
CHAPTER II
LITERATURE SURVEY

2.1 Isobutane Separation Processes

A  su r v e y  o f  th e literatu re r e v e a ls  that th e p o s s ib le  p r o c e s s e s  o f  the  
iso b u ta n e  sep a ra tio n  are d is t illa t io n , a d so rp tio n  and c o m b in e d  p r o c e s s e s  o f  
d is t illa t io n  an d  a d so ip tio n . A  b r ie f  d e scr ip tio n  o f  th e p r o c e s se s  is  as fo l lo w e d .

2 .1 .1  D is t illa t io n  P ro cess
V o ra  and V ic k e r s  (1 9 8 1 )  p a ten ted  an iso b u ta n e  sep a ra tio n  

p r o c e s s  o f  an  a lk y la tio n  rea c tio n  z o n e  fo r  th e h y d ro ca rb o n  e ff lu e n t  stream  
c o m p r is in g  iso b u ta n e , n orm al b u tan e, p rop an e  and a lk y la te . T h e  h y d ro ca rb o n  
e ff lu e n t  stream  w a s  ch a rg ed  to  an iso str ip p er  co lu m n . A n  iso b u ta n e  v ap or  
stream  from  th e top  o f  th e c o lu m n  w a s  c o n d e n se d  b y  in d irec t h ea t e x c h a n g e  
w ith  th e  lo w e r  liq u id  stream  c o m p r is in g  n -b u ta n e . T h e  lo w e r  liq u id  stream  w a s  
f la sh e d  b y  in d ir e c t h ea t e x c h a n g e  w ith  th e v a p o r  stream  to  p ro v id e  a v ap or  
p h a se , w h ic h  w a s  c o m p r e sse d  and r e c y c le d  to th e  c o lu m n  at a tem p eratu re  to  
p ro m o te  v a p o r  fo rm a tio n  th erein .

S ch o rre  et al. ( 1 9 8 2 )  p a ten ted  a c 4  sep a ra tio n  p r o c e ss  
c o n c e r n in g  to  th e  en erg y  c o n se r v a tio n  b y  th e u se  o f  an o p en  h ea t p u m p  and  
h ea t p o rtio n  to  an n -b u ta n e /iso b u ta n e  sp litter  as th e  c o m p r e ss io n  f lu id  in  the  
h ea t p u m p . T h e  u n u su al ch a ra c ter is tics  o f  n -b u ta n e /iso b u ta n e  o n  c o m p r e ss io n  
p r o d u c in g  liq u id -v a p o r  p h a se  c o u ld  c a u se  d a m a g e  to  th e c o m p resso r . T h is  
p ro b lem  w a s  o v e r c o m e  by p a ss in g  th e v a p o r iz e d  n -b u ta n e  p rior to  
c o m p r e s s io n , th rou gh  an apparatus that rem o v ed  an y  en tra in ed  liq u id s  and  
h ea ted  th e  v a p o rs  to a tem p eratu re s u f f ic ie n t  to  p rev en t th e fo rm a tio n  o f  the  
liq u id  p h a se  u n d er  c o m p r e ss io n . A  fe e d  u sed  for  th is  p r o c e ss  co n ta in ed  5 to
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9 5 %  b y  m o le  o f  iso b u ta n e , 5 to  9 5 %  b y  m o le  o f  n -b u ta n e , 0  to  2 0 %  b y  m o le  
o f  b u te n e s , 0  to  2 0 %  b y  m o le  o f  b u ta d ien e , 0  to  5%  b y  m o le  o f  p ro p a n e  and  
lig h ter  h y d r o c a r b o n s , and  0 to  5%  b y  m o le  o f  p en ta n e  and h e a v ie r  
h y d ro ca rb o n s .

O ’C o n n e ll and N y e  (1 9 8 8 )  p a ten ted  an n -b u ta n e /iso b u ta n e  
sp litter  w h ic h  sep a ra ted  iso b u ta n e  fro m  th e fe e d  m ix tu re  o f  n -b u ta n e /iso b u ta n e  
b y  c o m p r e s s in g  th e iso b u ta n e  o v erh ea d  to  in c r e a se  its  c o n d e n s in g  tem p eratu re , 
u s in g  th e  c o m p r e s se d  o v erh ea d  to  h ea t b o tto m s in  a reb o iler , w h ic h  w a s  
o p era ted  to  c o n d e n s e  th e o v erh ea d  and c o o l th e  c o n d e n se d  o v e r h e a d  to a 
tem p era tu re  n o  lo w e r  than th e to p  tray tem p eratu re  and n o  h ig h er  than 2 0 °F  
a b o v e  th e  to p  tray tem p eratu re , w h e r e b y  tile th rou gh p u t o f  th e sp litter  w a s  
in c r e a se d  b y  10 to  20% . A  fe e d  m ix tu re  u se d  fo r  th is  p ro ced u re  c o n ta in e d  5 to  
9 5 %  b y  m o le  o f  iso b u ta n e , 5 to  9 5 %  b y  m o le  o f  n -b u ta n e , 0  to  2 0 %  b y  m o le  
o f  b u ten e , 0  to  5%  b y  m o le  o f  p ro p a n e  and lig h ter  h y d ro ca rb o n s , an d  0  to  5%  
b y  m o le  o f  p e n ta n e  and h e a v ie r  h y d ro ca rb o n s.

