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ABSTRACT 

A mathematical  model has been developed t h a t  descr ibes  t h e  dynamic 

a d s o r p t i o n  o f  uranium h e x a f l u o r i d e  on f i x e d  beds o f  sodium f l u o r i d e .  

T h i s  model i s  in tended f o r  t h e  des ign engineer  as a means o f  s i z i n g  

sodium f l u o r i d e  t r a p s  f o r  use i n  uranium hexaFluor ide c o l l e c t i o n  and 

p u r i f i c a t i o n .  The a n a l y s i s ,  which r e q u i r e s  a d i g i t a l  computer program, 

i s  l i m i t e d  t o  i so thermal ,  i s o b a r i c  systems where t h e  c o n c e n t r a t i o n  o f  

uranium h e x a f l u o r i d e  i n  t h e  feed gas i s  l e s s  than t e n  mole percent .  

Data ob ta  ned f rom r e p o r t e d  exper iments w i t h  t h e  uranium 

hexaf luor ide-sod um f l u o r i d e  system a r e  compared w i t h  c a l c u l a t e d  r e s u l t s ,  

t h e  c loseness o f  agreement e s t a b l i s h i n g  t h e  r e l i a b i l i t y  o f  t h e  model 

w i t h i n  t h e  range covered by a v a i l a b l e  data.  A d i s c u s s i o n  o f  genera l  

r e s u l t s  i s  given, i n c l u d i n g  t h e  dependence o f  adsorber performance upon 

p e l l e t  p r o p e r t i e s  and o t h e r  p h y s i c a l  parameters as i m p l i e d  by t h e  be- 

h a v i o r  o f  t h e  model. 
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CHAPTER I 

INTRODUCTION 

Increasing demand fo r  enriched uranium fo r  power and research , 

reactors has placed a heavy burden upon  the uranium industry. 

Atomic Energy Commission i s  sponsoring many development programs de- 

signed t o  expand existing uranium technology, aiding private industry i n  

preparing i t s e l f  t o  achieve predicted production heights. The problem 

areas considered by the Atomic Energy Commission are  diverse and range 

from uranium enrichment t o  reprocessing of spent reactor fue ls .  

The U .  S .  

Methods of collection and purification of the uranium product, 

usually in the form of vo la t i l e  uranium hexafluoride, are of wide in te r -  

e s t  t o  the industry. 

uranium, necessitating preparation of uranium hexafluoride t o  allow con- 

centration of the U-235 isotope. 

f luoride supplied t o  the AEC l imi t  concentrations for  most impurities t o  

the parts per m i l l i o n  range [2] .  

Current nuclear reactor designs require enriched 

Specifications fo r  the uranium hexa- 

Cold t raps  are  frequently used fo r  the large-scale col lect ion of 

gaseous uranium hexafluoride by desublimation from a noncondensing car- 

r i e r  gas [lo].  

products and  other impurities from uranium hexafluoride and because of 

the d i f f i cu l ty  in removing small concentrations (1 mole percent or l e s s )  

of uranium hexafluoride from the process off-gas by cold trapping, a t ten-  

t ion has a lso been given t o  adsorption processes for  the purification 

I n  search of a method for  removing vo la t i l e  f i ss ion  

1 
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and c o l l e c t i o n  o f  uranium. Gaseous uranium h e x a f l u o r i d e  was found t o  

r e a c t  w i t h  sodium f l u o r i d e ,  fo rming  a s o l i d  complex, and because o f  t h e  

r e v e r s i b l e  n a t u r e  o f  t h e  r e a c t i o n ,  sodium f l u o r i d e  was i n v e s t i g a t e d  as a 

s o l i d  sorbent  f o r  s e p a r a t i n g  uranium h e x a f l u o r i d e  f rom o t h e r  v o l a t i l e  

species and condensing gases and as an a l t e r n a t i v e  t o  low temperature 

c o l d  t r a p p i n g  f o r  c o l l e c t i n g  uranium h e x a f l u o r i d e .  

proved t o  be a v e r y  e f f e c t i v e  s o l i d  sorbent  f o r  bo th  proposed a p p l i c a -  

t i o n s .  

Sodium f l u o r i d e  

The uranium hexaf luor ide-sodium f l u o r i d e  r e a c t i o n  has been ob- 

served by a number o f  workers [6,15,16,17,22], b u t  because o f  t h e  d i f f i -  

c u l t  n a t u r e  o f  t h e  r e a c t i o n  k i n e t i c s ,  l i m i t e d  work i s  r e p o r t e d  t h a t  

a c t u a l l y  a t tempts  t o  f o r m u l a t e  a r a t e  equat ion  c h a r a c t e r i s t i c  o f  t h e  

process [17]. Consequently, t h e  accepted g u i d e l i n e s  f rom which sodium 

f l u o r i d e  t r a p s  have been s i z e d  evolved p r i m a r i l y  from p r i o r  o p e r a t i o n a l  

exper ience, and t h e  mathematical model o f  an a d s o r p t i o n  system presented 

here,  which descr ibes  t h e  removal o f  gaseous uranium h e x a f l u o r i d e  by 

p e l l e t i z e d  sodium f l u o r i d e ,  should be q u i t e  v a l u a b l e  i n  f u t u r e  des ign 

work. 

i n v o l v i n g  a mechanism t h a t  employs v a r i a b l e  r e a c t i o n  and d i f f u s i o n  r a t e s ,  

and does n o t  l e n d  i t s e l f  t o  hand c a l c u l a t i o n .  

c a l  model f o r  t h e  a d s o r p t i o n  system has been developed as a des ign t o o l  

by u s i n g  a high-speed d i g i t a l  computer t o  perform t h e  c a l c u l a t i o n s .  

The a d s o r p t i o n  problem under c o n s i d e r a t i o n  i s  r e l a t i v e l y  complex, 

There fore ,  t h e  mathemati- 



CHAPTER I1  

LITERATURE REVIEW 

c 

When a gas i s  brought  i n t o  e q u i l i b r i u m  w i t h  a s o l i d  o r  l i q u i d  s u r -  

face,  t h e  gas molecules tend t o  adsorb, o r  concentrate,  i n  t h e  immediate 

v i c i n i t y  o f  t h e  surface due t o  t h e  a t t r a c t i v e  f o r c e s  t h a t  e x i s t  between 

t h e  two phases, regard less  o f  

The s t r e n g t h  o f  t h e  a t t r a c t i v e  f o r c e  v a r i e s  w i d e l y ,  depending upon t h e  

p a r t i c u l a r  system i n v o l v e d ,  f rom t h e  r e l a t i v e l y  weak van der  Waals f o r c e  

t o  a much s t r o n g e r  i n t e r a c t i o n  o f  a chemical na ture .  The s u r f a c e  i n t e r -  

a c t i o n  r e f e r r e d  t o  as a d s o r p t i o n  i s  t o  be d i s t i n g u i s h e d  f rom a b s o r p t i o n ,  

which i s  t h e  b u l k  d i f f u s i o n  o f  t h e  gas specie i n t o  t h e  s t r u c t u r e  o f  t h e  

s o l i d  o r  l i q u i d .  

case where b o t h  a d s o r p t i o n  and a b s o r p t i o n  may be o c c u r r i n g  s imu l taneous ly .  

t h e  p a r t i c u l a r  gas o r  s u r f a c e  considered. 

The term " s o r p t i o n "  i s  commonly used t o  descr ibe  t h e  

The weaker van d e r  Waals f o r c e s ,  assoc ia ted  w i t h  c a p i l l a r y  con- 

densat ion  and l i q u e f a c t i o n ,  a r e  r e s p o n s i b l e  f o r  t h e  p a r t i c u l a r  a d s o r p t i o n  

mechanism l a b e l e d  p h y s i c a l  adsorp t ion .  A t  t h e  o t h e r  extreme, much 

s t r o n g e r  f o r c e s ,  r e l a t i n g  t o  a c t u a l  chemical bonding between atoms o r  

molecules o f  t h e  c o n t a c t i n g  phases, c h a r a c t e r i z e  a c t i v a t e d  a d s o r p t i o n  o r  

chemisorp t ion  processes. Several  c h a r a c t e r i z a t i o n s  o f  a d s o r p t i o n  phenom- 

ena a r e  a v a i l a b l e  [14,28] t o  d i f f e r e n t i a t e  c l e a r l y  between t h e  two types  

o f  a d s o r p t i o n  processes. 

same o r d e r  o f  magnitude as heats  o f  l i q u e f a c t i o n  o f  t h e  r e s p e c t i v e  ad- 

s o r b i n g  gases, whereas t h e  heats  o f  chemisorp t ion  a r e  o f t e n  i n  t h e  

The heats  o f  p h y s i c a l  a d s o r p t i o n  a r e  o f  t h e  

3 
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neighborhood of heats of chemical reaction. Physical adsorption pro- 

cesses are  typ ica l ly  controlled by resis tance t o  mass t r ans fe r ,  are more 

pronounced a t  low temperatures and high par t ia l  pressures,  and decrease 

sharply as the par t ia l  pressure of the adsorbing component i s  decreased. 

On the other hand, chemisorption processes are usually controlled by 

resis tance t o  surface reaction, and exhibi t  adsorption ra tes  which 

charac te r i s t ica l ly  increase with an increase in temperature, typical of 

chemical reactions involving an energy of act ivat ion.  Physical adsorp- 

t ion i s  e s sen t i a l ly  nonspecific and, l i k e  condensation, will  generally 

occur with any gas-solid system with the proper combination of tempera- 

tu re  and pressure. Chemisorption, in cont ras t ,  w3ll take place only i f  

there i s  actual chemical bonding between the adsorbing gas  and the sur- 

face atoms of the  adsorbent. 

The adsorption of uranium hexafluoride by sodium f luoride pel l e t s  

i s  of the activated type, forming complexes with the reported formulae 

uF6*3 NaF [6], UF6.2NaF [lS], and UF6.NaF [16]. Katz [lS] reports the 

d i s s o c i a t i o n  p r e s s u r e  of the UF6-2NaF c o m p l e x  t o  b e  

where pmm = dissociation pressure, mm Hg, and 

T k  = temperature, O K .  

A heat of dissociat ion of - 19.1 * 0.2 ki localor ies  per mole of evolved 

gas i s  given, calculated from the experimental data.  



The adsorption of 

pe l le t  can be, i n  genera 

s ion  of the molecule fro 

the p e l l e t ,  diffusion of 

5 

a molecule from a gas mixture by a solid porous 

, described by a three-step mechanism: d i f f u -  

the b u l k  gas stream t o  the external surface of 

the molecule i n t o  the pores of the pe l l e t ,  and 

adsorption of the molecule on the pore surface. As discussed by McNeese 

[17], when uranium hexafluoride i s  adsorbed on sodium f luor ide ,  an a d d i -  

tional s tep must be considered t o  account for  the diffusion of uranium 

hexafluoride from the internal surface of the pe l le t  t h r o u g h  a layer of 

complex t o  unreacted sodium f luoride.  

Mass Transfer Correlations 

Considerable work has been reported i n  the f i e ld  of heat and mass 

t ransfer  i n  flow of f l u ids  through fixed beds of spherical par t ic les .  

Gamson [12], i n  1951, developed a correlation for a mass t ransfer  factor  

for f lu ids  i n  a fixed bed of spherical par t ic les  using a modified 

Reynolds number defined as 

where D = effect ive par t ic le  diameter, f t ,  
P 
G = mass flow ra t e  of gas mixture, lb/hr-sq f t ,  

1-1 = viscosi ty  of gas mixture, l b / f t -h r ,  and 

= porosity of sorbent bed, dimensionless. 

Gamson reported t h a t  

jd = 17(NRe,)- 1 (1 - E ~ )  0.2 
( 3 )  
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for  NRe* l ess  t h a n  about 10, and t h a t  

-0.41 0.2 
jd = 1.46 ( N R e z )  (1 - EB) ( 4 )  

for  NRe. greater t h a n  100. 

as 

The "j" factor  for  mass t ransfer  i s  defined 

K P  

where K = overall mass t ransfer  coef f ic ien t ,  lb-mole/hr-sq ft-atm, 
9 

P = log-mean par t ia l  pressure of iner t  component in "f i lm",  a tm,  
gf 

G = mass flow ra t e  of gas mixture, lb/hr-sq f t ,  

Mm = average molecular weight of gas mixture, lb/lb-mole, 

1 ~ -  = viscosity of gas mixture, l b / f t -h r ,  

p = density o f  gas mixture, lb/cu f t ,  and 

DAB = d i f fus iv i ty  of component A in B, sq ft/hr. 

Gamson did n o t  attempt t o  obtain an expression for jd between modified 

Reynolds numbers of 10 and 100 as an apparent t rans i t ion  existed in t h i s  

region. 

Bradshaw and Myers [5 ] ,  using the same modified Reynolds number 

as  Gamson, attempted t o  cor re la te  mass t ransfer  d a t a  fo r  spheres and 

cylinders in a fixed bed with a l ea s t  squares f i t  using an equation o f  

the  form 

The f inal  equation, reported as 

-0.501 jd = 2.25 ( N R e z )  3 
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y i e l d e d  a good c o r r e l a t i o n  o f  a v a i l a b l e  da ta  f o r  h i g h e r  f l o w s ,  i . e . ,  

a > 400, b u t  was n o t  extended t o  lower  Reynolds numbers. *Re 
Gupta and Thodos [13], i n  1962, contended t h a t  t h e r e  appeared t o  

be no r e a l  j u s t i f i c a t i o n  f o r  m o d i f y i n g  t h e  Reynolds number by t h e  i n t r o -  

d u c t i o n  o f  a f a c t o r  c o n t a i n i n g  t h e  v o i d  f r a c t i o n .  

and Thodos at tempted t o  c o r r e l a t e  t r a n s f e r  f a c t o r s  w i t h  t h e  convent iona l  

Reynolds number. 

pressed by t h e  equat ion  

I n  v iew o f  t h i s ,  Gupta 

The r e l a t i o n s h i p  r e p r e s e n t i n g  t h e  d a t a  b e s t  was ex- 

0.863 
N:e5' - 0.483' 

EB jd = 0.010 + ( 7 )  

The equat ion  was r e s t r i c t e d  t o  t h e  r e g i o n  NRe > 1 because o f  t h e  l a c k  o f  

t r a n s f e r  d a t a  f o r  l o w e r  f l o w s .  

