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ABSTRACT

It is common for high-speed trains (HSTs) to abruptly switch between a tunnel and a flat ground along high-speed rail lines. When encounter-
ing strong crosswinds, the safety of HST's in such running scenarios will be severely threatened. The simulation of the turbulent component of
an incoming crosswind is very important to restore the real aerodynamic environment of HSTs in tunnel-flat ground-tunnel (TFT) running
scenario. The purpose of the present study is to determine which of the two geometric turbulence generators, the spire and the fence, is more
suitable for computational fluid dynamics (CFD) simulation of a fluctuating crosswind field in the TFT scene. First, the wind field characteris-
tics in the TFT scene are analyzed based on the field test. Then, the tunnel-flat ground-spire/fence CFD model was established based on the
“mosaic” mesh technology. Finally, the difference of wind field fluctuating characteristics under two turbulence generator conditions based on
improved delayed detached eddy simulation (IDDES) is discussed. The main results show that the average wind speed of the windward and lee-
ward lines in the fence case are 60% and 43.75% higher than the corresponding values in the spire case, respectively. The main conclusions
show that the turbulent crosswind generated by the spire is more consistent with the spectrum characteristics of the natural wind field.
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I. INTRODUCTION

It is common for high-speed trains (HSTSs) to abruptly switch
between tunnel and flat ground along high-speed rail lines. When
encountering strong crosswinds, the safety of HSTs in such running
scenarios will be severely threatened. The tunnel-flat ground-tunnel
(TFT) scene has complex topographic characteristics, which deter-
mines that the natural strong crosswind flow in this area often has
complex turbulent components rather than simple constant wind. In
fact, the simulation of the turbulent component of the incoming cross-
wind is very important to restore the real aerodynamic environment
of HSTs in TFT running scenario.” Currently, the methods used to
simulate turbulent incoming flow mainly include empirical formula,”
wind tunnel simulation,” and Computational Fluid Dynamics (CFD)
numerical simulation.” Spires’ and fences® are often used as incoming

turbulence generators for wind tunnel tests and numerical simulations.
Due to the difference in the shape of the two structures, there are sig-
nificant differences in the performance of the turbulent flow field gen-
erated at the tunnel entrance. Considering the importance of ensuring
the running safety of HST, it is not clear which spire or fence is more
suitable for simulating the fluctuating incoming flow field at the high-
speed railway tunnel entrance.

Some researchers have carried out a series of research on the per-
formance of turbulence field generated by physical turbulence genera-
tors in the wind tunnel laboratory. In order to study the influence of
incoming wind on the wind-induced acceleration and aerodynamic
damping ratio of square high-rise buildings, Li et al.” and Tominaga
and Shirzadi’® used the spire and rough element model to simulate the
atmospheric boundary layer (ABL) in the wind tunnel laboratory.
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To study the influence of turbulence integral scale, Du et al.’ con-
ducted wind tunnel tests on four rectangular models under turbulent
flow conditions generated by fences and obtained the characteristics of
fluctuating pressure on the windward side under corresponding condi-
tions. Gérski et al.” studied the effects of wind turbulence on the aver-
age aerodynamic drag, lift, and moment coefficients of the stationary
ice-accreted section model of a bridge cable for different turbulent
flow conditions generated by fences. Dawi and Akkermans'’ studied
the aeroacoustics of general vehicles in a turbulence wind tunnel and
verified it with detached eddy simulation. Kozmar and Laschka’ real-
ized three urban ABL simulations in the wind tunnel by using three
physical turbulence generators, namely, Counihan vortex generator,
castellated barrier wall, and surface roughness elements. The results
show that the simulation length scale in wind tunnel research focusing
on structural wind load may be larger when ABL simulation is carried
out with a truncated Counihan vortex generator.

