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1. Introduction 
 

As ultra-large cooling towers are typical wind sensitive 

structures (Kang 2016, Karakas et al. 2016, Asadzadeh et 

al. 2014, Li and Cao 2013), the wind vibration (WV) 

coefficient is a key parameter for design of ultra-large 

cooling towers. Current norms (GB50102-2014 2014, DL/T 

5339-2006 2006, Sun and Zhou 1983, BS4485 1996, VGB-

R610Ue 2005) and previous studies (Ke et al. 2015, Li and 

Li 2011, Zhou et al. 2014, Zhu et al. 2013) talking about 

determination of WVC focus on effects of external loads 

and propose that the WVCs under suctions are equivalent to 

those under external loads. In this case, the wind vibration 

effects induced by suctions are not precisely described and 

the effects of the ventilation rate of louver (see Fig. 1) on 

suction and its wind vibration are not considered. Therefore, 

it is of great significance to investigate the effects of the  
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ventilation rate of louver on the WVC of suction in the 

ultra-large cooling tower. 

Ke et al. (2015) reported a study of value and 

distribution of WVC of an ultra-large nuclear tower using 

the consistent coupling method (Ke et al. 2015) and the 

results indicated that the WVC was maximized at the 

bottom and the throat leeside. In previous studies, time 

history of fluctuating wind was obtained using the AR 

method and the wind vibration response time domain of 

ultra-large cooling tower was calculated by combining the 

virtual excitation method (Li and Li 2011, Zhu et al. 2013). 

The results indicated that the displacement WVC of the 

tower was minimized in the middle part. Zhou et al. 

investigated the dynamic response characteristics of twin 

towers and cooling towers located in mountain area nearby 

and claimed that the WVC was increased in both cases 

(Zhou et al. 2014). Additionally, the effects of heights and 

configuration of ultra -large cooling tower on 3D 

distributions of its WVC were studied by involving 

aeroelastic measurement wind tunnel tests (Ke et al. 2013, 

Zhao et al. 2008, Babu et al. 2013, Ke and Ge 2014). This 

study provides references for the design of ultra-large 

cooling towers. Nevertheless, these studies focus on the 

WVC under external loads and the effects of suctions on the 

WVC were not considered. Also, the effects of ventilation 

rates of louver and response targets on the coefficient of 

suction-induced wind vibration were not considered, either.  
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Abstract.  Currently, the dynamic amplification effect of suction is described using the wind vibration coefficient (WVC) of 

external loads. In other words, it is proposed that the fluctuating characteristics of suction are equivalent to external loads. This 

is, however, not generally valid. Meanwhile, the effects of the ventilation rate of louver on suction and its WV are considered. To 

systematically analyze the effects of the ventilation rate of louver on the multi-dimensional WVC of ultra-large cooling towers 

under suctions, the 210 m ultra-large cooling tower under construction was studied. First, simultaneous rigid pressure 

measurement wind tunnel tests were executed to obtain the time history of fluctuating wind loads on the external surface and the 

internal surface of the cooling tower at different ventilation rates (0%, 15%, 30%, and 100%). Based on that, the average values 

and distributions of fluctuating wind pressures on external and internal surfaces were obtained and compared with each other; a 

tower/pillar/circular foundation integrated simulation model was developed using the finite element method and complete 

transient time domain dynamics of external loads and four different suctions of this cooling tower were calculated. Moreover, 

1D, 2D, and 3D distributions of WVCs under external loads and suctions at different ventilation rates were obtained and 

compared with each other. The WVCs of the cooling tower corresponding to four typical response targets (i.e., radial 

displacement, meridional force, Von Mises stress, and circumferential bending moment) were discussed. Value determination 

and 2D evaluation of the WVCs of external loads and suctions of this large cooling tower at different ventilation rates were 

proposed. This study provides references to precise prediction and value determination of WVC of ultra-large cooling towers. 
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Fig. 1 Entire and local structure of louver in ultra-large 

indirect air cooling towers 

 

Table 1 Main structural parameters of the ultra-large 

cooling tower 

Structural 

parameter 
Value (m) Structural schematic 

Tower top height 210 

 

Tower top radius 58 

Throat height 157.5 

Throat radius 55 

Inlet height 32.5 

Bottom diameter 90 

Wall thickness 0.37-2 

Pillar section 1.8×1.2 

Circular 

foundation 

section 

12×2.5 

 

 

As a result, precise control of wind loads on ultra-large 

cooling tower and cost reduction have been limited. 

