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ABSTRACT

The twin mountains, a common terrain in mountainous areas, tend to induce the acceleration effect under crosswinds, which enhances the
wind speed and the turbulence performance of the flow field. To mitigate the impact of the acceleration effect on high-speed trains, struc-
tures, and aircraft near the twin mountains, this study investigates the effectiveness of the jet strategies, which are realized on natural moun-
tain slopes by mechanical ventilation, with different jet angles on the flow field and the train. Wind speed tests, flow visualization, wind field
prediction, and research on the train’s aerodynamic behavior are conducted in this paper using the wind tunnel and the improved delayed
detached eddy simulation dynamic models. The results indicate that the wind velocity on the leeward side of the twin mountains increases up
to 1.42 folds of the wind velocity of the incoming flow under crosswinds. The jet streams with 0� and 30� angles are the most effective in mit-
igating the acceleration effect among those tested (0�, 15�, 30�, and 45�), reducing the maximum wind speed by 11.87% and 16%, respectively.
Compared with the mitigation effect of the jet stream with the 30� angle, the jet stream with the 0� angle has a better mitigation effect on the
aerodynamic loads (4.0%–13.2%) and its fluctuation amplitude (24.4%–42.7%) of the train. These findings are valuable for studying the flow
field characteristics of the twin mountains and the designing anti-wind measures for high-speed railways.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0202419

I. INTRODUCTION

In the atmosphere, the acceleration effect occurs when flows pass
through narrow geographical features or buildings.1,2 As the flows pass
through these narrow areas, the velocity of the flows increases signifi-
cantly. Specifically, as shown in Fig. 1(a), the twin mountainous terrain
prevalent in mountainous regions produces a significant acceleration
effect under crosswinds. The characteristics of the flow field of the
twin mountains are unevenly distributed in spatial and temporal
scales.3,4 With the rapid development of high-speed rail systems, high-
speed trains (HST) traverse mountainous terrain more frequently and

are susceptible to extreme wind conditions, which can decrease the
operational safety of trains and even lead to accidents.5,6 In these acci-
dents, passive anti-wind facilities such as wind barriers, windbreaks,
and anti-wind open-cut tunnels have been applied to the railroad sys-
tem, indicating the hidden risks of conventional anti-wind facilities. As
shown in Fig. 1(b), there is a sudden change in the wind environment
at the end or transition of anti-wind facilities (the region marked by
the yellow dashed line) under crosswinds. When a train passes by this
region, the rapid switching of the operating scenarios (protection and
crosswind) will result in a violent transient aerodynamic impact on the
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train. In addition, these facilities are utilized to passively block cross-
winds, but the contact area between the anti-wind facilities and the
crosswinds potentially increases the aerodynamic forces exerted on
facilities or bridges. Therefore, it is necessary to investigate new anti-
wind measures to address the risk of HSTs overturning while traveling
through twin mountains under crosswinds.

Under strong wind conditions, the aerodynamic performance of
HST significantly deteriorates. This degradation is particularly notice-
able when the trains encounter intense and rapidly changing airflow,
leading to abrupt fluctuations in aerodynamic forces. Li et al.7 investi-
gated the aerodynamic behaviors of HST under crosswind conditions
by combining computational fluid dynamics (CFD) methods with a
vehicle-track coupling model. The results revealed a decrease in opera-
tional safety of the HST under crosswinds. Xiao et al.8 analyzed the
effects of the vehicle velocity, the crosswind velocity, and attack angle
on the derailment mechanism and the dynamic response of the HST.
They found that the operational stability of the HST is highly sensitive
to crosswinds with an attack angle of 75�–90� to the traveling direc-
tion, with the dynamic response and wheel-rail force of the train
increasing linearly as wind speed rises. Transitioning from a calm to a
crosswind environment results in a sudden and marked alteration in
the aerodynamic behaviors of the HST. Deng et al.9 conducted a study
on the transient effects of HST navigating through tunnel-bridge-tun-
nel terrains under crosswinds, indicating that trains encounter intense
and momentary aerodynamic impacts after entering a crosswind envi-
ronment. The behavior of HST operating on bridges is more directly
affected by wind loads than the response of bridges.10 These studies
demonstrate a significant positive correlation between crosswind speed
and the operational safety of trains, wherein transient variations in
crosswinds impose considerable instantaneous aerodynamic loads on
HST. The acceleration effect of airflow and the uneven distribution of
flow field characteristics are prevalent in mountainous regions.
However, few researchers have focused on the aerodynamic character-
istics of HST traversing through mountainous regions.

Mountainous regions are characterized by intricate and diverse
geographical features, including high elevations, steep slopes, ridges,
valleys, cliffs, and gorges. In strong wind conditions, these features
tend to result in the acceleration effect. Yang et al.11 observed wind
field characteristics at a specific bridge-tunnel area in steep valley

terrain using ultrasonic anemometers, and further analyzed the spatial
distribution of the wind field in the area using the large eddy simula-
tion (LES) method. The acceleration effect at the tunnel entrance
reached up to 37.5%, and the turbulence intensity and turbulence
intensity ratio exhibited a lognormal distribution. Additionally, several
studies have investigated wind field characteristics in specific gorge ter-
rains using different field observation methods or numerical prediction
methods.12–15 These methods and results are informative for wind field
prediction and safety studies of buildings and transportation in moun-
tainous areas. However, the complexity and variability of the terrain
are significant features of mountainous areas in reality. Some scholars
have summarized wind field laws for typical terrain in mountainous
areas. For ideal V-shaped and U-shaped canyons, Zhou et al.16 used
numerical simulation methods to analyze and summarize the influence
of canyon parameters on the acceleration effect under crosswinds.
They used canyon models obtained by simply stretching V-shaped
and U-shaped sections without considering the shape characteristics of
real mountains. Cheng et al.17 investigated boundary layer thicknesses
and the influence of canyon widths on acceleration effects using the
shear stress transfer (SST) k–x turbulence model. The canyon model
used in the research took into account the shape characteristics of typi-
cal canyons in reality. However, such long strips of canyons are not
common in mountainous regions, and high-speed trains rarely pass
through them. Liu et al.18 and Yang et al.19 simulated the atmosphere
flows over typical three-dimensional hills based on the LES method,
which can provide valuable information for studying typical mountain
contour lines. However, their research objects were isolated hills where
the acceleration effect exhibited little significance. The aforementioned
studies have discussed the wind field in various terrains in mountain-
ous areas but have overlooked the common twin mountainous ter-
rains, especially the aerodynamic characteristics of HST passing
through twin mountains.

