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Abstract 

 

S yn t h es i s  o f  U r ea  f e r t i l i z e r  r equ i r es  p r od u c t i on  o f  Amm on ia  f i r s t .  In  

t h e  Amm on ia  s yn th e s i s ,  con v er s i on  i s  l o w ,  ab ou t  2 0 -30 % .  S o ,  a f t e r  

p r od u c t  s ep a r a t i on ,  t h e  s t r eam i s  r e c yc l ed .  Bu t ,  t h i s  c lo sed  lo op  

s yn t h e s i s  caus e s  a ccumu l a t i on  o f  i n e r t s .  H en ce ,  f o r  o p t im um 

co nv e r s io n ,  i t  i s  r eq u i r ed  t o  pu r ge  a  c e r t a in  amo un t  o f  t h i s  r e c yc l ed  

ga s .  I t  i s  e con omi ca l l y f e a s ib l e  t o  r e co v e r  v a lu ab l e  ga s es  r a th e r  t h an  

b u rn in g  th em.  Th er e f o r e ,  i mp o r t an t  co mp on e n t s  i n c l ud i n g  H yd r o gen  

ga s  a r e  r e co v er ed .  A f t e r  r e co v e r y,  i t  i s  s en t  b ack  i n t o  t h e  s yn t h e s i s  

l oo p  w hi ch  d ec r eas e s  t h e  amo un t  o f  N a t u r a l  G as  r eq u i r ed  as  r aw 

m at e r i a l  an d  enh ances  th e  p ro du c t io n  e f f i c i en c y.  T h e  m os t  e co no mi ca l  

p r o cess  fo r  H yd r o gen  r ecov e r y i s  p ro po s ed  i n  t h i s  p r o j ec t .  As  p e r  t h e  

i nd us t r i a l  d i r ec t i ve ,  t wo  p ro ce ss es  a r e  s tu d i ed  in  d ep th ;  Li nd e’ s  

T echn ol og y  ( C r yo g en i c  S ep a r a t i on )  and  Pri s m T echn olo gy  ( M em br an e 

S epa r a t io n ) .  A  d e t a i l ed  s t ud y h a s  b een  ca r r i ed  ou t  on  each  p r o ces s ’ s  

M ate r i a l  &  En er g y Ba l an ce ,  Equ ip men t  Des i gn ,  S im ul a t io n ,  

In s t r u m en t a t io n  & P r o cess  Co n t ro l  and  u l t im at e l y th e  E con omi c  

A n a l ys i s ,  wh ich  i s  t h e  m a in  o b j ec t i v e  o f  t h e  p r o j ec t .  F i n a l l y ,  an  

o p t imiz ed  an d  eco n omi ca l l y f e a s i b l e  op t io n  fo r  t h e  in dus t r y f o r  

i n s t a l l a t i on  h a s  b een  p r op os ed .  
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Chapter 1: Introduction  

1 .1  Background:  

P ak i s t an  i s  an  ag r i cu l tu r a l  l and  wh e r e  t he  n eed  o f  ch eap  an d  ab un dan t  

f e r t i l i z e r  i s  v e r y i m po r t an t .  T h e  mo s t  wi d e l y u s ed  f e r t i l i z e r  i s  u r ea  

w h ich  i s  p ro du ced  b y t h e  r eac t io n  o f  am mo ni a  wi t h  ca r b on  d i ox id e .  

H en ce  p ro du c t io n  o f  am mo ni a  i s  mo r e  c r i t i c a l  i n  f e r t i l i z e r  p l an t s .   

O n e  o f  t h e  h i gh ly  p r o d uced  i no r gan i c  ch em i ca l  i n  t h e  wo r l d  i s  

amm on i a .  T h er e  a re  cou n t l e s s  l a r ge - sca l e  ammo ni a  p ro du c t io n  p l an t s  

w o r l d wid e ,  w h i ch  p r o du ced  a  t o t a l  o f  14 4  m i l l i on  to ns  o f  n i t r o gen .  Th e  

w o r l d  p ro du c t io n  o f  Ch in a  w as  3 1 . 9  %,  f o l l ow ed  b y R us s i a  w i th  8 . 7  % ,  

In d i a  wi th  7 . 5  % ,  an d  th e  Un i t ed  S t a t e s  wi t h  7 . 1  %.  For  f e r t i l i z in g  

ag r i cu l t u r a l  c r op s ,  8 0  pe r  c en t  o r  mo r e  o f  t h e  amm onia  p ro du ced  i s  

u s ed .  Amm on i a  i s  a l s o  us ed  fo r  t h e  p ro du c t io n  o f  t h e  d yes ,  

p h a rm aceu t i c a l  and  p l a s t i c s ,  f i b e r s ,  ex p l os iv es ,  a c i d  n i t r i c s  (v i a  t h e  

O s t w al d  p ro ces s ) .  [1 7 ]  

A mm on ia  s yn t h es i s  beg i n  wi t h  t he  p re t r ea tm en t  o f  n a t u ra l  ga s  wh i ch  

i n c lu d es  su l fu r  and  ca r bo n  d iox i d e  rem ov a l  t o  i n c r eas e  th e  h ea t in g  

v a lu e  o f  ga s  and  a l s o  t o  remo v e  s u l fu r  r e l a t ed  com po un ds  w h i ch  wi l l  

c au s e  im m ens e  po l l u t i on  du r i n g  bu r n i n g .  Af t e r  t h a t  n a tu r a l  gas  

r e f o rmi n g  i s  c a r r i ed  ou t  t o  p ro du ce  hyd r o gen  b ecau s e  a  l a r ge  am ou n t  

o f  h yd r o gen  i s  r eq u i r ed  t o  p ro du ce  amm on ia .   

S t eam  r e f o rmi n g  r eac t i on :  C H 4  +  H 2 O → CO  +  3 H 2  

T h e  n ex t  s t ep  i s  t o  co nv e r t  c a r bo n  mon ox id e  in to  ca r bo n  d iox i de  an d  

m o re  h yd r o gen  wi th  a  c a t a l yt i c  sh i f t  co n ve r t :  

C O +  H 2 O  →  C O 2  +  H 2  

In  o r d e r  t o  p r od u ce  th e  r equ i r ed  ammon i a ,  h yd r o gen  i s  r eac t ed  t o  f o r

m  an h yd r o u s  l i qu id  am mo ni a  a lo n g  w i t h  n i t r o gen  ( d e r i v e d  f rom  t h e  

p r o cess  a i r )  i n  t h e  p r es ence  o f  a  c a t a l ys t .  T he  amm on ia  lo op  ( a l s o  

k n ow n a s  t h e  H ab e r - Bo s ch  p r o ce ss )  i s  k n ow n a s  t h a t  s t ep .  T he  s t ep  i s .   
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N 2  +  3 H 2  → 2N H 3  

T h e  co nv e rs i on  o f  t h i s  r eac t io n  i s  v e r y l o w,  an d  th e  co n t i nu ou s  

r ec yc l i n g  i s  n eces sa r y t o  i n c r eas e  t h e  p ro du c t io n  o f  amm on ia .  Wi th  

p e r p e tu a l  r e cyc l i ng ,  t he  i n e r t  com po n en t s  i n  t h e  s t r e am  a r e  

a ccum ul a t ed  in  re ac t o r s  and  cau s e  d i s r up t io ns  i n  t h e  p ro ce ss .  Th os e  

i n e r t  com po n en t s  i n c lu d e  un r eac t ed  hyd r o g en  an d  ammon i a  a lo n g  w i t h  

m et h an e ,  n i t r o gen ,  a r go n  an d  m e th an e  w h ich  com e f r om th e  r e f o rmi ng 

s ec t io n .  T h er e f o r e ,  i t  i s  e con omi ca l  i n  t h e  lo n g  r un  th a t  t h e s e  va lu ab l e  

co mp on en t s  l i k e  am mo ni a  and  h yd r o gen  a r e  r e co v er ed  f r om  t he  p u r ge  

s t r e am.  Pu r ge  ga s  ha s  t y p i ca l l y  6 0  –  65  % h yd r o gen  ga s  by  v o l um e and  

amm on i a  r ecov e r y u n i t  i s  i n s t a l l ed  b e f o r e  t h e  h yd r o gen  reco v er y u n i t .  

[ 1 8 ]  

 

1 .2  Problem Statement:    

Pl an t - I I  o f  FFC  Go th  M ach h i  i s  u s in g  c r yo gen i c  s ep ara t i on  f o r  t he  

r e co ve r y o f  h yd r o g en  f rom  t h e  pu r ge  s t r e am a nd  th e y w an t  t o  i n s t a l l  

an o t h er  h yd r o gen  r eco v er y u n i t  f o r  t h e i r  o l d e r  p l an t  t ha t  i s  P l an t - I .  

T h ey h av e  as ked  us  t o  c a r r y o u t  a  de t a i l ed  co mp a r i so n  b e tw een  th e  t w o  

m aj o r  p r o cess e s  o f  H yd r o gen  r eco v e ry  i . e .  C r yo gen i c  sep a r a t io n  an d  

m em b r an e  s ep a r a t io n  and  p ro po se  th em th e  mo s t  s u i t ab l e ,  e con omi ca l  

an d  e f f i c i en t  p ro ces s  so  t ha t  t h ey can  i ns t a l l  t h a t  fo r  t h e i r  f a c i l i t y .  

 

1 .3  Purpose  of  the s tudy:  

P ur po s e  o f  t h e  s t ud y i s  t o  p ro pos e  the  m os t  e co no mi ca l  an d  e f f i c i en t  

m et ho d  fo r  t h e  r e co v e r y o f  h yd r o gen  f ro m th e  p u r ge  ga s .  H yd r o gen  

r eco ve r y i s  v e r y c r i t i c a l  i n  amm onia  s yn t h e s i s  p ro cess  becaus e  i t  

i n c r ea s es  t h e  p ro du c t io n  o f  am mo ni a  b y 4  t o  5 %,  wh ich  i s  a  v e r y 

s i gn i f i c an t  num b er  and  t h i s  d e s c r ib es  t h e  im po r t an ce  o f  t h e  e f f i c i en t ,  

en v i ro nm ent a l  f r i en d l y an d  econ om ica l  p ro ce ss  o f  h yd r o gen  r eco v e r y.  
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T h e  abo ve  m en t io ned  p ur po s e  w as  m et  b y an a l yz in g  and  a s s es s in g  t h e  

av a i l ab l e  t e chn iq ues  i n  mi nu t e  d e t a i l s .  T h e  t e ch n iq u es  w er e  com p ar ed  

o n  th e  b a s i s  o f  f o l lo w in g  pa r am e te r s .  

•  P e r cen t age  r eco v ery  

•  P e r cen t age  pu r i t y  

•  O p er a t i n g  co nd i t i on s  

•  Fix ed  cap i t a l  cos t  

•  O p er a t i on a l  co s t  

•  E as e  o f  op e r a t i on  

 

1 .4  Brief  his tory of  Hydrogen:  

T h e  h yd r o gen  i s  a  h i gh l y co mb us t ib l e  d i a to mi c  ga s  wi th  mo l ecu l a r  

f o rm ul a t io n  H 2  w h ich  i s  co lo r l e s s ,  odo r l e s s ,  t a s t e l e s s ,  no n - t ox ic ,  and  

n o n- me t a l l i c .  I t s  d en s i t y  i s  t h e  l o w es t  o f  a l l  ga s es .  I t  i s  a  co mm er c i a l l y  

i mp or t an t  e l em en t .  H yd r o gen  i s  t h e  un i v er s e ’  m os t  abu ndan t  ch em i ca l ,  

m akin g  u p  abo u t  75  p er cen t  o f  t h e  t o t a l  ba r yo n i c  m as s .  M e l t i n g  p o i n t  

o f  H yd r o gen  i s  -  2 59 . 16 °C  wh i l e  bo i l i n g  p o in t  i s  -  2 52 .87 9 °C .  [ 1 9 ]  

1 . 4 . 1  Us es  o f  H yd ro g en :  

I .  T h e  l a r ges t  u s e  o f  h yd r o gen  i s  i n  Hab e r ’ s  p r o ce ss  t o  p r od u ce  

amm on i a  (N H 3 ) ,  w h e r e  n i t ro gen  f ro m a i r  i s  com bi ned  w i th  

h yd r o gen  to  p ro du ce  Am mo ni a .   

I I .  Li q u i d  h yd r o gen  f in ds  i t s  u s e  i n  t h e  s tu d y o f  su p e r co nd uc t o rs  an d  

h yd r o gen  b l end ed  w i t h  l i qu i d  ox ygen ,  s e rv e s  a s  an  ex ce l l en t  f u e l  

u s ed  i n  ro ck e t s  e t c .   

I I I .  H yd r o gen a t i on  o f  o i l s  u s es  l a r ge  q u an t i t i e s  o f  h yd r o gen  to  

co nv e r t  t h em  in to  f a t s ,  Mar ga r in e  p ro du c t io n  i s  on e  s u ch  

ex ampl e .   
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IV .  H yd r o gen  i s  a l so  co mi n g a s  an  op t io n  fo r  c l e an  bu rn in g  f u e l  i n  

t h e  n ea r  fu t u re .  Hyd r o gen  p o w er ed  fu e l  ce l l s  a r e  i n c r ea s in g l y  

b e in g  us ed  no w a d ays .   

V .  O n e  com mo n us e  o f  h yd r o gen  i s  a s  coo l an t  du e  to  i t s  p rop e r t i e s  

l i k e  l o w er  d en s i t y ,  l o w er  v i s co s i t y  an d  a l s o  b ecau se  i t  su rp a ss e s  

o th e r  ga s e s  b y h av i n g  h i gh es t  sp ec i f i c  hea t  and  th e rm al  

co nd u c t i v i t y  v a l u e .   

V I .  H yd r o gen  ga s  i s  ex t en s iv e l y u s ed  i n  v a r io us  c ru d e  o i l  r e f in in g  

p r o cess e s .  For  ex am pl e ,  H yd r o d es u lph u r i z a t i on ,  H yd r o c r ack i n g ,  

d e - a ro m at i z a t io n  e t c .  [ 1 9 ]  
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Chapter 2: Literature Review 

2 .1  Hydrogen Separation:  

H yd r o gen  i s  a  v e ry  l i gh t  ga s  an d  i t s  s i z e  i s  a l s o  rea l l y  s ma l l  wh i ch  

m ak es  i t  d i f f i cu l t  s ep a ra t e  f r om o t h er  ga s es .  I t  c an  b e  d o ne  th r ou gh  

v a r i ou s  w e l l  kn ow n e s t ab l i s h ed  p r o ce ss e s  wh i ch  a r e  ex p l a i n ed  b e l o w.  

I .  C r yo gen i c  D i s t i l l a t i on  

I I .  M emb r an e  S ep a r a t io n  

I I I .  P r es su r e  S wi n g  Ads o rp t io n  

 

2 . 1 . 1  C ry og en i c  Di s t i l l a t ion :  

T h e  w o rd  c r yo gen i c  m ean s  “v e r y l o w t em p er a tu r es ” .  T h i s  d i s t i l l a t i on  

p r o cess  i s  u s ed  t o  s ep a r a t e  ga s  co mp on en t s  a t  ex t r em el y l o w 

t em p e r a tu r es .  Th i s  t e chn iq ue  i s  u sed  w id e l y t o  sep a ra t e  d i f f e r en t  

co ns t i t u en t s  o f  a i r  f r om  o n e  ano t h e r  e .g .  N 2 ,  O 2  e t c .  

T h e  p r i n c ip l e  o f  t h i s  s ep a r a t i on  p r o ce ss  i s  t h e  f a c t  t h a t  d i f f e r en t  ga se s  

h av e  d i f f e r en t  bo i l i n g  p o in t s  w h en  the y a r e  i n  l i qu id  s t a t e  and  h en ce  

t h ey can  b e  s ep a ra t ed  b y d i s t i l l a t i on .  T h er e f o r e ,  t h i s  p ro ce ss  i s  a  

co mbi n a t i on  o f  t wo  w o rds ,  Cr yo gen i c  an d  d i s t i l l a t i on .   

In  t h e  ca s e  o f  h yd r o gen  r eco ve r y f r o m p u r ge  ga s ,  t he  c r yo gen i c  

d i s t i l l a t i o n  r equ i r es  p re t rea tm en t  t o  r em ov e  amm on i a  and  w at e r  f r om 

t h e  p u r ge  s t r e am bef o r e  en t e r in g  t h e  co l d  b ox .  Becaus e  o the r w i s e  t h es e  

co mp on en t s  wi l l  be  f roz en  a t  s u ch  l o w t em p er a tu r es  an d  t h e  h ea t  

ex ch an ge r s  and  o t he r  p ip in g  can  be  d am aged .  

T h e  c r yo gen i c  s epa r a t i on  p ro ces s  need  a  t i gh t  co o rd i na t i on  o f  h ea t  

ex ch an ge r s  and  p a r t i t i on  s egm en t s  t o  a cq u i r e  a  d ecen t  p ro f i c i en c y an d  

a l l  t h e  v i t a l i t y  f o r  r e f r i ge r a t i on  i s  g iven  b y t h e  p r es su r e  o f  t h e  a i r  a t  

t h e  gu l f  o f  t h e  u n i t .   
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T o  acco mpl i s h  th e  l ow  r e f i n i n g  t em pe r a tu r es ,  t h e  a i r  s ep a r a t io n  u n i t  

n eeds  t he  r e f r i ge ra t i on  cyc l e  t h a t  wo r ks  b y m e th od  fo r  t h e  J ou l e –

T h oms on  e f f ec t ,  and  th e  coo l  h a r d w are  m us t  b e  k ep t  i n s id e  a  p ro t ec t ed  

co ld  b ox .  T h e  coo l in g  o f  t h e  ga s es  r equ i re s  a  l o t  o f  v i t a l i t y  t o  w o rk  t h e  

r e f r i ge r a t i on  cyc l e  an d  i s  d on e  b y t h e  a i r  com pr e ss o r .  

T h e  h ea r t  o f  t h e  c ryo gen i c  d i s t i l l a t i o n  i s  t h e  co l d  box  in s i d e  w hi ch  t h e  

t em p e r a tu r es  a r e  r ed u ced  u p  to  -1 88  °C .  H en ce ,  h eav y d u t y h ea t  

ex ch an ge r s  an d  co o l in g  en v i ro nm ent  i s  r eq u i r ed .  Th e  n i t r o gen ou s  

en v i ro nm ent  i s  m ain t a in ed  in s id e  i t  t o  k eep  t he  t em p e r a tu r e s  l o w .  

T h i s  p ro ced u r e  depen ds  o n  th e  d i s t i n c t io n  i n  bo i l i n g  p o i n t s  o f  f l u id  

ga s e s  i n  t h e  s t r eam.  Th e  f un d am en t a l  r u l e  em br aced  i n  ou r  

r e f r i ge r a t i on  c i r cu i t  i s  u t i l i z ed  h e r e .  N H 3  l i n e  1  P GR  and  IG P  d ep en ds  

o n  th i s  p ro cedu r e .  T h e  E ne r g y s p a r in g  i s  0 .1 1  G ca l / MT  NH 3  w i t h  

p u r ge  ga s  r e cu p er a t i on  fo r  18 64 TP D NH 3  p l an t  an d  co r r e sp o nd i n g l y 

0 . 06 G ca l / MT  u r ea .  Y ea r l y b en e f i t  f rom  P GR a f t e r  r e s t i t u t io n  pe r io d  i s  

a r o un d  R s  15  c ro r e  ( US D 22 38 80 6 ) .  

1 .  H yd r o gen  b ecomes  l i qu id  a t  - 25 3° C,  1  a tm  p r e s s u r e .   

2 .  N i t ro gen  b eco mes  l i q u id  a t  - 19 6° C ,  1  a tm  p r e s s u r e .   

3 .  M et h an e  b ecom es  l i q u id  a t  - 16 1° C ,  1  a tm  p r e s s u r e .   

4 .  A mmo ni a  b eco mes  l i qu id  a t  - 33 °C ,  1  a tm  p r e s s u r e .   

