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Updating empirical results of wind loads on cooling towers
for turbulence intensity effects
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Abstract: Variations of wind effects on large cooling towers
observed at different turbulence intensities for our previous
full-scale measurements might be caused by the inherent
uncertainties in our physical experiments. Accordingly, the
one-way analysis of variance ( ANOVA)
employed for analyzing the data measured on the prototype

technique is

Pengcheng cooling tower. Because ANOVA indicates that the
variations of full-scale wind effects are basically the effects of
turbulence intensity, the empirical results of wind loads on
cooling towers obtained by generalizing physical experimental
data without considering the turbulence intensity effects are
updated using model test results obtained in multiple flow
fields. The empirical fluctuating wind pressure distribution is
updated based on the fact that the fluctuating wind pressure
coefficient linearly increases with the increase in the turbulence
intensity, and the empirical formulae of the spectra and the
coherences is updated based on conservative assumptions.
Comparisons of the empirical results and full-scale
measurement data suggest that the original empirical results are
either too conservative or unsafe for use. However, economic
efficiency and conservativeness will be balanced if the updated
empirical results are employed for the wind engineering
design.
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R esearch on wind effects on large cooling towers be-
-1

gan in the 1970s worldwide' ', and the topic of
[6-11]

science still receives much attention today Our pre-

vious research'”*™* proved using quantifiable data that

free-stream turbulence significantly influences wind

effects on cooling towers. Although the differences in
[12-13]

wind loads observed by Cheng et al. among different
turbulence intensity cases are supposed to result from the

discrepancy of the turbulence intensity, we should not
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disregard that uncertainties in physical experiments can al-
so cause discrepancies. Thus, some effective techniques
should be employed to compare the significance of the
turbulence intensity with that of the uncertainty in physi-
cal experiments. If free-stream turbulence is proven to
have a significant influence, then the practice of disregar-
ding the turbulence intensity effects in research and design
should be improved.

Most wind engineering design and research are based
on the empirical knowledge obtained by generalizing large
quantities of experimental data because physical experi-
ments are usually costly and time-consuming. For wind
loads on large cooling towers, empirical formulae are ob-
tained for the mean wind pressure distribution''"', fluctua-
ting wind pressure distribution'”"", spectra of fluctuating
pressures'™, and cross-spectra of fluctuating pres-
[18-19]

sures'” . Some of these empirical formulae are ob-
tained by fitting large quantities of experimental data ob-
tained under multiple turbulence intensities, which should
be strengthened by considering the turbulence intensity
effects for conservativeness. Other empirical formulae are

15-16
based on full-scale measurements'"” ™"

or physical model
tests with the atmospheric boundary layer (ABL) simula-
tion""”’, whose engineering backgrounds are usually cool-
ing towers with heights no greater than 165 m. They are
defined by the Chinese standard DL/T 5339—2006"" as
small-sized cooling towers, which are usually located in
wind environments with high turbulence intensities. How-
ever, cooling towers with heights greater than 165 m are
usually subjected to ABL winds with much lower turbu-
lence intensities. In this regard, those formulae based on
small-sized cooling towers should also be adjusted to ac-
commodate large cooling tower cases.

In view of this narrative, in this study, first, the one-
way analysis of variance ( ANOVA) technique is em-
ployed to analyze the significance of the turbulence inten-
sity with our previous full-scale physical experiments'™'.
Second, based on the calculated significance of the turbu-
lence intensity, an empirical formula updating method
that considers the turbulence intensity effects is proposed
and presented using a case study. Finally, the effective-
ness of the empirical formula updating method is demon-
strated by comparing the updated empirical results with
the full-scale measurement data.
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1 ANOVA for the Significance of Turbulence
Intensity

1.1 Basic theories

Some factors might influence the experimental results,
and the grades of the factors are called levels. When one
factor with more than two levels should be considered for
an experiment, one-way ANOVA is a useful practice to
Supposing that
there are r levels for factor A and n repetitions of the ex-

analyze the significance of that factor.

periment are conducted for each level, Tab.1 can be ob-
tained.

