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P r e c i p i t a t i o n  k inet ic ;  of a  continuous p r e c i p i t a t o r ,  

wlth appllcakkon t o  the  p r e c i p i t a t i o n  

of ammonium polyuranate 

Rlchard Conrad Hoyt 

Under t h e  supervis ion  of Lawrence E. Burkhart + 

From the  Department of Chemical Engineering and Nuclear Engineering 
Iowa S t a t e  Univers i ty  

A mathematical model descr ib ing t h e  k i n e t i c s  of continuous prec ip i -  

t a t i o n  has been developed. This  model accounts f o r  c r y s t a l  nuc lea t ion ,  

c r y s t a l  growth, primary coagulat ion,  and secondary coagula t ion ,  wi th  the  

coagulat ion processes being represented  wi th  average nuclea t ion  r a t e s  and 

e f f e c t i v e  growth r a t e s .  The k i n e t i c  model inc ludes  emperical r e l a t i o n -  

s h i p s  f o r  t he  nuclea t ion  r a t e s  such t h a t  the ,popu la t ion  dens i ty  d i s t r i -  

but ions ,  average p a r t i c l e  sizes, dominant p a r t i c l e  s i z e s ,  and suspension 

dens i ty  f r a c t i o n s  of t h e  c r y s t a l l i t e s ,  primary agglomerates, and second- . 

. a ry  agglomerates leaving the  continuous p r e c i p i t a t o r  can b e ,  determined. 

T h i s . k i n e t i c  model has been success fu l ly  appl ied  t o  t h e  continuous 

, , p r e c i p i t a t i o n  ,of ammonium polyuranate ,  which has .been found t o  c o n s i s t  : 

of th ree  types of p a r t i c l e s ;  (1) elementary c r y s t a l s ,  (2)  c l u s t e r s  o r  

primary coagulated p a r t i c l e s ,  and (3)  agglomerates o r  secondary coagula- 

ted p a r t i c l e s .  The ammonium polyuranate c r y s t a l l i t e s  have been shown t o  

be t h i n ,  submic'ron,, hexagonal' p l a t e l e t s ,  ' t h e  s i z e  of which depends upon 

the  p rec ip i t a t ion  condi t ions .  The c l u s t e r s  had an upper s i z e  l i m i t  o f  

about 7 pm i n  diameter and contained numerous smal l  voids  (<, 3 pm) due . t o  
, , 



. the  packing of t h e  c r y s t a l l f t e s .  The agglomerates  had an  upper s i z e  

l i m i t  of about  40 pm 2n di-amet.er and contained l a r g e  v o i d s  (,-1 pm)' which 

r e s u l t e d  from loose  packfng of bo th  c l u s t e r s  and c r y s t a l l i ' t e s .  

The p rec i ' p i t a t fbn  cond2tions have been shown t o  a f f  e c t  t h e  nuclea-  . 

t i o n  r a t e s ,  growth r a t e s ,  and s t r u c t u r e s  of t h e  primary and secondary 

coagulated p a r t i c l e s .  The k i n e t i c  parameters  governing t h e  p a r t i c l e  

s i z e  and s t r u c t u r e  of t h e  p r e c f p i t a t e  have been shown t o  be  dependent 

upon t h e  ammonium t o  urankum r e a c t i n g  f e e d m o l e  r a t i o  r a t h e r  than  t h e  

p r e c i p i t a t i o n  .pH. 

. The r e s u l t s  of t h i s  work have showk t h a t "  t h e  p a r t i c l e  s i z e  d i s t r i -  , 

bu t ion  and p a r t i c l e  s t r u c t u r e  of t h e  ammonium polyurana te  p r e c i p i t a t e  can 

be c o n t r o l l e d  through proper  r e g u l a t i o n  of t h e  p r e c i p i t a t i o n  cond i t i ons .  

The r a t i o  of c S u s t e r s  t o  agglomerates  can be  b e s t  c o n t r o l l e d  through t h e  

uranium concne t r a t ion ,  and t h e  cohesiveness  o r  i n t e r n a l  bonding s t r e n g t h  

of t h e  p a r t i c l e s  can b e  c o n t r o l l e d  w i t h  t h e  ammonium t o  uranium r e a c t i n g  

feed  mole r a t i o .  These two cond i t i ons ,  i n  conjunct ion  wi th  . t h e  r e s idence  

time, w i l l  determine t h e  n u c l e a t i o n  r a t e s ,  growth r a t e s ,  and s i z e  d i s t r i -  

bu t ions  of t h e  p a r t i c l e s  l eav ing  t h e  cont inuous p r e c i p i t a t o r .  With 

proper  c o n t r o l  of t h e s e  phys i ca l  particlecharacteristics, t h e  u s e  of 

pore formers ,  ba l l -mi l l i ng ,  and powder b lending  can probably be  e l imi-  

na ted  from t h e  nuc lear .  f u e l  f a b r i c a t i o n  process .  Th i s  would s u b s t a n t i a l -  

l y  reduce t h e  c o s t  of t h e  f u e l  f a b r i c a t i o n  p roces s  and t h e r e f o r e  dec rease  

t h e  c o s t  of t h e  o v e r a l l  nuc l ea r  f u e l  cyc l e .  
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A 
2 3 

surface area per unit volume of suspension, L /L 

A '  surface area, L 
2 

B O 
3 

nucleation rate per unit volume of suspension, #/(L*L ) 

z0 3 
average nucleation rate per unit volume of suspension, #/(L*L ) 

C solute concentration, MIL 
3 

C solute equilibrium concentration, MIL 
3 

e 

C solute saturation concentration, MIL 
3 

s ,  

D diffusion.coefficient, L/t 

G growth rate, L/t 

Ga 
average agglomerate growth rate resulting from cluster 
coagulation, L/t 

G ' average agglomerate growth rate resulting from coagulation of 
a 

crystallit~es.with agglomerates, L/t 

Gc 
average cluster growth rate resulting from coagulation of 
crystallites into clusters, L/t 

Ge 
effective growth rate, L/t 

i growth rate kinetic order of nucleation 

j suspension density .kinetic order of tlucleation 

k coagulation constant, l/t 

k size-independent surface area shape factor 
a 

kc 
average coagulation constant of crystallites into clusters, l/t 

"N nucleation constant 

k surface reaction rate constant 
r 

- 1 
Units are represented as; M = mass, L = length, t ='time-, 

= number, T = temperature 



nuc lea t ion  cons t an t  

average coagu la t ion  cons t an t  of c r y s t a l l i t e s  i n t o  c l u s t e r s ,  l / t  

average coagula t ton  cons t an t  of c r y s t a l l i t ' e s  w i th  c l u s t e r s ,  l / t  

p a r t i c l e  s i z e  (volume-equivalent-diameter),  L  

average p a r t i c l e  s i z e ,  L  

mass of p a r t i c l e s ,  M 

m a s s  of p a r t i c l e s  per  u n i t  volume of suspension,  MIL 
3  

suspension d e n s i t y  per  un i t , vo lume  of suspension,  MIL 3 

suspension d e n s i t y  f r a c t i o n  

3 
p a r t i c l e  popula t ion  d e n s i t y ,  /I/ (L'-.L' ) 

3 
average popula t ion  d e n s i t y  i n  s i z e  range AL, # / (L*L ) 

t o t a l  number of p a r t i c l e s  per  u n i t  volume of suspension,  /I/L 
3 

Avagadro's number, ///mole 

s o l u t e  product ion r a t e  per  u n i t  volume of suspension,  M/ ( L ~  t )  

3  
t o t a l  feed  f low rate, L / t  

p a r t i c l e  r a d i u s ,  L  . 

3 
gas  cons t an t ,  (L *P)/(T*mole)  

degree of s u p e r s a t u r a t i o n ,  MIL 
3 

t ime, t 

a b s o l u t e  temperature,  T 

half- t ime of coagula t ion ,  t 

sample volume used i n  Coul te r  counter  a n a l y s i s ,  L  
3  

suspension holdup volume i n  p r e c i p i t a t o r ,  L 
3 

mass f r a c t i o n  of p a r t i c l e s  per u n i t  ,volume of suspension 

t o t a l  mass f r a c t i o n  per  un i t ' vo lume  of suspension 



X ' .  laminar f i l m  t h i ckness ,  L  

Greek symbols 

E d i e l e c t r i c  cons tan t  

1 - I .  e l e c t r o p h o r e t i c  v e l o c i t y ,  L / t  

v 
2 

kinematic  v i s c o s i t y ,  L I t  

P p a r t i c l e  d e n s i t y ,  MIL 
3 

. .  T r e s idence  t ime,  t 

Super sc r ip t s  

o p a r t i c l e s  of n u c l e a t e  s i z e  

Subsc r ip t s  

a agglomerates 

o c c l u s t e r s  

d  dominant s i z e  

m minimum s i z e  

o i n i t i a l  cond i t i ons  

T c r y s t a l l i t e s  + c l u s t e r s  + agglomerates 

x c r y s t a l l i t e s  

1 cond i t i ons  t h a t  e x i s t  f o r  t h e  p a r t i c l e s  a t  t h e  lower edge 
of t h e  s i z e  range AL 

2 cond i t i ons  t h a t  e x i s t  f o r  t h e  p a r t i c l e s  a t  t h e  h igher  edge 
of t h e  s i z e  range AL 
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INTRODUCTION 

The gene ra t ion  of e l e c t r i c i t y  by nuc lear  power r e a c t o r s  has  been 

expanding t o  h e l p  f u l f i l l  c u r r e n t  energy demands as some f o s s i l  f u e l  

r e s e r v e s  a r e  being d r a s t i c a l l y  reduced. With t h i s  expansion, t h e  

d e s i r e  and need f o r  a dependable,  e a s i l y  c o n t r o l l a b l e ,  and economical 

nuc lear  f u e l  f a b r i c a t i o n  process  has  emerged. 

The f u e l  f o r  nuc lea r  r e a c t o r s  must be a b l e  t o  e x i s t  w i t h i n  a 

very  h o s t i l e  environment which p l a c e s  g r e a t  demands on i ts chemical 

and phys i ca l  p r o p e r t i e s .  The r e a c t o r  f u e l  must be s t a b l e  under 

high thermal  s t r e s s ,  h igh  r a d i a t i o n  f l u x e s ,  have a high thermal 

conduc t iv i ty ,  be  a b l e  t o  r d t a i n  f i s s i o n  products ,  and have an in-core 

l i f e t i m e  c o n s i s t e n t  wi th  a h igh  burnup. 

P r e s e n t l y ,  most l i g h t  water r e a c t o r s  a r e  us ing  UO f u e l  p e l l e t s  
2 

even though they a r e  b r i t t l e  and have a low thermal conduc t iv i ty .  

This  is  because t h e s e  d isadvantages  a r e  o f f s e t  by t h e  advantages 

o f ' h a v i n g  a h igh  mel t ing  p o i n t ,  being chemical ly s t a b l e  wi th  

r e a c t o r  coo lan t s  and c ladding  m a t e r i a l s  a t  high temperatures ,  

having. an i s o t r o p i c  s t r u c t u r e  which i s  s t a b l e  under i r r a d i a t i o n  a t  

temperatures  approaching i t s  mel t ing  p o i n t ,  and having a c r y s t a l  

s t r u c t u r e  which can accommodate s i g n i f i c a n t  q u a n t i t i e s  of s o l i d  and 

gaseous f i s s i o n  products  (52,96).  

These phys i ca l  p r o p e r t i e s  a r e  governed by t h e  d e n s i t y ,  g r a i n  

s i z e ,  pore volume d i s t r i b u t i o n ,  pore s i z e  d i s t r i b u t i o n ,  and shape of 

t h e  U02 p e l l e t  (42,73,83) .  Although t h e  optimum s t r u c t u r e  has n o t  y e t  



been f i rmly  e s t a b l i s h e d ,  it has been found t h a t  l i g h t  water r e a c t o r  

p e l l e t s  should be c y l i n d r i c a l  wi th  a l eng th  t o  diameter  r a t i o  of 

1 t o  1.5,  have a diameter  of approximately 1.25 cm and be c e n t e r l e s s -  

+ 
ground t o  -0.005 mm f o r  a c c u r a t e  c o n t r o l  of fue l - shea th  d i s t a n c e  and 

r a d i a l  swel l ing .  Both ends should be  d i s h  shaped wi th  end chamfers .  

and some minimum shoulder  width t o  a l low f o r ' s w e l l i n g ,  t o  prevent  

r i dg ing ,  and t o  avoid excess  chipping du r ing  loading.  The oxygen 

t o  uranium r a t i o  should be  near  s t o i c h i o m e t r i c  composition f o r  

increased  thermal  conduc t iv i ty  and r e t e n t i o n  of f i s s i o n  gas: The 

p e l l e t  should have h igh  d e n s i t y  of 92 t o  95% t h e o r e t i c a 1 , ' a  uniform 

p o r o s i t y  t o  avoid any d e n s i t y  d i s t r i b u t i o n ,  a l a r g e  g r a i n  s i z e  of 

about 10  pm, and .a po re  s i z e  d i s t r i b u t i o n  such t h a t  t h e  ma jo r i t y  

o f  pores  a r e  10  pin and l a r g e r  i n  o rde r  t o  prevent .  i r r a d i a t i o n  induced 

d e n s i f i c a t i o n  . (15,19,22,40,42,52,64,73,83,95,96,99).  Many of t h e s e  

p r o p e r t i e s  are determined by t h e  mic ros t ruc tu re  of t h e  p e l l e t .  

The importance of shape and mic ros t ruc tu re  i s  c l e a r l y  ev ident  

from in-core performanc'e t e s t s  of o x i d e ' f u e l s .  I f  t h i s  performance 

is poor, then  t h e  o v e r a l l  f u e l  c y c l e  becomes more c o s t l y  because 

of increased  f u e l  inventory  requi rements ,  f u e l  element f a i l u r e s ,  

increased  and unscheduled . reac tor  down t imes ,  and lower maximum 

allowed power l i m i t s .  Pa s t  exper ience  has  shown t h a t  r e s t r u c t u r i n g  

of t h e  p e l l e t ,  f i s s i o n  product behavior ,  i r rad ia t ion- induced  

dens i f  i c a t i o n ,  f  uel-cladding i n t e r a c t  ion ,  f u e l  element dimen'sional 

s t a b i l i t y ,  and i n t e r n a l  hydr id ing  of z i rca loy-c lad  f u e l  rods  can 

a l l  be  r e l a t e d  t o  t h e  UO p e l l e t ' s  shape and mic ros t ruc tu re  (67,94,108). 
2 



Upon i n i t i a l  hea t ing  of t h e  f u e l ,  a high  thermal  g r a d i e n t  i s  

e s t a b l i s h e d  wi th  t h e  h ighes t  temperature being a t  t h e  c e n t e r l i n e  of 

t h e  f u e l  p e l l e t s .  I n  a  few hours ,  t h e  f u e l  w i l l  be r e s t r u c t u r e d  

as a r e s u l t  of vo id  migra t ion .  The h igh  temperature g r a d i e n t  causes 

t h e  pores  near  t h e  c e n t r a l  po r t ion  of t h e  p e l l e t  t o  migra te  towards 

t h e  p e l l e t ' s  c e n t e r l i n e  through an  evaporation-condensation mechanism. 

This  r e s u l t s  i n  a c e n t r a l  void surrounded. by l a r g e  columnar g r a i n s  

(19,34).  The void migra t ion  r a t e s  a r e  h igh ly  temperature dependent 

and cause t h e  o u t e r  r a d i u s  of t h i s  annular  r eg ion  t o  be  sha rp ly  

defined.,  Af t e r  t h e  formation of t h e  s t r u c t u r e ,  t h e  temperatures  

and thermal g r a d i e n t s  i n  t h i s  r eg ion  become cons iderably  lower because 

of t h e  increased  thermal conduc t iv i ty  which, i n  t u r n ,  lowers f u t u r e  

void migra t ion  r a t e s .  The amount and s i z e  d i s t r i b u t i o n  of t h e  f a b r i -  

ca t ed  p o r o s i t y  w i l l ,  t h e r e f o r e ,  a f f e c t  t h e  amount of i t s  i n i t i a l  

r e s t r u c t u r i n g .  

An inventory  of gaseous and s o l i d  f i s s i o n  products  w i l l  b u i l d  

up i n s i d e  t h e  UO mat r ix  a s  f i s s i o n  t a k e s  p l ace .  The oxygen t o  
2 .  

meta l  r a t i o  w i l l  increase\, t h e  f u e l  p e l l e t  w i l l  swe l l ,  

and t h e  chemical composition w i l l  b e . c o n s t a n t l y  changing. R e d i s t r i -  

bu t ion  of t h e  f i s s i o n  products  w i l l  r e s u l t  I n  t h e  formation of 

gas  bubbles ,  i n c l u s i o n  phases,  and s o l i d  s o l u t i o n s  w i t h i n  t h e  UO 
2 

mat r ix  (16,45,50,65).  Th i s  r e d i s t r i b u t i o n ,  has  been shown t o  be  

a f f e c t e d  by . r a d i a t i o n ,  which enhances d i f f u s i o n  processes  a t .  low 

temperatures  and c o n t r o l s  t h e  process  of gas  bubble nuc lea t ion  and 

growth by r e s o l u t i o n  mechanisms (46) .  A dynamic equi l ibr ium w i l l  



e x i s t  between t h e  gas  bubbles,  which remain ve ry  smal l  and a r e  under 

very  h igh  p re s su res ,  and t h e  g a s  which is d i s so lved  i n  t h e  f u e l  

mat r ix .  Some of t h e s e  bubbles  w i l l  migra t e  toward g r a i n  boundaries  

where they' accumulate and may i n t e r l i n k ,  forming a connect ing pa th  

t o  t h e  ex t e r3o r  of t h e  p e l l e t  and then  escape i n t o  t h e  gas  plenum. 

Gas bubbles  near  t h e  h o t t e r  c e n t r a l  p o r t i o n  of t h e  p e l l e t  w i l l  

migra te  up t h e  temperature g r a d i e n t  and reach  t h e  gas  plenum through 

t h e  c e n t r a l  void.  Th i s  t r a n s p o r t  of gas  bubbles through t h e  U02 

f u e l  ma t r ix  is  dependent upon t h e  d i f f u s i o n  c o e f f i c i e n t  of t h e  

f i s s i o n  gas ,  which has  been shown t o  b e ' a  func t ion  of bo th  tempeFature 

and g r a i n  s i z e  (66).  The average g r a i n  s i z e  of t h e  UO p e l l e t  
2  

and t h e  amount of p o r o s i t y  w i l l  consequent ly a f f e c t  t h e  r e d i s t r i b u t i o n  

o of f i s s i o n  products ,  t h e  amount of f i s s i o n  gas  r e l e a s e ,  and t h e  amount 

of f u e l  p e l l e t  swel l ing .  

One of t h e  most v i v i d  examples of t h e  e f f e c t s  of p e l l e t  micro- 

s t r u c t u r e  on f u e l  is  t h a t  of i r rad ia t ion- induced  densi-  

f i c a t i o n  . i n  which t h e  d e n s i t y  of t h e  f u e l  i n c r e a s e s  a t  temperatures  

f a r  below those  a t  which d e n s i t y  i n c r e a s e s  can be  induced o u t s i d e  

of a  r e a c t o r .  Th i s  type  of d e n s i f i c a t i o n ,  which w a s  f i r s t  experienced 

i n  1972, r e s u l t e d  i n  bowed, co l l apsed ,  and l eak ing  f u e l  rods  (32). 

The degree  of d e n s i f i c a t i o n  was fbund t o  be c o n t r o l l e d  b y ' t h e  amount 

of burnup.and t h e  mic ros t ruc tu re  of t h e  f u e l ,  p a r t i c u l a r l y  i ts pore 

s i z e  d i s t r i b u t i o n ,  t o t a l  po ros i ty ,  and g r a i n  s i z e  (24,49,75,98).  

Dens i f i ca t ion  should r e a l l y  b e  considered i n  t h e  'context  of two 

concurrent  processes ,  pore removal and swel l ing ,  wi th  pore removal 



being a t  t h e  beginning of f u e l  l i f e  and f u e l  swel l ing  becoming 

dominant a t  burnups of about 4,000 t o  12,000 M W ~ / T .  The mechanism 

f o r  t h i s  i r rad ia t ion- induced  d e n s l f i c a t i o n  is  bel ieved  t o  be  t h e  

r e s u l t  of f iss ion-induced r e s o l u t i o n  of pores  followed by vacancy 

d i f f u s i o n  t o  vacancy s i n k s  such as g r a i n  boundarfes o r  o t h e r  pores .  

Th i s  pore r e s o l u t i o n  i s  supposedly a r e s u l t  of t h e  thermal e f f e c t  

of a f i s s i o n  fragment,  which tends  t o  vapor ize  a l l  t h e  ma t t e r  i n  a 

c y l i n d r i c a l  r eg ion  approximately 10 pm long and 70 A i n  diameter .  . 

I£ such a r eg ion  i n t e r s e c t s  t h e  s u r f a c e  of a pore,  then  a l a r g e  po r t ion  

of t h e  vaporized ma t t e r  e r u p t s  v i o l e n t l y  i n t o  t h e  pore  a s  a mixture  

of l i q u i d  and vapor ,  c r e a t i n g  a h igh  concen t r a t ion  of vacancies  which 

may d i f f u s e  t o  g r a i n  boundaries  and cause d e n s i f i c a t i o n ,  o r  may 

r e p r e c i p i t a t e  on pores  t h a t  a r e  n o t  i n s t an t aneous ly  homogenized. 

The l a t t e r  e f f e c t  t ends  t o  g ive  t h e  l a r g e r  pores  g r e a t e r  s t a b i l i t y  

than smal le r  ones. 

I n  o rde r  t o  prevent  irradiation-:induced dens i f  i c a t i o n ,  t h e  

m i c r o s t r u c t u r e ~ o f  t h e  UO must b e  c o n t r o l l e d  s o  t h a t  t h e  f a b r i c a t e d  
2 

p e l l e t  has a d e n s i t y  g r e a t e r  than  94% t h e o r e t i c a l ,  a n  average g r a i n  

s i z e  g r e a t e r  than  10 urn, and a pore  volume.d is t r i .bu t ion  such t h a t  

t h e  pores  a t  median.volume have a diameter  g r e a t e r  than  1 vm (49,75).  

However, t h e  complete e l imina t ion  of p o r o s i t y  i s  undes i r ab le  f o r  

h igh  burnup and f i s s i o n  product r e t e n t i o n  (20,107),  and f o r  minimizing 

both c i r c u m f e r e n t i a l  and a x i a l  c ladding  s t r a i n  which r e s u l t s  from 
, 

pe l l e t - c l add ing  i n t e r a c t i o n  (1 ,41) .  

The d e n s i t y  and t h e  amount of open p o r o s i t y  i s  a l s o  important  



i n  regard t o  t h e  i n t e r n a l  hydriding of zircaloy-clad f u e l  rods ,  s ince  

the  main source  of hydrogen i n  f u e l  rods  f s  due t o  the  su r face  

adsorption of hydrogen (84). 

Aside from t h e  need t o  c o n t r o l  micros t ructure  from a performance 

standpoint ,  t he re  is an addi t iona1,need. f rom a f u e l  f a b r i c a t i o n  

standpoint .  Although t h e r e  is  l i t t l e  published d a t a  on t h e  physica l  

problems of UO p e l l e t  f a b r i c a t i o n  by t h e  . indugtry,  one paper on the  
2 

experience i n  a  f a b r i c a t i o n  f a c i l i t y  (101) contained information 

ind ica t ing  t h a t  the  economics and e f f i c i e n c y  of t h e  f a b r i c a t i o n  

process can be s i g n i f i c a n t l y  a f fec ted  by c o n t r o l  of t h e  p e l l e t ' s  

microstructure.  Spec i f i ca l ly ,  t h i s  i s  evident  i n  t h e  quan t i ty  of 

recycled scrap  powder from r e j e c t e d . p e l l e t s ,  equipmenf maintenance, 

amount of f u e l  inventory, and amount of p lan t  down time. For example, 

p e l l e t s  with i n v i s i b l e ,  i n t e r n a l  c racks  o f t e n  break causing damage 

t o  grinding wheels. Maintenance of equipment such a s  t h i s  is  not  

an easy t a sk ,  e s p e c i a l l y . i f  mixed-oxide f u e l  i s  be ing . fabr i ca ted .  

Equipment f a i l u r e s  a l s o  cause in termedia te  product s to rage  problems 

. f o r  o ther  process s t e p s  unless  t h e  e n t i r e  f a b r i c a t i o n  process i s  shut  

down. 

I n  add i t ion  t o  t h e  maintenance problems,.some of the  process 

s t e p s  may a f f e c t  product uniformity,  e s p e c i a l l y  i f  they a r e  operated 

manually. Improved automation and c o n t r o l  of the  f a b r i c a t i o n  process 

would not  only .improve p e l l e t  micros t ructure  c o n t r o l  and product 

uniformity,  but would a l s o  improve t h e  o v e r a l l  e f f i c i ency  of such 

a f a c i l i t y .  



