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In t h i s  work, the  problems a s s o c i a t e d  with the 

g e n e r a l i z e d  approach to  t h e  s tead y  s t a t e  s im u la t io n  of  

chemical  p ro c e s s e s  have been s t u d i e d .

The s t r u c t u r e  o f  a chemical  p ro c e s s ,  d e r iv ed  from i t s

u n i t s  and t h e i r  connec t ing  s t ream s ,  i s  analyzed  to  determine 

th e  r e c y c l e  n e t s  and t h e  s e q u e n t i a l  o rd e r  of computat ion o f  

u n i t s  and r e c y c l e  n e t s  in  t h e  chemical  p ro ce ss .  This  

a n a l y i s  i s  done by an ' i d e n t i f i c a t i o n  program' based upon a 

compact matr ix  s to r a g e  scheme and an e f f i c i e n t  method fo r  

m u l t i p l i c a t i o n  o f  m a t r ic e s  in  compact form. Savings in  both 

s to r a g e  and computat ion t ime a re  ach ieved  in  t h i s  program.

An i n d iv i d u a l  u n i t  in  the  process  i s  so lved  by a

co rrespond ing  ' u n i t  computation r o u t i n e 1. The s imultaneous  

s o l u t i o n  o f  a l l  u n i t s  invo lved  in  a r e c y c l e  n e t  i s  ob ta ined  

by a convergence  procedure  which i t e r a t e s  on v a r i a b l e s  

a s s o c i a t e d  with a few s e l e c t e d  s t r e a m s ,  c a l l e d  cut s t ream s.

A ' h e u r i s t i c  t e a r i n g  p ro ced u re '  has  been developed for  the  

s e l e c t i o n  o f  an opt imal  cu t  s e t  with minimum sum of
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weighting f a c t o r s  o f  s t r e a m s .  The proposed method g ives  

b e t t e r  r e s u l t s  than o th e r  h e u r i s t i c  methods f o r  t e a r i n g .

A convergence method i s  fo rm ula ted  fo r  t h e  s o l u t i o n  of 

r e c y c le  n e t s  based on the concep t  o f  maximum use o f  

a v a i l a b l e  in formation  in  convergence  promotion. The 

Jacobian  needed in the  convergence procedure  i s  e s t im a ted  

from th e  r e s u l t s  of i n i t i a l  i t e r a t i o n s  during convergence  

a c c e l e r a t i o n .  The a d d i t i o n a l  i t e r a t i o n s  r e q u i r e d  t o  compute 

a Jacobian by numerical  d i f f e r e n c i n g  t ec h n iq ue  a re  thus 

e l im ina ted  in th e  suggested  method.

The above mentioned programs have been in c o r p o r a te d  

i n to  a system of  ex ecu t iv e  r o u t i n e s  f o r  the  s t e a d y  s t a t e  

process® s i m u l a t i o n . The c o re  s t o r a g e  requ i rem en ts  f o r  the 

program are  reduced by m a in ta in ing  r e q u i r e d  d a ta  on e x t e r n a l  

s t o r a g e  d ev ices .  The o v e r a l l  c o o r d i n a t i o n ,  and d a ta  

t r a n s f e r  o p e ra t io n s  in th e  s i m u la t io n  run a re  managed by 

e x ec u t iv e  r o u t i n e s .  Some v a r i a b l e s  a s s o c i a t e d  with c u t  

s t ream s may remain c o n s ta n t  dur ing  convergence method in  the  

s o l u t i o n  of r e c y c le  n e t s .  Such v a r i a b l e s  a r e  removed from 

th e  b a s i s  of s imultaneous e q u a t i o n s .  Thus th e  s i z e  of  the  

s o t  o f  equa t ions  i s  redu ced .  The r e s t a r t  o p t io n  p rov ided  in 

the  system, a l lo w s  a s im u la t io n  run t o  begin from th e  l a s t  

point  in  a previous  run..  The p e r t i n e n t  in fo rm a t ion  r e q u i re d  

fo r  resumption o f  a s i m u la t io n  run i s  s to re d  on an e x t e r n a l  

f i l e .
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I .  INTRODUCTION

D i g i t a l  c o m p u te r s  h a v e  been u s e d  e x t e n s i v e l y  t o  s o l v e  

c h e m i c a l  e n g i n e e r i n g  p ro b le m s  s i n c e  t h e  b e g i n n i n g  o f  t h e i r  

g e n e r a l  a v a i l a b i l i t y .  T h e i r  h i g h  s p e e d  and n u m e r i c a l  

