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ABSTRACT

In the present age of rapid industrilisation, chimneys
are very useful for effective and safe disposal of industrial
waste gases into the atmosphere. Thelr heights are increas-
ing day by day reaching to 300 m. to meet the anti pollution
requirementss Due to increased height the effect of wind
predominates in the design of chimney, The wind force may
be considered in the direction of wind or along wind and
prependicular to the direction of wind or across wind sgpera~
tely.. Along wind excitation is due to gustiness of wind

- while across is mainly due to periodic shedding of vorticies
under winds, /

In tha'persent study, fhere is an attempt to analyse
and compare the along wind_respénse obtained by approach
given by Davenport, and in case of across wind by approaches
given by Rumman and Vickery, Two types‘of chimneys;'one
having constant taper throughout the height and second
having constant diameter in upper half ﬁortion and constant
taper in lower half portion are analysed, The heights of
chimneys are taken as 100 m.,150 m, 200 m and 250 m, and for
different top diameter to base diameter ratios, varyirg
froﬁ 0.35 to 0,65, the respdnses have been computed,



(vi)

First type of chimney has also been analysed for small as well

as large taper formulatlons given by Vickery and the results

are compared to identify the distinguishing taper value, The

chimneys are assumed to be located in open terrain, which is

‘more commenly encountered, The responses have been computed for

fixed base condition, The maximem wind velocity at reference |
height of 10 m, is considered as 50 m/sec.

By comparing the across wind response of the constant

taper type chimnéy by both formulétion of small and large taper,

&é suggested by'Vickery, it is concluded that large taper formu =-_
‘ lation will be applicable when the top diameter to base diemeter
ratio is less than 0,5 and small taper formulation will be valid
when above ratio lies between 0.5 and },0 as suggesting by Vickery
and Basu, While comparing the across wind response cbtained by
approaches given by Rumman and Vickery, it is seen that Vickery's
| resulté are relatively on conservative side mainly because in the
modified formulation Vickery has applied a_peak factor of 4,0
Generally the along wind response will be more than the across
wind response except when the eddy shedding frequency coincides
with one of the structure natural frequency of vibration leading
to resonant condition, The across wind non resonance response has

much smaller values. According to Rumman, the across wind resonance
will occur at about 2/3 height of chimney (for the tapered chimneys)
in the first mode and at the top of chimney in the second mode of
vibration. Second mode resonance occurs at a very‘high wind velocity
that is rare but the response in second mode is much more signi-
ficant compare to the first mode response,.
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CHAPTERI,

INTRODUCTION

l.1. GENERAL. Chimneys, normally a'final component of
any fuel burning plant are used to discharge the effluent
efficiently for optimal functioning of the industry or
thermal power plant, The construction of t311 reinforced
concrete chimney has beéen on the increase in the last few
decades, due primarily to the increasing demand of air
pollution control, Chimneys in the range of 300 mefers or
so are not uncommon, Due to increase in the-height and
reducing the shell thickness for economic point of view,
the;chimneys become tall and slender, The wind in perti-
cular, consti£utes one of the hajor forms of structural
loading and even moderate wind are capable of imposing

critical forces on the structures.,

Wind induced response of chimney, can be investi-
gated as along wind or in the direction of wind and across
wind or perpendicular to the direction of windy The along
wind responsegomprises of static and dynamic reSponse; The
across wind response will be due to vortex induced excitation
because of eddy shedding from the down stream face, It would
be critical when the shedding frequency coincides with the
natural frequency of the structure. Besides, the phenomenon

of ovalling occurs when the thickness of shell is less,




The response of the chimney is affected 2 lot due to inter-
ference of the upstream chimney, though such cases are rare.
In those cases the responce may become double or even triple.
In case of multiflue chimneys, when the cross section of the

chimney is not circular, galloping instability may also occur,

1,2. OBJECTIVE AND SCOPE: The objective of the dissertation
'is to examine the across wind response ofvthe chimney by exis=
ting methods, The phenomenon of across wind has been less
successfully tackled essentially because unlike the along
wind response where a single mechanism i.e. buffecting is

- the dominent source of excitation,,many causes contribute

Vto tﬁe same. BeJe Vickery (40) and Wadi. S. Rumman (31) has
given different approaches for obit2ining the across wind
Tresponse, in this disertation the response obtained by above
two approaches has been compared by considering two types of
~chimneys of four different heights and different top dismeter
to bottom diameter ratio. The along wind response for all the

chimneys has also been evaluated by the approach given by
B.J. Vickery (39).

The responses have been obtained for the reference
wind velocity(at 10 m. height from the ground level) not
exceeding by 50 m/sec., The terrain is assumed as flat open
type. Because'generally the chimney is loéated outside the town

or large cities, Thg responses have been computed for fixed

- ¥



base condition considering the chimney as & cantilever, The
damping of the chimney plays an important role in the wind
wibrations and consists of an zerodynamic component besides

the usual structural damping. The damping for W;S Rummant's
~approach is teken as 2 percent, but for B.J. Vickery's approach
it is taken a$ 1l percent, beczuse Rumman has already taken its
effect in his approach, In Rumman's approach for calculating
the across wind response, first and second modes of vibrations
of the chimney are considered, The Vickery's approach is
general and can be used for any mode of vibration of the
structure. Badruddin (2) has given modified values of lift
coqfficientﬁ strouhal number 2nd correlation length., The along,
‘wind response has been evaluated by considering wind as compri-
sing of a mean and a fluctuating component, Davenport's

approach (7) has been used for computing the along wind

response.
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CHAPTER?Z2

REVIEW. OF LITERATURE

2.1. GENERAL. - The development of more slender structures
like tall chimneys, some of them are as shown in Fig.2.1l.,

and the increasing frequency of failure of such structures,
has produced more concern regérding the effects of wind forces
on structures, The vortex induced excitation due to high

velocity winds are important dynamic problems which are still

to be throughly investigated.

This chapter describes the work so for reported by
various investigators regarding wind-characterstics,_forces

and their effects oﬁ chimneys, codel provisions, etc.,

Zele WIND CHARACTERISTICS. -~ In order to estimate static

and dynamic response of a_chimney,'it is necessary
to have adequate information of the charaéteristics and
effects of common wind storms in different meteorological
situations., The measured wind data is geﬁerally analysed by

statistical means, to obtain,

(i) Mean wind speeds for various time periods (typically -
averaged over period of about an hour).

(ii) Instantaneous maximum wind speeds associated with

given mean wind profiles,




(iii) Velocity variance (especially of the longitudinal

wind component).

Wind speed dats collected over a2 number of years are
represented in terms of wind rose diagrams. By the help of

wind rose it is possible to statistically forecast the likely
maximum wind speed at a site for & given retur .n period,

Generally in case of chimneys return period is taken as fifty
years (1l6).

The probable maximum wind speed at any height Z is
‘calculated by (23).

v-—z- - (*}- )a e o o o e . 0(201)
Vo g _ :
where Vz and Vo are velocities of wind at height Z and
reference height (Zo) respectively, coefficient @ is known

as power law: exponent and depends on surface roughness.,

15:4998 Draft code (17) has specified different value

for power law exponent for different typés of terrain as shown
in Table 2.1,

According to A,C,I. code (1) values of the power law

exponent for different terrain tyces are given below in

Table 2.2.




TABLE 2.1
Terrain Category Terrain Description . power law exponent

1 Open with 2 few or no obstr- 0.1l
uctions | -

2 Open with well scattered 0,14
obstructions.

3e Numerous closed spaced .25
obstructions. H <_ 10 m B _

4, Numerous large or high 0,36
closely spaced obstructions.

Seac Coast - 0.14

TABLE 2,2

”

Types of Surface, Grouped according to their aerodynakic roughness

Category ) Description ; a - G

1. Exposed sites in windy areas,i.e. 1/7.5 =0,13 0,005
exposed coast lines, Undulating '
moorland Desert, . '

2 : Exposed sites in less wind arecs 1/5.5 0,015
open inland country with heads and =0,18
buildings less exposed costs. ' :

3e Well wooded inland ccuntry, built 1/3.5 0,050
up areas. =0.28




According to IS:875 (Part III) Draft code (19) the
max imum basic wind speed at the reference height of 10 meter
from ground level varies from 33 m/sec to 35 m/sec dividing
the map of India into six zones. Design wind speed can be
obtzined by multiplying basic wind speed by probability fector,
defihing risk (Kl),terrain, height and structure size roughness

factor(K:2 and local topography factor (K3).

2.3. STRUCTURAL RESPON3EfF Structures are excited in along
wind direction due to gustiness of wind while across wind oscil-

lation is cazused by the formation and alternate shedding of

vcrticés on downstream face., The analysis of structural response

due to wind action is carried out by considering each of these

seperately,

2.3.1. ALONG-WIND RESPONSE:- Excitation of structures in the

along wind direction occurs due to buffecting by gusts,

Davenport (7) has developed a.method for perdicting
the statistical properties of the response of cantilever like
structures to wind turbulence. considering the structure to
behave like an elastic system with its response depending on
the frequency of.excitation. Davenport prov?ded an expression

which estimates the peak factor

g= J(2 Inf. %) + 0.57/ [21nf-% e e e e e (2.2)




"~ in which the effective frequency £, for 2 structure is the
number of times the displacement trace crosses the mean-

value line in unit time and € is the sample time, usually

3600 sec .