D i f f u s i o n  W i t h i n  a Porous S t r u c t u r e  

Mass t r a n s f e r  w i t h i n  a porous media has been t h e  s u b j e c t  o f  much 

a t t e n t i o n  as t h e  r e a c t i v i t y ,  s e l e c t i v i t y ,  and o t h e r  i m p o r t a n t  charac ter -  

i s t i c s  o f  heterogeneous c a t a l y s i s  a r e  dependent upon pore s t r u c t u r e .  

d e s c r i p t i o n  o f  t h e  d i f f u s i o n  phenomena o c c u r r i n g  w i t h i n  t h e  i r r e g u l a r  

s e t  of passageways present  i n  most porous s o l i d s  i s  u s u a l l y  represented 

b y  a s i n g l e  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t ,  Def f .  The e f f e c t i v e  d i f f u -  

s i o n  c o e f f i c i e n t  depends on t h e  p r o p e r t i e s  o f  t h e  gases, on t h e  tempera- 

t u r e  and pressure,  and on t h e  pore  s t r u c t u r e .  

s i z e ,  two main types o f  d i f f u s i o n  must be considered:  Knudsen ( o r  

m o l e c u l a r )  d i f f u s i o n ,  which occurs when t h e  pore  d iameter  i s  smal l  com- 

pared t o  t h e  mean f r e e  pa th  o f  t h e  d i f f u s i n g  species,  and o r d i n a r y  (Or 

The 

Depending upon t h e  pore  
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b u l k )  d i f f u s i o n ,  which occurs when t h e  pore d iameter  i s  l a r g e  when com- 

pared t o  t h e  mean f r e e  path.  

d i f f u s i o n  c o e f f i c i e n t  i n  pores of any s i z e  and a t  any gas pressure be 

r e  pres en t ed by 

Wheeler [27]  recommends t h a t  t h e  e f f e c t i v e  

D e f f  = D~~ [1 - e-(DK/DAB)]. 

The Knudsen d i f f u s i o n  c o n t r i b u t i o n ,  DK, i s  g i v e n  b y  Wheeler as 

DK = 9.7 l o 3  rp Jf7T;;i, ( 9 )  

where OK = Knudsen d i f f u s i o n  c o e f f i c i e n t ,  sq cm/sec, 

rp = pore r a d i u s ,  cm, 

T = temperature,  O K ,  and 

M = molecu la r  we igh t ,  g/g-mole, 

and t h e  b u l k  d i f f u s i o n  c o e f f i c i e n t  of t h e  gas spec ie  A i n  B, DAB, a t  t h e  

temperature and pressure system, i s  g i v e n  as 

where D i B  is t h e  d i f f u s i o n  c o e f f i c i e n t  a t  1 atmosphere and 0°C. 

Wakao and Smith [24,25] proposed a t h e o r y  f o r  p r e d i c t i n g  d i f f u s i o n  

r a t e s  w i t h  and w i t h o u t  r e a c t i o n  a t  cons tan t  p ressure  th rough b i - d i s p e r s e  

porous media, c o n s i d e r i n g  d i f f u s i o n  through macro- and micropores.  

knowledge o f  t h e  pore volume-pore r a d i u s  d i s t r i b u t i o n  f o r  t h e  porous 

m a t e r i a l  i s  r e q u i r e d  t o  a p p l y  t h e  theory .  

ever,  o n l y  t h e  macropore c o n t r i b u t i o n  should be s i g n i f i c a n t .  

Knudsen p a r t  o f  t h e  d i f f u s i o n  i n  t h e  macropores i s  n e g l i g i b l e ,  as i s  t h e  

case i f  t h e  macropores a r e  l a r g e  enough o r  t h e  pressure h i g h  enough, t h e  

A 

For  low d e n s i t y  p e l l e t s ,  how- 

I f  t h e  
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t h e o r y  p r e d i c t s  a s imp le  r e l a t i o n s h i p  o f  t h e  fo rm 

S a t t e r f i e l d  and Sherwood [21] use 

f o r  o r d i n a r y ,  o r  b u l k ,  d i f f u s i o n  i n  a porous s o l i d  and 

'K,eff = D K  E/T 

f o r  Knudsen d i f f u s i o n ,  where T i s  termed t h e  " t o r t u o s i t y "  f a c t o r ,  a l l o w -  

i n g  f o r  b o t h  t o r t u o s i t y  and v a r y i n g  pore  c ross  s e c t i o n  w i t h i n  t h e  s o l i d .  

For  e s t i m a t i o n  of Deff i n  t h e  t r a n s i t i o n  r e g i o n  between o r d i n a r y  and 

Knudsen d i f f u s i o n ,  S a t t e r f i e l d  and Sherwood propose 

- -  1 -  1 ,  1 
D e f f  DK,eff DAB,eff 

as an approx imat ion.  For s o l i d s  hav ing  bimodal pore s i z e  d i s t r i b u t i o n ,  

T has been found t o  range between 0.37 and 0.83. 

Bu lk  d i f f u s i o n  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  pressure.  S ince 

Knudsen d i f f u s i o n  i s  independent o f  pressure,  t h e  d i f f u s i o n  o f  gases i n  

porous m a t e r i a l s  i s  dependent on t h e  t o t a l  pressure o n l y  as t h e  o v e r a l l  

d i f f u s i o n  r a t e  i s  dependent on t h e  b u l k  d i f f u s i o n  mechanism. The e f f e c t  

of temperature depends on t h e  r e l a t i v e  importance of b o t h  mechanisms, 

s i n c e  t h e  temperature i n f l u e n c e  on each mechanism i s  s i g n i f i c a n t  and 

d i f f e r e n t .  
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P o i n t  Rate of Reaction of Uranium Hexafluoride on Sodium Fluoride 

McNeese [17] formulated an expression for the point r a t e  of reac- 

t ion of uranium hexafluoride w i t h  sodium f luoride:  

- where qr  - 

t =  

c1 = 

- - 
'Na F 

S =  

E =  

R E  

T =  

- 
c2 - 
c =  

amount of uranium hexafluoride complexed a t  a given radius ,  

r ,  within the p e l l e t ,  lb/cu f t ,  

time, hr , 
empirical constant,  cu f t / lb-hr-(area/mass) ,  

density of sodi um f luoride pel 1 e t ,  1 b/cu f t  , 
surface area of sodium f luoride p e l l e t ,  area/mass, 

act ivat ion energy for d i f f u s i o n ,  B t u / l b  mole, 

gas constant,  B t u / l b  mole-OR, 

temperature, O R ,  

empi ri cal constant , area/mass , and 

concentration o f  gaseous uranium hexafluoride w i t h i n  the 

pe l l e t  a t  the point of react ion,  l b  u F 6 / C U  f t .  

By defining a pseudo-first-order r a t e  reaction constant ,  

the  r a t e  equation becomes 

- -  dqr - k f C  . 
d t  
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Bu lk  E f f e c t s  o f  Uranium H e x a f l u o r i d e  Adsorp t ion  on D i f f u s i o n  

As i m p l i e d  b y  Equat ion (15 ) ,  the  p o i n t  r e a c t i o n  r a t e  i s  a f u n c t i o n  

o f  t h e  amount o f  uranium h e x a f l u o r i d e  complex and i s  t h e r e f o r e  a f u n c t i o n  

o f  p o s i t i o n  w i t h i n  t h e  p e l l e t  and v a r i e s  w i t h  t i m e  as a d d i t i o n a l  complex 

forms. L ikewise ,  i t  i s  i m p o r t a n t  t o  recogn ize  t h a t  as complex i s  formed 

t h e  v o i d  volume a v a i l a b l e  f o r  d i f f u s i o n  w i t h i n  t h e  p e l l e t  decreases [17]. 

That  i s  t o  say, t h e  p o r o s i t y ,  E, o f  t h e  p e l l e t  a l s o  changes w i t h  t i m e  

and p o s i t i o n  w i t h i n  t h e  p e l l e t ,  and s i n c e  t h e  e f f e c t i v e  d i f f u s i o n  r a t e  

depends upon t h e  pe l e t  p o r o s i t y ,  i t , too ,  v a r i e s .  

i n i t i a l  v o i d  f r a c t i o n ,  an e f f e c t i v e  p o i n t  p o r o s i t y ,  E ~ ,  can be d e f i n e d  

as 

L e t t i n g  be t h e  

where qmax i s  t h e  maximum q u a n t i t y  o f  uranium h e x a f l u o r i d e  than can be 

r e a c t e d  a t  any g i v e n  p o i n t  w i t h i n  t h e  p e l l e t .  

t i v e  b u l k  d i f f u s i o n  c o e f f i c i e n t  assumes t h e  form 

Consequently, t h e  e f f e c -  

- 
DAB,eff - DAB Eo(1 - qr/qmax)/T 



CHAPTER I11 

THEORY 

The f o r m u l a t i o n  o f  d i f f e r e n t i a l  equat ions d e s c r i b i n g  t h e  removal 

o f  uranium h e x a f l u o r i d e  f rom b u l k  gas w i t h  a f i x e d  bed o f  sodium f l u o r i d e  

p e l l e t s  i s  r e l a t i v e l y  s t r a i g h t f o r w a r d .  

however, presents  f o r m i d a b l e  problems un less  c e r t a i n  s i m p l i f y i n g  assump- 

t i o n s  a r e  made. The v a l i d i t y  o f  t h e  assumptions must, o f  course, be 

u l t i m a t e l y  t e s t e d  by a comparison of p r e d i c t e d  r e s u l t s  a g a i n s t  a c t u a l  

exper imenta l  r e s u l t s .  

t h e  l o c a l ,  o r  p o i n t ,  r e a c t i o n  and e f f e c t i v e  d i f f u s i o n  r a t e s  on t h e  

amounts o f  uranium h e x a f l u o r i d e  a l r e a d y  complexed w i t h i n  t h e  p e l l e t .  

The govern ing p a r t i a l  d i f f e r e n t i a l  equat ions and t h e  method o f  s o l u t i o n  

a r e  presented i n  d e t a i l  i n  t h i s  chapter .  

The s o l u t i o n  of t h e  equat ions,  

The pr imary  problems a r i s e  f rom t h e  dependence o f  

Adsorp t ion  i n  a F ixed Bed 

For  t h e  genera l  case where a d s o r p t i o n  takes p l a c e  i n  a f i xed-bed 

adsorber [14], under t h e  assumptions o f  p l u g  f l o w ,  n e g l i g i b l e  r a d i a l  con- 

c e n t r a t i o n  g r a d i e n t s ,  n e g l i g i b l e  a x i a l  m ix ing ,  and c o n s t a n t  temperature,  

a d i f f e r e n t i a l  m a t e r i a l  ba lance on component A i s  

where GN = mass f l o w  r a t e  o f  i n e r t  component, l b / h r - s q  ft, 

12 
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CAb = c o n c e n t r a t i o n  o f  component A i n  b u l k  gas stream, l b  of A / l b  

o f  i n e r t  component, 

z = d i s t a n c e  i n  bed, ft, 

pB = b u l k  d e n s i t y  o f  adsorbent,  l b / c u  ft , 
qA = q u a n t i t y  of component A which has reacted,  l b  o f  A / lb  of 

sorbent  , 
t = t ime,  hr ,  

pG = d e n s i t y  o f  i n e r t  gas, l b / c u  ft, and 

EB = p o r o s i t y  o f  sorbent  bed, d imension less.  

Simultaneous D i f f u s i o n  and F i r s t - O r d e r  React ion i n  a Porous S o l i d  

I n c o r p o r a t i n g  t h e  concept o f  an e f f e c t i v e  o r  "average" d i f f u s i v -  

i ty, t h e  b a s i c  r a t e  equat ion  d e s c r i b i n g  s imultaneous d i f f u s i o n  and f i r s t -  

o r d e r  r e a c t i o n  i n  a porous s o l i d  can be der ived .  

a s p h e r i c a l  p e l l e t  o f  r a d i u s  R submerged i n  a gas stream c o n t a i n i n g  t h e  

adsorb ing component A, t h e  c o n c e n t r a t i o n  o f  A be ing CAS on t h e  e x t e r n a l  

s u r f a c e  o f  t h e  s o l i d .  Fur ther ,  cons ider  a s p h e r i c a l  s h e l l  o f  t h i c k n e s s  

A r  conta ined w i t h i n  t h e  p e l l e t .  

i n t o  t h e  s h e l l  i s  

S p e c i f i c a l l y ,  cons ider  

The r a t e  o f  d i f f u s i o n  o f  component A 

t h e  r a t e  of d i f f u s i o n  o u t  of t h e  s h e l l  is 

2 acA Output  = 4 ~ r  Def f  ar, 

t h e  r a t e  of r e a c t i o n  of component A w i t h i n  t h e  s h e l l  i s  
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A r ) ,  (23) React ion Rate = 4 ~ r r  2 A r ( k j  + 7 1 A r ) ( C A  + 

and t h e  r a t e  o f  accumulat ion o f  component A i n  t h e  pores o f  t h e  p e l l e t  

i s  

The pseudo r a t e  cons tan t  k i ,  e f f e c t i v e  d i f f u s i v i t y  De f f ,  and 

p e l l e t  p o r o s i t y ,  E, a r e  considered as f u n c t i o n s  of r a d i a l  p o s i t i o n .  

