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Abstract: Large eddy simulations generally are used to predict three-dimensional wind field characteristics in complex moun-
tainous areas. Certain simulation boundary conditions, such as the height and length of the computational domain or the charac-
teristics of inflow turbulence, can significantly impact the quality of predictions. In this study we examined these boundary con-
ditions within the context of the mountainous terrain on the Sichuan-Xizang line base using a wind tunnel experiment. Various
sizes of computational domains and turbulent incoming wind velocities were used in large eddy simulations. The results show that
when the height of the computational domain is five times greater than the height of the terrain model, there is minimal influence
from the top wall on the wind field characteristics in this complex mountainous area. Expanding the length of the wake region of
the computational domain has negligible effects on the wind fields. Turbulence in the inlet boundary reduces the length of the wake
region on a leeward hill with a low slope, but has less impact on the mean wind velocity of steep hills.

Key words: Large eddy simulation; Spectral representation method; Recycling method; High mountainous canyon; Wind char-
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1 Introduction

Wind flow patterns in mountainous areas are
complex due to their three-dimensional nature
(Zhang et al., 2022; Jiang et al., 2021; Safaei Pirooz
etal., 2021; Han et al., 2018; Ren et al., 2018). Wind
fields in mountainous areas are characterized by high
turbulence, a large attack angle, and non-uniformity
(Zhou et al., 2022a; Hu et al., 2021; Flay et al., 2019;
Jing et al., 2019). The wind velocity distributions in
mountainous areas differ significantly from those in
flat areas due to obstruction and deflection effects.
Some national and regional standards (e.g.,
ASCE7-22,  2022;  AS/NZS1170.2, 2021;
NBCC2020, 2020; JTG/T 3360-01-2018, 2018; BS
EN 1991-1-4:2005, 2005; AIlJ-2004, 2004)
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recommend the use of a topography factor for
simplified hills, but these parameters may not be
suitable for complex terrains.

With the rapid development of computing
technology, computational fluid dynamics (CFD) has
gradually become a popular study method.
Compared to field measurements and wind tunnel
tests, studying wind fields in complex terrain using
CFD is more cost-effective and time-saving, and can
obtain wind field characteristics at all locations
throughout the entire computational domain. For
example, Tang et al. (2020) used the
Reynolds-averaged Navier-Stokes model (RANS) to
obtain the non-uniform distributions of wind
velocities and angles of attack (the angle between the
mainstream direction of the wind and the horizontal
plane) over hilly terrains. However, large eddy
simulations (LES) perform better in predicting
complex terrain wind fields due to their greater
ability to predict topographic-induced airflow
separation and reattachment (Liu et al., 2016; Ma and
Liu., 2017; Yang etal., 2020, 2021; Xing etal., 2021).
Chaudhari et al. (2016) predicted the wind
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characteristics of the complex Bolund Hill site using
LES. The simulation error of this LES model for
predicting turbulent kinetic energy was 19% smaller
than that of other models. Flay et al. (2019) also
found that LES shows excellent results in predicting
flow fields over natural complex terrain such as
Belmont Hill. Therefore, LES was used in this study
to obtain the wind field of a complex terrain.

The boundary conditions of the calculation
domain have a significant impact on the wind field in
CFD studies, making it crucial to set appropriate
boundaries for accurate simulation. The boundary
conditions at the inlet, top and outlet affect the
calculation results of the wind field. The inlet
boundary should be set as close to its real situation as
possible. In the case of a mountainous terrain model,
using a fluctuating wind inlet boundary is more
realistic than a uniform one. The top boundary’s
influence on the calculations is seen mainly in the
venturi effect. A shorter top boundary tends to have a
more severe venturi effect as air flows through the
model, resulting in unintended acceleration of wind
velocity. The farther the outlet boundary is from the
model, the larger the wake vortex development and
dissipation space. Conversely, having an outlet
boundary too close to the model can cause serious
reflow on the boundary, leading to deviation from the
real value and calculation error. The recommended
calculation domain size of the topographic wind field
calculation in regional standards is relatively large,
and 20L (where L represents the length of the terrain
model) is the recommended distance from the outlet
to the terrain model (JTG/T 3360-01-2018, 2018).
However, recent studies on wind fields in complex
terrains (Liu et al., 2016; Hu et al., 2018; Tang et al.,
2019) have often failed to meet this requirement.
Zhang et al. (2018) set the bottom boundary of the
computational domain as the surface with the terrain
shape, so the terrain model directly extended to the
outlet boundary. This method has an extensive
terrain range and avoids the “artificial cliff” caused
by truncation on the terrain, but there are reverse
flows on the outlet, which affect the accuracy of the
calculation. Ishihara et al. (2020) highlighted that
grid solutions strongly impact the accuracy of LES
modeling when simulating turbulent flow fields in
urban areas.

