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DYNANIC AMALYSIS8 OF CHIMNEYS AND NATURAL DRAUGHT COOLING TOWERS

LAKSHMY P* & SK AGARWAL**

ABSTRACT

Reinforced concrete chimneys and natural draught cooling
towers are essential components of power plants. As these struc-
tures are flexible and prone to earthquakes & wind, their dynam-
ic characteristics are prerequisite for rational and safer de-
sign. The paper reports the details of a truncated conical shell
element to idealize the chimneys and cooling towers and the
development of software for the dynamic response. Vibration
characterstics of chimneys and cooling towers have heen obtained
zsing the element. The predicted results are compared against the

heoretical as well as experimental values available in the
literature.

INTRODUCTION

Reinforced concrete chimneys and Natural Draught Cooling
Towers (NDCT) are essential components of a power plants and
industrial set ups. Chimneys are required to disperse the unwant-
ed gases of the processing plant into the atmosphere at a height
such that when these reach the ground level sufficient dilution
by diffusion would have occurred so that these become harmless;
while NDCT are provided to evacuate the heat generated during
various processes in a thermal or nuclear power plant into the
atmosphere. With the advancement in the industrial sector and the
strict conformity to the pollution control regulations, the chim-
neys and cooling towers are becoming taller and already chimneys
as high as about 300m and NDCT of 140m have been constructed in
our country. These structures being flexible are prone to earth-
quake” and wind forces. The dynamic characteristics of these
structures is, therefore, a prerequisite for their rational and
safer design.

The chimneys are analysed by idealising them into the beam
elements with lumped mass for the estimation of their mode shapes
and frequencies. In such an idealisation the effect of taper of
the chimney is neglected. It is also well known that taper of
the meridian decreases the frequency of the chimney in comparison
to the outer battering of the chimney. Based on the work of
Vickery (1985), Bureau of Indian Standards recommends separate

expressions for the acrosswind response of chimneys with taper
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less than.1 in 50 or greater than 1 in 50. Thus, consideration of
the taper of the chimney in the free vibration analysis is re-
quired. Vanasup (1975) considered the effect of liners on the
free vibration characterstics of the chimney by modelling its
liner and shell as equivalent framed structure and the transverse
members between the two as springs for shear transfer. In case of
chimney with steel liners, the vibration analysis of chimney is
performed for shell/shield only.

For the free vibration analysis of NDCT different methodolo-
gies are reported in the literature. In the beginning, the NDCT
vibration analysis was performed considering the tower shell to
be built-in or simply supported at the ground level. The tech-
nigques used were numerical integration method, finite difference
approach and finite element method. For brevity, the literature
review on free vibration analysis of NDCT is not included in the
paper. . )

Presently, NDCTs are usually supported by a number of dis-
crete columns at the base. These column supports influence the
vibration characterstics of the NDCT significantly, hence their
correct mathematical modelling is very important. Various tech-
nigues have been reported in the literature to model the discrete
columns. Sen & Gould (1974) replaced the columns by a rotational
shell element having averaged out property of the discrete
columng. Discrete column elements were included in the analysis
and parametric studies were conducted considering their geometry,
number of columns, inclination and material properties. Earlier,
thickness of the tower shell was increased to enhance the buck-
ling strength of the tower whereas it reduces the fundamental
fregquency. The codes of NDCT specify that the fundamental fre-
quency of NDCT should be greater than 1HZ, therefore, stiffening
rings are provided for increasing the buckling strength as well
as frequency rather than increasing thickness of shell. All these
methods adopted the finite element technique for the analysis.
Bhimaraddi et.al (1990) used an anisoparametric quadrilateral
shell of revolution element for tower shell and isoparametric
beam element for stiffeners and columns. They concluded that
provision of ring stiffeners (i) alters frequency significantly
of higher modes with the circumferential wave number greater than
three, (ii) increase the load carrying capacity under wind exci-
tation and (iii) may not increase the load carrying capacity
under earthquake excitation since these rings have no influence
on the mode shape.

