Wind and Structures, Vol. 29, No. 4 (2019) 235-246
DOI: https://doi.org/10.12989/was.2019.29.4.235

Characteristics of wind loading on internal surface and its effect on wind-
induced responses of a super-large natural-draught cooling tower

Yun-feng Zou'?3, Zheng-yi Fu'?*, Xu-hui He*'?, Hai-quan Jing**'?,
Ling-yao Li'?¢, Hua-wei Niu*® and Zheng-qing Chen?3®

School of Civil Engineering, Central South University, Changsha, 410075, China
2National Engineering Laboratory for High Speed Railway Construction, Changsha, 410075, China
3Wind Engineering Research Center, Hunan University, Changsha, 410082, China

(Received August 11, 2018, Revised April 11, 2019, Accepted April 26, 2019)

Abstract. Wind loading is one of important loadings that should be considered in the design of large hyperbolic natural-draught cooling
towers. Both external and internal surfaces of cooling tower are under the action of wind loading for cooling circulating water. In the
previous studies, the wind loads on the external surface attracted concemedly attention, while the study on the internal surface was relatively
ware. In the present study, the wind pressure on the intemal surface of a 220 m high cooling tower is measured through wind tunnel testing,
and the effect of ventilation rate of the packing layer on internal pressure is a major concern. The characteristics of internal wind pressure
distribution and its effect on wind-induced responses calculated by finite element method are investigated. The results indicate that the wind
loading on internal surface of the cooling tower behaves remarkable three-dimensional effect, and the pressure coefficient varies along both
of height and circumferential directions. The non-uniformity is particularly strong during the construction stage. Analysis results of the effect
of internal pressure on wind-induced responses show that the size and distribution characteristics of internal pressure will have some
influence on wind-induced response, however, the outer pressure plays a dominant role in the wind-induced response of cooling tower, and
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the contribution of internal pressure to the response is small.
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1. Introduction

Natural-draught cooling towers are high-rise structures
with a large body, light weight, hyperboloidal shell shape,
and low ratio of thickness to radial dimension. They are
sensitive to wind and show large response even damages
under the wind loading (Niemann et al. 1986, Hashish et al.
1974, Bamu et al. 2005, Zhao et al. 2010, Ke et al. 2012,
Karakas et al. 2016, Zou et al. 2018). On November 7,
1965, three out of a group of eight reinforced-concrete
cooling towers were blown down in strong wind (wind
speed ranging from 33.99 to 37.57 m/s) at Ferrybridge
Power Station in Yorkshire county of the UK (CEGB,
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1965). Since then, the wind loading and wind-induced
response of the cooling towers have attracted considerable
attention (Zhang et al. 2013, Zhao et al. 2017, Cheng et al.
2017, Ke et al. 2017b). The shell of cooling tower is usually
supported by a number of circular columns at the bottom
and keeps open at the top to allow wind pass through to
cooling the circulating water. Thus, both the external and
internal surfaces of the cooling tower are always under the
action of wind loading.

In the 1970s and 1980s, the wind pressure coefficient on
internal surface of cooling tower was usually simplified as a
constant. For example, Diver (1977) considered that the
value of internal pressure coefficient was in range between
—0.40~-0.50, and Sollenberger et al. (1980) suggested that
it should be —0.40. Scanlan ef al. (1982) obtained an
internal pressure coefficient of —0.40 from full-scale
measurement. Kawarabata et al. (1983) believed that
internal pressure coefficient in actual design was —0.45.
Kasperski et al. (1988) found that internal pressure was
distributed along the circumferential and height directions,
and the internal pressure coefficient was approximately
constant —0.50, which was adopted in the design code for
cooling tower in German. However, the full-scale
measurement of the Maoming cooling tower in Maoming
Power Station, Guangdong, China, conducted by Sun ef al.
(1983) showed that internal pressure at the bottom of shell
body was non-uniform along the circumferential direction
under strong winds. The wind tunnel tests by Li et al.
(2008) indicated that the uniformity of internal pressure was
closely related to the ventilation rate of the packing layer,
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which was installed at the top of the supporting columns.
Shen et al. (2011a) examined internal pressure distribution
using CFD, and they reported that the internal pressure
significantly changed along the height and circumferential
directions. Bao et al. (2009) found a rapid decrease in the
internal wind pressure at the bottom wake. Through a wind
tunnel test, Shen et al. (2011b) found the mean wind
pressure acting on the internal surface of the shell depends
on both height above ground level z and circumferential
angle 6. Ke et al (2015) investigated the effects of the
radiator shutter ventilation rates on the aerodynamic
characteristics of internal wind pressure by Computational
Fluid Dynamic (CFD) technology, and found that the drag
force coefficient increases with the ventilation rate and
reaches the maximum in a building status of full ventilation.
Furthermore, Ke et al. (2018a, b) investigated action
mechanism of internal pressures in straight-cone steel
cooling tower under two-way coupling between wind and
rain, and the effects of internal pressure on wind-induced
responses of cooling tower. In summary, although some
researchers considered the internal pressure as a uniform
distribution, full-scale measurements, numerical
simulations, and wind tunnel tests show that the internal
pressure changes along both the height and circumferential
positions. No consensus has been reached regarding the
distribution features of internal pressure and its values. In
addition, most of previous studies were conducted for the
cooling towers with the height of approximately 100 m in
1970s to 1990s, while the modern cooling towers have
become much higher (Ke et al. 2017a, Zhang et al. 2017).