Therefore, simultaneous rigid pressure measurement 

wind tunnel tests were executed on a 210 m ultra-large 

cooling tower under construction to obtain time history of 

fluctuating wind loads on the external surface and the 

internal surface of the cooling tower at different ventilation 

rates and curves of average wind pressures on external 

surface were compared with norms to verify the reliability 

of this approach. Based on that, the average values and 

distributions of fluctuating wind pressures on external and 

internal surfaces were obtained and compared with each 

other; a tower/pillar/circular foundation integrated 

simulation model was developed using the finite element 

method and complete transient time domain dynamics of 

external loads and four different suctions of this cooling 

tower were calculated. Meanwhile, 1D, 2D, and 3D 

distributions of WVCs under four typical response targets 

(i.e., radial displacement, meridional force, Von Mises 

stress, and circumferential bending moment) were obtained 

and compared with each other. Finally, value determination 

and 2D evaluation of the WVCs of external loads and 

suctions of this ultra-large cooling tower at different 

ventilation rates were proposed. 
 

 

2. Background 
 

An ultra-large indirect air cooling tower under  

Table 2 Working conditions proposed in this study 

Working condition Description 

Working condition 1 0% ventilation rate suction 

Working condition 2 15% ventilation rate suction 

Working condition 3 30% ventilation rate suction 

Working condition 4 100% ventilation rate suction 

Working condition 5 External load 

 

 

construction in Northwestern China was studied in this 

case. This tower has a height of 210 m, bottom diameter of 

180 m, throat height of 157.5 m, middle section radius of 55 

m. The thickness of this tower is unified in different 

sections with maximum and minimum thickness of 2 m and 

0.37 m, respectively. The tower bottom is attached to the 

circular foundation via 52 pairs of X-shaped pillars. Table 1 

summarizes main structural parameters of the ultra-large 

cooling tower. 

 

 

3. Wind tunnel tests 
 

3.1 Working condition design 
 

The additional ventilation rate of the air inlet (Referred 

to as ventilation rate) is the ventilation rate of the air 

cooling radiator which may exist in the inlet of the cooling 

tower, which is dependent on its construction stage and 

working conditions. In this study, three situations were 

proposed: (1) construction stage, 100% ventilation rate; (2) 

operation stage, 15% or 30% ventilation rate; (3) operation 

stage during winter, 0% ventilation rate. As the ventilation 

rate has negligible effects on external loads (Ke et al. 2015), 

the WVC of external loads was calculated by employing the 

time history of wind load corresponding to 30% ventilation 

rate of louver. Table 2 summarizes all working conditions 

proposed in this study. 

 

3.2 Wind tunnel test design 
 

The wind tunnel used is an atmosphere boundary layer, 

closed-loop one with a rectangular section of 5 m × 4 m. 

The rigid body model was in a scale of 1:400 and the 

internal surface for internal pressure tests were designed to 

be consistent. The blocking rate value in the wind tunnel 

test is 1.18%. For internal pressure tests, 200 measuring 

points were distributed uniformly along the meridian and 

the circumferential directions; for external pressure tests, 

432 measuring points were distributed uniformly on the 

external surface. Fig. 2 shows the wind tunnel test models 

in five different working conditions and arrangement of 

measuring points in internal and external pressure tests. It 

should be noted that the analysis of wind tunnel test and 

finite element calculation conducted are based on the layout 

form with one single cooling tower. 

