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ABSTRACT

A significant acceleration generated in the gorge terrain poses a serious threat to the operational safety of the transportation facilities
downstream of the gorge. To determine the formation mechanism of the acceleration effect, this paper compares the results of wind tunnel
tests with the improved delayed detached eddy simulation in terms of the spatial distribution, turbulence, and spectrum of the flow field on
the gorge topography under crosswinds. The effect of the Reynolds number on the results is discussed in terms of the characteristic wind
speed of flow field and the scaling ratio. Recurrent neural networks are used to attempt to get signals from unknown measurement points
and to repair damaged signals. The results show that when the mountain spacing in the experimental and the computational fluid dynamics
models is zero, the most dramatic acceleration reaches 1.28-1.4 times the incoming wind speed. In the wind tunnel tests, the peak of the
power spectra density (1.065 x 10 %) at the downstream of the center of the gorge with a mountain spacing of zero is 3.37 and 14.77 times
higher than the corresponding values (3.16 x 10~ and 7.21 x 10*) in the gorge topography with the mountain spacing of 0.01 and 0.02 m,
respectively. The maximum difference of mean wind velocities in the leeward of the gorge is 6.4% when the Reynolds number ranges from
2.03 x 10° to 1.03 x 10”. The results are expected to provide a reference for the design of windproof facilities in gorge terrains.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0165513

I. INTRODUCTION

Areas such as mountainous hills and ravines have more complex

this poses a threat to the stability of the structure.” For example, the
high-speed trains and the road vehicles frequently traverse the variety of
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topographical features than plains and plateaus. Factors including the
difference in the temperature, the gap in pressure, and the bypass effect
of the hilly topography disrupt the stable structure of the flow field
under a relatively steady incoming wind. In particular, when the
incoming flow passes through a gorge formed by two mountains
(Fig. 1), a significant increase in wind speed and a variable in wind
direction are caused by the slope of the mountain and the narrow pas-
sages. The effect of acceleration usually leads to a significant temporal
and spatial inconstancy in the wind field."” In addition, the vortices
shed on the surface of the mountain under the action of crosswinds
will cause vortex-excited vibrations in the structures downstream, and

complex topographies during their operation. A complex topography is
often closely linked to the generation and development of extreme wind
events on the transport route. Many studies have shown that strong
crosswinds pose a serious threat to the operational stability and safety of
high-speed trains as they can easily cause derailments and even over-
turning accidents.*” Ensuring the operational safety of high-speed trains
when they cross the wind field in this case, compared with stable condi-
tions of crosswind flow, is a daunting challenge.

A large number of studies have been devoted to field tests,””
wind tunnel tests,” ' and computational fluid dynamics (CFD) simu-
lations'” ' to characterize and predict the wind field under complex
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FIG. 1. The topography of a gorge formed by two mountains.

topographical conditions. Jing et al.'” analyzed the characteristics of
the wind field of a gorge by using two wind masts and showed that the
average direction of wind at high speeds was always along the wall of
the gorge. The research is valuable for engineering measurement strat-
egies in gorge terrain. However, it is difficult to obtain the structure of
the wind field of an entire gorge due to the sparsity of the points of
measurement. Song et al.'® studied the characteristics of the wind field
in a valley by means of a Doppler sodar system mounted on a bridge
and supplemented their study with a wind tunnel test at the scale of
1:1500. In addition, the team used the Standard k—e model to numeri-
cally simulate the flow field of a bridge on the Yellow River on a topog-
raphy with a converging channel.”” They found that the airflow
accelerated at the outlet of the valley, with a significant non-
uniformity in the speed and direction of wind on the bridge along the
longitudinal direction. However, they did not discuss the generation
mechanism of the acceleration effect and the influence of the scaling
ratio on the results. Ren et al.'® arranged five anemometers along the
longitudinal direction on a mountainous bridge for long-term observa-
tions and analyzed the characteristics of the wind field by using a tradi-
tional model of stable wind speed and a model of non-constant wind
speed. This study focuses on the effects of two wind speed models on
the wind field, which gives a model reference for wind field studies in
gorge terrain. However, this study does not show the complete charac-
terization of the entire wind field. Zhou et al.'” and Deng et al.”’ used
CFD simulations to study the effects of mountain topographies on the
wind field. Some researchers have also conducted multi-scale numeri-
cal simulations of turbulence in the wind field in a realistic and com-
plex topography based on weather research and forecasting-large eddy

simulation (WRF-LES).”" These reveal that the wind field in a gorge
undergoes a significant acceleration and has non-stationary character-
istics. McGrath et al”” established a high-fidelity, physics-based
modeling and simulation framework in order to study the aerody-
namic behavior of unmanned aerial systems (UAS) in complex terrain.
The framework facilitates the study of the flight attitude of a craft in
complex terrain. However, the above-mentioned studies have not sys-
tematically parametrized the geometric features of the topography and
have ignored the influence of the spacing between mountains forming
a gorge on the acceleration in the speed of wind flowing through it.

To alleviate the threat posed by a strong crosswind on the opera-
tional stability and security of high-speed trains, many researchers
have proposed a number of mitigation measures, including wind
barriers,”” *° windbreaks,”””” and anti-wind open-cut tunnels,”® in
which such parameters as the curvature of the profile and porosity of
the wind barriers have a large impact on the aerodynamic perfor-
mance of bridges and high-speed trains.”” Chen et al.” found that
abrupt changes in the structure of the wind barrier in the longitudinal
direction under strong crosswinds lead to a deterioration in the aero-
dynamic performance of high-speed trains. There are abrupt changes
in the structure of most wind barriers due to limitations of the terrain
in reality, which results in anti-wind measures not being as effective as
expected. Yang et al.’' analyzed transient aerodynamic loads on high-
speed trains based on CFD simulations and compared the anti-wind
performance of a windbreak and an anti-wind open-cut tunnel. The
results showed that the aerodynamic load on the vehicle exhibited
large fluctuations under the same conditions of crosswinds for the
windbreak, and suddenly and significantly increased or decreased at
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Cobra probe

Signal amplifier

FIG. 2. The wind tunnel test system for the topography of the gorge.

the end of the windproof facilities. It is clear from the above that most
studies in the area have used traditional, passive, anti-wind facilities,
such as wind barriers, the capability of wind resistance of which is lim-
ited. Therefore, it is necessary to propose an effective active anti-wind
measure in harsh wind environments.