Assumptions o f  r a d i a l  symmetry, n e g l i g i b l e  temperature g r a d i e n t ,  and 

homogeneity o f  p h y s i c a l  and chemical p e l l e t  p r o p e r t i e s  a r e  i m p l i c i t  i n  

t h e  f o r m u l a t i o n s  o f  t h e  r a t e  equat ions.  

Equat ing r a t e  terms i n  a m a t e r i a l  balance, expanding, and l e t t i n g  

A r  approach zero  g i v e s  t h e  p a r t i a l  d i f f e r e n t i a l  equat ion :  

ac 
at (€'A) = Deff [---i. a2cA + (-+-- r 2 Def f  1 aDeff) a r  - k '  1 C A '  (25)  a 

a r  

S i m p l i f i c a t i o n  o f  t h e  Equat ions P e r t a i n i n g  t o  Fixed-Bed Adsorp t ion  

As proposed by Hougen and Watson [14], f o r  a s teady- f low process, 

t h e  l a s t  te rm o f  Equat ion (20)  can be o m i t t e d  i f  i t  i s  assumed t h a t  t h e  

f l u i d  ho ldup o f  t h e  bed i s  n e g l i g i b l e .  I n  t h i s  case, 

Crank [7]  and A s t a r i t a  [3] demonstrate t h a t ,  f o r  most r e a c t i n g  g a s - s o l i d  

systems, t h e  accumulat ion of t h e  adsorb ing component i n  t h e  pores 
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of t h e  p e l l e t  i s  n e g l i g i b l e  compared t o  t h e  o t h e r  terms o f  t h e  equat ion .  

Under t h i s  assumption, t h e  b a s i c  d i f f e r e n t i a l  equat ion  d e s c r i b i n g  t h e  

a d s o r p t i o n  process w i t h i n  t h e  p e l l e t  d e f i n e s  a quas i -s teady-s ta te  p r o f i l e  

g i v e n  b y  

,7 

CA = 0. - +  dLCA ( - + - - ) - - -  2 1 d D e f f  d C ~  ki 
d r 2  D e f f  d r  d r  Deff 

A f i n i t e - d i f f e r e n c e  s o l u t i o n  t o  Equat ion (27) was c a r r i e d  o u t  by 

McNeese [17] b u t  i s  t o o  i n v o l v e d  f o r  p r a c t i c a l  a p p l i c a t i o n  t o  f i xed-bed 

adsorber c a l c u l a t i o n s  where f i n i t e - d i f f e r e n c e  i n t e g r a t i o n  i n  bo th  t i m e  

and d i s t a n c e  i s  a l s o  r e q u i r e d ;  computat ion t i m e  requi rements would be 

p r o h i b i t i v e  f o r  des ign s t u d i e s .  

v i d e  an e x c e l l e n t  means o f  p r e d i c t i n g  t h e  maximum q u a n t i t y  o f  uranium 

h e x a f l u o r i d e  t h a t  can be adsorbed by a s p e c i f i c  sodium f l u o r i d e  p e l l e t  

i n  a g i v e n  p h y s i c a l  s i t u a t i o n .  

a p o i n t ,  qmax, has been shown i n  i t s  i n f l u e n c e  on D A B Y e f f ,  i n  Equat ion 

(19) ,  and as w i l l  be demonstrated, t h e  maximum l o a d i n g  c a p a c i t y  o f  t h e  

e n t i r e  p e l l e t  p lays  an e q u a l l y  i m p o r t a n t  r o l e  i n  c o r r e l a t i o n  o f  e x p e r i -  

mental  data.  

McNeese's s o l u t i o n  does, however, p r o -  

The importance o f  t h e  maximum l o a d i n g  a t  

Equat ion (27) may be f u r t h e r  s i m p l i f i e d  b y  d e f i n i n g  average quan- 

t i t i e s  El and Eeff t h a t  a r e  dependent upon t h e  t o t a l  p e l l e t  l o a d i n g  q 

and are, thereby,  independent o f  r a d i a l  p o s i t i o n  w i t h i n  t h e  p e l l e t .  

d e f  i n i  ng 

Thus, 

and 
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- -  - 
where cl , E, C2,  and qmax a r e  r e p r e s e n t a t i v e  q u a n t i  t i e s  f o r  t h e  e n t i r e  

p e l l e t .  Equat ion (27) becomes t h e  o r d i n a r y  d i f f e r e n t i a l  equat ion  

which f u r t h e r  reduces t o  t h e  more f a m i l i a r  form, 

- 1 d  Z d C A  - 
D e f f  7 F d r  ( r  -) = k; CA. 

S o l u t i o n  o f  t h e  S i m p l i f i e d  Equat ions 

Wi th t h e  boundary c o n d i t i o n s  t h a t  CA = CAS a t  r = R and t h a t  CA 

i s  f i n i t e  a t  r = 0, t h e  s o l u t i o n  o f  Equat ion (31)  i s  w i d e l y  used 

[4,21 ,271 t o  descr ibe  d i f f u s i o n  and chemical r e a c t i o n  i n s i d e  a porous 

c a t a l y s t  and i s  g iven  as 
7 

'A - R  Sinh ( r / r i / E e f f )  
- _ -  

r 
Sinh (R-) ' 

The mass f l o w  o f  component A ,  WAS, per  p e l l e t  a t  t h e  sur face  r = R i s  

g i v e n  by 

o r  

w ~ s  = 4TRDef f  C AS [ R F  1 e f f  Coth (Rm) - 11 (34) 

where WAS = mass f l o w  o f  component A a t  t h e  s u r f a c e  o f  t h e  p e l l e t  from 

b u l k  gas stream, 1 b/hr -pe l  l e t ,  
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R = r a d i u s  o f  s p h e r i c a l  p e l  l e t  , f t  , 
= average e f f e c t i v e  d i f f u s i v i t y  o f  component A i n  B y  sq f t / h r ,  

= sur face  c o n c e n t r a t i o n  o f  component A, l b / c u  f t ,  and 

D e f f  

‘As 

1 k’ = average p s e u d o - f i r s t - o r d e r  r e a c t i o n  r a t e  cons tan t ,  l / h r .  

As presented by B i r d ,  e t  a1 [4], f o r  nonspher ica l  p a r t i c l e s ,  t h e  

f o r e g o i n g  r e s u l t s  may be a p p l i e d  approx imate ly  by r e i n t e r p r e t i n g  R. 

nonspher ica l  p a r t i c l e s  , 
For 

V 
= 3 ($1, (35)  

Rnonsph P 

where V and S a re  t h e  volume and e x t e r n a l  s u r f a c e  o f  a s i n g l e  p e l l e t .  
P P 
The use o f  Equat ion (34)  r e q u i r e s  knowledge o f  t h e  sur face  concen- 

t r a t i o n  CAS o f  t h e  r e a c t i n g  specie.  

general  equat ion  f o r  mass t r a n s f e r  across a s tagnant  gas f i l m ,  i n c o r p o r a t -  

i n g  an o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t  p r e d i c t e d  f rom one o f  t h e  a v a i l -  

a b l e  c o r r e l a t i o n s  d iscussed e a r l i e r ,  t h e  r a t e  o f  removal o f  component A 

f rom t h e  b u l k  gas stream by a s i n g l e  porous p e l l e t  can be determined. 

The equat ion  f o r  t r a n s f e r  across a s tagnant  gas f i l m ,  u s i n g  pressure 

e q u i v a l e n t  d r i v i n g  f o r c e ,  i s  commonly g i v e n  as [ll] 

By combining Equat ion (34) w i t h  t h e  

where NAs = molar  f l u x  of component A a t  t h e  s u r f a c e  o f  t h e  p e l l e t ,  

1 b-mol e /h r -sq  f t  , 

K = o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t ,  lb-mole/hr -sq f t - a t m ,  
9 

‘Ab = p a r t i a l  p ressure  o f  component A i n  b u l k  gas stream, atm, and 

’As = p a r t i a l  p ressure  o f  component A on t h e  e x t e r i o r  sur face  o f  

t h e  p e l l e t ,  atm. 
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The mass f l o w  o f  component A t o  t h e  p e l l e t  f rom t h e  b u l k  gas stream i s  

'As = Kg a MA (pAb - Y (37)  

where WAS = mass f l o w  o f  component A a t  t h e  s u r f a c e  o f  t h e  p e l l e t  f rom 

t h e  b u l  k gas , 1 b /hr -pe l1  e t .  

a = e f f e c t i v e  mass t r a n s f e r  area, sq ft, and 

MA = molecu la r  we igh t  o f  component A, lb / lb -mole .  

The t o t a l  r a t e  o f  r e a c t i o n  o f  component A w i t h  t h e  p e l l e t  can be 

expressed as 

where rA = t o t a l  r a t e  o f  r e a c t i o n  o f  A w i t h  p e l l e t ,  l b  o f  A / l b  o f  sorbent-  

h r ,  and 

w = average we igh t  o f  sorbent  p e l l e t ,  1 b. 

Equat ion (38) ,  a t  any t i m e  t, e s t a b l i s h e s  t h e  t o t a l  r a t e  o f  reac-  

t i o n  o f  component A a t  t h e  d i f f e r e n t i a l  bed segment z f e e t  f rom t h e  t o p  

o f  t h e  sorbent  bed, based upon t h e  c u r r e n t  p e l l e t  load ing .  

t h e  r a t e  o f  r e a c t i o n  a t  a p o i n t  z w i t h i n  t h e  bed, a numerical  i n t e g r a t i o n  

[18] o f  Equat ion (26) can be performed t o  determine t h e  c o n c e n t r a t i o n  o f  

component A l e a v i n g  t h e  d i f f e r e n t i a l  bed segment a t  t i m e  t. 

By knowing 



CHAPTER IV 

c DETERMINATION OF EMPIRICAL CONSTANTS FROM 

EXPERIMENTAL DIFFERENTIAL BED DATA 

The reaction r a t e  and diffusion equations for  the uranium 

hexafluoride-sodium f luoride system were presented in Chapter 11, and 

the necessary equations and t he i r  proposed simplified solutions describ- 

ing the adsorption of uranium hexafluoride on fixed beds of pelleted 

sodium f luoride have been developed i n  Chapter 111. 

t i on ,  several empirical or semi-empirical parameters were introduced. 

Specif ical ly ,  these quant i t ies  are  the reaction r a t e  constants cl , c2, 
and r from Equation (28),  to r tuos i ty  factor  ‘I from Equation ( 2 9 ) ,  and 

e f fec t ive  mass t ransfer  area from Equat ion (37).  

the empirical quant i t ies ,  a computer program was written t o  perform a l l  

calculations necessary f o r  the solution of the model equations. The 

en t i r e  program, written in FORTRAN IV, i s  l i s t ed  in Appendix A .  The 

program, a s  given, was r u n  on b o t h  the IBM 7090 and IBM 360 computer 

systems. 

agreed very well with those from the 7090, thus generally permitting 

calculations t o  be performed on the f a s t e r  computer system operating i n  

the f a s t e r  mode. 

recoded i n  FORTRAN I 1  f o r  use on a time-sharing SDS 940 computing system. 

This remote-access computer proved t o  be an invaluable tool i n  the c r i t i -  

cal analysis and understanding o f  the mathematical model and vastly 

In  t h a t  presenta- 

I n  order t o  evaluate 

The resu l t s  from the IBM 360 using single precision arithmetic 

An abbreviated version o f  the FORTRAN IV program was 

19 



20 

reduced t h e  t i m e  r e q u i r e d  t o  a r r i v e  a t  va lues f o r  t h e  e m p i r i c a l  cons tan ts .  

Determinat ion  o f  t h e  e m p i r i c a l  constants  i n v o l v e d  a " b r u t e  f o r c e "  

approach, where va lues were manual ly  a d j u s t e d  u n t i l  t h e  mathematical  

model p rov ided a b e s t  f i t  t o  severa l  s e t s  o f  data.  The f i n a l  r e s u l t s  

a r e  d i s p l a y e d  g r a p h i c a l l y  t o  j u s t i f y ,  a t  l e a s t  t o  t h e  accuracy r e q u i r e d  

f o r  des ign,  t h e  s i m p l i f y i n g  assumptions used i n  a r r i v i n g  a t  t h e  model. 

Exper imental  D i f f e r e n t i a l  Bed Data 

Two sources o f  exper imenta l  d a t a  i n v o l v i n g  t h e  uranium 

hexaf luor ide-sod ium f l u o r i d e  system were used i n  t h i s  i n v e s t i g a t i o n :  

t h e  d i f f e r e n t i a l  bed d a t a  o f  McNeese [17,25] and t h e  f i xed-bed break-  

through d a t a  o f  Anderson [l]. Because o f  t h e  convenience i n  ana lyz ing ,  

t h e  p e l l e t  l o a d i n g  da 

e m p i r i c a l  constants .  

i n  a f i n a l  e v a l u a t i o n  

McNeese determ 

a o f  McNeese were used f o r  t h e  d e t e r m i n a t i o n  o f  

The da ta  o f  Anderson are  presented i n  Chapter V ,  

o f  t h e  mathematical  model. 

ned t h e  l o a d i n g  o f  uranium h e x a f l u o r i d e  on s i n g l e  

l a y e r s  o f  sodium f l u o r i d e  p e l l e t s  d u r i n g  g i v e n  t i m e  i n t e r v a l s ,  under 

d i f f e r e n t  s e t s  o f  operat img c o n d i t i o n s .  

f l u o r i d e  p e l l e t s  was p laced between two s e c t i o n s  o f  g l a s s  beads conta ined 

w i t h i n  a l - l / Z - i n c h - d i a m e t e r  sorbent  t r a p .  

n i t r o g e n  gas m i x t u r e  o f  known c o n c e n t r a t i o n  and f l o w  r a t e  was then passed 

through t h e  t r a p ,  which was main ta ined a t  a g i v e n  temperature.  

severa l  runs  o f  d i f f e r e n t  d u r a t i o n s ,  b u t  under t h e  same o p e r a t i n g  con- 

d i t i o n s  and u s i n g  p e l l e t s  w i t h  t h e  same p h y s i c a l  p r o p e r t i e s ,  McNeese 

ob ta ined a curve r e p r e s e n t i n g  t h e  l o a d i n g  o f  uranium h e x a f l u o r i d e  on 

p e l l e t e d  sodium f l u o r i d e  as a f u n c t i o n  o f  t ime.  