a c c u r a c y  have  been e f f e c t i v e l y  u t i l i z e d  t o  p e r fo rm  t e d i o u s  

and r e p e t i t i v e  c a l c u l a t i o n s  which would have  r e q u i r e d  l a r g e  

amounts  o f  t im e  i f  done m a n u a l l y .  Methods which w ere  

c o n s i d e r e d  i n f e a s i b l e  b e c a u s e  o f  t h e  e x t e n s i v e  c o m p u t a t i o n  

i n v o l v e d ,  have  been  made p o s s i b l e  t h r o u g h  t h e  u se  o f  

c o m p u te r s .  In  a d d i t i o n  t o  s p e e d  and a c c u r a c y ,  t h e  modern 

c o m p u te r s  have  t h e  c a p a b i l i t y  t o  h a n d l e  l a r g e  am oun ts  o f  

i n f o r m a t i o n .  New c o n c e p t s  i n  c h e m i c a l  e n g i n e e r i n g  

c a l c u l a t i o n s ,  u t i l i z i n g  t h e  l a t e s t  i n n o v a t i o n s  i n  c o m p u te r  

ha rd w are  and s o f t w a r e  t e c h n o l o g y ,  a r e  c o n t i n u o u s l y  b e i n g  

i n t r o d u c e d .  In  p a r t i c u l a r ,  ' c o mpu t e r - a i d e d p r o c e s s  d e s i g n 1 

and ' d i g i t a l  p r o c e s s  c o n t r o l* a r e  b u t  two new a r e a s  o f  

r e s e a r c h  which have  r e c e n t l y  r e c e i v e d  c o n s i d e r a b l e  

a t t e n t i o n .  The p r e s e n t  work i s  c o n c e r n e d  w i th  

c o m p u t e r - a i d e d  c h e m i c a l  p r o c e s s  d e s i g n .

The c h e m i c a l  p r o c e s s  d e s i g n ,  l i k e  most d e s i g n  

a c t i v i t i e s ,  c o n s i s t s  o f  two s t e p s ;  ' p r o c e s s  s y n t h es i s ' and 

' p r o c e s s  a n a l y s i s ' .  A f i n a l  d e s i g n  i s  o b t a i n e d  by a l t e r n a t e  

a p p l i c a t i o n  o f  t h e s e  two s t e p s .  I n  p r o c e s s  s y n t h e s i s ,  a 

p r o c e s s  d e s i g n e r  o u t l i n e s  a p r o c e s s i n g  scheme b a se d  upon 

p h y s i c a l  and c h e m i c a l  l a w s ,  e x p e r i e n c e ,  i n t u i t i o n ,  and
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2

a d o p t e d  c o n v e n t i o n s .  A p r o c e s s  scheme u s u a l l y  c o n s i s t s  o f  

s e l e c t e d  p i e c e s  o f  e q u ip m e n t  a r r a n g e d  i n  an  a p p r o p r i a t e  

o r d e r ,  so  a s  t o  a c h i e v e  d e s i r e d  c h a n g e s  i n  g i v e n  raw  

m a t e r i a l s .  The p r o c e s s  a n a l y s i s  i n v o l v e s  an e v a l u a t i o n  o f  a 

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

r e l a t i v e  t o  t h e  d e s i r e d  o b j e c t i v e  o f  c a r r y i n g  o u t  t h e  

r e q u i r e d  p r o c e s s  i n  a s a f e  and  e c o n o m i c a l  m anner .  The 

r e s u l t s  of  a p r o c e s s  a n a l y s i s  may s u g g e s t  c h a n g e s  i n  t h e  

p ro p o s e d  scheme o r  t h e y  may i n d i c a t e  t h e  n e c e s s i t y  o f  an  

e n t i r e l y  new scheme. A l t e r n a t e  a p p l i c a t i o n  o f  t h e s e  tw o 

s t e p s  y i e l d s  a d e s i g n  which  may be a c c e p t e d  a s  f i n a l  when 

t h e  c o s t  o f  c a r r y i n g  o u t  an a d d i t i o n a l  i t e r a t i o n  becom es  

co m p ar ab le  t o  p o s s i b l e  s a v i n g s  due t o  f u r t h e r  im p r o v e m e n ts  

i n  t h e  p r o c e s s .