In order to mitigate the impact of strong winds on HST travers-
ing through mountainous regions, Zhang et al.20 focused on reducing
the aerodynamic drag, lift, and lateral force of the head carriage of the
HST subjected to crosswinds. They constructed a Kriging surrogate
model between the head shape variables and its optimization objec-
tives, resulting in the identification of Pareto-optimal head shapes after
considering the main factors contributing to the optimization

FIG. 1. Research background: (a) Twin mountainous terrain; (b) Passive anti-wind facilities.
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objectives. Additionally, wind barriers installed alongside the bridge-
tunnel sections of high-speed railways were found to block and divert
crosswinds, weakening the effect of sudden changes in aerodynamic
coefficients by over 30%.21 The height and ventilation ratio of these
barriers significantly affected lateral and torsional displacements of
bridges and vehicles.22–24 Yang et al.25 compared the transient aerody-
namic performance of HST passing through two types of windproof
facilities (windbreaks and windproof open-cut tunnels) under cross-
winds. They observed significant fluctuations in the five aerodynamic
loads (lateral force, lift force, rolling moment, yaw moment, and pitch-
ing moment) of the HST during the period of entering or exiting the
windproof facilities. Similarly, Chen et al.26 analyzed the effects of the
sudden transition of windbreaks on HST under crosswinds in terms of
flow field structures and dynamic response. They found that the unrea-
sonable structural geometry and the insufficient height of the wind-
shields led to a deterioration in the dynamic characteristics of the
train. As a result, blowing slots installed on the train surface were pro-
posed to mitigate the effects of crosswinds, ultimately reducing the
aerodynamic load coefficients of trains by 18.5%–30.8%.27 While the
blowing measure offers a new concept for windproofing HST, it is
important to note that the control system of the measure requires a
high level of intelligent recognition and the reaction force on the train
may cause a negative effect.

In recent years, the current industrial air curtain machines are
widely used to isolate and control the dust, heat, and smoke in build-
ings, such as malls, chemical laboratories, office buildings, and indus-
trial plants (Fig. 2).28–30 Yang et al.31 discussed the operating
performance of an air curtain machine applied to a small building
using a wind tunnel test. To ensure the isolation performance of air
curtains, it is necessary to control the velocity, continuity, width, and
angle of the jet flow. Therefore, air curtain machines will cause signifi-
cant noise and economic problems if directly applied in this study, and
it is necessary to optimize the design of the air curtain machine for the
application characteristics in future studies to address these issues. In
fact, a series of ejectors that can create planar streams should work well
in this study, and as a result, the shortcomings of air curtain machines

in terms of the large occupancy area and the high construction cost are
overcome. In this study, a HST operating at 300 km/h (83.33m/s) will
pass through the twin mountain terrain within 4 s, and the jets only
require to operate during the period when the train passes by, which
effectively avoids the problem of high-energy consumption. In the
twin mountain terrain, where wind resources are abundant, small or
medium wind power generators are available to supply the energy
required for the ejector. Due to the small size and short operating time
of the ejectors, the noise problem and the impact on nature generated
by ejectors can be alleviated. In addition, automatic on-off flaps are
installed at the inlet and outlet of ejectors, considering the possibility
of animal intrusion into ejectors.

In this study, wind speed tests and flow visualization studies in
the twin mountains are conducted using wind tunnels, cobra probes,
and high-speed cameras. The obtained results, including wind speed
and flow structure, are compared with those obtained by the improved
delayed detached eddy simulation (IDDES) method. Additionally, an
air-jet measure is proposed to mitigate the acceleration effect in the
twin mountains terrain under crosswinds. To analyze and optimize
the air-jet measures, a three-dimensional dynamic model of the air–
twin mountains–train is established using a CRH380B type HST. Poly-
hexcore meshes and the IDDES method are utilized to construct the
computational model. This paper discusses the effects of jet streams on
the flow field and the HST in the twin mountains in terms of the flow
field (wind speed, flow separation, and turbulence characteristics) and
the aerodynamic loading of the trains. The results will be beneficial for
the study of the wind field in the twin mountains and will serve as a
reference for the design of windproof measures for HSTs.

II. METHODOLOGY
A. Twin mountains model

The computational domains, as shown in Fig. 3, are symmetri-
cally distributed in the X-direction, with geometric features that are
symmetrically consistent. The computational models are established
based on a scaling ratio of 1:10, where the length (L) of the HST is
7.653m, the width (W) is 0.326m, and the height (H) is 0.389m, to

FIG. 2. Air curtain machines being used in various scenarios.
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characterize the geometry of the computational model. The entire
computational domain has a length of 9.8L, a width of 107.2W, and a
height of 25.7H. A cosine-type curve is used to construct the typical
profile of the mountain, with the characteristics of this curve detailed
in the article.3 The bottom diameter and the height of the mountains
are 1.96L and 12.85H, respectively, and the minimum spacing between
the foothills of the twin mountains is 0. In this study, three carriages
(head, middle, and tail) of a CRH380B-type HST model are used to
investigate the aerodynamic loads of the trains under crosswinds. The
minimum distance of the initial position of the head carriage relative
to the twin mountains is 1.3L in the X-direction. The gravity center of
the HST is 2.57H from the ground in the Y-direction and 3.06W from
the foot of the mountain in the Z-direction. The cross sections of the
bridges adopt the typical box-type structure in Chinese high-speed
railroad systems, with heights and widths of 0.78H and 3.67W, respec-
tively. The boundary at 15.3W upstream of the twin mountains is set
as a velocity inlet to simulate the crosswinds with an airflow velocity of
30m/s along the Z-direction (U¼ 30 m/s). In the computational
model, the left, right, and downstream boundaries are defined as the
pressure outlet, and a symmetric boundary is applied to the top sur-
face. Other walls, such as the bottom of the model, the mountain

surface, the bridge deck, and the surface of the HST, are defined as the
no-slip wall.

