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Abstract Complicated terrain was considered and sim-
plified as two-dimensional (2D) terrain in a dynamical
downscaling model and a parametric wind field model for
typhoons developed by the Shanghai Typhoon Institute.
The 2D terrain was further modeled as uphill and downbhill
segments with various slope angles relative to the
incoming flow. The wind speed ratios and pressure
characteristics around the 2D terrain were numerically
and experimentally investigated in this study. Aerody-
namic characteristics of the 2D terrain with a limited-
length upper surface were first investigated in the wind
tunnel with sheared incoming flow. The corresponding
numerical investigation was also conducted by using the
commercial computational fluid dynamics code FLUENT
with the realizable k-¢ turbulence model. Special efforts
were made to maintain the inflow boundary conditions
throughout the computational domain. Aerodynamic
characteristics were then investigated for the ideal 2D
terrain with an unlimited-length upper surface by using a
numerical method with uniform incoming flow. Compar-
isons of the different terrain models and incoming flows
from the above studies show that the wind pressure
coefficients and the wind speed ratios are both affected by
the slope angle. A negative peak value of the wind pressure
coefficients exists at the escarpment point, where flow
separation occurs, for the uphill and downhill terrain
models with slope angles of 40° and 30°, respectively.
Correspondingly, the streamwise wind speed ratios at the
points above the escarpment point for the uphill terrain
model increase with increasing slope angle, reach their
peak values at the slope angle of a = 40° and decrease
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when the slope angle increases further. For the downbhill
terrain model, similar trends exist at the points above the
escarpment point with the exception that the critical slope
angle is a = 30°.

Keywords numerical simulation, wind tunnel test, aero-
dynamic characteristics, critical slope angle

1 Introduction

With the progress of studying meteorological disasters, a
higher precision and finer resolution wind field is one of
the basic requirements in hazard models, which inevitably
involve considering finer resolution terrain. In the dynamic
framework of the numerical weather prediction (NWP)
model, for example, there are still many challenges in
providing finer-resolution wind fields that consider the
complicated or finer-resolution terrain (Wyngaard, 2004).
However, downscaling technology coupled with the NWP
model can avoid some problems and efficiently provide the
wind field at the hundred-meter level compared to the
numerical simulation based on the NWP model itself
(Wilby and Wigley, 1997; Walton et al., 2015). Generally,
downscaling technology can be classified into the
statistical downscaling method (Fan, 2006) and the
dynamical downscaling method. For the dynamical down-
scaling method, the finer-resolution wind field or meteor-
ological data are derived considering the interactions
among the control equations and the finer-resolution
terrain, as well as the information at the coarser grids
provided by the NWP model (Dickinson et al., 1989; Yang
et al,, 2010). The dynamical downscaling method is
favored by many researchers because it possesses the
advantage of physical meaning in interpreting the effects of
the local terrain on the near surface wind field (Jackson and
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Hunt, 1975; Mortensen and Landberg, 1993; Wang et al.,
2008).

Recently, a dynamical downscaling model and a
parametric wind field model for typhoons were developed
by the Shanghai Typhoon Institute. Complicated terrain
was considered in the two models and simplified as two-
dimensional (2D) uphill or downhill (relative to the
incoming flows) with various slope angles. Aerodynamic
characteristics around the 2D terrain model were thus
necessary to calculate the near-surface wind field with finer
resolution over the complicated terrain. Although flow
around a similar 2D terrain model has been investigated by
many studies (Bowen and Lindley, 1977; Kondo et al.,
2002; Lun et al., 2007) and the wind speed acceleration
effect around the slope can also be predicted by the
prevailing standards (e.g., GB50009-2012, AlJ-2004,
ASCE/SEI 7-10, NBC-2005, ISO 4354-2009 E, and AS/
NZS 1170.2-2011), the corresponding results either lack
wind pressure information or are only available for the
uphill terrains. Hence, aerodynamic characteristics from
previous studies are not comprehensive enough for the
dynamical downscaling model and the parametric wind
field model for typhoons.