The paper reports a truncated conical shell element to
idealise chimneys and cooling towers for the free vibration
analysis. Details of formulation of the element and the software
developed are alsc Included. Two examples each of RC chimneys and
cooling towers have been analysed using this technique. The pre-
dicted results have been compared against the theoretical as well
as experimental results published in the literature.
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TRUNCATED CONICAL BHELL ELEMENT

Each element consists of a truncated conical shell with two
end nodes and four degrees of freedon (u, v, w, and & ) per node
(Fig.la). Thus, each element has eight degrees of freedom. The
thickness of the element varies linearly. The shell slement is
based on modified form of Novozhilov (1959) shell theory. The
assumptions used in the derivation are:

1. The shell is thin and initially lines normal to mid surface
remain straight and normal during deformation.

2. Meridians are assumed to be straight.

3. Mid-surface strains and curvature are expressed in terms of
displacements.

The assumed displacement functions for an element, which
allow for sinusoidal distribution of displacement in circumfere-
tial direction to cater for various circumferentjial wave patterns
(Fig.1lb) are given below:

u= (uj(1-¢) + uj¢) Cosng  --------- (1)

v = (vi(1-C) + v4C) Sinng It (2)

w = (ui(1-3c=+2¢3)+1(¢-z¢'¥¢3)91+wj(3¢=—2¢3)+1(-c'+¢3)ej)Cosn¢
L 3

\

Writing in Matrix form

{uy = [N} (Ug}  mmmeeemee (4)

Where

{U} = {u v w}T = the displacement vector

(Ugt = [uj vj wj 8§ uj vy Wy ejJT = A vector of nodal

displacements

[N] = Matrix of shape functions

Ni1 Njyp Ny3 Nyg Ny Nyg Nyg Npg
Nz1 Naa Np3 Nog Nog Npg Nap Nag
N3j N3 N33 N34 N3g Nag N3p Nag

Nj3 = (1-C) Cosng ; Nyg = ¢ Cosng ; N:i = (1-C) Sinng ;

= C Sinng : N33 = (1-3¢*+2¢%) Cosng : Nyy = 1(G-2¢+¢3) Cosne

=z
]
h

[
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N3; = (3¢'-2¢3) cosng : Njg = 1(-¢i+¢3) Cosng .
Other elements of [N] are zero.

The vector of strains is given by

le) = [ ey €y €xp Ky Ky Kyy )T =mmmeee (5)
where,

x =4,

€ = 1/r (v'¢) + 1/r (u Sina - w Cosa)

1/x (u,¢) + (V,x) = 1/r (v Sina)

Ky = W, yx

1/xt (w',¢) + 1/ (v 4).Cosa + /(v ) Sina
Ky = 2(1/r (“,x¢) - 1/ (w'O) 8ina + 1/r (V'X)COIG

-1l/x* vSina Cosa)

¥

e
"

i.e. (€) = [B] (Uy) ~---=mmmue- (6)

Substitution of displacement functions and its derivatives ih
equation 6 results in [Blgys matrix whose elements are

Bjg = (- 1/1) Cosng : Byg =( 1/1) Cosng

Byy; = 1/r (1-C) Sina Cosng Bas = n/r (1-¢) Cosng

B3 = - 1/r (1-3¢'+2¢3) Cosa Cosng

By = = /T (C-2¢' +¢3) Cosa Cosng ; Byg = C/r Sina Cosng
Byg = (nQ/r) Cosng ; Byy = =1/r (3¢'-2¢3) Cosa Coang

Bog = - 1/r (~G'+C3) cosa Cosng ; By = - n/r (1-¢) Sinng
Bz = {((-1/1) - 1/r (1-¢) Sina) Sinng ; Bygs = (-nC¢/r) Sinng
B3g = -((1/1)-(C¢/r) Sina) Sinng ; Byy = 1/1* (-6+12C) Cosng
‘Bgq = 1/1 (=4+46C) Cosng ; Byy = 1/1* (6-12¢) Cosng

Bgg = 1/1 (-2+6C) Cosng ; Bg, = n/x* (1-¢) Cosa Cosng

Bgz = (-n*/r' (1-3¢*+2¢3) + 1/rl (-6¢+6¢') Sina) Cosng

Bgg = (~m*/x* (C-2¢*+G3)1 + 1/r (1-4C+3¢*) Sina) Cosn¢
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Bgg = _n/rz ¢ Cosa Cosng

