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DISSOLUTION OF HIGH DENSITY U02, IQ-O,, AND U02-i'i~02 PELLETS 

IN INORGANIC ACIDS 
L 

Armando L. Urislrte R o b e r t  K. Rainey 

.A laboratory study w a s  made of the i n i t i a l  instantaneous 
d isso lu t ion  rates ( IDR)  and t o t a l  d i sso lu t ion  times of unir-  
radiated,  commercially prepared UOz, PuOp, and Pu02-U02 p e l l e t s  
i n  boi l ing  n i t r i c  ac id  alone and with adai t ives .  
solved readi ly  i n  n i t r i c  ac id  alone; i"uOp dissolved slowfy even 
with t h e  addi t ion  of f luor ide .  P e l l e t s  containing as much as 
28$ Pu02 i n  U02 dissolved i n  n i t r i c  ac id  alone when fabr ica t ion  
procedures Indicated t h a t  so l id  solut ions were formed, but  par t  
of t h e  plutonium remined undissol.ved from p e l l e t s  which were 
probably not so l id  solut ions.  Since the  present state of the  
a r t  of p e l l e t  fabr ica t ion  does not ensure t h a t  t he  plutonium 
will be i n  s o l i d  solut ion i n  a l l  pe l l e t s ,  and s ince complete 
d isso lu t ion  of plutonium i o  required i n  commercial fue l  proc- 
essing, t h e  use of f luor ide  f o r  the  d isso lu t ion  of l%Q2-U02 
p e l l e t s  i s  indicated.  

rates are as follows: 

The UOq dis- 

Empirical equations f o r  approximating the  dissolut ion 

where ($ TD) i s  t h e  percent of t h e o r e t i c a l  densi ty  of the  pe l l e t ,  
(E HNO ) and (ply HI?) are t h e  molar concentration of the  acids,  
and ( n j  is  the-mole f r ac t ion  of pu02 i n  t h e  U02-Pu02 s o l i d  s o h -  
tion. 

time to dissolve 95% w a s  only about a t h i r d  t h e  time t h a t  
would be calculated from these rates. 

fo r  power reac tors  can be dissolve$ i n  a reasonable time. 
example, X$$ PUO --'s% U O ~  s o ~ i c i  so lu t ion  p e l l e t s  (0-17 cm x 0.55 
cm diameter) w i t $  dens i t i e s  t h a t  were 93% of t h e o r e t i c a l  dissolved 
i n  less than 6 h r  i n  6 M HNO3 t o  produce a solut ion 0.57 - M i n  
plutonium, M .- inuraniwn,  and 3 - M i n  H N O ~ .  

Due t o  roughening of t h e  p e l l e t s  while dissolving, the 

It w a s  concluded t h a t  Pu02-U0 p e l l e t s  present ly  considered 
For 

1-25  
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An important cI.nss o f  nuclear power reactor  f u e l s  cons is t s  of UO 

PuO2-UO2, or  ThO -U0 p e l l e t s  or compac~s clad with s t a in l e s s  s t e e l  or 
Zircszl.oy-2. After  i r rad ia t ion ,  the f u e l  elements are processed t o  re- 

C O V ~ ~  t he  unburned f i s s i l e  m t e r l . i d - s  fo r  recycle t o  the r zac tu r s .  Proc- 

ess.i.ng w i l l  consis t  e i t he r  i n  the chemical removal of the cI.adding 

matei?ia.I., such as by dissolving the  s t a i n l e s s  s t e e l  cladding i n  su1furi.c 
acid' o r  Zircnloy-2 i n  ammonium f l m r i d e  o r  by shearing the  elements i n t o  
sml.1 pieces,' The exposed oxides can then be dissolved i n  n i t r i c  acid 

and the f i s s i l e  and f e r t i l e  mterials recovered and. separated from f i s -  

sion products and other  impurit ies by solvent extract ion.  

2 2  

Previous workers have reported the effect, of temperature, s t i r r i n g  
3 ra te ,  e tc . ,  on the  dissolut ion r a t e  of UO p e l l e t s  on laboratory-scale 

and. on a semiengineering scale.' Limited s tud ies  with pUo2' and uo -3ro2 
have been r e p o ~ e d ,  but no s y s t e m t i c  invest igat jons were found i n  the  
l i t e r a t u r e .  i%baPi%t,ory s tudies  on dissolving Tho have a l s o  been reported. 

This repor t  presents a systematic study o f  t he  dissolut ion of Pu02-W02 

6 2 
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p e l l e t s  as a function o f  dissolvent composition, p e l l e t  composttian, and 
p e l l e t  fabr ica t ion  procedure. F i r s t ,  t he  i n i t i a l  instantaneous dissol.utiori 

r a t e s  of UO 

ing n i t r i c  acid, with and without addi t ives .  Next, the var ia t ion  i n  the  

surface ayes, o f  the pe l le t s  was determined to abtain the  e f fec t ive  area to 
be used i n  calculat ing the  t i m s  f o r  complete dissolut ion.  Finally,  t he  
time for complete dissolution. waB measured and compared with tha t  cal.cu- 
l a t e d  from the  instantaneous dissolut ion rate and. surface a rea .  

Pu02, and various "u02-U02 mixtures were determined j.n boil-  
2, 

The data i n  t h i s  report  were obtained from single  p e l l e t s  except f o r  
a, f e w  feed-preparation experiments. 

but the fuel. from reactors will have been i r r ad ia t ed  t a  as m c h  as 100,000 

Mwd/metric Lon. 
 each t h e  fusion temperature, and cmny of them w i l l  have been broken from 

therm1 shock. Therefore, the dissol.iition of our intact. un i rmdia ted  pel-  
l e t s  m y  he d i f f e ren t  from tha t  of i r r ad ia t ed  reactor f u e l .  A cont inmt lan  

None of the pe l l e t s  had been i r rad ia ted ,  

The centers  o f  some i r r ad ia t ed  p e l l e t s  are expeeted t o  



r; 

of 
of 
i n  

our program w i l l  include a comparison of the  dissolut ion charac te r i s t ics  

highly i r r ad ia t ed  p e l l e t s  with t h e  rates for unirradiated p e l l e t s  given 
t h i s  report .  

The assis tance of t h e  following people a t  ORNL i s  gra te fu l ly  acknow- 
ledged. R .  C.  Lovelace gave valuable ass is tance i n  the experimental pro- 

gram. Analyses were made by members of t he  Analytical  Chemistry Division 
under the  capervision of W .  R .  Laing, C. E. l a m b ,  and J. B. Cooper. Photo- 

micrographs were prepared by members of the  Metals and Ceramics Division 

under the  supervision of R .  J. Gray. Members of' t h e  Mathematics Division 

helped i n  formulation of equations and the  use of computers. 
p e l l e t s  were obtained from many sources, but we are pa r t i cu la r ly  g ra t e fu l  

t o  C .  S. Caldwell, of Nuclear Materials and Equipment Company f o r  h i s  as- 

s i s tance  i n  providing Pu02 and Pu02-U02 p e l l e t s  of known h is tory .  

Samples of 

Many de ta i led  t ab le s  of data a re  included i n  Appendix I. 
codes used i n  calculat ing t h e  radius and surface a rea  of p e l l e t s  are in- 

cluded a5 Appendix XI. 

The FOR'IIRPLN 

P e l l e t s  used i n  t h i s  study were obtained from c:ommercial sources 
when avai lable .  Except when so designated, the UO p e l l e t s  were prepared 

by W. R. Grace and Company, Davison Chemical Division, Erwin, Tennessee. 

These p e l l e t s  were 1.06 cm i n  diameter and 1.59 cm long; they had a densi ty  
of 10.3 f 0.1 g/cm , which corresponds t o  3 3 . w  of the  theo re t i ca l  density.  

These Davison I p e l l e t s  were d i f f e ren t  from Davison 11 p e l l e t s  i n  t h a t  

they were g los s i e r  and had a lower i n i t i a l  d issolut ion r a t e .  

were washed with acetone t o  remove t r aces  of grease, and then they were 
a i r  dr ied.  They were then weighed t o  kl. mg; the length and diameter were 

measured kO.001 in.; and the  apparent surface area and bulk density were 

calculated from these values fo r  use i n  r a t e  calculat ions.  The ac tua l  
surface areas of s ing le  p e l l e t s  could not be determined. En t h e  instanta-  

neous dissolut ion rate experiments, less than 3% of t he  p e l l e t  w a s  dissolved 
and therefore  t h e  change i n  surface area during the  experiment w a s  nod 

2 

3 

The p e l l e t s  
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considered. Un&s these conditions, the difference i n  rate between dupli-  

ca te  p e l l e t s  w a s  small. A separate p e l l e t  w a s  used f o r  each experiment. 

The PuQ, and P”02-U02 p e l l e t s   ere prepared by Nuclear Mat,erials and 
8 Equipment Corporation, A.po110 Peamsylwmia. 

i n  diameter and 0.55 cm long. Except when the effect  of densi ty  w a s  being 

studied, p e l l e t s  were chosen which had dens i t i e s  of l0.S .t- 0.1 g;/m , about 

90% of the theore t ica l  density-. 

the  lengths and diameters were menstwed t o  k:OeOO1 cm. 

of f i r e  i n  the  glove boxes, t h e  pe l le t s  were not washed w i t h  acetone before 
dissolving,as were t h e  170, pellets. CmXy three An0 p e l l e t s  werc used i n  
t h e  d isso lu t ion  m t e  experiments. Solutions were analyzed by alpha count- 
ing ,  Rate calculat ions by wc1&% loss were SmpracLfcaL bemuse only a b s i ~ t  

O.O5$ o f  the  pe l le t  w a s  dissolved i n  each t e s t .  

These p e l l e t s  were 0.69 cm 

3 

These p e l l e t s  were weighed t o  fl mg and 

To avoid the  hazard 

2 2 

In our study of the disso lu t ion  of %02-UQ2 pe l l e t s ,  w e  were ‘bimited 
by the  lack of an ana ly t i ca l  mA,lrod for  determining whether the h 0  was 

i n  s o l i d  solut ion w3S;h the  U0 1% seems t i a t  the disso lu t ion  i t s e l f  i s  

one of t h e  most accura-bc and sens i t ive  methods tor t h i s  deteminationi; 
therefore,  w e  assmed tha.t, a uiifom, proportional d i sso lu t ion  af the 

plutonium and uranium i n  nitric ac id  without f luor ide  ind ica tes  a sol id  
solution. W e  recognize that  t h e  honiogeneity of the so l id  solut ion mist 
also a f f e c t  the rate, but we were unable t o  study methds for compensat- 

ing f o r  t h i s  parmeter due t o  the limited var ie ty  of p e l l e t s  available. 

2 

2. 

The Pu02-U02 pellets were fabr.i.cated by t w o  methods. In one me%hod, 
previously prepared UO and P”0 were mecheirica.Xl.y blended before being 

pressed i n t o  a “green’f p e l l e t ,  I n  .the other w e t h d ,  P u ( 0 H )  and (NH ) U 0 

were eoprecipitreted and then f i r e d  i n  a reducing atmosphere t o  -the dioxides, 

which were then pressed i n t o  peE1e.t~. 
were sintered. i n  a redw5n.g atmosphere t o  t he  desired f i n a l  density.' The 

d isso lu t ion  of t h e  two types of p e l l e t s  w a s  d i f feren%. 
f ine r ,  more in t imte1 .y  mixed crystals formed by the coprecipi ta t ion method 

w i l l  form solid. solut ion at a lower temperature or shorter t i m e  than do 
the mechanically blended oxides. With either type o f  pe l l e t ,  s in t e r ing  
f o r  a long time at high temperatures resulted in p e l l e t s  i n  which the 

2 2 

4 4 2 2 4  

I n  e i t h e r  case, the  green p e l l e t s  

Apparently the 
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a PuO 

creases, t h e  time and/or temperature required f o r  so l id  solut ion formation 

also increases. 

w a s  apparently i n  so l id  solution. As t h e  concentration of Pu02 in- 
2 

The dissolver  vessels  were three-neck glass f lasks ,  each equipped with 
a glass re f lux  condenses? a thermometer, and a port  f o r  i n se r t ing  t h e  pel- 
L e t  and removing samples. 
when the  solut ion contained f luoride.  

A platinum l i n e r  w a s  inser ted  i n t o  the  condenser 

The p e l l e t  w a s  placed i n  a basket made of s t a l n l e s s  s t e e l  fo r  most 
t e s t s ,  but of platinum when the  dissolver  solut ion contained f luoride.  

The ac id  w a s  preheated t o  the  boi l ing  temperature, and then the  basket and 
p e l l e t  were immersed i n  the  solution. 

w a s  removed, the  p e l l e t  washed with water and acetone, and then a i r  dried.  

The p e l l e t  w a s  then reweighed, measured, and the  solut ion analyzed. 
e a r l y  experiments w i t h  UO 

culated from both t h e  loss  of weight and the  ana lys i s  of the solution. 

The physical measurement w a s  discontinued when the two methods were shown 
t o  give t h e  same r e s u l t s ,  

A f % e r  a measured time, the  basket 

I n  
the  instantaneous d isso lu t ion  r a t e  w a s  cal-  

2? 

The var ia t ion  i n  t h e  rate (milligrams dissolved per un i t  of t ime) w a s  
measured as the  p e l l e t  dissolved completely by sampling t h e  solut ion per i -  

odically.  Acid of the  same composition as the  o r ig ina l  dissolver  solut ion 

was added t o  t h e  vesse l  to replace t h e  sample removed. 

periments were made w i t h  a la rge  excess of acid, t he re  w a s  l i t t l e  varia- 
t i o n  i n  a c i d i t y  during the  experiment; however, s few duplicate experi- 
ments were mde without intermediate sampling i n  order t o  determine more 
accurately the  time f o r  complete dissolu-tion, 

Since 'these ex- 

N o  correct ions were made for  t h e  differences i n  d isso lu t ion  r a t e  
caused by differences i n  the  boi l ing  temperstures of t he  various solutions.  

When da ta  could be p lo t ted  so as t o  r e s u l t  i n  an apparent; s t r a igh t  
l ine ,  least-squares methods were used t o  determine the  l i n e  of bes t  f i t .  
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OW DISSOLUICION RATKS 

The instmtsneous dissolution rates of" t h e  pellets were Litermined 
t o  elucidate the dissolution chemistny and t o  obtain empirical mthenlatical 

equat ions for ca lcuk t ing  process variables. 
included n i t r i c  acid concentration, t o t a l  nitrate concentration, the sddi- 

t ion of oxidizing agents and fluoride to n i t r i c  a c i d ,  as w e l l  as the ef- 

The variables investigahed 

f e c t  of the den~itgi ,  c ~ q ~ s i t i o n j  a d  ~ ~ e t h ~ d  s f  f&Jsrici3tlon of the  pel le ts .  

pcwer of t he  nitrlc acid concentration, the mount of acid conslmed varies 
w i t h  acidity. As has been observed with uraniwm metal, 
fore no general chemical eywt lon  to represent the  reactions.  However, 

if the  AHNO concentration i s  less  than  8 - N, md if  air is exclmkd, the  

following reaction seems to be most applicable: 

10 these I s  these- 

3 
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3.1.1 I n  Ni t r i c  Acid 

The instantaneous d isso lu t ion  rate ( IDR)  of U02 p e l l e t s  increased 

Fig. 1). Three experiments were 

-2 -1 min from 0.9 t o  60 mg cm 

creased from 2 t o  15.6 M - (Table A-1, 

made at each n i t r i c  ac id  concentration. 
rate vs n i t r i c  ac id  concentration are l inear ,  and, t h e  equation, ca lcu la t -  

ed by a least-squares  method, is: 
measurements, and IDR = 0.215 (N HNO ) 
IDR i s  i n  mg U02 cm min . Since t h e  r e s u l t s  from chemical analysis  and 

physical  measurements are so near ly  ident ica l ,  physical  measurements w i l l  
be omitted from f igu res  i n  the r eminde r  of t h i s  report .  

as t h e  concentration of t h e  n i t r i c  ac id  in-  * 
The logarithmic p l o t s  of the  

from physical r, 12 

from chemical analysis,  where 

IDR = 0.207 (N HNO )"" . 
2.03 - 3  

-2 -1 - 3  

These data agree within experimental e r r o r  with those from previous 
experiments by o thers  at  ORNL 4 over t h e  range of t h e i r  experiments. We 
found, however, that the semi-logarithmic r e l a t i o n  they reported cannot 

be extrapolated t o  give the rates w e  obtained i n  high concentrations of 
n i t r i c  ac id  (Fig. 2) .  