There are generally two ways to investigate the
aerodynamic characteristics over complicated terrains,
i.e., the wind tunnel method and the numerical simulation.
For the wind tunnel method, the aerodynamic character-
istics of the terrain model are measured in the wind tunnel
(Bowen and Lindley, 1977; Ishihara et al., 1999; Ishihara
et al., 2001; Kondo et al., 2002; Cao and Tamura, 2006,
2007; Hu et al., 2018; Kamada et al., 2019). The numerical
simulation is based on computational fluid dynamics
(CFD) technology, and the aerodynamic characteristics
of the terrain model are obtained by solving the Navier-
Stokes (N-S) equations in a discretizing computational
domain. According to the difference in the solution method
to the N-S equations, there are two widely accepted CFD
simulation methods, i.e., the Reynolds averaged N-S
equation (RANS) method (Lun et al., 2007; Makridis
and Chick, 2013; Yan et al., 2016) and the large eddy
simulation (LES) method (Ishihara and Hibi, 2002; Cao
et al., 2012; Liu et al., 2016). The RANS method is based
on the time-averaged operation on the N-S equations; thus,
only the time-averaged flow field can be obtained.
Contrary to the RANS method, the N-S equations are
spatially averaged in the LES method. Therefore, the LES
method possesses the advantage of obtaining the fluctuat-
ing value of the flow field except that it is more time
consuming than the RANS method. In the present study,
only a time-averaged flow field was needed; thus, the
RANS-based numerical simulation method was adopted.
This was realized by the commercial CFD code FLUENT
with the realizable k-¢ turbulence model.

In this paper, aerodynamic characteristics around
various 2D terrain models with different incoming flows
were numerically and experimentally studied. A simplified

terrain model with a limited-length upper surface was
presented, and a brief description of the wind tunnel test
with sheared incoming flow is illustrated in Section 2. The
numerical simulation method based on the commercial
CFD code FLUENT was depicted with the emphasis on
simulating the well-developed neutral atmospheric bound-
ary layer in Section 3. The numerical simulation
corresponding to the wind tunnel test was conducted,
and the reliability of the numerical method was also
validated by the experimental investigation. In Section 4,
the effects of the slope angle on the aerodynamic
characteristics around the ideal 2D terrain model with
unlimited-length upper surface were investigated in detail
with uniform incoming flow. The results of the aero-
dynamic characteristics around the various 2D terrain
models and different incoming flows are discussed, and
some conclusions are summarized in Section 5.

2 Terrain model and the wind tunnel test

The simplified 2D terrain model is shown in Fig. 1(a). Due
to the practical difficulty in the wind tunnel test, the
simplified 2D uphill or downhill terrain with various slope
angles was modeled with limited length for the upper

(b)

Fig. 1 (a) Sketches of the simplified 2D uphill terrain model with
a limited length-upper surface of 7L. Aerodynamic characteristics
at 5 locations along the slope surface and 11 points over each
location along the slope surface were measured; and (b) the
corresponding physical model in the wind tunnel with the Cobra
Probes.
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surface. To avoid flow disturbance on the slope surface
(i.e., the CAMBD line in Fig. 1(a)), the upper surface
length was set to 7L with a transition slope angle of 30° to
the land surface. Here, the characteristic length L is the
horizontal projection length of the slope surface. The slope
surface was placed to face the incoming flow for the uphill
test cases, as shown in Fig. 1(a). For the downhill test
cases, the slope surface was in the leeward direction (not
shown here).

The wind tunnel tests (Fig. 1(b)) were carried out in the
Wind Engineering Research Center of Shijiazhuang
Tiedao University. The test section of the wind tunnel is
24.0 m (length) x 4.4 m (width) x 3 m (height). The
maximum wind speed is up to 30 m/s in the test section,
and the corresponding turbulent intensity and the differ-
ence in the wind speed distribution over the test section are
both less than 0.4%. Four slope angles, i.e., o = 15°, 30°,
45° and 60°, were considered in the wind tunnel test, and
the corresponding characteristic lengths were L = 500 mm,
400 mm, 200 mm and 150 mm, respectively. The wind
pressure at five locations (i.e., C, A, M, B and D) was
measured along the slope surface by using the DTC
Initium electronic pressure scanning system, as shown in
Fig. 1(a). The streamwise and vertical wind speed ratios at
11 points (equally distributed from 0.02L to 0.1L) over
each location along the slope surface were both measured
by using the Series 100 Cobra Probes. The test was placed
in the wind field without the roughness elements and the
spires. However, a wind profile below the height of
600 mm was developed before the test section due to the
friction effect of the wind tunnel ground surface; the wind
profile is marked as ‘Exp’ in Fig. 2. In this paper, the
gradient velocity U, at the gradient height (Z, = 600 mm)
was 7.4 m/s. The turbulent intensity /,, at the gradient
height was approximately 5.8%.
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3 Comparisons between the CFD simula-
tion and the wind tunnel test with sheared
incoming flow