As shown in Fig. 4, the poly-hexcore grid is utilized to discretize
the geometry into the grid model, with the grids at the front, back, and
around the train defined as dynamic mesh. Three refined grid areas
(C1, C2, and C3) are established around the twin mountains and the
train to enhance the grid quality and result accuracy. Additionally, five
layers of boundary grids are assigned to the surface of the twin moun-
tains and the bridge, while 10 layers of boundary grids are assigned to
the surface of the train, with an estimated Yþ� 2. The final number
of grid cells in the computational domain is 44 � 106. The dynamic
mesh technique is used to make the HST move along the X-direction
at a velocity of 300 km/h (�83.33m/s). The general conservation equa-
tion for the dynamic meshes is shown in the following equation:

d
dt

ð
V

qudV þ
ð
@V

qu ~u �~udð Þd~A ¼
ð
@V

lrud~A þ
ð
V

SudV; (1)

where V , q, u, and @V are the arbitrary control volume, the fluid den-
sity, the general scalar, and the boundary of the control volume,
respectively; ~u and ~ud are the velocity vectors of the flow and the

FIG. 3. Geometric characterization of the twin mountains computational model.

FIG. 4. Mesh characterization of the twin mountains computational model.
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moving mesh, respectively;~A, l, and Su represent the face area vector,
the diffusion, and the source term of u, respectively.

B. Solution strategy

Based on the calculated Reynolds number using the variables Uc,
Ut , and H, it exceeds 2� 106, indicating that the flows in the twin
mountains computational model belong to the high Reynolds number
issue. The verification of the corresponding Reynolds number has
been done in the work.3 In high Reynolds number scenarios, tradi-
tional Reynolds-averaged Navier–Stokes simulation (RANS) methods
encounter challenges due to scale resolutions. High Reynolds number
flows typically involve multi-scale turbulent structures, encompassing
large-scale eddies and small-scale turbulence. The RANS method often
struggles to accurately capture these turbulent structures at different
scales simultaneously, leading to inaccuracies and distortions in the
simulation results.32–34 The large eddy simulation (LES) method is
particularly effective in capturing the large-scale structures of turbu-
lence while modeling the smaller scales. However, the performance of
LES is highly dependent on the quality of the subgrid-scale modeling
and the fine grid resolution. The IDDES turbulence model provides a
flexible and convenient scale-resolving method for high Reynolds
number flows over complex terrain.35 Therefore, the IDDES method
based on the shear stress transport (SST) k–x model is adopted in this
research, and its governing equations are shown as follows:

@qk
@t

þr � qk~U
� �

¼ r � lþ lt
rk3

� �
rk

� �
þ Pk � qb�kxFIDDES ;

(2)
@qx
@t

þr � qx~U
� �

¼ r � lþ lt
rx3

� �
rx

� �
þ 1� F1ð Þ

� 2qrk � rx
rx2x

þ a3

x
k
Pk � qb3x

2; (3)

FIDDES ¼ lRANS
lIDDES

; (4)

where k,x, l, and lt are the turbulence kinetic energy, the specific dis-
sipation rate, viscosity, and the turbulent viscosity, respectively; F1
denotes the SST blending function; Pk represents the production term
of k; and lRANS and lIDDES are the scale of length of the RANS and
IDDES, respectively.

User-defined functions (UDF) are utilized to track and record the
aerodynamic loads of the three carriages of the HST. Within the UDF,
a time series of the aerodynamic loads of the carriages is obtained
using an integration method based on the information of the pressures,
the areas, and the coordinates of the mass centers of the face elements.
The corresponding computational theory formulations are described
in the article.36 The computational time steps for the dynamic and
static models are set to 5� 10�5 and 1� 10�4, respectively, and the

corresponding Courant numbers are lower than 1. All computational
work is conducted on the Wuxi supercomputer for a total of 14 days.

The aerodynamic loads are used to compare the aerodynamic
performance of the HST under crosswinds with and without air jets.
To facilitate the comparison and the analysis of the data, Eqs. (5)–(8)
are used to express the dimensionless lateral force Fz , the rolling
moment Mx , the yaw moment My , the pressure, and the time as
follows:

Fi ¼ 1
2
qSU2

t Ci; (5)

Mi ¼ 1
2
qSHU2

t Cmi; (6)

Cp ¼
2 pj � p0ð Þ

qU2
c

; (7)

t ¼ t0L
Ut

; (8)

where i denotes the direction of the three components of the load
(takes x, y, and z); S is the side area of the carriage; Ci and Cmi are the
coefficient of aerodynamic force and the aerodynamic moment coeffi-
cient, respectively; Cp, pj, and p0 represent the pressure coefficient, the
pressure value, and the reference pressure in the environment, respec-
tively; t is the time after the HST leaves from the initial position; and t0

is the dimensionless time.

C. Air-jet scheme

Table I shows the geometrical characteristics and operating
parameters of the FM-6020A air curtain. Table II describes the details
of the cases established based on the IDDES method. The surfaces of
the air curtain jet are parallel to the hillside, and the jet velocity of the
air stream is defined as 25m/s (Uj ¼ 25 m/s). To explore the effect of
the placement angle on the mitigation effect, the angles between the
direction of arrangement of the air curtain machine and the X axis (jet
angles) are divided into 0�, 15�, 30�, and 45�. The corresponding com-
putational models with the arrangements of the air curtains are named
cases II–V.

Figure 5 presents the installation locations of the air curtain on
the twin mountains, and four colored lines represent the placement of
the air curtains in the four air-jet scheme. The width of the jet (w) and
the height (h) of the air curtain machine are determined to be 0.03 and
0.035m, respectively, in the model with a scale ratio of 1:10. Designers
rarely use viaducts in high-speed rail on hilltop locations for reasons
related to safety and cost. Therefore, the air curtain machines are con-
tinuously installed on the slope of the hill, with the vertical height of
the air curtain from the top of the mountain being 1.28H. It has been
estimated that a 90 kW motor power is required for the air curtain on
one side of the hillside. Additionally, wind turbines are often installed
in areas with high wind resources, and an ordinary wind turbine has a
reserve power of 1500–2000 kW. To control the wastage of energy, the

TABLE I. Parameters of the air curtain.

