
BACKGROUND AND LITERATURE SURVEY
CHAPTER II

2.1 State of the Arts for Heat Exchanger Network Synthesis

H e a t  e x c h a n g e r  n e tw o r k  (H E N )  s y n th e s is  is  o n e  o f  th e  m o s t  e x te n s iv e ly  
s tu d ie d  p r o b le m s  in  in d u s tr i a l  p r o c e s s  s y n th e s is .  T h is  is  a t t r ib u te d  to  th e  im p o r ta n c e  
o f  d e t e r m in in g  th e  e n e r g y  c o s t s  fo r  a  p r o c e s s  a n d  im p r o v in g  th e  e n e r g y  r e c o v e r y  in  
in d u s t r i a l  s i te s .  T h e  f ir s t  s y s te m a t ic  m e th o d  to  c o n s id e r  e n e r g y  r e c o v e r y  w a s  th e  
th e r m o d y n a m ic  a p p r o a c h  o f  th e  c o n c e p t  o f  p in c h , in t r o d u c e d  d u r in g  th e  1 9 7 0 s .

T h e  f i r s t  a p p ro a c h e s  in  th e  1 9 6 0 s  a n d  e a r ly  1 9 7 0 s  t r e a te d  th e  H E N  s y n th e s i s  
p r o b le m  w i th o u t  a p p ly in g  d e c o m p o s i t io n  in to  s u b - ta s k s .  T h e  l im i ta t io n s  o f  
o p t im iz a t io n  te c h n iq u e s  w e r e  th e  b o t t le n e c k  o f  th e  m a th e m a t ic a l  a p p r o a c h e s  a t  th a t  
t im e . F o r  th e  s y n th e s i s  p r o b le m  o f  th e  H E N , th e  th e r m o d y n a m ic  a p p r o a c h  o f  p in c h  
a n a ly s is  w a s  in t r o d u c e d  b y  th e  w o r k  o f  H o h m a n n  ( 1 9 7 1 )  a n d  L in n h o f f  a n d  F lo w e r  
( 1 9 7 8 ) .  A s  a  r e s u l t  o f  th e  p in c h  c o n c e p t ,  th e  s in g le  t a s k  a p p r o a c h e s  w e r e  s h i f t e d  to  
p r o c e d u r e s  in t r o d u c in g  te c h n iq u e s  fo r  d e c o m p o s in g  th e  p r o b le m  in to  th r e e  s u b ta s k s ;  
m in im u m  u t i l i ty  c o s t ,  m in im u m  n u m b e r  o f  u n i t s  a n d  m in im u m  in v e s tm e n t  c o s t  
n e tw o r k  c o n f ig u r a t io n s .  T h e  m a in  a d v a n ta g e  o f  d e c o m p o s in g  th e  H E N  s y n th e s is  
p r o b le m  is  th a t  s u b -p ro b le m s  c a n  b e  t r e a te d  in  a  m u c h  e a s ie r  f a s h io n  th a n  th e  
o r ig in a l  s in g le - ta s k  p r o b le m . T h e  s u b - p ro b le m s  a re  th e  f o l lo w in g

2 .1 .1  M in im u m  U t i l i ty  C o s t  T a rg e t
C o r r e s p o n d s  to  th e  m a x im u m  e n e r g y  r e c o v e r y  th a t  c a n  b e  a c h ie v e d  in  

a  f e a s ib le  H E N  f o r  a  f ix e d  h e a t  r e c o v e r y  a p p r o a c h  te m p e r a tu r e  ( H R A T ) ,  a l lo w in g  fo r  
th e  e l im in a t io n  o f  s e v e r a l  n o n - e n e r g y  e f f ic ie n t  H E N  s t r u c tu r e s .  M in im u m  u t i l i ty  
c o s t  w a s  f i r s t  in t r o d u c e d  b y  H o h m a n n  ( 1 9 7 1 )  a n d  L in n h o f f  a n d  F lo w e r  ( 1 9 7 8 )  a n d  
la te r  a s  a n  L P  t r a n s p o r ta t io n  m o d e l  b y  C e r d a  e t  a l. ( 1 9 8 3 ) ,  b e in g  a n  im p r o v e m e n t  o f  
th e  L P  t r a n s s h ip m e n t  m o d e l  o f  P a p o u l ia s  a n d  G r o s s m a n n  ( 1 9 8 3 ) .
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2 .1 .2  M in im u m  N u m b e r  o f  U n i ts  T a rg e t
D e te rm in e s  th e  m a tc h  c o m b in a t io n  w i th  th e  m in im u m  n u m b e r  o f  

u n i t s  a n d  th e i r  lo a d  d i s t r ib u t io n  fo r  a  f ix e d  u t i l i ty  c o s t . T h e  M I L P  t r a n s p o r ta t io n  
m o d e l  o f  C e r d a  a n d  W e s te rb e rg  ( 1 9 8 3 )  a n d  th e  M IL P  t r a n s s h ip m e n t  m o d e l  o f  
P a p o u l ia s  a n d  G r o s s m a n n  (1 9 8 3 )  a r e  th e  m o s t  c o m m o n , w h i le  th e  v e r t ic a l  h e a t  
t r a n s f e r  f o r m u la t io n  o f  G u n d e r s e n  a n d  G r o s s m a n n  ( 1 9 9 0 )  a n d  G u n d e r s e n ,  D u v o ld  
a n d  H a s h e m i- A h m a d y  ( 1 9 9 6 )  a re  a ls o  u se d .

2 .1 .3  M in im u m  I n v e s tm e n t  C o s t  N e tw o r k  C o n f ig u r a t io n s
I t is  b a s e d  o n  th e  h e a t  lo a d  a n d  m a tc h  in f o r m a t io n  o f  p r e v io u s  ta rg e ts . 

U s in g  th e  s u p e r s t r u c tu r e - b a s e d  f o rm u la t io n ,  d e v e lo p e d  b y  F lo u d a s  e t  a l .  ( 1 9 8 6 ) ,  th e  
N L P  p r o b le m  is  f o r m u la te d  a n d  o p t im iz e d  fo r  th e  m in im u m  to ta l  c o s t  o f  th e  n e tw o rk . 
T h e  o b je c t iv e  f u n c t io n  in  th is  m o d e l  is  th e  in v e s tm e n t  c o s t  o f  th e  h e a t  e x c h a n g e r s  
th a t  a r e  p o s tu la te d  in  a  s u p e r s t ru c tu r e .

H o w e v e r ,  l im i ta t io n  o f  d e c o m p o s i t io n - b a s e d  m e th o d s  is  t h a t  c o s ts  d u e  
to  e n e r g y ,  u n i t s  a n d  a r e a  c a n n o t  b e  o p t im iz e d  s im u l ta n e o u s ly ,  a n d  a s  a  r e s u l t  th e  
t r a d e - o f f s  a r e  n o t  t a k e n  in to  a c c o u n t  a p p ro p r ia te ly .  T h u s ,  s im u l ta n e o u s  h e a t  
e x c h a n g e r  n e tw o r k  s y n th e s i s  m e th o d s  a r e  t a k e n  p la c e . T h e  s im u l ta n e o u s  a p p ro a c h e s  
p u r p o s e  to  f in d  th e  o p t im a l  n e tw o r k  w i th  o r  w i th o u t  s o m e  d e c o m p o s e d  p ro b le m . 
T h e  s im u l ta n e o u s  o p t im iz a t io n  g e n e r a l ly  r e s u l t s  in  M I N L P  f o r m u la t io n s ,  w h ic h  
a s s u m p t io n s  e x i s t  to  s im p l i f y  th e s e  c o m p le x  m o d e ls .

F lo u d a s  a n d  C ir ic  ( 1 9 8 9 )  p r o p o s e d  a  m a tc h - n e tw o r k  h y p e r s t r u c tu r e  
m o d e l  to  s im u l ta n e o u s ly  o p t im iz e  a l l  o f  th e  c a p i ta l  c o s t s  r e la te d  to  th e  h e a t  
e x c h a n g e r  n e tw o r k .  T h is  M I N L P  f o r m u la t io n  is  b a s e d  o n  th e  c o m b in a t io n  o f  th e  
t r a n s s h ip m e n t  m o d e l  o f  P a p o u l ia s  a n d  G r o s s m a n n  ( 1 9 8 3 )  fo r  m a tc h  s e le c t io n ,  a n d  
th e  m in im u m  in v e s tm e n t  c o s t  n e tw o r k  c o n f ig u r a t io n  m o d e l  o f  F lo u d a s  a n d  
G r o s s m a n n  ( 1 9 8 6 )  f o r  d e te r m in in g  th e  h e a t  e x c h a n g e r  a r e a s ,  t e m p e r a tu r e s  a n d  th e  
f lo w  r a te  in  th e  n e tw o rk .  T h e  p r o p o s e d  s im u l ta n e o u s  s y n th e s i s  m a y  s t i l l  le a d  to  
s u b o p t im a l  n e tw o r k s ,  s in c e  th e  v a lu e  f o r  H R A T  m u s t  b e  s p e c i f i e d  b e f o r e  th e  d e s ig n  
s ta g e .

In 1990, Yee and Grossmann formulated another simultaneous
synthesis where within each stage exchanges of heat can occur between each hot and



6

c o ld  s tr e a m . T h is  m o d e l  c a n  s im u l ta n e o u s ly  ta r g e t  fo r  a r e a  a n d  e n e r g y  c o s t  w h ile  
p r o p e r ly  a c c o u n t in g  f o r  th e  d if f e r e n c e s  in  h e a t  t r a n s f e r  c o e f f ic ie n ts  b e tw e e n  th e  
s t r e a m s . T h e  m a tc h - n e tw o r k  h y p e r s t r u c tu re  m o d e l  w a s  th e n  f u r th e r  m o d if ie d  b y  
C i r ic  a n d  F lo u d a s  ( 1 9 9 1 )  to  t r e a t  H R A T  a s  a n  e x p l i c i t  o p t im iz a t io n  v a r ia b le .  T h is  
M I N L P  f o r m u la t io n  in c lu d e d  a n y  d e c o m p o s i t io n  in to  d e s ig n  ta r g e t s  a n d  
s im u l ta n e o u s ly  o p t im iz e s  t r a d e -o f f s  b e tw e e n  e n e r g y , u n i t s  a n d  a re a . C i r ic  a n d  
F lo u d a s  ( 1 9 9 1 )  a ls o  d e m o n s tr a te d  th e  b e n e f i t  o f  a  s im u l ta n e o u s  a p p r o a c h  v e r s u s  
s e q u e n t ia l  m e th o d s .

In  1 9 8 6 , F lo u d a s  a n d  G r o s s m a n n  in t r o d u c e d  a  m u l t ip e r io d  M IL P  
m o d e l  f o r  th e  m in im u m  u t i l i t ie s  c o s t  a n d  m in im u m  n u m b e r  o f  m a tc h  o f  ta rg e t  
p r o b le m s ,  b a s e d  o n  P a p o u l ia s  a n d  G r o s s m a n n ’s ( 1 9 8 3 )  t r a n s s h ip m e n t  m o d e l .  In  th is  
m o d e l  th e  c h a n g e s  in  th e  p in c h  p o in t  a n d  u t i l i ty  r e q u i r e d  a t  e a c h  t im e  p e r io d  a re  
t a k e n  in to  a c c o u n t .  E x te n s io n s  w e re  p r e s e n te d  f i r s t  b y  F lo u d a s  a n d  G r o s s m a n n  
( 1 9 8 7 ) ,  a n d  N L P  f o r m u la t io n  b a s e d  o n  a  s u p e r s t r u c tu r e  p r e s e n ta t io n  o f  p o s s ib le  
n e tw o r k  to p o lo g ie s  to  d e r iv e  a u to m a t ic a l ly  n e tw o r k  c o n f ig u r a t io n s  th a t  fe a tu re  
m in im u m  in v e s tm e n t  c o s t , m in im u m  n u m b e r  o f  u n i t s ,  a n d  m in im u m  u t i l i ty  c o s t  f o r  
e a c h  t im e  p e r io d .

