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Abstract. Measurements of the surface wind pressure statistical characteristics and pressure
spectrum of two square buildings in side by side arrangement with various gaps and under
different wind attack angles are performed in wind tunnel. Effects of the building gap and
wind attack angle on the characteristics of wind pressure for the inner face and front face of
two buildings are reported in the study. Results are: (1) For the inner faces of buildings at
height Z/H=0.888, and wind attack angle 0°, the mean wind pressure coefficients are all
negative value. And the mean wind pressure coefficient decreases as increasing the down-
stream distance X/W, in general. When the building gap decreases, the absolute value of
mean wind pressure coefficient becomes larger. (2) For the inner faces and front faces of
buildings at height Z/H=0.888, and building gap D/W=0.5, the mean surface wind pressure
increases as the wind attack angle increases. The root mean square of pressure fluctuation
becomes smaller at a longer downstream distance. At the nearer downstream distance, the
root mean square of pressure fluctuation becomes larger, especially for the wind attack an-
gles within 15° and 30°. The variation of root mean square of pressure fluctuation exhibits the
trend of decrease when the wind attack angle is increasing. (3 )The power spectra of surface
wind pressure fluctuation for various building gaps at zZH=0.888, y/W=0.38 of building | and
wind attack angle 0° are shown to have the slope of -5/3 at the inertia subrange of the spectra
distribution. It is similar to the Kolomogrov turbulent velocity spectrum law. Also the peak
value of the power density of fluctuating pressure is reduced as the wind attack angle in-
creases. And the decay slope of power spectra curve at the inertia subrange becomes slowly
as the wind attack angle change from 0° to 30°. (4) The peak values of the probability density
functions of the surface wind pressure fluctuation for different heights in front face of build-
ings are all close to 0.4. At the lowest height location, the skewness coefficient of the prob-
ability density function for pressure fluctuation becomes the largest.
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1 INTRODUCTION

It has been frequently suffered typhoon’s serious attacks during summer and autumn sea-
sons in Taiwan. Strong winds caused severe damage on high-rise building cladding. Also, sur-
face wind pressure distributions affect the building natural ventilation. For this purpose, it is
necessary to study the building surface wind pressure characteristics which can provide more
accurate and detail information for the building wall curtain cladding and natural ventilation
designs.

Previous studies, like [1, 2, 3] only studied on one building. In urban city, two buildings of
side by side arrangement are commonly encountered [4]. The wind attack angle on the build-
ings a so often changed in time. Therefore the objective of present study isto measure in wind
tunnel the surface wind pressure characteristics and pressure spectrum of two square buildings
in side by side arrangement with various gaps and under different wind attack angles.

2 EXPERIMENTAL SET-UP

The experiments were conducted in the Environmental Wind Tunnel of National Taiwan
Ocean University. The test section of the wind tunnel had a cross section of 2 m by 1.4 m
with 12.5 m long. The wind tunnel was an open suction type and it contracted to the test sec-
tion with an arearatio of 4: 1. The turbulence intensity of the empty wind tunnel is less than
05 % at the free stream velocity of 5 m/s.
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Figure 1 Schematic diagram of two building models arrangement

Four spires and roughness elements are arranged on the entrance of test section to simulate
a neutral atmospheric boundary layer flow in urban region. Two square models are arranged
in side by side with different gaps (see Fig.1). Each square model is 10 cm by 10 cm, and 25
cm high. The model is at a scale of 1 to 500. Fig 1 shows the arrangement of two buildings
models in the wind tunnel. And labels of pressure taps on two building models are shown in
theFig.1

The X-type hot-wire incorporating with the TSI IFA-300 constant temperature anemometer
was used to measure the turbulent flow signals. Output of the analog signals for turbulent
flow was digitized at arate of 4 K Hz each channel through the 12 bit Analog-to-Digital con-
verter. Since none of the analog signals containing significant energy or noise above 1 K Hz,
with the Nyquist criteria, a digitizing rate of 2 K Hz was sufficient. The low pass frequency
for theanalog signalsisset as1 K Hz in all runs of the experiments.

