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C H A P T E R  1

I N T R O D U C T I O N  

1.1 I n t r o d u c t i o n  to B o n d  G r a p h s

The p r e s e n t  work is a i m e d  at s t u d y i n g  d y n amic s y s t e m s  

t h r o u g h  s u b s t r u c t u r i n g  and bond g raph t e c h n i q u e s .  In this 

work, a t t e m p t  has been made to e n h ance the art of bond g r aph 

s i m u l a t i o n s  in the a n a l y s i s  of complex d y n a m i c  systems, taking 

a d v a n t a g e  of the nature of s u b s y s t e m s  and their i n t e r a c t i o n s .  

The insta n c e s  of a p p l i c a t i o n  of bond graphs in s y s t e m  m o d e l 

ling are c o n t i n u o u s l y  i n c r e a s i n g .  At the same time, the 

g e o g r a p h i c a l  t e r r i t o r i e s ,  over w h i c h  bond graphs are g a i n i n g  

p o p u l a r i t y ,  are also e x p a n d i n g .  H owever, there are still some 

places w h ere bond graphs have just a p p e a r e d  on the h o r i z o n  of 

s y s t e m  a n a l y s i s .  Thus, to improve r e a d a b i l i t y  of the thesis, 

bond g r a p h  m n e m o n i c s  are b r i e f l y  e x p l a i n e d  a l o n g w i t h  s u i t a b l e  

r e f e r e n c e s  in A p p e n d i x  A.

B o n d  gr a p h s  are used to r e p r e s e n t  p i c t o r i a l l y  the e n e r g y  

e x c h a n g e ,  s t o r a g e  and d i s s i p a t i o n  a m o n g  i n t e r a c t i n g  p h y s i c a l  

s y s t e m s  in an e f f i c i e n t  m a n n e r .  Th e y  are al s o  e x t e n d e d  to no n- 

e n e r g e t i c  s y s t e m s .  U s e f u l n e s s  of bond g r a p h s  in s y s t e m  m o d e 

lling and s i m u l a t i o n  lies in the p r e c i s e  w a y  the a s s u m p t i o n s  

of s y s t e m  m o del and their m o d i f i c a t i o n s  are i n c o r p o r a t e d .  They 

are used to model, w i t h  the help of a small nu m b e r  of basic 

e l e m e n t s ,  s y s t e m s  over d i f f e r e n t  e n e r g y  d o m a i n s ,  n a m ely, e l e c 

trical, m e c h a n i c a l ,  h y d r a u l i c ,  p n e u m a t i c ,  m a g n e t i c ,  fluid, 

t h e r m a l  and o t h e r s  in a u n i f i e d  m a n n e r .  Tht bond g r a p h  t e c h n i 

ques give rise to s e l e c t i o n  of state v a r i a b l e s ,  d e r i v a t i o n  of
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s y s t e m  e q u a t i o n s  and their s o l u t i o n  s y s t e m a t i c a l l y .  The whole 

proce d u r e  may be a u t o m a t e d  if a d v a n t a g e  is taken of the e x i s 

ting c o mputer programs such as E N P O R T  C 6 7 ,68 3. C o m p u t e r  p r o g 

rams like T U T S I M  051,883 and CAMP C21,35J, w h i c h  are b a s e d  on 

c o n t i n u o u s  s y s t e m  s i m u l a t i o n  languages, may also be used for 

•this purpose. The growing a c c e p t a n c e  of bond graph t e c h n i q u e s ,  

for their power in m o d e l l i n g ,  a n a l y s i s  and s i m u l a t i o n  of 

physical systems, may be o b s e r v e d  from the u p d a t e d  

b i b l i o g r a p h y  by Bos and B r e e d v e l d  C4D.

1.E S u b s t r u c t u r e  S y n t h e s i s

In a n a l y s i n g  a system, very o ften it is a d v a n t a g e o u s  to 

r egard it as an a s s e m b l a g e  of s u b s y s t e m s  or s u b s t r u c t u r e s  (in 

the present work both terms will be used i n t e r c h a n g e a b 1y ). 

T h ese s u b s t r u c t u r e s  are a n a l y s e d  s e p a r a t e l y  and later c o u p l e d  

to give the o v e rall s y s t e m  model w h i c h  may be s t u d i e d  for the 

r e q u i r e d  d y n a m i c s  of the system. This t e c h n i q u e  of a n a l y s i n g  a 

s y s t e m  c o n s i d e r i n g  it to be a c o l l e c t i o n  of s u b s y s t e m s ,  each 

r e p r e s e n t e d  suita b l y ,  is r e f e r r e d  to as s u b s t r u c t u r e  s y n t h e s i s  

C54D.

The u s e f u l n e s s  of such an a p p r o a c h  is i n c r e a s i n g  w i t h  the 

a d v e n t  of small c o m p u t e r s  and that c a p able of p a rallel p r o c e s 

sing. This is b e c a u s e  s u b s y s t e m s  may be a n a l y s e d  i n d e p e n d e n t l y  

and their r e d u c e d  order m o d e l s  may be us e d  in s t u d y i n g  the 

over a l l  system. This is also s u i t a b l e  for r e - a n a l y s i s  i n c o 

r p o r a t i n g  c h a n g e s  in s u b s y s t e m s ,  w h i c h  is a very s i g n i f i c a n t  

f acet of c o m p u t e r  a i d e d  d e s i g n  of e n g i n e e r i n g  s y s t e m s .

T h e r e  are d i f f e r e n t  t e c h n i q u e s  of s u b s t r u c t u r e  s y n t h e s i s ,
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d e p e n d i n g  on the mode of r e p r e s e n t a t i o n  of the s u b s y s t e m s .  

