES permits a switch
from RANS to LES. The model couples the RANS and LES approaches
by blending their respective length scales for the eddy viscosity. For the
near-wall flow, Fluent utilizes a revised SST k- model, and readers
may refer to Shur et al.'” and Gritskevich et al.”’ for a comprehensive
explanation of the model equations.

B. Geometry and solution domain

Figure 4 displays the geometric solution domain of a model com-
prising a HST-tunnel-flat ground-tunnel-spire/fence model. The
CRH380B HST is divided into three carriages (i.e., head, middle and
rear carriage). The HST’s width (W) and height (H) are 3.625 and
3.89m, respectively. Neglecting the bogie, the distance between the
ground and the HST bottom is 0.051H. The mountain has a slope and
the height is 5.34H, and the tunnel portal is of the cap oblique cutting
type. The turbulence generator, whether it be the spire or fence, with
the same blocking rate, is positioned 2.76 W away from the railway line
to simulate the incoming turbulent flow at the tunnel entrance. The
wind tunnel laboratory’ spire is enlarged by eight times its original size.
Figure 4(a) depicts the size of the spire. A total of 19 spires are
arranged along the high-speed railway, and the flat ground section’s
blocking rate is 7.1%. The width of the upper and lower part of the
spire is 0.0015 and 0.05L, respectively, and the interval between the
two spires is 0.05L. The height and width are 5.08H and 0.71W,
respectively.” Figure 4(b) shows the size of the fence. The width of the
square hole and the rib are 0.05 and 0.014L. The tunnel dimensions
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FIG. 4. The geometric solution domain: (a) spire and (b) fence.

are 2L, 3.48W, and 2.33H, respectively, and it has a clearance area of
100 m**" The interval between the two operating lines is 1.38W. The
operating line close to the velocity-inlet is the windward side (WWYS)
line, and the opposite is the leeward side (LWS) line. On the WWS
line, 0, 0.26, and 0.52L, respectively, from the entrance of tunnel A, at a
height of 2.5 m, three measuring points (X1, X2, and X3) are placed as
the center of the three directions.

C. Initial and boundary conditions

The velocity-inlet is utilized in the turbulence generator’s WWS.
The surfaces of the spire, HST, ground, tunnel wall, and mountain wall
are set to no-slip walls. The tunnel outlet is a pressure outlet, compris-
ing of the top surface and the remaining atmospheric outlet. The CFD
model is initialized from the velocity-inlet with an initial wind velocity
of 20 m/s. The HST is placed initially within tunnel A with the head
carriage positioned 1L from the entrance to tunnel A.
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TABLE I. Calculation cases are considered in this study.

Case HST movement Inlet velocity (m/s) Turbulence generator

C1 Static 20 Spire
C2 Static 20 Fence
C3 Dynamic 11.50 Without
C4 Dynamic 14.46 Without
C5 Dynamic 20 Spire
C6 Dynamic 20 Fence

D. The cases considered

As shown in Table I, six cases are considered in the study, which
can be divided into two conditions: static models (C1 and C2) where the
HST is stationary to study the incoming turbulent flow of the TFT. In
the absence of the HST, and these structures are meshed to resolve the
flow around them. The C3-C6 are used to study the aerodynamic forces
of moving HST's under the incoming turbulent flow generated by spires
or fences. The wind velocity of the C3 and C4 is 11.50 and 14.46 m/s,
respectively, and there is no dynamic model of the turbulence generator
on the WWS line. The wind velocity of the C5 and C6 is 20 m/s, and the
turbulence generators on the WWS are the spire and the fence.

E. Computational mesh

Figure 5 depicts the mesh of the HST-tunnel-flat ground-tunnel-
spire model. The static model has a static mesh area when there is no
HST movement (C1 and C2). With the absence of the HST, these

(b)

Stationary Interface

A: Dynamic area
B: Static area

pubs.aip.org/aip/pof

structures are meshed to resolve the flow around them. As the HST
moves, the mesh comprises dynamic mesh (A) and static mesh (B),
and the HST is driven by sliding mesh technology. The flow field infor-
mation is interlinked by establishing an interface between the dynamic
and static mesh, ensuring the transient calculation of the flow field.

The mesh size ranges from 0.001 to 1 m, and the turbulence gen-
erator’s surface has a mesh size of 0.001-0.1m. There are ten levels of
boundary layer setup. The mesh resolution is enhanced by limiting the
mesh size within 0.1 m surrounding the turbulence generator.

