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HEAD-END REPROCESSING STUDIES W I T H  

H. B. ROBINSON-2 FUEL 

J .  H. Goode 
R. G. Stacy 

ABSTRACT 

A series of exp lo ra to ry  h o t - c e l l  tes ts  w a s  made t o  determine t h e  

e f f e c t s  of vo lox ida t ion  on t r i t i u m ,  f i s s i o n  product removal, and on 

subsequent s t e p s  of t h e  l i g h t  water r e a c t o r  f u e l  cyc le .  The 100-g 

scale experiments i n d i c a t e d  t h a t  >99% of t h e  t r i t i u m ,  50% of t h e  I 4 C ,  

6% of t h e  8 5 K r ,  and smaller amounts of o t h e r  elements were v o l a t i l i z e d  

and c o l l e c t e d  when t h e  U 0 2  w a s  roas t ed  i n  a i r  a t  480°C f o r  Q4 h r .  

There w a s  l i t t l e  e f f e c t  on t h e s o l u b i l i t y  of t h e  uranium and plutonium 

i n  HN03. The experiments i n d i c a t e d  t h a t  t h e  f i r s t  2-hr l e a c h  

u s u a l l y  d i s so lved  >99.9% of t h e  uranium and plutonium, and va ry ing  

amounts of f i s s i o n  p roduc t s ,  i n  voloxidized o r  unvoloxidized f u e l .  Two 

a d d i t i o n a l  HN03 l eaches  on t h e  unvoloxidized f u e l  d i s s o l v e d  a l l  bu t  

0.004% of t h e  plutonium; t h e  a d d i t i o n a l  l e a c h e s  on t h e  vo lox id ized  

material l e f t  ~ 0 . 0 2 %  of t h e  plutonium. 

1. SUMMARY AND CONCLUSIONS 

One proposal  f o r  t h e  r e t e n t i o n  of t r i t i u m  w i t h i n  a l i g h t  water 

r e a c t o r  f u e l  p rocess ing  p l a n t  is t h e  a p p l i c a t i o n  o f  vo lox ida t ion ;  t h a t  

i s ,  t h e  sheared f u e l  i s  roas t ed  i n  a i r  or oxygen t o  convert  t h e  s o l i d  

U 0 2  t o  powdered U308 and o x i d i z e  t h e  t r i t i u m  t o  HTO. 

w a t e r  vapor can be c a r r i e d  i n  t h e  gas stream t o  sc rubbe r s  o r  abso rben t s  

where i t  may be immobilized. 

The t r i t i a t e d  

T h i s  would permit  t h e  tritium t o  be 

sepa ra t ed  before  t h e  f u e l  is d i s so lved  into  t h e  aqueous system of t h e  

p l a n t .  

100-g scale t o  determine t h e  e f f e c t i v e n e s s  of v o l o x i d a t i o n  i n  removing 

A series of exp lo ra to ry  h o t - c e l l  tests w a s  conducted on a 



tritium from Zircaloy-clad U 0 2  and its e f f e c t  on subsequent p rocess ing  

s t e p s .  

Ca ro l ina  Power and Light  Company's H.B.  Robinson-2 Reactor w a s  

used f o r  t h e s e  b a s e l i n e  tes ts  under r e f e r e n c e  c o n d i t i o n s  of 12-rpm 

r o t a t i o n ,  4 8 O o C ,  and using a i r  as t h e  ox idan t .  

Three-year-decayed 31,000-Wd/ton burnup U 0 2  f u e l  from t h e  

The exp lo ra to ry  tests i n d i c a t e d  t h a t  t r i t i u m  w a s  e s s e n t i a l l y  

q u a n t i t a t i v e l y  removed from t h e  U 0 2  f u e l ;  however, only 60 t o  70% of t h e  

tritium r e l e a s e d  f r m  t h e  U 0 2  w a s  accounted f o r  by l each ing  s i l i c a  

g e l  o r  molecular s i e v e  abso rben t s  l o c a t e d  o u t s i d e  t h e  ho t  c e l l .  The 

Z i rca loy  c l add ing  contained a l a r g e  f r a c t i o n  of t h e  t o t a l  t r i t i u m ,  bu t  

d i d  no t  appear t o  be a f f e c t e d  by t h e  vo lox ida t ion .  Up t o  6% of t h e  85Kr  

i n  t h e  f u e l ,  1% of t n e  12'1, and %50% of t h e  1 4 C  w e r e  v o l a t i l i z e d  a f t e r  

'L3 t o  4 h r  of r o a s t i n g .  The s t a i n l e s s  s teel  v o l o x i d i z e r  w a l l s  were 

and 154Eu; however, on ly  about  0.22% of t h e  12'1 i n  t h e  f u e l  w a s  d e p o s i t e d  

on t h e  walls. Smaller amounts of s o l i d  f i s s i o n  p roduc t s  passed 

a 35-pm pore s i z e ,  s i n t e r e d  metal f i l t e r  a t  t h e  gas  e x i t  of t h e  v o l o x i d i z e r .  

coated w i t h  small quant i t ics(%lO-*%) of lo6Ru, 125Sb, 134-137cs 144ce, Y 

The v o l o x i d a t i o n  had l i t t l e  e f f e c t  on t h e  s o l u b i l i t y  of t h e  U308 

and/or  Pu02 i n  7 - M HN03 i n  t h e  temperature  range 92 t o  95°C. 

w e r e  >99.97% a f t e r  2 h r  of l each ing .  

r e s i d u e ,  however, i nc reased  from 'L0.2 t o  'L0.6 w t  % of t h e  U 0 2 .  This  

f i s s i o n  product r e s i d u e  w a s  composed p r i m a r i l y  of ruthenium, palladium, 

rhodium, molybdenum, technetium, and small amounts of zirconium. 

Recoveries 

The weight of t h e  HN03 i n s o l u b l e  

The p re l imina ry  h o t - c e l l  tests us ing  t h e  f u e l  from one commercial 

l i g h t  water r e a c t o r  i n d i c a t e d  t h a t  v o l o x i d a t i o n  under one set  of 

c o n d i t i o n s  r e s u l t e d  i n t h e r e m o v a l  and r e t e n t i o n  of e s s e n t i a l l y  a l l  of 

t h e  t r i t i u m  and about one-half of t h e  1 4 C  from t h e  f u e l  be fo re  

i t  w a s  d i s s o l v e d  i n  KN03. 

work should be cont inued t o  detcp-mine t h e  optimum c o n d i t i o n s  f o r  t h e  

removal of t h e s e  l o n e l i v e d  f i s s i o n  p roduc t s  from i r r a d i a t e d  f u e l .  

Fu tu re  experiments are being planned t o  test t h e  e f f e c t s  of sheared 

l e n g t h ,  time, temperature ,  oxygen c o n t e n t ,  speed of r o t a t i o n ,  and o t h e r  

v a r i a b l e s  on t h e  release of v o l a t i l e  f i s s i o n  p roduc t s  and on t h e  

d i s s o l u t i o n  of t h e  f u e l  i n  HN03. 

These promising r e s u l t s  suggest  t h a t  h o t - c e l l  
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2. INTRODUCTION 

The Oak Ridge Nat iona l  Laboratory is  conduct ing f lowshee t  s t u d i e s  

f o r  t h e  A l t e r n a t i v e  Fuel  Cycle Technologies Program under t h e  

o r g a n i z a t i o n a l  lead  of t h e  Savannah River Operat ions O f f i c e  (SRO) of t h e  

Department of Energy and the.DuPont Savannah River  Laboratory (SRL). 

One of t h e s e  t a s k s ,  Voloxidat ion and Di s so lu t ion ,  i nc ludes  t h e  t e s t i n g  

of s t e p s  f o r  t h e  proposed r ep rocess ing  f lowshee ts  w i t h  i r r a d i a t e d  f u e l s  

from t y p i c a l  commercial power r e a c t o r s .  A number of d i s s o l u t i o n ,  s o l u t i o n  

s t a b i l i t y ,  and so lven t  e x t r a c t i o n  tests have been r epor t ed  by Campbell a t  

O R N L I - ~  and by r e s e a r c h e r s  a t  SRL. 

experiments  u s ing  i r r a d i a t e d  U 0 2  from t h e  Caro l ina  Power and Light  

Company's H.  B.  Robinson-2 Reactor ,  l oca t ed  i n  H a r t s v i l l e ,  South Caro l ina .  

These b a s e l i n e  ( r e fe rence  cond i t ions )  tests involved shear ing  segments 

of t h e  long f u e l  rods  i n t o  1-in.  p i e c e s ,  sub jec t ing  some of t h e  f u e l  

segments t o  vo lox ida t ion  a t  48OoC, * and then  d i s s o l v i n g  t h e  oxidized 

o r  unoxidized uranium oxides  i n  simmering HN03 t o  compare t h e  e f f e c t s  

of t h e  vo lox ida t ion  t rea tment .  Future  tes ts  w i l l  i nc lude  paramet r ic  

s t u d i e s  of loading ,  c ladding  l eng th ,  t i m e ,  temperature ,  and atmosphere 

du r ing  vo lox ida t ion  on t h e  removal of t r i t i u m  and on t h e  subsequent 

process ing  s t e p s ,  d i s s o l u t i o n ,  and feed t rea tment .  

6-8 This  document d e s c r i b e s  h o t - c e l l  

Ea r ly  d a t a  on t h e  r e l e a s e  of f i s s i o n  products  upon o x i d a t i o n  of 
9 i r r a d i a t e d  U 0 2  and (U,Pu)02 were summarized i n  a 1973  ORNL r e p o r t .  

I n  general, i t  w a s  found t h a t  >90% of t h e  f i s s i o n  product  t r i t i u m  w a s  

v o l a t i l i z e d  when U 0 2  w a s  oxidized t o  U308; however, recovery of t h e  

t r i t i u m  from t h e  off-gas  stream w a s  no t  a primary o b j e c t i v e  of t h e  

ear l ie r  ho t - ce l l  tests. 

*Voloxidation - a conceptua l  t rea tment  of i r r a d i a t e d  r e a c t o r  f u e l  f o r  t h e  

Base l ine  experiments  cons i s t ed  of 
v o l a t i l i z a t i o n ,  c o l l e c t i o n ,  and r e t e n t i o n  of f i s s i o n ' p r o d u c t  t r i t i u m  
be fo re  t h e  f u e l  i s  d i s so lved  i n  HNO3. 
tumbling t h e  Zircaloy-clad U 0 2  i n  a f lowing stream of a i r  a t  480°C ( t h e  
apparent  optimum temperature)  t o  o x i d i z e  t h e  U02 t o  U308; t h i s  releases 
t r i t i u m  as HTO o r  T20  t o  t h e  gas  s t ream,along w i t h  vary ing  amounts of 
c e r t a l n  o t h e r  f i s s i o n  products .  
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3. EXPERIMENTAL 

3.1 Reactor  Fuel  

The Caro l ina  Power and Light  Company H. B. Robinson-2 Reactor i s  a 

665-MW(e) p re s su r i zed  water r e a c t o r  (PWR) loca ted  i n  H a r t s v i l l e ,  

South Carol ina.  The c o r e  c o n s i s t s  of 157 assemblies  (Fig.  l), each 

con ta in ing  204 UO2-fil1ed f u e l  rods  (Fig.  2 ) .  

152 i n .  long and have a 144-in.-long active s e c t i o n  s tacked wi th  

0.367-in. OD by 0.600-in.-long s i n t e r e d  U02 p e l l e t s ,  which are s l i g h t l y  

enr iched i n  235U, and a 6.83-in. gas  plenum. 

c l add ing  has  a n  0.422-in. OD. Assembly BO5 w a s  loaded i n t o  t h e  f i r s t  

c o r e  of H.B. Robinson-2 i n  1971 and w a s  i r r a d i a t e d  through two c y c l e s  i n  

p o s i t i o n s  F-9 and M - 1 1  (Fig.  1) t o  a peak burnup of Q31,OOO MWd/ton and 

an average burnup of Q28,OOO MWd/ton. 

a t  beginning of l i f e  (BOL) and %5.3 kW/ft at end of l i f e  (EOL). The 

assembly w a s  discharged on May 6 ,  1974, a t  t h e  end of Cycle 2.  Rod No. 

G-10 w a s  l o c a t e d  n e a r  t h e  c e n t e r  of Assembly BO5 ( s o l i d  d o t  on Fig.  2 ) ;  

its, approximate a x i a l  power p r o f i l e  a f t e r  t h e  second c y c l e  is shown i n  

Fig.  3.l' 

were l o c a t e d  j u s t  above t h e  c e n t e r  of t h e  rod. 

The rods  are about 

The 0.024-in.-thick Zircaloy-4* 

The ave rage  power w a s  'L7 kW/ft 

The segments used i n  t h e s e  b a s e l i n e  tests (Nos. 5 and 6 )  

3 . 2  Equipment 

F i g u r e  4 shows t h e  hand-operated,single-rod hydrau l i c  shea r .  A 

2-in.-diam hydrau l i c  p i s t o n  d r i v e s  a hardened steel  blade v e r t i c a l l y  

through f u e l  rod segments p o s i t i o n e d  h o r i z o n t a l l y  through h o l e s  i n  t h e  

s i d e  of t h e  c u t t i n g  chamber; t h e  cu t segmen t s  (up t o  3 i n .  long)  f a l l  i n t o  

t h e  cup below. F igu re  5 is  a schematic f low c h a r t  f o r  t h e  h o t - c e l l  

v o l o x i d a t i o n  equipment. Feed g a s e s  are metered (Hastings-Raydist mass 

f low meters) and humidified by bubbling through water be fo re  they are  

introduced i n t o  t h e  c e l l .  

s t a i n l e s s  steel v o l o x i d i z e r  p a s s  through 35-pm s i n t e r e d  metal f i l t e r s  

and then  i n t o  a c a l i b r a t e d  coo l iqg  zone on t h e  s h a f t  of t h e  v o l o x i d i z e r ,  

which c o n t a i n s  i n s e r t s  f o r  measuring t h e  d e p o s i t i o n  of v o l a t i l e  f i s s i o n  

products .  The g a s e s  then  p a s s  through a heated f i l t e r  pack f o r  removal 

The g a s e s  e n t e r i n g  and e x i t i n g  a r o t a t i n g  

*1.2-1.7 w t  % Sn, 0.18-0.24 w t  X Fe, 0.07-0.13 w t  % C r ,  70 ppm 
maximum N i ,  balance Z r .  
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R P N M L K J H G F E D C B A  

CORE ARRANGEMENT- H.B.ROBINSON- 2 REACTOR 

SHOWING LOCATION OF ASSEMBLY BO5 
DUR1NG F I R S T  ( I )  AND SECOND (2) CYCLES 

% PRIMARY-SECONDARY SOURCE ASSEMBLY 

REGION I (enrichment l.850/0) 53 ASSEMBLIES 

REGION 2 (enrichment 2.55 Ova) 52 ASSEMBLIES 

REGION 3 (enrichment 3.10 70) 52 ASSEMBLIES 

Fig .  1. Core arrangement - H. B.  Robinson-2 Reactor.  



-6- 

ORNL DWG 11-1246 

P 

0 

N 

M 

L 

K 

J 

H 

G 

F 

E 

D 

C 

B 

A 

@ 
@ INSTRUMENTATION TUBE 

GUIDE TUBES FOR CONTROL RODS 

Fig. 2 .  Schematic of fue l  rod array i n  H. B. Robinson-2 Assembly 
B05. 



ORNL DWG 77-124SA 
2.0 

AVERAGE ASSEMBLY BURNUP: 28026 MWd/MTU 
AVERAGE POWER: 5.34 kW/FT  

1.5 

Q.5 

1 I I  a 1 " 1  1 1 1 1  1 1 1 1  a 1 1 1  

I I I I I 4 3 2 I I 0.0 L ' a '  i 7 6 5 - 
0.0 2.0 4.0 6.0 8 .O 10.0 12.0 

DISTANCE FROM TOP OF FUEL STACK (FT) 

Fig.  3 .  Carol ina  Power and Light  H. B. Robinson-2 Reactor ,  
ax ia l  power p r o f i l e ,  Cycle 2 ,  Assembly B05. 