M e i r o v i t c h  C54D d i s c u s s e d  these p r i n c i p l e s .  M e i r o v i t c h  and 

Hale £23,24,551] pro p o s e d  the use of a d m i s s i b l e  f u n c t i o n s  of

the s u b s y s t e m s  for a n a l y s i n g  complex systems. G rief and Wu
\

C22D s u m m a r i s e d  d i f f e r e n t  such t e c h n i q u e s  and their a p p l i c a 

tions to a wide range of systems.

1.3 B o n d  G r a p h  A d a p t e d  S u b s r t u c t u r i n g

Kron C36U i n t r o d u c e d  the concepts of s u b s t r u c t u r i n g  for 

p i e c e w i s e  a n a l y s i s  of large systems. P a y n t e r  C643 and K a r n o p p  

C29D d i s c u s s e d  the r e l a t i o n s h i p  b e t w e e n  bond g raph m e t h o d s  and 

K r o n ' s  c oncepts of d i a k o p t i c s .

K a r n o p p  and R o s e n b e r g  C27D and M a r g o l i s  C41□ p r e s e n t e d  

m e t h o d s  to s t u d y  the i n t e r c o n n e c t e d  d i s t r i b u t e d  and lupmed- 

s y s t e m s  using normal modes and bond graphs. M a r g o l i s  and Y o ung 

C42D p r o p o s e d  a t e c h n i q u e  of r educing the s y s t e m  e q u a t i o n  

o b t a i n e d  from bond graphs to the c o n v e n t i o n a l  s e c o n d  order 

form s u i t a b l e  for e i g e n a n a 1y s i s . In Ref. C44D M a r g o l i s  d i s c u s 

sed the m e t h o d  of a n a l y s i n g  d i s t r i b u t e d  s y s t e m s  wi t h  m i x e d  

causal inputs (in bond g r a p h  sense). M a r g o l i s  C453 also p r e s e 

n t e d  an a l g o r i t h m  for s y n t h e s i s  of s u b s y s t e m  m o d e l s  to o b t a i n  

the overall s y s t e m  r e p r e s e n t a t i o n  e x p l o i t i n g  the causal i n f o r 

m a t i o n  of the s u b s y s t e m  bond graphs. Th i s  a p p r o a c h  of bond 

g r a p h  a d a p t e d  s u b s t r u c t u r i n g  was i l l u s t r a t e d  in Ref. C46D by 

c o n s i d e r i n g  a large scale s t r u c t u r a l  mo d e l .  P a s t r n a k  C61II 

p r e s e n t e d  a p r o c e d u r e  for s i m u l a t i n g  d y n a m i c s  of large d i s t r i 

b u t e d  s t r u c t u r e  t h r o u g h  bond g r a p h  m o d e l l i n g  t e c h n i q u e s  using 

e x p e r i m e n t a l  modal a n a l y s i s  data of the s u b s t r u c t u r e s . 

M a r g o l i s  and K a r n o p p  C43I3 p r e s e n t e d  a bond g r a p h  b a sed t e c h n i 
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que of a n a l y s i n g  m u l t i b o d y  d i s r t i b u t e d  s y s tems with g e o m e t r i c  

n o n l i n e a r i t i e s .  M a r g o l i s  C48D s u m m a r i s e d  such bond g r aph based 

i n v e s t i g a t i o n s  on the a n a l y s i s  of systems c o n s i s t i n g  of both 

d i s t r i b u t e d  and lumped subsy s t e m s .

1.4 C l a s s i f i c a t i o n  of D y n a m i c  S y s t e m s  S t u d i e d  in this W o r k

In the p r e sent work linear d y n amic s y s t e m s  have been 

s t u d i e d  t h r o u g h  s u b s t r u c t u r i n g  and bond g r a p h  t e c h n i q u e s .  In 

this, a sy s t e m  is re g a r d e d  as an a s s e m b l a g e  of s u b s y s t e m s  

( s u b s t r u c t u r e s )  each of w h i c h  can be m o d e l l e d  suitably. The 

s u b s y s t e m s  are a s s u m e d  to have d e f i n i t e  i n t e r a c t i o n s .  The 

s y s t e m s  are c l a s s i f i e d  a c c o r d i n g  to the type of s u b s y s t e m s  and 

their i n t e r a c t i o n s .

The types of s y s t e m s  c o n s i d e r e d  in this work may be 

b r o a d l y  d i v i d e d  into two groups. The first g r o u p  c o n s i s t s  of 

s y s t e m s  wi t h  identical s u b s y s t e m s ,  and for the second, the 

s u b s y s t e m s  may not be ide n t i c a l .  S y s t e m s  w i t h  ident i c a l  s u b s y 

stems are r e f e r r e d  to as " r e p e a t e d  syste m s " .  R e p e a t e d  s y s t e m s  

are f u r t h e r  c l a s s i f i e d  as " p a r a l l e l  s y s t e m s "  w h i c h  c o n sist of 

i d e n t i c a l  s u b s y s t e m s  c o n n e c t e d  in a t o p o l o g i c a l l y  i d e n t i c a l  

m a n n e r  w i t h  l o n g - r a n g e  and n o n - i d e n t i c a 1 i n t e r a c t i o n s .  T h e y  

are d i f f e r e n t  from the " p e r i o d i c  s y s t e m s "  in a sense that the 

i n t e r c o n n e c t i o n s  may not be i d e n t i c a l  and t h e y  need not be 

r e s t r i c t e d  to the i m m e d i a t e  n e i g h b o u r h o o d .