A computational domain inlet boundary for

wind fields of mountainous areas with added
turbulence is reasonable, as the turbulence intensity
in these topographies is relatively large. Spectral
representation and precursor simulation are general
methods for adding turbulence in the inlet boundary
in LES. The spectral representation method (SRM)
generates a fluctuating wind velocity time history
using an inverse Fourier transform. Zhou et al.
(2022b) generated a longitudinal fluctuating wind
velocity based on the measured experimental
spectrum (Ishihara et al., 1999) for six turbulence
models. Both of the time histories they generated
satisfied the target power spectrum and mean wind
velocities. As for the traditional precursor simulation
method, a pre-computation domain with spires and
floor roughness elements is set and executed before
the core calculation (Uchida and Ohya, 2003). The
downstream wind velocities in a two-dimensional
plane are recorded and saved as time series to be used
as the inlet boundary conditions in subsequent
simulations. Lund et al. (1998) proposed the
recycling method (RM) to reduce the amount of
precursor simulation calculations. The wind
velocities on a surface downstream of the floor
roughness elements are recorded, processed, and
then used as the inlet boundary condition of the
pre-computation domain. Reducing the number of
floor roughness elements reduces the amount of RM
calculations. Cao et al. (2012) used the immersed
boundary method when performing the RM
precursor simulation, which further improved
computational efficiency. Turbulence in the inflow
can affect the location and extent of the airflow
separation at the top of the mountain, impacting wind
field characteristics. Wang et al. (2014) simulated a
wind field for simplified hills with two types of inlet
conditions: uniform inflows and turbulent inflows.
With turbulence in the inflow, no airflow separation
occurred at the top of a gentle hill, and there was a
shorter distance between separation and reattachment
points for a steep hill compared to cases without
turbulence.

In this paper we calculate the wind field char-
acteristics in a complex mountainous area on the
Sichuan-Xizang line using LES. The terrain model is
placed in computational domains of different sizes,
referencing the terrain model size, and the wind field
characteristics are calculated to explore the influence



of the top and outlet boundaries. Uniform and tur-
bulent inflows are set to study the impact of turbu-
lence at the inlet boundary on the wind field.

2 Numerical model
2.1 Site geography and wind tunnel test

The target complex mountainous area is located
on the Sichuan-Xizang line (i.e., Chengdu-Lhasa
highway) in China. Fig. 1 shows the topographic
elevation map within 20 km of the mid-span of a
cable-stayed bridge. There are four main mountains,
and Pylon 1 and Pylon 2 are located at the foothills of
Mountains C and D. The canyon between Mountains
A and B is relatively wide, while the canyon between
Mountains C and D is narrow.

A wind tunnel test of the wind field character-
istics in the mountainous area was conducted at the
TJ-3 boundary layer wind tunnel laboratory at Tongji
University. The geometric model includes the terrain
within a diameter of 10 km around the mid-span,
shown within the red dotted line (Fig. 1), and a
straight slope transition section is set outside the
terrain. The scale ratio of the model is 1:2200, and
the diameter of the entire model is 5.5 m. Further
details about this experiment can be found in Yan et
al. (2016).
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Fig. 1 Topographic map of a complex mountainous area
and monitored points and lines (a) 20-km diameter
around the bridge site (b) Contour map of details near
bridge site

2.2 CFD model

A geometric model, the same as the terrain
model in the experiment, was established and placed
in the computational domain of the numerical simu-
lation. Fig. 2 illustrates the numerical terrain model.
The terrain model is 4.75 m from the left and right
walls, and 4.25 m from the inlet boundary.

lnﬂuw

Fig. 2 Sketch map of the computational domain of the
numerical wind tunnel

In the wind tunnel test described in section 2.1,
the height of the test section was 2 m, while the
height of the terrain model was about 1 m, so there
was only a small distance between the model and the
top wall. In the current numerical wind tunnel test,
the model height H,, = 1 m was used as a reference,
and the height of the calculation domain Hp was set
as 2H, (the same as in the wind tunnel laboratory),
2.25H,,, 2.50H,,, 2.75H, 3H, 4H,, 5H,, and 6H,,
for the simulation calculation to explore the influence
of the top wall on the wind field characteristics. The
computational domain arrangements for the eight
calculation domain heights are shown in Table 1.

Table 1 Computational domain arrangements for eight
calculation domain heights (H,, =1 m, L,,=5.5 m)

Case H L Cell _nqmber
number D D (million)
1 2Hn 0.77Ln, 5.00
2 2.25H,, 0.77L, 5.40
3 250H,  0.77L, 5.74
4 2.75H, 0.77L, 6.02
5 3Hn 0.77L, 6.18
6 4H, 0.77L, 6.74
7 5H,, 0.77L,, 7.24
8 6H,, 0.77Lp, 7.80
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At the same time, to investigate the impact of
the outlet on the wind field characteristics, and using
a model diameter of L, = 5.5 m as a reference, the
distance from the outlet to the terrain model (Lp) was
set at 0.77L, (the same as the wind tunnel laborato-
ry), 2L, 3Lm and 5Ly, respectively. The computa-
tional domain setups for these four cases are shown
in Table 2.

