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FOREWORD 

During t h i s  past year  t h e  High-Temperature Gas-Cooled Reactor (HTR) 
Technology Development Program a t  Oak Ridge Nat iona l  Laboratory (ORNL) has 
expanded i n t o  new areas: HTR physics and s h i e l d i n g  s t u d i e s ,  a p p l i c a t i o n  
and p r o j e c t  assessments,  and component t e s t i n g  a s s o c i a t e d  wi th  hea t  
t r a n s f e r  and f l u i d  flow i n  an HTR helium environment. S ince  o t h e r  changes 
have occurred previous ly ,  i t  is a p p r o p r i a t e  t o  summarize t h e  h i s t o r y  of 
t h e  ORNL Thermal Gas-Cooled Reactor Program and t o  review t h e  program 
changes through the  years .  

The o r i g i n s  of t h e  present  Gas-Cooled Reactor Programs (GCRP) go back 
t o  about September 1957; a t  t h a t  t i m e  t h e  U.S. Atomic Energy Commission 
(AEC) undertook a comprehensive study of gas-cooled r e a c t o r s  (GCRs) f o r  
power production; i n d i v i d u a l  s t u d i e s  were made by Kaiser Engineers,  
Hanford, and ORNL. The i n t e n t  w a s  t o  present  t o  t h e  Congress a s p e c i f i c  
set of conclus ions  about t h e  poss ib l e  r o l e  of GCRs i n  t h e  United S t a t e s  
t o g e t h e r  wi th  a set  of recommendations, which would c o n s t i t u t e  a n a t i o n a l  
program f o r  GCR development. This  l e d  t o  the  e s t ab l i shmen t  of t h e  GCRP a t  
ORNL i n  1958, w i th  R. A. Charpie as program d i r e c t o r ,  and adopt ion  of t h e  
Experimental  Gas-Cooled Reactor (EGCR) p r o j e c t  by the AEC. 

With a view toward e a r l y  c o n s t r u c t i o n  of a r e a c t o r ,  the AEC reques ted  
ORNL, along wi th  Kaiser Engineers,  t o  complete i n i t i a l  GCR des ign  s t u d i e s  
by A p r i l  1958. The concept w a s  t o  be based l a r g e l y  on e x i s t i n g  
technology; t h e  p r i n c i p a l  v a r i a t i o n s  from t h e  Magnox GCR as developed i n  
Great B r i t a i n  were t h e  use of s t a i n l e s s - s t e e l - c l a d  f u e l  elements,  en r i ched  
U02 f u e l ,  and helium as t h e  coo l ing  gas. It w a s  a l s o  cons idered  important 
t o  look a t  t h e  f u t u r e  p o t e n t i a l  of GCRs;  t o  t h i s  end ORNL undertook 
v a r i o u s  exper imenta l  s t u d i e s  t o  exp lo re  t h e  p rospec t s  of using a l t e r n a t e  
materials, which would s impl i fy  t h e  design and s i g n i f i c a n t l y  improve t h e  
performance of enr iched-fue l  GCRs. 

In  t h e  60-MW(e) EGCR p r o j e c t ,  ORNL w a s  r e s p o n s i b l e  f o r  des ign  review, 
development of f u e l ,  c o n t r o l  rods,  c o n t r o l  rod d r i v e s ,  experimental  
f a c i l i t i e s ,  and development work on r e a c t o r  components; Oak Ridge 
Opera t ions  Of f i ce  w a s  r e spons ib l e  f o r  r e a c t o r  c o n s t r u c t i o n  and des ign;  
Kaiser Engineers w a s  t h e  p r i n c i p a l  a r ch i t ec t - eng inee r ;  Allis-Chalmers w a s  
r e spons ib l e  f o r  t he  co re ,  inc luding  the  f u e l  des ign ,  t h e  moderator, 
blowers, hea t  t r a n s f e r - f l u i d  flow des ign ,  and the  neu t ron ic s  design; 
Tennessee Valley Author i ty  w a s  t o  be t h e  ope ra to r .  ORNL a l s o  became 
involved i n  the  r e a c t o r  physics and r e a c t o r  des ign  s t u d i e s ;  experimental  
i n v e s t i g a t i o n  of h e a t  t r a n s f e r  and f l u i d  flow behavior ;  materials develop- 
ment i nc lud ing  f u e l ,  g r a p h i t e  and s t r u c t u r a l  metals; out-of-pile t e s t i n g  
of components; and in-pile-loop t e s t i n g  of f u e l s .  

'In a d d i t i o n  t o  t h e  EGCR p r o j e c t ,  t h e  e a r l y  GCR program included stud- 
ies of advanced gas-cooled r e a c t o r s  (AGRs), p a r t i c u l a r l y  of pebble-bed 
r e a c t o r s  (PBRs). I n  1958 Sanderson and P o r t e r  developed a PBR des ign;  
a l s o ,  Battelle-Columbus was working on c o a t e d - p a r t i c l e  f u e l s .  I n  1959 t h e  
AEC asked ORNL t o  eva lua te  t h i s  PBR work as p a r t  of i t s  GCRP. During 1960 
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two PBR des ign  s t u d i e s  were c a r r i e d  o u t ,  and exper imenta l  work w a s  i n i -  
t i a t e d  on c o a t e d - p a r t i c l e  f u e l  development and performance. The des ign  
s t u d i e s  l e d  t o  p lans  f o r  a PBR experiment (PBRE). However, because t h e  
General Atomic Company w a s  developing t h e  High-Temperature Gas-Cooled 
Reac tor  (HTGR) w i th  suppor t  from both  t h e  AEC and u t i l i t i e s ,  i t  was even- 
t u a l l y  determined t h a t  t h e  PBRE was not  c o s t - e f f e c t i v e ,  and t h e  project: 
w a s  t e rmina ted  i n  1963. However, t h e  coa ted  f u e l  development and f i s s i o n  
product behavior e f f o r t s  s t a r t e d  under t h a t  program w e r e  cont inued  as part 
of t h e  GCRP. 

W. D. Manly w a s  d i r e c t o r  of t h e  GCRP from 1961 u n t i l  1964. During 
t h i s  per iod  t h e  EGCR p r o j e c t  proceeded i n t o  the  c o n s t r u c t i o n  phase, t h e  
emphasis on coa ted -pa r t i c l e - fue l ed  r e a c t o r s  s h i f t e d  from PBRs t o  the HTGR, 
and s t u d i e s  were i n i t i a t e d  on t h e  Gas-Cooled F a s t  Breeder Reac tor  (GCFR). 
S t a r t i n g  i n  1961 a coope ra t ive  program w a s  i n i t i a t e d  w i t h  t h e  European 
Organ iza t ion  f o r  Economic Cooperation and Development (OECD) Dragon 
P r o j e c t  f o r  HTR development ( t h i s  cont inued  u n t i l  t h e  t e r m i n a t i o n  of t h e  
Dragon P r o j e c t  i n  1974). I n  1964 t h e  GCRP w a s  s p l i t  i n t o  t h r e e  p a r t s :  
G. D. Whitman w a s  named d i r e c t o r  of t h e  EGCR program, D. B. Trauger became 
d i r e c t o r  of t h e  AGR program, and Myer Bender became r e s p o n s i b l e  f o r  t h e  
GCFR work. Soon t h e r e a f t e r  t h e  GCFR e f f o r t  w a s  merged i n t o  t h e  AGR 
Trogram. Th i s  l a t te r  program a l s o  inc luded  t h e  f o r e i g n  exchanges on GCR 
technology o t h e r  than  t h e  EGCR agreements w i th  t h e  United Kingdom. 

From 1964 t o  1966 c o n s t r u c t i o n  of t h e  EGCR cont inued  and reached t h e  
s t a g e  of be ing  ready f o r  f u e l  i n s e r t i o n ,  w i th  f u e l  on s i te .  However, t h e  
p r o j e c t  w a s  t e rmina ted  i n  January 1966 on t h e  b a s i s  t h a t  t h e  EGCR w a s  no t  
compet i tve  wi th  l i g h t  water r e a c t o r s .  Subsequently,  t h e  prev ious  AGR 
program became t h e  GCRP, emphasizing HTGR development, w i t h  D. B. Trauger 
as d i r e c t o r .  Reac tor  phys ics  e f f o r t s  were r e o r i e n t e d  t o  a l low ORNL pakr- 
t i c i p a t i o n  i n  t h e  Peach Bottom HTGR Zero Power Commissioning Program. 
( A f t e r  t h e  Peach Bottom HTGR s t a r t e d  power o p e r a t i o n ,  ORNL p a r t i c i p a t e d  i n  
s u r v e i l l a n c e  of t h e  c i r c u l a t i n g  a c t i v i t y  i n  t h e  r e a c t o r  c o o l a n t  c i r c u i t . )  
ORNL coopera ted  c l o s e l y  w i t h  t h e  General Atomic Company i n  c a l c u l a t i n g  t h e  
p r e d i c t e d  nuc lea r  p r o p e r t i e s  of t h e  r e a c t o r .  Also i n  e a r l y  1966, ORNI, 
s t u d i e s  of l a r g e  HTGRs ( s t a r t e d  about 1965) were expanded t o  i n c l u d e  
e v a l u a t i o n  of des ign  and f u e l  c y c l e  performance. The GCRP a l s o  cont inued  
work on f u e l e d  g r a p h i t e  development, a s s o c i a t e d  f i s s i o n  product behavior ,  
PBR-type s p h e r i c a l  f u e l  elements [under t h e  Arbe i t sgemeinschaf t  
Versuchs-Reaktor (AVR) Memorandum of Understanding],  i n v e s t i g a t i o n s  of 
moderator materials, and HTGR a n a l y s i s .  P re s t r e s sed -conc re t e  r e a c t o r  
v e s s e l  development (PCRV)(a new technology area) w a s  a l s o  i n i t i a t e d  i n  
1966 and has  cont inued  u n t i l  t h e  present .  I n  1967 and 1968 a d d i t i o n a l  
component development w a s  i n i t i a t e d ,  which inc luded  r o t a t i n g  seal 
development, p r o p e r t i e s  of n i c k e l  a l l o y  weldments f o r  HTGR steam 
g e n e r a t o r s ,  and review of HTGR steam gene ra to r  des igns .  The mid-1960 work 
on materials w a s  t h e  beginning of t h e  c u r r e n t  HTR materials development 
e f f o r t .  Although s e p a r a t e  from t h e  GCRP, o t h e r  HTGR work was a l s o  c a r r i e d  
ou t  a t  ORNL, i nc lud ing  work under t h e  s a f e t y  program and f u e l  r e c y c l e  s t u -  
d i e s  under t h e  Thorium U t i l i z a t i o n  Program. 
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I n  1970 t h e  Thorium U t i l i z a t i o n  Program became part of t h e  GCRP, and 
P. R. Kasten w a s  named d i r e c t o r .  A t  t h a t  t i m e  t h e  HTGR p o r t i o n  of t h e  
GCRP c o n s i s t e d  of c o a t e d - p a r t i c l e b a s e d  f u e l  development, f i s s i o n  product 
release and t r a n s p o r t  s t u d i e s ,  materials s t u d i e s ,  PCRV development, a 
coord ina ted  program wi th  HTGR s a f e t y  s t u d i e s ,  and HTGR f u e l  r e c y c l e  devel- 
opment involv ing  head-end r ep rocess ing  and f u e l  r e f a b r i c a t i o n .  During 
t h e  1970s t h e  r e a c t o r  technology po r t ion  of t h e  program expanded i n t o  t h e  
HTGR s a f e t y  area, and i n  1975 t h e  s a f e t y  work inc luded  both development 
and l icens ing-suppor ted  a c t i v i t i e s .  A f t e r  1975 t h e  HTGR s a f e t y  program 
a c t i v i t i e s  decreased, and subsequently t h e  remaining s a f e t y  s t u d i e s  were 
t r a n s f e r r e d  t o  t h e  Nuclear Regulatory Commission s a f e t y  program a t  ORNL. 
The g r a p h i t e  development program was i n i t i a t e d  i n  1974 and has  cont inued  
s i n c e  t h a t  t i m e .  S t a r t i n g  i n  1971, t h e  AEC and t h e  Nuclear Research 
Es tab l i shment  a t  J u l i c h  (KFA-Julich), Fede ra l  Republic of Germany (FRG), 
s igned  an informat ion  exchange agreement covering HTR base technology, 
w i t h  ORNL i n t e r a c t i n g  wi th  KFA-Julich. I n  1977 t h e  U.S.-FRG Umbrella 
Agreement covering gas-cooled r e a c t o r  technology w a s  implemented; 
ORNL-KFA-Julich informat ion  exchange con t inues  today under t h e  Umbrella 
Agreement. 

The HTGR f u e l  r e c y c l e  development work a l s o  en larged  dur ing  t h e  
1970s, performing expanded f u e l  r e c y c l e  technology development and 
c a r r y i n g  out  planning s t u d i e s  f o r  r e c y c l e  p i l o t  p l an t  implementation and 
f o r  commercialization s t u d i e s .  However, t h e  r e c y c l e  e f f o r t  decreased 
a f t e r  HTGRs w e r e  withdrawn from t h e  commercial market,  and i n  1978 t h e  
HTGR f u e l  r ecyc le  program became part of t h e  Consolidated Fuel Recycle 
Program a t  ORNL. During 1978 s t u d i e s  were r e i n i t i a t e d  on t h e  f u e l  c y c l e  
performance of PBRs,  and an o v e r a l l  e v a l u a t i o n  of pebble- and prism-fueled 
r e a c t o r s  w a s  completed i n  1980. 

During t h i s  last  year  t h e  new areas l i s t e d  a t  the  beginning of t h i s  
foreword were s t a r t e d  so  t h a t  t h e  HTR program now covers  f i s s i o n  product 
and coo lan t  chemistry,  f u e l  development, PCRV s t u d i e s ,  materials s t u d i e s ,  
g r a p h i t e  development, r e a c t o r  physics and s h i e l d i n g  s t u d i e s ,  a p p l i c a t i o n  
assessments and e v a l u a t i o n s ,  and HTR component t e s t i n g .  The ORNL e f f o r t  
i s  i n t e g r a t e d  wi th  t h e  n a t i o n a l  HTR program under t h e  d i r e c t i o n  of t h e  
U.S. Department of Energy, and c l o s e  coope ra t ion  i s  maintained wi th  o t h e r  
program p a r t i c i p a n t s ,  p a r t i c u l a r l y  w i t h  General Atomic Company, Gas-Cooled 
Reac tor  Assoc ia t e s ,  and General Electr ic  Company. I n  i t s  areas of 
p a r t i c i p a t i o n ,  ORNL c o n t r i b u t e s  s p e c i a l  and unique f a c i l i t i e s  to t h e  
n a t i o n a l  HTR program and provides o b j e c t i v e  e x p e r t i s e  t o  assist i n  
b r ing ing  the  HTR toward u s e f u l  and important a p p l i c a t i o n s .  

Paul R. Kasten 
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SUMMARY 

1. HTGR CHEMISTRY 

SorDtion of Iod ine  on Low-Chromium-Alloy Steel  

Iod ine  s o r p t i o n  tests on low-alloy s teel  were concen t r a t ed  i n i t i a l l y  
A t  i od ine  p re s su res  ranging  from 10-1 t o  

atm) and a temperature of 400°C, load ing  i n c r e a s e  w i t h  par- 
on t h e  400°C isotherm. 
(10'6 t o  
t i a l  p r e s s u r e  e v i d e n t 1  r e s u l t s  from FeI2 formation. Between and 

Pa and atm),  we observed a v a r i a b i l i t y  of from one t o  
two o r d e r s  of magnitude i n  t h e  loading ,  which w a s  c l e a r l y  r e l a t e d  t o  
changes i n  t h e  s u r f a c e  condi t ion .  The lowest l oad ings  were obta ined  wi th  
specimens that  appeared t o  be corroded; t h e  h i g h e s t  l oad ings ,  which i n  
t h i s  range w e r e  cons t an t  a t  5 pg/cm2, e v i d e n t l y  r e p r e s e n t  monolayer 
coverage on t h e  bare  s teel  su r face .  A s t e e p  d e c l i n e  i n  load ing  w a s  
observed below Pa 
t y p i c a l  a t  10-6 Pa  
were determined i n  tests involv ing  e i t h e r  a drop i n  t h e  i o d i n e  p a r t i a l  
p r e s s u r e  o r  an  i n c r e a s e  i n  t h e  specimen temperature.  

Pa 

a t m ) ,  wi th  a va lue  of about 0.05 pg/cm2 
a t m ) .  A s  wi th  g r a p h i t e ,  i od ine  deso rp t ion  rates 

Iodine  Sorp t ion  and Desorption from Graphi te  

Iodine  s o r p t i o n  tests on grade H451 g r a p h i t e  were conducted from 250 
t o  1000°C. A t  each temperature,  we found a l i n e a r  r e l a t i o n s h i p  between 
t h e  logar i thm of iod ine  load ing  (microgram per  gram of g r a p h i t e )  and t h e  
loga r i thm of t h e  i o d i n e  p a r t i a l  p re s su re .  A t  1000°C t h e  i o d i n e  load ing  
ranged from pg/g a t  an iod ine  p a r t i a l  p r e s s u r e  of 5 X Pa 
( 5  x 10-l1 a t m )  t o  2 x Pa 
(8 X 10-8 a t m ) .  
t empera ture ,  a l though not  a t  a uniform rate. A t  t h e  lowest test t e m -  
p e r a t u r e  (25OoC), i od ine  loadings  ranged from 2 X pg/g t o  1.2 pg/g 
f o r  t h e  same range of i od ine  concen t r a t ions  i n  t h e  helium. I n  a d d i t i o n  t o  
equ i l ib r ium tests, t h e  ra te  of i od ine  deso rp t ion  w a s  measured by two o t h e r  
t ypes  of tests: deso rp t ion  caused by a r a p i d  drop i n  iod ine  p a r t i a l  
p r e s s u r e  and deso rp t ion  caused by a temperature rise. 

pg/g a t  a p a r t i a l  p r e s s u r e  of 8 x 
Equi l ibr ium i o d i n e  loadings  inc reased  wi th  dec reas ing  

S i l v e r  D i f fus ion  i n  H451 Graphi te  

S i l v e r  d i f f u s i o n  p r o f i l e s  were measured f o r  two d i f f e r e n t  sample 
conf igu ra t ions .  I n  t h e  f i r s t ,  hollow g r a p h i t e  c y l i n d e r s  w e r e  p a r t i a l l y  
f i l l e d  wi th  s i l v e r - l a d e n  g r a p h i t e  powder and s e a l e d  wi th  a g r a p h i t e  
end-cap. For t h e  second set of experiments,  s o l i d  g r a p h i t e  c y l i n d e r s  were 
used. The c y l i n d e r s  were surrounded by a g r a p h i t e  f o i l  loaded wi th  t h e  
s i l v e r  source.  The f o i l s  had a paper - l ike  cons i s t ency  and were wrapped 
t i g h t l y  around t h e  samples. 
formed i n  a s m a l l  tube  furnace .  Although most experiments were performed 
i n  a vacuum, some were run i n  i ne r t  and reducing  atomospheres. A f t e r  t h e  
d i f f u s i o n  annea l ,  the samples were r a d i a l l y  sec t ioned  by a small p r e c i s i o n  
l a t h e .  The amount of r a d i o a c t i v e  s i l v e r  i n  each s e c t i o n  w a s  measured by 
p l ac ing  t h e  c o l l e c t e d  g r a p h i t e  powder i n  a sodium iod ide  d e t e c t o r .  

The i so the rma l  d i f f u s i o n  annea l s  w e r e  p e r - -  
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Two features are apparent for all the diffusion profiles. A 
high-concentration, slow or nonmoving silver component occurs near tihe 
surface. Away from the surface, a low-concentration, faster moving com- 
ponent occurs. This behavior is similar to results previously seen for 
cesium diffusion in graphite. 
diffusion-with-trapping model as presented by Evans et al. However, this 
model does not cover the behavior of the tightly bound surface layer. 

We are currently analyzing our resu1t:s in a 

Plutonium and Uranium Diffusion in Graphite 

An investigation has been initiated to study the vapor pressure and 
diffusion properties of plutonium in graphite. The experimental proce- 
dures used in the work will be tested first by using uranium as a stand-in 
for plutonium. Two types of diffusion experiments are planned: (1) a 
two-block contact method in which graphite blocks with embedded uranium 
will be contacted with other graphite blocks that are initially uranium 
free (these experiments are currently in progress) and (2) a method 
employing a simulated fuel stick bonded to graphite, in which the matrices 
in the fuel sticks used will contain low concentrations of uranium. 

2. FUELED GRAPHITE DEVELOPMENT 

The Fueled Graphite Development Program at ORNL continues as part of 
the national HTGR fuel development effort being conducted in cooperation 
with the General Atomic Company (GA). The ORNL portion of the program 
centers around irradiation testing and specialized postirradiaiton exami- 
nation (PIE) techniques and equipment. General Atomic's portion of ,the 
program includes interface with core designers and with the licensing 
activity and responsibility for the fuel performance model development. 
At the end of the current reporting period, the task of screening can- 
didate fuels is essentially completed. The remaining work is the selec- 
tion and qualification for licensing of a reference fuel. Our role in the 
qualification effort will be to continue providing services for the 
assembly and monitoring of irradiation capsules, special examinations of 
irradiated fuel, and assistance in interpreting the results of the 
examinations. 

The major focus of the Fueled Graphite Development Program work 
during this reporting period has been on the examination of fuels from 
capsules HRB-14 and HRB-15b by use of the irradiated microsphere gamma 
analyzer (IMGA) and the postirradiation gas analyzer (PGA) systems. These 
capsules contained candidate fissile fuels being considered in the 
reference fuel selection process. Fuel from capsule HRB-15a will also be 
considered; this capsule was irradiated during 1980. 

In addition to cooperating with GA under the national HTGR fuel devel- 
opment program, cooperation with the German Nuclear Research Center at 
Julich [Kernforschungsanlage (KFA) Jiilichl is in progress. The coopera- 
tion with KFA is part of the formal agreement between the U.S. and German 
governments for gas-cooled reactor development. Areas of work under the 
ORNL/KFA cooperation include fuel PIE techniques and procedures. Also 
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included in the cooperation is a personnel exchange. A report of work 
performed during this reporting period by the ORNL assignee to KFA is 
included in Chap. 2. 

The Fueled Graphite Development Program continues to be organized 
around four subtasks: (1) Irradiation Testing, (2) Development Work, 
(3) Project Work Statement (PWS) Activities, and ( 4 )  Equipment Development 
and Maintenance. Highlights of work under each of these subtasks are 

Irradiation Testing 

Completed final topical reports on HT-34 and HRB-13 experiments. The 
major conclusion reached from the HT-34 work is that considerable 
within-batch variation exists in the irradiation behavior of the 
pyrocarbon (PyC) coatings on Biso-coated fertile particles. Batches, 
which were gastight before irradiation, became permeable during 
irradiation, with the degree of permeability varying greatly. This 
behavior is probably the result of a wide variation in the coating 
conditions of the particles, caused by their random movement within 
the coater. The major objective of the HRB-13 experiment was to 
determine the influence on irradiation performance of deviations from 
spherical form for weak-acid-resin (WAR)-derived fissile particles. 
The presence of chlorine in the particles compromised this objective, 
which caused all test specimens to perform poorly. 

Partially completed the PIE on fuel specimens irradiated in capsules 
HRB-14 and HRB-15b. The most significant observations from the 
HRB-14 fuel examination was the loss of both gaseous and metallic 
fission products. Postirradiation examination of the ORNL fuel irra- 
diated in capsule HRB-15b has not proceeded to the point that defini- 
tive conclusions can be reached. However, PGA work on GA 
Triso-coated particles showed good performance relative to fission 
gas retention. 

Completed irradiation of capsule HT-35. This irradiation was 
completed at the end of 1980, but no examinations have yet taken 
place. 

Partially completed irradiation of capsule HRB-15a. This capsule 
contains only fuel fabricated by GA. We operated this capsule as a 
service to GA during FY 1980, with funds coming from the ORNL 
program. In FY 1981 this arrangement was changed slightly so that 
U.S. Department of Energy (DOE) funds designated for GA irradiation 
service work were included in the ORNL program. Beginning in FY 
1981, this work is covered under a separate task and will be reported 
under that task in the 1981 annual report. 

Completed planning for the HRB-16 experiment. This work was done in 
conjunction with GA and will be included in the GA irradiation ser- 
vice task beginning in FY 1981. 
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Development Work 

0 Completed studies on PyC deposited by use of C02 dilution of the 
coating gas. 
is the examination of fuel with C02-diluted PyC coatings irradiated 
in capsule HT-35. 
C02 dilution over conventional coating recipes for PyC deposition. 
More sophisticated PIE techniques applied to fuel from batch OR-20113 
(formerly thought to be gastight after irradiation) showed these par- 
ticles to have become gas-permeable during irradiation in capsule 
HT-34. It was the perceived excellent performance of batch OR-2013 
in earlier HT capsules that led to these additional studies of PyC: 
coating by using C02 dilution. 

The only work remaining to be completed on this subtask 

These studies have shown no advantage from 

Completed the silicon carbide (Sic) characterization phase of the Sic 
development subtask. Correlations have been established between 
deposition parameters and Sic microstructure, based on transmission 
electron microscopy (TEM), x-ray diffraction, and small-angle x-ra.y 
scattering (SAXS) measurements. 

0 Completed laboratory-scale studies on dense UCO kernel fabrication. 
Microspheres of dense UCO with the desired U02 + UC2 content have 
been produced by using a two-step sintering process. The sintering 
was done at 1500"C, which is considered an advantage over conven- 
tional sintering recipes that require temperatures as high as 1900°C. 
Atmospheres of argon plus small percentages of carbon monoxide are 
used to control the chemical composition of the microspheres. 

Project Work Statement Activities 

0 Work was completed on PWS FD-12. On the basis of examination of 
Biso-coated particles irradiated in HT-34 and HRB-14, we concluded 
that coatings vary considerably within a batch in their ability to 
remain gastight during irradiation. From these results we conclude 
that it is probably not possible to produce Biso-coated fuel that 
will meet rigid performance specifications. The recent selection of 
a Triso-Triso system for the reference low-enriched uranium (LEU) 
fuel cycle was well advised. 

0 Work was completed on PWS FD-13. This comparison of IMGA with 
postirradiation annealing and autoradiography (PIAA) showed the 
OWL-developed IMGA system to be more effective in measuring both 
failed-particle fractions and retaining fission products in 
irradiated coated-particle fuels. 

Equipment Maintenance and Development 

0 A new particle handler was fabricated for IMGA. The new handler, 
which is more versatile than was the old one, is designed for remote 
maintenance. This feature will preclude the time-consuming cell 
decontamination required for maintenance of the old handler. 
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0 Much work was done with the cold-particle-breaking feature of the PGA 
system. Development of the capability for hot-particle breaking 
continued. We tried to establish the capability for making an Ne-He 
measurement on Biso-coated particles that have been irradiated, but 
this feature is not yet operational. 

Construction of the remote x-radiography unit was completed, and the 
equipment is now operational . 

3. PRESTRESSED CONCRETE PRESSURE VESSEL DEVELOPMENT 

Techniques are being developed under the analysis methods development 
task to improve the accuracy and efficiency of modern finite-element 
codes. Two areas are currently under investigation: revisions to the 
endochronic concrete constitutive relations and computations of creep 
effects in concrete structures. Although the theory represents a poten- 
tially powerful tool for use in the analaysis of prestressed concrete 
pressure vessels (PCRVs), results of the investigation of the endochronic 
theory indicate that the relations are of limited use until methods for 
determining creep and cracking effects are implemented and more control 
of the shape of the concrete stress-strain curve is obtained. By using 
the principle of superposition and a rate-type creep law with internal 
variables corresponding to a Maxwell chain model, a set of FORTRAN IV 
subroutines is being developed to provide a finite-element program for 
creep calculations of concrete structures. 

Evaluation of concrete material properties in a nuclear environment 
included both an updated review of available data and a performance speci- 
fication for a concrete multiaxial testing system. Results of the review 
of concrete properties indicate that: 

Data needs exist for concrete behavior under multiaxial, elevated- 

0 The applicability of high-strength concrete to current designs needs 

Alternative construction material systems such as fibrous concrete 

temperature, and irradiation loadings. 

to be assessed. 

should be evaluated for their potential to provide improved PCRV per- 
formance at reduced cost. 

A draft performance specification has been prepared for a concrete 
multiaxial material-testing system that, when fabricated, will provide 
data representative of PCRV concrete behavior under normal and postulated 
accident conditions. Covered in the specification are requirements for 
specimen configuration, static load capability, fatigue loading 
capability, load frame assembly, hydraulic actuators., load transducers, 
loading platens, hydraulic supply system, environmental chamber, specimen 
displacement instrumentation, interactive computer control, data acquisi- 
tion and analysis, and acceptance testing. 

A cylindrical (1200-mm-long, 991-mm-OD, 152-mm-thick wall) ASTM A 508 
class 2 steel specimen containing a longitudinal surface flaw was monitored 
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by acoustic emission (AE) under the instrumentation evaluation and 
development task while the vessel was subjected to a thermal shock. 
During AF, monitoring 780 valid events were recorded over the entire sur- 
face of the vessel, with 286 of the events occurring within +lo0 mm of the 
flaw. Event activity was so intense (occurrance and peak voltages) during 
small extensions of the vessel flaw that the AE system locked itself out 
to activity similar to that during leakage of a vessel (continuous noise). 
Although the test was conducted at relatively low amplifier gains (-65 dB), 
results show that, because of the energy associated with the flaw growth, 
future tests should be conducted at much lower amplifier gains. 

Under the structural models task an overview of PCRV-related model 
tests was conducted, and techniques were initiated for development of wire- 
winding and nonleak liner systems for PCRV models. 
mary of model tests is information on ( 1 )  requirements for PCRV model 
tests, (2) model testing methods, (3) structural model types, 
( 4 )  materials for structural models, (5) size effects, (6) instrumentation 
for model tests, (7)  hydraulic versus pneumatic pressure loading of 
models, and (8) review of PCRV-related model tests. We are investigating 
the feasibility of modifying a commercial concrete pipe wire-winding 
facility so that closer wire spacings and wire layering can be used for 
PCRV models. The use of flanged heads to which a skirt section of 
12-gauge AIS1 1008 drawing quality steel is joined is being evaluated as 
a candidate PCRV liner material. These techniques and a relatively new 
construction material (fibrous concrete) will be evaluated by testing an 
approximately 1/30-scale fibrous concrete model. 

Contained in the sum- 

The liners and penetrations task activities tested weldments for the 
steel penetrations and closures of the liner system for the PCRV for ian 
HTGR. Drop-weight, dynamic precracked Charpy, and compact tests of the 
weld metal and heat-affected zones (HAZs) of W-3 weldment material are 
presented. Results obtained from testing a 1 T compact specimen from 
plate P2, using a recently developed computerized J-integral unloadin,g 
compliance system, are presented and compared with previously publish'ed 
fracture toughness data. 

4 .  STRUCTURAL MATERIALS 

Work at ORNL on HTGR structural materials is directed toward develop- 
ment of the materials technology necessary for designing and licensing 
HTGR systems. 

Mechanical Properties 

Long-term creep tests, many exceeding 30,000 h, on a number of can- 
didate HTGR alloys have continued to show relatively little effect of HTGR 
helium on creep rates but have shown measureable deterioration of fracture 
strains. Much emphasis has been on the creep behavior of weldments, par- 
ticularly Hastelloy X and Inconel 617. Hastelloy X weldments prepare!d 
with Hastelloy S filler metal exhibited very good properties. 

A number of alloys have reached aging exposures exceeding 20,000 h. 
Postexposure testing includes tensile, impact, creep-rupture, fatigue, and 
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crack  growth. 
s u p e r i o r  t o  t h a t  of Inconel  617, Has te l loy  X, and HD556. 
f a t i g u e  tests on Has te l loy  X and Incone l  617, i nc lud ing  materials aged a t  
538 t o  871°C up t o  20,000 h ,  have shown t h a t  t h e  e f f e c t  of ag ing  i s  rela- 
t i v e l y  minor and g e n e r a l l y  b e n e f i c i a l ,  a l t hough  both  ag ing  t i m e  and t e m -  
pe ra tu re  a f f e c t  c y c l i c  l i f e .  I n v e s t i g a t i o n  of f a t i g u e  c rack  propagat ion  
i n  aged and unaged Has te l loy  X and Inconel  617 cont inued ,  and work began 
on c reep  crack growth i n  a l l o y  800H. 

Incone l  618 has been found t o  have thermal s t a b i l i t y  much 
Low-cycle 

Mechanical t e s t i n g  of ceramics w a s  i n i t i a t e d ,  h igh-prec is ion  
compressive c r e e p  r e s u l t s  were obta ined  on fused  s i l ica ,  four-point bend 
tests were s t a r t e d  on s i l i c o n  n i t r i d e ,  and a system w a s  designed and 
cons t ruc t ed  f o r  stress r e l a x a t i o n  t e s t i n g .  

Corrosion 

Steam cor ros ion  t e s t i n g  of a l l o y s  w a s  t e rmina ted  a f t e r  28,000 h 
because of t he  loss  of access t o  t h e  exposure f a c i l i t y .  A r e p o r t  sum- 
mar iz ing  a l l  t h e  d a t a  obta ined  has been prepared. 

A wide v a r i a b i l i t y  of c a r b u r i z a t i o n  rates has been observed under 
HTGR-helium exposure cond i t ions  cons idered  t o  be equ iva len t .  Th i s  has 
been expla ined  on t h e  b a s i s  of flow d i r e c t i o n  and specimen p o s i t i o n  
v a r i a b i l i t y  of carbon p o t e n t i a l  and H20 supply rates. 
i n  HTGR helium under ze ro  a p p l i e d  stress were found t o  d i l a t e  up t o  1% as 
a r e s u l t  of carbur iza t ion- induced  s u r f a c e  stresses. F i n a l l y ,  d a t a  were 
obta ined  showing t h a t  H20 i s  probably t h e  most impor tan t  f a c t o r  i n  
c o n t r o l l i n g  t h e  c a r b u r i z a t i o n  of a l l o y s  i n  HTGR helium. 

Al loys  ca rbur i zed  

J o i n i n g  

Three modified Inconel  617 a l l o y s  were welded s a t i s f a c t o r i l y ,  and 
pre l iminary  r e s u l t s  i n d i c a t e d  good weldment p r o p e r t i e s .  Welding evalu- 
a t i o n  of cast nickel-base a l l o y s  has shown t h a t  high-energy d e n s i t y  
welding processes  such as laser and e l e c t r o n  beam have promise f o r  making 
accep tab le  f u s i o n  welds i n  a l l o y  713LC. These techniques  have a l s o  been 
employed t o  j o i n  oxide-dispersion-strengthed a l l o y  MA956, and tests of 
weldments produced are i n  progress.  

