
 

STUDY OF AERO-ELASTIC INTERFERENCE, 

VORTEX INDUCED VIBRATION AND RELIABILITY: 

IMPLICATIONS FOR THE DESIGN OF TALL 

SLENDER STRUCTURES 

 

 

 

RISHAV 

 

 

 

 

 

 

 

DEPARTMENT OF APPLIED MECHANICS 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

APRIL 2021  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

©Indian Institute of Technology Delhi (IITD), New Delhi, 2021

      



 

Study of Aero-elastic Interference, Vortex Induced 

Vibration and Reliability: Implications for the Design of 

Tall Slender Structures  

 

by 

Rishav 

 

Department of Applied Mechanics 

 

 

Submitted 

In fulfilment of the requirements of the degree of Doctor of Philosophy 
 

 

 

 

 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

APRIL 2021  



i 

 

CERTIFICATE 

 

This is to certify that the thesis entitled “Study of Aero-elastic Interference, Vortex 

Induced Vibration and Reliability: Implications for the Design of Tall Slender 

Structures” being submitted by Mr. Rishav is the report of bonafide research work carried 

out by him under our supervision. This thesis has been prepared in conformity with the 

rules and regulations on Indian Institute of Technology, Delhi. We further certify that the 

thesis has attained a standard required for the award of Doctor of Philosophy degree of the 

Institute. The research reported and the results presented in the thesis have not been 

submitted, in part or full to any other institute or university for the award of any other 

degree or diploma. 

  

 

 

 

 

 

Prof. Suhail Ahmad 

Department of Applied Mechanics 

Indian Institute of Technology Delhi 

Hauz Khas, New Delhi, Delhi – 110016 

Date : 

Place : 

Prof. S.V.Veeravalli 

Department of Applied Mechanics 

Indian Institute of Technology Delhi 

Hauz Khas, New Delhi, Delhi – 110016 

Date : 

Place : 

  



iii 

 

 

ACKNOWLEDGEMENTS 

 

First of all, my head bows with respect before my parents Dr. V.S. Rajora and Mrs. Shikha 

Rajora, who have given me strength and motivation to complete this work. The values and 

the mental reinforcement provided by them helped me remain strong during difficult times.  

I want to express my special gratitude and thanks to my advisors Prof. S.V. Veeravalli 

and Prof. Suhail Ahmad, especially for their tremendous mentorship, valuable help, 

constant guidance, and moral support for me throughout this research work. Their technical 

advice profoundly influenced the present work. As Ph.D. supervisors, their help in my 

academic career cannot be expressed in just a few words. I want to thank them for 

encouraging my research and allowing me to grow as a research scientist. Their advice on 

both research as well as on my career has been invaluable. Also, their constant reminders 

about the values of life helped me become a better person. 

I would also like to thank my research committee members, Prof. Anupam Dewan, 

Prof. B. P. Patel and Prof. Arvind Jain, for serving as my committee members and providing 

valuable suggestions whenever needed. I also want to thank them for letting my Ph.D. be 

an enjoyable part of my life and for their thoughtful comments and suggestions throughout.  

Before anything else, a very special thanks to my beloved wife, Tina, for always being 

there for me and her trust in me. This journey would not have been possible without her 

support and belief because she only endured my most challenging time and frustrations 

during my Ph.D. Words cannot express how grateful I am to my parents and parents-in-

law, Dr. S.P. Rathi and Smt. Sudesh, for all the sacrifices that they have made on my behalf. 

Your prayer for me was what sustained me thus far. I want to express my gratitude to my 

brother Aviral Rajora for making my life cheerful. The silent support and joy he brings 



iv 

 

with himself helped me overcome my hard times apart from the technical knowledge 

sharing. I am also thankful to my sister-in-law Pooja, my extended family and friends for 

their heart-warming encouragement. 