There i s  gene ra l  agreement among t h e  people working i n  t h e  

a r e a  of f u e l  f a b r i c a t i o n  t h a t  t h e  phys i ca l  p r o p e r t i e s  of t h e  UO 
2 

p e l l e t  depend upon t h e  p r o p e r t i e s  of t h e  uranium oxide  powders and 

upon t h e  p e l l e t  f a b r i c a t i o n  technique.  The e f f e c t s  of t h e  v a r i a b l e s  

i n  t h e  f a b r i c a t i o n  processes ,  which inc lude  p r e c i p i t a t i o n ,  c a l c i n a t i o n ,  

r educ t ion ,  mi . l l ing,  g ranu la t ion ,  p re s s ing ,  s i n t e r i n g ,  and g r ind ing ,  

depend not  on ly  on t h e  technique used b u t  a l s o  on t h e  p r o p e r t i e s  of 

t he  powder being t r e a t e d .  A s  a  r e s u l t  of t h i s  very  complicated 

interdependency, d a t a  publ ished i n  t h e  l i t e r a t u r e  p re sen t  a  very  

confusing p i c t u r e  because of t h e  o f t e n  c o n f l i c t i n g  opin ions  on the  

e f f e c t s  of v a r i o u s  f a b r i c a t i o n  v a r i a b l e s .  

Most of t h e  work done by o t h e r s  h a s  involved powder c h a r a c t e r i z a -  

t i o n  by g r a i n  s i z e ,  s u r f a c e  a r e a ,  and tap-dens i ty ,  w i t h  average  g r a i n  

s i z e  and p a r t i c l e  s i z e  being determined i n  some c a s e s  from t h e  

s u r f a c e  a rea .  Th i s  a l o n e  is  n o t  enough t o  c h a r a c t e r i z e  t h e  powders, 

but  should be  used i n  conjunct ion  w i t h  a n a l y s i s  of p a r t i c l e  s i z e  

d i s t r i b u t i o n ,  pore volume d i s t r i b u t i o n ,  p a r t i c l e  morphology, and 

p a r t i c l e  s t r u c t u r e .  Without f u l l y  c h a r a c t e r i z i n g  powders a t  every 

s t e p  i n  t he  process ,  r e s u l t s  of experiments  c o r r e l a t i n g  p roces s  

v a r i a b l e s  wi th  changes i n  powder c h a r a c t e r i s t i c s  could be ques t ionab le .  

This  i s  p a r t i c u l a r l y  t r u e  f o r  s u r f a c e  a r e a  measurements which depend 

not  only on p a r t i c l e  s i z e ,  bu t  a l s o  on s i z e  d i s t r i b u t i o n ,  morphology, 

and s t r u c t u r e .  

P a r t i c l e  d e s c r i p t i o n s  i n  t h e  l i t e r a t u r e  o f t e n  present '  a vague 

and confusing p i c t u r e  because t h e  d e f i n i t i o n  of what comprises a  



C 

" p a r t i c l e "  is unc lea r .  Apparently what a r e  r e a l l y  being formed a r e  

i n d i v i d u a l  c r y s t a l l i t e s  which a r e  nuc lea ted  and grown, c l u s t e r s  of 

t h e s e  c r y s t a l l i t e s  which a r e  held r a t h e r  f i r m l y  toge the r ,  and f i n a l l y ,  

agglomerates of t h e s e  c l u s t e r s  which a r e  he ld  loose ly  toge the r .  The 

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

wafer- l ike shape, whi le  t h e  c l u s t e r s  and agglomerates a r e  u s u a l l y  

r e f e r r e d  t o  a s  p a r t i c l e s .  Adequate powder c h a r a c t e r i z a t i o n  must 

d i s t i n g u i s h  between t h e s e  f e a t u r e s  and . inc lude  a n a l y s i s  of s i z e  

d i s t r i b u t i o n ,  pore volume d i s t r i b u t i o n ,  and morphology of each type  

of p a r t i c l e  . 

The r e sea rch  work involved i n  t h i s  p r o j e c t  was devoted t o  t h e  

s tudy  of t h e  cont inuous p r e c i p i t a t i o n  of ammonium polyurana te  and had 

t h e  fo l lowing  ob jec t ives :  (1)  t o  b e t t e r  c h a r a c t e r i z e  t h e  p r e c i p i t a t e  

w i th  r e s p e c t  t o  p a r t i c l e  s t r u c t u r e ,  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  and 

p a r t i c l e  morphology, (2)  t o  develop a more s c i e n t i f i c  b a s i s  f o r  

determining t h e  ope ra t ing  conditions of t h e  p r e c i p i t a t o r ,  (3) t o  

determine how t o  a l t e r  t h e  p a r t i c l e  s t r u c t u r e  of t h e  p r e c i p i t a t e ,  and 

(4) t o  develop a mathematical model of t h e  p r e c i p i t a t i o n  process .  



LITERATURE REVIEW 

The product ion of UO powder has  f o r  many yea r s  been c a r r i e d  out  
2 

by r educ t ion  of U03 o r  U3Q8, and most of t h e  e a r l y  work involved the 

product ion of UO by thermal  d e n i t r a t i o n  of u rany l  n i t r a t e .  This:  
3 

thermal  d e n i t r a t i o n  was performed i n  heated k e t t l e s  which proved t o  

be expensive t o  ope ra t e  aqd main ta in  because of t h e  high temperatures  

needed and t h e  c o r r o s i v e  atmosphere generated (72,88).  A subsequent 

process  u s ing  aqueous u rany l  n i t r a t e  and a moderate temperature 

involves  t h e  p r e c i p i t a t i o n  of uranium a s  ammonium polyurana te  (APU), 

and has been developed t o  an  i n d u s t r i a l  s c a l e  (19) .  The APU p r e c i p i t a t e  

y i e l d s  a more chemical ly r e a c t i v e  UO powder than  does t h e  thermal 
3 

d e n i t r a t i o n  process  (43).  The U02 powder produced through t h e  APU 

r o u t e  has  been shown t o  be more r e a c t i v e  and of h igher  d e n s i t y  than  

UO prepared by o the r  methods (18,22,25,43,61,86). I n  some cases ,  
2 

t h e  f u e l  product ion w a s  even more.economica1 because t h e  U O '  powder 
2 

could be cold-pressed without  t h e  a d d i t i o n  of a binder  (96) .  

APU can be  p r e c i p i t a t e d  from u rany l  n i t r a t e  s o l u t i o n  by ' any  of 

s e v e r a l  methods; (1) a d d i t i o n  of ammonium hydroxide, (2) a d d i t i o n  of 

'ammonia gas ,  (3) a d d i t i o n  of ammonium carbonate ,  and (4) a d d i t i o n  of 

urea  which upon hea t ing  decomposes w i t h  t h e  gene ra t ion  of ammonia. 

The h ighes t  d e n s i t y  UO i s  produced from APU which has  been p r e c i p i t a t e d  
2 '  

by t h e  a d d i t i o n  of ammonia (25) ,  and t h e r e f o r e  most of t h e  p r e c i p i t a t i o n  

s t u d i e s  have involved only methods 1 and 2 . ,  . 

The p r e c i p i t a t e  is  o f t e n  r e f e r r e d  t o  as ammonium d iu rana te ;  however 



t h i s  compound has never been i s o l a t e d  from so lu t ion  and t h e  exact  

composition is  s t i l l  i n  quest ion (8,17,69,86,113). The l a r g e  number 

of compounds and complexes whfch have been pos tu la ted  t o  be  formed 

during the  r eac t fon  of .uranyl n i t r a t e  and ammonium hydroxide i n d i c a t e  
I 

t h e  complexity and uncer t a in ty  i n  t h e  r eac t ions  and mechanisms 

involved. . A l l  of t h e  s t u d i e s  have indica ted  t h a t  equil ibrium is 

es tabl ished slowly and t h a t  t h e  a d d i t i o n  r a t e  of t h e  r e a c t a n t s  w i l l  

a f f e c t  the  shape of t h e  pH curve. 

The t i t r a t i o n  curve has been found t o  have two i n f l e c t i o n  po in t s ,  a s  

shown i n  Figure 1. .According t o  Sutton ( 1 0 3 ) , . ' i n i t i a l l y  hydrolys is  of 

u02 
* f  o m s  u205* and u308* ions.  A s  a l k a l i  i s  added, . t h e  complexes 

+ 
U 0 (OH) and U 0 (OH) a r e  formed.a t  t h e  f i r s t  i n f l e c t i o n  point  

3  8  3 8  2  
* 

(OH-:UO~ , mole r a t i o  = 1.66). Further  add i t ion  of a l k a l i  continues the  

hydrolysis  and t h e a  second: i n f l e c t i o n  point  (OH-:UO * mole r a t i o  = 2.33) 
2  

- - - 
r e s u l t s  from t h e  formation of U 0 (OH)) , U308(OH)4 , e t c .  

3  8  

P a l e i  (82) . r epor ted .  a  d i f f e r e n t  scheme which indica ted  t h a t  a s  

+ + 
t he  OH-:UO;~* r a t i o  inc reases  from 0. t o  1, UO (OH) and UO (UO ) OH 

2 2  3 n  

a r e  formed. Then a s  t h i s  r a t i o  inc reases  from 1 t o  a range 1.4 - 1.6 ,  

a  metastable c o l l o i d a l  so lu t ion  begins . t o  form i n  which polymers of 

+ 
U02.(UO- ) OH a r e  uns table .  and pass i n t o  c o l l o i d a l  uranyl  hydroxide. 

3  n  

This c o l l o i d a l  hydroxide gradual ly  decomposes and UO -nH 0 is  
3 2 

prec ip i t a t ed .  A s  t h e  OH-:UO~* mole r a t i o  inc reases  from t h e  range 

1.4 - 1.6 t o  1.9 - Z.O,.uranyl hydroxide (U02(OH)2) 3s p r e c i p i t a t e d ,  

and f u r t h e r  add i t ion  of a l k a l i  i n i t i a t e s  t h e  change of t h e  hydroxide 

i n t o  uranates  and.polyuranates.  
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Figure 1 .  Titration curve showing two i n f l e c t i o n  points  for  uranyl 
n i t r a t e  . .. being . t i t r a t e d  - with ammonium hydroxide 
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Deptula (38) agreed with Sutton's analysis up to the first inflection 

point. He then postulated a hydrolysis reaction leading to the formation 

of U02 [(oH)~uo~]~* at the first inflection point, and then that an 

easily hydrolyzable uranate, [(NH ) '01 [ ~ 0 ~ ~ ~ ~ 0 ] ~ ~ ~ 1 3 ~ ~ 0 , ,  is formed 
4 2  3 

at the second inflection point. He believes, as does Stuart and Whateley 

+ 
(102), that the ammonia is present as the NH ion and its presence 

4 
+ 

is the result.of cation exchange with H .ion, which explains the 

leveling off of pH as alkali is added. They also believe that the 

ammonium uranate system is a single phase in'which the NH :U ratio 
3 

can be varied continuously. 

In contrast td the above results, Cordfunke (26,27,28) and Debets 

and Loopstra (35) have reported.that.under equilibrium conditions 

four compuunds may exist: 

They indicated that x-ray analysis of these compounds showed the 

presence of essentially indentical hexagonal or pseudo-hexagonal 

subcells. All four compounds belong cyrstallographically to the 

same series and can be represented by the general formula 

U03-xNH ~(2-x)H 0, with compounds I and I1 being stable in water while 
3 2 

compounds I11 and IV are stable only in concentrated ammonia. The 

structure consists of layers of the composition UO (0 ) with the 
2 2 

additional oxygen and nitrogen atoms between these layers. They 



be l i eve  t h a t  th.e ammonia is  no t  d i r e c t l y  l inked  wi th  t h e  uranium atom, 

and t h a t  i t  is  present  a s  NH r a t h e r .  than  MI 
+ 

3 4 .  

Because of t h e  wide range of compositions mentioned above, 

t h e  p r e c i p i t a t e  t o  be  s tud ied  i n  t h i s  work w i l l  be r e f e r r e d  t o  a s  

ammonium polyurana te  (APU), wi thout  any s p e c i f i c  composition implied.  

Opinions regard ing  t h e  e f f e c t s  of t h e  v a r i o u s  process  s t e p s  on 

t h e  phys i ca l  cha rac t e r  of uranium powders and on t h e  mic ros t ruc tu re  

of t h e  f i n a l  UO p e l l e t  a r e  q u i t e  v a r i e d  among t h e  people working 
2  

i n  t h i s  a r ea .  It has  been r epor t ed  t h a t :  (1) no c o r r e l a t i o n  e x i s t s  

between t h e  s u r f a c e  a r e a  of APU and t h a t  of t h e  U02 powder (6,27,37,68),  

(2) no c o r r e l a t i o n  e x i s t s  between APU p r e c i p i t a t i o n  v a r i a b l e s  and t h e  

s i n t e r e d  UO d e n s i t y  ( 4 ) ,  (3) t h e  chemical r e a c t i v i t y  and p a r t i c l e  
2  

. s t r u c t u r e  of APU has  l i t t l e  a f f e c t  on t h a t  of t h e  uranium oxide 

powders (4,69) ,  and (4) r i g i d  c o n t r o l  of t h e  p r e c i p i t a t i o n ,  when 

us ing  NH OH, is  n o t  necessary ,  and almost no c o n t r o l  is necessary  
4  

when us ing  NH (17).  On t h e  o t h e r  hand, it has  a l s o  been r epor t ed  
3  

t h a t :  (1) APU does y i e l d  UP2 of s i m i l a r  s u r f a c e  a r e a  (4) .  (2) t h e  

p r e c i p i t a t i o n  cond i t i ons  do a f f e c t  t h e  UO s i n t e r a b i l i t y  (17,37) ,  
2  

(3) Lhe chemical r e a c t i v i t y  and p a r t i c l e  s t r u c t u r e  of APU a f f e c t s  t h e  

r e a c t i v i t y  and s t r u c t u r e  of uranium oxide  powders (15,31,37,40,62,91),  

(4) t h e  p a r t i c l e  s t r u c t u r e  i s  determined by t h e  p r e c i p i t a t i o n  

cond i t i ons ,  which c o n t r o l s  t h e  c r y s t a l l i t e  s i z e ,  morphology, and 

agglomerate s i z e  of t h e  APU (17,31,37,38,51,52,62,6.4,86,95), and 

. (5) t h e  chemical changes i n  uranium powders occur  pseudomorphically 

a t  low temperatures  (5,25,30,31,40,62),  and s i m i l a r  morphologies have 



been found i n  APU and UO, (5,25,62,68). 

The quest ion then a r i s e s  a s  t o  why t h e r e  a r e  so  many d i f f e r i n g  

opinions on UO powder property dependence. To understand these  
2 

discrepancies  i n  powder property dependence, one must r e a l i z e  t h a t  

most of t h e  powder c o r r e l a t i o n s  have involved only su r face  a r e a  

and UO p e l l e t  d e n s i t i e s .  Unfortunately,  very few s t u d i e s  have 
2  

involved considera t ion  of p a r t i c l e  s t r u c t u r e .  The measured su r face  

a rea  f o r  a  powder w i l l  depend upon t h e  c r y s t a l l i t e  and agglomerate 

morphologies and p a r t i c l e  s i z e  distributions. The e f f e c t  of process 

v a r i a b l e s  on t h e  p a r t i c l e  s t r u c t u r e  w i l l  depend upon the  s t r u c t u r e  

of t h e  p a r t i c l e s  and upon how s t rong ly  t h e  sub-structures making 

up t h e  p a r t i c l e s  a r e  bonded together .  I f  f r a c t u r e  occurs during 

a  process s t e p ,  t h e  amount of increase  i n  su r face  a r e a  w i l l  vary 

depending upon t h e  i n t e r n a l  s t r u c t u r e  of t h e  p a r t i c l e  (111,112). 

I f  s i n t e r i n g  and g r a i n  growth take  p lace ,  then the  f i n a l  g r a i n  s t r u c t u r e  

and poros i ty  w i l l  depend upon t h e  n a t u r e  of t h e  o r i g i n a l  p a r t i c l e s ,  

s i n c e  c r y s t a l l i t e s  wi th in  agglomerates wi l l ' g row together  more 

r a p i d l y  than c r y s t a l l i t e s  next  t o  each o ther  but  contained i n  d i f -  

f e r e n t  agglomerates (10,14,41,62). 

When a  powder undergoes a  change t o  a  new compound, a s  during 

c a l c i n a t i o n  and reduction,  t h e  change i n  p a r t i c l e  s t r u c t u r e  w i l l  

' again  depend upon the  i n i t i a l  p a r t i c l e  s t r u c t u r e .  This change from 

one compound t o  another w i l l  be accompanied by a  corresponding 

change i n  t h e  c r y s t a l l i n e  s t r u c t u r e  and w i l l  r e s u l t  i n  a  volume change 

of t h e  c r y s t a l  u n i t  c e l l ,  thus  producing . i n t e r n a l  s t r e s s e s  which 



may b e  r e l i e v e d  by pore formation,  f r a c t u r i n g ,  o r  morphological change. 
2 

The a c t u a l  process  which occurs  may depend upon t h e  bonding s t r e n g t h  

between c r y s t a l l i t e s  i n  c l u s t e r s  and upon t h e  bonding s t r e n g t h  between 

c l u s t e r s  i n  agglomerates.  

Two of t h e  most s i g n i f i c a n t  process  v a r i a b l e s  which a f f e c t  t he  

p a r t i c l e  s t r u c t u r e ,  g r a i n  s t r u c t u r e ,  and s u r f a c e  a r e a  of t h e  powder 

/ 

a r e  t h e  c a l c i n a t i o n  and r educ t ion  temperatures .  These two parameters ,  

i n  conjunct ion  wi th  p a r t i c l e  s t r u c t u r e ,  a r e  t h e  reasons  f o r  many 

of t h e  c o n f l i c t i n g  c o r r e l a t i o n s  involv ing  s u r f a c e  area measurements. 

Depending upon t h e . d u r a t i o n  and temperature of r e a c t i o n ,  t h e  p a r t i c l e s  

may f r a c t u r e  under s t r e s s  i n t o  sma l l e r  ones o r ,  wi th  prolonged hea t ing  

o r  increased  temperatures ,  t h e  p a r t i c l e s  may i n c r e a s e  i n  s i z e  a s  t h e  

s t r e s s e s  anneal  ou t  and f r e e  s i n t e r i n g  t a k e s  p l a c e  (4,5,6,7,30,62,69,109, 

111,112). The decomposition of APU i n t o  UO occurs  between 200 OC' and 
3 

400 "C , and it  has  been repor ted  t h a t  dur ing  t h i s  change t h e  APU 

p l a t e l e t s  become cracked and porous, w i th  gaseous subs tances  being 

emit ted (4,111,112). A s  t h e  temperature is increased  t o  400' t o  '500 OC, 

U308 is  formed and t h i s  then undergoes f r e e  s i n t e r i n g  a s  t h e  temperature 

i s  increased  above 600 'c. The UO powder i s  then  formed when t h e  
2  

U 0 is  reduced i n  hydrogen at  temperatures  above 700 'c, wi th  f r e e  
3 8 

s i n t e r i n g  occurr ing  a t  900 OC. I f  t h e  r e a c t i o n  temperatures  a r e  

r e l a t i v e l y  low, bu t  above t h a t  a t  which p a r t i c l e  breakup would occur ,  

then  t h e  o v e r a l l  p a r t i c l e  s t r u c t u r e  w i l l  be  r e t a i n e d  du r ing  both  t h e  

c a l c i n a t i o n  and r educ t ion  s t e p s .  

The d i f f e r e n c e s  i n  t h e  dens i f  i c a t i o n  of UO powders has -been  
2 



a t t r i b u t e d  t o  t h e i r  d i f f e r e n c e s  i n  homogeneity of mic ros t ruc tu re ,  wi th  

t h e  powders having b e t t e r  s i n t e r a b i l i t y  t h e  f i n e r  t h e  g r a i n  s i z e  and 

t h e  more homogeneous t h e  mic ros t ruc tu re  (31,37,40,62,64,95). Af te r  

s i n t e r i n g ,  t h e  UO w i l l  con ta in  two types  of pores ,  smal l  round pores  
2 

( 0 . 1 t o  5pm) w i t h i n  former agglomerates ,  and i r r e g u l a r l y  shaped 

pores  ( 5 t o  20pm) between former agglomerates  (49,64,75).  

The uni formi ty  and cons is tency  of t h e  UO powders vary  from 
2 

. I 

ba tch  t o  b a t c h  because of' t h e  poor c o n t r o l  over t h e  p a r t i c l e  s t r u c t u r e  

i n  p re sen t  f a b r i c a t i o n  processes .  Therefore ,  it has  been common 

p r a c t i c e  (2,9,12,45,51) t o  i n c r e a s e  t h e  homogeneity of t h e  UO powder 
2 

by breaking up t h e  agglomerates  through ba l l -mi l l i ng ,  which i s  a 

very  energy i n t e n s i v e  process .  I n  some cases ,  b inde r s  such a s  

g l y c o l ,  petroleum wax, camphor, and polyvinyl  a l coho l  a r e  added t o  

h e l p  agglomerate t h e  f i n e s  and permit  handl ing  of t h e  pressed compact 

(2,9,48) .  I f  a  c e r t a i n . p o r o s i t y  d ' i s t r i b u t i o n  i s  d e s i r e d  i n  order  

t o  i n h i b i t  i n - r eac to r  dens i f  i c a t i o n , .  then  sometimes pore formers  

such as po lyo le f in s  o r  carbowax a r e  used,  o r  9 pre-slugging technique 

i s  used (49,75).  Unfor tuna te ly  t h e  u s e  of b inde r s  and pore 

formers  dur ing  t h e  p e l l e t  p re s s ing  s t e p  n e c e s s i t a t e s  t h e  use  of a  

low temperature p r e - s i n t e r i n g ' s t e p  t o  remove t h e  organic  material. 

I f  t h e  powder s t r u c t u r e  c o n t r o l  of t h e  f u e 1 , f a b r i c a t i o n  process  i s  

improved, then  i t  seems p o s s i b l e  t h a t  ba l l -mi l l i ng ,  b inder  a d d i t i o n ,  

and pore former a d d i t i o n  could b e  e l imina ted ,  sav ing  both t ime and 

money. 

A t  r e l a t i v e l y  low c a l c i n a t i o n  and r educ t ion  tempera tures ,  

and i n  t h e  absence of ba l l -mi l l i ng  and unusual ly  h igh  p re s s ing  



pres su res ,  t h e  p a r t i c l e  s t r u c t u r e  of t h e  i n i t i a l  uranium powders 

w i l l  .determine t h e  p a r t i c l e  s t r u c t u r e  of t h e  f i n a l  uranium d iox ide  

powder. This  uranium d iox ide  p a r t i c l e  s t r u c t u r e  w i l l  then  determine 

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

p r e c i p i t a t i o n  is of primary importance s i n c e  i t  e s t a b l i s h e s  t h e  

i n i t i a l  p a r t i c l e  s t r u c t u r e  upon which a l l  f u t u r e  process  s t e p s  w i l l  

t ake  a f f e c t .  The development of a f a b r i c a t i o n  process  y i e l d i n g  a  

c o n t r o l l a b l e  powder s t r u c t u r e  must begin wi th  t h i s  f i r s t  powder 

process  s t e p .  I 

The p r e c i p i t a t i o n  c o n d i t i o n s  which have been i n v e s t i g a t e d  by 

o t h e r  people a r e  summarized i n  Table 1. It i s  important  t o  no te  

t h a t  ve ry  l i t t l e  s p e c i f i c  APU p a r t i c l e  c h a r a c t e r i z a t i o n  has been 

r epor t ed ,  and of t hose  p r o p e r t i e s  which have been r epor t ed ,  most 

on ly  i n d i c a t e  whether t h e  APU was amorphous and s o f t  o r  dense and 

hard,  and whether o r  n o t  i t  possessed f a s t  s e t t l i n g  and f i l t r a t i o n  

r a t e s .  It appears  t h a t ,  based upon s e v e r a l  of t h e  p r e c i p i t a t i o n  

s t u d i e s  (5,31,40,62,86),  t h e  APU c o n s i s t s  of smal l ,  t h i n ,  elementary 

p l a t e l e t s  (0 .025to  0.5 urn) which a r e  s t r o n g l y  bonded i n t o  smal l  

c l u s t e r s  ( 0 . 5 t o  3 ~ m ) ,  and t h e s e  c l u s t e r s  can then  be  l o o s e l y  agglomerated 

i n t o  l a r g e r  p a r t i c l e s  ( 2 t o 3 0  pm). I f  t h i s  i s  indeed t h e  c a s e ,  then  

t h e  des i r ed  c o n t r o l  of t h e  APU p a r t i c l e  s t r u c t u r e  could be  accomplished 

by c o n t r o l l f n g  t h e  p l a t e l e t  s i z e  d i s t r i b u t i o n ,  . t h e  c l u s t e r  s i z e  

d i s t r i b u t i o n ,  t h e  l o o s e  agglomerate s i z e  d i s t r i b u t i o n ,  and t h e  homoge- 

n e i t y  of t h e  c l u s t e r s  and agglomerates.  