T h e  p r e -p u r i f i ed  p ur ge  ga s  f r om  th e  NH 3  r e cup e r a t i on  p l an t  i s  s a t u r a t ed  

w i t h  w a t e r .  A s  an  in i t i a l  s t ep ,  t h e  pu r ge  ga s  i s  d r i ed  an d  l i b e r a t ed  f ro m 

h in t s  o f  N H 3  i n  an  ads o rb in g  s t a t i on .  T h e  h yd r o gen  i s  i s o l a t ed  in  a  

co ld box .  T h e  d ecr ea s e  i n  t emp e r a t u r e  e s s en t i a l  f o r  a  s t e ad y p r o cedu r e  

i s  accom pl i sh ed  wi th  a  t h ro t t l e  v a l ve  u t i l i z in g  th e  J ou l e - T hom so n  

e f f ec t .  T h e  pu r ge  ga s  i s  ch i l l ed  o f f  i n  t h e  co l db ox  h ea t  ex chan ge r  

u t i l i z in g  th e  coo l ing  i n t en s i t y  o f  a  po r t i on  o f  t h e  c r yo ge n i c  h yd r o gen  

i so l a t ed  i n  t h e  co ld b ox .   A  Th e  p r e -p u r i f i ed  pu r ge  ga s  f r om  t h e  N H 3  

r e cu pe r a t io n  p l an t  i s  s a t u ra t ed  wi th  w a t e r .  A s  an  in i t i a l  s t ep ,  t h e  p u r ge  

ga s  i s  d r i ed  an d  l i b e r a t ed  f ro m h in t s  o f  NH 3  i n  an  ads o rb in g  s t a t i on .  
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T h e  h yd r o gen  i s  i so l a t ed  in  a  co ld box .  Th e  d ec r ea s e  i n  t emp e r a t u r e  

e s s en t i a l  f o r  a  s t e ad y p r o ced u r e  i s  a cco mpl i s h ed  wi th  a  t h ro t t l e  v a lv e  

u t i l i z in g  th e  J ou l e -T h oms on  e f fec t .  T he  p ur ge  ga s  i s  c h i l l ed  o f f  i n  t h e  

co ld box  h ea t  ex ch an ge r  u t i l i z i n g  th e  co o l in g  in t ens i t y  o f  a  p o r t i on  o f  

t h e  c r yo gen i c  h yd r o gen  i s o l a t ed  i n  t he  co ld box .  A cco rd in g l y,  t h e  gas  

s om ewh a t  b ecom es  l i q u i d .  Th e  gas  ph as e  i s  i so l a t ed  in  t h e  h yd r o gen  

s ep a ra to r ,  h ea t ed  up ,  an d  t h e  h yd r o gen  i s  s en t  t o  t h e  s yn gas  

co mp r es so r .  a cco rd i n g l y,  t h e  ga s  so mew h at  b ecom es  l i qu id .  T h e  ga s  

p h as e  i s  i s o l a t ed  i n  t h e  h yd r o gen  s ep ara t o r ,  h ea t ed  up ,  and  th e  h yd r o gen  

i s  s en t  t o  t h e  s yn ga s  co mp r es so r .  [ 2 ]  

 

2 . 1 . 2  Memb ran e  Sep ara t i on:  

M emb r an e  s ep a r a t io n  p r o ces se s  wo rk  wi t ho u t  h ea t i n g  an d  t h e re f o re  

u t i l i z e  l e s s  v i t a l i t y  t han  cu s to m ar y t he r m al  p a r t i t i on  p r oced u re s ,  e . g .  

r e f in in g ,  s ub l im at io n  o r  c r ys t a l l i z a t io n .  Th e  d iv i s i on  p r o ced ur e  i s  

ab so lu t e l y p h ys i ca l  an d  bo th  p o r t i on s  ( p en e t r a t e  an d  r e t en t a t e )  c an  b e  

u t i l i z ed .  I t  i s  d i f f i cu l t  t o  i so l a t e  t h e  co ns t i t u en t s  o f  az eo t ro p i c  f l u i ds  

o r  s o lu t es  b y r e f i n in g  o r  r e c r ys t a l l i z a t i on  h ow ev er  s u ch  pa r t i t i o ns  c an  

b e  accom pl i sh ed  u t i l i z i n g  m em br an e  t e ch no lo g y.  

2 . 1 . 2 . 1  Memb ran es  f o r  Ga s es :  

Fo r  s ep a r a t i on  o f  ga s e s ,  m emb r an es  can  com p et e  w i t h  o t he r  s epa r a t io n  

p r o cess e s  e co nom ica l l y,  en v i r on m ent a l  f r i end l y,  f r o m s a f e t y an d  

t e chn i ca l  po i n t  o f  v i ew.  V ar io us  im p rov em ent s  i n  m em b ran es  h av e  b een  

m ad e  s in ce  i t s  f i r s t - t i m e  u s age .  Membr an es  can  b e  in t e g r a t ed  wi t h  t h e  

ex i s t i n g  i nd us t r i a l  p r o cess e s .  

D i f f e r en t  t yp es  o f  m emb r an es  a re  us ed  fo r  s ep a r a t i on  o f  d i f f e r en t  

m ol ecu l es .  In  o u r  c a s e ,  w e  a r e  s ep ara t i n g  ga s  mix tu r e  s o  m em b r an es  

f o r  gas  s ep ar a t io n  a r e  us ed .  

T h e r e  a r e  d i f f e r en t  c a t ego r i es  o f  m em b r an es  an d  on e  p a r t i cu l a r  

m em b r an e  f o r  ou r  ca s e  i s  ch os en  on  the  b as i s  o f  v a r io us  fac t o r s .  
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G en e r a l l y ,  t he r e  a re  tw o  m ajo r  t yp es  o f  m em b ran es :  

•  P or ou s  M emb r an es  

•  D en se  M emb r an es  

Po ro us  memb ran es  h av e  p or e s  o f  v a r i ou s  s i z e s  t h r ou gh  whi ch  p a r t i c l e s  

p a s s .  I f  t he  mo l ecu l es  h av e  d i am et e r  sm al l e r  t h an  t he  po r e  s i z e  t h en  

t h ey w i l l  p as s  bu t  i f  t h ey h av e  l a r ge r  d i am et e r  t h an  th e  p o r e  s i z e  o f  

m em b r an es ,  t h e y w i l l  r em ai n  b eh i nd .  T h es e  m em br an es  a r e  us ed  fo r  

s ep a ra t io n  o f  p a r t i c l e s  wi t h  l a r ge  a tomi c  d i am e te r .  In  t h e se  m emb r an es  

s ep a ra t io n  o ccu rs  on  t h e  b a s i s  o f  K nu ds en  d i f fus io n ,  s u r f ace  d i f fus io n ,  

c ap i l l a r y co n d ens a t i on  an d  m ol ecu l a r  s i ev in g .  

D ens e  memb ran es  h av e  n o  p o re s  an d  u s ed  f o r  s ep a r a t i on  o f  p a r t i c l e s  

w i t h  ve r y s m al l  pa r t i c l e  d i ame t e r .  T h es e  m em br an es  w o r k  o n  t h e  

p r in c i p l e  o f  S o lu t i on  Di f fu s i on  t h eo r y.  A cco r d in g  t o  t h i s  t h eo r y,  

m ol ecu l es  a r e  f i r s t l y  ab so r b ed  to  t h e  s u r face  o f  m em b r an e ,  t h en  th e y 

d i f f us e  t h r ou gh  t h e  m em br an es ,  t r ans po r t ed  f r om  o n e  s id e  to  o th e r  an d  

f i na l l y  d e so r b ed  o n  th e  o t h e r  s id e .  

M ol ecu l es  a r e  sep a r a t ed  o n  th e  ba s i s  o f  s o lu b i l i t y  o f  d i f f e r en t  

m ol ecu l es  f o r  pa r t i cu l a r  m em b r an e .  

A n o t he r  c l as s i f i c a t i on  o f  m em b ran es  i s  on  th e  b a s i s  o f  g l a s s  t r ans i t i on  

t em p e r a tu r e .  

•  G l as s y m em b ran es  

•  R ub b er y m emb r anes  

I f  m a t e r i a l  o f  m emb r an e  i s  b e l o w i t s  g l a s s  t r an s i t i on  t empe r a tu r e ,  su ch  

m em b r an e  i s  c a l l ed  g l a s s y m em br an e  wh i l e  i f  t h e  ma t e r i a l  o f  m em b ran e  

i s  b e lo w i t s  g l as s  t r ans i t i o n  t emp e ra t u r e ,  su ch  m em bran e  i s  c a l l ed  

r u bb e r y m em b ran e .  Fo r  sm al l e r  mo lecu le s  as  i n  o u r  c a s e ,  g l as s y 

m em b r an es  a r e  us ed .  

A f t e r  ab ov e  s e l ec t io n ,  m at e r i a l  o f  m em b ran e  i s  s e l ec t ed .  M emb r an es  

can  b e  m ad e  f r om:  
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•  M eta l s  

•  C er ami c  

•  P ol ym er s  

Fo r  ga s es ,  mo s t l y  p o l ym er i c  m embr an es  a r e  us ed .  Fo r  h y d r o gen  

s ep a ra t io n ,  t h ree  d i f f e r en t  po l ym er i c  m em b r an es  a r e  av a i l ab l e .  

•  P ol ys u l f on e  

•  P ol yi m i d e  

•  E th yl  a ce t a t e  

M emb r an es  a r e  s e l ec t ed  o n  t h e  b a s i s  o f  p e rm eab i l i t y ,  s e l e c t iv i t y ,  

m echan i ca l  s t r en g th  and  co s t .  O u r  m ai n  f o cu s  w as  s e l ec t i v i t y  an d  a l s o  

co ns id e r i n g  o t h e r  f a c t o r s ,  we  h a v e  cho s en  Po l ys u l f on e  mem br an e .  

M emb r an es  p e r f o rm an ce  d ep en d  up on   

1 .  St age  cu t  

2 .  P e r fo rm an ce  r a t i o  

S ta g e  cu t :   I t  i s  t he  r a t i o  o f  p e rm ea t e  f l o w r a t e  an d  f eed  f lo w r a t e .  

𝜃

=  
𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑓𝑙𝑜𝑤

𝐹𝑒𝑒𝑑 𝑓𝑙𝑜𝑤
                                                                                                                      (2.1) 

H i gh e r  i s  t h e  v a lu e  o f  s t age  cu t ,  h i ghe r  wi l l  b e  t h e  recov e r y.  I t  v a l u e  

s ho u l d  b e  0 . 5  -  0 . 6 .  

Per f o rman ce  ra t io :    I t  i s  t h e  r a t i o  o f  f e ed  p r es su r e  an d  p er m ea t e  

p r e s s u r e .  

𝜑

=
𝐹𝑒𝑒𝑑 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒

𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒
                                                                                                             (2.2) 

2 . 1 . 2 . 2  PR IS M Memb ran es  

A t  1 10 –  13 0  b a rg ,  t h e  s yn t h e s i s  l o o p  pu r ge - gas  en t e r s  t he  f i lm  

( m em b ran e )  s ep a r a to r .  T h e  ga s  a r r an gem ent  i n co rp or a t es  h yd r o gen  and  
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h i gh  p e r cen tage  o f  m et h an e  and  a r gon  th a t  co l l e c t  i n  t h e  s yn t h e s i s  

c i r c l e .  H yd r o gen  pa r t i c l e s  r ap i d l y s a t u ra t e  t h r ou gh  th e  s k i n  o f  t h e  

m em b r an e  an d  m ove  o u t  o f  t h e  pe rm e a t e  po r t  a t  a  l o w er  we i gh t  ( 25 –  7 0  

b a r g ) .  T h i s  r ed e s i gn ed  h yd r o gen  s t re am  co m e b ack  t o  t h e  s yn t h e s i s  l oo p  

t o  enh ance  th e  f eed  s up p l y o f  s yn t he s i s  ga s .  B i gge r  pa r t i c l e s  do n ' t  

p en e t r a t e  t h r ou gh  t h e  m emb r an e  bo un d a r y.  T h e y s t r u c tu r e  t h e  ' n on -

p e r v ad e '  gas  s t r e am l eav in g  t h e  n o n -s a tu r a t e  po r t  a t  1 00 –  12 0  ba r g .  Th e  

p r o gr es s i on  o f  n on - p e rm e a t e  ga s ,  wh i ch  con ta in s  a r go n ,  n i t ro gen ,  

m et h an e ,  and  so me h yd r o gen ,  i s  ap p ro p r i a t e  f o r  s om e fu e l  ga s  h ea t  

ap p l i c a t io ns .  S om et im es ,  t h e  a r go n  i s  v e r y s i gn i f i c an t ,  so  i t  t end s  to  

b e  ad d i t i o n a l l y r e f in ed  in  d i f f e r en t  p ro cedu r es .  [ 4 ]  

N H 3  i s  c r ea t ed  b y  b r i n g in g  a  s yn t h es i s  ga s  s t r e am  i n to  a  c a t a l yt i c  

r e ac to r .  T h e  s yn t h e s i s  ga s  i s  i n c lu ded  h yd r o gen ,  N H 3  conv e r s io n  d o es  

n o t  t o t a l l y  s yn t h e s i z e  i n  t h e  p r i m ar y p a ss ,  so  t h e  p ro ced u r e  r eq u i r es  

t h e  p a r t s  t o  b e  l oop ed  th r ou gh  c yc l e .  T h i s  p ro ced u r e  m ak es  th e  l a t en t  

s id e -p r od u c t s  co l l ec t  and  pu r ge .  Th e  s ub s eq u en t  p u r ge  ga s  co n t a i ns  

h i gh  p e r cen t ages  o f  t h e  s yn t h es i s  ga s  pa r t s .  I t  ad d i t i o n a l l y  i n co r po r a t es  

N H 3 ,  w h i ch  i s n ' t  ev acu a t ed  b y t h e  l i qu e f ac t io n  s t ep .  I f  n o t  r e cov e r ed ,  

t h i s  c an  b e  an  ex orb i t an t  mi s us e  o f  sm el l i n g  s a l t s .  C r ys t a l  M emb r an e  

S ys t ems  t r e a t  t h e  c l e ans e  s t r eam b y r ecu p er a t in g  N H 3  as  t h e  i t em and  

r e s t o r i n g  th e  h yd r o gen  to  t h e  b l end  c i r c l e .  T h e  f r am ew o rk  m or e  o f t en  

t h an  ex c lu d es  a  w a t e r  s c r ub b er  t o  r e cu p e r a t e  NH 3  l o s t  i n  t h e  c l e ans e .  

C r ys t a l  M emb r anes  r ecup e r a t e  9 0 %  o f  t h e  h yd r o gen  i n  t h e  p u r ge  ga s  t o  

b u i ld  NH 3  gen e ra t io n .  Th e  f r am ew o rk  i s  e f f ec t i v e l y acc l im at ed  to  mee t  

f l uc tu a t in g  gen e r a t i on  o f  t h e  NH 3  p l an t .   

G as  a t oms  s a tu r a t e  o v e r  t h e  s l en d e r  sk in  o f  t h e  ho l lo w  f i be r  d i v id e r  

d r iv en  b y a  f r a c t io n a l  p r es s u r e  d i s t i n c t i on .  Th e  p er v as io n  r a t e  i s  

ex p l i c i t  t o  t he  ga s –  p o l ym er  p a i r .  Th e  t r ans po r t  co mp on en t  i s  a  b l en d  

o f  so l ub i l i t y  i n to  an d  d i f f us i on .  t h r ough  t h e  l aye r .  P a r t i t i on  ab i l i t y  i s  

d i c t a t ed  b y t h e  re l a t i v e  p en e t r a t ion  r a t es  o f  t h e  i n d i v i du a l  ga s  

s egm en t s .  T h e  m o r e  p r om in en t  t h e  d i s t i n c t io n  i n  p en e t r ab i l i t y ,  t he  mo re  

n o t ewo r th y t h e  su c ce s s f u l  p a r t i t i on  b y  d i f fu s i on .  [ 4 ]  
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F i g u r e  1 -  H y d r o g e n  r e c o v e r y  f r o m  a m m o n i a  p u r g e  g a s  

 

2 . 1 . 3  Pressu re  Sw in g  Ads o rp t i on:  

PS A i s  a  k in d  o f  ga s  s ep ar a t io n  t e chno lo g y w h i ch  i s  u s ed  t o  s ep a r a t e  

ga s  o r  ga s es  f r om a  b l en d  o f  ga s es  un d e r  t h e  p r e s s u re  as  i nd i ca t ed  b y  

t h e  ga s ’ s  su b - a tomi c  qu a l i t i e s  an d  i t s  a f f i n i t y  f o r  t he  ad so r b en t .  I t  

w o r ks  a t  c l os e  en com p as s in g  t emp e r a tu r e  r an ges  an d  v ar i e s  es s en t i a l l y  

f r om  t h e  c r yo gen i c  ga s  s epa r a t io n  s ys t ems .  P a r t i cu l a r  ads o r p t iv e  

m at e r i a l s  a r e  u t i l i z ed  as  a  t r ap ,  sp ec i a l l y  ad s o rb in g  th e  o b j ec t iv e  ga s  

t yp e  a t  h i gh  p r es s u r e s .  T h en  th e  p r e s su r e  i s  l o wer ed  i n  t h e  s ys t em to  

d e so r b  t h e  ads o r b ed  m at e r i a l .  

P r es su r e  s wi n g  adso r p t i on  p ro ces s  r e l i e s  u po n  th e  p a th  th a t  u nd e r  t h e  

i n f lu en ce  o f  h i gh  p r e s s u r e ,  ga s e s  ge t s  adso r b ed  o n  s u r face s  o f  s o l i d  

s ub s t ances .  Hi gh e r  t h e  p r es su r e  wi l l  be ,  mo r e  wi l l  be  t h e  ga s  wh i ch  i s  

ad so r b ed .  An d  b y d ec r ea s i n g  th e  p r es su r e ,  t h e  adso r b ed  ga s  i s  r e l e as ed .  

PS A s ys t ems  can  be  us ed  to  d i s en gage  ga s es  i n  a  mix  in  l i gh t  o f  t h e  

f a c t  t h a t  un mis t akab l e  ga s es  t end  t o  b e  p u l l ed  in to  d i f f e r en t  s o l i d  

s u r face s  b a s i ca l l y  u n eq u i vo ca l l y.  I f  a  ga s  m ix ,  fo r  i n s t an ce ,  a i r  i s  
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ap p l i ed  o n  w i t h  p re s s u r e  t h r ou gh  a  ve s s e l  wh i ch  co n t a in s  a  b ed  o f  

z eo l i t e  a s  an  ad so rb en t  t h a t  pu l l s - i n  Ni t r o gen  m or e  f i r ml y  as  com p ar ed  

t o  Ox ygen ,  a  l i t t l e  p o r t i on  o r  mo s t  o f  N i t r o gen  wi l l  s t a y i n  t h e  z eo l i t e  

b ed ,  wh i l e  t h e  ga s  l e av i n g  t he  t ank  w i l l  be  p r o gr es s ed  in  ox ygen .  

Ex ac t l y w h en  t h e  b ed  r each es  i t s  max imu m  cap ac i t y t o  ads o r b  th e  

n i t ro gen  ga s ,  i t  i s  r e co up ed  b y d ec r ea s in g  th e  p r e s s u r e ,  co ns equ en t l y 

d e so r b in g  th e  ads o r b ed  n i t r o gen .  I t  i s  t h en  a r r an ged  f o r  an o t h er  cyc l e  

o f  m ak in g  ox ygen - i m p ro ved  a i r .  

PO L YBE D™  P r es su r e  S wi n g  Ads o rp t io n  u n i t s  fo r  h yd r o gen  

d econ tami na t i on  dep end  on  t he  cap ac i t y o f  ad so rb en t s  t o  a s s i mi l a t e  

m o re  i mp u r i t i e s  a t  h i gh  ga s - s t age  in com pl e t e  w e i gh t  t h an  a t  l ow  p a r t i a l  

p r e s s u r e .  Po l lu t in g  i n f lu en ces  a r e  ads o r b ed  in  a  ads o r b e r  a t  h i gh  pa r t i a l  

p r e s s u r e  and  a f t e r  t h a t  de so r b ed  a t  l ow  p a r t i a l  p r es su r e .  Th e  i mp ur i t y  

p a r t i a l  p r e s s u re  i s  b r ou gh t  d o wn b y s w i n gi n g  th e  p r es s u r e  o f  abs o rb e r  

f r om  t h e  f eed  p r es su r e  t o  t h e  t a i l  gas  p r e s s u r e  an d  b y u t i l i z in g  a  h i gh -

v i r tu e  pu r ge  ga s .  Th e  ma in  fo r ce  fo r  t h e  d e t ach ment  i s  t he  d i s t i n c t io n  

i n  co n t ami n a t i on  in com pl e t e  w e i gh t  b e tw een  th e  f eed  an d  t a i l  gas .  A 

m in i mum  pr e s s u r e  p ro po r t io n  o f  a ro u nd  4 : 1  i s  r eq u i r ed .  Th e  f eed  

p r e s s u r e  i s  a s  a  ru l e  i n  t h e  s co pe  o f  14  to  3 5  a tm .  Id ea l  t a i l -ga s  p r e s s u r e  

i s  a s  l o w a s  co u l d  r ea s on ab l y b e  ex p ec t ed .  S i n ce  v acuum i s  o rd in a r i l y  

s t ayed  aw a y f r o m ,  t a i l - ga s  w e i gh t s  un d e r  1  a tm  i s  r egu l a r l y u t i l i z ed  

w h en  h i gh  h yd r o ge n  r ecu pe r a t io n  i s  w an t ed .  T h e  P SA  t a i l - ga s  i s  a s  

o f t en  as  po ss i b l e  co mp ac t ed  f r om  t h i s  l ow  s t r a i n  t o  fu e l -ga s  p r es su r e .  