3.1 Computational domain and the mesh scheme

The simulation results with sheared incoming flow were
validated by comparison with the wind tunnel test. The
present numerical simulation was conducted by adopting
the commercial CFD code FLUENT (ANASYS 19).
According to the guidelines provided by the AlJ
(Architectural Institute of Japan) (Tominaga et al., 2008)
and the COST Action 732 (2005-2009), the domain scale
was set to 24000 mm x 4000 mm x 3000 mm in the
streamwise, spanwise and vertical directions, respectively,
considering the characteristic length L of the terrain model.
The domain was meshed using non-uniformly structured
grids. Two mesh schemes with a vertical grid space of
1 mm were adopted for the domain to test the effects of the
mesh on the computational results. The total cell numbers
are approximately 1 million and 2 million for the present-
and the fine-mesh scheme, respectively. Figure 3 depicts
the sketches of the present-mesh scheme. In the following
comparisons, the simulation results based on the two
meshes were denoted as CFD1 and CFD1 F, where
CFD1 _F was the fine-mesh simulation result.

3.2 The numerical simulation method

The RANS-based realizable k-¢ turbulence model (Shih
et al., 1995) was adopted in the present simulation. A
Green-Gauss node-based solver was used to obtain more
accurate results. SIMPLEC (Van Doormaal and Raithby,
1984) was selected for the velocity-pressure decoupled
method. Second-order upwind discretization methods were

0.109 = CFD inlet boundary (x =—10L)
-+ CFD middle position (x =—5L)
—Fitted loglaw °
o Exp
g i
S 0.05
0.00 f=———= T - T T 1
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(b)

Fig. 2 (a) Comparisons of the mean wind profiles among the wind tunnel test, fitted logarithmic law, the prescribed inlet flow at the inlet
boundary (x = —10L) and the approaching flow before the uphill terrain model (x = —5L); and (b) comparisons near the land surface.
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(b)

= 0.42, and z, is the

the friction velocity, z is the height above the land surface,

k is the Karman constant with k

Fig. 3 (a) Overview of the CFD domain and mesh scheme; and (b) close view of the mesh scheme around the terrain model with limited-

length upper surface.
computation was stopped when the residual error curves of

adopted for the continuity and momentum equations. The

aerodynamic roughness length. The fitted values of u« and

all the physical quantities moved without variation (less

zo are listed in Table 1. Special efforts, briefly described

below.

than 10.07%). Default options were used for the rest of the

were made for the velocity-inlet BCs to be

>

setups. Velocity-inlet boundary conditions (BCs) were set

maintained throughout the computational domain to

for the inflow boundary of the domain. Pressure-outlet BCs

reproduce the neutral atmospheric boundary layer (ABL)

for the numerical simulation.

were set for the outflow boundary of the domain.
Symmetry BCs were used for the two sides and the top

-based simulation, the standard wall

For the RANS
function proposed by Launder and Spalding (1974) was

boundary of the domain. Wall BCs were adopted for the

ground and the terrain model surfaces. The logarithmic
wind profile, fitted by the experimental wind profile

widely accepted. The wall function problem, which
underlies the difference between the inlet and approaching

(shown in Fig. 2 as ‘Fitted loglaw”), was adopted for the

velocity-inlet BCs with the expression as follows:

flows, may exist in simulating the neutral ABL with a
larger aerodynamic roughness length based on the standard
wall function (Blocken et al., 2007). Many efforts were

made on the wall function problem in modeling the neutral
ABL (Juretic and Kozmar, 2014; Cindori et al., 2018).

M

Originally, the standard wall function considers the

where U is the velocity in the streamwise direction, ux is
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Table 1 Model constants for the wind field with the realizable k-e
turbulence model
Wind field Model constants
ul(m-s ™ zo/m zo/m C, oA Ok
03752 1.5538x10* 9.7 x 107 1.9 1.2 0.4

uniform roughness elements distributed regularly on the
surface. However, the roughness elements on the land
surface are non-uniform and are distributed irregularly. An
extra term is thus necessary to resolve the wall function
problem in simulating the neutral ABL (Fang et al., 2015)
as follows:

Ux

@)