P a r a l l e l  s y s t e m s  may be f u r t h e r  c l a s s i f i e d  on the b asis 

of i n t e r a c t i o n s  a m o n g  s u b s y s t e m s .  W h e n  the i n e r a c t i o n s  are 

su c h  that they can be d e r i v e d  from a set of p o t e n t i a l  f u n 

ctions, they are r e f e r r e d  to as " p o t e n t i a l  i n t e r a c t i o n s " ,

Cop
yri

gh
t 

IIT
 K

ha
rag

pu
r



o t h e r w i s e  they are called " n o n - p o t e n t i a l  i n t e r a c t i o n s " .  The 

p otential i n t e r a c t i o n s  are d i v i d e d  into two groups. They are 

"c o m m u t a t i v e " ,  wh e n  the i n t e r a c t i o n s  are such that the o p e r a 

tors or m a t r i c e s  r e p r e s e n t i n g  them commute. The i n t e r a c t i o n s  

are " n o n - c o m m u t a t i v e ", wh e n  the c o r r e s p o n d i n g  m a t r i c e s  do not 

commute. The " c o m m u t a t i v e  p o t e n t i a l "  i n t e r a c t i o n s  have some 

special r e l a t i o n s  that they are a m e n a b l e  to s i m u l t a n e o u s  

d e c o u p l i n g  ( d i a g o n a l i s a t i o n )  by a single t r a n s f o r m a t i o n .  This 

p r o p e r t y  is f u l l y  made use of in the present study. The "non- 

com m u t a t i v e  p o t e n t i a l "  i n t e r a c t i o n s  have been s t u d i e d  using 

the t e c h n i q u e  of o p e r a t o r  p e r t u r b a t i o n s .  In the c a t e g o r y  of 

n o n - p o t e n t i a l  i n t e r a c t i o n s ,  only the c o m m u t a t i v e  case has been 

d i s c u s s e d .

The s y s t e m s  with n o n - i d e n t i c a l  s u b s y s t e m s  and a general 

kind of i n t e r a c t i o n s  have also been c o n s i d e r e d  in this work. 

This c a t e g o r y  of s y s tems are s t u d i e d  by a t e c h n i q u e  k n o w n  as 

dual f o r m u l a t i o n .  The dual f o r m u l a t i o n  is b a s e d  on the m o m e n 

tum c o o r d i n a t e s  unlike the usual N e w t o n i a n  f o r m u l a t i o n  b a sed 

on g e o m e t r i c  c o o r d i n a t e s .  In this, s u b s y s t e m s  are m o d e l l e d  

i n d i v i d u a l l y  w i t h  proper b o u n d a r y  c o n d i t i o n s  at the i n t e r 

faces. T h e y  are later c o u p l e d  u t i l i s i n g  the c o n s t r a i n t s  of 

c o n t i n u i t y  and e q u i l i b r i u m  at the i n t e r f a c e s .  Here the s u b s y 

stems may be from d i f f e r e n t  e n e r g y  dom a i n s .  In the p r e s e n t  

s t u d y  two i m p o r t a n t  r e p r e s e n t a t i v e  c l a s s e s  are c o n s i d e r e d .  

T h e y  are s t r u c t u r a  1- s t r u c t u r a  1 and s t r u c t u r a  1- a c o u s t i c  s y s t e m s  

r e s p e c t i v e l y .  The d i f f e r e n c e  b e t w e e n  the two c l a s s e s  lies in 

the m e t h o d  of d u a l i s a t i o n  of the s u b s y s t e m s .  H o w e v e r ,  the 

p r o c e d u r e  may be e x t e n d e d  a n a l o g o u s l y  to o t h e r  s y stems.

F i g u r e  1.1 shows the c l a s s i f i c a t i o n  of s y s t e m s  s t u d i e d
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in this work, a c c o r d i n g  to the s u b s y s t e m s  and their i n t e r a c 

tions. P e r i o d i c  systems are not c o n s i d e r e d  in the present 

i n v e s t i g a t i o n  and are s hown wi t h  a d i f f e r e n t  b o u n d a r y  in Fig. 

1.1. In the f o l l o w i n g  sec t i o n s  a brief rev i e w  of rel e v a n t  

l i t e r a t u r e  on above s y s t e m s  is presented. This helps in 

i d e n t i f y i n g  the scope of present work.

1.5 S u r v e y  of R e l e v a n t  L i t e r a t u r e

In this s e c t i o n  a brief su r v e y  of l i t e r a t u r e  on rel e v a n t  

topics is p r e sented. This helps in i d e n t i f y i n g  the scope of 

the e x i s t i n g  m e t h o d s  and, in turn, the need for new t e c h n i 

ques. H o wever, to improve r e a d a b i l i t y  of each chapter, the 

r e f e r e n c e s  are cited a g a i n  at proper places in the text.

P e r i o d i c  S y s t e m s

P e r i o d i c  s y s t e m s  have been s t u d i e d  by m a n y  i n v e s t i g a t o / s . 

B r i l l o u i n  C53 i n i t i a t e d  the s t u d y  of the .propagation of h a r m o 

nic waves t h r o u g h  per i o d i c  s t r u c t u r e s  in d i s c r e t e  crystal 

lattices. M e a d  £4911 i n t r o d u c e d  a general t h e o r y  of wave p r o p a 

g a t i o n  in linear pe r i o d i c  s y s t e m s  wi t h  m u l t i p l e  coupl i n g .  This 

was s u b s e q u e n t l y  e n h a n c e d  in a t w o - p a r t  work C503 to s t u d y  the 

r e l a t i o n s h i p  b e t w e e n  the b o u n d i n g  f r e q u e n c i e s  of the p r o p a g a 

tion zones and natural f r e q u e n c i e s  of the i n d i v i d u a l  s u b s t r u c 

tures for both " m o n o " -  and "mu 11 i c o u p i e d  sy s t e m s .  D e n k e  et 

al. C 141 p r e s e n t e d  a m a t r i x  d i f f e r e n c e  t e c h n i q u e  to o b t a i n  

h a r m o n i c  r e s p o n s e  of the system. M e i r o v i t c h  and E n g l e s  e x t e n 

ded this t e c h n i q u e ,  to study p e r i o d i c  s y s t e m s ,  by u sing m e t h o d  

of Z - t r a n s f o r m  a n d  modal a n a l y s i s  £ 18,533. S e n G u p t a  £ 7 6 , 7 7 3  

s u m m a r i s e d  t h e o r e t i c a l  and e x p e r i m e n t a l  wo r k  on this s u b j e c t .
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However, there exists a class of r e p e a t e d  s y s tems in 

w h i c h  the i n t e r c o n n e c t i o n s  may not be identical and they need 

not be r e s t r i c t e d  to the i m m e d i a t e  n e i g h b o u r h o o d .  The i n t e r a c 

tions may be elastic, e l a s t i c  wi t h  damping or v i s c o - e l a s t i c .  

