
C h a p t e r  V I I I

Examples of Applications to Heat Exchanger Network Design

T h i s  c h a p t e r  c o n s i s t s  o f  s i x  e x a m p l e s  w h i c h  a r e  
s e l e c t e d  t o  i l l u s t r a t e  t h e  n e t w o r k  d e s i g n  p r o c e d u r e  a i d e d  
by t h e  d e v e l o p e d  s o f t w a r e .  The p r o c e d u r e  f o r  e c o n o m i c  
a n a l y s i s  o f  b o t h  new and r e t r o f i t  p r o c e s s e s  i s  i l l u s t r a t e d  
v i a  e x a m p l e s  ( 8 - 1 )  and  ( 8 - 5 ) .  The l o o p  b r e a k i n g  p r o c e d u r e  
i s  i l l u s t r a t e d  v i a  e x a m p l e s  ( 8 - 2 )  t o  ( 8 - 5 ) .  Example  ( 8 -
4) i s  an a p p l i c a t i o n  t o  t h e  t h r e s h o l d - t y p e  p r o b l e m ,  w h i l e  
e x a m p l e  ( 8 - 6 )  i l l u s t r a t e s  a c a s e  o f  r e s t r i c t e d  m a t c h i n g  
c o m p o s e d  o f  s e v e n  s t r e a m s .

E xa m p le  8 - 1

T h i s  e x a m p l e  c o n s i s t s  o f  two  h o t  s t r e a m s  and two  c o l d  
s t r e a m s ,  t h e  d a t a  o f  w h i c h  a r e  g i v e n  i n  T a b l e  8 - 1 .  The  
minimum a l l o w a b l e  t e m p e r a t u r e  d i f f e r e n c e  i s  20  ° F .

T a b l e  8 - 1 .  D a ta  f o r  e x a m p l e  8 - 1  [ s o u r c e  1 3 :  1 1 3 2 ] .

S t r e a m  n o . S t a r t i n g  tem p .  

( ° F )

T a r g e t  t e m p .  

(°F)

H e a t  c a p a c i t y  
f l o w r a t e  
( b . t . u . / h r . ° F )

HI 320 200 1 6 6 7 0
H2 480 280 2 0 0 0 0
Cl 140 320 1 4 4 5 0
C2 240 500 1 1 5 3 0
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N e t w o r k  d e s i g n  p r o c e d u r e

S t e p  1 .  E n t e r  n um b ers  o f  s t r e a m s .
NO. OF HOT STREAMS ? 2 
NO. OF COLD STREAMS? 2

S t e p  2 .  E n t e r  u n i t s  o f  t e m p e r a t u r e  and h e a t  l o a d .
UNIT OF TEMPERATURE ( ° ) ?  F 
UNIT OF HEAT LOAD ? b . t . u . / h r

S t e p  3 .  E n t e r  minimum a l l o w a b l e  t e m p e r a t u r e  d i f f e r e n c e .
MINIMUM ALLOWABLE TEMPERATURE DIFFERENCE ( ° F )  ? 20  

S t e p  4 .  E n t e r  h o t - s t r e a m  d a t a .

HOT STREAM STARTING TARGET HEAT CAPACITY
NO. TEMP. TEMP. FLOWRATE

( ° F ) (°F) ( b . t . น . / h r . °F)

1 320 2 0 0 1 6 6 7 0
2 480 280 2 0 0 0 0

S t e p  5 .  E n t e r c o l d - s t r e a m d a t a .

HOT STREAM STARTING TARGET HEAT CAPACITY
NO. TEMP. TEMP. FLOWRATE

(°F ) ( °F) ( b . t . u . / h r . °F)

1 140 320 1 4 4 5 0
2 240 500 1 1 5 3 0

S t e p  6 . E n t e r r e s t r i c t e d s t r e a m  p a i r s ( i f  a n y ) .
ARE THERE ANY RESTRICTED STREAM/STRSAM MATCHES
(Y /N ) ?  N o r  ENTER
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R e s u l t :

1 .  P r o b le m  t a b l e  a n a l y s i s

SUBNETWORK COLD STREAM DEFICIT ACCUMULATIVE HEAT FLOW 
TEMP. INTERVAL ( b . t . u .  OUTPUT

( °F) / h r ) ( b . t . u . / h r ) ( b . t . u . / h r )

500 4 6 1 2 0 0
1 4 6 1 2 0 0 - 4 6 1 2 0 0

460 0

2 - 1 1 8 5 8 0 0 7 2 4 6 0 0
320 1 1 8 5 8 0 0

3 1 1 9 6 0 0 6 0 5 0 0 0
300 1 0 6 6 2 0 0

4 - 4 2 7 6 0 0 1 0 3 2 6 0 0
260 1 4 9 3 8 0 0

5 1 8 6 2 0 0 8 4 6 4 0 0
240 1 3 0 7 6 0 0

6 - 1 3 3 2 0 0 9 7 9 6 0 0
1 80 1 4 4 0 8 0 0

7 5 7 8 0 0 0 4 0 1 6 0 0
140 8 6 2 8 0 0

2 .  P i n c h  l o c a t i o n  and  u t i l i t y  r e q u i r e m e n t s .
PINCH IS  LOCATED AT COLD STREAM TEMPERATURE ( ° ? ) = 460
MINIMUM HOT UTILITY (b . t . u . / h r )  = 4 6 1 2 0 0
MINIMUM COLD UTILITY (b . t . u . / h r )  = 8 6 2 8 0 0
3 .  C o m p o s i t e  c u r v e  ( a s shown i n  F i g u r e  8 - 1 ) .
4 .  A b o v e - t h e - p i n c h  d e s i g n .

Match  n o .  1 Hot u t i l i t y  r e q u i r e d  = 4 6 1 2 0 0
C o l d  s t r e a m  n o .  2 Th = 500  Tc = 460  CP = 1 1 5 3 0



5 5 0

500

4 5 0

4 0 0

3 5 0

300

250

200

150

100

5 0

1
Q H m i n

QCmin

U P P E R  ะ H O T  C O M P O S I T E  

L O W E R  :  C O L D  C O M P O S I T E

1
2 7

Q ( nib, t ,  น , / h r )

F i g u r e  8 - 1  C o m p o s i t e  c u r v e s  f o r  e x a m p l e  8 - 1

100



101

5 .  B e l o w - t h e - p i n c h  d e s i g n .
Match n o .  2 H e a t l o a d  = 2 5 3 6 6 0 0

Hot s t r e a m  n o . 2 Th = 480 Tc = 3 5 3 . 1 ’7 CP = 2 0 0 0 0

C o l d  s t r e a m  n o . 2 Th = 460 Tc = 2 40 CP = 1 1 5 3 0
Match n o .  3 H ea t l o a d  = 1 4 6 3 4 0 0

Hot s t r e a m  n o . 2 Th = 3 5 3 . 1 7 Tc = 280 CP = 2 0 0 0 0

C o l d  s t r e a m  n o . 1 Th = 320 Tc = 2 1 8 . 7 3 CP = 1 44 5 0
Match n o .  4 H eat l o a d  = 1 1 3 7 6 0 0

Hot s t r e a m  n o . 1 Th = 320 Tc = 2 5 1 . 7 6 CP = 1 6 6 7 0
C o l d  s t r e a m  n o . 1 Th = 2 1 8 . 7 3 Tc = 140 CP = 1 44 5 0

Match  n o .  5 c o l d u t i l i t y r e q u i r e d  = 8 6 2 8 0 0
Hot s t r e a m  n o .  1 Th = 2 5 1 . 7 6 Tc = 200 CP ระ 1 66 7 0
6 . G r id  r e p r e s e n t a t i o n  o f  t h e  d e s i g n e d  m a x im u m - e n e r g y -  
r e c o v e r y  ( M . E . R . )  n e t w o r k  i s  shown b e l o w .

HI

H2

Cl

C2

F i g u r e  8 - 2 .  G r id  r e p r e s e n t a t i o n  f o r  M .E .R .  n e t w o r k  o f  
e x a m p l e  8 - 1

A f t e r  t h e  i n i t i a l  M .E .R .  n e t w o r k  s t r u c t u r e  h a s  
b e e n  g e n e r a t e d ,  t h e  u s e r  m u s t  s e l e c t  o n e  o f  t h e  f o l l o w i n g
o p t i o n s  ะ
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A. SEARCH AND BREAK LOOP
B. MERGE HEAT LOAD FOR THE SELECTED PATH
c.  DRAW THE RESULTING NETWORK CONFIGURATION 
D. ECONOMIC ANALYSIS 
X. TERMINATE THE PROGRAM

The f u n c t i o n  o f  e a c h  o p t i o n  a r e  a s  f o l l o w s :
A. S e a r c h  and b r e a k  l o o p .  In  t h i s  o p t i o n  p r i n a r y  l o o p s  i n  

t h e  d e s i g n e d  n e t w o r k  i s  a u t o m a t i c a l l y  s e a r c h e d  f o r  and  
a t t e m p t s  a r e  made t o  b r e a k  them up t o  t h e  s e c o n d - l e v e l .

B.  Merge h e a t  l o a d  f o r  t h e  s e l e c t e d  p a t h .  T h i s  o p t i o n  i s
p r o v i d e d  f o r  i n t e r a c t i v e  l o o p  b r e a k i n g .  T h a t  i s ,  t h e  
u s e r  h a s  t o  i d e n t i f y  a l o o p  h i m s e l f  and e n t e r  t h e
number o f  e x c h a n g e r s  i n  t h e  l o o p  i n t e r a c t i v e l y .  
H o w e v e r ,  t h e  l o o p  b r e a k i n g  s t e p  i s  c o m p u t e r i z e d .

c.  Draw t h e  r e s u l t i n g  n e t w o r k  c o n f i g u r a t i o n .  T h i s  o p t i o n  
i s  u s e d  t o  d i s p l a y  t h e  g r i d  r e p r e s e n t i o n  o f  t h e  l a t e s t  
n e t w o r k  s t r u c t u r e .

D. E c o n o m ic  a n a l y s i s .  T h i s  o p t i o n  i s  u s e d  t o  c a r r y  o u t  
e c o n o m i c  e v a l u a t i o n  o f  t h e  n e t w o r k  s t r u c t u r e .

S i n c e  i t  i s  o b v i o u s  t h a t  e x a m p l e  8 - 1  h a s  no l o o p  
i n  t h e  d e s i g n e d  n e t w o r k ,  i t  i s  m e a n i n g l e s s  t o  s e l e c t  
o p t i o n  'A' o r  "B". Hence  we p r o c e e d  on t o  e c o n o m i c  
a n a l y s i s  t h r o u g h  t h e  f o l l o w i n g  p r o c e d u r e .

P r o c e d u r e  f o r  e c o n o m i c  a n a l y s i s  o f  new p r o c e s s

S t e p  1 .  S e l e c t  o p t i o n  "D"
ENTER YOUR SELECTION ? d
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S t e p  2 .  E n t e r  "ท" f o r  new p l a n t  c o n d i t i o n .
NEW OR RETROFIT PLANT ( N / R ) ? ท 

S t e p  3 .  E n t e r  t h e  f o l l o w i n g  d a t a
PRESENT HEAT EXCHANGER COST INDEX ? 350
WORKING LIFE OF HEAT EXCHANGER (YEARS) ? 1 0

INTEREST RATE (%) ? 10
UNIT: HEAT EXCHANGER AREA ? f t ~ 2

CURRENCY ( p r e s s  ENTER f o r  US$) ? ( e n t e r )
S t e p 4 . E n t e r  h o t u t i l i t y d a t a

H/E NO. HEAT T i n T o u t COST
LOAD

( b . t . u . PER UNIT TOTAL
/ h r ) (°F) (°F ) ( U S $ / b . t . u . y r ) (US$)

1 4 6 1 2 0 0 540 540 . 0 3 1 3 8 3 6

S t e p 5 . E n t e r  c o l d  u t i l i t y ' d a t a

H/E NO. HEAT T i n T o u t COST
LOAD

( b . t . u . PER UNIT TOTAL
/ h r ) { °F) ( °F) ( U S $ / b . t . u . y r ) (US$)

5 8 6 2 8 0 0 1 0 0 180 . 0 0 3 2 5 8 8 . 4

S t e p  6 . E n t e r  t h e  v a l u e  o f  t h e  o v e r a l l  h e a t  t r a n s f e r  
c o e f f i c i e n t ,  บ,  f o r  e a c h  u n i t .  The c u r s o r  w i l l  w a i t  f o r  
t h e  d a t a  i n  t h e  t h i r d  c o l u m n .  The r e q u i r e d  h e a t  t r a n s f e r  
a r e a  w i l l  be  c a l c u l a t e d  and shown i n  t h e  l a s t  c o l u m n .
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H/E STREAM บ THin THout TCin  TCout  REQUIRED
NO. PAIR ( B . t . u . /  AREA

h r . f t ~ 2 . ° F ) ( °F ) ( °F) ( ° F ) ( °F) ( f t ~ 2 )

1 H 0 - c 2 2 0 0 540 540 460 500 3 9 . 9 6
2 H 2 - c 2 150 480 3 5 3 . 1 7 240 460 3 1 4 . 5 7
3 H 2 -  c 1 150 3 5 3 . 17 280 2 1 8 . 73 320 2 1 3 . 0 4
4 H 1 -  c 1 150 320 2 5 1 . 7 6 140 2 1 8 . 7 3 7 1 . 2 6
5 H 1 -  c 0 150 2 5 1 . 76 2 0 0 1 0 0 180 6 7 . 5 9

R e s u l t  :

1 .  C o s t  o f  new h e a t  e x c h a n g e r s .

E x c h a n g e r  c o s t s  i n  1 95 9  w i l l  b e  c a l c u l a t e d  
a c c o r d i n g  t o  e q u a t i o n  ( 6 - 2 )  t o  ( 6 - 4 ) ,  t h e n  i t  w i l l  be  
c o n v e r t e d  t o  t h e  p r e s e n t  c o s t s  a c c o r d i n g  t o  e q u a t i o n  ( 6 - 1 ) .  
The r e s u l t s  a r e  shown b e l o w .

H/E NO. AREA
( f t ~ 2 )

COST IN 1 958  
(US$)

PRESENT COST 
(US$)

1 3 9 . 9 6 3 0 . 5 1 1 C 6 . 80
2 3 1 4 . 5 7 2 1 8 6 . 3 2 7 6 5 2 . 1 4
3 2 1 3 . 0 4 1 8 7 8 . 7 7 6 5 7 5 . 7 2
4 7 1 . 2 6 3 2 . 8 3 1 1 4 . 9 1
5 6 7 . 5 9 3 2 . 6 2 1 1 4 . 1 7

TOTAL 7 0 6 . 4 3 1 4 5 6 3 . 7 4
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2 .  A n n u a l  e x p e n d i t u r e s .

