Vortex shedding from a circular cylinder



Vortex shedding from an island



Vortex shedding frequency
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Equation of motion

my (t)+cy(t)+ky(t)="1(t)
£(1) :%pﬁdeLO sin(27n.t)+h,y(1) +k,§(1)
n,=n,=h, ~0;k, =4mmpd’K,, =

(T)+4nn [& —% ]%+(2nn0)2 ((1)— mzpuzcLO Sln(27m t)

@+4nno(is + &a)@ﬂznno)z ygt) = Iilépﬁ C, o sin(2mn,t)

&, = structural damping
pd”
m

= aerodynamic damping
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Scruton & Flint (1964)



Equation of motion

%:)Jrélnno(g re )Q+(2nn )2 y((;) = ;%pﬁzcw sin (27, t)

¢, = structural damping
=-——K,, =aerodynamic damping
Equivalent damping

Coq =G5 T6&, = pd (4712111@8 _4nKan: pd (Sc—4nK,,)

4nm\ pd’ 4tm
Scruton number (1983)
Sc = 4nm}"
pd

Scruton & Flint (1964)
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Sc > 30 the probability of lock-in is quite low and vortex
shedding is not the critical load case; it is nevertheless
advisable to perform the checks;

5<Sc<30 vortex shedding is very sensitive to different parameters,
first of all turbulence intensity. High values of turbulence
Intensity reduce the risk of strong vibrations; small values
of turbulence intensity, usually associated with small
values of critical velocities, may amplify the critical vortex
shedding. In any case, specific analyses must be
performed to ensure that vibrations do not induce large
stresses and that fatigue limits are not exceeded,;

Sc<5b vibrations induced by vortex shedding may be very large
and dangerous; it is thus advisable to address the
problem with the utmost attention and prudence,
or seek specialist advice.

Scruton number (circular cylinders) Sc=

Scruton number



Reduced amplitude N rms
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Vortex shedding frequency N, =

b
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Scruton (1963, 1967), Wootton (1969)
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Vortex shedding



Vortex-induced vibrations
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Vortex-induced vibrations



Vortex-induced vibrations



Vortex-induced vibrations




Steel chimney with helical strakes



Collapse due to vortex-induced vibrations



Collapse due to vortex-induced vibrations
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Equation of motion
m'y(t) + cy(t) + ky(t) = f(t)

(1) =1£,(1)+£, (1

Vortex —induced force on the stationary structure

(1) =5 oude, (1) S

nS, (n)  n o n ) A
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Vickery & Basu (1983)



Equation of motion
m'y(t) + cy(t) + ky(t) = f(t)

(1) =1£,(1)+£, (1)

Motion —nduced force (Marris 1964)

2
f (t)=4nnpd’K,, -2 () y(t)

2
] Yiim |

Limiting amplitude of the crosswind displacement

Yiim = 0d

Vickery & Basu (1983)



Equation of motion
my(t)+cy(t)+ky(t)=Ff(t)==f (t)+f (t)=
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Equation of motion

y(t) + 4nn0§eqy(t) + (27‘Cn0 )2 y(t) =—1 (t)

Equivalent damping

pd’ y (t)
= <Sc—4nK | 1- - >
e 4tm 20 I a’°d’
e — 1
pd2 O,
=~ <Sc—4nK | 1— >
e 4tm 20 a’d’
S 4nmz§s
pd

Vickery & Basu (1983)



Equation of motion

§(0)-+4nn,8,3 (1) + (27, ) y(1) =, (1

Frequency domain random solution (n,=n,;u=u_)

S, (n)=[H(n)['s, (n)

1 1
H(n)z 2 >
m 2nn0) l_n—2+21§eq£
n
0 0
1 2 o 1( n)
S.(n)=| = ﬁzdj L oexpl—| 1——
F( ) (2p cr \/E Ilo p{ Bz[ Oj}




Variance of the crosswind response
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Variance of the crosswind response
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Wootton (1969) Vickery & Basu (1983)
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Maximum crosswind response
ymax = gyGy
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Vortex shedding frequency
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Variable positions at which the resonant vortex shedding occurs



First vibration mode Second vibration mode
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Critical positions at which the resonant vortex shedding occurs



Great Belt East Bridge, Denmark
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Great Belt East Bridge, Denmark



Great Belt East Bridge, Denmark
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Critical Wind Speeds U, for onset of Flutter
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Great Belt East Bridge, Denmark
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Great Belt East Bridge, Denmark
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Great Belt East Bridge, Denmark
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Great Belt East Bridge, Denmark - Guide vanes



Equivalent damping

e = =R

15¢c—4nK | 1-

Vickery & Basu (1983)