In such systems, termed here " p a r a l l e l "  systems, the p e r i o d i c  

s t r u c t u r e  t h e o r y  will not be a p p l i c a b l e  as such. A s s u m p t i o n  of 

e x i s t e n c e  of h a r m o n i c  s o l u t i o n  is also a r e s t r i c t i o n  in the 

present case. It is d e s i r a b l e  to adopt a s u i t a b l e  m e t h o d  of 

a n a l y s i s  for these systems taking a d v a n t a g e  of the i d e n tical 

s u b s y s t e m s  and nature of their i n t e r a c t i o n s  properly.

P a r a l l e l  S y s t e m s  w i t h  P o t e n t i a l  I n t e r a c t i o n s

In parallel s y s tems wi t h  m u l t i p l e  i n t e r a c t i o n s  a m o n g  the 

s u b s y s t e m s ,  the m e t h o d  of a n a l y s i s  d e p e n d s  on the nature of 

i n t e r a c t i o n s .  P a r a l l e l  s y s t e m s  with c o m m u t a t i v e ,  p o t e n t i a l  

i n t e r a c t i o n s  b e t w e e n  s u b s t r u c t u r e s  have been s t u d i e d  by 

S a m a n t a  and M u k h e r j e e  C713. T u r b i n e  blades i n t e r c o n n e c t e d  w i t h  

s h r o u d s  and lacing wires are a mong the e x a m p l e s  of p a rallel 

s y s t e m s  w i t h  n o n - c o m m u t a t i v e ,  p o t e n t i a l  i n t e r a c t i o n s .  N a t u r a l  

f r e q u e n c i e s  of b a n d e d  g r o u p  of t u r b i n e  bl a d e s  were s t u d i e d  by 

Prohl C663, and W e a v e r  and Pro hi C89 3 c o n s i d e r i n g  the d i s c r e -  

t ised blades c o u p l e d  t h r o u g h  rnassless e l a s t i c  s h r o u d s  a n d  

a d a p t i n g  the p r o c e d u r e  to d i g i t a l  c o m p u t a t i o n .  T h o m a s  and 

B elek [1843 p r e s e n t e d  a t e c h n i q u e  for o b t a i n i n g  the v i b r a t i o n  

c h a r a c t e r i s t i c s  of a m u l t i b l a d e  packet from the f r e q u e n c y  

i n f e r e n c e  d i a g r a m  of a t w o - b l a d e  packet. This i n f e r e n c e  

d i a g r a m  can be c o n s t r u c t e d  f r o m  the a n a l y s i s  of i n d e p e n d e n t  

m o d e s  of u n c o u p l e d  c o m p o n e n t  b l a d e s  and s h r o u d s .

T u n c e l  et al. L&71 a n a l y s e d  such s y s t e m s  in two steps.
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F'irst, the u n c o u p l e d  blades were a n a l y s e d  and then the e f f ects 

of coupling, due to the i n t e r c o n n e c t i o n s ,  were i n c o r p o r a t e d  as 

p e r t u r b a t i o n s .  T h o u g h  this m e t h o d  is a t t r a c t i v e  for its novel 

a p p r oach, it lacked in both q u a n t i t a t i v e  and q u a l i t a t i v e  

results, owing to the a p r iori a s s u m p t i o n  of weak coupling. 

C h e n  and W a d a  C63 used m a t r i x  p e r t u r b a t i o n  t e c h n i q u e s  for 

s t u d y i n g  the effect of small changes on the dyna m i c  res p o n s e  

of s t r u c t u r a l  systems. S u - H u a n  et al. C783 d e v e l o p e d  a 

p r o c e d u r e  b a s e d  on this t e c h n i q u e  to o b t a i n  the f r e e - f r e e  

m o des and f r e q u e n c i e s  of s t r u c t u r a l  s y s tems from the m e a s u r e d  

data of the c o n s t r a i n e d  systems.

However, such s y s tems can be s t u d i e d  in a more e f f e c t i v e  

m a n n e r  taking a d v a n t a g e  of both bond g r a p h  t e c h n i q u e s  and a 

s u i t a b l e  p r e - t r e a t m e n t  f o l l o w e d  by o p e r a t o r  p e r t u r b a t i o n ,  

w i t h o u t  r e s o r t i n g  to the a s s u m p t i o n  of w e a k  cou p l i n g  right 

fr o m  the b e g i n n i n g .

P a r a l l e l  S y s t e a s  w i t h  C o B s u t a t  i v e , N o n - p o t e n t i a l  I n t e r a c t i o n s

P r o b l e m s  of f l u i d e l a s t i c  v i b r a t i o n s  of tube a r r a y s  in 

heat e x c h a n g e r s  and that of fuel rods in n u c lear r e a c t o r s  

be l o n g  to this class of par a l l e l  s y s t e m s  w i t h  n o n - p o t e n t i a l  

i n t e r a c t i o n s .  B l e v i n s  C 1□ d i s c u s s e d  d i f f e r e n t  m e c h a n i s m s  like 

t u r b u l e n c e ,  v o r t e x  s h e d d i n g ,  jet s w i t c h i n g  w h i c h  can induce 

i n s t a b i l i t i e s  of tube a r r a y s  under the a c t i o n  of cross 

flows. In this, B l e v i n s  p r e s e n t e d  the q u a s i - s t a t i c  f l uid 

force c o e f f i c i e n t s  for c a l c u l a t i n g  the c r i t i c a l  flow 

v e l o c i t i e s .