2 .1 .2  A d so r p tio n  P ro cess
H o lc o m b e  (1 9 7 9 )  p a ten ted  a n orm al p a r a ffin /iso p a r a ffm  

sep a ra tio n  p r o c e ss . N o rm a l p a ra ffin s  w e r e  iso la te d  from  a fe e d s to c k  m ix tu re  o f  
n orm al and n o n -n o rm a l p a ra ffin s  in  th e v a p o r  p h a se  at su p er  a tm o sp h er ic  
p ressu re . T h e  a d so rp tio n  sy s te m  c o m p r is in g  at le a s t  fo u r  f ix e d  a d so rp tio n  b ed s  
c o n ta in e d  a 5 A n g str o m  m o le c u la r  s ie v e  a d so rb en t, ea ch  o f  w h ic h  c y c l ic a l ly  
u n d e r g o n e  th e s ta g e s  o f  a d so r p tio n -f ill ,  a d so rp tio n , v o id  sp a c e  p u rg in g , and  
p u rge d e so r p tio n . T h e  im p ro v em en t o f  th e p resen t p r o c e ss  c o m p r ise s  r e c y c lin g  
in  th e  v a p o r  p h a se  in  the co m b in a tio n  w ith  fe e d s to c k . T h e  m ix tu re  o f  
iso p a r a ff in s  and n orm al p a ra ffin s  p u rg ed  from  o n e  b ed  o f  th e sy s te m  d uring  
th e  s ta g e  o f  v o id  sp a c e  p u rg in g  to  a n o th er  b ed  o f  th e sy s te m  u n d e r g o in g  the  
s ta g e  o f  a d so ip t io n . In c o n v e n tio n a l p ra c tice  th e  v o id  sp a c e  co n ta in ed  
h y d ro ca rb o n s  p u rg ed  from  ea ch  b ed  d u r in g  th e  s ta g e  o f  v o id  sp a c e  p u rg in g
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w a s  c o o le d , sep a ra ted  fro m  th e p u rg in g  g a s , p u m p ed  to  a h o ld in g  tan k  in  the  
l iq u id  p h a se  an d  th erea fter  reh ea ted  to form  th e  v a p o r  p h a se  b e fo r e  b e in g  
a d m ix e d  w ith  fresh  fe e d s to c k  fo r  further treatm en t.

V o i le s  and C u sh er  (1 9 8 6 )  p a ten ted  an n -b u ta n e /iso b u ta n e  
sep a ra tio n  p r o c e ss . Iso b u ta n e  w a s  sep ara ted  fro m  n orm al b u ta n e  in  a p ressu re  
sw in g  a d so rp tio n  sy s te m  o f  at le a s t  th ree a d so rb en t b e d s  an d  e a c h  a d so rb en t  
b e d  w a s  a d a p ted  to  s e le c t iv e ly  ad sorb  n orm al b u tan e fro m  a m ix tu re  th e r e o f  
w ith  iso b u ta n e . T h e  a d so rp tio n  fron t o f  n orm al b u ta n e  fo r m e d  in  ea ch  
a d so rb en t b e d  u p o n  th e  p a ssa g e  o f  th e  fe e d  g a s  m ix tu re  w a s  m o v e d  th rou gh  
th e b ed  to  an  e x te n t  e n h a n c in g  th e u tiliz a tio n  o f  th e a d so rp tiv e  c a p a c ity . B y  
th e  c o m b in a t io n  o f  d ep ressu r iza tio n  and rep ressu r iza tio n  to g e th e r  w ith  purge, 
d e s ir a b le  p ro d u c t p u rity  le v e ls  w ere  o b ta in ed , w h ile  th e c o s t  o f  a d so rb en t  
e q u ip m e n t an d  o p era tio n  w a s  red u ced  to  th e e x te n t  p o s s ib le  c o n s is te n t  w ith  th e  
p u rity  req u ir e m e n ts  o f  a g iv e n  a p p lica tio n .