J i  a n d  B a g a je w ic z  ( 2 0 0 1 )  in t r o d u c e d  th e  r ig o r o u s  p r o c e d u r e  fo r  th e  
d e s ig n  o f  c o n v e n t io n a l  a tm o s p h e r ic  c r u d e  f r a c t io n a t io n  u n i t s .  P a r t  I a im s  to  f in d  th e  
b e s t  s c h e m e  o f  a  m u l t ip u r p o s e  c ru d e  d i s t i l la t io n  u n i t  w h ic h  c a n  p r o c e s s  th e  v a r io u s  
c r u d e .  H e a t  d e m a n d - s u p p ly  d ia g r a m s  a r e  u s e d  a s  a  g u id e  f o r  o p t im a l  s c h e m e  in s te a d  
o f  g r a n d  c o m p o s i t e  c u rv e s .  T h u s , th e  to ta l  e n e r g y  c o n s u m p t io n  f r o m  s t r e a m , h e a te r  
a n d  c o o le r  is  c le a r ly  s h o w n  a n d  th is  le a d s  th e  p r o c e s s  to  b e  e a s i ly  o p t im a l .  I n  p a r t  II, 
2 0 0 1 ,  S o to  a n d  B a g a je w ic z  a t t e m p te d  to  d e s ig n  a  m u l t ip u r p o s e  h e a t  e x c h a n g e r  
n e tw o r k  th a t  c a n  h a n d le  in  v a r ie ty  o f  c ru d e . In  o r d e r  to  o v e r c o m e  th e  s m a l le r  g a p  
b e tw e e n  h o t  a n d  c o ld  c o m p o s i te  c u rv e s ,  m o d e ls  th a t  f ix e d  th e  h e a t  r e c o v e r y  b y  u s in g  
th e  m in im u m  h e a t  r e c o v e r y  a p p r o x im a t io n  te m p e r a tu r e  ( H R A T )  a n d  th e  e x c h a n g e r  
m in im u m  a p p r o a c h  te m p e r a tu r e  (E M A T )  w a s  p e r f o rm e d . In  2 0 0 3 ,  P a r t  I I I ,  S o to  a n d  
B a g a je w ic z  e s ta b l i s h e d  a  m o d e l  to  d e te rm in e  a  h e a t  e x c h a n g e r  n e tw o r k  w i th  o n ly  
tw o  b r a n c h e s  a b o v e  a n d  b e lo w  d e s a l te r .  T h e  to ta l  a n n u a l iz e d  c o s t s ,  o p e r a t in g  c o s t  
a n d  d e p r e c ia t io n  o f  c a p i ta l ,  o f  s o lu t io n  l im i te d  to  o n e  o r  tw o  b r a n c h e s  a r e  c o m p a re d  
w i th  th e  r e s u l t s  o f  f o u r  b ra n c h e s . In  th is  p a r t ,  th e  p r e s e n t  m o d e l  is  b a s e d  o n  a
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t r a n s s h ip m e n t  m o d e l  a n d  th e  v e i t ic a l  h e a t  e x c h a n g e  c o n s t r a in t s  c o m b in e d  w i th  
H R A T /E M A T . In  a d d i t io n ,  in v e s tm e n t  c o s t  is  n o t  d i r e c t ly  c o n t r o l le d  b y  th is  m o d e l , 
b u t  f u r th e r  in d i r e c t ly  c o n t r o l le d  b y  l im i t in g  o f  th e  m in im u m  u n i t  n u m b e r s .  T h e  
s m a l le r  n u m b e r  o f  u n i t s  le a d s  to  m in im a l  c a p i ta l  c o s t  a n d  e n e r g y  c o n s u m p t io n  
s im u l ta n e o u s ly .

N e w  r ig o ro u s  o n e - s te p  M IL P  f o r m u la t io n  f o r  h e a t  e x c h a n g e r  n e tw o rk  
s y n th e s i s  w a s  d e v e lo p e d  b y  B a rb a ro  a n d  B a g a je w ic z  ( 2 0 0 2 ) .  T h is  m e th o d o lo g y  d o e s  
n e i th e r  r e ly  o n  t r a d i t io n a l  s u p e r ta rg e t in g  n e tw o r k  d e s ig n  b y  th e  p in c h  te c h n o lo g y ,  
n o r  is  a  n o n l in e a r  m o d e l ,  b u t  f u r th e r  u s e  o n ly  o n e - s te p  to  o p t im iz e  th e  s o lu tio n . 
C o s t - o p t im a l  n e tw o r k s ,  c o s t - e f f e c t iv e  s o lu t io n s ,  c a n  b e  o b ta in e d  a t  o n c e  b y  u s in g  th is  
m o d e l .

2.2 Basic Concepts for Using Mathematical Programming in Process 
Integration

M a th e m a t i c a l  p r o g r a m m in g  is  a  c la s s  o f  m e th o d s  fo r  s o lv in g  c o n s t r a in e d  
o p t im iz a t io n  p r o b le m s .  S in c e  b o th  c o n t in u o u s  a n d  b in a r y  v a r ia b le s  c a n  b e  u s e d  in  
th e  c o r r e s p o n d in g  m a th e m a t ic a l  p r o g r a m m in g  m o d e ls ,  th e s e  m e th o d s  a r e  p e r f e c t ly  
s u i te d  f o r  ty p ic a l  d e s ig n  ta s k s  e n c o u n te r e d  in  p r o c e s s  s y n th e s i s  a n d  p ro c e s s  
in te g ra t io n .

G e n e r a l ly ,  a  m a th e m a t ic a l  p r o g r a m m in g  m o d e l  c o n s is t s  o f  a n  o b je c t iv e  
f u n c t io n  ( ty p ic a l ly  s o m e  e c o n o m ic  c r i te r ia )  a n d  a  s e t  o f  e q u a l i ty  c o n s t r a in t s  a s  w e l l  
a s  in e q u a l i ty  c o n s t r a in t s .  T h e  g e n e ra l  f o rm  is  in d ic a te d  b e lo w

M in  f (x ,y )
S u b je c t  to

g(x,y) < 0
h (x ,y )  =  0

w h e r e
X e R "
y e [0 , l f
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It s h o u ld  b e  n o tic e d  th a t  th e  v a r ia b le s  X a n d  y  in  g e n e ra l  a r e  v e c to r s  o f  
v a r ia b le s ,  a n d  th a t  th e  c o n s tr a in t s  g  a n d  h  s im i la r ly  a re  v e c to r s  o f  f u n c t io n s .  T h e  
o b je c t iv e  f u n c t io n  ( f )  is  a s s u m e d  to  b e  a  s c a la r .

T h e  m a th e m a t ic a l  m o d e l in g  o f  th e  s y s te m s  le a d  to  d i f f e r e n t  ty p e s  o f  
f o r m u la t io n s ,  s u c h  a s  L in e a r  P ro g r a m m in g  (L P ) , M ix e d  I n te g e r  L in e a r  P ro g r a m m in g  
( M I L P ) ,  N o n - L in e a r  P ro g r a m m in g  (N L P )  a n d  M ix e d  I n te g e r  N o n - L in e a r  
P r o g r a m m in g  ( M IN L P )  m o d e ls .

I f  th e r e  a r e  n o  b in a r y  v a r ia b le s ,  a n d  a ll  f u n c t io n s  f, g  a n d  h  a r e  l in e a r ,  w e  
h a v e  th e  s im p le s t  c la s s  o f  p r o b le m s ,  th e  L in e a r  P ro g r a m m in g  ( L P )  m o d e ls .  U s in g  
th e  s im p le x  a lg o r i th m , fo r  e x a m p le ,  L P  m o d e ls  w i th  h u n d re d s  o f  th o u s a n d s  v a r ia b le s  
a n d  c o n s t r a in t s  c a n  b e  s o lv e d  in  r e a s o n a b le  t im e s  w i th  to d a y ’s c o m p u te r  r e s o u rc e s .  
I f  th e r e  a r e  n o  b in a r y  v a r ia b le s ,  a n d  a t  le a s t  o n e  o f  th e  fu n c t io n s  f, g  a n d  h  a r e  n o n 
l in e a r ,  w e  h a v e  a  N o n - L in e a r  P ro g r a m m in g  (N L P )  p r o b le m . T h e s e  a r e  g e n e ra l ly  
m u c h  h a r d e r  to  s o lv e , e s p e c ia l ly  i f  th e  n o n - l in e a r i t ie s  a r e  n o n - c o n v e x ,  b e c a u s e  a  
lo c a l  o p t im u m  m a y  b e  fo u n d .

I f  th e r e  a r e  b in a r y  v a r ia b le s  in  th e  m o d e l ,  a n d  a ll f u n c t io n s  f, g  a n d  h  a re  
l in e a r ,  w e  h a v e  a  M ix e d  I n te g e r  L in e a r  P r o g r a m m in g  ( M IL P )  p r o b le m . T h e s e  c a n  b e  
s o lv e d  to  g lo b a l  o p t im a l i ty  p r o v id e d  th e  n u m b e r  o f  b in a r y  v a r ia b le s  d o e s  n o t  c a u s e  a  
c o m b in a to r ia l  e x p lo s io n .  F in a l ly ,  i f  th e re  a r e  b in a r y  v a r ia b le s  in  th e  m o d e l ,  a n d  a t  
le a s t  o n e  o f  th e  f u n c t io n s  f, g  a n d  h  a r e  n o n - l in e a r ,  w e  h a v e  th e  h a r d e s t  c la s s  o f  
p r o b le m s ,  M ix e d  I n te g e r  N o n - L in e a r  P ro g r a m m in g  ( M I N L P )  m o d e ls .  
U n f o r tu n a te ly ,  m o s t  re a l  d e s ig n  p r o b le m s  a re  o f  th e  M I N L P  ty p e  w i th  s ig n if ic a n t  
p r o b le m s  r e la te d  to  c o m p u te r  t im e  a n d  lo c a l o p t im a .

2.3 Model for Grass-Root Synthesis

T h is  M IL P  m o d e l  is  b a s e d  o n  th e  t r a n s p o r ta t io n  t r a n s s h ip m e n t  s c h e m e  a n d  
it  h a s  th e  f o l lo w in g  f e a tu r e s

•  C o u n ts  h e a t  e x c h a n g e r s  u n i t s  a n d  s h e l ls
•  A p p r o x im a te s  th e  a r e a  r e q u i r e d  f o r  e a c h  e x c h a n g e r  u n i t  o r  s h e l l
•  C o n tr o l s  th e  to ta l  n u m b e r  o f  u n its
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•  I m p l ic i t ly  d e te rm in e s  f lo w  ra te s  in  s p l i ts
•  H a n d le s  n o n - is o th e r m a l  m ix in g
•  I d e n t i f ie s  b y p a s s e s  in  s p l i t  s i tu a t io n s  w h e n  c o n v e n ie n t
•  C o n tr o l s  th e  te m p e ra tu re  a p p r o x im a t io n  ( H R A T /E M A T  o f  ATmin) w h e n  

d e s i r e d
•  C a n  a d d re s s  b lo c k -d e s ig n  th ro u g h  th e  u s e  o f  z o n e s
•  A l lo w s  m u l t ip le  m a tc h e s  b e tw e e n  tw o  s t r e a m s

2.4 Mathematical Model

2 .4 .1  S e t D e f in i t io n s
A s e t  o f  s e v e ra l  h e a t  t r a n s f e r  z o n e s  is  d e f in e d ,  n a m e ly  z  -  {z I z  is  a  

h e a t  t r a n s f e r  z o n e }
U s e  o f  z o n e s  c a n  b e  u s e d  to  s e p a r a te  th e  d e s ig n  in  d i f f e r e n t  s u b 

n e tw o r k s  th a t  a r e  n o t  in te r re la te d , s im p l i f y in g  th e  n e tw o r k  a n d  th e  p r o b le m  
c o m p le x i ty .  N e x t ,  th e  f o l lo w in g  s e ts  a re  u s e d  to  id e n t i f y  h o t  s t r e a m s ,  c o ld  s t r e a m s , 
h o t  u t i l i t ie s  a n d  c o ld  u t i l i t ie s .

H z = { i I i is  a  h o t  s tr e a m  p r e s e n t  in  z o n e  z  }

c z =  { j  \j  is  a  c o ld  s t r e a m  p r e s e n t  in  z o n e  z  }

H U 2 = { i I /' is  a  h e a t in g  u t i l i ty  p r e s e n t  in  z o n e  z  } ( H U 2 c  //■ ’ )
e u 2 = { j  I j  is  a  h e a t in g  u t i l i ty  p r e s e n t  in  z o n e  z  } (C U Z <z c z )

»
M o re o v e r ,  s e v e ra l  te m p e r a tu r e  in te r v a ls  a r e  c o n s id e r e d  in  e a c h  z o n e , 

in  o r d e r  to  p e r f o r m  th e  h e a t  b a la n c e s  a n d  th e  a r e a  c a lc u la t io n s .  T h e  d i f f e r e n t  s e ts  
r e la te d  to  th e  te m p e r a tu r e  in te r v a ls  a r e  d e f in e d  a s

M z = {m \m  IS di te m p e ra tu re  in te r v a l  in  z o n e  z  }

M z = { ๓  I ๓  is  a  te m p e r a tu r e  in te r v a l  b e lo n g in g  to  z o n e  z , in  w h ic h  h o t

s t r e a m  i is  p r e s e n te d  }
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N :1 =  { ท  I ท  is  a  t e m p e r a tu r e  in te rv a l  b e lo n g in g  to  z o n e  z , in  w h ic h  c o ld

s tr e a m  j  is  p r e s e n te d  }

H "11 = { i I i is  a  h o t  s t r e a m  p r e s e n t  in  te m p e r a tu r e  in te r v a l  m in  z o n e  z  }

c  "1 =  { /  I j  is a  c o ld  s t r e a m  p r e s e n t  in  te m p e r a tu r e  in te r v a l  ท in  z o n e  z  }

= { m \ m is  th e  s ta r t in g  t e m p e ra tu re  in te r v a l  f o r  h o t  s t r e a m  i }

ท0' =  { ท I ท is  th e  s ta r t in g  t e m p e ra tu re  in te rv a l  f o r  c o ld  s t r e a m  j  } 

m f = { m I m is  th e  f in a l  te m p e r a tu r e  in te rv a l  f o r  h o t  s t r e a m  /' } 

n f  = { ท I ท is  th e  f in a l te m p e r a tu r e  in te rv a l  f o r  c o ld  s t r e a m  j  }

T h e  M IL P  m o d e l  u s e s  th e  t e m p e ra tu re  in te r v a ls  to  p e r f o r m  e n e r g y  
b a la n c e s  a n d  m a s s  f lo w  b a la n c e s .  A t  e a c h  te m p e r a tu r e  in te r v a l ,  th e  v a r ia b le s  

q"1'" a c c o u n t  f o r  th e  o v e ra l l  h e a t  e x c h a n g e d  in  in te r v a l  เท o f  h o t  s t r e a m  i a n d  a ll  th e

in te r v a ls  o f  c o ld  s t r e a m  j ,  in  z o n e  z. F a m il ia r  w i th  q.j" , th e  v a r ia b le s  q"jf 1 a r e  u s e d  

to  c o m p u te  th e  o v e r a l l  h e a t  r e c e iv e d  b y  c o ld  s t r e a m  j  a t  in te r v a l  ท f ro m  a l l  in te r v a ls  

o f  h o t  s t r e a m  i. T h e  v a r ia b le s  q ■1'"111 a r e  u s e d  to  f o r m u la te  th e  h e a t  t r a n s p o r ta t io n  

f ro m  in te r v a l  to  in te r v a l  b e tw e e n  b o th  s tre a m s .

