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FOREWORD 

This report covers all programs except the Waste Studies Program con- 

ducted by the Pacific Northwest Laboratory for the U.S. Atomic Energy 

Commission's Reactor Development and Technology Division. The objective of 

the Technical Activities Quarterly Report is to inform the scientific 

community in a timely manner of the technical progress made on the programs. 

The report contains brief technical discussions of accomplishments in all 

areas where significant progress has been made during the reporting period. 

The results presented should be considered preliminary and do not constitute 

final publication of the work. A list of publications and papers is given 

in the report. Anyone wishing to obtain additional information on the 

work presented is encouraged to contact the author directly. 
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1. SUMMARY 

PLUTONIUM U T I L I Z A T I O N  PROGRAM 

The ratio R (effective delayed-neutron fraction to prompt neu- 
eff/ 

tron lifetime) has been deduced from reactor noise measurements and com- 

pared to calculated values. The measurements have been made in a 

light-water-moderated and reflected lattice of half-inch diameter fuel 

rods containing UO - 4 wt% Pu02 . The measurements were made in the 2 
Plutonium Recycle Critical Facility in a lattice having a 1.06-inch 

square pitch. 

A series of experiments with a 1.0-inch square light-water-moderated 

lattice containing UO Pu02 fuel rods have been conducted in the Physi- 2 - 
cal Constants Testing Reactor (PCTR) to measure the infinite neutron 

multiplication factor, km, as a function of PuO particle size. Experiment- 2 
theory correlation was completed for the km = 1 lattice compositions, in 

which the concentration of natural boron dissolved in the water moderator 

was adjusted experimentally to achieve a null-reactivity condition in the 

equilibrium neutron spectrum of the test lattice. 

Infinite neutron multiplication factors and relative reaction rates 

have been measured in a water-moderated UO - PuO particle-size fuel 
2 2 

lattice. Experiment-theory correlation of the results show that calcula- 

tions consistently overestimate the infinite neutron multiplication fac- 

tors for the unpoisoned lattice by three percent. Similar correlation of 

results for the lattice poisoned to km of unity has shown that calculations 

consistently underestimate infinite neutron multiplication factors by 

one percent. 

Several problems relating to the licensing of recycle fuel are being 

studied. They are evaluations of the relative strength of PWR control 

clusters for UO and PuO /UO cores and evaluation of the Relative Hazard 
2 2 2 

from Potential Release of radioactive materials from U02 and Pu02/U02 

cores. 



A c o r r e c t e d  ENDF/B-I d e s c r i p t i o n  was developed. f o l l o w i n g  a rev iew o f  

e x p e r i m e n t a l  d a t a  on t h e  t o t a l  and s c a t t e r i n g  c r o s s  s e c t i o n s  o f  deuter ium.  

C a l c u l a t i o n s  o f  neu t ron  age  u s i n g  t h e  c o r r e c t e d  ENDFIB-I d e s c r i p t i o n  gave 

b e t t e r  agreement w i t h  t h e  exper imenta l  v a l u e s .  A manuscr ipt  o f  t h i s  r ev iew 

was submi t t ed  t o  t h e  Cross S e c t i o n  E v a l u a t i o n  Working Group. 

Plutonium f u e l s  used i n  l a t t i c e  exper iments  were ana lyzed  d e s t r u c t i v e l y  

and n o n d e s t r u c t i v e l y  t o  check on f u e l  c o n t e n t  and composi t ion.  R e s u l t s  o f  

chemical  a n a l y s e s  and gamma scanning f o r  A1-Pu rods  a r e  r e p o r t e d .  I t  

appears  t h a t  average  plutonium enr ichment  v a l u e s  used o v e r  t h e  y e a r s  a r e  

v a l i d .  

A computer program c a l l e d  DRAFT i s  a v a i l a b l e  t o  c a l c u l a t e  f i s s i o n  

p roduc t  a c t i v i t i e s  and a c t i v i t y  r a t i o s  a t  s e l e c t e d  times d u r i n g  and a f t e r  

i r r a d i a t i o n .  Program o u t p u t  ( i n c l u d i n g  p l o t t i n g  o p t i o n s )  and u t i l i t y  a r e  

d e s c r i b e d .  

The d e t a i l e d  p o s t i r r a d i a t i o n  examinat ion o f  s e l e c t e d  f u e l  r o d s  from 

t h e  PRTR h a s  been completed. A summary r e p o r t  d e s c r i b i n g  t h e  r e s u l t s  i s  

be ing  p repared .  

D e t a i l e d  examinat ion of f o u r  p i n s  c o n t a i n i n g  l a r g e  PuO p a r t i c l e s  i n  
2 

mixed-oxide p e l l e t  f u e l  a f t e r  t r a n s i e n t  i r r a d i a t i o n  a t  SPERT shows t h a t  

c l a d d i n g  p e n e t r a t i o n  was caused by l o c a l i z e d  m e l t i n g  d u r i n g  t h e  e x p u l s i o n  

of mol ten o r  vapor ized  PuO p a r t i c l e s .  2 

H I G H  TEMPERATURE REACTOR PHYSICS PROGRAM 

Some r e v i s i o n s  t o  t h e  c o r r e c t i o n  terms used i n  t h e  e v a l u a t i o n  of km 

i n  PCTR and HTLTR exper iments  have been d e r i v e d  f o r  b o t h  t h e  poisoned and 

unpoisoned methods o f  measurements. 

M o d i f i c a t i o n s  were r e c e n t l y  made t o  t h e  s a f e t y  c i r c u i t  a t  HTLTR t o  

reduce t h e  number o f  unscheduled scrams and t h u s  reduce t h e  number of 

times t h e  f o u r  r e a c t o r  s a f e t y  b l a d e s  were t h e r m a l l y  cyc led .  

I n s p e c t i o n  by camera and f i l m  of t h e  VSR s a f e t y  b l a d e s  a f t e r  t h e i r  

exposure  t o  h i g h  t empera tu res  and t h e  f r e q u e n t  d u t y  c y c l e s  d u r i n g  t h e  f i r s t  . 



experimental run s i n c e  t h e i r  modi f ica t ion  has i nd ica t ed  t h a t  t he  expected 

deformation i s  smal l  and acceptab le .  

F ina l  va lues  of km(T) have been obtained f o r  t he  f i r s t  HTGR experi-  

ment performed i n  t h e  HTLTR. 

The experimental program t o  o b t a i n  km(T) f o r  t he  t h i r d  HTGR l a t t i c e  -- 

(Tho2 - 2 3 3 ~ 0 2  -C) has begun i n  HTLTR. Measurements have been completed 

a t  temperatures of 20°C, 150°C, 300°C, and 555OC. Calcula t iona l  r e s u l t s  

p r e d i c t  a  t o t a l  change i n  km between 20°c and 1 0 0 0 ° ~  of about 32 x 

Prepara t ions  f o r  t h e  f i r s t  MSBR experiment i n  HTLTR a r e  nea r ly  

complete, wi th  t he  experimental planning f i n i s h e d ,  and about 45% of t h e  

f u e l  blocks loaded wi th  f u e l  blend. Ca lcu la t iona l  r e s u l t s  p r e d i c t  a  

t o t a l  change i n  km between 20°C and 1000°C of about 43 x 

Room temperature measurements on the  MSBR mockup l a t t i c e  have been 

completed i n  t h e  HTLTR. These measurements inc lude  t h e  f l u x  mismatch, 

r e l a t i v e  r e a c t i o n  r a t e s  i n  t he  c e n t r a l  c e l l  and copper poison,  and reac- 

t i v i t y  measurements of var ious  c e n t r a l  c e l l s  and m a t e r i a l  samples. 

Experiment planning,  prepara t ion  of m a t e r i a l s  f o r  f u e l  loading ,  and 

pre-experiment a n a l y s i s  were begun f o r  t h e  Tho - PuO HTGR experiment i n  
2 2 

t h e  HTLTR. High exposure PuO microspheres coated wi th  p y r o l y t i c  carbon 
2 

w i l l  be  blended with Tho and carbon and then loaded i n t o  g raph i t e  f u e l  
2  

blocks.  A C/PU atom r a t i o  of 7500 and a  C / T ~  atom r a t i o  of 250 a r e  nomi- 

n a l  values f o r  t he  loaded f u e l  blocks.  This experiment should provide a  

s a t i s f a c t o r y  check on t h e  c a l c u l a t i o n a l  methods used i n  p r e d i c t i n g  t h e  

e f f e c t  of plutonium loadings i n  an HTGR system. 

A thermal c ros s  s e c t i o n  d a t a  t ape  has been der ived  from ENDFIB-11 
d a t a  f o r  n a t u r a l  copper,  6 3 ~ u ,  6 5 ~ u ,  

232Th, 233u 234u 235u 236u 238u 
Y Y 9 Y Y 

2 3 9 ~ u ,  2 4 0 ~ u ,  2 4 1 ~ ~ ,  2 4 2 ~ u ,  water ,  g r aph i t e ,  1 4 ~  and 160,  a l l  i n  t h e  for -  

mat requi red  by GRANIT. Epithermal c ross -sec t ion  d a t a  has been generated 

v i a  ETOG f o r  12c, Mo, Nb, N i ,  Fe, C r ,  
235u 238u 233u 232Th, 23gPu, 

Y Y 9 

240Pu and 241~u.  Epithermal d a t a  was processed i n  GAM-I format.  



The ENDF/F d e s c r i p t i o n  of carbon was reviewed. It was found t h a t  

n e i t h e r  Versions I nor  I1 adequately descr ibed  t h e  c ros s  s e c t i o n .  A manu- 

s c r i p t  of t h e  review was submitted t o  t h e  Cross Sect ion Evaluat ion Working 

Group. 

PHOENIX STUDIES 

A d e t a i l e d  eva lua t ion  of t h e  methods used f o r  t h e  burnup c a l c u l a t i o n  

of t h e  Phoenix experiment has  been i n i t i a t e d .  The ca l cu la t ed  burnup s lope  i s  

r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  approximations used i n  t h e  burnup c a l c u l a t i o n .  

However, t h e  c a l c u l a t e d  burnup s lope  has an unce r t a in ty  of 25% due t o  

u n c e r t a i n t i e s  i n  f i ss ion-product  c r o s s  s e c t i o n s .  The burnup s lope  a l s o  

conta ins  an unce r t a in ty  of 15% due t o  t h e  method of c a l c u l a t i n g  t h e  2 4 0 ~ u  

c ros s  s e c t i o n  over  t h e  1 eV resonance. 

A t o t a l  of 48 i r r a d i a t e d  f u e l  p l a t e s  from t h e  MTR-Phoenix Core have 

been received from I N C .  Gamma scanning of t hese  p l a t e s  i s  i n  progress .  

The f i v e  Pu f l u x  wands from t h e  MTR-Phoenix Core have been gamma 

scanned. Des t ruc t ive  a n a l y s i s  has  been performed t o  y i e l d  i s o t o p i c  d a t a .  

Analysis  of t h e s e  d a t a  i s  i n  progress .  

Analysis  of d a t a  from t h e  MTR experiments cont inues ,  and a  f i n a l  

r e p o r t  is i n  p repa ra t ion .  

STEADY STATE AND TRANSIENT SUBCHANNEL CODE DEVELOPMENT AND DATA ANALYSIS 

An i n t e r i m  ve r s ion  of COBRA-I11 w i l l  be  u s e f u l  f o r  a n a l y s i s  of s teady  

s t a t e  and t r a n s i e n t  thermal hydrau l i c  problems. Continuing improvements 

a r e  being made. An i n t e r i m  r e p o r t  is  i n  p repa ra t ion  on t h e  c u r r e n t  s t a t u s  

of COBRA-I11 computer program development. 

Design and f a b r i c a t i o n  of an experimental  laser-Doppler velocimeter  

appara tus  a r e  completed. Data w i l l  be  c o l l e c t e d  on t h e  t u r b u l e n t  flow 

s t r u c t u r e  of single-phase flow i n  rod bundles so  t h a t  c o r r e l a t i o n s  can be  

developed and used i n  subchannel computer programs. 



PLUTONIUM C R I T I C A L I T Y  S T U D I E S  

The f i r s t  two s e r i e s  of c r i t i c a l  exper iments  w i t h  undermoderated mix- 

t u r e s  of PuO - UO have been completed and a  t h i r d  i s  i n  p r o g r e s s .  The 2  2  
c r i t i c a l  t h i c k n e s s  of a  P l e x i g l a s - r e f l e c t e d  s l a b  i n f i n i t e  i n  two dimen- 

s i o n s  was determined t o  be  10.90 k 0.04 cm f o r  t h e  30 wt% plutonium- 

enriched-47.4 H/(Pu + U) f u e l ,  and 11.56 + 0.09 cm f o r  t h e  14.62 w t %  

plutonium-enriched-30.6 H/(Pu + U) f u e l .  The r e f l e c t e d  c r i t i c a l  cube 

s i z e s  f o r  each of t h e s e  f u e l s  were ,  r e s p e c t i v e l y ,  30.60 + 0.05 cm and 

33.30 f 0.17 cm on a  s i d e .  The corresponding masses of plutonium were 

3 .21 5 0.05 kg and 3 .13 5 0.05 kg r e s p e c t i v e l y .  

C r i t i c a l i t y  exper iments  a r e  be ing  performed w i t h  plutonium n i t r a t e  

s o l u t i o n s  homogeneously poisoned w i t h  gadolinium t o  p rov ide  d a t a  f o r  

e s t a b l i s h i n g  n u c l e a r  s a f e t y  l i m i t s .  The f i r s t  s e r i e s ,  w i t h  a  plutonium 

c o n c e n t r a t i o n  of 116 g  Pu/R c o n t a i n i n g  0  - 2.5  g  Gd/R, has  been completed 

and d a t a  i s  p r e s e n t e d .  A second s e r i e s  w i l l  be  made i n  t h e  c o n c e n t r a t i o n  

range of 300 - 400 g  PuIR. 

C r i t i c a l i t y  d a t a  was t aken  t o  de te rmine  t h e  e f f e c t  of Raschig r i n g s  

i n  plutonium n i t r a t e  s o l u t i o n s  f o r  u s e  i n  e s t a b l i s h i n g  n u c l e a r  s a f e t y  

g u i d e l i n e s .  Glass  r i n g s  c o n t a i n i n g  112 and 4  wt% boron,  and s t a i n l e s s  

s t e e l  r i n g s  c o n t a i n i n g  1 w t %  boron,  were used.  Data a r e  p r e s e n t e d  f o r  a 

c o n c e n t r a t i o n  range of 63 t o  412 g  Pu/R. t h e  KENO code was used t o  c a l -  

c u l a t e  ke f f  f o r  t h e  exper imenta l  c r i t i c a l  sys tems ,  assuming po i son  t o  be  

homogeneous. C a l c u l a t i o n s  a r e  i n  p r o g r e s s  f o r  heterogeneous  sys tems t o  

b e t t e r  d e s c r i b e  t h e  exper imenta l  sys tem and de te rmine  e f f e c t s  of s e l f -  

s h i e l d i n g  w i t h i n  t h e  Raschig r i n g s .  

CALCULATIONS OF P O T E N T I A L  ENVIRONMENTAL R A D I O L O G I C A L  CONSEQUENCES 

OF REACTOR ACCIDENTS 

This  s t u d y  h a s  been completed. A f i n a l  r e p o r t  w i l l  be  s e p a r a t e l y  

i s  sued.  



NUCLEAR GRAPHITE 

The two compressive creep capsu les  ope ra t i ng  a t  550°C and 800°C were 

discharged from t h e  r e a c t o r  a f t e r  r ece iv ing  a  f luence  of about 6 x 10 2  1 

n/cm2 (E > 0.18 MeV). The creep i s  shown t o  be  l i n e a r  wi th  stress and of 

about t h e  expected magnitude f o r  t h e s e  low f luences .  

The r a d i o l y t i c  r e a c t i o n  of carbon monoxide and water vapor,  h igh ly  

d i l u t e d  w i th  h igh  p u r i t y  helium, i s  being inves t i ga t ed .  A s  was p rev ious ly  

found wi th  t h e  carbon d ioxide  - hydrogen system, t h e  r a d i o l y t i c  y i e l d s  a s  

a  func t ion  of temperature  a r e  s i g n i f i c a n t l y  d i f f e r e n t  from those  of t h e  

undi lu ted  gaseous mixture .  

Large g r a p h i t e  b a r s  i r r a d i a t e d  i n  KE-Reactor have been discharged 

a f t e r  a  f l uence  of 3 x lo2' n/cm2 (E > 0.18 MeV). Also t h e  "cold-seeded" 

samples have been discharged from ETR. Measurements of sample dimensions 

and p r o p e r t i e s  a r e  underway. 

Samples i r r a d i a t e d  i n  ETR a t  temperatures  from 800°C t o  1400°C were 

discharged from t h e  r e a c t o r  i n  March. Measurement of samples i s  scheduled 

t o  begin i n  A p r i l .  

C r y s t a l  l a t t i c e  expansions have been der ived  a s  a  func t ion  of tempera- 

t u r e  us ing  t h e  t h e o r e t i c a l  r e l a t i o n s h i p s  of Ri ley.  This  w i l l  enable  one t o  

b e t t e r  o b t a i n  in format ion  on morphology of po ros i t y  i n  g r a p h i t e s  a s  i t  

r e l a t e s  t o  i r r a d i a t i o n  damage. 

ATR PRESSURIZED WATER LOOP OPERATION AND MAINTENANCE 

The AEC-RDT Richland Of f i ce  has  approved t h e  phase-out of P a c i f i c  

Northwest Laboratory (PNL) a s  ope ra t i ng  con t r ac to r  f o r  t h e  ID-N loop.  



PLUTONIUM U T I L I Z A T I O N  PROGRAM 

B /!L FOR A Pu-ENRICHED H 2 0  L A T T I C E  C O N T A I N I N G  WATER REGIONS -ef f 
V .  0. U o t i n e n ,  W. P. S t i n s o n  and S.  P. Singh 

The r a t i o  BefP ( e f f e c t i v e  delayed-neutron f r a c t i o n  t o  prompt n e u t r o n  

l i f e t i m e )  h a s  been deduced from r e a c t o r  n o i s e  measurements and compared t o  

c a l c u l a t e d  v a l u e s .  The measurements have been made i n  a l igh t -wate r -  

moderated and r e f l e c t e d  l a t t i c e  of h a l f - i n c h  d iamete r  f u e l  rods'') c o n t a i n -  

i n g  U02 - 4  wt% Pu02. The measurements were made i n  t h e  Plutonium Recycle 

C r i t i c a l  ~ a c i l i t ~ ( 2 )  i n  a  l a t t i c e  having a  1.06-inch s q u a r e  p i t c h .  

Measurements were made w i t h  a  uniform c o r e  of t h e s e  r o d s  and a f t e r  

w a t e r  r e g i o n s  were i n t r o d u c e d  i n t o  t h e  c o r e .  A s m a l l  and l a r g e  w a t e r  

r e g i o n  were formed by removing two and f o u r  f u e l  rods  from t h e  c e n t e r  of 

t h e  core .  Measurements were made i n  each c a s e  t o  determine how l3 / R  
e f  f  

changes when a  w a t e r  r e g i o n  i s  i n t r o d u c e d  i n t o  t h e  c o r e .  These measure- 

ments comprise an  e x t e n s i o n  of e a r l i e r  work(3) i n  which B /!L was 
e f f  

measured f o r  a  number o f  uniform l i g h t - w a t e r  l a t t i c e s .  

Values of Beff/!L were deduced from power s p e c t r a l  d e n s i t y  d a t a  which 

were o b t a i n e d  by f requency-analyzing s i g n a l s  from i o n  chambers l o c a t e d  i n  

t h e  w a t e r  r e f l e c t o r  a d j a c e n t  t o  t h e  c o r e .  Because o f  t h e  s m a l l  s i z e  of 

t h e  c o r e  (17 cm r a d i u s )  t h e  r e a c t o r  n o i s e  was assumeed t o  be  s p a t i a l l y  

independen t ,  and t h u s  n o t  dependent on t h e  d i s t a n c e  from t h e  w a t e r  h o l e  t o  

t h e  i o n  chambers. A  f u n c t i o n  t h a t  d e s c r i b e s  t h e  measured power s p e c t r a l  

d e n s i t y  ( i n c l u d i n g  e f f e c t s  of i n s t r u m e n t  a t t e n u a t i o n  a t  h i g h  f r e q u e n c i e s )  

was f i t  t o  t h e  d a t a  p o i n t s  u s i n g  t h e  l e a s t - s q u a r e s  f i t t i n g  program 

LEARN. (4)  Th is  program can f i t  l i n e a r  o r  n o n l i n e a r  e x p l i c i t l y  d e f i n e d  

f u n c t i o n s .  It s e e k s  t h e  l e a s t - s q u a r e s  f i t  by t r e a t i n g  mean-square m i s f i t  

a s  a second-order T a y l o r ' s  expansion and minimizing i t  w i t h  r e s p e c t  t o  a l l  

t h e  unknown paramete rs  o f  t h e  f u n c t i o n .  

Values of Oeff/!L and !L were c a l c u l a t e d  w i t h  a  two-dimensional per-  

t u r b a t i o n  t h e o r y  code (PERT-V) (') which u s e s  s t a n d a r d  p e r t u r b a t i o n  theory  

e x p r e s s i o n s  f o r  t h e s e  q u a n t i t i e s .  D i r e c t  and a d j o i n t  f l u x e s  f o r  t h e  per-  

t u r b a t i o n  t h e o r y  c a l c u l a t i o n s  were o b t a i n e d  from two-dimensional d i f f u s i o n  



theory  c a l c u l a t i o n s  u s i n g  t h e  computer code 2DB. (6) Mult igroup paramete rs  

f o r  u s e  i n  t h e  d i f f u s i o n  and p e r t u r b a t i o n  codes were o b t a i n e d  from c e l l  

c a l c u l a t i o n s  u s i n g  t h e  codes H R G - S ' ~ )  and BATTELLE-REVISED-THERMos-I.(~) Cal- 

c u l a t i o n s  were performed u s i n g  f o u r ,  s i x  and e i g h t  energy groups.  The four -  

group scheme had a  broad f a s t  group (10 MeV - 11.7 keV) and a l lowed no 

d i s t i n c t i o n  t o  b e  made between t h e  s p e c t r a  of prompt and de layed  n e u t r o n s .  

The r e s u l t s  and conc lus ions  of t h i s  exper imenta l  and c a l c u l a t i o n a l  

s t u d y  are summarized below. 

-1 The measured v a l u e  of B e f f / Q  changed from 89 + 2 s e c  f o r  a  uniform 
-1 c o r e ,  t o  8 3  k 2 s e c  f o r  a  c o r e  w i t h  two f u e l  r o d s  removed, t o  

-1 7 7  + 2 s e c  f o r  a  c o r e  w i t h  f o u r  f u e l  rods  removed. 

