
3 4456 05097b3 3 





ORNL / TM- 5 7 5 6 
D i s t .  Category UC-77 

C o n t r a c t  No. W-7405-eng-26 

CHEMICAL TECHNOLOGY DIVISION 

THORIUM UTILIZATION PROGRAM (189a OH045) 

Reprocessing - Task 400 

DETERMINATION OF FISSION PRODUCT AND HEAVY METALS INVENTORIES IN FTE-4 

FUEL RODS BY A GRIND-BURN-LEACH FLOWSHEET 

C. L. F i t z g e r a l d  
V. C. A. Vaughen 
C. E. Lamb 

Date Published: July 1977 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 

o p e r a t e d  by 
Union Carbide CorpDration 

f o r  t h e  
ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION 





-iii- 

TABLE OF CONTENTS 

PAGE 

1 . INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . .  1 

2 . FUEL DESCRIPTION . . . . . . . . . . . . . . . . . . . . . .  2 

3 . IRRADIATION DATA . . . . . . . . . . . . . . . . . . . . . .  2 

4 . SYSTEM CONFIGURATION . . . . . . . . . . . . . . . . . . . .  3 

5 . OPERATING PROCEDURES. CONDITIONS. AND RESULTS . . . . . . .  6 
5.1  Blending . . . . . . . . . . . . . . . . . . . . . . .  6 

5 .1 .1  Blending Procedure  . . . . . . . . . . . . . . .  6 
5.1.2 R e s u l t s  . . . . . . . . . . . . . . . . . . . .  10 

5.2 Burning . . . . . . . . . . . . . . . . . . . . . . . .  10 
5.2.1 Burning Procedure  and Disassembly . . . . . . .  10 
5.2.2 Burning R e s u l t s  . . . . . . . . . . . . . . . .  1 2  

5 . 3  Leaching . . . . . . . . . . . . . . . . . . . . . . .  1 2  
5.3 .1  Leaching Procedure  . . . . . . . . . . . . . . .  1 2  
5.3.2 Leaching R e s u l t s  . . . . . . . . . . . . . . . .  1 5  

5.4 Off-Gas S t u d i e s  . . . . . . . . . . . . . . . . . . . .  2 1  
5 . 4 . 1  Krypton-85 . . . . . . . . . . . . . . . . . . .  2 1  
5.4.2 Carbon-14 . . . . . . . . . . . . . . . . . . .  23 

23 
5.4.4 Depos i t i on  of Semi-Volat i les  on t h e  Off-Gas 

L ine  and Absolu te  F i l t e r s  . . . . . . . . . . .  23 

5.4.5 Depos i t i on  of F i s s i o n  Products  on t h e  Absolu te  

5 .4 .3  Composition of t h e  Burner Off-Gas . . . . . . .  

F i l t e r s  27 . . . . . . . . . . . . . . . . . . . .  
6 . EVALUATION OF RESULTS . . . . . . . . . . . . . . . . . . .  27 

6.1 Material Balances 27 
6.2 D i s t r i b u t i o n  of F i s s i o n  P roduc t s  Throughout the 

32 Head-end P rocess  . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . .  

7 . COMPARISON OF RESULTS FROM THE ORIGEN CODE. CHEMICAL 
ANALYSIS. AND NONDESTRUCTIVE GAMMA-SCANNING . . . . . . . .  35 

8 . DISCUSSION 38 . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . .  9 . CONCLUSIONS 40 

LO FUTURE WORK 41 . . . . . . . . . . . . . . . . . . . . . . . . .  
11 . ACKNOWLEDGEMENT . . . . . . . . . . . . . . . . . . . . . .  41 

1 2  . REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . .  43 

1 3  . AF'PENDIX: COMPOSITE RESULTS FOR FTE-3-5-4-7 AND FTE.4.3.1.8 . 4 5  



-iV- 

L i s t  of Tab le s  

1. 

2. 

3. 

4 .  

5. 

6 .  

7 .  

8. 

9 .  

Leach r e s u l t s  f o r  FTE-4-3-5-7 f u e l :  TRISO-coated (2 .75  
Th/U)C2--TRISO-coated ThC2 . . . . . . . . . . . . . . . 
Leach r e s u l t s  €or FTE-4-3-1.-8 f u e l :  TRISO-coated U02-- 
BISO-coated Tho2 . . . . . . . . . . . . . . . . . . . . 

R a d i o a c t i v i t y  leached  from t h e  alumina beads  and s i n t e r e d -  
n i c k e l  f i l t e r  f o r  FTE-4-3-5-7 f u e l :  TRISO-coated (2.75 
Th/U)C2--TRISO-coated ThC2. . . . . . . . . . . . . . . . 
R a d i o a c t i v i t y  leached  from t h e  alumina beads and s i n t e r e d -  
n i c k e l  f i l t e r  f o r  FTE-4-3-1-8 f u e l :  TRISO-coated U02-- 
BLSO-coated Th02. . . . . . . , . . . . . . . . . . . . . 
D i s t r i b u t i o n  o f  85Kr  i n  o f f -gas  system € o r  FTE-4-3-5-7 
f u e l :  TRISO-coated (2.75 Th/U)C2--TRTSO-coated ThC2 . . . 
D i s t r i b u t i o n  of 85Kr i n  o f f -gas  system f o r  FTE-4-3-1.-8 
fuel: TRISO-coated UO2--BISO-Coated Tho2 . . . . . . . . 
Carbon-14 de te rmina t ions  f o r  FTE-4-3-5-7 f u e l :  TRISO-coated 
(2.75 Th/U)C2--TRISO-coated ThC2 . . . . . . . . . . . . 
Carbon-14 de te rmina t ions  f o r  FTE-4-3-1-8 f u e l :  TRISO-coated 
UO2--BISO-coated ThQ2 . . . . . . . . . . . . . . . . . . 
Composition of "burn" of f -gas  samples f o r  FTE-4-3-5-7 
f u e l :  TRISO-coated (2.75 Th/U)Cz--TRTSO-coated ThC2 . . . 

10. Composition o f  "burn" o f f -gas  samples f o r  FTE-4-3-1-8 
f u e l :  TRISO-coated U02---BISO-coated Tho2 . . . . . . . . 

1.1. Off-gas en t ra inment  f o r  PTE-4-3-5-7 f u e l :  TRISO-coated 
(2.75 Th/U)C2--TRISO-coated ThC2 . . . . . . . . . . . . 

12. R a d i o a c t i v i t y  on a b s o l u t e  f i l t e r s  ( c o r r e c t e d  t o  
A p r i l  1, 1975) FTE-4-3-5-7 f u e l :  TRISO-coated 
(2.75 Th/U)C2--TRISO-coated ThC2 . . . . . . . . . . . . . 

13. Grand t o t a l  material ba l ances  f o r  FTE-4-3-5-7 f u e l :  
TRISO-coated (2 .75  Th/U)C2--TRISO-coated ThC2 , . . . . . 

1.4. Grand t o t a l  material ba l ance  f o r  FTE-4-3-1-8 f u e l :  
TRISO-coated lJO2--BISO-coated Tho2 . . . . . . . . . . . 

1.5. Uranium-thorium d i s t r i b u t i o n s  f o r  FTE-4-3-5-7 f u e l :  
TRISO-coated (2.75 Th/U)C2--TRISO-coated ThC2 . . . . . . 

1 6 .  Uranium-thorium d i s t r i b u t i o n  f o r  FTE-4-3-1-8 f u e l :  
TRISO-coated U02--BISO-coated Tho2 . . . . . . . . . . . 

Page 

16  

17 

19  

20 

22 

22 

24 

25 

26 

26 

28 

29 

30 

31 

33 

33 



Page 

17 .  D i s t r i b u t i o n  of f i s s i o n  p r o d u c t s  t o  t h e  major head-end 
s t e p s  f o r  FTE-4-3-5-7 f u e l :  TRISO-coated (2.75 Th/U)C2-- 
TRISO-coated ThC2 . . . . . . . . . . . . . . . . . . . . .  34 

18. Comparison of ORIGEN w i t h  chemical a n a l y s i s  and gamma- 
scan a n a l y s i s  FTE-4-3-5-7 f u e l :  TRISO-coated 
(2.75 Th/U)C2--TRISO-coated ThCZ . . . . . . . . . . . . .  36 

19.  Comparison of ORIGEN w i t h  chemical a n a l y s i s  and gamma- 
scan a n a l y s i s  of FTE-4-3-1-8 f u e l :  TRISO-coated U02-- 
BISO-coated Tho2 . . . . . . . . . . . . . . . . . . . . .  37 

20. Comparison of estimates of i n v e n t o r i e s  of FTE-4-3-1-8 
w i t h  FTE-4-3-5-7 by s e v e r a l  methods (numbers are t h e  
r a t i o  4-3-1-8/4-3-5-7 f o r  t h e  l i s t e d  estimate) . . . . . .  39 



-vi- 

List of Figures 

Page 

1. Ins t rumen ta t ion  and off-gas monitor ing systems . . . . . .  4 

5 

7 

2.  Burner and of f -gas  system . . . . . . . . . . . . . . . .  
3 .  Flowsheet f o r  FTE-4-3-5-7 . . . . . . . . . . . . . . . .  

8 4 .  Flowsheet f o r  FTE-4-3-1-8 . . . . . . . . . . . . . . . .  
5. A photograph of t h e  b l ende r  t h a t  has been f i t t e d  w i t h  

f i l t e r s  and connec tors  . . . . . . . . . . . . . . . . . .  9 

1 3  

1 4  

6. H i s to ry  of t h e  burner  run  for FTE-5-3-5-7 . . . . . . . .  
7 .  H i s t o r y  of t h e  burner  r u n  f o r  FTE-4-3-1-8 . . . . . . . .  



-vi i -  

ABSTRACT 

Experiments u s ing  High-Temperature Gas-Cooled Reactor  (HTGR) 

f u e l  material ,  TRISO-coated (2.75 Th/U)C2--TRISO-coated ThC2 and 

TRISO-coated U02--BISO-coated Tho2, were performed i n  Bu i ld ing  4507 

( t h e  High-Level Chemical Development F a c i l i t y )  t o  de te rmine  t h e  

inven to ry  and t r a n s p o r t  behavior  of f i s s i o n  p roduc t s  and heavy metals 

from a gr ind-burn-leach p rocess  f lowshee t .  I n  a d d i t i o n ,  v a l u e s  

c a l c u l a t e d  by t h e  ORNL I s o t o p e  Genera t ion  and Deple t ion  Code 

(ORIGEN, a computer program used f o r  p r e d i c t i n g  q u a n t i t i e s  of 

a c t i v a t i o n  p roduc t s ,  a c t i n i d e s ,  and f i s s i o n  p roduc t s  from i r r a d i a t i o n  

d a t a  and nuc lea r  d a t a  l i b r a r i e s )  are compared w i t h  v a l u e s  de r ived  by 

chemical a n a l y s e s  (CA) and those  measured by a gamma-scan n o n d e s t r u c t i v e  

a n a l y t i c a l  (PSDA) t echnique .  Reasonable agreement w a s  ob ta ined  between 

ORIGEN and NDA r e s u l t s  f o r  one of t h e  tests, b u t  t h e  v a l u e s  ob ta ined  

by chemical  analysis  were lower t han  e i t h e r  of t h e  two o t h e r  se ts  of 

v a l u e s .  

by chemical  a n a l y s i s  (mass spec t romet ry)  agreed  w i t h i n  15% of t h e  

ORIGEN p r e d i c t i o n .  

With t h e  excep t ion  of 234U, i s o t o p i c  uranium v a l u e s  determined 
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1. INTRODUCTION 

These exper iments  are p a r t  of a c o n t i n u i n g  s t u d y  of t h e  combustion 

of i r r a d i a t e d  HTGR f u e l  test specimens and behavior  o f  t h e  heavy metals 

and f i s s i o n  p r o d u c t s  i n  head-end r e p r o c e s s i n g  s t e p s .  

Recycle T e s t  Elements (RTE) w i t h  f u e l  r o d s  of known composition 

i r r a d i a t e d  under c o n t r o l l e d  c o n d i t i o n s  i n  t h e  Peach Bottom r e a c t o r .  