Vickery (39) has proposed approach for obtaining zlong
wind response by modifying the approach given by Davenport (7).
Vickery carried out theoritical estimates of the loads acting
on elastic Qtructures‘and compared the response of these struc-

tures in tarbulent flow with model and full scale observations.

2.3.2. ACROSS WIND RESPONSE: - Although the mechanism of vortex

shedding and the character of the 1lift forces céusing vibrations
to occur in the cross wind direction have been the subject of
a great number of studies, the available information #pes. not

permit an accurate prediction of these oscillatbry forces,

The phenomenon of vortex shedding, which occurs most
easily in compgratively smooth air streaﬁsa has been the
subject of a considerable resécrch programme at National
Physical Laboratory under Scruton (37). On the basis of
experimental observations it is found that bending oscilla-
’tionSj;n case of slender structures are_pxﬁited more sighi~
ficantly in a plane normal to the direction of wind, Because
of symmetry of fheir construction, oscillations usually occur

in non-coupled modes and mostly in bending rather then in

torsional modes,



Roshko (29) carried out experiments on a large circular
cylinder in a pressurised wind tunnel at Reynold's number
ranging from 106 to 107. The study revealed that a definite
vortex shedding occured with the Strouhal number equal to

Q.27, for Re>»3,35 x 106.

Sachs (35) had studied results of both wind tunnel
tests and oscillations on full sized masts to ascertzin the
value of the lift coefficient under resonant conditions, Wind
tunnel tests of circular sections gave vaiues of lift coeffi-
éient between 0,20 to 0,33 with an average of 0.27. The full
size structure studied gives the value of 1lift coefficient

between 0,12 to 0,19 for critical Reynold's number lying
between 10° to 107,

Vickery (40) suggested the values of the lift coefficient
Cy o Strouhal number S and correlation length L (expressed in
diameters) under all type of conditions as 0,20, 0,22 and 1,0
respectively., Though Vickery suggested above vzlues for the
corresponding coefficients, he himself félf_the necessicity
of establishing some basis on which_thesé coulc be adopted,
Cincotta (5) and Schmidt (34) observed the.values of CL, S

and L as 0,15, 0,25 to 0,29 and 0,6 respectively in Reynolds
number range 3 X 106 to 2 x 1d7. ’

- On the basis of experimental observctions Vickery (40)
described that the lift forces are narrow band random in
character with a frequency f = ~5

« As the diameter is variable,
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local resonanse takes place at different heights with different
wind speeds. As the wind speed increeses, the resonance first

appeared at the tip and then shifts downward.

Rumman (32) suggested that the resonance will occur in
a resonant zone when the shedding frequency coincides with the
natural frequenéy of the structure., The size of resonant zone
shéuld not exceed three times the critical diameter or 175 feet.
He also suggested that resonance in the first mode of vibration
generally occurs at 2/3rd height of the chimney and resonance
in the second mode has two peaks. The first peak cérresponds
due tq resonance at the top of the chimney and ségond peak

correéponds due to resonance at about mid - height of the chimney.

2.4, CODE PROVISIONS: 1S:Code (l7) specifies 2a minimum thick-
ness of concrete shell @s 15 cm for internal dizmeter of 6 meters

or less, When the internasl diemeter exceeds 6 meters, the mimi-
| D3i-600
120

mum thickness in cm is 15 +

where Dj = Inside diameter of concrete shell in cmse.

IS code has grouped the chimneys into two catagories,
Category 1l includes those chimneys for which critical wind
velocity is never reached. Category 2 of the code gives the
limiting value of H/D ratio corresponding to max imum mean
minute speed expected in a particular locality for which no
oscillaiion would occur. Category 2 includes,ﬁhose chimneys

for which critical velocity is within the range of velocities
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expected at the site and it is their higher mass that ensures
dynamic stability, Code recommends that oscillations would not

occur when mass damping parameter exceeds 20,

The German Code DIN 1056 recommend that investigation
on vortex shedding can, however, be relevént for chimneys of
circular cioss section if,G/V is less than 2.0Kn/m3,'where G
is the sum of all self weights above the fop of the foundation
and V is the volume enclosed by the outer surface of the chimney.
ACI307-79 is silent on the dynamic aspects but has been incor-

porated in the new draft code.

IS. draft code specifies that vortex locking phenomenon
occurs when Strouhal number is equal to 0,20, The phenomenon
of ovalling can be avoided by providing shell thickness more
than 1/75 of'the diameter of the chimney at,ihe top. The
phenomenon of interference on the downstream chimney due to
buffecting of upstream chimney will be maximum when chimneys
are spaced 5 times the diameter of chimney_at the base ahd,’,

this phenomenon occurs when spacing is less than twenty times
the diameter of chimney.,
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CHAPTR 3

ANALYTICAL METHCDS

3.1. PRELIMINARY REMARKS: - Effect of wind on any structure

can be broken up into two parts - one which produces Tesponse
in the direction of wind or along wind response and the other .

| which produces résponse‘in the direction perpendicular to wind,
or across wind response. Along wind response may further be de-
vided into two parts - one which produces a static response and
the other causing a dynamic one. In the design of structures to
resist wind loads the possibility of a significent dynamic res-
ponse 1s therefore a factor whichvcan not be ignored. Dynamic

response can reach dangerous levels if the frequency of dynamic
excitation is close to the natural frequency of structure since

a small exciting force would then cause a large amplitude build up.

In the following sections, these two principle forms of
wind loads have been described, along with the analytical_proce~
dures which have been used to evaluate the magnitude of the

response of chimney,

. The chimneys have been idealized as multi-degree lumped
mass systems by assuming discrete masses and projected areas
to be concentrated at various modes along the height. Only
horizontal motions have been considered and these are assumed
to be independent of vertical as well as rotational displace-

ments, which are neglected because of their relatively(sméll
magnitudes, |




3.2. NATURAL FREQUENCIES AND MODE SHAPES; - The dynamic

characterstics of the chimney are best identified by the
natural frequencies and the mode shepes of the chimney. For
obtaining across wind response first two modes have only been
considered in. 2ach case since the higher modes cannot be exci-

ted within the range of velocities ehcountered in Indiay

The equation of motion for free vibration of a multi

degree lumped system is written eés

Em].{‘#“-i’_ +A[K],I{x} T 0 44 s oeoe e s e s o (3.1)

where [m] = A diagonal matrix containing masses of the system

{x} and {x} = Column matrices of acceleration and displacement

respectively

[K]

Square stiffness matrix and is symmetric for

linear structural problems.

The eigen wvalues problem for evaluating tﬁe mode shapes
and the corresponding natural frequency of @ vibration has been
solved numrically by using a computer programme based on Holzexr's
boundary condition method using transfer functions, The method
envolves a trial and error procedure wherein the natural frequency
of vibration is assumed first and the boundary condition deter¥
minant is written. The trial frequency is increased in small
increments till the determinant obtained from the boundary
conditions changes sign. A search is then made within this
increment till the required accuracy of convergence of natural

frequency is achieved, The value of determinant of boundéry
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condition is almost zero, at the prescribed accuracy of
convergence (xlofslhimPIQing that the boundary conditions
are satisfied (4). The higher modes of ..wvibrations of stru-
cture are obtained in a similar manner and the programme has
the capability of directly converging to 2ny desired mode of
vibration independent of the earlier eigen vectors. The

orthogonality conditions are thus not required in this method.

3.3. DAMPING* Damping comprises mainly of two components -

structural and aerod?namic, and can beqrepresented by the log-
arithmic decrement & defined as the logarithm of the ratio of
two spccessive peak amplitudes in an unforced decreasing osci-

‘llations. In fact aerodynamic damping is frequently ignored,

. Aerodynamic logarithmic decrement.éa‘at a given wind
speed can be obtained by using the following expression (24)

o b fe B A ¥(2) ¢2(2)

K £, %m(z).p?(;r

e e .. (342)

where the value of K is taken as 2 for &long wind and 4 for

across wind excitation._

The value of the structural logarithmic decrement 6s
depends upon the response of the structure. For the case
where the variation of stress induced in a.small element of

volume dv is very small, an approximate expression for &g

is as follows (24).
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TN odv

6g = EJ =
. Lig dv

ce e e e e s s o s o(3.3)

where E is the elastic modulus, J &nd n are material constints

and o is the stress induced in volume dv;

The assumption of smell variztion in induced stress in
a volume dv is justified in the present case bécause the chimne
has been divided into small segments. The value of E, J and n

used in the analysis by Badruddin are as follows.(22)

For concrete E = 2,35x10° N/cm?

J = 29,427x10™°

n = 2,60

The variation of gs and 85 with wind speed for various
chimneys taken into consideration by Badruddin (2) is shown
in Figure 3,1. As caﬁ be seen, the value of 65 for concrete
chimney increases with increase in wind speed upto a certain
vélue whereafter it becomes constant, The aerodynamic damping
for all type of chimneys shows a contineous variation with
wind speed, The value of &z for concrete chimneys increases
with increase in wind speed for along wind vibrations, For
across wind vibrations, the value of 64 first increases and
then starts decreasing as the wind velocity increases. In
case of across wind vibration second mode_dominétes the

forces in the lower portion of the chimney.
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Figure 3,1 shows the veriation of total damping &6(= 6g+63),
i.e, sum of aerodynamicand structural damping, with wind speed.
The damping of the chimné? is always larger for along wind

excitation compared to the across wind eXditation.

