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Abstract

Wind flow over complex and steep terrain was investigated by a wind tunnel experiment and
a numerical simulation. The mean value and the turbulence of the wind flow over complex
terrain in a coastal region of Japan were measured by split-fiber and X-wire probes. It was
found that the split-fiber probe can give a reasonable accuracy while the conventional X-wire
probe measurement contains a large error because of the existence of reverse flow and strong
across wind in complex terrain. The applicability of the power law to the wind prediction over
complex terrain was also examined. It was noticed that the application of the power law for
the estimation of the wind speed or the turbulence intensity in complex terrain is difficult.
Numerical simulations were carried out by the non-linear model developed by the authors and
the conventional linear model. The wind field predicted by the non-linear model shows fairly
good agreement with the experiment while conventional linear model tends to overestimate the
mean wind speed and underestimate the turbulence.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Prediction of the turbulent flow over complex terrain plays a dominant role in
engineering applications such as the efficient extraction of wind energy and the safety
of structures. Numerical models are widely used for the prediction of the flow over
terrain. For the flow over moderate terrain, governing equation can be linearized and
the model proposed by Jackson and Hunt [1] is based on this idea. However, the
linear model loses its prediction accuracy remarkably when the terrain is steep as
seen in a coastal region of Japan.
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Recently, non-linear models have been paid attention because the non-linear
model does not linearize the governing equation and has no limitation on the slope
angle. The earliest use of the non-linear model for the prediction of the wind flow
over steep terrain is attempted by Coelho and Pereira [2]. Non-linear model was also
used for the wind prediction over real complex terrain. Maurizi et al. [3] changed the
mesh size from 200 to 500 m and investigated the mesh size dependencies of the
predicted wind flow. They concluded that the prediction error in the coarse mesh is
about 15%, but the numerical results were not verified by experiment. To examine
the performance of numerical models, an accurate experimental data of the flow over
complex terrain is needed, but no such data is available.

The objective of this study is to obtain high-quality data of the flow over complex
terrain by a wind tunnel experiment and verify the performance of the numerical
models for predicting wind flow in a coastal region of Japan. The mean flow and the
turbulence over a real terrain were measured by X-wire and split-fiber probes. The
errors in the X-wire measurements are investigated by comparing with the split-fiber
measurement. Furthermore, the numerical simulations are carried out by the non-
linear model developed by the authors and the conventional linear model and are
compared with the measurements to verify the performance of these models.

2. Experimental setup
2.1. Facility and terrain model

The experiment was carried out in a circuit wind tunnel in the Wind Engineering
Laboratory, the University of Tokyo, which has a working section of 16 m wide,
1.9 m high and 5.8 m long. A neutrally stratified atmospheric boundary layer was
simulated using two 30 mm high cubic arrays placed just downstream of the
contraction exit. The wind speed outside the boundary layer was monitored with a
Pitot tube and maintained at 6.0 m/s throughout the experiment. The resulting
boundary layer has a thickness of 150 mm at the measurement sites and has the scale
of 1:2000.

A part of Shakotan Peninsula area, north of Japan, was chosen for the
experiment. The topographic feature of the area is very complex with a steep cliff
along the north-east coast. A 1:2000 scale terrain model with a diameter of 4 m was
made, which covers an area of 8 km. The model was made from 5.5 mm thick
plywood and covered with the mixture of glue and sand to represent the terrain
surface covered with grass. The surface roughness length of the model is 0.01 mm
which corresponds to 2 cm in the real scale. Fig. 1 shows the terrain model installed
on a turn table. The flow measurements were performed in eight wind directions.

Fig. 2 shows the measurement locations and the elevation contours of the terrain
model. Points A-G in the figure correspond to the observation masts described by
NEDO [4]. Although all the sites are located on a plateau except for G, the
surrounding terrains are quite different. Terrain around the mast A and E are
relatively flat and less complex, while terrain around the mast B, C and D are very
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Fig. 1. The wind tunnel and the terrain model.
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Fig. 2. The elevation contour of the terrain model and the measurement sites.

complex. At the northeast side of the mast F, there is a steep cliff along the sea. Mast
G is located at relatively low elevation and surrounded by mountains. The wind
velocity was measured at these seven sites at eight different heights, which are 5, 10,
20, 35, 50, 75, 100 and 150 mm above the surface of the terrain model, corresponding
to 10, 20, 40, 70, 100, 150, 200 and 300 m in the real scale.