The ground roughness element was placed in front of 

the inflow to facilitate wind fields simulations for 

atmosphere boundary layers in Category B landform. As 

shown in Fig. 3, the average and fluctuating wind speed  
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(a) working condition 1 (b) working condition 2 

  
(c) working condition 3 (d) working condition 4 

  

(e) working condition 5 (f) measuring points 

Fig. 2 Wind tunnel test models and the arrangement of 

measuring points 

 

 

simulation was highly accurate. 36 vertical rough paper 

tapes (inter-tape distance = 5 mm) were arranged in two or 

three layers on the external surface to relieve Reynolds 

number incompatibility induced by scale reduction (Zhao et 

al. 2017, Cheng et al. 2016, Ke et al. 2015). Fig. 4 shows 

the external load coefficient of tower throat section and 

standard curves (GB50102-2014 2014, Sun and Zhou 1983, 

BS4485 1996, VGB-R610Ue 2005). As observed, the 

results obtained are highly consistent with national norm 

(GB50102-2014 2014), indicating excellent reliability. 

 

3.3 Results and discussion 
 

Fig. 5 shows average internal pressure coefficient curves 

of tower sections with meridional heights of 0-50 m, 50-100 

m, 100-150 m, and 150-210 m as a function of the 

circumferential angle under diverse ventilation rates. The 

circumferential parameter is the angle and the radial 

parameter is the internal pressure coefficient. The following 

conclusions can be drawn: 
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Fig. 3 Average wind speed and turbulence section 
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Fig. 4 Simulated external load coefficient curves 

considering the Reynolds number effect 
 

 

a. In cases the ventilation rate is 0%, 15%, or 30%, 

the distributions of internal pressure coefficient are uniform 

and decreases as the circumferential angle increases. 

b. In case the ventilation rate is 100%, the internal 

pressure coefficient fluctuates significantly, especially in 

the middle and lower parts. The minimized internal pressure 

coefficients of the middle and lower parts were -0.04 and -

0.38, respectively, at angle of 144°. In the upper part, the 

minimized internal pressure coefficient (-0.40) was 

observed at angle of 144°. 

c. The internal pressure coefficient in the upper part 

increased and then decreased as the ventilation rate 

increases. In cases the ventilation rate is 0%, the internal 

pressure coefficient fluctuates significantly with the 

circumferential angle and is minimized at angle of 144°. 

The internal pressure coefficient at the ventilation rates of 

15% and 30% were maximized at angle of 324° to be -0.59 

and -0.44, respectively. 

Fig. 6 shows the mean square root curves of internal 

pressure coefficient of tower sections with meridional 

heights of 0-50 m, 50-100 m, 100-150 m, and 150-210 m as 

a function of the circumferential angle under different 

ventilation rates. As observed, the fluctuating amplitude of 

internal pressure coefficient follows the sequence of 

0%>15%>100%>30%. However, the mean square roots of 

the crosswind side and the leeward side internal pressure 

coefficients in 0-100 m and 150-210 m sections increased 

drastically (up to 0.25, at angle of 144°) at ventilation rate 

of 100%. The mean square root of internal pressure 

coefficient fluctuates significantly on the upper part of the 

tower. 
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(a) 0-50 m 
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(b) 50-100 m 
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(c) 100-150 m 
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(d) 150-210 m 

Fig. 5 Average internal pressure coefficients in typical tower 

sections at different ventilation rates 

 

 
Fig. 7 shows the average and mean square root of 

external pressure coefficient of tower sections with 

meridional heights of 0-50 m, 50-100 m, 100-150 m, and  
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(a) 0-50 m 
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(b) 50-100 m 
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(c) 100-150 m 
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(d) 150-210 m 

Fig. 6 MSR of internal pressure coefficients in typical tower 

sections at different ventilation rates 

 

 
150-210 m as a function of the circumferential angle under 

different ventilation rates. As observed, the average external 

pressure coefficient curves on the windward side of the  
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Fig. 7 Average and MSR of external pressure coefficient 

under different ventilation rates 

 

 

tower sections are consistent. In the extreme negative 

pressure section, the average external pressure coefficient in 

50-100 m and 150-210 m sections increased significantly 

and the average external pressure coefficient at the wind 

platform on the leeward side was relatively large. In 50-100 

m and 150-210 m sections, the fluctuating amplitudes of 

external pressure coefficients along the circumferential 

angle were consistent. The average external pressure 

coefficient curves in 50-100 m and 100-150 m sections 

were highly consistent, the fluctuating amplitudes of 

external pressure coefficients on windward and leeward 

side varied significantly from values on the upper and lower 

parts of the tower and the maximum difference was 

40.96%. 