Add i t iona l  Fue l  T e s t  Elements (FTE) w e r e  a l s o  i r r a d i a t e d  by General 

A t o m i c  Company (GAC). I n  these exper iments ,  t h e  major g o a l  was t o  

compare s t a r t i n g  i n v e n t o r i e s  by t h r e e  independent means: (1) t h e  

normal method u s i n g  " w e t  a n a l y t i c a l  chemistry" t echn iques ,  (2)  c a l c u l a -  

t i o n  of materials u s i n g  t h e  ORIGEN and ( 3 )  n o n d e s t r u c t i v e  gamma 

s p e ~ t r o m e t r y . ~  

knowing t h e  deg ree  of s u r f a c e  d e p o s i t i o n  ("plate-out") of materials on 

t h e  w a l l s  of t h e  p r o c e s s i n g  equipment (burner ,  f i l t e r s ,  l i n e s ,  e t c . ) ,  

which may be  de te rmined  by t h e  d i f f e r e n c e  between s t a r t i n g  and final 

i n v e n t o r i e s .  

S p e c i a l l y  Eabr i ca t ed  

1 
were 

The need f o r  t h i s  comparison grows o u t  of a concern f o r  

A complete FTE-4 f u e l  rod  w a s  used i n  each experiment.  The f u e l  r o d s  

were  ground t o  a f i n e  powder b e f o r e  burn ing  t o  minimize t h e  number of 

p r o c e s s i n g  s t e p s ,  and hence, l o s s e s .  A f t e r  burn ing ,  t h e  a s h e s  w e r e  

l eached ,and  t h e  r e s i d u e s  w e r e  fu sed  f o r  a n a l y s i s .  

f o r  t h e  b u r n e r )  w a s  d i sassembled  f o r  d e s t r u c t i v e  ana4ys i s .  Throughout 

each run, p r e c a u t i o n s  w e r e  t a k e n  t o  minimize l o s s e s  and avo id  c ros s -  

contaminat ion  of samples d u r i n g  handl ing .  

The equipment ( e x c e p t  
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2.  FUEL DESCRIPTION 

The HTGR f u e l  r o d s  used i n  t h e  exper iments  w e r e  coded FTE-4-3-5-7 

[TRISO-coated (2 e 75 Th/U) C2--TRISO-coated ThC2] and FTE-4-3-1-8 (TRISO- 

coa ted  UO2--BISQ-coat~d ThQ2) 

series of i r r a d i a t i o n  exper iments ,  Fue l  T e s t  Elements (FTE), conducted 

t o  test cand ida te  f u e l s .  

4-3-5-7 f u e l  rod weighed 11 .177  g on r e c e i p t .  It con ta ined  0.5529 g of 

uranium and 2.378 g of thorium ( p r e d i r r a d i a t i o n )  . 
rod  weighed 13.925 g and con ta ined  0.5528 g of uranium and 5.184 g of 

thorium ( p r e i r r a d i a t i o n )  .' 

They w e r e  s e l e c t e d  from many r o d s  i n  a 

The ave rage  rod weight w a s  11.25 g .5  The FTE- 

The FTE-4 -3-1-8 f u e l  

D e t a i l e d  f a b r i c a t i o n  d a t a  w e r e  no t  a v a i l a b l e .  

3. IRRADIATION DATA 

The FTE-4-3-5-7 f u e l  rod  w a s  i r r a d i a t e d  a t  the 74.5511. h e i g h t  i n  

t h e  Peach Bottom Reactor  (Core TI) t o  an exposure  of 1.126&21(E > 0.18 MeV) 

f a s t  Eluence and 1.516E21 (E <2.38 eV) thermal  f l u e n c e  a t  878 t o  1215OC 

(av.  1056°C) over  a p e r i o d  of 499 e f f e c t i v e  full-power days (EFPD) 

from day 252 ( J u l y  8, 1971) to day 701 (September 14,  1973).  

Radiochemical a n a l y s e s  w e r e  performed between December 1975 and 

J u l y  1976; ac t iv i t ies  were c o r r e c t e d  f o r  decay t o  A p r i l  1, 1975 t o  

c o i n c i d e  w i t h  t h e  d a t e  of  t h e  gamma scan. P o s t - i r r a d i a t i o n  examination 

d a t a  are t o  be publ i shed  by Genera l  Atomic Company (GAC). 

4 

6 

While r e s u l t s  of QRTIGEN and n o n d e s t r u c t i v e  a n a l y s i s  (NDA) by gamma- 

scanning  were i n  r e l a t i v e l y  good agreement (t 20%) f o r  FTE 4-3-5-7, t h e r e  

was d i f f i c u l t y  i n  i n t e r p r e t i n g  t h e  scan d a t a  f o r  FTE-4-3-1-8 due t o  

f r a c t u r e s  i n  t h e  f u e l  rod. 

of FTE-4-3-1-8 i n  t h e  comparison a n a l y s i s  i n  t h i s  r e p o r t  due t o  t h e  l a c k  

L e s s  emphasis w i l l  be p l aced  on t h e  r e s u l t s  
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of agreement between ORIGEN and NDA f o r  FTE-4-3-1-8. 

t h e  r e s u l t s  are i n c l u d e d  €or  completeness.  

However, a l l  of 

4.  SYSTEM CONFIGURATION 

The h o t - c e l l  system i s  shown i n  Fig.  1. The f e e d  gases  ( A r ,  Ar-4% 

H2, N2, 0 2 ,  and /o r  CO ) are metered i n t o  the h o t  cel l  through a water 

bubbler  and t h e n  t o  t h e  a p p r o p r i a t e  a p p a r a t u s  ( c r u s h e r ,  bu rne r ,  o r  

2 

l e a c h e r  system).  Between t h e  bu rne r  and t h e  gas receiver, t h e  gases  

f low through a n  a b s o l u t e  f i l t e r  assembly, d e t e c t o r s  measuring 60, GO2,  

and r a d i a t i o n  l e v e l ,  a CuO bed, and a molecular  sieve a d s o r b e r  { t o  

remove 3H20 from t h e  stream). 

and sampled a t  t h e  end of  each  run. The CuO o x i d i z e r  serves t o  conve r t  

3H2 t o  H20 as w e l l  as CO t o  C02 { t o  f a c i l i t a t e  I 4 C  d e t e r m i n a t i o n s ) .  

The burne r ,  o f f -gas  l i n e  (minus t o p  f l a n g e ) ,  and a b s o l u t e  f i l t e r s  are 

shown i n  Fig.  2. The bu rne r  is  a s l i g h t l y  t a p e r e d  s t a i n l e s s  steel  

The e n t i r e  gas  volume w a s  accumulated 

3 

c y l i n d e r  approximate ly  30 cm long, which is p laced  i n  a wel l - type  

furnace.  The b a s e  of  t h e  bu rne r  is  f i t t e d  w i t h  a s t a i n l e s s  steel tube  

t o  supp ly  p rehea ted  i n l e t  gas.  A s m a l l  p e r f o r a t e d  p l a t e  i s  welded i n t o  

t h e  bu rne r  base  about 1 cm above t h e  g a s  supply  tube.  The p l a t e  

serves t o  d i f f u s e  t h e  incoming gas  and suppor t  t h e  f u e l  material  d u r i n g  

combust ion. 

The burne r  has  a f l a n g e  on the t o p  w i t h  a n n u l a r  recesses t o  ho ld  

a s i n t e r e d - n i c k e l  f i l t e r  w i t h  5-urn-diam pores and a gold-plated gaske t .  Two 

thermocouples are i n  t h e m o w e l l s  a t t a c h e d  t o  t h e  bu rne r  body (one 

i n s i d e  t h e  bu rne r  and one  on t h e  o u t s i d e )  t o  moni tor  t h e  t empera tu res  

d u r i n g  t h e  r e a c t i o n .  One a d d i t i o n a l  thermocouple i s  mounted i n  t h e  top  
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f l a n g e  (no t  shown) t o  measure t h e  tempera ture  of t h e  s i n t e r e d - n i c k e l  

f i l t e r .  

s teel  tube  a t t a c h e d  t o  t h e  top  f l a n g e  of t h e  bu rne r  and t h e  abso lu te -  

t ype  f i l t e r  assembly (Fig.  2 ) .  The f i l ters are provided t o  c o l l e c t  

e n t r a i n e d  and v o l a t i l i z e d  r a d i o n u c l i d e s  from t h e  burner  of f -gas .  

a b s o l u t e  f i l t e r s  used i n  t h i s  experiment were p r e t e s t e d ,  d i s p o s a b l e ,  

polypropylene-encased HEPA f i l t e r s ,  No. MBY 3001 URA, made by Pall, 

T r i n i t y ,  Inc .  

The of f -gas  l i n e  i s  a 0.635-cm-OD x 91.4-cm-long s t a i n l e s s  

The 

5. OPERATING PROCEDURES, CONDITIONS, AND RESULTS 

The FTE-4-3-5-7 and FTE-4-3r.1-8 f u e l  rods  w e r e  p rocessed  by t h e  

f lowshee t s  i n  F i g s .  3 and 4 ,  r e s p e c t i v e l y ,  desc r ibed  below. 

5 .1  Blending 

5 .1 .1  Blending procedure 

Each f u e l  rod w a s  pu lve r i zed  i n  a b l ende r  (F ig .  5) f i t t e d  w i t h  

s in t e red -me ta l  f i l t e r s  and connec to r s  f o r  a t t a c h i n g  g a s  purge l i n e s .  

Argon w a s  used f o r  t h e  carb ide- type  f u e l ,  wh i l e  a i r  w a s  used t o  purge 

t h e  oxide- type f u e l .  

p e r i o d  fol lowed by a 2-min r e s t i n g  pe r iod  i n  o r d e r  t o  p reven t  ove rhea t ing  

of t h e  u n l u b r i c a t e d  b l ende r  motor bear ings .  The b lending  c y c l e  w a s  

r epea ted  f o r  a t o t a l  mixing t i m e  of 30 min. A f i n a l  purge w a s  made f o r  

30 min a t  a r a t e  of 200 cc/min. The b lende r  j a r  w a s  emptied i n t o  t h e  

bu rne r .  A d r y  a rgon  atmosphere w a s  main ta ined  t o  prevent  exposure of 

t h e  pu lve r i zed  f u e l  t o  a i r  and moi s tu re  and t o  minimize t h e  o x i d a t i o n  

of t h e  c a r b i d e s .  To a i d  i n  t h e  q u a n t i t a t i v e  t r a n s f e r  of t h e  f u e l ,  t h e  

b l ende r  jar  w a s  f l u s h e d  t h r e e  t i m e s  w i t h  Q 1 g (by weight)  of f r e s h  

carbon.  A f t e r  each a d d i t i o n  of carbon,  t h e  b l ende r  w a s  a c t i v a t e d  f o r  

The b lending  c y c l e  c o n s i s t e d  of a 2-min mixing 
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-- 
PHOTO 3478-72 

A 

F i g .  5. A photograph of t h e  b l ende r  t h a t  h a s  been f i t t e d  w i t h  
f i l t e r s  and connec to r s .  



-10- 

22 min. 

t r a n s f e r  t h e  f u e l  and carbon adhe r ing  t o  t h e  i n n e r  w a l l s  of t h e  bu rne r .  

5.1.2 R e s u l t s  

The b l e n d e r  w a s  t h e n  brushed as c l e a n  as p o s s i b l e  t o  

The b lending  o p e r a t i o n  f o r  FTE-4-3-5-7 proceeded smoothly w i t h  no 

appa ren t  problems. The need t o  c o n t r o l  t h e  atmosphere w i t h  a rgon  

prec luded  bo th  s i e v i n g  ( t o  de t e rmine  t h e  adequacy of p a r t i c l e  c rush ing )  

and weighing of t h e  b l e n d e r  p roduc t .  The c o l l e c t e d  purge  gas  c o n t a i n i n g  

t h e  r e l e a s e d  85Kr had a r a d i a t i o n  level  of 'L 500 mr /hr  a t  c o n t a c t  w i t h  

a be ta -gama  " c u t i e  p i e "  survey  meter. 

The b lending  o p e r a t i o n  f o r  FTE-4-3-1-8 w a s  marred by a n  unusua l ly  

l a r g e  s p i l l  of powder ('Ll.1 g)  du r ing  one of t h e  carbon f l u s h e s .  To 

avoid  c ross -contaminat ion ,  no a t t empt  w a s  made t o  r ecove r  t h e  powder. 

The 1.1-g l o s s  r e p r e s e n t s  6.5% of t h e  t o t a l  b l e n d e r  inven to ry  o r  7.8% 

of t h e  fue l - rod  weight ;  however, no material ba l ance  c o r r e c t i o n  w a s  

made because  t h e  composi t ion  of t h e  l o s t  material w a s  n o t  known. 

5.2 Burning 

5.2.1 Burning p rocedure  and d isassembly  

The burner  w a s  p repa red  t o  r e c e i v e  t h e  f u e l  by p l a c i n g  1 5  

alumina beads (A1203) i n  t h e  bottom of i t .  