For each run, a l a y e r  o f  sodium 

A uranium h e x a f l u o r i d e -  

A f t e r  

Loading va lues,  
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expressed as  the weight of uranium hexafluoride per u n i t  weight of 

sodium f luo r ide ,  were obtained by actual weight difference before and 

a f t e r  each run. 

ture  range of 84 t o  302"F, and a u ran ium hexafluoride concentration range 

of 0.57 t o  10.9 mole percent. 

t e s t s  were i n  the standard form of compacted right c i rcu lar  cylinders 

supplied by the Harshaw Chemical Company. The pe l l e t s  had a surface 

area range of 0.69 t o  1.05 sq m/g, a v o i d  f ract ion of 0.375 t o  0.45, and 

had average weights of 0.0349 to  0.0398 g .  

from 4,600 t o  6,800 A. 

Data were taken a t  atmospheric pressure over a tempera- 

The sodium f luoride pe l l e t s  used i n  the 

The mean pore s i z e  varied 

Results of Constant Determination 

E i g h t  d i f fe ren t  s e t s  of d i f f e ren t i a l  bed loading data were used 

i n  the evaluation of the empirical constants, each data s e t  being t reated 

separately. Adjustments were made on the basis of individual compari- 

sons, and new pe l l e t  loading curves were calculated un t i l  sa t i s fac tory  

f i t s  were generated f o r  a l l  o f  the data s e t s .  Final comparisons of pel- 

l e t  loading curves predicted by the model w i t h  the corresponding experi- 

mental data set a re  presented graphically i n  Figures 1 through 8. The 

expression f o r  the pseudo reaction r a t e  constant f o r  the uranium 

hexafluoride-sodium f luoride system was determined t o  be 
- 

4 -381 6/T ,-C2q/ S - k i  = 32.6 10 pNaF S e 

I t  was found t o  be most consistent and convenient t o  express C 2  as a 

function of maximum p e l l e t  loading and i n i t i a l  pe l l e t  porosity: 
- 
C 2  = 3.147/[ymax (1 - E ~ ) ] .  

(39) 
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EXPERIMENTAL CONDITIONS MODEL PARAM ET E RS 
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FIGURE 1 

COMPARISON OF COMPUTED WITH EXPERIMENTAL D I F F E R E N T I A L  BED LOADING 
A T  84°F AND 2.62 MOLE PERCENT URANIUM HEXAFLUORIDE 
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0 EXPERIMENTAL PELLET LOADING - CALCULATED PELLET LOADING 

EXPERIMENTAL CONDITIONS MODEL PARAMETERS 

Bulk Gas Mole Fraction U F 6 =  0.0169 
Total Gas Flow = 2.42 Ib  rnole/sq ft-hr 
Temperature = 199°F 

C = 3 2 . 6 ~ 1 0 ~  cu ft/lb-hr-(sq rn/g) 
C = 13.5 sq rn/g 
E, ,\ = 3816"R 
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Pellet Void Fraction = 0.45 
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FIGURE 3 
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COMPARISON OF COMPUTED WITH EXPERIMENTAL D IFFERENTIAL  BED LOADING 
A T  1 9 9 ° F  AND 1.69 MOLE PERCENT URANIUM HEXAFLUORIDE 
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0 EXPERIMENTAL PELLET L O A D I N G  - CALCULATED PELLET L O A D I N G  

EXPERIMENTAL CONDITIONS 

Bulk Gas Mole  Fraction uF6 = 0.0057 
Total Gas Flow = 1.23 Ib rnole/sq ft-hr 
Temperature = 212OF 
Pressure = 1.0 atm 
Pellet Surface Area = 0.856 sq m/g 
Pellet Void Fraction = 0.45 

I I I I 

MODEL PARAMETERS 
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E/R = 3816OR 
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FIGURE 4 

COMPARISON OF COMPUTED WITH EXPERIMENTAL DIFFERENTIAL BED LOADING 
AT 212°F AND 0.57 MOLE PERCENT URANIUM HEXAFLUORIDE 
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0 EXPERIMENTAL PELLET L O A D I N G  - CALCULATED PELLET L O A D I N G  

EXPERIMENTAL CONDITIONS 
Bulk Gas Mole Fraction uF6 = 0.0245 
Total Gas Flow = 1.25 Ib mole/sq ft-hr 
Temperature = 212OF 
Pressure = 1.0 atm 
Pellet Surface Area = 0.856 sq m/g 
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FIGURE 5 

COMPARISON OF COMPUTED WITH EXPERIMENTAL D I F F E R E N T I A L  BED LOADING 
AT 212°F AND 2.45 MOLE PERCENT URANIUM HEXAFLUORIDE 
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COMPARISON OF COMPUTED WITH EXPERIMENTAL DIFFERENTIAL BED LOADING AT 212"F, 
1.69 MOLE PERCENT URANIUM HEXAFLUORIDE, AND 0.428 PELLET VOID FRACTION 
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FIGURE 7 

COMPARISON OF COMPUTED WITH EXPERIMENTAL DIFFERENTIAL BED LOADING AT 212"F, 
1.69 MOLE PERCENT URANIUM HEXAFLUORIDE, AND 0.386 PELLET VOID FRACTION 
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COMPARISON OF COMPUTED WITH EXPERIMENTAL DIFFERENTIAL BED LOADING 
AT 302°F AND 1.69 MOLE PERCENT URANIUM HEXAFLUORIDE 



30 

The va lue  o f  c2 determines t h e  r a t e  a t  which t h e  p e l l e t  a d s o r p t i o n  r a t e  

decreases w i t h  t h e  q u a n t i t y  o f  uranium complexed. The cons tan t  c9 was 
L 

f i r s t  independent ly  determined f o r  each d i f f e r e n t  bed r u n  and t h e  va 

p l o t t e d  t o  form t h e  b a s i s  f o r  t h e  s o l i d  l i n e  shown i n  F i g u r e  9 .  The 

values were then a d j u s t e d  t o  f a l l  on t h i s  l i n e ,  and it i s  these f i n a  

va lues which a r e  r e p o r t e d  here and used i n  c a l c u l a t i n g  t h e  curves i n  

ues 
- 
c 2  

F igures  1 through 8. It was apparent e a r l y  i n  t h e  i n v e s t i g a t i o n  t h a t  C2 

was some f u n c t i o n  of t h e  e f f e c t i v e n e s s ,  o r  a v a i l a b i l i t y ,  o f  t h e  i n t e r n a l  

p e l l e t  sur faces  f o r  r e a c t i o n .  A c o r r e l a t i o n  w i t h  t h e  maximum p e l l e t  

l o a d i n g  appeared t o  be l o g i c a l  f o r  c2, s i n c e  bo th  q u a n t i t i e s  tend t o  

r e s t r i c t  t h e  a d s o r p t i o n  process. 

maximum l o a d i n g  o f  a sodium f l u o r i d e  p e l l e t  increases as t h e  p o r o s i t y  o f  

t h e  p e l l e t  increases,  and t h e  need o f  a p o r o s i t y  term i n  t h e  c o r r e l a t i o n  

As demonstrated e x p e r i m e n t a l l y ,  t h e  

was, t h e r e f o r e ,  n o t  a t  a l l  s u r p r i s i n g .  

The mean f r e e  pa th  of uranium h e x a f l u o r i d e  i n  uranium h e x a f l u o r i d e -  

n i t r o g e n  m i x t u r e s  i n  t h e  temperature range o f  84 t o  212"F, c o n c e n t r a t i o n  

r a n g e  o f  0.5 t o  8.5 m o l e  p e r c e n t  uranium h e x a f l u o r i d e ,  and  a t  a t m o s p h e r i c  

pressure  has been r e p o r t e d  t o  v a r y  between 257 and 331 8 [17]. Since 

t h e  i n i t i a l  average pore s i z e s  o f  t h e  sodium f l u o r i d e  p e l l e t s  were, i n  

genera l ,  b e t t e r  than an o r d e r  o f  magnitude l a r g e r  than t h e  mean f r e e  pa th  

o f  t h e  d i f f u s i n g  molecules,  o n l y  t h e  b u l k  d i f f u s i o n  c o n t r i b u t i o n  t o  t h e  

e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  was f e l t  s i g n i f i c a n t  f o r  t h i s  s tudy.  

Furthermore, an E dependence appeared t o  f i t  t h e  d a t a  b e t t e r  than an E 

dependence i n  c a l c u l a t i n g  t h e  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t ,  thus d i c -  

t a t i n g  t h e  use o f  Equat ion (12)  r a t h e r  than Equat ion (11) f o r  D e f f .  

2 

I n  
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considering values for the tor tuos i ty  fac tor  T ,  the choice seemed re la -  

t i ve ly  a rb i t ra ry .  A value of 0.5 was selected i n  agreement w i t h  those 

reported for  porous materials w i t h  bimodal pore s i z e  d i s t r i b u t i o n  [ Z O ] .  

A l i s t i n g  of calculated bulk d i f f u s i o n  coef f ic ien ts  for  the uranium 

hexafluoride-nitrogen binary system i s  g i v e n  i n  Appendix B .  

The magnitude of the e f fec t ive  mass t ransfer  area was found t o  

a f f ec t  the i n i t i a l  pe l l e t  loading r a t e .  

adsorption, however, fur ther  influence was n o t  apparent due t o  the evolu- 

t i o n  of a reaction r a t e  controlled mechanism. 

e f fec t ive  t ransfer  area for the  Harshaw pe l l e t s  was found t o  be 

0.0015 sq f t / p e l l e t .  

t i o n ,  the mass t ransfer  correlat ion of Gupta and Thodos given by 

Equation ( 7 )  was incorporated in to  the model. Gas flow ra tes  for the 

d i f f e ren t i a l  bed adsorption s tudies  were typ ica l ly  low, w i t h  Reynolds 

numbers from 10 t o  20. 

After the f i r s t  few minutes of 

The best  value for the 

Because of the apparent f l e x i b i l i t y  of the rela-  



CHAPTER V 

COMPARISON OF RESULTS WITH EXPERIMENTAL FIXED-BED STUDIES 

The deciding t e s t  of the proposed mathematical model describing 

the adsorption of uranium hexafluoride on sodium f luoride r e s t s  on a 

quant i ta t ive comparison of reported adsorber performance d a t a  and calcu- 

la t ions using the model. A t  present, only a limited amount of fixed-bed 

performance d a t a  are available for the uranium hexafluoride-sodium 

f luoride system. 

operating conditions. 

sented i n  t h i s  chapter, demonstrating the strength of the overall 

analysi s. 

These d a t a ,  however, cover a broad area of typical t r a p  

The comparisons of f ive  independent runs a re  pre- 

F i  xed-Bed Break t h r o u g h  Data 

Anderson [ l ]  reports an experimental investigation o f  the adsorp- 

t ion of uranium hexafluoride on fixed beds of sodium f luoride pe l le t s .  

The investigation was carried o u t  t o  g a i n  a be t te r  understanding of the 

dependence of the adsorption mechanism upon various physical parameters 

such as temperature, to ta l  gas flow r a t e ,  and pe l l e t  properties.  

par t icu lar ,  pe l le t  bed breakthrough and saturation charac te r i s t ics  were 

determined for a number of d i f fe ren t  operating conditions. The adsorp- 

t i o n  t rap  used i n  the study consisted of a ver t ical  length of 4-inch- 

diameter nicke 

The t r a p  was e ec t r i ca l ly  heated and water cooled and was ins ta l led  w i t h  

a gas metering s t a t ion ,  cold t r aps ,  and an ou t le t  gas uranium 

I n  

pipe, p r o v i d i n g  f o r  a maximum 7-foot-deep bed of pe l le t s .  

33 
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hexafluoride detection uni t .  

accomplished by maintaining a given forepressure and pressure d rop  across 

a cal ibrated capi l lary.  

A typical run consisted of charging the p e l l e t  t r a p  t o  a specified 

Metering of the uranium hexafluoride was 

height, heating the bed t o  a desired temperature, es tabl ishing a di luent  

and uranium hexafluoride gas flow, and then valving the gas mixture 

through the pe l l e t  bed. 

the  i n l e t  and ou t l e t  of the pe l l e t  bed and were analyzed during the run. 

The end r e su l t  of each r u n  was a concentration p ro f i l e  of the break- 

t h r o u g h  curve as i t  emerged from the bed. 

Gas samples were withdrawn periodically from 

Adsorption temperatures of 200 and 250°F and a pressure of 

1.14 atm are  reported. 

