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Wind tunnel test for wind pressure characteristics on a saddle roof
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Abstract: The wind pressure characteristics on a saddle roof at
wind direction along the connection of the low points are
systematically studied by the wind tunnel test. First, the
distributions of the mean and the fluctuating pressures on the
saddle roof are provided. Through the wind pressure spectra,
the process of generation, growth and break down of the vortex
on the leading edge is presented from a microscopic aspect and
then the distribution mechanism of the mean and fluctuating
pressures along the vulnerable leading edge is explained. By
analysis of the wind pressure spectra near the high points, it can
be inferred that the body induced turbulence reflects itself as a
high-frequency pressure fluctuation. Secondly, the third- and
fourth-order statistical moments of the wind pressure are
employed to identify the non-Gaussian nature of the pressure
time history and to construct an easy tool to localize regions with
a non-Gaussian feature. The cause of the non-Gaussian feature
is discussed by virtue of the wind pressure spectra. It is
concluded that the non-Gaussian feature of the wind pressure
originates from the effects of flow separation and body-induced
turbulence, and the former effect plays an obvious role.
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long-span roof, which possesses a large span height

ratio, is usually located at the bottom of the atmos-
pheric boundary layer. As a result of the particular structural
shape and high turbulence intensity of the atmospheric
boundary layer, wind pressures on the roof surface exhibit
complex fluctuating characteristics. The wall pressure fluc-
tuations at one location are the result of the integral effects
of the large-scale low-frequency structure in the far-field re-
gion and the small-scale high-frequency structure in the
near-field region'"!. Therefore, it is necessary to consider
the incident wind turbulence as well as the body induced tur-
bulence ( BIT) in order to understand the mechanism of
pressure fluctuating characteristics. Pressure spectra, due to
their high resolution in the frequency domain, are often uti-
lized to identify potential sources of turbulence. Kasperski
et al. ™! presented four spectral shapes for upwind, separa-
tion, reattachment and downwind, respectively, but no spe-
cific formula. Chen'" analyzed power spectra of pressure
fluctuation for different sites on a gable roof and located re-
gions with the same spectral pattern. Suresh Kumar et al. "’
suggested that the exponential function can be employed to
represent normalized spectra for various zones of low build-
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ing roofs. In addition to the complicated characteristics of
pressure fluctuation, Stathopoulos et al. "' pointed out that
the probability density function (PDF) of wind pressure for
corner zones and separated flow regions shows a departure
from the standard normal distribution. Through statistical
moments of the third and the fourth order, zones of the
Gaussian and non-Gaussian pressure fluctuations were pres-
ented for low-rise buildings'® and large-span flat roofs'” .
Gioffre et al. '™ utilized histograms of experimental data to
localize regions with a non-Gaussian feature on prismatic tall
buildings. Ko et al. ™ pointed out that non-Gaussian local
wind pressures have a much higher probability for the larger
negative pressure than those indicated by the Gaussian as-
sumption. Hou'""" showed that zones of the Gaussian and
non-Gaussian pressure fluctuations for large-span roofs ob-
tained from higher-order statistical moments of pressure
fluctuations are nearly consistent with that from the curve
fitting method based on the k-s test.

So far researches on the non-Gaussian feature are concen-
trated on description, localization and numerical simulation.
The in-depth explanation on the mechanism of non-Gaussian
features is not available. To address the above issue, wind
pressure characteristics on a saddle roof are investigated
through the wind tunnel test. First, the pressure distributions
are presented under specific wind directions. Based on the
vortex movement, the mechanism of wind pressure variations
along the vulnerable leading edge is clarified. Next, the
zones of the Gaussian and non-Gaussian pressure fluctuations
are determined, and the mechanisms of non-Gaussian features
are interpreted.

1 Wind Tunnel Experiment of Saddle Roof
1.1 Facilities and instrumentation

The pressure measurement experiments are carried out in
the HD-2 atmospheric boundary layer wind tunnel at the
Wind Engineering Research Center of Hunan University,
Changsha, China. The tests are conducted in the high-speed
working section which is 17 m long, 3 m wide and 2. 5 m
high. The reference wind velocities are measured by the hot-
wire anemometer. Pressure data are obtained using a PSI
electronic pressure scanning system, as well as the INV306
and DASP data acquisition and analysis system.