The physical wind tunnel tests are often costly. The generation of
inflow turbulence often requires that the generated inflow is
divergence-free and meets the basic target statistical characteristics,
including the two-point statistical characteristics and spatial correla-
tion of the flow described by the coherence function. Shen et al.’
adopted the weighted wave superposition method to generate fluctuat-
ing wind field as the inlet condition for the study of urban wind envi-
ronment. By comparing the wind field performance generated by
spires and roughness elements, the feasibility of this method was
ensured. Melaku and Bitsuamlak'' proposed a comprehensive inflow
turbulence generation technology with well-defined two-point flow
statistics based on the spectral representation method. Compared with
the wind field measurement results of boundary layer wind tunnel lab-
oratory, the effectiveness of the proposed method in representing one-
point statistics and two-point statistics is verified. Xue et al.* proposed
a synthetic turbulence generator based on a lattice Boltzmann method
(LBM) at the interface of the Reynolds averaged Navier—Stokes
(RANS) equations and the LBM large eddy simulation (LES). Hu
et al."” proposed a spectral element method for LES turbulence genera-
tion at the inlet, which can accurately predict the average wind speed
and turbulence intensity distribution in hilly terrain, and overcoming
the difficulty of completely meeting the specified turbulent characteris-
tics, spectrum, and time-correlation. However, the results generated by
the above methods are often verified by comparing with the results of
the scaled wind tunnel test, and the turbulence integration scale is dif-
ficult to reach the level of the actual wind field.

The influence of turbulent wind flow with complex fluctuating
components on the aerodynamic effects of HST may be more promi-
nent in complex scenarios, such as TFT. Some researchers have stud-
ied the aerodynamic performance of HST under turbulent wind
conditions, and few researchers have focused on the sudden change in
turbulent wind at the high-speed railway tunnel entrance. Cheli et al."”
generated turbulent incoming flow through the spires in the wind tun-
nel and studied the aerodynamic forces on the train body under the
action of incoming crosswind at different turbulence integral scales.
The results show that under the action of turbulent incoming flow
with higher integral length scale, the lateral force, lift force, and over-
turning moment of the train increase. In order to study the aerody-
namic characteristics of HSTs in the ABL, Niu ef al'* conducted
different ABL simulations by changing the inflow conditions of differ-
ent turbulence intensities generated by the spire spacing in the wind
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tunnel. Noguchi et al'” studied the influence of yaw angle and dis-
tance from upstream boundary to embankment on the aerodynamic
force of the train under turbulent wind generated by the spire through
LES numerical simulation and wind tunnel experiment. The study
also purposely compares the difference between the influence of
smooth and ABL incoming flows on the vortex structures around the
train body. Zhu et al.'® studied the aerodynamic admittance of rail
vehicles on three typical railway infrastructure forms under turbulent
inflow conditions generated by fences in the wind tunnel. However,
no researchers have systematically compared the difference between
the spire and fence on the performance of turbulent crosswind field
simulation based on the field test results of TFT.

In order to determine which of the two geometric turbulence
generators, the spire and the fence, is more suitable for CFD simula-
tion of fluctuating crosswind field in TFT scene, the present study
intends to conduct systematic comparative analysis of wind field char-
acteristics under the conditions of two geometric turbulence genera-
tors based on on-site wind field test and improved delayed detached
eddy simulation (IDDES) method. The rest of the paper is organized
as follows. The analysis of wind field characteristics in the TFT scene
based on the field test is introduced in Sec. II. CFD numerical method
and validation are described in Sec. I1I. The difference of wind field
fluctuating characteristics under two turbulence generator conditions
based on IDDES are presented in Sec. IV. The conclusions are
arranged in Sec. V. The main contribution of this paper is to propose a
turbulent crosswind simulation method for the study of aerodynamic
performance of moving HSTs at the tunnel entrance.

Il. FIELD TEST OF WIND FIELD
A. Measuring point arrangement

The field test is carried out in a typical TFT site along the
Wuhan-Guangzhou high-speed railway in China.'” The fluctuating
wind speed is measured by a Gill Wind Master Pro 3D ultrasonic ane-
mometer. The sampling frequency is 32 Hz. The test will be carried
out from March to September 2021. During this period, the sensors
did not work without interruption. In most of the periods of low wind
speed, the sensors stopped working and only started sampling during
the periods of high wind speed. The tunnel is a standard double-line
section of 100 m?, and the portal type is a hat oblique type. The length
of the open section is approximately 2.79L (L, the full length of a
three-carriages train, 76.65m). The layout of the measuring points is
shown in Fig. 1, and the two measuring points are arranged on the
west side of the line. Taking tunnel 1 as the starting point, the numbers
are 1# and 2#, and the distances between the corresponding measuring
points and the entrance of the tunnel 1 are 0.26 and 0.52L,
respectively.

