
Cop
yri

gh
t

IIT
 K

ha
rag

pu
r

CONTENTS

Certificate                                                                       i 
                                    Acknowledgement                                                         ii 
   Publications           iv 
                                    Abstract                                                                                   v
                                    Contents                                                                     viii    
                                    Symbols and Notations                                              xi 

CHAPTER I        INTRODUCTION           1 

1.1 An Outline of the Problem………………………….............      1 

1.2 Origin of the Present Research……………………………..      5 

1.3 Overview and state-of-art…………………………………..      6 

1.4 Objectives………………………………………………….      9 

1.5 Thesis Organization………………………………………..     10 

CHAPTER II     REVIEW OF LITERATURE         11 

2.1 An Outline of the Problem………………………………….    11 

2.2 Uncoupled Slosh Dynamics (Liquid Sloshing in Rigid Containers) 

………………………………………………………………    13 

2.3 Solid-Liquid Coupled Slosh Dynamics …………………….    31 

2.4 Conclusions from the survey of literature on sloshing ……..    55 

2.5 Navier-Stokes based Flow-Induced Vibration of Cylindrical 
Structures……………………………………………………    56 

2.6 Isotropic Shells of Revolution ………………………………   77 

2.7 Important Observations from Literatures on FIV…………...    80 



Cop
yri

gh
t

IIT
 K

ha
rag

pu
r

Contents ix

CHAPTER III LIQUID SLOSHING IN VARIOUS CONTAINER        81 
GEOMETRIES

3.1 Introduction ………………………………………………...       81 

3.2 Mathematical Formulation …………………………………       84 

3.3 Results and Discussion …………………………………….        99 

3.3.1 Rectangular Tanks …………………………………………        99 

3.3.2 Annular Cylindrical Tanks …………………………………      107 

3.3.3 Trapezoidal Tanks ………………………………………….      110 

3.3.4 Circular Tanks (Horizontal Cylindrical Tanks) ……………      117 

CHAPTER IV  SLOSHING IN CONTAINERS WITH SUBMERGED       
COMPONENTS            143 

4.1 Introduction …………………………………………………     143 

4.2 Mathematical Formulation ………………………………….     146 

4.3 Results and Discussion ……………………………………..     151 

4.3.1 Rectangular Tanks with submerged blocks ………………...     151 

4.3.2 Rectangular Tank with baffles ……………………………...     178 

4.3.3 Rectangular Tank with partition walls ……………………...     184 

CHAPTER V             LIQUID SLOSHING IN THREE-DIMENSIONAL 
CONTAINERS             197 

5.1  Introduction …………………………………………………     197 

5.2 Mathematical Formulation ………………………………….     198 

5.3 Results and Discussion ……………………………………..     205 

5.4.1 Rectangular Containers …………………………………….      205 



Cop
yri

gh
t

IIT
 K

ha
rag

pu
r

Contents x

5.4.2 Cylindrical Containers ……………………………………...     214 

CHAPTER VI COUPLED SLOSH DYNAMICS         217

6.1 Introduction ……………………………………………..      217 

6.2 Mathematical Formulation ……………………………..      219 

6.2.1 Structure domain ……………………………………….           220 

6.2.2 Fluid domain …………………………………………...            223 

6.2.3 Time integration of the coupled field equations ……….       225 

6.3 Results and Discussion ………………………………...      228 

CHAPTER VII          FLOW-INDUCED VIBRATION OF CIRCULAR 
CYLINDRICAL TUBES          235 

7.1 Introduction ……………………………………………        235 

7.2 Mathematical Formulation …………………………….      239 

7.2.1 Structure solver ………………………………………..      240 

7.2.2  Fluid Solver (The Navier-Stokes Solver) ……………..      246 

7.3 Results and Discussion ………………………………..      251 

CHAPTER VIII CONCLUSIONS           265 

REFERENCES             273 

RESUME              297 



Cop
yri

gh
t

IIT
 K

ha
rag

pu
r

SYMBOLS AND NOTATIONS

The symbols and notations used in the thesis are mostly defined where they

appear. Nevertheless, some of the important symbols are defined in this section. 

a Position of the block (distance of left wall of the block from the left wall 

of the tank) 

d  Generalized displacement vector

L, Width of rectangular tank LL

tw Interface boundary between tank wall and the fluid 

cw Interface boundary between component wall and the fluid 

f Liquid free surface boundary

tb Bottom boundary of the tank 

cb Bottom boundary of the component

c Velocity of sound in the fluid medium

Cm Added mass coefficient 

,l dC C Coefficients of lift and drag 

[E] Matrix of elastic stiffness

f Frequency in Hz. 

Fs Force

s t
F Dynamic force

G Shear modulus

LH , d Depth of the liquid in the tank 

SH Height of the tanks 

g Acceleration due to gravity.

h Position of the baffle from free surface, height of the submerged block 