1, z
p In KS + C2 53,
where C, is the model constant with C, = 1.9, K| is the
physical roughness height, and 0B is the extra term defined
by 0B = (In B)/k. The parameter 3 from z{, = z,/f is often
larger than 1.0, which means that the standard wall
function with the extra term can produce a smaller mean
wind speed and is necessary for simulating the neutral
ABL with a larger value of the aerodynamic roughness
length z,. The above equation is reduced to the standard
wall function when = 1. The extra term can be realized by
the user-defined function (UDF) in FLUENT. The
turbulent model constants and all the BCs, which are
necessary for maintaining the prescribed velocity-inlet
BCs throughout the computational domain, are listed in
Tables 1 and 2. Comparisons of the simulated wind profiles
at the inflow boundary (x = —10L) and the approaching
flow (x = —5L) before the terrain model are shown in Fig. 2.
Despite some discrepancies with the experimental data at
approximately 0.05-0.1m near the ground, good agree-
ment can be found between the approaching flow (x =—-5L)
before the terrain model and the prescribed inlet flow (x =
—10L) at the inflow boundary. The comparison results
indicate that the present method is capable of maintaining
the velocity-inlet BCs throughout the computational
domain.

Table 2 BCs for the wind field with the realizable k-¢ turbulence model

709

3.3 Simulation results

The wind pressure coefficients Cp; mean at the five locations
along the slope surface, and the streamwise wind speed
ratios R, and the vertical wind speed ratios R;. at points
over the slope surface were all normalized by the gradient
velocity U, with the expressions as follows:

oP;
i,mean — : 5 3
pi,mea OSpng ( )
U.
Rix = lxa (4)
Ug
U.
R, =-E 5
e=ot )

where p=1.225 kg/m® is the air density, oP; is the dynamic
pressure at location i, and U,, and U, are the streamwise
and the vertical mean wind speeds at point i, respectively.

Figures 4-6 show the comparison results of the wind
pressure coefficients, the streamwise wind speed ratios and
the vertical wind speed ratios between the simulation
results (CFD1 & CFDI1 F) and the wind tunnel data
(Expl). For simplicity, only the results from the slope
angles with a = 15° and 30° were presented. Figure 4
shows that the simulated wind pressure coefficients
coincide with the experimental data for the two slope
angles, despite the difference in the estimation of wind
suction at location D where flow separation exists. Good
agreement is observed for the comparisons of the
streamwise wind speed ratios from the uphill terrain
model (Figs. 5(a) and 5(b)), while some difference is found
in the vertical wind speed ratios (Figs. 5(c) and 5(d)),
especially at location D, where the vertical wind speed
ratios are overestimated by the present simulation. For the
comparison results of the downhill terrain model shown in
Fig. 6, the simulated streamwise and vertical wind speed
ratios agree well with the experimental data for most points
over the slope surface. For the other two cases with a = 45°
and 60°, similar results were obtained with the exception

Boundary BC Mathematical implication
Inlet Velocity-Inlet U v _1 n <z+720>
Ux K Z
k k=15 x (Ugly,)* = 0.28m? /s
¢ e= Y, C, =0.09
0z

Outlet Pressure-Outlet k, &: the same as those at the inlet boundary
Top Symmetry oU, P, k, €)/oz=0
Side Symmetry oU, P, k, €)/oy=0
Terrain surface Wall Standard wall function: Ky = 0
Land surface Wall User defined wall function with 0B = 7.0 and K = 10.0z,
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Fig. 4 Comparisons of the mean wind pressure distribution from the terrain model with limited-length upper surface: (a) uphill model
with a = 15°; (b) uphill model with a = 30°; (c) downhill model with a = 15°; and (d) downhill model with a = 30°.

that the overestimation of the vertical wind speed ratios are
more obvious for the uphill terrain model. As far as the
mesh scheme is concerned, there is almost no difference in
the pressure coefficient distribution and the wind speed
ratios between the simulation results of the two meshes
(CFD1 & CFD1 _F), as shown in Figs. 4-6.

Parts of the simulation results are further verified by the
experimental studies (Kondo et al., 2002) and the predicted
values from the prevailing standards. Figure 7 shows the
comparison results of the topographic multiplier at location
D for slope angles a = 15° and 30°. The topographic
multiplier is defined as follows:

;U
Y UGE)

where z; is the height above the uphill model surface at
point #; U(z;) is the undisturbed mean wind speed or the
inflow boundary conditions at z;. It can be seen from Fig. 7
that the simulation results can basically agree with the
previous experimental data (Kondo et al., 2002) and the
predicted value by the prevailing standards for most points
at Z/L = 0.04. The topographic multiplier is overestimated
by the simulation results when the measuring points are

(©6)

relatively near the model surface. In general, the
comparison results indicate that the present method is
capable of simulating the flow around the terrain model.