B. Average wind speed and direction

The process of an eight-carriage HST leaving the tunnel often
does not exceed 3s. Therefore, a 3 s time interval is used for segmenta-
tion for the time-history data collected in a period of six consecutive
hours when the strongest wind. Figure 2 shows the average wind speed
and direction for each sample as a rose diagram. In the figure, the sam-
ples with wind speed lower than 3.4 m/s have been eliminated.'® The
calculation equations for the average wind speed and direction of each
sample are as follows:
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where U and 0 denote the average wind speed and the average wind direc-
tion angle of each 3 s sample, respectively, and # is the number of samples.

The following findings are obtained from Fig. 2: The high wind
speed section of 1# and 2# measuring points is mainly 9-14 m/s. The
maximum average wind speeds of 1# and 2# measuring points are
13.9 and 14.1 m/s, respectively, and the average wind direction of the
mainstream is almost perpendicular to the line direction.

C. Turbulence intensity

Turbulence intensity has an important influence on the buffeting
effect of HSTs under crosswind. The mainstream wind direction is

ARTICLE scitation.org/journal/phf

perpendicular to the train running line, and the u component is
defined as the direction of vertical blowing to the line. The turbulence
intensity (I,,) on the u component of each sample is calculated by the
following equations:

n

Z (Uui - Uu)z

oy = MT, (3)
I
L=% (4)

where u is component of the wind speed at a certain time of Uy;, and
g, represents the standard deviation of u component wind speed in
3's sample.

The probability density function (PDF) distribution of natural
wind turbulence often conforms to the lognormal distribution and is
expressed as follows:

1 (Inx—p)?
X) =——7=e 22> ; x>0, 5
f6) = = )

where the fitting parameters i and ¢ represent the expected value and
standard deviation of the natural logarithm of the variable, respec-
tively, thereby determining the position of the peak point of the fitting
curve and the degree of dispersion of the data.

Figure 3 shows the scatterplot of the turbulence intensity in the u
direction of the samples at measuring points 1# and 2# as a function
of average wind speed to understand the variation of turbulence inten-
sity further with average wind speed in the TFT site scenario. Figure 4
shows the turbulence intensity PDF fitting curve comparison chart of
1# and 2#, and Table I shows the turbulence degree PDF fitting
parameters.

The following findings are obtained from Fig. 3: The number of
turbulence intensity samples in the u direction is large and the distri-
bution range is wide (in the range of 0—1) when the average wind
speed is low. With the increase in average wind speed and when wind
speed exceeds 10m/s, the turbulence intensity of the 1# measuring
point is between 0.1 and 0.3, and that of the 2# measuring point

90°
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FIG. 2. Rose diagram of the wind speed and direction: (a) 1# and (b) 2#.
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FIG. 4. Comparison of turbulence intensity PDF fitting curves.

TABLE I. Fitting parameters of turbulence intensity PDF.

I,
Measuring points u o R?
1# —1.031 0.235 0.962
2# —1.016 0.219 0.968

decreases rapidly to 0.3. Figure 4 and Table I show no substantial dif-
ference between the ¢ and p of 1# and 2# measuring points, and the
turbulence intensity trend of the two measuring points is consistent
with the expected value of PDF. Therefore, 0.3 can be selected as the
representative value of the turbulence intensity of the tunnel entrance.

D. Spectrum analysis

Yang et al. 17 pointed out that in the u direction, the von Karman
spectrum is suitable for describing the power spectrum expression of
the fluctuating wind field at the tunnel entrance, and the frequency

domain coherence function is provided to study the statistical coher-
ence of turbulence between two points. Its equation is as follows:

L. f\

oty p (M)

Loa_ 2 e
ag

u 2]s
L, -f
1 N —=
+c ( U)

where a, b, ¢, and d are the fitting parameters; L, denotes the length
scale of turbulence integral in u direction, and its calculation equation
is as follows:

LS

U
L, =0.146 - —, (7)
o
where f; is the frequency corresponding to the peak of the fitted von
Karman spectrum,

ok en(-c L) @

where C represents the attenuation coefficient, A represents the dis-
tance between two points, z represents the distance between the mea-
suring point and the ground, U represents the average wind speed of
the sample, and B and K are the fitting parameters.