S t r uc t ura  1 Ceramics 

Experiments t o  determine t h e  e f f e c t s  of ag ing  on t h e  resil ience of 
f i b r o u s  i n s u l a t i o n s  were i n i t i a t e d .  Depres su r i za t ion  t e s t i n g  of s e v e r a l  
i n s u l a t i o n s  and dense ceramics w a s  completed. One material, a Masrock 
fused  s i l i ca ,  d i s i n t e g r a t e d  i n  t h e  t es t ,  bu t  a l l  o t h e r s  surv ived  without 
r e a d i l y  d i s c e r n a b l e  e f f e c t s .  Specimens of Corning 7941 fused  s i l ica  were 
examined before  and a f t e r  c r eep  t e s t i n g .  D e v i t r i f i c a t i o n  had not  occurred 
i n  2000 h a t  982OC, and the  only v i s i b l e  change i n  s t r u c t u r e  w a s  a 
coa lescence  of poros i ty .  
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F i s s i o n  Product  I n t e r a c t i o n s  

Examination of n icke l -base  a l l o y s  exposed t o  low c o n c e n t r a t i o n s  of 
t e l l u r i u m  f o r  6000 h a t  700°C has  confirmed t h a t  t e l l u r i u m  d i f f u s e s  selec- 
t i v e l y  a long  g r a i n  boundar ies  and r e s u l t s  i n  s eve re  i n t e r g r a n u l a r  
embr i t t l ement .  Th i s  e f f e c t  i s  minimized i n  a l l o y s  c o n t a i n i n g  about 1% Nb. 

5. HTGR GRAPHITE STUDIES 

I r r a d i a t i o n s  i n  ORR 

A f t e r  cons ide rab le  d i f f i c u l t y  i n  procur ing  components, t h e  second 
600°C compressive creep experiment ( capsu le  OC-4) w a s  i n s e r t e d  i n t o  t h e  
ORR on November 25, 1980. Because of changes i n  t h e  co re  c o n f i g u r a t i o n ,  
t h e  experiment tended t o  run  ho t  bu t  ope ra t ed  w e l l  w i t h  a 10% r e d u c t i o n  i n  
r e a c t o r  power. By December 31, 33 d of a minimum 110-d exposure had been 
completed. Design of t h e  1200°C creep capsu le  i s  now being r e f i n e d  on t h e  
b a s i s  of t h e  s u c c e s s f u l l y  completed bench tes t  runs. 

I r r a d i a t i o n s  i n  HFIR 

Two i r r a d i a t i o n  experiments were o r  are i n  progress  i n  t h e  High F l u x  
I s o t o p e  Reac tor  (HFIR). One (HTK-4) under t h e  U.S.-Federal Republic of 
Germany (FRG) Umbrella Agreement i s  due ou t  of t h e  r e a c t o r  i n  A p r i l  1981. 
The o t h e r  experiment,  conducted f o r  and suppor ted  by United Nuclear 
Company, i n v e s t i g a t e d  t h e  behavior of TSX g r a p h i t e  i n  t h e  N-Reactor a t  
Hanford. Th i s  experiment is of s u f f i c i e n t  importance t o  t h e  HTGR program 
t h a t  t h e  r e s u l t s  are r e p o r t e d  h e r e  i n  some d e t a i l .  Grade TSX i s  q u i t e  
similar t o  t h e  H327 g r a p h i t e  used i n  the F o r t  S t .  Vrain Reactor.  The 
major conc lus ions  w e r e  (1)  a l l  mechanical p r o p e r t i e s  remain " sa fe"  a t  t:he 
f l u e n c e  usua l ly  de f ined  as "end-of-l ife" and (2), a t  least a t  600°C, 
r e s u l t s  from HFIR c o r r e c t l y  p r e d i c t  g r a p h i t e  behavior i n  a power reactalr 
over an  approximate 50-fold f l u x  d i f f e r e n c e .  

Oxida t ion  Experiments 

C a t a l y t i c  o x i d a t i o n  has now been observed i n  HTGR g r a p h i t e  g rades  
H451, 2020, and German grade  ASR-1RG. We take  as evidence of c a t a l y s i s  
e i t h e r  " ins ide-out"  o x i d a t i o n  o r ,  more d i r e c t l y ,  p inhole  o x i d a t i o n  around 
obse rvab le  high-atomic-weight i n c l u s i o n .  If t h e s e  observed phenomena are 
a t t r i b u t e d  t o  i r o n ,  c a l c u l a t i o n s  show t h a t  t h e  ORNL o x i d a t i o n  appa ra tus  
o p e r a t e s  a t  impur i ty  concen t r a t ions  i n  t h e  range where t h e  o x i d a t i o n  
p o t e n t i a l  p e r m i t s  Fe Z F e ( I 1 )  t o  proceed. 

I n  o t h e r  experiments,  nondes t ruc t ive  measurement of e lectr ical  con- 
d u c t i v i t y  by eddy-current techniques  has been demonstrated t o  be an  
e x c e l l e n t  q u a l i t a t i v e  measure of burn-off l e v e l  and p r o f i l e .  Q u a n t i t a t i v e  
measures are i n  progress .  A growing body of d a t a  now ex is t  on t h e  German 
r e E l e c t o r  g r a p h i t e  ASR-1RG. 
ox ida t ion .  
p a r t i c l e  s i z e ,  which is  incommensurate wi th  our sample geometr ies ,  bu t  t h e  
g e n e r a l  behavior  is  i d e n t i c a l  t o  t h a t  of t h e  U.S. g r a p h i t e s .  

The material e x h i b i t s  c a t a l y t i c  p inhole  
Mechanical proper ty  d a t a  are somewhat clouded by t h e  l a r g e  
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6 .  HTR CORE EVALUATION 

A comparative technical and economic evaluation of pebble-bed and 
prismatic-fueled high-temperature reactors (HTRs) considered outlet 
coolant temperatures of 750, 850, and 95OOC and reactor power levels of 
3000 and 1000 MW(t). Important differences between the two reactor core 
systems were identified, such as those associated with the PCRV and con- 
tainment building, the control and control rod systems, the fuel perfor- 
mance and fission product release, the fuel cycle cost and nuclear 
performance, reactor availability, and research and development costs. 
Cost estimates were based on probability distributions, and a decision 
methodology was employed, which utilized these cost probability 
distributions. We concluded that, on the basis of the results of this 
study, the United States should continue to develop the prismatic-fueled HTGR. 

7. HTR PHYSICS STUDIES 

Physics studies were performed to support the pebble-bed and 
prismatic-fueled HTR core assessment. Of special interest were the 
control requirements of the pebble-bed core, its susceptibility to xenon- 
driven oscillation, and its performance in regard to fuel utilization and 
fuel temperature distributions. Continued development of analysis methods 
has brought enhanced neutronics, fuel management, and thermal hydraulic 
capability into routine use. 

8. HTR SHIELDING 

The HTR Shielding Program began in FY 1981, and initial activities 
involved finding a suitable cross section set and planning a major 
shielding experiment. An HTGR design problem was calculated with two ORNL 
cross section libraries, and the results were compared with GA results. 
For one of the ORNL libraries, a satisfactory comparison could be achieved 
by choosing graphite data processed with the appropriate temperature. 
Although substantial disagreement existed in some regions, agreement in 
regions of interest for the experiment was good. Consequently, this cross 
section set was selected for HTR shielding analysis. 

Planning for the shielding experiment began in November 1980 in a 
meeting between ORNL and GA personnel. 

9. APPLICATION AND PROJECT ASSESSMENTS 

High-Temperature Reactor Reformer and Process Heat Modeling Studies 

The chemical heat pipe (CHP) flowsheet as previously presented by 
General Electric Company (GE) was evaluated, and a number of errors i n  
mass flow rate and in energy balances were determined. 
provides an understanding for evaluating the current reference CHP system 
flowsheet being developed by GE and GA. 

The work performed 
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Dynamic response modeling of HTR-process heat distribution systems is 
being performed. Initial emphasis has been on the CHP systems, including 
the reactor, intermediate-heat exchanger (IHX), reformer, pipeline, and 
methanator systems. Dynamic simulation models have been developed or 
obtained for the reactor, the reformer, the pipeline, and the methanator 
systems. These codes still need to be integrated. 

High-Temperature Reactor Application Assessments for Fossil Conversion 
Processes 

During our participation in the HTR Process Applications Work Groulp 
meetings, the Exxon catalytic coal gasification (ECCG) process was 
selected for primary emphasis in 1981. Comments on Bechtel's draft 
economic ground rules, literature references on the ECCG process, and an 
estimate of the distribution of the high-temperature heat requirements of 
the ECCG process were provided. 

Project and Priority Assessments 

Six reactor applications were evaluated relative to their total corn- 
mercialization cost per barrel of crude oil equivalent produced and/or 
saved. One application represents the steam cycle HTR with an outlet- 
coolant temperature of 750"C, and five applications include the use of an 
HTR with an outlet coolant temperature of 850 to 950°C as a high- 
temperature heat source to a reformer. 

The most promising applications were identified, and parametric stu- 
dies were carried out to show the effects of changing ( 1 )  plant lifetime, 
(2 )  plant scheduling, ( 3 )  discount factor, (4) end-year-of comparison, 
(5) research and development (R&D) and first-of-a-kind (FOAK) costs, and 
( 6 )  plant costs. 

The six plant applications, unit costs, and total commercializatiori 
cost of both product energy and crude oil saved/produced were obtained. 
The HTR steam cycle and HTR reformer for oil shale processing were the 
most cost-effective and were significantly lower in cost than the CHP arid 
the coal liquefaction/gasification applications studied. However, the 
shale oil syncrude needs further processing to be comparable with the 
other products. 

10. HTR CFTL STUDIES 

The Component Flow Test Loop (CFTL) has been evaluated for testing 
HTGR components. The Stage Alpha version of this loop is being 
constructed with Gas-Cooled Fast Reactor (GCFR) Program funds. Unique 
characteristics of this loop and supporting facilities include the ability 
to circulate relatively large volumes of helium at HTGR operating tem- 
peratures and pressure, the potential for executing rapid and controlled 
transients involving both flow and power input, the availability of a 
sophisticated data acquision system, and the availability of large amoun.ts 
of electrical power (40  MW and more). Initial study indicates that appli- 
cation of the CFTL is pertinent to performance testing of the HTGR core 
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support structure, to determining the performance characteristics and 
structural response of various heat exchange components and systems, and 
to evaluating the core spatial fluid flow and temperature behavior under 
various reactor conditions. 

Of the various applications, the test that appeared to have the most 
favorable attributes for early resolution with the Stage Alpha CFTL was a 
performance test of the HTGR core support structure. Preliminary evalu- 
ation of the associated test requirements indicates that the coolant 
flow range required is well within the capacity of the CFTL circulators 
and that appropriate flow conditions can be produced in a test piece 
having the needed geometries. Hardware acquired under the GCFR program 
but not installed in the Stage Alpha design can be used to fabricate an 
appropriate test vessel. A controlled power supply of approximately 1.5 
MW will be needed; although this power is available from the installed 
transformers, additional controls for about 1 MW will be needed. Planning 
for the core support performance test (CSPT) is proceeding on the basis 
that it will be the first test carried out in the CFTL. 
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1. HTGR CHEMISTRY 

R. P. Wichner 

1.1 SORPTION OF IODINE ON LOW-CHROMIUM ALLOY STEEL - M. F. Osborne and 
R. B. Briggs 

The primary objective of these tests was to determine the equilibrium 
sorptive capacity of 2-1/4 Cr-1 Mo steel (which comprises most of the 

cooler regions of HTGR coolant circuit) under conditions representative of 
normal operation. The data will be used to improve the capability for 

predicting iodine desorption as functions of temperature and location in 
the primary circuit. 

Previous studies of iodine sorption on steel were carried out at 

relatively high iodine partial pressures, usually above 10-2 Pa (10-7 atm), 

compared with less than Pa atm) expected in the HTGR. Many 

of the early measurements were obtained under conditions in which large 
fractions of the available iodine existed as iron iodides (primarily 

FeI2) in condensed and/or gaseous form. Conversely, thermodynamic 

calculations1 show that, under normal operating conditions, the dominant 

gaseous species will be hydrogen iodide followed by monoatomic iodine, 

with no significant amount of FeI2 present. Therefore, we attempted to 

determine the equilibrium loadings at the lowest possible iodine partial 

pressures, with realistic hydrogen pressures added to the helium. 

An apparatus and a procedure were developed to conduct the experi- 

ments under conditions that could be related to those in the HTGR coolant 

as follows: 
Parameter Test condition HTGR condition 

Atmosphere 

Total pressure 
Iodine partial pressure to lo’* Pa <io-5 Pa 

Metal temperature 200 to 800°C -300 to 800°C 

Helium + 500 vpm* H2 
1 X lo5 Pa (1.0 atm) 

(10-11 to 10-7 atm) 

Helium + 10 vpm* H2 
4.8 x 106 Pa (48 atm) 

(<10-10 atm) 

In the test apparatus, a low partial pressure of iodine was added to the 
helium stream by passing helium through a vessel containing elemental 

*vpm = volume parts per million. 

1 
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iodine that was maintained at a controlled low temperature ( 4 0  to -50°C). 

The helium, containing iodine traced with 1311, passed over the metal 

specimens mounted in a quartz furnace tube, Rectangular arrays of thin 
plates were used to provide relatively high surface area-low mass adsorp- 

tion specimens to facilitate continuous monitoring of the radioactive 
1311 with mobile NaI(T1) detectors. In conducting the experiment, stable 

conditions were maintained for several days until the counting data indi- 

cated that the iodine loading on the 2-mm-long primary specimen was at or 

near equilibrium. Either the temperature or iodine partial pressure was 

changed, and a new equilibrium loading was sought. Thus, a series of 

measurements was made on each specimen over a period of several weeks. 

In this series of tests, emphasis was on determining the 400°C 

isotherm. We discovered that iodine sorption was reduced by specimen 
--?dation; therefore, we sought t o  ninimLze this effect both by reducing 

the level of oxidizing impurities in the helium and by adding hydrogen. 
Our data at 400°C are presented as the solid symbols in Fig. 1 . 1 .  Data at 

400°C reported by Neil12 (open triangles) and by Milstead et al.3 (open 

circles) are shown for comparison. A s  is readily apparent, we found a 

ORNL-DWG 81-48R 
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Fig. 1 . 1 .  Comparison of all measurements of iodine sorption on steel 
at 400°C. 1 bar = Pa. 
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range of equ i l ib r ium iod ine  loadings  a t  i od ine  p re s su res  of t o  

10-3 Pa, depending on t h e  e x t e n t  of ox ida t ion .  

loadings  on bare  metal (-4 pg I/cm2 geometric area) i n  t h i s  i od ine  

p r e s s u r e  range, heavy ox ida t ion  reduced t h e  loading  by f a c t o r s  of 10 t o  

100. 

approximately l i n e a r l y  with pressure .  A t  500 t o  8OO0C, equ i l ib r ium 

load ings  dec l ined  wi th  i n c r e a s i n g  temperature a t  a l l  i od ine  p re s su res  

i n v e s t i g a t e d ,  but t h e  da t a  w e r e  not s u f f i c i e n t  t o  d e f i n e  t h e  isotherms. 

Compared wi th  equi l ibr ium 

A t  lower iod ine  p re s su res  (<lO-5 P a ) ,  t h e  iod ine  loading  decreased  

Although u n c e r t a i n t i e s  e x i s t  i n  t h e  t r u e  s u r f a c e  areas a v a i l a b l e  f o r  

gas adso rp t ion  on t h e  va r ious  specimens, comparison on t h e  b a s i s  of 

geomet t ic  area (Fig. 1 . 1 )  appears t o  be reasonably c o n s i s t e n t .  A mono- 

l a y e r  of i od ine  o r  hydrogen, i od ide  w a s  about 4 pg I/cm2 geometric area 

f o r  our specimens, which were determined t o  have a r a t i o  of t r u e  s u r f a c e  

area t o  geometric area of about 50. This  l a r g e  r a t i o  r e s u l t e d  from t h e  

combination of s u r f a c e  roughness and crack  formation dur ing  f a b r i c a t i o n .  

Comparison of t h e s e  d a t a  wi th  t h e  t h e o r e t i c a l l y  es t imated  va lue  of 0.086 

pg  I/cm2 f o r  monolayer chemisorption on i r o n  by Compere e t  al .4 y ie lded  

adequate  agreement (i.e.,  4/0.086 = 47). 

From t h e  l i m i t e d  exper imenta l  in format ion  r epor t ed  by N e i l 1 2  and by 

Mi ls tead  e t  a1.,3 we assume t h a t  t h e i r  specimens were oxid ized  t o  some 

e x t e n t  and t h a t  most of Mi l s t ead ' s  da t a  r e f l e c t  t h e  behavior of FeI2 

p r i m a r i l y ,  r a t h e r  than  t h a t  of iod ine  o r  hydrogen iodide .  Depending on 

mass t r a n s f e r  e f f e c t s ,  much h ighe r  i od ine  loadings  are p o s s i b l e  where 

FeIZ(s) is s t a b l e ,  as shown i n  Fig. 1 . 1  and d i scussed  by H o i n k i ~ . ~  

However, t h i s  r e a c t i o n  i s  condensation, r a t h e r  than  chemisorption. The 

equ i l ib r ium loadings  of i od ine  o r  hydrogen i o d i d e  were reduced by t h e  

presence of oxide on t h e  specimens, approximately t o  t h e  e x t e n t  p red ic t -  

a b l e  from previous s t u d i e s  of i o d i n e  s o r p t i o n  on pure Fe3O4 by Osborne 

e t  a1.6 (Because t h e s e  Fe304 d a t a  are based on t r u e  s u r f a c e  area, t h e  

curve  should be s h i f t e d  upward by a f a c t o r  of about 50 f o r  d i r e c t  

comparison.) A t  i od ine  p re s su res  of 2 X 

temperature d a t a  i n d i c a t e d  c o n s i s t e n t l y  lower i o d i n e  load ings ,  as 

expected. 

t o  1 X 10-3 P a ,  t h e  h ighe r  
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1.2. IODINE SORPTION AND DESORPTION FROM GRAPHITE - R. A. Lorenz andl 
R. L. Towns 

Tests have been performed on the sorptive behavior of iodine on type 

H451 graphite, the selected core graphite. The determination of 

equilibrium sorptive capacities at very low iodine partial pressures is 

emphasized in this work. Toward this goal, our test procedures allow 

on-line determination of the sorptive capacity down to iodine partial 

pressures of about Pa atm) in helium at a total pressure of 
0.1 MPa (1 atm). The apparatus employed is of the helium flow-through 

type. Detectors monitor the degree of sorption on specimens and traps, 

which, together with the helium flow rate and source vapor pressure, 

yields a continuous determination of iodine mass transport. 

For these tests, temperatures ranged from 250 to 1000°C. At each 
temperature, we found a linear relationship between the logarithm of 

iodine loading (microgram per gram of graphite) and the logarithm of the 

iodine partial pressure. At 1000°C, the iodine loading ranged from 

10-5 pg/g at an iodine partial pressure of 5 X 

2 x 10-4 pg/g at a partial pressure of 8 X Pa (8 x atm). 

Equilibrium iodine loadings increased with decreasing temperature, 

although not at a uniform rate. At the lowest test temperature (25OoC), 

iodine loadings ranged from 2 X pg/g to 1.2 pg/g for the same range 
of iodine concentrations in the helium. In addition to equilibrium tests, 
the rate of iodine desorption was measured by two other types of tests: 
desorption caused by a rapid drop in iodine partial pressure and desorp- 

tion caused by a temperature rise. 

Pa ( 5  X atm) to 

The principal purpose of this study was to improve the capabi1it:y for 

predicting the locations of iodine deposition in the primary circuit by 

providing improved sorptivity data. Primary-circuit partial pressure:s are 

expected to be about Pa atm). In our experiments we have 

therefore sought to achieve as low iodine pressures as possible; the 

lowest we have thus far achieved is 10-6 Pa (10-11 atm). 

Only a few sorptivity studies on graphite relate to HTGR conditions 

because of the commonly held belief that the inherently low sorptivit:y by 
graphite makes holdup on it unipportant. However, using published va:lues 
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f o r  g r a p h i t e  s o r p t i v i t y  of i od ine ,  such as those  of Osborne et a1.,6 one 

can r e a d i l y  show t h a t  t h e  l a r g e  i n t e r n a l  s u r f a c e  a v a i l a b l e  w i t h i n  t h e  

g r a p h i t e  more than  compensates f o r  i t s  low s o r p t i v i t y .  No measurements 

have been made on t h e  r e fe rence  co re  g r a p h i t e  material (grade H451). I n  

a d d i t i o n ,  ear l ier  s t u d i e s  i n  t h e  low p a r t i a l  p r e s s u r e  range6 were per- 

formed on fragmentized material (<250-pm p a r t i c l e s )  t h a t  could y i e l d  

u n c h a r a c t e r i s t i c a l l y  high s o r p t i v i t i e s .  

A second o b j e c t i v e  of t h i s  s tudy  w a s  t o  measure rates of i od ine  

deso rp t ion  from g r a p h i t e  under cond i t ions  t h a t  may a i d  i n  acc ident -  

consequence de te rmina t ion .  Toward t h i s  goa l ,  deso rp t ion  rates have been 

determined by diminution of i od ine  p a r t i a l  p r e s s u r e  a t  a cons t an t  t e m -  

p e r a t u r e  and by s tepwise  i n c r e a s e  i n  temperature a t  a cons t an t  i o d i n e  

pressure .  The f i r s t  method approximates d e p r e s s u r i z a t i o n  cond i t ions  

(wherein iod ine  p a r t i a l  p re s su res  are reduced as t h e  t o t a l  p r e s s u r e  f a l l s )  

as c l o s e l y  as p o s s i b l e  i n  a 1 - a t m  appara tus .  The second deso rp t ion  proce- 

du re  approximates co re  heatup cond i t ions  and is  a l s o  u s e f u l  i n  de te rmining  

t h e  range of deso rp t ion  a c t i v a t i o n  energ ies .  The a n a l y s i s  and i n t e r p r e t a -  

t i o n  of t h e  d a t a  are s t i l l  i n  an e a r l y  s t age .  Therefore ,  a l l  conc lus ions  

presented  he re  t h a t  involve  d a t a  a n a l y s i s  and i n t e r p r e t a t i o n  are 

pre l iminary .  

1.2.1 Desc r ip t ion  of t h e  Experimental  System 

The appa ra tus  is t h e  continuous-f low type  i n  which r a d i o a c t i v e l y  

t r a c e d  e lementa l  i o d i n e  i n  a r e f r i g e r a t e d  U-tube i s  slowly evaporated i n t o  

flowing p u r i f i e d  helium. The concen t r a t ion  of i od ine  i n  t h e  atmospheric- 

p r e s s u r e  system i s  c o n t r o l l e d  by t h e  r e f r i g e r a t o r  tempera ture  and by t h e  

a d d i t i o n  of helium through a s e p a r a t e  l i n e .  This  d i l u t i o n  helium is used 

t o  provide  t h e  c l e a n  helium sweep f o r  deso rp t ion  tests. 

A c a l i b r a t e d  N a I  gamma s c i n t i l l a t i o n  counter  n o n i t o r s  t h e  amount of 

A second s imilar  count ing  1311 tracer c o l l e c t e d  on t h e  g r a p h i t e  sample. 

system is used t o  measure t h e  i o d i n e  a c t i v i t y  on t h e  cha rcoa l  f i l t e r  

downstream of t h e  g r a p h i t e  sample. Because t h e  cha rcoa l  f i l t e r  is essen- 

t i a l l y  a p e r f e c t  c o l l e c t o r  of i od ine ,  t h e  c o n c e n t r a t i o n  of i o d i n e  i n  t h e  

helium flowing i n  t h e  system can be ca l cu la t ed .  An a d d i t i o n a l  measurement 

of i od ine  concen t r a t ion  i n  t h e  helium i s  obta ined  p e r i o d i c a l l y  by 
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d i v e r t i n g  t h e  e n t i r e  flow stream through a bypass l i n e  i n t o  a removable 

cha rcoa l  c a r t r i d g e .  A conven t iona l  tube furnace  i s  used t o  c o n t r o l  t h e  

g r a p h i t e  test specimen i n  t h e  u s u a l  tes t  range of 250 t o  1000°C. 

1.2.1.1 Graph i t e  Specimens 

The g r a p h i t e  specimens were formed from grade H451, which is 

c u r r e n t l y  t h e  r e f e r e n c e  co re  g r a p h i t e  s e l e c t e d  by General Atomic Company 

(GA). This  material is made from a near i s o t r o p i c  m i x  of c a l c i n e d  coke 

f i l l e r  p a r t i c l e s  w i th  d iameters  of less than 500 pm t o  which are added 

g r a p h i t e  f i n e s .  The f i l l e r  p lus  p i t c h  b inder  are ex t ruded  i n t o  

50.8-cm-diam c y l i n d e r s ,  baked, impregnated once, and g r a p h i t i z e d  a t  

2800OC. The product is p u r i f i e d ,  us ing  a halogen gas t o  d iminish  t h e  con- 

t e n t  of i r o n  and o t h e r  metals t h a t  form v o l a t i l e  h a l i d e s .  The speciniens 

used i n  t h e s e  tests were annu la r  c y l i n d e r s  c losed  a t  one end (cup-shaped). 

Iodine-laden helium flowed i n t o  t h e  open end and passed through the walls 

of t h e  specimen. The specimen w a s  2.54 cm long and had a diameter of 

1.7 c m  and a w a l l  t h i ckness  of 0.60 cm. Vigorous c l e a n s i n g  methods were 

a p p l i e d  t o  remove dus t  and adsorbed moisture a f t e r  t h e  specimen w a s  

machined. Add i t iona l  t r ea tmen t  before  t h e  s ta r t  of a s o r p t i o n  run 

inc luded  degass ing  f o r  about 24 h i n  an approximately 0.7-Pa 

(-7 x 10-6 a t m )  vacuum and h e a t i n g  a t  1000°C i n  helium. 

The measured s u r f a c e  BET area v a r i e s  somewhat, depending on t h e  

specimen and t h e  measurement technique. Genera l ly ,  measurements ran,ged 

between 0.33 and 1.08 m2/g, w i th  an  average va lue  of about 0.8 m2/g. The 

average  helium d e n s i t y  of  t h e  specimens t e s t e d  w a s  2.05 g/cm3. A l i s t  o f  

I m p u r i t i e s  found i n  f o u r  specimens i n  concen t r a t ions  of a t  least  1 ppm i s  

given i n  Table 1.1. 

1.2.1.2 Range of T e s t  Data 

The range of test c o n d i t i o n s  f o r  t h e  f i v e  test runs performed on 

grade  H451 g r a p h i t e  are summarized i n  Table 1.2. I n i t i a l l y ,  i n  runs 3 and 

4 ,  t h e  specimen tempera ture  w a s  he ld  cons t an t ,  whereas t h e  i o d i n e  p a r t i a l  

p r e s s u r e  w a s  i nc reased  i n  a s t epwise  manner a f t e r  equ i l ib r ium load ing  was 

achieved. The procedure w a s  a l t e r e d  f o r  subsequent runs i n  o rde r  t o  mini- 

mize t h e  number of changes r equ i r ed  i n  s e t t i n g  t h e  i o d i n e  s a t u r a t o r  condi- 

t i o n s .  Although t h e  performance of t he  iod ine  s a t u r a t o r  w a s  s a t i s f a c t o r y  
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Table 1.1. I m p u r i t i e s  i n  grade H451 g r a p h i t e  
i n  concen t r a t ions  of a t  least  1 ppm found 

by neutron a c t i v a t i o n  a n a l y s i s  

Impurity Range found i n  
f o u r  samples (ppm) 

N a  
Mg 
A 1  
c1 
K 
T i  
v 
C r  
Fe  
cu  
Zn 
Mo 

1.0 t o  1.6 
3.0 t o  12 
0.7 t o  2.4 
3.0 t o  14 
0.5 t o  1.5 
1.6 t o  2.7 
6.0 t o  6.5 
2.4 t o  2.8 
3 .4  t o  33 
0 .2  t o  3 a O  
1.0 t o  7.8 
0.9 t o  1.0 

Table 1.2. Range of cond i t ions  f o r  i od ine  s o r p t i o n  tests 
on grade H451 g r a p h i t e  

Graphi te  temperature Range of i od ine  Range of i o d i n e  
Run range p res su re  load ings  

( " C )  (Pa) (Pg/g) 

3 428 2 x 10-4-5 x 10-2 0 .0234.4  
4 600 2 x 10'4-2 x 8 x 10'4-0.045 

6 250-1000 1.5 x 10-4 6.5 X 10-5-0.09 
7 250-1000 9 x 10'6-3 x 3 . 3  x lO'Q.6 

5 250-1000 1.5 x 2 x 10-4-1.2 

o v e r a l l ,  it w a s  o c c a s i o n a l l y  errat ic  f o r  unknown reasons ,  e s p e c i a l l y  

fo l lowing  changes i n  r e f r i g e r a t o r  temperatures.  Therefore ,  runs 5 and 7 

were performed wi th  minimal changes i n  iod ine  s a t u r a t o r  condi t ions .  

Equi l ibr ium loadings  were measured by p r o g r e s s i v e l y  lowering t h e  specimen 

tempera ture  a t  a cons t an t  i od ine  pressure .  

F igure  1.2 i l l u s t r a t e s  t h e  course  of a t y p i c a l  42-d test ( r u n  5). 

The o r d i n a t e  s i g n i f i e s  t h e  measured i o d i n e  load ings  (microgram per  gram of 

g r a p h i t e )  dur ing  the  run as determined from t h e  on-line gamma d e t e c t o r  
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ORNL DWG 80-1569 

Fig. 1.2. Logarithm of graphite sorption-desorption run 5. 

reading. The initial segment ( A )  illustrates the approach to an 

equilibrium loading of 2.0 X pg/g at 1000°C in about 3 d. 

Subsequently, the specimen temperature was reduced to 800"C, and segment 
B illustrates the approach to equilibrium, again in about 3 d. The 

following segment (C) was a time of test disruption by a power failure 
beginning 6.0 X lo5 s after the start of the run. 
equilibrium loadings were obtained at 600°C (D), 400°C (E), and 250°C (F). 
An isothermal desorption test was performed at about 21.0 X lo5 s (segment 
G ) ,  where the iodine partial pressure was reduced to zero for about 3 d; 
during this time the loading diminished from about 1.1 pg/g to 0.4 pgJg. 

Subsequently, the reproducibility of loadings obtained earlier in the run 

was determined in segments D' (60OoC), F' (25OoC), and E' (400°C). 
shown, the loadings obtained with repeated conditions deviated from those 

initially obtained by approximately -50, -10, and +25% for these three 
cases. 
for the steel specimens. 

On recovery, 

As 

This is a far more consistent behavior than is normally observed 



9 

1.2.2 Adsorption Isotherms for Grade H451 Graphite 

The equilibrium sorption data for all the test runs thus far con- 

ducted on graphite are plotted in Fig. 1.3. The uncertainties in the 
loading are quite large at lOOO"C, caused mainly by poor counting sta- 

tistics at the low levels involved. The limit of resolution for the 

current test arrangement is about 10-5 pg/g. 

isotherm, all of the equilibrium adsorption isotherms shown were acquired 
by using data from three or four different graphite compacts. The con- 

sistency of the data (except for a single point at 25OOC) indicates that 
the equilibrium loadings are not strongly affected by the individual 

sample characteristics, although our samples were all cut from the same 

block. 

Except for the 428°C 

ORNL DWG eo-1568 
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IODINE PARTIAL PRESSURE ( b a r )  

Fig. 1 . 3 .  Equilibrium iodine levels in grade H451 graphite. 1 bar = 
10-5 Pa. 

The equilibrium loadings shown in Fig. 1.3 are substantially lower 
than those previously observed by Osborne et a1.6 for grade H327 graphite. 

Direct comparisons are given in Table 1.3 for two temperatures, each at 
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Table 1.3. Comparison of observed equilibrium loadings in grade H451 
graphite with previous studya using pulverized grade H327 graphite. 

~~ ~ 

Data of Osbornea Pulverized H327 H45 1 
Temperature Iodine for pulverized loading, assuming loading, Pulverized H 3 z a  

grade H327 0.8-m2/g surface this study H451 pressure 
(pa> (at oms /cm2> ( P d P )  (PdP) 

("C) 

~~ 

600 10-4 1011 0.17 5 x 10-4 340 
10-5 3.5 x 1010 0.058 9 x 10-5 640 

400 10-4 4.2 x 1011 0.70 0.015 47 
1.8 X 1011 0.30 3.2 x 10-3 94 - 10-5 

q. F. Osborne, E. L. Compere, and H. J. de Nordwall, Studies of Iodine Adsorption mud 
Desorption on HTGR Coolant Circuit Materials ORNL/TM-5094 (April 1976). 

two iodine pressures. Currently measured iodine loadings in graphite are 
47 to 640 times less than predicted by the previous study. Undoubtedl.y, 

use in the earlier study of pulverized graphite specimens contributed to 
the higher observed loadings. In addition, the experimental technique 

differed: 
vacuum, whereas the current tests were conducted in flowing helium at 

atmospheric pressure. 

helium flow-through technique with grade H327 to clarify the reason for 
this significant difference in observed loading. 

the previous tests were performed in a static system at high 

We plan to repeat our measurements by employing the 

1.2.3 Desorption from Graphite 

Two types of desorption runs were performed: ( 1 )  isothermal 
desorption, achieved by reducing the iodine pressure to zero, and 

(2) temperature-induced desorption, obtained by stepwise elevations of 
sample temperatures at a constant iodine pressure. Figure 1.2, 
illustrating the course of run 5, shows both types of desorption tests. 
Segment G pertains to an isothermal desorption from an equilibrium loading 
at 250°C, whereas segments D'and E' represent temperature-induced 

desorptions. 

Table 1.4 is a summary of the isothermal desorption test results. The 
initial desorption rate depended primarily on the graphite temperature and 

a l s o  on the value of the initial loading and the helium flow rate. The 

highest desorption rate observed occurred at 8OO0C, where an initial frac- 

tional rate of 0.45%/s was measured. Table 1.5 lists the results of the 
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Table 1.4. Summary of isothermal desorption rate tests on graphite 

Initial Time to desorb 
fractional 50% of initial Initial 

loading loading flow rate release rate 
Temperature 

(,-I) (SI 
(Pdg) (cm3/m) ( "C)  

Run 

~ ~~ 

3 428 0.41 19 8.4 X 1.7 x 105 
3 429 0.39 15 5.3 x 10-6 2.9 x 105 
5 250 0.21 71 4 . 3  x 10-6 

6 400 0.015 68 5.7 x 10-5 5.5 x 104 
6 250 0.080 73 3.1 x lo+ 9.6 x 105 

5 600 0.020 52 1.27 X 10-3 4.6 X lo2 

7 800 7.5 x 10-3 71 4.50 X 10-3 1.5 X lo2 

Table 1.5. Iodine desorption from graphite by 
increasing temperature (run 7) 

Initial fractional 
release rate Initial loading Temperatures, 'Ca 

Initial Final (Pdd (,-I) 

250 250b 0.48 3.4 x 10-6 
250 300 0.47 3.9 x 10-5 
300 400 0.44 1.6 x 10-4 
400 500 0.33 6.4 x 10-4 
5 00 600 0.13 1.7 x 10-3 
6 00 700 6.2 x 10-3 2.6 x 10-3 

aTemperatures held for 50 min at each level. 
bIodine pressure reduced to zero at start of test. 

temperature-induced desorptions performed during run 7 with the iodine 
partial pressures reduced to zero. The initial observed rates are 
comparable to the values obtained at the corresponding temperatures by the 

isothermal method. These desorptions were performed by forcing the helium 
flow through the graphite specimen, a standard rate being about 70 cm3/min 

at STP. Therefore, purely thermally induced desorption rates (for 

example, caused by accidental core heatup with no pressure loss) would be 

substantially less. Hence, tests approximate more closely conditions 

during graphite outgassing following a depressurization event. In any 
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case, iodine desorption from a large graphite mass is a complex process 

involving (1) the intrinsic rate of desorption of the surface, (2) the 

rate of iodine convection caused by bulk helium flow through the pores, 
and, finally, ( 3 )  diffusion from blind pores and small capillaries that 

are not significantly reached by the helium flow. 