Table 1 Chimney dats

Chimney identification Chimney description Derived or measured propertias Observations
No  Location Ref  Support Oneof Lining Shape L LI DT  DglDrth w c f VCR Rex10°% Stiff's' Stff's® AlL alDy
group {m) {m) imm) (kg/m) (Hz) {m/s) (m*/kN) (m*/kN)
1 Moss Landing 8 Piled Yes No 2 685 04 345 165 12 680 0.0042 112 19 44 0.13 0.1 o.oos; o.118f
2  Moss Landing 8 Piled Yes  50mm 2 685 04 345 165 12 1470 0.006™ 082 14 3.2 0.1 0.10 0003° 0.06"
Gunite
3 Newdersey E Piled No  No 2 46 04 17 22 95 262 0.004 0.019 0.29¢
4 New Jersey E Piled No 50mm 2 46 04 1.7 2.2 9.5 660 0.006 0.0027  0.057
Gunite
6  Detroit g Piled Yes No 2 915 032 488 169 16 766 0005 10™ 24 8.1 0.722 0.19 oo11t o022
St. Clair
No. 1 2
6  Detroit 9,11 Piled Yes  60/120mm 2 76 038 49 1.7 15 2175 0.008™ 105™ 26 8.2 0.07 0.06 0.002° 003
St, Clair Gunite
No. 4 y .
7  Mitzushima 10 Piled No Yes 3 90 1.0 45 16 15 2080 o0008™ o075™ 27 8.2 0.15 0.12 0.003 0085
Japan 5
8 No.35 2 Piled 7 No 2 36 002 15 1.55 6 230 0004 104 B 0.76 0.20 0.17 0.016 04
No. 36 2 Pilad ? 35mm 2 49 031 29 18 6 955  0.006 0.007 012
Gunite
10 No.37 2 Piled ? No 2 61 026 21 1.75 14 410 0004 066 5™ 1.0 0.34 0.30 o008’ 024’
11 No.38 2 Piled 7 No 2 305 025 14 1.75 9.5 275 0.004 0003 007
12 ContraCosta 11 Plled Yes No 1 61 - 335 1.0 12 620 0008™ 097?™ 16 37 0.16 0.13 00087 015’
13 ContraCosta 11 Piled Yes  75mm 1 61 = 335 1.0 12 2040 0.009™ o71™M 12 28 014 0.12 0.001 002
Gunite '
14 New London 11 Shallow No 60mm 2 74 025 35 16 127 1840 0.006 0001 0.014
Connecticut footing Gunite 2
16 Chiba 10 Shallow No 50mm 3 915 1.0 438 158 18 2010 0.004™ o068™ 24 74 0.36 0.28 0003 0.06
Japan footing Refr.
16 Aldermaston 12 Shaliow No No 2 46 026 122 25 25 190 0004 092 6 05 0.28 0.24 0006 0.25
footing
17  Wakayama 10 Shallow No Yes! 3 83 1.0 3.2 2.0 187 1360 0.006™ 1.15™ 29 66 0.2 0.16 0.0025 0.06
Japan footing 7 2
18 Sakai 10 Shallow Neo Yes 3 77 1.0 32 173 18 1360 0.008™ 069™ 18 40 0.21 0.17 0.001 002
Japan footing
19  Garmany 13 Shallow No No 2 145 024 6.0 168 230 1950 0004 048 14 5.6 0.79 0.74 ooos' 02f
footing
20 No2 14 Shallow ? No 2 05 025 14 176 18 330 0004 16™ 1 11 0.08 0.07 0004 009
footing
21  Noaz 2 Shallow ? No 2 76 031 275 222 15 450 0.004 = 0015 04
footing i
22  France® E Shallow No No 2 72 033 25 169 18 470 0015 = 0002 006
footing
23 France E Shsllow No  No 2 72 033 25 169 18 470  0.004 - 002? o4¢
24 France E Shallow No B0mm 2 72 0.33 2.5 1.69 18 980 0.006 - 0.003 0.08
footing Refr.
25  India E Shallow No 50mm 2 46 029 14 20 95 450 0.006 - 0.007 o021
footing Rafr.
26  Canada E Shallow No No 2 36 038 04 226 12 85 0.004 - 0011 10
footing
27  Florida E Shellow No  30mm 3 49 10 085 273 95 245 0006 - 0.006¢ 0.359
footing Rafr.