H yd r o gen  i s  b as i ca l l y  n o t  ad so rb ed  in  t h e  P SA  p ro ced u r e  an d  i s  

a cce ss ib l e  a t  n ea r  f e ed  p r es su r e :  t he  r un  o f  t h e  mi l l  p r e s s u r e  d r op  

b e tw een  t h e  f eed  an d  p r od u c t  b a t t e r y l imi t s  i s  u nd e r  10  p s i .  T h e  t wo  

k e y p o i n t s  o f  i n t e r es t  o f  t h e  PS A  p ro ced u r e  a r e  i t s  c ap ac i ty  t o  ev acu a t e  

co n t am in a t io ns  t o  an y d i m en s i on  an d  t o  c r ea t e  a  h i gh - imm acu l a t en ess  

h i gh -p r es su r e  h yd r o gen  p r od u c t .  T h e  i mm acu l a t en es s  o f  t h e  h yd r o gen  

i t em f rom  a  PS A un i t  i s  o rd i n a r i l y  m or e  t h an  99  v o l - % an d  a s  o f t en  as  

p os s i b l e  99 .9 99  vo l -% .  Ex pu l s i o n  o f  CO  an d  C O2  t o  a  vo l ume 

d im en s i on  o f  0 .1  t o  1 0  ppm  i s  no rm al  an d  p ro mpt l y acco m pl i sh ed .  [ 2 ]  
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F i g u r e  2 - P r e s s u r e  S w i n g  A d s o r p t i o n  

 

2 . 1 . 3 . 1  Va cuu m Sw in g  Ads o rp t i on :  

U t i l i z i n g  un iq u e  s o l ids ,  ads o r b en t s ,  VS A i so l a t es  c e r t a in  ga s se s  f ro m 

a  v apo r ou s  b l end  u n de r  i n s i gn i f i c an t  p r e s s u r e  a s  i n d i ca t ed  b y th e  

s p ec i es '  a t omi c  a t t r i bu t es  an d  p ar t i a l i t yf o r  t h e  ads o rb en t s .  Th es e  

ad so r b en t s  ( e . g . ,  z eo l i t e s )  f r am e  a  sub - a t om ic  s t r a i n e r  an d  sp ec i a l l y  

ad so r b  th e  ob j ec t i ve  ga s  s p ec i es  a t  c lo s e  en comp ass i n g  p r e s s u r e .  T h e  

p r o ced ur e  t hen  mov es  to  a  vacuu m t o  r eco ve r  t he  ad so r ben t .  

V S A con t r a s t s  f ro m t h e  c r yo gen i c  d i s t i l l a t i on  s ys t em  an d  a l so  p r e s s u r e  

s wi n g  ad so rp t io n  (PS A )  m et ho ds  s i n ce  i t  wo r ks  a t  c lo s e  en com pass in g  

t em p e r a tu r e  an d  p re s su r e  r an ges .  VS A m a y r ea l l y  b e  b e s t  po r t r ayed  a s  

a  su bs e t  o f  t h e  b i gge r  c l as s  o f  PS A .  I t  v a r i e s  b as i ca l l y  f r o m P r es su re  

S wi n g  Ads o rp t io n  in  t h a t  PS A  r egu la r ly  v en t s  t o  ba r om et r i c a l  p r e s s u r e ,  

an d  us e s  a  p r es su r i z ed  ga s  encou r age  in to  t he  d iv i s i on  p ro cedu r e .  VS A 

n o rm al l y d r aw s  th e  ga s  t h r ou gh  th e  p a r t i t i o n  p r o ced ur e  wi th  a  v acuum .  

Fo r  Ox ygen  & Ni t r o gen  VS A f r am ewo r ks ,  t h e  vacuu m i s  com mo nl y 

p r od u ced  b y a  b l ow er .  VPS A  f r am ewo r ks  ap p l y p r e s su r i z ed  ga s  t o  t he  
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p a r t i t i on  p ro cedu re  fu r th e rm or e  app l y a  v acuu m t o  th e  p u r ge  ga s .  

U s u a l l y,  h i gh er  r ecu p e ra t i on  p r om pt s  a  s m al l  co mp r ess o r ,  a  s ma l l  

b lo w er ,  o r  o t h e r  co mp ac t ed  ga s .  Hi gh e r  p r o f i t ab i l i t y  p r o mp t s  s m al l e r  

s i ev e  b ed s .  T he  co ns um er  wi l l  no  do ub t  con s i d er  w h i ch  h av e  an  a l l  t h e  

m o re  s t r a i gh t f o rwa r d l y q u an t i f i ab l e  d i s t i n c t io n  i n  t h e  gen er a l  

f r am ew o rk ,  s i mi l a r  t o  t h e  m eas u re  o f  i t em  gas  i so l a t ed  b y t h e  

f r am ew o rk  w ei gh t  an d  s i z e ,  t h e  f ram ewo r k  b eg in n i n g  an d  up k eep  co s t s ,  

t h e  f r am ewo rk  p ow er  u t i l i z a t io n  o r  o th e r  op e r a t io n a l  e x p en s es ,  an d  

d ep en d ab i l i t y .  

2 . 1 . 4  Pu rg e  Ga s  Reco v ery  Ad va nt ages   

1 .  To ta l  f l ow r a t e  o f  p u r ge  ga s  i s  15 000  N m 3 / h r  ou t  o f  wh i ch  h yd r o gen  

i s  9 00 0  Nm 3 / h r .  2 .1 7 5  T on s / h r  o f  n a tu r a l  ga s  fe ed  i s  s aved  b ecau s e  o f  

t h i s .  

2 .  Feed  can  a l so  co n t in ue  to  i n c r ea se  t he  p ro du c t io n  o f  amm on i a  and  

u r ea  i f  bo t t l en ecks  a r e  no t  p r e sen t .  

3 .  R ed u c t i on  in  t h e  f i r i n g  o f  p r im a r y r e f o rm s  th a t  co r r e spo n ds  t o  f e ed  

r ed u c t i on  an d  m e than e  s l i p  i nc r eas e .  

4 .  A dd i t i on a l l y t h e  r edu c t io n  in  t h e  p ro du c t io n  o f  HP  S t eam  in  R G 

Bo i l e r  wi l l  s av e  l es s  t h an  7  T / h r  o f  SM  S t eam  i n  t h e  r e fo r min g .  

2 . 1 . 5  Pu rg e  Ga s  Reco v ery  D i s adv an ta g es   

1 .  In  s eco nd a r y r e f o rm er ,  p ro ce ss  a i r  i s  t o  be  m ad e  up  w hi ch  i s  

eq u i v a l en t  t o  h yd r o gen  ( f o r  f e ed  1 500 0  Nm ³ /h r )  i s  ap p rox i ma t e l y 3 . 8  

K N m³ /h r .   

2 .  N on e th e l e s s ,  due  to  t h e  r ed u c t i on  in  f e ed ,  t h e  d ep le t i on  i n  t h e  

p r o cess  a i r  i s  ap prox i ma t e l y 3 . 5  KN m³ /h r   

3 .  H en ce ,  i n  s econd a r y r e f o r m er ,  t he  i n c r ea s e  in  p r o ces s  a i r  i s  a r ou nd  

0 . 3  KN m³ /h r   
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4 .  C ar bo n  D iox id e  R eco v e r y ( C D R)  i s  an  ex p en s iv e  m at t e r  and  t he  l o s s  

o f  C O2 i s  a r ou nd  2 . 6 6  KN m3/ h r ,  w h i ch  m ean s  fu l l  l o ad ing .  G V en e r g y  

i s ,  h ow ev e r ,  r edu ced  as  we l l .  

O v e r a l l  ho w eve r  t he r e  i s  n e t  ene r g y s av in g  i n  t h e  P GR pr o jec t  an d  i s  

co ns id e r ed  fea s ib l e  [ 4 ]  

2 . 1 . 6  Pro ces s es  C omp a r i s on  [ 4 ]  

Table 1 Comparison between three methods of hydrogen separation 

Factors PSA Membrane Cryogenic 

Min Feed H2, % 50 15 15 

Feed pressure, psig 150-1000 200-2000 200-1200 

H2 purity, % 99.9+ 98 max. 97 max. 

H2 recovery, % Up to 90 Up to 97 Up to 98 

CO + CO2 removal Yes No No 

H2 product pressure Approx. feed Much less than feed Approx. feed 

 

Factors PSA Membrane Cryogenic 

Feed pretreatment No Yes Yes 

Flexibility Very High High Average 

Reliability High High Average 

By product Recovery No Possible Yes 

Ease of Expansion Average High Low 

 

2 .2  Equipment :  

2 . 2 . 1  H ea t  E x chang ers :  

I t  i s  a  d ev i ce  w h i ch  i s  u s ed  t o  t r an s f e r  h ea t  b e t w een  o ne  o r  mo r e  th an  

o n e  f lu i ds ,  w h i ch  a r e  e i t h e r  i n  d i rec t  co n t ac t  o r  s ep ar a t ed  b y a  w a l l  so  

t h a t  t h e  l i qu ids  d o  n o t  mix  wi th  each  o th e r .  

S el ec t io n  o f  t h e  app r op r i a t e  h ea t  ex chan ge r  i s  o f  p r im e  im po r t an ce  in  

c r yo gen i c  d i s t i l l a t i on  s ys t em.  T h e re  a r e  d i f f e r en t  t yp es  o f  h ea t  

ex ch an ge r s  u s ed  f o r  d i f f e r en t  i ndu s t r i a l  p ro ce ss es .  S om e m os t  

co mmo nl y u s ed  a r e  d es c r i b ed  b e l o w.  

2 . 2 . 1 . 1  Sh e l l  and  tub e  h ea t  ex chan g ers :  
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T h es e  a r e  t he  mo s t  co mmo nl y u s ed  as  w e l l  a s  t h e  m os t  p o pu l a r  h ea t  

ex ch an ge r s  i n  m any i n d u s t r i e s .  T h e  rea s on  l i e s  i n  t h e  fa c t  t h ey a r e  

c ap ab l e  o f  be in g  op e r a t ed  i n  a  w i de  r an ge  o f  p r e s su r es  an d  

t em p e r a tu r es .   

T h e r e  a r e  s ev e r a l  t u b e s  m ou n t ed  i n  a  c yl i n d r i ca l  s h e l l  i n  a  sh e l l  and  

t ub e  ex chan ge r .  Th e  t yp i ca l  Un i t  f ou n d  i n  a  pe t ro ch em ica l  p l an t  i s  

i l l u s t r a t ed  i n  t h e  f i gu r e  b e l ow .  T h e  h ea t  c an  b e  ex ch an ged  fo r  t wo  

f l u id s ,  an d  o n e  f lu id  f l o ws  ac r os s  t h e  p ip es  wh i l e  t h e  s eco nd  f lu i d  

p a s s e s  t h r ou gh  t h em .  T h e  f lu id s  c an  b e  s i n gl e  o r  tw o  p has e s  and  f lo w 

i n  p a r a l l e l  o r  i n  cou n t e r  cu r r en t .  

 

F i g u r e  3 - S h e l l  a n d  t u b e  h e a t  e x c h a n g e r s  

•  Fro n t  head er :  T hi s  i s  t h e  p o in t  f ro m th e  f lu i d  i s  en t e r ed  in  

t h e  t ub e  s id e  o f  t h e  h ea t  ex ch an ge r .  I t  i s  a l so  ca l l ed  as  

s t a t i on a r y h ead e r .  

•  R ea r  h ead er :   T h i s  i s  t he  p o i n t  f r om w h e r e  th e  f l u i d  e i t h e r  

l e aves  t h e  h ea t  ex ch an ge r  o r  c an  b e  r e t un ed  b ack  to  t ub e  s id e  

f o r  an o th e r  p as s .  

•  Tub e  bund le :  T ub e  b un d l e  i s  t h e  s e t  o f  t u bes ,  b a f f l e s  an d  

t ub esh ee t s  an d  r od s  to  k eep  t h e  tu bes  f i x ed  in  o n e  p l ace .  

•  Sh el l :  I t  i s  t he  ou te r  bo d y o f  t h e  ex chan ge r  en c lo s in g  a l l  t h e  

i n t e rn a l  co mp on en t s .   

T h e  f l u i ds  us ed  i n  t h e  ex ch an ge r  c an  b e  bo t h  l i q u i d  and  ga s .  Wh en  

o p e r a t i n g  a  sh e l l  and  tu b e  h ea t  ex ch an ge r ,  l a r ge  h ea t  t r ans fe r  a r ea  mu s t  
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b e  us ed ,  b ecau s e  in  t h i s  w ay,  t h e  w as t e  h ea t  c an  a l so  b e  u s ed  up  i n  t h e  

s ys t em.  

T h e  t ub es  i n s id e  th e  sh e l l  c an  b e  a r r an ges  i n  d i f f e r en t  geo m et r i e s  i n  

o r d e r  t o  b ro ad en  the  us e  u nd e r  v a r io us  c i r cum s t an ces .  Fo l l o win g  th r ee  

co mbi n a t i on s  a r e  mo s t l y u s ed .   

•  Fi x ed  tub e  sh ee t  ex ch an gers :  i n  t h i s  t yp e  th e  tu b es  bu n d l e  i s  

w e l de d  t o  t he  she l l .  T h e se  a r e  n o t  ve r y  r e c om m e nd e d  t o  u se  b e c a u se  

o f  d i f f i c u l t y  i n  c l e a n i n g  o f  t ube s .  

•  U - tu be  E x chan g ers :  

A n y f r o n t  h ead e r  t yp es  and  t he  r ea r  h ead e r  i s  n o rm al l y  M -

T yp e  c a n  b e  u se d  in  t h e  U - t ub e  ex ch an ge .  T h e  U  

t ub es  a l l o w  un l imi t ed  t h e r m al  ex p ans io n  and  can  b e  r emov ed  f o r

 c l ean i n g  an d  sm al l  b un d l es  can  b e  ach i ev ed  w i th  s h e l l  c l e a r an c

e .  

•  Fl o a t in g  H ead  Exch ang er :  T h e  t ub e  s h ee t  on  th e  b ack  o f  t h e  

h ead er  i s  no t  so l d  to  t h e  s h e l l  i n  t h i s  t yp e  o f  ex ch an ge r ,  b u t  c an  

b e  mo v ed  o r  f l oa t ed .  Th e  p i p e  b o ar d  a t  t h e  f ro n t  end  i s  l a r ge r  i n  

d i am et e r  t h an  th e  sh e l l  an d  i s  s ea l ed  in  a  s imi l a r  w ay a s  t h e  o ne  

u s ed  in  t h e  d e s i gn  o f  t h e  f i x ed  t ub e  bo a r d .  Th e  p i pe  sh ee t  a t  t h e  

en d  o f  t he  s h e l l ' s  back  h ead e r  i s  s l i gh t l y s m al l e r  i n  d i am et e r  t h an  

t h e  sh e l l ,  so  t h a t  t h e  sh e l l  c an  b e  p u l l ed .  Us i n g  a  f l o a t in g  h ead  

a l l o ws  fo r  t h e rm al  ex p an s i on  an d  can  r emo v e  t h e  t ub e  b un d l e  f o r  

p u r i f i c a t io n .  

2 . 2 . 1 . 1 . 1  Fa c to rs  a f f ec t in g  th e  p erf o rma n ce  o f  sh e l l  a nd  tub e  h ea t  

ex ch an gers :  

•  Fo u l in g  in  t u b es  d ec r ea s es  t h e  p e r fo rman ce  o f  ex ch an ge r  

•  Baf f l e  t yp es  and  s pac i n g  

•  Lo g  m ean  t emp e r a tu r e  d i f f e r en ce  

•  T u bes  a r r an gem en t s  an d  t yp e  o f  m at e r i a l  

•  Pi t ch  o f  t u b es  
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•  S h e l l  d i ame t e r  

•  T u be  l en gt h  

 

2 . 2 . 1 . 1 . 2  I ndus t r i a l  ap p l i ca t ion s :  

•  In  t h e  gen e ra t i on  o f  po w er  

•  M ari n e  A pp l i ca t i o ns  

•  H V AC  

•  P ape r  an d  pu l p  in du s t r i e s  

•  M in in g  an d  m et a l s  

•  R ef r i ge r a t io n  s ys t em s  

•  P h ar maceu t i c a l  i ndu s t r i e s  

•  A i r  P r o cess in g  and  Co mp r es so r  Co o l in g  

2 . 2 . 1 . 1 . 3  Adv an ta ges :  

•  Lo w er  co s t  com p a red  t o  p l a t e - t yp e  coo l e r s  

•  Les s  p r es su r e  d ro p  o n  tu b e  s id e s  

•  T u be  l e aks  a r e  e f f o r t l e s s l y f o u nd  an d  s to pp ed  s in ce  p r es su r e  t e s t  

i s  s im pl e  

•  T h e  r ec i p i en t  c a n  a l so  b e  tu bu l a r  co o le r s  i n  t h e  co o l in g  f r am e .  

•  T h e  us e  o f  s ac r i f i c i a l  an od es  gu a ran t ee s  t he  wh o l e  e r os i on  co o l i

n g  f r am ewo r k  

•  T u be  co o l e r  cou ld  b e  u s ed  t o  g r a t e  o i l  b ecau se  o f  t he  d i f fe r en ce

 in  we i gh t .  

2 . 2 . 1 . 1 . 4  Di s ad vant a g es :  

•  Cl ean i n g  and  m ai n t en an ce  i s  d i f f i cu l t ,  a s  a  co o l e r  t ub e  n eed s  e n

o u gh  sp ace  to  ex p e l  t he  n e s t  o n  on e  s id e .  

•  In  co m p a r i s on  wi t h  p l a t e  t yp e  coo l e r ,  h ea t  ex ch an ge  i s  l e s s  e f f e

c t i v e   

•  Ex pans io n  o f  t h e  t ub e  co o l e r  c apac i t y i s  no t  pos s i b l e .  
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•  M o r e  sp ace  i s  r eq u i r ed  as  com p a r ed  to  p l a t e  t yp e  h ea t  ex ch an ge r s  

[ 2 0 ]  

2 . 2 . 1 . 2  P la t e  and  f in  h ea t  ex ch ang ers :  

A  t yp e  o f  h ea t  ex chan ge r  de s i gn  th a t  t r an s f e r s  h ea t  b e t w een  f l u id s  t h r

o u gh  p l a t e s  and  f inn ed  ch amb e r s .  I t  i s  f r equ en t l y  c l a s s i f i ed  as  a  co mp

a c t  h ea t  ex ch an ge r ,  i n  o r d er  t oemp h as i z e  i t s  r e l a t i v e l y  h i gh -

v o l um e  h ea t  t r ans fe r  a r ea .   

W el l  p l aced  be tw een  p l a t es  a r e  t h e  s p l i n t e r s  o f  co r r uga t ed  m et a l .  

B r az i n g  un i t es  t h e  s t ru c t u re .  Th e  pu rpo s e  o f  t h e  f i n e  i s  tw o f o ld  to  ho ld  

t h e  p l a t e s  t o ge t he r ,  t h e reb y co n t a in in g  p r es su r e  an d  t o  f o rm  a  

s econ d ar y ( f i n )  s u r f ace  f o r  h ea t  t r ans f e r .  Ba rs  con t a in i ng  ev e r y f l u id  

i n  t h e  a r ea  b e t w een  ad j acen t  p l a t es  a r e  a t  t h e  bo r d er s  o f  t h e  p l a t es .  