C a l c u l a t e d  v a l u e s  o f  6 /Q  ( u s i n g  an  8-energy group, modi f i ed  H 2 0  e f  f  
c r o s s - s e c t i o n  model) a g r e e  w i t h  measured v a l u e s  t o  w i t h i n  '5% i n  a l l  

c a s e s .  

a C a l c u l a t e d  v a l u e s  of B / R  u s i n g  s i x  energy groups a r e  abou t  18% 
e f  f  

g r e a t e r  t h a n  v a l u e s  o b t a i n e d  u s i n g  f o u r  g roups ;  v a l u e s  o b t a i n e d  u s i n g  

e i g h t  groups  a r e  about  3% g r e a t e r  t h a n  v a l u e s  o b t a i n e d  u s i n g  s i x  

groups;  t h e s e  changes a r e  due p r i m a r i l y  t o  changes i n  6 
e f f '  

C a l c u l a t i o n s  u s i n g  modif ied w a t e r  c r o s s  s e c t i o n s  f o r  w a t e r  w i t h i n  t h e  

c o r e  y i e l d e d  v a l u e s  of B e f f / Q  about  1.5% s m a l l e r  t h a n  when u s i n g  

uniform w a t e r  c r o s s  s e c t i o n s  i n  r e f l e c t o r  and c o r e ;  t h e s e  changes were 

due p r i m a r i l y  t o  changes i n  Q.  

The c a l c u l a t e d  v a l u e  of Q i n c r e a s e s  by 7.5% and t h a t  of B d e c r e a s e s  
e f f  

by abou t  2 %  between t h e  uniform c o r e  and t h e  c o r e  w i t h  f o u r  f u e l  r o d s  

removed. Thus, w h i l e  t h e  major change i s  i n  R ,  t h e  change i n  Pe f f  is  

n o t  n e g l i g i b l e ,  and shou ld  be  cons idered  when i n t e r p r e t i n g  r e a c t i v i t y  

measurements i n  l a t t i c e s  c o n t a i n i n g  w a t e r  r e g i o n s  of v a r i o u s  s i z e s .  
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EXPERIMENT-THEORY CORRELATION OF PuO, PART ICLE  S I Z E  REACTIV ITY  EFFECT 
L 

D. F. Newman a n d  C. R. G o r d o n  

The ability to predict the effect that plutonium particle size has on 

the reactivity of a reactor system is important for reactor safety and 

economic utilization of plutonium. A series of experiments with a 1.0-inch 

square, light-water-moderated lattice containing UO - Pu02 fuel rods have 2 
been conducted in the Physical Constants Testing Reactor (PCTR) to measure 

the infinite neutron multiplication factor, km, as a function of PuO 
2 

particle size. This data serves as a benchmark to which calculated values 

for km, using theoretical methods which allow dilute granular composite 

fuel regions, can be compared. Experiment-theory correlation was completed 

for the km = 1 lattice compositions, in which the concentration of natural 

boron dissolved in the water moderator was adjusted experimentally to 

achieve a null-reactivity condition in the equilibrium neutron spectrum of 

the test lattice. 



Poisoned Lattice Results 

Calculations were made for each PuO particle size fuel composition 
2 

and boron concentration which achieved the null-reactivity condition 

(k_ = 1) in the PCTR, using the GRANIT'~) code for thermal group constants 

and the EGG NIT'^) code for epithermal group constants. A two-dimensional 

(R-Z) calculational model of the PCTR with the water moderated lattice 

installed in the test cavity, was used to evaluate small corrections to the 

null-reactivity boron concentrations due to neutron spectrum mismatch in 

the center cell and flux gradients between the radial buffer and center 

cell. These refinements , calculated using the ~DB(~) code, have resulted 
in small changes in the measured boron concentrations reported previ- 

ously. (4) The revised boron concentrations, and results of the experiment- 

theory correlation for the poisoned lattice are listed in Table 2.1. 

The relative plutonium enrichment in each type fuel was determined 

from extensive gamma scan measurements with a high resolution GeLi detector. 

Corrections were made for the difference in gamma ray attenuation due to 

lumping the plutonium in different diameter spherical particles. (5) one 

rod containing zero-micron PuO particles and one rod containing 328-micron 
2 

PuO particles were dissolved and chemically analyzed. 2 ( 6 )  The relative 

enrichment results were normalized to the chemical analysis data to obtain 

the percent by weight of PuO in UO + PuO for each set of rods listed in 2 2 2 
Table 2.1. 

Discussion and Conclusions 

The uncertainty in the plutonium enrichment values is estimated at 

20.04 wt% Pu02, which corresponds to a change in km in the poisoned lattice 

of '0.004. This uncertainty in k_ is equal to the root-mean-square devia- 

tion of the average value calculated for k_ using measured null-reactivity 

boron concentrations, in the GRANIT-EGGNIT calculation, given in Table 2.1. 

The uncertainty in the boron concentrations in the water at k_ = 1 is esti- 

mated at 24 weight-parts-per-million, which corresponds to a change in k_ 

of '0.0007. Thus, the effect of PuO particle size on reactivity in the 2 
poisoned lattice is calculated within the statistical uncertainty of the 

measured change in reactivity as a function of PuO particle size. However, 2 



Fuel Type 

8BMB 

8SC 

8BME 

8P50 

8B100 

8P100 

N 8LD100 
VI 

8B200 

8P200 

8B350 

8RA350 

TABLE 2.1. PuO Particle Size Experiment-Theory Comparison 2 

Pu02 Particle 
Diameter 
(microns) 

Fuel Density 
gm/ cm3 

Experimental 
Boron Concentration 

in Hz0 for 
lbo = 1.000 

1213 wppm 

Calculated k, 
at k, = 1.000 

Boron Concentration 
From Experiment 

Average Value = 0.9904 

Root-Mean-Square Deviation = f0.0041 



the calculated values for kw are consistently lower than the measured 

values by approximately one percent. Previous thermal disadvantage factor 

measurements in PCTR water moderated  lattice^'^) have shown that THERMOS 
and GRANIT calculations overestimate the flux in the moderator relative to 

the fuel. A similar result for this experiment could explain the differ- 

ence between measured and calculated values for kw. An increase in the 

absorption rate in boron due to an overestimate of the flux in the modera- 

tor would result in lower calculated values for kw. 

The reactivity effect due to PuO particle size was calculated for 2 
the unpoisoned lattice using GRANIT-EGGNIT. A fuel density of 8.66 gm/cm 3 

and a plutonium enrichment of 2.0 wt% PuO were held constant as the PuO 2 2 
particle size was varied from zero to 328-microns in diameter. Results of 

these koo versus PuO particle size calculations are shown in Figure 2.1. 2 
A reactivity increase of 55 milli-k is predicted for fuel containing 

350-micron PuO particles relative to fuel containing zero-micron PuO 
2 2 

particles (solid solution). This is a significant effect which must be 

taken into account for reactor safety and economic utilization of 

plutonium. 

Experiment-theory correlation of the unpoisoned lattice kw versus PuO 
2 

particle size data is completed. Foil perturbation effects on measured 

relative reaction rates have been evaluated using the DOTSN'~) code. Using 

calculated corrections to km for enrichment and fuel density differences 

between different sets of fuel rods, the PuO particle size reactivity 
2 

effect will be determined for the unpoisoned 1.0-inch water lattice fueled 

with U02 - 2.0 wt% Pu02 rods. 
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MEASUREMENT OF kw AND RELATIVE REACTION RATES I N  AN H,O MODERATED 
L 

UO - Pu02 PARTICLE S I Z E  FUELED L A T T I C E  -2 
D. F. Newman 

Introduction 

A series of experiments with a 1.0-inch-square, light-water-moderated 

lattice containing UO - PuO fuel rods has been conducted in the Physical 
2 2 

Constants Testing Reactor (PCTR). These experiments provide reactivity 

and relative reaction rate data as a function of PuO particle size dis- 2 
tributed throughout the natural UO diluent in 0.5-inch-diameter, zircalloy 

2 
clad, fuel rods. Reactivity and relative reaction rate data provide a 

base for assessing the accuracy of calculational techniques used in reac- 

tor design to predict neutronic characteristics of light-water-moderated 

U02 - Pu02 lattices. 



PCTR Experiments 

PCTR experiments u t i l i z e  a smal l  c e n t r a l  t e s t  l a t t i c e  region i n  which 

t h e  neutron spectrum can be ad jus ted  t o  d u p l i c a t e  t he  equi l ibr ium spectrum 

i n  t h e  fundamental mode ( a  j u s t - c r i t i c a l ,  ba re  sphere of t h e  t e s t  mate- 

r i a l ) .  These experiments permit neu t ron ic  parameters of va r ious  r e a c t o r  

l a t t i c e s  t o  be  measured us ing  r e l a t i v e l y  smal l  volumes of those  l a t t i c e s .  ( 1) 

A removable c e n t r a l  c e l l  is  surrounded both r a d i a l l y  and a x i a l l y  by t e s t  

l a t t i c e  medium which is  i d e n t i c a l  t o  t h e  c e n t r a l  c e l l  and which b r ings  the  

neutron spectrum i n t o  equi l ibr ium. When the  t e s t  l a t t i c e  reg ion  is  of  

s u f f i c i e n t  volume, t h e  neutron spectrum i n  the  v i c i n i t y  of t h e  c e n t r a l  c e l l  

i s  i d e n t i c a l  t o  t h e  fundamental mode spectrum of t he  t e s t  l a t t i c e .  (2) 

The PCTR technique f o r  measuring the  i n f i n i t e  neutron m u l t i p l i c a t i o n  

f a c t o r ,  kw, of a mul t ip ly ing  medium i s  based upon t h e  determinat ion of t h e  

excess  neutron product ion of a t e s t  sample. (3) This  excess  neutron produc- 

t i o n  is  deduced from t h e  measured concent ra t ion  of neutron absorber  t h a t  

must be added t o  t h e  c e n t r a l  t e s t  l a t t i c e  reg ion  such t h a t  t h e  change i n  

t h e  PCTR r e a c t i v i t y  is  zero when t h e  c e n t r a l  c e l l  i s  removed, leav ing  a 

void.  

The va lues  of kw measured i n  t h e  PCTR were i n t e r p r e t e d  c o n s i s t e n t l y  

wi th  the  theory used f o r  fundamental mode ca l cu la t ions .  (3) The express ion  

used t o  eva lua t e  t h e  experimental kw va lues  f o r  t h e  unpoisoned l a t t i c e  is  

where, 

TP = Tota l  product ion r a t e  of f a s t  neutrons due t o  f i s s i o n  

A2 = Absorption r a t e  of thermal neutrons (En < 0.683 eV) 

p = escape - t o  - thermal p r o b a b i l i t y  

The primed symbols r e f e r  t o  q u a n t i t i e s  i n  t h e  poisoned l a t t i c e ,  and t h e  

term A ; ~  is  t h e  thermal neutron absorp t ion  r a t e  i n  t h e  boron absorber  

added t o  t h e  l a t t i c e  moderator t o  produce n u l l - r e a c t i v i t y .  



Relative Reaction Rates 

Foil activation techniques were utilized in the determination of the 

relative reaction rates in all central cell constituents and the standard 

absorber (usually copper) inserted in the center of the PCTR. Both bare 

and cadmium covered foils were used to measure epithermal - to - thermal 
reaction rates in the fuel, moderator, and cladding for all central cell 

constituents. The excess neutron production in the unpoisoned lattice can 

be determined from a neutron balance in the center cell, using the measured 

relative reaction rates after corrections due to foil perturbation 

effects(4) have been applied to the data. 

Experiment Analysis 

The presence of plutonium, which has a thermal neutron cross section 

with a significantly non - l/v energy dependence, required a two-group 
expgession for analysis of experimental data. The first term in Equa- 

tion (1) is the dominant term. Relative reaction rates measured in the 

unpoisoned lattice were used to evaluate the quantity (TP/A ) .  Similarly, 2 
the measured concentration of boron in the water corresponding to a km 

of unity and relative reaction rates measured in the poisoned lattice were 

used to evaluate the quantity 

TP 

The addition of boron absorber in the water moderator did not change the 

slowing properties of the lattice significantly. The ratio of escape - 
to - thermal probabilities was nearly unity. Values for (PIP') of 

1.0125 for the U02 - 2.0 wt% Pu02 lattice, and 1.0022 for the U02 - 0.9 wt% 
Pu02 lattice were calculated using the HRG(~) code. The second term in 

Equation (1) is a small correction term to account for the fact that neu- 

trons absorbed before being thermalized do not undergo thermal leakage. 

This term was evaluated as 0.0054 for the U02 - 2.0 wt% Pu02 lattice and 
0.0016 for the U02 - 0.9 wt% PuO lattice, using thermal group parameters 

2 
calculated using HGR. The fundamental mode buckling, B ~ ,  was evaluated 

using THERMOS(6J and epithermal group parameters calculated using HRG. The 
0 

fundamental mode buckling, B ~ ,  was evaluated using the calculated two-group 

parameters for the unpoisoned lattice 



where, 

'iZfi 
Oifi = - C 

a i 

Similar quantities were calculated for the lattice with UO - PuO parti- 2 
(7) cle size fuel. Thermal group parameters were calculated using GRANIT 

and epithermal group parameters were calculated using EGGNIT. (8) These 

computer codes permit calculation of doubly heterogeneous systems, which 

the U02 - PuO particle size fuel lattice present. Experimental and calcu- 2 
lated values for km in the unpoisoned lattice for various fuel types are 

listed in Table 2.2. Quantities used in the evaluation of experimentally 

derived values of km are also listed in Table 2.2. 

The ability to predict the effect that plutonium particle size has on 

the reactivity of a reactor system is important for reactor safety and 

economic utilization of plutonium. Experiment-theory correlation of the 

U02 - PuO particle size fueled lattice, poisoned to km of unity, has 2 
shown that the GRANIT-EGGNIT calculations consistently underestimate infi- 

nite medium, neutron multiplication factors by one percent. similar 

correlation of the unpoisoned lattice with the same fuels, given in 

Table 2.2, shows that the GRANIT-EGGNIT calculations consistently over- 

estimate the neutron multiplication factors by three percent. 
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TABLE 2.2. Pu02 P a r t i c l e  S i z e  Experiment A n a l y s i s  
of Unpoisoned L a t t i c e  km 

Pu02 P a r t i c l e  
P a r t i c l e  S i z e  Diameter .  ( . C  . .r I 

Average Value = 1.029 

Root - Mean - Square  D e v i a t i o n  = k0.006 
Nominal Pu02 

V i b r a t i o n a l l y  P a r t i c l e  
Compacted Diameter 

F u e l s  (Microns) 
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AND Pu02& CORES 
W. C. Wolkenhauer 

Recycle of plutonium f u e l  i n  l igh t -water  r e a c t o r s  r equ i r e s  t h e  solu-  

t i o n  of s e v e r a l  problems r e l a t e d  t o  t h e  l i c e n s i n g  of t h e  r ecyc le  f u e l .  

One of t hese  problems is  t h e  p o s s i b l e  decrease i n  c o n t r o l  rod s t r e n g t h  

wi th  in t roduc t ion  of plutonium a s  t h e  enr ich ing  f u e l .  The l igh t -water  

core  is  t y p i c a l l y  designed and optimized f o r  U02 f u e l .  Whether t h e  con- 

t r o l  system i s  adequate f o r  Pu02/U02 f u e l  i s  of i n t e r e s t  t o  t h e  l i c e n s i n g  

ana lys t  . 
A s e r i e s  of c a l c u l a t i o n s  were performed t o  compare t h e  r e l a t i v e  

s t r e n g t h  of a PWR c o n t r o l  c l u s t e r  f o r  a t y p i c a l  U02 and a Pu02/u0 core .  
2 

A r ep re sen ta t ive  PWR r e a c t o r  design was used. The c a l c u l a t i o n s  were - 
performed using t h e   THERMOS!^) H R G ( ~ )  and ~ D B ' ~ )  computer codes. The 

r e s u l t s  of t h e s e  c a l c u l a t i o n s  a r e  s t i l l  being analyzed. Some prel iminary 

conclusions can, however, be repor ted  a t  t h i s  t ime. 

The c a l c u l a t i o n s  performed included a n a l y s i s  of t h e  r e a c t o r  cold 

excess r e a c t i v i t y  f o r  a t y p i c a l  UO core and i t s  r ecyc le  Pu02/U02 core.  2 



There fore ,  t h e  r e a c t o r  geometry i n  t h e  two c a s e s  d i f f e r e d  on ly  i n  t h a t  t h e  

l a t t e r  c a s e  was e n r i c h e d  w i t h  f i s s i l e  Pu r a t h e r  t h a n  2 3 5 ~ .  A l l  o t h e r  

pa ramete rs ,  such  a s  p i t c h ,  c l a d  o u t e r  d i a m e t e r ,  and c o n t r o l  c l u s t e r  d e s i g n  

were p r e s e r v e d .  C a l c u l a t i o n s  of t h e  rodded c o r e  r e a c t i v i t y  were a l s o  

inc luded .  

Thermal p i n  c e l l  f l u x  d i s a d v a n t a g e  f a c t o r s  were c a l c u l a t e d  w i t h  t h e  

THERMOS code.  Thermal c o n s t a n t s  f o r  t h e  f u e l  and c o n t r o l  m i x t u r e s  were 

c a l c u l a t e d  i n  s l a b  geometry by t h e  THERMOS code u s i n g  t h e  f l u x  d i s a d v a n t a g e  

f a c t o r s  as i n p u t .  The e f f e c t  of one c o n t r o l  p i n  on i t s  ne ighbor ing  c o n t r o l  

p i n  was a s s e s s e d .  Methods f o r  o b t a i n i n g  converged s o l u t i o n s  i n  t h e  h i g h  

thermal  a b s o r b e r  r e g i o n  were developed. Ep i the rmal  c o n s t a n t s  f o r  t h e  f u e l  

and c o n t r o l  r e g i o n s  were  c a l c u l a t e d  u s i n g  t h e  HRG code.  Methods f o r  

account ing  f o r  e p i t h e r m a l  f l u x  d e p r e s s i o n s  were developed. 

A two-dimensional,  ze ro  l eakage  d i f f u s i o n  c a l c u l a t i o n  was performed 

on a  t y p i c a l  f u e l  e lement  geometry u s i n g  t h e  2DB code. Cases c a l c u l a t e d  

i n c l u d e d  t h e  unrodded and rodded U02 and P u 0 2 / ~ 0 2  c o r e s .  I n  a d d i t i o n ,  

some c a s e s  were c a l c u l a t e d  t o  a s s e s s  t h e  e f f e c t  of a c c e l e r a t e d  convergence 

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

P r e l i m i n a r y  a n a l y s i s  i n d i c a t e s  t h a t  t h e  PuO /UO c o r e  e x h i b i t s  about  
2 2  

70% of t h e  r e a c t i v i t y  c o n t r o l  worth a v a i l a b l e  t o  t h e  UO c o r e  w i t h  i d e n t i -  
2 

c a l  c o n t r o l  geometry.  T h i s  e f f e c t  i s  a t t r i b u t e d  t o  t h e  observed h a r d e r  

spectrum i n  t h e  Pu02/U0 
2 
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EVALUATION OF THE RELATIVE RADIOLOGICAL CONSEQUENCES FROM POTENTIAL 

RELEASE OF RADIOACTIVE MATERIALS FROM UO, AND Pu02/U02 CORES 
L 

W. C. Wol k e n h a u e r  

A problem i n  l i c e n s i n g  Pu02/U0 cores  i s  t o  determine i f  t hese  kinds 2 
of cores  r ep re sen t  a s i g n i f i c a n t l y  g r e a t e r  p o t e n t i a l  r a d i o l o g i c a l  hazard 

than comparable UO cores .  I f  one can determine whether o r  no t  t h e r e  a r e  2 
s i g n i f i c a n t  d i f f e r e n c e s ,  then p o t e n t i a l  systems changes can be evaluated.  

The in t eg ra t ed  r a d i o l o g i c a l  burdens from a UO PWR core and a compa- 2 
r a b l e  PuO /U02 PWR core  were ca l cu la t ed  f o r  c e r t a i n  s e l e c t e d  i so topes .  2 
The concent ra t ions  of t hese  i so topes  i n  curies/gm were ca l cu la t ed  by use  

of t h e  ALTHAEA") code f o r  a t y p i c a l  exposure cycle .  The r e l a t i v e  poten- 

t i a l  r a d i o l o g i c a l  hazard was ca l cu la t ed  by developing a parameter f o r  each 

i so tope  which i s  defined a s  t h e  t o t a l  c u r i e s  per  gram f o r  t h a t  exposure 

cyc le  divided by t h e  Maximum Permiss ib le  Concentrat ion (MPC) f o r  t h a t  

i so tope .  This  parameter was then summed f o r  each core and presented a s  a 

func t ion  of exposure. 

The p o t e n t i a l  r a d i o l o g i c a l  hazard from PuO /uo2 cores  d i f f e r s  from 
2 

t h a t  of U02 cores  by the  plutonium i so tope  inventory.  Resul t s  of prel imi-  

nary analyses  i n d i c a t e  t h a t  t h e  plutonium i so tope  inventory i s  s i g n i f i c a n t  

and of t h e  same order  of magnitude a s  t h e  f i s s i o n  product inventory i n  

terms of t h e  p o t e n t i a l  r a d i o l o g i c a l  hazard. It appears t h a t  even a t  

extremely high exposures,  t h e  Pu02/U02 cores  w i l l  cont inue t o  e x h i b i t  a 

s i g n i f i c a n t l y  h igher  p o t e n t i a l  r a d i o l o g i c a l  hazard. Addit ional  work i s  

being performed t o  s u b s t a n t i a t e  t hese  r e s u l t s .  
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REVIEW OF THE ENDF/B DESCRIPTION OF DEUTERIUM SCATTERING 

B.  R. Leonard,  J r .  

A l l  o f  t h e  known exper imenta l  d a t a  on t h e  t o t a l  and s c a t t e r i n g  c r o s s -  

s e c t i o n s  of deu te r ium below 1 . 5  MeV were reviewed and compared w i t h  

ENDF/B d e s c r i p t i o n s .  The r e s u l t s  of t h i s  review i n d i c a t e d  t h a t  t h e  knowl- 

e d g e  o f  t h e  deuter ium c r o s s - s e c t i o n  below 0 .5  MeV i s  c l e a r l y  i n a d e q u a t e ,  

cu lmina t ing  i n  a  d i sc repancy  of some 10% i n  t h e  zero-energy v a l u e  d e r i v e d  

from t h e  two most p r e c i s e  measurements. Review of t h e  Vers ion I d e s c r i p -  

t i o n  of ENDF/B r e v e a l e d  t h a t  t h e  p r e s c r i b e d  i n t e r p o l a t i o n  scheme c r e a t e d  a 

c r o s s - s e c t i o n  which d i d  n o t  have t h e  i n t e n d e d  shape.  Monte Car lo  c a l c u l a -  

t i o n s  o f  t h e  n e u t r o n  age  i n  D 0 were c a r r i e d  o u t  f o r  t h e  ENDF/B-I d e s c r i p -  2  
t i o n  w i t h  an  improved i n t e r p o l a t i o n  and f o r  t h e  ENDF/B-I1 d e s c r i p t i o n ,  

which d i f f e r s  from Vers ion I on ly  i n  t h e  shape o f  t h e  c r o s s - s e c t i o n  below 

1 . 5  MeV. The c a l c u l a t e d  age w i t h  t h e  c o r r e c t e d  ENDFIB-I d e s c r i p t i o n  was 

found t o  g i v e  b e t t e r  agreement w i t h  exper imenta l  v a l u e s .  A  d e t a i l e d  manu- 

s c r i p t  of t h i s  review was submi t t ed  t o  t h e  Cross-Sect ion E v a l u a t i o n  Work- 

i n g  Group. 