Figure 2.1 B a s ic  s c h e m e  o f  th e  t r a n s p o r ta t io n / t r a n s s h ip m e n t  m o d e l .
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A  n u m b e r  o f  s e ts  a re  in t r o d u c e d  to  d e f in e  a ll p o s s ib le  s o u rc e s  a n d  
d e s t in a t io n s  fo r  h e a t  t r a n s f e r  in  th is  t r a n s p o r ta t io n  s c h e m e .

p  =  { ( ; , / )  I h e a t  e x c h a n g e  m a tc h  b e tw e e n  h o t  s t r e a m  i a n d  c o ld  s tre a m  / 
is  p e r m i t te d  }

p" = { /  I h e a t  t r a n s fe r  f ro m  h o t  s t r e a m  i a t  in te rv a l  m to  c o ld  s tr e a m  /  is 

p e r m i t t e d  }

pfm =  { i I h e a t  t r a n s f e r  f ro m  h o t  s t r e a m  i to  c o ld  s t r e a m  j  a t  in te rv a l  ท is 

p e r m i t t e d  }

S e t p  d e f in e s  a s  a l lo w e d  m a tc h in g  b e tw e e n  h o t  a n d  c o ld  s tre a m s . In  
o r d e r  n o t  to  a g a in t  th e  th e rm o d y n a m ic a l ly  p o s s ib le ,  p e r m i t te d  a n d  f o r b id d e n  h e a t  

e x c h a n g e  m a tc h e s  c a n  b e  s e t  u p  b y  th e  d e s ig n e r .  S e ts  p "  a n d  p ■111 d e f in e  a s  fe a s ib le

h e a t  t r a n s f e r  f lo w s  a t  e a c h  te m p e ra tu re  in te rv a l .
F in a l ly ,  th e  f o l lo w in g  s e ts  a l lo w  th e  d e s ig n e r  to  m a n a g e  a d d it io n a l  

f e a tu r e s  o f  th e  f o rm u la t io n .

N IH =  { i I n o n - is o th e r m a l  m ix in g  is  p e r m i t te d  f o r  h o t  s t r e a m  i }
N I( =  { j  I n o n - is o th e r m a l  m ix in g  is  p e r m i t te d  f o r  c o ld  s t r e a m  j  }

ร H -  { i I s p l i ts  a re  a l lo w e d  f o r  h o t  s t r e a m  i }
ร 1' = { j  I s p l i ts  a re  a l lo w e d  f o r  c o ld  s t r e a m  j  }
B =  { (ij)  I m o re  th a n  o n e  h e a t  e x c h a n g e r  u n i t  is  p e r m i t t e d  b e tw e e n  h o t  

s t r e a m  i a n d  c o ld  s t r e a m  j  }

T h e  s e ts  N IH a n d  N IC a r e  u s e d  to  s p e c i f y  w h e th e r  n o n - is o th e r m a l  

m ix in g  o f  s t r e a m  s p l i ts  is  p e r m it te d ,  w h i le  s e ts  ร H a n d  ร,( e s ta b l i s h  th e  p o s s ib i l i ty  
o f  s t r e a m  s p l i ts .  F in a l ly ,  s e t  B is  u s e d  to  a l lo w  m o r e  th a n  o n e  h e a t  e x c h a n g e r  m a tc h  
b e tw e e n  tw o  s t r e a m s ,  a s  s h o w n  in  F ig u re  2 .2  f o r  m a tc h  ( i/Ji). T h u s ,  th is  m o d e l  is 
a b le  to  d i s t in g u is h  s i tu a t io n s  w h e re  m o re  th a n  o n e  h e a t  e x c h a n g e r  u n i t  is  r e q u i re d  to  
p e r f o rm  a  h e a t  e x c h a n g e  m a tc h . N e x t ,  th e  d i f f e r e n t  e q u a t io n s  o f  th e  m o d e l  fo r  g ra s s -  
r o o t  d e s ig n  o f  h e a t  e x c h a n g e r  n e tw o rk s  a re  in t r o d u c e d .
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Figure 2 .2  A  c a s e  w h e r e  m o re  th a n  o n e  h e a t  e x c h a n g e r  u n i t  is  r e q u i r e d  f o r  a  m a tc h

07)-

2 .4 .2  H e a t  B a la n c e  E q u a t io n s
T h e  to ta l  h e a t  a v a i la b le  o n  e a c h  h o t  s t r e a m s  o r  th e  to ta l  h e a t  d e m a n d  

o f  c o ld  s t r e a m s  is  e q u a l  to  th e  h e a t  t r a n s f e r r e d  to  th e  s p e c i f i c  in te r v a ls .  F o r  h e a t in g  
a n d  c o o l in g  u t i l i t ie s ,  th e s e  b a la n c e s  a r e  d e s c r ib e d  b y  th e  f o l lo w in g  e q u a t io n s .

H e a t  b a l a n c e  f o r  h e a t in g  u t i l i t ie s

- r . ‘ ) =  ร ุ ร ุ? : , , ,neMz jeC.lneMz jeC* TnL<T“ jeP£ iePl

Z  G Z;m  e  M z ; i  e  H z1 ; i  G H U Z (2 .1)

H e a t  b a la n c e  f o r  c o o l in g  u t i l i t ie s

I f  [t; - T . 1)= ร ุ ร ุ? ; , ,  Z eZ -,ne M z; j  e C ‘‘, j  e C U 1 ( 2 .2 )mzMz ieH'<r'm iepfn jell"
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T h e  h e a t  b a la n c e s  fo r  p ro c e s s  s t r e a m s  w h e re  o n ly  i s o th e r m a l  m ix in g  
o f  s p l i t s  is  c o n s id e r e d  a re  s ta te d  b e lo w .

H e a t  b a la n c e  f o r  h o t  p r o c e s s  s t r e a m s  -  i <£ N IH
AH', f  =  X  X q z e Z ;m e M : ;i e H ’1',i g  HU z\i <£ N IH (2 .3 )

neM z jeC* t'„ jePP ieP?

H e a t  b a la n c e  f o r  c o ld  p r o c e s s  s t r e a m s  - j  <£ N I(
AHjn =  X  x ^ ™ , 7« z e Z ; n e M z; j  e C z; j  £ C U z; ie N I c (2 .4 )

ineM* ieH ‘, 
d < T lm /6/>j, 

j;6 C

T h e  h o t  a n d  c o ld  c u m u la t iv e  h e a t  t r a n s f e r  is  d e f in e d  in  th e  n e x t  s e ts  o f  
e q u a t io n s .  T h is  c u m u la t iv e  t r a n s f e r  is  in t r o d u c e d  f o r  p r e s e n ta t io n  c o n v e n ie n c e  
b e c a u s e  i t  is  r e la te d  to  th e  e q u a t io n s  th a t  d e f in e  th e  e x i s te n c e  o f  h e a t  e x c h a n g e r s  in  
th e  d i f f e r e n t  t e m p e r a tu r e  in te rv a ls .

C u m u la t iv e  h e a t  t r a n s f e r  f ro m  h o t  s t r e a m  i a t  in te r v a l  m  to  c o ld  s t r e a m  j
-  z  qlnjn zeZ-,meMz ;ieH‘m ; jeC* ; jeP% (2 .5 )neM1 ; d  <r'„ jeC’ -iePfn

C u m u la t iv e  h e a t  t r a n s f e r  to  c o ld  s t r e a m  j  a t  in te r v a l  ท f r o m  h o t  s t r e a m  i
=  X zeZ -,n G M z-,ie H z;j<=Cz; ie p c  (2 .6 )

m eM 1 ;T„l <T% .
i e H lJ e P "

2.4.2.1 Heat Balance Equations for Streams Allowed to Have Non- 
Iso thermal Split Mixing

A  n e w  v a r ia b le  (q )  is  in t r o d u c e d  to  a c c o u n t  fo r  h e a t  f lo w s  

b e tw e e n  in te r v a ls  o f  th e  s a m e  s t r e a m  th a t  c o r r e s p o n d  to  s u c h  m ix in g .  H e a t  is 
a r t i f i c ia l ly  t r a n s f e r r e d  f r o m  o n e  in te r v a l  to  a n o th e r  w i th in  th e  s a m e  s t r e a m  to  a c c o u n t
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fo r  n o n - is o th e r m a l  m ix in g  c o n d i t io n s .  F ig u re  2 .3  i l lu s t r a te s  h o w  th is  n o n - is o th e r m a l  
m ix in g  o f  s t r e a m  s p l i ts  is  ta k e n  in to  a c c o u n t .

F o l lo w in g  th e  F ig u re  2 .3 , c o ld  s t r e a m  j  h a s  b e e n  s p l i t  to  
e x c h a n g e  h e a t  b e tw e e n  s t r e a m  il a n d  Ï2 a n d  n o n - is o th e r m a l  m ix in g  b e tw e e n  th e s e  
s p l i t s  is  a l lo w e d .  T h is  f ig u re  s h o w s  th e  u p p e r  p o r t io n ,  th e  s p l i t  in  th e  c o ld  s t r e a m  
s p a n s  t e m p e r a tu r e  in te r v a ls  3 a n d  8 , w h ile  th e  lo w e r  p o r t io n  s p a n s  f ro m  in te r v a l  5 to  
in te r v a l  8 . H o w e v e r ,  th e  w h o le  s t r e a m  s p a n s  f ro m  in te r v a l  4  to  in te r v a l  8 a f te r  
m ix in g  a n d  th e  n o n - s p l i t  p a r t  s p a n s  th e  r e s t  o f  th e  in te r v a ls .  In  o r d e r  to  c o m p le te  th e  
n o n - is o th e r m a l  m ix in g  w h ic h  a l lo w  o n e  b r a n c h  to  r e a c h  a  la r g e r  t e m p e r a tu r e  a s  

s h o w n  in  th e  F ig u r e  2 .3 ,  in te rv a l  3 g e t  m o re  h e a t  th a n  its  d e m a n d  (a H ''1f  ) a n d

t r a n s f e r  th is  s u r p lu s  h e a t  to  in te r v a l  4  a n d  5. I n te rv a l  4  a n d  5 r e c e iv e  le s s  h e a t  th a n  
th e i r  d e m a n d  f ro m  th e  h o t  s t r e a m s ,  w i th  th e  d i f f e r e n c e  b e in g  t r a n s f e r r e d  f ro m  
in te r v a l  3 b y  th e  h e a t  q . T h e  h e a t  b a la n c e  e q u a t io n s  fo r  n o n - is o th e r m a l  m ix in g  o f  

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

Figure 2 .3  N o n - is o th e r m a l  s p l i t  m ix in g .



15

H e a t  b a la n c e  f o r  h o t  s t r e a m s  ( n o n - i s o th e rm a i  m ix in g  a l lo w e d )

A /ฝ ; "  =  I  I ï ^ + E  zeZ  ;m eM ‘ ;/e//* ,ieHU* UeNlH
weAY* Je('n neM2 ieH2 neM2 ieH2

T ln <Tlm jePj„1 n>m / / < / / /

(2 .7 )
H e a t  b a la n c e  f o r  c o ld  s t r e a m s  ( n o n - i s o th e rm a l  m ix in g  a l lo w e d )

^ H jn =  ร ุร ุ ฝ»,>1+ ร ุ ร ุ.ฝ™-- ร ุ.  รุฝ™ zeZ -,neM ' ;jeC'K -J e c u '  -JeN P
meMz /€//* meM2 jeC2, meM2 jeC2,
Tl <Tl! ieP  ̂ ///<// ///>//

jeP n'!