To determine the influence of the spacing between mountains on
such an acceleration, this study compares the results of wind tunnel
tests with the improved delayed detached eddy simulation in terms of
the characterization of the flow field on the gorge topography under
crosswinds. The effect of the Reynolds number on the results is dis-
cussed in terms of the characteristic wind speed of flow field and the
scaling ratio. In addition, recurrent neural network (RNN) is used to
attempt to get signals from unknown measurement points and to
repair damaged signals in wind tunnel tests. Finally, this study pro-
poses an active anti-wind idea based on jet devices. The results of this
study provide sound theoretical guidance for the siting and anti-wind
design of transportation facilities crossing gorges.

Il. METHODOLOGY
A. The wind tunnel overview

As shown in Fig. 2, the wind tunnel test system consists of a
return-flow wind tunnel, an SMT series 3D dynamic anemometer sys-
tem, an automatic moving measurement frame, and an experimental
model. The shape parameters of the wind tunnel test section and the
experimental model are presented in Fig. 3. The length, width, and

height of the wind tunnel test section are 1.8, 1.2, and 0.8 m, respec-
tively, and the frequency of the input AC power to the turbines is con-
tinuously adjustable in the range of 0-62Hz. The test data were
collected by using an SMT series 3D dynamic anemometer system
with a sampling time of 10s and a sampling frequency of 1000 Hz at
each measurement point. The measurement system consists of a cobra

FIG. 3. The shape parameters of the wind tunnel test section and the experimental
model.
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FIG. 4. The distribution of the Z component of the mean wind speed and the mean turbulence intensity along Y direction at the center of the wind tunnel: (a) Wind speed and

(b) Turbulence intensity.

probe, a signal amplifier, and a data acquisition terminal. The cobra
probe has an accuracy of *+0.5m/s in measured wind speed and *1°
in angle measurement. Due to the fact that obtaining the full wind field
characteristics requires combining data from a large number of mea-
surement points, the automatic moving measurement frame is used to
reduce the position deviation generated during the movement of the
probe. The displacement accuracy of the automatic mobile measuring
frame is 0.001 m when moving the measurement point.

Figure 4 presents the Z component of the mean wind speed and
the mean turbulence intensity along Y direction at the center of the
wind tunnel. Wind speed and turbulence intensity of within 0-0.02 m
from the ground varied after the input of 35, 47, and 62 Hz AC in the
wind tunnel without the gorge model, which was caused by the effect
of the boundary layer. With increasing distance from the ground, the
viscous force of the fluid gradually decreased. The Z component of the
mean wind speed (U) was steady at 17.81, 23.51, and 29.6 m/s, respec-
tively, in the range of distance of 0.02-0.08 m from the ground. The
intensity of turbulence was steady at 0.028, 0.029, and 0.028, respec-
tively, in the range of distance of 0.02-0.08 m from the ground.

As shown in Fig. 3, the experimental model is a gorge model con-
sisting of two mountains. The cosine curve defined by Eq. (1) is used
in the construction of the mountain, and Liu et al.*”> and Yang et al’®
have verified that a cosine shape of their outline is representative. To
reduce the influence of blockage rate and boundary layer, the moun-
tain model is built based on a scaling ratio of 1:500. The height (H)
and bottom diameter (D) of the mountain are 0.1 and 0.3 m, respec-

where x, y, and z denote the direction of the spread of flow, the vertical
direction, and the downstream direction of the computational domain,
respectively. H is the height of the mountain, and D is the diameter of
the circle formed by the bottom of the mountain.

B. The CFD prediction method

1. Geometric features and boundary conditions of CFD
models

In this study, CFD numerical models were built based on two
kinds of scaling ratios (1:500 and 1:10), in which the geometric charac-
teristics of the CFD numerical models with the scaling ratio of 1:500
were established based on the wind tunnel tests (Fig. 3). The mesh and
computational strategy were consistent with the CFD numerical model
with the scaling ratio of 1:10. The CFD numerical models of four val-
ues of spacings between mountains (W) were established based on a
scale of 1:10. The spacings were classified as 0, 0.5, 1, and 7 m, and the
corresponding cases were called GM-0, GM-0.5, GM-1, and GM-7,
respectively, where the net spacing of GM-7 at a height of 1 m was
equal to that of GM-0 at a height of 4 m. The basis for this scheme is
introduced in Sec. I1I C. In addition, a model of the gorge with an air
curtain (GMAC) was built based on case GM-0 by using the cosine

TABLE I. Parameters of the main research cases.

tively. The rate of blockage of the test section of the wind tunnel is Wind Scale Spacing of
3.99%. Finally, the effect law of the mountain spacing on the accelera- Cases tunnel test IDDES ratio mountains (m)
tion effect is investigated by adjusting the spacing between two moun-
tains. The mountain spacing (W) is divided into 0, 0.01, and 0.02 m, Case I \/ \/ 1:500 0
and the names of the corresponding experimental models are defined Case Il N, J 1:500 0.01
as Case I, Case II, and Case III, respectively. Table I exhibits the Case III N, N, 1:500 0.02
parameters of the main research cases in this paper: GM-0 o J 1:10 0
GM-0.5 N 1:10 0.5
y(x,2) = H cos*n(x® + 22)1/2/D, (2% + 22)1/2 <D/2, " GM-1 N 1:10 1
Yx.2) =0, @ +2)" > D, GM-7 N 1:10 7
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curve defined by Eq. (1). To show the installation positions of the jet
devices, the geometric features and boundary settings of the model are
shown with the GMAC case as an example.

Figure 5 presents the geometric features and the settings of vari-
ous boundary conditions of the CFD model. The geometric parame-
ters are expressed in terms of the height of the mountain (H' =5 m)
and the diameter of its bottom (D' = 15 m). The entire computational
domain was 5D long in the direction of spreading of flow (X), 2.33D
wide along the downstream direction (Z), and 2H' high along the ver-
tical direction (Y). The two mountain bodies were symmetrically dis-
tributed along the direction of spreading of flow of the computational
domain, and the minimum distance between the foot of the mountain
and the boundary of incoming flow was 0.333D'.

