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Abstract. Characterization of wind flows over a complex terrain, especially mountain-gorge terrain
(referred to as the very complex terrain with rolling mountains and deep narrow gorges), is an important
issue for design and operation of long-span bridges constructed in this area. In both wind tunnel testing and
numerical simulation, a transition section is often used to connect the wind tunnel floor or computational
domain bottom and the boundary top of the terrain model in order to generate a smooth flow transition over
the edge of the terrain model. Although the transition section plays an important role in simulation of wind
field over complex terrain, an appropriate shape needs investigation. In this study, two principles for
selecting an appropriate shape of boundary transition section were proposed, and a theoretical curve serving
for the mountain-gorge terrain model was derived based on potential flow theory around a circular cylinder.
Then a two-dimensional (2-D) simulation was used to compare the flow transition performance between the
proposed curved transition section and the traditional ramp transition section in a wind tunnel. Furthermore,
the wind velocity field induced by the curved transition section with an equivalent slope of 30° was
investigated in detail, and a parameter called the ‘velocity stability factor’ was defined; an analytical model
for predicting the velocity stability factor was also proposed. The results show that the proposed curved
transition section has a better flow transition performance compared with the traditional ramp transition
section. The proposed analytical model can also adequately predict the velocity stability factor of the wind
field.

Keywords: mountain-gorge terrain; boundary transition section; wind characteristics; potential flow; wind
tunnel test

1. Introduction

When the wind flows over mountain-gorge terrain (it is referred to as ‘very complex terrain’
with rolling mountains and deep narrow gorges as shown in Fig. 1), wind is obstructed and
deflected by the mountains, and flow separation usually occurs downwind of the mountains. On
the other hand, the flow can accelerate or decelerate as it moves through gorges. Therefore, wind
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characteristics over the mountain-gorge terrain are extremely complicated. Many researchers have
investigated the wind characteristics over such complex terrains and found they are important not
only for wind energy, pollution dispersion and forest fires (Maurizi et al. 1998), but also for the
loading of structures (Li et al. 2010a). In recent years, several long-span bridges have been built in
mountain-gorge terrains, especially in the west regions of China, including the Beipanjiang Great
Bridge in Guizhou province and the Siduhe Great Bridge in Hubei province, which are both shown
in Fig. 1. If these bridges are designed by current design standards and codes based on flat,
homogeneous terrain, the resulting prediction of wind-induced responses may lead to significant
errors (Chock and Cochran 2005, Li et al. 2010a). Therefore, there is a clear need to better model
and characterize the wind flows over these complex terrains.

The determination of wind characteristics over mountain-gorge terrain is difficult. Current
theoretical studies mainly focus on smooth and isolated hills, rather than real mountain-gorge
terrain (Jackson and Hunt 1975, Mason and Sykes 1979, Hunt et al. 1988). Field measurements
are expensive to be carried out and easily affected by the environmental conditions (Hui et al.
2009). Compared with the theoretical studies and field measurements, wind tunnel testing and
numerical simulation by computational fluid dynamics (CFD) have been widely adopted to
analyze the wind characteristics over complex terrain (Cao and Tamura 2006, Carpenter and Locke
1999, Kim et al. 2000, Loureiro et al. 2008) due to the convenience of controlling, and changing
the test conditions. Based on wind tunnel testing, Neal et al. (1981) investigated the effects of
three different forms of model construction, that is terraced, contoured and roughened surfaces, on
the wind flow over a complex terrain, and found that the velocity and turbulence intensity profiles
produced by the terraced form were significantly different from those from the other two forms,
and correction required between the contoured and roughness-added models was as high as 0.94.
Meroney (1980) studied the flow over a complex terrain model in a wind tunnel and compared the
results with those from the numerical simulation and field measurements. The results indicated
that the generation of equivalent wind speeds near ground level requires accurate reproduction of
surface roughness, shape and vegetation, and hence a terraced model is not as suitable as a
contoured model in such circumstances. Cermak (1984) reviewed the physical techniques of
modeling the atmospheric motion in different meteorological conditions, such as the neutral
atmospheric boundary layer, stratified atmospheric boundary layer and pure gravitational
convection, and pointed out that the oncoming wind flow and local surface details have important
effects on the simulation results. Bowen (2003) comprehensively discussed the wind tunnel testing
issues relating to the wind flows over a complex terrain, during the neutrally stable, strong wind
events, and guidelines for Coriolis force effects, atmospheric stability, aerodynamic roughness,
flow turbulence and flow separation were identified, enabling the design of appropriate wind
tunnel testing model at relatively small geometric scales. To better understand the wind
characteristics over the mountain-gorge terrain, Li et al. (2010a) investigated the wind
characteristics over representative, simplified valley terrains and existing real valley terrain, and
obtained some useful fundamental information by comparing the results obtained from these two
types of valley terrain.

