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A B S T R A C T  

Two thennobalances have been cons t ruc ted  which make use of a n  improved 
r e a c t o r  design f o r  t h e  s tudy  of ges - so l id  r e a c t i o n s  as they  app ly  t o  t h e  
conversion of uranium oxide m a t e r i e l s  t o  uranium t e t r a f l u o r i d e .  Since 
temperature  has been recognized as one of t he  most important ra te-governing 
f a c t o r s  f o r  both of t he  r e a c t i o n s  involved i n  t h i s  t ransformat ion ,  t h e  
r e a c t o r  design provides  f o r  na in t2 in ing  t h e  sample temperature  cons t an t  t o  
_t 1 .O"C . a t  any s e l e c t e d  temperature over t he  range 100" t o  600°C. Rate- 
c o n t r o l l i n g  v a r i a b l e s  such as r e a c t i o n  temperatures ,  gas f10i.1 r a t e s ,  p re-  
hea t ing  time and bed d q t h  have been s tud ied  i n  order  t o  e s t a b l i s h  t h e  
ranges over which small v a r i a t i o n s  i n  t h e s e  f a c t o r s  can be ignored. 

* Deceased. 
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Mumerous i n v e s t i g a t o r s  have used some type  of theniobalance  i n  t h e i r  
search  f o r  c o r r e l e t i o n s  between i n t . r i n s i c  phys i ca l  d i f f e r e n c e s  of  va r ious  
uranium oxide p repa ra t ions  and t h e i r  chemicel r e a c t i o n s  with gases .  
l a c k  of cons is tency  zmong t h e  fmderLenta1 date so obta ined  hes r e t a rded  
gene ra l  p rogress  i n  t h i s  d i r e c t i o n ,  Comparative eva lua t ions  of similar 
p repa ra t ions  i n  diffe-rent  l a b o r e t o r i e s  have not  always r e s u l t e d  i n  
complete agreement. While sone of t h e s e  d i f f e r e n c e s  ma>- 3e due t o  real  
bu t  un iden t i f i ed  d i f f e r e n c e s  i n  t h e  xiteriels:  occas iona l ly  i.re have been 
unable t o  agree  with o t h e r  i n v e s t i g e t o r s  upon t h e  observed beheirior of 
d u p l i c a t e  samples of  t h e  seme m e t e r i a l .  

A 

The gas - so l id  r e a c t i o n s  represented  5y t h e  equat ions ,  

are of p a r t i c u l a r  i n t e r e s t ,  s i n c e  t h e  urani-m- t e t r a f l u o r i d e  product i s  
an i n p o r t a n t  in te rmedia te  il? t h e  product ion of both  uranium meta l  and 
uranium hexaf luor ide .  Th i s  i s  e s p e c i a l l y t r u e  i n  t h e  l a t t e r  case  i n  
view of  t h e  suggested use of themobalance  d a t a  as a basis of accep tab le  
reduct ion  ra te  p e r f o n z n c e  (24) and t h e  i n t e r e s t  shown i n  the p o t e n t i a l  
u t i l i t y  of themobalance  hydro f luo r ina t ion  rete d a t a  in detemLi:.ling t h e  
most favorable  process  condi t ions  f o r  e f f i c i e n t  product ion of feed f o r  
t h e  gaseous d i f f u s i o n  p l a n t s .  

Since temperature  i s  appa ren t ly  t h e  most iEpo:r-tant s i n g l e  ra te -de termining  
f a c t o r  i n  both of t h e s e  r e a c t i o n s ,  accu re t e  c o n t r o l  and measurenent of 
t h i s  variable could e l i m i n a t e  much of t h e  a i screpancy  observed among 
thermogravimetr ic  rate da ta .  The des ign  of t h e  equipment used by 
P e t r e t i c  and Bertram (22) incorpora ted  feat-ues f o r  accu ra t e  measure- 
ment of t h e  sample temperature. However, the same des ign  l i m i t e d  usage 
t o  p e l l e t i z e d  samples, whereas most of t h e  pot-produced feed  materials 
were i n  powder form. 

The thei-mobalance r e a c t o r  des ign  descr ibed  i n  t h i s  r e p o r t  w a s  developed 
t o  s tudy  and the reby  e l i rx ina te  or a t  least  minimize t h e  e f f e c t s  of 
p o t e n t i a l l y  c r i t i c a l  o p e r a t i o n a l  variables i n  a ra te  s tudy  of t h e  reduct ion  
and hydro f luo r ina t ion  of uranium oxides .  
e i t h e r  powdered or p e l l e t i z e d  sarllples could be used and p r e c i s e  c o n t r o l  
of  temperature  i n  t h e  r e a c t i o n  zone was incorpora ted  wi th  accu ra t e  temper- 
ature masurement .  

P rov i s ions  were made so t h a t  

Using p r e c i s e  c o n t r o l  OT t h e  tempereture ,  t h e  e f f e c t s  of (a )  temperature ,  
( b )  hydrogen flow rete, ( c )  sample prehea t ing  t i m e ,  and ( a )  sample bed 
depth upon t h e  reduct ion  rate of iLraniui t r i o x i d e  i n  hydrogen were 
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s tud ied  i n  de ta i l .  Rate e f f e c t s  a t t r i b u t e d  t o  t h e s e  o p e r a t i o n a l  variables 
have been c i t e d  most f r e q u e n t l y  by expe r imen ta l i s t s  i n v e s t i g a t i n g  t h e  
reduct ion  of uranium t r i o x i d e .  
rate has  received a t t e n t i o n  i n  t h e  work of Kewish and F r y  ( 5 ) ;  Kuhlman (8) ;  
Moore and Maness (19); P e t r e t i c ,  Lerner,  and Beaumont (21) ;  and i n  t h i s  
l a b o r a t o r y  (20) .  Lasovick and Walsh (13) and P e t r e t i c  and B e r t r a m  (23)  
have r epor t ed  t h a t  t h e  reduct ion  rate i s  inf luenced  by hydrogen f low 
rate. Preheat  t i m e ,  v a r i o u s l y  descr ibed  as thermal  d i s s o c i a t i o n  or 
dehydrat ion of a hydrated o x i d e ,  has  been t reated as an  ope ra t iona l  
variable by Goldbeck and Rodden (4) ;  Kuhlman (12);  LeGassie, Roszkowski, 
B e r t r a m ,  and P e t r e t i c  (14); and L i s t e r  (15). Bed depth  has  been a s soc i -  
ated wi th  sample temperature  as a ra te -de termining  f a c t o r  dur ing  reduct ion  
by P e t r e t i c  and B e r t r a m  (23)  and by Swinehart (25) .  

The e f f e c t  of temperature  upon the reduct ion  

By t h e  same c r i t e r i a  (a)  reduct ion  temperature ,  ( b )  hydrof luor ina t ion  
temperature ,  ( e )  hydrogen f l u o r i d e  f low rate and ( a )  sample bed depth 
were s e l e c t e d  as o p e r a t i o n a l  variables i n  t h e  hydro f luo r ina t ion  of uranium 
dioxide  worthy of more d e t a i l e d  s tudy.  B e r t r a m  ( 2 ) ;  DeMarco, Bonfer and 
Abbott ( 3 ) ;  Kewish and Fry ( 5 ) ;  Kuhlman (10); and Swinehart (25) have 
shown that t h e  temperature  employed i n  t h e  reduct ion  of uranium t r i o x i d e  
may a f f e c t  the  subsequent hydrof luor ina t ion  rate of t he  r e s u l t i n g  uranium 
dioxide.  The temperature  a t  which t h e  hydro f luo r ina t ion  i s  performed 
has a l s o  been shown t o  have a r a t e - c o n t r o l l i n g  e f f e c t  by Kewish and 
F r y  ( 5 ) ;  Kl inge l  (6 ) ;  Kuhlman (7 ) ;  Ludwig (16);  Vois ine t  (27 ) ;  and i n  
t h i s  l abora to ry .  The dependence of t h e  hydro f luo r ina t ion  rate of uranium 
dioxide  upon the r e a c t a n t  gas supply has  been studied by Ludwig (17) 
from t h e  viewpoint of hydrogen f l u o r i d e  f low rate. I n  t h e  deeper  beds 
of uranium dioxide  t h e  dependence has  been observed i n  terms of complete- 
ness  of r e a c t i o n  or e x t e n t  of bed temperature  e l e v a t i o n  by Bard, Fry,  
and Kewish (1); Kewish and F r y  ( 5 ) ;  Kl inge l  (6 ) ;  Lasovick and Walsh (13); 
Ludwig ( 1 6 ~ 7 ) ;  and P e t r e t i c  and Bertram ( 2 3 ) .  

I n  t h i s  r e p o r t ,  fo l lowing  t h e  d e s c r i p t i o n  of t h e  appara tus  and t h e  
procedures  employed i n  i t s  opera t ion ,  t h e  results of s t u d i e s  involv ing  
each of t h e  p o t e n t i a l l y  important  variables mentioned above are presented  
and d iscussed  i n  an e f f o r t  t o  d i f f e r e n t i a t e  between inhe ren t  d i f f e r e n c e s  
i n  oxide r e a c t i v i t y  and those  incur red  as a result of equipment l i m i t a t i o n s .  

SUMMARY 

An improved thermobalance r e a c t o r  has  been designed and t e s t e d .  With t h i s  
r e a c t o r  t he  temperature  a t  t h e  sample l o c a t i o n  may be con t ro l l ed  t o  wi th in  
? 1.O"C. of a cons tan t  predetermined va lue  i n  t h e  ope ra t ing  range of 100" 
t o  6 0 0 " ~ .  
r a d i a t i o n  shield and the s h i e l d  axis a t  t h e  sample l o c a t i o n  d id  no t  exceed 
5 ° C .  and a cons tan t  temperature  w a s  maintained a long  t h e  axis of t h e  
r a d i a t i o n  s h i e l d  f o r  5 inches  on e i t h e r  s i d e  of t h e  sample l o c a t i o n .  The 
temperature  of a d u p l i c a t e  r e a c t a n t  sample and t h e  temperature  of t h e  
gas  i n  t h e  immediate v i c i n i t y  of the r e a c t a n t  sample be ing  weighed were 
measured a c c u r a t e l y  wi th  bare thermocouples, 

The temperature  d i f f e r e n t i a l  between t h e  i n n e r  w a l l  o f  t h e  
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The performance G? t h e  themobs lance  a:id t h e  e f f e c t  of i i a r i a t i o n s  i n  
temperature ,  reagent  f101.i rates,  end  clean-u.p procedures  u.pon t h i s  
per forzance  were e v a l m t e d  us ing  2 pot  -ca lc ined  urani im t r i o x i d e  and 
uranium dioxide  prodirced from tlnjs t r i o x i d e ,  

n i h e  hydrogen reduct ion  ra te  of Lreni-m t r i o x i d e  va r i ed  by a f a c t o r  of 20 
over  the temperature  range of 480" t o  700°C. 
a t  20" i n t e r v a l s ,  t h e  temperati-re dependefice s ~ ~ s  g r e a t e s t  i n  t h e  lower 
p a r t  of t h e  rar?ge. Chai>ge of t h e  hydi-oger! flm rate from 800 t o  3000 
s t d .  cc./min. increesed  t h e  ra te  of reduct ion  oI" u r a n i w  t r i o x i d e .  A 
f i xed  gas  flow vould e l imina te  t h i s  v a r i a b l e  l o r  most rate coLQparison 
s t u d i e s ;  t h e  lz.rger gas flo1.i should be enployed f o r  s t u d i e s  of r e a c t i o n  
k i n e t i c s  so t h a t  l i c i i t a t i o n  of t h e  r e a c t i o n  rate by hydroger! aTieila- 

b i l i t y  o r  water i/apor removal i s  minixized.  ? rehea t ing  t h e  pot -ca lc ined  
ura5ium t r i o x i d e  a t  t h e  reduct ion  3empere t - t e  i n  an i n e r t  gzs aim-osphere 
f o r  pe r iods  of '5 t o  60 minutes p r i o r  t o  r e d w t i o n  produced r e l a t i v e l y  
small rate v a r i a t i o n s .  Adoption of a s tandare  preheet.  t ime of 10 mirates 
completely e l imina ted  this f a c t o r  ;is an  o p e r a t i o n a l  -j.;ariable. Ped depth  
exe r t ed  cons idera5le  in f luence  u.pon t.he reduct ion  rate , p r i z a r i l y  as a 
r e s u l t  of poor d i s s i p a t i o n  of the hea t  of r e a c t i o n  fron t h e  deeper  beds. 
Inc reas ing  bed 6ep t ix  from 0.5 t o  4.0 rm. res i i l t ed  i n  observed i n c r e a s e s  
i n  bed temperature  2s l a r g e  as l r?o"C .  Corresponding times req.ured f o r  
reduct ion  were decreased by a f a c t o r  or' t h r e e  as a conseqaence of t h e  
h ighe r  r e a c t i o n  t enpe ra tu re .  
a s i n g l e  l a y e r  of povde:- pa l r t ic les  elirninzted p r a c t i c a l l y  a l l  of t h e  bed 
depth  e f f e c t .  