Bgy = (-n'/r' (3G:-2¢3) + 1/rl (6G-6¢) Sina) Cosng
Bgg = (-n*l/r* (=¢*+¢3) + 1/r (-2¢+3¢*) Sina) Cosng
Bgs = 2((-1/rl) Cosa - 1/r! (1-C) Cosa §ina) Sinng

3;3 = 2(-n/rl (-6G+6G') + n/r* (1-3¢*+2¢3) Sina) Sinng
B4 ™ 2(~n/r (1-4G+3¢*) + nl/r' (G¢-2¢*+¢3) Sina) Sinng
Bgg = 2((1/rl) Cosa - (¢/r') Cosa Sina) Sinng

Bg7 = 2((=n/rl) (6C-6G*) + (n/r')(3¢‘-2¢3) Sina) Sinng
2((n/r) (-2¢ + 3¢;) + (nl/r*) (-¢*+¢3) Sina) Sinng

Beg
other elements of [B] are zero.

The element stiffness matrix in local co-ordinates is given by

[ke) = 1x J r (B)T (D) (B] d¢ = =-=m-meee- (7)

In global co-ordinates element stiffness matrix is given by
[(x°] = [€1T [kq) [€] =mmmmmeeeee (8)

where [D] is a matrix of elastic conatants

1l u
1
00 (1-u)/2
[D] = Et/{1-u') 00 0 t*/12  pt? /12
00 o pti/12  t1/12
00 o 0 0 (1-u)t? /24

6x6

(C] = Transformation matrix between local and global co-ordinates

dc [}
{(C] = 0 de
Bx8
Cosa 0 =-Sinea 0
0 1 0 0
[dc] = Sina 0 Cosa 0
0 0 0 1

4x4
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Similarly, the element mass matrix in local co~-ordinates and
global co-ordinates are

(me] = 1x I (N)T [ [N) tr d¢ =---meeuw ()

[a°] = [€]T [me) [€] -----—--- (20)
CONPUTATIONAL TECHNIQUE

With the availability of high speed digital personal comput-
ers, it is possible to carry out the free vibration analysis of
these structures more accurately. An interactive software for PC
in Fortran 77 has been developed. Since, only displacement w is
required to define the meridional mode shapes, u, v & 8 are re-
moved from all nodes except the last one using Iron's technique
{1374) . The condensed matrix sc obtained is used for determina-
tion of eigen values and eigen vectors using power method.

The above methodology has been used in the vibration analy-
sis of tall free standing chimneys by Agarwal et.al (1592).

EXANPLE 1

A single flue chimney 150m high of Fig.2 was analysed
‘using the trurcated conical shell element as well as beam ele-
ment. The computed frequencies by the two approaches are compared
in Table 1. The mode shapes are given in Fig. 3 and 4 for shell
alone as well as completed case of chimney. The fregquency values
corresponding to first, second and third mode using the beam
element are lower by 9%, 6% and 1.4% obtained by the reported
conical shell element, respectively. The mode shape for the first
and second modes are practically the same by the two approaches
and the variation in the third mode shape is shown in Fig. 3. A
comparison of fundamental frequency using the truncated conical
shell element against the reported vajue by Prabhakar (1985) and
is well within 3% in both the cases.

TABLE. 1 FREQUENCY COMPARISON

Mode Number Conical Shell Element Beam Elenment
1 0.6378 0.5787
2 2.4090 2.2564

3 5.5040 L 5.4240
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BXANPLE 2

A 200m tall reinforced concrete chimney of the Hirono Power
plant (Fig.5) earlier solved by Tamura et. al (1986) has been
analysed. Frequencies and mode shapes are given in Fig. 5. The
lowest natural frequency and the damping ratio of the chimney as
per field measurement are reported by Sanda et. al.{1982) as
0.472 Hz and 0.005 respectively. The reported approach predicts
the lowest frequency as 0.517 Hz. This variation of 10% can be
due to damping which has not been considered in the reported
formulation.