3.,4. ALONG WIND RESPONSE! - The wind velocity, which is an

erratically fluatuating quantity with no regular periodicity
can be considered to be comprised of the sum of mean and a
fluctuating component. The fluctuating component can further

be considered as madé'up of single frequency components with
frequencies spread over & wide range, Thevdescription of the
fluctuating components'is quite often facilitatedby the concept
of an energy spectrum which represents the .energy associated
with each frequency component over the entire range of interest.,
The general behaviour of chimney in the direction of wind (or
along wind) comprises two particular types of loading - static
and a stochastic loading of the stztionary rendom type (dynamic).
The first is relevant to the mean wind 1oaQing and the second

to the superimposed gust loading.

3.4.,1. STATIC RESPONSE:- The wind velocity at 2 height Z above

the ground can be expressed as
V(z,t) = V(z) + v(2,t)  « .« .« o . . o ea. . (3.4)
‘where V(z) is mean ccmponent

v(z,t) is the time varying component centered on mean
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The value of instantaneous drag force (static) at

height z can be calculated zs,

5(z) = &PCD(2).A(2). T2(2) v .. (3.5)

1l

where CD(z) coefficient of Drag at.height z

A (z) = Projected area per unit length at height 2

Drag coefficient at any height z depends upon the
Reynold's number, for a circular cylinder. The value'df
drag coefficient for Reynold's number greater than_3x105 is

taken as..0:8}, and for Reynold's number less than or equal
to 3xlO5 as l.2 (8). |

3,4,2., DYWAMIC RESPONSE: - The problem of gust (dynamic)

response can be simplified if coupling effects between
different modes of structure are omitted. The response of
the chimney in each mode can then be separately analysed

and then the results superimposed,

According to Davenport (7) the spectre of the fluctua-
ting velocity component along the height of chimney may be
assumed to be‘constant.and_thus it is taken as equal td
spectrum of horizontal gustiness at frequency f at a reference

height of 10 meters Sy}0(f) and 4is expressed as (7)

Sy1o(f) = 4.%1_ V1

ey a3




e L ] L ] L] * L ] L] ® [ ] [ ] L ] 3.
where X = (3.7)

A5
"

Terrain coefficient, depending upon the type of

terrain, as shown in Table 2,2

Vip = Mean wind velocity at reference height in m/s.

The root mesn square value of the dynamic response
at height 2z in the direction of wind in the ith mode is given
by multipling the response obtained by generalised mode éhape
of the structure by the r.m,s. modal coefficient, defined as(7)
= | 1 %’,P.CD(.z).A(z).\?(z) ¢i(z)} .
3° = ~ x

N3 ms ‘w%

oo 1l/2
:--.1“ Vio SVlO(fj_)] /

| Y
K3Cr5 Vio

e o o o +(3.8)

TH 64
H .
where mey = 2 f m(z) ﬁ% (z) dz
Ny ° '
wy = Qﬂfi
H .
Nj = .Sin (z) dz.
°

Sv10(f3) = Spectrum of horizontal gustiness at

frequency fi‘at reference height of 10 m

83 = Logarithmic decrement for ith mode
B = Background turbulence factor, depends upon

type of terrain (Fig.4.l)
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The piobable maximum deflection in the ith made may
be obtained by multiplying the r.m.s. value of response by
a factor gji known as pezk factor, which is defined by |
Davenport (7) as..

— 0,57 :
gy = QLoge( fit)+— . o o (3.9)

|2 Logy (£5.%)

where € is the average period, generally tzken as 3600 secs,

of the largest response suffered by a structure in its life-

time.

Thus along wind response according to Davenport (7)
‘can be obtained by multiplying the response obtained by
generalised mode shape to the peak fecter, and r.m.s. mocal

coefficient (da ) fpr each mode seperately and then

superimpoéing them,

35 ACROSS WIND RESPONSE ¢=- Across wind response or the

response of the structure perpendiculer to the direction of
wind has been determined by two approaches given by W.S,

Rumman (32) and B'J. Vickery (40). These two approaches 2re

summerised belows

3.5.1. RUMMAN'S APPROACH - The across wind response will

be due to vortex shedding in the down stream face of the
chimney, It has maximum value when resonance will take place,

that is when the shedding frequency of vortigescoincides with
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the natural frequency of the structure, The forcing function

on the chimney representing the laterzl forces due to vortex -
shedding is modelled &s.
L2
F(z,t) = %f’.Cl V (z). D(z). sin (2% f,(z + ¥ (2))].. (3.10)

where Cy is 1lift coefficient, Y(z) is a random angle uniformly
distributed between O and 2 ® whose use will produce lateral
sinusoidal forces at different levels that will be randomly
out of phase, and fg(z) is the shedding frequency (cycles/sec)

at any level z, determined from the Strouhal number relation-

ship, as follows.
- V(z) - :
fs(Z)--B-GT——s. ce e e e e e e e . (3011)
Rumman analysed many chimneys using a2bove procedure,
taking seven runs for vafious values of § (z) in each case,
Figure 3,2 shows the average response as well as the average
plus one standerd deviation of seven analyses for first and
second mode responses, It is to be noted tﬂat the peak of the
first mode would take place when the wind profile is such that.
this shedding frequency (fg) at ebout 2/3rd of the height from
the base colncides with the first mode frequency of the chimney.
The first peak of second mode response wouid take placé when
the wind profile is such that the shedding frequency nezr the
top coincides with the second mode frequency of the chimney,
whereas the second pezk would occur when the wind profile creates
@ shedding frequency &t asbout mid height that coincides with

the second mode frequency of the chimney,
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For estimating the forces due to first mode response
the Strouhal number may be taken ss 0.20, The modal multiplier

qy for the average plus one standard deviation response can

be obtzin as follows,

-3 :
C DT

q : - : 2¢20 X _
167t 52 B3 [n(z) p2(2) dz

e o o (3512)

where f. = mass density of air

Cl = Lift coefficient
S = Strouhal number (usually taken as 0,20)
B = Fraction of critical damping

(usually taken as 0,02)

(z2=23) = Resonant Zone,

Resonant zone (zp - 2y) as shown in figure 3.3. can be obtzined

as follows,

0.13 D,

(20~2y) = e e e e e e e e s (3.13)

' Taper

where Taper is change of dismeter per unit height

This value of resonant zone should not to exceed 3Dc or
175ft(53.3m). The maximum value of the modal multiplier q

would occur when the value of Dg ﬂc is maximum, -In case 2,

exceedsvH, locate Dc so that z, is equal to H. The mean wind

speed at critical height from the base is obtained as follows.

] D o
g =21 ._° R < 9 77} |
s \ | ’
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and the reference meen wind speed at reference height of 1lOm
from ground would be

Zref o : :
Vper = ——) T .. .. ... ..., (3.15)

c

The modal multiplier for second mode response q,, can be

approgimated by the following expression (315.

4, = 3,080 L D, 9, (2p7z)) ver o (3.16)
16-;:2 .52 . 5.2/3 ?m(z)~¢g(z).dz

First peak of the second mode across wind response would pro-

bably occur at z,=H, thus in this case

0,15 D -
o L] . . . e o . -(3.17)

(z,-zy) =
271 0,925 x Taper

where D0 is diameter at the top of the chimney, This resomant

zone value should not exceed 3D, or 175 £t(53.3 m)

The critical diameter for second mode will be at on

elevation of H-O.5(224zl) and can be obtained arithmatically

as

DC - Do+—-—g—-x Tavper . e o o o o ¢ s o o o (3018)

The critical wind speed of the eecond.mode can also be

obtained by using the equation
g =2 .k

=i = e e e e e e e e (3019

15 S
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The value of time period for first mode of Vibration

Tl can be obtained approximately by the equation as follows

o ¢ 022 o 1.l
Tl:000025 X—P—I—. —P— (-——Q> ( 0> e e e e @ 0(3'20)
o, 1B\t Dy

where to and tH is thickness of shell at the top and base

of chimney respectively. D and DH is the other diameter of

the chimney at the top and base respectively.

Similarily the time period for second mode of vibration

can also be obtained approximate%g as
.009

T, = 4.1x10"% 4— ’i (.13___) ( °> .+ -(3.21)

o)

The lift coefficient, C,, to be used for the across wind
response has been found to vary with the aspect ratio. The

formulas given below can be uses for the 1ift coefficient.

H

Cy = 0.67 for— >20 . .. .. .. o(3.229)
D,‘
S g \Le45 v . |
C, = 0.67 - 0,005 (20 - .,-.) for —— ¢ 20 . .(3.22b)
1 D! D' -

where D' = Average outside diemeter over the top third of

the chimney.

The second peak in second mode response generally does
not occur in practice upto the wind velocity 55 m/sec., which

is the permissible maximum wind speed at reference height (1Cm)




from the ground level according to IS: 8735 part (III) Draft
code (19).