itken t h e  rates ve re  measured 

Limitirig 3ed depth t o  0.5 mi. oi' e s s e n t i a l l y  

The hydrof luor ina t ion  ra te  of u r a n i m  dioxide  i s  inf luenced  by t h e  
r educ t ion  temperature  employed i n  i t s  f o i m t i o n .  Redu-ction cond i t ions  
optimized t o  give a minimum t ine  f o r  hydro f luo r ina t ion  of one oxide are 
not  n e c e s s a r i l y  optimim f o r  o t h e r  oxide p repa ra t ions .  The ra te  of 
hydro f luo r ina t ion  of a u-rar!im dioxide  powder i s  p a r t i c u l a r l y  s e n s i t i v e  
t o  r e a c t i o n  temperature  v a r i a t i o n  i n  t h e  range  of 500" t o  600°C. 
e f f e c t i v e  r e a c t o r  temperatare  con t ro l s  of t h i s  improved r e a c t o r  design 
reduced the  mdesirable e f f e c t s  of hydrofluorination temperature v a r i a t i o n  
t o  a minimum. 
s t d .  cc. /min. for a 0.5-gram oxide sample geve e s s e n t i a l l y  d u p l i c a t e  
hydro f luo r ina t ion  ra tes  f o r  a p a r t i c u l a r  oxide.  
w a s  made s tandard  procedure so that minor f l u c t u a t i o n s  would not  exceed 
t h e  l i m i t s  of t h e  range i n v e s t i g a t e d .  DiTfusion was a rate l i m i t i n g  
f a c t o r  i n  t h e  hydrof luor ina t ion  of deeper  manium dioxide  beds.  The 
in f luence  or" t h i s  v a r i a b l e  was maintained a t  an  accep tab ly  low l e v e l  53' 
use of t h e  m i n i m u  bed deptn  c o n s i s t e n t  v i t h  accu ra t e  observa t ion  of 
weight change, naniely a bed 0. '5 m. i n  depth.  

The 

Hydrogen f l u o r i d e  f lox  rates i n  t h e  range 03 2'50 t o  1000 

A f low of 500 s t d .  cc./min. 

Apparatus 

Preheater-Reactor .  
as i l l u s t r a t e d  ir! fi,o;ure 1 because of t h e  v-alving problems and t h e  thermal  

The r e a c t o r  and p rehea te r  were b u i l t  as a s i n g l e  unit 
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l o s s e s  t h a t  irovld be encountered wi th  sepa ra t e  p rehea te r s  f o r  each gas a t  
t h e  e l eva ted  ope ra t ing  temperstu-res. 
baffles decreased t h e  volw-e and inproved t h e  surface-to-volume r a t i o  
i n  t h e  p rehea te r .  
from b i n c h ,  hea7:;i' wall Monel tEbing.  The mi t  vas d iv ided  i n t o  f i v e  
independent ly  heated o u t e r  zones spaced as shom by t h e  l o c a t i o n  of  the 
hea t ing  elements  i n  figcz-e 1. Ten semicy l ind r i ca l ,  ce rav ic  embedded, 
35-ohm, 
t h e  p r e h e a t e r - r e a c t o r  u n i t  
A p a i r  of l - l / b - i n c h  comnercial  tube furnace  hea t ing  elements  placed i n s i d e  
t h e  i n n e r  w a l l  of t h e  b a f f l e d  p rehea te r  served t o  o f f s e t  the g r e a t e r  
hea t  l o s s e s  from t h e  p rehea te r  zone. 
which are descr ibed  Iz te r ,  gave a i_L'i.ifo:m- r e a c t o r  temperature  over  an 
ax ia l  d i s t a n c e  of about  t e n  inches  a t  t h e  c e n t e r  of which t h e  sample 
tms suspended. The r a d i a t i o n  s h i e l d  used i n  conjunct ion  wi th  t h e  e x t e r n a l  
h e a t e r s  and t h e  c o n i c e l  gas  d i s t r i b u t o r  a l lofred t h e  temperature  d i f f e r -  
e n t i a l  between t h e  r a d i a t i o n  s h i e l d  w a l l  and t h e  a x i s  a t  t h e  sample 
l o c a t i o n  t o  be zAFntained v i t h i n  2 rar-ge of 5 ° C .  
t h e  sample tenpe-ratrze remained cons tan t  T.:i-thin k 1" C. 

Use of an annu la r  p rehea te r  w i th  

The o u t e r  w a l l  of t h e  c y l i n d r i c a l  u n i t  m s  f a b r i c a t e d  

r e s i s t a n c e  hea t ing  e lenents%,  zade t o  t h e  s p e c i f i c a t i o n s  of 
were a t t ached  2 i r e c t l y  t o  t h e  r e a c t o r  wall. 

Controls  f o r  t h e s e  hea t ing  zones, 

Under t h e s e  cond i t ions  

Since it was i n p r a c t i c a l  t o  measuze t h e  temperature  of t h e  sazple  be ing  
weighed, p rov i s ion  w s  Fade for suppor t ing  a d u p l i c a t e  sample and boa t  
i n  a n  equ iva len t  geometr ica l  p o s i t i o n  below t h e  weighed sample. 
bare chromel-al-el thermocouple placed i n  t f E  d u p l i c a t e  sample permi t ted  
measurement of t h e  sample t empera twe  dilring r e a c t i o n .  A second t h e m o -  
couple l o c a t e d  between t h e  ~ W O  senple  boa t s  measured t h e  gas temperature .  
Leads for both  couples  were passe6 through ceramic i n s u l a t o r s  suspended 
from a Monel tu3e  a t t ached  t o  t h e  removable f l ange  p l a t e  from which t h e y  
were e l e c t r i c a l l y  i n s d a t e d  by T e f l o n  gaske ts  he ld  i n  p l ace  by 3/8-inch 
compression coupl ings which vere s i l v e r  soldered i n t o  t h e  f0u.r p l a t e  
openings.  

A 

F i r e b r i c k  presheped t o  f i t  t h e  i n s t a l l e d  r e a c t o r  h e a t e r s  and encased i n  
a metal o u t e r  s h e l l  ser?ied as thermal i n s u l a t i o n  f o r  tlhe p rehea te r -  
r e a c t o r  assembly. 'This ins-dating case '.li?s cor?structed in two parts 
so that t h e  i n s - d a t i o n  could be opened on h inges  t o  allow more r a p i d  
coo l ing  of t h e  r e a c t o r .  The furnace and f langed  end of the r e a c t o r ,  
l o c a t e d  beneath t h e  balance table,  are v i s i b l e  i n  t h e  view of t h e  
complete assem3ly shom i n  figure 2. 

The p r e h e a t e r - r e a c t o r  ur-it was of all-welded Monel cons t ruc t ion  t o  r e s i s t  
t h e  co r ros ive  a t t a c k  of hydrogen f l u o r i d e - m t e r  vapor mixtures. 
d iameter  of  t h e  u n i t  was chosen as t h e  tninin-m s tandard  s i z e  of Monel 
t u b i n g  which vould accomodate  two sample b o a t s  i n s i d e  2 r a d i z t i o n  s h i e l d  
spaced 318 i nch  from t h e  r e a c t o r  &ll. The %-inch l e n g t h  vas dete-mined 
by t h r e e  f a c t o r s :  
placement of t h e  saEple l o c a t i o n  a minimim of 10 inches  from t h e  ends of 
t h e  furnace  where a d i a n t  h e a t  l o s s e s  were g r e a t e s t ,  and ( c )  need t o  

The &-inch 

(a )  adequate  p rehea t ing  of t h e  r e a c t a n t  gases ,  ( b )  
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extend t h e  f langed end of t h e  r e a c t o r  far  enough from t h e  furnace t o  
prevent  overhea t ing  of t h e  Teflon gaske t  and thermocouple i n s u l a t o r s .  

The n i t rogen  seal chamber: which had only  one compartment i n  t h e  o r i g i n a l  
design,  was l a t e r  d iv ided  i n t o  t h r e e  s e c t i o n s  t o  decrease  t h e  p o s s i b i l i t y  
of room a i r  d i f f u s i n g  into t h e  r e a c t o r  o r  r e a c t a n t  gases  escaping i n t o  
t h e  room. 

Temperature Controls .  ,413 e l e c t r o n i c  abso lu te  temperature  r e p l a t o r ,  
having t h e  c i r c u i t r y  shovrr! i n  fi-pxe 3, was used t o  c o n t r o l  t h e  h e a t  
i npu t  t o  t h e  p a i r  of hea t ing  elements i v n e d i a t e l y  t o  t h e  l e f t  o f  t h e  
sample as shorn i n  f i g u r e  1. The sens ing  Eevice f o r  t h i s  nu l l - seeking  
c o n t r o l  vas a simple chromel-elumel themocouple  c i r c u i t :  one junc t ion  
of which ims kept  z t  0 ° C .  -4 10-t:in poten t iometer  inse:ded i n  one branch 
of t h e  thermocov.ple c i r c u i t  opposing t h e  p o t e n t i a l  of t h e  couple could 
be set  i n  t h e  range of zero t o  50 m i l l i v o l t s .  An unbalanced p o t e n t i a l  
of I 0.005 m i l l i v o l t s  i n  this c i r c u i t  a c t i v a t e d  a r e l a y  i n  t h e  pover 
c i r c u i t  supplying t h e  p r i m r y  c o n t r o l  zone, 

The two hea t ing  zones t o  t h e  r i g h t  and one immediately t o  t h e  l e f t  of 
t h e  primary c o n t r o l  z.one were ind iv id i i a l ly  con t ro l l ed  by t'nree d i f f e r -  
entia1 thermal  r e g u l a t o r s .  ~ z c h  of t h e s e  r e g u l a t o r s  had t h e  same 
c i r c u i t r y  and s e n s i t i v i t y  as t h e  absol i i te  reg-uletor ,  except  t h a t  t h e  
10-turn potent iometer  vas omit ted.  T'ne re ference  jiinctio-ns of t h e s e  
thermocouple c i r c u i t s  were i n s e r t e d  i n  a comon themovrel l  l oca t ed  i n  
t h e  primary c o n t r o l  zone while t h e  o t h e r  .jiAr:ctions were each placed 
i n  t h e  themor;ie11 of' one of t h e  i n d i v i d u s l l y  c o n t r o l l e d  zones. Thus, 
each of t h e s e  r e g u l a t o r s  con t ro l l ed  a r e l a y  i.rhich suppl ied  power t o  t h e  
corresponding p a i r  of hea t ing  elernents and vhich  vas a c t i v a t e d  when t k  
p o t e n t i a l  of t h e  measuring j cnc t ion  WLS l ess  than  t h a t  of t h e  r e fe rence  
junc t ion .  
hea t ing  zones and e u t o m t i c e l l y  rmintained t h e  temperature  of t h e  
c e n t r a l  10 inches  of' r e a c t o r  i,?all e s s e r j t i a l l y  cons tan t  a t  t h e  p r e s e t  
l e v e l .  