To e v a l u a t e  t h e  a n n u a l  e x p e n d i t u r e  o f  t h e  d e s i g n e d  
n e t w o r k ,  t h e  u s e r  w i l l  be  a s k e d  t o  p r o v i d e  i n s t a l l a t i o n  
c o s t ,  p i p i n g  c o s t  and c o n t i g e n c y .  T h e s e  d a t a  c a n  b e  i n p u t  
e i t h e r  a s  p e r c e n t a g e s  o f  t h e  t o t a l  h e a t  e x c h a n g e r  c o s t  o r  
a s  a b s o l u t e  a m o u n t s .  F i r s t  t h e  p ro g r a m  w i l l  a s k  f o r  d a t a  
i n  p e r c e n t s .  I f  z e r o  i s  e n t e r e d ,  i t  w i l l  t h e n  a s k  f o r  t h e  
a b s o l u t e  c o s t  o f  t h e  s p e c i f i c  i t e m .  I n  t h i s  e x a m p l e  s u c h  
c o s t s  a r e  a s s u m e d  t o  be  2 0 ,  20 and 5 p e r c e n t  o f  t h e  t o t a l  
h e a t  e x c h a n g e r  c o s t ,  r e s p e c t i v e l y .  The b r e a k d o w n  o f  c o s t s  
and c a l c u l a t i o n  r e s u l t s  a r e  shown b e l o w :

COST
DESCRIPTION _______________________________

% OF H/E COST TOTAL
(US$)

TOTAL HEAT EXCHANGER COST 1 4 5 6 3 . 7 4
INSTALLATION , RELOCATION COST 20  2 9 1 2 . 7 5
PIPING COST 20 2 9 1 2 . 7 5
OTHERS 5 7 2 8 . 1 9

TOTAL CAPITAL 2 1 1 1 7 . 4 3
WORKING LIFE OF HEAT EXCHANGER (YEARS) 10
INTEREST RATE (%) 10

ANNUALISED ะ CAPITAL 3 4 3 6 . 6 7
UTILITY 1 6 4 2 4 . 4 0

ANNUAL EXPENDITURE 1 9 8 6 1 . 1 7
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The p r e s e n t  s o l u t i o n  o f  e x a m p l e  8 - 1  p r o v i d e s  a 
n e t w o r k  c o n f i g u r a t i o n  w h i c h  a c h i e v e s  maximum e n e r g y  
r e c o v e r y  and a minimum number o f  u n i t s ,  w i t h  an a n n u a l  
c o s t  o f  1 9 8 6 1 . 1 7  u s $ .  I n  f a c t  t h e  d e s i g n e d  n e t w o r k  
s t r u c t u r e  i s  i d e n t i c a l  t o  t h e  optimum n e t w o r k  s t r u c t u r e  
a c h i e v e d  u s i n g  T r e e  S e a r c h i n g  A l g o r i t h m s  [ 1 3 :  1 1 8 2 ] .

E xa m ple  8 - 2
T h i s  e x a m p l e  c o n s i s t s  o f  two  h o t  s t r e a m s  and f o u r  c o l d  
s t r e a m s  t h e  d a t a  o f  w h i c h  a r e  g i v e n  i n  T a b l e  8 - 2 ,  and t h e  
minimum t e m p e r a t u r e  a p p r o a c h  i s  20  ° c .

T a b l e  8 - 2 .  D a t a  f o r  e x a m p l e  8 - 2  [ s o u r c e  3 0 :  5 77 ]

STREAM
NO.

STARTING
TEMP.
(°C)

TARGET
TEMP.
(°C)

HEAT CAPACITY 
FLOWRATE
( k w / ° c )

HI 120 95 8
H2 88 70 19
Cl 90 110 4
C2 65 85 8
C3 50 68 10
C4 50 76 1

N e t w o r k  d e s i g n  p r o c e d u r e

S t e p  1 .  E n t e r  n um bers  o f  s t r e a m s .  
NO. OF HOT STREAMS ? 2
NO. OF COLD STREAMS? 4
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S t e p  2 .  E n t e r  u n i t s  o f  t e m p e r a t u r e  and h e a t  l o a d .
UNIT OF TEMPERATURE ( 0 )?  Ç 
UNIT OF HEAT LOAD ? kw

S t e p  3 .  E n t e r  minimum a l l o w a b l e  t e m p e r a t u r e  d i f f e r e n c e .
MINIMUM ALLOWABLE TEMPERATURE DIFFERENCE (°c) ? 20 

S t e p  4 .  E n t e r  h o t - s t r e a m  d a t a .

HOT STREAM STARTING TARGET HEAT CAPACITY
NO. TEMP. TEMP. FLOWRATE

(°C) (°C) (kw/°c)

1 1 2 0 95 8

2 8 8 70 19

S t e p 5 .  E n t e r c o l d - s t r e a m d a t a .

COLD STREAM STARTING TARGET HEAT CAPACITY
NO. TEMP. TEMP. FLOWRATE

(°C) (°C) (kw/°c)

1 90 1 1 0 4
2 65 85 8

3 50 6 8 1 0

4 50 76 1

S t e p  6 . E n t e r  r e s t r i c t e d  s t r e a m  p a i r s  ( i f  a n y ) .
ARE THERE ANY RESTRICTED STREAM/STREAM MATCHES 
(Y /N ) ?  N o r  ENTER

R e s u l t  :

1 .  P r o b le m  t a b l e  a n a l y s i s
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SUBNETWORK
NO.

COLD STREAM 
TEMP. INTERVAL 

(°C)

DEFICIT

(kW)

ACCUMULATE
OUTPUT

(kW)

HEAT FLOW

(kW)

1 1 0 40
1 40 - 4 0

1 0 0 0

2 - 4 0 0

90 40
3 - 4 0 40

85 80
4 0 40

76 80
5 1 39

75 79
6 63 - 2 4

6 8 16
7 0 - 2 4

65 16
8 - 1 2 0 96

50 136

2 .  P i n c h p o i n t  and  u t i l i t y r e q u i r e m e n t s
PINCH IS LOCATED AT COLD STREAM TEMPERATURE ( ° c ) = 1 0 0

MINIMUM :HOT UTILITY (kW) ะ= 40
MINIMUM COLD UTILITY (kW) := 136
3 .  C o m p o s i t e c u r v e  ( a s  shown i n  F i g u r e  8 - 3 )
4 .  Above - t h e - p i n c h  d e s i g n .

MATCH NO. 1 HOT UTILITY = 40
COLD STREAM NO. 1 Th = 1 1 0 Tc = 100 CP = 4
5 .  B e l o w - t h e - p i n c h  d e s i g n
SPLIT HOT STREAM N O .2 TO STREAM N O .3 AND STREAM N O .4 
SPLIT TEMP. = 8 8  RECOMBINED TEMP. = 7 7 . 1 6
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F i g u r e  8 - 3  C o m p o s i t e  c u r v e s  f o r  e x a m p l e  8 - 2
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T S H ( 3 )  = 88 TTH{3 )  = 8 5 . 1 1 CPH (3 ) = 9
T S H ( 4 )  = 88 TTH( 4 )  = 70 CPH( 4 ) = 10

MATCH NO. 2 HEAT LOAD = 40
HOT STREAM NO. 1 Th = 1 2 0 Tc = 1 1 5 CP = 8
COLD STREAM NO. 1 Th = 1 0 0 Tc = 9 0 CP = 4

MATCH NO. . 3 HEAT LOAD = 1 5 2
HOT STREAM NO. 1 Th = 1 1 5 T c  = 96 CP = 8
COLD STREAM NO. 2 Th = 85 Tc = 66 CP = 8

MATCH NO. 4 HEAT LOAD = 8
HOT STREAM NO. 1 Th = 96 Tc = 9 5 CP = 8
COLD STREAM NO. 4 Th = 76 Tc = 68 CP = 1

MATCH NO. 5 HEAT LOAD = 1 8 0
HOT STREAM NO. 4 Th = 88 Tc = 7 0 CP = 1 0
COLD STREAM NO. 3 Th = 68 Tc = 50 CP = 10

MATCH NO. 6 HEAT LOAD = 18
HOT STREAM NO. 3 Th = 88 Tc = 86 CP = 9
COLD STREAM NO. 4 Th = 68 Tc = 50 CP = 1

MATCH NO. 7 HEAT LOAD = 8
HOT STREAM NO. 3 Th = 86 T c  = 8 5 . : 11 CP = 9
COLD STREAM NO. 2 Th = 66 Tc = 6 5 CP = 8

MATCH NO. 8 COLD UTILITY = 1 3 6
HOT STREAM NO. 2 Th = 7 7 . 16  Tc1 — 70 CP = 19
6 .  G r i d  r e p r e s e n t a t i o n  o f : M.E •R .  d e s i g n ( s h o w n  i n F i g u r e

8 - 4 ( a ) )
OPTION ะ

A .  SEARCH AND BREAK LOOP
B .  MERGE HEAT LOAD FOR THE SELECTED PATH
c. DRAW THE RESULTING NETWORK CONFIGURATION
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F i g u r e  8 - 4  G r i d  r e p r e s e n t a t i o n  f o r  M . E . R .  a n d  f i n a l  
n e t w o r k s  o f  e x a m p l e  8 - 2 .
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D. ECONOMIC ANALYSIS 
X. TERMINATE THE PROGRAM

S i n c e  t h e  t o t a l  number o f  e x c h a n g e r  u n i t s  i s  
g r e a t e r  t h a n  t h e  p r e d i c t e d  minimum o f  7 ,  t h e r e  m u s t  be  
some l o o p s  i n c o r p o r a t e d  i n  t h e  d e s i g n e d  M .E .R .  n e t w o r k .  
H en ce  t h e y  s h o u l d  be  s e a r c h e d  o u t  and b r o k e n  u p .  We n e x t  
a c c o m p l i s h  t h e  l o o p - s e a r c h i n g  and l o o p - b r e a k i n g  t a s k  
t h r o u g h  t h e  f o l l o w i n g  p r o c e d u r e .
S t e p  1 .  S e l e c t  o p t i o n  "A".

ENTER YOUR SELECTION ? a
S t e p  2 .  E n t e r  t h e  p e r m i s s i b l e  5Tmin v i o l a t i o n  r a n g e .

DO YOU ALLOW 5Tmin TO BE VIOLATED WITHIN A SPECIFIC
RANGE (Y /N )?  y
MAXIMUM VIOLATION ( ° c ) ?  2

I f  t h e  minimum a l l o w a b l e  t e m p e r a t u r e  d i f f e r e n c e ,  
5Tmin,  i s  v i o l a t e d  w i t h i n  t h e  s p e c i f i e d  v a l u e  ( 2 ° c  f o r  
t h i s  e x a m p l e ) , t h e  u s e r  w i l l  be  a s k e d  t o  d e c i d e  w h e t h e r  t o  
a c c e p t  i t  o r  n o t .

R e s u l t  :

SEARCH FOR FIRST LEVEL LOOP
No f i r s t  l e v e l  l o o p  i s  f o u n d .

SEARCH FOR SECOND LEVEL LOOP 
MERGING TARGET ะ 3

LOOP ะ ( 3 , 7 , 6  , 4 )
MERGE ะ i n f e a s i b l e ,  n e g a t i v e  h e a t  l o a d  a p p e a r s

on m a tch  n o .  6
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MERGING TARGET 
LOOP 

MERGE
TEMP.DIFFERENCE

ะ 7
ะ ( 7 , 6 , 4 , 3 )
: f e a s i b l e ,  no n e g a t i v e  h e a t  l o a d  
ะ v i o l a t e  t h e  g i v e n  5Tmin on m a tc h  n o .  6

MERGING TARGET 
LOOP 

MERGE
TEMP.DIFFERENCE

( 5T = 12 )
ะ 6
ะ ( 6 , 4 , 3 , 7 )
ะ f e a s i b l e ,  no n e g a t i v e  h e a t  l o a d  
ะ v i o l a t e  t h e  g i v e n  5Tmin on  m a tc h  n o . 6

( 5T = 1 9 . 7 5  ) 
CAN YOU ACCEPT (Y/N) ? Y

The e v o l v e d  n e t w o r k  s t r u c t u r e  i s  shown i n  F i g u r e  
8 - 4 (b) and d a t a  o f  t h e  r e s u l t i n g  m a t c h e s  a r e  l i s t e d  b e l o w .

MATCH NO. 1 
COLD STREAM NO. 1 

MATCH NO. 2 
HOT STREAM NO. 1 
COLD STREAM NO. 1 

MATCH NO. 3 
HOT STREAM NO. 1 
COLD STREAM NO. 2 

MATCH NO. 4 
HOT STREAM NO. 1 
COLD STREAM NO. 4 

MATCH NO. 5 
HOT STREAM NO. 4 
COLD STREAM NO. 3

HOT UTILITY = 40
Th = 1 1 0 Tc
HEAT LOAD = 40
Th = 1 2 0 Tc
Th = 1 0 0 Tc
HEAT LOAD = 134
Th = 115 Tc
Th = 85 Tc
HEAT LOAD = 26
Th = 9 8 . 2 5 Tc
Th = 76 Tc
HEAT LOAD = 180
Th = 8 8 Tc
Th = 6 8 Tc

1 0 0 CP = 4

115 CP = 8

90 CP = 4

9 8 . 2 5 CP = 8

6 8 . 2 5 CP = 8

95 CP = ร
50 CP = 1

7 0 . 5 1 CP = 1 0 . 2 9
50 CP = 1 0
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MATCH NO. 6 HEAT LOAD = 26
HOT STREAM NO. 3 Th = 8 8 Tc = 8 5 . 0 1 CP = 8 . 7 0 8
COLD STREAM NO. 2 Th = 6 8 . 2 5 Tc = 65 CP = 8

MATCH NO. 7 COLD UTILITY = 1 3 6 . 0 0 0 1
HOT STREAM NO. 2 Th = 7 7 . 1 6 Tc = 70 CP = 19

The l o o p  s e a r c h i n g  i s  t h e n  r e s t a r t e d a t  t h e f i r s t
l e v e l . H o w e v e r ,  no l o o p  i s  f o u n d . The p rogram n e x t
d i s p l a y s t h e  p r e v i o u s  f i v e  o p t i o n s . S i n c e we w an t  t o
t e r m i n a t e  t h e  p r o g r a m ,  o p t i o n  "X" i s  s e l e c t e d .

I n  c o n c l u s i o n ,  t h e  f i n a l  n e t w o r k  o f  e x a m p l e  8 - 2  
s a t i s f i e s  b o t h  t h e  M .E .R .  and t h e  minimum number o f  u n i t s  
s i m u a l t a n e o u s l y . In  c o m p a r i s o n ,  t h e  n e t w o r k  d e s i g n e d  by  
S ab oo  and M o r a r i  [ 3 0 :  5 77 ]  a c h i e v e d  t h e  same minimum 
number o f  u n i t s  by c o n s u m in g  an a d d i t i o n a l  8 kw o f  b o t h  
h o t  and c o l d  u t i l i t i e s .

E xam ple  8 - 3  [ 8 : 898]
F i g u r e  8 - 5  s h o w s  t h e  f l o w  d i a g r a m  o f  t h e  ABCDE p r o c e s s .
A g a s  m i x t u r e  o f  A, B and c ,  a t  320  K and 16 b a r ,  i s
c o m p r e s s e d  and m i x e d  w i t h  a r e c y c l e  s t r e a m  b e f o r e  e n t e r i n g
a h i g h  p r e s s u r e  r e a c t o r .  The r e a c t i o n ,  A + B ----- > D + E,
i s  e x o t h e r m i c  a t  600  K and 100  b a r .  The r e a c t o r  p r o d u c t s ,
a t  600  K and 100  b a r ,  a r e  c o o l e d  t o  310  K and 98 b a r  and
s e n t  t o  a f l a s h  s e p a r a t o r  w h e r e  u n r e a c t e d  A, E,  and c a r e  
r e c o v e r e d .  The v a p o r  s t r e a m  i s  s c r u b b e d  w i t h  w a t e r  t o  
r e c o v e r  จ and E. Two p e r c e n t  o f  t h e  l e a n  v a p o r  i s  p u r g e d ,  
t o  rem o v e  c ,  and t h e  r e m a i n d e r  i s  r e c i r c u l a t e d  t o  t h e
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r e a c t o r .  The r i c h  w a t e r  i s  m ix e d  w i t h  l i q u i d  from  t h e  
f l a s h  s e p a r a t o r  and s e n t  t o  t h e  f i r s t  o f  two a t m o s p h e r i c  
d i s t i l l a t i o n  c o l u m n s .  In  t h e  f i r s t  c o l u m n ,  D i s  r e m o v ed  
i n  t h e  d i s t i l l a t e ,  and t h e  b o t t o m  s t r e a m  i s  s e n t  t o  t h e  
s e c o n d  c o lu m n  , w h e r e  E i s  r e c o v e r e d  i n  t h e  d i s t i l l a t e .  
The b o t t o m  s t r e a m ,  m a i n l y  w a t e r ,  i s  pumped b a c k  t o  t h e  
a b s o r b e r .  C o ld  s t r e a m s  t o  be  h e a t e d  a r e  l a b e l e d  c #  and  
h o t  s t r e a m s  t o  b e  c o o l e d  a r e  l a b e l e d  H # , w i t h  h e a t  d u t i e s  
and h e a t  c a p a c i t y  f l o w  r a t e s  g i v e n  i n  t a b l e  8 - 3 .  The 
minimum a l l o w a b l e  t e m p e r a t u r e  a p p r o a c h  i s  1 0  °K.

