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CALCULATIONS ON THE PEKL;'OIIFILANCE OF THE KALC PROCESS 

M .  E .  Whatley 

_I_ 

ABSTRACT 

The KALC ( K r  Absorption i n  Liquid CO 1 process  f o r  
removing K r  from the  burner  off-Gas generated i n  t h e  repro-  
cess ing  of HTGR f u e l  elements was shown t o  be f e a s i b l e  i n  
a ca lcu la t iona l .  s tudy  using a mathematical. model i n  t h e  form 
of a computer program. The U X C  process  uses  l i q u i d  CO t o  
scrub  K r  from the burner  off-gas  which con ta ins  about 98% C 0 2 ,  

some 0 2 ,  N 2 '  and C O 2 ,  and t r a c e s  of K r  and Xe. lt ope ra t e s  
a t  p re s su res  from 1 3  t o  20 a t m  and temperatures  from -20°C 
t o  - 4 0 ° C .   his s tudy  d i d  no t  inc lude  Xe. T h e  absosher- 
f r a c t i o n a t o r  s y s t e m ,  which sepa ra t e s  Kr from the  o t h e r  l i g h t  
gases  i n  the  C02 s o l v e n t ,  was found t o  r e q u i r e  c lose  c o n t r o l  
f o r  s a t i s f a c t o r y  performance. A good v a r i a b l e  f o r  a d j u s t i n g  
performance, and t h e  one used i n  this s t u d y ,  i s  t h e  r e b o i l e r  
vapor r a t e  a t  t h e  bottom of t h e  f r a c t i o n a t o r .  T h i s  s tudy 
a l s o  showed the  need f o r  some condensation a t  t h e  feed p o i n t ,  
and a molar scrub r a t e  a t  l e a s t  20  t imes the  feed r a t e .  The 
s t r i p p e r - r e c t i f i e r  s y s t e m ,  which removes K r  and o t h e r  l i g h t  
gases  from the so lu t ion  produced by t h e  abso rbe r - f r ac t iona to r ,  
w a s  s t u d i e d  s e p a r a t e l y .  This system showed no c r i t i c a l  
v a r i a b l e s ,  perfomling b e t t e r  a t  h igher  r e b o i l e r  vapor r a t e s  
and e a s i l y  y i e l d i n g  K r  concent ra t ions  of s e v e r a l  pe rcen t  i n  
t he  product .  The main condenser load  fox t h i s  system should 
be a t  t h e  feed p o i n t  r a t h e r  than i n  t h e  final condenser i n  
o rde r  t o  keep flows i n  t h e  r e c t i f i e r  s e c t i o n  s m a l l .  S i q n i f -  
i c a n t  v a r i a b l e s  i n  the opera t ion  of KALC were examined, and 
t h e i r  e f f e c t s  on o v e r a l l  performance were noted and discussed .  

-- 2 _ I  

The KaLC (Kr Absorption i n  Liquid CO ) process  was conceived spe- 

c i f i c a l l y  f o r  t he  removal of K r  frQm t h e  burner  of f -gas  p n e r a t e d  i n  t h e  

reprocess ing  of HTGR f u e l  elements.  The process a l s o  has p o t e n t i a l  f o r  

removing o t h e r  contaminants such as Xe, 

i n  a d d i t i o n ,  it now seems p o s s i b l e  t h a t  t h e  KALC process  or modi f ica t ions  

thereof  may be appl ied  t o  off-gas  problems beyond those  for which it was 

i n i t i a l l y  desiyned. This r e p o r t ,  however, d e a l s  only with  t h e  o r i g i n a l  

- 2  I -  __ 
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and si-ngular purpose.  The process  r equ i r e s  t h a t  t h e  feed gas be  predom- 

i n m t l y  CO 

contami-naked with t r a c e  amounts of K r .  The gas i s  compressed and scrubbed 

with clean l i q u i d  CO i n  an absoxber tower above and connected t o  a 

f rac t iona t i -on  tower through a condenser. A r e b o i l e r  below t h e  f r a c t i o n a t o r  

provi-des vapor which serves  t o  f r a c t i o n a t e  the  02., N 2 ,  and CO from t h e  K r ,  

producing a l i q u i d  CO s t ream conta in ing  t h e  K r  and only s m a l l  amounts of 

the  light: gases .  This l i q u i d  s t ream is  fed t o  another  system which removes 

t h e  K r  and concent ra tes  it. The s t r i . ppe r - r ec - t i f i e r  system c o n s i s t s  of a 

sma l l ,  f i -nal  condenser l oca t ed  above a r e c t i f i e r  tower which i s  separa ted  

from a s t r i p p e r  tower by a l a r g e r ,  main condenser. Below t h e  s t r i p p e r  i s  

a r e b o i l e r .  

p l u s ,  perhaps,  10% l i g h t  gases  such as 0 2 ,  N 2 ,  CO, and 
2 

2 

2 

A computer program was w r i t t e n  i n  which the  b e s t  avai1abl.e equi l ibr ium 

da ta  on the  s o l u b i l i t i e s  of  K r ,  0 2 ,  N2f and CO i n  l i q u i d  CO 

pora ted .  A n  equi l inr ium s t a g e  model. w a s  developed which sequen t i a l ly  and 

r e p e t i t i v e l y  drew iuass and enthalpy balances around each s t a g e  i n  t h e  cas- 

cade while s a t i s f y i n g  t h e  eyui l ibxium c0ndit.i.m. The absorber - f rac t iona tor  

system was s tud ied  sepa ra t e ly  from t:he s t r i p p e r - r e c t i f i e r  s y s t e m .  This 

r epor t  .is b a s i c a l l y  an organizat:ion of many s e r i e s  of cases .  Within each 

s e r i e s  a l l  parameters were he ld  cons tan t  except t he  r e b o i l e r  vapor r a t e ,  

which was va r i ed  from case t o  case .  I t  was necessary t o  s e l e c t  from among 

a l l  of t he  ca l cu la t ed  v a r i a b l e s  those  dependent v a r i a b l e s  which wou1.d best 

cha rac t e r i ze  system performance f o r  c o r r e l a t i n g  t h e  r e s u l t s .  The decon- 

tamination f a c t o r  (DF) and concent ra t ion  f a c t o r  (CY) were s e l e c t e d  f o r  

the p r i n c i p a l  dependent va r i ab le s  f o r  t he  abso rbe r - f r ac t iona to r  system, 

and the  loss of K r  t o  Lhe e x i t  l i q u i d  CO s t ream was chosen for  t h e  

s t r i p p e r - r e c  t i f i e  r system. 

a r e  incor -  2 

2 

I t  was e s t a b l i s h e d  t h a t  t he  KALC process  is  f e a s i b l e ,  a t  l e a s t  on 

paper .  I n  o rde r  to meet the  requirement of a DF of s e v e r a l  hundred and 

a CF of a t  l e a s t  a thousand, t h e  absorber  should have a t  least 22 theo- 

r e t i c a l  st .ages,  t h e  f r a c t i o n a t o r  a t  l e a s t  1 6 ,  t he  s t r i p p e r  a t  l e a s t  1 4 ,  

and t h e  r e c t i f i e r  a t  l e a s t  6 .  The scrub r a t e  must be a t  l e a s t  20 t imes 

the  feed  r a t e  when the  feed conta ins  as  much as  10% l i g h t  gases .  The 

f r a c t i o n a t o r  r e b o i l e r  vapor r a t e  w i l l  be between 2 . 5  and 4 times t h e  foed 
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r a t e  for b e s t  opera t ion  and w i l l  r equ i se  adjustment t o  wi th in  +0.2% t o  

maintain s a t i s f a c t o r y  opera t ion  under any given set of condi t ions .  Con- 

densers  a r e  requi red  a t  t h e  feed s t a g e  of both t h e  abso rbe r - f r ac t iona to r  

system and t h e  s t r i p p e r - r e c t i f i e r  sys tem.  

The abso rbe r - f r ac t iona to r  system ope ra t e s  most e f f e c t i v e l y  a t  a 

pressure  of about 20 a t m ,  bu t  the s t r i p p e r  performs b e t t e r  a t  about 15  

a t m  o r  l e s s .  The performance of t h e  s t r i p p e r - r e c t i f i e r  i s  s impler  than 

t h a t  of t he  abso rbe r - f r ac t iona to r  system. I t  can be expected t h a t  t h e  Kr 

content  of t he  s t r i p p e d  l i q u i d  CO (which se rves  as scruh f o r  t h e  absorber)  

will r o u t i n e l y  be l e s s  than 10 t imes the  K r  conten t  of  t he  stream en te r -  

ing  the  s t r i p p e r .  The o t h e r  l i g h t  gases  w i l l  b e  more completely removed. 

About h a l f  of any K r  i n  t h e  scrub  s t ream w i l l  r e p o r t  t o  t h e  decontaminated 

gas l eav ing  t h e  process .  The requi red  bo i lup  r a t e  f o r  t he  s t r i p p e r -  

r e c t i f i e r  system is  about 30% of i t s  feed r a t e  (and perhaps s i x  t i m e s  the  

feed t o  the  a b s o r b e r ) .  The bulk of t h e  condensation load  should be  assumed 

by the  feed s t a g e  condenser,  l eav ing  only about 10% of t h e  h e a t  €or t he  

f i n a l  condenser,  which ope ra t e s  a t  a s i g n i f i c a n t l y  lower temperature .  

2 
-6 

The r e s u l t s  of t h i s  s tudy form an important  l i n k  between t h e  e a r l y ,  

h iyhly  s i m p l i f i e d  c a l c u l a t i o n s  upon which t h e  dec i s ion  t o  pursue develop- 

ment was based and t h e  experimental  engineer ing  development program t h a t  

i s  j u s t  emerging. 

important design and ope ra t ing  v a r i a b l e s  w i l l  a s s i s t  i n  t he  design of 

experiments,  and subsequently,  experimental  d a t a  may be i n t e r p r e t e d  wi th  

the  a s s i s t a n c e  of t h e  computer model of t h e  process .  

A more accura te  understanding of t h e  e f f e c t s  of t h e  

2 . INTRODUCT ION 

The KALC process  i s  a s i g n i f i c a n t  p a r t  of t h e  HTGR f u e l  r ecyc le  

program. The o r i g i n a l  dec is ion  t o  study l i q u i d  CO a s  a medium f o r  

f r a c t i o n a t i n g  the  HTGR f u e l  reprocess ing  of f -gas  t o  e f f e c t  i t s  decontam- 

i n a t i o n  was made on t h e  b a s i s  of  h ighly  s i m p l i f i e d  c a l c u l a t i o n s  using 

Raoul t ' s  law. Severa l  such c a l c u l a t i o n s  ind ica t ed  process  f e a s i b i l i t y .  

Since 0 

t u r e s  a t  process  cond i t ions ,  t h e  c a l c u l a t i o n s  requi red  t h e  choice of a 

2 

N2, CO, and K r  would a12 be wel l  above t h e i r  c r i t i c a l  tempera- 
2 '  
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method f o r  e x t r a p o l a t i n g  vapor p re s su res ;  r e s u l t s  based on t h e  var ious 

methods a l l  were somewhat d i f f e r e n t .  None of these  c a l c u l a t i o n s  took 

i n t o  account t h e  n o n i d e a l i t i e s  of t h e  system. The only documented cal- 
I 

c u l a t i o n  w a s  made by Leuze, who assumed isothermal  cond i t ions .  Other 

c a l c u l a t i o n s ,  made assuming Dal ton 's  l a w ,  accounted approximately for 

temperature varia-Lions wi th in  the towers. All of t h e  c a l c u l a t i o n s  assumed 

constant  molal overflow. The approximate n a t u r e  of t h e s e  c a l c u l a t i o n s  

and t h e i r  i nhe ren t  unce r t a in ty  w e r e  understood a t  t h e  t ime, The next 

s t e p ,  however, w a s  n o t  simple.  Improvement-. upon these  prel iminary calcu- 

l a t i o n s  r equ i r ed  a t reatment  which took h e a t  e f f e c t s  i n t o  account and used 

a c t u a l  equ i l ib r ium d a t a .  

N 2 ,  and CO i n  CO w e r e  accumu- 

l a t e d  from t h e  l i t e r a t u r e .  D i s t r i b u t i o n  datla on X e  are  not y e t  avai-lable.  

D i s t r j h u t i o n  d a t a  on K r  were obtained wit:hin Oak Ridge National Laboratory 

(ORNL) by Not2 and Meservey. 2 r 3  

2 '  2 
Thermodynamic equ i l ib r ium d a t a  f o r  O 

A t  t h i s  point,  woxk on the c a l c u l a t i o n a l  

a n a l y s i s  of KALC w a s  tempoxari1.y stopped. The e f f o r t  required t o  c o r r e l a t e  

t he  information i n t o  a model compatible with the computer program requ i r ed  

f o r  t he  c a l c u l a t i o n  w a s  subordinated t o  thc: more p re s s ing  t a s k  of i n i t i -  

a t i n g  a meaningful experimental program. 

I t  was in-tended t h a t  t h e  f e a s i b i l i t y  of KALC be demonstrated i n  t h e  
4 

Rare G a s  Removal P i l o t  P l a n t  a t  the Oak Ridge Gaseous Diffusion P l a n t  

i n  a s e r i e s  of four campaigns. Unfortunately,  t h i s  i n t e n t i o n  was no t  

r e a l i z e d .  Only one prel iminary campaign of t h r e e  weeks' durat ion was 

a c t u a l l y  executed. I t  was t h e  purpose of t h i s  campaign t o  ga in  experience 

i n  moving and handling l i q u i d  CO Al"&ough it w a s  no t  p a r t  of t h e  

o r i g i n a l  plan , radiokrypton w a s  introduced during t h e  l a s t  phases of t h i s  

campaj-gn. A few scou t ing  runs gave, a t  b e s t ,  only a rough i n d i c a t i o n  of 

t he  p r o b a b i l i t y  of K ; I I , C ' s  success .  S i g n i f i c a n t  DFs and p-roduct concen- 

t r a t i o n s  were no t  achieved simultaneously ( they  were achieved s e p a r a t e l y ) ,  

and no r epor t ab le  s y s t e m  performance d a t a  on t h e  p l a n t  operat ion were 

produced - 

2 '  

Upon resumption of  t he  c a l c u l a t i o n a l  study of %C, the  most: important 

objectj-ve was s t i l l  t o  v e r i f y  f e a s i b i l i t y .  Equilibrium and thermodynami-c 

d a t a  w e r e  c o r r e l a t e d  and incorporated i n t o  a computer program model. The 
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program was used t o  s tudy t h e  e f f e c t s  of t h e  number of s t a g e s ,  f l o w  r a t e ,  

temperature ,  ope ra t ing  pressuxe,  e t c . ,  on t h e  performance of t h e  sys t em.  

Resul ts  of t h e s e  s t u d i e s ,  which axe presented  i n  t h i s  paper ,  i n d i c a t e  t h e  

a t ta inment  of t he  o b j e c t i v e .  

The l e v e l  of confidence t h a t  one may p lace  i n  a t h e o r e t i c a l  s tudy 

such a s  the  one presented  i n  t h i s  r e p o r t  mer i t s  d i scuss ion .  I t  i s  hoped 

t h a t  computer c a l c u l a t ~ o n s  w i l l  subsequent ly  be used i n  concer t  with the  

experimental  program, r e s u l t i n g  i n  a v a l i d a t i o n  of conclusions from t h e  

c a l c u l a t i o n s  and provid ing  a guide f o r  t h e  moxe expensive experimental  

work. In  the  i n t e r i m ,  however, i t  should be noted t h a t  t h e  c a l c u l a t i o n s  

a r e  as accura t e  a s  t he  assumptions upon which they a r e  based. The more 

important  of these  assumptions are: 

(1) The equ i l ib r ium s t a g e  model is v a l i d .  

( 2 )  The l i t e r a t u r e  equi l ibr ium d a t a  on 0 

( 3 )  The K r  d i s t r i b u t i o n  d a t a  from Notz and Meservey a r e  accura te .  

N2, and CO a r e  accura te .  
2 '  

I n  each case a high o rde r  of confidence is waxxanted. 

Assumptions r e l a t i v e  t o  the  h e a t  of s o l u t i o n  of the l i g h t  gases i n  

l i q u i d  CO a r e  known t o  be i n  e r r o r .  These are used only i n  enthalpy 

balances and, because of t he  small  concent ra t ions  of l i g h t  gases  i n  t h e  

l i q u i d  phases ,  w i l l  a f f e c t  t he  flow r a t e s  t o  a n e g l i g i b l e  e x t e n t .  

2 

I f  l a t e r  information changes the  magnitude of some numbers used t o  

descr ibe  t h e  s y s t e m ,  t h e  repor ted  c a l c u l a t e d  nunbers a r e  expected t o  chanye 

o n l y  s l i g h t l y .  The conclusions presented  here  a r e  thought t o  be a t  l e a s t  

q u a l i t a t i v e l y  c o r r e c t .  

3 .  DESCRIPTION O F  THE KALC PROCESS 

The of f -gas  from t h e  reprocess ing  of  High Temperature Gas-Cooled 

Reactor (HTGR) f u e l  elements i s  unique among processing p l a n t  off-gases  

because the  g raph i t e  and o t h e r  carbon components of t h e  HTGR fuel w i l l  

be burned. 

HTGR f u e l  block produces about 11,000 s c f .  The burning opera t ions  a r e  

5- 7 
Hence the  ch ief  component of t h e  of f -gas  i s  CO Each 

2 '  
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performed a t  temperatures between 700 and 1000°C with a s l i g h t  excess of 

oxygen t o  avoid the  formation of CO. Xowever, complete absence of  CO 

cannot be assumed a t  tihis t i m e .  Commercial oxygen is used r a t h e r  than 

2 
a i r  t o  avoid handling l a r g e  q u a n t i t i e s  of  N b u t  some inleakage of N 

i.s unavoi-dable . Krypton , xenon , and t r i t i u m  a r e  q u a n t i t a t i v e l y  r e l eased  

i n  t h e  burning s t e p .  Although s i g n i f i c a n t  amounts of  p a r t i c u l a t e s  w i l l  

be p r e s e n t  i n  the  burner  o f f - g a s ,  t h i s  p re sen ta t ion  i s  no t  concerned with 

t h e i r  removal. 

2‘ 

The problems of concern here  are t h e  sepa ra t ion  and concentrat ion of  

the Kr. Afte r  a thorough l i t e r a t u r e  search and an eva lua t ion  of a l t e r -  

n a t i v e s ,  a process  using l i q u i d  CO as a so lven t  w a s  s e l e c t e d  for  develop- 

inent. This p rocess ,  c a l l e d  KALCl ope ra t e s  a t  p re s su res  from 1 3  t o  2 0  a t m  

and a t  temperatures from approximately -4OOC t o  -2OOC. 3 f  ‘The flowsheet, 

i n  s i m p l i f i e d  form, i s  shown i n  Fig. 1. 