- 

This  arrengement provided very  s e n s i t i v e  c o n t r o l  of f o u r  

The hea t ing  zone a t  t h e  l e f t  end of t h e  p r e h e a t e r - r e a c t o r  u n i t  and t h e  
i n t e r n a l  h e a t e r  were each c o n t r o l l e d  independent ly  by a B r o ~ m  temper- 
ature c o n t r o l l e r - r e c o r d e r  having a range of 0" to  7OO" C. Chromel-alumel 
thermocouples were employed as sens ing  elements .  All power c i r c u i t s  
con t ro l l ed  by temperature  r e g u l a t o r s  included a v a r i a b l e  vol tage  t r a n s -  
former f o r  which s e t t i n g s  had been e s t a b l i s h e d  t o  provide t h e  best  
c o n t r o l  a t  t h e  d e s i r e d  ope ra t ing  tempera ture ,  A l l  c o n t r o l  t h e m o -  
couples  were made by fus ion  of 20-gauge duplex thermocouple irire. 
s ix -po in t  Brown poten t iometer  recorded t h e  temperature  of a l l  s i x  
hea t ing  zones. 
f o r  t h e  primary power supply t o  a l l  h e a t e r s  and e l e c t r o n i c  c o n t r o l  
c i r c u i t s ,  By p r e s e t t i n g  t h i s  swi tch  t h e  system could a t t a i n  thermal 
e q u i l i b r i m  before  t h e  working day ms scheduled t o  begin.  

A 

A Sangarno electr ic  t i m e  switch operated a mster r e l a y  

Even though t h e  the icocouple  ve l i s  exLended i n t o  t h e  gas streem, t h e  
t e n p e r a t u r e s  monitored :.?ere e s s e n t h e l l y  those  of t h e  r e a c t o r  and p re -  
h e a t e r  i .ralls, Since t h e  seqde  -Lempe;;ature T T ~ S  of primary i n t e r e s t  , 
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t h e  r e g u l a t o r s  vere a r b i t r z r i l y  set  t o  y i e l d  t h e  d e s i r e d  va lue  i n  t h e  
lower sample. The sample temperature  ar?d t h a t  of t h e  gas stream vere  
i d e n t i c a l  when t h e  system had reached e q u i l i b r i - m .  These temperatures  
were usually 10" t o  2 5 ° C .  lower thzn  t h e  r e s c t o r  m.11 tempez-ature. Most 
of t h i s  t empera twe  d i f f e r e n t i a l  LES betveen t h e  i m l l  and t h e  r a d i a t i o n  
s h i e l d .  The megnitude of t h e  temperature  d i f f e r e n t i a l  ~,ias dependent -c.pon 
t h e  ope ra t ing  temperet-we l e v e l  and upon t h e  the-mal  prope:rties of t he  
r e a c t a n t  gas .  The sample and  gas  t empera t i r e s  vere recorded by a k e d s  
and Northrup Speedomx and i v i i c r o ~ x ,  r e spec t ive ly .  Each in s t r -men t  
rece ived  i t s  s i g n a l  from a bare 20-gauge chroxel-alumel them.ocouple 
wi th  a re ference  j m c t i o n  a t  0 ° C .  The f d l - s c a l e  s e n s i t i v i t y  of each 
of t h e s e  r eco rde r s  was 10 m i l l i v o l t s .  Incoirporation of  e n  opposing 
poten t iometer  c i r c u i t  wi th  each instrument  enabled t h e  r eco rde r  zeros  
t o  be s h i f t e d  i n  5 - m i l l i v o l t  increments f o r  a t o t a l  sptin from 0 t o  55 
m i l l i v o l t s  . 

n 

Supply and Exhaust Manifolds. The gas supply and exhaust nen; f o l d s ,  shom 
schemet ica l ly  i n  f i g u r e  4, cons i s t ed  of ( a )  a noncorrosive gas  supply 
system, (b) a co r ros ive  gas supply system, ( c )  a n  exhaust systern., and 
( d )  a water vapor izer .  

The noncorrosive gas system suppl ied n i t rogen ,  argon he l i im,  and hydrogen 
gases  t o  t h e  r e a c t o r  tkrough 0.25-inch copper l i n e s  as ind ice t ed .  Nitrogen 
vas  a l s o  suppliecl t o  t h e  seal  chamber. Flow rates  were measured b;- 
F i s h e r  and P o r t e r  l e b o r a t o r y  type ro tameters  c a l i b r a t e d  f o r  t h e  various 
gases  and were con t ro l l ed  by p rope r ly  conbining c o n c e r c i a l  h igh  p res su re  
gas c y l i n d e r s ,  p ressure  reducing ve lves  and I d e a l  needle  veli;es. Hoke 
togg le  va lves  1 throiigh 5 an6 Koke r!ee&le va lves  9 an6 io vere u.seo' 
f o r  of f -on  con t ro l .  

The corrosiv-e gas system used f o r  i n t roduc t ion  of c o n t r o l l e d  flows of 
anhydrous hydrogen f l u o r i d e  t o  t h e  r e a c t o r  vas cons t ruc ted  of s i l v e r -  
so ldered  Monel components. These included a $ - m i l  o r i f i c e  for metering 
t h e  gas flow, Koke style M-3!Q needle  va lves  i n  vhich t h e  s t a n d a r d  s t a i n -  
less s t ee l  needles  had been replzced by needles  machined frociP1onel, and 
0.375-inch diameter  Monel tubir?g, TeTlon was s u b s t i t u t e d  as  an i n e r t  
packing for t h e s e  va lve  stems. The d i f f e r e n t i a l  p re s su re  a c r o s s  t h e  
meter ing o r i f i c e  vas  measured by a cor ros ion  res is tant ,  c losed  system, 
remote reading ,  mechanical p re s su re  t r a n s m i t t e r ,  DBM-1, w i t h  a p res su re  
range of zero t o  0 . 5  p s i .  
manufacturer.* The e n t i r e  co r ros ive  gas siJs-Lem was enclosed i n  a cons tan t  
temperature  a i r  b a t h  m i n t a i n e d  a t  1 2 5 ° C .  
f l u o r i d e  would be metered as t h e  molecular monomer. 

T h i s  t r a n s m i t t e r  i s  des igna ted  206~3-3 by t h e  

Th i s  assured t h a t  hydrogen 

Since t h e  r e a c t o r  i s  open t o  the atmosphere where t h e  sample boa t  support  
wire e n t e r s ,  a n i t rogen  gas  seal and a system of balanced flows were used 
t o  prevent  ox id i z ing  a i r  from e n t e r i n g  t h e  r e a c t o r  and t o  prevent  

* The Taylor  I n s t r m e n t  Comps,ny: i o c h e s t e r  , 1qei.r York. 
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explos ive  hydrogen o r  t o x i c  hydrogen f l u o r i d e  from escaping  into t h e  
room. Th i s  vas e.ccon!plished by r e g d a t i n g  t h e  exhaust  fl0i.r a t  a leve l  
l a r g e r  than  t h e  r e e c t a n t  gas  f l 0 i . r  a l one  5 u t  sFfiller than t h e  corc'oined 
f l o v s  of r e a c t a n t  gas t o  t h e  r e a c t o r  and ni t rogen  t o  t h e  s e a l  chanber. 
An air -ope-rated e s p i r e t o r  p e r f o n ~ e d  s a t i s f a c t o r i l y  f o r  exhrus t ing  t h e  
noncorrosive geses ,  t h e  exhaust  flos.r being nletered through e p r e s e t  va lve  
a c t i n g  as  a v a r i a b l e  o r i f i c e .  The 9ressu.re 2 i f f e r e n t i a l  across  t h i s  
o r i f i c e  vas measured by ano the r  Taylor  t r ans r f i i t t e r ,  DB4-2. \+Then 
anhydrous hydrogen f l u o r i d e  ;..,as being f ed  t o  t h e  r e a c t o r  it m s  necessary  
t o  exhaust  t h e  excess  r e a c t a n t  gzs d.ilcteCi w i t h  water vapor foriiied 2s a 
r e a c t i o n  product .  The co r ros ive  na tu re  of t h e  aqueous hydrogen f l u o r i d e  
vapor caused plugging of t h e  o r i f i c e  ana  a i r  a s p i r a t o r  so  t h e t  ano the r  
means of exhaus t ing  t h i s  gas rms devised.  A r e l i a b l e  exheust  of hydrogen 
f l u o r i d e  from t h e  r e a c t o r  ivizs achieT.;ed 213- use of a -dater a s p i r a t o r  without  
a d i r e c t  meter ing device .  i n s t w d ,  e provis ion  Tor i n d i r e c t  rnetering 
m s  made i n  which Koke valve 13 t o  t h e  m t e r  e s p i r a t o r  ims a2.ju.sted s o  
that t h e  sample weight i n  a n  i n e r i  ges r e m i n e d  t h e  same v i t h  exhaust  
by water a s p i r a t o r  as it i.873.s v i t h  t h e  metered exhaust  by t h e  a i r  
a s p i r a t o r .  Th i s  adjustment  vas essent ie l  f o r  proper  operEtion of t h e  
balance s ince  any  epprec ieb le  v e r i a t i o n  i n  g e s  flow would resu-lt i n  a n  
apparent  change of t h e  sample weight and might upse t  t h e  balanced f l o v  
volumes excessi1,;ely. A l l  exhaust  l i n e s  , va lves ,  and a s s o c i a t e d  meter ing 
devices  were enclosed i n  the 125°C. cons t an t  temperature  e i r  b a t h  t o  
prevent  condensation of hydrogen f l u o r i d e - v e t e r  azeot rope  from t h e  exhaust  
gases ,  The sirppl,y l i n e s  from t h e  r i r  b a t h  t o  t h e  p rehez te r - r eac to r  u n i t  
and t h e  exhaust  l i n e s  from t h e  n i t rogen  seal  chamber viere heated by c o i l s  
of i n s u l a t e d  r e s i s t a n c e  wire ~ r h i c h  vere con t ro l l ed  by Fenwal b i m e t a l l i c  
thermal  regulatoL-s (No. 17,000). 

A water vapor i ze r  system was used f o r  hydrolyLic decontarr!ination of t h e  
r e a c t o r  a f t e r  hydrof luor in2t ion  s ince  steam of g r e a t e r  p u r i t y  c o d d  'oe 
prepared from t h e  x.ieporization 03 t a p  ~ i a t e r  than  was ava . i lab le  i n  t h e  
b u i l d i n g  steam l i n e s .  
f r o n  a beveled d r i p  t i p ,  s ea l ed  i n  a t u b v i a r  s i g h t  g l a s s ,  i n t o  a coo l  
tube  which conducted it i n  a steady flow t o  2. continuous evaporator 
i n s i d e  t h e  125°C. a i r  ba th .  Supplementary h e a t  was suppl ied  t o  t h e  evap- 
o r a t o r  as needed by a wrapping of i n s u l a t e d  res i s tan ,ce  inre  t o  which 
power vas suppl ied from 2 7.5-ampere v a r i a b l e  vo l t age  au to t ransformer .  
A metered l i q u i d  fl0i.i of 17 drops  p e r  minute prov.ided d e l i v e r y  of 1000 
cc.  of water vapor p e r  minute t o  t h e  r e a c t o r .  Ca l ib ra t ion  of t h e  ra te  
of water vapor genera t ion  over  a -range allowed use of t h e  vapor i ze r  u n i t  
t o  provide s t eady  genera t ion  of water vapor fo r  make-up of r e a c t a n t  gas 
mixtures  of knOi*ri l  d i l u t i o n s .  