I want to express my deep sense of gratitude to all the persons who helped me directly 

or indirectly during this thesis work. I am thankful to Chandrahas Sir, Shivdayal Sir, 

Aswani Sir, Naseeruddin Sir, Rabijit Sir, Bhagwat Sir, Anubhav Sir, Sandeep Sir, Shrish, 

Anurag, Adnan, Lakhwinder Sir, Hamid, Haroon, Sartaj, Sandeep, Deepak, Pawan along 

with my friends Gaurav, Rohit, Pradeep, Pritanshu Sir, Bishweshwar, Anuj to let me remain 

sane. Also, special gratitude goes to the people at Gas Dynamics Lab, Mr. Suresh, Mr. Kunj 

Bihari and Late Mr. Nand lal, for helping me with the work and refreshing moments. Last 

but by no means least, I am also grateful to everyone in the CFD Lab and GD Lab as it was 

an excellent experience to share the laboratory with all of you during my research. Thanks 

for all your encouragements.  

Finally, I thank the Almighty God for letting me through all the difficulties. I have 

experienced your guidance day by day. 

 

 

 

Rishav 

 

  



v 

 

ABSTRACT 

 

Tall slender structures such as chimneys are subjected to significant wind forces. In the 

present work, various aspects related to the design of such structures have been studied 

using experimental, numerical and analytical techniques. The phenomena studied include, 

vortex induced vibration, aerodynamic interference between geometrically similar 

structures and the effect of strakes. In addition, reliability assessment was carried out using 

fatigue and probability analysis. 

The phenomenon of aerodynamic interference was studied across three cases: between two 

straight circular cylinders; a pair of 1:50 tapered cylinders; and a pair of 1:40 tapered 

cylinders—all in the staggered arrangement. Experiments were conducted in the 1.6m × 

1.6m wind tunnel at IIT Delhi. The focus was on the enhanced across-wind response of the 

downstream cylinder near the first critical wind speed (at which the vortex shedding 

frequency matches the natural frequency of the structure). It is shown that the magnification 

in the response (with respect to that of the isolated cylinder) is a strong function of both the 

pitch and the orientation and extends to distances much larger than that reported in 

literature. It is evident from the current investigation that the magnification factors 

recommended in IS 4998 (Part 1: 1992, see Figure 1 therein/2015) and Eurocode 1 (Actions 

on structures- General actions- Part 1-4: Wind actions, see Equation E. 11 therein) need to 

be revised upwards. Further, the rule of thumb, used in the design of tall structures, that 

beyond 15 to 20 diameters interference is negligible is not tenable, especially for structures 

of identical geometry.  

To study the effect of strakes on structures vibrating in second mode, a straight cylinder of 

aspect ratio 12 was chosen. Wind forces were applied in along wind and across wind 
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directions. To simulate periodic vortex shedding at lock-in, the across-wind force was 

modelled as sinusoidally varying with time at the second mode frequency. Its amplitude 

was allowed to vary with height in a manner consistent with a boundary-layer profile with 

a power-law exponent. Three cases have been compared— without strakes, strakes over 

the top one third, and strakes over the top half. It was found that the use of strakes has an 

adverse effect if the structure vibrates in the second mode. The effect is more severe if 

strakes are used over the top one-third in comparison to the top-half. 

An alternate method for fluid-structure interaction (FSI) studies has been developed. The 

method is useful for 2-D problems and involves solving the governing equations in the 

frame of the oscillating structure. It is computationally more efficient and robust than the 

standard ALE (Arbitrary Lagrangian Eulerian) methods. In conjunction with an appropriate 

turbulence model (the SST k-ω model in this case) this method was able to numerically 

capture the lock-in phenomenon which is computationally very challenging. 