Most of t h e  i n v e s t i g a t i o n s  which have been c a r r i e d  out  by o t h e r s  



Table 1. APU precipitation conditions which have been investigated by 
other people 



Wash- 

ing  
method 

H 0 
d 4 0 ~  
none 

s e t -  
t l e d  

H20 
NHbOH 

s e t -  
t l e d  

H20 

s e t -  
t l e d  

H20 

s e t -  
t l e d & w a s  
f i l -  
t e r e d  

H20 

none 

Condi- 
t i o n i n g  
t i m e  

(h) 

1.5-20 

0.33-48 

0.33-48 

111 

t ank  

pH 

9.6- 
10.2 

4.5- 
10 

7-9 

7  

2.75- 
8.00 

4.7- 
7.2 

- 

Comments about p r e c i p i t a t i o n  r e s u l t s  

- 
t h e  APU was g e n e r a l l y  amorphous 

t h e  p r e c i p i t a t e s  were dense,f i rm,and 
f i l t e r e d  e a s i l y  when no condi t ion ing  
was used; o therwise  they  were b u t t e r y ,  
s l imey,  and d i f f i c u l t  t o  f i l t e r  

i n  general ,  h igher  [u] and h igher  temper- 
a t u r e  r e s u l t e d  i n  h ighe r  U02 s i n t e r e d  
d e n s i t i e s ,  bu t  t h e  APU f i l t e r e d  poorly;  
p r e c i p i t a t i o n  t imes g r e a t e r  than  1 h 
r e s u l t e d  i n  lower U02 s i n t e r e d  d e n s i t i e s  
and f i l t e r e d  poor ly ;  a t  23 OC, increased  
pH increased  U02 s i n t e r e d  d e n s i t y ;  low [u] 
and [NH40~] a t  2 3 ' ~  y i e lded  APU which 
f i l t e r e d  w e l l  and r e s u l t e d  i n  h igh  U02 
s i n t e r e d  d e n s i t i e s ;  condi t ion ing  had no 
s i g n i f i c a n t  a f f e c t  

slower p r e c i  i t a t i o n  t i m e s  (0.33-1 h) 
and lower [ U g  (0.21-0.8 M) yie lded  APU 
which r e s u l t e d  i n  U02 of h igh  s i n t e r e d  
d e n s i t y  

when t h e  condi t ion ing  tank  was used, NH3 
sometimes pumped through i t  t o  reach 

a  pH>7; they  assumed t h a t  s teady  s t a t e  
was reached i n  10 min s i n c e  i t  took t h a t  
long f o r  t h e  pH t o  s t a b i l i z e ;  a d d i t i o n  of 
excess  NH3 t o  reach  a  h igh  pH d i d  no t  
improve t h e  s i n t e r a b i l i t y  of U02 - con- 
t r a r y  t o  ba tch  p r e c i p i t a t i o n ;  precip-  
i t a t i o n  a t  pH>6.8 c o n s i s t e n t l y  y ie lded  
APU which r e s u l t e d  i n  h igh  s i n t e r  densi-  
t i e s  of U02, however resonable  f i l t r a t i o n  
r a t e s  l i m i t s  t h e  pH t o  7-7.5 

t h e  s e t t l i n g  and f i l t r a t i o n  r a t e s  in-  
c reased  a s  t h e  pH decreased,  however a l l  
r a t e s  were 10-50 t imes g r e a t e r  than  those  
of ba t ch  p r e c i p i t a t i o n s ;  t h e  APU cons i s t -  
ed of uniformly smal l  p a r t i c l e s  which 

Precip-  
i t a t i o n  
time 

(h) 

0.17- 
2.32 

0.33- 
2.32 

0.17 

0.33- 
0.83 



Table 1. (continued) 

[NH~] 

(we%) 

28 

28 

4-28 

4-7 

L 

Temper- 
ature 

("c) 

I 

4 9 

50 

5 0 

38 
7 0 

U02(N0 ) 
flow 
rate 

74 R/h 

462 R/h 

74 R/h 

t 

Refer- 
ence 
and 
date 

88,91 

(1958) 

70 
(1958) 

90 
(1958) 

92 
(1959) 

NH3 or 
NH40H 
flow 
rate 

5.7 
~ / h  

22.7- 
26.5 

R/h 

5.7 
~ / h  

NH3 
or 
NH4011 

NH40H 

NH40H 

NH40H 

NH40H 

[UO (NO ) ] 
2 3 2  

  moles/^) 

0.67 

0.67 

0.67 

0.34-1.26 

Batch 
or 
contin- 
uous 

C 

C 

C 

C 

Size 
of 
vessel 

(2) 

303 

1022 

303 

8 



amount of a g i t a t i o n  and placement of t h e  
f eed  e n t r y  was of primary importance, 
feed  e n t r y  i n t o  t h e  v o r t e x  p reven t s  pH 

5.7 

4.8- 
6.5 

10- 
20 

f i l -  
t e r e d  

f i l -  
t e r e d  

H20 

p i l o t  p l a n t ;  f o r  a pH of 5.7, t h e  N H ~ / U  
mole r a t i o  was 0.165 (note  t h a t  76 ~ / m i n  
of product was removed, of which 72 %/min 
was recyc led  from t h e  f i l t e r  assembly) 

t h i s  was a f u r t h e r  r e p o r t  on t h e  p i l o t  
p l a n t  (88,91) ; r e s u l t s  i nd ica t ed  t h a t  t h e  
u s e  of high speed mixing causing a vo r t ex  
i s  n o t  necessary  it low [NH~] is  used 
(4%) ,  t h i s  a l s o  improved t h e  f i l t r a t i o n  
r a t e s  

s t eady  s t a t e  was achieved i n  6-7 h when 
t h e  mean r e t e n t i o n  t i m e  was 4 h; t h e  hea t  
of r e a c t i o n  was found t o  be  13f3  ~ c a l /  
(gm-M U); t h i s  APU was d r i e d  a 100°C and 
ca l c ined  i n  a i r  a t  489°C and analyzed 
f o r  t h e  % p a r t i c l e s  < 10 pm - low pH, 
temperature,  and [u] yie lded  25-60%, h igh  
pH and temperature y i e lded  90-100% ( t h i s  
ca l c ined  product came from APU which was 
yellow and ve ry  ha rd ) ;  t h e  mean r e t e n t i o n  
t ime f o r  t h e  p r e c i p i t a t i o n  was 1 h 



Table 1. (continued) 

4 
,(1962) 

.. . 

40 

(1964) 

- 
37 

' (1966) 

B 

B 

B 

NH40H 

NH40H 

NH40H 

0.63 

0.004-0.22 

0.1-0.7 

7.8 

28 

0.34- 
2.4 

urn, & 

1 m l /  
min . 

equi- 
libri- 
urn, & 

0.15 M/ 
(min-M 
of U) 

20--70 

. 20-70 





r 

pH 

I 

7.2 

8  

2-9 

7- 
12 

-- 
6-7 

8.5 

Precip-  
i t a t i o n  
t i m e  

(h) 

0.05-1 

0.25-8 

Condi- 
t i o n i n g  
t i m e  

(h) 

1 

0.33- 
0.5 

. 

Wash- 

ing  
method 

f i l -  
t e r e d  

f i l -  
t e r e d  

H20 

f i l -  
t e r e d  
H20 & 

alco-  
h o l  

s e t -  
t l e d  
H 0  

f  il- 
t e r e d  

s e t -  
t l e d  

H20 

Comments about p r e c i p i t a t i o n  r e s u l t s  

t h i s  was a  p i l o t  p l a n t  of t h e  process  
descr ibed  i n  (113); t h e  APU from t h i s  

process  y i e lded  UU2 which was s i n t e r a b l e  
t o  a  h igh  d e n s i t y  

t h e  APU p r e c i p i t a t e d  wi th  NH40H had i r-  
r e g u l a r  shapes and s i z e s ,  however when 
NH3 was used,  t h e  APU cons i s t ed  of ve ry  
f i n e ,  minute p a r t i c l e s  

p r e c i p i t a t i o n  s t a r t e d  a t  a  NH3/U mole 
r a t i o  of 1 .6;  p r e c i p i t a t i o n  under equi- 
l i b r ium cond i t i ons  y ie lded  a  coa r se  
gra ined  and e a s i l y  f i l t e r a b l e  precip-  
i t a t e ,  however nonequil ibr ium condi- 
t i o n s  r e s u l t e d  i n  an amorphous and d i f -  
f i c u l t  t o  f i l t e r  APU 

slower NH40H a d d i t i o n  r a t e s ,  h ighe r  pH, 
and lower temperatures  y i e lded  f a s t e r  
s e t t l i n g  r a t e s  of APU 

-- - 

ve ry  low [u] yie lded  elementary APU 
p l a t e l e t s  which were very  t h i n  and of 
uniform s i z e  (0.1-0.2 pm), t h e s e  b u i l t  

u p  smal l  c l u s t e r s -  (0.2-0.3 p i ) ,  and then  
secondary agglomeration r e s u l t e d  i n  
homogeneous p a r t i c l e s  i n  a  r e l a t i v e l y  
uniform s i z e  d i s t r i b u t i o n  (2-32 pm) ; a t  
l ~ i g l l  [ U  ] t h e  APU p l a t e l e t s  were l a r g e r  
(0.2-0.5 pm), and secondary agglomer- 
a t i o n  y ie lded  inhomogeneous p a r t i c l e s  
(2-32 pm) whose s i z e  d i s t r i b u t i o n  favored 
t h e  smal le r  p a r t i c l e s  

t h e  s p e c i f i c  s u r f a c e  of APU decreased a s  
[u] increased  when p r e c i p i t a t e d  under 
equ i l i b r ium cond i t i ons  a t  20 OC, however 
a t  70°C the  s p e c i f i c  s u r f a c e  increased;  
t h e  d e n s i t y  of t h e  APU and of t h e  s in -  
t e r e d  U02 decreased a s  t h e  [u] increased;  
p r e c i p i t a t i o n  a t  f a s t e r  flow r a t e s  y i e ld -  
ed APU wi th  a  h igher  s p e c i f i c  su r f ace ,  
and t h i s  s p e c i f i c  s u r f a c e  increased  a s  
t h e  [u] increased  



Table 1.. (continued) 

86 
(1968) 

6 8 
(1972) 

6 2 
(1971) 
5 
(1972) 

63 
(1975) 

C 

B 

C 

C 

1.9 

- 6 

-2 L 
& 

-1.6 R 

25 R 

NH3 

NH3 

NH40H 
& 

NH3 

NH40H 
& 

NH3 

0.63 

0.5 

0.29 

0.18- 
0.30 

100 

100 

28 
& 

22 

28 

270 m l /  
min 

t o t a l  
residence 

t ime of 
8 min - 
64 rnin 

1-1.2 R/ 
min 

6.2 R /  
min 

0.25- 
0.5 M/ 
rnin 

75-85 

m l /  
rnin 

45-60 

22-62 

50,80 

50 





5- 
9.2 

3.5- 
8.4 

7.2 
7.5 
8.0 

' 

0.27 

tank  
over- 
flow- 

ing  
onto a 
f i l t e r  

none, 

85 R 
tank 

t e r e d  

H20 

cen- 
tri- 
fuge  

de- 
can- 
ta -  
t i o n  

H20 
none 

none 

tank  cvens ou t  s m a l l  v a r i a t i o n s  i n  t h e  
p r e c i p i t a t e  and enhances uni formi ty  of 
t h e  f i l t e r  cake; t h e  APU cons i s t ed  of 
l o o s e l y  agglomerated c r y s t a l l i t e s  which 
werc ve ry  t h i n  and had a maximum s i z e  of 
0.025-0.5 pm and a mean s i z e  of 0.25 pm 

t h e  a f f  e c t  of t h e  f r e e  [ H N O ~  ] i n  t h e  
u r a n y l  n i t r a t e  s o l u t i o n  was a l s o  inves- 
t i g a t e d ,  and t h e  APU w a s  d r i e d  i n  a  
microwave oven; changing t h e  process  
v a r i a b l e s  was found t o  a f f e c t  t h e  U02 
s u r f a c e  a r e a  about a s  much a s  t h e  re-  
duc t ion  temperature could;  c r o s s  a f f e c t s  
were n o t  a d d i t i v e  

both  1 s t a g e  and 2 s t a g e  p r e c i p i t a t i o n  
was i n v e s t i g a t e d ,  pH w a s  considered t h e  
most important v a r i a b l e  because it 
de te rn ined  agglomerate s i z e  and thus  
f i l t r a t i o n  r a t e s ;  p r e c i p i t a t i o n  a t  pH=3.4 
y i e lded  20-24 pm p a r t i c l e s ,  p r e c i p i t a t i o n  

a t  pH=7.2 y ie lded  3 pm p a r t i c l e s ;  c l o s e  
c o n t r o l  i s  necessary  when pH=7.2 t o  avoid 
pH f l u c t u a t i o n s  and changes i n  p a r t i c l e  
s i z e ;  s t i r r i n g  r a t e s  had l i t t l e  a f f e c t  a s  
long a s  complete mixing was p re sen t ;  
washing APU had no a f f e c t ;  when pH=3.5 
c r y s t a l l i t e s  were 0.02-0.3 urn, when pH=7 
a l l  c r y s t a l l i t e s  were < 0 . 1  urn; t h e  use of 
NH gas  d i l u t e d  1:3 w i t h  ai r  had l i t t l e  
a f l e c t  on APU p r e c i p i t a t e ;  i nc reas ing  
temperature from 50 'c-80 'C had l i t t l e  
a f f e c t  a l s o  



have involved batch p r e c i p i t a t i o n  with ammonium hydroxide and i n  

some cases ammonia gas. Resul ts  from these  s t u d i e s  have indicated 

t h a t  good .MU f i l t r a t l o n  ra te ' s  a r e  .obtained with high pH (4) , low 

uranium and ammonium concentrat ions (17),  slow ammonium hydroxide 

addi t ion  r a t e s  (4,38), hrgh temperature (4) ,  no p r e c i p i t a t e  condi- 

t ioning p r i o r  t o  f i l t r a t i o n  (55), and i n  some cases with low pH and 

low temperature (17). The use  of ammonia gas ins tead of ammonium 

hydroxide has a l s o  been reported t o  y ie ld  a very f i n e  and d i f f i c u l t  

t o  f i l t e r  p rec ip i t , a t e  (25). 

The p r e c i p i t a t i o n  s t u d i e s  which have inv.olved.cont.inuous precipi ta-  

t i o n , h a v e  not  ' c l a r i f i e d  the  e f f e c t s  of p r e c i p i t a t i o n  va r iab les  any 

b e t t e r ,  except t o  ind ica te  t h a t  a more uniform product is formed 

with continuous p r e c i p i t a t i o n  (87,88,89). High f i l t r a t i o n  r a t e s '  

and s e t t l i n g  r a t e s  have been obtained with 'low pH (5,62,88,89), l a r g e  

amounts of a g i t a t i o n  (72,86), low ammonium hydroxide concentrat ions 

(90,91), and with increased residence time (62). The pH has been 

reported t o  a f f e c t  t h e  agglomerate s i z e  (5,62), with 20 t o  25 um 

p a r t i c l e s  being -formed. when pH = 3.5, and 3 um p a r t i c l e s  being formed 

when pH - 7.2. The efLects  of condit ioning the  APU a f t e r  p r e c i p i t a t i o n  

have not  been consis tent .  I n  some cases ,  condit ioning has been 

. repor ted  t o  even ,ou t  small v a r i a t i o n s  i n  t h e  p r e c i p i t a t e  and enhanced 

uniformity of t h e  f i l t e r  cake (55,69,86), while i n  o the r  s i t u a t i o n s  

conditioning has been found t o  have no s i g n i f i c a n t  e f f e c t  (17,88,91). 

The p r e c i p i t a t i o n  of APU below a pH of 4 t o  5 has been reported 

t o  be incomplete, (38,62,88,113), and s l i g h t l y  incomplete below a , . 



pH of 5.5 t o  7.5 (62,88).  The s o l u b i l i t y  of APU has  a l s o  been 

repor ted  t o  be  a  func t ion  of t h e  pH ( l o o ) ,  vary ing  from 16  g/R a t  

pH 3 .5  t o  10-l4 g/!t a t  pH '9. Theref o re ,  lower va lues  of pH, and 

presumedly h igher  temperatures ,  r e s u l t  i n  lower degrees  of super- 

s a t u r a t i o n  and consequent ly l a r g e r  c r y s t a l s  (62) .  

A similar e f f e c t  has  been found wi th  increased  uranium concent ra t ion ,  

which y ie lded  l a r g e r  APU p l a t e l e t s  (40) .  One would normally expect  

t h i s  increased  uranium concen t r a t ion  t o  y i e l d  h igher  s u p e r s a t u r a t i o n s  

and t h e r e f o r e  sma l l e r  c r y s t a l s ,  however, t h i s  e f f e c t  i s  o f f s e t  by t h e  

f a c t  t h a t  increased  uranium concen t r a t ion  lowers  t h e  pH and consequent ly 

lowers t h e  supe r sa tu ra t ion .  It a l s o  has  been shown (40) t h a t  t h e  

r a t e - c o n t r o l l i n g  s t e p  f o r  t h e  growth of APU p l a t e l e t s  is t h e  d i f f u s i o n  

++ 
r a t e  of t h e  UO ion .  Inc reas ing  t h e  uranium concen t r a t ion  w i l l  then 

2 

inc rease  t h e  d i f f u s i o n a l  f l u x ,  which i n c r e a s e s  t h e  p l a t e l e t  growth 

r a t e .  

The ope ra t ing  cond i t i ons  which have been p re fe r r ed  f o r  APU 

p r e c i p i t a t i o n  a r e  i nd ica t ed  i n  Table 2 .  Most of t h e s e  cond i t i ons  

inc lude  t h e  u s e  of ammonium hydroxide (28 w t %  NH ), uranium concen- 
3 

t r a t i o n s  between 0.4M and 0.8M, and a  r e a c t i o n  temperature between 

40 "C and 65 *c. I n  some c a s e s  (17,68,86),  ammonia gas  has  been 

used i n s t e a d  of ammonium hydroxide because it  is  e a s i e r  t o  handle.  

Batch p r e c i p i t a t i o n s  have a l s o  been used i n  some c a s e s  because they 

can be  e a s i e r  t o  o p e r a t e  on  a smal l  s c a l e ,  a r e  a t t r a c t i v e  . i f  

c e n t r i f u g i n g  t h e  APU i s  being considered,  and may e a s e  wor r i e s  

over c r i t i c a l l i t y  and a c c o u n t a b i l i t y  (46) .  



Table 2. Pre fe r r ed  APU p r e c i p i t a t i o n  cond i t i ons  

17 
(1958) 

17 
(1958) 

11 3 
(1958) 

8 9 
(1958) 

87,88 
9 1 
(1958) 

9 0 
(1958) 

18 
(1961) 

B 

B 

C 

C 

C 

C 

C 

1 

1 

NH40H 

NH3 

NH40H 

NH40H 

NH40H 

NH40H 

NH40H 

0.42-0.84 

0.21-0.8 

0.42 

0.67 

0.67 

0.67 

- 

0.42-1.26 

22 

100 

10- 
22 

28 

2 8 

4-7 

28 
" 

75-165 
mllmin 

- 

150 m l / -  
min 

-. 
r 

I 

60 

22-80 

60 

45-50 

5 0 

3 8 
5 0 

23 





'7 

7- 
7 .5 

5.7 

5.7 

4 . 8 -  
6.5 

7.2 

0.33-  
0 . 8 3  

U02 of h igh  s i n t e r e d  d e n s i t y  

t h e s e  cond i t i ons  produce APU which f i l -  
t e r s  w e l l  and y i e l d s  U02 of a high  s in -  
t e r e d  d e n s i t y  

t h e s e  cond i t i ons  w i l l  produce APU which 
i s  f i l t e r a b l e  and can be reduced t o  a 
h igh ly  s i n t e r a b l e  U02 powder 

t h e s e  cond i t i ons  produce APU with  b e t t e r  
s e t t l i n g  and f i l t r a t i n g  p r o p e r t i e s  than  
APU produced through ba tch  p r e c i p i t a t i o n  

t h e s e  cond i t i ons ,  a long wi th  h igh  speed 
mixing t o  produce a  vo r t ex  f o r  feed  
e n t r y ,  were necessary  t o  produce APU 
with  good s e t t l i n g  and f i l t r a t i n g  prop- 
e r t i e s  i n  t h e  p i l o t  and semi-work p l a n t s  
of t h e  l abo ra to ry  process  ' ( 8 9 )  

r e s u l t s  from t h e  p i l o t  p l a n t  (88 ,91)  in- 
d i c a t e d  t h a t  t h e  u s e  of a  low [ N H ~ O H ]  

.e l iminated t h e  need of a v o r t e x  f o r  feed 
e n t r y ,  and t h e  APU s t i l l  had good s e t -  
t l i n g  and f i l t r a t i n g  p r o p e r t i e s  

i n  t h i s  p i l o t  p l a n t  of t h e  l a b o r a t o r y  

process  - ( l i 3 ) ,  c r i t i c a l l y  was a geometry 
l i m i t a t i o n ;  t h i s  process  c o n s i s t e n t l y  
y ie lded  APU which could produce U02 
powder which could be s i n t e r e d  t o  a  high 
d e n s i t y ;  i t  was a l s o  suggested t h a t  spray 
washing of t h e  APU on t h e  f i l t e r  b e l t  be 
i n v e s t i g a t e d  



Table 2. (continued) 

L 

Temper- 
ature 

(OC)' 

20 

20 

. . 

20 
70 

45-50 

30-60 

5 0 

.d 

50 

Refer- 
ence 
and 
date 

h 

38 
(1962) 

4 
(1962) 

4 0 
(1964). 

3 7 
(1966) 

8 6 
(1968) 

68 
(1972) 

6 2 
(1971) 
5 
(1972) 

63 
(1975) 

I 

[UO~ ( ~ 0 ~ )  2] 

(moles/!&) 

0.1 

0.63 

0: 004 

0.5 

0.5 

0.5 

0.29 

Batch 
or 
contin- 
uous 

B 

B 

B 

B 

C 

B 

C 

C 

U02 (NO3l2 
flow 
rate 

270 ml/ 
min 

[NH~] 

(wtX) 

3.4 

2 8 

2 8 

0.34 

100 

100 

22- 
2 8 

28 

NH3 Or 
NH40H 
flow 
rate 

0.15 M/ 
(min- 
M of U) 

6.2 R/ 
min 

0.5 M/ 
min 

Size 
o f 
vessel 

(R) 

1.9. 

=6 

2 

25 

NH3 
or 
NHLOH 

NH40H 

NH40H 

NH40H 

NH40H 

NH3 

NH3 

NH40H 

NH40H 



'7.2 

8- 
8.5 

7.2 

7.2- 
8.0 

14.3 R 
tank 

none 

8.5 R 
tank 

none 

none 

none 

c l e s  a r e  homogeneous and have a f i n e  
g r a i n  s t r u c t u r e ,  which r e s u l t s  i n  a more 
s i n t e r a b l e  U02 powder 

t h e s e  cond i t i ons  produce a u r a n a t e  which 
r e s u l t s  i n  a s i n t e r a b l e  UO powder 

- 2 

i n  a d d i t i o n  t o  t h e s e  cond i t i ons ,  t h e  f r e e  
[HNO~] i s  0.3 N o r  less, and t h e  APU is  
cen t r i fuged  and d r i e d  i n  a microwave oven; 
t h i s  produces APU which has  b e t t e r  handle- 
a b i l i t y  because it breaks  up e a s i e r  and 
i s  m o r e . f r e e  f lowing 

t h e s e  cond i t i ons  produced APU which f i l -  
t e r e d  reasonably,  contained no l a r g e  ag- 
glomerates ,  and produced s i n t e r a b l e  U02; 1 
o r  2 s t a g e  p r e c i p i t a t i d n  c o u l d ' b e  used 

t h e s e  cond i t i ons  can produce APU which 
f i l t e r s  reasonably w e l l  and r e s u l t s  i n  
a h igh  d e n s i t y  U02 p e l l e t  w i t h  a uniform 
mic ros t ruc tu re  



The p re fe r r ed  pH f o r  cont inuous p r e c i p i t a t i o n  is  between 4.8 and 

7.2,  whi le  t h e  f i n a l  pH f o r  ba t ch  p r e c i p i t a t i o n  i s  p r e f e r r e d  between 

7 and 9.8.  The primary reasons  t h a t  t h e s e  cond i t i ons  were chosen 

were t o  achieve  f a s t  APU s e t t l i n g  and f i l t r a t i o n  r a t e s  and t o  

produce a  UO p e l l e t  of high d e n s i t y  and wi th  a  homogeneous g r a i n  
2 

s t r u c t u r e .  It is  proposed I n  t h i s  work, however, t h a t  t h e  p r e c i p i t a t i o n  

cond i t i ons  be based s o l e l y  upon.some d e s i r e d  APU p a r t i c l e  s t r u c t u r e  

r a t h e r  than good s e t t l i n g  and f i l t r a t i o n  r a t e s .  This  p a r t i c l e  

s t r u c t u r e  can then be  c o n t r o l l e d  i n  subsequent c a l c i n a t i o n  and 

r educ t ion  s t e p s  t o  y i e l d  some d e s i r e d  U02 p a r t i c l e  s t r u c t u r e .  I f  

such p r e c i p i t a t i o n  cond i t i ons  r e s u l t  i n  f i l t r a t i o n  d i f f i c u l t i e s ,  

then  t h e  APU can s t i l l  be separa ted  from t h e  l i q u i d  by c e n t r i f u g i n g .  