The first mode response czn be obtained‘by multipling
the response obtained given by the generalised mode shape by
modal multiplier qy Generalised mode shape is the mode shape

of wibration assuming top deflection as unity. Similarly second
mode response can also be obtained by multipling the modal

multiplier q, by the generzlised mode shepe,

- 3.5.2. VICKERY'S APPROACH & The forces due to vortex shedding

are considered in two uncﬁrrelated parts,'those which exist on
a stationary cylinder and those which are induced by motion of
the cylinder. The forces on & stationary body are modelled,
primarily, as a narrow-band random force with a spectrum cent-
ered on the shedding frequency and with a band-width depending
on the intensity of turbulancé but those for&es-due to laterezl
ve%ocity fluctuations are also modelled; The motion dependent
forces are mod?lled as amplitude dependant damping forces which
are negative in the vicinityof critical velocity and are depen-
dent on turtulance and decrecse in the absolute magnitude with

the rem.s. motion of thz cylinder. The modal yields on expregssion

for the tip motion of 2 chimney of the form;'

a = c e o(3.29)

{ kg = ka‘(l"a/aL)2 }1/2
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where C = A constant dependent upon the 2erodynamic and
structural parameters,

Kg? m.‘Bs/ . DQ, the structural mess-cdamping parameter

K = m. Ba/ P. D2, the aerodynemic mass demping parameter

a; = A limiting r.m.s. tip displacement.

The equation has approximate solutions.

@ = Ol « }Y?  gor kK .. . . . .. .(3.24,2)

a = a{lk/x}?

for K<< Ky « - o o o & (3.24,b)
The first solution corresponds to & forced random vibra-

tion regime with reduced structural damping while the second

corresponds to a 'lock - in' regime where the amplitude is

determined by the non-linear aerodynamic damping. Linking

these two regimes is a 'transition' regime near KK, in which

the amplitude increases very repidly with decrease in Ks and

th> response changes in character from a typical randam response

with peak values of the order of three or four times the r.m,s.

value to on almost sinusocidal response with pegk values only

siightly in excess of N2 times the r.m.s. value. (41l)

The variation of peak factor g with the ratio of structural
damping to aerodynamic damping for varying scales and intensi-
ties of turbulence is shown in Figure 3.4 (42). In the analysis,

the response has been regerded as random forcing with linear
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positive damping at a value ktelow that provided structurally,

so in this regin the response is narrow band Gaussian and thus

the value of peak facter g is taken as 4,0,
0

According to Vickery (42) the formulation of small taper

and large taper can be simplified considering the dynamic forces

as equivalent static loads virying linearly from zero at base
to maximum at top as follows.

w(z) =% v

2
2 m

B (z/H) e e e e e (3.25)

When top dia to base diameter ratio, is neaxr, 1,0 that is,

small or no taper case
v, = .1 /S e e e e e e ee e e (3.26)
c = 3ugc a2 x (AR . .. (3.27)

When diameter at top to diemeter &t base ratio ® is smell,

that is, large taper case

c = P3G (—Ii>l/2 - | .(3.28)

Ap 2 (1- ©)°/2(145 6)%/2 |

Vg = 4£fD/[s(+50)] ... ... .(3.29)
)\:: H/ﬁ ) )

e o« e+ s« e (3,30)

the values obtained by the two formulations will be equal at

the limiting taper, that is,




w (z) fore=l

= = 0,071 (1 - 8)°/? (1+50)7/%= 1.0
w (z) for © <1 .

or <) =V 005

Therefore, theoritically it mey be concluded that the small
taper case will be valid when top diemeter to base diameter
ratio, & is between 0,5 and 1,0 while the large taper case

will be valid when the value of 8 is less than 0,5.

A) Chimneys of constant or Near Constant diameter

{small or no taper)

For free standing .chimneys, excited in the first or
second modes the bulk of excitation is due to forces over the
top one - third, Typically the response computed assuming
forces over the top third only amounts to.more than 90 percent
of that computed assuming excitation over the complete height
(42). It is therefore reasonzble to neglect the variation of

the wind speed with height znd assume & constant speed equal

to the average over the top one third. The modal ccefficient

will then become,

g G P p° {«EL 1/2
e 2(,\+2} 0 (8,K)

o = . .(3.31)

(L [ p2(2) az }Y2. (g -k, P 57y n } 1/2
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Aspect ratio H/ D

®]]
i

Average diameter at top third
CL== R.M.S. 1lift coefficient
S = Strouhal number

S
~—
N
o

i

Mode shape
m, = S‘m(z) p2 (z) dz / ‘S¢2 (z) dz

L = correlstion length in diameters
ﬁs = Structural damping as a fraction of critical
K, = Aerodynamic damping coefficient
g = A peak factor = 4,0
g (B_, K) = = 32 { _ 1 ([1- k™ 2 |
s? Jﬁ; Pe > / Bg )} (3.32)
s = A spectral Band width
K = V/ VC' = 1.1, that is the peak response occurs at

2 wind speed which is sbout 10 percent greater than
the critical speed defined by the Strouhal number.

p(B_.K) = 1/ .l—B's for K = 1 and

® 1/ AB, for K = 1.1

The spactral band width Bs’ depends upon -the turbulence
intensity of wind. Its value varies between 0,08 and 0.32 for
smooth and turbulent flow respectively. The values of B, for

different turbulent intensity is given in Table 3.1



TABLE 3,1
Turbulence Intensity Spactral Band width
0.04 - 0.08
0,06 0.11
0.10 0,16
0,12 0.18
0.20 o » 0.32
(B)  Chimney with taper :-

For tapered chimney the modal coefficient can be

obtained as

g P D p, (mi/2 )7

q = - > .« (3.33)
8 %2 s° m, J ﬁz(z) dz. ("B.,~ K;.R D /me)l/2
© _ .
where Dc = Critical Diameter
P, = Deflection (generalised) at critical height
| d D(z) D(z)
t - {- dz + a. z z = zZ e o o e o -(3.34)

f

a = DPwwer law exponent

For analysis of across wind excitation an important

consideration is the assessment of the values of lift coefficient
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CL’ Strouhal number, S, and correlation length L, under

different Reynold's number. Various vclues of these coeffici-

ents have been suggested by different investigators on the

basis of experimental observctions. Some of the relevant values

reported so far have been listed in Table 3,2

TABLE 3.2
Values of Range of Reynolds
Investigators — Number, Re
c - s L

Vickery (40) 0,20 0,22 1,0 All the regions
Scruton (37) 0.27 0.20 - < 10°
Fung (13) 0.14 - - > 3x10°
sachs. (35) 0.2-0.33 - - 106~ 107
Cincotta (5) 0,15 0.25-0.29 0.6 3x10°- 2x107
Schmidt (34) 0,15 0.25-0.29 0.6 3x100- 2x107
Roshko (29) - 0.27 - ~ 8x100
Rumman (32) 0.67 0,20 - H/D'> 20

According to Table 3,2, it is easily seen that the values

of these coefficients fo£ circular cylinders vary with the

Reynold's numbers Thus in the present study, the values of

coefficients C;, S and L suggested by Vickery (40) have been
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adopted for the Re less than 3.5x106. However, these coefficients
are:nodified for heigher Reynold's number, on the basis of
information available. For Reynold's number Re > 3.5x106, the
Tr.Mes. 1lift coefficient has been taken as 0,15. For the Strouhal
number on expression is derived on the basis of values reported

by Cincotta and Schmidt and Roshko.as.
S = 0,25 + 0,04 (Re-3.5x10%) / 1.65x107 . . . . . 3.35

The values of S gilven by above equation beyond Re = 2x107 is an
eXtropolation of the results at lower Reyﬁold's numbers, with

the assumption that it varies linearly with Re ( in Range R,

> 3.5%x10°)
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CHAPTER 4

ANALYSIS OF CHINMEYS

4,1. DESCRIPTION OF CHIMNEYS ANALYSED: For comparision of acros

wind response between two approaches suggested by Rumman (31) and
Vickery (41) and alsé for the computation of along wind response
by approch suggeéted by Devonport (7] two types of chimney have
been studied, First having constant taper frOm‘top to base and
second type which has constant diemeter in the tép half portion
and constant taper in the lower hz2lf portion of the chimney. For
both types of chimneys four different heights have been considered,
i.e., 100 meter, 130 meter, 200 meter and 250 meters, And for
each height sevendifferent chimneys having different values of
top diameter to base diameter ratio have been anzlysed, For

the first type of chimney top diameter to base diameter ratio,
D,/D,, have been taken zs 0.35, 0,40, 0,45, 0,50, 0,55, 0,60, 0,65
And for the second type of chimneys this ratio has been tzken
0.5.13, 0,55, 0,588, 0,625, 0,633, 0,7 and 0,738, The other
dimensions of chimneys such as base diametgr,,top thickness

and base thickness are taken on the basis of data aveilable

for few existing chimneys,

For first type‘or constanﬁ taper tyge chimney a fixed
H/Db ratio for & particuler height of chimney has been adopted
Usuclly the H/Db ratio veéries between 10 and 12 in existing
chimneys., So @ value of 10.G has been adapted for 100 m high
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chimneys, 10,5 for 150 m high chimneys, 11,0 for 20C m

high chimneys and 11,5 for 250 m high chimneys. The top
thickness of chimneys is adopted such that the top diameter
to the top thickness ratio lies between 22 and 47. This retio
should not be more than so to avoid ovzlling. &nd the base
thickness ratio should not be less than the value obtained

by the H/t, ratio as given in Teble 4.1 (28).