DESTRUCTIVE AND NONDESTRUCTIVE ANALYSIS OF PLUTONIUM FUELS USED I N  L A T T I C E  

EXPERIMENTS 

W. P. S t i n s o n  and V. 0. Uotinen 

A s e r i e s  o f  c r i t i c a l  and s u b c r i t i c a l  exper iments  have been performed 

t o  p r o v i d e  n e u t r o n i c  d a t a  on plutonium-fueled,  l ight-water-moderated c o r e s .  

These e x p e r i m e n t a l  d a t a  have been t h e  b a s e  upon which t h e  accuracy  o f  

n e u t r o n i c  r e a c t o r  d e s i g n  methods have been e v a l u a t e d .  The r e s u l t s  of 

c r i t i c a l i t y  c a l c u l a t i o n s  f o r  t h e s e  c o r e s  have n o t  compared v e r y  f a v o r a b l y  

w i t h  t h e  measured r e s u l t s .  A s  a  p a r t  of t h e  i n v e s t i g a t i o n  aimed a t  

uncover ing t h e  cause  f o r  t h e s e  d i s c r e p a n c i e s ,  some of t h e s e  f u e l s  have 

been d e s t r u c t i v e l y  analyzed t o  check on t h e  f u e l  c o n t e n t  and composi t ion.  

The plutonium-aluminum a l l o y  f u e l s  were examined i n  d e t a i l  because  

t h e s e  f u e l s  were some of  t h e  f i r s t  p lutonium rods  f a b r i c a t e d  and t h u s  were 

most s u s p e c t .  One rod o f  each f u e l  type  (Al-1.8 wt% Pu, A1-2 wt% Pu, and 

A1-5 wt% Pu) w a s  s a c r i f i c e d  t o  perform:  



a chemical and an isotopic analysis for plutonium concentration and 

composition 

an alpha energy analysis for 241Am content 

a spectrochemical analysis for detecting impurities (e.g., B y  Cd and 

Au) . 
Two methods of destructively analyzing the fuel for plutonium content 

were used. These are the coulometric titration and isotopic dilution 

methods. Samples which were taken from the midpart of the fuel rods and 

from adjacent positions were analyzed. 

The possibility of these A1-Pu rods having enrichment variation axially 

was investigated in a preliminary manner by gamma-ray scanning three unir- 

radiated rods of each type. 

The results of theory-experiment correlations for the A1-2 wt% Pu 

systems have been systematically different from those obtained for the 

other A1-Pu and U02 - PuO systems. Therefore, a rod of this type was 2 
further analyzed for rare-earth isotopes and for hafnium content in the 

zircalloy cladding. 

In addition to analyzing these A1-Pu fuels, two UO - PuO fuel rods 
2 2 

were destructively analyzed for plutonium and americium content to deter- 

mine how much 241~u had decayed. Repeat measurements were planned over a 

specified time period to assist in assessing the reactivity effect of 

241~u decay. 

Ten rods from each of three A1-Pu types of fuel were selected to 

represent the total batch of each. These ten rods bracketed the range of 

Pu content. The reactivity worth of each A1-Pu fuel rod was measured to 

obtain a basis for relating the results of the destructive analysis to the 

remainder of the fuel. These measurements were made in a central fuel 

channel in the PRCF. The core was U02 - 4 wt% Pu02 (18% 240~u) fuel rods in 
an H20 moderated lattice of 1.06-inch-square pitch. The lengths of the 

fuel rods are 43.83, 36.0, and 24.0 inches for the A1-1.8 wt% Pu, A1-2.0 wt% 

Pu, and the A1-5 wt% Pu, respectively. All the measurements were made with 

the fuel in a lucite thimble (1132-inch wall thickness). 



R e s u l t s  and conc lus ions  o b t a i n e d  i n  t h i s  s t u d y  a r e :  

a On t h e  b a s i s  of t h i s  s t u d y  i t  appears  t h a t  t h e  average  plutonium 

enr ichments  used i n  t h e  p a s t  ( e . g . ,  BNWL-801) f o r  t h e s e  f u e l s  a r e  

v a l i d .  

a The 241Am c o n t e n t  o f  t h e s e  f u e l s  was measured i n  March 1970. The 

r e s u l t s  a r e  l i s t e d  i n  Tab le  2.3. These measured v a l u e s  can b e  used 

f o r  de te rmin ing  t h e  241~rn c o n t e n t  f o r  exper iments  conducted w i t h  t h e s e  

f u e l s  o v e r  t h e  y e a r s .  

The rod-to-rod u n i f o r m i t y  of each of t h e  t h r e e  t y p e s  o f  A1-Pu r o d s  i s  

i n d i c a t e d  by t h e  r e s u l t s  of t h e  r e a c t i v i t y  measurements g iven  i n  

Table  2.4. The A1-2 wt% Pu r o d s  showed r a t h e r  l a r g e  v a r i a t i o n s ,  t h e  

s t a n d a r d  d e v i a t i o n  be ing  2  t o  3  t imes  as l a r g e  f o r  t h i s  f u e l  t y p e  

t h a n  f o r  t h e  o t h e r  f u e l  types .  

a None of t h e  i m p u r i t i e s  sea rched  f o r  were d e t e c t e d  i n  t h e  A1-Pu r o d s  

(down t o  a d e t e c t i o n  l i m i t  o f  2  wppm). 

a The a x i a l  u n i f o r m i t y  measurements i n d i c a t e d  some v a r i a t i o n s  i n  e n r i c h -  

ment might  b e  p r e s e n t  a x i a l l y ,  b u t  no c o n c l u s i v e  s t a t e m e n t s  can  b e  

made because  t h e  s t u d y  was v e r y  l i m i t e d .  

TABLE 2.3. 241~m Content  o f  Fue l  Rods, Measured March 1970 

U02 - Pu02 241h 
Fue l  D i a m . ,  Fue l  Length, o r  A1-Pu, Y 

Rod Type i n c h e s  i n c h e s  gramslrod gramslrod 



TABLE 2.4. Uniformity of A1-Pu Rods 

(Based on r e a c t i v i t y  measurements of 10 rods of each type) 

Rela t ive  Standard Rela t ive  Standard 
Average Reac t iv i ty  Deviat ion of a Deviation of 

Rod Type Worth of a Rod, mk Typical  Rod Average 

DESCRIPTION OF PROGRAM DRAFT 

D. R. Oden, T. M. T raver  and G. D. Seybold 

Program DRAFT c a l c u l a t e s  information concerning f i s s i o n  events  such 

a s  f u e l  i s o t o p i c  concent ra t ions  and f i s s i o n  product d i s i n t e g r a t i o n  r a t e s  

a t  s e l e c t e d  times during and a f t e r  i r r a d i a t i o n .  I r r a d i a t i o n  h i s t o r y  of 

t h e  f u e l  is  inpu t  i n  t h e  form of a histogram t o  al low an accu ra t e  descr ip-  

t i o n  of f i s s i o n  product formation. The fol lowing information i s  calcu- 

la ted  andprinted a t  a s  many a s  100 va lues  of time a s  s p e c i f i e d  by the  use r  

i n  t h e  inpu t  through t h e  power h i s t o r y .  

Accumulated exposure t ime 

Time averaged f l u x  and accumulated exposure 

0. Fuel i so tope  ( 2 3 5 ~ ,  2 3 8 ~  and 2 3 9 ~ ~ )  concent ra t iops ,  

Accumulated f i s s i o n s  i n  each f u e l  i so tope  ( 2 3 5 ~  , 2 3 8 ~  and 2 3 9 ~ u )  , 
accumulated f i s s i o n s  i n  a l l  f u e l  i so topes ,  and t h e  f r a c t i o n  of accumu-' 

l a t e d  f i s s i o n s  f o r  each f u e l  i so tope  

Di s in t eg ra t ion  r a t e  f o r  each f i s s i o n  product 

Rat ios  of s e l e c t e d  f i s s i o n  product d i s i n t e g r a t i o n  r a t e s .  

The above information can be generated f o r  a s  many a s  100 inpu t  expo- 

s u r e  averaged f l u x e s ,  20 f i s s i o n  products  and 20 f i s s i o n  product a c t i v i t y  

r a t i o s  i n  a s i n g l e  pass .  A p l o t t i n g  rou t ine  has been added t o  t h e  program 

t o  allow f o r  any o r  a l l  of t he  fol lowing output  t o  be p l o t t e d :  



1. R a t i o  of f i n a l  t o  i n i t i a l  f u e l  c o n c e n t r a t i o n s  v e r s u s  exposure .  

2. D i s i n t e g r a t i o n  rate v e r s u s  exposure  o r  t i m e ,  between any two s p e c i f i e d  

t i m e s ,  f o r  any f i s s i o n  p roduc t .  

3.  D i s i n t e g r a t i o n  r a t e  r a t i o  v e r s u s  exposure  o r  t i m e  between any two 

s p e c i f i e d  t imes  and f o r  any two f i s s i o n  p r o d u c t s .  

The code i s  used mainly  f o r  two purposes .  F i r s t ,  i t  i s  used t o  d e t e r -  

mine which f i s s i o n  p r o d u c t s  and f i s s i o n  p roduc t  a c t i v i t y  r a t i o s  w i l l  b e  

most u s e f u l  i n  de te rmin ing  such  q u a n t i t i e s  a s  average f l u x ,  exposure ,  f r a c -  

t i o n  of f i s s i o n s  i n  each f u e l  i s o t o p e  and t o t a l  f i s s i o n s  f o r  a p a r t i c u l a r  

r e a c t o r  type .  Secondly,  t h e  a c t u a l  d e t e r m i n a t i o n  of t h e s e  q u a n t i t i e s  i s  

made by c o r r e l a t i n g  t h e  s e l e c t e d  c a l c u l a t e d  f i s s i o n  p roduc t  a c t i v i t y  r a t i o s  

w i t h  measured v a l u e s  o b t a i n e d  by n o n d e s t r u c t i v e  gamma scann ing  t e c h n i q u e s .  

PRTR FUEL EVALUATIONS 

D. G. C a r t e r  and M. D. Fresh ley 

With t h e  shutdown of t h e  PRTR, t h e  i r r a d i a t i o n  performance of s e l e c t e d  

mixed o x i d e  f u e l  r o d s  i r r a d i a t e d  i n  t h e  r e a c t o r  was e v a l u a t e d  by means 

of d e t a i l e d  d e s t r u c t i v e  p o s t i r r a d i a t i o n  examinat ions .  The f u e l  e v a l u a t i o n s  

i n c l u d e d  t h e  f o l l o w i n g  g e n e r a l  f u e l  i r r a d i a t i o n  exper iments  conducted i n  

t h e  r e a c t o r :  

High Power Dens i ty  F u e l  I r r a d i a t i o n s  

Extended Burnup Fue l  I r r a d i a t i o n s  

8 I n t e r n a l  P r e s s u r e  Moni tor ing Experiment Rods 

8 FERTF Fue l  Rods 

The High Power Densi ty  (HPD) f u e l s  were i r r a d i a t e d  a s  p a r t  o f  t h e  

Batch Core Experiment. Most of t h e  66 HPD f u e l  e lements  i r r a d i a t e d  were 

v i b r a t i o n a l l y  compacted p a r t i c l e  f u e l s ,  a l though  p e l l e t  f u e l  f a b r i c a t e d  by 

b o t h  t h e  h o t - p r e s s  and t h e  c o l d - p r e s s - s i n t e r  p r o c e s s e s  was i n c l u d e d .  

The extended burnup f u e l  i r r a d i a t i o n s  i n c l u d e d  a  v a r i e t y  of e x p e r i -  

menta l  U02 and UO - Pu02 e lements  c o n t a i n i n g  0 .5 ,  1 . 0  and 2 .0  wt% Pu02. 2  
These e lements  were i r r a d i a t e d  i n  f r i n g e  p o s i t i o n s  of t h e  PRTR t o  e v a l u a t e  

t h e  i r r a d i a t i o n  performance of t h e  v a r i o u s  f u e l  t y p e s  s u b j e c t e d  t o  extended 

burnups.  



The PRTR f u e l  performance eva lua t ions  a l s o  included the  d e t a i l e d  

examination of mixed-oxide rods instrumented t o  monitor i n t e r n a l  gas pres- 

s u r e  buildup during i r r a d i a t i o n .  The comparative performance of mixed- 

oxide rods i r r a d i a t e d  under i d e n t i c a l  condi t ions  i n  t h e  Fuel Element 

Rupture Test  F a c i l i t y  (FERTF) i n  PRTR was a l s o  eva lua ted .  

The d e t a i l e d  p o s t i r r a d i a t i o n  examination phase of t h e  PRTR f u e l  per- 

formance eva lua t ion  has been completed and a summary r e p o r t  desc r ib ing  the  

r e s u l t s  is  being prepared. Although t h e  ex t en t  of examination v a r i e d  con- 

s i d e r a b l y  f o r  i nd iv idua l  rods the  examination gene ra l ly  included the  

following : 

Visual examination f o r  phys i ca l  de fec t s ,  crud depos i t i on ,  cor ros ion ,  

and f r e t t i n g .  

Gamma scanning t o  determine a x i a l  power d i s t r i b u t i o n ,  f u e l  movement, 

and a x i a l  f i s s i o n  product migrat ion.  

Prof i lometer  scanning t o  eva lua t e  dimensional changes i n  t h e  cladding 

such a s  o v a l i t y ,  swel l ing ,  and t h e  e f f e c t s  of core-cladding 

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

F i s s ion  gas r e l e a s e .  

Burnup a n a l y s i s  by t h e  cesium and/or neodymium methods. 

Fuel examination by o p t i c a l  and e l e c t r o n  microscopy t o  eva lua t e  

s t r u c t u r a l  changes and pore d i s t r i b u t i o n .  Beta-gamma and a lpha  auto- 

radiography wi th  e l e c t r o n  microprobe a n a l y s i s  t o  eva lua t e  PuO 
2 

homogeniety and plutonium and f i s s i o n  product migrat ion.  

Cladding examination t o  a s s e s s  zirconium-oxide formation on the  i n t e r -  

n a l  and e x t e r n a l  c lad  su r f aces ,  hydriding,  and core-clad r e a c t i o n .  

A summary of t h e  d e t a i l e d  examinations performed on s e l e c t e d  individ-  

u a l  HPD rods i r r a d i a t e d  i n  PRTR i s  summarized i n  Table 2 . 5  and a summary 

of the  d e t a i l e d  examinations performed on s e l e c t e d  extended burnup f u e l  

rods i s  presented i n  Table 2.6. 



TABLE 2.5. Summary of PRTR High Power Densi ty  Fuel  Rod 
P o s t i r r a d i a t i o n  Examination S t a t u s  

1 4 8 ~ d  Peak Prof i- F i s s i o n  
Element Rod Burnup, Gamma lometer  Gas Burnup Ceramog- 
Numb e r No. Fuel Type MN~IMTM Scan Scan Analys i s  Analys i s  raphy 

6065 FE-74 U02 - 2 w t %  Pu02 (VP) 4863 X 0 X X 0 

FO- 17 

FS-07 

6519 FR- 7 2 

FN- 86 

FE-69 

6520 FR- 7 8 

(vp) 5837 X 0 X X 0 

(VP) 9176 X X X X 0 

(vp) 5240 X X X X X 

(vp> 3297 X 0 X X X 

(vp) 2884 X 0 X X X 

(vp> 96 30 X X X X X 

6700 A- 14 (HP ) 8150 X X X X X 

A-103 (CPS) 3290 0 X X X X 

A-102 (CPS) 3220 X X X X X 

6701 A-23 (HP) 3430 X X X X X 

A-12 ! (HP ) 3800* 0 X X 0 X 

(W) = Vibrationally compacted, pneumatically impacted fuel 
(CPS) = Cold-press-sinter pe Zlet fuel 

(HP) = Hot-press pellet  fuel 
X = Examination completed 
0 = ~xamination not performed 
* = Estimated bumup value 



TABLE 2.6. Summary of t he  P o s t i r r a d i a t i o n  Examination S t a t u s  f o r  Fue l  Rods I r r a d i a t e d  
t o  Extended Burnup i n  PRTR Fr inge  P o s i t i o n s  

1 4 8 ~ d  Peak P r o f i -  F i s s i o n  
Element Rod Burnup, Gamma lometer  Gas Burnup 
Number No. Fue l  Type MWd/IQM Scan Scan Analys i s  Analys i s  

5118 DB-63 U02 - 0.5 wt% Pu02 (VP) (MM) 18,500* X 0 X 0 

DA- 4 8 I (VP) (MM) 18,500* 0 0 X 0 

zz- 7 I (CPS) 9,777 X 0 X X 

zz-12 

CN- 5 

(CPS) 11,705 X 0 X X 

(SW) (MM) 12,500* X 0 Los t  0 

CN- 7 I (SW) (MM) 12,500* 0 0 X 0 

5224 CS-27 U02 - 1 Pu02 (SW) (PI)  13,500* X 0 X 0 

5226 DF-80 (VP) (PI )  11,500* X 0 X 0 

6521 No. 6 Tho2 - 5 ;t% Pu02 (w) (PI)  Low X 0 Los t  0 

Ceramog- 
raphy 

X 

(VP) = Vibrationally compacted fuel (PI) = High-energy -rate pnewnatical Zy impacted fue 2 
(SW) = Swage compacted fuel X = Examination completed I 

P 
(CPS) = Cold-press-sinter pel le t  fuel 0 = Examination not perfomed cn N 

( M M )  = Heterogeneously enriched or incre- * = Estimated burnup values N 
I 

mentally Zoaded fue 2 material N 



TRANSIENT TESTING 

M. D. Freshley, E. A. Aitken* and R .  L. Johnson** 

The behavior  of oxide f u e l s  when subjec ted  t o  a c c i d e n t a l  h igh  energy, 

s h o r t  du ra t ion ,  power excursions i s  an  important s a f e t y  cons ide ra t ion  i n  

both thermal and f a s t  r e a c t o r s .  Fuel  performance under t h e s e  cond i t i ons  

i s  important  because t h e  l i m i t i n g  des ign  base  acc ident  f o r  power r e a c t o r s  

i s  e s t a b l i s h e d  on t h e  b a s i s  of main ta in ing  f u e l  c ladding  i n t e g r i t y  during 

a  power excursion.  A j o i n t  program involv ing  P a c i f i c  Northwest Laboratory,  

General E l e c t r i c  Company, and Idaho Nuclear Corporation was conducted a t  

SPERT t o  determine whether s p e c i a l  cons ide ra t ions  a s soc i a t ed  w i t h  adding 

Pu02 enrichment t o  U02 could e f f e c t  t h e  t r a n s i e n t  behavior of mixed-oxide 

f u e l s .  Emphasis was d i r e c t e d  toward i n v e s t i g a t i n g  t h e  p o s s i b l e  e f f e c t s  of 

l a r g e  PuO p a r t i c l e s  o r  agglomerates which may occur  i n  mixed-oxide f u e l s  2  
when u t i l i z i n g  s tandard  cold-press-s inter  p e l l e t  f a b r i c a t i o n  techniques.  

Four f u e l  p i n s  conta in ing  0.272-inch diameter  enr iched  (7% 2 3 5 ~ )  U02 

p e l l e t s  wi th  a  s i n g l e  PuO microsphere embedded i n  a l t e r n a t e  p e l l e t s  i n  
2 

t h e  5.1-inch long f u e l  column were assembled i n  0.020-inch t h i c k  Zircaloy-2 

cladding wi th  a  nominal 0.004-inch d i ame t ra l  gap. The PuO microspheres 
2 

w i th  a  nominal diameter of 550 microns were s t r a t e g i c a l l y  pos i t i oned  w i t h i n  

t h e  p e l l e t s  ranging from t h e  c e n t e r  t o  t h e  s u r f a c e  t o  i n v e s t i g a t e  t h e  pos- 

s i b l e  i n f luence  of d i f f e r e n t  s p a t i a l  p o s i t i o n s  r e l a t i v e  t o  t h e  c ladding .  

The Sol-gel PuO microspheres r e t a i n e d  t h e i r  o r i g i n a l  appearance dur ing  t h e  
2 

p e l l e t  f a b r i c a t i o n  al though a  shr inkage  void appears  t o  have formed between 

t h e  PuO microsphere and the  UO mat r ix  during s i n t e r i n g  (F igures  2.2 and 2 2 
2.3).  

Each of t h e  fou r  p ins  was subjec ted  t o  a  s i n g l e  t r a n s i e n t  power b u r s t  

t h a t  r e s u l t e d  i n  a d i a b a t i c  energy depos i t i ons  of 189, 200, 213, and 

237 c a l / g  of U 0 2  A s tandard  p i n  des ign  was used t o  permit  a  comparison 

of t h e  r e s u l t s  from these  t e s t s  w i th  t h e  r e s u l t s  of o the r  t e s t s  involv ing  

* General Electr ic  Company 
**  Idaho NucZear Corporation 



U 0 2  PELLET 

P u 0 2  

MICROSPHERE 

200 microns 
n 

FIGURE 2.2. A Sol-Gel Produced Pu02 Microsphere Pos i t ioned  on 
t h e  Surface  of a S in t e red  U02 P e l l e t  P r i o r  t o  
Trans ien t  I r r a d i a t i o n .  Shrinkage void appears  t o  
have formed between t h e  microsphere and t h e  UO 
matr ix.  

2 

SHRINKAGE 
V O I D  

25 microns 
C----c 

FIGURE 2.3. Shrinkage Void Between a Pu02 Microsphere 
and t h e  UO Matrix P r i o r  t o  I r r a d i a t i o n .  

2 



d i f f e r e n t  f u e l  types.  (1'2) The t e s t  condi t ions  and r e s u l t s  of t h e  t r a n s i -  

e n t  tests a r e  summarized i n  Table 2.7. 

TABLE 2.7. Summary of Tes t  Conditions and Resu l t s  of T rans i en t  
Tes t s  wi th  P ins  Containing Di sc re t e  PuO P a r t i c l e s  
i n  U02 P e l l e t  Fuel  

2  

Energy Reactor Maximum 
Tes t  Deposi t ion,  Per iod ,  Meas. Cladding 
No. c a l / g  f u e l  m s e c  - Temp., O C  

Resu l t s  

1 189 6.78 1450 No v i s i b l e  e x t e r n a l  e f f e c t  

2  200 6.22 1600 No v i s i b l e  e x t e r n a l  e f f e c t  

3  213 5.79 1725 Two c l ad  p e n e t r a t i o n s  by PuO 
p a r t i c l e s  about 600 micron 

2 

diameters  

Three c l a d  p e n e t r a t i o n s  1000 t o  
1200 micron d iameters  by Pu02 
p a r t i c l e s .  Clad seve re ly  
wrinkled,  i n d i c a t i v e  of i n c i p i -  
e n t  melt ing.  