It seems t h a t  i n  order  t o  ach ieve  a  c o n s i s t e n t l y  uniform 

product ,  cont inuous p r e c i p i t a t i o n  should be  used i n  conjunct ion  w i t h  

ammonium hydroxide and vigorous a g i t a t i o n  (70,88,89,90,91).  This  

would avoid l o c a l  pH f l u c t u a t i o n  and provide  a  more c o n t r o l l a b l e  

p r e c i p i t a t i o n  process .  It appears  t h a t  t h e  APU p a r t i c l e  s t r u c t u r e  

should be c o n t r o l l e d  p r imar i ly  through t h e  pH, s i n c e  i t  has  t h e  

g r e a t e s t  i n f luence  on t h e  c l u s t e r  and agglomerate s i z e ,  a s  i nd ica t ed  

by t h e  s e t t l i n g  and f i l t r a t i o n  r a t e s  (44,88,89) and by scanning 

e l e c t r o n  micrographs (62 ) .  Temperature can be  used t o  a f f e c t  c l u s t e r  

and agglomerate s i z e  t o  a  l e s s e r  e x t e n t  (4 ,92) ,  and t h e  uranium 

concen t r a t ion  can be used t o  a f f e c t  bo th  t h e  homogeneity and s i z e  

of t h e  c l u s t e r s  and agglomerates  (37,40,62).  The s i z e  of t h e  APU 

p l a t e l e t s ,  a s  mentioned p rev ious ly ,  can  be  c o n t r o l l e d  through t h e  



pH, temperature,  and uranium concen t r a t ion ,  

It is d i f f i c u l t  t o  determine a t  t h e  p re sen t  t i m e  what t h e  

i d e a l  APU p a r t i c l e s  should be l i k e .  It has  been r epor t ed  t h a t ,  

t.0 achieve  a  h igh  d e n s i t y  UO p e l l e t  having a  f i n e ,  homogeneous 
. 

2  

g r a i n  s t r u c t u r e ,  t h e  APu should c o n s i s t  of l o o s e l y  agglomerated 

p a r t i c l e s  of around 3 pm i n  diameter  (5,62,63).  However, t o  

prevent  i n r e a c t o r  dens i f  i c a t i o n  t h e  UO p e l l e t  should have a l a r g e  
2  

f r a c t i o n  of vo ids  g r e a t e r  t h a n  I. pm and l a r g e  g r a i n s  of around 

10  pm i n  diameter  (49,75); and t h i s  can be  accomplished by us ing  

s t r o n g l y  agglomerated APU p a r t i c l e s  of around 10 pm i n  diameter  

(62) .  Perhaps t h e  i d e a l  APU p r e c i p i t a t e  w i l l  a c t u a l l y  c o n s i s t  of 

some optimum r a t i o  a n d . s i z e  d i s t r i b u t i o n  of t h e s e  two ' types  of 

+ . p a r t i c l e s .  It a l s o  appears  t h a t  t h e  p o s s i b i l i t y  e x i s t s  f o r  t h e  

e l imina t ion  of ba l l -mi l l i ng ,  t h e  u s e  of b inde r s ,  and t h e  use  of 

pore f o r m e r s , ' i f  t h e  app ropr i a t e  APU p a r t i c l e  s t r u c t u r e  and p a r t i c l e  

s i z e  d i s t r i b u t i o n  can b e  obtained from t h e  p r e c i p i t a t o r  i n  a  

c o n t r o l l a b l e  manner. 



KINETICS OF PRECIPITATION 

P r e c i p i t a t i o n  may be  considered a  s p e c i a l  ca se  of c r y s t a l l i z a t i o n ,  

where no t  only a  phase change is  t ak ing  p l a c e  b u t  a l s o  a chemical 

r eac t ion .  In  many cases  t h e  p r e c i p i t a t e  is  spa r ing ly  s o l u b l e  and 

t h e  l a r g e  product ion r a t e  involved gene ra t e s  an  unusual ly '  h igh  

l e v e l  of supe r sa tu ra t ion .  A s  w i l l  be  shown l a t e r ,  t h i s  h igh  l e v e l  

of s u p e r s a t u r a t i o n  f avor s  h igh  nuc lea t ion  rates r a t h e r  than  c r y s t a l  

growth, y i e l d i n g  many submicron c r y s t a l l i t e s .  I n  a d d i t i o n  t o  t h e s e  ' 

c h a r a c t e r i s t i c s ,  t h e  chemical r e a c t i o n  w i l l  u s u a l l y  n e c e s s i t a t e  t h e  

presence of o t h e r  i ons  which, i n  conjunct ion  wi th  t h e  l a r g e  number 

of c r y s t a l l i t e s  p re sen t ,  may cause v a r i o u s  degrees  of coagula t ion .  

C r y s t a l l i z a t i o n ,  on t h e  o t h e r  hand, u s u a l l y  involves  t h e  phase 

change of a  f a i r l y  s o l u b l e  s o l u t e  from a  r e l a t i v e l y  pure concent ra ted  

s o l u t i o n  a t  l e v e l s  of s u p e r s a t u r a t i o n  lower than  normally encountered 

dur ing  p r e c i p i t a t i o n .  This  type of s i t u a t i o n  f a v o r s  c r y s t a l  growth 

r a t h e r  than nuc lea t ion ,  and y i e l d s  c r y s t a l s  much l a r g e r  than  

submicron. Therefore ,  one may g e n e r a l i z e  t h a t  c r y s t a l l i z a t i o n  w i l l  

involve  r e l a t i v e l y  slow processes  and y i e l d  r e l a t i v e l y  l a r g e  

c r y s t a l s ,  whereas w i l l  involve  more r a p i d  processes  

and y i e l d  very smal l  c r y s t a l l i t e s  which may coagula te  i n t o  l a r g e r  

p a r t i c l e s .  It should a l s o  be  noted t h a t  p r e c i p i t a t i o n  does n o t  

always y i e l d  a  c r y s t a l l i n e  product ,  b u t  may y i e l d  amorphous and 

even g e l - l i k e  products .  (105). 

The theory of p a r t i c l e  s i z e  d i s t r i b u t i o n s  from a  cont inuous 



mixed-suspension, mixed-product-removal (MSMPR) p r e c i p i t a t o r  t o  b e  

presented i n  t h i s  s e c t i o n  i s  based upon t h e  theory  of c r y s t a l  s i z e  

d i s t r i b u t i o n s  from MSMPR c r y s t a l l i z e r s ,  which have been thoroughly 

examined by Randolph and Larson (87) .  The g e n e r a l  development of t h e  

k i n e t i c  model of cont inuous p r e c i p i t a t i o n  w i l l  fo l low t h e  assumption 

t h a t  t h r e e  processes  may t ake  p l ace  s imultaneously:  (1). c r y s t a l  

nuc lea t ion  and growth, ( 2 )  primary coagula t ion ,  and (3 )  secondary 

coagula t ion .  A l l . t h r e e  of t h e s e  processes  have been repor ted  i n  t h e  

l i t e r a t u r e  t o  occur dur ing  p r e c i p i t a t i o n .  The combining of them 

i n t o  a cont inuous p r e c i p i t a t i o n  model w i th  i n t e r p r e t a t i o n  of t h e  

coagula t ion  processes  by average coagula t ion  growth r a t e s ;  a s  

developed i n  t h i s  work, has  n o t  been p rev ious ly  r epo r t ed .  To h e l p  

wi th  t h e  development of t h i s  model, i t  w i l l  be necessary  t o  d i s t i n g u i s h  

between t h r e e  types  of p a r t i c l e s :  (1)  c r y s t a l l i t e s ,  (2)  c l u s t e r s  or 

primary coagulated p a r t i c l e s ,  and (3)  agglomerates o r  secondary 

coagulated p a r t i c l e s . ,  

Nucleat ion 

/ .-- 
T.he formation of a c r y s t a l  i n  a homogeneous f l u i d  r e q u i r e s  t h a t  

an  energy b a r r i e r  be  sca led .  The t o t a l  excess  f r e e  energy between 

a s o l u t e  p a r t i c l e  and t h e  s o l u t e  i n  s o l u t i o n  is t h e  sum of t h e  s u r f a c e  

excess  f r e e  energy and t h e  volume excess  f r e e  energy. The excess  

f r e e  energy tends  t o  be  minimized, and t h i s  is  accomplished through 

c r y s t a l  growth o r  d i s s o l u t i o n .  The energy necessary  t o  form a new 

c r y s t a l  is  c a l l e d  t h e  c r i t i c a l  f r e e  energy,  which i s  a maximum on 



a free energy diagrnm. If the number of molecules which come together 

in solution is less than the number required to reach the critical 

free energy, then the cluster will redlssolve. This molecular 

interaction is proportional to the supersaturation, which is the 

measurable quantity that gives rise to nucleation and growth of 

crystals. 

Crystal formation can result from homogeneous nucleation, hetero- 

geneous nucleation, secondary nucleation, and attrition. Homogeneous 

nucleation is the formation of crystals as a result of only super- 

saturation. Heterogeneous nucleation is the formation of new crystals 

from the presence of submicroscopic, insoluble, foreign matter,. and 

occurs at lower levels of 'supersaturation than is required for homo- 

geneous nucleation. At still lower levels of supersaturation 

secondary ,nucleation takes place, which is the formation of new 

crystals induced by the interaction of suspended solute crystais. 

And finally, attrition is the mechnical degradation of crystals 

whose pieces become growing crystals. Of these types of nucleation, 

heterogeneous and secondary nucleation are generally the most 

important for industrial crystallizers, however homogeneous 

nucleation will also be shown to be important in precipitators. 

Nielsen (79) notes that the fundamental expressions for the 

rate of homogeneous nucleation is given by 

B = C ap(-AGcrit/kT) 

where C is a constant, k is Bnltzman's constant, T is the 

absolute temperature, and AGcrit is the critical free energy. 

Randolph and Larson (87) have indicated 



t h a t  Equation (1) can be approximated by t h e  well-knob Miers 

nuclea t ion  model which accounts f o r  the  observed f a c t  t h a t  a t  low 

l e v e l s  of supersa tura t ion ,  nuclea t ion  is not  present .  This model 

is  based. on t h e  concept of a metas table  region.whose concentrat ion,  

'm* 
is g r e a t e r  than t h e  s a t u r a t i o n  concentra t ion ,  C . They a l s o  

s 

' repor ted  t h a t  i n  most inorganic systems i t  appears t h a t  C is very 
m 

c l o s e  t o  C and. t h a t  considerable success has been achieved by an 
s ' 

empirical  formula which assuines C is  equal  t o  C 
m s 

1 

where C is t h e  s o l u t e  concentrat ion,  k is  a constant ,  and s i s  

defined a s  t h e  supersa tura t ion ,  C-C . 
s 

I n  .some ins tances  secondary nuclea t ion  is . important , .  and 

the re fo re  Equation (3)  is  not  adequate a s  a r ep resen ta t ion  of the  

nuclea t ion  r a t e .  I n  s i t u a t i o n s  of t h i s  type, t h e  dependence of 

the  frequency and energy of c r y s t a l - c r y s t a l  contac t  and c r y s t a l -  

a g i t a t o r  contac t  is  accounted f o r  by mult iplying Equation (2) by 

t h e  suspension dens i ty ,  M, r a i s e d  t o  some power. 

' j i  
B = k  M s 

Crys ta l  Growth 

Crystal growth from s o l u t i o n  r e q u i r e s  two success ive  s t eps ,  

a d i f f u s i o n a l  t r anspor t  s t e p  t o  t h e  c r y s t a l  su r face  and a su r face  

reac t ion  s t e p  i n  which t h e  molecule is  or iented  i n t o  t h e  c r y s t a l  

l a t t i c e .    he growth r a t e  is s a i d  t o  be d i f fus ion-contro l led  i f  t h e  



g r o w t h . r a t e  is l i m i t e d  by t h e  r a t e  of d i f f u s i o n  through a . l a m i n a r  

f i l m  a s  is  u s u a l l y  t h e  c a s e  i n  nonagi ta ted  systems. However, i n  

some a g i t a t e d  systems t h e  growth r a t e  w i l l  r each  a maximum a s  t h e  

a g i t a t i o n  inc reases ,  which i s  consi ' s tent  w i th  t h e  concept of 

d i f fus ion -con t ro l l ed  growth a t  low r e l a t i v e  s o l u t i o n  v e l o c i t i e s  and 

s u r f a c e  r e a c t i o n  c o n t r o l l e d  growth a t  h igh  r e l a t i v e  v e l o c i t i e s .  

Most experimental  evidence (87) f o r  c r y s t a l  growth shows an 

approximate f i r s t  o rde r  r e l a t i o n s h i p  wi th  supe r sa tu ra t ion .  A mass 

growth r a t e  equat ion  which has  met w i th  success  and inc ludes  

d i f  f u s i o n i l  e f f e c t s  and su r f  a c e  r e a c t  ion  e f f e c t s  is 

where D is  t h e  diflusion c o e f f i c i e n t ,  X is  t h e  f i l m  th i ckness ,  A '  

is  t h e  s u r f a c e  a r e a  of t h e  c r y s t a l ,  and k i s  t h e  s u r f a c e  r e a c t i o n  
, , .  r 

r a t e  cons t an t .  

I f  t h e  gr.owing p a r t i c l e s . c a n  be represented  by some c h a r a c t e r i s t i c  

'dimension, then  one can apply s i z e - i n v a r i a n t  s u r f a c e  a r e a  and volumetr ic  

shape f a c t o r s ,  k and k r e s p e c t i v e l y .  The product  of t h e  square  of 
a  v  

t h e  c h a r a c t e r i s t i c  dimension w i t h  t h e  s u r f a c e  a r e a  shape f a c t o r  
.. ... . . - -- 

determines t h e  p a r t i c l e ' s  s u r f a c e  a r e a ,  and t h e  produce of t h e  cube 

of t h e  c h a r a c t e r i s t i c  dimension wi th  t h e  volumetr ic  shape f a c t o r  

g ives  t h e  p a r t i c l e ' s . v o l u m e .  1ntroduc.ing t h e s e  shape f a c t o r s  i n t o  

Equation , (5) y i e l d s  

n 



where p is  t h e  d e n s i t y  of t h e  c r y s t a l  and s is  t h e  supe r sa tu ra t ion .  

This  equat ion  can a l s o  be  w r i t t e n  a s  

- -  * 
d L , G = k s  
d t  (7 

* 
where G is  def ined  a s  t h e  size-independent growth r a t e  and k  is a 

cons t an t  w i th  t h e  va lue  D ~ ~ I $ ~ ~ [ X + ( D / ~  )] . 
r 

Coagulat ion 

The p a r t i c l e s  of an aqueous suspension may g a i n ,  l o s e ,  o r  s h a r e  

e l e c t r o n s  by forming hydrogen o r  d i p o l a r  bonds wi th  water  o r  i ons  

from t h e . l i q u i d  medium. This  p r e f e r e n t i a l  i on  abso rp t ion  g i v e s  

r i s e  t o  a  d i f f u s e  double l a y e r  of i o n s  which produces an e l e c t r o s t a t i c  

p o t e n t i a l  g r a d i e n t  about  each p a r t i c l e  causing them t o  r e p e l  each 

o the r  (79,81,105). It i s  t h i s  phenomenon, p a r t i c u l a r l y  t h a t  po r t ion  

of t h e  e l e c t r o s t a t i c  p o t e n t i a l  c a l l e d  t h e  z e t a  p o t e n t i a l ,  which is  

r e spons ib l e  f o r  t h e  s t a b i l i t y  of many c o l l o i d  suspensions (81) .  

The p re sen t  p i c t u r e  of t h e  d i f f u s e  double l a y e r  and t h e  

r e s u l t i n g  p o t e n t i a l  g r a d i e n t  about  a  p a r t i c l e  ( i n  t h i s  ca se  an  

e l e c t r o n e g a t i v e  p a r t i c l e )  is  shown i n  F igure  2. N o t e . t h a t  a t i g h t l y  

f i x e d  l a y e r  of p o s i t i v e  ions ,  c a l l e d  t h e  S t e r n  l a y e r ,  surrounds t h e  

p a r t i c l e  and t h a t  t h e  p o t e n t i a l  g r a d i e n t  a c r o s s  i t  i s  s t eep .  Outside 

of. t h e  S t e rn  l a y e r  is t h e  Gouy l a y e r  which i s  composed of a 

va r i ab le -dens i ty ,  d i f f u s e  cloud of charges,  predominantly p o s i t i v e  

near  t h e  p a r ' t i c l e  and equa l ly  p o s i t i v e  and nega t ive  a t  some d i s t a n c e  

from t h e  p a r t i c l e .  It is  t h e  p o t e n t i a l  g r a d i e n t  a c r o s s  t h i s  Gouy l a y e r  

which is  r e f e r r e d  t o  as t h e  z e t a  p o t e n t i a l ;  and it  is t h i s  p o t e n t i a l  



f 
electronegative 
particle 

Figure 2. Dif fuse  double layer of ions about a particle (81). 



which c a u s e s  p a r t i c l e s  t o  move toward t h e  pole  of oppos i t e  charge 

when placed i n  an  e l e c t r i c  f i e l d .  I n  terms of o t h e r  q u a n t i t i e s ,  t h e  

z e t a  p o t e n t i a l  is  given a s  

Zeta  p o t e n t i a l  = p e ( 4 n v / ~ )  (8) 

where u i s  t h e  exper%mentally determined e l ec t rophore tdc  v e l o c i t y ,  
e  

v is  t h e  kinematic  v i s c o s i t y ' o f  t h e  medium, and E is  t h e  d i e l e c t r i c  

cons t an t .  

The th i ckness  of t hese  ion  l a y e r s  v a r i e s  i n v e r s e l y  wi th  t h e  

concen t r a t ion  and va lence  of nonspec i f i c  e l e c t r o l y t e s  and s o  

coagula t ion  can be promoted .by i n c r e a s i n g  t h e  e l e c t r o l y t e  concen t r a t ion ,  

which dec reases  t h e  z e t a  p o t e n t i a l ,  and permi ts  t h e  p a r t i c l e s  t o  

approach one another  s u f f i c i e n t l y  c l o s e  f o r  van de r  Waals f o r c e s  t o  

become e f f e c t i v e .  The ion  va lence  is  a l s o  very  important ,  w i t h  a  

b i v a l e n t  i on  being 50 t o  60 t imes more e f f e c t i v e  than  a  monovalent 

one, and a  t r i v a l e n t  i o n  being 700 t o  1000 t imes as e f f e c t i v e  (81) .  

Coagulat ion can a l s o , b e  induced by r eagen t s  such as s u r f a c t a n t s ,  

c o l l o i d s ,  and polymers. . S u r f a c t a n t s  a r e  water-soluble  compounds 

t h a t  change i n t e r f a c i a l  cond i t i ons  by adhering t o  t h e  s u r f a c e  of 

t h e  p a r t i c l e s .  This  g ives  t h e  p a r t i c l e s  a  hydrophobic l a y e r  causing -- . . . -. . . .- . . . - . . . - - 

them t o  r e j e c t  water  and t o  a s s o c i a t e  wi th  one another .  

The a d d i t i o n  of c o l l o i d s  having a  charge oppos i t e  t o  t h a t  of t h e  

p a r t i c l e s  i n  suspension may a l s o  cause  coagula t ion .  This  i s  t h e  

e f f e c t  of o v e r a l l  z e t a  p o t e n t i a l  r educ t ion  and i s  u s u a l l y  used a s  a .  

p recondi t ion ing  s t e p  r a t h e r  than  a f i n a l  one (81).  

F i n a l l y ,  coagula t ion  can be  induced by t h e  a d d i t i o n  of 



p o l y e l e c t r o l y t e s  t o  a . c o l l o i d a l  suspensfon and then a l t e r i n g '  t h e  

pH of t h e  s o l u t i o n  (81).  It i s  thought t h a t  as t h e  pH of t h e  

s o l u t i o n  is changed more and more p o r t i o n s  of t h e  molecule d i s s o c i a t e  

from p o i n t s  o n ' t h e  polymer chafn,  l eav ing  l i k e  charges which cause 

t h e  cha in  t o  unco i l .  Reversing t h e  process  causes  t h e  long-chained 

molecules t o  draw bakk toge the r ,  t h e r e b y  inducing coagula t ion .  This  ' 

is  appa ren t ly  t h e  r e s u l t  of p o r t i o n s  of t h e  molecule r e - a s soc i a t ing  

and thus  e l imina t ing  t h e  p o i n t s  of l i k e  charge. 

Very l i t t l e  work has  been done i n  t h e  a r e a  of cont inuous 

coagula t ion .  ,Most  s t u d i e s  have been concerned wi th  ba tch  coagula t ion  

of a e r o s o l s  us ing  p a r t i c l e  d i f f u s i o n  theory  and, i n  some c a s e s ,  

t u rbu len t  f low (36,56,59,60,76,85). Some of t h e  r e s u l t s  from 

coagula t ion  s t u d i e s  have. shown t h a t  coagu la t ion  of a n  i n i t i a l l y  

heterogeneous p a r t i c l e  s i z e  d i s t r i b u t i o n  proceeds a t  a  f a s t e r  r a t e  

(59,60) and r e s u l t s  i n  a  denser  p a r t i c l e  s t r u c t u r e  (56) than  would 

be  obtained from a n  i n i t i a l l y  homogeneous p a r t i c l e  s i z e  d i s t r i b u t i o n .  

The coagula t ion  r a t e  a l s o  appears  t o  depend more on p a r t i c l e  

concen t r a t ion  than  on a g i t a t i o n  (36,60,81),  a l though inc reas ing  

t h e  amount of a g i t a t i o n  w i l l  i n c r e a s e  t h e  coagula t ion  r a t e  up t o  

t h e  p o i n t  where p a r t i c l e  breakup begins .  

Most of t h e  theory  of coagu la t ion  is based upon : , (1) F i c k ' s  

d i f f u s i o n  equat ion  r ep re sen t ing  t h e  r a t e  c o n t r o l l i n g  process ,  (2)  t h e  

assumption t h a t  every c o l l i s i o n  between p a r t i c l e s  l e a d s  t o  permanent 

c o n t a c t ,  (3)  t h a t  a l l  p a r t i c l e s  a r e  of i d e n t i c a l  s i z e ,  (4) t h a t  t h e  

volume of t h e  d ispersed  phase is  n e g l i g i b l y  small, and (5) t h a t  a  
. . 



s ta t ionary  concentrat ion gradient  e x i s t s  near the  p a r t i c l e s  

(44,79,81,105). The r a t e  of p a r t i c u l a t e  removal i s  then given by 

where N i s  the  t o t a l  number of p a r f i c l e s  present ,  r is t h e  rad ius  of 

t h e  p a r t i c l e s ,  and D f s  the  d i f fus ion  c o e f f i c i e n t  (81). I n  i ts  

in tegra ted  form, Equation (9) is, 

where No is the  i n i t i a l  number of p a r t i c l e s  present  a t  t = O .  

The d i f fus ion  c o e f f i c i e n t  is  defined a s  

where R i s  t h e  gas constant ,  T is t h e  absolute  temperature, and N is 
A 

. ,  

Avogadro's number. Applying t h i s  d e f i n i t i o n  t o  Equation (10) y i e l d s  

where t h e  coagulat ion constant ,  k, has t h e  value 2 ~ T / 3 v N ~ .  This 

equation is  sometimes wr i t t en  i n  t h e  form, 

where T is defined as t h e  coagulation half-time and has t h e  value  of 
% 

i/mo. v 

The coagulat ion r a t e  given by Equation (9).shows t h a t  t h e  

p a r t i c l e  number densi ty .  i s  very  c r i t i c a l  i n  determining t h e  coagulation 

r a t e .  . In  f a c t , ' l t  has  been reported (105) t h a t  from theoret ical .  

considerat ions of both number densi ty .and surface  charge t h e  r a t e  

of coagulat ion approaches zero when t h e  number dens i ty  is  l e s s  than 



6 
10  p a r t i c l e s / m l ,  even . i f  t h e  s u r f a c e  charge is zero.  It i s  f o r  t h i s  

reason  t h a t  'unknduced coagulatkon i s  usu 'al ly  no t  p re sen t  u n l e s s  t h e  

h igh  nuc lea t ion  r a t e  c . h a r a c t e r i s t i c  of homogeneous nuc lea t ion  i s  

presen t .  

The r e l a t f o n s h i p  of t h e  p r e c i p i t a t e  morphology t o  t h e  super- 

s a t u r a t i o n  and i n t e r f a c i a l  energy has  been r epor t ed  by Walton (105) 

and i s  shown i n  Table 3 .  Without t h e  a d d i t i o n  of s p e c i f i c  coagula t ion  

a i d s  o r  r e t a r d a n t s ,  t h e  morphology of t h e  p r e c i p i t a t e  w i l l  depend 

upon t h e  chemical r e a c t i o n  under cons ide ra t ion .  A s  previous ly  

mentioned; i t  w i l l  be  assumed t h a t  bo th  primary and secondary 

coagula t ion  may occur ,  and t h e r e f o r e  both w i l l  be  included i n  t h e  

p a r t i c l e  s i z e  d i s t r i b u t i o n  model of a  cont inuous MSMPR p r e c i p i t a t o r .  

Even though t h e  coagula t ing  p a r t i c l e s  are no t  of uniform s i z e ,  

i t  w i l l ' b e  assumed t h a t  i t  is  p o s s i b l e  t o  r ep re sen t  t h e  coagula t ion  

r a t e s  w i th  average coagula t ion  cons t an t s .  This  is  a reasonable  

assumption s i n c e  t h e  primary e f f e c t  of nonuniform p a r t i c l e s  is  an  

i n c r e a s e  i n  t h e  coagula t ion  rate over t h a t  f o r  uniform p a r t i c l e s .  

Lr  w5111 a l s o  be assumed t h a t  t h e  p a r t i c l e s  can be descr ibed  by 

one c h a r a c t e r i s t i c  dimension which w i l l  be taken a s  t h e  volume- 

equivalent-diameter .  This  is, t h e  diameter  t h a t  a s p h e r i c a l ,  s o l i d ,  

p a r t i c l e  would have i f  i t s  volume equal led  t h a t  of t h e  p a r t i c l e  

under cons ide ra t  ion.  