Machine model Rated frequency (HZ) Rated voltage (V) Motor power (W) Air volume (m3/h) Wind speed (m/s) Size (m)

FM-6020A 50 380 2450 9400 25 2� 0.3� 0.35

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 055128 (2024); doi: 10.1063/5.0202419 36, 055128-5

Published under an exclusive license by AIP Publishing

 21 M
ay 2025 08:22:27

pubs.aip.org/aip/phf


operation of the air curtains is intelligently regulated by anemometers
installed on the twin mountains and the management system of the
high-speed railroad. Figure 6 presents the airflow formed by the air-jet
device without the influence of crosswind at four instants (0.04, 0.08,
0.12, and 0.16 s) in case IV. The wind direction is set as vertical to the
surface of the air curtain jet, and the air curtain machines formed a
wind wall on the windward side of the twin mountains.

D. Grid independence

As shown in Fig. 7, three grid resolutions (coarse, medium, and
fine) of the twin mountains model are employed to verify grid inde-
pendence, achieved by adjusting the cell sizes of the three refined grid
regions (A1, A2, and A3). The corresponding number of grid cells for
the three computational models are 34 � 106, 44 � 106, and 54� 106,
respectively, calculated under the same environmental conditions
(Uc ¼ 30; Ut ¼ 83.33; and Uj ¼ 0m/s).

Figure 8 compares the time course curves of the coefficient of the
lateral force (Cz) and the rolling moment (Cmx) of the HST in three
computational models (coarse, medium, and fine). The results demon-
strate that the differences between medium and fine remain within
2.7%, and the differences between coarse and medium remain within
6.2%. Therefore, considering the accuracy of the results and the com-
putational cost, the meshing strategy based on the medium is applied
in this study.

III. WIND TUNNEL TEST
A. Wind speed

Figure 9 presents a test system based on the twin mountains
model with a scaling ratio of 1:500, which is constructed in the WT2
wind tunnel at Central South University. The cross section of the test
section in the wind tunnel has a height of 1.2m and a width of 0.8m,
and the test system has a blockage ratio of 4.0%. In wind tunnel tests, a
suitable blockage ratio is one of the key factors for obtaining reliable
results in wind tunnel tests. Huang et al.37 investigated the effect of
blockage ratio on the aerodynamic behavior of rectangular prisms
based on the wind tunnel test method. The effect of four blockage
ratios (4.1%, 6.1%, 8.4%, and 10.1%) on the surface pressure coeffi-
cients and aerodynamic coefficients was analyzed by the synchronous
pressure measurement technique. Yen et al.38 analyzed the flow char-
acteristics around a square cylinder in wind tunnel based on a blockage
ratio of 4.0%. Therefore, a blockage rate of 4.0% and a scaling ratio of
1:500 are applied to the experiment. To ensure the accuracy of the
data, the Cobra probe and an automobile measuring frame system are
utilized for data acquisition. For further details on the experiments,
corresponding CFD models, and discussions on the Reynolds number
effects, refer to Ref. 3. Figure 10 compares the time course curves of

TABLE II. Details of the cases.

Case Uc (m/s) Uj (m/s) Jetting angle Ut (m/s)

Case I 30 � � � � � � � � �
Case II 30 25 0� � � �
Case III 30 25 15� � � �
Case IV 30 25 30� � � �
Case V 30 25 45� � � �
Case VI 30 � � � � � � 83.33
Case VII 30 25 0� 83.33
Case VIII 30 25 30� 83.33

FIG. 5. Arrangement scheme of the air curtain.

FIG. 6. Airflow formed by the air-jet device without the influence of a crosswind at four instants in the case IV.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 055128 (2024); doi: 10.1063/5.0202419 36, 055128-6

Published under an exclusive license by AIP Publishing

 21 M
ay 2025 08:22:27

pubs.aip.org/aip/phf


FIG. 7. Profiles of the twin mountains models with three grid resolutions: (a) coarse; (b) medium; and (c) fine.

FIG. 8. Comparison of the time course curves of the coefficient of the aerodynamic loads on the HST in three computational models (coarse, medium, and fine): (a) lateral force
and (b) rolling moment.

FIG. 9. Wind tunnel test system on the basis of the twin mountains model.
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the Z component of the wind velocity at typical points (#1 and #2)
within the 4–10 s duration in the wind tunnel tests and the IDDES
method. In these instances, the Z-component of the wind velocity is
normalized using the wind velocity of the incoming flow (U¼ 29.6 m/s).
The fluctuations of the wind velocity at the points in the wind tunnel
tests and the IDDESmethod are similar. The mean value of the Z com-
ponent of the wind velocity at the point #1 (#2) in the IDDES method
is 6.5% (3.0%) higher than those in the wind tunnel test. It can be con-
sidered that the results obtained based on the IDDES method in this
paper are relatively consistent with the experimental results.

B. Flow visualization

Figure 11 presents the experimental system for the flow visualiza-
tion of the flow field at the twin mountains. The corresponding IDDES
model for flow visualization is established based on the experimental
system (Fig. 12). In the experiment, white smoke is produced from the
smoke wire generator under the control of the smoke wire instrument,
and the smoke wires are formed by the smoke driven by the incoming
flow. The smoke line generator is installed at heights of 0.02, 0.04, 0.06,
and 0.08m from the guide plate, which correspond to L1, L2, L3, and
L4 in Fig. 12. In order to prevent the smoke from being dispersed by

the high-speed incoming flow, the velocity of the incoming flow is set
to 2m/s. A high-speed camera with a capture frequency of 1000Hz is
used to record the development of the smoke wires flowing through
the twin mountains, and the image quality of the smoke wires is opti-
mized by adjusting the position and the illumination angle of the three
light sources. Additionally, the guide plate is mainly used to simulate
the ground and weaken the shear effect at the edge of the plate.

Figure 13 shows the flow evolution formed by the smoke wire
generator at four different heights (0.02, 0.04, 0.06, and 0.08m) in the
flow field of the twin mountains during the wind tunnel test. The
moment when the smoke wires move to the edge of the guide plate is
considered the last moment (T4), and the other three moments (T1, T2,
and T3) are determined at 0.02 s intervals. In the figure, dashed lines
are used to mark the development of eddy structures in the down-
stream region of the center of the twin mountains. As shown in
Fig. 13(a), numerous vortex structures are visible in the downstream
region of the twin mountains at the height of 0.02m. The incoming
flow generates fine vortex structures due to the wind shear effect when
passing through the twin mountains, and these vortex structures grad-
ually evolve into larger scale vortex structures during development.
Due to the dense distribution of the vortex structures, they interfere
with each other, leading to frequent fluctuations in wind speed in this

FIG. 10. Comparison of the time course curves of the Z component of the wind speed at typical points within 4–10 s: (a) #1 and (b) #2.