However, a wind tunnel cannot well address the geophysical processes of thermal stratification
and the effects of Coriolis force. To consider these two issues, a hybrid tool of the wind tunnel test
and the numerical simulation methods was developed by Derickson and Peterka (2004), and this
hybrid tool was used to evaluate the wind power site in complex terrain. Li et al. (2010b)
combined a meteorological model and a commercial CFD model as a nested modeling system,
which can provide not only realistic boundary conditions containing terrain information on the
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upwind direction, but also simulation results with a higher spatial resolution. In addition, it can
accurately describe the terrain features in simulation of wind field over complex terrain. On the
other hand, if the numerical simulation is used to study the wind characteristics over the complex
terrain, the following issues including the turbulence models, boundary conditions and mesh size
also need to be carefully considered (Maurizi et al. 1998, lizuka and Kondo 2004), and the results
should be compared with those obtained from the wind tunnel test or the field measurements
(Derickson and Peterka 2004, Tsang et al. 2009).

To model complex terrain, particularly mountain-gorge terrain, in a wind tunnel or in a
numerical computational domain, one further challenge will be encountered. Since the terrain
domain chosen to be analyzed is always limited, its range is generally determined by truncating the
unbounded mountain-gorge terrain at an appropriate distance from the bridge site. As is well
known, the mountain-gorge terrain usually is located at a high altitude, and the elevations around
the boundary may be significantly different. Hence, a sudden elevation jump (Ah, as shown in Fig.
2) between the boundary top of the terrain model and the wind tunnel floor (or the bottom of the
numerical computational domain) will usually exist. Also the jump may vary significantly around
the edge of the model of the complex terrain. If the wind flows over this untreated model, flow
obstruction and separation will occur over the terrain model edge, producing an unrealistic flow
pattern and the significant errors will be introduced. To produce smoother oncoming wind flows at
the edge of the terrain model, an elevation transition section from the wind tunnel floor (or the
bottom of the numerical computational domain) to the boundary top of the terrain model should be
established. Meroney (1980) adopted an additional terrain section to transition the wind tunnel
floor to the terrain model. However, the form of the terrain transition section was not provided in
detail. Hu et al. (2006) employed a ramp-transition section with a slope of 30° to investigate the
wind characteristics at a bridge site in mountain-gorge terrain. Based on the numerical simulation
method, Maurizi et al. (1998) used a ramp-transition section with the maximum slope of 10% to
simulate a more realistic oncoming wind field, in order to predict the wind field over mountainous
terrain. Although these transition sections help to generate a more realistic wind field in the
complex terrain, one problem is not solved: how to determine an appropriate boundary transition
section shape, to allow generation of more physically meaningful flows over the terrain boundary.

Because an upstream oncoming wind field is not disturbed by a terrain model located in a wind
tunnel (or a numerical computational domain), it can be regarded as a reference wind field. When
wind flows over an appropriate boundary transition section, the wind field at the end of the section
should maintain the same characteristics as those of the undisturbed reference as much as possible.
In order to achieve this target in a wind tunnel test or numerical simulation, the following two
principles should be satisfied in designing an appropriate shape of boundary transition section.
Firstly, the major wind parameters such as the wind velocity and angle of attack at the end edge of
the transition section should be maintained to be the same as those of the reference wind field,
when the oncoming wind flows over the transition section. Otherwise, the oncoming wind will be
significantly affected by the transition section and may be not meaningful for wind characteristics
study. Secondly, the total length of the oncoming wind flowing from the start position of the
transition section, to the position where the wind field becomes stable and approaches the
undisturbed reference wind field (‘total flow transition length’ for short), should be sufficiently
short. Obviously, a longer total flow transition will reduce the model scale as the size of the wind
tunnel test section is limited. If a numerical simulation is adopted, a longer total flow transition
will enhance the computational cost due to the increase of the computational domain size.
Therefore, these two principles will be considered simultaneously if the transition section is
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required to have a relatively good flow transition performance.

When the oncoming wind flows over the ramp transition section with a slope of 30° (previously
used by Hu et al. 2006), the pressure gradient changes from an adverse one to a positive one. As a
result, the oncoming wind accelerates and reaches the maximum velocity at the top of the ramp
transition section (position s, shown in Fig. 3), and a significant speed-up behavior of the
oncoming wind occurs. Furthermore, the wind pressure also reaches the minimum value and an
adverse pressure gradient develops around the position s. In such circumstances, flow separation
may occur if the adverse pressure gradient becomes sufficiently large (Hu et al. 2012), possibly
resulting in a thicker boundary layer and an unstable wind flow. In general, the behavior of
speed-up and flow separation around the position s are the two main shortcomings for this ramp
transition section, and they can cause noticeably different wind characteristics from those of the
reference wind. For the ramp transition section with the maximum slope of 10% (previously used
by Maurizi et al. 1998), although flow separation is unlikely to occur (Kondo et al. 2002), and the
speed-up behavior of the oncoming wind may be not evident, the longer transition section itself
will result in a longer total flow transition length. Hence, the previous two ramp transition sections
may be not suitable to transition the wind flow for the wind field simulation in mountain-gorge
terrains, and a new type of transition section should be developed to improve the flow transition
performance for the wind characteristics study in mountain-gorge terrains.