7 lb-mole/sq ft-hr and uranium hexafluoride i n l e t  gas concentration 

ranged from 2.16 t o  3.16 mole percent. 

gas  for a l l  runs. 

of 0.924 t o  1.94 sq m/g and void f rac t ions  of 0.436 t o  0.55. 

was the case w i t h  the  d i f f e ren t i  a1 bed s t u d y ,  commerci a1 ly  avai 1 ab1 e 

sodi um f l  uoride pel 1 e t s  , manufactured by the Harshaw Chemi cal Company, 

were used. 

a re  readi ly  avai lable  [17,22,23]. 

s t ruc ture  i s  typical of the  commercially prepared pe l l e t s .  Depending 

upon the desired bed heights,  20 t o  40 pounds of pe l l e t s  were used f o r  

each run. 

a -/-foot bed. 

Total gas flow ra tes  varied from around 5 t o  

Nitrogen was used as the di luent  

Pe l le t  properties varied widely, with surface areas 

Again, as 

Complete d e t a i l s  of the pe l l e t s  a re  n o t  presented here, b u t  

The wide variation of the pe l l e t  

Anderson reports four runs with a &foot bed and one run w i t h  
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Resu l ts  o f  t h e  Comparison 

Breakthrough curves were generated f rom t h e  mathematical  model 

u s i n g  t h e  s p e c i f i e d  p h y s i c a l  parameters f o r  each exper imenta l  r u n  r e -  

p o r t e d  by Anderson. 

a long w i t h  t h e  corresponding exper imenta l  da ta  f o r  comparison, and a con- 

vergence check on t h e  numerical  s o l u t i o n  o f  t h e  model equat ions i s  pre-  

sented i n  Appendix D f o r  a t y p i c a l  run.  A t i m e  increment o f  0.01 hour 

and bed increment  o f  0.05 f o o t  were used f o r  each o f  t h e  runs .  

The curves a r e  presented i n  F i g u r e s  10 th rough 14, 

On an o v e r a l l  bas is ,  t h e  r e s u l t s  f rom t h e  comparisons a r e  v e r y  

encouraging. The t r a p  o p e r a t i n g  parameters and p h y s i c a l  p r o p e r t i e s  o f  

t h e  p e l l e t s  used f o r  t h e  f i r s t  f o u r  runs were s i m i l a r  t o  those used 

e a r l i e r  i n  t h e  d e t e r m i n a t i o n  o f  t h e  r a t e  r e a c t i o n  constants .  One natu-  

r a l l y  would expect  t h e  model t o  be t h e  s t r o n g e s t  i n  t h i s  r e g i o n ,  and t h i s ,  

i n  f a c t ,  appears t o  be t h e  case. 

c a l c u l a t e d  break p o i n t  agrees t o  w i t h i n  0.1 hour o f  t h e  exper imenta l  

break p o i n t ,  and o f  equal importance, t h e  c a l c u l a t e d  break p r o f i l e  com- 

pares v e r y  w e l l  w i t h  t h e  r e p o r t e d  da ta .  

cates a p o s s i b l e  overex tens ion  o f  t h e  a n a l y s i s ,  a l though unrepor ted  o r  

undetected exper imenta l  d i f f i c u l t i e s  c o u l d  a l s o  be t h e  problem. For  t h i s  

p a r t i c u l a r  run,  t h e  p e l l e t s  were found t o  have a s u r f a c e  area o f  

1.94 sq m/g and v o i d  f r a c t i o n  o f  0.55. 

have s u r f a c e  areas f rom 0.7 t o  1.4 sq m/g w i t h  v o i d  f r a c t i o n s  between 

0.37 t o  0.50. 

s u r f a c e  areas g r e a t e r  than 1.8 t o  1.9 sq m/g, a r e  q u i t e  unusual ,  p robab ly  

due t o  s i n t e r i n g  i n  t h e  one o r  more h e a t  t rea tments  r e q u i r e d  t o  harden 

I n  each o f  these f i r s t  f o u r  cases, t h e  

The l a s t  run,  however, i n d i -  

Normal ly ,  sodium f l u o r i d e  p e l l e t s  

R e l a t i v e l y  h i g h  s u r f a c e  area p e l l e t s ,  i . e . ,  p e l l e t s  w i t h  
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and dry them a f t e r  being formed. 

t u re  has been demonstrated t o  have a pronounced e f f e c t  on the  physical 

makeup of the  pe l l e t s  [22]. 

The choice of heat treatment tempera- 

Because h i g h  surface area pe l l e t s  a re  i n i t i a l l y  more ac t ive ,  the 

b u l k  of the reacting uranium hexafluoride should load quickly on the 

outer surfaces of the p e l l e t s ,  prematurely s t o p p i n g  fur ther  adsorption 

by blocking the passageways t o  the i n t e r i o r  unreacted sodium f luoride.  

As a r e s u l t ,  the pe l l e t s  would be characterized by a low loading poten- 

t i a l .  W i t h  the r e l a t ive ly  porous pe l l e t s  considered here, however, the 

uranium loading i s  higher, and the pe l l e t s  d o  not  sa tura te  rapidly.  

model predicts t h a t  the pe l l e t s  load quickly t o  saturat ion.  

la ted adsorption zone, therefore ,  assumes a more or l e s s  p l u g  form, w i t h  

saturated pe l l e t s  behind and fresh pe l l e t s  i n  f r o n t ,  and consequently, 

the general shape of the calculated breakthrough curve shown i n  Figure 14  

lacks the typical t a i l  exhibited by the  prof i les  of the preceding runs. 

T h u s ,  the model apparently deviates somewhat from experimental r e su l t s  

i n  t h i s  instance by not b e i n g  able t o  adequate ly  account f o r  the  h igh  

uranium hexafluoride loading capabi l i ty  of the high surface area pe l l e t s .  

Whether the deficiency l i e s  in the assumption of the existance of an 

average pellet  or i n  the  correlat ion o f  the reaction r a t e  constant c2, 
i s  speculation. The model does, however reasonably es tab l i sh  the 

break p o i n t ,  which i s  the most important design c r i t e r i o n ,  and should, 

therefore ,  be su f f i c i en t  un t i l  additiona data become avai lable  t o  

adequately define the probl em area. 

The 

The calcu- 



CHAPTER V I  

DISCUSSION OF RESULTS 

A mathematical  model has been developed t o  a i d  i n  t h e  s i z i n g  of 

f i x e d  bed, sodium f l u o r i d e  t r a p s  f o r  t h e  removal o f  uranium h e x a f l u o r i d e  

f rom an i n e r t  c a r r i e r  gas. A t  present ,  t h e  model i s  l i m i t e d  t o  i s o t h e r -  

mal, i s o b a r i c  systems where t h e  uranium c o n c e n t r a t i o n  i n  t h e  gas phase 

i s  1 i m i t e d  t o  l e s s  than 10 mole percent .  

be below 3OO0F, w i t h  pressures around 1 t o  2 atm. The model can accu- 

r a t e l y  c a l c u l a t e  t h e  l i f e  and t o t a l  uranium l o a d i n g  o f  a p e l l e t  t r a p ,  

g iven  a s u f f i c i e n t  d e s c r i p t i o n  o f  t h e  p h y s i c a l  system. I n p u t  s p e c i f i c a -  

t i o n s  i n c l u d e  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  p e l l e t s ,  gas f l o w  r a t e ,  

i n l e t  uranium h e x a f l u o r i d e  c o n c e n t r a t i o n ,  o p e r a t i n g  temperature,  and 

system pressure.  Evidence s u p p o r t i n g  t h e  a n a l y s i s  i s  presented i n  

Chapter V .  

Opera t ing ' tempera tures  should 

The r a t e  o f  removal o f  uranium h e x a f l u o r i d e  f rom b u l k  gas f l o w i n g  

through a f i x e d  bed o f  p e l l e t e d  sodium f l u o r i d e  has been found t o  be a 

f u n c t i o n  o f  t h e  e f f e c t i v e  d i f f u s i o n  r a t e  and s u r f a c e  c o n c e n t r a t i o n  o f  t h e  

r e a c t i n g  uranium h e x a f l u o r i d e ,  t h e  p s e u d o - f i r s t - o r d e r  r e a c t i o n  r a t e  con- 

s t a n t  f o r  t h e  uranium hexaf luor ide-sod ium f l u o r i d e  system, and t h e  e f f e c -  

t i v e  r a d i i  o f  t h e  p e l l e t s .  The o v e r a l l  r a t e  inc reases  w i t h  temperature 

e t  s u r f a c e  area, and decreases as t h e  amount o f  uranium 

exed increases.  The maximum l o a d i n g  o f  t h e  p e l l e t  bed, 

and w i t h  p e l  

a l r e a d y  comp 

i . e . ,  pounds o f  uranium h e x a f l u o r i d e  p e r  pound o f  sodium f l u o r i d e ,  
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decreases w i t h  i n c r e a s i n g  s u r f a c e  area, temperature,  and pressure,  and 

increases  w i t h  p e l l e t  p o r o s i t y .  The maximum l o a d i n g  appears t o  be i n d e -  

pendent o f  t h e  uranium c o n t e n t  i n  t h e  feed gas f o r  gas concent ra t ions  o f  

l e s s  than 8 t o  9 mole percent .  

g r a d i e n t s  w i t h i n  t h e  p e l l e t s  can be expected t o  inc rease t h e  e f f e c t i v e -  

ness o f  t h e  p e l l e t s  and thereby  inc rease t h e i r  l o a d i n g  c a p a c i t y .  

A t  h i g h e r  concent ra t ions ,  temperature 

E f f e c t s  o f  T o t a l  Gas Flow and Concent ra t ion  

The es t imated dependence o f  bed h e i g h t  on t o t a l  gas f l o w  r a t e  and 

uranium h e x a f l u o r i d e  gas c o n c e n t r a t i o n  i s  shown i n  F i g u r e  15. The c a l c u -  

l a t i o n s  were based on an o p e r a t i n g  temperature o f  250°F and pressure o f  

1.36 atm. 

and a p o r o s i t y  o f  0.45. 

l e n g t h s  r e q u i r e d  f o r  an on-stream t i m e  o f  24 hours,  w i t h  t h e  i n d i c a t e d  

f e e d  concent ra t ions  and t o t a l  gas f l o w  r a t e s .  

t h e  t i m e  when t h e  c o n c e n t r a t i o n  o f  uranium h e x a f l u o r i d e  i n  t h e  adsorber 

o f f - g a s  exceeded t h a t  assoc ia ted  w i t h  t h e  e q u i l i b r i u m  decomposi t ion pres-  

sure  o f  t h e  complex. I n  a c t u a l  o p e r a t i o n ,  a t  250°F, t h e  o f f - g a s  w i l l  

t y p i c a l l y  c o n t a i n  f rom 20 t o  30 ppm uranium h e x a f l u o r i d e  w i t h i n  a s h o r t  

t i m e  a f t e r  be ing  p u t  on-stream. 

t r a t i o n  does n o t  c o n s t i t u t e  t h e  break p o i n t .  

t i n g  c o n d i t i o n s  o f  t h e  p a r t i c u l a r  system, t h e  a d s o r p t i o n  zone may be o n l y  

a few minutes,  a few hours,  o r  even l o n g e r ,  behind t h e  e q u i l i b r i u m  f r o n t ,  

The p e l l e t s  were assumed t o  have a sur face  area o f  1.0 sq m/g 

The quoted bed h e i g h t s  r e p r e s e n t  t h e  t r a p  

Breakthrough was taken as 

The d e t e c t i o n  o f  t h e  e q u i l i b r i u m  concen- 

Depending upon t h e  opera- 

Caut ion should be exerc ised i n  e x t r a p o l a t i o n  o f  t h e  r e s u l t s  t o  

h i g h e r  f l o w s  because t h e  curves,  a l though n o t  shown here,  e v e n t u a l l y  

break upward. Exc lud ing  t h e  i n i t i a l  c o n t a c t  w i t h  t h e  p e l l e t ,  d i f f u s i o n  
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o f  t h e  r e a c t i n g  uranium h e x a f l u o r i d e  f rom t h e  b u l k  gas t o  t h e  s u r f a c e  o f  

t h e  p e l l e t  i s  n o t  r a t e  c o n t r o l l i n g .  

i s  e s s e n t i a l l y  independent o f  mass f l o w  r a t e .  

Consequently, t h e  r a t e  o f  a d s o r p t i o n  

E f f e c t  o f  Temperature 

The e f f e c t  o f  l o w e r i n g  t h e  o p e r a t i n g  temperature o f  t h e  sodium 

f l u o r i d e  bed i s  shown i n  F i g u r e  16, where t h e  cases summarized i n  F i g u r e  

15 a r e  repeated a t  a lower  temperature,  200°F. 

t h e  r e a c t i n g  molecules a r e  a l lowed t o  d i f f u s e  deeper i n t o  t h e  p e l l e t s  

A t  t h e  lower  temperature,  

b e f o r e  becoming immobi l ized because t h e  p e l l e t s  a r e  somewhat l e s s  a c t i v e .  

S ince more o f  t h e  p e l l e t  i s  made a v a i l a b l e  f o r  r e a c t i o n ,  h i g h e r  load ings  

r e s u l t .  

s m a l l e r  t r a p  requi rements.  

t h e  two cases where 2.0 l b  mole/sq f t - h r  o f  feed c o n t a i n i n g  1.5 mole per -  

Consequently, lower  o p e r a t i n g  temperatures g e n e r a l l y  r e s u l t  i n  

For example, comparing F igures  15 and 16 f o r  

cen t  uranium h e x a f l u o r i d e  a r e  fed,  t r a p  h e i g h t s  o f  14.8 f e e t  f o r  t h e  

250°F case and 10.7 f e e t  f o r  t h e  200°F case a r e  obta ined.  

must be used i n  e x t r a p o l a t i n g  t h e  curves t o  h i g h e r  f l o w s .  

i n  o p e r a t i n g  a t  t h e  lower  temperature l i e s  i n  t h e  decreased a d s o r p t i o n  

r a t e ,  which i s  an i m p o r t a n t  c o n s i d e r a t i o n  a t  h i g h e r  f lows and f o r  i n -  

Again, c a u t i o n  

A disadvantage 

stances where low s u r f a c e  area p e l l e t s  a r e  used. 