EXANPLE 3

A 99.422m tall cooling tower shown in Fig. 6 has been analy-
sed using 13 truncated conical shell elements. The predicted
values for circumferential wave number n=ito7 and meridional
modes m=1to3 are compared against the reported values of Bhima-
raddi et. al (1990) in Table. 2. Bhimaraddi used quadrilateral
shell element based on higher ordar shear Aeformation theory with
€4 d.o.f and a mesh size of 16x11 (16 elements in meridional
direction and 11 in circumferential direction ) on a quarter
circle of the tower. The predicted results are within 8% for the
lowest frequency. The mode shapes are shown in Fig. 7.

EXANPLE 4

Free vibration analysis of ISAR II Cooling tower (Fig. &) is
carried out using 30 truncated conical shell elements and the
lowest frequency so obtained is 0.68 Hz against the reported
value of Form (1984) of 0.67 Hz. Thus the frequency matches very
well.

‘CONCLUSION

The reported technique can be used with confidence and
reasonable accuracy for the analysis of both chimneys and cooling
towers at very little computational effort on PC's. Addition of a
ring stiffner element to the formulation will help to analyse
cooling towers for better dynamic response.
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TABLE. 2

COMPARISON OF NATURAL FREQUENCIES OF 99.24m HIGH NDCT

n n Quadrilateral shell Truncated conical
eleament [16xl1l slement shell element
. in a quarter tower) using 13 elements

1 1 . 2.55677 2.7581

1 2 6.27744 7.0404

1 3 10.33951 ‘ 12.6778

2 1l 1.58803 1.6745

2 2 2.82911 3.2164

2 3 6.02512 7.0945

3 1 1,37364 1.5%6

3 2 1.63588 . 1.715¢6

3 3 3.39453 4,0012

4 1l 1,14386 1.2491

4 2 1.72112 1.9103

4 3 2.28921 . 2.5879

5 1 1.46236_ 1.709

5 2 1.54180 1.5587

5 3 2.41561 2.708

6 1 1.75613 1.9161

6 2 2.06611 2.1522

6 3 2.23791 2.5883

7 1 2.05964 2.3050

7 2 2.57100 - 2.7365

7 3 2.74711 . 2.8936

n - circumferential wave number '
n- mneridional mode



B

Dynamic Analysis of Chimneys and Natural Draught Cooling Towers Qf

REFERENCE:

1. Agarwal SK & Lakshmy P. (1992), "bomputer Analysis of Tall
Free Standing Chimneys", Journal of Institution of Engineers

2. Bhimaraddi A, Peter J. Moss and Athol J. Carr (1990), "Free
vibration Response of Column Supported Ring-Stiffened Cecoling
Tower®™, Jr. of Eng. Mech., Vol. 117, Ne.4, pp. 770-788

3. Cook R.D. (1974), Concepts and Applications of Finit- Ele-
ments Analysis, John Wiley & Sons, Inc.

4. Form J. (1984), "Ring Stiffened Shell of the Natural Draft
Cooling Tower of the ISAR II Nuclear Power Plant", Proc. 2nd Int.
Sym. on Natural Draught Cooling Towers, Germany

S5, Mungan I.(1979), "Buckling Stresses of Stiffened Hyperbolic
Shells". Stract. Eng. Div., ASCE, 105(8), pp. 1589-1604

6. Novozhilov V.V, (1959), The Theory of Thin Shells, Noordhof!
Ltd. Groningen, The Netherlands

7. Prabhakar N. {1985), "Influence of Design Parameters in
Aerodynamic Analysis of Tall Chimneys", Proc. Nat. Seminar on
Tall Concrete Chimneys, New Dalhi

8, Sanda S et. al. (1982),"Full Scale Measurement of Excitation
and Wind Forces on a 200M Concrete Chimney", Proc. 7th National
Symposium on Wind Engineering, Tokyo, Japan. pp 139-146.

9. Sen S.K. and Gould, P.L. {(1974), "Free Vibration:; of Shell
of Revolution Using FEM." J. Eng. Mech Div., ASCE 100 (2) pp.
283-303.