De ta i l ed  meta l lographic  examination of t h e  p i n  i r r a d i a t e d  a t  t h e  lowest  

energy l e v e l  (189 cal/gm of  f u e l )  shows t h a t  a l l  of t h e  Pu02 microspheres  

became molten o r  vaporized and formed s p h e r i c a l  s h e l l s  about twice t h e i r  

o r i g i n a l  diameter i n  t h e  surrounding U02 f u e l  mat r ix  (Figure 2.4).  The 

PuO microspheres have t h e  c h a r a c t e r i s t i c  appearance of once-molten oxide  2 
f u e l ,  i .e.,  a  c e n t r a l  subgra in  s t r u c t u r e  r eg ion  surrounded by a w e l l -  

def ined ,  high-densi ty ,  pore-free region.  S t a i n  e t ch ing  techniques de l ine -  

a t e d  what appeared t o  be a  d i f f u s i o n  zone i n  t h e  o u t e r  reg ion  of t h e  

pore-free band i n  some PuO p a r t i c l e s .  A sharp  demarcation e x i s t s  between 
2 

t h e  PuO microspheres and t h e  U02 ma t r ix  al though changes i n  t h e  t e x t u r e  2 
of t h e  mic ros t ruc tu re  i n  t h e  surrounding UO mat r ix  occurred t o  a  d i s t a n c e  

2 
of about 1200 microns from t h e  s u r f a c e  of t h e  microspheres.  I n  some cases ,  

t h e  vaporized o r  molten PuO extruded i n t o  pre-ex is t ing  c racks  f o r  d i s -  2  
tances  up t o  1000 microns. There was no evidence of PuO i n  o t h e r  c racks  

2 
which formed during cooldown a f t e r  t h e  t r a n s i e n t .  PuO microspheres 

2 
l oca t ed  ad jacen t  t o  t h e  cladding i n  t h e  p i n  i r r a d i a t e d  a t  189 c a l / g  of 

f u e l  may have caused l o c a l i z e d  overhea t ing  of t h e  c ladding  i n t o  t h e  b e t a  



200 microns 
M 

25 microns - 
FIGURE 2.4. Pu02 Microsphere Located 2600 Microns from t h e  Surface 

of t h e  UO7 P e l l e t  i n  t h e  P i n  t h a t  was Subjected t o  an 
Energy ~ e p o s i t i o n  of 189 c a l / g  of Fuel. A d i f f u s i o n  
zone formed i n  t h e  o u t e r  p a r t  of t h e  pore-free band i n  
t he  Pu02 p a r t i c l e .  



phase region, indicative of temperatures in excess of 1000°C (Figure 2.5). 

This localized hot spot resulted in an increased thickness in the zirconium 

oxide layer on the cladding. 

200 microns 
H 

FIGURE 2.5. PuO Microsphere Located Adjacent to 
2 

the Cladding in the Pin that was 
Subjected to an Energy Deposition of 
189 cal/g of Fuel 

Cladding temperatures (~1725OC) near the melting point of Zircaloy-2 

were measured in the pin that had a transient energy deposition of 

213 callgrn of fuel. The increased energy deposition resulted in perfora- 

tion of the cladding by two PuO microspheres (Figure 2.6). Other than 2 
the two localized penetrations, which were about 600 microns diameter, the 

cladding appeared to be relatively unaffected by the irradiation. One 

penetration was caused by a PuO microsphere located on the surface of a 2 
pellet adjacent to the cladding and the other was caused by a PuO micro- 

2 
sphere located 100 microns from the surface. It should be noted that not 

all of the PuO particles located at or near the cladding in this pin 2 



caused penetrations. Cladding penetration occurred by localized melting 

during the expulsion of the molten or vaporized PuO particle. The clad- 2 
ding area in the vicinity of the penetrations is characterized by the 

formation of a thick zirconium oxide layer, an oxygen-rich diffusion zone, 

and beta-transformed structure, all indicative of the high temperatures 

that existed. 

FIGURF: 2.6. Cladding Penetration Caused by the Expulsion of 
a Pu02 Microsphere in the Pin Subjected to an 
Energy Deposition of 213 cal/g of Fuel. 

Severe cladding wrinkling and deformation indicative of an incipient 

melting condition occurred in the pin subjected to an energy deposition of 

237 cal/gm of fuel. This behavior is characteristic of pins which do not 

contain abnormally large Pu02 microspheres tested at these energy levels. 

In addition to cladding failure by general melting, three localized pene- 

trations were caused by the expulsion of PuO microspheres (Figure 2.7). 2 



The t h r e e  PuO microspheres which caused cladding p e n e t r a t i o n s  ranging 
2 

from 1000 t o  1200 microns diameter were loca t ed  a t  t h e  s u r f a c e ,  100 microns 

and 800 microns from t h e  su r f ace  of p e l l e t s  i n  t h e  p in .  Again, n o t  a l l  of 

t h e  PuO p a r t i c l e s  l oca t ed  a t  o r  near  t h e  c ladding  i n  t h i s  p i n  caused pene- 
2 

t r a t i o n s ,  even though t h e  cladding w a s  molten sometime dur ing  t h e  t e s t  

(Figure 2.8).  A t h i c k  zirconium oxide l a y e r  and an oxygen-rich d i f f u s i o n  

zone, which a r e  i n d i c a t i v e  of h igh  temperatures ,  were g e n e r a l l y  p r e s e n t  on 

t h e  s u r f a c e  of t h e  cladding and were contiguous around t h e  circumference 

of t h e  cladding p e n e t r a t i o n  (Figure 2.7).  

u 
400 microns 

FIGURE 2.7. Cladding Pene t r a t ion  Caused by the  Expulsion of 
a Pu02 P a r t i c l e  i n  t h e  P in  Subjected t o  an  Energy 
Deposi t ion of 237 cal/gm of Fuel  (Cladding 
Temperature was Above Melting Sometime During t h e  
Trans i en t  I r r a d i a t i o n . )  

An e l e c t r o n  microprobe a n a l y s i s  conducted on a  PuO p a r t i c l e  con- 2 
t a ined  i n  t h e  p i n  subjec ted  t o  an  energy depos i t i on  of 213/cal/gm of f u e l  

i n d i c a t e s  t h a t  s i g n i f i c a n t  uranium d i s s o l u t i o n  and/or  d i f f u s i o n  occurred 

during t h e  t r a n s i e n t  (Figure 2.9).  The p a r t i c l e ,  which increased  t o  a  

diameter  of over  1100 microns a s  a  r e s u l t  of t h e  s h o r t  d u r a t i o n  power 

b u r s t ,  was scanned r a d i a l l y  wi th  a  1 micron diameter beam i n  5 micron 

i n t e r v a l s .  The r e s u l t s  show t h a t  a maximum PuO concent ra t ion  of about  
2  

1 3  percent  occurs  a t  t h e  edge of t h e  c e n t e r  void i n  t h e  p a r t i c l e s .  The 

PuO concent ra t ion  decreases  t o  about 8 percent  a t  t h e  edge of t h e  surround- 
2 

i ng  h igh  d e n s i t y ,  pore-free reg ion ,  where t h e  concent ra t ion  ab rup t ly  



i nc reases  t o  a cons tan t  va lue  of about 10 percent .  An abrupt  decrease  t o  

a cons tan t  va lue  of about 3 percent  PuO occurs  i n  t h e  o u t e r  reg ion  of t h e  
2 

pore-free band and then decreases  t o  e s s e n t i a l l y  zero beyond t h e  p a r t i c l e  

boundary. A s t a i n  e t ch ing  technique r e v e a l s  t h e  o u t e r  a r e a  of t h e  pore- 

f r e e  reg ion  a s  a d i s t i n c t  zone. S imi l a r  PuO p a r t i c l e s  i n  t h e  UO ma t r ix  
2 2 

of i r r a d i a t e d  p i n s  were e a s i l y  d i sce rnab le  by neut ron  radiography. 

200 microns 
H 

FIGURE 2.8. Pu02 Microsphere Located Adjacent t o  t h e  Cladding i n  
t h e  P in  t h a t  was Subjected t o  an Energy Deposi t ion 
of 237 cal/gm of Fuel.  (Pene t r a t ion  d id  no t  occur 
even though t h e  c ladding  temperature was above melt- 
i ng  sometime dur ing  t h e  t r a n s i e n t . )  

These tests demonstrate t h a t  below t h e  energy depos i t i on  range of 

200 t o  213 cal/gm of f u e l ,  t h e  energy generated i n  a s i n g l e  550 micron 

diameter PuO microsphere i s  r e a d i l y  absorbed by t h e  surrounding UO 2 2 
ma t r ix  and no e x t e r n a l  e f f e c t s  occur.  Above t h i s  energy range,  l a r g e  

PuO p a r t i c l e s  nea r  t h e  s u r f a c e  (0 t o  800 microns) of ox ide  p e l l e t s  can 2 
p e n e t r a t e  t h e  cladding.  The a b i l i t y  of a PuO p a r t i c l e  t o  p e n e t r a t e  t h e  

2 
cladding depends on t h e  d i r e c t i o n  t h a t  t h e  molten o r  vaporized p a r t i c l e  is 

acce l e ra t ed ,  because no t  a l l  p a r t i c l e s  a t  o r  near  t h e  s u r f a c e  caused cladding 

pene t r a t ion .  It appears  t h a t  c ladding pene t r a t ion  does n o t  occur  i f  t h e  

impinging p a r t i c l e s  a r e  dr iven  o r  d e f l e c t e d  i n  a d i r e c t i o n  t h a t  i s  no t  

normal t o  t h e  cladding sur face .  Local  c racks  t h a t  weaken t h e  surrounding 

ma t r ix  a l s o  in f luence  cladding pe r fo ra t ion .  



SCAN DISTANCE - microns 

FIGURE 2.9. Radial  Plutonium Concentrat ion i n  a  Pu02 P a r t i c l e  
Af t e r  I r r a d i a t i o n  i n  t h e  P i n  Subjected t o  an 
Energy Deposi t ion of 213 cal/gm of Fuel  I n d i c a t e s  
t h a t  Considerable Uranium Disso lu t ion  Occurred. 
Elec t ron  Microprobe Analysis  was made wi th  a 
1 Micron Diameter Beam Using 5 Micron I n t e r v a l s .  

The r e s u l t s  of t hese  tests show t h a t  t h e  e f f e c t  of t h e  l a r g e  PuO 
2 

p a r t i c l e s  was t o  s l i g h t l y  reduce t h e  cladding f a i l u r e  threshold  energy 

from t h e  range of 225 t o  274 cal/gm of f u e l  t o  t h e  range of 200 t o  

213 callgm of f u e l .  There were no i n d i c a t i o n s  of t h e  e f f e c t s  of prompt 

f u e l  d i s p e r s a l  caused by t h e  expuls ion  of t h e  PuO p a r t i c l e s  i n t o  t h e  
2 

surrounding water  when t e s t e d  a t  t hese  energy l e v e l s .  

Because t h e  presence of s i n g l e  550 micron diameter PuO p a r t i c l e s  i n  
2 

mixed-oxide f u e l s  does n o t  appear t o  s i g n i f i c a n t l y  e f f e c t  t h e  c ladding  



f a i l u r e  threshold  energy from t h a t  of mixed-oxide f u e l s  with t h e  normal 

Pu02 p a r t i c l e  s i z e  d i s t r i b u t i o n ,  product s p e c i f i c a t i o n s  which l i m i t  t he  

maximum PuO p a r t i c l e  s i z e  below 550 microns diameter do no t  appear t o  be 2 
warranted from t h e  s tandpoin t  of t r a n s i e n t  f u e l  performance cons idera t ions .  

Spec i f i ca t ions  should be developed which l i m i t  t h e  maximum Pu02 p a r t i c l e  

s i z e .  These experiments have shown t h a t  such a l i m i t  i s  g r e a t e r  than 

550 microns diameter.  
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3. HIGH TEMPERATLlRE REACTOR PHYSICS PROGRAM 

DERIVATION OF CORRECTIONS TO k I N  THE TWO-GROLIP APPROXIMATION 
w 

E. P. L i p p i n c o t t  

A r e p o r t  has been prepared which conta ins  some r e d e r i v a t i o n s  of cor- 

r e c t i o n s  t o  k, f o r  bo th  t h e  poisoned and unpoisoned techniques.  The 

d e r i v a t i o n s  a r e  c a r r i e d  ou t  i n  t h e  two energy-group approximation. The 

multigroup d e f i n i t i o n  of k, i s  used, which reduces t o  

neutrons produced v ~ ~ ; c ~  + v2z;m2 - - - - 
kw neutrons absorbed 

I?$, + z:$, 

i n  t h e  two-group approximation. I n  t h i s  express ion ,  1 r e f e r s  t o  t h e  

epi thermal  neutron group and 2 t o  t h e  thermal  group. 

The formula f o r  t h e  mismatch c o r r e c t i o n  t o  k i n  t h e  unpoisoned 

technique was o r i g i n a l l y  presented by Heineman. Er rors  i n  s i g n  were 

suspected i n  t h i s  formula t ion  and s o  t h e  mismatch co r r ec t i on  has been 

reder ived ,  us ing  t h e  same formalism t h a t  was used i n  a previous paper on 

t h e  d e f i n i t i o n  of k, and t h e  d e r i v a t i o n  of t h e  two-group express ion  f o r  

t he  unpoisoned technique without  mismatch. (2) 

The express ion  f o r  km i nc lud ing  mismatch may b e  w r i t t e n  as:  



where now Ap c e l l  P  
and Ap a r e  measured i n  t h e  mismatched spectrum. If ep i -  

thermal  f i s s i o n s  a r e  neg l ec t ed ,  t h i s  exp re s s ion  agrees  w i th  Heineman's (1) 

+ + 
except  f o r  t h e  s i g n  of t h e  A@ /@ term. The mismatch c o r r e c t i o n  i s  s een  

t o  reduce t o  t h e  poisoned techn ique  exp re s s ion  2 
( 3 y 4 )  when B = 0 .  

I f  ep i thermal  copper ab so rp t i ons  a r e  s m a l l ,  t h e  d i f f e r e n c e  between 

Equation 2 and a  s i m i l a r l y  formulated poisoned technique exp re s s ion  i s  

g iven  by: 

I f  t h e  ep i t he rma l  f i s s i o n s  a r e  neg l ec t ed ,  t h i s  term reduces  t o  t h e  cor rec -  

t i o n  term a s  de r i ved  by Heineman. (1) 

An improvement t o  Equation 2 may be  made by e l i m i n a t i n g  t h e  buck l ing ,  

which cannot be c a l c u l a t e d  t o  t h e  accuracy of t h e  exper imenta l  measurement. 
2 

Solv ing  f o r  B t o  second o r d e r ,  

where 



and 

The eva lua t ion  of km using Equation 5 r e s u l t s  i n  t h e  two-group experimental  

va lue  l e a s t  dependent on t h e o r e t i c a l  ca l cu la t ion .  

-*- 
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IMPROVED EXPERIMENTAL CAPABILITY AT HTLTR 

R. G. C l a r k  

Modificat ions were r ecen t ly  made t o  t h e  s a f e t y  c i r c u i t  a t  HTLTR t o  

reduce t h e  number of unscheduled scrams, reducing t h e  number of t imes t h e  

fou r  r e a c t o r  s a f e t y  b lades  were thermally cycled. Recent opera t ing  

experience had ind ica t ed  t h a t  t h e  s e r v i c e  l i f e  of t hese  components va r i ed  

d i r e c t l y  a s  t h e  number of thermal cyc les  t h a t  they were exposed t o  a t  

temperatures above 6 0 0 " ~ .  Changing t h e  s a f e t y  c i r c u i t  l o g i c  t o  r e q u i r e  

two simultaneous off-normal events  t o  t r i p  t h e  c i r c u i t  i n s t e a d  of one has 

reduced s i g n i f i c a n t l y  t h e  number of unscheduled shutdowns. It is expected 

t h a t  t h i s  modi f ica t ion  w i l l  prolong t h e  l i f e  of t h e  s a f e t y  b lades .  



Addi t iona l  b e n e f i t  has a l s o  r e s u l t e d  from t h i s  change. The unexpected 

thermal s t a b i l i t y  of t h e  r e a c t o r ,  t h a t  now occurs  dur ing  experimental  runs 

i n  which unscheduled scrams have been e s s e n t i a l l y  e l imina t ed ,  has  increased  

t h e  r e s o l u t i o n  of t h e  experimental  d a t a  by almost an o rde r  of magnitude over 

t h a t  ob ta ined  on t h e  f i r s t  two experiments.  

DEFORMATION I N  THE VERTICAL SAFETY RODS AT THE HIGH TEMPERATURE LATTICE 

TEST REACTOR 

R. G. C l a r k  

Since  t h e  modi f ica t ion  t o  t h e  b lades  of t h e  fou r  V e r t i c a l  Sa fe ty  Rod 

(VSR) assemblies  was completed i n  August 1970, one experimental  run a t  

temperatures  through 1000°C has been completed. The s e r v i c e  and exposure 

given t o  t h e  s a f e t y  b lades  i s  summarized i n  Table  3.1. Here one c y c l e  

means a f u l l  i n s e r t i o n  and withdrawal of a VSR blade .  

TABLE 3.1. Number of VSR Cycles 

VSR - 
1 

2 

3 

4 

Temperature O C  

300 550 700 1000 T o t a l  - - 
6 0 4 4 2 0 17 141  

4 4 5 2 20 1 8  134 

4 2 5 1 20 17 130 , 

4 4 52 20 18  134 

Hours system 
a t  temperature  4 80 312 312 348 1452 

Two poison p l a t e s  i n  each VSR assembly were f i lmed a t  room temperature  

p r i o r  t o  ope ra t i on ,  a f t e r  t h e  run  a t  550°C, and every 20 cyc l e s  t h e r e a f t e r .  

A s  i t  turned o u t ,  they were f i lmed twice a f t e r  550°C, immediately a f t e r  t h e  

7 0 0 ' ~  run  and then  a f t e r  t h e  1000°C run. 

Each f i l m  nega t ive  was examined immediately. The r e s u l t s ,  a f t e r  com- 

pa r ing  32 f i l m  nega t ives  f o r  two poison p l a t e s  f o r  every VSR, a r e  b r i e f l y :  

The p red i c t ed  deformation has  s t a r t e d .  



The amount of deformation and t h e  r a t e  of deforming of t h e  poison 

p l a t e s  is s i g n i f i c a n t l y  l e s s  than t h a t  which occurred p r i o r  t o  t h e i r  

modif icat ion.  

The maximum amount of deformation t h a t  has  been observed is 44 m i l s .  

Deformation of 330 m i l s  is judged necessary t o  prevent  t h e  movement 

of a  VSR blade.  

Small b u t  observable deformation s t a r t e d  during opera t ions  through 

550°C. The threshold  temperature f o r  deformation t o  begin had been 

predic ted  t o  b e  550°C t o  600°C, w i th  observable deformation occurr ing  

a t  h igher  temperatures.  

The deformation measured on almost a l l  poison p l a t e s  a f t e r  1000°C w a s  

l e s s  than t h a t  measured a f t e r  700°C. Apparently an anneal ing e f f e c t  

has  occurred. For example, t h e  p o i n t  of maximum deformation f o r  any 

p l a t e  a f t e r  700°C was 44 m i l s  a s  above, and a t  t h a t  same p o i n t  on 

t h e  same p l a t e  a f t e r  exposure and cyc l ing  a t  1 0 0 0 ° ~ ,  34 mils was 

observed. I n  many in s t ances ,  t h e  reduct ion  i n  deformation was 

g r e a t e r  than t h i s ,  and i n  no i n s t a n c e  was t h e  r e s u l t i n g  deformation 

on any p l a t e  a f t e r  ope ra t ion  a t  1000°C g r e a t e r  than i t  was a t  700°C. 

From a c a r e f u l  examination of t h e  f i lms  and, a s  before ,  assuming t h a t  

t h e  deformation of t h e  poison p l a t e s  a s  seen  on t h e  f i lms  is repre-  

s e n t a t i v e  of a l l  poison p l a t e s  i n  t h e  VSR's, t h e  p l a s t i c  deformation 

due t o  temperature cyc l ing  is no t  expected t o  l i m i t  ope ra t ion  a t  f u l l  

design temperature f o r  t h e  scheduled experiments y e t  t o  be  completed 

i n  t h e  f a c i l i t y ;  namely, t h e  Molten S a l t  Experiment now under way and 

t h e  Plutonium Oxide Experiment, scheduled t o  fol low.  

MEASUREMENT OF k_ FOR A Tho2 - 2 3 5 ~ ~ 2  HTGR LATTICE AS A FUNCTION OF 

TEMPERATURE 

T. J.  Oakes 

F i n a l  va lues  of k _ h a v e  been obtained f o r  t h e  f i r s t  f u l l  temperature 

. .  range HTGR experiment ( l y 2 )  i n  t h e  HTLTR. The r e s u l t s  have been rev ised  

from va lues  prev ious ly  repor ted  due t o  a  re -eva lua t ion  of t h e  room 



temperature foil activation data and reactivity correction terms. The 

revised values are listed in Table 3.2. 

TABLE 3.2. k_ for a Tho - 2 3 5 ~ ~  Lattice 
2 2 

Temperature OC 

2 0 

150 

300 

550 

700 

1000 

k (Measured) 
4 

1.111 + 0.013 
1.096 + 0.013 
1.081 + 0.013 
1.055 + 0.014 
1.037 + 0.015 
1.032 2 0.013 
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MEASUREMENT OF k a FOR A Tho2 - ( 2 3 3 ~ , ~ h ) 0 2  - C HTGR LATTICE AS A FUNCTION 

OF TEMPERATURE 

T. 3 .  Oakes 

The experimental program to determine k_(T) for the third lattice in 

a series of measurements in support of the High Temperature Gas-Cooled 

Reactor (HTGR) program has been initiated. Foil irradiations and reactiv- 

ity measurements at room temperature have been completed. Measurements of 

reactivity worths of sample blocks have been completed at temperatures of 

150°C, 300°C, and 555°C. 

The test lattice consists of a Tho - (233~,~h)02 - C fuel mixture 2 
contained in graphite blocks. Each block consists of a 3-314 x 3-314 

x 24-inch block of graphite containing twenty-five 0.470-inch diameter 

fuel channels in a 5 x 5 array of 314-inch pitch. The fuel channels are 



f i l l e d  wi th  a mixture of g raph i t e  powder, Tho, powder, and p y r o l y t i c  
L 

carbon-coated Tho - 2 3 3 ~ 0  p a r t i c l e s .  The Tho2 - 233 
2 2 U02 p a r t i c l e s  have a 

kerne l  diameter of ~ 3 2 0  u and a coa t ing  th ickness  of Q100 y. The - 

T ~ / ~ ~ ~ u  r a t i o  i n  t h e  p a r t i c l e s  i s  311. The as-loaded atom r a t i o s  f o r  t h e  

m a t e r i a l  being inves t iga t ed  a r e :  C / T ~  Q 278, c / ~ ~ ~ u  Q 13756. 

The i n f i n i t e  medium neutron m u l t i p l i c a t i o n  f a c t o r s  f o r  t h i s  t h i r d  

HTGR a r r a y ,  l i s t e d  i n  Table 3.3, have been ca l cu la t ed  v i a  t h e  two-group 

formulation: (1) 

The two-group f l u x e s ,  and $2, were generated from a fundamental mode 

c a l c u l a t i o n  using HFN.(2) The two-group cons tan ts  were generated using 

GRANIT'~) and EGGNIT. ( 4 )  The r e s u l t s  show t h a t  a r e l a t i v e l y  smal l  t o t a l  

change of 32 x i n  k, i s  t o  be  expected over  t h e  temperature range 

from room temperature t o  1000°C. 