2 

The b a s i c  system c o n s i s t s  of an absorber---fract ionator  p o r t i o n  and a. 

s t r i p p e r - r e c t i f i e r  po r t ion .  In  the  abso rbe r - f r ac t iona to r  system, t h e  Kr 

is  se l ec - t ive ly  absorbed i n  the  l i q u i d  phase, while gas components w i t . h  

s o l u b i l i t i e s  less than K r  ( e . g . ,  0 2 ,  N 2 ,  and CO) are returned t:o t h e  gas 

phase and discharged from t h e  top  of t h e  absorber along with much of t h e  

C 0 2 .  Gases more so lub le  than K r  ( e . g . ,  X e )  follow t h e  l i q u i d  CO t o  the  

s t r i p p e r - r e c t i f i e r  po r t ion  where the K r  is removed and concentxated. 
2 

The C02 from the bottom of t h e  s t r i p p e r  would contain components of 

low v o l a t i l i t y .  Xenon could be allowed t o  accumulate i n  t h e  CO t o  t h e  

p o i n t  where it would eventual ly  be discharged from t h e  top of the absorber ,  

or it cou1.d be reinoved by a separate d i s t i l l a t i o n  operat ion on t h e  recycle  

C 0 2  stream. 

of Xe i n  a CC) system, X e  i s  omitted from t h e  a n a l y s i s .  Because w a t n r  i s  

very much less v o l a t i l e  than CO i t  i s  expected t h a t  t r i t i u m  would be 

concentrated i n  s t r i p p i n g ;  t h i s  s u b j e c t  i s  a l s o  ignored here .  

2 

Since a t  t h i s  w r i t i n g  no d a t a  are a v a i l a b l e  on t h e  behavior 

2 

2 ’  
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4. EQUILSRRIUM DATA 

2 
N2, and CO i n  Liquid CO 

2 '  
4 . 1  S o l u b i l i t i e s  o f  0 

The l i t e r a t u r e  provided a reasonable  amount of d a t a  on the  s o l u b i l i t y  
9-11 9,11,12 

and only a very 
2' 

somewhat l e s s  on N i n  CO 

2 -  2 

2 '  2 
of O2 i n  l i q u i d  CO 

small amount on CO i n  CO 

%hese d a t a  were obtained a t  high concent ra t ions ,  and hence a t  higher  

p re s su res ,  than a r e  of i n t e r e s t  to t h i s  work. When the  l i g h t  gases com- 

p r i s e  less than 50% o f  t h e  gas phase,  a t  t o t a l  p re s su res  less than 50 atm, 

the  l i q u i d  phase conta ins  l e s s  than 1.0% disso lved  l i g h t  gases .  A s  t h e  

concentrat ion of l i g h t  gases  decreases  from t h i s  l e v e l ,  da t a  become spa r se  

and t h e i r  accuracy diminishes;  however, t h e o r e t i c a l  cons idera t ions  have 

helped us to  e x t r a p o l a t c  the  a v a i l a b l e  information i n t o  low-concentration 

reg ions ,  

l3 N o  d a t a  on Xe i n  CO were found. Most of 

Equilibrium d a t a  from the  l i t e r a t u r e  have been f i t t e d  t o  a model which, 

over t he  range of condi t ions  of i n t e r e s t ,  desc r ibes  t h e  KALC sys t em q u i t x  

s a t i s f a c t o r i l y .  O f  n e c e s s i t y ,  this model i s  based on b inary  system d a t a .  

The only te rnary  d a t a  obtained under condi t ions  c lose  t o  those used for  

t h e  W . , C  system were €or  the  0 -N --CO s y s t 9 m  a t  p re s su res  h igher  than 

50 atm. Even though they were ou t  of the  proper  range,  t hese  d a t a  and 

equi l ibr ium numbers ca l cu la t ed  from t h e  model were i n  reasonable  agreement. 

'The model i.s most simply expressed i n  the  fal lowing form: given a l i q u i d  

phase composition and a temperature ,  c a l c u l a t e  t h e  t o t a l  p ressure  and t he  

vapor phase composition. 

2 . 2  2 

The t o t a l  p ressure  was found to f i t  t h e  empir ica l  r e l a t i o n  
* * 

p = p + 1 a . x .  + Cb x P + cx c c  x 
j i i' 

2 
1. 1 i i CO 

c02 
t 

where 

a , b , c  = 

t o t a l  p ressure  (atm) , 
s a t u r a t e d  vapor p re s su re  of CO a t  system temperature (atm) 

mole f r a c t i o n  i n  l i q u i d  phase,  

index s u b s c r i p t s  appl ied  t o  a l l  components except  CO 

empir ica l ly  determined cons tan ts .  

2 

2' 
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The compress ib i l i t y  of CO vapor i s  such t h a t  a co r rec t ion  €or non idea l i t y  

i s  requi red .  All o t h e r  components have c r i t i c a l  p o i n t s  s u f f i c i e n t l y  

removed from KAX condi t ions  t h a t  gas-phase i d e a l i t y  can be assumed. A 

reasonable form f o r  t h e  gas-phase composition then becomes : 

2 

= (P  / Z ) / [ C P .  + (pco / Z ) I  
2 c02 c02 7 

Y 

+ (P / Z )  1 I 

c02 
( 3 )  

where 

Z = the compress ib i l i t y  f a c t o r  for s a t u r a t e d  CO a t  the temperature  2 
of t he  s y s t e m ,  

p = p a r t i a l  p re s su re ,  

y = mole f r a c t i o n  i n  the  vapor phase. 

The p a r t i a l  p re s su res  a r e  def ined  so t h a t  

Because t h e  concent ra t ion  of the  d i s so lved  l i g h t  gases  is  s m a l l ,  Raoult's 

law was app l i ed  t o  t h e  CO I t  w a s  necessary ,  however, t o  m a k e  a Poynting- 

type co r rec t ion  of t h e  CO vapor p re s su re .  A s  an expedient  i n  ob ta in ing  

a b e t t e r  f i t ,  t h e  molar volume of t h e  l i q u i d  phase was not  used; i n s t e a d ,  

a f i c t i t i o u s  molar volume about a f a c t o r  of 3 t i m e s  t h e  r e a l  molar volume 

2 '  

2 

was employed. 

The p a r t i a l  p re s su re  of CO i s ,  then ,  
2 

= P  (1 - E x . ) ,  
c02 c02 3 

P 

where 
* * 

and 

= e f f e c t i v e  vapor p re s su re  of CO ( a t m )  
2 

P 
co2 

T = absolu te  temperature ( O K ) ,  

k = a determined cons tan t  = 1 . 7  O K / a t m .  

The p a r t i a l  pressure of t h e  i t h  component is given b y :  
* 

(1 - C X . ) ) / W j 1  I 

c02 7 
Pi = 9 p  + (P-  - p 

c02 
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where 
* 

$i- = a . x .  + b . x  P + c . x . c x  . 
1 1  j 

2 1 1  1 1. CO 

For a b ina ry  system, E q .  ( 7 )  reduces t o :  

pi == P - (1 - Xi.)P . 
t C02 

These equat ions comprise a s e t  from which equi l ibr ium can be ca l cu la t ed .  

T a b l e  1 gives t h e  numerical values f o r  t h e  cons t an t s ,  along with t h e  

elrpressions used i n  t h i s  study t o  compute t h e  compress ib i l i t y  f a c t o r ,  Z ,  

and t h e  s a t u r a t e d  vapor p re s su re  of CO P . * 
2’  co2 

2 
4 . 2  S o l u b i l i t y  of Kxypton i n  Liquid CO 

Accurate understanding of t h e  behavior of Kr i n  t h e  system is  essen- 

t i a l  t o  t h e  success of a computer s imulat ion of t h e  KALC process. Since 

t h e  beginning of t h e  work on KALC we have had K r  d i s t r i b u t i o n  d a t a  from 

KFA J i i l i ch .  However, dev ia t ions  of  t hese  d a t a  from c e r t a i n  t h e o r e t i c a l  

p r e d i c t i o n s l 4  made us s u f f i c i e n t l y  s k e p t i c a l  t o  undertake our  own experi-  

mental determinat ion.  Measuxements, made a t  ORNL by Notz and Meservey, 

disagreed s i g n i f i c a n t l y  with t h e  J i i l i ch  data.15 The ORNL technique in -  

volved an i n - s i t u  measurement, counting t racer  8 5 K r ,  and r e s u l t s  of 

r e p l i c a t e  runs were i n  good agreement. Va l id i ty  of t h e  technique w a s  

e s t a b l i s h e d  by comparing a determination of t.he s o l u b i l i t y  of K r  i n  

water with previous measurements r epor t ed  i n  the l i t e r a t u r e ;  t h e  values 

checked c l o s e l y .  Fu r the r ,  t h e  d a t a  on K r  d i s t r i b u t i o n  from Notz and 

Meservey are not i n c o n s i s t e n t  with app l i cab le  t h e o r e t i c a l  p red ic t ions .  

These d a t a  are shown i n  Fig. 2 .  

2,317 

The di-s txibut ion d a t a  on K r  were taken a t  t r a c e r  l e v e l  and reported 

as K = y/x. it w a s  necessary,  f o r  incorporat ion i n t o  t h e  computer program, 

t h a t  t h e s e  d a t a  be expressed i n  t h e  s a m e  form as used f o r  t h e  o t h e r  l i g h t  

gases.  By employing Eqs. (3 )  I ( 9 )  , and ( 6 )  , and neg lec t ing  t e r m s  t h a t  

vanish a t  s m a l l  values of x, w e  can w r i t e  



 abl le 1. C o e f f i c i e n t s  Used t o  Correlate E q u i l i b r i u m  D a t a  for the KALC System 

Component 

i a b c 

*2 

N 2  

CO 

532 * 33 

720.22 

-2.7153 

-5.9729 

-494.72 

-553.88 

484.39 -1 ,8473  -395.10 

K r  188.0 2.80 +3000.0 

* 
T o t a l  p ressure  = P = P + a . x .  f b x Pz + C . X . C X  

1 1 j '  
2 i l  i i LO 

c02 
t 

S a t u r a t i o n  vapor p r e s s u r e  of CO,: 
L 

In (P*  1 = -8.175626 + 26.27742 I&) - 23.76839 In (&) - 8.62709785 
c02 

-4 2 -7 T3 
Compressibil i ty of 00 = 2 = 3.21203 - 0.029634967T -t 1.3757 x 10  T - 2.2960 x LO 

I - a b s o l u t e  t e m p e r a t u r e  ( O K ) .  

2 

r n -  
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where, f o r  K r ,  

13 

Clea r ly ,  t h e  t e r m  cx2 must be neglec ted ;  t h u s ,  by so lv ing  Eq. 

Cp/x, w e  ob ta in :  

(10) f o r  

(11) 

* bt 

c02 ‘z - 
c02 1 - P* 

co2 r 

P 
* 

- - 
k 

& =  a + b P  
X 

The t e r m  on the  r i g h t  i n  E q .  (11) can be  eva lua ted  from t h e  d a t a  presented ,  

making it p o s s i b l e  t o  eva lua te  t h e  cons t an t s  a and b f o r  K r  by us ing  s t an -  

dard regress ion  techniques.  The cons tan t  c i s  r e l a t i v e l y  unimportant,  

al though a l a r g e  p o s i t i v e  value f o r  it apparent ly  tends t o  keep t h e  va lue  

of K cons tan t  i n  t h e  presence of l a r g e  amounts of o t h e r  l i g h t  gases .  A 

few explora tory  experimental  d a t a  p o i n t s  are i n d i c a t i v e  of t h i s  e f f e c t .  

The cons tan ts  for K r  shown i n  Table ‘1, when appl ied  through the computer 

equi l ibr ium program, reproduce t h e  curve shown i n  Fig.  2 w i th in  exper i -  

mental e r r o r  over  t h e  temperature range -45 t o  O O C .  

4 . 3  Mathematical Model 

The computer program, QUEST, s i m u l a t e s  t h e  KALC system us ing  an 

equi l ibr ium s t a g e  model. The d e f i n i t i o n  of t h e  system f o r  t h e  c a l c u l a t i o n  

inc ludes  t h e  number of s t ages  above and below a feed po in t  a t  which a 

condenser can be s imulated by appropr i a t e ly  spec i fy ing  t h e  enthalpy of  

the feed. The feed ra te  i s  taken t o  be  u n i t y ,  forming t h e  b a s i s  for o t h e r  

rates i n  t h e  system. A feed  composition i s  requi red .  Conditions a t  t h e  

top  and bottom of t h e  cascade axe s p e c i f i e d  from a s e t  of a l t e r n a t i v e s  

which provide f o r  t h e  s imulat ion of e i t h e r  an absorber - f rac t iona tor  com- 

b ina t ion  or a s t r ipper ,  b u t  no t  bo th  s imultaneously.  I s o b a r i c  opera t ion  

i s  assumed a t  a s p e c i f i e d  pressure .  Details on inpu t  t o  t h e  c a l c u l a t i o n  

are given i n  Appendix A. 

A p r o f i l e  of t h e  v a r i a b l e s  f o r  each s t a g e  of t h e  system i s  updated 

repea ted ly  u n t i l  s teady  s t a t e  is adequately approached. S to red  v a r i a b l e s  

inc lude ,  f o r  each s t age :  temperature ,  vapor and l i q u i d  r a t e s ,  vapor and 
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1iqui.d en tha lp i e s  , and vapor and l i q u i d  compositions. The p r o f i l e  i s  

updated s t a r t i n g  a t  t h e  bottom and working up. 

each s t a g e ,  vapor i s  received from t h e  s t a g e  below and l i q u i d  i s  received 

from t h e  s t a g e  ahove. Enthalpy and m a s s  balances are  imposed, and t h e  

equ i l ib r ium condi t ions a r e  s a t i s f i e d ,  y i e l d i n g  again t h e  temperature,  t h e  

vapor and l i q u i d  ra tes ,  and t h e  composition of each phase. 

Fox t h e  c a l c u l a t i o n  of 

Since the  s tandard form of t h e  equi l ibr ium equa.tions is such t h a t  t h e  

p re s su re  and t h e  vapor composition are e x p l i c i t  i n  temperature and 1 i-quid- 

phase composition (and s i n c e  the  equations cannot be made e x p l i c i t  i.n 

p re s su re ,  gross  enthalpy,  and gross  cornposition), an i t e r a t i v e  method w a s  

employed t o  so lve  the  i m p l i c i t  r e l a t i o n s .  Temperature was taken as t h e  

u l t ima te  v a r i a b l e  f o r  i t e r a t i o n ,  The equations w e r e  rearranged t o  incor- 

po ra t e  the  m a t e r i a l  balance i n t o  t h e  equi l ibr ium equat ions.  The f r a c t i o n  

of t h e  vaporized m a t e r i a l  was ca l cu la t ed  Erom an enthalpy balance;  then 

t h e  vapor p re s su re  of CO w a s  ex t r ac t ed  as a funct ion of o t h e r  system 

v a r i a b l e s  and used t o  c o r r e c t  t h e  assumed temperature.  The computer 

program to e f f e c t  t h i s  is  found in subrout ine QUEST (see Appendix C). 

A t  t h e  top  of -the cascade f o r  c e r t a i n  cases ,  and a l so  occasional ly  a t  t h e  

bo t ton ,  it is d e s i r a b l e  t o  spec i fy  a f r a c t i o n  of -the m a t e r i a l  r epor t ing  

t o  t h e  vapor phase i n s t e a d  of honoring t h e  enthalpy balance.  T h i s  i s  

equ iva len t  t o  spec i fy ing  a r e f l u x  r a t i o  o r  a boi lup r a t i o .  Subroutine 

QUEND se rves  t h i s  purpose. The algori thm i s  s i m i l a r  t o  t h a t  used i n  

QUEST , bu t  s i i i p l e r  . 

2 

T&en t h e  l i g h t  gases comprise less than 0.003 mole f r a c t i o n  of t h e  

m a t e r i a l ,  s imp l i fy ing  assumptions which allow more r ap id  convergence on 

s t a g e  equi l ibr ium are p o s s i b l e ”  Subroutines LISWT and LILEND ( s e e  

Appendix C) supply t h i s  need. The vapor p re s su re  of CO i s  w r i t t e n  as a 

FUNCTION, as  is i t s  r e c i p r o c a l ,  t h e  teniperature a t  which CO has  a spec- 

i f i e d  p re s su re .  The compress ib i l i t y  f a c t o r  of CO vapor i s  also w r i t t e n  

as a FUNCTION. The en tha lp i e s  are given by subrout ine ENTI-IAL, and the 

temperature a t  which t h e  l i q u i d  phase has a s p e c i f i e d  enthalpy i s  given 

by subrout ine TENTH. 

2 

2 

2 
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Since it was found t h a t  t h e  cascade p r o f i l e  converged slowly when t h e  

number of s t a g e s  exceeded about 30 and when condi t ions  w e r e  conducive t o  

r e f l u x ,  a subrout ine  was incorpora ted  t o  p e r i o d i c a l l y  e x t r a p o l a t e  each 

concent ra t ion  e i t h e r  t o  an a n t i c i p a t e d  s t eady- s t a t e  value o r  by s e v e r a l  

hundred i t e r a t i o n s ,  depending upon t h e  manner i n  which it w a s  changing. 

T h i s  i s  subrout ine  ZAPPO. Control  of t h e  s t a g e  c a l c u l a t i o n  i s  i n  sub- 

rou t ine  STAGE; and con t ro l  of t h e  cascade c a l c u l a t i o n  i s  i n  subrout ine  

STEP, which a l s o  inc ludes  the  convergence c r i t e r i a .  Snput and output  a r e  

i n  sepa ra t e  subrout ines .  The MAIN program i s  e s s e n t i a l l y  execut ive .  

5 .  STRUCTURE: OF THE PARAMETRIC STUDY 

The absorber - f rac t iona tox  system was decoupled from t h e  s t r i p p e r -  

x e c t i f i e r  sys t em f o r  t h i s  s tudy .  By expending s u f f i c i e n t  computer t ime,  

it would have been poss ib l e  t o  consider  t h e  e n t i r e  s y s t e m  s imultaneously;  

neve r the l e s s ,  f o r  t h e  reasons given below, t h i s  w a s  no t  done. 

In  KALC, t h e  absorber  i s  coupled t o  t h e  s t r i p p e r  by the  scrub  stream 

composition. Normally, K r  i s  completely removed by t h e  s t r i p p e r  and t h i s  

stream is pure CO Under t h e s e  circumstances %he absorber - fxac t iona tor  

system is independent of t h e  s t r i p p e r .  only i f  t h e  s t r i p p e r  r e t u r n s  

s i g n i f i c a n t  amounts of  K r  t o  t h e  absorber  i s  t h e  coupl ing s i g n i f i c a n t .  

Any 02, N 2 ,  o r  CO i n  t h e  s t ream w i l l  be thoroughly swamped by t h e  amounts 

of these  components a l ready  p resen t  a t  t h e  p o i n t  of e n t r y  of t h e  sc rub ,  

and can be of  no consequence. I f  X e  had been inc luded ,  it would have 

been t r anspor t ed  between t h e  two systems i n  l a r g e  amounts, thereby com- 

p l i c a t i n g  t h e  c a l c u l a t i o n .  Here, t h e  e f f e c t  of K x  i n  t h e  scrub  stream 

w a s  t r e a t e d  as a sys t em parameter.  