4 Results from the CFD simulation with
uniform incoming flow

4.1 Brief description of the CFD simulation

Due to the limitation of the experimental method depicted
in Section 2, the wind tunnel test method can only provide
aerodynamic characteristics around the 2D terrain model
with limited-length upper surface and sheared incoming
flow. However, aerodynamic characteristics around an
ideal 2D terrain model with unlimited-length upper surface
and uniform incoming flow are needed in the dynamical
downscaling model and the parametric typhoon model.
This can be implemented by adopting the CFD method.
The domain and mesh scheme for the ideal 2D terrain
model are shown in Fig. 8. The horizontal projection
length L of the slope surface was fixed at 500 mm. The
ideal 2D terrain models with sheared incoming flow for the
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Fig. 7 Comparisons of the topographic multiplier from the uphill terrain model with limited-length upper surface among the available
results: (a) comparisons for the slope angle o = 15° and (b) comparisons for the slope angle o = 30°.

four slope angles of a = 15°, 30°, 45° and 60° were first
simulated, as shown in Figs. 4-6 marked by “CFD2”. It
was found that there is almost no difference in the wind
pressure coefficients and the wind speed ratios between
“CFD1” and “CFD2”. One of the main conclusions is that
the horizontal length of 7L in the terrain model with a
limited-length upper surface was long enough to approx-
imate an ideal 2D terrain model. Another conclusion is that
the CFD method can capture the main characteristics of the
flow around the terrain model; thus, it can be used to
investigate the aerodynamic characteristics of the ideal 2D
terrain model with uniform incoming flow.

4.2 Effects of the slope angle on the wind pressure
coefficients

Based on the validated CFD method with a uniform
incoming flow of U= U, = 7.4 m/s, the effects of the slope
angle on the wind pressure coefficients around the ideal 2D
terrain model were numerically simulated. The slope angle
range was set from 5° to 60° with an interval of 5° for each
simulation case. Figure 9 shows variations in the mean
wind pressure coefficients with different slope angles for
the ideal 2D terrain model. Similar trends exist at the
locations of C, A, M and B for the uphill terrain model, as
shown in Fig. 9(a). The wind pressure coefficients are all
positive values and increase with increasing slope angle.
For location D, where wind suction with negative pressure
coefficients exists, a negative peak value with a slope angle
of a = 40° exists. As shown in Fig. 9(b), descending trends
can be observed for the wind pressure coefficients at
locations C, A, M and B for the downhill terrain model.
The wind pressure coefficients are mainly negative values
for these four locations, except that positive wind pressure
coefficients occur at locations C and A when a<<30°. This
might be caused by the reattachment flow induced by the
flow separation at location D. The whole slope surface was
immersed in the reattachment flow with increasing slope

angle. There is also a negative peak value at location D
with a slope angle of a = 30°.

4.3 Effects of the slope angle on the wind speed ratios for
the uphill terrain model

The simulation results of the streamwise and vertical wind
speed ratios for the uphill model are shown in Figs. 10 and
11, respectively. Figure 10 shows that the streamwise wind
speed ratios are mostly less than1.0 for the points above the
ground at locations C, A, M and B. The ratios decrease
gradually with increasing slope angle. However, the wind
speed ratios are mostly greater than1.0 for the points above
the ground at location D, where wind speed acceleration
induced by the flow separation exists. More specifically, the
wind speed ratios at the points above the ground at location
D increase with increasing slope angle, reach their peak
values at the slope angle of o = 40°, and decrease when the
slope angle increases further. For the vertical wind speed
ratio shown in Fig. 11, the vertical wind speed ratios for all
points above the ground basically increase with the slope
angle when a<<40°. The increasing trend remains for the
points above the ground at locations M, B and D when the
slope angle increases further. However, for the points above
the ground at locations C and A, which are near the bottom
of'the terrain model, the vertical wind speed ratios appear to
decrease. In particular, the vertical wind speed ratio
becomes negative for points at location C, which is the
same as that shown in Fig. 10(a). The negative values of the
wind speed ratios indicate that the stagnation phenomenon
occurs at the bottom of the slope surface when o= 50°.