I 
4 
I 

SEGMENT 



-8- 

F i g .  4. Single-pin hydraulic shear. 
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of p a r t i c u l a t e s  and e x i t  t h e  c e l l  via a heated l i n e  t o  t h e  penthouse 

area above t h e  c e l l  r o o f .  Here t h e  gases  are f i l t e r e d  aga in ,  oxidized i n  

a 600°C copper oxide u n i t  t o  convert  e lemental  tritium and 1 4 C 0  ( i f  any) 

t o  HTO and 1 4 C 0 2 ,  and then p a s s  i o  s i l ica  g e l  and Type 4A molecular 

sieve t r a p s  f o r  c a p t u r e  of t h e  t r i t i a t e d  water. 

t h e  e x i t  g a s  i s  cont inuously measured ( I n t e r n a t i o n a l  Biophysics Corporat ion 

d i f f e r e n t i a l  oxygen meter) f o r  comparison w i t h  t h e  incoming oxygen c o n t e n t  

( a i r ) ,  and t h e  85Kr con ten t  i: monitored w i t h  a mult ichannel  gamma 

spectrometer  (MCA). F i n a l l y ,  10% of t h e  flow is  c o l l e c t e d  as  a composite 

sample f o r  1 4 C  and 85Kr assay.  

The oxygen con ten t  of 

F igu re  6 is  a photograph of t h e  feed g a s  manifold;  Fig.  7 g i v e s  a 

g e n e r a l  view of t h e  c e l l  i n t e r i o r ;  Fig.  8 shows t h e  penthouse'area t r i t i u m  

t r a p s  and a s s o c i a t e d  equipment; and Fig.  9 shows t h e  85Kr a n a l y z e r ,  exit 

gas  manifold,  and c o l l e c t i o n  system. The disassembled r o t a r y  v o l o x i d i z e r  

and f i s s i o n  product  d e p o s i t i o n  i n s e r t s  are shown i n  F i g .  10, whereas 

Fig.  11 i n d i c a t e s  how t h e  v e r t i c a l ,  heated f i l t e r  pack assembly ( r )  i s  

connected between t h e  v o l o x i d i z e r  ( e )  and t h e  heated off-gas  l i n e .  

The d i s s o l u t i o n  experiments were conducted wi th  t h e  appa ra tus  t h a t  

i s  d e p i c t e d  schemat i ca l ly  i n  F ig .  12.  A metered flow of a i r  (60 t o  70 

cm /min) i s  used t o  t r a n s f e r  d i s s o l u t i o n  l each ing  a c i d  i n t o  a Pyrex 

d i s s o l v e r  f i t t e d  w i t h  a r e f l u x  condenser and i s  then  used t o  c a r r y  t h e  

o f f -gases  through empty condensate t r a p s  and 3 NaOH sc rubbe r s  

f i t t e d  w i t h  f r i t t e d  g l a s s  gas  d i s p e r s i o n  tubes.  A 6OO0C copper ox ide  

bed is  used t o  conve r t  e lemental  t r i t i u m  t o  HTO b e f o r e  i t  reaches t h e  

second t r a p  and scrubber .  The f i l t e r e d  g a s  stream i s  passed through a 

MCA t o  determine t h e  rate of 85Kr evo lu t ion .  

e v o l u t i o n  is  u'sed t o  i n d i c a t e  completion of t h e  d i s s o l u t i o n .  The o f f -  

g a s  i s  c o l l e c t e d  f o r  sampling i n  a s p e c i a l  p l a s t i c  bag. 

3 

Cessa t ion  of t h e  85Kr 

There i s  a holdup 

o f  'L1800 c m 3  (a de lay  of %27 min) between t h e  d i s s o l v e r  and t h e  MCA. 
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Fig. 6 .  Feed gas manifold and controls. 
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Fig.  1 2 .  Schematic diagram of d i s s o l u t i o n  equipment. 
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4. RESULTS 

4.1 General 

F igu re  1 3  is  a t a b u l a r  summary of t h e  o p e r a t i o n s  and materials 

involved i n  t h e  b a s e l i n e  experiments w i t h  segments 5 and 6 from Rod G-10 

of H. B. Robinson-2 Assembly B05. Note t h a t  t h e  34 c u t s  produced 

613.7 g of c l a d  segments and 108.4 g of dis lodged oxide.  

of each v o l o x i d a t i o n  were subdivided i n t o  smaller ba tches  f o r  d i s s o l u t i o n ;  

one ba tch  of U308 and c l add ing  (LWR-2B) w a s  r e se rved  and held f o r  f u t u r e  

use .  

The p roduc t s  

4.2 Shearing 

4.2.1 Shearing procedure 

The s ing le -p in  hydrau l i c  shear  w a s  used t o  p repa re  c u t  f u e l  p i e c e s  

and l o o s e  ox ide  f i n e s  from segments 5 and 6 of H. B. Robinson Rod G-10, 

Assembly B05, f o r  head-end r ep rocess ing  s t u d i e s  a t  b a s e l i n e  ( r e f e r e n c e )  

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

segments provided an  inven to ry  f o r  f u t u r e  s t u d i e s .  

The unused p o r t i o n  of sheared f u e l  from t h e s e  

Each rod segment, measuring 18 i n .  long,  w a s  manually f ed  i n t o  

t h e  shear  chamber and p o s i t i o n e d  so t h a t  1.0-in.-long p i e c e s  w e r e  obtained 

w i t h  each b l ade  p a s s .  

t h e  f r o n t  c e l l  f a c e ;  s h e a r  f o r c e  p e r  squa re  inch  on t h e  2-in.-diam 

hydrau l i c  c y l i n d e r  w a s  i n d i c a t e d  on a gage a t  t h e  pump. 

intercom system provided an  a u d i b l e  check on t h e  completion of c u t t i n g  

a c t i o n  as each p i e c e  of f u e l  f e l l  i n t o  t h e  beaker beneath t h e  shea r ing  

chamber. 

purging system showed e s s e n t i a l l y  zero releases, c o l l e c t i o n  and monitoring 

of off-gases  from t h e  shea r ing  o p e r a t i o n  were n o t  undertaken. 

The shea r  w a s  operated wi th  a hand pump l o c a t e d  a t  

An i n - c e l l  

S ince  p rev ious  s t u d i e s  us ing  an  appa ra tus  o u t f i t t e d  wi th  a 

Sheared f u e l  €rom t h e  two rod segments w a s  mixed t o g e t h e r  and then  

sepa ra t ed  i n t o  two p o r t i o n s :  one c o n t a i n i n g  1.0-in.-long Zircaloy-4 

c l ad  p i e c e s  of U 0 2  and t h e  o t h e r  con ta in ing  l o o s e  f u e l  fragments and 

f i n e s  dis lodged from t h e  h u l l s .  Four random samples of c l a d  U 0 2  w e r e  

s e l e c t e d  from t h e  f i r s t  p o r t i o n  f o r  HN03 d i s s o l u t i o n  t o  determine t h e  

i n i t i a l  f i s s i o n  product  and heavy metal con ten t  of t h e  f u e l .  

d is lodged oxide f i n e s  were g iven  a sc reen - s i ze  a n a l y s i s  p r i o r  t o  t h e i r  

u s e  i n  t h e  vo lox ida t ion  s t u d i e s .  

The 
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4.2.2 Shearing r e s u l t s  

A t o t a l  o f  34 c u t s  w a s  made on t h e  two segments u s ing  shea r  f o r c e s  

c o n s i s t e n t l y  w i t h i n  t h e  925- to'1065-kg range;  t h e  average f o r c e  t o  c u t  

t h e  0.422-in. OD (0.024-in. c l a d  t h i c k n e s s )  f u e l  w a s  1020 kg [ t h i s  is 

approximately t h r e e  times t h e  f o r c e  necessa ry  t o  s h e a r  0.25-in.-diam 

s t a i n l e s s  steel c l ad  (O.OL5-in. t h i c k n e s s )  U 0 2  b l anke t  material from 

i r r a d i a t e d  f a s t  r e a c t o r  f u e l  r o d s ]  .ll 

p i e c e s  w a s  minimal, w i th  no evidence of s i g n i f i c a n t  p i l l owing  o r  c l o s u r e  

(see Fig.  1 4 ) .  

(QO.01 g pe r  c u t )  were found i n  t h e  l o o s e  oxide material. 

Deformation of t h e  ends of t h e  c u t  

No Z i rca loy  fragments and <0.3 g of zirconium f i n e s  

A t o t a l  of 602 g of U 0 2  w a s  contained i n  t h e  two segments from 

Rod G-10. During t h e  shea r ing  p rocess ,  108.4 g (18% of t h e  t o t a l )  w a s  

dis lodged from t h e  h u l l s .  

shea r  c u t  averaged 3.2 g ,  o r  Q0.53% of inventory.  

Release of f u e l  from t h e  c l add ing ,  w i t h  each 

Add i t iona l  Robinson f u e l  rod segments, each measuring 'b18 i n .  long 

and c o n t a i n i n g  %310 g of f u e l ,  w e r e  c u t  t o  varying l e n g t h s  t o  supply 

c l a d  and unclad f u e l  samples f o r  f u t u r e  r ep rocess ing  s t u d i e s .  A 

compilat ion of data taken on t h e  amounts of f u e l  dis lodged by shea r ing  

i s  shown i n  Table 1. Examination of t h e  d a t a  i n d i c a t e d  t h a t  t h e  f r a c t i o n  

of t h e  f u e l  i nven to ry  r e l e a s e d  pe r  c u t  times t h e  l e n g t h  between c u t s  

remained c l o s e  t o  a v a l u e  o f  2.51 x 1 0  -3 

A s  p a r t  of t h e b a s e l i n e e x p e r i m e n t s  w i t h  H. B. Robinson f u e l ,  f i n e s  

r e l e a s e d  from shea r ing  segments 5 and 6 of Rod G-10 were c h a r a c t e r i z e d  

according t o  sc reen  s i z e  d i s t r i b u t i o n .  The a n a l y s i s  w a s  as fo l lows :  

Mesh S i z e  Weight Pe rcen t  

(vm) (g) 

+ 35 500 69.9 64 

+loo 
+2 00 

-200 

1 4  9 

74 

To ta l  

25.0 23 

6.5 6 

7 7.3 - 
108. 7a 100 

S l i g h t  v a r i a t i o n s  i n  weight are due t o  cumulative d i f f e r e n c e s  i n  
weighings (0.28%) . 

a 
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Fig. 14. Sheared H. B. Robinson fuel segments and loose finesi 
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Table 1. E f f e c t s  of c u t  l e n g t h  on release of U02 from c ladding  dur ing  shear ing  of 31,000-MWd/ton f u e l  
rods  from t h e  H. B. Robinson-2 Reactor 

Approx. c u t  Av,. no. Av. release Av. w t .  of U02 P,ercent of Percent  release No. of segments 
l e n g t h  ( i n . )  of c u t s  pe r  c u t  (g)  r e l eased  (g) t o t a l  U 0 2  ca l cu la t eda  shear  edb 

0.25 70 4.38 306.3 97.8 100.5 4 

0.375 47 4.38 206.0 66.4 67.0 1 

0.5 35 5.21 182.2 57 .a 50.2 1 

1 .0  17  3.26 55.5 18.2 25.1 3 

1 . 5  11 5.55 61.0 18.6 16.7 1 

2.0 

2.75 

8 4.53 36.2 1 1 . 7  

6 4.38 26.3 8.4 

12.6 

9.1 

6 

1 

4.5 3c 2.07 6.2 2.0 - 1 

a 

bEach rod segment is %18 i n .  long. 

Calcua l ted  by formula P(%) x L ( i n . )  = 25.1 i n . ,  where P is percen t  of f u e l  inventory  r e l e a s e d  pe r  c u t  
and L i s  c u t  l eng th .  

Cut w i th  tub ing  c u t t e r ;  a l l  o t h e r  c u t s  made w i t h  s ing le -p in  f u e l  shear .  C 

I 
N 
N 
I 
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4.3 Voloxidat ion 

4.3.1 Voloxidat i o n  procedures  

The sheared f u e l  w a s  used i n  t h r e e  vo lox ida t ion  experiments.  For Runs 1 
and 2, t h e  r o t a r y  v o l o x i d i z e r  w a s  loaded w i t h  a mix tu re  of l o o s e  U02 and 

U02 c l a d  i n  1-in.  h u l l s  (seven c l a d  p i e c e s  i n  each r u n ) .  

l o o s e  f u e l  t o  c l a d  f u e l  i n  each experiment w a s  similar t o  t h e  amount 

d i s lodged  from t h e  h u l l s  du r ing  shea r ing .  Condi t ions f o r  t h e  two 

r e p l i c a t e  r u n s  were: t i m e ,  4.0 t o  4.5 h r ;  temperature ,  480°C; atmosphere, 

a i r  f e d  a t  200 t o  300 c m  /min (STP); and a g i t a t i o n ,  r o t a t i o n  a t  1 2  rpm. 

For Run 3 t h e  v o l o x i d i z e r  was charged w i t h  unclad ox ide  fragments only,  

and a l l  c o n d i t i o n s  remained t h e  same except  t h e  t i m e  a t  temperature  w a s  

shortened t o  3.0 h r .  

The r a t i o  of 

3 

During each run ,  t h e  system was monitored f o r  r e d i s t r i b u t i o n  of 

p a r t i c u l a t e s  and semivolatile s p e c i e s .  Sampling w a s  performed i n  t h e  

fol lowing manner : 

1. A b r a s s  s h e e t  specimen covering approximately one-sixth of t h e  

v o l o x i d i z e r ' s  i n n e r  s u r f a c e  area w a s  placed i n  c o n t a c t  w i t h  t h e  

v o l o x i d i z e r  w a l l  t o  check f o r  f i s s i o n  product  d e p o s i t i o n  and 

scouring by h u l l s .  

f o r  a l l  t h r e e  runs  t o  permit  a cumulative measurement. 

This  specimen remained i n s i d e  t h e  v o l o x i d i z e r  

2. A 35-pm p o r e  s i z e ,  s i n t e r e d  metal f r i t  i n  t h e  e x i t  end (cool ing 

zone) of t h e  v o l o x i d i z e r  w a s  followed by s t a i n l e s s  steel  

d e p o s i t i o n  tub ing  i n s e r t s a n d s t e e l  wool packing (Fig.  1 0 ) .  

3. A heated f i l t e r  pack a t  125OC con ta in ing  m e t a l  f r i t s ,  graded 

f i l t e r  papers ,  and c h a r c o a l  g r a n u l e s  w a s  l o c a t e d  i n - l i n e  

immediately a f t e r  t h e  r o t a r y  e x i t  seal .  

v e r t i c a l l y )  i n  t h e  assembled system i n  F ig .  11. 

It i s  shown ( s t and ing  

4 .  A heated HEPA f i l t e r  w a s  placed i n  t h e  off-gas  l i n e  o u t s i d e  t h e  

c e l l  f o r  secondary p a r t i c u l a t e  removal (Fig.  8 ) .  

The d e p o s i t i o n  tub ing  and steel  wool i n s e r t s ,  t h e  f i l t e r  pack i n s e r t s ,  

and t h e  HEPA f i l t e r  were removed from t h e  system fol lowing each run.  

Once t h e  f u e l  was loaded, t h e  v o l o x i d i z e r  w a s  s e a l e d  and connected 

t o  t h e  gas  f low system, and t h e  e n t i r e  assembly w a s  t e s t e d  f o r  a i r  t i g h t n e s s  

a t  6-psi gauge p res su re .  Af t e r  i t s  i n t e g r i t y  w a s  v e r i f i e d ,  h e a t  w a s  
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app l i ed  slowly over a 30- t o  45-min per iod u n t i l  t h e  temperature reaqhed 

48OoC, where i t  w a s  maintained f o r  t h e  d u r a t i o n  of t h e  o x i d a t i o n .  

During t h e  heat-up pe r iodand  f o r  t h e  l e n g t h  of t h e  vo lox ida t ion ,  a i r  w a s  

admit ted t o  t h e  system a t  a ra te  of 200 t o  300 cc/min (STP) and t h e  

v o l o x i d i z e r  w a s  r o t a t e d  moderately a t  1 2  rpm. 

r e a c t i o n  under t h e s e  conditions. ,  each vo lox ida t ion  w a s  oont.inued beyorid t h e  

. p o i n t  a t  which oxygen consumption had ended and t h e  85Kr concen t r a t ion  i n  

To ensu re  completeness of 

t h e  off-gas  had r e tu rned  t o  n e a r  background l e v e l s .  