1.2 Model design

The model of a saddle roof (see Fig. 1) is manufactured
using Plexiglas in order to obtain a “rigid” body. It has a
100 mm height rise and a square platform with a diagonal
equal to 600 mm. The rise-span ratio is 1/6. The heights of
the low and high points are 0 and 200 mm, respectively.

Based on the blockage requirement and the size of the
working section, a length ratio of 1:200 is chosen. Beyond
geometric similarity, the Strouhal number St for the scaled
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Fig.1 Model of saddle roof

model is kept in accordance with that for the actual structure
in this unsteady wind tunnel test. That is

D D

m p

where f is the frequency, D is the geometrical dimension,
and U is the wind velocity. The subscripts m and p denote
the model and the prototype, respectively. The ratio of wind
speed and duration is set to 1:2 and 1: 100, respectively. The
scaling laws used in this test are reported in Tab. 1.

Tab.1 Scaling laws for the wind tunnel test

Parameters Model Full-scale
Dimension/mm 600 120 000
Velocity/(m-s ") 10 20
Time/s 20.3 2030

In this wind tunnel test, the model is placed on the center
of a wooden turntable, which is rotated to simulate different
wind directions. Fig. 2 shows the locations of the taps and
the angles of incidence.

T
200

100 | 100

600

(b)

Fig.2 Tap locations and definition of flow direction.
(a) Top view; (b) Side view(unit: mm)

1.3 Simulation of atmospheric boundary layer

The terrain condition of category B (Power law exponent
for mean velocity profile & =0.16) is created by placing
roughness elements in the entrance portion of the test sec-
tion. Fig.3 shows the experimental profiles of mean speed
and turbulence intensity, and the longitudinal spectra of in-
cident wind.
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Fig.3 Wind tunnel simulation for terrain B. (a) Mean
velocity and turbulent intensity profile; (b) Longitudinal spec-
tra of incident flow

The cutoff frequency is 1. 5 Hz. The Kaimal spectrum in-
dicates that the energy is very small at this frequency. Based
on Eq. (1), we can obtain f :fp(%)(%) As previous-

p m

ly mentioned, the length and velocity scales are 1:200 and
1:2, respectively. Thus f, =150 Hz. Based on the Nyquist
theorem, the sampling rate must be at least 2f, , or else
some high-frequency components in the input signal will not
be correctly represented in the digitized output''"'. There-
fore, the experimental sampling frequency should not be
less than 300 Hz. In this test, pressure data are measured at
a sampling rate of 325 Hz, meeting the above requirement.
The sampling time is 20. 3 s, resulting in a sample block of
6 600 values for each tap.

1.4 Data processing

The measured pressure data are converted to pressure co-
efficients by dividing them by the reference dynamic pres-
sure at a height of 40 cm.
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where P,(f) is the total pressure; P_ is the static pressure at
40 cm; p is the mass density of air; and V| is the mean wind
velocity at 40 cm. The mean wind pressure coefficient
C, i men and the fluctuating (root mean square) wind pres-
sure coefficient C, can be estimated by

p, i, rms

1 N
Cp, i, mean = W ; Cp, i (3)

o —C )2
= 2 Zpi — pimean) 4
Cm.rms \/]_1 N -1 ( )

where the number of data points N =6 600.

The sign of pressure is specified as follows: Downward or
inward pressure is positive, and upward or outward pressure
(suction) is negative.

2 Results and Discussion

The pressure measurements are made for wind direction
(see Fig.2) varied from 0° to 345° in 15° steps, with a fo-
cus on the characteristics of wind pressure distribution in the
case of 0°.

2.1 Mean and fluctuating pressure distribution

Fig. 4 shows contour maps of mean and root mean square
(rms) pressure coefficients, respectively. The hatched
zones in Fig. 4(a) indicate that the mean pressure coefficient
is smaller than - 0.8; or, in other words, that the mean
suction is larger than 0. 8. The gray zones in Fig. 4(b) de-
note that the rms pressure coefficient is larger than 0. 2.

As shown in Fig.4(a), the signs of roof surface pressure
are observed to be negative for all the locations other than
individual taps located near the windward corner. Local se-
vere suctions are formed in the vicinity of high points, but
the largest suction is not located at the high points. Besides,
intense suctions also occur at the central concavity where the
approaching flow separates.

Larger rms pressures are found at the middle of the lead-
ing edge, as illustrated in Fig.4(b). The greatest suction
fluctuation is located near the high points, while rms values
in other regions remain roughly equivalent.