A numerical model of a typical chimney was validated against experiments with a scaled 

down model. A comparative study of its response using different international codes for 

design of concrete chimneys showed that IS 4998 and CICIND are conservative while ACI 

307-08 yields a more realistic response. The fatigue life of the chimney was estimated using 

wind loading based on the Emil Simiu spectra. The rainflow cycle counting method clubbed 

with the Palmgren-Miner rule was used in the analysis. To take into account the 

uncertainties in the system (like wind velocity, drag coefficient and material strength) 

probabilistic analysis was also done using the stochastic finite element method. It was 

found that the system is most sensitive to variations in wind speed. 

  



सार 

 

लमे्ब पतले ढ ांचे (जैसे चचमनी) महत्वपूर्ण व यु बल के अधीन होते हैं। वतणम न क यण में, प्रयोग त्मक, सांख्य त्मक 

और चवशे्लषर् त्मक तकनीकोां क  उपयोग करके ऐसे ढ ांचोां के चिज इन से सांबांचधत चवचिन्न पहलुओां क  

अध्ययन चकय  गय  है। इस शोध प्रबांध में िांवर पे्रररत कां पन, ज्य चमतीय रूप से सम न ढ ांचोां के बीच 

व युगचतकीय हस्तके्षप और स्ट्र ेक्स के प्रि व क  अध्ययन चकय  गय  है। इसके अल व , फटीग और सांि व्यत  

चवशे्लषर् क  उपयोग करके चवश्वसनीयत  क  मूल् ांकन चकय  गय । 

व युगचतकीय हस्तके्षप की घटन  क  अध्ययन तीन म मलोां में चकय  गय  थ : दो सीधे पररपत्र चसलेंिर के बीच; 

1:50 टेपर चसलेंिरोां की एक जोडी; और 1:40 टेपर चसचलांिर की एक जोडी - सिी से्ट्गेर व्यवस्थ  में। 

आईआईटी चदल्ली में 1.6 मीटर × 1.6 मीटर पवन सुरांग में प्रयोग चकए गए। पहली महत्वपूर्ण पवन गचत (चजस 

पर भ्रचमल अलगन आवृचि ढ ांचे की प्र कृचतक आवृचि से मेल ख ती है) के प स ि उनस्ट्र ीम चसलेंिर की बढी 

हुई अक्रॉस-चवांि प्रचतचक्रय  पर ध्य न कें चित चकय  गय  थ । यह चदख य  गय  है चक प्रचतचक्रय  में बढ ई (पृथक 

चसलेंिर के सांबांध में) चपच और कोर्, दोनोां क  एक मजबूत फलन है और स चहत्य में ररपोटण की गई तुलन  में 

बहुत बडी दूरी तक फैलती है। वतणम न ज ांच से यह स्पष्ट होत  है चक आई. एस.  4998 (ि ग 1: 1992, चचत्र 1 

उसमें / 2015) और यूरोकोि 1 (एक्शन्स ऑन स्ट्र क्चसण - जनरल एक्शन्स- ि ग 1-4: चवांि एक्शन्स, समीकरर् 

E. 11 देखें) की चसफ ररश की गई आवधणन गर्क को सांशोचधत चकए ज ने की आवश्यकत  है। इसके अल व , 

स म न्य चनयम जो लमे्ब ढ ांचे के चिज इन में उपयोग चकय  ज त  है, चक 15 से 20 व्य स से अचधक व युगचतकीय 

हस्तके्षप नगण्य होत  है, उचचत नही ां है, चवशेष रूप से सम न ज्य चमचत के ढ ांचोां के चलए। 

दूसरे मोि में कां पन करने व ले ढ ांचोां पर स्ट्र ेक्स के प्रि व क  अध्ययन करने के चलए, अचिमुखत  अनुप त 12 

क  एक सीध  चसलेंिर चुन  गय  थ । व यु बलोां को हव  के स थ और अक्रॉस चदश ओां में ल गू कर  गय । लॉक-

इन में आवचधक भ्रचमल अलगन को अनुकरर् करने के चलए, अक्रॉस-चवांि बल को समय के स थ दूसरी मोि 