(3.175-mm O D ) ,  and t h e  t o t a l  weight w a s  about  3 g .  The beads w e r e  added 

t o  p r o t e c t  t h e  suppor t ing  metal p l a t e  and t o  e f f e c t  a n  even d i s p e r s i o n  

of t h e  i n l e t  g a s  supply  i n t o  t h e  powdered f u e l  du r ing  t h e  burn.  

Each bead had a 1/8- in .  OD 

The bu rne r  w a s  s e a l e d  and t e s t e d  f o r  l e a k s  a f t e r  a l l  t h e  c rushed  

f u e l  and carbon f l u s h e s  were added. A f 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  a p p l i e d .  Oxygen w a s  admi t t ed  i n t o  t h e  system a t  about  100 cc/min 
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(STP) du r ing  which t h e  tempera ture  w a s  r a i s e d  s lowly  t o  750°C and 

main ta ined  a t  t h i s  level  f o r  t h e  d u r a t i o n  of t h e  burn.  It w a s  assumed 

t h a t  t h e  f u e l  rod w a s  comple te ly  burned when t h e  c o n c e n t r a t i o n  of C 0 2  

i n  t h e  o f f -gas  decreased  t o  zero .  The system was t hen  purged w i t h  a n  

a d d i t i o n a l  6 l i ters  of oxygen a t  a ra te  of 200 cc/min. 

The equipment w a s  remotely disassembled and s e p a r a t e d  i n t o  t h e  

fo l lowing  components: (1) b u r n e r ,  ( 2 )  o f f -gas  l i n e ,  ( 3 )  f i l t e r  assemblies, 

and ( 4 )  of f -gas  c o l l e c t i o n  bag. 

The bu rne r  assembly w a s  d i sman t l ed ,  and t h e  5-s.im s i n t e r e d - n i c k e l  f r i t  

w a s  removed, packaged, and t r a n s f e r r e d  t o  t h e  a n a l y t i c a l  l a b o r a t o r y ,  

where i t  w a s  d i s s o l v e d  f o r  chemical a n a l y s i s .  The a shes  and t h e  alumina 

beads w e r e  poured from t h e  burner  i n t o  a beaker .  The beads were removed 

from t h e  beaker ,  weighed, and leached  t o  recover  any adhe r ing  f u e l  a sh .  

The o f f -gas  l i n e ,  composed of a l e n g t h  of 91.4-em s t a i n l e s s  s t ee l  

tub ing ,  w a s  s epa ra t ed  from t h e  assembly and c leaned  t o  remove any o u t e r  

s u r f a c e  r a d i o a c t i v e  contaminat ion .  L t  w a s  s e c t i o n e d  i n t o  about  2.5-cm 

segments,  which were c o l l e c t e d  i n t o  trhree samples and submi t ted  f o r  

g a m a  a n a l y s e s  a t  the Radiochemical Analyses  Labora tory .  

The a b s o l u t e  f i l t e r  assembly w a s  t aken  a p a r t  by s e p a r a t i n g  t h e  t h r e e  

f i l t e r  h o l d e r s  a t  t h e  rubber  connect ions.  The g a s  e n t r y  and e x i t  p o r t  

on each f i l t e r  ho lde r  w a s  s e a l e d  t o  p reven t  e n t r y  of  s o l u t i o n ,  and t h e  

o u t e r  s u r f a c e  of each f i l t e r  h o l d e r  w a s  washed t o  remove any r a d i o a c t i v e  

contaminat ion .  The f i l t e r s  w e r e  t r a n s f e r r e d  t o  t h e  Radiochemical 

Analyses  Labora tory  f o r  gamma s p e c t r a l  a n a l y s i s  and r e t u r n e d  t o  t h e  

Chemical Development group.  Each f i l t e f  h o l d e r  w a s  c u t  open, and t h e  
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paper  f i l t e r  w a s  removed, repackaged, l a b e l e d ,  and then  t r a n s f e r r e d  

t o  t h e  F i s s i o n  Product  S u r v e i l l a n c e  Labora tory  f o r  gamma measurements 

u s ing  extended count ing .  

A s p e c i a l  p l a s t i c  bag w a s  s e a l e d  onto  t h e  downstream end of t h e  

equipment l i n e  t o  r e c e i v e  a l l  g a s e s  exhausted du r ing  t h e  o p e r a t i o n .  

The gases  were accumulated,  and samples were withdrawn f o r  I4C and 85Kr  

a t  t h e  conc lus ion  o f  each o p e r a t i o n a l  s t e p .  (The gases  were a mix tu re  

of combustion p roduc t s ,  l i b e r a t e d  g a s e s ,  and the  cover  gas . )  

5 .2 .2  Burning r e s u l t s  

The burning o p e r a t i o n s  proceeded smoothly w i t h  good c o n t r o l  of 

tempera ture  f o r  bo th  rods  (F igs .  6 and 7 ) .  Burning l a s t e d  % 3 h r  

a t  a n  average  tempera ture  of 750°C. 

from 75 t o  80%, w i t h  CO c o n c e n t r a t i o n s  va ry ing  between 6 and 23% f o r  

t h e  c.arbide f u e l .  For  FTE-4-3-1-8, t h e  c o n c e n t r a t i o n  of CO exceeded 

90% near  t h e  end of t h e  r u n ;  however, t h e  CO c o n c e n t r a t i o n  neve r  

exceeded about  5%. These r e s u l t s  r e p r e s e n t  typical .  burner  performances.  

The r a d i a t i o n  level~s of  t h e  g a s  bag (about  30 l i t e r s )  f o r  t h e  c a r b i d e  

f u e l  exceeded t h e  range of t h e  c u t i e  p i e  ( 1 0  R/hr) a t  c o n t a c t .  The 

burner  product  w a s  composed of 5.407 g of a s h  (48.4% of t h e  f u e l  rod)  

and 2.773 g of alumina beads f o r  FTE-4-3-5-7, and 6.545 g of a s h  (47 .0% 

of t h e  f u e l  rod )  w i t h  2.976 g of alumina beads f o r  FTE-4-3-1-8. (This  

l a t t e r  pe rcen tage  could  have been as  h igh  as  about  50% i f  t h e r e  had been 

no l o s s  i n  b l end ing . )  

Off-gas composi t ions of C 0 2  ranged 

2 

5.3  T,eaching 

5 .3 .1  Leaching procedure 

The mater ia l  removed from t h e  burner  c o n s i s t e d  of the alumina beads 
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and t h e  a s h e s  r e s u l t i n g  from t h e  burned f u e l  s t i c k .  Each of t h e  p roduc t s  

w a s  s e p a r a t e l y  leached  under r e f l u x  c o n d i t i o n s  i n  about  50 m l  of Thorex 

r eagen t  (13 - M HN03--0.1 - M A13+--0.05 - M F-). A f low of water -sa ' tu ra ted  

a i r  was main ta ined  a t  a r a t e  of  50 cc/min through t h e  s y s t e m  du r ing  each  

l e a c h  o p e r a t i o n .  A f t e r  12  h r  of  l e a c h i n g ,  t h e  i n s o l u b l e  r e s i d u e  w a s  

s e p a r a t e d  from t h e  Thorex l e a c h  s o l u t i o n  by c e n t r i f u g a t i o n  and d e c a n t a t i o n  

The a s h  w a s  r i n s e d  w i t h  20 t o  25 m l  of Thorex r eagen t  and t h e  r i n s i n g s  

combined w i t h  t h e  f i r s t  l e a c h  s o l u t i o n .  The s o l u t i o n  w a s  t h e n  d i l u t e d  

w i t h  Thorex r e a g e n t  t o  a volume of 125 m l .  The i n s o l u b l e  r e s i d u e  w a s  

d r i e d ,  weighed, and packaged f o r  a n a l y s i s .  The alumina beads were 

leached  f o r  2 h r  i n  a r e f l u x i n g  Thorex r e a g e n t  and t h e n  s e p a r a t e d ,  

r i n s e d ,  and d r i e d .  The l e a c h  s o l u t i o n  was made t o  a 50-ml volume w i t h  

Thorex r eagen t .  

Samples of bo th  t h e  l e a c h  s o l u t i o n s  and t h e  e n t i r e  i n s o l u b l e  r e s i d u e  

were submi t ted  t o  A n a l y t i c a l  Chemistry D i v i s i o n ' s  High-Radiation-Level 

A n a l y t i c a l  Labora tory  (HRLAL) where t h e y  w e r e  t r e a t e d  and r e d i s t r i b u t e d  

t o  o t h e r  s p e c i a l i z e d  groups i n  t h e  A n a l y t i c a l  Chemistry D i v i s i o n  f o r  

s p e c i f i c  de t e rmina t ions .  

5.3.2 Leaching r e s u l t s  

The burner  a s h ,  alumina beads ,  and s i n t e r e d - n i c k e l  f r i t  were leached  

s e p a r a t e l y  and t h e  r e s u l t s  are shown i n  Tab les  1 and 2 .  

D i s s o l u t i o n  o f  t h e  bu rne r  a s h .  The d i s s o l v e r  s o l u t i o n  normally 

c o n t a i n s  t h e  b u l k  of  t h e  heavy metals and s o l u b l e  f i s s i o n  products .  The 

r e s i d u e s  t y p i c a l l y  are S i c  h u l l s  and f i n e l y  d iv ided  i n s o l u b l e  f i s s i o n  

p roduc t s .  

D i s so lve r  s o l u t i o n .  The a s h e s  from t h e  burner  were leached  f o r  12  h r  

w i t h  Thorex r eagen t  (Tables  1 and 2 ) .  The q u a n t i t i e s  of gamma-emitting 

r a d i o n u c l i d e s  found i n  t h e  two l e a c h  s o l u t i o n s  w e r e  about  equa l .  
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Table  1. Leach r e s u l t s  f u r  FTE-4-3-5-7 f u e l :  TRTSO-coated (2.75 Th/U)C2-- 

2 
,TKISO-coat ed ThC 

_.._. ........ 
h s o  lubles__..----.- T o t a l  %--Of t o t a l .  as 

Leach Fi. rs t  Second T o t a l  in -  l each  i n s o l u b l e s  i n  
so l -u t ion  f u s i o n  fus iona  s o l u b l e s  p l u s  burner  ash  

.I____ i n s o l u b l e s  _. ...... I_I._._ 

u ,  g 0.361 0.008 0.010 0.018 0.379 4.7 
Th, g 2.100 0.006 0.041 0.047 2.141 2.2 

I ,  mg 0.010 50.0Ol __ <3.001. - <o.  001 0.010 % 10 
99 mg 1.338 0.095 0.019 0.114 1 . 4 5 2  7 . 8  
1 2 F  

I Nucl ide ,  d E  

ft:Kr 6. 13E0gb C c 
S r  6.6OEll 7.50E08 7.62E08 

9 5 Z r  4.75ElO 2.79E09 4.94E08 
95 b a. 2 8 ~ 0 9  < 5 . 5 2 ~ 0 6 < 4 . 5 0 ~ 0 7  
"'Ru 3 . 7 9 E I  0 -5.15EOI-2.09E10 
llOAg 3.8lE07 1.73E07 2.20E06 
Iz5Sb 1.07ElO 1.50E07 7.2SK08 
134Cs 1.98Fl-1 5.80E06 1.83E09 
137Cs 4.65E11 1.86E07 5.53E09 
144Ce 3.50E12 1.02E10 1.071309 
152Eu <1.05E10 <1.08E07<8.40E06 
154Eu -1.28E10 --5.l3EO78.52K07 
'-55Eu 3.85E09 2.26E07 2.99E07 

7u 
C 

8.37E09 
3.28E09 
- <5.05E07 

2. l O E l O  
1 - 95E07 
7.41 E 0 8  
1.84E09 
5.55E09 
1.13ElO 

- <1.92F,O7 
1.37E08 
5.25E07 

6.13E08 
6 .68El l  
5.08E10 
- <1.33E09 

5.89E10 
5.76E07 
1.14EPO 
2 . 0 0 E l l .  
4 .71El l  
3.51E12 

1.29E10 
3.90E09 

- <1.05E10 

1. . 3 
6.5 
3.8 

35.7 
33.9 

6.5 
0 .9  
1 .2  
0.3 
0.2 
1.1 
1 . 3  

a 

bA shor thand  not .a t ion  f o r  showing exponents; i t  will be  used i n  

'Not ana lyzed .  

P a r t  of m e l t  w a s  I.ost. 

subsequent  t a b l e s .  