 

 

4. Finite element modeling and natural vibration 

analysis 
 

4.1 Finite element modeling 
 

Fig.8 shows the tower/pillar/circular foundation 

integrated simulation model established using ANSYS 

(Alam et al. 2012, Rahman and Alam 2015, Khan et al. 

2016, Yeter et al. 2015, Qu et al. 2001). The tower, 

pillar/circular foundation, elastic foundation was 

represented using space shell units (SHELL63), beam units 

(BEAM188), and spring units (COMBINE14), respectively 

(a total of 29640 units). The circular foundation was 

attached to the tower and the pillar via multi -point  

 

Fig. 8 Schematic of finite element model 
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Fig. 9 First 100 order natural vibration frequency 
 

 

constraining coupling and rigid domain, respectively. The 

bottom circular beam has a thickness of 2 m and the top has 

a rigid ring with thickness of 0.5 m and width of 1.1 m. 
 

4.2 Characteristics of natural vibration 
 

The dynamic characteristics were calculated using the 

Block Lonczos method (Berrabah et al. 2013), which is the 

default solver for ANSYS. This method is as accurate as the 

subspace method, but the solution is faster. Block Lonczos 

uses the coefficient matrix equation solver automatically, 

with which it is especially effective to extract the modal 

when calculating the natural frequency of a certain range 

included in the eigenvalue spectrum of a system. 

Fig. 9 shows the first 100 order natural vibration curve 

and Table 3 shows the typical model parameters. As 

observed, the structural fundamental frequency of the ultra-

large cooling tower is 0.58 Hz, which is lower than that of 

conventional cooling towers. The natural vibration shows a 

narrow distribution and increases linearly with the modal 

order.  

Strong coupling between different models and varying 

vibration modes were observed, as well as random 

circumferential and vertical harmonic waves. The structure 

was overturned and the natural vibration frequency was 

maximized at the 30th order. 
 

 

5. Calculation method and parameter 
 

5.1 Calculation method 
 

To solve transient dynamic equilibrium equations (Li et 
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al. 2013) of cooling towers, the core part is to describe 

transient states using the Newmark method (an implicit 

method) and the HHT method. Herein, the Newmark 

method involves finite difference method and in a time 

interval 

[ ]{ } [ ]{ } [ ]{ } { }aM u C u K u F    (1) 

1 1{ } { } [(1 ){ } { }]n n n nu u u u t        (2) 

2

1 1

1
{ } { } { } [( ){ } { }]

2
n n n n nu u u t u u t          (3) 

Where α and δ are Newmark integration parameters. 

Nevertheless, calculations of finite element discretion 

space domain using the Newmark method don’t meet 

requirements of the algorithm, which states that solution 

precision degradation induced by numerical damping at 

high frequencies and generation of large quantity of 

numerical damping at low frequencies are not allowed. As a 

result, the HHT method was involved. 

The HHT method is as follows 

11 1 1[ ]{ } [ ]{ } [ ]{ } { }
m f f n f

a

n n nM u C u K u F
           

 
(4) 

Where 1 1{ } (1 ){ } { }
mn m n m nu u u       ; 

1 1{ } (1 ){ } { }
fn f n f nu u u       ; 

1 1{ } (1 ){ } { }
fn f n f nu u u       ; 

1 1{ } (1 ){ } { }
f

a a a

n f n f nF F F       . 

To maintain unconditional stability of the second-order 

system without sacrificing the accuracy of time integration, 

α, δ, αf, and αm should satisfy the following equation 
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By combining Eqs. (2), (4), and (6), we can obtain 
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In contrast Eqs. (4) and (6), it can be seen by I that the 

equilibrium equations of transient dynamics are realized by 

the linear combination of two successive steps in the HHT 

method. αm and αf are two additional parameters. The other 

two methods for determining parameters can also be used. 

