
CHAPTER III 
EXPERIMENTAL

Material and Equipment
Software: T h e  c o m m e r c ia l  s im u la t io n  s o f tw a r e , P R O /I I  P r o v is io n  ( v e r s io n  5 .6 1 , 
1 9 9 4 -2 0 0 2 )

3.1 Data Collection from the GSP5

T h e  d e s ig n - d a ta  c a s e  in c lu d in g  te m p e r a tu r e ,  p r e s s u r e ,  a n d  f lo w  r a te  w e re  
c o l le c te d  o n  W e d n e s d a y ,  J u n e  14 , 2 0 0 6 . F u r th e r m o r e ,  th e  d a ta  a n d  in f o r m a t io n  o f  th e  
a c tu a l - d a ta  c a s e  w e r e  c o l le c te d  o n  T u e s d a y ,  A u g u s t  2 9 , 2 0 0 6 .

3.2 Simulation of the Distillation Columns and the Heat Exchanger Networks

T h is  r e s e a r c h  w o rk  is  d iv id e d  in to  tw o  c a s e s ,  th e  d e s ig n - d a ta  c a s e  a n d  th e  
a c tu a l - d a ta  c a s e . S ta r t in g  f r o m  th e  d e s ig n - d a ta  c a s e ,  th e n  d o in g  th e  a c tu a l - d a ta  c a s e . 
T h e  s im u la to r ;  P R O /I I  P r o v is io n ,  is  u s e d  to  s im u la te  th e  d is t i l l a t io n  c o lu m n s  ( th e  
d e m e th a n iz e r ,  th e  d e e th a n iz e r ,  a n d  th e  d e p ro p a n iz e r )  a n d  th e  h e a t  e x c h a n g e r  
n e tw o r k s .

3.3 Heat Exchanger Networks of the Background Process

T h e  p r o b le m  ta b le  a lg o r i th m  (P T A )  is  u s e d  to  a s c e r ta in  th e  e x i s t in g  ATmin 
b y  m a tc h in g  th e  e x i s t in g  u t i l i ty  o f  th e  p ro c e s s .

3.3.1 T r ia l - a n d - e r r o r  o f  t h e  ATmin

3.3.2 D e te r m in a t io n  o f  te m p e r a tu r e  in te rv a l  (Tint)

ATmin/2 is  s u b t r a c te d  f r o m  th e  h o t  s tr e a m  t e m p e r a tu r e s  a n d  ATmin/2 is  
a d d e d  to  th e  c o ld  s tr e a m  te m p e r a tu r e s .  T h e s e  t e m p e r a tu r e s  a re  th e n  s o r te d  in  
d e s c e n d in g  o rd e r . T h is  s te p  e n s u r e s  th a t  th e re  i s  a n  a d e q u a te  d r iv in g  f o r c e  o f  ATmin 

b e tw e e n  th e  h o t  a n d  c o ld  s t r e a m s  fo r  p o s s ib le  h e a t  t r a n s f e r  w i th in  e a c h  in te rv a l .
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3.3.3 C a lc u la t io n  o f  n e t  MCp in  e a c h  in te rv a l  (MCp int)
T h e  s u m  o f  th e  MCp v a lu e s  o f  th e  h o t  s t r e a m s  is  s u b t r a c te d  f ro m  th e  

s u m  o f  th e  MCp v a lu e s  o f  th e  c o ld  s tr e a m s  p re s e n t  in  e a c h  te m p e r a tu r e  in te rv a l .
3.3.4 C a lc u la t io n  o f  n e t  e n th a lp y  in  e a c h  in te rv a l  (Qint)

T h e  MCpjnt ( c a lc u la te d  in  S te p  3.4.3) is  m u l t ip l ie d  b y  th e  te m p e r a tu r e  
d i f f e r e n c e  f o r  th a t  in te rv a l  to  o b ta in  th e  h e a t  r e q u i r e m e n t  in  th e  in te rv a l  (Qint). T h e s e  
a re  th e  n e t  s u r p lu s  (Qint <  0 ) o r  d e f ic i t  (Qint >  0 ) in  e a c h  in te rv a l .

3 .3 .5  C a lc u la t io n  o f  c a s c a d e d  h e a t  (Qcas)
T h e  n e t  e n th a lp y  in  a n  in te rv a l  (o b ta in e d  in  S te p  3 .4 .4 )  is  s u b t r a c te d  

f ro m  th e  c a s c a d e d  h e a t  in  th e  p r e v io u s  in te rv a l  to  o b ta in  th e  c a s c a d e d  h e a t  in  th a t  
in te rv a l .