TABLE 4.1
D top/D base Dpese / thase
0,9 to 1,0 28
0.8 to 1,0 30
O¢7 to 0,8 - 32
0s6 to 0.7 34
095 to 006 38

The base thickness have been vaeried as the average
diameter of the chimney changes. Because as the average diameter
increases ‘correspondingly the basse moment will increazse and
thus for uniform stresses at the base, the base thickness hes

also been increased propertional to the increase in average

diameter of the chimhey;

For second tyce of chimneys, the outer diameter of

the chimney in the upper half has been kept as constant,
But the thickness of shell has been varied proportional to

the top diameter. The outer diameter &t base has been kept
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same as in the case of constant teper type chimney, The

outer diameter at top can be obtained by taking average of

top diameter and mean diemeter of the constant taper type
chimney. Shell thickness a2t top is also taken proportional

to the top diameter, keeping ratio of top diameter to top'
thickness between 22 and 47 as in the first type of chimney.
Shell thickness at mid - height is proport;onal to the. top
diameter of chimneye. Shell thickness ¢t baée is proportional
to sum of top diameter and the average diameter of the chimney
SO thdt the stress at base may be nearly constant as conside~-

red in the first type of chimney.

Thus dimensions of chimneys zssumed considering the
cbove c¢riteria for both tyces of chimneys sre shown in

TABLE 4,2 - 100 m HIGH FIRST TYPE CHINEY

Dtop/Dbase - 0,35 0.40 0,45 0.50 0,55 0,60 0,65

Top diameter 3.5 4,0 4,5 54,0 5,5 6,0 65
Dy (m)\ ' - ‘ : :
Bese dicsmeter 10,0 10,0 10.C 10,0 10,0 10.0 10,0
Db (meter)

Top thickness 0,16 0,16 0,18 0,18 0.18 0,20 0,20
ty (meter) : ~

Base thickness 0,35 0.36 0.38 0,39 0,40 0.41

3 0,43
Ty (peter) ’

»
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TABLE 4.3 = 150 m HIGH FIRST TYPE CHINNEY

Diop/Phase 0,35 0,40 0,45 0,50 0,55 060 0,65

Top diameter 5,00 5,72 6043 7,15 T7.87 8,38 9.30

Dt (meter)

Base diameter 14,30 14,30 14,20 14,30 14,30 14,30 14,30
Dy (meter) - '

Top thickness 0,18 0.18 0,20 0,20 0,20 0,22 0.22
ty (meter) :

Base thickness 0,45 0.47 0.48 0.50 0,51 0,53 0,55
ty (meter)

TABLE 4,4 - 200 m HIGH FIRST TYPE CHIMNEY

Dy op/Ppase 0,35 0,40 0.45 0.50 0.55 0.60 0.65

Top diameter 6,37 7.28 8,19 9,10 10.01 10.92 11.83
Dy (meter) : g . .
Base diameter 18,20 18,20 18,20 18,20 18,20 18,20 18,20
Dy (meter) . : . . \

Top thickness 0,22 0,22 0.,24 0,24 0,24 0,26 0,26
tt (meter) : : .

Base thickness 0,60 0,62 0.,64 0,67 0,69 0.71 0.73
ty (meter)
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TABLE 4,5 - 250 m HIGH FIRST TYPE CHIMNEY

Dtop/Dbase

035 0.40 0.45 0,30 0,55 0.60 0,65
Top diezmeterxr 7.6l 8,70 9,79 10.88 11.96 13,05 14,14
Dy (meter)
Base diameter 21,75 21,75 21,75 21.75 21,75 21,75 21,75
Dy, (meter) ,
Top thickness 0.26 0.26 0.28 0.28 0,28 0.20 0.30
ty (meter)
Base thi;kness 0,72 0.75 0.77 0,80 0.83 0.85 0.88
ty (meter) -

TABLE 4,6 - 300 m HIGH IInd TYPE CHIWNEY
Dtop/Dbase 0,513 0,550 0,388 0,625 0,663 0,700 0,738
Top diameter 5.13 550 S5.88 6625 6,63 7,00 - 7.38
D, (meter) T
Base diameter 10,0 10,0 10,0 10,0 10,0 10,0 10,0
Dy (meter) -

Top thickness 0,16 0,16 0.18 0.19 0.20 0.22 0.23
ty (meter)

Mid height 0.18 0.19 0.21 0,22 0,23 0.25 0.26
thickness (m) -

Base thickness 0,35 0.36 0.38 0.39 0,40 0,41

tb (meter
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TABLE 4,7 = 150 m HIGH SECOND TYPE CHIMNEY

. f)
Dtop/Dbase 0,513 0,550 0,588 0,62 0,663 0,700 0,738

Top diameter 733 7.87 8.,41 8,94 9,48 10,01 10,55

Dy (meter) )

Base diameter 14,30 14,30 14,30 14,30 14,30 14,230 14.30
Dy (meter) : ' ‘ :
Top thickness 0,18 0,19 0,20 0,21 0,23 0,24 0,26
ty (meter) : :
Mid height 0,20 0.21 0.23 0.24¢ 0,26 0.27 0.29

thickness (m)

Base thickness 0,45 0.47 0.48 0.50 0,51 0.53 0,55
ty (meter)

TABLE 4,8 = 200 m HIGH SECOND TYPE CHIMNEY

Dop/Phase 0.513 0,550 0.588 0.625 0.663 0,700 0,738

Top dismeter 9,34 10,01 10,70 11,38 12,07 12,74 13,43
Dy (meter) : : g , .
Base diemeter 1820 18,20 18,20 18,20 18,20. 18,20 18,20
Db,(metér)

Top thickness 0,22 0,24 0,24 0,26 0.28 0,30 0.32
te (meter) - , - :
Mid height 0.24 0.26 0.27 0.29 0,31 0,33 0.35
thickness (m)

Base thickness 0.60 0.62 0.64 0.67 0.65 0,71 0.73
t, (meter) ’
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TABLE 4.9 = 250 m HIGH SECOMD TYPE CHIMNEY

. .5 525 0,663 0,700 0,738
Dy op/Ppase 0.513 0,550 0,588 O 7

Top dismeter 11,16 11,96 12,79 13.59 14,42 15.23 16,05

Dy (meter) ,

Base diameter 21,75 21,75 21,75 21,75 21,75 21.75 21,75
Dy (meter) '

Top thickness O.,24 0.26 0.28 0,30 0,32 0.34 0.36
ty (meter)

Mid height 0.2 0.20 0.32 0.34 0,36 0,38 0,40

thickness (m)

Bese thickness 0,72 0.75 0.77 0.80 0,82 0,85 0,88
ty (meter)

These assumed dimensions of the chimneys are also cocmpared
with the dimensions of existing chimneys. By composion with these
ch/mneys we have seen thet the dimensions assumed are within

pratical limits.,

4.2. NUMRICAL DATA :- The vclues of verious meterizl constants

used in the analysis are given in Table 4.10,Grade of concrete
of the chimneys is assumed as M25, The modulus of elasticity of
concrete has been adopted as the short-term modulus as specified

in IS1456 - 1978, which is close to the value given in CICIND
Modal Code (20) as 3.Ox1£ﬂKn/m2.
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TABLE 4,10 - MATZRIAL CONSTANTS.

Modulus of Elasticity of concrete E_ = 2.85x107 kn/m2

Poisson's ratio of concrete 92 = 0,20

Modulus of rigidity of concrete G, = 1.1875x107 kn/m2
Modulus of elasticity of steel Eg = 2,1x10° kn/m2
Specific wdight of concrete Yo = 25 kn/m2

Mass density of aix : P = 1,208 kg/m3
Kinematic viscosity of eir v, = 1,5x107° m?/s

The value of fraction of damping to the critical is taken

as 0,02 for both types of chimneys and in both ‘the approaches of
analysis. For this damping the iogarithmic decrcment is taken as

0.1256. The band width of spectrum B, is taken"asf0.30 for both

types of chimneys.