Figure 5 illustrates the boundary conditions of the model of the
gorge, where the boundary of incoming flow and the surface of the jet
of the air curtain were defined as the inlet of velocity. The top surface
of the calculation domain was set to be symmetric. No-slip walls were
used for the ground, the surface of the mountain, and the side of the
air curtain, and the outlet of pressure was used for the left and right
sides of the calculation domain as well as the downstream exit surface.
The direction of wind was set along the positive Z axis at the boundary
of incoming flow.

2. Mesh system and solution strategy

The grid models for this study were constructed by using a poly-
hexcore grid. As is shown in Fig. 6, the model of the gorge used the
laminated poly mesh near the boundary layer, the region of transition
region was discretized by it, and the interior was filled by a hexahedral
mesh. To better capture the variation in turbulence near the mountain,
the computational domain was divided into two fine regions, R1 and
R2. Their locations and dimensions are shown in Fig. 6, where the size

H

w

pubs.aip.org/aip/pof

of the mesh of R1 was restricted to 0.05m and that of R2 to 0.1 m. The
range of sizes of the meshes for the face of the mountain and air cur-
tain was limited to 0.002—-0.005 m. The surfaces of the mountain and
the air curtain were set up with a boundary layer consisting of ten
layers (estimated, y+ <10). The figure also shows the parameters
related to the boundary layer settings. Finally, the aggregate number of
grid cells for the GMAC case was 54 x 10°.

Compared with the Reynolds-averaged Navier—Stokes simula-
tion (RANS) and large eddy simulation (LES), the detached eddy
simulation (DES) method has the advantages of high computational
accuracy and low computational cost. Therefore, the DES method is
often used to numerically predict the three-dimensional characteris-
tics of unsteady turbulence over hilly terrains. However, Risan
et al.”* compared the measurements of the long-range pulsed lidar
with predictions of the DES model and found that the latter overesti-
mated the mean turbulence on the leeward side of a hilly topogra-
phy. This phenomenon might have been caused by an improper
definition of the length of the grid of the boundary layer during
model building, which in turn led to a nonphysical separation and a
logarithmic mismatch between the layers. Researchers have contin-
ued to improve and optimize the DES model over the years. The
delayed detached eddy simulation (DDES) method can avoid the
separation phenomenon by controlling the parameters of the bound-
ary layer.”” In addition, the improved DDES (IDDES) method has
been developed to handle the problem of a logarithmic mismatch
between layers based on the DDES. Therefore, the IDDES method
was used in this paper to predict the structure of turbulence in all
models of the gorge. The turbulent kinetic energy according to the
IDDES is as follows:

O(pk) , Olpku) _ 0. [(

L)%
O e 836]

o on  ox

[P

1
| | Air Curtain |

No-slip Wall

FIG. 5. Geometric features and boundary conditions of the model of the gorge with an air curtain (W' = 0).
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FIG. 6. Mesh model of the model of the gorge with an air curtain (W = 0).
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3)

where p, k, & u;, i, and y, are the atmospheric density, turbulent
kinetic energy (TKE), rate of dissipation of the TKE, velocity of air-
flow, viscosity, and turbulent viscosity, respectively. The values of con-
stants o and g, are 1 and 1.3, respectively; Sfj is the strain rate tensor;
and [/ is the scale of length of the IDDES, which is calculated as shown
in the following equations:

I = fa(1 + fo)lrans + (1 — fa) CpesA, (4)
A
ﬂ:l = max{tanh |:(A1 WZU,J) :| ,fstep}, (5)
Ou;
i = o’ (6)
A = min(max(cwd7 CWAmaX7 dWﬂ)7 Amax)7 (7)

where fq, fe, Irans, and A are the mixing function, the lifting function,
the scale of length of the RANS, and the scale of grid of the IDDES,
respectively. In the actual simulations, the constant Cpgg is calibrated
by using typical arithmetic examples of isotropic turbulence. The val-
ues of the parameters A; and A, are 20 and 3, respectively. vy, v, k, d,
and Uj; are the viscosity of the moving vortex, the molecular viscosity,
the von Kdrmdn constant, the distance between the grid cell and the
wall, and the velocity gradient, respectively. The function fg, is used
in the IDDES model to quickly switch between the RANS and the LES
models near boundary layer. The empirical constant C,, is set to 0.15;
Amay is the maximal value of the interval of the local mesh; and d,,,, is
the grid step of the wall along the normal direction.

The transient calculation scheme was used to solve the non-
stationary flow field in the topography of the gorge. The time step of
calculations for each case was set to 0.001 s, where the number of itera-
tions per time step was 20 and the total number of iterations was
1 x 10" According to the CFL guidelines, it is required that the CFL
value should be less than 1 in order to maintain the stability and accu-
racy of the calculation results. Since the main object of study is the
flow field in the R1 or R2 region, the authors obtained a CFL number
of 0.6 using a time step At (At =0.001 s), a grid scale in the R1 region
Ax (Ax=0.05 m), and a characteristic flow velocity u(u =30 m/s).
This indicates that the selected time step is appropriate and does not
introduce significant errors. All models of calculation were executed at
the Wuxi Supercomputing Center in China by using 120 cores for
each, which took a total of 21 days.

3. Monitoring strategy

Figure 7 presents the layout of the measurement points and lines
in the model of the gorge. One group of measurement lines (L,;) was
arranged on the leeward side of the mountain along the X direction,
and the lines (Ly; 1, Lyg 2, L 3 and Ly 4) were set at four heights
(02H', 04H, 0.6H', and 0.8H'). Three measurement lines (L, i,
L1, and L,;_3) were arranged on the leeward side of the gorge along
the Y direction, and their range of heights was 0—1H'. Three groups of
lines (L,;, L,», and L,3) were arranged on both sides and in the middle
of the gorge along the Z direction, and each group of lines was set at
four heights (0.2H', 0.4H', 0.6H’, and 0.8H'). In addition, the measure-
ment points (P1, P2, P3, P4, and P5) were arranged on the line L,; ;.
P3 was defined as the typical measurement point in the downstream
area of the center of gorge. P2 and P4 were defined as typical measure-
ment points of the central area on the leeward side of the mountain,
respectively. P1 and P5 were defined as typical measurement points in
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L z“h

FIG. 8. Profiles of the mountain obtained by using three models with grids of different resolutions: (a) Coarse; (b) Medium; and (c) Fine.

the marginal area of the downstream of the gorge. The 0.5m implies
the minimum distance of the measuring lines L, from the foot of the

hill in the downstream direction. J K—.