4.4 Effects of the slope angle on the wind speed ratios for
the downbhill terrain model

The simulation results of the streamwise and vertical wind
speed ratios for the downhill model are shown in Figs. 12
and 13, respectively. Figure 12 shows that the streamwise



705-720

Front. Earth Sci. 2019, 13(4)

714

0
A\
NN
AN
AR
N

\
QR
AR
VLR
DR
RRIRRRY
RN
\

\
N\
QAN

A
/////
R

W
QRN
/////// ////, \

AR
R
LR
AR
AR
R AR
LR R
RIS
R R
RRRERRRRR
DR RRRRARRY
LR
LRRRRRRRY
LR
DR
RN
AR
,;,,,,/,”,,,%,,z
3
A

O

A
A
W

3
A
A
3
SR

N

S
AN
W

N

A
\

W
ORI
R
PR

\

A
A ,/Z/
\

RRY
W
»
\

,////
N\
AW

A

A

RN
IR

RN

RN

N
\;

DR
R
i/@

/
/////.

0
%
%
oY
o
40
X
40

%

(K
%
%

K
W

("
%%

7

()
ik
%
LK
KBS
s
SBHRBTTKS
W,
SRR
R
SRR
i
I
g

()
0%
i
(e
K%
7
%
%
0
(/
ss Y
%
LY
%
Y

%
[ \\
Y

“~¢ KRN0

(X2
K,

RS
XA
BHA
XXX
K
KA

()
XXX
Kb
CINHLK
% XA
R
il
Gy

KK

9

XX
AL
B
KA
XXX
XIS
KKK
i
75

7
% 7
9 0
)

7

/

/

7

7

&@
DK
Qa&

X (/)
X5

%
(50
O

7
%
%
%
/i
&
/
7
g % Vi
7 @
o ; li

X0
4
% Y

)
(0
s Awws
Wiy
I
XK
S
s
o,
X
YUY My
% \\\\\\\\\\\\\\\\\\\\\\
7

X7
7
7
)
Y
9
9
7
7
7
7
" 7
% /
% 7
e 1
i3
)
SR
Ry
%
/

s
%
.
W
7
W
7

7
7
7
7
i
0 i
g% T
XSS 7

%
7
7
7
7
% 7
/

e
%
%
7

7
"
i
Y \\\ \\\\\\w\
R
i
i
W)

()
g%
)
7
{/
9
%
A
% Y
i
T
K

7

Y

KIS

iy
W
Wi,
T

B

7

{/
g
i
£
5
%
%
0
K
i
7
w
n

7

%
KK
KK
s\\\\w\s\\w\\\w\\\w\\\\w\\\\\\ \\\\
DY W
“\\\\M&\\w\\“\w\\\w\\\\“\\\\%@@m\\\\\“\\\\&
i
W
Wi
Yy
Wi
Wi

Q

%
(XK

9
9

A

D
2
0
2
)
)
()
2
)
i,
)
D)
)
)
D

%
%
&»«
(/
G5
%%
o
%%
5%
K
i
T
§@w
7
V)
I

(XX
&
O

g
&
X
X

Fig. 8 (a) Overview of the CFD domain and mesh scheme and (b) close view of the mesh scheme around the terrain model with

unlimited-length upper surface.

u<=mA A
LI
m
=>4
r T T T T T T
(=3 (=] (=] (=] (=] (=] (=] (=3
S & & & & S S S
A S N A B |
:SE"D
V<= mA a
¢ 090
[=2]
=
r T T T T T T T M T T
(=3 (=] (=] (=] (=] (=] (=3 [
el e e e e 2
A A
:SE,Q.U

60

50

40

30
al(®)

20

10

60

50

40

30

al(®

20

10

)

(b)

(@)

Fig. 9 Variations in the mean wind pressure coefficients at locations along the slope surface with different slope angles for the ideal 2D

in model.

del and (b) downhill terrai

in mo

(a) uphill terra

i ing flow:

mceoming

terrain model with uniform



Pingzhi FANG et al. Study of the aerodynamic characteristics around simplified terrain 715

0.12 0.12
] ] NI
0.10 3 0.10
. ] j I %
] : J % <
3 ] = ] *
N 0.06 ] N 0.06 3 j'% by
r - [ *4
] g ] 44
0.04 ] 0.04 ] 8&
] : j :
0.02 3 0.02 3
0.00 1 ' | 0.00
050 000 050 1.00 150  2.00 050  0.00 0.0 1.00 150 2.00
Location C R, Location A R,
(@ (b)
0.12 0.12 4
0.10 0.10 ]
0.08 0.08 3
S 0.06 N 0.06 1
0.04 0.04 1
0.02 0.02 ]
0.00 1 . S I S 0.00 1 Lt I
050 000 050 1.00 150  2.00 050  0.00 0.0 1.00 150 2.00
Location M R, Location B R,
(© (d
0.12 1 B D
A M
0.10
o a=5°
008 1 2 a=10
A a=15°
o a=20°
S 0.06 ¢
o a=25°
0.04 = a=30°
: -4 a=35°
- a=40°
0.02 s a=45°
> a=50°
0.00 —r=—y—y—————r—y g =55°
050  0.00 0.0
= 60°
Location D R
©)

Fig. 10 Variations in the streamwise wind speed ratios with the different slope angles for the 2D ideal uphill terrain model with uniform
incoming flow.