Figure 5 shows the measured average power spectrum of the
two measuring points after dimensionless processing and its corre-
sponding fitting curve. Table IT shows the von Karman spectral fit-
ting parameters of the measuring points. Figure 6 shows the
measured results of the coherence function between the measuring
points (the length of the Hanning window is 4096) and the corre-
sponding fitting curve.

When frequency is close to 0, the measured coherence function
value is not equal to 1, indicating that Eq. (8) can achieve the ideal fit-
ting effect. K decreases with the increase in the distance between the
two points, whereas C increases with the increase in the distance. This
phenomenon can be explained as follows: When the distance between
the two measuring points is equivalent to the turbulence integral scale,
the coherence of the spectrum is inversely proportional to the distance

S%:61:90 G20z Aenuer ¢
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TABLE II. Von Karman spectral fitting parameters of measuring points.

u
Measuring points a b c d
1# 253 3.6 22.2 11
2# 25.2 3.6 22.3 11

1.0
— = Mean of measured coherence
0slt —— Fitted: Kexp-Cf/U
\ K=0.866
< 0.6y C=7.885
8 | Cut-off fre=1Hz
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FIG. 6. Coherence function and fitting results between 1# and 2#.

in general. K reflects the coherence of the spectrum of the two measur-
ing points when the frequency approaches 0 and the attenuation coef-
ficient C determines the coherence of the high frequency part.

The following findings are obtained from Figs. 5 and 6:

The von Karman spectrum can better fit the power spectrum of
the two measuring points, and the von Karman spectrum fitting
parameters of the two measuring points are close. In the low frequency
band where the frequency domain tends to 0, the ordinate value is
approximately 0.86, and the points on both sides have strong coher-
ence. The spectral coherence effective distance of turbulence on u
component at each measuring point in the tunnel entrance section can
be estimated by setting the coherence threshold to 0.7. The turbulence

integral scales of 1# and 2# measuring points are 50.4 and 58.6m,
respectively.

lll. CFD METHOD
A. Geometry and boundary conditions

Figure 7 shows the overall layout of the tunnel-flat ground-spire/
fence geometric computational domain and the setting of each bound-
ary condition. The width (W) and height (H) of the CRH380B train
carriage are 3.625 and 3.89 m, respectively. The tunnel model is mod-
eled with reference to the inner contour of the 350 km/h double-track
tunnel. The clearance area is 100 m” and the length is 2 L. The track
slab is established in according to the specification requirements, and
its specific size is shown in Fig. 7. In the open line section on the flat
ground, the slope height of the tunnel entrance is 5.34 H, the full
height of the atmospheric area is 15.37 H, the top length is 2.44 L, and
the full width is 33.10 W. The spire/fence is 2.76 W from the windward
side line (WSL). The size and the layout of the spire are shown in
Fig. 8(a). The spire in the Wind Tunnel Laboratory of the National
Engineering Laboratory for High-speed Railway Construction of
Central South University is magnified eight times. The height of the
spire is 5.08 H, and the width of the bottom is 0.05L. The bottom
spacing is 0.05 L; 19 spacings are available, and the blockage rate of the
bright line segment is 7.1%."* The size and the layout of the fence are
shown in Fig. 8(b). The blocking rate of the open line section is consis-
tent with the spire model. The total length of the fence is 1.98 L, the
height is 5.33 H, the square hole width is 0.05 L, and the rib width is
0.014 L. The running line of the HST near the spire is the WSL, and a
measuring point is arranged at an interval of 0.13 L. The farther run-
ning line is called the leeward side line (LWS). The three measuring
points (P1, P2, and P3) are located at the edge of the windward line,
namely, 0, 0.26, and 0.52 L away from the tunnel entrance, respec-
tively, and their heights is 0.64 H. The measuring lines in the three
directions of x, y, and z are arranged with three measuring points as
the center.

