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ALEXANDER PRINTZIOS

. SUPPRESSION OF WiND—INDUCED OSCILLATIONS IN STEEL STACKS

‘induced oscillations and their suppression, - \\
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The subject of this thesis‘examines the phenomenon of .

wind-induced oscillations. in tall metaipchipney stacks.
Possible sources of these oscillétions are discussed,

with emphasis on the periodic mechanism’invol&ing vortex

. {
shedding. T © :

s

The effectiveness of existing methods for suppressing

oscillations due tg vortex shedding are examined with

. @
emphasis on aerodynamic and damping devices.

Based ,on existing experimental results, -the most effe-

[

ctive use.of these devices is formulated in a manner intended

primarily for the practicing structural engineer.

Finally, it was found, that most aerbdynamic devices

are almost equally effective and that more research is .

needed to clarify gertain areas associated-with the wind-
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NOTATIONS,
a Power-law exgogent
o . Lift coefficiest - )
Cph Drag coefficient , .
cM nAccepted concentration of %Oz at ground level
co\ *~ Chord length ) ) ‘
Cp Design ;igidity of the guys "y a
D Diaméter .
el ‘ Elongation )
e, Change in length,due to temperature ; -
fd Damped natural frequency ‘

fo,fn'Natural fgequfpcy < \L
fs'fvé Vortex shedding .frequency’
] & ~ '.

F(z) Fluctuating force at heighé (2)

H Height , _ L

-

S

'y - - L '
H(f) Mechanical admittance function in terms of frequency f

H(w) Mechanica’l admittance function in terms of circular frequency

-.

Hé adpizontal component of the'iéactioﬁ ét
of a gquy -
K -Vdn.Karmgn constant = ‘ " Ll
'k Structural stiffness parameter
ka Aerodynamic damping coéffic@ent

' hd »

‘Arc length . . .

Structural mass per unit length
P () Probability density function

P(a) Maximum probability density function

Q - Weight of SO., contained. in smoke, -in.Kg/h

* ”~

9, Gravity logd ;;er unjtglength
[ .
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the upper end
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xx (w)

—

" pamping ratio ’ ‘ | L )

wWind load o ' . ' -

) . X

Smoke volume at the chimney top in'true‘m3[b

Reynolds number ’
Stfouhal number

Spectral dénéity function of F(tL : . Lo
Time parameter . . S
Time period. ‘ - "
Tension at point m B \
Re%erence wind speed . . .
Gradient wind velocity .

Fluid velocity y

. 1

Vertical component of the reaction at the upper end , .
of the guy ’ : . , .

Reduced velocity - o : '< .
Mean wind velocity at height z

» L .

Friction vg}dcity

Relative flow velocity , ) -
Length depehdent on surface roughness .

Reference height * '

e

Aﬁgle between chord-and horizontal - -
Cable initial sag ,‘ - | ' ﬂ ,
.Logarithmic\ﬁncrement ‘
Changshln arcgiength‘
Difference between the temperature of the 'smoke or

fumes at,thS chimney top and of the taken air temperature
equal to, 15" C

Coefficient of thermal expansion

~
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Ratio of maximum linear displacemént from the zerd !
position during a period of oscillation over the.
diameter of the stack

PRER

[
I3

Angle at which flow separation adcurs = )

R

Kinematic coefficient of viscosity ' ‘

L}
o
~

Variance _ . : ’

Mean square value of random response . : ‘ g
’ » *

A '

Aqggmenb or phase angle of "admittance function H(f)

[

]

Phase angle .

SR et i bt

Power 'spectral density function b

Exponent used in Equation 4.3
b : ' ’ e
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1.1 GENERAL INTRODUCTION

One of the pringipal problems in air-quality control is

T 3t Rt e WO Sl e ¢ 40

the discharge of gaseous industrial wastes near or around
heavily populated areas. ‘ .
The rapid érowth of industrial activity ih recent years
‘coupled with Government imposed strict environmental regula-
tions created the need for higher arfd more slender stacké
iﬁ order‘to prevent excessive air pollution at grouna level.
Hence, in several ‘countries thesé regulations were incorpo-
rateq into the existing standards dealing with the design
gf industrial stacks. ' - - o :

The British Stahdard 4076 and the German Dfﬁ 1056 “are
éood~éxamplés: wagver, the French regulafions for indus-

’ trial chimneys may be regarded as the most advanced in dealiéé
with stack height. In France, until»1970, na law existed E )
imposing stack heights, These were calculated in ord;:%to
obtain the necessary draught without the use of venéilators.
With the ap?é%ranée of powerful installations, such as

thermal power stations of 500 to 2,800 M.W., and the genera- ' 1

lized use of heavy fuel no. 2 with 4% ur, it was reali-

sed that industrial stack height\would have \to be regulated.

At s

- The "circular of the 24th November 19! ting to chimney -

construction for combustion installations, slightly modified
by the decree of the 20th June 1975" sets firstly 'a minimum | j»
o ! ¢ .

' chimney height in order to limit ground level pollution: [1&2]

.

H= 7\[340Q %v““‘I‘“" , .
CM R{A T) oo

e e s e+ e e — e
. e M ~
* . - -
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Similarly, in N. America considerable attention has bgen

RN

given to the subject especially after the recent formation

-\
© T e SRR AR - s 2RI 2 R
R -
>

of powerful groups of environmentalists monitoring all
sources of pollution around -heavily populated areas.

The need for increased kheight in stacks introduced certain
. “ <
. stability problems as it has made these structures more suscep-

!

tible to the W1nd - ex01ted oscillations. ) -

;
{
/

Although{?i has been well known that wind forces can cause
high stacks to oscillate, complete information on their aero~
dynamic behaviour has not been yet fully clarified.

However, up to now, attention seems to have been paid only ° -
to the 7tability problems of determining the critical wind
velocity for the aeroelastic instébiliﬁy of structures.

From the p01nt of view of structural design, the oscillatory
amplltude is of maln Lnterest so that the response problems
? « -’i
may be qusldered. . -
v

9
‘

In aerodynamic terms the earth's surface wind is a
boundary layer which, typically, is in the range 900 té | ~7
1,500 ft. thick. The flgy in khe layef is complex because
of Fhe interactions uitﬁ the earth's surface. - The velocity
increases with height™4nd is highly turbulent or gusty. The

-

physical scales and time scales o€athe turbulence fluctuations

are such that they are importint in the aerodynamic behavicur
of mény civil engineering structures from the point of view 5

of wind loads, surface pressures and-vibration.
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Distinct from th vibrations due to the‘wind turbulence, ‘

]
N )

there are many slender engineering structures, both large and\w
: ' i
small, that atre prone to wind-unduced vibration because of [‘

aeroelastic instabilities that arise due to the sectional

geometry of t&ggstructure 1tse1f In the case of cylindrical
steel stacks, a‘steady wind flow 1nduces lateral vibrations
due to the formation of vortices on alte;natlnq sides ‘of the |
stack. These vortices are formed and shed from opposite
sides of the stac;.at,a regular frequency, depending on the
ueloeity of the wind a;d as’/a result alternating lateral
forces are exérﬁed bf the wind motion. When the frequency ( :
of vortex shedding (and hence the frequency of the alternatlng
forces) is approximately equal to the fréqﬁ!ncy of one of fﬁé
nprmal modes of vibration of the stack, fhen, depending on
the Qﬁoperties of the stack and the nature of the incident
_floﬁq the stack may respond dynamically and relative large
aaross - flow oscillation afnplitudes can occur. P

If the strdétura; damping ;nd the stiffnees of the stack '
are emall and the winé remains steedy, large e;plitudes of < ;
vibratibn will be developed. | -

These vibrations possess the ebility of selfeexcitinq\ /

7

. / '
for a limited range of wind velocities at and around the

"critical® wind velocity. Thig self-amplification has an

upper limit of vibrational stability, so that the vibrations

produced by -the wind are not catastrophic in nature.
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Oscillations persists for a certain range of wind "speed

F-3
it T i D IRE «“

above the criscal velocity and reaches é maximum amplitude
near the top of éhe range. )
There are several methods by which vibrations of this type
can be suppressed: ‘ ~ j
1. By increasing the flexural stiffness of the member &o
that "its critical velocity is above the range of

Id
N

moderate winds;
, 2. By reducing the'effective length of the stack éhroughl . ;
the introduction of intermédiate-struts; , &
3. By use ofkdamping deviceés to restrict the amplitude of'
vibration; or . -~ L
. : 4 b
4. By introducing "aerodynamic devices" to the stack that !
servé to disrupt the flow near ghe surface. and to\inter-
Q) fere with the regular formation of vorgkkfs, hencg\destroyin;
the cause of the vibrations. |

In the past, the first three methods of»suppressing
Q

" wind - induced v!brat@ons have been used é;génsively.

However, practical limitations due to height increase require-
. *» .

T59t8’¥sd to the investigation into the possible application

~

' of devices that were used only in aerospace industry as _ ' |

Y

means of improving the stabjlity and control of aircraft ‘ :
, Structures. The idea origineted from the fact that 'in both,

‘aerospacg and civil engineering structures, the behaviour !

of wind flow is similar.

. r ' ) ' . s
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[ ]
The inlestigation of the possible use of aerodynamic devi~’

ces commenced with the problem of wind-induced vibrations in

et

individual members of large radar antenna space frames.
om— ' ‘

Several failures have been attributed to the action of

Von Karman Vortex forces. The failures occured ‘in slender

tubular members subjected to moderate wihds, aﬁd they were
observed to‘be fatigue - type failures in weld-heated areas
at points of maximum flexural stresses. '%i;ilar failures
in steel stacks, prompted éesigners to investigate tAe
probleh as it was becoming very serious.- ’
In\aeneral, failure of a stack may be broadly classified
#$ as structural failure of as éeryicegbility failure, the
latter including both operétioni}’and environmental problems.
Unsteady wind loading m%y conéribute to any of these and it
is often found that serviceability pgogleﬁs impose more
s+ stringent limits than structural failures. . .

- .

When a steel stack does not oscillate signifibantly ‘

nse to fluctuating loading, that loading may be

. icant part of’theltota}.‘ The applied loadin§ can
‘cons}dergbly amplified'by-inertia effects and the
resulting stresses are then much éighér‘than for static

ioqding of similar mdgnitude. This may lead to direct fai-

. lure due to éyersttessing. Excessive relative motion

between individual structural éomponents, causeg)ﬁy \

#

-
v

t
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2 ' .
oscillation, may lead to collapse or cracking of joints . .

and cladding. Fluctuating deflections can lead to wear
-’/ . .

failures such as for heat exchanges tubes passing through

closely fitting.baffles. ) ' R

Individual structural mEmbers of a ‘steel stack sub-~

L N

jected to repeatedly varying loading may -fail, due to

fatlgue, at stresses well bglow the static failure stress.
3 .

Where tﬁe loading cycle can be prec1sely defined it may be
-pdgsible to estimate faéique life. . For raadom loading a
xyegy high uncergainty in the calculated life'is ineyitable o
and .1imiting the stresses to below the fatigue limi% (where

fatigue life is effectively infinite) may be preferable.’

Joints are particularly susceptible to fpilure/due to repea- *

ted loading because of ﬁgtigue of welded ar€as and fatigue

or’ loosenlng ofigther fasteners.
,) 1
The aim of this study is to lnvestigate the ‘effectiveness

“of various methods~of Buppressing wind‘lnduced vibratléhs with Y

emphasis on aerodynamic devices. - ; , .

-

Although, "experimentél investigation. is fequired in
obtainlng conclusive results, it is - not necessary to undertake

experimental work due to the fact that suﬁflgient experimental

'data is already availabls through past laboratory studies in ’

7

t areas of the subject
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The main objective in this study is to formulate the

broblem and providé practical solutions in a manner under-
‘ s .
standable and most usefull to the practicing structural

«

engineer encountering design problems due to wind effects

in tall steel stacks.

4 »
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1.2 ‘HISTOE&CAL BACKGROUND : '

L3

‘The nature of wind-induced stack vibrations was first
estaﬁlished through' observatiens on the'stacks_of the Congress
Street Heating Plant [3], and was later substantiated on.other
steel stacks. As a result, an investigation was undértaken |
to Beterminejthe amouqf and the structural significance of the
movement in the inﬂ‘reﬁts of safety and puslic relations.

qf the reported éabegﬁgfﬁfgld scale stack vibration the
problem of swaying has proved to be the most serious.

Several cases of large amplitude oscillations have been
observed.. One such incident is described by Dickey aﬁd
Woodruff. [4] . |

In this incident two large’s£acks located in Baitimore
uhderwent large amplitude vibratibns at 2.2,cychs/seq. with
wind speeds of 53 mph.

t

s were 11 ft. in diameter and had a wall thickness
l Y )

.The sta

varying from } in\to 5/16 in.

N

Another similar)incident occured in Guam in a single stack

-

at 105 cycles/min.~with wind speeds of up to 125 mph. The

, ' -
gtapk was 150 ft. high, 9 ft. in diametej’and had a wall

.thickness varying from‘} to % in.

A case in which large amplitude gvalling resulted in the
» ‘

collaps% of a chiﬁney stack is described by Sharma and Johns [5].

The stack was 150 ft. high, 10 ft. in diameter and had
a wall thickness of 5/16 in. The larGe amﬁlitude vibra=-
tions which occured at 1.6 - 2.4 Hz was filmed.during

1%

a typhoon. The large vibrations caused a ring stiffnen.to :

o

e e o mp———— R
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kreak away resulting in increased amplitude vibrations
and the eventual collapse of the structure.