The a p p l i c a t i o n  of popula t ion  ba lances  t o  a continuous MSMPR 

p r e c i p i t a t o r  w i l l  invo.lve t h e  fo l lowing  assumptions: 

1 )  no p a r t i c l e s  i n  t h e  feed  s o l u t i o n s  



Table 3 .  Dependence of p r e c i p i t a t e  morphology upon t h e  supersa tura t ion  
and i n t e r f a c i a l  energy (105) 

Nucleation 

Heterogeneous . Slow-predom. Discre te ,  well- 
screw d i s l o c .  formed c r y s t a l s ,  

no agglomeration 

Heterogeneous Slow-predom. Disc re te ,  well- 
su r face  nucl .  formed c r y s t a l s ,  

no agglomeration 

Heterogeneous D e n t r i t i c  Poorly formed o r  
d e n d r i t i c  crys- 
t a l s ,  no agglom- 

Heterogeneous Dendr i t ic  Poorly formed or  
d e n d r i t i c  crys- '  
t a l s ,  no agglom- 

Homogeneous - S t a b i l i t y  depen- 
den t ,  agglomera- 
t i o n  evident  

Homogeneous - S t a b i l i t y  depen- 
den t ,  agglomera- 
t i o n  evident  

Col lo idal  



2) p e r f e c t  mixing 

3) no product withdrawal c l a s s i f i c a t i o n  

4) n e g l i g i b l e  p a r t i c l e  breakage and a t t r i t i o n  

5)  uniform shape f a c t o r s  

6 )  cons tan t  suspension holdup volume 

The p o p u l a t i o ~ l  clellsity f o r  any type of p a r t i c l e  can bc def ined  as 

l i m i t  AN' d ~ '  = - -  - -  
AL+O AL dL - n(L) 

where N "  i s  t h e  number of p a r t i c l e s  i n  t h e  s i z e  range AL, (L1 t o  L2) ,  

per  u n i t  volume of suspension. The t o t a l  number of p a r t i c l e s  of any 

one type  i n  t h i s  s i z e  range is  then  given by 

and t h e  t o t a l  number of p a r t i c l e s  of any one type  i n  a l l  s i z e  ranges  

is  then  given by 

C r y s t a l l i t e  Popula t ion  Balance 

If one cons ide r s  a  cons tan t  suspension volume V and a t i m e  

i n t e r v a l  A t , .  then  t h e  dynamic c r y s t a l l i t e  popula t ion  ba lance  

(accumulation = i npu t  - output )  f o r  a n  a r b i t r a r y  s i z e  range L  
1 

t o  L  is, 
2  

accumulation = ( c r y s t a l l i t e s  growing i n t o  s i z e  range AL) - 

( c r y s t a l l i t e s  i n  s i z e  range AL f lowing out' of r e a c t o r )  - 



( c r y s t a l l i t e s  growing ou t  of s i z e  range AL) - ( c r y s t a l l i t e s  

i n  s i z e  range  AL which coagula te  i n t o  c l u s t e r s )  - ( c r y s t a l l i t e s  

i n  s i z e  range AL which coagula te  w i th  agglomerates) .  

This  can be  w r i t t e n  a s  

- 
V AnxAL = (nl,xGl,xAtV) - (QnxAtAL) - (n2,xG2,xAtV) - 

- 11 

(Zxk;at AL V)  - (nxkxAt AL V)  

where n is t h e  average c r y s t a l l i t e  popula t ion  d e n s i t y  i n  t h e  s i z e  
X 

range AL, G is  t h e  growth r a t e ,  Q is t h e  t o t a l  feed  flow r a t e  o r  

ou tput  flow r a t e ,  k'" i s  t h e  average coagula t ion  cons t an t  f o r  
X - 

c r y s t a l l i t e s  coagula t ing  i n t o  c l u s t e r s ,  and k i  i s  t h e  average 

coagula t ion  cons t an t  f o r  c r y s t a l l i t e s  coagula t ing  wi th  agglomerates.  

, , Equation (17) can be  rearranged and d iv ided  by V A t  AL. 
4 

where T is def ined  a s  t h e  res idence  t ime of t h e  process ,  V/Q. Allowing 

AL and A t  t o  approach zero  y i e l d s ,  

Now i f  one assumes t h a t  McCabels AL l a w  i s  v a l i d  (G # : f ( ~ ) ) ,  then 

Equation (20) r e p r e s e n t s  t h e  dynamic c r y s t a l l i t e  popula t ion  ba lance  

f o r  t h e  cont inuous MSMPR p r e c i p i t a t o r .  I f  s t eady  state is assumed, 

t h i s  reduces t o  



This equation has  a  s teady s t a t e  s o l u t i o n  given by 

0 
n = n exp (-LIG T) 
. x x e ,x  

where xi0 is defined a s  the  nuclea te  populat ion dens i ty  of embryo-size 
X 

c r y s t a l s ,  and G f s  the  e f f e c t i v e  e r y s t a l l i t e  growth r a t e  
e  ,x 

defined a s  
I ) .  

Cluster  Population Balance 

A dynamic population balance f o r  . the  c l u s t e r s  can be derived 

i n  a  s imi la r  manner a s  t h a t  f o r  the  c r y s t a l l i t e s , . b y  ,assuming t h a t  

t h e  c l u s t e r  growth due t o  coagulat ion can be represented by an 

I I 

average growth r a t e ,  Gc, defined a s  

where 2 is t he  average c r y s t a l l i t e  s i z e .  The c l u s t e r  population 

balance (accumulation - input  - output)  is then given as, 

accumulation = ( c l u s t e r s  growing i n t o  s i z e  range AL by 

coagulat ion of c r y s t a l l i t e s )  + ( c l u s t e r s  growing i n t o  s i z e  range 

AL by c r y s t a l  growth) - ( c l u s t e r s  i n  s i z e  range AL flowing out  

of r eac to r )  - ( c l u s t e r s  growing out  of s i z e  range AL by 

coagula t ion 'wi th  c r y s t a l l i t e s )  - ( c l u s t e r s  growing out  of 

s i z e  range AL by c r y s t a l  growth) - ( c l u s t e r s  leaving s i z e  range 

AL by coagulat ion with c l u s t e r s  i n t o  agglomerates). 

This  dynamic balance can a l s o  be w r i t t e n  a s  



- 
V Anc AL = ("1, c G l ,  c  A t  V) + (nl,cGl,xAt V) - (QncAt AL) - 

(25) 

("2, cG2, c  
AtV) - ("2,cG2,x AtV) - (Xckcbt ALV) 

where k i s  t h e  average coagula t ion  cons t an t  of c l u s t e r s  i n t o  agglomer-' 
C 

a t e s .  It can be  shown t h a t ,  i f  G and G a r e  assumed t o  be  s i z e  
C X 

independent,  then i n  t h e  l i m i t  as A t  and AL approach zero ,  Equation (25) 

reduces t o  

Equation (26) r e p r e s e n t s  t h e  c l u s t e r  dynamic popula t ion ,  and a t  

s t eady  s t a t e  reduces t o  

The s teady  s t a t e  s o l u t i o n  is 

, 

0 
where nc is t h e  ex t r apo la t ed  c l u s t e r  n u c l e a t e  populat ion d e n s i t y  and 

G i s  t h e  c l u s t e r  e f f e c t i v e  grow.th r a t e  def ined  a s  
e , c  

. A  

Agglomerate Popula t ion  Balance 

I f  one assumes t h a t ;  (1) t h e  agglomerate growth r a t e  as a 

r e s u l t  of t h e  coagula t ion  of c l u s t e r s  can be descr ibed  as an  average 

coagula t ion  growth r a t e ,  Ga, def ined  a s  

where i s  t h e  average c l u s t e r  s i z e ,  and (2) t h a t  t h e  agglomerate 
C 



growth rate as a result of the coagulation of crystallites with agglomt 

erates can be described as an average coagulation growth rate, G:, 

defined as, 

then a dynamic agglomerate population balance (accumulation = input - 
. , .,* 

output) can be written. 

accumulation = (agglomerates growing into size range AL as a 

result of coagulation of clusters) + (agglomerates growing into 

size range AL as a result of coagulation of crystallites with 

agglomerates) + (agglomerates growing into size range AL through 

crystal growth) - (agglomerates growing out of size range AL 

by coagulation with clusters) - (agglomerates growing out of 

size range AL by coagulation with crystallites) - (agglomerates 

in size range AL flowing out of reactor) - (agglomerates growing 

out of size range AL by crystal growth). I 

This can also be expressed by 

- 
AtV) - (QnaAt AL) - (n2,aG2,x At V) (32) 

. - 

Equation (32) can be rearranged, divided by V At AL , and, in the 

limit as At and AL approach zero,' shown. to yield 

I 

If Gas Ga, and Gx are assumed to be size-independent, then Equation (33) 

can be written as 



Under steady s t a t e  opera t ing  condi t ions  the  dynamic . agglomerate . 

population balance, a s  expressed by Equation (34), reduces t o  

The steady s t a t e  s o l u t i o n  t o  Equation (35) i s  

0 
n = n  exp(-L/TG ) 

. a a e , a  

0 
where n .  the  extrapolated agglomerate nuclea te  population dens i ty ,  

a 

and Ge is  t h e  e f f e c t i v e  agglomerate growth rate defined a s  
, a 

The steady s t a t e  so lu t ions  descr ib ing the  populat ion dens i ty  

d i s t r i b u t i o n s  of the  c l u s t e r s  and agglomerates (Equations (28) and 
I 1  

(36) assume t h a t  t h e  population d e n s i t i e s  a r e  continuous i n  t h e  s i z e  

range 0 t o  -, however i n  r e a l i t y  t h e  average minimum s i z e  of the  

c l u s t e r s  and agglomerates w i l l  not  b e  zero. The average minimum 

- 
c l u s t e r  s i z e ,  Lm,c, wil1,depend upon t h e  average c r y s t a l l i t e  s i z e  

a s  given by 

where Ex is  t he  average c r y s t a l l i t e  s i z e  ca lcu la ted  by 

Lnx e x p ( - ~ l r ~ ~ , ~ ) d ~  

- - f 0 O 

Lx - = G  T 
e ,x  

exp(-L/TG e , x  )dL 

The average minimum s i z e  of t h e  agglomerates w i l l  depend upon the  



average minimum s i z e  of the  c l u s t e r s ,  the  average minimum s i z e  of the  

c r y s t a l l i t e s ,  and upon t h e  coagulat ion r a t i o  of .  the  c r y s t a l l i t e s  with 

agglomerates and c l u s t e r s  t o  agglomerates. 

-0 
The average nucleate  population densi ty ,  n , f o r  t h e  c lus ters . .and 

agglomerates can be ca lcula ted  by evaluating Equation (28) and (36) 

. a t  t h e i r  respect ive  average minimum p a r t i c l e  s i z e ,  

-0 0 - 
n c = n c exp (-Lm,c/rG e , c  ) 

T P = n  
0 

a a .  

. , Overall  Population ~ a l a n c e  

The t o t a l p a r t i c l e  population d i s t r i b u t i o n ,  nT(L), leaving the  

s t e a d y , s t a t e  MSMPR p r e c i p i t a t o r  is t h e  sum of t h a t  of the  c r y s t a l l i t e s ,  

c l u s t e r s ,  and agglomerates as given by . 
. 

0 0 0 
nT(L) = nx exp (-L/rG ) + nc exp(-L/rG ) + na exp (-L/rGeSa) (44) 

e ,x  e , c 

where i t  is understood t h a t  the  c l u s t e r s  do not e x i s t  a t  a s i z e  below 

- 
'rn,c* 

and t h a t  the  agglomerates do not  e x i s t  a t  a s i z e  below Lmia. 

Equation (44) ind ica tes  t h a t  i f  the  t o t a l  p a r t i c l e  population 

d i s t r i b u t i o n  from a continuous MSMPR p r e c i p i t a t o r  operat ing a t  s teady 

s t a t e  is plo t t ed  on a semi-log paper a s  a funct ion of-  p a r t i c l e  s i z e ,  

then a curve represent ing t h e  sum of th ree  exponentials  w i l l  be 

obtained. .If t h e  growth r a t e s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  from 



one another ,  then  t h i s  curve can be reso lved  i n t o  t h r e e  s t r a i g h t  l i n e s  

i n  a manner s i m i l a r  t o  t h a t  f o r  multicomponent r a d i o a c t i v e  decay 

a n a l y s i s .  Each l i n e  w i l l  r ep re sen t  one of t h e  p a r t i c l e  d i s t r i b u t i o n s  

0 
wi th  an  i n t e r c e p t  equal  t o  log n and a  s l o p e  equal  t o  -112.303G~. 

The t o t a l  number of p a r t i c l e s  p re sen t  per  u n i t  volume of suspension,  

NT, i s  t h e  sum, over a l l  p a r t i c l e  s i z e s ,  of t h e  c r y s t a l l i t e s ,  c l u s t e r s ,  

and agglomerates.  

where Nx, Nc, and Na r e p r e s e n t  t h e  t o t a l  number d e n s i t i e s  of c r y s t a l l i t e s ,  

c l u s t e r s ,  and agglomerates,  r e s p e c t i v e l y .  

L 
m,a 

I n  a d d i t i o n  t o  knowing t h e  s t eady  s t a t e  popula t ion  d e n s i t y  

d i s t r i b u t i o n  of t he  c r y s t a l l i t e s ,  c l u s t e r s ,  and agglomerates ,  one 

would a l s o  l i k e  t o  know, (1) t h e i r  r e s p e c t i v e  average p a r t i c l e  s i z e ,  

( 2 ) . t h e i r  r e s p e c t i v e  dominant p a r t i c l e  s i z e  ( t h a t  p a r t i c l e  s i z e  

a s soc i a t ed  w i t h  t h e  l a r g e s t  weight f r a c t i o n ) ,  and (3)  t h e i r  r e s p e c t i v e  

f r a c t i o n  of t h e  t o t a l  suspension d e n s i t y .  

The average p a r t i c l e  s i z e  of t h e  c r y s t a l l i t e s  w a s  determined 



previously and is given by Equation (39). The average p a r t i c l e  s i z e  

- 
of t h e  c l u s t e r s ,  LC,. is ,  

~ n z  exp (-L/TG ~ Y C  )dl, 

- L 
- m, c  
- Lm nz exp(-L/TG e , c  )dL 

L 
m, c  

or - 
LC = TG + 

e, = m, c 

The average p a r t i c l e  s i z e  o f ' t h e  agglomerates is given by 

and reduces t o  

The suspension dens i ty ,  M, f o r  any given type of p a r t i c l e  can 

.be  ca lcu la ted  a s  

.= kvpC , 

3 0 
L n exp (-L/.rGe)dL 

o r  9 
where kv is  t h e  size-independent volumetric  shape f a c t o r  and p is t h e  

dens i ty .  Applicat ion of Equation (53) t o  the  populat ion dens i ty  

d i s t r i b u t i o n s  of t h e  c r y s t a l l i t e s ,  c l u s t e r s ,  and agglomerates y i e l d s  



where Mx, Me, and Ma a r e  the  c r y s t a l l i t e ,  c l u s t e r ,  and agglomerate 

suspension d e n s i t i e s  respect ive ly .  The t o t a l  suspension dens i ty  i s  

thcn given by ._... 

MT = Mx + Mc + Ma (57) 

The suspension dens i ty  f r a c t i o n s  f o r  t h e  d i f f e r e n t  types of p a r t i c l e  

' can be ca lcula ted  a s  

Where Mp9x. %,c 
, and.MF a r e  t h e  r e spec t ive  c r y s t a l l i t e ,  c l u s t e r  , a  

and agglomerate suspension dens i ty  f r a c t i o n s .  

The dominant p a r t i c l e  s i z e  is t h a t  p a r t i c l e  s i z e  which is  

associa ted  with t h e  peak i n  the  mass f r a c t i o n  d i s t r i b u t i o n .  It can 

be obtained by developing t h e  expression f o r  t h e  mass f r a c t i o n  

d i s t r i b u t i o n ,  d i f f e r e n t i a t i n g  with r e spec t  t o  p a r t i c l e  s i z e ,  and 

then s e t t i n g  r e s u l t i n g  expression equal  t o  zero. 

The mass of each p a r t i c l e ,  m i s  given by 
P * 

m = pkvL 
3 

P 



The mass per  u n i t  volume of suspension of a l l  p a r t i c l e s  of s i z e  L is  

then g iven  a s  

3 
M(L) = p kvL n(L) (62) 

The mass f r a c t i o n  of a l l  p a r t i c l e s  of s i z e  L  is  represented  by 

t h e  r a t i o  of m(L) t o  t h c  suspension d e n s i t y ,  M, and i s  given by 

where W(L) is  def ined  a s  t h e  m a s s  f r a c t i o n .  

The p a r t i c l e  s i z e  d i s t r i b u t i o n  from a  cont inuous MSMPR p r e c i p i t a t o r  

has  been showp t o  c o n s i s t ' o f  t h r e e  types  of p a r t i c l e s ,  each of whose 

popula t ion  d e n s i t y  d i s t r i b u t i o n  can b e  r ep re sen ted  by an  exponen t i a l  

of t h e  form 

0 
n(L) = n  exp(-L/Ger) ( 6 4 )  

It is  ev iden t  t h a t  t h e  weight f r a c t i o n  d i s t r i b u t i o n ,  w ( L ) ,  f o r  a 

p a r t i c u l a r  type  of p a r t i c l e  can be  expressed a s  

The r e s p e c t i v e  terms f o r  t h e  c r y s t a l l i t e s ,  c l u s t e r s ,  and agglomerates  

can be s u b s t i t u t e d  i n t o  Equation (65) ,  y i e l d i n g  t h r e e  equat ions  which 

can be d i f f e r e n t i a t e d ,  s e t  equal  t o  ze ro ,  and solved f o r  t h e i r  

r e s p e c t i v e  dominant p a r t i c l e  s i z e .  The r e s u l t s  from such a  procedure 

a r e  shown below. 

L = 3.rG 
d , x  e , x  

L  = 3rG .+ 
d , ~  e ~ c  m,c 



where Ld is  defined a s  the  dominant p a r t i c l e  s i z e .  

The previously discussed r e l a t i o n s h i p s  have shown t h a t  the  

e f f e c t i v e  growth r a t e s  of t h e  c r y s t a l l i t e s ,  c l u s t e r s ,  and agglomerates 

a r e  very i n t e r r e l a t e d .  In  f a c t ,  t h e  e f f e c t i v e  growth r a t e s  of t h e  

c l u s t e r s  and agglomerates can be w r i t t e n  i n  t e r m s  consis t ing  only 

of the  c r y s t a l  growth r a t e ,  residence time, and average coagulat ion 

constants ,  a s  was done f o r  t h e  e f f e c t i v e  c r y s t a l l i t e  growth r a t e  

expressed i n  Equation (23). Subs t i tu t ions  of the  appropr ia te  

r e la t ionsh ips  discussed above i n t o  Equations (29) and (37) y i e l d s  

I ,  

and.  
r (2kc + k i )  

+ + 

It i s  necessary a t  t h i s . p o i n t  t o  consider nucleat ion r a t e s  

because they, i n  conjunction with t h e  e f f e c t i v e  growth r a t e s ,  w i l l  

determine t h e  average p a r t i c l e  s i z e s ,  the  dominant p a r t i c l e  s i z e s ,  

and t h e  suspension densi ty  fract ions. ,  The c r y s t a l l i t e  nucleat ion 

0 
nit?, Dx, can be defined as 



0 
where t h e  c r y s t a l  n u c l e a t e  popula t ion  dens ' i ty ,  n  i s  def ined  a s  

x 

(dN / ~ L ) I  L=o, and t h e  e f f e c t i v e  c r y s t a l  growth r a t e  is  def ined  a s  dL/dt .  
X 

I f  the growth r a t e  2s  assumed t o  be a l i n e a r  func t ion  of s u p e r s a t u r a t i o n ,  . 

then  Equation ( 4 ) ,  (7 ) ;  and (72) can be combined t o  y i e l d  

and 

where %,x is def ined  as t h e  c r y s t a l l i t e  nuc lea t ion  c o n s t a n t ,  and i is  
X 

t h e  c r y s t a l l i t e  growth r a t e  k i n e t i c  o rde r  of nuc lea t ion ,  and j is  t h e  
X 

c r y s t a l l i t e  suspension d e n s i t y  k i n e t i c  o rde r  of nuc lea t ion .  

Equation (74) impl ies  t h a t  i f  t h e  MSMPR p r e c i p i t a t o r  i s  operated 

a t  d i ' f f e r e n t  l e v e l s  of s u p e r s a t u r a t i o n ,  t hen  t h e  growth r a t e  k i n e f i c  
. . 

orde r  of n u c l e a t i o n  can be obtained.  Th i s  can be accomplished by opera- 

t i n g  a t  t h e  same suspension d e n s i t y  f o r  d i f f e r e n t  r e s idence  times. Con- 

s e r v a t i o n  of 'mass  r e q u i r e s  t h a t  t h e  s h o r t e r  ho ld ing  times must produce 

h igher .growth  r a t e s  and, thus  h igher  supe r sa tu ra t ions .  I f  t h e  s o l u b i l i t y  

and ' coagu la t ion  r a t e s  of t h e  p r e c i p i t a t e  can be  v a r i e d  through changes i n  

pH, t h e n . o p e r a t i o n  of t h e  p r e c i p i t a t o r  a t  cons t an t  suspension d e n s i t i e s ,  

cons t an t  r e s idence  t imes  and d i f f e r e n t  pH's should a l s o  a l low t h e  de t e r -  

minat ion of t h e  c r y s t a l l i t e  k i n e t i c  o rde r  of nuc lea t ion .  Subsequent 

npe ra t ion  of the p r e c i p i t a t o r  f o r  d i f f e r e n t  suspension d e n s i t i e s  w i l l  

a l low de termina t ion  of t h e  suspension d e n s i t y  k i n e t i c  o rde r  of nuc lea t ion ,  

' 

jx, and t h e  nuc lea t ion  cons t an t ,  %,,* 
The nuc lea t ion  r a t e s  of t h e  c l u s t e r s  and agglomerates w i l l  depend 

upon t h e  coagula t ion  c o n s t a n t s ,  as do t h e i r  growth' rates. It seems 



appropr i a t e ,  t h e r e f o r e ,  t o  base t h e  nuc lea t ion  r a t e  models of t h e  

c l u s t e r s  and agglomerates on a power f u n c t i o n  of t h e i r  r e s p e c t i v e  e f f ec -  

t i v e  growth r a t e s  and suspension d e n s i t i e s  i n  a  manner s i m i l a r  t o  t h a t  

of t h e  c r y s t a l l i t e s .  Th i s  r e s u l t s  i n  t h e  fo l lowing  nuc lea t ion  r a t e  

models f o r  t h e  c l u s t e r s  and agglomerates 

The c l u s t e r  and agglomerate nuc lea t ion  rates can a l s o  be expressed 

where (dN/dL) I L = O  i s  def ined  as t h e  ex t r apo la t ed  n u c l e a t e  popula t ion  

d e n s i t y ,  and d ~ / d t  is def ined  as t h e  e f f e c t i v e  growth r a t e .  Appl ica t ion  

of Equation (79) and (80) t o  Equation (75) and (76) ,  r e s p e c t i v e l y ,  y i e l d s  



Note t h a t  Equations (77 )  through (82) a r e  based upon minimum p a r t i c l e  

s i z e s  being zero. The average n u c l e a t e  popula t ion  d e n s i t i e s  of t h e  

c l u s t e r s  and agglomerates ,  t ak ing  i n t o  account t h e  average minimum 

p a r t i c l e  s i z e s ,  w i l l  be  given by combining Equations (41) and (42) wi th  

Equations (81) and (82) ,  r e s p e c t i v e l y .  

The nuc lea t ion  r a t e s  of t h e  average minimum s i z e d  p a r t i c l e s  can be  

w r i t t e n  a s  

- 
= 2 G exp (Lm, , / rG ) 

a a e,a e ~ a  

where and ? a r e  t h e  average c l u s t e r  and agglomerate nuc lea t ion  r a t e s ,  
C a 

r e s p e c t i v e l y .  For t h e  case  when average minimum c l u s t e r  and agglomerate 

s i z e s  a r e  c l o s e  t o  zero ,  Equation (83) t o  (86) may be rep laced  by 

Equations '(79) t o  (82).  

Equat ions (81) and (82) i n d i c a t e  t h a t  i f  t h e  con t in~ ious  MSMPR 

p r e c i p i t a t o r  is  opera ted  a t  d i f f e r e n t  degrees  of coagula t ion  f o r  a 

cons tan t  suspension d e n s i t y  and r e s idence  t i m e , . t h e  k i n e t i c  o rde r  of 

t h e  c l u s t e r s ,  ic, and agglomerates,  i can b'e ob ta ined .  I f  t h e  pre- 
a  ' 

c i p i t a t o r  is' then  opera ted  a t  d i f f e r e n t  suspension d e n s i t i e s , .  t h e  k i n e t i c  

o rde r s  jc and ja, and t h e  nuc lea t ion  c o n s t a n t s  
%,c  and %,a 

can b e  

determined. 