4. Independence of grid resolution

—_
<

Wind speed (U, /U")

To analyze the effect of the resolution of the mesh on the out-
comes of calculations of the model, this paper used three grid models
for the GM-0 case at three resolutions (coarse, medium, and fine) by
resizing the grids in regions R1 and R2 (Fig. 8). The U symbol indi-
cates the wind speed of the incoming flow for the gorge model with a
scale-down ratio of 1:10. The aggregate numbers of grids for the three
calculation models were 44 x 10°, 54 x 10°, and 64 x 10°, respectively,
and the calculation schemes were set according to the procedure
detailed in Secs. Il B 1 and 11 B 2. Figure 9 compares the distributions 05 . . . .
of the component of the mean wind speed in the Z direction on the 0 1 2 3 4 5
measurement line L,;_; from 4 to 10s for each of the three models of Distance from left outlet (d /D")
the grid. As is shown in Fig. 9, the results of calculations using the
medium and fine grids were in better agreement with each other than FIG. 9. Distributions of the Z component of the mean wind speed, obtained by the
with those of the coarse grid (deviation, 5.1%). The model of the grid three models with grids of different resolutions on Lyy.1.

=
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with a medium resolution (54 x 10°) was determined to be suitable for
use here.

I1l. ANALYSIS OF THE RESULTS

A. The wind tunnel test and the CFD prediction
method

1. Wind velocity

Figure 10 presents the distribution curves of the Z component of
the mean wind speed along the Y-direction measurement line (L; and
L,) during 4-10s for the three cases (Case I, Case II, and Case III)
based on the wind tunnel tests and the CFD prediction methods, in
which the wind speed at the measurement point is dimensionless by
the incoming wind speed (U= 29.6 m/s), and the height of the mea-
surement point from the ground is dimensionless by the height of the
mountain (H=0.1 m). In addition, Fig. 10 shows the positions of
the different measurement lines in the gorge for the three cases and
the corresponding fitting equations. As shown in Fig. 10, there is a sig-
nificant acceleration effect on the downstream of the outer edge of the
gorge and the center of the gorge. As shown in Fig. 10(a), the mean
wind speeds at the downstream of the outer edge of the gorge are
accelerated to 1.22 and 1.23 times the incoming wind speed (U) in
the wind tunnel test and the CFD prediction, respectively. From
Fig. 10(b), it can be seen that the acceleration effect of the incoming
flow becomes more significant as the height of the measurement point
at the downstream of the gorge center from the ground increases.
Among them, the highest wind speed of 1.28U is measured in the
Case I based on the wind tunnel tests, the highest wind speed of 1.33U
is measured in the Case I based on the CFD prediction, and the differ-
ence between them is maintained at 3.91%. As the distance between
the mountains increases, the wind speed at the measurement points in
the height range of 0.2-0.6H from the ground gradually increases,
which is due to the weakening of the shading effect of the mountains.
More incoming flow passes through the gap between the two
mountains.

In Fig. 10, the Z-direction mean wind speeds based on the
IDDES method on the L; measurement line located at the outer edge
of the gorge are mostly consistent with the corresponding experimen-
tal data. There are some differences between the results based on the
wind tunnel experiments and the IDDES method in the height range
of 0.2-0.4H on the line L,. Considering all these, the data of measuring
points at 0.2H height on the measuring lines were used to further com-
pare the differences between the experimental data and the simulation
results. Therefore, Fig. 11 presents the time history curves of the wind
speeds at the three typical measurement points (#1, #2, and #3) in the
three cases based on the wind tunnel tests and the CFD prediction
methods. Table II provides the mean wind speed (U) and the stan-
dard deviation of the wind speed (o) of three typical measurement
points in three cases during 4-10 s based on the wind tunnel tests and
the CFD prediction methods, in which the standard deviation of the
wind speed is used to reflect the fluctuation of the wind speed at the
measurement points. Combined with Fig. 11 and Table II, it can be
noticed that the wind speed fluctuations at measurement points #1
and #3 are close to each other, and the wind speed fluctuations at mea-
surement point #2 are significantly larger than those at the measure-
ment points #1 and #3. In the wind tunnel tests, the standard
deviation of the wind speed at the measurement point #2 is more than
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2.7,2.6, and 2.0 times of the corresponding values at the measurement
points #1 or #3 in the Case [, the Case II, and the Case III, respectively.
In the CFD predictions, the standard deviation of the wind speed at
the measurement point #2 is more than 3.9, 2.4, and 3.1 times of the
corresponding values at the measurement points #1 or #3 in the Case
I, the Case II, and the Case III, respectively. These mean that the wind
speed fluctuations at the downstream of the gorge center are more dra-
matic compared to the downstream of the outer edge of the gorge.
With the increase in mountain spacing, the standard deviation of the
wind speed at the measurement point (#1, #2, and #3) decreases rap-
idly. As shown in Table II, the differences between the results of the
wind tunnel tests and the CFD prediction methods are maintained
within 6%, excluding the measurement point #2 in the Case I. Due to
the shading effect of the mountain, there may be a large angle of the
wind speed or backflow at point #2 in Case I, resulting in the failure of
the Cobra Probe to capture the full signal of the wind speed.
Therefore, it can be considered that the IDDES method used in this
paper is reasonable.