‘These are only a few of the numerous incidents in

vibrations of steel stacks. Very little can be conclu-

_ded as to the exact cause of these vibrations because of

the lackesof accurate measurements of wind velocity, vibra-

i} ’

tion frequency and natural frequency of vibration. Rough

estimates of thé& wind velocity gné natural frequencies of
vibration have led many researchqrs to suspect voftex shedding
as the cause of wind induced oscillations. .

Vortex sﬁedding refers‘to the periodic shedding of local!
concentrations of vorticity resulting from the alternate
rolling up to the two layers of vorticity which separate from
opposite sides of the cylinder. |

. The- shedding of these vortices results in periodic life anq
drag forces acting on thé cylindrical structure and it has been
shown £hat this periodic force can result in swaying’oscil€a~
tions when the frequency at which the vortices are shed corngg;
ponds to the naﬁural freéﬁency of sway vibratidns.

A large number of studies have examined the probiem of

vibrations arising from the periodic force resulting from

, N\
vortex shedding. some of the more notable work has been

conducted by Davenport [6] , Vikery and Watkins[7] , Scruton

[8], Ferguson and Parkinson['9] and Novak and Tanaka [10].

Y R

1

g oMt 5 o
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- As a direct result of these studies, was the_con;IZZEEEion

of several mechanical and aerodynamic devices as means for sup- '

pressing vortex-induced oscillations. . ' (
y ~ '
Hence, Scruton and Waldhe[ll] , during experimental .o
§?~ studies at National Physical Laboratory - England,“dgveloped

a device of a pumber of projections, or strakes, wound as

helices round the external surfaces of the cylindgr. Further

<=

experimental studies by Woodgate and ﬂéybrey[lZ] , found
later that a 3 - start system Qith strakes wound with a’
helix-pitch of about 5D was the best arrangement and changed

the aerodynamic excitation of a circular bylinder to-a positive '

aerodynamic damping..More recent 'studies. by Cowdrey and Lawes [13] -
and Walshe and Cowdrey have been indicatfhg successful results

in reducing large amblitude oscillations. [13]

I

Price, flS]‘demonstrated experimentally that regular vortex

1S N 1

shédding from a cylinder ¢an be prevented by fitting a per-
;:

‘

forated shell or shroud round. the cylindet,lbut separated from . 4
, it by a gap. Similar investigations by Walshe[16] Knell [17]
and Wooton and Yates [18] have shown that neither #he gap

. width nor thé® open - area ratio is very critical but that”

a gap width of 0.12D and an open.- area ratio between 20%
and 36% are the most effective. Stability was obtained with
only the top 25% of the model height shrouded which was found
sufficient in prevéﬁting oscillations in the funaamental mode

of bending of 'full scale stacks.

\

! #
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Wind - tunnel tests carried out on circular cylinders fitted

* * with spoilers were conducted by Novak [}9]’and the results
were ;ncouréging. Following these tests a tower was built in
Bukova hora ‘(designer Ing. Marten) and fitted with steel -

. sheet 5poilers welded normal to the cylinder surface in order
to disturb the flow past the cilindef [20]. They havé proved
wel]l according to”the’follow-up observations.

In the area of mechanical dev¥ices most of the work was
concentrated intq the design and tésting of various dampers.
Dampers have come into use not 8o long agé and a lot of
papers are devoted to them. G%‘hey can, evidently, be used to"f~L
damp/vibrations of tower structures in aﬂwind flow. o 1
The fifst'dampers whic%.are known on towerlike structures .
" - were installed in 1951 oé six chimneys of(the Traﬁscahcasion‘
_metélurgical pldnt in the ,town of Rustavi' (USSR). [21]
However, most}of the work on dampers was carried out by

Korenev iéfm Céntral Reseéfch Institute for Building Structures

of ,the UsSR. [22] 1 - R

/ It was his idea the introduction of impact aqd‘tunned - .
dampers. Walshe and Wooton [ 23] and latgr Wong [24] investi-
gated ghe ;ffectiveness oé another type of damﬁerg namely

active mechanical dampers or viscous dampers - force producing

devices on the structure, opposing the wind dynamic force.’

1

. Presently, due to the seriousness of the problem of wind
induced oscillations in steel stacks% extensive work is being v

under-way in various countries. In Canada both, the Natiqnal

Research Council and‘lhe University of Western Ontario with
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their modern experlmental facilities are leadlng the way 1n.

the 1nvestigat10n of various methods for reducing wind induceds

, oscillations in steel staks.
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CHAPTER 2

~ .

WIND PROPERTIES




2.1 -THE NATURAL WIND MEAN VELOCITY PROFILE ‘ g

3

L}

. ' Air movement accross the earth fgrms what is in effect a

turbulent boundary layer to a stationarQ.obsérver,~this takes
the form of a wind of fluctuating velocity and direction.’
; The mean velocity increases with height from a low
value near the ground to what may be tef%ed the free stream
velocity'of height ranging from 900 to 1,500 ft.
The flow in this layer is complex due to éhe interactions
. ‘ with tHe earth's surface.
f\\\g\\ Experimentaly, [ 25,26] it has been found that there
exists a relationship between the mean wind veiocity and Y

height given as:

. \ V (z) _ 1 1n (2 +Zo) (2.1)
f—"'/\ *_z = - ) 5
v K A {

o
3

Vaiues of Z_  can range from 1 x 10" 'm. for mug flats,

.ice, etc. to 1 x 10 °m, for laws grass, 1 x 10 2m. for tall
‘thick grass, 1 m. for woodlands, 1 to 5 m. for urban areas. ‘ B
Howevér, Equation (2.1) assumes a constant roughness fetch,
- In practical situations this is Aot always the case as with
- L ’
wind, approaching an urban centre. Davenport [27] gives an
example of wind blowing from flat open terrain’to a {
ﬂ/ .

suburban terrain. For the new boundary layer to establish

3

- itself to a hedght of 100 féet'requires a dowastream
° diétance of'ééz;oximately 3/4 mile froﬁﬂthe change of rough-
ness. ' . . o T €
" A mgme popular profile law for use in wind effects = ..

engineering is the power law. g

R .

e i e———————— g
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(2.2)

.

. .The log law (Egn. 2-.1) describes appfoximately'the lower

- \

«

third of the boundary layer outside the region directly in-

. ' { :
fluenced by the roughness elements. “The power law, (Eqn. 2.2)
while having R0 analytical basis, is often préferred because

of its wider applicability across the layer and becéuse

< *

"of its convenience. b .

For the reference wind speed, Vl' it is convenient to
use the geostrophic or "gradient" wind-velocity, Vg‘ This -~

wind speed is attained above the layer of frictional influence

'a
and is governed only by pressure gradients. -
2000 n‘\h- .

- Gradient o
_ wind )
. ) 100 J

£1500- o

- 2 - . ' Gradient wind &

4

. - 89 - 100

P J '

51000~ Va(z) -2 o -

‘ Gradient wind

' 17 . , 100

) - - ) , vw(z) .28 s

! - ‘ 2 91

‘s 500- «6l . A .

oo S 2 - 76

i
- 42
-7 327 49 VG ,
0= = ! ’-' 4 An
Figure 2.1 Natural Mean Wind Profiles.
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The reference height, Zg, will then be the height at which Vg

is attained. Typical urban, suburban and open country profiles

.
, are sﬁown in Figure 2.1 and Figure 2.2. The gradient height
ranges from about 500 feet for smooth £errain to 1!%00 or
2,000 feet for urbﬁn terrainr
Thé'gxponent, a; varies from about 0.16 for smooth
‘ ‘terrain to 0.4 fqr urban terrain. 'The Capadian Natiqnal
Building Code aefineS'tﬁree standard terrains:
‘ Exposure A - Open level terrain with ;nly scattered buildingf,
.trees or otheriobstrﬁctions, open water or A
shorelines thereof. lN :
Exposure é -~ Suburban and urban hreas, wooded terrain, or ? %
centres of large towns. , |
v, ‘ Expésure C - Centres of large qitieq, wipg.heaqy concen- ‘
. trationg of tall buildings, it least 50 percent
of the builaingé should exceed four storeys. °
xz ' t
: ~ , _ N |
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Exposures

/“ B and C should not be used unless the appropriate terrain
4 ' ’ N ) '

. persists in the upwind direction fof at least one mile.

For these efposures they ®pecify values of\a = 0.14, 0.25

and 0.36 respectively.

., ‘ /2.2 TURBULENCE INTENSITY IN THE NATURAL WIND
¥ - 1 - .
Treating the wind as a boundary layer, it can be expec- }

ted that the turbulence intensity will be constant in the

i lower 1/3 or 1/4 of the layer where the pr;file of mean long-

\ itudinal }ntensity would be described by the logaritﬁmic léw.
If we express the r.m.s. intensity (\72)5 = Vl as a fraqtion of

l ‘the velocity at the edge of the layer, Vg, or in the wind

l N ‘tunnel V, then it is found that for open country

| » .- V1'(z) = 10 percent (2.3) -
Vg '

or as a fraction of “the local mean velocity

Vi (z) = 10 to 20 ‘percent (2.4)
v(2) )

o

. S ‘ o ? . . ‘ '
| ,E a A : A A Brookhaven, USA
. . 400 - ' 3 [

O Sale, Australia '

(2) in feet

‘l o 200+ * R .l

Height

N Figure 2.3 Turbulence Intensity in Natural'wlnd.
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18°
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% Typical values are shown in pigure 2.3 [29]for urban
areas higher values are expedéed and
vi(2) 20 to 30 percent {2.5)

” Vi(z) ’

The profiles shown in Figure 2.4 show measurements by -
< :

'

Harris [26] of profiles in open country and intensities are
predicted using Harrist exbression for the turbulence spectra.

\ This shows clearly the effect of terrain and height on 1

) , e
turbulence intensity. ‘

4

550 . - - , ‘ ' \ o

‘City centre
500 |
' 450 v - |® ;
n400 Residential suburb X
. % .
E 350 .
v o . . ) ) )
.,5{ ‘
_300 . ‘
N i
~ 5 - Open country
{ . 0250 L |
) ' -x-- Measurements by Harrig v g
: ' 400 on a mast near Rugby ¢
' ‘] (open country), N
H ! v , ° ~
S 150 .
) / Z-3. 58k5(—) . (S
B 10
i 100, { : S ‘
B ”' ) X ‘
50 | ) ‘ :
~ . o
o . , ¢ : !
‘ oo 0 +10 3% + 30 sHB, 50 " .60 {o.) - o |
: Turbulence intensity S . (____V__g)
: Flgure 2.4 Turbulence Intensxty Prof11es ﬁz ‘
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. of e*is&épg aeronautical facilities Wbich typically have

2.3 WIND TUNNEL SIMULATION OF THE WATURAL .WIND -

A~
>
-

+ There are several approaches to modelling the wind

layer. One attractive approach is to use a long upstream
' s \ '

. fetch ,where roughness blocks are placed on the floor which

broduce after several hundred roughness heights a thick

boundary layer which reproduces in a natural way. all the %, J////
,wind turbulénces and shear proberties that are requiged. “

The difficulty of this abp}oach is that it requires a special .

. ¢ " .
wind tungel having a suitably long working section. Such

facilities g%ist at :the Universityvof~Westérn Ontario and
Colorado State Univeyééty qu are;extensively used for commer-
-cizi\testing. Sﬁch special purpose wind‘tﬁnneIS'age not always
ava;liplé\and ié §s deéiréblé to be able to téke advantage

working sections that are only abodf twice %3 long as they

were wide, compared to a factor of abput ten required

. to create a gaod EhiZk’poundary layer using fldor ioughnpss

elements. Techniques for developing‘artificial or synthetic

1

boundary layers have been devised at a variety of research
4 . \&" -

establf%hménts‘[Za] . These typigaliy incorporate some form

.

"of draé fevice pléce3 accross the entrance to the working

section to a height equal to the desired boundary layer
A » - ' "

“thickness,

<
* A

Figure‘2;5°comparesnthe profile of mean veldcity to a !

power law profile witha= 0.36. Fig. 2.6 coﬁgares the sﬁectrum"

to measured vaiues for Montreal and the Von Karman spectrum. [29.]
N : . . ' . ,
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¢
[}

It is possible to reproduce only the lower part of the
layer, thus allow1ng a larger model scale. For full simu-

latxon with a layer of 1, 200 ft. a model layer of 3

A

would give a model scale of 1:400. If the top p
[

.was modelled, then in the?same wind tunnel model scales as large

“as 1:100 could be obtained. The technidue is’ to get the velocity

. ‘6

profile with a grid of rods and the turbulence with a cqQarse

.

rectaﬁgular grid. "This arrangement is shown in fiqure 2.(. Coor
With this approach the lower frequency portion of the spectrum, ,

- R ¢
that is, the large wavelength eddies, are excludéd fromzthe -

-

speétra. It 1s de31rah1e that the spectra at model scale match

the. atmospherlc spectra as shown in Figure 2.8 where only the

LAV INEEPIE S A% Yo
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higher frequency portions coincide. An argument for this

3

épproach can be made. if the natural frequencies of the struc-

~

ture under test coincide with the high frquency region where f
the two spectra are in agreemert. | - ‘ 'Q
B ’ . . . . . ¢ g l | g
« ', . L. ;
. . \
£ S, . , - u
n {n ~ SN
Atmospheric Spectra. . ‘ .
7 2 s, / ' ) . . .
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. ! | grid . [
3 « - “
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Figure 2.8 - Required Spectra for Par’til Simulation [31] - ' - ¥
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* 2.4 PREDICTION OF WIND LOADS -

.