Figure 7 also shows the boundary conditions of the model. The
velocity inlet boundary condition is applied to the incoming flow sur-
face of the open-line atmospheric domain. The symmetry boundary
condition is applied to the top surface of the atmospheric domain at
the tunnel exit. The no-slip wall boundary condition is used for the
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FIG. 7. Calculation domain and boundary conditions of the full-scale model.
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FIG. 8. Calculation domain and size of the numerical model: (a) spire and (b)
fence.

solid walls such as the spire surface, ground surface, tunnel wall, and
the walls on both sides of the tunnel entrance. The pressure-outlet
boundary condition is used for the remaining atmospheric outlet
interface.

B. Meshing strategy

Based on the “mosaic” mesh technology of Fluent Meshing
2020R2, the computational domain of the CFD model is meshed.
Compared with the traditional structured and unstructured meshes,

mosaic mesh technology combined with the IDDES model can solve
the full-scale model and ensure efficiency and accuracy. The total
number of grid cells in all models is approximately 45 x 10°, Figure 9
shows the grid model by taking the fence model as an example. The
Poly—Hexcore body grid is used for discretization in the static grid
area (B). The grid size range of the spire/fence surface is 0.05-0.1 m.
Five boundary layers are setup. The grid size of the spire/fence is grad-
ually enlarged from the inside to the outside by setting the refined
area. The size of the refined area is limited to 0.2 m, and the grid size
on the outermost boundary is approximately 1 m. In the present study,
the train model in the dynamic grid area (A) is set to be stationary.
The grid details of the dynamic grid area are described in detail in Ref.
19.

C. Solution strategy

The accurate turbulence models based on numerical simulation
mainly include LES and IDDES. The basic idea of the LES method is
to filter the Navier-Stokes equation to solve the large-scale vortex
structure directly, and the turbulence smaller than the filter scale is
described by the existing model. It can capture more accurate transient
flow field information compared with RANS. The IDDES model com-
bines the advantages of the RANS and LES methods.”” The RANS
model is used to solve the grids with turbulence scale smaller than the
maximum grid size near the solid wall boundary. The large scale
unsteady turbulence dominated region is solved directly by LES. The
IDDES model simultaneously solves the transition problem of RANS
and LES. The IDDES grid resolution requirement is greatly reduced
compared with LES, thereby reducing calculation cost and ensuring
calculation accuracy.

In this study, the IDDES model is used to solve the air-tunnel-flat
ground-spire/fence CFD model. Based on the Fluent 2020R2, the finite
volume method and the pressure-based solver are used to solve the
transient solution of the incoming wind field. The method of least
squares is also used to calculate the gradient of the control body
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FIG. 9. Display of the meshing model.

(a) (b)

FIG. 10. Three grid models with different grid resolutions (a) fence C, (b) fence M, and (c) fence F.

around the grid element. The semi-implicit algorithm of pressure—
velocity coupling equation is used to deal with the pressure—velocity
coupling equation. The bounded central difference scheme and the
second-order upwind scheme are used to solve momentum equation
and time integration, respectively. The time discretization adopts the
unsteady calculation method of double time step format. The physical
time step is set to 10~ *s, the number of iteration steps of each time step
is preset to 50 steps, and the residual is set to 10~°. All models are calcu-
lated in the Wuxi Supercomputing Center, China. Each model is calcu-
lated with 144 cores, and the calculation requires approximately 10 days.

D. Analysis of meshing independence

The fence model is considered an example to analyze the sensitivity
of the calculation results of the model to the influence of grid size. The
grid models of low, medium, and high resolutions are established by
adjusting the grid size parameters of the barrier model (Fig. 10). The total
grid number of the three models is 35 x 10° (fence C), 45 x 10° (fence
M), and 55 x 10° (fence F). Incoming wind with a constant speed of
20 m/s is applied in the Z (u) direction to monitor the wind speed time
history of the P3 measuring point on the train running line. Figure 11
compares the monitoring indices of grid models with different resolutions.