3 .3 .6  R e v is io n  o f  c a s c a d e d  h e a t  (Reas)
T h e  h ig h e s t  n e g a t iv e  Qcas in  c o lu m n  is  b r o u g h t  to  th e  f i r s t  Qcas c o lu m n  

to  o b ta in  th e  r e v is e d  c a s c a d e d  h e a t  (Rcas).
3 .3 .7  G e n e r a t io n  o f  th e  g ra n d  c o m p o s i te  c u rv e  (G C C )

T h e  m in im u m  h o t  u t i l i ty  r e q u i r e m e n t  (Q i-iu .m in) a n d  th e  m in im u m  c o ld  
u t i l i ty  r e q u i r e m e n t  (Q cu .m in ) a re  th e  f i r s t  a n d  la s t  v a lu e s  in  c o lu m n  o f  R cas. T h e  
t e m p e r a tu r e  Tint th a t  c o r r e s p o n d s  to  z e ro  r e v is e d  c a s c a d e d  h e a t  is  c a l le d  th e  p in c h  
te m p e r a tu r e .  A p lo t  o f  T in t ( o b ta in e d  in  s te p  3.3.2) a n d  Rcas (o b ta in e d  in  s te p  3.3.6) 
y ie ld s  th e  g ra n d  c o m p o s i te  c u rv e  (G C C ).

3.4 Retrofitting by Pinch Technology

T h is  t a s k  is  d iv id e d  in to  tw o  p a r ts  th a t  a re  r e t r o f i t  t a r g e t s  a n d  r e t r o f i t  d e s ig n s ,  

r e s p e c t iv e ly .
3 .4 .1  E s ta b l i s h in g  th e  r e t r o f i t  t a r g e t s  b a s e d  o n  c o n s ta n t  h -v a lu e s

T h e  ta r g e t  p r o c e d u r e  is  b a s e d  o n  e n e r g y  a n d  a r e a  ta rg e ts  a s  w e l l  a s  o n  
th e  c o n c e p t  o f  a r e a  e f f ic ie n c y .  A n  a r e a - e n e r g y  a n d  in v e s tm e n t - s a v in g  p lo t  is  u s e d  to  
o b ta in  a  t a r g e t  f o r  r e t r o f i t  d e s ig n .

3 .4 .1 .1  C a lc u la t io n  o f  a r e a  e f f ic ie n c y  o f  e x i s t in g  n e tw o r k  ( a )
T h e  a r e a  e f f ic ie n c y  is  d e f in e d  a s
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a  =  A i*๗ /4™,/»* (3.1)

W h e re  Ajdeal is  th e  id e a l  t a rg e t  a r e a  b a s e d  o n  th e  c o m p o s i te  c u r v e s  c o r r e s p o n d in g  to  
th e  c u r r e n t  u t i l i ty  le v e ls  a n d  Aexistingis th e  a c tu a l  a r e a  o f  th e  e x i s t in g  n e tw o r k .

3 .4 .1 .2  C a lc u la t io n  o f  a r e a  t a rg e ts  fo r  v a r io u s  e n e r g y  le v e ls
T h e  a re a  a n d  e n e r g y  ta r g e ts  c a n  b e  c a lc u la te d  a t a n y  A T min.

3 .4 .1 .3  C a lc u la t io n  o f  th e  r e t r o f i t  c u rv e
3 .4 .1 .4  C a lc u la t io n  o f  th e  m a x im u m  a r e a  to  b e  u s e d  in  d e s ig n in g  th e  

n e w  n e tw o r k  (Amax.retr)
T h is  is  d o n e  b y  th e  fo l lo w in g  fo rm u la :

Amax,retr — Ajdeaf coexisting fo r  O t2 :0 .9  (.ว.2 a )

Amax.retr — (Ajdeal- Ajdeal l)/ A (X "t“Aexisting fo r  CL <'  0 .9  ( 3 .2 b )

W ith  A a  =  1 fo r  a  <  0.9 a n d  A a  =  otexisting fo r  a >  0.9.
3 .4 .1 .5  P lo t t in g  a r e a - e n e r g y  c u rv e s

A r e a - e n e r g y  c u rv e s  a r e  o b ta in e d  b y  p lo t t in g  Ajdeal a g a in s t  e n e r g y  
( b a s e d  o n  h o t  u t i l i ty ) .