In this paper, in order to better simulate the wind field over the mountain-gorge terrain, a type
of theoretical curve, providing a suitable shape of boundary transition section for mountain-gorge
terrain model, was derived based on potential flow theory around a circular cylinder. Then, a 2-D
platform terrain model was adopted to investigate the flow transition performance for the curved
and the ramp transition sections, using wind tunnel tests. In addition, a curved transition section
with an equivalent slope of 30° was specifically studied. A parameter called ‘velocity stability
factor’ was defined, and an analytical model for predicting this factor was proposed based on
potential flow theory around a blunt nosed semi-infinite streamline body and corresponding test
data. Finally, some main conclusions were given.

(a) Beipanjiang Great Bridge in Guizhou Province (b) Siduhe Great Bridge in Hubei Province

Fig. 1 Long-span bridges located in the mountain-gorge terrain
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Fig. 2 A sudden elevation jump between the boundary top of the terrain model and the wind tunnel floor
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Fig. 3 Oncoming wind flows over a ramp transition section with the slope of 30°

2. Derivation of transition section curves based on potential flow theory around a
circular cylinder

Assume that the undisturbed reference wind field is a uniform rectilinear flow and its vertical
wind velocity is zero. When the oncoming wind flows over the transition section, except for small
regions near the wall of the transition section influenced by viscous effects, the other regions can
be considered as potential flow. According to the classic theory of potential flow around a circular
cylinder, the stream function and wind velocities are given as follows (Currie 2003)

r2
=U_y/ 1-
l// ooy( X2+y2j

1)
u=a—W=U{1+r2%}
oy (x +y ) @
V:_%_V;:_Uwrz(xziizz
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where y is the stream function and it is a constant for each streamline; U, is the oncoming wind
velocity at infinity; r is the radius of the circular cylinder; u and v are the longitudinal and vertical
velocities; x and y are the corresponding coordinates of the flow field, as shown in Fig. 4.
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Fig. 4 Potential flow around a circular cylinder

Based on the first principle presented in introduction, the vertical velocity of the oncoming
wind should be equal to zero at least at the start and end positions of the transition section. From
Eq. (3), it can be seen that the vertical velocity v is equal to zero only when x = 0 or x = oo,

Furthermore, according to

the basic properties of the stream function (Currie 2003), each

streamline can be regarded as a wall with no influences on the oncoming wind movements, and the
flow separation does not occur when the oncoming wind is flowing along the streamline.
Therefore, the streamline can be used as the candidate shape of the boundary transition section,

that is, the coordinate points

of x = 0 and x = +o0 on the streamlines are the possible start and end

positions for the transition section. However, the transition section would have a limitless length
according to the previous discussion. To obtain a meaningful transition section, a new form of the
streamline function can be derived from Eg. (1) and given as follows
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For better applications in engineering practice, only the first five terms in Eq. (4) should be
retained, and the corresponding stream function and the vertical wind velocity are given as

2 4 6 8
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y y y y (5)
5 7
vy =W - ory, X L aru, ——GrZU LT
ox y? y® y' y°

(6)



The appropriate shape of the boundary transition section for a mountain-gorge terrain model... 21

If the vertical wind velocity by Eq. (6) is set to be zero, following two coordinates can be
obtained

{xl =-0.778y
X, =0 )
where x; and X, denote the x-coordinates for the start and end positions of the transition section,
respectively. Substituting Eg. (7) into Eg. (5), the corresponding y-coordinates for these two
positions can be expressed as
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Further, the y-coordinates can be given by the following closed forms
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where m = ys/U,,..

Hence, the start position (x;, y1) and the end position (xz, y2) on the transition section are
determined by Egs. (7) and (9), respectively. The second principle for an appropriate transition
section addressed in introduction requires that the total flow transition length should be sufficiently
short. In other words, the summation of the length of the transition section and that of the
oncoming wind flowing from the end position of the transition section to the position where the
wind field becomes stable and approaches to the undisturbed reference wind field should be as
short as possible. Clearly, the shortest transition section (refer to the projected length) means that
the equivalent slope ko, shown in Fig. 5, must reach its maximum

k0: YoV — Yo=Y
X, =% 0.778y, (10)

Substituting Eg. (9) into Eq. (10), the following equation can be derived

Jm? +4r? —\Jm? +2.692r2

2 2
m++m? +2.692r (11)