2' 

The abso rbe r - f r ac t iona to r  system supp l i e s  a feed s t ream t o  the  

s t r i p p e r - r e c t i f i e r  system. Th i s ,  aga in ,  was r e a d i l y  cha rac t e r i zed  by 

t r e a t i n g  the  s t r i p p e r  feed as a system parameter.  Analysis of t h e  stripper 

system is q u i t e  S t ra ight forward  and s imple i n  comparison with that of t h e  

abso rbe r - f r ac t iona to r  system. The l a t t e r  s y s t e m  w i l l . ,  t h e r e f o r e ,  r ece ive  

the  bulk of our a t t e n t i o n .  
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5 .1  Absorber-Fractionator 

When t h e  f eed  and scrub compositions are f i x e d ,  e i g h t  remaining 

independent v a r i a b l e s  (see Fig.  3) f i x  t h e  system. The s t a g e s  above and 

below the  feed p o i n t  comprise two o f  the  variables; a t n i r d  is  !:he feed 

ra te ,  which i s  a r b i t r a r i l y  taken as u n i t y .  The rernaini-ng f i v e ,  which are 

e s s e n t i a l l y  ope ra t ing  v a r i a b l e s ,  i nc lude :  system p res su re ,  feed enthalpy 

( o r  i n t e r tower  condenser l o a d ) ,  s c rub  r a t e ,  scrub temperature,  and ho i lup  

r a t e  i n  t h e  f r a c t i o n a t o r  r e b o i l e r .  

Variat ions on t h e s e  are  p o s s i b l e ,  widening t h e  f i e l d  of  ways t h a t  t h e  

program can be  used. C l e a r l y ,  it is necessary t o  have some system o f  

exp lo ra t ion  which w i l l  al low c h a r a c t e r i z a t i o n  of t h e  p r i n c i p a l  e f f e c t s  

by a reasonable expendi ture  of e f f o r t .  A t  t h e  beginning of  t h e  s tudy ,  

it w a s  thought t h a t  an o b j e c t i v e  funct ion might be  invented quan t i fy ing  

t h e  d e s i r a b l e  and undesirable  a t t r i b u t e s  of each v a r i a b l e  i n  a pseudo- 

economic form so t h a t  an opt imizat ion c a l c u l a t i o n  could he made, producing 

t h e  one b e s t  case.  I t  w a s  quickly r e a l i z e d  t h a t  t h e  s t a t u s  of  .the develop- 

ment of KALC and i t s  a p p l i c a t i o n  precluded t h i s  approach. 

The s e l e c t i o n  of meaningful dependent v a r i a b l e s  involved a degree of 

a r b i t r a r i n e s s .  The use of t h e  Kr DF, def ined as 

K r  e n t e r i n g  with feed 
K r  leaving i n  e fg iuen t  gas 

DF = I 

i.s obvious. When t h e  scrub s t r e a m  contains  Kr, t h i s  d e f i n i t i o n  could 

y i e l d  values  l e s s  than uni.ty. 

A comp1 eiiientary dependent v a r i a b l e  i n d i c a t i n g  t h e  e x t e n t  t o  which 

t h e  o t h e r  I i q h t  gases a r e  separated from t h e  K r  w a s  r equ i r ed .  For t h i s  

purpose, a K r  CF w a s  def ined as fol lows:  

Other l i g h t  gases  i n  feed 
K r  3-eaving bottom -. s t a g e  K r  i n  feed 
Other l i g h t  gases l eav ing  s t a g e  

CF = 

This d e f i n i t i o n  i s  l e s s  s e r i o u s l y  confused by t h e  presence of K r  i n  t h e  

scrub. Good system performance r equ i r e s  t h a t  both t h e  CF and t h e  DF f o r  

K r  be high. Generally,  a change i n  an independent v a r i a b l e  r e s u l t s  i n  

an inc rease  in  one of t h e s e  f a c t o r s  and a decrease i n  t h e  o t h e r .  Since 

t h e i r  r e l a t i v e  importance has not  been e s t a b l i s h e d ,  most of  t h e  r e s u l t s  

of t h i s  study are r epor t ed  over  a range encompassing t h e  region of i n t e r e s t .  
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ORNL DWG. 72-11683 R I  
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REMOVED, q, 

FRACTIONATOR 

LIQUID * INPUT VARIABLE TO STRIPPER 

Fig .  3. Schematic Identification of Variables i n  Calculations on 
the Absorber-Fractionator System. 
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The feed composit.i.on was a r b i t . r a r i l y  f ixed .  While t h i s  dec is ion  a t  

f i r s t  seems t o  neg lec t  an important v a r i a b l e ,  its r a t i o n a l e  is  s t r a ig l i t -  

forwa.rd. The l i g h t  gases behave s i m i l a r l y  i n  the KALC systern. The 

solubilities of O2 and CO a r e  q u i t e  s.i.milar, whi.le N 

so luble  i n  l i q u i d  CO Since some of each gas was inc luded ,  the  r e l a t i v e  

behavior of the gases  is  0bservabl.e. Krypton is  p resen t  i n  such s m a l l  

amounts t.hat t he  magnitude of  i t s  concent ra t ion  is  unimportant. The t o t a l  

l i qh t -gas  conten t  of t he  feed is  important ;  however, s ince t h e  r a t i o  of 

the scrub r a t e  t o  the  feed r a t e  i s  genera l ly  h iqh ,  t he  e f f e c t  of t h e  

l i gh t -gas  content  of t he  feed cam be i n f e r r e d  d i r e c t l y  from the s t u d i e s  

i n  which the scrub r a t e s  a r e  va r i ed .  S p e c i f i c a l l y ,  t h e  e f f e c t  o f  increas ing  

the  scrub  r a t e  by a f a c t o r  of 2 i s  s i m i l a r  t o  that. of  decreasing t h e  

l igh t -gas  components i n  the feed by a . factor of 2. 

i s  s l i g h t l y  less 
2 

2 '  

The number of s t ages  i n  the  system i s  a very important v a r i a b l e .  

Early a t t e n t i o n  was devot.ed t o  e s t a b l i s h i n g  a l e a s t  number of  s t ages  

which would e f f e c t  a s i g n i f i c a n t  s epa ra t ion ,  and t o  gaining an apprecia-  

t i o n  f o r  t he  number t h a t  might be requi red  i n  app l i ca t ions  of t he  KALC 

process .  Since these  s t u d i e s  were made while  reasonable  opera t ing  domains 

were being established €or  the  va r i ab le s  (and while  t he  program was be ing  

debugged), few of t h e  r e s u l t s  a r e  p re sen tab le .  Among t h e  f a c t s  which 

emerged a r e  t h a t  t h e  system performance i s  markedly improved with a l a r g e r  

number of s t ages  and t h a t  c a l c u l a t i o n  t ime i s  g r e a t l y  increased  with a 

l a r g e r  number of s t a g e s .  Accepting t h e  formes, but. i n  deference t o  the  

l a t t e r ,  i-t was decided t o  undertake t h e  parameter s tudy  of t h e  ope ra t ing  

va r i ab le s  using a system with s u f f i c i e n t  s t a g e s  t o  g ive  meaningful r e s u l t s  

( i f  no t  adequate t o  meet f i n a l  KALC s p e c i f i c a t i o n s )  bu t  not  so l a r g e  a s  

t o  incur  excessive computer charges .  The s tandard  system used 1 2  absorber  

s t ages  and 1 2  f r a c t i o n a t o r  s t ages .  This system usua l ly  had a region i n  

which the  DF and the  CF were each about 100.  The parameter s tudy was 

supplemeiited by c a l c u l a t i o n s  f o r  systems having a l a r g e r  number of s t ages .  

I t  was found t h a t  t h e  KALC system, l i k e  a l a r g e  c l a s s  of s epa ra t ion  

processes ,  had t o  be "tuned" t o  y i e l d  both sa t i s f ackory  recovery and 

concent ra t ion .  When one v a r i a b l e  was d isp laced  from a good ope ra t ing  
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p o i n t ,  another  could be a l t e r e d  t o  b r i n g  t h e  system back t o  a d i f f e r e n t ,  

s a t i s f a c t o r y  ope ra t ing  p o i n t .  O r ,  i f  a l l  v a r i a b l e s  b u t  one were a r b i t r a r -  

i l y  fi-xed, t h a t  one could be ad jus t ed  t o  b r i n g  t h e  system to a r e l a t i v e l y  

"'hest" ope ra t ing  po in t .  In  order  f o r  t he  paramet r ic  s tudy t o  be meaning- 

ful, t h e  system had t o  be compared a t  "bes t"  ope ra t ing  po in t s .  This 

requi red  the  s e l e c t i o n  of an a d j u s t i n g  v a r i a b l e ,  o r ,  a s  it is des igna ted  

he re ,  a "p.rimary" va r i ab le .  For t h i s  s tudy ,  t he  boilup r a t e  i n  the  

f r a c t i o n a t o r  r e b o i l e r ,  Va , was a t t x a c t i v e  . 
cons i s t ed  of a set  of runs holding every parameter except  V cons tan t  and 

al lowing VB t o  vary from case t o  case through t h e  region of "bes t "  oper- 

a t i o n .  One add i t iona l  a spec t  of  the primary v a r i a b l e  must  be explained.  

The program is  w r i t t e n  t o  accept  a h e a t  input  t o  t h e  bottom s t a g e ,  and 

n o t  a vapor r a t e  from t h a t  s t a g e .  Cons is ten t ly  throughout our  s tudy ,  t h i s  

hea t  i npu t  was s p e c i f i e d  i n  terms of an equ iva len t  number of  moles of CO 

converted from a l i q u i d  t o  a gas a t  s a t u r a t i o n  a t  t h e  p re s su re  of the  

system. Such a number i s  handy and unambiguous b u t  a c t u a l l y  equals  t h e  

vapor r a t e  l eav ing  the  bottom s t a g e  only when t h e  1-iquid e n t e r i n g  t h e  

bottom s t a g e  i s  e s s e n t i a l l y  a t  t h e  s a t u r a t i o n  temperature of pure CO 

The primary v a r i a b l e  i s ,  t h e r e f o r e ,  t h e  nominal V The d i f f e rence  between 

Vn and V* i s  t r e a t e d  f u r t h e r  i n  Appendix B .  

A ' ' s e r i e s "  of "cases", then I 

B 

2 

2 '  * 
B' 

I3 

By r e s t r i c t i n g  the  scope of t he  study and e s t a b l i s h i n g  t h e  format by 

which it was conducted, t h e  parameters  t o  be i n v e s t i g a t e d  were e s t ab l i shed .  

The most s i g n i f i c a n t  were the  scrub r a t e  and t h e  enthalpy of t h e  feed 

(which, a s  prev ious ly  s t a t e d ,  inc ludes  t h e  hea t  removal r a t e  from t h e  

condenser between t h e  absorber  and t h e  f r a c t i o n a t o r ) .  The temperature of 

t h e  scrub  proved t o  be important  i n  determining t h e  amount of t h e  CQ 

l eav ing  with the e f f l u e n t  gas. I t  was s t u d i e d  by comparing opera t ion  a t  

cons tan t  scrub temperature with t h a t  a t  a s p e c i f i e d  e f f l u e n t  gas r a t e .  

The e f f e c t  of system p res su re  was e s t a b l i s h e d  i n  a s t r a igh t fo rward  s tudy ,  

as was the  e f f e c t  of K r  i n  t he  scrub  stream. 

2 

Table 2 l i s t s  t h e  s tandard  feed compositions f o r  a l l  s e r i e s  o f  runs .  

Table 3 i s  a summary of  a l l  s e r i e s  of runs made i n  t h e  absorber - f rac t iona tor  

s tudy;  it l i s t s  al.1 inpu t  condi t ions  and a few of t h e  important  r e s u l t s .  
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Table 3. SilINnary of t h e  S e r l e s  of Runs c a l c u l a t e d  f o r  t h e  Absorber -Frac t iona tor  system 

stages S tages  System Feed Scrub E f f l u e n t  V* B CF 
i n  i n  P res su re  Feed Enthalpy Scrub Temp. Vapor Rate '%es t"  DF=CF When When 

S e r i e s  Absorber F r a c t i o n a t o r  (atm) Type (ca1,hol.e) Rate ("C) ( a t  DFcCF) ( a t  DF=CF) ("Bes t  P t . " )  DF=100 DF=100 

24A00i 
24A002 
24A003 
24A004 
24B003 
24C003 
24D003 
243003 
24F003 

24A503 
24B903 
24C903 
24F903 

248313 
24B523 
24P9AA 
24P9AB 
24B9F3 
24B9G3 
388903 

12  
12 
12 
12 
12 
1 2  
12  
12 
12 

1 2  
12 
12  
12  

1 2  
12  
12  
12 
12  
i 2  
22 

12 
12  
12 
12 
12 
12 
12 
12 
12 

12  
1 2  
12 
12  

12 
12  
12 
12  
12  
12 
16 

20 
20 
20 
20 
20 
20 
20 
20 
20 

20 
20 
20 
20 

20 
20 
15 
2 s  
20 
20 
20 

S td .  
S td .  
S t d .  
S td .  
S td .  
S td .  
S t d .  
Std. 
Std .  

Std. 
Std .  
s t d .  
S td .  

S td .  
S t d .  
S td .  
S td .  
0.5  x Std .  
1.444 x Stc?. 
S t d .  

-200 
-800 

-1000 
-2000 
-1000 
-1000 
-1000 
-1000 
-1000 

-1030 
-1000 
-1600 
-1000 

(-1000) 
-1000 
-1000 
-1000 
-1000 
-1000 
-10Cir 

22 
22 
22 
22 
26 
30 
34 
1 6  
18 

22 
26 
30 
18 

26 
26 
26 
26 
26 
26 
26 

-30.0 3.907 
-30.0 0.920 
-30.0 0.902 
-30.0 0.899 
-30.0 0.950 
-30 .O 0 .988 
-30.0 1.025 
-30.0 0.E13 
-30.0 0. 843 

-29.98E 0.90 
-30.340 0.90 
-30.574 0.90 
-29.417 0.30  

-30.34 0.90 
-30.34 0.90 
-36.893 0.90 
-25.225 0.90 
-27.618 0.90 
-32.386 (3.90 
-30.792 0 .90 

2.786 
2.460 
3.051 
3.385 
3.404 
3.749 
4.090 
2.503 
2.694 

3.051 
3.418 
3.780 
2.676 

(3.418:  
3.418 
2.710 
4 .255  
2.985 
2.731 
3.499 

88 
63 

102 
120 
132 
155 
174 

53 
73 

102 
135 
162 

70 

132 
135 
143 

63 
200 

66 
i800 

2.775 
2.375 
3.050 
3.389 
3.41 
3 . 7 5 7  
4 . 1 0 7  
2 ,378  
2.627 

3.050 
3.427 
3.794 
2.553 

- 
3.427 
2.719 
4.240 
3.28 
3.677 
3.532 

48 
1 2  

100 
250 
260 
340 
370 

7.6 
N 

14 i-' 

100 
270 
398 

9.4 

2 50 
2 70 
900 

56.4 
400 

28 
70.00C 
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5 . 2  S t r i p p e r - R e c t i f i e r  

The performance of the s t r j - p p c r - r e c t i f i e r  system i s  much less complex 

t h a n  t h a t  of t h e  abso rbc r - f r ac t iona to r  system, p r imar i ly  because K r  i s  much 

e a s i e r  t o  sepa ra t e  from CO than from 0 The €o.rmat f o r  t h e  s t r i p p e r  

study i s  s i m i l a r  t o  t he  absorber-fracti ionator study i n  t h a t  t h e  h e a t  input  

t o  the r e b o i l e r  a t  t h e  bottom of the s h i p p e r  (V") w a s  taken as t h e  primary 

2 2 -  

R 
v a r i a b l e ,  and each of t he  o t h e r  v a r i a b l e s  had i t s  coun te rpa r t  i n  t h e  o t h e r  

system. The number of s t a g e s  i n  t h e  s t r i p p i n g  s e c t i o n ,  t h e  number of 

s t ages  i n  t h e  rect i fyi-ng sec t ion  , t h e  system p r e s s u r e ,  t h e  feed compositi.on , 
t h e  enthalpy of t h e  f eed ,  ,and t h e  e f f l u e n t  gas ra te  were considered as 

parameters i n  t h e  study. The e f f l u e n t  gas ra te  w a s  t h e  only v a r i a b l e  

associ-ated with t h e  top of  t h e  cascade s i n c e  , i n  t h e  s t r i p p e r - r e c t i f i e r  

system, t h e r e  i s  no e n t e r i n g  scrub stream. The s p e c i f i c a t i o n  of an e f f l u e n t  

stream as an inpu t  to art i t e r a t i v e  c a l c u l a t i o n  such as i s  used f o r  t h i s  

study can pose some s p e c i a l  problems. The method by which t h e  program used 

t h i s  i npu t  va r i ab le  i s  explained i n  Appendix B .  

The only meaningful. dependent v a r i a b l e  i n  t h e  s t r i p p e r  system study 

was t h e  f r a c t i o n  of t h e  K r  e n t e r i n g  t h e  s t r i p p e r - r e c t i f i e r  system which 

r epor t ed  t o  t h e  l i q u i d  s%ream l eav ing  t h e  bottom of  t h e  system ( r e f e r r e d  

t o  as t h e  K r  " l o s s " ) .  This i s  a consequence of r e s t r i c t i n g  t h e  domain of  

feed compositions t o  those l i k e l y  t:o be produced by t h e  absa rbe r - f r ac t iona to r  

system (1Fght gases  , %l. ppm) and the  domain of  K r  l o s s e s  t o  r e a l i s t i c  values  

( l o s s e s ,  < I . % ) .  The 0 2 ,  N 

C 0 2 ,  and t h e i r  l o s s e s  w i l l  be much less  than t h e  K r  1.0~s. 

t h a t  t h e  e f f l u e n t  gas composition (and t h e  concentrat ion f a c t o r  implied 

by i t) i s  f ixed  by and immediately c a l c u l a b l e  from t h e  input  v a r i a b l e s .  

and CO a.re all less so lub le  than K r  i n  l i q u i d  
2 '  

I t  is c l e a r  

The feed compositions used f o r  t h e  study are l i s t e d  i n  T a b 1 e  2 .  Table 

4 i s  a summary of all s e r i e s  of runs made i n  thc. s t r i p p e r - r e c t i f i e r  s tudy ;  

it l i s t s  all of t h e  inpu t  condi t ions and some of t h e  r e s u l t s ,  t h e  s i g n i f i -  

cance of which w i l l  be covered i n  t h e  subsequent d i scuss ion .  