The e f f e c t  of dynamic f low r a t e s  on t h e  t o t a l  s o l i d s  concen t r a t ion  

can be examined b.y cons ider ing  an o v e r a l l  dynamic m a s s  balance  



(accumulation = input - output) .  I f  one assumes a constant  holdup 

volume V, then t h e  dynamic mass balance i s  g'iven by 

d 
V z ( M T  + C) = QP - QC - QMT (87 

where C is  t h e  s o l u t e  concentrat ion and P is  t h e  s o l u t e  production r a t e .  

I f  is  evident from Equation ( 8 7 ) . t h a t  changes i n  flow w i l l  not perturb 

the s o l i d s  concentrat ion s ince  a l l  terms on the  r i g h t  hand s i d e  a r e  

af fec ted  uniformly. However, changes i n  concentrat ions and s o l u b i l i t i e s  

w i l l  a f f e c t  the  s o l i d s  concentrat ion.  

It is necessary a t  t h i s  point  t o  develop one f i n a l  r e l a t i o n s h i p  

which w i l l  place a cons t ra in t  on t h e  c r y s t a l  growth r a t e .  I f  one assumes 

t h a t  the  mass r a t e  of phase change due t o  nucleat ion is  n e g l i g i b l e  and 

t h a t  the  mass accumulation of s o l u t e  a s  supersa tura t ion is  neg l ig ib le ,  
1 

+ I 

then t h e  following s o l u t e  balance r e s u l t s ,  (accumulation = input  - 

output - r a t e  of' make) 

where p is  t h e  c r y s t a l  densi ty  and ka k , and k a r e  t h e  
x ,XI a ,c  a , a  

c r y s t a l l i t e ,  c l u s t e r ,  and agglomerate size-independent surface  a rea  

shape facca rs ,  respect ively .  I f  t h e  crystal growth rate is  s ize-  

independent, then Equation (8s) can be rearranged t o  



where AT i s  defined a s  the  t o t a l  p a r t i c l e  surface  area  per u n i t  volume 

of suspension, 

where Ax, Ac, and A a r e  t h e  t o t a l  su r face  a reas  per u n i t  volume of . 

a 

suspension of t h e  c r y s t a l l i t e s ,  c l u s t e r s ,  and agglomerates a s  given 

Equation (89) .is t r u e  regard less  of whether flow r a t e s  and concen- 

t r a t i o n s  a r e  constant ,  and . i t  provides t h e  feedback between the  c r y s t a l  

growth r a t e  and the  o v e r a l l  p a r t i c l e  s i z e  d i s t r i b u t i o n .  This provides a 

l a r g e  amount of se l f - regula t ion .of t h e  c r y s t a l l i t e  s i z e  d i s t r i b u t i o n ,  

which w i l l  i n  turn  be r e f l e c t e d  i n  t h e  c l u s t e r  and agglomerate s i z e  

d i s t r i b u t i o n s .  

A t  t h i s  point ,  one may r e c a l l  t h a t  the  c r y s t a l  growth r a t e  i s  

of ten  a l i n e a r  funct ion of supersa tura t ion,  which w i l l  be d i r e c t l y  

propor t ional  t o  the  s o l u t e  production r a t e  and t h e  so lu te .  equil ibrium 

concentrat ion,  and inverse ly  propor t ional  t o  t h e  residence time and the  

. t o t a l  s u r f a c e , a r e a  ava i l ab le  f o r  c r y s t a l  growth, 



I I 

where k is a constant. 

Equation (89) can now be combined with Equation (94) and (7) to 

yield 

This equation now places a suitable constraint on the crystal growth 

" rate in terms of known quantities, and allows a model of the continuous 

MSMPR,precipitator to be developed. The informational flow chart from 

such a model is shown in Figure 3, where.it is understood that the 

various nucleation constants, coagulation constants, and kinetic orders 

1 3  

, of nucleation are functions of process parameters (reacting feed molea 

ratios, feed concentrations, suspension.densi.ty, temperature, agitation, 

etc.), which can be determined experimentally.. The particle densities 
. . 

and shape factors will also have to be determined experimentally, and 

they might also prove to be functions of the process conditions. 

Table 4 lists the parameters of.the continuous MSMPR model and shows 

which ones must be determined.experimentally.and which ones must be 

calculated. 



Figure 3 .  Informational flow diagram for continuous MSMPR precipitation model 
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Table 4,  Kinet ic  parameters and process v a r i a b l e s  included i n  t h e  
continuous MSMPR precfpftat$on.model 

Variables determined by p r e c i p i t a t i o n  condit ions 
r I 

feed concentrat ions 

feed flow r a t e s  

temperature 

residence time, T 

Parameters determined from experimental d a t a  

p r e c i p i t a t e  production r a t e  P 

p r e c i p i t a t i o n  pH PH 

s o l u t e  equil ibrium concentrat ion Ce 

c r y s t a l  growth r a t e  Gx 

e f f e c t i v e  growth r a t e s  Ge,xy Ge,c '  Ge,a 
0 0 

nucleate  population d e n s i t i e s  no n n 
X' C '  a 
I I 1  

coagulation constants  kx, kx, kc 

growth r a t e  k i n e t i c  orders  of nuclea t ion ix, ic, i a 

suspension densi ty  k i n e t i c  orders  of nuclea t ion jx, jc, ja 

nucleat ion constants  x %,c*  %,a 

p a r t i c l e  d e n s i t i e s  Px, PC,  Pa 

surface  area  shape f a c t o r s  k k a ,x7 ka,cs a , a  

volumetric shape f a c t o r s  k k , k  
V,X' V , C  v,a  



Table 4 .  (continued) 

crystal  growth rate constant 

population density distributions nx(L) , nc (L) , na(L) 

average minimum s i ze s  

average nucleate population densit ies  

average particle s i ze s  

agglomerate growth rates 

dominant particle s i z e s '  

suspension densit ies  

surface areas 

total  .surface area 



EQUIPMENT 

The cont inuous p r e c i p i t a t i o n  process  flow c h a r t  i s  shown i n  

F igure  4. Ammonium hydroxide and u rany l  n i t r a t e  f e e d s  a r e  pumped 

cont inuous ly  i n t o  a  p r e c i p i t a t i o n  v e s s e l  where they a r e  i n t i m a t e l y  

mjxed and r e a c t .  The APU s l u r r y  is  i n t e r m i t t e n t l y  pumped from t h e  

p r e c i p i t a t o r  i n t o  a  product s t o r a g e ' t a n k  where t h e  p r e c i p i t a t e  i s  

allowed t o  s e t t l e  ou t .  The supe rna t an t  i i q u i d  i s  then pumped through 

an ion-exchange column t o  remove any r e s i d u a l  uranium and t h e  l i q u i d  

i s  discarded .  

The APU was n o t  reconverted t o  u rany l  n i t r a t e ,  a l though i t  could 

have been by t h e  a d d i t i o n  of n i t r i c  ac id  'and water .  Th i s  would have 

introduced va r ious  amounts of f r e e  n i t r i c  ac id  i n  t h e  u rany l  n i t r a t e ,  

which has  been r e p o r t e d . t o  a f f e c t  t h e  s u r f a c e  a r e a  of t h e  APU'(68). 

The des ign  of the.MSMPR p r e c i p i t a t o r  followed t h a t  of a  

proven des ign  from which c r y s t a l  s i z e  d i s t r i b u t i o n  d a t a  conforms t o  

t h e  mixed-suspension, mixed-product removal concept (54) .  The 2R 

' suspens iua  vo lu~r~e  of t h e  p r e c i p i t a t o r  i s  a l s o  w i th in  t h e  s i z e  ranges  

of t hose  prev ious ly  i n v e s t i g a t e d  (54,87) .  The p r e c i p i t a t i o n  v e s s e l ,  

, . 
shown i n  F igure  5,  c o n s i s t s  of a  c y l i n d r i c a l  . b o r o s i l i c a t e  g l a s s  tube  

wi th  a  curved bottom pushed up i n  its c e n t e r ,  forming a  c o n i c a l  

b a f f l e .  A s t a i n l e s s  s t e e l  d r a f t  tube ,  shown i n  F igure  6 ,  i s  supported 

'by f o u r  v e r t i c a l  s t a i n l e s s  s t e e l  b a f f l e s  and i s  used t o  d i r e c t  t h e  

downward f low produced b y , a n  impe l l e r .  The c o n i c a l  b a f f l e  causes  

an  upward flow and t h e  f o u r  v e r t i c a l  b a f f l e s  d i v i d e  t h i s  upward 



Figure 4. APU p r e c i p i t a t i o n  flow char t  
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Figure 5. Glass precipitation vessel 
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Figure 6. Stainless steel draft tube 



flow i n t o  f o u r  r eg ions , ' r educ ing  t h e  tendency of t h e  p a r t i c l e  suspension 

t o  s w i r l  around t h e  annular  reg ion .  The d r a f t  tube  is hollow and i s  

provided wi th  i n l e t  and o u t l e t  l i n e s  .so t h a t  i s  may be used f o r  

hea t ing  o r  cool ing .  A diagram of t h e  assemblek MSMPR p r e c i p i t a t o r  . 

is  shown . i n  F igure  7.  

Feed s o l u t i o n s  a r e  introduced i n t o  t h e  c e n t e r  of t h e  d r a f t  tube  

where r ap id  d i s p e r s i o n  occurs .  The p o s i t i o n  of t h e  product removal 

tube  i s  near  t h e  edge of t h e  g l a s s  v e s s e l  and a t  a depth j u s t  above 

t h e  bottom of t h e  d r a f t  tube. The c o r r e c t  l o c a t i o n  ' t o  permit 

i s o k i n e t i c  removal of sample was determined by observing t h e  f low 

p a t t e r n  of ion-exchange beads i n  t h e  r eac to r  and i s  such t h a t  t h e  

flow is uniformly v e r t i c a l .  A photograph of t h e  p r e c i p i t a t i o n  

v e s s e l  i s  shown i n  Figure  8. 

I n v e s t i g a t i o n  of c u r r e n t  c r y s t a l l i z a t i o n  techniques (54.87) 

i nd i ca t ed  t h a t  f o r  t h e  r e s idence  t imes  t o  be  considered f o r  t h i s  

work, continuous preduct  removal coulll involve  product removal 

v e l o c i t i e s  low enough t h a t  product c l .z i ss i f ica t ion  might occur .  

An i n t e r m i t t e n t  product removal system has  been used by o t h e r  

i n v e s t i g a t o r s  t o  avoid t h i s  s i t u a t i o n  and was a l s o  used i n  t h i s  work. 

This  i n t e r m i t t e n t  system is shown i n  Figure 9 and c o n s i s t s  of a 

r e l a y  system a c t i v a t e d  by a f l o a t  and s l i p r o d  assembly which can 

be ad jus t ed  t o  main ta in  t h e  d e s i r e d  s - ~ s p e n s i o n  volume and i n t e r m i t t e n t  

product  removal volume., 

The equipment f low shee t  i s  shown i n  F igure  10; however, , t h e  

i n t e r m i t t e n t  product removal c o n t r o l  system, pH ins t rument ,  and 
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Figure 8. Continuous mixed-suspension, mixed-product-removal precipi- 

tator. 
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thermoineters a r e  no t  shown. For s imp l i . c i t y ,  t h e  hea t ing  and cool ing  

c o i l s  have been shown as betng i n  s e p a r a t e  water  ba ths .  

Actua l ly ,  they a r e  placed i n  t h e  same water  ba th  wi th  t h e  cont inuous 

p r e c i p i t a t o r .  Most of t h e  equipment w a s  l oca t ed  i n  a walk-in hood, 

wi th  t h e  except ion of ' t he  ion-exchange column and t h e  30 g a l l o n  

u rany l  n i t r a t e ,  APU s e t t l i n g ,  and supe rna t an t  l i q u i d  holding ranks,  

each of which was placed .on a c a r t  f o r  maneuverabi l i ty .  A photograph 

of t h e  equipment s e tup  i s  shown i n  F igure  11. 

The on-l ine feed  f i l t e r s  were necessary  t o  i n s u r e  counting only 

APU p a r t i c l e s ,  and t h e  bubble t r a p s  were used t o  h e l p  even out  any 

flow pe r tu rba t ions .  The product removal pump and both  feed  pumps 

a r e  var iable-speed p e r i s t a l t i c  pumps us ing  s p e c i a l  rubber  tubing.  

I n  a d d i t i o n  t o  t h e  equipment mentioned above, another  pump 

and f i l t e r  assembly w a s  s e t  up t o  provide  0.2 urn f i l t e r e d  water  f o r  

t h e  i n i t i a l  f i l l  of t h e  p r e c i p i t a t o r  and 0.2 um f i l t e r e d  e l e c t r o l y t e  

f o r  t h e  Coulter  counter .  



Figure 11. Equipment aetup for the continuous ammdnium polyuranate 
precipitation process. 



EXPERIMENTAL PROCEDURE 

The p repa ra t ion  f o r  a process  run  involved about fou r  hours  of . 

pre-star t -up work. The product removal pump was pre-set  t o  a flow 

r a t e  such t h a t  t h e  v e l o c i t y  of t h e  mixed APU s l u r r y  being withdrawn 

w a s  about t h e  same a s  t h a t  of t h e  c i r c u l a t i n g  suspension.  This  was 

, accomplished by c a l i b r a t i n g  t h e  speed of t h e  product removal pump 

fnr d i f f e r e n t  flow r a t e s  and then  conver t ing  t h i s  f low c a l i b r a t i o n  

i n t o  one of average v e l o c i t y ,  based upon t h e  i n s i d e  diameter  of t h e  

product removal tube. The c i r c u l a t i n g  suspension v e l o c i t y  was e s t i -  

mated by measuring t h e  f l u i d  head found by p lac ing  a  p l a s t i c  s t r a w  

a t  t h e  p o s i t i o n  of t h e  product removal tube,  and c a l c u l a t i n g  an  

average v e l o c i t y  based upqn t h e  equat ing  of k i n e t i c  and p o t e n t i a l  

energ ies .  Th i s  est imated v e l o c i t y  was lower than  t h e ' i c t u a l  suspension 

v e l o c i t y  because o f . v a r i o u s  energy l o s s e s ,  and t h e r e f o r e  t h e  product  

removal pump w a s  s e t  such t h a t  i ts product  removal v e l o c i t y  was about  

1 .5 t imes t h e  est imated v e l o c i t y .  

Four l i ters of f i l t e r e d  de ionized  water  and f i l t e r e d  e l e c t r o l y t e ,  

s a t u r a t e d  wi th  APU, were made up and both t h e  pH meter  and Coul te r  

counter  were c a l i b r a t e d .  The feed  s o l u t i o n s  were made up and  allowed 

t o  s tand  f o r  about  one hour t o  i n s u r e  uniformity. Then t h e  feed  

by-pass va lves  were s e t  and t h e  feed  s o l u t i o n s  c i r c u l a t e d  f o r  

about one hour through t h e  process  l i n e s  and back t o  t h e  feed  tanks .  

Once flow through t h e  system's  l i n e s  had been' e s t a b l i s h e d ,  t h e  

l i q u i d  l e v e l  i n  t h e  f i l t e r s  and bubble t r a p s  were ad jus t ed  and flowmeter 



s e t t i n g s  determined f o r  t h e  d e s i r e d  f low r a t e s .  Then t h e  p r e c i p i t a t i o n  

v e s s e l  was f i l l e d  wi th  f i l t e r e d  deionized water  and t h e  i n t e r -  

m i t t e n t  product removal f l o a t  assembly ad jus t ed  f o r  a 22 suspension 

volume and a 0.2R i n t e r m i t t e n t  product  removal volume. 

Af t e r  a l l  t h e  pre-s tar t -up work had been performed, p r e c i p i t a t i o n  

was i n i t i a t e d  by tu rn ing  t h e  f,eed by-pass va lves  such t h a t  t h e  feed  
C 

s o l u t i o n s  en tered  t h e  p r e c i p i t a t o r .  Steady s t a t e  w a s  reached between 

12 and 15  r e s idence  t imes,  a f t e r  which APU samples were taken from 

t h e  product removal l i n e  about every couple of r e s idence  t imes.  

The p a r t i c l e  d e n s i t y  of t h e s e  samples was much too  h igh  f o r  d i r e c t  

a n a l y s i s  wi th  t h e  Coul te r  counter ,  t h e r e f o r e ,  a l i q u o t s  were taken 

wi th  sy r inges  and d i l u t e d  wi th  t h e  f i l t e r e d ,  A P U  s a t u r a t e d  e l e c t r o l y t e .  

To he lp  prevent  p a r t i c l e  d i s s o l u t i o n ,  one drop  of concent ra ted  ammonium 

hydroxide w a s  added t o  .the e l e c t r o l y t e  used f o r  d i l u t i o n  and t o  t h e  

e l e c t r o l y t e  i n  t h e  counting beaker ,  i nc reas ing  t h e  pH t o  about 9.0. 

\ 

A t  t h e  end oE t h e  run  a 30 m l  sample was removed from t h e  p r e c i p i t a t o r ,  

f i l t e r e d ,  washed w i t h  a l coho l ,  d r i e d  i n  a i r  a t  100 O C ,  and saved f o r  

a n a l y s i s  wi th  t h e  t ransmiss ion  e l e c t r o n  microscope. 

The accumulated APU s l u r r y  from t h e  run  w a s  allowed t o  s t and  

overn ight  dur ing  which t ime t h e  p r e c i p i t a t e  s e t t l e d  ou t .  The sup'er- 

n a t a n t  l i q u i d  w a s  then pumped through a 4 inch  d iameter  by 5 f o o t  

long ion-exchange column a t  a flow r a t e  of 100 t o  200 mllmin i n t o  

a holding tank. This  column was f i l l e d  wi th  Dowex 50Wx8 c a t i o n  exchange 

r e s i n  of 40 t o  50 mesh. The a c t i v i t y  of t h e  l i q u i d  i n  t h e  hold ing  

tank  was checked by t h e  Heal th  Phys ics  group a t  Ames Laboratory and, 



i f  i t  was less than the allowed maximum permissible concentration i n  

-5 
water above natural background ( 4  x 10 vc/ml), the l iquid was disposed 

o f .  



DATA ANALYSIS 

P a r t f c l e  s t z e  d f s t r i b u t i o n  measurements were made 0 n . a  model 

TA-I1 Coul te r  counter ,  shown fn Figure  12. This  instrument  measures 

t h e  e l e c t r i c a l  r e s i s t a n c e  a c r o s s  a n  a p e r t u r e  placed i n  an e l e c t r o l y t e .  

A s  each p a r t i c l e  passes  through t h e  a p e r t u r e ,  i t  d i s p l a c e s  a volume 

o f % l e c t r o l y t e  equal  t o  i t s  own volume, causing a change i n  r e s i s t a n c e .  

This  r e s i s t a n c e  change r e s u l t s  i n  a v o l t a g e  pulse  of s h o r t  d u r a t i o n  

having a magnitude p ropor t iona l  t o  t h e  p a r t i c l e  volume. These pu l se s  

a r e  then  ampl i f ied ,  s ca l ed ,  and s o r t e d  i n t o  f i f t e e n  d i f f e r e n t  s i z e  

ranges,  based upon t h e  volume-equivalent-diameter of s p h e r i c a l  

p a r t i c l e s .  

Usual ly t h r e e  t o  f i v e  samples were taken a f t e r  s teady  s t a t e  ope ra t ion  

of t h e  p r e c i p i t a t o r  had been .achieved ,  and s e v e r a l  0.5 m l  volumes 

counted f o r  each sample. These p a r t i c l e  count d i s t r i b u t i o n s  were 

averaged and co r rec t ed  f o r  an  average background d i s t r i b u t i o n .  I n  

some in s t ances ,  succes s ive  counts  y i e lded  lower numbers, i n d i c a t i n g  

a small amount of p a r t i c l e  d i s s o l u t i o n  o r  p a r t i c l e  breakup. When t h i s  

was apparent ,  only t h e  f i r s t  d i s t r i b u t i o n  counts  of each sample were 

averaged toge the r  and co r rec t ed  f o r  background. 

The ave rage  background d i s t r i b u t i o n  was ,determined by prepar ing  

a sample of t h e  u rany l  n i t r a t e  feed  and a sample of t h e  ammonium 

hydroxide feed  i n  t h e  same manner as w a s  done f o r  t h e  APU samples. 

An average d i s t r i b u t i o n  was c a l c u l a t e d  f o r  bo th  feed  samples,  and 

an  average background d i s t r i b u t i o n  determined by wgighting each of t h e  



Figure 12. Model TA-I1 Coulter counter and shielded counting assembly. 



average feed  d i s t r i b u t i o n s  by t h e i r  r e s p e c t i v e  f r a c t i o n a l  feed  flow 

r a t e  and addfng t h e  r e s u l t s  t oge the r .  

The manual f o r  t h e  Coul te r  counter  i n d i c a t e s  t h a t  coincidence 

p a r t i c l e  counting is  n e g l i g i b l e  a t  low p a r t i c l e  concen t r a t ions  which 

show l e s s  than  5%' on t h e  concen t r a t ion  index meter of t h e  Coul te r  . 

counter .  These low p a r t i c l e  concentrat5ons were obtained through 

a p p r o p r i a t e  sample d i l u t i o n ,  and t h e r e f o r e  no c o r r e c t i o n s  were made 

f o r  coincidence p a r t i c l e  counting.  

The co r rec t ed  average p a r t i c l e  s i z e  d i s t r i b u t i o n s  w a s  converted 

i n t o  popula t ion  d e n s i t y  d i s t r i b u t i o n s  by us ing  t h e  r e l a t i o n ,  

where D is t h e  o v e r a l l  d i l u t i u n  f a c t o r ,  N i s  the average p a r t i c l e  
i 

count f o r  channel  i, L .  is t h e  t h re sho ld  p a r t i c l e  s i z e . f o r  counting 
1 

i n  channel  i, Li+l i s  t h e  threshold  p a r t i c l e  s i z e  f o r  counting i n  

channel  i+l, v is  t h e  APU suspension sample volume counted, and G 
i 

is  t h e  mean p a r t i c l e  s i z e  of channel  i a s  g iven  by 

A s  previous ly  mentioned, a p l o t  of l o g  n (L) ve r sus  C is t h e  sum 
T 

of th ree ,  s t r a i g h t  l i n e s  i f  c r y s t a l  growth, primary coagula t ion ,  and 

secondary coagula t ion  a r e  a l l  presen t  and i f  t h e  growth r a t e s  a r e  

a l l  s ize- independent ,  However, on ly  t h e  primary coagulated and t h e  

secondary coagulated p a r t i c l e s  were counted s i n c e  a l l  i n d i v i d u a l  

c r y s t a l l i t e  s i z e s  a r e  below t h e  th re sho ld  l i m i t  of t h e  Coul te r  counter .  
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This r e s u l t s  i n  t h e  experimentally obtained populat ion dens i ty  d i s t r i -  

bution curve 'be ing,  the  sum of only one o r  two s t r a i g h t  l i n e s ,  

depending upon whether o r  no t  both coagulat ion processes a r e  present .  

I f  only primary coagulat ion was present ,  then t h e  d a t a  were f i t  with 

a l e a s t  squares s t r a i g h t  l i n e .  I f  both primary and secondary were 

present ,  a l e a s t  squares s t r a i g h t  l i n e  was f i t  through t h a t  por t ion  

of the  curve which represented only secondary coagulat ion.  This 

s t r a i g h t  l i n e  was then subt rac ted  from t h e  o r i g i n a l  curve t o  y i e l d  

only t h e  primary coagulat ion d a t a ,  which was subsequently f i t  wi th  

another l e a s t  squares s t r a i g h t  l i n e .  

The l e a s t  squares program used i n  t h i s  work c a l c u l a t e s  t h e  

regress ion  c o e f f i c i e n t s  f o r  p d a t a  po in t s  a s  

-1 
slope  = - = 

Ge' 

i n t e r c e p t  = 1 = ( n  P n i - b CE~) 
and the  c o e f f i c i e n t  of determination a s  



RESULTS AND DISCUSSION 

Most of t h e  experimental  runs  involved only p r e c i p i t a t i o n s  a t  

d i f f e r e n t  v a l u e s  of pH, s i n c e  t h e  l i t e r a t u r e  review ind ica t ed  t h a t  

t h e  pH i s  t h e  primary process  v a r i a b l e  c o n t r o l l i n g  t h e  p a r t i c l e  

s i z e  of t h e  APU p r e c f p i t a t e .  The uranium concen t r a t ion  was v a r i e d  

i n  t h e  l a t e r  experiments t o  s e e  t h e  e l f e c t  of changes i n  suspension 

d e n s i t y  f o r  two s p e c i f i c  ammonia t o  uranium (NH3:U) mole r a t i o s .  