Control led by I n  i d e a l  needle  valve:  1,ietei- dropped 

Balances.  Two d i f f e r e n t  ba lances  were used dur ing  t h e  s tudy  of t h e  
r e a c t i o n  variables d iscussed  i n  t h i s  r e p o r t .  One w a s  an  Ainsworth 
magnet ica l ly  damped chainomatic a n a l y t i c a l  balance which had been 
modified as p rev ious ly  descr ibed  ( 2 0 )  f o r  m n u a l l y  weighing a sample 
suspended i n t o  ar! e x t e r n a l  r e a c t o r ,  T h i s  balance i n i t i a l l y  had a 
s e n s i t i v i t y  of i 0.05 m g ,  which vas decreased t o  2 0 . 2  mg. by t h e  
modi f ica t ions .  A l l  hydrof luor ina t ions  and celrtain ind ica t ed  reduct ion  
experiments were performed v i t h  t h i s  ecuipment. 
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During t h e  course of  t h i s  i n v e s t i g a t i o n  a Mauer record ing  balance (18) 
which had been cons t ruc ted  f o r  t h i s  l a b o r a t o r y  by t h e  Niagara Elec t ron  
Labora tor ies  of Andover, New York,was received.  Th i s  modified Ainsworth 
balance had e s s e n t i a l l y  t h e  same s e n s i t i v i t y  as t h e  manually operated 
Ainsworth balance after modi f ica t ion ,  but by e l e c t r o n i c  conversion pro-  
vided f o r  s t r i p  c h a r t  record ing  of continuous automatic  weighing in s t ead  
of t h e  i n t e r m i t t e n t  d i r e c t  observa t ions  made wi th  t h e  manually operated 
balance.  The record ing  balance w a s  i n s t a l l e d  w i t h  a new r e a c t o r  and 
furnace  b u i l t  t o t h e  same design s p e c i f i c a t i o n s  as t h e  one a l r e a d y  i n  
use.  Th i s  assembly, which i s  shown i n  figure 2, w a s  l i m i t e d  i n  t h i s  
i n v e s t i g a t i o n  t o  the s tudy  of the reduct ion  rates of uranium t r i o x i d e s  
i n  hydrogen. Because t h i s  r e a c t o r  was not  used f o r  hydro f luo r ina t ion  
s t u d i e s ,  t h e  reduct ion  d a t a  t a b u l a t e d  l a t e r  under t h e  heading "clean 
r e a c t o r "  i n d i c a t e s  t h e  use  of t h i s  thermobalance assembly. 

Sample Boats. The sample boa t s ,  d e t a i l e d  i n  f i g u r e  1, were made from 
l . 4 - i n c h  squares of 12-mil p l a t i n m i  sheet w i t h  one p a i r  of t h e  diagon- 
a l l y  oppos i te  co rne r s  rounded. A boa t  was shaped by f o r c i n g  t h e  shee t  
i n t o  a c i r c u l a r ,  f la t -bot tomed female d i e  wi th  a one-inch c y l i n d r i c a l  
rod. 
The untrimmed co rne r s  of  the shaped boat  w e r e  ben t  toward the c e n t e r  and 
were jo ined  by 5 5 - m i l  p la t inum wire spo t  welded between them. The edges 
of the boa t  w e r e  b e n t  downward t o  the ou t s ide  t o  form a smooth edge. 
Sample b o a t s  prepared as descr ibed  weighed between 6.5 and 7.0 grams. 
S imi l a r  sample b o a t s  of t h e  same diameter  bu t  g r e a t e r  depth  were r equ i r ed  
f o r  t h e  experiments  w i t h  bed depth as a v a r i a b l e .  

Clearance between t h e  two components of t h e  d i e  was  about  3/32 inch.  

In te rmedia te  Gases. While the thermobalance r e a c t o r  was be ing  heated t o  
t h e  predetermined ope ra t ing  temperature ,  a f low of n i t rogen  w a s  o r i g i n a l l y  
maintained through t h e  r e a c t o r  and t h e  n i t rogen  seal ,  and t h e  a i r  
a s p i r a t o r  w a s  i n  opera t ion .  Due t o  t h e  r e l a t i v e l y  l a r g e  d i f f e r e n c e s  i n  
t h e  thermal  c o n d u c t i v i t i e s  of n i t rogen  and t h e  r e a c t a n t  gases ,  whenever 
a d i r e c t  change of gas was  made an  a t t e n d a n t  gas  temperature  change w a s  
observed. The magnitude of t h e  change va r i ed  from a rise of 30°C. when 
n i t r o g e n  wizs rep laced  w i t h  hydrogen t o  a drop of 70°C. when hydrogen 
was rep laced  w i t h  hydrogen f l u o r i d e .  To avoid t h i s  temperature  e f f e c t ,  
an  i n e r t  gas  having a thermal  conduc t iv i ty  similar t o  that of t h e  reac-  
t a n t  gas  to be in t roduced  was f e d  immediately p r i o r  t o  changing t o  t h e  
r e a c t a n t  gas.  Hence, fo l lowing  t h e  i n i t i a l  hea t ing  of a sample of uranium 
t r i o x i d e  i n  a n i t rogen  atmosphere, t h i s  gas  was rep laced  by helium and 
the  r e a c t o r  w a s  allowed t o  r each  temperature  equ i l ib r ium be fo re  reduct ion  
wi th  hydrogen was s t a r t e d .  S imi l a r ly ,  after t h e  reduct ion  w a s  completed, 
t h e  hydrogen atmosphere w a s  rep laced  by argon and temperature  equ i l ib r ium 
w a s  aga in  e s t a b l i s h e d  be fo re  h y d r o f l u o r i m t i o n  of t h e  uranium dioxide  
w a s  s t a r t e d .  Using helium and argon as in te rmedia te  gases ,  momentary'gas 
temperature  changes of less than  5°C. were observed and t h e r e  was no 
d e t e c t a b l e  change i n  t h e  sample temperature  a s soc ia t ed  w i t h  t h e  change 
from in t e rmed ia t e  gas t o  r e a c t a n t  gas ,  

The i n e r t  gas  manifold was so arranged t h a t  e i t h e r  of t h e  in te rmedia te  
gases  o r  n i t rogen  could a l s o  be employed as d i l u e n t s  for t h e  hydrogen 
f l u o r i d e .  
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Gas Flow Ca l ib ra t ions .  Hydroger!, nitrogen: helium, and argon suppl ied t o  
t h e  r e a c t o r  as well as the  n i t rogen  suppl ied t o  t h e  r e a c t o r  s e a l  were 
metered through ro tameters  triiich had been c a l i b r a t e d  d i r e c t l y  wi th  a wet 
t e s t  meter under ope ra t ing  condi t ions .  
a s p i r a t e d  exhaust  l i n e  i a s  c a l i b r e t e a  d i r e c t l y  by use of a vet t e s t  meter.  
The anhydrous hydrogen f l u o r i d e  meter ing systeri? vas f i r s t  c a l i b r a t e d  wi th  
a n i t rogen  flow through a iret test meter. Conversions t o  t h e  corresponding 
hydrogen f l u o r i d e  f l o r ~ s  vere ma?e on t h e  Sasis of fundamental r e l a t i o n s h i p s  
between t h e  two gases .  
f l u o r i d e  floT.is ?.ias yade by chemicel n e u t r a l i z s t i o n  of  t h e  hydrogen f l u o r i d e  
passed i n  a spec i f i ed  i n t e r v a l  of t h e .  
t h e  hydrogen f l u o r i d e  flow c z l i b r a t i o n  by means of n i t rogen  passed f i r s t  
through a ro tameter  t hen  through t h e  iydroger! f iuoi-ide meter ing o r i f i c e .  

The xe te red  f low of gas i n  t h e  a i r -  

F i n a l l y ,  d i r e c t  meesurement of a few hydrogen 

Pe r iod ic  rechecks vere made of 

. -  

The iiater vapor iza t ion  system supplying t h e  ? rehea te r  manifold vas used 
dur ing  hydro l f l i c  cleanup of t h e  r e a c t o r  fo l lowing  a hydro f luo r ina t ion  
r e a c t i o n .  A rough c e l i b r a t i o n  LZS achieved i7y count ing t h e  orops from 
t h e  d r i p  t i p  f o r  E?. d e f i n i t e  t ime i n t e F m l  an6 veighing t h e  1.rater c o l l e c t e d .  
Seventeen drops of i a t e r  upon vapor i  zatior! produced approx ina te ly  1000 cc . 
of s a t u r a t e d  steer! a t  atmospheric p re s su re .  

I n  o r d e r  to esta 'ol ish t h e  approgr i a t e  c o r r e c t i o n s  f o r  buoyancy e f f e c t s  and 
temperature  v a r i a t i o n s ,  t h e  empty 5oat v e s  veighed i n  each gas -under t h e  
proposed ope ra t ing  conditions. 

Mat e r ia l s  

Blended samples of i irznim- t r i o x i d e  from s e v e r a l  sources  were used as  
s t a r t i n g  materials f o r  Cieternining t h e  v e r i a b l e s  which a f f e c t  t h e  
reduct ion  rates ir! hydrogen. These idere r e p r e s e n t a t i v e  of product ion l o t s  
prepared by t h e  pot  c s l c i n s t i o n  of uranyl  n i k r a t e  hexahydrate e t  t h e  
Savannah River  k b o r a t o r y  of E. I .  d.u2ont ?e Nemoui-s and Company: t h e  
Ivlallinckrodt Chemicel Vorks a t  i.lel6on Springs and t h e  Kanford Atonic 
Products  Operation of t h e  General E l e c t r i c  Compeny. The s m p l e s ,  
accord ing  t o  origin, ;,<ere g i v e n  t h e  r e s p e c t i v e  d e s i g n a t l c n s ,  SBP? MCS.7, 
and WC. A f o - x t h  sample, des igna ted  WCS,vas r e p r e s e n t a t i v e  of a 
Hanford l o t  t o  which sulfate had been added as  s u l f u r i c  a c i d  p r i o r  t o  t h e  
d e n i t r a t i o n  process .  

Procedure 

Prel iminary.  A t  t h e  beginning of each  reduct ion  experiment,  t h e  t a re  
weight of t h e  sample boz t  -was deterzrlined on t h e  thermobalance under t h e  
cond i t ions  of temFerature and gas flow s e l e c t e d  f o r  t h e  experivient. Tl?e 
boa t  was removed 3rorn t h e  r e a c t o r  and a n  approximately weighed sample of 
oxide vas t r a n s f e r r e d  i n t o  it or! ~n a u x i l i a r y  a n a l y b i c a l  balance.  The 
boa t  con ta in ing  t h e  sample was then  resuspenfied i n  t h e  preheated r e a c t o r  
of t h e  thermobalance and t h e  c losu re  was bo l t ed  i n t o  p l a c e ,  The sample 
was allowed t o  prehea t  i n  a f l o w  of he l i im  f o r  10 minutes a t  t h e  se l ec t ed  
reduct ion  t e n p e r a t w e ;  s e l e c t i o n  of t h i s  ? a r t i c u l a r  p rehee t  i n t e r v a l  i s  
d iscussed  la te r  i n  t h i s  r e p o r t .  An accu ra t e  Ireighing or' t h e  sample and  
boa t  vas then  maCe i n  p l ace ,  t o  r&ich a predeTermined c o r r e c t i n n  f o r  t h e  
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. 
h e l i  una d i f f e r e n c e  i n  t h e  buoyancy e f f e c t s  of f lowin d hydrogen upon 

t h e  weight of t h e  boa t  was app l i ed .  
t h i s  co r rec t ed  weight gave a d i f f e rence  which w a s  recorded as t h e  i n i t i a l  
weight of the sample corresponding t o  zero t i m e  i n  hydrogen. 

Sub t rac t ion  of t h e  tare weight from 

Reduction. When t h e  helium f low was rep laced  wi th  a f low of hydrogen, 
reduct ion  of t h e  sample began. While t h e  temperature  and t h e  gas f low 
w e r e  c o n t r o l l e d  a t  the predetermined va lues ,  weighings on t h e  manually 
operated balance were made p e r i o d i c a l l y  and recorded a t  0.5- t o  2-minute 
i n t e r v a l s  depending upon t h e  rate of r eac t ion ;  t h e  faster t h e  rate t h e  
more o f t e n  weighings were made and recorded. 
was used t h e  s t r i p  c h a r t  weight record  was continuous.  I n  e i t h e r  case 
t h e  experiment was continued u n t i l  a minimum cons tan t  weight w a s  observed 
over  a 10-minute i n t e r v a l  of t i m e .  