Table 2 Computational domain setups for four distances
from the outlet to the terrain model (H,=1m, L,,=5.5m)

Case H L Cell _nu_mber
number D D (million)
1 2H, 0.77L, 5.00
9 2H,, 2L 5.19
10 2H,, 3L 5.33
11 2H,, 5Ly 5.56

Based on the experimental results, when the
approaching flow is 335.2< perpendicular to the
main girder, the mean wind velocity and turbulence
intensity are the most unfavorable for the bridge
structure. Therefore, this study focused on investi-
gating an approaching flow direction of 335.2<

2.3 Computational settings

Prismatic meshes were applied in the above
computational domain. Fig. 3 shows the computation
mesh near the terrain model. A hexahedral mesh was
used in the core areas above the terrain model, as the
surface meshes of the model were all quadrilateral.
The minimum horizontal mesh size was 0.01 m, and
the maximum was 0.03 m. A hybrid mesh of trian-
gular prisms and hexahedrons was used outside the
terrain model. The horizontal mesh size near the
model was 0.03 m, and as the mesh extended towards
the surrounding boundaries, it gradually increased to
0.23 m. By increasing and decreasing the mesh size
by 1.1 times, respectively, coarser and finer meshes
were obtained. The calculated results of the three
meshes were compared with the previous wind tun-
nel test data, and the results indicated that the normal
mesh size was sufficient. From the terrain model
surface to the top boundary, the mesh height gradu-
ally increased from 0.00045 m to 0.04 m, with a
stretching ratio of 1.12. The y* value of most areas on
the surface of the terrain model did not exceed 3,
except for the ridge and peak, where the y* value
reaches around 10 due to the distortion of the mesh.

The total mesh number of the calculation domain
with the same size as the wind tunnel laboratory was
5 million, and those of other calculation domains are
summarized in Table 1.
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Fig. 3 Computation mesh near the terrain model: (a)
mesh of the terrain surface and (b) mesh on a vertical
plane through the center of the model (surface M)

The algorithmic details of the numerical simu-
lation are shown in Table 3. The turbulence model
used was LES, and the standard Smagorinsky-Lilly
model (Cs; = 0.1) was used to calculate the sub-
grid-scale stresses. The spatial discretization and
temporal discretization were set as central differ-
encing and bounded second-order implicit, respec-
tively. The SIMPLE (semi-implicit pressure linked
equations) algorithm was used for the pres-
sure-velocity coupling method. A time step of 0.001s
was selected for this numerical simulation after con-
sidering factors such as the Courant number, com-
putational resources and the independence valida-
tion. The wind velocity data were recorded at each
step starting from the 4000™ step, when the initial
values of the computation domain had minimal im-
pact. A total of 6000 steps were recorded.

Table 3 Numerical simulation algorithm and parameter
setting

Turbulence model Large eddy simulation




Subgrid-Scale model
Spatial discretization

Smagorinsky-Lilly model

Central differencing scheme
. . Bounded second-order im-
Temporal discretization AR -

plicit time integration

Pressure-velocity coupling

method SIMPLE
Time step 0.001s
The step of the recorded ~ From 4000™ step to 10000™"
data step

2.4 Boundary conditions

The numerical simulation set the inlet boundary
condition as the velocity inlet and the outlet bound-
ary condition as the pressure outlet. The two side
boundaries were set as symmetrical walls, while the
top surface, ground and terrain model surfaces were
set as non-slip walls. To explore the influence of the
inflow turbulence on the wind field characteristics in
the complex mountainous area, the inlet boundary of
Case 1 (where the computational domain size is
equal to that of the laboratory experiment) was set as
the uniform wind velocity inflow of 12.5 m/s, with
time-varying non-uniform wind velocity generated
by SRM and RM.

The SRM was implemented by MATLAB code
(Cheynet, 2020), and the target mean wind velocity
profile was a power law profile:

U(z)=U, (HLJ , 1)

where U(z) is the target mean wind velocity at a
height of z (m) from the ground; the gradient mean
wind velocity Ug is equal to 12.5 m/s; the gradient
wind height Hg was taken as 0.75 m; the surface
roughness coefficient oy was taken as 0.16. The
recommended turbulence intensity for the type B
terrain category was used as the target value. The
target fluctuating wind velocity spectrum was the
von Kama spectrum, and the correlation coeffi-
cients were setas C,y=C,y,=C,, =7and C,,=C,, =
Cw. = 10.