Table 4. Summary of the S e r i e s  of R u n s  Ca lcu la t ed  f o r  t h e  S t r i p p e r - I i e c t i f i e r  System 

Mean 
System Feed Concent ra t ion  E r r o r  $r LOSS 

S t r i p p i n g  Rec t l fy lng  P res su re  Feed Entha lpy  Fac to r  S X P  ‘+A i n  F i t  (VB = 0.3) 
S e r i e s  Stages Stages (atm) Type (cal /mole)  i x  10-5 -A (x lo1 1 -B ‘%i ( % )  

S168121 
51681 22 
S16B123 

S16B131 
S16B132 
S 16B13 3 

S16B141 
S16B142 
S16B143 

S 1682 31 
S168232 
S16B233 
S16B331 
S168332 
S 16B3 3 3 

8148122 
S14B122 
S178122 
S19B122 
S 21B122 

1S16P122 
2516P122 
3516P122 

S 2 ZBBl2 2 
S22BB132 

i2 
1 2  
12 

12 
12 
12 

12 
12 
12 

12 
12 
12 
12 
12 
12 

12 
12 
12 
12 
12 

12 
12 
12 

16 
16 

4 
4 
4 

4 
4 
4 

4 
4 
4 

4 
4 
4 
4 
4 
4 

2 
3 
5 
7 
9 

4 
4 
4 

6 
6 

20 
20 
20 

20 
20 
20 

20 
20 
20 

20 
20 
20 
20 
20 
20 

20 
20 
20 
20 
20 

1 8  
15 
25 

20 
20 

I 
I 
I 

I 
I 

I 
I 
I 

I1 
I1 
11 
111 
111 
III 

I 
I 
I 
I 
I 

I 

I 
I 

100 
100 
100 

800 
800 
800 

1200 
1200 
1200 

800 
800 
800 
800 
80 0 
800 

100 
loo 
100 
100 
130 

100 
100 
100 

2 00 
800 

0.06666 
0.10 
0.13333 

0 I 06666 
0.10 
0.13333 

3.06666 
0.10 
0.13333 

0.06666 
0.10 
0.13333 
0 .0666€ 
0.10 
0.13333 

0.10 
0.10 
0.10 
0.10 
0.10 

0.iO0 
3.100 
0.100 

0.10 
0.10 

24.736 
24.212 
23.889 

23.571 
23.363 
23.180 

23.734 
23.390 
23.153 

23.789 
23.384 
23.097 

23.597 
23.340 

18.607 
21.397 
27.239 
3C ,637 
30.742 

25. ?40 
28.634 
23.664 

33.636 
36.581 

23.979 

0.181 
0.305 
0.422 

0.580 
0.714 
0.857 

0.493 
0.694 
0.681 

0.466 
0.699 
0.931 
0.386 
C .565 
0.731 

82.998 
5.096 
0.Oi48 
3 .0OO495 
0 .OW446 

0.0663 
0.00367 
0.528 

11 .973 
11.795 
11.703 

11.014 
11.085 
11 .lo1 

11,107 
11.090 
11.073 

11.287 
11.269 
11.256 
11.283 
11.267 
11.257 

10.789 
11.258 
12.792 
14.726 
14.793 

11.723 
11.814 
14.252 

0.0000002 18.156 
0.000001? 15.955 

5.0 
3.6 
2 . 7  

4 .O 
6.1 
4.9 

4.7 
4.9 
5.2 

1.6 
1.8 
1.9 
1.7 
1.7 
1.8 

7.6 
1.6 
3.5 
3 .? 
3.8 

C.88 
0.35 
40.5 

5.2 
4.3 

0.0717 
0.0945 
0.1149 

0.0624 
0.0856 
3.1959 

0.0614 
0.0845 

p3 
W 

0.1049 

0.0729 
0.1066 
0.1395 
0.0604 
0.0859 
0.1095 

6.671 
0.765 
0.0215 
0.0123 
0.0122 

0.3192 
0,00122 
9.32 

0.00064 
0 .OOO196 
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6. STUDY OF THE ABSORBER-FKACTlONATCiR SYSTEM 

The e f f e c t s  produced by changing each of t h e  important v a r i a b l e s  i n  

the  abso rbe r - f r ac t iona to r  system w i l l  n o w  be considered sepa ra t e ly .  The 

first would logicdl.ly be t h e  primary v a r i a b l e  around which the  study i s  

built . 

6.1 E f f e c t  of Boilup Rat? on t h e  Absorber-Fractionator System 

A s  a primary v a r i a b l e  fox t h i s  s tudy ,  t h e  bo i lup  r a t e  from t h e  bottom 

s t age  proved t.o be q u i t e  s a t i s f a c t o r y .  The CE's and DFs f o r  t w o  s e r i e s  of  

ruins, bel ieved t o  be nea r ly  optimum f o r  t h e  KALC system, are shown in Fig.  

4 .  S e r i e s  38B903 used 22 s t a g e s  i n  t h e  absorber and 1.6 s t a g e s  i n  the 

f r a c t i o n a t o r ,  and series 24B903 used 1 2  s t ages  i n  t h e  absorber and 1.2 

s t a g e s  i n  the  f r a c t i o n a t o r .  This f i g u r e  serves  t o  i l l u s t r a t e  t h e  e f r e c t  

of i nc reas ing  the  number of s t a g e s  as w e l l  a s  t h e  effec-l: of bo i lup  ra te .  

The two s e r i e s  a r e  i d e n t i c a l  wi-th regard t o  scrub ra te ,  feed composition, 

feed enthalpy,  and system pressure. 

I t  i s  i n t e r e s t i n g  t o  no te  a s l i g h t  s h i f t  i n  t h e  I.ocat:.ion of t h e  break 

i n  t h e  curves when t h e  number of  s t a g e s  i s  increased.  This i s  due t o  t h e  

d i f f e r e n c e  i n  ope ra t ing  temperatures caused by t h e  increased reflux possi-  

b l e  with t h e  a d d i t i o n a l  s t a g e s .  

For boi lup r a t e s  below optimum, the  DE' i s  high and t h e  C F  i s  low. As 

t h e  optimum p o i n t  is reached, t h e  CF i nc reases  sharply and t h e  DF drops 

p r e c i p i t o u s l y .  A t  bo i lup  r a t e s  g r e a t e r  than optimum, thcit D F  is l o w  and t h e  

CF i s  high. There i s  no region where t h e  h ighes t  values of both the  DF 

and -the CF f a c t o r  are r e a l i z e d ;  a r e l a t i v e l y  narrow region e x i s t s  where 

both a r e  acceptable .  D i f f i c u l t i e s  i n  process  con t ro l  may be implj.ed by 

t h i s ,  b u t  f o r t u n a t e l y ,  system temperatures follow s y s t a n  performance 

s u f f i c i e n t l y  t o  provide an index f o r  control. I t  should be mentioned i-n 

passing t h a t ,  i f  the c o n t r o l  problems associ-ated wi-th t h e  ope.ratj.on of a 

s i n g l e  abso rbe r - f r ac t iona to r  u n i t  become i n t r a c t a b l e  (an unexpected 

s i t u a t i o n )  , two KALC u n i t s  could be used t o  achieve high performance by 

opera-Ling i n  series on differeli t .  s i d e s  of t h e  c r i t i c a l .  boilup ra te .  
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on Nominal Reboi ler  Vapor R a t e  €or Two S e r i e s  w i t h  Different Numbers of 
Stages . 



The unacceptable stream from t h e  second u n i t  could be recycled back t o  t h e  

f i r s t . .  Since the n e c e s s i t y  f o r  mul t ip l e  u n i t s  s e e m s  improbable, the  

problem receives  no f u r t h e r  a t t e n t i o n  i n  t h i s  r e p o r t .  

'The explanat ion of  t h e  sharp change i n  performance of  t h e  system a t  

a c r i t i c a l  bo i lup  ra te  is  n o t  simple.  Figures  5-7 show t h e  concentrat ion 

p r o f i l e s  f o r  -three successive cases  (25 ,  2 6 ,  and 27) of series 24B003 i n  

t h e  c r i - t i c a l  region.  The boi lup rates are  3.39, 3.40, and 3 .41  moles p e r  

mole of f eed ,  r e spec t ive ly .  Series 24B00-J i s  i d e n t i c a l  t o  s e r i e s  248903 

except t h a t  t h e  scrub temperature w a s  held a t  -3OOC r a t h e r  than t h e  e f f l u -  

cn.t gas ra te  being h e l d  a t  90% of  t h e  feed ra te .  The r e s u l t i n g  e f f l u e n t  

gas r a t e s  were 0,939, 0.946, and 0.953. I t  i s  e s t a b l i s h e d  elsewhere that. 

t h i s  change has a n e g l i g i b l e  e f f e c t  on the  system. I t  can be seen t h a t  t h e  

K r  concentrat ion f a l l s  t o  very l o w  values  a t  t h e  t o p  o f  t h e  absorber- 

f r a c t i o n a t o r  and t.hat t h e  l i g h t  gases  02, N 2 ,  arid CO 

concentrat ions a t  t h e  bottom. 'The l i g h t  gases are r e f luxed  and accumulate 

i n  t h e  proximity of t he  feed p o i n t .  Kryptcm, on the  o t h e r  hand, accimu- 

lat.es a t  a p o i n t  about  one-third of t h e  way down the  f r a c t i o n a t o r .  The 

accumulation of  t h e  Light gases causes the temperature t o  decrease,  which, 

i n  t u r n ,  a f f e c t s  Lhe d i s t r i b u t i o n  o f  both the l i g h t  gases and K r .  I n  

Fig.  5 ,  t h e  lower bo i lup  r a t e  permits  a higher  r e f l u x  of l i g h t  gases ,  

which r a i s e s  t h e i r  p r o f i l e s  i n  t h e  f r a c t i o n a t o r  sild allows more l i g h t  

gases t o  accompany t h e  K r .  A s  t h e  boi lup r a t e  .i.s inc reased ,  t h e  concen- 

t r a t i o n  p r o f i l e s  f o r  t h e  l i g h t  gases a r e  b w e r e d ,  r e s u l t i n g  i n  higher  C F s .  

However, t h e  concentrat ion p r o f i l e  f o r  krypton is r a i s e d  by about 25% , 
r e s u l t i n g  i n  the  discharge of 25% more K r  from t h e  top  of t he  absorber.  

Although t h e  di-fferences among Figs .  5-7 appear s l i g h t ,  they do ,  i n  f a c t ,  

account f o r  a.n i nc rease  i n  CF from 55.8 t o  261 and a decrease i n  1)F from 

164.5 t o  99.5. 

f a l l  t o  very low 
2 

The e f f e c t  of small  i nc reases  i n  t h e  boi lup r a t e  over t h i s  c r i t i - c a l  

regj-or1 i s  a l s o  emphasized by t h e  temperature p r o f i l e s  shown i n  F i ~ g .  8.  

The temperatures i n  t h e  c e n t e r  of the (mlumn are about - 3 2 " C ,  while those 

a-t: t he  bottom of the Eract ionator  and on top  of t h e  absorber are - 1 9 O C  

and --24OC, r e s p e c t i v e l y .  The d i f f e r e n c e s  between temperatures f o r  cases  

25-27 are apparent: , and each gene ra l ly  coincides  w i t h  Lhe appropr i a t e  
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Fig. 5. Concentrat ion Prof i les  f r o m  Series 24B003, Case 2 5 .  
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S t a g e  N u m b e r  

6. Concent ra t ion  P r o f i I - e s  f r o m  Series 24B003, Case 26. 
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Fig. 7. Concentration Prof i les  from S e r i e s  24B003,  C a s e  2 7 .  
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Fig. 8 -  T e m p e r a t u r e  Profi-l-es f r o m  Series 24B003.  
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concent ra t ion  p r o f i l e .  The temperature g rad ien t  i n  the  absorber  does 

no t  l e v e l  o f f ,  implying t h a t  t he  add i t ion  of moxe s t ages  would r e s u l t  i n  

a lower temperature a t  t h e  c e n t e r  of t he  cascade. This i s  no t  t h e  case ,  

however, s ince  s e r i e s  38B903 had about t h e  same temperatures  near  t h e  

feed p o i n t  and showed pronounced l e v e l i n g  a t  t h e  top  of t h e  absorber .  On 

the  o t h e r  hand, a temperature  e f f e c t  causes t h e  s l i g h t  s h i f t  i n  t he  loca t ion  

of t h e  break i n  t h e  curves from s e r i e s  24B003 t o  38B903. 

The e x t r a c t i o n  f a c t o r s  f o r  cases  25 and 27 a r e  p l o t t e d  i n  F igs .  9 

and L O .  The e x t r a c t i o n  f a c t o r  is def ined  a s  a product of t h e  d i s t r i b u t i o n  

c o e f f i c i e n t  and t h e  r a t i o  of flow r a t e s .  When the  ex t sac t ion  f a c t o r  f o r  

a component on a given s t a g e  is g r e a t e r  than 1, t h a t  component tends  t o  

progress  up the  cascade; when it is  l e s s  than 1, it tends  t o  move down 

the  cascade. I d e a l l y ,  t h e  e x t r a c t i o n  f a c t o r  f o r  t he  l i g h t  gases  would 

always exceed 1 and the  e x t r a c t i o n  f a c t o r  f o r  K r  would always be l e s s  

than 1. A s  shown i n  F igs .  9 and 10,  t h e  temperature  v a r i a t i o n  i n  a cas- 

cade r e s u l t s  i n  a v a r i a t i o n  i n  t he  e x t r a c t i o n  f a c t o r s  such t h a t  this i d e a l  

s i t u a t i o n  i s  not  r e a l i z e d .  For case  25 (with t h e  lower bo i lup  r a t e ) ,  t he  

K r  e x t r a c t i o n  f a c t o r s  a r e  l e s s  than 1 for t h e  whole cascade except  a t  t h e  

very bottom, b u t  t he  e x t r a c t i o n  f a c t o r s  €or  0 and CO d i p  below 1 f o r  

s e v e r a l  s t a q e s  c lose  t o  t h e  feed p o i n t .  When the  bo i lup  r a t e  i s  increased  

(case  2 7 ) ,  t h e  e x t r a c t i o n  f a c t o r  for 0 does no t  drop below 1, and t h e  

e x t r a c t i o n  f a c t o r  f o r  CO i s  Less than  1 f o r  only  two s t a q e s .  The ex t rac-  

t i o n  f a c t o r  f o r  K r ,  however, i s  s i g n i f i c a n t l y  increased i n  the  Lower p a r t  

of the f r a c t i o n a t o r  and s l i g h t l y  exceeds 1 f o r  s e v e r a l  s t a g e s .  

2 

2 

2 

6 . 2  E f f e c t  of Intercolumn Condenser i n  Absorber-Fract ionator  Operation 

A condenser p laced  between the  f r a c t i o n a t o r  column and t h e  absorber  

column can be considered an equ i l ib r ium s t a g e ,  and in t roduc t ion  of t h e  

feed t o  t h i s  s t a g e  e n t a i l s  no s i g n i f i c a n t  loss i n  g e n e r a l i t y .  The inpu t  

t o  an enthalpy balance around t h i s  s t a g e  involves  t h e  l i q u i d  e n t e r i n g  

from above, t h e  vapor coming from below, the  en te r iny  f eed ,  and t h e  hea t  

removed by t h e  condenser coolant. Tota l  i npu t  enthalpy must be accounted 

f o r  i n  the  e x i t  vapor and l i q u i d  from t h e  stage. Since t h e  same e f f e c t i v e  
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condi t ion can be achieved by an e n t e r i n g  feed with vaxious e n t h a l p i e s  v i a  

appropriat-e adjustment of t h e  h e a t  removed by the  condenser, it becomes 

c l e a r  t h a t  the independent s p e c i f i c a t i o n  of both of t hese  quan t i - t i e s  i s  

superf luous.  For t h i s  s tudy ,  t h e  h e a t  removed by the  condenser w a s  in-  

corporated i n t o  the  enthalpy of t h e  feed,  Values of  feed enthalpy above 

about 3600 cal/mole (depending on t h e  system p res su re  and feed composition) 

r ep resen t  superheated vapor. Values between about 600 and 3600 cal/mole 

r ep resen t  a mixed feed ( p a r t i a l l y  vapor i zed ) .  Values below about 800 

cal/mole can be i n t e r p r e t e d  e i t h e r  as a subcooled l i q u i d  o r  as t h e  operat ion 

of an intercolumn condenser. Neyative feed en tha lp i e s  are inhe ren t ly  

f ict i . t i-ous and must  r ep resen t  t h e  ope ra t ion  of an intercolumn condenser - 

The in t roduc t ion  of a condenser between t:he f r a c t i o n a t o r  and t h e  

absor-ber has t h e  e f f e c t  of decreasing the  vapor ra te  i n  both columns; 

however, when a "best"  ope ra t ing  p o i n t  i s  obtained by inc reas ing  t h e  

boi lup r a t e ,  t h e  l iquid-to-vapor (L/V) r a t i o  i n  bo-th columns is  brought 

c lose  t o  the values obt.ai.ned a t  a "bes'" L opera t ing  p o i n t  without a con- 

denser ,  and the n e t  e f f e c t  i s  t h a t  t h e  L/V r a t io  i s  s l i g h t l y  increased 

in  t h e  absorber and sl.ightly decreased i n  the f r a c t i o n a t o r .  This r e s u l t s  

i.n an increased r e f lux ing  of l i g h t  gases t o  the feed p o i n t .  

R e s u l t s  of a pasaraetric study varying t h e  feed enthalpy from -2000 

t o  +SO0 cal/mole has shown t h a t  t h e r e  i s  a wi-zle hand of acceptable  feed 

en tha lp i e s  b u t  t h a t  an intercolumn condenser i s  d e s i r a b l e .  Figure 11 

i - l l u s t r a t e s  t h i s  study by showing plots of DF and CF vs  boiliip ra te  f o r  

s e r i e s  24A001, 24A002, 24A003, and 24A004, which a r e  i d e n t i c a l  except for 

feed entkial.py. A t  feed e n t h a l p i e s  less than about -1500 cal/molc, both 

the  DF and the CF are high at t h e  "bes t "  ope ra t ing  p o i n t ,  but  t h e  width 

of t h e  band of accep.t.able boi lup rates becomes i.rit;olerably narrow. In  

s e r i e s  24A004 it is  seen t h a t  t h e  DF plummets 130 very low values  when the  

boi lup r a t e  i s  increased only  slight1.y beyond t h e  "best" point., At feed 

entha.lpi.es above zero the DF and CF a t  the  "best:" ope ra t ing  i3oint become 

u n a t t r a c t i v e l y  l o w .  

Figure 12 shows that. t h e  feed enthalpy might: have been used in s t ead  

of  bo i lup  rate as t h e  primary v a r i a b l e .  In this study ( s e r i e s  24B913), 
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the  condi t ions  were i d e n t i c a l  t o  those used f o r  s e r i e s  24B903, except t h a t  

t h e  boi lup  r a t e  was he ld  cons t an t  a t  near  t h e  b e s t  value f o r  t h a t  s e r i e s  

and the  feed enthalpy was var i ed .  The form of t h e  inc rease  i n  C F ,  and t h e  

decrease i n  DF, with inc reas ing  feed enthalpy is  very s i m i l a r  t o  t h a t  seen 

when boi.lup r a t e  i s  used as t h e  primary v a r i a b l e .  Such r e s u l t s  a l s o  imply 

t h a t  feed enthalpy woiild be a good c o n t r o l  v a r i a b l e .  

6 . 3  E f f e c t  of Scrub ,Rate 

A t  a "bes t "  ope ra t ing  p o i n t  t h e  bo i lup  r a t e  must accommodate t h e  

scrub r a t e  i n  o rde r  t o  y i e l d  t h e  proper  flow r a t i o s  ( e x t r a c t i o n  f a c t o r s ) .  