When t h e  Mauer balance 

Calcu la t ions .  A t h e o r e t i c a l  weight change could have been ca l cu la t ed  f o r  
t h e  reduct ion  of a known weight of pure u r a n i u m t r i o x i d e .  However, t h e  
uranium oxides  used f o r  t h i s  i n v e s t i g a t i o n  were prepared under c a l c i n a t i o n  
cond i t ions  which l e f t  small b u t  vary ing  amounts of water  and n i t r a t e  as 
contaminants.  When t h e  sample w a s  heated i n  t h e  r e a c t o r  a t  5600 C . ,  t h e  
contaminants w e r e  g radua l ly  expe l l ed  s imultaneously w i t h  some thermal  
decomposition of t h e  oxide,  making it i m p r a c t i c a l  t o  determine d i r e c t l y  
t h e  t rue weight of uranium t r i o x i d e  involved.  Hence, a prehea t  t i m e  of  
10 minztes  a t  t h e  reduct ion  temperature  was e s t a b l i s h e d  as an empi r i ca l  
s tandard  because it was adequate  t o  a l low t h e  sample t o  a t t a i n  thermal  
equ i l ib r ium and it was reproducib le .  Consider ing then  the total weight 
change observed from zero t i m e  i n  hydrogen t o  r ep resen t  complete reduc- 
t i o n  t o  uranium dioxide ,  t h e  average reduct ion  rate f o r  any po r t ion  of 
t h e  r e a c t i o n  could be der ived  by c a l c u l a t i n g  t h e  t i m e  r e l a t e d  i n t e r -  
mediate f r a c t i o n s  of uranium oxide reduced from t h e  fo l lowing  empi r i ca l  
express ion  : 

m 
(3) i 

Fred. mt 
- - -  

where F i s  t h e  f r a c t i o n  reduced i n  a s p e c i f i e d  i n t e r v a l  of t i m e ,  
r ed ,  

Ow i s  the weight l o s t  by t h e  sample dur ing  t h i s  i n t e r v a l  and 
i 

LWt i s  t h e  t o t a l  weight l o s t  by t h e  sample dur ing  t h e  e n t i r e  
r e a c t i o n  from t i m e  zero.  

I n  t h i s  r e p o r t  comparisons are made on t h e  b a s i s  of t h e  times r equ i r ed  
f o r  complete r educ t ion  i n  hydrogen o r  some a r b i t r a r i l y  chosen f r a c t i o n  
t h e r e o f .  

In te rmedia te  Procedure. When hydrogen reduct ion  of t h e  uranium t r i o x i d e  
was completed, t h e  hydrogen f low w a s  exchanged f o r  one of argon; t h e  
temperature  c o n t r o l s  were set  f o r  t h e  des i r ed  hydrof luor ina t ion  temper- 
ature; and t h e  gas and sample were allowed t o  reach thermal  equi l ibr ium.  
Exhaust of gases  from t h e  r e a c t o r  w a s  change6 from t h e  a i r  a s p i r a t o r  
t o  t h e  water a s p i r a t o r  and an accu ra t e  weighing of t h e  sample i n  argon 



vas  made. 
v a r i a t i o n  involved i n  changing from argon t o  hjdrogen f l u o r i d e  was appl ied .  
The co r rec t ed  sample weight so obtr-ined vas recorded as t h e  weight of 
uranium di'oxide a t  zero t i m e  i n  hydrogen f l u o r i d e .  

To t h i s ,  a predetermine6 c o r r e c t i o n  i n  weight f o r  t h e  buoyancy 

Hydrofluorinat ion.  Conversion of the -cani -~rc!  d ioxide  t o  u-ranium t e t r a -  
f l u o r i d e  began vhen argon vzs replaced by- a fl0i.i of anhydrous hydrogen 
f l u o r i d e .  IJitl? t h e  r e a c t o r  t enpe rz tu re  con t ro l l ed  a t  t h e  predetermined 
va lue ,  manual balance veighings vere made and recorded a t  0.5- t o  15- 
minute i n t e r v a l s  depending upon the r a t e  of r e a c t i o n .  This  procedure 
was continued until 99 percent  of t h e  ve igh t  chenge c a l c u l e t e d  Tor 
complete conversion of t h e  u r a n i m  d-ioxide sample t o  t h e  t e t r a f lu .o r ide  
was observed or f o r  a per iod 05 180 minutes: whichever per iod  I T ~ S  

s h o r t e r .  

Reactor Decontaainat ion.  
ment, it was necessary  t o  c l e s n  t h e  r e a c t o r  t o  pre7,ient hydrogen f l u o r i d e  
poisoning  dur ing  subsecpent reduct ion  r e a c t i o n s  ( 9 ) .  
f l u o r i d e  gas  vas purged from t h e  r e a c t o r  by a f1o.r oI" nit roger .  f o r  a 
per iod  of f i v e  minctes  before  t h e  sample end boa t  were renloved. \hen t h e  
r e a c t o r  vas aga in  closed a f t e r  sample removal: it wzs heated t o  650°C. 
and t r e a t e d  wi th  steam f l o v i n g  a t  r_ rate of approximately 1000 s t d .  
cc./min. f o r  a per iod of 20 minicbes.  The r e a c t o r  vas then  purged t r i th  
n i t rogen  f o r  f i v e  minutes t o  remove t h e  r e m i n i n g  water liapor and t r a c e s  
of hydrogen f l u o r i d e  produced by t h e  ppohydroly-s i s  02 metal f l u o r i d e s  
on t h e  p rehea te r - r eac to r  iaslls. The exhaust I'loivr vas re turned  t o  t h e  
a i r  a s p i r a t o r  snti a fl0i.i of hydrogen vas s u b s t i t u t e d  f o r  t h e  n i t rogen  
flow. The decontamination was completed by t r e a t i n g  v i t h  hydrogen for 
20 minutes a t  650"~. To prevent  an?- reoxida t ion :  t.he f10i.i of hydrogen 
vas continued idbile t h e  1-ezctor cooled t o  t h e  s e l e c t e d  reduct.ioE 
temperature ,  i,Thici? i n  t h e s e  s t w i i e s  i..ias 560"~. 
approximately one hour i n  t h e  n o m d  case ,  

After te:cr!i>ating t h e  hydro f luo r ina t ion  expe r i -  

F.esiduel hydrogen 

The t o t a l  cyc le  t i m e  r.7as 

Meanwhile t h e  sample boa t  was emptied: veshed vTth i,izter o r  wi th  a 0. 5-N 
s o d i m  hjrdroxide s o l u t i o n  con ta ln ing  a few drops of ,W percent  hydrogen 
peroxide,  and f i n a l l y  d r i ed  i n  an  over! a t  110°C. After decontaminetion 
of t h e  r e a c t o r  i.ms completed, t h e  d r i ed  ssmple boat was rep laced  i n  t he  
r e a c t o r  and a t a re  i.ieight was obtained f o r  t h e  next  eqer iment .  

The r e a c t o r  decontamination descr ibed  i.t.iaS s d f i c i e n t  t o  g ive  subsequent 
rates comparable t o  those  obta ined  i n  an  un.cor?taminated r e a c t o r  provided 
t h e  hydrof luor ina t ion  t e n p e r a t w e  k d  go t  been ir! excess  of 550°C. The 
r e a c t o r  of t h e  m n i i a l l y  operz ted  t h e n o b a l a n c e  vas used over  a per iod  of 
about one month t o  determine hydro f luo r ina t ion  rates at 600" C. 
t h e s e  experiments,  a decontatn.ination t r ea tmen t  about  20 tixes as long  
as normal would p e m i t  reproducib le  reduct ion  rates t o  Se obtained 
al though t h e s e  rates were somewhat s l o v e r  than  those  obtained us ing  an 
uncontaninated r e a c t o r  ES shoim ir! table I. 

Following 
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TABLE I 

EFFECT OF TEMPERATURE ON THE HYDROGEN FCEDUCTION M T E  OF 
URANIUM TRIOXIDES 

Gas 
Temp., 

Sample "C. 

MCW 

mcs  

KPC 

SRP 

Time to Achieve Indicated Completion, 
min , Determination s 

In Reactor Contaminated In Clean In In 

Number of 

by HF at 6oo0c. Re actor Contaminated Clean 
97 per cent 100 per cent 100 per cent Reactor Reactor 

--- 
15 

8.9 i 1.7 
8.5 
4.5 
2.9 
1.9 
1.4 
1.0 

15.5 

7.7 
5.3 
2.1 
1.9 

10.1 i 0.8 

- - -  
14.0 
9.8 
5.7 
1.9 
1.9 

- - -  
16.1 
9.5 
4.8 

--- 
--- 
--- 
18 

12.7 2 4.0 
10.0 
6.0 
3.5 
2.0 
1.5 
1.0 

--- 
--- 
17. o 

11.9 _+ 1.0 
10.0 
7.0 
3.0 
2.0 

- - -  
--- 
16.0 
12.0 
7.0 
3.0 
2.0 

26.5 
16.0 
9.9 
8.5 

4.8 rt: 0.5 
3.9 

2.3 _+ 0.3 
--- 

22.5 

5.4 

2.5 

11.5 t. 0.5 
--- 

- - -  

20 
11.8 

5.7 _+ 2.3 
2.3 



D 

A 

Calcula t ions .  A s to i ch iomet r i c  s o l i d s  weight change f o r  t h e  r e a c t i o n ,  

w a s  ca l cu la t ed  based upon t h e  ve ight  of t h e  uraniuzi d ioxide  sample 
measured i n  hydrogen a t  t h e  end of t h e  reduct ion  r e e c t i o n .  The everage 
r e a c t i o n  ra te  f o r  any po r t ion  of t h e  hydro f luo r ina t ion  could then  be 
der ived  by ca l c i i l a t ing  t h e  t i m e  r e l a t e d  f r a c t i o n s  of ureniuQ d ioxide  
converted t o  uranium t e t r e f l u o r i d e  3y use of t h e  fo l lo i r ing  express ion:  

i s  t h e  f r ac t io r !  conve:&ed i n  8 speciI ' ied i n t e r v a l  of t ime,  

i s  t h e  weight gzined by t h e  sample 6u r ing  t h i s  i n t e r v a l  and 

i s  t h e  s to i ch iomet r i c  s o l i d s  ve igh t  g z i n  f o r  conversion of 
t h e  u ran im dioxide  t o  -cranium t e t r z f l u o r i d e .  

hydf. where F 

&Ii 

%t 

I n  t h i s  r e p o r t  t h e  acc-Gula ted  f r z c t i o n s  convei-ted from time zero i n  
hydrogen f l u o r i d e  are presented  g r a p h i c a l l y  as f i r s t  o r d e r  r e e c t i o n  
ra te  p l o t s  with r e s p e c t  t o  izmeactea uranium dioxide  a l thovgh t h e  
hydro f luo r ina t ion  r e a c t i o n  i s  ob\iiously- not  f i r s t  o rde r  i n  i t s  e n t i r e t y .  

Reduction Var iab les  

Temperature, A s  noted ear l ie r  i n  t h i s  r e p o r t  s e v e r a l  i n v e s t i g a t o r s  
have shown t h a t  temperet ine i s  E r r t e - c o n t r o l l i n g  f a c t o r  i n  t h e  
hydrogen reduct ion  of wanivm t r i o x i d e .  Hovever, i n  much of t h e  
prev ious  work t h e  reduct ion  retes appa ren t ly  have been r e l a t e d  t o  t h e  
sk in  temperature of the  reactor. I n  t h e  work of  F 'e t re t ic ,  Lerner ,  and 
Beaumont (21) on p e l l e t s  of hydrated uranium t r i o x i d e ,  and i n  t h e  
pre l iminary  s t a g e s  of the p resen t  i n v e s t i g a t i o n ,  a s i g n i f i c a n t  d i f f e r e n c e  
has been observed between t h e  tempera tures  of the sample and t h e  r e a c t o r  
w a l l  i n  t h e  v i c i n i t y  of the  sample. Consequently, an improved thermo- 
balance r e a c t o r  ~ras  e s s e n t i a l  t o  e s t a b l i s h i n g  a reproducib le  r e l a t i o n s h i p  
between reduct ion  ra te  and sample tempera%ure il? t h e  range 480" t o  700°C. 
Using 0.5-gram samples of u r e n i m  t r i o x i d e  wi th  a Sed depth  of about 
0 .5  nm. , t h e  sample temperature  remained p r a c t i c a l l y  cons t an t  dur ing  
r e a c t i o n  and was e s s e n t i a l l y  t h e  same as t h a t  of t h e  r e a c t a n t  gas .  The 
d a t a  obta ined  from t h e  f o u r  samples s tud ied  are s-mmarized i n  t ab le  I. 