FIG. 11. Experimental system for the flow visualization of the flow field at the twin mountains.
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region. In Figs. 13(b)–13(d), the number of vortex structures in the
downstream region of the center of the twin mountains gradually
decreases as the height of the smoke wire generator increases. This is
attributed to the gradual weakening of the acceleration effect with the
increased height of the smoke wire generator. Particularly, at the height
of 0.08m, the smoke wires are uniformly distributed in the leeward
region of the twin mountains.

Figure 14 compares the results of the flow visualization at the
four heights of the twin mountains at the moment of T4 based on the
test and the IDDES method. The green and yellow dashed lines are
used to mark the flow characteristics of the outer and inner regions of
the twin mountains, respectively, under the same incoming flow con-
ditions. As shown in Figs. 14(a)–14(c), the distribution characteristics
and the development direction of the vortex structures of the flow field
in the twin mountains based on the test and IDDES method are rela-
tively consistent. The number of vortex structures decreases gradually
as the height of the smoke wire generator increases, which is more evi-
dent in Fig. 14(d). In summary, the flow structures of the twin moun-
tains obtained based on the IDDES method are close to the
corresponding results of the tests.

IV. INFLUENCE OF THE JETTING ANGLE ON THE FLOW
FIELD
A. Distribution of wind speed

Figure 15 compares the distribution of the Z component of the
mean wind speed along the lines at four different heights (2.57H,
5.14H, 7.71H, and 10.28H) in the different cases (cases I–V) during the
2–5 s interval. The positions of these four lines are denoted in the fig-
ure, and the mean wind speeds on the lines are normalized by the
incoming wind speeds (Uc). Table III presents the details of the wind
speed characteristics on the lines in the five cases depicted in Fig. 15.

Compared with the maximum values of the wind speed on the
four lines in case I, the corresponding values in case II are reduced by
up to 11.87%, while the corresponding values in cases III and V are
only reduced by less than 4.5%. In case IV, the maximum values of the
wind speed on the lines are reduced by up to 16%. In terms of the vari-
ation magnitude of the wind speed on the lines, the magnitude in case
II is reduced by up to 30.4% compared to case I. Relative to the varia-
tion magnitude of the wind speed on the lines in case I, the reduction
rates of the corresponding magnitudes in cases III and V are closer to
each other, within 4.2%. The variation magnitude of the wind speeds
on the lines in case IV is significantly lower than that in case I, and the
reduction rate ranges from 25.6% to 80.9%. The mean wind speed dis-
tributions on the lines at the four heights in cases III and V are similar
to those in case I, indicating that the air-jet devices in cases III and V
did not significantly change the wind speed performances on the lines.
The wind speeds on the lines in cases II and IV are generally lower
than those in case I. Among them, in the middle of the line (near the
4.9L distance from the left outlet), the reduction of the wind speed in
case II is greater than in case IV. This gap gradually narrows with the
increase in the height of the line. Additionally, the wind speeds on the
sides (near the 2.94 and 6.86L distance from the left outlet) of the line
in case IV are lower relative to case II.

Based on the comparison of the peaks and variations in wind
speeds on the lines, the critical areas and the wind field characteristics
that may threaten the operational safety of the HST traveling along the
lines can be identified. High wind speeds or substantial variations are
primarily distributed in five regions on the lines (near the 2.94, 3.92,
4.9, 5.88, and 6.86L distance from the left outlet). The variation magni-
tude of the wind speed on the line at 2.57H above the ground is greater
compared to those on the other three lines. Therefore, Fig. 16 shows
the time course curves of the Z component of the wind speed at five
typical measurement points located 2.57H above the ground in the five

FIG. 12. CFD model for the flow visualization of the flow field at the twin mountains.
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FIG. 13. Flow evolution formed by the smoke wire generator at the four heights of the flow field of the twin mountains in the wind tunnel test: (a) 0.02; (b) 0.04; (c) 0.06; (d)
0.08m (subscripts 1, 2, 3, and 4 indicate the T1, T2, T3, and T4 moments, respectively).
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cases during the 2–5 s timeframe. The details of the location of the five
points are marked in the figure, and the wind speeds at the points are
normalized using the incoming wind speeds (Uc). In addition, three
moments are divided according to the characteristics of the time
course curve of wind speed at the P3 point to facilitate the transient
analysis of the flow field structure, marked with the yellow “t1,” “t2,”

and “t3” in the figure. Since the time course curves of the wind speeds
at the P1 and P2 measurement points in the five cases are close to the
performance of the wind speeds at P5 and P4, respectively. Table IV
provides the mean, maximum, minimum, amplitude (D), and standard
deviation (r) of the wind speed at the three measurement points (P1,
P2, and P3) in the five cases within the 2–5 s duration. In particular,

FIG. 15. Comparison of the distribution of the Z component of the mean wind speed along the lines at the four heights in the different cases during 2–5 s: (a) 2.57H; (b) 5.14H;
(c) 7.71H; and (d) 10.28H.

FIG. 14. Comparison of the results of the flow visualization at the four heights of the twin mountains at the moment of T4 based on the test and the IDDES method: (a) L1; (b)
L2; (c) L3; and (d) L4.
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the table compares only the mean values of wind speeds at the P1 point
in the five cases, as their wind speeds are stably distributed in the tem-
poral domain.