The HST and its surrounding air domain are located in the A,
region of the dynamic mesh area [see Fig. 5(b)]. The size of the HST
body wall is approximately 1-10 mm, with ten boundary layers setup
on the HST. The first layer is estimated to have a thickness of
0.02-1mm (y" = 1), while a 0.33L refined area is situated at the rear
of the HST for more precise simulation of the HST wake vortex. With
a mesh size of 0.1 m, structured meshes are used to separate the A;
and A, areas. During the movement, the mesh layer at the back end of
A; near the boundary is stretched. In addition, if the mesh layer is
larger than the set size, it is automatically split into two layers, with the
mesh layer adjacent to the boundary of the A, front end being com-
pressed. Then, if the mesh layer is smaller than the set size, it is auto-
matically merged with the adjacent mesh layer. Both ends of the mesh
are set as static surfaces, while the remaining mesh types in the
dynamic mesh region are set to rigid. The forward motion of the HST
model can be simulated by assigning a velocity value to the rigid body.

F. Solution procedure, discretization and convergence

In the IDDES method, the RANS model is employed to simulate
the near-wall flow of the HST and spire (fence) surface. The model

|
% ]
e ]

i

i Inférfa‘&:e

Stationary

r 033L ‘

FIG. 5. Computational mesh: (a) overall mesh and (b) dynamic mesh.
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(a) (b) (c)

possesses the capacity to simulate complex flow. Regarding the near-
wall region, the IDDES incorporates 10 boundary layers and applies
near-wall treatment to resolve the complex flow near the wall. The y+
values typically range from unity or less.””

A high-resolution total variation diminishing time discretization
scheme is used to solve the numerical models.”” Due to the complexity
of the simulation, the boundary layer element type is more complex
and has a large aspect ratio of the curved mesh. In the transient solu-
tion, the double time step is used. By adding a fictitious time step to
the calculation, the unsteady problem becomes a pseudo-stationary
problem and the implicit convergence is accelerated. The total simula-
tion time is 5, the total number of computational steps is 50 000, the
physical time step is 10~ * s, and the iterations’ numbers are 50 steps.
During the model calculation, the residuals converge within 10~ and
the model convergence is good. Therefore, the double time step
method improves the stability of the calculation, allows a larger physi-
cal time step and improves the computational efficiency. All CFD
models are calculated using 144 cores in Wuxi, Jiangsu Province,
China. The calculation time for C1 and C2 conditions is approximately
5 days, and the calculation time for C3-C6 conditions is approximately
8 days.

G. Mesh sensitivity study

Combined with the high-resolution scheme adopted by
Thornber and Drikakis,”’ the mesh sensitivity of this research
model is investigated using the HST tunnel-flat-tunnel-spire CFD

28

24

20

16

u (m/s)

12

t(s)

pubs.aip.org/aip/pof

FIG. 6. Different mesh resolutions mesh:
(a) spire-C, (b) spire-M, and (c) spire-F.

model as an example. The mesh size and boundary layer number
of the spire surface are refined. The mesh numbers are 25 x 10°
(Spire-C), 45 x 10° (Spire-M), and 55 X 10° (Spire-F), respectively
(Fig. 6). The velocity input of C1 is kept 20 m/s to monitor the
wind velocity of X1 [Fig. 7(a)] and X2 [Fig. 8(a)]. Then, 10~* and
5x 107" s are used for comparison and the wind velocity of X1 and
X2 is monitored to assess the sensitivity of the time step [Figs. 7(b)
and 8(b)].

The information found in Figs. 7 and 8 is as follows: the maxi-
mum difference between the wind velocity of the Spire-M mesh and
the corresponding value of the Spire-F mesh is less than 5%. A 20%
deviation exists between the calculation results of the Spire-C and
Spire-F mesh. The 45 x 10° (Spire-M) mesh model can obtain stable
and accurate results. When the time steps are 10 *and 5 x 10" s, the
deviation is not more than 0.5%. The simulation results of 45 x 10°
(Spire-M) are reliable. Therefore, the 45 x 10° (Spire-M) mesh model
is used for the study.

H. CFD validation

The surface pressure of the HST under crosswind was tested
using the dynamic HST with a scale ratio of 1:16.8 at the high-speed
railway wind tunnel laboratory of Central South University (Fig. 9).°
During the experiment, the HST (V= 6 m/s) runs on the WWS under
the incoming flow (U= 8 m/s). The pressure value filtered by Eq. (5)
should be dimensionless.