1.2.4 Conclusions 

Tests were performed to determine the equilibrium loadings of iodine 
on grade H451 graphite in the temperature range of 250 to 1000°C and 

iodine partial pressure range of about to Pa to aitm). 

In addition, rates of iodine desorption were determined under a variety of 

conditions of two different types: (1) under isothermal conditions havi.ng 

a drop in iodine partial pressure and (2) desorption from step increases in 

specimen temperature. All tests were performed at atmospheric pressure in 
a flowing helium system. 

The measurements of equilibrium loadings on grade H451 graphite were 

far more consistent and reproducible than were those for steel. As shown 

in Fig. 1.3, the logarithm of the loading varied linearly with the 

logarithm of the iodine partial pressure throughout the experimental range 
of temperatures and partial pressures. Where direct comparison is 

possible, these iodine loadings fall significantly below previous 

determinations by Osborne et a1.6 

of the use of a crushed graphite sample in the earlier study in which an 
abnormally high concentration of active sites would be expected. The 
extent to which the graphite affected this difference (grade H327 in the 
earlier tests) will be determined in future tests. 

This finding is most likely a result 

Iodine sorption rates were determined in two types of tests: 
desorption caused by reduction in iodine partial pressure at constant 

temperature and desorption caused by step elevations in temperature. 
These data are summarized in Tables 1.2 through 1.4. The latter method is 

useful in determining the range of available chemisorption sites. 

1.3 SILVER DIFFUSION IN H451 GRAPHITE - R. A. Causey* 

The isotope llomAg, produced by the neutron activation of the fission 
product lo9Ag, plays a significant role in determining the primary circuit 

*Consultant, University of Virginia, Charlottesville. 
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a c t i v i t y  of an HTGR under normal ope ra t ion ,  e s p e c i a l l y  f o r  f u e l  employing 

lower enrichment and h ighe r  burnup. This combination l eads  t o  more 

plutonium f i s s i o n s ,  f o r  which t h e  s i l v e r  y i e l d  i s  much h igher .  We 

summarize t h e  work performed dur ing  t h e  f i r s t  two y e a r s  of a three-year  

s tudy  on s i l v e r  d i f f u s i o n  i n  g raph i t e .  The g r a p h i t e  used is  Great Lakes 

grade  H451, which is a s l i g h t l y  a n i s o t r o p i c ,  c o a r s e l y  gra ined  g r a p h i t e  

having an average d e n s i t y  of approximately 1.76 g/cm3. 

S i l v e r  d i f f u s i o n  p r o f i l e s  were measured f o r  two d i f f e r e n t  sample 

conf igu ra t ions .  I n  t h e  f i r s t ,  hollow g r a p h i t e  c y l i n d e r s  were p a r t i a l l y  

f i l l e d  wi th  s i l v e r - l a d e n  g r a p h i t e  powder and s e a l e d  wi th  a g r a p h i t e  

end-cap. For t h e  second set ,  s o l i d  g r a p h i t e  c y l i n d e r s  were used. The 

c y l i n d e r s  were surrounded by a g r a p h i t e  f o i l  loaded wi th  t h e  s i l v e r  source.  

The f o i l s  had a paper - l ike  cons is tency  and were wrapped t i g h t l y  around t h e  

samples. 

The i so the rma l  d i f f u s i o n  annea ls  w e r e  performed i n  a s m a l l  tube  

furnace .  Although most experiments were performed i n  a vacuum, some w e r e  

run  i n  i n e r t  and reducing atmospheres. A f t e r  t h e  d i f f u s i o n  annea l ,  t h e  

samples were r a d i a l l y  sec t ioned  by a small p r e c i s i o n  l a t h e .  The amount of 

r a d i o a c t i v e  s i l v e r  i n  each s e c t i o n  w a s  measured by p l ac ing  t h e  c o l l e c t e d  

g r a p h i t e  powder i n  a sodium iod ide  d e t e c t o r .  

D i f fus ion  p r o f i l e s  f o r  s i l v e r  i n  H451 g r a p h i t e  were Neasured from 

490°C t o  8OOOC. 

Represen ta t ive  p r o f i l e s  are shown i n  Figs. 1.4 and 1.5. 

S i l v e r  concen t r a t ions  were v a r i e d  from 10 ng/g t o  1 pg/g. 

Two f e a t u r e s  are apparent  f o r  a l l  t h e  d i f f u s i o n  p r o f i l e s .  A 

high-concent ra t ion ,  s l o w  o r  nonmoving s i lver  component occurs near t h e  

su r face .  Away from t h e  s u r f a c e ,  a low-concentration, f a s t e r  moving 

component occurs. This behavior i s  similar t o  r e s u l t s  p rev ious ly  r epor t ed  

f o r  cesium d i f f u s i o n  i n  g r a ~ h i t e . ~ , ~  

The s i l v e r  nea r  t h e  s u r f a c e  appears  t o  be only adsorbed material on 

t h e  rough g r a p h i t e  su r face .  Runs a t  even t h e  h i g h e s t  temperatures d id  not  

show an apprec iab le  movement of t h i s  component. This  adso rp t ion  l i k e l y  

occurs  both on a c t i v e  carbon si tes c r e a t e d  dur ing  sample machining and on 

machining powders l e f t  on t h e  sur face .  

The f a s t e r  d i f f u s i n g  component i n s i d e  t h e  sample is l i k e l y  t o  be t h e  

p a r t  t h a t  is a b l e  t o  escape t h e  o u t e r  a c t i v e  region. The rate a t  which 
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S i l v e r  d i f f u s i o n  i n t o  s o l i d  graphite  cy l inders .  
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OUTER 
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0 
0 0.05 0.40 0.45 0.20 0.25 
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1 in .  

Fig.  1 . 5 .  S i l v e r  d i f f u s i o n  out of hollow graphite  cy l inders .  
1 in .  = 25.4 nun. 
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t h i s  material d i f f u s e s  sugges t s  t h a t  i t  is d i f f u s i n g  a long  connec t ing  pore 

su r faces .  Pre l iminary  da ta  f o r  longer annea l  t i m e s  show t h e  p o s s i b i l i t y  

of some t rapping  even deep i n t o  the  sample. F igu re  1.6 shows t h e  

Arrhenius p l o t  f o r  t h e  d i f f u s i o n  c o e f f i c i e n t s  determined f o r  t h e  hollow 

c y l i n d e r  da t a .  This  p l o t  i s  f o r  t h e  f a s t  component and does not  i nc lude  

t h e  e f f e c t  of t rapping .  

A t  p resent  w e  are ana lyz ing  our r e s u l t s  i n  terms of a d i f fus ion-wi th-  

However, t h i s  model does not t r a p p i n g  model as presented  by Evans e t  a1.8 

cover t h e  behavior of t h e  t i g h t l y  bound s u r f a c e  l a y e r .  

ORNL-DWG a t - z e t  

t.00 1.05 1.10 t . t5  1.20 t.25 1.30 t.35 

INVERSE T E M P E R A T U R E  (!/I( a to3) 

Fig. 1.6. Arrhenius p l o t  f o r  llomAg i n  H451 g r a p h i t e .  

1.4. PLUTONIUM AND URANIUM DIFFUSION I N  GRAPHITE - 0. K. T a l l e n t  and 
P. C. Arwood 

An i n v e s t i g a t i o n  has been i n i t i a t e d  on the  vapor p re s su re  and dif- 

fusion p r o p e r t i e s  of plutonium in graph i t e .  The exper imenta l  procedures 

used i n  the  work w i l l  be t e s t e d  f i r s t  by using uranium as a s tand- in  f o r  
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plutonium. Two types  of d i f f u s i o n  experiments are planned: ( 1 )  a two- 

block c o n t a c t  method i n  which g r a p h i t e  b locks  wi th  embedded uranium w i l l  

be  con tac t ed  w i t h  o t h e r  g r a p h i t e  blocks t h a t  are i n i t i a l l y  uranium f r e e  

( t h e s e  experiments are c u r r e n t l y  i n  p rogres s )  and ( 2 )  a method employing a 

s imula ted  f u e l  s t i c k  bonded t o  g r a p h i t e ,  i n  which t h e  matrices i n  t h e  f u e l  

s t i c k s  used w i l l  con ta in  low concen t r a t ions  of uranium. Purposes f o r  use 

of  t he  f i r s t  method inc lude  (1) r e l a t i v e l y  f a s t  exper imenta l  s t a r t u p  and 

d a t a  a c q u i s i t i o n ;  ( 2 )  prov i s ion  of samples  f o r  t e s t i n g  scanning e l e c t r o n  

microscope, x-ray f luo rescence ,  and rad ioautograph  a n a l y t i c a l  methods;, 

( 3 )  de te rmina t ion  of approximate temperature (400 t o  1500°C) and con- 

c e n t r a t i o n  e f f e c t s ;  and (4 )  ease of t r a n s f e r  of experiments i n t o  an  a lpha  

g love  box f o r  plutonium work. The second method i s  designed t o  s i m u l a t e  

as c l o s e l y  as p r a c t i c a l  actual r e a c t o r  cond i t ions .  Th i s  method w i l l  

r e q u i r e  the use of r e l a t i v e l y  complex equipment and special a t t e n t i o n  

t o  sample p r e p a r a t i o n  and exper imenta l  d e t a i l .  An a t tempt  w i l l  be made 

t o  relate mathemat ica l ly  d a t a  ob ta ined  by t h e  two methods, w i t h  the 

o b j e c t i v e  of l i m i t i n g  the  number of t h e  second type of experiments 

r equ i r ed .  E s s e n t i a l l y  t h e  same appa ra tus  used i n  t h e  second method w i l l  

a l s o  be used f o r  plutonium vapor p re s su re  measurements. 

I n i t i a l  experiments using the  two-block c o n t a c t  method are c u r r e n t l y  

i n  progress.  F i r s t  r e s u l t s  from 6-h tests a t  800°C show less than  1 ppm U 

t r a n s f e r  from g r a p h i t e  s u r f a c e s  con ta in ing  approximately 500 ppm U02 t o  

c l e a n  g r a p h i t e  s u r f a c e s .  
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2. FUELED GRAPHITE DEVELOPMENT 

F. J. Homan 

2.1 INTRODUCTION 

The Fueled Graphite Development Program at ORNL continues to be orga- 
nized around four subtasks. Highlights of the work accomplished during 

1980 are given below. 

2.1.1 Irradiation Testing 

0 Completed final topical reports on HT-34 and HRB-13 experiments. 

major conclusion reached from the HT-34 work is that considerable 
within-batch variation exists in the irradiation behavior of the 

pyrocarbon (PyC) coatings on Biso-coated fertile particles. Batches 
that were gastight before irradiation became permeable during 

irradiation, with the degree of permeability varying greatly. This 

behavior is probably the result of a wide variation in the coating 
conditions of the particles, caused by their random movement within 

the coater. 

determine the influence on irradiation performance of deviations from 
spherical form for weak-acid resin (WAR)-derived fissile particles. 

The presence of chlorine in the particles compromised this objective, 

which caused all test specimens to perform poorly. 

The 

The major objective of the HRB-13 experiment was to 

Partially completed the postirradiation examination (PIE) of fuel 
specimens irradiated in capsules HRB-14 and HRB-15b. 

significant observation from the HRB-14 fuel examination was the loss  

of both gaseous and metallic fission products. 

examination on the O W L  fuel irradiated in capsule HRB-15b has not 
proceeded to the point that definitive conclusions can be reached. 

However, Postirradiaiton Gas Analyzer (PGA) work on General Atomic 
Company (GA) Triso-coated particles showed good performance relative 

to fission gas retention. 

The most 

Postirradiation 

0 Completed irradiation of capsule HT-35. This irradiation was 

completed at the end of 1980, but no examinations have yet taken 

place. 

19 
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0 Partially completed irradiation of capsule HRB-15a. This capsule 

contains only fuel fabricated by GA. We operated this capsule i3S a 

service to GA during FY 1980, with funds coming from the ORNL 
program. In FY 1981 this arrangement was changed slightly, so that 

Department of Energy (DOE) funds designated for GA irradiation 

service work were included in the ORNL program. Beginning in 

FY 1981, this work is covered under a separate task and will be 
reported under that task in the 1981 annual report. 

0 Completed planning for the WB-16 experiment. This work was done in 
conjunction with GA and will be included in the GA irradiation s'er- 

vice task beginning in FY 1981. 

2.1.2 DeveloDment Work 

Completed studies on PyC deposited, using C02 dilution of the coating 

gas. The only work remaining to be completed on this subtask is the 
examination of fuel with C02-diluted PyC coatings irradiated in cap- 

sule HT-35. These studies have shown no advantage from CO dilution 

over conventional coating recipes for PyC deposition. More sophisti- 

cated PIE techniques applied to fuel from batch OR-2013 (formerly 
thought to be gastight after irradiation) showed these particles to 

have become gas-permeable during irradiation in capsule HT-34. It 
was the perceived excellent performance of batch OR-2013 in earlier 

HT capsules that led to these additional studies of PyC coating using 
C02 dilution. 

Completed the silicon carbide (Sic) characterization phase of the Sic 
development subtask. Correlations have been established between 

deposition parameters and Sic microstructure, based on transmission 
electron microscopy (TEM), x-ray diffraction, and small-angle x-ray 

scattering (SAXS) measurements. 

2 

Completed laboratory-scale studies on dense UCO kernel fabrication. 
Microspheres of dense UCO with the desired UO + UC content have 

been produced by a two-step sintering process. The sintering was 

done at 1500°C, which is cpnsidered an advantage over conventional 

sintering recipes, which require temperatures as high as 1900OC. 

2 2 
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Atmospheres of argon plus small percentages of carbon monoxide are 
used to control the chemical composition of the microspheres. 

2.1.3 Project Work Statement Activities 

0 Work was completed on PWS FD-12. From examination of Biso-coated 

particles irradiated in HT-34 and HRB-14, we concluded that coatings 

vary considerably within a batch in their ability to remain gastight 

during irradiation. From these results, we conclude that it is pro- 
bably not possible to produce Biso-coated fuel that will meet rigid 

performance specifications. The recent selection of a Triso-Triso 
system for the reference low-enriched uranium (LEU) fuel cycle was 

well advised. 

0 Work was completed on PWS FD-13. 

microsphere gamma analyzer (IMGA) with postirradiation annealing and 

autoradiography (PIAA) showed the ORNL-developed IMGA system to be 

more effective in measuring failed-particle fractions and retained 

fission products in irradiated coated-particle fuels. 

This comparison of the irradiated 

2.1.4 Equipment Maintenance and Development 

0 A new particle handler was fabricated for IMGA. The new handler, 

which is more versatile than was the old one, is designed for remote 

maintenance. This feature will obviate the time-consuming cell 

decontamination required for maintenance of the old handler. 

0 Much work was done with the cold-particle-breaking feature of the PGA 
system. 

system continued. 
an Ne-He measurement on Biso-coated particles that have been 

irradiated. 

Development of the capability for a hot-particle-breaking 
We tried to establish the capability for making 

0 Construction of the remote x-radiography unit was completed, and the 

equipment is now operational. 

2.2 IRRADIATION EXPERIMENTS - F. J. Homan 

During this reporting period two irradiation capsules were assembled 

and irradiated. Capsule HT-35 completed four cycles in the High Flux 
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Isotope Reactor (HFIR) in November 1980, and capsule HRB-15a will complete 

eight cycles of irradiation in H F I R  in January 1981. 
The irradiation program at ORNL moved into a new phase during 19180. 

The reference fresh fuel selection is scheduled for September 1981. After 

selection, the remaining work is associated with fuel qualification and 
licensing, which involves proof testing of large quantities of fuel made 

in production-scale equipment to a reference fuel product specification. 
ORNL does not have production-scale capability and therefore will no 

longer be involved in the fuel fabrication phase of the work. 
for future irradiation experiments will be fabricated by GA. We will. con- 

tinue the assembly work and monitoring of the capsules while they are in 

the reactor. A major portion of the PIE and performance assessment work 
will be done at ORNL. 

The fuel 

The irradiation program in the near future will feature one HRB cap- 

sule per year. Because the HT capsules are primarily for screening 
purposes, none are scheduled beyond HT-35. 

2.2.1 High Flux Isotope Reactor Target Capsules - F. J. Homan 

The final topical report on capsule HT-34 was completed during this 
Capsule HT-35 was assembled and irradiated. reporting period. 

Postirradiation examination and data analysis on this capsule will be 
reported next year. 

2.2.1.1 Capsule HT-34 - T. N. Tiegs 

The design, fabrication, and PIE results of capsule HT-34 have been 
5 reported. 1-4 

completed, the abstract of which follows. 
During the past reporting period a topical report war; 

Irradiation experiment HT-34 was designed to correlate 
HTGR Biso- and Triso-coated-particle performance with fabrica- 
tion parameters. Gamma analysis of the irradiated Triso- 
coated Tho particles showed that the Sic deposited at the 
highest coating rate performed best. Similar analysis of the 
irradiated Biso-coated Tho2 particles showed no performance 
differences that could be related to coating conditions, but 
all the particles showed a significant loss of cesium 0 5 0 % )  
at the higher temperatures. Fission gas content measurements 
at room temperature showed that Biso particles from all 

2 
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ba tches  , except one ba tch ,  had become permeable dur ing  
i r r a d i a t i o n .  A par t ia l  o r  complete loss  of f i s s i o n  gas  from a 
few p a r t i c l e s  from a sample of particles i n f e r r e d  t h a t  s i g n i f i -  
c a n t  c o a t i n g  proper ty  v a r i a t i o n s  exis t  w i t h i n  any g iven  batch. 
A poss ib l e  source  of unce r t a in ty  i n  i n t e r p r e t i n g  t h e  
permeabi l i ty  r e s u l t s  may have been in t roduced  because t h e  
Biso particles d id  not  r e c e i v e  a pos t coa t ing  anneal.  Biso 
p a r t i c l e s  from a ba tch  t h a t  had been prepared by using a 
CO d i l u e n t  and t h a t  had shown ou t s t and ing  performance i n  
ear l ie r  experiments were found t o  have become permeable dur ing  
i r r a d i a t i o n  i n  HT-34. I n  c o n t r a s t ,  i n e r t  gas  i n t r u s i o n  
measurements on Biso-coated i n e r t  (carbon) particles showed, 
wi thout  except ion ,  a marked decrease  i n  permeabi l i ty .  

2 

2.2.1.2 Capsule HT-35 - T. N. T i egs ,  I. I. Siman-Tov, and M. J. Kania 

6 The o b j e c t i v e s  and d e s c r i p t i o n  of capsule  HT-35 have been r epor t ed .  

T h i s  experiment w a s  a coope ra t ive  e f f o r t  between ORNL and GA. Specimens 

prepared a t  OWL occupied about 75% of t h e  a v a i l a b l e  tes t  space f o r  f e r -  

t i l e  particles; the  remainder of t h e  test space for  f e r t i l e  particles w a s  

occupied by GA specimens. I n  a d d i t i o n  t o  t h e  f e r t i l e  particles, ORNL 

t e s t e d  Triso-coated LEU f i s s i l e  particles i n  t h e  d r i v e r  rod p o s i t i o n s .  

Desc r ip t ions  of t h e  ORNL Biso- and Triso-coated par t ic les  are g iven  

i n  Tables 2.1 and 2.2,  r e s p e c t i v e l y .  

Capsule HT-35 w a s  i n s e r t e d  i n t o  t h e  t a r g e t  p o s i t i o n  of t h e  H F I R  on 

August 17, 1980. It  w a s  removed from t h e  r e a c t o r  on November 19, 1980, 

a f t e r  2140.56 h of t o t a l  accumulated t i m e  a t  r e a c t o r  f u l l  power. A tabu- 

l a t i o n  of f a s t  f l uence  va lues  and burnups i s  g iven  i n  Table 2.3. 

The capsu le  was disassembled i n  December 1980 without problem. The 

GA p o r t i o n s  of t he  experiment were s t o r e d  i n  a p p r o p r i a t e l y  i d e n t i f i e d  con- 

t a i n e r s  f o r  f u t u r e  examination a t  ORNL. The ORNL f e r t i l e  particles were 

unloaded from t h e i r  g r a p h i t e  c r u c i b l e s  and v i s u a l l y  examined. For t h e  

most part the  particles were i n  e x c e l l e n t  cond i t ion ;  however, a few broken 

p a r t i c l e s  ( l e s s  than  fou r  p a r t i c l e s  i n  each case) were observed wi th  

ba t ches  A-762HT7 A-765HT, and A-785HT i n  t h e  high-temperature reg ion  and 

wi th  A-762HT i n  t h e  low-temperature region. F u r t h e r  examination of t h e s e  

p a r t i c l e s  w i l l  be made wi th  t h e  IMGA and PGA systems t o  determine 

q u a n t i t a t i v e l y  t h e i r  i r r a d i a t i o n  performance. 

The d r i v e r  f u e l  rods con ta in ing  t h e  Triso-coated LEU particles are 

c u r r e n t l y  being e l e c t r o l y t i c a l l y  deconsol ida ted  to o b t a i n  i n d i v i d u a l  



Table 2.1. Location and characterization data for Biso-coated particles in HT-35 

LTIC d e n s i t y  Dimensionsb L T I c  depos t ion  

(pm) (pn) (OC)  (pm/min) gradient gradient 

LT1c Own Ne/He Defec t ive  
permeabi l i ty  f r a c t i o n d  Observed Correc ted  p o r o s i t y  

<Mg/m3 (m/m3 1 
Buffer  LTI Temp. Rate Batcha P o s i t i o n s  

A-762HT 

A-765HT 

A-780HT 

A-785HT 

A-898HT 

A-899HT 

A-9OlHT 

A- 9 14HT 

A-915HT 

A-919HT 

A-935HT 

A-961HT 

5-489 

11, 33 

4 ,  .29 

1, 5,  30 

10, 32 

13, 17 

18, 40 

14, 27 

20, 41, 42 

21, 43 

23, 45. 

24, 48 

26, 49 

35 

69.7 71.4 1225 3.3 

79.3 78.6 1350 3.1 

76.3 78.2 1350 4.0 

83.9 76.3 1225 3.1 

82.5 79.1 1275 3.2 

85.2 91.3 1300 3.0 

90.6 67.7 1200 3.2 

86.5 81.0 1300 3.6 

86.2 77.6 1300 4.1 

90.9 78.5 1325 4.0 

82.8 70.8 1275 3.8 

76.6 68.8 1275 3.2 

81.4 77.7 1375 5.8 

1.962 

1.915 

1.864 

1.872 

1.954 

1.953 

1.957 

1.889 

1 928 

1.960 

1.955 

1.976 

1.90 

1.904 

1.858 

1.773 

1.815 

1.874 

1.874 

1.826 

1.804 

1.844 

1.861 

1.867 

1.906 

1.79 

2.96 

2.99 

4.92 

3.02 

4.1 

4.1 

6.7 

4.5 

4.4 

5.1 

4.52 

3.55 

5.84 

0.36 

0.34 

0.37 

0.32 

0.21 

0.21 

0.24 

0.26 

0.23 

0.31 

me 
0.23 

0.28 

1.3 x 10-5 

1.8 x 10-5 

4.2 x 10-6 

8.6 X 

4.1 X 10-6 

1.2 x 10-4 

2.4 x 10-5 

6.4 x 10-5 

5.7 x 10-6 

3.2 x 10-5 

6.3 x 10-5 

2.0 x 10-6 

h, e 

1.5 X 10-6 

=A-762, -765, -780, -785 i r r a d i a t e d  previous ly  i n  HT-34; 5-489 is a r e f e r e n c e  b a t c h  i r r a d i a t e d  i n  HT-30 and 
OF-2; A-901 prepared using mixed gas;  remaining Biso c o a t i n g s  prepared using propylene-argon-C02 gas  mixtures .  
k e r n e l s  are nominally 500 pn i n  diameter .  

A l l  

h e a n  va lues .  

%TI * low-temperature i s o t r o p i c .  

dStandard 2-h c h l o r i n e  l e a c h  a t  1500°C. 

%ot  determined 



Table 2.2. Location and characterization data for Triso-coated particles in HT-35 

S i c  
OLTI d e n s i t y ,  Mg/m3 Dimensions, a p OLTI open 

Batch  P o s i t  i o n  D e p o s i t i o n  p o r o s i t y  
Buffer  I L T I b  SIC OLTIC rate  Observed Cor rec t ed  (XI  

(pm/min> (Mg/m3) g r a d i e n t  g r a d i e n t  

OR-2884H 
0 R- 28 8 5 H 
0 R- 28 8 6 H 
0 R- 2 88 7 H 
0 R- 288 8 H 
A-976 

OR- 28 7 9 H 
0 R- 28 8 OH 
0 R-288 1 H 
0 R- 2 8 8 2 H 

1, 14 54.6 
6 ,  19 54.6 
12, 25, 39, 52 54.6 
9 ,  22, 37, 50 54.6 
3, 16 54.6 
28, 31, 34, 41 60.7 
44, 47 

Bottom-1, -2 94.4 
Top-3, -4 94.4 
Bottom-3, -4 94.4 
Bottom-1, -2 94.4 

U CO k e r n e l s  

37.9 32.8 45.8 0.94 
37.9 35.9 43.1 0.72 
37.9 31.6 43.2 0.45 
37.9 53.0 44.8 0.48 
37.9 42.5 43.2 0.24 
40.7 34.6 35.7 0.33 

I n e r t  k e r n e l s f  

76.6 38.7 37.1 1.11 
76.6 38.8 44.7 0.78 
76.6 38.5 44.7 0.55 
76.6 30.7 42.2 0.28 

3.200 
3.204 
3.198 
3.197 
3.194 

e 

3.198 
3.195 
3.196 
3.205 

2.061 
2.054 
2.056 
2.062 
1.939 

e 

2.077 
2.072 
2.071 
2.067 

1.983 
1.946 
1.947 
1.982 
1.888 

e 

1.993 
2.025 
2.013 
1.972 

3.79 
5.27 
5.32 
3.88 
2.61 

e 
N 
Ln 

4.05 
2.27 
2.79 
4.60 

aAverage va lues .  

~ L T I  = i n n e r  low-temperature i s o t r o p i c .  

COLTI = o u t e r  low-temperature i s o t r o p i c .  

% e r n e l  d e r i v e d  from weak-acid r e s i n s  excep t  f o r  b a t c h  A-976. 

eTo be de te rmined .  

f T r i s o  i n e r t  p a r t i c l e s  are con ta ined  i n  magazine end p lugs .  

Kerne l s  f o r  ba t ch  A-976 are dense  UCO 
p r e p a r e d  by e x t e r n a l  g e l a t i o n  process .  

Bottom end p lugs  of magazines  1 ( t o p )  and 
2 c o n t a i n  Genera l  Atomic Company f i s s i o n  p roduc t  t r a n s p o r t  expe r imen t s .  
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Table 2.3. F a s t  f l uencea  and burnup d a t a  f o r  f u e l  
specimens i n  capsu le  HT-35 

Burnup, % FIMA F a s t  f l u e n c e  
Capsule E > 29 f J  
pos i t  i o n  2 3 5 ~  2 3 8 ~  232m (neutrons/m2> 

lPb ,  52P 
1, 52 
2, 51 
3, 50 
4, 49 
5, 48 
6, 47 
7 ,  46 
8, 45 
9, 44 

10 ,  43 
11, 42 
12,  41 
13, 40 
13P, 40P 

14Pb, 39P 
14, 39 
15, 38 
16, 37 
17, 36 
18, 35 
19,  34 
20, 33 
21, 32 
22, 31 
23, 30 
24, 29 
25, 28 
26, 27 
26P, 27P 

84.3 
84.4 

84.6 

84.9 

85.1 

85.3 

85.5 

85.6 

85.7 

85.8 

85.9 

85.9 

7.6 
8.0 

8.7 

9.8 

11.1 

12.2 

13.3 

14.0 

14.8 

15.5 

15.9 

16.1 

3.3 
3.5 
3.7 

4.1 
4.3 

4.7 
5.0 

5.4 
5.7 
5.9 
6.2 

6.6 
6.8 

7.2 
7.4 

7.7 
7.8 

8.1 
8.2 

8.3 
8.3 

3.95 x 1025 
4.21 
4.47 
4.81 
4.99 
5.22 
5.48 
5.71 
5.93 
6.17 
6.39 
6.61 
6.83 
6.99 

7.55 
7.82 
7.96 
8.08 
8.23 
8.32 
8.41 
8.49 
8.57 
8.64 
8.68 
8.72 
8.75 
8.79 

aFluence d a t a  based on a x i a l  f l u x  d i s t r i b u t i o n  
used f o r  HT-30 (ORNL-5274, pp. 227 and 232). 

&rid plug p o s i t i o n .  
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particles. 

the IMGA system to determine quantitatively their fission product 

inventories. 

Further examinations of those particles will also be made with 

2.2.2 HRB Capsules - F. J. Homan 
During this reporting period the final topical report on capsule 

HRB-13 was completed. 

and HRB-15b. These capsules contained fuel from both ORNL and GA, and 

some examinations were performed on GA fuel. The examinations of GA fuel 
are reported in Sect. 2.7. Capsule HRB-15a was assembled and irradiated. 

This capsule contained only GA-produced fuel. Capsule HRB-16 was planned 

during 1980, and the scheduled insertion date is June 1981. 

Most of the PIE was completed on capsules HRB-14 

2.2.2.1 HRB-13 

Descriptions of the capsule design, fabrication, operation, and PIE 
have been rep~rted.~-lO 

reportll was written, the abstract of which follows. 

During the past reporting period a topical 

Irradiation capsule HRB-13 tested High-Temperature 
Gas-Cooled Reactor (HTGR) fuel under accelerated conditions in 
the High Flux Isotope Reactor (HFIR) at Oak Ridge National 
Laboratory (ORNL). Irradiation space was shared by ORNL and 
Los Alamos Scientific Laboratory; however, the current report 
is concerned with only the ORNL portion of the experiment. The 
ORNL portion of the capsule was designed to provide definitive 
results on how variously misshapen kernels affect the irra- 
diation performance of weak-acid-resin (WAR)-derived fissile 
fuel particles. 

Two batches of WAR fissile fuel particles were Triso- 
coated and shape-separated into four different fractions, 
depending on their deviation from sphericity, which ranged from 
9.6 to 29.7%. 

metal burnups ranged from 80 to 82.5% fraction of initial 
heavy-metal atoms (FIMA). Fast neutron fluences 00.18 MeV) 
ranged from 4.9 X to 8.5 X neutrons/m2. 

batches of fissile particles contained chlorine, presumably 
introduced during deposition of the Sic coating. This resulted 
in chemical attack of the Sic coating by heavy-metals and 
fission products and subsequent release of volatile fission 
products such as ,137Cs. The attack apparently was strictly 
temperature dependent. Although some correlation of particle 

The fissile particles were irradiated for 7721 h. Heavy- 

The postirradiation examination (PIE) showed that the two 
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failure fraction with deviation from sphericity was evident, 
the results are inconclusive as a result of Sic corrosion. 
Even the "best" particles in the experiment showed unacceptable 
failure fractions. 

2.2.2.2 Capsule HRB-14 

Descriptions of the fabrication, operation, and initial PIE of the 
HRB-14 capsule have been reported. 12-14 During the past reporting period, 

all the ORNL planchets were electrolytically deconsolidated to recover the 

individual coated particles for examination with the IMGA and PGA systems. 

Selected particle batches from loading zones 1, 2, 5, 6, 9, and 10 were 
examined. In the following summary results from examination of planchets 
1, 37, and 73 are presented. Results from other planchets will be 

presented later. 
Planchets 1, 37, and 73 contained fertile particle batch A-770 and, 

as reported previously, l4 were severely debonded when the capsule was 
disassembled. Metallography of the fertile particles (Fig. 2.1) confirmed 

that they had failed because of fast-neutron damage to the pyrocarbon 

coatings, even at lowest fluence position. Batch A-770 had a low- 

temperature isotropic (LTI) optical Bacon anisotrophy factor (BAF,) of 

1.107, and these particles were expected to fail during irradiation. They 

were part of a series of tests to establish the upper limit for BAF,. 
Results on the IMGA examination of the Biso-coated Tho2 particle 

batches are given in Tables 2.4 through 2.6. At present we are using the 
137Cs/106Ru activity ratio to determine the extent of any cesium release 

during irradiation. As shown, the only particle batches that showed no 

average 137Cs loss were the ones at the very ends of the capsule at the 
lowest burnup positions. 

loss. The greatest releases were observed with particles in loading zones 

5 and 6 and not in the highest burnup positions (i.e., loading zones '3 

and lo). Thermal analysis indicated that the temperatures in loading zones 

5 and 6 were higher than in the other loading zones. We therefore be:Lieve 

we are seeing a temperature effect. Similar results were indicated in the 

gamna scans of the empty graphite sleeve,14 which showed that the highest 
gamma activities were associated with the 5 and 6 loading zones. As 

reported14 the activity was caused by 137Cs, 134C:,, llomAg, 140Ba, 14'3~a, 
and 154Eu. 