By taking the limit on the right side of Eq. (11), i.e., m— — oo, kyachieves its maximum value,
which is komax= 0.624. Obviously, this maximum value is independent of the value of r. The height
of the transition section is equal to that of the terrain model at edge, ho, i.e., hy = V> — Vi.
According to Egs. (9) and (11), the relationship between the parameters r and m can be obtained as
follows

k, =1.285
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Fig. 5 Equivalent slope of the transition section curve
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Note that the above equations are all derived based on the theory of the potential flow, where
the viscosity is neglected. Therefore, in the real viscous fluid, the value of ko should be adjusted.
However, it must be smaller than koma= 0.624. Clearly, the number of the series terms in Egs. (5)
and (6) can be increased or decreased according to the resolution requirement. When the values of
ho and ko, are determined, the values of r and m can be obtained by solving Eq. (12). By
substituting r and m (m = ws/U,,) into Eq. (5), the following form of the curved transition section
can be derived

y |y y y y (13)

3. Setup of wind tunnel test

To investigate the validity of the proposed curved transition section shown in Eq. (13), for the
mountain-gorge terrain modeling, tests were conducted in the XNJD-1 wind tunnel of Southwest
Jiaotong University. The test section of the wind tunnel is 2.4 m-wide, 2.0 m-high and 16.0 m-long,
and the turbulence intensity of the empty tunnel is about 0.5% at the average wind velocity of 15.0
m/s. Considering that a transition section with a slope of 30° had previously been applied in
practical engineering project (Hu et al. 2006), the curved transition section with an equivalent
slope of 30° (referred to as 30° CTS) was adopted in the tests. Corresponding to this slope, the
value of kqyis 0.577, which is certainly smaller than komax= 0.624. To better investigate the flow
transition performance of the curved transition section, a simplified 2-D platform terrain model
was used instead of a real 3-D complex terrain. Since the blockage ratio of a wind tunnel test is
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generally smaller than 5%, the height of 2-D test model should be lower than 0.1 m. However, a
terrain model with a height of 0.1m may be too small. On the one hand, a thick boundary layer
produced by a long fetch of the oncoming wind could envelop the low terrain model to a large
degree, and hence could result in large errors. On the other hand, it is also difficult to measure the
wind velocity distribution for a low terrain model. Thus the height of the terrain model was finally
decided to be 0.25 m. Meanwhile, to reduce the influence of the blockage effect of the wind tunnel,
the flow transition performance of different transition sections and the normalized wind
parameters were studied. Hence, no blockage corrections were made to the measurements in this
study. Since the height of the terrain model is 0.25m, the height of the curved transition section hy
should also equal to 0.25 m. From the given ko and h, the shape of the curved transition section
with an equivalent slope of 30° can be determined by Egs. (12) and (13), and it is given by the
following equation

2 4 6 8
y 8482 B482C 8482 84E2C BABD o113 o (gazzcx<)

y y y y y (14)

Although the ramp transition section with the slope of 30° (referred to as 30° RTS) had been
applied in the previous projects, it may be not an appropriate shape to serve as the boundary
transition section as discussed in introduction. To make a comparison of flow transition
performance between the curved transition section proposed in this paper and the ramp transition
section, a test using 30° RTS was also conducted in the wind tunnel. According to existing
research by numerical simulation methods (Hu et al. 2012) and related research by Kondo et al.
(2002), the curved transition section with an equivalent slope of 10° (referred to as a 10° CTS)
cannot result in an obvious speed-up or flow separation when the oncoming wind flows over it.
As a result, the wind characteristics of the oncoming wind flowing over a 10° CTS can be well
preserved; its shape is given by the following equation

2 4 6 8
_2218 2218¢ 2218 2213¢ 2213 050 (1 418<x<0)

y y y y y (15)

Because of the exceptional flow transition performance by 10° CTS, in this study, a 10° CTS
will be used as the reference model in order to evaluate the flow transition performances of other
models including 30° CTS and 30° RTS. The three different transition sections are shown in Fig. 6.

Fig. 7 shows the layout of the whole terrain model, together with the coordinate system utilized
in this study, where x” and y’ are the longitudinal and the vertical directions, respectively. The
curved transition section or the ramp transition section was set in the front of the whole terrain,
and the 2-D platform terrain was set behind the transition section. According to the second
principle for determining an appropriate transition section, the length of the platform terrain should
be long enough to make the wind field become stable, after the oncoming wind has flowed over
the different transition sections. Based on the length of the test section of the wind tunnel and
previous research by numerical simulation method (Hu et al. 2012), the length of the platform was
finally determined to be 7.5 m. Furthermore, a ramp plate with a slope of 10° was set up at the end
of the platform to allow the wind to flow away smoothly. In the tests, Cobra probes with a
measurement precision of £0.3 m/s were used to measure the wind velocity over the terrain. To
obtain the average wind velocity, the sampling time was about 60s for each measurement position.
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Fig. 7 Layout of the whole terrain model (Unit: mm)