In the present study, the hyperbolic cooling tower with
height of 220 m in a nuclear station in China is tested in a
wind tunnel. The wind pressure coefficients on the internal
surface of the cooling tower are obtained by synchronous
pressure measurement. The influences of the ventilation
rates of the packing layer are considered. The distribution
characteristics of internal wind pressure are obtained.
Furthermore, the effect of the simplified pressure
coefficient constant Cp, simplified #-constant pressure
coefficient Cp(z) and the realistic pressure Cp(6, z) on the
wind-induced responses are compared.

2. Wind tunnel tests configuration
2.1 Test model

The total height of the prototype cooling tower is 220.00
m and the cooling area is 20,000 m?, the throat section
above ground level is 169.40 m, and the inlet opening above
ground level is 13.45 m. The diameters of the top, throat
section, and bottom of the shell are 109.00 m, 103.50 m,
and 169.90 m, respectively. The shell thickness varies along
height z, the minimum shell thickness is 0.23 m at the throat
section, whereas the maximum shell thickness is 1.40 m at
the lower stiffening ring, which is supported by uniformly
distributed 56 pairs of @1.4 m X-shaped circular columns.

The experimental model, as Fig. 1 shows, is
geometrically similar to the prototype object, and the
geometric scale ratio was 1/220 (model height A=1.0 m).

The maximum blockage ratio in the wind tunnel is
calculated as 4.6%. The shell model is supported by 56
pairs of @64 cm X-shaped circular column models,
permitting the reproduction of the real draught. The testing
model is made of high quality organic glass. The strength
and stiffness of the model are sufficient to ensure that no
deformation or vibration occur under the wind action during
the pressure measuring tests. A total of 504 pressure taps, in
14 levels, are arranged on the internal surface of the model.
Each level has 36 measurement points along the
circumferential direction with an angular interval of 10°.
Fig. 2 presents the layout of the measurement points and the
definition of the circumferential angle 6.

The wind pressure on internal surface of cooling tower
is closely related to the ventilation rate of the packing layer,
which is usually installed at the lower shell edge to cooling
water. During construction, the packing layer is not yet
installed at the bottom of the tower, therefore, the
ventilation rate is set as 100% (completely ventilated).
Whereas, during the actual operation, the ventilation rate is
usually 30% in China. Therefore, two typical ventilation
rates, i.e., 100% and 30%, are considered in this study Fig.
3 shows the homogeneous perforated plate to simulate the
packing layer with 30% ventilation rate.

Fig. 2 Pressure taps arrangement and the definition of 6

Fig. 3 homogeneous perforated plate with 30%
ventilation rate
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Fig. 4 Simulation of wind characteristics in BLWT