S i i r o i a  e t  a l .  (1971) and S i i r o l a  and Rudd (1971) have  

r e p o r t e d  t h e  r e s u l t s  of some r e c e n t  r e s e a r c h  in  t h e  a r e a  o f  

c o m p u t e r - a i d e d  p r o c e s s  s y n t h e s i s .  However ,  i t  a p p e a r s  t h a t  

much a d d i t i o n a l  work w i l l  b e  r e q u i r e d  b e f o r e  t h e  l o g i c a l  

s t e p s  i n v o l v e d  i n  a p r o c e s s  s y n t h e s i s  a r e  f u l l y  u n d e r s t o o d .

A few h e u r i s t i c  methods  f o r  t h e  s y n t h e s i s  o f  h e a t  e x c h a n ge 

n e tw o r k s  (Lee e t  a l . ,  1 9 7 0 ) ,  s e p a r a t i o n  schem es  (Thompson 

and K ing ,  1 9 7 2 ) ,  a n d  c h e m i c a l  r e a c t i o n  p a t h s  (Powers  and 

J o n e s ,  197 3) have  been p r o p o s e d .  F u t u r e  work i n  t h i s  f i e l d  

s h o u l d  be o f  g r e a t  i n t e r e s t  t o  p r o c e s s  d e s i g n e r s  an d  o t h e r  

c h e m i c a l  e n g i n e e r s  a l i k e .
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Both  t h e  dynamic  and t h e  s t e a d y  s t a t e  r e s p o n s e s  o f  a 

p r o p o s e d  p r o c e s s i n g  schem e a r e  r e q u i r e d  f o r  a c o m p l e t e  

a n a l y s i s  o f  i t s  p e r f o r m a n c e .  The dynamic  b e h a v i o u r  o f  a 

p r o c e s s  i s  n e ed e d  t o  d e t e r m i n e  i t s  s t a b i l i t y  and  c o n t r o l  

c h a r a c t e r i s t i c s .  M a t e r i a l  a n d  e n e r g y  f l o w s  i n  a p r o c e s s  a r e  

p r o v i d e d  by i t s  s t e a d y  s t a t e  r e s p o n s e .  The e v a l u a t i o n  o f  a 

p r o c e s s  may be  done  e i t h e r  by p i l o t  p l a n t  e x p e r i m e n t a t i o n  o r  

by p r o c e s s  s i m u l a t i o n .  The c o s t  o f  e x t e n s i v e  p i l o t  p l a n t  

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

t h i s  method h a s  become u s e d  i n c r e a s i n g l y  f o r  s p e c i a l  c a s e s  

o n l y .  I n  p r o c e s s  s i m u l a t i o n ,  t h e  m a t h e m a t i c a l  model f o r  a 

p r o c e s s i n g  scheme i s  d e v e l o p e d  f r o j  t h e  knowledge  o f  

o p e r a t i o n s  i n v o l v e d  i n  i t  p r o v i d e d  t h e y  a r e  e i t h e r  w e l l  

e s t a b l i s h e d  t h e o r e t i c a l l y  o r  can  be  c o r r e l a t e d  e m p i r i c a l l y .  

T h i s  m a t h e m a t i c a l  model i s  u s e d  t o  compute  t h e  unknown 

v a r i a b l e s ,  r e p r e s e n t i n g  t h e  p e r f o r m a n c e  o f  t h e  p r o c e s s ,  from 

t h e  known v a r i a b l e s  i n  a s p e c i f i e d  p r o c e s s i n g  s c h e m e .

D u r in g  t h e  c o u r s e  o f  a p r o c e s s  d e s i g n ,  a number o f  

p r o c e s s i n g  schem es  may n e e d  t o  be e v a l u a t e d .  Many o f  t h e s e  

p r o c e s s i n g  schem es  d i f f e r  f rom one a n o t h e r  o n l y  s l i g h t l y .  

W r i t i n g  a s e p a r a t e  co m p u te r  p rogram  c o r r e s p o n d i n g  t o  t h e  

m a t h e m a t i c a l  model f o r  e a c h  p r o c e s s i n g  schem e ,  would  r e q u i r e  

much r e p e t i t i v e ,  u n u s e f u l  w ork .  A g e n e r a l  p u r p o s e  p ro g r am ,  

which c a n  s i m u l a t e  any s p e c i f i e d  p r o c e s s  w i t h o u t  r e q u i r i n g  

e x t e n s i v e  p rog ram m ing ,  e l i m i n a t e s  much o f  c r i t i c i s m .