‘

2.4 (i) The Mechanical Admittancé Function

(/ If ¢f(f) is the power spectral density function of the
. force input to a system, say the force due to the wind, then

- it can be related to the-.spectrum of the ouépu£,¢x(f) by the

relation.
ex(e) - [,
2
) f(f) k
This relationship is shown in Figure 2.9 [31] ‘ ' 3

, The functlon H(f) lS essentlal in pradlctlng dynamlc

i

M s —

‘behaviour. It is dependént on the fnten91ty of the turbulence,

N

3 E
(o] f f
Figure 2.9 Spectral Response o '

M b ihecaeeas
g

o
O

»

.the scale of the turbulence compared‘toyihe size of the structure, *
and on the terrain. It has been possible to make simplifying
. assumptions that allow H(f) to be evaluated.and this is the

~basis of the dynamic approach in the Canadian National Bu1ld1ng

e e e e e e b i e o v e NS

Code [ 32] The method appears to be in good agreement w1th measu-

o,

rements made in wind tunnels. : At

t
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2.4 (ii)‘LPrediction'of Extreme Values of Respense

' ’
The probability density function, p(x), that applies to
wind velocity and to-a satisfacfory extent to wind pressure

- * ,
or force is the Gaussian dispfibution /

B !
-~ » :

L XD )
.1 PO 2
a P(x) = -—————;—— e ‘20 (2.7)
(2m0)
.where 0?-(§'2) (the variance).

The output from a linear system with x as the ipput will also

“
R T

be Gaussian. The g;@bability distribution of the maximum (or

envelope) of a parrow band fesponse (fig. 2.10), which is

-

Gaussian, can be shown to be the Rayleigh Distribution

-

2 .
a .
-—Z . . ( ' (2.8) R ' i‘
e’ 20§.v . . C

P (a) =

where a 'is the value of a maximum / and is the variance of x (t)

L)
e ~
, -

‘ | \\(-a(t)
o 3| Uﬂ ﬂUﬂ At avad ﬂ F Unl’ e S

T (t)—/ U d o

~ ”

-
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Figure 2.10 Narrow Band Regponse Maximum
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This concept has led to the prediction of maximum

. deflections used in the Building Code. The maxima are them=-

s

, ) X ‘
selxes random in character, but their probability density’func-

tion is narrow as shown in Figure 2.11x

It has been shown by Davenport [ 33] that, over a 1a;ge

number of sampleé, the mean value of Xmax is y .
¥ max 2 S 0,577 0 (2.7)
5 = VZ loge foT,+ —
V2 log £ T
, ~Je"0o
' . e Y
p(x)
pix) "
p(a) u
!
.\\ ‘
h
' x.’a
; .
Figure 2.11  Probability Density of System Output
. Al ).
+ v
*
where T 1is the sample length and
= (% g2 | 3 , e o : :
£, = {fo £20(£)A(£) )% £/ O(F) dA(f) - , (2.8)
. . . ) [} . ) . .
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3.1 REVIEW OF WORK ON QLUID FLOW ABOUT A CIRCULAR CYLINDER

Prier to examining the dynamic wind effects on steel ‘stacks

with circular cross-section here it may be appropriate to discuss. ,
in geﬁeral the behaviour of fluid flow about a circular cylinder.
Osborne Reynolds, an English phys1c1st, was the first
who made an intensive study of flow of air at dlfferent speeds
around objects of -varying size. |

Experimentally, he found that at low speeds the flow was

smooth but at high speeds the flow was turbulent.

He evolved an. expression which is called Reynolds Number

and is commonly abbreviated Re.

. ‘ ,
Hence, the flow around a circular cylinder is expressed

by Reynolds in dimensionless form as:

Re = VD (3.1) o
\Y]

Reynolds found experimentally a valie which is called the

Critical Reynolds Number. For values of Re less than the

crltlcal the - flow was smooth or .laminar; for values greater
than the critical Re, the flow was turbulent. ‘ \
‘ At very ;ow Reynolds ‘numbers (Re<5) the flow about a
circular cylinder fe116WS'St9ke's law, [34] where the flow is
laminar and the streamlines close behind /the cylinder (figure 3. 1(a)y,
As the flow increases the streamlines widen and at appro-

ximately Re = 5 or 6 the flwy separat from the rear of the

. T

cyllnder and a pair of attached vort¥ces form as illustrated

in Flgure 3. Z(b) ) '




—

P

o (b)-5 { Re< 30

(e) 105<Re<3'x 10 | ‘ (£) 3 x_106( Re |

-
?

Lam1nar flow separat:.on

Turbulent flow separatlon

| e e

-
-

Figure 3.1 'I‘he Flow Development Around an Infmltely Long

- .

ercular Cylinder thh Inqreaaing Reynolds- Number.
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These vortices, it was shown by Féppl [35]could maintain a -
symmetric eqpilibrium position for only these low values of Re.
As Reynold's number increases the vorticeé become elongated g
in the streamwise direction "and the laminar wake. becomes more
' unstable. At a Reynolds number of about 30 to 40 the instability
Va of the wake ledds to thg development of a "vortex street" :
(}iggre 3.1(c))with vorticgg being shed altefnatgly from either
side of: the cylinder at a periodic rate which incneasés with
-increasing Re. | v n
In all these,caéés (i.e Re <40). approximate solutions of the
Navier - Stok;s equati;ns abpeag to represent the observed flow h
phenomena well.
-, Between Re:hgb and about 105 (the subcritical regime) the
vortex shedding becomes less regular and turbulence in the wake
spreads ?rogrgésiYely upstream towards the cylinder. Separation
of the lam%??r_ﬁoundary layer on the cylinder moves progressively
forward with increasing Re until Re reaches a value of the order
105 when separatiqn occurs on the'forward part -of the cylinder at
a v#}ge of © between about 70 ° and 80° figure 3.1(d).

'

. ~ o A
“¥* As the Reynolds number increases above a value of about 10S

-

transition from laminar to turbulent flow in the b@undary layer
moves along the rear of the cylinder. The Reynolds number at
which this actually occurs depends strongly on the free-stream

h)
turbulence level and surface roughness - the greater the

turbulence level and surface roughness the lower ,will this

valueo be. The laminar boundary layer seﬁarates initially

4

S

%
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©

at about 9= 90° to 100° just ahead of the transition point

to turbulent flow, but because the turbtilent boundary layer

»

can withstand a greater,_adverse pressure gradient, the r

boundary layer reattaches just downstream of where transition
N »

occurs to form a localized sgparation bubble.

'

s

Turbule®t re-separation occurs further.back on the cylinder
at about 8:120° - 140° as shown in figure 3.1(e).
*~ This rapid rearwérgﬁgovement of the final separation
.point over a,.small range of Re resukts in a higher base pressure °
and hence a rapid;%rop in ‘the drég coefficient from about 1.2 to

0.27 for a smooth cylinder. s .

As Re further increases, transition to turbulent flow occurs o

further forward on the cylinder with a subseqguent increase in »
. . ! /
boundary layer thickness over thé rear of the cylinder and a .

¥ [}

resulting shift forward of the rear turbulent separation point.
The laminar separation bubble progressively shrinks in
size until at a Reynolds number of about/} X 106 transition

occurs at the point where the laminar boundary layer would

RPN

othHerwise have separated ( @ f96°) angjthe bubble disappears.
The forwérd movement on the_réar of the cylinder of the

turbulent separation point is accoﬁpadied by a re-widening of
the wake, a,léwer base pressure and a subsequerit incrgﬁse in

[ 4 o 3 4
Drag Coefficient (C,) from about.0.27 to about 0.55 for a

smooth cylinder.

6 the transition

; " At Reynolds numbers higher than abdut 5 x 10
point moves onto the forward face of the,cylinder; the
turbulent separation point remains on the rear of the cylinder

and its forward movement becomes less sensitive to further
e,

v ey
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.

increases in Re. ) .

3

Periodic vortex shedding continues and CD reaches 'a maximum

¢

r
value. . '
. . x

i At eQen higher Reynolds numbers, ab&ve about 107 in a flow

of low turbulence for a smqoth cylinder, the flow around the
cylinder becomes almost efitirely turbu{enf. With the transition
point fixed, further increasé in Re serves only to reduce the
boundary layer thickness and hence the skin friction coefficient.
Thus the pressure distribution becomes iargelyvindependent of
Re and the drag coefficient varies slowly with increasing Re.

The exisgence of vortex‘shedding and periodic wake&‘gn flow
about a cylinder haS'Been known for a long time; This fact is
documented by Leonardo da Vinci's art work where hé ;};ustrates

in sketches the formation of alternate vortices and periodic

&

wakes past a cy1inder in uniform flow. _° -
Experimental work on the determination>of vortices and the;rn

effects was first carried o&t by V. Strouhal in 1882 who hl

developed a non dimensional term, similar to that of Reynolés,

to determine the frequency at which the vortices are shed.

This term named after Strouhal is given by:- ‘ ‘ >

£D .
S= 5 (3.2) -

o
¢ -

Where £. is the rate at which the vortices are shed

’

. ) . - RS,
D li,#he diameter of the cylinder

V is the flow velogity

— e R mand

] .
v "
. RN L 2 .
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L.ater, in 1908, Benard and‘Von Karman related in their o

1 -
-work the periodicity of the vortex shedding to a "vortex
L} . —————

* street" wake. Von Karman in his work "Mechanism of Dfag“

-

showed that the wake was uq;pable unless the vortices arranged a
themselves iﬁ two pa;alzel‘rows with equai spacing and with
thé center of the vortices of one row opposiéé the midpoinf
between two vortices of the other‘;ow., He also détermined that
. the spacing ratio, b/a, must equal 0.281, where a is the-:lon-
gitudinal spacing and b the lateral. * ~
A great deal of wo?k followed, intended mainly in.conffr*

ming Von Karman's results. Hence. some of the most notable

work was done by Birkhoff [36) , Tritton [37] Qe Humphreys

[38] and Roshko [39] only to.mention a few. . ‘ :
' The "Vortex street" Qs described above moves accordihgly
up and down and the flow pégt?rn as E}iustrated in Figure,(3.£1c)
comes inéo existence. The qséillq;ions are the physical source ' =
- © of tﬁe tones in an "Aeolian Harp" produyced by wind (Aeolus was’
the Greek God of thawﬁnd). The whole system of the vortex

street moves in the same direction as the body, with the L
rd -

3
1
1
i
i

velocity w, measured against the resting‘f;nid. Based upon -~

the length "a" of the "street" (Figure 3.2) the drag coéfficient
iss i . ’ 2
) C.=1.6 1o~ 0.64(0
. p =y ¥ 00y z

- ,
- . S
" .

. .

o (3.3)

Where V is the velocity of the qglinder. Unfortunately neither

- . ,

. the reiative,velbcity w nor the dimension ‘'a' can be predicted®
M . 4 .
by theory. |, i

@ N

. , .
-
& E
o .
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Thg number of voLtices formed at one side of -the street.

a
in the unit timé is: ! :

[

f a« (V-w) /a (3.4)
o " Where (V-w) is the velpcity of the cylinder moving ‘awagy from a
, system fixed to the cores.
» . ¢ -
» ( i l
'“‘,’Jl W -
" [P
! i \,/:\"\ - .
R S l(\@ 7
V”“(Afjb igkxif
e N
.~ - > .7 ‘
3 o L N A
' . Figure 3.2 Theoretical pattern of the Vortex Street.
: ' L -5ummar;zing.tﬁb above, the "yortex street' may begin at
a’ Reyholds number as low as {40 Jand persist up.to about a
s g . ) N
g Re =2 X 105; This region of flow as described earlier is
. - termed the subcritical region.

-
¢
-~ . -

'Experimental tests on a cylinder in supercritical flow

(2 X10°> Re 3.5 x 10°%) where gonductéd By Roshko [391] .

B f The dominant periodic components which Qére attributed to
vortex §¥eddin§ wete identified with the use of a hot-wire

probe. However, vortex shedding could not be found in the

»

transition regién. This fact suggesté that the vortex shed-
.. ' ding ,pattern breaks down at the critical flow.velocity and
[} N . . ’

ﬁe—establishes itself in the supercritical region. It is

e [

z - not certain that the vortex shedding pattern in this.rgqion

~ . -l ot

f\ of flow is similar in nature to the conventional vortex shed-
’ ding pattern or qpether:this-bériodib coﬁponent is due to .
. same other form of periodicity in the wake. ‘
° ., ‘ ,A . ) ' e ‘\,

i Pa—— et i ot A

e o e e it ittt




I
.

SR AN ———

S

L g

forces' and pressures on the smooth cylinder.
N 4

3& ’

hd fallat™ P o vy Lt
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iﬁ‘He;Z it is worth mentioning the influence of surface
roughness 1n the flow. . . ol
. - g
o “,Incfeasing surface roughness has the effect of increasing

v ' \

‘gpe boundary 15yér thickness over the cylinder and of causing

transition tb turbuleént flow on the rear of the cylinder to

occur at congiderably lower. Reynolds numbers. The resulting
effeogrof<thi§’cgﬁditipn is the rapid fall in drag coefficient

to occur at lower Reyno}ds numbers than for a smooth cylinder
e 7

. . - _ _
in tpe same free>stream. An important factér.-to be bdrne in

mind in ealculating fluid dynamic forces at the design sﬁage

: — ‘
is that the. growth of localized regions of roughness particles

o

Z ¥ .
on an otherwise smooth cylinder (such’ as ice particles on guy

wires, rust etc.) can have a very signifi%ant effect on the

-

T " .
In particular, considerable‘lift forces, of the same order
¢
as the drag force, can be generated - 1f the roughness growth
occurs near the trangsition p01nt so as to cause the«shlft in.

the separation ’?oint on one side of thél cylmder to be very
)

dxfferen€ from *thiat oh the other S1de as the Reynolds number

~

1ncreasés .through the critfcal range. ~Sxm11ar let forces are -

raw L 4

generated on stranded cables 1nc11ned to.the free- tream ,

v, Pl

. direction causing-a similar differential movement. of the

“ geparation point to occur on upper anfi lower suffgies at

B
i [}

« Reynolds' number near the critical value.