T a n a k a  et al. C 6 0 , 8 1 - 8 3 3  m e a s u r e d  f l u i d  f o r c e s  and used 

them to get c r i t i c a l  v e l o c i t i e s  for d i f f e r e n t  a r r a n g e m e n t s  of
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tube arrays and fluid flow. Chen 119,1011 d i s c u s s e d  two main 

m e c h a n i s m s  of i n s t a b i l i t i e s  based on d i s p l a c e m e n t  and v e l o c i t y  

d e p e n d e n t  f l uid forces. Chen C 8 , 11 D also s u m m a r i s e d  the a v a i 

lable l i t e r a t u r e  e m p h a s i s i n g  on the a n a l y t i c a l  t e c h n i q u e s ,  

e x p e r i m e n t a l  results and future trends of r e s e a r c h  in this 

field.

Blevins' t h e o r y  C1D is quite helpful in u n d e r s t a n d i n g  the 

p h e n o m e n a  of flow induced v i b r a t i o n s  wi t h  m o d e r a t e  c o m p u t a 

tion. In the a n a l y s i s  of B levins, e f f ects of d i f f e r e n t  c o n 

s t r a i n t s  a m o n g  a d j a c e n t  tubes in the a r r a y  and the d y n a m i c  

d e t a i l s  of i n d i v i d u a l  tubes are not c o n s i d e r e d .  The s e m i a n a -  

lytical t e c h n i q u e  of T a n a k a  et al. and Ch e n  re q u i r e s  a s i g n i 

ficant am o u n t  of m e a s u r e m e n t  and c o m p u t a t i o n  to d e t e r m i n e  the 

f l uid force c o e f f i c i e n t s  w h i c h  are n e c e s s a r y  for f u r t h e r  

a n a l y s i s .

H ow e v e r ,  B l evins' t h e o r y  can be u t i l i s e d  in a better way 

if the n o n - p o t e n t i a l  nature of the i n t e r a c t i o n  a m ong the 

tubes, due to fluid flow, is i d e n t i f i e d  and e x p l o i t e d  

properly.* This helps also in r e d u c i n g  the m e a s u r e m e n t  and 

c o m p u t a t i o n  costs c o n s i d e r a b l y .

B o n d  G r a p h  B a s e d  Dual F o r m u l a t i o n

Most of the a n a l y s e s  of d y n a m i c  s y s t e m s  are b a s e d  on 

usual g e o m e t r i c  c o - o r d i n a t e s .  How e v e r ,  the p o s s i b i l t y  of an 

a l t e r n a t i v e  (dual) f o r m u l a t i o n  b a sed on m o m e n t u m  c o - o r d i n a t e s  

was p o i n t e d  out by T r ent C863 , T o u p i n  C851 and C h r a n d a l l  et 

al. C 12 H . K a r n o p p  C 2 6 3 e x t e n d e d  the idea to s t u d y  c o u p l e d  

v i b r a t o r y  s y s t e m s .  In Ref. C32 3 , K a r n o p p  s t u d i e d  s y s t e m  of 

a c o u s t i c  f i l t e r s  using dual f o r m u l a t i o n s  a n d  normal m o d e s .

1 0
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L e b r u n  u t i l i s e d  this a p p r o a c h  in a n a l y s i n g  h y d r a u l i c  lines and 

fluid flow n e t w o r k s  C37,3QD.

In Ref. C3411, Karno pp p r e s e n t e d  four a l t e r n a t i v e  f o r m u l a 

tions based on mass d i s p l a c e m e n t s ,  momenta, spring impulse and 

sp r i n g  d i s p l a c e m e n t  c o o r d i n a t e s  r e s p e c t i v e l y .  The order of the 

e q u a t i o n  varies wi t h  the type of f o r m u l a t i o n ,  as d i s c u s s e d  in 

Ref. C333. K a r n o p p  also p r o p o s e d  an a l t e r n a t i v e  p r o c e d u r e  of 

modal a n a l y s i s  of the first order state e q u a t i o n s  d e r i v e d  from 

the s y s t e m  bond graphs, l e a d i n g  to the r e p r e s e n t a t i o n  of the 

s y s t e m  in form of a n o ther bond graph. It r e t ains the f e a t u r e  

of s y m m e t r y  of bond g raph state e q u a t i o n s  in both types of 

e n e r g y  v a r i a b l e s  ( d i s p l a c e m e n t s  and mom e n t a )  and both types of 

e x c i t a t i o n s  (effort and m o t i o n ) .  The bond g r a p h  so o b t a i n e d  is 

s o m e w h a t  unusual in a sense that each modal o s c i l l a t o r  (a 

c o m b i n a t i o n  of I-C c o n n e c t e d  to an S or 1- junct i o n )  gets 

d e p i c t e d  by an I and a C e l e m e n t  c o n n e c t e d  by a TF with 

m o d u l u s  equal to the c o r r e s p o n d i n g  natural f r e q u e n c y .  It gives 

rise to an i n c r e a s e  in the nu m b e r  of bonds in the final bond 

graph.