G e n e r a l  p ro g r am s  a r e  p o s s i b l e  f o r  b o t h  t h e  dynamic
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s i m u l a t i o n  and  t h e  s t e a d y  s t a t e  s i m u l a t i o n  o f  c h e m i c a l  

p r o c e s s e s ,  b u t  a p p r o a c h e s  t o  t h e s e  two d i f f e r  t o o  w i d e l y  t o  

be c o n s i d e r e d  t o g e t h e r .  T h i s  work i s  r e l a t e d  t o  t h e  

d e v e lo p m en t  o f  a g e n e r a l  p u r p o s e  p rogram  f o r  t h e  s t e a d y  

s t a t e  s i m u l a t i o n  o f  c h e m i c a l  p r o c e s s e s .

A g e n e r a l i z e d . s t e a dy s t a t e  p r o c e s s  s i m u l a t i o n  program 

i s  b a s e d  on t h e  c o n c e p t  o f  bu i l d i n g  b l o c k s . B u i l d i n g  b l o c k s  

in  t h i s  c a s e  a r e  uni t  com p u ta t i o n a l  r o u t i ne s  which pe r fo rm  

t h e  u s u a l  u n i t  o p e r a t i o n  c a l c u l a t i o n s  i n  o r d e r  t o  s o l v e  t h e  

s t a t e s 1 o f  o u t p u t  s t r e a m s  from a s p e c i f i c a t i o n  o f  e g u ip m e n t  

c o n f i g u r a t i o n  and o p e r a t i n g  p a r a m e t e r s  and t h e  s t a t e s  o f  t h e  

i n p u t  s t r e a m s .  Almost  a l l  u n i t s  i n  c o n v e n t i o n a l  c h e m i c a l  

p r o c e s s e s  can  be s i m u l a t e d  by p r e s e n t l y  a v a i l a b l e  u n i t  

r o u t i n e s .  I n  u n c o n v e n t i o n a l  c a s e s ,  r o u t i n e s  f o r  s p e c i a l  

t y p e s  o f  u n i t s  need t o  be w r i t t e n .  S e v e r a l  p ro g ram s  f o r  

s t e a d y  s t a t e  s i m u l a t i o n  o f  c h e m i c a l  p r o c e s s e s  have  been 

r e p o r t e d  i n  l i t e r a t u r e .  Evans  e t  a l .  (1968) h ave  r e v i e w e d  

some o f  t h e s e  p ro g r am s .  A more r e c e n t  s u r v e y  on t h e  

s t a t e - o f - a r t  o f  s u c h  p r o g r a m s  h a s  been  p r o v i d e d  by F lo w e r  

and  W h i teh ead  (1973) .

I n  a d d i t i o n  t o  s o l v i n g  e a c h  u n i t  i n d i v i d u a l l y ,  a 

g e n e r a l  p u r p o s e  p rogram  s h o u l d  p e r f o r m  a s e r i e s  o f  o t h e r

iThe  " s t a t e "  o f  a s t r e a m  i s  d e f i n e d  a s  a v e c t o r  
c o n t a i n i n g  i n f o r m a t i o n  on t h e  t o t a l  mass  f lo w  r a t e ,  o v e r a l l  
c o m p o s i t i o n ,  e n t h a l p y ,  t e m p e r a t u r e ,  and p r e s s u r e  a s s o c i a t e d  
w i th  a s t r e a m .
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f u n c t i o n s  n e c e s s a r y  t o  p r o v i d e  a c o m p l e t e  a n a l y s i s  o f  t h e  

c h e m i c a l  p r o c e s s .  T h ese  f u n c t i o n s  a r e  summarized  be low:

1. I n p u t  o f  p r o c e s s  s p e c i f i c a t i o n s  t o  t h e  p ro g ram .

2 .  D e t e r m i n a t i o n  of r e c y c l e  n e t s  i n  p r o c e s s  

f l o w s h e e t .

3. O r d e r i n g  o f  u n i t  c o m p u t a t i o n s .

4 .  S e l e c t i o n  o f  i t e r a t i v e  v a r i a b l e s  i n  r e c y c l e  

n e t s .

5.  C o n v e r g e n c e  o f  s o l u t i o n  t o  r e c y c l e  n e t s .

6 .  Data  management b e tw een  v a r i o u s  r o u t i n e s  o f  t h e  

p ro g r am .