Fig. 4 displays the RM's computational domain
size and arrangement of floor roughness elements.
The computational domain had a height of 2 m, a
length of 5.4 m and a width of 1.5 m. Fifteen rows of
9-cm cubic blocks were arranged uniformly in a
staggered manner on the ground. The distance be-
tween the floor roughness elements was 0.41 m, and
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the corresponding density was 6%. In each time step
during the simulation calculation, the wind velocities
on the recycling boundary at 0.16 m behind the last
row of floor roughness elements were recorded and
calculated as follows:

u,(y.z,t)=U (z)+¢(77)><{ure §7 z,t)—ﬁre (v, z)}
Vi (V,2,1) :;zﬁ(fy)x{vre (V,2,t) = Vee (y,z)}

w, (y,z,t)= ¢(77)><{Wre (v,2,t)~We (Y, z)}
(2)

where y is the spanwise coordinate value; t is the
current flow time; u;,, Vi, and w;, are the instantane-
ous wind velocities at the inlet boundary; The cal-
culated u;, Vi, and wi, were loaded on the inlet
boundary as the inflow of the computational domain
shown to implement RM (Fig. 4); Ur, Vre and W
represent the fluctuating wind velocities of the lon-
gitudinal, transverse and vertical components on the

recycling boundary, respectively; Ure , Ve and We
are the corresponding mean wind velocity compo-
nents; #(77) is the weighting function, defined as:

¢(n):%{l_tanh{m}/t anh(&o)}, ©)

77=H—G

where # is the normalized height by Hg. During the
calculation, the wind velocity at each time step at 0.5
m behind the last row of floor roughness element was
recorded and then used as the inlet boundary condi-
tion when the calculation domain contained an exe-
cuted terrain model (Fig. 2).

Fig. 5 illustrates the vertical profiles of the mean
wind velocity and turbulence intensities of the wind
velocity time histories generated by SRM and RM.
Here, Iy, Iy and I, represent longitudinal, transverse
and vertical turbulence intensity, respectively. The
uniform inflow is also depicted in this figure. The
mean wind velocity profile obtained through SRM
followed a power law with a gradient mean wind
velocity of 12.5 m/s, precisely reaching the target
value. However, the floor roughness elements sig-
nificantly impacted the mean wind velocity profile
obtained by the RM. The mean wind velocity below
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0.3 m was lower than that obtained through SRM,
while the mean wind velocity above 0.3 m was
slightly higher, and the gradient mean wind velocity
was 12.8 m/s. The fluctuating wind velocity time
histories generated by SRM had a high turbulence
intensity at high altitudes, while those generated by
RM had a turbulence intensity approaching zero (Fig.
5b). In the computational domain of RM, the vortices
consisted only of the wake of the floor roughness

Periodic boundary

u(y.zt)

elements on the ground, so the wind field with high
turbulence intensity was concentrated below a height
of 0.5 m. Therefore, the turbulence intensity of RM
below a height of 0.3 m was higher than that of SRM.
l,, was set to half of I, and I, was 0.88 times I, when
generating wind velocity using SRM, while 1, I, and
I, of the RM were obtained automatically by floor
roughness elements, and there was no fixed propor-
tional relationship.
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3 Results and discussion

3.1 Verification and wind characteristics of nu-
merical simulation

The mean wind velocity was normalized by the
gradient wind velocity of 12.5 m/s in the following
simplified analyses. Fig. 6 shows the longitudinal
component's normalized mean velocity (Un) and
standard deviation (o) at the two pylons obtained
through wind tunnel tests (EXP) and LES, respec-
tively. Compared with EXP, the error of LES's nor-
malized mean wind velocity is higher at low velocity
than at high velocity. As the velocity increases, the
error gradually decreases, with LES's normalized
mean wind velocity slightly smaller than the EXP
value. The simulated value of the standard deviation
of the longitudinal component at most of the moni-
toring points is higher than the EXP value. However,
the relative error between LES and EXP is no higher
than 20%, except for a few points where the mean
velocity is low. The correlation coefficient of the
normalized mean velocity between LES and EXP is
0.99, while the correlation coefficient of the standard
deviation of the longitudinal component is relatively
low, but higher than 0.95 for both pylons. In sum-
mary, the normalized mean velocity and standard
deviation of the longitudinal component of the nu-
merical simulation exhibit minor errors compared
with the experimental values, and the trend between



them is consistent, so the numerical simulation results
are credible.
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Fig. 6 Scatterplot of simulated and experimental normal-
ized mean velocity and standard deviation of longitudinal
component of turbulence. Lines were generated from the
linear regression (x & y represent the variables of EXP and
LES respectively. The regression formulas for the nor-
malized mean velocity of Pylon 1 and Pylon 2 are:
y=1.13x-0.24, R?=0.99; y=1.17x-0.24, R>=0.99. The regres-
sion formulas for the standard deviations of Tower 1 and
Tower 2 are: y=0.75x+0.03, R?*=0.95; y=0.98x-0.004,
R?=0.98).