4,3, TERRAIN TYPE - Wind is air in motion relative to the

surface of the earths The natural wind pattern is extremely
.complex due to the turbulence associzted wifh any wind movehent
during the storms. Wind fluctuates randoml§:during a storm and
therefore is not amenable 1o simole mathnatical formulation of
time varying wind force for use in dynamic énalysis; The tur-
bulent wind shown variations of velocities both vertically and

laterally. For the purpose structural anzlysis, the estimation
of wind pressures on exposed surfaces is commonly done by consi-
dering the wind pattern with regard to its direction, velocity

and its varistion with respect to time and space.
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The mean profile of wind velocity described by an emplri-

cal power law given by
V(z) = V(zo) x (FN . . . . . . . ... . (4.1)

where V(z) and V (zo) are the mezn wind velocities at height
z &and z,, respectively,c is power law exponent depending upon

the roughness of terrain as shown in Tables 2,1 and 2.2,

The spectrum of horizontal gustiness of wind Svlo(f)
at frequency f at the reference height of 10 meter and the

spactral energy S(f)can be vwritten as (7)

«© : 2 : ’
S S(f)-; svlo(f) df = (3 Cr Vlo) B o v ¢ o ¢ ¢ o o o o(4e2)

where CT and B are tarrain coefficient and backgrcund factor
respectively. The values of terrain coeiffieient for differen£
terrain conditions are given in Table 2,2.(35). Back ground
factor, B is a functionlgf width and height of the structure,

as shown in Figure 4.1 (35)

For the analysis of ccross and along wind response of
chimneys, terrain type 1 (or open terrain) only has been consi-

dered, The following parcmet:rs have been adopted anzlysis:

Power law exponent, a = 1/7 = 0,143
Back ground turbulance factor, B = 0,65

Terrain coefficient, C. = 0.005

T
Maximum permissible wind speed at the reference height

= 50 m/sec.

4.4. ALONG WIND RESPONSE?Z- The along wind. response of both

types of chimneys is obtained by the method suggested by

Davenport (7) which is already discussed earlier in section 3.4

-
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The zlong wind response, e.t., deflection at to> of chimney,
shear force &t the base &nd bending moment at the base, consi-

dering the static and dynamic response, is given in Table 4,11

and 4,12,

The variation of deflection at top for first type of
chimneys for all four heights and the various values of the
ratio of top to base dicmeter is as shown in Figure 4,2 and

for second type of chimney it is shown in Figure 4,3.

By the results obtcined for along wind response it may

" be concluded that maximum bending moment &t the base generally
ocdurs at top to base diameter ratio of 0,60 for first type of

| chimney and the variation of Eending moment-with this ratio is

wifhin T o3 percent. For second ty'e of chimney maximum bending
moment at the base occurs &t top to base diameter ratio of 0,65
approximately and the varizticn of bending moment with thés

ratio is within ¥ 26 percent.,

The value of deflection at the top of chimney to the
height ratio increases with height,.Meximum value of this for

250 m high first type of chimney is 1:185 and for second tyve
of chimney is 1:80,
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4,5, ACROSS WIND RESPCNSE; - For both tyves of chimneys

have been analysed by.both the approaches suggested by Rumman
(30)‘ and Vickery (4}). The across wind response has also been
" analysed by the two formulations of Vickery (41) large taper
and small taper for the chimneys having constant taper. The

responses by large taper formulation are given in Table 4.13.

and by small taper formuletion in Table 4.14. The across wind
response of this type of chimney has also been obtained by

Rumman's approach (30) and is given in Table 4,15,

Across wind response of second type of chimney has been
evaluated by considering small taper formulation only because
the taper at top on—-third height of the chimneys is Zeré. The
responses are given in Table 4.16. Across wind response of second
type of'chimney has also been evaluated using Rumman's approach

eand is given in Table 4.17.

The variation of deflection at top for the chimney of
of type-I for all cases analysed is shown ih'Figure 4,4, and

and for type II chimney in Figure 4.5,

The variation of bending moment along the height for

200 m high type-I chimney having top dizmeter to base gizmeter

ratio as 0.5 is shown in Figure 4.6 and the variation of def-
lection for both modes for this chimney by Rumman's approach

is shown in Figure 4,7.
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CHAETER 5

DISCUSSION OF RESULTS

561 | COMPARISION OF ACROSs WIND RESFONSE ANALYSED BY LARGE
AND SIMALL TAPER FORMULATIONS SUGGESTED BY VICKERY: -

Comparision between across wind response analysed by
using large taper formulation and small taper (including no
taper) formulation suggested by Vickery for all four neights

for first type of chimney is given in Table 5.1.

At the first instance the approximate criterion ziven
by Vickery to distinguish between the small and large taper
formulations has been checked, Thus the creterion of minimum
percentage difference between the first mode shear forces at
the base of chimney obtained by the two formulations have been

adopted. These demarkating cases have been marked by astric (%)

in the Table 5.1.

It is observed from Table 5.1 that the dlstunctlon
between the small and larve taper analysis occurs in all
the cases at Dt/Db ratio (6) of 0.50. Hence the approximate
result given by Vickery and Basu (42) is seen to hol&tfor all

the ¢cases 1investigated,

Furtnher, this criterion has been applied to base
bending moments also since the design of chimney directly
depends on the bending moments. In this case also demarkat-

ing cases have been marked by astric (*) in the Table 5.1

ﬁLF4STQ.E?%

sntral Lipram uw"m’f:m nr oA
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TABLE 5.1 COQUPARISION BETWEEN SHMALL AND LARGE TAPER RESPONSE
IN THE FIRST MODE

Height of Top dia.

Base Shear Base Shecr Base B.M.

/ Bease B.M,
Chimney to base dia Smell tap- large - small large
(m) ratio taper _, ‘teper _, taper staper -3
(kn)x10 (kn)x10 (kn=m)x 10 ~(Kn-m)x10
100 0.35 3,1 4,5 47 68
0,40 4,0 5.5 62 84
0.45 4,9 6.4 76 99
0.50 6.,2% 7.9" T 120%
0,55 7.7 10,0 120 160
0,60 8.9 12.0 140 190
0,65 11,0 17,0 170 260
150 0.35 5.5 8,0 130 190
0,40 7.3 9.9 170 230
0,45 8.8 11 210 270 '
0.50 11% 14% 270% 340%
0.55 14 18 330 430
0.60 16 22 390 540
0,65 20 0 1490 730
200 0,35 7.7 11 240 350
0. 40 10 14 320 430
0.45 12 6 400 510
0,50 16" 22% 510 650"
0455 20 26 640 830
0,60 23 32 750 1000
0,65 29 43 930 1400
250 0,35 9,1 13 370 530
0,40 z 16 490 650
0.45 15 19 600 780
0.50 19% 24% 770% 990%
0455 24 3l 970 1300
0,60 .28 39 1200 1600
0.65 35 52 1400 2100

(x) indicates demarkation for applicability between small and
large taper formuletions,



However, the results obtained is same as for the shear

force criterion, as is evident from Table 5.1.

5e2. COMPARISION BET/ZEN ACROs5 W IHD RES: OHoL BY T..0
AFPROACHES: =

Comparision between across wina response of the
chimneys analysed by using two different approaches suggested
by Rumman and Vickery for both first and second type chimneys

is shown in Tables 5.2 and 5.3 respectively.

MOMENT RESFONSE:- In some of the cases the second mode is also

excited by the wind velocities within the design limit of wind
velocity of 50 m/s, at reference height of 10 m. This is not
true for both the methods since in most of fhe instances (all
excépt large tapered 250 m high chimneys) of first type chimney
(tapered throughout) and all cases of second type of chiﬁney
(constant diameter in upper half portion) where the second

mode was excited in the Rumman's method, it could not be excited

in the Vickery's method,.

The first mode response values of Vickery are persis-

tently larger except for the 250 m high second type of chimney.,

Rumman's method gives larg;er values in second typé
of chimneys compared to first type chimney except for the
100 m high chimney, However, the Vickery's method gives smaller
values in second type of chimneys compared fo first type exceyt

if the second mode is excited,
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TABLE 5.2 CC]\APARISICN OF ACROSS WDND RESPCNSES BETWEEN RUMMAN'S
AND VICKERY'S APPROACH FIRST TYPE CQiIMNEYS

Height of Top dia to Top Top Base Bending Base Bending
Chimne base dia Deflection Deflection moment moment
(meter{ ratio Rumman's Vickery's Rumman's Vickerg's_
(meter). (meter¥ (kn-m)x10 =3 (kn=m)x10 -3
100 0.35 0,037 0.12 a4, 46% 68
0.40 0,043 0.13 74,05% 84
0.45 0.047 0.14 33482 ' 99
0,50 0,056 0.16 43,79 120
0.55 0,062 0.15 52,06 120
0.60 0,064 0,16 59.19 140
0.65 0.073 0.18 73.10 170
150 0,35 0.064 0,20 128,8"% 190
0,40 0,074 0,22 218,5" 230
0,45 0,082 0.23 325,2% 270
0.50 0.094 . 0.24 122,2 - 340
0.55 0,104 0.25 145 .6 330
0.60 0.109 0,26 167.9 390
0,65 0,124 0.30 207.2 490
200 0235 0.081 0.24 255,9% 350
0.40 0.095 0.27 432,1% 430
0.45 0,107 0,29 660,1% 510
0,05 0,119% , 0,31 922,4% 650
0.55 0.120 0,30 280 640
0.60 0.139 0.33 32,56 750
0665 0.158 0.38 399.9 930
250 0,35 0.098 0,47 204 ,2% 27007
0440 0.113 0.32 688,4% 2100%
0,45 0,124 0.34 1013™ - 780
0.50 0.122% 0.36 1427, 7% 3500%
0.55 0.170" 0435 1912,8% 970
0,60 0: 155 0.39 503.6 1200
0,65 0.188 O0c44 621.5 1400