2. Power spectral density of wind field

Figure 12 presents the power spectra density (PSD) of wind and
its fitted curves for the typical measurement point (#2) on the leeward
side of the gorge in the three cases based on the wind tunnel tests and
the CFD prediction methods. As shown in Fig. 12, the PSD values of
the typical measurement points (#2) in different cases are stably dis-
tributed in the 0-10 Hz band (shaded area in the figure) in both the
wind tunnel tests and the CFD prediction methods. In the wind tunnel
tests, the mean PSD value (1.56 x 10~>) of the point #2 in the Case I
within the 0-10 Hz band is 2.2 and 9.33 times higher than the corre-
sponding values (7.1 x 10~ * and 1.672 x 10~ %) of the point #2 in the
Case II and the Case III, respectively. In the CFD prediction methods,
the mean PSD value (6.2 x 10~%) of the point #2 in the Case I within
the 0-10 Hz band is 3.95 and 12.94 times higher than the correspond-
ing values (1.57 x 1072 and 4.793 x 10~ %) of the point #2 in the Case
IT and the Case III, respectively. The results obtained based on both
methods reflect the susceptibility of the mean PSD values downstream
of the gorge to the influence of mountain spacing.

Figure 12 indicates the peak of the PSD at the measurement
points, and the peak of the PSD at the points is located in the fre-
quency band of 0-10Hz in all cases based on the wind tunnel tests
and the CFD prediction method. This indicates that the wind field
energy downstream of the gorge center is mainly concentrated in the
0-10Hz band. In the wind tunnel tests, the peak of the PSD
(1.065 x 1072) of the point #2 in the Case I is 3.37 and 14.77 times
higher than the corresponding values (3.16 x 1072 and 7.21 x 10~
of the point #2 in the Case II and the Case III, respectively. In the CFD
prediction methods, the peak of the PSD (3.56 x 10™2) of the point #2
in the Case I is 7.64 and 15.08 times higher than the corresponding
values (4.66 x 107> and 2.36 x 10°) of the point #2 in the Case II
and the Case III, respectively. This means that the peak of the energy
in the wind field downstream of the gorge center is inversely propor-
tional to the spacing of the mountains. The peak of energy in the wind
field downstream of the gorge center differs by an order of magnitude
among the three cases.
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TABLE Il. The Z component of the mean wind speed (Uz) and the standard devia-

. ) . and / B. The effect of Reynolds humber on the results
tion of the wind speed (o) of three typical measurement points in three cases during

4-10s. The Reynolds number is a dimensionless number used to charac-
terize the flow state presented by a flow field and also reflects the ratio of

#1 #2 #3 inertial to viscous forces in a fluid. The influence of viscous force on the

— — - flow field is greater than inertia when the Reynolds number is small, and

Case Uz oy Uy oy Uz oy the disturbance of the flow velocity in the flow field will be decayed due

to the viscous force, and the flow state of the fluid is manifested as lami-
Casel Test 1133 0088 0946 0241 1144 0.083 nar flow. At larger Reynolds number, the effect of inertia on the flow field
CFD 1172 0083 0992 0328 1175 0084 is greater than viscous force, fluid flow is more unstable, and small
CaseIl ~ Test 1.133 0.050 1.021 0.142 1.138 0.054  changes in flow velocity are easy to develop, enhance, and form a turbu-
CFD 1.153 0.047 1.08 0.136 1.156 0.051 lent, irregular turbulent flow field. The Reynolds number is mainly influ-
CaseIII  Test 1.136 0.031 1.076 0.092 1.137 0.028 enced by the size of the model and the incoming wind speed. This
CFD 1.16 0.029 1.142 0.091 116  0.027 section analyzes the effect of the incoming wind speed and the size of the
model on the results of the wind tunnel tests and the CFD prediction.
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test and the CFD prediction method, respectively).

Based on the Case I with an incoming wind speed of 29.6 m/s,
the wind tunnel test systems with the incoming wind speeds of 17.81
and 23.51m/s are established to analyze the effect of the Reynolds
number on the results of wind tunnel tests. The Reynolds numbers for
the three kinds of cases (17.81, 23.51, and 29.6 m/s) are calculated to
be 1.22 x 10°, 1.61 x 10°, and 2.03 x 10°, respectively. A case in BS

*f“ |

N‘L h\‘ i \f\ | «‘ ‘\r\‘ i | I il “ 1.26
[ ‘ " (’ | ‘

) 2351 m/s |

1 0 1 1 1 \ 29]6 m/S

. 5 6 = . : J

t(s)

EN 14067—4 (Ref. 36) requires that the Reynolds number for wind
tunnel tests should be more than 2.5 x 10°. Figure 13(a) presents the
time history curves of the Z component of the wind speed at the mea-
sured points under the effect of the three kinds of incoming flows
(17.81, 23.51, and 29.6 m/s) for the experimental model with a moun-
tain spacing of O0m. As shown in Fig. 13(a), the fluctuations of the
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FIG. 13. The time history curves of the Z component of the wind speed at the measured points under the effect of the different incoming flows for the models with a mountain
spacing of 0 m: (a) the test model with a scaling ratio of 1:500; (b) the CFD model with a scaling ratio of 1:10.
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wind speed at the measurement points on the leeward side of the gorge
under the effect of the three kinds of incoming flows (17.81, 23.51, and
29.6m/s) are quite consistent. The mean values of the wind speed at
the measurement points during 4-10s are 1.22, 1.26, and 1.28, respec-
tively. The difference between the mean wind speeds of the measured
points in the cases with the incoming wind speed of 17.81 and
23.51 m/s is 3.28%, and the difference between the mean wind speeds
of the measured points in the cases with the incoming wind speed of
23.51 and 29.6 m/s is 1.59%. It can be assumed that the effect of the
Reynolds number on the wind field can be neglected when the wind
speed of the incoming flow reaches 23.51 m/s or more.

Based on the GM-0 case with an incoming wind speed of 30 m/s,
the CFD models with the incoming wind speeds of 45 and 60 m/s are
established to analyze the effect of the Reynolds number on the results
of the CFD simulation. The Reynolds numbers for the three kinds of
cases (30, 45, and 60 m/s) are calculated to be 1.03 x 107, 1.54 x 10,
and 2.05 x 107, respectively. Based on the Reynolds number effect,”**
it can be assumed that the mean and instantaneous flow field struc-
tures predicted based on 30 m/s incoming wind are not significantly
affected by the higher Reynolds number. Figure 13(b) presents the
time history curves of the Z component of the wind speed at the mea-
sured points P3 under the effect of the three kinds of incoming flows
(30, 45, and 60 m/s) for the CFD model with a mountain spacing of
0m. As shown in Fig. 13(b), there is no significant difference in the
fluctuation of the wind speed at the measurement points in the three
kinds of cases (30, 45, and 60 m/s), which fluctuate between —0.5 and
2.0m/s. The differences between the Z component of the mean wind
speeds at the P3 measurement points in the cases (45 and 60 m/s) and
the corresponding value in the case of 30 m/s are 2.77% and 4.01%,
respectively.

