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lent uniform stiffnesses were found to be:

b g sinde (1-u%)
e C o

1. Membrane force Tl; CI=E T zose (I-51)
e 0
bcdcsinoc cosmo(l-ug)
2. Mmembrane shear S5; 012=E 01 (1-52)
]
. 3 .
. ; sin =, 3 sznmocosmo
3. Bending moment MI: D1=E{T_ e +4f— TR
e 0 e
(1-53)
- i s i _
4, Porsion, H; DIZ—E{chznaocosao+ T Zc} (I-54)

. : : 3 . 45 _
in which, 7 = (debc/lz), I = (ucdc/12), CI and 012 =
membrane meridional and shear gtiffnesses and DI and

D12 - flexural meridional and torsional stiffnesses.

In the circumferential direction M2 and T2 are
assumed zero, since there is no continuity in the

circumferential direction.
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APPENDIX II

COMPARISONS WITH PREVIOUS RESULTS

In Appendix I, the shell equations are presented in
two forms; displacement and mixed schemes. For both
cchemes, solution of the shell differential equations
was obtained by means of the modified finite difference
method described in Chapter 2.

Both the displacement and miged modified finite
difference schemes were used in the analysis of several
static and free vibration problems [I to 5]. Some selected

results follow.

T¥.1 Static Regponse

The displacement and mixed modified finite difference
schemes are used to determine the static wind stresses in
a hyperbolic cooling tower, shown in Fig. I1I.1, which has
the same over-all dimensions as the Ferrybridge cooling
towers which failed in Fngland in 1965. Young's modulus of
the shell material is 3 X 10° pei and its Poisson's ratio
is 0.15. Fixed-free edge conditions are assumed at bottom
and top boundaries of the shell respectively. The wind
pressure considered is given in Ref. [6]. The wind pressure
along the upstream stagnation line is agsumed to be invari-
ant with heicht and is set to unity (2 lb/ftz). In the

finite difference solutions, equal intervals were used and
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the number of qrid jntervals varied from 5§ to 20.
Figs, I1I.2 to TII.5 show the variation with height, at
¢ =0, of the normal displacement w, the meridional force

T the circumferential force T?

1'
and the circumferential moment M, respectively. The results
are compared with the copventional finite difference solution
by Albasiny {#f] and the finite difference solution by Chan

and Firmin [7]. In the finite differerce solution 7162 unequal
intervals were used; very fire at the hound2rv. Tn the
finite element solntion, the chell was divided into five
unequal elements, with nine deqgreas of freedom at each mode;
these are, three disnlacements u,» and 11, and their first

and secon derivatives, For claritv, only maximum vélues are
compared.

Tt is observed that the mixed modified finite differ-
ence scheme compares well with more comrlex or large schemes,
even for as feu as five equal intervals. Discrepancy at
the shell boundary can be easilv eliminated by using unequal
intervals.

For the same number of intervals, the mixed scheme is
superior than the displacement schere. Hovever, for same

numher of ecuations, hnth schemes have almost the same accur-

acy.

11.2 Free-Vihration

The displacement modified fipite difference ccheme is
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applied, herein, to determine the natural frequencies of

a fixed-free hyperboloid. The shell basic dimensions and

material properties are:

motal height g = 330.67 ft.
Throat radius a = 84.00 ft.

curvature parameter h = 209.67 ft.
leight above throat 2y =—61.00 ft.

Height below throat 2y = 269.67 ft.

ghell thickness wo= 0,417 ft.
Young's modulus F=23X 106 psi
Material density - 150,171 1b/FE
poisson's ratio = 0.18

The lowest natural frecuency of the shell, associated
with harmonic wave number m = o6, wWas computed using differ-
ent numbers of grid intervals. The results are depicted
in Fig. II.7. Comparisons are made with the mived modified
finite difference solution by NoorY and Schnobrich [8] and
the conventional finite difference solution by Budianshky
and Radkowski quoted in pef. [8]. The marked superiority
of the modified - over the conventional finite difference
solutions is clearly evident. accuracy in the order of
18 can be obtained with as few as ten equal intervals using
the modified schemes. The lowest natural frequencies for
narmonics m = 1 to 7. computed using 50 equal intervals are
ghown in mTable II.1 and compared with results given by Carter,

et al [8] using a numerical integration technique, Noor and
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schnobrich [8] using the mixed modified finite difference

method, Tashkari, et al [10] using the finite element

method and Stoneking [11] using the partition method. Except
for the results of ref.[ 11}, the differences between all
solutions range between 1 to 2% cnly.