3.1 .2  I n  HNO -HF 3- 
The d isso lu t ion  rate of U02 p e l l e t s  decreases with increasing hydro- 

3 
but increases  with HF concentration when t h e  MNO concentration 

f l u o r i c  ac id  concentration when the  HWO 

6 M HNO 

i s  less  than 6 M - (Table A - 2 ) .  

ac id  concentration a t  constant n i t r i c  ac id  concentrations are l i n e a r  when 

t h e  KF concentration i s  g rea t e r  than O,OO5 M (Fig. 3) and are described 

by t h e  equation i n  Table 1. 

concentration i s  grea te r  than 

- 3, 3 
The logarithmic p l o t s  of rate vs hjrdrofluoric 

- 

The var ia t ion  i n  dependence of t h e  d isso lu t ion  r a t e  on the  m0 concen- 
3 

t r a t i o n  decreased from about second power a t  0.005 t o  0 , O l M  HF t o  about 
first power at 0.1 - M KF (Table 2, Fig. 4). 

A f i lm  of UF formed on the  p e l l e t s  during t h e  d isso lu t ion  with HNO- 4 3- 
IIF solut ions and gave the  p e l l e t s  a green color.  

3c 
A l l  tables whose numbers are prefixed by t h e  le t te r  A are found i n  the 
Appendix. 
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3.1.3 I n  HN03-HF-A1(N0.,13 

The addi t ion of aluminum n i t r a t e  (Al/F mole r a t i o  of 3 )  t o  the  n i t r i c  
acid-hydrofluoric ac id  system t o  decrease t h e  corrosion of stainless s t e e l  

equipment is a common prac t ice  i n  reactor  f u e l  processing. The addi t ion 

of aluminum negates the  e f f e c t  of t h e  f luor ide  on the  d isso lu t ion  of t he  

U02 p e l l e t s  (Table A-3, Fig. 5). 
n i t r i c  ac id  alone (see Sec 4.1.4) and the  d isso lu t ion  r a t e  remains pro- 

p o r t i o n a l t o  t h e  square of t he  ac id  concentration (Table 3).  

"he rates are s l i g h t l y  higher than  with 

Table 3. Dissolution 
S o lu t  i ons : 

P e l l e t  

Rates of U02 P e l l e t s  i n  HN03-HF-Al(T?03)3 

Density: 10.3 5 0.1 g/cm3 
A ~ / F  mole r a t i o  = 3 

Effect  of HNO Concentration 3 

- -  

Parameters of Equations: 
log R z= A log (N - RNO3) - C y  

Concentrations (M) Physical  Analysis Chemical Analysis 
HF AI ( ~ 0 ~ )  A C A C m03 

2- 14 0.005 0. or5 2.1141 -0.6693 2.0605 -0.6639 
2-14 0.01 0.03 1 9780 -0.5190 1 * 9329 -0 5259 
2-14 0.05 0.15 2.0195 -0 * 5371 1 * 9674 -0.5163 
2-14 0.1 0.3 1.8865 -0.3 590 1.8575 -0 3 556 

3.1.4 In KNO - -O.3 M Al(N03& 

The d isso lu t ion  rate of UO 
3 

i n  n i t r i c  ac id  t h a t  i s  0.3 - M i n  aluminum 2 
n i t r a t e  i s  t h e  same a5 with HNO --0.1 M - HF--O.3 - M aluminum n i t r a t e  (Table 3 
A-4) .  "his indica tes  that the s l i g h t  increase i n  r a t e  fo r  U02 with boi l -  

i n g  mixtures of HNO -HF-AL(N0 ) -  ( A l f F  mole r a t i o  3) i s  due t o  t h e  presence 

of t h e  aluminum n i t r a t e  and t h a t  f luor ide  has no e f f ec t .  
3 3 3  

3.1.5 I n  HNO Containing NaNO L i N O  , o r  Al(N0313 3 3 3 

3' Experiments with boi l ing  2 t o  13 M HNO containing 0 t o  8 - M NaNO - 3  
LiN03, or Al(N0 ) 
t h e  second power of the t o t a l  n i t r a t e  concentration. The salt i n  these 

showed t h a t  t h e  d isso lu t ion  rate i s  proportional t o  3 3  
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so lu t ions  accounted f o r  0 t o  80$ of t h e  t o t a l  n i t r a t e  (Table A-5, Fig.  6)- 
Taylor, e t  ~ t l . , ~  a l s o  showed t h i s  re la t ionship  but not over as w i d e  a 

range of n i t r a t e  concentrations. Their da ta  were obtained with monovalent 
n i t r a t e s  only, and they reported t h a t  ammonium n i t r a t e  w a s  an exception. 

3.1.6 In  HNO Containing Uo@312 3 
The d isso lu t ion  rate for  UO i n  n i t r i c  acid-uranyl n i t r a t e  solut ions 2 

increased as t h e  second power of t h e  n i t r i c  a c i d  p lus  one-half t h e  n i t r a t e  

from t h e  uranyl n i t r a t e  (Table A-6, Fig. 7) instead of increasing as t h e  
second power of t h e  t o t a l  n i t r a t e  concentration as indicated from t he  data 

i n  t h e  previous sect ion.  These experiments provide a means of calculat ing 
the  decrease i n  r a t e  during the  complete dissolving of U02 fue ls  as follows: 

2 R = C [M HN03 + VO,(NO ) ] , 
3 2  - (5) 

o r  

( 6 )  
2 

R = C [ in i t i a l .  HNO.-l/2HNO consumed] . 
3 3 

These data were obtained by physical measurements of" t h e  p e l l e t s  
since t h e  small increase i n  uranium concentration due to %he d isso lu t ion  

of t h e  p e l l e t  could not be accurately determined chemically. 

3.1.7 I n  HNO Containing NaN02 
3 

Taylor3 reported t h a t  t h e  dissolving of UOg i n  nonboiling n i t r i c  ac id  

w a s  catalyzed by n i t rous  ac id  and t h a t  the addi t ion of sodium n i t r i t e  
increased t h e  rate. I n  our experiments, performed with boi l ing  solutions,  
t h i s  e f f e c t  w a s  not seen probably due t o  the  rapid l o s s  of n i t r i t e  as a 

r e s u l t  of vaporization and oxidation (Table A - 7 ) .  

3.1.8 O f  Varying Densitx 

Taylor3 also reported t h a t  t h e  d isso lu t ion  rate of U02 i n  n i t r i c  ac id  
decreased with increasing bulk density.  Our results, from p e l l e t s  t h a t  

had densi t ies  i n  the range 7.6 t o  10.7 g/cm 
but  w e  also observed wide var ia t ion  i n  t h e  i n i t i a l  instantaneous r a t e s  

3 w e r e  i n  general  agreement, 
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with p e l l e t s  of t h e  s e densi ty  (Fig. 8, Table A-8) .  For example, a 

group of Davison p e l l e t s  (dens i t ies  of 10.2 t o  10.4 g/cm3) gave rates 
t h a t  var ied from 2.0 t o  50.0 mg UO cm 2 
Hw03. (See Sec 5.2.3 fo r  data  on complete dissolving of these p e l l e t s . )  
More consis tent  da t a  were obtained with pe l l e t s  from other sources. The 

-2 -1 
mjm. when dissolved i n  6 M - 

equation determined Prom a least-squares fit o f  t h i s  data is:  PDR ::= 

, where (4 Tn) i s  t h e  densi ty  of t he  pe l l e t ,  4 -0.091 ($ m) 1.74 x 10 e 

expressed as percentage of t he  tiheoretical. 

Three parameters were considered i n  an attempt t o  cor re la te  these 

rate data: 

penetration, and estimates of surface a rea  by metallograyhi c exami nation. 

The oxygen-to-uranium r a t i o  of a l l  pe l l e t s  w a s  nearly the same, and no 

cor re la t ion  with the  dissolut ion rate could be made. 

mercury penetrat ion varied from 1 t o  10% and d id  not correlate with t h e  
increased IDR OS t h e  p e l l e t s .  Metallography showed t h a t  the  surface area 

of t h e  p e l l e t s  agreed a t  least qua l i t a t ive ly  with the  var ia t ion  i n  r a t e  

(Fig. 9) .  
p e l l e t s  . 

oxygen-to-uranium r a t i o  i n  t he  pe l l e t s ,  pore volume by mercury 

The pore volume by 

No rncthod was found t o  give the  ac tua l  surface area of s ingle  

I n  s p i t e  of the wide var ia t ion  is. d isso lu t ion  rates of d i f f e ren t  
pe l le t s ,  the rate f o r  a l l  p e l l e t s  w a s  proportional t o  the  square of t he  
n i t r i c  ac id  concenLration (FIG. 10). 

i n i t i a l  surface area and i s  apparently independenti of rate a% change o f  

surface area during dissolut ion.  The equation f o r  var ia t ion  i n  r a t e  with 

densi ty  and n i t r i c  ac id  (using the  Line shovn I n  Fig. 8) i s :  

This e f f ec t  i s  independent of 

-0.091 (TD) IDR = (IIN03)’ 480 e 
uo% 

Much of t h e  wide var ia t ion  i n  data  i n  F ige  8 i s  udoubtedly  due t o  
var ia t ion  i n  sur face area. Since surface a rea  could not be accurately 

determined and w a s  not incI.uded i n  Eq. ( T ) ,  predict ions o f  i n i t i a l  in- 
stantaneous dissolut ion rates using this equation far EL given s e t  of pel- 
l e t s  m y  be inaccurate by a factor  of 50 i n  exceptional cases. However, 

t he  r a t e  during the dissolut ion of t h e  bulk of the p e l l e t  m y  be predicted 

t o  within about 5O$ o f  t h e  experimental value. Accurate data m y  be 
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2% 

use of the apxapr in t c  experirncntsily de tei-i-n'cned constant fox 

of i n t e r e s t .  

3.2 Dissolution Hates of S i n t c ~ e d  Bi02 Pellets 

with boiling rnixturcs  OT nikr ic  and hydro- %%e dissol-ing of PuO 
G 2 

fhror ic  ac id  has b ~ a i  previously repsrtcd, 
with FuO, powder 01- p 0 4 ~ t  cmpscts ,  whercns present interest  i s  focused 

2 

on s in t e red  pe l l e t s .  Our studie:, aJso includcd iiie USC c$ the var ie ty  o f  

r x g c n t s  used i n  tht. study of UO, dissoJxtTon ml ,?s  (Sec h.1.). Since the 

dissolution ratx of thc Fu02 was 1 ~ o W  wi th  all these reagents ~ x c e p t  with 

high1 y corrosive HPJO -HY' so lu t  i oris, oLiirr" 'xldit ives ~ ~ c i " ~  a1 so investfgatcd.  

Solvents  inr ludrd bo i l ing  n i t r j  c: acid, rciix",il.i"cS of n i t l i c  arid-hydrafluoric 

rteid, r i i t r ic  acid-hydi-ofluori c acid-ahminuni ni t rs te ,  ni tri c acid-monsvclent 
ni t i -a tcs  ( s o d i m  o r  l i t%iui i  n i t r .&z) ,  and n i t r i c  ac id  containing qeveral 

oxidants, j-ncludirg sodium di chrorrut~,  c e r i c  ions, OZO1iPI and pwoxidc. 

Since dqua rPeia imy be used t o  declad s t a i ~ i l e s s  s:.?el elemznts (Darcx), 
the dissolut ion rai.? i n  t h i s  reagent, was investigated. Thp e f f ec t  o f  pcl- 

l e t  densiiy wzs also studied. 

b i ~ t  those s tudies  WCI-C made 

2 

3 

The instantanecvs dissoliition rate of PuO, i n  b o i l i n g  I, 10, and 

3 . 2 - 2  In HNO,-iXF 
3- 

Adding f lxor ide  t o  the n i t r i c  ac id  g r e a t l y  increased the dissolution 

ra te .  'The resu l t s  obtained w i t h  '7, 10, and .Ilk M €IN0 coritaining 0.005, 

O.OJ-, 0.05, and 0.1 M 1 3  are r;i.ven i n  Table A-9 .  Tne rake o f  P.2.0, re- 
imined propr t i .ona l  to the  fou r th  power of the n i t r i c  ac id  cnncentraLion 

(Fig. 11) and. w a s  proportional t o  the  I T  concentration mised  t o  the  

1.14 power (Fig.  12). 

pressed by the  eqimtion:: 

- 3  
2 - 

For these par t i cu la r  pe l l e t s  the r a t e  can he ex- 

-7 4 I I. 4 R = 1-1. x 10 (M HNO ) -t 9.2 x 10 (2 KN03) (I$ HF)'*4 . ( 8 )  
pu02 - 3  
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3.2.3 I n  €IN03-HF-A1(N0 1 
3-3 - I ~  

A s  w a s  observed with U02 pe l l e t s ,  adding th ree  moles of aluminum 
n i t r a t e  per  mole of f luor ide  p rac t i ca l ly  negates the  e f f e c t  of t he  f luor ide  

(Table A - 9 ) .  
reinailled proportional t o  t h e  fourth power of the n i t r i c  ac id  concentration 

(Fig. 13) and t o  t h e  concentration of complexed f luor ide  ra i sed  t o  the  
0.36 power (Fig. 14).  An approximate empirical  equation f o r  ca lcu la t ing  

the disso lu t ion  of t he  Pu02 i n  t h i s  mixture is :  

2 
These data indicated t h a t  t h e  instantaneous r a t e  f o r  ,W0 

where (14 KF 
aluminum n i t r a t e .  The great  decrease i n  t h e  r a t e  when aluminum i s  added 

t o  complex the  f luor ide  i s  indicated i n  the  500-fold reduction of t he  
constant i n  the  second term. The rapid decrease i n  rate may be seen by 

the  following series of experiments. The rate iricreascd from l x 10 

rig cm min 

it i s  aecreased t o  6.6 x 10-jl 4.7 x respectively,  
as  1, 2, and 3 moles of aLuminum n i t r a t e  per  mole of f luor ide  were added 

t o  t h e  so lu t ion  (Fig. 15). 

) i s  t h e  concentration of hydrofluoric ac id  complexed with - A 1  

-3 
-2 -1 I n  10 M €IN0 t o  2.7 x 10"' in LO M HNO --0.3_ - M %IF; then - 3  - 3  

and 4 .1  x 

3.2.4 1x1 mo3-Ce(1V) 

A patent  was issued at Hanford 11 
2 

f o r  a process f o r  dissolving PuO 
powder i n  n i t r i c  ac id  containing cerium ions.  We studied t h i s  system 

with our p e l l e t s  by adding t h e  cerium as ce r i c  ammonium n i t r a t e  

[ce ( NElc ) * (NO3 ) e With 0.005 t o  0.1 M C e ( 1 V )  i n  4 M HNO t he  d i s -  - 3 j  I 

solut ion rate w a s  approximately proport ional  t o  t h e  first power of the  

ce r i c  ion concentration (Table A-1.0, F ig .  16)* 
t r a t ions ,  t he  rates were the  same as those i n  n i t r i c  ac id  alone. 