During each experiment,  t h e  vo lox ida t ion  off-gases  w e r e  s e n t  t o  t h e  

sampling area above t h e  c e l l  v i a  a heated l i n e ,  where they were s e q u e n t i a l l y  

t rapped f o r  3H20 content  u s i n g  s i l i c a  g e l  and Type 4A molecular s i e v e s .  

The off-gases  w e r e  cont inuously analyzed f o r  85Kr and O2 con ten t  and were 

c o l l e c t e d  f o r  cumulative measurements on 85Kr and 1 4 C  release. 

Following each run ,  t h e  coo l ing  v o l o x i d i z e r  received a 2- t o  3-hr a i r  

purge to s w e e p  any remaining off-gases f r o m  the s y s t e m .  

General ly ,  t h e  same o p e r a t i o n a l  and sampling procedures were followed 

f o r  a l l  t h r e e  experiments;  however, some system improvements w e r e  made 

p r i o r  t o  t h e  second and t h i r d  runs .  During t h e  LWR-2 vo lox ida t ion ,  a 

HEPA f i l t e r  w a s  no t  used because of earlier d i f f i c u l t i e s  i n  keeping i t  

p rope r ly  heated. We found t h a t  inadequate  h e a t i n g  of t h e  f i l t e r  had 

a c t u a l l y  a f f e c t e d  measurement of t h e  tritium release r a t e  i n  t h e  

f i r s t  experiment. For t h e  LWR-3 experiment,  ano the r  model HEPA f i l t e r  

w a s  i n s e r t e d  and used s u c c e s s f u l l y .  A gas  sampling p o r t  w a s  i n s t a l l e d  

a t  t h e  i n l e t  of t h e  flow-through sensor  of t h e  mult ichannel  a n a l y z e r  ( s e e  

Fig.  12). It w a s  used du r ing  t h e  LWR-3 r u n  t o  e x t r a c t  f lowing stream g a s  

samples from t h e  off-gas l i n e  a t  t h e  same t i m e  t h e  g a s  w a s  being counted 

f o r  85Kr.  

t h e  flow t o t a l i z e r  and c a l i b r a t e d  flow s p l i t t e r ,  w a s  s u f f i c i e n t  t o  monitor 

gas  flow volumes du r ing  t h e  f i r s t  two experiments;  t h e r e f o r e ,  t h e  wet-test 

meter w a s  e l imina ted  from t h e  system f o r  t h e  t h i r d  experiment. 

We a l s o  found t h a t  t h e  m a s s  f low meter ing system, inc lud ing  

4.3.2 Oxygen consumption 

The ra te  of oxygen consumption during each vo lox ida t ion  of 

H. B. Robinson f u e l  w a s  obtained by measuring t h e  c o n c e n t r a t i o n  of oxygen 

i n  t h e  off-gas  and c a l c u l a t i n g  t h e  d i f f e r e n c e  from t h e  i n l e t  gas  

concen t r a t ion  (a i r ,  20.9%) over success ive  time p e r i o d s ,  React ion of t h e  

U 0 2  began as t h e  temperature  passed 400OC. During a l l  t h e s e  r u n s ,  a 
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temporary r e d u c t i o n  i n  t h e  rate of oxygen consumption w a s  noted (see 

Fig.  1 5 ) .  T h i s  a p p a r e n t t w e s t e p  o x i d a t i o n  w a s  more s h a r p l y  de f ined  

w i t h  unclad U 0 2  fragments ( run  LWR-3). 

occurred a t  'L40 t o  50% of t h e ' t o t a l  oxygen usage. 

t o  a slower usage due t o  a r a t e - l i m i t i n g  s t e p ,  such as a n  in t e rmed ia t e  

phase change t o  U 0 I n  a d d i t i o n ,  i f  small oxide f i n e s  are converted 

apprec i ab ly  f a s t e r  t han  t h e  l a r g e r  (>1 m) U 0 2  lumps, t hen  as-sheared 

p a r t i c l e  s i z e  of t h e  l o o s e  f u e l  fragments may a l s o  have a rate-determining 

e f f e c t  on oxygen consumption. Another f a c t o r  is t h e  presence of c l a d  f u e l .  

I n  runs  LWR-1 and LWR-2, where sheared 1-in.  p i e c e s  of f u e l  w e r e  

vo lox id ized ,  access t o  t h e  U 0 2  w a s  l i m i t e d ,  t he reby  slowing t h e  conversion 

p rocess .  Cladding e f f e c t s  on t h e  u t i l i z a t i o n  ra te  can a l s o  be seen  i n  

cumulative oxygen consumption curves i n d i c a t i n g  t h e  percentage of t o t a l  

0 consumed (Fig.  16 ) .  Oxygen usage w a s  completed a f t e r  2 h r  of 

vo lox ida t ion  a t  48OOC f o r  unclad U 0 2 ;  however, du r ing  experiments w i t h  c l a d  

f u e l  p i e c e s ,  i t  took n e a r l y  t w i c e  as long f o r  t h e  o x i d a t i o n  t o  be completed. 

I n  each case, t h e  phenomenon 

Th i s  could correspond 

4 9' 

, 

2 

An estimate of t h e  oxide conversion may b e  ob ta ined  by t h e  weight 

T h e o r e t i c a l  weight g a i n  f o r  complete conversion g a i n  of t h e  U 0 2  feed.  

of U 0 2  t o  U308 i s  3.95% of i n i t i a l  weight. 

i n  Table  2 .  

i n  each experiment.  

83.1,  106.0, and 87.1% f o r  LWR-1, LWR-2, and LWR-3, r e s p e c t i v e l y .  E r r o r s  

i n c l u d e  weight l o s s e s  due t o  unrecovered ox ide ,  weighing e r r o r s ,  and 

Material ba l ances  are p resen ted  

Recoveries of voloxidized product i n d i c a t e d  y i e l d s  of >99% 

Estimated conversions from t h e  weight g a i n s  were 

oxidat ion of t he  Zircaloy ( i f  any).  

Cumulative oxygen usage may a l s o  be used t o  estimate t h e  oxide 

conversion.  Calculated moles of oxygen consumed based on t o t a l i z e d  gas  

f lows and averaged O2 c o n c e n t r a t i o n s  showed conversioiis of 1 1 2 ,  115, 

and 80% when compared wi th  t h e  t h e o r e t i c a l  amounts f o r  LWR-1, LWR-2, 

and LWR-3, r e s p e c t i v e l y .  Instrument  c a l i b r a t i o n  and f low measurement 

e r r o r s  are t h e  most probable  cause f o r  t h e  r e l a t i v e l y  widespread v a l u e s ?  

*Improved f low ins t rumen ta t  ion and computational methods, i nc lud ing  t h e  
u s e  of a Hewlett-Packard 3050B Data A c q u i s i t i o n  System, now g i v e  more 
a c c u r a t e  estimates of oxide conversion based on cumulative oxygen usage. 
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OR& DWO 77-1757 

TIME (hr) 

Fig.  16. 
a i r  a t  4 8 O O C .  

Cumulative oxygen consumption during voloxidation i n  
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Table  2. Material ba lance  on vo lox ida t ion  of U02, 31,000 MWd/ton 
(H. B. Robinson-2 Reactor,  Rod G-10, Assembly B05) 

Run No. 
LWR-1 LWR-2 LWR-3 

U 0 2  ( c l ad )  
U 0 2  ( f i n e s )  
Cladding 
T o t a l  

92.5 82.5 - 
20.1 15.2 7 2 . 7  
23.3 22.9 - 

135.9 120.6 72.7 

U30ga 
C ladd ing  
Tot a1 

Weight g a i n  ( g )  
Yield  (%)b 
Oxide conversion (%)' 

116.3 101.8 75.2 
23.3 22.9 - 

139.6 124.7 75.2 

3.7 4 . 1  2.5 
99.36 100.24 99.51 
83.1 106.0 8 7 . 1  

Inc ludes  unconverted U02 i f  p r e s e n t .  a 

bBased on 3.95% , inc rease  i n  oxide weight as 100% t h e o r e t i c a l  y i e l d .  
'Measured from weight ga in  of recovered product ;  assuming no 

zirconium o x i d a t i o n  and no loss of powders. 
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The vo lox ida t ion  w a s  completed i n  a l l  of t h e  runs  wi th  n e a r l y  a l l  

(>99%) of t h e  oxide being r e l e a s e d  from t h e  h u l l s  as f i n e  powder 

(Fig. 1 7 ) .  

P u l v e r i z a t i o n  w a s  a l s o  ve ry  e f f e c t i v e ,  w i t h  >99% of t h e  powder i n  t h e  

<44-pm f r a c t i o n .  

This  g i v e s  f u r t h e r  i n d i c a t i o n  of t h e  completeness of conversion.  

4.3.3 F i s s i o n  gas  e v o l u t i o n  

The gaseous release d a t a  ob ta ined  from t h e s e  experiments were 

de r ived  from comparisons between t h e  t o t a l  amount of a f i s s i o n  product  

p r e s e n t  i n  t h e  f u e l ,  determined by t h e  d i s s o l u t i o n  of t h e  f u e l ,  and t h e  

measured amounts of r a d i o n u c l i d  c t i v i t y  p r e s e n t  i n  known volumes of 

o f f  -gas c o l l e c t e d  over spec i f  i i m e  i n t e r v a l s .  T r i t i u m  w a s  c o l l e c t e d  

as 3H20 on s i l i c a  g e l  and Type 4 A  molecular s i e v e  t r a p s ,  which were 

subsequent ly  leached i n  50 m l  of water f o r  a n a l y t i c a l  sampling. 

f o r  t r i t i u m  i n  d i s s o l v e r  s o l u t i o n s  of v o l o x i d i z e r  product  showed t r i t i u m  

removal from t h e  ox ide  t o  be e s s e n t i a l l y  complete. 

con ten t  i n  t h e  off-gas  w a s  cont inuously counted us ing  a n  on-lineMCA set  f o r  

10-min accumulation pe r iods .  

(%7 m l )  of v o l o x i d i z e r  off-gas a l s o  g i v e  in s t an taneous  measurements on 

85Kr concen t r a t ion .  

Analysis  

The krypton (85Kr) 

Gamma spectrometry on flowing stream.samples 

Tr i t i um and krypton e v o l u t i o n  rate cu rves  are r e l a t e d  t o  t h e  

v o l o x i d a t i o n  p rocess  ( i . e . ,  t h e  ra te  of d e p l e t i o n  of oxygen c o n c e n t r a t i o n  

i n  t h e  v o l x o i d i z e r  off-gas as a f u n c t i o n  of run  t ime) .  These are shown 

f o r  t h e  LWR-1 and LWR-2 v o l o x i d a t i o n s  of Zircaloy-clad f u e l  i n  F i g s .  18 
and 19,  r e s p e c t i v e l y ,  and f o r  t h e  LWR-3 v o l o x i d a t i o n  of unclad ox ide  i n  

F ig .  20. 

a n  appa ren t  condensat ion of 3H20 vapor i n  an inadequa te ly  heated HEPA 

f i l t e r  downstream from t h e  v o l o x i d i z e r ;  t h i s  problem w a s  e l imina ted  du r ing  

later r u n s .  

v o l o x i d a t i o n  is a l s o  v i s i b l e  t o  some degree f o r  t h e  release of 85Kr i n t o  

t h e  off-gas  s t r e a m ,  as measured by t h e  MCA. 

experiment,  t h e  double peaks f o r  oxygen u t i l i z a t i o n  and 85Kr release were 

a g a i n  p r e s e n t ,  bu t  t h e  Q20-min t i m e  l a g  by t h e  85Kr peaks behind t h e  O2 

peaks w a s  no t  seen. 

i n  F ig .  20 i s  a d i s p l a y  of flowing stream gas  sample c o n c e n t r a t i o n s  ( t h e  

accumulation-count d e l a y  from t h e  MCA is  n o t  a f a c t o r .  

A t r i t i u m  release rate curve f o r  LWR-1 w a s  not  obtained due t o  

The double-peaking e f f e c t  observed f o r  oxygen consumption d u r i n g  

During t h e  unclad f u e l  

It should be noted t h a t  t h e  85Kr e v o l u t i o n  ra te  cu rve  
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ORNL DWG. 77-608A 

Y Y - - 
VOLOXIDIZER T E M P E R A T U R E  

TIME ( h r )  

Fig. 18. Release of 85Kr and oxygen consumption - Run LWR-1. 
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ORNL OW0 77-1182 

1 
"Kr IN OFF-GAS 

~ V O L O X I D A T I O N  AT 480 *C 

I 2 3 4 5 

TIME (hr )  

Fig. 20. Release of tritium, 85Kr, and oxygen consumption - Run LWR-3. 
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A s i m i l a r  doub le - r e l ease  p a t t e r n  f o r  t r i t i u m  i s  ev iden t  from th'e 

evo lu t ion  ra te  d a t a  ob ta ined  d u r i n g  t h e  run  w i t h  c l a d  f u e l ,  shown i n ' F i g .  

19.  

double-peaking e f f e c t  f o r  tritium c o n c e n t r a t i o n s  measured i n  t h e  o f f  -gas 

w a s  observed ( s e e  Fig.  20).  I n  bo th  cases, t h e r e  w a s  a de l ay  of a t  l eas t  

45 min between t h e  t i m e  of peak oxygen u t i l i z a t i o n  and t h e  peak i n  t r i t i u m  

e v o l u t i o n .  This  is  a t t r i b u t e d  t o  a holdup of HTO on t h e  s u r f a c e s ,  even 

though they are  heated t o  > l O O ° C .  

However, du r ing  t h e  v o l o x i d a t i o n  of unclad U 0 2  fragments,  no such 

Krypton and tritium release p r o f i l e s  (percentages of amounts i n i t i a l l y  

i n  t h e  f u e l )  are shown f o r  runs  LWR-2 and LWR-3 i n  F igs .  2 1  and 22, 

r e spec t3ve ly .  

<2% f o r  85Kr and - < 10% f o r  

r u n  (LWR-2) d i d  n o t  s i g n i f i c a n t l y  d e c r e a s e  u n t i l  t h e  v o l o x i d i z e r  charge 

had been a t  temperature  f o r  2.5 h r .  

(LWR-3) , t h e  release of 85Kr w a s  n e a r l y  f i n i s h e d  a f t e r  only 1 .5  h r  a t  

temperature .  

90% completion. 

Accumulations du r ing  t h e  i n i t i a l  30 min a t  480°C w e r e  low, 

Evolut ion of krypton du r ing  t h e  c l ad  f u e l  3 H. 

During t h e  v o l o x i d a t i o n  of unclad f u e l  

I n  both cases, t h e  u t i l i z a t i o n  of oxygen had reached $80 t o  

The delayed-release p a t t e r n s  (double peaking) du r ing  t h e  LWR-2 run 

caused t h e  t r i t i u m  e v o l u t i o n  t o  occur  over t h e  f u l l  4.5-hr v o l o x i d a t i o n  

of c l ad  U02; however, a 3.0-hr v o l o x i d a t i o n  t r ea tmen t  w a s  s u f f i c i e n t  

t o  remove t h e  t r i t i u m  from unclad U 0 2  fragments.  

i n - l i n e  s u r f a c e s  and a d s o r p t i o n  media w a s  on t h e  o r d e r  of 65 t o  70% of 

t h e  amount found i n  d i s s o l u t i o n  of unvoloxidized oxide.  Analyses f o r  

tritium i n  d i s s o l v e r  s o l u t i o n s  of v o l o x i d i z e r  product  showed t r i t i u m  

removal from t h e  ox ide  t o  be Q97 t o  %loo%.* 

Tr i t i um recovery from 

I n  a d d i t i o n  t o  rate of release measurements f o r  3H and 85Kr ,  cumulative 

gas  samples were taken from c o l l e c t e d  v o l o x i d i z e r  off-gas  f o r  r ead ings  on 

t h e  t o t a l  amount of I4C evolved. 

experiments were as fo l lows :  

Gaseous release t o t a l s  f o r  t h e  t h r e e  

" T r i t i u m  con ten t  of t h e  c l add ing  w a s  e s s e n t i a l l y  unaffected by 
vo lox ida t ion ,  see Sec t .  4.4.5. 
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Run No. Released t o  vo lox id ize r  of f -gas  (% i n i t i a l l y  i n  U02) 

3Ha 14Cb 85Krc 

LWR-1 97.2 32. Od 6.5  

LWR-2 99.89 52.0 6.07 

LWR-3 >99.99 %loo.  0 4 .3  

a Based on r e s i d u a l  t r i t i u m  l e v e l s  determined from t h e  d i s s o l u t i o n  
of vo loxid ized  oxide.  

bBased on r e s i d u a l  1 4 C  l e v e l s  from d i s s o l u t i o n  of vo loxid ized  
oxid e .  
Based on 85Kr  release from d i s s o l u t i o n  of vo loxid ized  f u e l .  C 

d p a r t i a l  l o s s  of sample. 

