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AN EXPERIMENTAL INVESTIGATION OF THE DISTRIBUTION OF KRYPTON 
DURING THE REMOVAL AND FIXATION OF C07 FROM SIMULATED 

H E R  FUEL REPROCESSING OFF-GAS BY THE CO?-Ca(OH)7 
SLURRY REACTION 

D. W. Holladay 

ABS TRAC T 

An experimental  i n v e s t i g a t i o n  w a s  conducted t o  determine 
the  behavior  of krypton during t h e  removal and f i x a t i o n  of 
C02 from s imula t ed  HTGR f u e l  r ep rocess ing  off-gas  i n  a 
mechanically a g i t a t e d  gas-Ca(OH)2 s l u r r y  c o n t a c t o r .  For C02 
removal, decontamination f a c t o r s  (DFs) i n  t h e  range of l o 2  
t o  l o 3  were ob ta ined  wi th  a s i n g l e  c o n t a c t o r ;  DFs f o r  C02 of 

i n  series. For t h e ' p r i m a r y  C02 removal s t e p  i n  a s i n g l e  
c o n t a c t o r ,  0.5 t o  1% of t h e  krypton i n  t h e  f e e d  gas w a s  
r e t a i n e d  i n  the  s l u r r y .  Add i t iona l  t r ea tmen t  r e s u l t e d  i n  
f u r t h e r  r e d u c t i o n  of t h e  s l u r r y  krypton c o n t e n t  by a f a c t o r  
of l o2 .  (Overall, evacuat ion of t h e  product  s l u r r y  during 
a g i t a t i o n  w a s  t h e  most d e s i r a b l e  add-on p rocess . )  Thus, t h e  
q u a n t i t y  of krypton i n  t h e  f eed  t h a t  w a s '  r e t a i n e d  i n  the  
product  CaC03 s l u r r y  could be r e s t r i c t e d  t o  0.01 t o  0.001% 
by us ing  a combination of primary p rocesses  and add-on treat- 
ments. Models are p resen ted  t h a t  p r e d i c t  t h e  d i s t r i b u t i o n s  
of both C02 and krypton during gas  t r ea tmen t  i n  Ca(OH)2 
s l u r r i e s  f o r  both s ing le -con tac to r  and con tac to r s - in - se r i e s  
ope ra t ion .  

10 3 t o  10 4 w e r e  ob ta ined  during o p e r a t i o n  of two c o n t a c t o r s  

1. INTRODUCTION 

I n  t h e  r ep rocess ing  of High-Temperature Gas-Cooled Reactor (HTGR) 

f u e l ,  a l a r g e  q u a n t i t y  of CO is produced du r ing  t h e  burning of t h e  

g r a p h i t e  f u e l  elements.  

c o n s t i t u t e s  t h e  bu lk  of t h e  r ep rocess ing  off-gas .  However, t he  t o t a l  

off-gas stream, i n c l u d i n g  d i s s o l v e r  off-gas (DOG) and v e s s e l  off-gas (VOG), 

would c o n t a i n  i s o t o p e s  of i o d i n e  ( ~ 2 0  ppm t o t a l  i o d i n e  as both lZ7I 

and 12'1), krypton ('L1.0 ppm 85Kr and 15  ppm 84Kr), and 1 4 C 0 2  (100 t o  

500 ppb COY depending on f u e l  composition).  I n  terms of r a d i o a c t i v i t y ,  

2 
The normal l 2 C 0  formed from t h i s  btlrning p rocess '  2 

14 



2 

t h e  t o t a l  a v a i l a b l e  q u a n t i t i e s  of t h e s e  r a d i o n u c l i d e s  i n  a model p l an t  

processing 450 metric t o n s  of heavy metal (MTHM) of f u e l  annua l ly  would 

be ~ 7 0 0 0  C i  1 4 C ,  2.7 x 10  

mental  P r o t e c t i o n  Agency (EPA) has  a l r e a d y  e s t a b l i s h e d  t h a t  p rocesses  must 

be added t o  t h e  f u e l  r ep rocess ing  p l a n t  t o  remove t h e  i o d i n e  and krypton 

r ad ionuc l ides .  

i ng  have been made by Bonka et a l .3  Croff ,4 and Davis.' 

1 4 C 0 2  problem as it  relates t o  human dosage i n  t h e  v i c i n i t y  of a f u e l  

r ep rocess ing  p l a n t  has  been d i scussed  by Magno e t  al. 

e t  a l . 8y9  and Sn ide r  and Kaye." 

a s s o c i a t e d  wi th  1 4 C  release, i t  now appea r s  t h a t  t h e  EPA w i l l  probably 

a l s o  r e q u i r e  t h e  removal of I4CO2 from t h e  off-gas .  

t h i s  requirement,  an experimental  program w a s  e s t a b l i s h e d  i n  t h e  Chemical 

Technology Div i s ion  t o  n o t  on ly  develop a p rocess  t o  e f f i c i e n t l y  remove 

C02 from HTGR f u e l  r ep rocess ing  off-gas ,  b u t  a l s o  t o  determine t h e  optimum 

l o c a t i o n  f o r  t h a t  process  i n  t h e  off-gas t r ea tmen t  scheme. 

1291.1y2 The U.S. Environ- C i  85Kr ,  and 54 C i  7 

E s t i m a t e s  of t h e  14CO2 r e l e a s e d  du r ing  HTGR f u e l  reprocess-  

The scope of t h e  

Machta, Kil lough,  

Because of t h e  p o s s i b l e  biohazards 

I n  a n t i c i p a t i o n  of 

2 For t h e  off-gas  processing t reatment  scheme as p r e s e n t l y  designed,  

i o d i n e  removal (by p rocesses  such as s o r p t i o n  on z e o l i t e - t y p e  s o l i d  bed 

o r  r e a c t i o n  wi th  hyperazeotropic  HNO 3' 
t h e  KALC process  t o  remove krypton from t h e  l i q u e f i e d  CO 

p r e s s u r e ,  low-temperature ope ra t ion .  

t hen  b e  removed by some p rocess  t h a t  would produce a s o l i d  w i t h  charac- 

teristics which would a l low i t  t o  remain s t a b l e  du r ing  t h e  long-term 

b u r i a l  necessa ry  t o  c o n t a i n  t h e  r a d i a t i o n  du r ing  t h e  ve ry  long h a l f - l i f e  

(5730 yea r s )  of I 4 C .  

t h e  i s o l a t i o n  and d i s p o s a l  of 14C-contaminated CO Croff proposed t h a t  

a l l  of t h e  CO 

off-gas,  fol lowing t h e  KALC p rocess ,  w i t h  a Ca(OH)2  s l u r r y .  
2 b i l i t y  of t h i s  p rocess  f o r  achieving DFs f o r  t h e  removal of C 0 2  of 10 
3 1' Croff t o  10 from t h e  KALC-type off-gas h a s  p rev ious ly  been shown. 

c a l c u l a t e d  t h a t  even i f  a DF f o r  85Kr of 100 w a s  achieved i n  KALC, t h e  

r a d i o a c t i v i t y  level  of t h e  CaCO 

be c o n t r o l l e d  by t h e  included krypton. 

as i n  Iodox) would be followed by 

i n  a high- 

The 1 4 C - c o n t ~ i n a t e d  C 0 2  would 
2 

I n  an  i n i t i a l  e v a l u a t i o n  of o p t i o n s  concerning 
3 

2' 
by d i r e c t  r e a c t i o n  of t h e  HTGR 

The f e a s i -  

could b e  f i x e d  as CaCO 2 3 

4 

product  formed dur ing  C 0 2  f i x a t i o n  would 3 
T h i s  c a l c u l a t i o n  w a s  based on 



3 

t h e  worst-case assumption t h a t  a l l  of t h e  krypton would be  trapped i n  

the  CaC03 s o l i d .  

of t h e  krypton would have t o  b e  removed from t h e  s l u r r y  product  be fo re  

Department of T ranspor t a t ion  (DOT) r e g u l a t i o n s  would permi t  t r a n s p o r t a t i o n  

i n  bulk.  Therefore ,  reducing t h e  q u a n t i t y  of t h e  krypton i n  t h e  s o l i d  

product  by f a c t o r s  of 10 , 10 , o r  g r e a t e r  would c e r t a i n l y  a l low f o r  a 

cons iderable  r educ t ion  i n  t h e  c o s t  of t r a n s p o r t i n g  t h e  product .  

Croff a l s o  c a l c u l a t e d  t h a t  99.8% (DF = 500) 

2 3  

1 2  Forsberg conducted experiments t o  develop a process  t o  f u r t h e r  

concen t r a t e  t h e  kryp ton-r ich product  stream produced by t h e  KALC ope ra t ion  

when appl ied  t o  the  HTGR f u e l  reprocess ing  off-gas .  The r e s u l t i n g  KALC 

product  gas  has  an  approximate composition of >90% CO 1 t o  1.5% 

N 2 ,  and xenon as t h e  balance.  krypton,  and va r ious  amounts of 0 

presence of t he  CO and 0 i n  t h e  krypton product  i s  undes i rab le  because 

t h e r e  i s  a p o t e n t i a l  explos ion  hazard which may r e s u l t  from uns tab le  

in t e rmed ia t e  compounds produced from r a d i o l y s i s  of those  gaseous com- 

ponents .  Also, because krypton i s  g e c e r a l l y  a more d i f f i c u l t  r ad ionuc l ide  

t o  handle13 ( r equ i r ing  more s h i e l d i n g )  than 1 4 C ,  i t  would be more e f f i c i e n t  

t o  s e p a r a t e  t h e  CO (conta in ing  C) from t h e  krypton and then t o  prepare  

each i so tope  i n d i v i d u a l l y  f o r  appropr i a t e  shipment and s t o r a g e .  
1 2  Linde 5A molecular  s i e v e s ,  Forsberg obta ined  a krypton-oxygen product  

t h a t  contained < l o  % (10 ppm) C 0 2  and >50% krypton.  Forsberg’s  i n i t i a l  

s tudy  i s  r e l e v a n t  t o  t h i s  experimental  program because i t  d e l i n e a t e s  one 

method of f u r t h e r  p u r i f y i n g  krypton from an off-gas  conta in ing  p r i m a r i l y  

krypton,  02, and N2. 

a C02- krypton-02-N2 stream i s  t r e a t e d  i n  a Ca(OH)2 s l u r r y ,  

2’ 
The 2’ 

2 2 

14 
2 

U t i l i z i n g  

-3 1 2  

2 Such a stream could b e  obta ined  as the  product  when 

Forsberg13 i n i t i a t e d  the  i n v e s t i g a t i o n  i n t o  t h e  f e a s i b i l i t y  of 

l o c a t i n g  t h e  CO removal process  p r i o r  t o  krypton removal during t h e  

process ing  of HTGR f u e l  reprocess ing  off-gas .  H i s  s tudy ,  which w a s  

p r imar i ly  t h e o r e t i c a l ,  w a s  supported by s i m p l e  bench-scale experiments.  

A f eed  gas conta in ing  93% C02, 5.4% O2 , and 1 .5% krypton (with 85Kr 

t r a c e r )  w a s  sorbed i n  250 m l  of C a ( O H l 2  s l u r r y .  

Ca(OH)2 s l u r r y  could b e  achieved whi le  minimizing the  e f f e c t  of t h e  

krypton on t h e  a c t i v i t y  l e v e l  of t he  s o l i d  CaCO product ,  t he  fol lowing 

advantages would be  r e a l i z e d :  

2 

I f  C 0 2  removal by 

3 
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1. The s i z e  of t h e  krypton removal system could  b e  reduced because 

t h e  bulk CO would be  removed ( f o r  example, t h e  f low rate f o r  a 

90% CO feed  wi th  a nominal DF f o r  CO of 100 would b e  reduced 

by a f a c t o r  of 20. 

2 

2 2 

2. Molecular sieve s o r p t i o n  o r  t h e  Freon Absorpt ion System f o r  Treat- 

ment of E f f l u e n t s  from Reprocessors (FASTER) process  (with f i n a l  

krypton p u r i f i c a t i o n  by molecular s i e v e s )  could be  u t i l i z e d  

f o r  krypton removal,, i n s t e a d  of KALC. 

3. I f  t h e  FASTER process  w e r e  u t i l i z e d ,  t h e  o v e r a l l  t rea tment  flow 

t r a i n  would b e  more immune t o  process  i n t e r r u p t i o n .  

Although most of t h e  s tudy  w a s  devoted t o  t h e o r e t i c a l  development, t h e r e  

were two b a s i c  conclusions drawn from t h e  p re l imina ry  experimental  d a t a :  

(1) most of t he  krypton found i n  t h e  CaCO s l u r r y  w a s  d i s so lved  i n  t h e  

water, r a t h e r  than i n  the  s o l i d ;  ( 2 )  i t  w a s  p o s s i b l e  t o  remove most of 

t h e  krypton from t h e  CaCO s l u r r y  by purging wi th  an  i n e r t  gas  o r  by 

applying a vacuum dur ing  s l u r r y  a g i t a t i o n .  Based on t h e s e  pre l iminary  

s t u d i e s ,  Forsberg suggested t h a t  i t  might b e  f e a s i b l e  t o  remove I 4 C -  

contaminated CO from HTGR f u e l  r ep rocess ing  off-gas p r i o r  t o  krypton 

removal wi th  ope ra t ing  cond i t ions  such t h a t  t h e  bulk  of t h e  krypton 

could b e  recovered s e p a r a t e l y  from t h e  C a 1 4 C 0  

f u r t h e r  ev iden t  t h a t  a d d i t i o n a l  s t u d i e s  should be  conducted wi th  l a r g e r  

engineer ing-sca le  equipment and improved a n a l y t i c a l  techniques t o  f i rmly  

e s t a b l i s h  the  d i s t r i b u t i o n  of krypton t o  t h e  product  C a C 0 3  s l u r r y .  

3 

3 

2 

product .  However, i t  w a s  3 

The primary objec’ t ive  of t h i s  s tudy  w a s  t o  a c c u r a t e l y  determine t h e  

d i s t r i b u t i o n  of t h e  krypton dur ing  removal and f i x a t i o n  df CO 

s imula ted  HTGR f u e l  reprocess ing  off-gas  by r e a c t i o n  wi th  a Ca(0H) 

s l u r r y .  To accomplish t h e  o b j e c t i v e ,  i t  was necessary  t o  show the  f e a s i -  

b i l i t y  of removing CO from HTGR f u e l  r ep rocess ing  off-gas  p r i o r  t o  

krypton removal. Operat ing cond i t ions  were developed t o  minimize any 

a d d i t i o n a l  hazard t h a t  t h e  krypton ,  which is inc luded  i n  the  CaCO s l u r r y ,  

might pose t o  t h e  handl ing of t h e  14C-contaminated CaCO I n  

p a r t i c u l a r ,  c a r e f u l  measurements of t h e  r e s i d u a l  krypton i n  the  s o l i d  

p o r t i o n  of t he  s l u r r y  were made’because t h a t  p o r t i o n  would r e q u i r e  

from a 

2 

2 

2 

3 
product .  3 
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cons iderable  handl ing dur ing  process ing ,  immobil izat ion i n t o  concre te ,  

and b u r i a l .  The two most d e s i r a b l e  d i s t r i b u t i o n s  of krypton would be  

e i t h e r  (1) t h a t  a l l  of t h e  krypton remain i n  t h e  C a 1 4 C 0  

i t  could b e  permanently bound i n  concre te ,  o r  (2) t h a t  none of t h e  

2 
krypton remain i n  t h e  s l u r r y  s o  t h a t  i t  would pass  through the  CO 

removal process  and thus  could be  concent ra ted  r e l a t i v e l y  simply. The 

b a s i c  ques t ion  w a s  as fo l lows:  I n  the  t rea tment  of HTGR f u e l  reprocess ing  

o$f-gas, i f  i t  i s  mandated t h a t  most of t h e  C 0 2  b e  removed t o  prevent  

long-term environmental  hazards  of s m a l l  q u a n t i t i e s  of included I 4 C O 2 ,  

can the  CO removal s t e p  be  placed be fo re  t h e  krypton removal s t e p  s o  

t h a t  t he  need f o r  t h e  expensive and d i f f i c u l t - t o - o p e r a t e  KALC process  

can b e  e l imina ted?  

s o l i d  s o  t h a t  3 

2 

Bas i ca l ly ,  two experimental  f a c t s  had t o  be  e s t a b l i s h e d  i n  o rde r  

t o  answer t h i s  ques t ion .  F i r s t ,  i t  had t o  be  shown t h a t  t he  presence 

of krypton and xenon i n  the  feed gas  t o  the  CO -Ca(OH) s l u r r y  process  

d id  n o t  i n t e r f e r e  wi th  t h e  DFs f o r  C02 .  Second, t h e  amount of krypton 

included i n  the  s l u r r y  had t o  be  low enough s o  t h a t  any extra c o s t  in-  

cur red  f o r  t h e  d i s p o s a l  of t h e  C a 1 4 C 0  -krypton-concrete waste would be 

less expensive than t h e  c o s t  of t h e  KALC-C02 removal process .  

2 2 

3 

The fol lowing c l a r i f i c a t i o n  of t h e  op t ions  a v a i l a b l e  f o r  C 0 2  and 

krypton removal i n  HTGR reprocess ing  can be  made. 

op t ion  1, wi th  krypton removal by KALC followed by C 0 2  removal, is as 

fol lows:  

process  equipment, ( 4 )  b o t t l i n g  o r  encapsula t ion  and t r a n s p o r t a t i o n  of 

v i r t u a l l y  a l l  t h e  krypton,  and (5) immobil izat ion of C a C 0 3  (conta in ing  

1 4 C  and traces of 85Kr)  i n  concre te  and t r a n s p o r t a t i o n  t o  the  d i s p o s a l  

s i te.  The sequence f o r  op t ion  2,  with CO removal b e f o r e  krypton 

removal, is: (1) CO f i x a t i o n  process  equipment, (2) molecular s i e v e s  

(70 t o  100 t i m e s  more capac i ty  than op t ion  1 )  o r  FASTER, (3) b o t t l i n g  

o r  encapsula t ion  and t r a n s p o r t a t i o n  of v i r t u a l l y  a l l  t he  krypton,  

( 4 )  add-on vacuum equipment t o  remove t h e  necessary  amount of krypton 

from CaC03, and (5) immobil izat ion of CaC03 (conta in ing  1 4 C  and traces 

of 85Kr) i n  conc re t e  and t r a n s p o r t a t i o n  of t h e  product  t o  the  d i s p o s a l  

s i t e  ( see  F ig .  1 ) .  

The sequence f o r  

(1)  KALC equipment, (2) molecular s i e v e s ,  (3) C 0 2  f i x a t i o n  

2 

2 
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Hence, t h e  b a s i c  d i f f e r e n c e  between t h e  two o p t i o n s  i n  t h a t  op t ion  1 

inc ludes  t h e  KALC o p e r a t i o n  and a small-scale molecular s i e v e  operat ion.  

Option 2 i n c l u d e s  e i t h e r  l a r g e r - s c a l e  ( ~ 1 0 0  t i m e s  t h a t  of op t ion  1 )  molec- 

u l a r  s i e v e  equipment o r  FASTER t o  concen t r a t e  krypton i n  t h e  e f f l u e n t  from 

t h e  carbonat ion r e a c t o r .  

removal of krypton included i n  t h e  CaCO s l u r r y .  Thus, i f  t h e  add-on 

t reatment  could be vacuum equipment and provide s u f f i c i e n t  krypton removal 

so t h J t  t h e  a d d i t i o n a l  c o s t s  of t r a n s p o r t i n g  CaC03 con ta in ing  1 4 C  and 85Kr 

would be f e a s i b l e ,  t hen  op t ion  2 would appear t o  be a t  least as e f f i c i e n t  

as op t ion  1 and economically more a t t r a c t i v e  than op t ion  1. 

Option 2 a l s o  i n c l u d e s  equipment t o  improve t h e  

3 

A l i s t  of nomenclature has  been included i n  t h e  r e p o r t  f o r  t h e  

r e a d e r ' s  convenience (see p .  v i i ) .  

2. EXPERIMENTAL EQUIPMENT AND ANALYTICAL TECHNIQUES 

2 .1  Experimental Apparatus 

I n  t h e s e  experiments,  runs were conducted f o r  both semibatch (no 

s l u r r y  flow) and continuous s l u r r y  flow i n  t h e  a g i t a t e d  con tac to r s .  

of t h e  continuous runs  were conducted wi th  t h e  gas - s lu r ry  system i n  t h e  

s tandard coun te rcu r ren t  method of con tac t .  Schematics f o r  t h e  experi-  

mental  s e t u p s  f o r  ope ra t ion  of a s i n g l e  con tac to r  i n  continuous s l u r r y  

flow and f o r  o p e r a t i o n  of two con tac to r s  i n  series wi th  continuous 

s l u r r y  flow are shown i n  F igs .  2 and 3 ,  r e s p e c t i v e l y .  

A l l  

Three s t l r r e d - t a n k  c o n t a c t o r s  were u t i l i z e d  i n  t h e  s t u d i e s  f o r  C02  

removal from simulated HTGR f u e l  reprocessing off-gas. 

Rushton-type c o n t a c t o r  has  been previously desc r ibed  i n  d e t a i l ,  lo whereas 

t h e  27.3-cm-ID c o n t a c t o r s  were designed t o  b e  geomet r i ca l ly  similar, 

scaled-up v e r s i o n s ,  by about a f a c t o r  of 2 ,  of t h e  smaller con tac to r .  

A schematic of a standard-design Rushton-type con tac to r  i s  shown i n  

Fig. 4. 

The 20.3-cm-ID 

Improvements t o  t h e  o r i g i n a l  con tac to r  included s u b s t i t u t i o n  of a 

dependable mechanical seal f o r  t h e  o r i g i n a l  u n r e l i a b l e  s h a f t  seal, 

which cons i s t ed  of p re s su re  r i n g s  and a packing gland. These mechanical 
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seals w e r e  taken from t h e  water pumps of Chevrolet  automobiles.  The 

seals w e r e  ve ry  r e l i a b l e  f o r  long pe r iods  of ope ra t ing  t i m e  a t  impe l l e r  

speeds of 500 t o  1000 rpm. They d i d  tend t o  run  h o t ,  however, when t h e  

ope ra t ing  t i m e  exceeded 30 min, r e s u l t i n g  i n  a small  e l e v a t i o n  i n  

temperature  of t he  s l u r r i e s .  

Another improvement t o  t h e . c o n t a c t o r  des ign  w a s  replacement of t h e  

o r i g i n a l  p l e x i g l a s s  b a f f l e s ,  which had been a t t ached  t o  t h e  p l e x i g l a s s  

con tac to r s  by chemical bonding, wi th  s t a i n l e s s  steel  b a f f l e s  b o l t e d  t o  

the  con tac to r  w a l l .  

g l a s s  b a f f l e s  had n e c e s s i t a t e d  p e r i o d i c  shutdowns of ope ra t ion  f o r  

b a f f l e  r e p a i r .  

Slow e ros ion  of t h e  chemical bonding f o r  t h e  p l ex i -  

Spec ia l  pumps were necessary  t o  t r a n s p o r t  t h e  h igh ly  a b r a s i v e  

Ca(OH)2-CaC03 s l u r r i e s .  

f o r  ope ra t ion  of two c o n t a c t o r s  i n  series. Two d i f f e r e n t  types of s l u r r y  

pumps were used; one w a s  a Moyno-type p rogres s ive  c a v i t y  pump, and t h e  

o t h e r  w a s  a p e r i s t a l t i c - t y p e  f i n g e r  pump. 

Two pumps were r equ i r ed  when d a t a  w e r e  taken 

The p rogres s ive  c a v i t y  Midland Model E2H400 pump w a s  manufactured by 
t h e  F lu ids  Cont ro l  Div is ion  of LFE Corp. (Hamden, Conn.). For process ing  

l i m e  s l u r r i e s ,  t h e  pump w a s  f i t t e d  wi th  a BUNA N s t a t o r  and chrome-plated 

t o o l  s tee l  r o t o r .  The t ransmiss ion  w a s  a Carter h y d r o s t a t i c  v a r i a b l e -  

speed-drive Model 4A wi th  a No. 5 SFRD Ritespeed gea r  wi th  handwheel 

c o n t r o l .  A m a x i m u m  ou tpu t  speed of 297 rpm w a s  ob ta ined  when t h e  pump 

w a s  powered by a top-mounted, 7.5-hp, 1800-rpm motor. The pump could 

d e l i v e r  flow rates ranging from 0.5 t o  113 l i t e r s / m i n  (0.13 t o  30 gal/min) 

a g a i n s t  a head of 40 ps ig .  

The second pump w a s  a Sigma Motor Model 6KC40J, c o n s i s t i n g  of an  

explosion-proof 0.75-hp motor connected t o  a Vickers  TR3 reve r s ib l e -  

d r i v e  t ransmiss ion .  Motor speed w a s  a d j u s t a b l e  wi th  a flow rate ranging 

from 50 ml/min t o  16  l i t e r s / m i n . '  



1 2  

2.2 Background on t h e  Rad ia t ion  Problems Associated 
wi,th I n c l u s i o n  of 85Kr i n  CaC03 S o l i d s  

Containing 1 4 ~  

To be c l a s s i f i e d  as LSA ( low-spec i f i c - ac t iv i ty )  waste, t h e  C a C 0 3  

product ( taken h e r e  as moist  f i l t e r  cake,  60 w t  % s o l i d s  and 40 w t  % 

H20) would have t o  c o n t a i n  CO.01 C i  I4C/g and <0.1 C i  85Kr/g. 

model p l a n t  processing 450 MTHM (Th + U)  of HTGR f u e l  p e r  y e a r Y 2  %lo7 C i  

85Kr and 10 C i  I 4 C  would be p r e s e n t  i n  t h e  p l a n t  annua l ly .  

q u a n t i t i e s  of 85Kr and I 4 C  appeared i n  t h e  off-gas ,  t h e  amount of C a C 0 3  

formed i n  f i x a t i o n  of t h e  C 0 2  would be enough (without any removal 

method f o r  krypton) t o  d i l u t e  t h e  85Kr l e v e l  s u f f i c i e n t l y  t o  s a t i s f y  t h e  

above concen t r a t ion  r e s t r i c t i o n s .  For i n c l u s i o n  of a l l  t h e  krypton i n  

the  CaCO product ,  maximum concen t r a t ion  would b e  only 3.71 x 10 C i  

85Kr/g. 

t r anspor t ed  i n  bulk,  t h e  r e s u l t i n g  a c t i v i t y  must b e  below 0 . 1  C i  p e r  

gram of concentrated krypton. For bulk t r a n s p o r t a t i o n  of r a d i o a c t i v e  

material ,  MEA r e s t r i c t i o n s  r e q u i r e  allowance f o r  t h e  p o s s i b i l i t y  of 

concen t r a t ion  of a l l  t h e  85Kr i n  a bulk shipment i n t o  one l a r g e  "bubble." 

For t h a t  contingency, t he  presence of 50 C i  of krypton i n  one t ruck  

shipment could exceed t h e  0.1-Ci 85Kr/g l i m i t .  