T a b l e  8 - 3  H e a t i n g  and c o o l i n g  demands f o r  ABCDE p r o c e s s  
[ s o u r c e  8 : 898]

STREAM
NO.

Ts  
( °K)

Tt  
( °K)

Q
(kW)

HEAT CAPACITY 
FLOWRATE (kW/°K

HI 600 310 2 6 1 3 0 3 9 0 1 . 0 4 5
H2 440 320 5923 4 9 . 3 5 8
H3 387 310 2 80 6 3 6 . 4 2 2
H4 325 325 6 5 3 3 4 -
H5 353 353 1 7 0 9 8 0 -
H6 600 600 1 8 1 6 4 -
Cl 440 600 1 4 2 3 3 0 8 8 9 . 5 6 3
C2 315 440 1 0 5 0 6 0 3 4 0 . 4 8 0
C3 371 371 1 1 9 2 2 7 -
C4 387 387 9 0 8 3 2 -

From t h e g i v e n  d a t a , t h e r e  a r e t h r e e  h o t  s t r e a m s
and two c o l d  s t r e a m s  t h a t  e n c o u n t e r  c h a n g e  o f  p h a s e  d u r i n g
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i n t e r c h a n g e  o f  h e a t  l o a d .  s i n c e  t h e  d e v e l o p e d  s o f t w a r e  
d o e s  n o t  p r o v i d e  f o r  p h a s e  c h a n g e ,  t h e  a b o v e  g i v e n  d a t a  
w i l l  b e  m o d i f i e d  by a s s u m i n g  t h a t  t h o s e  s t r e a m s  w i t h  p h a s e  
c h a n g e  a r e  a c c o m p a n i e d  by a s m a l l  t e m p e r a t u r e  d i f f e r e n c e
o f  0 . 1  K. T h e r e f o r e ,  t h e i r  h e a t  c a p a c i t y  f l o w  r a t e s  a r e
t e n  t i m e s  t h e i r  e x p e c t e d  h e a t  d u t i e s .

N e t w o r k  d e s i g n  p r o c e d u r e

S t e p  1 .  E n t e r  n um bers  o f  s t r e a m s .
NO. OF HOT STREAMS ? 6

NO. OF COLD STREAMS? 4
S t e p  2 .  E n t e r  u n i t s  o f  t e m p e r a t u r e  and h e a t  l o a d .

UNIT OF TEMPERATURE ( ° )?  K 
UNIT OF HEAT LOAD ? kw

S t e p  3 .  E n t e r  minimum a l l o w a b l e  t e m p e r a t u r e  d i f f e r e n c e .
MINIMUM ALLOWABLE TEMPERATURE DIFFERENCE (°K) ? 10 

S t e p  4 .  E n t e r  h o t - s t r e a m  d a t a .

HOT STREAM STARTING TEMP. TARGET TEMP. HEAT CAPACITY
NO. (°K) (°K) FLOWRATE (kW/°K)

1 600 310 9 0 1 . 0 4 5
2 440 320 4 9 . 3 5 8
3 387 310 3 6 . 4 2 2
4 3 2 5 . 0 5 3 2 4 . 9 5 6 5 3 3 4 0 . 0 0 0
5 3 5 3 . 0 5 3 5 2 . 9 5 1 7 C 9 8 0 0 . 0 0 0
6 6 0 0 . 0 5 5 9 9 . 9 5 1 8 1 6 4 0 . 0 0 0

S t e p  5 .  E n t e r  c o l d - s t r e a m  d a t a .
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COLD STREAM STARTING TEMP. TARGET TEMP. HEAT CAPACITY 
NO. ( °K) ( °K) FLOWRATE (kW/°K)

1 440 600 8 8 9 . 5 6 3
2 315 440 8 4 0 . 4 8 0
3 3 7 0 . 9 5 3 7 1 . 0 5 1 1 9 2 2 7 0 . 0 0 0
4 3 8 6 . 9 5 3 8 7 . 0 5 9C8 3 2 0 . 0 0 0

S t e p  6 . E n t e r  r e s t r i c t e d  s t r e a m  p a i r  ( i f  a n y ) .
ARE THERE ANY RESTRICTED STREAM/STREAM MATCHES 
(Y/N) ? ท o r  e n t e r

RESULT:

1 .  P r o b le m  t a b l e  a n a l y s i s

SUBNETWORK
NO.

COLD STREAM 
TEMP. INTERVAL

( ๐K)

DEFICIT

(kW)

ACCUMULATIVE
OUTPUT

(kW)

HEAT FLOW

(kW)

600 1 9 1 7 0 4 . 5
1 8 8 5 1 . 1 6 - 8 8 5 1 . 1 6

5 9 0 . 0 5 1 8 2 8 5 3 . 4
2 - 9 0 3 5 . 3 1 1 8 4 . 1 5

590 1 9 1 8 8 8 . 7
3 - 9 0 8 0 . 3 5 9 2 6 4 . 5 1

5 8 9 . 9 5 2 0 0 9 6 9 . 0
4 - 1 7 2 1 . 7 2 1 0 9 8 6 . 2 3

440 2 0 2 6 9 0 . 8
5 - 6 0 5 . 6 5 1 1 5 9 1 . 8 8

430 2 0 3 2 9 6 . 4
6 - 4 7 2 1 . 1 9 1 6 3 1 3 . 0 7

3 8 7 . 0 5 2 0 8 0 1 7 . 6
7 9 0 7 9 8 . 8 4 - 7 4 4 8 5 . 7 7

3 8 6 . 9 5 1 1 7 2 1 8 . 8
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SUBNETWORK COLD STREAM DEFICIT ACCUMULATIVE HEAT FLOW
NO. TEMP. INTERVAL OUTPUT

(°K) (kw) (kW) (kW)

8 - 1 0 9 3 . 7 3 - 7 3 3 9 2 . 0 3
377 1 1 8 3 1 2 . 5

9 - 8 7 0 . 7 5 - 7 2 5 2 1 . 2 7
3 7 1 . 0 5 1 1 9 1 8 3 . 3

1 0 1 1 9 1 8 3 . 3 0 - 1 9 1 7 0 4 . 5 0
3 7 0 . 9 5 0

1 1 - 4 0 8 3 . 0 3 - 1 8 7 6 2 1 . 5 0
3 4 3 . 0 5 4 0 8 3 . 0

1 2 ■ 170952.90 - 1 6 6 6 8 . 6 3
3 4 2 . 9 5 1 7 5 0 3 5 . 9

13 - 4 0 8 3 . 0 3 - 1 2 5 8 5 . 6 0
3 1 5 . 0 5 1 7 9 1 1 8 . 9

14 - 3 2 6 6 6 . 3 4 2 0 0 8 0 . 7 5
315 2 1 1 7 8 5 . 3

15 - 3 2 7 0 8 . 3 6 5 2 7 8 9 . 1 0
3 1 4 . 9 5 2 4 4 4 9 3 . 6

16 - 4 8 8 4 . 7 9 5 7 6 7 3 . 9 0
310 2 4 9 3 7 8 . 4

17 - 9 3 7 4 . 6 7 6 7 0 4 8 . 5 7
300 2 5 8 7 5 3 . 1

2 .  P i n c h  p o i n t  and u t i l i t y  r e q u i r e m e n t s .
PINCH IS  LOCATED AT COLD STREAM TEMPERATURE (°K) = 3 7 0 . 9 5
MINIMUM HOT UTILITY (kw) = 1 9 1 7 0 4 . 5
MINIMUM COLD UTILITY (kw) = 2 5 8 7 5 3 . 1
3 .  C o m p o s i t e  c u r v e  ( a s  shown i n  F i g u r e  8 - 6 ) .
4 .  A b o v e - t h e - p i n c h  d e s i g n
SPLIT COLD STREAM NO. 3  TO STREAM NO .5 AND STREAM NO. 6 

SPLITTED TEMP. = 3 7 0 . 9 5  RECOMBINED TEMP. = 3 7 1 . 0 5
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6 0 0

5 5 0

500

4 5 0

4 0 0

3 5 0

3 0 0

250

1 1 1 1
- Q H i n i n

T----------------- 1-------------------1-------------------1------------------- 1------------------- 1-------------------r
1  2  3  4  5  6  7

Q  ( 1 0 0  m W )

F i g u t e  8 - 6  C o m p o s i t e  c u r v e s  f o r  e x a m p l e  8 - 3
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TSC(5) = 3 7 0 . 9 5  TTC(5) = 3 7 1 . 0 5  CPC(5) = 1 4 1 1 . 6 5
TSC ( 6 ) = 3 7 0 . 9 5  TTC( 6 ) = 3 7 1 . 0 5  CPC(6 ) = 1 1 9 0 8 5 3

MATCH NO. 1 HEAT LOAD = 1 1 9 0 5 6 . 8
HOT STREAM NO. 1 Th = 5 1 3 . 0 8 Tc = 3 8 0 . 9 5 CP = 9 0 1 . 0 4 5
COLD STREAM NO. 6 Th = 3 7 1 . 0 5 Tc = 3 7 0 . 9 5 CP = 1 1 9 0 8 5 8 1

MATCH NO. 2 HEAT LOAD = 1 4 1 . 1 3 1 6
HOT STREAM NO. 2 Th = 3 8 3 . 8 1 Tc = 3 8 0 . 9 5 CP = 4 9 . 3 5 8
COLD STREAM NO.5 Th = 3 7 1 . 0 5 Tc = 3 7 0 . 9 5 CP = 1 4 1 1 . 6 6

MATCH NO. 3 HEAT LOAD = 2 2 0 . 3 5 2 7
HOT STREAM NO. 3 Th = 387 Tc = 3 8 0 . 9 5 CP = 3 6 . 4 2 2
COLD STREAM N O .2 Th = 3 7 1 . 2 1 Tc = 3 7 0 . 9 5 CP = 8 4 0 . 4 8

MATCH NO. 4 HEAT LOAD = 2 7 7 3 . 4 5 8
HOT STREAM NO. 2 Th = 440 Tc = 3 8 3 . 8 1 CP = 4 9 . 3 5 8
COLD STREAM NO.2 Th = 3 7 4 . 5 1 Tc = 3 7 1 . 2 1 CP = 8 4 0 . 4 8

MATCH NO. 5 HEAT LOAD = 7 8 3 1 7 . 1 3
HOT STREAM NO. 1 Th = 600 Tc = 5 1 3 . 0 8 CP = 9 0 1 . 0 4 5
COLD STREAM N O .4 Th = 3 8 7 . 0 4 Tc = 3 8 6 . 9 5 CP = 9 0 8 3 2 0

MATCH NO. 6 HEAT LOAD = 1 8 1 5 9 . 5 7
HOT STREAM NO. 6 Th = 6 0 0 . 0 5 Tc = 5 9 9 . 9 5 CP = 1 8 1 6 4 0
COLD STREAM N O .2 Th = 3 9 6 . 1 2 Tc = 3 7 4 . 5 1 CP = 8 4 0 . 4 8

MATCH NO. 7 HOT UTILITY = 1 4 2 3 3 0 . 1
COLD STREAM N O . l Th = 600 Tc = 440 CP == 8 8 9 . 5 6 3

MATCH NO. 8 HOT UTILITY = 3 6 8 8 1 . 7 6
COLD STREAM NO.2 Th = 440 Tc = 3 9 6 . 1 2 CP =: 8 4 0 . 4 8

MATCH NO. 9 HOT UTILITY = 1 2 4 9 2 . 7
COLD STREAM NO.4 Th = 3 8 7 . 0 5 Tc = 3 8 7 . 0 4 CP =ะ 9 0 8 3 2 0
5 B e l o w - t h e - p i n c h d e s i g n

MATCH NO. 10 HEAT LOAD = 4 7 0 2 4 . 8 6
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600'
HI
H2
H3
H6

4 4 0 ° _____ J3 8 7 ° y.r
6 0 0 . 0 5 ° 59$ ? 9 5 °  1

6 0 0 °  ^  ^ 4 4 0 °  I
4 4 0 °  Q 2 . 3 J 3 1 5 °  ;

8 £ t . l 2V7 _____ r Ù 1-2  i
3 7 0 . 9 5 ° ;

'ร 0  ■ 'l
3 8 7 . 0 5 ° i 1 9  3 8 6 . 9 5 °  1

p i n c h
(a )  A b o v e - t h e - p i n c h  d e s i g n

Cl
C2

C4

HI
H2
H3
H4
H5

i ^  ^  3 1 0 °
; ' y 1๙^9 3 2 0 °

3?0  3 1 0 °
"ไ^?6 3 2 4 . 9 5 °
6E>?3 3 5 2 . 9 5 °

170®9 3 1 5 °
1 p i n c h

(b) B e l o w - t h e - p i n c h  d e s i g n
C2

(mW/°C)
0 . 9 0 1  
0 . 0 4 9  
0 . 0 3 6  

1 8 1 . 6 4 0  
c . 8 8 9  
0 . 8 4 0

1 1 9 2 . 2 2 7
9 0 8 . 3 2 0

(mW/°C)
0 . 9 0 1  
0 . 0 4 9  
0 . 0 3 6  

6 5 3 . 3 4 0  
1 7 0 9 . 8 0 0  

0 . 8 4 0

6 0 0 °  3 1 0 °

Cl
C2
C3
C4

( c )  C o m p l e t e  s t r u c t u r e
F i g u r e  8 - 7  G r i d  r e p r e s e n t a t i o n  f o r  M .E .R .  n e t w o r k  o f

e x a m p l e  8 - 3 .
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HOT STREAM NO. 1 Th = 3 8 0 . 9 5 Tc = 3 2 8 . 7 6 CP = 9 0 1 . 0 4 5
COLD STREAM NO.2 Th = 3 7 0 . 9 5 Tc = 315 CP = 8 4 0 . 4 8

MATCH NO. 11 COLD UTILITY = 1 6 9 0 4 . 2 9
HOT STREAM NO. 1 Th = 3 2 8 . 7 6 Tc = 310 CP = ะ 9 0 1 . 0 4 5

MATCH NO. 12 COLD UTILITY = 3 0 0 8 . 3 7 1
HOT STREAM NO. 2 Th = 3 8 0 . 9 5 Tc = 320 CP = 4 9 . 3 5 8

MATCH NO. 13 COLD UTILITY = 2 5 8 4 . 1 4 1
HOT STREAM NO. 3 Th = 3 8 0 . 9 5 Tc = 310 CP - 3 6 . 4 2 2

MATCH NO. 14 COLD UTILITY = 6 5 3 1 8 . 0 5
HOT STREAM NO. 4 Th = 3 2 5 . 0 5 Tc = 3 2 4 . 9 5 CP = 6 5 3 3 4 0

MATCH NO. 15 COLD UTILITY = 1 7 0 9 3 8 . 3
HOT STREAM NO. 5 Th = 3 5 3 . 0 5 Tc = 3 5 2 . 9 5 CP — 1 7 0 9 8 0 0
6 . G r i d  r e p r e s e n t a t i o n  o f  t h e  M .E .R .  d e s i g n  (shown i n  
f i g u r e  8 - 7 )
OPTION ะ

A. SEARCH AND BREAK LOOP
B. MERGE HEAT LOAD FOR THE SELECTED PATH
c .  DRAW THE RESULTING NETWORK CONFIGURATION 
D. ECONOMIC ANALYSIS 
X. TERMINATE THE PROGRAM

Loop b r e a k i n g  p r o c e d u r e

S t e p  1 .  S e l e c t  o p t i o n  "A” .
ENTER YOUR SELECTION ? a

S t e p  2 .  E n t e r  t h e  p e r m i s s i b l e  5Tmin v i o l a t i o n  r a n g e .
DO YOU ALLOW 5Tmin TO BE VIOLATED WITHIN A SPECIFIC 
RANGE (Y /N )?  Y.