H o w e v e r ,  there ex i s t s  a p o s s i b i l i t y  of a n o t h e r  p r o c e d u r e  

w h i c h  is s i m i l a r  to the usual f o r m u l a t i o n .  It is also n e c e s s a 

ry, at the s u b s y s t e m  level, to e l i m i n a t e  the high f r e q u e n c y  

m o d e s  due to c o u p l i n g  c o m p l i a n c e s  i n c o r p o r a t e d  a m o n g  the 

s u b s y s t e m s  for ease of a n a l y s i s  C 4 4 ,4 5 D , in case of d i s t r i 

b u t e d  s y stems. This will be p a r t i c u l a r l y  i m p o r t a n t  in a n a l y 

sing r e s p o n s e  of such sy s t e m s .  A n e c e s s i t y  is felt to s t u d y  

the dual f o r m u l a t i o n  taking full a d v a n t a g e  of the bond g r a p h  

t e c h n i q u e s  and d e v e l o p  it as a useful tool for s y s t e m  a n a l y s i s
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t h r o u g h  s u b s t r u c t u r i n g .

M a r g o l i s  and Tabrizi £473 p r oposed a p r o c e d u r e  of re

peated modal d e c o m p o s i t i o n  of the sys t e m  e q u a t i o n  to study the 

dy n a m i c s  of i n t e r a c t i n g  lumped and d i s t r i b u t e d  systems. It is 

found n e c e s s a r y  to extend the same concept to the bond g r aph 

a d a p t e d  dual space f o r m u l a t i o n .

A c o u s t o e l a s t i c  S y s t e m s

Sy s t e m s  c o n s i s t i n g  of a c o u s t i c  and s t r u c t u r a l  c o m p o n e n -  

tes, termed " a c o u s t o e 1 a s t i c " s y s tems £163 were s t u d i e d  by L y o n  

£403, Dowell and Voss £153, and Morse and Ingard £563 for 

s i m p l e  h a r m o n i c  m o t i o n s  of s t r u c t u r e s .  Do w e l l  et al. £163 

d e v e l o p e d  the e q u a t i o n s  for a r b i t r a r y  wall m o t i o n s  using 

G r e e n ' s  t h e o r e m  for the a c o u s t i c  region. The c o u p l e d  s y s t e m  

e q u a t i o n  could be o b t a i n e d  from the in vacuo s t r u c t u r a l  m o des 

and r i g i d w a l l  a c o u s t i c  modes. Dowell £173 s u r v e y e d  the a v a i l a 

ble l i t e r a t u r e  on v e h icle i n t e r i o r  noise p r e d i c t i o n .  N e f s k e  et 

al. £ 5 8 , 5 9 3  p r e s e n t e d  reviews of current p r a c t i c e s  for v e h i c l e  

int e r i o r  noise a n a l y s i s  b ased on finite e l e m e n t  m e t hod. 

T a b a r r o k  £803 p r e s e n t e d  a dual f o r m u l a t i o n  for a c o u s t o e 1 a s t i c  

s y s t e m s .  It is felt a d v a n t a g e o u s  to e x t e n d  c o n c e p t s  of bo n d  

g r a p h  a d a p t e d  dual f o r m u l a t i o n  to the a n a l y s i s  of such 

s y s t e m s .

1.6 S c o p e  of the P r e s e n t  Wo r k

F r o m  the a b o v e  d i s c u s s i o n ,  it is felt that t h ere e x i s t s  a 

scope for an o r g a n i s e d  s tudy of a wide range of d y n a m i c  s y s 

tems, w i t h  help of bond g r a p h  t e c h n i q u e s ,  t a k i n g  full a d v a n 

tage of their f l e x i b i l t y  in m o d e l l i n g  m u l t i - e n e r g y  d y n a m i c
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sy s tems and u n i q u e n e s s  in f o r m u l a t i o n  of s y s t e m  e q u ations. The 

u n i q u e n e s s  lies in the s y m m e t r i c  manner of t r e a t i n g  m o m e n t u m  

and d i s p l a c e m e n t  v a r i a b l e s  and both flow and effort type of 

e x c i t a t i o n s .  This feature helps in e x t r a c t i n g  useful i n f o r m a 

tion, from the bond g raph of the system, for f u r ther 

p r o c e s s i n g  in s i m u l a t i n g  its dynamics.

The present work is d i s c u s s e d  in the next eight chapters. 

C h a p t e r s  2 to 4 deal wi t h  the a n a l y s i s  of r e p e a t e d  s ystems. In 

C h a p t e r s  5 to 8 n o n - r e p e a t e d  s y s tems have been s t u d i e d  using 

dual space f o r m u l a t i o n .  C o n t e n t s  of each chapter are 

s u m m a r i s e d  in the f o l l o w i n g  p a ragraphs.

P a r a l l e l  S y s t e m s  w i t h  C o m m u t a t i v e ,  P o t e n t i a l  I n t e r a c t i o n s

In C h a p t e r  2 a p r o c e d u r e  is d i s c u s s e d  to s t udy the d y n a 

mics of parallel s y s tems wi t h  c o m m u t a t i v e ,  poten t i a l  i n t e r a c 

tions. S u b s y s t e m s  are d e c o u p l e d  by a s i m i l a r i t y  t r a n s f o r m a t i o n  

i n f l u e n c i n g  only the i n t e r a c t i o n s .  The p r o c e s s  of d e c o u p l i n g  

co n s i s t s  of two steps. In the first step, a pilot bond g r a p h  

is c o n s t r u c t e d  r e p l a c i n g  each s u b s y s t e m  by a unit mass at the 

point of i n t e r c o n n e c t i o n  and r e t a i n i n g  only one i n t e r a c t i o n  at 

a time. The s e c o n d  step c o n s i s t s  of c o n s t r u c t i o n  of a d e c o u p 

led s u b s y s t e m  bond g r a p h  w i t h  the c o n s t r a i n i n g  e l e m e n t s  o b 

t a i n e d  from the e i g e n a n a 1ysis of the pilot bond graph. In case 

of s y s t e m s  wi t h  more than one c o m m u t a t i v e  i n t e r a c t i o n s ,  the 

pilot bond g r a p h  wi t h  one i n t e r a c t i o n  need be c o n s i d e r e d ,  and 

e f f e c t s  of other i n t e r a c t i o n s  may be s u i t a b l y  i n c o r p o r a t e d  in 

the d e c o u p l e d  s u b s y s t e m  model. The overall s y s t e m  d y n a m i c s  can 

be s t u d i e d  w i t h  the same c o m p u t a t i o n a l  e f f o r t  n e c e s s a r y  in 

a n a l y s i n g  a si n g l e  s u b s y s t e m .
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P a r a l l e l  S y s t e m s  w i t h  N o n - c o m m u t a t i v e ,  P o t e n t i a l  I n t e r a c t i o n s