Sampling and a n a l y s i s  problems experienced wi th  i n i t i a l  gas  bag 

samples  caused lower-than-expected v a l u e s  f o r  t h e  cumulat ive release 

of 1 4 C  dur ing  t h e  LWR-1 run .  

f u e l  from t h e  r e p l i c a t e  experiment i n d i c a t e  t h a t  a vo lox ida t ion  r e l e a s e  

on t h e  o r d e r  of 50% might be expected from 1.0-in.-long p i e c e s  of Zi rca loy-  

c l ad  U 0 2 .  

e s s e n t i a l l y  complete dur ing  t h e  LWR-3 vo lox ida t ion  experiment.  

c h a r a c t e r i s t i c a l l y  1ow.re leases  of 85Kr  dur ing  t h e s e  runs  a re  i n  gene ra l  

agreement w i t h  t h e  va lues  a n t i c i p a t e d  from ear l ie r  vo lox ida t ion  tests 

w i t h  LWR f u e l s .  

Residual  l e v e l s  of 1 4 C  p r e s e n t  i n  oxid ized  

Release of 1 4 C  from unclad f u e l  fragments w a s  found t o  be 

The 

9 

4.3.4 F i s s i o n  product d i s t r i b u t i o n  

Following each vo lox ida t ion  of c l a d  and unclad H. B. Robinson f u e l ,  

d e p o s i t i o n  and f i l t e r  t r a p  samples w e r e  c o l l e c t e d  ( f o r  gamma spectrometry)  

from areas downstream of t h e  vo lox id ize r .  

b r a s s  s h e e t  specimen t h a t  had remained i n  c o n t a c t  w i t h  t h e  i n n e r  w a l l s  of 

t h e  vo lox id ize r  dur ing  a l l  t h r e e  r u n s  w a s  a l s o  analyzed t o  i n d i c a t e  

cumulat ive f i s s i o n  product  depos i t i on  ( o r  p l a t e o u t )  on t h e  v o l o x i d i z e r ' s  

i n n e r  s u r f a c e s .  The accumulated amounts of each f i s s i o n  product  on t h e  

s h e e t  w e r e  ad jus t ed  by t h e  r a t i o  of  t h e  areas i n  o r d e r  t o  estimate (on 

a per-gram-of-uranium b a s i s )  t h e  d e p o s i t i o n  over t h e  t o t a l  s u r f a c e  area of 

t h e  vo lox id ize r  dur ing  each experiment.  

Following t h e  LWR-3 run ,  t h e  

F i s s i o n  product  r e c o v e r i e s  from t h e  vo lox id ize r  w a l l s  and v o l o x i d i z e r  

off-gas  system are l i s t e d  i n  Table  3 as percentages  of  t h e  t o t a l  f u e l  

i n v e n t o r i e s  f o r  each  run .  During t h e  experiments  w i t h  c l a d  f u e l ,  on ly  



Table  3. Se lec t ed  f i s s i o n  product  r e c o v e r i e s  from t h e v o l o x i d i z e r  and off-gas  system fo l lowing  
vo lox ida t ion  of 31,000-MWd/ton H.  B. Robinson f u e l  i n  a i r  a t  480°C 

Nucl ide Fuel  inventorya LWR run  D i s t r i b u t i o n  ( X  of  f u e l  inventory)  
 NO.^ Burner wa l l s c  Off-gas system [ d i s  sec-'(g U J ]  

Io6Ru 2.42309 1 

125Sb 9.36307 1 

2 
3 

2 
3 

12gI 152d 1 

134cs 1.77309 1 

2 
3 

2 
3 

137cs 3.21E09 1 

1 4 4 ~ e  2.54309 

7.203-03 
7.153-03 
7.153-03 

2.613-02 
2.603-02 
2.613-02 

0.22 
0.22 
0.22 

1.693-02 
1.693-02 
1.693-02 

2.063-02 
2.063-02 
2.06E-02 

1.363-02 
1.363-02 
1.363-02 

7.933-05 
5.83E-05 
2.383-03 

5.223-05 
8.12E-05 
1.08E-03 

0.657 
0. 03ge 
1.08 

7.633-05 
5. 88E-05f 
2.01E-04 

7.823-05 
6. llE-05f 
2.03E-03 

6.18E-05 
4.843-05 
6.18E-05 

a 

bRuns 1 and 2 w i t h  Zircaloy-clad p i e c e s ;  run  3 wi th  unclad f u e l .  

d 
e 

fCross  contaminat ion  from o t h e r  experiment;  see t e x t .  

Determined from d i s s o l u t i o n  of unvoloxidized f u e l .  

Calcu la ted  as p ro ra t ed  averages  based on a n a l y s i s  of one cumulat ive sample. 
pg (g ) - I ;  average  v a l u e  from d i s s o l u t i o n s  by D.  0. Campbell ( r e f .  4 ) .  
Recovered from cha rcoa l  papers;  cha rcoa l  beds a t  125°C used dur ing  LWR-1 and LWR-3. 

C 

I w 
a3 

I 
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134-137 s m a l l  q u a n t i t i e s  ('LO.01 t o  0.03% of t h e  t o t a l )  of '06Ru, 125Sb, CS Y 

and 144Ce appeared t o  have coated t h e  v o l o x i d i z e r ' s  i n n e r  s u r f a c e s ,  Ikrith 

<0.0001% of t h e  t o t a l  i nven to ry  of each being t r a n s f e r r e d  t o  downstream 

l o c a t i o n s .  

t h e  off-gas system a f t e r  v o l o x i d a t i o n  of unclad U 0 2 .  

on l e a c h e s  from t h e  s h e e t  specimen i n s e r t  and on beds of cha rcoa l  from t h e  

S l i g h t l y  l a r g e r  amounts of f i s s i o n  p roduc t s  were found i n  

A c t i v a t i o n  ana lyses  

heated off-gas f i l t e r  t r a p  showed t h a t  %l% of t h e  t o t a l  12'1 w a s  removed 

from t h e  f u e l  by r o t a r y  vo lox ida t ion  a t  480OC. 

v o l a t i l i z e d  i o d i n e  passed through t h e  35-1-lm s i n t e r e d  steel f i l t e r  

However, most of t h e  

'and i n t o  t h e  off-gas  system. The appa ren t  low va lue  f o r  12'1 recovery 

downstream from t h e  v o l o x i d i z e r  du r ing  t h e  second experiment is  most l i k e l y  

due t o  i n e f f e c t i v e  a d s o r p t i o n  by charcoal-impregnated f i l t e r  p a p e r s .  

Gamma spectrometry performed on tub ing  samples taken from t h e  o f f -  

gas  l i n e  fol lowing t h e  LWR-3 v o l o x i d a t i o n  of unclad f u e l  showed a n  inc reased  

percentage of downstream lo6Ru, 125Sb, and 134-137Cs d e p o s i t i o n .  This  

may have been due i n  p a r t  t o  t h e  release of r e s i d u a l  contamination from a 

v o l o x i d a t i o n  a t  650°C of f a s t ,  i r r a d i a t e d  (U,Pu)02 made between LWR-2 and 

LWR-3.* Deposited cesium levels a t  t h i s  l o c a t i o n  w e r e  p a r t i c u l a r l y  high;  

137Cs/134Cs r a t i o s  w e r e  similar t o  those  found dur ing  t h e  f a s t  f u e l  

r u n  (FBR-1, 2 1 . 7 ;  LWR-3, 18 .4 )  and were a n  o r d e r  of magnitude l a r g e r  t han  

t h o s e  seen  i n  t h e  LWR-1 and LWR-2 v o l o x i d a t i o n s  (LWR-1, 1.86; LWR-2, 

1.88). 

U l t r a s o n i c  c l e a n i n g  of t h e  v o l o x i d i z e r  between runs  w a s  e f f e c t i v e  

i n  removing l o o s e  d u s t  and f i s s i o n  p roduc t s  from the w a l l s  and t h e  

s in t e red -me ta l ,  exi t -gas  f i l t e r ,  b u t  w a s  n o t  e f f e c t i v e  i n  removing p l a t e d  

materials. 

r e v o l a t i l i z e d  some of t h e  contaminants,  which subsequent ly  "p la t ed  out" 

on t h e  t u b u l a r  d e p o s i t i o n  i n s e r t s  downstream from t h e  v o l o x i d i z e r .  

l i k e l y  t h a t  e f f e c t s  of c l add ing  ( o r  absence of c l add ing)  on p a r t i c u l a t e  

and s e m i v o l a t i l e  f i s s i o n  product  d i s t r i b u t i o n  du r ing  t h i s  vo lox ida t ion  

r u n  may have been p a r t i a l l y  obscured-; however, t h e  e f f e c t s  of s u r f a c e  

contamination and r e v o l a t i l i z a t i o n  are con t inu ing  t o  be s tud ied  as a 

s e p a r a t e  area of i n t e r e s t .  

Heating t h e  system dur ing  t h e  LWR-3 experiment may have 

It i s  

*The b r a s s  s h e e t  specimen used du r ing  t h e  LWR series w a s  no t  i n s i d e  
t h e  v o l o x i d i z e r  du r ing  t h e  (U,Pu)O2 vo lox ida t ion ;  hence, i t  w a s  no t  
contaminated. 
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The d i s t r i b u t i o n s  of f i s s i o n  products  recovered from t h e  off-gas  

system fol lowing each vo lox ida t lon  a re  shown i Q  Tables  4 ,  5, and 6. 

Most of t h e  f i s s i o n  products  t h a t  passed a 35-um pore  s i z e ,  s i n t e r e d  

s t ee l  f i l t e r  a t  t h e  gas  e x i t  of t h e  vo lox id ize r  depos i ted  

cool ing  gas  onto tub ing  i n s e r t  specimens. (The except ion  

which w a s  adsorbed on beds of cha rcoa l  heated t o  125OC.I 

c a l i b r a t i o n s  of t h e  voloxid i z e r  i nd ica t ed  t h a t  d e p o s i t  i on  

t h i s  r eg ion  could be es t imated  wi th  reasonable  accuracy.  
\ 

from t h e  r a p i d l y  

w a s  3 

Pre-run 

temperatures  i n  

One d i s p l a y  of 

1 2 g I  

d a t a  f o r  t h e  vo lox id ize r  under ope ra t ion  a t  500°C shows t h e  r e l a t i v e l y  

narrow d i s t r i b u t i o n  of off-gas  temperatures  over  a wide range of f low 

rates (Fig.  23) .  P r o f i l e s  f o r  measured f i s s i o n  product  l e v e l s  as  a 

f u n c t i o n  of temperature  a re  shown f o r  t h e  vo lox ida t ions  performed on c l ad  

U 0 2  i n  F igs .  24 and 25 and on unclad U02 i n  F ig .  26. 

i n  some of t h e  tub ing  segments enhanced f i s s i o n  product  c o l l e c t i o n  by a 

f a c t o r  of 10 ,  perhaps  s i g n i f y i n g  t h e  u t i l i t y  of an  extended s u r f a c e  or  the 

presence  of p a r t i c l e s  i n  t h e  gas .  For t h e  f i r s t  two r u n s ,  t h e  r e l a t i v e  

d e p o s i t i o n s  of lo6Ru, 137Cs, and 144Ce d i d  n o t  vary  g r e a t l y  as  t h e  off-gas  

cooled from %4OO0C down t o  % l O O ° C ;  t h i s  sugges t s  p a r t i c u l a t e  m a t t e r .  

However, f o r  t h e  t h i r d  run ,  a t  tempera tures  <.350"C,ruthenium depos i t i on  

w a s  g r e a t e r  than  t h a t  f o r  cesium, a r e v e r s a l  of t h e  p a t t e r n  noted i n  t h e  

c l ad  f u e l  runs  and f u r t h e r  i n d i c a t i o n  of t h e  l i k e l i h o o d  of r e v o l a t i l i z e d  

f i s s i o n  products  from t h e  (U,Pu)02 voloxida t ion .*  

S tee l  wool packing 

Most of  t h e  en t r a ined  a c t i v i t y  i n  t h e  g r a d e d - f i l t e r  system w a s  

a s s o c i a t e d  w i t h  p a r t i c u l a t e s  s i z e d  between 5 and 10Vm. 

a c t i v i t y  (mostly lo6Ru and 137Cs) were found i n  t h e  heated off-gas  l i n e  

o r  i n  t h e  secondary p a r t i c u l a t e  HEPA f i l t e r s .  

Only traces of  

4 . 4  D i s so lu t ion  

4.4.1 General 

D i s so lu t ion  of unvoloxidized o r  vo loxid ized  f u e l  i s  necessary  

i n  o r d e r  t o  determine t h e  amounts of t r i t i u m ,  I 4 C ,  krypton,  i o d i n e ,  

o r  o t h e r  f i s s i o n  products  t h a t  remain i n  t h e  f u e l  a f t e r  t h e  head-end 

t r ea tmen t s  and t o  determine whether t h e  s o l u b i l i t y  of t h e  U 0 2  i s  a f f e c t e d .  

Two experiments  t o  de te rmine  t h e  s t a r t i n g  inventory  were conducted wi th  

unvoloxidized Zircaloy-clad U02 from t h e  same segment of Robinson f u e l  

*Separate  v o l o x i d i z e r s  are now c u r r e n t l y  i n  use  f o r  d i f f e r e n t  f u e l  
types  t o  prevent  c r o s s  contaminat ion.  



Table 4.  D i s t r i b u t i o n  of s e l e c t e d  f i s s i o n  products  remaining i n  t h e  vo lox id ize r  off-gas  system 
fol lowing vo lox ida t ion  of Zircaloy-clad H.  B. Robinson f u e l  i n  a i r  a t  48OOC (LWR-1) 

System d i s t r i b u t i o n  ( X  of t o t a l  r e l e a s e d  from vo lox id ize r )  
Deposi t ion Graded f i l t e r s  Charcoal HEPA f i l t e r  

T o t a l  found i n  of f -gas  system 

[ d i s  sec-' g ( I J ) - ~ ]  Nuclide specimens < 10  Um 

lo6Ru 73.92 24.57 1.30 0.21 1.92303 

4.89E01 125Sb 95.30 a 4.70 b 

12g1 0.90 22.55 76.55 b 0.998' 

134cs 70.93 28.75 0.20 0.13 1.35303 

137cs 71.67 27.75 0.43 0.14 2.51303 

1 4 4 ~ e  74.74 2 2 . 2 1  3.04 b 1.57303 

Below l i m i t s  of d e t e c t i o n .  a 

bTrace q u a n t i t i e s ,  
l.lg (s1-l. C 



Table 5. D i s t r i b u t i o n  of s e l e c t e d  f i s s i o n  products  remaining i n  t h e  v o l o x i d i z e r  off-gas  system fo l lowing  
vo lox ida t ion  of Zircaloy-clad H.  B .  Robinson f u e l  i n  a i r  a t  48OOC (LWR-2) 

System d i s t r i b u t i o n  ( X  of t o t a l  r e l eased  from vo lox id ize r )  
Deposi t  ion  Graded f i l t e r s  Charcoala 

T o t a l  found i n  off-gas  system 
-1 [ d i s  sec (u)-'] < 10 pm specimens - Nuclide 

lo6Ru 87.26 5.24 7.50 1.41E03 

5.21 7.60E01 125Sb 90.92 3.87 

12gI 57.63 b 42.37 0.059' 

Gross y 

85.49 

85.16 

87.26 

86.45 

5.95 

6.22 

5.66 

5.63 

8.56 

8.62 

7.08 

7.92 

1.04E03 

1.96E03 

1.23306 
1. 00E03d 

a 

bUndetected. 
Charcoal papers ;  cha rcoa l  beds used dur ing  LWR-1 and LWR-3. 