Table  2. Leach r e s u l t s  f o r  FTE-4-3-1-8 f u e l :  TRISO-coated U02--BISO-coated Tho2 

I n s o l u b l e s  T o t a l  T o t a l  l e a c h  % of t o t a l  as 
Leach R-1-A R r l  R-I-NFK i n s o l u b l e s  p l u s  i n s o l u b l e s  i n  
so l u t i o n  i n s o l u b l e s  burner  ash 

u, g 0.445 0.004 0.001 F 0.005 0.450 1.2 
Th, g 4.495 0.017 0.002 - 0.019 4.514 0.4 

1.15 0.042 0.452 - 0.494 1.644 30.0 
<2.1 - 0.048 <o. 001 c - It mg 0.048 - <0,001 - 

Nuclide,  dpm 

4.68E09 
7.14Ell 
5.53E10 
- <1.38E09 

1.62E10 
1.62E08 
7. ME09 
1 94Ell 
5 * 05Ell 
3.35312 
- (6.00E09 
1.29E10 
4.15EO9 

a 
3.18E10 
9.78E08 
<8.40E07 
6.72Ell 
4.12E06 
2.59E09 
3.52E09 
9.00E09 
3.54E10 

<le 14E08 
8.34E07 
4,97E07 

- 

- 

a 
1.10E08 
2.46E09 
<2.65E08 
1.21Ell 
<I. 35E06 
- <4.75E09 
3.41E10 
7.88E10 
3.03E10 
<9,15E08 
8 e 84E07 
3.54E07 

- 

I 

- 

a a 
c 3.19E10 
- 3.44E09 
2.61E08 <6.10E08 
7.12E08 -7.94Ell 
- <5.47E06 
3.25E08 77.67E09 - 

3.76E10 
- 8.78E10 
? 6.57E10 - - <1,03E09 - 1.7 2E08 
v 8.51E07 

- 

4.68E09 
7.4GEll 
5.87ElO 
- <1.99E09 

8.  lOEll 
- <1.67E08 
- <1.53E10 
2.32Ell 
5.93Ell 
3.42E12 
I <7,03E09 
1.31E10 
4 e 24E09 

4.3 
5.9 
30.6 
98.0 
3.3 
50.1 
16.2 
14.8 
1.9 
14.6 
1.3 
2.0 

1 
P 
U 
I 

Not analyzed.  a 
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I n s o l u b l e  r e s i d u e s .  The r e s i d u e  from FTE-4-3-5-7 w a s  s e p a r a t e d ,  

d r i e d ,  and weighed (2.469 g as i n d i c a t e d  i n  Table  1) .  It w a s  t r e a t e d  

by N a 2 C 0 3  f u s i o n  i n  t h e  HKLAL. 

chemical  a n a l y s i s ,  and t h e  remaining i n s o l u b l e s  were s u b j e c t e d  t o  a second 

N a 2 C 0 3  fu s ion .  Unfo r tuna te ly ,  a h o l e  developed i n  t h e  p la t inum c r u c i b l e ,  

and p a r t  of t h c  second m e l t  w a s  l o s t .  The remainder o f  t h e  f l u x  from t h e  

second f u s i o n  w a s  d i s so lved  and prepared  f o r  chemical  a n a l y s i s  a l s o .  

Analys is  of t h e  d i s s o l v e d  f l u x  from each f u s i o n  r e s u l t e d  i n  f i n d i n g  

0.047 g of thorium and 0.018 a of  uranium ( i . e . ,  2 . 2  and 4.7%,  r e s p e c t i v e l y )  

of t h e  t o t a l  recovered  heavy-metal c o n t e n t .  These v a l u e s  i n d i c a t e  t h a t  a 

s m a l l  f r a c t i o n  of t h e  Sic-coated p a r t i c l e s  remained unbroken a f t e r  b lending  

and burning.  The amounts of t y p i c a l  gamma emitters i n  t h e  leached r e s i d u e  

ranged from Q0.2 t o  36% of t h e  t o t a l  amounts found i n  t h e  experiment .  

The r e s i d u e  from FTE-4-3-1-8 r e q u i r e d  t h r e e  t r ea tmen t s  b e f o r e  i t  

appeared t o  be  d i s s o l v e d  (Table  2 ) .  I n  g e n e r a l ,  t h i s  r e s i d u e  y i e l d e d  

less uranium and thorium ( 1 . 2  and 0.4%, r e s p e c t i v e l y )  t han  b e f o r e ,  and 

t h e  r e s u l t s  may i n d i c a t e  s u b s t a n t i a l l y  more of t h e  coa ted  p a r t i c l e s  

(TRISO-U02) w e r e  broken i n  t h e  b l ende r  than  t h e  p rev ious  sample. 

t h e  t o t a l  pe rcen tages  of t h e  f i s s i o n  p roduc t s  i n  t h e  r e s i d u e  were much 

h ighe r  f o r  FTE-4-3-1-8 and ranged from % 1 t o  98% f o r  s e l e c t e d  f i s s i o n  

p roduc t s .  These r e s i d u e  r e s u l t s  may be p a r t i a l l y  i n  e r r o r .  

The f l u x  w a s  d i s s o l v e d  and prepared  f o r  

However, 

Leaching of  t h e  alumina beads.  One concludes from t h e  l e a c h  r e s u l t s  

that. t h e  alumina beads had Q 0.2% of burner  a s h  a t t a c h e d  f o r  FTE-4-3-5-7 

and % 0.6% f o r  FTE-4-3-1-8. The uranium and thorium r e s u l t s  were 

c o n s i s t e n t  w i t h  t h e s e  v a l u e s ;  however, t h e  f i s s i o n  p roduc t s  were found 

i n  s u b s t a n t i a l l y  g rea t e ramoun t s  i n  FTE-4-3-1-8 than  i n  FTE-4-3-5-7 

(Tables  3 and 4 ) .  

found on t h e  beads.  These r e s i d u e  r e s u l t s  may be p a r t i a l l y  i n  e r r o r .  

Major f r a c t i o n s  of the t o t a l  '"Ag and 155Eu w e r e  
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Tab le  3. R a d i o a c t i v i t y  leached  from the  alumina beads  and s i n t e r e d -  
n i c k e l  filter f o r  FTE-4-3-5-7 f u e l :  TRISO-coated (2.75 Th/U)C2-- 

TRISO-coated ThC2 

Alumina bead S i n t e r e d  n i c k e l  
Leach % F i l t e r  % 

<o. 001 <0.3 <o. 001 <0 .1  

0.002 <0.1 0.002 0.1 

I_-_ - - 

UY g 

ThY g 
- - "Tc, mg 0.001 0.1 

w S r  7.29E08 0.1 1.94309 0.3 

<3.30E08 0.6 I C3.24308 0.6 

<l. 08E07 0.8 

<6.00E08 1.0 I <1.80E08 0.3 

<7.50E07 56.4 

95zl- - 

5Nb - < 2.7 OE07 2.0 - 
106Ru - 

125Sb I 

134cs 7.62E09 3 . 6  2.41E09 1 . 2  

137cs 1.691310 3 .4  4.57309 0.9 

144ce 3.81309 0.1 1.82E09 0 . 1  

152Eu - 

154Eu 6.90E07 0.5 - <1.56E07 0.1 

155Eu _ _  

I - 
Ag I 

110 

<3.30E08 2.8 - c1.32E08 1.1 

<I. 23308 1 . 2  - ~ 4 . 5 6 E 0 7  0.4 

c1.17E09 22.8 I <6.60E07 1.3 
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Table 4. R a d i o a c t i v i t y  leached  from t h e  a1umi.m beads and s i n t e r e d -  
n i c k e l  f i l t e r  for FTE-4-3-1-8 f u e l :  TRISO-coated U02-- 

2 
BISO-coated ThQ 

_____l-.-_.l 

Alumina bead S inter ed n i c k e l  
Leach % F i l t e r  % 
_I- 

u ,  g <Q. 001 <O. 3 <o. 001 <0.1 

T h ,  g 0.015 0.3 0.005 0 .1  

9Bsr 4.98E09 0.6 2.74E10 3.5 

<1.92E07 1. . 0 - C4.86306 0.2 

Nucl ide ,  dpm --- 

9 5 ~ r  - <9.90E09 14.4 - <1.8OE08 0.3 ’ 5Nb 
I 

106RU - <2.28E08 CO.1 1.85EO9 0.2 

- <2.73E08 62 - Ag - 
110 

125Sb <1,32E09 7.9 - <1.02EO8 0.6 

134cs 2.85 E 1 0  10.9 1 * 0x509 0.4 

137cs 6.60E10 10.0 2.29EQ9 0.4 

C e  2 I 1 6 E l l  6.0 2.20E09 <0.1  
144 

152Eu - <8.7OE08 11.0 -- <1.98E07 0.3 

._ <6.0OE08 4.4 - <1.02E07 <0.1 

<I. 47E09 25.6 - <3.36807 0.6 155E11 
- 
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Leaching of t h e  s i n t e r e d - n i c k e l  f i l t e r s .  The s i n t e r e d - n i c k e l  

f i l t e r s  were d i s s o l v e d  i n  aqua r e g i a .  Uranium and thorium c o n c e n t r a t i o n s  

w e r e  e s s e n t i a l l y  at t h e  d e t e c t i o n  l i m i t s  and r e p r e s e n t e d  - < 0.1% of t h e  

t o t a l s .  A d i l u t i o n  w a s  p repared  f o r  gamma a n a l y s i s .  Of t h e  i s o t o p e s  

l i s t e d  i n  Tab les  3 and 4 ,  on ly  9 0 S r ,  Io6Ru (one c a s e ) ,  134Cs, 137Cs ,  and 

144Ce w e r e  above t h e  background d e t e c t i o n  l i m i t s .  

t h e  o r d e r  of 0 .1  t o  1% of t h e  t o t a l s  f o r  each i s o t o p e  i n  t h e  l i s t .  

The amounts w e r e  of 

5.4 Off-Gas S t u d i e s  

The purge and burner  g a s e s  w e r e  c o l l e c t e d  and ana lyzed  f o r  85K1- 

The f i l t e r s  and o f f -gas  l i n e s  were ana lyzed  by t h e  and 1 4 C  ( o r  3H). 

methods desc r ibed  under S e c t .  5 .2 .1  - Burning Procedure  and,Di$assembly. 

5 .4 .1  K r y p t o n 4 5  

The y i e l d s  of 85K1- p r e d i c t e d  by ORIGEN are 53  m C i  f o r  FTE-4-3-5-7 

and 57 m C i  f o r  FTE-4-3-14, The 85Kr d i s t r i b u t i o n s  found on t h e  two 

exper iments  are g iven  i n  Tab les  5 and 6. The t o t a l  amounts recovered.  

w e r e  58.7 m C i  f o r  FTE-4-3-5-7 and L6.5 m C i  f o r  FTE-4-3-1-8. Th i s  

l a t t e r  t o t a l  appea r s  low, however, and i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  

l a r g e r  amounts were r e l e a s e d  by t h e  ox ide  f u e l  du r ing  g r i n d i n g  and 

d i s s o l v i n g  wh i l e  t h e  c a r b i d e  f u e l  r e l e a s e d  most of i ts 8 5 K r  du r ing  

burn ing .  The val-ues  f o r  85Kr found i n  t h e  b l ende r  and d i s s o l v e r  

purges  and bu rne r  o f f -gases  are g iven  i n  Tab les  5 and 6.  

More 85Kr  w a s  r e l e a s e d  du r ing  t h e  g r i n d i n g  and l e a c h i n g  of FTE- 

4-3-1-8 than  f o r  FTE-4-3-5-7 (Tables  5 and 6 ) ,  b u t  FTE-4-3-1-8 had a 

s u b s t a n t i a l l y  lower t o t a l  amount of 85Kr  (16 m C i  vs  59 mCi). 

exp lana t ion  f o r  t h i s  d i screpancy  i s  t h a t  t h e  16.57 m C i  from FTE-4-3-1-8 

burner  o f f -gas  i s  low, 

One 
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Table  5. D i s t r i b u t i o n  of 85Kr  i n  of f -gas  system for FTE-4-3-5-7 f u e l :  
TRISO-coated ( 2 . 7 5  Th/U)C2--TRISO-coated ThC2 

-_ 
Operat  i o n  Off -gas volume T o t a l  85Kr 
_I_ l i t e rs  (ST'P) (Cdpm) (mCi) (XI 

Grind 

Burn 

Leach 

To t a l  

1 4 . 8  6 .65E09  3.0 5 .1  

27.4 1 . 2 3 E 1 1  5 5 . 4  9 4 . 4  

33.8 6.1.3E08 0.3 0.5 

7 6 . 0  7.. 3 0 E l l  5 8 . 7  100.0 

Table  6.  D i s t r i b u t i o n  of 85K31- i n  off-gas  system f o r  FTE-4-3-1-8 fuel: 
TRISO-coated UO2--B1SO-coat ed Tho 2 

m____ 

Opera t ion  Off-gas volume T o t a l  85Kr 
l i t e rs  (STP) Crdpm) ( m c i  ) (2  1 -.---_Is____ I___ 

Grind 

Burn 

Leach  

1 0 . 4  I. 7 9E10 8 . 0 6  48 .7  

3 1 . 7  1 . 4 2 E 1 0  6 .40  3 8 . 6  

8 2 . 0  4 .68E09  2.11 1 2 . 7  

T o t a l  124 .1  3 .68E10  16.5'7 100.0 
--II--- __-_ 
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5.4.2 Carbon-14 

Carbon-14 a n a l y s e s  were performed on samples of  t h e  burner  of f -gas  

f o r  bo th  r u n s  and f o r  t h e  l e a c h  of t h e  r u n  w i t h  c a r b i d e  f u e l  (Tables  7 

and 8) .  

run ,  and C 0 2  and 1 4 C  a n a l y s e s  were done on a l l  samples i n  t h e  second. 