All the other batches showed some degree of 137Cs 
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Table  2.4. R e s u l t s  on 137Cs/106Ru a c t i v i t y  r a t i o s  from 
Biso-coated Tho2 p a r t i c l e s  from load ing  zones 

1 and 2 of HRB-14 

Ca lcu la t ed  P a r t i c l e  
ba t ch  

Average 137Cs/106Ru 
Planchet  measured a c t i v i t y  137 C s  / 106Ru 

r a t i o  (XI 

2 
4 
5 
6 
7 
8 

10 
11 
12 
13 
14 
15 
16 
17 
18 

1.058 
1.039 
1.027 
0.9180 
0.9563 
0.9245 
0.9369 
0.8267 
0.8968 
0.8633 
0.9334 
0.8288 
0.8230 
0.9405 
0.8257 

106.0 
104.1 
103.0 
92.1 
96.1 
92.8 
94.2 
83.1 
90.2 
87.0 
94.0 
83.6 
83.0 
94.9 
83.4 

A-804 
5-655 
A-762 
5-647 
5-649 
A-803 
A-785 
5-651 
A-787 
A-771 
A-786 
A-784 
A-758 
A-782 
A-766 

Table  2.5. R e s u l t s  on 137Cs/106Ru a c t i v i t y  r a t i o s  from 
Biso-coated Tho2 p a r t i c l e s  from load ing  zones 

5 and 6 of HRB-14 

Ca lcu la t ed  P a r t i c l e  
ba tch  

Average 137Cs/106Ru 
Planchet  measured a c t i v i t y  1 3 7 C s /  lo6Ru 

r a t i o  (%I  

38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 

0.8866 
0.7576 
0.7236 
0.7672 
0.5856 
0.5273 
0.6319 
0.6692 
0.6718 
0.4533 
0.6280 
0.5415 
0.6415 
0.6482 
0.6085 
0.8017 

90.5 
77.3 
73.9 
78.4 
59.9 
53.9 
64.7 
68.6 
68.8 
46.5 
64.4 
55.6 
65.9 
66.6 
62.6 
82.5 

A-804 
5-64 1 
5-655 
A-762 
5-647 
5-649 
A-803 
A-765 
A-785 
5-651 
A-787 
A-77 1 
A-786 
A-784 
A-758 
A-782 
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Table  2.6. R e s u l t s  on 137Cs/106Ru a c t i v i t y  r a t i o s  from 
Biso-coated Tho2 p a r t i c l e s  from load ing  zones 

9 and 10 of HRB-14 

Ca lcu la t ed  P a r t i c l e  
ba t ch  

Average 137Cs/106Ru 
Planchet  measured a c t i v i t y  137Cs /106Ru 

r a t i o  (%> 

74 
75 
76 
77 
78 
79 
80 
81 
82 
83  
85 
86 
87 
88 
89 
90 

0.7913 
0.6349 
0.7142 
0.7130 
0.5496 
0.5360 
0.5500 
0.6276 
0.6519 
0.5293 
0.6329 
0.7186 
0.7871 
0.6752 
0.7776 
0.7773 

82.1 
65.9 
74.1 
74.0 
57.1 
55.6 
57.1 
65.2 
67.8 
55.0 
65.8 
74.7 
81.8 
70.3 
80.9 
80.9 

A-804 
5-64 1 
5-655 
A-762 
5-647 
5-649 
A-803 
A-765 
A-785 
5-651 
A-771 

A-784 
A-758 
A-782 
A-766 

~ - 7 8 6  

I n  con junc t ion  wi th  IMGA a n a l y s i s  of t h e  f e r t i l e  p a r t i c l e s ,  p o s t i r r a -  

d i a t i o n  f i s s i o n  gas measurements were a l s o  made. These measurements are 

p a r t  of t h e  work scope of PWS-FD-12; consequent ly ,  t h e  r e s u l t s  a r e  sum- 

marized i n  Sect. 2.4.2. 

I n  a d d i t i o n  t o  t h e  IMGA a n a l y s i s  of t h e  Tho2 p a r t i c l e s ,  t h e  Tr i so-  

coa ted  UCO p a r t i c l e s  supp l i ed  by GA were a l s o  examined. S ince  t h e s e  were 

medium-enriched uranium (MEU) p a r t i c l e s ,  d e t a i l e d  measurements were made 

of t h e  llornAg i n v e n t o r i e s .  

w i l l  be r epor t ed  la te r .  

Analys is  of t h e s e  p a r t i c l e s  i s  i n  p rogres s  and 

2.2.2.3 Capsule HRB-15b 

The o b j e c t i v e s ,  f a b r i c a t i o n ,  o p e r a t i o n ,  and disassembly of capsu le  

A l l  t h e  GA p a r t i c l e s ,  which comprised HRB-15b have been repor ted .  15-17 

about  two-thirds  of t h e  t o t a l  i r r a d i a t i o n  space ,  w e r e  packaged and shipped 

t o  GA f o r  d e t a i l e d  examination. (See a l s o  Sect. 2.7 f o r  a d d i t i o n a l  work 

on GA HRB-15b p a r t i c l e s  a t  ORNL.) 
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The ORNL p a r t i c l e s  were e i t h e r  Biso- o r  Triso-coated Th02. No ORNL 

f i s s i l e  p a r t i c l e s  were i r r a d i a t e d .  Visua l  examination of t h e  p a r t i c l e s  i n  

t h e i r  t r a y s  showed no f a i l u r e s ;  however, a few p a r t i c l e s  were mechanically 

broken du r ing  t h e  disassembly and s t o r a g e  o p e r a t i o n s .  

The ORNL p a t i c l e s  have been removed from t h e  g r a p h i t e  t r a y s  and 

s t o r e d  i n  a p p r o p r i a t e  c o n t a i n e r s .  The p a r t i c l e s  a r e  now a w a i t i n g  examina- 

t i o n  of s e l e c t e d  ba tches  by t h e  IMGA and PGA systems. 

2.2.2.4 Capsule HRB-15a - I. I. Siman-Tov and M. J. Kania 

Capsule HRB-15a conta ined  f u e l  specimens s u p p l i e d  by GA (no OELNL 

f u e l ) .  The capsu le  w a s  des igned ,  assembled, and ope ra t ed  a t  ORNL. 

Assembly w a s  completed i n  J u l y  1980, and i r r a d i a t i o n  began on J u l y  26, 

1980. This c a p s u l e  w i l l  complete i t s  scheduled e igh t - cyc le  i r r a d i a t i o n  

pe r iod  on January  28, 1981. The capsu le  w i l l  be d i scha rged  from t h e  reac-  

t o r  and s t o r e d  i n  t h e  HF'IR pool t o  a l low s h o r t - l i v e d  f i s s i o n  products  t o  

decay t o  an  a c c e p t a b l e  l e v e l  be fo re  shipment t o  GA. 

The o p e r a t i n g  h i s t o r y  of capsu le  HRB-15a i n  Table 2.7 include:; 

a n t i c i p a t e d  o p e r a t i o n  d a t a  f o r  t h e  l as t  i r r a d i a t i o n  c y c l e  (203). The 

Table 2.7. Capsule HRB-15a r e a c t o r  o p e r a t i n g  h i s t o r y  

Cycle schedule  I r r a d i a t i o n  
t i m e , a  h 

H F I K  Begin End 
c y c l e  I n  T o t a l  

Date T ime  Date T i m e  c y c l e  accumulated 

196 
197 
198 
199 
200 

201 
202 
203 

7/26/80 
81 17/80 
9/9/80 
10/3/80 
10/26/80 
11/9/80 
11/20/80 
12/ 15/80 
1/7/81 

0200 
1805 
2230 
2300 
1724 
1130 
1710 
2144 
1550 

81 16/80 
9/8/80 
10/ 1/80 
10/25/80 
11/7/80 
11/ 19/80 
12/12/80 
1/6/81 
1/29/8lC 

2200 
1435 
2000 
2036 
0700b 
0948 
0935 
1300 

524 
523 
525 
525 

514 
520 
520 

-521 

524 
1047 
1572 
2097 

2611 
3131 
3651 

-4172 

a I r r a d i a t i o n  t i m e  i s  g iven  i n  e q u i v a l e n t  hours  a t  100 Mw. 

b I r r e g u l a r  ( scheduled)  r e a c t o r  shutdown dur ing  c y c l e  200. 
r e a c t o r  a l s o  ope ra t ed  a t  reduced power on s e v e r a l  occas ions  dur ing  
some c y c l e s  because of weather cond i t ions .  

The 

CExpected shutdown d a t e  f o r  c y c l e  203. 
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total operating time is expected to be 4172 t 5 h at a full reactor power 
of 100 MW, resulting in a peak accumulated fast fluence of 7.25 X 

neutrons/m2 ( E  > 29 fJ)HTGR. 
for HRB-15a are presented in Table 2.8. The deviation in the actual 
loadings from those used in the design calculations contributed to the 

problem of maintaining time-averaged fuel centerline temperatures at 
1250°C without exceeding a maximum of 1350°C. Preliminary temperature 

histories of fuel specimens located adjacent to thermocouple positions 

for the first four irradiation cycles are shown in Figs. 2.2 through 2.9. 

The actual versus design fuel rod loadings18 

Table 2.8. 235U and Th contents of the General Atomic Company 
fuel rods for capsule HRB-15a 

Difference 2 35u 235u Th Th 

(%I  Difference content design 
(g/m> (g/m> (gh) (g/d (%> 

content design Rod 
posit ion 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 

18 

1.795 
1.353 
1.160 
1.241 
1.149 
0.793 
0.935 
0.863 
0.769 

0.925 
0.943 
0.805 
0.903 
0.856 
0.945 
1.260 
1.606 
1.900 

1.925 
1.581 
1.358 
1.205 
1.097 
1.021 
0.967 
0.932 
0.912 
0.909 
0.908 
0.920 
0.950 
1.001 

1.078 

1.189 
1.529 

1.805 

- 6.7 
-14.4 
-14.6 
+ 3.0 
+ 4.7 
-22.3 
- 3.3 
- 7.4 
-15.7 
+ 1.8 
+ 3.9 
-12.5 
- 5.0 
-14.5 
-12.3 

+ 6.0 
+ 5.0 
+ 5.3 

33.876 
30.647 
27.634 
25.503 
24.757 
21.093 
20.720 
20.242 
19.938 
19.067 
20.106 
20.241 
19.770 
20.542 
21.634 
24.797 
30.353 

32.390 

37.257 
30.455 
26.838 
24.486 
22.794 
21.523 
20.567 
19.880 
19.450 
19.364 
19.287 
19.460 
19.987 
20.941 
22.422 

24.541 
30.198 

32.840 

-9.1 
+O. 6 
+3.0 
+4.1 
+8.6 
-2.0 
+0.7 
+1.8 
+2.5 
-1.5 
+4.2 
+4.9 
-1.1 
-1.9 

-3.5 
+1.0 
+O. 5 

-1.4 
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ORNL-DWG 81424 
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0 3.0 6.0 8 . 0  1a.o l S . 0  18.0 11.0 
rim iNro crcu I ~OCIYSI  

Fig .  2.2.  Ca lcu la t ed  f u e l  rod c e n t e r l i n e  tempera tures  du r ing  f i r s t  
c y c l e  of o p e r a t i o n  f o r  capsu le  HRB-15a. 

ORNL-DWG 814245 

A 

n 3.0 6.0 9.0 1a.o IS.0 18.0 at .0  
T J X  rmrsi 

.O 

Fig .  2 . 3 .  Measured g r a p h i t e  s l e e v e  midwall t empera tures  du r ing  first 
c y c l e  of o p e r a t i o n  f o r  c a p s u l e  HRB-15a. 
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ORNL-DWG 814246 9 

1 

1 s.0 a.0 12.0 15.q 18.0 X.0  W.0 0.0 1.0 
T I M  INTO CYCLE 2 I W Y S I  

Fig. 2.4.  Calcula ted  f u e l  rod c e n t e r l i n e  temperatures  dur ing  second 
c y c l e  of o p e r a t i o n  f o r  capsule  HRB-15a. 

I-!:- 

0 -  r E  NO. 2 
u - T E  NO. I 

6 -  Tt NO. 3 
* - T E  No. 4 

Fig. 2.5. Measured g r a p h i t e  s l e e v e  midwall temperatures  dur ing  
second c y c l e  of o p e r a t i o n  f o r  capsule  HRB-15a. 
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ORNL-DWG 814248 
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s s o i  
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TIME INTO crcLc 3 rwrs1 

a 0 

Fig. 2 . 6 .  Calcu la t ed  f u e l  rod c e n t e r l i n e  tempera tures  du r ing  t h i r d  
c y c l e  of o p e r a t i o n  f o r  capsu le  HRB-15a. 

- .  ORNL-DWG 814249 
I 

LE- 
O - r ~  NO. I 0 - r ~ :  w. 2 rc NO. 4 

3 9.0 13.0 15.0 18.0 a\ a 3.0 6.a 
T I W  r m r s i  

a 

Fig. 2.7.  Measured g r a p h i t e  sleeve midwall  t empera tures  du r ing  t h i r d  
c y c l e  of o p e r a t i o n  f o r  capsu le  HRB-15a. 
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Fig.  2.8. Ca lcu la t ed  f u e l  rod c e n t e r l i n e  tempera tures  dur ing  f o u r t h  
cyc le  of ope ra t ion  f o r  capsule  HRB-15a. 

e ORNL-DWG 814251 

i 

b 
7 
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I 

0 3.D 6 .0  P.0  1a.o I S . 0  18.0 a\ .Q 
T I W E  rwtrSI 

.o 

Fig. 2.9. Measured g r a p h i t e  s l e e v e  midwall t empera tures  dur ing  
f o u r t h  cyc le  of ope ra t ion  f o r  capsu le  HRB-15a. 
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Each figure contains calculated centerline temperatures and recorded 

thermocouple temperatures for each of the four cycles. Fuel specimen and 
thermocouple correlation for fuel rods 2, 4 ,  8, 10, 13, and 16 are listed 

below. 

Fuel specimen Thermocouple 
2 1 
4 2 

8 3 

10 4 ,  5, and 6 
13 7 

16 8 

Data summarizing the ratios of fission gas release to birth rate 
(R/B) for the first four irradiation cycles are presented in Table 2.9 

Calculated burnup and accumulated fast fluence for fuel specimens during 

the total irradiation period are given in Table 2.10. Calculations to 

determine similar data for the remaining irradiation cycles are under way 
and will be forwarded to GA when completed. 

2.2.2.5 Capsule HRB-16 - I, I. Siman-Tov and M. J. Kania 

Capsule HRB-16 will contain fuel specimens fabricated at GA and will 
be assembled and irradiated at ORNL. Fuel loading calculations performed 
at ORNL were supplied to GA for fuel specimen preparation. These cailcula- 

tions for each fuel specimen position are shown in Table 2.11; thorium and 

235U contents are presented. This capsule will contain fuel rods arid par- 
ticle trays holding loose particles. Beginning of irradiation is sched- 
uled for June 1981. Because of the similarity of configuration, rod 

dimension, and composition with HRB-l5a, the loadings were calculated on 

the basis of HRB-15a design loadings. 

2.3 DEVELOPMENT WORK - F. J. Homan 

Development activities have been centered in three areas: 

Pyrocarbon coating by using C02 dilution. This work is essentially 

complete except for the evaluation of specimens prepared for 



Table 2.9.  Capsule HRB-15a RIB" d a t a  

Accumulated 

t i m e  (h) 
Date i r r a d i a t i o n  8 5 % -  87Kr 88Kr 135xe 133xe Sample taken 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

7/28/80 

8/5/80 

81 12/80 

8/25/80 

8/29/80 

9/2/80 

9/16/80 

9/23/80 

10/10/80 

10/13/80 

101 17/80 

10 124 180 

10/31/80 

60.0 

251.15 

418.45 

711.45 

805.2 

903.3 

1168.0 

1307.6 

1583.0 

1656.5 

1750.9 

1919.4 

2044.8 

6.45 X 10-6 

4.00 X 

3.82 X 10-6 

5.06 X 

15.00 X 

14.09 X 

16.11 X 

17.60 x 

7.33 x 10-6 

4.28 X 10-6 

3.02 X 10'6 

2.70 X 10-6 

3.21 x 

9.85 X 10-6 

9.19 x 10-6 

12.02 x 10-6 

9.60 x 10-6 

5.76 x 10-6 

3.97 x 10-6 

1.56 X 

2.67 X 10'6 

3.40 X 10-6 

5.45 x 10-6 

5.04 X 10'6 

7.83 x 10-6 

8.95 X 10'6 

3.99 x 10-6 

4.67 x 10-6 

0.99 x 10-6 

1.13 X 10-6 

1.32 x 10'6 

10.82 x 10-6 

7.72 x 10-6 

7.18 x 10-6 

12.35 x 10-6 

3.18 x 10-6 

1.89 x 10-5 

0.92 x 10-5 

O b  
3.14 x 10-5 

14.33 X 10-5 
7.97 x 10-5 w \D 

20.38 X 10-5 

10.16 x 10-5 

6.59 x 10-5 

19.61 X 

15.07 X 

12.83 X 10'6 

12.39 X 10-6 

10.47 X 10-6 

8.69 X 10-6 

10.24 x 10-6 12.52 x 10-6 20.87 X 10-5 

7.87 x 10-6 6.97 x 10-6 6.78 X 10-5 

6.59 x 10-6 5.02 x 10-6 3.37 X 10-5 

aR/B = Ratio of f i s s i o n  gas release t o  b i r t h  rate. 

bNo release rate ava i lab le .  
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Table 2.10. Calcula ted  burnup and damage f l u e n c e  
f o r  specimens i n  capsule  HRB-15a 

a t  end of i r r a d i a t i o n  

~ ~~ 

Calcula ted  burnup 
(% FIMA)a Fluence, neutrons/m 2 

( E  > 29 f J )  HTGR Rod 

2 3 5 ~  23813. 232~h 

1 

2 
3 
4 
5 
6 
7 
8 
9 
10 

11 
12 
13 
14 
15 
16 
17 
18 

78.5 
80.6 
82.3 
83.2 
83.7 
84.0 
84.3 
84.5 
84.9 
84.7 
84.5 
84.5 
84.3 
84.0 
83.8 
82.9 
81.7 
80.8 

8.7 
10.5 
13.0 
14.9 
16.4 
17.6 
18.9 
19.8 
20.1 
20.4 
19.8 
19.5 
18.9 
17.6 
16.7 
14.1 
11.8 
10.7 

2.5 
3.1 
4.0 
4.8 
5.3 
5.8 
6.4 
6.7 
6.9 
7.0 
6.8 
6.6 
6.4 
5.8 
5.5 
4.5 
3.6 
3.2 

4.11 x 1025 
4.58 
5.25 
5.68 
6.13 
6.57 
6.92 
7.10 
7.15 
7.25 
7.15 
7.10 
6.77 
6.37 
5.90 
5.25 
4.51 
4.11 

aFIMA = f i s s i o n s  per  i n i t i a l  (heavy) metal 
atom. 
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Table 2.11. Fuel rod loadings for HRB-16 

Fuel roda 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

2.037 
1.617 
1.382 
1.206 
1.098 
1.014 
0.964 
0.926 
0.911 
0.910 
0.909 
0.329 
0.965 
1.033 
1.087 
1.211 
1.438 
1.817 

46.014 
35.344 
30.646 
27.424 
25.433 
23.786 
22.779 
21.906 
21.535 
21.466 
21.391 
21.752 
22.513 
23.966 
24.970 
27.962 
32.644 
37.841 

aRod 1 is at the top of the capsule. 

irradiation in capsule HT-35. Work during this reporting period has 
shown no particular advantage for PyC coatings deposited by using 

C02 dilution of the coating gas. Further, additional studies on 

batch OR-2013 (see Sect. 2.4.2) have shown that the performance of 

this batch in earlier irradiation experiments was not as exceptional 
as was originally thought. 

mance that launched the additional studies on PyC deposited by using 
C02 dilution. 

It was this perceived exceptional perfor- 

Sic characterization and testing. This work is aimed at producing 

Sic coatings that can retain fission product silver yet resist 

chemical attack from fission product palladium. Three phases of the 

work have been in progress during this reporting period: 

characterization of Sic and correlation of the microstructures 

observed with deposition parameters, (2) the testing of coatings in 
out-of-reactor thermal gradient heating tests to correlate performance 

(1) the 
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w i t h  m i c r o s t r u c t u r e ,  and ( 3 )  k i n e t i c  and thermodynamic s t u d i e s  

aimed a t  e s t a b l i s h i n g  t h e  t i m e  dependence of palladium a t t a c k  and 

p o t e n t i a l  performance improvements through k e r n e l  chemistry changes. 

The f i r s t  phase of t h e  work i s  complete; t h e  second and t h i r d  phases 

a re  i n  progress .  Kerne ls  t h a t  were "doped" (some wi th  s i l v e r ,  some 

w i t h  palladium) have been Triso-coated and are now being heated.  

Examination a f t e r  h e a t i n g  w i l l  determine how e f f e c t i v e l y  s i l v e r  has  

been r e t a i n e d  and how w e l l  t h e  c o a t i n g s  r e s i s t e d  palladium a t t a c k .  

The most promising m i c r o s t r u c t u r e  w i l l  be i d e n t i f i e d  and studied! 

f u r t h e r  f o r  a d d i t i o n a l  performance improvements. 

Dense UCO f u e l  k e r n e l  development. Dense UCO i s  one of fou r  f i s s i l e  

k e r n e l  candida tes  being considered f o r  t h e  r e f e r e n c e  MEU f u e l  concept.  

The work a t  OWL has  been d i r e c t e d  a t  f a b r i c a t i o n  of UCO k e r n e l s  w i t h  

h i g h  d e n s i t y  and c o n t r o l l e d  chemical composition ( r e l a t i v e  amounts of 

U02 and UC2). This  work i s  a n  important  input  t o  t h e  f u e l  product ion 

c o n s i d e r a t i o n s  of t h e  r e f e r e n c e  f u e l  s e l e c t i o n .  The l a b o r a t o r y  phase 

of t h i s  work i s  e s s e n t i a l l y  completed. Dense UCO k e r n e l s  have been 

f a b r i c a t e d ,  using feed  material from both t h e  i n t e r n a l  and t h e  

e x t e r n a l  g e l a t i o n  f lowsheets .  The k e r n e l s  produced have been of h i g h  

d e n s i t y  and have had chemical compositions i n  t h e  d e s i r e d  range., The 

technique  developed used a two-step s i n t e r i n g  process  and temperatures  

i n  t h e  range of 155OOC. T h i s  procedure o f f e r s  s e v e r a l  advantages 

over  convent iona l  s i n t e r i n g  techniques ,  which r e q u i r e  temperatures  

i n  t h e  range of 1900°C. The work t h a t  remains under t h i s  subtask  i s  

t h e  s c a l e u p  s t u d i e s  necessary f o r  l a r g e - s c a l e  product ion.  These 

s t u d i e s  w i l l  be accomplished wi th  equipment a t  GA. 

2.3.1 Pyrocarbon Coating by C02 D i l u t i o n  - D. P. S t i n t o n  

During t h e  pas t  y e a t ,  t h e  e f € o r t  t o  produce and c h a r a c t e r i z e  

C02-diluted c o a t i n g s  was completed. However, only i r r a d i a t i o n  t e s t i n g  of 

t h e s e  c o a t i n g s  can determine t h e  a c t u a l  va lue  of C02 d i l u t i o n .  

I r r a d i a t i o n  t e s t i n g  of e i g h t  C02-diluted ba tches  i s  w e l l  under way i n  

HT-35 ( s e e  Sect.  2.2.1.2). A r e p o r t  w a s  w r i t t e n  summarizing t h i s  

work,19 t h e  a b s t r a c t  of which fol lows.  
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A Biso-coated f u e l  p a r t i c l e  f o r  t h e  High-Temperature 
Gas-Cooled Reactor c o n s i s t s  of a 500-p-diam Tho2 k e r n e l ,  an 
85 -p - th i ck  l a y e r  of low-density carbon, and a 75-pn-thick 
l a y e r  of high-density pyrocarbon. The purpose of t h e  c o a t i n g s  
i s  t o  c o n t a i n  f i s s i o n  products  generated dur ing  i r r a d i a t i o n .  
During t h e  p a s t  t e n  y e a r s ,  t h e  permeabi l i ty  and a n i s o t r o p i c  
p r o p e r t i e s  of t h e  pyrocarbon l a y e r s  have been optimized f o r  
good i r r a d i a t i o n  performance. Even those  c o a t i n g s  whose pro- 
p e r t i e s  were optimized f o r  an iso t ropy  and permeabi l i ty  
sometimes f a i l  during i r r a d i a t i o n .  However, one ba tch  of par- 
t i c l e s  produced i n  1973 by d e p o s i t i n g  t h e  h ighly  dense pyrocar- 
bon l a y e r  from a mixture  of propylene and C02 has  shown good 
performance i n  s e v e r a l  i r r a d i a t i o n  tests.  Because of t h e s e  
encouraging r e s u l t s ,  t h i s  experiment w a s  undertaken t o  
determine c a r e f u l l y  t h e  e f f e c t  of C02 d i l u t i o n  on pyrocarbon 
c o a t i n g s .  

and 25% A r  were found t o  be more g a s t i g h t  than c o a t i n g s  pro- 
duced from mixtures  of pyropylene and argon, helium, o r  H2. 
Higher c o n c e n t r a t i o n s  of C02 i n  t h e  gas  mixture  caused s e v e r e  
o x i d a t i o n  of g r a p h i t e  components i n  t h e  c o a t i n g  furnace.  The 
permeabi l i ty  of t h e s e  c o a t i n g s  w a s  found t o  depend on t h e  depo- 
s i t i o n  temperature.  Low d e p o s i t i o n  temperatures  produced more 
g a s t i g h t  coa t ings .  It w a s  a l s o  determined t h a t  C02 had l i t t l e  
o r  no e f f e c t  on t h e  a n i s o t r o p y  of t h e  coa t ing .  I r r a d i a t i o n  
t e s t i n g  of C02-diluted c o a t i n g s  i s  under way. 

Coatings produced from mixtures  of 50% propylene, 25% C02, 

2.3.2 S i l i c o n  Carbide C h a r a c t e r i z a t i o n  and T e s t i n g  - R. J. Lauf,  
T. B. Lindemer, and D. N. Braski  

The purpose of t h e  S i c  development program i s  t o  improve our 

understanding of t h e  r e l a t i o n  of t h e  m i c r o s t r u c t u r a l  d e t a i l s  of t h e  

c o a t i n g s  t o  process  v a r i a b l e s  and t o  i r r a d i a t i o n  behavior  ( s p e c i f i c a l l y  

f i s s i o n  product r e t e n t i o n ) .  This  in format ion  i s  needed t o  develop 

a p p r o p r i a t e  s p e c i f i c a t i o n s  f o r  c o a t i n g s  so tha t  f i s s i o n  product release 

w i l l  be minimized. 

The c u r r e n t  work involves  a number of a c t i v i t i e s :  (1) s e v e r a l  

c h a r a c t e r i z a t i o n  techniques were eva lua ted  t o  determine t h e i r  s u i t a b i l i t y  

f o r  s tudying  the  s t r u c t u r e s  and d e f e c t s  i n  S i c  coa t ings ;  ( 2 )  t h e s e  tech- 

niques were used t o  observe t h e  way i n  which c o a t i n g  m i c r o s t r u c t u r e s  vary 

as the  d e p o s i t i o n  parameters are s y s t e m a t i c a l l y  changed; ( 3 )  c o a t i n g s  of 

each experimental  type were exposed ou t  of r e a c t o r  t o  a t t a c k  by t h e  

f i s s i o n  product elements s i l v e r  and palladium; and ( 4 )  c o a t i n g s  depos i ted  

under similar c o n d i t i o n s  t o  some of those  s t u d i e d  h e r e  were i r r a d i a t e d  i n  

HFTR capsule  HT-35 and w i l l  be examined dur ing  1981. 
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2.3.2.1 S i l i c o n  Carbide P l ic ros t ruc ture  C h a r a c t e r i z a t i o n  - R. J. Lauf 
and D. N. Brask i  

A t o p i c a l  r e p o r t  on c h a r a c t e r i z a t i o n  of S i c  micros t ruc tures20  wa.s 

completed i n  September 1980 and w i l l  be i s s u e d  i n  1981. An a b s t r a c t  of 

t h i s  r e p o r t  fol lows.  

Fue l  par t ic les  f o r  t h e  HTGR c o n t a i n  a l a y e r  of p y r o l y t i c  
S i c  t o  ac t  as a pressure  v e s s e l  and f i s s i o n  product b a r r i e r .  
The S i c  i s  depos i ted  by thermal  decomposition of m e t h y l t r i -  
c h l o r o s i l a n e  (CH3SiC13 o r  MTS) i n  an excess  of hydrogen. 
Coat ings depos i ted  a t  temperatures  from 1500 t o  1700°C and 
c o a t i n g  r a t e s  from 0.4 t o  1.2 pn/min have been s t u d i e d  by 
t r a n s m i s s i o n  e l e c t r o n  microscopy, small-angle x-ray s c a t t e r i n g ,  
x-ray d i f f r a c t i o n ,  o p t i c a l  microscopy, d e n s i t y  measurements, 
scanning e l e c t r o n  microscopy, and microhardness measurements. 
Transmission e l e c t r o n  microscopy has  t h e  necessary r e s o l u t i o n  
t o  provide c r y s t a l l o g r a p h i c  informat ion  on small c o a t i n g  
d e f e c t s .  Major d e f e c t s  were v o i d s ,  s t a c k i n g  f a u l t s ,  and 
d i s l o c a t i o n s .  Small-angle x-ray s c a t t e r i n g  w a s  used t o  measure 
t h e  void s i z e  d i s t r i b u t i o n ;  vo ids  were g e n e r a l l y  from 20 t o  80 
nm i n  diameter .  X-ray d i f f r a c t i o n  i n d i c a t e s  t h a t  S i c  c o a t i n g s  
are predominantly cubic  B-Sic. However, t h e  h igh  s t a c k i n g  
f a u l t  d e n s i t y  i n  some c o a t i n g s  can g i v e  r ise  t o  both x-ray and 
e l e c t r o n  d i f f r a c t i o n  e f f e c t s .  I n  some s m a l l  areas t h e  f a u l t e d  
s t r u c t u r e  resembles one o r  more polytypes of a-Sic. The evi-  
dence i n d i c a t e s ,  though, t h a t  t h i s  i s  a consequence of r a p i d  
growth and no t  a two-phase "a + B "  mixture i n  t h e  thermodynamic 
sense .  R e f l e c t e d - l i g h t  microscopy can be used q u a n t i t a t i v e l y  
t o  measure average g r a i n  s i z e  and shape but cannot r e s o l v e  most 
c o a t i n g  d e f e c t s .  Densi ty  measurement can be used t o  d i f f e r e n -  
t i a t e  between c o a t i n g s  t h a t  e x h i b i t  extremes i n  performance but  
cannot  be used t o  d e t e c t  s m a l l  v a r i a t i o n s  i n  q u a l i t y .  Scanning 
e l e c t r o n  microscopy shows t h a t  d e p o s i t i o n  v a r i a b l e s  a f f e c t  
c o a t i n g  s u r f a c e  morphology, but  t h e s e  f e a t u r e s  are  d i f f i c u l t  t o  
q u a n t i f y  and do no t  bear  a simple r e l a t i o n s h i p  t o  i n t e r n a l  
c o a t i n g  d e f e c t s .  Microhardness w a s  a very i n s e n s i t i v e  
i n d i c a t o r  of c o a t i n g  q u a l i t y .  

2.3.2.2 C o r r e l a t i o n  of S i l i c o n  Carbide M i c r o s t r u c t u r e s  wi th  Depos i t ion  
Condit ions - R. J. Lauf 

A t o p i c a l  r e p o r t  on t h e  r e l a t i o n  between S i c  m i c r o s t r u c t u r e s  and 

The a b s t r a c t  of t h i s  d e p o s i t i o n  condi t ions21  w a s  i s s u e d  i n  May 1980. 

r e p o r t  appeared i n  t h e  HTGR annual  r e p o r t  f o r  1979. 

Work i s  cont inuing  i n  t h i s  area, w i t h  t h e  a d d i t i o n  of t h r e e  German 

c o a t i n g  ba tches  and two ba tches  from t h e  l a r g e  c o a t e r  a t  GA. Transmission 
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e l e c t r o n  microscopy and SAXS w i l l  be used t o  compare t h e  c o a t i n g s  wi th  

those  s t u d i e d  e a r l i e r .  Also,  by o b t a i n i n g  s c a t t e r i n g  curves f o r  t h e  

German c o a t i n g s  i n  t h e  ORNL 10-m SAXS camera, we can c o r r e l a t e  our SAXS 

r e s u l t s  wi th  t h e  German work. 22 

2.3.2.3 I n t e r a c t i o n  with F i s s i o n  Product Elements - R. J. Lauf 
and T. B. Lindemer 

The r e s u l t s  of out-of-reactor  anneal ing of Triso-coated 

U02 microspheres  doped wi th  s i l v e r  and pal ladium were reported23 i n  J u l y  

1980. An a b s t r a c t  of t h i s  r e p o r t  fol lows.  

Fue l  p a r t i c l e s  f o r  t h e  High-Temperature Gas-Cooled Reactor 
conta ined  a l a y e r  of p y r o l y t i c  s i l i c o n  carb ide ,  which acts as a 
p r e s s u r e  v e s s e l  and provides  containment f o r  m e t a l l i c  f i s s i o n  
products .  The S i c  l a y e r  is depos i ted  by t h e  thermal  decom- 
p o s i t i o n  of m e t h y l t r i c h l o r o s i l a n e  (CH3SiC13 o r  MTS) i n  an 
excess  of hydrogen. C e r t a i n  f i s s i o n  products ,  no tab ly  s i lver  
and pal ladium, can cause degrada t ion  of t h e  S i c  during 
i r r a d i a t i o n .  The purpose of t h i s  s tudy  is  t o  develop a quan- 
t i t a t i v e  data  base t o  b e t t e r  understand noble-metal a t t a c k  as 
w e l l  as t o  e v a l u a t e  t h e  r e l a t i o n s h i p  between S i c  d e p o s i t i o n  
c o n d i t i o n s  and noble-metal r e l e a s e .  

duc t  elements w a s  i n v e s t i g a t e d  i n  t h e  temperature  range 1200 t o  
1 5 O O O C .  Simulated high-burnup Triso-coated f u e l  p a r t i c l e s  were 
f a b r i c a t e d  by impregnating U 0 2  microspheres wi th  metal l ic  Ag o r  
Pd followed by coa t ing  them under s y s t e m a t i c a l l y  v a r i e d  
c o n d i t i o n s .  The coated p a r t i c l e s  were mounted i n  carbon d i s k s  
and were annealed f o r  2000 h i n  a thermal  g r a d i e n t  of 
27.5"c/mm. 

Meta l lographic  examination revea led  t h r e e  modes of 
i n t e r a c t i o n :  l o c a l  a t t a c k  of t h e  S i c  a s s o c i a t e d  wi th  nodules 
of Ag o r  Pd, presence of f r e e  metal  p a r t i c l e s  partway through 
t h e  c o a t i n g  th ickness  where no v i s i b l e  p e n e t r a t i o n  path 
e x i s t e d ,  and accumulation of f r e e  metal a long c i r c u m f e r e n t i a l  
s t r i a t i o n s  i n  coa t ings  depos i ted  a t  o r  below 155OOC. 

p e r a t u r e  dependent. The Pd a t t a c k  ra te  i n c r e a s e s  s l i g h t l y  wi th  
i n c r e a s i n g  S i c  coa t ing  r a t e ,  while  S i c  d e p o s i t i o n  temperature  
has  l i t t l e  e f f e c t .  S ince  t h e  Pd a t t a c k  rates during out-of- 
r e a c t o r  annea l ing  agree  wi th  rates measured i n  i r r a d i a t e d  
p a r t i c l e s ,  i t  is l i k e l y  t h a t  a t t a c k  is  c o n t r o l l e d  by g r a i n  
boundary d i f f u s i o n .  