C h o  et al. ( 2 0 0 0 )  p a ten ted  an a d so ip t io n  sep a ra tio n  and  
p u r ific a tio n  ap p aratu s and p r o c e ss  fo r  o b ta in in g  h igh  p u rity  iso b u ta n e  b y  
r e m o v in g  p a ra ffin s  and o le f in s  from  lig h t h y d ro ca rb o n  m ix tu res  c o n ta in in g  
iso b u ta n e  w ith  z e o l i t e  5 A  and carb on  m o le c u la r  s ie v e  a d so rb en ts . T h is  
in v e n t io n  p r o v id e d  h ig h  p u rity  iso b u ta n e  p ro d u c in g  apparatus an d  it c o m p r ise d  
a p ressu re  reg u la to r  w h ic h  reg u la ted  fe e d  g a s  p ressu re; a p lu ra lity  o f  
a d so rp tio n  b e d s  p a ck ed  w ith  z e o lite  5 A  and carb on  m o le c u la r  s ie v e  th rou gh  
w h ic h  th e  m ix e d  g a s  f lo w  p a ssed . A  f lo w  rate co n tro l v a lv e  w a s  lo c a te d  
b e tw e e n  th e  p ressu re  reg u la to r  and th e  a d so ip tio n  b ed s w h ere  im p u r itie s  w ere  
r e m o v e d . Iso b u ta n e  from  th e a d so ip tio n  b ed s  f lo w e d  to  a su rg e  tank. A  
v a c u u m  p u m p  w a s  lo c a te d  for  r e m o v in g  th e im p u r itie s  from  th e  a d so ip t io n  
b e d s  an d  s o m e  v a lv e s  w e r e  arranged  b e tw e e n  the p ressu re  reg u la to r  and the  
a d so ip t io n  b e d s , b e tw e e n  th e a d so ip t io n  b ed s and th e tank, an d  b e tw e e n  the  
a d so ip t io n  b e d s  and th e v a cu u m  pum p.
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2 .1 .3  C o m b in e d  P r o c e s se s  o f  D is t illa t io n ' A d so r p tio n  an d  Iso m e r i
sa tio n
F or p ro d u c in g  iso p a r a ffin s  from  a m ix tu re  o f  4 C  h y d ro ca rb o n s ,  

M in k k in en  et al. ( 1 9 9 4 )  p a ten ted  a p r o c e ss  w h ic h  c o m p r ise d  o f  
d e iso b u ta n iz a t io n , a d so rp tio n , d e so rp tio n , iso m e r iz a t io n  and sep a ra tio n . 
D e iso b u ta n isa t io n  w a s  carried  o u t b y  d is t illa t io n  o f  a 4 C  m ix tu re  an d  e ff lu e n t  
from  a d eso r b e r  b e lo w  w ith  part c o n d e n sa tio n  o f  d is t illa te  fo r  r e c y c le  as re flu x  
liq u id . A d s o ip t io n  o f  th e o th er  part o f  th e d is tilla te  w a s  a c h ie v e d  b y  u p w ard  
f lo w  th ro u g h  a b e d  o f  m o le c u la r  s ie v e  w h ils t  in v a p o r  p h a se  to  g iv e  e s s e n t ia lly  
pure iso b u ta n e  p rod u ct. D eso rp tio n , a ltern atin g  w ith  a d so ip t io n  step , w a s  d o n e  
b y  lo w e r in g  p ressu re  in th e a d sorb er  and p a ss in g  th rou gh  a p o rtio n  o f  the  
iso b u ta n e  p ro d u c t fro m  ad sorb er, w ith  d e s o ip t io n  e ff lu e n t  b e in g  p a sse d  to  th e  
c o lu m n  in  d e iso b u ta n ize r . Iso m er isa tio n  o f  re s id u e  from  d e iso b u ta n iz e r  w a s  in  
th e v a p o r  p h a se  and S ep a ra tio n  o f  iso m e r isa t io n  p ro d u ct in to  r e c y c le d  v a p o r  
p h a se  an d  liq u id  cru d e  e fflu e n t. T h is  p a ten t g a v e  h ig h  p u rity  o f  iso b u ta n e , 
w h ic h  w a s  p r o d u c e d  w ith  m in im iz e d  en e r g y  u se .