When the amplitude attenuation factor γ is given, the other 

four parameters are 

21
(1 )
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0f 
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 (7) 

or 
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f
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1 3

2
m





  

(8) 

Table 3 Vibration modes of typical orders of cooling tower 

structure 

Order 1 5 10 20 

Isopotential lines of 

vibration mode 

    

Frequency (Hz) 0.58 0.65 0.86 1.03 

Harmonic 

number 

Circumferential 4 5 5 6 

Vertical 1 2 2 3 

Order 30 50 80 100 

Isopotential lines of 

vibration mode 

    

Frequency (Hz) 1.27 1.77 2.47 2.84 

Harmonic 

number 

Circumferential 1 9 12 4 

Vertical 1 3 1 6 

 

Table 4 Equivalent targets of WVC 

Equivalent 

target 

Radial 

displacement 

Meridional 

force 

Abbreviation R-P M-F 

Equivalent 

target 

Circumferential 

bending moment 
Von Mises stress 

Abbreviation C-M M-S 

 

 

5.2 Parameters 
 

The morphology of surrounding area was Category B 

morphology, the basic wind speed was 23.7 m/s, and the 

structural damping ratio was 5% (JGJ3-2010 2010). Table 4 

summarizes WVCs at all measuring points based on four 

typical response targets. The equation is as follows 

1i t
Ri

i i

R g

R R


     (9) 

where βRi is the response WVC of the ith point, Ri, R
—

I, and 

σt are the overall response, average response, and 

fluctuating response of the ith point, and g is the peak value 

factor of the ith point, which is 3.0 in this case (Ke et al. 

2012). 

 

 

6. Comparison of WVCs 
 

6.1 3D WVC 
 

Figs. 10-14 show 3D distributions of WVCs coefficients 

corresponding to different equivalent targets under suction 

at different ventilation rates of louver. As observed, the 

circumferential and meridional WVCs of tower were 

significantly different. The WVCs coefficients calculated  
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(a) R-P target (b) M-F target 

  
(c) C-M target (d) M-S target 

Fig. 10 3D distribution of WVC of louver under suction 

under working condition 1 
 

  
(a) R-P target (b) M-F target 

  
(c) C-M target (d) M-S target 

Fig. 11 3D distribution of WVC of louver under suction 

under working condition 2 
 

  
(a) R-P target (b) M-F target 

  

(c) C-M target (d) M-S target 

Fig. 12 3D distribution of WVC of louver under suction 

under working condition 3 
 

 

using different equivalent targets varied significantly: the 

distortion of the value calculated using the R-P equivalent  

  
(a) R-P target (b) M-F target 

  
(c) C-M target (d) M-S target 

Fig. 13 3D distribution of WVC of louver under suction 

under working condition 4 

 

  
(a) R-P target (b) M-F target 

  
(c) C-M target (d) M-S target 

Fig. 14 3D distribution of WVC of louver under suction 

under working condition 5 
 

 

target was maximized and the distortion of the value 

calculated using the M-S equivalent target was minimized. 

The distortion of WVC was usually observed on leeward 

side, bottom, and top of the tower, especially under working 

conditions 4 and 5. 

 

6.2 2D meridional WVC 
 

The meridional force and circumferential bending 

moment are the controlling factors for the structure design 

of cooling towers. Herein, the 2D WVC of the cooling 

tower structure was calculated with 0° meridian response as 

the equivalent target and the results are shown in Fig. 15. 

The following conclusions can be drawn: 

a. The distributions of WVC coefficient with M-F 

and M-S equivalent targets were uniform compared with 

those with R-P and C-M equivalent targets. The WVC was 

minimized at ventilation rate of 100%. 