4 For a 

4 I f  t h e s e  

-4 
3 
However, i f  t h e  CaCO product  con ta in ing  I 4 C  and 85Kr is  t o  b e  3 

4 Croff pointed o u t  t h a t  bulk shipment of t h e  unpackaged, u n s o l i d i f i e d  
1 4  C a  CO is  favored because o'f t he  very l a r g e  sav ings  i n  t r a n s p o r t a t i o n  

c o s t  f o r  t h e  C a 1 4 C 0  
3 

product  ( t o t a l  d i s p o s a l  c o s t ,  $13.55/kg heavy metal; 3 
t r a n s p o r t a t i o n  c o s t ,  $4/kg heavy me ta l ) .  

case of product p r o t e c t i o n ,  which included t h e  f i x a t i o n  of C 0 2  t o  CaCO 

packaging, s o l i d i f i c a t i o n ,  t r a n s p o r t a t i o n ,  and d i s p o s a l ,  w a s  $86/kg 

heavy metal ( t r a n s p o r t a t i o n  c o s t  w a s  $26.80/kg heavy m e t a l ) .  I n  g e n e r a l ,  

about h a l f  of t h e  c o s t  w a s  due t o  t r a n s p o r t i n g  s 3  i n .  of i r o n  s h i e l d i n g  

on t h e w a s t e  c o n t a i n e r s .  I f  t h e  krypton a c t i v i t y  l e v e l  were reduced by a 

f a c t o r  of 100, about h a l f  t h e  tot_al  s h i e l d i n g  weight (only 0.12 i n .  of 

i r o n  s h i e l d i n g  would be r e q u i r e d )  could be deducted. 

The c o s t  f o r  t h e  most ex tens ive  

3' 

Croff c a l c u l a t e d  t h a t  i n  o r d e r  t o  completely avoid any p o s s i b i l i t y  - 
of exceeding the  IAEA r e g u l a t i o n s  f o r  85Kr-contaminated CaCO 

shipinent, no more than 2 x l O e 5 X  of t h e  krypton i n  t h e  feed t o  t h e  s l u r r y  

i n  bulk 3 
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2 could be r e t a i n e d  i n  t h e  s l u r r y .  For the  f i x a t i o n  of CO i n  a Ca(0H) 

s l u r r y  i n  t h e  presence  of krypton,  i t  appears  t h a t  a good t a r g e t  f r a c t i o n  

of i n c l u s i o n  f o r  K r  is  0.1% (maximum). Forsberg showed t h a t  f o r  t h i s  

f r a c t i o n  the  r a d i a t i o n  dose a t  t h e  s u r f a c e  of a drum conta in ing  CaCO 

product  wi th  I 4 C  and 85Kr w a s  2 t o  5 mrem/hr (Fig.  5 ) .  

r a t e  a t  a d i s t a n c e  of 6 f t  from t h e  e x t e r n a l  s u r f a c e  of t h e  t r a n s p o r t  

v e h i c l e  ca r ry ing  the  drum must be  <10 mrem/hr. Thus, ope ra t ion  of t h e -  

C02-Ca(OH)2 s l u r r y  r e a c t i o n  s o  t h a t  <0.001 of t h e  krypton i s  included i n  

the  s o l i d s  would s a t i s f y  t h e  most g e n e r a l  and least s t r i n g e n t  case  f o r  

sh i e lded  bulk t r a n s p o r t a t i o n .  I f  an a d d i t i o n a l  99.9% of the  krypton i n  

t h e  C a C O  product  could b e  evolved, even the  most s t r i n g e n t  requirement 

f o r  unshielded bulk t r a n s p o r t a t i o n ,  inc luding  t h e  account ing f o r  concen- 

t r a t i o n s  of a l l  t he  krypton i n  one l o c a t i o n ,  could be  m e t .  

2 

85 

3 
The maximum dose 

3 

2.3 Advantages and Disadvantages of Beta and Gamma Counting 

Krypton-8F decays predominantly by t h e  emission of b e t a  p a r t i c l e s  

of 0.67-MeV maximum energy. A low-yield (0.41%), 0.51-MeV gamma ray  

i s  a l s o  emi t ted .  Analysis  of krypton a c t i v i t y  by gamma counting o f f e r s  

t he  b e s t  technique f o r  a c c u r a t e l y  measuring t h e  t r u e  r a d i a t i o n  l e v e l  i n  

the  CaCO s o l i d s  due t o  t h e  r e s i d u a l  krypton remaining a f t e r  CO f i x a t i o n  3 2 
i n  Ca(OHI2, sparg ing  o r  vacuum t rea tment  of t he  CaC03 s l u r r y ,  and 

c e n t r i f u g a t i o n  t o  recover  t h e  n e t  s o l i d  p r e c i p i t a t e .  I n  ana lyz ing  a 

p a r t i c u l a r  s l u r r y  f o r  contained krypton by gamma count ing,  a complete 

ba lance  f o r  t h e  .krypton i n  the  off-gas can be  obtained as fol lows : 

1. A known amount of krypton i n  the  f eed  gas  i s  fed  t o  t h e  a g i t a t e d  

con tac to r  i n  semibatch ope ra t ion .  

2.  The f r a c t i o n  taken up i n  t h e  s l u r r y  must then be  analyzed because 

such a l a r g e  f r a c t i o n  (>99%)  of t h e  krypton passes  through t h e  

s l u r r y  t h a t  t he  s l i g h t  d i f f e r e n c e  i n  i n f l u e n t l e f f l u e n t  b e t a  

counts  cannot  be  r e a d i l y  de t ec t ed  i n  an i n - l i n e  b e t a  d e t e c t o r .  

3. The s l u r r y  i s  counted f i r s t  i n  a Searle gamma counter .  

4 .  The l i q u i d  is  c a r e f u l l y  sepa ra t ed  from t h e  s o l i d  (by c e n t r i -  

fuga t ion )  and then counted f o r  gamma con ten t .  

* 
H a l f - l i f e  = 10.7 years .  



14 

ORNL OW0 7 7 - 8 4 3  R 

io,ooa 

IOOC 

L 

s= IO( 

E 
\ 

E 
W +. 
(L 

W 
v, 
0 
0 

a 

I (  

I 1.0 curies “C per HTGR 

FRACTION OF TOTAL 8 S ~ r  INCORPORATED INTO coco, 

Fig.  5. Dose r a t e  a t  s u r f a c e  of 55-gal drum c o n t a i n i n g  CaC03 
product  with 14C and 85Kr. 

. 



15 

5. The w e t  s o l i d  is  counted f o r  gamma con ten t ,  and t h e  p o r t i o n  of . 

85Kr i n  t h e  s o l i d  i s  obta ined  by account ing f o r  t h e  a c t i v i t y  i n  

t h e  water i n  t h e  w e t  s o l i d .  

This procedure y i e l d s  an  e x c e l l e n t  ba lance  f o r  t h e  85Kr i n  t he  l i q u i d  

and s o l i d  po r t ions  of t h e  s l u r r y .  

The major d i sadvantage  of gamma count ing  i s  t h e  h igh  l e v e l  of 

r a d i o t r a c e r  which must be  used t o  achieve  the  s ta t i s t ics  necessary t o  

proper ly  ana lyze  t h e  krypton d i s t r i b u t i o n .  

The number of decay events  f o r  b e t a  emissions i s  %250 t i m e s  g r e a t e r  

than t h e  gamma decay events ;  hence, f o r  equal  d e t e c t i o n  e f f i c i e n c i e s  

f o r  each emission,  t h e  d e t e c t a b l e  count ra te  f o r  b e t a  i s  250 t i m e s  

g r e a t e r  than t h a t  f o r  t h e  gamma emission. I n  gene ra l ,  then,  i f  krypton 

a n a l y s i s  is  by b e t a  count ing i n s t e a d  of g a m a  count ing,  t h e  e f f e c t i v e  

l e v e l  of 85Kr  r equ i r ed  i n  s imulated HTGR feed  gas  can b e  reduced f o r  

s tandard  semibatch (and cont inuous)  ope ra t ing  cond i t ions  i n  the  20.3-cm 

con tac to r .  

i n a b i l i t y  t o  count  t h e  s o l i d s  p o r t i o n  of t he  s l u r r y  by s tandard  b e t a  

s c i n t i l l a t i o n  techniques.  

Analys is  of 85Kr by b e t a  count ing i s  complicated by t h e  

Addi t iona l  d e t a i l s  concerning the  comparison of b e t a  and gamma 

count ing and t h e  s t a n d a r d i z a t i o n  of t h e  b e t a  count ing method are given 

i n  Appendix A. The d e f i n i t i o n s  f o r  t he  DFs desc r ib ing  the  d i s t r i b u t i o n  

of krypton i n  these  experiments are a l s o  g iven  i n  Appendix A. 

The primary DF f o r  kryp,ton w a s  e s t a b l i s h e d  during tests wi th  a 

s i n g l e  con tac to r  i n  cont inuous o r  semibatch con tac to r  ope ra t ion ,  o r  

wi th  two con tac to r s  i n  series i n  continuous-flow opera t ion .  A l l  e f f l u e n t  

p o r t s  on t h e  con tac to r  were c losed  upon te rmina t ion  of t h e  experiment 

so  t h a t  t h e r e  would b e  no slow evo lu t ion  of krypton from t h e  s l u r r y  t o  

t h e  c i r c u l a t i n g  a i r  above the  l i q u i d  i n  the  con tac to r .  Af t e r  t h e  con tac to r  

p o r t s  were c losed ,  t h e  s l u r r y  was immediately sampled upon te rmina t ion  

of t h e  run because of p o s s i b l e  adjustments  i n  the  krypton d i s t r i b u t i o n  

between s l u r r y  and t h e  gas  phase trapped over  t h e  s l u r r y .  
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2.4 Feed G a s  Analysis  

I n  o r d e r  t o  adequately determine t h e  DFs f o r  t h e  KALC p rocess ,  

Levins e t  a d 4  developed a n  i n - l i n e  b e t a  s c i n t i l l a t i o n  coun te r  ( f o r  

gases)  t h a t  w a s  capable  of a c c u r a t e l y  measuring DFs of l o 3  f o r  85Kr 

concen t r a t ions  i n  feed gas  as low as 60 ppb. The off-gas  from HTGR 

f u e l  r ep rocess ing  would g e n e r a l l y  d i scha rge  Q2 x 10 

f o r  a 450-MTHM p l a n t  w i th  a flow rate of 900 scfm (2loC, 1 atm). The 

krypton concen t r a t ion  i n  t h i s  off-gas would b e  Q1.6 x 

of which 1.2 x 10 X would b e  r a d i o a c t i v e .  Thus, t h e  a c t u a l  feed gas 

t o  KALC would c o n t a i n  'L1.8 mCi/std l i t e r ,  a t  a 85Kr c o n c e n t r a t i o n  of 

1 . 2  x (1200 ppb).  

7 C i  k r y p t o d y e a r  

1 t o t a l ,  
-4 

2 .4 .1  Determination of 85Kr con ten t  i n  t h e  f eed  gases  

Feed gases  were obtained commercially o r  were blended i n  ou r  labora-  

t o ry .  

flow-through beta-emission d e t e c t o r  designed by Levins.  l4 

of our  b e t a - s e n s i t i v e  r a d i a t i o n  d e t e c t o r  [ u t i l i z i n g  a CaF (Eu) s c i n -  

t i l l a t i o n  d i s c ]  w a s  e s t a b l i s h e d  by count ing a s t anda rd  gas mix tu re ,  

ob ta ined  from Matheson, which contained 0.017 m C i / l i t e r .  

13.6%, w a s  used t o  c a l c u l a t e  t h e  a c t u a l  d i s i n t e g r a t i o n s  p e r  minute 

(dpm) of K r  i n  unknown feed-gas mix tu res .  

The amount of 85Kr i n  t h e  f e e d  gases  w a s  determined wi th  t h e  

The e f f i c i e n c y  

2 

This e f f i c i e n c y ,  

85 

2.4.2 Determination of C 0 2  and t o t a l  krypton i n  t h e  f eed  gases  

A Tracor gas  chromatograph wi th  a thermal c o n d u c t i v i t y  d e t e c t o r  w a s  

used t o  ana lyze  t h e  f eed  gas  and e f f l u e n t  gas compositions.  

d e t e c t i o n  l i m i t  f o r  krypton and C 0 2  w a s  

of d e t e c t i o n  v a r i e d  d i r e c t l y  wi th  t h e  C 0 2  c o n c e n t r a t i o n  i n  t h e  sample  

gas .  

The 

I n  g e n e r a l ,  t h e  accuracy 

3. THEORY OF CARBONATION OF LIME SLURRIES 

Juvekar and Sharma15 have e x t e n s i v e l y  d i scussed  t h e  mechanism f o r  

t h e  abso rp t ion  of CO; i n t o  a. suspension of Ca(OHl2 i n  both bubble columns 
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and mechanically a g i t a t e d  c o n t a c t o r s .  It w a s  suggested t h a t  t h e  o v e r a l l  

mechanism f o r  t h e  ca rbona t ion  of l i m e  could b e  desc r ibed  by 

2+ Ca(OHl2 c' Ca (aq) + 20H-(aq) , 

Because Eqs. ( 4 )  and (5) are ins t an taneous ,  t h e  c o n t r o l l i n g  mechanism 

is i n  Eqs. ( l ) ,  (2), o r  ( 3 ) .  The gas-phase d i f f u s i o n a l  r e s i s t a n c e  is  

s i g n i f i c a n t  only f o r  gases  con ta in ing  very low concen t r a t ions  of C02. 

A f t e r  c o n s i d e r a t i o n  of t he  rdte equa t ion  f o r  t h e  t r a n s p o r t  of CO through 

t h e  gas  f i l m ,  f o r  t h e  rate o€ d i s s o l u t i o n  of Ca(OHI2, and f o r  t h e  rate 

of t r a r s p o r t  of C 0 2  i n t o  t h e  l i q u i d  and t h e  r e a c t i o n  of C 0 2  w i th  hydroxyl 

i o n s  , Juvekar de r ived  t h e  expres s ion  

2 

2 0.5 

2 0.5 9 

OHPcd[Dcdk2(0Hs-) + kL 1 
( 6 )  R a =  

aH[Dcdk2(OHs-) + kL 1 
1 +  

kc" 

where 

R =  

a =  
H =  

- 

Dcd = 

- 

- 
k2 - 

(OHs-) = 

s p e c i f i c  rate of a b s o r p t i o n  of C 0 2 ,  g-mole/(sec-cm2 of 

d i s p e r s i o n )  ; 

gas - l iqu id  i n t e r f a c i a l  area, cm2/cm3 d i s p e r s i o n ;  

Henry's c o e f f i c i e n t  of s o l u b i l i t y  f o r  C02, g-moles/(cm -atm); 

p a r t i a l  p r e s s u r e  of CO i n  the  bu lk  gas ,  a t m ;  2 

d i f f u s i v i t y  of C 0 2  i n  aqueous s o l u t i o n ,  cm /sec; 

rate c o n s t a n t  f o r  t h e  r e a c t i o n  between CO, and OH- i o n s ,  

3 

2 

L 
3 cm /g-mole-sec; 

s a t u r a t i o n  concen t r a t ion  of OH' i o n s  i n  aqueous 

i n  equ i l ib r ium with s o l i d  Ca(OH)2, g-ion/cm ; 3 
so  l u  t i  ons 
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% = l i qu id - s ide  mass t r a n s f e r  c o e f f i c i e n t  i n  t h e  absence of 

chemical r e a c t i o n ,  cm/sec; and 
3 kGa = gas-s ide mass t r a n s f e r  c o e f f i c i e n t ,  g-mole/(cm d i spe r s ion -  

sec-atm) . 
This express ion  should apply,  f o r  semibatch ope ra t ion  of t h e  mechanical ly  

a g i t a t e d  con tac to r ,  t o  %80% of t h e  r e a c t i o n  t i m e  ( c a l l e d  t h e  "constant-  

ra te  per iod") ,  wherein the  hydroxyl concen t r a t ion  remains cons tan t .  It  

a l s o  a p p l i e s  t o  cont inuous s l u r r y  flow which provides  f o r  OH- s t a b i l i -  

z a t i o n  when t o t a l  Ca(OHl2 concen t r a t ion  is  maintained a t  >0.1 - M 

The a p p l i c a b i l i t y  of t h e  mechanism desc r ibed  by Eq. (6) i s  d iscussed  

i n  f u r t h e r  d e t a i l  i n  Sec t .  5 on modeling. P a r t i c u l a r  d i s c u s s i o n  w i l l  

be focused on methods i n  which t h e  i n t e r f a c i a l  area can b e  es t imated .  

Models would b e  u s e f u l  f o r  a f f o r d i n g  reasonable  empi r i ca l  estimates of 

scaled-up tank dimensions o r  of DFs which could be  obta ined  f o r  va r ious  

tank dimensions. Previous ana lyses  of t h e  model16 have been presented  

f o r  desc r ib ing  C 0 2  f i x a t i o n  from d i l u t e  C 0 2  a i r  f eeds .  

4. DISCUSSION OF RESULTS 

4 . 1  Determinat ion of t h e  D i s t r i b u t i o n  of Krypton from t h e  
Feed Gas t o  t h e  Product C a C 0 3  S l u r r y  

The d i s t r i b u t i o n  of krypton  dur ing  t h e  f i x a t i o n  of C02 i n  Ca(OH)2 

s l u r r i e s  w a s  ob ta ined  i n  a s i n g l e  con tac to r  wi th  semibatch and cont inuous 

s l u r r y  ope ra t ion  and a l s o  i n  two s t i r r e d  c o n t a c t o r s  i n  series with 

cont inuous s l u r r y  flow. Paramet r ic  s t u d i e s  included e f f e c t s  of tempera- 

t u r e ,  feed  CO concen t r a t ion ,  f eed  krypton concen t r a t ion ,  and s u p e r f i c i a l  

gas  v e l o c i t y .  

A . l ,  A . 2 ,  and A.3 i n  Appendix A. 

2 
The r e s u l t s  of t h e s e  experiments are presented  i n  Tables 

The d i s t r i b u t i o n  of krypton from t h e  feed  gas  t o  t h e  C a C 0 3  s l u r r y  

was determined by count ing b e t a  emissions i n  t h e  l i q u i d  phase of t h e  

s l u r r y  and gamma emissions i n  both l i q u i d  and s o l i d  p o r t i o n s  of t h e  

s l u r r y .  Details of these  count ing procedures  are  d iscussed  i n  Appendix A .  

. 
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In g e n e r a l ,  DFs ranged from -100 t o  200 f o r  primary processes  i n  

which C02 w a s  removed from t h e  s imulated HTGR f u e l  r ep rocess ing  off-gas 

i n  continuous o r  semibatch o p e r a t i o n  of a s i n g l e  a g i t a t e d  gas - s lu r ry  

con tac to r .  However, i n i t i a l  s t u d i e s  qu ick ly  showed t h a t  when t h e  product  

s l u r r y  w a s  exposed t o  gases  con ta in ing  none o r  smaller-than-equilibrium 

concen t r a t ions  of krypton,  a very l a r g e  o v e r a l l  DF could be achieved f o r  

krypton i n  a C a C 0 3  s l u r r y .  

In  t h e  primary tests conducted, t h e  d i s t r i b u t i o n  of t h e  krypton 

between l i q u i d  and s o l i d  phases of t h e  s l u r r y  w a s  found t o  be independent 

of ope ra t ing  cond i t ions .  However, no ana lyses  were made of t h e  2 . O M  

s l u r r y  products ;  hence, t he  e f f e c t s  of i n c r e a s i n g  s l u r r y  concen t r a t ion  

were n o t  s t u d i e d .  

involving v a r i a t i o n s  i n  such parameters as impe l l e r  speed, s l u r r y  d e n s i t y ,  

temperature,  o r  gas  flow ra te ,  which would r e s u l t  i n  changes i n  CaCO 

n u c l e a t i o n  and p a r t i c l e  growth, thus a f f e c t i n g  t h e  d i s t r i b c t i o n  of 

krypton t o  t h e  s o l i d  phase.  

Thus, t h e r e  may be combinations of ope ra t ing  cond i t ions ,  

3 

However, i t  w a s  determined, f o r  a ve ry  wide range of ope ra t ing  

cond i t ions ,  t h a t  t h e  krypton included i n  t h e  s l u r r y  a f t e r  t he  primary 

CO removal p rocess  i n  t h e  a g i t a t e d  c o n t a c t o r  could be r e l a t i v e l y  easi ly  

removed by a combined t reatment  of mechanical a g i t a t i o n  and a p p l i c a t i o n  

of a vacuum, with minimal sparging.  

2 

The e f f e c t s  of v a r i o u s  t r ea tmen t s  on t h e  krypton con ten t  of t h e  

I n  s l u r r i e s  produced i n  primary C 0 2  removal are shown i n  Table A.5. 

most of the q u a n t i t a t i v e  cases, determinat ion.  of krypton a f t e r  t reatment  

was based on count ing of b e t a  emissions because the  gamma emission l e v e l  

w a s  n o t  s i g n i f i c a n t l y  above background a f t e r  t h e  add-on process  t o  a l low 

f o r  s t a t i s t i c a l l y  meaningful r e s u l t s .  App l i ca t ion  of a b s o l u t e  p r e s s u r e s  

of $9 i n .  Hg f o r  a ho ld ing  t i m e  of -5 min r e s u l t e d  i n  add-on DFs f o r  
85 krypton of 10 t o  20 [add-on DF is  equa l  t o  dpm 

b e f o r e  treatment/dpm 85Kr p e r  l i t e r  of s l u r r y  e f t e r  t r ea tmen t ] .  

DFs - >10 

9 in .  Hg (abso lu te )  f o r  - >10 min. 

by applying a vacuum t o  t h e  product  s l u r r y  d i d  n o t  appear t o  be a f u n c t i o n  

of cond i t ions  under which t h e  product  s l u r r y  w a s  formed. 

K r  pe r  l i t e r  of s l u r r y  

Add-on ' 

2 could be achieved f o r  vacuum t r ea tmen t  a t  p re s su res  of 7 t o  

The add-on DFs t h a t  could be obtained 
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I n  some cases, t h e  product  s l u r r i e s  from t h e  primary C02 removal 

process  were sparged wi th  pure 02, a i r ,  o r  f eed  gas  (>go% C02, 10% 02, 

and N2, e t c . ) .  

TR18 i n  Table A.5. Decontamination f a c t o r s  ranged from 10 t o  50 f o r  

sparge  t i m e s  of %lo  min (with a g i t a t i o n )  us ing  0 Add-on DFs were a l so .  

10 t o  50 f o r  sparg ing  wi th  feed gas;  however, f low rates of 0 o r  a i r  

r equ i r ed  t o  achieve  these  add-on DFs would bea r  t h e  pena l ty  of g r e a t l y  

inc reas ing  t h e  off-gas  from t h e  primary processes .  Such i n c r e a s e s  i n  

product  gas  ( i . e . ,  krypton pass ing  through o r  la ter  s t r i p p e d  from t h e  

s l u r r y ,  p l u s  carrier gases)  from the  CO removal p rocess  would n e c e s s i t a t e  

t he  enlargement of t he  subsequent  process  equipment i n  which krypton would 

be concent ra ted  f o r  f i n a l  s to rage .  

s l u r r y  s t r i p p i n g  wi th  f eed  gas  l e d  t o  f u r t h e r  experiments  w i th  t h e  ope ra t ion  

of con tac to r s  i n  series. 

removal whi le  s imul taneous ly  minimizing t h e  inc luded  krypton i n  the  s l u r r y .  

For examples of such experiments ,  see runs  TR14, TR16, o r  

2‘ 

2 

2 

The promising r e s u l t s  obtained f o r  

These experiments r e s u l t e d  i n  enhanced C02 

For equal  t rea tment  t i m e s ,  t h e  h i g h e s t  add-on DFs w e r e  obtained f o r  

vacuum t rea tment .  An a d d i t i o n a l  advantage of t he  vacuum t rea tment  i s  

t h a t  t h e  krypton r ece ive3  from t h e  CaCO 

s m a l l  volume of gas .  A s  p a r t  of t h e  o v e r a l l  p rocess ,  t h i s  s t r i p p e d  

krypton would be  added back t o  t h e  krypton-r ich product  stream, which 

would then be t r e a t e d  f o r  f i n a l  krypton removal. I f  t h e  s t r i p p e d  krypton 

i s  contained i n  a s m a l l  volume, t h e  s i z e  and c o s t  of t h e  krypton removal 

equipment w i l l  b e  minimized. 

product  would be  i n  a r e l a t i v e l y  3 

Thus, t he  ex tens ive  r educ t ion  obta ined  f o r  t h e  amount of krypton 

included i n  the  s l u r r y  (both l i q u i d  and s o l i d  p o r t i o n s )  a l l e v i a t e d  some 

of t h e  concern about  t h e  amount of krypton which is  p r e s e n t  i n  t h e  10% of 

s l u r r y  t h a t  is  s o l i d .  A t  t h e  conclus ion  of a run ,  i t  i s  l i k e l y  t h a t  

t h e r e  w i l l  be a readjus tment  of krypton d i s t r i b u t i o n  between the  gas- 

l i q u i d - s o l i d  phases  i n  t h e  a g i t a t e d  s l u r r y  con tac to r .  This  readjustment  

is  p a r t i c u l a r l y  expected i f  t h e  gas  phase over  t he  s l u r r y  and t h e  s l u r r y  

are n o t  i n  equi l ibr ium wi th  r e s p e c t  t o  krypton.  The readjus tment  would 

be a f u n c t i o n  of gas  and s l u r r y  volumes and of t h e  dynamic d i s t r i b u t i o n  

i n i t i a l l y  o p e r a t i v e  i n  t h e  system p r i o r  t o  run t em’ ina t ion .  I n  one 

t rea tment  process  (TR17, Table A.5), t h e  c o n t a c t o r  was s e a l e d  of f  and 

c 
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a g i t a t i o n  w a s  cont inued.  Af t e r  a per iod  of a g i t a t i o n ,  t h e r e  w a s  a 

d e t e c t a b l e  i n c r e a s e  i n  the  quan t i ty  of krypton i n  t h e  s l u r r y .  

i n c r e a s e  w a s  c o n s i s t e n t  wi th  t h e  observed t r end  f o r  a l l  runs  t h a t  t he  

s l u r r y  w a s  n o t  i n  equ i l ib r ium with the  e f f l u e n t  krypton-gas concent ra t ion  

during the  runs.  The krypton concen t r a t ion  i n  equi l ibr ium wi th  t h e  s l u r r y  

w a s  some in t e rmed ia t e  o r  average va lue  between i n l e t  and e f f l u e n t  concen- 

t r a t i o n s  because of t h e  l a r g e  amount of shr inkage  i n  t h e  feed-gas stream 

( r e s u l t i n g  i n  an inc reas ing  p a r t i a l  p re s su re  of krypton)  during t h e  

passage of feed  through t h e  a g i t a t e d  Ca(OH)2 s l u r r y .  

d i scussed  f u r t h e r  i n  Sect .  4.2.5. 

This 

. 

This  e f f e c t  is  

Following a similar primary C 0 2  removal process ,  t h e  s l u r r y  w a s  

s t i r r e d  i n  a vessel exposed t o  the  atmosphere, n o t  i n  t h e  closed con tac to r .  