TABLE 3.3. Calculated k:(~) f o r  a Tho2 - 2 3 3 ~ 0 2  L a t t i c e  

Temperature O C  

20 

150 

300 

555 

700 

1000 

k (Calculated)  
-4 

1.101 

1.0904 
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DESIGN OF MSBR EXPERIMENT I N  THE HTLTR 

E. C. Dav is  and E. P. L i p p i n c o t t  

A r e a c t o r  l a t t i c e  phys ics  experiment i s  c u r r e n t l y  be ing  designed f o r  

t h e  High Temperature L a t t i c e  Tes t  Reactor  (HTLTR) i n  suppo r t  of t h e  Molten 

S a l t  Breeder Reactor (MSBR) program. The l a t t i c e  t o  b e  measured w i l l  

u t i l i z e  s o l i d  f u e l  i n  l i e u  of a c t u a l  molten s a l t  f u e l .  The dimensions of 

t h e  f u e l  channels  and t h e  composit ion of t h e  f u e l  mix ture  a r e  designed t o  

p rov ide  phys ics  parameters  c l o s e  t o  t hose  of t h e  MSBR des ign .  

The s t anda rd  l a t t i c e  i s  being cons t ruc t ed  of g r a p h i t e  b locks  3-314 i nch  

squa re  w i th  f o u r  f u e l  channels  0.786-inch i n  diameter .  The f u e l  channels  

a r e  f i l l e d  w i t h  a  mix ture  of g r a p h i t e  p a r t i c l e s ,  Tho2 p a r t i c l e s  and 

2 3 3 ~ 0 2  - Tho pyrocarbon-coated microspheres .  The mixing of t h e  f u e l  b lend  
2  

and l oad ing  i n t o  t h e  b locks  i s  c a r r i e d  o u t  w i th  s i m i l a r  m a t e r i a l s  and 

methods a s  were used i n  l oad ing  t h e  b locks  f o r  t h e  HTGR l a t t i c e s  p r ev ious ly  

measured i n  t h e  HTLTR. A t  p r e s e n t ,  45% of t h e  f u e l  b locks ,  exc lu s ive  of 
233u 

t h e  c e n t r a l  c e l l s ,  have been loaded.  The completed b locks  have a  C/ 

atom r a t i o  of about  9700 and C/Th r a t i o  of about  150. 

The c e n t r a l  c e l l s  t o  be  used i n  t h e  MSBR experiment a r e  shown i n  

F igu re  3.1. The r e s u l t s  t o  be  ob ta ined  from measurements on t h e s e  c e l l s  

a r e  l i s t e d  i n  Table  3.4.  The s t anda rd  c e n t r a l  c e l l  w i l l  b e  used t o  measure 

k, f o r  t h e  l a t t i c e .  P e r t u r b a t i o n s  of t h e  s t anda rd  c e n t r a l  c e l l  de s ign  w i l l  

b e  used t o  de te rmine  o t h e r  c o e f f i c i e n t s  necessa ry  t o  p r e d i c t  t h e  r e a c t o r  

phys ics  behav ior  of an  a c t u a l  MSBR. 

Three c e l l s  w i l l  b e  cons t ruc t ed  a s  shown i n  F igure  3 . l a :  t h e  s t a n d a r d  

c e l l ,  a  c e l l  w i t h  V 0  i n  p l a c e  of t h e  Tho t o  determine t h e  thorium reso-  
2  3  2  

nance i n t e g r a l ,  and a  reduced d e n s i t y  c e l l  f o r  t h e  d e n s i t y  c o e f f i c i e n t .  

The c e l l s  i n  F igu re  3 . l b  and 3 . l f  have t h e  same volume of f u e l  as t h e  

s t anda rd  c e l l  and w i l l  p rov ide  in format ion  on f u e l  geometry e f f e c t s .  Other  

e f f e c t s  of geometry w i t h  d i f f e r e n t  amounts of f u e l  w i l l  be  measured by 

c e l l s  i l l u s t r a t e d  i n  F igure  3 . 1 ~ ~  d  and e ,  and replacement of t h e s e  c e l l s  



a. STANDARD b. 1-9/16" D I A .  c. 2-37/64" D I A .  

F U E L  

S A M P L E  
P O S I T I O N  

6. 4" DIA.  3. 6" D I A .  f. CRUCIFORM 

FIGURE 3.1. 7-112" x 7-1/2" x 24" Central Cells 



wi th  a  s o l i d  g r a p h i t e  b lock  w i l l  i n d i c a t e  g r a p h i t e  c o n t r o l  rod worths .  A 

second b lock ,  a s  i n  F igure  3 . l f ,  w i l l  be  cons t ruc t ed  wi th  Has t e l l oy  N i n  

p l a c e  of t h e  f u e l  t o  measure shutdown rod worth. The sample p o s i t i o n  i n  

t h e  c ruc i fo rm block w i l l  be used t o  measure m a t e r i a l  worths  by s u b s t i t u t i o n  

of t h e  v a r i o u s  e lements  t h a t  would be used i n  an  MSBR. The l i t h i u m  and 

f l o r i n e  worths  w i l l  be measured us ing  LiF  and t e f l o n .  

TABLE 3.4. MS3R Experimental  Measurements i n  HTLTR 

Standard L a t t i c e  kW 

Th Resonance I n t e g r a l  

Fue l  Densi ty  C o e f f i c i e n t  of R e a c t i v i t y  

E f f e c t s  of Fue l  Geometry 

Graphi te  Cont ro l  Rod Worth 

Shutdown Rod Worth 

M a t e r i a l  Worth Measurements 
233u Copper 
2 35u 

Graphi te  

Beryl l ium 

Li thium 

F l o r i n e  

Thorium 

INOR-8 (Has t e l l o y  N) 
233u - Th - C Fuel Mixture  

Measurements w i l l  be  made a t  room tempera ture ,  300°C, 627OC, and 

1000°C, excep t  f o r  t h e  t e f l o n  ( t o  300°C on ly )  and t h e  LiF and Be ( t o  627OC 

on ly ) .  The 627OC measurements w i l l  p rov ide  impor tan t  d a t a  a t  t h e  MSBR 

des ign  o p e r a t i n g  temperature .  The 300°C and 1000°C measurements w i l l  

p rov ide  d a t a  f o r  e v a l u a t i o n  of t empera ture  c o e f f i c i e n t s  a t  t h e  o p e r a t i n g  

temperature .  Measurements between room tempera ture  and 627OC w i l l  p rov ide  

d a t a  u s e f u l  i n  de s ign  of t h e  c o n t r o l  system f o r  s t a r t u p .  

Pre l iminary  c a l c u l a t i o n s  have been c a r r i e d  ou t  us ing  EGGNIT, GRANIT, 

and 2-DB t o  p r e d i c t  kW f o r  t h e  l a t t i c e  and t h e  es t imated  mismatch w i th  va r i -  

ous  l oad ings  i n  t h e  HTLTR. F i n a l  c a l c u l a t i o n s  t o  determine kW f o r  t h e  cen- 

t r a l  c e l l  t o  compare w i th  t h e  experiment w i l l  be c a r r i e d  o u t  a f t e r  t h e  c e l l  



is loaded and t h e  exact  f u e l  concent ra t ion  determined. The pre l iminary  

c a l c u l a t i o n  g ives  values f o r  kw of 1.044 a t  20°C and 1.001 a t  1000°C. 

I n  t h e  2-DB c a l c u l a t i o n s ,  MSBR l a t t i c e  blocks were loaded i n  a 

6 x 6 a r r a y  ( t h e  geometry is i d e n t i c a l  t o  t h e  HTGR l a t t i c e s )  and one row 

of l a t t i c e  blocks surrounded t h e  a r r a y  making a t o t a l  8 x 8 a r r ay .  I n  t he  

HTGR-2 and HTGR-3 experiments,  2 3 5 ~  blocks from HTGR-1 were l e f t  i n  t h i s  

o u t e r  row. Using t h e  2 3 5 ~  blocks i n  t h i s  p o s i t i o n  f o r  t h e  MSBR experiment 

t h e  mismatch was 0.5% a t  room temperature and 1.1% a t  1000°C. The m i s -  

match i s  defined by: 

where ((I /(I ) is t h e  f l u x  r a t i o  a t  t h e  r a d i a l  cen te r  of t h e  r e a c t o r  and 1 2 c  
((11/(12)e t h a t  a t  t h e  edge of t h e  6 X 6 MSBR l a t t i c e ,  a s  ca l cu la t ed  by 2-DB. 

I f  the.  2 3 5 ~  blocks a r e  replaced by HTGR-3 blocks o r  MSBR blocks,  t h e  room 

temperature mismatch becomes 5.4% o r  2.2% re spec t ive ly .  I n  a l l  cases  t h e  

spectrum was s l i g h t l y  too thermal.  These c a l c u l a t i o n s  i n d i c a t e  t h e  

2 3 5 ~  blocks should be used aga in  i n  t h e  MSBR experiment and w i l l  provide 

an  adequate f l u x  match. 

ROOM TEMPERATURE MEASUREMENTS ON A MSBR LATTICE I N  THE HTLTR 

E. P. L i p p i n c o t t  

The cons t ruc t ion  of t h e  f u e l  blocks f o r  t he  MSBR l a t t i c e  and loading  

i n t o  t h e  HTLTR has been completed. The design of t h i s  l a t t i c e  has  been 

previous ly  repor ted .  Loading t h e  HTLTR t o  c r i t i c a l  required 268 f e e t  

of d r i v e r  f u e l ,  which compares favorably with t h e  predic ted  250 f e e t .  

The f l u x  match was checked using ba re  and cadmium-covered gold f o i l s  

and was found t o  be s a t i s f a c t o r y .  F o i l  i r r a d i a t i o n s  wi th  c e l l  i n  and c e l l  

ou t  were used t o  ob ta in  t h e  r e l a t i v e  r e a c t i o n  r a t e s  i n  t h e  f u e l  c e l l  and 

i n  t h e  copper poison. Analysis of t h i s  d a t a ,  toge ther  w i th  t h e  r e a c t i v i t y  

d a t a ,  w i l l  provide a va lue  f o r  kw a t  room temperature.  



R e a c t i v i t y  measurements a t  room tempera ture  have a l s o  been completed. 

The r e a c t i v i t y  measurements of t h e  s t anda rd  t e s t  c e l l  and o t h e r  t e s t  c e l l s  

a r e  p r e sen t ed  i n  Table  3.5. These measurements were c a r r i e d  o u t  i n  a 

n i t r o g e n  atmosphere and have n o t  been c o r r e c t e d  f o r  t h e  n i t r o g e n  i n  t h e  

vo id .  

TABLE 3.5. Tes t  C e l l  Measurements 

Desc r i p t i on  R e a c t i v i t y ,  C*- 

Standard C e n t r a l  C e l l  

Copper (204.2 gm) 

Graphi te  Copper C a r r i e r  (1124 gm) 

V203 C e l l  

Increased  Dens i ty  C e l l  

4 Hole C e l l  - 1-9116-inch Diameter 

4 Hole C e l l  - 2-37164-inch Diameter 

S i n g l e  Hole C e l l  - 4-inch Diameter 

S i n g l e  Hole C e l l  - 6-inch Diameter 

Cruciform Block 

Graphi te  Block 

* Uncorrected f o r  N i n  void 
2 

Measurements of t h e  worth of h a s t e l l o y  s a f e t y  b l ade  m a t e r i a l  a r e  

shown i n  Table  3.6. A s  expec ted ,  t h e  h a s t e l l o y  p i e c e s  a r e  q u i t e  po i sonous ,  

and t h e  worth p e r  p i e c e  d rops  s u b s t a n t i a l l y  a s  more p i e c e s  a r e  added. 

I n s e r t i n g  a s i n g l e  p i e c e  r e s u l t s  i n  a r e a c t i v i t y  change of  - 3 6 . 2 4 ~ ;  whereas 

adding t h e  f o u r t h  p i e c e  on ly  had an e f f e c t  of - 1 9 . 0 0 ~ .  Because of t h e  

s i z e  of t h e  r e a c t i v i t i e s  measured, t h e  e r r o r s  i n  t h e s e  numbers a r e  l a r g e r  

t han  is  u s ua l .  The numbers i n  Table  3.6 a r e  a c c u r a t e  t o  about  * 0 . 2 ~ ,  

excep t  f o r  t h e  empty b lock  measurement, which is  more a c c u r a t e .  

The m a t e r i a l  worth measurements made by i n s e r t i n g  t ubes  i n t o  t h e  cen- 

ter of t h e  c ruc i fo rm b lock  a r e  p resen ted  i n  Table  3.7. Each of t h e s e  



measurements is  r e l a t i v e  t o  t h e  s o l i d  g r a p h i t e  tube.  Resu l t s  from the  

measurements on Samples 2  and 3  i n d i c a t e  t h a t  t h e  worthlgram of g r a p h i t e  

i n  t h i s  reg ion  i s  l i n e a r  with t h e  va lue  0.407~1kg.  This  va lue  may be 

used t o  c o r r e c t  f o r  g r a p h i t e  d i f f e r e n c e s  i n  t h e  o t h e r  samples. This  

l i n e a r i t y  a l s o  i n d i c a t e s  t h a t  t h e  g r a p h i t e  p a r t i c l e s  have a  n e g l i g i b l e  

c o r s s  s e c t i o n  d i f f e r e n c e  per  gram from t h e  s o l i d  g raph i t e .  

TABLE 3.6. Has te l loy  Block Measurements 

Empty Has te l loy  Block 1 2 . 5 9 ~  

Block + one Has te l loy  P iece  - 2 3 . 6 5 ~  

Block + two Has te l loy  P ieces  

Opposite P o s i t i o n s  

Adjacent P o s i t i o n s  

Block + t h r e e  Has te l loy  P ieces  - 7 5 . 8 4 ~  

Block + fou r  Has te l loy  P ieces  - 9 4 . 8 4 ~  

TABLE 3.7. Mater ia l  Worth Measurements 

Gm. of Gm. of 
Sample Ma te r i a l  Mater ia l  Graphi te  R e a c t i v i t y ,  C 

So l id  Graphi te  

Graphi te  Powder 

Void 

Copper F o i l  

Beryllium Rod 

Teflon Rod (CF2) 

7 ~ i ~  

Haste l loy  F o i l  

Fuel  Mix: 
2 3 3 ~ 0 ~  (97.5% 2 3 3 ~ 0 ~ )  
Tho2 

0  ( s tandard)  

-0.29 

-0.75 

-3.53 

d-0.96 

-0.59 

-2.04 

-3.80 

+4.72 



A l l  of t h e  r e a c t i v i t i e s  i n  Tab le  3.7 a r e  approximately  a s  p r e d i c t e d  (2) 

( r e l a t i v e  t o  copper) excep t  f o r  t h e  f u e l  mix. The d i f f e r e n c e  i n  t h i s  c a s e  

i s  a t t r i b u t i b l e  t o  t h e  d i f f i c u l t y  i n  o b t a i n i n g  a n  a c c u r a t e  v a l u e  i n  t h i s  

complex geometry when t h e  p o s i t i v e  r e a c t i v i t y  c o n t r i b u t i o n  ( 2 3 3 ~  and 

g r a p h i t e )  and n e g a t i v e  c o n t r i b u t i o n  ( 2 3 3 ~ h )  s o  n e a r l y  c a n c e l .  

P,ef e r e n c e s  

I .  E. C. Davis and E. P. Lippincott, "Design of MSBR Experiment i n  the 
HTLTR, " Technical Ac t iv i t ies  Quarterly Report, AEC Reactor Deve lopment 
and Technology Programs, BNWL-1522-2, Battel Ze-Northwest, Richland, 
Washington, (June 1971). 

2. E. P. Lippincott and E. C. Davis, "Pre-experiment Analysis for MSBR-1 
Experiment," t o  be published. 

A T h o  -PuO HTGR EXPERIMENT I N  HTLTR ++ 
D. F. Newman 

The f o u r t h  High Temperature Gas-Cooled Reactor  (HTGR) exper iment  per-  

formed i n  t h e  High Temperature L a t t i c e  Reactor  (HTLTR) w i l l  u s e  a f u e l  

b lend  c o n s i s t i n g  of PuO microspheres ,  Tho powder, and g r a p h i t e  powder. 
2 2 

The k e r n e l s  of t h e  mic rospheres  a r e  nominal ly  200 micron d iamete r  PuO 2 ' 
>96% t h e o r e t i c a l  d e n s i t y ,  f a b r i c a t e d  from h i g h  exposure  plutonium. Each 

PuO k e r n e l  i s  c o a t e d  w i t h  Q100 micron- thick p y r o l y t i c  ca rbon ,  1 . 8  gm/cm 
3 

2 
d e n s i t y .  The C/Pu atom r a t i o  f o r  t h e  mic rospheres  is  25. Seven shipments  

of t h e s e  mic rospheres ,  c o n t a i n i n g  a t o t a l  of 2.8 kg Pu, have been r e c e i v e d  

from OWL. Each c o n t a i n e r  o f  mic rospheres  was opened and checked f o r  s u r -  

f a c e  contaminat ion.  S u r f a c e s  of a l l  coa ted  mic rospheres  were f r e e  from 

plutonium con tamina t ion .  A 37 gram sample o f  t h e  coa ted  mic rospheres  was 

loaded  i n t o  a g r a p h i t e  h o l d e r  and i n s e r t e d  i n  an oven main ta ined  a t  1000°C. 

Th is  pre-experiment t e s t  o f  h e a t e d  plutonium microspheres  w i l l  c o n t i n u e  

d u r i n g  t h e  month of A p r i l  t o  v e r i f y  t h e  i n t e g r i t y  of t h e  mic rospheres  under 

t empera tu re  c o n d i t i o n s  p r e s e n t  i n  t h e  HTLTR. 

Experiment p l a n n i n g ,  p r e p a r a t i o n  of m a t e r i a l s  f o r  f u e l  l o a d i n g ,  and 

pre-experiment a n a l y s i s  were  begun f o r  t h e  Tho2 - PuO HTGR exper iment .  
2 

The Tho r e q u i r e d  f o r  t h i s  f u e l  l o a d i n g  (150 pounds) i s  on hand. The f i n e  
2 

Tho2 p a r t i c l e s  (-65 mesh) were sc reened  o u t  from a l a r g e  b a t c h  of mixed 



Tho p a r t i c l e s  and s e t  a s i d e  f o r  t h i s  experiment. Approximately 350 pounds 2  
of g r aph i t e  powder w i l l  a l s o  be requi red  f o r  t h e  f u e l  mixture .  Approxi- 

- - 

mately 100 HTGR b locks ,  p r e sen t ly  conta in ing  a  Tho - 2 3 3 ~ ~  f u e l  mixture ,  2  2  
w i l l  be emptied and reloaded wi th  t h e  Tho2 - PuO f u e l  mixture .  The f u e l  2  
unloading ope ra t i on  was begun dur ing  t h e  month of March. Each block i s  

3-314-inch by 3-314-inch by 24-inches long. The b a s i c  block i s  carbon 

(g raph i t e )  with 25 l o n g i t u d i n a l  ho l e s .  The ho le s  a r e  0.47-inches d iameter ,  

and a r e  arranged i n  a  square 5  by 5  l a t t i c e ,  wi th  0.75-inch center- to-  

cen t e r  spacing between ho le s .  Each h o l e  i s  t o  be  packed wi th  a  23-inch 

l eng th  column (0.5-inch g r a p h i t e  caps on each end) of 1,535 grams g r a p h i t e  

powder, 657 grams Tho2 powder,.and 44.2 grams of microspheres ( a  nominal 

19.86 grams Pu per  loaded f u e l  b lock) .  Over t h e  23-inch l eng th  of t h e  

f u e l  column (excluding t h e  1-inch l eng th  endcap region)  t h e  CIPu atom 

r a t i o  i s  7500 with a  c l ~ h  atom r a t i o  of 250. For t h e  23-inch l eng th  sec- 

t i o n  of t h e  loaded f u e l  b locks ,  a  fundamental mode computer c a l c u l a t i o n  (2)  

us ing  programs EGGNIT and GRANIT g ives  km = 1.13 a t  room temperature.  

Ca lcu la t ions  p r e d i c t  a  70 mk l o s s  i n  r e a c t i v i t y  due t o  an i nc rease  i n  

temperature of 1000°C. Values f o r  kw i n  t h e  range of 1.1 can be  de t e r -  

mined accu ra t e ly ,  because q u a n t i t i e s  measured i n  t h e  HTLTR a r e  p ropor t i ona l  

t o  kw - 1 of t h e  experimental  l a t t i c e .  This  experiment should provide a  

s a t i s f a c t o r y  check on t h e  c a l c u l a t i o n a l  methods used i n  p r e d i c t i n g  t h e  

e f f e c t  of plutonium loadings  i n  an HTGR system. 
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STATUS OF ENDF/B CROSS SECTIONS FOR HTLTR STUDIES 

C. L. B e n n e t t  

A thermal c ross -sec t ion  d a t a  t ape  has  been der ived  from ENDFIB-11 
65 232Th, 

d a t a  f o r  t h e  fol lowing i so topes :  n a t u r a l  copper,  6 3 ~ u ,  Cu, 



233u 234u 2  
9 9 

1 4 ~ ,  and 160.  

computer code 

35u, 236u 238u 
9 , 2 3 9 ~ u ,  2 4 0 ~ ~ ,  2 4 1 ~ u ,  2 4 2 ~ u ,  w a t e r ,  g r a p h i t e ,  

The d a t a  t a p e  h a s  been p r e p a r e d  i n  t h e  format  r e q u i r e d  by 

GRANIT . There a r e  two s e t s  of w a t e r  d a t a  b o t h  a t  296OK. 

One s e t  h a s  had t h e  d i a g o n a l s  of t h e  s c a t t e r i n g  k e r n e l  c o r r e c t e d  f o r  t h e  

a n i s o t r o p i c  s c a t t e r i n g ;  t h e  o t h e r  s e t  has  b o t h  t h e  z e r o t h  and t h e  f i r s t  

moment k e r n e l s  w i t h o u t  c o r r e c t i o n .  S i m i l a r l y ,  t h e r e  a r e  a l s o  two s e t s  f o r  

t h e  g r a p h i t e  d a t a  f o r  each  of t h e  f o l l o w i n g  t e m p e r a t u r e s :  296OK, 400°K, 

600°K, 800°K, 1000°K, and 1200°K. The l i b r a r y  d a t a  f o r  b o t h  n i t r o g e n  and 

oxygen a l s o  r e p r e s e n t  t h e s e  same t e m p e r a t u r e s .  However, Brown-St. John 

s c a t t e r i n g  k e r n e l s  were g e n e r a t e d  f o r  n i t r o g e n  and oxygen. For n i t r o g e n  

t h e  t o t a l  s c a t t e r i n g  c r o s s  s e c t i o n  from t h e  ENDF/B f i l e s  was used t o  o b t a i n  

l e a s t - s q u a r e - f i t t e d  Brown-St. John pa ramete r s .  