4. Wind velocity field over platform terrain with ramp and curved transition sections

Uniform flow with the wind velocity of 15.0 m/s was selected in wind tunnel testing. The wind
velocities along the platform at y’ = 0.010 m and 0.290 m for the preceding three different
transition sections are shown in Fig. 8. For the lower position at y” = 0.010 m, the wind velocities
associated with the two curved transition sections decrease as the longitudinal positions move
away from x’ = 0.0 m (the position is the intersection between the transition section and the
platform), and become almost constant after x’= 2.6 m. By comparison, the wind velocities along
the platform for the 10° CTS are found to have less change than those for the 30° CTS, which
indicates that the former has less influence on the wind characteristics of the oncoming wind. In
the case of the 30° RTS, the wind velocities have a large variation around x’ = 0.0m and also
approach a constant value after x’ = 2.6 m. The overall variation of wind velocities along the
platform induced by the preceding three transition sections can be explained as follows. As the
oncoming wind approaches the transition section, the wind velocity increases due to the smaller
flow section. Then the oncoming wind flows over the platform terrain, and the wind velocity
gradually becomes stable owing to the unchanged flow section. On the other hand, different
transition sections will lead to different wind velocity fields. To be specific, when the approaching
wind flows over the curved transition section, the wind pressure will change slightly and
continuously along the curved transition section and the platform terrain, due to the smooth and
continuous shape of the curved transition section. However, when the approaching wind flows
over the ramp transition section, the wind pressure and velocity will undergo a noticeable variation
along the ramp transition section and the platform terrain. The major reason can be attributed to
that the ramp transition section is discontinuous at x” = 0.0 m (see position s in Fig. 3), resulting in
a significant adverse pressure gradient and a very low wind velocity, and a possible flow



The appropriate shape of the boundary transition section for a mountain-gorge terrain model...

25

separation at this position (Bowen and Lindley 1977, Hu et al. 2012). For the higher position at y’
= 0.290 m, the wind velocity field induced by the three different transition sections have similar
features. These wind velocities decrease first and then become constant after a short distance. The
reason is that the position y’ = 0.290 m is in the potential flow region where the wind velocities

mainly depend on the oncoming wind velocity rather than the three different transition sections.

Fig. 8 Wind velocities along the platform at = 0.010 m and 0.290 m for different transition sections
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different transition sections
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Fig. 9 shows the wind velocity profiles at x” = 0.0 m induced by the three different transition
sections. It can be observed that a significant speed-up behavior occurs near the wall in the wind
velocity profile induced by the ramp transition section, while this speed-up behavior induced by
the two curved transition sections are not so remarkable, especially for the 10° CTS. Also the wind
velocity profile shape induced by the 30° CTS is closer to that induced by the 10° CTS. Fig. 10
shows the corresponding wind velocity profiles at x” = 3.9 m where the measurement positions are
near the midline of the platform. The results show that the wind velocity profile shapes induced by
the two curved transition sections are almost the same, but the wind velocities under y’ = 0.165 m
induced by the ramp transition section are obviously smaller than those induced by the two curved
transition sections. The main reason for the variation of wind velocity profiles in Figs. 9 and 10 is
that an obvious shear layer is developed, due to a significant adverse pressure gradient and a very
low wind velocity around the position of x” = 0.0 m when the oncoming wind is flowing over the
30° RTS. Furthermore, the range of the shear layer increases with the oncoming wind flowing
along the platform, and when the oncoming wind reaches the position of x’ = 3.9 m, the shear
layer becomes thicker and makes the wind velocities in its range smaller than those outside its
range. Also, similar behavior was noted in wind tunnel tests described by Bowen and Lindley
(1977). However, because of the smooth and continuous shape of the curved transition section, as
discussed previously, the shear layers at x” = 3.9 m induced by the oncoming wind flowing over
the two curved transition sections are relatively thin, which have little influence on the wind
velocities along the platform. As a result, the wind velocities at x’ = 3.9 m induced by these two
curved transition sections are almost the same and the corresponding wind velocities under y’ =
0.165 m are larger than those induced by the ramp transition section. Overall, compared with the
wind velocity field induced by the 30° RTS, the wind velocity field induced by the 30° CTS is
closer to that induced by 10° CTS which has the best flow transition performance in maintaining
the characteristics of the approaching wind flow.

As discussed previously, because the 10° CTS has best flow transition performance, and the
wind field over the platform terrain induced by the 10° CTS can be used as the reference. To
further analyze the differences of wind field induced by the 30° CTS and the 30° RTS, a parameter
called ‘average velocity ratio’ can be defined based on the wind field induced by the 10° CTS,
which is given by

5 (X', )= (X y')

o WY (16)

! ! 1
a(x.y)=1

where H is the average height of the shear layer of the three different transition sections. For
example, at x” = 0.0 m, the average height of the shear layer is about 0.09 m (shown in Fig. 9), and
at x’ = 3.9 m, it is about 0.165 m (shown in Fig. 10); u(x’, y’) is the wind velocity at the
measurement position (x’, y’) for different transition sections; us(x’, y’) is the wind velocity at the
measurement position (x’, y’) for 10° CTS; N is the number of the measurement positions between
the platform surface and the average height of the shear layer. Therefore, smaller values of a(x’, y”)
means the wind field over the platform terrain induced by a transition section is closer to that
induced by the 10° CTS.