The l o s s  of krypton from t h e  s t i r r e d  s l u r r y  t o  t h e  open a i r  (no sparg ing)  

is  shown i n  Fig. 6. The krypton conten t  of t h e  s l u r r y  w a s  determined by 

count ing 5.0-ml s l u r r y  samples i n  the  Searle g a m a  counter .  The r ap id  

l o s s  of krypton t o  t h e  atmosphere shown i n  these  experiments emphasizes 

t h a t  (1) kry ton  i s  e a s i l y  removed from t h e  s l u r r y  (both l i q u i d  and s o l i d  

po r t ions )  and (2) care must be  exerc ised  dur ing  a n a l y s i s  of a s l u r r y  

fol lowing a primary C 0 2  removal process .  

4.'2 Dependency of DFs f o r  C 0 2  and Krypton 
on Operating Parameters 

The o b j e c t i v e  of t h i s  s tudy  w a s  t o  determine i f ,  dur ing t h e  t rea tment  

of HTGR f u e l  reprocess ing  off-gas ,  t he  C 0 2  removal process  could be 

conducted be fo re  krypton  removal. Thus, ope ra t ing  condi t ions  had t o  be 

e s t a b l i s h e d  t h a t  provided f o r  both a high removal e f f i c i e n c y  f o r  C 0 2  and 

a very  low i n c l u s i o n  of krypton i n  the  C02-fixation product  (CaCO 3 ).  

ranges of ope ra t ing  parameters  f o r  which accep tab le  DFs f o r  both C 0 2  and 

krypton could be obtained would then d e f i n e  an  ope ra t ing  window. 

The 

Based on t h e  gene ra l  a p p l i c a b i l i t y  of Eq. (6), t h e  DF f o r  C 0 2  i s  

dependent on t h e  hydrodynamic condi t ions  (gas f low ra te ,  Us; con tac to r  

geometry; s l u r r y  d e n s i t y ,  ps; i m p e l l e r  speed,  n; impel le r  des ign ,  di; 

and s l u r r y  s u r f a c e  t ens ion ,  a) and the  physicochemical p r o p e r t i e s  
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( s o l u b i l i t y  of C 0 2  i n  t h e  s l u r r y ,  H; d i f f u s i v i t y  of d i sso lved  C 0 2  and 

r e a c t a n t s  i n  t h e  s l u r r y ,  Dcd and DOH; and k i n e t i c s  of t h e  carbonat ion 

r e a c t i o n ,  k2) .  

two q u a n t i t i e s :  

r e a c t i o n )  and a ( t h e  e f f e c t i v e  gas- l iqu id  i n t e r f a c i a l  a r e a ) .  However, 

t hese  dependent parameters  are b e s t  r ep resen ted  by t h e  independent 

v a r i a b l e s  upon which they are based i n  o r d e r  t o  o b t a i n  the  most gene ra l  

model. The fol lowing d i scuss ions  are t h e  r e s u l t s  of tests t o  exper i -  

menta l ly  a s c e r t a i n  t h e  n a t u r e  of t h e  dependency of DFs f o r  C 0 2  and 

krypton on some of t h e s e  parameters.  

The hydrodynamic f a c t o r s  can u s u a l l y  b e  represented  by 

\ ( t h e  l iqu id- f i lm c o e f f i c i e n t  f o r  abso rp t ion  wi thout  

4.2.1 Typ es of c o n t a c t o r  ope ra t ion  

Shown i n  Fig.  7 are DF curves obtained f o r  removing CO from 70% 2 
C02-air and %90% C02-air f e e d s  i n  semibatch and continuous ope ra t ion  

modes. The semibatch mode h e r e  r e f e r s  t o  ope ra t ion  of t h e  a g i t a t e d  

con tac to r  us ing  v a r i o u s  ba tches  of Ca(0H) 

by t h e  feed gas.  The cont inuous mode r e f e r s  t o  the  ope ra t ion  of t h e  

a g i t a t e d  con tac to r  w i t h  both  f eed  gas  and Ca(OH)2 s l u r r y  i n  continuous 

flow. 

concent ra t ions  i n  t h e  cont inuous mode than i n  t h e  semibatch mode. The 

more e f f i c i e n t  ope ra t ion  i n  t h e  continuous mode w a s  a t t r i b u t e d  t o  the  

r e l a t i v e l y  l a r g e r  d i spersed  phase (%lo t o  15% i n  h e i g h t ) ,  which w a s  

normally maintained i n  continuous opera t ion .  

s l u r r y  wi th  continuous sparging 

S l i g h t l y  h ighe r  DFs w e r e  gene ra l ly  obta ined  f o r  a l l  feed gas  

It should be  s t r e s s e d  t h a t  t h e  DF f o r  C 0 2  i s  def ined  d i f f e r e n t l y  

from t h e  DF f o r  krypton: 

moles CO i n t o  con tac to r  i n  feed  gas  

moles CO i n  e f f l u e n t  gas  Y (7) 
2 DF f o r  C02 = 

2 

(8) 
moles krypton i n t o  con tac to r  i n  feed gas  

moles krypton remaining i n  s l u r r y  DF f o r  krypton = 

4.2.2 Dependency of DFs f o r  C 0 2  and krypton on gas s u p e r f i c i a l  v e l o c i t y  

. A s  shown i n  F igs .  7 and 8, experimental ly ,  t h e  DF f o r  C 0 2  va r i ed  

whereas t h e r e  w a s  a s l i g h t  d i r e c t  dependency of DF k i n v e r s e l y  wi th  U 

on U 
S Y  

up t o  flow rates of %60 cm/min. 
S 
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For continuous-flow o p e r a t i o n  of a s i n g l e  a g i t a t e d  c o n t a c t o r ,  
I 3  Forsberg has  suggested t h e  fol lowing estimate (see Appendix B) f o r  

DFs of krypton (DFk): 
. ,  

where 

K = d i s t r i b u t i o n  c o e f f i c i e n t  f o r  krypton,  K = yk/xk; 

yk = mole f r a c t i o n  of krypton i n  gas ;  

xk = mole f r a c t i o n  of krypton i n  t h e  l i q u i d  phase; 

Fr - ( F t , i  

Ft = t o t a l  molar gas-flow rate ( i  = i n ,  o = o u t ) ;  and 

C 

- - Ft,o) /Ft , i ;  

= moles of H 2 0  ou t  of r e a c t o r  p e r  mole of C 0 2  r e a c t e d ,  

determined p r i m a r i l y  by gas flow rate and s l u r r y  m o l a l i t y .  

The DFs of C 0 2  f o r  a l l  C 0 2  feed gas concen t r a t ions  t h a t  have been 

f o r  t h e  removal of C02 from f u e l  r ep rocess ing  off-gas  i n  11,16 s t u d i e d  

a g i t a t e d  Ca(OH)2 s l u r r i e s  v a r i e d  i n v e r s e l y  wi th  gas s u p e r f i c i a l  v e l o c i t y .  

For t h e  model given i n  Eq. ( 6 ) ,  with no gas-phase c o n t r o l  and t h e  

p r e s s u r e  d r i v i n g  f o r c e  i n  the  log-mean form, t h e  DF f o r  C 0 2  (DFcd) can 

be est imated by (see Appendix C-2):  

DFcd t s  pred ic t ed  t o  vary i n v e r s e l y  wi th  U 

and hydrodynamic c o n d i t i o n s  are f i x e d  because R i s  d i r e c t l y  p r o p o r t i o n a l  

when physicochemical p r o p e r t i e s  
S 

to ' s  and p c d , i  - pcd,o is  e s s e n t i a l l y  c o n s t a n t  (p cd,o << P c d , i ) '  

Based on t h e  i n c r e a s e  i n  krypton p a r t i a l  p r e s s u r e  i n  t h e  e f f l u e n t  

gas which accompanies an  i n c r e a s e  i n  the  f r a c t i o n  of CO removed from 

the f eed  gas ,  t h e r e  would b e  an  i n c r e a s e  i n  t h e  krypton i n . t h e  s l u r r y  
2 
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and thus  a dec rease  i n  DFk. 

( s e e  Appendix B):  

Mathematically,  Fr and DF are r e l a t e d  by cd 

where 

Equations ( 9 ) ,  ( l l ) ,  and (12) can b e  u t i l i z e d  t o  c a l c u l a t e  t h e  dependency 

of DFk on DFcd. The d i r e c t  

v a r i a t i o n  of DFk w i t h  Us i s  a l s o  implied by F ig .  9 ,  where a dec reas ing  

v a l u e  of DF 

A few c a l c u l a t i o n s  are l i s t e d  i n  Table 1. 

corresponds t o  an  i n c r e a s i n g  Fr. k 

Table 1. Decontamination f a c t o r  f o r  krypton 
as a f u n c t i o n  of t h e  DF f o r  C 0 2  

US 
.( cm/min F r DFcd 'cd,i  'cd,o DFk 

0.899 891 0.9 0.01 62 40 

0.892 103 0.9 0.08 68 80 

0.875 36 0.9 0.20 80 120 

4.2.3 Krypton d i s t r i b u t i o n  i n  dyn'amic c o n t a c t o r  o p e r a t i o n  

The curves i n  Fig.  9 w e r e  c a l c u l a t e d  us ing  a d i s t r i b u t i o n  c o e f f i c i e n t  
4 

f o r  krypton (K) va lue  of 3.11 x 10 . 
from 

T h i s  v a l u e  is normally c a l c u l a t e d  

22414 
18ccPt ' 

K = -  
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Fig. 9. Krypton decontamination f a c t o r  f o r  s t i r r e d - t a n k  r e a c t o r s  
vs  f r a c t i o n  of off-gas  adsorbed. 
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Vn = volume of krypton absorbed a t  STP i n  water 
" 

= (moles of wa te r )  (.)( 22414 cm3 gas 
mole of 

V = volume of l i q u i d  = (moles of wa te r )  

pk = p a r t i a l  p r e s s u r e  of krypton,  atm. 

To o b t a i n  a t r a c t a b l e  and a c c u r a t e  form f o r  Eq. (91, a r e l a t i o n s h i p  

between x and y is r e q u i r e d  (see Appendix B ) .  The yk = 

e x p r e s s i o n  may a c t u a l l y  b e  a p p l i c a b l e  when t h e  s t anda rd  K va lues  are 

used. However, t h e  p rope r  y v a l u e  t o  u s e  i s  unknown because of e x t e n s i v e  

stream sh r inkage  during t h e  removal and f i x a t i o n  of CO 

c o n c e n t r a t i o n s .  

t r a t i o n  <1%, f o r  example, t h e  k ryp ton  p a r t i a l  p r e s s u r e  would b e  v i r t u a l l y  

t h e  same f o r  i n f l u e n t  and e f f l u e n t  g a s e s . )  

-k k , o  k , o  

k 
f o r  h igh  C 0 2  2 

(Note t h a t  i n  p rocess ing  a f eed  gas  wi th  a C 0 2  concen- 

The DFs c a l c u l a t e d  f o r  krypton by Eq. (9) w i th  s t a n d a r d  K v a l u e s  

(DFk i n  Table 2) w e r e  t o o  low by more t h a n  a f a c t o r  of 2 (compare 

p r e d i c t e d  DF i n  Table 1 and a c t u a l  DF i n  Table 2 ) .  Thus, t o  a c c u r a t e l y  

r e p r e s e n t  t h e  a c t u a l  y = Kx r e l a t i o n s h i p  ob ta ined  i n  dynamic o p e r a t i o n  

and thus  p rov ide  a c c u r a t e  K v a l u e s  f o r  Eq. ( 9 ) ,  K v a l u e s  w e r e  c a l c u l a t e d  

from t h e  expe r imen ta l  d a t a  f o r  t h e  fo l lowing  t h r e e  assumed cases of 

e q u i l i b r i u m  d i s t r i b u t i o n  of krypton:  (1) between i n f l u e n t  gas  and 

e f f l u e n t  s l u r r y  c o n c e n t r a t i o n s ;  (2) between e f f l u e n t  gas  and e f f l u e n t  

s l u r r y  c o n c e n t r a t i o n s ;  (3)  between t h e  log-mean of i n f l u e n t  and e f f l u e n t  

gas  k ryp ton  c o n c e n t r a t i o n  and t h e  e f f l u e n t  s l u r r y  c o n c e n t r a t i o n .  Based 

on t h e  c a l c u l a t e d  K v a l u e s  shown i n  Table 2, f o r  a 1.0-M - s l u r r y ,  a range 

f o r  K of 6 x 10 

t o  adequa te ly  p r e d i c t  t h e  d i s t r i b u t i o n  of k ryp ton  du r ing  t h e  s t anda rd  

primary p rocesses  f o r  C 0 2  removal. 

i n c r e a s e d  t o  t h e  range of 1 .5  t o  2.0 M y  a h i g h e r  v a l u e  of K would be 
4 r e q u i r e d  (%lo x l o 4  t o  12  x 10 ) t o  a c c u r a t e l y  estimate t h e  DF f o r  krypton.  

More in fo rma t ion  on t h e  p r e d i c t i o n  of primary and add-on DFs f o r  k ryp ton  

is  g iven  i n  Sec t .  5 on modeling. 

k k 

k k 

4 t o  8 x l o 4  ( f o r  t h e  y = %,o assumption) would appear 
k , o  

I f  t h e  m o l a l i t y  of t h e  s l u r r y  w e r e  

- 
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I Table 2. Experimental  and t h e o r e t i c a l  d i s t r i b u t i o n s  of krypton between t h e  f eed  gas  
and t h e  r e a c t a n t  C a C O  s l u r r y  3 

E f f l u e n t  Ac tua l  krypton K va lue  
T o t a l  i n l e t  Gas i n l e t  krypton 85Kr remaining d i s t r i b u t i o n  K v a l u e  f o r  K v a l u e  f o r  c a l c u l a t e d  f o r  Actua l  S l u r r y  

krypton  conc. 85Kr conc. conc. i n  s l u r r y  (Ltl:: i;;;;;n) theor .  e q u i l .  t h e o r .  e q u i l .  l o g  -mean DF f o r  m o l a l i t y  
Run ( P P d  (dpm/ l i t e r )  ( p p d  wi th  f eed  g a s  w i t h  e f f l u e n t  gas  model krypton  (El (dpm/l i  ter  ) 

CF-10 33 2.4 x 10  270 3.0 x 10 138 0.99 3.5 x 10 1.0 x 10 4.2 x 

132 0.99 2.7 x 10 0.8 :: 10 5.2 x BR-10 33 2.4 x 10  270 3 . 7  x 10 

BR-11 33 2.4 x 1 0  2 70 2.2 x 10 3.0 x 1 .3  x 10 213 0.99 4.7 x 10 11.2 x 10 

4 

4 

4 

4 8.0 x 10 4 6 

6 

6 

7 

7 

7 

4 6 .5  x 18 4 

4 4 

BR-12 33 2.4 x 10 270 2.7 x 10 3.7 x 1.1 x 10 14  2 0.99 3.8 x 10 9.0 x 10 

CF-11 18 3.4 x 10 180 3.8 x 10  2.0 x 1.1 x 10 47 0.50 4.3 x 10 11.0 x 10 

CF-12 18 3.4 x 1 0  180 5 . 7  x 1 0  3.1 x 0.7 x 10 63 0.50 2.9 x 10  7.3 x 10 

CF-13 18 3.4 x 10  180 6 . 1  x 10 3.3 x 0 .7  x 10 64 0.50 2.7 x 10  6.8 x 10 

CF-14 18 3.4 x 10 180 2.9 x 10 1 .6  x 1 . 5  x 10  477 2.00 5.7 x 10 14.5 x 10 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

6 

5 

5 

5 

5 

7 

6 

6 

6 

6 

CF-15 18 3.4 x 10 180 4 . 1  x 10 2.2 x 1.0 x 10  336 2.00 4.0 x 10 10.2 x 10  4 4 4 5 6 

145 1.95 2.7 x 10 6.8 x 10 CF-18 122 5.9 x 10 1720 1.1 x 10  

CF-19 172 5 .9  x 10 1720 5.3 x 10 1 . 5  1'. 4 x 10 44 3 1.97 5.5 x 1 0  14 .0  x 10  

4 

4 

4 

4 

0.7 x 10  4 3.1 7 

6 4 7 
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4.2.4 Dependency of DFs f o r  krypton and C02 on s l u r r y  m o l a l i t y  

Based on the  r e s u l t s  shown i n  Table A . l  f o r  runs CF-3, CF-4, CF-11, 

CF-12, and CF-13 f o r  0.5 g Ca(OH)2 s l u r r i e s  and runs CF-14 through CF-19 

f o r  2.0 m Ca(OH)2 s l u r r i e s ,  t h e  fol lowing dependencies of DF and DF k cd - 
on Ca(0H) concen t r a t ion  were noted. 

vary s i g n i f i c a n t l y  f o r  s l u r r y  concen t r a t ions  51.0 g. However, t h e  DFs 

f o r  C02 v a r i e d  i n v e r s e l y  wi th  Ca(0H) 2 
1.0 t o  2.0 - m. This v a r i a t i o n  w a s  cons ide rab le ,  amounting t o  a r e d u c t i o n  

i n  DF f o r  CO by a f a c t o r  of a t  least  3 o r  4 when m o l a l i t y  w a s  i nc reased  

from 1.0 - m t o  2.0 - m whi l e  a l l  o t h e r  o p e r a t i n g  cond i t ions  were maintained.  

This r e d u c t i o n  i n  DF a t  high Ca(OH)2 m o l a l i t i e s  had been p rev ious ly  
11 observed during semibatch o p e r a t i o n  of t h e  Ca(0H) s l u r r y  con tac to r .  

However, previous de t e rmina t ions  were made wi th  100% CO f e e d s  s o  t h a t  

t h e  v a r i a t i o n  i n  !IF could n o t  be as e a s i l y  e s t a b l i s h e d  as wi th  90% 

The DFs f o r  C 0 2  removal d i d  n o t  2 

concen t r a t ions  i n  t h e  range of 

2 

cd 

2 

2 

cd  
C 0 2  f eeds .  

somewhat unexpected f o r  t h e  continuous mode of ope ra t ion .  It is  

The magnitude of t he  L)F r e d u c t i o n  f o r  90% C 0 2  f ecds  w a s  cd 

suspected t h a t  t h e  r e d u c t i o n  may b e  due t o  an  e f f e c t  of t he  inc reased  

s o l i d s  concen t r a t ion  on t h e  bubble s i z e  and t h e  gas - l iqu id  i n t e r f a c i a l  

area a f o r  mass t r a n s f e r .  

A s  w a s  normally observed f o r  experiments which produced s i g n i f i c a n t  

v a r i a t i o n s  i n  t h e  DF f o r  CO t h e r e  w a s  a corresponding v a r i a t i o n  i n  the  

DF f o r  krypton; t h a t  i s ,  t h e  DF f o r  krypton v a r i e d  d i r e c t l y  wi th  s l u r r y  

m o l a l i t y .  However, most of t he  v a r i a t i o n  i n  DF w a s  due p r i m a r i l y  t o  k 
t h e  d e f i n i t i o n  of t h a t  f a c t o r .  A s  shown i n  Eq. (A-2), t h e  s l u r r y  flow 

ra te  w a s  included i n  t h e  denominator. When a h i g h e r  m o l a l i t y  w a s  used 

f o r  a f i x e d  gas  flow rate, t h e  s l u r r y  flow rate could b e  decreased and, 

t hus ,  t he  DF v a l u e s  inc reased .  

2’ 

k 

4.2.5 Dependency of DFs f o r  krypton and C 0 2  on the  C 0 2  concen t r a t ion  
i n  t h e  f eed  

I n  one run, t h e  CO mole f r a c t i o n  (m.f.1 i n  the  f eed  gas w a s  0.97 

The DFs f o r  C 0 2  and krypton obtained f o r  t h i s  run  
2 

(CF-lB, Table A . l ) .  

could be compared wi th  DFs f o r  C 0 2  and krypton measured f o r  a run of 
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similar s u p e r f i c i a l  v e l o c i t y  b u t  d i f f e r e n t  feed CO m.f. ( run  CF-10). 

The DFs f o r  C 0 2  are seen  t o  va ry  d i r e c t l y  w i t h  t h e  f eed  C 0 2  m.f.,  w h i l e  

t h e  DFs f o r  k ryp ton  are s e e n  t o  va ry  i n v e r s e l y  wi th  CO m.f. The 

d i r e c t  v a r i a t i o n  of DF 

previously" and i s  a l s o  e v i d e n t  from a comparison of DF 

feed  gases  con ta in ing  70% C 0 2  and 90% C 0 2  (Fig.  7 ) .  

2 

2 
w i t h  t h e  C 0 2  m.f. i n  t h e  f eed  has  been shown cd 

d a t a  f o r  cd 

T h e o r e t i c a l l y ,  t h e  d i r e c t  v a r i a t i o n  of DF w i t h  CO m.f. i n  t h e  cd 2 
feed gas  (yCdyi Pt = pCdyi) i s  appa ren t  from Eq. (10) .  

i n v e r s e  v a r i a t i o n  of DF 

argued from a p h y s i c a l  viewpoint  as fo l lows .  

m.f. r e s u l t e d  i n  a h i g h e r  DF f o r  C02 .  

then inc reased  from %lo f o r  90% C 0 2  f e e d s  t o  'L30 f o r  a 97% C 0 2  f eed .  

A s  a r e s u l t ,  t h e  k ryp ton  p a r t i a l  p r e s s u r e  inc reased  by a f a c t o r  of S30, 

as compared t o  Q10 f o r  90% C 0 2  f e e d s .  This h i g h e r  p a r t i a l  p r e s s u r e  ( o r  

krypton mole f r a c t i o n )  r e s u l t e d  i n  more krypton being included i n  the  

s l u r r y  according t o  t h e  r e l a t i o n s h i p  

F i n a l l y ,  t h e  

wi th  t h e  C 0 2  m.f. i n  t h e  f eed  gas  can be k 

2 An i n c r e a s e  i n  t h e  CO 

The gas  stream shr inkage  f a c t o r  

4.2.6 Dependency of DFs f o r  krypton and CO on temperature  2 

Based on comparison of runs  CF-17, CF-19, CF-21, and CF-22 i n  

Table A.1 ,  f o r  t h e  temperature o p e r a t i n g  range of 28 t o  61OC; t h e r e  

w a s  no s i g n i f i c a n t  v a r i a t i o n  i n  t h e  DFs f o r  C02 .  

model g i v e n  by Eq. (C-11)  f o r  t h e  l i m i t e d  temperature r ange  of 28 t o  

45"C, e s s e n t i a l l y  no i n c r e a s e  w a s  p r e d i c t e d .  It thus fo l lows  t h a t ,  i n  

t h e  case of temperature ,  t h e  DFs f o r  C 0 2  p r e d i c t e d  by Eq. (C-11) ag ree  

wi th  t h e  experimental  r e s u l t s  f o r  a l i m i t e d  temperature  range ( see  

Sect .  C-3 i n  Appendix C f o r  a sample c a l c u l a t i o n ) .  

According t o  the  

Over t h e  range of temperatures  s t u d i e d  (28 t o  6 loC) ,  t h e r e  w a s  no 

s i g n i f i c a n t  v a r i a t i o n  i n  t h e  DFs f o r  krypton. 

i n  water i s  s l i g h t l y  a f f e c t e d  by temperatures  i n  t h i s  range,  as shown 

i n  Fig.  10. Apparently t h e  k ryp ton- s lu r ry  i n t e r a c t i o n  behaved s i m i l a r l y  

t o  t h e  kryp ton-water s y s  tern i n  terms of dependence on temperature .  

The s o l u b i l i t y  of krypton * . 

~~ ~~~~ ~ * 
S o l u b i l i t y  = %0.4 m l / m l .  
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4.2.7 Dependency of DFs f o r  krypton and C 0 2  on i m p e l l e r  s p e e d  

During t h i s  s tudy ,  no tests were conducted t o  determine t h e  e f f e c t  

of varying i m p e l l e r  speed on DFs f o r  C 0 2  and krypton du r ing  t r ea tmen t  

of s imulated HTGR f u e l  r ep rocess ing  off-gas  i n  an  a g i t a t e d  Ca(OH)2 s l u r r y .  

It has  been shown 

(Us, Dcd, pCdyi, d t ,  p,, H, OHS , 0 ,  1-1, and T), t h e  DFs f o r  C02 .va r i ed  

d i r e c t l y  and s i g n i f i c a n t l y  wi th  impe l l e r  speed (n) .  The magnitude of 

t h e  v a r i a t i o n  w a s  n o t  e x a c t l y  e s t a b l i s h e d ,  b u t  when t h e  i m p e l l e r  speed 

w a s  doubled, DFs f o r  removing C 0 2  from bo th  90% C02-air feeds" and 

1 t o  3% C02-air feeds16 w e r e  determined t o  i n c r e a s e  by a f a c t o r  of 3 t o  

4. The f a c t o r  by which t h e  DFs f o r  C 0 2  i nc reased  when n w a s  doubled 

w a s ,  t o  some degree,  a f u n c t i o n  of gas  f low rate., 

t h a t  when a l l  o t h e r  o p e r a t i n g  v a r i a b l e s  were f i x e d  11 , 16  
- 

I n  Eq. (C-11), t h e r e  is  no e x p l i c i t  r e l a t i o n s h i p  between i n t e r f a c i a l  

area and i m p e l l e r  speed. Various r e l a t i o n s h i p s  have been developed i n  

t h e  l i t e r a t u r e  which are used t o  p r e d i c t  i n t e r f a c i a l  area a as a f u n c t i o n  

of hydrodynamic o p e r a t i n g  parameters.  

t h e s e  c o r r e l a t i o n s  could b e  used t o  r e p r e s e n t  t h e  e f f e c t s  of hydrodynamic 

v a r i a b l e s  i n  Eq. (C-11). For example, Miller has  expanded on 

Calderbank' s18 o r i g i n a l  work and developed t h e  fol lowing c o r r e l a t i o n  f o r  

i n t e r f a c i a l  area: 

The v a r i a t i m  i n  a p r e d i c t e d  by 

17 

a = 1.44 Y 

where 

2 Pe = e f f e c t i v e  power i n p u t ,  kg-m /sec3; 

VL = clear l i q u i d  volume, m 3. , 

3 ps = s l u r r y  d e n s i t y ,  kg/m ; 

CJ = s u r f a c e  t e n s i o n ,  kg/sec2;  

Us = gas s u p e r f i c i a l  v e l o c i t y ,  m/sec; and 

U = bubble t e r m i n a l  v e l o c i t y  of rise, m/sec. t 

(14) 
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E f f e c t i v e  power i n p u t  can b e  est imated i n  a sparged,  mechanically 

a g i t a t e d  system by- 
F 7 

2 7 13  2 0.45 
Pm/VL = - 0.706 f “$t56ps J 

vL 
Y 

where the  power f a c t o r  f i s  de f ined  by Rushton e t  a1-l’ 

t h a t  e f f e c t i v e  power i n p u t  is  e s s e n t i a l l y  equa l  t o  mechanical power 

i n p u t ,  P can be r ep laced  by P ( t r u e  f o r  t h e  range of gas  v e l o c i t i e s  

used i n  t h i s  s t u d y ) .  Equations (14) and (15) can b e  combined t o  y i e l d  

an expres s ion  f o r  a :  

Assuming 

m e 

0.36 1.26d 2.34 0.56][ us 1 0 . 5  
i PS a = 1.44 - vL 870 0.4 [‘ ::.lo1 .0.6 us + ut 

This equa t ion  f o r  a i s  v a l i d  i n  t h e  kg-m-sec system. Ca lcu la t ed  v a l u e s  

of a f o r  20.3-cm-ID and 27.3-cm-ID c o n t a c t o r s  f o r  d i f f e r e n t  v a l u e s  of 

Qt are l i s t e d  in Table 3 .  Also l i s t e d  i n  Table 3 are e f f e c t i v e  power 

v a l u e s  e s t ima ted  by Eq. (15).  I n  later s e c t i o n s  on modeling, t h e  a 
v a l u e s  es t imated by Eq. (16) w i l l  be compared wi th  those  c a l c u l a t e d  by 

a form of Eq. ((2-11). Thus, t h e  f e a s i b i l i t y  of e s t i m a t i n g  a by a co r re -  

l a t i o n  of hydrodynamic parameters ,  as shown i n  Eq. (16),  can be t e s t e d .  