Tab.1 Experimental results for one-way ANOVA

Level Repetition of the experiment Sum  Average
eve
2 j n  of rows of rows
1 X X Xy, X, T, X,
2 X Xp Xy, X5, T, X,
i Xi X Xij Xin T; Xi
r Xr] X/Z XV/ Xm Tr X»

In Tab. 1, X, is the j-th experimental result at the i-th

. v _ 1 o~ o
level; T, = ;xﬁ; X =—"-T:T= Y ;XU; X="T.

i=1
If the factor does not significantly affect the experimental
results, then all X, should come from the same normal
population N(u, o>). Thus, we can formulate a hypothe-
... =m, =u. If the hypothesis is true,
then only the uncertainty in the experiment causes the
difference between X ;.. If the hypothesis is false, then the
uncertainty in the experiment and factor cause the differ-
ence between X,;. ANOVA aims to separate the difference
caused by the uncertainty from that caused by the factor
and examine hypothesis H, by comparing the two differ-
ences. The basic theories of one-way ANOVA are as fol-
lows:

sis Hy: py=p, =

<.
El)
1

-
1

(X, - X)) + A n(X, - X)* (1)

r n

Suppose that S, = Zn(X,. -X)’and S, = 2 Z(XU

i=1 i=1 j=1
—X,)?; then, S, =S, +S,.. Because the degrees of free-
doms for S, and S, are n — r and r — 1, respectively,
%SE ~x (n-r), %SA ~x'(r-1), and S, and S, are
o o
independent of each other. Thus, an F-test can be utilized
to examine the significance of factor A:

_S/(r=1)

=S./(n—r) (2)

If F>F_ (F, is the critical value corresponding to test

level «), then H, should be rejected. If F < F_, then H,
should be accepted.

1.2 ANOVA results

The overviews of the full-scale measurements for wind
effects on the prototype Pengcheng cooling tower are pre-
viously reported by Cheng et al. !,
peated here. Using the fluctuating wind pressure coeffi-
cients measured at 20° and 80° on the prototype at differ-
ent turbulence intensities, two ANOVA tables are estab-
lished (see Tabs.2 and 3). Using data listed in Tab. 2,
we calculated that S, =0. 089, S, =0.003, and F =
133.5. Supposing that « =0. 05, F, =19. 4 is found

in the critical value table for the F-test.

which are not re-

Accordingly,
F >F_is obtained, which indicates that differences be-
tween the data measured at 20° on the prototype are main-
ly caused by the turbulence intensity effects. Similar re-
sults can be obtained by processing the data measured at
80° on the prototype (see Tab.3). In sum, the ANOVA
results suggest that the turbulence intensity has a signifi-
cant influence on the fluctuating wind pressure distribu-
tion.

Tab.2 Fluctuating wind pressure coefficients measured at 20°
on the prototype

Turbulence Repetition of experiment Sum of  Average
intensity/ % 1 2 3 4 row of row
1.54 0.018 0.026 0.02 0.021 0.085 0.021
4.23 0.031 0.042 0.04 0.045 0.158 0.040
10. 81 0.220 0.190 0.187 0.251 0.848 0.212

Tab.3 Fluctuating wind pressure coefficients measured at 80°
on the prototype

Turbulence Repetition of experiment Sum of  Average
intensity/ % 1 2 3 4 row of row
1.54 0.009 0.010 0.010 0.007 0.036 0.009
4.23 0.010 0.013 0.012 0.016 0.051 0.013
10. 81 0.039 0.032 0.036 0.041 0.148 0.037

Moreover, according to Ref. [14], the following equa-
tion can be utilized to describe the spectra of fluctuating
pressures on large cooling towers:

S < aai 3

D1 +bn’) =
where n is the frequency and a, b, and c are the parame-
ters possibly depending on the turbulence intensity. The
spectra of the fluctuating pressures measured at 20° on the
prototype at different turbulence intensities are fitted
based on Eq. (3), and the identified parameters a, b,
and c in Eq. (3) are listed in Tabs. 4 to 6, respectively.
Using the data listed in Tab. 4, we calculated that S, =
0.278, S, =0.003 06, and F =409. In addition, F, =
19.4 is found in the critical value table with o =0. 05.
Thus, F > F_ is obtained, which indicates that differences
between parameter a in Eq. (3) calculated for different
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time intervals are mainly caused by the turbulence intensi-
ty effects. A similar situation also holds true when ANO-
VA is undertaken for the data listed in Tabs.5 and 6. In
this regard, it is proven that turbulence intensity also has
a significant influence on the spectra of fluctuating pres-
sures on large cooling towers.

Tab.4 Identified parameter a for the spectra of fluctuating
pressure coefficients measured at 20° on the prototype

Turbulence Repetition of experiment Sum of Average

intensity/ % 1 2 3 4 row of row
1.54 0.2614 0.2479 0.2005 0.1999 0.910 0.227
4.23 0.400 1 0.4010 0.3998 0.3993 1.600 0.400
10. 81 0.6003 0.5997 0.5993 0.6005 2.400 0.600
Tab.5 Identified parameter b for the spectra of fluctuating
pressure coefficients measured at 20° on the prototype
Turbulence Repetition of experiment Sum of  Average
intensity/ % 1 2 3 4 row of row
1.54 50.1 50.1 52.6  58.7 211.5 52.9
4.23 315.3 388.4 366.5 299.7 1369.9 342.5
10. 81 425.5 490.0 467.8 488.1 1871.4 467.9
Tab. 6 Identified parameter c¢ for the spectra of fluctuating
pressure coefficients measured at 20° on the prototype
Turbulence Repetition of experiment Sum of  Average
intensity/ % 1 2 3 4 oW of row
1.54 5.063 5.064 5.915 5.080 21.122 5.281
4.23 7.694 6.457 8.958 11.670 34.779 8.695
10. 81 15.831 18.244 18.806 18.479 71.360 17.840

2  Empirical Results for Wind Pressures on
Cooling Towers

Because the free-stream turbulence is proven to be a
significant influence on wind effects on cooling towers in
the previous section, the empirical results for wind pres-
sures on cooling towers based on the practice of disregar-
ding the turbulence intensity effects should be improved.
In this portion of the study, empirical results for wind
effects on cooling towers (i. e., mean and fluctuating
wind pressure coefficients,
sures, and coherences between fluctuating pressures) are
presented, which will be updated for turbulence intensity

spectra of fluctuating pres-

effects in the next section.
2.1 Mean and fluctuating wind pressure coefficients

According to Ref. [14], the empirical formulae of the
proposed mean and fluctuating wind pressure distributions
should agree with the obtained full-scale measurement re-
sults. A number of investigators have measured the mean
and fluctuating wind pressure coefficients on several pro-
totype cooling towers, which are reproduced from Ref.
[14], as shown in Fig. 1. In Fig. 1(a), most mean wind
pressure distributions agree well, suggesting that the
effects of turbulence intensity on the mean wind pressure

coefficients are negligible. Only the values obtained on

the Maoming tower appreciably differ from the other sets
of values due to the absence of ribs on the external sur-
face of that tower. In Fig. 1(b), the agreement between
the two fluctuating wind pressure distributions is generally
good. The limited discrepancy between the two curves in
Fig. 1(b) should be the turbulence intensity effects. The
results of the empirical formulae for the mean and fluctua-
ting wind pressure distributions are reported by DL/T
5339—2006"" and Liu''", respectively. They are also
shown in Fig. 1, where the empirical formulae of the pro-
posed mean and fluctuating wind pressure distributions
agree well with the full-scale measurement results.