7 .  C o n t r o l  o f  o v e r a l l  s i m u l a t i o n

These  above  m e n t io n e d  o p e r a t i o n s  i n  t h e  s i m u l a t i o n  

p rogram  a r e  h a n d l e d  by a s e t  o f  e x e c u t i v e  r o u t i n e s ,  b u i l t  

w i t h i n  t h e  p rogram  p a c k a g e .  In  t h i s  d i s s e r t a t i o n ,  work h a s  

b e e n  done on t h e  d e v e lo p m e n t  o f  l o g i c a l  and m a t h e m a t i c a l  

m e th o d s ,  and c o r r e s p o n d i n g  e x e c u t i v e  r o u t i n e s  f o r  t h e  

a n a l y s i s  a n d  s t e a d y  s t a t e  s i m u l a t i o n  o f  c h e m i c a l  p r o c e s s e s .
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I I .  IDENTIFICATION

D i g i t a l  com pu te r  s i m u l a t i o n  o f  c h e m i c a l  p r o c e s s e s  

r e q u i r e s ,  i n  a d d i t i o n  t o  t h e  p e r f o r m a n c e  s i m u l a t i o n  o f  

i n d i v i d u a l  u n i t s ,  an e f f i c i e n t  s e q u e n c e  o f  c o m p u t a t i o n .

T h i s  s eq u e n c e  d ep en d s  upon  t h e  i n f o r m a t i o n  f l o v  w i t h i n  t h e  

p r o c e s s  f l o w  n e t w o r k .  A u n i t  c a n  be  s i m u l a t e d  i f  t h e  u n i t  

p a r a m e t e r s  and t h e  i n p u t  s t r e a m  s t a t e s  a r e  known. While 

u n i t  p a r a m e t e r s  a r e  u s u a l l y  s p e c i f i e d ,  t h e  u n i t  i n p u t  s t r e a m  

s t a t e s  may be t h e  o u t p u t s  o f  o t h e r  u n i t s  wh ich  must be 

s i m u l a t e d  b e f o r e  t h e  one u n d e r  c o n s i d e r a t i o n  can  be  t r e a t e d .  

Some u n i t s  can be e a s i l y  a r r a n g e d  i n  a s e q u e n c e .  However,  

o t h e r  u n i t s  i n v o l v e d  i n  r e c y c l e  c a n n o t  be  s i m u l a t e d  

i n d i v i d u a l l y  b e c a u s e  t h e i r  i n p u t s  a r e  d e p e n d e n t  on e ac h  

o t h e r .  A s e t  o f  u n i t s  i n v o l v e d  i n  a  s i n g l e  r e c y c l e  n e t  i s  

t r e a t e d  as a b l o c k  i n  t h e  c o m p u t a t i o n  s e q u e n c e .  

I d e n t i f i c a t i on o f  a p r o c e s s  f lo w  n e t w o r k  i n v o l v e s  

d e t e r m i n a t i o n  o f  t h e  c o m p u t a t i o n  s e q u e n c e  o f  u n i t s  and 

b l o c k s  ( r e c y c l e  n e t s ) ,  a n d  f i n d i n g  t h e  o r d e r  o f  u n i t s  and  

s t r e a m s  in  e v e r y  c y c l e  o f  t h e  b l o c k .

Two g e n e r a l  a p p r o a c h e s  t o  t h e  i d e n t i f i c a t i o n  p ro b le m  

have a p p e a r e d  i n  t h e  l i t e r a t u r e .  Norman (1965) and 

Himmelblau (1966, 1967) h a v e  u s e d  m a t y i x t e c h n i q u e s  f o r  

i d e n t i f i c a t i o n .  Here a  p r o c e s s  f l o w  d ia g ra m  i s  c o n s i d e r e d  

t o  be a ' d i r e c t e d  graph* ( s e e  e . g .  H a r a r y  e t  a l . ,  1965) and 

i s  r e p r e s e n t e d  by t h e  c o r r e s p o n d i n g  a d j a c e n c y  m a t r i x .  P a t h s
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i n v o l v i n g  v a r i o u s  numbers  o f  u n i t s  a r e  d e t e r m i n e d  from t h e  

c o r r e s p o n d i n g  powers  o f  t h i s  a d j a c e n c y  m a t r i x .  The 

e x i s t e n c e  o f  c y c l e s  i s  shown by t h e  p r e s e n c e  o f  p a t h s  t h a t  

s t a r t  and  t e r m i n a t e  a t  t h e  same u n i t .  I n  N orm an 's  a p p r o a c h  

t h e  c y c l e s  a r e  t r e a t e d  a s  t h e y  a r e  fo u n d  and  t h e  u n i t s  

i n v o l v e d  a r e  c o n d e n s e d  i n t o  p s e u d o u n i t s .  Maximal n e t s  a r e  

d e t e r m i n e d  when no more c y c l e s  e x i s t  i n  t h e  c o n d e n s e d  