2.2. Flow measurement
For the measurement of turbulent flow in complex terrain, the X-wire probes have

been widely used. However, as pointed out by Ishihara et al. [5], the X-wire
measurement cannot give reasonable accuracy in the wake region where the reverse
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flow exists and the split-fiber probe was recommended. Actually, the X-wire
measurement becomes inaccurate because of not only the existence of the reverse
flow but also the strong across wind. This is because the X-wire measurement is
based on following two assumptions: (1) the longitudinal component of the wind
velocity 1s positive; and (2) the cross wind components is smaller than the
longitudinal component. However, the flow in complex terrain can violate these
assumptions.

In this study, measurements were made using constant temperature hot-wire
anemometer (Kanomax 1010) with both X-wire (Kanomax 0249R-T5) and split-
fiber (Kanomax 1288) probes to clarify the problem of the X-wire probe. Sensors
were calibrated as described by Ishihara et al. [5]. The analog voltage was low-pass
filtered in 500 Hz and digitized in a sampling rate of 1 kHz. A sampling time of 20 s
was used for the mean velocities and the turbulence statistics.

3. Experimental results and discussion

Although the experimental results for all the sites are different, some sites show
similar features. Thus, four representative sites, that is, sites A, B, F and G, are
chosen and the surrounding terrain around the sites are shown in Fig. 3. In the
following section real scale will be used.

3.1. The X-wire and the split-fiber probe measurements

Although the X-wire probes have been widely used for the measurement in
complex terrain, they may contain large errors. Two examples are given in Fig. 4.

Fig. 4a shows the vertical profile of longitudinal wind velocity at the site B with the
southwesterly wind. The X-wire measurement overestimates the mean wind speed

Fig. 3. The surrounding terrain of representative measurement sites.



A. Yamaguchi et al. | J. Wind Eng.

Ind. Aerodyn. 91 (2003) 247264

251

100 100 Frrrrree
| Site F
80 |- 80 L
,,__60- 60 ]
E 1 E I ]
b i y i ]
40 40 + i
20 20- ]
0l..<.l.|--l|-<-I--.-J....[..||I<--- 0-. 1 ] sales ] 1 1
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
(a) u (m/s) (b) u (m/s)

Fig. 4. The vertical profile of the longitudinal wind velocity measured by the X-wire probe and the split-
fiber probe: (a) at site B with southwesterly wind; and (b) at site F with the northeasterly wind.

near the surface. There is a valley to the south of the site as shown in Fig. 3b. When
the wind is southwesterly, the wind direction may be forced to change by this valley
and the transverse component of the wind velocity may become quite large.

As mentioned above, the measurement by the X-wire probe may be inaccurate
when the flow separates. Fig. 4b shows the vertical profile of longitudinal wind
velocity at site F with the northeasterly wind. The overestimation by the X-wire
probe is remarkable, since site F is located near the cliff (Fig. 3c) and the flow may
separate at the edge when the wind is northeasterly. This may cause the error in the
X-wire measurements.

The flow field around these sites will be described using the result of numerical
simulation in Section 5.3. In the following section only the measurements by the
split-fiber probe are discussed.

3.2. Mean field

Mean wind speed is the most important factor in engineering applications. The
vertical profiles of the longitudinal component of the mean wind velocity at the four
representative sites are shown in Fig. 5. The thick line shows the undisturbed flow
and lines with symbols show the flow above the terrain. To investigate the
topographic effect on the mean wind speed quantitatively, the topographic multiplier
for wind speed is defined as U/ Uj, where U denotes the wind speed above the terrain
and U, represents that of undisturbed flow. The variations of the topographic
multipliers with the wind direction at three typical heights are shown in Fig. 6.

At site A, the wind speed profiles and the topographic multipliers show relatively
small variation with the wind direction (Figs. 5a and 6a) and the topographic
multipliers exceed one for almost all the wind directions. This is because site A is
surrounded by relatively flat terrain and located at a high elevation.