5 10y —o—Maoming
o2 \ —— Weisweiler
B 05f —v— Martin's creek
3 —o— Schmehausen
© —=—DL/T 5339—2006
z O
g
=05
£
z
—~1.0k
g
2 _1 5 1 1 2 1 1 1 ]
0 30 60 90 120 150 180
Angle/(°)
(a)
0.40-

0.32
0.24

0.16

——Ref.[16]
0.08[" —a—Ref.[15]
—=—Ref.[21]

0 30 60 90 120 150 180
Angle/(°)

Fluctuating wind pressure coefficient

(b)
Fig.1 Full-scale measurement results obtained on a number of
cooling towers. (a) Mean wind pressure distributions; (b) Fluctuating
wind pressure distributions

2.2 Spectra of fluctuating pressures

According to Ref. [ 18], the following expressions can
describe the spectra of fluctuating pressures on large cool-
ing towers:

nS,(z,0,n) B,(0)X,(6) (4)
oy (2,0 [1+7,(0)X.(6)1d(6)
1-a, (6
d(6) =7‘;( ) (5)
1/d(6)
7,(6) = [5(1?5 (6)
~ Ve 2 2/3 _1/a,(0) I’lD
X,(6) = [ b} (9)(L;i) I 4 (7

where n is the frequency; the parameters a,(60), b,(0),
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and B,(0) are given in the figures; « is the power law ex-
ponent; D is the diameter of the throat; and L; is the inte-
gral scale of turbulence.

2.3 Coherences between fluctuating pressures

According to Ref. [19], when §<<100°, 9'<100°, the
following expressions can describe the circumferential co-
herence between fluctuating pressures on large cooling

towers:
R.(6,6',n) =C,(6,0")exp( —B.f3) (8)
l0-0'|
] ) mnD 7360" )
2 U(s)

where 0 is the included angle between point 1 and the
stagnation point; @’ is the included angle between point 2
and the stagnation point; B8, =25; U(§) is the mean wind
speed at the gradient height §; and C,(6, ') is given in

U4 the coher-

figures. According to Simiu and Scanlan
ences between pressures on the windward region (6 <
100°), on the one hand, and pressures on the leeward re-

gion (' >100°), on the other, are negligible.
3 Updating Methods for Empirical Results

According to Cheng et al. ', free-stream turbulence
significantly influences the dynamic characteristics of
wind effects on cooling towers. Because the fluctuating
wind pressure coefficients around the full half-circle
monotonically linearly increase with the increase in turbu-
lence intensity'"”, the following equation is employed to
update the empirical fluctuating wind pressure distribu-
tions measured on small-sized cooling towers with high
turbulence intensities (see Fig. 1 (b)):

1,(zy) - 1,(z)
Al

u

0,(z2,,0) =0,(z,,0) —Ac (2, 0)
(10)

where o (z,, 6) is the updated fluctuating wind pressure
coefficient measured at height z, circumferential position
0; 0,(z,,0) is the original fluctuating wind pressure coef-
ficient measured at height z,; and /,(z,) and [ (z,) are
the empirical turbulence intensities for height z, and z,,
respectively. Because z, >z,, 1,(z)) <1,(z,); Ao, (2,
0) is the discrepancy between the fluctuating wind pres-
sure coefficient measured at circumferential position # on
height z, of the cooling tower model in the laminar flow
in the wind tunnel and fluctuating wind pressure coeffi-
cient measured at the same position on the cooling tower
model in the turbulent flow simulated in the wind tunnel;
Al is the turbulence intensity measured at height z, in the
turbulent flow simulated in the wind tunnel.