I n  t h e  range s tud ied ,  480" t o  700°C., t h e  reduct ion  ra te  of a l l  samples 
increased  as t h e  r e a c t i o n  temperature  was increased .  Di f fe rences  among 
t h e  behaviors  of t h e  f o u r  samples which were p r i m a r i l y  a t t r i b u t a b l e  t o  
sample d i f f e r e n c e s  were small, The e f f e c t  of incrementa l  temperature  
changes upon t h e  t ime reGuired f o r  reduct ion  va r i ed  not  on ly  wi th  t h e  
magnitude of t h e  change b u t  vz.s a l s o  inf luenced  b y  t h e  temperature  reg ion  
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i n  which the change w a s  made and t o  a l a r g e  e x t e n t  by the condi t ion  of 
t h e  r e a c t o r .  Reduction a t  comparable temperatures  was completed i n  a 
c lean  r e a c t o r  i n  one- th i rd  t o  one-half  the  t i m e  required f o r  reduct ion  
i n  a r e a c t o r  which had been p rev ious ly  used f o r  hydro f luo r ina t ion  
r e a c t i o n s  a t  600" C. 

It w a s  found t h a t  an  hour decontamination cyc le  w a s  s u f f i c i e n t  t o  decon- 
tamina te  a r e a c t o r  fo l lowing  i t s  use f o r  hydro f luo r ina t ion  a t  temperatures  
no h ighe r  t han  410" C. ; a decontamination t rea tment  of l onge r  du ra t ion  
w a s  r equ i r ed  fo l lowing  a hydro f luo r ina t ion  a t  550°C. However, a f te r  
hydro f luo r ina t ion  r e a c t i o n s  a t  600" C. , a complete decontamination of t h e  
r e a c t o r  w a s  no t  achieved w i t h  t h e  s tandard procedure a t  650"c. even when 
app l i ed  r e p e t i t i v e l y  f o r  a t o t a l  per iod  of 24 hours.  

While t h e s e  data confirm Kuhlman's observa t ions  (9)  regard ing  t h e  poisoning 
e f f e c t s  of traces of hydrogen f l u o r i d e ,  t h e y  a l s o  show t h a t  r e p r o d u c i b i l i t y  
among i n d i v i d u a l  de te rmina t ions  i s  be t t e r  when f l u o r i d e  contamination i s  
not  a f a c t o r .  Thus, when more l i m i t e d  reduct ion  rate s t u d i e s  are t o  be 
made thermogravimet r ica l ly ,  a r e a c t o r  which has not  been used p rev ious ly  
wi th  hydrogen f l u o r i d e  i s  p re fe rab le .  

The pronounced e f f e c t  of temperature  upon the hydrogen reduct ion  rates of 
uranium t r i o x i d e s ,  e s p e c i a l l y  a t  t h e  lower temperatures ,  a t tes ts  t o  t h e  
importance of adequate  c o n t r o l  of t h e  sample temperature  dur ing  such ra te  
s t u d i e s .  Control  of t h e  sample temperature  t o  wi th in  2 1.O"C. i s  
poss ib l e  wi th  t h i s  equipment even though t h e  c o n t r o l  ins t ruments  respond 
t o  v a r i a t i o n s  i n  the  r e a c t o r  wall temperature  which i s  d i f f e r e n t  from 
t h a t  of t h e  gas stream and sample; t h e  d i f f e r e n c e  remains e s s e n t i a l l y  
cons tan t  a f t e r  t h e  sample has  been brought t o  temperature  i n  f lowing 
helium. Less adequate  maintenance of a known sample temperature  probably 
accounts  f o r  the l a c k  of agreement among previous  i n v e s t i g a t i o n s  of t h e  
reduct ion  rates of s tandard  uranium t r i o x i d e  samples i n  hydrogen. For  
t h i s  reason t h e r e  i s  i n s u f f i c i e n t  basis  f o r  any d i r e c t  comparison of t h e  
data from t h i s  s tudy  w i t h  t h o s e  repor ted  ear l ier  (20) s ince  n e i t h e r  t h e  
Mall inckrodt  uranium t r i o x i d e  samples nor  the equipment used i n  t h e  two 
i n v e s t i g a t i o n s  are t h e  same. 

Every e f f o r t  has  been made i n  t h e  design of t h i s  improved thermobalance 
r e a c t o r  t o  e l i m i n a t e  uncont ro l led  temperature  v a r i a t i o n s  as a ba r r i e r  t o  
d e t e c t i n g  and e v a l u a t i n g  o t h e r  experimental  variables as p o t e n t i a l  rate- 
c o n t r o l l i n g  f a c t o r s  i n  the conversion of uran,ium t r i o x i d e  feed materials 
t o  uranium dioxide  then  t o  uranium t e t r a f l u o r i d e .  

Hydrogen Flow Rate, I a sov ick  and Walsh (13) state t h a t  t h e  rate of 
hydrogen f low has a n  e f f e c t  on t h e  reduct ion  rate of uranium t r i o x i d e .  
P e t r e t i c  and B e r t r a m  (23) found tha t  f lows of f ive t o  t e n  l i t e r s  of 
hydrogen p e r  minute gave h ighe r  reduct ion  rates than  t h e y  obtained when 
a one-gram p e l l e t  of hydrated uranium t r i o x i d e  w a s  reduced wi th  a f low 
of t h r e e  l i t e r s  p e r  minute. 

Hydrogen flow rate w a s  examined as an  o p e r a t i o n a l  v a r i a b l e  i n  t h e  p re sen t  
s tudy  us ing  0.5-gram samples of unhydrated uranium t r i o x i d e  powder. With 



n 

A 

t h e  experimentel  f l 0 i . r  rates employed, t h e  hycir-ogen suppl ied  t o  the 
r e a c t o r  each  rnirizte represented  18, 35, and 70 t i m e s  t h e  s to i ch iomet r i c  
amo-mt of hydrogen requi red  f o r  complete r e d w t i o n .  
resul ts  are given i n  table IT. 
reduct ion  at 560°C. i n  t h e  c o n t m i n a t e d  re2cto-r and a t  520°C. i n  t h e  
c lean  r e a c t o r .  

The exper imenta l  
It sho-dd be rioted t h a t  t h e  d a t a  are f o r  

A s  wzis obseived i n  t h e  expe r i zen t s  performe0 t o  s tudy  t h e  e f f e c t s  of 
temperature  var ia t . ion ,  f l u o r i d e  contarninetion of t h e  re=.ctor aga in  
r e s u l t e d  i n  l o v e r  urmium t r i o x i d e  reduct ion  rates.  I n  bo th  r e e c t o r s  
t h e  reduct ion  t i rne  decreased as t h e  hydrogen flow was increased .  I n  
view of t h e  l a r g e  excesses  or" hydrogen employed i n  a l l  of t h e s e  
reduct ion  expe r ixen t s  t h e  d i f f e r e n c e s  must be p a r t i a l l y  a t t r i b x t a b l e  
t o  t h e  d i l u t i o n  e f f e c t  o'oser?.;ed by j C & h a n  (11). Another flow dependent 
r e a c t i o n  v a r i a b l e  i s  t h e  t i n e  reqii ired t o  r ep lace  t h e  h e l i - m  i n  t h e  p re -  
h e a t e r  volume, about  1000 c c . ,  w i th  gas  having a s u f f i c i e n t l y  h igh  
concent ra t ion  of kL?ydrogen t o  i n i t i a t e  reduct ion  of t h e  semple. The 
s i g n i f i c a n c e  05 % h i s  f a c t o r  vas v e r i f i e d  by a series of experiments i n  
which t h e  hydrogen flow r a t e  was reduced a f t e r  a u n i f o m  redu-ction 
ra te  had been e t t e i n e d  wi th  a h igh  r a t e  of flow. 
r educ t ions  were s t a r t e d  brith i n i t i a l  hydrogen flows of 3000 s t d .  
cc./min. and completed wi th  f l o m  of  WOO and 1500 std. cc . /min . ,  
r e s p e c t i v e l y ,  t h e  t imes  requi red  ?or t h e  t o t e l  reduct ion  of each sample 
were i d e n t i c a l .  Xowever; vhen tfie hydrogen flow was reduced from 3000 
t o  800 s t d .  cc./min. a f t e r  reduct ion  m s  urdenray, t h e  t h e  requi red  t o  
complete t h e  r e a c t i o n  i~:as e,utended. T h i s  shoi,rs t h a t  a hydrogen flow of 
800 s t d .  cc./rnin. V E S  i n s u f f i c i e n t  t o  naintein reductiofi  of t h e  sample 
a t  a maximum rate. 

When p a r a l l e l  

The l i m i t i n g  f a c t o r s  revea led  by t h e s e  p a r a l l e l  experiments i n d i c a t e  
t h a t  i d e n t i c a l  f low rates should be employed i n  any e m p i r i c a l  comparison 
of t h e  reduct ion  behaviors  of w s i o u s  -uraniim t r i o x i d e s ,  For- k i n e t i c  
s t u d i e s  of u_ranivE t r i o x i d e  reduct ion  perfolmed i n  this equipment upon 
0. ?-gram samples, zininum flow of 900 s t d .  cc .  of hydrogen p e r  minute 
i s  needed to e l i m i n a t e  flow a s  a r a t e -con t ro l l i ng  variable. 

Sample Prehea t  T h e .  Prehez t  t i m e  i s  here def ined  as the  i n t e r v a l  
between t h e  t i m e  t h e  uranium t r i o x i d e  sample i s  placed i n  t h e  ho t  
r e a c t o r  w i th  hel i -m floxzing and t h e  t i m e  a t  5,ifiich reduct ion  i s  i n i t i a t e d  
by r e p l a c i n g  t h e  h e l i m  with a flow of hydrogen. Although t h i s  i n t e r n 1  
has not  been p rev ious ly  c a l l e d  p rehea t  t i m e ,  t h e  dependence of an 
optimum prehea t  tirne upon t h e  rates a t  which a p a r t i c u l a r  uranium tri- 
oxide sample undergoes dehydrat ion and t h e m 1  decomposition has been 
observed by Kuhlrnan (12) ; LeGassie, Roszkowski, Bertram, and P e t r e t i c  (14)  ; 
Lis t e r  (15) ;  end Goldbeck and Rodden ( 4 ) .  

I n  t h e  p re sen t  work, p rehea t  t i m e s  of 5>10,20,30,40 and 60 minutes were 
inves t iga t ed .  S tud ie s  were made at 520" and 560"~ .  i n  t h e  c l ean  r e a c t o r  
and a t  560" c. only  i n  t h e  f luoride-contarninated r e a c t o r .  The preheated 
samples were then reduced zt t h e  prehea t  temperature  wi th  hydrogen 
flowing a t  a r a t e  of 1500 s t d .  cc./min. The results are given i n  t a b l e  111. 
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TABLE I1 

EFFECT OF HYDROGEN FLOW RATE ON THE F33DUCTION TIME OF 
URANIUM TRIOXIDES 

Time for Complete 
Reduction, min.* 

I n  Contaminated I n  Clean 

Number o f  
Determinations 

I n  I n  

Reactor  Reactor 
Contaminated Clean 

Hydrogen 
Flow Rate,  

s t d .  cc./min. 

800 
1500 

3000 

Reactor  a t  
5 6 0 " ~ .  . Reactor  

a t  520" C. Sample 

MCW 19.8 rl: 3.8 
12.7 f 4.0 
9.8 f 2.2 

6 
10 

6 

1 

1 

1 

20.5 

9.9 
9.0 

Hpcs 800 
1500 
3000 

18.0 ~f: 2.0 
11.9 f 1.2 

7.0  _+ 0.5 

14.5 
11.1 If: 0.4 

7.6 

1 
2 

1 

K P C  800 
1500 
3000 

15.0 
12.0 

7.0 

13.0 
9.5 +. 0.3 
7.0 

1 
1 
1 

1 
2 

1 

800 
1500 

3000 

SRP 17. o 
12.0 

8.0 

13.0 
11.8 
8.0 

1 
1 

1 

1 
1 

1 

* 0.5 gram samples were used i n  a l l  cases .  
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Time f o r  Conplete Reduction, 
?An. Number of Determinations 

a t  a t  
e t  5600 c. 520" c. a t  560" c. 520°C. 