2.2 Shortcut Distillation Methods

S h o rtcu t d is t illa t io n  c a lc u la t io n  m e th o d s  are u se d  to  d e te r m in e  c o lu m n  
c o n d it io n s  su ch  as sep a ra tio n s, m in im u m  n u m b er  o f  trays, an d  m in im u m  
r e f lu x  ra tio s . T h e  sh ortcu t m e th o d  a ssu m e s  that an a v era g e  r e la tiv e  v o la t il ity  is  
d e f in e d  fo r  th e  co lu m n . T h e se  m eth o d s  c o n s is t  o f  fo u r  m eth o d s;  F en sk e , 
U n d e r w o o d , G illila n d  and K irk b rid e m eth o d s . T h e  F e n sk e  m e th o d  is  u sed  to  
c o m p u te  th e  sep a ra tio n s  and m in im u m  n u m b er o f  b a y s  req u ired . T h e  
m in im u m  r e flu x  ratio  is  d e term in ed  b y  th e U n d e r w o o d  m eth o d . T h e  G illila n d  
m e th o d  is  u se d  to  c a lc u la te  th e  n u m b er  o f  th eo re tica l b a y s  req u ired , the actu al 
r e f lu x  rates and c o n d e n se r  and r eb o iler  d u tie s  for  a g iv e n  se t  o f  actu al to 
m in im u m  r e flu x  ra tio s. F in a lly , the K irk b rid e m eth o d  is  u sed  to  d e term in e  the
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o p tim u m  fe e d  lo c a tio n . (H e n le y  and S ea d er , 1 981; S im u la tio n  S c ie n c e s  Inc., 
1 9 9 4 ; K ister , 1 9 9 2 )

2 .2 .1  F e n sk e  M eth o d

in  th e  c o lu m n , is  eq u a l to th e ratio  o f  th eir  K -v a lu e s  at that tray, as sh o w n  in  
th e e q u a tio n  b e lo w .

y  =  m o le  fraction  in th e v a p o r  p h a se
X =  m o le  fraction  in  th e liq u id  p h a se
su b sc r ip ts  i, j refer  to c o m p o n e n ts  i and  j  r e sp e c t iv e ly
su p erscr ip t N  refers to  tray N
F or sm a ll v a r ia tio n s in v o la t ility  th ro u g h o u t th e c o lu m n , an a v era g e  

v o la t il ity  is  d e f in e d . T h is  is  taken  as th e g e o m e tr ic  a v era g e  o f  th e  v a lu e s  for  
th e o v e r h e a d  and b o tto m s p roducts:

T h e  re la tiv e  v o la t ility  b e tw e e n  c o m p o n e n ts  i an d  j  at ea ch  P ay

( 2 . 1 )

w h e r e

( 2 .2 )

T h e  m in im u m  n u m b er  o f  th eo re tica l s ta g e s  is  th en  g iv e n  by:

(2.3)

w h e r e  su b scr ip ts  B , D  refer  to  the b o tto m s and d is t illa te  r e sp e c t iv e ly .
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2 .2 .2  U n d e r w o o d  M eth o d
T h e  v a lu e s  o f  th e  r e la tiv e  v o la t il it ie s  o f  th e fe e d  c o m p o n e n ts  

d e te r m in e  w h ic h  c o m p o n e n ts  are th e lig h t and h e a v y  k e y  c o m p o n e n ts . T h e  
lig h t  k e y  c o m p o n e n t  for  a fe e d  o f  e q u iv a le n t  c o m p o n e n t c o n c e n tr a tio n s  is 
u su a lly  th e  m o s t  v o la t ile  co m p o n e n t. T h e  h e a v y  k e y  c o m p o n e n t  is  s im ila r ly  
fo u n d  to  b e  th e  le a s t  v o la t ile  c o m p o n e n t, or th e le a s t  v o la t ile  c o m p o n e n t  fo u n d  
at s ig n if ic a n t  con cen tr  a tion s.

T h e  re la tiv e  v o la t ility  o f  ea ch  c o m p o n e n t  can  th ere fo re  b e  
e x p r e s se d  in  term s o f  th e v o la t ility  o f  th e h e a v y  k ey , i.e .,

a j A t (2 .4 )

w h e r e  J re fers  to  an y  c o m p o n e n ts  and hk refers  to  th e  h e a v y  k e y  c o m p o n e n t  

F or c o m p o n e n ts  lig h ter  than th e h e a v y  k e y , a,j >  1, and  fo r  c o m p o n e n ts  h ea v ier  

th an  th e  h e a v y  k e y , 0 Cj <  1. F or th e  h e a v y  k e y  c o m p o n e n t  itse lf , otj = 1.
T h e  U n d e r w o o d  m eth o d  is  u sed  to  d e term in e  th e r e flu x  ratio  

req u ired  an  in f in ite  n u m b ers o f  trays to  sep a ra te  th e k e y  c o m p o n e n ts . For a 
c o lu m n  w ith  in f in ite  trays, th e d is tilla te  w il l  e x c lu d e  all c o m p o n e n ts  h ea v ier  
than  th e h e a v y  k e y  c o m p o n en t. S im ila r ly , th e  b o tto m  p ro d u cts  w ill  e x c lu d e  all 
c o m p o n e n ts  lig h ter  than the lig h t k ey . C o m p o n e n ts  w h o s e  v o la t il it ie s  lie  
b e tw e e n  th e  h e a v y  and lig h t k e y s  w il l  d istr ib u te  b e tw e e n  th e d is t illa te  and  
b o tto m s  p ro d u cts . A t m in im u m  re flu x  ratio:

X J . D  D  _  a j  ~ 1 X l k , D  D  1 a ik ~ a j  X h k . p D

x j .f F  cc 11. —1 x Ik F F  a  11. —1 x hkF F

I f  th e  v a lu e  o f  th e ratio  g iv e n  b y  eq u a tio n  2 .5  is  le s s  than -0 .0 1  
or g rea ter  than  1.01 fo r  an y  c o m p o n e n t J, th en  that c o m p o n e n t w il l  lik e ly  n ot 
d istr ib u te  b e tw e e n  b oth  p ro d u cts. T h ere fo re  to  te st i f  th e  co rrect k ey  
c o m p o n e n ts  are se le c te d , eq u a tio n  2 .5  sh o u ld  b e  a p p lied  to  th o se  co m p o n e n ts
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l ig h te r  th an  th e  lig h t  k ey , and h e a v ie r  than the h e a v y  k ey . I f  th e y  fa il  th e  test  
d e sc r ib e d  a b o v e , th en  n e w  k ey  c o m p o n e n ts  sh o u ld  b e  se le c te d .

It sh o u ld  b e  n o ted  that an e x a c t  v a lu e  o f  R min is  n o t  n eed ed . 
T h is  v a lu e  is  n e c e ssa r y  o n ly  to  p ro v id e  an e s t im a te  o f  th e  p rod u ct 
c o m p o s it io n , an d  to  d eterm in e  i f  th e sp e c if ie d  re flu x  ratio  is  r e a so n a b le . T h e  
บ ท d e r w o o d  e q u a tio n s  a ssu m e  a co n sta n t re la tiv e  v o la t ility , as w e l l  as a 
c o n sta n t liq u id /v a p o r  rate ratio  th ro u g h o u t th e co lu m n . T h e  first eq u a tio n  to be  
s o lv e d  is

( 1  -  q) = 'ร^' a j XJ,F 
7=1 CL J -(f) ( 2 .6 )

w h e r e

q = ffg  -  H f 
H y (2.7)

q =  th erm al c o n d itio n  o f  fe e d
=  h ea t to  co n v er t to  satu rated  v a p o r /h ea t o f  v a p o r iz a tio n  

H g =  m o la r  en th a lp y  o f  fe e d  as a satu rated  v a p o r  
Hp =  m o la r  en th a lp y  o f  fe e d  
H v =  m o la r  la ten t h ea t o f  v a p o r iza tio n  
X j F =  m o le  fraction  o f  c o m p o n e n t J in fe e d
<J> =  a v a lu e  b e tw e e n  th e re la tiv e  v o la t il it ie s  o f  th e lig h t  an d  h e a v y

k e y s , i .e . ,  a hk ( = ! )< < !> <  a lk
T h e  s e c o n d  eq u a tio n  to  be so lv e d  is:

( « „ „ „ + i ) = X
CLj Xj .d

7=1 CCj ~ ÿ ( 2 . 8 )

w h e r e
R min =  m in im u m  re flu x  ratio =  (L /D )m in  
X jj)  =  m o le  fraction  o f  c o m p o n e n t J in  d is tilla te
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2 .2 .3  K irk b rid e  M eth o d
T h e  o p tim u m  fe e d  tray lo c a tio n  is  o b ta in ed  fro m  th e K irk b rid e

eq u a tio n ;

log m

p
= 0 . 2 0 6  log B  x

2  ไ
hk . F

D  X l k . F

x  Ik ,B

V  x  hk J )  J
(2 .9 )

w h e r e
m  =  n u m b er  o f  th eo re tica l s ta g e s  a b o v e  th e fe e d  h  ay  
p =  n u m b er  o f  th eo re tica l s ta g e s  b e lo w  the fe e d  tray

2 .2 .4  G illila n d  C o rre la tio n
T h e  G illila n d  co rre la tio n  is  u sed  to p red ic t th e r e la t io n sh ip  o f  

m in im u m  tra y s and m in im u m  r e flu x  to  actu a l r e flu x  and co r r e sp o n d in g  
th e o r e tic a l h  a y s . T h e  o p era tin g  p o in t (e x p r e s se d  as e ith er  fra c tio n  o f  m in im u m  
r e f lu x  or fr a c tio n  o f  m in im u m  h a y s )  is  s e le c te d  as th e m id -p o in t  fo r  a ta b le  o f  
h a y s  and r e f lu x . B a sed  on  th e co rr e sp o n d in g  re flu x  ratio , th e  c o lu m n  top  
c o n d it io n s  are c a lc u la te d  and th e  a s so c ia te d  c o n d e n se r  d u ty  d e term in ed . T h e  
re b o ile r  lo a d  is  co m p u te d  from  a h ea t b a la n ce .