n e t w o r k .  Him melb lau  a l s o  u s e s  t h e  m a t r i x  method t o  

d e t e r m i n e  t h e  p a t h s  b e tw een  u n i t s .  The ' y e f t c f r a b i l i t y  

m a t r i x '  i s  d e f i n e d  by t h e  B o o le a n  summation  o f  t h e  

s u b s e q u e n t  p o w ers  o f  t h e  a d j a c e n c y  m a t r i x  u n t i l  a  c o n s t a n t  

m a t r i x  r e s u l t s .  Maximal n e t s  a r e  d e t e r m i n e d  by 

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

S te w a rd  (1965) , S a r g e n t  and  W e s t e r b e r g  (1964) , and 

C h r i s t e n s e n  and  Rudd (1969) h a v e  u s e d  t h e  p a t h - t r a c i n g  

t e c h n i q u e s  f o r  i d e n t i f i c a t i o n .  The p r o c e s s  f low  n e tw o r k  i s  

a n a l y z e d  by c o n s i d e r i n g  t h e  f l o w  f ro m  one u n i t  t o  t h e  

s u b s e q u e n t  u n i t s .  I n  t h i s  a p p r o a c h  some o f  t h e  u n i t s  n o t  

i n v o l v e d  i n  any  r e c y c l e  n e t  a r e  e a s i l y  e l i m i n a t e d ,  w h e rea s  

i n  t h e  m a t r i x  a p p r o a c h  a l l  su c h  u n i t s  r e m a in  i n  u n t i l  t h e  

c o m p l e t i o n  o f  l a s t  c a l c u l a t i o n s .  A l s o ,  s a v i n g s  i n  t h e  

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

p a t h - t r a c i n g  m e th o d s  com pared  t o  t h e  m a t r i x  a p p r o a c h e s .  The 

p r a c t i c a l  a d v a n t a g e s  o f  t h e  p a t h - t r a c i n g  m e thods  seem t o  

o u t w e i g h  t h e  n o t a t i o n a l  a d v a n t a g e  o f  t h e  m a t r i x  m e thods .
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The method p resen ted  h e re  i s  based upon a combinat ion 

of both  app roaches .  Improvements in  the  m at r ix  r e l a t e d  

t ech n iq u es  have been made th rough  t h e  use of a compact 

s to ra g e  f o r  sp a r s e  m a t r ic e s  (ad jacency m a t r ic e s  have in  

genera l  only  a sm a l l  number cf nonzero e le m e n t s ) .  Use o f  

the  proposed  compact s t o r a g e  e l i m in a t e s  to  a g r e a t  e x t e n t  

some of  the  c r i t i c i s m s  o f  t h e  m a t r ix  approach.

M u l t i p l i c a t i o n  of the  m a t r i c e s  in t h e  compact form by th e  

proposed t e c h n iq u e s  r e s u l t s  i n  a red u c t io n  in the  

c o m puta t iona l  t ime s i n c e  unnecessa ry  m u l t i p l i c a t i o n  by zero  

e lem ents  i s  a v o id ed .  A p a t h - t r a c i n g  t e c h n iq u e  i s  employed 

only f o r  t h e  s e t  of  u n i t s  i n  a s i n g l e  maximal n e t ,  thus  

red u c in g  t h e  s i z e  of  c o m b i n a t o r i a l  problem i n h e r e n t  in 

p a t h - t r a c i n g  t e c h n iq u e s .  The p reced ing  and ending u n i t s  a re  

ordered p r i o r  to  t h e  d e te rm in a t io n  of t h e  c y c l e s .  The 

proposed method i s  formed by a combination o f  t h e  f o l lo w in g  

s t e p s :

1. Formation of  t h e  ad jacency  matrix and i t s  

s t o r a g e  in the  compact form.

2. D e te rm ina t ion  of  maximal n e t s .

( i )  l o c a t i o n  of c y c le s  

( i i )  s e p a r a t i o n  of  c y c l e s  

( i i i )  c o n d en sa t io n  of c y c l e s

3. O rder ing  o f  u n i t s  and b locks .

4. D e term inat ion  o f  su b c y c le s  in  a maximal n e t .
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ADJACENCY MATRIX AND ITS STORAGE