716 Front. Earth Sci. 2019, 13(4): 705-720

0.12 0.12
li??
0.10 0.10 04
] m:ml
] oA
0.08 0.08 3 shid
] m::Aj
= = ] o
N 0.06 N 0.06 ] L
] ®IAC
] $oAS
0.04 1 0.04
: [ <
0.02 ] 0.02 1
0.00 . TR A—— - A E—
-0.50 0.00 0.50 1.00 1.50 -0.50 0.00 0.50 1.00 1.50
Location C R, Location A R,
(@) (b)
0.12 7 , : 0.12 ; |
] e0400m ] “fﬁoi :J
4 | ] IL
a1 ] cncmi 0.10 S
] [ Jul. ; ] lb&}lii 1 A4
] emAGOR ] SDAGO M A
0.08 3 cohcds 0.08 ] 3 i
i L ; ] g 3
N 0.06 ] b ol N 0.06 ]
[ A
: . . :
0.04 1 . 0.04 1
0.02 ] 0.02 3
0.00 1 & < ' 0.00 1 LAEL-Sae :
-0.50 0.00 0.50 1.00 1.50 -0.50 0.00 0.50 1.00 1.50
Location M R, Location B R,
© (@
D
0.12 U B
M
1 A\ =3 c A
0.10 -
a8 a=10°
0.08 4 A a=15°
©- a=20°
~
3 0.06 ° a=25°
& % = a=30°
0.04 -4 q=35°
} - a=40°
0.02 - s a=45°
* a=50°
0.00 - - - a=55°
-0.50 0.00 0.50 1.00 1.50 —— = 60°
Location D R,
(e

Fig. 11 Variations in the vertical wind speed ratios with the different slope angles for the ideal 2D uphill terrain model with uniform
incoming flow.



Pingzhi FANG et al. Study of the aerodynamic characteristics around simplified terrain 717

0.12 - 0.12 -
u 9 :
0.10 | ¢ : 0.10 3
HEdge |
0.08 j $ a0 0.08
X 8 ¢ AD ]
S o006 ! xari N 0.06 ]
52 9|4 ]
0.04 0.04 3
0.02 - 0.02 :
0.00 3 S S S — 0.00 é e
-0.50 000 050 100 150  2.00 050 000 050 100 150  2.00
Location C R, Location A R,
(@)
0.12 1 0.12
] r
0.10 3 ’ 0.10
0.08 3 ? ; 0.8 3
N 0.06 S 0.06 ]
0.04 ] 0.04
0.02 ] 0.02
0.00 1 - 0.00 v 1
050 000 050 100 150  2.00 -0.50 . . 150 2.00
Location M R,
©
0.12 - D
B
A M
0.10
o a=5°
0.08 4 g a=10°
A a=15°
2 0.06 o a=20
° a=25°
=30°
0.04 ] e
A a=35°
0.02 -+ a=40°
: v a=45°
> a=50°
0.00 1 . - —eco
~050 000 050 100 150  2.00 wass
_ —a=60°
Location D R,
©)

Fig. 12 Variations in the streamwise wind speed ratios with the different slope angles for the ideal 2D downhill terrain model with
uniform incoming flow.