No d a t a  w e r e  ob ta ined  t o  e l u c i d a t e  t h e  v a r i a t i o n  of DF f o r  krypton 

wi th  n. However, based on t h e  i n v e r s e  r e l a t i o n s h i p  t h a t  w a s  p rev ious ly  

e s t a b l i s h e d  f o r  DFk and DFcd, DF v a l u e s  should va ry  s l i g h t l y  i n v e r s e l y  

wi th  n (because of t h e  d i r e c t  v a r i a t i o n  of DFcd w i t h  n ) .  
k 

4.2.8 Dependency of DFs f o r  krypton and CO on m u l t i p l e  c o n t a c t o r  2 o p e r a t i o n  

T h e o r e t i c a l l y ,  DFs f o r  CO should be inc reased  s i g n i f i c a n t l y  when 2 
t h e  f eed  gas  is  processed through two c o n t a c t o r s  i n  series. This 

enhancement i n  DF is  p a r t i c u l a r l y  n o t i c e a b l e  f o r  f eeds  r i c h  i n  CO 

because of t h e  e f f e c t  t h a t  a r e d u c t i o n  i n  s u p e r f i c i a l  gas  v e l o c i t y  has  

on DFcd i n  t h e  second tank. I n  previous experimental  s t u d i e s , ”  t h e  

2 



Table 3. Interfacial areas and power consumption in the 20.3- and 27.3-cm-ID contactors 

20.3-cm-ID contactor 27.3-cm-ID contactor 
Volumetric Effective Effective 
flow rate, Superficial Interfacial power Superficial Interfacial power 

velocity area, a consumption velocity area, a consumption Interpolated 
(cm/min) (cm2/cm3) (hp/f t3) (kW/m3) (cm/nin) (cm2/cm3) (hp/ft3) (kW/m3) DFs for C02 

Qt 
(slm)' 

10 
20 

25 
30 
35 
40 
50 
60 

30.9 1.95 
61.8 2.47 
77.2 2.68 
92.7 2.86 
108.0 3.02 
123.5 3.18 
154.3 3.43 
185.2 3.66 

0.47 1'2.4 
0.40 10.5 
0.38 1.0 
0.37 9.8 

0.35 9.2 
0.34 9.0 
0.32 8.4 
0.31 8.3 

17.1 
34.2 
42.7 
51.3 
59.8 
68.4 
85.5 
102.6 

1.54 
2.02 
2.19 
2.35 
2.50 
2.62 
2.86 
3.05 

0.60 
0.49 
0.46 
0.44 
0.42 
0.41 
0.39 
- 

15.8 
12.9 
12.1 
11.6 
11.1 
10.8 
10.3 
- 

. .  

6000 

1500 m w 

7 50 
400 
200 
150 
70 
45 

a slm = standard liters per minute. 

1 . a 
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r 

range of DFs f o r  carbon d iox ide  which could be e a s i l y  obtained f o r  two 
a g i t a t e d  gas - s lu r ry  c o n t a c t o r s  i n  series w a s  > lo4  (,lo 2 f o r  each s t a g e ) .  

- 
For CIS coun te rcu r ren t  o p e r a t i o n  ( t h e  con tac to r - in - se r i e s  p r o c e s s ) ,  t h e  

" f i r s t "  c o n t a c t o r  w a s  t h e  one i n t o  which t h e  s l u r r y  flowed f i r s t .  

I n  gene ra l ,  f o r  comparable experiments w i th  t h e  same f r a c t i o n  of 

f e e d  conversion maintained i n  each c o n t a c t o r ,  t h e  cumulative DFs f o r  

CO were d i r e c t l y  dependent on the  s u p e r f i c i a l  v e l o c i t y  a t  tank 2. 

is, f o r  t h e  same f low rate,  t h e  DF w i l l  va ry  d i r e c t l y  wi th  t h e  diameter cd 
of tank 2.  (This is  n o t  t o  imply, however, t h a t  t h e  process  is t o  be 

s c a l e d  p r e c i s e l y  according t o  t h e  tank diameter . )  The v a r i a t i o n  of DF 

v a l u e s  with r e s i d e n c e  t i m e  i s  shown f o r  runs  CIS-5 and CIS-6 i n  Table A.2. 

The cumulative DF f o r  CIS-6 a t  a s u p e r f i c i a l  v e l o c i t y  of Q18 cm/min w a s  

%lO,OOO; t h e  DFcd f o r  CIS-5 a t  a s u p e r f i c i a l  v e l o c i t y  of Q42 cm/min w a s  

%2400. 

That 2 

cd 

Another key f a c t o r  which a f f e c t s  DFs f o r  both CO and krypton during 2 
processing wi th  c o n t a c t o r s  i n  series is  t h e  f r a c t i o n  of t o t a l  conversion 

of CO which occurs  i n  each tank ( t h a t  i s ,  i f  Fr i s  t h e  f r a c t i o n  of 

conversion i n  tank 1, then 1 - F i s  t h e  f r a c t i o n  of conversion i n  tank 

2). This  e f f e c t  w a s  shown by runs  CIS-2 and CIS-6 i n  Table A.2. When 

s l u r r y  flow rate and t h e  degree of i n i t i a l  concen t r a t ion  of Ca(0H) i n  

tanks 1 and 2 w e r e  p r o p e r l y  c o n t r o l l e d ,  t h e  f r a c t i o n s  of CO 

i n  tanks 1 and 2 could be ad jus t ed .  When t h e  f r a c t i o n  of CO conversion 

i n  tank 2 w a s  allowed t o  i n c r e a s e ,  t h e  gas  flow rate t o  tank 1 w a s  

decreased. The n e t  e f f e c t  w a s  then twofold: 

(and thus  t h e  cumulative two-tank DF ) i nc reased  because of t h e  

r educ t ion  i n  f low rate t o  tank 1; (2) t h e  DFs f o r  krypton i n  bo th  tanks 

(and then t h e  cumulative DFk) decreased. 

2 

r 

2 
conversion 2 

2 

(1) t h e  DFcd f o r  tank 1 

cd 

For t h e  extreme case of maximizing CO conversion i n  tank 2, t h e  

ope ra t ing  c o n d i t i o n s  could b e  arranged s o  t h a t  DFs >10 f o r  CO could 

be obtained.  

%IO% of t h e  s l u r r y  would be converted i n  tank 2. 

would b e  processed i n  tank 1, b u t  t h e  t o t a l  DF f o r  CO would be high.  

For tank 1, t h e  amount of krypton included i n  t h e  s l u r r y  would be 

3 2 

2 
E s s e n t i a l l y  a l l  of t h e  C 0 2  would then be removed, and 

2 Thus, very l i t t l e  CO 

2 
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determined by a dynamic o p e r a t i n g  equ i l ib r ium t h a t  i s  dependent on a 

krypton p a r t i a l  p r e s s u r e  about t e n  t i m e s  g r e a t e r  than t h a t  of t h e  f eed  

gas. 

lower than t h a t  i n  tank 1, less krypton would b e  included i n  t h e  s l u r r y  

of tank 2. I n  e f f e c t ,  tank 2 would b e  o p e r a t i n g  as a s i n g l e  c o n t a c t o r .  

Because t h e  e f f e c t i v e  p r e s s u r e  of krypton i n  tank 2 would be 

I n  t h e  o t h e r  extreme case i n  which C 0 2  conversion w a s  maximized i n  

tank 1, t h e  f eed  gas  t o  tank 2 served e s s e n t i a l l y  as a spa rge  gas wi th  

a p a r t i a l  p r e s s u r e  f o r  krypton which w a s  about equa l  t o  t h e  i n i t i a l  

concen t r a t ion ,  and approximately t e n  t i m e s  less ( f o r  90% C 0 2  f eeds )  than 

t h a t  i n  tank 1. 

e a s i l y  obtained.  

f low rates and DFs f o r  C 0 2  were equa l  t o  %lo0 t o  200. An a d d i t i o n a l  DFk 

of 10 w a s  ob ta ined  by t h e  spa rg ing  a c t i o n  of t h e  f eed  gas  t o  tank 2. 

For t h e  i d e a l  case i n  which t h e  molar s l u r r y  f eed  rate equa l l ed  the  C 0 2  

gas  f eed  rate, %90% of t h e  Ca(OH)2 would b e  r e a c t e d  i n  tank 1, leav ing  

%lo% of t h e  Ca(OH)2 t o  react wi th  10% of t h e  CO 

a DF f o r  C 0 2  of on ly  1.11 would b e  obtained i n  tank 2. 

3 3 and a DF f o r  krypton of 210 A DF f o r  C 0 2  of 210 w e r e  

The DFs f o r  krypton i n  tank 1 f o r  a wide range of gas  

f e e d  i n  tank 2.  Thus, 2 

- 
4.2.9 Dependency of DFs f o r  krypton and co:, on d i ,  OHs , H ,  Dcd, k7, 

(3, and 1-1 and c o r r e l a t i o n s  f o r  t hose  parameters  
- 

The parameters  OHS , Dcd, H, and k2,  for s imi l a r  compositions of 

a l k a l i n e - e a r t h  s l u r r i e s  [Ca(OH)2, Ba(OH)2, e t c . ] ,  are p r i m a r i l y  f u n c t i o n s  

of temperature.  

The r e l a t i o n s h i p s  given i n  Sec t .  C.3, Appendix C y  were used t o  

e x p l a i n  t h e  e f f e c t  of temperature  on k H, and D and on DFs f o r  

CO i n  Sec t .  4.2.6. 

i s  d i scussed  i n  Sec t .  C.3. 

by s u b s t i t u t i n g  ano the r  a l k a l i n e - e a r t h  m e t a l  hydroxide such as Ba(OH)2 

i n  the  gas - s lu r ry  c o n t a c t o r .  However, no tests wi th  Ba(0H) were 

conducted i n  t h e s e  experiments.  

2’ cd 
The v a r i a t i o n  of Ca(OH)2 s o l u b i l i t y  w i t h  temperature 

Hydroxyl i o n  c o n c e n t r a t i o n  can a l s o  be v a r i e d  
2 

2 

Tests w e r e  performed w i t h  only one v a l u e  of di. It  would appear ,  

however, t h a t  f o r  a model based on Eq. (16) ,  i n t e r f a c i a l  area a i s  a 

very s t r o n g  f u n c t i o n  of di. 

by a ,  i t  would be expected t h a t  DF 

Because DF i s  g e n e r a l l y  s t r o n g l y  a f f e c t e d  

would be a s t r o n g  f u n c t i o n  of di. cd 

. 
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I n t e r f a c i a l  area and t h e r e f o r e  DFs f o r  CO removal are a l s o  p r e d i c t e d  

by Eq. (16) t o  b e  a f u n c t i o n  of s u r f a c e  t ens ion .  No v a r i a t i o n s  i n  s u r f a c e  

t ens ion  (a) o r  v i s c o s i t y  (p) w e r e  t e s t e d  i n  t h i s  s tudy.  

2 

This review of the  parameters which are most l i k e l y  t o  a f f e c t  DFs 

f o r  CO and krypton during gas - s lu r ry  r e a c t i o n  p rov ides  information on 

the  v a r i a b l e s  u s e f u l  f o r  scale-up cons ide ra t ions .  

c r i t i ca l  parameters were v a r i e d .  Other c r i t i c a l  parameters such as d 

and n were n o t  e x t e n s i v e l y  s t u d i e d  because they could be f u r t h e r  con- 

s t r a i n e d  by such cond i t ions  as maintenance of geometric s i m i l a r i t y ,  

2 
A s  noted,  only t h e  most 

i 

equa l  power consumption, etc.  

I n  g e n e r a l ,  however, i t  would be d e s i r a b l e  t o  have t h e  most gene ra l  

model which would al low f o r  s t r a i g h t f o r w a r d  des ign  of an  a g i t a t e d  con- 

t a c t o r  where t h e  fol lowing c o n d i t i o n s  would be known: (1) a set gas  

composition; (2) d e s i r e d  DFs f o r  C 0 2  and krypton;  (3 )  flow rate; and 

( 4 )  a c e r t a i n  kind of s l u r r y  ( t h i s  would f i x  Dcd, OHS , k2, %, H, and 

p). 
t h e  s i z e  of c o n t a c t o r s  needed t o  achieve t h e  r e q u i r e d  DFs, o r  DFs t h a t  

could be achieved f o r  a given con tac to r  s i z e .  

- 

It would be d e s i r a b l e  t o  have a c o r r e l a t i o n  which could p r e d i c t  

The d e r i v a t i o n  of such c o r r e l a t i o n s  is  d i scussed  i n  the  fol lowing 

s e c t i o n  on modeling. 

5. DEVELOPMENT OF MODELS TO DESCRIBE THE DFs FOR SIMULTANEOUS 
C 0 2  and KRYPTON DISTRIBUTION TO A Ca(OH)2 SLURRY 

The g e n e r a l  approach t o  modeling gas- l iquid r e a c t i o n s  i n  a g i t a t e d  

tanks is t o  develop two independent d e s c r i p t i o n s  of t h e  process .  A f i r s t  

exp res s ion  is  obtained t o  d e s c r i b e  t h e  mass t r a n s f e r  mechanism i n  the  

gas - l iqu id  d i s p e r s i o n ,  l e a d i n g  t o  a method of e s t ima t ing  the  o v e r a l l  

mass t r a n s f e r  r a t e ,Ra .  The o v e r a l l  mass t r a n s f e r  r a t e  is  no t  e x p l i c i t l y  

expressed as a f u n c t i o n  of t h e  geometry, power i n p u t ,  and mixing 

c h a r a c t e r i s t i c s  of t h e  c o n t a c t o r .  The e x p l i c i t  dependence of Ra on these  

parameters must be de f ined  i n  a second more o r  less independent expression.  

I n  t h i s  s e c t i o n ,  d i s c u s s i o n s  are presented of two r e l a t e d  d e r i v a t i o n s  of 

expres s ions  which may b e  used t o  l i n k ,  i n  one equa t ion ,  the hydrodynamics 
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and geomet r i ca l  d e s i g n  of t h e  mixing equipment t o  t h e  mass t r a n s f e r  

k i n e t i c s  of t he  p rocess  i n  o rde r  t o  p rov ide  g e n e r a l  models f o r  d e s c r i p t i o n  

and d e s i g n  of t h e  t o t a l  ope ra t ion .  

f o r  s c a l i n g  up a g i t a t e d  c o n t a c t o r s  included d e s c r i p t i o n s  f o r  a l l  b a s i c  

o p e r a t i o n a l  cr i ter ia  and parameters such as i m p e l l e r  d e s i g n  (geometry and 

m a t e r i a l ) ;  d r i v e - t r a i n  s e l e c t i o n ;  des ign  of s h a f t s  and seals; power i n p u t ;  

geometr ic ,  dynamic, and kinematic  s i m i l a r i t y ;  e tc .  

A r e c e n t  review2' of d e s i g n  c o n s i d e r a t i o n s  

5.1 R a t e  Expression f o r  Carbonation of L i m e  S l u r r i e s  
and Models f o r  Process  Scale-up 

5.1.1 P o s s i b l e  rate expres s ions  

Juvekar and Sharma15 proposed two r a t e  expres s ions  f o r  d e s c r i b i n g  

t n e  carbonat ion of l i m e  s l u r r i e s .  The a p p l i c P b i l i t y  of each rate 

expres s ion  is  dependent p r i m a r i l y  on t h e  l o c a t i o n  of t h e  r e a c t i o n  between 

d i s s o l v e d  C 0 2  and t h e  hydroxyl i ons .  

s a t i s f i e d  b e f o r e  e i t h e r  expres s ion  j s  adequate  t o  d e s c r i b e  t h e  carbonat ion 

r e a c t i o n  are d i scussed  i n  d e t a i l  i n  Appendix C .  The two cand ida te  rate 

expres s ions  are 

The cond i t ions  t h a t  must b e  

and 

where 

0.5 

. 
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It is  shown i n  Sec t .  C.4 (Appendix C )  t h a t  f o r  t h e  condi t ions  of t h i s  

s tudy [90% C 0 2  r eac t ed  wi th  Ca(0H) s l u r r i e s ] ,  gas-s ide m a s s  t r a n s f e r  2 
r e s i s t a n c e  is  negligible. Thus, t h e  two ra te  expressions 'become 

and 

Pa = aHp k +, . 
cd 2 

Based on t h e  s t anda rd  tests app l i ed  t o  these  equat ions  (Sect .  C.5, 

Appendix C), i t  w a s  concluded t h a t  t h e  90% C02-Ca(OH)2 r e a c t i o n  could 

be descr ibed  by e i t h e r  model. However, f o r  s i m p l i c i t y  and b r e v i t y  of 

arguments, only Eq. (19) w a s  u t i l i z e d  f o r  later e f f o r t s  t o  develop 

methods of e s t ima t ing  i n t e r f a c i a l  area, which could then be  used t o  

cons t ruc t  a gene ra l  expres s ion  f o r  e s t ima t ing  scaled-up ope ra t ion  

d:i.mensions. The p o s s i b i l i t i e s  f o r  t h e  form of t h e  p r e s s u r e  d r iv ing  

f o r c e  (p ) term are a l s o  d iscussed  i n  Appendix C.  df 

To show the  g e n e r a l  a p p l i c a b i l i t y  of e i t h e r  express ion ,  i n t e r f a c i a l  

areas were c a l c u l a t e d  f o r  t h e  experimental  d a t a  by u t i l i z i n g  o v e r a l l  

mass t r a n s f e r  rates,N 

va lues  of hydrodynamic and physicochemical v a r i a b l e s .  These va lues  of 

i n t e r f a c i a l  area, a long  w i t h  t h e  c a l c u l a t i o n s  us ing  Eq. (16) from the  

hydrodynamic model, are shown i n  Fig.  11. The agreement of i n t e r f a c i a i  

areas c a l c u l a t e d  by Eqs. (19) o r  Eq. (D-6) and (20) should be  expected 

because of t h e  over lap  of t h e  two models. The i n t e r f a c i a l  area p red ic t ed  

by Eq. (16) cont inued t o  i n c r e a s e  p a s t  a v e l o c i t y  of %2 cm/sec. This 

behavior  i s  c o n t r a r y  t o  t h e  gene ra l  l e v e l i n g  o f f  of i n t e r f a c i a l  areas a t  

v e l o c i t i e s  p a s t  2 cm/sec r epor t ed  by Juvekar and Sharma. 

noted t h a t  t he  s u p e r f i c i a l  v e l o c i t y  shown i n  Fig.  11 i s  based on t h e  

i n l e t  gas  v e l o c i t y .  S ince  the  stream s h r i n k s  by about  a f a c t o r  of 10 

f o r  90% CO f eeds ,  a d i r e c t  comparison of t h e  behavior  of i n t e r f a c i a l  

area between t h i s  work and t h a t  of Juvekar and Sharma's i s  not  poss ib l e .  

However, t h e i r  r e s u l t s  have been confirmed by Holladay and Haag16 i n  

s t u d i e s  of removing CO 

s l u r r y  con tac to r ,  where i n f l u e n t  and e f f l u e n t  gas  rates are e s s e n t i a l l y  

equal .  

(moles CO sorbed/ t ime,  Ncd = R a V  ) and appropr i a t e  cd 2 d 

It should be  

2 

from dilute-in-C02 f eed  gases  i n  a gas-Ca(OH)2 2 

I 
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When Eq. (19) o r  Eq. D-6 i s  used t o  d e s c r i b e  t h e  rate of carbona- 

t i o n  of l i m e  s l u r r i e s ,  t h e r e  is  a ques t ion  about t h e  a p p r o p r i a t e  form f o r  

t h e  p r e s s u r e  d r i v i n g  f o r c e  term. 

Appendix C t h a t  t h e  rate expres s ion  i n  t h e  form of 

It was.concluded from arguments shown i n  

pcd,o 

w a s  s u f f i c i e n t  t o  d e s c r i b e  removal of C 0 2  from a 90% CO -air feed stre'am 

i n  an  a g i t a t e d  Ca(OHl2 s l u r r y .  

t o  c a l c u l a t e  i n t e r f a c i a l  area. 

stream, i t  i s  n o t  clear e x a c t l y  which method i s  t h e  b e s t  f o r  c a l c u l a t i n g  

i n t e r f a c i a l  area. 

2 
Other forms of Eq. (21) can  be u t i l i z e d  

Because of t h e  sh r inkages  of t h e  gas 

It can be seen  i n  Fig.  11 t h a t  i n t e r f a c i a l  areas c a l c u l a t e d  from 

Eq. (C-9) seem t o  b e  much smaller than those  c a l c u l a t e d  f o r  Eq. (D-6).  

However, t h e  Us v a l u e s  p l o t t e d  i n  Fig.  11 are i n f l u e n t  s u p e r f i c i a l  

v e l o c i t i e s ,  wh i l e  Eq. (C-9) t akes  i n t o  account stream shrinkage.  Thus, 

i f  i n t e r f a c i a l  areas from Eq. (C-9) are p l o t t e d  vs e f f l u e n t  s u p e r f i c i a l  

v e l o c i t y ,  they f a l l  on t h e  curve of a's f o r  Eq. (D-6) and Eq. (20) i f  t h e  

v a l u e s  of U are c o r r e c t e d  f o r  t h e  gas  stream sh r inkage  f a c t o r .  
S 

5.1.2 Forms of models used f o r  c a l c u l a t i n g  scale-up c o n t a c t o r  dimensions 

Regardless of t h e  form f o r  c a l c u l a t i n g  a ,  t h e  s t anda rd  procedure 

used h e r e  f o r  developing a model f o r  p r e d i c t i n g  c o n t a c t o r  scale-up 

included t h e  fo l lowing  s t e p s :  

1. The mass- t ransfer  rate expres s ion  w a s  rearranged i n  

terms of D F  t h e  o t h e r  o p e r a t i n g  parameters ,  and 

i n t e r f a c i a l  area. 
cd'  

2. An expression '  p r e d i c t i n g  i n t e r f a c i a l  area was developed 

and i n s e r t e d  i n t o  t h e  g e n e r a l  mass t r a n s f e r  expres s ion  

f o r  t h e  CO -Ca(OH) r e a c t i o n .  2 2 
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3. For a g iven  temperature and ope ra t ing  v a l u e s  of H,  
- 

Dcd, k2, OHs , kL, n,  DFcd, and gas f eed  and com- 

p o s i t i o n ,  t h e  tank diameter  could b e  c a l c u l a t e d .  

4 .  For t h e  same cond i t ions  i n  3 ,  b u t  w i th  a s p e c i f i e d  

va lue  of d,, DFcd could b e  c a l c u l a t e d .  

Scaled-up tank dimensions w e r e  c a l c u l a t e d  wi th  Eq. (D-6) and two 

d i f f e r e n t  methods of e s t i m a t i n g  i n t e r f a c i a l  area (Appendix D ) .  The 

r e s u l t s  are g iven  i n  Tables D . l  and D.2 .  F i n a l l y ,  a g e n e r a l  modeling 

approach w a s  a t tempted by simply o b t a i n i n g  a m u l t i p l e  r e g r e s s i o n  f i t  

(based on the  SAS Program) f o r  t h e  d a t a  on hand b u t  w i t h  no pre-  

determined rate expres s ion .  R e s u l t s  obtained f o r  t h e  g e n e r a l  f i t  w e r e  

used t o  p r e d i c t  DF curves f o r  s t anda rd  o p e r a t i n g  c o n d i t i o n s .  Also, 

t he  DFs p r e d i c t e d  by Eq. (D-10) are included i n  a p l o t  i n  which p r e d i c t e d  

DFs are compared with experimental  DFs (Fig.  D.2). 

The b e s t  model f o r  p r e d i c t i n g  DFs and scaled-up dimensions seems 

t o  be the  one based on Eq. (D-lo), u s ing  an e m p i r i c a l  f i t  f o r  a as a 

f u n c t i o n  of experimental  small-scale DFs. It is  suggested t h a t  f u r t h e r  

ref inement  of t h e  g e n e r a l  model approach would be u s e f u l  i f  more d a t a  

from p rope r ly  designed f a c t o r i a l  experiments were a v a i l a b l e .  

5.1.3 Expressions f o r  p r e d i c t i n g  DFs f o r  krypton 

I n  these  d e r i v a t i o n s  f o r  e m p i r i c a l  expres s ions  of DFs f o r  CO and 2 
krypton,  emphasis w a s  placed f i r s t  on developing expres s ions  f o r  pre- 

d i c t i n g  DFs f o r  CO because of t h e  dependency of t h e  DF f o r  krypton on 

t h e  DF f o r  C 0 2 .  Thus, models are p resen ted  i n  Appendix D t h a t  provide 

f o r  DF estimates which could b e  ob ta ined  f o r  CO i n  tanks of known 

dimensions f o r  known hydrodynamic and physicochemical p r o p e r t i e s .  For 

a d e s i r e d  DF 

2 

2 

and known hydrodynamic and physicochemical p r o p e r t i e s ,  

t he  tank dimensions r e q u i r e d  t o  p rocess  any flow ra te  can  a l s o  be esti- 

mated. 

However, f o r  a t r a c t a b l e  p rocess ,  i t  is  necessary n o t  only t h a t  t h e  

DF f o r  C 0 2  b e  s a t i s f a c t o r y ,  b u t  a l s o  t h a t  t h e  amount of k ryp ton  included 

i n  the CaC03 product  formed by C 0 2  f i x a t i o n  be k e p t  t o  a minimum. Thus, 
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equat ions are p resen ted  which are capable  of e s t i m a t i n g  DFs f o r  krypton 

i n  a s i n g l e  continuous-slurry-flow gas-Ca(0H) s l u r r y  con tac to r .  A s  w a s  

d i scussed  i n  Sec t .  4 .1 ,  t h e  primary DF f o r  krypton is  g e n e r a l l y  i n  t h e  

100 t o  200 range. However, t h i s  DF can be g r e a t l y  inc reased  by 

p r o v i s i o n  of an  add-on p rocess  (evacuat ion wi th  s l u r r y  a g i t a t i o n  w a s  t h e  

b e s t  add-on t r ea tmen t )  fol lowing primary c o n t a c t o r  t reatment .  No 

e m p i r i c d  f i t  w a s  f i n a l i z e d  f o r  t h e  experimental  d a t a  obtained from t h e  

add-on r educ t ions  i n  krypton contained i n  t h e  s l u r r y .  However, an 

expres s ion  i s  suggested i n  Appendix D which should adequately d e s c r i b e  

add-on DFs f o r  krypton. 

a b a s i c  form f o r  a n  e m p i r i c a l  expres s ion  which is  adequate ,  w i th  

a p p r o p r i a t e  expe r imen ta l ly  determined v a l u e s  f o r  Henry's c o n s t a n t  K, t o  

d e s c r i b e  the  DFs f o r  krypton ob ta ined  f o r  two a g i t a t e d  c o n t a c t o r s  i n  

series. 

i n  series then c o n s i s t s  of primary and add-on DFs. The add-on DF can 

be desc r ibed  by t h e  same type  of expres s ion  u t i l i z e d  f o r  t h e  treat- 

ment fol lowing a s i n g l e  Ca(0H) 

2 

k 

Forsberg's13 idea l - case  c a l c u l a t i o n s  provide 

The t o t a l  DF f o r  krypton du r ing  gas  p rocess ing  i n  two c o n t a c t o r s  

s l u r r y  con tac to r .  2 

6 .  SUMMARY AND CONCLUSIONS 

Experiments w e r e  conducted t o  determine t h e  d i s t r i b u t i o n  of krypton 

du r ing  t h e  f i x a t i o n  of CO 

a mechanically a g i t a t e d  Ca(OHI2 s l u r r y .  