b. The WVC under suctions was large at the tower 

bottom and decreased as the height increased and then  

0
100

200
300

30
60

90
120

150
180

0

50

100

150

200

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

0

2

4

6

8

10

0
100

200
300

30
60

90
120

150
180

0

50

100

150

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

0

2

4

6

8

10

0
100

200
300

30
60

90
120

150
180

0

50

100

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

0

2

4

6

8

10

0
100

200
300

30
60

90
120

150
180

1

1.5

2

2.5

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

1

1.5

2

2.5

3

0
100

200
300

30
60

90
120

150
180

0

50

100

150

200

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

0

2

4

6

8

10

0
100

200
300

30
60

90
120

150
180

0

50

100

150

200

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

0

2

4

6

8

10

0
100

200
300

30
60

90
120

150
180

0

20

40

60

80

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

0

2

4

6

8

10

0
100

200
300

30
60

90
120

150
180

1

1.5

2

2.5

3

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

1

1.5

2

2.5

3

0
100

200
300

30
60

90
120

150
180

0

100

200

300

400

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

0

2

4

6

8

10

0
100

200
300

30
60

90
120

150
180

0

50

100

150

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

0

2

4

6

8

10

0
100

200
300

30
60

90
120

150
180

0

50

100

150

200

250

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

0

2

4

6

8

10

0
100

200
300

30
60

90
120

150
180

1

1.5

2

2.5

3

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

1

1.5

2

2.5

3

0
100

200
300

30
60

90
120

150
180

0

50

100

150

200

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

0

2

4

6

8

10

0
100

200
300

30
60

90
120

150
180

0

50

100

150

200

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

0

2

4

6

8

10

0
100

200
300

30
60

90
120

150
180

0

50

100

150

200

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

0

2

4

6

8

10

0
100

200
300

30
60

90
120

150
180

1

1.5

2

2.5

3

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

1

1.5

2

2.5

3

0
100

200
300

30
60

90
120

150
180

0

100

200

300

400

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

0

5

10

15

0
100

200
300

30
60

90
120

150
180

0

100

200

300

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

0

5

10

15

0
100

200
300

30
60

90
120

150
180

0

100

200

300

400

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

0

5

10

15

0
100

200
300

30
60

90
120

150
180

1.5

2

2.5

3

 

Azimuth(°)Height(m)
 

W
in

d
 v

ib
ra

ti
o

n
 c

o
ef

fi
ci

en
t

1

1.5

2

2.5

3

279



 

S.T. Ke, L.Y. Du, Y.J. Ge and Y. Tamura 

 

    

Condition3

    

Condition4

    

Condition2
   

Condition1

 Condition5

Wind vibration coefficient

Wind vibration coefficient

Height

  ratio
Height

  ratio

0

3 2 1 3210

1.0

0.8

0.6

0.4

0.2

1.0

0.8

0.6

0.4

0.2

 

 0

1.0

0.8

0.6

0.4

0.2

1.0

0.8

0.6

0.4

0.2

 0

3 2 1  1 2 3

 
(a) R-P target 

 Condition5

    

Condition4
    

Condition3

    

Condition2

   

Condition1

Height

ratio

Height

ratio

Wind vibration coefficient

Wind vibration coefficient

1.0

0.8

0.6

0.4

0.2

1.0

0.8

0.6

0.4

0.2

 

 0

1.0

0.8

0.6

0.4

0.2

1.0

0.8

0.6

0.4

0.2

 0

5 4 5403 2 1 1 2 3

5 4 5403 2 1 1 2 3

 
(b) M-F target 
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(c) C-M target 

Wind vibration coefficient

Height

  ratio  Condition5

   

Condition1

    

Condition4

    

Condition3

    

Condition2

Wind vibration coefficient

Height

  ratio

0

3 2 1 3210

1.0

0.8

0.6

0.4

0.2

1.0

0.8

0.6

0.4

0.2

 

 0

1.0

0.8

0.6

0.4

0.2

1.0

0.8

0.6

0.4

0.2

 0

3 2 1  1 2 3

 
(d) M-S target 

Fig. 15 2D meridional WVCs under suctions and external 

loads with different equivalent targets and ventilation rates 

 

 
increased once the height exceeds a critical level. The 

average and distributions of WVCs were dependent on the 

ventilate rate of louver. 
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(a) 0-50 m 
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(b) 50-100 m 
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(c) 100-150 m 
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(d) 150-210 m 

Fig. 16 Distributions of WVCs under suctions and external 

loads on typical sections with M-F and M-S equivalent 

targets 

 

 

c. The WVCs under external loads increased with 

the section height and fluctuated randomly in the upper part 

of the tower. At the tower bottom, the WVC under external 

loads was smaller than that under suctions; in other 

sections, the WVC under external loads was larger than that 

under suctions. 