T h e  he i gh t  o f  t h e  bu lb  and  th e  ba r s  c an  v a r y.  W e a r e  ab l e  t o  u s e  a  l ow -

h e i gh t  co r r u ga t io n  f o r  a  l i q u id  s t r e am ,  w h ich  co r r e sp on ds  t o  a  h i gh  hea t  

t r an s f e r  co e f f i c i en t  w i th  a  sm al l e r  s u r face  a r ea  wh i l e  w e  can  u s e  a  h i gh  

h e i gh t  f o r  a  l ow  p re s su r i z ed  s t r e am ,  w h ich  comb in es  a  l o w  co e f f i c i en t  

w i t h  a  h i gh e r  su r f ace  a r e a ,  and  a l s o  a  l a r ge r  a r ea  fo r  l ow er  p r es su r e  

d r op s .  An  in du s t r i a l  u n i t  ha s  a r ou nd  1 00 0  m2  p e r  cu b i c  m et e r  o f  su r f ace  

a r ea .  

2 . 2 . 1 . 2 . 1  Co rru ga t i ons  ( F ins )  

H ea t  t r ans f e r  i mp r ov em ent  d ev i ces  a r e  a l s o  us ed  t o  mak e  co r r u ga t i on s

.  

P l a in  f i ns  a r e  n o rm al l y u s ed  f o r  l o w p r e s s u r e  fa l l  s t r e am s .  

Per f o ra t ed  f in s  s ho w s  a  s l i gh t  i n c r ea s e  in  pe r f o r m an ce  ov e r  s imp le  

co r r u ga t i on ,  bu t  t h i s  i s  r ed uced  b ecause  o f  p e r fo r a t io n  b y l os s  o f  a r ea .  

T h e  m ai n  pu rp os e  i s  t o  a l l o w f l u id  to  m ov e  ac ro ss  f i n e  can a l s ,  u s u a l l y  

i n  bo i l i n g  t as k  

S erra t ed  f ins  a r e  cu t  ev e r y 3 . 2  m m an d  th e  s eco nd  f in  i s  d i sp l aced  

h a l f w a y b e t w een  the  p r ev i ous  f in s  a t  on e  p o in t .  Th i s  i n c r ea s e s  t he  h ea t  

t r an s f e r  d r am a t i ca l l y .  
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H err in gbo n e  f ins  a r e  m ad e  t o  g iv e  a  z i gzag  t r a i l  b y mov in g  t he  f in s  

s id ew ays  ev e r y 9 . 5  m m.  P e r fo rm an ce  b e tw een  p l a in  and  s e r r a t ed  t yp es  

i s  i n t e r m ed i a t e .  In  co n t r as t  t o  t h e  t i gh t en ed  f ac to r ,  R eyn o ld s  co n t i nu e  

t o  s ho w adv an t ages  a t  h i gh er  sp eeds  and  p r e s s u r e  a t  h i gh  f r i c t i on  

n um b er s .  

 

F i g u r e  4 - T y p e s  o f  f i n  

T h e  p l a t e - F i n  h ea t  ex ch an ge r  d es i gn  o f f e r s  a  h i gh  d egr ee  o f  f l ex i b i l i t y  

b ecaus e  i t  c an  ope r a t e  wi t h  an y ga s ,  l i q u i d  an d  tw o -p h as e  l i qu i ds  

co mbi n a t i on .  H ea t  t r ans f e r  b e t ween  d i f f e r en t  s t r eam s  i s  a l s o  

accom mo d at ed  f o r  e ach  s t r e am wi th  a  r an ge  o f  f i n e s  an d  t yp es  as  

d i f f e r en t  en t r y an d  ex i t  po in t s .  

2 . 2 . 1 . 2 . 2  I ndus t r i a l  ap p l i ca t ion s :  

•  Br az ed  a l um in um p l a t e  an d  f i n  h ea t  ex ch an ge r s  a r e  us ed  i n  

c r yo gen i c  app l i c a t io ns  becaus e  th e y can  eas i l y  h an d l e  such  l o w 

t em p e r a tu r es .  

•  Li q u e f ac t io n  o f  n a tu r a l  ga s  

•  A mm on ia  p r od u c t i on  

•  O f f sh o re  p r o cess ing  

•  C r yo gen i c  a i r  s ep a ra t i on  

•  N u cl ea r  en g in ee r i ng  

•  P ro du c t io n  o f  s yn g as  

2 . 2 . 1 . 2 . 3  Adv an ta ges :  

•  Si mpl e  an d  comp ac t  s i z e  

•  M ain t en an ce  and  c l ean in g  i s  e as y  
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•  B y i n t r od uc in g  p l a t e s ,  c apac i t y c an  b e  in c r eas ed .  

•  N o  requ i rem en t s  o f  add i t i on a l  s p ace  fo r  d i sm an t l i n g  i n  i t  

•  H i gh  v a l u e  o f  o v e ra l l  h ea t  t r ans f e r  coe f f i c i en t  

2 . 2 . 1 . 2 . 4  Di s ad vant a g es :  

•  P r es su r e  d ro p  i s  h igh e r  

•  In i t i a l  co s t  i s  v e r y h i gh  

•  Cl o gg i n g  can  o ccu r  b ecau se  o f  n a r ro w  p a th w ays  

•  N o t  s u i t ab l e  f o r  h igh  t emp e r a t u r e  f l u id s  

•  P ot en t i a l  f o r  l e ak ages  [ 21 ]  

2 . 2 . 2  Co mp res so rs :  

T h e  m ai n  eq u i pm en t  u s ed  i n  m em b ran e  s ep a r a t i on  i s  t he  co mp r es so r .  

S o ,  t he  ch o i ce  o f  a  p a r t i cu l a r  comp re s so r  f o r  a  p a r t i cu l a r  p ro ce ss  i s  

v e r y i mp o r t an t .  

T h e r e  a r e  m an y t yp es  o f  com p r ess o rs  l i k e  r e c i p ro ca t in g  com p r es so rs ,  

c en t r i f u ga l  com pre s so rs ,  ro l l i n g  p i s to n  com p r ess o rs ,  d i ap h r agm  

co mp r es so rs ,  ro t a ry  s c r ew  co mp r es so r s  and  ro t a r y v an e  co mp r es so rs  

e t c .  Bu t  f o l l o win g  t w o  a r e  m os t  wi d e ly  u s ed  i n  i nd us t r i e s .  

2 . 2 . 2 . 1  R ec ip ro ca t in g  co mp ress o rs :  

I t  i s  a  t yp e  o f  p os i t i v e  d i sp l ace m en t  co mp r es so r  i n  w h i ch  th e  p i s t on s  

a r e  u sed  t o  d r iv e  th e  c r anks h a f t  t o  gen e r a t e  h i gh  p r e s su r e  ga s es .  For  

h i gh  comp r ess i on s ,  r e c i p ro ca l  com p res so r s  a r e  u s ed .  Th e  com pr ess i on  

m ach in e s  a t  h i gh  p re s su r e  h av e  b een  us ed  f o r  m an y yea r s .  
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F i g u r e  5 - M a i n  p a r t s  o f  R e c i p r o c a t i n g  c o m p r e s s o r s  

 

2 . 2 . 2 . 1 . 1  Wo rk in g  Pr i n c ip l e :  

T h e  a i r  i s  s u ck ed  in  t h e  cyl i n d er  f r om th e  a tmo sp h e re  b y t h e  r ec i p ro ca l  

co mp r es so r  wh i l e  t h e  p i s t on  mo ves  t o  t h e  BDC ,  an d  wh en  i t  mo v es  t o  

t h e  T DC,  t h e  a i r  co mp r es s i on  s t a r t s  and  co n t in ues  t o  i n c r ea s e  wi t h  

i n c r ea s in g  p r es su r e .  I f  t h e  p r e s su r e  r i s e s  up  t o  t h e  de s ign  l i mi t ,  t h e  

u n i t  i s  pu sh ed  op en  and  th e  co mp r es sed  a i r  i s  s up p l i ed  to  t h e  s to r age  

t ank .  

 

F i g u r e  6 - W o r k i n g  o f  r e c i p r o c a t i n g  c o m p r e s s o r s  
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I f  h i gh er  p r es su r es  a r e  requ i red  t h en  e i t h e r  d ou b l e  s t age  o r  t r i p l e  s t age  

r ec ip r o ca t i n g  com pr es so rs  a r e  us ed  in  w h i ch  com pr ess i on  i s  ach i ev ed  

i n  mu l t i p l e  s t age s  w i t h  i n t e r  s t age  co o l i n g  so  t ha t  t he  i n c r eas e  i n  

t em p e r a tu r e ,  d u e  to  co mp r es s io n ,  c an  b e  lo w er ed  b e fo r e  nex t  s t age  

co mp r es s i on .  

2 . 2 . 2 . 1 . 2  I ndus t r i a l  ap p l i ca t ion s :  

•  P ro ces s i n g  o f  n a t u ra l  gas  an d  i t s  d e l ive r y  

•  A lm os t  a l l  ch emi ca l  p l an t s  i n c l ud i n g  ga s e s  

•  O i l  r e f in e r i es   

•  R ef r i ge r a t io n  s ys t em s  

•  H V AC  

2 . 2 . 2 . 1 . 3  Adv an ta ges :  

•  In i t i a l  co s t  o f  i n s t a l l a t i on  i s  l ow er  

•  Lo w  m a in ten an ce  co s t  

•  C apab l e  o f  p ro v i d in g  con t in uo us  f l ow  

•  C an  p r od u ce  bo th  h i gh  p r es su r e  and  h igh  p ow er  

•  Ex t r em e l y e f f i c i en t  

2 . 2 . 2 . 1 . 4  Di s ad vant a g es :  

•  P ul s a t in g  f l o w  

•  S epa r a t e  h eav y f o un d a t i on  

•  V u ln e r ab l e  t o  d i r t  an d  l i q u i d  

•  T o rs io n a l  imp l i ca t io ns  

•  Lo w  r e l i ab i l i t y  [ 2 2 ]  

2 . 2 . 2 . 2  C en tr i f ug a l  Co mp res so rs :  

A  cen t r i fu ge  com pr es so r  i s  a  t yp e  o f  r ad i a l l y  d e s i gn ed  d yn am i c  o r  

t u rb och a r ged  compr es so r .  In  co n t r as t  t o  co ns t an t - f l ux  d i s p l acem en t  

co mp r es so rs ,  d yn am ic  comp r es so r s  a re  a t  a  co ns t an t  p r e s s u r e .  Ex t e rn a l  

co nd i t i on s ,  su ch  as  ch an ges  i n  i np u t  t em p er a tu r es ,  a f fec t  p e r f o r man ce .  
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F i g u r e  7 -  C e n t r i f u g a l  C o m p r e s s o r  

 

2 . 2 . 2 . 2 . 1  Wo rk in g :  

A i r  i s  d r awn  in t o  th e  cen t e r  wi t h  rad i a l  b l ad es  o f  a  ro t a t in g  s p i r a l ,  and  

cen t r i f u ga l  fo r ce  i s  d i r ec t ed  to w ard s  th e  cen t r e .  Th i s  r ad i a l  a i r  

m ov em ent  l e ad s  to  an  in c r eas e  in  p r e s s u r e  an d  a  k in e t i c  en e r g y 

gen e r a t i on .  Th e  k in e t i c  en e r g y i s  a l s o  con v e r t ed  t o  a  p r es su r e  b y 

p a ss in g  th r ou gh  a  d i f f us e r  an d  v o lu t e  b e f o r e  an  a i r  i s  c a r r i ed  i n t o  the  

cen te r  o f  t h e  im p e l l e r .  

E ach  s t age  i s  p a r t  o f  t he  com pr e ss o r  un i t ' s  ov e r a l l  p r es su re  i n c r ea se .  A  

s e r i e s  o f  s t ep s  c an  b e  a r ran ged  to  a ch iev e  a  h i gh e r  p r es su r e  d ep end i n g  

o n  t h e  p r es su r e  r eq u i r ed  f o r  t h e  app l i c a t io n .  In  t he  o i l  an d  ga s  an d  

p r o cess  i nd us t r y t h i s  t yp e  o f  m ul t i - s t age  ap p l i c a t io n  i s  u su a l l y  u s ed .   
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2 . 2 . 2 . 2 . 2  I ndus t r i a l  ap p l i ca t ion s :  

•  In  t u r bo ch a r ge r s  an d  su p er ch ar ge r s  o f  d i e se l  an d  au to mo t iv e  

en g i n es .  

•  In  ga s  t u rb in es  

•  R ef r i ge r a t io n  s ys t em s  

•  H V AC  

•  C h emi ca l  p l an t s  

2 . 2 . 2 . 2 . 3  Adv an ta ges :  

•  Les s  w ea r  an d  t e a r  

•  D o esn ’ t  r equ i r e  s p ec i a l  fo un d a t i on  

•  E n e r g y e f f i c i en t  

•  Li gh t  w e i gh t  

•  E as y t o  d es i gn  an d  m anu f ac t u r e  

2 . 2 . 2 . 2 . 4  Di s ad vant a g es :  

•  Fo r  t h e  g iv en  a i r  f l o w ,  f ro n t a l  a rea  i s  l a r ge  

•  V er y h i gh  p r es su r es  c an no t  be  ach i ev ed  

•  S ur g i n g  an d  cho k ing  p r ob l ems  

•  S ens i t i v e  to  t h e  chan ge  in  gas  co mp os i t i o n  [ 23]  

2 . 2 . 2 . 2 . 5  Mul t i -S ta g e  C en t r i f u ga l  Pu mps :   

M u l t i - s t a ge  C e n t r i f u g a l  p u mp s  h a v e  e s s e n t i a l l y  t h e  s a me  p r i n c i p a l  

a s  a l l  mu l t i - s t a g e  ma c h i n e r y  s u c h  a s  h e a t  e x c h a n g e r s  a n d  

c r y s t a l l i ze r s  o r  d i s t i l l a t i o n  c o l u mn s .  T h e  mu l t i p l e  s t a ge s  a mp l i f y  t h e  

e f f e c t  o f  o n e  a n d  b u i l d  o n  i t  t o  c r e a t e  a  mu c h  mo r e  p o w e r f u l  

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

e x p e n s i ve  a n d  t e d i o u s  t o  d e s i gn  a  p u mp  t h a t  c a n  a c c o u n t  f o r  a  

p r e s s u r e  d r o p  o f  1 5 0  p s i g ,  b u t  a  M u l t i -S t a g e  p u mp  c a n  d o  t h e  j o b  f o r  

a  l o we r  p r i c e .  F o r  a  M u l t i -S t a ge  C e n t r i f u g a l  P u mp ,  t h e r e  i s  mo re  

t h a n  o n e  i mp e l l e r  e i t h e r  mo u n t e d  o n  o n e  o r  o n  d i f f e r e n t  s h a f t s .  I f  

i mp e l l e r s  a r e  c o n n e c t e d  i n  s e r i e s ,  a  g r e a t e r  p r e s s u r e  w i l l  b e  

r e g i s t e r e d  a t  t h e  o u t l e t  b u t  a  g r e a t e r  f l o w r a t e  w i l l  r e s u l t  wh e n  t h e  

i mp e l l e r s  a r e  c o n n e c t e d  i n  p a r a l l e l .  M u l t i -S t a ge  Ce n t r i f u ga l  P u mp s  

a r e  ve r y  c o mmo n  f o r  t h e  p r o p u l s i o n  o f  Bo i l e r  F e e d  W a t e r  ( BF W ) .   
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N o te :  As  p e r  i n dus t r i a l  d i r e c t i v e ,  we  w e r e  as k ed  b y o u r  i n du s t r i a l  

s up e r v i s o r  t o  c a r r y  o u t  d e t a i l ed  an a l ys i s  on  t h e  t wo  o f  t h e  e s t ab l i s h ed  

t e chn o lo g i es  fo r  H yd r o gen  R ecov e ry ,  t h a t  i s ,  L i n d e’ s  Cr yo gen i c  

s ep a ra t io n  an d  P r i s m M em b r an e  s epa r a t i on .  O u r  fo l low i n g an a l ys i s  

c en te r s  a ro un d  th e se  tw o  p ro ces s es .  
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Chapter 3: Process Description  

3 .1  Pretreatment:  

T h e  p u r ge  ga s  co min g  t o  H yd r o gen  R eco v e r y U n i t  co n t a in s  H 2 ,  N 2 ,  A r ,  

C H 4 ,  N H 3  and  H 2 O .  P r e t r ea tm en t  fo r  b o th  p r oce ss e s  i s  s am e  and  

i n c lu d es  r em ov a l  o f  N H 3  an d  H 2 O as  th e y can  f r eez e  an d  c l o g  l i n es  a t  

c r yo gen i c  t emp e r a tu r e s  o r ,  i n  t h e  ca se  o f  m emb r an e ,  f o u l  i t  and  r edu ce  

i t s  H 2  s ep ar a t io n  e f f i c i en c y.  P ur ge  Gas  a t  5 2  °C  i s  coo led  do wn  t o  40  

° C  b y co o l in g  w at e r  i n  S h e l l  an d  T u be  h ea t  ex ch an ge r  t o  p a r t l y  l i qu i f y  

N H 3  an d  H 2 O  an d  a r e  s ep a r a t ed  i n  t w o  ph as e  s epa r a to r ,  kn o ck ou t  

v e s s e l .  T h en  t h e  p r o cess  s t r eam i s  p a s s ed  t h ro u gh  an  Ad so r be r  

co n t a i n i n g  a  z eo l i t e  b ed  t o  co mp le t e l y  r em ov e  NH 3  an d  H 2 O.  

3 .2  Cryogenic  Process :   

T hi s  p r e t r ea t ed  ga s  en t e r s  t he  co ld  b ox  an d  p a ss es  t h ro u gh  tw o  

a l umi nu m b r az ed  p l a t e  f i n  h ea t  ex ch ange r s  i n  s e r i es  b e in g  co o l ed  d ow n 

t o  -1 88  °C .  Th i s  c au s es  mos t  co mpo n en t s  i n  t h e  s t r eam to  l a r ge l y 

l i q u i f y ex cep t  H 2  w h ich  p r im a r i l y  r em ai ns  i n  t he  ga s  ph as e .  T he  t wo  

p h as e s  a r e  s ep a r a t ed  i n  a  s ep ar a t in g  v e ss e l  an d  n ow  t he  s t r e am s  a r e  

p a s s ed  b ack  t h ro u gh  th e  ex ch an ge r s  t o  co o l  d o wn  n ew  i n co mi n g  ga s es .  

P ro du c t  H 2  i s  s en t  t o  s yn gas  com p r es so r  w h i l e  t h e  bo t t om s  o f  t h e  

s ep a ra to r  a f t e r  ex t rac t i n g  h ea t  i s  u s ed  a s  fu e l  ga s .  