The surface wind pressure was measured by using the HyScan-2000 scanning system of
the Scanivalve corporation. The system includes a pressure calibration module SPC-3000, and
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a control pressure module CPM-3000. Pressure was measured by using the ZOC-23B pres-
sure transducer that has 32 channels. The CSM-2000 unit receives many address information
from the IFM2000 module and distributes it to the cable-serviced ZOC-23B modules, then
routes the addressed analog signals back to the IFM 2000 module. The IFM2000 module is the
interface unit for ZOC-23B. The DAQ2000 is the self-contained high speed data acquisition
and processing system. The HyScan-2000 system incorporating with the DAQ2000 can sam-
ple 16~32 channels of the pressure transducer analog data. In the present study, we sampled
24 channels almost simultaneously at the sampling rate of 2000 Hz and took the sampling
time 32.468 seconds for each run.

3 APPROACHING FLOW

3.1 Mean velocity profile

The urban terrain type of neutral turbulent boundary layer was generated as the approach-
ing flow. Mean velocity profile of the smulated turbulent boundary layer flow is approxi-
mated by the power law.

u(z) Z ..

Uref - (Zref ) (1)
where U(Z) is the mean velocity at height of Z , U, is the free stream velocity, and Z¢ is the
boundary layer thickness.

In the present study, an urban terrain type of neutral atmospheric boundary layer was simu-
lated with a model scale of 1/500. The free stream velocity is 12 m/s; andthe boundary layer
thickness, Z, is about 100 cm. The measured mean velocity profile is shown in Fig.2. Results
of simulation indicate that the power exponent n is 0.279. This value liesin the range of 0.23
to 0.40 as proposed by Counihan [5] for the urban terrain type of neural atmospheric bound-
ary layer flow.
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Figure2 Mean velocity profile of approaching flow

3.2 Turbulenceintensity profile

The simulated turbulence intensity profile is shown in Fig.3. It is seen that the simulated
longitudinal turbulence intensity close to the wall is about 21%. Counihan [5] had found that
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the longitudinal turbulence intensity close to the ground in the urban terrain areas fell in the
range of 20% to 35 %.

Turbulence Intensity
o U=12.65m/s, X=9.3m

Figure 3 Turbulence intensity profile of approaching flow

4 MEASUREMENT RESULTSOF SURFACE WIND PRESSURE

M easurement data were analyzed to obtain the mean surface wind pressure coefficient, C_p ,
and root mean square of pressure fluctuation coefficient, C,,,,.. The analysis for power spec-
trum and probability density function of wind pressure fluctuation were also reported.

4.1 Effect of building gap on thewind pressure of inner faces of two buildings

It is interesting to investigate the building gap affecting the surface wind pressures of the
two inner faces of buildings. Measurement results of Shiau and Lai [4] revealed that the
maximum negative wind pressure occurred about at the height of Z/H=0.888 for the inner
faces of two buildings. So we chose this location for analysis.

Fig.4 shows the variations of the mean wind pressure on inner faces of two buildings at
height Z/H=0.888 for different building gaps, D/W, with wind attack angle 0°. Results indi-
cate that the mean wind pressure coefficients are all negative. The mean wind pressure coeffi-
cient decreases as increasing the downstream distance X/W, in general. When the building
gap decreases, the absolute value of mean wind pressure coefficient becomes larger. The
variations of the root mean square of wind pressure fluctuation on inner faces of two buildings
at height Z/H=0.888 for different building gaps, D/W, with wind attack angle 0° are shown in
Fig.5. Roughly speaking, for 0< X/W< 0.45, the C . value is larger for the case of gap

D/W=05 than that of D/W=1.0 and 3.0. But for 0.45< X/W< 1.0, C,, valueissmaller for the
case of gap D/W=0.5 than that of D/W=1.0 and 3.0.

4.2 Effect of wind attack angle on thewind pressure of inner and outer faces of two
buildings
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Figure 4 Variation of the mean wind pressure on inner faces of two buildings at height Z/H=0.888 for different
building gaps, D/W, with wind attack angle 0°
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Figure 5 Variation of root mean square of wind pressure fluctuation on inner faces of two buildings at height
Z/H=0.888 for different building gaps, D/W, with wind attack angle 0°