The carbon i n  t h e  o f f -gas  inc luded  f l u s h  carbon;  t h e r e f o r e  t h e  r e s u l t s  

w e r e  a d j u s t e d  acco rd ing ly .  

N2/KCHM i n  t h e  f u e l ,  r e s p e c t i v e l y .  

A l t e r n a t e  samples w e r e  ana lyzed  f o r  C 0 2  and f o r  I 4 C  f o r  t h e  f i r s t  

These r a t i o s  correspond t o  about  1600 and 450 g 

3 

The I 4 C  and C 0 2  i n  t h e  l e a c h e r  purge  o f f -gas  i s  assumed t o  

have come from a r e s i d u a l  amount o f  burner  o f f -gases  l e f t  i n  t h e  l i n e s  

and gas  meter s i n c e  s p e c i a l  s t e p s  t o  avo id  t h i s  cont ingency  w e r e  n o t  

taken .  (It could conce ivably  have come from unburned c a r b i d e s  du r ing  

l each ing . )  

5 .4 .3  Composition of  t h e  bu rne r  o f f -gas  

The g a s e s  used were composited i n  a g a s  c o l l e c t i o n  bag. Samples of 

t h e  composited gas  w e r e  t aken  at t h e  end of each  phase of  o p e r a t i o n .  

The q u a n t i t i e s  of oxygen and carbon d i o x i d e  measured i n  t h e  g a s  

samples  are l i s t e d  i n  Tab les  9 and 1.0. The samples withdrawn f o r  gas  

a n a l y s i s  from t h e  FTE-4-3-5-7 combustion con ta ined  from % 1 . 2  t o  10 .9% 

n i t r o g e n  and water vapor .  G a s  samples from FTE-4-3-1-8 con ta ined  from 

Q 0.4 t o  1 .6% water vapor  (from t h e  wet-test me te r ) .  Ni t rogen  i n d i c a t e s  

t h e  deg ree  of a i r  in l eakage  t o  t h e  samples.  

5.4.4 Depos i t ion  of  s e m i - v o l a t i l e s  on t h e  o f f -gas  l i n e  and a b s o l u t e  f i l t e r s  

The o u t e r  s u r f a c e  of t h e  o f f -gas  l i n e  w a s  washed t o  remove e x t e r n a l  

contaminat ion  and s e c t i o n e d  i n t o  36 p i e c e s .  These w e r e  assembled i n t o  

t h r e e  groups ( 1 2  p i e c e s  each)  and l a b e l e d :  (1) nea r  bu rne r ,  (2) c e n t e r  

s e c t i o n ,  and ( 3 )  j u s t  b e f o r e  t h e  a b s o l u t e  f i l t e r s .  Only ve ry  s m a l l  
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Table  7 .  Carbon-14 de te rmina t ions  f o r  FTE-4-3-5-7 f u e l :  TRISO- 

2 
coated  ( 2  I 75 Th/U)C2--TKESO-coated 'I'hC 

~ _ _ .  -- -.-__II_ --l__ .._....--...s.- __ 

c02 Opera t ion  Volume Sample C-14 t o t a l  

e)  l i t e r s  (STP) code (dpm) (rnc i 1 
.. .. . . .. -. .. . .-.- __ ___ 
Burn 27.4 GB-1  

GB-2 

GB-3 

GB-It 

GK- 5 

GR-6 

A v  . 

Leach 33.8 GB-7 

GB -8 

GB--9 

A v  . 

6.17E07 0.027 I 

- 56.3 

6.27E07 0.028 - 

- 4 2 . 0  - 
6.54E07 0.029 - 

- 51.1 

6.33E07 0.028 49.8 

- 

1.. 31E06 < O .  001 I 

h.12EO6 <O.  001 I 

I 2 .4  - 
1.22E:08 <o.  O O P  

____ 
a 

Correc ted  f o r  carlmn added a s  f l u s h e s .  
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Table  8. Carbon-14 de te rmina t ions  f o r  FTE-4-3-1-8 f u e l :  TRISO-coated 
UO2--B1SO-coated Tho2 

Op erat  ion Volume Sample C-14 t o t a l  eo2 
l i t e r s  (STP) code dpm) (mci) (%) 

43.5 Burn 31.7 GB-1 3.91E07 0.018 

GB-2 Sample bu lb  leaked  - 

GB-3 3.38307 0.015 - 

GB-4 3.04E07 0.014 40.6 

GB-5 4.2 2E07 0.019 I 

GB-6 3 . 2 0 ~ ~ 0 7  0.014 - 

Av . 3.55E07 0.016 42.1 



Table 9. Composition of "burn" of f -gas  sainples f o r  FTE-4-3-5-7 f u e l :  TRISO-coated (2.75 Th/U)C2-- 
TRISO-coated ThC2 

C i n  CQ2 N 2  + H 2 0  
2 

O 2  i n  CO 
O 2  C02 - 

(%> (8) (%I (g>  (% 1 ( g >  (%> (g) (%> 

GB-2 42.5 16.62 55.3 30.27 72.7 22.01 27.3 8.26 1 . 2  

GB-4 47 .1  18.42 42.0 22.58 16.42 6 .16  10.9 

GB-6 45.4 17 .75  51.1 27.48 19.98 7.50 3.5 

Av. 45.0 17.60 49.8 26.78 19.47 7.31 5.2 

T a b l e  10. Composition of "burn'' off-gas samples f o r  FTE-4-3-1-8 f u r l :  TRISO-coated U02-- 
BISO-coated Th02 

C i n  C 0 2  N 2  + H 2 0  
2 0, in CO O2 c02 L 

(Z 1 k> (%> (9) (%) (9) (%> ( a>  ( % >  

GB-1 36.7 16.61 43.5 27.07 72.7 19.69 27.3 7.38 1 . 6  

GB-4 40.5 18.31 40.6 25.26 18.37 6.89 0.4 

AV . 38.6 17.46 42.1 26.17 19.03 7.14 1.0 



f r a c t i o n s  of  materials passed through t h e  s in t e red -me ta l  f i l t e r  i n t o  

t h e  downstream of f -gas  system and depos i t ed  on t h e  l i n e s  (Table 11). 

5 . 4 J  Depos i t ion  of f i s s i o n  p r o d u c t s  on t h e  absolute f i l t e r s  ___ -l--_l-.l_ 

Three a b s o l u t e  f i l t e r s  were used i n  series. They were d i s p o s a b l e ,  

po lypropylene  encased ,  100% p r e t e s t e d  asseniblies. The e f f e c t i - v e  fi.:!.ter 

area f o r  each assembly is 1 E t  . Each assembly w a s  DOP-tested p r i o r  t o  

u s e  t o  v e r i f y  i t s  f i l t e r i n g  i n t e g r i t y .  The o u t e r  s h e l l  was wrapped i.11 a 

po lye thy lene  sleeve t o  reduce  t h e  e x t e r n a l  contaminat ion  leve ls ,  A f t e r  

be ing  taken  from t h e  ho t  c e l l ,  t h e  o u t e r  wrapping w a s  rt?moved i n  a 

1.aboratory hood, and t h e  o u t e r  s u r f a c e s  w e r e  washed t o  renove any l o o s e  

containinat ion.  The whole f i l t e r  w a s  ana lyzed  f o r  f i s s i o n  procluctr 

i nven to ry  (RAL). These r e s u l t s  w e r e  so s i m i l a r  f o r  t h e  t h r e e  f i l t e r s  

2 

t h a t  t h e y  were f u r t h e r  disassernbl  

paper  e lements  were ana lyzed  .i.n a 

extended t i m e s .  

The r e s u l t s  a r e  g iven  i n  Tab 

d t o  remove t h e  paper  e lement .  The 

Low-le:vel count ing  f aci1.it.y (F'PS) f o r  

es 1.1 and 1 2  f o r  FTE-4-3-5-7, It i s  

c l e a r  that :  t h e  c a s i n g s  w e r e  contaminated i n  s p i t e  of: t h e  prccautfnns.  

Only 337Cs could be de tec t ed  on thc second and t h i r d  f i  1 ter  p a p e r s ,  

bu t  t h e  leve ls  of 137Cs w e r e  t o o  nea r  background (and s t a t i s t i c a l l y  

inconc lus ive )  t o  permi t  t h e  de t e rmina t ion  of  the re la t ive e f f i c i e n c i e s  

o f  t h e  f i l t e r s  i n  t h e  series.  

6. EVALUATION OF RESULTS 

6.1 Material Balances 

Material ba l ances  based on o v e r a l l  we igh t s  and LI ther hot-cel l  

measurements are p resen ted  i n  Tab les  13  and 14 f o r  W E - 4 - 3 - 5 - 7  and 

4-3-1-8, r e s p e c t i v e l y .  T h e  grand t o t a l  mater ia l  ba l ance  w a s  1051 for 

. . . . . . . . . . . 



Table 11. Off-gas entrainment f~rFTE-4-3-5-7 fuel: TRISO-coated (2.75 Th/U)C2-- 
TRISO-coated ThC2 

Off-gas l i n e  Absolute filter assembly Experiment 
1 2 3 1 2 3 t o t a l .  

99Tc Y 'clg 

Nuclide, dpm 

dpm 

95zr 

Io6RU 

95Nb 

- <O. 83 

4.58305 

- 

- 
2.07E05 

7.40E04 

3.91E05 

5.48305 

2.33306 

- 
- <3.25EO4 
- 

- <O. 52 

8.35304 

- 
- 

a 

a 

4.37303 

7.1OE03 

4.31E04 

- 
a 

- 

- <O. 73 

- <7.97E03 
- 

- 
a 

a 

2.04E03 

3.llE03 

- <1.12EO4 
- 
a 

- 

- 

- 

a 

a 

a 

a 

4.07E04 

4.88E04 

6.80E04 

a 

a 

a 

- 

- 
a 

a 

a 

a 

4.38303 

7.38303 

Q1.61E04 

a 

a 

a 

- 

- 

a 

a 

a 

a 

8.79302 

1.63E03 

4.6OE03 

a 

a 

a 

1.46E03 

6.71Ell 

5.15E10 

<1.37E09 

5.97ElO 

- 

1.19E10 

2.lOEll 

4.92Ell 

3.52E12 

<1.07ElO 

1.30E10 

5.14E09 

- 

I 
h) 
03 
I 

aAt lower  limits of detection. 
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Table 1 2 .  R a d i o a c t i v i t y  on a b s o l u t e  f i l t e r s  ( c o r r e c t e d  t o  A p r i l  1, 1975) 

FTE-4-3-5-7 f u e l :  TRISO-coated (2.75 Th/U)C2--TRISO-coated ThC2 

AF-1 AF-2 AF-3 
b 

RALa FPSb RALa FPSb wLa FPS 

- 106RU C 1.55E03 C d C 

- C - 125Sb C 1.78E03 C 

134cs 4.07304 $180 4.38303 8.79E02 - 
137cs 4.88E04 5.33E03 7.38E03 %40 1.63E03 %5 0 

- 4.60E03 - 144c€? 6.80E04 - 'L1.61E04 

a 

b F i l t e r  paper  removed from holder .  

dUndetected. 

F i l t e r  paper  i n  h o l d e r .  