 

6.3 2D circumferential WVC 
 

The 2D WVC as a function of the circumferential angle 

under different ventilation rates in tower sections with 

meridional heights of 0-50 m, 50-100 m, 100-150 m, and 

150-210 m was investigated. The results indicated that the  
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Table 5 Recommended values of overall WVCs 

Load Ventilation rate 
Equivalent target 

Recommended value 
R-P M-F C-M M-S 

Suction 

0% 1.94 1.80 1.68 1.58 1.69 

15% 1.96 1.88 1.81 1.70 1.79 

30% 1.89 1.69 1.73 1.69 1.69 

100% 1.84 1.56 1.72 1.58 1.57 

External load 30% 2.01 1.99 1.86 1.78 1.89 

 

 

2D WVC with designated meridional force and uniformly 

distributed Von Mises stress as equivalent targets should be 

used for determination of the WVC of cooling tower 

structure. Fig. 16 shows distribution curves of 

circumferential WVCs with M-F and M-S response targets 

under different working conditions. The following 

conclusions can be drawn: 

a. The uniformly distributed 2D circumferential 

WVCs under suctions were smaller than those under 

external loads. 

b. Local peaks of the circumferential WVC under 

suctions with M-F response target were observed in all 

sections and the fluctuating amplitude of this parameter 

decreased as the tower height increased. Also, the frequency 

of local peaks of the circumferential WVC under suctions 

increased with the ventilation rate of louver. 

c. The WVC was distributed uniformly along the 

circumferential angle in each section. At ventilation rate of 

100%, the WVC increased, stayed constant, and then 

decreased along the circumferential angle in the 150-210 m 

section. 

d. The WVC under external loads was consistent 

along the circumferential angle at M-S equivalent target, 

except in the 100-150 m section. Peaks of WVC under 

external loads were observed on the leeward side of the 

tower with M-F response target. 

Fig. 17 shows the WVCs under suctions and external 

loads in different sections. These parameters were 

determined based on the distributions of 2D circumferential 

WVC with M-F and M-S equivalent targets. As observed, 

the WVCs under suctions increased with the section height 

and this parameter was maximized and minimized at 

ventilation rate of 15% and 100%, respectively. The wind 

vibration coefficients of cooling towers under different 

ventilation rates are quite different. Similarly, the WVCs 

under external loads increased with the section height. 
 

6.4 Overall WVC 
 

The recommended values of WVCs under suctions at 

different ventilation rates of louver with different response 

targets were determined based on the study of 2D and 3D 

WVCs, as shown in Table 5. As observed, the WVCs under 

suctions were larger than those under external loads in all 

cases. The WVC under suctions was maximized at 

ventilation rate of 15%. 

The average WVC with M-F and M-S equivalent targets 

were 1.69, 1.79, 1.69, and 1.57 at ventilation rates of 0%, 

15%, 30%, and 100%, respectively, while the WVC under  

 

Fig. 17 Local distribution of WVCs in different sections 

 

 

Fig. 18 Fitting surface of actual WVCs under sections with 

meridional force as response target 

 

 

external loads were 1.89 and the standard WVC was 1.9. 

Therefore, it is recommended to employ WVC under 

suctions and external loads at corresponding ventilation rate 

of louver for structural design of cooling towers. 