Pritchard (1984)
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Crosswind equation of motion

y(z.t)=2,v,(2)p;(t)

Vortex shedding resonant with the k — th mode
y(zt) =y, (2.t) =y, (2)p.(t)
1

b (1)+25, (2an,)p, (1) + (270, )" p, (1) = — [ (2.0) v (2)dz

k

m, = ['m(z)y} (z)dz

Ruscheweyh (1988)



y(Zat):Zj“’j(z)pj(t):>

Maximum crosswind displacement

{Yk (Z)}max = Wy (Z)|pk
Equivalent static crosswind force

fo oo (z)=0am(z)y, (z)=
I ¢n 1 ¢n
(2mn, )2 ‘Pk = m_ij 1 (z)w, (z)dz= m—ij ocm(z)\yf( (z)dz=a

fieq (Z) = (2nnk )2 \pk

max

oo M(2) W, (2)

Ruscheweyh (1988)



B, (1)+2¢, (2mm, )p, (1) +(2mn, ) p, (1) :mik [t (zt)w, (2)dz

Harmonic crosswind force due to vortex shedding
1

f(z,t)= Epﬁz (z)b(z)c, (z)sin[ZnnS (z)t]
n, (z) u(z)S(2)

o(2) )
IO\ | b\ | A AN | o) W&
(Y)K HK,

Ruscheweyh (1988)
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Worst resonant vortex shedding conditions
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Ruscheweyh (1988)




Antinode position C at heigth z,_

ﬁkc — ﬁ(ch)9bkc — b(zkc) — ﬁkc — nk;)kc
AT I njca
=
/J‘.' +
=t g
~1C
< »-T*
A (@) | (b)
Correlation length L, _
f(z,t)= ;pukcb c,.sin(2nn,t) forzeL,

f(z,t)=0 elsewhere

CLc — CL (ch)



(YKC )max =K K«

C

Maximum crosswind displacement

b, Sc, S
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Mode shape factor

K, =0,11




S S2 Kwk C
b, Cy joh‘Wk (z)‘dz
M _
L- I /1: ’II Kwk :3.ch l_ch l
F Lo h| h 3
b/lrll
gl S

Correlation length factor




Correlation length factor
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Df?-3mH Mo=4 Hz; §4:0.002
U =M5mls
m, =565 kg/m

eSm

A=0.018 m

Correlation length method



D
D:=22m;K=012,Re=AT6x40°=> Ci3t=0.2, 5=0.2,5=2.5%

L/D =6 => Kw= 051 Bmax/D= 0i2=>
L/ID=63 5 Kw:053 Ypax /D= 044 D
L/ID=6lL=>Ky-054>TG,,, /D:0iu=>

Drans ©32m = H/200; max O'= 65 N/mm* (5)

Correlation length method



Number of stress cucles N |
cavsed by the vortex excited oscllations

3 W, .\ T
= 0.9% T (___-Cl'lh) {"'( fl'l ) ]
N=6.23:40 Tm,E, ) X

d

T=life time (years)

€,= bandwidth Factor (Eq~v0.3)

= DNe/S < mean crihical wind velocily

I, = VZ times the modal value of the probability

densily funchon of L

Correlation length method



1 © max 0= 65 N/mm*=
AQ = 65x2:420 N/mm?*

N= 504080 cycles/year

@’_ Eurocode 2

AG=420 N/mm"

= 3x40©

N kotal

Fahique life= Ni ) /N= 6years

Correlation length method



Correlation length method
V... =0,32m

Spectral method
Re=1,76x10° =
K,o=K, . =La=0,4=
c,=0,82m;g =1416=

Yiax =0y -8, =1,16m

Correlation length vs spectral method



Spectral method
Harmonic method

Sck

Spectral vs Harmonic method



;

l

{19000 Chimney erected in Poland in February 2003
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{19000 Chimney erected in Poland in February 2003
Repaired in March 2003
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Equivalent damping
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Vierboom & Van Koten (2010)



Chimney Group h d fo Os Sc oc Op Of

Aachen I 28 0914 1.71 0.015 26 40 295 16.2
Koln I 35 0813 0.64 0.015 73 40 295 16.2
Pirna I 60 2.0 0.77 0125 164 40 295 16.2
Rechlinghausen | 38 1.016 0.70 0.030 109 40 295 16.2
Helden I 40 0.560° 0.65 0.013 58 45 332 182
Pernis 1 60 1.000 057 0.012 124 45 33.2 182
Italy | 65 440 0.67 0.008 15 45 332 182
VEAB I 90 230 028 0.013 3.0 355 26.2 144
0112 11 60 1.60 048 0.025 58 45 332 182
0905 111 255 0.710 0.72 0.025 158 45 33.2 18.2
1202 111 30 0711 0.70 0.025 124 45 332 18.2
1221 11 57 13200 044 0025 7.0 45 332 182
1308 111 45 1120 0.62 0.025 5.8 45 332 18.2