A t  lower  l i m i t s  of  d e t e c t i o n .  C 
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Table  13 .  Grand t o t a l  material  ba l ances  f o r  FTE-4-3-5-7 f u e l  : 

TRISO-coated (2.75 Thfu)C2--TWTSO-coated ThC2 

. . ~ I I _  ou tpu t  - -I- 

... I t e m  . . Inpu t  

F u e l  rod 
U 0.553 
T h  2.378 
Carb ide  carbon 0.302 

S i C  2.392’ 
Other carbon 5. 552a 

F iss i o n  p roduc t s  OC 

Oxide oxygen 0 

0.379 
2 . 1 4 9  

2.392d 
0.1.50 
0.365 

Total. 1 1 . 1 7 7  5 . 4 3 5  

Alumina be ad s 2 .765  2 . 7 7 3  

Hlender f l u s h  carbon 3.014 - 

Oxygen 33.264 17.594 

co 
I 

Grand to t l a l  

- 
50.220 

26.773 

52.575 

Material ba l ance  100% 105% 

~ _ _ _ _ _ _  --I_- I...___ 
a 

bFrom r e s i d u e s  o u t  of l e a c h e r .  

’Calculated by ORIGEN code. 
“Not inc luded  i n  grand t o t a l .  

By d i f f e r e n c e .  

Inc luded  i n  i . n i t i a 1  uranium and thorium values I e 
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T a b l e  14 .  Grand t o t a l  material ba l ance  f o r  FTE-4-3-1-8 
f u e l :  TRISQ-coated U02--BISO-coated Tho2 

Item I n p u t  ( g )  Output ( g )  

F u e l  r o d  
U 0.553 
Th 5.184 
Oxide oxygen 0.790 
Carbon 6.  777a 
S i C  0. 621b 
F i s s i o n  pro  d u c t s  - 

0.451 
4.534 
0.707 

0.621 
0.150 

- 

T o t a l  weight  13.925 6.463 

Measured weight  13.925‘ 6 .  633a’e 

Carbon f l u s h  2.963 - 

Alumina beads 2.938 2.940 

Blender  product  ( l o s s )  (1.091) - 

Oxygen 33.260 17.46 

c02 

Grand t o t a l  

0 

52.00 

26.17 

53.03 

Ma t er i a  1 balance 100% 102% 

a 

bUni r r ad ia t ed .  
‘Not i nc luded  i n  grand t o t a l .  

By d i f f e r e n c e .  
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FTE-4-3-5-7 and 102% f o r  PTE-4-3-1-8. The o v e r a l l  mater ia l  ba l ances  

(100 x o u t p u t / i n p u t )  f o r  i n d i v i d u a l  components are g iven  bel.ow: 

- 
Material ba l ance  composi t ion 

I 4-3-5-7 4-3-1-8 

U 68. 5a 81. gb 

Th 90. 4a 8 7 .  gb 

AI. O3 beads 100.3 100.0 

C 82.3 73.3b 

O2 112.6 98 .9  

-- _I_-_ -_.._.. 
a 

bBlender l o s s  was n o t  t aken  i n t o  accoun t ,  

Burnup w a s  n o t  taken  i n t o  account .  

3 The e f f e c t s  of burnup can  b e s t  be  c a l c u l a t e d  us ing  t h e  OKIGEN code,  

and are p resen ted  i n  Tables  1 5  and 16.  The r e l a t ive  amounts of uranium 

and thorium agreed  w e l l  and w e r e  w i t h i n  15% of  t h e  predic- ted amounts. 

6 .2  D i s t r i b u t i o n  of F i s s i o n  Products  Throughout t h e  Head-end P rocess  

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  from FTE-4-3-5-7 t o  t h e  

v a r i o u s  p r o c e s s  s t e p s  i s  shown i n  Table  1 7 .  These r e s u l t s  i n d i c a t e  t h a t  

(1)  most o f  t h e  materials are  found i n  t h e  l e a c h  s o l u t i o n  o r  r e s i d u e ,  and 

(2)  o n l y  ve ry  s m a l l  amounts p a s s  through t h e  s in t e red -me ta l  f i l t e r  and are  

t rapped  on l i n e s  o r  a b s o l u t e  f i l t e r s .  S i m i l a r  r e s u l t s  w e r e  found f o r  

FTE-4-3-1-8. Any amounts of materials "plated-out ' '  i n s i d e  t h e  burner  

were not  determined.  
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Table  15. Uranium-thorium d i s t r i b u t i o n s  f o r  FTE-4-3-5-7 f u e l :  

TRISO- coated (2.75 Th/U) C - - TRISO -coated ThC2 2 

Genera l  Atomic O R I G E N ~  Chemical a n a l y s i s  
(g> (%> (8) (%I (g 1 (%> 

Uranium 0.553 18 .9  0 .444  16.0 0.379 15.0 

Thorium 2.378 81.1 2.336 84 .0  2.149 85.0  

T o t a l  2.931 100.0 2.780 100.0 2.528 100.0  

Table 1 6 .  Uranium. thorium d i s t r i b u t i o n  f o r  FTE-4-3-1-8 f u e l :  
TRISO-coated U02--BISO-coated Tho2 

Genera l  Atomica O R I G E N ~  Chemical a n a l y s i s  - 
(g)  (%> (a> (%> (g ( X )  

Uranium 0.553 9.6  0 .490  8 .8  0.450 9.0 

Thorium 5.184 90.4 5.094 91.2 4.534 91.0 

T o t a l  5.737 100.0 5.584 100.0 4.984 100.0 

a See r e f .  6 .  
b ~ ~ ~ G i ~  (564-day c o o l i n g ) ,  August 4 ,  1976 f o r  4-3-1-8 and August 5 fo r  
4-3-5-7. 
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Table  17. D i s t r i b u t i o n  o f  f i s s i o n  p roduc t s  t o  the major head-end steps 
f o r  FTE-4-3-5-7 f u e l :  TRISO-coated (2.75 Th/U)C2-- 

TRISO-coated ThC2 

I_- ...---l_l__ _--- 
Percen tage  found i n  __I- 

F i s s i o n  Grand t o t a l  
p roduct  (1 00%) Leacha Residue Nickel f i l t e r  Off-gas equipment 

.-I- ICI- 

98.5 1 . 2  0.3 8.2E-05 9osr 6.7lEl-1 

9 5 ~ r  5.15EIO 93.0 6 .4  0.6 b 

106Ru 5.97E1.0 64.5  35.2 0.3 3.5E-04 

125Sb 1 .19E10 92.7 6 . 2  1.1 6.2E-04 

2 I l O E l i  97.9 0 . 9  1 . 2  2.1E-04 
134cs 

13  7 cs  4.92El.l 98.0 1.1 0.9 1.3E-04 

3.52E1.2 99.7 0 .3  0 .1  <7E-05 
14hCe 

154Eu 1.30E10 98.9 1 . 0  0 .1  <2E-04 
l..l_.ll_- 

a 

bUndetected.  

Inc ludes  alumina-bead leach. 
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7. COMPARISON OF RESULTS FROM THE ORIGEN CODE, CHEMICAL ANALYSIS, M?D 
NONDESTRUCTIVE GAMMA-SCANNING 

The ORNL I s o t o p e  Genera t ion  and Dep le t ion  Code (ORIGEN)' is a 

computer program t h a t  can be  used f o r  p r e d i c t i n g  t h e  q u a n t i t i e s  of  

a c t i v a t i o n  p r o d u c t s ,  a c t i n i d e s ,  and f i s s i o n  p roduc t s  from i r r a d i a t i o n  

d a t a  us ing  con t inuous ly  updated n u c l e a r  d a t a  l i b r a r i e s .  The OR'IGEN 

c a l c u l a t i o n  f o r  FTE-4-3-5-7 and FTE-4-3-1-8 were made u s i n g  i r r a d i a t i o n  

parameters  supp l i ed  by GAC.5 

are g iven  by W .  Davis, J r . ,  et  a l .  

Details of t h e  c a l c u l a t i o n s  f o r  t h i s  run  

3 

ORTGEN i s  used t o  p rov ide  estimates of f i n a l  composi t ions  a f t e r  

i r r a d i a t i o n  and a i d  i n  p i n p o i n t i n g  (wi th  NDA) d i s c r e p a n c i e s  i n  t h e  

exper imenta l  r e s u l t s .  D i sc repanc ie s  can  i n d i c a t e  losses of n u c l i d e s  

due t o  m i g r a t i o n  i n  t h e  r e a c t o r ,  p l a t e o u t  on t h e  w a l l s  of t h e  exper imenta l  

equipment,  f u e l  hand l ing  losses i n  t h e  h o t  c e l l ,  cross contaminat ion  of 

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

code o r  i npu t  parameters .  

The d a t a ,  a f t e r  e x t e n s i v e  ORIGEN and chemical  a n a l y s i s  (and 

r e a n a l y s i s )  i s  p resen ted  i n  Table  18 f o r  FTE-4-3-5-7 and i n  Table  1 9  

f o r  FTE-4-3-1-8 and compared w i t h  t h e  r e s u l t s  o f  n o n d e s t r u c t i v e  a n a l y s i s  

(NDA). Q u a n t i t i e s  of  materials from ORIGEN, chemical  a n a l y s i s ,  and 

gamma-scanning a re  p resen ted  by i s o t o p e .  (ORIGEN p r e d i c t s  many 

i s o t o p e s  t h a t  a re  n o t  l i s t e d  i n  t h e  t a b l e . )  

With t h e  excep t ion  of 2 3 4 U ,  t h e  r e s u l t s  of chemical a n a l y s i s  of  

heavy metals w e r e  w i t h i n  about  515% of t h e  ORLGEN p r e d i c t i o n s  f o r  bo th  

f u e l  rods .  The r e s u l t s  of chemical  a n a l y s i s  (CA) f o r  t h e  o t h e r  components, 

p r i n c i p a l l y  g a m a - e m i t t e r s ,  w e r e  n o t  t h e  s a m e  f o r  bo th  materials.  

i s o t o p e s  (95Nb, Io6Ru, ''-'Ag, and 15'Eu) d e v i a t e d  wide ly  from t h e  

ORJGEN ((IC) p r e d i c t i o n s .  Omit t ing  t h e s e  v a l u e s ,  t h e  r ange  of r a t i o s  

Four 



-36- 

Table  18. Comparison of ORIGEN w i t h  chemical  a n a l y s i s  and gamma-scan 
a n a l y s i s ,  FTE-4-3-5-7 f u e l :  TRISO-coated (2.75 Th/U)C2-- 

TRISO-coated ThC2 

- _- 
NDA/OC 

b 
ORIGEN a Chemical CA/OC Gamma scan  

( 0 0  a n a l  y s i s  (NDA) 

233u, g 0.034 

235u, g 0.340 

236u, g 0.037 

0.025 
238 

T o t a l  U ,  g 0.444 

234u, g 0,008 

u9 g 

Av.  r a t i o  
232Th, g 2.336 

Nucl ide ,  dpm 

8 5 ~ r  1 . 1 8 E l l  

90Sr 1.00E12 

95zr 7.68E10 

95Nb 1 . 6 5 E l l  

'06Ru 3 .93El l  

Ag 6.96E09 
110 

125Sb 3.33E10 

134cs 5 .82El l  

137cs 9 .96El l  

144Ce 4.39E12 

152Eu 9.83E07 

154Eu 3.10E10 

155Eu 6.90309 

Av. r a t i o  

0.032 

0.004 

0.284 

0.031 

0.028 

0.379 

2.149 

1 .30El l  

6 .71El l  

5.15E10 

- c1.37309 

5.97E10 

1.33E08 

1.19E10 

2. l O E l l  

4 .92El l  

3.52E12 

< I 1.07E10 

1.30E10 

0.94 

0.50' 

0.84 

0.84 

1.12 

0.85 

0.94 
0.92 

1 .10  

0.67 

0.67 

0.  0 lC 

0. 02c 

0.15 

0.36 

0.36 

0.49 

0.80 
C 

109. 

0.42 

5.14309 0.74 

0.62 

- 
- 
I 

- 
- 

- 

- 
I 

9.32E10 

- 

4 .57El l  

- 
2 I 66E10 

4 .66El l  

1.09E12 

4.57E12 

8.88E09 

3.llE1.0 

1 .89El l  

- 
- 
- 
- 
- 

- 

- 
- 
1.21  

- 
1.16 

- 
0.80 

0.80 

1.09 

1.04 

90.3c 

1.00 

27.4' 

1.01 

a 

b 
ORIGEN (564-day c o o l i n g ) ,  August 5, 1976.  

V. C .  A .  Vaughen e t  a l . ,  Determinati-on of F i s s i o n  Product  I n v e n t o r i e s  i n  
FTE-4 Fue l  Rods by Gamma Scanning (Scan No. 4 ,  p .  1 4 ) ,  GCR: 75-37 
(December 1975) .  