28

(b) - - - - Time step=1*10-5
24 | — Time step=5*10-5

20

16

u (m/s)

12

t(s)

FIG. 7. The wind velocity of X1: (a) different mesh resolution conditions and (b) different time steps.
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FIG. 8. The wind velocity of X2: (a) different mesh resolution conditions and (b) different time steps.
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where p is the air density, and P, represents the pressure inside the

wind tunnel.

The results of eight replicate experiments are analyzed to deter-
mine the uncertainty of the experiment. Figure 10 shows the results of
the experiment. The mean value of the surface pressure coefficient of
the eight experiments is the final result, and the uncertainty of the
experiment is calculated. The time history of the HST surface pressure
in eight experiments is similar, and the experimental results are stable.
The calculated experimental uncertainty is 0.005.

(a) Wind tunnel model of the train

As shown in Fig. 9, the mesh size of the whole computational
domain is 0.5-10 mm, the surface size of the HST is 0.5-1 mm, and there
are 10 boundary layers on the HST surface. Moreover, 45 x 10° and 55
x 10° are set using the high-resolution method to analyze the difference
between CFD and test. Figure 11 shows the HST surface pressure of CFD
and test. In addition, based on the high-resolution mesh, the influence of
the initial conditions [initial wind speed is 0 (I;—o) and initial wind speed
is 8 m/s (I/—s)] on the numerical simulation results is discussed.

As shown in Fig. 11, the results of the associated wind tunnel tests
are essentially in agreement with the time history of the HST surface
pressure as determined by the high-resolution mesh calculation. The
difference between the CFD and the test is mainly due to the surface

Differential pressure transmitter

FIG. 9. TFT moving HST model wind tun-
nel test system:(a) wind tunnel model of

2 the train, (b) geometric model of the train
and (c) grid model of the train.
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FIG. 10. Eight times the surface pressure of the HST: (a) No. 1 and (b) No. 2.

pressure of the body, which fluctuates strongly when the HST is run-
ning in the crosswind. The maximum difference between the measured
pressure coefficient and the experimental value within 8%. The initiali-
zation conditions have little effect on the computational results,
because when the HST leaves the tunnel, the wind field at the tunnel
entrance has been calculated to be stable. Therefore, the mesh resolu-
tion has a major impact on the calculation accuracy. The IDDES-
based high-resolution numerical simulation technique is reliable.

IV. RESULTS AND DISCUSSION

A. Wind field characteristics simulated by turbulence
generator

1. Flow field simulated by turbulence generator

Turbulent kinetic energy (TKE) is the kinetic energy generated
due to irregular turbulent flow in fluid motion, and it is an important
index to study the airflow velocity decay pattern on the leeward side of
the turbulence generator. Therefore, Figs. 12 and 13 show the averaged
flow field and TKE of the C1 and C2, respectively (U, = 20 m/s).

TKE is defined as
1
k=2 @+ v+, ©)

where 7 v w stand for variable wind velocity’s root mean square.

As shown in Fig. 12, the incoming flow will accelerate through the
center of the two spires due to the canyon tube effect as the incoming
flow passes the spire. The airflow generates a large wake region on the
spire’s LWS, along with turbulence and vortices. This flow pattern leads to
pressure changes on the spire’s LWS, resulting in large areas of negative
pressure. The flow between the two spire regions can be disturbed by each
other, resulting in locally accelerated flows. This interaction may cause
instability in the airflow leading to local pressure changes and vortex gen-
eration. The flow pattern between the LWS of the spire and the space
between the two spires differs markedly, and the wind speed on the
WWS of the line fluctuates greatly. When the attenuation rate of down-
stream wind speed is large, that is, the downstream wind speed decreases
rapidly after passing through the spire, which may lead to an increase in
upstream wind speed. This is because the turbulence and eddies

: (a) — Wind tunnel experiment 3 (b) — Wind tunnel experiment
P - - - - Middle-resolution method 5L - - - - Middle-resolution method

- - - - High-resolution method(/,,_,) - - - - High-resolution method(/,,_,)
1k - - - - High-resolution method(/;,_y) 1k - - - - High-resolution method(/,,_y)

0.1 02 03 04 05 06 07 08 09

Dimensionless time (¢V/L)

_3 1 Il 1 L 1 L 1
01 02 03 04 05 06 07 08 0.9

Dimensionless time (¢V/L)