2 . 3  D i s t i l l a t i o n  C o l u m n  S e q u e n c i n g

2 .3 .1  S y n th e s is  o f  S ep a ra tio n  S e q u e n c e s
T h e  sy n th e s is  o f  d is tilla tio n  se q u e n c e s  is  b a se d  o n  sep a ra tio n  

m e th o d s  an d  arra n g em en t o f  sep arators. A  recu rsio n  fo rm u la  for  th e  n u m b er  o f  
se q u e n c e s , ร , is  c o r r e sp o n d in g  to  th e sep a ra tio n  o f  a m ix tu re  o f  R c o m p o n e n ts  
in to  R p ro d u cts . F or th e  first sep arator  in  th e s e q u e n c e , ( R - l  ) sep a ra tio n  p o in ts  
are p o s s ib le . L et j be the n u m b er  o f  c o m p o n e n ts  a p p ea r in g  in th e  o v erh ea d  
p rod u ct; th en  (R -j)  e q u a ls  th e  n u m b er  o f  c o m p o n e n ts  a p p ea r in g  in  th e  b o ttom  
p ro d u cts . I f  Sj is  th e  n u m b er  o f  p o s s ib le  se q u e n c e s  fo r  i c o m p o n e n ts , th en , for
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a g iv e n  sp lit  in  th e  first sep arator, th e n u m b er  o f  s e q u e n c e s  is  th e  p ro d u c t SjS rj. 
B u t in  th e  f ir st sep arator , ( R - l )  d ifferen t sp lits  are p o s s ib le . T h ere fo re , the  
to ta l n u m b er  o f  s e q u e n c e s  ( S j j )  fo r  R c o m p o n e n ts  is  sh o w n  in  eq u a tio n  2 . 1 0  

(D o u g la s , 1 9 8 8 ).

2 .3 .2  S h o rtcu t E v a lu a tio n  o f  D is t illa t io n  S e q u e n c e
A  b o ilin g  c a p a c ity  v a r ia b le , K, had  b een  d e v e lo p e d  as a c o s t  

in d ica to r  fo r  v a p o r -liq u id  eq u ilib r iu m  sep a ra tio n  p r o c e sse s . T h is  v a r ia b le  is  
a sso c ia te d  w ith  a stream ; a ll stream s le a v in g  th e  sa m e eq u ilib r iu m  sta g e  h a v e  
th e sa m e  v a lu e  o f  the ca p a c ity  v ariab le . For a p ro d u ct le a v in g  a s in g le  
eq u ilib r iu m  sta g e , K is d e f in e d  as (J o b so n  et ท1.า 1996; J o b so n , 1997):

w e ig h te d  a v e r a g e  o f  th e ca p a c ity  v a r ia b le s  o f  th e p rod u ct strea m s. For a 
g en era l s e q u e n c e  o f  c o lu m n s , K ov is d e f in e d  as:

( 2 . 1 0 )

m o la r  ra te  o f  v a p o r iz a t io n  V
m o la r  fe e d  f lo w  ra te  F  y ■ )

T h e  o v era ll ca p a c ity  v a r ia b le  o f  a p r o c e ss , K o v ,  is  d e f in e d  as the

* 0  V -  K feed = N r Vr + i ^ s  + y)vs +
F ( 2 . 1 2 )

w h ere
F =  m o la r  fe e d  f lo w  rate 
D  =  m o la r  d is tilla te  f lo w  rate 
N  =  n u m b er  o f  s ta g es
V R =  v a p o r  f lo w  rate in  th e r e c t if ica t io n  se c t io n s

=  ( R + l ) /D
V s =  v a p o r  f lo w  rate in the str ip p in g  se c t io n s

= (R+l )/D - (pF
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cp =  v a p o r  fra c tio n  o f  th e  d is tilla te

2.4 Column Sizing

M e th o d s  d e v e lo p e d  b y  G litsc h  (S im u la tio n  S c ie n c e s  In c ., 1 9 9 4 )  are 
u se d  to  c o m p u te  th e  ca p a c ity  or f lo o d  p o in t, and  th e p ressu re  drop  for  v a lv e  
trays. F o r  s ie v e  or b u b b le  cap  h a y s ,  th e ca p a c ity  is  co m p u te d  b y  u s in g  95  and  
8 5 %  o f  th e  v a lv e  c a p a c it ie s  r e sp e c t iv e ly . T h e  tray p ressu re  drop  is  c a lc u la te d  
b y  th e F air m e th o d  fo r  s ie v e  trays, and  b y  th e m eth o d  o f  B o l le s  fo r  b u b b le  cap  
trays. T h e  c a p a c ity  o f  a tray c o lu m n  is d e f in e d  in  term s o f  a v a p o r  f lo o d  
c a p a c ity  fa c to r , at zero  liq u id  lo a d s , CAFO . N o m o g r a p h s  are u se d  to  o b ta in  the  
c a p a c ity  fa c to r s  b a se d  o n  tray sp a c in g  and v a p o r  d e n s ity . F o a m in g  o n  trays is  
ta k en  in to  a c c o u n t  b y  u s in g  a s o -c a lle d  sy s te m  factor.