2.2 BLWT configuration

The wind tunnel test for measuring the internal pressure
on the stiff model was conducted at the HD-2 boundary
layer wind tunnel (BLWT) in Hunan University, Changsha
City, Hunan Province, China. It is a closed-circuit
atmospheric boundary layer wind tunnel with two test
sections, i.e., the high- and low-speed sections. The high-
speed test section is 17.0 m long, 3.0 m wide, and 2.5 m
high. The wind speed ranges from 0 to 60 m/s, and the
corresponding turbulence intensity (77) is less than 0.2%.
The low-speed test section is 15.0 m long, 5.5 m wide and
4.4 m high. The wind speed ranges of 0 to 18 m/s, with 7i
of 0.5%. Tests were carried out in turbulent shear flow in
the high-speed test section. The "artificial thickening of the
boundary layer" was generated with the help of spires at the
entrance and irregularities on the floor in the wind tunnel.
The flow velocity was measured with a cobra probe
anemometer, at the sampling frequency was 2000Hz. The
duration of each sample (30 s) was chosen to obtain an error
of less than 0.5% on the mean value. The wind
characteristics measured at the center of the rotary plate are
shown in Fig. 4. The mean wind speed profile is represented
by the power law, and profile exponent a=0.16, which
corresponds to moderately rough terrain specified in
Chinese loading code (GB50009-2012). The turbulence
intensity at 100 cm and 77 cm above the floor are 12.5%
and 14.0%, which correspond to the top and throat level of
the model tower, respectively. As Fig. 4(b) shows, the
simulated longitudinal turbulence power spectrum at 50 cm
above the floor is consistent with common theoretical
spectra, such as those generated by Von Karman, Kaimal
and Davenport. In addition, the integral length scale is
about 60 cm and corresponded to a full-scale value of 120
m.

2.3 BLWT configuration

A DTC net electronic type pressure scanning system
(Pressure Systems, Inc., USA) was employed to measure
the wind pressure. In this study, eight modules were used
and a total of 512 pressure measuring points monitored
simultaneously. For each measurement, the sampling

duration lasts 30 s and the sampling frequency was 330 Hz.
The pressure taps were linked to the transducers with 600
mm silicon tubes, with an inner diameter of 1.0 mm and an
outer diameter of 3.0 mm. The system obtained had flat
amplitude and linear variation of the phase up to the
sampling frequency, which can guarantee the transmission
of the fluctuations without distortions. The free stream
oncoming velocity at the top of the model Vy = 18 m/s,
corresponding to a Reynolds number of 6.03 x 103, based
on Vy and the mean diameter of the tower mode. The
oncoming flow velocity was monitored using a Pitot tube at
the centerline of the test section, about 3 m upstream the
tested model.

3. Data processing

To enable the mean data obtained from wind tunnel tests
to be applied to prototypes, non-dimensional mean wind
pressure coefficient Cp is defined as

_P®.2)-P,

C
P oVEI2

(1

where P(@,z) is the mean total local pressure on the

tower internal surface in (6, z) coordinates; P is the static
pressure of the undisturbed incoming flow; p is the air
density, which is usually set to 1.225 kg/m?; Vy is the free-
stream mean velocity at the top of the cooling tower.

For structure with circular cross sections, such as a
cooling tower, the mean drag coefficient Cp in the
downwind direction can be obtained by area-weighted
integral of mean pressure distributions. For a test section
with N wind pressure measurement points, the mean drag
coefficient Cp can be calculated by

>C A cos(6)
S

where 4; is the area for the measurement point i, 6; is the
angle between the ith measurement point and the incoming
flow, and Ar is the area of the structure along-wind
direction.

c, @)
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Fig. 5 Internal pressure distributions

4. Test results and analysis of wind loading on
internal surface

4.1 Mean wind force coefficient

Fig. 5 shows the distribution of measured mean wind
pressure on each section along the circumferential direction.
Since the cooling tower is the axially symmetrical, and the
wind pressure on the internal surface is symmetrically
distributed against the incoming wind direction, therefore,
only half of the wind pressures (0° to 180°) are presented in
this paper. As Fig. 5(a) shows, when the ventilation rate is
100%, the wind pressure at the bottom of the tower shows
strong non-uniformity. The pressure coefficient around
150°suddenly increases from —0.55 to —0.24, which is
consistent with the results reported by Sun and Zhou
(1983). This is because the airflow from the windward side
at the bottom of the tower hits the internal wall of the wake
flow zone. The average wind pressure coefficients at higher
levels show relatively higher uniformity, ranging from
—0.50 to —0.60. When the ventilation rate is 30% (Fig.
5(b)), the internal pressure at all levels is uniform along the
circumferential direction because of the “rectification”
function of the packing layer, which makes the airflow
distribution in the tower to be uniform.
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However, the distribution of internal pressure is non-
uniform along the height direction. Fig. 6 shows the mean
pressure coefficient on each measurement layer with respect
to height of the test section. It ranges from —0.45 to —0.55.
In addition, the ventilation rate of 100% shows stronger
non-uniformity than that of 30%. Fig. 7 shows the drag
coefficient with respect to height. For the ventilation rate of
100%, the drag coefficient increases from -0.23 to -0.07 as
the non-dimensional height increases from 0 to 0.25. When
the non-dimensional height is higher than 0.25, the drag
coefficient is close to zero. For the ventilation rate of 30%,
the drag coefficients in all levels are close to zero, which
verifies the uniform distribution of the wind pressure in
circumferential direction as shown in Fig. 5(b).