The influence of a top ring beam on the natural frequen-
ciec of hyperbolic cooling towers was investigated by the
author [2z] using the nodfied finite difference scheme. The
percertade increase in frequency due to the presence of the
rinc beam, for the sample problem described above, is shown
ijp Table II.2for the fundamental modes of harmonics m = 0
to 7. The results are compared with those obtained by
Weinoarten, et al [12] using the finite element method. Both

results are in good agreement.

Table IT.2 influence of Top Ring Beam
on the Natural Frequency

o \ g Tncrease 1n Funcdamental
Harmonit Frequency due to Ring Beam
Have *
Number Modified Finite Finite Element
pifference 12
m [ 2) [12]
0 0 -
1 1.2 0
3 2.0 1.6
4 15.9 14.4
5 14.7 15.7
6 0.0 2.0
7 6.1 6.0




APPENDIX IIT

1/400 AEROELASTIC MODFEL

TTT.1 Model Material

As mentioned earlier in Chapter 6, correct aeroelastic
modeling of the cooling tower requires that the material
density and critical damping ratios be the same for both
model and prototype. Young's modulus of model material E,
is related to that of the prototype structure by,

U

m
E =TF -3
m p U2

in which subscripts 7 and p refer to model and prototype
structures respectively. gince the maximum wind speecd
that could bhe attained in the available wind tunnel
vacility is about §0 ft/sec., & material with a very low
vYoung's modulus was therefore recuired.

A plastic steel material with the trade name of
Devcon A was found to meet these recuirements. The Devcon
naterial contains approximately 80% steel, 20% epoXy resins
and modifiers. This material is similar to putty and mode-
ling clay in consistency and has 2 dark grey colour. According
to the manufacturer, the material has a density of 156 lb/ft3
and a Young's modulus of 0.83 % 106 pei., These properties
could be changed considerably by the use of different harden-

ers. The Devcon Flex, for example, can pe used instead nf
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the reqular hardener to make the Devcon material more flexible;
i.e. to reduce its modulus of elasticity. This property was
taken into advantage to reduce the Young's meodulus without
altering the other properties significantly. The following

different mixes were tested for this purpose.

Mix A: Regular hardener = no Devcon Flex

Mix B: Devcon Flex/Devcon A ratio = 1/9 by weight

Mix C: Devcon Flex/Devcon A ratio 1/4 by weight

u n "
Four beam specimens (3 x % x 10 ) were made of each mix
and tested to determine its physical properties. The

average values are:

wixa  mixB  MixC
voung's Modulus - 10° psi 0.820 0.680 0.507
Mass Density Lb/ft> 152 142 127
Critical Damping Ratio 0.75% 0.9% 1.1%

Mix C was therefore most convenient for manufacturing the

aeroelastic model.

T1T.2 Model Construction

The model was built at the Engineering Machine Shor
of the University of Western Nntario. The process of
manufacturing the shell nodel is depicted in Plate III-1.
as shown the model was turned on a lathe fitted with special
tools to generate the required hyperbolic profile.

7o form the model an aluminium core was made to the
rough shape of the model. The core consisted of two parts

fastened together at the throat. The external diameters of
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the aluminium core were about % in. less than the internal
diameter of the model. The core was coated with a thin

layer of paraffix wax, above which a thick laver of ridigi-
dax was applied. A final coat of paraffix wax was applied
and machined to the correct shape of the inside surface of

the cooling tower model. The model was then coated with

the Devcon material (Mix C). The Devcon layer was machined,
after hardening, to the correct external profile of the

shell model and was left for one week for full cure. The
model was then coated with oil to prevent rust. The alumini-
um core was heated with steam till it @ropped out at approxi-
mately 127°F. The model, with the wax layers still attached
to it, was submercged in warm water for about (3 hours and

15 minutes) to remove the ridigidax. Finally the paraffix
wax was dissolved by submerging the rodel in turpentine

for about 24 hours.
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