Since the  bo i lup  r a t e  i nc reases  wi th  scrub  r a t e ,  t h e  n e t  e f f e c t  of in-  

c reas ing  the  scrub  r a t e  i s  t o  decrease a l l  e f f e c t s  con t r ibu ted  by t h e  

feed. The most important of t hese  a r e  t h e  amount of l i g h t  gases  i n  t h e  

system and the  temperature e f f e c t s  a s soc ia t ed  w i t h  them. Because the  

scrub  s t ream m u s t  be a t  least 16 times t h e  feed s t ream, the  CO int roduced 

wi th  the  feed is  of l i t t l e  importance. The e f f e c t  of t h e  enthalpy of t h e  

feed a l s o  tends  t o  diminish with inc reas ing  scrub  r a t e ,  b u t  not  d r a s t i c a l l y .  

2 

Figure 1 3  shows t h e  r e s u l t s  of t h e  parametr ic  s tudy i n  which t h e  

scrub  r a t e  was var ied .  Two sets of s e r i e s  a r e  shown: the  24x003 and t h e  

2413903 (X = A ,  B ,  C ,  D ,  E ,  o r  F ) .  'The scrub  temperature was kept  cons tan t  

a t  - 3 O . O O C  f o r  t h e  24x003 s e t ,  which allowed t h e  e f f l u e n t  vapor r a t e  a t  

t h e  "bes t"  ope ra t ing  po in t  t o  vary from 0.813 f o r  24E003 t o  1 .025  f o r  

24D003. For t h e  24x903 s e t ,  t he  condi t ion  of cons tan t  e f f l u e n t  vapor 

r a t e  was imposed, causing t h e  scrub  temperature t o  vary at t h e  b e s t  

ope ra t ing  p o i n t  from -29.42"C for 24F903 t o  - 3 0 . 5 7 ' C  f o r  24C903. This 

e f f e c t  i s  d iscussed  i n  more d e t a i l  l a t e r .  

The v a r i a b l e s  f o r  t he  s e r i e s  shown a r e  a l l  i d e n t i c a l  ( s u b j e c t  t o  t h e  

comments above) with the  except ion of scrub  r a t e .  One concludes t h a t  t h e  

system performs more e f f e c t i v e l y  a t  h igher  sc rub  rates. Decontamination 

and concent ra t ion  f a c t o r s  a t  t he  "bes t "  ope ra t ing  p o i n t  decrease a t  t h e  

lower scrub  r a t e s ,  and t h e  range of acceptab le  scrub  r a t e s  a l s o  becomes 

smal le r .  
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These e f f e c t s  a r e  n o t  s u r p r i s i n g  s i n c e  n o n i d e a l i t i e s  a r e  reduced by 

d i l u t i o n  a t  t h e  h ighe r  sc rub  r a t e s  and a r e  aggravated a t  lower scrub  r a t e s .  

The s i z e  of t h e  system, however, i s  roughly p ropor t iona l  t o  t h e  scrub 

r a t e .  Economic cons ide ra t ions ,  which a r e  beyond t h e  scope of t h i s  work, 

w i l l .  s e t  an optimum scrub r a t e  t h a t  w i l l  probably be  near  t h e  middle of 

t h e  range covered i n  F ig .  1 3 .  

6 .4  E f f e c t  o f  Scrub Temperature 

The r a t i o  of l iquid- to-vapor  molar r a t e s  i n  the  absorber  ranges from 

2 
about 1 2  t o  20. The l a t e n t  h e a t  o €  CO i s  about 3000 cal/mole,  and t h e  

s p e c i f i c  h e a t  is of t h e  o rde r  of 20 cal/moleSoC. These values  imply t h a t  

12OC subcool ing of t h e  scrub  s t ream could condense t h e  e n t i r e  vapor s t ream 

were it pure CO The capac i ty  of  t h e  scrub  s t ream t o  condense and r e f l u x  

vapor is e x p l o i t e d  i n  the  KALC system c a l c u l a t i o n  t o  c o n t r o l  t h e  amount 

of C 0 2  i n  the e f f l u e n t  gas .  C h a r a c t e r i s t i c a l l y ,  t h e  r a t e  a t  which vapor 

e n t e r s  t h e  top  s t a g e  i s  2 t o  3 t imes t h e  feed rate, whereas t h e  e f f l u e n t  

vapor leaves  t h e  top  s t a g e  a t  about 0 .9  t i m e s  t he  feed r a t e .  

2 '  

The computer program was w r i t t e n  t o  accept  e i t h e r  a sc rub  temperature 

o r  a nominal e f f l u e n t  vapor r a t e .  I n  Table 3,  which summarizes a l l  o f  t he  

run condi t ions  f o r  t he  s tudy ,  sc rub  temperatures  of -30°C were s p e c i f i e d  

f o r  a l l  runs wi th  a s e r i e s  conta in ing  0 as t h e  fou r th  d i q i t .  For these  

t h e  e f f l u e n t  vapor r a t e  va r i ed  from run t o  run ,  y i e l d i n g  t h e  t abu la t ed  

value a t  the  "bes t"  ope ra t ing  p o i n t .  The s e r i e s  having 9 a s  t h e  fou r th  

d i g i t  a r e  those  f o r  which a nominal e f f l u e n t  vapor r a t e  of 0 .9  was speci- 

f i e d .  I n  t h e s e  s e r i e s ,  t h e  scrub temperature  w a s  deduced and v a r i e d  from 

run t o  run,  y i e l d i n g  t h e  t abu la t ed  value a t  t he  "bes t "  ope ra t ing  p o i n t .  

Figure 13 shows a comparison of the  s e r i e s  made using each mode. O n e  

must  conclude t h a t  n e i t h e r  t h e  scrub  temperature  nor t h e  amount of e f f l u e n t  

gas has a s t r o n g  e f f e c t  on t h e  D F  o r  CF;  and, indeed,  t h e  p r i n c i p a l  impor- 

2 
tance  of t h e  scrub temperatuxe i s  t h a t  it does determine the  amount of CO 

i n  t h e  e f f l u e n t  vapor. 

A t  a given scrub  temperature i n  a given s e x i e s  of runs ,  t h e  e f f l u e n t  

vapor r a t e  changes wi th  t h e  bo i lup  r a t e .  I n  a f i r s t  approximation, it 

would be expected t h a t  t h e  p l o t  of e f f l u e n t  gas rate vs boi lup  r a t e  would 
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have a s lope of  un i ty .  Such a p l o t  i s  shown i n  Fig.  1 4  f o r  series 24B003. 

An i nc rease  i n  t h e  boi lup r a t e  by one u n i t  does not  result .  i n  an inc rease  

i n  e f f l u e n t  gas ra te  by one unit- because t h e  process inc reases  the  C 0 2  

content  of t h e  e f f l u e n t  gas , whj ch inc reases  the equi l ibr ium temperature 

on the top s t a g e ,  consuming p a r t  of t h e  a v a i l a b l e  enthalpy. 

A1.so shown i n  Fig.  1 4  i s  a p l o t  of scrub temperature and e f f l u e n t  

gas r a t e  vs nominal boi lup ra te  f o r  s e r i e s  248903 ( t h e  coun te rpa r t  of 

24B003). Perhaps the  most s iyn i f i . can t  i n fe rence  t o  be drawn i s  t h a t  a 

change of less than 2.0"C i n  scrub temperature i.s required t o  e f f e c t  a 

10% change i i i  t h e  e f f l u e n t  gas ra te .  I t  i s  doubtful  t h a t  s u f f i c i e n t  PTF- 

c i s i o n  can be obtained i n  scrub -t:emperature -to permit t.he o p e r a t i o n o f  a 

real  sys t en  i n  t-he mode used f o r  t h e s e  c a l c u l a t i o n s .  

The dev ia t ion  of t h e  a c t u a l  e f f l u e n t  vapor r a t e  from t h e  nominal 

e f f l u e n t  vapor r a t e  i n  s e r i e s  24B903 and t h e  d e f l e c t i o n  i n  t h e  e f f l u e n t  

vapor r a t e  curve i n  24B003 are a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  temperature 

of t h e  l i q u i d  l eav ing  t h e  bottom of t h e  f r a c t i o n a t o r  is co lde r  than t h e  

pure CO s a t u r a t i o n  temperature €or b o i l u p  r a t e s  lower than t h e  value a t  

t h e  "bes t "  ope ra t ing  p o i n t .  This i s  t r e a t e d  f u r t h e r  i n  Appendix B .  
2 

6 . 5  E f f e c t  of Feed Concentration 

Determining t.he e f f e c t  of feed concentrat ion on t h e  absorber- 

f r a c t i o n a t o r  system was no t  made a major p a r t  of t h i s  study because it 

was assumed t h a t  changing t h e  feed concentrati.on would be s j . m i l a r  t o  

changi-nq t h e  scrub r a t e .  In s t ead ,  a s tandard feed composition was used 

throughout t h e  study i n  o rde r  t o  e s t a b l i s h  t h e  e f f e c t s  of o t h e r  parameters.  

Two series of runs w e r e  made, however, i n  which t h e  feed concentrati-on 

was var i ed  t o  txst t h i s  assumption and t o  look for unant ic ipated r c l a t i o n -  

s h i p s .  S e r i e s  24B9P3 w a s  i d e n t i c a l  t o  24B903 except t h e  concentrat ions 

of l i g h t  gases were reduced t o  h a l f  t h e  s tandard values .  The r e s u l t s  

w e r e  expected t o  be s i m i . l a r  t o  those obtained f o r  a run s e r i e s  with a 

scruk r a t e  of 5 2 .  Although such a s e r i e s  i s  not a v a i l a b l e  f o r  comparison, 

t h e  expected high values of DF and CF a t  t h e  "bes t "  operatj-ng point. and 

t h e  smooth, i n s e n s i t i v e  r e l a t i o n s h i p  of  DF and CF t o  bo i lup  r a t e  were 

a t  t a j.ne d . 
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Fig. 14. Varia t ion  of  E f f luen t  G a s  Rate and Scrub Temperature wi th  
Nominal Reboiler Vapor Rate - 
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Series 24B9G3 w a s  i d e n t i c a l  t o  series 24B903 except t h a t  t h e  concen- 

t r a t i o n  of  each l i g h t  gas w a s  increased t o  1 .4444  t i m e s  i t s  s tandard 

concentrat ion.  Consequently, t he  r e s u l t s  f o r  s e r i e s  24B9G3 should be 

s i m i l a r  t o  those f o r  series 24F903 ( i f  the assumption s t a t e d  above is  .valid) 

s ince  t h e  scrub rate  f o r  24B903 was 1.4444 t i m e s  t h e  scrub ra te  €or  24F903. 

Such a s i m i l a r i t y  w a s  e s t a b l i s h e d  by t h e  p l o t s  of DF and CF vs bo i lup  

r a t e ,  which, by v i s u a l  compari-son, are much a l i k e .  Table 5 compares 

series 24B9G3 with s e r i e s  24F903 and 24B903, emphasizing t h e  r a t e  of change 

of DF and CF with bo i lup  ra te .  Some di-fferences between 24B9G3 and 24F903 

are noted. These can be a t t r i b u t e d  t o  t h r e e  e f f e c t s :  

(1) There i s  less CO p e r  u n i t  of l i g h t  gas e n t e r i n g  with t h e  feed 
2 

i n  s e r i e s  24B963. 

( 2 )  The e f f e c t  of feed enthalpy i s  r e l a t i v e l y  less i n  series 24B9G3. 

( 3 )  The 1-ight gases are 44% more concentrated i n  the  e f f l u e n t  yas 

of  series 24B9G3, causing a lower temperature on the  t o p  s t a g e .  

Even with these  e f f e c t s ,  it is c l e a r  t h a t  series 24B963 more nea r ly  r e s e m -  

bles 24F903 than 24B903. 

Although t h e  noted e f f e c t s  a r e  s i g n i f i c a n t ,  they a r e  no t  l a r g e ;  t he re -  

f o r e ,  it i s  the opinion of t h e  author  t h a t  they have been s u f f i c i e n t l y  

q u a n t i f i e d  f o r  t h e  purposes of  t h i s  s tudy.  

6 .6  E f f e c t  of Krypton i n  t h e  Scrub Stream 

I t  was presumed e a r l i e r  t h a t  a s m a l l  amount of X r  i n  t h e  scrub stream 

t o  t h e  absorber would produce a s m a l l ,  p r e d i c t a b l e ,  and e a s i l y  descr ibed 

e f f e c t .  One s e r i e s  of runs appears t o  j u s t i f y  such a presumption. S e r i e s  

24B923 i s  i d e n t i c a l  t o  s e r i e s  24B903 except t h a t  a boili-ip r a t e  c lose  to 

the  "bes t "  was chosen and f i x e d  while t he  scrub cornposithn w a s  va r i ed .  

A t  t h i s  p o i n t ,  it should be e s t a b l i s h e d  what range of concentxations 

a€ Kr i n  t h e  scruh stream i s  considered t o  be reasonable.  I f  t h e  feed 

contains  mole f r a c t i o n  of K r ,  then the  s o l u t i o n  e n t e r i n g  t h e  s t r i p p e r  

w i l l  contain nd1_O"6 mole f r a c t i o n .  

of  t h i s  (it  will probably be designed t o  remove 99.99% o r  more). I t  would 

The s t r i p p e r  w i l l  remove a t  least 99% 
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Table 5. Comparison of S e r i e s  24B903, 24B9G3, and 24F903 
t o  E s t a b l i s h  the E f f e c t  of  Feed Concentrat ion 

a 
Series 

24B903 24B9G3 24F903 

Feed concen t r a t ion  

Scrub ra te  

" B e s t  " bo i l u p  r a t  e 

Boilup/scrub r a t e  r a t i o  

S t d .  1.444 x s t d .  S t d .  

26 26 18 

3 418 3.731 2.676 

0.1315 0.1432 0.1482 

"'Best" CF = DF 135 86 70 

Percent  i n c r e a s e  i n  b o i l u p  r a t e  
r equ i r ed  t o :  

Change CF from 100 t o  1000 0.906 0 . 5 6 3  

Change C F  from 100 t o  10,000 > 10 3.34 

Change DF from 50 t o  10 2.61 0.75 

0 - 563 

2.88 

0.674 

Change DF from 10 t o  3 >5 2.69 2.21 

a 
See T a b l e  3 for  run cond i t ions .  
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be expected,  t h e n ,  t h a t  t he  concent ra t ion  of K r  i n  t h e  scrub s t r e a m  would 

not  normally exceed 1 0  mole f r a c t i o n .  
-8  

Some r e l e v a n t  r e s u l t s  from series 249923 are t a b u l a t e d  i n  Table 6. 
-8 

The K r  conten t  of t h e  scrub  stream had t h r e e  va lues :  lo-’, 10 , and 

mole f r a c t i o n .  The l a r g e s t  value amounts .to an inpu t  of Kx t o  t h e  

s y s t e m  by t h e  scrub  stream equal  t o  26% of  t h e  inpu t  by t h e  feed .  The 

main conclusion t o  be drawn is  t h a t  a f i x e d  f r a c t i o n  of  t h e  K r  e n t e r i n g  

with t h e  scrub  stream will r e p o r t  to t h e  e f f l u e n t  gas. Ca lcu la t ions  

made by comparing each case with t h e  case conta in ing  no K r  i n  t h e  scrub  

gave 55% i n  tihis series. In  simple theo ry ,  wi th  a cons tan t  d i s t r i b u t i o n  

c o e f f i c i e n t  and cons tan t  ariolal overf low,  t h e  f r a c t i o n  l o s t  t o  t he  e f f l u e n t  

gas would be equal  t o  the  e x t r a c t i o n  f a c t o r  fo r  t h e  system. However, our  

system i s  not  t h i s  s F m p l e .  The e x t r a c t i o n  f a c t o r  f o r  K r  on khe t o p  s t a g e  

was 0.3198; values  f o r  success ive  s t a g e s  down Lhe absorber  w e r e  0.7702, 

0.7606, 0.7502, e t c . ,  decreas ing  t o  0.5473 a t  t he  feed  s t a g e .  The observed 

f r a c t i o n  0.55 is  n o t  i n c o n s i s t e n t .  

The r epor t ed  DFs decrease ,  while the  reportied C F s  s l i g h t l y  i n c r e a s e ,  

with inc reas ing  amounts of K r  i n  t h e  scrub  s t ream. 

6 . 7  E f fec t  of System Pressure  

The c:ioice of 20 a t m  as t h e  s tandard  p res su re  t o  be used .for t h e  bulk 

of t h e  s tudy w a s  based on q u a l i t a t i v e  cons idera t ion  of t h e  requirements 

of a real -I,C p l a n t ,  ba lanc ing  r e f r i g e r a t i o n  requirements a g a i n s t  s t r u c -  

t u r a l  requirements ,  with s u p e r f i c i a l  recogni t ion  of equi l ibr ium e f f e c t s  

1 ‘i i s  g r a t i f y i n g  that-  c a l c u l a t i o n s  suppor t  and jus k i fy  t h i s  choice .  

S e r i e s  24P9AA and 24P9AB a r e  i d e n t i c a l  t o  series 249903, except t h a t  

they were made a t  system p res su res  (:)€ 1.5 and 25 a t m ,  r espec . t ive ly .  P l o t s  

of DF and CF a g a i n s t  nominal r e b o i l e r  vapor ra te  (boilup ra te)  arc shown 

f o r  t h e  t h r e e  s e r i e s  i n  F ig .  15.  It: is seen ,  f i r s t ,  t h a t  t h e  boilup r a t e s  

requi red  €or  “best:“ opera t ion  are changed d r a s t i c a l l y  by ope ra t ing  p res su re .  

Increas ing  t h e  p re s su re  from 20 t o  2.5 atrn requi red  an inc rease  from 3.42 

t o  4.25 i n  t h e  boi lup  r a t e ,  while decreas ing  t h e  p re s su re  to 15 a t m  allowed 

a reduct ion t o  2 . 7 1 .  Fu r the r ,  it i s  seen t h a t  opera t ion  a t  h ighe r  p re s su re  



Table 6. Sumnary o f  C a l c u l a t i o n s  o f  t h e  E f f e c t  
o f  K r  i n  t h e  Scrub L i q u i d  

a 
S e r i e s  248923 
K r  enter ixiy w i t h  f e e d  = 100 x 1 0  mole 
Scrub ra te  = 26 ( f e e d  rate = 1) 
E f f l u e n t  gas ra te  = 0.902 
E x t r a c t i o n  f a c t o r  on top s t a g e  = 0.3198 

-7 

__II__ 

Case 
1 3 2 4 

._ 

(Reference)  
.--.I.-- 

K r  e n t e r i n g  i n  s c r u b :  

Conc., m o l e  f r a c t i o n  (x 107) 
Amount, moles ( x  l o 7 )  

K r  l e a v i n g  i n  e f f l u e n t  gas: 
Conc., mole f r a c t i o n  ( x  107) 
Amount, moles ( x  lo7) 

K r  l e a v i n g  i n  e f f l u e n t  gas i n  
e x c e s s  o f  r e f e r e n c e  c a s e :  
Amount, moles (x 10 ) 7 

Excess amount l e a v i n g  
Amount e n t e r i n g  i n  s c r u b  

D e  contaminat ion  Factor  

Concent ra t ion  Factor 

0 

0 

0 . 8 7 8  
0.792 

0 

1.26.2 

168.7 

0.01 0.1 1.0 
0.26 2.6 26 

1.04 2.47 16.8 
0.938 2.228 15.15 

0.146 1.436 14.36 

0.552 0.56 0.552 

106.9 44.85 6.6 

169.2 171.0 188.7 

a 
See Table 3 .  
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Fiq. 15. Paranetric St-Lidy of System Pressure i n  _rbSorber-="ractionator 
Operation. 
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r e s u l t s  i n  lower CF and DF values  around t h e  "best"  opera t ing  point.. 