Omitted from t h e  ave rage .  
C 
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Table 19 .  Comparison of ORIGEN w i t h  chemica l  a n a l y s i s  and gamma-scan 
a n a l y s i s  of FTE-4-3-1-8 f u e l :  TRISO-coated U02-- 

BISO-coated Tho2 

ORIGEN a Chemical CA/OC Gama scan  '' NDA/OC 
(OC) a n a l y s i s  (NDA) 

(CA) 

0.072 0.057 0.79 - 233 u ,  8 

234u, g 0.010 0.007 0.70 - 
235u, g 0.348 0.326 0.94 - 
236u, g 0.035 0.033 0.94 - 
238u, g 0.025 0.027 1 .08  - - 
T o t a l  U ,  g 0.490 0.450 0.92 - 

Av. r a t i o  

232Th, g 5.094 
- Nucl ide ,  dpm 

85Kr 1 . 2 6 E l l  

90sr 1.01E12 

95z, 8. l O E l O  

5Nb 1 . 7 4 E l l  

Io6Ru 3.93.Ell 

Ag 6.62309 
110 

125Sb 3.66E10 

134cs 5 .43El l  

137cs 1.00E12 

1 4 4 ~ e  4.47E12 

152Eu 1.03E08 

154E11 2.84E10 

155Eu 6.67E09 

Av.  r a t i o  

0 .89 

4.534 0.89 

3.68E10 0.29 

7.78E11 0.77 

<6.88E10 0.85 - 
- <2.01E09 0.01' 

8 .12El l  2.08' 

<4.40E08 0.07 

<1.67E10 0.46 

2 . 6 l E l l  0 .48  

6 .61El l  0.66 

3.63E12 0.81 

- 

- 

- <7.92E09 76.9' 

- < 1 . 3 7 E 1 0  0.48 

- c5.74309 0.86 

0.67 

- 
4.88E10 

- 
1 .80El l  

- 
2.66E10 

1 .67El l  

5. O O E l l  

1.81E12 

6.66309 

2.66E10 

1 . 7 3 E l l  

- 
0.60 
- 

0.46 

- 

0.73 

0 .31  

0.50 

0.40 

64.6' 

0.94 

25.9' 

0.56 

ORIGEN (564-day c o o l i n g ) ,  August 4 ,  1976. a 

b V .  C .  A.  Vaughen et a l . ,  Determina t ion  of  F i s s i o n  Product  I n v e n t o r i e s  i n  
FTE-4 Fue l  Rods by Gamma Scanning ,  Scan N o .  4 ,  p .  1 4 ,  GCR: 75-37 
(December 1975) .  

Omitted from t h e  average .  C 
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CA/OC w a s  %36 t o  109% f o r  FTE-4-3-5-7 and about  29 t o  89% f o r  

FTE-4-3-1-8. 

ILn l i k e  manner, comparing t h e  r e s u l t s  of nondes t ruc t ive  gama-scan  

a n a l y s i s  ( N D A ) ~  t o  ORIGEW (oc), t h e  range  o f  the  r a t i o s  NDA/OC was 

'L 80 t o  1 2 1 %  f o r  FTE-4-3-5-7 and 31  t o  94% f o r  FTE-4-3-1-8. 

8.  DISCUSSION 

The main purpose of t h e s e  experiments  w a s  t o  se lec t  a s u i t a b l e  

means f o r  e s t a b l i s h i n g  a c r e d i b l e  t o t a l  i nven to ry  of materials i n  t h e  

incoming fuel. f o r  u se  i n  material ba l ances  and as a n  i n d i r e c t  measure 

of  p l a t e o u t  losses t o  s u r f a c e s  of t h e  equipment i n  fu t -ure  experiments .  

We have shown t h a t  O R I G E N  r e s u l t s  f o r  HTGR Euels have been improved 

by feedback from t h i s  work. 3 9 4  

o p e r a t i n g  t i m e s  (and decay p e r i o d s ) ,  as w e l l  a s  focus ing  on the 

i n f l u e n c e  of the ORLGEN i n p u t s ,  has  r e s u l t e d  i n  c a l c u l a t i o n s  ag ree ing  

between t h e  two  r o d s  w i t h i n  _- i 1 0 %  ( s e e  T a l e  20 ,  ORIGEN column.) The 

two f u e l  r o d s  were o n l y  sepa ra t ed  by inches  i n  t h e  r e a c t o r .  F u r t h e r  

Adding b e t t e r  estimates of r e a c t o r  

work is  i n d i c a t e d 3  (1) t o  o b t a i n  more d e t a i l e d  r e a c t o r  f lux- t ime 

h i s t o r i e s ,  and ( 2 )  t o  improve our  unders tandiag  of t h e  e f f e c t s  of 

resonance  (epi- thermal)  neu t ron  f l u x  as used by ORIGEN i n  e s t i m a t i n g  

f i s s i o n  rates of 233U and 
235u 

Gama-scanning h a s  g r e a t  p o t e n t i a l  i n  a l lowing  a n  independent  

estimate of c e r t a i n  i s o t o p e s ,  and assists i.n checking and "tuning" ORIGEN 

so  t h a t  a l l  i s o t o p e s  tnay be  e s t ima ted  more p r e c i s e l y .  The NDA resu1.t.s 

f o r  FTE-4-3-54 were w i t h i n  +20% of t h e  f i n a l  ORIGEN p r e d t c t i o n s .  

Unfo r tuna te ly ,  t h i s  agreement w a s  n o t  s u s t a i n e d  w i t h  FTE-4-3-1-8 

(Table  20 ,  NDA column). It appea r s  t h a t  t h e  inhomogeneity4 of t h e  broken 
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Table  20. Comparison of  estimates of  i n v e n t o r i e s  of FTE-4-3-1-8 w i t h  
FTE-4-3-5-7 by several  methods (numbers are t h e  r a t i o  

4-3-1-8/4-3-5-7 f o r  t h e  L i s t e d  e s t i m a t e )  

b 
ORIGEN~ NDA Chemical a n a l y s i s  
c a l c u l a t i o n s  r e s u l t s  (CAI Î_ 

233u 

234u 

235u 

23 6u 

238u 

T o t a l  U 

Av.  r a t i o  

23 2Th 

Av. r a t i o  

2 .1 '  

1 . 2 5  

1.02 

0.95 

1 . 0 0  

1 .10  

1.06 

-11 

2.18 

1.07 

1 . 0 1  

1 . 0 5  

1.05 

0.99 

0.94 

1 .10  

0 .93  

1.00 

1 . 0 2  

1 .05  

0.92 

0.97 

1.01 

-- - 

- 
- 
- 
- 
- 
c 

- 

- 

I 

- 
0.52 

c 

0.39 

- 
1.00 

0.36 

0.46 

0.40  

0.75 

0.86 

0.92 

0.63 

.- 

1.78' 

1.75' 

1 .15  

1.06 

0.96 

1 . 1 9  

1 .09  

2 . 1 1  

1 .00  

1.16 

?,l . 3  

QJ1.5 

13.6' 

3.31' 

~ 1 . 4  

1 .25  

1.34 

1 .03  

%0.74' 

'11.0 

'11.1 - 
1 . 2 1  

a 
ORLGEN (564-day c o o l i n g ) ,  August 5, 1.976 f o r  4-3-5-7 and August 4 f o r  

%. C .  A.  Vaughen e t  a l . ,  Determina t ion  of F i s s i o n  Product  I n v e n t o r i e s  
i n  FTE-4 Fue l  Rods by Gamma Scanning (Scan No. 4 ,  p .  14), GCR: 75-37 
(December 1 9 7 5 ) .  

4-3-1-8. 

C 
Omitted from t h e  average. 

dDue t o  l a r g e r  amount of thorium. 
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f u e l  rod w a s  n o t  adequate ly  accounted f o r  by t h e  methods used. 

The re fo re ,  t o  e s t a b l i s h  t h e  u s e f u l n e s s  of gamma-scanning, one should 

develop b e t t e r  methods t o  c o r r e c t  f o r  f u e l  rod breakage and o t h e r  

inhomogenei t ies  and repeat t h e  comparisons us ing  o t h e r  f u e l s .  

As mentioned above (Tables  18 and 1 9 ) ,  t h e  r e s u l t s  of t h e  chemical  

a n a l y s i s  i n d i c a t e  t h a t  t h e  i n v e n t o r i e s  de r ived  by summing t h e  r e s u l t s  

from many l i q u i d  and s o l i d  samples  g i v e  appa ren t  y i e l d  r a t i o s  compared 

w i t h  ORIGEN ranging  from about  36 t o  80% (exc luding  8 5 K r ,  95Nb, I o 6 R U ,  

152 'l.OAg, and 

t h e  two runs  are compared w i t h  each  o t h e r ,  t h e  r ange  of r a t i o s  of t h e  

i n v e n t o r i e s  (4-3-1-8 t o  4-3-5-7) w a s  o-nly about  1 .25  -t 0 .25 ,  exc luding  

106Ru, IIOAg, and I5*Eu (Table  20, CA column). 

a t y p e  of cons i - s tency ,  even though they  are  not  i n  agreement w i t h  

ORIGEN.  If a d d i t i o n a l  f u e l  i s  processed  i n  t h i s  manner, t h e  s i g n i f i c a n c e  

of  t h e  rad iochemica l  r e s u l t s  may become more obvious ly  "p la t eou t "  l o s s e s .  

However, as  mentioned above, tile r e s u l t s  i n  T a b l e s  18 and 1 9  a r e  t h e  

p roduc t s  o f  many recheck  anal.yses.  A number of v a l u e s  remain f a u l t y  

o r  i nde te rmina te  (<x) - because of decay,  l o w  c o n c e n t r a t i o n s ,  gamma peak 

o v e r l a p ,  handl ing  losses  o r  cross-contaminat ion.  Thus a t  t h i s  s t a g e ,  

conc lus ions  cannot  he drawn about  p l a t e o u t  o r  l o s s  by o t h e r  mechanisms. 

Composites of t h e  r e s u l t s  f o r  FTE-4-3-5-7 and FTE-4-3-1-8 are inc luded  

i n  t h e  Appendix. 

Eu).  However, when t h e  r e s u l t s  of chemical  a n a l y s e s  f o r  

These d a t a  i n d i c a t e  

9 .  CONCLUSIONS 

With more d e t a i l e d  r e a c t o r  ope ra t ing .pa rame te r s ,  b e t t e r  c a l c u l a t i o n  

o f  t h e  ORIGEN i n p u t  parameters  and b e t t e r  gamma-scan (NDA) i n t e r p r e t a t i o n ,  

i t  should be  p o s s i b l e  t o  r o u t i n e l y  o b t a i n  c l o s e  agreement between O R I G E N  
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p r e d i c t i o n s  and actual i n v e n t o r i e s  determined by gamma-scanning. 

chemical  a n a l y s i s  f o r  uranium i s o t o p i c  composi t ion a l r e a d y  a g r e e s  w i t h i n  

about  15% of t h e  ORIGEN v a l u e s  For o t h e r  i s o t o r e s ,  t h e  chemical  a n a l y s e s  

i n  g e n e r a l  gave low values (%50% - + 20%) r e l a t i v e  t o  ORICEN r e s u l t s .  

low y i e l d  has  brought  a t t e n t i o n  t o  s e v e r a l  problems i n  t h e  s e p a r a t i o n  

and a n a l y s i s  of materials having h igh  r a d i a t i o n  l e v e l s .  

The 

Th i s  

10. FUTURE WORK 

The cont inued improvements i n  h o t - c e l l  t echniques  and t h e  e x t e n s i v e  

use  of exper imenta l  "run shee t s ' '  has allowed a sha rpe r  focus  on t h o s e  

i n - c e l l  o p e r a t i o n s  t h a t  s t i l l  need improvement. These areas l i e  w i t h i n  

the h o t - c e l l  handl ing  and t h e  a n a l y t i c a l  chemis t ry  techniques .  The 

h o t - c e l l  problem areas are t h e  Eollowing: (1) i n t e r p r e t a t i o n  of t h e  

g a m a  s c a n s  of  incoming f u e l ,  (2)  powder handl ing  and s o l u t i o n  sampling 

techniques ,  ( 3 )  c o l l e c t i o n  of p a r t i c u l a t e s  from of f -gases ,  and ( 4 )  d i r e c t  

measurement of f i s s ion -p roduc t  bu i ldup  i n  t h e  h o t - c e l l  equipment. 

Seve ra l  a n a l y t i c a l  areas need improvement: (1) prepa r ing  s t o r a b l e  

a l i q u o t s  of  sample s o l u t i o n s ,  ( 2 )  reducing t h e  d e l a y  between sample 

submission and a n a l y s i s ,  ( 3 )  i n c r e a s i n g  t h e  c a p a b i l i t y  f o r  ana lyz ing  minor 

components, and ( 4 )  improv ing the  c a p a b i l i t y  t o  ana lyze  undisso lved  s o l i d s  

and p r e c i p i t a t e s .  Some i s o t o p e s ,  e s p e c i a l l y  106Ru, Ag,  and Y 

appear  t o  g i v e  cont inued  problems i n  a n a l y s i s .  