I n  I n  In I n  IE I n  Prehea t  
Time,  Contaminated C l e m  Clem Contaminated Clean Clean 

Sample min. 3ezc to r  ReEctor Reector Reactor  Reector  Reactor  

MCW 5 
10 
20 
30 
40 
60 

HPCS 5 
10 
20 
30 
40 
60 

P C  5 
10 
20 
30 
4-9 
60 

SFP 5 
10 
30 
60 

14.5 ? 2.2 5.3 12.0 
12.7 i 4.0 4.8 ir 0.5 9.9 
15.3 ir 1.7 5.0 - - -  
14.2 2 0.8 4.5 11.5' 
16.0 2 4.0 4.5 - - -  
15.0 2 1.0 5.0 ir 0.5 12.0 

14.7 2 2.0 6.5 10.9 
11.9 ir 1.0 5.4 11.1 k 0.4 
13.0 i 0.5 5.0 - - -  
15.0 ? 2.0 5.0 12.0 
1'5.0 5 0.5 4.8 - - -  
16.2 e 1.8 5.3 11.8 

11.0 3.8 10.2 
12.0 4.0 9 . 5  2 0.3 
- - -  5.0 
12.0 4.0 10.0 

3. '5 
15.0 3.8 11.0 

- - -  

- - -  - - -  

4 1 1 
10 5 1 

4 1 - 
3 1 1 
5 1 - 
4 2 - 1 

- 

3 1 1 
10 1 2 
3 1 - 
4 1 1 
5 1 - 
5 1 1 

1 1 1 
1 1 2 
- 1 - 
1 1 1 
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A s  be fo re ,  t h e r e  i s  a real  d i f f e r e n c e  i n  t h e  reduct ion  t i m e s  requi red  a t  
a given temperature  i n  t h e  c lean  and t h e  f luoride-contaminated r e a c t o r s .  
These d a t a ,  however, provide l i t t l e  guidance i n  t h e  s e l e c t i o n  of a pre-  
h e a t  t i m e  s i n c e  the d i f f e r e n c e s  i n  reduct ion  t i m e s  after t h e  va r ious  
p rehea t  per iods  are without  s t a t i s t i c a l  s ign i f i cance .  P r i m a r i l y  on t h e  
b a s i s  of  convenience a p rehea t  per iod  of 10 minutes w a s  s e l e c t e d .  Data 
obta ined  la ter  showed t h a t  while  a longe r  p rehea t  t i m e  had b u t  l i t t l e  
in f luence  on r educ t ion  t i m e ,  t h e  hydro f luo r ina t ion  of t h e  d ioxide  
obtained on r educ t ion  after long  prehea t  pe r iods  r equ i r ed  s i g n i f i c a n t l y  
longe r  times . 
Bed Depth. 
exothermic r e a c t i o n ,  t h e  expected temperature  e l e v a t i o n s  occurr ing  i n  deep 
beds have been measured and r epor t ed  by P e t r e t i c  and B e r t r a m  ( 2 3 ) ,  and 
Swinehart (26). 
t h i s  s t a t i o n a r y  bed depth  e f f e c t  i n  t h e  thermobalance i n  o r d e r  t h a t  
t h e  d a t a  could be app l i ed  t o  engineer ing  s t u d i e s  of f l u i d i z e d  bed 
reduct ion;  t h u s ,  measurements w e r e  made which would e s t a b l i s h  t h e  
cond i t ions  necessary  t o  achieve  t h i s  ob jec t ive .  

Since t h e  r educ t ion  of  uranium t r i o x i d e  w i t h  hydrogen i s  an 

One o b j e c t i v e  of t h i s  i n v e s t i g a t i o n  w a s  t o  minimize 

Although t h e  variable a c t u a l l y  be ing  con t ro l l ed  w a s  sample weight,  t h i s  
was d i r e c t l y  p ropor t iona l  t o  bed depth; a weight i nc rease  gave a cor re -  
sponding i n c r e a s e  i n  bed depth  s i n c e  t h e  s i d e s  of  t h e  sample boa t  were 
perpendicular  t o  i t s  bottom and t h e  smallest sample used covered t h e  
bottom. 
minutes s o  t h a t  t h e  l a r g e r  samples would have adequate  t i m e  t o  reach  
t h e  r e a c t o r  temperature;  and t h e  hydrogen f low rate w a s  increased  t o  
3000 s t d .  cc./min. t o  minimize l i m i t i n g  t h e  r e a c t i o n  rate by supplying 
t h e  r e a c t a n t  gas  a t  an i n s u f f i c i e n t  rate. The bed depths  f o r  t h e  f o u r -  
gram samples were obta ined  by a c t u a l  measurement and were i d e n t i c a l  t o  
t h o s e  c a l c u l a t e d  from t h e  bu lk  d e n s i t i e s  of t h e  samples and t h e  
dimen'sions of t h e  boa t .  

I n  t h e s e  experiments t h e  p rehea t  t i m e  was increased  t o  15 

The maximum temperature  a t t a i n e d  by each  sample dur ing  r e a c t i o n  was 
measured i n  a d u p l i c a t e  sample supported d i r e c t l y  benea th  t h e  sample 
be ing  weighed and d u p l i c a t i n g  as nea r  as p o s s i b l e  i Z s  geometric l o c a t i o n  
relative t o  the r e a c t o r  w a l l .  The temperature  w a s  measured cont inuous ly  
w i t h  a Speedomax record ing  poten t iometer  a c t i v a t e d  by a ba re  28-gauge 
chromel-alumel couple bu r i ed  i n  t h e  lower sample. Hydrogen reduct ion  
times were cietermined wi th  samples of 0.5,  1.0, 2.0, and 4.0 grams 
f o r  each of t h e  f o u r  uranium t r i o x i d e s .  The results are shown i n  
t a b l e  IV. 

Both t h e  sample temperature  and t h e  r e a c t i o n  rate increased  as a func t ion  
of i n c r e a s i n g  bed depth wi th in  t h e  l i m i t s  s t ud ied .  This  r e l a t i o n s h i p  
probably would cont inue until some o t h e r  f a c t o r ,  such as l i m i t e d  d i f f u s i o n  
of gases  i n t o  and out  of deeper  beds,  becomes r e a c t i o n  rate c o n t r o l l i n g .  
Conversely, l i m i t i n g  t h e  sample bed depth  t o  less t h a n l . O  m., from 
which t h e  h e a t  of r e a c t i o n  could be d i s s i p a t e d  r a p i d l y  enough t o  avoid a 
s i g n i f i c a n t  temperature  r ise,  enabled us  t o  achieve t h e  o b j e c t i v e  of 
reduct ion  d a t a  e s s e n t i a l l y  f ree  of bed depth e f f e c t s .  

. 

. 



TABLE I V  

EFFECT OF SAMPLl3 BED DEPTH ON THE TEMPERATm AND WTE OF HYDROGEN BEDUCTION OF 
URANIUM TRIOXIDES 

Eed. 

De s i gnat  i o n  grams mm. 
Weight, Depth, 

MCW 0.5 0.5 
1.0 1.0 
2.0 2.0 
4.0 4.0 

HPCS 0.5 0 .5  
1.0 1.0 
2 . 0  2.0 
4. 0 4.0 

I-ip C 

SRP 

0.5 0.5 
1.0 0.9 
2.0 1.8 
4.0 3.5 

0.5 0. 4 
1.0 0.8 
2.0 1.5 
4.0 3.0 

Reaction Time a t  

Contaminated Clean 
ne a c t  0 :r lie a c t o r  

9.8 i- 2 .5  4.. 8 
10.0 5.8 
'7. 0 4. a 

2.1 -i- 0.2 1.5 

5.5 
5.0 

1.1.. 5 
2.3 

Temperature Rise, O C. 
:I: n I n  

Contarninatecl Clean 
React o r  Reactor  

1.1. 2 1.1. 0 
'7 :14. 
46 5 4. 

14.0 -I. 15 128 

2 - 1 - 2  --- 
G 8 
14 25 
100 106 

Number of 
Determinations 
In  In  

Con tarninate d Clean 
React o I' Reactor  

8 1 
I 1 
1 1 

1 x 1.1. 

3 r 
IN P 

-.I 

- -  \o o\ 

1 1 
1 1 
1 1 

- -  1 
1 1 
1 1 
1 1 

-- I 
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One may observe by comparison of t h e  data i n  t a b l e s  I and I V  t h a t ,  where 
s i z e a b l e  temperature  r ises  occurred,  t h e  average a d i a b a t i c  r e a c t i o n  rates 
approached those  p r e v a i l i n g  under i so thermal  cond i t ions  a t  temperatures  
somewhat below t h e  maximum po in t  of e l e v a t i o n ,  
i n t e g r a t i o n  of t h e  a d i a b a t i c  temperature  curve presented  by P e t r e t i c  and 
B e r t r a m  ( 2 3 ) .  Hence, bed depth appears  t o  be involved as a r a t e - c o n t r o l l i n g  
variable only  i n  so far as t h e  a d i a b a t i c  condi t ions  imposed are s i g n i f i c a n t .  

Th i s  would be p red ic t ed  by 

Variables Af fec t ing  Hydrof luor ina t ion  Rates 

Reduction Temperature. B e r t r a m  ( 2 ) ,  DeMarco, Bonfer and Abbott ( 3 ) ,  
Kewish and F r y  (5), Kuhlman (lo), and Swinehart (25)  have recognized 
t h a t  t h e  temperature  employed f o r  reduct ion  of a uranium t r i o x i d e  powder 
u s u a l l y  a f f e c t s  t h e  subsequent hydro f luo r ina t ion  rate of t h e  r e k u l t i n g  
uranium dioxide ,  The e f f e c t  has  a l s o  been observed i n  t h i s  l abora to ry .  
A l l  t h e s e  i n v e s t i g a t o r s  agree  t h a t  t h e  hydro f luo r ina t ion  rate of uranium 
dioxide  der ived  from pot -ca lc ined  uranium t r i o x i d e s  i n c r e a s e s  as  t h e  
reduct ion  temperature  used i n  i t s  p repa ra t ion  i s  decreased.  
example of t h i s  e f f e c t  i s  shown g r a p h i c a l l y  i n  f i g u r e  5. 
uranium dioxides  were prepared f o r  hydro f luo r ina t ion  by reduct ion  of t h e  
same Mallinckrodt-produced uranium t r i o x i d e  i n  hydrogen a t  925", 5600, 
and a t  450°C. The magnitude of  t h i s  e f f e c t  i s  h i g h l y  variable among 
samples of d i f f e r e n t  o r i g i n ,  l ead ing  t o  t h e  conclusion t h a t  t h e  pr imary 
determining f a c t o r s  are t h e  source of the uranium t r i o x i d e  and t h e  procedure 
used i n  i t s  p repa ra t ion .  

A t y p i c a l  
The t h r e e  

Another i n d i c a t i o n  of t h e  in f luence  exe r t ed  by t h e  cond i t ions  of reduct ion  
upon t h e  subsequent hydro f luo r ina t ion  rate was noted i n  a comparison of 
thermogravimet r ica l ly  determined hydro f luo r ina t ion  rate d a t a  obta ined  i n  
ou r  l a b o r a t o r y  and those  obta ined  a t  t h e  Paducah l a b o r a t o r y  on d u p l i c a t e  
samples of uranium t r i o x i d e  from several sources .  Agreement between t h e  
two l a b o r a t o r i e s  va r i ed  from good t o  poor. 
d i f f e r e n c e s  t h e  only  known d i f f e r e n c e  i n  t h e  two procedures  was t h a t  t h e  
Paducah i n v e s t i g a t o r s  used a mixture  of hydrogen and n i t rogen  for 
reduct ion  r a t h e r  t han  t h e  undi lu ted  hydrogen used here .  
i n g  t h e  poores t  agreement were those  involv ing  t h e  hydro f luo r ina t ion  rates 
of oxides  wi th  t h e  l a r g e s t  dependence upon reduct ion  temperature .  Th i s  
could be a t t r i b u t e d  t o t h e  d i l u t e d  hydrogen having an e f f e c t  similar t o  
t h e  use of a lower reduct ion  temperature;  t h e  reduct ion  ra tes  were slower 
wi th  a t t e n d a n t  i n c r e a s e s  i n  t h e  subsequent hydro f luo r ina t ion  rates. 