Fig. 7 shows the streamlines through the moni-
tored points and above the terrain model. The topog-
raphy divides the inlet airflow into two parts, one of
which turns into the canyon and flows towards the
monitored points in a relatively stable condition.
When this part of the airflow passes through the
monitored points, it flows in different directions due
to the blocking effect of the mountains. Another part
of the airflow passes over the upper mountain, the
wind velocity decreases, and a large number of eddies
are generated on the leeward side. The airflow at
Pylon 1 is attributable mainly to the stable wind ve-
locity flowing along the canyon, while the airflow on
Pylon 2 is seriously affected by the varying wind
velocity on the leeward side, resulting in the com-
plexity of the wind field. The airflow far from the
monitored points moves mainly in the upward direc-
tion when flowing through the model with increased
wind velocity, and then gradually slows down as it
flows with the terrain.
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The Q-criterion can be calculated by the fol-
lowing formula:

Q= (12F +IsF). @

where Q and S are the anti-symmetric and symmetric
components of the velocity gradient tensor. The pos-
itive iso-surface of the Q-criterion indicates the posi-
tion of the same vorticity in the flow field. Fig. 8
shows a snapshot of the iso-surfaces of the Q-criterion
with values equal to 1000. The iso-surfaces are col-
ored based on the magnitude of the velocity. Due to
obstruction by the model, vortices form in a semi-
circular pattern near the ground on the model’s
windward side. As highlighted by the black rectangle
in the figure, multiple band-like vortices shed from
the leading edge of the terrain model indicate airflow
separation occurring there. In the canyon where the
monitored points are located, vortices are finely di-
vided and have no apparent regularity in shape. This
phenomenon is due to the local topography. The spi-
ral vortices shed from the ridges at the rear of the
model, then dissipate and disappear 1.5 m down-
stream of the terrain model. The entire terrain model
is covered with abundant vortices, especially close to
the ground, where the vortices are fine and
three-dimensional.
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Fig. 8 Instantaneous flow field visualized by iso-surfaces of
Q-criteria with values equal to 1000

3.2 Influence of computational field height on
wind characteristics

Fig. 9 shows the contour of the pressure distri-
bution at the top boundary of the computational do-
main. The solid black line represents the profile of the
terrain, while the black dotted line represents the
profile of the overall model. As the airflow passes
through the model, the top boundary is stressed by the
airflow due to the obstruction, creating a positive
pressure area upstream of the model and a negative
pressure area at the model location. In the case where
Hp is 2Hp, the pressure on the top boundary is high
and the maximum negative pressure is 30 Pa. The
pressure distribution is significantly influenced by the
mountain altitude; as the altitude increases, the nega-
tive pressure increases. The positive and negative
pressure on the top boundary both decrease with the
increase of the computational domain. Compared
with the computational domain at the height of 2H,,,
the magnitude of the pressure at the top boundary of
the 3H,, height case is reduced by 50%. The greater
the absolute value of the top boundary pressure, the
more pronounced the narrow tube effect on the mod-
el, and the greater the wind velocity at the terrain
model. Simultaneously, the high pressure restricts the
development of the vortex structure over the model
and reduces the turbulence intensity.

Meanwhile, the distribution of the negative
pressure does not change with the mountain altitude,
but is concentrated in the model's center. The pressure
reduction becomes slower when the computational
domain is higher than 4H,. In the case where Hp is
equal to 6H,, there are no longer prominent positive
and negative pressure zones on the top boundary. The
maximum pressure, only 5.5 Pa, is near the inlet
boundary, and the pressure in the other areas is about
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Fig. 9 Magnitude and distribution of pressure at the top
boundary on computational domains with different
heights

Fig. 10 shows the variation of the normalized
wind velocities with Hp at different heights at the
pylons and the mid-span. The trend of the wind ve-
locities at the three locations is similar, and as the
computational domain becomes higher, the wind
velocities at all locations gradually decrease. The
normalized mean wind velocity decreases quickly
when the Hp increases from 2 m to 3 m. The mean
wind velocity at the height of 0.25 m decreases most
rapidly with the increase of Hp, which indicates that
the mean wind velocity is more affected by Hp in the
lower area than in the upper area.
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Fig. 10 Variation of normalized mean wind velocities with
the height of the computational domain at (a) Pylon 1 (b)
Mid-span (c) Pylon 2

Fig. 11 displays the normalized mean velocity
profiles at the two pylons. The change in Hp signifi-
cantly impacts the normalized mean velocities. When
Hp exceeds 2.50H,, the near-wall mean wind veloc-
ity profiles exhibit an S-shape, which becomes more
pronounced with increasing Hp. When Hp is greater
than 3H,,, the near-wall velocity profiles maintain the
S-shape and no longer change with the increase of Hp.
The section size of the computational domain in-
creases as the Hp increases, so the narrow tube effect
caused by the model decreases, and then the normal-
ized mean velocity in the high altitude also gradually
decreases. When Hp, increases from 2H,, to 3H,,, the
normalized mean velocities at both pylons decrease
by 0.204 and 0.196, respectively, at the height of 0.4
m. However, when Hp increases from 3H,, to 5H,,
the normalized mean velocities at the two pylons
decrease by 0.048 and 0.082, respectively, at the same
height. When Hp exceeds 5 H,,, the mean wind ve-
locity hardly changes with the increase of Hp.
Therefore, as Hp increases, the influence of the top
wall on the normalized mean velocities at the moni-
tored points gradually decreases.
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Fig. 12 shows the profiles of the standard devia-
tion of the longitudinal component o, at the two py-
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lons with different computational domain heights.
The variation of ¢, with the changes of Hp is not
entirely regular, as the pylon is in the wake vortex of
the mountain ahead. When Hp changes, the shape of
the profile below 0.15 m changes significantly, while
above 0.15 m it does not. As the height increases, oy
reaches its maximum at a height of 0.4 m and then
decreases. When the height is higher than 0.4 m, g,
increases with Hp, indicating that as Hp increases, the
development of turbulent vortices is no longer con-
strained by the top boundary, so a fluctuating wind
velocity gradually develops at high heights. Accord-
ing to the order of Hp, the average relative error of the
monitoring points below 1 m was calculated succes-
sively between the two cases. When the relative error
falls below 0.1, it is considered that ¢, no longer
changes significantly with the increase of Hp. At
Pylon 2, the relative error of ¢, decreases to 0.093 at
5H,,. For Pylon 2, the corresponding value is 4H,.