The i n t e r a c t i o n  between S i c  and noble-metal f i s s i o n  pro- 

The rates of a t t a c k  of S i c  by Ag and Pd are s t r o n g l y  t e m -  

I n  a d d i t i o n ,  a workshop on f i s s i o n  product i n t e r a c t i o n s  wi th  S i c  w a s  

hos ted  by GA on October 21-23, 1980. This  workshop w a s  a t tended  by 
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R. J. Lauf, T. B. Lindemer, and T. N. Tiegs of ORNL; H. Grubmeier of KFA 
Jiilich; P. Brown of AERE Harwell; and D. Hanson, J. Kaae, F. Montgomery, 
C. Young, B. Meyers, and others of the GA staff. Craig Smith, who chaired 

the meeting, provided the following text of the synopsis prepared by the 

participants: 

Core design studies conducted at GA have shown that rue1 
failure and fission product release associated with fission 
product-Sic reactions in Triso fissile fuels may limit the 
allowable range of core outlet temperatures for an HTGR. 
Reactions between fission products and Sic result in a decrease 
in Sic thickness. Silicon carbide failure via this mechanism 
is defined as the reduction in thickness that would result in 
Cs release from a coated particle during normal reactor 
operation. Because of the potential impact on reactor design, 
a workshop was held at GA. Primary goals of the workshop were 
to (i) combine experimental observations into a common data 
base for use by all participating organizations, (ii) develop a 
consensus for one concurrent understanding of fission product 
reactions with Sic, and (iii) recommend directions for future 
experimental programs. 

The meetings began with a description of items needed by 
an HTGR core designer to predict the impact of fission 
product-Sic reactions during reactor operation. This was 
followed by a series of prepared presentations that covered 
(i) characterization of the Sic layer, (ii) observations of 
fission product-Sic reactions in fission product doped, 
unirradiated samples, and (iii) observations of reactions in 
irradiated HTGR fuels. In addition, Ag diffusion in Sic was 
addressed in some of the presentations. The presentations 
were followed by general discussions that were intended to 
give one current understanding of fission product reactions 
with Sic and provide direction for future programs. 

as follows: 

Fission Product-Sic Reactions 

The conclusion and recommendations of the participants are 

Rates of reaction are independent of kernel composition and 

Available data are consistent with a rate model that assumes 
square root time dependence for temperatures below 1500°C 
and with a model that is linear with time above -1700°C. 

Specific areas not adequately addressed include (i) impact 
of CO and C1 on reaction rate, (ii) reactions in Triso ThO2, 
and (iii) development of Sic failure criteria. 

enrichment. 
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Longer term programs should a l low f o r  i n - p i l e  model v e r i f i -  
c a t i o n  and a c c i d e n t  c o n d i t i o n  t e s t i n g  of f u e l s  t h a t  have 
experienced varying degrees  of f i s s i o n  product-Sic r e a c t i o n .  

Ag D i f f u s i o n  i n  S i c  

0 Maintenance doses  a s s o c i a t e d  wi th  Ag release are predic ted  

Current  experimental  observa t ions  suggest  t h a t  t h e  t o t a l  

t o  be somewhat h igher  than  those from C s  release. 

c o r e  inventory  of Ag r e l e a s e d  by d i f f u s i o n  through " i n t a c t "  
S i c  a t  1 0 0 ~ 1 1 5 0 ° C  i n  p a r t i c l e s  i r r a d i a t e d  f o r  one year  w i l l  
exceed t h e  inventory r e l e a s e d  from a l l  p a r t i c l e s  with f a i l e d  
c o a t i n g s  w i t h i n  the  core .  

A program plan f o r  s tudy of Ag d i f f u s i o n  i n  S i c  and develop- 
ment of models d e s c r i b i n g  d i f f u s i v e  release of Ag through 
t h e  S i c  of T r i s o  c o a t i n g s  (and g r a p h i t e )  i s  needed. It 
should show when models are needed, when they can be 
suppl ied  using d a t a  c o l l e c t e d  from samples i r r a d i a t e d  i n  
planned f u e l  test  capsules ,  and, i f  needed, when they can be 
suppl ied  using d a t a  c o l l e c t e d  from a l t e r n a t i v e  i r r a d i a t i o n  
v e h i c l e s .  

S i c  C h a r a c t e r i z a t i o n  

0 The ongoing S i c  c h a r a c t e r i z a t i o n  program i s  needed t o  sup- 
po r t  a t tempts  t o  d e f i n e  and minimize t h e  impact of' 
S i c - f i s s i o n  product r e a c t i o n s  and d i f f u s i o n  phenomena. 

0 I n  a d d i t i o n  t o  t h e  ongoing program, i t  is  recommended t h a t  
( i )  c o a t i n g  bed temperatures  be repor ted  i n  a l l  charac- 
t e r i z a t i o n  s t u d i e s  and ( i i )  t h a t  two ba tches  of coated 
m a t e r i a l  from t h e  GA 240-mm-diameter c o a t e r  be included i n  
t h e  program. 

2.3.2.4 K i n e t i c  S t u d i e s  - T. B. Lindemer and R. L. Pearson 

The main o b j e c t i v e  of t h i s  program has been t o  a c q u i r e  an under- 

s tanding  of t h e  f u e l ,  f i s s i o n  product ,  and c o a t i n g  k i n e t i c  processes  and 

thermodynamics of t h e  system t o  t h e  degree t h a t  permits  i d e n t i f i c a t i o n  

and q u a n t i t a t i v e  d e s c r i p t i o n  of f a i l u r e  mechanisms and improved f u e l  

performance by means of k e r n e l  chemical modif icat ion.  

program was publ ished i n  November 1980. 

A repor t24  on t h i s  

Work i n  progress  c o n s i s t s  pr imar i ly  of h e a t i n g  Triso-coated 

p a r t i c l e s  wi th  k e r n e l s  conta in ing  s imulated f i s s i o n  products known t o  

i n t e r a c t  wi th  Sic .  These inc lude  k e r n e l s  of La$, NdC2, UO2/UC2 p lus  

palladium, U02 p lus  palladium, and U02 p lus  s i l v e r .  The primary 

o b j e c t i v e  i s  t o  determine whether t h e  i n t e r a c t i o n  wi th  S i c  below 1725 K 
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depends on t i m e  o r  on t h e  square r o o t  of t i m e .  These p a r t i c l e s  are 

being hea ted  t o  about 10,000 h i n  a temperature  g r a d i e n t  of 28 K/mm. 

2.3.3 Dense UCO Fuel  Kernel Development - D. P. S t i n t o n  

A p o t e n t i a l  f i s s i le  p a r t i c l e  f o r  t h e  HTGR is  a h i g h l y  dense 

microsphere wi th  a composition of U02 p l u s  UC2. A procedure w a s  developed 

t o  convert  u r a n i a  p l u s  carbon microspheres  produced by i n t e r n a l  g e l a t i o n  

t o  t h e  d e s i r e d  composition. 

a b s t r a c t  of which fol lows.  

This  process  w a s  descr ibed  i n  a r epor t , , 25  t h e  

A process  f o r  t h e  f a b r i c a t i o n  of uranium dioxide-uranium 
d i c a r b i d e  microspheres f o r  use as an advanced n u c l e a r  f u e l  is 
descr ibed .  The U-C-0 phase diagram w a s  u t i l i z e d  e x t e n s i v e l y  i n  
apply ing  thermochemical p r i n c i p l e s  t o  t h e  combined process  of 
uranium c a r b i d e  s y n t h e s i s  and k e r n e l  s i n t e r i n g .  V a r i a t i o n  of 
t h e  p a r t i a l  p r e s s u r e  of carbon monoxide d u r i n g  t h e  carbothermic 
r e d u c t i o n  of u r a n i a  p l u s  carbon allowed t h e  k e r n e l  composition 
and d e n s i t y  t o  be c o n t r o l l e d .  X-ray d i f f r a c t i o n ,  microstruc-  
t u r a l  examination, and d e t a i l e d  chemical a n a l y s e s  were used t o  
i d e n t i f y  t h e  k e r n e l  composition. A procedure w a s  developed t o  
conver t  u r a n i a  p l u s  carbon microspheres  produced by a w e t -  
chemical g e l a t i o n  process  t o  a h i g h l y  dense U02-UC2 product a t  
1550°C. Kernels  were f i r s t  t r e a t e d  a t  1550°C i n  A r - l %  CO f o r  
4 h t o  produce high-densi ty  microspheres  wi th  a composition of 
U02 + U C g Y  ( z +  y G 1.1). 
1550°C f o r  a n  a d d i t i o n a l  4 h i n  A?3% CO t o  s h i f t  t h e  thermo- 
dynamic e q u i l i b r i u m  from U02 + U C g Y  t o  t h e  d e s i r e d  U02 + UC2. 
Batches of material c o n t a i n i n g  d i f f e r e n t  i n i t i a l  amounts of 
carbon have been processed t o  produce high-densi ty  microspheres 
having s p e c i f i c  UC2 contents .  

These k e r n e l s  were then  processed a t  

The process  f o r  t h e  product ion of h i g h l y  dense U02 and UC2 w a s  

extended f o r  use on p a r t i c l e s  produced by t h e  e x t e r n a l  g e l a t i o n  process .  

The previous  conversion schedule  f o r  material  prepared by i n t e r n a l  gela-  

t i o n  w a s  modified f o r  use wi th  material produced by e x t e r n a l  g e l a t i o n .  

The m o d i f i c a t i o n s  c o n s i s t e d  of h e a t i n g  very s lowly (50°C/h) from room t e m -  

p e r a t u r e  t o  600°C p l u s  an a d d i t i o n a l  ho ld  a t  200°C f o r  2 h. This  g e n t l e  

ra te  allowed a very slow e v o l u t i o n  of v o l a t i l e s  and prevented t h e  c racking  

of p a r t i c l e s  dur ing  heatup.  The s i n t e r i n g  atmosphere w a s  a l s o  changed 

dur ing  t h e  f i r s t  1550°C s i n t e r i n g  s t e p  t o  Ar-0.5% CO. A problem s t i l l  

e x i s t s  because s m a l l  voids  are p r e s e n t  i n  t h e  p a r t i c l e s  prepared by 
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external gelation. These voids usually appear closed to the surface in 

cross section but are actually open to the surface. About 1 kg of 

external-gelation-derived kernels produced from 7%-enriched uranium was 
converted by this process for use in irradiation test HT-35. Photographs 

of these kernels are shown in Fig. 2.10. 

2.4 PROJECT WORK STATEMENT ACTIVITIES - F. J. Homan 

This work is being performed under the Fuel, Graphite, and Fission 

Product Subprogram, which falls under the auspices of the Umbrella 
Agreement between the United States and the Federal Republic of Germany 

(FRG), a government-to-government agreement. The fuel development work is 

being done by ORNL, GA, and KFA (Kernforschungsanlage) Julich. The ORNL 

work is covered under five project work statements (PWSs): PWS FD-10, 

Optimization of Sic Microstructure for Retention of Metallic Fission 

Products; PWS FD-12, Quantification of Irradiation-Induced Permeability 

in Pyrocarbon Coatings; PWS FD-13, Comparison of IMGA and PTAA; PWS 

FD-18, 

German 

2.4.1 

Fuel Chemical Performance Modeling; and PWS FD-20, Evaluation of 

Fuel Particles Using IMGA. 

PWS FD-10 - F. J. Homan 

Several letters and drafts concerning this PWS have been exchanged 

over the past three years. Extensive work is in progress at both ORNL and 

KFA. An informal exchange of reports and samples for characterization 

has existed for some time without the formalization required by a PWS. 

The most effective way to cooperate has not been established at this time, 
and no formal PWS exists. It was decided at the last Subprogram Manager's 

meeting (held at GA in September 1980) to defer formalization of this 
cooperation until definitive results are available at ORNL and KFA. 
During this reporting period small samples of Sic coating fragments were 

exchanged for SAXS experiments at both sites. 

2.4.2 PWS FD-12 -M. J. Kania, J M Robbins, and E. L.  Ryan 

The purpose of PWS FD-12 is the quantification of irradiation-induced 

permeability in PyC coatings. Specific objectives are to 
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0 e s t a b l i s h  temperature and f luence  dependence of PyC coa t ing  per- 

m e a b i l i t y ,  

0 e s t a b l i s h  i n f l u e n c e  of coa t ing  cond i t ions  and p r o p e r t i e s  on 

i r r ad ia t ion - induced  pe rmeab i l i t y  i n  PyC c o a t i n g s ,  and 

b r i n g  p a r a l l e l  work being done i n  t h e  United S t a t e s  and FRG under 

one program. 

To meet t h e s e  o b j e c t i v e s  i r r a d i a t e d  f u e l s  from t h r e e  experiments were 

chosen f o r  i n v e s t i g a t i o n :  one experiment from t h e  FRG program, BR2-P12, 

and two from t h e  U.S. program, HT-34 and HRB-14. 

One requirement of t h i s  PWS is  t o  i n v e s t i g a t e  f i s s i o n  gas r e t e n t i o n  

i n  i r r a d i a t e d  coated p a r t i c l e s  from these  t h r e e  experiments.  To achieve  

t h i s ,  i r r a d i a t e d  p a r t i c l e s  were s e l e c t e d  and analyzed wi th  the  IMGA system 

t o  o b t a i n  a f i s s i o n  product inventory  of prominent gamma emitters. These 

same p a r t i c l e s  were then  broken i n  t h e  PGA t o  measure t h e  inventory  of 

s t a b l e  f i s s i o n  gases  r e t a i n e d  by t h e  PyC coa t ings .  The IMGA d a t a  t o g e t h e r  

w i th  neu t ron ic s  informat ion  on t h e  r e s p e c t i v e  i r r a d i a t i o n  f a c i l i t y  makes 

p o s s i b l e  a c a l c u l a t i o n  t o  determine t h e o r e t i c a l  amounts of t h e s e  same 

s t a b l e  f i s s i o n  gases  t h a t  should be p re sen t  i n  each p a r t i c l e .  The r a t i o  

of t he  measured f i s s i o n  gas release from PGA t o  t h e  c a l c u a l t e d  f i s s i o n  gas 

inven to ry  i s  then  t h e  " p a r t i c l e "  f i s s i o n  gas release f r a c t i o n .  For PyCs 

t h a t  have r e t a i n e d  t h e i r  f i s s i o n  gases ,  t h i s  r a t i o  w i l l  depend on t h e  

amount of gas t h a t  remains w i t h i n  t h e  k e r n e l  mic ros t ruc tu re .  The amount 

of gas t h a t  would be r e l e a s e d  on measurement i n  t h e  PGA system would be 

equal t o  the "kernel" fission gas release f r a c t i o n .  This  does no t  i nc lude  

those  f i s s i o n  gases  remaining i n  t h e  ke rne l .  The k e r n e l  release f r a c t i o n  

i s  dependent on k e r n e l  s to i ch iomet ry ,  i r r a d i a t i o n  temperature,  f u e l  burnup, 

and i r r a d i a t i o n  t i m e .  For t hose  p a r t i c l e s  t h a t  have l o s t  t h e i r  gas 

inven to ry ,  t h i s  r a t i o  w i l l  approach zero ,  depending on t h e  q u a n t i t y  of 

f i s s i o n  gas l o s t .  

For t h e  FRG-irradiated p a r t i c l e s ,  PGA measurements f o r  t h e  s t a b l e  

krypton  and xenon i s o t o p e  i n v e n t o r i e s  were repor t ed  previous ly .  26 

i r r a d i a t e d  p a r t i c l e s  from HT-34 ( r e f .  S), i nven to ry  measurements of t h e  

s t a b l e  i s o t o p e s  83Kr ,  84Kr ,  86Kr ,  131Xe,  132Xe, and 136Xe are presented  i n  

Table 2.12. Gas inventory  d a t a ,  i n  nanomoles, are r epor t ed  f o r  each of 

s i x  p a r t i c l e s  f o r  a l l  p a r t i c l e  ba tches  of i n t e r e s t .  S i m i l a r  d a t a  f o r  

For t h e  
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Table 2.12. Results of fission-gas inventory measurements 
on particles from experiment HT-34 

Quantity of gas, nmol 
Batch Position- 

particle 83Kr 84Kr 86Kr Kr 131Xe 132Xe 134Xe 136Xe Xe Xe/Kr 

27-1 
27-2 
27-3 
27-4 
27-5 
27-6 
29-1 
29-2 
29-3 
29-4 
29-5 
29-6 
30- 1 
30-2 
30-3 
30-4 
30-5 
30-6 
32-1 
32-2 
32-3 
32-4 
32-5 
32-6 
33-1 
33-2 
33-3 
33-4 
33-5 
33-6 

35-1 
35-2 
35-3 
35-4 
3 5-5 
35-6 

36- 1 
36-2 
36-7 
36-4 
36-5 
36-6 

A-765 0.46 
0.52 
0.49 
0.63 
0.01 
0.49 

A-780 0.46 
0.49 
0.54 
0.63 
0.69 
0.66 

A-785 0.40 
0.54 
0.48 
0.52 
0.50 
0.57 

A-806 0.08 
0.16 
0.21 
0.10 
0.43 
0.08 

A-762 0.61 
0.49 
0.02 
0.57 
0.47 
0.57 

A-782 0.53 
0.54 
0.54 
0.50 
0.39 
0.42 

A-786 0.56 
0.48 
0.47 
0.62 
0.67 
0.49 

3.36 4.20 
3.96 4.84 
3.65 4.58 
4.64 5.84 
0.01 0.02 
3.80 4.50 
3.20 3.95 
3.73 4.50 
3.75 4.61 
4.49 5.51 
4.74 5.70 
4.56 5.60 
2.92 3.45 
3.61 4.42 
3.73 4.59 
3.93 4.81 
3.74 4.62 
4.15 5.06 
0.33 0.50 

0.90 1.20 
0.51 0.70 
2.63 3.07 
0.31 0.56 
4.07 5.31 
3.44 4.41 
0.07 ' 0.07 
3.64 4.72 
3.25 4.00 
4.11 4.89 
3.41 4.09 
3.41 4.20 
3.36 4.34 
3.39 4.19 
2.73 3.30 
2.84 3.52 

3.56 4.69 
3.39 4.13 

3.93 4.55 
4.22 5.25 

0.84 1.17 

3.33 3 ~ 5  

8.02 
9.33 
8.72 
11.12 
0.04 
8.80 
7.61 
8.72 
8.90 
10.63 
11.14 
10.82 
6.77 
8.56 
8.81 
9.27 
8.86 
9.76 
0.92 
2.17 
2.31 
1.32 
6.14 
1.02 
9.99 
8.35 
0.16 
8.92 
7.73 
9.57 
8.04 
8.15 
8.24 
8.09 
6.43 
6.79 

8.81 
8.01 
7.65 
9.09 
10. 14 

2.62 
3.06 
2.78 
3.51 
0.01 
2.75 
2.59 
2.82 
3.01 
3.62 
3.77 
3.62 
2.16 
2.79 
2.89 
2.92 
2.99 
3.09 

0.36 
1.03 
0.87 
0.47 
2.12 
0.35 
3.45 
2.73 
0.05 
3.07 

3.37 

2.92 
2.86 
2.71 
2.93 
2.21 
2.35 
3.11 
2.79 
2.80 
3.32 
3.58 

2.80 

9.83 
11.45 
10.22 
13.23 
0.03 
10.15 
9.24 
10.19 
10.75 
13.07 
13.85 
13.20 
7.97 
10.11 
10.76 
10.96 
10.90 
11.47 
1.01 
2.46 
2.36 
1.41 
6.57 
0.91 
11.51 
9.70 
0.12 
10.61 
9.45 
11.52 

9.83 
9.54 
9.45 
9.82 
7.57 
8.31 

10.49 
9.53 
9.49 
11.18 
12.59 

10.10 
11.88 
10.60 
13.60 
0.01 
10.78 
9.65 
10.57 
11.31 
13.55 
14.60 
14.37 
8.05 
10.40 
10.95 
11.16 
11.12 
11.57 

0.95 
2.50 
2.67 
1.44 
7.07 
0.94 
12.11 
10.11 
0.16 
10.96 
9.95 
12.44 
10.46 
10.13 
9.88 
10.15 
7.99 
8.52 
10.75 
9.77 
9.93 
12.03 
13.42 

19.44 
22.86 
20.45 
26.15 
0.04 
20.78 
18.57 
20.61 
22.09 
25.76 
27.85 
27.23 
15.67 
20.23 
21.69 
21.66 
21.67 
22.65 
2.08 
4.94 
5.23 
2.92 
13.30 
1.82 
23.28 
19.78 
0.28 
21.42 
19.17 
24.06 

20.32 
20.27 
19.62 
19.98 
15.32 
16.39 
21.02 
19.10 
19.42 
23.03 
26.10 

42.00 
49.25 
44.04 
56.49 

0.0'3 
44.415 
40.05 
44.20 
47.17 
56.01 
60.06 
58.42 
33.85 
43.54 
46.30 
46.70 
46.68 
48.77 
4.40 
10.93 
11.13 
6.24 
29.017 
4.03 
50.35 
42-32 
O.tll 
46.06 
41.36 
51.39 

43.53 
42. NO 
41.06 

33.1.0 
35.58 

45.38 
41.119 
41.65 
49.56 
55.69 

42.m 

5.23 
5.28 
5.05 
5.08 
2.25 
5.05 
5.26 
5.07 
5.30 
5.27 
5.39 
5.40 
5.00 
5.08 
5.25 
5.04 
5.27 
4.98 
4.79 
5.04 
4.81 
4.72 
4.73 
3.94 
5.04 
5.07 
3.81 
5.16 
5.35 
5.37 