3 .3  Membrane Process:  

T h e  p r e t r ea t ed  ga s  i s  com pr e ss ed  t o  11 0  b a r  and  t h en  coo l ed  t o  40  ° C ,  

o p t imu m co nd i t i ons  f o r  m em b r an e  sep a r a t io n .  Th e  m em b ran es  a re  

d ens e  po l y- s u l f on e  m em b r an es  in  h o l l ow  f i be r  mo du le s  f ro m wh ich  H 2  

p e rm ea te s  ou t  du e  to  i t s  h i gh  p e rm eab i l i t y  w h i l e  o th e r  com po n en t s  a r e  

h e ld  b ack  and  p a ss ed  a s  r e t en t a t e  t o  b e  us ed  as  fu e l  ga s .  T h e  H 2  

p e rm ea te  p ro du c t  i s  co l l e c t ed ,  comp r e ss ed  and  coo l ed  to  d es i r ed  

co nd i t i on s  and  th en  s en t  t o  b e  mix ed  in  s yn - l o op .   
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Pu rg e  Ga s  Co mp os i t i on :  
 

Table 2 Purge gas Composition 

C o m p o n e n t  C o m p o s i t i o n  ( %)  M o l e s  ( k m o l )  

H 2  6 6 . 6 8  6 5 0 . 7  

N 2  2 2 . 2 2  2 1 6  

A r  1 . 7 8  1 7 . 4  

C H 4  9 . 0 5  8 8 . 3  

N H 3  0 . 0 7 7 4  0 . 7 5 5  

H 2 O  0 . 1 7 9 8  1 . 7 5  

T o t a l  1 0 0  9 7 6  

 

 

Fo l l ow in g  a r e  t h e  s i mpl i f i ed  P FDs  o f  C r yo gen i c  and  M em b ran e  

p r o cess  r es pec t iv e ly .  
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LINDE’S CRYOGENIC PROCESS  PFD 

 

 

F i g u r e  8  P r o c e s s  F l o w  D i a g r a m  o f  C r y o g e n i c  D i s t i l l a t i o n  
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PRISM MEMBRANE PROCESS  PFD 

 

F i g u r e  9  P r o c e s s  F l o w  D i a g r a m  o f  M e m b r a n e  S e p a r a t i o n  
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Chapter 4: Material Balance 

St ead y s t a t e  p r o cess  wi t ho u t  r e ac t io n  s o  M as s  In  =  M ass  O u t  

4 .1  Cryogenic  Separation 

4 . 1 . 1  Co o l er  1 :  

 

I n l e t  S t rea m (S t rea m 1 )  

In l e t  C on d i t i o ns :  

M ass  f l o w o f  pu r ge  ga s  =  95 02  k g / h r  

In l e t  T  =  5 2  o C     In l e t  P r e s su r e  =  85  b a r   

Table 3 Inlet stream composition and mass flow rates 

 

C om po nen t  C om pos i t i on  (w t  %)  M ass  ( k g )  

H 2  1 3 .7  1 3 01 .4  

N 2   6 3 . 6  6 0 48  

A r  7 . 4  6 9 6  

C H 4  1 4 .9  1 4 12 .8  

N H 3  0 . 1  1 2 .8 35  

H 2 O 0 . 3  3 1 .5  

T o t a l  1 0 0  9 5 02 .5  
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Ou t l e t  S t rea m (s t rea m 2 )  

O u t l e t  Co nd i t i ons :  

M ass  F l ow  a t  coo l e r  ou t l e t  =  9 50 2  k g /h r         

O u t l e t  T em p er a tu r e  =  4 0  ° C     

                 

 

A p pl yi n g  com po nen t  b a l an ce  o n  Ammo ni a  an d  W at e r  

A mmo n i a :  

A mm on ia  i n  i n l e t  =  A mmo ni a  in  o u t l e t  

A mm on ia  i n  i n l e t=  l i q u id  amm on i a  +  vap o r  am mo ni a  

1 2 .8 35  k g  =  0 . 63 5  k g  +  1 2 . 2  k g  

1 2 .8 35  k g  =  12 .8 35  k g  

W a t er:  

W at e r  i n  i n l e t  =  Wa t e r  i n  o u t l e t  

W at e r  i n  i n l e t =  l i qu id  wa t e r  +  w a t e r  vap o rs   

3 1 .5  k g  =  14 .5  k g  +  17  k g  

3 1 .5  k g  =  31 .5  k g  

T a b l e  4 - M a t e r i a l  b a l a n c e  f o r  s t r e a m  2  

C o m p o n e n t  C o m p o s i t i o n  ( w t  % )  M a s s  ( k g )  

 L i q u i d  V a p o r s  L i q u i d  V a p o r s  

H 2  -  2 8 . 4  -  1 3 0 1 . 4  

N 2  -  5 2 . 9  -  6 0 4 8  

A r  -  6 . 1  -  6 9 6  

C H 4  -  1 2 . 4  -  1 4 1 2 . 8  

N H 3  4  0 . 1  0 . 6 3 5  1 2 . 2  

H 2 O  9 6  0 . 1 4  1 4 . 5 0 8  1 7  
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4 . 1 . 2  Tw o  ph as e  s ep a ra to r  

I n l e t  S t rea m:  

M ass  f lo w r a t e  a t  i n l e t  =  9 50 2  k g /h r   

In l e t  T em pe r a t u r e  =  40  ° C                                     

Q u a l i t i e s  N H 3  =  0 .0 4 ;  H 2 O  =  0 . 46  ( f ro m l i t e r a t u r e )  

 

Table 5 Material Balance for stream 2 

 

 

 

 

 

C o m p o n e n t  C o m p o s i t i o n  ( w t  % )  M a s s  ( k g )  

 L i q u i d  V a p o r s  L i q u i d  V a p o r s  

H 2  -  2 8 . 4  -  1 3 0 1 . 4  

N 2  -  5 2 . 9  -  6 0 4 8  

A r  -  6 . 1  -  6 9 6  

C H 4  -  1 2 . 4  -  1 4 1 2 . 8  

N H 3  4  0 . 1  0 . 6 3 5  1 2 . 2  

H 2 O  9 6  0 . 1 4  1 4 . 5 0 8  1 7  
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S t rea m 3  

M ass  f lo w  r a t e  =  15 . 08  k g /h r  

 

S t rea m 4  

M ass  f lo w r a t e  =  94 8 6 . 12  k g /h r  

Table 7 Material Balance for stream 4 

C o m p o n e n t  C o m p o s i t i o n  ( w t  % )  M a s s ( k g )  

H 2  1 3 . 7  1 3 0 1 . 4  

N 2  6 3 . 7  6 0 4 8  

A r  7 . 3  6 9 6  

C H 4  1 4 . 9  1 4 1 2 . 5  

N H 3  0 . 1 3  1 2 . 2  

H 2 O  0 . 1 7  1 7  

A p pl yi n g  com po ne n t  b a l an ce  o n  Ammo ni a  an d  W at e r  

A mmo n i a :  

A mm on ia  i n  i n l e t  =  A mmo ni a  in  o u t l e t  

A mm on ia  i n  i n l e t=  amm on i a  i n  s t r e am  3  +  ammo ni a  in  s t r e am  4  

1 2 .8 35  k g  =  0 . 63 5  k g  +  1 2 . 2  k g  

1 2 .8 35  k g  =  12 .8 35  k g  

W a t er:  

W at e r  i n  i n l e t  =  Wa t e r  i n  o u t l e t  

W at e r  i n  i n l e t =  w ate r  i n  s t r e am  3  +  w at e r  i n  s t r e am  4  

3 1 .5  k g  =  14 .5  k g  +  17  k g  

3 1 .5  k g  =  31 .5  k g  

T a b l e  6 - M a t e r i a l  b a l a n c e  f o r  s t r e a m  3  

C o m p o n e n t  C o m p o s i t i o n  ( w t  % )  M a s s  ( k g )  

H 2  -  -  

N 2  -  -  

A r  -  -  

C H 4  -  -  

N H 3  4  0 . 5 7 1 2  

H 2 O  9 6  1 4 . 5 0 8  
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4 . 1 . 3  Ads o rb er  

 

I n l e t  S t rea m  

M ass  f lo w r a t e  =  94 8 6 . 12  k g /h r   

Table 8 Material Balance for inlet stream to adsorber 

 

S t rea m 5  

M ass  f lo w r a t e  =  94 5 8 . 2 . 12  k g /h r  

Table 9 Material Balance for stream 5 

C o m p o n e n t  C o m p o s i t i o n  ( w t  % )  M a s s ( k g )  

H 2  1 3 . 8  1 3 0 1 . 4  

N 2  6 4  6 0 4 8  

A r  7 . 3  6 9 6  

C H 4  1 4 . 9  1 4 1 2 . 8  

C o m p o n e n t  C o m p o s i t i o n  ( w t  % )  M a s s ( k g )  

H 2  1 3 . 7  1 3 0 1 . 4  

N 2  6 3 . 7  6 0 4 8  

A r  7 . 3  6 9 6  

C H 4  1 4 . 9  1 4 1 2 . 5  

N H 3  0 . 1 3  1 2 . 2  

H 2 O  0 . 1 7  1 6 . 9 2  
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4 . 1 . 4  Tw o  Pha se  s ep a ra to r  

 

 

S t rea m 6  

M ass  f lo w r a t e  =  94 5 8 . 2 . 12  k g /h r  

Q u a l i t i e s :  H 2  =  0 .94 ;  N 2  =  0 .2 5 ;  A r  =  0 . 14 ;  C H 4  =  0 . 03 5  ( f r om  

l i t e ra tu r e )  

Table 10 Material Balance for stream 6 

C o m p o n e n t   Co m p o s i t i o n  (w t  %)  M a s s ( k g )  

 L i q u i d  V a p o r s  L i q u i d  V a p o r s  

H 2  1 . 1  4 2 . 3  7 1 . 3  1 2 3 0 . 3  

N 2  6 9  5 2 . 6  4 4 9 0 . 6  1 5 3 3 . 3  

A r  9 . 1  3 . 4  5 9 4  1 0 0  

C H 4  2 0 . 8  1 . 7  1 3 6 0  5 0  
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S t rea m 7  ( vap o rs )  

M ass  f lo w r a t e  =  29 1 3 . 6  k g/ h r  

Table 11 Material Balance for stream 7 

C o m p o n e n t  C o m p o s i t i o n  ( w t  % )  M a s s ( k g )  

H 2  4 2 . 3  1 2 3 0 . 3  

N 2  5 2 . 6  1 5 3 3 . 3  

A r  3 . 4  1 0 0  

C H 4  1 . 7  5 0  

 

S t rea m 8  ( l iqu i d )  

M ass  f lo w  r a t e  =  65 1 5 . 9  k g/ h r  

Table 12 Material Balance for stream 8 

C o m p o n e n t  C o m p o s i t i o n  ( w t  % )  M a s s  ( k g )  

H 2  1 2  7 1 . 3  

N 2  5 4  4 4 9 0 . 6  

A r  5  5 9 4  

C H 4  2 8  1 3 6 0  

 

 

S t rea m 9  

M ass  f lo w  r a t e  =  29 1 3 . 6  k g/ h r  

Table 13 Material Balance for stream 9 

C o m p o n e n t  C o m p o s i t i o n  ( w t  % )  M a s s ( k g )  

H 2  4 2 . 3  1 2 3 0 . 3  

N 2  5 2 . 6  1 5 3 3 . 3  

A r  3 . 4  1 0 0  

C H 4  1 . 7  5 0  
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S t rea m 1 0  

M ass  f lo w r a t e  =  65 1 5 . 9  k g/ h r  

Table 14 Material Balance for stream 10 

C o m p o n e n t  C o m p o s i t i o n  ( w t  % )  M a s s  ( k g )  

H 2  1 2  7 1 . 3  

N 2  5 4  4 4 9 0 . 6  

A r  5  5 9 4  

C H 4  2 8  1 3 6 0  

 

4 .2  Membrane Separation 

A f t e r  s ame  p r e t r ea tm en t ,  t h e  b a l an ce  co n t in ues  f r om s t r eam  5  o u t  o f  

t h e  ads o r b e r .  

S t rea m 5  

M ass  f lo w r a t e  =  94 5 8 . 2 . 12  k g /h r  

Table 15 Material Balance for stream 5 

C o m p o n e n t  C o m p o s i t i o n  ( w t  % )  M a s s ( k g )  

H 2  1 3 . 8  1 3 0 1 . 4  

N 2  6 4  6 0 4 8  

A r  7 . 3  6 9 6  

C H 4  1 4 . 9  1 4 1 2 . 8  
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4 . 2 . 1  Memb ran e  

 

S t rea m 7  

M ass  f lo w  r a t e  =  94 5 8 . 2 . 12  k g /h r  

Table 16 Material balance for stream entering membrane 

C o m p o n e n t  C o m p o s i t i o n  ( w t  % )  M o l e s  ( k m o l )  

H 2  1 3 . 7  1 3 0 1 . 4  

N 2  6 4  6 0 4 8  

A r  7 . 3  6 9 6  

C H 4  1 5  1 4 1 2 . 8  

 

S t rea m 8  

M ass  f lo w  r a t e  =  20 1 3 . 2  k g/ h r  

Table 17 Material balance for Permeate 

C o m p o n e n t  C o m p o s i t i o n  ( w t  % )  M a s s ( k g )  

H 2  5 5  1 1 0 6  

N 2  3 0 . 3  6 1 0 . 4  

A r  5 . 7  1 1 7 . 6  

C H 4  9  1 7 9 . 2  
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S t rea m 1 1  

M ass  f lo w r a t e  =  74 5 1 . 8  k g/ h r  

Table 18 Material Balance for retentate 

C o m p o n e n t  C o m p o s i t i o n  ( w t  % )  M a s s  ( k g )  

H 2  2 . 6  1 9 4 . 2  

N 2  7 3  5 4 3 7 . 6  

A r  7 . 9  5 8 8  

C H 4  1 6 . 5  1 2 3 2  
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Chapter 5: Energy Balance 

St ead y s t a t e  p r o cess  wi t ho u t  r e ac t io n  s o  E ne r g y In  =  E n er g y O u t  

Formula:     

H  =  mC p ∆T          ( 5 .1 )  

H  =  mC p  ( T  –  T r e f )          

R e f e ren ce  t emp e r a tu r e  =  0  °C                                     

U s i n g  t h i s  fo rm ul a  en th a l p i es  w er e  ca l cu l a t ed .  T ab le  i s  Gi v en  b e l o w  

A v e r age  s p ec i f i c  hea t s  w er e  u s ed  w hich  w er e  p r ov i d ed  by  t h e  FFC i n  

t h e  l i t e r a tu r e ,  w e  req u es t ed .  

5 .1  Cryogenic  Separation  

Table 19 Energy Balance for Cryogenic separation 

S t rea m N o .  T emp era tu re  ( ° C)                                   F l ow  R a t e  

( kg /h )  

En th a lp y  

( kJ /h )  

1  5 2  9 5 0 2 . 5  1 . 5  x  1 0 6  

2  4 0  9 5 0 2 . 5  1 . 2 0  x  1 0 6  

3  4 0  1 5 . 0 8  2 . 5  x  1 0 3    

4  4 0  9 4 8 6 . 1 2  1 . 2 0  x  1 0 6    

5  4 0  9 4 5 8 . 1 2  1 . 2 0  x  1 0 6   

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

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

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

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

1 0  4 0  6 5 1 5 . 6  3 . 8 4  x  1 0 5    

Fo r  S t r eam s  i nv o l v i n g  b o t h  vap or  an d  l i q u id  p h as e  en t h a lp y f o r  bo t h  

p h as e s  w as  ad ded  as  fo l lo w:  
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S t rea m 2  

H v a p =1 . 20  x  1 0 6  k J  +  H l i q =2 .5 5  x  10 3  k J  

H 2 = H v a p + H l i q           

H 2 =1 . 20  x  1 0 6  kJ  

Qu al i t i e s :  ( f rom  l i t e r a t u r e )  

H 2 O  x =0 .5 4  

N H 3  x =0 .9 6   

5 . 1 . 1  Wa t er  Co o l er  

∆ H = H 2  –  H 1  =  3 . 60  x  10 5  k J  

Q  =  ∆ H                                         ( 5 .2 )   

C oo l in g  W at e r  ṁ  =  1 .7 0  x  10 4  k g  (∆ T =  5° C)  

5 . 1 . 2  S ep a ra t in g  Ves s e l  

H 2 =  H 3  +  H 4   

    =2 55 4  kJ  +  11 973 1 6 . 03  kJ  

    =  11 99 87 0 . 97  kJ  

5 . 1 . 3  Ads o rb er  

A d so rb ed  in  z eo l i t e  b ed  

H 2 O =0. 94  k mol ,  NH 3 =0 . 72 2  km ol  

H 4  =  H 5  +  H a d s o r b e d =  1 . 2x 10 6  k J  

S t rea m 6  

H v a p =4 . 18  x  1 0 6  k J+  H l i q =2 .8 4  x  10 6  k J  

H 6 = H v a p + H l i q  

H 6 =7 . 03  x  1 0 6  k J  

5 . 1 . 4  Co ld  B ox  P la t e  F in  Ex ch an ger  

∆ H =H 6 -H 5 =5 . 8x 10 6  k J  
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 H 9 = 8 . 12  x  10 5  k J                    H 1 0 =3 . 84  x  1 0 5  

k J  

H 7 =4 . 18  x  1 0 6  k J                         H 8 =2 .8 4  x  1 0 6  

k J  

∆ H a  =H 9 - H 7 =  -3 .3 7  x  10 6  k J                      ∆ H b  =H 1 0 - H 8 = -2 .4 5  x  1 0 6  

k J  

∆ H a +∆ H b = -5 .8x 1 0 6  k J  

 

5 .2  Membrane Separation  

Table 20 Energy Balance for Membrane Separation 

S t rea m N o .  T emp era tu re  ( ° C)                                   F l ow  R a t e  

( kg /h )  

En th a lp y  

( kJ /h )  

1  5 2  9 5 02 .5  1 . 5  x  10 6  

2  4 0  9 5 02 .5  1 . 20  x  1 0 6  

3  4 0  1 5 .0 8  2 . 5  x  10 3    

4  4 0  9 4 86 .1 2  1 . 20  x  1 0 6    

5  4 0  9 4 58 .1 2  1 . 20  x  1 0 6   

6  1 8 8  9 4 58 .1 2  5 . 82  x  1 06    

7  4 0  2 9 13 .6    1 . 21  x  1 0 6    

8  4 0  2 0 13 .2  5 . 28  x  1 0 5   

9  4 8 0  2 0 13 .2  1 . 83  x  1 0 7    

1 0  4 0  2 0 13 .2  5 . 31  x  1 0 5    

1 1  4 0  7 4 51 .8  6 . 90  x  1 0 5    
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5 . 2 . 1  Pre - Co mp ress o r  

∆ H = H 6  –  H 5  =  46 25 3 52 .6 65  kJ  

W = 
∆H

ɛ
 =  

4625352.665

0.84×3600
 =  1 . 6  MW      ( 5 .3 )  

5 . 2 . 2  Pre - Co o l er  

∆ H = H 7  –  H 6  =  46 02 8 62 .4 88 kJ  

Q =∆ H  

C oo l in g  W at e r  ṁ  = 1 10 11 6  k g  ( ∆ T =  10 °C )  

5 . 2 . 3  Memb ran e  

H 7  = H 8  +  H 1 1   

     =  5 28 90 7 . 5  kJ  +  69 08 73 .6  kJ  

     =  1 21 97 81 .1  kJ  

5 . 2 . 4  Po s t - Co mp res so r  

∆ H =H 9 -H 8 =  1 77 74 03 7 .2  kJ  

W =  
∆H

ɛ
 =

17774037.2

0.8×3600
 =  6 . 1  MW  

5 . 2 . 5  Po s t - Co o l er  

∆ H =H 1 0 -H 9 = 17 77 16 8 6 . 44  kJ  

Q =∆ H  

C oo l in g  W at e r  ṁ  = 4 25 ,1 60  k g  ( ∆T  =  1 0 °C )  
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Chapter 6: Equipment Design 

6 .1  Two Phase Separator;  Vert ical  Vessel  [ 1 ]  

6 . 1 . 1  Pre t rea t men t  V ess e l  

S et t l i n g  th eo r y r e s u l t s  i n  t h e  f o l l o wing  r e l a t i on sh ip .  Fo r  l i q u id  d r op s  

i n  ga s  p h as e  

𝒅𝟐 = 𝟓. 𝟎𝟓𝟒
𝑻𝒁𝑸𝒈

𝑷
[(|

𝝆𝒈

𝝆𝒍−𝝆𝒈
|)

𝑪𝑫

𝒅𝒎
]

𝟏
𝟐⁄

       ( 6 .1 )      

W h er e ,  

▪  d  =  v es s e l  i n t e r na l  d i am et e r ,  i n .  

▪  d m  =  d r op  d i ame t e r ,  μm  

▪  T  =  o pe r a t in g  t empe r a tu r e ,  °R  

▪  Q g  =  ga s  f l o w  r a t e ,  MM s cf /D  

▪  P  =  op e r a t i n g  p r es su r e ,  p s i a  

▪  Z =  ga s  com p r es s ib i l i t y  

▪  ρ l  =  l i q u i d  d en s i t y ,  l b m/ f t 3  

▪  ρ g  =  ga s  d en s i t y ,  l bm / f t 3  

▪  C D  =  d r ag  co e f f i c i en t .  