103 range were f e a s i b l e  f o r  CO2 removal i n  s ing le - s t age  con tac to r s ,  and 

DFs f o r  CO 

DFs f o r  krypton were 100 t o  200 f o r  t h e  primary con tac to r  ope ra t ion ,  and 

add-on DFs f o r  krypton of l o 2  could be r e a d i l y  ob ta ined  by applying a ' 

vacuum t o  t h e  s t i r r e d  product  s l u r r y .  DFs f o r  krypton of l o 3  could 

e a s i l y  be obtained f o r  gas  t reatment  w i th  two c o n t a c t o r s  i n  series. 

Thus, t o t a l  DFs f o r  krypton of l o 4  t o  10 

a combination of primary p rocesses  and add-on t r ea tmen t s .  Best DFs f o r  

krypton were ob ta ined  f o r  add-on t r ea tmen t  fol lowing o p e r a t i o n  of two 

c o n t a c t o r s  i n  series. It is important  t o  n o t e  t h e  d e f i n i t i o n  of DFs 

f o r  CO and krypton: 

from s imula t ed  HTGR r ep rocess ing  off-gas  i n  

The DFs f o r  C 0 2  i n  t h e  l o 2  t o  
2 

of lo3 t o  10 4 w e r e  feasible for two-stage con tac to r  operat ion.  2 

5 could be ob ta ined  by using 

2 
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moles of CO i n t o  c o n t a c t o r  i n  f eed  gas 

moles of CO o u t  i n  e f f l u e n t  gas  
2 

2 
DF f o r  C02 = 9 

moles of krypton i n t o  c o n t a c t o r  i n  f eed  gas  
moles of krypton i n  t h e  s l u r r y  DF f o r  krypton = 

The fol lowing parametr ic  r e l a t i o n s h i p s  were expe r imen ta l ly  e s t a b l i s h e d  

( r e l a t i o n s h i p s  1 through 4 w e r e  observed f o r  CO 

a g i t a t e d  s l u r r y  c o n t a c t o r ) :  

s o r p t i o n  i n  a s i n g l e  2 

1. 

2. 

3 .  

4. 

5 .  

6. 

For a 1.0 Z C ~ ( O H ) ~  s l u r r y ,  t h e  DFs f o r  C 0 2  v a r i e d  

i n v e r s e l y  wi th  gas  s u p e r f i c i a l  v e l o c i t y ,  whereas 

t h e  DFs f o r  krypton had a s l i g h t  d i r e c t  v a r i a t i o n  

wi th  s u p e r f i c i a l  v e l o c i t y .  

The DFs f o r  CO v a r i e d  i n v e r s e l y  wi th  s l u r r y  m o l a l i t y  

i n  semiba tc i  and continuous ope ra t ion .  

-7aried d i r e c t l y  wi th  s l u r r y  m o l a l i t y  f o r  continuous con tac to r  

ope ra t ion .  

2 
The DFs f o r  krypton 

The DFs f o r  C 0 2  d id  no t  have a s i g n i f i c a n t  dependency on 

temperature  f o r  t h e  range of 28 t o  61OC. The dependency 

of DFs f o r  krypton on temperature  i n  t h e  28 t o  61OC range 

a l s o  could n o t  b e  a c c u r a t e l y  e s t a b l i s h e d .  

The DFs f o r  CO vary d i r e c t l y  wi th  i m p e l l e r  speed. The DFs 

f o r  krypton should va ry  s l i g h t l y  i n v e r s e l y  wi th  i m p e l l e r  speed, 

bu t  t h i s  dependency w a s  n o t  e s t a b l i s h e d  i n  t h e s e  experiments.  

2 

For t h e  gas - s lu r ry  i n t e r a c t i o n  w i t h  two c o n t a c t o r s  i n  

series, t h e  o v e r a l l  DFs f o r  C 0 2  v a r i e d  d i r e c t l y  w i t h  t h e  

e x t e n t  of t h e  conversion of C 0 2  t h a t  occurred i n  tank 2. 

For con tac to r s - in - se r i e s  o p e r a t i o n ,  t h e  o v e r a l l  DFs f o r  

krypton v a r i e d  i n v e r s e l y  wi th  t h e  e x t e n t  of CO con- 

v e r s i o n  i n  tank 2. 
2 

The DFs f o r  C 0 2  v a r i e d  d i r e c t l y  wi th  C 0 2  concen t r a t ion  

i n  t h e  f eed  gas. 

concen t r a t ion  i n  t h e  f eed  gas .  

The DFs f o r  krypton v a r i e d  i n v e r s e l y  wi th  C 0 2  

. 
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. 

7. 

The 

Dependencies on process  v a r i a b l e s  t h a t  were n o t  e s t a b l i s h e d  

b u t  could be i n f e r r e d  from l i t e r a t u r e  models and c o r r e l a t i o n s  

were as fol lows:  t h e  d i r e c t  v a r i a t i o n  of DFs f o r  C02  w i th  

impe l l e r  d i ame te r ,  s o l u b l e  hydroxyl i o n  concen t r a t ion ,  d i f f u -  

s i v i t y  of C02  i n  t h e  s l u r r y ,  t h e  l i q u i d - s i d e  mass t r a n s f e r  

c o e f f i c i e n t ,  and t h e  s o l u b i l i t y  of C02 i n  t h e  s l u r r y .  

development of t h e  most u s e f u l  models f o r  p r e d i c t i o n  of DFs f o r  

C02 and krypton and f o r  scaled-up con tac to r  dimensions was dependent on 

expressions f o r  t h e  i n t e r f a c i a l  area. I n t e r f a c i a l  area could be esti- 

mated e i t h e r  from a g e n e r a l  hydrodynamic c o r r e l a t i o n  o r  from an expres- 

s i o n  cons t ruc t ed  from t h e  experimental  d a t a  of t h e  bench-scale c o n t a c t o r s  

of t h i s  study. 

Ca(OH)2 s l u r r y  could be adequately desc r ibed  by t h e  fol lowing model: 

For t h e  la t ter  case, t h e  removal of C02 i n  t h e  a g i t a t e d  

This model could be u s e f u l  f o r  p r e d i c t i n g  process  DFs when t h e  cha rac t e r -  

istics of t h e  s l u r r y  [Dcd, k2,  U t ,  (OH -), H I ,  t h e  flow and f eed  cond i t ions  

( Q t ,  kL, yCdyi), and t h e  t ank  s i z e  ( d i  and d t )  are known. 

more u s e f u l  f o r  p r e d i c t i n g  t h e  dimensions of t h e  con tac to r  necessary t o  

achieve a given DF f o r  a s p e c i f i e d  gas flow rate and feed and s l u r r y  condi- 

t i o n s .  

S 

It is  perhaps 

I f  t h e  expres s ion  i n  Eq. (22) i s  t o  b e  g e n e r a l l y  a p p l i c a b l e  f o r  . 

scale-up c a l c u l a t i o n s ,  i t  i s  necessary t h a t  t h e  f u n c t i o n a l  r e l a t i o n s h i p  

between a and DFcd remain v a l i d .  

v e l o c i t y ,  t h e  geometry and power inpu t  would have t o  be s e l e c t e d  so  

That is, f o r  a cons t an t  s u p e r f i c i a l  

t h a t  t h e  i n t e r f a c i a l  area and t h e  DF f o r  CO 

would be e q u a l  t o  t h o s e  v a l u e s  measured i n  t h e  experimental  small 

i n  t h e  l a r g e r  con tac to r  2 

contactor .  For a t r ea tmen t  of t h e  off-gas i n  a s i n g l e  con tac to r ,  t h e  
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DF f o r  krypton is  es t ima ted  by t h e  expres s ion  

- K ( l  - Fr)  + FrC DFk - Y 

FrC 

where K and C are known parameters  of krypton-slurry i n t e r a c t i o n  and 

F r  is r e l a t e d  t o  DFcd p r e d i c t e d  by t h e  model according t o  

pr = 1 - Ycd,i . (11) 
DFcdYcd, o 

For a combination of t h e  primary C02 removal p rocess  i n  s t i r r e d  tanks 

followed by an add-on p rocess  t o  f u r t h e r  reduce t h e  krypton included i n  

t h e  product s l u r r y ,  t h e  fol lowing expres s ions  appeared a p p l i c a b l e .  

The t o t a l  DF f o r  krypton u s i n g  a s i n g l e  c o n t a c t o r  is: 

[K(1 - Fr) + F,C] -‘2 . 
= C l t  F C  r 

DFkt,  1 

The t o t a l  DF f o r  krypton u s i n g  c o n t a c t o r s  i n  series is: 

( 1  - Fr)  (1 - F, + R1C) t-C2 l 1  FrC + L ( l  - Fr) 
= 1 + -  DFkt,  2 

. 
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APPENDIX A: METHODS OF ANALYZING THE DISTRIBUTION OF 
KRYPTON BETWEEN THE FEED GAS AND THE SOLID AND 

L I Q U I D  PHASES OF THE C a C 0 3  SLURRY 

A . l  General  Comments on Beta and Gamma Counting 

The advantages of analyzing t h e  krypton con ten t  by gamma counting 

have been summarized i n  Sect .  2.3. The major r e s t r i c t i o n  on t h e  u s e  of 

gamma d e t e c t i o n  i n  t h i s  s tudy  w a s  t h e  q u a n t i t y  of 85Kr r a d i o t r a c e r  

r equ i r ed  f o r  runs  w i t h  extended o p e r a t i o n  t i m e .  Regulat ions f o r  ORNL 

Type C l a b o r a t o r i e s  r e q u i r e d  t h a t  t h e  amount of 85Kr used f o r  each run  

b e  r e s t r i c t e d  t o  ~ 1 0  m C i .  A ba lance  had t o  b e  maintained between t o t a l  

85Kr a c t i v i t y ,  ope ra t ing  flow rate,  and, t hus ,  t o t a l  feed-gas volume 

aiid r e s u l t a n t  85Kr  concen t r a t ion .  

cond i t ions  and r a d i o t r a c e r  concen t r a t ions  are as fol lows.  

Examples of p o s s i b l e  ope ra t ing  

I f  100 m C i  of 85Kr w e r e  f ed  a t  a ra te  of 10 l i t e r s / m i n  f o r  10 min 

t o  15 liters of 1 .0  m Ca(0H) 

only 0.1% of t h e  krypton w a s  sorbed i n  t h a t  t i m e ,  then 0.1 m C i  of 85Kr 

would be contained i n  15,000 m l  of s l u r r y .  The r e s u l t i n g  s l u r r y  concen- 

t r a t i o n  would be 0.15 x 10 

only 0.4% of a l l  t h e  decay even t s ,  t h e  maximum number of gamma counts ,  

based on 50% e f f i c i e n c y  i n  the  gamma coun te r ,  would be 

s l u r r y  i n  t h e  27.3-cm-ID c o n t a c t o r ,  and 2 - 

5 dpm/ml. Because t h e  gamma emissions are 

4 1.5 x 10 x 4 x x 0.5 = 30 counts/min/ml , 

o r  150 counts/min f o r  t he  5-ml samples normally counted i n  t h e  S e a r l e  

gamma counter .  

t h e  krypton included i n  t h e  s l u r r y ,  t h e  approximate counting l e v e l  would 

be 1 5  gamma counts/min f o r  a 5.0-ml sample; f o r  t h e  same run and f eed  

c o n d i t i o n s ,  t h e  b e t a  count rate would b e  750 counts/min/ml. 

0.4-ml sample normally used i n  t h e  b e t a  count ing technique,  t h e  count 

rate would b e  300 counts/min. 

For a t o t a l  f eed  con ten t  of 10 m C i  85Kr ,  and 0.1% of 

For a 

Background f o r  t h e  S e a r l e  gamma coun te r  w a s  25 counts/min. The 

s tandard d e v i a t i o n  about  t h i s  mean w a s  U.  The mean count ra te  f o r  t h e  

b e t a  counter  was 225, w i th  a s t anda rd  d e v i a t i o n  of Q15. Count rates were 
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n o t  considered s i g n i f i c a n t  u n l e s s  they exceeded t h e  background by two 

s t anda rd  d e v i a t i o n s .  

3 Based on t h e s e  arguments, DFs of % l o  could be measured f o r  expe r i -  

ments i n  which t h e  f e e d  gas  contained a t o t a l  of 1 0  m C i  of 85Kr by 

count ing gamma emissions ( t h e  product  would b e  %15 gamma counts/min 

above background). For t h e  count ing of b e t a  emissions,  a DF of % l o  
could b e  determined based on a count rate of 300 counts/min. 

because t h e  b e t a  counts  could b e  r e l i a b l y  d e t e c t e d  a t  t h e  30-counts/min 

level (above a background of %225), ano the r  DF f a c t o r  of 10 could be 

measured f o r  krypton. 

became 10 . 

3 

However, 

The t o t a l  DF measurable wi th  b e t a  count ing then 
4 

Since t h e  method of adding 85Kr t o  t h e  f eed  gases  w a s  n o t  e x a c t ,  
8 t h e  85Kr con ten t  g e n e r a l l y  ranged from lo7  t o  10 

p e r  l i t e r  (Table A. l ) .  

dpm (0.01 t o  0.1 m C i )  

Some DFs c a l c u l a t e d  f o r  krypton f o r  con tac to r - in - se r i e s  o p e r a t i o n  
3 us ing  gamma count ing w e r e  a c c u r a t e  up t o  2 x 10 because of an i n c r e a s e  

i n  gamma count ing e f f i c i e n c y  achieved du r ing  t h e s e  s t u d i e s  (Table A.2). 

A.2 Procedure f o r  Obtaining Beta and Gamma Counts 

To o b t a i n  a ba lance  f o r  krypton based on b e t a  emissions during a 

semibatch o p e r a t i o n ,  the t o t a l  dpm of krypton i n  t h e  f e e d  gas could be 

ve ry  a c c u r a t e l y  determined by q u a n t i t a t i v e  count ing i n  t h e  c a l i b r a t e d  

i n - l i n e  Levins14 b e t a  ce l l .  

l i q u i d  p o r t i o n  of t h i s  s l u r r y  could b e  determined by count ing p o r t i o n s  

of t h e  l i q u i d  samples i n  a b e t a  s c i n t i l l a t i o n  c o c k t a i l ,  a f t e r  c a r e f u l  

s e p a r a t i o n  of t h e  s o l i d s  from t h e  l i q u i d .  However, t h e  e f f i c i e n c y  of 

counting samples of 85Kr i n  t h e  o rgan ic  l i q u i d  s c i n t i l l a t i o n  system 

had t o  be determined. 

The q u a n t i t y  of 85Kr included i n  t h e  

I n  gene ra l ,  t h e  a d d i t i o n  of an aqueous s o l u t i o n  t o  t h e  s t anda rd  * 
b e t a  d e t e c t i o n  s c i n t i l l a t i o n  c o c k t a i l  r e s u l t s  i n  spu r ious  count ing 

* 
The s t anda rd  c o c k t a i l  w a s  prepared as fo l lows :  
(5-phenyloxazolyl) -benzene] , 0.15 g DPO (2,5-diphenyloxazole) , 1005 p l l  

t o luene ,  and 445 m l  T r i t o n  X-100. 

6 .0  g POPOP [1,4-bis-2- 
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Table 4.1. Experimental  r e s u l t s  f o r  krypton and CO2 during Co2 f i x a t i o n  i n  semibarch and cont inuous  
a g i t a t e d  cbntac  t o r  opera t i o n  

I 
a5Kr remaining 85Kr i n  

i n  s l u r r y  s l u r r y  flow 
Volumetric gas I n l e t  I n l e t  Kr I n l e t  85Kr Mola l i t y  of S lu r ry  S lu r ry  Steady- Average. E f f luen t  C02 Ef f luen t  Kr DFcd DFk, OFk 

Run flow r a t e s  C02 mole concen t r a t ion  concent ra t ion  Ca(OH)2 s l u r r y  flow r a t e  convers ion  s t a t e  temperature concen t r a t ion  concen t r a t ion  moles C O ~  i n  moles Kr i n  moles K; i n  
No. ( s t d  l i t e r s / m i n )  f r a c t i o n  (dpm/ l i te r )  (g-mole/lOOO g H 2 0 )  ( l i t e r s / m i n )  (I) PH ("C) h o L e  , f r a c t i o n )  ( p p d  moles CO2 out moles K r  i n  slurry moles K r  i n  s o l i d s  ( d p m / l i t e r )  (dpm/min of f low)  (ppm) 

BR-ZaIb 9.2 
BR-3a'b 19.2 

CF-4a 8.6 
CF-3a 13.2 
CF-6a 16.0 
CF-5af 19.2 
CF-lBb 34.2 
BR-1C - ' 11.4 

BR-4a'b 34.3 

CF-10' 
B R - ~ O ~ ? ~  
~ ~ - 1 1 ~  l b  

BR-12'' 
BR-13:' 
CF-llf 
CF-lZf 
CF-13f 
CF-14f 
CF-15 
CF-17: 
CF-laf 
CF-19 
CF-20: 

35.1 
35.1 
16.4 
10.9 

8.7 
5.4 .... . 

1 1 . 7  
17.5 
24.6 
24.8 
25.1 
13.2 
23.7. 
14.4 

CF-21' 2:. 4 

CF-24' 20.8 

CF-22: 24.3 
CF-23 18. G 

0 . 9 1  
0 .91  
0.92 
0 .91  
0.90 
0.91 
0 .91  
0.97 
0 .91  
0 .88  

0 .88  
0 .88  
0 .88  
0.90 
0 .90  
0 .90  
0.90 
0 .90  
0 .90  
0.90 
0 .90  
0 .91  

0 .88  

0 . 9 1  
C . 9 1  
0.3? 
0.88  

88 

44 
85 
( Q O )  
50 
7 2  
38 

. 47 
33  
33 
33 
23 
23 
18 
18 
1 8  
18:' 
1 8  " 
7 28 

8Og 
1.938 
1808 

a 8  

7 2' 
7 2' 

le 
18 

9 1 . 4  x l o 7  
1.1 x lo8 
2 . 1  x l o a  

2 .4  x l o 8  

4 .3  x l o 7  
3.4 x l o 7  

2.4 x lo7  
2.4 x l o 7  

2.4 x l o 6  
3.4 x l o 6  
3.4 x lo6 
3.4 x lo6 
3.4 x l o 6  
3.4 x l o 7  
5 .9  x l o 7  
5.9 x l o 7  
5.9 x l o 7  

b .  2 :: lo7 

L.4 x IO8 

5.2 x lo8 
2 .9  x lo8 

2.7 x lo6  

2.4 x lo7 

2.4 x l o 7  

6 .2  x lo7  

6 . 2  x 13* 

3.4 x 10 

1.00 
1.01 
1.00 
0.50 
0.50 
1.00 
1.06 
0.94 
1.00 
0.99 
0.99 
0.99 
0.99 
0.73 
0 .49  
0.49 
0.49 
1.94 
1.94 
1 .95  
1 .95  
1'. 97 
1.03 
1.02 
1.0; 
0.97 
1 . 3 2  

- 
- 
- 

0.95 
0 .90  
0.80 
1 .00  
2.00 

2.00 
- 
- 
- 
- 
- 

1.00 
1.10 
1.50 
0.60 
0.60 
0.60 
0.50 
0.60 
0.70 
1.10 
1 .10  
0.8C 
0.80 

>90 
95e 
9ae 
78 
95e 
86 
78 
7 1  
9 1  
72 
82  
74 
65 
64 
33  
79 

80 
a 3  

97e 
a9 
7 5  
85 
79 
8 1  
87 
90 
9 le 

12 .3  34 
12 .2  3L 
12 .2  34 
12 .1  46 
11.8 46 
1 2 . 0  46 
1 2 . 1  46 
12 .0  46 
12 .3  40 
1 2 . 1  45 
1 2 . 2  33 
12 .2  32 
1 2 . 3  33 
12 .3  33 
1 2 . 5  28 
.12 .3  _1 55 
12 .4  35 

10.5 38 
12 .3  34 
1 2 . 5  30 
11 .9  61  
1 2 . 1  43 
12 .0  46 
1 2 . 1  28 
1 2 . 1  44 
11.9 46 

11 .8  ", 57 

NDc 
0.2100 
0.5700 
0.0030 
ND 
0.0186 
0.0590 
0.0320 
0.0046 
0.0320 
0.0430 
0.0060 
0.0050 
ND 
0.0007 
0.0056 
0.0077 
ND 
0.1470 
0.0300 
0.0190 
0.0300 
0.0055 
0.0096 
0.0099 
0.0057 
0.0120 

NDc 
960 
500 

ND 
ND 

595 
ND 

378 
88 2 
250 
250 
260 
199 

ND 
161 
1 7 7  
161 
179 
175 

1 ,846  
1 ,906  
1 ,756  
1,836 
1,902 
1,960 

1 7  7 
im 

imc 

ge 
38 e 

3,230 
ND 

535 
143 
946 

2,200 
215 
158 

1 ,096  
1 ,315  

M) 

12,772 
1 ,638  

ND 

280 
444 
282 

1 ,053  
1 ,018  
1 , 4 7 1  

1 ,188  

5 3e 

1, a40 

640' 

2 U d  
40gd 
414d 

29; 

70d 128 
130d 

24 
185 

132 
213 
142 

47 
63 
64 

477 
337 

ND 
145 
443 
144 
1 7 2  
102 
153 
le4 

138 

78 

1022 
ND 
ND 

104 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

745 
49 7 

ND 
ND 

ND 
ND 
ND 
ND 
?m 
ND 
ND 
ND 

311 
432 
5;b 

* *  

., 

8 

8 .5  x l o 7  

1 . 7  x l o 7  

1 . 2  x l o 5  

2.0 x loa 
5.7 x l o 7  
3.9 x l o 7  
4 . 5  x l o 6  
3.0 x l o 7  
6.8 x lo6  
3.0 x lo6  
3.7 2.2 x x l o 6  l o 6  

6.1 5.8 x x l o 5  l o 5  

5.3 8.9 x x l o 6  lo6  

2.7 x l o 6  
3 .9  x lo5  
3.8 x l o 5  

2.9 x lo5  
4 . 1  x 10 

m 7  1.1 x l o 6  

8.4 1 .4  x x l o 7  10, 

5.0 x l o 7  
4 . 7  x 10 

- 
- 
- 8  1 .6  x l o 7  

5 . 1  x l o 7  
3.2 x lo7 

6 . 1  x 10 

6 . 1  x 10 

4.5 x l o 6  
- 

6 
- 
- 
- 
- 5  6 .3  3.8 x x l o 5  10 

9 . 2  x 10; 
1 . 7  x l o 5  

5.4 x l o 6  

2 .5  x 10 

m 6  

6 .3  3.2 x x lo6  l o 6  

9 .2  1 . 5  x x l o 7  10 

4.0 x 10; 
3.8 x 10 

a20.3-cm-1L c m t a c t n r  

b I n d i c a t e s  semibatch ope ra t ion  ; all o t h e r  o p e r e t i o n s  wi th  cor t inuous  S l q r r y  flow. 

'Not determined. 

dDFS f o r  85Kr  determined by a n a l y s i s  of gamma count ing;  o therwise ,  8 5 K r  was determined from beta, 

eLow DFcd because of excess ive  s l u r r y  conve r s ion  (>go%). 

f27.3-cm-ID con tac to r .  

gCommercial gas mixture ( a l l  o t h e r s  blended in-house).  Also, contained 60 ppm xenon, 7% .02, and 2X N 2 .  
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I 
Table A.2. Experimental  r e s u l t s  f o r  krypton  and C02 d i s t r i b u t i o n s  dur ing  C02 f i x a t i o n  

wi th  contactors i n  seriesa 
I 

DFks , 
moles K r  i n  

S l u r r y  Steady- Average DFcd, Volumetric g a s  I n l e t  I n l e t  K r  Molal i ty  of S l u r r y  Contactor  
I D  Run f l o w  rates C02 mole concen t r a t ion  Ca(OH)2 s l u r r y  f low rate  conversion s t a t e  temperature  moles C02 i n  moles K r  i n  
(4 No. ( s t d  l i ters /min)  f r a c t i o n  ( P P d  (g-mole/lOOO g H20) ( l i t e r s /min )  (%I PH ("C) moles C02 o u t  moles K r  i n  s l u r r y  moles K r  i n  s o l i d s  

1-27.3 
2-20.3 
1-27.3 
2-27.3 
1-27.3 
2-27.3 
1-27.3 
2-20.3 
1-27.3 
2-20.3 
1-27.3 
2-20.3 
1-27.3 
2-27.3 

~ 

CIS-I 
c1s-I 
c 1s-1 
c1s-1 
c1s-2 
c1s-2 
C1S-3 
C1S-3 
C1S-4 
C1S-4 
C1S-5 
C1S-5 
C1S-6 
C1S-6 

NDc 
24.3 
ND 
25.3 
ND 
11.4 
ND 
36.4 
ND 
34.7 
ND 
13.6 
ND 
10.7 

NDc 
0.92 
ND 
0.91 
ND 
0.91  
ND 
0.92 
ND 
0.93 
ND 
0.90 
ND 
0.90 

N I F  
54 

NDd 180 

NDd 180 

NDd 142 

md 142 

NDd 185 

NDd 185 

0.99 
ND 
1.02 
ND 
1.00 
ND 
1.00 
ND 
0.95 
ND 
0.94 
ND 
0.97 
ND 

1.10 
1.10 
1 . 0  
1 .0  
0.6 
0.6 
1 . 6  
1 .6  
1 .75  
1.75 
1.75 
1.75 
0.7 
0.7 

86 
100 

60 
100 

62 
100 

60 
100 

74 
100 

65 
100 

69 
100 

I 

11:95 
6.6 

6 .1  
12.5 

6.7 
12.3 

61. 7 
12.2 

6 .1  
12.3 

5.9 
12.25 

5.9 

12: 3 

38 
38 
38 
38 
38 
38 
29 
29 
37 
37 
39 
39 

43 
43 

NDC 
ND 

6,577 
ND 

ND 
2 , 658 

ND 
1 , 405 

ND 
2,418 

ND 
10 , 168 

ND 

20 , 000 

138 
9.2/1267 
158 

111 

140 
4.1/578 
10 0 
13.8/1386 
10  3 
7.91817 
118 

5/793 

4.3/475 

7. a/925 

276 
2,534 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

a 7' 8 

bBased on beta counts .  

d 

I n l e t  85Kr  concen t r a t ions  v a r i e d  from 6 . 1  x 10  

Not determined. 
Commercial gas  mixture .  

t o  2.6 x 10 dpm/ l i te r .  