FIG. 11. Surface pressure of the HST of test and CFD: (a) No. 1 and (b) No. 2.
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B o U/
-1.0 0 1.0

FIG. 12. Flow field of the TFT scene: (a)
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FIG. 13. TKE of the TFT scene: (a) C1
and (b) C2.

downstream have an effect on the upstream airflow, causing it to be accel- times that of C2. The peak PSD value difference between C1 and the
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erated. The attenuation rate of the incoming flow at the LWS of the fence
is lower than that of the spire, so the wind speed along the WWS of the
line is higher. The incoming flow, after passing through the fence, creates
a low-speed region on the LWS of the tunnel portal [the blue area of the
tunnel entrance in Fig. 12(b)], which is quite different from the actual
measurement. The wind speed at the LWS of the spire increases with
height. The wind speed at the LWS of the fence edges up with height.

As shown in Fig. 13, for C1 the incoming flow forms a strong TKE
zone at the LWS of the gap between the two spires (particularly in the
near-surface region). The TKE drops sharply between the spire and the
LWS. Therefore, as shown in Fig. 13(a), the turbulence intensity of the
LWS is large and varies rapidly. As shown in Fig. 13(b), in contrast to
the spire, the incoming flow generates a wider range of strong TKE
regions on the LWS of the fence, where the LWS of the spire experiences
less attenuation of the wind velocity than the fence. Therefore, the wind
speed along the LWS of the fence is higher than that of the spire. In the
near ground region (2.5 m from the ground), as the TKE decays to a sta-
ble state, the spire and fence LWS have the same turbulence intensity.

2. Power spectral density (PSD) analysis

Figure 14 shows the power spectrum of the measured No. 1
and X2 simulated by C1 and C2. The peak PSD value of the Cl is 162

measured is only 12%. Figure 14 shows that the C1 wind power spec-
trum matches the measured wind power spectrum more closely.
According to the formula of wind power spectrum, the turbulence

10?
— Measured spectrum
i - - - - Simulation spectrum of spire
10° - - - - Simulation spectrum of fence
107
s
g
104}
10°F
10—8 1 L L
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U

FIG. 14. Comparison of measured and simulated PSD curves.
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integral scale can be calculated.” The wind power spectrum of C2 is
not well matched. The turbulence integral scale of X2 as predicted by C1
is 49.3, which is similar to the measured value of 50.37 m. The measured
value is far from the matching value of the C2 state simulation, which is
90.46 m. The reason for the difference between the simulated C2 results
and the actual measurements in the PSD analysis is the difference
between the turbulence pattern and the attenuation law of the airflow at
the leeward side of the spires or fences and the actual turbulent.

B. HST's aerodynamic characteristics

1. HST's aerodynamic loads

The variation in wind speed causes the aerodynamic load to
change. Figure 15 shows the five nonlinear aerodynamic forces of the
HST to study the effect of the turbulent flow of the spire and fence on
the aerodynamic load of the moving HST.

The nonlinear aerodynamic force of the HST was calculated
using the unit surface pressure integral method,” and the dimension-
less coefficients of the nonlinear aerodynamic forces were calculated
using Eqgs. (7) and (8). The lateral load coefficient C,, the lift load coef-
ficient C,, the rolling moment coefficient C,,,,, the yawing moment
coefficient C,,,, and the nodding moment coefficient C,,,, (i.e., head C,
represents the lateral load coefficient of the head carriage). Table II
shows the maximum peak values of the five aerodynamic loads of
three HSTS’ carriage. Table III calculates the standard deviation of the
nonlinear aerodynamic force of three HSTSs’ carriage,

Ci = Fi/(0.5pV;A), o
Cm,‘ = Ml/(OSquzAh),
V2=V +ud, 8)

where p represents the density of air, where the value is 1.205 kg/m3,
and V, represents the incoming and outgoing wind velocity relative to
the moving HST (V).