3 .4 .1 .6  C a lc u la t io n  o f  e n e r g y  s a v in g  a n d  e x t r a  a r e a  r e q u i r e d

E n e r g y  s a v in g s  =  c u r r e n t  u t i l i ty  u s a g e  - t a r g e t  u t i l i ty  r e q u i r e d
(b a s e d  o n  h o t  u t i l i ty )  (3 .3 a )  

E x t r a  a r e a  =  r e q u i r e d  n e w  a r e a  - e x i s t in g  a r e a  (3 .3 b )

3 .4 .1 .7  E c o n o m ic  a n a ly s is  o f  in v e s tm e n t  v s . s a v in g s
T h is  ta s k  is  u s e d  to  c a lc u la te  a n  a n n u a l  e n e r g y - s a v in g  c o s t  a n d  

in v e s tm e n t  c o s t  th a t  a re  u s e d  to  p lo t  in v e s tm e n t - s a v in g  c u rv e s .
3.4.1.8 I d e n t i f i c a t io n  o f  t a r g e t  ATmin

T h e  s p e c i f ie d  p a y b a c k  p e r io d  is  u s e d  to  id e n t i fy  th e  t a r g e t  
ATmin th a t  is  th e  b e s t  s ta r t in g  p o in t  in  e c o n o m ic .
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3 .4 .2  R e t r o f i t  d e s ig n s  f o r  c o n s ta n t  h - v a lu e s
T h e  d e s ig n  p r o c e d u r e  is  d o n e  b y  th e  fo l lo w in g  s te p s :
3 .4 .2 .1  Id e n t i f i c a t io n  o f  c r o s s - p in c h  e x c h a n g e r s

G r id  d ia g r a m  is  u s e d  to  r e p r e s e n t  f lo w  s tr e a m s ,  h e a t  r e c o v e r y
m a tc h e s  a n d  e x te r n a l  u t i l i ty  lo a d s  o f  e x is t in g  p ro c e s s .  C o n s e q u e n t ly ,  i n s e r ts  t h e  p in c h  
lo c a t io n  b y  u s in g  ATmin th a t  o b ta in e d  in  s e c t io n  3.4.1.8 to  f in d  h e a t  e x c h a n g e r s  
c r o s s in g  th e  p in c h .

T h is  t a s k  is  r e -u s in g  e x is t in g  e x c h a n g e r s  o r  in t r o d u c in g  th e  
n e w  e x c h a n g e r  o r  b o th  o f  th e m .

3.5 Distillation Column Targeting

3 .5 .1  U s in g  a  c o n v e r g e d  s im u la t io n  o f  e a c h  c o lu m n  a n d  s e le c t in g  th e  k e y  
c o m p o n e n ts  ( l ig h t  a n d  h e a v y  k e y  g ro u p ) .

3 .5 .2  C a lc u la t io n  o f  m in im u m  v a p o r  a n d  l iq u id  f lo w  r a te s

3 .4 .2 .2  E l im in a t io n  o f  c r o s s -p in c h  e x c h a n g e r s
3 .4 .2 .3  R e v is io n  o f  th e  n e tw o r k

B e f o r e  f e e d  s ta g e  
GminY L - LminX L Dl
GrninY H - LmjnX H Dh (3 .4 )

(3 .5 )

^Vhe ê Gmin, Emin M in im u m  v a p o r  a n d  l iq u id  f lo w  
L ig h t  c o m p o s i t io n  o f  v a p o r  a n d  l iq u id  
H e a v y  c o m p o s i t io n  o f  v a p o r  a n d  l iq u id  
L ig h t  a n d  h e a v y  c o m p o n e n t  f lo w  o f  d is t i l la te  
L ig h t  a n d  h e a v y  c o m p o n e n t  f lo w  o f  b o ttm
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O b ta in  th e  m in im u m  v a p o r  a n d  l iq u id  f lo w  ra te s  a t  e a c h  s ta g e  
t e m p e r a tu r e  b y  s o lv in g  th e  tw o  s im u lta n e o u s  e q u a t io n s .

3 .5 .3  C a lc u la t io n  o f  m in im u m  v a p o r  a n d  l iq u id  e n th a lp ie s
A s s u m in g  m o la r  p ro p o r t io n a l i ty  fo e  e n th a lp ie s ,  th e  m in im u m  

e n th a lp ie s  c o r r e s p o n d in g  to  th e  m in im u m  f lo w s  m a y  b e  c a lc u la te d  fro m

Homin = H*0(Gmin/G*)
H]Lmin — H lXLmin/L )

W h e r e  Hcmin, Hunin =  E n th a lp y  o f  th e  m in im u m  v a p o r  a n d  l iq u id  f lo w  
H*G, H * l =  E n th a lp y  o f  e q u il ib r iu m  v a p o r  a n d  l iq u id  f lo w  
G*, L* =  M o la r  f lo w s  o f  e q u i l ib r iu m  v a p o r  a n d  l iq u id  s te a m