E f f e c t  o f  P e l l e t  Sur face Area 

R e a l i z i n g  t h a t  t h e  s u r f a c e  area o f  t h e  r e a c t i n g  p e l l e t s  p l a y s  an 

i m p o r t a n t  r o l e  i n  t h e  d e f i n i t i o n  o f  t r a p  performance, a number o f  c a l c u -  

l a t i o n s  were made t o  determine t h e  e f f e c t  o f  v a r y i n g  p e l l e t  s u r f a c e  area 

on t r a p  h e i g h t .  The r e s u l t s  a r e  shown i n  F i g u r e  17. For  these 
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determinat ions ,  t h e  t r a p  temperature was main ta ined a t  250°F, t h e  pres-  

sure  was h e l d  a t  1.36 atm, and t h e  t o t a l  gas f l o w  r a t e  was s e t  a t  5.0 l b  

mole/sq f t - h r .  

Resu l ts  a r e  g i v e n  f o r  breakthrough t imes o f  4 t o  10 hours.  

The p o r o s i t y  o f  a l l  p e l l e t s  was assumed t o  be 0.45. 

Hjgh sur face  area p e l l e t s  a r e  more r e a c t i v e  than p e l l e t s  w i t h  l e s s  

For  t h e  more r e a c t i v e  p e l l e t s ,  as d iscussed i n  Chapter V ,  t h e  sur face .  

b u l k  o f  t h e  uranium h e x a f l u o r i d e  loads q u i c k l y  on t h e  p e r i p h e r y .  

l e n g t h  o f  t h e  a d s o r p t i o n  zone i n  such ins tances  i s  g e n e r a l l y  s h o r t ,  and 

t h e  r e q u i r e d  l e n g t h  o f  t m p  depends p r i m a r i l y  upon t h e  l o a d i n g  c a p a b i l i -  

t i e s  o f  each bed segment. 

rendered l e s s  a c t i v e  and, hence, t h e  l o a d i n g  p o t e n t i a l  increases because 

more o f  t h e  i n t e r n a l  p e l l e t  sur faces  become a v a i l a b l e  f o r  r e a c t i o n .  For  

t h e  l e s s  a c t i v e  p e l l e t s ,  t h e  k i n e t i c s  o f  t h e  process beg in  t o  p l a y  an 

i n c r e a s i n g l y  i m p o r t a n t  r o l e  i n  t r a p  s i z i n g  by o f f - s e t t i n g  t h e  ga ins  

o f f e r e d  by t h e  h i g h e r  load ing .  

r e t u r n s  i s  reached where t h e  loss of r e a c t i v i t y  comple te ly  overshadows 

t h e  l o a d i n g  gain,  and t r a p  requi rements beg in  t o  i n c r e a s e  w i t h  f u r t h e r  

decrease i n  p e l l e t  r e a c t i v i t y .  

The 

As s u r f a c e  area i s  lowered, t h e  p e l l e t s  a r e  

E v e n t u a l l y ,  a p o i n t  o f  d i m i n i s h i n g  

As demonstrated i n  F i g u r e  17, f o r  t h e  cases s tud ied ,  an apparent 

optimum s u r f a c e  area e x i s t s  around 0.6 t o  0.8 sq m/g. 

does, o f  course, depend upon t h e  mass f l o w  r a t e .  

The minimum p o i n t  

For  h i g h e r  f l o w s ,  t h e  

minimum should move toward i n c r e a s i n g  s u r f a c e  area. 

s p e c i f i c a t i o n s ,  o t h e r  f a c t o r s  such as t h e  number o f  c y c l e s  o f  u s e f u l  

p e l l e t  l i f e  must a l s o  be considered.  

a r e  r e l a t i v e l y  s o f t  i n  most cases and tend t o  crumble and powder as 

I n  s e t t i n g  p e l l e t  

React ive,  h i g h  s u r f a c e  area p e l l e t s  
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adsorption and desorption steps are carried o u t  [22]. 

surface degradation is  unavoidable, regardless of the physical condition 

of the pe l l e t s ,  because of the differences i n  c rys ta l l ine  density of 

sodium f luoride and the UF6*2NaF complex. Being formed i n  a s t a t e  of 

l a te ra l  compression, the newly formed complex exerts a tendency t o  buckle 

and slough from the underlying sodium f luoride.  

However, some 

Adsorber Operation 

In general pract ice ,  a se r ies  t r a p  arrangement is  recommended over 

a parallel  one fo r  adsorption cases where the length of the adsorption 

zone i s  large re la t ive  t o  the length of the pe l l e t  bed. 

breakthrough occurs, the pe l le t  bed would n o t  be saturated,  and  substan- 

t i a l  loading potential would be l o s t  i f  the t r a p  were removed from ser-  

vice. By valving i n  a fresh t rap  downstream of the pa r t i a l ly  spent one 

and allowing the f i r s t  t r a p  t o  remain i n  service unt i l  fu l ly  saturated,  

the t o t a l  l o a d i n g  of the pe l l e t  bed can, i n  such instances,  be substan- 

t i a l l y  increased. 

by operating traps i n  se r ies  when the a d s o r p t i o n  zone i s  smal l ,  because 

the bed would be essent ia l ly  saturated a t  breakthrough. 

p o i n t  of view, considering the time t o  change o u t  and regenerate the 

sodium fluoride t r aps ,  pumping and heating cos ts ,  and pe l le t  l i f e ,  proper 

operation of traps usually proves worthwhile. 

Here, when 

On the other h a n d ,  l i t t l e  advantage would be gained 

From an economic 

The length of the adsorption zone for the uranium hexafluoride- 

sodium fluoride system i s  a function of many parameters. 

the cases where the sodium f luoride t r a p  i s  operated a t  higher tempera- 

tures  and pressures, say 250°F and 1.34 atm, w i t h  pe l le t s  h a v i n g  surface 

Considering 
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areas o f  1.0 sq m/g o r  g r e a t e r ,  and where t h e  feed m a t e r i a l  con ta ins  a t  

l e a s t  0.5 mole percent  uranium and i s  s u p p l i e d  a t  r a t e s  l e s s  than 4.0 t o  

5.0 l b  mole/sq f t - h r ,  t h e  r e s u l t i n g  a d s o r p t i o n  zone becomes s h o r t ,  gen- 

e r a l l y  l e s s  than 3 f e e t .  

p e l l e t s  w i t h  s u r f a c e  areas l e s s  than 0.8 sq m/g, a r e  used w i t h  feed 

m a t e r i a l  c o n t a i n i n g  l e s s  than 1.0 mole percent  uranium a t  f l o w  r a t e s  

g r e a t e r  than 5.0 l b  mole/sq f t - h r ,  t h e  a d s o r p t i o n  zone becomes r e l a t i v e l y  

l a r g e ,  be ing  b e t t e r  than 5 t o  10 f e e t  long .  

For cases where l e s s  r e a c t i v e  p e l l e t s ,  e.g., 

Determinat ion  o f  t h e  Maximum P e l l e t  Loading 

The use o f  t h e  descr ibed model r e q u i r e s  a knowledge o f  t h e  maximum 

l o a d i n g  o f  uranium h e x a f l u o r i d e  on t h e  p a r t i c u l a r  sodium f l u o r i d e  p e l l e t s  

t o  be used. 

i n c r e a s i n g  s u r f a c e  area, temperature,  and pressure,  and increases  w i t h  

p e l l e t  p o r o s i t y .  The most accura te  method o f  o b t a i n i n g  t h e  l o a d i n g  va lue  

i s ,  o f  course, by a c t u a l  exper imenta t ion .  A mathematical  model developed 

by McNeese [17] t o  d e s c r i b e  t h e  a d s o r p t i o n  o f  uranium h e x a f l u o r i d e  by a 

s i n g l e  p e l l e t  o f  sodium f l u o r i d e  i s  c u r r e n t l y  a v a i l a b l e  t o  p r e d i c t  load-  

i n g  c a p a c i t i e s .  By knowing t h e  s u r f a c e  area, p o r o s i t y ,  and temperature,  

maximum l o a d i n g  va lues can be es t imated  f rom t h e  genera l  r e s u l t s  o f  

McNeese’s program g i v e n  i n  Appendix E. 

t h e  maximum p e l l e t  l o a d i n g  and t h e  e f f e c t i v e n e s s  o f  t h e  p e l l e t ,  as de- 

f i n e d  by t h e  i n t r o d u c t i o n  o f  an e f f e c t i v e n e s s  f a c t o r  [4,21 ,271, has been 

ob ta ined i n  t h e  course o f  t h i s  work, b u t  i s  n o t  presented here because 

o f  t h e  l a c k  o f  exper imenta l  da ta  needed t o  extend t h e  scope of t h e  c o r -  

r e l a t i o n  t o  a wider  range o f  p h y s i c a l  c o n d i t i o n s .  

As p r e v i o u s l y  mentioned, t h e  maximum l o a d i n g  decreases w i t h  

A p r e l i m i n a r y  c o r r e l a t i o n  between 



CHAPTER VI1 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

From t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n ,  t h e  f o l l o w i n g  conc lus ions  

a r e  made: 

1. A mathematical  model has been developed t h a t  can d e s c r i b e  t h e  

dynamic a d s o r p t i o n  o f  uranium h e x a f l u o r i d e  on f i x e d  beds o f  

sodium f l u o r i d e  f rom t h e  p h y s i c a l  parameters o f  t h e  system. 

2. The model can be used c o n f i d e n t l y  as a t o o l  f o r  t h e  des ign 

engineer  t o  size  sodium f l u o r i d e  t r a p s  f o r  use i n  uranium 

h e x a f l u o r i d e  c o l l e c t i o n  and p u r i f i c a t i o n .  

A p p l i c a t i o n  o f  t h e  model i s  1 i m i t e d  t o  i s o t h e r m a l ,  i s o b a r i c  

adsorber systems where t h e  uranium c o n c e n t r a t i o n  i n  t h e  gas 

phase i s  l i m i t e d  t o  l e s s  than 10 mole percent .  Opera t ing  

temperatures should be below 300°F w i t h  pressures around 1 

t o  2 atm. 

Adsorber behav io r  i s  s e n s i t i v e  enough t o  p r o p e r t i e s  o f  t h e  

sorbent  t h a t  even v a r i a t i o n s  n o r m a l l y  p resent  between batches 

o f  commercial p e l l e t s  may s i g n i f i c a n t l y  a1 t e r  performance. 

3. 

4. 

Recommendations 

For  f u r t h e r  expansion o f  t h i s  i n v e s t i g a t i o n ,  t h e  f o l l o w i n g  recom- 

mendations a r e  made: 
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1. Expand the applicability of the model to regions of lower 

operating pressures and higher temperatures. 

Repeat the analysis using a diluent gas other than nitrogen, 

i .e. , helium or argon. 

Adapt the model to other systems of interest [23] similar to 

the one under study, e.g., the volatile metal fluorides of 

niobium, tantalum, antimony, ruthenium, and titanium that 

form complexes with solid sorbents, such as sodium fluoride, 

magnesium fluoride, and aluminum fluoride. 

2. 

3. 

4. Develop the model of a multicomponent adsorption system, such 

as uranium hexafluoride and niobium pentafluoride on sodium 

fluoride, or uranium hexafluoride and titanium tetrafluoride 

on aluminum fluoride, in which the removal of volatile metal- 

lic impurities from uranium hexafluoride by selective adsorp- 

tion on solid sorbents has been proposed [ 2 3 ] .  
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APPENDIX A 

FORTRAN PROGRAM FOR SOLUTION OF THE MODEL EQUATIONS 

The d i g i t a l  computer program shown i n  Table I e f f e c t s  t h e  s o l u t i o n  

o f  t h e  mQdel equat ions d e s c r i b i n g  t h e  a d s o r p t i o n  o f  uranium h e x a f l u o r i d e  

on f i x e d  beds o f  sodium f l u o r i d e .  

t i o n  o f  t h e  f o l l o w i n g  i n f o r m a t i o n :  

Use o f  t h e  program r e q u i r e s  s p e c i f i c a -  

1. 

2. 

3. Bu lk  d e n s i t y  o f  sorbent  bed, l b / c u  ft, 

4. Time increment s i z e ,  h r ,  

5. Bed increment s i z e ,  f t, 

6. 

7. D e n s i t y  o f  d i l u e n t  gas a t  32°F and 1 atm, l b / c u  ft, 

8. 

P e l l e t  s u r f a c e  area, sq m/g, 

Breakthrough concent ra t ions ,  l b  o f  UF6/ lb  o f  i n e r t ,  

D e n s i t y  of sorbent  p e l l e t ,  l b / c u  ft, 

Bulk  d i f f u s i v i t y  o f  r e a c t i n g  component i n  d i l u e n t  gas a t  

temperature and pressure  o f  system, sq f t / h r ,  

9. Void f r a c t i o n  o f  p e l l e t s ,  

10. 

11. Mass f l o w  r a t e  o f  d i l u e n t  gas, l b / s q  f t - h r ,  

12. 