MAXIMUM VIOLATION (°K )?  2
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R e s u l t  ะ

The f i r s t - l e v e l  l o o p s  a r e  f i r s t  s e a r c h e d  o u t .  I f  
no l o o p  i s  f o u n d ,  i t  w i l l  c o n t i n u e  t o  s e a r c h  f o r  s e c o n d -  
l e v e l  l o o p s .  W henever  a l o o p  i s  b r o k e n ,  t h e  p rogram  w i l l  
a u t o m a t i c a l l y  r e s t a r t  s e a r c h  a t  t h e  f i r s t  l e v e l .  A f t e r  
n u m ero u s  m a n i p u l a t i o n s  o n l y  two l o o p s ,  ( 2 , 4 , 1 0 , 1 )  and  
( 2 , 1 2 , 1 0 , 9 ) ,  h a v e  b e e n  b r o k e n .  The e v o l v e d  s t r u c t u r e s  a r e  
shown i n  F i g u r e  8 - 8  and t h e  e v o l v e d  m a tc h  r e s u l t s  a r e  
l i s t e d  b e l o w .

SEARCH FOR FIRST-LEVEL LOOP
No f i r s t  l e v e l  l o o p  i s  f o u n d .

SEARCH FOR SECOND-LEVEL LOOP 
MERGING TARGET ะ 2

LOOP ะ ( 2 , 4 , 10 , 1 )
MERGE ะ f e a s i b l e ,  no n e g a t i v e  h e a t  l o a d  

TEMP. DIFFERENCE ะ v i o l a t e  t h e  g i v e n  5Tmin on m atch  n o .  1
( 5T = 9 . 8 4  )

TEMP. DIFFERENCE ะ v i o l a t e  t h e  g i v e n  STmin on m a tc h  n o .  3
( 5T = 9 . 9 1  )

CAN YOU ACCEPT ( Y / N ) ? y
MATCH NO. 1 HEAT LOAD = 1 1 9 1 9 7 . 9

HOT STREAM NO. 1 Th = 5 1 3 . 0 8 Tc = 3 8 0 . 7 9 CP = 9 0 1 . 0 4 5
COLD STREAM NO.3 Th = 3 7 1 . 0 5 Tc = 3 7 0 . 9 5 CP = 1 1 9 2 2 7 0

MATCH NO. 2 HEAT LOAD = 2 2 0 . 3 5 2 7
HOT STREAM NO. 3 Th = 387 Tc = 3 8 0 . 9 5 CP = 3 6 . 4 2 2
COLD STREAM N O .2 Th = 3 7 1 . 0 4 Tc = 3 7 0 . 7 8 CP = 8 4 0 . 4 8

MATCH NO. 3 HEAT LOAD = 2 9 1 4 . 5 9
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600'
HI
H2
H3
H4
H5
H6

<5> © — © — © -
310'

4 4 0 °
____ _____________

1 6 . 9  320
—( c )  —3 8 7 °

____ ______
3 310

fcS
3 2 5 ° 2^6 325
3 5 3 ° 6 ^ 3  353
6 0 0 °
______________ ______

17<f^9 6C0

6 0 0 °
* (n)

440
4 4 0 °  1 4 ^ 3

®  c
315

3 7 1 °  3 6 ^  1 î . l \ i . 9 371
3 8 7 ° l l V ^ 2  387

1 2 . 5

Cl
C2
C3
C4

(a) The f i r s t  e v o l u t i o n

600'
HI
H2
H3
H4
H5
H6

310'
4 4 0 ° _____ ro\___________ 1617  320

( ^ )  r-
3 8 7 ° 0  310
3 25 ° 0 8  325
3 5 3 ° 6 0 3  353  

06 0 0 ° 170^9  600
V-

6 0 0 ° โ 440
4 4 0 °  1 4 ^ 3  
1  ___ / _____r^  315
3 7 1 °  3 6 ^  l V ^ l V e . 9  371
3 8 7 ° 1 1 9 2 2  387

Cl
C2
C3
C41 2 . 5  7 8 . 3

(b) The s e c o n d  e v o l u t i o n
F i g u r e  8 - 8  E v o l v e d  n e t w o r k  s t r u c t u r e s  o f  e x a m p le  8 - 3
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HOT STREAM NO. 2 Th = 440 Tc = 3 8 0 . 9 5 CP = 4 9 . 3 5 8
COLD STREAM NO.2 Th = 3 7 4 . 5 1 Tc = 3 7 1 . 0 4 CP = 8 4 0 . 4 8

MATCH NO. 4 HEAT LOAD = 7 8 3 1 7 . 1 3
HOT STREAM NO. 1 Th = 600 Tc = 5 1 3 . 0 8 CP = 9 0 1 . 0 4 5
COLD STREAM N O .4 Th = 3 8 7 . 0 4 Tc = 3 8 6 . 9 5 CP = 9 0 8 3 2 0

MATCH NO. 5 HEAT LOAD = 1 8 1 5 9 . 5 7
HOT STREAM NO. 6 Th = 6 0 0 . 0 5 Tc = 5 9 9 . 9 5 CP = 1 8 1 6 4 0
COLD STREAM NO.2 Th = 3 9 6 . 1 2 Tc = 3 7 4 . 5 1 CP = 8 4 0 . 4 8

MATCH NO. 6 HOT UTILITY = 1 4 2 3 3 0 . 1
COLD STREAM N O . l Th = 600 Tc = 440 CP = 8 8 9 . 5 6 3

MATCH NO. 7 HOT UTILITY = 3 6 8 8 1 . 7 6
COLD STREAM NO .2 Th = 440 Tc = 3 9 6 . 1 2 CP = 8 4 0 . 4 8

MATCH NO. 8 HOT UTILITY = 1 2 4 9 2 . 7
COLD STREAM NO.4 Th = 3 8 7 . 0 5 Tc = 3 8 7 . 0 4 CP = 9 0 8 3 2 0

MATCH NO. 9 HEAT LOAD = 4 6 8 8 3 . 7 3
HOT STREAM NO. 1 Th = 3 8 0 . 7 9 Tc = 3 2 8 . 7 6 CP = 9 0 1 . 0 4 5
COLD STREAM NO.2 Th = 3 7 0 . 7 8 Tc = 315 CP = 8 4 0 . 4 8

MATCH NO. 10 COLD UTILITY = 1 6 9 0 4 . 2 9
HOT STREAM NO. 1 Th = 3 2 8 . 7 6 Tc = 310 CP = 9 0 1 . 0 4 5

MATCH NO. 11 COLD UTILITY = 3 0 0 8 . 3 7 1
HOT STREAM NO. 2 Th = 3 8 0 . 9 5 Tc = 320 CP = 4 9 . 3 5 8

MATCH NO. 12 COLD UTILITY = 2 5 8 4 . 1 4 1
HOT STREAM NO. 3 Th = 3 8 0 . 9 5 Tc = 310 CP = 3 6 . 4 2 2

MATCH NO. 13 COLD UTILITY = 6 5 3 1 8 . 0 5
HOT STREAM NO. 4 Th = 3 2 5 . 0 5 Tc = 3 2 4 . 9 5 CP r= 6 5 3 3 4 0

MATCH NO. 14 COLD UTILITY = 1 7 0 9 3 8 . 3
HOT STREAM NO. 5 Th = 3 5 3 . 0 5 Tc = 3 5 2 . 9 5 CP = 1 7 0 9 8 0 0
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SEARCH FOR FIRST LEVEL LOOP
No f i r s t  l e v e l  l o o p  i s  f o u n d .

SEARCH FOR SECOND LEVEL LOOP
MERGING TARGET ะ 2

LOOP ะ ( 2  , 1 2  , 1 0 , 9 )
MERGE ะ f e a s i b l e ,  no n e g a t i v e  h e a t l o a d

TEMP.DIFFERENCE ะ v i o l a t e  t h e  1g i v e n  STmin on n a t c h n o . 1

(5T = 9 . 8 4  )
TEMP.DIFFERENCE ะ v i o l a t e  t h e  (g i v e n  STmin on n a t c h n o . 2

( 5T = 9 . 9 1  )
TEMP.DIFFERENCE ะ v i o l a t e  t h e g i v e n  STmin onเ m a tc h  n o .  8

( 5T = 9 . 7 5  )
CAN YOU ACCEPT ( Y / N ) ? Y

MATCH NO. 1 HEAT LOAD = 1 1 9 1 9 7 . 9
HOT STREAM NO. 1 Th = 5 1 3 . 0 8 Tc = 3 8 0 . 7 9 CP = 9 0 1 . 0 4 5
COLD STREAM NO.3 Th = 3 7 1 . 0 5 Tc = 3 7 0 . 9 5 CP = 1 1 9 2 2 7 0

MATCH NO. 2 HEAT LOAD = 2 9 1 4 . 5 9
HOT STREAM NO. 2 Th = 440 Tc = 3 8 0 . 9 5 CP = 4 9 . 3 5 8
COLD STREAM NO .2 Th = 3 7 4 . 5 1 Tc = 3 7 1 . 0 4 CP = 8 4 0 . 4 8

MATCH NO. 3 HEAT LOAD = 7 8 3 1 7 . 1 3
HOT STREAM NO. 1 Th = 600 Tc = 5 1 3 . 0 8 CP = 9 0 1 . 0 4 5
COLD STREAM NO.4 Th = 3 8 7 . 0 4 Tc = 3 8 6 . 9 5 CP = 9 0 8 3 2 0

MATCH NO. 4 HEAT LOAD = 1 8 1 5 9 . 5 7
HOT STREAM NO. 6 Th = 6 0 0 . 0 5 Tc = 5 9 9 . 9 5 CP = 1 8 1 6 4 0
COLD STREAM NO.2 Th = 3 9 6 . 1 2 Tc = 3 7 4 . 5 1 CP = 8 4 0 . 4 8

MATCH NO. 5 HOT UTILITY = 1 4 2 3 3 0 . 1
COLD STREAM NO.1 Th = 600 Tc = 440 CP = 8 8 9 . 5 6 3

MATCH NO. 6 HOT UTILITY = 3 6 8 8 1 . 7 6
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COLD STREAM NO.2 Th = 440 Tc = 3 9 5 . 1 2 CP — 8 4 0 . 4 8
MATCH NO. 7 HOT UTILITY = 1 2 4 9 2 . 7

COLD STREAM NO.4 Th = 3 8 7 . 0 5 Tc = 3 8 7 . 0 4 CP = 9 0 8 3 2 0
MATCH NO. 8 HEAT LOAD = -4 7 1 0 4 . 0 8

HOT STREAM NO. 1 Th = 3 8 0 . 7 9 Tc = 3 2 8 . 5 2 CP = 9 0 1 . 0 4 5
COLD STREAM NO.2 Th = 3 7 1 . 0 4 Tc = 315 CP = 8 4 0 . 4 8

MATCH NO. 9 COLD UTILITY = 1 6 5 8 3 . 9 4
HOT STREAM NO. 1 Th = 3 2 8 . 5 2 Tc = 310 CP = 9 0 1 . 0 4 5

MATCH NO. 10 COLD UTILITY = 3 0 0 8 . 3 7 1
HOT STREAM NO. 2 Th = 3 8 0 . 9 5 Tc = 320 CP = 4 9 . 3 5 8

MATCH NO. 11 COLD UTILITY = 2 8 0 4 . 4 9 4
HOT STREAM NO. 3 Th = 387 Tc = 310 CP = 3 6 . 4 2 2

MATCH NO. 12 COLD UTILITY = 6 5 3 1 8 . 0 5
HOT STREAM NO. 4 Th = 3 2 5 . 0 5 Tc = 3 2 4 . 9 5 CP = 6 5 3 3 4 0

MATCH NO. 13 COLD UTILITY = 1 7 0 9 3 8 . 3
HOT STREAM NO. 5 Th = 3 5 3 . 0 5 Tc = 3 5 2 . 9 5 CP = 1 7 0 9 8 0 0

c
H

0 1 2 3 4 5 6
0 9 10 11 12 13
1 5
2 6 8 2 4
3 1
4 7 3

NOTE:
0 REPRESENT HOT OR COLD UTILITY
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When ท๐ b r e a k a b l e  f i r s t - l e v e l  and s e c o n d - l e v e l  
l o o p s  a r e  l e f t  a t a b l e  w h i c h  l i s t s  t h e  m a tch  num bers  on  
e a c h  s t r e a m  ( a s  shown a b o v e )  w i l l  be  g e n e r a t e d .  I f  
d e s i r e d ,  t h e  u s e r  m i g h t  s e a r c h  f o r  any  h i g h e r  l e v e l  l o o p  
fr o m  t h i s  t a b l e ,  t h e n  i n p u t  t h e  u n i t  numbers  b e l o n g i n g  t o  
t h e  l o o p  i n t e r a c t i v e l y .  The l o o p  b r e a k i n g  p r o c e d u r e  i s  
c o m p u t e r i z e d ,  and i f  t h e  l o o p  c a n n o t  b e  broker ,  t h e  p rogram  
w i l l  a u t o m a t i c a l l y  c h a n g e  t h e  m e r g i n g  t a r g e t .  For  
e x a m p l e ,  from  t h e  a b o v e  t a b l e  a t h i r d  l e v e l  l o o p ,  
( 9 , 3 , 7 , 6 , 2 , 1 0 ) ,  i s  f o u n d ;  h o w e v e r ,  i t  c a n n o t  be b r o k e n .

I n  t h i s  e x a m p l e  t h e  i n i t i a l  M .E .R .  c o n f i g u r a t i o n  
r e q u i r e s  c o l d  s t r e a m  s p l i t t i n g ,  h o w e v e r ,  t h e  s p l i t t i n g  i s  
e l i m i n a t e d  a f t e r  t h e  f i r s t  e v o l u t i o n .  The r e q u i r e d  
u t i l i t i e s  o f  t h e  f i n a l  c o n f i g u r a t i o n  a r e  t h e  minima  
p r e d i c t e d ,  b u t  i t  h a s  two u n i t s  more  t h a n  t h e  minimum 
p o s s i b l e .  Anyway,  t h e  f i n a l  c o n f i g u r a t i o n  o b t a i n e d  h e r e  
r e q u i r e s  o n e  u n i t s  l e s s  t h a n  t h e  n e t w o r k  d e s i g n e d  by  u s i n g  
m i x e d - i n t e g e r  p ro g ra m m in g  [ 2 4 :  7 2 3 ] .