(2.8)
In  a d d i t io n ,  th e  c o n d i t io n  th a t  h e a t  c a n n o t  b e  t r a n s f e r r e d  w i th in  a  

s t r e a m  i f  th e r e  is  n o  h e a t  t r a n s f e r  w i th  o th e r  s t r e a m  n e e d  to  b e  e s ta b l i s h e d  in  th e  
m o d e l .  C o n s e q u e n t ly ,  th e s e  e q u a t io n s  fo rc e  q to  b e  z e r o  w h e n e v e r  th e r e  is  n o  h e a t  

t r a n s f e r r e d  w i th  o th e r  s tre a m s .

H e a t  b a la n c e  f o r  h o t  s t r e a m s  -  i e N IH
z  z  ฝ™  ̂ Z  z  ฝ,,jn z e Z ;meM* ,itH U 2 ;ieN IH (2.9)

BE.W' ieH’ neM1 j eCท็ > JePi"«<«> T„l <•/„'; iel’f„

H e a t  b a la n c e  f o r  c o ld  s t r e a m s  -  i e  N IC
Z  I ฝ ฝ  Z  Z  ,. ฝ , , >1 z e Z \neM 2 ',jeC ’„ \jiC U * -,jeNIc (2 .1 0 )

meM2 jeC2, meM2 ieH2,JeP£
m>ท TnL<T% jeP"

2 .4 .3  H e a t  E x c h a n g e r  D e f in i t io n  a n d  C o u n t
T h e  m o d e l  is  d e f in e d  a s  a  c o n s e c u t iv e  s e r ie s  o f  h e a t  e x c h a n g e  s h e l ls  

b e tw e e n  a  h o t  a n d  a  c o ld  s tr e a m . F o r  e a c h  te m p e r a tu r e  in te r v a l ,  h e a t  t r a n s fe r  is  
a c c o u n te d  u s in g  th e  c u m u la t iv e  h e a t  (q) ,  w h i le  th e  e x i s te n c e  o f  a  h e a t  e x c h a n g e r  fo r  

a  g iv e n  in te r v a l  is  d e f in e d  b y  a  n e w  v a r ia b le  ( y ) ,  w h ic h  d e te r m in e s  w h e th e r  h e a t  
e x c h a n g e  ta k e s  p l a c e  o r  n o t  a t  th a t  in te r v a l .  In  a d d i t io n ,  tw o  n e w  v a r ia b le s  (K a n d  

K  ) , w h ic h  a r e  c lo s e ly  r e la te d  to  th e  Y v a r ia b le s ,  a r e  in t r o d u c e d  in  o r d e r  to  in d ic a te
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w h e th e r  a  h e a t  e x c h a n g e r  b e g in s  o r  e n d s  a t  a  s p e c i f ic  in te r v a l .  T h e  u s e  o f  th e s e  n e w  
v a r ia b le s  to  c o u n t  u n i t s  h a s  b e e n  p r e v io u s ly  p r o p o s e d  b y  B a g a je w ic z  a n d  R o d e ra
( 1 9 9 8 )  a n d  la te r  u s e d  b y  B a g a je w ic z  a n d  S o to  (2 0 0 1 , 2 0 0 3 )  a n d  J i  a n d  B a g a je w ic z
(2002).

E v e n  p la c in g  th e  m u l t ip le  s h e l ls ,  th is  s e e m s  to  b e  a s  a  s in g le  h e a t  
e x c h a n g e r .  N e v e r th e le s s ,  th e re  a re  c a s e s  w h e re  n o n - c o n s e c u t iv e  s e r ie s  o f  s h e l ls  
c o u ld  b e  a l lo w e d . F o r  th o s e  c a s e s ,  d i f f e r e n t  h e a t  e x c h a n g e r s  h a v e  to  b e  d e f in e d  fo r  
e a c h  s e r ie s .  In  o r d e r  to  c o n s id e r  th e  p o s s ib i l i ty  o f  m u l t ip le  h e a t  e x c h a n g e r s  b e tw e e n  
th e  s a m e  p a i r  o f  s t r e a m s ,  th e  a d d i t io n a l  e q u a t io n s  a r e  r e q u i re d .

F o r  th e  c a s e  w h e re  o n ly  o n e  e x c h a n g e r  is  a l lo w e d  p e r  m a tc h  b e tw e e n  

s t r e a m s  i a n d  j ,  ( i,j)<£B, th e n  b in a r y  v a r ia b le  Yj■1’'” , a n d  tw o  c o n t in u o u s  v a r ia b le s

K '11’i , k  ■1'” a r e  u s e d . T h e  b in a r y  v a r ia b le  ¥1■1;” , in d ic a te s  th a t  th e r e  is  a  m a tc h  

b e tw e e n  s t r e a m  i a t  in te r v a l  m r e c e iv in g  h e a t  f ro m  s o m e  in te r v a ls  o f  s t r e a m  j. In  

tu rn , K ■1'” a n d  k  ■ '1” in d ic a te  th e  b e g in n in g  a n d  e n d  o f  a  s t r in g  o f  in te r v a ls  fo r

w h ic h  th e  b in a r y  v a r ia b le  is  a c t iv e . C o n v e r s e ly ,  w h e n  ( i,j)eB , ¥1■1;1” is  d e c la r e d  a s

c o n t in u o u s  a n d  K y” , k  ■1;1” a r e  s e t  u p  a s  b in a ry . T h e  ¥  v a r ia b le s  a r e  p r o b a b ly  

g r e a te r  o r  e q u a l  th a n  o n e  i f  a  h e a t  e x c h a n g e r  e x is ts  fo r  th e  c o r r e s p o n d e n t  s t r e a m s  a n d  

in te r v a l .  H o w e v e r ,  a ll  v a r ia b le s  ¥1■1;1” , K ■1;1” a n d  k ■1;1” a re  g e t t in g  to  b e  z e r o  w h e n  n o

h e a t  e x c h a n g e r  e x i s t s  m a tc h in g  s t r e a m s  i a n d  j.
T h e  f o l lo w in g  g r o u p  o f  c o n s t r a in t s  is  u s e d  to  d e t e r m in e  th e  e x is te n c e  

o f  a  h e a t  e x c h a n g e r  f o r  a  g iv e n  p a i r  o f  s t r e a m s  a n d  te m p e r a tu r e  in te r v a ls .  W h e n  o n ly  
o n e  h e a t  e x c h a n g e r  is  a l lo w e d  p e r  m a tc h , c o n s t r a in t  ( 2 .1 5 }t{2 .1 9 )  a n d  ( 2 .2 0 ) - ( 2 .2 4 )  
a r e  v a l id .  T h e  e q u a t io n  ( 2 .2 5 )  a p p l ie s  f u r th e r  in  c a s e s  w h e r e  m o r e  th a n  o n e  
e x c h a n g e r  is  p e r m i t te d .  H o w e v e r ,  e q u a t io n s  (2 .1 5 )  a n d  ( 2 .2 0 )  o n ly  a p p ly  to  th e  f ir s t  
a n d  la s t  in te r v a l  o f  a  h o t  s t r e a m , r e s p e c t iv e ly ,  w h i le  th e  s e ts  o f  e q u a t io n s  ( 2 .1 6 ) -  
(2 .1 9 )  a n d  (2 .2 1  )—(2 .2 4 )  a r e  u s e d  fo r  a l l  in te r v a ls .

B o u n d s  o n  c u m u la t iv e  h e a t  t r a n s f e r  f o r  h o t  p r o c e s s  s t r e a m s

-4Ïji» -A ^ w iHYijm ze Z  ,m eM ! ; ie / / '  ; i t  HU1 ; je C ‘ ; jeP% (2 . 11)
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B o u n d s  o n  c u m u la t iv e  h e a t  t r a n s f e r  fo r  c o ld  p r o c e s s  s t r e a m s

qipYjp ' —Qijn Y,jn z eZ  ;n eM 2 ; ie H 2 ; j e C 2 ; jeC U ‘ ;ieP£

B o u n d s  o n  c u m u la t iv e  h e a t  t r a n s f e r  fo r  h e a t in g  u t i l i t ie s

q'nnJijm -ฯ  Ijm - ^ ! '  {jm ' Tท่', ) ;  eZ  ; me M2 ;i 6 H2m ; f'e HU2 ; j  eC ! ; j  € p"

B o u n d s  o n  c u m u la t iv e  h e a t  t r a n s f e r  f o r  c o o l in g  u t i l i t ie s

4  Ijn Y,jn -fii/n -  F j ' {fn ท์' ) z eZ  ; n eM 2 ; i s  H 2 ; j  eC 2 ; jeC U 2 ;iePj„

H e a t  e x c h a n g e r  b e g in n in g  f o r  h o t  s t r e a m s  -  (ij) <zB
zeZ  :m eM 2 ;m = m,° \ieH 2 ; / e C z ; jePiZ ;(ij)eB

> zzZ -m e M 2 ก / / *_| ; yeC* ;ÿe/»" ก ^ . ,  ; ( ij)  «fi

tr ะ.แ
**■ ijm >y z'hijfit

V Z’BK ,jm < 2- Y zM - Y z'‘ijm ijm

K ะ,H 
ijm < y z'hijm

* ๙ '
> YZ,H _ y ะ,H 

ijm ijm - 1

jyZ,H
ijm >0

H e a t  e x c h a n g e r  e n d in g  f o r  h o t  s t r e a m s  -  ( y  ) g  5

Â:*-" >  K t "///n Ijm z eZ ;meM 2 ;m=mf ; ieH 2 ; je C 2 ; je P ^  -,(ij)eB
JV -2 ,// Z,H  y  ะ,H
r îjm 1 ijm ~*ijm+1

ไร2 ^  y z ,H  ^  //m — ■* ijm
j y  ะ ,H  y  ะ ,H  y  ะ ,H

(/m — *■ ijm * ijm+1

* ๙ '  > 0

V Z eZ  ; me M 2 ; / e / /  * ก //*  +1; je C 2 ; y e /’"  ก p " +1 ; (y ')e£

H e a t  e x c h a n g e r  e x i s te n c e  o n  h o t  s t r e a m s  - (ij) e B
\ z  ะ ,H  _  r y  ะ ,H  ร - '  Z ,H
r ijm -  2-J K ij! ~  2 -  &  ijl leM* ieMf

l < m  I  <1 m - \
1 e pH  j-p HJ e rn J e r ii

(2.12)

(2 .1 3 )

(2 .1 4 )

(2 .1 5 )

(2 .1 6 )

(2 .1 7 )

(2 .1 8 )

(2 .1 9 )

(2.20) 

(2.21) 

(2.22)

(2 .2 3 )

(2 .2 4 )

z eZ  ; m eM 2 ;ieH 2m ; je C 2 ; jeP ,"  ;((1/ ) efi (2 .2 5 )
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T h e  e x a m p le  s h o w n  in  F ig u re  2 .4  f o r  a  m a tc h  {ij) &B, o n ly  o n e  h e a t 
e x c h a n g e r  is  a l lo w e d ,  w i l l  e x p la in  h o w  th e  p r e v io u s  s e ts  o f  c o n s t r a in t s  w o rk . T h e  
h o t  s id e  o f  h e a t  e x c h a n g e r  s p a n s  f ro m  in te r v a l  3 to  8 o f  s t r e a m  /', h e a t  t r a n s f e r r e d  to  
c o ld  s t r e a m  j  is  n o t  s h o w n . S in c e , o n ly  o n e  h e a t  e x c h a n g e r  is  p e r m i t t e d  fo r  th is  

m a tc h ,  v a r ia b le s  Y'-n" a re  d e f in e d  a s  b in a r y  w h i le  K ■■'11'1' a n d  k ■1'11'1i a r e  c o n tin u o u s .

T h e  v a lu e s  fo r  a ll  v a r ia b le s  a re  g iv e n  in  T a b le  2 .1 . T h e s e  n u m b e r s  c o r r e s p o n d  to  th e  
s e t  o f  c o n s t r a in t s  in  ( 2 .1 5 ) - ( 2 .19) a n d  ( 2 .2 0 ) - ( 2 .2 4 ) .

m 1 2 3 4 5

A

7 8 9 1 0 ;

v j
รุ

Figure 2.4 H e a t  e x c h a n g e r  d e f in i t io n  w h e n  {ij) eB.

Table 2.1 V a lu e s  o f  Yjf"H, K.j"  a n d  K-j" v a r ia b le s  w h e n  (ij) <£B

เท * tjm K g ** tjm
1 0 0 0
2 0 0 0
3 1 1 0
4 1 0 0
5 1 0 0
6 1 0 0
ๅ 1 0 0
ร 1 0 1
9 0 0 0
10 0 0 0

F o l lo w in g  F ig u re  2 .4 , w h e n e v e r  YtJ’"  =  0  th e n  i t  f o l lo w s  th a t  K '1'" = 0 

a n d  K'1’"" = 0 , e x p la in  in  c o n s t r a in t  (2 .1 7 )  a n d  ( 2 .2 2 ) .  A t  a n y  in te r v a l  w h e r e  Y'j" " 1 =  

1, c o n s t r a in t  ( 2 .1 8 )  b e c o m e s  t r iv ia l  a n d  th u s  K.j"  is  g e t t in g  to  b e  z e r o  b e c a u s e  w h e n  

Yj■1;" = 1 , c o n s t r a in t  (2 .1 6 )  g iv e s  K ■■'1" to  z e ro .