As shown in Fig. 16 and Table IV, case I is taken as the basic case
for analyzing the effect of the four jet angles on the wind speed at

typical measurement points. The mean wind speeds at point P1 in
cases II, III, and V are similar to the corresponding values in case I,
with differences of no more than 3.9%. However, the mean wind speed
at point P1 in case IV is 10.5% lower than the corresponding value in
case I. This indicates that the jet angle in case IV maximizes the reduc-
tion in wind speed at P1, consistent with the wind speed distribution
on the sides (near the 2.94 and 6.86L distance from the left outlet)
shown in Fig. 15. The mean wind speed at point P2 in cases II, III, and
V increased by 0.042, 0.185, and 0.297, respectively, compared to case
I, while the mean wind speed at point P2 in case IV is opposite to that
in case I. This negative value indicates wind shear near P2 due to its
location on the leeward side (LWS) of the twin mountains, and the
change in the direction of the mean wind speed suggests that the jet-
ting stream in case IV has minimized the wind shear near P2. The
standard deviation of the wind speed at P2 in cases II–V increased by

TABLE III. Peaks and magnitudes of the Z component of the mean wind speed along
the lines at the four heights in the five cases within 2–5 s.

Case Height �Uzmax=Uc �Uzmin=Uc D

Case I

2.57H 1.317 �0.333 1.65
5.14H 1.382 �0.325 1.707
7.71H 1.409 �0.285 1.694
10.28H 1.415 0.036 1.379

Case II

2.57H 1.2 �0.342 1.542
5.14H 1.218 �0.257 1.475
7.71H 1.251 �0.154 1.405
10.28H 1.299 0.339 0.96

Case III

2.57H 1.282 �0.395 1.677
5.14H 1.33 �0.305 1.635
7.71H 1.346 �0.286 1.632
10.28H 1.36 �0.05 1.41

Case IV

2.57H 1.106 �0.122 1.228
5.14H 1.189 0.075 1.114
7.71H 1.204 0.519 0.685
10.28H 1.222 0.959 0.263

Case V

2.57H 1.288 �0.467 1.755
5.14H 1.348 �0.395 1.743
7.71H 1.386 �0.245 1.631
10.28H 1.39 �0.033 1.423

FIG. 16. Comparison of the time course curves of the Z component of wind speed at the typical measurement points with the different jetting angles during 2–5 s: (a) case I; (b)
case II; (c) case III; (d) case IV; and (e) case V.

TABLE IV. Mean, maximum, minimum, amplitude (D), and standard deviation (r) of
the wind speed at the three points in different cases within 2–5 s.

Measurement points Case I Case II Case III Case IV Case V

P1 �Uz=Uc 1.193 1.193 1.212 1.068 1.239
P2 �Uz=Uc �0.156 �0.198 �0.341 0.111 �0.453

Uzmax=Uc 0.294 0.658 0.209 0.683 0.002
Uzmin=Uc �0.613 �0.717 �0.801 �0.547 �0.895

D 0.907 1.375 1.01 1.23 0.897
r 4.89 9.054 6.968 7.293 5.935

P3 �Uz=Uc 1.176 �0.212 1.319 1.167 1.129
Uzmax=Uc 1.81 0.683 1.608 1.376 1.558
Uzmin=Uc �0.273 �1.045 0.964 0.796 0.209

D 2.083 1.728 0.644 0.58 1.348
r 12.706 8.577 2.206 2.426 8.877
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85.2%, 42.5%, 49.1%, and 21.4%, respectively, compared to case I. As
the jet angle decreases, the wind speed values at P2 become more var-
ied in the temporal domain. The maximum wind speed at P3 in cases
II–V decreases by 62.3%, 11.2%, 24.0%, and 13.9% compared to case I,
respectively. The maximum wind speed fluctuations at P3 in cases II–
V reduce by 17%, 69.1%, 72.2%, and 35.3% compared to the corre-
sponding values in case I, respectively. It can be found that the jetting
stream in case II significantly intercepts the incoming flow upstream
of the P3, but does not significantly reduce the fluctuation of the wind
speed. the jet streams in cases III and IV mainly restrain the perfor-
mance of the wind shear in the wind direction.

B. Flow separation

Flow separation is a common phenomenon that occurs between
the fluid and the boundary layer, often accompanied by the formation
of vortex structures. Wall shear stress refers to the tangential stress
between the fluid and the wall. When the wall shear stress is zero, it
typically indicates that the fluid has separated or formed a stagnant
zone at that particular location.39 Figure 17 compares the distribution
of mean Z-wall shear stress over the surface of the twin mountains in
five different cases spanning 2–5 s. The color intervals for the wall
shear stresses are set between �1 and 1Pa in order to clearly distin-
guish regions where the wall shear stresses reach zero. The black region
in the figure indicate locations where the mean Z-wall shear stress is
zero, indicating flow separation at the surface of the twin mountains.
The white line with arrows represents the number of flow separations

on the inner side of the twin mountains under varying jet conditions.
The red dashed line marks the separation line on the outer side of the
twin mountains, while the white dashed line represents four contour
lines (2.57H, 5.14H, 7.71H, and 10.28H) corresponding to the twin
mountains.

In Fig. 17, a flow separation line is visible on the LWS of the twin
mountains under crosswinds in case I. In case II, the two separation
lines on the inside of the twin mountains result from the air curtain
formed by the jet stream not closing at the foot of the mountain.
However, the jet stream intercepted most of the incoming flow, leading
to a significant reduction in wind speed and fluctuations at the P3
point [Fig. 16(b)]. In case III, two significant flow separations occur,
and a tertiary separation appears in case IV under the combined action
of the incoming flow and the jet stream. A tertiary separation also
occurs in case V, but the range of the first and second separations is
small, which has a limited effect on the wind speed at the P3 point, as
evident in Figs. 16(a) and 16(e). On the outside of the twin mountains,
the separation lines (red dashed lines) in cases III and V align more
closely with those in case I, indicating that the jet streams in cases III
and V have less influence on the flow field outside of the twin moun-
tains compared to cases II and IV. In cases II and IV, the separation
lines on the outer side of the twin mountains deviate inward relative to
case I, and this deviation is particularly significant at all heights in case
IV. As a result, the P2 (P4) point in the center of the LWS of the
mountain is not affected by the separation flow, aligning with the phe-
nomenon in Sec. III A, where the wind speeds near points P2 and P4

FIG. 17. Distribution of the mean Z-wall shear stress over the surface of the twin mountains in five cases during 2–5 s: (a) case I; (b) case II; (c) case III; (d) case IV; and
(e) case V.
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in case IV have increased compared to the corresponding values in
case I, and the variation magnitude of the mean wind speeds on the
measurement lines is reduced.