E xa m ple  8 - 4
F i g u r e  8 - 9 (a) sh ow s  a p r o c e s s  f l o w s h e e t  f o r  t h e  
d e h y d r a t i o n  o f  i s o p r o p a n o l  w i t h  i s o p r o p y l  e t h e r .  D a t a  o f  
t h e  p r o b l e m  w i t h  t h r e e  h o t  s t r e a m s  and t h r e e  c o l d  s t r e a m s  
a r e  shown i n  T a b l e  8 - 4 .  I t  i s  d e s i r e d  t o  d e s i g n  a maximum 
e n e r g y  r e c o v e r y  n e t w o r k  f o r  a t e m p e r a t u r e  a p p r o a c h  o f  1 0

° c .

N et w o rk  d e s i g n  p r o c e d u r e
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TO « A J T I  T A TV lfN T

(a )  I n i t i a l  f l o w s h e e t

A £ C 0 v t » ( 0  OHM

-  -  T - f  บท T>< ท
PM O C 11S IK -,

40*c
TO »  AST E T A f c A r u e s T

(b) F i n a l  f l o w s h e e t

F i g u r e  8 - 9 F l o w s h e e t  f o r  t h e  d e h y d r a t i o n  o f  i s o p r o p a n o l  
w i t h  i s o p r o p y l  e t h e r  ( e x a m p l e 8 - 4 ) .
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T a b l e  8 - 4  D a t a  f o r  e x a m p le «พํ1C
O

STREAM STARTING TARGET HEAT CAPACITY
NO. TEMP. TEMP. FLOWRATE

(°C) (°C) ( k J / h r . °C)

HI 107 40 1 4 5 0 0 0
H2 94 40 3 6 4 0 0
H3 113 40 7 3 5 0
Cl 40 71 1 3 7 0 0 0
C2 30 71 4 5 3 0 0
C3 40 99 8 060

S t e p  1 . E n t e r n um bers  o f  s t r e a m s .
NO. OF HOT STREAM ? 1

NO. OF COLD STREAM ? 3
S t e p  2 . E n t e r u n i t s  o f  t e m p e r a t u r e  and h e a t l o a d .

UNIT OF TEMPERATURE (°> ?  Ç
UNIT OF HEAT LOAD ? k J / h r

S t e p  3 . E n t e r minimum a l l o w a b l e  t e m p e r a t u r e d i f f e r e n c e .
MINIMUM ALLOWABLE TEMPERATURE DIFFERENCE (°c) ? 1 0

S t e p  4 . E n t e r h o t - s t r e a m  d a t a .

HOT STREAM STARTING TARGET HEAT CAPACITY
NO. TEMP . TEMP. FLOWRATE

(°C) (°C) ( k J / h r . °C)

1 107 40 1 4 5 0 0 0
2 94 40 3 6 4 0 0
3 113 40 7 35 0
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S t e p  5 .  E n t e r  c o l d - s t r e a m  d a t a .

COLD STREAM STARTING TARGET HEAT CAPACITY
NO. TEMP. TEMP. FLOWRATE

(°C) (°C) ( k J / h r . °C)

1 40 71 1 3 7 0 0 0
2 30 71 4 5 3 0 0
3 40 99 8 060

6 . E n t e r  r e s t r i c t e d s t r e a m  p a i r s ( i f  a n y ) .
ARE THERE ANY RESTRICTED STREAM/STREAM MATCHES 
(Y /N )?  N o r  ENTER

R e s u l t  ะ

1 .  P r o b le m  t a b l e  a n a l y s i s

SUBNETWORK
NO.

COLD STREAM 
TEMP. INTERVAL

(°C)

DEFICIT

( k J / h r )

ACCUMULATIVE
OUTPUT
( k J / h r )

HEAT FL 

( k J / h r )

103 0

1 - 2 9 4 0 0 2 9 4 0 0
99 2 94 0 0

2 1 420 2 7 9 8 0
97 2 7 9 8 0

3 - 1 8 7 5 7 7 0 1 9 0 3 7 5 0
84 1 9 0 3 7 5 0

4 - 2 3 4 8 9 7 0 4 2 5 2 7 2 0
71 4 2 5 2 7 2 0

5 4 9 9 1 0 4 2 0 2 8 1 0
40 4 2 0 2 8 1 0

6 - 1 4 3 4 5 0 0 5 6 3 7 3 1 0
30 5 6 3 7 3 1 0
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2 .  P i n c h  p o i n t  and u t i l i t y  r e q u i r e m e n t s
PINCH IS  LOCATED AT COLD STREAM TEMPERATURE ( ° c )  = 103
MINIMUM HOT UTILITY ( k J / h r )  = 0
MINIMUM COLD UTILITY ( k J / h r )  = 5 6 3 7 3 1 0
3 .  C o m p o s i t e  c u r v e  ( a s  shown i n  F i g u r e  8 - 1 0 )
O b v i o u s l y  t h i s  e x a m p l e  i s  a t h r e s h o l d  t y p e  p r o b l e m .
4 .  B e l o w - t h e - p i n c h  d e s i g n

MATCH NO. 1 HEAT LOAD = 3 3 3 7 5 2 . 1
HOT STREAM NO. 3 Th = 113 Tc = 6 7 . 5 9 CP = 7 35 0
COLD STREAM N O .3 Th = 99 Tc = 5 7 . 5 9 CP = 8060

MATCH NO. 2 HEAT LOAD = 4 2 4 7 0 0 0
HOT STREAM NO. 1 Th = 107 Tc = 7 7 . 7 1 CP = 1 4 5 0 0 0
COLD STREAM NO.1 Th = 71 Tc = 40 CP = 1 3 7 0 0 0

MATCH NO. 3 HEAT LOAD = 1 8 5 7 3 0 0
HOT STREAM NO. 2 Th = 94 Tc = 4 2 . 9 8 CP = 3 6 4 0 0
COLD STREAM NO.2 Th = 71 Tc = 30 CP = 4 5 3 0 0

MATCH NO. 4 HEAT LOAD = 1 4 1 7 8 7 . 9
HOT STREAM NO. 1 Th = 7 7 . 7 1 Tc = 7 6 . 7 3 CP = 1 4 5 0 0 0
COLD STREAM NO.3 Th = 5 7 . 5 9 Tc = 40 CP = 8060

MATCH NO. 5 COLD UTILITY = 5 3 2 6 2 1 2
HOT STREAM NO. 1 Th = 7 6 . 7 3 Tc = 40 CP = 1 4 5 0 0 0

MATCH NO. 6 COLD UTILITY = 1 0 8 3 0 0
HOT STREAM NO. 2 Th = 4 2 . 9 8 Tc = 40 CP = 3 64 0 0

MATCH NO. 7 COLD UTILITY = 2 0 2 7 9 7 . 9
HOT STREAM NO. 3 Th = 6 7 . 5 9 Tc = 40 CP = 7 35 0
5 .  G r i d  r e p r e s e n t a t i o n o f  M.E. R. d e s i g n  (shown i n f i g u r e
8 - 1 1 ( a ) )



1 8 0

1 6 0

1 4 0

1 2 0

1 0 0

8 0

60

4 0

20

0

1

U P P E R  ะ  H O T  C O M P O S I T E  

L O W E R  ะ C O L D  C O M P O S I T E

.8  1

Q ( 10  g j / h r )

F i g u r e  8 - 1 0  C o m p o s i t e  c u r v e s  f o r  e x a m p l e  8 - 4
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OPTION ะ
A. SEARCH AND BREAK LOOP
B. MERGE HEAT LOAD FOR THE SELECTED PATH
c .  DRAW THE RESULTING NETWORK CONFIGURATION 
D. ECONOMIC ANALYSIS 
X. TERMINATE THE PROGRAM

Loop b r e a k i n g  p r o c e d u r e

S t e p  1 .  S e l e c t  o p t i o n  "A"
ENTER YOUR SELECTION ? a

S t e p  2 .  E n t e r  t h e  p e r m i s s i b l e  5Tmin v i o l a t i o n  r a n g e .
DO YOU ALLOW 5Tmin TO BE VIOLATED WITHIN A SPECIFIC
RANGE ( Y / N ) ? y
MAXIMUM VIOLATION ( ° c ) ?  5

R e s u l t  ะ

O n ly  o n e  l o o p  i n  t h e  i n i t i a l  n e t w o r k  s t r u c t u r e  c a n  
b e  b r o k e n .  The e v o l v e d  g r i d  r e p r e s e n t a t i o n  and f l o w s h e e t  
a r e  shown i n  F i g u r e  8 - 1 1 (b) and 8 - 9 ( b ) ,  r e s e c t i v e l y .  The 
e v o l v e d  m a tc h  r e s u l t s  a r e  l i s t e d  b e l o w .

SEARCH FOR FIRST LEVEL LOOP
No f i r s t  l e v e l  l o o p  i s  f o u n d .

SEARCH FOR SECOND LEVEL LOOP 
MERGING TARGET ะ 4

LOOP ะ ( 4 , 1 , 7 , 5 )
MERGE ะ f e a s i b l e ,  no n e g a t i v e  h e a t  l o a d
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( m J / h r . ° c )
1 0 7 °  4 0 °

H I  ----------------------------------------------------(ไ
9 4 ° P----- ไy -------------© ---------------- 0 . 1 4 5 0 0

5 3 2 6 . 2  4 0 °
n z  V

1 1 3 ° Y V C / '  ' • -  0 . 0 3 ๐ 4 0  
1 0 8 . 3  4 0 °

n o  1 

7 1 °
Y \CJ  *■  0 . 0 0 7 3 5  

2 0 2 . 8
4 0 °

7 1 ° 4 2 4 7 . 0
C l  0 . 1 3 7 0 0

3 0 °

9 9 °
— <

1 Z 5 1 . 3ร------------------- -------------------------------(

C 2  0 . 0 4 5 3 0
4 0 °

) ------------------------------------ C 3  0 . 0 0 8 0 6
3 3 3 . 7  1 4 1 . 8

(a)  I n i t i a l  s t r u c t u r e

1 0 7 °  4 0 °
I l  J. V

9 4 °
T T  O __________________________________________________ _______________________________

--------------------- —  บ .  1 4 D U U
5 4 6 8 . 0  4 0 °

vC)  * “ 0 . 0 3 6 4 0  
1 0 8 . 3  4 0 °

n o  V

7 1 °
Y

_________r
^ C / ----------------- *“  0 . 0 0 7 3 5
6 1 . 0

4 0 °
ร  _ _ _  ...............................................................................................

710
____________ /

----------------------------------------------- C l  ช .  X J / U U
4 2 4 7 . 0  3 0 °

ร ..........................................................  ...............................................................................................

9 9 °
--------------------------------------------------------------------- น Z บ . ช ร ะ } ช น

1 8 5 7 . 3  4 0 °
-------------------------------------------------------------------------------------------  น.} U . U U B U b

4 7 5 . 5

(b) F i n a l  s t r u c t u r e

F i g u r e  8 - 1 1  D e s i g n e d  n e t w o r k  c o n f i g u r a t i o n  f o r  e x a m p l e  8 - 4
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TEMP .DIFFERENCE ะ v i o l a t e  t h e  g i v e n  5Tinin on m a tc h  n o .  1
( 5T = 8 . 3  )

CAN YOU ACCEPT (Y/N) ? y  
TEMP.DIFFERENCE ะ f e a s i b l e

MATCH NO. 1 HEAT LOAD = 4 7 5 5 4 0
HOT STREAM NO. 3 Th = 113 Tc = 4 8 . 3 CP = 7 3 5 0
COLD STREAM NO .3 Th = 99 Tc = 40 CP = 8 06 0

MATCH NO. 2 HEAT LOAD = 4 2 4 7 0 0 0
HOT STREAM NO. 1 Th = 107 Tc = 7 7 . 7 1 CP = 1 4 5 0 0 0
COLD STREAM NO.1 Th = 71 Tc = 40 CP = 1 3 7 0 0 0

MATCH NO. 3 HEAT LOAD = 1 8 5 7 3 0 0
HOT STREAM NO. 2 Th = 94 Tc = 4 2 . 9 8 CP = 3 6 4 0 0
COLD STREAM NO.2 Th = 71 Tc = 30 CP = 4 5 3 0 0

MATCH NO. 4 COLD UTILITY = 5 4 6 8 0 0 0
HOT STREAM NO. 1 Th = 7 7 . 7 1 Tc = 40 CP = 1 4 5 0 0 0

MATCH NO. 5 COLD UTILITY■ = 1 0 8 3 0 0
HOT STREAM NO. 2 Th = 4 2 . 9 8 Tc = 40 CP = 3 6 4 0 0

MATCH NO. 6 COLD UTILITY• = 6 1 0 1 0
HOT STREAM NO. 3 Th = 4 8 . 3 Tc = 40 CP = 7 3 5 0

I n  t h e  a b o v e  r e s u l t s ,  an M .E .R .  n e t w o r k  w i t h  t h e  
minimum number o f  u n i t s  h a s  b e e n  o b t a i n e d .  I t  p r o v e s  t h a t  
t h e  d e v e l o p e d  s o f t w a r e  i s  a p p l i c a b l e  f o r  t h e  t h r e s h o l d -  
t y p e  p r o b l e m .

E x a m p le  8 - 5  [ s o u r c e  3:  1]
F i g u r e  8 - 1 2  s h o w s  t h e  g r i d  r e p r e s e n t a t i o n  o f  a 
c o n v e n t i o n a l l y  d e s i g n e d  h e a t - e x c h a n g e r  n e t w o r k .  I t s  h e a t
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t r a n s f e r  a r e a s  a r e  s u m m a r ize d  i n  T a b l e  8 - 5 .  I t  i s  d e s i r e d  
t o  e x p o r e  t h e  p o s s i b i l i t y  f o r  r e t r o f i t t i n g  t h i s  n e t w o r k  
u n d e r  t h e  a s s u m p t i o n s  t h a t  5Tmin = 35 °c and o v e r a l l  h e a t  
t r a n s f e r  c o e f f i c i e n t  f o r  e a c h  e x c h a n g e  u n i t  i s  e q u a l  t o  
0 . 8 5  kW/M~2°C. Hot and c o l d  u t i l i t y  c o s t s  a r e  100  and 6 

U S $ /k W . y r ,  r e s p e c t i v e l y .

HI
H2
H3

1 5 9 °  7 7 °_____________________ _______________________
2 6 7 °  v f  1 3 ^ 9 5  8 8 °______ _
3 4 3 °_____________ _________ liÜL5 9 0 °

1 2 7 ° ______ r^ ______ ^  2 6 3
2 6 5 ° 5(3^3 4 3 8 1  1 1 8 °

— - Q7597 923( iQo"

Cl
C2

(kW/°C)
2 2 8 . 5

2 0 . 4
5 3 . 8

9 3 . 3
1 9 6 . 11 7 5 9 7  9 23 0  2(

F i g u r e  8 - 1 2  The g r i d  d ia g r a m  f o r  an e x i s t i n g  n e t w o r k  
( e x a m p le  8 - 5 )

T a b l e ID1C
O H e a t  t r a n s f e r  

i n  e x a m p l e  8 -
a r e a s  o f  

5
t h e e x i s t i n g e x c h a n g e r s

H/E ;n o . E - l E-2 E -3 E -4 H - l c - l C- 2

A r e a (M~2) 119 65 129 27 293 311 30

N e t w o r k  d e s i g n  p r o c e d u r e

S t e p  1 .  E n t e r  n um bers  o f  s t r e a m s .
NO. OF HOT STREAM ? 3
NO. OF COLD STREAM ? 2
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S t e p  2 .  E n t e r  u n i t s  o f  t e m p e r a t u r e  and h e a t  l o a d .
UNIT OF TEMPERATURE ( 0 )?  Ç 
UNIT OF HEAT LOAD ? kw

S t e p  3 .  E n t e r  minimum a l l o w a b l e  t e m p e r a t u r e  d i f f e r e n c e .
MINIMUM ALLOWABLE TEMPERATURE DIFFERENCE ( ° c )  ? 10

S t e p 4 . E n t e r h o t - s t r e a m d a t a .