3perat.ion a t  the  lower pressure  increases  t h e  "best"  values  of CF and 

DF hut  gives  r i s e  t o  a c r i t i c a l  opera t ing  condi t ion where a s l i q h t  i nc rease  

i n  boi lup  r a t e  causes a d r a s t i c  reduct ion i n  DF. Operation a t  t h e  lower 

pressure  a lso e n t a i l s  a 5 t o  1 0 ° C  decrease i n  temperature,  which is  

probably s i g n i f i c a n t .  

I t  appears t h a t  l i t t l e  can be gained by using pressures  e i t h e r  much 

higher  o r  much lower than 20 a t m .  

6.8 Effec t  of  Number of Stages on t h e  Performance 
of  t h e  Absorber-Fractionator System 

A s e r i e s  of absorbex-fract ionator  runs was made t o  e s t a b l i s h  t h a t  t he  

system performance improves w i t h  t he  addi t ion  of more s tages .  I n  series 

38B903, t h e  absorber had 22 s t ages  and t h e  f r a c t i o n a t o r  had 16. The p l o t  

of DF and CF aga ins t  nominal bo i lup  r a t e  f o r  t h i s  s e r i e s  ( see  Fig.  4 )  

compares it t o  s e r i e s  24B903, which, except f o r  t he  numbex of s t a g e s ,  was 

made using i d e n t i c a l  condi t ions.  Adding 1 4  more s t ages  t o  the  24-stage 

s y s t e m  e f f e c t e d  about a f a c t o r  of 1 0  improvement i n  both dependent var i -  

ab l e s  and e s t ab l i shed  a region of  opera t ion  which meets t he  requirements 

of KALC as  p re sen t ly  understood ( a  DF of seve ra l  hundred and a CF of a t  

l e a s t  1000.) This  and o t h e r  c a l c u l a t i o n a l  runs with l a r g e  numbers of 

s t ages  i n d i c a t e  t h a t  any reasonable s p e c i f i c a t i o n s  could be m e t  by in -  

c reas ing  the  number of s t ages  s u f f i c i e n t l y .  

7. STUDY OF THE STRIPPER-RECTIFIER SYSTEM 

Two simple conclusions quickly der ivable  from t h i s  study a r e  t h a t  a 

s t r i p p e r - r e c t i f i e r  system f o r  KALC can be easi ly  designed t o  perform t o  

any des i red  s p e c i f i c a t i o n s  (within l i b e r a l  bounds) ,  and t h a t  the  system 

can be expected to  meet such s p e c i f i c a t i o n s  over a comfortable range of 

opera t ing  condi t ions .  These conclusions a r e  almost s a t i s f a c t o r i l y  

e s t ab l i shed  by  the examination of a s i n g l e  t y p i c a l  case.  A few va r i ab le s ,  

such as the boi lup  r a t e ,  a r e  seen t o  have a con t ro l l i ng  e f f e c t ,  while some 

( e - g . ,  t h e  feed composition o r  e f f l u e n t  gas rate) have su rp r i s ing ly  l i t t l e  

e f f e c t .  
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The s t r i p p e r - r e c t i f i e r  system used as a p o i n t  of depa r tu re  f o r  t h e  

parameter s tudy had 1 2  s t a g e s  i n  t h e  s t r i p p i n g  s e c t i o n  and 4 s t ages  i n  

t h e  r e c t i f y i n g  s e c t i o n .  A s  i n  the abso rbe r - f r ac t iona to r  s tudy , the  number 

of s t a g e s  used here  i s  l e s s  than  would be d e s i r a b l e  i n  a p l a n t .  The 

reasons f o r  t h e  choice are t h e  same as previous ly  d iscussed:  improved 

accuracy,  h igher  concen t r a t ions ,  and less computer t i m e .  The feed w a s  

in t roduced i .nto t h e  lowest s t a g e  o f  t h e  r e c t i f y i n g  s e c t i o n ,  and the top  

s t age  of t he  r e c t i f y i n g  sec t ion  w a s  t h e  condenser. 

The computer p r i n t o u t  from series S16B122, case 3 ,  is  shown i n  Table 

'7. The temperature ( i n  "C) and flow rates  ( L  and V, r e f e r r e d  t o  u n i t  feed)  

are seen t o  be uniform i n  t h e  s t r i p p i n g  s e c t i o n ,  and the  vapor rate equals  

V:. 
i n  t h e  r e c t i f y i n g  s e c t i o n  , as t h e  concent ra t ion  of l i g h t  gases i nc reases .  

The temperature i n  t h e  condenser i s  the  dew p o i n t  of t h e  e f f l u e n t  gas 

whose composition w a s  simply f ixed  by t h e  inpu t  v a r i a b l e s .  The q u a n t i t i e s  

I-I LIQ and I1 VAP are t h e  s p e c i f i c  e n t h a l p i e s  of t he  l i q u i d  and gas phases ,  

2 
r e s p e c t i v e l y ,  expressed i n  c a l o r i e s  p e r  grammmole, r e f e r r e d  t o  l i q u i d  CO 

a t  - 5 6 . 6 " C  as zero.  

The flow rates change ab rup t ly  a t  t h e  feed  p o i n t ,  b u t  vary s l i g h t l y  

Thz concent ra t ions  ( i n  mole f r a c t i o n s )  of each component i n  the  gas 

(y)  and l i q u i d  (x )  phases i s  given f o r  each s t a g e  i n  t h e  system i.n t he  

right-hand po r t ion  of t he  t a b l e .  The K r  concent ra t ion  g rad ien t  i s  s t e e p  

throughout t h e  e n t i r e  cascade ,decreas ing  from seve ra l  mole pe rcen t  a t  t h e  

top  t o  1 0  mole f r a c t i o n  a t  t h e  bottom, where t h e  0 N and CO are found 

in amouiits about f o u r  o rde r s  of magnitude below t h a t  of t h e  K r .  

-8 

2' 2' 

7 . 1  E f fec t  of Aoi.lup Rate on t h e  Str ipper-Kect : i f ier  System 

F o r  each of the  s e r i e s  i n  t h i s  s tudy ,  the value of t h e  bo i lup  ra te  

w a s  va r i ed  from 0 . 2  o r  0 . 2 5  up to  0 .5  i n  increments of 0.05. This  i n t e r -  

v a l  w a s  u sua l ly  ample t o  change t h e  K r  loss by t h r e e  o rde r s  of magnitude. 

In  a few of t h e  s e r i e s  t h e  K r  loss exceeded 1% f o r  the lower boi lup  ra tes ;  

i n  some of the  s e r i e s  wi th  low feed en tha lpy ,  t h e  lower bo i lup  r a t e s  were 

no t  usable  because the  incoming co ld  feed would condense a l l  of t h e  vapor.  

For a s t r i p p e r - r e c t i f i e r  system having a f i x e d  number of stages and 
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operatincj a t  a spec i f i ed  pressure ,  t he re  i s  no o ther  opera t ing  va r i ab le  

whi-ch produces an e f f e c t  remotely comparable t o  t h a t  of the boi lup r a t e .  

Fortunately,  t h i s  e f f e c t  y i e lds  t o  a r e l a t i v e l y  simple co r re l a t ion .  

F i r s t ,  it i s  accepted t h a t  the r a t i o  of vapor (V) t o  l i q u i d  ( L )  flow 

i n  the s t r i p p i n g  secti-on i s  a b e t t e r  co r re l a t ing  va r i ab le  than the  boil.up 

r a t e  per s e .  B y  not ing t h a t  a un i t  feed r a t e  was used i n  the  s tudy,  and 

t h a t  the  l i q u i d  removal r a t e  e s s e n t i a l l y  equaled the feed r a t e  ( e f f l u e n t  

gas <O.OOZ% of feed) , we have 
* 

T 7  

v -  "B - -  
1tv; 

Figure 1 6  i s  a logari thmic p l o t  of the  krypton loss vs t h i s  flow r a t i o .  

Ser ies  S16B141 and S16B123 a re  typ ica l ,  and all .  s e r i e s  designated by 

S16B- - - a r e  more o r  l e s s  bounded by the  curves shown i n  the f i g u r e .  The 

p l o t t e d  poin ts  gave e s s e n t i a l l y  s t r a i g h t  l i n e s ,  which l e d  t o  a cor re l a t ion  

of the  form: 

(13) 
v i  

ln ( K r  loss) = A + B I n  L + vi] - 
The constants  A and B were determined by a least-squares  f i t .  This cor-re- 

l a t i o n ,  i n  addi t ion  t o  descr ibing the  e f f e c t  of bo i lup  r a t e ,  provides us 

with two numbers ( A  and B )  t h a t  a r e  independent of bo i lup  r a t e  and can be 

used to  evaluate  the  e f f e c t s  of o the r  va r i ab le s .  The values of A and B 

f o r  a l l  the  s e r i e s  comprising the  study a r e  tabula ted  i n  Table 4 .  A l s o  

shown i s  the  mean e r r o r  i n  the  f i t ,  which can be in t e rp re t ed  a s  a measure 

of the  curvature of the  da ta .  The tabula ted  value of the  mean e r r o r  €or 

s e r i e s  3S16P122 i s  40.5%, which i d e n t i f i e s  t h i s  s e r i e s  a s  unique i n  t h e  

study. Characterized by a high K r  loss and general ly  unacceptable system 

performarLce, it was included i n  Fig.  16 only t o  poin t  out  a l i m i t a t i o n  on 

the co r re l a t ion .  
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Fig. 16. Correlation of Krypton Losses from the Stripper-Rectifier 
System with Vapor-to-Liquid Flow Ratio in t h e  Stripper. 
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I t  is  i n t e r e s t i n g  t o  a t tempt  t o  a t t a c h  some phys ica l  s i g n i f i c a n c e  t o  
16 

A and B .  The b e s t  approach is through the  Fenske equat ion ,  

s -  E - l  

$+l - 1  

I - ..... 
I 

X 
F 

which descri-bes a very simple d i s t i l l a t i o n  tower,  of n s t a g e s ,  t h a t  i s  

fed  a t  t h e  top  wi th  a s t r e a m  conta in ing  x and d ischarges  a stream con- 

t a i n i n g  % mole f r a c t i o n  of s o l u t e  from t h e  bottom. 

d i s t r i b u t i o n  c o e f f i c i e n t ,  K = y/x,  and t h e  V/L flow r a t i o  must be cons tan t  

i n  o rde r  t o  g ive  a constant: e x t r a c t i o n  f a c t o r ,  E = K V/L. I n  some impor- 

t a n t  r e spec t s  t h i s  express ion  i s  a crude model of our system. 

F 
Born  t h e  equi l ibr ium 

Furt-her s i m p l i f i c a t i o n  and approximation are c a l l e d  f o r .  By no t ing  

En” >> 1, Eq. (14)  can be w r i t t e n  as: 

o r  

‘The s lope  of a p l o t  of I n  %/xF vs 11-1 V/L is obta ined  by t ak ing  t h e  der iv-  

a t i v e  with r e spec t  t o  I n  E ,  which i s  t h e  s a m e  ( i f  K = cons tan t )  as t ak ing  

t h e  der iva t i -ve  with r e spec t  t o  I n  V/L. This y i e l d s :  

1 
E - l  

s lope  = -n + _____ 

‘The sma l l e s t  values of E for  Kr i n  t h i s  s tudy  were <about 3 ,  introduci-ng a 

varying e r r o r ,  no t  u sua l ly  exceeding 0 . 5 ,  i n  t h e  s lope .  Since thFs modi-- 

f i e d  Fenske equat ion has a form s i m i l a r  t o  ou r  empir ica l  c o r r e l a t i o n ,  we 

might expect  R t o  be some e f f e c t i v e  number of  s t ages .  I n  s p i t e  of  t h e  

dubious j u s t i . f i c a t i o n  €or  such an  expec ta t ion ,  WE f i n d  t h a t  t h e  t a b u l a t e d  

values  of €3 are c lose  i n  rnagni-tude t o  t h e  number of s tayes  i n  t h e  s t r i p p i n g  

s e c t i o n .  

From t h e  form of t h e  c o r r e l a t i o n  we s e e  t h a t  exp ( A )  r ep resen t s  a 

l i m i t i n g  K r  loss when t h e  ho i lup  is  increased  t o  I.arge va lues .  I t  is 

s i g n i f i c a n t  t h a t  , even under t h e  worst  circumstances I t h i s  number has a 

r i d i c u l o u s l y  s m a l l  va lue .  
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7 . 2  E f f e c t  o f  Intercolumn Condenser i n  t h e  S t r i p p e r - R e c t i f i e r  System 

A s  i n  t h e  abso rbe r - f r ac t iona to r  system, t h e  e f f e c t  of an intercolumn 

condenser w a s  s t u d i e d  by vary ing  t h e  en tha lpy  of t h e  f eed  t o  t h e  system. 

U n l i l c c  t h e  abso rbe r - f r ac t iona to r  system, a l l  o f  t h e  material  above t h e  

feed  p o i n t  w i l l  have passed t h e  intercolumn condenser;  t h e r e  i s  no scrub  

stream. The l i q u i d  f l o w  i n  t h e  r e c t i f i e r  comes from condensed vapor and, 

s i n c e  only  a very s m a l l  f r a c t i o n  o f  t h e  vapor stream leaves  t h e  t o p  con- 

denser ,  t h e  l i q u i d  and vapor streams are nea r ly  equal .  When t h e  condenser 

a t  t h e  f eed  p o i n t  condenses most of  t h e  vapor from t h e  s t r i p p i n g  s e c t i o n ,  

represented  i n  t h e  s tudy  by a low feed  en tha lpy ,  t h e  flow rates i n  t h e  

r e c t i f i e r  are small .  When no condensation occurs  a t  t h e  feed  p o i n t ,  o r  

when t h e  feed  i s  in t roduced  p a r t i a l l y  vaporized,  t h e  Plows i n  t h e  r e c t i f i e r  

are l a r g e .  

Three feed  e n t h a l p i e s  w e r e  used: 100, 800, and 1200 cal/mole.  The 

h i g h e s t  va lue ,  when t h e  system p res su re  i s  20 a t m ,  r e p r e s e n t s  a condi t ion  

under which about 15% of t h e  feed  is  vaporized.  The 800-cal./mole value 

i s  close t o  t h e  en tha lpy  of s a t u r a t e d  l i q u i d  CO and cons iderable  conden- 

s a t i o n  occurs  a t  100 cal/mole.  Some of t h e  intended runs a t  low b o i l u p  

rates w e r e  no t  p o s s i b l e  wi th  t h e  lowest  feed enthalpy because a l l  of t h e  

vapor w a s  condensed a t  t h e  feed  s t a g e .  

2 '  

The r e s u l t s  of t h e  s tudy of t h e  intercolumn condenser are c l eax ly  

shown i n  T a b l e  4 .  Comparison of  runs i n  t h e  S16B--- group, which d i f f e r  

on ly  wi th  regard  t o  en tha lpy  of Peed,show t h a t  t h e  e f f e c t  o f  t h i s  param- 

e t e r  on K r  l o s s  i s  n e g l i g i b l e .  Upon r e f l e c t i o n ,  such r e s u l t s  are not  

s u r p r i s i n g .  The r e c t i f i e r  s e c t i o n  ope ra t e s  a t  nea r ly  t o t a l  r e f l u x ,  

r e g a r d l e s s  o f  t h e  amount of  condensation a t  t h e  feed  p o i n t  (w i th in  reason- 

able ope ra t ing  bounds) ,  and t h e  Plow rate r a t i o  i n  t h e  s t r i p p i n g  s e c t i o n  

is  s e t  by t h e  feed  and bo i lup  r a t e s ,  independent of  where condensation 

occurs .  Only i n  one s t a g e ,  t h e  feed s t a g e  i t s e l f ,  is t h e  flow r a t i o  

changed by t h e  feed  en tha lpy .  The concent ra t ions  i n  t h e  e f f l u e n t  gas 

stream are f i x e d  by t h e  flow r a t e  of t h i s  stream, and t h e  l i q u i d  leav ing  

t h e  condenser must be i n  equ i l ib r ium wi th  it. The concent ra t ion  p r o f i l e ,  

t hen ,  should be e s s e n t i a l l y  una l t e red  by condensation a t  t h e  feed  p o i n t .  
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I t  is s i g n i f i c a n t  t h a t  t h e  f l o w  rates i n  (and hence t h e  s i z e  o f )  t h e  

r e c t i f y i n y  s e c t i o n  axe determined by t h e  intercolumn condenser. It i s  

also s i g n i f i c a n t  t h a t  t h e  feed p o i n t  condenser ope ra t e s  a t  a temperature  

h igher  than t h a t  of t h e  r e c t i f i e r  condenser,  r e q u i r i n g  less severe  r e f r i g -  

e r a t i o n  p e r  u n i t  of h e a t  removed. Apparent ly ,  t h e n ,  t h e  bulk  of t h e  

condensation should be  provided a t  t h e  feed  p o i n t ,  1 - i m i t e d  in a p p l i c a t i o n  

by process  con t ro l  or by t h e  extreme i n  which t h e  e f f l u e n t  gas  becomes a 

s i g n i f i c a n t  f r a c t i o n  (perhaps >1%) of t h e  r e c t i f i e r  vapor flow, 

7 . 3  E f f e c t  of  E f f l u e n t  G a s  Rate  on t.he S t r i p p e r - K e c t i f i e r  System 

The e f f l u e n t  gas from t h e  s t r i p p e r - r e c t i f i e r  system i n  t h e  KALC 

process  i s  t h e  “product”  stream conta in ing  a l l  of the K r  t h a t  has  been 

scrubbed from the decontaminated p1.an.t off-gas stream. I d e a l l y ,  t h i s  

stream should be a s  s m a l l ,  and t h e r e f o r e  as concent ra ted ,  as poss ib l e .  

In  add i t ion  t o  K r ,  i t :  conta ins  a l l  of t h e  l i g h t  gases  t h a t  en tered  t h e  

s t r i p p e r - r e c t i f i e r  system, and , n e c e s s a r i l y  , it conta ins  CO Under 

process  condi t ions  tha- t  might be  expected i n  I1TGR f u e l  process ing ,  an 

e f f l u e n t  gas from KALC conta in ing  20% l i g h t  gases ,  h a l f  of wlii.ch were 

a,  would r ep resen t  a reduct ion  i n  t h e  volume of the  gas containi-ng a 
by a f a c t o r  of 1 0  . The K r  i n  a 50-scfin off-gas  skream would te rmina te  i n  

a 140-cc/min product  stream. Since the  K r  i s  a c t u a l l y  d i l u t e d  i n  t h e  

ahsoxber - f rac t iona tor  system, t h e  requi-red concent ra t ion  f a c t o r  over t h e  

s t r i p p e r - r e c t i f i e r  s y s t e m  must  be of t h e  o rde r  of 1 0  . 