C. Turbulence intensity

Turbulence intensity reflects the relative intensity of pulsating
wind speeds and provides critical insight into the characteristics of
atmospheric turbulence motion. In Fig. 18, the distribution of mean
turbulence intensity is compared across four horizontal sections
(2.57H, 5.14H, 7.71H, and 10.28H) in the five cases (cases I–V) during
the 2–5 s time interval. A red dashed line in the figure delineates the
region of high turbulence on the inner side of the twin mountains,
while a blue dashed line marks the edge of the high turbulence region
on the outside of the twin mountains. In case I, a large region of turbu-
lence is observed on the inner zone of the twin mountains at a height
of 2.57H, attributable to the acceleration effect, gradually diminishing
as the height increases. However, in case II, the jet stream alters the dis-
tribution of turbulence intensity of the twin mountains and accelerates
the shedding of detached vortices. In cases III–V, the high turbulence
regions at the four heights on the inner side of the twin mountains are
reduced compared to case I, and the splitting of these high turbulence
regions becomes more pronounced. This reduction weakens wind

speed fluctuations in the corresponding region and restrains the devel-
opment of pulsating winds. Compared to case I, an expansion of the
high turbulence region is observed on the outside of the twin moun-
tains in cases III and V. Notably, there is a distinct low turbulence
region on the outside of the twin mountains in case IV, and the edges
of the turbulent region deviate inward relative to the other four cases.
This is a result of tertiary separation and the third separation line devi-
ating inward on the LWS of the twin mountains in case IV
[Fig. 17(d)], wherein the incoming flow experiences frequent detach-
ment and reattachment during bypassing motion on the surface of the
twin mountains.

D. Transient evolution of the flow field

The transient evolutions of the flow field structure in the twin
mountains are analyzed based on three moments selected from the
time series of wind speeds at the P3 point in the five cases (cases I–V)
shown in Fig. 16. Figure 19 illustrates the evolution of the wake vortex
structure at three moments (t1, t2, and t3) across the five cases. In this
figure, vortex structures were identified based on the Q criterion
(Q¼ 8000) and colored by the instantaneous magnitude of wind speed
(Um). A red dashed line is used to trace the growth process of a portion
of the shed vortex structures from the incoming flow passing through

FIG. 18. Comparison of the distribution of the mean turbulence intensity in the four horizontal sections of the five cases during 2–5 s: (a) case I; (b) case II; (c) case III; (d) case
IV; and (e) case V (subscripts 1, 2, 3, and 4 indicate that the horizontal profile is 2.57H, 5.14H, 7.71H, and 10.28H from the ground, respectively).
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the twin mountains, while a purple dashed line marks the dissipation
process of a section of the large vortex structures.

In Fig. 19, there are numerous small vortex structures on the
LWS of the twin mountains in case I when the incoming flow passes

through it. The vortex structures, as indicated by the red dashed lines,
gradually evolve into large striped vortex structures in the temporal
domain. Additionally, a multitude of disordered vortex structures,
resulting from the interference of vortex structures with each other

FIG. 19. Evolution of the wake vortex structure at three moments (t1, t2, and t3) in the five cases: (a) case I; (b) case II; (c) case III; (d) case IV; and (e) case V.
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due to the narrow passages in the twin mountains, can be observed
downstream of the twin mountains. The large striped vortex structures
moving toward the downstream and the sides are discernible based on
the evolution of the vortex structures indicated by the purple dashed
line, accompanied by splitting and volume reduction during their
movement. In cases II–V, a significant number of detached vortices
are observed on the LWS of the jet device, owing to the influence of
the jet streams. This changes the shedding position of the vortex struc-
ture compared to case I. Notably, the number of detached vortices on
the LWS of the jet device in case II is notably larger than that in case I,
and its distribution characteristics are more complex. In cases III and
IV, the detached vortices on the LWS of the twin mountains are dis-
tributed in a “V” shape (the slope line at the foot of the mountains). In
case IV, a significant number of fine detached vortices are attached to
the slopes of the twin mountains due to the deviation of the flow
detachment line on the surface of the twin mountains [Fig. 17(d)].
Furthermore, the number of detached vortices and large vortex struc-
tures downstream of the twin mountains in case IV is notably less than
that in case I. However, numerous irregularly distributed vortex struc-
tures are observed downstream of the twin mountains in case V, possi-
bly due to incomplete air curtains formed by the jet stream, resulting
in ineffective blocking of the incoming flow.

V. TWIN MOUNTAINS—HIGH-SPEED TRAIN DYNAMIC
MODEL
A. Aerodynamic performance of the HST

The results in Sec. IV reveal that the jet streams in cases II and IV
are the most effective in mitigating the acceleration effect. Compared

with the maximum values of the wind speed on the four lines in case I,
the corresponding values in cases II and IV are reduced by up to
11.87% and 16%, respectively. Specifically, the jet stream in case II sig-
nificantly decreases (by 62.3%) the maximum wind speed near the P3
point in the wind field compared to case I. In case IV, the variation
magnitudes of the mean wind speed on the measurement lines are
drastically reduced (25.6%–80.9%) compared to case I. Additionally,
the jet stream in case IV mitigates the pulsating characteristics of the
accelerating airflow and significantly decreases the high-intensity tur-
bulence in the wind field. The distribution of mean wind speeds and
turbulence intensity at the height of 2.57H from the ground is the
most pronounced, and the most complex compared to the other three
heights (5.14H, 7.71H, and 10.28H). Subsequently, bridge-train
dynamic models are incorporated into cases I, II, and IV to analyze the
effect of the jet stream on the aerodynamic load of the HST traversing
the twin mountains, defined as cases V–VII, respectively. The trajec-
tory of the mass center of the HST is considered to be the line 2.57H
from the ground. When a HST passes through complex terrains, the
fluctuation of aerodynamic loads on the head carriage is more pro-
nounced compared to the middle and tail carriages in the studies.40–42

Therefore, the characteristics of the aerodynamic loads of the head car-
riage are used to analyze the mitigation effect of the jet stream on the
acceleration effect in this study.