Fig. 11 shows a(x’, y’) along the platform for the 30° RTS and 30° CTS. It can be observed that
the values of a(x’, y’) for the ramp transition section case are significantly larger than those of the
curved transition section case, which indicates the 30° CTS has a better performance in retaining
the wind characteristics of oncoming wind.
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Fig. 11 Average velocity ratio a(x’, y’) along the platform with curved and ramp transition sections

Furthermore, it can be seen from Fig. 11 that for a given value of a(x’, y’), the curved transition
section leads to a much smaller x’ than the ramp transition section. Specifically, take a(x’, y’) equal
to 5% as an example, the corresponding values of x’ for the curved and the ramp transition
sections are about 0.2 m and 1.6 m, respectively, i.e., X’ associated with the latter is noticeably
larger than that associated with the former. This comparison indicates that the oncoming wind
flowing over the 30° CTS can reach stability earlier than that of the 30° RTS. Similar results can
be obtained for other smaller a(x’, y’). Note that although both transition sections have a slope of
30°, the curved transition section has a shorter total flow transition length than the ramp transition
section. Based on the two principles for selecting an appropriate shape of boundary transition
section presented in introduction, the 30° CTS is more appropriate to provide a boundary transition
section for the mountain-gorge terrain model than the 30° RTS.

5. Stability analysis of wind velocity field

Since the 30° CTS is more appropriate to served as the boundary transition section, it will be
further investigated in this section. To better describe the wind field induced by this transition
section, a parameter called ‘velocity stability factor’ is defined. The effects of some factors such as
the oncoming wind velocity (denoted by U) and terrain model height (denoted by h) on the
velocity stability factor are studied. Furthermore, an analytical model to predict the velocity
stability factor is proposed.

5.1 Effects of oncoming wind velocity and terrain height

To investigate the effects of oncoming wind velocity on the wind velocity field over the
platform, the tests with the oncoming wind velocities of 10.1 m/s, 15.0 m/s and 19.6 m/s were
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carried out. To better compare the effects of different oncoming wind velocities, wind velocities
over the platform were normalized by the corresponding oncoming wind velocity. The normalized
wind velocities, denoted by n(x’, y°), along the platform at y” = 0.010 m and 0.290 m and the
normalized wind velocity profiles at x” = 0.0 m and 3.9 m are shown in Figs. 12 and 13,
respectively, where the normalized wind velocities and profiles are almost the same for different
oncoming wind velocities. Moreover, the normalized wind velocities in Fig. 12 generally
monotonically decrease with the increase of x’ and gradually become stable. Also, similar wind
velocity variation can be found in Fig. 8 for both the curved transition sections.
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Fig. 12 Normalized wind velocities n(x’, y’) along the platform at y’ = 0.010 m and 0.290 m
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In order to measure whether the wind field can become stable, a new parameter called ‘velocity
stability factor’ s(x’, y”) is defined as

S(x, y') = u(x', y')-u(x., y')

u(x.,, y') (17)

where u(x’, y’) is the wind velocity at the longitudinal position very far away from x = 0.0 m. In
the present study, the wind velocities at the positions close to X’ = 3.9 m, where the wind velocities
have already become stable, shown in Figs. 8 and 12, are averaged and used for calculating the
value of u(x’,, y’). Obviously, the value of s(x’, y’) will monotonically decrease to zero with the
increase of x’. Therefore, s(x’, y’) can be used to judge whether the wind field induced by the
curved transition section has become stable.

From Fig. 9, it can be seen that the wind field is not stable yet at x’ = 0.0 m. Therefore, there
exists a noticeable difference between the wind velocity profiles induced by the 30° CTS and 10°
CTS. On the other hand, at x” = 3.9 m shown in Fig. 10, the wind field is almost stable. Hence, the
wind velocity profiles induced by these two curved transition sections are almost the same. As
discussed previously, the 10° CTS produces the least disturbance on the oncoming wind field, and
the characteristics of the wind field induced by the 10° CTS are the closest to those of the
oncoming wind. Therefore, if the wind field induced by the 30° CTS becomes stable, its wind
characteristics in that case are also very close to those of the oncoming wind field. From the above,
it can be seen that the velocity stability factor s(x’, y’) not only can judge whether the wind field
induced by the curved transition section has become stable, but also can evaluate how close to the
oncoming wind field for the wind field induced by the curved transition section. Hence, it can be
concluded that the velocity stability factor s(x’, y’) can be used to analyze the flow transition
performance of different curved transition sections.