Furthermore, Cheng et al. "' found that the spectra of

fluctuating pressures measured at different positions

around the half-circle change irregularly with the increase
in turbulence intensity. Because the empirical formulae
for the spectra of fluctuating pressures ( Egs. (4) to (7))
are obtained by fitting large quantities of experimental da-
ta measured in the turbulent flow and laminar flow, Eq.
(11) is employed to update the results calculated using
the empirical formulae for conservativeness. This condi-
tion is based on the fact that the turbulence intensity of
the realistic ABL wind approximately varies from zero to
the values simulated in conventional ABL wind tun-

13
nels'™':

Sopa(2:6,0) =8, (2,0,n) + | S, (2,0,n) -

Spepo(Z, 09 n) ‘ (11)

where S, .(z, 6, n) and S pemp (25 6, 1) are the updated and
original spectrum of the pressure fluctuation at frequency
n for height z circumferential position 6, respectively,
and S, (z, 6,n) and S, ,(z, 0, n) are the spectrum of
the pressure fluctuation measured at the same position on
the cooling tower model in the wind tunnel with and with-
out the ABL simulation, respectively. Cheng et al.'"
found that a similar situation holds true for coherences be-
tween fluctuating pressures (they change irregularly with
the increase in turbulence intensity).
equation similar to Eq. (11) is employed to update the re-
sults calculated using Eqs. (8) and (9):

Accordingly, an

Rii(6.60'.n) =R, (6,60',n) + | R, (0,6, n) -
Rfepo(e’ 0',n) ‘ (12)

where R,,(0, 6, n) is the updated circumferential coher-
ence between fluctuating pressures measured at the cir-
cumferential position # and circumferential position §';
Ry, (0, 6", n) is the corresponding original circumferen-
tial coherence; and R, (6,6',n) and R, ,(6,6', n) are
the circumferential coherences measured on the cooling
tower model in the wind tunnel with and without the ABL
simulation, respectively.

4 Overview of Wind Tunnel Tests

As mentioned in Section 3, wind tunnel tests with and
without the ABL simulation are both required for updating
the empirical results of wind loads on cooling towers for
turbulence intensity effects. Thus, they are undertaken in
the TJ-3 wind tunnel of Tongji University in Shanghai,
China.

The wind tunnel is a closed-circuit rectangular cross-
section wind tunnel, wherein the size of the test section is
15 m in width, 2 m in height, and 14 m in length. The
test wind speed can be continuously controlled within the
1.0-17. 6 m/s range. The non-uniformity of the wind
speed of the flow field in the test zone is less than 1%,
the turbulence intensity is less than 0. 5%, and the aver-
age flow deviation angle is less than 0. 5°. Using spires
and ground roughness blocks (see Fig.2 (a)), the ABL



Updating empirical results of wind loads on cooling towers for turbulence intensity effects

417

turbulent flow field of the countryside open terrain is sim-
ulated for the test. Without these passive devices, the
laminar flow field is obtained. Based on the scenario of

Pengcheng large cooling towers'”,

the test model and
surroundings are modeled on a geometric scale of 1:200
using synthetic glass (see Fig.2 (b)). The wind tunnel
blocking rate is approximately 3% for the test, and the

wind tunnel test wind speed is 12 m/s.

(b)

Fig.2 Model test scenario in the TJ-3 wind tunnel. (a) ABL
terrain simulation; (b) 1:200 rigid models

36 x 12 taps are arranged on 12 vertical sections and
36 horizontal circular directions for the pressure measur-
ing tower model. DSM3000 electronic pressure scanners
from Scanivalve Corp. are used to obtain the wind pres-
sures on the tower surfaces in the laminar flow and ABL
turbulent flow. The signal data are acquired at a sample
rate of 312.5 Hz, and the sample length is 6 000 data at
one tap in each run. By sticking paper belts along the
vertical direction and adjusting the incoming flow veloci-
ty, the actual static characteristics of the prototype cool-
ing tower at high Reynolds number (Re) are successfully
simulated in the reduced-scale model with lower Re. The
turntable rotates from 0° to 360° at 22.5° intervals, but
only the case with the same wind direction as that ob-
served in the engineering site of Pengcheng electric power
station on Nov. 29, 2011 is considered!".

the empirical results updated using the model test data can

Therefore,

fairly compare with the wind effects measured on the pro-
totype.