Vierboom & Van Koten (2010)



Aerodynamic damping parameter

KaO — KaO (Re? Iu) — Ka,max (Re) . Ku (Iu)

K

anax
3

0 T 11T T T T . 1T T 11T

0.1 1 10 100
Revnold number. Re-107,

K,(I,)=1-3-1, 20,25

Aerodynamic damping parameter vs turbulence intensity
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Tuned Mass Dampers for mitigating vortex-excited vibrations
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Cable-stayed bridge, Japan, central span L = 360 m
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Cable-stayed bridge, Japan, central span L = 360 m
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Cable-stayed bridge, Japan, equipped with flaps
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Cable-stayed bridge, Japan, equipped with flaps
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Ovalling




Ovalling




Ferrybridge Plant, UK



Ferrybridge Plant, UK
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Stiffening rings for avoiding ovalling




Stiffening rings for avoiding ovalling



Ruscheweyh (1988)
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Non structurally connected cylinders

a>10-b wake interference can be disregarded

3-b<a<10-b crosswind actions evaluated for the isolated
cylinder should be increased by a factor:
1,6 for3-b<a<4b
2—-0,1-alb for4-b<a<10-b

a<3b response should be evaluated using well

documented experimental methods
or seeking specialist advice

Wake interference
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Structurally connected couple of cylinders

b<a<3b crosswind actions evaluated for the single should
be multiplied by a factor equal to 1,5

a>3b wind-induced actions should be evaluated using
well documented experimental methods
or seeking specialist advice.

Wake interference
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Thermoelectric Power Plant, Priolo Gargallo, Siracusa



Thermoelectric Power Plant, Priolo Gargallo, Siracusa
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Ciminiera bicanne: render della modellazione Ciminiera bicanne : analisi modale I° modo Ciminiera bicanne : analisi modale II° modo
strutturale flessionale (1,06s- 0,93Hz) [flessionale (0,77s- 1,3Hz)

Thermoelectric Power Plant, Priolo Gargallo, Siracusa



Isolated chimney
h=90m;d=6,4m;n, =0,93 Hz; £=0,004; m =1.683 kg/m
~n;-d 0,93-6,4
T s 02

K=0,13;L/d=6=>L=6x6,4=38,4m=K_, =0,6
u,-d 29,76-6,4
v o 15x107
_4n-m-¢  4n-1.683-0,004
- p-d® 1,25-6,4°

u =29,76m/s

Re = =1,27x10" = ¢, =0,3

Sc =1,65!

—d-K,, -K-—_—64.0,6-0,13- = .
Sc-S 1,65-0,2

/d=2,27/6,4=0,35> 0,1 = beginning of iteration

=2,27 m!

ymax

Ymax

Vortex shedding - Harmonic method



Thermoelectric Power Plant, Priolo Gargallo, Siracusa
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Thermoelectric Power Plant, Priolo Gargallo, Siracusa




Isolated chimney with Tuned Mass Damper (TMD)
h=90m;d=6,4m;n, =0,80 Hz; £ =0,08;, m=1.683 kg/m
= -d _ 0,80-6,4
N 0,2
K=0,13;L/d=6=>L=6x6,4=38,4m=K_, =0,6
u,-d 25,60-6,4

=25,60m/s (29,76 m/ s)

Re = — =1,09%10" = ¢}, =0,3
% 15x10™
Sc - 47c-m2-§ _ 4Tc-1.683-02,08 ~ 33,05 (1,65)
p-d 1,25-6,4
g = d-K,, -K2-0lat _ 6,4-0,6-0,13;0,3 _0.11m (2,27 m)
Sc-S 33,05-0,2
Yo / d=0,11/6,4=0,018 < 0,1 = no iteration required

Vortex shedding - Harmonic method



Coupled chimneys with Tuned Mass Damper (TMD)

h=90m;d=6,4m;a=8,4m=a/d=1,31

Non structurally connected chimneys

Response should be evaluated experimentally

Structurally connected chimneys

K=0,13;L/d=6=L=6x6,4=38,4m=K, =0,6
u,-d 25,60-6,4

Re = = — =1,09%x10" = ¢}, =0,3x1,5=0,45
\% 15x10™

_4m-m-§&  4m-1.683-0,08
p-d* 1,25-6,4%
d-K ‘K- : : :
G = S K Clae _ 6,4-0,6-0,13 20’45:0,165m
Sc-S 33,05-0,2

/d=0,165/6,4=0,026 < 0,1 = no iteration required

Sc

=33,05(1,65)

Ymax _

Ymax

Vortex shedding - Harmonic method