4.2 Turbulence pressure power spectrum

Fig. 8 presents a comparison of the standard power
spectra of the fluctuating wind pressures at a typical height
and measurement points at different circumferential angles
from 0° to 180° when the ventilation rate is 100%. The
wind pressure spectra of measurement points 150° and 180°
at 0.16 H are slightly different at low frequency, because the
air enter from the bottom of windward side and flowed to
the inside of the tower and hit the inner wall of the wake
flow, generating obvious changes in the pulse element of
wind speed and flow direction, as well as a re-distribution
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Fig. 8 Turbulence pressure power spectrum results with ventilation rate 100%

of energy. At other measurement levels, the wind pressure
spectrum is consistent with that at 0°. In addition, no
significant peak is observed.

Fig. 9 shows the standard power spectra of the
fluctuating wind pressures at typical heights and
measurement points when the ventilation rate is 30%. The
power spectrum of the wind pressure at all measurement
points is close and no obvious peak appear. This result
indicates that the internal flow is stable as a consequence of
the rectification of the packing layer at the bottom of the
tower.

4.3 Correlation of internal pressure

Fig. 10 shows the correlation coefficients in the
circumferential direction using the 0° as a reference point at
each test section. In an empty tower (Fig. 10(a), ventilation
rate of 100%), the circumferential correlation at the wake
flow of the final measurement layer is relatively weak,
resulting in a rapid decrease in the circumferential
correlation coefficient. The minimum correlation coefficient
is approximately 0.1. When the height of the measurement
layer is higher than 0.4H the minimum correlation

coefficient is higher than 0.6. Since the airflow at the top of
the tower enters through a backward flow, the minimum
circumferential correlation coefficient is approximately 0.3.
When the ventilation rate of the packing layer is reduced to
30% (Fig. 10(b)), the airflow in the tower becomes stable,
the circumferential correlation at the bottom measurement
point is significantly improved, and the correlation
coefficient is higher than 0.8 because of the rectification of
the packing layer. However, because of backward flow
effect of the airflow, the minimum correlation coefficient is
approximately 0.4. In summary, the -circumferential
correlation distribution of the wind pressure on the internal
surface at the middle measurement layer tends to be
consistent. That means the circumferential correlation
between two measurement points only depend on the
circumferential angle. The height of the measurement points
have little effects.

Fig. 11 shows the correlation coefficients in the
meridian direction using the bottom as a reference point at
typical circumferential angle. The results show: (1) the
median correlation coefficient obviously decreases within

the 0° ~ 90° circumferential angle range in an empty tower
(Fig. 11(a)), but the minimum correlation coefficient is still
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Fig. 10 Correlation of internal pressure in the circumferential direction

higher than 0.2. Beyond the 120°, the median correlation
coefficients above the median is consistently 0.1. Given that
the air flows from the bottom to the inside of the tower and
hits the inner wall of the wake flow, the correlation

coefficients between the measurement points in this region
and the points at other heights rapidly decrease. As a result
of the increase in the circumferential separation between the
measurement point and the wake flow zone, the influences
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of the airflow gradually decrease and thus the median
correlation at the measurement point in the windward zone
is the strongest. (2) After the packing layer is set at the
bottom of the tower (Fig. 11(b)), as a consequence of the
rectification by the packing layer, the airflow in the tower
becomes stable, the median correlation obviously improves,
the minimum correlation coefficient is higher than 0.5, and
airflow is not influenced by the circumferential angle,
consequently, the median correlation between measurement
points is only related to the median height but not the
circumferential angle of the measurement points. Generally,
as a consequence of the increase in the distance between
two measurement points in the median direction, the
correlation coefficients gradually decrease, but the wind
pressure at each point on a median line is distributed in a
positive correlation, because the direction of internal wind
pressure all points outwards from the surface.