A t  lower Ce(1V) concen- 

The rate a l s o  increased with ce r i c  ion concentration i n  2 M EJNO 
- 3  

but i n  7, 10, and 14 M KMO the  rate w a s  the same as i n  the ac id  alone. 
- 3  

Although the re  w a s  some increase i n  rate with th i s  system, the  r a t e  

There i s  an  indicat ion that remained t o o  low for p r a c t i c a l  appl icat ion.  
t he  ce r i c  ion w a s  reduced t o o  rapidly a t  the  higher  a c i d i t i e s  t o  be ef- 
f e c t i v e  I 



26 

- I I I I I I H  

H N 0 3 -  

I I I 1. 

ORNL--1R-DWG 76034R1 
. . ~ _ .  .. T ........ T 

I I l l [  

b - 0 . 0 1  M HF-0.03 11.1 AI 

--0.05 &Z HF-0.15 12.2 AI 

............... u L - . . U  
10 

N I  1KIC ACID CONCENTRATION (M) 

1 o - ~  

1 o - ~  

10-5 
100 

Fig. 13. E f f e c t  of N i t r i c  Acid Concentrat ion on the Rate of Dissolu- 
t i o n  of Pu02 Pellets i n  N i t r i c  Acid-Hydrofluoric Acid-Aluminum Njtrate 
S o h t  ions .  



0 

- 
AI/F MOLE RATIO = 3 

‘14 M H N 0 3  

4 
\lo M H N 0 3  

/*’ 

ORN L-LR-DWG 76038Rl 

NO HF 

I -  

/ -  

10-2 lo-’ 

TOTAL FLUORIDE ( M )  

/ -  

Fig. 14. 
Dissolution of P u O  Pellets in Nitric Acid-Hydrofluoric Acid-Aluminum 
Nitrate Solutions. 

E f f e c t  of Hydrofluoric Acid Concentration on the Rate of 
2 



28 

ORNL-LR-DWG 76031Rl 

10 11.1 HNQ3 

0.1 M HF 

0.1 0.2 0.3 0 

ALUMINUM NITRATE CONCENTRATION ( M )  

Fig. 1.5. 
Dissolution of ?&io2 Pel le t s  i n  N i t r i c  Acid-Nydrafluoric Acid-fll1minwn 
Ni t ra te  Solutions.  

E f f e c t  of Aluminum Ni t ra te  Concentration on the  Hate of 



ORP4 L- LR- D WG 760371 1 

10-4 
I I I I I I l l 1  

1 o-2 10-1 

Ce I V  (N) - 

Fig. 16. E f f e c t  of t h e  Ceric Concentration on t he  Dissolution Rate 
of P U O ~  in 4 I N HN03-Ce(NH4)p(N03)6. 



3.2.5 m KNO -0 
3-3 

Since the  rate increased with ce r i c  ion, experiments were made with 

ozone as the  oxidizing agent. The ozone w a s  obtained with a laboratory 
ozonator (We1.sbach Corporation, Philadelphia, Pa . ) .  

t h i s  instrument delivered 6% ozone. 
rate was studied i n  ‘7 M .I MEJO 3’ 
solut ion rate w a s  t h e  same as t h a t  with n i t r i c  acid alone. 

A t  8-psig oxygen, 
F i r s t ,  t h e  e f f e c t  of t h e  ozone flow 

A t  a l l  Plow r a t e s  (Table A - l l )  the dis -  

Similarly, 
with 

lk M 

when 

with 
with 

- 

3 0.04 f t  /min flow rate ( 6 d  

m-0, were t h e  same as those obtained with n i t r i c  a c i d  nl-one. Kowever, 

ozone was added t o  2 .-- N KNO 3’ -khe r a t e  increased and w a s  g rea te r  than 

‘7 M IINO alone. The r a t e  remi.ned impractically low, however. A s  

ce r i c  ion (above), these r e s u l t s  are probably due t o  t h e  i n s t a b i l i t y  

--glc% 0 ), disso lu t ion  rates i n  ‘to O3 2 

3 

- 3  

of ozone at  high a c i d i t i e s ,  

3.2.6 --- In  KXUO~-I-~,C& - 

Experimen%s with 7 M I-INO t o  which hydrogen peroxide was added a t  
- 3  

d i f f e ren t  f l o w  r a t e s  shov t h a t  the disso lu t ion  r a t e  f o r  PuO does not 
increase over t h a t  with n i t r i c  ac id  rdone. 

2 

3.2. ‘7 In  HIu03 -Na2Cr207 

Inclusion of 0.1. N Na C r  0 i n  7, 10, and 14 M HNO d id  not increase - 2 2 7  - 3  
t h e  r a t e ,  eompared with t h a t  f o r  n i t r i c  a c i d  alone. 

3 
inereas i rg  t h e  t o t a l  n i t r a t e  con- 

3.2*8 I n  EN0 Containing NaNO or L i N O  
3 3 

Contrary t o  t h e  r e s u l t s  with UO 
2’ 

cent ra t ion  by adding 1 t o  4 M sodium or  li%hiwn n i t r a t e  t o  7 M XENQ 
not influence t h e  r a t e .  

d id  
-- 3 - 

3.2.9 i n  HN0 -Be1 
3- 

The Darex process, which m y  be used t o  declad s t a in l e s s - s t ee l -  
clad Tho fuels,  may be used equally as wel l  t o  declasl YUO clad i n  2 2 
s t a i n l e s s  s t e e l .  The nuximum instantaneous dissol.ution r a t e  o f  PuO 

pel le t s  i n  a mixture o f  3 t o  10 M KNO and 0.1 t o  5 - M HC1 w a s  about 

mg cm min (Table A - 1 2 ) .  

2 

- 3  -2 -1 



3.2.20 of Varying Density 

The dissolut ion r a t e  of 

31- 

puo p e l l e t  decreased exponentially with in- 2 
crease i n  p e l l e t  densi ty  over t he  l imited range of dens i t ies  avai lable  in 

tes t  specimens, i . e .  8.% t o  10.38 g/cm3 (Table A-13,  Fig. 17). 

The dissolut ion rate i n  14  M €IN0 

mg min’l- An equation f i t t i n g  this data is: 

varied from 1.36 x 10-1 t o  3.90 x - 3  

(1Q) 
8 -0.272 ($ TD) 

IDR = 2.38 x 10 e ? 

where (% TD) i s  t h e  $J o f  t heo re t i ca l  density.  

This equation together  with Eq. (9) gives t h e  re la t ion :  

from which the  IDR of Pu02 p e l l e t s  of 75 t o  93$ t heo re t i ca l  density i n  
4 t o  14  M IINO 

t he  experimental value. 

and 0 t o  0 . 1  M HI? were calculated t o  within about 50$ of - - 3  

3.3 Dissolution Rates of Sintered PuO -UO Pe l l e t s  
2 2  

The d isso lu t ion  rate of PuO -UO p e l l e t s  i s  dependent upon the r a t i o  
2 2  

of plutonium t o  uranium and t h e  method of fabr ica t ion  of the  p e l l e t  (see 

See 3), i n  addi t ion t o  dissolvent composition and p e l l e t  density as des- 
cribed previously f o r  pure UO 

2.  
and PuO 2 

The p e l l e t s  used i n  t h e  r a t e  experiments described i n  t h e  following 
sect ions were t r u e  so l id  solut ions based on the  n i t r i c  ac id  so lub i l i t y  

t e s t .  

3.3.1 O f  Varying PuO, Concentration 
L. 

The theo re t i ca l  densi ty  of U02-Pu0 so l id  solut ions w a s  calculated 
2 

from the  equation: 

TDP,O2-lJO2 = n(11.44) + (1-n)(10.98) , 
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where n i s  the mole f r ac t ion  of I?uO i n  the  mixture. This equation i s  

va l id  due t o  t h e  almost i d e a l  s o l i d  so lu t ion  formed i n  t h i s  system. 
2 

Instantaneous d isso lu t ion  rate s tudies  showed t h a t  t h e  rate f o r  
high-density P u O  -UO 

P u O  

p e l l e t s  i s  proportiona2. t o  the  mole f r a c t i o n  of 
2 2  

i n  t he  s o l i d  solut ion and may be calculated by t h e  equation: 2 

1-n f IDR n = IDR 
p"02 uo2 

where n i s  the  mole f r a c t i o n  of P u O  i n  t h e  so l id  solut ion (Fig. 18). The 2 
rates f o r  t he  instantaneous d isso lu t ion  i n  the  solvent were determined 

for pu02 and UO 

the  IDR of 20% Pu02--80$ U02 (densi ty  8.9) i n  7 M HNO, may be calculated 
as follows: 

of the  same densi ty  as t h a t  of t h e  mixture. For example, 2 

- 3  

= 00.4$ , - 8.9 x 100 - 
TDpuO -U02 

2 0.20 (11.44) + 0.80 (10.98) 

IDR ~ 5 x 1 0  e (80*4) (7')4 = 1.04 x LOm2 mg cm -2 rnin -1 , woe 
-2 -1 ( 7 ) 2  = 15.9 mg cm min , -0.091 (80.4) IDR = 483 e 

u02 
-2 0.2 (15.9)0.A = 3.67 rng cm -2 rnin -1 , "DRPUO2-UOn = (1.04 x 10 

cl 

-2 -1 This value i s  about 30% less than t h e  experimental value o f  5.7 mg cm min . 

3 
3.3.2 I n  WMO 

As previously shown, the  d isso lu t ion  r a t e s  f o r  PUO and uo are 
2 2 

respect ively proport ional  t o  t h e  second and four th  powers of t h e  concen- 
t r a t i o n  of n i t r i c  acid.  

would ind ica te  a rate dependence on n i t r i c  ac id  concentration of: 
Subs t i tu t ion  of these powers i n t o  Eq. (13) 

2+2n Rm02-U02 = K(HN03) 

Experimental data have confirmed t h i s  re la t ionship  (Fig. 19) .  
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Fig. 19. Effect of Composition on the Ni t r i c  Acid Dependence of the 
Dissolution Rates of P"02-U02 Pellets. 



4. TEME REQUI€UD TO DISSOLVE PELLETS COMPLETELY 

4 .1  Theoretical  Dissolution Time 

4.1.1 Of Smooth P e l l e t s  -_I 

If a l l  t h e  surfaces of a smooth r i g h t  cylinder dissolved a t  a 

uniform rate ,  t h e  t i m e  f o r  achieving complete solut ion would be the  

shor te r  time given by the equations: 

depending upon whether t he  diameter or t he  length, o f  the  p e l l e t  i s  the  
smaller dimension. Here D and T-, a re  the  o r ig ina l  diameter and length 

of t h e  pe l l e t s ,  respectively,  and p i s  densi ty  i n  rag/cm . 
reduce the  p e l l e t  t o  a given mass (M) i s  given by the  equation: 

3 
0 o 

The time t o  

2IDB 
P 

where J i s  __p_ . 
From t h e  above equation, FORTBAN codes have been prepared f o r  t he  

calculat ion of t he  height or  radius and t h e  surface a f t e r  varying amounts 

of t he  p e l l e t  have dissolved (AFpendix 11). Examples of t he  var ia t ion of 

these  quan t i t i e s  during the  dissolut ion are given i n  Fig. 20. 

4.1.2 Roughening-Pac Lor Calculations 

The surfaces of t he  p e l l e t s  do not dissolve uniformly, and to deter-  
mine the  ac tua l  time required t o  dissolve the  p e l l e t s  it i s  necessary t o  
know the  var ia t ion  i n  the  actual. surface area as  t he  p e l l e t  dissolves.  

Since we could not measure the  t r u e  surface area of individual  pel-lets 

(see Sec 4.1.8), w e  assumed t h a t  the i n i t i a l  surface of t h e  pe l l e t  
t he  same as i t s  geometric area and t h a t  the dissolut ion r a t e  w a s  constant. 

For  t h i s  reason our calculat ions of t h e  dissolutton time a r e  empirical .  
A roughening f ac to r  (W) o f t h e  p e l l e t  w a s  then calculated by dividing 

t h e  smaunt of mater ia l  dissolved per un i t  of time by the  amount which 
would have dissolved i f  the  surface remined  smooth and t he  rate constant. 

w a s  
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Fig. 20. Surface Area and Radius of Pe l l e t s  While Dissolving: Effect  
of Ratio of Height to Radius. I n i t i a l  radius = 1. 



The increased surface area due t o  roughening decreased the  time required 

f o r  the  p e l l e t s  t o  dissolve.  
as the  integrated roughening f ac to r  and was calculated from the  equation: 

The roughening constant (RC) w a s  defined 

HC = Ro - T i n  7 

RK, and R are the  radii a t  the  i n i t i a l ,  intermediate, and f i n a l  
0' n where R 

times. The ac tua l  t i m e  ( T )  i s  then calculated by using t h i s  roughening 
constant and the  theo re t i ca l  dissolut ion time (t) [ fo r  instance from Eq. 

(1511: 

4.2.1- 

A 

M - xN03 

quired 

A - 1 4 ) .  
varied 

4.2 Total  Dissolution o f  UO Pe l l e t s  
2 

Effect of Excess Acid 

se r i e s  of experiments with 6.9 t o  33 moles of 6 * 2 ,  1.0.3, o r  14.3 
per mole of uranium f a i l e d  t o  show a difference i n  t h e  times re- 
-to dissolve U02 p e l l e t s  f o r  various amounts of excess acid (Table 

with ac id i ty  and averaged 2.61+, 2.82, and 3.36, respectively, f o r  

- 

However, t he  moles of ac id  consumed per mole of uranium dissol-ved 

the  three a c i d i t i e s .  

reaction, the  lower amount of ac id  consumption with the  lower a c i d i t i e s  

may r e f l e c t  only a grea te r  eff ic iency of oxidation and recovery of nitrogen 
oxides i n  the  condenses system during the  longer time. 
dence was reported when dissolving uranium metal, 

Since t h e  solution w a s  exposed t o  air  during the  

A s i m i l a r  depen- 
10 

4.2.2 Variation i n  Surface Area 

I n  experiments with a large excess of acid, t he  roughness of t h e  
surface of t h e  urania p e l l e t s  increased t o  3 t o  5 times the  i n i t i a l  

roughness as the  f irst  half  of t h e  p e l l e t  dissolved, then remained 
f a i r l y  constant from about 50 t o  about go$ dissolut ion.  
go$ had been dissolved, some of t he  p e l l e t s  continued t o  dissolve rapidly, 

When more then 
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while t he  f i n a l  port ions of others  dissolved slowly. The time required 
t o  dissolve 90% w a s  therefore  reasonably reproducible, but t he  t i m e  re-  

quired for complete solut ion could not be predicted.  