N

P




s
Y aad
-

*‘ ~
&~ o
2.
4 N 11 v
. ] o . - ' 33 “
™, 3.2 The Nature of the Fluctuating Fodces Induced by Vortex
. . P R . \'~ [ N M A ' PR
Sheddin ’ ' ' ‘
> . . \ __‘_—_-__.i a , . s i -
\@- . . .
Vortex shedding due to wind action induces fluctuating
\\ N ' - o, -
~r-dynamic forces in stacks. .
< «
There are three forms of dynamic action as.follows: o @ﬂ
' i
- (i) . Accress - flow oscillation . i
4 (ii) in flow oscillation : ‘ [
N (iii) Ovalling oscillation , // 'f
Yoo ! ] ' ) a :
Fortunately, oscillations;(ii) and (iii) are small and )
. _ ' , | ' R
« . 1in most cases may be ignored. } .
. (i) Accross flow or lateral oscillations are by far S
[ “w oo 1 =
! ' \ ,
the most important in that, if they are not properly considered . j
, ’ ]
o . they may lead into the destruction of the structure. 5
; ’ - !
\ A It is well known that alternating vortex shedding L
induces regions of low pressure. This in turn results in a |
‘ !
K\ "~ net "lift force", normal to the wind flow, alternating in ‘ !
. direction as vortices are shed, and a force parallel to the

flow termed as "drag force" which fluctuates in magnitude.

The_vortex sheédinq may either be periodic, that is at a

. N

c constant frequency of shedding (fvs) and amplitude, or ramdom.

This of course iepends greatly on the turbulence properties

of flow and the appropria@e Reynolds number.

/

’ It has been demonstrated experimentally by Von Karman that

R

' . a "gtreet™ of-alternate vortices forms a stable system, if

B ‘q"
properly arranged, in accordance with the followihg expression:
; & ’ & '
: PR h 7= 0.2m ‘(35 !
T ) Py 7 COS ~\: . .5) - (

——— .~
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In fact, Von Karman indicated experimentally that the
width of the "vortex st:eeﬁ" b, is 1.2D, in cylindrical
bodies, with the spacing of the‘vortices at 4.3D and
relative velocity of V-W=0.14V as shown in Figure 3.2.

For a gircular cross~section of a cylinder the frequency
\

of vortex shedding may be expressed in non-dimensional -

~‘form by the Strouhal number for this case’as:

V - 0.14V _ 0.2V vy
430 D - 3.8 o

*

S'=

From this equation it could be seen that the Strouhal
number is dependent upon the Reynolds number ‘which is not the
(\Eiée in cross sections with sharp edges such as squares and

”

triangles. 1In" theseg, cases the flow separation points are very
well fixed By the position of theiedges and thergfore the f\
pattern does not change with Reynolds number. N
Tall stacks'with generally low damping are very responsivé \@1
< to the oscillating forﬁps and oscillation sfarts as the wind
velocity appréaches~thé critiéal value at which the vortex .
"shedding frequency equals the natural frequency. ‘
, In most steel stacks' only the first mode of oscillation |
F\\ﬁ=¢§;;;¢;2(consideredras it generates maximum amplitudes. ’
ﬁowevér; in stacks with high degree of tapef and small
tip diameer, higher modes should also be"investiéated. This
is main1§ due to the fact that the ﬁagural frequency is
‘changing, with height’ and tﬁe variation in fhe cross section.

This consideration was taken into account .at the design stage

J
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of the Browns Ferry Nuclear Power Plan? chimney at Alabama. [ 40]
which has a height of 600 ft and a tip diameter_of 6 £ft, and
was designed for vggfgx shedding at frgquencies 6orresponding
to the first,” second and third modes.

At lower amplitudes of oscillation, approximately in the
order of 1 to 2% of the stack diameter, the frequency and hence
the response of the wind‘induced‘fluctuating forces is |
random in nature with a major portion of the generated energy ‘4’p§
distributed over a narrow range of frequencies'close to
frequency ofsshedding.
. . ' At &hplitudes of oscilation of more thah 2% of the stackt
diﬁmetei, the local forces are amplified due to vortex'gﬁedding.
These fluctuating forces‘and tﬁeif response are then nearly
periodic resulting in more or less constant amplitude response
at the natural frequency and.they may be described in terms’%f

a fLluetuating 1ift coefficient.

\ ;
\ - The 1ift coefficient varies sinusoidally with time at the

e e

frequency of the vortex shedding. The fluctuating force

per unit height at any given height Z of the stack is given by: .

|
!

i “«

. . . . o™ ,
- , F(z) = 3 ¢, V_D(2) sin t (3.7)

"

L

where C, is the-peak dynamic lift coefficient.
L~ .
In general, CL reduces as Reynolds number increa'ses and

increases with increasing oscillatory movement. It has been
) 3

estimated both experiméntally and theoretically that the value

of C, varies from 0.15 to 1.3. This is not necessarily ‘true

PATRY
s

in actual structures due to variations in surface ard wind




conditions. o

A ¥ather conservative value of 0.66 has beed suggested
by Maugh and Rumman [41] for design éurposes.

An extensive study carried by P. Sacks, [42] based on
bBth Qind'tunnel tests and oscillations on full;Sized stacks
indicated values of CL between 0.20 to 0.33 in the wind tunnel
and C# between 0.12 to :19 in four full $Sized liped and unli-
ned steel, rivetted and welded sgacks.

. rd
(ii) 1In-Flow Oscillation is caused by two mechanisms, either

by the oscillating drag force or by the simultaneous

vortex shedding. ' -\
Assgociated wigﬁ alternate vortex shedding is.a fluétuating

drag force capable of inducing ogcillationé in “the direction

of the mean flow. This excitation reaches maximum value

at around.%ne—half of the critical wind speed for accross flow

oscillations. -

~ Simultaneous vortex shedding from ‘each side of the

cylindrical structure causes a fiuctuating drag force which

m3y induce significant ig line oscillations.. This excitation

reaches maximum value at St;éuhal,numberg/in the range of ;

0.45 to 1.0,

\ ‘' ¢
Generally, in-wind oscillations are very weak and easily

damped out thus not creating any severe conditiong”of aerodyQ

namic instability.

. ’
(iii), Ovalling Oscillations, another mechanism of wind

excited oscillations, is found mainly in thin shelled steel
stacks, 1t involves malnly circumferentﬁg>§1 deflections

of the cylinder wall like an elastlc ring or shell. This

ORI

N s 2P
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h ]

is due to the fact that the pressure distribution around a

section varies periodically. This can lead to periodic

distortion of an unstiffened thiﬁ-walled cross section such
v < !

as a large diameter steel stack and is termed "ovalliﬁg“ or »

"breathing"”. The effects of ovalling in most cases are not

worth considering except in the cases where large diameter

thin-walled cross sections are used. <

FinaL;yffig should be emphasized that although the above

. described mechanisms of aerodynamic instability have been fully

[

proposed steel stack may not be always possible. 'This is

‘mainly due to Rhe fact that model tests do not allow for

the random variation of wind speed and direction that occur

in-nature. Also they do not represént accurately the disturbance

. of the air flow pattern around the chimney. "

.
Rather than, predicting the performance of a proposed steel

stack it is quite logical to investigate means of avoiding
the dypamic wind problems. It is the intension of this

study to examine possible ways of tfeatihg effectively these

vibration mechanisms as described.




R

' , \ ,_
x : . CHAPTER 4
' 'DYNAMIC RESPONSE OF STEEL STACKS .
5 ° ' i ’ C . ‘
VL Lo !
, P T, .
. \ ' * ' | N
1] N . ")
N Y : ' o
- ‘ -
. -y - R
[] . 4 ‘
o 4
- L : SRR




~d

» it is known that: Force = mass x acceleration.

e : g #

/1
4.1 SELF SUPPORTED STEEL STACKS

s e {
For dyrnamic analysis, a self supported steel stack may

be idealiz¢d as a Lumped-mass simple system shown in
1

, .
Flgur? 4, " .
' ”
-
—_— X
‘ Damping
F(t) constant
C
~ Mags M

Stiffness k

e

TR Yy ve Yy
-
Figure 4.1 . s
\ ' |
The system is constrained to move only along the X-

direction and it consists of a single mass m, supported by
a light cantilever’ with a linear stiffness k, ;nd iqpteral
damﬁing constant C.

The yind loading is represented by the fof?e F(t)
applied to the mass and is timé dependéht. B

) . ’
" At some time t (where t>0) from theoretical mechanics

v

. This equation may be applied 1in the system as follows:

"P(t) - kx - ck = nf (4.1)

—

e e At
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or. by rearranging the terms: ?

m¥ + cR.+kx = F(t) (4.2)

'Thére the term mit is called the inertia force. The
solution of Equation (4.2) is ob'tai{ned by setting F(t)z O
'ahd is composed of a qomplementafy function and a particular
“ntegral wﬁich is dependent upon the form of F(t).
The complementary function is the solution of the ddﬁped
P free vibration eqﬁatign which in fact yields, a number'of
useful parameters. ‘ ’ E

.Assuming that the motion can be expreésed as:

X =z xoz::)‘t . (4.3)

Ecjuation(4.2) by setting F(t) = 0 can be expressed as
v . ' ,

(A?m+ictk) x=0 (4.4) 3

The solution of Equation (4.4)

: X = 0 - x ' . A ‘}
CLr\s?.\nce x is not always zero, . , o

A 4
Alm+Actk=0" . © o (4.5) \
i : .
Thef’solution of Equation (4.5) is:
- £ Sy k " »’
A o R 2m) ™ (4.6) o
S\}bstituting Equation (4,6) into Bquation <(4.3)

x=xoexp[-5-$]exp {i 4 I%—(—ga) z]t (4.7‘)

For positive values of c the first exponential in Equation (4.7)

-

. \\\ , . N
is afunction which decreases with time (decays).

£

&
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The second exponential in the same equation decreases only if:

\ ,
X £ e
m ( 2m ) N

:

. k C : . . L
However if —->(—=)?, the Second exponential oscillates as'a

function of time.
The net result from Equation (4.7) is a decaying oscilla%ion
as shown in- Figure 4.2.

" The period. of oscillation is given by:

' 2n . '
= L : (4.8)
k C 2 B N
m ( Zm) .
X » .
X -
‘N\‘—~~ - .
' v _.’.-‘--- — e o '
/ ff X+ Z//P\
¢
0 i .1 - t ,
———TT T
- o = . L N
X, \ .

( .
Figure 4.2 Positively damgyﬁ free vibration. - ' 1
- 4

The coresponding frequency of ‘oscillation which is the inverse

of the period or 2 rad/s is:

T 1]
P K _ :
L fgtSe - (55 Hz
or ’
) W, = -’-‘-‘QIC)Zra/s - | (4.9)
d m T a - : .

This frequency is the damped\hatural frequency of the sgystem.

-
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If the internal damping constant c is zero then the undamped\'

natural frequency is derived.from Eguation (4.9) as:

v

! f ::-—l—. —k_ Hz

n 21 m
" or ~
o k
~ . w, = ‘75 rad/sec (4.10) ' ]

.

In the absence of damping, the amplitude, of oscillation is

constant as shown in Figure-4.3.

N\

. . - L d
)

'«-x

o ' ) T

‘Figure 4.3 Undamped free vibration.

/ ' o
However if c is negative, the first exponential in Eguation (4.7)
becomes. an increasing function with time and the second exponential
becomes —mk-> (—fu-‘-) 2 with the net result of diverging oscillati‘bn

as shown in Figure 4.4.