3 .5 .4  C a lc u la t io n  o f  n e t  h e a t  d e f ic i t  a t  e a c h  s ta g e  t e m p e ra tu re  (Hdef)
T h e  e n th a lp y  d e f ic i t  o n  e a c h  s ta g e  is  g iv e n  b y

B e fo re  f e e d  s ta g e

Hdef -  Hunin — Homin  ̂E1d (3-7)

A f te r  f e e d  s ta g e
Hdef -  HLmjn — HGmin  ̂ Hd - Hfeed (•̂  )̂

( 3 .6 a )
(3 .6 b )

3 .5 .5  C a s c a d in g  h e a t  d e f ic i ts
T h is  is  d o n e  b y  a d d in g  th e  c o n d e n s e r  lo a d  to  th e  Hdef ( o b ta in e d  in  

3 .5 .4 )  o n  e a c h  tra y .
3 .5 .6  G e n e r a t io n  o f  th e  c o lu m n  g ra n d  c o m p o s i te  c u rv e  (C G C C )

T h e  r e s u l t in g  c a s c a d e  c a n  b e  p lo t te d  a g a in s t  th e  s ta g e  t e m p e r a tu r e  to
a r r iv e  a t  t h e  C G C C .
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3.6 Stand-Alone Column Modifications

F ir s t ly ,  th e  s e n s i t iv i ty  a n a ly s e s  o f  c o lu m n s  w e re  d o n e , a n d  th e n  d o  
f o l lo w in g  m o d i f ic a t io n s .  T h e  c r i t e r i a  o f  m o d if ic a t io n s  a re  s u m m a r iz e d  b e lo w :

3 .6 .1  R e f lu x  r a t io  m o d if ic a t io n
3 .6 .2  F e e d  c o n d i t io n in g  ( fe e d  p r e h e a t in g /p r e - c o o l in g )
3 .6 .3  S id e  r e b o i l in g /c o n d e n s in g

3.7 Process Heat Integration

G e n e r a t in g  th e  G C C  (o b ta in e d  in  th e  h e a t  e x c h a n g e r  n e tw o r k  o f  b a c k g r o u n d  
p r o c e s s  s e c t io n )  a n d  th e  C G C C  (o b ta in e d  in  th e  d is t i l la t io n  c o lu m n s  t a r g e t in g  s e c t io n )  
in  th e  s a m e  g ra p h  is  u s e d  to  in v e s t ig a te  a n  in a p p r o p r ia te ly  c o lu m n  p la c e d  a n d  to  f in d  
a  w a y  to  o b ta in  th e  b e n e f i t  f ro m  th e  in te g ra t io n

3.8 UA Analysis (Revamp Studies)

B y  a p p ly in g  th e  w e l l - k n o w n  e q u a t io n ,  U A  =  Q /L M T D  to  e a c h  u n i t ,  th e  
e f f e c t  o f  n e tw o r k  c h a n g e s  o n  th e  to ta l  a r e a  o f  e a c h  h e a t  e x c h a n g e r  u n i t  is  a s s e s s e d .  
A f t e r  m o d i f y in g ,  i f  th e  to ta l  h e a t  e x c h a n g e r  a r e a s  a re  l a r g e r  th a n  th e  e x i s t in g  th e n  th e  
m o d i f i c a t io n  o f  h e a t  e x c h a n g e  u n i t  is  r e q u ire d .

3.9 Economical Evaluation

T h e  e c o n o m ic a l  e v a lu a t io n  c o m p r i s e s  o f  a  u t i l i ty  c o s t  s a v in g , a n  in v e s tm e n t  
c o s t ,  a n d  a  p a y b a c k  p e r io d .  In  a d d i t io n  to  h e a t  e x c h a n g e r  c o s t ,  a  m o d u le  f a c to r  is  
im p le m e n te d  to  e s t im a te  m o re  a c c u r a te  c o s t.  A  h e a t  e x c h a n g e r  h a s  m o d u le  f a c to r  in  a  
r a n g e  f r o m  3 .0 9  to  3 .2 9 . T h is  s tu d y  u s e s  a  m o d u le  f a c to r ,  3 , fo r  s im p l i f y in g  
c a l c u la t io n  (S u n g - G e u n  Y o o n , J e o n g s e o k  L e e , S u n w o n  P a rk , F le a t in te g ra t io n  
a n a ly s i s  f o r  a n  in d u s t r ia l  e th y lb e n z e n e  p la n t  u s in g  p in c h  a n a ly s is .  A p p l i e d  T h e rm a l  
E n g in e e r in g , 2 0 0 6 ) .
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