Ep i the rmal  c r o s s - s e c t i o n  d a t a  h a s  been g e n e r a t e d  v i a  E T O G ' ~ )  f o r  t h e  

f o l l o w i n g  i s o t o p e s  : 12c, molybdenum, niobioum, n i c k e l ,  i r o n ,  chromium, . 
235u 23gU 233u 232Th, 

9 3 9 2 3 9 ~ u ,  2 4 0 ~ ~ ,  and 2 4 1 ~ ~ .  The d a t a  was p rocessed  

i n  G A M - 1  format .  The remaining s r e p  i s  t o  produce a n  EGG NIT'^) l i b r a r y  

t a p e  from t h i s  p rocessed  d a t a .  

These d a t a  l i b r a r i e s  w i l l  b e  used t o  a s s e s s  t h e  e f f e c t  of  ENDF/B-I1 

d a t a  on HTLTR c a l c u l a t i o n a l  r e s u l t s .  
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REVIEW OF THE ENDF/B DESCRIPTION OF CARBON 

B. R. Leonard 

The neutron s c a t t e r i n g  c ross  s e c t i o n  of carbon below 2 MeV i s  c lassed  

a s  a secondary s tandard aga ins t  which o the r  s c a t t e r i n g  c ross  sec t ions  a r e  

measured. The s t a t u s  of t h i s  c ros s  s e c t i o n  was reviewed a s  p a r t  of t h e  

e f f o r t s  of t h e  Normalization and Standards Subcommittee of t h e  Cross Sec- 

t i o n  Evaluation Working Group (CSEWG). The r e s u l t s  of t h i s  review ind i -  

cated t h a t  t he  experimental da t a  determined t h e  c ross  s e c t i o n  t o  wi th in  

t h e  accuracy requested a s  a s tandard.  Review of t h e  Versions I and I1 

desc r ip t ions  of ENDFIB, however, showed t h a t  n e i t h e r  vers ion  described 

t h e  c ross  s e c t i o n  adequately. A d e t a i l e d  manuscript of t h i s  review was 

submitted t o  CSEWG. 



4. PHOENIX STUDIES 

EVALUATION OF CALCULATIONAL METHODS USED FOR THE PHOENIX BURNUP EXPERIMENT 

U. P. Jenquin 

The measured lifetime of the Phoenix burnup experiment is substan- 

tially shorter than the predicted lifetime. The discrepancy is due 

primarily to the difference between the measured and calculated burnup 

slope, with the measured burnup slope being 80 percent larger than the 

calculated burnup slope. A brief investigation(') into the calculated 

burnup slope indicated that the fission product calculation was the prime 

suspect. The fission products were represented by a pseudo fission product 

model. 

An attempt was made to calculate unsaturated fission product absorp- 

tions more accurately by including all the important fission products in 

ALCHEMY'~) calculations. In these calculations the neutron flux, the 

macroscopic fission cross section, and the microscopic fission product 

cross sections are constant throughout burnup. These assumptions have not 

been evaluated but are estimated not to introduce any major errors in the 

calculation. The worth of the fission products calculated by ALCHEMY is 

about the same as the worth calculated by the pseudo fission product model: 

Therefore, the burnup slope is not changed by a more detailed fission 

product calculation. Of course the accuracy of the ALCHEMY calculations 

depends on the accuracy of the individual fission product yields and fis- 

sion product cross sections. Moreover, most of the neutron absorptions in 

fission product nuclei occur at energies greater than 0.683 eV, where the 

fission product cross sections are less accurately known. The calculated4 

burnup slope has an uncertainty of 25 percent due to uncertainties in 

fission product poisoining. The ALCHEMY calculations indicate that errors 

in the fission product calculation cannot account for all the discrepancy 

between the calculated and measured burnup slope. Thus, other aspects of 

the burnup calculation have been investigated. 

A ZODIAC-G(~) burnup calculation was made using the usual 2 4 0 ~ ~  cross 
. . -  section rather than the wings-240 prescription(1) in HRG3. (4) As 



i nd i ca t ed  i n  Reference 1, t h i s  change inc reases  t he  burnup s lope  by 

15 pe rcen t ,  thus  accounting f o r  only a  small  p a r t  of t h e  discrepancy.  How- 

eve r ,  t h i s  e f f e c t  a l s o  in t roduces  a  l a r g e r  e r r o r  i n  t h e  i n i t i a l  r e a c t i v i t y  

so  t h a t  t he  t o t a l  core  l i f e t i m e  i s  no t  changed appreciably.  

The t ransplutonium i so topes  were no t  included i n  t h e  ZODIAC-G ca lcu la-  

t i o n .  Based on the  number produced from 2 4 2 ~ ~  cap tu re s ,  t he  t ransplutonium 

i so topes  would inc rease  t h e  burnup s l o p e  by 5 percent  a t  t he  most. The 

product ion of 2 3 8 ~ u  by an (n,2n) r e a c t i o n  wi th  2 3 9 ~ ~  has a l s o  been ignored 

i n  t h e  burnup c a l c u l a t i o n .  This e f f e c t  i s  worth l e s s  than 1 percent  i n  

t he  burnup s lope .  

An e s t ima te  of t h e  e f f e c t  of us ing  t h e  "best" a v a i l a b l e  c ross -sec t ion  

d a t a  f o r  t he  plutonium i so topes  has been made. I t  i s  assumed t h a t  t h i s  
240 

d a t a  would c o n s i s t  of ENDFIB-11 d a t a  f o r  2 3 9 ~ u ,  Pu, and 2 4 1 ~ ~ .  I f  t h i s  
-239 d a t a  were used, t h e  average capture- to- f i ss ion  r a t i o  f o r  2 3 9 ~ u ,  a , 

would inc rease  about 1 percent .  The average microscopic absorp t ion  c r o s s  

s e c t i o n  f o r  2 4 0 ~ ~ ,  0240, would inc rease  about 2  percent  and G~~~ would 
a  

decrease about 1 5  percent .  Each of t hese  changes i s  es t imated  t o  be worth 

1-2 percent  a t  t h e  most i n  t he  burnup s lope .  Using the  ENDFIB-I1 H20 

ke rne l  would inc rease  E~~~ by about 1 pe rcen t ,  which i n  t u r n  would have 

<1  percent  e f f e c t  on t h e  burnup s lope .  Another i nc rease  i n  G~~~ (1.2 per- 

cen t )  would come about wi th  an inc rease  i n  t h e  temperature of t h e  water  

ke rne l  from 20°C t o  4 5 O C .  

An es t ima te  of s p a t i a l  burnup e f f e c t s  w a s  made by doing a  BRT-I (5) 

c a l c u l a t i o n  over t h e  1 eV 2 4 0 ~ u  resonance. The r e s u l t s  i n d i c a t e  a  s l i g h t  

decrease  i n  t h e  burnup s lope  r a t h e r  than t h e  expected inc rease .  Although 

t h e  q u a n t i t a t i v e  r e s u l t s  may not  be accu ra t e ,  i t  is  concluded t h a t  t h e  

e f f e c t  i s  s u f f i c i e n t l y  small  t h a t  i t  can be ignored. 

The energy obtained from each f i s s i o n  was assumed t o  be 211 MeV f o r  

c a l c u l a t i o n a l  purposes.  Since 5 percent  of t h i s  energy occurs  i n  t h e  

form of neu t r inos  and i s  not  measured a s  h e a t  ou tput ,  t h e  c a l c u l a t e d  burnup 

s lope  should be increased  5 percent  when comparing i t  t o  t h e  measured 



burnup slope. Combining the uncertainties associated with the measured 

heat output and the reactivity loss, the measured burnup slope probably 

contains an uncertainty of f10 percent. 

A paper(5) discussing the sensitivity of the burnup slope to micro- 

scopic cross-section data has been presented at the Third Conference on 

Neutron Cross Sections and Technology. Uncertainties in the burnup slope 

due to uncertainties in the microscopic cross-section data were determined. 

The results(5) are sunnnarized in Table 4.1. 

TABLE 4.1. Sensitivity of the Phoenix Burnup Slope 
to Microscopic Cross-Section ~ata(~) 

Cross-Section Data Burnup Slope Uncertainty, % 

Scattering Kernel for H20 

Thermal Fission Products 

Nonthermal Fission Products 

Investigations are continuing in an attempt to understand the dis- 

crepancy between the calculated and measured burnup slopes. Isotopic data 

from the destructive analysis of the irradiated fuel will be used to verify 

the aspects of the burnup calculation relating to the plutonium isotopes. 

The fission product calculation will also be looked at more carefully. 

More emphasis will be placed on the energy range above 0.638 eV. Some of 

the other estimates mentioned above will also be evaluated more accurately. 
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PHOENIX FUEL STUDIES 

J .  W. KUTCHER 

P o s t i r r a d i a t i o n  A n a l y s i s  o f  MTR-Phoenix Fue l  P l a t e s  

The r e c e i p t  of i r r a d i a t e d  f u e l  p l a t e s  from t h e  MTR-Phoenix Core 

occur red  d u r i n g  t h i s  q u a r t e r .  A t o t a l  of 48 p l a t e s ,  from 1 2  d i f f e r e n t  

e lements  were  r e c e i v e d  from Idaho Nuclear Corpora t ion  (INC). The s h i p -  

ments had p r e v i o u s l y  been de layed  by I N C  h o t  c e l l  problems. 

Gamma scann ing  o f  t h e s e  p l a t e s  i s  i n  p rogress .  F u l l  l e n g t h  a x i a l  

s c a n s  a r e  b e i n g  performed on each  p l a t e ,  fo l lowed by a s c a n  a c r o s s  each  

p l a t e  a t  the p o s i t i o n  of maximum a c t i v i t y .  Gamma s p e c t r a  w i l l  be  o b t a i n e d  

a t  s e l e c t e d  p o i n t s .  

Upon complet ion of t h e  gamma scann ing ,  s e l e c t e d  p l a t e s  w i l l  b e  

r e t a i n e d  f o r  p o s s i b l e  d e s t r u c t i v e  a n a l y s i s  t o  de te rmine  plutonium i s o t o p i c s .  

A n a l y s i s  o f  Phoenix Flux Wands 

The f i v e  plutonium f l u x  wands from t h e  MTR-Phoenix Core have been 

gamma scanned. These wands were l o c a t e d  i n  p o s i t i o n s  i n s i d e  f u e l  e lements  

d u r i n g  t h e  c o r e  i r r a d i a t i o n .  One wand was removed a t  a  c o r e  burnup of 

225 MWd, a  second wand was removed a t  a  c o r e  burnup of 660 MWd, w h i l e  t h e  

o t h e r  t h r e e  wands were removed a t  a  c o r e  burnup of 907 MWd. The gamma 

szan d a t a  s110w c l e a r l y  ths s h i f t  w i t h  burnup of t h e  a x i a l  p o s i t i o n  of maxi- 
4 

mum f l u x .  Th is  s h i f t  i s  due t o  t h e  wi thdrawal  of t h e  shim rods  w i t h  burnup. 



Six  samples from i r r a d i a t e d  f l u x  wands and one sample from an 

un i r r ad ia t ed  wand have been d e s t r u c t i v e l y  analyzed t o  ob ta in  plutonium 

i s o t o p i c  da ta .  The a n a l y s i s  of t hese  d a t a  i s  i n  progress .  These d a t a  

w i l l  provide important c o r r e l a t i o n s  wi th  burnup c a l c u l a t i o n s .  

Analysis of MTR Experimental Data 

Analysis is  cont inuing of d a t a  from t h e  MTR-Phoenix experiments.  

This  inc ludes  i n i t i a l  s t a r t u p  and zero-power experiments,  burnup h i s t o r y ,  

and zero-power experiments a t  s t e p s  during burnup. A f i n a l  r e p o r t  on t h e  

experiment is  i n  prepara t ion .  





5. STEADY STATE AND TRANSIENT SUBCHANNEL CODE 

DEVELOPMENT AND DATA ANALYSIS 

D. S. Rowe and B. M. J o h n s o n  

The ob jec t ive  of t h i s  program is  t o  develop improved methods f o r  

analyzing hea t  t r a n s f e r  and f l u i d  flow i n  rod bundle nuc lear  elements dur- 

i ng  both s teady  s t a t e  and t r a n s i e n t  condi t ions .  The program inc ludes  both 

a n a l y t i c a l  s t u d i e s  f o r  t h e  continued development of computer programs and 

experimental s t u d i e s  f o r  t h e  v e r i f i c a t i o n  and implementation of t hese  com- 

pu te r  programs. 

COBRA-I I I COMPUTER PROGRAM 

The ob jec t ive  of t h i s  po r t ion  of t h e  program is  t o  develop a mathe- 

ma t i ca l  model and computer program f o r  p red ic t ing  t h e  s t eady- s t a t e  and 

t r a n s i e n t  performance of rod bundle nuc lea r  f u e l  elements. 

An in t e r im  r e p o r t  i s  being prepared t o  desc r ibe  the  present  s t a t u s  

of t h e  COBRA-I11 computer program development. Although improvements a r e  

cont inuing,  t h i s  i n t e r im  ve r s ion  of COBRA-I11 w i l l  be  u se fu l  f o r  a n a l y s i s  

of many s teady  s t a t e  and t r a n s i e n t  thermal hydrau l i c  problems. 

The in t e r im  ve r s ion  of t he  COBRA-I11 program uses  an approach t h a t  i s  

very s i m i l a r  t o  COBRA-11. The bundle flow cross-sect ion i s  divided i n t o  

flow subchannels t h a t  a r e  assumed t o  conta in  one-dimensional flow and a r e  

coupled t o  each o t h e r  by tu rbu len t  and d ivers ion  crossf low mixing. Both 

types of crossf low mixing c a r r y  mass, energy and momentum between t h e  sub- 

channels.  Boi l ing  and nonboil ing condi t ions  a r e  considered by using an 

equat ion of s t a t e  t h a t  g ives  dens i ty  a s  a func t ion  of enthalpy,  flow, h e a t  

f l u x ,  p re s su re ,  p o s i t i o n ,  and time. The model n e g l e c t s  son ic  v e l o c i t y  

propagat ion;  t he re fo re ,  i t  is l imi t ed  t o  t r a n s i e n t s  wi th  time dura t ion  

g r e a t e r  than  t h e  t i m e  f o r  a son ic  wave t o  pass  through t h e  channel. A 

s imp l i f i ed  t r ansve r se  momentum equat ion t h a t  n e g l e c t s  temporal and s p a t i a l  

a c c e l e r a t i o n  i s  used t o  s impl i fy  the  numerical so lu t ion .  This  gives 

ins tan taneous  response of the  d ive r s ion  crossf low t o  changes i n  subchannel 

* -  pressure  g rad ien t .  The equat ions  of t h e  mathematical model a r e  solved by 



using a  s emiexp l i c i t  f i n i t e  d i f f e r e n c e  scheme t h a t  i s  s t a b l e  f o r  a l l  t ime 

s t e p s .  This  scheme a l s o  gives a  boundary va lue  flow s o l u t i o n  f o r  both 

s teady  s t a t e  and t r a n s i e n t s ,  where the  boundary condi t ions  a r e  t h e  i n l e t  

en tha lpy ,  i n l e t  flow r a t e  and e x i t  p re s su re .  Several  succes s fu l  computer 

s o l u t i o n s  have been run using t h e  above mathematical model and numerical 

so lu t ion .  These have included r ap id  changes i n  hea t  f l u x ,  i n l e t  flow r a t e ,  

i n l e t  enthalpy and system pressure .  The a b i l i t y  of t he  boundary va lue  

s o l u t i o n  t o  inc lude  h igh  crossf low r e s i s t a n c e  has a l s o  been s u c c e s s f u l l y  

demonstrated. High crossf low r e s i s t a n c e  has t he  e f f e c t  of causing a down- 

s t ream flow d is turbance  t o  be f e l t  upstream. This  e f f e c t  cannot be con- 

s ide red  by COBRA-I1 and o the r  s i m i l a r  computer programs t h a t  use  an i n i t i a l  

va lue  flow so lu t ion .  

The f e a t u r e s  of COBRA-I11 can be summarized a s  fol lows:  

a It conta ins  a l l  t he  a n a l y s i s  c a p a b i l i t y  of t h e  COBRA-I1 program. 

It can cons ider  t r a n s i e n t s  up t o ,  bu t  no t  inc luding ,  son ic  v e l o c i t y  

propagat ion e f f e c t s .  

The numerical scheme performs a  boundary va lue  s o l u t i o n  t o  more 

proper ly  inc lude  t h e  e f f e c t s  of crossf low r e s i s t a n c e .  

8 The numerical s o l u t i o n  i s  s t a b l e  f o r  a l l  t i m e  s t e p s .  

Development of COBRA-I11 is  cont inuing t o  improve i t s  c a p a b i l i t y .  

Major emphasis i s  being d i r e c t e d  toward developing a  more complete t r ans -  

ve r se  momentum equat ion  t h a t  inc ludes  both s p a t i a l  and temporal acce lera-  

t i o n .  This  i s  needed t o  permit  more accu ra t e  p r e d i c t i o n  of subchannel 

flows i n  reg ions  where the  crossf low i s  changing r a p i d l y ,  such a s  nea r  

blockages. A t e n t a t i v e  crossf low momentum equat ion  has been developed and 

incorpora ted  i n t o  t h e  COBRA-I11 program. This equat ion inc ludes  t h e  t ime 

r a t e  of change of d ive r s ion  crossf low and t h e  a x i a l  component of t r a n s v e r s e  

s p a t i a l  acce l e ra t ion .  Although t h i s  new equat ion r equ i r e s  a  more compli- 

ca ted  f i n i t e  d i f f e r e n c e  scheme, a  s t a b l e  scheme has been developed and has 

been succes s fu l ly  t e s t e d  on sample problems. Evaluat ion of t h i s  more com- 

p l e t e  mathematical model i s  cont inuing.  P re sen t ly ,  i t  appears  t h a t  t he  

added terms t o  t h e  t r ansve r se  momentum equat ion g ive  g r e a t e r  numerical 



stability with little increase in computation time; however, the computer 

core storage requirements are greater because subchannel data must be 

stored at two levels of time. 

EXPERIMENTAL STUDY OF FLOW STRUCTURE I N  ROD BUNDLES 

The objective of this experimental study is to obtain a more complete 

description of the turbulent flow structure of single-phase flow in rod 

bundles so that better mixing correlations can be developed for use in sub- 

channel computer programs. Present mixing correlations do not adequately 

account for the effect of subchannel geometry. 

This experimental study will investigate the turbulent flow struc- 

ture in rod bundle geometry to define the effect of subchannel shape, gap 

spacing and subchannel interconnections. The axial and transverse fluc- 

tuating velocity components in the gap and within the subchannels will be 

the primary measurement in these experiments. Statistical processing of 

these measurements will permit an estimate of turbulence intensity and 

scale in rod bundle subchannels. These measurements will be made with a 

two-component laser-Doppler velocimeter. This device can measure fluid 

velocities at a point in a flow stream without inserting a probe into the 

flow. It operates from the principle that light scattered from very small 

particles moving with the fluid experiences a frequency shift that is 

related to the fluid velocity. By using a system of optics and electron- 

ics, this Doppler shift can be accurately measured to obtain the instan- 

taneous fluid velocity at the measurement point. This measurement 

technique will enable measurements of velocities that have never been 

obtained in rod bundle geometries. 

Design and fabrication of the experimental apparatus is complete. A 

common flow channel is being used to accommodate a variety of subchannel 

sizes and shapes. This is accomplished by using a flow channel that con- 

sists of two common side plates containing glass windows for entrance and 

exit of the laser beam. Inserts of various thicknesses are placed between 

the side plates to create rectangular flow channels. Subchannels are 

formed within this channel by inserting rods, or sectors of rods, to form 

the desired subchannel shapes. Rods with glass windows are being used 



where appropr i a t e  t o  enable  passage of t h e  l a s e r  beam. A flow s t r a i g h t e n -  

i ng  and calming s e c t i o n  is  included t o  c o n t r o l  t h e  l e v e l  of upstream 

turbulence.  

Two types of experiments w i l l  be  performed. F i r s t ,  tu rbulence  d a t a  

obtained i n  a flow channel wi th  a r ec t angu la r  c ros s  s e c t i o n  w i l l  be com- 

pared wi th  e x i s t i n g  hot-wire turbulence d a t a  t o  v e r i f y  t h a t  t h e  l a s e r -  

Doppler technique produces v a l i d  two-component turbulence da t a .  Next, 

t u rbu len t  v e l o c i t y  measurements w i l l  be  performed i n  t h e  gap of i n t e r -  

connected subchannels t o  determine how va r ious  subchannel shapes e f f e c t  t h e  

t r a n s v e r s e  v e l o c i t y  f l u c t u a t i o n s  t h a t  a r e  respons ib le  f o r  mixing. S imi l a r  

measurements w i l l  then be  performed i n  a +rod bundle t o  determine how t h e  

tu rbu len t  flow s t r u c t u r e  i n  m u l t i p l e  connected subchannels d i f f e r  from the  

s t r u c t u r e  i n  simply connected subchannels.  This comparison i s  expected t o  

he lp  determine t h e  minimum s i z e  requi red  f o r  rod bundle t u rbu len t  d i f f u -  

s i o n  experiments.  



6. PLUTONIUM C R I T I C A L I T Y  S T U D I E S  

C R I T I C A L  EXPERIMENTS W I T H  UNDERMODERATED MIXTURES OF P u 0 2  2 0 2  

S. R. Bierman 

Associated with the development of Liquid Metal Fast Breeder Reactors 

will be the need to fabricate, process, and recover large quantities of 

mixed PuO - U02 fuels. Because of the plutonium content, these operations 
2 

will involve a very large number of potential critical masses. This fuel 

must be handled in such a manner as to preclude criticality under normal 

and accident conditions. Criticality considerations will bear heavily on 

the economics of the entire system. Consequently, it is important that 

these considerations be based on accurate, reliable data. Also, benchmark 

type data on clean, homogeneous Pu-U systems in well-defined, simple 

geometries are needed for testing cross-section data and evaluating compu- 

tational techniques for calculating geometry and heterogeneity effects. 

To provide these needed data, a research effort has been initiated 

at the Critical Mass Laboratory of Battelle-Northwest. This effort is 

oriented toward fulfilling Task (8-5.2) - Criticality - of the LMFBR Pro- 
gram Plan. However, attention has also been given to the suggestions of 

such sources as the Long Range Planning Group at Oak Ridge, Tennessee, 

especially in the design and planning of less general types of experiments. 

In the LMFBR Program Plan, emphasis was placed on the need for criticality 

data on uranium enriched with between 8 and 30 wt% plutonium. Consequently, 

the initial series of experiments was designed to provide criticality data 

on hydrogenous mixtures of PuO - UO at concentrations that would provide 
2 2 

data over the widest possible range in the 8 to 30 wt% enrichment region. 

In the undennoderated region of the neutron spectrum, calculations (1) 

have indicated that a homogeneous mixture of PuO and UO containing about 2 2 
30 wt% PuO should exhibit a nearly constant critical volume at atomic H/ 

2 
(Pu + U) ratios below about 50, with the volume possibly being a minimum. 
The calculations also indicated that a homogeneous mixture of PuO and U02 2 
containing about 15 wt% PuO should experience a minimum critical volume 2 
at an H/(Pu + U) atomic ratio of about 30. Therefore, experiments with 



fuel at 50 and 30 H/(Pu + U) should provide the data needed for establish- 
ing the minimum critical volume for PuO - UO systems containing 30 and 

2 2 
15 wt% Pu02, respectively. This is an important criticality safety param- 

eter, since systems constrained to a smaller volume would be critically 

safe in all geometries and at all degrees of moderation and reflection. 