5 Updated Empirical Results and Full-Scale
Measurement Data

Based on the methods described in Section 3, the re-
sults presented in Section 2 are updated using the wind
tunnel test data. Then, the updated empirical results are
compared with the full-scale measurement data obtained
on the prototype Pengcheng cooling tower (the field test
wind speed is 12. 06 m/s at the height of the measure-
As stated in Section 2. 1, the effects of
turbulence intensity on the mean wind pressure coeffi-

. 12
ment section) .

cients are negligible, so only the dynamic empirical re-
sults are updated.

The fluctuating wind pressure distributions measured on
the scaled model in the wind tunnel are shown in Fig. 3
(a). As can be seen, the model test results obtained in
the turbulent flow are much greater than those obtained in
the laminar flow. Using the discrepancy of the model test
data measured in the two flow fields, the two empirical
results reported by Ruscheweyh'”' and Sageau'' are up-
dated following Eq. (10), given that the two empirical
results are both obtained at the approximately 90 m height
and the full-scale measurement results are obtained at a
130 m height (see Fig.3 (b)). The comparison results of
the original and updated empirical results with the full-
scale data presented in Fig.3 (b) clearly indicate that the
agreements are better for the updated empirical results
than for the original empirical results. Moreover, the

k=i .
S —o—Laminar flow
Eé) 0.24 - s Turbulent flow
g 020
g
; 0.16
o
S
2012
£
z 0.08
o
£
= 0.04
2
g 0 1 1 1 1 L 1 1 1 1 ]
= 0 20 40 60 80 100120140160 180
Angle/(°)
(a)
Full-scale measurement:
o Istrun
o 2ndrun
0361 2N a 3rd run
0.32} ,’ \ v 4th run
0.28+ TN o Sthrun
0.24L L7,/ s\ -- Empirical result’’

- — Empirical result!'®)
. — Updated empirical result’”
\ — Updated empirical result!'®!
WM\

020f---<7"_7
0.16}
0.12F
0.08
0.04
020 40 60 80 100120 140 160 180
Angle/(°)
(b)

Fig.3 Fluctuating wind pressure distributions. (a) Model test
results; (b) Empirical results and in-situ data

-

Fluctuating wind pressure coefficient
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updated empirical results are notably different from the
full-scale measurement results at certain locations in Fig. 3
(b), e.g., at60° and 100°. Although the field measure-
ment data are generally treated as the targets of physical
modeling, they might be inaccurate in certain cases,
e.g., 1) when the static reference pressure established
for the full-scale measurement can hardly play the same
role as the static pressure in the wind tunnel and 2) when
the full-scale velocity field lacks stationarity and homoge-
neity. Based on our experiences, the full-scale data pres-
ented in Fig.3 (b) roughly reflect the trend of fluid phys-
ics, but they might not be perfect at certain local points
due to the limitations of the field measurement technique.
We suppose that the empirical results presented in Fig. 3
(b) are correct with regard to the fluctuating wind pres-
sure coefficients calculated at 60° and 100°.