2.2 Characteristics of wind pressure spectra along the
leading edge

In virtue of the vulnerability of the leading edge that sus-
tains intense mean and fluctuating suction, the spectra of
pressure fluctuation and vortex movement over this region
are discussed in detail. The spectra of pressure fluctuation
for tap 1 to tap 14 along the leading edge (see Fig.2) are
shown in Fig. 5. The spectra are normalized (fS(f)/c")
which is shown as a function of the reduced frequency, F =
fH/V, where f is the frequency, H is a typical building di-
mension ( The mean height of the structure is chosen for this
study), V is the mean velocity at mean roof height, and o
is the standard deviation of fluctuating pressure. The re-
duced frequencies less than 0. 1 are defined as low frequen-

Low

(b)

Fig.4 Contour maps of mean and fluctuating pressure
coefficients. (a) Mean pressure; (b) Fluctuating pressure

cies, those falling between 0.1 and 1 are middle frequen-
cies, and those greater than 1 are called high frequencies.
The mean and rms pressures of taps along the leading edge
are shown in Tab. 2.

Tab.2 Mean and fluctuating pressure of taps along leading edge

Tap Co. mean Co. rms Tap Co. mean Cp, rms
1 0.3145 0.1085 8 —0.4846  0.2462
2 0.2315  0.0979 9 -0.6219 0.3895
3 0.0909  0.0879 10 -0.8684 0.4918
4 0.0361 0.0824 11 -1.0001 0.4731
5 -0.1430 0.0798 12 ~1.0057 0.3689
6 -0.2327 0.1064 13 -0.9354  0.2831
7 -0.3605 0.1637 14 -0.7207 0.2418

Fig. 5(a) displays pressure fluctuation spectra for taps 1
to 4 which are exposed to pressure. The spectra show a clear
hump in the low-frequency range. The pressure fluctuations
at these points can be postulated to be induced mainly by the
turbulent content of the incident wind. The spectral energy
of the humps and the rms pressure coefficients decrease with
the increase in distance from the apex. This is called an up-
wind stage.

Fig. 5(b) gives wind pressure spectra for taps 5 to 7,
from which suction begins to show. Energy in the low-fre-
quency range decreases, whereas the energy in the middle-
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Fig.5 Wind pressure spectra of taps along the leading edge (a) Tap 1to tap 4; (b) Tap 5 to tap 7; (c) Tap 8; (d) Tap9;

(e) Tap 10; (f) Tap 11 to tap 13; (g) Tap 14

and high-frequency ranges increase as tap locations move
downstream due to the additional influence of separation of
the shear layer. The mean suction and rms values for the
taps also increase. From the microcosmic aspect of fluid,
shearing processes always exist between fluid layers due to
the viscosity of the fluid. The most essential property of

shearing is fluid particle spinning. The instantaneous rota-
tional axes of fluid particles form the vortex line, and then
form the vortex tube that is capable of creating induced ve-
locity for any point. Then, the roll-up of the shear layer
emerges. After flow separation, small-scale turbulence is
primarily responsible for the roll-up of the separated shear
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layer, while large-scale turbulence allows the vortices to at-
tain maturity before being shed downstream'"”’. As shown in
Fig. 5(b), the high-frequency content in the wind pressure
spectra implies the existence of small-scale turbulence. The
vortices, produced by the roll-up of the shear layer, become
strong and mature before downward convection, leading to
the development of high suctions beneath the vortices. Con-
sequently, the mean suction of the taps tends to increase.
This is the separation stage ( vortex formation).

The level of high-frequency energy for tap 8 is larger than
that of the previous stage, as shown in Fig. 5(c). Further
downstream, the vortex becomes mature and stable, which
is manifested as well-distributed energy in the wind pressure
spectrum for tap 9 (see Fig. 5(d)). The variation gradient
of the rms value from tap § to tap 9 reaches the maximum
value. Thus, the mean suction continues to increase, indi-
cating a decrease in the streamwise velocity''. This is a
premonition of vortex breakdown. Thus, the current stage is
characterized by the oscillation of breakdown location.

As the axial velocity decreases, it must then cause an out-
ward radial flow due to continuity. Once the vorticity be-
comes negative, it is enhanced due to the outward radial
flow and, hence, leads to the vortex breakdown. The possi-
ble helical mode instability of the breakdown flow may in-
duce large pressure fluctuations on the roof surface. As
shown in Fig.5(e), the rms pressure coefficient of tap 10,
whose spectrum exhibits a wide range of fluctuating energy,
is now the highest of all the taps.