The calculations also indicated that a mixture of PuO and UO con- 
2 2 

taining 8 wt% PuO would have a minimum critical mass in the undermoderated 2 
region of the neutron spectrum at an H/(PU + U) atomic ratio of about 50. 
Experiments with fuel at this degree of moderation should provide the data 

needed for establishing the mass below which criticality is not possible 

for all 8 wt% enriched PuO - UO systems. 
2 2 

The first two series of experiments have been completed and the third 

is in progress. The experimental results of the completed measurements 

are presented in Tables 6.1 and 6.2, and preliminary results from the 

experiments in progress are presented in Table 6.3. 

The first series of measurements was made with PuO - U02 - poly- 2 
styrene compacts having an H/(PU + U) atomic ratio of 47.4 and a plutonium 
enrichment of 30 wt%. The second series of measurements was made with 

\ 

compacts having an H/(PU + U) atomic ratio of 30.6 and a plutonium enrich- 
ment of 14.62 wt%. In both sets of fuel, the plutonium contained 8 wt% 

2 4 0 ~ ~  and the uranium was depleted to 0.151 wt% 235~. The particle sizes 

of the oxides were less than 50 microns, with the average being 10 microns 

for both sets of fuel. 

Experimental data were obtained on both bare and Plexiglas-reflected 

rectangular parallelepipeds constructed from 2 x 2 x 2-inch fuel compacts. 

The bare critical assemblies were near-cubic in geometry to permit deter- 

mining the bare critical cube size for each fuel. The reflected critical 

assemblies ranged from a near-cubic geometry to thin slabs to permit deter- 

mining the reflected critical thickness for a slab infinite in two dimen- 

sions, in addition to the reflected critical cube size of each fuel. The 

critical dimensions and masses for each of these critical assemblies are 

shown in Tables 6.1 and 6.2. The cube and infinite slab values obtained 

from interpolation and extrapolation of the data are also shown in 



TABLE 6.1. C r i t i c a l i t y  Data f o r  Pu02 - U02 - P o l y s t y r e n e  F u e l  Mix tures  Conta in ing  30 wt% Pu 

Dens i ty  o f  Fue l  = 373 g  (Pu + u ) / & .  H/PU + U = 47.4 
H/Pu = 158.2; 2 4 0 ~ ~  Conten t .o f  Pu = 8.0  wt%; 2 1 5 ~  Content  o f  U = 0.151 wt% 

R e f l e c t o r  

P l e x i g l a s  

P l e x i g l a s  

P l e x i g l a s  

P l e x i g l a s  

P l e x i g l a s  

P l e x i g l a s  

m P l e x i g l a s  
W 

P l e x i g l a s  (b) 

P l e x i g l a s  (b) 

Bare 

Bare 

Bare 

Bare  (b )  

CRITICAL DIMENSIONS, CMia' CRITICAL MASS (a)  
Length Width Heigh t  kg o f  Pu kg of U 

( a )  Experimentally determined corrections have been made, accounting for the reac t iv i ty  e f f e c t s  of 
the cladding material, the stacking voids, and the structural supports. 

( b )  I n f i n i t e  slab thickness obtained by extrapolation of data. Cube dimensions obtained by in ter -  I 
P 

polation between c r i t i ca l  assemblies. Cn 
h) 
h) 
I 
h) 



TABLE 6.2.  C r i t i c a l i t y  Data f o r  PuO - U02 - P o l y s t y r e n e  F u e l  Mix tures  Conta in ing  14.62 wt% Pu 2  

Densi ty  of Fue l  = 580 g  (Pu + u)/R; H/Pu + U = 30.6 
H/PU = 210.1; 2 4 0 ~ u  Content  of Pu = 8.0  wt%; 2 3 5 ~  Content  o f  U = 0.151 wt% 

R e f l e c t o r  

P l e x i g l a s  

P l e x i g l a s  

P l e x i g l a s  

P l e x i g l a s  

P l e x i g l a s  

P l e x i g l a s  
0 P l e x i g l a s  (b)  
.b 

P l e x i g l a s  (b) 

Bare 

Bare 

Bare 

Bare (b)  

CRITICAL DIMENSIONS, C M ( ~ )  CRITICAL MASS ( a )  

Length Width Heigh t  kg of Pu kg of U 

(a) Experimentally determined corrections have been made, accounting for the  r e a c t i v i t y  e f f e c t s  of 
the cladding material ,  the stacking voids, and the  s tructural  supports. 

( b )  I n f i n i t e  s lab thickness obtained by extrapolation o f  data. &be dimensions obtained by i n t e r -  
polation between c r i t i c a l  assemblies. 



Tables 6.1 and 6.2. The values presented in these tables have been experi- 

mentally corrected for the reactivity effects of cladding material, stack- 

ing voids, and structural supports. 

TABLE 6.3. Preliminary Criticality Data for Plexiglas - 
Reflected Pu02 - U02 - Polystyrene Assemblies (a> 

CRITICAL DIMENSIONS, (b ) 

Length Width Height 

(a )  H/(Pu + U) about 50, and w t %  Pu i n  the Pu + U about 8 

(b)  Dimensions have not been corrected for cladding and stacking voids 

(c) Mass based on blended weights 

The critical thickness of a Plexiglas-reflected slab infinite in two 

dimensions was determined to be 10.96 + 0.02 cm for the 30 wt% plutonium- 
enriched-47.4 H/ (Pu + U) fuel, and 11.56 ? 0.09 cm for the 14.62 wt% 
plutonium-enriched-30.6 H/(Pu + U) fuel. The reflected critical cube 

sizes for each of these fuels were, respectively, 30.60 f 0.05 cm and 
33.30 f 0.17 cm on a side. The corresponding masses of plutonium were 

3.21 f 0.05 kg and 3.13 f 0.05 kg, respectively. 

The data from these completed experiments can be used for checking 

cross sections and calculational techniques; however, for general applica- 

tion in establishing criticality safety limits, some theoretical correc- 

tions to the data are still needed. A determination of these corrections 

is in progress. 

Reference 

I. L. E. Hmsen, S. R. Bierman, R. C.  Lloyd and E. D. Clayton, "Critical- 
i t y  of PuOg - UO2 Aqueous Mixtures," Transactions, American Nuclear 
Society, 22, 869 (1969). 



THE EFFECT OF FIXED AND SOLUBLE NUCLEAR POISONS ON CRITICALITY - 

R. C. L l o y d  and L. E.  Hansen 

Soluble Gadolinium as Neutron Absorber 

The overall objectives of these experiments are to establish the 

effect of the absorber on criticality, and obtain those data which lead to 

a workable theory of absorption of such poisons, permitting the handling, 

storage, shipment, and processing of fissile materials with reduced proba- 

bility of criticality. A distinct advantage in using soluble poison for 

criticality prevention in certain applications is that the neutron absorber 

would remain with the fissile material irrespective of its location. Solu- 

tion leaking from a vessel into a more reactive geometry would not be cause 

for concern, so long as the absorber remained in solution. 

Criticality experiments were carried out for determining the effect of 

soluble poisons on the criticality of plutonium nitrate solution. A series 

of measurements was performed with highly concentrated plutonium solution 

poisoned with gadolinium. The plutonium concentration was $370 g PU/R 
240 ( Pu content of 8.3 wt%). The gadolinium concentration was varied from 

$4 to $21 g GdIR. The experiments utilized a 24-inch diameter, water- 

reflected, stainless steel cylindrical vessel. Preliminary results indi- 

cate the gadolinium to be significantly less effective than expected for 

the neutron spectrum of the 370 g Pu/R solution. The data from the experi- 

ments are under analysis. Preliminary criticality data are given in 

Table 6.4. 

The solution containing $13 g Gd/R was permitted to stand for one 

month. The criticality measurement made after this time period correlated 

exactly with the previous measurement made with the same solution, which 

indicates stability of the Gd-poisoned solutions in storage. 

The KENO multigroup Monte Carlo code was used to compute criticality 

factors (k ) for experimental critical systems initially determined in eff 
the first series of experiments. In those experiments, the plutonium con- 

centration of the gadolinium-poisoned solutions was 116 g Pu/R, and the 

free acid molarity was 1.85. The multigroup cross-section data (18 energy 



groups) were o b t a i n e d  by means o f  t h e  GAMTEC-I1 code.  The gadol inium c r o s s  

s e c t i o n  d a t a  were from t h e  ENDFIB-11 l i b r a r y .  Each of t h e  computed 

c r i t i c a l i t y  f a c t o r s  (k ) were based on 10,000 n e u t r o n  h i s t o r i e s .  
e f f 

* 
TABLE 6.4.  C r i t i c a l i t y  of Gd 0 - Poisoned 

2 3 
Plutonium S o l u t i o n  ( 4  

Concen t ra t ion  - $367 g Pu/R 
M o l a r i t y  - $4M - 

Gd Concen t ra t ion ,  He igh t ,  Buckl in  
g Gd/R i n c h  cm - 

f a )  24 inch diameter, water r e f  Zected, cy ZindricaZ vesse Z 

f b )  X = 7 cm 

* Pre Ziminmy 

The computed c r i t i c a l i t y  f a c t o r s  a r e  l i s t e d  i n  Table  6.5,  which 

i n c l u d e s  p e r t i n e n t  exper imenta l  d a t a  on t h e  c r i t i c a l  sys tems.  The com- 

puted v a l u e s  of k a r e  found t o  d i s p l a y  a s l i g h t  n e g a t i v e  b i a s ,  d e p a r t -  
e f f  

i n g  from u n i t y  on t h e  average  by about  1 .8%.  The reasons  f o r  t h e  

d i sc repancy  a r e  be ing  examined. 

A t e c h n i c a l  paper  summarizing t h e s e  r e s u l t s  h a s  been p repared .  (1) 

I .  R. C.  Lloyd, E. D. Clayton, and L. E.  Hansen, "CriticaZity of PZu- 
t o n i m  Nitrate So Zution Containing So Zub Ze Gado Z in im,  " Transactions, 
American Nuclear Society,  voZ. 14, no. I ,  June 1971. 



TABLE 6.5. C r i t i c a l i t y  of Gd203 - Poisoned Plutonium So lu t ions  (a )  

Critical Val l , p s  -- . -- - - - 

Gd Concentrat ion Height ,  Volume, Mass, Buckling, (b) Computed 
g GdIR cm R kg Pu cm- 2 kef f  

f a )  24- inch d i a m e t e r ,  water-re f  l e c t e d ,  c y  l indrical vessel 
Chemical a n a l y s i s  - 116 g &/R ,  1.85 M - a c i d ,  238.9 g N 0 3 / R  t o t a l ,  

s p e c i f i c  g r a v i t y  = 1.2552 

Isotopic a n a l y s i s  f w t % )  - 238& = 0.44,  239& = 90.677,  240Pu - 8.379 
2 4 1 h  = 0.851, 2 4 2 h  = 0.049 

f b )  B u c k l i n g  computed asswning 7 cm f o r  e x t r a p o l a t i o n  l e n g t h  on vesse l ' s  
s i d e s  and bottom and 5 cm on t o p  

C r i t i c a l i t y  of Plutonium N i t r a t e  So lu t ions  Containing Raschig Rings 

Raschig r i n g s  a r e  being used a s  neut ron  absorbers  t o  i n c r e a s e  s t o r a g e  

capac i ty  of tanks and process  v e s s e l s  and t o  s a f e  sumps i n  f a c i l i t i e s  

where plutonium s o l u t i o n s  a r e  handled. Experiments have been performed t o  

ob t a in  d a t a  f o r  use  i n  e s t a b l i s h i n g  c r i t i c a l i t y  s a f e t y  gu ide l ines  and f o r  

u se  i n  checking c a l c u l a t i o n a l  models f o r  poisoned systems. These exper i -  

ments w e r e  made us ing  s t a i n l e s s  s t e e l  v e s s e l s  (wal l  t h i cknes s  0.031 in . )  

of 12,  18 ,  and 24-in. d iameters ,  r e f l e c t e d  w i th  water .  Raschig r i n g s  of 

s t a i n l e s s  s t e e l  and b o r o s i l i c a t e  g l a s s  r i n g s  w e r e  used i n  t he se  exper i -  

ments. The s t a i n l e s s  s t e e l  r i n g s  were 112-in. OD, 112-in. long ,  having a 

1116-in. w a l l  t h i cknes s ,  and contained 1 w t %  boron. Two types  of g l a s s  

r i n g s  were used,  one conta in ing  112 w t %  boron, t h e  o t h e r  con ta in ing  4 w t %  

boron. These r i n g s  were 1.5- in .  OD, 1.25-in.  I D  and 1.7-in.  long. 



Plutonium n i t r a t e  s o l u t i o n s  c o n t a i n i n g  8 . 3  wt% 2 4 0 ~ u  throughout  a 

c o n c e n t r a t i o n  range o f  63 t o  412 g P u l l i t e r  were used i n  t h e  c y l i n d r i c a l  

v e s s e l s  c o n t a i n i n g  t h e  Raschig r i n g s .  

C r i t i c a l  approach measurements were used t o  de te rmine  t h e  c r i t i c a l  

h e i g h t  of t h e  assembly c o n t a i n i n g  t h e  112 wt% B r i n g s ,  w h i l e  e x p o n e n t i a l  

measurements were used on t h e  o t h e r  assembl ies .  

The v a r i a t i o n  of c r i t i c a l  h e i g h t  w i t h  plutonium c o n c e n t r a t i o n  f o r  t h e  

24-in. d iamete r  assembl ies  c o n t a i n i n g  t h e  112 wt% B r i n g s  is shown i n  Fig- 

u r e  6.1.  The c r i t i c a l  volume is v e r y  s e n s i t i v e  t o  c o n c e n t r a t i o n  change i n  

t h e  60 g P u l l i t e r  r e g i o n ,  b u t  i s  very  i n s e n s i t i v e  i n  t h e  200 - 400 P u l l i t e r  

r ange ,  approaching a minimum between 300 - 400 g P u l l i t e r .  The unpoisoned 

system would have a minimum i n  t h e  175 - 200 g P u l l i t e r  range.  

The r e l a t i o n s h i p  between c r i t i c a l  mass and plutonium c o n c e n t r a t i o n s  

f o r  t h e  assembl ies  c o n t a i n i n g  t h e  112 wt% B r i n g s  is shown i n  F i g u r e  6.2. 

A minimum c r i t i c a l  mass o c c u r s  a t  abou t  110 g l l i t e r  f o r  t h e s e  assembl ies .  

Th i s  compares t o  a nonpoisoned system minimum of about  30 g P u l l i t e r .  

Buckling v a l u e s  determined f o r  t h e  a s s e m b l i e s  a r e  g i v e n  i n  Tab le  6.6. 

A w a t e r - r e f l e c t e d  e x t r a p o l a t i o n  l e n g t h  of 7 cm was assumed f o r  determina-  

t i o n  of buck l ing  v a l u e s .  The measured volume d i s p l a c e d  by t h e  r i n g s  i s  

a l s o  g iven  i n  t h i s  t a b l e .  

The 4 wt% B g l a s s  r i n g s  poisoned t h e  sys tem s u f f i c i e n t l y  t o  produce 

n e g a t i v e  b u c k l i n g s  f o r  lower  c o n c e n t r a t i o n s ,  b u t  t h e  buck l ing  was p o s i t i v e  

f o r  t h e  391 g P u l l i t e r  c o n c e n t r a t i o n .  The s t a i n l e s s  s t e e l  r i n g s  r e s u l t e d  

i n  n e g a t i v e  b u c k l i n g s  f o r  b o t h  of t h e  c o n c e n t r a t i o n s  (275, 412 g l l i t e r )  

measured. 

For sys tems w i t h o u t  r i n g s ,  t h e  buck l ing  is e s s e n t i a l l y  c o n s t a n t  i n  

t h e  275 - 412 g / l i t e r  r ange ;  however, t h e  i n c r e a s e  i n  buck l ing  f o r  t h e  

more c o n c e n t r a t e d  s o l u t i o n  is t o  b e  expected i n  t h e  poisoned systems 

because  of f a s t e r  n e u t r o n  spectrum. Boron, be ing  b a s i c a l l y  a the rmal  

n e u t r o n  po i son ,  becomes l e s s  e f f e c t i v e  i n  t h e  f a s t e r  spectrum,  w i t h  fewer 

r e s u l t a n t  n e u t r o n  a b s o r p t i o n s  i n  t h e  r i n g s  - w i t h  consequent h i g h e r  

buck l ing .  



- 
24 IN.  D I A .  VESSEL 

112 % B R INGS 

19.3 % D I S PLACEMENT - 

- 

- 

- 

- 

- A 0 
w 

I I I I 

CONCENTRATION, g P u l I  

FIGURE 6.1 .  Raschig Ring C r i t i c a l i t y  
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FIGURE 6.2. Ef fec t  of Raschig Rings on the  C r i t i c a l  Mass of Pu NO ( 3 ) 4  



TABLE 6 . 6 .  Effect of Raschig Rings on Crit ical i ty  

RASCHIG RINGS 

BORON VOLUME 
CONTENT D I SPWCEMENT 

M A T E R I A L  (%I (%I 

GLASS 1/2 19.3 

STAINLESS 1 27 
STEEL 1 27 

NONE 0 0 
- 

SOLUTION 
CONCENTRATION 

(g Pulliter I 
391 

BUCKLING 
{cm -21 



The KENO multigroup Monte Carlo code was used to calculate k eff 
values for the experimental critical systems. The results of these cal- 

culations are given in Table 6.7. In this analysis it was assumed that 

the systems were homogeneous. It is seen that the assumption is reason- 

able for the higher concentrations, but results in a significant under- 

estimation of k at the lower concentrations. This is expected, since 
eff 

self-shielding in the Raschig rings will increase as the neutron spectrum 

becomes softer in the lower concentration solutions. The calculations on 

homogenized systems will be correlated with calculations on heterogeneous 

systems, which better describe the experimental system, to heuristically 

quantize the effects of the self-shielding. 

TABLE 6.7. Calculated k of Boron - Poisoned Systems 
ef f 

Solution 
Concentration, 

g PuIR keff 

No Rings 

112 wt% B Rings 

391 

271 

19 7 

110 

74 

6 3 





7. C A L C U L A T I O N S  O F  P O T E N T I A L  ENVIRONMENTAL R A D I O L O G I C A L  

CONSEQUENCES O F  REACTOR ACCIDEI\ ITS 

E. C. Watson 

This  s tudy  ha s  been completed and a  F i n a l  Report  w i l l  be i s s u e d  

s e p a r a t e l y .  





8. NUCLEAR GRAPHITE 

G. L .  T i n g e y  

IN-REACTOR CREEP 

W. J. G r a y  

Molten S a l t  Reactors r e q u i r e  a  g raph i t e  moderator t h a t  maintains  i ts  
2 2 i n t e g r i t y  a t  l e a s t  up t o  a  fast-neutron f luence  of 2.5 x 10 n/cm 2 

(E > 0.18 MeV). High-Temperature Gas-Cooled Reactors ,  a l though c u r r e n t l y  

designed so t h a t  t h e  moderator i s  replaced a t  more f requent  i n t e r v a l s ,  

have an economic i n c e n t i v e  t o  extend t h e  l i f e t i m e  up t o  a  comparable 

f l uence  a l s o .  In  order  t o  b e  s u r e  t h a t  t he  g r a p h i t e  does not  f r a c t u r e  

under thermal and i r rad ia t ion- induced  s t r e s s e s ,  i r r ad i a t ion -c reep  behavior  

a t  t h e s e  high f luences  must b e  determined. Low f luence  i r r ad i a t ion -c reep  

cons tan ts  f o r  some g raph i t e  types have been determined previously(1) by 

r e s t r a i n i n g  a  sample wi th  a  g raph i t e  ho lder  of a  d i f f e r e n t  type o r  a  d i f -  

f e r e n t  o r i e n t a t i o n .  The complex length-change behavior  of g raph i t e ,  how- 

ever ,  renders  t h i s  type  of experiment unsa t i s f ac to ry  a t  high f luences .  

Therefore,  cons tan t -s t ress  experiments must b e  performed. Such experiments 

a r e  c u r r e n t l y  being conducted by Battelle-Northwest.  

Two creep capsules  conta in ing  g raph i t e  samples under compressive 

s t r e s s e s  a r e  being i r r a d i a t e d  a t  550 and 800°C. A t h i r d  creep capsule  t o  

con ta in  samples unde re t ens i l e  s t r e s s e s  has  been designed and w i l l  ope ra t e  

a t  800°C. I n  add i t i on ,  a  fou r th  creep capsule  is  planned which w i l l  con- 

t a i n  samples under compressive s t r e s s e s  and ope ra t e  a t  about l l O O ° C .  This 

capsule  i s  scheduled t o  b e  charged i n t o  t h e  r e a c t o r  about September 1971. 

The two compressive creep capsules  opera t ing  a t  550°C and 800°C were 

discharged from t h e  r e a c t o r  i n  February 1971 a f t e r  t h e  second i r r a d i a t i o n  

period.  Resul t s  a r e  shown i n  Table 8.1. Within t h e  s c a t t e r  of t h e  d a t a ,  

t h e  creep i s  shown t o  b e  l i n e a r  wi th  s t r e s s  and of about t h e  expected 

magnitude f o r  t h e  AGOT graph i t e .  For t h e  o the r  two g raph i t e s ,  t h e  creep 

cons tan ts  a r e  a  l i t t l e  smal le r  than f o r  most nuc lear  graphi tes ,")  b u t  t h i s  
, .  is  no t  p a r t i c u l a r l y  s u r p r i s i n g  s i n c e  t h e s e  g raph i t e s  a r e  a l s o  considerably 

s t ronge r  . 



TABLE 8.1.  Length Changes o f  G r a p h i t e  Under Compressive 
S t r e s s  a f t e r  Two I r r a d i a t i o n  P e r i o d s  

I r r a d i a t i o n  Fluence x 10 -21 S t r e s s ,  AL C r e e ~ ~ C o n s t  x 1 0  2 7 5 -1 G r a p h i t e  Temp, O C  E > 0.18 MeV p s i  % ( p s i  - n / c m )  

AGOT 800 6.60 O -2.30 

5.68 1000 -2.97 1 .49  

6.82 2000 -5.31 2.29 

7.31 3000 -6.08 1 .57  

Fluences are estimated. 
Unstressed length changes are averages of 10 t o  20 scmrples. 
Stressed length changes are for one sample (AGOT) or two samples (H337 and 
4XF-8QBGI ) . 



Upon d ischarg ing  t h e  two creep capsules  from t h e  r e a c t o r ,  i t  was d i s -  

covered t h a t  some of t he  s t r e s s e d  samples were s tuck  i n  t h e i r  ho lders .  