(x) indicates second mode values, since it governs these responses,
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TABLE 5.3 COMPARISION OF ACRCSS WIND RESPCMNSES BETWEEN RUMMAN'S
AND VICKERY'S APPROACH SECCND TYPE CHIMNEYS

Height of Top dia to Top Top Base Bending Base Bending
Chimne base diea Deflection Deflection moment : moment
(metery ratio Rumman®s Vickery's Rumman's Vickery's_
(meter) (meterg (kn-m)xlO'3 (kn=m)x10 3
100% 0,513 0,036 0.13 21,18 38
0.550 0,042 0,15 29 52
0.588 0,045 0,15 37.15 66
0,625 0,052 0.17 47,47 83
0,663 0.059 0.18 60,21 100
0,700 0.064 0.19 72,90 120
0,738 0.071 - 0,20 91,40 150
150°% 04513 0,094 0.23 196.7 . 100
0,550 0,108 0.25 264,9 140
104588 0.119 0.27 345.9 180
04625 0,135 0.30 . 4472 230
04663 0.148 0.31 551.7 280
0,700 0.167 0.34 694.4 350
0,738 0,180 0.35 8 40,5 210
200 0,513 04163 0,29 882,2% 190
04550 0.178 0.31 11497 250
0,588 0,206 0.36 1541% 340
0,625 0,219 0,38 252,9 430
0.663 04232 0.40 -~ 313.5 530
0,700 0,244 0.43 379.9 640
0,738 0,257 0.45 457,4 780
250 0,513 0.244 0436 329,3 300
04550 0.264 0439 434,2 400
0.588 0.284 0,42 560,8 520
0.625 0.303  0.45 70647 . 650
0.663 0,324 £ 0,48 883,1 820
04700 0.344 052 1074 1000
0.728 0,365 0,35 1301 1200

(a¢) indicates that second mode governs in the case of all tevers
for base bending moment in Rumman's approach.

(x) indicates that second mode governs ,
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DEFLEC TION RESFONSE:- Maximum deflection at the top of chimney+to

height ratio for first type of chimneys is 1:500 in Vickery

method and 1:1200 in Rumman's method.. For second type of chimney

this ratio in the two methods is 1:400 and 1:660 respectively.,
The difference in the responses obtained by these two

approaches are due to fdllowing reasons,

T1e In Rummén's method for obtaining modal mulfiplier two
third power of the total damping in denominétor is used but in
Vickery's method square root of the total damping in denominator
is used, This will give rise to larger response (nearly twice for

same damping) in the Rumman's method,

2 In all cases, in the Vickery's metnod a peak factor of

4,0 has teen used (for Gaussian random typé vibration55 against
probably smallér values of the modal peak féﬁtors,used by Rumman,
since his formulation is based on random generation of the phase
angle of the exciting forces so that the peak factor is implicit

in the reasons,

S The resonant height in the Vickery's method is fixed as
the top one-~third in case of chimneys with gmall taper while the
resonant zone is generally 18 to 20 percent_of the chimney height
in Rumman's method and for the case of 250 m high second type
chimney, this value is 17 percent., This factor would yield

Rumman's valges about 60 percent of those given by Vickery,

L, The taper of the chimney is under square root in Vickery's

method in the denominator wnile it is to the power 1,0 in Ruasan's
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method, Also in the formar it is defined as (t +a.z/H) where
t is the taper (db/dz) as defined by Rumman., This would cause
larger response in Rumnan's method,

De The constants, whicn include the dynamic 1lift coefificient
CL, however, are 0.035 and 0,185 in tae two methods, giving res-

ponse ratio due to this constant as 0.19, that is only 19 per-~

cent response in Rumman's method compared to Vickery,

55 COMPARISION OF ALONG Anu ald085 WIND RESPONSE:~ 'fhe along

wind response for.all type of chimneys are evaluated by Davanport
approach (7) and the across wind response for all types of
chimneys are evaluated by Vickery's approach. The comparision
between 'both results are shown in Table 5.4 for first type of

chimneys, and in Table 5.5 for second type of chimneys.

loment Response:~ The along wind response is invariably nigher

than the across wind response except for the 100 m high chimneys

of both types having the smallest taper considered.

The along wind resionse can be as larze as four times the
across wind response for first type chimneys and reaches a factor
of 10 for second type chimneys, The difference nowever decreases

as the taper decreases.

Deflection Response :- The behaviour of deflections at the top of

chimney is similar to the base moments described zbove,
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TABLE 5,4 COMPARISION BETWEEN ALONG AND ACROSS WIND RESPONSES
BY DAVENPORT'S AND VICKERY'S APPRCACHES FIRST

TYRE CHIMNEYS,
Height of Top dia to Top Top - Base bending Base bending
Chimne base dia Deflection Deflection moment moment
(meter¥ ratio Aong wind Across wind Alon wigg Across wigg
(meter) (meter) (kn=m)x10 (kn=m)x10~3
100 0435 0.238 0,12 150.4 68
0,40 0,237 0,13 161.5 84
0,45 -~ 0,232 0,14 172,6 .99
0,50 0,231 0,16 183,8 120
0,55 0,15 0,15 129,6 120
0,60 04146 0.16 137 140
0.65 0,147 0,18 144,5 170
150 0435 0,528 0.20 545 ,2 190
' 0440, 0,522 0,22 583,8 230
0445 0,506 0.23 622,2 - 270
0,50 0,501 0.24 660.8 340
0,35 0,329 0.25 469,6 330
0460 0.48 0426 747.8 390
0.65 0,31 0,30 524,3 490
200 0435 0,887 0.4 1387.2 350
0,40 0.8 0.27 1493,7 430
0445 0.858 .29 1600,3 510
0450 0,837 0.31 1696.,8 650
0.55 0.821 0430 1793.3 640
0.60 04801 ~ 0,33 1909.9 750
0465 0.52 0,38 1334,3 930
250 0.35 1,351 0.47 2808,5 2700%
0440 15327 0,32 3000, 1 2100%
0.45 1,303 0.34 3191,7 - 780
0450 1,27 0.36 . 3383,3 3500%
0,55 1,247 0.35 3574 970
0460 1,224 0.39 37656 1200
0465 0479,5 0.44 2704,8 1400 .

(x) indicates second mode vzlues , since it governs these responses,
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TABLE 5.5 COMPARISION BETWEEN ALONG AND ACROSS: WIND RESPONSES
BY DAVENPORT'S AND VICKERY'S APPRCACHES SECOND TYPE CHIMNEYS,

Height of Top dia to Top Top Base bending Basebending
Chimne base dia Deflection Deflection moment . moment
(meter ratio Aong wind Across wind Along wind Acrosswind

(meter) (meter) . (kn=m)x10-3 (kn-m)x10"3

100 0.513 04467 0,13 153 38
0.550 0,282 0.15 109 52
0,588 0.247 0,15 116,6 66
0.625 0,342 0,17 185,4 - 83
0.663 0,211 0.18 131,5 100
0.7CO 0.193 0.19 138,9 120
0,738 0.1€5 0,20 146,4 150
150 0.513 1,099 0,23 553 .8 100
0,550 0,98 0.25 592,5 140
0,588 0459 0.27 424,92 180
0.625 0.8C3 0.30 669.7 220
04663 0.488 0,31 478,9 280
0,70 0,453 0.34 501.2 350
0,738 . 0,416 0.35 523,3 410
200 0,513 1,961 - 0.29 14141 190
0,55.0 0,706 0.31 1510 250
0.588 1,554 0.36 1607.4 340
0,625 0,933 0438 1139,4 430
0.663 1,283 0.40 1811,4 530
0,700 0.789 0,43 1281.6 640 .
0,738 0.725 0,45 1343,2 780
250 © 0,513 3,01 0.26 .  2802,4 300
0.550 2,67 = 0,39 2992,6 400
0.588 2,36 0,42 3186.2 520
0,625 2.166 0,45 3376.4 650
03700 1,219 0.52 2540,9 1000
0.663 1,986 0.48 3570 820

0.738 1,131 0.35 2702.6 1200
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CHAPTER 6

6.1. CONCLUSIONS :- Responses have vpeen obtained for two

type of chimneys having four different heights 100 m, 150 m, 200m.
and'250 m. and for different top diameter to basé diameter

ratio. Across wind response has bDeem analysed by the methods
suggested by Rumman and Vickery (considering both small and

large taper formulations).

Based on the results and discussion presented in the
previous cnapters the following conclusions about the dynamic

response of chimneys can be drawn,

1. Along wind response is seen to ve more than the across
wind response, except for the 100 m high chimney having thne

smallest taper,

2 Maximum along wind response occurs for the top diameter

to base diameter ratio Dt/Db between 0,6 and 0,66,

3. The along wind deflection can be as small as.1/700 of |
heignt for the 100 m high cnimney havin:; contineous taper and
can be as large as 1/80 of height for the 250 m high chimney
having constant diameter in top half region. The maximum across
wind deflection at top to heignt of chimney‘ratio are 1/500

and 1/400 respectively obtained by Vickery's method.

4, ACross-wind bending momentresponse at the base may be
goyerned by the second mode of vibration, whichn depends upon

the method of analysis also. Sincé the critical velocity is



60

different in the different methods and may not be attained

in one while coming with the design wind speed in tae otaer.
: 4

De The distinction between tiae expressions given by Vickery
for across - wind resionse for small and large taper with
respect to base bending moment as well as base shear using

the 'exact! expressions is found to lie at top to base dia-

meter ratio of 0.50.