5.41 
5.25 
5.06 
5.30 
5.15 
5.24 

5.15 
5.14 
5.45 
5.45 
5.49 

High-temperature magazine 

3.46 4.28 8.23 2.76 9.85 9.95 19.51 42.08 5.11 
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Table 2.12. (continued) 

~~~~~ 

Quantity of gas, m o l  
Batch P o s i t i o n -  

particle 83Kr 84Kr 86Kr X Kr l3IXe 132Xe 134Xe 136Xe Z Xe Xe/Kr 

38- 1 A-787 
38-2 
38-3 
38-4 
38-5 
38-6 
39-1- 1 OR-1 975-T 
39-1-2 
39- 1-3 
39-1-4 
39-1-5 
39-1-6 
39-2-1 OR-2013-T 
39-2-2 
39-2-3 
39-2-4 
39-2-5 
39-2-6 

40- 1 A-765 
40-2 
40-3 
40-4 
40-5 
40-6 

42-1 A-780 
42-2 
42-3 
4 2-4 
42-5 
42-6 
43-1 A-785- 
43-2 
43-3 
4 3-4 
43-5 
43-6 
45-1 A-806 
45-2 
45-3 
45-4 
45-5 
45-6 

0.53 3.11 
0.59 3.70 
0.25 1.30 
0.53 3.35 
0.57 3.50 
0.59 3.62 
0.42 2.92 
0.65 3.91 
0.49 3.26 
0.41 2.94 
0.51 3.46 
0.53 3.58 
0.47 3.15 
0.09 0.34 
0.54 3.56 
0.14 0.45 
0.68 4.29 
0.57 3.84 

0.28 1.23 
0.42 2.36 
0.16 0.98 
0.31 2.03 
0.42 2.59 
0.38 1.98 
0.40 2.22 
0.41 2.06 
0.35 1.91 
0.48 2.35 
0.43 2.00 
0.46 2.02 
0.38 1.96 
0.40 1.92 
0.40 2.08 
0.09 0.52 
0.38 2.03 
0.13 0.74 
0.14 0.78 
0.37 2.09 
0.39 1.91 
0.13 0.71 
0.15 0.88 
0.39 2.00 

3.90 
4.75 
1.73 
4.31 
4.52 
4.64 
3.88 
5.17 
4.33 
3.91 
4.58 
4.75 

3.63 
0.56 
4.58 
0.75 
5.47 
5.04 

7.55 
9.04 
3.28 
8.19 
8.60 
8.84 
7.22 
9.73 
8.09 
7.26 
8.55 
8.87 

7.25 
0.99 
8.68 
1.34 
10.45 
9.46 

2.84 
3.34 
1.28 
3.12 
2.96 
3.29 
2.33 
3.30 
2.64 
2.31 
2.64 
2.98 

2.37 
0.30 
2.87 
0.43 
3.61 
3.19 

9.69 
11.32 
3.59 
10.33 
10.19 
10.96 
8.14 
11.29 
9.35 
8.19 
9.67 

IO. 20 
8.16 
0.62 
9.68 
0.89 
12.44 
10.91 

10.41 
12.13 
4.18 
11.02 
10.85 
12.13 

8.20 
11.84 
9.35 
8.13 
9.62 
10.76 
8.26 
0.87 
9.94 
1.27 

13.11 
10.92 

20.47 
23.63 
8.10 

21.56 
21.28 
23.49 
15.91 
23.10 
18.14 
15.90 
18.90 
21.08 
16.48 
1.66 
19.70 
2.56 
25.46 
21.63 

43.41 
50.42 
17.15 
46.03 
45.29 
49.89 
34.58 
49.53 
39.49 
34.53 
40.83 
45.03 

35.27 
3.46 
42.20 
5.15 
54.63 
46.65 

5.75 
5.57 
5.23 
5.61 
5.26 
5.64 
4.79 
5.09 
4.88 
4.75 
4.78 
5.08 
4.86 
3.47 
4.86 
3.84 
5.23 
4.93 

Low-temperature magazine 
1.74 
3.13 
1.28 
2.60 
3.34 
2.55 
2.84 
2.64 
2.48 
3.23 
2.61 
2.90 
2.50 
2.48 
2.72 
0.76 
2.58 
1.00 
1.02 
2.64 
2.48 
0.97 
1.20 
2.57 

3.25 1.03 
5.91 1.91 
2.43 0.80 
4.94 1.70 
6.36 2.19 
4.91 1.62 

5.45 1.72 
5.12 1.56 
4.74 1.49 
6.07 1.83 
5.05 1.52 
5.38 1.58 
4.83 1.54 
4.80 1.65 
5.20 1.67 
1.38 0.44 
5.00 1.60 
1.88 0.59 
1.94 0.61 
5.10 1.73 
4.78 1.49 
1.81 0.61 
2.23 0.73 
4.96 1.69 

3.41 
6.29 
2.70 
5.44 
7.10 
5.66 
5.37 
5.27 
4.65 
6.11 
5.07 
5.25 
5.80 
4.91 
5.41 
1.50 
5.12 
1.93 

1.99 
5.32 
4.65 
1.93 
2.38 
5.05 

3.61 
6.92 
2.86 
5.77 
7.76 
5.95 
5.90 
5.65 
5.08 
6.64 
5.75 
5.68 
5.46 
5.40 
5.87 
1.57 
5.63 
2.07 
2.08 
5.93 
5.03 
2.01 
2.52 
5.72 

7.38 
13.70 
5.73 
11.28 
15.07 
11.88 
11.60 
11.34 
10.15 
13.20 
11.16 
11.34 
10.92 
10.63 
11.60 
3.23 

11.22 
4.31 
4.39 
11.61 
10.61 
4.20 
5.18 
11.27 

15.43 
28.82 
12.09 
24 20 
32.13 
25.12 
24.58 
23.83 
21.38 
27.77 
23.49 
23.85 
23.00 
22.60 
24.55 
6.74 
23.57 
8.90 
9.08 
24.61 
21.34 
8.75 

23.73 
ia.81 

4.73 
4.88 
4.98 
4.89 
5.05 
5.12 
4.51 
4.65 
4.51 
4.58 
4.65 
4.44 
4.76 
4.71 
4.72 
4.89 
4.72 
4.73 
4.68 
4.82 
4.46 
4.82 
4.84 
4.78 
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Table 2.12. (continued) 

~ -~ - 

Quantity of gas, m o l  Position- Batch 
particle 83Kr 84Kr 86Kr K~ 1 3 1 ~ ~  132xe 1 3 4 ~ ~  1 3 6 ~ ~  Xe Xe/Kr 

46-1 
46-2 
46-3 
46-4 
46-5 
46-6 

48-1 
48-2 
48-3 

48-5 
48-6 

49-1 
49-2 
49-3 
49-4 
49-5 
49-6 

52-1 
52-2 
52-3 
52-4 
52-5 
52-6 

48-4 

A-762 0.32 
0.32 
0.32 
0.31 
0.28 
0.12 

A-782 0.08 
0.27 
0.36 
0.31 
0.29 
0.56 

~-786 0.05 
0.22 
0.29 
0.45 
0.36 
0.16 

OR-1975-T 0.09 
0.08 
0.19 
0.03 
0.12 
0.06 

1.52 
1.59 
1.62 
1.51 
1.33 
0.60 

0.23 
1.23 
1.59 
1.47 
1.40 
2.89 

0.25 
0.74 
1.32 
1.91 
1.25 
0.70 

0.46 
0.36 
0.60 
0.15 
0.43 
0.21 

1.88 
2.01 
2.07 
1.95 
1.79 
0.83 

0.40 
1.65 
2.02 
1.82 
1.79 
1.47 

0.46 
1.08 
1.85 
2.58 
1.78 
0.94 

0.66 
0.56 
0.96 
0.23 
0.70 
0.37 

3.72 
3.92 
4.02 
3.78 
3.41 
1.56 

0.71 
3.15 
3.97 
3.61 
3.48 
4.92 

0.76 
2.05 
3.46 
4.94 
3.40 
1.80 

1.22 
1.01 
1.75 
0.42 
1.24 
0.64 

1.38 
1.54 
1.40 
1.42 
1.17 
0.48 
0.24 
1.04 
1.26 
1.20 
1.09 
2.74 

0.22 
0.65 
1.02 
1.39 
0.99 
0.57 

0.37 
0.32 
0.56 
0.14 
0.34 
0.19 

4.26 
4.39 
4.35 
4.42 
3.84 
1.53 
0.66 
3.07 
3.73 
3.61 
3.26 
5.17 

0.71 
1.89 
3.14 
4.36 
3.18 
1.69 

1.02 
0.86 
1.60 
0.35 
1.09 
0.59 

4.74 
4.88 
4.78 
4.88 
4.17 
1.70 
0.76 
3.32 
4.16 
4.01 
3.70 
8.08 

0.68 
2.14 
3.47 
4.73 
3.37 
1.92 

1.26 
0.92 
1.79 
0.39 
1.22 
0.63 

9.55 
9.75 
9.51 
9.65 
8.52 
3.53 

1.61 
6.80 
8.33 
8.08 
7.29 
13.24 

1.55 
4.38 
7.06 
9.72 
6.98 
3.90 

2.65 
2.09 
3.79 
0.81 
2.64 
1.41 

19.9:3 
20.5'7 
20.04 
20.36 
17.71 
7.2'5 

3.28 
14.23 

16.910 
15.35 
29.24 

3.15 
9.06 
14.70 
20.20 
14.52 
8.09 

5.36 
4.25 
7.74 
1.69 
5.28 

17.4cB 

2.82 

5.35 
5.25 
4.98 
5.39 
5.19 
4.65 

4.60 
4.51 
4.40 
4.68 
4.41 
5.94 

4.16 
4.43 
4.24 
4.09 
4.27 
4.49 

4.40 
4.21 
4.41 
4.05 
4.24 
4.40 
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i r r a d i a t e d  p a r t i c l e s  of HRB-14 ( r e f .  12) are 

Here only p a r t i c l e s  from tes t  sets 1, 3, and 

from f i v e  p a r t i c l e s  of each batch are shown. 

presented  i n  Table 2.13. 

5 were examined, and t h e  d a t a  

Some s p e c i f i c  p a r t i c l e  

batches have missing PGA d a t a ,  and t h e  reasons f o r  t h e  missing d a t a  are 

presented.  

For each p a r t i c l e  examined, t h e  number of f i s s i o n s  t h a t  occurred w a s  

c a l c u l a t e d ,  based on t h e  lo6Ru inventory measured dur ing  IMGA a n a l y s i s .  

Appropriate  f i s s i o n  product y i e l d s  f o r  lo6Ru, 137Cs, and 86Kr were 

genera ted  by us ing  t h e  f a c i l i t y  neut ronics  d a t a ,  t h e  i r r a d i a t i o n  h i s t o r y ,  

and t h e  CACA-2 computer code.27 

of f i s s i o n s  w a s  c a l c u l a t e d  f o r  each par t ic le .  Once t h e  number of f i s s i o n s  

and t h e i r  a p p r o p r i a t e  f i s s i o n  y i e l d s  were known, t h e o r e t i c a l  i n v e n t o r i e s  

of 137Cs and 86Kr were e a s i l y  ca lcu la ted .  To determine p a r t i c l e  f i s s i o n  

gas  release f r a c t i o n s ,  t h e  r a t i o  of t h e  PGA-measured inventory  of 86Kr  t o  

t h e  c a l c u l a t e d  86Kr inventory  was taken. 

because it  does not  have a l a r g e  (n ,v)  c r o s s  s e c t i o n  and because i t s  

primary source i s  a r e s u l t  of f i s s i o n .  P a r t i c l e  release f r a c t i o n s  f o r  

experiments HT-34 and HRB-14 are shown i n  Figs .  2.11 and 2.12, 

r e s p e c t i v e l y .  I n  each case t h e  release f r a c t i o n  i s  p l o t t e d  as a f u n c t i o n  

of i r r a d i a t i o n  p o s i t i o n  i n  t h e  capsule.  

Using t h e  lo6Ru y i e l d ,  t h e  t o t a l  number 

The 86Kr i s o t o p e  w a s  chosen 

Also shown i n  each f i g u r e  i s  a comparison between t h e  measured par- 

t i c l e  release f r a c t i o n  and t h e  pred ic ted  k e r n e l  release f r a c t i o n .  The 

p r e d i c t e d  k e r n e l  release va lue  i s  based on a n  e m p i r i c a l l y  der ived f u n c t i o n  

f o r  gas release28 from previous krypton and xenon release measurements i n  

i r r a d i a t i o n  capsules  HT-12 through HT-15 ( r e f .  29). These va lues  repre-  

s e n t  upper bounds of gas  release and d e s c r i b e  t h e  temperature ,  i r r a d i a t i o n  

t i m e ,  and burnup dependencies as d iscussed  earlier.  The e r r o r  bar  shown 

f o r  each p o s i t i o n  r e s u l t s  from t h e  u n c e r t a i n t y  i n  burnup f o r  each 

p a r t i c l e .  This  u n c e r t a i n t y  arises from t h e  unknown k e r n e l  diameter  

because t h e  number of f i s s i o n s  i s  w e l l  known from t h e  IMGA da ta .  Burnups 

were c a l c u l a t e d  by consider ing a +2O v a r i a t i o n  on a mean k e r n e l  diameter  

of 488.15 pm wi th  a s tandard  devia t ion  of 14.37 pm. I n  both HT-34 and 

HRB-14 t h e  p a r t i c l e  release f r a c t i o n s  are s i g n i f i c a n t l y  lower than  t h e  

p r e d i c t e d  k e r n e l  release values .  



Table 2 . 1 3 .  R e s u l t s  of f i s s i o n  gas  inven to ry  measurements on ORNI, 
Biso-coated p a r t i c l e  i r r a d i a t e d  i n  experiment HRB-14 

- 
Quantity of gas, m o l  

Planchet- Ratch - 
83Kr 84Kr 86Kr C Kr 131Xe 132Xe 134Xe 136Xe C Xe particle 

- 
1- l-la 
1- 2-1 

-2 
-3 
-4 
-5 

1- 3-1 
-2 
-3 
-4 
-5 

1- 4-1 
-2 
-3 
-4 
-5 

1- 5-1 
-2 
-3 
-4 
-5 

1- 6-1 
-2 
-3 
-4 
-5 

1- 7-1 
-2 
-3 
-4 
-5 

1- 8-1 
-2 
-3 
-4 
-5 

1- 9-1 
-2 
-3 
-4 
-5 

2-10-1 
-2 
-3 
-4 
- 5  

2-11-1 
-2 
-3 
-4 
- 5  

A-770 
A-804 

5-641 

5-655 

A-762 

5-647 

5-649 

A-803 

A-765 

A-785 

5-651 

0.05 
0.08 
0.04 
0.50 
0.30 
0.03 
0.11 
0.03 
0.19 
0.18 
0.29 
0.10 
0.05 
0.27 
0.39 
0.13 
0.28 
0.26 
0.06 
0.14 
0.16 
0.44 
0.47 
0.36 
0.54 
0.09 
0.42 
0.37 
0.48 
0.50 
0.22 
0.34 
0.09 
0.32 
0.12 

0.11 
0.21 
0.30 
0.10 
0.23 
0.27 
0.12 
0.19 
0.35 
0.17 
0.37 
0.07 
0.40 
0.31 
0.38 

0.20 
0.27 
0.15 
0.14 
0.10 
0.04 
0.32 
0.07 
0.66 
0.64 
0.99 
0.37 
0.16 
0.93 
1.33 
0.46 
0.92 
0.88 
0.18 
0.47 
0.56 
1.59 
1.71 
1.21 
1.95 
0.36 
1.47 
1.35 
1.72 
1.81 
0.72 
1.18 
0.30 
1.14 
0.42 
0.42 
0.66 
1.12 
0.39 
0.78 
1.02 
0.44 
0.71 
1.26 
0.67 
1.31 
0.29 
1.43 
1.02 
1.40 

0.33 
0.44 
0.25 
0.21 
0.16 
0.08 
0.55 
0.14 
0.96 
0.91 
1.35 
0.61 
0.30 
1.27 
1.74 
0.68 
1.25 
1.20 
0.28 
0.71 
0.81 
2.06 
2.18 
1.58 
2.35 
0.60 
1.80 
1.71 
2.21 
2.31 
1.01 
1.56 
0.48 
1.49 
0.65 
0.64 
0.96 
1.49 
0.62 
1.07 
1.31 
0.67 
0.99 
1.61 
0.93 
1.72 
0.48 
1.87 
1.38 
1.77 

0.59 0.18 
0.79 0.23 
0.44 0.15 
0.40 0.14 
0.29 0.09 
0.15 0.05 
0.98 0.30 
0.23 0.09 
1.81 0.61 
1.73 0.58 
2.64 0.90 
1.09 0.24 
0.51 0.15 
2.47 0.77 
3.47 1.16 
1.28 0.42 
2.46 0.91 
2.34 0.81 
0.53 0.17 
1.33 0.43 
1.53 0.47 
4.09 1.52 
4.37 1.63 
3.16 1.09 
4.84 1.98 
1.06 0.33 
3.69 1.35 
3.44 1.11 
4.42 1.66 
4.62 1.78 
1.95 0.67 
3.08 1.17 
0.87 0.29 
2.96 1.08 
1.19 0.37 
1.17 0.36 
1.83 0.64 
2.91 1.07 
1.12 0.35 
2.08 0.72 
2.59 0.87 
1.23 0.36 
1.90 0.64 
3.23 1.18 
1.78 0.56 
3.41 1.16 
0.85 0.24 
3.70 1.30 
2.71 0.80 
3.55 1.20 

0.51 
0.69 
0.41 
0.37 
0.19 
0.11 
0.89 
0.21 
1.67 
1.56 
2.40 
0.65 
0.39 
2.39 
3.07 
1.09 
2.38 
2.29 
0.48 
1.22 

1.42 
3.93 
4.02 
2.92 
4.93 
1.04 
3.55 
3.15 
4.35 
4.58 
1.87 
3.10 
0.96 
2.96 
1.09 
1.25 
1.86 
2.88 
1.04 
2.15 
2.66 
1.15 
1.80 
3.18 
1.65 
3.30 
0.78 
3.58 
2.56 
3.52 

0.56 
0.73 
0.44 
0.42 
0.25 
0.14 
0.93 
0.20 
1.74 
1.63 
2.47 
0.66 
0.43 
2.35 
3.12 
1.18 
2.46 
2.34 
0.55 
1.25 
1.43 
4.04 
4.18 
3.05 
5.29 
1.05 
3.78 
3.23 
4.60 
4.87 
1.91 
3.15 
1.00 
2.99 
1.10 

1.26 
1.89 
2.90 
1.09 
2.13 
2.73 
1.19 
1.89 
3.37 
1.73 
3.35 
0.79 
3.70 
2.58 
3.54 

1.20 
1.54 
0.92 
0.84 
0.49 
0.30 
1.98 
0.48 
3.63 
3.43 
5.03 
1.47 
0.92 
4.88 
6.46 
2.41 
5.04 
4.90 
1.13 
2.64 
3.07 
8.17 
8.55 
6.23 
10.55 
2.25 
7.51 
6.66 
9.12 
9.69 
4.00 
6.39 
2.11 
6.08 
2.44 
2.64 
3.94 
6.07 
2.37 
4.44 
5.54 
2.55 
3.86 
6.93 
3.60 
6.99 
1.70 
7.53 
5.29 
7.36 

2.45 
3.19 
1.91 
1 ,, 77 
1 I, 02 
O., 60 
4 09 
O,, 99 
7.65 
7 20 
10..81 
3 I. 03 
1.89 
10.40 
13.81 
5.09 
10.79 
10.34 
2.33 
5.54 
6.39 
17.66 
18.39 
13.29 
22.74 
4.66 
16.20 
14.16 
19.72 
20.93 
8.45 
13.82 
4.37 

13.11 
5.00 

5.51 
8.32 
12.92 
4.86 
9.44 
11.80 
5.26 
8.19 
14.65 
7.55 
14.80 
3.51 
16.12 
11.24 
15.63 
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Table 2.13. (continued) 

Quantity of gas, m o l  Planchet- Batch 
particle 83Kr 84Kr 86Kr C Kr I3lXe 132Xe 134Xe 136Xe C Xe 

2-12-1 
-2 
-3 
-4 
-5 

2-13-1 
-2 
-3 
-4 
-5 

2-14-1 
-2 
-3 
-4 
-5 

2-15-1 
-2 
-3 
-4 
-5 

2-16-1 
-2 
-3 
-4 
-5 

2-17-1 
-2 
-3 
-4 
-5 

2-18-1 
-2 
-3 
-4 
-5 

5- 1-la 
5- 2-1 

-2 
-3 
-4 
-5 

5- 3-1 
-2 
-3 
-4 
-5 

5- 4-1 
-2 
-3 
-4 
-5 

A-787 0.09 
0.09 
0.08 
0.19 
0.32 

A-771 0.18 
0.36 
0.33 
0.36 
0.24 

A-786 0.29 
0.22 
0.07 
0.20 
0.16 

A-704 0.40 
0.33 
0.19 
0.28 
0.58 

A-758 0.14 
0.30 
0.38 
0.17 
0.11 

A-782 0.33 
0.29 
0.19 
0.31 
0.32 

A-766 0.14 
0.37 
0.40 
0.27 
0.30 

A-770 
A-804 

0.55 
0.42 
0.49 
0.42 

5-641 0.63 
0.66 
0.45 
0.62 
0.54 

5-655 0.32 
0.40 
0.50 
0.07 
0.45 

0.39 0.60 
0.28 0.47 
0.32 0.51 
0.74 1.00 
1.12 1.47 

0.64 0.90 
1.29 1.67 
1.16 1.49 
1.24 1.64 
0.95 1.24 
1.10 1.45 
0.85 1.19 
0.27 0.45 
0.83 1.15 
0.57 0.80 
1.56 1.95 
1.21 1.58 
0.77 1.08 
1.04 1.39 
2.16 2.81 
0.52 0.78 
1.09 1.47 
1.34 1.75 
0.55 0.85 
0.45 0.69 
1.32 1.66 
1.10 1.39 
0.72 1.02 
1.21 1.59 
1.16 1.56 
0.43 0.70 
1.46 1.89 
1.76 2.18 
1.15 1.45 
1.40 1.72 

2.60 3.23 
1.93 2.41 
2.19 2.70 
2.00 2.46 
3.03 3.64 
3.22 4.00 
2.24 2.62 
2.92 3.51 
2.65 3.25 

1.66 2.00 
1.95 2.45 
2.38 3.01 
0.19 0.32 
2.21 2.72 

1.08 0.33 
0.84 0.23 
0.91 0.26 
1.93 0.65 
2.91 1.00 
1.71 0.52 
3.32 1.12 
2.98 0.97 
3.24 1.20 
2.43 0.78 
2.84 0.97 
2.27 0.78 
0.79 0.21 
2.19 0.78 
1.53 0.46 
3.91 1.42 
3.12 1.15 
2.04 0.63 
2.71 0.87 
5.55 2.10 
1.44 0.44 
2.86 0.95 
3.46 1.20 
1.57 0.46 
1.25 0.40 
3.31 1.16 
2.79 0.93 
1.93 0.60 
3.11 1.06 
3.04 1.07 
1.27 0.42 
3.73 1.25 
4.34 1.37 
2.88 0.94 
3.42 1.08 

6.38 2.00 
4.77 1.43 
5.38 1.66 
4.87 1.51 

7.30 2.38 
7.88 2.57 
5.32 1.73 
7.05 2.27 
6.44 2.19 

3.99 1.26 
4.81 1.50 
5.90 1.81 
0.59 0.25 
5.38 1.66 

1.11 
0.74 
0.85 
1.84 
2.90 
1.59 
3.24 
2.90 
3.41 
2.33 
2.80 
2.14 
0.67 
2.47 
1.50 
4.05 
3.32 
1.91 
2.70 
5.78 
1.33 
2.87 
3.45 
1.51 
1.20 
3.41 
2.84 
1.81 
3.12 
3.13 
1.20 
3.74 
4.70 
2.77 
3.68 

6.81 
4.88 
5.61 
4.92 
8.29 
8.75 
5.80 
7.69 
7.16 
4.43 
5.13 
6.18 
0.49 
5.80 

1.14 
0.77 
0.90 
1.91 
2.95 
1.63 
3.25 
2.90 
3.45 
2.34 
2.79 
2.16 
0.72 
2.42 
1.52 
4.17 
3.36 
1.92 
2.65 
6.08 
1.35 
2.81 
3.45 
1.56 
1.22 
3.41 
2.83 
1.84 
3.03 
3.07 
1.22 
3.77 
4.61 
2.88 
3.72 

6.73 
4.78 
5.66 
4.91 
8.05 
8.42 
5.65 
7.38 
7.08 
4.29 
4.91 
5.92 
0.77 
5.65 

2.43 
1.64 
1.90 
3.93 
6.08 
3.39 
6.61 
5.92 
7.09 
4.88 
5.64 
4.41 
1.53 
5.18 
3.18 
8.50 
6.94 
4.06 
5.48 
12.28 
2.91 
5.74 
7.06 
3.24 
2.62 
6.89 
5.78 
3.81 
6.19 
6.24 
2.67 
7.68 
9.24 
5.86 
7.37 

13.48 
9.67 
11.26 
9.86 
15.90 
16.93 
11.17 
14.72 
13.79 
8.85 
9.93 
11.86 
1.19 
11.28 

5.02 
3.38 
3.91 
8.33 
12.94 
7.13 
14.22 
12.68 
15.16 
10.33 
12.21 
9.50 
3.14 
10.85 
6.66 
18.14 
14.78 
8.52 
11.70 
26.24 
6.02 
12.38 
15.16 
6.78 
5.45 
14.88 
12.40 
8.06 
13.40 
13.52 
5.51 
16.44 
19.92 
12.46 
15.86 

29.02 
20.76 
24.20 
21.20 
34.62 
36.68 
24.36 
32.06 
30.22 
18.84 
21.47 
25.77 
2.70 
24.40 



Table 2.13. (continued) 

Q u a n t i t y  of gas ,  mol P lanche t -  Batch 
p a r t i c l e  83Kr 84Kr 86Kr X Kr 131Xe 132Xe 134Xe  136Xe I: Xe 

5- 5-1 
-2 
-3 
-4 
-5 

5- 6-1 
-2 
-3 
-4 
-5 

5- 7-lb 
-2b 
-3b 
-4b 
-5b 

5- 8-1 
-2 
-3 
-4 
-5 

3- 9-1 
-2 
-3 
-4 
-5 

6-10-1 
-2 
-3 
-4 
-5 

6-1 1-1 
-2 
-3 
-4 
- 5  

6-12-1 
-2 
-3 
-4 
-5 

6-13-1 
-2 
-3 
-4 
-5 

6-14-1 
-2 
-3 
-4 
-5 

A-762 0.47 
0.19 
0.40 
0.50 
0.56 

5-647 0.56 
0.71 
0.11 
0.79 
0.56 

5-649 0.22 
0.35 
0.63 
0.44 

A-803 0.44 

0.58 

0.52 
0.65 
0.45 
0.56 

A-765 0.48 
0.37 
0.47 
0.44 
0.39 

A-785 0.38 
0.42 
0.40 
0.39 
0.42 

5-651 0.52 
0.54 
0.58 
0.50 
0.60 

A-787 0.45 
0.20 
0.16 
0.51 
0.24 

A-771 0.37 
0.41 
0.43 
0.39 
0.47 

A-786 0.57 
0.43 
0.41 
0.32 
0.41 

2.29 2.78 
0.88 1.14 
1.92 2.36 
2.42 3.00 
2.56 3.22 

2.79 3.47 
3.40 4.42 
0.55 0.79 
3.80 4.92 
2.76 3.49 

0.97 1.25 
2.99 3.75 
2.93 3.65 
2.10 2.51 
3.07 3.46 

2.14 2.62 
2.66 3.28 
3.15 4.00 
2.26 2.72 
2.78 3.48 

2.35 2.86 
1.80 2.12 
2.28 2.74 
2.20 2.72 
1.97 2.37 

1.96 2.32 
2.12 2.52 
1.95 2.26 
1.69 2.17 
1.91 2.27 

2.60 3.07 
2.52 3.09 
2.86 3.50 
2.48 3.03 
3.04 3.67 

2.17 2.59 
0.99 1.22 
0.62 0.88 
2.50 3.03 
0.98 1.25 

1.98 2.33 
2.07 2.44 
2.26 2.68 
1.94 2.34 
2.39 2.86 

2.88 3.44 
2.18 2.67 
1.95 2.36 
1.68 1.95 
2.13 2.52 

5.54 
2.21 
4.69 
5.93 
6.34 

6.83 
8.55 
1.45 
9.52 
6.81 

2.45 
7.10 
7.20 
5.04 
7.11 

5.20 
6.47 
7.81 
5.43 
6.81 

5.70 
4.29 
5.49 
5.36 
4.73 

4.66 
5.05 
4.61 
4.25 
4.59 

6.19 
6.15 
6.94 
6.01 
7.31 

5.21 
2.41 
1.66 
6.05 
2.47 

4.68 
4.92 
5.38 
4.68 
5.72 

6.90 
5.28 
4.72 
3.94 
5.05 

1.66 
0.72 
1.36 
2.05 
2.16 

2.21 
2.75 
0.45 
3.23 
2.07 

0.83 
3.77 
2.47 
1.57 
2.65 

1.72 
2.26 
2.82 
1.76 
2.26 

2.00 
1.39 
1.85 
1.71 
1.47 

1.51 
1.64 
1.51 
1.37 
1.54 

2.20 
2.10 
2.26 
2.00 
2.40 

1.82 
0.73 
0.58 
2.11 
0.87 

1.52 
1.75 
2.02 
1.57 
1.92 

2.34 
1.71 
1.56 
1.19 
1.71 

5.63 
2.27 
4.74 
6.88 
7.06 

7.35 
9.22 
1.46 

10.66 
6.96 

2.62 
17.82 
8.04 
5.31 
8.57 

5.59 
7.18 
9.07 
5.65 
7.38 

6.44 
4.67 
5.80 
5.59 
4.88 

4.97 
5.52 
4.95 
4.70 
4.98 

7.31 
7.07 
7.64 
6.84 
8.02 

6.10 
2.86 
1.81 
7.06 
2.72 

5.39 
6.17 
6.79 
5.22 
6.72 

8.14 
5.80 
5.14 
4.27 
5.76 

5.49 
2.18 
4.51 
6.60 
7.01 

7.12 
8.98 
1.42 

10.60 
6.81 

2.49 
20.98 

7.96 
5.14 
8.27 

5.39 
6.85 
8.86 
5.42 
7.14 

6.16 
4.46 
5.71 
5.44 
4.72 

4.81 
5.38 
4.86 
4.29 
4.87 

7.14 
7.05 
7.41 
6.50 
7.76 

5.93 
2.61 
1.72 
6.80 
2.62 

5.11 
5.94 
6.53 
5.06 
6.39 

7.68 
5.56 
4.95 
4.03 
5.59 

11.08 
4.54 
9.20 

13.41 
14.16 

14.13 
18.03 
3.04 

21.31 
13.51 

5.17 
37.47 
15.66 
10.32 
16.69 

10.98 
13.79 
17.62 
10.89 
14.32 

12.53 
9.01 

11.48 
10.10 
9.51 

9.65 
10.79 
9.72 
9.16 
9.75 

14.20 
14.02 
14.75 
13.10 
15.41 

11.90 
5.41 
3.56 

13.57 
5.28 

10.27 
11.92 
13.13 
10.15 
12.90 

15.22 
11.11 

9.85 
8.14 

11.56 

23.86 
9.70 

19.80 
28.95 
30.38 

30.80 
38.99 

6.38 
45.81 
29.35 

11.11 
79.65 
34.14 
22.35 
36.18 

23.69 
30.04 
38.36 
23.72 
31.09 

27.14 
19.53 
24.85 
23.85 
20.58 

20.94 
23 33 
21.05 
19.53 
21  15 

30 .I 85  
30 .I 24 
32.02 
28.44 
33.59 

25.75 
11.62 
7.68 

29.55 
11.49 

22.30 
25.78 
28.48 
22.00 
27.94 

33.38 
24.18 
21.51 
17.63 
24.23 
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Table 2.13. (continued) 

Quantity of gas, m o l  Planchet- Batch 
particle 83Kr 84Kr 86Kr 2 Kr l3IXe 132Xe 134Xe I36Xe C Xe 

6-15-1 
-2 
-3 
-4 
-5 

6-16-1 
-2 
-3 
-4 
-5c 

6-17-1 
-2 
-3 
-4 
-5 

6-18-1 
-2 
-3 
-4 
-5 

9- l-la 
9- 2-1 

-2 
- 3  
-4 
-5 

9- 3-1 
-2 
-3 
-4 
-5b 

9- 4-1 
-2 
-3 
-4 
-5 

9- 5-1 
-2 
-3 
-4 
-5 

9- 6-1 
-2 
-3 
-4 
-5 

9- 7-1 
-2 
-3 
-4 
-5 

A-784 0.45 
0.31 
0.38 
0.37 
0.23 

A-758 0.40 
0.39 
0.31 
0.38 

A-782 0.42 
0.53 
0.43 
0.39 
0.25 

A-766 0.44 
0.36 
0.38 
0.34 
0.32 

A-770 
A-804 0.50 

0.36 
0.42 
0.29 
0.39 

5-641 0.23 
0.58 
0.56 
0.65 
0.33 

5-655 0.54 
0.53 
0.47 
0.59 
0.17 

A-762 0.41 
0.38 
0.42 
0.38 
0.49 

5-647 0.59 
0.64 
0.68 
0.60 
0.63 

5-649 0.71 
0.62 
0.54 
0.52 
0.67 

2.26 2.68 
1.67 2.00 
1.97 2.37 
1.85 2.19 
1.00 1.28 

2.03 2.39 
1.81 2.20 
1.49 1.78 
2.00 2.48 

2.28 2.68 
2.74 3.31 
2.15 2.57 
2.09 2.47 
1.47 1.79 
2.14 2.63 
1.92 2.30 
1.79 2.18 
1.73 2.17 
1.57 1.87 

2.75 3.32 
1.93 2.34 
2.24 2.72 
1.90 2.09 
2.16 2.56 

0.88 1.21 
3.27 3.75 
3.14 3.68 
3.69 4.32 
3.26 4.09 

2.96 3.41 
2.96 3.41 
2.79 3.14 
3.28 3.89 
0.74 0.97 
2.33 2.69 
2.12 2.44 
2.33 2.70 
2.21 2.55 
2.70 3.19 
3.17 3.81 
3.52 4.23 
3.67 4.40 
3.35 3.84 
3.42 4.09 
3.79 4.97 
3.56 4.41 
3.00 3.70 
2.81 3.44 
3.70 4.71 

5.39 
3.98 
4.73 
4.41 
2.51 
4.82 
4.40 
3.59 
4.87 

5.38 
6.58 
5.15 
4.95 
3.51 
5.21 
4.58 
4.36 
4.24 
3.76 

6.58 
4.63 
5.37 

5.12 

2.31 
7.60 
7.37 
8.66 
7.68 
6.91 
6.91 
6.40 
7.76 
1.89 
5.43 
4.94 
5.45 
5.15 
6.38 
7.57 
8.39 
8.75 
7.79 
8.14 
9.47 
8.59 
7.24 
6.76 

4.28 

1.81 
1.19 
1.45 
1.38 
0.91 

1.68 
1.39 
1.13 
1.58 

1.79 
2.21 
1.71 
1.64 
1.16 
1.63 
1.41 
1.30 
1.25 
1.15 

1.94 
1.29 
1.49 
1.32 
1.53 

0.75 
2.48 
2.42 
2.72 
3.64 
2.20 
2.14 
2.05 
2.62 
0.59 
1.73 
1.62 
1.67 
1.61 
2.07 
2.70 
2.51 
2.71 
2.49 
2.55 
3.18 
2.60 
2.44 
2.23 

9.08 3.04 

6.06 
4.36 
5.13 
4.79 
2.81 

5.71 
4.79 
3.96 
5.45 

6.00 
7.32 
5.51 
5.54 
3.99 
5.75 
4.97 
4.70 
4.41 
4.14 

7.26 
5.26 
5.76 
5.15 
5.64 

2.58 
8.71 
8.60 
10.02 
19.90 
8.02 
7.87 
7.49 
9.22 
2.19 
6.23 
5.85 
5.99 
6.09 
7.22 
9.47 
9.46 
9.92 
9.02 
9.54 
11-00 
9.45 
8.66 
7.94 
10.40 

5.87 
4.02 
4.93 
4.61 
2.65 

5.46 
4.58 
3.80 
5.25 

5.86 
7.00 
5.38 
5.25 
3.91 
5.52 
4.63 
4.53 
4.32 
3.98 

6.76 
5.03 
5.54 

5.34 

2.55 
8.48 
8.33 
9.52 
22.88 
7.79 
7.57 
7.19 
9.02 
2.10 

5.96 
5.73 
5.76 
5.89 
7.12 
9.13 
8.85 
9.56 
8.68 
9.05 
10.50 
8.72 
8.28 
7.28 
9.56 

4. a8 

11.67 25.42 
8.20 17.77 
9.98 21.41 
9.25 20.03 
5.47 11.84 

10.94 23.80 
9.28 20.04 
7.72 16.61 
10.46 22.74 

11.66 25.31 
14.04 30.57 
10.81 23.42 
10.36 22.78 
7.81 16.86 
11.21 24.11 
9.46 20.48 
9.14 19.68 
8.63 18.61 
8.13 17.41 

13.60 29.56 
10.51 22.09 
11.13 23.93 
10.21 21.56 
10.89 23.42 

5.25 11.14 
17.18 36.85 
16.60 35.95 
19.17 41.43 
40.68 87.29 
15.33 33.34 
14.94 32.53 
14.49 31.22 
18.10 38.97 
4.18 9.06 
11.86 25.79 
11.34 24.54 
11.35 24.77 
11.61 25.20 
13.97 30.38 
18.00 39.29 
17.71 38.53 
19.07 41.25 
17.32 37.50 
18.17 39.32 
21.24 45.92 
17.55 38.34 
16.30 35.68 
14.59 32.04 
19.16 42.16 
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Table  2.13. (continued) 

Q u a n t i t y  of gas, m o l  
- Ratch  P lanche t -  

p a r t i c l e  8% 84Kr 86Kr C Kr l 3 l X e  132Xe 134Xe 136Xe Xe 

9- 8-1 
-2 
-3 
-4 
-5 

9- 9-1 
-2 
-3 
-4 
-5 

10- 10- 1 
-2 
-3 
-4 
-5 

10-11-1 
-2 
-3 
-4 
-5 

10-12-1 
-2 
-3 
-4 
-5 

10-13-6 
-7 
-8 
-9 
-10 

10-14-1 
-2 
-3 
-4 
-5 

10-15-1 
-2 
-3 
-4 
-5 

10- 16-1 
-2 
-3 
-4 
-5 

10- 17-1 
-2 
-3 
-4 
-5 

A-803 0.10 
0.46 
0.47 
0.54 
0.47 

A-765 0.47 
0.47 
0.48 
0.46 
0.39 

A-785 0.45 
0.52 
0.48 
0.51 
0.48 

5 - 6 5 1  0.63 
0.59 
0.16 
0.58 
0.54 

A-787 0.35 
0.35 
0.33 
0.38 
0.35 

A-771 0.37 
0.40 
0.39 
0.44 
0.46 

A-786 0.39 
0.49 

0.32 
0.41 

A-784 0.45 
0.30 
0.43 
0.49 
0.11 

A-758 0.47 
0.40 
0.44 
0.40 
0.38 

A-782 0.13 
0.37 

0.42 
0.10 

0.46 

0.36 

0.50 
2.69 
2.47 
2.83 
2.53 

2.51 
2.51 
2.77 
2.38 
2.12 

2.35 
2.85 
2.48 
2.61 
2.64 

3.46 
3.36 
0.63 
3.26 
2.82 

1.90 
2.05 
1.61 
1.92 
2.01 

2.20 
2.15 
2.14 
2.40 
2.53 

2.07 
2.62 
2.42 
1.89 
2.20 

2.71 
1.83 
2.24 
2.87 
0.26 

2.49 
2.23 
2.36 
2.06 
2.07 

0.59 
1.98 
2.00 
2.26 

0.75 1.36 
3.33 6.48 
3.10 6.03 
3.68 7.04 
3.21 6.21 

3.28 6.26 
3.18 6.14 
3.52 6.17 
2.86 5.70 
2.67 5.18 

2.88 5.69 
3.68 7.06 
3.11 6.07 
3.26 6.38 
3.40 6.52 

4.43 8.52 
4.37 8.32 
0.91 1.70 
4.21 8.05 
3.52 6.88 

2.40 4.65 
2.55 4.96 
2.06 3.99 
2.43 4.74 
2.38 4.74 

2.57 5.13 
2.56 5.11 
2.53 5.06 
2.84 5.69 
3.01 6.00 

2.55 5.02 
3.17 6.28 
2.98 5.85 
2.24 4.45 
2.84 5.45 

3.38 6.53 
2.21 4.34 
2.79 5.45 
3.56 6.92 
0.43 0.80 

3.13 6.08 
2.77 5.40 
2.92 5.71 
2.58 5.04 
2.62 5.06 

0.85 1.57 
2.49 4.84 
2.52 4.89 
2.79 5.46 

0.46 0.70 1.26 

0.48 
2.09 
1.93 
2.11 
1.87 

1.92 
2.06 
2.15 
1.82 
1.62 

1.66 
2.21 
1.94 
2.05 
2.11 

2.58 
2.57 
0.52 
2.44 
2.04 

1.51 
1.55 
1.16 
1.39 
1.43 

1.47 
1.47 
1.55 
1.83 
1.97 

1.47 
1.97 
1.83 
1.38 
1.63 

2.16 
1.34 
1.58 
2.17 
0.20 

1.89 
1.70 
1.75 
1.44 
1.63 

0.41 
1.43 
1.44 
1.57 
0.35 

1.42 
7.56 
6.96 
7.82 
1.00 

6.95 
7.38 
7.73 
6.69 
5.81 

6.35 
7.99 
6.93 
7.05 
7.45 

9.76 
9.22 
1.74 
8.88 
7.63 

5.34 
5.47 
4.71 
5.35 
5.36 

5.92 
5.88 
5.74 
6.72 
7.41 

5.52 
6.99 
6.52 
5.04 
6.13 

7.89 
5.05 
5.89 
8.28 
0.74 

6.69 
6.18 
6.26 
5.54 
5.67 

1.70 
5.55 
5.19 
6.16 
1.32 

1.36 
7.14 
6.51 
7.54 
6.43 

6.58 
7.10 
1.32 
6.11 
5.42 

5.86 
7.57 
6.53 
6.90 
7.19 

9.07 
8.72 
1.62 
8.37 
7.40 

5.26 
5.24 
4.52 
5.22 
5.08 

5.59 
5.58 
5.49 
6.42 
7.13 

5.23 
6.60 
6.25 
4.82 
5.69 

7.41 
4.87 
5.59 
7.76 
0.71 

6.54 
5.77 
5.97 
5.25 
5.65 

1.64 
5.29 
5.00 
5.69 
1.32 

2.93 
14.50 
13.02 
15.07 
13.10 

13.21 
14.21 
14.63 
12.83 
10.85 

11.85 
14.99 
13.16 
13.44 
14.24 

18.16 
17.70 

3.57 
16.42 
14.72 

10.46 
10.64 

9.07 
10.55 
10.26 

11.16 
11.08 
10.70 
12.80 
14.21 

10.52 
13.27 
12.42 
9.55 

11.60 

14.85 
9.84 

11.29 
15.59 

1.51 

12.82 
11.51 
12.06 
10.56 
11.19 

3.40 
10.65 
9.84 

11.42 
2.67 

6.21 
31.29 
28.43 
32 I, 55 
28..41 

28 Is 66 
30 75 
31 .I 82 
27 .I 44 
23.71 

25.73 
32.75 

29.45 
31.00 

39.59 
38.21 

7.46 
36.10 
31.78 

22.57 
22.91 
19.46 
22.51 
22.13 

24.14 
24.02 
23. ,48 
27.77 
30.71 

22.74 
28.135 
27.02 
20.80 
25.05 

32.31 
21.08 
24.36 
33.112 

3.16 

27.94 
25.18 
26.05 
22.79 
24.14 

7.15 
22.92 
21.46 
24.84 

5.65 

28.56 
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Table 2.13. (cont inued)  

Q u a n t i t y  of g a s ,  m o l  
Batch  P lanche t -  

p a r t i c l e  83Kr 84Kr 86Kr Z Kr 131Xe 132Xe 134Xe 136Xe Xe 

10-18-1 A-766 0.26 1.53 1.95 3.75 1.07 4.23 4.04 8.42 17.76 
-2 0.42 2.34 2.90 5.66 1.63 6.24 5.76 11.67 25.31 
-3 0.27 1.69 2.15 4.11 1.17 4.56 4.46 9.08 19.28 
-4 0.45 2.56 3.16 6.17 1.86 6.99 6.40 12.90 28.15 
-5b 0.29 3.05 4.02 7.35 3.35 19.75 22.34 39.77 85.20 

aNo p a r t i c l e s  were broken  from b a t c h  A-770 because  of t h e  a p p a r e n t  l a r g e  number 

bGas release from p a r t i c l e  i n d i c a t e d  t h a t  f i s s i l e  p a r t i c l e  was c rushed  r a t h e r  

C P a r t i c l e  l o s t  d u r i n g  p o s t i r r a d i a t i o n  gas  a n a l y z e r  l o a d i n g  sequence .  

of  o u t e r  c o a t i n g  f a i l u r e s  d u r i n g  i r r a d i a t i o n .  

t h a n  p a r t i c l e  from f e r t i l e  p a r t i c l e  b a t c h  i n d i c a t e d .  

ORNL-LIWG 81-5276 

1 I I I I I I 1  I I l o 7  1 I o  

PREDICTED 

RELEASE 
VALUES 

"KERN EL" 

MEASURED 
RELEASE VALUES 
AT ROOM 
TEMPERATURE 

____ 

<52 50 48 46 44 42 40, '<38 36 34 32 30 2 8 J  

LOW TEMPERATURE HOLDERS HIGH TEMPERATURE HOLDERS 
(II40-116OOc) (I 350 -4440 "C) 

IRRADIATION POSITION IN CAPSULE HT-34 

86 
F ig .  2.11. F r a c t i o n  release of K r  f i s s i o n  gas  measured i n  Biso- 

coa ted  Tho2 p a r t i c l e s  i r r a d i a t e d  i n  c a p s u l e  HT-34. 
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Only p a r t i c l e  ba tch  A-780 of HT-34 i n  t h e  low-temperature reg ion  had 

86Kr  p a r t i c l e  release f r a c t i o n s  near  t h e  pred ic ted  k e r n e l  release va lues .  

In g e n e r a l  t h e  p a r t i c l e  release f r a c t i o n s  measured i n  both t h e  low- and 

high-temperature reg ions  had similar va lues  of 40 t o  60%. This  s i m i l a r i t y  

occurred d e s p i t e  a 200°C temperature  d i f f e r e n c e  and a n  approximate 

doubl ing of t h e  accumulated neutron f luence  i n  t h e  high-temperature r e g i o n  

as compared wi th  t h e  low-temperature region. 

i n  a s i n g l e  ba tch  are  such t h a t  batch-to-batch comparisons based on 

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

p a r t i c l e  batch OR-2013, previously repor ted  t o  be g a ~ t i g h t , ~ ~  had p a r t i c l e  

gas  release f r a c t i o n s  ranging from 10 t o  60% compared with a predic ted  

k e r n e l  release f r a c t i o n  of approximately 80%. 

V a r i a t i o n s  i n  86Kr  release 

In experiment HRB-14 similar r e s u l t s  t o  those shown f o r  HT-34 were 

experienced. None of t h e  18 d i f f e r e n t  particle ba tches  examined from t h e  

t h r e e  test  sets had 86Kr  p a r t i c l e  release f r a c t i o n s  near  t h e  pred ic ted  

k e r n e l  release va lues  i n  a l l  t h e  f i v e  particles measured. The within-  

ba tch  scat ter  of t h e  d a t a  i s  h i g h e s t  f o r  p a r t i c l e s  from test set 1 but 

a l s o  e x i s t s  i n  t h e  o t h e r  t es t  sets. Only about 6% of t h e  particles 

examined had measured 8 6 K r  p a r t i c l e  release f r a c t i o n s  near  t h e  pred ic ted  

k e r n e l  release. The within-batch v a r i a t i o n  appears  t o  be more ev ident  

than  i n  HT-34. This  v a r i a t i o n  i s  much g r e a t e r  than  t h e  batch-to-batch 

v a r i a t i o n  t h a t  can be a t t r i b u t e d  t o  d i f f e r e n t  c o a t i n g  condi t ions .  No 

neutron f l u e n c e  dependence is  apparent  i n  t h e  p a r t i c l e  gas  release d a t a  