The RC f o r  dissolving about 90% of a group OS U02 p e l l e t s  i n  69 10, 

and 14 M HNO- w a s  0.42 f 0.04 (Tables A-15, A-16,  and A - l ' 7 ) 9  with no 
- 3  

s ign i f i can t  var ia t ion  with ac id  concentration (Fig. 21) 

4.2.3 Variation with Source of P e l l e t s  

In  s p i t e  of t h e  wide var ia t ion  i n  t he  I l l J .3 '~  f o r  pe l le t s  of t he  same 
densi ty  but from d i f f e ren t  sources (see Sec 4.1.8), t h e  total dissolution 
t i m e  f o r  a l l  p e l l e t s  of similar composition and densi ty  w a s  very near ly  

t h e  same. 
Davison 11 p e l l e t s  seems t o  be only a surface e f fec t ,  and after a short  

t i m e  t he  d isso lu t ion  rates of these p e l l e t s  and p e l l e t s  from other  sources 
were about t h e  same (Fig. 22, Tables A-18, A-19 ,  A-20, and A - 2 1 )  The 
average rates f o r  dissolving p e l l e t s  from Davison I, Atomics Internat ional ,  

arid United Nuclear i n  14 M IINO were 0.18, 0.14, and 0.17 mg em-* min 
respect ively (Fig. 2 3 ) .  

t o t a l  d i sso lu t ion  (Eq. 15) using the  average rate of 0.1.6 em 
w a s  only 15$. 

The wide discrepancy i n  t h e  I D R ' s  between Davison I and 

-1 , - 3  
The m a x i m  e r r o r  i n  calculat ing t h c  time for  

-2 -1 
min , 

4.3 Tota l  Dissolution of FuQ2 P e l l e t s  

There w a s  very L i t t l e  roughening of a a 0  p e l l e t  (density, 10.3 g/cm 3 ) 
2 

as it dissolved i n  a 14 M HNQ --O.Q5 M HF solut ion.  

p e l l e t  dissolved i n  the  f i rs t  7.5 hr, and 85% dissolved i n  86 h r  (Fig. 24). 
Complete so lu t ion  w a s  not attempted because of t h e  long time required. 

Beating w a s  not continued overnight,but t h e  p e l l e t  remained i n  the  acid.  

A s  a r e su l t ,  t h e  a c t u a l  rate was even lower than indicated.  The IDR, 

based on t h e  calculated surface area of t h e  p e l l e t  (Fig. 25), ind ica tes  

that the re  was p r s c t i c a l l y  no increase i n  the  roughness of t he  p e l l e t  as 
it dissolved (Table A-22). 

observed when dissolving U02 p e l l e t s  i n  n i t r i c  ac id  without f luor ide  (see 

See 4.2.2). 

About 9.5% of the  
c - 3  

!This i s  i n  marked contrast  with the  r e s u l t s  
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Fig. 2’5. Height and Surface Area of a N U . C  Pu02 Pellet While Dis- 
so lv ing .  
height, 0.55 cm; i n i t i a l  radius = 0.335 an.) 

(Assiming constant  d i s s o l u t i o n  rate (me; mine’ anv2); i n i t i a l  
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4.4 Total  Dissolution of Pu02-U0 P e l l e t s  2 

4.4.1 Effect of Fabricat ion Procedure 

The t i m e  f o r  dissolving P u O  -UOp p e l l e t s  and the  IDR's (Sec 4.3.1) 
Only a 

2 
depend upon t h e  method of fabr ica t ion  of t h e  p e l l e t s  (Table 4) .  
l imi ted  var ie ty  of p e l l e t s  w a s  ava i lab le  fo r  our experiments; however, 

some indicat ion of t h e  e f f e c t  of t he  var iables  has been shown. Both 

mechanically blended and coprecipi ta ted p e l l e t s  containing l e s s  than 

20% PuO were completely dissolved i n  a kOO$ stoichiometric excess of 
10 - M HN03. The 2076 Pu02 p e l l e t s  prepared from mechanically blended 

oxides s in te red  a t  1 6 0 0 ~ ~  f o r  16 hr, and p e l l e t s  prepared by coprecipita- 
t i o n  and s in te red  at 13OO0C f o r  2 h r  were not completely dissolved i n  
10 M HNO but were completely dissolved i n  10 M HXO --O.O5 M i n  HF. A 

s i m i l a r  mechanically blended 20% Pu02-UOg p e l l e t  s in te red  f o r  48 h r  at  

1600°C, and 35% Pu02 p e l l e t s  prepared from coprecipi ta ted mater ia ls  
s in t e red  f o r  16 hr a t  16oo0c, were dissolved i n  LO M HNO --0.05 M HI? o r  
i n  14  M HNO without f luor ide  (Fig. 26). 

2 

- - 3  - 3  

- 3  - 
- 3  

I n  t h e  s ingle  case where a d i r e c t  comparison can be made between 

p e l l e t s  prepared by t h e  two methods (5$ Ezt02), t he  p e l l e t  prepared by 
coprecipi ta t ion dissolved slower than t h e  p e l l e t s  prepared from mechani- 
c a l l y  blended oxides (Fig. 27). 
i n  densi ty  obscures t h e  comparison. 

With t h e  17.8% Pu02 p e l l e t s ,  t he  var ia t ion  

A s  had previously been shown i n  t h e  r a t e  s tud ies  (Sec 4.3.2), t h e  
increase i n  plutonium concentration increased t h e  t i m e  f o r  d i sso lu t ion .  
P e l l e t s  prepared by coprecipi ta t ion and containing 0.5, 5.0, and 17.8% 
PuO dissolved i n  60, 240, and 360 min, respect ively i n  14 M IN0 I n  
s p i t e  of t he  lower densi ty  (80% of theo re t i ca l ) ,  t he  p e l l e t  containing 

l7.% Pu02, prepared from mechanically blended powders, required 120 min 
t o  dissolve,  whereas a similar p e l l e t  containing 5% Pu02 (95$ TD) d i s -  
solved i n  80 min. 

2 - 3' 

4.2.2 Preparation of Purex-Type Solvent Extraction Feed Solutions 

The above total  d isso lu t ion  experiments were conducted using a large 
excess of n i t r i c  ac id  so t h a t  t he  a c i d i t y  of the  dissolvent  would not 



Tcble 4. Effect of FKbrication Procedure on Time Reqvired f o r  Total  Dissolution of Pu0 -U02 Pe l l e t s  2 
Pluboniu? Oxide-'Jranltur: b i d e  Sintered Pe l le t s  Prepared by Kmec 

Diameter: 4.6 crn 
Length: -0.6 crn 

hOO$ Stoichiometric Excess of Ni t r ic  Acid 

Time f o r  Total  
B i s s olut ion Per c e n t  Pe l le t  - 

C omp o s i t i ofi Oxide Pres sure Tex-q. Time ?meoretical i n  10 M HNO 
$? PUO, Preparation ( t s i )  ("c)  b-9 Density (mi;) 3 

Pel le t  ing  
Sintering 
N2-5$ H 2  

0.5 
5-0  
5.0 
17.3 
17.8 
20.0 
20.0 
20.0 
35.3 

Coprec i p i t a t  ed" 
Meeh. Blendedb 
C opre c i pit a t  ed 
Nech. Blended 
Coprecipitated 
Mech. Blended 
Mech . Blended 
Cop re c i p i t at  ed 
Coprecipitated 

1600 
1600 

12.7 1630 
13.4 1600 
21.2 1600 

1600 
16.3 1600 
a i .  7 1300 
11.7 1600 

1 
16 
1 
16 
16 
48 
16 
2 

16 

94 
95 
95 
89 
93 
81 
93 
87 
88 

60 
80 

240 
120 
360 
60 
60' 
3oa 
4 j oe  

a 

bMech. Blended: 

only 91% of the 

d 3 n l ~  79% of the  
e Only 85% of t h e  

Coprecipitated: 

C 

RI(GH)~ and (Xi-$ >U 0 conLinuousEy coprecipitated. 
3 7  

Mechanically blended L R I G ~  and U02. 

plutonium dissolved. 
plu-toci?m dissolved. 

p k t  o n i a  dissolved. 
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* S E E  TEXT FOR DESCRIPTION OF PELLETS. 
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Fig. 26. Dissolution of 35% Pu02-U02 in 10 M or l.4 M KNO or in - 3  - 
10 M mo3--o.05 M - HF. 
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vary widely as the  samples dissolved. Processing could be s implif ied 
however if t h e  f u e l  could be dissolved d i r e c t l y  t o  produce a su i tab le  

Purex feed i n  a reasonable time and thereby eliminate t h e  subsequent 

necessi ty  of feed adjustment. For t h i s  study, a solut ion containing 1 .5  
moles of metal (uranium plus  plutonium) i n  3 M KNO w a s  assumed t o  be 

required f o r  P w e x  feed. Several  experiments ( n i t r i c  ac id  without f luor ide)  

resu l ted  i n  a t  l e a s t  95% of t h e  p e l l e t s  dissolving i n  less than 24 h r .  

There w a s  a small amount of residue from these experiments, and it re-  
mained undissolved when the  solut ion w a s  adjusted t o  O..L M - HF and re- 
fluxed an addi t iona l  6 h r .  

t he re  w a s  not a su f f i c i en t  quant i ty  f o r  analysis .  

- 3  

The residue w a s  presmed t o  be PuO but 2' 

Feed-preparation experiments are continuing, but preliminary data 

indica te  t h a t  a Purex feed solut ion may be prepared d i r e c t l y  by dissolving 

n i t r i c  acid-soluble P u O  -UO p e l l e t s .  Additional s tud ies  on a l a rge r  

sca le  need t o  be made of t he  t i m e  required t o  dissolve p e l l e t s  tht  
have varying h i s t o r i e s  and compositions, of the e f f e c t  of f luor ide  on 

dissolving p e l l e t s  not completely soluble i n  n i t r i c  acid, and of t h e  
iden t i f i ca t ion  of t h e  small residue. 

2 2  

4.4*3 Experiments Using cyc l ic  Dissolution Operations 

A s e r i e s  of experiments were made i n  which multiple batches of l 7  
UO p e l l e t s  (1.50 g) ,  were dissolved i n  4.5, 6, o r  10 M KNO A batch 

of p e l l e t s  w a s  added t a  the  boi l ing a c i d  and dissolved for hal f  t he  time 

required t o  dissolve completely. The solut ion was then removed, the  
residue washed, dried, and weighed. The. residue together  with a f r e s h  

batch of p e l l e t s  w a s  added t o  a f r e sh  volume of boi l ing  ac id  and the  cycle 

repeated th ree  times. 

2 - 3 "  

A f t e r  each cycle except the  f irst ,  t he  dissolver  

so lu t ion  contained about 200 g of uranium per l i t e r .  

of t h e  r e s idua l  pieces varied considerably, t he re  w a s  l i t t l e  var ia t ion  
i n  t o t a l  weight of res idua l  "heel ,"  

Although the s i zes  

These experiments i l l u s t r a t e  the  e f f ec t ive  use of a d isso lver  hee l  
t o  shorten the cycle while preparing a reproducible d isso lver  solut ion.  

The t i m e  required f o r  dissolving a given f r a c t i m  of charge w a s  
determined by taking intermediate samples while completely dissolving a 



batch of p e l l e t s .  

t he  .t w a s  2.75, 1.5, and 0.5 hr, respect,ively - approximately in-  

versely proportional t o  the  square of the  ac id i ty .  

For the  three  a c i d i t i e s ,  4.5, 6.0, and 10 M KNO 
- 3’ 

1/2 
About 75$ of the 

p e l l e t s  dissolved i n  t h e  half-t ime a t  any ac id i ty .  

The shape of t he  res idua l  p e l l e t s  after p a r t i a l l y  dissolving varied 
with the  ac id i ty .  

had dissolved more o r  less uniformly from a l l  surfaces. 

HN03, the s ides  of t he  p e l l e t  dissolved f a s t e r  than the  ends; t h e  pel-  

l e t s  f irst  became dwnbel-1-shaped, and f l a t  disks  ( the  end surfaces of 

the cyl inder)  remainder a f t e r  the  rest of the p e l l e t  had dissolved. 

t o  t he  method of pressing, t he  ends of t h c  p e l l e t s  have the  higher density, 
but no explanation has been found f o r  Lhe var ia t ion i n  a t t ack  with ac id i ty .  

With 10 - M HNO 3” the p e l l e t s  were honeycombed, but 

With 4.5 o r  6 M - 

Due 

A solut ion containing about 285 g I J / l  and 80 g Pu/l i n  about 3 M 
HNO w a s  prepared by dissolving 28$ PuO,-UO p e l l e t s  i n  6.4 -- M KN0 3 
p e l l e t s  were prepared by Val leci tos  Atomic laboratory by coprecipi ta t ion.  

They were 0.67 cm long, 0.55 cm diameter, and ranged. from 91 t o  94% OS 

t heo re t i ca l  density.  This solut ion was prepared by a cyc l ic  d i sso lu t ion  

i n  which about 70% of the  p e l l e t s  were dissolved i n  a 6 hr cycle. 
suming 6 M HNC) 

using equations ( ‘ T ) ,  (8), and (15) and Fig.  20 wi ts  27 h r  o r  5 t i m e s  the  

ac tua l  time required,  Due t o  our assumptions, the  t i m e  calculated f o r  

t he  cycle woul-d have been too  short  instead of too  long. This large 

var ia t ion  between the  calculated and experimental times i s  probably due 

-Lo the differences i n  methods for p e l l e t  fabr icat ion,  which have not been 

adequately invest igated i n  ‘chis program. The time required f o r  the d i s -  

solut ion m y  be estimated by a s ingle  1-aboratory experinent involving the  
complete d isso lu t ion  

time f o r  t he  dissolut ion.  By t h i s  method, t he  time f o r  t h e  cycle w a s  

predicted t o  within 30 min of .the tinie required. T imes  f o r  dissolut ion 

i n  other reagents or  of simil.arly prepared p e l l e t s  of other compositions 

could have s imi la r ly  been accurately calculated.  

These 3 2 2  

As- 

and an average density, the time f o r  t he  cycle calculated - 3’ 

of a smll group o f  p e l l e t s  t o  determine the  half 



4.4.4 Dissolution of I r rad ia ted  P e l l e t s  

The r a t e  of dissolut ion i n  n i t r i c  ac id  of irradiated,swaged o r  pel- 
l e t i z e d  20% mo2--80$ U02 were about a f ac to r  of f i v e  grea te r  than those 

of unirradiated 20$ PuO --80$ U02 evaluated i n  t h i s  report .  Dissolution 
of both the  uranium and plutonium w a s  e s sen t i a l ly  complete i n  3 h r  i n  

5 _M HNOj, but the  uranium dissolved more rapidly than t h e  plutonium dur- 

ing the f i rs t  pa r t  of the  dissolut ion.  