The calculation results of the model with 45 x 10° grid elements
agree with those of the model with 55 x 10° grid elements. The calcu-
lation results of the low-resolution model deviate from those of the
high-resolution grid and are not synchronized with the high and
medium-resolution grids. Therefore, using a model with 45 x 10° grid
elements is reasonable.

IV. DIFFERENCE OF WIND FIELD CHARACTERISTICS
A. Spatial distribution of wind speed

The wind speed of 20 m/s is applied at the model velocity inlet to
calculate 180 to reveal the spatial distribution difference of the flow

30
Fence-L
Fence-M
25+ — Fence-F
> 20F
g
B
15+
10
5 1 1 1 1 1 1

t(s)

FIG. 11. Comparison of the wind velocity time history of 3# under different grid res-
olution conditions.

field at the tunnel entrance simulated by the spire and the fence.
Figures 12 and 13 show the turbulent wind time history along the
measuring line calculated by the numerical model of the two turbu-
lence generators of the spire and the fence. The following findings are
obtained from Fig. 14.

For the spire, the wind speed near the spire increases in the direc-
tion of incoming flow, due to the acceleration effect of the spire. The
P2 and P3 lines are consistent, with an average wind speed of 1.4.
Except for P1, the other lines decay to a steady state at 2.76 W. The
wind speed of P1 is smaller than that of P2 and P3 due to the distance
between the spire and the mountain wall. However, with the attenua-
tion of the incoming turbulence, the average wind speed of the P2 and
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FIG. 12. Coefficient time history of turbulent wind speed generated by the spire: (a) direction of the incoming flow, (b) height direction, and (c) direction along the line.

P3 lines eventually decayed to 0.5. The average wind speed of P1
decreases to 0.65 due to the acceleration effect of the mountain wall. In
the height direction, the wind speed gradually increases with the
increase in height, P1 increases from 0.75 to 1, and P2 and P3 increases
from 0.4 to 1.15. In the direction along the line, the wind speed of
WSL at the tunnel entrance is 0.85, the wind speed of the correspond-
ing leeward side line (LSL) is 0.35, and the average wind speed of the
remaining measuring points is 0.5.

For the fence, in the direction of the incoming flow, the average
wind speed of P2 and P3 near the fence can reach 1.55, and the average
wind speed of P1 is 1.3. With the attenuation of turbulence, the aver-
age wind speed of P2 and P3 8.28 W away from the fence is 0.8; the
average wind speeds on P1 at 4.14 and 6.89 W from the fence are
reduced to 0.25 and 0.05, respectively, due to the lifting of the airflow
tunnel door. In the height direction, at 0.65 H, the average wind speed
of P1, P2, and P3 is 0.25. As height increases, the average wind speed
of P1, P2, and P3 fluctuate in the range of 0.25-1.25, due to the geome-
try of the fence. In the direction along the line, the average wind speed
on WSL is approximately 1.1. On LSL, the average wind speed at the

other locations is 0.85 except for the average wind speed at the tunnel
entrance of 0.3.

Under the same blockage rate, the average wind speed on the lee-
ward side of the spire decays more remarkably in the incoming flow
direction compared with the results of the fence (except for P1, the
other lines decay to a steady state at 2.76 L). However, the average
wind speed on the P1 line of the fence model shows a substantial
attenuation at 2.76 L. In the height direction, the wind speed simulated
by the spire is closer to the wind speed profile,* and the wind speed
field simulated by the fence is more uniform. In the direction along
the line, the average wind speeds of the windward and leeward lines of
the fence are 60% and 43.75% higher than the corresponding value
of the spire, respectively.

B. Turbulence characteristics

Figure 15 shows the turbulence intensity distribution of the
incoming flow direction and the vertical direction of the three lines, as
well as the windward and leeward lines in the line direction to
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FIG. 13. Coefficient time history of turbulent wind speed generated by the fence: (a) direction of the incoming flow, (b) height direction, and (c) direction along the line.

determine the turbulence attenuation law of the incoming flow at the
spire and fence.