The spectra of taps 11, 12, and 13 feature two humps, one
at the end of the middle-frequency range and the other at the
end of the high-frequency range (see Fig.5(f)). The energy
of the middle frequency range is higher compared to the up-
per stage. In addition, the turbulence scale is large enough to
allow the vortices to reach maturity and stability before being
shed downstream. These factors result in the peak suctions of
taps 11 and 12. As the high-frequency energy grows due to
the development of vortex breakdown, small-scale turbulence
increases. The small-scale turbulence, together with vortex
breakdown, leads to the decrease in mean suction from tap
12. Lots of small-scale and micro-scale vortices that possess
large shear deformation and viscous stress are produced by
vortex breakdown. Therefore, turbulence energy dissipation
accelerates and is followed by a decrease in the rms value
from tap 11. This is the stage of energy redistribution at dif-
ferent frequencies after vortex breakdown.

The wind pressure spectrum of tap 14 displays a single
large hump in the high-frequency range (see Fig.5(g)).
The pressure fluctuations at the high points of the saddle
roof originate from the building induced small-scale turbu-
lence which can be interpreted as the BIT. The integral
scale of the BIT is much smaller than that of the approach-
ing natural wind. Consequently, high-frequency pressure
fluctuations are induced for tap 14.

In order to compare different effects of the BIT and the
incident turbulence on pressure fluctuations, Fig. 6 gives
several wind pressure spectra of typical taps (see Fig.2).

Figs. 6(a) and (b) show that due to the effect of the
BIT, a spectral hump occurs in the high-frequency range for
taps near the high point of the saddle roof. The high-
frequency energy decreases with the increase in distance

]
10!

(a)
0 1 1 1 ]
1072 10! 10° 10
F
(b)
0.5r
0.4
\b 0.3F
S
L20.2+
0.1
O 1 1 1 ]
1072 10! 10° 10!
F
(¢)
0.6
0.5
- 0.4
b5
N
S 0.3
%
So0.2f
0.1F
0 1 I et ]
102 10! 10° 10!
F
(d)
Fig.6 Wind pressure spectra of typical taps. (a) Tap 26

(Cpoms =0.218 5); (b) Tap 36 (C, g =0.124 8); (¢) Tap 57
(Cp,rms =0.109 6); (d) Tap 14 (C, =0.241 8) and tap 57 (C,
=0.109 6)
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from the high point, which implies a decreasing influence of
the BIT. In contrast, low-frequency energy related to inci-
dent turbulence increases. The spectrum for tap 57 at a rela-
tively flat concavity presents only one hump in the low-fre-



Wind tunnel test for wind pressure characteristics on a saddle roof 441

quency range (see Fig. 6(c)), since the pressure fluctuation
is the consequence of turbulent content in the incident flow.
As a contrast, Fig.6(d) simultaneously displays the spectra
of taps at the central concavity and the high point of the sad-
dle roof. Spectral humps are observed in the low- and high-
frequency range, respectively, which reflect distinct influ-
ences of the incident flow and the BIT on different frequen-
cy bands of pressure fluctuations. Associated with a drop in
high-frequency content, the rms value of the above four taps
decreases with the increase in distance from the acute high
point. Thus, it can be concluded that the BIT is of vital im-
portance to wind pressure fluctuations on the roof surface.

2.3 Non-Gaussian feature of wind pressure

The histograms of the experimental data are used to iden-
tify the non-Gaussian feature of wind pressure. Fig.7 shows
the PDF of the selected non-Gaussian samples where the ab-
scissa represents the normalized pressure coefficient. The
probability ordinates are drawn in logarithmic scale to clear-
ly show the tail end of the PDF. Furthermore, the normal-
ized Gaussian PDF with zero mean and variance equal to 1
has also been plotted to show the deviation of the measured
PDF. It is evident from Fig. 7 that the pressure time series
are asymmetric about the mean, exhibiting erratic sharp
spikes that are mainly responsible for their non-Gaussian na-
ture.