HOT ;STREAM STARTING TARGET HEAT CAPACITY
NO. TEMP. TEMP. FLOWRATE

(°C) (°C) ( k w / ° c )

1 159 77 2 2 8 . 5
2 267 8 8 2 0 . 4
3 343 90 5 3 . 8

S t e p 5 . E n t e r c o l d - s t r e a m i d a t a

COLD STREAM STARTING TARGET HEAT CAPACITY
NO. TEMP. TEMP. FLOWRATE

(°C) (°C) (kW/°C)

1 26 127 9 3 . 3
2 118 265 1 9 6 . 1

S t e p 6 . E n t e r r e s t r i c t e d s t r e a m  p a i r s ( i f  a n y ) .
ARE THERE ANY RESTRICTED STREAM/STREAM MATCHES 
(Y /N )?  N o r  ENTER

R e s u l t  :

1 . P r o b le m  t a b l e  a n a l y s i s
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SUBNETWORK COLD STREAM DEFICIT 
NO. TEMP. INTERVAL

(°C) (kW)

ACCUMULATIVE
OUTPUT

(kW)

HEAT FLOW 

(kW)

308 1 5 8 2 7 . 6
1 - 2 3 1 3 . 4 2 3 1 3 . 4

265 1 8 1 4 1 . 0
2 4 6 9 5 . 9 - 2 3 8 2 . 5

232 1 3 4 4 5 . 1
3 1 2 7 9 9 . 5 - 1 5 1 8 2 . 0

127 6 4 5 . 6
4 6 4 5 . 6 - 1 5 8 2 7 . 6

124 0

5 - 7 9 . 8 - 1 5 7 4 7 . 8
118 7 9 . 8

6 - 1 3 1 9 2 . 2 - 2 5 5 5 . 6
55 1 3 2 7 2 . 0

7 - 3 1 1 . 2 - 2 2 4 4 . 4
53 1 3 5 8 3 . 2

8 - 1 4 8 7 . 2 - 7 5 7 . 2
42 1 5 0 7 0 . 4

9 1 4 9 2 . 8 - 2 2 5 0 . 0
26 1 3 5 7 7 . 6

2 .  P i n c h p o i n t  and u t i l i t y  r e q u i r e m e n t s
PINCH IS LOCATED AT COLD STREAM TEMPERATURE (°c) = 124
MINIMUM HOT UTILITY (kW) = 158 2 7 . 6

MINIMUM COLD UTILITY (kW) = 13577 . 6

3 .  C o m p o s i t e  c u r v e ( a s  shown i n  F i g u r e  8 - 1 3 )
4 .  Above - t h e - p i n c h d e s i g n

MATCH NO. 1 HEAT LOAD = 2 6 9 0 . 6 0 9
HOT STREAM NO. 3 Th = 2 0 9 . 0 1 Tc = 159 CP = 5 3 . 8
COLD STREAM NO. 2 Th = 1 3 7 . 7 2 Tc = 124 CP = 1 9 6 . 1
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MATCH NO. 2 HEAT LOAD = 2 7 9 . 9
HOT STREAM NO. 2 Th = 1 7 2 . 7 2 Tc = 159 CP = 2 0 . 4
COLD STREAM NO. 1 Th = 127 Tc = 124 CP = 9 3 . 3

MATCH NO. 3 HEAT LOAD = 1 9 2 3 . 3
HOT STREAM NO. 2 Th = 267 Tc = 1 7 2 . 7 2 CP = 2 0 . 4
COLD STREAM NO. 2 Th = 1 4 7 . 5 3 Tc = 1 3 7 . 7 2 CP = 1 9 6 . 1

MATCH NO. 4 HEAT LOAD = 7 2 0 8 . 5 9 1
HOT STREAM NO. 3 Th = 343 Tc = 2 0 9 . 0 1 CP = 5 3 . 8
COLD STREAM NO. 2 Th = 1 8 4 . 2 9 Tc = 1 4 7 . 5 3 CP = 1 9 6 . 1

MATCH NO. 5 HOT UTILITY = 1 5 8 2 7 . 6
COLD STREAM NO. 2 Th = 265 Tc = 1 8 4 . 2 9 CP = 1 9 6 . 1

5 .  B e l o w - t h e - p i n c h d e s i g n
SPLIT COLD STREAM N O . l  TO STREAM NO.3 ,  NO .4 AND NO. 5
TSC(3) = 2 6 . 1 6 TTC(3) = 124 CPC {3) = 50 . 2 1 2 6 1
TSC(4)  = 2 6 . 1 6 TTC(4) = 124 CPC(4) = 19 . 6 3 0 3 1
TSC (5) = 2 6 . 1 6 TTC{5) = 124 CPC (5) = 23 . 4 5 7 0 8
SPLIT HOT STREAM NO.1  TO STREAM NO. 4  AND N O .5
TSH(4)  = 159 TTH(4) = 77 CPH(4) = 2 0 0 . 5 1 2 9
TSH(5)  = 159 TTH(5)  = 77 CPH(5) = 2 7 . 9 8 7 0 8

MATCH NO. 6 HEAT LOAD = 1 1 7 6 . 6
HOT STREAM NO. 4 Th = 159 Tc = 1 5 3 . 1 3 CP = 2 0 0 . 5 1 2 9
COLD STREAM NO .2 Th = 124 Tc = 118 CP = 1 9 6 . 1

MATCH NO. 7 HEAT LOAD = 3 7 1 2 . 2
HOT STREAM NO. 3 Th = 159 Tc = 90 CP = 5 3 . 8
COLD STREAM NO.3 Th ะ= 124 Tc = 5 0 . 0 7 CP = 5 0 . 2 1 2 6 1

MATCH NO. 8 HEAT LOAD = 2 2 9 4 . 9 4
HOT STREAM NO. 5 Th = 159 Tc = 77 CP = 2 7 . 9 8 7 0 8



4 0 0

3 5 0

300

250

200

1 5 0

1 0 0

5 0

0

-Q H m in

U PPE R  ะ HOT COM POSITE  
LOWER : COLD COM POSITE

T------------- r
3 . 5  4  4 . 5

Q  (  1 0  ณพ )

F i g u r e  8 - 1 3  C o m p o s i t e  c u r v e s  f o r  e x a m p l e  8 - 5
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2 6 7 °  1 5 9 °

Cl
C2

(mW/°C)
0 . 0 2 0 4
0 . 0 5 3 8

0 . 0 9 3 3
0 . 1 9 6 1

(a) À b o v e - t h e - p i n c h  d e s i g n

( k w / ° c )

0 . 2 2 8 5

0 . 0 2 0 4
0 . 0 5 3 8

0 . 0 9 3 3

0 . 1 9 6 1

(b) B e l o w - t h e - p i n c h  d e s i g n

(c )  C o m p le t e  n e t w o r k
F i g u r e  8 - 1 4  I n i t i a l  M .E .R .  d e s i g n  f o r  e x a m p le  8 - 5
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COLD STREAM N O .5 Th = 124 Tc = 2 6 . 1 6 CP ะ= 2 3 . 4 5 7 0 8
MATCH NO. 9 HEAT LOAD = 1 4 4 8 . 4

HOT STREAM NO. 2 Th = 159 Tc = 8 8 CP = 2 0 . 4
COLD STREAM N O .4 Th = 124 Tc = 5 0 . 2 2 CP = 1 9 . 6 3 0 3 1

MATCH NO. 10 HEAT LOAD = 4 7 2 . 1 4 6
HOT STREAM NO. 1 Th = 1 4 3 . 8 1 Tc = 1 4 1 . 7 4 CP = 2 2 8 . 5
COLD STREAM NO.4 Th = 5 0 . 2 2 Tc = 2 6 . 1 6 CP = 1 9 . 6 3 0 3 1

MATCH NO. 11 HEAT LOAD = 1 2 0 0 . 3 8 7
HOT STREAM NO. 1 Th = 1 4 1 . 7 4 Tc = 1 3 6 . 4 9 CP = 2 2 8 . 5
COLD STREAM N O .3 Th = 5 0 . 0 7 Tc = 2 6 . 1 6 :p = 5 0 . 2 1 2 6 1

MATCH NO. 12 HEAT LOAD = 1 5 . 3 2 6 9 6
HOT STREAM NO. 1 Th = 1 3 6 . 4 9 Tc = 1 3 6 . 4 2 CP = 2 2 8 . 5
COLD STREAM N O . l Th = 2 6 . 1 6 Tc = 26 CP = 9 3 . 3

MATCH NO. 13 COLD UTILITY■ = 1 3 5 7 7 . 6
HOT STREAM NO. 1 Th = 1 3 6 . 4 2 Tc = 77 CP — 2 2 8 . 5

OPTION ะ
A. SEARCH AND BREAK LOOP
B. MERGE HEAT LOAD FOR THE SELECTED PATH
c .  DRAW THE RESULTING NETWORK CONFIGURATION 
D. ECONOMIC ANALYSIS 
X. TERMINATE THE PROGRAM

Loop b r e a k i n g  p r o c e d u r e

S t e p  1 .  S e l e c t  o p t i o n  "A”
ENTER YOUR SELECTION ? a

S t e p  2 .  E n t e r  t h e  p e r m i s s i b l e  5Tmin v i o l a t i o n  r a n g e .
DO YOU ALLOW 5Tmin TO BE VIOLATED WITHIN A SPECIFIC
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RANGE ( Y / N ) ? Y
MAXIMUM VIOLATION ( ° C ) ?  5

R e s u l t  ะ

S e v e r a l  l o o p s  h a v e  b e e n  f o u n d  and a t t e m p t  t o  b r e a k  
t h e m .  H o w e v e r ,  o n l y  t h r e e  l o o p s  a r e  b r o k e n .  The e v o l v e d  
s t r u c t u r e s  a r e  shown i n  F i g u r e  8 - 1 4  and t h e  m a tch  r e s u l t s  
a r e  l i s t e d  b e l o w .

MERGING TARGET ะ 10
LOOP ะ ( 10 , 8 )

MERGE ะ f e a s i b l e ,  no n e g a t i v e  h e a t  l o a d  
TEMP.DIFFERENCE ะ f e a s i b l e
SPLIT COLD STREAM N O . l  TO STREAM NO .3 ,  N O .4 AND NO. 5  
SPLIT TEMP. = 124  RECOMBINE TEMP. = 2 6 . 1 6
TSC {3) = 2 6 . 1 6 TTC(3) = 124 CPC(3)  = 5 0 . 2 1 2 6 1
TSC(4)  = 2 6 . 1 6 TTC(4) = 124 CPC(4)  = 1 4 . 8 0 4 4 1
TSC (5)  = 2 6 . 1 6 TTC(5) = 124 CPC(5) = 2 8 . 2 8 2 9 8
SPLIT HOT STREAM N O . l  TO STREAM NO. 4 AND N O .5
SPLIT TEMP. = 159 RECOMBINE TEMP. = 1 4 1 . 7 4
TSH(4)  = 159 TTH(4) = 77 CPH(4) = 1 9 7 . 3 2 8 3
TSH(5) = 159 TTH(5) = 77 CPH(5)  = 3 1 . 1 7 1 6 7

MATCH NO. 1 HEAT LOAD = 2 6 9 0 . 609
HOT STREAM NO. 3 Th = 2 0 9 . 0 1 Tc = 159  CP = 5 3 . 8
COLD STREAM NO . 2 Th = 1 3 7 . 7 2 Tc = 124  CP = 1 9 6 . 1

MATCH NO. 2 HEAT LOAD = 2 7 9 . 9
HOT STREAM NO. 2 Th = 1 7 2 . 7 2 Tc = 159  CP = 2 0 . 4
COLD STREAM NO . 1 Th = 127 Tc = 124  CP = 9 3 . 3
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(a) The f i r s t  e v o l v e d  s t r u c t u r e
1 . 1 7

Cl

C2

(b) The s e c o n d  e v o l v e d  s t r u c t u r e

(c )  F i n a l  s t r u c t u r e
F i g u r e  8 - 1 5  D e s i g n e d  n e t w o r k  f o r  e x a m p l e  8 - 5
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MATCH NO. 3 HEAT LOAD = 1 9 2 3 . 3
HOT STREAM NO. 2 Th = 267 Tc = 1 7 2 . 7 2 CP = 2 0 . 4
COLD STREAM N O .2 Th = 1 4 7 . 5 3 Tc = 1 3 7 . 7 2 CP = 196 . 1

MATCH NO. 4 HEAT LOAD = 7 2 0 8 . 5 9 1
HOT STREAM NO. 3 Th = 343 Tc = 2 0 9 . 0 1 CP = 5 3 . 8

COLD STREAM NO.2 Th = 1 8 4 . 2 9 Tc = 1 4 7 . 5 3 CP = 196 . 1

MATCH NO. 5 HOT UTILITY = 1 5 8 2 7 . 6
COLD STREAM NO .2 Th = 265 Tc = 1 8 4 . 2 9 CP = 196 . 1

MATCH NO. 6 HEAT LOAD = 1 1 7 6 . 6
HOT STREAM NO. 4 Th = 159 Tc = 1 5 3 . 0 4 CP = 197 . 3 2 8 3
COLD STREAM N O .2 Th = 124 Tc = 118 CP = 196 . 1

MATCH NO. 7 HEAT LOAD = 3 7 1 2 . 2
HOT STREAM NO. 3 Th = 159 Tc = 90 CP = 5 3 . 8

COLD STREAM N O .3 Th = 124 Tc = 5 0 . 0 7 CP = 5 0 . 2 1 2 6 1
MATCH NO. 8 HEAT LOAD = 2 7 6 7 . 0 8 6

HOT STREAM NO. 5 Th = 159 Tc = 7 0 . 2 3 CP = 3 1 . 1 7 1 6 7
COLD STREAM NO .5 Th = 124 Tc = 2 6 . 1 6 CP = 2 8 . 2 8 2 9 8

MATCH NO. 9 HEAT LOAD = 1 4 4 8 . 4
HOT STREAM NO. 2 Th = 159 Tc = 8 8 CP = 2 0 . 4
COLD STREAM N O .4 Th = 124 Tc = 2 6 . 1 6 CP = 1 4 . 8 0 4 4 1

MATCH NO. 10 HEAT LOAD = 1 2 0 0 . 3 8 7
HOT STREAM NO. 1 Th = 1 4 1 . 7 4 Tc = 1 3 6 . 4 9 CP = 228 . 5
COLD STREAM NO .3 Th = 5 0 . 0 7 Tc = 2 6 . 1 6 CP = 5 0 . 2 1 2 6 1

MATCH NO. 11 HEAT LOAD = 1 5 . 3 2 6 9 6
HOT STREAM NO. 1 Th = 1 3 6 . 4 9 Tc = 1 3 6 . 4 2 CP = 228 . 5
COLD STREAM N O . l Th = 2 6 . 1 6 Tc = 26 CP = 9 3 . 3

MATCH NO. 12 COLD UTILITY = 1 3 5 7 7 . 6
HOT STREAM NO. 1 Th = 1 3 6 . 4 2 Tc = 77 CP 228 . 5
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MERGING TARGET ะ 11
LOOP ะ ( 1 1  , 8 )

MERGE ะ f e a s i b l e ,  n o n e g a t i v e  h e a t  l o a d
TEMP.DIFFERENCE ะ f e a s i b l e
S P L IT  COLD STREAM N O . l  TO STREAM N O . 3 ,  N O . 4 AND N O . 5
S P L IT  TEMP. = 1 2 4 RECOMBINE TEMP. = 2 6
T S C ( 3 )  = 26 TTC ( 3 )  = 1 2 4 CPC ( 3 ) = 5 0 . 1 2 8 4 4
T S C ( 4 )  = 2 6 TT C( 4 )  = 1 2 4 C P C (4 ) = 1 4 . 7 7 9 5 9
T S C ( 5 )  = 26 TT C( 5 )  = 1 2 4 CPC ( 5 ) = 2 8 . 3 9 1 9 7
S P L IT  HOT STREAM N O . l  TO STREAM N O . 4 AND NO. 5
S P L I T  TEMP. = 1 5 9 RECOMBINE TEMP. = 1 4 1 . 6 7
T S H ( 4 )  = 1 5 9 TTH( 4 )  = 1 5 3 . 0 4  CPH(4 ) = 1 9 7 . 2 7 7
T S H ( 5 )  = 1 5 9 TTH( 5 )  = 6 9 . 89 CPH(5 ) = 3 1 . 2 2 2 9 8

MATCH NO. 1 HEAT LOAD = 2 6 9 0 . 6 0 9
HOT STREAM NO. 3 Th = 2 0 9 . 0 1 Tc = 1 5 9 CP = 5 3 . 8
COLD STREAM N O . 2 Th = 1 3 7 . 7 2 Tc = 1 2 4 CP = 1 9 6 .