आवृचि पर स इनोसॉइिली बदलकर प्रचतरूपर् कर  गय  थ । इसक  आयाम ऊां च ई के स थ इस तरह बदल  

गय  थ  चक यह प वर-लॉ प्रतिपादक व ली ब उांिर ी -लेयर प्रोफ इल के अनुरूप रहे। तीन म मलोां की तुलन  



की गई है- चबन  स्ट्र ेक्स के, शीषण पर एक चतह ई, और शीषण आधे पर स्ट्र ेक्स। यह प य  गय  चक ढ ांचे के दूसरे 

मोि में कां पन होने पर स्ट्र ेक्स के उपयोग क  प्रचतकूल प्रि व पडत  है। प्रि व अचधक गांिीर होत  है अगर 

शीषण-आधे की तुलन  में शीषण एक-चतह ई पर स्ट्र ेक्स क  उपयोग चकय  ज त  है। 

फू्लइि-स्ट्र क्चर इांटरैक्शन (एफएसआई) अध्ययन के चलए एक वैकल्पिक चवचध चवकचसत की गई है। चवचध 2-

िी समस्य ओां के चलए उपयोगी है और इसमें दोलन ढ ांचे के फे्रम में श सी समीकरर्ोां को हल करन  श चमल 

है। यह म नक ऐ .ल. ई (अचबणटर री लग् ांचजयन आईलेररयन) चवचधयोां की तुलन  में सांगर्न त्मक रूप से अचधक 

कुशल और ठोस है। एक उपयुक्त टबुणलेन्स मॉिल (इस म मले में एसएसटी के- ओमेग  मॉिल) के स थ 

सांयोजन में यह चवचध लॉक-इन घटन  को सांख्य त्मक रूप से प्रग्हर् करने में सक्षम रही जो सांगर्न त्मक रूप 

से बहुत चुनौतीपूर्ण होत  है। 

एक प्र रूचपक चचमनी के सांख्य त्मक मॉिल को उसके एक से्कल ि उन मॉिल के स थ प्रयोगोां क  उपयोग 

करके म न्य चकय  गय  थ । कां क्रीट चचमनी के चिज इन के चलए चवचिन्न अांतरर ष्टर ीय कोि क  उपयोग करके 

इसकी प्रचतचक्रय  के तुलन त्मक अध्ययन से पत  चल  चक आई.एस. 4998 और सी.आई.सी.आई.एन.िी. 

रूचढव दी हैं जबचक ऐ.सी.आई. 307-08 अचधक यथ थणव दी प्रचतचक्रय  देत  है। एचमल चसमीउ से्पक्ट्र   पर 

आध ररत चवांि लोचिांग क  उपयोग करके चचमनी के फटीग जीवन क  अनुम न लग य  गय  थ । चवशे्लषर् में 

प मगे्न-म इनर चनयम के स थ रेनफ्लो स इचकल गर्न  की पद्धचत क  उपयोग चकय  गय  थ । चसस्ट्म में 

अचनचितत ओां को ध्य न में रखने के चलए (जैसे हव  क  वेग, िर ैग गुर्क और िौचतक त कत) स्ट्ोकेल्पस्ट्क 

फ इन इट एचलमेंट चवचध क  उपयोग करके सांि व्य चवशे्लषर् िी चकय  गय  थ । यह प य  गय  चक चसस्ट्म 

हव  की गचत में बदल व के चलए सबसे अचधक सांवेदनशील है। 
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Nomenclature 

 

𝑎̂  Unit direction vector of axis of rotation of non-inertial frame 

a0  Mass matrix multiplier 

a1  Stiffness matrix multiplier 

A1  Amplitude corresponding to t1 

An  Amplitude corresponding to tn 

aL   Limiting deflection amplitude of chimney and is a fraction of D1 

[b]  Strain displacement matrix 

B  Bandwidth of lift spectrum 

BM  Bending moment 

[C]  Damping matrix 

CD  Drag Coefficient 

CL  Lift Coefficient 

Cp  Coefficient of pressure 

Cuu  Auto-correlation function 

[d]  Nodal displacement matrix 

D  Outer diameter of structure. For tapered cylinders, it is diameter at 2/3 height 