C 

A l s o ,  conta ined  60 ppm xenon, 7% 02, and 2% N2. 
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e f f e c t s .  
s c i n t i l l a t i o n  c o c k t a i l  w a s  e s t a b l i s h e d  as fol lows.  The e f f i c i e n c y  of t h e  

S e a r l e  gamma counter  (Series 1185, S e a r l e  Ana ly t i c ,  Inc., Des P l a i n e s ,  

I l l i n o i s )  f o r  measuring g a m a  emissions from 85Kr  w a s  e s t a b l i s h e d  by 

counting known q u a n t i t i e s  of '5Kr which were contained i n  s e a l e d  g l a s s  

ampules. 

prepared f o r  t h e  KALC campaign.21 

t h e  K r  con ten t  w a s  c o r r e c t e d  f o r  decay t i m e  s i n c e  p repa ra t ion .  Once 

t h e  e f f i c i e n c y  of t h e  gamma counter  f o r  count ing 85Kr w a s  e s t a b l i s h e d  

(31% f o r  most of t h e s e  s t u d i e s ) ,  i d e n t i c a l  samples  of s l u r r y  w e r e  analyzed 

f o r  t h e i r  b e t a  and gamma emission con ten t  as fol lows.  

The e f f i c i e n c y  f o r  d e t e c t i o n  of 85Kr by b e t a  counting i n  t h e  

These s t anda rd  85Kr samples ( 4 . 2 ,  11.4,  and 1 2 . 9  pCi) had been 

P r i o r  t o  a n a l y s i s  i n  the  Searle coun te r ,  
85 

A t  t he  end of a t y p i c a l  experiment,  samples ( i n  t r i p l i c a t e )  t o  be 

analyzed f o r  b e t a  emissions were t r a n s f e r r e d  immediately t o  screw-capped 

v i a l s  ( v i a l s  were e s s e n t i a l l y  completely f i l l e d ) .  The v i a l s  were capped 

and spun i n  a t a b l e t o p  c e n t r i f u g e  a t  b6000 rpm (Model CL, I n t e r n a t i o n a l  

C l i n i c a l  Cen t r i fuge ,  I n t e r n a t i o n a l  Equipment Co., Needham H t s . ,  Mass.). 

The v i a l s  were then opened, and a 0.4-ml sample of t h e  clear l i q u i d  
supe rna tan t  ( s o l i d  CaC03 c o l l e c t e d  as a p r e c i p i t a t e  i n  t h e  v i a l  bottom) 

w a s  added t o  10 m l  of s t anda rd  l i q u i d  s c i n t i l l a t i o n  c o c k t a i l .  The b e t a  

counts  were then determined i n  t h e  New England Nuclear b e t a  emission 
counter .  Five m i l l i l i t e r  samples  ( i n  t r i p l i c a t e )  of t h e  same s l u r r y  were 

t r a n s f e r r e d  t o  t h e  a p p r o p r i a t e  v ia l s  and placed i n  t h e  S e a r l e  gamma coun te r  

f o r  a n a l y s i s .  

l i s h e d  wi th  t h e  c a l i b r a t e d  S e a r l e  gamma counter ,  a f a c t o r  f o r  c o r r e c t i n g  

t h e  number of counts  pe r  minute i n  t h e  b e t a  counter  f o r  0.4 m l  l i q u i d  w a s  

obtained;  hence, t h e  a c t u a l  d i s i n t e g r a t i o n s  p e r  minute i n  t h e  5.0-ml 

s l u r r y  sample could be c a l c u l a t e d .  Thus, i n  some tests, when r e s i d u a l  

krypton w a s  t o o  low f o r  gamma counting and t h e  b e t a  counts  were d e t e r -  

mined f o r  t h e  supe rna tan t  of c e n t r i f u g e d  samples,  t h e  c o r r e c t i o n  f a c t o r  

could be supp l i ed  t o  p r e d i c t  t h e  a c t u a l  d i s i n t e g r s t i o n s  p e r  minute of '5Kr 

i n  t h e  product s l u r r y .  

Once t h e  t r u e  amount of 85Kr i n  5.0 m l  of s l u r r y  w a s  e s t ab -  

For example, when t h e  b e t a  l i q u i d  s c i n t i l l a t i o n  
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r e s u l t s  f o r  0.4 m l  .of.  supe rna tan t  from the-CaCO 

4100 counts/min, t h e  t o t a l  counts  w e r e  

p r o d u c t , s l u r r y  w e r e  3 

l i q u i d .  Gamma l i q u i d  s c i n t i l l a t i o n  counts  f o r  5 m l  of t h e  same s l u r r y  

( inc lud ing  krypton i n  both l i q u i d  and s o l i d  phases)  w e r e  105 counts/min. 

The t o t a l  dpm w e r e :  

- 21  counts/min X 1000 m l  gamma dpm X t o t a l  dprn - 
m l  l i ter  0 .31  counts/min 0.0041 gamma dpm 

7 dprn 
lo li ter of s l u r r y  

6 

16.5 y 1n 
10.25 x 10 counts/min c - 

6 d p r n  of krypton Correct ion f a c t o r  = V.  V L .  

)f b e t a / l i t e r  of l i q u i d  = &,, 

1- A" liter of s l u r r y  
4 

The aqueous samples w e r e  allowed t o  c o o l  i n  t h e  r e f r i g e r a t e d  counter  

and were then  shaken immediately p r i o r  t o  a s s a y  i n  o r d e r . t o  a t t a i n  con- 

s i s t e n t  count ing of t h e  samples i n  t h e  l i q u i d  s c i n i i i l a t i o n  system. The 

major assumption i n  t h i s  technique i s  t h a t  t h e  re la t ive amounts of krypton 

i n  t h e  l i q u i d  and s o l i d  p o r t i o n s  of t h e  s l u r r y  were about  t h e  same, regard- 

less of o p e r a t i n g  cond i t ions  ( d i f f e r e n t  s l u r r y  m o l a r i t i e s ,  s l u r r y  tempera- 

t u r e ,  gas f low rate,  e t c . ) .  The reasonableness  of t h i s  assumption i s  

shown i n  Table A . 3 .  

* 

A s  shown i n  Table A . 4 ,  t h e  r e s i d u a l  krypton i n  t h e  product  s l u r r y  

i n  many of t h e  runs  w a s  s u f f i c i e n t l y  l a r g e  t o  be determined by both 

b e t a  and gamma counting. I n  g e n e r a l ,  t he  DFs f o r  krypton obtained by 

a n a l y s i s  of b e t a  emissions (us ing  t h e  c o r r e c t i o n  f a c t o r )  w e r e  i n  e x c e l l e n t  

ag reenen t  w i th  those  ob ta ined  by count ing of gamma emissions,  f o r  a wide 

range of o p e r a t i n g  cond i t ions .  

Thus, i n  t hose  runs  where t h e  r e s i d u a l  85Kr w a s  t oo  low t o  b e  

d e t e c t e d  by gamma count ing (Table A . l ) ,  t h e r e  w a s  confidence i n  those  DFs 

f o r  krypton t h a t  were es t ima ted  by t h e  b e t a  count ing technique.  

The d i s t r i b u t i o n s  determined by gamma count ing were u s u a l l y  s l i g h t l y  

h ighe r  than those obtained by b e t a  count ing (Table A . 4 ) .  One p o s s i b l e  



Tab le  A.3. Experimental  r e s u l t s  f o r  t h e  d i s t r i b u t i o n  of 85Kr between s o l i d  and l i q u i d  phases  of t h e  CaCO s l u r r y  3 

Gamma c o u n t s  Gamma 
f o r  0.5 g of Gamma c o u n t s  c o u n t s  i n  

C o n t a c t o r  Gamma s o l i d s  p l u s  Gamma of r e c o v e r a b l e  t h e  l i q u i d  To t a l  DF f o r  d i s c h a r g e  
Gas f e e d  rate, d i a m e t e r ,  Impe l l e r  c o u n t s  f o r  0.5 e, of c o u n t s  p e r  w e t  s o l i d s  p o r t i o n  of gamma coun t s  o r  r e c y c l e  of 

Qt d t  speed,  n Temp. 5 m l  of i nc luded  r n l  of i n  1 l i t e r  1 l i t e r  of p e r  l i t e r  %800 m l  of 
( s t d  l i t e r s h i n )  (cm) (rpm) ("c) l i q u i d  w a t e r  l i q u i d  of s l u r r y  s l u r r y  of s l u r r y  f r e e  water wl 

wl 

10.0 20.3 800 46 7100 2200 1 4 2 0  4.4 x 10 11.40 l o 5  15.8 lo5 3.59 

2.84 

3.56 

3.05 

5' 

4 

4 

7.36 x lo5 11.36  x 10 

2.56 x lo4 3.56 x 10 

7.60 x lo4' 11.30 x 10 

5 

4 

4 

9.5 20.3 800 46 4600 2000 9 20 4.0 x 10 

25.0 27.3 650 46 160 50 32 1 .0  x 10 

20.8 27.3 650 46 475 185 95 3.7 x 10 
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Table A.4. Comparison of exper imenta l  methods f o r  
d e t e c t i o n  of 85Kra 

( b e t a  count  de t e rmina t ion  vs gamma count  de t e rmina t ion )  

S u p e r f i c i a l  DF c a l c u l a t e d  DF c a l c u l a t e d  
Run Gas f low rate v e l o c i t y  wi th  beta wi th  gamma 
No. ( s t d  l i t e r s / m i n )  (cm/min) counts  counts  

BR- 2 9 .2  

CF-3 13.2 

CF-5 19.2 

CF-6 16.0 

BR- 10 35.1 

BR-12 10.9 

CF-20 14.4 

CF-21 25.4 

CF-22 25 

CF-23 18.6 

CF-24 20.8 

c1s-1 25.3 

28 

4 1  

59 

49 

60 

19  

25 

43 

42 

32 

36 

43 

c1s-2 11.4 20 

C1S-3 36.4 112 

C1S-4 34.7 107 

C1S-5 13.6 42 

C1S-6 10.7 18 

284 

70 

130 

128 

132 1 5  7 

14  2 205 

-- 
-- 

-- 

-- 

144 -- 

172 -- 
102 -- 

158 1 7 1  

18 9 243 

793 1000 

475 548 

526 630 

1386 19  20 

816 820 

925 820 

a S l u r r y  m o l a l i t y  $1.0 - m. 
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reason f o r  t h i s  t r end  w a s  t h a t  t h e  a b s o l u t e  gamma counts  were lower 

r e l a t i v e  t o  background; t hus ,  t h e r e  w a s  more u n c e r t a i n t y  i n  a c t u a l  n e t  

gamma counts.  Regardless  of t h e  causes  of t h e  s l i g h t  d e v i a t i o n s  i n  krypton 

d . i s t r i b u t i o n  c a l c u l a t e d  by t h e  two ana lyses ,  t h e  d e v i a t i o n s  were considered 

t o  be I n s i g n i f i c a n t  i n  view of t h e  ease wi th  which t h e  krypton included 

i n  t h e  product  s l u r r y  could be removed i n  subsequent add-on p rocesses ,  

o r  by s imple exposure t o  t h e  atmosphere. 

A.3 D i s t r i b u t i o n  of Krypton i n  t h e  S o l i d  and Liquid 
Phases of t h e  S l u r r y  

Af t e r  primary p rocesses  i n  which C02 w a s  removed from t h e  s imulated 

HTGR f u e l  r ep rocess ing  off-gas during continuous o p e r a t i o n  of t h e  

a g i t a t e d  c o n t a c t o r ,  t h e  DFs f o r  krypton were U . 5  x 10 . The amount of 

krypton i n  the  s l u r r y  w a s  e s s e n t i a l l y  c o n t r o l l e d  by t h e  equ i l ib r ium 

r e l a t i o n s h i p  f o r  krypton based on i t s  c o n c e n t r a t i o n  i n  t h e  s l u r r y  and an  

average concen t r a t ion  i n  t h e  gas  phase. 

expressed as an  average because of t h e  sh r inkage  i n  t h e  gas  f low whi l e  

i n  t r a n s i t  through t h e  c o n t a c t o r  by a f a c t o r  of ' U O  ( f o r  90% CO 

The krypton remained i n  t h e  s l u r r y  as long as t h e r e  w a s  krypton i n  t h e  

gas  phase--either bubbling through t h e  s l u r r y  o r  as a cover gas  f o r  t h e  

s l u r r y .  However, continued exposure of t h e  s l u r r y  t o  a cover gas  o r  

sparge gas  without  krypton always r e s u l t e d  i n  ve ry  r a p i d  removal of krypton 

from the  s l u r r y  ( see  Fig.  6 ) .  

2 

The c o n c e n t r a t i o n  must b e  

f e e d s ) .  2 

Thus, e f f o r t s  t o  a s c e r t a i n  t h e  d i s t r i b u t i o n  of t h e  krypton between 

t h e  so lu  and l i q u i d  phases of t h e  s l u r r y  were always complicated by t h e  

r ap id  rate a t  which krypton w a s  l o s t  from e i t h e r  phase t o  t h e  ambient 

a i r .  

t h e  argument t h a t  C 0 2  f i x a t i o n  could b e  conducted p r i o r  t o  krypton removal 

w a s  c e r t a i n l y  supported by t h e  absence of any s i z e a b l e  a b s o r p t i v e  o r  

a d s o r p t i v e  a t t r a c t i o n  of k ryp ton  t o  t h e  CaCO 

Although t h i s  behavior  complicated a n a l y t i c a l  tests f o r  krypton,  

product  s l u r r y .  3 

The de te rmina t ion  of krypton i n  t h e  dry CaC03 s o l i d  w a s  n o t  p r a c t i c a l  

because any r o u t i n e  method used t o  d r y  t h e  w e t  CaCO s o l i d s  r e s u l t e d  i n  

the  complete l o s s  of krypton t o  t h e  atmosphere. 
3 

Thus, a technique w a s  
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developed t o  count t h e  krypton i n  t h e  C a C 0 3  i n  t h e  w e t  s o l i d  s ta te .  

technique,  as p rev ious ly  o u t l i n e d ,  w a s  based on t h e  s e p a r a t i o n  of w e t  

s o l i d s  from the  s l u r r y  by c e n t r i f u g a t i o n  as fol lows.  I n i t i a l  s l u r r y  

samples were removed immediately a t  t h e  end of a run and loaded i n t o  

screw-capped v i a l s  u n t i l  t h e  v i a l s  w e r e  v i r t u a l l y  f u l l .  

t o  f i l l  t h e  sample b o t t l e s  as f u l l  as p o s s i b l e - i n  o r d e r  t o  minimize t h e  

l o s s  of krypton from t h e  s l u r r y  t o  t h e  g a s  space  above t h e  s l u r r y .  

This 

It w a s  necessary 

A f t e r  

t h e  v i a l s  w e r e  c e n t r i f u g e d ,  t he  free-water  s u p e r n a t a n t  w a s  removed from 

t h e  v ia l s  and placed i n  a s e p a r a t e  screw-capped v i a l  f o r  count ing of 

gamma emissions.  The remaining s o l i d  p r e c i p i t a t e  i n  t h e  v i a l  w a s  a l s o  

analyzed f o r  gamma emissions.  

For most of t h e  cases s t u d i e d ,  t h e  amount of krypton i n  t h e  s l u r r y  

w a s  d i s t r i b u t e d  as shown i n  Table A.3. Because of t h e  l o s s  of krypton 

from t h e  free-water s u p e r n a t a n t  du r ing  t r a n s f e r  f o r  gamma coun t ing ,  

cons ide rab le  scat ter  occurred i n  t h e  d a t a .  Thus, t h e  r a t i o s  of krypton 

i n  t h e  s u p e r n a t a n t  t o  krypton i n  t h e  w e t  s o l i d s  (as can b e  ob ta ined  from 

Table A.3) should b e  considered c o n s e r v a t i v e l y  low. These r a t i o s  are i n  

t h e  range of Q2 o r  3 t o  1. There w e r e  g e n e r a l l y  Q800 ml.of f r e e  w a t e r  

p e r  l i t e r  of s l u r r y  which could b e  recovered e i t h e r  by c e n t r i f u g a t i o n  o r  

f i l t r a t i o n .  

I n  g e n e r a l ,  then,  i t  could b e  argued t h a t  t h e  krypton level  i n  the  

w e t  s o l i d s  would have been due s o l e l y  t o  s o r p t i o n  i n  t h e  included w a t e r .  

Thus, a r a t i o  of krypton i n  t h e  s u p e r n a t a n t  t o  krypton i n  t h e  s o l i d s  would 

have been @:1. However, i n  a l l  cases s t u d i e d ,  t h e  krypton i n  t h e  w e t  

c e n t r i f u g e d  s o l i d s  w a s  h i g h e r  than t h a t  expected f o r  i nc luded  w a t e r  only,  

r e s u l t i n g  i n  experimental  r a t i o s ,  as noted above, of Q2:l  o r  3: l .  It is 

p o s s i b l e  t h a t  t h e  c e n t r i f u g a t i o n  p rocess  i t s e l f  could have r e s u l t e d  i n  

some c o n c e n t r a t i o n  by en t r app ing  krypton i n t o  t h e  w e t  s o l i d s  of t h e  sample 

vials .  However, t h e  a l t e r n a t i v e  method of s e p a r a t i n g  t h e  s o l i d s  from 

t h e  f r e e  water by g r a v i t y  s e t t l i n g  w a s  n o t  a v i a b l e  a l t e r n a t i v e  because 

of t h e  slow s e t t l i n g  rate and poor phase s e p a r a t i o n .  

i d e n t i c a l  samples from t h e  same run w e r e  both c e n t r i f u g e d  and allowed t o  

se t t le  by g r a v i t y .  I n  e i t h e r  case, t h e  ease wi th  which k ryp ton  could b e  

removed by add-on p rocesses  from t h e  s u p e r n a t a n t  and w e t  s o l i d s  d i d  n o t  

I n  some cases, 
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appear t o  be a f u n c t i o n  of t h e  method of s o l i d - f r e e  water s e p a r a t i o n .  

The level of krypton f o r  t h e s e  de t e rmina t ions  w a s  ob ta ined  by count ing 

t o t a l  s l u r r y  c o n t e n t ,  w i thou t  a t t empt ing  t o  s e p a r a t e  t h e  s o l i d s  from t h e  

f r e e  w a t e r .  

I 

0 

0 

I n  summary, i t  appeared t h a t  t h e r e  w a s  more krypton i n  t h e  s o l i d s  

recovered by c e n t r i f u g a t i o n  than  w a s  expected from simple a b s o r p t i o n  i n  

the  inc luded  w a t e r  of t h e  s o l i d s .  However, t h e  subsequent s i m p l i c i t y  

wi th  which t h e  krypton could b e  removed from 1 l i ter  of s l u r r y ,  i n c l u d i n g  

both s o l i d  and l i q u i d  phases ,  a l l e v i a t e d  any concern about  t h e  u n c e r t a i n t i e s  

of t h e  s o l i d - l i q u i d  d i s t r i b u t i o n .  It should b e  s t r e s s e d  t h a t  when samples 

of s l u r r y  w e r e  analyzed a f t e r  add-on p r o c e s s e s ,  t h e  s l u r r y  w a s  always 

counted f o r  b o t h  b e t a  and gamma emissions.  Thus, t h e  h igh  DFs ob ta ined  

f o r  k ryp ton  removal as shown i n  Table A . 5  were based on: 

d e t e c t i o n  of low levels of gamma coun t s ,  (2) c o r r o b o r a t i v e  d e t e c t i o n  of 

t h e  h i g h e r  c o n c e n t r a t i o n  of b e t a  emissions,  o r  (3)  d e t e c t i o n  of t h e  h i g h e r  

c o n c e n t r a t i o n  of b e t a  emissions when t h e  gamma counts  were s t a t i s t i c a l l y  

i n s i g n i f i c a n t .  I n  some cases, DFs f o r  krypton were too h igh  t o  b e  

d e t e c t e d  even by a n a l y s i s  of b e t a  emissions,  as can b e  seen  i n  Table A . 5 .  

(1) a c c u r a t e  

There appeared t o  b e  %lo0 g of H 2 0  c l o s e l y  a s s o c i a t e d  wi th  t h e  100 g 

of C a C 0 3  [ f o r  complete conversion of a 1 . 0  

of s l u r r y .  

Mellor22 h a s  r e p o r t e d  t h a t  CaCO .6H20 can b e  produced by r e a c t i o n  between 

C 0 2  and Cn(OH)* s l u r r i e s  a t  %2"C. 

room temperature  f o r  any l e n g t h  of t i m e .  I n  l i m i t e d  tests of t h e  s t a b i l i t y  

Ca(OH)2 s l u r r y ]  i n  1 l i t e r  

There is  a p o s s i b i l i t y  t h a t  t h i s  H 2 0  w a s  H 2 0  of hydra t ion .  

3 
Thus, i t  should n o t  be s t a b l e  a t  

of our w e t  s o l i d s  p roduc t ,  t h e  H 2 0  w a s  removed by h e a t i n g  %7OoC f o r  2 t o  

3 h r ,  o r  by d ry ing  i n  a n  open vessel ove rn igh t .  No tests were designed 

t o  determine t h e  d i s t r i b u t i o n  of t h e  k ryp ton  i n  t h e  solid-included water 

product  b e f o r e  H20 removal. This approach w a s  adopted p r i m a r i l y  because 

t h e  l o s s  of k ryp ton  from t h e  s o l i d  product ,  b e f o r e  water removal, w a s  

extremely r a p i d  when (1)  exposed t o  a i r ,  (2)  exposed t o  vacuum, o r  

(3) heated.  Thus, t h e  c r y s t a l l i n e  form of t h e  s o l i d  CaCO product  and 

t h e  n a t u r e  of t h e  wa te r - so l id  i n t e r a c t i o n  became more of academic 

i n t e r e s t  t han  p r a c t i c a l  s i g n i f i c a n c e  because of t h e  r e s u l t s  observed 

3 
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T a b l e  A.  5. E x p e r i m e n t a l  r e s u l t s  f o r  add-on t r e a t m e n t  f o r  krypton  r e d u c t i o n  of p r i m a r y  p r o c e s s  s l u r r i e s  

S p a r g e  g a s  A b s o l u t e  d p m / l i t e r  a f t e r  d p m / l i t e r  b e f o r e  d p m / l i t e r  s f t e r  Based on b e t a  e m i s s i o n s  Based on gamma e m i s s i o n s  C o n t a c t o r  T r e a t m e n t  d p m l l i t e r  b e f o r e  

f l o w  r a t e  I D  and t i m e  t r e a t m e n t ,  b a s e d  on t r e a t m e n t ,  based  on t r e a t m e n t ,  based on t r e a t m e n t ,  based  on Pr imary  Add-on T o t a l  Pr imary  Add-on ~ o t a l  
gamma c o u n t s / m i n  DF DF DF DF DF DF 

p r e s s u r e  A b s o l u t e  p r e s s u r e  
b e t a  c o u n t s / m i n  b e t a  c o u n t s / m i n  g a m a  counts /min (Pa )  s l u r r y  volume (min) Trea tment  Run No. f o r  

No. p r o d u c t  s l u r r y  ( s t d  l i t e r s / m i n )  ( i n .  Hg) 

TR13 

TP.14 

TR16 

ms 7 

IRl6 

TR2 2 

TR23 

TR24 

TR25 

TR26 

TR30 

CF-Sa 

12T-6~ 

CF-7a 

dR-lDC __. 
BR- LA' 

CF-10' 

BR-~D' 

~~-11' 

BR-12' 

BR-13' 

CF-24' 

n 

0 2 / 1 0 .  3 

COJ 3 * 90 - 
0 

A i  r-I 20 

0 : '  

0 

0 

0 

0 

0 

i. 9 

29.9 

29.9 

29.9 

29.9 

9.9 

9.9 

9 . 9  

9.9 

9 . 9  

9 . 9  

4 

5 

5 

5 

2.675 x 10 

1 . 0 1  x 10 

1 . 0 1  x 10 

1.01 x 10 

1.01 x 10 5 

4 

4 

4 

4 

4 

4 

2 .68  x 10 

2.68  x 10 

2 .68  x 10 

2 .68  x 10 

2 .68  x 10 

2 .68  x 10 

20.3 cm, 
7 l i t e r s  

20 .3  cm, 
7 l i ters  

2 0 . 3  cm, 
7 l i c e r s  

2 7 . 3  c c ,  
1 7  l i t e r s  
27.3 cm, 
1 7  l i t e rs  
2 7 . 3  cm, 
1 7  l i t e rs  
2 7 . 3  cm, 
1 7  l i t e r s  
27.3 cm, 
1 7  l i t e r s  
27.3 cm, 
1 7  l i ters  
2 7 . 3  cm, 
17 l i t e r s  
27 .3  cm, 
1 7  l i t e r s  

10 

1U 

i o  

5 

3 

5 

10 

10 

10 

10 

5 

NDb 

ND 

ND 

L.2 x LO 

N D *  

3.04  x 10 6' ~ ' i  

3.7  x 10 

2 . 1  x 10 

2 .7  x 10 

3 .9  x 10 

4 . 7  x 1 0  

6 

6 

6 

6 

6 

7 

ND 

ND 

ND 
6 5.0  x 16 
5 

4 .4  x 10 

5 1 . 3  x 10. 

4 
7 .5  x 10 

< 10 

< 10 

4 

4 

< lo4  
6 

6 .5  x 1 0  

7 1 . 2  x 10 

5 . 1  x 10 7 

4 . 1  x 10 7 

6 3.9 x 1 c  

ND 

ICd  

6 

6 

3.1 x 10 

2 .9  x 10 

1 . 8 5  x 10 6 

ND 

7 
4.5  x 10 

3 .2  l o 5  
6 

6 

1.1 x 10 

1 .5  x 10 

6 x li) 
6 

ND 

I C  

I C  

I C  ' 

I C  

ND 

4.2 x 10 6 

NUb NDb 

ND ND 

ND ND 

185 W.8  

ND ND 

1 3 8  22.6 

1 3 1  2.50.0 

." . . 

2 1  3 > lo2  

142 > l o 2  

78 > l o 2  

189 

NDb 

ND 

ND 

Q145 

4394 1 

3116 '? 

2.6550 

> lo4  

> l o 4  

>lo4 

1 3 8 0  

130 

1 2 8  

74 

ND 

ND 

I C  

157 

1 1 5  

205 

ND 

243 

36.5 4745 

45 .4  5628 

26 1924 

VD ND 

Nil ND 

I C  I C  

I C  I C  

I C  I C  

I C  I C  

ND ND 

10 .7  2600 

. --.I_ -- 
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; I m p e l l e r  speed  - 800 rpm. 

: Impel ler  speed  - 650 rpm. 
Not d e t e r m i n e d .  

I n s u f f i c i e n t  c o u n t s  above  b a c k g r o u n d .  
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f o r  t h e  l o s s  of krypton when the  s l u r r y  products  from t h e  primary processes  

w e r e  t r e a t e d  f o r  f u r t h e r  krypton removal. 