MATCH NO. 2 HEAT LOAD = 2 7 9 . 9
HOT STREAM NO. 2 Th = 1 7 2 . 7 2 T c  = 1 5 9 CP = 2 0 . 4
COLD STREAM N O . l Th = 1 2 7 Tc = 1 2 4 CP = 9 3 . 3

MATCH NO. 3 HEAT LOAD = 1 9 2 3 . 3
HOT STREAM NO. 2 Th = 2 6 7 Tc = 1 7 2 . 7 2 CP = 2 0 . 4
COLD STREAM N O . 2 Th = 1 4 7 . 5 3 Tc = 1 3 7 . 7 2 CP = 1 9 6 . :

MATCH NO. 4 HEAT LOAD = 7 2 0 8 . 5 9 1
HOT STREAM NO. 3 Th = 3 4 3 Tc = 2 0 9 . 0 1 CP -  5 3 . 8
COLD STREAM NO. 2 Th = 1 8 4 . 2 9 Tc = 1 4 7 . 5 3 CP = 1 9 6 .

MATCH NO. 5 HOT UTILITY = 1 5 8 2 7 . 6
COLD STREAM NO. 2 Th = 2 6 5 Tc = 1 8 4 . 2 9 CP = 1 9 6 .

MATCH NO. 6 HEAT LOAD = 1 1 7 6 . 6
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HOT STREAM NO. 4 Th = 1 5 9 Tc = 1 5 3 . 0 4 CP = 1 9 7 . 2 7 7
COLD STREAM N O . 2 Th = 1 2 4 T c  = 1 1 8 CP = 1 9 6 . 1

MATCH NO. 7 HEAT LOAD = 3 7 1 2 . 2
HOT STREAM NO. 3 Th = 1 5 9 T c  = 90 CP = 5 3 . 8
COLD STREAM NO. 3 Th = 1 2 4 Tc = 4 9 . 9 5 CP = 5 0 . 1 2 8 4 4

MATCH NO. 8 HEAT LOAD = 2 7 8 2 . 4 1 3
HOT STREAM NO. 5 Th = 1 5 9 Tc = 6 9 . 8 9 CP = 3 1 . 2 2 2 9 8
COLD STREAM N O . 5 Th = 1 2 4 T c  = 2 6 CP = 2 8 . 3 9 1 9 7

MATCH NO. 9 HEAT LOAD = 1 4 4 8 . 4
HOT STREAM NO. 2 Th = 1 5 9 Tc = 88 CP = 2 0 . 4
COLD STREAM N O . 4 Th = 1 2 4 T c  = 2 6 CP ะ 3 1 4 . 7 7 9 5 9

MATCH NO. 1 0 HEAT LOAD = 1 2 0 0 . 3 8 7
HOT STREAM NO. 1 Th = 1 4 1 . 6 7 Tc = 1 3 6 . 4 2 CP = 2 2 8 . 5
COLD STREAM N O . 3 Th = 4 9 . 9 5 Tc = 26 CP = 5 0 . 1 2 8 4 4

MATCH NO. 11 COLD UTILITY = 1 3 5 7 7 . 6
HOT STREAM NO. 1 Th = 1 3 6 . 4 2 T c  = 7 7 CP = 2 2 8 . 5

MERGING TARGET ะ 2
LOOP ะ ( 2 , 9 )

MERGE ะ f e a s i b l e ,  n o  n e g a t i v e  h e a t  l o a d  
TEMP.DIFFERENCE ะ v i o l a t e  t h e  g i v e n  5 T m in  o n  m a t c h  n o .  7

( 5T = 3 2  )
TEMP.DIFFERENCE ะ v i o l a t e  t h e  g i v e n  5 T m in  o n  m a t c h  n o .  8

(5T = 3 2  )
CAN YOU ACCEPT (Y /N )  ? Y
SPLIT  COLD STREAM N O . l  TO STREAM N O . 3 ,  N O . 4 AND N O . 5
SPLIT TEMP. = 1 2 7  RECOMBINE TEMP. = 26
T S C ( 3 )  = 26  TTC ( 3 )  = 1 2 7  C P C (3 )  = 4 8 . 6 3 9 4 8
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TSC(4) = 26 TTC (4) = 127 CPC(4) = 1 7 . 1 1 1 8 8
TSC(5)  = 26 TTC(5) = 127 CPC(5) = 2 7 . 5 4 8 6 5
SPLIT HOT STREAM NO. 1  TO STREAM NO. 4 AND NO . 5
SPLIT TEMP. = 159 RECOMBINE TEMP. = 1 4 1 . 6 7
TSH(4)  = 159 TTH(4) = 1531.04 CPH{4) = 1 9 7 . 2 7 7
TSH(5) = 1 59 TTH(5) = 6 9 . 89 CPH(5) = 3 1 . 2 2 3

MATCH NO. 1 HEAT LOAD = 2 69 0 . 6 0 9
HOT STREAM NO. 3 Th = 2 0 9 . 0 1 Tc = 159 CP = 5 3 . 8
COLD STREAM NO .2 Th = 1 3 7 . 7 2 Tc = 124 CP = 1 9 6 . 1

MATCH NO. 2 HEAT LOAD = 1 923 . 3
HOT STREAM NO. 2 Th = 267 Tc = 1 7 2 . 7 2 CP = 2 0 . 4
COLD STREAM NO .2 Th = 1 4 7 . 5 3 Tc = 1 3 7 . 7 2 CP = 1 9 6 . 1

MATCH NO. 3 HEAT LOAD = 7 20 8 . 5 9 1
HOT STREAM NO. 3 Th = 343 Tc = 2 0 9 . 0 1 CP = 5 3 . 8
COLD STREAM NO .2 Th = 1 8 4 . 2 9 Tc = 1 4 7 . 5 3 CP = 1 9 6 . 1

MATCH NO. 4 HOT UTILITY = 1 5 8 2 7 . 6
COLD STREAM NO .2 Th = 265 Tc = 1 8 4 . 2 9 CP = 1 9 6 . 1

MATCH NO. 5 HEAT LOAD = 1 17 6 . 6

HOT STREAM NO. 4 Th = 159 Tc = 1 5 3 . 0 4 CP = 1 9 7 . 2 7 7
COLD STREAM NO.2 Th = 124 Tc = 118 CP = 1 9 6 . 1

MATCH NO. 6 HEAT LOAD = 3 7 1 2 . 2

HOT STREAM NO. 3 Th = 159 Tc = 90 CP = 5 3 . 8
COLD STREAM N O .3 Th = 127 Tc = 5 0 . 6 8 CP = 4 8 . 6 3 9 4 8

MATCH NO. 7 HEAT LOAD = 2 78 2 . 4 1 3
HOT STREAM NO. 5 Th = 159 Tc = 6 9 . 8 9 CP = 3 1 . 2 2 3
COLD STREAM NO .5 Th = 127 Tc = 26 CP = 2 7 . 5 4 8 6 5

MATCH NO. 8 HEAT LOAD = 1 728 .3
HOT STREAM NO. 2 Th = 1 7 2 . 7 2 Tc = 8 8 CP = 2 0 . 4
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COLD STREAM N O .4 Th = 127 Tc = 26 CP = 1 7 . 1 1 1 8 8
MATCH NO. 9 HEAT LOAD = 1 2 0 0 . 3 8 7

HOT STREAM NO. 1 Th = 1 4 1 . 6 7 Tc = 1 3 6 . 4 2 CP = 2 2 8 . 5
COLD STREAM N O .3 Th = 5 0 . 6 8 Tc = 26 CP = 4 8 . 6 3 9 4 8

MATCH NO. 10 COLD UTILITY = 1 3 5 7 7 . 6
HOT STREAM NO. 1 Th = 1 3 6 . 4 2 Tc = 77 CP = 2 2 8 . 5

E c o n o m ic  a n a l y s i s  f o r  t h e  r e t r o f i t  p r o j e c t

S t e p  1 .  E n t e r  "r" f o r  r e t r o f i t .
NEW OR RETROFIT PLANT ( N / R ) ? r  

S t e p  2 .  E n t e r  c o s t  i n d e x ,  u n i t s  o f  a r e a  and c u r r e n c y .

PRESENT COST INDEX ? 350
INTEREST RATE (%) ? 15
UNIT: AREA ? m ~ 2

CURRENCY ( p r e s s  ENTER f o r  US$) ? ( e n t e r )
S t e p  3 . E n t e r  h o t u t i l i t y d a t a .
H/E NO. HEAT

LOAD
T i n T ou t COST

(kw) (°C) (°C)
PER UNIT 
(US$/kW)

TOTAL
(US$)

4 1 5 8 2 7 . 6 300 300 1 0 0 1 5 8 2 7 6 0

S t e p  4 . E n t e r  c o l d u t i l i t y d a t a .
H/E NO. HEAT

LOAD
T i n T o u t COST

(kW) (°C) (°C)
PER UNIT 
(US$/kW)

TOTAL
(US$)

1 0 1 3 5 7 7 . 6 30 50 6 8 1 4 6 5 . 5 9
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S t e p  5 .  E n t e r  h e a t  t r a n s f e r  c o e f f i c i e n t ,  บ (kw/m', 2 . ° c )  .

H/E
NO.

STREAM
PAIR

บ THin
(°C)

THout
(°C)

TCin
(°C)

TCout
( 3 C)

AREA
(nT2 )

1 H 3 - C 2 . 8 5 2 0 9 . 0 1 5 9 . 0 1 2 4 . 0 1 3 7 . 7 3 1 7 . 7 4
2 H 2 - C 2 . 8 5 2 6 7 . 0 1 7 2 . 7 1 3 7 . 7 1 4 7 . 5 1 4 9 . 4 9
3 H 3 - C 2 . 8 5 3 4 3 . 0 2 0 9 . 0 1 4 7 . 5 1 3 4 . 3 4 2 3 . 5 5
4 H 0 - C 2 . 8 5 3 0 0 . 0 3 0 0 . 0 1 8 4 . 3 2 6 5 . 0 9 3 7 . 9 5
5 H 4 - C 2 . 8 5 1 5 9 . 0 1 5 3 . 0 1 1 8 . 0 1 2 4 . 0 1 5 1 . 3 5
6 H 3 - C 3 . 85 1 5 9 . 0 9 0 . 0 5 0 . 7 1 2 7 . 0 1 1 1 1 . 3 5
7 H 5 - C 5 . 8 5 1 5 9 . 0 6 9 . 9 2 6 . 0 1 2 7 . 0 6 7 8 . 3 5
8 H 2 - C 4 . 8 5 1 7 2 . 7 8 8 . 0 2 6 . 0 1 2 7 . 0 3 2 3 . 3 6
9 H 1 - C 3 . 85 1 4 1 . 6 1 3 6 . 4 2 6 . 0 5 0 . 7 1 0 9 . 6 9

1 0 H 1 - C 0 . 8 5 1 3 6 . 4 7 7 . 0 3 0 . 0 5 0 . 0 1 0 4 8 . 9 2

S t e p  6 . E n t e r  e x i s t i n g  p l a n t ' s  u t i l i t y  d a t a

DESCRIPTION QUANTITY

(kW)

COST

PER UNIT TOTAL
(US$/kW) (US$)

HOT UTILITY 1 7 5 9 7  100  1 7 5 9 7 0 0
COLD UTILITY 1 5 5 1 0  6 9 30 6 0

TOTAL UTILITY COST ะ
EXISTING PLANT (us$) 1852760

NEW DESIGN (us$) 1664226
S t e p  7. E n t e r  t h e  n um bers  and h e a t  t r a n s f e r  a r e a s  o f  
r e u s a b l e  h e a t  e x c h a n g e r s  ( i f  a n y  ) .
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ARE THERE ANY REUSEABLE HEAT EXCHANGERS ( Y / N ) ? y or  
e n t e r
TOTAL NUMBER OF REUSABLE HEAT EXCHANGER? 7

EXISTING H/E NO AREA
<M~2)

E - l 119
E -2 55
E -3 129
E -4 27.
H - l 293
c - l 311
C- 2 30

R e s u l t  ะ

1 .  R e u s e d  e x c h a n g e r s

H/E NO. REQUIRED AREA 
(๓"2 )

AVAILABLE AREA
(๓"2 )

EXISTING H/E NO

1 6 2 . 0 5 65 E -2
4 2 7 5 . 8 6 311 C - l
6 1 2 2 . 9 0 129 E-3
7 8 6 . 9 9 119 E - l
9 1 4 . 0 6 30 E -2

1 0 2 4 8 . 8 0 293 H - l
DO YOU ACCEPT THE REUSE OF THE EXISTING H/E AS TABULATED
ABOVE ( Y /N )?  Y
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2 .  C o s t s  o f  new h e a t  e x c h a n g e r s .

H/E NO. AREA
(m~2 )

COST IN 1 95 8  
(US$)

PRESENT COST 
(US$)

2 3 2 . 8 9 2 2 8 9 . 0 6 8 0 1 1 . 7 2
3 8 2 . 7 2 4 5 6 2 . 0 7 1 5 9 6 7 . 2 3
5 3 9 . 5 3 3 1 7 8 . 4 4 1 1 1 2 4 . 5 6
8 3 8 . 0 4 3 1 3 0 . 8 0 1 0 9 5 7 . 7 9

TOTAL 1 6 6 7 . 5 0 4 6 0 6 1 . 3 0

3 .  Pay b a c k  p e r i o d

DESCRIPTION
COST

% OF H/E COST AMOUNT 
(US$)

TOTAL HEAT EXCHANGER COST 
INSTALLATION , RELOCATION COST 
PIPING COST 
OTHER

4 6 0 6 1 . 3
2 0 1 3 8 1 8 . 4
50 1 3 8 1 8 . 4

2 4 6 0 6 . 1

TOTAL COST 7 8 3 0 4 . 2  
INTEREST RATE (%) 1 5 . 0  
ANNUAL SAVING 1 8 8 5 3 4 . 4

PAY BACK PERIOD (YEAR) 46
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The a b o v e  r e s u l t s  r e v e a l  t h a t  t h e  p r e s e n t  s o f t w a r e  i s  a b l e  
t o  a c h i e v e  an M .E .R .  n e t w o r k ,  w h i c h  r e d u c e s  t h e  e n e r g y  
c o n s u m p t i o n s  f o r  b o t h  t h e  h o t  and c o l d  u t i l i t y  b y  1 7 6 9 . 4  
kw e a c h .  T h i s  am ou n ts  t o  s a v i n g s  o f  1 8 8 , 5 3 4  $ / y r  w i t h  a 
q u i c k  p a y b a c k  o f  6  m o n th s  f o r  an i n v e s t m e n t  o f  7 8 , 3 0 4  ร .