D1   Average diameter of the top 1/3rd section of the chimney 



xviii 

 

Di  Damage index (ni/Ni) 

drms  rms of nodal displacement of numerical model of structure 

DT  Total damage (∑Di) 

Dz  Outer diameter of chimney at height z 

e  Average grit size of sand-cloth used to roughen the cylinders 

E  Energy enhancement 

[Ey]  Young’s modulus matrix 

f  Frequency 

F   External body force 

F11  Power spectral density function 

Facr(z)   Force per unit length in across wind direction 

fc  Compressive strength of the concrete in MPa 

fd  Damped natural frequency 

FD  Along wind force (Drag force) 

𝑓𝑙  Frequency corresponding to energy containing scales (
𝑈𝑐𝑟𝑖𝑡

2𝜋𝑙
) 

fM  Monin coordinate 

fn  Natural frequency in cps (1/s) 

fs  Shedding frequency 



xix 

 

fsr    limit of inertial subrange (~0.2) 

g  Limit state function 

   g (z) = 0  limit state surface 

g (z) < 0 safe region 

g (z) > 0 failure region 

G  Gap between two cylinder walls 

G/D  Gap ratio 

H  Height of cylinders 

H/D  Aspect ratio 

I  Turbulence intensity (=𝑢′/U) 

INA   Moment of inertia about neutral axis 

J  Jensen number 

k  wave number/frequency 

[K]  Stiffness matrix 

Ka  Aerodynamic damping parameter 

kp  Peak factor to calculate Facr(z) 

𝑙   Integral length scale of the turbulence 

L  Longitudinal spacing between cylinders (centre to centre) 

M  Magnification factor 
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[M]  Mass matrix 

Mb   Bending moment 

mi  Average mass per unit height (kg/m) 

Mn  Modal mass 

mo   Equivalent mass per unit length 

m(z)  Mass per unit length at height z 

n  Number of cycles / number of data points 

N  Total number (of cycles/random variables/samples) 

Nc  number of cycles for concrete before failure in fatigue loading (fatigue life) 

Ne  Number of elements 

Nf  Number of samples 

ni  Number of cycles applied/happened at stress range Si 

Ni  Number of cycles for failure at stress range Si 

[Ns]  Shape factor matrix 

p  Fluid pressure 

P  Pitch i.e. centre to centre distance between two cylinders 

P/D  Pitch ratio 

Pf  Probability of failure 

R  Resistance of a system (e.g. permissible strength or strain)  
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r0  Position vector locating the origin of non-inertial frame 

𝑟̅ Position vector of any point in the CFD domain with respect to origin of the 

moving frame 

Re  Reynolds number 

Re  Reliability (1- Pf) 

𝑅𝑙  Reynolds number based on integral scale (𝑢′𝑙
𝜈⁄ ) 

rms  Root mean square 

S  System response (e.g. strain or stress developed in a material) 

Sc  Scruton number (=4𝜋𝜉𝑠𝑚𝑜 𝜌𝐷1
2⁄ ) 

Sd  Downstream distance from centre of cylinder (in terms of D) 

SEμx  Standard error of mean 

Si  Stress amplitude in stress cycles 

Sm   Source term 

Ss  Side-wise width of the domain (in terms of D) 

St  Strouhal number, (fD/U) 

Su  Upstream distance from centre of cylinder (in terms of D) 

S(z,f)  Spectra for longitudinal velocity fluctuations at height z 

ts  Thickness 

t  Time (s) 
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t1  Time at peak of 1st cycle(s) 

T  Transverse spacing between cylinders (centre to centre) 