In case where the square root term in Bguation (4.6) is zero, -

.the required damping necessary for the system to come t‘b,st

H ¢

-

i g e, W S e
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A ‘ q 4 2
‘without oscillation is called the critical damping and is
given by: "L . °

Copit 2 km ' (4.11) T
In order to relate the damping of a structure to this critical

' value, a nevw term has been introduced known as dampxgg(rqtio_(cL
L C

, X o (4.12) . '
<~ ) . L I . :
This parameter is characteristic of a structure depending mainly
‘ on material properties and geometry. \ ‘ :
~ - i
. & i
' ;
i ;
§ B
¢ - t
| e |
é ~ ;
' i
. .’.
- ° ‘
‘ . -~ .
Figure 4.4 Negatively damped free vibration.
The following are typical values of damping for .some selected
. structurgs; , ) ) ’ o
.o C Structure Typical range of [
Bridges, steel 10.003-0,01 - , .
- . ‘ ’ 1‘
) ‘ Bridges, reinforced concrqte 0.005-0.02 ’ : .
Stacks, concrete ’ ' ©0.005-0,15 s , ‘
stacks, steel | 0.003-0.010 - ' '
Towers, Steel latice " 0.003-0.013 ‘
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. Substituting Equation (4.12) and (4.10) into Equét’ionl (4.6)
) ‘ )\=—wnc'f§i"wn 1-¢? - '

From this Bquation, Equation (4.7) betomes:

= - 1 -r 2 = . - ' + ‘ *
x=x exp( w ct)exp (iw, — 1-¢ t)‘ x,exp( wnz;t)exp(lwdt) (4.14)
' \ -
. From Figures 4.2 and 4.4 anothe; useful dampmg measure ¢an

P P VTIPSO S

be defined from the ratio of tHe amplltudes Xy and XN+1 the _

.
-’ iv
,

leogarithmic decrement., (8) defin?d by: T Ty

« .
0

g . X . .
' T s N _ _2a : . \
. - 67 log, XN+1 __1:557 “’? 1) '

q,v '

. For steel stacks where { is of the orad& of 0,003 - 0.010, e
l_;z :l . : Y4 ’ h - z ’ i ‘< N

F; ¢ / ’ “
. He §=217 W, w .
nce, 2ng and a~“n .

i : ' ’ , ‘ - . 4

The particular integral part of the solﬁtion of Eguation
(4. 2), is the response to the forcing function F(t) - :
This F(t) funct10n can simply be expressed as a summatlon '

‘of periodic functlons of ‘similar responce characterlstlcs.
Y
iwt

“ - Therefore, exp;essmg F(t) as FI(t) =F e - and x as x=xwe wh

. Equat:.on (4.2) becomes:’ . s, ' s
. ‘ , L ,
(~w? m+iuctk)x =F oo e (4.16)

‘. The particular integral soiuéion of . this equation is: .
1)

i t i ' . [ K . N » -
F et = X (k=w?mtiwc) -

o)
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're‘lationshlp between the input force F and the resulting

iwt . . iwt -

Foe . Foé .
X= T = R (4.17)
m(—;—n——m +1-—;\—w ) k[l-({u—) +12Cu";—_] !
n n :
A , . .
The term 1 = is- termed as the Mechanical .-
[1- (&) 2+i20—] : .
- “n “n T '
Admittance and is‘'denoted by [fi(w)| and -is written as: - .
-» . )
‘ . » i 1 v -~ v
JHAw) [fmmm i : © (4.18)
[1- (=) 2] 2402 ]2
w w
. ' n - .. 'n y
, \ ;,5——-—’ . . . , X R ’

;Figufe 4.5
: . ! - ‘ ry ) '
This parameter measures the magnification of the static -
N F A ' .
defledtlon, 'TEQ resultmg from the applicat).on bf F as a ‘ :

dynamic loading. Another uhportan”t parameter in defining the

deflection x is the phase angle of H(w) or argui’aent, given as ‘J

P

. ,
\‘, ¢ - - ‘ .

- M«p) = tan ‘[«l—(-ﬂ)—} ' (4.19)

- “ - ’ \ - L ’,

w
"In terms~ of mechanlcal adnutt‘ance and phase angle, Equation

£

(4.17) can be writ;:en ag: | .

ifut-¢ ()]

: F
- X = IH(w)Ie
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This eqﬁatfbn may be represented graphically by Pigure 4.5.
’ »
The relationship of the variation of IH(m)[“with frequency

ratio —%— and damping ratio ¢ is illustrated in Figure 4.6.
n
It could be seen that the magnitude of admittance function

« A R t
reaches a maximum when -2 ] which is called the Resonant

w
- d .
condition. For small values of 7%— the response is governed
2 d

by the stiffness k and maximum deflec®on is approximately

the same as the static value whereas for large values 6f 7?3 .
the .response is goverited by the mass m and maximum deflection
is less gpan Fhe equivalent static value. The respopse in’ the /
region near T?é =1 is controlled by the damping and the m§§imum
deflection may be much 1argér¢thén the equivalent static value.

. . Figure 4.7 illustrates khe variation of'the phase ;ngle ¢ (w)
with fréqueﬁc;’and damping ratio.

8 . A o, .
Finally, if F(t) is a random function of-time then a function

»

5

givingﬂfhe frequency, distribution of statistical properties of

fluctuating wind can be introduced in equivalent form of Bguation

(4.20). This functioh known as Spectral- density §;function of F(t)
: S

vis given as:

- ‘1TH(w . ¢
(w)=, e Spp (0) | (4.21)

When the function FJE) is acting over a range of frequeficies,
~ “ -~

e [

-~ .
it is necessary to derive a mean square value ¢of the random

o SXX

i;esponse. This of cadrse, could be calculatéd by integrating ,

-Equation (4.21) as follzys: ' . .
H 2 - - " ’
o? (x)=/7S  (w)du -s{wwsxx(m)dllogem] ‘ (4.22)

~-

[} / . R
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r

- ¢

Summarizing all the above, the cdmplete“soiution of,Equationa
(4.2) for a pefiodic function F(t) is the sum of the free vibration
response as written in Eguation (4.14) and the forcing tunction

respbnse from Equation (4.20) with parallel consideration of

the phase,angld<:(w). . . o
, T : i

Hence: ; : - B
X=xoexp(-w ct)exp(iw 1-g°t )’f-EEg-IH(w)'[exp(i[wt-ﬂb.(w)]) (4.23)
Note that for a randpm forcing function, Equation (4.20) is . 1

replaced by Equation (4.22) in Equation (4.23).

The forcing vibration }esponse of a self supported stee]l stack

1

steady state forced vibration, ‘whereas the free.vibration pépt . .

of. the response is at;the damped natural frequencies of the stack.

-
»

' . .6
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4.2 GUYED STEEL STACKS

- , : . U
It been shown that the.amplitude of .lateral oscil-
el K 4 “
lations of/ self suported steel stacks is dependent upon the

struct 1‘stiffﬁess-(k) and damping ratio (;)'pérameters.
Since, theselparameters exhibit considerably low values in

tall stacks, a widely accepted meﬁhod in @ncreasing their va-

lues is by the use of guy cables. In‘addition; guy cables seem

-~ .

to be cost effective in terms of reduced size of both, the
. : \

s Al o B B i

main structure(shell) and foundations. _ - .
However, although guy wires may not eliminate oscillations "

completely, they may introdgce new problems through oscillations

of thp cables themshelves, hence their behaviour and effects

on the main‘structure should be Examined. . : g

A duyed stack is subjected to the following loads as shown'

in Figure 4.8.

Fiéure 4.8: Forces acting on.a typical guyed stack.

- . . ~ L
- ‘

‘:
V. : . \
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a) Vertical load due to deadweight of the stzueture
and the loads of the supported parts.

b) Vertical and horizontal components due to the dead-

I
+

weight and erection tension of the guy cables.
c) The vertical and horizontal components gf the increase
'of “the guy tensions due to the horizontal wind loads.
‘Although, the loading conditions on a guyed stack are well
defined, analysis of this type of a structuré is somewhat

€~

complicated due to the nonlinear characteristics it. EXhlbltS.

Hence, the develcpment of the nonlinear force - displacement

relations as well as the correct solution to the nonlinear

equations which govern the behaviour of the entire structure,

L)

becomes a very difficult task. .
The nonlinear characteristics of guyed stacks originate from

several féactors the most important of which are: éﬁ’ -
L |

-The variation of the effective flexural stiffness resulting

¢

from increasing axial load. .
-The displacement 6f the upﬁer ends of the guy cables re-

sulting from contractlon ‘of the- shell structure caused by
f; !
flexure and compression. " .. - Tx

he variation of wind load on:the guys.

3
Since guy cables are responsible for a major portlon of

the main structure's axial loads, it is useful to have accu-

’

“

rate and reliable static and dynamic analysis in order to re-
. AN -
late the variables associated with guy cables, such as the

o .
change in cable tension as a function of the stack movement.
, TR

-

N .- . . . ‘,))\.'

1

i
|

e v —— o
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Statégally, a quy cable, under the influence of gravity

- loading. alone, hangs in a shape of an arc of a catenary.
‘. Figure 4.9, illustrates the forces acting om\a typical
guy. '

V _cosae¢~H_sina
. oCosa0-H o————\\\‘

cosag¢tV_sina
Ho°o.°

-

b ~

Figure 4.9: Cable gepmaﬁry under gravity load only.

<
The arc length Lo under the influence of gravity load alone,
is given by: .
* 4H?2 g _c_cosop :
= O ginh?(—2.2 +e? gin? 5
L [‘ag“ pin? (—2gf——)+c] sin ao1¥ (4.24)
?—-J . ' . .
B where: H = Horizontal component of the reaction at the
4 N .
’ upper end of the guy.
. : g, = Gravity load per unit length. .
) < — ag* Angle between chord and horizontal._'
L4 5 - -
co=,Chord length,
Taking the sum of the moments about the bagse of the éaﬁ}e
- in Figure 4.9, it is seen that: ~°'
L o .
‘ 9CoX - . g.c ‘
= = ..X—. o9 -
Vpx Roy + 3 or VOL Ho( X ) +_—-§-—— (4.25)
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Since (-ﬁ—) = tanwoo, Equation (4.25) may be rewritten as:

chO
VO - Hotana0+ 2 ‘, (4.2}6)

For any given guy cable, the values of Qgr %os €% and Hy
are specified and L and V_ may be determined from Equations
{4.24) and (4.26) respectively.
™~ ~
In determining the equations of motion for a guy cable
under forced vibration due to wind action, it is proposed
to determiéF the variations in horizontal force exerted on

the structure when the support point is executing harmonic

W
motion.

.

Assuming that the wind force on the guy is constant over
the length of the cable and that the plane and curvature of : L
its ;atenary have been altered due to wind loading, Equation

A

(4.24) 1is then changed to:

‘ 2 . ) h .
L = [ 42\ Sinhz_(—g-c_—%?fgg_-) + czsinza]i (4’27) i

. . .
and Equatfion (4.26) becomes: ‘ .

\ .
-V = H tana *+ -%E; { oo (4.28) v
¥
The vector sum .of q, and wind load W, per unit
length of cable

where: g

n

H - The component of the reaction of the upper exter-
mity of the guy which is no longer horizontal but - .
Q\'is perpenticular to g and lies in the new plan " '
of the catenary.

“a

c = The Varlable chord length.

V = The reactlon at the upper extremity- of fhe caéf%
that is parallel to the load q and lies in the
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new plane of the catenary.

a = The angle.-between a plane normal to the guy cable and
the direction of q.

The variables a and q of Bquations (4.27) aqd ({.28) as

well as the angle between the initial and new planes of the
. ~ _}catenary B.as shown in Figure 4.10, are completely detexrmined
by the initial state of ‘the guy and the magnltude and dire-

. ction of the veloc1ty of the wind on the cable.

[ ——.
o

lqo chord
Wy . \ ~ AN
\‘3 > ~ ' ' |
; W .
LR -—\——angle between W and
,/’/, horizontal.fﬁ. -

Cable
chord

b) - co '
( ; . , v

Flgure 4.10: Components of wind and grav1ty forces on
cable element. - o (
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The magnitudex§nd direction of the wind load W, may be de-

termined from Aerodynamic considerations. This load may be .

broken into components as indicated in Pigure 4.10(a) and g
added to the components of the gravitx\lo;d as shown in
Figure 4.10(b). ’
From Figure 4.10(b), it is evident that the resultant~inte-
nsity of the distributed load on the cable is:
q ='(w1 t W, t q; +'§qowlcosa;)§ , (4.29). //7
and that 1its position relative to q, is given by: ‘ e
rB=tan” ! Wza\ (4.30)
wl+qo coSag '
r ™
: q. Binag¢cosB .
and a=tan ! W:+q e (4.31)
o} “ ,
The directions of guy reactions V and H are giﬁen bynangleq
'a and B énd the magnitudes of these forces may‘be found from
Equations (4.27) and (4.28) for any given chorq length c.
‘It is quite obvious thefefore, that these two equations '
constitute force—diSplacemené relationships for the cable
since c is a function of the displacement of the upper end. .

e

of the cable and V and H are components of the force QEKEEE
. . “ - L

]

point.

" ‘The arc length (L); which also appears as a variable, in

-

o ¢
Equation (4.27) is a non-linear parameter in the dynamic

analysis.of 'a guy-‘cable. .This arises from the fact that the
length of the guy varies with the applied load, both

static and dynamic, as well as the temperature changes.

I
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Given the fact that 5pplied wind loédin§4i— both unsteady
[4

«

and unpredictable, the dynamic analysis becomes a very

difficult task. e

‘

)
Thus, the variable length (L) may be taken as:

H

\
) L = L_*AL . (4.32)

t : ’
.

Where AL is the change in arc length rgéulfing from a

‘ change in guy cable tension. In other words it is the elastic

»

extension or retraction'due to the additional tension (At)t
— .

or reduction in the initial tension.

) The elongation due "to a change of tensile stress,dH is:

164°

: - _cdH .

: e = =55 (+52 ) (4.33)
A - » The change in length for a temperature change, At° is:

N | e, = e, c(l+ -%é;—)At° (4.34)
t t c - . .
) where: €, = coefficient of thergél expansion.
o t - . o
. M F

cable initial sagg ' .
From rigure 4.9, it can be seen that the tgpsioh in the ca-

. L . .
% “ ble at point m, where tﬁ; tangent to the cable is paralle}

to the closing chord ¢, is equal to:.*

«

Tm = Ho cosao+vo 31na9,- qoLm s;nao {4.35)

where Lm = arc length from top of cable to point m.