P r i o r  t o  t h e  ope ra t ion  of t h e  cont inuous APU p r e c i p i t a t i o n  process ,  

s e v e r a l  ba t ch  p r e c i p i t a t i o n s  were c a r r i e d  o u t  i n  a  s tepwise  manner by 

adding ammonium hydroxide t o  u rany l  n i t r a t e  s o l u t i o n s  made from 

a n a l y t i c a l  g rade  u rany l  n i t r a t e  hexahydrate  (UNH). With t h e  t o t a l  

+ 
c .  

suspension volumes being he ld  a t  1000 - 50 m l ,  t h e  pH va lues  were 

recorded a t  v a r i o u s  NH :U mole r a t i o s .  This  was done only a f t e r  t h e  
3 

pH remained s t a b l e  f o r  a  per iod of a t  least 20 t o  30 s e c ,  s i n c e  

equ i l i b r ium is e s t a b l i s h e d  slowly. The c o l o r  of t h e  yellow u rany l  

n i t r a t e  s o l u t i o n  deepened a s  ammonium hydroxide w a s  added, and sometimes 

a  g e l - l i k e  p r e c i p i t a t e  formed and s lowly re -d isso lved .  Fur ther  a d d i t i o n  

' 05 a J k a l i  r e s u l t e d  in a permanent p r e c i p i t a t e  being formed a t  an  NH :U 
3 

mole r a t i o  of about  1 .6 .  Three of t h e s e  pH curves a r e  shown 

i n  F igure  13,  and they  a r e  s i m i l a r  t o  those  which have been previously 

r epo r t ed  i n  t h e  l i t e r a t u r e  (26,38,39,103). These curves  were used t o  

determine t h e  NH :U r e a c t i n g  feed  mole r a t i o s  (RFMR) necessary  f o r  
3 

p r e c i p i t a t i o n  a t  d e s i r e d  pH va lues .  Note t h a t  both t h e  uranium con- 

c e n t r a t i o n  and t h e  NH :U RlWR a r e  important  i n  de te rmina t ion  of t h e  pH 
3 

a t  a  given temperature.  
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Figure  13. T i t r a t i o n  curves f o r  d i f f e r e n t  uranium concen t r a t ions  
(ammonium hydroxide be ing  added t o  u rany l  n i t r a t e  s o l u t i o n )  



,The UNH which was used f o r , t h e  cont inuous APU p r e c i p i t a t i o n  

process  was obta ined  from t h e  Nat iona l  ~ e a d  Company of Ohio. Thei r  

people i nd ica t ed  t h a t  t h i s  UNH was 50.5 w t %  uranium and t h a t  i t  

a l r eady  contafned some ammonia, as was ev ident  by i ts b r i g h t  yel low 

co lo r  r a t h e r  than  t h e  ve ry  p a l e  yel low c o l o r  of a n a l y t i c a l  g rade  

UNH. A pH curve was made f o r  t h i s  UNH ([u] = 0.0249 molar) and 

compared t o  t h a t  made .from t h e  a n a l y t i c a l  g rade  UNH. These curves  a r e  

s i m i l a r  except  t h a t  they  a r e  d i sp l aced  0.35 NH :U mole r a t i o  u n i c s  
3 

a p a r t ,  i n d i c a t i n g  t h e  presence of 0.35 moles of ammonia per  mole of 

uranium i n  t h e  UNH. ' 

. The cont inuous APU p r e c i p i t a t i o n  process  w a s  opera ted  f o r  20 

experimental  runs ,  t h e  cond i t i ons  of which a r e  l i s t e d  i n  Table 5. 

The p r e c i p i t a t i o n s  were done a t  room temperature (25 t o  27 2) t o  

avoid d i f f i c u l t i e s  i n  maintaining t h e  f i l t e r e d  s a t u r a t e d  e l e c t r o l y t e  

and APU samples a t  t h e  ope ra t ing  temperature dur ing  sample a n a l y s i s .  

A r e s idence  time of 13  min w a s  chosen s o  t h a t  s teady  s t a t e  cond i t i ons  

would be reached w i t h i n  a reasonable  l eng th  of t ime (2.5 t o  3.5 hrs).. 

The f i r s t  14 runs  involved changes i n  t h e  NH :U RFMEi f o r  a 0.0249 
3 

molar uranium concen t r a t ion . .  This  concen t r a t ion  w a s  chosen Because 

i t  is w i t h i n  t h e  concen t r a t ion  range  which has  been r epor t ed  i n  t h e  

l i t e r a t u r e ,  and y e t  i t  was low enough t o  r e q u i r e  r e l a t i v e l y  small 

amounts of uranium f o r  experimenta,l  r uns ,  F igure  14 shows t h e  

extremes of the popula t ion  d e n s i t y  d i s t r i b u t i o n  (PDD) obta ined  

under t h e s e  cond i t i ons  through changes i n  t h e  NH3:U RFMR. The popula- 

t i o n  d e n s i t i e s  v a r l e d  from a narrow range a r i s i n g  from primary 



Table 5. Experimental conditions fdr APU precipitations 

uranyl nitrate flow rate = 140 mllmin 
ammonium hydroxide flow rate = 17.8 ml/min 
suspension hold up volume = 2050 ml 
residence time = 13.0 min 
stirring rate = 1200 rpm 

L 

Run U NH3 T PH 
Number , (rnolesli) (moles/R) RFMR ( "c) (at 25 OC) 
r 

1 0.0249 0.4602 2.70 25.0. 8.60 

2 0.0249 0.4367 2.58 25.2 8.50 

3 .  0.0249 0.3682 2.23 25.0 7.51 

4 0.0249 0.3995 2.39 25.5 8.15 

5 0.0249 . 0.3956 ' 2.37 25.5 8.12 

6 0.0249 0.3896 2.34 25.5 8.00 

7 0.0249 0.3593 2.20 25.0 7.10 

8 0.0249 '0.3593 2.19 25.5 7.13 

9 0.0249 0.3691 2.23 26.0 7.50 

10 0.0249 0.3769 2.28 26.0 7.78 

11 0.0249 0 .3.43 7 2.08 25.5 5.84 

12 0.0249 0.3515 2.15 25.5 6.49 

13 0.. 0249 0.3554 2.17 26.0 6.80 

14 0.0249 0.6132 3.47 26.0 9.00 

15 0.2000 2.886 2.18 27 .O 4.60 

16 0.0025 0.0361 2.19 25.0 5.47 

17 , 0.0025 0.0616 3.73 25.5 8.88 

18 0.2000 4.926 . 3.48 27.5 9.0 

19 0.0100 0.246 3.48 25.5 8.27 

2 0 0.1000 2.463 3.48 26.0 9.10 

I 



Figure 14. Population dens i ty  d i s t r i b u t i o n  extremes f o r  p r e c i p i t a t i o n  
a t  a  constant  uranium concentra t ion  of 0.0249 molar 
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coagula t ion  i n  run  number 14 (NH3:U RFMR = 3.47, pH = 9.00) t o  a much 

wider r a n g e . r e s u l t f n g  from both primary and secondary coagula t ion  i n  

run  number 7 (NH :U RFMR = 2.20, pH,= 7.10).  The shape of t h e  PDD from 
3 

run  number 14 i s  t y p i c a l  of t hose  obta ined  when p r e c i p i t a t i n g  a t  h igh  

pH va lues  (NH3:U RF'MR, 2.34, pH - > 8'.00); and t h e  shape of t h e  PDD from 

run  number 7 is t y p i c a l  of t hose  obta ined  w h e r p r e c i p i t a t i n g  a t  low 

pH v a l u e s  (NH3:U RFMR < 2.34, pH < 8.00) 

Cha rac t e r i za t ion  of AF'U P a r t i c l e  Growth Rates  and S t r u c t u r e s  

The measured PDD's f o r  low v a l u e s  of NH :U RFMR and pH r e s u l t  
3  

from t h e  sum of two size-independent p a r t i c l e  growth processes ,  a s  

i nd ica t ed  i n  F igure  15. The p o s t u l a t i o n  t h a t  t h e s e  two processes  a r e  

a c t u a l l y  primary and secondary coagula t ion ,  r a t h e r  than  some type  of 

size-dependent process ,  is supported not  on ly  from t h e  shape of t h e  

PDD, bu t  a l s o  through observa t ions  of t h e  p r e c i p i t a t e  w i th  t h e  scanning 

e l e c t r o n m i c r ~ s c ~ ~ e  (SEM). Figure  16  and. 17 show s e v e r a l  p a r t i c l e s  

ranging from' approximately 1 t o  15  um i n  diameter ,  obtained from run  

number 12. The l a r g e  p a r t i c l e s  a r e  agglomerates of sma l l e r  c l u s t e r s ,  

whose upper s i z e  l i m i t  i s  between 3 and 4 um. The c l u s t e r s  a r e  a l s o  

composed of sma l l e r  p a r t i c l e s ,  t hose  be ing  t h e  i n d i v i d u a l  AF'U c r y s t a l l i t e s  

i n  t h e  submicron s i z e  range. The l a r g e r  of t h e  t h r e e  s m a l l  p a r t i c l e s  

shown j u s t  above t h e  l a r g e  p a r t i c l e  i n  F igure  17 could be e i t h e r  a 

c l u s t e r  o r  small agglomerate,  s i n c e  i t  is  d i f f i c u l t  t o  d i s t i n g u i s h  

.between t h e s e  two types  of p a r t i c l e s  when they a r e  of similar s i z e .  

The remaining two smal le r  p a r t i c l e s  could be i n d i v i d u a l  c r y s t a l s  of 

MU. 



Figure 15. Resolution of the population density distribution from run 
number 7, shown in Figure 14, into two size-independent 
growth processes 
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Figure 16. SEM micrograph-(2, 700 x) of APU from run number 12 (NH :U 
RFMR = 2.15,  pH = 6 .49) .  

3 

Figure 17.  SEM m i ~ r u g r a ~ r l  \J,JOO r, u l  APU frbl~ ruu  umber 12 (NH :U 
RFMR = 2.15, pH = 6.49). 

3 



The s t ruc ture  of the large agglomerates is such tha t  many la rge  

pores and open spaces (-1 pm) a r e  present, while t ha t  of the c lu s t e r s  

is more closely packed, with only m a l l  votds ( ~ 0 . 3  pm) being present. 

The s t ruc ture  and s i z e  range of these APU pa r t i c l e s  a r e  consistent 

with those reported i n  the l i t e r a t u r e  (5,31,62,86) and the agglomerates 

have been previously d i f fe ren t ia ted  as primary and secondary agglomerated 

par t ic les  (40). Explanation of t h e i r  s i z e  range, however, through the 

use of coagulated p a r t i c l e  growth rates and nucleation r a t e s  is a new 

approach t o  the  characterization of t h i s  precipi ta te .  A s  w i l l  be 

shown l a t e r ,  these growth r a t e s  and nucleation rates can be correlated 

with the process conditions, allowing the  population dens i t ies  and 

d is t r ibu t ions  of these d i f fe ren t  pa r t i c l e s  t o ' b e  predicted and controlled. 

The agglomerates do not conform t o  any size-dependent growth 

process, unless a mechanism can be proposed t o  explain not only the i r  

s t ructure ,  but a l so  the  change i n  t he  shape of t h e i r  PDD from a curve 

-. 
-. (size-dependent growth) f o r  pa r t i c l e s  greater  than 4 urn i n  diameter as 
b '  

, I  shown f o r  run 7 i n  Figure 15. It was mentioned previously i n  the  theory 

on the k ine t ics  of precipi ta t ion tha t  coagulation w i l l  not be present 

6 
i f  the  population density is  less than 10 par t ic les /ml  unless coagulation 

agents a r e  added. The presence of any coagulation of higher order 

than secondary would, i n  t h i s  precipi ta t ion work, be unexpected because 

of the  r e l a t i ve ly  low agglomerate population densi t ies .  

Figures 17 and 18 show tha t  the  s t ruc ture  of t he  c lu s t e r s  and 

agglomerates becomes looser and more flocculent a s  the  pH and NH3:U BFMR 

is increased u n t i l ,  a t  values of pH above 7.8 and 9 : U  RF'MR above 2.3, 



Figure 18. SEM micrograph (3,300 x) Of APU from run number 8 (6:~ 
RlNR = 2.19,  pH = 7.13) .  3 

Figure 19. SEM micrograph (11,000 x) of APU from run number 14 (WEI :U 
RFMR = 3.47,  pH = 9 .00) .  

3 



they collapse on the f i l t e r  membrane as shown i n  Figure 19. When the 

NH3:U RFMR 2s above 2.3, it is d i f f f c u l t  t o  dis t inguish between the 

primary and secondary coagulation processes because the pa r t i c l e s  a r e  

too loosely bonded and the i r  growth r a t e s  a r e  too close t o  one another. 

The f a c t  tha t  t h i s  e f f ec t  is r e a l l y  t ha t  of increased NH3:U RFMR ra ther  

than one of increased pH w i l l  be discussed l a t e r .  

Some of the  prec ip i ta te  from each run was f i l t e r e d ,  washed with 

alcohol, and dried i n  air a t  100 OC f o r  48 hrs.  Figures 20, 21 and 22 

a r e  SEM micrographs of some of these MU f i l t e r  cakes and they show 

t ha t  the  s t ruc ture  and s i ze  of the  APU c r y s t a l l i t e s  vary with the  

NH3:U BPHR and the pH of prec ip i ta t ion  (note that the  magnification in 
e 

Figure 19 is about three tinies tha t  shown i n  Figures 17 and 18). The. 

f a c t  t h a t  the elementary APU pa r t i c l e s  a r e  thin ,  hexagonal c rys t a l s  is 

c lear ly  i l l u s t r a t e d  i n  the micrograph from a transmission electron 

microscope (TEM), shown i n  Figure 23. 

A more accurate characterization of the  APU pa r t i c l e  s t ruc ture  is  

the subject  of a forthcoming thes i s  by Timothy Oolman, a graduate 

student i n  the Department of Chemical Engineering a t  Iowa S ta t e  

University. He is  characterizing the  APU pa r t i c l e  s t ruc ture  with the 

SEM, and a l so  determining the APU ef fec t ive  c rys t a l  growth r a t e  (G ) 
e,x 

and average c rys t a l  s i z e  (Ex) with the TEM. Since t h i s  information is 

not ye t  available,  it was not possible t o  determine values f o r  the  APU 

c rys t a l  growth r a t e s  (Gx) , coagulation constants ( k ,  k ,  kc), average 

- 
pa r t i c l e  s i ze s  (cc, ) , average minimum p a r t i c l e  s i ze s  (Em,c, 

a 
L 1, m , a  

a a 
average nucleate population dens i t i e s  (nc, na), dominant p a r t i c l e  



Figure 20. SEM micrograph (11,000 x) of APU f i l t e r  cake from run number 
7 (NJ13:U RFMR = 2.20, pH = 7.10) .  

Figure 21. SEM micrograph (11,000 x) of APU f i l ter  cake from run number 
10 (NLi3:U RFMR = 2.28, pH = 7.78). 



Figure 22. SEM micrograph (11,000 x) of APU f i l t e r  cake from run number 
14 ( 9 : U  RFMR = 3.47, pH = 9 . 0 0 ) .  

Figure 23, TEM micrograph (83,000 x) of APU f i l t e r  cake from run number 
7 (NH,:U RFMR = 2.20, PB = 7.10). 



s i z e s  (LdPx, Ld,c, Ld,a ), and suspension d e n s i t i e s  (M x,  Mc, Ma) f o r  

the  d i f f e r e n t  experimental runs (see  Table 4) .  It was poss ib le  t o  

inves t iga te  the  behavior of t h e  e f f e c t i v e  coagulat ion growth r a t e s  

with r e spec t  t o  changes i n  process v a r i a b l e s .  It was a l s o  poss ib le  

t o  determine the  e f f e c t  of process v a r i a b l e s  on the  nuclea te  population 

d e n s i t i e s  and nuclea t ion  r a t e s  .by us ing .ex t rapo la ted  nuclea te  population 

d e n s i t i e s  ( n ,  no) r a t h e r  than tho  average nuclea te  populat ion d e n s i t i e s  
a  

-Q -0 
(nc, na).  This  introduces a s l i g h t  e r r o r  i n  ca lcu la ted  values  of 

nuclea t ion  r a t e s ,  nuclea t ion  constants ,  and k i n e t i c  orders  of nuclea t ion  

- 
i f  t h e  average minimum p a r t i c l e  s i z e s  (r L ) a r e  much g r e a t e r  

m,c' m,a 

than zero,  however, t h e  trend of t h e  r e s u l t s  w i l l  s t i l l  be the  same. 

This e r r o r  goes t o  zero a s  the  average minimum s i z e s  approach zero,  

s ince  t h e  va lues  of the  average nuc lea te  populat ion d e n s i t i e s  w i l l  .- * 

approach those of t h e  ext rapola ted  nuc lea te  population dens i t i e s . ,  

Kinet ic  Resul ts  of P r e c i p i t a t i o n  

The k i n e t i c  r e s u l t s  from t h e  continuous p r e c i p i t a t i o n  experiments 

a r e  l i s t e d  i n  Table 6. The PDD from runs number 1 through number 6 

could not h e  resolved i n t o  both primary and secondary coagulat ion 

processes because of no i se  i n  t h e  f i r s t  few channels of the  Coulter 

counter and the  f a c t  t h a t ,  under t h e i r  p r e c i p i t a t i o n  condi t ions ,  the  

two coagulat ion growth r a t e s  a r e  too  c l o s e  together .  

The regress ion  c o e f f i c i e n t s  a r e  s ign i f . i can t ly  c l o s e  t o  u n i t y  t o  

i n d i c a t e  t h a t  t h e  f i t t e d  l e a s t  squares s t r a i g h t  l i n e s  a r e  good repre- 

sen ta t ions  of t h e  experimental da ta .  I n  s l i g h t l y  l e s s  than hal f  of the  

p r e c i p i t a t i o n s ,  some amount of p a r t i c l e  d i s s o l u t i o n  o r  break up was 



Table 6 .  Kinet ic  r e s u l t s  from experimental runs 

0 
Run Type of n  x lo3  -8 Ge x 10 

a  
+4 BO 

Number. P a r t i c l e s  i// (pm-cm ) (vm/sec) 
2 1 ( c m 3 s e c  . r 

a 
c = c l u s t e r s , .  a  = agglomerates 

b~ump f a i l e d  be fo ie  s teady s t a t e  was reached 

C 
Some p a r t i c l e  d i s s o l u t i o n  o r  break up noticed while counting 

d ~ o  p r e c i p i t a t i o n  under these  condi t ions  



Table 6. (continued) 

0 
n x 10 

-8 
Run Type of a Ge x 10 +4 BO 

Number Particles ill (pm. cm3) (um/sec> ill (cm3-sec) r .  2 
1 

15 c 8.83 3.53 3.11 0.9987 
a 0.101 83.1 0.843 0.8652 

16 c 11.9 1.90 2.25 0.9567 
a 0.000332 33.4 0.00111 0.9888 

i7d - - - - - 

18 c 9,470 2.68 2,540 0.9960 
a 0.774 7.68 0.594 0.9926 

19' c 11.4 9.36 0.107 0.9987 

20 c 5,010 '3.29 1,650 0.9989 



not iced  dur ing  sample a n a l y s i s .  Th i s  w a s  evident  through decreas ing  

numbers of success ive  p a r t i c l e  counts .  The r e s u l t s  were consequently 

a f f e c t e d  i n  such a way t h a t  t h e  c a l c u l a t e d  v a l u e s  of t h e  growth r a t e s  

were h lgher  than t h e i r  a c t u a l  va lues ,  and t h e  n u c l e a t e  popula t ion  

d e n s i t i e s  and nuc lea t lon  r a t e s  were lower than  t h e i r  t r u e  va lues .  The 

percentage change i.n t h e  ca l cu la t ed  va lues  of e f f e c t i v e  growth r a t e s ,  

0 
Ge, n u c l e a t e  d e n s i t i e s ,  n ,  and nuc lea t ion  r a t e s ,  B',, 

between t h e  f i r s t  count and t h e  second count  w e r e  less than  4%, lox ,  and 

7% r e s p e c t i v e l y  f o r  t h e  secondary p roces s ,  and l e s s  than  13%, 40%, and 

35% r e s p e c t i v e l y  f o r  t h e  primary process .  Usual ly t h e  e r r o r s  were 

l e s s  than ha l f  of t h e s e  va lues .  

, ' This  problem w a s  s i g n i f i c a n t l y  reduced a f t e r  run  number 12,  where 

i t  w a s  found t h a t  t h e  a d d i t i o n  of one drop of concent ra ted  ammonia t o  

t h e  APU sample cons iderably  reduced the'amount of p a r t i c l e  disappearance.  

Thus much of t h e  problem w a s  r e l a t e d  t o  t h e  s o l u b i l i t y  of APU, which 

is  l e s s  s o l u b l e  a t  high  va lues  of pH. It is  n o t  known why some exper i -  

mental runs  showed some p a r t i c l e  break  up o r  d i s s o l u t i o n  dur ing  sample 

a n a l y s i s  w h i l e  o t h e r s  d i d  no t .  I n  t hose  cases  where t h i s  p a r t i c l e  

disappearance phenomenon was p r e s e n t ,  th'e e r r o r s  involved were no t  

enough t o  a f f e c t  t h e  gene ra l  t rend  of t h e  r e s u l t s .  No a t tempt  w a s  made 

a t  p lac ing  confidence l i m i t s  on t h e s e  r e s u l t s  s i n c e  t h e  process  was 

run  only  once a t  any g iven  s e t  of cond i t i ons .  

The e f f e c t i v e  coagula t ion  growth r a t e s  a r e  p l o t t e d  a s  f u n c t i o n s  

of pH i n  F igure  24. Secondary coagula t ion ,  which g i v e s  r i s e  

t o  agglomerates,  appears  t o  be  ve ry  s e n s i t i v e  t o  changes i n  pH, whereas 



Figure 24. Strong dependence of .agglomerate growth rate on the pH of 
precipitation 
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t he  primary coagulat ion,  which produces c l u s t e r s ,  seems r e l a t i v e l y  

insens i t fve  t o  t h e  p rec fp f t a t fon  pH. The peak i n  t h e  secondary coagula- 

t i o n  growth r a t e  i s  t he  r e s u l t  of t h e  combination of coagulat ion r a t e  

changes and supersa tura t ion  changes. A s  mentioned e a r l i e r ,  t he  coagula- 

ted p a r t i c l e s  a r e  l e s s  s t rongly  bonded a s  the  pH or NH :U RFMR is  
3 

increased,  ind ica t ing  t h a t  t h e  z e t a  p o t e n t i a l  around the  p a r t i c l e s  is 

being increased through the  add i t ion  of ammonium hydroxide. This  causes 

the  c o a g u l a t i o n . r a t e s  t o  decrease and r e s u l t s  i n  increased su r face  a rea  

being a v a i l a b l e  f o r  c r y s t a l  growth because of looser  p a r t i c l e  s t r u c t u r e s  

and smaller  p a r t i c l e  s i z e  d i s t r i b u t i o n s .  The supersa tura t ion ,  which 

determines t h e  APU c r y s t a l l i t e s  growth r a t e  and nuclea t ion  r a t e ,  

decreases because of t h e  inc reased ' su r face  a rea .  This  e f f e c t  is  

counteracted by the  increase  i n  supersa tu ra t ion  which a r i s e s  from the  

extreme decrease i n  APU s o l u b i l i t y  a s  t h e  pH increases .  The combination 

of these  supersa tura t ion  e f f e c t s  and t h e  coagulat ion e f f e c t  ' r e s u l t s  i n  

a  peak i n  t h e  agglomerate growth r a t e .  These same e f f e c t s  a l s o  

inf luence  t h e  c l u s t e r  grow.th rate, however t h e  r e s u l t  is not  as notice-  

a b l e .  s ince  the  . c l u s t e r s  involve .fewer c r y s t a l l i t e s .  

The ext rapola ted  nuclea te  populat ion d e n s i t i e s  and t h e i r  r e spec t ive  

nuclea t ion  r a t e s  a r e  shown i n  Figures 25 and 26 a s  funct ions  of pH. 

These curves have pronounced minimums because of t h e  inver se  r e l a t i o n s h i p  

between nuclea te  population dens i ty  and t h e  e f f e c t i v e  growth r a t e .  This 

inverse  r e l a t i o n s h i p  i s  i l l u s t r a t e d  i n  Figure 27 ,  i n  which log  no is  

p lo t t ed  versus  log Ge. The primary coagulat ion da ta  a r e  s c a t t e r e d  more 

than the  secondary coagulat ion da ta  because of the  l a r g e r  e r r o r s  which 



,Figure 25. Pronounced minimunis for extrapolated nucleate population 

dens i t i e s  of c lusters  and agglomerates 
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Figure 26. Pronounced minimums for the nucleation rates of the 
clusters and agglomerates 



Figure 27. Kinetic cor re la t ion  f o r  APU agglomerates and c l u s t e r s  
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a r e  poss ib l e  when e x t r a p o l a t i n g  t h e  PDD of t h e  c l u s t e r s  i n  o rde r  t o  

o b t a i n  t h e  c l u s t e r  n u c l e a t e  popula t ion  d e n s i t y .  It is  a l s o  i n t e r e s t i n g  

t o  n o t e  i n  F igu res  24, 25, and 26 t h a t  a s  t h e  secondary coagula t ion  

process  d iminishes  a t  h igh  v a l u e s  of pH, t h e  v a l u e s  of i ts  k i n e t i c  

parameters approach those  of primary coagula t ion .  

The ex t r apo la t ed  n u c l e a t e  popula t ion  d e n s i t i e s  of t h e  c l u s t e r s  and 

agglomerates can be  expressed by Equation (81) and (82) .  

With t h e  suspension d e n s i t i e s  having been held cons t an t ,  t h e  fol lowing 

v a l u e s  f o r  t h e  growth r a t e  k i n e t i c  o r d e r s  of nuc lea t ion  can be  obtained 

from t h e  s l o p e s  of t h e  curves shown i n  ~ i g u r e  27, 

where r2 is t h e  r e g r e s s i o n  c o e f f i c i e n t  . . Note t h a t  i n  t h e  case  of coagu- 

l a t i n g  p a r t i c l e s  t h e  k i n e t i c  o rde r  of n u c l e a t i o n  is negat ive .  This  is  

j u s t  t h e  oppos i t e  of what occurs  dur ing  c r y s t a l l i z a t i o n ,  where t h e  k i n e t i c  

,order of nuc lea t ion  is always p o s i t i v e .  This  phenomena was expected, 

s i n c e  a  s h i f t  i n  t h e  PDD of coagulated p a r t i c l e s  t o  l a r g e r  s i z e s  must 

r e q u i r e  lower popula t ion  d e n s i t i e s  i n  t h e  sma l l e r  s i z e s ,  i f  t h e  t o t a l  

number of c r y s t a l l i t e s  remains r e l a t i v e l y  cons t an t .  