T h e  p o s s ib i l i ty  o f  a l lo w in g  tw o  h e a t  e x c h a n g e r s  b e tw e e n  th e  sa m e  
p a i r  o f  s t r e a m s  is  c o n s id e re d .  In  F ig u r e  2 .5 ,  th e r e  a r e  tw o  h e a t  e x c h a n g e r s  b e tw e e n
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th e  s h o w n  h o t  s t r e a m  a n d  a  c e r ta in  c o ld  s t r e a m , (ij) e B. B o th  e x c h a n g e r s  a r e  p la c e d  
in  s e r ie s  f o r  th e  h o t  s t r e a m  w i th o u t  a n y  o th e r  u n i t  in  b e tw e e n .  T h e n , th e  c o n s t r a in t  
(2 .2 5 )  is  u s e d  fo r  d e f in in g  h e a t  e x c h a n g e r s  e x is te n c e .  A d d i t io n a l ly ,  v a r ia b le s

K -1;" a n d  k  "1;1" a re  d e c la r e d  a s  b in a ry  w h ile  Y 1-1'" a r e  s ta te d  a s  c o n t in u o u s  w h ic h  th e  

v a lu e s  o f  th e s e  v a r ia b le s  a re  s h o w n  in T a b le  2 .2 .

1 2 3
1__

4
f

5
>

6
1

8
a

9 10

ๆ  V Y ; V .V 1 —

Figure 2.5 H e a t  e x c h a n g e r  d e f in i t io n  w h e n  (ij) e B.

Table 2.2 V a lu e s  o f  Y jk  , K 11;1" a n d  k-1;1" v a r ia b le s  w h e n  (ij)  e  B

ท) Yijm K-ijm K
1 0 0 0
2 0 0 0
3 1 1 0
4 1 0 0
5 1 0 0
6 2 1 1
7 î 0 0
ร 1 0 1
9 0 0 0
10 0 0 0

W h e n e v e r  a  h e a t  e x c h a n g e r  b e g in s  o r  e n d s ,  th e  b in a r y  v a r ia b le s  

Ki 1;," a n d  k y "  a r e  s e t  to  o n e . T hei'i c o n s t r a in t  (2 .2 5 )  le a d s  th e  v a lu e s  o f  Y j j  e q u a l

to  o n e  f o r  a l l  in te r v a ls  m b e tw e e n  th e  b e g in n in g  a n d  e n d  o f  a  h e a t  e x c h a n g e r .  N o te  
th a t ,  w h e n  a  h e a t  e x c h a n g e r  b e tw e e n  th e  s a m e  p a i r  o f  s t r e a m  e n d s  a n d  a n o th e r  o n e  

b e g in s  in  th e  s a m e  in te r v a l  ( in te rv a l  6  f o r  th is  e x a m p le )  th e n  YJm" is  e q u a l  to  tw o .

S in c e  Yym" = 2  is  n o t  f e a s ib le  i f  th e  Y  a re  d e c la re d  a s  b in a r y  v a r ia b le s  a n d  c o n s t r a in t s

( 2 .1 5 )  a n d  ( 2 .1 6 )  a r e  u s e d ,  th is  is  w h y  a  d i f f e r e n t  s e t  o f  e q u a t io n s  a n d  v a r ia b le  
d e c la r a t io n s  is  r e q u i r e d  w h e n  (ij)  <E B, a t  a  c o s t  o f  in c r e a s in g  th e  n u m b e r  o f  b in a r y  
v a r ia b le s .
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A  s im i la r  se t o f  e q u a t io n s  is  u s e d  to  d e f in e  th e  lo c a t io n  o f  a  h e a t  
e x c h a n g e r  fo r  c o ld  s tr e a m s . T h e s e  e x p r e s s io n s  a r e  p r e s e n te d  n e x t  w i th o u t  fu r th e r  
e x p la n a t io n .

H e a t  e x c h a n g e r  b e g in n in g  fo r  c o ld  s t r e a m s  - (/',/■ ) £ B

ไ IV ■T
? ze Z ;n e M 2, ท=na1 \ie H 2 J e C 2 ; ie P j ,(ij)eB (2 .2 6 )

<2-Yz’c: — Y z'̂  >ijn —^๗ 1 ijn 1 บท-1 (2 .2 7 )

K z’c <YZ'Cijn ijn > ze Z  ,n e M 2 ; ie H 2 ; ; e C ;  ก C f ,  ; / € ^ ' ก /’; '.,  ;(ij) iB (2 .2 8 )

Kz ̂  >  Y — Yẑ^  ijn - 1 ijn 1 บท-] (2 .2 9 )

K ;j> 0 ) (2 .3 0 )

H e a t  e x c h a n g e r  e n d in g  f o r  c o ld  s t r e a m s  - ( i f )  £ ร

K z'c > Yz'cijn ijn z eZ  ; neM 2 ; ท=ท0J ; ieH 2 ; je C 2 ; iePjn ; (ij)eB (2 .3 1 )

K  z'*~ < 2 —Y z^ — Y z ̂  \บท —^๙ 1 ijn 1 บท-] (2 .3 2 )

K z'(: <YZ’Cijn — ijn > z eZ  ; neM 2 ; ieH 2 ; je C 2f]C2_, ; iePj„ ก /’; - ,  ; (J)eB (2 .3 3 )

ร่^ IV 3 * 1 3:^ ( 2 .3 4 )
%As, ( 2 .3 5 )

H e a t  e x c h a n g e r  e x i s te n c e  o n  c o ld  s t r e a m s  - (if) e B

II M : ; -  z  K ? zeZ;neM2 ;ieH2 JeC2 -,iePf„ -,(ij)eB (2 .3 6 )
U N ‘ le N ’jl<n l<ท-1

'■ ริ/,; •

L a s t ly ,  b y  c o u n t in g  th e  n u m b e r  o f  b e g in n in g s  o r  e n d in g s  o f  h e a t  

e x c h a n g e r ,  th e  n u m b e r  o f  h e a t  e x c h a n g e r  u n i t s  b e tw e e n  a  g iv e n  p a i r  o f  s t r e a m s ,  E z ,
c a n  b e  f ig u r e d  o u t. T h e  b e g in n in g s  n u m b e r  is  c a lc u la te d  b y  e q u a t io n  (2 .3 7 )  to  (2 .3 8 )  
a n d  e q u a t io n  ( 2 .3 9 )  to  ( 2 .4 0 )  is  u s e d  to  g e n e r a te  th e  e n d in g s  n u m b e r .  F o r  th e  la s t  

e q u a t io n ,  ( 2 .4 2 ) ,  th e  n u m b e r  o f  s h e l l ,  บ z , n e e d  to  b e  g r e a te r  o r  e q u a l  to  th e  n u m b e r
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o f  h e a t  e x c h a n g e r  u n i t s ,  E ■1 . B e c a u s e  a  s in g le  h e a t  e x c h a n g e r  d o e s  n o t  m e a n  o n ly

o n e  s h e l l ,  th e  s h e l l  n u m b e r  s h o u ld  b e  n e e d  to  s a t i s fy  th e  r e q u i r e d  a r e a  fo r  e a c h  
m a tc h .

N u m b e r  o f  h e a t  e x c h a n g e r s  b e tw e e n  h o t  s t r e a m  i a n d  c o ld  s t r e a m /  -  ( ? / )  <£B
/ โ ' - =  y  V  :r H \E  // L . ijm

m e : je Pi"1

E f j =  Z  K g

E zÿ =  Z  1, * ’;
meM* ; jePjH,

K  = Z  k,
t, 1= \ r z - i<= Pc

z , cบท

£1; < 1
F.z <-  n ij

26 Z; i e H : ; j  e c : :( i , j ) e P

ze  Z; i e H 1 ; j  e c : ;(i,j)  e P  ,Y»,ÿ) ff 5

Z e Z; i e H ! ; j  e c : ; ( i , j ) e P ; ( i,j)  e B

(2 .3 7 )

(2 .3 8 )

(2 .3 9 )

(2 .4 0 )

(2 .4 1 )

(2 .4 2 )

H o w e v e r ,  e a c h  sh e l l n u m b e r  w il l  b e  c o u n te d  a s  a  s e p a r a te  h e a t  
e x c h a n g e r  w h e n e v e r  th e  c o n d i t io n  o f  m o r e  th a n  o n e  e x c h a n g e r  is  p r e s e n te d .  T h e  
c o n s t r a in t s  f o r  th is  s i t u a t io n  a re  s h o w n  b e lo w .

N u m b e r  o f  h e a t  e x c h a n g e r s  b e tw e e n  h o t  s t r e a m  i a n d  c o ld  s t r e a m  j  - ( i j ) e  B

meM ’ ijePP

m e M - J e P j n  *

Uy = x * r
ne v ;  ;#ep£

^ =  X ^ ;
n ew ; \iePjn

(2 .4 3 )

(2 .4 4 )

(2 .4 5 )

(2 .4 6 )
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2 .4 .4  H e a t  T r a n s f e r  C o n s is te n c y
T o  e x p la in  th e  h e a t  lo a d  o f  e a c h  e x c h a n g e r  u n i t  f o r  m u l t ip le  h e a t 

e x c h a n g e ,  h e a t  t r a n s f e r  c o n s is te n c y  c o n s t r a in t s  a r e  n e c e s s a r y  to  b e  a d d r e s s e d .  W h e n  
h e a t  e x c h a n g e s  f ro m  h o t  s t r e a m  to  c o ld  s t r e a m  w i th  tw o  e x c h a n g e r s  e x i s t  in  s e r ie s , 

f o r  e x a m p le  in  F ig u r e  2 .6 ,  th e  c u m u la t iv e  h e a t  o f  h o t  s t r e a m  in  in te r v a l  6 , q'-1'!1' is

t r a n s f e r  to  th e  c o ld  s t r e a m  in  in te r v a l  5 a n d  th e  h e a t  le f t  o f  h o t  s t r e a m , q! " , is  s e n t  

in to  in te r v a l  8 o f  c o ld  s tr e a m . T h e  a m o u n t  o f  h e a t  th a t  is  t r a n s f e r r e d  to  th e  n e x t  h e a t  

e x c h a n g e r  in  s e r i e s ,q . j f , is  u s e d  to  c a lc u la te  th e  h e a t  lo a d  a n d  a r e a  c a lc u la t io n s  in

e a c h  h e a t  e x c h a n g e r .  T a b le  2 .3  e x p r e s s e d  th e  v a lu e s  o f  th e  v a r ia b le s  in v o lv e d  in  h e a t  
lo a d  c a lc u la t io n  w h ic h  a r e  th e  h e a t  e x c h a n g e r  e x i s te n c e ,  b e g in n in g  a n d  e n d in g  o f  
e a c h  h e a t  e x c h a n g e r  u n i t  a n d  th e  v a lu e  o f  q . A n o th e r  v a r ia b le  n e e d  to  in i t i a te  is

c a l l e d  Xfm j ,  1 w h ic h  u s e d  to  f in d  o u t  th e  e n d in g  in te r v a l  f o r  e a c h  h e a t  e x c h a n g e r  

c o n n e c te d  in  s e q u e n c e  f o r  m a tc h  ( /1/ ) .  S o , th e  v a lu e  o f  X '11111 w i l l  b e  z e r o  w h e n e v e r  

m  a n d  ท a re  c o ld - e n d  in te r v a ls  a n d  b e  h ig h e r  th a n  z e r o  in  a ll  o th e r  s i tu a t io n s .

(iÿ6 '

F i g u r e  2 .6  H e a t  t r a n s f e r  c o n s is te n c y  e x a m p le  w h e n  (ij)  G B.
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T able 2.3 V a lu e s  o f  v a r ia b le s  K*j'“ , k ; £  , ¥1;mH a n d  q.n'1' w h e n  (ij)  e  B

L o a d  = % ? + % ?
Unit 1 + & +*Jj

M r m k m <?„■
1 0 c 0
2 0 9 c 93 1 1 c 0
4 1 0 c 0
5 1 0 c a
6 2 1 1 2:0
7 î 9 c 0
8 1 0 1 0
9 0 0 c 0
10 0 9 c 0

loorf =qyf +%f +q«f + % ?+?£f 
U nits  1+2 + î ï f + q $ + î £ + % ( + ? £

ท F „ K „ Z < r*
1 0 C 0 0
๚ 1 0 9
3 1 c c 0
4 1 0 0 0
5 1 0 1 9
6 9 0 0 07 1 1 0 9
8 1 c 0 0
9 1 c 1 0

T h e  h e a t  t r a n s f e r  c o n s is te n c y  c o n s t r a in t s  f o r  m u l t ip le  h e a t  e x c h a n g e r s  
a r e  e x p r e s s e d  h e re .