For the inner faces of buildings at height Z/H=0.888, and building gap D/W=0.5, the mean
and root mean square of surface wind pressure variations for different wind attack angles are
shown in Fig. 6 and Fig.7. Results reveal that the mean surface wind pressure increases as the
wind attack angle increases. The root mean sguare of pressure fluctuation becomes smaller at
a longer downstream distance. At the nearer down distance, the root mean sguare of
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pressure fluctuation becomes larger, especially for the wind attack angles within 15° and 30°.
The variation of root mean square of pressure fluctuation exhibits the trend of decrease when
the wind attack angle isincreasing.
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Figure 6 Mean wind pressure variations for different wind attack angles at inner face of building height of
Z/H=0.888, and building gap D/W=0.5
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Figure 7 Root mean square of wind pressure variations for different wind attack angles at inner face of building
height of Z/H=0.888, and building gap D/W=0.5
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For front faces of buildings at height Z/H=0.888, and building gap D/W=0.5, the mean and
root mean square of surface wind pressure variations for different wind attack angles are
shown in Fig. 8 and Fig.9. Results reveal that the mean surface wind pressure increases as the
wind attack angle increases. The root mean square of pressure fluctuation becomes smaller at
a longer downstream distance. At the nearer downstream distance, the root mean square of
pressure fluctuation becomes larger, especialy for the wind attack angles within 15° and 30°.
The variation of root mean sgquare of pressure fluctuation exhibits the trend of decrease when
the wind attack angleisincreasing.

R

y/W  Wind Attack yMW  Wind Attack

Angle Angle
. 0.5D 0’ o -0.5D o’
] 0.5D 15° m] -0.5D 15°
a 0.5D 30° a -0.5D 30°
- 0.5D 45° o -0.5D 45°
* 0.5D 60° * -0.5D 60°
* 0.5D 90° = -0.5D 90°
0.6
_ ac e
- " e —
0.4 —| TE—T— e SN
— / ~ \ ~
= B ~. . o
0.4 — ' ~a \
. ~
// T~ \\
- = ] N
e e N )
e —~ N
0.2 — ‘0\\ \A
0 — e S ~
e I ™~
C, < ~_
N o
0— \\
7] -0.4 — ~
0.2 — -t
- ‘/,»-3/
.
E _
/4/
3\\ //e,/'
—~——
o4 A L B | o8 L L L
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
y-0.5D LY+0.5D
W W

Figure 8 Mean wind pressure variations for different wind attack angles at front face of building height of
Z/H=0.888, and building gap D/W=0.5
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Figure 9 Root mean sguare of wind pressure variations for different wind attack angles at front face of building
height of Z/H=0.888, and building gap D/W=0.5

4.3 Power spectrum of thewind pressure fluctuation

The power spectrum of wind pressure fluctuation for various building gaps at z/H=0.888,
y/W=0.38 of Building | and wind attack angle 0° shown in Fig.10. The spectra distributions
all exhibit with the curve slope of -5/3 at the inertia subrange, which is similar to the Kolo-
mogrov turbulent velocity spectrum law [6]. Kumar and Stathopoulos [7] investigated the
power spectra of wind pressure on low building roofs. They obtained a similar result of decay
law of power spectra.

As wind attack angle increases to 30°, the power spectrum of wind pressure fluctuation for
various building gaps at z/H=0.888, y/W=0.38 of Building | are presented on Fig.11. When
we compare Fig.10 and Fig.11, The peak value of the power density of fluctuating pressure is
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reduced as the wind attack angle increases. And the decay slope of power spectra curve at the
inertia subrange becomes slowly as the wind attack angle change from 0° to 30°.
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Figure 10 Power spectrum of wind pressure fluctuation for various building gaps at z/H=0.888, y/W=0.38 of

Building | and wind attack angle 0°

4.4  Probability density function of fluctuating wind pressure

For assessing the design of cladding and glass panels of buildings and structures, it is re-
quired to have full knowledge of the probability distribution of fluctuating pressure. The na-
ture of fluctuating wind pressure is revealed by its probability density function (PDF). And
the PDF is characterized by parameters, such as reduced parameter g , skewness coefficient,
S« and kurtosis coefficient, K, , which are defined, respectively, as.

g=(p - p)/o,

s, =D (p - pP/nl/o?
1

Ko =D (p = P)*/nl/ oy
1

(2)
©)

(4)



Bao-Shi Shiau, and Ho-Chieh Chang

where p, is the instantaneous wind pressure, pis the mean wind pressure, n is the data nu-
muber, and o, isthe standard deviation of wind pressure distribution.

o, =[> (P —P)*/n]"? (5)
1
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Figure 11 Power spectrum of wind pressure fluctuation for various building gaps at z/H=0.888, y/W=0.38 of
Building I and wind attack angle 30°

Figure 12 is the probability density functions of fluctuating pressure variations for different
heights of Building I, at y/W=0.35, with wind attack angles 0°, and building gap D/W=3.0.
Results show that the peak values of the probability density functions of the surface wind
pressure fluctuation for different heights in front face of buildings are all close to 0.4. At the
lowest height location, the skewness coefficient, S of the probability density function for
pressure fluctuation becomes the largest. The value of S in al heights are positive. They cor-
respond to skewness to the right.