    

𝑪𝑫𝑹𝒆𝟐 =
𝟒

𝟑

𝒅𝒗
𝟑|𝝆𝒄−𝝆𝒅|𝝆𝒄𝒈

𝝁𝒄
𝟐          ( 6 .2 )                          

Wh e r e ,  

R e  =  R e yn o ld s  nu mb er ,  ( V T .d v .ρ c ) / μ c  

C D  =  d r ag  co e f f i c i en t  o f  d r op /b ub b l e ;  
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ρ  c  con t in uo us  p h ase  d en s i t y ,  g / cm 3  

ρ  d  = d i sp e rs ed  ph as e  d ens i t y ,  g / cm 3
 

g  =  g r av i t a t i on a l  co ns t an t ,  98 1  cm/s ec 2
 

μ c  = con t in uo us  p has e  v i s c o s i t y ,  g / ( cm /s ec )  =  po i s e ,  

U s i n g  L/ d  =  3  and  ab ov e  eq u a t i on s ,  

d  =  0 . 46  m  

L =  1 . 3  m  

𝑽 = 𝛑𝒓𝟐𝒍            ( 6 .3 )  

V  =  0 .4m 3  

W al l  t h i ck n es s  

𝑒 =
𝑃𝑖𝐷𝑖

2𝐽𝑓−0.2𝑃𝑖
          ( 6 .4 )  

E l l i p s o i d a l  H ead  t h i ckn es s  

𝑒 =
𝑃𝑖𝐷𝑖

2𝐽𝑓−𝑃𝑖
           ( 6 .5 )  

D es i gn  P r es s u r e  =  9 . 22  N /mm 2  

D es i gn  T emp er a tu re  =  8 2  o C 

J o i n t  e f f i c i en cy =  1 . 0  

C o r r os io n  a l lo w an ce  =  3  mm  

f  =  S t r e s s  Fac to r  f ro m f o l l ow in g  t ab l e ;  
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W al l  t h i ck n es s  =  e  =  70  mm  

E l l i ps o i d a l  h ead  th i ckn e s s  =  e  =  3 0  mm  

6 . 1 . 2  Co ld  B ox  Ves s e l  

U si n g  s ame  p r o cedu r e  as  abo v e :  

S e t t l i n g  th eo r y r e s u l t s  i n  t h e  f o l l o wing  r e l a t i on sh ip .  Fo r  l i q u id  d r op s  

i n  ga s  p h as e  

𝑑2 = 5.054
𝑇𝑍𝑄𝑔

𝑃
[(|

𝜌𝑔

𝜌𝑙 − 𝜌𝑔
|)

𝐶𝐷

𝑑𝑚
]

1
2⁄

 

Wh e r e ,  

▪  d  =  v es s e l  i n t e r na l  d i am et e r ,  i n .  

▪  d m  =  d r op  d i ame t e r ,  μm  

▪  T  =  o pe r a t in g  t empe r a tu r e ,  °R  

▪  Q g  =  ga s  f l o w  r a t e ,  MM s cf /D  

▪  P  =  op e r a t i n g  p r es su r e ,  p s i a  

▪  Z =  ga s  com p r es s ib i l i t y  

▪  ρ l  =  l i q u i d  d en s i t y ,  l b m/ f t 3  

▪  ρ g  =  ga s  d en s i t y ,  l bm / f t 3  

▪  C D  =  d r ag  co e f f i c i en t .  
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𝐶𝐷𝑅𝑒2 =
4

3

𝑑𝑣
3|𝜌𝑐 − 𝜌𝑑|𝜌𝑐𝑔

𝜇𝑐
2

 

w h e r e ,  

R e  =  R e yn o ld s  nu mb er ,  ( V T .d v .ρ c ) / μ c  

C D  =  d r ag  co e f f i c i en t  o f  d r op /b ub b l e ;  

ρ  c  con t in uo us  p h ase  d en s i t y ,  g / cm 3  

ρ  d  = d i sp e rs ed  ph as e  d ens i t y ,  g / cm 3
 

g  =  g r av i t a t i on a l  co ns t an t ,  98 1  cm/s ec 2
 

μ c  = con t in uo us  p has e  v i s co s i t y ,  g / ( cm /s ec )  =  po i s e ,  

U s i n g  L/ d  =  3  and  ab ov e  eq u a t i on s ,  

d  =  0 . 8  m  

L =  2 . 1 85  m  

    𝑉 = π𝑟2𝑙 

V  =  1 .0  m 3  

W al l  t h i ck n es s  

𝑒 =
𝑃𝑖𝐷𝑖

2𝐽𝑓 − 0.2𝑃𝑖
 

E l l i p s o i d a l  H ead  t h i ckn es s  

𝑒 =
𝑃𝑖𝐷𝑖

2𝐽𝑓 − 𝑃𝑖
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D es i gn  P r es s u r e  =  9 . 22  N /mm 2  

D es i gn  T emp er a tu re  =  5 0 / -1 96  o C 

J o i n t  e f f i c i en cy =  1 . 0  

C o r r os io n  a l lo w an ce  =  0  mm 

f  =  S t r e s s  Fac to r  f ro m f o l l ow in g  t ab l e ;  

 

 

W al l  t h i ck n es s  =  e  =  50  mm 

E l l i ps o i d a l  h ead  th i ckn es s  =  e  =  3 0  mm 
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6 .2  Plate  and Fin  Heat  Exchanger  (Cold Box)  [ ]  

T h e  ac tu a l  d e s i gn  o f  a  p l a t e  f i n  h ea t  ex ch an ge r  i s  do n e  t h r o u gh  

ex t ens iv e  C FD and  m od e l l i n g .  Ho w ev er ,  s in ce  w e  kn ew  the  sp ec s  o f  

t h e  p l a t e  f i n  h ea t  ex ch an ge r  m anu f ac tu r ed  b y Li n d e ,  w e  u s e  th e  

d im en s i on s  o f  t ho se  p l a t e s  on l y an d  ve r i f y d e s i gn  to  acco mm od at e  f o r  

o u r  r equ i r em en t s .  

6 . 2 . 1  Fo rmul as :  

𝐴𝑝 = ∅𝑊𝑝𝐿𝑝          ( 6 .6 )  

𝐴 =  𝑁𝑝𝐴𝑝          ( 6 .7 )  

𝑄 = 𝑈𝐴∆𝑇𝑀          ( 6 .8 )  

∆𝑇𝐿𝑀 =
∆𝑇1−∆𝑇2

𝑙𝑛(
∆𝑇1
∆𝑇2

)
         ( 6 .9 )  

𝑃 =
𝑑𝑇ℎ𝑜𝑡

𝑑𝑇𝑚𝑎𝑥
          ( 6 .1 0 )  

𝑅 =
𝑑𝑇𝑐𝑜𝑙𝑑

𝑑𝑇ℎ𝑜𝑡
          ( 6 .1 1 )  

𝑈𝐴𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =  
𝑄

(𝐶𝑀𝑇𝐷)
         ( 6 .1 2 )  

𝐶𝑀𝑇𝐷 = (𝐶𝐹)(𝐿𝑀𝑇𝐷)        ( 6 .1 3 )  

𝐻𝐶𝑅𝑅 =  
𝐻𝐶𝑅𝑚𝑖𝑛

𝐻𝐶𝑅𝑚𝑎𝑥
         ( 6 .1 4 )  

𝑁𝑇𝑈 =  
𝑈𝐴

𝐻𝐶𝑅𝑚𝑖𝑛
         ( 6 .1 5 )  

𝐸 =
𝑄

𝑄𝑚𝑎𝑥
          ( 6 .1 6 )  
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6 . 2 . 2  Ca lcu la t i ons :  

L= 0 . 7 m  

W =0 .6 9  m  

A r ea  o f  a  s in g l e  p l a t e  =  0 .5 85  m 2  

N o .  o f  p l a t es  =  16  

T o t a l  a r ea  o f  p l a t es  =  1 6  *  0 . 58 5  =  9 .36  m 2
 

Q  =  5 .8  *  1 0 6  kJ  

LM T D  =  5 . 87  o C 

C MT D =  5 .6  o C 

N T U  =  1 .7  
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6 .3  Shel l  and Tube Heat  Exchanger  

6 . 3 . 1  Wa t er  Co o l er  ( Pre t reat men t )  

Ex ch an ge r  t yp e :  She l l  an d  tu b e  H ea t  Ex ch an ge r   

S h e l l  P as s e s  =  1   

T u be  P as s es  =  Np  =  2   

S h e l l  S i de  F l u i d :  Co o l in g  w at e r  

T u be  S i d e  F lu i d :  Pu r ge  G as  

P ur ge  ga s  i n l e t  t emp e r a t u r e  =  T 1  =  52  ° C   

P ur ge  ga s  o u t l e t  t em p er a tu r e  =  T 2  =  40  °C   

C oo l in g  w at e r  i n l e t  t emp e r a t u r e  =  t1  =  3 0  °C   

C oo l in g  w at e r  ou t l e t  t em p er a tu r e  =  t2  =  3 5  °C   

C p  o f  pu r ge  ga s  =  1 . 01 1  kca l /k g  ° C   

C p  o f  co o l i n g  w at e r  =  0 .9 99  k ca l /k g  °C   

F l o w r a t e  ( sh e l l )  =  9 5 44  k g /h r  

F l o w r a t e  ( t u be )  =  1 . 70  x  1 0 4  k g / h r  

 

Q s h e l l  =  m  C p  Δ T          ( 6 .1 7 )  

  

Q  =  3 .9 4  x  10 5  k J /h r   

 

Q = U AΔ T m            ( 6 .1 8 )  

Δ T m  =  F t  *  LMT D          ( 6 .1 9 )  

∆𝑇𝐿𝑀 =
(𝑇1 − 𝑡2) − (𝑇2 − 𝑡1)

𝑙𝑛
(𝑇1 − 𝑡2)
(𝑇2 − 𝑡1)

                                                                                               (6.20) 

S h e l l  In l e t / o u t l e t  t em p er a tu r e  =30 / 35  

T u be  In l e t / ou t l e t  t em p er a tu r e  =  5 2 / 40  

LM T D  =  13 .2  

𝑅 =
𝑇1 − 𝑇1

𝑡2 − 𝑡1
                                                                                                                               (6.21) 
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𝑆

=
𝑡2 − 𝑡1

𝑇1 − 𝑡1
                                                                                                                                      (6.22) 

Fr o m  F i gu re  fo r  1  she l l  pa s s  a n d  2  t u be  pa s se s  u s i n g  va l u e s  o f  S  a n d  R ,  

w e  ge t   

F t  =  0 .7 13  

 

Δ t  =  F t  *  LM T D  

∆𝑡=  9 . 37 °C  

O ve ra l l  he a t  t r a n s f e r  c oe f f i c i e n t  fo r  t h i s  s ys t e m  i s  a s sum e d .   

U  =  300  W/ m 2  ° C 
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A s su mpt ion s :   

C ho os e  2 5m m  ou t e r  d i a m e t e r ,  22 .5 m m  i n ne r  d i a m e t e r  a nd  41 24  

m m  l o n g  t ube s   

I n ne r  d i a m e t e r  o f  t ube  =  d i  =  0 . 02 5  m   

O u t e r  D i a m e t e r  o f  t u be  =  d o  =  0 .0 2 25  m   

Le n g t h  o f  t ube  =  L  =  4 .1 24  m   

A re a  o f  o ne  t ube  =  π  *  L  *  d  =  π  *  3 .66  *  0 . 02  =  0 . 23  m 2  

N um be r  o f  t u be s  =  N t  =  𝐻 𝑒 𝑎 𝑡  𝑡 𝑟 𝑎 𝑛 𝑠 𝑓 𝑒 𝑟  𝑎 𝑟 𝑒 𝑎 / 𝐴 𝑟 𝑒 𝑎  𝑜 𝑓  𝑜 𝑛 𝑒  𝑡 𝑢 𝑏 𝑒  =  18 .7 7  

/  0 . 23  =  8 2  t ube s   

U s e  t r i a n gu l a r  p i t c h ,   

P i t c h  =  p t  =  1 .25  *  d o  =  1 . 25  *  0 . 02  =  0 . 02 5  m   

B un d l e  d i a m e t e r  i s  c a l c u l a t e d  a s  fo l l ow:  

𝑫𝒃 =  𝒅𝒐(
𝑵𝒕

𝑲𝟏
)

𝟏

𝒏         ( 6 .2 3 )  

K 1  a n d  n 1  a re  c on s t a n t s .  Fo r  1  sh e l l  pa s s  t he i r  va l ue s  a r e ,   

K 1  =  0 .31 9 ,  n 1  =  2 . 14 2   



55 
 

B y p u t t i n g  va l ue s  i n  t he  a b o ve  fo rm u l a ,  b un d l e  d i a m e t e r  i s  f o un d .   

𝐷 𝑏 = 267.7  mm = 0 .2677 m 

C l e a ra nc e  fo r  she l l  d i a m e t e r  =  0 .08 8  m  ( f r om  g ra p h )   

S he l l  D i a m e t e r  =  Bu nd l e  D i a m e t e r  +  C l e a r a nc e   

S he l l  D i a m e t e r  =  D o  =  0 .2 67 7  +  0 . 088  =  0 . 35 57  m   

Ba f f l e  spa c i n g  =  l B  =  0 .5  *  D o  =  0 . 5  *  0 . 35 57  =  0 .17 78  m   

N um be r  o f  ba f f l e s  =  14  

𝑙 𝑒 𝑛 𝑔 𝑡 ℎ  𝑜 𝑓  𝑡 𝑢 𝑏 𝑒 / 𝐵 𝑎 𝑓 𝑓 𝑙 𝑒  𝑆 𝑝 𝑎 𝑐 𝑖 𝑛 𝑔  =  3 . 66  /  0 . 1 77 8  =  2 0  

6 . 3 . 2  Tub e  S id e  Co - ef f i c i en t :    

M e a n  t e mp e r a t u r e  =  8 5 . 7 5  

o C  

D e n s i t y  o f  s o l u t i o n  =  ρ  =  8 8 8 . 2  k g / m 3   

V i s c o s i t y  o f  s o l u t i o n  =  µ  =  0 . 0 0 0 2 7 2 3  k g / m. s e c   

H e a t  c a p a c i t y  o f  s o l u t i o n  =  C p  =  4 4 6 8  J /k g  o C   

T h e r ma l  c o n d u c t i v i t y  o f  s o l u t i o n  =  K  =  0 . 6 1 8 2  W / m.  o C    

T u b e s  p e r  p a s s  =  t o t a l  t u b e s  /  2  =  8 2 / 2  =  4 1   

T o t a l  f l o w  a r e a  =  T u b e  Cr o s s - s e c t i o n a l  a r e a  *  T u b e s  p e r  p a s s   

T o t a l  f l o w  a r e a  =  0 . 0 0 0 2 0 1  *  4 1   

T o t a l  f l o w  a r e a  =  0 . 0 0 8  m 2   

L i n e a r  ve l o c i t y  =  u t  =  ( ma s s  v e l o c i t y  /  d e n s i t y )  =  2 7 9  /  8 8 8 . 2  =  0 . 3 1 5  

m/ s e c   

F r o m gr a p h  b e t we e n  R e t  a n d  J H  f a c t o r ,  i t  i s  f o u n d  t h a t   

      J H  =  0 . 0 0 3 9   
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B y  p u t t i n g  a l l  va l u e s  i n  a b o v e  e q u a t i o n ,  w e  

g e t  h i  =  3 0 9 4 . 1 5  W / m 2  o C   

6 . 3 . 3  Sh e l l  S id e  Co - ef f i c i en t :    

M e a n  t e mp e r a t u r e  =  1 3 5 . 2 5  o C   

D e n s i t y  o f  s o l u t i o n  =  ρ  =  9 1 2 . 5  k g / m 3   

V i s c o s i t y  o f  s o l u t i o n  =  µ  =  0 . 0 0 0 1 5 8 k g / m. s e c   

H e a t  c a p a c i t y  o f  s o l u t i o n  =  C p  =  4 5 1 1  J /k g  o C   

T h e r ma l  c o n d u c t i v i t y  o f  s o l u t i o n  

E q u i v a l e n t  d i a me t e r  =  d e  =  1 . 1 0  ( 𝑝 𝑡 2 − 0 . 9 1 7  𝑑 𝑜 2 )  =  1 4 . 2  mm =  0 . 0 1 4 2  m  

L i n e a r  ve l o c i t y  =  u t  =  ( ma s s  v e l o c i t y  /  d e n s i t y )  =  1 6 0 . 3 4  /  9 1 2 . 5  =  0 . 1 7 5  

m/ s e c   

R e y n o l d s  N u mb e r  i n  t u b e s  =  𝑅𝑒𝑠 =  
𝜌𝑑𝑒𝑢𝑡

𝜇
=  

912.5∗0.0142∗0.175

0.000153
                 

( 6 .2 4 )  

 = 14411.63 

F r o m gr a p h  b e t we e n  R e t  a n d  J H  f a c t o r ,  i t  i s  f o u n d  t h a t   

 J H  =  0 . 0 0 3 8  

ℎ𝑖

𝑑𝑖𝑘 
=

 𝐽𝐻𝑅𝑒𝑃𝑟
0.33(

𝜇

𝜇𝑤
)0.14                                                                                                              (6.25) 

      

B y  p u t t i n g  a l l  va l u e s  i n  a b o v e  e q u a t i o n ,  w e  

g e t  h s  =  2 6 7 6 . 7 0 1  W / m 2  o C   

𝑈𝑐

=  
ℎ𝑖𝑜 ∗  ℎ𝑜

ℎ𝑖𝑜 +  ℎ𝑜
                                                                                                                             (6.26) 

F o u l i n g  F a c t o r  f o r  s h e l l  s i d e  =  h o d  =  5 0 0 0  W / m 2  o C   

F o u l i n g  F a c t o r  f o r  t u b e  s i d e  =  h i d  =  5 0 0 0  W / m 2  o C   

K w  =  5 0  W / m 2  o C   
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T a b l e  6 .  2 :  F o u l i n g  F a c t o r   

 

  

P u t  a l l  t h e  va l u e s  i n  a b o ve  e q u a t i o n  t o  ge t  o ve 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 .   

 U  =  2 86  W/m 2 o C  

T h e  v a l u e  o f  o v e r a l l  c o e f f i c i e n t  i s  a l mo s t  e q u a l  t o  t h e  a s s u me d  va l u e  s o  

a l l  a s s u mp t i o n s  r e g a r d i n g  d e s i g n  a r e  t r u e .    

6 . 3 . 4  Pressu re  d rop :  

 

∆𝑃𝑠 =  
𝐺𝑠

2𝐷𝑠(𝑁 + 1)

2𝑑𝜌𝐷𝑠∅𝑠

=  
𝑓𝐺𝑔

2𝐷𝑔(𝑁 + 1)

5.22 ∗  1010𝐷𝑠𝑠∅𝑠

                                                                             (6.27) 
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P r es su r e  D ro p  ( sh e l l  s id e )  =  4 .4 1  ps i  

∆𝑃𝑡

=  
𝑓𝐺𝑡

2𝐿𝑛

5.22 ∗ 1010𝐷𝑠∅𝑡
                                                                                                              (6.28) 

∆𝑃𝑡

=  
4𝑛𝑉2 ∗ 62.5

𝑠2𝑔′ ∗ 144
                                                                                                                       (6.29) 

∆𝑃𝑇

=  ∆𝑃𝑡 +  ∆𝑃𝑟                                                                                                                          (6.30) 

P r es su r e  D ro p  ( t ube  s i de )  =  2 . 84  p s i  

6 . 3 . 5  E x chan g er  Des ign  Su mma ry  

Fl o w r a t e  ( sh e l l )  =  9 5 44  k g /h r  

F l o w r a t e  ( t u be )  =  1 . 70  x  1 0 4  k g / h r  

Q  =  3 .9 4  x  10 5  k J /h r   

S h e l l  In l e t / o u t l e t  t em p er a tu r e  =30 / 35  

T u be  In l e t / ou t l e t  t em p er a tu r e  =  5 2 / 40  

LM T D  =  13 .2  

S h e l l  d i a  =  38 6  m m  

T u be  l en gt h  =  4 12 4  mm  

N o .  o f  t ub es  =  9 0  

T u be  d i a  =  2 5  m m  

P i t ch  =  3 2  mm  

N o .  o f  Ba f f l es  =  14  

P r es su r e  D ro p  ( t ube  s i de )  =  2 . 84  p s i  

P r es su r e  D ro p  ( sh e l l  s id e )  =  4 .4 1  ps i  
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C o rr os io n  Al l o wance  sh e l l / t ub e  =  3 /1  m m  

U  =  1 37  W/m 2 K 

H ea t i n g  A r ea  =  2 8 .9  m 2  
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6 .4  Membrane  

 

𝐴 =
(𝑉𝑦)𝑜𝑢𝑡

(𝐽𝐴)𝑎𝑣

=
(𝑉𝑦)𝑜𝑢𝑡

𝑄𝐴(𝑃1𝑥 − 𝑃2𝑦𝑖)𝑎𝑣
                                                                                            (6.31) 

1  ba r r e r  =  3 .3 5x 10 - 1 6 𝑚𝑜𝑙.𝑚

𝑚2 .𝑠.𝑃𝑎
     

V o u t  y  =  F l ow  H 2  Ou t  

          =  55 3  kmo l /h r  

          =1 53 .6  m ol / s  

P 1  =  1 10  x  1 0 5  P a  

P 2  =  2 6  x  10 5  P a   

A r ea  =  
153.6

14 x 3.35 x 10−16(110 x 105 x 0.668−26 x 105 x 0.938)
 

          =  6 . 67  x  1 0 9  m 2 /m  

S i n ce  m emb r an e  t h i ckn es s  i s  1 0 - 6  m ,  t h e r e fo r e  

A r ea  =  6 . 67  x  1 0 9  m 2 / m  x  10 - 6  m  

          =  6 . 67  x  1 0 3  m 2  

M od ul e  d i m en s io n  =  8 - i nch  d i a  x  1 0  fee t  l en g t h   

E f f ec t iv e  a r ea  p e r  f i b e r  =  2 π r l  =  2 .8 9  x  10 - 3  m 2  

R equ i r ed  f i b e r s  =  23 0 83 04  

M od ul e  v o lu m e =  3 . 5  f t 3  

1  ho l lo w f i b e r  vo l um e  =  9 . 88  x  1 0 - 6  f t 3  

N o .  o f  f i b e r s  p e r  mo d u l e  =  3 03 64 3  

M od ul e s  R equ i r ed  =  
2308304

303643
= 8  mo du le s  i n  p a ra l l e l  

Figure 10 Membrane fiber 
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6 .5  Adsorber  

T h e  k i n e t i c s  an d  i so th e rm s  w e r e  no t  fo u nd  f o r  t h e  ads o r p t io n  p r o ces s  

s o  a  d e t a i l ed  d e s i gn ed  i s  n o t  c a r r i ed  ou t  f o r  t h e  ad so r b er  co lum n.  