Note that the relationship between the normalized wind velocities n(x’, y’) and the velocity
stability factor s(x’, y’) are given as Eq. (18). It is seen that the values of s(x’, y’) can be
determined by the values of n(x’, y’). From the Figs. 12 and 13, the values of n(x’, y’) are almost
independent of the oncoming wind velocity at the given x” and y’. Then it can be concluded from
Eqg. (18) that the values of s(x’, y’) are also independent of the oncoming wind velocity. To
validate this observation, the velocity stability factor s(x’, y’) at some vertical positions such as y’
= 0.010 m, 0.015 m and 0.035 m with different oncoming wind velocities are calculated and
shown in Fig. 14. For a given vertical position y’, the values of s(x’, y’) may vary with the
different oncoming wind velocities, but the variation are rather limited. For the vertical positions at
y’ =0.010 m and 0.015 m, the differences for s(x’, y’) induced by the different vertical positions
are significantly larger than those induced by the different oncoming wind velocities. Therefore, it
can be concluded that s(x’, y’) is more sensitive to the measurement positions (x’, y’) than the
oncoming wind velocities, which validates the preceding observation. Moreover, when the values
of x’ or y’ increase, the values of s(x’, y’) generally decrease, indicating that the wind field is
becoming stable and approaching to the undisturbed reference wind field with the increase of x” or
: uy)u

c o, UL y)u
0V )= LG
_n(x.y)

1
n(x,, y') (18)
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To further investigate the effects of terrain model heights on the values of s(x’, y°), tests of two
other terrain models with heights of 0.20 m and 0.15 m were conducted. In these two terrain
models, the equivalent slope of the curved transition section, the length of the platform and the
slope of the ramp plate at the end were the same as before. The only difference was that the heights
of the three parts were changed from 0.25 m to 0.20 m and 0.15 m, respectively. The
corresponding values of s(x’, y’) with different terrain model heights are shown in Fig. 15, where
the variation of s(x’, y’) are almost identical to those in Fig. 14. More importantly, the differences
of the values of s(x’, y’) induced by the different measurement positions (x’, y°) are still generally
significantly larger than those induced by the different terrain model heights. Similarly, the values
of s(x’, y’) are more sensitive to the measurement positions (x’, y’) than the heights of the terrain
model. Moreover, it also can be seen from Fig. 15 that the values of s(x’, y*) all generally decrease
with the increase of X’ or y’. Hence, the wind field is also becoming stable and approaching to the
undisturbed reference wind field with increasing x’ or y’.
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Fig. 14 Distributing of velocity stability factor s(x’, y’) with different oncoming wind velocities
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5.2 Analytical model for predicting s(x’, y’) based on potential flow theory around a blunt
nosed semi-infinite streamline body

As discussed previously, s(x’, y’) can be an effective parameter to analyze the flow transition
performance of the curved transition section. To evaluate the wind field induced by the 30° CTS
more conveniently and directly in engineering practice, an analytical model to predicate s(x’, ) is
proposed, based on potential flow theory around a blunt nosed semi-infinite streamline body and
the corresponding test data.

5.2.1 Potential flow theory around a blunt nosed semi-infinite streamline body
As a uniform rectilinear potential flow passes a particle source flow, the corresponding stream
function and wind velocities are given as follows (Kundu and Cohen 2008)

w, =U_rsin 0+i0
2 (19)
u, _1ov, =U_coséd+ q
r 06 27r (20)
0 .
ugz—ﬂ:—uwsma
or (21)

where q is the flux per unit length of the particle source flow; r and 4 are the corresponding polar
coordinates of the flow field, as shown in Fig. 16. From Eqgs. (19)-(21), the coordinate values of
the stagnation point P are rp = /27U, and 6p = 7.

As discussed previously, each streamline can be regarded as a wall with no influences on the
oncoming wind movements. For the unique shape of the streamline passing through the stagnation
point P (shown in Fig. 16), regarding this streamline as a wall, then this type of flow field is
termed as the potential flow around a blunt nosed semi-infinite streamline body, or potential flow
passing a half-body (Kundu and Cohen 2008).

Fig. 16 Potential flow around a blunt nosed semi-infinite streamline body
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5.2.2 Analytical model for predicting s(x’, y’) for curved transition section with equivalent
slope of 30°

For the terrain model in Fig. 7, the 30° CTS can be regarded as a blunt body. Because the
length of the platform is over 16 times longer than that of this curved transition section, the
platform is regarded as a semi-infinite streamline body compared with this small curved transition
section, and the whole terrain model can be considered as a blunt nosed semi-infinite streamline
body. Accordingly, some wind characteristics over this curved transition section may be similar to
those of the potential flow around the blunt nosed semi-infinite streamline body introduced in
section 5.2.1. In order to develop the expression form of the velocity stability factor, Eq. (20) can
be converted to rectangular coordinates from polar coordinates, given by

uozé"’f’:uﬁi- 2X° .
¥, 27 Xy +Yo (22)

where Uy is the longitudinal velocity in the corresponding rectangular coordinate; X, and y, are the
corresponding rectangular coordinates in the flow field. According to Eq. (17), the velocity
stability factor for the potential flow around the blunt nosed semi-infinite streamline body is given
as
q 1
27U, X+ Y5 /%
1