Outside of equipment design 

The cases  e x h i b i t -  

Although t h e  quali tative e f f e c t s  of d i l u t i n g  t h e  hydrogen dur ing  t h e  
reduct ion  of  va r ious  uranium t r i o x i d e s  are r e a d i l y  apparent ,  a genera l ized  
eva lua t ion  of t h e  e f f e c t s  of d i l u t i o n  p r e s e n t s  a formidable undertaking 
due t o  t h e  i n d i r e c t  manner i n  which t h i s  variable func t ions  and i t s  
dependent r e l a t i o n s h i p  t o  s p e c i f i c  oxide c h a r a c t e r i s t i c s  and s p e c i f i c  
equipment geometries;  consequently,  it w a s  i m p r a c t i c a l  t o  inc lude  a s tudy  
of d i l u t i o n  e f f e c t s  i n  t h e  scope of t h i s  i n v e s t i g a t i o n .  

Hydrof luor ina t ion  Temperature, 
s tud ied  t h e  e f f e c t  of temperature  on t h e  rate of r e a c t i o n  between uranium 

The number of i n v e s t i g a t o r s  who have 

. 

. 

dioxide  and anhydrous hydrogen f l u o r i d e  i s  i n d i c a t i v e  of t h e  complexity 

. 
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of t h e  problem. A l l  are agreed that t h i s  v a r i a b l e  i s  rate c o n t r o l l i n g ,  
b u t  c lose  agreement extends l i t t l e  f u r t h e r .  Di f fe rences  i n  t h e  hydro- 
f l u o r i n a t i o n  r a t e  response t o  temperature  v a r i a t i o n s  w e r e  o f t e n  simply 
a t t r i b u t e d  t o  d i f f e r e n c e s  i n  t h e  o r i g i n  of t h e  uranium oxide samples 
be ing  s tud ied .  I n  some of t h e  l a te r  work, t h e  i n t e r r e l a t i o n s h i p s  among 
several r e a c t i o n  v a r i a b l e s ,  such as have been demonstrated i n  t h i s  
i n v e s t i g a t i o n ,  have been recognized. 

Following reduct ion  of t h e  f o u r  uranium t r i o x i d e s  wi th  hydrogen i n  a 
tube  furnace  r e a c t o r  maintained a t  925"C., temperature  was s tud ied  as a 
hydro f luo r ina t ion  rate v a r i a b l e  i n  t h e  improved thermobalance r e a c t o r .  
Hydrof luor ina t ions  were performed a t  5 O O " ,  550" , and 600" C. wi th  t h e  
results shown i n  figures 6 through 9. The s t r a igh t fo rward  inc rease  i n  
average hydro f luo r ina t ion  rate wi th  temperature  e l e v a t i o n  which t h e  
Mall inckrodt  oxide e x h i b i t s  ( f i g u r e  6 )  probably accounts  f o r  i t s  pre-  
d i c t a b l e  process ing  behavior  i n  t h e  gaseous d i f f u s i o n  f eed  p l a n t s  when 
bo th  reduct ion  and hydro f luo r ina t ion  were performed i n  t r a y  and/or  
s c rewf l igh t  conver te rs .  

When one compares t h e  p l o t s  i n  f i g u r e  6 wi th  those  i n  f i g u r e s  7, 8, and 
9, t h e  average hydrof luor ina t ion  rates exh ib i t ed  by t h e  va r ious  oxides  
under comparable condi t ions  are somewhat d i f f e r e n t  b u t  the temperature  
dependence of t h e  r e a c t i o n  rate i s  even more v a r i a b l e  among t h e s e  
samples, e . g . ,  t h e  uranium dioxide produced from HPCS e x h i b i t s  e s s e n t i a l l y  
t h e  same hydro f luo r ina t ion  behavior  a t  550" and 6oo0C. i n  c o n t r a s t  t o  
t h e  l a r g e  d i f f e r e n c e  exh ib i t ed  over  t h e  same temperature  range by t h e  
d ioxide  produced from t h e  KPC material. 
observed uranium dioxides  which exh ib i t ed  faster hydro f luo r ina t ion  rates 
a t  1300°F. t h a t  a t  e i t h e r  1000" or 1400°F. Examination of a v e r y  r e a c t i v e  
oxide i n  t h i s  l a b o r a t o r y  showed a similar maximum hydro f luo r ina t ion  ra te  
a t  500°C. wi th  t h e  slower rates a t  400" and 6 0 0 ~ ~ .  being  approximately 
equal .  
i n d i c a t e s  t h a t  t h e r e  i s  some r e l a t i v e l y  h igh  temperature  at which even 
t h e s e  l e s s  r e a c t i v e  oxides  would a t t a i n  a maximum average r e a c t i o n  rate.  
The temperature  a t  which t h i s  miLLd occur  i s  probably dependent upon 
t h e  o r i g i n a l  p a r t i c l e  s i z e  of t h e  uranium dioxide  and t h e  temperature  of 
t h e  p a r t i a l l y  converted p a r t i c l e  as i t s  su r face  composition passes  through 
t h e  e u t e c t i c .  If s i n t e r i n g  occurs ,  d i f f u s i o n  of gases  through t h e  su r face  
l a y e r  i s  impeded and continued r e a c t i o n  i s  r e t a rded .  

Vois ine t  (27) occas iona l ly  

The hydro f luo r ina t ion  behavior  of t h e  HPCS-derived d ioxide  

Bed Depth. Previous ly  i n v e s t i g a t o r s  have noted t h e  e f f e c t s  of uranium 
dioxide  bed depth upon hydro f luo r ina t ion  as evidenced by an abnormal 
temperature  r i se  o r  a f a i l u r e  t o  achieve r e a d i l y  complete conversion 
of deep beds of uranium dioxide  t o  uranium t e t r a f l u o r i d e .  Like some of 
t h e s e  i n v e s t i g a t o r s ,  our  o b j e c t i v e  was t o  determine what bed depth dur ing  
hydrof luor ina t ion  would reduce t h e  e f f e c t  t o  a minimum. 

To e l i m i n a t e  t h e  p rev ious ly  d iscussed  v a r i a b l e  of bed depth dur ing  reduct ion ,  
uranium dioxide  f o r  t h i s  s tudy  w a s  prepared i n  an a u x i l i a r y  r e a c t o r  from 
t h e  MCW uranium t r i o x i d e  d i s t r i b u t e d  i n  a l a r g e  shal low t r a y  so  t h a t  t h e  
bed depth  d id  no t  exceed 0.5 mm. A f t e r  reduct ion ,  t h e  d ioxide  was cooled 
t o  room temperature  i n  a s t a t i c  atmosphere of hydrogen. Samples of  t h e  
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uranium dioxide  equ iva len t  t o  o r i g i n a l  bed depths  of 0 . 5 ,  1 .0 ,  2.0,  4 .0 ,  
and 7.0 mm. measured as t h e  t r i o x i d e ,  vere  weighed i n t o  t h e  thennobalance 
boa t  and heated from room tempera t i r e  t o  t h e  des i r ed  hydroflu.or inat ion 
temperature  i n  an atmosphere of hydrogen. I n  t h i s  range of bed depth ,  
hydro f luo r ina t ion  rates beceme s love r  and sample temperatures  rose  more 
wi th  inc reas ing  bed depth.  'The data are shoim g r a p h i c a l l y  i r ? .  f i g u r e  10 
and  f i g u r e  11. 

One might expect  t h e  h igher  temperatures  produced i n  t h e  deeper  beds 
dur ing  hydrof luor ina t ion  t o  proLilote r e a c t i o n  e t  a fas ter  r a t e ;  such VIS 

found t o  occLr i n  t h e  deeper beds d ix5ng  reduct ion .  Since t h e  average 
hydro f luo r ina t ion  rates exper imenta l ly  observed were slovrer as bed 
depth  was increased ,  o t h e r  ?:'actors exer ted  a s t ronge r  inf luence  upon 
t h e  r e s u l t i n g  r e a c t i o n  r e t e  then  d id  t h e  temperatu,-e r i se .  The i d e n t i t y  
of two of t h e s e  f a c t o r s  may be ind ica t ed  by t h e  results of a thennobalance 
i n v e s t i g a t i o n  of hydrof luor ina t ion  retes of u r a n i m  dioxide  produced from 
hydrated urani -m t r i o x i d e  riu i n  t h i s  l abore to ry .  
ular oxide vas much more r e a c t i v e  t h 2 n  t h e  one being considered i n  t h e  
p re sen t  i n v e s t i g a t i o n ,  t h e  results of t h e  ear l ie r  experiments i n d i c a t e  t h e  
p o s s i b i l i t y  of t h e m 1  dapage t o  r e a c t i v i t y  tovzrd  anhydrous hydrogen 
f l u o r i d e  as a resul t  of p a r t i c l e  s i n t e r i n g  between 500" and 600°C. 
Furthermore,  hydrogen f l u o r i d e  d i l c t i o n  with ?,!zter vapor,  such as 
undoubtedly p r e v a i l s  i n  t h e  deeper oxide beds shere t h e  water produced 
must d i f f u s e  out  of t h e  bed, hes a d e f i n i t e  r e t a r d i n g  in f luence  upon 
t h e  rate of hydrof luor ina t ion .  Th i s  e f f e c t  i nc reases  r a p i d l y  as t h e  
concent ra t ion  of water vapor i s  increased  from 40 t o  80 percent .  ~n 
any event  t h e  i n t e r e s t s  of minimizing bed depth  e f f e c t s  a r e  best served 
by minimizing t h e  depth of t h e  bed i t s e l f .  

Hydrogen Fluor ide  Fl0T.i Rete. Ludwig (17) has repor ted  that  2 f o w f o l d  
inc rease  i n  hydrogen f l u o r i d e  flosa caused t h e  r e e c t i o n  rete wi th  uranium 
dioxide  t o  inc reese  d w i n g  t h e  f i r s t  three-fou:rths of  t h e  r e a c t i o n  '0u.t 
caused a decrease dur ing  t h e  r e ~ 2 i n d e r .  Using hydrogen f l u o r i d e  f low 
rates vary ing  from 250 t o  1000 s t d .  cc . /min .  f o r  t h e  hydro f luo r ina t ion  
of uranium dioxide produced from 0 .  >-gram szmples of PIOW ur2nium trioxide, 
we observed no dependence of r e e c t i o n  rate upon flow ra te  i n  t h i s  range. 
The t h r e e  curves which result  from p l o t t i n g  t h e  data i n  f i g u r e  12 a r e  
p r a c t i c a l l y  i d e n t i c a l .  The ebsence of a d e t e c t a b l e  induct ion  perliod 
similar t o  those  observed at t h e  beginning of the reduct ion  experiments 
i n d i c a t e s  t h a t  t h e  hydrof luor ina t ion  of  uranium dioxide  i s  i n i t i a t e d  by 
t h e  very  low concent ra t ions  of hydrogen f lu-or ide  developed i n  t h e  argon 
as soon as t h e  hydrogen f l u o r i d e  f l o w  was s ta r ted .  

Although t h i s  p a r t i c -  

n 
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J!Tumerous ind iv idua l s  cont r ibu ted  t o  t h e  success  of t h i s  i n v e s t i g a t i o n .  
Mr. John Farquharson, i n  p a r t i c - d a r :  m d e  a n a j o r  con t r ibu t ion  i n  
supplying t h e  design and d i r e c t i n g  t h e  i n s t a l l a t i o n  of t h e  e l e c t r o n i c  
temperature  c o n t r o l  system. The ~ ~ o r k  of draftsmen wi th in  our own 
Divis ion ,  e l e c t r i c i a n s ,  welders:  shee t  metal  workers and  i n s v l a t o r s  of 
t h e  Mzintenance Diuisior! m d e  poss ib l e  t h e  cons t ruc t ion  of t h i s  we l l -  
b u i l t  and r e l i a b l e  s c i e n t i f i c  appara tus .  
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Laboratory Work Completed March 27, 1958. 
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