[

in similar terms, for a cable under both wind and gravqky

©

o s —————————

' loads: )
a l
Tp1- H cosatV sina~-gL sina . (4.36) -.
4
R O I A .
e et e e e
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; Assuming that Tm and Tﬁl are the meah values of the tension

in the cable, then:

= - L -

. or, by substituting Equations (4.35), (4.36), 14.27) and

(4.28), - '
H Ho ) L

AL = (c05a cO8s0y AE

/ (4.88)

Although, statically a guyed steel stack may easily be
analyzed as it has been 5H8wn, the‘gpmputatiOn of such
dynamic parameters as frequencies and modes of natural ,
vibrations poses many sources of ambiguities.

For instance, the axial force acting on the stack itself
contains the vertical component of the aable tension.

The static component of the axial force however, reduces

" he natural frequencieg slightly and given tHé fact that
when the guy cable is excited by wind, the vertical compo-
nent of the‘cable tension fluctuates thus altering the fre-

quencies of the main structure.

= s o it

A study [44] was confucted to determine the effect of va-

. o kiation of 'the tension of the cables, which changes the i .
rigidity of the guys, on the natural frequencies. |

The 'results of the -model are plotted in Figure 4.11 where
the first eleven natural frequencies are shd@n along with
he rigidity of the cables.
. From :RMS fighre it is,evident that the dependence of the ". .

X .

natural.freQuencies is not too strong and wea&pns considerably

.o , ) .

. B
. e O s > -
llv"\ 0
- - ——
P o i svhaad i o o Laedand 2t A S
Oy P o s e g her e v - -
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as the order of natural frequencies increases.
Denoting Cg as»;he design rigidity of the guys, the mean
square value of the random response of a guyed steel stack

- 1
may be derived from Bquation (4.22) as:

&

[oo] s :
02 (x) = = ST XX (W) du — (4.39)

°R w w )
] (w272 2
“[1 (“n) 1P+ [——2¢]

n

e
[V 1
1,5¢ —— ],
; /Z R
: | /A/ L.
Q
K Efffijg;;;;;::=$::3
E; f i :30,11- )
o ]
[
3 y
3 2
=) )
2
Z
0,5f = X
0 0 20 30

[

RIGIDITY . OF SUPPORTS

Figure '4.11: Dependence of natural frequencies of stack .
on rigidity of guy cables.

- However, the single most influencial unsteady -aerpdynamic

-excitation affecting the guy cables is known as galdoping.

Galloping, as it is known in the present context, is the

'3

.
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. large-~amplitude low frequency oscillation of long cylindrical

cables in a transverse wind at the natural frequency of the

Y

cable, : !
' Even though this typej:z instability may be taken into'p

consideration at the design stage, potentially dangerous

situations may arise on the stebility of tall guyed stécksf

through the accumulation of ice, a very common phenomenon

in cold climates such as the Canadian climate. This of course

is the result of changing such properties of the cable as

cross section, weight, structural stiffness and damplng.,

These propertles along with the angle'of attack affect the
1n1;1al lift and drag-coefficients. considerably thus\creating
}arge amplitude vibfations on the cablés and in turﬁ on the
supported seack.

If one of the quys supporting a steel stack undergoes gallo-

[

plng osclllatlon the amplltude of the motion changes wlth

“

wind speed buF the frequency remains constant and equal to
one of tha;natural frequencies of thé system' A theory formu-
lated by Parklnson [45] predlctlng the response of a stack

to the galloping oscillatlon on the cable, is based on the
assumption that the direct1on of the wind deviates from that
normal to the plane of the table.

Another theory, U§/Novak [46], indicates that the séeady
state'&ﬂﬁlitudes can'be’estebished if the work done by the
input forces of the galloping mechanism along the uﬁstab;e

part of the cable is-equal to the work dong by the dissipa-

@ ’
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.and hence unpredjctable. -

s SRR B
R - ot b

o ' . ) 'é:!“ ¢
. * ’ ¢ v ™
tive -forces (stryctural damping) of the stack in each period

: : ! -
of vibration.
’ ) ©

\ r . :
Both thedries, however, fail to predict the response of 'Q
N

'iced cables dge mainly to the fact that the oross sectjion "

Y ’ . 3 Q
and the structural properties of iced cables are non-uniform
. , ‘ \

-

*

o
-

Apart from these side effects,‘guyfcahles seem to be highly
bereficial in increasing the structural stiffness and. natu-

ral frequency of a stack. In addition, since the effect of
) . D 3 ’
guy .cables is'usually non-linear, with stiffness increasing

with deflection, they tend to become opef;;ix§_only when
some motion occurs and™“way not eliminate wind—induced,

oscillations completely. = .

4

n -~
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0 " 4.3 THE INFLUENCE OF TAPER \ ) ' \
. \ . : - .. . \ '
" The vortex shed?ing frequency o% a stack jn a turbu-

L . R lent shear flow follows the Strouhal Number re};tionship.
y " “rhis relationshipaindicgates ghat the freguency of vortex
P - . shedding depends on fhe st/ack diameter. . ’
’ hﬂ ; In the case of tapered sta?ks t:m\§sttices would be“shea at
'ff\; . Hh dlféefeng f:équenc1es along its. length ‘and hence resultlng ; S 2' ’
. AR ®in reduced total aergdynamlc excitatiph. SN ‘f S

{ '\ s . f ..The “copdition fgr maximum excitation due to Vortex shedding -
originates from the part of|the structure where Z=zc and
v g

|

!

| ~ -

! t _f/=f  as shown in Figure 4.12.. . -
- " . s ‘ n ‘ - L] A boe
M‘ . ~ " = B . » h s

- * ' o~ + n
Y . . ;
‘ * U” N ' . ( ' X l R * ’o L
i:‘,," l"h" » " 2 . ! ’ ‘ =
. ' ‘
’ H
' 4 l rf =f _," ’,
- s f ; S . n ’, ~
. - - . ‘ zc : ' ‘/’\ . i .
" ERENA 5 \\\‘z\\\‘\\\ﬂﬂ\‘n‘\\ ™ 1 - ﬁzﬁ
] ¢ J - N 4/7 ‘ ' X . *
P s
% ’ '\\ + Figare 4.12- $Er1ation of vélpc1ty w1th helght along with . | .
e PO first two g'mode shaped’ of a. tapered stack :
\>ﬁ\ ( L I'_ '; 4- ‘ , ‘ N o o

‘"The location of the critical cross section where maximum e -

J ‘e ' i : ) / .
excitation occurs -is detérminel by the local diameter (DZ)

A 1}
3 ¢ N ’

Hence, in a‘xapered stack, as wind spaed: (V) increases,'

8 N . < L

the location of the critical cross section for. the first

/ - of the structure, the natural frequency (fn), and the mean
AN v ‘ ¢ O . .. . S ’
'; o, wind speed. ) ‘ .
' : .a ’\_ ! - ] ’ ke

’
1

‘.mode of fibration of the critical crods Section for the férst -
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L]

mode of vibration moves down the stack;

lation amplitude increases to a maximum

higher valies of V, the oscillation amplitude again®increases
: H

due~to excitation of the ﬁécopq mode and i

-

»

L]

the lateral oscil-

L ovg

, corresponding to a

particular value of V and then decreases-again. For tgg even

n some cases this

can be more critical than the'response in the first mode.

éxperlments on médels of tapered stacks £471, [48],<1ndlcated

howgver, that the ex01tat1qn was at least as intense as that

illustrated in Figure 4.13.

(
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| Fmgure 4.13: Comparison:of results for 'a 12-sided stack with
: ' those for cylindrical and tapered of circ. section.
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The results suggest that the efflux diameter of. a stack

‘ ’ 4
‘ tp prevent oscillationg. "
The influence of \taper was confirmed by tests, on a model -
v . of a tall taPered stack for the Canada-India reactor project, ’
conducted a% National Physical Laboratory, Teddington, Eng‘pnda y .
‘ The flrst three modes’ were excited in the wind tunnel as
¥ shown in Flgure 4,14. [47] )
: . ’
; i ‘-\\ o l N i
5 . : A : \
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Figure 4.14: Aerodynamlc behaviour of a model of a 400 ft‘ . s B

high tapered coné}ete stack ' B »

a . - .




e b s ih

i

;

{ ’ N y

! ) e

, .
t .
! S ' t ’ ‘ ’
. I 4 - ’
! ~ ‘ . .
. : . ' - B L . . o
L) . ' : ’
. ) ' °
~ o ' . . ‘ B \
! ' - “ : —
’ . - R . 4
L ‘ .
[N . , « N

,( , ) ‘ . o . :"- )
.

. .
. ¢ . i

S . CHAPTER 5 ¢ L)

¢ .M
‘ . AERODYNAMIC' DEVICES . , :

. e
-




62

¢ 5.1 PERFORATED CYLINDERS (SHROUDS)

Perforated shrouds were first suggested as a method of pre-

7 .
venting oscillations of stacks with circular cross section due

to vortex 'shedding by Price.[15]Since then,further'@brk to

refine Price's design and establish the optimum configuration

"oy
¥

has been carried out by D. Walshe[l6]. ::,

Although the effectiviréss of %brouds is now well proven,

i

~
- including some ful;&scale results, they have not been used as

’ ‘ extensive as other aerodynamic and damping devices.
Iné%rest, however, in perforated shrouds has increased re-
\ cently mainly due to the advantage they posses over other '
P o aerodynamic devices such as strakes in preventing oscjllations

" due to vortex shedding without any con;}dérable increase in

I3
3

drag coeff%@i'nt.

~ o ’ "
« The work by\;K\Walshe involvad wind tunnel testing of variqus . .
- ’a b

models of tall stacks in Power Ge%erating Stdtions. ’

&

¢ Wind tunnel studies of a . chimney stack for Drax Power Sta-
tionl 43] were conducted at National Physical Laboratory -
England, in order to determine the influence of shrouds on the

¥

stability of the structure. A linear mode model as shown in -

P e S PUPAPRUA

Figurer 5.1, build to 4 scale of ;:47, was useglin the investi-
gation. “ |

- Several Shroud conflguratlons were tested to determine fﬁe& ¢
por051ty, ‘length and width of the gap between the stack and

shroud Separate tests were conducted for laminar and turbu—

¢

lent wind strams to tabllsh the effects of turbulence on g Y
x .
' the stack. ' . ‘ '
R foo -
‘ a - -
e : '
= & - \‘:;

¥
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In all, five types of shrouds were tested with dimensions '
” as shown in the following table.
4
TABLE 5.1
A
/ -
PERFORATIONS
Shroud -
Reference| Length of . ‘
Number the sides Percentage LeQ%th Gap i
e f th '
" ‘o SQuarzs open (1/L) (w/D) S
area , . '
(/D) 7 ;
1 0.0525 20% 0.25 0.117. ?
‘2 0.0700 36% 0.25 0.117
;-
3 0.0700 36% 0.125 0.117
~ 4 N 0.0700 36% 0.25 0.059
5 0.0816 49% 0.25 0.117¢
Ehe results of the tested models with shrouds are plotted
o in figure 5.2 as shown, along with the characteristics of the . j
60 ¢ R lq/r ud '
Model| Najerist by |3, Vr 3
50 ofbiiier |~ =]~ 1-]64
: ol |- =~ ={¢3 §
N v Drax, . L {20 0.28 .17 [8.6 i
40 s'uuk sli7 5 ;
L 2 (36 loas| \ !
/ +|9ex |3 36 125 (1T |66 ‘
L3o 0 orar, |4 36 [o2siosd s
o~ . g v | 3025, [D [49 [a25janT]5A
P /3( - xpet
© 20 H IR 4//. g gt SR A T
27 Y
10 (. s ST o - :
- . .
m— "-) 1\ {l
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L . v
shrouds and the reduced velocities (Vr) for maximum excita-

tfén. Shroud No. 1 proved to be the most effective but was
Y only marginally better than shroud No. 2,
] ’ ' However, shroud No. 5 was less effective than No's 1 and 2~
thus indicating/that shroud effectiveness decreases conside-

rably beyond an open area of 20%.
<

| Comparison of the results for shrouds No. 3 and 4 reveals
, .

‘ that grtater stability results from increasing the length of
)/ shroud from 1/L=0.125 to 1/L = 0.25, Finally, increasing the

-7 gap width from w/d = 0.059 to 0.117 as.in cases 2 and.4, im-

| p{gved stability. In addition to these obseévatiéns, none of

S —
|

3 the models demonstrated“any tendency to oscillate in the wind
. direction in the wind speed range 0 <Vr <4 even with values

of structural damping as low as &= 0.7.

] The lnvestlgatlon was contlnued in a turbulent wind flow
\ "2 . LN

l with an exten51ty of turbulence —%— = 0.055. The results are,

N plett in Figure 5.3, for the.plain stack and for the stack )
.,; v
fitted with shroud No.l. It may clearly be seen that for the

o same Walues of structural damping, the amplltudes of 05011—

\

lation of thgjhtack model fitted with shroud are considerably

lower than those for the plain stégk.

. -

\ The drag coefficient of the shrouded Stack was found to

have little dependence on Reynolds number and to be. about. 0 9 ¢
‘ '

Lo Similar experiméntal studles conducted by Knell[l? ]l and by~

Wootton and Yates[ 18] indicatescomparable results. -
N . . . )

X . " Based on these experimental results a stack configuration

fitted with shrouds may be sugge’sted as an effective means

of reducing wind induced aerodynamic instability.{
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5.2 HELICAL STRAKES

Helical strakes as means for reducing wind - induced

instability in steel stacks have been introduced firstly by -~

Scruton and Walshe[ll] following an extensive experlmental

a Y
i

They have shown in effect that it is possible to prevent \g%

study.

extegsive lateral oscillations by considering the use of
these devices. The study was concluded by a final configu-

ration of a stack system featuring a three start helix with

i

a linear pitch of about 15 diameters but for several heights

of strake.

s

Following thié, further experthents by Woodgate and Maybrey 2

>

& cer————

[12], cowbrey and Laws[13] as well as the continuation of
the original work by Scruton[49], investigated the effects

of Qar§ingythe nhmber, pitch, and h61ght of strakes in achie-

v1ng the most effective confiquratiom. _

-

The observations of these experiments may be Spmmarized .

as follows. N o A

r

. .}
For sub-critical values of Reynolds number (Re<2 x 105),
/
the drag . ‘of the Tylinder fitted w1th strakes of height h=0. 02D &\\j
'was approximately the sime as the drag ?}/the plain cylirder.