F o r  s iz in g  an e x is t in g  tray c o lu m n , or fo r  c a lc u la t in g  th e p ercen t o f  
f lo o d  fo r  a g iv e n  c o lu m n  d iam eter , th e c o lu m n  v a p o r  lo a d  is  u sed . T h e  v ap or  
lo a d  m a y  b e  d e term in ed  b y  usin g:

V,พ  =  A C F S ( p J { p ,  ~ p rJ(2.13)
w h ere

Vioad =  v a p o r  lo a d  ca p a c ity
A C F S  =  actu a l v a p o r  v o lu m e tr ic  f lo w  rate

P g =  v a p o r  d e n s ity
P l =  liq u id  d e n s ity
T h e  to ta l tray p ressu re  drop fo r  v a lv e , s ie v e , or b u b b le  cap  trays is  a 

su m  o f  th e  dry tray p ressu re  drop , and th e p ressu re  drop d u e to  th e  liq u id  
h o ld u p  o n  th e  trays:

A P  = tSPdry +  A P , (2.14)
w h e r e

AP =  tota l p ressu re  drop, in c h e s  liq u id
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APdry=  dry tray p ressu re  drop , in c h e s  liq u id  

AP| =  p ressu re  drop  th rou gh  th e liq u id  o n  th e  trays, in c h e s  liq u id  
T h e  dry P a y  p ressu re  drop is  o b ta in ed  from  n o m o g ra p h s  re la tin g  the  

p ressu re  d rop  to  th e w e ig h t  o f  th e v a lv e s  at lo w  v a p o r  f lo w  ra tes, an d  to  the  
sq u are  o f  th e  v a p o r  v e lo c ity  at h ig h  v a p o r  f lo w  rates. F or v a lv e  P a y s , the  
p ressu re  d rop  th ro u g h  th e liq u id  is  g iv e n  by:

a p , =  0 . 4 ( ( l / / J 2 /3 + v )  ( 2 .1 5 )

w h e r e
L =  to ta l liq u id  f lo w  rate, gp m  
lw =  w e ir  len g th , in c h e s  
hw =  w e ir  h e ig h t, in c h e s

2.5 Economic Analysis

2 .5 .1  C a p ita l In v esP n en t
B e fo r e  an indu sp 'ia l p lan t can  be p u t in to  o p era tio n , a la rg e  su m  

o f  m o n e y  m u st  b e  su p p lied  to  p u rch a se  and in sta ll th e n e c e s sa r y  m a c h in e r y  
and eq u ip m e n t. L and and se r v ic e  fa c i l i t ie s  m u st b e  o b ta in ed , and th e p lan t  
m u st b e  e r e c te d  c o m p le te  w ith  all p ip in g , co n tro l an d  se r v ic e s . In a d d itio n , it is  
n e c e s sa r y  to  h a v e  m o n e y  a v a ila b le  for  th e p a y m en t o f  e x p e n s e s  in v o lv e d  in  the  
p la n t o p era tio n . T h e  cap ita l n e e d  to su p p ly  th e n e c e ssa r y  m a n u fa c tu r in g  and  
p la n t fa c i l i t ie s  is  c a lle d  th e f ix e d -c a p ita l in v estm en t, w h ile  that n e c e s s a r y  for  
th e o p era tio n  o f  th e  p lan t is  term ed  th e w o rk in g  cap ita l. T h e  su m  o f  th e  f ix e d -  
ca p ita l in v e sP n e n t  and th e w o r k in g  cap ita l is  k n o w n  as th e tota l cap ita l 
in v esP n en t.

P eters and T im m erh a u s (1 9 9 1 )  in tro d u ced  a m e th o d  for  
e s t im a tin g  ca p ita l in v e stm e n t c a lle d  the p ercen ta g e  o f  d e liv e r e d -e q u ip m e n t  
c o s t  m eth o d . T h is  m eth o d  req u ires d e term in a tio n  o f  the d e liv e r e d  e q u ip m e n t



c o st . T h e  o th er  ite m s  in c lu d e d  in  th e to ta l d irect p la n t c o s t  w e r e  th en  e stim a ted  
as p e r c e n ta g e s  o f  th e d e liv e r e d -e q u ip m e n t c o st . T h e  a d d itio n a l c o m p o n e n ts  o f  
th e  ca p ita l in v e s tm e n t  are b a se d  o n  a v era g e  p e r c e n ta g e s  o f  th e to ta l d irect  
p la n t c o s t , to ta l d irect and in d irec t p la n t c o s t  or  to ta l ca p ita l in v e s tm e n t. T h e  
a v e r a g e  v a lu e s  o f  th e v a r io u s p e r c e n ta g e s  w e r e  sh o w n  in T a b le  2.1