comparing t h e  t h r e e  t e s t  sets. T e s t  set  5 had t h e  h i g h e s t  accumulated 

f l u e n c e ,  and test set  1 had t h e  lowest.  

A f i n a l  r e p o r t  on t h e  q u e s t i o n  of permeabi l i ty  of PyC c o a t i n g s  

addressed i n  t h e  PWS i s  now i n  prepara t ion .  Pre l iminary  r e s u l t s  i n d i c a t e  

t h a t  t h e  within-batch v a r i a t i o n  on gas  release is  such t h a t  batch-to-batch 

comparisons using as-deposi ted c o a t i n g  c h a r a c t e r i z a t i o n  d a t a  are 

meaningless.  

2.4.3 PWS FD-13 -M. J. Kania 

The o b j e c t i v e  of PWS FD-13 i s  t o  compare PIE techniques used i n  t h e  

United States  and i n  t h e  FRG t o  measure s t a t i s t i c a l l y  s i g n i f i c a n t  f a i l u r e  

f r a c t i o n s  of i r r a d i a t e d  coated p a r t i c l e  f u e l s .  T h i s  PWS s p e c i f i c a l l y  
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c a l l s  f o r  comparing r e s u l t s  ob ta ined  using t h e  IMGA system31 a t  ORNL and 

t h e  PIAA system32 a t  KFA J i i l i ch .  Two p a r t i c l e  ba tches  were s e l e c t e d  f o r  

comparison: (1) batch E0-819/820, a (Th,U)O2 k e r n e l  w i t h  a T r i s o  c o a t i n g  

t h a t  was i r r a d i a t e d  i n  experiment RR2-P21 of t h e  FRG f u e l  development 

program, and ( 2 )  ba tch  A-601, a WAR-derived U C g l - z  k e r n e l  wi th  a T r i s o  

c o a t i n g  t h a t  w a s  i r r a d i a t e d  i n  experiment OF-2 of t h e  U.S. program. I n  

each i r r a d i a t i o n  experiment t h e  p a r t i c l e s  were conta ined  i n  f u e l  rods  and 

were e l e c t r o l y t i c a l l y  deconsol ida ted  t o  o b t a i n  t h e  l o o s e  p a r t i c l e s  

necessary  f o r  both procedures.  From OF-2, f u e l  rod C-2-2 w a s  used; from 

BRZ-P21, f u e l  rods 3707 and 3735 were used. 

R e s u l t s  of t h e  IMGA examination t o  determine a c t i v i t y  r a t i o s  

1 3 4 C s / 9 5 Z r ,  1 3 7 C s / 9 5 Z r ,  and 134Cs /137Cs  f o r  each of t h e  t h r e e  f u e l  rods  

are shown i n  Table 2.14. Along wi th  t h e  a c t i v i t y  r a t i o s  are presented  t h e  

number of p a r t i c l e s  examined from each rod and t h e  s t a n d a r d  deviat ion.  of 

t h e  a c t i v i t y  r a t i o  f o r  t h e  t o t a l  p a r t i c l e  populat ion.  F igure  2.13 colm- 

pares  g r a p h i c a l l y  t h e  1 3 7 C s / 9 5 Z r  a c t i v i t y  r a t i o  his tograms f o r  t h e  th.ree 

sets of p a r t i c l e s  examined. Each his togram i s  50 channels  wide. Qui te  

n o t i c e a b l e  i s  t h e  d i f f e r e n c e  i n  t h e  his togram f o r  ba tch  A-601 v e r s u s  t h e  

his tograms f o r  t h e  two f u e l  rods  3707 and 3735 c o n t a i n i n g  ba tch  E0-819/820. 

The s t a n d a r d  d e v i a t i o n s  about t h e  mean 1 3 7 C s / 9 5 Z r  r a t i o  f o r  t h e  t h r e e  

h is tograms are 6.5, 26.6, and 16.3%, r e s p e c t i v e l y .  Within each set  of d a t a  

e x i s t s  a "normal-like" looking d i s t r i b u t i o n ,  which c o n t a i n s  t h e  l a r g e s t  

percentage of t h e  p a r t i c l e s .  To t h e  l e f t  of t h i s  d i s t r i b u t i o n  are those 

p a r t i c l e s  wi th  a c t i v i t y  r a t i o s  i n d i c a t i v e  of low 137Cs inventory.  

two FRG € u e l  rods t h e r e  are a l a r g e  number of p a r t i c l e s  wi th  a c t i v i t y  

r a t i o s  t o  t h e  l e f t  of t h e  d i s t r i b u t i o n ;  f o r  t h e  OF-2 f u e l  rod only two 

p a r t i c l e s  are i n d i c a t e d .  

For t h e  

For t h e  RR2-P21 p a r t i c l e s  an estimate w a s  made of t h e  number of par- 

t i c l e s  having 137Cs /95Zr  r a t i o s  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 e  mean 

va lue .  This  estimate w a s  accomplished by assuming a symmetric d i s t r i b u -  

t i o n  f o r  t h e  normal-l ike looking por t ion .  The c e n t e r  of each was v i s u a l l y  

determined, and t h e  d i s t r i b u t i o n  w a s  fo lded  back on i t s e l f  ( r i g h t  t o  

l e f t ) .  Those channels  of t h e  his togram t h a t  d i d  not  f a l l  w i t h i n  were then  

assumed t o  c o n t a i n  par t ic les  t h a t  had l o s t  s i g n i f i c a n t  amounts of 13;7Cs.  

For f u e l  rod 3707, t h e  channel  numbers were 1 through 11 and r e p r e s e n t e d  

109 of t he  977 p a r t i c l e s  examined, o r  11.2%. For f u e l  rod 3 7 3 5 ,  t h e  



Table 2.14. S e l e c t e d  a c t i v i t y  r a t i o s  measured by i r r a d i a t e d  microsphere gamma a n a l y z e r  
on s tandard ized  p a r t i c l e  ba tches  f o r  PWS FD-13 

IMGA d a t a a  
P a r t i c l e  A c t i v i t y  Standard Popula t ion  d e v i a t i o n  Experiment / 

s i z e  (X I  Mean Minimum Maximum f u e l  rod ba tch  r a t i o  
(Bq/Bq) (Bq/Bq) (Bq/Bq) 

OF-2/C-2-2 A-601 137 cs /952r 4.606E-4 7.027E-2 5.451E-2 6.55 1281 

BR2-P21/3735 EO 819/820 137Cs /95Zr  9.807E-2 4.795E-1 3.6543-1 16.33 927 
RR2-P21/3707 EO 819/82O 137Cs /95Zr  8.034E-2 5.479E-1 3.328E-1 26.65 977 

OF-2/C-2-2 A-601 1 3 4 ~ s  / 9 5 ~ r  7.387E-4 1.4573-1 1.104E-1 7.52 1281 

BR2-P21/3735 EO 819/82O 134Cs/95Zr 1.355E-2 1.002E-1 7.6153-2 18.17 927 
BR2-P21/3707 EO 819/820 134Cs/95Zr 1.147E-2 1 . l lOE-1  6.759E-2 29.42 977 

OF-2/C-2-2 A-60 1 1 3 4 C ~ / ~ 3 ~ C s  1.607 2.182 2.023 2.45 1281 

BR2-P21/3735 EO 819/82O 134Cs/137Cs  1.006 2.151 2.068 5.43 927 
BR2-P21/3707 EO 819/820 1 3 4 C ~ / 1 3 7 C ~  1.343 2.102 1.993 7.88 977 

aIMGA data c o r r e c t e d  back t o  d ischarge  d a t e  from r e a c t o r  f o r  each experiment. 
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rod C-2-2, ba tch  EO-819/820 rod 3707, and ba tch  E0-819/820 i n  BR2-P21 rod 3735. 
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channel numbers were 1 through 22 and represented 58 of the 927 particles 

examined, or 6.3%. This same procedure was used on the OF-2 fuel rod; 

the channel numbers were 1 through 29, which accounted for 2 of the 1281 

particles examined, or 0.16%. 
It should be pointed out that these numbers are estimates based on 

From previous work,33 it is known that the procedure outlined earlier. 

the distribution of activity ratio measurements on particles is not 

normal. Rather than being symmetric, it rises faster and falls off less 

rapidly than a normal distribution. Based on this, it appears that the 

previous estimates are actually underpredicting the number of particles 

with deficient cesium inventory. For comparison within this PWS, the 

number of defective particles generated earlier are quite sufficient. 

However, further statistical investigations would be necessary if actual 

fuel qualification were required. These investigations on other IMGA 

examinations are in process. 

Before subjecting the particles to the P I A A  examination, the par- 
ticles were examined for fission gas release at KFA. These nondestructive 

measurements pass room-temperature helium over the loose particles, and 

any fission gases released from defective fuel are swept away with the 

helium. The sweep gas is then analyzed for activity. Such measurements 

are qualitative and do not present a good comparison for the number of 

failed particles except when similar fuels having nearly the same irra- 

diation conditions are compared. This is the case for the two BR2-P21 

fuel rods but not for the fuel from the OF-2 fuel rod. The results of the 
room-temperature gas release measurements, shown in Table 2.15, indicate 

that all three particle sets exhibit some activity in the sweep gas. The 
fuel from rods 3707 and 3735 have nearly the same activity, but the acti- 

vity for the OF-2 fuel is 3 to 4 times lower. 
In the P I A A  examination, particles from batch EO-819/820 were first 

annealed at 300°C for 50 h and then at 1000°C for 5 h. Particles from 

batch A-601 were annealed at 300°C for 15 h before the final annealing at 

1000°C for 5 h. In all cases the loose particles were contained in 

graphite trays with a capacity of about 320 particles per tray. During 
the annealing procedure a helium purge system was used to detect any 

fission gases released from particles. 
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Table 2.15. Comparison of f a i l e d  p a r t i c l e  de te rmina t ions  
under PWS FD-13 

PIAAb IMGA Experiment/ P a r t i c l e  Room temperature  
f u e l  rod ba tch  gas  releasea 

BR2-P2 1 / EO 819/820 8.5 CPS 53/954 109/977 

BR2-P2 1 / EO 819/820 10.5 CPS 0/961 58/927 

3707 

3735 

OF-2/ A-601 
c-2-2 

1.5 CPS 2/1196 2/1281 

q n p u b l i s h e d  work of R. Duwe, I n s t i t u t  f u r  Reaktorwerkstoffe , ,  
KFA J u l i c h .  
(CPS, counts  pe r  second) recorded dur ing  t h e  a n a l y s i s .  

The d a t a  presented  g ives  only  t h e  85Kr count ra te  

h n p u b l i s h e d  work of J. Schunck, I n s t i t u t  f u r  
Reaktorwerks tof fe ,  KFA J i l i c h .  

The r e s u l t s  of t h e  PI& examination of each of t h e  sets of p a r t i c l e s  

are shown i n  Table 2.15 a long  wi th  t h e  IMGA and gas release measurement 

d a t a .  Beta autoradiography of t h e  t r a y s  con ta in ing  p a r t i c l e s  from f u e l  

rod 3707 revea led  a number of f a i l e d  par t ic les  as shown i n  Fig. 2.14., The 

number of p a r t i c l e s  determined t o  be f a i l e d  w a s  53, and a l l  w e r e  found i n  

one g r a p h i t e  t r a y .  A v i s u a l  examination of t h e  par t ic les  i n  t h e  tray 

n e i t h e r  showed any t o  be cracked nor i n d i c a t e d  any mechanical damage t o  

coa t ings .  During t h e  annea l ,  no f i s s i o n  gases  w e r e  de t ec t ed  i n  the hel ium 

purge gas.  N o  p a r t i c l e s  from f u e l  rod 3735 w e r e  determined t o  be f a i l e d  

from t h e  be t a  au toradiography of t h e  r e s p e c t i v e  t r a y s .  For par t ic les  from 

t h e  OF-2 f u e l  rod,  two were determined t o  be f a i l e d  from t h e  g r a p h i t e  t r a y  

autoradiography.  On v i s u a l  examination of t h e s e  two p a r t i c l e s ,  cracked 

coa t ings  were observed i n  both p a r t i c l e s .  Here aga in  no f i s s i o n  gases  

were d e t e c t e d  i n  t h e  helium purge system dur ing  t h e  anneal .  

A comparison of t h e  r e s u l t s  shown i n  Table 2.15 i n d i c a t e s  agreement 

between t h e  PIAA and IMGA d a t a  f o r  t h e  p a r t i c l e  ba tch  A-601 from OF-:!. 

However, t h e  agreement f o r  p a r t i c l e  ba tch  EO-819/820 i n  f u e l  rods 3707 and 

3735 from experiment BR2-P21 i s  r e l a t i v e l y  poor. I n  both t h e  PIAA and 

IMGA a n a l y s i s  of p a r t i c l e s  from rod 3707, f a i l e d  p a r t i c l e s  were de tec t ed .  

The IMGA d a t a  sugges ts  109 f a i l e d ,  whereas t h e  PIAA d a t a  sugges ts  53 
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Fig. 2.14. Photograph of t h e  beta autoradiograph  showing d e t e c t a b l e  
f a i l e d  p a r t i c l e s  from f u e l  rod 3707 i n  experiment BR2-P21. A t o t a l  of 53 
p a r t i c l e s  were determined t o  be f a i l e d  i n  t h i s  Dhotoqraph. 
cour te !  

Photograph r - - 

sy of KFA Ju l i ch .  

I n  t h e  case of rod 3 

p a r t i c l e s  i n  
- -  

f a i l e d ,  a f a c t o r  of 2 less. 1735, IMGA d a t a  sugges t  58 

d e f e c t i v e  p a r t i c l e s ,  but  t h e  rim aarra suggesrr no f a i l e d  p a r t i c l e s .  The 

gas  release measurements suggt 1 

both rods should be near  t h e  same because or' t h e  s imilar  a c t i v i t y  de t ec t ed  

i n  t h e  sweep gas. 

his tograms i n  Fig.  2.13 a s i g n i f i c a n t  number of particles i n  both f u e l  

Qui te  c l e a r l y ,  from t h e  137Cs/95Zr a c t i v i t y  r a t i o  

y&--..---- &-&.-& -- r.#--, -.'--L.-.-'.b - 8 . -  . .-Yu*-Y r----.---- -.-A- -I.- - ....#-- 
d e t a i l e d  comparison of t h e  type  of d a t a  and r e s u l t s  ob ta ined  by us ing  t h e  

IMGA and PIAA p o s t i r r a d i a t i o n  techniques ,  is being prepared. 

2.4.4 PWS FD-18 - T. B. Lindemer 

This  PWS, which w a s  concluded t h i s  r e p o r t i n g  per iod ,  is e n t i t l e d  

"Fuel Chemical Performance Modeling." The long-term o b j e c t i v e  was t o  

p r e d i c t  t h e  chemical 
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system ( i n c l u d i n g  Fe ,  C r ,  and Ni) under normal and h y p o t h e t i c a l  a c c i d e n t  

condi t ions .  This  t a s k  r e s u l t e d  i n  a major ORNL review paper of t h e  in- 

r e a c t o r  thermochemistry of f i s s i o n  product C s  and Rb and of L i ,  N a ,  and K 

and t h e i r  oxides.34 

r e f e r e n c e s ;  t h e  a b s t r a c t  fol lows.  

The paper c o n t a i n s  43  f i g u r e s  and c i t i e s  270 

This  paper cons iders  t h e  phase e q u i l i b r i a  of a l k a l i  metal 
oxides  and t h e i r  combinations wi th  o t h e r  ox ides  r e l e v a n t  t o  
n u c l e a r  f u e l s ,  f i s s i o n  products ,  and s t r u c t u r a l  materials. 
These o t h e r  oxides  i n c l u d e  those of t h e  l a n t h a n i d e s ,  t h e  
a c t i n i d e s ,  i r o n ,  n i c k e l ,  aluminum, s i l i c o n ,  and those of 
p e r i o d i c  t a b l e  groups I I A ,  I V B ,  VB, V I B ,  and VIA.  The a l k a l i  
metal h a l i d e s ,  chalcogenides ,  and hydroxides are a l s o  included.  
Techniques are developed t o  permit c a l c u l a t i o n  of phase 
e q u i l i b r i a  and Ellingham diagrams i n  t e r n a r y  and h igher  order  
systems. These techniques 
unknown 298.15 K va lues  of 
entropy of many compounds. 

- 

inc lude  e s t i m a t i o n  of previously 
t h e  en tha lpy  of formation and t h e  

2.4.5 PWS FD-20 - M. J. Kania 

The o b j e c t i v e  of t h i s  PWS on f u e l  development is t h e  measurement of 

s t a t i s t i c a l l y  s i g n i f i c a n t  f a i l e d - p a r t i c l e  f r a c t i o n s  on FRG f u e l s .  Through 

t h i s  PWS, i r r a d i a t e d  candida te  HTR f u e l  specimens from t h e  FRG f u e l  

development program w i l l  be shipped t o  ORNL, where they w i l l  undergo 

p o s t i r r a d i a t i o n  exmination. I n  p a r t i c u l a r ,  t h e  IMGA system a t  ORNL w i l l  

be used t o  measure f a i l e d - p a r t i c l e  f r a c t i o n s ,  and t h e  e v a l u a t i o n  d a t a  

c o l l e c t e d  with t h e  IMGA w i l l  be provided. 

Fue l  from t h r e e  i r r a d i a t i o n  experiments of t h e  FRG program has  been 

s e l e c t e d  as t h e  f i r s t  samples t o  be examined under t h i s  PWS. The f u e l  

s e l e c t e d  i s  of one type ,  being a (Th,U)O2 k e r n e l  wi th  a high-temperature 

i s o t r o p i c  (HTI) Biso c o a t i n g ,  der ived  from methane. The i r r a d i a t i o n  

experiments chosen have similar o p e r a t i n g  temperatures  but accumulated 

d i f f e r e n t  l e v e l s  of f a s t  neutron f luence .  General  in format ion  regard ing  

t h e s e  f u e l  samples i s  l i s t e d  below i n  Table 2.16. Using t h e  IMGA system 

w e  can o b t a i n  f i s s i o n  product r e t e n t i o n  as a f u n c t i o n  of neut ron  f l u e n c e  

f o r  t hese  HTI Biso-coated particles.  Shipping arrangements are under way, 

and the  particles are expected a t  ORNL some t i m e  dur ing  1981. The f u e l  

e lements  have been deconsol ida ted  and approximately 1200-2000 loose  

p a r t i c l e s  from each experiment w i l l  be shipped. 
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Table 2.16 FRG f u e l  specimens f o r  PWS FD-20 

I r r a d i a t i o n  F a s t  neutron 
temperature f luence  
("0 ( E  > 0.1 MeV) 

I r r a d i a t i o n  Par t ic le  
experiment batch 

FRJ2-P22 , EO-1232-1 234 950-1 100 <1 x 1 o L '  
compact 1 

R2-Kl0 , EO-1084 
sphere  3 

900-1050 3.4 x 1025 

HFR-K1 EO-1 23 2 - 1234 95&1100 5.0 x 1025 
sphere  R2  

2.5 EQUIPMENT DEVELOPMENT AND MAINTENANCE - F. J. Homan 

Three major p i eces  of equipment f o r  use  wi th  P I E  of f u e l  from irra- 

d i a t i o n  capsules  have been developed over t h e  p a s t  few years .  These items 

of equipment are unique t o  t h e  HTGR community i n  t h e  United S t a t e s ,  and i n  

some cases t h e  c a p a b i l i t i e s  a r e  unique i n  t h e  world. Although t h i s  equip- 

ment i s  i n  r o u t i n e  use  i n  t h e  examination of HTGR f u e l  par t ic les ,  we are 

cont inuing  t o  develop and upgrade t h e  c a p a b i l i t i e s  t o  provide  more and 

b e t t e r  q u a l i t y  information. 

2.5.1 I r r a d i a t e d  Microsphere Gamma Analyzer - M. J. Kania, T. N. T iegs ,  
and G. A. Moore 

The IMGA system opera ted  throughout t h e  r e p o r t  per iod  without re- 

occurrence of problems i n  the  automated par t ic le  handler .  A s  an i n t e g r a l  

p a r t  of t h e  P I E  of HTGR candida te  f u e l s ,  t h e  IMGA system w a s  used t o  

determine f i s s i o n  product r e t e n t i o n  i n  i r r a d i a t e d  coa ted  par t ic les  from 

experiments HRB-14 and HRB-15b. The r e s u l t s  from experiment HRB-14 are 

repor t ed  i n  Sect.  2.2.2.2, and t h e  HRB-15b r e s u l t s  were forwarded t o  GA. 

For s m a l l  numbers of loose  i r r a d i a t e d  p a r t i c l e s  from experiments 

HT-13, HT-14, HT-15, HT-34, HRB-14, and HRB-15bY t h e  IMGA system was used 

t o  measure f i s s i o n  product i nven to r i e s  before  gas inventory  measurements 

i n  t h e  PGA system. These data were then used t o  c a l c u l a t e  t h e  q u a n t i t y  of 

s t a b l e  f i s s i o n  gases produced dur ing  t h e  r e s p e c t i v e  i r r a d i a t i o n  per iods .  

Appl ica t ion  of t h e s e  da t a  is d iscussed  i n  more d e t a i l  i n  Sect.  2.5.2. 
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During this report period fabrication of a new automated particle 

handler was completed. This new handler offers several advantages over 

the current particle handler, eliminates several design flaws, and will 

improve in-cell maintenance. In particular, the new handler provides 

0 Improved mechanical reliability through elimination of sample changer 

right-angle drive and replacement with a simplified Geneva drive 

mechanism. This changes the handler to four-point symmetry, rather 

than three-point symmetry in the original handler, and incorporates 

a second detector position for future application. 

0 Reduced maintenance on particle singularizer by addition of a self- 

cleaning mechanism to the assembly. The current singularizer, without 

this mechanism, frequently becomes plugged and requires complete 

singularizer disassembly and removal from the IMGA cubical to unplug 
and make operational again. 

Readily accessible and modular components decrease downtime for 
maintenance. 

Two views of the new handler are shown in Fig. 2.15, Fig. 2.151:~~)  

being a front view showing the two detector port positions 90" apart and 
Fig. 2.15(b), a back view showing component positions. The detector port 

at the far left of Fig. 2 . 1 5 ( a )  is for the high-energy Ge(Li) detectror 

currently in use with the IMGA system. The detector port to the right is 
the additional detector position made possible by the four-point symmetry 

of the Geneva drive mechanism. This position will not be used in the 
immediate future but remains available for further application. 
Noticeable along the top of the lead shielding and sample changer mecha- 

nism are numerous hooks, which provide for attachment to a small in-cell 
crane that greatly facilitates handler disassembly. The sample changer, 
particle singularizer, and sample collector shown in Fig. 2.15(6) are all 

modular in design, and each is easily removed without disturbing the other 
components. Figure 2.16 shows the new particle handler with each of the 

components removed and disassembled: from left to right, the particle 

collector and particle-dropping mechanism, the sample changer and Geneva 
drive assembly, and the particle singularizer. 
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Fig. 2 .15.  Two d i f f erent  views of the new automated part ic le  handler: (a) front view showing 

the two detector ports 90° apart and (b)  back view showing the eas i ly  access ib le  and modular components. 
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The current particle handler is in good operating condition, and its 

use will be continued until the sample-changer drive mechanism fails. At 
that time the new handler will be installed into the IMGA cubicle. 

2.5.2 Postirradiation Gas Analyzer -M. J. Kania, E. L. Long, 
J M Robbins, and E. L. Ryan 

The PGA system is used to determine the quantitative measure of 
fission- and reactive-gas inventories in irradiated coated-particle 

fuels.35 
fission-gas content measurements on selected irradiated fuel particles from 

experiments HT-13, HT-14, HT-15, HT-34, HRB-14, and HRB-15b. The data for 
experiments HT-34 and HRB-14 are reported in Sect. 2.4.2, and the data for 

experiment HRB-15b are presented in Sect. 2.7.1. 

During the past report period the PGA system has been used for 

The fission-gas content measurements for irradiated particles from 

experiments HT-13, HT-14, and HT-15 are presented in Tables 2.17, 2.18, 

and 2.19, respectively. Specific particle batches selected for these 

measurements include 

0 OR-1849 and OR-1850 - reference 500-pm Tho2 kernels with buffer 

and LTI thickness variations; 
OR-1749 or 1830 and OR-1838 - 400-pm Tho2 kernels with variation in 

buffer thickness; and 
OR-1749 and OR-1826 - 400-pm Tho2 kernels with nearly the same buffer 

thicknesses but with variations in LTI thickness. 

0 

0 

A l l  particles selected for this analysis were determined to be 
"intact" by visual inspection. Detailed descriptions of the coating 
designs, fabrication conditions, irradiation history, and general irra- 
diation performance have been reported. 29 

The data in Table 2.17 for HT-13 show that only particles 17/1 and 

17/2 retained a significant part of the fission gas generated during 

irradiation. Particles from holders 24 and 32 showed some minimal 

retention, but significant leakage obviously occurred. The higher gas 

retention by these particles in the high-temperature magazines is thought 

to be simply the result of the greater release of the fission gases from 

the kernel at these high temperatures compared with their counterparts in 



Table 2.17. Results of fission gas content measurements 
on particles from experiment HT-13 

Quan t i ty  of gas ,  m o l  
Holder / 
p a r t i c l e  Ratch 83Kr 84Kr 86Kr Z Kr l3IXe 132Xe 134Xe 13(jXe Z X e  

411, 3 

1111 

1311 
1312 
1313 
1314 

42/1,2,3,4 

45/1,2,4 

48/1,2,3,4 

1711 
1712 
1713 

OR- 1 8 50 

OR-1749 

OR-1849 
OR-1849 
OR-1849 
OR- 1 84 9 

OR-1838 

OR- 18 26 

OR-1830 

OR- 18 50 
OR- 1 8 50 
OR- 1850 

a 
a 

0.01 
0.03 
0.03 
0.01 

a 
a 
a 

0.25 
0.39 
0.09 

Low-temperature magazines 

a a 0.08b a 

a a 0.13 a 

0.05 0.15 0.21 0.13 
0.16 0.15 0.34 0.09 
0.09 0.08 0.21 0.09 
0.13 0.24 0.38 0.21 

a a 0.12C a 

a a 0.08d a 

a a 0.08C a 

High-temperature magazines 

1.28 1.26 2.72 1.73 
2.39 2.91 5.69 2.00 
0.46 0.69 1.25 0.40 

a 

a "  
0.22 
0.15 
0.12 
0.29 

a 

a 

a 

3.45 
6.06 
1.17 

a a 
a a 

0.25 0.49 
0.17 0.37 
0.20 0.31 
0.28 0.51 

a a 

a a 

a a 

3.71 6.92 
6.41 12.29 
1.29 2.69 

0.25b 

0.35 

1.10 
0.78 
0.77 
1.30 

0.36c 

0.20d 

0. 19' 

15.81 
26.76 

5.56 

2411 OR-1749 0.06 0.34 0.57 0.97 0.34 0.96 0.97 2.00 4.26 
2412 OR-1749 0.06 0.28 0.43 0.78 0.27 0.74 0.80 1.64 3.46 
2414 OR-1749 0.14 0.65 0.92 1.72 0.58 1.80 1.84 3.78 8.01 

3212 08-1826 0.11 0.59 0.83 1.52 0.49 1.43 1.61 3.32 6.84 
3213 OR-1826 0.12 0.68 1.01 1.81 0.56 1.87 1.92 4.04 8.40 
3214 OR-1826 0.20 0.95 1.40 2.55 0.80 2.51 2.76 5.47 11.55 

a I n d i v i d u a l  values  are so low t h a t  t hey  are considered i n s i g n i f i c a n t .  

bAverage of two p a r t i c l e s .  

'Average of fou r  p a r t i c l e s .  

dAverage of t h r e e  p a r t i c l e s .  



Table 2.18. Results of fission gas content measurements 
on particles from experiment HT-14 

(low-temperature magazines) 

Quantity of gas, nmol 
Holder/ 
particle Batch 83Kr 84Kr 86Kr 2 Kr I3lXe 132Xe 134Xe 136Xe C Xe 

11/1 
11/2 
11/3 
11/4 
13/1 
13/2 
13/3 
13/4 
42/1 
42/2 
42/3 
42/4 

45/1 
45/2 
45/3 
45 /4 
48/3 

OR-1749 
OR-1749 
OR-1749 
OR-1749 
OR-1849 
OR- 1849 
OR-1849 
OR- 1 84 9 
OR-1838 
OR-1838 
OR- 18 38 
OR- 1 8 3 8 

OR- 1 82 6 
OR- 1826 
OR-1826 
OR-1826 
OR- 1830 

0.02 
0.07 
0.02 
0.03 
0.02 
0.06 
0.44 
0.05 
0.07 
0.13 
0.05 
0.05 

0.25 
0.05 
0.09 
0.11 
0.14 

0.13 
0.34 
0.12 
0.15 
0.22 
0.29 
3.45 
0.75 
0.41 
0.80 
0.34 
0.29 

1.60 
0.26 
0.53 
0.44 
0.76 

0.21 
0.57 
0.18 
0.26 
0.29 
0.49 
4.27 
1.00 
0.63 
1.04 
0.53 
0.49 

2.04 
0.38 
0.79 
0.70 
1.07 

0.37 
0.98 
0.31 
0.44 
0.54 
0.84 
8.16 
1.80 
1.11 
1.97 
0.91 
0.83 

3.89 
0.69 
1.40 
1.25 

1.97 

0.14 
0.33 
0.13 
0.16 
0.18 
0.27 
2.27 
0.60 
0.50 
0.68 
0.46 
0.22 

1.25 
0.48 
0.41 
0.40 
0.65 

0.42 
1.07 
0.34 
0.48 
0.57 
0.91 
9.14 
2.11 

1.79 
2.33 
1.59 
0.80 

4.15 
1.76 
1.43 
1.39 
2.26 

0.47 
1.14 
0.41 
0.44 
0.61 
0.91 
9.16 
2.23 
1.79 
2.40 
1.60 
0.79 

4.40 
1.89 
1.46 
1.45 
2.40 

0.99 
2.40 
0.81 
1.00 
1.19 
1.96 
17.80 
4.40 
3.75 
4.90 
3.35 
1.74 

8.65 
3.81 
2.96 
3.00 

4.93 

2.02 
4.94 
1.70 
2.09 
2.55 
4.06 
38.38 
9.35 
7.84 
10.31 
7.01 
3.56 

18.45 
7.94 
6.26 
6.25 
10.24 



Table 2.19. Results of fission gas content measurements 
on particles from experiment HT-15 

Quantity of gas, m o l  Holder/ 
particle Batch 83Kr B4Kr 86Kr 2 Kr 131Xe 132Xe 134x3, 136Xe C Xe 

411 
412 
413 
414 
1111 
11/2 
1113 
1114 

1311 
1312 
131’3 
1314 

45/1,2,3,4 

48/1,2,3,4 

2411 
24/2 
2413 
2414 

3211 
3212 
72/3 
3214 

OR- 1850 
OR- 1 8 50 
OR- 18 50 
OR- 1 8 50 
OR-1749 
OR-1749 
OR-1749 
OR-1749 

OR-1849 
OR-1849 
OR-1 849 
OR- 184 9 

OR-1 826 

OR-1830 

OR-1 749 
OR-1749 
OR- 17 49 
OR- 174 9 

OR- 18 26 
OR-1 826 
OR-1826 
OR- 182 6 

0.07 
0.06 
0.09 
0.05 

0.23 
0.20 
0.28 
0.20 

0.07 
0.47 
0.05 
0.06 

a 
a 

0 
0.10 
0.01 
0.04 
O 
0.03 
0.07 
0.03 

0.45 
0.44 
0.44 
0.34 

1.09 
1.13 
1.47 
1.06 

0.24 
3.74 
0.12 
0.23 

a 

a 

0.01 
0.29 
0.06 
0 

0.01 
0.19 
0.37 
0.10 

Low-temperature magazines 

0.68 1.20 0.37 1.31 
0.63 1.13 0.31 1.14 
0.63 1.16 0.46 1.64 
0.52 0.91 0.22 0.90 

1 . 4 2  2.74 1.09 3.18 
1.51 2.85 1.15 3.23 
1.84 3.60 1.20 4.03 
1.40 2.67 1.12 3.11 

0.43 0.74 0.27 0.86 
4.50 8.71 2.89 12.17 
0.25 0.42 0.25 0.47 
0.44 0.73 0.30 0.78 

a 0.08b a a 

a 0.04b a a 
High-temperature magazines 

0.04 0.05 0.02 0.04 
0.56 0.95 0.36 0.89 
0.11 0.18 0.12 0.20 
0.02 0.06 0.03 0.01 

0.01 0.02 0.01 0.01 
0.28 0.51 0.20 0.52 
0.59 1.03 0.43 1.15 
0.16 0.29 0.15 0.33 

1.33 
1.10 
1.63 
0.90 

3.45 
3.59 
4.35 
3.38 

0.91 
12.18 
0.51 
0.92 

a 
a 

0.02 
1.29 
0.33 
0.03 
0.04 
0.62 
1.43 
0.41 

2.78 
2.41 
3.44 
1.91 

6.78 
6.94 
8.55 
6.62 

1.94 
23.75 
1.08 
1.84 

a 
a 

0.03 
2.55 
0.56 
0.03 

0.03 
1.27 
2.83 
0.90 

5.80 
4.96 
7.18 
3.93 

14.51 
14.91 
18.13 
14.24 

3.98 
51 .OO 
2.31 
3.85 

0.64b 

0.09b 

0.10 
5.10 
1.23 
0.11 

0.09 
2.62 
5.85 
1.80 

aIndividual values are so low that they are considered insignificant. 

b ~ v e r a g e  cf fmr particles+ 



t h e  low-temperature magazines. The remaining particles i n  capsu le  HT-13 

showed e s s e n t i a l l y  complete loss  of t h e i r  f i s s i o n  gases.  

Tables 2.18 and 2.19 show e s s e n t i a l l y  the  same f o r  HT-14 and HT-15. Very 

few p a r t i c l e s  e x h i b i t e d  s i g n i f i c a n t  f i s s i o n  gas r e t e n t i o n  because most of 

them l o s t  n e a r l y  a l l  t h e i ?  f i s s i o n  gases.  

The d a t a  i n  

During t h i s  p a s t  r e p o r t  per iod  t h e  high-temperature breaking chamber 

has  been checked ou t ,  and t h e  g r a p h i t e  hea t ing  element has been t aken  up 