Figure 15 and Tables II and III provide the following conclusions:

A HST’s aerodynamic load coefficient changes dramatically when
it enters and exits a tunnel, and the peak nonlinear aerodynamic force
is higher. During periods of incoming flow, the HST’s five nonlinear
aerodynamic forces after the HST runs on the open line remain at the
peak level and fluctuate stably. However, the HST’s nonlinear aerody-
namic force fluctuated greatly in the open section when the incoming
turbulent flow generated by a turbulence generator. The aerodynamic
load fluctuations and dynamic response caused by the incoming flow
will first be reflected in the head carriage, which in turn will have an
impact on the whole HST. The incoming flow will cause the head car-
riage to be subjected to larger lateral forces and rolling moments, the
dynamic response indexes of the HST will increase accordingly, and
the HST will be more prone to derailment. Therefore, the study of the
aerodynamic loads of the head carriage is essential to ensure the stabil-
ity and safety of the HST. Furthermore, the aerodynamic load of the
HST fluctuates under incoming turbulent flow, and when the aerody-
namic loads of the train attain the peak value, the HST’s operational
safety is most threatened. Therefore, the effect of incoming turbulent
flow generated by spires and fences on the peak aerodynamic coeffi-
cients of the head carriage will be mainly focused to analyze in
following.

ARTICLE pubs.aip.org/aip/pof

For C, [as shown in Fig. 15(a;) and Tables II and I1I], the head
carriage is subjected to the greatest lateral force impact relative to the
center and rear carriage as the HST exits or enters the tunnel. When
the HST is running on the open line, with the incoming flow of
11.50m/s, the C, peak value of the head carriage is 0.089 and the stan-
dard deviation is 0.040. Compared with the constant wind speed of
11.50 m/s, the peak Cz of the head carriage increases by 1.36 and 1.56
times, and the standard deviation of the Cz of the head carriage
increases to 0.005 and 0.008, respectively, under the turbulent flow of
the spire or the fence.

For C, [as shown in Fig. 15(b,) and Tables II and I11], the head
carriage is subjected to a downward force when the HST runs in a tun-
nel. Therefore, the head carriage’s C, is negative. When the HST runs
under crosswind, it has an overall upward tendency, and the three car-
riages’ C, is positive. As the HST is pulling out of the tunnel under the
incoming flow of 11.50m/s, the peak C, of the middle carriage is
0.061, and the standard deviation is 0.023. Under the incoming flow of
14.46 m/s, peak C, increases by 1.26 times, and the standard deviation
increases to 0.030. Under the turbulent flow, the peak C, of the head
carriage increases by 1.23 or 1.25 times, respectively, and the standard
deviations are 0.019 and 0.020. When the HST runs completely on the
flat ground line, the standard deviation of the C, is 0.001 under the
incoming flow. The C, standard deviation of the middle carriage is
0.011 and 0.009 under the turbulent wind.

For C,,,, [as shown in Fig. 15(c;) and Tables II and I1I], under the
turbulent flow, the three carriages’ C,,,, fluctuates sharply. When the
HST leaves the tunnel, under the incoming flow of 11.50 m/s, the head
carriage’s peak C,,,, is 0.002, and the standard deviation is 0. Under the
incoming turbulent flow, the peak C,,, of the head carriage is 1.5 and 2
times that of the incoming flow of 11.50 m/s.

For C,,,, [as shown in Fig. 15(d,) and Tables IT and III], the head
carriage’s C,,,,, fluctuates the most compared to the center and rear car-
riages. With the incoming flow of 11.50 m/s, the peak C,,,, is 0.172 and
the standard deviation is 0.064. Under the turbulent flow of the spire
or fence, the peak C,,, of the head carriage is 1.46 and 1.59 times, and
the standard deviations are 0.068 and 0.081. When the HST is running
on the open line and the incoming flow of 11.50 m/s, the peak C,,, of
the head carriage is 0.140 and the standard deviation is 0.001. Under
the turbulent wind of the spire or fence, the peak C,,,,, of the head car-
riage increases by 1.46 and 1.06 times, and the standard deviations are
0.034 and 0.029.

For C,,,, [as shown in Figs. 15(e;) and Tables II and III], with a
constant incoming wind speed of 11.50 m/s, the peak C,,,. of the head
carriage is 0.112. Under the turbulent wind of the spire or the fence,
the peak C,,,, of the head carriage is 1.12 and 1.32 times, respectively.
When the HST is completely outside the tunnel, the C,,, standard
deviations of the head carriage under the spire or the fence’s turbulent
flow are 0.020 and 0.010, respectively, which are 20 and 10 times
higher than C,,. standard deviations within the incoming flow of
11.50 m/s.