K ine t i c  C o r r e l a t i o n s  w i t h  NH :U RFMR 
3 

One p e r s i s t e n t  ques t ion  which evolved through t h i s  work w a s  whether 

o r  n o t  t h e  k i n e t i c  parameters  are func t ions  of pH, NH3:U RFMR, o r  both.  



. P r e c i p i t a t i o n s  were n o t  c a r r f e d  ou t  a t  a s p e c i f i c  NH :U RFMR f o r  d i f f e r e n t  
3 

va lues  of pH bu t  a r e p o r t  by Janov, Alfredson,  and V i l k a r t i s  (62) ,  who 

inves t fga t ed  t h e  in f luence  of p r e c i p i t a t i o n  cond i t i ons  on t h e  p r o p e r t i e s  

of APU and U02 powders, he lped 'p rov ide  an  answer t o  t h i s  ques t ion .  They 

c o r r e l a t e d  p r e c i p i t a t i o n  pH wi th  APU s e t t l i n g  and f i l t r a t i o n  r a t e s ,  a s  

o t h e r s  have done. However they  a l s o  used t h e  SEM t o  look a t  t h e  p a r t i c l e  

0 

s t r u c t u r e .  When p r e c i p i t a t i o n  w a s  c a r r i e d  ou t  a t  50 C and 0.3 molar 

uranium concent ra t ion ;  t h e  h ighes t  s e t t l i n g  rates were obtained f o r  a pH 

of 3.5 (NH3:U RFMR = 2.2). The p r e c i p i t a t e  showed t h e  presence of l a r g e ,  

s t r o n g l y  agglomerated p a r t i c l e s  (20 t o  24 pm). These agglomerates  per- 

s i s t e d  throughout c a l c i n a t i o n  and r educ t ion ,  y i e l d i n g  a heterogeneous UO 
2 

p e l l e t  mic ros t ruc tu re  con ta in ing  g r a i n s  l a r g e r  than  10  pm. This  proved 

t o  be  undes. i rable  s i n c e  a h ighe r  p e l l e t  d e n s i t y  can be  achieved when t h e  

g r a i n  s t r u c t u r e  is homogeneous and of sma l l  s i z e  (-3 pm). They r epor t ed  

t h a t  i n  order  t o  produce such a homogeneous g r a i n  s t r u c t u r e  t h e  APU p a r t i -  

c l e s  should be smal l  and l o o s e l y  agglomerated, as obta ined  a t  high  pH 

va lues  (-8.4) .  Unfor tuna te ly  t h e  p a r t i c l e s  which were formed a t  h igh  pH 

' proved d i f f i c u l t  t o  f i l t e r ,  and t h e r e f o r e  i t  w a s  necessary  t o  compromise 

by lowering t h e  pH t o  7.2 (NH3:U RFMR = 2.4) ,  where t h e  p a r t i c l e s  a r e  

s t i l l  3 pm or  sma l l e r  and n o t  t oo  s t r o n g l y  agglomerated. - 

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  peak i n  t h e  agglomerate p a r t i c l e  

s i z e  i n  t h e i r  work occurred a t  a pH of 3.5,  whereas t h e  peak i n  t h e  

agglomerate growth rate i n  t h i s  work was found a t  a pH.of about 7.0. I n  

both cases ,  t h e  NH :U RFMR w a s  2.2,  i n d i c a t i n g  t h a t  t h e  APU p r e c i p i t a t e  
3 

should be  c o r r e l a t e d  wi th  t h i s  v a r i a b l e  r a t h e r  than  ' p ~ .  With t h i s  be ing  



0 0 
t h e  case ,  t h e  k i n e t i c  parameters Ge, n , and B should r e a l l y  be  expressed 

a s  func t ions  of t h e  MI : U . R l M R  as shown i n  F igures  28, 29 and 30. This  
3  

is  a s i g n l f i c a n t  concluston s h c e  t h e  p r e c i p i t a t i o n  s t u d i e s  r epo r t ed  i n  

t h e  l i t e r a t u r e  show c o r r e l a t i o n s  of t h e  APU s e t t l i n g  and f i l t r a t i o n  

r a t e s ,  and hence p a r t l c l e . s $ z e ,  w i th  . t h e  p r e c i p i t a t i o n  pH. 

K i n e t i c  E f f e c t s  of.  Suspension Densi ty 

The r e s u l t s  d i scussed  up t o  t h i s  po in t  have shown t h a t  i t  is p o s s i b l e  

t o  vary  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  and s t r u c t u r e  of t h e  M U  prec ip i -  

t a t e  by changing t h e  NH :U RFMR. The e f f e c t s  of changes i n  t h e  suspension 
3 

d e n s i t y  w i l l  now b e  d iscussed  and shown t o  be. an  equa l ly  important  process  

v a r i a b l e .  

I n  o rde r  t o  examine t h e  e f f e c t s  of d i f f e r e n t  suspension d e n s i t i e s ,  

s e v e r a l  p r e c i p i t a t i o n s  were done us ing  d i f f e r e n t  uranium concen t r a t ions  

f o r  two s p e c i f i c  NH3:U RFMR's ( runs  number 15 t o  number 20).  These pre- 

c i p i t a t i o n s  involved t h e  fo l lowing  NH :U RFMR's; (1) a va lue  of 2.20, 
3  

when t h e  p a r t i c l e  growth r a t e  is t h e  g r e a t e s t  and t h e  p a r t i c l e  s t r u c t u r e  

is s t r o n g l y  bonded, and (2)  a va lue  of 3.47, when t h e  p a r t i c l e  growth 

r a t e  i s  t h e  smallest and t h e  p a r t i c l e s  a r e  ve ry  l o o s e l y  s t r u c t u r e d .  

0 0 
Figures  31, 32, and 33 show how G n , and B va ry  wi th  inc reas ing  

e  ' 

uranium concen t r a t ion  a t  an  NH :U RFMR of 2.2. Both c l u s t e r  and agglomer- 
3  

a t e  growth r a t e s  i n c r e a s e  i n i t i a l l y  b u t  a t  a s u f f i c i e n t l y  h igh  p a r t i c l e  

d e n s i t y  t h e  c l u s t e r  growth rate dec reases  and secondary coagula t ion  

becomes dominant. The s t rong  dependence of t h e  secondary coagula t ion  

process  on t h e  p a r t i c l e  d e n s i t y  is ev iden t  through t h e  r ap id  inc rease  i n  

agglomerate n u c l e a t e  popula t ion  d e n s i t y ,  shown i n  F igu re  32, and nucle-  
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Figure 28. Strong dependen'ce of the agglomerate e f f e c t i v e  coagulation growth rate on the NH3:U 
RFMR 



Figure 29. Pronounced minimums and leveling off of extrapolated 

nucleate population densities of clusters and agglomerates 
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Figure 30. pronounced minimum and level ing off  of c luster  and 

agglomerate nucleation rates  
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Figure 31. Increasing cluster ( 0 )  and agglomerate ( 0 )  growth rates, 
with the' agglomerate growth rate becoming dominant at 

high uranium concentrations . 



Figure 32. Rapid increase and leveling off of agglomerate extrapolated 

nucleate population density 
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Figure 33. Increasing agglomerate nucleation rate 



a t i o n  r a t e ,  shown i n  F igure  33, a s  t h e  uranium concen t r a t ion  is increased  

from low l e v e l s .  A t  t h i s  po in t ,  one can make a very  i n t e r e s t i n g  obser- 

v a t i o n  r e c a l l i n g  t h a t  t h e  t o t a l  number, of c l u s t e r s  and agglomerates is 

given  by Equat ions (47) and (48) ,  

and t h a t  t h e i r  average nuc lea t ion  r a t e s  a r e  g iven  by Equat ions (85) and 

The t o t a l  number of c l u s t e r s  and agglomerates  . i s  seen  t o  be  simply t h e  

product of t h e  r e s idence  t i m e  and average nuc lea t ion  r a t e ,  modified by 

a f a c t o r  accounting f o r  t h e i r  average minimum s i z e s .  The behavior of 

t h e  n u d e a t i o n  rate wi th  r e s p e c t  t o  changes i n . t h e  uranium concen t r a t ion  

w i l l  a l s o  r e p r e s e n t  t h e  dependence of t h e  t o t a l  number of p a r t i c l e s  

(of a c e r t a i n  type)  on t h e  uranium concent ra t ion .  F igure  33 i n d i c a t e s ,  

t h e r e f o r e ,  t h a t  a s  t h e  uranium concen t r a t ion  is  increased ,  t h e  t o t a l  

'number of c . l n s t e r s  remains r e l a t i v e l y  cons t an t  whi le  t h e  number of t h e  

agglomerates i n c r e a s e s  d rama t i ca l ly .  Now, i f  a p a r t i c u l a r  r a t i o  of 
I 

t h e s e  two types  of p a r t i c l e s  i s  d e s i r e d  i n  o r d e r . t o  achieve  a s p e c i f i c  

g r a i n  s t r u c t u r e  i n  a s i n t e r e d  product ,  then  t h i s  can be  accomplfshed by 

choosing t h e  a p p r o p r i a t e  uranium concent ra t ion .  

0 
Figures  34, 35, and 36 show how .Ge, n , and BO a r e  a f f e c t e d  by 

changes i n  t h e  uranium concen t r a t ion  when t h e  NH :U RFMR i s  3.47. Under 
3 

. t h i s  condi t ion ,  secondary coagula t ion  does n o t  occur u n t i l  t h e  ve ry  
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Figure 34. Decreasing cluster growth rate resulting from zeta potential 
effects at low uranium concentrations and secondary coagula- 
tion effects when uranium concentrations are greater than 
0.1 molar 
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high c l u s t e r  population d e n s i t i e s  assocfa ted  with high uranium con- 

cen t ra t ion  a r e  present .  I n i t i a l l y  t h e  c l u s t e r  growth r a t e  decreases 

a s  t h e  uranfum concentrat ion i s  fncreased. This can be explained by 

a l a r g e  decrease i n  t h e  ze ta  p o t e n t i a l  due t o  the  increase  i n  ammonia 

concentrat ion;  however t h i s . e f f e c t  is  eventual ly  counteracted by t h e  

l a r g e  increase  i n  the  c r y s t a l l i t e  popu1ation.densi ty a t  higher uranium 

concentrat ions.  A s  t h e  uranium concentra t ion  continues t o  increase ,  

secondary coagulat ion s e t s  i n ,  decreasing t h e  c l u s t e r  growth r a t e .  

The ext rapola ted  c l u s t e r  nuc lea te  population dens i ty ,  c l u s t e r  

nuclea t ion  r a t e ,  and hence t o t a l  numher o f .  c l u s t e r s ,  i nc rease  r ap id ly  

a s  t h e  uranium concentrat ion inc reases  i n  t h e  range where t h e  z e t a  

p o t e n t i a l  e f f e c t  i s  dominant. A s . t h e  uranium concentrat ion increases  

i n  t h e  range where t h e  e f f e c t  of e r y s t a l l i t e  population dens i ty  

becomes s i g n i f i c a n t ,  they then show a l i n e a r  r e l a t i o n s h i p  wi th  the  

uranium concentra t ion  o r  suspension dens i ty .  

Referr ing once again t o  Equations (81) and (82), which represent  

the  c l u s t e r  and agglomerate ext rapola ted  nuclea te  populat ion d e n s i t i e s ,  

a p l o t  of -log(nO/ ( G ~ ) ~ - ' )  versus  -log[u] w i l l  allow determination of 

the  suspension dens i ty  k i n e t i c  order  of nuclea t ion ,  j ,  from t h e  s lope ,  

and t h e  nuclea t ion  constant ,  $, from t h e  in te rcep t .  Figure 37 shows 

these  curves f o r  the  two NH3:U RFMR's which were inves t iga ted  f o r  

suspension dens i ty  e f f e c t s .  The following values  were obtained f o r  

the  nuclea t ion  constants  and suspension dens i ty  k i n e t i c  o rde r s  of 

nucleat ion.  

-27 
NH3:U RFMR = 3.47 $,& = 3.37 x 1 0 .  

j c 
= -1.53 r2 = 0.440 



Figure 37. Kinet ic  c o r r e l a t i o n  f o r  APU c l u s t e r s  and agglomerates 
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NH3:U RFMR = 2.20 ' $,c  = 4.60 x 10 
-26 

j c 
1 . 4 4  r2 = 0.591, 

NH3:U RFMR = 2.20 = 9.19 

with r2 being the  regress ion c o e f f i c i e n t  again. 

One unusual andanexpected occurrence in t h i s  work was t h a t  f o r  a 

uranium concentrat ion of 0.0025 molar, p r e c i p i t a t i o n  did  not take  place 

when the  NH3:U RFMR was 3.47. I n  con t ras t  . to t h i s ,  p r e c i p i t a t i o n  did  

occur fox t h i s  uranium concentrat ion when t h e  NH :U RFMR was 2.2. 
3 

Present ly  t h i s . c a n . n o t  be explained without having more information on 

t h e  composition of APU and on t h e  reac t ion  k i n e t i c s  t h a t  a r e  involved. 

.Effec ts  of Other Variables 

The type of model descr ib ing t h e  nucleat ion r a t e s  can a l s o  be 

developed f o r  the  coagulat ion constants ,  once t h e  k i n e t i c  d a t a  f o r  t h e  

APU c r y s t a l l i t e s  becomes ava i l ab le .  Idea l ly ,  one would a l s o  w&t t o  

i n v e s t i g a t e  the  e f f e c t s  of temperature, a g i t a t i o n ,  u l t r a s o n i c s ,  surfac-  

t a n t s ,  and the  use of ammonia r a t h e r  than ammonium hydroxide. Although 

these  va r iab les  were not included i n  t h i s  work, one can i n f e r  what 

t h e i r  e f f e c t s  might be. Temperatures can be expected t o  a f f e c t  

s o l u b i l i t i e s  and hence, super sa tu ra t ion .  This means t h a t  i.t should be 

poss ib le  t o  con t ro l  t h e  APU c r y s t a l l i t e  s i z e  by con t ro l l ing  the  temper- 

a tu re .  Agitat ion would not be expected t o  have much e f f e c t  except a t  

very high r a t e s  where agglomerate break up would occur. The use of 

su r fac tan t s  can be expected t o  e i t h e r  increase  o r  decrease the  r a t e  of 

coagulat ion,  depending upon t h e  c h a r a c t e r i s t i c s  of the  one being used. 

Ultrasonics' has been .reported (81) t o  increase  t h e  coagulat ion r a t e  by 
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increas ing t h e  c o l l i s i o n  r a t e  be tween 'pa r t i c l e s .  The use  of ammonia 

r a t h e r  than ammonium hydroxide has been reported (25) t o  y i e l d  very 

small, unagglomerated APU c r y s t a l l i t e s .  This i s  probably the  r e s u l t  

of d i l u t i o n  d i f f i c u l t i e s ,  wi th  many l o c a l  regions having a high 

NH :U RFMR near t h e  point  of gas en t ry .  
3 

Signif icance  of Resul ts  

The r e s u l t s  of t h i s  work have,shown t h a t  the  continuous APU precip i -  

t a t i o n  process can be  operated .in such a m a d r  t h a t  i t  is  poss ib le  t o  

con t ro l  t h e  number r a t i o  of c l u s t e r s  t o  agglomerates, t h e i r  p a r t i c l e  

s i z e  d i s t r i b u t i o n s ,  and t h e i r .  f i rmness o r  cohesiveness. This  i n d i c a t e s  

t h a t  i t  should be  poss ib le  t o  produce a p r e c i p i t a t e  whose physica l  

c h a r a c t e r i s t i c s  a r e  such t h a t  ba l l -mi l l ing ,  use  of pore formers, and. 

the  blending of powders of d i f f e r e n t  s t r u c t u r e s  and , s i z e s ' c a n  be 

el iminated i n  t h e  nuclear  f u e l  f a b r i c a t i o n  process. This  would 

s i g n i f i c a n t l y  reduce t h e  cos t  of the  f a b r i c a t i o n  process through t h e  

increased e f f i c i ency  of a continuous process over t h a t  of a batch 

process, through increased product uniformity,  and through reduced 

inven to r i e s  of f u e l  mater ia l .  



SUMMARY AND CONCLUSIONS 

A mathematical model descr ib ing the  k i n e t i c s  of continuous 

p r e c i p i t a t i o n  has been developed. This  model accounts f o r  c r y s t a l  

nucleat ion,  c r y s t a l  growth, primary coagulat ion,  and secondary coagula- 

t i o n ,  with the  coagulat ion processes being represented wfth average 

nuclea t ion  r a t e s  and e f f e c t i v e  growth r a t e s .  Development of t h e  model 

has followed from t h e  assumptions t h a t ;  (1) t h e  p a r t i c l e s  can be 

represented by some. c h a r a c t e r i s t i c  dimension; .(2) t he  growth r a t e s  of 

the  c r y s t a l s ,  primary coagulated p a r t i c l e s ,  and secondary coagulated 

p a r t i c l e s  a r e  a l l  size-independent, and (3) the  coagulat ion constants  

can be described through funct ions  of t h e  process v a r i a b l e s  (temperature, 

feed concentrat ions,  r e a c t i n g  feed mole r a t i o s ,  e t c . ) .  The k i n e t i c  model 

includes emperical . re la t ionships  f o r  t h e  nuclea t ion  r a t e s  such t h a t  the  

population dens i ty  d i s t r i b u t i o n s ,  average p a r t i c l e  s i z e s ,  dominant 

p a r t i c l e  s i z e s ,  and suspension dens i ty  f r a c t i o n s  of the  c r y s t a l l i t e s ,  

primary agglomerates ,. and. secondary. agglomerates leaving.  t h e  continuous 

p r e c i p i t a t o r  can be derermined. 

This k i n e t i c  model has been success tu l ly  appiied t o  t h e  continuous 

p r e c i p i t a t i o n  of ammonium polyuranate, which has been found t o  c o n s i s t  of 

t h r e e  types of p a r t i c l e s ;  (1) elementary c r y s t a l s ,  (2)  c l u s t e r s  o r  p r i -  

mary coagulated p a r t i c l e s ,  and (3)  agglomerates o r  secondary coagulated 

p a r t i c l e s .  The ammonium polyuranate c r y s t a l l i t e s  have been shown t o  

be t h i n ,  hexagonal p l a t e l e t s ,  t h e  s i z e  of which depends upon t h e  

p r e c i p i t a t i o n  condi t ions ,  but  were submicron i n  a l l  cases s tudied .  

Th.e c l u s t e r s  had.an:upper s i z e  l i m i t  of .about 7 pm i n  diameter and 



contained numerous small .vofds (q0.3. pm) due t o  the  packing of t h e  

c r y s t a l l i t e s .  The agglomerates, on t h e  o ther  hand, had an upper s i z e  

l i m i t  of about 40 pm i n  diameter and contained l a r g e  voids ( - 1  pm) 

which resu l t ed  from loose  packing of both c l u s t e r s  and c r y s t a l l i t e s .  

The prec ip i ta t ' ion  condi t ions  have been shown t o  a f f e c t  t h e  

nuclea t ion  r a t e s ,  growth r a t e s ,  a n d . p a r t . i c l e  s t r u c t u r e s  of t h e  primary 

and secondary coagulated p a r t i c l e s .  The k i n e t i c  parameters governing 

the  p a r t i c l e  s i z e  and s t r u c t u r e  of the  p r e c i p i t a t e  have been shown t o  

be co r re la t ed  wi th  t h e  ammonium t o  uranium reac t ing  feed mole r a t i o  

(NH :U RFMR) r a t h e r  than the. precipl . tat ion pH. This i s  contrary  t o  
3 

the  r e s u l t s  previously published by o the r s ,  where p a r t i c l e  s i z e ,  s e t t l i n g  

r a t e s ,  'and f i l t r a t i o n  r a t e s  were co r re la t ed  with t h e  pH of p r e c i p i t a t i o n .  

The e f f e c t i v e  growth r a t e  of t h e  agglomerates has been shown t o  

be very s e n s i t i v e  t o  the  NH :U RFMR, peaking a t  a va lue  of 2.2, while 
3 

t h a t  of t h e . c l u s t e r a  has been shown t o  be r e l a t i v e l y  i n s e n s i t i v e  t o  the  

NH3:U RFMR. A s  t h e  NH3:U RFMR was s h i f t e d  away from a value  of 2.2, 

the  e f f e c t i v e  growth r a t e s  of t h e  c l u s t e r s  and agglomerates decreased 

and t h e i r  nuclea t ion  r a t e s  increased,  causing the  number of p a r t i c l e s  

of each type t o  increase.  The cohesiveness o r  bonding s t r e n g t h  of both 

t h e  c l u s t e r s  and agglomerates decreased a s  the  NH :U RFMR was increased 
3 

u n t i l ,  a t  a va lue  g rea te r  than about 2.35, the p a r t i c l e s  were so  

loosely  s t ruc tu red  t h a t  they collapsed .upon being f i l t e r e d  out  of 

so lu t ion .  
- .  . " 

The e f f e c t  of changes i n  t h e  suspension densi.ty f o r  s p e c i f i c  

NH3:U R F e ' s  was inves t iga ted  by varying t h e  uranium feed concentrat ion.  
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Generally, increased uranium concentra t ions  r e su l t ed  i n  increased growth 

r a t e s  of both c l u s t e r s  and agglomerates, except a t  high uranium con- 

cen t ra t ions  when secondary coagulat ion becomes dominant, r e s u l t i n g  i n  a 

s l i g h t  decrease I n  the  c l u s t e r  growth. ra te .  The most profound e f f e c t  

was t h e  dependence of t h e  agglomerate nuclea t ion  r a t e  on t h e  uranium 

concentrat ion,  while t h a t  of the  c lus ters -showed only a s l i g h t  dependency. 

This  was evident  through a dramatic increase  i n  t h e  agglomerate nuclea t ion  

r a t e ,  and hence t o t a l  number. of agglomerates, a s  the  uranium concentrat ion 

was increased.  

The r e s u l t s  of t h i s  work have shown t h a t  t h e  p a r t i c l e  s i z e  

d i s t r i b u t i o n  and p a r t i c l e  s t r u c t u r e  of the,ammonium polyuranate prec ip i -  

t a t e  can be cont ro l led  through proper r egu la t ion  of t h e  p r e c i p i t a t i o n  

condit ions.  The r a t i o  of c l u s t e r s  t o  agglomerates can be b e s t  con t ro l l ed  

through t h e  uranium. concentrat ion,  and t h e  cohesiveness o r  i n t e r n a l  

bonding s t r eng th  o f . t h e  p a r t i c l e s  can be  con t ro l l ed  wi th  t h e  NH :U RFMR. 
3 

These two condit ions,  i n  conjunction with t h e  res idence  time, w i l l  

determine t h e  nuclea t ion  rates, growth ra ' tes ,  and s i z e  d i s t r i b u t i o n s  

of t h e  p a r t i c l e s  leaving the  continuous p r e c i p i t a t o r .  

It has been in fe r red  t h a t  wi th  proper con t ro l  of t h e  physica l  

c h a r a c t e r i s t i c s  of t h e  APU p r e c i p i t a t e ,  the  use  of pore formers, 

ba l l -mi l l ing ,  and powder blending can probably be  el iminated from t h e  

f u e l  f a b r i c a t i o n  process. This would s u b s t a n t i a l l y  reduce the  c o s t  of 

f u e l  f a b r i c a t i o n  and the re fo re  decrease t h e  c o s t  of the  o v e r a l l  nuclear  

f u e l  cycle .  



RECOMMENDATIONS 

Results from this work have indicated several areas which need 

further investtgation. It is recommended that the following subjects 

be considered for future research programs, the first three of which 

have already been initiated: ' 

1.. Comparison of the particle growth rates calculated from the 

particle size distributions measured by the Coulter counter 

to those calculated from the particle size distributions found 

with the scanning electron microscope. 

2. Characterization of the APU crystallite size distributions 

and morphology with respect. to precipitation conditions by 

using the scanning electron microscope. This kinetic data 

could then be combined with that of the primary and secondary 

-. coagulation to complete the APU precipitation model. 

3. Simulation of the continuous MSMPR precipitation process 

with a computer to investigate control methods which could 

be used to produce particles of a given structure and size. 

4. Examination of the effects of temperature, ultrasonics, and 

surfactants on the APU precipitation kinetics and particle 

structures. 

5. Determination of the crystal structure and composition of 

APU obtained from different NH :U RFMR's. 
, 3 

6. Characterization of the effects of calcination conditions on 

the particle size distribution and structure of the APU 

particles when calcining to UO and U308. 
3 



7. Characterization of the effects of reduction conditions on the 

particle size distribution and structure of the UO and U308 
3. 

particles when reducing to UO 
2 ' 

8. Correlation of the UO particle structure and size distribution 
2 

to the microstructure of the. sintered U02 pellet. 

9. Application of the continuous MSMPR precipitation model to 

other precipitation reactions where control of the precipitate's 

size and structure is necessary. 
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