110 234u 

11. ACKNOWLEDGMENT 

The work desc r ibed  w a s  performed by many members of t h e  Oak Ridge 

Na t iona l  Labora tory .  The h o t - c e l l  work w a s  a b l y  performed by D.  J.  

Kington and R. 3. Shannon of t h e  Chemical Technology Div i s ion .  The 

i n t e r e s t  and suppor t  by K. J .  Notz,  HTGR Program Manager, w a s  a p p r e c i a t e d .  



S p e c i a l  c r e d i t  and grai:ir:ude goes t o  W .  Davis, J r . ,  whose p a t i e n t  

a t t e n t i o n  t a  t k e  d e t a i l s  of  making ORIGEN ca l cu l - a t ions  provided us 

wiEh t h e  estimates of  f i n a l  composit:ioo (OC). S u p p o r t  from a l l  crafiis 

WBS rrecei-ved, b u t  t h e  e x p e ~ t  a s s i s t a n c e  f r o m  J. W .  Sumphrys w a s  

p a r t i c u l a r l y  noteworthy. 

The e f for t :  by many s t a f f  members i n  t h e  Anal.yi.ical. Chemistry 

Div-iLsi.on uilder t h e  d i r e c t i o n  of J .  C.  White and SJ. D .  S h u i t s  provided 

the e x p e r t i s e  i n  developing t h e  numerous v a l u e s  by chemical ,  r a d i o -  

chemi c a l ,  and s p e c t  roiiie~ i c  a n a l - y s e s  c i . t ed  through t h e  r e p o x t .  S p e c i a l  

t hanks  a r e  due L .  T .  Corbi-n, Di-rector of t h e  S e r v i c e  L a b o r a t o r i e s ;  

J.  H.  Cooper, Group Leader ,  and J .  C .  P r i c e ,  Task Leader,  and t h e  rniiny 

members of fhe Rad ioac t ive  Materials Analyti ical  L a b o r a t o r i e s ;  R .  K .  

Kickard,  Group Leader,  and 11. A. Parke r ,  Task Leader,  and t h e  many members 

of the Environmental  and Rad.i.ochemica1. Analyses L a b o r a t o r i e s ;  W. R.  Eaing, 

Group Leader ,  and L. J. Ki-ady, 'Task Leader ,  and members of the General  

Anal -y t ica l  Laboratory;  J .  A .  Carter, I j i r e c t o r  of Mass and EmiLssian 

Spectrometry L a b o r a t o r i e s ;  R.  E .  Eby, Task Leader,  and members of Mass 

Spectrometry Services; and F.  F .  Dyer, leader of %'issi.on Froduct  

S u r v e i l l a n c e  J.,aboratorp f o r  t h e  many e x a c t i n g  and p r e c i s e  measiirernen%s. 



-4 3- 

1 2 REFERENCES 





-4 5- 

13.  APPENDIX: COPPOSITE RESTJLTS FOR PTE-4-3--5-7 AXD FTE-4-3-1-8 
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A-1. Results for FTE-4-3-5-7 fuel: TRISO-coated (2.75 Th/U)CZ--TRISO-coated ThC2 

Chemic a1 Gamma scan ORIGENb NDA/OC CA/OC CAINDA Sintered- Combined 

leach filter total (CA) 
nickel (NDA) (OC) off-gases analysis Insolub les Total Total leach % insolubles Alumina (beads) 

Leach First: fusion Second fusion insolubles + insolubles in burner ash 

u ,  g 0.361 0.008 0.010 0.018 0.379 4.7 Trace - <o.  001 - 0.379 - 0.444 0.85 
2.336 0.92 - 2.149 - 

Th, g 2.100 0.006 0.041 0.047 2.147 2.2 Trace 0.002 
3.722 0.39 "Tc, mg 1.338 0.095 0.019 0.114 1.452 7.8 0.001 C <o. 002 1.455 - - - n,. 

I L Y  

Nucii-I:, dpm <0.001 0.010 - I, mg 

6.13E08 - 
0.010 'L10 

6.13E08 

- 0.010 

<1.30Ell 1.30Ell - 

- 0.598 

1.18Ell 

0.02 

1.10 

'OS, 6.60Ell 7.50E08 7.62E09 8.37309 6.68Ell 1.3 7.29308 - <1.94E09 - <5.49E05 6.71Ell C 1.00E12 0.67 

9 5 ~ r  4.75E10 2.79E09 4.94308 3.28E09 5.08E10 6.5 <3.30E08 - <3.24E08 C 5.15E10 9.32E10 7.68E10 1.21 0.67 0.55 

95Nb 1.28E09 (5.52E06 
<6.00E08 - <1.80E08 2.07E05 ' 5.97E10 4.57Ell 3.93Ell 1.16 0.15 0.13 lo 6Ru 3.79E10 5.15E07 

<2.70E07 - <1.80E08 C - <1.37E09 C 1.65Ell 0.01 - <4.50E07 - <5.05E09 - <1.33E09 3.8 - 
2.09E10 2 .  lOElO 5.89E10 35.7 - - _ .  - 

Ag 3.81307 1.73307 2.20E06 1.95E07 5.76E07 33.9 
110 

125Sb 1.07E10 1.50E07 7.26EOS 7.41E08 1.14E10 6.5 
134cs 1.98Ell 5.80E06 1.83E09 1.84E09 2. OOEll 0.9 

137cs 4.65Ell 1.86E07 5.53309 5.55309 4.71Ell 1.2 

144~e 3.50E12 1.02E10 1.07E09 1.13E10 3.51E12 0.3 

<7.50E07 C C 1.33308 C 6.96E09 0.0 - 
<3.30E08 - <1.32E08 7.40E04 I. 19E10 2.66E10 3.33E10 0.80 0.36 0.45 

7.62309 2.41E09 4.43305 4.66Ell 5.8?Ell 0.80 0.36 0.45 2. lOEll 

4.57E09 6.16E0.5 4.92Ell 1.09E12 9.96Ell 1.09 0.49 0.45 1.69E10 
3.81E09 1.82E09 - 12.37E06 3.52E12 4.57E12 4.39E12 1.04 0.80 0.77 

- 

<1.23E08 - <4.56E07 C 8.88E09 9.83E07 90.3 109 1.20 <1.07E10 - - 152Eu - <1.05E10 51.08E07 - <8.40E06 - <1.92E07 - <1.05E10 0.2 
154Eu 1.28E10 5.13E07 8.52EQ7 1.37308 1.29E10 1.1 6.90E07 - <1.56E07 - <3.25E04 1.30ElO 3. llElO 3. lOElO 1.00 0.42 0.42  

3.85309 2.26E07 2.99E07 5.25E07 3.90E09 1.3 <1.17E09 6.60E07 C 5.14E09 1.89Ell 6.90E09 27.4 0.74 0.03 155, 
- a 

V. C .  A .  Vaughen et al., Determination of Fission Product Inventories in FTE-4 F u e l  Rods by Gamma-Scanning 
(Scan No. 4. p .  14). GCR: 75-37 (December 1975). 

bORIGEN (5641day cooling), August '5, 1976. 
'Undetected. 
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2 
T a b l z  A-2. Composite of results f o r  FTE-4-3-14 fuel: TRISO-coated U02--BISO-coated Tho 

Off-gas AF-1 AF-2 AF-3 Combined Chemical analysis Gamma scan2 ORIGENb Total Total leach % insolubles Aluminum Sintered 
off -gases total (CA) (NDA) (OC) Leach R-1-A R-1 R-1 NFR insolubles -t insolubles in burner ash bead leach nickel filter line 

- - - - 0.451 g 0.490 - u9 g 0,445 0.004 0.001 0.005 0.450 1.2 0.001 <o. 001 - - - - - - - - 0.005 4.534 g 5.094 Th, g 4.495 0.017 0.002 0.019 4,514 0.4 0.015 

Tc, mg 1.15 0.042 0.452 C 0.494 1.644 31.. 0 C 
99 

. -  

C C <o. 001 Nuclide, 129~, mg dpm 0.048 50.001 - 
4.68E09 85Kr . - - - - 

952, 

106RU 

l3&CS 

137cs 

l44ce 

g5Nb 

Ag 
110 

125Sb 

152Eu 

154Eu 

155Eu 

7. S4Ell 

5.53E10 

- <1.36E09 
1.62E10 

1.62E08 

7.66E09 

1.94Ell 

5.05Ell 

3.35E12 

<6.00E09 

1.29ElO 

4.15E09 

- 

3.18E10 

9.78E10 

- <6.40E@7 
6.72Ell 

4.12E06 

2.59E09 

3.52E09 

9.00E09 

3.54E10 

<1.14E08 

8.34E07 

4.97307 

- 

1.10E08 

2.46E09 

<2.65E08 

1.21Ell 

1.35E06 

- <4.75E09 
3.41E10 

7 .86E10 

3.03ElO 

C9.15EO8 

8.84807 

3.54E07 

- 

- 

- 

C 

C 

2.61E08 

7.12E08 

C 

3.25306 

C 

C 

f 

C 

C 

C 

3.19E10 

3.44309 

- <6.10E08 

7.94Ell 

- C5.47306 
- C7.67309 
3.76E10 

8.78E10 

6.57El0 

<1.03E09 

1.72EO8 

8.51E07 

- 

C2.1 0.048 - 
4.68309 

7.46Ell 

5.87E10 

<1.99E09 

8.lOEll 

- <1.67E08 
- <1.53E10 
2.32Ell 

5.93Ell 

3.42E12 

- <7.03E09 
1.31ES0 

4.24E09 

- 

4.3 

5.9 

30.6 

98.0 

3.3 

50.1 

16.2 

14.8 

1.9 

14.6 

1.3 

2.0 

- 
- 

4.98E09 

- <9.90E09 
- <1.92E07 
- c2.28E08 
- <2.73E08 
- <1.32E09 
2.85E10 

6.60E10 

2.16Ell 

- <8.70E08 
- <6.00E08 
- <1.47E09 

- 
- 
2.74E10 

- <1.80E08 
- <4.86E06 
1.85E09 

C 

- <1.02E08 
1.01E09 

2.29E09 

2.20E09 

- <1.98E07 
<I.. 02E07 

- <3.36E07 

- <1.8 4E06 
- <7.80E04 
- <1.5OE03 
- <4.61E04 

C 

- < 2.16E04 
56.24E02 

- <9.60E03 
C 

- <2.64 E03 
4.32E03 

7.74303 

<1.02E04 

- C1.68E03 
- C1.44303 
- <1.80E03 

- 

C 

- <2.88E04 
- <6.24302 
- 15.58E03 

C 

- <2 16 E03 
- <9.00E02 
- <1.20E03 
- <1.02E04 

- <3.78E03 
- <1.38E03 
- <3.7 2E03 

- <1.84106 
- <1.5?E05 
- <3,37E03 
- <9.63304 

C 

- < 2  SlE04 

- <3.10E04 
- C6.4 6E04 
<I. 19E05 

- <1.20E04 
- <9.30E03 
- <2.50E04 

- 

7.78Ell 

- <6.88E10 
- <2.01E09 
8.S2Ell 

< 4.40E08 
- <1.67E10 
2.61Ell 

6.61Ell 

3.63312 

- <7.92E09 
- <l. 37E10 
- <5.74E09 

- 

C 

4.88E10 

C 

1.80Ell 

C 

2.66E10 

1.67Ell 

5. OOEll 

1.81E12 

6.66E09 

2.66E10 

1.73Ell 

1.01E12 

8. lOElO 

1.74Ell 

3.91Ell 

6.62E09 

3.66E1@ 

5.43Ell 

1.00E12 

4.47E12 

1.03E08 

2.84E10 

6.67E09 

- - 3.723 mg 1.644 mg 

0.048 rng 0.654 mg - - - - - - 
- - 3.68E10 3.68E10 1.26Ell - 

C 

- <2.85E04 
- <6.18E02 
3.50E04 

C 

- <2. @E03 
- <1.62E03 
4.72EQ3 

1.47E04 

- C1.74303 
1 <1.44E03 

- <2.58E03 

aV. C. A .  Vaughen et al., Determination of Fission Product Inventories in FTE-4 Fue l  Rods bv Gamma Scanning 

bORIGEN (564-day cooling), August 4 ,  1976. 
CUndetected. 

(Scan No. 4. p .  14), GCR: 75-37 (December 1975). 
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