F i n a l l y ,  i t  should be  noted t h a t  dur ing  a c t u a l  process  ope ra t ions ,  

t h e  w e t  s o l i d s  (with inc luded  water )  could be  sepa ra t ed  from the  f r e e  

water. The f r e e  water could b e  s t r i p p e d  of t h e  krypton and recyc led  

back t o  t h e  C02 f i x a t i o n  con tac to r .  

of krypton from the  w e t  s o l i d s  (which could be  e a s i l y  a t t a i n e d ) ,  

a d d i t i o n a l  DFs, as i n d i c a t e d  i n  the  l a s t  column of Table A.3, would b e  

achieved. 

Thus, even wi thout  f u r t h e r  removal 

A . 4  D e f i n i t i o n s  of DFs f o r  Krypton 

dpmlmin i n t o  con tac to r  i n  i n f l u e n t  gas 
dpm/min o u t  i n  s l u r r y  p r i o r  t o  t rea tment  Primary DF = 

Using b e t a  emission count ing i n  l i q u i d  scintillation,cocktails, 

i n f l u e n t  

e f f l u e n t  
Primary DF = Y o r  

(gas flow, l i t e r s / m i n )  gas , b e t a  counts/min 1000 m l  

l i q u i d ,  b e t a  counts/min 1000 m l  dpm 
22-ml f low c e l l  l i t e r  of gas  

0.4 m l  l i t e r  0.6 counts  /min 

dpm 
x 0.136 counts/min 

Y 

( s l u r r y  f low rate,  l i t e r s / m i n )  

gas , b e t a  counts/min 

gamma, counts/min 

1000 m l  
' 22-ml f low c e l l  l i t e r  of gas  

5-ml s l u r r y  l i t e r  of s l u r r y  
1000 m l  Primary DF = 

wi th  g a m a  

(A-1) 

(A-2) 

(gas flow, l i t e r s / m i n )  dpm 

(A-3 1 x -  - 0.136 counts/min 
dpm ( s l u r r y  flow ra te ,  l i t e r s / m i n )  

0.31 counts  /min 
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dpm/min i n  i n f l u e n t  gas  
dpm/min o u t  i n  s l u r r y  a f t e r  t r ea tmen t  But o v e r a l l  DF = 

= primary DF x add-on DF , 

where 

dpm/min i n  s l u r r y  b e f o r e  t r ea tmen t  
dpm/min i n  s l u r r y  a f t e r  t r ea tmen t  add-on DF = 

l i q u i d ,  counts/min 1000 m l  dpm 

l i q u i d ,  counts/min 1000 m l  dpm 
0.4 m l  l i t e r  0.6 counts/min 

0.4 m l  l i t e r  0.6 counts  /min 

Add-on DF = 
wi th  b e t a  

(primary tank s l u r r y  f low rate, l i t e r s / m i n )  
( s l u r r y  f low from ho ld ing  tank,  l i t e r s / m i n )  * 

X 

gamma, counts/min 1000 m l  dpm 

5-ml s l u r r y  l i t e r  0.31 counts/mii 

(primary tank s l u r r y  f low rate, l i t e r s / m i n )  
( s l u r r y  flow from ho ld ing  tank,  l i t e r s / m i n )  * 

X 

(A-4 1 

(A-5) 

(A-6 1 

t 

(A-7) 
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APPENDIX B: DEVELOPMENT OF THEORETICAL EQUATIONS TO CALCULATE 
DFs FOR KRYPTON (DFk) AND FOR C02 (DFcd) AND TO SHOW THE 

DEPENDENCY OF DFk ON DFcd 

\ 
B . l  An Expression f o r  DFcd 

D e f i n i t i o n s  : 

Fcd = CO molar f low ra te ,  g-moles/sec; 2 

F 

F = F (good assumption because of t h e  l a r g e  f r a c t i o n  of 0 and N2 

= i n e r t  f low o u t  (02, N 2 ,  X e ,  K r ,  e t c ) ,  g-moles/sec; 
n , o  

n,  i n,o 2 
i n  t h e  i n e r t s )  ; 

2;  F = f r a c t i o n  of incoming gas  r e a c t i n g  wi th  t h e  Ca(0H) r 

t , i  F = t o t a l  gas  flow ra te  i n ,  g-moles/sec; 

F = t o t a l  gas flow rate o u t ,  g-moles/sec; 
t , o  

L = t o t a l  molar l i q u i d  flow rate, g-moles/sec ( i  = i n ,  o = . o u t ) ;  

= CO m.f. i n  t h e  gas  phase,  ( i  = i n ,  o = o u t ) ;  

= i n e r t  gas  mole f r a c t i o n  ( i  = i n ,  o = o u t ) ;  

'cd 2 

Yn 

= krypton m.f. i n  t he  gas phase ( i  = i n ,  o = o u t ) ;  
'k 

xk = krypton m.f. i n  t h e  l i q u i d  phase ( i  = i n ,  o = o u t ) .  

The f r a c t i o n  of incoming gas  r e a c t i n g  wi th  t h e  Ca(OH)2 s l u r r y ,  assuming 

F =  is n , i  Fn,ol 

- 
F t i - F  Y t Y 0  = F c d , i  Fcd,o 

F 'F t , i  t , i  
F =  r 

because 

F =  + F  t , o  Fcd,o n ,o  

and 

F =  t , i  F c d , i  i- F n , i  
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From Eq. (B-3), 

Ft,i 
- - 
ycd,i Ft,i -k yn,i Ft,i * 

But 

Also, Eqs. (B-7) and (B-8) are used to set 
measurable quantities. 

Now DF for C02 is defined as 

- Fcd,i - - moles C02 in 
DFcd - FcdYo moles C02 ou'c 

are given by and Fcd,o Flow rates Fcd,i 

F - - 
Fcd,i 'cd,i t,i 

F as a function of 
t,o 

and 

- - F =  (' - ycd,i) 't,i 
(' - ycd,o) cd,o 'cd,o t,o 'cd,o F 

03-41 

03-51 

(B-10) 

(B-11) 

(B-12) 

Equations (B-lo), (B-ll), and (B-12) are comb'ined to give an expression 

for DFcd: 

(13-13) 

. 

-. 
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Now, using Eq. (B-1) f o r  Fr and Eq. (B-9) f o r  FtYoy w e  o b t a i n  

. *  

which i s  s i m p l i f i e d  t o  

Equations (B-13) and (B-15) are combined t o  g i v e  F r as a f u n c t i o n  of 

DFcd: 

ycd , i F r = l -  
DFcd 'cd,o ' 

. 
0 

. 

(B-14) 

(B-15) 

(B-16) 

B.2 Re la t ionsh ip  Between DFk and DF cd  

Because Fr appears  i n  t h e  expres s ions  f o r  DFky the  r e l a t i o n s h i p  

between DFk and DFcd can be de r ived  from Eq. (B-16) and expressions f o r  

DFk developed i n  t h i s  s e c t i o n .  

The k ry ton  ba lance  f o r  a s i n g l e  continuous-flow con tac to r  i s  

F =  
'k,i t , i  'k,o F t , o  + xk,o Lo 

DFk i s  de f ined  as 

- - krypton i n t o  c o n t a c t o r  i n  gas 
DFk krypton o u t  of c o n t a c t o r  .in s l u r r y  ' 

o r  

F 'k, i t, i 

From Eqs. (B-17) and (B-19), 

L - 'k,o F t , o  + \,o o 
X L  

DFk - 
k ,o  o 

(B-17) 

(B-18) 

(B-19 ) 

(B-20) 
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To p u t  t h i s  equat ion  i n t o  a more g e n e r a l  form, express ions  are needed 

From Eq. (B-1) w e  g e t  f o r  x k,o '  Lo' and F t , o .  

- (B-21) Fr Ft , i  - Ft , i  - F t , o  

(B-22)  

For t h e  major equ i l ib r ium assumptions,  d i f f e r e n t  express ions  f o r  DFk 

can be  der ived  wi th  d i f f e r e n t  forms f o r  xkYo: 

- case 1; (B-23) 
yk ,o  - Kxk,o' 

o r  

- case 2; 'k , i  - Kx!c,oy 

o r  

(B-24)  

. 
(B-25) 

F i n a l l y ,  L is def ined  by us ing  an ope ra t ing  f a c t o r  ((2) as fo l lows:  
0 

L = P  F C y  
0 r t , i  

where 

= moles CO r eac t ed ,  and (B-26)  
Fr Ft , i  2 

C = moles of H 2 0  o u t  of r e a c t o r  p e r  mole of C 0 2  r e a c t e d ,  

determined p r i m a r i l y  by gas  f low r a t e  and s l u r r y  

m o l a l i t y  . 
So, g e n e r a l l y ,  Eqs. ( B - 2 0 ) ,  (B-22) ,  and (B-26)  are used t o  ob ta in  

- 'k, o (l-Fr)Ftyi + xkYo FrFtYiC 

x F F  C k ,o  r t , i  
DFk - Y 

o r  

(B-27) 

(B-28) 
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K(1-Fr) + FrC - 
F C  r 

DFk - 

- 
'k,i - & k , o  ' Case 2: 

- 
- - 'k,o 'k,i Case 3: x 

k ,o  'k, o K Rn - 
Yk,  i 

- 
'k,o 'k,i 

'k, o K Rn - 
- 'k, i 

'k,o 'k,i FrC 

(l-Fr) + FrC 'k, o 

DFk - - 
'k o K Rn A 
'k, i 

Some examples of C are given below. 

A 1.0 - m Ca(OH)2 s o l u t i o n  w i l l  react with 1.0 mole of C 0 2 ,  

= 56.5 . 1000 55.5 + 1 c = - -  - 
18 1 mole C02 

For 1 .0  Ca(OHI2 with 0.8 mole C 0 2 ,  

55.5 + 0.8 = 7o . 
0.8 c =  

For 0.5 Ca(OH)2, with 0.5 mole of CO r eac t ed ,  2 

55.5 + 0.5 = 112.  
0.5 C =  

For 2.0 - m Ca(OH)2, wi th  2.0 moles of C 0 2  reac ted ,  

55*5 + 2 'o  = 28.75 . 
2.0 C =  

(B-29) 

(B-30) 

(E-31) 
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Dependency of DF on DF i s  r e a d i l y  obtained by the combination k cd 
of Eqs. (B-29), (B-30), o r  (B-31) wi th  (B-16).  

. 
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APPENDIX C: DEVELOPMENT OF MASS TRANSFER MODELS FOR DESCRIBING 
FIXATION OF C 0 2  I N  Ca(OH)2 SLURRIES 

C . l  Cons idera t ions  of Rate Expressions 

Juvekar and Sharma” developed t h e  fo l lowing  rate express ion  f o r  

C 0 2  abso rp t ion  i n  a n  a l k a l i n e  s l u r r y :  

2 0.5 
(C-1) = aHPcdtDcdk2(OHs-) + kL 1 9 

f o r  n e g l i g i b l e  gas-phase r e s i s t a n c e  ( see  Sec t .  C.4). There are several 

p o s s i b l e  ways i n  which t h i s  express ion  can be  u t i l i z e d  t o  desc r ibe  the  

mass t r a n s f e r  of C 0 2  from C02-rich feed  gases  t o  Ca(OH)2 s l u r r i e s .  

most r i go rous  approach, which may most c l o s e l y  r ep resen t  t h e  C02-Ca(OH)2 

r e a c t i o n  i n  a s t i r r e d  tank,  is  presented  as fo l lows .  

The 

A d i f f e r e n t i a l  ba lance  f o r  a u n i t  volume of t h e  con tac to r  is 

where 

A = c ross - sec t iona l  area of con tac to r ,  

h = h e i g h t  i n  con tac to r .  

This  express ion  can then be  i n t e g r a t e d  over t h e  depth of t he  gas-s lur ry  

d i spe r s ion .  However, F is  a func t ion  of h ,  s o  i t  must be  replaced by 
t 

Equation (C-2) then becomes 

n dycd = Ra-A-dh . 
’cd 1 -  

S u b s t i t u t i n g  Eq. (C-1) i n t o  Eq. (C-4), we  o b t a i n  

-r’ - [D k (OHs-) + kL2Ioo5 A dh . n 
dYcd - aHPcd cd 2 - Ycd 

(C-5) 

But 
.., 

Pcd = ycdPt = ycd f o r  P t = 1.0  a t m  , 
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as w a s  t h e  case i n  t h e  a g i t a t e d  c o n t a c t o r .  Thus, Eq. (C-5) can b e  

i n t e g r a t e d  over t h e  s l u r r y  dep th  and f o r  y 

e f f l u e n t  gas  c o n c e n t r a t i o n s  as fol lows:  

between i n f l u e n t  and cd 

A f t e r  i n t e g r a t i o n ,  w e  o b t a i n  

This  equa t ion  can b e  rearraliged as 

Fn fin [i - ycd ' , i /r- 'cd ' , -1 o =aH[Dcdk2(0Hc) + kL I 'd * 
(C-8 1 'cd i ycd o 2 0.5 

U t i l i z i n g  Eq. (B-131, w e  o b t a i n  

(C-9) 
2 0.5 Fn fin DFcd = aH[Dcdk2(0Hs-) + kL 3 'd ' 

A l t e r n a t i v e l y ,  i t  can b e  assumed t h a t  t h e  r e a c t o r  i s  p e r f e c t l y  

backmixed and t h e  r e a c t i o n  pe r  volume of t h e  s i n g l e - s t a g e  c o n t a c t o r  is  

homogeneous; hence, t h e  t o t a l  m a s s  t r a n s f e r  rate, Ncd (moles CO 

pe r  second) f o r  t h e  c o n t a c t o r  is  simply equa l  t o  RaVd (Vd is  t h e  volume 

of t h e  s lu r ry -gas  d i s p e r s i o n ) .  

cd cho ices  f 0 r . p  

p r e s s u r e  of C02 (backmix c a s e )  o r  t h e  log-mean of t h e  i n f l u e n t  and 

e f f l u e n t  p a r t i a l  p r e s s u r e s  ( a  type of plug-flow case). 

removed 2 

In t h i s  case, t h e r e  are two p r a p a t i c  

It can be taken t o  be e i t h e r  t h e  e f f l u e n t  p a r t i a l  

A s  would b e  expected because of t h e  c o n s i d e r a t i o n  of gas-phase 

shr inkage,  t h e  more r i g o r o u s  case p r e d i c t s  i n t e r f a c i a l  areas t h a t  are 

cons ide rab ly  smaller than those  c a l c u l a t e d  by Eq. (C-1) wi th  a log-mean 

p r e s s u r e  d r i v i n g  f o r c e :  

where 

/P 1 - - - 
'df - 'cd,o Or ( p c d , i  Pcd ,o ) /Rn(Pcd , i  cd,o 



7 1  

- 
pcdyi pcdyO 

'cd , i 
,o 

Ra = aH 
Rn 

The e s s e n t i a l  d i f f e r e n c e  between Eqs. (C-9) and (C-10) is  t h a t  they 

p r e d i c t  d i f f e r e n t  i n t e r f a c i a l  areas f o r  t h e  p rocess .  However, e i t h e r  

expres s ion  can be used t o  model t he  p rocess .  I n  t h i s  s tudy ,  models 

were developed us ing  Eq. (C-10). It is  suggested t h a t  f u r t h e r  

c o n s i d e r a t i o n  b e  given a t  some t i m e  t o  t h e  development of models based 

on the  more r igo rous  a n a l y s i s  given by Eq. (C-9). 

[Dcdk2(OHs-) + 5 2 ] 0.5 . 

C.2 Mass Trans fe r  Rate as a Funct ion of S u p e r f i c i a l  Veloci ty  

Equation (C-10) can be r e w r i t t e n  as fol lows:  
r 1 

From Eq. (B-13) , i t  fo l lows  t h a t  

- p c d , i  (' - 'cd,o) 

'cd , o (' - 'cd,i DFcd - 

b u t  

- 
= 1.0 ', 'cd , o 1 -  

so  t h a t  

- - 'cd,i 1 
(' - p c d , i  1 .  'cd ,.o 

DFcd - 

Then , 
'cd , i 
'cd,o ' 

Rn,DFcd + Rn(1 - pCdyi) Rn 

(C-11) 

(C-12) 

(C-13) 

(C-14) 

(C-15) 
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C.3 Prediction of the Effect of Temperature on 
the DF for C02 

Danckwerts and Sharma23 have shown that for sorption of C02 into HaOH 

solutions, the following expressions are useful in according for tempera- 

ture effects: 

loglo k2 = 13.635 - - 2895 (T in K) , (C-16) T 

loglo H = - '140 - 5.30 (T inK) . (C-17) T 

Diffusivity can be estimated from 

= constant . Dcd' 
T ((2-18) 

The following values were calculated for H, k2, and Dcd at 28 and 

H28 = 3.07 x l f 5  g-mole/(cm3-atm), 

H45 = 1.93 x g-mole/(cm3-atm) , 

k2, 28 

k 

Dcd, 45 - Dcd,28' Dcd,28 

45OC: 

= 10400 liters/(g-mole-sec) , 

= 33980 liters/(g-mole-sec), and 
2945 - 2 = 2.09 x cm /sec. - 

The solubility of Ca(OHl2 as a function of temperature was taken from 
the critical tables.24 
expression for the Ca(OH)2 solubility (shown in Fig. C.1) was derived: 

For ease in performing calculations, an 

- 2.31 x T. (C-19) -7 T2 [OH] = 0.0480 - 7.5 x 10 

This equation was used to obtain 

(OH28) = 0.041 g-mole/liter, 

(OH45) = 0.036 g-mole/liter. 

- 
Based on the assumption that a28 = a45 and Ra28 = Ra45, and with a value 
for kL of 0.06 cm/sec, the effect of temperature could be predicted with 
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a v e r s i o n  of Eq. (6), as c o r r e c t e d  f o r  no gas-phase c o n t r o l  and wi th  an  

a p p r o p r i a t e  p r e s s u r e  d r i v i n g  f o r c e  ( i . e . ,  Eq.  (C- l l ) ] .  

For Ra45/Ra28, Eq. (C-11) p r e d i c t e d  t h a t  

C.4 Gas-Side Mass Trans fe r  Res i s t ance  

Because the  c o n t a c t o r  des ign  and o p e r a t i n g  cond i t ions  of t h i s  s tudy  

were similar t o  those  used by .Juvekar and Sharma,15 w e  may adopt  t h e i r  

va lue  of 

c o n t r o l  i n  an a g i t a t e d  c o n t a c t o r ) .  

f a c t o r  i n  the m a s s  t r a n s f e r  if t h e  fol lowing c o n d i t i o n  i s  t r u e :  

g-mole/(cm3-sec-atm) f o r  k a ( t h e  v a l u e  f o r  gas-phase G 
Gas-side r e s i s t a n c e  is  a n  i n s i g n i f i c a n t  

For a sample c a l c u l a t i o n  a t  3OoC, . the fol lowing v a l u e s  w e r e  used: 

2 3  a = 1.5 cm / c m  , 

H = 2.98 x g-mole/(cm3-atm), 

pdf = 0.2 a t m ,  

Dcd = 2 . 1  x 10 -5 2 c m  /sec,  

k2 = 12038 l i ters/  (g-mole-sec), 
- 

OHs = 0.041 g - m o l e s / l i t e r ,  

% =  
kGa = 

Then 

o r  

0.06 cm/sec, and . 
3 

g-moles/ (cm -sec-atm) . 

(C-20) 

(1 .5 ) (2  98 x 10-5)(0.2)[(2.1 x 10-5)(12038)(0.04) + (0.06) 2 ] 0.5 << 
, 

0.0104 << 1 , 
and gas-s ide r e s i s t a n c e  can b e  neg lec t ed .  
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C.5 Condit ions f o r  U t i l i z a t i o n  of Rate Expressions 

I n  o r d e r  f o r  model 1, as expressed by Eq. ( C - l l ) ,  t o  be a p p l i c a b l e ,  

i t  is  necessary t h a t  c e r t a i n  cond i t ions  concerning t h e  r e l a t i v e  magni- 

tudes of r e a c t i o n  rates i n  t h e  gas - l iqu id  f i l m  and i n  t h e  bulk l i q u i d  

be s a t i s f i e d .  

The two c o n d i t i o n s  t h a t  must be s a t i s f i e d  s o  t h a t  Eq. (C-11) can 

be used are: 

(C-21) 

(C-22) 

For t h e  second cond i t ion ,  z i s  t h e  s t o i c h i o m e t r i c  c o e f f i c i e n t  f o r  t he  

r e a c t i o n  between CO and OH (= 2 ) ,  DOH is t h e  d i f f u s i v i t y  of OH- i o n s  

i n  aqueous s o l u t i o n  (cm / s e c ) ,  and A is  t h e  c o n c e n t r a t i o n  of d i s so lved  

CO 

(g -mole / l i t e r ) .  From a p h y s i c a l  viewpoint ,  when c o n d i t i o n  1 (C-21) is  

s a t i s f i e d ,  i t  impl i e s  t h a t  p a r t  of t h e  r e a c t i o n  between C 0 2  and OH- 

occurs  i n  t h e  f i l m  and t h e  res t  i n  t h e  bu lk  l i q u i d .  I f  c o n d i t i o n  2 

(C-22) i s  n o t  s a t i s f i e d ,  t h e r e  w i l l  b e  d e p l e t i o n  of OH- i o n s  i n  t h e  

l i q u i d  f i l m .  

Eq. (20). 

i n s t e a d  of t h e  p e n e t r a t i o n  theory (Juvekar and Sharma). l5 

i n  t h e  p r e d i c t i o n s  based on the  p e n e t r a t i o n  and f i l m  t h e o r i e s  under t h e  

above cond i t ions  are, f o r  p r a c t i c a l  purposes ,  i n s i g n i f i c a n t .  

- 
* 2 2  S 

a t  the  l i qu id -gas  i n t e r f a c e  which i s  i n  equ i l ib r ium wi th  t h e  gas  2 

The rate of C 0 2  removal w i l l  then be g iven  by model 2, 

The enhancement f a c t o r  0 is  de r ived  from t h e  f i l m  theory 

The d i f f e r e n c e  

The fol lowing sample c a l c u l a t i o n s  are used f o r  t e s t i n g  cond i t ions  

1 and 2 i n  o r d e r  t o  a s c e r t a i n  which of t h e  rate expres s ions  is  most 

a p p l i c a b l e  f o r  t h e  removal of CO 

off-gas.  A t  3OoC, 

from simulated HTGR f u e l  r ep rocess ing  2 

-5 2 
Dcd = 2.1 x 10 cm /sec, 

H = 2.98 x g-mole/(cm3-atm), 

- 
OHs = 0.04 g-mole / l i t e r ,  
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k = 12038 l i ter$/(g-mole-sec) ,  2 

(DoH/Dcd)0'5 = 1.42, 

5 = 0.06 cm/sec, and 

* 
i' A = Hp 

Condit ion 1: 

[ ( 2 . 1  x 10-5)(12038)(0.04)1°'5 z 0.06 , 

o r  

0.1006 z 0.06 . 
I n  t e s t i n g  Eq. (C-22), t h e r e  i s  some q u e s t i o n  as t o  how A should 

* 

be es t imated .  The a c t u a l  va lue  should be  c a l c u l a t e d  from t h e  p a r t i a l  

p re s su re  of CO a t  t h e  i n t e r f a c e .  This i n t e r f a c i a l  concen t r a t ion  may 

be es t imated  f o r  our  case e i t h e r  by t h e  e f f l u e n t  p a r t i a l  p r e s s u r e  of 

"2 ('cd,o c d , i  cd,o '  
t he  r e l a t i v e  magnitudes of p cd,  i' pcd,o'  and (ped, i 
f o r  s e v e r a l  s u p e r f i c i a l  gas  v e l o c i t i e s  of %90% CO f e e d s  i s  shown i n  

Table C . l .  

2 

) o r  a log-mean average of p and p A comparison of 
- 

Pcd,o)/Rn(Pcd , i / pcd ,o )  

2 

Table C . l .  P re s su re  d r i v i n g  f o r c e  f o r  C02 removal 
from 90% C02-a i r  f e e d s  

- 
'cd,i  'cd,o - ' cd , i  pcd,o 

Iln(pcd, i l p c d ,  0) DFcd 
Run US 
No. (cm/min) (atm) ( a m )  

CF-11 9 . 1  0.90 0.0007 0.126 12,772 

BR-12 18.6 0.88 0.0050 0.170 1,315 

CF-20 24.6 0.91 0.0055 0.177 1,840 

CF-23 31.8 0.88 0.0052 0.170 1 ,471  

CF-21 43.4 0 .91  0.0096 0.198 1,053 

CF-6 49.4 0.91 0.0186 0.227 

CF-10 60.0 0.88 0.032 0.256 

BR-10 60.0 0.88 0.043 0.278 

535 

215 

158 
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Based on a n  average  va lue  f o r  log-mean pdf of 0.2, t h e  i n e q u a l i t y  

[Eq. (C-22)] a t  a temperature  of 30°C becomes 

0.1006 << 0.04 (1.42) 
0.06 2(0.0298) (0.2) 

o r  

1 . 6  << 4 . 7 7  . 
Although cond i t ion  2 is  n o t  s t r i c t l y  s a t i s f i e d  f o r  the log-mean p r e s s u r e  

d r i v i n g  f o r c e ,  i t  i s  l i k e l y  t h a t  i n  t h i s  r eg ion  of ove r l ap  of t h e  ra te  

express ion  given by Eq. (C-11) wi th  t h e  rate expres s ion  g iven  by 

ISq. (20),  e i t h e r  expres s ion  i s  s u i t a b l e  t o  d e s c r i b e  the  C02-Ca(OH)2 

s l u r r y  r eac t ion .  



, 

i 

. 
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APPENDIX D: UTILIZATION OF MODELS FOR PREDICTION OF SCALE-UP 

e 

D . l  Rearrangement of  Eq. (C-10) 

The model desc r ibed  by Eq. (C-10) can b e  used for scale-up calcu-  

l a t i o n s  as fol lows:  

- 
F c d , i  Fcd,o R a =  

'd 
Y 

where 

Fcd = molar f low rate of CO g-moles/sec; 

Vd = volume of t o t a l  d i s p e r s i o n ,  c m  ; and 

i , o  = i n f l u e n t  and e f f l u e n t ,  r e s p e c t i v e l y .  

2' 
3 

However, DFcd can a l s o  b e  expressed by 

=A i 

DFcd * 
, o 

Also , 
F - - 

Fcd , i  y c d , i  t , i  * 

Equations (D-2) and (D-3) are used w i t h  Eq. (D-1) t o  g i v e  

= Ycd , i Ft,i ( 1  - -IDd . 1 

DFcd Ra = (Fed, i - , o )  

When Eq. (D-4) is  i n s e r t e d  i n t o  Eq. ( C - l o ) ,  w e  o b t a i n  

(1 - l/DFcd) = aHpdfVd[Dcdk2(OHs-) + kL 2 3 0.5 . 
'cd,i  F t , i  

Equation (D-5) can be  rear ranged  t o  g i v e  

2 0.5 
[Dcdk2(0Hs-) + k~ 1 Y 

1 = I -  aHPdf 'd 

DFcd y c d , i  t , i  
F 

and because DF i s  a l s o  given by 

(D-3) 

(D-5) 
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we can s o l v e  f o r  y t o  o b t a i n  cd,o 

Thus, when y and DFcd 

c a l c u l a t e d  f o r  u s e  i n  Eq. 
c d , i  

D . 2  Method 1 

are s p e c i f i e d ,  y i s  known and pdf can be cd ,o  
(D-6). 

f o r  Est imat ing I n t e r f a c i a l  Areas 
and Large-Scale Tank Diameters 

F i r s t ,  be fo re  Eq. (D-6) can  b e  used i n  p r e d i c t i n g  p rocess  DFs and 

l a r g e - s c a l e  tank d i ame te r s ,  some method of e s t i m a t i n g  a must b e  developed. 