2 -  

4 

5 

5 
For this study t h r e e  s t r i p p e r - r e c t i f i e r  CFs  were used: (2 /3 )  x 10 , 

5 
1 x l o 5 ,  and (4/3) x 1 0  . 
(based on a u n i t  Eeed ra te )  of 1 . 5  x 10 , 1 x 10 , and 0.75 x 10 , and 

l igh t -gas  concent ra t ions  of 20 , 30 and 40% , r e spec t ive ly  , when s tandard  

s t r i p p e r  feed type  I w a s  used. 

These corresponded t o  e f f l u e n t  gas r a t e s  
-5 -5 -5 

A s  t h e  e f f l u e n t  gas flow r a t e  w a s  reduced and t h e  concent ra t ion  of 

l i g h t  gase.; i n  t h e  condenser was i nc reased ,  it m i g h t  have been expected 

t h a t  t he  K r  l o s s e s  w o u l d  be p ropor t iona l  t o  the K r  concent ra t ion  i n  t h e  

e f f l u e n t  y a s .  Indeed, t h e  results very nea r ly  confirm t h i s  expec ta t ion .  

For example, T a b l e  4 shows t h a t ,  for each set of s e r i e s  where t h e  e f f l u e n t  



gas concent ra t ion  w a s  v a r i e d ,  a doubl ing of l i gh t -gas  concent ra t ion  cor re-  

sponded t o  an inc rease  i n  K r  loss by a f a c t o r  between 1.6 and 2 . 0 ;  t h e  

series us ing  t h e  more d i l u t e  feeds approached t h e  l i m i t  2 .0  more c l o s e l y .  

In  cons ide ra t ions  o f  accuracy,  it should be noted t h a t  no multicom- 

ponent equ i l ib r ium d a t a  w e r e  a v a i l a b l e  a t  t h e  high K r  concent ra t ions  found 

i n  the  r e c t i f i e r  condenser,  and t h a t  t h e  r equ i r ed  e x t r a p o l a t i o n  by  t h e  

computer model h e r e  may e n t a i l  m o r e  error than  c a l c u l a t i o n s  i n  concentra- 

t i o n  reg ions  f o r  which t h e  c o r r e l a t i o n s  were developed. Because of  t h i s ,  

t h e  s tudy  w a s  no t  extended t o  even h ighe r  e f f l u e n t  gas concen t r a t ions .  

7.4 E f f e c t  of Feed Concentrat ion on t h e  S t r i p p e r - R e c t i f i e r  System 

The f eed  t o  t h e  s t r i p p e r  comes from t h e  abso rbe r - f r ac t iona to r  system, 

and i t s  K r  and l i gh t -gas  concent ra t ions  w i l l  depend on that; system and 

i ts  load .  However, t h e  K r  w i l l  c e r t a i n l y  be  d i l u t e d  by a f a c t o r  from 10 

t o  50 from i t s  concent ra t ion  i n  t h e  o r i g i n a l  of f -gas .  The concentvat ions 

of t h e  o t h e r  l i g h t  gases  might be  more or less than t h e  concent ra t ion  of  

K r .  The t h r e e  s tandard  feeds  t h a t  w e r e  used are  descr ibed  i n  Table 2 .  

The concent ra t ion  of feed I1 w a s  one-tenth t h a t  of  feed  I; feed  I11 con- 

t a i n e d  much less 0 and CO than  K r .  2 '  N 2 '  

Because a l l  of the. system except  t h e  t o p  f e w  s t a g e s  ope ra t e s  a t  very 

d i l u t e  concen t r a t ions ,  one would not  expect  feed  concent ra t ion  t o  have a 

l a r g e  e f f e c t .  The d a t a  i n  T a b l e  4 ,  which summarize a l l  t h e  series o f  runs  

wi th  t h e  s t r i p p e r - r e c t i f i e r  system, i n d i c a t e  a s m a l l ,  but. probably s i g n i f -  

i c a n t ,  e f f e c t  of feed  concen t r a t ion .  The losses appear  t o  be s l i g h t l y  

h ighe r  wi th  t h e  more d i l u t e  f eed ,  poss ib ly  because t h e  s o l u b i l i t y  of Kr 

i s  s l i g h t l y  decreased i n  t h e  r e c t i f i e r  condenser when t h e  l i g h t  gases  are 

a t  h ighe r  concen t r a t ions .  

7 .5  E f f e c t  of System Pressure  on t h e  S t r ipper -Rect i f  i e r  System 

The s t r i p p e r - r e c t i f i e r  system w a s  found t o  be very s e n s i t i v e  t o  

ope ra t ing  p res su re .  Series S16B122 w a s  r e p l i c a t e d  wi th  p re s su res  vary ing  

from 1 4  t o  25 a t m  (making t h e  S16P122 s e r i e s ) .  The amount of K r  l o s t  t o  

t h e  s t r i p p e r  bottoms ( r ecyc led  wi th  t h e  absorber  sc rub  stream) changed by 
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four  o rde r s  of magnitude over  t h i s  p re s su re  range. The r e s u l t s  are shown 

i n  Fig.  1 7 ,  where txhe f r a c t i o n  of  K r  l o s t  i s  p l o t t e d  against .  t h e  system 

p res su re  f o r  V* = 0 . 3  and Vi = 0 . 5 .  The two cu rves ,  which are approxi- 

mately p a r a l l e l  I c l e a r l y  show that t h e  system performs dramat ica l ly  

b e t t e x  at; the  lower p re s su res .  This  i s  con t r a s t ed  by t h e  conclusion 

t h a t  pressuwe i s  a var i .&le of  secondary importance in t h e  absorber-  

f r a c t i o n a t o r  system. Tho only pena l ty  f o r  ope ra t ing  a t  a lower p re s su re  

i s  t h a t  t he  system temperature w i l l  be lower. This  temperature  must not: 

approach t h e  f r eez ing  p o i n t ,  -56"C, too c lose ly ;  however, a t  1 3  a t m  t h i s  

temperature i s  -44Oc, which al lows a comfortable margin. The a d d i t i o n a l  

refrigesat: ion load r equ i r ed  by t h e  1 2 O C  lower temperature i s  probably 

t o l e r a b l e .  The scrub  stream for  t h e  absorber  would have t o  be pumped 

up through t h e  p re s su re  d i f f e r e n c e  between t h e  s t r i p p e r - r e c t i f i e r  and 

t h e  absorber- f r a c t i o n a t o r ,  involving an a d d i t i o n a l  cost  which probably 

would be i n s i g n i f i c a n t  . 

8 

I t  inust be concluded t h a t  all f a c t o r s  p o i n t  toward t h e  d e s i r a b i l i t y  

of ope ra t ing  t h e  s t r i - p p e r - r e c t i f i e r  system a t  p res su res  s e v e r a l  atmospheres 

lower than t h e  abso rbe r - f r ac t iona to r  system. There i s  only one r e s e r v a t i o n  : 

t he  ease  wi th  which t h e  s t r i p p e r - r e c t i f i e r  s y s t e m  meets t h e  r equ i r ed  

performance a t  a pressure  of 20 a t m  a l lows l i t t l e  incen t ive  t o  pay any 

p r i c e  f o r  improvement. This  would apply p a r t i c u l a r l y  t o  t h e  i m p l i c i t  

c o s t  of complicat ing t h e  opera t ion  of t h e  p l a n t .  

'7.6 E f f e c t  of Number of S tages  on t h e  Pesformance 
of  t he  S t r i p p e r - R e c t i f i e r  System 

Varying t h e  number of s t a g e s  i.n t h e  system produces t h e  expected,  and 

l a r g e l y  p r e d i c t a b l e ,  e f f e c t .  'The use of  a d d i t i o n a l  s t a g e s  i n  t h e  s t r ipp i -ng  

sec t ion  reduces the  Kx l o s s e s  by an amount approximately equal t o  t h e  K r  

e x t r a c t i o n  f a c t o r  per s t age .  The e f f e c t  of varying t h e  number of s t a g e s  

i n  the  r e c t i f y i n g  s e c t i o n  i s  rnore j-nterestiI lg.  The flow r a t i o  i n  t h i s  

s e c t i o n  i s  very near  un i ty  (almost t o t a l  r e f l u x ) .  This  s e c t i o n  must span 

the gap between the  e f f l u e n t  gas concent ra t ion  and t h e  feed concent ra t ion .  

I t  can do s o  exac t ly  €or only one component. A s tudy w a s  made i n  which 
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Fig. 17. E f f e c t  of S y s t e m  P r e s s u r e  on  Krypton Losses f r o m  t he  
Stripper-Rectifier System and on Rectifier Condenser T e m p e r a t u r e  for 
Series S16P122. 



58 

th.3 number of  s t ages  of r e c t i f i c a t i o n  w a s  va r i ed  from 2 ( t h e  smallest 

number admissib1.e by t h e  program) t o  9 ,  us ing  s e r i e s  S16B122 as a r e f e r -  

ence. The r e s u l t s  are p l o t t e d  i n  F ig .  18. Addition of  t h e  t h i r d  s t a g e  

actx-,unted f o r  nea r ly  an order-,of-magnitude reduct ion  i n  t h e  K r  loss ,  and 

the  fou r th  had a s i m i l a r  e f f e c t .  The s i x t h  and seventh s t a g e s ,  however, 

con t r ibu ted  l i t t l e .  Examination of t h e  concent ra t ion  p r o f i l e s  from series 

S2S.Bl32 (9  r e c t i f i e r  s t a g e s )  shows t h a t  concent ra t ions  i n  t h e  r e c t i f i c a t i o n  

sec t ion  have "pinched" nea r  t h e  feed  s t a g e ,  and t h a t  a d d i t i o n a l  s t a g e s  

would have con t r ibu ted  nothing.  This  e f f e c t  i s  not  l i k e l y  t o  be a l t e r e d  

by reasonable  v a r i a t i o n s  i n  feed composit.i.on o r  reasonable  changes i n  the 

e f f l u e n t  gas concent ra t ion .  The performance of t h e  r e c t i f i - e r  w i l l  be 

comp1.e-tely unaf fec ted  by t h e  performance of t h e  s t r i p p e r  a s  long as t h e  K r  

l o s s e s  do n o t  exceed a few percent .  One concludes t h a t  t h e r e  should he  

soiiie r e c t i f i e r  s t a g e s ,  bu t  t h a t  more than about s i x  ox seven are unnecessary.  

Two s e r i e s  (S22BB122 and S22R9132) were run t o  demonstrate tha-t: sys- 

t e m s  w i t h  an adequate number of  s t a g e s  (but still a q u i t e  reasonable  num.- 

h e r )  could reduce t h e  KP and l i gh t -gas  conten t  of t h e  s t r i p p e d  CO t o  a 

n e g l i g i b l e  va lue .  S e r i e s  S22BB122 and 62238132 were i d e n t i c a l  except  f o r  

enthalpy of t h e  feed;  t h e  former used 100  cal/mole ( s u f f i c i e n t  condensakion 

t o  reduce the vapor and l i q u i d  r a t e s  .in the  r e c t i f i e r  t o  7 . 7 %  of t h e  feed 

r a t e  a t  V* = 0 . 3 )  , and t h e  l a t t e r  used 

about a 1.3% i nc rease  i n  t h e  vapor r a t e  from the  s t r i p p i n g  t o  the r e c t i f y i n g  

s e c t i o n ) .  Sixteen s t r i p p i n g  s t a g e s  and s i x  r e c t i f y i n g  s t a g e s  w e r e  used 

(see Table 4 ) .  A t  VB = 0 . 3 ,  t h e  K r  l o s s e s  w e r e  6.4 x 10 

r e s p e c t i v e l y .  The 0 and CO concent ra t ions  w e r e  of t h e  o r d e r  of 10 

mole f r a c t i o n ,  and t h e  N concent ra t ion  of t h e  o r d e r  of  10 mole f r a c t i o n ,  

i n  t h e  s t r i p p e d  CO st ream. T h i  ...; more than  meets every d e s i r e d  performance 

s p e c i f i c a t i o n .  

2 

800 cal/mole (which r e s u l t e d  i n  
B 

* -4  -4 
and 2 .0  x 1 0  % ,  

-16 

-18 
2 

2 

2 

The value of the  c o r r e l a t i n g  parameters ,  A and 8 ,  for these runs .i.s of 

some i n t e r e s t .  The value of -H w a s  expected t o  be about 1 6 ,  o r  poss ib ly  

a l i t t l e  h ighe r ,  i.n view of t h e  l a r g e  number of stages i n  the  r e c t i f y i n g  

s e c t i o n .  I n  f a c t ,  S22EB122  and S22BS132 y ie lded  d i f f e r e n t  va lues :  1.8.1 

and 16, r e spec t ive ly .  The corresponding va lues  o f  exp (A) were 2 x 10 

and 1 3  x 10 . Although t.hese a r e  su f f i c i - en t ly  close t o  the  expected 

-17 

-17 
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value t o  s a t i s f y  theory,  t he  magnitude of t he  d i f f e rence  between them 

i s  puzzling. 

8.  CONCLIJSIONS 

This study has examined independently the  iLbsorber-fractionator system 

and t h e  s t r i p p p r - r e c t i f i e r  system of t h e  KN,C process ,  explor ing design 

parameters and operat ing va r i ab le s  t h a t :  

(1 ) Are amenable t o  study by a computer program b u i l t  around a 

s teady-s ta te  model of t h e  KALC s y s t e m  using l e s s  than 50 

equi l ibr ium s t ages .  

( 2 )  F a l l  within the  range of opera t ing  p o s s i b i l i t i e s  cu r ren t ly  

thought t o  be p l aus ib l e  f o r  XALC. 

( 3 )  M not  requi re  inortl inate amounts oT computer t ime. 

( 4 )  Are thought. by  the  author t o  be important.. 

N o  claim i.s made t h a t  t h i s  study i s  complete. Fur ther ,  alt.hough the  most 

accurate  da t a  ava i l ab le  were used t o  formulatx the  program, i.ts accuracy 

i n  represent ing  the  systems must be considered quest ionable  u n t i l  experi-  

mental va l ida t ion  ( o r  b a s i s  f o r  r ev i s ion )  i s  forthcoming. The r e s u l t s  

of thi-s study do, however, allow s o m e  conclusions.  The KALC system passes  

the  t e s t  of mathematical simulat:ion. The ca l cu la t ions  show t h a t  , a t  

l e a s t  on paper ,  the  process w i l l  work. 

The absorber w i - l l  r equi re  a t  l e a s t  22 t h e o r c t i c a l  s tages  and the. 

f r a c t i o n a t o r  a t  l eas t  1 6 .  Control of t h e  e f f l u e n t  gas flow r a t e  from the  

absorber by cont ro l  of t h e  scrub temperature is  t h e o r e t i c a l l y  f e a s i b l e ,  

bu t  i s  too  s e n s i t i v e  f o r  p r a c t i c a l  app l i ca t ion ;  a condenser a t  t he  top  

of t he  absorber seems t o  be required.  The scrub r a t e  w i l l  have t o  be a t  

l e a s t  20 times the  feed r a t e  when the feed gas contains  as milch as 10% 

l i g h t  gases ,  and w i l l .  have t o  be higher  f o r  higher light:--yas concentrat ions.  

A condenser i s  required a t ,  or c lose  t o ,  the  absorber feed s t age .  Appar- 

e n t l y ,  t he re  i s  an opt imal  condensation r a t e  involving f a c t o r s  which were 

not quan t i f i ed  i.n t h i s  s tudy.  The boi lup  r a t e  a t  the  bottom of the  f rac-  

t i o n a t o r  was used as  the  primary va r i ab le  i n  t h i s  study and proved t o  be 
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very important.  When a l l  t h e  o the r  var iab les  a r e  s p e c i f i e d ,  a "best"  

opera t ing  po in t  can be found by ad jus t ing  t h i s  r a t e .  A t  h igher  bo i lup  

r a t e s  t he  DF decreases ,  and a t  lower r a t e s  the  CF decreases .  The allowable 

opera t ing  band f o r  t h i s  v a r i a b l e  i s  only about 0 . 2 % ,  bu t  t he  temperature 

p r o f i l e  i n  t h e  f r a c t i o n a t o r  provides an exce l l en t  ind ica t ion  of  t h e  loca t ion  

of t h e  "best"  opera t ing  poin t  and can probably be used f o r  cont ro l .  The 

required boi lup  r a t e  ranges from 2.5 t o  4 times t h e  feed r a t e ,  depending 

on o ther  va r i ab le s .  The feed concentrat ion i s  an important va r i ab le  which 

w a s  given only cursory a t t e n t i o n  s ince  changes i n  the  scrub r a t e  and i n  

the  feed concentrat ion produced about t he  s a m e  e f f e c t  i n  t he  s teady-s ta te  

model. Feed concentrat ion f luc tua t ions  w i l l  be l a rge  and frequent  i n  the  

appl ica t ion  of  KALC t o  WTGR burner  off-gas processing.  In  app l i ca t ion ,  a 

scrub r a t e  high enough t o  handle t h e  feed most of t h e  t i m e  w i l l  probably 

be fixed,and the  o t h e r  va r i ab le s  ( i . e . ,  t he  condenser on the  absorber 

e f f l u e n t ,  the condenser a t  t h e  feed s t a g e ,  and t h e  boi lup  r a t e )  w i l l  be 

ad jus ted  t o  give the  most 

load. 

Conclusions from the  

s t ra ight forward .  Resul ts  

about 1 4  s t ages  t o  reduce 

e f f e c t i v e  operat ion under t h e  p reva i l i ng  feed 

study of t h e  s t r i p p e r - r e c t i f i e r  system a r e  more 

i n d i c a t e  t h a t  the  s t r i p p e r  s ec t ion  w i l l  r equi re  

the  K r  concentrat ion by a f a c t o r  of 1 0  when 
-6 

t h e  s t r i p p e r  bo i lup  r a t e  i s  0.3 t imes the  s t r i p p e r  feed r a t e .  The higher  

t he  boi lup  r a t e ,  tht? c leaner  t h e  recyc le  stream. About s i x  stages of 

r e c t i f i c a t i o n  should be used above the  feed s t a g e ,  bu t  more than about 

e i g h t  s t ages  would provide no advantage. The main condenser should be 

located a t  t he  feed s t age ,  reducing t h e  flow i n  the  r e c t i f i e r  s ec t ion  t o  

not  more than 0 .1  t i m e s  the  flow i n  t h e  s t r i p p e r .  Reduction of t h e  e f f l u -  

en t  gas flow r a t e  from the  f i n a l  condenser t o  10 t i m e s  t he  feed and 

accommodation of  l igh t -qas  concentrat ions a s  high a s  50% a t  t h i s  po in t  

seem f e a s i b l e .  In  an ac tua l  system, t h i s  would be e f f ec t ed  by contxol l ing  

t h e  temperature of t he  e f f l u e n t  gas .  One important conclusion from t h i s  

study i s  t h a t  operat ion of t h e  s t r i p p e r - r e c t i f i e r  system a t  15 atm gives  

much b e t t e r  performance than  operat ion a t  20 a t m ;  performance a t  25  atm 

i s  correspondingly l e s s  s a t i s f a c t o r y .  This e f f e c t  of pressure  was not 

-5 
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observed i n  t he  absorber - f rac t iona tor  study I where a r a t h e r  obscure op t i -  

mum at &out 20 atm was deduced from q u a l i t a t i v e  aryument-s. 