C h a p t e r  3 deals with a t e c h n i q u e  to s t u d y  the d y n a m i c s  

of a class of rep e a t e d  s y s t e m s  with n o n - c o m m u t a t i v e  i n t e 

ractions. The s y s t e m  e q u a t i o n s  are f o r m u l a t e d  using tensor 

product a lgebra. A p r e - a n a l y s i s  of the s y s t e m  e q u a t i o n s  is 

c a r r i e d  out to reduce the i n t e r a c t i o n s  to a small p e r t u r b i n g  

o pera t o r .  The p r o c e d u r e  of p r e - t r e a t m e n t  is a d a p t e d  to bond 

g r a p h  t e c h n i q u e s  for the ease of r e p r e s e n t a t i o n  of d y n a m i c  

systems. It is s h own that the m e t h o d  of o p e r a t o r  p e r t u r b a t i o n  

m ay also be h a n d l e d  very c o n v e n i e n t l y  by bond g r aph a p p r o a c h .  

The overall s y s t e m  dyn a m i c s  can be s t u d i e d  from the a n a l y s i s  

of the s u b s y s t e m s  c o u pled t h r o u g h  the p e r t u r b i n g  o p e r a t o r  thus 

r e d u c i n g  the size of the p r o b l e m  to be c o n s i d e r e d  at a time. 

The p r o c e d u r e  helps in a s s e s s i n g  the e f f e c t s  of d i f f e r e n t  

i n t e r a c t i o n s  in a s y s t e m a t i c  manner.

P a r a l l e l  S y s t e m s  w i t h  C o m m u t a t i v e ,  N o n - p o t e n t i a l  I n t e r a c t i o n s

C h a p t e r  4 is d e v o t e d  to the d i s c u s s i o n  of a p r o c e d u r e  for 

s t u d y i n g  the d y n a m i c s  of pa r a l l e l  r e p e a t e d  s y s t e m s  w i t h  n o n 

po t e n t i a l  i n t e r a c t i o n s  w i t h i n  the f r a m e w o r k  of bond g r a p h  

t e c h n i q u e s .  This type of i n t e r a c t i o n ,  w h e n  d e c o u p l e d ,  gives 

rise to c o m p l e x  e l e m e n t s  w h i c h  cannot be used for further- 

p r o c e s s i n g  in the c o n v e n t i o n a l  bond g r a p h  a n a l y s i n g  p a c k a g e s  

like E N P ORT. This s h o r t c o m i n g  is r e m o v e d  by r e f o r m u  1 a t i n g  the 

d e c o u p l e d  s u b s y s t e m  e q u a t i o n s  to an e q u i v a l e n t  form w i t h  all 

real p a r a m e t e r s  l e a d i n g  to r e d u c t i o n  in size of the p r o b l e m  to 

be s t u d i e d  at a time. The p r o c e d u r e  is i l l u s t r a t e d  by the 

e x a m p l e  of f l u i d e l a s t i c  v i b r a t i o n  of tube a r r a y s  in heat 

e x c h a n g e r s .  The t e c h n i q u e  is s u i t a b l e  for i n t e r a c t i v e  d e s i g n
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purposes b e c a u s e  of its a b i l i t y  in a s s e s s i n g  the e f f ects of 

d i f f e r e n t  s y s t e m  par a m e t e r s  on de s i g n  v a r i a b l e s  with m o d e r a t e  

c o m p u t a t i o n  and r e a s o n a b l e  a c c u r a c y .

B o n d  G r a p h  A d a p t e d  Dual S p a c e  F o r m u l a t i o n

In C h a p t e r  5 a t e c h n i q u e  is p r e s e n t e d  to s t udy the 

overall c h a r a c t e r i s t i c s  of c o m p l e x  d y n a m i c  s y s t e m s  from those 

of the s u b s y s t e m s  w hich are easy to model i n d i v i d u a l l y .  The 

c o m plex s y s t e m  is d i v i d e d  into a number of simple s u b s y s t e m s  

each of w h i c h  may be r e p r e s e n t e d  by using either p o s i t i o n -  

v e l o c i t y  or i m p u l s e - f o r c e  d e s c r i p t i o n s .  The a p p r o p r i a t e  b o u n 

dary c o n d i t i o n s  are a s s i g n e d  at the i n t e r f a c e s .  The s u b s y s t e m s  

are then i n t e r p r e t e d  in form of bond graphs using a fi n i t e  

mode r e p r e s e n t a t i o n .  T h e s e  bond graphs are c o u p l e d  t h r o u g h  

proper e l e m e n t s  such that the c o n d i t i o n s  of e q u i l i b r i u m  and 

c o n t i n u i t y  at the i n t r e f a c e s  are preserved. The overall s y s t e m  

d y n a m i c s  are s t u d i e d  from the r e s u l t i n g  bond graph. The p r o c e 

dure is i l l u s t r a t e d  t h r o u g h  si m p l e  examp l e s .  The entire a n a l y 

sis is b a sed on bond g r a p h  t e c h n i q u e s  and thus a l l o w s  the 

e f f e c t i v e  use of E N P O R T  p a c k a g e s .  The ma i n  a d v a n t a g e  of the 

p r o p o s e d  t e c h n i q u e  lies in u n a m b i g u o u s  s u b s t r u c t u r i n g  of m u l -  

t i - c o n n e c t e d  d i s t r i b u t e d  s y s t e m s  and r e m o v a l  of r e d u n d a n t  

state v a r i a b l e s .  It, is also s u i t a b l e  for "stiff" s y s t e m s  

b e c a u s e  of modal r e d u c t i o n  at s u b s y s t e m  level.