I c- 
N 
I 



Table 6. D i s t r i b u t i o n  of s e l e c t e d  f i s s i o n  products  remaining i n  t h e  vo lox id ize r  of f -gas  system fo l lowing  
vo lox ida t ion  of unclad H. B.  Robinson f u e l  i n  a i r  a t  480°C (LWR-3) 

System d i s t r i b u t i o n  (% of t o t a l  r e l eased  from vo lox id ize r )  T o t a l  found i n  of f -gas  system 
Deposit  i o n  Graded f i l t e r s  Charcoal HEPA f i l t e r  [ d i s  sec -1 g (U)-'] 

< 10 pm specimens - Nuclide 

lo6Ru 99.86 0.03 0.07 0.04 5.7 6304 

0.23 0.20 1.01303 125Sb 99.39 0.17 
12gI 

134cs 98.54 0.39 0.50 0.57 3.55303 

137cs 99.59 0.11 0.19 0.11 6.52304 

1 4 4 ~ e  96.16 1.10 1.14 1.60 1.57303 

Gross y 

5.75 a 94.25 a 1. 634b 

99.60 0.12 0.19 0.09 1.77E04' 

a 

C Counts sec g , 

I * 
w 
I 

I 
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Fig.  24. F i s s i o n  product d e p o s i t i o n  from vo lox id ize r  of f -gas  
(Run LWR-1). 
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Fig.  25. F i s s i o n  product  d e p o s i t i o n  from v o l o x i d i z e r  off-gas  
(Run LWR-2). 
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Rod G-10 as t h a t  used i n  t h e  v o l o x i d a t i o c  tests. Four d i s s o l u t i o n s  w e r e  

made w i t h  voloxid ized  material: 

D i s so lu t ion  Fuel  from vo lox ida t ion  Di s so lu t ion  procedure 
exper b e n t  N o .  Comp l e t  e P a r t i a l  

1 A  
1 B  
1c 
2A 
3A 
3B 

None 
1 
1 
2 
3 

None 

X 

X 

X 

X 

X 
X 

I The complete d i s s o l u t i o n  procedure s imulated t h e  o p e r a t i o n  of a 

cont inuous,  coun te rcu r ren t  l eache r  o r  d i s s o l v e r :  

Leach 1. 2-hr, 7 - M HN03, 92 t o  95°C. Represents  con tac t  of 

f u e l  and c ladding  w i t h  f r e s h  d i s s o l v e n t .  

Leach 2. 2-hr, 3 - M HN03, 92 t o  95°C. Represents  c o n t a c t  of f u e l ,  

c ladding ,  and r e s i d u e  w i t h  spen t  d i s s o l v e n t .  

Leach 3.  2-hr, 7 - M HN03, 92 t o  95°C. Add i t iona l  c o n t a c t  of f u e l ,  

c l add ing ,  and r e s i d u e  wi th  f r e s h  d i s s o l v e n t .  

Leach 4 .  2-hr, 8 - M HN03--0.05 - M KF, 92 t o  95°C. Extra l e a c h  wi th  

s t ronge r  r eagen t  f o r  material ba lance  purposes  (not  p a r t  of t h e  normal 

d i s s o l u t i o n  f lowshee t ) .  

The p a r t i a l  procedure c o n s i s t e d  of on ly  t h e  f i r s t  l e a c h  t o  determine 

t h e  amounts of t r i t i u m ,  krypton,  and iod ine  i n  t h e  f u e l .  Each l each  

s o l u t i o n  w a s  c e n t r i f u g e d ,  and t h e  supe rna tan t  l i q u i d s  and i n s o l u b l e  

r e s i d u e s  w e r e  submit ted f o r  i o n i c  and rad iochemica l  a n a l y s i s .  Off-gases 

were passed through t r a p s  and sc rubbe r s  and f i n a l l y  c o l l e c t e d  f o r  

de te rmina t ion  of t h e  f i s s i o n  product  c o n t e n t ,  Leached Z i rca loy  c ladding  

w a s  d i s so lved  i n  6 - M NH4F--1 

determine t h e  amounts of r e s i d u a l  uranium, plutonium, and f i s s i o n  products .  

I 
NH4N03 o r  i n  1 0  - M HF--0.05 - M HN03 t o  

These procedures  enabled u s  t o  accomplish t h e  fo l lowing  

o b j e c t i v e s  : 

1. Compare t h e  e f f e c t  of vo lox ida t ion  on t h e  ra te  of d i s s o l u t i o n  

and t h e  s o l u b i l i t y  of t h e  uranium, plutonium, and f i s s i o n  

products .  

I 
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12'1, etc. ,  i n  t h e  2.  Determine t h e  amounts of H2, 1 4 C ,  85Kr ,  

f u e l  b e f o r e  and a f t e r  vo lox ida t ion .  

C h a r a c t e r i z e  t h e  v o l a t i l i t y  of f i s s i o n  p roduc t s  du r ing  

d i s s o l u t i o n .  Th i s  w a s  done by r i n s i n g  l i n e s  and t r a p s  and by 

absorbing f i s s i o n  p roduc t s  i n  scrubbers .  

3 

3. 

4.  C h a r a c t e r i z e  t h e  leached c l add ing .  

5. Cha rac t e r i ze  t h e  i n s o l u b l e  r e s i d u e s  from t h e  d i s s o l u t i o n s .  

Material balances w e r e  c a l c u l a t e d  from t h e  sums of each a n a l y s i s .  

Sources of e r r o r  i n  t h e  material ba l ances  could be due t o  v a r i a t i o n s  i n  

w e i g h t s  (+ 0 . 1  g) of s t a r t i n g  and voloxidized p roduc t s ,  uranium and 

plutonium a n a l y s e s  (+ - 5%) ,  and volumes of l e a c h  s o l u t i o n s  (+ 1 t o  2 ml) .  

Plutonium weights  w e r e  c a l c u l a t e d  from t h e  plutonium a lpha  a c t i v i t y  pe r  

m i l l i l i t e r  of s o l u t i o n  ( t h e n o y l t r i f l u o r a c e t o n e  e x t r a c t i o n  method) and a 

c a l c u l a t e d  s p e c i f i c  a c t i v i t y  f o r  t h e  plutonium [alpha coun t s  min 

I 

-1 
(mg Pu)- l ]  

based on i t s  i s o t o p i c  composition. For example, i n  Run LWR-1: 
-1 -1 

mg 238Pu 1.66% x 1.97 x l o l o  coun t s  rnin 
8 = 3.27 x 1 0  coun t s  min-' (mg Pu)-l  

7 -1 coun t s  min-' mg 
7 -1 

= 3.80 x 1 0  counts  min (mg Pu)-' 
8 -1 -1 240Pu 26.18% x 2.70 x 10 coun t s  min mg 

7 -1 
' = 7.07 x 10 coun t s  min (mg PU)-' 

242Pu 5.85% x 4.41 x 1 0  coun t s  min mg 
5 -1 

= 2.58 x 10  coun t s  rnin (mg Pu)-' 

239Pu 54.62% x 6.95 x 1 0  

6 -1 -1 

8 T o t a l  = 4 . 3 6  x 10 counts  min-' (mg PU)-' 

F i s s i o n  product  weights  i n  t h e  i r r a d i a t e d  U 0 2  w e r e  c a l c u l a t e d  us ing  t h e  

average v a l u e s  de r ived  from s p a r k  s o u r c e  m a s s  spectrometry (SSMS) 

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

4.4.2 Material ba l ances  

Material ba l ances  f o r  t h i s  first series of d i s s o l u t i o n  experiments 

are g iven  i n  Table 7.  The i n i t i a l  we igh t s  of U 0 2  o r  U308 i n c l u d e  t h e  

f i s s i o n  p roduc t s  and plutonium formed dur ing  i r r a d i a t i o n .  Recoveries 

were g e n e r a l l y  w i t h i n  t h e  limits of experimental  e r r o r  and s a t i s f a c t o r i l y  

accounted f o r  t h e  mateEial. 
of i n s o l u b l e  r e s i d u e  from 'L0.2 w t  % i n  runs  -1A and -3B (unvoloxidized) 

t o ' L 0 . 6  w t  % i n  runs  -1B, -1C,  -2A, and -3A (vo lox id ized ) .  Voloxidat ion 

Note t h a t  v o l o x i d a t i o n  inc reased  t h e  amount 



. 

Table 7.  Overa l l  material ba lances  on d i s s o l u t i o n  of unvoloxidized U02 o r  voloxidized U308 

Voloxidat ion Run No. None -1 -1 -2 -3 No ne 
Di s so lu t ion  Run N o .  -lA -1B -1c -2A -3A -3B 

0.00 18.50 97.80 19.00 75.20 0.00 
29.75 17.81 94.18 18 .29  72.42 29.60 b 

U30ga 
U02, equ iva len t  
Cladding 6.75 23.30 0.19 0.00 6.80 0.00 - - 
T o t a l ,  as U02 36.50 17 .81  117.48  18.48 72.42 36.40 

Outputs (€9 
uo2 
Pu02 

29.20 17.53 92.33 18.36 72.87 28 .41  
0.25 0.14 0.82 0.16 0.50 0.26 

Residue 0.05 0.11 0.42 0.11 0.53 0.06 
C 1 adding 6.75 0.00 23.30 0.19 0.00 6.80 
F i s s i o n  products  0.53 0.32 1.68 0.33 1.33 0.52 
T o t a l ,  as U 0 2  36.78 18.10 118.57 19.15 75.22 36.05 

- 
Recovery ( X )  100.8 101.7 100.9 104.6 103.9 99.0 

Residue (wt % of f u e l )  0.18 0.60 0.45 0.57 0.72 0.20 

a Inc ludes  plutonium and o t h e r  f i s s i o n  products .  

b U 0 2  = U308 x 0.963. 
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a l s o  appeared t o  i n c r e a s e  t h e  s m a l l  amount of undissolved uranium and 

plutonium r e p o r t i n g  t o  t h e  r e s i d u e  by about t h e  s a m e  f a c t o r  (Table 8 ) .  

4.4.3 I s o t o p i c  ana lyses  of f u e l  

The p o s t i r r a d i a t i o n  uranium and plutonium i s o t o p i c  ana lyses  f o r  

two of t h e  f i r s t - l e a c h  (most concen t r a t ed )  s o l u t i o n s  are g iven  i n  

Table  9. The c a l c u l a t e d  s p e c i f i c  a c t i v i t y  of t h e  plutonium i n  each 

sample, de r ived  from t h e  i s o t o p i c  a n a l y s i s ,  is  a l s o  l i s t e d ;  it w a s  used 

t o  c a l c u l a t e  t h e  weight of plutonium i n  each sample. 

Alpha energy (pu l se  h e i g h t )  a n a l y s i s  of t h e  g r o s s  a lpha  and plutonium 

a lpha  samples from f i r s t - l e a c h  s o l u t i o n s  i n d i c a t e d  t h e  presence of o t h e r  

transuranium elements,(Table 1 0 ) .  For example, radiochemical  and a lpha  

p u l s e  h e i g h t  ana lyses  i n d i c a t e d  t h a t  t h e  f i r s t - l e a c h  s o l u t i o n  from run  

LWR-3B contained t h e  fol lowing nuc l ides :  

Nuc 1 i d  e Concentrat ion Concentrat ion ORIGEN Experimental  

Uranium 307.9 1.00 1.00 

Plutonium 2.85 9.02 9.57 0.94 

4.33 1.37 2.21 0.62 241h 

2 4 2 ~ m  3.83 1.21 1.05 1.15 

2 4 4 ~ m  7.21 2.28 5.64 0.40 

(mg / m l )  ( d g  of u)  (pig of U) ORIGEN 

Agreement between c a l c u l a t e d  and experimental  v a l u e s  w a s  good f o r  

plutonium, but the higher a c t i n i d e  values  once again indicated the  need 

f o r  c e r t a i n  ref inements  i n  t h e  ORIGEN c a l c u l a t i o n .  10 

Alpha p u l s e  he igh t  d a t a  on samples of t h e  i n s o l u b l e  d i s s o l u t i o n  

r e s i d u e s  from several experimenta (Table 11) i n d i c a t e d  t h e  r e s i d u e  

contained less  curium than  t h e  l e a c h  s o l u t i o n s  [ i .e. ,  'b1.4 x 1 0  a lpha  

coun t s  min (mg U)-' compared w i t h  'b3.3 x 10 a lpha  coun t s  min (mg U 

6 

-1 6 -1 

4.4.4 Uranium and plutonium contaminatioxj of c l add ing  

More uranium and plutonium were found a s s o c i a t e d  w i t h  t h e  leached 

cladding segments when t h e  c l add ing  w a s  d i s so lved  i n  6 - M NH4F--l.0 - M 

NH4N03 ( Z i r f l e x  r eagen t )  t han  when it w a s  d i s s o l v e d  i n  10  HF--O.O5 

HN03 (Table 1 2 ) .  

plutonium coun t s  min (g Zr-4) 

5 Add i t iona l  tests are i n d i c a t e d ,  s i n c e  t h e  2.05 x 10  
-1 -1 i n  run  LWR-lA i s  e q u i v a l e n t  t o  

- l1 .  



Table 8. Uranium and plutonium dissolved i n  successive leaches 

Leach KF T i m e  Amount dissolved each leach (% of t o t a l )  
no. g3 (E) (hr )  Run 1Aa  Run 1 B  Run 1 C  Run 2A Run 3A Run 3Ba 

U PU U Pu U Pu U Pu U Pu U Pu 

1 7 0 2 99.99 99.99 99.98 99.96 99.93 99.72b 99.99 99.97 99.98 99.97 99.76b 99.97 

2 3 - 0  2 c  I - " 0.05 0.14 - - - - 0.02 0.02 

3 7 0 2 - - - - 0.001 0.02 - - - - <0.01 0.01 Ln 

4 8 0.05 2 - - - - 0.001 0.003 - - - - - - 

I 

N 
I 

Residue - - - 0.001 0.004 0.010 0.038 0.004 0.009 0.012 0.017 0.018 0.026 0.144b 0.004 

Not oxidized before  d i s so lu t ion .  a 

bThese va lues  can be r e j ec t ed  on a s ta t is t ical  bas i s ,  p a r t i c u l a r l y  t h e  uranium i n  t h e  r e s idue  of Run 3B. 
'No leach performed. 

\ 
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Table  9. I s o t o p i c  ana lyses  of f i r s t  l e a c h  s o l u t i o n s  from Rod G-10, 
Assembly B05, H. B. Robinson-2 Reactor  ( a t .  %>a 

Mass A s  f a b r i c a t e d  * Run LWR-1 Run LWR-2 

0.023 

2.56 

97.42 

Uranium i s o t o p e s  

<o. 001 

0.013 

0.629 

0.354 

99.00 

Plutonium i s o t o p e s  

1.66 

54.62 

26.18 

11.69 

5.85 

<0.001 

<0.001 

0.015 

0.628 

0.354 

99.00 

1 .63  

55.00 

26.20 

11.30 

5.87 

<o. 001 

S p e c i f i c  a c t i v i t i e s  of plutonium f o r  Runs LWR-1 and LWR-2 are a 

4 . 3 6  x lo8  and 4.30 x lo8 a lpha  counts  min'l (mg Pu)-', r e s p e c t i v e l y .  