For the spire, turbulence initially increases and then decays in the
incoming flow direction.”’ Among them, P2 and P3 reach the maxi-
mum at 2.76 W from the spire, and the corresponding peak value can
reach eight times of the initial position. The possible reason is that the
spacing between the bottom of the two spires is too small, and the tail
vortexes between the adjacent spires interfere strongly with each other.
While the rise amplitude of P1 line is only about three times of the ini-
tial position. After reaching the peak value (1.4 W from the spire), the
turbulence intensity attenuation law in the incoming flow direction is
no longer obvious. The possible reason for this phenomenon is that
the gap between the mountain wall and the spire nearest the tunnel
entrance not only weakens the turbulence intensity but also weakens
the dissipation of turbulent kinetic energy in the direction of the
incoming flow. In the height direction, as height increases, turbulence
intensity decreases (consistent with the law of ABL flow”). The reason
is that the spire spacing increases with height, the interaction of tail
vortexes between adjacent spires decreases with the increase in height.

In the line direction, the turbulence intensity of the windward line
changes alternately due to the difference in the wind field flow pattern
between the leeward side of the spire and the middle area between the
two spires. The highest value can reach 1.2, the lowest value can reach
0.2, the difference between the two is six times. The difference
decreases with the increase in distance; thus, the turbulence intensity
of the leeward line is evenly maintained at approximately 0.3. It is
worth noting that this value is consistent with the representative value
of turbulence intensity based on field test introduced in Sec. 1T C.

For the fence, the turbulence intensity in the incoming flow direc-
tion also shows a trend of increasing initially and then decreasing,
reaching a maximum at 2.76 W from the fence and then decreasing
slightly and maintaining a stable value. Compared with the spire, tur-
bulence intensity changes more smoothly, and the peak value is less
than half the corresponding value of the spire case. It is worth noting
that due to the large spacing between the vertical ribs of the fence and
the uniform distribution in the line direction, there is no significant
difference in the turbulence law between P1, P2, and P3 in the direc-
tion of incoming flow. In the height direction, the turbulence intensity
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of the near-surface measuring point is the largest, and the turbulence
intensity of the P3 measuring point is as high as 1.6. As height
increases, turbulence intensity fluctuates in the range of 0-0.4 due to
the equal distance between the transverse ribs of the fence. In the
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FIG. 14. Spatial distribution of 3D mean wind speed: (a) spire and (b) fence.
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In summary, from the perspective of turbulence intensity charac-
teristics, both the spire and the fence can achieve the turbulence inten-
sity level measured in the field, but the spire can obtain ABL
characteristics consistent with similar studies, while the fence cannot.

C. Flow field

Figures 16 and 17 show the flow field of the spire and fence from
the ground height of y = 2.5 m and the tunnel portal of x=0 L (P1),
0.26 L (P2), and 0.52 L (P3) to reveal the transient flow field differences
of the tunnel entrance section simulated by the spire and fence, respec-
tively. Subscripts 1, 2, and 3 represent time of 100, 110, and 120s,
respectively. The coresponding transient turbulent kinetic energy
(TKE) distribution of the two turbulence generators is shown in Figs.
18 and 19. TKE is defined as follows:

k:%(a2+92+w2), 9)

where 7, ¥, and W represents the root mean square of the three fluctu-
ating wind speed components.

Figure 16 shows that for the section y=2.5 m, the airflow at the
tunnel entrance produces an acceleration effect, and the airflow accel-
erates through both sides of the spire to form turbulence in the middle
of the line (dotted yellow frame in the picture). Moreover, the airflow
blocked by the spire forms a vortex on the leeward side of the spire,
and the wind speed is negative. For the P1 plane, low-speed flow is
mainly distributed in the near-ground area. The airflow passes through

scitation.org/journal/phf

the spire to form a vortex, and then the vortex falls off and decays as it
moves away from the spire. In the P2 and P3 planes, a larger range of
acceleration zone is formed when the airflow passes through the spire,
resulting in an average wind speed greater than the corresponding
value of the P1 plane. With the attenuation of turbulence, at 2.76 W
behind the spire, the average wind speed at the tunnel entrance is
greater than that at the middle measuring point of the line, consistent
with the measured value. On the leeward side of the spire, wind speed
increases with the increase in height, and reaches the highest value at
the top of the spire. Figure 18 shows a turbulent stratification zone is
formed on the leeward side of the spire, and a strong TKE zone exists
in a small range. Turbulence activity is very intense at the junction of
the strong TKE region and the weak TKE region.