P Vickery's method gives larger across - wind response
compared to Rumman (Comparing respective modes) except for

the 250 m tall chimney.

7e Chimneys with constant diameter in the top half portion
shows larger base bending moments compared to the chimneys of
contineous taper by the Rumman's method while reverse is true

~in Vickery's method.

6.2. SCOPE FOR FUTURE .O2K:- In the present dissertation, the

theoritical results have been evaluated by using the formulations

given by various investigators. Lhaewsn Theseresults should also
ve_vi{'_icd. obgex vpf&'ms on ' ’

be obtained by studying—feor prototype in field and on models in

the wind tunnelc&d*should De compared with the theoritical

results, The role of damping and lift coefficient should also

be stud&}on the across wind response of the chimney.
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—31 k— Thickness at base (tb)
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~ 4 «Thickness 2t base (tb)

SECOND TYPE CHIMNEY

FIG. 2.1 VARIOUS TYPES OF CHIMNEY




0860S PUIM U3 IAA
Buidusep 10 uolieliea L'g Bid

(088 /1)) 088dS DUIM
o6 %€ 8z vZ 02 9L g 8 7

R
Y

.11'#/%’ T M T — 000

. | 1200

~4v00

4800

BUONY OIUBUADOIOY e “L 800
8500V OlUBUADOISY —— % 10L0
UI0G [RIMONIIS  —y— 1710
DUIM BUOIY [B10] —a— 1m0
DUIM §SOJJY iBIOL —x— 00

B | Buidweq



a1
1o

(o]
.

wIMD R

58

m

SPONS

{n

Teo - w.acement, ft

1.5

12 1—

U ot

Bottom curve - guerage
ol seeen rung

Top cuive - averace
plus one standard
deviation

[IRTRY

-

tupdee

s

——

BY RUNLWWN'S APPRCACH

- - O . . e P

Seconud
ST

! ! | !

] " .
FOR ACROSS WIID ANALYSIS BY RUMMAN'S APPROACH

40

22 120 160 200
Reference wind speed “IPH

3.4 VARIATION OF PEAK F/.CTCR WITH Ké/ K,

. - L]
NARRKOW BAND ®AusSsiAN &
hr o e % e
- > IS
P
-~ Ser oo o jLo e . N
3 - ° wLjte 5 .
- (Y3
pe 0 ol i /
o =T = 47
[ 3 L » Lz 30 - , .
v a Jox| v
4 -
u— .
., 8
™ [ .
< /
W .
o /
2 - Ve
A/ *
’ c."” - sSINVSOIDAL
}'_i_—.—_.—_:-._h‘_'.__"_:’:l_: _________
L
02 < [~} [ B 2T 08 2% N 15 e e s -



69

SRAS
{

S

o

"
Key
w
(o4
2 25(—
| &)
2
T 20
(€]
LL -
(@)
o 15—
I
2]
[£3]
I
10
5{— \
3 1 ] | ] I
0.Z 0.6 0.8 1.0 1.2 T.% 1.6. 1.8
8

Fig 4.1 Backgrounicd turbsitence Tk



70

Lmi W ool
4OiH W 0Gi
ybiH "W C0Z
ubiH W 0S¢

UOROIOdY S, AiS¥
AOL \<,

MOIA

%Z, Asuuliyo 10 8dAY 18414
JO} 12 UOnO8IeP 10 LoBLBA T'v Old
OilBJ 'BIp &5BQ O 'BIC dOL
590 90 S50 SO S¥0  v0 380
1§ i § 1 t

e -
L.

i

£ ~

B N

bt

(W) Ul doj 12 u0i108|i8]

O
S
O

W)
o
O



71

ubiig W 0oL
YBIH W 0GL

UBIH "W 00¢

by ‘w oG

- yoro.ddy S,AUSMOIA
(DUIA BUONY ) Asuwiiyo Jo m%: CUC SO
dor 18 UORnO9|iep O uoneLea £ O

OlleJ "BID 8SBQ O 'Bip dOL

ge.Q L0 €990 §290 8850 &S0

Pt

L) Ul dot e uol

eLeC

D
(

-

:2Q

©
O

W
)

-

C
o

S

L)
(QV

()
(&3]

)
™

1

g 4



72

JorCIday S, AiMaIA g SUBLUNG
OUIAA SSOJOY ) ABUWIUD O 8C0A1 18Ul
=

=

A\
do1 1B UO[1081}8D JO UOIBLBA 77 Ol

oleJ ‘BIP 8SeC O 'Beip d0j
S90 9Q G650 S0 S¥0 v0 Se€C

i i i f 1 QO
S,UBIIUNY W 001 ——— 1o
SUBWUNY W OGL  —— |
3,UBLWNE W 002 —k— 420
. SUBWWNH W 062 *—e—
S AIBMSIA W Q0L —e— ~4 €0
S AIBMOIA W QG —o— .
s, AieidIn W mom R 770
S, AIBOIN W 09T —&— lsqg

(w) ur doy 18 uonoeyeQ



M
~

YyorCuddy S AUISMOIA % S
[CUiM SS0UOY ) A

S UBLILLINY
SULIYD JO 8dAl puoosg

dor 12 uollosiiep 1O CODT@\/ g D*u

S.UBWWNY W 001

SUBWWUNY & GL

. co ) . ~
8, uBlWNE W J0C¢

~NA

S EmEE;I W Ugd
S AISMOA W COL
S, ASBMOIA W OGL

s, AiCin W 203

S, Aisndin W 057

|

+++M++

onel eip 596C O 8P dop

90,0 20 ©S90 G290 8850 SC0 SIS0

/-

\

! T !

—t

130
Wi ul doy 12 uonosyed

~)



Dellection in (im.)
200
180 |
180 +
140
120
100 |
80

i

74

Second mode

—— "Firgt moue

1 Y i }

-0.10 -0.06 000 005 010 0.1
| Helght of chimney in (m.)

Fig4.6 Variation of deflection

For 200 . high first type chimney

Bending moments {(Kn.m)

200
- 180
160
140
120
100
80
60

40

20

HEIGHT (M)

O

o ¢
7

e First mode

g \
S SR i3
0O 50 100 150 200 2560 300
8.m.@housands)

Fig 4.7 Varialion of bending moment
For 200 m. high first type chirmney



0.5

04t

0.3

0.2

O" -

0.0

73

Deflection at top in (m.)

—— Large \aper
A
/ ~=— Small taper
//
/’/‘(
A
- /, /,//
P
Y
L. L
,.--“"I'ﬂ‘ -
i ‘-"/‘.’-
1 A i 1 “ i 1 i

086 04 0456 05 055 06 065
top dia. to base dia, ratio

Fig.5.1 Smén & large taper comparision
First type of chimney (Across Wind)
Vickery's Approach (160 . High)



The coamputer programme Ior obtaining the across wind response
using the Rumman's procedure has been nmade for comnutation., The
important  steps involved in the process are briefly described as

follows:

1. The dimensions of the structural element of chimneys, mates
rial and fluid (air) proporties and terrain roughness
condition, power law exponant, damping coefficient etc,

are provided as input data,

2e Lumped mass at the specified nodes and the moment of inertia
and cross sectional area of the elements at that Rode are
computed,

3. Obtain the natural frequency of vibration for first and second
mode and corres;onding mode snape are computed by dol zer's
boundary condition metiod using transfer functions upto a
desired accuracy.

Ly By the help of generalised mode shape obtain the deflection

shear force and bending moment at all Nodes.

4 . s taa .

5 Calculate D@ at each pode and obtain its maximum value.
corresponding diameter will be critical diameter and corres=-
ponding hneight Lfr0w ground will be resonant neight.

6.,  Obtain mean wind speed at resonant neight by equating the

frequency of first mode of Vibration of structure to the

shedding frequency of the verticies.,
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7 Obtain the mean wind spced at reference neignt of 10 m

using power law by resonance veloclity.

B Obtain critical resonant zone (22-21) by the formula given
by Rumman and it should not exceed Dy three times the critical

diameter or 175 feet.

- 2 . . o s -
9. Obtain the value of * {mfy dz by usiang Simpson's rule ior

obtaining the integratioh.
4
10. On the basis of H/D' ratio ootain the 1lift coeificient,

11, Obtain modal multiplier for first mode'by using the formula
given by Ru@man.

12. Compute the modified first mode response by multiplying
the .earlier calculated resjonse by modal multiplier for
first mode.,

15 For second mode computation, obtain the critical diameter
for second mode assuming tnat the resonance will occur at

the top of the chimney and eguating 2z, = H .

14, Calculate the critical resonant zone for second mode by the
formula and it should not exceed by tnree times. the critical
diameter or 175 feet.

15. Compute the value of [m ¢§ dz by usin: S8impson's rule for
obtaining the integration.

16. Evaluate the modal multiplier for second mode by using the
formula suggested by Rumman,

17 Compute modified second mode response by multiplyinzg the
generalised respthe obtained vy generalised mode' snape by

modal multiplier for second mode.

X MR ,?'_
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