Td  Time required for a perturbation to travel down to dissipation scale 

tn  time at peak of nth cycle(s) 

U  Wind velocity 

U1  Local mean velocity 

Ucrit  Velocity at which lock-in peak occurs (fn = fs) 

UH  Wind velocity at the top of model i.e. at height H 

ui  Standard normal variate 

𝑢𝑟̅̅ ̅   Velocity of moving frame with respect to stationary frame 

u(t)  Instantaneous velocity fluctuation 

Uz  Wind velocity at height z 

U∞  Free stream wind velocity 

𝑢′  rms of fluctuating component of velocity 

u*   Shear or friction velocity of turbulent flow 

𝑉𝑟̅   Relative velocity 

𝑉𝑡 Linear velocity of non-inertial frame with respect to stationary reference 

frame 

x  Direction of wind 
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X,Y Random variables contributing to strength/resistance and stress of a 

structure respectively 

xi  random strain data point (sample) 

y  Across wind direction 

yc  Deflection of chimney 

Yr   Distance from neutral axis at which stress is to be determined 

z  Distance from ground in height-wise direction 

Z  Chimney’s critical random variable (at 21m height); Z(X, Y) = R(X)-S (Y) 

zo  Aerodynamic roughness height 

α  Power law coefficient for boundary layer profile 

αi  probabilistic sensitivity factor 

β  reliability index (μ/σ) 

θ Incidence angle i.e. angle between pitch line (line joining center to center) 

and wind direction 

θc Critical incidence angle (angle for which magnification factor is highest, for 

respective pitch ratio) 

κ  von Karman constant (= 0.4) 

𝜈  Kinematic viscosity of air 

ξ  Damping ratio 



xxiv 

 

ξa  Negative aerodynamic damping ratio 

ξs  Structural damping ratio 

ζ  Mode shape 

τ  Stress tensor 

δ  Logarithmic decrement 

λ   Load correction length 

ϕi  Phase difference between different frequencies 

μx  sample mean of xi 

μ  Mean 

σ  standard deviation [of the sample/g(Z)] 

σb  Bending stress 

σc  Static flexural strength of concrete as defined by IS 456 (=  0.7√𝑓𝑐) 

σmax  Maximum stress in concrete 

[σs]  Stress matrix 

ρ  density of air 

δ  Logarithmic decrement 

𝜔̅ Angular velocity of rotation of non-inertial frame with respect to stationary 

reference frame 

ωn  Natural frequency (=2πfn) in rps 
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ωd  Damped natural frequency (=2πfd) in rps 

z  Vorticity (z-component) 

[𝜕]  Gradient matrix in 3-D space and time 

[ε]  Strain matrix 

p






  sensitivity of Pf with respect to μ 

p






  sensitivity of Pf with respect to σ 

 

Abbreviations 

ALE  Arbitrary Lagrangian-Eulerian method 

amp  Amplitude 

avg  Average 

BM  Bending moment 

CDF  Cumulative distribution function 

CFD  Computational Fluid Dynamics 

CFL  Courant–Friedrichs–Lewy number 

FE  Finite Element 

FEA  Finite Element Analysis 

FEM  Finite Element Method 
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FFT  Fast fourier transform 

FORM  First order reliability methods   

FRP  Fibre reinforced polymer 

FSI  Fluid Solid Interaction 

GPRSM Gaussian Process Response Surface Method 

HDPE  High-density polyethylene 

ID  Internal diameter 

IS  Indian Standard (Code) 

M  Magnification factor 

MCS  Monte Carlo simulation 

NI  National Instruments 

OD  Outer diameter 

PDF  Probability density function 

PIV  Particle image velocimetry 

PSDF  Power spectral density function 

rms  Root mean square 

SFEM  Stochastic Finite Element Method 

URANS Unsteady Reynolds Averaged Navier-Stokes equations 

VIV  Vortex Induced Vibration 


	Rishav thesis_2021_rishav.pdf