Figure 14 presents the distribution of the Z component of the
mean wind speed on the line L, ; in the CFD models with different
scaling ratios (1:10 and 1:500). The wind speeds at the measurement
points are dimensionless using the wind speed of the incoming flow
(30 and 29.6 m/s), respectively. The Reynolds numbers for the two
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FIG. 14. The comparison of the distribution of the Z component of the mean wind
speed on the line L,_4 in the CFD models with different scaling ratios.
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kinds of cases (1:10 and 1:500) are calculated to be 1.03 x 107 and
2.03 x 10°, respectively. As shown in Fig. 14, the distribution laws of
the mean wind speed on the measurement line in the CFD model with
the scaling ratio of 1:10 and 1:500 are largely consistent. The highest
wind speeds on the measurement line in the two cases (1:10 and
1:500) are 1.254 and 1.175, respectively, with a difference of 6.3%.
Meanwhile, the difference in the maximum variation of the mean
wind speed on the line is 6.4%, and the difference in the mean wind
speed at the center of the line in the two cases is maintained at 5.3%.
These show that the variations in the wind field characteristics are
controlled to within 6.5% when the scaling ratio causes the Reynolds
number to vary from 2.03 x 10°-1.03 x 10’.

C. Spatial and temporal distribution of wind speed

Figure 15 presents temporal profiles of the Z component of the
wind speed at five measurement points (P1, P2, P3, P4, and P5) on the
leeward side for cases GM-0, GM-0.5, GM-1, and GM-7 during
4-10s. Here, U' is the value of the wind speed set along the boundary
of incoming flow and was set to 30 m/s. A time segment of 0.03 s was
selected according to fluctuations in the wind speed at measurement
point P3 in the time domain. It was divided into four moments (t;, £,,
t3, and t,) with a time spacing (0.01s), and these components were
used as the temporal nodes for the subsequent transient analysis.

As shown in Fig. 15, a significant fluctuation of the wind speed
was observed at the measurement point P3 in the case GM-0.
However, the wind speed at P3 for cases GM-0.5 and GM-1 fluctuated
relatively gently. The fluctuations in it at P3 in case GM-0 case (1.75)
were 4.3 and 4.6 times larger those in cases GM-0.5 and GM-1 (0.41
and 0.38), respectively. This shows a significant correlation between
mountain spacing and the irregularity of the wind field downstream of
the gorge center in the temporal domain. Notably, the fluctuations in
wind speed at measurement point P3 largely coincided with those at
P1 and P5 in case GM-7 [Fig. 15(d)]. The acceleration effect existing
downstream of the center of the gorge is basically consistent with the
downstream of the outer edge of the gorge when the mountain spacing
reaches 7 m. In addition, the wind at measurement points P2 and P4
was mainly directed along the negative Z direction owing to gyre vorti-
ces generated by the incoming flow on both sides of the mountain.

Figures 16-18 present the distribution of the Z component mean
wind speed on the leeward side and at the center of the gorge during
4-10s in four cases (GM-0, GM-0.5, GM-1, and GM-7). Considering
Figs. 16 and 17 together shows that there was a significant acceleration
in airflow in both the external and internal regions of the edge of the
gorge. The maximum wind speed in the downstream region of the
center of gorge was 1.4U'. The maximum wind speeds at three heights
(0.4H', 0.6H', and 0.8H') downstream of the center of gorge in case
GM-0 were 9.6%, 12.9%, and 12.1% higher than those in case GM-7,
respectively. A comparison of the distributions of wind speed on the
line of measurement in cases GM-0, GM-0.5, and GM-1 shows that
sudden changes in wind speed near the center of the measurement
line gradually became moderate with the increase in height. The curve
of distribution of wind speed near the center of the leeward side of the
mountain was sharp, but the wind speed gradually decreased at the
center of the measurement line. The distribution of the wind speed on
the measurement line was asymmetric, and the wind speed character-
istics of the wind field on the leeward side of the gorge show significant
inhomogeneity over the spatial domain. This was owing to the
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FIG. 15. The time history curve of Z component wind speed: (a) GM-0; (b) GM-0.5; (c) GM-1; and (d) GM-7.

periodic shedding of anti-symmetric double-line vortices on both sides
of the mountain when the steady flow bypassed it to form a Karman
vortex street.””*" Interfering effects of vortices shedding in the center
of the gorge cause wind speeds on the leeward side of the gorge to
remain in an unsteady state.

Figure 16(d) shows that the peaks of wind speed on the line of
measurement in cases GM-0, GM-0.5, and GM-1 decreased, which
means that the points at which it peaked in the middle of the measure-
ment line began to increase from one to two when the height was
0.8H'. Based on this characteristic, the case GM-7 was used to investi-
gate whether the same separation of the points of peak wind speed
would occur at a height of 0.2H'. A clear separation of the points of
peak wind speed near the center of the line of measurement at 0.2H’
was noted in Fig. 16(a) in case GM-7. The wind speed exhibited a sym-
metric distribution on the measurement line, which implies that the
effect of mutual interference of the two wake-induced vortices disap-
peared when the mountain spacing reaches 7 m. This in turn shows
that there was a critical interval during which the characteristics of
fluid flow suddenly changed. In the case of small spacings, the interfer-
ence by the wake-induced vortex was dominant and decreased with
increasing spacing between mountains. Figure 17 shows that the maxi-
mum wind speeds at four heights (0.2H', 0.4H', 0.6H, and 0.8H’) in

case GM-0 were 30.1%, 23.6%, 19.7%, and 17.4% higher than the
corresponding values in case GM-7, respectively. The smaller the
spacing of the mountains, the smaller the area of the channel for
incoming flow on the inside of the gorge, which accelerates the
oncoming flow. Meanwhile, the slopes of the hills have a weaker
blocking effect on the incoming flow compared to the square and
cylindrical columns. These resulted in a more significant accelera-
tion effect in the gorge with a mountain spacing of 0 m compared to
a mountain spacing of 7 m.