3.3 Influence of wake region length on wind
characteristics

Fig. 13 illustrates the normalized mean wind
velocity profiles at the two pylons with different dis-
tances from the outlet to the terrain model (Lp). Lp has
minimal impact on the normalized mean velocity. The
absolute deviation of the normalized mean velocity
caused by the change of Lp at Pylon 1 is less than
0.05. The absolute deviation at Pylon 2 in the height
range of 0.2~0.8 m is larger than that at other loca-
tions. The normalized mean velocity of the Lp equal
to 0.77L, and 5L, is 0.08 larger than that of 2L, and
3Ln. Due to the complexity of the wind field at the
pylon, there is high fluctuation in wind velocity with
an irregular distribution pattern. Simulation calcula-
tion error can be considered to be the cause of the
previously mentioned deviation.

Fig. 14 shows the standard deviation of the pro-
file of the longitudinal component ¢, at the two py-
lons corresponding to the above cases. With the ex-
tension of the computational domain, no significant
variation is observed at the two pylons below 0.4 m,
while gy slightly increases above a height of 0.4 m.
The increase of g, at Pylon 2 is higher than that at
Pylon 1, with a maximum increase of 0.38 m/s. This
indicates that the outlet boundary limits the devel-
opment of the fluctuating wind wvelocity over the
model with a small Lp, but the overall impact of the
Lp is minimal. Compared to other cases, the o, at

Pylon 2, where Lp is equal to 2L, is larger at a height
of 0.1 ~ 0.4 m. One possible reason for this is that the
fluctuating wind velocity in this area is high, as it is
located on the leeward side of the mountain, and the
simulation calculation is prone to overestimating the
turbulence intensity.
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Fig. 13 Profiles of normalized mean wind velocity at (a)
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The study of the distance from the outlet to the
terrain model Lp indicates that the outlet boundary
does not significantly affect the normalized mean
wind velocity at the monitored points, and has min-
imal impact on the fluctuating wind velocity. Con-
sidering that expanding the computational domain
will increase computational workload, the Lp of
0.77L., can be considered appropriate for use in en-
gineering applications.
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3.4 Influence of inlet boundary condition on wind
characteristics

To study the wind velocity distribution in the
longitudinal direction, the normalized mean wind
velocity was calculated at different heights along
lines L, M and R (Fig. 1). Line M passes through the

Longitudinal component of velocity:

(@) (b)
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mid-span, and the horizontal distance between lines L
and R is 0.8 m from line M. Fig. 15 shows the con-
tours of the negative longitudinal velocity component
on the plane along lines L, M and R. The dark green
area in the figure represents the outline of the terrain
model, while the colored areas with negative velocity
indicate recirculation zones. The shapes of the sec-
tions cut by lines L, M and R are notably different.
The section cut by line L has a transition line with a
slight slope, and the elevation behind it is less undu-
lating (Figs. 15a, d and g). This section does not
generate significant recirculation zones, with all three
inflow conditions behind the transition section. Only
small areas of negative velocities are observed in
front of the mountain at the downstream location of
the model. In Fig. 15b, e and h, a steep transition line
can be seen upstream of the section cut by line M, and
the elevation behind the transition line on this section
decreases rapidly and remains low. The turbulent
components in the inflow reduce the backflow of this
section. As the inflow is uniform, the recirculation
area is large and round, with a length of 0.712 mand a
height of 0.28 m. Turbulence generated by the RM
dramatically reduces the area of the recirculation
zone, shortening its length to 0.49 m and its height to
0.18 m. In the SRM case, the length of the recircula-
tion zone in this section is 0.51 m, and the height is
0.19 m. The slope of the transition line and terrain
model on the section cut by line R is relatively steep
(Fig. 15c, f and i). The recirculation zones in this
section are large, and the turbulence in the inflow
cannot shrink them. Additionally, the recirculation
zones of uniform inflow and of turbulent inflow
generated by SRM and RM were 1.82 m, 1.65 m and
1.86 min length, respectively.
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Fig. 15 Contours of regions with a negative longitudinal component of velocity on the plane along lines L, M and R with
uniform inflow (a, b, ¢), SRM inflow (d, e, f) and RM inflow (g, h, i).
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Fig. 16 depicts the variation of the normalized
mean wind velocity along lines L, M and R at 0.1 m
above ground. The bold solid line represents the
topographic line along the lines L, M and R, the red
dotted line is the position 0.1 m above ground level,
and the origin point of the abscissa is the center of the
terrain model. At this specific height, the magnitude
of the velocity of the uniform inflow case (12.5 m/s)
is the largest, while the cases of turbulent inflow do
not reach the gradient mean wind velocity. The tur-
bulent inflow generated by RM has the lowest nor-
malized mean wind velocity, but the highest turbu-
lence intensity. The normalized mean wind velocity
of the three cases decreases rapidly in front of the
transition line (-2.5 m on the abscissa in Fig. 16) and
increases to be higher than the inflow wind velocity at
the transition line. After the transition line, there is no
sudden change in the velocity value, and it is greatly
affected by the magnitude of the velocity on the inlet
boundary. Recirculation zones appear at lines R and
M, so the normalized mean wind velocity behind the
transition line decreases to about 0.1 within 0.4 m of
horizontal distance. On the plane along line M, the
turbulence generated by the RM produces the mini-
mal recirculation zone, which causes a low normal-
ized mean wind velocity of 0.1 for the smallest dura-
tion, and 0.2 higher than that of the uniform inflow
case behind the recirculation area (-1 to 0 m on the
abscissa). The turbulence in the inflow slightly in-
terferes with the airflow separation on the section cut
by line R as the slope of the transition line is steep, so
the mean wind velocity distribution is similar across
the three cases in the range of -2 to 0 m on the ab-
scissa.