R e p e a t e d  H o d a l  D e c o n p o s i t i o n  in B o n d  G r a p h  A d a p t e d  Dual 

S p a c e  .

The o v e rall system d y n a m i c s  can be s t u d i e d  using dual 

f o r m u l a t i o n  as d i s c u s s e d  in the p r e v i o u s  p a r a g r a p h .  F r o m  the
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c o u pled s u b s y s t e m  bond graphs in dual space the overall system 

model can be r e c o n s t r u c t e d  in an e q u i v a l e n t  u n i f o r m  co

or d i n a t e  space. This a g a i n  can be r e p r e s e n t e d  in form of 

a n o t h e r  bond g r aph taking a d v a n t a g e  of a s e c o n d  stage modal 

d e c o m p o s i t i o n .  The effects of d a m ping and e xternal e x c i t a t i o n s  

can be i n c o r p o r a t e d  in this model s u i t a b l y .  The s y s t e m  

re sponse can be o b t a i n e d  over the r e q u i r e d  f r e q u e n c y  range 

r e t a i n i n g  the a p p r o p r i a t e  modes. The p r o c e d u r e  is p a r t i c u l a r l y  

sui t a b l e  for "stiff" s y s t e m s  because of its scope of modal 

t r u n c a t i o n  at both the stages of a n a l y s i s .  C h a p t e r  6 deals 

w i t h  this a s p e c t  of bond g r a p h  a d a p t e d  dual f o r m u l a t i o n .

R o l e  of Zero F r e q u e n c y  M o d e s  in B o n d  G r a p h  A d a p t e d  Dual S p a c e  

F o r m u l a t i o n

The t e c h n i q u e  of a n a l y s i n g  d y n amic s y s t e m s  m a k i n g  use of 

dual f o r m u l a t i o n  and bond graphs has been p r e s e n t e d  in 

C h a p t e r s  5 and 6. The r e p r e s e n t a t i o n  of the s u b s y s t e m s  and 

their s u b s e q u e n t  modal d e c o m p o s i t i o n  have been based on their 

d y n a m i c  modes, re m o v i n g  a l t o g e t h e r  the n o n - d y n a m i c  m o d e s  c h a 

r a c t e r i z e d  by zero f r e q u e n c i e s .  H owever, s o m e t i m e s  in a m o m e n 

tum b a sed f o r m u l a t i o n  there are zero f r e q u e n c y  m odes w h i c h  

play a s i g n i f i c a n t  role in the overall d y n a m i c s  of the s y s t e m s  

and w h e n  eliminated, lead to a n o m a l o u s  r e sults. In c h a p t e r  7, 

the role of' s u c h  n o n d y n a m i c  m o des in bond g r a p h  a d a p t e d  dual 

f o r m u l a t i o n  is d i s c u s s e d .  An a l g o r i t h m  is p r e s e n t e d  for 

r e t a i n i n g  these m o des in the o v e rall s y s t e m  model. The p r o c e 

dure is e x t e n d e d  to o b t a i n  s y s t e m  r e s p o n s e  t a k i n g  a d v a n t a g e  of 

a s e c o n d  stage modal d e c o m p o s i t i o n .  The p r o c e d u r e  is i l l u s 

t r a t e d  by s u i t a b l e  e x a m p l e s .
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A c o u s t o e l a s t i c  S y s t e m s

Ch a pter 8 d i s c u s s e s  a proce d u r e  for a n a l y s i n g  the 

d y n a m i c s  of a c o u s t o e l a s t i c  systems w i t h i n  the f r a m e w o r k  of 

bond graph t e c h n i q u e s .  The s u b s t r u c t u r e s ,  a c o u s t i c  and s t r u c 

tural, are m o d e l l e d  i n d i v i d u a l l y  in form of bond graphs w h i c h  

are coupled t h r o u g h  s u i t a b l e  ele m e n t s  s a t i s f y i n g  the c o n d i 

tions at the interfaces. F r o m  this bond g r a p h  a se c o n d  stage 

modal d e c o m p o s i t i o n  is p e r f o r m e d  to r e p r e s e n t  the overall 

s y s t e m  in yet a n o t h e r  bond g r aph w h i c h  can be a n a l y s e d  to 

o b t a i n  the overall s y s t e m  dynamics. The p r o c e d u r e  is i l l u s 

tr a t e d  by the e x a m p l e s  of coupled cavities. The s y s t e m  

r e s p o n s e s  due to d i f f e r e n t  external e x c i t a t i o n s  are also 

obtai n e d .  The t e c h n i q u e  is s u i t a b l e  for a c o u s t o e  1 a s t i c  s y s t e m s  

w h i c h  are " s t iff" in nature due to the wide range of their 

natural f r e q u e n c i e s .

C o n c l u s i o n s

This chapter is d e v o t e d  to s u m m a r i s e  the present wo r k  as 

to, its a p l i c a b i l i t y  in a n a l y s i n g  d y n a m i c  s y s t e m s  of d i f f e r e n t  

c l a s s e s  a l o n g w i t h  its s a l i e n t  a d v a n t a g e s .  The future scope of 

the work is also dis c u s s e d .

The work c o n c l u d e s  w i t h  a list of r e f e r e n c e s  c ited in the

text.
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