In contrast to site A, site B is surrounded by more complex terrain. The wind
speed profiles and the topographic multipliers vary remarkably with the wind
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Fig. 5. The vertical profiles of mean wind speed (U) at four representative sites.
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Fig. 6. Topographic multipliers for wind speed at four representative sites.

directions. The topographic multiplier with the southwesterly wind reaches 1.45 at
the height of 20 m and 1.22 at the height of 70 m (Fig. 6b). As shown in Fig. 3b,
there is a valley to the south of site B, which causes the channeling effect and the
increase in velocity with the southerly wind. In this wind direction, the wind speed
near the surface is larger than that at the height of 70 m (Fig. 5b).

The most dramatic decrease of wind speed near the surface can be seen at site F
with the northeasterly wind (Fig. 5c). The topographic multiplier with the north-
easterly wind decreases to 0.79 at the height of 20 m while it is 1.15 at the height of
70 m (Fig. 6¢c). There is a cliff about 200 m away from site F as shown in Fig. 3c, and
the flow may separate at the edge when the wind is northeasterly. This is the reason
why the wind speed decreases with the northeasterly wind.

Since site G is located at relatively low elevation compared to the surrounding
terrain, wind speed decreases in almost all the wind directions (Fig. 5d) and the
topographic multiplier for the mean wind speed stays lower than 1.0 (Fig. 8d).

3.3. Turbulence field
Turbulence in complex terrain is also an important factor for the safety of

structure. Standard deviation of the wind velocity is one of the most important
turbulence statistics.
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Fig. 7 shows the vertical profiles of the standard deviation of the longitudinal
component of the wind velocity g, for the four representative sites. The topographic
multiplier for the standard deviation is defined as o¢,/0,, where o, denotes
the standard deviation of the wind velocity above the terrain and ¢, denotes
that of the undisturbed flow. The variations of the topographic multiplier for
the standard deviation with the wind direction at three heights are shown in
Fig. 8.

At site A, the turbulence at the height of 200 m is as large as that near the
surface with the northerly and westerly wind (Fig. 7a). This is because the terrain to
the north and to the west of the site is very complex. At the lower levels, the
topographic multipliers show relatively small variation with the wind direction
(Fig. 8a).

The topographic multipliers at site B show larger variation with the wind direction
(Fig. 8b). The maximum standard deviation can be found at the height of 70 m with
the southwesterly wind (Fig. 7b). In this case, the wind direction rapidly changes
near the surface and may generate the large turbulence as discussed in Section 5.3.
On the other hand, the turbulence with the southerly wind is almost the same as the
undisturbed flow although the wind speed increases due to the channeling effect.

At site F, large peak in the vertical profile can be seen in Fig. 7c. This is because of
the flow separation as shown in Fig. 18. The topographic multiplier in this wind
direction at the height of 40 m shows a large value of 2.7 while it is less than 1.5 in
the other directions (Fig. 8c).

Since the surrounding terrain of site G is relatively flat, the turbulence does not
increase much. The topographic multiplier stays almost constant except for the
northeasterly and the northerly wind (Fig. 8d). The terrains to the northeast and to
the north of the site are complex and the large turbulence may be generated by the
upwind terrain. The maximum value of the turbulence appears at the height of 100 m
in the northeasterly wind and 150 m in the northerly wind (Fig. 7d).

3.4. Applicability of the power law to the wind prediction over complex terrain

Due to the limitation of the height of the tower in the field observation, the wind
speed at higher level has to be estimated from the lower level measurement. Power
law is widely used to present the wind speed profile:

Uz) = U(zl)(zil) U, 1)

where U(z) is the mean wind speed at the height of z, z, is the reference height and ay
is a exponent, which is assumed to be a function of the location. When the wind
speed at two lower levels are measured, oy can be obtained by the power law and
then the mean wind speed at any height can be estimated.

To verify the applicability of the power law to the wind prediction over complex
terrain, mean wind speed at the height of 70 m is estimated from two different pairs
of heights and compared with the measurement. In the first case, mean wind speeds
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Fig. 7. The vertical profiles of the standard deviation of the longitudinal component of the mean wind
velocity, o, at four representative sites.
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Fig. 8. Topographic multiplier for the standard deviation of the wind velocity at four representative sites.

obtained at the height of 10 and 20 m are used and the measurements at 20 and 40 m

are used in the other case.
Normalized error of the estimation, &y is defined as

ey = Ze=Um 100, )
Uo
where U, and Uy, denote the estimated and measured wind speeds, respectively, and
U, is the wind speed in the undisturbed boundary layer.