5. Effect of internal pressure on wind-induced
response

5.1 Finite element model and internal pressure values

Analytical model of the 220 m high cooling tower is
established by using the finite element software ANSYS.
The body of the cooling tower is simulated by using
element SHELL63, and the columns are idealized as three-
dimensional Timoshenko beams, which are simulated with
element BEAM188. Fig. 12 shows the finite-element model
and the calculated first-order mode shape. The fundamental
frequency f'is 0.738 Hz, and there are 4 circular waves and
2 vertical waves in the mode.

In order to compare the influence of different values of
internal pressure on wind-induced responses of the cooling
tower better, only wind load is considered in the calculation.
The internal pressure value in VGB-R 610Ue (2005) is
adopted for reference

W, =Cp, IFqg, (H) (3)

where W; is the equivalent static wind load on the internal
surface; Cp; means the coefficient of the internal wind

pressure, which can be calculated by Eq. (1); IF is
interference factor to take into account of effect of
aerodynamic interference, and a single tower is considered
in this calculation, thus, /F’=1. Seven cases have been
calculated as summarized in Table 1.

The gust wind pressure at the top of the tower is denoted
by gu(H), and q»(H)=2.25wy(H/10)*?? is adopt according to
VGB-R 610Ue (2005), the basic wind pressure, wy is set to
0.45 kPa, which corresponds to the basic wind speed of
26.8 m/s, and the profile exponent 0.22 corresponded to the
design code in China (GB50009, 2012).

f=0.738Hz

(b) First-order modal

Fig. 12 Finite element model and first-order modal

(a) Finite element model

Mean wind pressure coefficient

-1.5 T T T T T T T T T T T
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Circumferential angle 6 (°)

Fig. 13 Wind pressure coefficients distribution on external
surface
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Fig. 14 Wind-induced responses under internal and outer pressure

The wind pressure coefficient on the external surface is
compliant with the design codes for the cooling towers in
China (GB/T 50102. 2012, NDGJ5-88. 2006), as Fig. 13
shows, which is a simplified height-constant pressure
distribution.

5.2 Effect of internal pressure values on static
response of the cooling tower

Fig. 14 shows the static responses induced by the
external pressure plotted in Fig. 13 and different types of
wind loading on internal surface shown in Tab. 1. Since the
max responses usually appear in the 0° and 70° meridian
directions, the responses in these two directions are selected
as examples. It can be seen that the displacement responses
due to different types of wind load are close and they are
not sensitive to the size and distribution characteristics of

the internal pressure. When the distribution of the wind
pressure is uneven at the bottom of the tower (i.e., Case 6),
the displacement is small. Accordingly, the distribution
characteristics of the internal pressure have minimal
influence on the internal strain along the meridian direction
but have considerable influence on the circumferential
strain. The unbalanced distribution of the internal pressure
along the meridian direction has a minimal influence on
internal strain, but the unbalanced circumferential
distribution of the internal pressure has a considerable
influence on the internal stain. As a consequence of the
unbalanced internal pressure distribution, the internal strain
from circumferential pressure is large, whereas the internal
strain along the meridian direction is small. Furthermore,
the influence of wind pressure at the tower bottom in the
circumferential direction on circumferential strain decreases
because of an increase in height. When the internal pressure
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Stability is one of the essential factors considered in the
design of cooling towers. The Chinese design codes have
provided the formulas of stability checking for the entire
cooling tower and the tower body, respectively. They are

h 23
Oy = 0.0SZE(—) @)

o

2 2
o.SKB[&+&)+o.2K; [L] [LJ 1)
Oy1 Ou2 Ot Oz

where ¢, is the critical wind pressure; E is the elasticity
modulus of concrete; /4 is the wall thickness at the throat of
the cooling tower; ry is the diameter at the throat; Kp is the
safety factor for elastic buckling; o1 and o> refer to the
circumferential and meridian pressures, respectively; y is
the Poisson’s ratio of concrete; K; and K are the parameters
determined from the geometric parameters of the tower
body; and o1 and o2 are the critical circumferential and
meridian pressures, respectively, which are given by

According to Eq. (4), unstable critical wind speed V., is
calculated as 102.56 m/s by

VCF = 40 qCI’ (7)

The critical circumferential and meridian pressures, g/
and 0.2, can be calculated by Eq. (6). Accordingly, by
substituting the hoop and meridional stresses calculated
from ANSYS into Eq. (5), the safety coefficient of the local
stability K3 at any point can be obtained.