Riding comfort is defined as the standard deviation of the rolling
moment coefficient. A larger standard deviation of the rolling moment
coefficient means that the rolling moment of the train carriages varies
more, and the violent shaking of the carriages leads to a reduction in
riding comfort. Ride comfort is greatly reduced when the HST is run-
ning under the turbulent flow of the spire and fence compared to the
constant incoming flow.
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TABLE II. The maximum value of the nonlinear aerodynamic force factor of the three carriages.

ouT Crosswind IN

Carriage C3 C4 C5 C6 C3 C4 C5 C6 C3 C4 (05) C6

Max Cy, Head 0.089 0.117 0.121 0.139 0.088 0.115 0.119 0.080 0.088 0.115 0.128 0.101
Middle 0.031 0.048 0.037 0.043 0.029 0.048 0.050 0.030 0.028 0.046 0.044 0.024
Rear 0.020 0.023 0.031 0.041 —0.008 —0.005 —0.017 -—0.033 —0.028 —0.037 —0.033 —0.045
Head 0.020 0.044 0.039 0.052 0.016 0.042 0.024 0.029 0.017 0.042 0.018 0.022
Middle 0.061 0.077 0.075 0.076 0.057 0.074 0.055 0.043 0.052 0.069 0.027 0.023
Rear 0.049 0.056 0.039 0.038 0.031 0.029 0.038 0.033 0.030 0.024 0.024 0.032
Max Cyx Head —0.002 —0.004 0.003 0.004 —0.002 —0.002 0.004 0.006 —0.002 —0.003 —0.003 —0.003
Middle 0.003 0.017 0.051 0.015 0.002 0.002 0.003 0.006 0.001 0.002 0.003 0.003

Rear 0.001 0.033 0.043 0.047 —0.001 —0.002 0.002 0.003 —0.002 —0.002 —0.002 —0.002

Max Cp,y Head -0.172 -0.213 -0.251 -0.273 -0.140 -0.177 -0.201 —0.149 -0.145 -0.178 —0.191 —0.202

Max C

Middle —0.015 —0.055 —0.026 —0.009 0.008 0.004 0.032 0.023 0.023 0.031 0.031 0.039

Rear -0.080 -0.023 -0.031 -0.004 -0.074 -0.096 —0.086 —0.110 -0.068 —0.092 —0.076 —0.099

Max C,,, Head -0.112 -0.138 -0.125 -0.145 -0.105 -0.131 -0.112 -0.101 —0.105 -0.131 —0.135 —0.094
Middle 0.051 0.015 0.078 0.048 0.016 0.032 0.037 0.021 —-0.034 —0.040 —0.041 —0.027

Rear 0.043 0.047 0.056 0.023 0.044 0.058 0.049 0.026 0.040 0.053 0.039 0.015

In summary, under incoming flow, the maximum five nonlinear
aerodynamic force coefficients of the HST are obtained when the HST
exits the tunnel. When the velocity input is a constant wind speed, the
nonlinear aerodynamic force coefficient of the HST after leaving the
tunnel slightly fluctuate, which is often contrary to the actual situa-
tion.”” The peak nonlinear aerodynamic force as the HST exits the tun-
nel is greater under the turbulent flow of the fence than that of the
spire. However, when the HST runs on the open line, the nonlinear
aerodynamic force of the HST fluctuates greatly under the turbulent

flow of the spire. This is because the turbulent flow from the spire has
a higher turbulence intensity on the WWS.

2. Transient vortex structure evolution

Figures 16-18 show the transient vortex structure. The contour
surface of the eddy current structure in the diagram is created and col-
ored with a dimensionless composite velocity (Q = 3000, U, = 20 m/s).

Figures 16-18 show the following:

02:51:90 G20z Aenuer g0

TABLE lll. The standard deviation of five nonlinear aerodynamic force coefficients for three carriages.

OouT Crosswind IN
Carriage C3 C4 C5 C6 C3 C4 C5 C6 C3 C4 C5 Co
aCy Head 0.040 0.044 0.045 0.048 0.000 0.001 0.017 0.012 0.037 0.048 0.043 0.034
Middle 0.014 0.021 0.015 0.015 0.001 0.001 0.008 0.008 0.012 0.019 0.017 0.010
Rear 0.008 0.010 0.013 0.019 0.001 0.001 0.007 0.009 0.007 0.010 0.014 0.015

aC Head 0.014 0.025 0.018 0.022 0.001 0.001 0.010 0.008 0.014 0.024 0.012 0.013
Middle 0.023 0.030 0.019 0.020 0.001 0.002 0.011 0.009 0.020 0.027 0.009 0.008

Rear 0.011 0.012 0.007 0.007 0.002 0.002 0.010 0.008 0.010 0.008 0.007 0.006
0Cpmx Head 0.000 0.001 0.002 0.002 0.000 0.000 0.002 0.002 0.001 0.001 0.001 0.002