E xa m ple  8 - 6

T h i s  p r o b l e m  c o m p r i s e s  4 h o t  s t r e a m s  and 3 c o l d  s t r e a m s ,  
d a t a  o f  w h i c h  a r e  g i v e n  i n  T a b l e  8 - 6 . F i g u r e  8 - 1 5  i s  t h e  
i n i t i a l  u n r e s t r i c t e d  m a tch  n e t w o r k  o b t a i n e d  by  u s i n g  t h e  
d e v e l o p e d  s o f t w a r e .  I t  i s  d e s i r e d  h e r e  t o  r e d e s i g n  t h e  
n e t w o r k  u n d e r  t h e  r e s t r i c t i o n  t h a t  h o t  s t r e a m  n o . 4 and  
c o l d  s t r e a m  n o . 3 c a n n o t  be  p a i r e d  t o g e t h e r .

T a b l e  8 - 6  D a ta  f o r  e x a m p l e  8 - 6  [ 3 3 :  1 5 3 ] .

S t r e a m  n o .  s t a r t i n g  tem p .  T a r g e t  t e m p .  H e a t  c a p a c i t y
f l o w r a t e

(°C) (°C) (kW/°C)

HI 160 1 1 0 1 0 . 5 4 8
H2 249 138 1 2 . 6 6 0
H3 227 106 1 7 . 7 2 4
H4 271 146 8 . 4 0 0
Cl 96 160 6 . 0 9 6
C2 116 217 4 . 8 6 4
C3 140 250 1 2 . 0 0 0
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1 6 0 °  1 1 0 °
2 4 9 °   ̂

H2  (
5 2 * 7 ^ 4  1 3 8 °

2 2 7 ° ^  ^  3 9 ^ 2  1 0 6 °
113 2 7 1 °  ^ J  1 6 5 ^ 3  1 4 6 °

1 6 0 °  v J Ç  3 5 ^ 8  9 6 °
2 1 7 ° ^  3 9 u . 1  1 1 6 °  C 1

2 5 0 ° 4 9 ^ 2  1 4 0 °
3 พ . 0  i t Î 2 . 0

( k w / ° c )
1 0 . 5 4 8  
1 2 . 6 6 0  
1 7 . 7 2 4  

8 . 4 0 0  
6 . 0 9 6  
4 . 8 6 4

12.000

F i g u r e  8 - 1 6  N et w o rk  o b t a i n e d  u n d e r  u n r e s t r i c t e d  c o n d i t i o n s  
f o r  e x a m p l e  8 - 6

N et w o rk  d e s i g n i n g  p r o c d u r e  
S t e p  1 .  E n t e r  n um bers  o f  s t r e a m s .  

NO. OF HOT STREAMS ? 4 
NO. OF COLD STREAMS? 3

S t e p 2 . E n t e r u n i t s  o f  t e m p e r a t u r e  and h e a t l o a d .
UNIT OF TEMPERATURE ( ° ) ?  Ç
UNIT OF HEAT LOAD ? kw

S t e p 3 . E n t e r minimum a l l o w a b l e  t e m p e r a t u r e d i f f e r e n c e .
MINIMUM ALLOWABLE TEMPERATURE DIFFERENCE ( ° c ) ?  10

S t e p 4 . E n t e r h o t - s t r e a m  d a t a -
HOT :STREAM STARTING TARGET HEAT CAPACITY
NO. TEMP. TEMP. FLOWRATE

(°C) (°C) ( k w / ° c )
1 160 110 1 0 . 5 4 8
2 249 138 1 2 . 6 6 0
3 227 106 1 7 . 7 2 4
4 271 146 8 . 4 0 0
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S t e p 5 . E n t e r c o l d - s t r e a m d a t a .

COLD STREAM STARTING TARGET HEAT CAPACITY
NO. TEMP. TEMP. FLOWRATE

<°C) (°C) (kW/°C)

1 96 160 6 . 0 9 6
2 116 217 4 . 8 6 4
3 140 250 1 2 . 0 0 0

S t e p 6 . E n t e r r e s t r i c t e d  s t r e a m  p a i r s  ( i f a n y )  .
ARE THERE ANY RESTRICTED STREAM/STREAM MATCHES ( Y / N ) ? Y
HOT STREAM N o . ? 4  CANNOT MATCH w i t h  COLD STREAM NO.?3 ? ENTER 
HOT STREAM No.?ENTER

R e s u l t  :

1 .  PROBLEM TABLE ANALYSIS (FOR UNRESTRICTED CONDITION)

SUBNETWORK COLD STREAM 
TEMP. INTERVAL 

(°C)

DEFICIT

(kW)

ACCUMULATIVE
OUTPUT

(kW)

HEAT FLOW 

(kW)

261 0

1 - 9 2 . 4 0 9 2 . 4 0
250 9 2 . 4 0

2 3 9 . 6 0 5 2 . 8 0
239 5 2 . 8 0

3 - 1 9 9 . 3 2 2 5 2 . 1 2
217 2 5 2 . 1 2

4 - 1 2 4 9 . 4 4 1 5 0 1 . 5 6
160 1 5 0 1 . 5 6

5 - 1 5 8 . 2 4 1 6 5 9 . 8 0
150 1 6 5 9 . 8 0
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SUBNETWORK COLD STREAM 
TEMP. INTERVAL

(°C)

DEFICIT

(kW)

ACCUMULATIVE
OUTPUT

(kW)

HEAT FLOW 

(kW)

6 - 2 6 3 . 7 2 1 9 2 3 . 5 2
140 1 9 2 3 . 5 2

7 - 1 5 3 . 4 8 8 2 0 7 7 . 0 1
136 2 0 7 7 . 0 1

8 - 2 3 9 . 7 7 6 2 3 1 6 . 7 8
128 2 3 1 6 . 7 8

9 - 2 0 7 . 7 4 4 2 5 2 4 . 5 3
1 16 2 5 2 4 . 5 3

1 0 - 3 5 4 . 8 1 6 2 8 7 9 . 3 4
1 0 0 2 8 7 9 . 3 4

1 1 - 4 6 . 5 1 2 2 9 2 5 . 8 5
96 2 9 2 5 . 8 5

2 .  P i n c h  p i o n t  and minimum u t i l i t y  r e q u i r e m e n t s
PINCH IS  LOCATED AT COLD STREAM TEMPERATURE ( ° c )  = 261  
MINIMUM HOT UTILITY (kw) = 0

MINIMUM COLD UTILITY (kw) = 2 9 2 5 . 8 5 6
MIMINUM SURPLUS OF BOTH HOT AND COLD UTILITIES  
(kW) = 132

3 .  C o m p o s i t e  c u r v e  ( a s  shown i n  F i g u r e  8 - 1 6 )
4 .  B e l o w - t h e - p i n c h  d e s i g n

MATCH NO. 1 HOT UTILITY = 132
COLD STREAM NO. 3 Th = 250 Tc = 239 CP = 12

MATCH NO. 2 HEAT LOAD = 2 7 8 . 5 2
HOT STREAM NO. 2 Th = 249 Tc = 227 CP = 1 2 . 6 6
COLD STREAM NO. 3 Th = 239 Tc = 2 1 5 . 7 9 CP = 12

MATCH NO. 3 HEAT LOAD 4 9 1 . 2 6 4
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250

200

1 5 0

1 0 0

5 0

0

P S E U D O - P I N C H  - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

J_ _ _ _ _ _ _ _ _ _ l_ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ l_ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ I- - - - - - - - - - - - - L

Q C m i n

U P P E R

L O W E R

H O T  C O M P O S I T E  

C O L D  C O M P O S I T E

v; TTV 7r1 7T7 zr̂
ù  (  m W  )

F i g u r e  8 - 1 7 C o m p o s i t e  c u r v e s  f o r  e x a m p l e  8 - 6  ( u n r e s t r i c t e d  c o n d i t
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HOT STREAM NO. 4 Th = 271 Tc = 2 1 2 . 5 2 CP — 8 . 4
COLD STREAM NO. 2 Th = 217 Tc = 116 CP = 4 . 8 6 4

MATCH NO. 4 HEAT LOAD = 9 0 9 . 480
HOT STREAM NO. 3 Th = 227 Tc = 1 7 5 . 6 9 CP = 1 7 . 7 2 4
COLD STREAM NO. 3 Th = 2 1 5 . 7 9 Tc = 140 CP = 1 2

MATCH NO. 5 HEAT LOAD - 390 . 144
HOT STREAM NO. 2 Th = 227 Tc = 1 9 6 . 1 8 CP - 1 2 . 6 6

COLD STREAM NO. 1 Th = 160 Tc = 96 CP = 6 . 0 9 6
MATCH NO. 6 COLD UTILITY = 5 2 7 . 4

HOT STREAM NO. 1 Th = 160 Tc = 1 1 0 CP = 1 0 . 5 4 8
MATCH NO. 7 COLD UTILITY = 7 3 6 . 5 9 5 9

HOT STREAM NO. 2 Th = 1 9 6 . 1 8 Tc = 138 CP = 1 2 . 6 6

MATCH NO. 8 COLD UTILITY = 1 2 3 5 . 1 2 4
HOT STREAM NO. 3 Th = 1 7 5 . 6 9 Tc = 106 CP = 1 7 . 7 2 4

MATCH NO. 9 COLD UTILITY = 5 5 8 . 7 3 6
HOT STREAM NO. 4 Th = 2 1 2 . 5 2 Tc: = 146 CP = oo ะน
5 .  G r id  r e p r e s e n t a t i o n  f o r  r e s t r i c t e d  m a t c h i n g  ( shown i n  
F i g u r e  8 - 1 7 ( a ) )

OPTION:
A. SEARCH AND BREAK LOOP
B. MERGE HEAT LOAD FOR THE SELECTED PATH
c .  DRAW THE RESULTING NETWORK CONFIGURATION 
D. ECONOMIC ANALYSIS 
X. TERMINATE THE PROGRAM

Loop b r e a k i n g  p r o c e d u r e

S t e p  1 .  S e l e c t  o p t i o n  "A"
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ENTER YOUR SELECT ? a

DO YOU ALLOW 5Tmin TO BE VIOLATED WITHIN A SPECIFY
RANGE (Y/N) ? y
MAXIMUM VIOLATION ( ° c )  ? 2

R e s u l t

MERGING TARGET ะ 7
LOOP ะ ( 7 , 2 , 4 , 8 )

MERGE ะ f e a s i b l e ,  no n e g a t i v e  h e a t  l o a d  
TEMP.DIFFERENCE ะ v i o l a t e  t h e  g i v e n  5Tmin on m a tc h  n o .  5

{5T = 8 . 8 2  )
CAN YOU ACCEPT (Y /N ) ?  Y

S t e p  2 .  E n t e r  p e r m i s s i b l e  5Tmin v i o l a t i o n  r a n g e  { i f  a n y ) .

MATCH NO. 1 HOT UTILITY = 132
COLD STREAM NO. 3 Th = 250 Tc = 239 CP = 1 2

MATCH NO. 2 HEAT LOAD = 1 0 1 5 . 1 1 6
HOT STREAM NO. 2 Th = 249 Tc = 1 6 8 . 8 2 CP = 1 2 . 6 6

COLD STREAM NO. 3 Th = 239 Tc = 1 5 4 . 4 1 CP = 1 2

MATCH NO. 3 HEAT LOAD = 4 9 1 . 2 6 4
HOT STREAM NO. 4 Th = 271 Tc = 2 1 2 . 5 2 CP = CO

COLD STREAM NO. 2 Th = 217 Tc = 116 CP = 4 . 8 6 4
MATCH NO. 4 HEAT LOAD = 1 7 2 . 8 8 4

HOT STREAM NO. 3 Th = 227 Tc = 2 1 7 . 2 5 CP = 1 7 . 7 2 4
COLD STREAM NO. 3 Th = 1 5 4 . 4 1 Tc = 140 CP = 1 2

MATCH NO. 5 HEAT LOAD = 3 9 0 . 1 4 4
HOT STREAM NO. 2 Th = 1 6 8 . 8 2 Tc = 138 CP = 1 2 . 6 6

COLD STREAM NO. 1 Th = 160 Tc = 96 CP = 6 . 0 9 6
MATCH NO. 6 COLD UTILITY = 5 2 7 . 4

HOT STREAM NO. 1 Th = 160 Tc = 110 CP — 1 0 . 5 4 8
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น ,  <kH" c )
2 4 9 °  ^

— J. น.  อ fi O
5 2 7 \ 4  1 3 8 0"TN____________________________________________________________________ _________________________________________________________________  -1  o  ร-1'H2 พ 2 2 7 ° J )-------- v w  — X Z . ๐ ๐ น7 3 ^ 6  1 0 6 °

2 7 1 ° Y UJJ " 1 7 . 7 2 4  1 2 3 5 1 1  1 4 6 °
H4

1 6 0 ° r \j Ĵ * O • 4 0 0 5 5 8 1 7 9 6 °
2 1 7 ° K )  นX O.U3D39T5.1 1 1 6 °
2 5 0 ° ^  4 พ .  2 ^ C2 4 . 8 6 41 4 0 °

1 พ . 0  2 พ . 5  9̂ : 

( a )  I n i t i a l  r e s t r i c t e d

1 6 0 °

^  c 3 1 2 . 0 0 0  

m a t c h  n e t w o r k  ( 5 T m i n  = 1 0  ° c )

( k w / ° c )
1 1 0 e

n x  U J ------------ -- x u . 0 4 »2 4 9 °  5 2 7 1 4  1 3 8 e
2 2 7 °  v r  ร J--------------------------— JLZ . ObU1 0 6 e

113 2 7 1 ° J ---------- (Ç)--------------- 1 7 . 7 2 41 9 7 1 1 7  1 4 6 e
H4

1 6 0 °
J \C J 9 8 . 4 0 0  55T. 8 9 6 e

2*17° KJ  นX b . u y b3915.1  1 1 6 e
2 5 0  ° ^  4พ .  2 ^ C2 4 . 8 6 41 4 0 e

1 พ .  0 1 พ 5 . 1  i l -------  C3 1 2 . 0 0 0

(b ) F i n a l  r e s t r i c t e d  m a tch  n e tw o r k  (5T m in = 8 .8 2  °c)

F ig u r e  8 -1 8  N e tw o rk s  o b t a i n e d  u n d er  r e s t r i c t e d  m atch
c o n d i t i o n s .



163

MATCH NO. 7 COLD UTILITY = 1 9 7 1 .7 2
HOT STREAM NO. 3 Th = 2 1 7 .2 5 Tc = 106 CP = 1 7 .7 2 4

MATCH NO. 8 COLD UTILITY = 5 5 8 .7 3 6
HOT STREAM NO. 4 Th = 2 1 2 .5 2 Tc = 146 CP = 8 .4

The s o l u t i o n  o f  t h e  r e s t r i c t e d  m a tch  p ro b le m  
p r o v i d e s  t h e  n e tw o r k  c o n f i g u r a t i o n  show n i n  F ig u r e  8 -  
1 7 ( a ) .  N o te  t h a t  t h e  u t i l i t y  r e q u ir e m e n t s  a r e  e q u a l  t o  
t h e  m in im a p r e d i c t e d  b u t  t h e  num ber o f  u n i t s  i s  o n e  m ore  
th a n  t h e  m inim um . I f  5Tm in i s  a l lo w e d  t o  b e v i o l a t e d  1 .1 8  
°c, t h e  n e tw o r k  i s  th e n  e v o l v e d  t o  t h e  c o n f i g u r a t i o n  show n  
i n  F ig u r e  8 - 1 7 ( b ) , w h ic h  a t t a i n s  b o th  MER and t h e  minimum  
o f  u n i t s .
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