2 .5 .2  R eturn  o n  In v estm en t
R eturn on  in v e s tm e n t (R O I) is  o rd in a r ily  e x p r e s se d  on  an 

an n u a l p e r c e n ta g e  b a sis . T h e  y e a r ly  p ro fit d iv id e d  b y  th e to ta l in itia l 
in v e s tm e n t  n e c e s sa r y  rep resen ts th e fra ctio n a l return, and th is  fra c tio n  tim es  
100 is  th e stan d ard  p ercen t return on  in v e s tm e n t (D o u g la s , 1988):

0, 1 Annual profit/oRO I  =  2' X 1 0 0  (2 .1 6 )
t o t a l  in v e s tm e n t

w h e r e  th e  an n u a l p ro fit is  d e f in e d  as th e d if fe r e n c e  b e tw e e n  an n u a l in c o m e  
and an n u a l e x p e n se .

T h erefo re , an n u al p ro fit is  a fu n c tio n  o f  th e q u a n tity  o f  g o o d s  
or s e r v ic e s  p ro d u ced  and th e s e ll in g  p r ice . T h e return on  in v e s tm e n t o fte n  is 
u se d  fo r  p re lim in a ry  d e s ig n  c a lc u la t io n s  and th e r e c o m m e n d e d  p r o c e s s  sh o u ld  
h a v e  a return on  in v e s tm e n t greater  than 2 0  p ercen t.

2 .5 .3  N e t  P resen t V a lu e
T h e  n et p resen t v a lu e  is  th e  d if fe r e n c e  b e tw e e n  th e to ta l p resen t  

v a lu e  o f  th e  an n u al ca sh  f lo w s  to  th e p ro jec t and th e  in itia l req u ired  
in v e s tm e n t. T h e  p resen t v a lu e  o f  th e an n u al c a sh  f lo w s  to  th e p ro jec t is 
o b ta in e d  b y  su m m in g  th e in d iv id u a l p resen t v a lu e s  fo r  ea ch  y ea r  o f  o p era tio n  
in c lu d in g  th e  p resen t v a lu e  o f  th e w o rk in g  cap ita l and  sa v a g e -v a lu e  r e c o v e r y  at 
th e en d  o f  th e  s e r v ic e  life . T h e eq u a tio n  o f  th e n et p resen t v a lu e  is  sh o w n  
b e lo w  (P e te r s  and T im m erh a u s, 1991).



14

N P V  = (2 .1 7 )

w h e r e
Bj =  b e n e f it s  at th e  en d  o f  p er io d  j ,  $
Cj =  c o s t  at th e en d  o f  p er io d  j ,  ร 
Cjnvest =  c o s t  fo r  in v e s tm e n t, ร 
j =  p er io d  o f  t im e , year
i =  a d isc o u n t  rate
N  =  s e r v ic e  life  o f  eq u ip m en t, y ea r

F or a ltern a tiv e  in v e s tm e n ts , the g rea test a d v a n ta g e  a ltern a tiv e  is  
th e in v e s tm e n t, w h ic h  g iv e s  th e h ig h e s t  n e t p resen t v a lu e  (N P V ).
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T a b l e  2 .1  R a tio  fa c to rs  fo r  e s t im a tin g  ca p ita l in v e s tm e n t item s b a se d  on
d e liv e r e d -e q u ip m e n t  c o s t  (P e ters  and T im m erh a u s, 1 9 9 1 )

Item P ercen t o f  d e liv e r e d -e q u ip m e n t  c o s t

D ir e c t c o s t s
P u rch a sed  e q u ip m e n t-d e liv e r e d 1 0 0

P u r c h a se d -e q u ip m e n t in sta lla tio n 4 7
In stru m en ta tio n  and co n tro l ( in s ta lle d ) 18
P ip in g  ( in s ta lle d ) 6 6

E lec tr ica l ( in s ta lle d ) 1 1

B u ild in g s  ( in c lu d in g  s e r v ic e s ) 18
Y  a id  im p r o v e m e n ts 1 0

S e r v ic e  fa c i l i t ie s  ( in s ta lle d ) 70
T o ta l d irec t p la n t c o s t 3 4 0

In d irect c o s ts
E n g in e e r in g  and su p e r v is io n 33
C o n str u c tio n  e x p e n s e s 41

T o ta l d irec t and in d irec t p lan t c o s ts 4 1 4
C o n ta c to r ’ร fe e 2 1

C o n t in g e n c y 41
F ix e d  ca p ita l in v e s tm e n t 4 7 6

W o r k in g  ca p ita l 84
T o ta l ca p ita l in v e stm e n t 5 6 0
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