" The effect of 1ncrea51ng the he;’ht of the strakes to . .

»

h=0,036D was an increase of the initial drag coeff101e/£ by
-

0.15 - thlS increase bejipg 1ndependent of the value of the

Reynolds number. . . .
In FiQure 5.§, the velues of df%g.coeffici;kt,(CD) based

~on the diameter of the plain cylinder, are plotted against

< Reynolds numbers.
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5.3., SPOILERS | ' e T e

.“\SpOllers, as they are tefered in the aeroSpace 1ndustryq

are devices thdt sp01l or reduce the lift on a llft;ng
. .
. surface. ) - . ’

Théy .have practical uses as ailerons for lateral control *
..or as a lift control 'in the case of gliders to vary the
-, : A,

..aspect ratio (L/D), -
Due to their effectiveness in 1lift control, they were

first considered as meéns‘of spoiling the flow ardqng/i/J
circular-stacks in Czechoslovakia}by Novak: [20] e

¢

* .Prior t@ this, the only attempt in experimenting with '
devices closely resembling spoilers, as they are defined R

- in aerodynamics literature, .was made by Woodgate and Maybrey.

: . ' | .. . .
The tests involved several strake conflguratlons to determine
Wl

.the 1nfluence ofxa dLscontlnuous strake.[12] Gaps were left

in the strakes that were all the same and egual to the’

A Y

cylinder dlameter. “

.
b

Howeéver, it was shown that the conflguratlons with gaps
g -
ware nore unstable than with the contlnqus strake.n
i / n
Wlnd tunnel tésts were conducted by Novak[Sl], 1ndlcated

that their effectveness was very . favorable, espe01ally in

‘K'a

the subcrltlcal range of Reynolds numbers. In the supercrl— ;

.

tical range, with 1ncrea51ng wind veloc1ty, the amplitudes
‘were approachlng those obtained from a cyllnder without -

spoilers.

>

These tests, being inconclusive, due to lack of experime-

ntal data sufficient to establish. design criteria, were .

taken into consideration by-Marten{52], in the desigﬁ’of-

A

“

-
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were fitted addffull gcale meaSurements obtaiqed.

i

b

“ - " ” " 80

-

‘the Bukova hora television tower "and latter, the Sucha.hora

.
" i ' . ¢

tower. ‘ : ’ o b

The Bukova . hora tower is 180 m hlqh and lS located in an-

t

area where relatlvely h1gh w1nds are present in Ccentral
[ 2O

Bohemia, Czechoslovakia. Various steel = ‘shéet quilegs‘

1 t
'

'

Theoretlcally, the effect: of sp01lers on the aerodynamlc

résponsevof stacks with c1rqular cross sectlon may be

M t o

explalned from flrst pr1nc1p1es, i,e the flu1d flow paet
.a c1rcular cylinder.

As already dlscuSsed 1n Chapter 3.0, the VOn Karman. .

vortex snreet produces perlodlc lateral forces thus
1ndu01ng lateral osc111&t10né IR

The 1ntroduct10n of a sp01ler sheet however, as shown in

1

Figure 5. 13 results in the breakrup of the OthEIWLSQ

unlform fluld flow w1th the net result of increased draq

. _‘ ©

component and neqatlve llft net foree.

' 4 ! 1 . v ’

. LY <\I . . . . ) .

© .Figure 5.13: Flow.past a circylar cyliﬁaer with attached

spoiler. ™ o t. :

. N - - M
. .
" { ‘ 3 . . 2
$ v »

oo by 2
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‘, oscillations. Theoretically, it is nearly imposible to

%.S.— 2. 5 tlmgs the cylinder drag

P ‘ 0 81,\
C o, a

The drag compohent D conslSts of the cyllnder drag (D )

e NET
and the drag of the attache@ spdﬁler (D )

@

., 3 >, S + . B T .
Hence ’ DN]ET ‘*} DC ‘5DS 4 . * ’ e (5- l)
" o '

Dependlng on- the geometry of the spoiler, DNET could be

~
'

Thé ' a;ternating lift force (L) in a circular gylinéer

without spoilex is nearly equal and periodic.

) - A 4
With' the introduction of a spoiler, ‘the lift remains

- s ! »

I v “ ol
almost unchanged (L) on the one side, while it reduces to

LR:on the other and at the ‘samé time the perlodlc1ty

changes. ‘ ) , . J

. The torsional parameter (), which is otherwise small,

A}

with the introduction of a spoiler increases considerably.

If, instead of a single spoiler, a system of ﬁmall'thin-

¢

sheét'spoilers is attached along the height of a stack, the

(%

L]
overall'effectlveness can be 1ncreased consxderably

-~

Such an arrangement would be 1ndependent of w1nd direction,

\ 4

-wolild fur;her reduce the lift forceg.by'the pon-uniform

t

break up of the flow on both sides of the stack, would °,

Z:édqce wind induced torsion and the only negative effect

. . < ¢ . Lo,
.would be a marginal increase in drag force indutcing in- line

)
K

~.gcéurate1y design a spoiler system simply because the

behaviour of the flow cannot be clearly defined due to

irregular interactions of the adjacent spoilers.
. tf

Hoysver; experimentaly, it may be possible to establish

-

.
A <

~
™"

N
c’/
5

<
}
t
i
i
i
]
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“fairly accurate design details. This would be pdséible by - »

«

wind tunnel pg;ting of various configurations. .

Based on existing experimental déta[Sl],[52], a configura-_
tion may be proposed featdring reduced lateral oscillation;
with no appreciable increase. in drag coefficienp'(CD). ’
This configuration as illustrated in Figure 5.14: C
consists Qf'thin sheet spoilers wi£h relative height of
0.165D and relative width of 0.270D. They are attac?ed .
normal to the stack s%rface at centreline épacing of* 0.235D - .
so as to wind helically along the smoo}h part of the stack.
The pitch of the winding is about 5.65D. ' ¢

. :

Preliminary performance evaluation of tﬁe effectivéness
of a system such as described above, has been extremely’
encoura?ing due mainly to thei£ advantage thaF although
they redu?e the 1ift coefficient CD, as in the case of
helical strakes, on the other hand the\drag coefficient
is about the same of that of a stack with perforated shrouds

'
and lower of that of a stack with helical strakes. A

I3

No further studies were contucted on this subjectﬂénd'

it is almost certain that a complete experimental program RS

would 1ead1intq considerable improvements bf their. practical .

"

usefulness as a v&8ty effective means for suppressing wind : |

induced oscillations. ' o
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5.4 UNI-DIRECTIONAL DEVICES.

Anpther type of 9erodyn5mic device that was suggested by
Baird[53] as an effectivé means of reducing wind-induced
vibratién of pipeline bridges tskeg the form of saw-tooth
fins, fins or splitter plates which reduce vortex induced
oscillafions by interfering with the exghange of fldid;‘

accoss the wake, as illustrated in Figure 5.15. - \

. . . . \\
° .
\

\\\ﬂiii direction

-
- -

Figure 5.15; Saw - toothfins’'on a pipeline suspension )

-

. However, these devices are mostly uni-directional and, v

are only effective when the flow from a particular direc#ion

!
3
:

needs to be considered therefore, the only practical use .o
may be-in pipeline suspension bridges,
In steel stacks, unless the predominant wind direction

is well defined, the use of these deviceaghay be inpnapropriate.

( In-addition to above, another type oﬁgaerodyna@}c device

: ) . -
was considered, namely an airfojil. Y S ’

It is well known that a symmef?&é airfoil of the tyﬁe

v ¢ - .
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‘suggestéd by Joukowski[54] when subjected to fluidhflow

4

at zero angle of attack and for low Mach Numbers (up to 0.25)
has zero lift and drag coefidient. This means that the

NP ~ :
exciting forces are non-existemnt.

E -

This, of course holds only at zero angle of attack ~-that
‘is, when the chord-line is parallel to wind direction.

Given the fact that the design wind speed of a ééack is

3

always less than M=0.25 this device may be highly efficient

if it is set always in the proper direction as described

A
above. This. may be achieved if it is designed in such a

mann#r- as to be freely torrotate about its, aerodynamic
4 .
center which may b®&. located forward of the center of

4 !

gravity in order for the aéplied moments to p;évent %t from
diQerting from any other than zero angle of a£tack.‘

The :ajor flaw to suéh,a system would be poséible failure
or jammin;\bf the mecharcal system with the net result of

creating high drag and lift coefficients with catastrophic

fesults.'Figure 5.16 illustrates. the proposed system.
A - ‘ : =

¢
£ '

Y ‘ \\\//M
. 7

)

NACA 0024 airfoil
'

. . \
“ .

Figuté~5.16: Cross séétion of a cylindrical stack fitted

-

tyﬁth a NACA airfoil.
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6.1 DAMPING EFFECT ’

¢

'Posit£§e damping characteristics which act against the
motion in 1ihiting the amplitudes of such mstion§ by dissipa-
ting such energy effecﬁs as’friction,hviscous resistance, or
internal deformation in the material, are present in steel
stacks.

However, situations may a;ise wherehthe motion itself
creates a force which actually supports the motion. When
this happens on a §tructure due to its movement relative to
the Qind, it is knéwn as aerodynamic instability or negative
aq&%dynamic damping. |

Positively and negatively damped free vibrations *have

:,already.been described and illustrated in Figures 4.2 and 4.4.

Due to the dependence of ampiitudesng oscillation on the
sfructural energy - absorption quantities, increasing the
mass of a stack ma be totally beneficial.

The‘increase may produce a ﬁeduction.in the natural freque-

ncy and hence in the wind épeeds at which oscillations due

to vortex shedding will tend to occur. It is thus possible-

‘ -J’, N ) . ] y 3
that the addition of mass may reduce the critical speed in

. , a s ,
a certain mode from a-3level outside the actual design wind-

[

speed range to a level within it.

. It has been found[50] that, if additional mass is used

»

to,limit amplitudes of oscillation -in the fundamental mode

o

of a stack, the most effective position for the added mass

is at the top. Such action may. lower the freéugncy of the

7/ ’ - ’
u
.
. o . :
r
.
e g Mie et SR B w-—»«-—v g '-iv‘nWw_:w
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second mode and result in an increased risk of instability «

in the mode. Therefore, it would be more advantageous to

incorporate the mass near the upper nodal point of the
- | secénd mode so that thé frequency of oscillatiqn reﬁgin;
unnaffected. The additional mass however, may be more
. '
beneficial=if it is stressed during the motion so thadt it
also contributes to the structural damping. b
The gt;uctural damping forces, resulting from the“structure
dissipating energy during vibration, are‘proportional to the
- velocity of ﬁotiOn. In practicq, apart ‘from positive damping

due to hysteresis, representing the energy absorbed by the

internal friction of the material in terms of the stress/ :

. -

strain relationship forming a closed loop under c&clic 5
loading, energy%is also apsorbed in sliaing at joints and
: at the foundations [59] \
These additYonal effects may reéﬁlt in an increase in? 3

structural damping with increasing amplitude and 'hence may

‘ limit the aerodynamic indiced motion. '

-

However, the effects of friction in ftack linings may

- dominate the structural damping but cannot be calculated. .

-4
H
K

3
‘

‘Structural damping may be possible to measure only onchthe

onstrucg}on of the entire stack has been completed.
- v to > . )
The stack may be set in motion by pulling the top with' a

'

cable and then releasing.

, o 4 o '
Another method that has been used in fairly tall ‘stacks .

'is the firing'og rockets sequgntialy at the top gf the
4 ' ’ t ! ‘ ‘ ¢

~
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structure. The decay from which the loéarithmic decrement .

_of damping (6) can be calculated,. can be recorded ysing

. 'y
‘F 1
standard transducers. The importance of intreasing damping N >
is illustrated in Fighre 6.1, >
i \
b i ; ) ‘

Increasgng .
/ damping¥ . - P

IS Y

¥
i
N
i

Natural , ‘ T f )
frequency < . '

Vet L o

/

Figure 6.1: Magnification of static deflection vs natural-
. frequency. S - ) g

' Various methods of increasing the struétufal damping © -

! " have been developed in the form of méchanical devices, the

most important of which are the prlowihg:‘ , -

°

4 ' (i) Aétive Mechanical Dampers:’ These devices produce a

" force on the stack: that opposes the fluid dynamic

? : force so that no appreciable oscillation will occur.

. : The layout of such a system is shown in Figure 6.2, \é‘
The éerodynaﬁic force is sensed by an accelerometer on
» ¥ £ ~ .

Gy T T Al b "y | L
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K . -
-

the top of the stack and the signal from.this controls -

3

the swinging of a-mass. The entire system seems to be .