In Fig. 20, the time course curves of the aerodynamic loads on the
head carriage of the HST passing through the twin mountains are
compared under non-jet conditions (case V), 0� jet angle (case VI),
and 30� jet angle (case VII). The extreme values, fluctuation ampli-
tudes, and standard deviations of the aerodynamic loads on the head

FIG. 20. Time course curves of the aerodynamic loads on the head carriage of the HST passing through the twin mountains: (a) lateral force coefficient; (b) rolling moment
coefficient; and (c) yaw moment coefficient.
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carriage of the HST traversing the inner side of the twin mountains are
also shown. In case VI, the maximum values of lateral force, rolling
moment, and yaw moment on the head carriage of the HST are
reduced by 13.2%, 4.0%, and 11.6%, and the fluctuation amplitudes
are reduced by 42.7%, 24.4%, and 40.7%, respectively, compared with
case V. In case VII, the maximum values of lateral force and yaw
moment on the head carriage of the HST are reduced by 1.5% and
2.1%, with the fluctuation amplitudes reduced by 7.3% and 4.8%,
respectively, compared with case V. The mitigation effect of the jet
stream with the 0� jet angle on the aerodynamic load of the HST sub-
jected to the acceleration effect in the twin mountains is significantly
better than that with the 30� jet angle.

B. Pressure characteristics

Figure 21 presents the evolutions of the distribution of surface
pressure on the windward side (WWS) and the LWS of the head car-
riage in three cases (cases V–VII) at three moments (t10, t2 0, and t3 0).

Each moment corresponds to the position reached by the nose of the
head carriage (as illustrated in Fig. 20), and the pressure is dimension-
less using Eq. (7). Positive and negative pressure zones are primarily
located on the WWS and LWS of the head carriage, respectively.
Contours with pressure coefficients of 1, 2, and 4 are marked on the
WWS, while contours with pressure coefficients of �1, �2, and �4
are marked on the LWS. In Fig. 21(a), the area with a pressure coeffi-
cient higher than 4 is mainly distributed near the nose of the head car-
riage. The region surrounded by the contour with a pressure
coefficient of 4 on the WWS gradually shifts toward the bottom with
time, while the region enclosed by the contour with a pressure coeffi-
cient of 1 occupies most of the carriage surface under crosswinds. On
the LWS, the region surrounded by the contour with a pressure coeffi-
cient of �4 moves toward the nose over time, and the region enclosed
by the contour with a pressure coefficient of �1 develops toward the
top and the tail of the carriage due to the frequent shedding of separat-
ing vortices at the top of the carriage under crosswinds. Comparing
Figs. 21(a) and 21(b), it is observed that the high-pressure region on

FIG. 21. Evolutions of the distribution of surface pressure on the WWS and the LWS of the head carriage at three moments (t1 0, t2 0 , and t3 0): (a) case V; (b) case VI; and (c)
case VII.
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the WWS in case VI is significantly reduced compared to case V, while
the low-pressure region on the LWS in case VI expands toward the
bottom, indicating that the crosswind effect on the train passing the
inner side of the twin mountains in case VI is attenuated by the jet
stream. In comparison to Figs. 21(a) and 21(c), the region enclosed by
the contour with a pressure coefficient of 4 in case VII has only slightly
shrunk at moment t2 compared to case V, with no significant differ-
ence in the region enclosed by the contour with a pressure coefficient
of 1. Compared to Figs. 21(b) and 21(c), at moment t2, the area of the
region enclosed by contours with a pressure coefficient of �2 and �4
on the LWS in case VII has significantly increased compared to case
VI. Combined with the contents of Sec. IV, it can be concluded that
the jet stream in case VII has not effectively reduced the wind speed
performance on the measurement line at a height of 2.57H above the
ground. Consequently, it has not exerted a better mitigation effect on
the aerodynamic loads and pressures of the train than in case VI.

VI. CONCLUSIONS

After conducting a comparative study on the wind speed charac-
teristics and flow structure of the twin mountains in a wind tunnel and
CFD prediction, it was found that their differences in wind speed are
maintained within 7%. The flow structures of the incoming flow dur-
ing the bypassing process are relatively consistent, and the distinct
acceleration effect is observed in the middle region of the twin moun-
tains. To mitigate the acceleration effect, this study proposes an air-jet
strategy based on the industrial air curtain. Based on the comparative
study of different jet angles, the wind field characteristics of the twin
mountains and the aerodynamic performances of the HST passing by
the twin mountains are summarized as follows:

1. The wind velocity on the leeward side of the twin mountains
increases up to 1.42 folds of the wind velocity of the incoming
flow under crosswinds. Under the effect of jet streams with jet
angles of 0� and 30�, the acceleration of the wind speed of the
incoming flow bypassing the twin mountains is reduced by up to
11.87% and 16%, respectively.

2. There is an obvious flow separation on the mountain surface
near the jet device, and the jet stream with a 0� jet angle shows
the best closure effect compared to the other angles (15�, 30�,
and 45�). In the case of the jet stream with a 30� jet angle, three
significant flow separations are observed on the mountain
surface.

3. Compared to the flow field of the twin mountains without the jet
device, the case installed with a 0� jet angle shows larger areas of
high turbulence and more vortex structures. However, the turbu-
lence performance on the leeward side of the twin mountains is
mitigated by the jet stream with a 30� jet angle. This is due to the
greater wind shear effect of the incoming flow blocked by the jet
stream with a 0� jet angle.

4. When the high-speed train passes downstream of the twin
mountains area, the jet stream with a 0� jet angle proves more
effective in reducing the aerodynamic loads on the train than the
jet stream with a 30� jet angle. The 0� jet angle leads to a reduc-
tion of 13.2%, 4.0%, and 11.6% in the maximum values of the lat-
eral force, the rolling moment, and the yawing moment of the
train, and the fluctuation amplitudes are reduced by 42.7%,
24.4%, and 40.7%, respectively.

This work provides guidance for the theoretical study of wind
field characteristics in mountainous areas. The air-jet strategy pro-
posed to mitigate the acceleration effect in the twin mountains under
crosswinds will provide a reference for windproof design, which is ben-
eficial for the safe operation of the high-speed trains or the aircrafts
passing through the area. The influence of the climatic environment
(e.g., crosswind parameters, wind-rain, etc.) and the analysis of the
dynamic response of the train will be considered in future work.
Furthermore, feasibility is a key issue in the engineering field. The idea
of jet mitigation measures in this study comes from the air curtain
machines that are commonly applied in buildings. In the next work, it
is necessary to consider the optimization of jet parameters, the design,
and the application of jet devices in reality.
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