Xo Yo /Xo (23)

S(XO' yo):

The characteristics of wind flows over the 30° CTS and the platform terrain are similar to those
of the potential flow around the blunt nosed semi-infinite streamline body to a certain degree.
Therefore, it can be assumed that the velocity stability factor s(x’, y’) of the 30° CTS also has a
similar form as the velocity stability factor s(X,, yo) of Eq. (23). On the other hand, there exist some
difference in shape between the whole terrain in Fig. 7 and the blunt nosed semi-infinite streamline
body in Fig. 16. Besides, the wind in the tests is a real viscous fluid, and it cannot in reality be
regarded as potential flow, meaning that s(xo, Yo) cannot be used directly. Hence, Eq. (23) should
be modified.

For Eq. (23), s(Xo, Yo) is related to the distance from the stagnation point P to the origin point O,
re (shown in Fig. 16), which implies that s(xo, Yo) is relevant to the shape of the blunt nosed
semi-infinite streamline body. On the other hand, the variation range for y’ is much smaller than
that for x” (shown in Fig. 7). Therefore, the term y,°/X, in Eq. (23) can be neglected for the present
tests. Furthermore, noting the discussion in Section 5.1, the values of s(x’, y’) vary little with the
oncoming wind velocity or the terrain model height, but are very sensitive to the measurement
position (x’, y’). From the above, the form of the velocity stability factor s(x’, y’) can be
approximately expressed as

S(X', yr): fl(y )
X'+ f,(y) (24)

where fi(y’) and f,(y’) are both the function of y’. Compared with the Eqg. (23), the term fi(y’) is to
consider the difference in shape between the terrain model in the tests and the blunt nosed
semi-infinite streamline body, and the term fy(y’) is to consider the effects of neglecting the term
Yo'lXo in Eq. (24).
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Fig. 17 Fitted results of velocity stability factor s(x’, y’) at different vertical heights
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To verify the accuracy of Eq. (24) in predicting s(x’, y’), for different y’, Eq. (24) was fitted to
the average test values of s(x’, y°) for the different oncoming wind velocities and different terrain
heights. The six sets of fitted results of s(x’, y°), which all have relatively large values, are shown
in Fig. 17. Note the fitted parameter Adj.R-Square (OriginLab Corporation 2010) are all larger
than 0.95, which indicates that Eq. (24) is accurate. Accordingly, for each value of y’, a set of
values for f;(y’) and fx(y’) can be obtained. The corresponding six sets of f;(y’) and f,(y’) values are
shown in Figs. 18 and 19. It can be seen that f;(y ) and f,(y ") can be divided into two parts, the first
four sets of fi(y’) and fy(y’) approximately increase linearly with y’, but the last two sets of f;(y’)
and fy(y’) are irregular. The reason could be that the last two sets of values of s(x’, y’) are much
smaller than the first four sets of values of s(x’, y°), resulting in a relatively large error when fit Eq.
(24) to the test data. As a result, the corresponding values of fi(y”) and f,(y’) also have a relatively
large errors. Furthermore, it is noted in wind engineering, attention is focused on wind
characteristics near the ground. Therefore, the first four sets of fi(y’) and fy(y’) values should
clearly be investigated in the present study. By the linear fitting method, these are given as: f;(y’) =
1.366y’ + 0.037 and f,(y’) = 21.512y’ - 0.102, respectively. It can be seen, from Figs. 18 and 19
that the fitting is accurate because the values of Adj.R-Square are all larger than 0.98.
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6. Conclusions

To determine the appropriate shape of boundary transition section for the mountain-gorge
terrain model, two principles for selecting its appropriate shape were proposed, a type of
theoretical curves serving as its shape was derived, and the corresponding wind tunnel tests were
conducted. The main conclusions are summarized as follows:

e A type of theoretical curve was developed based on the potential flow theory around a
circular cylinder, and this type of curve could be used as the appropriate shape of boundary
transition section for a mountain-gorge terrain model.

e Compared with the ramp transition section with the slope of 30°, the curved transition
section with the equivalent slope of 30° can better maintain the wind characteristics of the
reference oncoming wind field. Furthermore, the total flow transition length of the wind field
for a curved transition section is shorter than that for the ramp transition section. Therefore, a
curved transition section with the equivalent slope of 30° can be more appropriate to serve as
the boundary transition section for the mountain-gorge terrain model than the ramp transition
section with the slope of 30°.

e The ‘velocity stability factor’ was defined to describe the stability of the wind field induced
by the curved transition section with the equivalent slope of 30°, and it was found that the
oncoming wind velocity and the terrain model height had no significant influence on this factor.
Furthermore, an analytical model for predicting the velocity stability factor was proposed,
based on potential flow theory around a blunt nosed semi-infinite streamline body and the
corresponding test data.
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