An a d j a c e n c y  m a t r i x  ( s e e  F i g u r e  2 .1 )  i s  fo rm ed  from 

i n f o r m a t i o n  c o n c e r n i n g  t h e  s t r e a m s  o f  t h e  p r o c e s s  f l o v  

n e t w o r k .  An e l e m e n t  o f  t h e  a d j a c e n c y  m a t r i x  r e p r e s e n t s  

t h e  number o f  s t r e a m s  f l o w i n g  from u n i t  i  t o  u n i t  j .  H o s t  

o f  t h e  e l e m e n t s  i n  t h i s  m a t r i x  a r e  e x p e c t e d  t o  be Zero  a s

o n l y  a  few u n i t s  r e c e i v e  t h e  in co m in g  s t r e a m s  f rom any

s p e c i f i c  u n i t .  T h i s  s p u r i o u s  s t o r a g e  may be 10 t o  15 t i m e s  

more t h a n  t h e  a c t u a l  s t o r a g e  r e q u i r e d  f o r  n o n z e r o  e l e m e n t s .

A r e d u c t i o n  i n  s t o r a g e  i s  p o s s i b l e  t h r o u g h  t h e  u se  o f  

co m p ac t  s t o r a g e  f o r  t h e  s p a r s e  m a t r i c e s .  D evelopm ent  o f  

t h i s  t e c h n i q u e  i n v o l v e d  c o n s i d e r a t i o n  o f  t h e  f o l l o w i n g  

p o i n t s  c h a r a c t e r i s t i c  o f  mos t c h e m i c a l  p r o c e s s  f l o w s h e e t s :

1. Only a s m a l l  number o f  s t r e a m s  o r i g i n a t e  from a

u n i t  a s  compared t o  t h e  t o t a l  number o f  u n i t s

i n v o l v e d .  (However no r e s t r i c t i o n  h a s  been  

p l a c e d  on th e  t o t a l  number o f  s t r e a m s  from a 

u n i t . )

2 .  The p a r a l l e l  s t r e a m s  i f  any a r e  r e l a t i v e l y  few, 

t h u s  l i s t i n g  them s e p a r a t e l y  w i l l  n o t  r e q u i r e  

e x c e s s i v e  s t o r a g e .

The a d j a c e n c y  m a t r i x  i s  s t o r e d  a s  two v e c t o r s ,  t h e  

s t r e am v e c t o r  and t h e  i d e n t i f i c a t i o n  v e c t o r .  The l e n g t h  o f  

t h e  s t r e a m  v e c t o r  i s  e q u a l  t o  t h e  t o t a l  number .of s t r e a m s  i n
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t h e  n e tw o r k .  The l e n g t h  o f  t h e  i d e n t i f i c a t i o n  v e c t o r  i s  

e q u a l  t o  t h e  number o f  u n i t s .

B e g i n n i n g  w i t h  t h e  u n i t  d e s i g n a t e d  number 1 i n  t h e  

p r o c e s s  f l o w  s t r u c t u r e ,  t h e  numbers  c o r r e s p o n d i n g  t o  t h e  

u n i t s  which r e c e i v e  f lo w  from t h e  f i r s t  u n i t  a r e  l i s t e d  in  

t h e  s t r e a m  v e c t o r  i n  a s c e n d i n g  o r d e r .  In  t h e  c a s e  o f  n 

p a r a l l e l  s t r e a m s  t h e  r e c e i v i n g  u n i t  i s  l i s t e d  n t i m e s  i n  

s u c c e s s i o n .  When a l l  t h e  s t r e a m s  which  o r i g i n a t e  f rom t h e  

f i r s t  u n i t  have  b een  l i s t e d ,  t h e  i n d e x  f o r  t h e  f i n a l  

p o s i t i o n  f i l l e d  i n  t h e  s t r e a m  v e c t o r  up t o  t h a t  p o i n t  i s  

s t o r e d  i n  t h e  f i r s t  e l e m e n t  o f  t h e  i d e n t i f i c a t i o n  v e c t o r .  

T h i s  p r o c e d u r e  i s  r e p e a t e d  f o r  s t r e a m s  o r i g i n a t i n g  from t h e  

s e c o n d ,  t h i r d ,  e t c . . . .  u n i t s  where  numbers  c o r r e s p o n d i n g  t o  

t h e  u n i t s  r e c e i v i n g  e ac h  s t r e a m  a r e  c a t e n a t e d  t o  t h o s e  

a l r e a d y  p r e s e n t  i n  t h e  s t r e a m  v e c t o r .  I n  e ac h  c a s e  t h e  

i n d e x  o f  t h e  s t r e a m  v e c t o r  p o s i t i o n  c o r r e s p o n d i n g  t o  t h e  

l a s t  s t r e a m  o r i g i n a t i n g  f rom  u n i t  i  i s  s t o r e d  i n  t h e  i - t h  