10. Tamura.Y and Nishimura I. (1986), "Elastic Model of Rein-
forced Concrete Chimney for Wind Tunnel Testing®, Proc. Int.
Coll. on Bluff Body Aercdynamics and its Applications, Japan

11. Vanasup J. (1%75), "Response of Tall Concrete Chimneys Sub-
jected to Fluctuating Wind", Doctoral Dissertation, University of
Michigan USA

12, Vickery B.J. (1985), "Wind Induced Loads on Reinforced Con-
crete Chimneys", Proc. National Seminar on Tall Reinforced Con-
crete Chimneys, New Delhi



%) Bulletin of the Indian Soclety of Earthquake Technology. Septembet 1993

NOTATIONS

B - Strain displacement matrix

c - Transformation matrix between local and global co-
ordinates

D - Matrix of elastic constants

E - Young's modulus of elasticity

ke,k° - Element stiffness matrix in local and global co-ordi
nates respectively

- Length of truncated conical shell element

mg,m° - Element mass matrix in local and global co-ordinates
respectively

m - Meriodional mode number

N - Matrix of shape functions

n - Circumferential wave number

r - Radius of the element

t - Thickness of the element

Ri,Ra - Radius of element at ith and jth node

u,v,w - Displacements in meriodiocnal, circumferential and
transverse direction

Ue - Vector of nodal displacements for an element

u, - Partial derivative of u w.r.t x

u:¢ - Partial derivative of u w.r.t ¢

V. x - Partial derivative of v w.r.t x

" - Partial derivative of v w.r.t @

wox - Partial derivative of w w.r.t x

L) - Partial derivative of w w.r.t ¢

Wiex - Partial derivative of w , w.r.t x

"'x¢ - Partial derivative of w'y w.r.t ¢

¢’ - Non dimensional element fo-ordinate

i - Poissons ratio

€ - Vector of strains

r - Density of material

¢ - Angle in circumferential direction

a - angle of meridian with vertical

—
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~—=-~ BEAM ELEMENT RESULTS

M=1 NATURAL FREQ:0-638 HZ
{0:620 HZ)

M=2 NATURAL FREQ:2:410 KZ

M=3 NATURAL FREQ: 5-500 HZ

FIG.3 FREQUENCY AND MODE SHAPE OF A 150 M
HIGH CHIMNEY { SHELL ALONE CASE )
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- 150

1204

M) NATURAL FREQ: 0-543 HZ
{0527 HZ }

M= 2 M=2 NATURAL FREQ: 2-125 HZ

M =3 NATURAL FREQ: 4482 HZ

) AFTER PRABHAKAR 7

60+
m= 3

FIG. & FREQUENCY AND MODE SHAPE OF A 150 M HIGH
CHIMNEY ( COMPLETED CHIMNEY)
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200 m

100m

NISHIMURA 10

FIG.5  VIBRATION MODES OF 206M HIGH CHIMNEY
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=15:8m 1e 625 em

t =55 cm

2Tm
4T m

M=1 MUDE FREQ: 0517 HZ

(0-470 HZ)

M=2 MODE FRAEQ : 2100 HZ

(2010 HZ)

M= 3 HODE FREQ: 4-880 HZ

(4-B00HZ )

{ ) MEASURED FREGUENCY OF ACTUAL
CHIMNEY AFTER TAMURA AND
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I=99-622m 2702m 402y
5007 m 1=0-16m

R
e o

RADIUS BELOW THE THROAT (0§ Zg67-429)

- 20. 7.429-7
R(Z) 2038\/14-(9?1-%-)

RADIUS ABOVE THE THROAT (67-429 & Z & 99-422)

“R(Z) = zoan 1o (L5429 52

53-88

FIG.6 COOLING TOWER OF EXAMPLE-3
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FIG.7 VIBRATION MODES OF EXAMPLE-3
COOLING TOWER (m=1)

g9
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Z=154-15m | _43:-6m
]

I =m124-13m

R=72:70m

GROUND LEVEL

RADIUS BELOW THE THROAT (0 &€ Z & 12415 )

R(Z) = 28-061 + 1228 J( 7 -12615)2 + (40-0)2
RADIUS ABOVE THE THROAT (12615 & Z & 154-15 )

0

R(Z) = 41343+ 95—?5%1 J(z—m-ss 2 +(690)2

FIG.8 COOLING TOWER OF EXAMPLE-4