Both i n  previous s tud ies"  and i n  t h i s  s t u d y ,  values f o r  a have been 

c a l c u l a t e d  us ing  e i t h e r  Eq. (c-11) o r  Eq. (D-6) f o r  C 0 2  removal from 

90% C02-air feed gases .  

w i th  Eq. (D-6) i s  an  i n d i r e c t  i n d i c a t i o n  of t h e  scat ter  i n  DF v a l u e s  

(Fig. 11 ) .  This should n o t  be s u r p r i s i n g  i n  view of t h e  u n c e r t a i n t y  

i n h e r e n t  i n  DF measurements. Values f o r  a c a l c u l a t e d  w i t h  Eq. (C-11) are 

ve ry  w e l l  behaved ( i . e . ,  they have less d e v i a t i o n  from a l eas t - squa res  

polynominal f i t )  due t o  t h e  averaging e f f e c t  of t h e  Ra t e r m .  The b a s i c  

assumption of method 1 f o r  e s t i m a t i n g  a is  t h a t  equa l  DFs are ob ta ined  

f o r  tanks of varying s i z e s  when t h e  s u p e r f i c i a l  v e l o c i t y  and power p e r  

volume are maintained a t  a c o n s t a n t  v a l u e  ( f o r  similar s l u r r y  and feed- 

gas  compositions).  

f a c i a l  area remain c o n s t a n t  f o r  c o n t a c t o r s  of d i f f e r e n t  s i z e s .  Thus, a 

can be expressed as a n  e m p i r i c a l  f u n c t i o n  of DF (Fig.  D . l ) .  The va lues  

'of a shown i n  Fig. D . l  w e r e  ob ta ined  from Eq. (D-61, wh i l e  t h e  co r re s -  

ponding v a l u e s  of DF w e r e  taken from t h e  d a t a  of Table A . l .  That is, 

i f  t h e  c o n s t r a i n t  of geometric s i m i l a r i t y  is r e t a i n e d  and t h e  physico- 

chemical p r o p e r t i e s  of t h e  s l u r r y  are maintained ( f o r  example, simply 

by us ing  t h e  same s l u r r y  composition i n  s m a l l -  and l a r g e - s c a l e  experi-  

ments) ,  t hen  a should be reasonably e s t ima ted  by a f u n c t i o n  of DF f o r  

C02 .  The impe l l e r  speeds f o r  scaled-up c o n t a c t o r s  can be e s t ima ted  by 

u t i l i z i n g  both the  c o n s t r a i n t s  of geometr ic  s i m i l a r i t y  and e q u a l  power 

The scatter i n  t h e  i n t e r f a c i a l  areas c a l c u l a t e d  

These same c o n d i t i o n s  a l s o  r e q u i r e  t h a t  t h e  i n t e r -  

cd 

cd 

. 
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ORNL DWG 78-17865R2 

0 

0 0.5 1.0 I .5 2.0 2.5 3.0 

INTERFACIAL AREA, Q (crn2/cm3) 

Fig. D. 1. R e l a t i o n s h i p  between decontamination f a c t o r  f o r  C 0 2  
and i n t e r f a c i a l  area i n  t h e  c o n t a c t o r .  
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20 per  volume of con tac to r .  These two cond i t ions  r e s u l t  i n  t he  fol lowing 

r e l a t i o n s h i p  between n and di: 

) 2 /3  . di of s m a l l  tank 
di of l a r g e  tank n2  = n 

Thus, f o r  a f i x e d  tank s i z e ,  known s l u r r y  composition and f low rate 
- 

t o  b e  processed [ V  d9 ycd,iY Ft,iY H Y  DcdY k22 (OHs 1, and kL Of 

which are known)] and i n t e r f a c i a l  area p red ic t ed  by a n  e m p i r i c a l  express ion  

of DFcd, Eq. (D-6) can be  used t o  p r e d i c t  DFs f o r  C02 as a f u n c t i o n  of 

t h e  t o t a l  gas  flow rate. P r e d i c t i o n s  f o r  DF are shown la ter  i n  

Sec t .  D.4. 
cd 

A much more pragmatic  and u s e f u l  a p p l i c a t i o n  of t h e  model is  the  

p r e d i c t i o n  of t h e  tank s i z e  r equ i r ed  t o  p rocess  a g iven  gas  composition 

and f low rate  f o r  a d e s i r e d  DF Thus, Eq. (D-6) can b e  w r i t t e n  a; Ld * 

func ( DFcd) H 
. .  - -  - 1 -  1 

I n  gene ra l ,  t he  c a l c u l a t i o n  scheme i s  as fo l lows:  

1. The DF requ i r ed  f o r  C02 f o r  a volumetr ic  gas  f low r a t e  

(Qt>  would b e  set  [ t h u s ,  pcd,i and p 

would b e  a v a i l a b l e ] .  

(from Eq. (D-8)) cd,o 

2. The s l u r r y  cond i t ions  would be  s e l e c t e d ,  s p e c i f y i n g  

3 .  Equation (D-10) can then b e  used t o  c a l c u l a t e  d t .  

Es t imat ions  of d were made f o r  t h e  above c o n s t r a i n t s  and cond i t ions  

us ing  Eq. (D-10) and are shown i n  Table  D . l .  Equation (D-10) should a l s o  

b e  reasonably  a p p l i c a b l e  f o r  process  scale-up f o r  d i f f e r e n t  s o l u t i o n s  

and hydroxyl s o l u b i l i t i e s .  Ca lcu la t ions  were made f o r  t h e  fo l lowing  

paramet r ic  values a t  3OOC: 

t 

3 H = 2.98 x g-mole/(cm -atm); 
2 3.. a [ = I  cm / c m  , 
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e 

Table D.l. Estimated tank d iameters  (cm) f o r  
process-s ized con tac to r sa  

(Method 1 f o r  determining a )  

Qt DF 
(scfm) 1 0 0  200 300 400 500 

1 0 0  

200 

300 

400 

500 

1 0 0 0  

2000 

3000 

4000 

5000 

2 0 . 1  

25.3 

29.0 

3 0 . 8  

34 .4  

9 3 . 3  

1 1 7 . 5  

134.5  

1 4 3 . 0  

159.5  

201.0  

253.2  

289.8 

3 0 8 . 1  

343.6 

22.6 24 .0  25 .2  

28 .5  30.4 31 .7  

32 .6  34.8 36.3 

34 .6  37.0 38 .6  

38 .6  41.2 43.0 

104.8  111.9  117.0  

132.0  1 4 0 . 9  1 4 7 . 4  

151.2  161.3 168.7 

160.7 171.5  1 7 9 . 4  

179.2  1 9 1 . 3  200.0 

225.8 241.0 252.0 

2 8 4 . 5  303.6 317.5  

325.7 347.6  363.4 

346.3 369.5 386.4  

3 8 6 . 1  4 1 2 . 1  430.9 

26 .1  

32.8 

37 .6  

40.0 

44.6 

121.0 

1 5 2 . 4  

174.5  

185.5 

206.9 

260.7 

328.4  

375.9 

399.7 

445.7 

a Power r equ i r ed  can be  es t imated  from Table 3 ,  f o r  
cons t an t  s u p e r f i c i a l  v e l o c i t i e s .  
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'cd,i 0.9, ycdyOy c a l c u l a t e d  from DF and Eq. (D-8); 

Q = t o t a l  vo lumetr ic  f low,  s t anda rd  l i t e r s / m i n ;  
t 

-5 2 
= 2 . 1  x 1 0  c m  /see; 

Dcd 

k = 12038 l i t e rs /  (g-mole-sec) ; 2 

(OHs-) = 0.041 g-mole / l i t e r ;  and 

5 = 0.06 cm/sec. 

Necessary r e l a t i o n s h i p s  are  

and f o r  temperati ' tre v a r i a t i o n s ,  

2895 
T°K ' log10k2 = 13.635 - - 

loglOH = - '140 - 5.30 . T O K  

Based on t h e  r e s u l t s  shown i n  Fig.  D . 1 ,  t h e  fo l lowing  expres s ion  w a s  

der ived  f o r  func (DF ) : cd 

-0.218 
cd a = 6.18 DF 

D.3 Method 2 f o r  Es t imat ing  I n t e r f a c i a l  Areas 
and Scaled-Up Tank Dimensions 

(B-13) 

(D-8 1 

(C-16) 

(C-17) 

(D-11) 

1 7  , 18 Numerous i n v e s t i g a t o r s ,  p a r t i c u l a r l y  Miller and Calderbank, 

have s t u d i e d  t h e  de te rmina t ion  of i n t e r f a c i a l  area i n  sparged a g i t a t e d  

con tac to r s .  The c o r r e l a t i o n s  developed f o r  e f f e c t i v e  power i n p u t  and 

i n t e r f a c i a l  area are g iven  by Eqs. (15) and (16).  Values f o r  a were 

der ived  from p h y s i c a l  p r o p e r t i e s  according t o  the  expres s ion ,  

a = f r a c t i o n  gas  holdup/mean bubble  diameter .  
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There i s  u n c e r t a i n t y  concerning t h e  a p p l i c a b i l i t y  of t h i s  c o r r e l a t i o n  

f o r  p r e d i c t i n g  e f f e c t i v e  i n t e r f a c i a l  areas f o r  r e a c t i o n s  involving both 

chemical r e a c t i o n  and t h e  presence of s o l i d s .  Also, t h e  proper form f o r  

t h e  gas  f low rate i s  unknown f o r  systems invo lv ing  m a s s  t r a n s f e r  w i t h  

r e a c t i o n - r a t e  enhancement when t h e r e  is  e x t e n s i v e  gas-phase shr inkage.  

I n  s p i t e  of t h e s e  c r i t i c i s m s ,  i t  w a s  found t h a t  r a t h e r  good estimates 

f o r  a were obtained from Eq. (D-12) f o r  C 0 2  removal from 90% C02-air 

f e e d s  (where Qt and U r e p r e s e n t  t o t a l  i n l e t  gas  f low):  
S 

0.36n1.26d 2.34 0.56 
i PS 

a = 1.44 F*87:i 0.4 Qt 0.101 .0.6 us + u (0-12) 

The va lues  c a l c u l a t e d  f o r  a with Eq. (D-12) can b e  compared wi th  those 

obtained from t h e  models f o r  mass t r a n s f e r  w i th  chemical r e a c t i o n  as 

shown i n  Fig. 11. The l a r g e s t  d i f f e r e n c e s  i n  t h e  p r e d i c t i o n s  of models 

given by Eq. (D-6) and Eq. (D-12) occur a t  h igh  s u p e r f i c i a l  v e l o c i t i e s ,  

where Miller's a v a l u e s  cont inue t o  i n c r e a s e  while  t h e  a va lues  of 

Eq. (D-6) approach a cons t an t  va lue  ( see  r e f s .  15  and 16) .  Equation 

(D-12) can b e  r e w r i t t e n  i n  terms of t h e  c o n t a c t o r  diameter  by t h e  u s e  

of t h e s  fol lowing assumptions concerning geometr ic  s i m i l a r i t y  and power 

consump t i o n :  

di = 112 d t  , (D-13) 

(D-14) vd = a d t 3 / 4  , I '  

of s m a l l  tank 

of l a r g e  tank n2 = n 

The expression f o r  a becomes 

(D-15) 

(D-16) 

(D-17) 
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(dimensionally v a l i d  i n  t h e  kg-m-sec system).  Equation (D-6) can then 

b e  r e w r i t t e n  i n  terms of t h e  expres s ion  i n  Eq. (D-17): 

(FACTOR/102) Hdt ( p c d , i  - pcd,o ) ( l o 6 >  (T/4) 
2.47 

X - -  
F - 1 -  1 

DFcd p c d , i  t , i  

Rn(Pcd , i l p c d  , 0) 
9 

where 

-0.53 FACTOR = a / d t  

from Eq. (D-17). 

I n  g e n e r a l ,  t h e  c a l c u l a t i o n  scheme is: 

1. The DF r e q u i r e d  f o r  CG2 f o r  a voliimetrir  gas  f low rate (Q ) 

would b e  known (pCdyi and p cd,o 

t 
would b e  a v a i l a b l e ) .  

2. The s l u r r y  c o n d i t i o n s  would b e  s e l e c t e d ,  t hus  s p e c i f y i n g  

FsY 'Y ' t Y  DcdY k2Y (OHs-)$ H Y  and k ~ '  

3 .  Equation (D-17) can be used t o  c a l c u l a t e  t h e  hydrodynamic 

t ' a f a c t o r ,  and Eq. (D-18) can be used t o  c a l c u l a t e  d 

Large-scale tank d i ame te r s  were c a l c u l a t e d  us ing  Eq. (D-18) and t h e  

fol lowing pa rame t r i c  v a l u e s  ( a t  30°C): 

f = 6.0, 

n = 10.83 r p s ,  

3 = 1040 kg/m , 
PS 

3 

ut = 0.2 m/sec, 

Qt [ = I  m /see, 

2 u = 0.074 kg/sec , 

d, . [ = I  m, 

'cd,i  = 0.9,  
2 Dcd = 2 . 1  x c m  /so-c, 

(D-18) 
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4 k2 = 1.204 x 10 l i t e r s / (g -mole - s ) ,  

(OHs-) = 0.041 g -mole / l i t e r ,  

% = 0.06 cm/sec, and 

Ft.i = Qt  ( s t d  liters/min)/(24.12)(60). 

Calculated values are p resen ted  i n  Table D.2. For g e n e r a l  scale-up 

a p p l i c a t i o n s ,  t h e  expres s ion  f o r  a (Eq. D-17) i s  dependent on t h r e e  

c o n s t r a i n t s  f o r  a g i t a t e d - c o n t a c t o r  process  design:  cons t an t  s u p e r f i c i a l  

v e l o c i t y ,  cons t an t  power i n p u t  p e r  volume, and geometric s i m i l a r i t y .  

D.4 A General Modeling Approach 

An a l t e r n a t i v e ,  p r i m a r i l y  empi r i ca l  model can b e  cons t ruc t ed  t o  

d e s c r i b e  t h e  carbonat ion of l i m e  i n  a s t i r r e d - t a n k  con tac to r .  Based 

on both experimental  evidence and cons ide ra t ion  of v a r i o u s  ra te  expres s ions  

i n  the  l i t e r a t u r e ,  i t  could b e  argued t h a t  t h e  mass t r a n s f e r  of C 0 2  i n  

t h e  carbonat ion r e a c t i o n  i s  dependent on t h e  fol lowing parameters:  

i n f l u e n t  CO p a r t i a l  p r e s s u r e ,  impe l l e r  speed, impe l l e r  diameter (or  

c o n t a c t o r  d i ame te r ) ,  s l u r r y  d e n s i t y ,  gas s o l u b i l i t y ,  hydroxyl i o n  

concen t r a t ion ,  s u r f a c e  t e n s i o n ,  s l u r r y  v i s c o s i t y ,  gas  d i f f u s i v i t y ,  

and r e a c t i o n  rate cons t an t .  The g e n e r a l  form of t h e  equa t ion  w a s  - 

2 

3 4 5 6  7 8 9 10 
o r  DF = n e e  di (Q/vdle Ps e He De k2e (OHs-Ie yie Oe , (D-19) 

1 2  

PDF cd 

where 

The g e n e r a l  model w a s  developed by applying t h e  m u l t i p l e  r e g r e s s i o n  

program SAS. 

gas compositions, c o n t a c t o r  s i z e s ,  s l u r r y  compositions,  and impe l l e r  

speeds were s tud ied :  

1 .0  

1 .0  m - Ca(OH)2, n = 800 rpm; 4.74% C02--95.26% 02, 2C.3-cm-ID c o n t a c t o r ,  

1.0 

1.0,  and 2.0 

I n  order  t o  o b t a i n  the  most g e n e r a l  model, t he  fol lowing 

87.5% C02--12.5% 02, 20.3-cm-ID c o n t a c t o r ,  

Ca(OH)2, n = 800 rpm; 33.6% C02--66.4% 02, 20.3-cm-ID con tac to r ,  

Ca(OH)2, n = 800 rpm; 88-91% C02-air, 27.3-cm-ID con tac to r ,  0 .5 ,  

Ca(OH)2 ,  n = 650 rpm; 3% C02-air, 20.3-cm-ID con tac to r ,  
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Table D . 2 .  Estimated tank diameters  (cm) f o r  
process-sized contac tors  (model 2) 

Qt DF 
(scfm) 100 200 300 400 5 00 

1 

2 

3 

4 

5 

100 

200 

300 

400 

5 00 

1000 

2000 

3000 

4000 

5000 

21 .1  

24.8 

27.4 

28.7 

31.0 

65 

76 

84 

90 

95 

113 

133 

14 7 

154 

16 7 

22.7 

26.9 

30.0 

31.1 

33.6 

70 

83 

91  

98 

103 

1 2 2  

145 

160 

16 7 

181 

23.8 

28.0 

31.0 

32.4 

35.0 

73 

86 

95 

102 

108 

1 2 8  

151  

16 7 

174 

189 

24.5 

28.9 

31.9 

33.4 

36.0 

75 

89 

98 

104 

111 

131 

155 

1 7 1  

179 

194 

25.0 

29.5 

32.6 

35.0 

36.9 

77 

91 

100 

104 

113 

134 

159 

175 

183 

198 

t 
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1.0 

1.0 
Mg(OHI2, n = 800 rpm; 3% C02-air, 27.3-cm-ID c o n t a c t o r ,  

Ca(OHI2, n = 650 rpm; 3% C02-air, 27.3-cm-ID c o n t a c t o r ,  0.4 and 

0.75 - m Ba(OH)2-8H20, n = 325 and 650 rpm. 

VO% C 0 2  w e r e  obtained from o t h e r  s t u d i e s .  11s16 Most of t h e  o t h e r  

The d a t a  f o r  f e e d s  o t h e r  than 

parameters were v a r i e d  over  somewhat l i m i t e d  ranges.  

u and 1-( w e r e  excluded from t h e  a n a l y s i s  because of i n s u f f i c i e n t  d a t a .  

Apparently t h e r e w a s  a l s o  i n s u f f i c i e n t  v a r i a t i o n  of one of t he  most important  

parameters ,  t h e  impe l l e r  speed (n) .  Thus, i n  t h e  v a r i o u s  f i t t i n g  e f f o r t s  

(dependent on t h e  form of p 

t o  be i n s i g n i f i c a n t .  

c o n t r i b u t i o n  of n i n  the  s t a t i s t i ca l  a n a l y s i s .  This probably occurred 

because no sets of d a t a  were taken f o r  t h e  cases i n  which a l l  o t h e r  

parameters w e r e  f i x e d  and n w a s  a d j u s t e d  t o  several va lues .  

The parameters 

), t h e  parameter n w a s  always considered DF 
The importance of di appa ren t ly  outweighed t h e  

Although t h e  e l i m i n a t i o n  of n from t h e  e m p i r i c a l  model would appear 

t o  be an  insurmountable omission, t h e r e  w a s  ano the r  c o n s t r a i n t  which 

could provide f o r  t he  s p e c i f i c a t i o n  of power i n p u t .  

could be d e l i n e a t e d  by p rev ious  arguments, which l e d  t o  t h e  d e r i v a t i o n  

of Eq. (D-16). Thus, once t h e  a p p r o p r i a t e  n,d r e l a t i o n s h i p  has been 

e s t a b l i s h e d  experimental ly ,  any o t h e r  n,di combinations can be calcu- 

l a t e d  f o r  t h e  r e s t r i c t i o n  of di = 0.5 d t .  

The power cond i t ions  

i 
, 

The b e s t  s t a t i s t i ca l  f i t s  f o r  t h e  t h r e e  types of pDF terms are 

shown i n  Table D . 3  (exponents f o r  Dcd and k 

c o r r e l a t i o n s  were inspec ted  t o  determine whether any r ecogn izab le  

dimensionless groups d e s c r i p t i v e  of m a s s  t r a n s f e r  k i n e t i c s  o r  t u r b i n e  

w e r e  se t  a t  0 .5) .  These 2 

- 
2 3 2  a g i t a t i o n  w e r e  p r e s e n t  (e .g . ,  NRe = di nps/U, NSC = l-(/psDcd, Nwe = di n Ps/O, 

and N 

d i s c e r n i b l e .  The models should be r e c a l c u l a t e d  wi th  more ex tens ive  

d a t a  t o  f u l l y  exp lo re  t h e  p o s s i b i l i t y  of t h e  occurrence of c lass ical  

dimensionless groups.  

= rdin/Us). No t r a c t a b l e  c o r r e l a t i o n  f o r  t h e s e  groups w a s  r e a d i l y  s t  

I n  any case, t h e  g e n e r a l  e m p i r i c a l  model has  some u t i l i t y .  The DF 

curves as a f u n c t i o n  of gas  s u p e r f i c i a l  v e l o c i t y  could be q u i t e  a c c u r a t e l y  

p r e d i c t e d  f o r  a f i x e d  c o n t a c t o r  a p p l i c a t i o n .  

'cd,i '  

The e f f e c t  of varying the  

temperature,  s l u r r y  composition, etc.,  on p rocess  DF could be 
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9 1  

p red ic t ed .  

t h e  p rocess  who must react t o  process  p e r t u r b a t i o n s .  Shown i n  Fig.  D . 2  

are t h e  e m p i r i c a l  curves  p r e d i c t e d  by t h e  g e n e r a l  models 1, 2,  and 4 

compared t o  experimental  DFs. The l a r g e  v a r i a t i o n  i n  t h e  DFs p r e d i c t e d  

by t h e  models a t  high s u p e r f i c i a l  v e l o c i t i e s  w a s  a t t r i b u t e d  t o  t h e  

d i f f e r e n c e s  ob ta ined  f o r  DFs i n  the  r eg ion  f o r  d i f f e r e n t  a l k a l i n e - e a r t h  

hydroxide s p e c i e s  ( s e e  r e f .  16) .  

Such a model would obviously have u t i l i t y  f o r  o p e r a t o r s  of 

2 Of course,  t h e  most g e n e r a l  f i t  would be a p p l i c a b l e  t o  DFs f o r  CO 

i n  any type of geometr ic  des ign ,  range of power i n p u t s ,  and s l u r r y  

composition; t h a t  is, t h e  c o n s t r a i n t s  on power i n p u t  and geometric 

des ign  necessary t o  ensu re  cons t an t  i n t e r f a c i a l  area would n o t  be 

r equ i r ed .  

d i f f e r e n t  set  of exponents f o r  t h e  c r i t i c a l  parameters  from those de r ived  

i n  such r e s t r i c t e d  models as Eqs. (D-10) and (D-18). An i n d i c a t i o n  

of t h i s  probable  v a r i a t i o n  can be seen  from a comparison of t h e  

exponents f o r  (OH -) i n  t h e  two models [0.5 f o r  Eq. (D-10); 0 .1  t o  0.35 

f o r  t h e  more g e n e r a l  models of Table D.31. 

Such a g e n e r a l  model would most probably r e s u l t  i n  a 

S 

D.5 P r e d i c t i o n  of DFs f o r  Krypton U t i l i z i n g  
Empir ical  DFs f o r  C 0 2  

The DFs CO can be p r e d i c t e d  from such models as those  given i n  

Eq. (D-10) o r  Table D.3. A DF can a l s o  be s p e c i f i e d  f o r  a given set of 

o p e r a t i n g  c o n d i i t i o n s  so  t h a t  t h e  r equ i r ed  c o n t a c t o r  can be c a l c u l a t e d  

from t h e  models. Hence, t h e  D F  for krypton can be r e a d i l y  es t imated from 

Eqs. (B-16) and (B-29). For example, t h e  e m p i r i c a l l y  p r e d i c t e d  DFs f o r  

krypton ( f o r  a s i n g l e  c o n t a c t o r )  based on an  a l t e r e d  K va lue  t o  c o r r e c t  

f o r  gas-phase sh r inkage  i n  t h e  c o n t a c t o r  are shown i n  Fig.  D.2, where 

they can be compared wi th  t h e  experimental  DFs f o r  krypton. Although no 

s p e c i f i c  c a l c u l a t i o n s  are p resen ted  h e r e ,  i t  can a l s o  be argued t h a t  an 

equa t ion  similar t o  Eq. (B-29) b u t  c o r r e c t e d  f o r  t h e  a p p r o p r i a t e  K v a l u e  

could be r e a d i l y  de r ived  t o  d e s c r i b e  t h e  DF f o r  krypton du r ing  o p e r a t i o n  

of two c o n t a c t o r s  i n  series ( see  Fig.  7 f o r  DFs f o r  krypton obtained f o r  

c o n t a c t o r s  i n  series). F i n a l l y ,  t h e  add-on DFs achieved f o r  krypton 

2 
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evo lu t ion  from CaCO s l u r r i e s  during s t i r r i n g  and evacuat ion  can be 

r e a d i l y  f i t t e d  by a n  express ion  such as ( see  Fig.  6 )  
3 -  

-c 2 DFk(add-on) = C t , 1 

where 

(D-20) 

t = t i m e  of evacuat ion.  

Forsberg13 has  developed an  express ion  f o r  t h e  DF f o r  krypton which 

would be  obta ined  f o r  ope ra t ion  of two con tac to r s  i n  series (CIS). The 

terms i n  the  expres s ion  are as previous ly  def ined  f o r  Eq. (B-29) b u t  

w i th  the  a d d i t i o n  t h a t  R is  the  m.f. of gas  feed  t h a t  r e a c t s  wi th  t h e  

s l u r r y ,  which reacts i n  s t i r r e d  tank 1. The DF f o r  CIS i s  
1 

k ,  2 

( 1  - F r ) ( l  - Fr + RIC) 
DF = 1 + -  [FrC + K(l  - F,)] r k,  2 

(D-21) 

This equat ion  w a s  based on the-assumption t h a t  t h e  krypton equi l ibr ium 

i n  both  con tac to r s  could be  def ined  by 

yk,o = %,o 
(D-22) 

A s  previous ly  d i scussed ,  t h i s  r e l a t i o n s h i p  i s  u s e f u l  if an  empi r i ca l ly  

der ived  K va lue  can b e  e s t a b l i s h e d .  Based on t h e  d a t a  of t h i s  s tudy ,  

va lues  f o r  K of 1 x 10 t o  2 x 10 w e r e  adequate  t o  p r e d i c t  experimental  

r e s u l t s  f o r  t h e  krypton d i s t r i b u t i o n  during contac tor - in-ser ies  

opera t ion .  Thus, t h e  fo l lowing  equat ions  are suggested f o r  t h e  t o t a l  

DF f o r  krypton i n  s ing le -con tac to r  o r  contac tor - in-ser ies  ope ra t ion ,  

r e s p e c t i v e l y  : 

5 5 

K(l  - Fr) + FrC 

D F k t , l = [  FrC 

n 

K' 
= 1 + -  F C  r DFkt , 2 

( 1  - F r ) ( l  - Fr + RIC) 

F C + K ( l  - Fr) r 

(D-23) 

(D-24) 2 -C 

Clt 
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