Although the PDF gives a satisfactory representation of
the non-Gaussian nature, it is more useful to have compre-
hensive indicators for practical design. In this case the
skewness and kurtosis, which is 0 and 3 respectively for the
Gaussian region, can constitute appropriate tools to identify
the non-Gaussian nature of wind pressure, and then classify
zones of Gaussian and non-Gaussian pressure fluctuations.
Therefore, the skewness and kurtosis, which are higher-or-
der statistical moments, are calculated for all taps. Meas-
ured pressure data rarely have absolute values of skewness
and kurtosis greater than 0.5 and 3.5, respectively. There-
fore, taps with this feature are classified into the non-
Gaussian region. Fig. 8 shows the distribution of Gaussian
and non-Gaussian regions, among which the shaded part re-
presents the non-Gaussian region. z is assumed to be 10%
of the least horizontal dimension or 40% of lower eave
height, whichever is less. Of course, z is larger than 4% of
the least horizontal dimension or 1 m. It is clear that regions
near the leading edges and high points are subject to non-
Gaussian fluctuations.

Fig. 9 presents wind pressure spectra of typical taps in
Gaussian (tap 34) and non-Gaussian (tap 25, tap 7) re-
gions. The locations of the taps are displayed in Fig.2. S
and k in the parentheses denote the skewness and kurtosis of
the sampled taps. Note that the spectrum of the Gaussian re-
gion displays a hump in the low-frequency range, while
those of the non-Gaussian region show a hump in the high-
frequency range. Individually, tap 7 is located in the sepa-
rated flow region where small-scale turbulence dominates;
tap 25 is influenced by the BIT near the high point. Hence,
the pressure fluctuations in the Gaussian region are attributed
to the fluctuating contents in incident wind, that is, pres-
sures respond to the atmospheric turbulence directly, where-
as the non-Gaussian feature of pressure fluctuations origi-
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Fig.7 Measured non-Gaussian pressure coefficient sig-
nals and their PDFs. (a) Pressure time history of tap 8; (b)
PDF of tap 8; (c) Pressure time history of tap 26; (d) PDF of
tap 26

nates from the effects of flow separation and the BIT.

Tab. 3 shows high-order statistical moments of sampled
taps (see Fig.2) in the flow separation region and the BIT
influence region. The values of skewness and kurtosis pro-
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vide a useful tool to measure the non-Gaussianity of the
wind pressure. It appears that the non-Gaussianity of the
separation region is more evident than that of the BIT influ-
ence area.

Low

Fig.8 Gaussian and non-Gaussian zones
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Fig.9 Sample wind pressure spectra of Gaussian and

non-Gaussian regions

Tab.3 High-order statistical moments of selected samples
in the non-Gaussian region

Sample Skewness Kurtosis Region
6 -3.208 20. 010 Separation region
7 -2.875 19.410 Separation region
8 -2.628 13.790 Separation region
14 -0.788 4.562 BIT influence area
25 -1.216 6. 136 BIT influence area
26 -1.021 4.672 BIT influence area

3 Conclusions

Wind tunnel experiment has been conducted to examine
the characteristics of mean and fluctuating pressure on a sad-
dle roof at a wind direction of 0°. By analyzing the experi-
mental data, the mechanism of wind pressure distribution
along vulnerable leading edges is discussed. The non-
Gaussian feature of the wind pressure is studied. The main
conclusions of this work can be summarized as follows:

1) After flow separation, the incident small-scale turbu-
lence is responsible for the increased roll-up of the separated
shear layers, while large-scale turbulence allows vortices to
reach maturity before being convected downstream. As a re-
sult, peak suctions occur in the vicinity of the high points.
Nevertheless, the high points are not the location of peak suc-
tions, due to previous vortex breakdown. Large suction fluc-
tuations occur at the high points and in the surrounding re-
gions due to the additional effect of the BIT, which is shown as

a hump in the high-frequency range of wind pressure spectra.

2) The high suctions at the central concavity are associat-
ed with flow separation at the central region after the flow
streams down along the windward curved roof. However,
the suction fluctuations at the central concavity, influenced
by the incident turbulence that displays itself as low frequen-
cy humps in the wind pressure spectra, are not intense due
to the flat curvature and less prominent effect of the BIT.

3) The Gaussian and non-Gaussian zones of pressure fluc-
tuations are all found on the roof surface, among which the
non-Gaussian zones are located near the leading edges and
high points. When the pressure on the roof responds to the
atmospheric turbulence directly, it is subject to the Gaussian
fluctuation. The non-Gaussian feature of wind pressure orig-
inates from the effects of flow separation and the BIT, and
the former effect plays an obvious role.
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