Figure 13 shows the probability density function of fluctuating pressure variations along
downwind direction for inner face of buildings at height of Z/H=0.888, wind attack angles 0°,
and building gap D/W=0.5. The shapes of measured PDF curves shown in Fig.13 all exhibit
skew. The peak value of the PDF for Gaussian distribution is 0.4. And the skewness coeffi-
cient and kurtosis coefficient for Gaussian distribution are equal to O and 3, respectively. All
the skewness coefficients shown in the Fig.13 are all not equal 0 and with S < 0. They corre-

10
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spond to the PDF is skew to the left. Asincreasing building gap to D/W=3.0, PDF for inner
face of buildings at height of Z/H=0.888, wind attack angles 0°, is shown in Fig.14. The
skewness coefficients for the PDF shown in figure are also al negative values. Li et al. [8]
measured PDF in the separated and reattaching flow of building also obtained similar results.
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Figure 12 Probability density function of fluctuating pressure variations for different heights of Building I, at
y/W=0.35, with wind attack angles 0°, and building gap D/W=3.0.
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Figure 13 Probability density function of fluctuating pressure variations along downwind direction for inner face

of buildings at height of Z/H=0.888, wind attack angles 0°, and building gap D/W=0.5. ( 0,0:Building |; A,
+:Building I1)
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The probability density functions for different wind attack angles with Building Il of outer
face at the height Z/H=0.888, X/W=0.92, and D/W=3.0 are shown in Fig.15. As the wind at-
tack angle changes to 90°, the outer face of Building Il becomes front face. So the shape of
PDF of fluctuating pressure close to Gaussian distribution, accordingly.
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Figure 14 Probability density function of fluctuating pressure variations along downwind direction for inner face

of buildings at height of Z/H=0.888, wind attack angles 0° and building gap D/W=3.0. ( 0,0:Building |; A,
+:Building 1)
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Figure 15 The probability density functions for different wind attack angles with Building Il of outer face at the
height Z/H=0.888, X/W=0.92, and D/W=3.0

12



Bao-Shi Shiau, and Ho-Chieh Chang

5 CONCLUSIONS

Measurements of the surface wind pressure characteristics and pressure spectrum of two
square buildings in side by side arrangement with various gaps and under different wind at-

tack

angles are performed in wind tunnel. Results of the analysis of the measurement data are

summarized as follows;

For the inner faces of buildings at height Z/H=0.888, and wind attack angle 0°, the mean
wind pressure coefficients are all negative value. And the mean wind pressure coefficient
decreases as increasing the downstream distance X/W, in general. When the building gap
decreases, the absolute value of mean wind pressure coefficient becomes larger.

For the inner faces and front faces of buildings at height Z/H=0.888, and building gap
D/W=0.5, the mean surface wind pressure increases as the wind attack angle increases.
The root mean square of pressure fluctuation becomes smaller at a longer downstream
distance. At the nearer downstream distance, the root mean square of pressure fluctuation
becomes larger, especially for the wind attack angles within 15° and 30°. The variation of
root mean square of pressure fluctuation exhibits the trend of decrease when the wind at-
tack angleisincreasing.

The power spectra of surface wind pressure fluctuation for various building gaps at
z/H=0.888, y/W=0.38 of building | and wind attack angle 0° are shown to have the slope
of -5/3 at the inertia subrange of the spectra distribution. It is similar to the Kolomogrov
turbulent velocity spectrum law. Also the peak value of the power density of fluctuating
pressure is reduced as the wind attack angle increases. And the decay slope of power
spectra curve at the inertia subrange becomes slowly as the wind attack angle change
from 0° to 30°.

The peak values of the probability density functions of the surface wind pressure fluctua-
tion for different heights in front face of buildings are al close to 0.4. At the lowest
height location, the skewness coefficient of the probability density function for pressure
fluctuation becomes the largest.
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