Fig. 15 shows the calculated results of the buckling
stability for the different cases listed in Tab. 1. The buckling
mode and minimum local stability safety factors, Kz, are
generally consistent. The critical wind speed for the
different cases is very close. However, when considering
the non-uniformity of the pressure distribution in both
directions (Cases 6 and 1), the critical wind speeds are the
lowest. When only considering the non-uniformity of the
pressure distribution in height direction (Cases 5 and 2), the
critical wind speeds are lower but very close to those of
Cases 3 and 5. That means the distribution features of the
internal pressure have influences on the buckling stability of
the cooling tower. The non-uniform distribution in



244 Yun-feng Zou et el.

Table 1 Internal pressure coefficient values and distribution characteristics

Source of value

Method of simplification

Value of

internal

pressure
coefficient

Distribution features of

. Case No.
internal pressure

Ventilation rate:
30%

Average of all testing
points

Average of the
measurement points in the
circumferential direction

Changes along the
circumferential and height
directions
Does not change along the
circumferential direction
but changes along the
height direction
Does not change along the
circumferential and height —-0.49

directions

Fig. 5(b) Case 1
Fig. 6 Case 2

Case 3

Wind tunnel

tests Average of the testing
points in the
circumferential direction

Ventilation rate:
100%

Average of all testing
points

Does not change along the
circumferential direction
but changes along the
height direction
Does not change along the
circumferential direction
but changes along the
height direction
Changes along the
circumferential and height
directions

Fig. 6 Case 4

-0.52 Case 5

Fig. 5(a) Case 6

German standards —

Does not change along the
circumferential and height —-0.50
directions

Case 7

Note: "—" means non-simplified method was adopted.

circumferential direction have more influence than those in
height direction. In addition, when the internal pressure is
uniform, the critical wind speeds are inversely proportional
to the absolute values of the internal pressure, i.e., the
buckling safety is reduced by higher suction pressure. All
critical wind speeds derived from ANSYS are higher than
102.56 m/s that calculated by Eq. (7).

According to the calculation results of the static
responses and buckling stability, even though the internal
pressure coefficient of the cooling tower varies along the
height and circumferential directions, a simplified constant -
0.50 can get very close results. Besides, the calculated
critical wind speed from Eq. (7) is most conservative and
should be the key parameter to guarantee the safety of the
tower.

5.4 Effect mechanism of internal pressure on wind-
induced response

To further analyze the influence mechanism of the
internal pressure values and the distribution features on the
wind-induced response, the static responses of the cooling
tower under only the internal pressures listed in Table 1 are
calculated and shown in Fig. 16. The results show that the
responses increase when the wind pressure is non-uniform
along the circumferential direction at the tower bottom
(Case 6 has the largest responses). The responses are
relatively small compared with that considering external
pressure listed in Fig. 14. The maximum displacement

induced by the internal pressure in Fig. 16 is approximately
0.25 cm, less than 10% of the displacement due to the
external pressure. Consequently, although the value and
distribution features of the internal pressure have certain
influences on the wind-induced response of the cooling
tower, it is much smaller compared with those of the
external pressure. Simplifying the internal pressure with
“3D effect” as a constant distribution along the height and
circumferential directions can satisfy the safety requirement
of the cooling tower.

6. Conclusions

In the present study, the wind pressure on the internal
surface on a stiff cooling tower model are measured by
wind tunnel test. Two typical cases with the ventilation rates
of 100% and 30%, representing the construction and
operation states, respectively, have been tested. The effects
of the non-uniformity of the internal wind pressure along
the height and circumferential directions on the static
responses and buckling stability of the cooling tower are
investigated through a finite-element method. The main
conclusions are drawn as following.

. The wind pressure on the internal surface of the

cooling tower is closely related to the ventilation rate of the
packing layer at the tower bottom. The rectification action
of the packing layer makes the airflow distribution more
uniform in the tower, and enhances the correlation of the
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Fig. 16 Wind-induced responses due to different internal pressures

wind pressure in the circumferential and median directions.
. The wind pressure on the internal surface is non-
uniformly distributed along both height and circumferential

directions, and the circumferential unbalance is mainly
ascribed to the bottom wind pressure during construction.

. The distribution features of internal pressure have

influence in the wind-induced response of cooling tower.
The non-uniformity in circumferential direction has more
effect than that in height direction.

. For a 220 m high cooling tower, a constant

internal pressure of -0.5 can well prediction the critical
wind speed when considering the static responses and
buckling stability.
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