H e a t  t r a n s f e r  c o n s is te n c y  fo r  m u l t ip le  h e a t  e x c h a n g e r s  b e tw e e n  th e  s a m e  p a i r  o f  
s t r e a m s

Z r /  -  9* ระ Z -  9m + 4XI J„ Max { Z AH f  ; Z t s H f} ไ
IzM; ieNj leM* leM;l̂ m l<ท l<m เ̂ทjep" 'ริ',;/

Z ? 'Z  * z ^ c -9m { Z â ,v"; z ^ / }
/eAY,r /e/V; /eA/; /eA/;''ริ", /̂ /» l<.m เ̂ทĴ !' ierf
Y z — ว _  f"7.พ _  T z’f I V  V zZ' _  _î P Z,H

x  im jn  — — ft- ijm  ~  p^ïjn + T Z f y/ ~  T Z  ̂ I j i
4  /ev; ^  /eM,7

/<n /S m

Z  ^ / " -  Z  0-=M‘ l<ENj

V ze Z  -,m,neMz 
' TnL<T“ ;{ij)eB  

ie H :„ -,jeC z 
izP Ï; je f> :

leMl<m 
j  €  ̂ f/J

/eA/;

ie/’S

zeZ ;m ,neM 2-,T„L<T“ -,TnL>T'm 
{ij)eS-, ieH'm; jêc ‘KJmP£;jeP6

£  f c “  - ช ุ่; » ) ร  I
le M fl<m.เ^,!, ze Z ;m e M :;(ij)eB: ieH '^-,jeP"

Y.(k ; / - K ; / ) <  1
leN j l<,ท 
iePj,

(2 .4 7 )

(2 .4 8 )

(2 .4 9 )

(2 .5 0 )

(4 .5 1 )

(4 .5 2 )
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~ ะ, H
9  ijm

VI

r j  ะ.H  
9  ijm < K zhijm ' พ ; ท !

~  ะ,H
A  i  jm <  K :kijm ' พ ; ท!

~ ะ, H  
*7 ijm >0

9 (in ร  c

9 , j n

yVI พ ; ท '

< K zCv ijท พ ; ท '

7,/„( >0

•\

y z e Z , m e M :;( i j )eB\  i e H 2m; j e P £

J

\

 ̂ z e Z  ; n e M z ; (<1/ ) e  y e C *  ; / e / ^

(4 .5 3 )

(4 .5 4 )

(4 .5 5 )

(4 .5 6 )

(4 .5 7 )

(4 .5 8 )

(4 .5 9 )

(4 .6 0 )

M a in  c o n s tr a in t s  fo r  th e  h e a t  t r a n s f e r  c o n s i s te n c y  a re  th e  e q u a t io n  
( 2 .4 7 )  to  ( 2 .4 9 ) .  A l l  th e s e  c o n s tr a in t s  s h o w  th a t  w h a te v e r  c a lc u la t e d  f ro m  h o t  o r  c o ld  
s t r e a m , th e  h e a t  lo a d  o f  h e a t  e x c h a n g e r  a ls o  b e  th e  s a m e . In  a d d i t io n ,  in  c a s e  w h e re  

th e r e  is  th e  c o ld - e n d  in te r v a l ,  X ■111 jn = 0 , th e  e q u a t io n  ( 2 .4 7 )  a n d  (2 .4 8 )  b e c o m e  a n

e q u a l i ty  a s

leM ‘l<m
-  Z i p

leN'j l< ท
F o r  e x a m p le  in  F ig u r e  2 .6 ,  a t  in te r v a l  6  o f  h o t  s t r e a m  a n d  in te r v a l  5 

fo r  c o ld  s t r e a m , th e  c o n s t r a in t  ( 2 .4 7 )  a n d  ( 2 .4 8 )  w i l l  b e  s u m m a r y  to

~ ะ ,แ ■ 9y4 +M? +v!jf + <j*jf + 7^4 +  ê!js q,jf

A n d  th e  h e a t  e x c h a n g e r  d o e s  n o t  s ta r t  a t  in te r v a l  5 o f  c o ld  s tr e a m , so  

th e  v a lu e  o f  q j f  is  z e ro . T h is  le a d  th e  e q u a t io n  b e c o m e

QใÀ  +<7/y4 +QÎ/s +QÎj6 — Îÿ6 = e]ij2 + Qïj3 +ÇÎj4 + ?(}ร่
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T h e  n e x t  c o n s tr a in t ,  ( 2 .5 0 ) ,  is  p r o d u c e d  to  m a k e  s u r e  th a t  th e re  is 
f e a s ib le  t e m p e r a tu r e  d i f f e r e n c e  b e tw e e n  h o t  a n d  c o ld  s t r e a m  a t  th e  c o ld - e n d ,  th a t  is  
th e  h o t  s t r e a m  te m p e r a tu r e  is  fo rc e d  to  b e  h ig h e r  th a n  th e  c o ld  s t r e a m  te m p e ra tu re  a t 
th e  c o ld - e n d  o f  th e  h e a t  e x c h a n g e r .  F ig u r e  2 .7  w i l l  s h o w  m o r e  c le a r  in  d e s c r ip t io n . 
F o l lo w in g  c o n s t r a in t s ,  ( 2 .5 1 ) - ( 2 .5 2 ) ,  a r e  u s e d  to  d e s c r ib e  th a t  a  n e w  e x c h a n g e r  c a n  
o n ly  s ta r t ,  in  th e  s a m e  in te rv a l  w i th  th e  f ir s t  o n e  s e q u e n t ia l ly ,  w h e n  th e  p re v io u s  
e x c h a n g e r  h a s  e n d e d . L a s t  s e ts  o f  c o n s tr a in t ,  ( 2 .5 3 )  to  ( 2 .6 0 ) ,  a re  u s e d  to  s p e c ify  th e  
v a lu e  o f  v a r ia b le  q . T h is  v a r ia b le  is  c r e a te d  to  b e  z e r o  fo r  a ll  in te r v a ls  e x c e p t  th e  

c o n n e c t io n  in te r v a l  b e tw e e n  tw o  e x c h a n g e r s  w h ic h  c o n t in u o u s  c o n s t r u c te d  in  s e r ie s , 
f i r s t  h e a t  e x c h a n g e r  e n d s  a n d  th e  s e c o n d  e x c h a n g e r  s ta r ts  in  th e  s a m e  in te rv a l .

1 j 2 3 4 1 5 1 6 1 7
________________ i____________1_____________ 1_____________________

8 9 10

1
1

i 1 i 
;

'  '  ]

*</i +*tf2 +*(/3 +*(,4 +*05 +*06 ^ __

T his e q u a t io n ,  to g e th e r  w ith  th e  o n e s
w ritte n  fo r  p re v io u s  in te rv a ls , en fo rc e
th e  c o n d i t io n  th a t i f  a  h e a t  e x c h a n g e r
fo r  m a tc h  ( ! j )  e n d s  a t  in te rv a l ท =  3
m  s t r e a m J  th e n  it m u s t a lso  en d  a t
in te rv a l s o m e  in te rv a l b e fo re  m  =  6
in s t r e a m  i I

L 1 1

i 1 2 3 4 5 6 7 8 9

Figure 2.7 I n te g e r  c u t  f o r  h e a t  e x c h a n g e r  e n d  w h e n  (ij) e B.

2 .4 .5  F lo w  R a te  C o n s is te n c y  W i th in  H e a t  E x c h a n g e r s
T h e  a s s u m p t io n  th a t  c o n s ta n t  f lo w  ra te  p a s s e d  th r o u g h  h e a t  e x c h a n g e r  

is  a p p l ie d  to  th e  M I L P  m o d e l .  T h e  n e x t  e q u a t io n  g r o u p  e x p r e s s e s  th e  c o n s is te n c y  o f  
f lo w  ra te  w i th in  a  h e a t  e x c h a n g e r .  In  F ig u r e  2 .8  d e p ic t s  a n  e x a m p le  o f  h e a t  
e x c h a n g e r  w h ic h  e x c h a n g e  h e a t  d u r in g  th e  in te r v a l  3 to  in te r v a l  8 o f  h o t  s tr e a m  i 
w ith  th e  c o ld  s t r e a m  j.  N e x t ,  n e w  w o rd  n e e d  to  b e  in t r o d u c e d ,  th e y  a re  c a l le d  
“ e x t r e m e  in t e r v a l s ”  w h ic h  a re  th e  in te r v a ls  3 a n d  8 f o r  th is  e x a m p le  w h ile
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“ e x c h a n g e r - in te r n a l  in te r v a ls ”  a re  r e f e r r e d  to  th e  r e t i r e d  in te r v a ls  w h ic h  a re  th e  
in te r v a l  4  to  7.

L e t e x p la in  m o r e  d e ta i l s  f o r  th is  e x a m p le  w h e re  a l lo w  o n ly  o n e  
e x c h a n g e r  f o r  m a tc h , ( / , / )  e B. F o r  th e  e x c h a n g e r - in te r n a l  in te r v a ls ,  in te r v a l  4  to  7 , 
th e  f lo w  ra te  c a n  b e  c o n s is te n t ly  e s ta b l i s h e d  a s  th e  r a t io  o f  th e  c u m u la t iv e  h e a t  
t r a n s f e r ,  th e  h e a t  c a p a c i ty  a n d  th e  in te r v a l  te m p e r a tu r e  d i f f e r e n c e .  In  c o n t r a s t ,  th is  
e q u a t io n  c a n  n o t b e  u s e d  fo r  th e  e x t r e m e  in te r v a ls  b e c a u s e  th e  re a l  t e m p e r a tu r e  
d i f f e r e n c e  b e tw e e n  u p p e r  a n d  lo w e r  b o u n d  o f  in te r v a l  a r e  n o t  th e  s a m e  a s  n o rm a l  
r a n g e ,  it  is  s m a lle r .  C o n s e q u e n t ly ,  f lo w  r a te  f o r  th e  in te r v a l  3 a n d  8 c a n  b e  s o lv e d  b y  
th e  in e q u a l i ty  c o n s t r a in t s  a s  m e n t io n  in  F ig u r e 2 .8 .

Q > ,„  - r *  ) a  ) C A „  ( 5 ’ - r i  )  ~  C K , . ,  Æ - r y ,  )

H eat exchanger spanning
m 1 2 3 4 1 5 1 6 1 7 ร 9

'2JÎ
Cpim e g  - T t  )  =  CPim_, 1- T ^  )

F i g u r e  2 .8  F lo w  r a te  c o n s is te n c y  e q u a t io n s .

T h e  e q u a t io n s  u s e d  fo r  c la s s i fy  w h ic h  in te r v a l  is  e x c h a n g e r - in te r n a l s  
o r  e x t r e m e  in te r v a ls  a r e  in t r o d u c e d  c o u p le  w i th  th e  v a r ia b le  a .  A c tu a l ly ,  it  is  d e f in e d  
a s  c o n t in u o u s  b u t  th e  f o l lo w in g  c o n s t r a in t s  e n f o r c e s  i t  to  b e  o n e  w h e n  th e  in te r v a l  is  
e x c h a n g e r - in te r n a l  a n d  z e r o  f o r  a ll  o th e r s .  ,

D e f in i t i o n  o f  e x c h a n g e r - in te r n a l  in te r v a ls  f o r  h o t  s t r e a m s

ai/m ï  1 - K ^
r/z'H <\—Y z'H — Yz'H ** ijm — 1 — ̂  i jm ~  ^  ijm - 1 ►  Z G z  ; m e  M z ; i e  H zm ก H zm_1 ; j e p ” ก ; i e S "  , j e C z

Z,H > y2.H _  ISZ.H _  JSZ.H _  j> Z.H _  f>z.H
ijm — * ijm Ijm ijm - 1 ijm ^ i j m -1

(2 .6 1 )

(2 .6 2 )
( 2 .6 3 )

y (2 .64)
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A t e x c h a n g e r - in te r n a l  in te r v a l ,  th e r e  is  n o  e x c h a n g e r  b e g in s  o r  e n d s , 

so  K*'" , , k y f  , ^ ,;’m" 1 a re  a ll z e ro  a n d  ¥1-f  = 1 . T h e  c o n s t r a in t  ( 2 .6 3 )  g iv e s

th e  v a lu e  o f  ๔11̂  to  b e  o n e . O n  th e  o th e r  h a n d ,  f o r  th e  e x t r e m e  in te r v a ls ,  a t  le a s t  o n e

o f  K l > K y f-i, Kÿ? . w ill b e  e q u a l  to  o n e  o r  ¥ ^  = 0 . S o , ๔ *  w ill

b e c o m e  to  z e ro .
H o w e v e r ,  th e re  is  a n o th e r  c o n d i t io n ,  w h ic h  e f f e c t  to  th e s e  c o n s tr a in t  

e q u a t io n s .  W h e n  s p l i t t in g  s t r e a m  f lo w  ra te  is  a l lo w e d ,  th e  f lo w  r a te  c o n s is te n c y  
e q u a t io n  w i l l  b e

F lo w  r a te  c o n s i s te n c y  f o r  h o t  s tr e a m s  in  e x c h a n g e r - in te r n a l  i n t e r v a l s - / e  ร H , ( i j ) <£B

-------- î i nl --------< ----------- l t d _______+ (  I _ a  ะ.* ).F
CPim ๔ท, -  Tท, ) CPim- 1 (๔-\ - ๔-ไ )

z e Z ; m e M ! \ i e H :mP\H:m_{ 
}  i eSH;jeC*

๔ "--------— -̂------- > --------- ปี!๔ !___7_____ ( 1 - a ; : "  ). F,CPim(Tm ~Trn) ~Tm_\ )