Table 10. Alpha energy ana lyses  of f i r s t  leach so lu t ionsa  

Run No. U Pu a 5.15 5.50 G r  a 5.15 5*50 5.80 6.11 
mg/ml ( c t s  min-lm1-1) M ~ V ,  2 MeV, % (,-ts_rnin -Im+) _Elev - y MeV, % MeV, % MeV, % 

1 A  316.6 1.17 x lo9  23.2 68.8 2.34 l o 9  12 38 26 19  

1 B  157.6 5.64 x lo8 24.4 69.6 1.13 x l o 9  1 4  43 28 9 

1c 316.1 1 . 2 2  x l o 9  2.35 109  

2A 319.7 1 .23  x l o 9  2.42 109 

3A 273.7 8 .01  x 1 0  30 70 1.99 l o 9  14  49 30 8 

6 3B - 30 - 46 - 1 7  - 2.29 x 1 0  - 74 307.9 1.24 x l o 9  26 - 
Average 26 7 1  Average 1 4  44 29 11 

5.15 MeV c1 - 239Pu + 240Pu. 
5.50 MeV a - 2 3 8 P ~  + 241h. 

a 

5.80 MeV a - 243-244Ctn. 
6 . 1 1  MeV a - 242Cm. 



Table 11. Alpha energy analyses  of inso luble  residuesa 

G r  a 5.15 5.50 5.80 6.11 Run No. U Pu a 5.15 5.50 
MeV, % mg/g ( c t s  min'hl-1) MeV, % MeV, % ( c t s  min-lmlpl) MeV, % MeV, % MeV,  % 

1 A  48.54 6.71 x l o7  
1 B  14.97 1.97 x lo8 
1c 6.69 6.98 x lo7  
2A 18.30 1.13 x lo8 

3.16 x lo8 1 2 . 3  58.5 19.2 5.3 

9.37 x lo8 18.0 62.7 12.7 3.5 

1.48 x l o 9  22.3 61.4 12.6 3.7 

N I P  

3A 21.67 9.19 x 10 26.7 73.8 1.59 x l o9  19.6 61.0 15.2 4.0 

I cn 
cn 
I 

3 B  68.0 - 630 6.34 x 10 - 32.0 1.86 x l o8  13.5 57.6 - -  23.9 - 5.0 

Average 30 70 Aver a g e 1 7 . 1  60.4 16.9 4.3 

5.15 MeV ae- 2 3 9 P ~  + 240Pu. 
5.50 MeV - 
5.80 MeV a - 243-244Cm. 
6.11 MeV a - 242Cm. 

bND = not determined. 

a 
238pu + 241h 
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Q92 vCi/kg Zr-4, o r  about t e n  t i m e s  t h e  l i m i t  of 1 0  pCi/kg f o r  

c o n s i d e r a t i o n  f o r  d i s p o s a l  as a lpha - f r ee  waste. These va lues  [ l o  
counts  rnin-' (g Zr-4)-l] are t y p i c a l  of earlier unpublished h o t - c e l l  

r e s u l t s  on l each ing  i r r a d i a t e d  PWR-1 b lanke t  rods.  I n  t h e  earlier 

tes t s ,  contaminat ion w a s  suspected because when segments of t h e  

leached PWR-1 cladding were removed from t h e  c e l l ,  washed, and d i s so lved  

i n  a l a b o r a t o r y  hood ( t o  minimize c r o s s  contaminat ion) ,  we  found only 

%lo  t o  1 6 - ~ C i / k g  Z i rca loy .  Larger-scale  tests i n  ba t ch  o r  continuous 

coun te rcu r ren t  l eaches  are needed t o  determine t h e  lower l i m i t s  of a lpha  

contamination (see below f o r  beta-gamma contaminat ion) .  

5 

4.4.5 Tr i t i um i n  c l add ing  

The amounts of t r i t i u m  found i n  t h e  f u e l  s o l u t i o n s  c o n s i s t e n t l y  

showed on ly  50 t o  60% of t h e  t o t a l  es t imated by ORIGEN; i t  w a s  suspected 

t h a t  t h e  remainder w a s  i n  t h e  Z i r ca loy  c l add ing ,  We t h e r e f o r e  i n s t a l l e d  

a 600°C copper oxide u n i t , t w o  t r a p s ,  and two sc rubbe r s  i n  t h e  off-gas  

l i n e s  and d i s so lved  leached cladding segments from Runs l A ,  l C ,  a i d  o t h e r  

sheared segments i n  6 M NH F--1 M NH NO ( Z i r f l e x  s o l u t i o n ) .  A l l  of t h e  

s o l u t i o n s ,  i nc lud ing  t h e  Z i r f l e x  r eagen t  , sc rubbe r s ,  and t r a p  r i n s i n g s ,  

w e r e  analyzed f o r  tritium. W e  found t h a t  s u b s t a n t i a l  amounts of t r i t i u m  

had been f i x e d  i n  t h e  c l add ing  and had been scrubbed from t h e  off-gas  

stream a f t e r  t h e  copper ox ide  u n i t :  

4 - 4 3  - 

-1 -1 Run No. d i s  sec (g Zr-4) 

1 A  3.18 x l o 7  
7 1c 2.25 x 1 0  

Batch 2 

Batch 3 

Average 

7 

7 

7 

2.18 x 1 0  

2.69 x 1 0  

2.58 x 1 0  

e 

This  is equ iva len t  t o  %40% of t h e  t r i t i u m  formed i n  Rod G-10 of 

Assembly B05. 



Table 12. Effect of dissolvent on the amount of uranium and plutonium found in or on leached cladding 

Run No. Uranium [w (p, 2;-4 ) -1 1 Plutonium [alpha counts min-l(F, Zr-4)-1] 
10 - M HF--0.05 M HN03 6 - M NH F--1 M NH4N03 10 - M'HF--O.05 M HN03 6 - M NH F--1 M NH4N04 

dissolvent- d 4 s so lvent d issolvent d 4 s so lvent 
I cn 
I 

1A 0.006 0.071 4.00 lo4 2.05 lo5 l l  

1Ca 0.003 0.095 4.18 lo4 7.60 lo5 

1Cb 0.015 5.00 x lo4 
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4.4.6 F i s s i o n  product  d i s t r i b u t i o n  du r ing  d i s s o l u t i o n  

F i s s i o n  p roduc t s  i n  t h e  segments of Rod G-10 were determined by 

summing t h e  radiochemical  ana lyses  and/or  gamma spectroscopy r e s u l t s  on 

s o l u t i o n s ,  s o l i d s ,  and gases  produced by each experiment. For comparison, 

t h e  est imated concen t r a t ions  of t h e  f i s s i o n  p roduc t s  were c e l c u l a t e d  by 

Bea t ty ,  Campbell, and C r o f f i n  August 1976, u s ing  t h e  ORIGEN computer 

code12 and some gene ra l i zed  i r r a d i a t i o n  cond i t ions .  

of f i s s i o n  products  [ d i s  sec 

t h e  expe r imen ta l ly  determined v a l u e s  i n  Table 13. 

wh i l e  o t h e r s  d id  n o t ,  One a n a l y t i c a l  problem area w a s  t h e  p u r i f i c a t i o n  of 

"Tc i n  t h e  presence of l a r g e r  q u a n t i t i e s  of lo6Ru. The c a l c u l a t e d  y i e l d  

f o r  134Cs i s o t o p e  may be i n c o r r e c t .  s i n c e  t h e  137Cs v a l u e  w a s  i n  c l o s e  

agreement; s i m i l a r l y ,  t h e  c a l c u l a t e d  y i e l d  of lo6Ru may be too high. 

R e l a t i v e l y  s m a l l  amounts of 125Sb were masked by o t h e r  f i s s i o n  p roduc t s  

i n  gamma spectroscopy.  

i n  ou r  system i n  amounts c l o s e  t o  those  of Campbell a t  ORNL5 and Harmon a t  

SRL 

t h a t  run,  '~1.3 1-18 p e r  gram of uranium w a s  recovered from t h e  

v o l o x i d i z e r  w a l l s  and ' ~ 7 9  1-18 p e r  gram of uranium from t h e  d i s s o l v e r  

s o l u t i o n  t h a t  had n o t  been sparged,  purged, o r  a g i t a t e d  du r ing  t h e  

d i s s o l u t i o n .  Th i s  i n d i c a t e d  t h a t  t h e  I2'I depos i t ed  onto t h e  equipment 

b e f o r e  i t  could be recovered. 

The, es t imated quan t ' i t i e s  
-1 (g U ) - l  o r  pg (g,U)-l] are  compared wi th  

Many agreed q u i t e  w e l l ,  

1 2 g I  We were n o t  a b l e  t o  account f o r  

6 ( i . e . ,  152 and 165 LIg I2'I p e r  gram of uranium, r e s p e c t i v e l y ) .  I n  

The o v e r a l l  r e c o v e r i e s  of heavy metals and f i s s i o n  p roduc t s  i n  t h e  

f u e l  and c l add ing ,  on a run-by-run b a s i s ,  are  given i n  Table 1 4 .  The 

experimental  va lues  show l i t t l e  d i f f e r e n c e s  between t h e  voloxidized and 

unvoloxidized f u e l ,  except  f o r  t r i t i u m  and ruthenium. The t r i t i u m  

l i s t e d  inc ludes  t h a t  c o l l e c t e d  du r ing  v o l o x i d a t i o n ,  du r ing  d i s s o l u t i o n ,  

and r e t a i n e d  i n  t h e  cladding;  recovery i n  t h e  v o l o x i d a t i o n  experiments 

w a s  79.4% of t h a t  found i n  nonvoloxidized f u e l .  

The d i s t r i b u t i o n  of f i s s i o n  p roduc t s  w i t h i n  t h e  d i s s o l u t i o n  appa ra tus  

(Fig.  12) i s  shown i n  Tables  1 5  through 19.  The l o c a t i o n  of t h e  n u c l i d e  

i n  t h e  t a b l e s  r e f e r s  t o  t h e  s o l u t i o n  o r  s o l i d  i n  which t h e  material w a s  

found . They i n c l u d e  : 

- DS-1 - c l a r i f i e d  f i r s t - l e a c h  s o l u t i o n  (7 - M HN03 s t a r t )  a f t e r  

simmering 2 hr a t  92 t o  95OC. 
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T a b l e  13. Comparison of  "best"  e x p e r i m e n t a l  t o t a l s  w i t h  ORIGEN-predicted t o t a l s  
f o r  f i s s i o n  p r o d u c t s  i n  H. B. Robinson U 0 2  and c l a d d i n g  

Nuc l ide  C a l c u l a t  eda Exper imenta l  mean Exper imenta l  
[ d i s  s e c - l ( g  U)-l]  [ d i s  s e c - l ( g  V ) - l ]  k. of v a l u e s  C a l c u l a t e d  

7 1 .76  l o 7  1 .79  x 10 3H2 5 1 .02  

2.05 x 1 0  2 1 .04 

5 ~ r  2.66 x 1 0  3 1.34 3.56 x 10 

"Tc 710 ug lg  371 Pglg 1 0.52 

lo6Ru 3.08 l o 9  2.30 x 1 0  5 0.75 

125Sb 1 .92  x 1 0  3 0.50 9.69 x 1 0  

4 

8 

4 

8 

l 4 C  1 .97 x 1 0  

9 

7 8 

12gI 187 ug lg  8 . 0  Vg/g 1 0 . 4 3  

134cs 3.10 x 1 0  4 0.55 1 .72  x 1 0  

3.32 x 10 

9 

9 

9 

9 137cs 3.62 x 10 4 0.92 

1 4 4 ~ e  3.13 l o 9  2.54 l o 9  9 0.81 

ORIGEN r u n  of Aug. 26, 1976. Decayed t o  Apr. 1, 1977 (1060 days  from a 

discharge. 
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Tab le  14. Overa l l  r e c o v e r i e s  of h e a w m e t a l s  and f i s s i o n  products  from H. B .  Robinson 
UO2 f u e l  and Zircaloy-4 c l add ing  

Run No. 
Nuclide 1 A  a 3B a 1BC b 2AC 3A 

25.73 

0.22 

7.25 l o 9  

1.80 l o 7  

1 .15  l o 4  
8 3.23 x 1 0  

104.5 

2.52 l o 9  

Low 

13 

1.77 x 10  

3.50 x 10 

9 

9 

2.64 lo9  

25.03 96.79 

0.23 0.89 

7.44 l o 9  7.25 l o 9  
7 

4 

1.79 x l o 7  

2.03 x l o 4  
3.88 x lo8  Lost 

1.55 x 10 

2.07 x 1 0  

f 371.0 

2.07 l o 9  2.24 l o 9  
7 9.60 x l o 7  

22 59 

1.34 

2.55 x l o 9  

9.16 x 10 

9 

9 

x l o 9  1.71 x 1 0  

3.29 x 10 

1.98 l o 9  2.42 109 

16.17 64.20 

0.14 0.44 

9 7.35 l o 9  7.29 10 

1.41 lo7  1.31 lo7  

1.61 lo4 1.69 lo4  
f 

f f 

8 3.33 x 10 

2.03 l o 9  2.59 lo9  
8 6.44 x l o 7  

79 80  

1.03 x 10 

1.78 l o 9  1.62 lo9  
3.38 l o 9  3.12 lo9  
2.65 lo9 2.46 l o 9  

Not vo lox id ized .  a 

bVoloxidized; materials i n  d i s s o l u t i o n s  - l B  and - l C  c a l c u l a t e d  as one ba tch .  
'Voloxidized. 
dAlpha coun t s  min-l (g  U)-']. 

[ d i s  sec (g U)-']. 
Not analyzed. 

e 



Tab le  15. D i s t r i b u t i o n  o f  s e l e c t e d  nuc l ides  d u r i n g  t h e  d i s s o l u t i o n  o f  H. B.  Robinson-2 f u e l  i n  HN03 
(Run LWR-1A: two-piece, unvoloxidized,  c l a d  U 0 2 ;  t o t a l  36.50 g) 

Nucl ide ( X )  
Locat io+ Uranium Plutonium 3 ~ ~ 0  14c 85Kr 99Tc lUbRu lL%b 1291 13% 151 cs 144 Ce 

< c  4.59 96.63 96.96 97.35 DS-1 98.44 98.85 52.91 99.26 N . A . b  4.65 72.00 - 
DS-1 r i n s e  1.55 1.14 0.63 0.73 N . A .  N . A .  1.03 - < N . A .  1.20 1 .21  1.20 

T-1 r i n s e  0.002 0.003 0.037 N . A .  , N . A .  N . A .  0.002 - < 0.27 0.003 0.003 <0.003 

s-1 N . A .  N . A .  0.064 < 0.001 N . A .  N . A .  0.006 < 94.79 <0.007 <0.001 <0.001 - 
T-2 r i n s e  N . A .  N . A .  0.036 N . A .  N . A .  N . A .  0.001 - < - < <0.001 <0:001 <0.001 

s-2 N . A .  N . A .  0.009 < 0.001 N . A .  N . A .  0.001 - < - < <0.001 <0.001 <0.001 

DS-2 O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  

DS-3 O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  
I 

P 
DS..4 O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  O m i t  a 
Residue 0.001 

Cladding <O. 001 <o. 001 45.74 N . A .  N . A .  N . A .  0.27 - < N . A .  0.17 0.19 0.23 

< N . A .  2.00 1.63 <0.001 I 0.004 N . A .  O m i t  O m i t  95.35 26.69 - 

Off-gas bag d - - N . A .  100.0 N.A.  N . A .  N . A .  N . A .  N .A.  N . A .  N . A .  

T o t a l  (mg) 25,729.3 217.7 - - - - - - - - - 
.......................................................................................................................... 

Tota l e  - - 4. 6g8 2.97 8.319 2712f 6.5310 - 326f 4.7410 9.0810 8.6810 

13g *1.779 3.509 2.64 9 

x 10 lo5  10 x 1 0  x 10  x 10 x 1 0  

( g w - l l  x 10 x 10 x 1 0  x 1 0  x 10 x 10 x 10 
- T o t a l  [ d i s  sec-; - 1. 807 1. 154 3.238 1 0 4 . 9  2.529 

See t e x t  f o r  d e s c r i p t i o n .  a 

% . A .  - n o t  analyzed f o r  n u c l i d e .  
'< - below l i m i t s  o f  d e t c t i o n  by g a m a  spectroscopy.  
dMeans n o t  a p p l i c a b l e  o r  n o t  used (-). e ,D i s in t eg ra t ions  pe r  second as of  Apr. 1, 1977. 