'The decoupling oE t h e  absorber-fract ionator  system from the  s t r ippe r -  

r e c t i f i e r  system proved t o  be j u s t i f i e d .  I t  was e s t ab l i shed  t h a t  about: 

ha l f  of t he  K r ,  ].eft: i n ' t h e  scrub s t r e a m  by imperfect s t r i p p e r  opera t ion ,  

repo.rLs t o  the  decon-Laminated gas leaving the  top  of t h e  absorber.  There 

were no complicating subtleties. T h e  feed t o  t h e  s t r i p p e r - r e c t i f i e r  sys- 

tem, produced by the  absorber - f rac t iona tor  system, had l i t t l e  e f f e c t  on 

t h e  performance of t h e  s t r i p p e r - r e c t i f i e r  system, which r ead i ly  accommo- 

dated t o  a range of feed concentrat ions.  

T h i s  study provides a b a s i s  f o r  planning i n  the experimental phase 

of the program which, with the  completion of the f a c i l i t i e s  present ly  under 

cons t ruc t ion ,  wi .L l  soon be under way. Subsequently, t h e  cmmputer program 

w i l l  be used t o  coiqplement the experimental work , attempting t o  simulate 

p a r t i c u l a r  experimental runs t o  a s s i s t  i n  t he  i n t e r p r e t a t i o n  of the da ta  

ais well as  t o  va l ida t e  Lhe compuLer program. If a su f f i c i en t .  degree of 

confidence i n  the computer program can be e s t ab l i shed ,  fu tu re  s tud ie s  w i l l  

explore the  opera t ing  regions of i n t e r e s t  more thoroughly arid modifications 

w i l l  he attempted .to permit s t u d i e s  of system t r a n s i e n t s  and economic 

opt imizat ion.  
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10.1  Appendix A:  Computer Program Input  

The computer program, QUEST, f o r  performing c a l c u l a t i o n s  on t h e  KALC 

system can handle two connected towers wi th  feed and condensation between 

them. The inpu t  t o  t h e  program has  been t a i l o r e d  t o  provide f l e x i b i l i t y  

t o  accoiiunodate s e v e r a l  d i - f f e ren t  modes of W C  opera t ion .  The IBM 360/91 

computer, on which t h e  proyram i s  run ,  i s  addressed through t h e  PUP-10 

system, making it convenient t o  format. t h e  inpu t  wi th  only one number p e r  

record.  All rea l  numbers a r e  read  i n t o  a G 1 0 . 3  f i e l d .  A 1 1  i n t e g e r s  are 

read i n t o  an I 2  f i e l d .  

The f i r s t  number i n  each case must be an i n t e g e r ,  which, i .E  p o s i t i v e ,  

i s  i n t e r p r e t e d  as a case number. For t he  i n i t i a l  case i n  a s e r i e s ,  t h e  

f i r s t  number must be zero .  The next  record  is  t h e  name of t h e  s e r i e s ,  

which may be e i g h t  cha rac t e r s  long.  The fol lowing record is  an i n t e g e r ,  

t he  case  number of t h e  f i r s t  case.  The subsequent two records  are i n t e g e r s  

t h a t  des igna te  t h e  numbers of s t a g e s  i n  t h e  upper tower ( t h e  absorber)  

and t h e  lower tower ( t h e  f r a c t i o n a t o r ) .  (The r e b o i l e r  a t  t h e  bottom of 

t h e  lower tower i s  counted a s  a s t a g e . )  

All remaining inpu t  numbers f o r  a case  are r e a l .  The record  t h a t  

follows is  the  system p res su re  i n  atmospheres; t h e  subsequent f i v e  records  

are t h e  cornposition of t h e  feed wi th  regard t o  0 

(expressed i n  mole f r a c t i o n s ) ,  r e s p e c t i v e l y .  The program i s  no t  capable  

of desc r ib ing  t h e  X e  performance; t hus  t h e  Xe concent ra t ion  should be 

zero.  'The next  record is  t h e  enthalpy of t h e  feed ( i n  c a l o r i e s  p e r  mole) , 
which, as noted elsewhere,  inc ludes  t h e  h e a t  removed from t h e  in t e r tower  

condenser. The subsequent record i s  t h e  scrub r a t e ,  t h e  next  the  teniper- 

a t u r e  of the scrub ( i n  " C ) ,  and, f i n a l l y ,  t h e  nominal bo i lup  r a t e  a t  t h e  

bottom of t h e  lower column. The nominal boilup r a t e  i s  given in t e r m s  of 

t h e  moles of s a t u r a t e d  CO vapor ,  which t h e  program converts  i n t o  h e a t  

u n i t s .  The c a l c u l a t i o n  l i t e r a l l y  y i e l d s  a vapor r a t e  from t h e  f i r s t  s t a g e  

equal  t o  t h i s  number only when the  l i q u i d  e n t e r i n g  t h e  f i r s t ;  s t a g e  from 

t h e  s t a g e  above i s  very c lose  t o  t h e  s a t u r a t i o n  temperature  of pure CO 

N2! CO, K r ,  and X e  
2 '  

2 

2 '  

The case number for each case  a f t e r  t he  i n i t i a l  case appears i n  t h e  

f i r s t  record.  The program r e t a i n s  t h e  number of s t a g e s ,  t h e  system 
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pressure ,  and the  feed composition given i n  the  i n i t i a l  case .  I t  a lso 

remembers the  ca lcu la ted  p r o f i l e  of compositions and temperatures from 

the  previous case.  The records following the  case number axe: the 

enthalpy of t h e  feed ,  t he  scrub r a t e ,  t h e  scrub temperature,  and the  

n o m i n a l  bo i lup  rate. Tf it is des i r ed  t o  change t h e  number of s t a g e s ,  

feed composition, or system p res su re ,  a ze ro  should be en tered  in s t ead  

of t he  case number, and the  format f o r  i n i t i a t i n g  a s e r i e s  should be 

repeated. 

The descr ip t ion  given above may be considered a s tandard case.  I ts  

v a r i a t i o n s  w i l l  now be cnumerated. I f  it is des i r ed  t o  spec i fy  a boi lup  

r a t i o  r a t h e r  than a boi lup  rate ( a  hea t  i n p u t )  t o  the  bottom s t age ,  a 

negat ive number i s  used. The magnitude of t h i s  number i s  i n t e r p r e t e d  as 

the  r a t i o  of the  vapor leav ing  t h e  bottom s t age  t o  t h e  Liquid en te r ing  

t h a t  s tage .  

I f  a scrub composition i s  t o  be s p e c i f i e d ,  then the  scrub r a t e  should 

be entered  as zero.  The scrub temperature and boi lup  r a t e  follow i n  s tan-  

dard sequence. The scrub temperature should be a negat ive number. Fol- 

lowing t h e  boi lup rate, f ive  recoxds des igna t ing  t h e  composition of t he  

scrub a r e  en tered  i n  the  same format used for  t h e  feed. F i n a l l y ,  t he  

a c t u a l  scrub r a t e  i s  en tered .  The scrub composition, once e s t ab l i shed ,  

w i l l  be remembered and used u n t i l  changed o r  u n t i l  the  s e r i e s  is  r e i n i -  

t i a l i z e d .  The d e f a u l t  opt ion gives pure l i q u i d  CQ2 scrub,. 

I f  it i s  des i r ed  t o  spec i fy  t h e  vapor r a t e  leav ing  the  top  of t h e  

top  tower r a t h e r  than the  temperature of t h e  scrub, t h i s  can be done by 

en te r ing  a pos i t i ve  number between 0 and 1 for t h e  scrub temperature.  This 

i s  i n t e r p r e t e d  as t h e  d i f f e rence  between the  feed r a t e  and t h e  e x i t  vapor 

r a t e  ( o r  t he  n e t  CO removal from t h e  f e e d ) .  For in s t ance ,  t o  spec i fy  an 

e x i t  vapor rate of 0 .9 ,  t he  number 0 .1  should be en tered  i n  t h e  record 

normally used f o r  the  scrub temperature. An enthalpy balance i s  made t o  

a r r i v e  a t  t he  scrub temperature t h a t  y i e lds  the  spec i f i ed  vapor r a t e ,  and 

t h i s  temperature i s  p r in t ed .  I t  i s  not  poss ib l e  t o  spec i fy  a bo i lup  r a t i o  

f o r  t he  bottom s t a g e  and a vapor rate f o r  t h e  top. I t  i s  poss ib le  t o  

spec i fy  a scrub composition and a vapor rate a t  t he  top.  

2 
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The upper tower can be run wi th  a condenser r a t h e r  than  a scrub  

stream. This  i s  e f f e c t e d  by e n t e r i n g  a scrub r a t e  less than  1. I f  the  

number l i e s  between 1 and 0 ,  i t  i s  i n t e r p r e t e d  as a condensation r a t i o ,  

R ,  which i s  t h e  r a t i o  of t h e  vapor l eav ing  t h e  top  s t a g e  t o  t h e  vapor 

e n t e r i n g  t h e  t o p  s t a g e .  I f  t.he number i s  less than  0 ,  it i s  i n t e r p r e t e d  

as a condensation r a t e ,  based on t h e  h e a t  r equ i r ed  t o  condense t h e  given 

number of moles of s a t u r a t e d  CO vapor. When c a l c u l a t i o n s  are be ing  made 

i n  the  condenser mode, t h e  condenser i s  considered a s t a g e ,  The scrub  

temperature  must be given b u t  i s  ignored.  

2 

I f  it i s  d e s i r e d  t o  spec i fy  an e f f l u e n t  vapor ra te  fox a s t r i p p e r  

system (when t h e  t o p  s t a g e  i s  a condenser and t h e r e  i s  no s c r u b ) ,  t h i s  

can be done by s e t t i n g  the  scrub  ra te  equal  t o  0 and t h e  "scrub tempera- 

t u r e "  t o  t h e  d e s i r e d  value f o r  t h e  e f f l u e n t  vapor ra te .  The method by 

which t h i s  i s  e f f e c t e d  i s  t r e a t e d  i n  Appendix B. The output  i s  automati-  

c a l l y  modified t o  r e p o r t  t h e  e f f l u e n t  gas r a t e ,  r e f l u x  ra t - io ,  and f r a c t i o n  

of K r  l o s t  t o  bottoms when a s t r i p p e r  mode c a l c u l a t i o n  i s  made. 

When t h e  case number i s  nega t ive ,  t h e  run i s  te rmina ted .  

A t y p i c a l  i npu t  i s  shown i n  T a b l e  8 .  

1 0 . 2  Appendix B:  Nominal and Actual Input  V a r i a b l e  Values 

10 - 2 . 1  Nominal Reboi ler  Vapox -_ Fate __ ._..... ._... 

The primary v a r i a b l e  used throughout, t h i s  s tudy was t h e  h e a t  input- 

t o  t h e  r e b o i l e r .  Using t h e  heat. equa l  t o  t h e  l a t e n t  h e a t  of a q u a n t i t y  

of  CO was thought t.o be more d e s i r a b l e  than us ing  c a l o r i e s  pe r  u n i t  molar 

feed  r a t e  , a number whose magnitude r equ i~ res  some mental manipulation to 

i n t e r p r e t .  The obvious b a s i s  was pure  CO a t  s a t u r a t i o n  a t  t h e  p re s su re  

of t h e  system. Thus t h e  heat. t o  t h e  r e b o i l e r  was s p e c i f i e d  i n  terms of 

t h e  number of  moles of C02 p e r  mole of feed;  when t h e  l i gh t -gas  conten t  

i n  t h e  lower p a r t  of t h e  f r a c t i o n a t o r  was s m a l l ,  it numerical ly  equaled 

the  vapor r a t e  from t h e  bottom s t a g e .  This  suggested t h e  name "nominal 

reboi- ler  vapor r a t e "  f o r  t h i s  nurnber. When t:he l i q u i d  ent.esing t h e  

bottoiu s t a g e  was co lde r  than the  s a t u r a t i o n  tempexature,  p a r t  of t h e  h e a t  

2 

2 
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T a b l e  8 .  Typical Input  for t h e  Computer Program. 
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was used t o  warm the  l i q u i d  and the  vapor r a t e  was l e s s  than nominal. 

Since the  var iab le  used i s  c l e a r  and unambiguous, t he  r e l a t i o n s h i p  o f  

the  ac tua l  vapor r a t e  t o  the nominal r a t e  i s  of s u p e r f i c i a l  s ign i f i cance  

t o  the  s tudy ,  bu t  i s  i n t e r e s t i n g .  N o  simple ana lys i s  was successfu l  i n  

expressing t h i s  r e l a t ionsh ip ,  although the  r a t i o  of ac tua l  t o  nominal 

boi lup r a t e  co r re l a t ed  approximately with the C F  for t h e  run. A p l o t  of 

t h i s  co r re l a t ion  us-ing a l a rge  sample of runs i s  shown i n  Fig.  19. The 

group of po in t s  i.s bounded below by s e r i e s  24P9AA, a t  15-atm pressure ,  

and above by  s e r i e s  24P9?BI a t  25  atm. A t  values of CF equal t o  1 0 ,  100, 

and 1000,  a l l  of t he  values f o r  the  r a t i o  l i e  above 0.95,  0.995, and 0.9995, 

respec t ive ly  I 

10.2.2 Nominal Ef f luent  G a s  Kate f o r  Absorber-Fractionator Sys tem .._ -. ..- .______^_ 

When an e f f l u e n t  gas r a t e  ( n e t  C02 removal) was s p e c i f i e d ,  an appro- 

p r i a t e  temperature f o r  the  scrub stream was ca lcu la ted  by t h e  following 

method : 

(1) The e f f l u e n t  gas was assumed t o  contain a l l  of the  l i g h t  yases 

en ter ing  w i  t:h the  feed;  i t s  composition , dew poi.nt: I and enthalpy 

a t  the dew po in t  were ca lcu la ted .  

( 2 )  The 1iqui.d r a t e  leaving t h e  bottom s t age  was computed by an 

overa l l  mater ia l  balance; it was assumed t o  be pure CO a t  

s a tu ra t ion  temperature a t  t he  pressure  of the  system. Its 

enthalpy was ca lcu la ted .  

2 

( 3 )  The enthalpy of t he  en te r ing  scruln was computed from an o v e r a l l  

enthalpy balance I ts  temperature w a s  ca lcu la ted  from the  

s p e c i f i c  enthalpy. 

Asswnptions required f o r  s t eps  (1) and ( 2 )  a r e  inva l id  when s i g n i f i -  

cant amounts of l i g h t  yases leave with the  e x i t  l i q u i d  from the  bottom of 

the  f r a c t i o n a t o r .  At t he  time of input  t o  t h e  ca l cu la t ion ,  t h e  scrub 

temperature i s  e s t ab l i shed ;  hence t h e  devia t ion  appears i n  t h e  ca lcu la ted  

e f f l u e n t  gas r a t e .  Only a small  decrease i n  .temperature of the  l i qu id  

stseam leaving the  bottom of the  r e b o i l e r  causes a significant:  increase  

i n  e f f l u e n t  gas r a t e  above t he  nominal value.  
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Since t h e  major dependent v a r i a b l e s  of t h e  s tudy ,  DE’ and CF, w e r e  

very i n s e n s i t i v e  t o  e f f l u e n t  gas r a t e ,  and s i n c e  va lues  of  t h e  a c t u a l  e f f l u -  

e n t  gas ra te  were never g r e a t l y  d i f f e r e n t  from t h s  nominal (see Fig .  14)  

and q u i t e  c l o s e  f o r  CF va lues  above about 50, t h e  simple method descr ibed  

above of us ing  t h e  input  nominal e f f l u e n t  gas  ra te  w a s  thought t o  be 

appropr ia te .  

1 0 . 2 . 3  Nominal E f f l u e n t  G a s  Rate f o r  t h e  S t r i p p e r - R e c t i f i e r  System .- .-.-..-. .-.-I_-. 

Some manipulation i s  involved i n  s a t i s f y i n g  a s p e c i f i e d  e f f l u e n t  gas 

r a t e  from a condenser when t h a t  condenser i s  f ed  vapor by a cascade and 

99.999% of  t h e  vapor i s  condensed. The computer program i s  w r i t t e n  t o  

allow t h e  use of a s p e c i f i e d  number, R ,  on t h e  t o p  s-tage (condenser) of  

t h e  s t r i p p e r .  This  number i s  i n t e r p r e t e d  %o be t h e  f r a c t i o n  of t h e  t o t a l  

mater ia l  f ed  t o  the  s t a g e  remaining i n  the  vapor phase a t  equi l ibr ium 

(normally,  R i s  determined by an enthalpy ba lance ) .  The fol lowing pxoce- 

dure i s  used t o  o b t a i n  K from inpu t  vaxiab les  t h a t  inc lude  a s p e c i f i e d  

e f f 1 uent 

(1) 

(4 )  

gas r a t e :  

A l l  l i g h t  gases  axe assumed to r e p o r t  t o  t he  e f f l u e n t  gas, 

and the composition of t h e  gas is c a l c u l a t e d  from an o v e r a l l  

ma te r i a l  balance.  

The l i q u i d  phase i n  eqii i l ibrium wi th  t h e  e f f l u e n t  gas i s  

c a l c u l a t e d ,  a long wi th  i t s  temperature and s p e c i f i c  enthalpy.  

?n enthalpy balance i s  made over  t h e  whole system, excluding 

the  top  s t age  and assuming zero l i gh t -gas  concent ra t ion .  This  

y i e l d s  an approximate va lue  f o r  t h e  vapor r a t e  e n t e r i n g  t h e  t o p  

s t age  

The composition of t h i s  e n t e r i n g  vapor i s  c a l c u l a t e d  from a 

m a t e r i a l  ba lance ,  us ing  i t s  approximated ra te .  Since a l l  

r e f l u x  r a t i o s  of i n t e r e s t  are very h igh ,  t h i s  composition 

c a l c u l a t i o n  is q u i t e  accu ra t e .  

The dew p o i n t  and t he  s p e c i f i c  enthalpy of t he  e n t e r i n g  vapor 

a r e  ca l cu la t ed .  
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( 6 )  An enthalpy balance (similar t o  s t e p  3)  i s  made over t he  whole 

system, excluding the  top  s t a g e ,  using the  ca l cu la t ed  s p e c i f i c  

en tha lp i e s  t o  y i e l d  an accurate  value f o r  t he  vapor r a t e  

en te r ing  the top  s tage .  

( 7 )  R i s  s e t  equal  t o  the  r a t io  of t h e  spec i f i ed  e f f l u e n t  gas r a t e  

and the  vapor r a t e  en te r ing  the  top  s tage .  

This procedure proved t o  be su rp r i s ing ly  accura te ,  generat ing e f f l u e n t  

gas r a t e s  t h a t  deviated as  much as a f e w  t en ths  of a percent  from t h e  

spec i f i ed  r a t e  only when the  Kr l o s ses  exceeded 10%. 

10 .3  Appendix C: Computer Program 

The l i s t i n g  of the  computer program used i n  t h i s  s tudy i s  given on 

the  pages t h a t  follow. 
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