Middle 0.001 0.001 0.002 0.003 0.000 0.000 0.001 0.002 0.001 0.001 0.001 0.001

Rear 0.000 0.001 0.001 0.002 0.000 0.000 0.001 0.001 0.000 0.001 0.001 0.002

6Crny Head 0.064 0.065 0.068 0.081 0.001 0.001 0.034 0.029 0.055 0.070 0.066 0.058
Middle 0.012 0.016 0.027 0.029 0.001 0.001 0.014 0.011 0.007 0.010 0.015 0.021

Rear 0.036 0.042 0.040 0.034 0.003 0.004 0.013 0.025 0.029 0.037 0.031 0.033

0Ch, Head 0.020 0.031 0.022 0.023 0.001 0.002 0.020 0.010 0.020 0.031 0.022 0.012
Middle 0.015 0.020 0.030 0.025 0.001 0.003 0.012 0.009 0.013 0.016 0.013 0.009
Rear 0.018 0.020 0.017 0.010 0.002 0.003 0.014 0.009 0.014 0.019 0.014 0.010
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FIG. 16. The transient vortex structure when half of the HST leaves the tunnel: (a) C3, (b) C4, (c) C5, and (d) C6.

As shown in Fig. 16(a), two separate longitudinal vortex struc-
tures falloff either side of the rear carriage in the tunnel. As shown in
Fig. 17(a), the HST wind interacts with the incoming flow, then the
two elongated vortex structures (EVS) from which the rear carriage
falls converge in the center of the HST and develop into a larger lon-
gitudinal vortex structure when the HST is running under the
incoming flow. In further, a large longitudinal vortex structure shed-
ding from the LWS of three carriages and two to three smaller longi-
tudinal vortex structures shedding from the LWS of the head
carriage can be observed. As the TKE decreased, the small EVS
attached to the LWS of the middle and rear carriages gradually
evolved into a small and dispersed small vortex structure. Finally, the
vortex structure is dissipated and converted into heat. The area of
high wind speed appears in the windscreen of the head carriage and
the nose tip of the tail carriage, including the WWS and the connec-
tion of the HST. As shown in Figs. 17(a) and 17(b), as the incoming
flow speed increases, the vortex structure detached from the LWS of
the HST becomes more condensed and the vortex shedding distance
is greater. The area of high wind speed at the head and rear of the
HST’s nose tip and the HST’'s WWS also gradually increases.
Therefore, as the incoming flow speed increases, the vortex structure
of the HST changes and the nonlinear aerodynamic force increases
accordingly.

The TKE of the spire’s LWS is higher, and the flow field
change on the LWS is more disordered, especially at the tunnel
entrance. A high intensity turbulent zone is formed at the tunnel
entrance due to the interaction of the turbulent flow and the HST
wind (as shown in Fig. 13). The local velocity at the WWS and the
top of the carriage increases, and the longitudinal vortex structure
with large shedding is often observed at the surface of the HST
(Figs. 16 and 18). As a result, the peak nonlinear aerodynamic force
of the HST at the tunnel entrance is higher than the incoming flow.
When the HST is completely out of the tunnel, the vortex structure
falling from the surface of the carriage develops into a separate vor-
tex surround the HST surface. The number of vortex structures
increases and they become scattered and disordered, showing obvi-
ous instability. As shown in Fig. 17, the trailing vortex of the HST
changes from a longitudinal vortex structure to many discrete vor-
tex formations.

The turbulent flow speed of the fence is higher than that of the
spire. The interaction between the fence’s turbulent flow and the HST
wind is stronger, and the area of high wind speed on the HST surface
is larger. There are more discrete vortex structures on the HST surface,
resulting in a higher peak nonlinear aerodynamic force of the HST
than the spire condition. As mentioned in Sec. IV A, the fence’s turbu-
lent flow has less turbulence intensity than the spire on the WWS.
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FIG. 17. The transient vortex structure when the HST runs completely in the crosswind environment: (a) C3, (b) C4, (c) C5, and (d) C6.

Therefore, as shown in Fig. 17, when the HST is completely out of the
tunnel, the number of vortex structures falling around the carriage is
less and the rate of fall is lower than that of the spire condition. In
addition, the fluctuation range of the nonlinear aerodynamic force of
the HST on the open line is smaller than in the spire condition.