718 Front. Earth Sci. 2019, 13(4): 705-720

0.12 1 0.12
: Nl
0.10 3 0.10 1 o | 4
4 i L ] Y
1 [ ] 4
0.08 ] 0.08 Y1) i1
J il' L »
N 0.06 1 N 0.06 ¢ £
] 3
0.04 1 0.04 ]
0.02 3 0.02
0.00 e 0.00 Frr—r—r—r—r——r—
-0.50 -0.30 -0.10 0.10 0.30 0.50 -0.50 -0.30 -0.10 0.10 0.30 0.50
Location C R, Location A R,
(@) (b)
0.12 1 0.12 -
RO B nilil
0.10 ] 3 0.10 %40
3 % ?;[ o z ;’@. 4
0.08 % i 0.08 1 1
BN :
r A >
=2 h &b A = [u] ¢
N 0.06 1 2 f{ N 0.06 3
1 A > ¢
: A X 4:
A 93 4
0.04 1 i3 0.04 H
] 1 4
0.02 ] 0.02
0.00 - E— 0.00 : ' |
-0.50 -0.30 -0.10 0.10 0.30 0.50 -0.50 -0.30 -0.10 0.10 0.30 0.50
Location M R, Location B R,
(© (@
D
0.12 U B
M
= c A
0.10 ] . q=5°
a a=10°
0.08 + A a=15°
< a=20°
~
J 0.06 ] o a=25°
- a=30°
0.04 4 -4 a=35°
-+ a=40°
0.02 e a=45°
- a=150°
0.00 - Tt - q=55°
-0.50  -030 -0.10 0.10 0.30 0.50 - a = 60°
Location D R,
(e

Fig. 13  Variations in the vertical wind speed ratios with the different slope angles for the ideal 2D downhill terrain model with uniform
incoming flow.



Pingzhi FANG et al. Study of the aerodynamic characteristics around simplified terrain 719

wind speed ratios are less thanl.0 at the points above the
ground at locations C, A, M and B. The ratios decrease
with increasing slope angle and become negative at larger
slope angles. It can also be seen that a critical slope angle
of a = 30° exists where a negative wind speed ratio
emerges, as is clearly shown at location B (Fig. 12(d)). For
the points at location D (Fig. 12(e)), the streamwise wind
speed ratios gradually increase with increasing slope angle,
reach their peak values at the slope angle of a = 30°, and
decrease noticeably when the slope angle increases further
(less than the values at the slope angle of @ = 5°). For the
vertical wind speed ratios shown in Fig. 13, negative
values are basically observed for all points, and the
absolute values increase with the slope angle when
0a<30°. The ratios become positive and increase for the
points above the ground at locations C, A, M, and B when
the slope angle further increases and decrease again when
0.2 55°; for the points above the ground at location D (Fig.
13(e)), the ratios remain negative and the absolute values
decrease with increasing slope angle.

5 Discussion and conclusions

Aerodynamic characteristics around various 2D terrain
models with different incoming flows were numerically
and experimentally investigated. The results of the present
study can provide basic aerodynamic information to
calculate the wind field with finer resolution for a
dynamical downscaling model and a parametric wind
field model for typhoons, which were developed by the
Shanghai Typhoon Institute. Some conclusions are as
follows:

1) Aerodynamic characteristics around a 2D terrain
model with a limited-length upper surface under the
condition of the sheared incoming flow were studied by the
wind tunnel and the numerical method. Special efforts
were made to maintain the inflow boundary conditions
throughout the computational domain. The computational
results of the wind pressure coefficients and the streamwise
and vertical wind speed ratios basically coincide with the
experimental data, despite the difference in the estimation
of the vertical wind speed ratios for the 2D uphill terrain
model. The present numerical method is thus applicable in
simulating the flow field around the 2D terrain models.

2) Based on the above validation, an ideal 2D terrain
model with uniform incoming flow was studied by the
numerical method. The wind pressure distribution along
the terrain surface is affected by the slope angle. Different
trends are observed at the slope surface and the escarpment
point. In particular, negative peak values of the wind
pressure coefficients exist at the escarpment point, where
flow separation occurs, for the uphill and downhill terrain
models with slope angles of 40° and 30°, respectively.

3) Wind speed ratios above the ideal 2D terrain surface
are also affected by the slope angle. For the uphill terrain

case, the streamwise wind speed ratios are mostly less than
1.0 at the points above the slope surface and decrease
gradually with increasing slope angle. The ratios are
greater than 1.0 for the points above the escarpment point.
More specifically, the wind speed ratios at the points above
the escarpment point increase with increasing slope angle,
reach their peak values at a slope angle of 40°, and
decrease when the slope angle increases further (but values
are still larger than the values at a slope angle of o = 5°).

4) For the downhill terrain model, the streamwise wind
speed ratios are also less than 1.0 at the points above the
slope surface. The ratios decrease with increasing slope
angle and become negative values at larger slope angles.
The streamwise wind speed ratios at the points above the
escarpment point increase with increasing slope angle,
reach their peak values at the slope angle of o = 30°, and
decrease noticeably when the slope angle increases further
(less than the values at the slope angle of o = 5°).
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