Mole f r a c t i o n  o f  r e a c t i n g  component i n  gaseous feed, 

Maximum l o a d i n g  o f  uranium h e x a f l u o r i d e  on sodium f l u o r i d e  

p e l l e t ,  l b  of UF6/ lb o f  NaF, 

13. Time i n t e r v a l  between p r i n t  ou ts ,  h r ,  

14. T o t a l  p ressure  o f  system, atm, 

15. Temperature o f  system, O R ,  
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TABLE I 

PROGRAM 

C DYNAMIC A D S 0 2 P T I O N  OF U R A N I U M  HEXAFLUQSIDE 
D I M E N S I O N  Q T B T ( 4 0 0 )  r Q < 4 0 0 ) r D C 4 0 0 ) r P S E U D 0 ~ 4 O O ~ ~ C B < 4 0 0 )  
3EAD (5 r200 1 LAST 
READ ( 5 r 2 0 1  )APELLTrBREAKrBUKDENIDELTMErDELZrDENSBR 8 

2 

o D E N S T Y r D 1 F F r E P . S  I O r F R A C T  r G N r Q M A X r P T  I M E r P T Q T  >TEMP * T E S T  0 

.TAAPA r WTPEL 
200 F O A M A T ( 1 5 )  
2 0 1  F O i l M A T ( S F 1 0 . 0 )  

C Q U A N T I T I E S  C H A H A C T E R I S T I C  OF UF6-N2-NAF SYSTEM 
B M B L W T = 2 8 * 0  
CM0LrJT ~ 3 5 2  00 
C 1 =32 060 
C 2  =3 1 4 7 0  e O /  < Q M A X *  ( 1 00 - E P S  I 0  
C 3 = 3 8 1 6  -0 
TEMPK=TEMP/l  0 8  
U F 6 M U = O  . 0 0 0 1 4 9 1  *TEMPK**0*933  
AN2MU=O .00348*TEMPK**l  e S / C T E M P K + 1 1 8  00) 
A MU =UF6 MU *FRACT + A N 2  MU * C 1 0 -FHACT 1 

ASPHREzO 000 1 SO 
H N = O  e00624 
C 4 = 2  00 

C Q U A N T I T I E S  C H A S A C T E 2 I S T I C  OF HARSHAW P E L L E T S  

C S E T  I N I T I A L  VALUES 
AMBLWT=FRACT*CMQLSJT+<l *O-FXACT)*SMOLWT 
AMWNEW =AM0LdT 

G NEW =G 
CB I N =  (G - G N  1 /G N 
CBC1 ) = C B I N  
B P O R O = l  .O-SUKDEN/DENSBd 
DENS T Y=DENST Y *4 9 1 7 IT EMP *PT 0T * C 1 e 0 -FHACT 1 
APELLT=APELLT*lOOOO 00 
SUMQzO 00 
H1 =D IFF *EPS I 0 * C 4  
H 2  =C 1 *DENS 08 *APE LLT *EXP ( -C3 /TEMP 1 
H 3 = < - C 2 / A P E L L T )  
HS =0 07 30 *TEMP /C MBLW T 
UF6FLB=GN*TeAPA*CB I N 

G=AMBLWT*GN/C<l *O-F2ACT)*BM0LWT) 

C OUTPUT P H Y S I C A L  P i 3 0 P E R I T I E S  OF SYSTEM F013 I D E N T I F I C A T I B N  
W 1 3 I T E < 6 , 2 0 3 )  
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TABLE I (Continued) 

203 F B R M A T C l H l r  
o 4 4 H U t l A N I U M  HEXAFLUBRIDE ADSBilPTIBN CALCULATIBNS) 
W f l I T E C 6 r 2 0 4  I A P E L L T  r E P S  1 0 r D E N S B R  r W T P E L r R N r  A S P H e E  r Q M A X r  

G t G N r C B  I N r B R E A K r F R A C T  r P T 0 T  rAM0LWT sBM0LWT r 
oBUKDENrTRAPArDELZr TEMPr LAST 

OD ENS T Y r D IFF r A MU r T E S T  D D  E LT ME 
WRITE (6,206 

Wi? I T E  ( 6 r 2 0 S ) C l r C 2  r C 3 r C 4  
204 F 0 R M A T C l H O r 2 2 H S U 2 F A C E  AREA SQ CMIGM r F 1 0 0 2 r 3 X r  

e l 6 H P E L L E T  P B H B S I T Y  r F 8 0 5 1 1 H  r 
o24HPELLET D E N S I T Y  LB/CU F T  r F 9 0 5 r 2 X r  
e l 7 H P E L L E T  WEIGHT L 6  r F 1 0 0 8 / 1 H  r l 7 H P E L L E T  i lADIUS F T  J 

o F l O  o 8 r 8 X r 2 9 H E F F E C T I V E  TilANSFEil AREA SQ F T  r F l O  0 8 1 1  H s 
02 1 HPELLET L0AD I NG LB/LB r F  1 0  5 r 4 X r  
o22HBULK D E N S I T Y  LB/CU F T  r F 1 0 0 2 / 1 H  0 

025HTi lAP C R B S S  S E C T I B N  SQ F T  r F 8 0 5 r 2 X r  
o22HINCREMENTAL HEIGHT F T  r F 8 0 4 1 1 H  r 
o24HTRAP TEMPERATURE R A N K I N E r F 6  0 1  rSXr 
o26HNUMBER OF BED INCREMENTS = r 1 4 / 1 H O )  

205 FBRMATClH r 4 H C l  = r E l S o S r 5 X r 4 H C 2  = r E l S o S / l H  rSHE/I I  = J  

206 FBRMATClHOr22HMASS FL0W LB/Hrl SQ F T  r F 1 0 * 4 r 3 X >  
* E l  5 * 5  r S X r 7 H 1  /TAU = , E l  5 0 5 / 1  HO 

0 2 3 H I N E R T  FL0W LB/HRSQ F T  r F 1 0 * 4 / 1 H  s 

02 S H I N L E T  CBNCENTRAT I B N  LB/LB r F 8  05 r2X1  
-18HBAEAK P B I N T  LB/LB r F 8 * 5 / 1 H  
* 2 0 H I N L E T  M0LE F R A C T I B N  r F 8 0 7 ~ 7 X r  
m19HTOTAL P R E S S U 2 E  ATM r F 6 . 3 1 1 H  * 
o21HAVG MQLECULAR WEIGHT r F 1 0 . 5 r 4 X ~  
0 2 3 H I N E R T  MBLECULAR WEIGHT r F 1 0 * 5 / 1 H  
o 2 3 H I N E R T  D E N S I T Y  LB/CU F T  r F 1 0 * 8 r 2 X 1  
o 2 O H D I F F U S I V I T Y  SQ F T / H R r F 1 0 * 8 / 1 H  0 

o 1 9 H V I S C B S I T Y  LB/FT Hi? r F l O o 8 r 6 X r 1 7 H L E N G T H  0F H U N  HR > 
o F 6 0 2 / 1 H  r l 8 H T I M E  INCiiEMENT HR r F 6 0 4 / 1 H O )  
T I  ME=O 00 
PH NT =PT I ME *O 0 99 995 

30 D 0  90 I N C H E Z l r L A S T  
I F < T I M E ) 3 2 > 3 2  043 

32 Q T B T < I N C R E ) = O o O  
36 Q C I N C r l E ) = O o O  

D < I  NCRE) =H1 
3 8 P SEUD 0 C I NCH E = H 2  
43 I F C C B  C I N C R E )  1 4 4 ~ 4 4 ~ 4 6  
44 CB C I N C t l E + l )  =O 00 

G O  T O  90 
I F C D C I Ncii E ) 1 7 6 r 7 6 r 4 8 4 6 
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TABLE I (Continued) 

48 SRBID=SQHT(PSEUDQ<INCRE)/D<INCRE)) 
50 PH I =12 57 1 *F? N*D C I NCRE 

A NR E =2 0 *ii N*G /AMU 
* (Si36 I D  *i? N/TA NH (SRB I D  *RN 1 - 1  0 1 

A NSC =AMU/ CD IFF  *DENST Y 
A J M A S S = < l  * O / ~ P 0 R Q ~ * < 0 0 0 1 0 + 0 * 8 6 3 / ~ ~ A N ~ E ~ * * O o 5 8 ~ 0 0 4 8 3 ~ ~  
P B = C B  (INCRE)*AM0LWT*PTBT/C ( 1  o O + C B < I N C R E )  *CMQLtlT) 
P G F = P T  OT -0 333 *PB 
D 0  55 I=1 ,4  
AKGA=A JMASS * G I  ( P G F  * (ANSC 1 **O 66 67 *ASPHRE 
C S = P B  *AKGA/<PHI  +HS*AKGA) 
PSN=CS*HS 
P B  I =PT @T -PB 
P S N I Z P T ~ T - P S N  

55 PGF=<PSNI -Pa I )  / A L Q G < P S N I  / P B I )  
60 T Z A T E = C S * P H I  

C T 0 T A L  RATE EQUALS PQUND PER P E L L E T  
i3 A T E =T ii AT E 1 d T P E L 

C RATE EQUALS P0UND PEi i  PBUND 
Q OLD =Q ( I NCHE) 
QC ORzQMAX-QQLD 
Q ( I NCRE 1 =QMAX-QCOR*EXP ( -2ATE*DELTME/QC0R ) 

D C I N C & E ) = H l * (  1 0 0 - Q  ( I NCAE 1 / O M A X )  
I F < D  ( I  NCfiE) ) 7 5 r 7 5  a 81 

7 5  D < I N C R E ) = O * O  
Q C I NCdE 1 =Q MAX 
E Z = Q T B T  ( I NCi3E) 
Q T  0 T  ( I NCR E 1 =Q ( I NCRE ) *BUKDEN*THAPA*DELZ 
SUMO =SU MQ +QT 0 T  ( I NC2E 1 -E Z 
PSELJD 0 ( I NCRE) =H2 *EXP C H 3  *QMAX 

76 C B ( I N C i i E + l  ) = C B < I N C R E )  
G 0  T 0  90 

81 P S E c l D 0  C I N C 2 E  =H2 *EXP CH3 *Q C I N C R E  1 ) 
C CALCULATIBN 0F CBNCENTRATL0N LEAVING INCREMENT 
C U S I N G  RUNGE-KUTTA 

82 QUA N=BU KDE N*PH I *AMBLklT *PT 0 T  *AKGA / ( ( GN*W T PE L ) * (C MQLW T * 
oPHI+O *730*AKGA*TEMP))  
Z 1 = ( -QUAN) *CB ( I NCR E 1 / ( 1 *O +Ct3 ( I NC3E 1 
Z2=( -QUAN)*(CB< INCi3E)  + Z 1 / 2  001  / <  1 *O+CB ( INCi lE  1 + Z 1 / 2  00 1 * *DELZ 

*DELZ 
Z 3 = < - Q U A N )  *<CB ( I NCRE)  + Z 2 / 2  00) / <  1 00 +CB ( I NCRE ) +22 /2 00 * 

*DELZ 
24=< -BUAN) *CCB ( I N C R E )  +23 1 / <  1 oO+CB ( INCRE ) + Z 3  ) *DELZ 
C B C I NCR E + 1 1 =C3 C I NCR E ) +O 1 6 6 6 7 * ( Z 1 +2 0 *Z2 +2 0 *Z3  + 24 ) 
A J 0 B D  0=G - G N  
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TABLE I (Continued) 

I F < C B ( I N C R E + l  ) I 8 3  ~ 8 4 ~ 8 4  
83 C B < I N C H E + l  )=O*O 
84 G = G  -RATE *B U KD E NSDE LZ 

I F  ( G N - G  ) 8 6  r 8 5  r85 
85 G = G N  

U F 6 F L B z O  00 
C B < I N C i ? E + l  )=O*O 
I Tr? AC K= I NCR E 
Q < I N C R E ) = Q B L D  + A J B B D Q f D E L T M E / < B U K D E N * D E L Z )  
PSEUDQC I N C R E )  =H2*EXP CH3SQ ( I  NCRE 1)  
QTQT ( I NCdE 1 =QT L1T < I NC3E 1 +A JQaD O*DELTME*TdAPA 
SU MQ =SU MQ +A J 0 B D  Q S D  E LT ME *TilAPA 

G 0  T 0  87  

E Z=QT 0T ( I NCi3 E ) 
QTBT ( I N C ~ E ) = Q < I N C ~ E ) * ~ U K D E N * T ~ A A A * D E L Z  
S U M Q = S U M Q + Q T 0 T < I N C R E )  -EZ 

A J0BD 0=0 00 

86 UF6FLB=iJF6FLB-RATEfBUKDEN*T2APA*DELZ 

87 AMBLWT =<GN*THAPA+UF6FLB)/<GN*TRAPA/BMQLWT + U F 6 F L 0 /  

90 CBNTINUE 
*C MQLNT 1 

C CBNTdOL riETURNS T 0  STATEMENT N 0  30 
T I ME =T I ME +D ELT ME 
G=GNEW 
UF6FLB=GNSTRAPA*CBIN 
AMBLW’T =AMW NEJ 

92 I F < C B < L A S T )  *GE*BREAK)GB T 0  1 2 0  
94 I F ( T I M E * G E * T E S T ) G Q  T 0  1 2 2  
96 IF<TIME*LE*PRNT)GB T 0  30 

Pi? NT =Pd NT +PT I ME 
W 2  I TE <6 c 2 1 0 )I I ME a CB ( LAST > a S U M Q  3 ITi3 AC K 

210 F B i ? M A T < l H 0 ~ 1 5 H T I M E  I N  HBURS = r F 6 * 2 / 1 H  a 

0 1  SHCBNCENTHAT I Q N  =*E 1 5  5 1 5 x 1  I 4 H T B T A L  HQLDUP = * E l  5 05, 
oSXr7HTRACK =,I41 

98 G 0  T 0  30 
1 2 0  

1 2 2  

4d I T E  (6.2 1 4 ) T  I ME r CB ( LAST 1 8 SUMQ 
G 0  T 0  2 
J R I T E  ( 6 ~ 2 2 0  )T  I M E a C B  CLAST) .SUMQ 
G O  T O  2 

2 1 4  Fa3 MAT ( 1 HO a 1 8HB2EAKTHRBUGH AFTEi? s F6 02 r 1 X J 5H1.0UX.S I 

02 8HBR EAKTHR 0UGH C 0NCENTilAT I ON = r E  1 5 5 1 1  H 
020HSBrli3ENT BED HBLDUP = c E 1 5 * S )  

D 

D 
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TABLE I (Cont inued)  

220 F0riMAT<lHOr32HBiiEAKTHROUGH D I D  N 0 T  OCCUR A F T E d r F 6 . 2 9  
* 2 X r S H H O U i i S / l H  r 2 1 H F I N A L  C B N C E N T R A T I Q N  = ~ E 1 5 * 5 / 1 H  r 
* 2 0 H S B i i B E N T  B E D  H0LDUP = r E 1 5 * 5 )  

E ND 



64 

16.  Length of run, hr, 

17.  Trap cross sectional area,  sq f t ,  and 

18. Average weight of single pe l l e t ,  lb.  

The program i s  divided in to  appropriately labeled sections which 

a re ,  fo r  the most p a r t ,  straightforward. 

use nomenclature i n  the program t h a t  follows very closely t h a t  used in 

the tex t  o f  t h i s  thes i s .  