The wind velocities of the three inflow condi-
tions are similar at a height of 1.0 m above ground.
The uniform inflow case and RM case do not have
any turbulence at this height, while the inflow gener-
ated by SRM has a high turbulence intensity. Fig. 17
shows that the terrain model no longer causes the
normalized wind velocities at 1.0 m to vary as dra-
matically as at 0.1 m height on the plane along lines L
and M. The normalized wind velocities increase along
the lines at -2.5~-1 m on the abscissa, reach the
maximum at -1 m, and then gradually decrease. The
maximum mean wind velocity of the SRM case is
lower than that of the other two cases because of the
turbulence in the inflow, and the velocity magnitude
decays the fastest. The mean wind velocity at the

plane along line R still significantly changes with the
topography at 1.0 m above ground due to the highest
recirculation zone. The normalized mean wind ve-
locity decreases rapidly at -1~0 m, and reaches the
minimum of 0.7 at the model's center. Airflow sepa-
ration at the plane along line R has a slight effect on
inflow turbulence, and the distribution of the mean
wind velocity of the three cases at -1~2 m almost
coincides.

(@16

—o— Uniform
——SRM
——RM

Inflow —=

7038
0.4
00 O.ln] aboYe the.grou.nd .. N S, ) ) )
"7 6 -5 -4 -3-2-10 1 3 456 7
Relative postion along line L(m)
(®) 16 .
Inflow —= —o— Uniform
12 ——SRM
------------------- ——RM
> 08 e
0.4
0.0 sy " "
7 6 -5-4-3-2-1012 34567
Relative postion along line M(m)
(©) 16 .
Inflow —= —o— Uniform
12 ——SRM
——RM
7038

0.1n‘! abO\{e the.grou.n

0.0 : e
7 6543210123456 7

Relative postion along line R(m)
Fig. 16 Normalized mean wind velocity at 0.1 m above
ground level (red dotted line) along (a) line L, (b) line M
and (c) line R.

@13

—o— Uniform
——SRM
——RM

Inflow —=

......

1.0m above the ground &

09 1 1 1 f 1 1 f n 1 1 1 n O
765 4-3-2-101234256 7
Relative postion along line L(m)




()13 .
Inflow —= —o— Uniform
——SRM
1.1+ ——RM
-~
0.9}
1.0m above the ground .. . .
0.7 L L L e L N L oY
-7 6 5 -4-3-2-1012 3 456 7
Relative postion along line M(m)
()14 .
Inflow — —o— Uniform
126 —o— SRM
——RM
5 o
S 1.0
08 -1A0mab0vethegr0und'_"7 L
0.6 /\/\/\

76 5-4-3-2-1012324%5867
Relative postion along line R(m)

Fig. 17 Normalized mean wind velocity at 1.0 m above
ground level (red dotted line) along (a) line L, (b) line M
and (c) line R.