2 

The irradiated &IO -UO used i n  these experiments was obtained from 
2 1 2  Vallecitos Atomic Laboratory. The mixed oxide was prepared. by co- 

prec ip i ta t ion  and was e i t h e r  swaged i n t o  s t a in l e s s  steel  tubes t o  -75$ of 

theo re t i ca l  density o r  w a s  pe l le t ized  t o  a densi ty  -95% of theo re t i ca l  

and then loaded i n t o  s t a i n l e s s  &eel  tubes. During i r rad ia t ion ,  t o  burn- 
ups as high as 100,000 pjtwd/metric ton, voids were formed i n  the  centers 

of most specimens with an attendent increase i n  density of t he  oxide t o  
80 t o  9% of t h e  theo re t i ca l .  A f t e r  the i r r ad ia t ed  tubes had been segment- 

ed and examined a t  Vallecitos, they were shipped t o  ORNL where they were 
used i n  dissolut ion experiments by J. H. Goode and co-workers. 13 

The i n i t i a l  rate of dissolut ion of 20% P”02-UOe i n  10 M HNO was 
-2 -1 - 3  

estimated t o  be about 1 mg cm min from experiments using unirradiated 
P u O  -U02 p e l l e t s  (-93% of theo re t i ca l  densi ty)  prepared by Nuclear 

Materials and Equipment Corporation. More recent experiments wi th  un- 

i r r ad ia t ed  28% Pu02-UO 

solut ion rate of -3 mg cm rnin 

2 

p e l l e t s  prepared a t  Val leci tos  indicated a dis- 

The rate of dissolut ion -2 -1 i n  6 - M HNO,. 
J 

of t h e  i r r ad ia t ed  2076 PUO~--RO% U02 was so much faster than estimated t h a t  
the  sampling schedule during the first several  experiments did not r e su l t  

i n  enough analyses t o  allow calculat ion of t he  i n i t i a l  dissolut ion r a t e .  
Four subsequent experiments were conducted, th ree  with 5 M KNO and one 

- 3  
with 3 - M HNO 3 9  a l l  without f luoride,  i n  which an estimate of the  i n i t i a l  

r a t e  of dissolut ion of t h e  i r r ad ia t ed  oxides w a s  obtained. I n  two ex- 

periments t he  s t a in l e s s  s t e e l  c lad w a s  dissolved i n  su l fu r i c  acid.  I n  
t h e  other two experiments the oxide was leached from the elad. 

There w a s  considerable s c a t t e r  i n  the data, but i n  each experiment 
the first samples of the  solut ion contained a r a t i o  U/m using 5 M HNO 

- 3  



of about l0,whereao the  mixed oxide w a s  cs lculated t o  conLrzin a r a t i o  
of about 6.6 af2;er i r r ad ia t ion ,  
of t he  solut ion w a s  between 5 and 6.6. 
the  d.issolution d id  not contain a s ign i f icant  portion of t he  plutoniuni or  
uranium. The r a t e  of d i sso lu t ion  of the i r r ad ia t ed  oxi-de w a s  g rea te r  

than t h a t  obtained with unirradiated P u O  -UO The experiment t h a t  gave 
t h e  most e a s i l y  in te rpre tab le  r e s u l t s  consisted of the  decladding then 

the  dissolut ion i n  5 M HPJO of two I30 -UO p e l l e t s  and one ?J02 p e l l e t  

(V-3-P) 
p e l l e t  was dissolved i n  a separate experiment and therefore  acted as a 

control .  A l l  three p e l l e t s  dissol.ved a t  a r a t e  of about 25 mg em min . 
If t he  p e l l e t s  were o f  t he  same percent of theoretical .  density, these 
r e s u l t s  a r e  i n  marked contrast  to those obtained e a r l i e r '  where p e l l e t s  

containing PuC) 

previous experiments, unirradiated UO 

dissolved a t  a r a t e  of about LO mg crn min 

A-% t h e  end of the  dissolut ion the  r a t i o  
The s m a l l  residue :zt the  end of 

2 2- 

* - 3  2 2  
which had been i r r ad ia t ed  t o  54,400 Mwd/rnetric ton.  The U02 

-2 - 1. 

3 

dissolved much more slowly than U02 pe l l e t s .  I n  the 
2 

p e l l e t s  (939 of t h e o r e t i c a l  densi ty)  
i n  bo i l ing  4.5 M _.I HNO 3 22 - 3. 

The other three experiments consisted of the  dissolut ion of swaged * 
oxi.des, I n  one experiment ( IV- l+-S) ,  t he  oxide w a s  declad. then dissolved 

i n  5 M HNO The declad oxide cylinder had a void through the center  

and consisted o f  3 I-arge and several  small pieces and some powder. A s -  

suming t h a t  t he  surface area w a s  the  same a s  t h a t  of th ree  r igh t  cylinders 
having a t o t a l  I.ength of the  o r ig ina l  swaged. oxide, the dissolut ion r a t e  

would have been -8 mg cm m i n  . The t h i r d  experiment (V-1-S)  consisted 
of leaching swaged oxide from two segments of tubing with 5 M HI\TO, . 
The surface o f  the  void was very i r r egu la r  as shown i n  a photograph; 
therefore,  t he  rake of dissnl.ution per un i t  of area could not be de te r -  

mined. 
considering the  surface exposed a f t e r  sectioning the  capsule I Thfs r a t e  

corresponds t o  a dissolut ion r a t e  of 7 mg cin min based on exposure of 
both inside and outside surfaces of the  oxide i f  t he  surfaces were smooth. 

I n  a similar experiment using 3.5 M - Kilo 
a t  r a t e s  of 35 mg/min, or  6 mg cm min on a s i m i l a r  ba s i s ,  

- 3' 

-2 -1 ?c 

-- 3 

The oxide dissolved a t  a r a t e  of 28 mg/mFn,which w a s  very fast  

-2 -1 

x 
(VTIP-I.-S) , the  oxi-de dissolved 

-2 31 

* 
Xefer t o  experiment numbers i n  reference 13. 
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The d a t a  from these experiments are not adequate fo r  dissolut ion-  

rate determinations,but t h e  experiments demonstrated rapid and es- 

s e n t i a l l y  complete dissolut ion of i r r ad ia t ed  FuO -UO 

ac id  without f luor ide  and under conditions similar t o  those expected i n  

a f u e l  processing p lan t .  

i n  d i l u t e  n i t r i c  
2 2  

4.4.5 Recommendations f o r  a Commercial Faci l i ty:  

The data i n  t h i s  report  ind ica te  t h a t  t h e  best dissolverit f o r  I>u02- 

UO p e l l e t s  i n  a commercial processing f a c i l i t y  would be a mixture of 

n i t r i c  and hydrofluoric acids .  
2 

Some PUO -U02 p e l l e t s  containing as much as 35% 1”u02 could be com- 
2 

p l e t e l y  dissolved i n  n i t r i c  acid alone; however, with other p e l l e t s  under 
similar conditions,a plutonium-rich residue remained i n  the  dissolver,  

and it dissolved very slowly i n  n i t r i c  acid.  

hazardous i n  a commercial operation since it may be d i f f i c u l t  t o  detect  
and m i g h t  accumulate i n  t h e  dissolver  vessel or  waste tanks.  This 

residue seems to be associated with lower temperature and shorter  t i m e s  

i n  t he  f i r i n g  of t h e  p e l l e t s  and i s  more l i k e l y  t o  occur as the  con- 

Such a residue would be 

cent ra t ion  of plutonium i n  the  p e l l e t  increases o r  when the p e l l e t s  a re  
made with mechanically blended oxides ra ther  than w i t h  coprecipitated 

materials. Fabrication conditions could qui te  l i k e l y  be found which 

would ensure t h a t  t h e  p e l l e t s  are completely soluble i n  n i t r i c  acid, 

but such p e l l e t s  are not required f o r  the  reactor .  The cost of a d is -  

solver 

would probably be more economical than ensuring t h a t  a l l  p e l l c t s  are i n  
s o l i d  solution. 

designed t o  accommodate the n i t r i c  acid-hydrofluoric acid mixture 
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The t ab le s  which are necessary t o  subs tan t ia te  t he  conclusions of 
this report  but which are not required f o r  t h e  understanding of t he  nar- 
r a t ion  have been included as an appendix. 

6 .  APPENDIX I 

6.1 Tables of Data 



Table A-1. Dissolution Rates o f  U02 Pe l l e t s  i n  N i t r i c  Acid 

Pel1e.i; Density: 10.3 2 0.1 g/cm3 

Instantaneous 

mng U02 cm min 
Dissolutio Rate k 

Boiling -9 -1 P e l l e t  HN03 
Conc. Point __ D i  s s OS ved -_I-.____ 

( E )  ("c) Physical Cherni c a l  Physical Chemical 

2.0 
2.0 
2.0 
2-0 
4.0 
4 .O 
4.0 
6.0 
6.0 
6.0 
8.0 
8 ,o  
8.0 
10.0 
10.0 
10.0 
12.0 
1.2 " 0 
12.0 
1-4 a 0 
lb. 0 
14.0 
1.5.6 
15.6 
1.5.6 

100.3 
100.5 
102 - 0 
1.02.0 
104 * 0 
1.04.0 
104.0 
106.5 
106.0 
1.06. o 
110.5 
110.0 
1-10.0 

113.5 
--- 

1-13 e 5 
118.0 
1.1.7.5 
118 0 
119.0 
119 I 0 
119.0 
1.18.5 
118 5 
120.0 

0.81 
1.08 
0.88 
0.84 
3.70 
4.23 
4.29 
9.95 
11.41 
9.79 

1.6.89 
12 92 
15.14 
23 9 57 
34 46 
25.09 
49.00 
47.09 
38 20 
59.36 
I-cg.56 
62 11 

49.70 
64 - 81 

70 29 

0.80 
1. Olc 
0.87 
0.82 
3.50 
3.67 
3.84 
9 . O47 

10.18 
8.82 

15.56 
11.. 42 
13-31  
22.22 
31.07 
22.82 
11 4.15 
42 36 
33.06 
l b 5  ' 95 
41.35 

58.39 
41.37 
50.95 

1.~5. 30 

0.8 
1.1 
0.9 
0.8 
0.9 
1.0 
1.0 
2.4 
2.8 
2 s 4 
2 .5  

1 . 3  
2 - 2  

2.3 
2-6 
1.8 
2*4 
2'.3 
1.8 
1 . 5  
1.2 
1 . 5  
1 .7  
I. * 2 
l . 6  

0.8 
1.0 
0,8 
0.8 
0.9 
0.9 
0.9 
2.2 
2,5  
2.1 
2.3 
1.1 
2.0 
2.2 
2.3 
J- . 7 
2.2 
2 . 1  
1.6 
1.1 
1.0 
1.1 
1.4  
1.0 
1 .2 
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Table A-2 .  Dissolution Rates of U02 P e l l e t s  i n  Nitric Acid-Hydrofluoric Acid 

?’ellet k n s i t y :  10.3 ?: 0.1 g/cm? 

instantaneous Dissolut ion Xat c‘ 
Concentration (H) mg UO, cm-2 min-1 

m0, €IF Physical Shemical 

2.0 
2.0 
2.0 
6.0 
6.0 
6.0 

10.0 
10.0 
10.0 
14.0 
14.0 
114 .0 
2.0 
2.0 
2.0 
6.0 
6.0 
6.0 

10.0 
10.0 
10.0 
14.0 
14.0 
14.0 
2.0 
2.0 
2.c 
2.0 
2.0 
3.0 
3.0 
3.0 
6.0 
6.0 
6.0 
6.0 
6 .0  
10.13 
10.0 
10.0 
14,0 
14.0 
14.0 
14.0 
14.0 
14.0 
14.0 
14.0 

2.0 
2.0 
2.c  
6 .0  
6.0 
6.0 

10.0 
10.0 
10.0 
14.0 
14.0 
14.0 
2.0 
2.0 
6.0 
6.0 

10.0 
10.0 
14.0 
14.0 
2.0 
2.0 
6.0 
6.0 
6.0 
10.0 
10.0 

0.G05 
0.~05 
0.005 
0.005 
0.005 
0.005 
0.005 

0.005 
0.005 
0.005 
0 . 0 0 ~  
0.01 
0.C1 
0.01 
0 .01  
‘> .03. 
0.01 
0.01 
0.01 
0.01. 
0.01 
0.01. 
0.01. 

0.005 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.0.5 
0.05 
0.05 

0.0.5 
0.05 
0.05 
0.05 

0.05 

0.0:; 

0.05 

0 .1  
0.1 
0.1. 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.5 
0.5 
0.5 
0 .5  
0.5 
G.5 
0.5 
0.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1..5 
1.5 

0.53 
0.46 
0.45 
5.52 
6.13 
6.00 
17.96 
23.97 
17.19 
46.09 
36.06 
43.72 

0.43 
o .64. 
0.61 
5. ‘io 
6.33 
6.40 
15.74 
16. Ir3 
19-33 
31.66 
3,3.67 
40.38 
1.02 
1.53 
1.30 
1.08 
1.16 
‘2.37 
2.66 

7.65 
4.48 
4.36 
4.57 
4. ‘711 

12.94 
13.22 
12.06 
27.3 5 
28”  3‘1 
28. %% 
23 * 23 
24. c4 
25. ‘12 
25.02 
25.03 
1.86 
2.10 
1 .@1 
5.4Y 
6.49 
6.70 
IO. 22 
13.63 
12.15 
25.74 
20.77 

0.81 

4.63 
3.77 

12.51. 
12.07 
30.45 
32.1.6 
s.29 
0.85 
7 ,  LL 
6.66 
5.93 

14.05 
10.03 

2.48 

22. a4 

0.87 

0.52 
0.44 
0.44 
5.57 
5,5 
5.91 

16.12 
23,06 
16.33 
41.26 
32-37 
34.55 
0.41 
0.63 
0.58 
5.36 
5 . ‘76 
5.12 

14 I 40 
14.14 
19.76 
27.09 
33.80 
36.92 
1.02 
1.k6 
1.26 
1"1t 
1.20 
2.53 
P.65 
2.511- 
‘7.22 
4.42 
4.05 
5.39 
5.81 
1.1.22 
11,80 
9.93 

25.47 
25.54 
25. 39 
20.40 
22.06 
23.08 
22.74 
22.91 
1.79 
2.10 
1.90 
5. j 2  
6 . 3 j  
13 

9.79 
13,06 
~ 0 . a ~  
2b.48 
15.73 
20.71 

0.87 
0.54 
4.57 
3.73 

11. jo 
11.42 
27.77 
28. 0 j  
l . W  
0.76 
8.10 
6 . a  
5.99 

13.73 
9.32 
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Table A-3 .  Dissolution Rates o f  U02 Pel lcLs i n  N i t r i c  Acid 
Containing 1iydrofluori.c Acid and AI.iminum Ni t r a t e  

R ~ / F  mo2.e r a t i o  = 3 
P e l l e t  Density: 10.3 * 0.1 g/cm 3 

~ -I.-___ .__. 