(2 .6 5 )

(2.66)

F lo w  r a te  c o n s i s te n c y  fo r  h o t  s tr e a m s  in  e x t r e m e  in te r v a ls  - ie  ร H , ( i j ) iB
๔ "' ^  ๔ "’- '_______________ { \ + k : H ~ k z-h  ) F1-,,, ( 7,บ 7, 1. \  ท „  ( 7.!/ 7, L ร V1' r A />i-l "r A ÿw n-i jm - \)r iCPin, (๔ - ๔ )  c p,ท , - \ ( ๔ - \ - ๔ ๔

Cp,ท ,( ๔ ' - ๔ ) ~Cp,m_1 ( ๔ ๔ ๔ ร ^ + K',ml +K 'lm ~ K'Jm - ^

ทT ijm -1

z e Z ;m e M 2
^//: ก//:-,

j e  PÜ, ก / , "., 

i e S " : j e C ‘ X i , j ) e B

(2 .6 7 )

(2 .68)

• F o r  th e  e x c h a n g e r - in te r n a l  in te r v a l ,  a = l ,  th a t  is  th e  la s t  te r m  in  th e
r ig h t  h a n d  s id e  o f  b o th  c o n s tr a in ts ,  ( 2 .6 5 )  a n d  ( 2 .6 6 ) ,  a r e  c a n c e le d  o u t  a n d  th e  
c o n s t r a in t s  p e r f o r m  a s  e q u a l i ty .  In  c o n tr a s t ,  c o n s t r a in t  ( 2 .6 7 )  a n d  ( 2 .6 8 )  a r e  d e f in e d  
f o r  th e  e x t r e m e  in te r v a ls .  C o n s tr a in t  (2 .6 7 )  is  r e f e r r e d  to  th e  b e g in n in g  o f  h e a t  
e x c h a n g e r  a n d  th e  e n d  o f  e x c h a n g e r  is  e x p r e s s e d  in  c o n s t r a in t  ( 2 .6 8 ) .  C o n s id e r  
( 2 .6 7 ) ,  a t  th e  e n d  o f  e x c h a n g e r ,  th e  la s t  te r m  in  th e  r ig h t  h a n d  s id e  is  d e le te d .  T h e  
la s t  te r m  in  ( 2 .6 8 )  c a n  a ls o  b e  e r a s e d  w h e n e v e r  th e r e  is  a  s ta r t in g  o f  e x c h a n g e r .
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However, the effect of stream splitting also needs to be concerned. 
The possibility of appearing two different heat exchangers in the same interval is 
used to construct the constraints for stream splitting.

Flow rate consistency for hot streams in extreme intervals - ie ร " , (ij) e D
t e " t e l

C p im_ . ( t e l -

ท 2'H ~ ะ.//
y  บm ^ y  ijm-1_____ Qjm______ > _______9 ijm-I_________ (2 + k z H -  K : H -  Y2" V F/-* /ๆ -*u T L \  / - I  i ’T 'V  'T'L \  '  ijtn- 1 ijm—I /  /Cpim \Tm — t e  )  Cp 1 m_ 1 {T1 1  —  te_| )

ท:H — ท2'H ท2'H* 0m___ Q  ijm <̂ _______ า  ijm-1_________ (  2 TSZ,H    K Z' ^    y : M  I /7/-T /ๆท(/ ๆท/. \  v-1 f 'T 'U  T’i  \  \ y/w-1 ijm ijm J  //  p : m  (  m ~  ‘ n, ) C P i m -1 ( fn - l  — ‘  m 1 ) -

z sZ ; m e M 2 

■ eH2mf) H 2m_1 
yejp iก/>£1 
i e S H ; j e C z;(i , j )eB

(2.69)

(2.70)

(2.71)

When a heat exchanger starts at interval ra-1, the constraint (2.69) is 
applied while the constraint (2.70) is used to identify when another heat exchanger 
between the same pair of hot and cold stream that ends at the interval m-1. 
Constraint (2.71) expresses at the end of a heat exchanger which the possibility of 
having two heat exchangers that start at the same interval is concerned. All 
constraints, (2.67) to (2.71), can be simplified for the case that stream split is not 
allowed because the flow rate for exchanger-internal intervals is equal to the actual 
flow rate.

Flow rate consistency for hot streams - i<£S H
-  i j -  AH ■1̂ z e Z ; m e  M2 ; i e  //;_ , ก //l  ก  / / ; +, ,• /■ « ร" 

a, j) t  B; j  e c 2 ; j  6 p£_1 ก  /ใ" ก  / >1,
(2.72)»

) At e "  ไ z e  Z  ; m e  M2; i e H 2m_ 1 ก / / , ; ก / / ' +1 ; i e S H 
j  e C 2 ; j  e  t e ,  ก /ใ." ก  t e l

(2.73)

iï;" ระ t e "  + te "  + te "  -  2)- Ate " (2.74)

In case that only one exchanger is permitted, expressed in constraint 
(2.72), the heat flow is equivalent to the amount of enthalpy change for any internal 
interval. However, for the multiple exchangers, the variables Y is probably higher
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than one. Therefore, two following constraint, (2.73) and (2.74), are set to satisfy the 
concept of equivalent between heat flow and enthalpy change.

Consequently, flow rate consistency constraints for cold streams are
shown below.

Definition of exchanger-internal intervals for cold streams j e  s
« ÿ » ' < \ - K :'( -บ่ท

1/n ijn

a ii'n IV kไ' £บ่ ,, //// 1

<xfj? >0

► z e Z , n e M ! - j e C ‘ r \C‘_1, J e S c j e H ! J e P lrtr \ P ^

(2.75)
(2.76)
(2.77)
(2.78)

Flow rate consistency for cold streams in exchanger-internal intervals-/ G ร c ,(ij) &B

C pjn( 7 - T j ) ~ C p j„ _ 1 ( ร - T / l , ) ^ 1 ~ a 'Jn ^ Fj \  

Cp 11, {t ]  -T „ ' j~  Cp y„_1 ) ̂ 1 ~ a 'Jn ^  Fj

zeZ \neMz ; j& sc 
jeC Knci_t ;ieH*\ /<=/£ก / 1

(2.79)

(2.80)

Flow rate consistency for cold streams in extreme intervals - j e  ร c ,{ij) ?B
Q'l"_______ ^ ________( 1 , j>z.c ZJc _  K  ะ.!c ) p  ไ

CPi„(T„ -T„ ) Cpj„(T„ -/„ ) >

-----TIT----7~------- --------T—+(l + A^-i + ^ '  -K 'f  )-FtCp 11,(T j-T j) Cpin.jT ln’_x-Tnj )  u"' u"
z e Z ; r t e M !  ; ( i , j ) e B

jes^ jec-nc i, 
ieHz ; ie/£rw£ 1

(2.81)

(2.82)

Flow rate consistency for cold streams in extreme intervals - j e S c ,(ij) e 5 
<7,̂ 1

------ §7— r  £ -------S r — 7— ( 1+ 1 + -  K ;-jt )• F j)Cpjniï -Tn ) Cpj^çfc -Tj_t) v ,Jn J \

______ ^’j"_______ > ________ Qijn-\__________ f 9  4- j j z'C — K :'<~ -  YZ’C V F/"'T / 'W / rpL \  /nril rpL \  V บ่ท ijn-\ บ่ท- 1 /  jCpjn(Tn -T ‘ ) Cpjn_jr^ - T j j

(2.83)

zeZ;neM: ■ ,(i,j)eB'■ ■ทr ะ (2.84)yeS ;yeC;กC;_, v '
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zeZ,neM:
jesr-jec-nc-.1 
,■6//-';;•6^  ก^.,

(2.85)

Flow rate consistency for cold streams - j g ร 1
q; '̂ > ( r , 1- 2\  AH:lnc 

> f e r  - K £ - k g \  AH*f 

q i ï '  ระ fe l l  + + *££| -  2)-

z e  Z ; ne M: ; j e C :n_ I ก C; ก C;+| 1/«.ร'
* €//-';/■  6 /^ . ,  ก /» ; ก /^ ; ,

;
z e Z ; ne M: ; j e C"’_| ne,; n e T i 1' ; g .ร’, 

( i j ) e B ; i e H > ; i e P ^  ก /£ ก /£ +1

(2.86)

(2.87)

(2.88)

2.4.6 Temperature Difference Enforcing
This part is necessary to generate in order to assure the heat transfer 

feasible. Firstly, Figure 2.9, constraint (2.89) and (2.90) introduce the temperature 
difference of extreme interval for the condition that there are no splits are allowed. 
Additionally, constraint (2.91) to (2.96) further explain in case where stream splits 
are allowed.

Figure 2.9 Temperature difference assurance when splits are not allowed.

Temperature feasibility constraints - jg ร H ,j<£ ร 1
\~Z,H * z . crp L +  y  ijm >t ‘- + q,jn [ 2 - K ; F ) 7 น zeZ;mne\f ; Pn<fJ ; fj >Pm

m F ,C p ,m
*z,แ

F jc p jn
a z,c

y ' ร ^ ; / 6,Ç ;;£ S ^ y e ^ ;;e /£ ;y e /£

rpU Vijm ■ ŷt/ Q ijn (2 - k ; F ) ■ T1'F ,C p im ” F j C p j , >

(2.89)

(2.90)
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Figure 2.10 Temperature difference assurance when splits are allowed.

Temperature feasibility constraints - ie S  H , j e S  c ,(ij)
ไร'2,c  ^  o ไร'2,H  ไร'2,cK ,jn S Z ~ K ijm ~ K ,jn

9'i/n ^  Q'jml Pj» 1 ( 2—K:H -  KzC\■ -̂ —^—
' ท บ   ' ท L  ' ท น  rpl, ^1 V ijfn ijn / rw ~u r r iL
L m ท £ ท+\ ~ 1 ท+\ u P jm \ 1 m ~ 1 ท

M Ï W x V t  0)1,

■ \
Z e Z ;m,ne M 1 ; i e S H

j  eSc-X <1ะ X  > T Lm 
yieH‘r\H^;jeC!„nC^.
< ie% r\p£.,ijeiz ก ^ ,

A/T'w,
^ /  'ทL*nM nn\

(2.91)

(2.92)

(2.93)

< 2- k ÿ - K ÿ

jg” < ffi/m-l Cpim / 2 _ Jp-Z.w _ £z.c ) ^ c>
rท บ   'ท  L  0-1 (/   r p L  ^ ■ ' เ ' ÿm ÿ n  / 'ท บ  r p L
1 m ~  1 ท l m-\ ~  1 ท,-\ ^ Pim-\ 1 m ~  1 n

f j  C p l  + ( 2 - * ^ - * ฟ ้

Z e Z ,m,ne M: ,ieSH 
i  e S c-,TnL < £ '  X  > T t

l 'é / / ;กพ่« 1.- 7ec; ก cl,: 
/ ' 6 1; ; ^ : ก^ ,

' พ /  'ทL
1ท-\ ~ 1 ท-\

(2.94)

(2.95)

(2 .9 6 )
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All these next constraints are performed only for overlapping pairs of 
intervals where T 1]' <T 1]1' and T 1]' >T 1]' which m and ท are the overlapping intervals 
of hot and cold stream at the hot end of heat exchanger. Constraint (2.91) is 
generated to guarantee that the cold end of the cold stream of heat exchanger will not 
be located at the same interval with the hot end. Feasible heat transfer forces the 
constraint (2.92) in valid. That is the hot end temperature for the cold stream is less 
than the hot stream. Moreover, constraint (2.93) stated that the hot end temperature 
of the hot stream equal to Min {T 1]/ ;T 1]'} as illustrated in Figure 2.11. Finally, the 
constraints for the case of multiple heat exchangers are presented next.

m น ่  2 ! 3 1 4 \ 6 I
! ะ ; 1 ï y i i i I X.
! I l l

M i n t f ;  7f}=7f

ท
Figure 2.11 Temperature difference assurance at the hot end of an exchanger - 
i e S H, j e S c ,0V') <tB.