p o s i t i o n  o f  t h e  i d e n t i f i c a c i ^ n  v e c t o r .  The number o f  

s t o r a g e  p o s i t i o n s  r e q u i r e d  by t h i s  t e c h n i q u e  i s  e q u a l  t o  t h e  

sum o f  t h e  number o f  s t r e a m s  and  t h e  number o f  u n i t s  i n  t h e  

p r o c e s s  f l o w s h e e t .  An 80 t o  95% s a v i n g s  i s  t y p i c a l l y  

r e a l i z e d  i n  t h i s  a p p r o a c h  a s  com pared  t o  t h e  c o n v e n t i o n a l  

t e c h n i q u e  in  which  t h e  number o f  s t o r a g e  p o s i t i o n s  r e q u i r e d  

i s  e q u a l  t o  t h e  s q u a r e  o f  t h e  number o f  u n i t s .
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The method can  be i l l u s t r a t e d  by  t h e  e x a m p le  shown i n  

F i g u r e s  2 . 1  and  2 . 2 .  T h e r e  i s  f lo w  from u n i t  1 t o  u n i t  2, 

so  t h e  number 2 i s  s t o r e d  a s  t h e  f i r s t  e l e m e n t  o f  t h e  s t r e a m  

v e c t o r .  T h e re  a r e  no more s t r e a m s  from u n i t  1 ,  so  t h e  f i r s t

e l e m e n t  o f  t h e  i d e n t i f i c a t i o n  v e c t o r  i s  g i v e n  a  v a l u e  1.

T h e r e  i s  f lo w  from u n i t  2 t o  u n i t  3 ,  so t h e  number 3 i s  

s t o r e d  a s  t h e  n e x t  e l e m e n t  o f  t h e  s t r e a m  v e c t o r .  The s e c o n d  

e l e m e n t  o f  i d e n t i f i c a t i o n  v e c t o r  i s  a s s i g n e d  a v a l u e  2 ,  

s i n c e  no more s t r e a m s  o r i g i n a t e  from u n i t  2 .  From u n i t  3, 

t h e r e  i s  f lo w  t o  u n i t  5 and two p a r a l l e l  s t r e a m s  t o  u n i t  6 .  

Thus t h e  n e x t  t h r e e  e l e m e n t s  o f  t h e  s t r e a m  v e c t o r  a r e  g i v e n  

t h e  v a l u e s  5,  6 ,  a n d  6 .  T h i s  p r o c e d u r e  i s  c o n t i n u e d  f o r  

s t r e a m s  o r i g i n a t i n g  from u n i t s  4 ,  5 ,  and 6 .  In  t h e  c a s e  o f

u n i t  7 ,  t h e r e  i s  no o u t f l o w ,  t h u s  no e l e m e n t  o f  t h e  s t r e a m

v e c t o r  i s  f i l l e d .  The v a l u e  o f  t h e  s e v e n t h  e l e m e n t  i n  t h e  

i d e n t i f i c a t i o n  v e c t o r  i s  t h e n  t h e  same a s  t h a t  o f  t h e  s i x t h  

e l e m e n t ,  t h a t  i s  9 .

T h i s  t e c h n i q u e  may a l s o  be  expanded  t o  a l l o w  o t h e r  

i n f o r m a t i o n  a b o u t  s t r e a m s ,  s u ch  a s  s t r e a m  n u m b e rs ,  w e i g h t i n g  

f a c t o r s ,  e t c . . . . ,  t o  be  s t o r e d  w i t h i n  t h e  same i n d e x i n g  

f r am ew ork  a s  t h e  e n t r i e s  i n  t h e  s t r e a m  v e c t o r .

DETERMINATION OF MAXIMAL NETWORKS

Many p r o c e s s  f low  n e tw o rk s  c o n t a i n  u n i t s  which a r e  

m u t u a l l y  r e a c h a b l e  t h r o u g h  a  s e t  o f  i n d e p e n d e n t  c y c l e s .  A
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ooc

A

0 1 0

To

0 0 0 0

0 0 1 0 0 0 0

CD 0 0 0 1 2 0

0 1 0 0 0 0 1

0 0 0 0 0 0 1

0 0 0 1 0 0 0

0 0 0 0 0 0 0

STREAM VECTOR 

IDENTIFICATION VECTOR

5 6 7 8

I 2 1 5 1 5 1 6 I 6 I 2 I 7 1 7 | 4

1 2 5 7 8 9 9

F igure 2 ,2  -  Adjacency matrix and its  compact form
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