T a b l e  16. D i s t r i b u t i o n  of  s e l e c t e d  n u c l i d e s  d u r i n g  t h e  d i s s o l u t i o n  of H. B.  Robinson-2 f u e l  i n  HN03 
(Run LWR-3B: ' two-piece,  unvo lox iz i ed ,  c l a d  U02;  t o t a l  36.40 g) 

Nucl ide ( X )  

l 4 C  5Kr "Tc lo6Ru 125sb 12gI 134cs l3?CS 1 4 4 ~ e  
Locat iona  Uranium Plu tonium 3 

H 2 0  - 

91.2. 52.64 81.94 11.97 99.97 99.69 99.97 DS-1 98.40 98.98 59.99 13.26 - 
DS-1 r i n s e  1 .36  0.99 0.68 0.13 - 8.8 11.35 6.87 0.78 <0.001 <0.001 <Q.001 

T-1 r i n s e  N.A.' N.A. N.A. - N.A. 0.001 0.001 2.77 (0.001 <0.001 <0.001 
s-1 N.A. N.A. N.A. 86.72 - N.A. (0.001 85.26 <0.001 <0.001 <0.001 
T-2 r i n s e  - - - 

d < - 

- - I - - - - - - 

N.A.  0.033 0.283 N.A. 0.027 0.027 0.027 DS-2 0.06 0.023 0.006 N.A. - 
DS-3 0.04 0.006 0.010 N.A. - - 3.64 2.45 N.A. <0.001 <0.001 <0.001 

DS-4 - 
Residue  0.14 0.004 N.A. N.A. - N.A.  32.36 8.37 N.A. <0.001 0.26 <0.001 

Cladding  - - 38.97 - N.A.  

- 100.00 N.A. 

1 

N 
1 

- - m - - - - - - - - - 

- - - - - - - 
- - - - - Off-gas bag - - - - 

T o t a l  (mg) 25,032.0 230.4 - I - - - - - - - 
_____  ________________________________________------------------------------------------------------------------ 

- 
f 

2.42 552.4 3.3810 6.4310 4.9glO 
x 10  x 1 0  x 10  9 

To t a l  e - - 4.58 5.125 9.77 1697f  5.2210 

T o t a l  [ d i s  sec-l- - 1.79? 2. 034 3.888 67 .2g  2.07 9.807 21.gg 1.349 2.559 1.989 

x10 x 1 0  l o 9  x 1 0  x 10  

(gU) -11 x 10 x 10  x 10 lo9 x 10 x 1 0  x 1 0  x 10 

See text f o r  d e s c r i p t i o n .  
means n o t  a p p l i c a b l e  o r  no t  used.  

N.A. - n o t  analyzed f o r  n u c l i d e .  

D i s i n t e g r a t i o n s  p e r  second as of Apr. l, 1977. 

a 

C 

d, - below l i m i t s  of d e t e c t i o n  by gamma spec t roscopy ,  no t  a p p l i c a b l e  o r  n o t  u sed .  e- 

flJg. 
g.pg(gU-Pu)-? 



3 Tab le  17 .  D i s t r i b u t i o n  of s e l e c t e d  n u c l i d e s  d u r i n g  t h e  d i s s o l u t i o n  of H. B. Robinson-2 f u e l  i n  HNO 
(Run LWR-1BC: 139.6 g U308 and c l a d d i n g  from v o l o x i d a t i o n  LWR-1) 

Nucl ide ( X )  

l 4 C  85Kr "Tc lo6R" 125sb 12gI 134cs 13TCs 144ce Plutonium 3 

b C 
H20 

Locat iona  Uranium 

- DS-1 98.91 98.79 2.26 1.07 85.36 14.86 - < 19.78 99.88 98.69 99.99 

DS-1 r i n s e  1 .03  1.04 0.03 < 0 . 0 1  - 0.20 0.13 - < 0.003 5 1.02 L 
< 
< 
< 
< 

- < 
< 

< 

< 

0.15 5 - 
0.003 - 78.34 1. - 

< 
< 
< 
< 

- d - <0.001 T-1 r i n s e  0.002 t0.001 0.003 N.A. 

s-1 <0 .001  <0.001 <0.001 73.12 - - 
T--2 r i n s e  - - - - <0.001 
s - 2  - <. 3.27 - 0.002 

DS-2 0.04 0.012 (0.001 N.A.  - N.A. 0.48 0.44 N.A. - < 0.054 5 

- 
- - < 

< 
- - - - < - 

- - - - - - - - 

< 

< 
- < 

< 
- < 

< 
- DS-3 0.001 0.019 N.A. N.A. - N.A. 0 .71 3.10 N.A. 

DS-4 <0.001 0.002 N.A. N.A. - 
Residue  0.005 0.014 N.A. - 14.44 83.43 

Cladding  0.002 0.005 41 .12  N.A. - N.A. 0.12 13.41 - 0.12 0.12 - < 
Off-gas bag - - Los t  

T o t a l  (mg) 96,792.2 849.8 - - - - - - - - - 

I 
o\ 

1 

- - N.A. 0.24 0.19 N.A. - 
- < 0.12 5 W 82.79 N.A. - 

- c - - - - - - ............................................................................................................. 

Tota l e  - - 1.289 2. 0Z6 - 7521f 2.1g11 8.949 572gf 1.6711 3.2111 2-36 

To t a l [ d i s .  s e c - l -  - 1.557 2.074 - 77' 2.29 9.167 58.6g 1 . 7 1  3.249 2.429 

x 10  x 10 x 1 0  x 1 0  x 10 x 10 xl0l1 

(g  V I - 1  x 10 x 1 0  x 1 0  x 1 0  l o 9  10 10 

a 

'(-1 means n o t  a p p l i c a b l e  o r  not  used.  
'< - below l i m i t  of d e t e c t i o n  by gamma spec t roscopy .  d- 
e , D i s i n t e g r a t i o n s  p e r  second a s  of Apr. 1, 1977; i n c l u d e s  releases d u r i n g  v o l o x i d a t i o n .  

See text f o r  d e s c r i p t i o n .  

N.A.  - no t  analyzed f o r  n u c l i d e .  



3 T a b l e  18. D i s t r i b u t i o n  of  s e l e c t e d  n u c l i d e s  d u r i n g  t h e  d i s s o l u t i o n  of H. B. Robinson-2 f u e l  i n  HNO 
(Run LWR-2A: 19.0 g U308 wi thou t  c l add ing  from v o l o x i d a t i o n  LWR-2) 

N i t r w  (%) 

l 4 C  5 ~ r  "Tc Io6Ru 125sb 12gI 134cs l3?CS 1 4 4 ~ e  
Locat iona  Uranium Plu tonium 3 

H P  

DS-1 

DS-1 r i n s e  

T-1 r i n s e  

s-1 
T-2 r i n s e  

s-2 

DS-2 

DS-3 

DS-4 

Res idue  

Cladding  

97.85 

2.14 

N.A. 

N.A. 
- 
- 
- 
- 
- 
0.012 
- 

98.16 

1.81 

N.A. 

N.A. 
- 
- 
- 
- 
- 
0.019 
- 

0.079 

<o. 001 

<o. 001 

<o. 001 
- 
- 
- 
- 
- 

N.A.  

(47 .87)e 

0.001 

0.001 

N.A. 

0.011 
- 
- 
- 
- 
- 

N .A. 
- 

18.54 

0.36 

<o. 001 

(0.001 
- 
- 
- 
- 
- 

81.13 
- 
- 

1.48 d 
< - < - 

<0.001 0.48 

<0.001 13.15 

98.02 98.07 

1.88 1 .85  

<0.001 0.001 

< 0.001 < - 
- - 
- - 
- - 
- - 
- - 
- < 0.008 
- - 
- 

98.15 

1.84 

<o. 001 
< - 
- 

1 
o\ 

I 
< f. - 

T o t a l  (mg) 16,173.6 1 4 4 . 1  - - - - - - - - - - 
T o t a l  f - - 2.38 1.38 2.8610 - 3. 3llO 1.059 1 2 3 1 g  2.9010 5.5llO 4.3ZlO 

x10 x10 x 10 x 10 x 10 x 10 x 1 0  x 10  
- 2.03 6.44 79.1h 1.78 3.38 2.65 

8 109 107 109 109 109 
T o t a l [ d i s  s e c - l  - - 1 . 4 1  1 . 6 1  3.33 

(g u>- l1  107 l o 4  10 

aSee t e x t  f o r  d e s c r i p t i o n .  
'(-) means no t  a p p l i c a b l e  o r  no t  used.  

d <  - below t h e  l i m i t s  of  d e t e c t i o n  by gamma spec t roscopy .  
e ( )  - c a l c u l a t e d  v a l u e  from o t h e r  r u n s .  
f D i s i n t e g r a t i o n s  pe r  second as of Apr. 1, 1977; i n c l u d e s  r e l e a s e s  du r ing  v o l o x i d a t i o n .  

C N.A. - no t  analyzed f o r  n u c l i d e .  



3 Table  19 .  D i s t r i b u t i o n  of s e l e c t e d  n u c l i d e s  du r ing  t h e  d i s s o l u t i o n  of H. B. Robinson-2 f u e l  i n  HNO 
(Run LWR-3A: 75.2 g U308 from voloxid ized ,  unc lad  U02 i n  LWR-3) 

Nucl ide (%) 

Locat iona  Uranium Plutonium 3 l4c 5 ~ r  "Tc Io6Ru 125sb 12gI 134cs 137cs 1 4 4 ~ e  

<c 52.17d 98.17 98.16 98.23 

K2° 

13.20 - DS-1 98.05 98.12 0.002 <0.001 - b  - 
- DS-1 r i n s e  1 .93  1 .86  <0.001 <0.001 c 0.36 < - 1 . 4 1  1.86 1 .82  1 .75  

f T o t a l  8. 4g8 1 .0g6 -. - 1. 6711 6.669 6016g 1.0511 2.0211 1.5g11 
x 1 0  x 10 x 10 x 10 x 10 x 1 0  x 1 0  

T o t a l  [d-is sec -1 - - 1.317 1. 6g4 - - 2. 5g9 1.038 80h 1.62 3.129 2.469 
x 1 0  x 1 0  l o 9  10 10 (g u1-11 x 10 x 1 0  

aSee t e x t  f o r  d e s c r i p t i o n .  
b(-)  means n o t  a p p l i c a b l e  o r  no t ,u sed .  

dKo purge of d i s s o l v e r - r e f l u x  only. 
eN.A. - no t  ana lyzed  f o r  n u c l i d e .  
f D i s i n t e g r a t i o n s  p e r  second a s  of Apr. 1, 1979; i n c l u d e s  releases dur ing  v o l o x i d a t i o n .  

C < - below l i m i t s  of d e t e c t i o n  by gamma spec t roscopy.  

glJg. 
hpg (gU-Pu) -l. 



DS-1 r i n s e  - c l a r i f i e d  3 - M HN03 used t o  r i n s e  d i s s o l v e r ,  c l add ing ,  

and i n s o l u b l e r e s i d u e a f t e r  f i r s t  l each .  

T-1 r i n s e  - 3 - M HN03 r i n s e  of r e f l u x  condenser,  connecting tub ing ,  

and empty sp ray  t r a p  l o c a t e d  between d i s s o l v e r  and scrubber .  

- S-1 - 3 - M NaOH from f i r s t  off-gas scrubber .  

T-2 - 3 M HNO r i n s e  of second empty spray t r a p  loca ted  a f t e r  3 - - 
6 O O O C  copper ox ide  u n i t .  

- S-2 - 3 - M NaOH from second off-gas  scrubber .  

DS-2 - c l a r i f i e d  second-leach s o l u t i o n  (3 - M HN03). 

DS-3 - c l a r i f i e d  third- leach s o l u t i o n  (7 - M HN03).  

- DS-4 - c l a r i f i e d  fou r th - l each  s o l u t i o n  (8 - M HN03--0.05 - M KF). 

Residue - undissolved s o l i d s  remaining a f t e r  l each ing .  

Cladding - c l a r i f i e d  s o l u t i o n  of Z i r ca loy  i n  HF--HNO o r  NH F-- 3 4 
NH4N03. 

Off-gas bag - cumulative volume of d i s s o l u t i o n  off-gases  and purge 

air .  

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

feed s o l u t i o n s ,  except  f o r  s m a l l  amounts of condensate o r  sp ray  t h a t  

w e r e  c a r r i e d  t o  t h e  f i r s t  t r a p  o r  scrubber .  

i n  Run 1A) a l s o  r e p o r t e d  t o  t h e  f i r s t  s c rubbe r ,  t hus  confirming Campbell's 

 result^.^ The 12'1 (except i n  Run 3A) w a s  a l s o  removed dur ing  

The 1 4 C  i n  t h e  f u e l  (except  

d i s s o l u t i o n  by purging t h e  ox ides  of n i t r o g e n  ou t  of t h e  d i s s o l v e r  t o  t h e  

f i r s t  s c rubbe r .  Only trace q u a n t i t i e s  of o t h e r  f i s s i o n  p roduc t s  were 

v o l a t i l i z e d  du r ing  d i s s o l u t i o n ,  b u t  a d d i t i o n a l  amounts of t h e  p a r t i a l l y  

s o l u b l e  ruthenium and antimony w e r e  d i s so lved  by t h e  t h i r d  and f o u r t h  

l e a c h e s  wi th  f r e s h  7 - M HN03. The amount of ruthenium i n  t h e  i n s o l u b l e  

r e s i d u e  inc reased  by v o l o x i d a t i o n f r o m ~ 3 0 %  of t h e  t o t a l  i n  t h e  f u e l  t o  

>80% of t h e  t o t a l .  

The release of 85Kr t o  t h e  o f f -gas  du r ing  d i s s o l u t i o n  i n  7 - M HN03 

is  shown i n  F igs .  27 and 28. D i s s o l u t i o n  began almost a t  once as t h e  

ambient temperature  HNO w a s  added t o  t h e  d i s s o l v e r .  The apparent  

d e l a y  i n  t h e  release w a s  due t o  an 1800-cm , o r  %27-min, holdup between 

t h e  d i s s o l v e r  and t h e  mul t i channe l  85Kr ana lyze r  a t o p  t h e  ho t  cells .  

3 
3 
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4.4.7 F i s s i o n  product conten t  of f i r s t - l e a c h  s o l u t i o n s  

Analyses of t h e  f i r s t - l e a c h  s o l u t i o n s  ( i . e . ,  d i s s o l v e r  product)  from 
t h e  d i s s o l u t i o n  experiments are sunundrized i n  Table 20. 

t h e  d a t a  sugges t s  s e v e r a l  p re l iminary  observa t ions :  (1) t h e  c ladding  may 

h inder  t h e  v o l a t i l i z a t i o n  of t r i t i u m  and 1 4 C  from t h e  f u e l  (e .g . ,  Runs 1 B C  

and 2A w i t h  c ladding  vs Run 3A wi thou t ) ;  (2) t h e  r e s i d u a l  I 4 C  i s  r e l eased  

t o  t h e  off-gas  when t h e  f u e l  is d i s so lved ;  (3) t h e  e f f e c t  of vo lox ida t ion  

on "Tc has  no t  been reso lved  by radiochemical  a n a l y s i s ;  ( 4 )  ruthenium 

and antimony s o l u b i l i t y  decreases  a f t e r  vo lox ida t ion ;  ( 5 )  vo lox ida t ion  a t  

48OOC has  e s s e n t i a l l y  no e f f e c t  on cesium and cerium s o l u b i l i t y .  

Examination of 

Elemental  ana lyses  of nonvoloxidized (Run 1A) and voloxid ized  (Run 

1B) l e a c h  s o l u t i o n s  as determined by SSMS a re  g iven  i n  Table  21.  

t h e  plutonium concen t r a t ion  of %4.2 g per  l i t e r  i n  Run LWR-1A does not  

ag ree  wi th  radiochemical  ana lys i s ,  t h e  concen t r a t ion  i n  Run 1 B  i s  

approximately c o r r e c t  (Q1.3 g per  l i t e r ) .  

Although 

Wet chemical a n a l y s i s  (Table 

20) gave a concen t r a t ion  r a t i o  between runs  of 2 : l  f o r  uranium p l u s  

plutonium. 

approximately t h e  c o r r e c t  r a t i o  of 2 : l  f o r  t h e  s o l u b l e  e lements  and a l so  

The SSMS a n a l y s i s  f o r  t h e  f i s s i o n  products  i n d i c a t e s  

shows t h e  dec rease  i n  s o l u b i l i t y  of ruthenium, rhodium, and o t h e r s .  

Although samarium and gadolinium appear  t o  be less s o l u b l e  a f t e r  

vo lox ida t ion ,  t h e s e  elements were no t  major components i n  SSMS 

examination of  t h e  r e s i d u e ,  nor were they  found i n  emission spectroscopy 

a n a l y s i s  of t h e  r e s idues .  