Fig. 9 shows the comparison of estimated and measured wind speeds at the height
of 70 m at the four representative sites for all the wind directions. In case of
the estimation from the height of 10 and 20 m, some points are located far from the
diagonal line (Fig. 9a). The maximum error can be found at site F with the
northeasterly wind, where the estimated wind speed is 4.0 m/s while the measured
wind speed is 5.6 m/s. This implies the normalized estimation error of 33%. The root
mean square of the normalized error for all the sites and wind directions is 8.7%.
Although the estimation from the wind speed at the height of 20 and 40 m shows
more reasonable results for most sites and directions (Fig. 9b), the errors in some
sites are even large. The maximum error of 15% can be seen at site F with the
northeasterly wind. The root mean square of the normalized error is 4.7% in
this case.
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Fig. 9. Comparison of measured and estimated mean wind speeds at the height of 70 m by the power law:
(a) estimation from the height of 10 and 20 m; and (b) from 20 and 40 m.

Estimation of turbulence is also important. Turbulence intensity, 7, is defined as a
ratio of standard deviation to mean wind speed. For the estimation of turbulence
intensity at higher levels, power law can also be used [6]. The power law for the
turbulence intensity is described as

1(z) = 1(z,)(g) ; 3)

where I(z) is the turbulence intensity at the height of z, a; is the exponent. The
difference between estimated and measured turbulence intensities J; is defined as

6 = I, — I, 4
where I. and I, denote the estimated and measured turbulence intensities,
respectively.

Turbulence intensities at the height of 70 m estimated from the measurement at
the height of 10 and 20 m, and from 20 and 40 m are shown in Fig. 10. At site F with
the northeasterly wind, the difference shows the maximum value of 21% points for
both the estimations. The root mean square of the difference is 4.1% points for the
estimation from the height of 10 and 20 m, and 4.3% points from 20 and 40 m.

These results indicate that the power law cannot give accurate estimations for the
mean wind speed or the turbulence intensity in complex terrain.

4. Numerical simulation

An advantage of the numerical simulation to the wind tunnel test is that the whole
flow field can be visualized. Wind flow over the sites obtained by the non-linear
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Fig. 10. Comparison of measured and estimated turbulence intensities at the height of 70 m by power law:
(a) estimation from the height of 10 and 20 m; and (b) from 20 and 40 m.

model and the linear model will be revealed and the performance of the models will
be examined.

4.1. Numerical model and boundary conditions

The non-linear wind prediction model developed by the authors [7] is used in this
study. Reyolds averaged Navier-Stokes equation is used as governing equations and
the standard k—¢ model [8] is adopted to estimate the turbulence. Because of the
necessity of resolving the complex terrain, the arbitrary non-orthogonal collocated
grid system is used. As a surface boundary condition, the shear stress calculated by
the log law is considered as a drag term in the momentum equations for the surface
adjacent cells. The detail of the numerical model and the boundary conditions are
described by Ishihara and Hibi [7]. The measured velocity and turbulence at 6 m
upstream to the turn table center are used as an inlet boundary condition in the
numerical simulation.

As a conventional linear model, LINCOM [9] based on the model proposed by
Jackson and Hunt [1] was used. The linear model looses its prediction accuracy when
the slope angle is large. LINCOM contains the model to calculate the turbulence, but
the turbulence model also has the limitation of the slope angle [9].

4.2. Estimation of normal Reynolds stresses based on the k—s model

In the non-linear model described above, mean wind velocity and the turbulent
kinetic energy k are explicitly predicted but the normal Reynolds stresses are not. If
the turbulence structure is isotropic, they can be estimated by the standard k—e
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model. However, because the turbulence structure is anisotropic in the boundary
layer, the method proposed by Paterson and Holmes [10] will be used.

In the turbulent boundary layer, there is a relation among the standard deviations
of each velocity component as

Oy:0y:0,=1:0.68:0.45. 5)
Then, normal Reynolds stresses can be expressed in terms of k as
u? =12k, v2=0.56k, w?=0.24k. (6)

These relations will be used to predict the normal Reynolds stresses in complex
terrain.