An attempt has been made t o  



APPENDIX B 

DIFFUSION COEFFICIENTS I N  BINARY GAS SYSTEMS 

Reid and Sherwood [20] recommend t h a t  ,he b u l k  d i f f u s i o n  c o e f f i -  

c i e n t  D12 f o r  a b i n a r y  gas m i x t u r e  a t  pressures l e s s  than 15 atm be 

e s t  i mated by 

- 
D12 - 

0.001858 T3/' [(M, + M2)/M,M2]'/* 

"72 'D 

where D12 = d i f f u s i o n  c o e f f i c i e n t  f o r  b i n a r y  system, s q  cm/sec, 

T = temperature,  O K ,  

M1,M2 = mo lecu la r  weights  o f  components 1 and 2, 

P = t o t a l  pressure,  atm, 
I 
2 1  2 

f o r  components 1 and 2, 8,  and 

o12 = -(a + a ) ,  al and a2 a r e  Lennard-Jones f o r c e  cons tan ts  

RD = c o l l i s i o n  i n t e g r a l  f rom a v a i l a b l e  t a b u l a t i o n s  [ZO].  

The f o r c e  cons tan ts  f o r  uranium h e x a f l u o r i d e ,  as g i v e n  by DeMarcus 

and Starnes [8] a re :  

a = 5.2232 8 ,  and 

E/k = 439°K. 

For n i t r o g e n ,  Reid and Sherwood [ZO] g i v e  t h e  va lues:  

0 = 3.681 8 ,  and 

&/k = 91.5"K. 

These va lues were used t o  determine t h e  d i f f u s i v i t y  o f  uranium 

h e x a f l u o r i d e  i n  n i t r o g e n  a t  1 atm as shown i n  Tab le  11. 

65 



Q 66 

TABLE I 1  

D I F F U S I V I T Y  OF URANIUM HEXAFLUORIDE I N  NITROGEN 
AT ATMOSPHERIC PRESSURE 

Temperature D12s Temperature , D12' 
"F  sq f t / h r  "F sq f t / h r  

40 0.265 180 0.423 

60 0.286 200 0.449 

80 

100 

120 

140 

0.308 

0.335 

0.353 

0.376 

220 

240 

260 

280 

0.478 

0.504 

0.531 

0.558 

160 0.400 300 0.585 



APPENDIX C 

VISCOSITY OF BINARY GAS MIXTURES 

To estimate the viscosity of a binary mixture of gases at low 

pressure , Reid and Sherwood [ZO] recommend: 

1-11 1-11 

where pmix = viscosity of mixture, 

vl ,p2 = viscosity of pure components, 

y1,y2 = mole fraction of component 1 and 2, 

A 

The viscosity of gaseous uranium hexafluoride, reported by 

DeWitt [9], is expressed as: 

0.933 1-1 = 0.6163 T 

where T is the temperature in degrees Kelvin, and 1-1 is expressed in 

micropoise. The correlation was obtained from experimental data taken 

between 40 and 200°C. 

The viscosity of nitrogen is given [19] in the temperature range 

of 15 to 100°C as 

T3/2 
1-1 = 0.00144 

+ 118 , 

where T is the temperature in degrees Kelvin and 1-1 i s  expressed in 

centipoise. 
67 



63 68 

For the uranium hexafluoride-nitrogen system, within a reported 

temperature range of 29 t o  100°C and uranium concentration of 0.57 t o  

8.7 mole percent, McNeese [17] found t h a t  the viscosity could be repre- 

sented t o  within less  t h a n  one percent o f  values calculated from the 

recommended equation by the ideal re la t ion 

"mix = " IYI  + P 2  (1  - Y 1 )  ' 

The ideal re la t ion was used in t h i s  work t o  calculate  the viscos- 

i t y  of the uranium hexafluoride-nitrogen mixture. 



APPENDIX D 

ACCURACY OF THE NUMERICAL SOLUTION 
5 

Numerical methods a r e  o f t e n  used by t h e  engineer  t o  s o l v e  problems 

which a r e  o therw ise  t o o  compl icated f o r  a n a l y t i c a l  s o l u t i o n s .  The accu- 

r a c y  o f  t h e  a n a l y s i s ,  o f  course, depends upon t h e  number o f  increments 

employed t o  e f f e c t  t h e  s o l u t i o n .  Inc rease i n  accuracy i s  g e n e r a l l y  a t  

t h e  expense o f  increased computer t ime.  

convergence o r  accuracy o f  t h e  f i n a l  r e s u l t  can o r d i n a r i l y  be ob ta ined 

by comparing c a l c u l a t i o n s  made u s i n g  incrementa l  s teps o f  v a r y i n g  s i z e  

An e s t i m a t e  o f  t h e  degree o f  

D 8 1 .  

The o p e r a t i n g  parameters o f  t h e  f o u r t h  r u n  presented i n  Chapter V 

were a r b i t r a r i l y  s e l e c t e d  as t y p i c a l  f o r  purposes o f  demonstrat ing t h e  

convergence c h a r a c t e r i s t i c s  o f  t h e  mathematical  model. For t h i s  r u n ,  a 

t o t a l  gas f l o w  r a t e  o f  5.56 l b  mole/sq f t - h r  and gas c o n c e n t r a t i o n s  o f  

2.80 mole percent  uranium h e x a f l u o r i d e  were mainta ined.  

t r a p  was charged t o  a h e i g h t  o f  4 f e e t  w i t h  24.4 pounds o f  sodium 

f l u o r i d e  and was operated a t  a temperature of 250°F. 

r e p r e s e n t i n g  t h e  t o t a l  bed l o a d i n g  a f t e r  one hour o f  o p e r a t i o n  f o r  t i m e  

increments up t o  0.10 hour  and bed increments f rom 0.02 t o  0.07 f e e t  was 

generated and i s  presented i n  F i g u r e  18. The curves t e n d  t o  converge t o  

4.84 pounds o f  uranium h e x a f l u o r i d e ,  a va lue  which i s  i d e n t i c a l  t o  t h e  

bed l o a d i n g  c a l c u l a t e d  f rom an o v e r a l l  m a t e r i a l  balance. Convenient ly ,  

t h e  m a t e r i a l  balance check can be used t o  e s t i m a t e  t h e  degree o f  

The sorbent  

A f a m i l y  o f  curves 
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convergence f o r  each r u n .  The comparison, o f  course, i s  n o t  meaningful  

a f t e r  breakthrough. 

For  t h e  t e s t  case, t h e  model s o l u t i o n  appeared t o  become u n s t a b l e  

w i t h  bed increments l a r g e r  than around 0.09 f o o t ,  producing curves which 

v a r i e d  i r r e g u l a r l y  f rom t h e  genera l  shape o f  those c a l c u l a t e d  f o r  s m a l l e r  

bed increments.  On t h e  o t h e r  hand, runs w i t h  bed increments s m a l l e r  than 

0.02 f o o t  were found t o  r e q u i r e  amounts o f  computer t i m e  considered ex- 

cess ive  r e l a t i v e  t o  t h e  inc rease i n  accuracy ob ta ined.  All c a l c u l a t i o n s  

f o r  t h i s  work were performed u s i n g  t ime increments o f  0.01 hour  and bed 

increments o f  0.05 f o o t .  

found t o  be w i t h i n  97 t o  98 percent  o f  t h e i r  t r u e  values. 

I n  genera l ,  t h e  c a l c u l a t e d  bed load ings  were 



APPENDIX E 

ESTIMATION OF MAXIMUM PELLET LOADING 

The general  r e s u l t s  o f  t h e  s tudy  by McNeese [17,26] a r e  presented 

i n  F igures  19 and 20. 

nium h e x a f l u o r i d e  on p e l l e t e d  sodium f l u o r i d e  can be est imated.  For  

more e x a c t  r e s u l t s ,  i f  exper imenta l  d a t a  a r e  n o t  a v a i l a b l e ,  t h e  complete 

work should be consul ted.  

From these r e s u l t s ,  t h e  maximum l o a d i n g  o f  u ra-  

F i g u r e  19 shows t h e  dependence o f  p e l l e t  l o a d i n g  upon t h e  adsorp- 

t i o n  temperature and p e l l e t  s u r f a c e  area. 

o p e r a t i n g  pressure o f  1 atm. 

o f  s tandard 1 /8 - inch  r i g h t  c i r c u l a r  c y l i n d e r s  as manufactured by t h e  

Harshaw Chemical Company and t o  have a v o i d  f r a c t i o n  o f  0.45. 

F i g u r e  20 shows t h e  dependence o f  p e l l e t  l o a d i n g  upon t h e  adsorp- 

t i o n  temperature and p e l l e t  v o i d  f r a c t i o n .  Again, an o p e r a t i n g  pressure  

o f  1 atm and standard Harshaw p e l l e t s  a r e  assumed. The c a l c u l a t i o n s  a r e  

based upon p e l l e t s  hav ing  a s u r f a c e  area o f  0.85 sq m/g. 

The r e s u l t s  a r e  based on an 

The p e l l e t s  were assumed t o  be i n  t h e  form 
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PREDICTED MAXIMUM PELLET LOADING AS A FUNCTION OF 
TEMPERATURE AND PELLET VOID FRACTION 
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a 

cA 

‘Ab 

‘As 

c2 

D~~ 

’eff 

’eff 

D K  

- 

P 
D 

E 

G 

Mm 

Effective mass t ransfer  area,  sq f t /pe l  l e t  , 
Concentration of adsorbing component within the pe l l e t ,  

lb  of A/cu f t ,  

Concentration of component A i n  the b u l k  gas stream, lb  of A / l b  

of i n e r t ,  

Concentration of adsorbing component on the surface of the p e l l e t ,  

l b  of A/cu f t ,  

Constant of reaction r a t e  equation, cu ft / lb-hr-(area/mass),  

Constant of reaction r a t e  equation, area/mass, 

Bulk d i f fus iv i ty  of component A i n  B ,  sq f t /hr ,  

Effective d i f fus iv i ty  of component A i n  porous media, sq f t /hr ,  

Average effect ive d i f fus iv i ty  of component A i n  p e l l e t ,  sq f t /hr ,  

Knudsen d i f fus iv i ty ,  sq f t /hr ,  

Effective pe l l e t  diameter, f t ,  

Activation energy for diffusion,  BtuLl b-mole, 

Mass flow r a t e  of gas mixture, lb/hr-sq f t ,  

Mass flow ra t e  of i ne r t  gas , 1 b/hr-sq f t  , 

Mass t ransfer  f ac to r ,  dimensionless, 

Molar mass t ransfer  coef f ic ien t ,  lb-mole/hr-sq f t -a tm,  

Pseudo f i r s t  order reaction r a t e  constant,  l / h r ,  

Average pseudo f i r s t  order reaction r a t e  constant for  en t i r e  

p e l l e t ,  l /hr,  

Mean molecular weight, lb/lb-mole, 
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Molar f lux of component A ,  lb-mole/hr-sq f t ,  

Reynolds number, D G/p, dimensionless, 
P 

Modified Reynolds number, D G / p ( l - ~ ~ )  , dimensionless , 

Log-mean par t ia l  pressure of iner t  component i n  "film" , atm, 

Pressure, atm, 

Loading  of component A on sorbent, lb  of A/lb of sorbent, 

Maximum point loading of component A on sorbent, l b  of A/cu f t ,  

Maximum average loading of component A on sorbent, lb  of A/lb of 

sorbent , 

Amount  of uranium hexafluoride complexed a t  a given point r within 

the p e l l e t ,  lb/cu f t ,  

Ideal gas constant, Btu/lb-mole-OR, 

Radius of p e l l e t ,  f t ,  

Total r a t e  of reaction of component A with p e l l e t ,  lb  of A/lb of 

P 

sorbent-hr, 

Pore radius,  f t ,  

Surface area o f  pe l l e t ,  area/mass, 

Temperature, O R ,  

Time , hr , 

Mass flow of adsorb ing  component A t o  p e l l e t ,  

Average wei g h t  of sorbent pel 1 e t  , 1 b , 

Axial distance of penetration in to  the bed, f t  

b/hr-pel1 e t  , 

Porosi t y  of pel 1 e t  , void vol ume/total vol ume , dimensi on1 ess , 
Viscosity of gas mixture , 1 b/f t -hr  , 

Density of gas mixture, lb/cu f t ,  



i )  

, 

77 

Bulk density of sorbent bed, lb/cu ft, 

Density of sodium fluoride pellet, lb/cu ft, 
PB 

'NaF 
T Tortuosity factor, dimensionless. 
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