Carefu l  a n a l y s i s  of t h e  s i t u a t i o n ,  however, has shown t h a t  only two of t h e  

samples ( t h e  two AXF-8QBG1 samples under 1,000 p s i  s t r e s s  a t  800°C) were 

s tuck  f o r  more than a b r i e f  per iod ,  and t h a t  s t r e s s  l e v e l s  on t h e  o the r  

samples were not  a f f e c t e d  by t h e  two badly s tuck  samples. S t r e s s  l e v e l s  on 

these  two samples cannot b e  accu ra t e ly  determined, s o  t h e i r  creep cons tan ts  

cannot be  considered r e l i a b l e  a t  t h i s  po in t .  It may b e  t h a t  t h e i r  f u t u r e  

creep behavior  w i l l  have been a l t e r e d  a l s o .  Data from t h e  o the r  samples 

t h a t  were ev ident ly  s t u c k  only b r i e f l y  may a l s o  be  i n  some doubt a t  t h i s  

time, bu t  i t  is  f e l t  t h a t  t h e  e f f e c t  on f u t u r e  behavior  w i l l  b e  n e g l i g i b l e .  

For tuna te ly ,  s e v e r a l  samples a r e  known t o  have experienced t h e  proper  s t r e s s  

l e v e l s  during t h e  e n t i r e  i r r a d i a t i o n ,  s o  t h e  d a t a  from these  samples can b e  

compared wi th  those  from samples t h a t  were s tuck  and t h e  consequences 

assessed.  A comparison of d a t a  from s tuck  and unstuck samples shows no - 
s i g n i f i c a n t  d i f f e r ences .  This f u r t h e r  encourages us t o  b e l i e v e  t h a t  t h e  use- 

fu lnes s  of t h e  experiment has not  been jeopardized.  

The primary goa l  of t h e  i r r ad i a t ion -c reep  program is  t o  i n v e s t i g a t e  

creep behavior,  both compressive and t e n s i l e ,  a t  very high f luences  where 

rap id  expansion occurs  i n  uns t ressed  samples. The determinat ion of low- 

f luence  creep behavior i s  only of secondary importance. Therefore,  we 

have decided t o  cont inue t h e  i r r a d i a t i o n  of a t  l e a s t  one sample f o r  each 

g raph i t e  type and i r r a d i a t i o n  condit ion.  New samples placed under i r r a d i a -  

t i o n  now would no t  reach f luences  a s  high a s  requi red  without  a long exten- 

s i o n  of t h e  i r r a d i a t i o n  program. However, two new samples w i l l  b e  placed 

i n  each capsule  t o  provide r e l i a b l e  low-fluence da t a  and a l s o  t o  provide a 

means of eva lua t ing  t h e  e f f e c t  of being "stuck" i n  t h e  holder  on t h e  high- 

f luence  da t a .  

These a d d i t i o n a l  samples can be  accommodated i n  t h e  cu r r en t  capsule  

design by inc reas ing  t h e  po r t ion  of space occupied by samples by 2 .5  inches.  

Although t h e  end p o s i t i o n s  a r e  l e s s  favorable  f o r  i r r a d i a t i o n ,  t h e  samples 

d v  
w i l l  s t i l l  provide va luable  information t h a t  would otherwise be  l o s t .  



A t e n s i l e  creep experiment has  a l s o  been designed, and t h e  samples and 

capsule  p a r t s  have been f ab r i ca t ed .  A s t r i n g  of dumbbell-shaped samples 

wi th  threaded ends w i l l  be  he ld  toge ther  by threaded couplings and t h e  

s t r e s s  w i l l  be  appl ied  by a  s i n g l e  bellows. Varied sample c ros s  s e c t i o n s  

w i l l  permit t e n s i l e  s t r e s s e s  of 1000, 2000, and 3000 p s i  on t h e  AXF-8QBG1 

and H337 g raph i t e s  and 670, 1330, and 2000 p s i  on t h e  AGOT graph i t e .  

Duplicate  samples w i l l  b e  included a t  1000 p s i  f o r  t h e  AXF-8QBG1 and H337 

g raph i t e s ,  making a  t o t a l  of 11 samples. These s t r e s s e d  samples, along 

wi th  a  number of uns t ressed  ( con t ro l )  samples, w i l l  b e  i r r a d i a t e d  a t  8 0 0 ' ~ .  

Since t h e  design of t h e  t e n s i l e  creep capsule  has  t h e  disadvantage 

t h a t  t h e  s t r e s s  would be  removed from a l l  t h e  samples i f  one sample were t o  

break,  a  warning system has been incorpora ted  t o  n o t i f y  t h e  ope ra t ion  when 

a  sample breaks.  I n  such an  event ,  t h e  r e a c t o r  would be  shu t  down and t h e  

capsule  discharged immediately. 

I n i t i a l  measurements a r e  c u r r e n t l y  being made on t h e  t e n s i l e  c reep  

samples. These w i l l  be  charged i n t o  t h e  ETR i n  J u l y  1971 f o r  a  one-cycle 

i r r a d i a t i o n .  A t  t h e  same time, t h e  two compressive creep capsules  w i l l  be  

charged f o r  a  three-cycle  i r r a d i a t i o n .  Necessary changes a r e  be ing  made 

t o  i n s u r e  t h a t  t h e  problem of samples s t i c k i n g  i n  t he  ho lde r s  does no t  

r ecu r .  

RADIOLYTIC REACTIONS I N  GRAPHITE MODERATED REACTORS 

G. L. T i n g e y  a n d  R. P. T u r c o t t e  

The r a d i o l y t i c  r e a c t i o n  of carbon monoxide and water  vapor is  under 

i n v e s t i g a t i o n  a s  p a r t  of a  cont inuing s tudy  of t h e  e f f e c t s  of helium d i lu -  

t i o n  on coolant  chemistry i n  t h e  HTGR system. The i n i t i a l  r e s u l t s  ob ta ined  

f o r  t h e  case  [H20] = [CO] = 940 ppm, [He] = 1 atm a r e  shown i n  F igure  8.1,  

p l o t t e d  a s  I n  (GIT 'I2) versus  1 / R T  t o  g ive  equat ions i n  t h e  form: 
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FIGURE 8.1. Radiolysis of a Gaseous Mixture of CO 
and H 0 as a Function of Temperature 
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These r e s u l t s  sugges t  a q u i t e  d i f f e r e n t  behavior  than  obta ined  f o r  t h e  

undi lu ted  gases (2 )  ([CO] = [H20] = 0.5 atm) , where t h e  a c t i v a t i o n  energy 

obta ined  f o r  C02 was 800 c a l b e l o w  300°C and 2500 c a l  between 300 and 500°C. 

For H E 5 2500 c a l  f o r  100-500°C was obta ined .  A l a r g e  r educ t ion  i n  2  ' 
a c t i v a t i o n  energy wi th  inc reas ing  d i l u t i o n  has  been previous ly  r epo r t ed  (3) 

f o r  t h e  H2  + CO r e a c t i o n ,  s o  t h e  near  zero va lues  obta ined  i n  t h e  p re sen t  2  
ca se  f o r  CO a r e  poss ib l e .  

2  

The change noted f o r  H2 a t  approximately 270' is  remarkable,  b u t  t h e  

o v e r a l l  h igh  degree of s c a t t e r  needs t o  be  reduced t o  a c c u r a t e l y  d e f i n e  

t h e  behavior  of t h i s  system. I n  t h i s  r e s p e c t ,  some modi f ica t ions  have been 

made t o  enable  b e t t e r  c o n t r o l  of H 0 p a r t i a l  p re s su re  and t o  f a c i l i t a t e  
2  

d i l u t i o n  of t h e  r e a c t a n t  gases  t o  lower concent ra t ions .  The k i n e t i c  d a t a  

w i l l  be  eva lua ted  i n  terms of e f f e c t s  on t h e  HTGR system v i a  t h e  GOP com- 

pu te r  s imu la t ion  program. 

EFFECT OF SAMPLE S I Z E  ON DIMENSIONAL S T A B I L I T Y  OF GRAPHITE 

W. J .  Gray 

There is  ample evidence which shows t h a t  t h e  i r r a d i a t i o n  behavior  of 

l a r g e  g r a p h i t e  b a r s  a s  used i n  r e a c t o r  cons t ruc t ion  is  s i g n i f i c a n t l y  d i f -  

f e r e n t  from t h a t  of smal l  samples normally t e s t e d  i n  i r r a d i a t i o n  programs. ( 4 )  

I n i t i a l l y  t h e  d i f f e r e n c e  i n  behavior  was a t t r i b u t e d  merely t o  sample s i z e  

d i f f e r e n c e s .  Cont ro l led  i r r a d i a t i o n  of l a r g e  samples f a i l e d  t o  show t h e  

l a r g e  d i f f e r e n c e s  previous ly  observed. (5) This  t a s k  was t h e r e f o r e  under- 

taken t o  ga in  an understanding of those  f a c t o r s  which c o n t r i b u t e  t o  t h e  

apparent  s i z e  e f f e c t .  

Two d i f f e r e n t  experimental  approaches t o  t h i s  problem a r e  c u r r e n t l y  

being taken. The f i r s t  involves  t h e  i r r a d i a t i o n  of a  l a r g e  number of 

samples of va r ious  s i z e s  and shapes i n  t h e  Hanford KE-reactor t o  i n v e s t i -  

g a t e  t h e  e f f e c t  of f a c t o r s  a s soc i a t ed  only wi th  sample s i z e .  The second 

involves  a  phenomenon c a l l e d  "cold-seeding" wherein t h e  g r a p h i t e  samples 

a r e  i r r a d i a t e d  b r i e f l y  a t  low temperatures  p r i o r  t o  t h e  normal h igh  



temperature i r r a d i a t i o n .  Severa l  samples which have been previous ly  cold- 

seeded a r e  c u r r e n t l y  being i r r a d i a t e d  t o  high f luences  a t  h igh  temperatures 

i n  t h e  ETR. 

Due t o  t h e  shutdown of t h e  KE-reactor, about one-fourth of t h e  s i z e -  

e f f e c t  samples being i r r a d i a t e d  t h e r e i n  have r e c e n t l y  been discharged.  

Phys ica l  d i f f i c u l t i e s  have prevented removal of a l l  t h e  samples. D i s -  

charged samples have been measured and t h e  d a t a  a r e  c u r r e n t l y  be ing  evalu- 

a ted .  The experiment w i l l  be  discont inued because of t h e  r e a c t o r  shutdown. 

However, t h e  samples have a t o t a l  f luence  of about 3 x lo2' nlcm 
2 

(E > 0.18 MeV) a t  t h i s  t ime, and i t  should be p o s s i b l e  t o  q u a n t i t a t i v e l y  

a s c e r t a i n  t h e  e f f e c t  of sample s i z e  on con t r ac t ion  r a t e s .  

The cold-seeding capsule  w a s  discharged from t h e  ETR i n  March 1971, 

r a t h e r  than May 1971, as was o r i g i n a l l y  planned, because i t  was f e l t  t h a t  

a smal le r  exposure increment would be  des i r ab l e .  Peak f luences  f o r  t h e s e  

samples a r e  now about 3 x 1021 n/cm2 (E > 0.18 MeV). Those cold-seeded 

samples found t o  be con t r ac t ing  a t  a s i g n i f i c a n t l y  d i f f e r e n t  r a t e  than 

unseeded samples w i l l  be  i r r a d i a t e d  f o r  a t h i r d  exposure beginning about 

August 19 71. 

H I G H  TEMPERATURE I R R A D I A T I O N S  

W .  J. G r a y  and W .  C. M o r g a n  

The f i r s t  of t h e  l a r g e r  s i z e ,  high-temperature i r r a d i a t i o n  capsules  

was discharged from t h e  ETR a t  t he  end of Cycle l l O B ,  i n  March. This 

i r r a d i a t i o n  b r ings  some of t h e  samples t o  a f l uence  of about 1 .8  

x n/cm2 (E  > 0.18 MeV). Measurement of t h e  samples began i n  Apr i l ,  

and i t  is  planned t h a t  t h e  next  capsule  w i l l  be  charged i n  t h e  ETR during 

August 19 71. 

MECHANISM O F  I R R A D I A T I O N  DAMAGE 

W .  C. M o r g a n  a n d  W .  J. G r a y  

Bulk thermal expansion and radiation-induced dimensional changes of 

p o l y c r y s t a l l i n e  a r i t i f i c i a l  g raph i t e s  a r e  both(6)  dependent on (a )  t h e  



changes occurr ing  i n  t h e  c r y s t a l l i t e s ,  (b) t h e  o r i e n t a t i o n  of c r y s t a l l i t e s  

w i t h i n  t h e  body, (c) t h e  morphology of o r i en t ed  poros i ty  r e l a t i v e  t o  t h e  

c r y s t a l l i n e  regions and (d) e f f e c t s  a r i s i n g  from o t h e r  phenomena, such a s  

s t r e s s e s  and changes i n  t h e  non-graphi t ic  carbon component. Of t hese ,  

(c)  and (d) a r e  not  d i r e c t l y  measurable a t  t h e  p re sen t  time and must be 

obtained from a n a l y s i s  of t h e  bulk changes and a  knowledge of i tems (a)  

and (b) .  Although t h e  thermal expansion of g raph i t e  s i n g l e  c r y s t a l s  has  

been measured, t h e  measurements a r e  no t  s u f f i c i e n t l y  p r e c i s e  t o  s a t i s f y  the  

requirements f o r  an a n a l y s i s  of bulk changes. Therefore,  we have attempted 

t o  improve t h e  p r e c i s i o n  through an a n a l y s i s  of a v a i l a b l e  d a t a ,  using t h e  

t h e o r e t i c a l  r e l a t i o n s h i p s  derived by Riley.  (7 

C h a r a c t e r i s t i c  Debye l a t t i c e  v i b r a t i o n  temperatures ,  of Ba = 800 2 10°c  

and ec = 2300 + 10°C, were der ived  from measured s p e c i f i c  h e a t  d a t a  over 

t h e  range 150°K t o  1800°K. Using R i l e y ' s  e ~ t e n s i o n ' ~ )  of t h e  Gruneisen 

and ~ o e n s ( ~ )  theory on the  r e l a t i o n s h i p  between thermal expansion, e l a s t i c  

moduli and h e a t  c a p a c i t i e s  of hexagonal c r y s t a l s ,  t h e  a v a i l a b l e  l a t t i c e  

thermal expansion c o e f f i c i e n t s  were f i t t e d  t o  equat ions of t h e  form: 

where cr and ac a r e  t h e  c r y s t a l  l a t t i c e  thermal expansion c o e f f i c i e n t s ,  
a  

r e spec t ive ly ,  p a r a l l e l  and t r ansve r se  t o  t h e  c r y s t a l  b a s a l  p lanes ;  

a  and a  a r e  t h e  c r y s t a l  l a t t i c e  a-spacings a t  temperature T and a t  O K  
0 

r e spec t ive ly ;  

c  and c  a r e  t he  r e s p e c t i v e  l a t t i c e  c-spacings; 
0 

A ,  B y  C ,  L ,  M and S a r e  t r e a t e d  3s cons t an t s ;  



'a 8  
Cv = 3 R D (7) and C = 3 R D (-$I a r e  t h e  cont r ibut ions  t o  t h e  

a  v  
C 

c r y s t a l  s p e c i f i c  hea t  by l a t t i c e  v ib ra t ions  p a r a l l e l  and t r ansve r se  t o  

t h e  b a s a l  planes;  
8 8 

Ua = 3 RT F ($) and Uc - 3 RT F (-$) 

8 8  and t h e  Debye funct ions  D (-) and F ($ have been numerically evaluated 

and tabula ted  by Beat t ie .  (9y 

Best f i t s  of t h e  t h e o r e t i c a l  equat ions t o  t h e  a v a i l a b l e  da t a  were 

obtained wi th  t h e  c o e f f i c i e n t s  : 

A = 0.7023 x loe6 molelcal  

B = -0.4337 x molelcal  

C = -0.830 x 10-lo deg-2 

c  = 3,341 A 
0 

L = -3.320 x molelcal  

M = 6.512 x molelcal  

N = 0.7187 x deg-2 

~ i l e y ' s  equat ions,  r e l a t i n g  t h e  c r y s t a l  e l a s t i c  moduli t o  t h e  above 

equations f o r  l a t t i c e  thermal expansion c o e f f i c i e n t s  and hea t  capac i t i e s ,  

can be  expressed i n  t h e  form: 

S13 = LK/4 (A + L + x) 

s = xK/ (A + L + x) 
33 

where s s and s a r e  t h e  usual  c r y s t a l  e l a s t i c  moduli, 
11' '12' 13' 33 

A, B y  L ,  and M a r e  t h e  c o e f f i c i e n t s ,  x  = ML/4B, and K is  t h e  

volumetric compress ib i l i ty .  



K can b e  w r i t t e n  i n  terms of t h e  l i n e a r  c o m p r e s s i b i l i t i e s  p a r a l l e l  (K ) a 
and t r a n s v e r s e  (K ) t o  t h e  c r y s t a l  b a s a l  p lanes :  

C 

The c o m p r e s s i b i l i t i e s  are n o t  independent ly  o b t a i n a b l e  from t h e  theo- 
2  r e t i c a l  equa t ions ;  however, i f  one u se s  t h e  va lue ,  K = 29.6 x 10-l3 cm /dyne, 

recomputed by Gschneidner ( l o )  from t h e  h igh  p r e s s u r e  measurements of 

Bridgman, (11) one o b t a i n s  t h e  e l a s t i c  moduli and c o m p r e s s i b i l i t i e s  shown 

and compared w i t h  p rev ious  eva lua t i ons  i n  Tab le  8 .2 .  

TABLE 8.2. E l a s t i c  Moduli and C o m p r e s s i b i l i t i e s  
of a Graphi te  S i n g l e  C r y s t a l  

( I n  u n i t  of 10- l3  cm2/dyne) 

This  Ana lys i s  Spence (b S e l d i n  ( c )  0 t h e r  

S1l + s12 1 .05  1.06 0.82 

S13 -2.49 -2.49 -0.33 

s 
33 

37.4 33.2 27.5 

Ka -1.44 -1.43 +0. 49 

K 
C 

32.4 28.2 26.8 

K - (a>-  26.3 27.8 

-13 2 
a. Using K = 29.6 x 10 cm /dyne as given by Gschneidner. (1 0 )  

b. Review of  previous data, see Reference 12. 
c .  Recent measurements on stress-annealed pyroly t ic  graphite, see 

Reference 1 3. 
d. Measurements by Kabalkina and Vereshchagin, Reference 14. 

The very  c l o s e  agreement of t h e  de r i ved  va lue s  f o r  ( s  11 + s12) '  S13 
and Ka, w i t h  t h e  b e s t  va lue s  g iven  by Spence must b e  cons idered  f o r t u i t o u s ;  

a  smaller assumed v a l u e  f o r  K would r e s u l t  i n  lower numbers f o r  a l l  



q u a n t i t i e s  der ived from t h i s  a n a l y s i s .  However, t h e  agreement wi th  previous 

eva lua t ions  is  considered e x c e l l e n t  and lends  s t rong  support  t o  t h e  v a l i d i t y  

of using R i l ey ' s  t h e o r e t i c a l  equat ions ,  wi th  t h e  derived c o e f f i c i e n t s ,  t o  

desc r ibe  t h e  c r y s t a l  l a t t i c e  expansion a s  a  func t ion  of temperature.  

The next  phase of t h i s  i n v e s t i g a t i o n  w i l l  be  aimed a t  ob ta in ing  in fo r -  

mation on t h e  morphology of t h e  o r i en t ed  po ros i ty  r e l a t i v e  t o  t h e  c r y s t a l -  

l i n e  reg ions  i n  p o l y c r y s t a l l i n e  g raph i t e s  by a n a l y s i s  of t h e  bulk  thermal 

expansion a s  a func t ion  of temperature,  using these  derived equat ions f o r  

t h e  thermal expansion of component c r y s t a l l i t e s .  It is  c u r r e n t l y  accepted (15) 

t h a t  t h e  o r i en t ed  po ros i ty  e x e r t s  t h e  same in f luence  on t h e  r ad i a t ion -  

induced dimensional changes as i t  does on t h e  thermal expansion. 

Subsequent phases of t h i s  i n v e s t i g a t i o n  w i l l  probe more deeply i n t o  

t h e  e f f e c t  of o r i en t ed  po ros i ty  on the  bulk changes and the  v a r i a t i o n  i n  

o r i en t ed  po ros i ty  a s  a  func t ion  of neutron f luence .  
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9. ATR PRESSURIZED WATER LOOP OPERATION AND MAINTENANCE 

R. S. Hope 

The Advanced Test  Reactor began Cycle 5 s t a r t u p  on September 1 3 ,  1970. 

Cycle 5 ended on October 19, 1970 a f t e r  accumulating an exposure of 

6826.8 M W ~  o r  31.03 e f f e c t i v e  days a t  220 MW. Cycle 6 s t a r t e d  ope ra t ion  

on November 1, 1970 and completed the  cyc l e  on January 12,  1971. Accumu- 

l a t e d  exposure was 10,328.0 M W ~  o r  46.945 e f f e c t i v e  days a t  220 MW. 

Cycle 7 s t a r t u p  began January 20, 1971 and was completed March 14 ,  1971. 

Accumulated exposure was 9909.5 MWd o r  45.04 e f f e c t i v e  days a t  220 MW. 

The r e a c t o r  i s  s t i l l  shu t  down i n  p repa ra t ion  f o r  Cycle 8A s t a r t u p  now 

scheduled f o r  Apr i l  8 ,  1971. 

The ID-N loop was operated during Cycles 5 and 6 a t  2000 p s i g ,  520°F, 

45 gpm, PH 10.00 f 0.2 wi th  oxygen concent ra t ion  a t  l e s s  than 0.05 ppm. 

The loop t e s t  t r a i n  contained zircaloy-2 cor ros ion  coupons sponsored by 

DUN (Douglas United Nuclear) and s t a i n l e s s  s t e e l  s t r u c t u r a l  m a t e r i a l s  

sponsored by N R L  (Navy Research Labs). The loop t e s t  t r a i n  was charged 

o u t  f o r  Cycle 7 and opera t ing  condi t ions  were changed t o  2200 ps ig ,  5 6 0 ' ~  

i n l e t  water  temperature and 40 gpm flow. The PH and oxygen concent ra t ion  

remained the  same. The new t e s t  t r a i n  contained 56 inches of v ion  and 

s t a i n l e s s  s t e e l  s t r u c t u r a l  specimens from t h e  NRL. The same sample t r a i n ,  

except  f o r  t e n  smal l  resonance f a t i g u e  specimens, w i l l  be  i r r a d i a t e d  dur- 

ing  Cycle 8. 

The z i r c a l o y  cor ros ion  coupons removed from t h e  loop test  t r a i n  a f t e r  

Cycle 6 were weighed and examined i n  t h e  NRTS hot  c e l l .  The samples were 

then shipped t o  t h e  WADCO ho t  ce l l  a t  Richland, Washington on Jan- 

uary 31, 1971. Two s e t s  of s t a i n l e s s  s t e e l  samples,each 14 inches long, 

were a l s o  shipped t o  NRL i n  Washington, D.C. on February 2 ,  1971. 

One hundred s ix ty -e igh t  minia ture  t e n s i l e  specimens which had been 

discharged from the  ID-N loop t e s t  t r a i n  a f t e r  Cycle 5 on October 19 ,  1970 

were shipped t o  t he  WADCO ho t  c e l l  a t  Richland, Washington on Febru- 

a r y  10 ,  1971. 



Because AEC-RDT funding for the ATR Water Loop Operation and Mainte- 

nance program ends June 30, 1971, Battelle-Northwest has transferred the 

1D-N loop and associated equipment to Idaho Nuclear Corporation. This will 

be the last quarterly report on this program. 
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