H o w ev e r ,  a  s im i l a r  co l umn  t o  t h a t  a l r e ad y i n s t a l l ed  i n  FFC  i s  t ak en  as  

r e f e r ence  wi t h  t h e  f o l lo wi n g  s p ec i f i c a t io ns .  

N o rm al  op e r a t i on  O p e r a t i n g  t em p e ra tu r e :  4 0° C  

N o rm al  op e r a t i on  O p e r a t i n g  p r e s su r e :  8 4 . 8  k g/ cm 2  

R egen e r a t i on  O p e ra t i n g  t em p e r a tu r e :  2 3 0°C  

R egen e r a t i on  O p e ra t i n g  p r e s s u r e :  78 .4  k g/ cm 2
 

T yp e  o f  Ads o rb en t :  U OP  Zeo l i t e  5 A  TR IS  

Bu l k  D en s i t y: 6 60  kg / m 3  

M ass  o f  A ds or b en t :  1 20 0k g  

H e i gh t  o f  Bed :  2 .65 3m  

In n e r  d i am et e r :  0 .93 4m  

C r oss  s ec t io n a l  A r ea :  0 .6 85  m 2  

P r es su r e  D ro p  ac ros s  b ed :  0 . 14   

O n s t r eam Tim e :  2  h o ur s  

J o i n t  e f f i c i en cy:  1  

C o r r os io n  a l lo w an ce :  1m m  

V o lum e:  3 . 2m 3   
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Chapter 7: Costing 

Cost in year A = Cost in year B

∗  
Cost index in year A

Cost index in year A
                                                       (7.1) 

P ro cess  E n gi n ee r ing  In d ex  i n2 00 4  =  40 0  

P ro cess  E n gi n ee r ing  In d ex  i n  20 18  =  5 7 5  

7 .1  Factorial  Method for  Cost  Est imation  [ 1 4 ]  

C ap i t a l  co s t  e s t i m a te s  f o r  ch em i ca l  p r o ce s s  p l an t s  a r e  o f t en  b a s ed  on  

an  e s t i m a te  o f  t h e  p u r ch as e  co s t  o f  t h e  m a j o r  eq u i p m en t  i t em s  r eq u i red  

f o r  t h e  p r o ce s s ,  t h e  o t h e r  co s t s  b e i n g  e s t i m a ted  a s  f a c t o r s  o f  t he  

eq u i p m en t  co s t .  T h e  accu r acy o f  t h i s  t yp e  o f  e s t i m a te  w i l l  d ep en d  on  

w h a t  s t age  t h e  d e s i gn  h a s  r e ach ed  a t  t h e  t i m e  t h e  e s t i m a t e  i s  m ad e ,  and  

o n  t h e  r e l i ab i l i t y  o f  t h e  d a t a  av a i l ab l e  o n  eq u i p m en t  co s t s .  In  t h e  l a t e r  

s t age s  o f  t h e  p r o j ec t  d e s i gn ,  w h en  d e t a i l ed  eq u i p m en t  s p ec i f i c a t ions  

a r e  av a i l ab l e  an d  f i r m  q u o t a t io ns  h av e  b een  o b t a i n ed ,  an  accu r a t e  

e s t i m a t i o n  o f  t h e  cap i t a l  co s t  o f  t h e  p r o j ec t  c an  b e  m ad e .  

C o s t i ng  w as  d o n e  w i t h  r e f e r en ce  f r o m  C o u l s o n  R i ch a r d s on ’s  C h em ica l  

E n gi n ee r i n g  D es i gn  V o l u m e  6 t h .  Fo l l o w i ng  a r e  t h e  g r ap h s  an d  t ab l es  

u s ed  i n  co s t  e s t i m a t i o n  

 

            

.  
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T h e  sh e l l  and  t ub e  h ea t  ex ch an ge r s  a re  cos t ed  us in g  t h e  ab ov e  g r ap h  

an d  t ab l e s :  

1 )  P r e t r ea tm en t  W a te r  Co o l e r  

A r ea  =  70 m 2 ;  $ 24 480  

2 )  P r e -Co o l e r  M emb r an e  

A r ea  =  13 0m 2 ;  $ 300 0 0  

3 )  P os t -C oo l e r  M em b ran e  

A r ea  =  80 m 2 ;  $2 500 0  



64 
 

 

T h e  s ep a r a t i n g  v e ss e l s  and  ad so r be r  ve s s e l  a r e  cos t ed  us in g  abo v e  

g r ap h s  and  t ab l e s  

1 )  P r e t r ea tm en t  V es s e l  

$ 9 10 0  

2 )  C ol d  Box  S ep a r a t o r  

$ 1 56 00  

3 )  A d so rb e r  

V ess e l  =  $ 18 60 0  

A d so rb en t  =  $1 68 00  

A d so rb e r  T o t a l  =  $3 5 40 0  
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C o mp res so r  [ 15 ]  

C os t in g  o f  co mp r ess o rs  i s  d on e  u s in g  ab ov e  g r ap h  

P r e - com p r ess o r  =  $2 3 0 , 00 0  

P os t  co mp r es so r  =  $ 2 70 ,0 00  

 

C o ld  B ox  

C os t  =  $1 ,0 00 ,0 00  ( ca l cu la t ed  f r om  l in d e ’s  m an u a l )  

 

Memb ran e   

C os t  =  66 71 m 2  x  (3 . 3 ) 2  x  $5 / f t 2  =  $3 632 5 0  

 

U s i n g  t h e  t ab l es  b e l o w t h e  pu r ch as e  co s t  o f  equ ip men t ,  ph ys i ca l  p l an t  

co s t ,  f i x ed  cap i t a l  an d  op e r a t in g  co s t  a r e  c a l cu l a t ed .  
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S i n ce  ou r  p l an t  i s  an  ex t en s io n  to  a  cu r r en t  f a c i l i t y ,  t h e  fa c t o r s  

w i t h  a s t e r i s k  a r e  no t  i n c l ud ed  i n  ou r  c a l cu l a t i on s  
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7 .2  Cost  Summary:  

Table 21 Cost summary for Cryogenic separation 

CR Y O GE N IC  

Equ ip ment  C o s t  ($ )  

S ep a ra to r  9 1 00  

2  Ads o rb ers  7 0 80 0  

W a t er  Co o l er  2 4 48 0  

C o ld  B ox  +  P la t e  f in  h ea t  

ex ch an ger  

1 0 00 00 0  

S ep a ra to r  1 5 60 0  

S t ea m H ea t er  8 1 00  

Ph y s i ca l  Co s t  o f  

Equ ip ment ( PC E )  

˜ 1 10 00 00  

Ph y s i ca l  P la nt  Co s t ( PPC )  ˜ 2 80 00 00  

F i x ed  cap i t a l  ˜ 4 10 00 00  

Op erat ing  Co s t /Y ea r  ˜ 5 00 00 0  

 

Table 22 -Cost summary for Membrane separation 

M EM BR AN E  

Equ ip ment  C o s t  ($ )  

S ep a ra to r  9 1 00  

2  Ads o rb ers  7 0 80 0  

3  Wa t er  Co o l ers  8 0 00 0  

2  Co mp res so rs  5 0 00 00  

Memb ran e  Modu les  3 6 00 00  

S t ea m H ea t er  8 1 00  

Ph y s i ca l  Co s t  o f  

Equ ip ment ( PC E )  

˜ 1 02 00 00  

Ph y s i ca l  P la nt  Co s t ( PPC )  ˜ 2 45 00 00  

F i x ed  cap i t a l  ˜ 3 55 00 00  

Op erat ing  Co s t /Y ea r  ˜ 3 40 00 0  
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7 .3  Comparison  

Table 23 Comparison of Cryogenic and Membrane separation 

P r o c e s s  L i n d e ’ s  Cr y o g e n i c  P RI S M  M e m b r a n e  

R e c o v e r y  %  9 4  8 5  

P u r i t y  %  9 1  9 3 . 7  

B y - p r o d u c t  r e c o v e r y  Y e s  D i f f i c u l t  

E a s e  o f  E x p a n s i o n  L o w  H i gh  

F i xe d  Ca p i t a l  Co s t  $  ~  4 . 1  mi l l i o n  ~ 3 . 5  mi l l i o n  

O p e r a t i n g  Co s t  $ / y e a r  ~ 5 0 0 0 0 0  ~ 3 4 0 0 0 0  

R e p l a c e m e n t  L i f e t i me  W a r r a n t y  1 2 -1 8  mo n t h s  

w a r r a n t y ,  r e p l a c e me n t  

a f t e r  2  ye a r s  

 

A f t e r  ca r e fu l  an d  d e t a i l ed  an a l ys i s  o f  b o t h  t he  t e chn o l o g ie s  an d  

co mp ar i n g  t h em on  v a r i ou s  l eve l s ,  w e  cam e t o  a  co n c lu s i on  t h a t  PR IS M  

M emb r an e  T echn o lo g y h a s  a  co mp a r a t iv e l y l o w er  i n i t i a l  i nv es tm en t  

an d  o p e ra t i n g  co s t s  b u t  f o r e s ee in g  t h i s  i n  t o  f u t u r e  w e  r ea l i z e  t h a t  t h e  

r ep l acem en t  cos t  a f t e r  ev e r y t w o  yea r s  i s  n o t  f e as ib l e  an d  c r yo gen i c  i s  

a  m o re  e f f ec t i v e  op t i on  i n  t h e  l on g  ru n .  H en ce ,  ou r  fu r t h e r  s t ud y o f  

S i mul a t io n ,  In s t rum en t a t i on  & P r o ces s  C on t r o l  and  H AZ O P  A n al ys i s  

h a s  b een  f o cu s ed  on  t h e  Li n d e ’s  C r yo gen i c  P ro ces s  on l y.  
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Chapter 8: Simulation 

O n ce  a  p r o cess  i s  de s i gned ,  i t  i s  u s u a l ly  s i m ul a t ed  t o  ch eck  i t s  r e a l i s t i c  

n a tu r e  and  to  t e s t  i t  i n  d i f f e r en t  env i ro nm en t s .  W e ca r r i ed  o u t  t h e  

s im ul a t i on  o f  o u r  c r yo gen i c  p ro ce ss  i n  As p en  H ys ys .  I t  i s  a  ch em i ca l  

p r o cess  s im ul a to r  so f tw a r e  us ed  f o r  s im ul a t i n g  and  mo d e l l i n g  chemi ca l  

p r o cess e s  an d  p l an t s  m at h em at i ca l l y .  W e  ca r r i ed  o u t  a  s t ead y s t a t e  

s im ul a t i on  and  co nf i rm ed  ou r  m anu a l  c a l cu l a t i on s  f r om  w i t h  th os e  o f  

H ys ys  r e l a t ed  t o  ma t e r i a l  an d  en er g y b a l an ces .  

F i r s t l y ,  w e  mo d e l  t h e  p ro p er t i e s  o f  ou r  ch emi ca l  p r oce ss .  W e  s e l ec t  t h e  

d i f f e r en t  com po n en t s  t o  b e  add ed  in  t h e  s i mul a t io n ,  i n  ou r  ca s e  

h yd r o gen ,  n i t ro gen ,  amm on ia ,  wa t e r ,  a r gon  and  m eth an e  a s  p u re  

co mp on en t s .  
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O n ce  th e  co mp on en t s  a r e  s e l ec t ed ,  we  s e l ec t  a  f l u id  p ackage  t o  mo d e l  

t h e  p r op e r t i e s  o f  t h e  com po n en t s  s e l ec t ed .  W e cho se  Pen g  R ob in so n 

p r op e r t y p ack age  a s  i t  su pp o r t s  a l l  t h e  com po n en t s  i nv o l v ed  i n  ou r  

s ys t em.  
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A f t e r  t h a t  w e  m ov e  in t o  th e  s im ul a t ion  en v i ro nm ent  t o  ac t u a l l y  m od e l  

o u r  p r o ce ss .  W e c r ea t e  a  m at e r i a l  s t r e am  ‘Pu r ge  G as ’  a t  fo l l ow in g  

co nd i t i on s  and  comp os i t i on .  
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N o w  a  coo l e r  i s  add ed  f r om  t he  m od e l  pa l l e t  an d  th i s  s t r e am  i s  m ad e  

i t s  i n l e t .  Th e  o u t l e t  t emp e r a t u r e  i s  g i ven  as  40 °C  and  p r es su r e  d ro p  o f  

0 . 2b a r .  A n  en e r g y s t r e am  i s  a l s o  d e f ined  fo r  t h e  co o l e r  E - 1 00 .  

 

T h e  coo l e r  c au s es  t h e  amm on ia  an d  wa t e r  t o  p a r t l y  l i q u i f y an d  so  th e  

l i q u id  p a r t  i s  s ep a ra t ed  i n  a  t w o - p hase  s ep a r a to r  add ed  n ex t  w i th  t h e  

i n l e t  d e f i ned  a s  t h e  o u t l e t  o f  coo le r .  T h e  s p ec i f i c a t i on s  o f  t h e  

s ep a ra t in g  v es s e l  V- 1 00  a re  as  fo l lo ws :   
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N o w th e  ga s eou s  o u t l e t  o f  s ep ar a to r  i s  t h en  s en t  t o  an  ad so rb e r .  

A d so rb e r  i s  n o t  d i rec t l y  av a i l ab l e  i n  H ys ys  h en ce  i t  i s  mo d e l l ed  w i t h  a  

co mp on en t  sp l i t t e r .  T he  r em ai n in g  amm on ia  an d  w at e r  a re  com pl e t e l y 

s ep a ra t ed  f r om th e  ga s  s t r e am .  S p ec i f i c a t i on s  o f  t h e  Ads o rb e r  a r e  a s  

s ho w n:  

 
 

A f t e r  t h i s  p r e t r ea tm en t ,  t h e  m a in  c r yo gen i c  p r o ces s  s t a r t s .  S in ce  w e  

r eq u i r ed  t ha t  t h e  tw o  o u t l e t  s t r eams  o f  t h e  sep a r a to r  i n  t h e  co ld  b ox  

co o l  t h i s  i n comi n g  ga s  w e  m o de l l ed  t he  p l a t e  f i n  h ea t  ex ch an ge r  wi th  

t h e  ‘ LN G  Ex ch ange r ’  wh ich  a l l o ws  m ul t ip l e  h ea t i n g  an d  co o l i n g  

s t re ams .  T h e  s t r e am i s  coo led  do wn  to  - 1 87 °C  an d  t h e  s pec i f i c a t io ns  o f  

t h i s  hea t  ex ch an ge r  a r e  a s  f o l l o ws :  
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T h e  co o l ed  an d  p a r t l y  l i qu i f i ed  s t r e am en t e r s  a  s ep ar a t in g  v e ss e l  i n s id e  

t h e  co l d  b ox  mo de l l ed  b y a  t w o -p h as e  s ep a ra to r  V - 10 1 .  Th e  d e t a i l s  a re  

s ho w n b e lo w:  
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T h e  o u t l e t s  o f  t h i s  s ep a ra to r  en t e r  t h e  C o l d  box  ex ch an ge r  t o  co o l  t h e  

i n com in g  s t r e am.  In  t h e  p ro ces s  o f  do i n g  s o ,  t h es e  s t r e am s  th em s e lv e s  

a r e  h ea t ed  t o  p r odu c t  sp ec i f i c a t io ns  o f  3 8° C  and  l e av e  t h e  co ld  box .  

T h e  l i q u id  o u t l e t  9  ch an ges  t o  1 1  t o  b e  u s ed  a  f u e l  ga s  wh i l e  t h e  ga s eo us  

o u t l e t  8  i s  h ea t ed  to  p ro du c t  h yd r o gen ,  s t r e am  1 0  l e av in g  t h e  co l d  b ox .  

T h e  p ro du c t  d e t a i l s  a r e  a s  f o l l o ws :  
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T h i s  co mp os i t i on  t ab l e  s ho ws  a n  89 .5 %  p ur e  h yd r o gen  r eco v e red  a s  

p r od u c t  wh i ch  i s  app r ox im at e l y eq u a l  t o  ou r  m anu a l  c a l cu l a t i on  o f  9 1% 

p u r e  p r od u c t  h yd r o gen  ga s  t o  b e  r ecyc l ed  back  i n t o  t h e  s yn th e s i s  l o op .   
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T h e  ov e r a l l  S imu a l t i o n  o f  o u r  p ro ces s  i s  sh ow n b e l ow :  

 

F i g u r e  1 1  A s p e n  H Y S Y S  S i m u l a t i o n  o f  C r y o g e n i c  D i s t i l l a t i o n  

  



78 
 

Chapter 9: Instrumentation and 

Process Control  

In s t r u m en t a t io n  and  p ro ce ss  con t r o l  i s  a  v i t a l  p a r t  o f  any  ch em ica l  o r  

i nd us t r i a l  p r o ces s  o ccu r r in g  no w ad a ys .  I t  ad ds  to  s a f e t y o f  t h e  p ro ce ss  

ap a r t  f r om t h e  au to m at i on  i t  i mp a r t s  and  g iv e s  m or e  s t ab i l i t y  an d  

p r od u c t i v i t y  t o  a  de s i gned  p ro ce ss .  I t  d ea l s  wi t h  t h e  m eas u r em en t  and  

co n t ro l  o f  p r o cess  v a r i ab l es  t o  ens u r e  t h ey a r e  i n  t h e  op t im um  and  s a f e  

r an ge .  Ex ampl e s  o f  p r o ces s  v a r i ab l es  i n c l ud e  t em pe r a t u r e ,  p r es su r e ,  

f l ow ,  l ev e l ,  pH ,  speed  e t c .  

C on t r o l  l oo ps  a r e  t he  f u nd am ent a l  p a r t  o f  an y i n d us t r i a l  con t ro l  s ys t em .  

I t  co n s i s t s  o f  a  g rou p  o f  co mp on en t s  w o r k in g  t o ge t h er  t o  a ch i ev e  and  

m ai n t a i n  a  measu red  v ar i ab l e  t o  i t s  d e s i r ed  s e t  po in t .  T h e r e  a r e  t wo  

t yp es  o f  co n t ro l  l o o ps :  Op en  co n t ro l  l o op  an d  C l os ed  co n t ro l  l oo p .  

O p en  co n t ro l  l oo p  i s  o n e  wh e r e  t h e  con t ro l l e r  ac t io ns  a r e  i n dep en d en t  

o f  t h e  p ro ces s  o u t pu t s  wh i l e  i n  c lo s ed  con t r o l  l o op ,  a l so  ca l l ed  

f eed back  con t ro l  l oo p ,  t h e  co n t ro l l e r  r e s po nd s  to  ch an ges  in  t h e  o u tp ut  

p r o cess  v a r i ab l e .  