- .

very complex anduthgfe‘mugtvbe safequards to -ensure

. . that the mechanical force does not act in - phase with ‘ i

3 o

of oscillation. Such a system requires careful maipte-

-

, . the aerodynamic forces, thus increasing the amplitude -

nance and although it has been fitted fo full scale - )
. . g P | .
' ..stacks, it has not always been successfull. A major ) ,
¢ " . \ ¢ Ay ! .
. : . .. drawback is its reliance on electric .power: It has . .
W . ~ N v & ' ) RN N ¢
. . ( . N (
been observed that power supply failure would most -
Wi likely oc¢cur during a storm when high velocity winds B
S S A are present. and thus a dampipg device is mostly needed. f
. . " ", o ) : Y
N o S : L . \ 7
‘ ‘ S ‘Accelerometer - - .
, N .
i . ' . . . A’I . ’
. Hydraulic actuator a
s Mass ——~\\:\ . , 3
[y ‘ . 1 El N r
) ' Control box Lo
. . ¢ .
. , 4 , ) -
; ; . C :
B .Stack ' N
P ) % \ . a ‘ \ ._‘ ) ;‘
. A B “ .
\ . - - "
[ > ¢ f s ;‘:
- ~ ' . » e .:4
RN . . : ‘\“\\v; << ¢ N : f‘
. ot ‘ R » - . -
\"‘ ) . . . ’-,. . - ‘ - ‘ ‘ : ‘ c
1o . Figure 6.2: Schematic diagram of an active mechanical AR .
' - N 1 , - o~ «
- . . . \1“ '\ ¢ ! ) v \ Al . ' ’ ) '
‘ i + damper on a stack. . . : : o I
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(ii) Inpact Dampers: The best known Hamper is the chain
H Ly . .
1 \ .
type which is illustrated in Figure 6.3. ‘It consists "
. . , g

4

of ‘a chain in a rubber sleeve suspendéd so that it can

e

o

impact against a Vertical channel. This process absorbs ,
_the‘ospillating energy to -a degree that is depenéent
on the oscillation frequency [55].

i

e e W oeTa »

. vibrating 4__,.\
stack ——. .
® . y container - '
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Figur? 6.3: Response of a chain impact damper.

'

The effects of various parameters on ‘the performanhce
characteristics of such a damper have been determined .
experiméntally[SSl;and chain dampers were fitted C

" succesfully to a 20 meters high missile,which would - o LE

ve
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otherwise be vulnerable to wind actiop in its launch -
4 i

position. The dampers in this particular case weighed .

.
[

about 50% of the total welght af the missile and 1ncreased

3

the damping by a factor of three except at small amplitu- h :

des the effect'was incignificant‘

.
. ' o &
\/ " ' . D
.
,
N

Actually, at these small amplitpdes, the chain failed to

PR

-touch the channel and there was no effectlve 1ncrease in

damplng. The amount of energy absorbed by the chain. '

'dampers remains a maximum over a limited frequency range

- «and if the\retio between tﬁe frequencies of ,the various *

;-;//" A modegﬁéf a structure is greater than ebout pﬁreé, additi-
i - onal eampexs will be required to increpse the effective ‘

. frequency range. .

v
o oRg a3 e

v

(iii) Tuned Dampers: These devices consist of a small mass-spring "

i

damper system fitted near the top of the stack and tunned.

- . - - ‘. - B
a

to absorb’ considerable enéfgy. The energy absorbed by the . ° i
small mass is equal to ihe'product.of the force and the :
'displacement. Thus, to absorb a large pércentaée of the

" energy geherateébby éhe strueture,~it:i§ pébessgry for ' g

]

. K ~ the secondéry mass system to have considerable freedom
o " c! [Tad !
to move. However, their'disadvantage as a solution to the
chlmney stack- problem .is the need for perlodlc malntenance

,: © along with possible mechanical fa1lures.[56},[57], [SBJP ,

(iv) Rubber and Spring Dampers: A major portion of the eﬂe:gy ;‘ .

» .- . generated during aerodynamic. excitation of a stéck, is
L absorbed by the foundations and soil ynder the foundations.
” ' ’ w7 a

oy e et . - . i ———— . ..
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’ Thus, it is very important to provide energy absorbing

i

conditions at the foundation level.[59] o

Since it is rather aifficult to define the éampxggﬁ
‘proéertieé of the soil within a réasonable degree of
éccuracy,.andh§incg thg{ener@y absdrbing\capabi ities;of
the soil are limited,‘ipe need for'‘an alternat/ive method .
became aparent., ’ .
Recent investigations by‘Géddyeat,kubber Co.” indicate
that it is possible to.éngreése struétural démpigg by~ !
using rubbet as laéeral sppporting~ﬁateriél at’thgfbase . }

. of the stack. Figuré 6.4 illustrates a tYpical'éonfiguraEion.

o

Rubber

:

Ground level

L4

,?‘
[

Foundation

Figure 6.4 ,Damping of stack with rubber dampers.

o
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Rubber, an glastomeric material, excibits very high
resiliéncé'characteristics, i.e. capacity to store energy.’
Resiliencg is defined as the ratio of energy output to
.energy input. Due to the fact that some input energy is
élways‘lost thrqugh internal friction, resilience values
are alw;ys less than 1. The loss of energy in the form
of f;ictional heat is knowing as hysteresis and it ig a

major contributing factor in damping effect: The use of

rubber as damping medium seems promising, however, the

. ‘ only drawback seems to be its éusceptibility to high tempe-
! ratures present and or its reduced effectiveness‘jn very . .
‘ ' : . R L2 i . ’

.low temperatures. . : . “%

% , : As an alternative to rubber may be considered the use of
conical springs. ~

These gprings are a specialized variety of 'the conventional
he,lical'— compression spring and may be used in t;.he sme

mahner as rubber to laterally support the stack and provide

4

damping.

~ The major advantage, however, of the spring over the

4
rubber is its mechanical properties.

-

The conical spring can be designed sé that each coil nests
JE . . 4
wholly or partially into the adjaﬁ nt ger coil so that
AW

[N

the solid height of the spring can be as small as one wire

n -

mon

diameter [60] Conical springs.can be designed with a cdontro- '

led increasing rate as each turn succesively becomes innalti-

ve during deflection. The feature may be utilized as

et o AT

»

‘l;
3
A
A

| o - vibration damper. By using variable-pitch turni the spring

can be designed to a variable frequency since the exciting

[ -,

force is at a éingle frequency. This is its greatest adva-~-

. .
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ntage as the frequéncyﬂbf the mass-spring system, being v
, . , } :
variable, is far from the disturbing frequency.
/
- ¢ The filtering of disturbing forces may be calculated as /
8 of force transmitted=———i———— x 100 ' ‘
ng 2 ‘
(T) -1
% © e
where n_ is the frequency of the disturbing force i/e. B

»

. freguency of 'the osdillating stack and n is the “nat\iral fre-

quency of the spring-mass sygtem. In Fiqure 6.5, a layout of f
a spring damping system is shown albng with pertinent data .
ot . ‘ L) .
concerning conical springs. '

)

" . T e ‘ .. i
/ . v

. ¥ '
4 i . " Spring ‘rate K, = Load/ Deflection
I -Stack Natural frequency of spring
f(”w. lgd\ . " _f =—l§*%29§- cps for steel .} :
o ‘0‘\ # N - n ND* A i
’ A ‘ N Number of coils .
- ' . D Spring variable diameter ~,
: . d wire diameter :
. ®. , | z
’ ‘ , - y . _d 3
£ " ' Spring index c=—4 : \ -
%’ - . » . .Springs’ C - i
Lo \ :
% . - ' ‘Ground level ’ ) : i
& TTTT fed .—Eréﬁ:;t ) ‘ :
Y Sy v > faw . - . . . ) :
b f o . N ‘ \ ’ s -
, - . C ) - . . i . ':
L SYX <Y~ Foundation , . g

4 . . 4
. 1

Figure 6.5 Springs as‘damping devicélon'ﬁ-stack.
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7.1 CONCLUSIONS

As stated in the introduction, the purpose of this
study was to idvestigate the effectivene;s of se;eral devi-
ces in suppressi&g wind induced vib;ations in steel stacks.

* A number of pogsible sources of vibration were also
discugsed in determininq the critical mechanisms of wihd indu-
ced excitétions. .

Based on experimental results,:it was possible to
determine the influence of various aerodyngmic and damping
devices in the dynaﬁic behaviour of steel stacks under wind
action. : .» : &

In éomparing the aerodynamic devices éxamined, the
following observations may be drawn:

; s
{i) Strakes, Ehpugh more effective in reducingdoscillations,
have the disadvantage that th;.drag.;s very much
} greatér than that of a plain circular\Eﬁack at high
Reynolds numbers. In terms of the non-dimensional
drag d%efficient, sﬁraked stack Cp= 0.4 to 0.6 while
for a typical straked stack CD' 1.4,\Wgere CD is based
on the stack diamefer as indicated‘in figure 7.1
fi}} ngts‘on“model stacks at low Reynolds n&%bers indicated
) that thé smoke (or other effluent) disposal was assiBted
) by the use of‘shr?uds and marginally by the use of

strakes. The differencge in plume paths when the efflux

to free-stream velocity was 0.5 was considerable. The'
A ] N
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The effluent, it was found, was dispersed most effeoti-=
vely at velocity ratios as low as 0.25. -However, at velo-
city ratios above 1.0 there was little difference between

the dispersal characteristics ‘of both models.

(iii) Spoilers, although at the experiﬁental stage, seem to
posess some very interesting characgéristics that may
be advantageous over other aerodynamic devices. The
break up of the uniformity of flow pgstea circular stack
is achieved in an unlike manner due to the disconti-
of
nuity of the spoilers thus encouraging vortex shedding
N e . | 4 ’
" at a.wide range of encies rather than & single
m .
")
%1-5 T T T Y T S
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Figure 7.1: Drag coefficient of a circular cylin?er.
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(iv)

“(v)
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freguency. , . , Cj~’

Limited experimental resulte indicate that the drag
3

,coefficient in spoilers ranges from Ch 1l.1 to Ch 1.25 «
' N 11 H
that is slightly lower than that of strakes.
-’ .
As a lift control devices seem to be equally effective

+ as strakes and somehow better than shrouds. To this

point it is not possi?le to furthdf assess the effec-
tiveness of spoilers as the experimental resuits avai-
lable are not sufficiépt enough to establish adequate
dééign criteria. However, it appears th;t if,prbber

. . .

experimental investigation is carried out, it may lead

to very interesting findings from ‘the point of view (*

" of the structural engineer.

As to the other devices mentionedy namely Afins and
i?irfakls, they seem highly advantageous An theory by o .
no£ iikely applical}e in practicé dué” to serious flaws .
"ihigeigﬁ either susceptiple to wind/?irection or exposed

to mechanical failure, Further research mayAcla%i;y

further their feas;ibility. ' l)

In.inVestiqating the usefulness of the damping devices '\:
.the findihgs‘ may be summarized as f'ollows-.‘ ) .
Damping became a seriotis problem with the introduction ,3

of lightweight materials and the considerable increase

~ ,

»
in height of modern steel stacks, .

r

Co A
Almost all mechanical dampers fitted on or.near the top

of the structure are highly volnﬁrablg to mechanical
: L.
failure and present difficulties in maintenancing’

| 1]
\
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e
these devices. Hence, due to high probability of

-

failure, their beneficial effect may bot be taken gully

¢ into consideration at the design stage.
¥
Due mainly to the highly contributary effect of the %¢

foundations in structural damping, it seems that
spring or rubber dampers as proposed at the foundation

i

level may contribute to an appreciable increase in

u

-I " damping comparable to £hat or better than all other
mechanical dampers with the added advantage of high - ¢
degree of reliability and reduced méintenance.

This, of course, could only be achieved if further

research is carried out, both theoretical and experi-

mental. Especially the usejof springs as dampers

ot e i She s

seemsg highly promising due to some interesting pro-

< o7

perties of the springs;, namely the &ariation of the

spring frequency due to the exciting force thus

Aor e
2

preventing resonance of the spring. - ‘ ¢

/ S §

(vi) Finally, the use of guy'wires as already has been

. ! discussed is a good method of ihcreasing the natural
frequency of the stack as well as the structural damping.

]

As the stack deflectes under the influence of lateral . 8

&

1% e

» v

loading (wind load) some of the guys are extended and

ARy
.

friction between the strands absorbs energy. The magni-

tuae of the effect is difficult to assess’ and clearly

depends on the degree of guy movement associated with




each mide shape. Clearly, the major dissadVantage

of guy wires is the vulnerability of the guys themselbes
to aerodynamic‘excitation. In'particular, ice forma-
tion can change an otherwise stable shape into one

that suffers from galloping, although some ice-free

stranded.cables have also oscillated.

7.2 FUTURE WORK ‘ -

As stated in the conclusions above, further research is

needed to definé and further refine the effectiveness of
the aerodynamic devices under consideration. )

Given the fact that quantitative information on many
agpects of vibraéion is sparse, moré £esearch is needed to -
provide reliable data on .which to base future designs, so as
to avoid. structural instabiiity and to indicate Hreventive |

; ) ; C
action if it occurs.

In concluding the present study the& following subjects

have been found to be of prior impoftahce'in requirind\

)

+

further investigation. ’ L.
-~ The influence or Reynolds number gn excitation.

- The influeﬁce of taper on excitation of stacks

N }

- The effect of adjacent structures on excitation
~ Structural damping observed frgm field experiments

- Gust response of structures. i ' ,

- Further experimental investigation of aerdﬁ&namic devices
. V’

- Case histories with quantitative observations

Finally, in view of the ahove, the seriousness of tgﬁ problem

WP b o

ki B

- 0
. .
2 g__J
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requires prompt aftention from both the researches and the

. t * '

: : State as it is vital to human health and safefy.
; - ’
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