 

6.5 Fitting equation of WVC 
 

6.5.1 Fitting equation of WVCs under suctions 

considering the ventilation rate of louver 
As indicated by the results of this study, the WVCs 

ultra-large cooling towers of under suctions are directly 

related to the ventilation rate of louver and the meridional 

height, whose effects have not been considered in the 

conventional design. To facilitate structural design of ultra-

large cooling towers, a fitting equation of WVCs with 0° 

meridional force as the response target was proposed based 

on nonlinear least square method. The ventilation rate of 

louver and meridional height were set as the variables. 
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(10) 

Where η is the damping ratio, h is the ratio of meridian 

height, bi (i=1, 2…15) is the fitting coefficient, as shown in 

Table 6. 
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Fig. 19 Fitting curves of WVCs under suction and external 

loads at ventilate rate of 30% 

 

Table 6 Coefficients in fitting equations of WVCs of 

cooling tower under suctions considering the ventilation 

rate of louver 

i 1 2 3 4 5 6 7 8 

bi 1.31×107 1.31×108 -6.15×108 -1.39×106 -6.87×106 1.29×109 1.41×107 -1.28×109 

i 9 10 11 12 13 14 15  

bi -5.62×105 5.86×105 -7.53×106 4.81×108 -1.16×106 0.17 1.90  

 

Table 7 Parameters for fitting equations of WVCs of 

cooling tower under suctions and external loads at 

ventilation rate of 30% 

Parameter i 1 2 3 4 5 

WVC under internal 

pressures 

ai 10.65 9.03 0.01 0.01 0.004 

bi 2.24 2.47 14.56 22.49 32.74 

ci 0.44 3.47 -2.25 -2.49 -6.40 

WVC under external 

pressures 

ai 3.84 10.40 8.23 0 0 

bi 2.60 4.92 5.16 0 0 

ci -0.40 1.10 4.06 0 0 

 

 

Fig. 18 shows 2D distribution and fitting surface of 

WVCs of cooling towers with meridional force as response 

target as a function of ventilation rate of louver and 

meridional height. Herein, the blue points refer to the actual 

WVCs and the color surface indicates WVCs predicted by 

the fitting equation. As observed, at the bottom of the 

cooling tower, the wind-induced vibration coefficient is 

relatively large, but relatively small at the top. There are 

certain differences in the wind vibration coefficients of 

cooling towers under different ventilation rates. 

 

6.5.2 Fitting equation of WVCs under suctions and 

external loads at ventilation rate of 30% 
The fitting equation for WVCs under suctions and 

external loads at ventilation rate of 30% with meridional 

height as the variable is as follows 

1 1 1 2 2 2

3 3 3 4 4 4

5 5 5

( ) sin( ) sin( )

        sin( ) sin( )

        sin( )

h a b h c a b h c

a b h c a b h c

a b h c

        

       

     

(11) 

Where β(h) is the WVC, h is the ratio of meridional 

height, ai, bi, and ci are the fitting parameters summarized in 

Table 7. 

Fig. 19 shows fitting curves of WVCs under suction and 

external loads at ventilate rate of 30%. As observed, fitting 

was effective in the middle part and throat of the tower, 

although the fitting effectiveness at the top and bottom of 

the tower was limited. Moreover, the WVCs under suction, 

which are distributed uniformly along the height, were 

smaller than those under external loads. 

 

 

7. Conclusions 
 

The 1D, 2D, and 3D distributions of WVCs of louver 

under suctions at different ventilation rates were 

investigated and compared with those of external loads. 

Wind tunnel tests, finite element modeling, calculation of 

wind vibration responses, parameter analysis, and equation 

fitting were involved.  

The results indicated that the ventilation rate of louver 

has a significant effect on the 3D distribution of WVC 

under suctions and the fluctuating amplitudes were 

relatively small. The actual WVCs under suctions 

corresponding to different working conditions can precisely 

reflect the wind vibration effect induced by suctions in the 

cooling tower. The average (1.89) and fluctuating amplitude 

of WVCs under external loads were larger than those under 

suctions. The WVCs at ventilation rates of 0%, 15%, 30%, 

and 100% were suggested to be 1.69, 1.79, 1.69, and 1.57.  

Moreover, a two-dimensional evaluation equation for 

WVC under suctions in ultra-large cooling towers as a 

function of ventilation rate of louver and tower height was 

proposed based on the nonlinear least square method. Also, 

a two-dimensional evaluation equation for WVC under 

external loads at ventilation rate of 30% was proposed. This 

study can provide references for accurate determination of 

WVCs under suctions and external loads in ultra-large 

cooling towers. 
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