T h e r e  a r e  gen e r a l ly  t h r ee  m a in  t yp es  o f  con t ro l l e r s ;  P  (p r op o r t i on a l ) ,  

P I  ( p r o po r t io n a l  i n t eg r a l )  an d  P ID  ( p r op o r t i on a l  i n t eg r a l  de r iv a t iv e ) .  P  

co n t ro l l e r s  g i v e  an  ou tp u t  p r op o r t i on a l  t o  t h e  e r ro r ,  P I  g i v e  an  ou tp u t  

t o  su m of  p r op o r t io n a l  an d  in t eg r a l  p a r t  o f  e r r o r  w h i l e  P ID  h av e  an  

ad d ed  r es po ns e  t o  t h e  d e r iv a t iv e  o f  t h e  e r ro r  as  we l l .  P  co n t ro l l e r s  

a l w ays  g i v e  an  ou tp u t  wi th  a  s l i gh t  s e t -o f f .  P I  h ave  f luc t u a t i on s  an d  

g r ad u a l l y e l im in a t e  t h e  e r r o r  wh i l e  P ID  h av e  a  ve r y f a s t  r e sp on se .  In  

o u r  s tu d y w e  h av e  u s ed  P I  co n t ro l l e r s  t o  a s  t h ey a r e  mos t l y ap p l i ed  in  

t h e  in du s t r y.  Fo l low i n g  a re  b r i e f  ex amp l es  o f  ho w  IP C  i s  ap p l i ed  t o  ou r  

s ys t em.  
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9 .1  Level  Control ler  

 

In  t h i s  f i s t  ex am pl e ,  w e  co ns id e r  a  s ep ar a t i n g  v es s e l  i n  t h e  p r e t r ea t m en t  

s ec t io n .  T h i s  t wo -p h as e  s ep a r a t o r  bas i ca l l y  r emo v es  t he  con d en sed  

w a t e r  an d  amm on ia  f rom  th e  pu r ge  ga s .  In  t h e  v e s s e l ,  i t  i s  h i gh l y 

i mp or t an t  t o  m ai n t a i n  a  c e r t a i n  l ev e l  i n  t h e  v es s e l  t o  a ch i ev e  e f f i c i en t  

s ep a ra t io n  an d  p rop e r  fu n c t i on i n g  o f  t h e  v es se l .  Th e r e f o r e ,  a  con t r o l  

l oo p  i s  d ev e lo ped  to  m ai n t a i n  t h i s  d es i r ed  l i q u id  l eve l .   

F i r s t l y ,  a  measu r i ng  e l em en t  i s  i n s t a l l ed  w hi ch  m eas u res  t h e  l ev e l  i n  

t h e  v es s e l .  T h en  a  t r an smi t t e r  g i ve s  t h i s  s i gn a l  t o  t h e  co n t r o l l e r .  T h e 

co n t ro l l e r  t h en  g i ve s  a  co r r esp on d i n g  o u t pu t  i n  t h e  fo rm p f  p neum at i c  

p r e s s u r e  o n  th e  va l v e  w hi ch  co n t ro l s  i t s  op en i n g .  H en ce  th e  l ev e l  i s  

m ai n t a i n ed .  In  c as e  th e  l ev e l  i n c rea s e s  ab ov e  t h e  s e t  po in t ,  t h e  

co n t ro l l e r  g i v e  an  ou tp u t  as  su ch  th e  va l v e  op en i n g  i s  i n c r ea s ed  so  t h a t  

m o re  f lo w can  o ccu r  and  th e  l ev e l  i s  b ro u gh t  back  t o  t h e  d es i r ed  se t  

p o i n t .  

Figure 12 Level Controller 
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9 .2  Temperature Control ler  

 

F i g u r e  1 3  T e m p e r a t u r e  C o n t r o l  S y s t e m  

 

 

T h i s  i s  an  ex ampl e  o f  ho w con t r o l s  a re  app l i ed  to  m ai n t a i n i n g  p ro p er  

c r yo gen i c  t em p e r a tu r e s  i n  t he  co l d  b ox .  Th e  co l d  b ox  h as  an  i n t e rn a l  

en v i ro nm ent  o f  co ld  n i t r o gen  ga s  a t  a r o un d  -1 80 °C .  The  n i t ro gen  i s  

b a s i ca l l y  i s  a  c l os ed  r e f r i ge r a t io n  lo op  w he r e  t h e  co l d  box  i s  b as i ca l l y  

t h e  ev ap or a to r  p a r t  o f  t h e  s eco nd a r y c i r cu i t .  A  t emp e r a t u r e  measu r i n g  

d ev i ce  l i k e  a  t h e r mo cou p l e  i s  u s ed  t o  m eas u r e  th e  i n t e rn a l  t em p e r a tu re  

o f  t h e  co l d  b ox .  I t  t h en  send s  t h i s  s i gna l  t o  t h e  con t r o l l e r  w h ich  ch ecks  

w h e t h e r  t h e  t emp e ra t u r e  i s  ab o v e  o r  be l ow  th e  s e t  p o in t .  I f  i t  i s  ab ov e  

t h e  s e t  p o in t ,  t h e  co n t r o l l e r  ou tp u t  w i l l  b e  as  s u ch  t he  op en in g  o f  v a l ve  

i s  i n c r eas ed  to  a l l o w  m o r e  r e f r i ge r an t  n i t ro gen  i n t o  th e  b ox  t o  l ow er  

t h e  t emp e r a t u r e  b ack  t o  t h e  s e tp o i n t .  
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9 .3  Flow-Temperature -Level  Control ler:  

 

F i g u r e  1 4  C o m p l e t e  c o n t r o l  s y s t e m  i n  C o l d  B o x  

T hi s  l a s t  ex am pl e  i s  o f  a  s l i gh t l y m o re  comp l ex  con t ro l  l oo p .  A ga i n ,  

t h e  eq u i pm en t  i s  t h e  co l d  box .  Th e  p r o cess  v a r i ab l e  i s  b as i ca l l y  t h e  

f l ow  o f  f u e l  f r om  t h e  s ep a r a t in g  v ess e l .  Th i s  o u tp u t  i s  ad jus t ed  b y  

m ul t ip l e  f a c t o r s .  S o ,  t h r ee  con t r o l  l oo ps  a r e  com bi ned  to  g iv e  an  

en h an ce d  and  a  we l l - con t r o l l ed  ou tpu t .  Th e  s i gn a l s  f ro m th e  f lo w 

s ens o r  o f  t he  f e ed ,  t emp e r a t u re  s en so r  o f  o u t l e t  f ue l  ga s  and  l ev e l  

s ens o r  o f  t h e  s ep a ra t i n g  ve ss e l  a r e  s en t  t o  a  con t r o l l e r .  T h e  co n t ro l l e r  

co mbi n es  t h e  e r r o r  an d  g iv es  a  comp r om is ed  ou tp u t  s o  th a t  t h e  f l o w  i s  

a s  su ch  t h a t  a l l  t h e s e  t h ree  v a r i ab l e s  a r e  con t r o l l ed .  C on s i d er in g  

s ep a ra t e l y,  t h e  con t ro l l e r  a l l ow s  m or e  f l ow th o ro u gh  t h e  v a lv e  b y  

i n c r ea s in g  i t s  o p en i n g  w h en  th e  l ev e l  i n  t h e  v es s e l  i n c r eas e s ,  o r  w hen  

t h e  f lo w  o f  f e ed  i nc r ea s es  s o  t h a t  ex t ra  f l o w  i s  com p en sa t ed ,  o r  wh en  

t h e  t em p er a tu r e  o f  f u e l  gas  d ecr ea s es  s o  t h a t  i t  i s  no t  coo l ed  to  be lo w 

s e t  p o in t .  Th i s  i s  a  m ul t i - v a r i ab l e  con t ro l  l o op  d es i gn ed  sp ec i f i c a l l y  

f o r  o u r  p r o cess .   
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Chapter 10: HAZOP Analysis 

H aza r d  and  O p e rab i l i t y  s tu d y i s  c a r r i ed  ou t  o n  d i f f e r en t  l i n es  an d  

v e ss e l s  t o  as s e s s  d i f f e r en t  r i s ks  t h a t  ma y a r i s e  i n  t h e  p l an t .  

 

10 .1  Two phase  separator:  Stream no 2  

I NT ENT IO N :  T o  sep ara t e  l iqu id  an d  g as eou s  p ha ses  b as ed  o n  

d en s i ty  

Table 24 Hazop analysis on two-phase separator 

P r o c e s s  

p a r a m e t e r  

G u i d e  w o r d  P o s s i b l e  c a u s e s  C o n s e q u e n c e s  A c t i o n s  

 

T e m p e r a t u r e  

 

M o r e  o f  

 

( 1 )  L e s s  f l o w  r a t e  

o f  c o o l i n g  w a t e r  

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

( 2 )  Ap p r o p r i a t e  

L M T D i s  n o t  

a c h i e ve d  i n  h e a t  

e x c h a n ge r  

 

W a t e r  w i l l  n o t  

c o n d e n s e  

c o mp l e t e l y  

a n d  w i l l  g e t  t o  

t h e  a d s o r b e r  

c o l u mn  a n d  

d e t e r i o r a t e  t h e  

a d s o r b e n t .  

 

( 1 ) Ch e c k  f o r  

t h e  

t e mp e r a t u r e s  

a n d  f l o w  

r a t e s  o f  

s t r e a ms  i n  

h e a t  

e x c h a n ge r .  

( 2 )  In s t a l l  

T CV  i n  l i n e  2  

 

  

L e s s  o f  

 

( 1 )  M o r e  f l o w  

r a t e  o f  c o o l i n g  

w a t e r  i n  h e a t  

e x c h a n ge r  

( 2 )  Ap p r o p r i a t e  

L M T D i s  n o t  

a c h i e ve d  i n  h e a t  

e x c h a n ge r   

 

M o r e  p o w e r  i s  

b e i n g  

c o n s u me d  

w i t h o u t  a n y  

g o o d  r e a s o n  

 

( 1 )  C h e c k  f o r  

t h e  

t e mp e r a t u r e s  

a n d  f l o w  

r a t e s  o f  

s t r e a ms  i n  

h e a t  

e x c h a n ge r .  
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( 2 )  In s t a l l  

T CV  i n  l i n e  2  

 

 

F l o w  

 

N o n e  

 

P u r ge  ga s  i s  n o t  

c o mi n g  f r o m t h e  

l o o p  b e c a u s e  o f  

f a i l u r e  i n  s p l i t t e r  

v a l v e  

 

T h e  

c o n t i n u o u s  

p r o c e s s  w i l l  

b e  s t o p p e d   

 

C h e c k  t h e  

s p l i t t e r  wh i c h  

s p l i t s  t h e  

p u r ge  a n d  

r e c y c l e  ga s .  

 

  

M o r e  o f  

 

M o r e  p e r c e n t a g e  

i s  c o mi n g  i n  

p u r ge  s t r e a m t h a n  

s p e c i f i e d  b e c a u s e  

o f  i mp r o p e r  

f u n c t i o n i n g  o f  

s p l i t t e r  v a l ve .  

 

 

S e p a r a t o r  w i l l  

b e  o v e r f i l l e d  

 

S a me  a s  

a b o ve  

  

L e s s  o f   

 

L e s s  p e r c e n t a ge  

i s  c o mi n g  i n  

p u r ge  s t r e a m t h a n  

s p e c i f i e d  b e c a u s e  

o f  i mp r o p e r  

f u n c t i o n i n g  o f  

s p l i t t e r  v a l ve .  

 

 

E x p e c t e d  

o u t p u t  w o u l d  

n o t  b e  

o b t a i n e d  f r o m 

t h e  p l a n t  

 

S a me  a s  

a b o ve  
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10.2  Plate  and f in  heat  exchanger:  Stream no  7  

I NT ENT IO N :  T o  co o l  dow n  th e  co mi n g  ga se s  and  l iqu ef y ing  mos t  

o f  th em 

Table 25 Hazop analysis on Plate and fin heat exchanger 

P r o c e s s  

p a r a m e t e r  

G u i d e  

w o r d  

P o s s i b l e  

c a u s e s  

C o n s e q u e n c e s  A c t i o n s  

 

T e m p e r a t u r e  

 

M o r e  o f   

 

( 1 )  F o u l i n g  i n  

e x c h a n ge r  

( 2 )  N i t r o ge n  

e n v i r o n me n t  i s  

n o t  ma i n t a i n e d  

p r o p e r l y  

 

A l l  f u e l  g a s e s  

w i l l  n o t  b e  

c o n d e n s e d  a n d  

h e n c e  c a n n o t  

b e  s e p a r a t e d  

f r o m h y d r o g e n  

u p  t o  t h e  ma r k .  

 

( 1 )  C h e c k  f o r  

t h e  n i t r o ge n  

v a l v e .  

( 2 )  C h e c k  f o r  

t h e  f l o ws  a n d  

f o u l i n g  i n  

p l a t e  a n d  f i n  

h e a t  

e x c h a n ge r   

  

L e s s  o f  

 

( 1 )  M o r e  

n i t r o ge n  i s  

r e l e a s e d  i n  t h e  

a t mo s p h e r e .  

( 2 )  P r o p e r  

L M T D a n d  

f l o w  r a t e s  a r e  

n o t  b e i n g  

a c h i e ve d .  

 

M o r e  h y d r o g e n  

w i l l  b e  

c o n d e n s e d  d u e  

t o  w h i c h  

r e q u i r e d  p u r i t y  

w i l l  n o t  b e  

a c h i e ve d .  

 

S a me  a s  

a b o ve   

 

 

F l o w  

 

N o n e  

 

( 1 )  B l o c ka g e  

i n  a n y  o f  t h e  

p r e v i o u s  l i n e s  

( 2 )  P u r ge  ga s  

i s  n o t  c o mi n g  

t o  H R U  

 

T h e  c o n t i n u o u s  

p r o c e s s  w i l l  b e  

s t o p p e d  

 

( 1 )  C h e c k  a l l  

t h e  p r e v i o u s  

v a l v e s .  

( 2 )  C h e c k  t h e  

s p l i t t e r  v a l ve  

i n  a mmo n i a  

l o o p .  
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M o r e  o f   

 

M o r e  f l o w  i s  

c o mi n g  f r o m 

a mmo n i a  l o o p .  

 

 

P r e s s u r e  i n s i d e  

t h e  s e p a r a t o r  

w i l l  i n c r e a s e  

a n d  r e q u i r e d  

p u r i t y  w i l l  n o t  

b e  a c h i e ve d .  

 

S a me  a s  

a b o ve .  

  

L e s s  o f   

 

L e s s  f l o w  i s  

c o mi n g  f r o m 

a mmo n i a  l o o p .  

 

P r e s s u r e  i n s i d e  

t h e  s e p a r a t o r  

w i l l  d e c r e a s e  

a n d  r e q u i r e d  

p u r i t y  w i l l  n o t  

b e  a c h i e ve d .  

 

S a me  a s  

a b o ve  

  

P a r t  o f  

 

L e s s  

p e r c e n t a g e  o f  

h y d r o g e n  i n  

t h e  s t r e a m d u e  

t o  va r y i n g  

n a t u r a l  g a s  

f e e d  

c o mp o s i t i o n  

 

R e q u i r e d  

a mmo n i a  w i l l  

n o t  b e  f o r me d  

a n d  t h e r e f o r e  

p e r c e n t a g e  

r e c o ve r y  o f  H 2  

w i l l  b e  

d r o p p e d .  

 

M a i n t a i n  t h e  

f e e d  

c o mp o s i t i o n  

a n d  c h e c k  f o r  

a n y  p r o b l e m 

i n  s t e a m 

r e f o r mi n g .  
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10.3  Adsorber:   Stream no 5  

I NT ENT IO N :  T o  ad so rb  and  h en ce  sep ara t e  ou t  a mmo ni a  f ro m th e  

s t rea m 

Table 26 Hazop analysis on adsorber 

P r o c e s s  

p a r a m e t e r  

G u i d e  

w o r d  

P o s s i b l e  c a u s e s  C o n s e q u e n c e s  A c t i o n s  

 

F l o w  

 

N o n e  

 

( 1 )  C o mp l e t e  

b l o c ka g e  o f  f l o w  

n  a d s o r b e r  d u e  

t o  e x t r e me l y  

d e n s e  p a c k i n g .  

( 2 )  P u r ge  ga s  i s  

n o t  c o mi n g  t o  

H R U  

 

T h e  

c o n t i n u o u s  

p r o c e s s  w i l l  

b e  s t o p p e d  

 

( 1 )  C h e c k  t h e  

v o i d  s p a c i n g  

i n  a d s o r b e r .  

( 2 )  C h e c k  f o r  

t h e  s p l i t t e r  

v a l v e  i n  

a mmo n i a  

l o o p .  

  

M o r e  o f  

 

( 1 )  M o r e  vo i d  

s p a c i n g  i n  

a d s o r b e r  t h a n  

r e q u i r e d .  

( 2 )  h i g h  p r e s s u r e  

t h a n  d e i gn e d  

 

 

H e a t  t r a n s f e r  

i n  t h e  p l a t e  

a n d  f i n  h e a t  

e x c h a n ge r  

w i l l  n o t  b e  

a p p r o p r i a t e .  

 

S a me  a s  

a b o ve  

  

L e s s  o f   

 

( 1 )  H i gh  

p r e s s u r e  d r o p  i n  

a d s o r b e r  

( 2 )  F o u l i n g  i n  

p i p e s  

 

( 1 )  Ga s e s  w i l l  

t a k e  mo r e  

t i me  t o  

l i q u e f y  i n  t h e  

e x c h a n ge r .   

 

( 1 )  C h e c k  t h e  

v o i d  s p a c i n g  

i n  a d s o r b e r .  

( 2 )  C l e a n i n g  

o f  p i p e s .  

  

A s  we l l  

a s  

 

A mmo n i a  i s  n o t  

c o mp l e t e l y  

a d s o r b e d  a n d  i s  

p r e s e n t  i n  t h i s  

 

P i p e s  o f  c o l d  

b o x  w i l l  b e  

b l o c ke d  

c o mp l e t e l y  

 

C h e c k  t h e  

a d s o r b e r .  

C h e c k  

w h e t h e r  
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s t r e a m d u e  t o  

i n e f f i c i e n c y  o f  

a d s o r p t i o n  

c o l u mn .  

d u e  t o  t h e  

f r e e z i n g  o f  

a mmo n i a  a t  

s u c h  l o w  

t e mp e r a t u r e s .  

a d s o r b e r  i s  

b e i n g  

o p e r a t e d  

u n d e r  d e s i g n  

c o n d i t i o n s  o r  

n o t .   

 

P r e s s u r e   

 

M o r e  o f   

 

M o r e  v o i d  

s p a c i n g  i n  

a d s o r b e r  t h a n  

r e q u i r e d .  

 

I mp r o p e r  

c o o l i n g  i n  

c o l d  b o x  d u e  

t o  d e v i a t i o n  

t h a n  d e s i g n e d  

c o n d i t i o n s .  

 

C h e c k  t h e  

v o i d  s p a c i n g  

i n  a d s o r b e r .  

  

L e s s  o f   

 

H i gh  p r e s s u r e  

d r o p  i n  a d s o r b e r  

 

S a me  a s  

a b o ve  

 

C h e c k  t h e  

v o i d  s p a c i n g  

i n  a d s o r b e r .  
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Conclusions 

•  Li n d e ’ s  C r yo gen i c  P ro cess  r e cov e rs  ap p rox im a te l y 1 5 0 00  

N m 3 / h r  wh i l e  Memb r an es  r ecov e r  13 50 0  N m 3 / h r .  On  av e rage ,  

t h ey s av e  a ro un d  $1 mi l l i o n / yea r  b y N a t u r a l  G as  s av in g .  [ 7 ]  

•  C r yo gen i c  S ys t em  h as  a  h i ghe r  i n i t i a l  i n v es t m en t  an d  ope r a t i n g  

co s t s  t h an  M em b r an e  S ys t em  d u e  to  ma i n t e n an ce  o f  ex t r em el y 

l o w t em p e r a tu r es .  

•  O v er a l l  an a l ys i s  s ho w s ,  C r yo gen i c  s epa r a t i on  i s  i nd eed  a  m o re  

e f f ec t iv e  t e ch no lo gy an d  a  m or e  eco nom ica l  p r o ces s  i n  t he  lo n g  

r u n .  
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