Figs. 4 (a), (c), and (e) show the power spectral
densities of fluctuating wind pressures measured at three
positions (the subtitles in Fig. 4 refer to the included an-
gles between the measurement points and stagnation
point) on the scaled model in the wind tunnel. Compa-
ring the result measured in the laminar flow and that

measured in the turbulent flow, one can hardly determine
which one of them is greater than the other. For conser-
vativeness, the absolute values of the discrepancies be-
tween the data measured in the two flow fields are em-
ployed for updating the empirical formulae (Eqs. (4) to
(7)). The empirical power-spectral densities of the fluc-
tuating wind pressures are updated according to Eq. (11)
and compared with the full-scale data, as shown in Figs.
4 (b), (d), and (f). As shown in Figs. 4 (b) and (d),
the updated empirical results are accurate for use, and it
might be unsafe to directly utilize the original empirical
formulae (Eqs. (4) to (7)). In particular, the updating
practice is better for results calculated at the windward
side (see Figs. 4 (b) and (d)) than for results calculated
at the leeward side ( see Fig. 4 (f)). This condition is
probably because the fluid physics is quite different at dif-
ferent locations. Therefore, the unified updating practice
to all locations might lead to a certain inaccuracy. The
corresponding revision of the unified updating practice is
being undertaken by the authors now. However, due to
the limited article length, this topic will be reported in
another article.

o Full-scale measurement

—

[
=)
1

0 &
E‘ e g 10°~ __ Empirical formulae 2
S 5 — Updated empirical result 5]
o 3 ;
T E £ 10"
5 E 107! 8
& g £
=
3 3 Pl
= =102 =
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3 — Turbulent flow e 2 — Turbulent flow
1073 1 1 1 3 103 1 I 1
10" 100 o 10 10" 10° 10
n/Hz n/Hz
(a) (¢)
2 100 Full-scale measurement 10°- z 107
= - - Empirical formulae 'z
3 — Updated empirical result 3
E =
5 510
2 3
7] o
- 1]
§ e
- s N L
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Z
103 L 1 = | 103 | | | 107 1 1 1
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n/Hz n/Hz n/Hz
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Fig.4 Power-spectral densities. (a) Model test results at 30°; (b) Empirical results and in-situ data at 30°; (c) Model test results at 50°; (d)
Empirical results and in-situ data at 50°; (e) Model test results at 130°; (f) Empirical results and in-situ data at 130°

Figs. 5 (a), (c), and (e) describe the effects of tur-
bulence intensity on the coherences between the wind
pressure coefficient samples obtained at 20° and other po-
sitions on the scaled model in the wind tunnel. Because it
is difficult to tell whether the free-stream turbulence can
strengthen or reduce the coherences, Eq. (12) also relies
on the absolute values of the discrepancies between data
measured in the two flow fields to update the empirical

results. The updated empirical coherences are also com-
pared with the full-scale data in Figs. 5 (b), (d), and
(f), which suggests that the updated empirical results are
slightly conservative for use.

6 Conclusions

1) The one-way ANOVA technique is employed to
analyze the influence of the turbulence intensity on our
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Fig.5 Coherence functions between the wind pressure coefficient samples obtained at 20° and other positions. (a) Model test results
for 20°-50° coherence; (b) Empirical results and in-situ data for 20°-50° coherence; (c) Model test results for 20°-90° coherence; (d) Empirical re-
sults and in-situ data for 20°-90° coherence; (e) Model test results for 20°-120° coherence; (f) Empirical results and in-situ data for 20°-120° coher-

ence

previous full-scale measurement data. The results clearly
indicate that the variations of wind effects measured on
the prototype Pengcheng cooling tower are basically the
effects of turbulence intensity rather than the effects of the
inherent uncertainties in our physical experiments.

2) The comparison of the empirical results of wind
loads on cooling towers with the corresponding full-scale
measurement data shows that the empirical fluctuating
wind pressure distributions are too conservative for use.
Although the frequency-domain empirical formulae may
lead to unsafe structural designs, the practice of generali-
zing empirical results of wind loads on cooling towers
from physical experimental data, which disregards the
turbulence intensity effects, is improved.

3) Updating methods for the empirical results of wind
loads on cooling towers for turbulence intensity effects are
formulated. The comparisons of the updated empirical re-
sults and full-scale measurement data suggest that eco-
nomic efficiency and conservativeness will be balanced if
the updated empirical results are employed for the wind
engineering design.
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