I n  s t  a n t  ane ous 
D i  s solu'c iori Rate 

(mg UO? cm-2 min-1) 
Boiling 

Concent rat ion (M) Point 
D -.- .... .- 

HMO, HF A1 ("c)  Physical Chemical 

2.0 
2.0 
2"O 
6.0 
6.0 
6.0 
10.0 
10.0 
10.0 
14.0 
l l c  . 0 
llc.0 

2.0 
2.0 
2.0 
6.0 
6.0 
6.0 

10.0 
10.0 
10.0 
14.0 
I)+. 0 
14 .0  
2.0 
2.0 
2.0 
6.0 
6.0 
6.0 
10.0 
10.0 
10.0 
14.0 
14.0 
14.0 
2.0 
2.0 
2.0 

0.005 
0.005 
0.005 
0.005 
0.005 
0,005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 

0.1 
0.1 
0.1 

0.015 
0.015 
0.015 
0.015 
0.015 
0.015 
0.015 
0.015 
0.015 
0.015 
0.015 
0.015 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.3 
0.3 
0.3 

102.0 
102.0 
102.0 
108.0 
108.0 
108.0 
11.5 * 0 
114 a 5 
114.5 
118 I 0 
118.0 
118.0 

102.0 
102.0 
102.0 
108 I 0 
108.0 
108.0 
114.0 
114 IO 
114.6 
119.0 
119.0 
119 3 0 

102.0 
102.0 
102.0 
108.5 
1.08.5 
109. 0 
115.0 
115.0 
115.0 
118.0 
r1a. 0 
118.5 
102.5 
102 * 5 
102.5 

1.25 
0. 7?( 
0.95 
10 39 
6.81 
9.05 

29.05 
25.08 
26.97 
58.21 
'70.02 
56.56 
1.05 
1.23 

10.54 
8.51 

11.62 

1.42 

34.80 

19.97 
68.89 
56. (4 
57 16 

1.03 
1.28 
9.08 
9.50 

13 09 
24 /* 93 
25.70 
23.11 
,(2" 12 
88.59 
60.74 

1.85 
1- 57 
1.60 

27.30 

1.46 

1.18 
0.74 
0.93 
9.97 
6.43 
8.25 

27.26 
22.79 

49.94 
56.93 

0.97 
1.17 
1.36 
9.93 
7.94 

10.75 

23. as 

51.13 

31.24 
24.89 
17.84 
58.44 
47.95 
48.91 

1.43 

1.24 
1.08 

8.98 
9.36 

12.87 
23.36 
23.85 
21.55 
65.02 
80.92 
53.36 
1.84 
1.56 
1.. 59 
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Table A-3. Dissolution Rates of U02 P e l l e t s  i n  N i t r i c  Acid 
Containing Hydrofluoric Acid and Aluminum Ni t r a t e  

(Continued) 

Instantaneous 
Boiling Dissolution Rate 

Phy s i ca 1 
Concentration (M) Point (m@; UO? cm-2 min-1) 

6.0 0.1 0.3 log. 0 12-33 12.05 
6.0 0 .1  0.3 109.0 15.28 15.00 
6 .o 0 .1  0.3 109.5 9*92 9.74 

10.0 0.1 0.3 116.0 24.99 24.13 
10.0 0 . 1  0.3 116.0 34.26 33.26 
10.0 0 .1  0.3 116.0 35 53 33.61 

14.0 0.1 0.3 --e 73 95 67 99 
14.0 0.1 0.3 --- 63 -23 55 60 

Chemical HF A1 ("a m03 

14.0 0 .1  0.3 118.5 73 * 12 71 * 13 

Table A-4. Dissolution Rates of U02 Pel le t s  i n  N i t r i c  Acid 
Containing 0.3 M A ~ ( N O  ) 

3 3  I 

P e l l e t  Density: 10.3 f 0.1 g/cm3 

Instantaneous 
Disso lu t i  n R a t  

Boiling (mg uo2 cm-2 mLn-5) 
Point 

m03 Conc. 
( E )  ("(3 Physical Chemical 

2.0 102.5 2.02 1.87 
2.0 102.5 1.89 1-77  
6.0 109.0 14.38 13.81 
6.0 109.5 8.75 8.05 

10.0 116.0 36.60 35-60 

10.0 116. o 44.68 39.99 

13.3 119.5 59.M 52 * 35 
13 - 3  120.0 46.48 44 77 

10.0 116.0 26.09 24.25 

13.3 119.5 60.80 50.14 
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Tab1.e A-5. Dissol-u-kian Rates of U02 Pellets i n  N i t r i c  A c i d  
Containing Sodium or Lithium Nitrate  
Pellet Density: 10.3 k 0.1 g/cm 3 

Concentration (M) 
HNO, MaNO, LiNO, 

Instantaneous 
D i  s sol.ut ion Eate boi l ing 

Point  (prig U O ~ _ ~ - ~  -I min-1) 
("a Phy s i c a1 Chemical 

2.0 
2.0 
2.0 
6.0 
6.0 
6.0 

1.0.0 
10.0 
10.0 
13.0 
13 .o 
13 .o 
2.0 
2.0 
2 .0  
2.0 
2.0 
6.0 
6.0 
6 .o 
6.0 
10.0 
10.0 
10,o 
13 .o 
13 .o 
13.0 

2.0 
2.0 
2.0 
2.0 
2 .o 
2.0 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
--- 

- - -  
2.0 
2.0 
2.0 
2.0 

2.0 
2.0 

-I- 

--- 
--- 
-en 

--- 
I-- 

--- 
I- * 0 
1.0 
1.0 

--... 
2.0 
2.0 
2 " 0  
2.0 
2.0 
2.0 
2.0 
2.0 
4.0 
4.0 
h . 0  
8.0 
8.0 
8-0 

103.0 
103 "0 
103.0 
1.08.5 
108.5 
109. 0 
116.0 
116.0 
116.0 
119.5 
119.5 
119.5 
J-04.0 
104.0 
1014. 0 
104 e 0 
105.0 
I-XJ.. . 0 
111.0 
112.0 
112.0 
118.0 
118 I 0 
118.0 
120 * 0 
1.21. . 0 
120 " 0 
109.0 
1-09. o 
109.0 
119.0 
119.0 
I. 1-9.0 

1.86 
~ 2 7  
1.61 
1.2 * 31 
14.55 
11.40 
21*10 
30 69 
39 18 
55.47 
52.65 
36.84 
2.63 
2.61 
2.89 
p.73 
2.7'( 
16.08 
16.53 
1h.' ( j  
1h.16 
43 * 55 
51-25 
33.86 
69.99 
68.01 
72.85 
9.68 
7.92 
7.59 

39-19 
38.20 
40.18 

~ 

1.81 
2.16 
1.52 

12.03 
14 * 97 
10.97 
20 - 53 
29.83 
25-90 
49.78 
47 e 2 1  
34 53 
2.63 
2*61 
2 a 70 
2.56 
2.80 
15 a 29 
16.53 
14.16 
13.60 
42 e 14 
49 e 12 
54 43 
63 97 
63 e 20 
69.14 

6.92 
7.97 
7.54 

38.34 
37.49 
39-30 
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Table A-6. Dissolution Rates of U02 P e l l e t s  i n  N i t r i c  Acid 
Containing Uranyl Nitrate 

Pe l l e t  Density: 10.3 0.1 g/cm 3 

Instantaneous 
UO,(N03)2 Boiling Dissolution Rate 

Conc . Point (mg U O ~  cm-2 min-1) m03 Conc . 
(E) (E) ("c) Physical 

2.0 
2.0 
2.0 
3.4 
3.4 
3.4 
6.0 
6.0 
6.0 
12.0 
12.0 
12.0 
2.0 
2.0 
2.0 
4.0 
4.0 
4.0 
7.0 
7.0 
7.0 
12.0 
12 .o 
12.0 

101.0 
102.0 
101.0 
105.0 
1og.o 
105.0 
109.0 
109.0 
log. 0 
118.0 
118.0 
118.0 
106 .o 
106.0 
106.0 
log * 0 
109.0 
109.0 
114.0 
115.0 
114.0 
121.0 
121.0 
121.0 

1.40 
1.40 
1.74 
3.85 
3.79 
2.71 
14.63 
6.77 
9.84 
31.86 
33.48 
44.66 

3 e65 
4.37 
3 -37 
7.99 
9.20 
6.90 
19.57 
19-34 
13.85 
64.78 
62.27 
87 67 
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Table A-'7. D i s s o l i ~ t i o n  Rates of U02 P e l l e t s  i n  N i t r i c  Acid 
Containing Sodium Ni t r i t e  

3 P e l l e t  Density:  10.3 .I. 0.1 g/cm 

I n s  t antane ous 
H N O j  NaN02  Boi l ing Dissolution Rate 
Cone. Cone. Point  (mg TJO? cia-2 min-1) 

( E )  (5) ("a Physical Chemical 

2.0 
2.0 
2.0 
6.0 
6.0 
6.0 

10.0 
10.0 
10.0 
14.0 
14.0 
14.0 
2.0 
2.0 
2.0 
6.0 
6.0 
6.0 

10.0 
10.0 
10.0 
14.0 
14.0 
1-4 a 0 

0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

102 I0 
102 a 5 
102.0 
108 a 0 
108.0 
108.0 
114.5 
l14.0 
114 e 0 
119.0 
119.0 
1-19 (. 0 
102.0 
102.0 
1.02.0 
107 * 5 
107.5 
108.0 
114.0 
1.14.0 
114.0 
1.19.0 
119.0 
119.0 

0.98 
1.04 
0.78 
9.09 
9.40 
10.47 
18.13 
21.46 
21.90 
45.35 
71 - 93 
52. I1 
1.14 
0.93 
0.82 
6.76 

8.38 
18.16 
19.13 
22.22 
55.94 
50.26 
80.35 

7.64 

0.93 
1.00 
0 .74- 
9.75 
3.51 

10.38 
1.7.56 
20.1-8 
23 03 
113. og 
62.46 
50.69 
1.1-3 
0.94 
0.82 
6 . '71- 
'7.26 
7.86 

18.02 
25 e 93 
23-07 

44.33 
73.00 
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Table A-8. Dissolution Rates of UO2 Pellets: Variation with 
Fabricator and Density 

I__ 

o/u Ins t  a n t  ane ous 
P e l l e t  B u l k  HNO3 Dissolution R a t e  Ratio 

Density, Density Cone. .___I (m@; u02 cm-2 min'l) i n  
Fabricator (4 of Theo.) (g/c&) (M) - Physical Chemic= Pe l le t  -- 

NUMEC 
NUMEC 
N W C  
Davison (I) 
Davison (I) 
Davison (I) 
Davison (I) 
Davison (11) 
Davison (11) 
United Nuclear 
United Nuclear 
United Nuclear 
United Nuclear 
Atomics Int '1. 
Atomics I n t  '1. 
Westinghouse 
Westinghouse 
West inghouse 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
Davison (11) 
Davison (11) 
NUMEC 
NUMEC 
NUMf2C 
United Nuclear 
Atomics Int  '1. 

94.6 
955.8 
96.2 
93 .6f-o. 9 
93.6k0.9 
93.6ko. 9 
93.620.9 
93 -6 
94.3 
93.6 
93.6 
93.6 
93.6 
94.0 
93 -8 
93 -0  
93.1 
94.3 
94.0 
91.1 
93.0 
85.0 
83.8 
83.7 
71.8 
68.7 
70.2 
86.7 
91.8 
96.9 
96.5 
97.3 
81.6 
89.6 
91.2 

96.0 
96.4 
95.4 
91.1 
93 *2 
92.5 
9547 
94.8 
94.2 
93.6 
93 *6 

84.9 

10.41 
10.54 
10.58 
10.3+0. I 
10.3*0.1 
10.3~0.1 
10.3 20.1 
10.30 
10 * 37 
10.30 
10.30 
10.30 
10.31 

io. 32 
10.23 
10.24 
10.37 
10.34 
10.02 
10.23 
9.35 
9.22 
9.23. 
7.90 
7.56 
7.72 
9-54 
10. LO 
10.66 
10.62 
10.70 
8.98 
9*8f, 
9.81 
9.34 
10.56 

10.34 

10.60 
10.49 
10.02 
10.25 
10.17 
10.53 
10.43 
10.36 
10.30 
10.30 

6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 

6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6 .o 

6.0 
6.0 
6.0 

6.0 
6.0 
6.0 
6.0 

6.0 
6.0 
6 .o 
6.0 
6.0 
6.0 
6.0 
6 .o 
6.0 
4.0 
10.0 
14 .O 
14.0 
14.0 
14.0 
14.0 

6.0 

6.0 

6 .O 

6 .O 

1.64 
1.38 
2.77 
9.70 
9.96 
11.41 
9-79 
54 53 
48.60 
2.68 
5.89 
6.64 
4.13 
2.93 
1.89 
1.21 
1.37 
0.76 
7.02 
0.72 
0.26 
14 99 

10.64 
36.22 

31.60 
4.73 
1.35 
0.09 

1-39 
0.32 
2.05 
3.01 
1.57 
10.25 
7.63 

1.78 
0.68 

10.59 

46.29 

1.84 

--- 
--- 
--- 
--- 
--- 
--- 
--- 

3 .42 
1.26 
2.77 
9.27 
9.07 

lo. 18 
8.82 
50.1 

3.76 
6.09 
6.44 
4.20 
2.81 
2.02 
1.00 
1.31 
0.66 
6.67 
0.70 
0.31 

11.8 

25.1 

46.2 

13.9 

10.4 

--- 
36.4 
4.40 
1.31 
0.18 
1.43 
0.25 
2-73 
3 -09 
1.52 
8.33 
7.26 
1-73 
1.76 
1.62 
26.1 

14.6 

10.5 

162. 

13.3 

24.8 
14.9 

2.001 
2.001 
2.001 
2.001 
2.001 
2.001 
2.001 
2.006 
2.006 
2 002 
2 002 
2.002 
2.002 
2.001 
2.001 
2 IO01 
2.001 
2.001 
2.1244 
2.0555 

2.0237 
2.0400 
2.0400 

--- 

2.0900 
--- 
--- 
--- 
--- 
--- 
--- 
- - -  
2.0364 

2 0375 
2.2200 

2.1700 

2 e 0555 

--- 

--- 
--- 
--- 
--- 
--- 
--- 
..-- 
--- --- 
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Table A-9, Dissolution Hates of Pu02 Pell .ets in Mit,ric Acid, 
Hydrofluoric Acid, and Aluminum Nitrate  

P e l l e t  Density: 10.3 ?: 0.1 g/cm3 

Instantaneous 

14.0 
10.0 
-[ .o 
7.0 
10.0 
14.0 
7.0 

14.0 
7.0 

10.0 
14.0 
7 .0 

10.0 
14.0 
7.0 
10.0 
14 . 0 
7.0  
14.0 
10.0 
7.0 
14.0 
10.0 
7.0 
14.0 
10.0 
7.0 
14.0 
10.0 
7.0 
14.0 
10.0 
7.0 
10.0 
10.0 

- - -  
- - I  

I-- 

0.005 
0,005 
0.005 
0.005 
0.005 
0.01 
0.OJ- 
0.01 
0.01 
0.01 
O*OI 
0.05 
0.05 
0.05 
0.05 
0.1 
0.3.. 
0.1 
0.005 
0.005 
0.005 
0 s 01- 
0.01 
0.01 
0.05 
0.05 
0.05 
0.1 
0.1 
0.1 
0.1 
0.1 

- - -  
0.015 
0.015 
0.015 
0.03 
0.03 
0.03 
0.15 
0.15 
0.15 
0.3 
0.3 
0.3 
0.1 
0.2 

4.38 10-3 
L O 3  10-3 

1.72 x 10-3 
3.88 10-3 

1.05 x 10-2 
2.68 x io- 
4.31 x 101; 
1.13 x 10 
6.33 x lo-* 
2.84 10-3 
9.75 x 
6.07 x bom2 
3.86 x IO-* 

4.03 x 10-l- 

2.53 x loaLk 

2.83 x 

3..Ib x 10-1 

3.71 x 10-2 
1.. 49 
2.65 x x0-l  
9.16 x 
5.35 10-3 
1.40 10-3 
3.54 
9.82 10-3 
1.74 x 10-2 
4.42 x 1012 
1.50 x 10 
2.74 10-3 
6.80 x 10-4 
1.67 x 
1-k.05 x lo-; 
9.09 x 10- 
6.58 10-3 
4.67 10-3 



Table A-10. Dissolution Rates O f  Pu02 P e l l e t s  i n  Ni t r i c  Acid 
Containing C e r i c  Ammonium N i t r a t e  

P e l l e t  Density: 10.3 4 0.1 g/cm 3 

HN03 C e  (rv) 

(_MI (E) 
Conc. Conc. 