Fig. 18 shows the vertical profiles of the nor-
malized mean wind velocities at the two pylons.
Under three different inflow conditions, the shapes of
the mean wind velocity profiles at the inlet boundary
differ significantly, but those at the pylons are similar.
Consequently, the shapes of the mean wind velocity
profiles at the monitored points in the canyon are
determined mainly by the upstream topography, and
the inlet boundary condition has little effect on them.
Compared with that of the uniform inflow case, the
normalized mean velocity at the pylons in the SRM
case is smaller, and the deviations between them are
mainly in the height range of 0.25 m to 0.75 m. The
deviation near the ground and at high height is slight,
as the maximums are 0.15 and 0.17 at both pylons,
respectively. The fluctuating flow generated by the
RM has a greater influence than that generated by
SRM. The normalized mean velocity in the RM case
at Pylon 1 is 0.13 higher than that in the uniform
inflow case under 0.15 m height. However, when the
height exceeds 0.3 m, the normalized mean velocity
of the RM case becomes lower than that of the uni-
form case, with a maximum absolute deviation of
0.096 at a height of 0.5 m. At Pylon 2, the normalized
mean velocity of the RM case has little deviation
compared to the uniform flow case below 0.1 m, and
the influence of the RM inlet is similar to that of Py-
lon 1 above 0.1 m.
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Fig. 18 Profiles of normalized mean wind velocity at (a)
Pylon 1 and (b) Pylon 2 simulated with different inlet
boundary conditions.

Fig. 19 shows the profiles of the standard devia-
tion of the longitudinal component o, obtained by
LES under three different inflow conditions. Com-
pared with the uniform inflow case, the SRM case has
a similar g, profile shape at Pylon 1, but a higher
magnitude at all heights. When the height is 0.65 m,
the o, of the SRM case is 1.77 m/s, and the g, of the
RM case is 1.08 m/s. The difference between the two
cases reached a maximum of 0.69 m/s. At Pylon 2, the
inflow generated by SRM increases the o, above 0.3
m height, and the increasing magnitude exceeds 1.0
m/s at heights of 0.65~0.85 m. The shape of the g,
profile at the two pylons obtained in the RM case is
quite different from the others. At the inlet boundary
of the RM case, the turbulence vortices are concen-
trated mainly below 0.75 m, but the o, values at the
pylons are smaller compared to those in the uniform
inflow case. When the height is higher than 0.6 m, the
deviation between the ¢, of the RM case and the
uniform inflow case is minimal. At the lower height
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of the pylon, the ¢, of the uniform inflow case first
increases and then decreases with the height, and the
maximum value is 2.88 m/s at 0.3 m height. However,
the increase of g, with the height is very slight in the
RM case, and the maximum of the gy is only 2.11 m/s.
In the uniform inflow case, the ¢, increases with the
increase of height at Pylon 2 at 0.1-0.3 m height,
while it decreases with height below 0.25 m and in-
creases slowly at 0.25-0.7 m height. The ¢, of the RM
case is 0.88 m/s smaller than that of the uniform in-
flow case at 0.3 m height.

(a)
10 —o— Uniform inflow
Y —0— SRM turbulent inflo
RM turbulent inflow
0.8F
~~
e 06
=
=
2
(<] L
T 0.4
0.2F
OO 1 M 1 M 1 O 1 M 1 M
00 05 10 15 20 25 3.0 35
o (m/s)
u
®) 1,
0.8F
E 06}
=
=
=
[<F] L
T 0.4
—o— Uniform inflow |
0.2 |°— SRM turbulent inflow o,
—~— RM turbulent inflow2_p
1

0.0 1 [ oMU 1
0.0 05 10 15 20 25 3.0 35
o (m/s)

Fig. 19 Profiles of standard deviation of longitudinal
component of turbulence at (a) Pylon 1 and (b) Pylon 2
simulated with different inlet boundary conditions.

5 Conclusions

In this study, the effects of the inlet, outlet and
top boundary on the wind field in a complex moun-
tainous area were investigated by LES, with the fol-
lowing main conclusions:

1. The top boundary greatly influences the wind
field in a complex mountainous area when the height
of the computational domain (Hp) is lower than triple
the height of the terrain model. As the Hp increases,
the mean wind velocity decreases while the standard
deviation of the longitudinal component of turbulence
increases. The change of the wind field characteristics
with the change of Hp slows down when Hp is greater
than triple the model height. Hp slightly influences
the wind field if it is greater than five times the model
height.

2. The outlet boundary of the computational
domain has minimal impact on the wind field char-
acteristics in a complex mountainous area. A wake
region length of 0.77 times the model length was
sufficient to satisfy the calculation accuracy in this
study. This is because the direct impact of the outlet
on the wind field in the complex mountainous area
was avoided by the high mountain between them.

3. The inlet turbulence has little effect on the
shape of the mean wind velocity profile, but signifi-
cantly influences the profile of the standard deviation
of the longitudinal component of turbulence. When
obtaining information about the mean wind velocity,
a simple and computationally inexpensive uniform
inflow is sufficient. Compared to the uniform inflow,
the turbulent inflow generated by the SRM increases
the fluctuating wind velocity at a high altitude. On the
other hand, the turbulent inflow generated by the RM
significantly reduces the fluctuating wind velocity
near ground level. The fluctuating wind velocity
produced by the RM is more realistic and is recom-
mended when there are sufficient computing re-
sources.

4. There is a significant impact on the airflow
separation of the turbulence in the inlet when the
terrain slope is gentle, and the length of the wake area
reduces as a consequence of introducing turbulence.
However, when the slope is steep, changes in the
wind field due to inlet turbulence are limited, as the
wind velocity on the leeside of the mountain is af-
fected mainly by the shape of the terrain.
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