4 .4 .8  F i s s i o n  products  i n  d i s s o l u t i o n  r e s i d u e s  

The composition of t h e  d i s s o l u t i o n  r e s i d u e  has  been f a i r l y  w e l l  

e s t a b l i s h e d  as a mixture  of molybdenum, technetium, t h e  noble  metals, and 

small amounts of ~ i r c o n i u m . ~  

(ES) of t h e  r e s idues  from four  of t h e s e  runs ,  LWR-lA, LWR-lB, LWR-lC, 

and LWR-3A, were i n  f a i r  agreement: 

Analyses by SSMS and emission spec t roscopy 



T a b l e  20. Analyses  of  f i r s t - l e a c h  s o l u t i o n s  ( d i s s o l v e r  p roduc t )  from Rod G-10, Assembly B05, H. B.  Robinson-2 Reac to r  

Ana 1 y s i s  

H+ (3 4.53 N.A. 5 .04 4.58 5.42 

273.70 Uranium ( g / l i t e r )  316.60 307.90 272.0 319.70 

Plu tonium ( g / l i t e r )  2.69 2.85 2.39 2.86 1 .86  
Pu a 
Gross  a 7.39 x 1 0  

242-244cm c1 e 

3H [ d i s  sec-'(gU)-'f 9:79 x l o 6  1.07 lo7  8 .19  l o 4  1 .12  104 2.29 x l o 2  * 2 
1 4 C  [ d i s  s ec - l (gU) - l I  1 .14  x l o 4  2.69 l o 3  7.90 

"Tc [ d i s  sec-l(gU)-'I 4.85 6.73 x lo1 18.24 N.A. 2.27 

Run N o .  

l A a  . 3Ba l B C b  2Ab 3AC 
d 

9 2.9 x 1 0  9 3.70 l o 9  4 .03X lo9  3.78 l o 9  3.85 x 1 0  
e 

7 ~ 4 ~  l o 9  7.33 l o 9  7.57 l o 9  7 .2  l o 9  

2.74 l o 9  

e 9 

5.14 x lo8 e 241 Am a 

. 
< - <g - 

8 3.50 x 10 8 1 .32  l o 9  3.37 x l o 8  3.84 x 1 0  lo6Ru [ d i s  sec -1 (gU)-l]  1.81 x 1 0  9 

125Sb [ d i s  sec-'(gU)-'] 5- 8 .53  x 10 - 

1 3 4 c ~  [ d i s  sec-l(gU)-'] 1 .77 x 1 0  9 

1 3 7 c ~  [ d i s  s e c  -1 (gU)-'I 3.39 x 1 0  9 

144Ce [ d i s  sec -1 (gU) 01 1 2.57 x 1 0  9 

< - < - < 7 

2.79 11 .59  1.19 7.86 x lo1 
9 1.62 x 10 1.34 l o 9  1 . 7 1  l o 9  1.77 x 1 0  
9 2.54 l o 9  3.29 l o 9  3.37 l o 9  3.12 x 1 0  
9 1 .98  l o 9  2.42 l o 9  2.66 l o 9  2.46 x 10  

I2'I [ d i s  sec-'(gU)-lI 0.58 
9 

a 

bClad f u e l  v o l o x i d i z e d ,  480°C, 4 h r .  

dN.A. - n o t  ana lyzed .  
e [ c o u n t s  min-1 (g ~ 1 - 1 1 .  

%1060-days decay  from d i s c h a r g e .  
g <  - below t h e  l i m i t s  of d e t e c t i o n .  

Not o x i d i z e d ,  c l a d  f u e l .  

Unclad f u e l  v o l o x i d i z e d ,  480°C, 4 h r .  C 



-- - 2.01. a lA(U) 
1B 

Table 21. Spark source mass spectrometric analysis of first leach 
solutions 

Run Ratioa 
LWR-1A LWR-1B lA/ 1B 

 ass equivalent (pg/ml) 
235 3000 1000 3.0 
236 1500 500 3.0 
23 7 200 4 0  5.0 
238 Major Major - 
23 9 3000 900 3.3 
240 1200 400 3.0 
241 7 00 200 3.5 
242 3 00 80 3.8 
243 50 10 5.0 

cs 900 500 1.8 
Nd 900 400 2.3 
Pd 800 250 3.2 
Mo 600 200 3 . 0  
Ru 500 20 25.0 

Zr 350 130 2.7 
Ce 300 100 3.0  
Ba 300 200 1.5 

Element 

Sm 350 80 4.4 

Tc 300 40 7.5 
Gd 200 10 20.0 
Pr 150 70 2.1 
Ca 150 50 , 3.0 
Rh 150 15 10.0 
Rb 150 70 2.1 
Tc 150 40 3.8 
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Residue composition, w t  % 
0 LWR-1A LWR-1B LWR-1C LWR-3A 

Element S SMS S SMS S SMS ES ES 

T c  
Pd 
Ru 
Rh 
Mo 
Z r  
S r  

'L2.0 2.0 3 .0  8 .0  2.5 
6.0 7.0 10.0 10.0 12.5 

35.0 40.0 30.0 45.0 55.0 
0.25 0.20 1 .0  5.0 13.5 

15.0 13.0 10.0 30.0 10.0 
6 .0  5.0 <1.0 1 . 0  2.0 

c1.0 1 . 0  c1 .0  - - 

Calcu la t ions  based on t h e  lo6Ru radiochemical  ana lyses  f o r  each of 

t h e  r e s i d u e s ,  t h e  s p e c i f i c  a c t i v i t y  of lo6Ru (2.95 x g /C i ) ,  and on 

t h e  i s o t o p i c  f r a c t i o n  of lo6Ru t o  t o t a l  ruthenium (0.01031) ind ica t ed  a 

s l i g h t l y  lower,  but  s imi l a r ,  ruthenium content  of %24 w t  % i n  each of t h e  

r e s i d u e s .  

Run T o t a l  lU6Rua Calc.  ruthenium Residue w t  . Ruthenium i n  
N o .  ( d i s  sec- l )  w t .  6%) (mg 1 r e s i d u e  (X) 

13.5  53.0 25.5 

LWR-1BC 1.62 x 10l- l  125.2 527.5 23.7 

20.8 106.4 19.5 

129.1 530.0 24.4 

15.5 5 7 . 2  27.2 

10  LWR-1A 1 . 7 4  x 10 

1 0  

11 

10 

LWR-2A 2.69 x 1 0  

LWR-3A 1.67 x 10  

LWR-3B 2.01 x 10 

T o t a l  lo6Ru i n  r e s i d u e  only .  a 

Voloxidat ion t h u s  appeared t o  make more of  t h e  f i s s i o n  products  

i n s o l u b l e ;  f o r  example, ruthenium. i n  t h e  r e s i d u e  increased  from 27 t o  83% 

of t h e  t o t a l  ruthenium, thus  c o n t r i b u t i n g  t o  t h e  o v e r a l l  i n c r e a s e  i n  

weight (Table 7) .  The ox ida t ion  had l i t t l e  e f f e c t  on t h e  cesium and rare 

e a r t h s ;  d a t a  f o r  technetium are incomplete.  
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Run Oxidized % of t o t a l  i s o t o p e , f o u n d  i n  r e s i d j e  
No. a t  48OOC "Tc lo6Ru 137cs 1 4 4 ~ e  

LWR-1A No 95.4 26.8 1 . 6  c1.0 

LWR-1B Y e s  9.8 83.6 c1.0 c1.0 

LWR-1c Y e s  29.9 83.8 c1.0 <1.0 

LWR- 2A Yes a 81.1 c1.0 c1.0 

LWR-3B Y e s  a 86.8 c1.0 c1.0 

a Analyses inconc lus ive .  

4.4.9 F i s s i o n  p roduc t s  i n  c l add ing  

Segments of leached cladding w e r e  d i s so lved  i n  1 0  - M HF--0.05 HN03 o r  

i n  6 - M N H 4 F - - 1 M  N H 4 N 0 3  t o  determine t h e  r e s i d u a l  uranium and plutonium 

( repor t ed  above) and f i s s i o n  p roduc t s .  W e  found, u s ing  t h e  two r e a g e n t s ,  

l i t t l e  d i f f e r e n c e  i n  t h e  amounts of r a d i o n u c l i d e s ,  except  f o r  t h e  e f f e c t  

of a d d i t i o n a l  l each ing .  

Nuc l ide ,  d i s  sec-'(g Zr-4)-l  

Run No. 1 0  M HF Z i r f l e x  1 0  M HF Z i r f l e x  1 0  HF Z i r f l e x  
lo6Ru 125Sb 137cs 

7 
Lm-iAa 1 .62  l o 7  2.59 l o 7 .  6 .64 l o 7  6.18 107 2.56 l o 7  1 .19  10 

LwR-~c' 1 .19  l o 7  9.19 l o 6  5 .15  l o 7  5 .13  i o 7  1 .72  l o 7  7 .53  i o 6  

One 2-hr l e a c h ,  8 E " 0 3 .  a 

bThree 2-hr l e a c h e s  as p e r  p rocedures .  

Using t h e  v a l u e s  f o r  r e s i d u a l  f i s s i o n  p roduc t s  from Run LWR-1C 

(above),  t h e  weights  of c l add ing ,  and t h e  weights  of t h e  uranium i n  t h e  

f u e l  r o d s  charged t o  t h e  d i s s o l v e r ,  w e  c a l c u l a t e d  t h e  l e v e l s  of 

contamination on t h e  leached c l add ing  t o  be: 
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I 

~ 

Nuclide d i s  sec-’(g U)-’ ci/MTua ci/m zr-4 

l O 6 R U  3.12 x l o 6  84 294 

125Sb 1.46 x 1 0  395 1383 

134cs 2.38 x 1 0  64 2 24 

l3’CS 4.88 x l o 6  132 462 

7 

6 

1 4 4 ~ e  Very low Very low Low 

%U - metric t o n s  o f  uranium. 

Based on t h e  weight of leached Zircaloy-4 a lone ,  t h e  amounts 

a s s o c i a t e d  w i t h  w a s t e  c l add ing  would be 3.5 t i m e s  g r e a t e r .  The 

contamination levels a g r e e  c l o s e l y  w i t h  those  r epor t ed  by Campbell. 4 
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7 .  APPENDIX 

Table 1. H. B.  Robinson-2 Reactor c o r e  mechanical d e s i g n  parameters  
( a l l  dimensions are f o r  cold c o n d i t i o n s ) a  

Act ive p o r t i o n  of t h e  co re  
Equivaleiit d iameter ,  i n .  
Active f u e l  he igh t ,  i n .  
Length-to-diameter r a t i o  
T o t a l  c r o s s  s e c t i o n  area, f t  2 

Fuel  assemblies  
Number 
Rod a r r a y  
Rods p e r  assembly 
Overall dimension, i n .  
Fuel  weight (as U02), l b  
Rod p i t c h ,  i n .  
T o t a l  weight,  l b  
Number of g r i d s  per  assembly 
Guide  thimble I D ,  i n .  (above dashpot) 

( a t  dashpot)  
Fuel  rods  

Number 
Outside diameter ,  i n .  
Diametral gap, i n .  
Clad t h i c k n e s s ,  i n .  
Clad material 

. Overall l e n g t h ,  i n .  
Plenum l e n g t h ,  i n .  

Fuel  p e l l e t s  
Material 
Densi ty  (% of t h e o r e t i c a l )  

Region 1 
Region 2 
Region 3 

Region 1 
Region 2 
Region 3 

Diameter, i n .  
Length, i n .  

Fuel  enrichments,  w t  % 

119.7 
144.0 

1 . 2  
78.1 

157 
15 x 1 5  
204 
8.426 x 8.426 
176,200 
0.553 
226,200 
7 
0.512 
0.455 

a 

32,028 
0.422 
0.0065 
0.0243 
Zircaloy-4 
152.360 
6.83 

UO2 s i n t e r e d  

94 (10.3 g / cc )  
92 (10.08 g / cc )  
91 (9.97 g / cc )  

1.85 
2.55 
3.10 
0.3669 
0.600 

Data taken from P. E. MacDonald, Aerojet  Nuclear Company, pe r sona l  a 

bTwenty-one rods  are omit ted,  twenty t o  p rov ide  passage f o r  c o n t r o l  
communication t o  A. P. Malinauskas,ORNL ( J u l y  30, 1975). 

r o d s  and one t o  c o n t a i n  in-core i n s t r , m e n t a t i o n .  
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r ,  A s s  mbly B05, power his-Drya 

Power 
Date Average Peak E F P D ~  Burnup 

(kw/f t )  (kw/ f t 1 (kw/ft)  (MWd /mu) 

O c t .  1971 
Nov. 1971 
Dec. 1971 
Jan .  1972 
Feb. 1972 
Mar. 1972 
Apr. 1972 
May 1972 
June  1972 
J u l y  1972 
Aug. 1972 
Sept .  1972 
Oct. 1972 
Nov. 1972 
Dec. 1972 
Jan .  1973 
Feb. 1973 
Mar. 1973 

May 1973 
June  1973 
J u l y  1973 
Aug. 1973 
Sept .  1973 
O c t .  1973 
Nov. 1973 
D e c .  1973 
Jan .  1974 
Feb. 1974 
Mar. 1974 
Apr. 1974 
May 1974 

T o t a l  

6.984 
6.968 
7 .lo3 
7.241 
7.294 
6.975 
6.984 
6.850 
6.850 
6.907 
6,580 
6.491 
6.544 
6.329 
6.230 

-6.514 
6.659 
6.111 

5.412 
5.136 
5.576 
5.619 
5.448 
5.263 
5.322 
5.356 
5.384 
3.365 
5.349 
5.349 
5.336 

Cycle  I 

9.526 
9.659 
9.952 
9.564 
9.487 
8.703 
8.912 
8.711 
8.711 
8.626 
8.267 
7.817 
8.384 
8.330 
8.228 
8.189 
8.503 
8.036 

6.976 
6.565 
7.332 
7.447 
7.052 
6.922 
6.678 
6.774 
6.783 
6.736 
6.681 
6.68 
6.453 

Cycle I1 

95.574 
119.979 
149.677 
177.194 
205.307 
235.551 
265.175 
270.689 
289.456 
312.617 
341.243 
369.039 
398.627 
423.646 
443.9 
460.4 
475.7 
487.167 

6.477 
25.432 
58.801 
87.589 

116.562 
145.215 
166.160 
192.626 
221.157 
247.853 
278.105 
307.254 
311.759 
799 

3738.414 
4690.838 
5872.262 
6988.207 
8136.586 
9318.067 

10476.822 
10688.366 
11408.360 
12304.323 
13359.268 
14369.771 
15454.203 
16341.049 
17047.761 
17 649.7 31 
18220.347 
18612.816 

18809.141 
19354.386 
20396.486 
21302.456 
22186.500 
23031.092 
23655.400 
24449.312 
25309.643 
26111.7 99 
27018.065 
27891.366 
28026. 

aData t aken  from P. E .  MacDonald, Aero je t  Nuclear Company, pe r sona l  

bEf fec t ive  f u l l  power days.  
‘Total burnup (average) - 28026 MWd/MTU; t o t a l  burnup [peak 3 f t  ( 3  t o  

communication t o  A. P. Malinauskas,  ORNL ( Ju ly  30, 1975).  

6 f t  from bottom)] - 31363.9 MWd/MTU; discharged  May 6,  1974. 
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Table  3. Assembly B05 ,  average exposure and hea t  r a t i n g s  during i r r a d i a t i o n a  

Assembly average exposure Average 
(md/M"U) (kwlf t )  

Cycle 1 

3,595 
6,886 

10,532 
13,191 
16,205 
18,515 

Cycle 2 

18,713 
22,119 
25,276 
27,007 
28,026 

7.03 
7.24 
6.85 
6.58 
6.33 
6.11 

6.01 
5.45 
5.38 
5.35 
5.34 

The a x i a l  f l u x  shape measurements are from t h e  cen te r  of Assembly a 

BO5 dur ing  Cycle 1. The Cycle 2 a x i a l  f l u x  shapes are t h e  weighted 
average of measurements taken i n  two immediately ad jacen t  assembl ies .  
( D a t a  taken from P. E .  MacDonald, Aerojet  Nuclear Company, personal  
communication t o  A. P .  Malinauvkas, ORNL, J u l y  30, 1975.) 
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