2 .O 0.5 
2.0 0.5 
2.0 0.1 
2.0 0.1 
2.0 0.01 
2.0 0 .OL 
7.0 0.1 
7.0 0.1 
7.0 0.1 
7-0 0.05 
7.0 0.05 
7-0 0.01 
7.0 0.01 
7.0 0.005 
7.0 0.005 
7.0 0.005 
7.0 0.001 
7.0 0.001 
7.0 0.001 
7.0 0.0005 
' I  10 0.0005 
10 .o 0.1 
10 .o 0.1 
10.0 0.01 
10.G 0.01 
14.0 0.1 
14.0 0.1 
14.0 0.01 
14.0 0.01 

14.0 ...-.. 
7.0 
10.0 --- 

Instantaneous 
Disso lu t io  Rate 

(mg puo2 cm-3 m i n - 1 )  

3.72 x 10:; 

1.55 x lom2 
2.73 x lo-* 

2.C3 x io 

9.89 10-3 
3.56 x 10-3 
9.09 10-3 
1.08 x io-2 
7.78 10-3 

4.42 10-3 
1.17 x 10-3 
6.16 10-4 

7.86 x 10'~ 

5.58 x 
5.62 x 10-t 

4 6.39 x 10- 

4 8.15 x 10- 

4 3.58 x io- 
3.51  x lo-,+ 
3.67 x 
6.07 x LO- 
1.32 X 
4.96 10-3 
1.13 10-3 
1.26 x 10-3 
1.75 10-3 
4.48 10-3 
1.11 10-3 
1.29 x 10-3 4 3.00 x 10- 
9.24 10-4 
2.33 10-3 
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Table A - 1 1 .  Dissolution Rates of Pu02 Pellets i n  Nitric Acid 
Containing Ozone 

pe l l e t  ~ e n s i t y :  10.3 0: 0.1 g/cm3 
- Addition of 6$ Lnstantaneous HNO 

C o d .  03 Flow Rate Dissolut ion Rate 
(N 1 ( c f 4  (mg cm-2 min-1) 

2.0 0.04 7.23 x 
0.04 8.36 10-4 4 2.c) 

7.0 0.01. 5.23 x 10- 
7 .0  0.01 1.51 x 10-4 
‘9.0 0.02 5-23 x lo-’’ 
7 .0  0.02 l .6b  x lo-’’ 
7.0 0.04 2.37 x lo-” 

0.04 2*12 x 10-4 4 7.0 
7.0 0.06 4.93 x lo- 

0.06 1.82 x lom4 ‘I.0 
7.0 0-08 5.63 10-4 
7.0 0.08 4.6‘1 x  IO-'^ 
7.0 0.10 6.69 x looJ4 
7.0 0.14 2.89 x LO-’-’ 
7.0 0.14 l.el0 

10.0 0.04 1.37 10-3 
116.0 0.04 3.75 10-3 
14.0 0.04 4-36 10-3 

---. 

^___. --.-_I 
_I .---_ 

Table A-12. Dissolution Rates of LPu02 P e l l e t s  i n  Nitri .c and 
Hydrochloric Acids 

Pellet ~ensity: 10.3 1 0.1 g/cm 3 
.-. . ..- - I ~  

lnstantane QUS 
D i s solution Rate -_I__- Concentration (M) 

H C 1  (mg ern-* min-1.) 
_.- 3 HNO 

-_ 

5 
6 
‘7 

10 

2 
5 
3 
2 
1 
0.5 
0.1 
2 
2 
2 

5.03 x 10e4 4 
J-c.67 x 10- 

8.36 x 10- 
4.06 10-4 
3.24 10-4 
2.27 x lo-! 

5.10 x 10-l’ 4 

1.15 x 10-3 
7.2’7 x lo-! 
4.57 x 10-4 



Table A-13. Effect  of Density on the  Rates of Dissolution of 
1u02 P e l l e t s  i n  14 M IIPJO - 3  

Instantaneous 
P e l l e t  Density Dissolution Rate 

(@;/em39 (4  of Theo.) (mg puo2 em-2 min-1) 

9.34 81.6 5.53 x 10’2 

10.14 88.6 1.94 10-3 
10.22 89.3 5.71 10-3 
10.33 90.3 4.38 10-3 
10 * 33 90.3 4.76 10-3 
LO. 34 90.4 5.78 x 10-3 
10.34 90.4 5.70 10-3 
io. 38 90.7 3.90 10-3 

8.86 77.4 1.36 x 10-l 
8.97 78.4 1.43 x 10-1 

9.56 83.6 1.24 x 1 O - I  

Table A-14. Effect  of Molar Excess of N i t r i c  Acid on the  
Dissolution Time of U02 Pel le ts  

Pellet Density: 10.3 k 0.1 g/cm3 

I n i t i a l  

14.3 13.10 34 14.461 14.435 99 2.89 60 
14.3 12.80 34 14.575 14.469 99 3.89 57 
14.3 12.90 34 14.500 14.912 100 3.23 6 G  
14.3 12.90 34 14.500 14.666 100 3.34 Ave. = 3.36 60 
14.3 11.71 20 14.235 14.550 LOO 3.70 60 
14.3 11.71 20 14.350 14.426 100 3 . 3 1  60 

14.3 9.63 i o  l4.370 14.440 100 3.25 60 
14.3 9-71 10 14.390 14.572 100 3.27 60 

10.3 9.38 34 14.400 13.974 97 3.16 120 
10.3 9.41 34 14.570 15.397 LOO 2.94 140 

140 
13 5 

10.3 8.89 21 14.273 14.311 100 2.83 
10.3 8.85 21 14.499 14.446 99 2.87 
10.3 6.22 6.9 14.411 14.297 99 2.70 115 
10.3 6.71 6.9 14.570 14.438 99 2.43 1%) 

6.2 5.73 34 14.528 14.562 100 2.61 465 
6.2 5.60 34 14.526 14.913 100 3.33 450 
6.2 5.50 21 14.577 15.003 100 2.41 480 
6 .2  5.50 21 14*515 15*027 100 ::;: Ave. ~ 2-64 465 
6.2 3.94 6.9 14.424 14.160 98 46 5 
6.2 3.88 6.9 14,ltal 14.808 100 2.58 43 5 
6.2 3.85 6.9 14.315 14.253 gg 2.26 450 
6.2 3.87 6 .9  14.716 14.975 100 2.59 480 

= 2-82 
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Table A-15. Variation i n  Effect ive Surface Area of a U02 
P e l l e t  Dissolving i n  6 - M IW03 

P e l l e t  Density: 10.3 * 0.1 g;/cm3 
Weight Roughen- 

Sllrface Wt. Lass ing  
Radius Area ,  LOSS Rate D i s s .  Factor, Time 

( m i n )  (E- (cm)  (em2) (e;) (g/min) Ratea R d R o  

U02 Dissolved 
~ 

3 
5 

10 
15 
20 
25 
30 
40 
50 
60 
75 
90 

120 
165 
275 
360 
405 

3 
5 

10 
15 
20 
25 
30 
40 
50 
60 
75 
90 

120 
165 
225 
300 
390 

0.175 
0 * 293 
0.652 
1 087 
1.641 
2.192 
2 (. 861 
4.146 

8.558 
io. 103 
11. go9 
13.118 
13.810 

14 I 603 

5.234 
6.829 

14.274 

0.175 
0.387 
0.768 
1.129 
I. 548 
1.845; 
2.265 
3.001 
3.914 
5.100 
7.125 
8.887 

11.370 
13.020 
14.130 
14.355 
14.450 

Pellet i n i t i a l  weightj 14.538 grams 
1.20 
2.03 
4.52 
7.53 

11.36 
15.18 
19.81 
28.71. 
36.25 
47.30 
59 27 
69 97 
82.48 
90 85 
95.64 
98.86 
99.4 

0,530 
0.527 
0.525 
0.520 

0.505 
0 497 
0.490 
0.467 
0.448 
0.422 
0 378 
0.334 
0.267 
0.203 
0.151 
0.072 

0.514 

7-05 
7-03 
7.0 
6.8 
6 .7  
6.6 
6.3 
6 . 1  
5.7 
5.3 
4.6 
3 -9 
3.3 
2.3 
1.6 
1.0 
0.6 

0.175 
0.118 
0.359 

0.554 
0.551 
0.669 
1 I) 281 
1.088 
1.595 
1.731 
1,545 
1.806 
1 e 209 
0.692 
0.464 
0.339 

0.435 

0.058 0.0083 

0.072 0.0106 

0.111 0.0.1.68 

0.134 0.0219 

0.109 0.0205 

0.103 0.0312 
0.060 0.0261 
0.027 0.0169 
0.006 0.0060 
0.005 0.0008 
0.008 

0.059 0.0084 

0.087 0.01.30 

0.1.10 0.0174 

0.128 0.0224 

0.3.60 0.034'7 
0.115; 0.0294 

Pellet i n i t i a l  weight, 14.485 grams 

1.21 
2.67 
5-30 
'1.79 

10.69 
12.74 
15.64 
20.72 
27.02 
35.21 
49.19 
61.35 
78 49 
89.88 
97.55 
99-10 
99.6 

0 530 
0.527 
0.524 
0.518 
0 513 
0.507 
0.502 
0.497 
0.485 
0.470 
0.450 
0.413 
0 371 
0.290 
0.210 
0.115 
0.065 

7.0 
6.9 
6.8 
6.6 
6.5 
6 4 
6.3 
6.0 
5.7 
5.3 
4.5 
3 08 
2.6 
1..6 
0.68 
0.38 

0.175 
0.212 
0 I 381. 
0.361 
0.419 
0 297 
0.420 
0 736 
0 913 
1.186 
2.025 
1 e 762 
2.483 
1.650 
1.110 
0.225 
0" 095 

0 a 058 
0.106 
0.076 
0. o r p  
0.084 
0 OS9 
0.084 
0.074 
0.091 
0.119 
0.135 
0.117 
0.083 
0 - 037 
0.019 
0.003 
0.001 

0.0083 
0. oegh 
0.0112 
0.0109 
o I 0129 
0.0092 

0 0123 
0.0160 
0.0225 
0.0300 
0.0308 
0.0319 
0.0231 
0.0279 
0.00'79 

0 0133 

;.I 

3.54 2 
3.76 

2.03 5 
3.14 

0 
cI* 

1.00 
1.86 a, 
1.35 3 
1.31. 
1.55 g 
1.11 u 
1.60 
1.48 "$ 
1-93 >$ 
2.71 y 
3.61 2 
3 .71  II 
3.84 e 
2.78 ": 
3.36 

8, Surface calculated from percentage of p e l l e t  dissolved. Rate eAqressed 
as g cm-2 min-1. 



Table A-16. Variation i n  Effect ive Surface Area of a U02 
P e l l e t  Dissolving i n  10 - M HN03 

Pe l l e t  Density: 10.3 k 0.1 g/cm 3 

Weight 
Weight Loss 

Radius Loss Rate 

Surf ace 
Area U02 Dissolved Time 

b i n >  ( g >  ( 8 )  (cm> (em2> ( g >  (g/mid 

Roughen - 
ing 

D i s s .  Factor 
Ratea Rt/Ri 

1 
2 
4 
7 

10 
15 
20 
25 
30 
40 
50 
60 
75 
90 

105 
120 

1 
2 
4 
7 
10 
15 
20 
30 
40 
60 
75 
10 5 
140 

0.165 
0.518 

2.521 
3.626 
5.257 
7.009 
8.676 

io .  260 

13.582 
13 * 947 

1.314 

12.496 

14.315 
14.401 
14.484 
14.590 

P e l l e t  i n i t i a l  weight, 14.589 grams 

1.13 0.530 7.05 0.165 0.165 
3.6 0.527 6.9 0.353 0.353 
9.0 0.522 6.65 0.796 0.398 

17.3 0.511 6.22 1.207 0.402 
24.9 0.494 5.82 1.105 0.368 
36.0 0.476 5.23 1.629 0.326 
48.0 0.449 4.55 1.752 0.350 
59.5 0.415 3.87 1.667 0.333 
70.3 0.377 3.20 1.584 0.317 
85.7 0,332 2.00 2.236 0.224 
93.1 0.242 1.30 1.086 0.109 
95.6 0.185 LOO 0.365 0.037 
98.1 0.150 0.55 0.368 0.025 
98.7 0.100 0.42 0.086 0.006 
99.3 0.082 0.25 0.083 0.005 
99.5 0.060 -- 0.106 0.007 

Pel le t  i n i t i a l  weight, 14.539 grams 

0.0234 
0.0512 
0.0598 
0.0646 
0.0632 
0.0623 
0.0769 
0.0860 
o.ogg1 
0.112 
0.0838 
0.0372 
0.0455 
0 e 0143 
0.0200 
II 

0.165 
0.630 
1.392 
2.469 
3.249 
4.691 
6 37-3 
9.498 

11.893 
13 913 
14.274 
14.391 
14.548 

1.13 
4.3 
9.6 

17.0 
22.3 
32.3 
43.4 
65.3 
81.8 
95.7 
98.2 
99.0 
99.4 

0 * 530 
0.528 
0 525 
0.510 
0 9 495 
0.482 
0.457 
0.426 
0.355 
0.270 
0.148 
0 095 
0.080 

7.02 
6.88 
6.60 
6.22 
5.95 
5.43 
4.82 
3-52 
2.33 
0 903 
0.500 

0.35 -- 

0.165 

0.762 

0 e 780 

1 - 622 
3 -185 
2.395 
2.020 
0.361 
0.117 

0,465 

1 077 

1.442 

0.157 

0.165 
0 465 
0.381 
0.359 
0.260 
0 288 
0.324 
0.319 
0.240 
0.101 
0.024 
0.004 
0.004 

0.0235 
0. 0676 
0.057'7 
0 * 0577 
0.0437 
0.0530 
0.0672 
0.0906 
0.103 

1.00 
2.19 3 
2.56 $ 
2.76 8 
2.70 
2.66 g 
3.68 2 
4.24 k j  
4.78 2 
3.58 
1.59 3 
1.94 
0.61 E 
0.85 

3.29 *g 

c, 
$3 

1.00 ld 

2.44 
2.46 

2.88 2 
2 1.86 

2.26 g 
2.86 a 
3.86 2 
Lt.38 

0.112 4.77 2 
0.0480 2.04 

Surface calculated from percentage of p e l l e t  dissolved, Rate expressed a 

as g em-2 min-1. 
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Table A-17. Variat ion i n  Effective Surface Area of a, UO 

P e l l e t  Dissolving i n  14 - 14 HX03 

~ e i i e ' c  ~ e ~ l s i t y :  10.3 1- 0.1 g / ~ d  

Time 
(min) 

0.5 
1 
3 
5 
7 

10 
15  
20 
25 
35 
55 

0.5 
1 
3 
5 
7 

10 
15  
20 
2T 
30 
35 
45 
55 
65 
75 

Weight x oughen - Surface Weight Loss ing  U02 Dissolved Area Radius Loss Rate D1.ss. Factor 
($) ( e m )  (em2) (g> (g/min) satea ~ $ 3 ~  
.- .__-I ___ 

(g I 
P e l l e t  i n i t i a l  weight., 14.332 g y m s  v 

2 0.163 1.14 0.530 7.05 0.163 0.326 0.04-62 1-00 -$ 
0.456 3.2 0.527 6.92 0,293 0.586 0.0847 1.83 
1.573 11.0 0.522 6,55 1.117 0.558 0.0852 1.84 u 
z 7 8 6  1.9.4 0.506 6.10 1.213 0.606 0.0993 2.1.5 2 
4.456 31.1 0.490 5.49 1.670 0.823 0.150 3.27 "2 
6.660 1.1-6.5 0.461. 4.65 2.204 0.735 0.158 3.42 Q) 

10.460 '73.0 0.420 3.00 3.800 0.760 0.253 5.48 '9 
12.451 86.9 0.320 1.95 1.991 0.398 0.204 4.42 2 
13.402 93.5 0.235 1.25 0.951 0.190 0.152 3.29 ~~ 

13.775 96.1. 0.178 0.80 0.3'13 0.037 0.0163 1.00 e 
14.302 93.9 0.142 -- 0.527 0.026 -- -- M 

0 
U 

Pellet i n i t i a l .  weight, 14.615 grams 
0.165 1.1 0.530 7.05 0.165 0.328 o.oU5 LOO .c, 
0.335 2.3 0.52'7 6.98 O.l'j7. 0,342 O.01h.90 1.05 3 
1.476 10.1 0.525 6.60 1 ~ 4 1  0.571 0.0865 1.86 -$ 
2,498 1.7.1 0.508 6.22 1.022 0.511 0.0822 1.77 8 
3.580 24.5 0.495 5.83 1.082 0.541 0.0928 2.00 
5.464 37.4 0.477 5.14 1.884 0.628 0.122 2.62 ;Q 
8.7 .p  60.0 0.445 3.86 3.308 0.661 0.1.71 3.68 02 
U.2@ 7'7.1 0.372 2.71 2.496 0.499 0.184 3.96 8 
12.848 87.9 0.300 1.02 1.5'fg 0.316 0.1711- 3.'74 
14.034 96.0 0.170 0.90 0.259 0.052 0.0578 1.24 .-. 
14.214 97.3 0.144- 0.67 0.180 0.018 0.0269 0.578 
14.434 98.8 0.123 0.37 0.220 0.022 0.0594 l s28  < 
14.528 99.1~ 0.075 0.25 0.094 0.009 0,0360 0.774 2, 

1-3.7'75 94.3 0.225 1.13 0.927 0.185 0.164 3.53 0 

14.653 99.9 0.052 -- 0.125 0.013 1- -- 

a Surface calcula%ed from percentage of p e l l e t  dissolved. Hate expressed 
as g era-2 min-I-. 