Figure 16(a) shows that the wind speed at the center of the mea-
surement line in case GM-0 was lower than in the other cases. A simi-
lar phenomenon was noted concerning the curves of distribution of
the velocity of wind along the Z direction in Fig. 17(a), where the
velocity of wind along the Z direction started to decrease early in case
GM-0. Figure 18 shows that there was a significant region of low wind
speed close to the ground once the incoming flow had reached the
gorge, and rapidly disappeared with the increase in the mountain spac-
ing. When the spacing of the mountains is small, the mountains pro-
vide more resistance to the incoming flow. Most of the incoming flow
passes by higher locations (>0.2H') and outside the gorge, resulting in
a lower wind speed near the ground (<0.2H') downstream the center
of the gorge.
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D. Turbulence intensity

The turbulence intensity is used to describe the degree of variation
of wind speed over time and space, which reflects the relative strength
of pulsating wind speeds. Figure 19 presents cloud plots of the mean dis-
tributions of the intensity of turbulence in horizontal sections for cases
GM-0, GM-0.5, GM-1, and GM-7 at four heights (0.2H', 0.4H', 0.6H,
and 0.8H’) during 4-10s. Figure 20 shows the mean distributions of the
intensity of turbulence at four measurement lines (Ly; 1, Ly 2, Ly 3
and L, 4) in the X direction along the leeward side of the gorge during
4-10s. Figure 19 shows that there were large areas of high turbulence
near the shear layer on both sides of the mountain. They were caused by
the frequent shedding of the uniform, steady incoming flow in this
region during flow over the wall of the slope of the mountain. The area
of high turbulence near measurement point P3 gradually separated with
the increase in height in cases GM-0, GM-0.5, and GM-1. A comparison
of the effects of the mountain spacings in Figs. 19(a;)-19(d;) shows that
there was an area of high turbulence near P3 in case GM-0. With the
expansion of the mountain spacing, a clear trend of separation was
noted near P3 in the horizontal plane at a height of 0.2H’ in case GM-

0.5. Finally, complete separation was obtained in case GM-7.

The analysis in Fig. 20 shows that the intensity of turbulence fluc-
tuated sharply near the shear layer (shaded area in the figure) on both
sides of the mountain. The intensity of turbulence in the leeward
region of the gorge gradually increased with the height. Relative to the
maximum intensity of turbulence on the measurement line in case
GM-0.5, the corresponding maximum intensities of turbulence in case
GM-0 increased by 15.4%, 6.4%, 5.5%, and 1.3% at the four heights
(02H', 0.4H', 0.6H, and 0.8H'), respectively. When analyzed together
with Fig. 19(a,), this might have occurred owing to the mutual inter-
ference of the wake-induced vortices that frequently shed at the two
mountains. As the mountain spacing increases, a distinct low-
turbulence region gradually appears near the point P3. This implies
that the interaction between vortices and the non-stationary character-
istics of the flow between the mountains has gradually weakened.

E. Transient evolution of flow field

Figure 21 presents the evolution of the transient flow field for
each of the four models with different mountain spacings on a hori-
zontal profile at a height of 0.2H. The illustrations of the four
moments (¢, b, t3, and t,) are provided in Fig. 15. The red dashed lines
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in the figure represent the main areas of distribution of the eddy struc-
tures downstream of the center of gorge, and the blue dashed lines are
used to mark the evolution process of some vortex structures. For
example, the vortex structures marked in Figs. 21(a) and 21(d) gradu-
ally shrink; one large vortex structure gradually splits into two small
vortex structures in Fig. 21(b). The vortex structure marked by Fig. 21
(c) gradually expands during #;—, and gradually shrinks during t,—,.
Figure 21(a) shows that the vortex that was shed downstream of the
center of gorge was intense, and its distribution was irregular under
mutual interference by the wake-induced vortices. The rule of evolu-
tion of this transient flow field was consistent with the non-constant
nature derived from analyses of the wind speed and the intensity of
turbulence. The number of vortices downstream of the center of gorge
decreased in Fig. 21(b) relative to that in case GM-0 due to an increase
in the mountain spacings, and the vortex moved mainly downstream.
In addition, as can be seen from the enlarged images in Figs. 21(a) and
21(b), the number of vortex structures shed on the left side is higher
than that on the right side in the GM-0 and GM-0.5 cases. The vortex
structures downstream of the gorge oscillated to the left in cases GM-0
and GM-0.5, which indicates that the flow field of the gorge had a

biased flow regime. As shown in Figs. 21(c) and 21(d), the direction of
motion of the vortex downstream of the center of gorge tilted toward
the outer sides of the gorge.

IV. DISCUSSION

In wind tunnel testing, the test platform and instrumentation
limit the placement of measurement points, and it is impossible to
obtain a full set of wind field characteristics in the gorge. In addition,
malfunctioning of the instrumentation results in partial invalidation of
data, which is not easily detected during the experiment and reduces
the efficiency of the test. These problems are more difficult to solve in
field measurements than wind tunnel tests. In order to reconstruct the
unknown or damaged signals from the known signals, this study
attempts to use RNN algorithm to achieve it, and the RNN is the most
commonly used algorithm for processing time series."'*” Figure 22
presents the structure of the RNN, and the series of four signals at
4-8s are used for training. On the basis of the trained model, the series
of signal 4 at 4-10s is reconstructed using the series of three signals at
4-10s. Memorization of the RNN is achieved through the connections
between the nodes in the hidden layer, which is manifested in the fact

Phys. Fluids 35, 085143 (2023); doi: 10.1063/5.0165513
Published under an exclusive license by AIP Publishing

35, 085143-16

80:95:€0 620z Atenuer ¢|


pubs.aip.org/aip/phf

Physics of Fluids

»
n

Turbulence intensity
= = g N e
(=] 7] =] [9)] =]

=
n

5
=

0 1 2 3 4 5

Distance from left outlet (d /D")