Temperature feasibility constraints ie S  H ,je  ร c J i j ) eB

z,c ร' 1 1 \r z,c J/' ะ,H TS- z,cA  , 1. '  I T /  1. — A  , 1. '  — A  11’Ijn Ijn Ijm Ijn
c f j  q 2f . C p  / AH2'  z s  z ; m,n€ M' ; i e ร" ;'iijn  ^  Yi/mi >  1 ( 1 I y r C  ISZ.H irz,c\ ]" ’ 7

jO  _ -pi. ~  pH _ p l .  ijn Arym •'ร/ุท ) ' jU  _ p L  \ j  6 ร '' ; r j  < T'J ; T'J > T‘m
m n m-1 n+1 Pjm\ m ท /  , e / / ' ก / / ' 4, ; y e  c ;  ก c„tl

~ z.c  -Z.C , r r z .c  i 6 r i ก / £ ”1; j  6 p,: ก ^ L
“ ijn ^  “ ijm-1 Jrjn

't JJ __nrL  ' พ /  ___rpL S~1
1 m ~ 1 ท 1 n+\ ~ 1 n+\ ^ P j n +1

ŷnfl Cpjn 1/ J t  _ c  'V บ่m บ่'ท ) rrJJ rpL

“ r " „ Q ,  “ , '  ^  *'
A/ / z , w/OT + 1

(2.97)

(2.98)

(2.99)

m+1 L m+1
(2 . 100)
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K i ï  <1 + Y ÿ - k ÿ - K g
■ ะ .H  ะ , / /  ■ ะ .H  P  .  T T  Z, H
l i jm  ~ Ch jm  <  H ijm -1 l P im  I  2 _  ไ (ะ .แ  V z C \'^/ _ rpL 2^ __2  ̂ £r \ ÿm / 2^ _J1/-m ท m-1 m—1 t'im—I m ท

ï :-M a f c i ï f  โ ^-โ ^  < £  ~^2~K̂  " ^ '

ze  Z;m,ท6 M’ ; /e  5" ;
y y 6 ร๙; T.L< ■ ท'-X >^
'  »€//;ก//:.1;>6c;กc;., 

'£ ^  ก/;-1; y e/£ ก/,".,

(2.101)

(2.102)

(2.103)

2.4.7 Heat Exchanger Area Calculation
The area of heat exchanger can be determined by considering the heat 

transfer of any stream match.

Heat transfer area for one heat exchanger is permitted
_ ^  ^  Qm Jniftim hJn )

meA/,1 n̂ N‘:T̂ <T̂ mw //w jn
z e Z; i e H ! ; j  e C 1 ; ( i,j) ร p (2.104)

For multiple heat exchangers between streams i and y are allowed, 
each exchanger area can be formulated by this following constraints.

Heat transfer area for multiple heat exchangers

* * * 1 1IsM; neN) ,/ ̂ /ท jSji-i

j<
< L-K-h]n

4 ^ 1 1leMf neN*
I <m jV. ̂ jU

;<
z C - h r K

- ร 4 * + 4 น 2 - ^ - ^ )  A (2.105)

(/4’* ะะ 4 - I 4
z  * ■ < #  ==̂1 leMf :l<m

z e Z ; m s M ! ( 2 .1 0 6 )  •
i e H !m; j e C '

}  JeP£;(iJ)eB

(2.107)

(2.108)
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I  e  Z  ; m e  M : 
i e HI ; j  e  c z 

> j e £ : ( i j ) e B  
* = 1...

(2.109)

(2.110)

The m a x i m u m  number of heat exchangers allowed per match, k ,

required for area calculation. The heat exchanger area of the A:-th heat exchanger is 
calculated by subtracting the area of the former exchangers, k - 1, from the total
accumulated area until the end of the £-th exchanger. The binary variables, Xy* ,
are used to specify which exchanger is present at a certain temperature interval. 
Obviously, all constraints (2.105) to (2.110) are constructed for hot stream intervals 
only because hot and cold stream intervals can generate the same heat exchanger 
area.

2.4.8 Number of Shells
The variable บ * is used to define as the number of shells.

Maximum Shell Area

2.4.9 Objective Function
The objective function of the MILP model is to minimize the 

annualized total cost, this is composed of the operating and capital cost. The simply 
assumption of linear relation is used to approximate the total cost. The equation 
applied to calculate the objective value is indicated below. The first term represents 
the cost of hot utility, the second referred to cooling utility cost, followed by the 
fixed cost for heat exchanger and end up with the area cost.

z e  Z ;  i  e  H ! ; j  e  c z ; ( i , j )  e  P ; ( i , j )  £  B (2 . 111)

A 2, j k ^  A *maxU*'k z e Z ;  i e H ! ; j e C ! ; ( i , j ) e P (2.112)
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M in  Cost = Y  z  I  c!1 F ," AT, +X z  T cj K ATi
7 le- u r  t: . พ ’ ะ 7 Ir-m I: Ie-U:z ieHU: jec : 

('J)er
z jeC.W’ ieH: (i.jHP

z z  z (fM + cM )
r . ' r W :  พ ’ *z ieH : jeC (i.j)eP (ij)eli (2.113)

z z z z ;(#>**+ < 4 ‘)
ะ ieH ‘ jeC :(Î.)HP -H ijh »

2.5 M odel fo r R etrofit H eat E xchanger N etw ork

Not only designing an optimal heat exchanger network, but the problem of 
heat exchanger network analysis is also play attention in the retrofit part. The MILP 
model is extended by adding some constraints for being the retrofit configuration. 
An Existing heat exchanger network is necessarily identified into the model, the 
location of the presented exchanger units are needed to introduce. A certain 
reconstruction and financial investment of adding new exchangers or area expanding 
in an existing process can considerably reduce the total cost of the existing plant. 
These options are targeted to decrease the total cost by enhancing the heat integration 
among process streams.

2.5.1 Area Additions for Existing and New Heat Exchanger Units
The number of heat exchanger unit in each match is considering for 

the additional area. Firstly, for the case where only one heat exchanger unit is 
allowed per matching, (ij)<£ B, both possibility of adding the exchanger area in the 
same shell and a new one are proposed. However, when (Jj) e B, there are more 
than one exchanger exists in the same pair of hot and cold stream matching, the area 
expansion possibility can be generated by adding area to the existing exchangers and 
also set up the new units. The following set of constraints is used to identify when a 
heat exchanger unit is equipped with the existing network.

SXLV&Vo 0
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Area addition to the existing heat exchangers -  (ij) g B 
A : < A f + A A f + A f  ไ

AA] < A A :"i j  i j  max

■ (พ,-บ;)
y zeZ; ieH1 ;jeC‘ ,(i,j)&p\(i,j)tB\U’a'Z\

บ'- < บ:,i j  i j  max J

(2.114)
(2.115)
(2.116) 
(2.117)

The area of exchanger per match (ij) which presented only one 
exchanger should not over a summation of the existing area ( A f  ), the area added to
the existing shells ( AA*" ) and the area placed into the new shells ( A *s ). The
extended area into the existing shells and number of new shell need to be assigned as 
maximum. Additionally, a new shell is counted whenever the area is increased that 
shown in constraint (2.116). However, another set of equations is presented for the 
case in which there is no exchanger unit settled between a pair of hot and cold 
process streams.

Area required for new matches -  (i j)  g B
Au ^ Ai/L ■ บน็ zeZ; ieH‘ ;jeC2 ;(i,j)eP ;0J)eB ;บ:/0=0 (2.118)
บน ~บน max zeZ; ieH: ;jeCz ;(i,j)eP ;(i,j)eB ;Uy°=0 (2.119)

On the other hand, when there is more than one exchanger unit 
presented in the same pair of streams, (ij)e B , the position and order of each unit is 
necessary to record. A variable รM is used to identify the exchanger location, an 
example is shown in Figure 2.12. For example, variable <5,3=1 indicate that the 
exchanger presented in the first location in the original network and it has been 
equipped in the third position in the retrofitted design network. Definition of 
variable ร 1111 is defined below
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Jl If the /2-ih original heat exchanger is placed in the £-th position in the retrofitted netwoi
hk "jo  Otherwise

Before Retrofit
I 2 3

1
4

a

5
"A

6
1 _ / K _

8
1

9 10

v ] J 1

------- >
H e a t  E x c h a n g e r  C o u n tin g

After Retrofit

Figure 2.12 Area computation when (i,j)eB.

The area of the £-th existing exchanger between streams i and j  after 
retrofit should smaller or equal to the combination of original area of h-th exchanger

A *1'’' S*M ), the area added to the existing shells (AAy*") and the area for new
h= 1

shells ( A*'*' ). Whenever an existing /7-th exchanger unit is analyzed to relocate into
* t£-th position, £̂ 1ร-JM  = 1, there is no new heat exchanger unit for the retrofit network, /»=!
therefore the retrofit exchanger area will be the original area combine with the 
addition area. On the contrary, original area term in constraint (2.121) for retrofit
match will be canceled where as the new heat exchanger unit is placed, '£1SyM -  0.h=1 ,J
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Area addition to existing and new heat exchangers when (i,j)eB
A ; ' < i A f s r +A A f +A;‘ '

h= 1

p : ; M £1

‘g A “ £ i

 ̂ z e Z ;  ie H : ; jeC~ :(i,j)e p ,(i,j)e B-,\<k<km

eZ; i e H ! ; j e C ' -,(i,j)eP ;(i,j)eB ;\<h<k r

1̂11,1 \
I  z * r = * . z e Z ;  ie H ! ; j e C z ;(i,j)eP;(i,j)eB

(2.120)

(2.121)

(2. 122)

(2.123)

(2.124)

(2.125)

In addition, the number of new heat exchanger unit placed into the 
existing network would be specified as the following constraint.

ร  1ร  Z (2.126)
0 .% p

2.5.2 Objective Function
In retrofit situation, the exchanger investment cost-functions are 

different from the grassroot design. The objective function for the retrofit heat 
exchanger network structure also subjects to minimize the total annualized cost but 
the retrofit programming model has complicated functions for the area cost. Not 
only count for the number of exchanger unit, but there are also the existing units 
which need to optimize for area addition or new able place an exchanger. Therefore, 
the exchanger area for the retrofit target is consisted of area addition to the initial 
structure and the new exchanger area. All other terms, the hot and cold utility cost, 
seem to be the same as the grassroot design model. However, fixed charge for the 
exchanger unit is need to count as the increasing number of unit which correspond to
minus the number of exchanger unit, U-j, with the initial unit, บ*".
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Min Cost= x  X X  c>! F,HM  1 + X X X A7) + X X  X
z ieH U 2 je C 2 2 je C li2 ie H 2 z ie H 2 jeC 2

( i j ) e r ( i j ) e r

+ Z I  E i f f M f + c fA f ) + Y . l  £  ‘ร''{ c f A A f  + c f A f )
z ie H ’ je C 1 z i e H ' j e ( "  k -\O.JHPi ' .A t l l ii.j)eB

(2.127)

2.6 A dditional Topics in H eat E xchanger N etw orks R etrofit

2.6.1 Limitation of Repiping
The restriction of changing the exchanger unit is needed to identify. 

When settling two exchangers in series, an exchanger must be settled after the former 
unit ends.

I  K f f * I zeZ-,meM2 ; i e / / ' ; ( i 1/;)6 /, ;(/Iÿ2)e />;O W 2)e©1. (2.128)leM' leM'l<m 1 <111her" Mel’!'

2.6.2 Relocation of Existing Heat Exchangers
Generally, in the proposed MILP model, wherever an existing 

exchanger addressed between matching of hot stream i and cold stream j ,  it also be 
equipped in the same pair of hot and cold stream for the retrofitted structure. 
However, relocation the existing exchanger unit from the original match (y ) to the 
different match (/' ’j  ’) of hot and cold stream would be needed to consider.

Relocation possibility can be calculated by the binary variables, such 
as 1000 binary variables are used to define the possible relocations for the network 
composed of 10 hot, 10 cold streams and 10 original heat exchanger units. A very 
large number of integers will effect to the model performance. Thus, this algorithm 
is considered the exchanger relocation for the case where highly reducing cost 
occurs. So, the designer should define which exchanger is relocated and the 
following constraints are used to figure out the exchanger area after repositioning.
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Area requirement for existing, relocated and new heat exchangers -  (ij) <£ B
4,y ^A; +AA/ +4,y
A f= Z A k ร ;k 
A4--" < zรA ^ ; - k

บ;J-บน ■ เ^’*4/ ^4,;max

£ ^ '* - 1

reZ; je//-' ;jeCJ ;(i,j)eP;(i,j)eB

(2.129)
(2.130)
(2.131)
(2.132)
(2.133)
(2.134)

Where >4* is the area of original exchanger that has been relocated to
the new match (i ’j  ’). Whenever the original £-th exchanger is utilized to serve in a

Knew match, is equal to one, and then relocation constraint (2.130) forces that
k=1

the existing exchanger area at the new match (/ ’j  ’), Ay , also equals to the unit area 
of the original match, Ak . Maximum area addition for the existing unit which 
served to relocate is also required.

Area requirement for existing, relocated and new heat exchangers -  (ij) e B
A:;k <A;/' + M v’*° +A;,y
A f  = YAh ร;M 

A A f  < ZAA^S;-hk

เ ^ ^ !

z e Z; ie Hz ; j  e cz ; (j,y) e p ; (iJ) 6 B ; 15 k <. km

(2.135)
(2.136)
(2.137)

(2.138)
(2.139)
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For the exchanger relocation, the objective function would be
Min Cost= I I  I c f F ^ + I S  I  ĉ Fj 'ATj

- ะ*- U l  1 '  T ะ ^ / ' l l  z  ะ*- LI z
0.j)eP

+ I  I  Iz ietf * /e('r (<./•)«/’ (/.})««
+ 1 1  I

z ; e / / ; yeC* 
<0)60

U ï j - u f - h t

f  (  k k'. \
£'1; -

A

 ̂max /- i l* = 1

ไN Az* A 'j >

+ < 4 I - 1 ’  )/

(2.140)
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