Figure 17(b) show that for the P1 plane, the airflow passes
through the fence and the mountain wall to form a large-scale low-
speed zone at the tunnel entrance, and the wind speed decreases
rapidly along the flow direction, especially on the leeward side of the
tunnel entrance, different from the measured value. For the P2 and P3
planes, compared with the spire, wind speed increases rapidly after air-
flow passes through the fence, and the wind speed of WSL is greater
than the corresponding value of the spire. It worth noting that due to
the exitence of the transverse ribs of the fence, there is a small vortex
area with negative wind speed in the corresponding area of the leeward
side of the transverse ribs. This is the dunamental reason for the signif-
icant difference between the fence and the spire in the distribution of
wind speed and turbulence intensity in the vertical direction. The fol-
lowing findings are obtained from Figs. 19(b) and 19(c): A larger range

u/u,
-1.0 -05 0 05 1.0

FIG. 16. Transient flow field of the spire: (a) section y=2.5m, (b) P1, (c) P2, and (d) P3.
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FIG. 17. Transient flow field of the fence: (a) section y =2.5 m, (b) P1, (c) P2, and (d) P3.
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FIG. 18. TKE on leeward side of the spire: (a) section y=2.5m, (b) P1, (c) P2, and (d) P3.
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FIG. 19. TKE on leeward side of the fence: (a) section y =2.5 m, (b) P1, (c) P2, and (d) P3.

of strong TKE area is formed on the leeward side of the fence, so the
attenuation rate of wind speed on the leeward side of the fence is
smaller than that on the leeward side of the spire, and the wind speed
at the measuring point on the leeward side of the fence is greater than
the corresponding value of the spire. With TKE attenuation, the turbu-
lent intensity at the spire and fence on the leeward side is consistent.

D. Power spectral density

Figure 20 shows the power spectral density (PSD) curves of the
measured 1# measuring point and the corresponding numerical

100
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simulation P2 measuring point on WSL. The PSD curves of the mea-
sured and the spire numerical simulation are in better agreement,
especially in the low frequency band. The wind power spectrum of the
WSL of the fence numerical simulation P2 line is poorly consistent.
The turbulence integral scale of the P2 measuring point simulated by
the spire is 49.3 m, which is close to the measured results.

V. CONCLUSIONS

Based on the wind field test and IDDES methods, the present
study used two kinds of geometric turbulence generators, namely,

100
(b) —— Measured spectrum of fence

Simulation spectrum of fence
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FIG. 20. Comparison of measured and simulated PSD curves: (a) spire and (b) fence.
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spire and fence, to simulate the wind field of cross incoming flow at
the tunnel entrance of TFT site. The difference law of turbulent wind
field under two turbulence generator conditions was compared and
analyzed. The main conclusions are as follows.

(1) Based on the field test, the high wind speed section of the tun-
nel entrance is mainly 9-14 m/s, the prevailing wind direction
is almost perpendicular to the line direction, and the represen-
tative value of turbulence intensity is 0.3.

(2) Under the same blocking rate, the average wind speed on the
leeward side of the spire decays more rapidly in the incoming
flow direction. In the height direction, the wind speed simulated
by the spire is more suitable for the wind speed profile. In the
direction along the line, the average wind speed of the wind-
ward and leeward lines of the fence are 60% and 43.75% higher
than the corresponding values of the spire, respectively.

(3) In the direction of incoming flow, the turbulence intensity of
the turbulent wind generated by the spire and the fence
increases initially and then decreases, reaching the maximum at
2.76 W from the spire and the fence. The turbulence intensity
of the windward side of the spire is large and fluctuates along
the line, and the turbulence intensity of the leeward line is
evenly maintained at 0.3. The turbulence intensity of the turbu-
lence wind generated by the fence is more stable, and the turbu-
lence intensity of the windward and leeward lines is stable at
0.3.

(4) For the PSD, the turbulent wind simulated by the numerical
simulation of the spire is in better agreement with the measured
results at the corresponding position, especially in the low fre-
quency band.
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