3. PSD analysis

When the HST is away from the tunnel, the separation vortex
and the longitudinal vortex structure will continue falling on the sur-
face of the HST under the coupling effect of the incoming flow and the
HST wind. These frequent shedding vortex structures directly aggra-
vate the fluctuation of the nonlinear aerodynamic force of the HST.
Therefore, PSD is introduced to further investigate the difference in
the nonlinear aerodynamic force spectrum when the HST runs under
the turbulent flow throughout the TFT process. Figure 19 shows the
spectrum curve of the five nonlinear aerodynamic force coefficients of
the head carriage.

Figure 19 shows the following:

(1) The overall trend of the PSD for each nonlinear aerodynamic
force decreases with increasing frequency when the HST is

operating under the incoming flow. Several main pneumatic
frequency bands are concentrated in the 0-10 Hz range.

(2) In the low frequency band close to 0-1 Hz, under the turbulent
flow of the spire and fence, the peak values of the PSD of the
head carriage are lower than those of the corresponding incom-
ing flow. This finding may indicate that the HST is under the
incoming flow and the nonlinear aerodynamic force has main-
tained a large peak. However, under the turbulent flow of the
spire and fence, the peak PSD value of the C,,, of the HST is
273 and 686 times the incoming flow of 11.50 m/s, and the roll-
ing probability of the HST is greatly increased.

(3) Within the frequency of 1-10Hz, the PSD curves of the five
nonlinear aerodynamic force coefficients of the head carriage
under the spire and fence are higher. This is because the nonlin-
ear aerodynamic force of the HST fluctuates significantly under
the effect of turbulent flow, and the HST swings and bounces
up and down.

V. CONCLUSIONS

Based on the wind field tests at a typical TFT site and CFD simu-
lations, the aerodynamic loads of the HST operating at the TFT site
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FIG. 18. The transient vortex structure when half of the HST enters the tunnel: (a) C3, (b) C4 and (c) C5, and (d) C6.

under incoming turbulent flow by two turbulence generators is dis-
cussed. The main conclusions are presented below:

(1) According to wind field tests, the measuring point for the high
wind speed section of the TFT is usually between 9 and 14 m/s.
The average wind direction of the high wind speed is 90° to the
operating direction of the HST. The turbulence intensity tends
to be 0.3 when the wind speed is more than 12 m/s.

(2) In the TFT scene, the turbulent flow generated by the spire is
more similar to the measured characteristics. For the same
blockage rate, the mean wind speed along the WWS and LWS
is consistent with the measured peak wind speed range
(0.5-0.7). In the Y direction, the turbulent flow of the spire is
comparatively suitable for the wind speed profile.

(3) Under the turbulent flow of the fence, the peak of the nonlinear
aerodynamic force coefficient when the HST leaves the tunnel is
higher than that of the spire. However, when the HST is
completely outside the tunnel, the fluctuation of the nonlinear
aerodynamic force coefficient of the HST under the turbulent
flow of the spire is more intense.

(4) According to the incoming flow of 11.50 m/s, the peak nonlin-
ear aerodynamic load coefficients of the head carriage increase
by 1.12-1.5 and 1.06-2.0 times, respectively, under the incom-
ing turbulent flow generated by the spire and fence.

(5) The PSD peak values of the head carriage rolling moment coef-
ficients at the spire and fence are 273 and 686 times the corre-
sponding values for the incoming flow of 11.40 m/s. Within the
frequency range of 1-10 Hz, the nonlinear aerodynamic forces
of the head carriage at the spire and fence conditions fluctuate
dramatically. The rolling probability of the HST increases sig-
nificantly and the ride comfort decreases sharply.

The incoming turbulent flow generated by the spire is more con-
sistent with the measured wind. Under the incoming turbulent flow
generated by the spire, the study of the HST’s aerodynamic load fluctu-
ation law at tunnel entrance scenario provides a new method for vibra-
tion prevention and operation safety guarantee of the HSTs in future
research.

This study mainly discusses the moving HST’s nonlinear aerody-
namic load under the spire and fence’s turbulent flow. In future
research, the wind-vehicle-flat ground-tunnel coupling dynamic model
will be established. Future research aims to analyze the dynamic
response of the train during operation and the possible safety risks
under incoming turbulent flow generated by the turbulence generator.
The aerodynamic loads of the HST under incoming turbulent flow are
input into the wind-vehicle-flat ground-tunnel coupled dynamic
model. Displacement and acceleration parameters, wheel-rail response,
and travel safety indicators of the HST are obtained and analyzed.
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