»w
n

T T T
¢ ——GM-0
©) N ot 86— GM-0.5 ]

Frmg‘e ‘area 2;_9_2.71 GM-1
A HI %' W ——GM-7 |
\

w
(=]
T

N~
n
T

N
<
T

Turbulence intensity
n

-
(=]
T

!

e
=

=)

Distance from left outlet (d /D')

1 2 3 4 5

ARTICLE pubs.aip.org/aip/pof

»
n

Turbulence intensity
= = g ~ »
=] W =] wn >

et
n

0 1 2 3 4 5
Distance from left outlet (d /D)

e
=)

@
n

w
>
T

N
(V]
T

N
<
T

-
n
T

Turbulence intensity

-
(=]
T

=4
()]
T

0.0 1 1 ] 1 1
0 1 2 3 4 5
Distance from left outlet (d /D")

FIG. 20. The distribution of turbulence intensity along four lines in X direction: (a) Lys-1; (b) Ly1-2; (€) Lyt-3; and (d) Lyq4.

that the network memorizes the information about the network state
at the previous moment and applies it to the computation of the net-
work state at the next moment. The network shares parameters at dif-
ferent locations in the hidden layer, allowing an arbitrary length
sequence to be processed using a finite number of parameters. In addi-
tion, there are obvious nonlinear features in the time series of the mea-
surement points, which indicate the feasibility of the RNN.

At the same height in the GM-0 (scaling ratio of 1:10) where the
mountain spacing is 0, the Z component of the wind speeds at mea-
surement points P3, P6 (2 m upstream of P3), P7 (2 m downstream of
P3), P8 (4 m downstream of P3), P9 (6 m downstream of P3), and P10
(8 m downstream of P3) during 4-8s are used for training (Fig. 23).
Based on the trained model, the signal values of P8, P9, and P10 at
4-10's are reconstructed using the signal values of three measurement
points (P3, P6, and P7) at 4-10s. Figure 24 compares the signal recon-
struction values of P8, P9, and P10 with the corresponding calculated
values obtained by CFD method during 4-10s. The mean square error
(MSE) between the reconstructed and computed values of P8 in the

training set (4-8's) is 0.0006, and the MSE between the reconstructed
and computed values of P8 in the test set is 0.0009. The MSE between
the reconstructed and computed values for P9 and P10 in the training
set is 0.0005 and 0.0006, respectively. The MSE between the recon-
structed and calculated values for both P9 and P10 in the test set is
0.0007. Due to the memory of the trained model for the signal values
of P8, P9, and P10 over a period of 4-8 s, the MSE in the training set is
lower than in the test set. This mean that the training model has a
strong applicability to signal reconstruction at the same height. The
lower connectivity of the training objects when reconstruction of sig-
nals from measuring points at different heights makes it essential to
add more physical information to the model.

V. CONCLUSION

In this study, the scaled-down (1:500) models of a gorge with
three kinds of mountain spacings (0, 0.01, and 0.02m) were estab-
lished based on the wind tunnel test and the CFD prediction method.
Under the effect of steady crosswind incoming flow (U=29.6 m/s),
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the acceleration effect in the gorge terrain is revealed based on the (1) The special topography of the gorge leads to an accelerating
wind speed and the spectrum feature of the measure points. Next, the effect of the incoming crosswinds, the most significant accelera-
scaled-down (1:10) models of a gorge with four kinds of mountain tion reaching 1.28-1.4 times the incoming wind speed, which
spacings (0, 0.5, 1, and 7 m) were established based on the IDDES occurs in the gorge center.
method. The influence of Reynolds number on the acceleration effect (2) In wind tunnel testing, the wind field energy downstream of the
is analyzed by varying the wind speed of the incoming flow and the gorge center is mainly concentrated in the 0-10 Hz band. The
scaling ratio of the model. Under the effect of steady crosswind incom- peak PSD (1.065 x 102) in this region of the gorge model with
ing flow at 30 m/s, the mechanism of the effect of the mountain spac- a mountain spacing of 0 m is 3.37 and 14.77 times higher than
ing on the acceleration is revealed based on the spatial and temporal the corresponding values (3.16 x 107 and 7.21 x 10~ %) in the
distribution, turbulence characteristics, and evolution of the transient gorge topography with a mountain spacing of 0.01 and 0.02 m,
vortex structures. The following conclusions can be drawn: respectively.
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(3) The Reynolds number has an impact on the experimental and
predicted results of the gorge wind field. The maximum difference
of mean wind velocities in the leeward side of the gorge is 6.4%
when the Reynolds number ranges from 2.03 x 10> to 1.03 x 10’.

(4) When the mountain spacing is zero, the progressively narrower
channel upstream of the gorge accelerates the wind velocity per-
formance of the incoming flow. A large number of detached
eddies shed on the inner edge of the gorge interfere with each
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other, and the flow field downstream of the center of the gorge
exhibits significant non-stationarity. Meanwhile, the accelera-
tion effect in this zone is further increased.

The work here provides theoretical guidance for the siting and
anti-wind design of transportation facilities, high-speed trains, and air-
craft passing through gorges. In the future, field testing of gorge topogra-
phy will be carried out. Meanwhile, the WRF-LES and RAMS
prediction methods will be applied to compare the differences with
CFD prediction results. In this study, signal reconstruction at the same
height is attempted, and this gains success. In order to achieve signal
reconstruction at different heights, it is indispensable to further supple-
ment the physical information of the terrain in the recurrent neural net-
work. In addition, a jet-based idea (the layout location of the air curtain
machine is presented in Secs. IIB 1 and I B 2) is taken to mitigate the
acceleration effects existing in the gorge terrain. A preliminary numeri-
cal study found that the mitigation program resulted in a 57.1% reduc-
tion in wind speed fluctuations downstream of the gorge center. The
mean velocity of wind and the mean peak intensity of turbulence were
reduced by 14% and 80%, respectively, downstream of the gorge center.
However, the air-jet-based strategy to reduce acceleration in the wind
proposed here has not been applied in realistic gorge terrain. The realis-
tic applications, the argumentation of mitigation effects, and the optimal
design of the air-jet strategy will be considered in future research work.
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