Table A-18. Var ia t ion  i n  Apparent Dissolution Rate of a 
Davison I1 Pellet  Dissolving i n  4 M - KN03 

Pel le t  Density: 10.3 g / c d  
P e l l e t  i n i t i a l  weight, 15.885 grams 

Dissolut ion Rate, 
by Weight Loss Surfage Weight 

Loss UO Dissolved Area Time 2 
(min) (63) ($1 (em2> (g) (g/min> ( g  min-l) 

t5 
8 

1.3 
18 
23 
30 
40 
50 
60 
71 
80 

100 
130 
162 
181 
195 
225 
240 
255 
270 
2'85 
325 

0.098 
0.311 

0 4 653 
0.850 
1.057 
1 338 
1.733 
2.225 
2.584 
3 194 
3 3552 
4.332 
6.541 
8.141 
9 197 
9 817 

11.122 
11.600 
12.140 
12.346 
12.552 

0.466 

13.258 

0.62 
1.96 
2.93 
3.92 
5.35 
6.65 
8.42 

10.92 
14.01 
16.27 
20.11 
22 * 99 
27.27 
41.18 
51.25 
57.90 
61.80 
70.02 
73 * 02 
76. k2 
77.72 
79.02 
83.46 

7.00 
6.94 
6.72 
6.88 
6.80 
6.74 
6.68 
6.60 
6.45 
6.25 
6.10 
5.90 
5.75 
4.95 
4.40 
4.00 
3.75 
3.20 
3.00 
2.80 
2.60 
2.55 
2.20 

0.098 
0.213 
0.155 
0.187 
0 * 197 
0.207 
0.281 
0.395 
0.492 
0 * 349 
0.610 

0.680 
2.209 
1.600 
1. 058 
0.620 

0.458 

1.305 
0.478 
0.540 
0.206 
0.206 
0.706 

0.1% 
0.061 
0 * 039 
0.037 
0.039 
0.041 
0.040 
0.040 
0.049 
0.036 
0.055 
0.051 
0.034 
0.073 
0.050 
0.057 
0.046 
0.044 
0.032 
0.036 

0.018 

0.014 
0.014 

0.0280 
0.0088 
0.0056 
0.0054 
0.0057 
0.0061 
0.0060 
0.0061 
0.0076 
0.0058 
0.0090 
0.0096 
0.0059 
0.0147 
0.0114 
0.0143 
Q . a 2 3  
0.0138 
0.0107 
0.0129 

0.0082 

0.0054 
0.0053 

a Surface area calculated from percentage of p e l l e t  dissolved. 
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Table A-19. Variation in Apparent Dissolution Rate of a 
Davison I1 Pe l l e t  Dissolving in 10 M Hnv03 

Pel le t  Density: 10.3 g/cm3 
Pe l le t  i n i t i a l  weight, 14.029 grams 

- 

Dissolution R a t e ,  Weight Surface 
U02 Dissolved A r e a a  by Weight Loss Time Loss 

(min) (91 (74 ( cm2) (d (e;/min> ( g  min-’) 

0.25 
1.50 
2.75 
4 
6 
8 

10.5 
12.5 
1 5  
17.5 
20 
23 
26 
30 
35 
40 
45 
50 
60 
80 
90 

0.282 
0.630 
I. 005 
1- 332 
I.. 851 
2.420 
3 0158 
3.859 
4 749 
5.626 
6.486 
7. ‘741 
a * 678 
9.971 

11.51 5 
1.2.687 
13.256 
13.718 
13 855 
13.920 
13 974 

2.01 
4 . ’cg 
7.16 
9.49 

13 19 
17 *25 
22 * 51 
27 51 
33.85 
40.10 
46.23 
55-10 
61.86 
71.07 
82 1) 08 
90.43 
94 .“.g 
97.78 
98 * 76 
99.22 
99.61 

7.00 
6.86 
6. p 
6.61 
6.43 
6.20 
5.95 
5.67 
5-35 
5.00 
4.62 
4.13 
3 :74 
3 . l4  
2.31 
1-57 
1.10 
0.60 
0.40 
0.30 
0.17 

0.282 
0.348 
0 * 375 
0 327 
0 519 
0 9 569 
0 9 738 
0.701 
0.890 
0 9 877 
0.860 
1.255 
0 937 
1 * 293 
1.644 
I. 172 
0.569 
0.462 
0.137 
0 e 065 
0.054 

1.128 
0.278 
0.300 
0.262 
0.259 
0.284 
0 9 295 
0.350 
0 356 
0.351 
0.344 
0.418 
0.312 
0.323 
0 329 
0.234 
0.114 
0.092 
0.014 
0.003 
0.005 

0. lGn 
0.0405 
0.0446 
0.0394 
0.0403 

0.0496 
0.0458 

0.0617 
0.0665 
0.0702 
0.0745 
0.101 
0.0834 

0,142 
0.149 
0.104 
0.153 
0.0350 
0.0300 
0.0294 

0.103 

a Surface area calculated from percentage of p e l l e t  dissolved. 
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Table A-20.  Variation i n  t h e  Apparent Dissolution Rate of an 
Atomics In te rna t iona l  U02 P e l l e t  Dissolving i n  4. - M KN03 

Pellet Density: 10.3 g/cm3 
P e l l e t  i n i t i a l  weight, 6.2 grams 

Surface Weight Dissolution Rate, 
by Weight Loss Loss U02 Dissolved Areaa T irne 

(min) (g (4) (em2) (e;) (g/rnin) ( g  em min-l) -2 

0.75 0.044 0.71 3.95 0.044 0.059 0. 015 

5.0 1.233 19.86 3.40 0.575 0.383 0.113 
7.0 2.029 32 67 3.05 0.796 0.398 0.131 

0.400 0 * 153 9 2.829 45 56 2.63 0.800 

2 .o 0 239 3 3 5  3.80 0 * 1.95 0.156 0 - 041 
3.5 0.658 10.60 3-70 0.419 0 * 279 0 075 

12 3.808 61.32 2.10 0 979 0.326 0 155 
15 4.562 73 46 1.62 0 754 0.251 0.155 
18 5.188 83.54 1.18 0.626 0.209 0 * 177 
21  5 * 597 90.13 0.85 0.409 0.136 0.160 
24 5 805 93.48 0.64 0.208 0.069 0.108 

4s 6.157 99 54 0.18 0.171 0 4 010 0.056 
60 6 177 99 9 47 0.12 0.020 0.002 0.017 

27 5 986 96.39 0.43 0.181 0.060 0.140 

a Surface a rea  calculated from percentage of p e l l e t  dissolved. 
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Table A - 2 1 .  Var ia t ion  i n  the Apparent Dissolution Rate of an  
United Nuclear U02 Pe l l e t  Dissolving i n  11# - M HpJ03 

Pe l l e t  Density: 10.30 @;/em3 
P e l l e t  initial weight, 8.549 grams 

Dissolu t ion  Rake, 
by Weight Loss Weight Surface 

Loss -I_. U02 Dissolved Area" Time 
($4 -2 (min) (g) (cm2) (d (g;/rnin) ( g  cm min-l)  

0.5 
2.0 
3.75 
5-50 
7.50 

10.0 
1.3 -0 
15.0 
17.5 
20 
23 
26 
30 
50 
70 

0.062 
0.192 
0.382 
0.689 
1.139 
1.944 
3 *099 
3.834 
4.832 
5.850 
6.721 
7.357 
7.8% 
8 e 312 
8.323 

0073 3-30 0.042 
2.25 3.20 0.130 
4.47 3.15 0.190 
8.06 3 *05 0 307 

22.7'e 2.75 0.805 
36.25 2.45 1. 1.55 
44.85 2.25 0.735 
56 52 1.95 0 998 
68" 34 1.60 1.022 
78.62 1.28 0.871 
86.06 0.97 0.636 
92 " 29 0.67 0 5.33 
97.23 0.36 0.1122 
97.43 0.34 0.017 

13 32 2.95 0.450 

0.124 
0.087 
0. log 
0.214 
0.225 
0.322 
0.385 
0.368 
0.399 
0.409 
0.290 
0.212 
0 - 133 
0.021 
0.001 

0.038 
0.027 
0.035 
0.070 
0.076 
0.11.7 
0.157 
0.164 
0.205 
0.256 
0.227 
0.219 
0.199 
0.058 
0.003 

a Surface area calculated from percentage of pe l le t  dissolved. 
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%ate based on surface calculated from Fig. 25. 

Table A-22. Variation i n  the Effective Surface Area of a Pu02 
Pel le t  Dissolving i n  14 M HNO --O.O5 - M HF 

P e l l e t  i n i t i a l  w e i g h t ,  2.060 grams 
Pel le t  Density: - 10.3 3 3  g/em 

Dissolution Rate, 
by Weight Loss Weight 

Loss 

Surf ace 

-2 
PUO Dissolved A r e a a  Time 2 

( h r )  ( m g )  ($) (em2) ( m g )  (g/min) ( g  c m  min-l) 

1 34 1.67 1.85 34 0.57 0.31. 
2 75 3.64 1.83 4 1  0.68 0.37 
5 145 7.02 1.80 70 0.38 0.21 

10 287 13 93 1.70 142 0.47 0.28 
15 412 19.99 1.60 125 0.42 0.26 
20 533 25.88 1.52 121 0.40 0.26 
25 647 31 43 1.45 114 0.38 0.26 
30 729 35.39 1.40 82 0.27 0.19 
35 854 41.45 1.31 12 5 0.42 0.32 
40 938 45.53 1.26 84 0.28 0.22 
45 1045 50.74 1.16 107 0.35 0.30 
50 113 7 55 9 21 1.10 92 0.30 0.27 
55 1218 59.12 1.02 81 0.27 0.26 
60 1273 61.78 0.98 65 0.22 0.22 
65 1451 70.44 0.84 178 0.63 0.75 
70 1512 73.39 0.78 6 1  0.20 0.26 
75 1582 76 78 0.71 70 0.23 0.32 
78 1616 78843 0.68 34 0.18 0.26 
a2 1678 81.48 0.62 62 0.25 0.40 
86 1744 84.65 0.56 66 0.27 0.48 



6.2 FORTRAN Codes f o r  Calculating Pe l l e t  Dimensions During Dissolution 

1) 
dissolving r igh t  cylinders when the  height of the  original cylinder i s  

equal t o  o r  less than twice the  radius. 

F b R W  Code f o r  calculat ing the radius and surface area of uniformly 

2 )  P$RTfiAN Code fo r  calculating the height and surface a rea  of a uniformly 
dissolving right cylinder when the height i s  g rea t e r  than twice the radius. 
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134 
60 
7 

S W A C E  = 6.2831853%~~~ (1) *( 3. *RAM.'( 1) +RADZER@(IVTIfi-2. ) ) 
WRITE (51,7)RATIjd, RADZERfi, PEZCENT, RADT (l), SURFACE= MR@I 
FORMAT (7HORATIfi F6.3, 2x8 W L E R f i  F7.4, 2x8 HPERCEm F7.4, 2x10 

XRADIUS 1 ( T )  F7.4, 2x8 S U R F A C E  ~ 8 . 4 ,  2x5 HMRb I 13/) 

Gps Tfi 5 
END DISSOLVE 

The subroutine for the general  solut ion of the cubic equations 
encountered i n  these programs i s  given below. 

C 2  UCSD VIETA E X P L I C I T  SOLUTION OF THE GENEXUL CUBIC 

C 

c 

20 

21 

SUBROUTINE VIETA (A, Y , M " E )  

C 2  UCSD VIETA 

E X P L I C I T  SOLUTION OF THE GEMERAL CUBIC EQUATION 

DIMENSION A ( & ) ,  3(3), Y ( 3 )  
B (1 1 =A (2 )/A (1 1 

B(2)=A(3)/A(l) 

B l O V j = B  (l)/j. 0 

B ( 3 ) = A ( 4 ) / A ( l )  
AL;F=B (2  ) -B ( 1) *BlOVj  

BET=2.O*BlOV3wj-B(2)*BlOV3+B(.j) 
BETOV2=BET/2.0 

Ar;FOV3=AL3?/3 .O 

CUAUV3 = A U  OV 3 **3 

SQBOV2=BETOV2"2 

DEL=SQBOV2+CUAOV3 

IF (DEL) 40,20,30 

M!JXPE=O 

GAM=S&RTF (-ALFOV.j ) 
IF (BET) 22,222,221 

Y ( 1 ) = - 2 . O W - B 1 O V 3  

Y (2) =GAM-BlOVj 

y ( 3 ) =Y (2  ) 
GO TO 50 



78 

30 

40 

4 1  

42 

43 

50 

C 

2 

Y(l)=2.0*GAM-R1OV3 

Y (2)=-GAM-B1OV3 

y ( 3  1 =Y (2 1 
GO T O  50 

WYPE-1 

EPS=SQRTF (DEL) 

R=CUBERTF ( TAU+EPS ) 
TAW-BETOV2 

S X U B E R T F  (TAU-El3 ) 
Y ( 1) =R+S -BlOV3 

Y ( 2 ) = - ( R + S ) / 2 . O - B l O V 3  

Y ( j )=0 .86602540.!+(R-S)  

GO TO 50 

rnYPE= - 1 
QUW= SQBOVdCUAOV3 

11O(Yl'= S&RW( -QUOT) 

IF (BET ) 42,4l, 41 

PHI= ( 1 . 5 7 0 7 9 6 3 + A S  IINF (ROOT) ) / 3 .0  

GO TO 43 

FACTzE!. OxSQ,RTE'( -AWOV3) 

Y (l)=FACT'kCOC;F (PHX) -BlOV3 

Y ( 2 ) = F h C T W O S F  (P€€I+2.0943951) -BlOV3 

Y(~)=FACTWOSF(PHI+~.  1887g02)-s1-ov~ 

RETrnN 
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3 CUBERTF=O. 

RETURN 
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