5. Numerical results and discussion
5.1. Flow in the undisturbed boundary layer

To verify the accuracy of the non-linear model and the inlet boundary conditions
described above, flow in the undisturbed boundary layer was predicted and
compared with the measurements. The vertical profiles of the mean wind speed and
the standard deviation in the undisturbed boundary layer are shown in Figs. 11 and
12. The numerical results show fairy good agreement with the measurements. These
results will be used to calculate topographic multipliers for the mean wind speed and
standard deviation.

5.2. Flow over complex terrain

As mentioned in Sections 3.2 and 3.3, the wind flow changes remarkably with the
wind direction at sites B and F. The topographic multipliers for the mean wind speed
and for the standard deviation will be investigated by the linear and the non-linear
models.
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Fig. 11. The vertical profiles of mean wind speed in the undisturbed boundary layer.
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Fig. 13. Measured and predicted topographic multipliers at site B: (a) for the mean wind speed; and (b) for
the standard deviation.

Fig. 13a shows variation of the topographic multiplier for the mean wind speed
with the wind direction at the height of 40 m at site B. Flow is strongly influenced by
the surrounding terrain and the topographic multiplier varies considerably with the
wind direction. The non-linear model can predict this feature and gives fairly good
agreement with the experiment, while the linear model overestimates the wind speed
with the southwesterly wind (225°). This error is due to the inability of the linear
model for predicting the rapid change in the wind direction, which will be shown in
Fig. 16. The topographic multiplier for the standard deviation is shown in Fig. 13b.
It also varies with the wind direction. This feature is caught by the non-linear model
while the result by the linear model largely underestimates the turbulence.

Site F is characterized by the flow separation at the edge of the cliff. When the
wind is northeasterly, remarkable decrease in the mean wind speed can be seen in
Fig. 14a. The non-linear model can predict this wind speed decrease with the
northeasterly wind while the linear model overestimates the mean wind speed. The
non-linear model can also predict the increase in the turbulence (Fig. 14b) with
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Fig. 14. Measured and predicted topographic multipliers at site F: (a) for the mean wind speed; and (b) for
the standard deviation.

the northeasterly wind while the linear model largely underestimates the turbulence.
This is because the linear model cannot predict the flow separation.

5.3. The error in the X-wire measurement

The X-wire measurement contains some errors as mentioned in Section 3.1. The
reason of the error will be discussed and explained using the numerical result by the
non-linear model.

Fig. 15 shows the vertical profile of mean wind speed at site B with the
southwesterly wind. The value measured by the split-fiber probe is consistent
with the prediction while that by the X-wire probe is much larger especially near
the terrain surface. The mean wind velocity vector around the site is shown
in Fig. 16. The wind direction is forced to change to southerly by the local
valley. This causes increase in the transverse component of the wind velocity. This
is the reason why the X-wire measurement gives a different profile near the
terrain surface.

The existence of the reverse flow can also be the reason of the error. Fig. 17 shows
the vertical profile of mean wind speed at site SF2 with the northeasterly wind, which
is located at the windward of site F (Fig. 18). The overestimation by the X-wire
probe can also be seen. Fig. 18 shows the mean velocity vector in the vertical cross
section around the site. The flow separates at the edge of the cliff and reverse flow
can be observed near the terrain surface. This is the reason why the X-wire
measurement overestimates the wind speed.

6. Conclusion

The characteristics of the wind flow in a complex terrain are investigated by wind
tunnel test using X-wire and split-fiber probes. Numerical simulations by the linear
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and the non-linear model are carried out to examine the performance of the models.
The following summarizes the major conclusions of this study:

(1) The split-fiber probe can give a reasonable accuracy while the conventional X-
wire probe measurement contains a large error because of the existence of
reverse flow and strong across wind in complex terrain.

(2) Local wind in complex terrain is very complex. Wind speed decreases
remarkably behind the cliff because of the flow separation and in the depression
area due to the sheltering effect. Remarkable change in the wind direction and
wind increase are observed around the valley due to the channeling effect.

(3) Above complex terrain, it is difficult to apply the power law to estimate the wind
speed or the turbulence intensity at the higher level from the measurements at
lower levels.
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Fig. 17. The vertical profile of mean wind speed at site SF2 with the northeasterly wind.
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Fig. 18. The cross section of the terrain and the mean velocity vector around site SF2.

(4) The non-linear model gives fairly good agreement with the measurements. On
the other hand, the linear model overestimates the mean wind speed and
underestimates the turbulence since it cannot predict the flow separation nor the
large change in the wind direction.
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