t o  temperatures of 1700 t o  1800°C and he ld  f o r  extended per iods .  The pur-  

pose of t h e s e  tests w a s  t o  examine t h e  outgass ing  of CO from t h e  g r a p h i t e  

h e a t i n g  element t h a t  w i l l  c o n t a i n  t h e  p a r t i c l e  t o  be hea ted  and then  

broken. The temperatures t h a t  w i l l  be r equ i r ed  are those  s imi la r  t o  t h e  

o r i g i n a l  i r r a d i a t i o n  environment (1000-1500°C). 

The h e a t i n g  w a s  accomplished i n  increments of 200°C u n t i l  a f i n a l  

temperature i n  t h e  1700 t o  1800°C range w a s  achieved. During t h e  hea tup ,  

t h e  mass spec t rometer  w a s  set t o  monitor t h e  CO mass peak (28 amu), and 

t h e  p r e s s u r e  i n  t h e  f l i g h t  tube w a s  a l s o  monitored. The d i f f u s i o n  pump 

f o r  t h e  spec t rometer  w a s  used t o  pump on t h e  whole system. 

h e a t i n g  t e s t ,  l a r g e  amounts of CO were outgassed ,  and i n  some cases 

p r e s s u r e  su rges  occurred ,  which kicked of f  t h e  spec t rometer  e l e c t r o n i c s .  

I n  t h e  second h e a t i n g  of t h e  same g r a p h i t e  ho lde r ,  CO ou tgass ing  w a s  

a t  a much reduced rate,  and t h e  system p r e s s u r e  w a s  maintained on t h e  

1.3 X 

1750°C w a s  reached and he ld  f o r  approximately 1 h. 

c u r r e n t  t o  t h e  g r a p h i t e  ho lde r  w a s  shu t  o f f ,  and t h e  CO mass peak w a s  

monitored c l o s e l y .  The CO output dropped r a p i d l y  t o  a l i n e a r  decrease  

a f t e r  1 min, and t h e  output  w a s  nea r ly  s t a b l e  a f t e r  2 min. 

I n  t h e  i n i t i a l  

P a  (lo-’ t o r r )  range through t h e  test .  A f i n a l  temperature of 

A f t e r  t h i s  per iod  t h e  

From t h e s e  hea t ing  tests, it is  clear t h a t ,  t o  avoid CO ou tgass ing  

problems dur ing  heatup, it is necessary  t o  anneal. t h e  g r a p h i t e  ho lde r s  

f o r  a s h o r t  t i m e  a t  tempera tures  near 2000°C. The ho lde r s  w i l l  then  be 

s t o r e d  i n  an  i n e r t  argon environment u n t i l  t h e i r  use  is requi red .  This  

requirement i s  r e l a t i v e l y  simple. These tests a l s o  showed t h a t  it is 

p o s s i b l e  t o  e s t a b l i s h  a s t a b l e  CO background b e f o r e  and s h o r t l y  a f t e r  

breaking  a par t ic le .  This  f a c t  is  s i g n i f i c a n t  because a good background 

i s  important t o  t h e  f i n a l  measurement of the  CO c o n t e n t  of s i n g l e  

p a r t i c l e s .  
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The c a l i b r a t i o n  gas con ta in ing  CO, C 0 2  p lus  K r ,  and X e  w a s  i n s t a l l e d  

i n  permanent p o s i t i o n ,  so t h e  high-temperature chamber can soon begin  

ope ra t ion .  

xenon c o n t e n t s  of par t ic les  w i l l  be modified t o  inc lude  CO and CO2 

ana lyses .  A t  t h e  p re sen t  t i m e  t h e  s y s t e m ,  i nc lud ing  t h e ' g l o v e  box, i s  

being c leaned  t o  reduce t h e  background r a d i a t i o n  t o  o p e r a t i n g  personnel.  

On completion of t h i s  t a sk  we w i l l  beg in  f u r t h e r  work on t h e  high- 

tempera ture  c a p a b i l i t i e s  of t he  PGA system. 

The c u r r e n t  computer program t h a t  ana lyzes  t h e  krypton  and 

2.5.3 X-Ray Micrographic F a c i l i t y  - M. J. Kania and E. L. Long 

The x-ray micrographic f a c i l i t y 3 6  provides  t h e  c a p a b i l i t y  of pre- 

par ing  x-ray micrographs of i r r a d i a t e d  coa ted  p a r t i c l e s  f o r  d e t e c t i n g  

heavy-metal and f i s s i o n  product r e d i s t r i b u t i o n .  This  system is  h s t a l l e d  

i n  t h e  High Rad ia t ion  Level Examination Laboratory (HRLEL) and is f u l l y  

o p e r a t i o n a l .  The system has been eva lua ted  and opt imized ,  using small- 

d iameter  compacts made up of i r r a d i a t e d  p a r t i c l e s  and loose  i r r a d i a t e d  

p a r t i c l e s .  I n  each case the  x-ray microradiographs were of s u f f i c i e n t  

q u a l i t y  t o  d e t e c t  heavy-metal and f i s s i o n  product r e d i s t r i b u t i o n s .  

I r r a d i a t e d  p a r t i c l e s  from experiment HRB-13 were eva lua ted  wi th  t h i s  

s y s t e m ,  and f i s s i o n  product r e d i s t r i b u t i o n  w i t h i n  t h e  p a r t i c l e s  w a s  

de tec ted .11  F igu re  2.17 i s  a photograph of an  x-ray microradiograph of 

loose  i r r a d i a t e d  p a r t i c l e s  from experiment HRB-14. These particles had 

been sub jec t ed  t o  hot gaseous c h l o r i n e  l each ing  f o r  16 h [F ig .  2 . 1 7 ( a ) ]  

and 32 h [F ig .  2.17(b)l before  the  x-ray rad iographs  were made. C l e a r l y  

v i s i b l e  i n  both f i g u r e s  i s  t h e  d i s p e r s i o n  of t he  heavy m e t a l  i n t o  t h e  

b u f f e r  coa t ing .  This  t y p e  of chemical i n t e r a c t i o n  is caused by t h e  

c h l o r i n e ' s  p e n e t r a t i n g  through permeable LTI  PyC c o a t i n g s  and r e a c t i n g  

wi th  t h e  Tho2 k e r n e l  material. These photographs demonstrate t h a t  ho t  

gaseous c h l o r i n e  l each ing  a t  1000°C on i r r a d i a t e d  par t ic les  followed by 

x-ray microradiography can d e t e c t  permeable PyC coa t ings .  Th i s  . f a c i l i t y  

i n  con junc t ion  with t h e  c h l o r i n e  l each ing  procedure w i l l  be used i n  t h e  

PIE of s e l e c t e d  p a r t i c l e  ba tches  f o r  HRB-14. 

2.6 FOREIGN ASSIGNMENT - M. J.  Kania 

The work o u t l i n e d  i n  t h i s  s e c t i o n  w a s  c a r r i e d  out  whi le  t he  au tho r  

was on assignment t o  t h e  I n s t i t u t  fur Reaktorwerks tof fe  ( IRW) a t  KFA, 



. I  

Fig. 2.17. Photographs of x-ray microradiographs of low- 
temperature Isotropic Blso-coated particles from experiment HRB-14 that 
were subjected to (a) 16 h and (b) 32 h chlorine leaching at 1000°C. 
Noticeable in both photographs is the dispersion of heavy metal into tht 
buffer region of coatings. 
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JGl ich ,  West Germany. This  assignment ended i n  August 1980 and was part 

of  t h e  US-FRG Umbrella Agreement on High Temperature Reactor Development. 

2.6.1 (Th,U)O2 Performance Assessment 

T h i s  performance assessment had as i t s  o b j e c t i v e  t o  determine t h e  

candida te  p a r t i c l e  d e s i g n  from t h e  o n e - p a r t i c l e ,  thorium-uranium mixed- 

oxide system t h a t  had t h e  b e s t  i r r a d i a t i o n  behavior .  I n i t i a l l y ,  t h e  two 

candida tes  of i n t e r e s t  were (1 )  t he  400-lrm-diam (Th,U)O2 k e r n e l  w i t h  an 

HTI  Biso coa t ing  and ( 2 )  t h e  500-~rm-diam (Th,U)O2 k e r n e l  wi th  an LTI  

T r i s o  coat ing.  The LTI  T r i s o  particle w a s  dropped i n  t h i s  assessment due 

t o  a l a c k  of a v a i l a b l e  performance da ta .  Two i r r a d i a t i o n  tes ts  c o n t a i n i n g  

t h i s  particle design are c u r r e n t l y  i n  PIE; however, d e t a i l e d  d a t a  w e r e  no t  

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

The formation of a f i n a l  performance e v a l u a t i o n  of t h e  (Th,U)O2 

k e r n e l  with a methane-derived HTI Biso c o a t i n g  w a s  achieved. A f i n a l  

r e p o r t  d e s c r i b i n g  t h i s  e v a l u a t i o n  was completed,37 and t h e  a b s t r a c t  of 

t h a t  r e p o r t  i s  presented below. 

The H T I  Biso P a r t i c l e ,  Variant-I :  c o n s i s t i n g  of a dense 
4 0 0 - p  diameter (Th,U)O2 k e r n e l  w i t h  a Biso c o a t i n g ,  using a 
methane-derived pyrocarbon l a y e r  (HTI), i s  a candida te  f u e l  f o r  
t h e  advanced PNP/HHT High Temperature Reactor  systems. This  
r e p o r t  p r e s e n t s  t h e  r e s u l t s  of a comprehensive performance 
assessment of Variant-I  represented  by s i x  r e l e v a n t  p a r t i c l e  
ba tches  i r r a d i a t e d  i n  12 a c c e l e r a t e d  i r r a d i a t i o n  experiments.  
Fuel  performance w a s  judged based upon PNP/HHT q u a l i f i c a t i o n  
requirements  wi th  regard  t o  in- reac tor  o p e r a t i n g  c o n d i t i o n s  and 
end-of- l i fe  (EOL) coated particle f a i l u r e  f r a c t i o n .  

were obtained from two sources:  (1) a thorough review of a l l  
a v a i l a b l e  i r r a d i a t i o n  d a t a  on each experiment and ( 2 )  a two- 
dimensional (R,O)  thermal modeling computer code, R2KTMP, 
developed t o  c a l c u l a t e  f u e l  opera t ing  temperature  d i s t r i b u t i o n s  
w i t h i n  s p h e r i c a l  elements.  End-of-l ife par t ic le  f a i l u r e  f r a c -  
t i o n s  w e r e  determined from gaseous f i s s i o n  product release, 
based on in- reac tor  R I B  measurements and p o s t i r r a d i a t i o n  
annea l ing  and room temperature  i n v e s t i  a t i o n s ;  s o l i d  f i s s i o n  

element m a t r i x  and ho t  gaseous c h l o r i n e  leaching;  and visual  
and ceramographic examinations.  F a i l u r e  f r a c t i o n s  determined 
by s o l i d  f i s s i o n  product release y i e l d e d  va lues  2 t o  35 t i m e s  
h igher  than those determined by gaseous f i s s i o n  product 
release. 

Fuel  opera t ing  condi t ions  i n  each i r r a d i a t i o n  experiment 

product r e l e a s e ,  from s i n g l e  particle 73 7 Cs release i n t o  f u e l  
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In-service HTI particle performance in loose particle 
tests exhibited massive failure at low fluences, 2 to 3 X 
1025 neutrons/m2 ( E  > 0.1 MeV), due to the severe irradiation 
environment. In contrast, similar particles irradiated in fuel 
element tests had much higher survival rates. At average EOL 
fluence for PNP/HHT of 4.5 X 
the results were 

neutrons/m2 ( E  > 0.1 MeV), 

0 cycled experiments, 650 to 950°C average fuel temperature, 
failure fraction range of 0.1 to 0.4% and 
isothermal experiments, 950 to 1250°C average fuel 
temperature, failure fraction range of 2 to 8%. 

With EOL fluence >6 X 
temperatures of 950 to 1250"C, failure fractions beyond 10% up 
to near 100% were observed. Neutron-induced pyrocarbon 
cracking was the dominant failure mechanism for the HTI Biso 
particle. 

neutron fluence at temperatures 2950°C yielded a value of 4%. 
This compares with a PNP/HHT qualification requirement for the 
HTI Biso particle of 0.04%. Therefore, a final recommendation 
was made that Variant-I no longer be considered for application 
in the advanced PNP/HHT systems. 

neutrons/m2 ( E  > 0.1 MeV) and fuel 

A correlation between EOL failure fraction and accumulated 

2.7 SERVICE WORK FOR GENERAL ATOMIC COMPANY - F. J. Homan 

All irradiation capsules up to and including HRB-15b have contained 
fuel fabricated at both ORNL and GA. After irradiation, the GA fuel has 

been shipped to San Diego for PIE. OWL'S PIE capabilities include many 

facilities unavailable at GA (shielded electron microprobe, IMGA, PGA, and 

remote x-radiography). 

useful, ORNL, has conducted examinations on GA fuel as a service, paying 
for the work out of the ORNL budget. This practice will continue with 

fuel from capsules HRB-1Sa and beyond. The service work for GA during 
this reporting period is described below. 

Because these examinations have been shown to be 

2.7.1 Electron Microprobe Studies for General Atomic Company - 
T. N. Tiegs 

Selected GA samples from experiments HT-31, HT-34, HRB-14, and 
HRB-15b underwent electron microprobe examination at ORNL. General 

Atomic's primary interest in examining the particles was to identify the 

fission products associated with the Sic attack in the Triso-coated 

Tho2 and MEU fissile particles. 



84 

The r e s u l t s  from HT-31 and HT-34 on Triso-coated Tho2 showed that 

there had been a r e d i s t r i b u t i o n  of t h e  S i c  and t h a t  i r o n  and chromium were 

i d e n t i f i e d  i n  t h e  S i c  c o r r o s i o n  zone. General  Atomic i s  looking  i n t o  

p o s s i b l e  sou rces  of contaminat ion  i n  t h e s e  particles.  

The p a r t i c l e s  from HRB-14, Triso-coated Tho2 and U 0 2 ,  both showed 

c o r r o s i o n  of t h e  Sic c o a t i n g  by f i s s i o n  product palladium. Th i s  w a s  t h e  

f i r s t  t i m e  f i s s i o n  product Pd-Sic i n t e r a c t i o n s  have been observed i n  

Tho2 p a r t i c l e s .  

The particles from HRB-l5b, Triso-coated UC2 and U02 ( t h e  l a t te r  wi th  

a zirconium-carbide b u f f e r ) ,  both showed very l i t t l e  f i s s i o n  product 

release (Cs, f o r  example) from t h e  k e r n e l s .  This  can be r e l a t e d  t o  the  

r e l a t i v e l y  low i r r a d i a t i o n  tempera tures  of HRB-15b. I n  a d d i t i o n ,  unusual 

phases i n  t h e  U02 p a r t i c l e s  were i d e n t i f i e d  as areas of h igh  carbon 

c o n t e n t ,  w i th  cesium as t h e  only f i s s i o n  product p re sen t  i n  a p p r e c i a b l e  

q uant i t y  . 
These r e s u l t s  of t h e  microprobe work were g iven  t o  GA i n  May 1980 and 

were subsequent ly  inc luded  i n  two GA publ ica t ions .38 ,  39 

2.7.2 PGA S t u d i e s  f o r  Genera l  Atomic Company - J M Robbins 

S e l e c t e d  p a r t i c l e s  from G A ' s  p o r t i o n  of i r r a d i a t i o n  c a p s u l e  HRB-15b 

were broken, and t h e i r  f i s s i o n  gas  c o n t e n t s  were measured wi th  t h e  PGA 

system. The r e s u l t s  of t h e  measurements are shown i n  Table  2.20. The 

k e r n e l  and c o a t i n g  types  of t h e  GA p a r t i c l e s  are l i s t e d  i n  Table 2.21. 

A l l  the particles measured had T r i s o  c o a t i n g s  and were expected t o  

be g a s t i g h t .  The d a t a  i n  Table 2.20 show t h a t  t he  gas  con ten t  measured 

i n  particles from the  same ba tch  i s  q u i t e  c o n s i s t e n t .  The amount of 

f i s s i o n  gases  p re sen t  v a r i e d  cons ide rab ly  from one ba tch  of particles t o  

a n o t h e r ;  however, t h i s  i s  t h e  r e s u l t  of t h e  d i f f e r e n t  k e r n e l  t ypes  and 

burnups r ep resen ted  i n  t h e  coa ted  p a r t i c l e s  desc r ibed  i n  Table 2.21. The 

r e s u l t s  of t h e s e  measurements were forwarded t o  GA f o r  t h e i r  review and 

assessment. 

2.7.3 IMGA S t u d i e s  f o r  Genera l  Atomic Company - T. N. T iegs  

S e l e c t  GA f i s s i l e  par t ic le  ba tches  i r r a d i a t e d  i n  experiment HRB-15b 

were analyzed wi th  t h e  IMGA system, w i t h  p a r t i c u l a r  a t t e n t i o n  focused on 



Table 2.20. Results of fission gas content measurements 
on General Atomic Company particles from experiment HRB-15b 

Quantity of gas, m o l  Tray/ 
particle Ratch 83Kr 84Kr 86Kr Z Kr 131Xe I32Xe 134Xe 136Xe Z Xe 

12/ 1 
12/2 
12/3 
12/4 
12/5 
18/ 1 
18/2 
18/3 
18/4 
18/5 
8411 
84/2 
8413 
84/4 
84/ 5 
901 1 
9n/2 
90/3 
9014 
90/5 
9211 

9213 
92/4 
92/5 
98/1 
98/2 
9813 

92r2 

98/4 
9815 

6157-08-0311-1 
6157-08-0311-1 

6157-08-0311-1 
6157-08-0210-1 
h157-n8-02in-i 
6157-08-0210-1 
6157-08-021n-1 
6157-08-0210-1 
6157-09-0120-3 
6157-09-0120-3 
6157-09-0120-3 
6157-09-0120-3 
6157-09-ni2n-3 

6157-08-0311-1 
6157-08-0311-1 

6151-21-0111-3 
6151-21-0111-3 

6151-21-0111-3 
6151-21-niii-3 

6151-21-0111-3 

6155-05-0111-3 
6155-05-0111-3 
6155-05-niii-3 
6155-05-0111-3 
61 55-05-01 11-3 
6152-03-0111-4 
6152-03-mil-4 
6152-03-0111-4 
6152-03-0111-4 
6152-03-0111-4 

0.34 
0.23 
n. 37 
n. 35 
0.33 
0.29 
0.29 
0.32 
0.31 

0.30 
n.26 

0.31 

0.35 

0.25 
0.21 

0.20 
0.24 
n.23 
0.25 
0.22 
0.23 
0.24 
0.24 
0.26 
0.27 
0.18 
0.14 

0.17 

0.15 
0.16 

1.52 
1.08 
1.48 
1.57 
1.35 
1.58 
1.40 
1.56 
1.51 
1.64 
2.83 
2.66 
2.49 
2.07 
2.85 
2.29 
2.42 
2.43 
2.37 
2.49 
1.70 
1.86 
1.67 
1.95 
1.66 
1.52 
1.59 
1.50 
1.61 
1.57 

2.24 
1.69 
2.30 
2.38 
2.15 
2.36 
2.17 
2.31 
2.24 
2.36 
3.69 
3.37 
3.42 
2.82 
3.81 
3.06 
3.21 
3.22 
3.18 
3.34 
2.11 
2.34 
2.08 
2.45 
2.25 
2.10 
2.18 

2.16 
2.12 

2.no 

4.11 
3.01 
4.16 
4.31 
3.84 
4.24 
3.86 
4.20 

4.35 
6.81 
6.29 
6.17 
5.10 
6.98 
5.55 
5.88 
5.88 
5.80 
6.06 
4.05 
4.43 
4.00 
4.67 
4.18 
3.80 
3.92 
3.65 
3.93 
3.86 

4.06 

2.42 
1.67 
2.34 
2.40 
2.13 
2.27 
2.10 
2.20 
2.20 
2.42 
3.28 
2.97 
2.92 
2.47 
3.42 
2.27 
2.40 
2.35 
2.44 
2.45 
1.87 
2.05 
1.92 
2.22 
1.82 
1.86 
1.96 
1.86 
1.93 
1.95 

6.75 
5.02 
7.01 
7.30 
6.36 
7.34 
6.79 
7.29 
7.08 
7.69 
15.37 
14.52 
14.52 
11.14 
15.76 
11.55 
12.73 
13.18 
12.74 
13.51 
8.45 
8.98 
7.98 
9.36 
8.46 
9.27 
9.44 
9.08 
9.22 
9.44 

9.34 
5.86 
9.56 
9.93 
8.65 
9.77 
9.04 
9.67 
9.49 
10.27 
18.02 
17.17 
16.95 
13.61 
18.27 
13.89 
14.70 
15.19 
14.95 
15.67 
9.63 
10.33 
9.38 
10.91 
9.33 
10.90 
11.21 
10.43 
10.88 
11.07 

15.61 
11.40 
15.99 
16.44 
14.40 
16.43 
14.94 
16.31 
15.84 
17.17 
30.92 
29.44 
29.99 
23.60 
31.73 
24.21 
25.15 
25.99 
25.52 
27.04 
17.37 
18.13 
16.43 
19.20 
16.95 
18.91 
19.33 
18.17 
18.96 
19.37 

34.13 
24.95 
34.90 
36.07 
31.54 
35.81 
32.88 
35.46 
34.61 
37.55 
67.59 
64.10 
64.39 
50.81 
69.19 
51.92 
54.99 
56.71 
55.66 
58.68 
37.31 
39.49 
35.72 
41.69 
36.57 
40.96 
41.94 
39.54 
40.99 
41.83 



Table 2.20. (continued) 

7111 
7112 
7113 
7114 
71/5 
168/1 
16812 
16813 
l68/4 
16815 

I 5011 
15012 
I 5013 

15015 

10412 
in413 

in415 

15014 

104/1 

104/4 

12411 
124/2 
12413 
12414 
124/5 

6252-15-0140-3 
6252-15-0140-3 
6252-15-0140-3 
6252-15-0140-3 
6252-15-oi4n-3 

6157-09-0120-5 
6157-09-0120-5 

6157-09-0120-5 
6157-08-n210-3 
6157-n8-0210-3 
hi57-n8-n2in-3 
6157-08-0210-3 

6157-08-0320-6 
6157-08-0320-6 

6157-08-0320-6 
6157-08-0320-6 

6157-09-0120-5 

6157-09-0120-5 

6157-08-0210-3 

6157-08-0320-6 

6152-02-0110-3 
6 15 2-02-01 10-3 
6152-02-0110-3 
6152-02-0110-3 
6152-02-0110-3 

0.35 

0.28 

0.34 
0.37 

0.44 
0.32 

0.36 

0.29 

0.40 

0.39 

0.32 
0.28 

0.34 
0.37 
0.26 

0.26 

0.24 

n. 23 

0.23 
0.22 

n. 19 
0.14 

0.13 

0.18 

0.14 

1.53 
1.32 
1.31 
1.33 
1.35 
2.19 
2.32 
2.10 
2.17 
2.22 
2.21 
2.09 
2.00 
2.07 
2.44 
2.57 
2.26 
2.55 
2.31 
2.28 
1.43 
1.31 
1.38 
1.26 
1.42 

1.99 
1.84 
1.75 
1.79 
1.83 
3.14 
3.25 
3.00 
3.07 
3.21 
3.09 
2.88 
2.73 
3.06 
3.39 
3.37 
3.11 
3.43 
2.92 
2.97 
1.96 
1.84 
1.86 
1.69 
1.91 

3.87 
3.52 
3.35 
3.42 
3.52 
5.71 
5.96 
5.45 
5.55 
5.81 
5.62 
5.25 
4.98 
5.48 

6.20 
5.60 
6.24 
5.47 
5.47 
3.58 
3.33 
3.38 
3.09 
3.46 

6.20 

1.24 
1.10 
1.06 
1.05 
1.07 
3.29 
3.37 
3.08 
2.72 
3.18 
2.77 
2.52 
2.39 
3.03 
3.03 
3.02 
2.72 
2.97 
2.61 
2.81 
1.72 
1.78 
1.80 
1.64 
1.72 

3.82 
3.62 
3.26 
3.47 
3.61 

11.11 
11.63 
10.59 
11.08 
11.11 
11.27 
10.47 
9.76 
10.47 
13.32 
16.16 
13.49 
15.39 
13.40 
13.80 
8.11 
8.47 

7.44 
8.04 

8.47 

3.97 
3.72 
3.41 
3.50 
3.72 
14.85 
15.04 
13.94 
13.73 
14.50 
13.99 
13.05 
12.01 
13.90 
16.41 
18.54 
15.46 
17.92 
15.68 
16.45 
9.78 
9.91 

10.11 
8.87 
9.58 

8.17 
7.54 
7.02 
7.19 
7.59 
24.90 
25.64 
23.65 
23.47 
24.84 
23.95 
22.39 
20.98 
23.62 
28.01 
31.95 
26.83 
31.46 
27.32 
28.36 
16.83 
17.52 
17.55 
15.17 
16.41 

17.21 
15.98 
14.75 
15.22 
15.99 
54.16 
55.69 
51.27 
50.99 
53.63 
51.97 
48.43 
45.14 
51.02 
60.78 
69.67 
58.50 
67.74 
59.01 
61.42 
36.44 
37.68 
37.95 
33.12 
35.75 
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Table  2.21. Kernel and coa t ing  types  f o r  General 
Atomic Company par t ic les  i n  experiment HRB-15b 

Tray Batch Coating 
t Y  Pe 

Kernel  type 

12 
18 
84 
90 
92 
98 
71 

168 
150 
104 
124 

6157-08-0311-1 
6157-08-0210-1 
6157-09-0120-3 
6151-21-0111-3 
6155-05-0111-3 
6152-03-0111-3 
6252-15-0140-3 
6157-09-0120-5 
6157-08-0210-3 
6157-08-0320-6 
61 52-02-0 1 10-3 

uco, o/u -1.0 
uco, o/u -0.5 

uc2 

uo2 

uco, o/u -0.5 
uco, o/u -1.0 
uo2 

UCO, O/U -1.5 

1:1(Th,U)02 

Tho2 
UCO, O/U -1.5 

T r i s o  
T r i s o  
T r i s o  
T r i s o  
T r i s o  
Tr i soa  
T r i s o  
T r i s o  
T r i s o  
T r i s o  
T r i s o  b 

qive-micrometers  Z r C  depos i ted  on t h e  U02 

krC b u f f e r  . 
kerne l .  

t h e  gamma emissions of ll0"?4g. 

f i r s t  MEU f u e l  a v a i l a b l e  t h a t  had been i r r a d i a t e d  a t  moderate t e m -  

pe ra tu re s  (-1000°C) and t o  h igh  f a s t  neutron f luences  (4.2 t o  6.95 X 

These p a r t i c l e s  r e p r e s e n t  some of t he  

neutrons/m2, E > 29 f J ) .  Desc r ip t ions  of t he  particles examined 

are given i n  Table 2.22. 

I n  the  past, IMGA r e s u l t s  were based on r a t i o s  using 95Zr as t h e  

s t a b l e  i so tope .  However, based on some recen t  c a l c u l a t i o n s ,  we b e l i e v e  

t h a t  t he  a c t i v i t y  r a t i o s  t h a t  use lo6Ru as the  s t a b l e  i so tope  may be more 

r e p r e s e n t a t i v e  of t h e  q u a n t i t a t i v e  release va lues .  W e  are now i n  the  pro- 

cess of examining our (and G A ' s )  c a l c u l a t i o n a l  methods f o r  determining 

f i s s i o n  product i n v e n t o r i e s  i n  t h e  particles. It  is hoped t h a t  w e  w i l l  

a r r i v e  a t  a s tandard  procedure t h a t  w i l l  a c c u r a t e l y  p r e d i c t  f i s s i o n  pro- 

duc t  i nven to r i e s .  

Although t h e  measured 137Cs/106Ru a c t i v i t y  r a t i o s  (Table 2.23) 

showed t h a t  137Cs w a s  being r e t a i n e d  by t h e  p a r t i c l e s ,  t h e  llO%g/ lo6Ru 

a c t i v i t y  r a t i o  (Table  2.24) i n d i c a t e d  t h a t  ll0"?4g w a s  being re leased .  

The c a l c u l a t e d  a c t i v i t y  r a t i o s  r ep resen t  t h e  b e s t  estimates a t  t h e  

present  t i m e ;  however, w e  do not  cons ider  them f i n a l .  A s  mentioned 

previous ly ,  t h e  c a l c u l a t i o n a l  methods are now being analyzed so t h a t  t h e  
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Table 2.22. D e s c r i p t i o n  o€ GA HRB-15b f i s s i l e  
p a r t i c l e s  examined wi th  the  IMGA system 

K e  me 1 type 
Coat ing f l u e n c e  

(neutrons/m’), 

12 

18 

50 

80 

84 

90 

92 

98 

104 

114 

116 

118 
124 

138 

148 

150 

156 

uc0.4901.12 

“0.69O 1.64 
(Th ,U)O2  

uc0.4901. 12  

uc0.2001. 64 
uc2 
(Th,U>02 

U02 w / Z r C  coa t  

uc0.4901. 12 
(Th ,U)02  

uc0.4901.12 

U02 w / Z r C  b u f f e r  

U02 w / Z r C  b u f f e r  

uo2 

uo2 

uc0.6900. 51 
U02 w / Z r C  b u f f e r  

168 uc0.2001. 64 

T r i s o  

T r i s o  

T r i s o  

T r i s o  

T r i s o  

T r i s o  

T r i s o  

T r i s o  

T r i s o  

S iB i so  

S iB i so  

S iB i so  

T r i s o  

T r i s o  

T r i s o  

T r i s o  

S iB i so  

T r i s o  

4.35 

4.55 

6.25 

6.90 

6.93 

6.95 

6.95 

6.90 

6.85 

6.60 

6.55 

6.55 

6.25 

5.75 

5.10 

5.00 

4.65 

4.05 
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Table 2.23 Resu l t s  on ~ ~ ~ C S / ~ O ~ R U  r a t i o  f o r  HRB-15b 

Observed r a t i o  as 
percent  of 

c a l c u l a t e d  r a t i o  

Calcu la ted  
r a t i o a  

Observed 
r a t i o  P o s i t i o n  

12 
18 

50 
80 

84 
90 
92 
98 
104 
114 
116 
118 
124 
138 
148 
150 
156 
168 

1.6763-1 
1.6273-1 
1.4 1 8E- 1 
1.142E-1 
1.170E-1 
1.170E-1 
1.3373-1 
1.144E-1 
1.074E-1 
1.305E-1 
1.187E-1 
1.183E-1 
1.186E-1 
1.194E-1 
1.322E-1 
1.331E-1 
1.330E- 1 
1.501E-1 

1.819E-1 
1.5293-1 
1.4433- 1 
1.140E-1 
1.136E-1 
1.132E-1 
1.321E-1 
1.121E-1 
1.124E-1 
1.325E-1 
1.138E-1 
1.173E-1 
1.179E-1 
1.257E-1 
1.329E-1 
1.33 1E-1 
1.381E-1 
1.5423-1 

92.2 
106.4 
98.3 
100.2 
103.0 
103.3 
101.2 
102.1 
95.6 
98.5 
104.3 
100.8 
100.6 
95.0 
99.5 
100.0 

96.3 
97.3 

%sing ORNL No. 2 c r o s s  s e c t i o n s  from W. E. Thomas 
e t  a l . ,  HTGR Experiment HRB-1Sb: P a r t i c l e  Loadings and 
Irradiat ion i n  t h e  High-Flux I s o t o p e  Reactor, ORNL/TM-6892 
(December 1979). 
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Table 2.24 Resu l t s  on 110mAg/106Ru r a t i o  for HRB-15b 

Observed r a t i o  as 
percent  of 

c a l c u l a t e d  r a t i o  

Observed Calcula ted  
r a t i o a  P o s i t  ion  rat i o  

12 

18 
50 

80 
84 
90 
92 

98 

104 
114 

116 

118 
124 

138 
148 

150 

156 
168 

4.0883-3 

4.8213-3 
7.360E-3 

7.991E-3 

7.589E-3 
7.787E-3 
7.57 3E-3 

7.7093-3 
7.3693-3 

8.1373-3 
7.845E-3 

7.533E-3 
7.2643-3 

7.3 17E-3 
6.4503-3 

6.523E-3 
5.8453-3 
5.7143-3 

5.703E-3 

6.335E-3 
9.443E-3 

1.070E-2 

1.0743-2 
1.078E-2 
1 A65E-2 

1.0873-2 
1.086E-2 

1.0623-2 
1.073E-2 

1.050E-2 

1.0333-2 

9.600E-3 
9.11 1E-3 

8.958E-3 
8.551E-3 
7.3583-3 

71.7 

76.1 
77.9 

73.9 
70.7 
72.2 
71.1 

70.9 
67.9 

76.6 

73.1 

71.7 
70.3 

76.2 
70.8 

72.8 
68.4 
77.7 

~~ ~~~ 

aUsing ORNL No. 2 c ross  s e c t i o n s  from W. E. Thomas 
e t  a l . ,  HTGR Experiment HRB-15b: Particle Loadings and 
Irmdiation in the High-Flux Isotope Reactor, ORNL/TM-6892 
(December 1979). 
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c a l c u l a t e d  r a t i o s  may be changed, r e s u l t i n g  i n  d i f f e r e n t  release va lues .  

Changes i n  t h e  c a l c u l a t e d  r a t i o s  w i l l  be r epor t ed  as they become 

a v a i l a b l e .  A l l  t h e  r e s u l t s  on t h e  IMGA examinat ions were s e n t  t o  GA f o r  

i n c l u s i o n  as an appendix t o  t h e i r  f i n a l  t o p i c a l  r e p o r t  on capsu le  HRB-15b. 
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3.  PRESTRESSED CONCRETE PRESSURE VESSEL DEVELOPMENT 

D. J. Naus 

3 .1  INTRODUCTION 

The Prestressed Concrete Reactor Vessel (PCRV) research and develop- 

ment program consists of generic studies designed to provide technical 

support for ongoing PCRV activities, to contribute to the technological 

data base, and to provide independent review and evaluation of the rele- 

vant technology. These studies are identified through direct com- 

munication with PCRV designers, participation in American Concrete 

Institute-American Society of Mechanical Engineers (ACI-ASME) committee 

activities, literature reviews, and communications with researchers in 

other countries. The program involves four basic interrelated activities: 
( 1 )  assessments, (2)  analysis development, (3 )  materials studies, and 

( 4 )  model testing. 

ducted in five task areas: ( 1 )  analysis methods development, (2) concrete 

properties in nuclear environment, ( 3 )  instrumentation evaluation and 

development, ( 4 )  structural model tests, and (5) liner and penetration 
studies . 

During this reporting period studies have been con- 

3 .2  ANALYSIS METHODS - J. R. Dougan, Z. P. Bazant,* and E. C. Rossow* 

The objective of the PCRV analytical effort is to develop techniques 

that can be incorporated into existing modern finite-element computer 

programs to improve the accuracy and efficiency of these codes. We are 

currently investigating revisions to the endochronic concrete constitutive 
relations and finite-element computation of creep effects in concrete 

structures. 

3.2 .1  Revisions to the Endochronic Concrete Constitutive Relations 

A major activity of the PCRV program is the development and 

demonstration of accurate structural analysis of PCRVs and their related 
structural components. The accuracy of such analyses depends heavily on 

the ability of the concrete constitutive relations to represent both the 

*Northwestern University, Evanston, Ill. 

95 
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elastic and inelastic behavior of the concrete under complex loading 

conditions. One effort to provide suitable concrete constitutive rela- 

tions was performed for ORNL by Z. P. Bazant of Northwestern Universfty. 

This effort culminated in a report1 that documents the use of an endo- 

chronic theory to describe the behavior of concrete. Basically, the 
endochronic theory characterizes the accumulation of inelastic strain 

through the use of a parameter called intrinsic time, whose increment is 

a function of the strain increments. Periodically revisions have been 

made to the endochronic constitutive relations for concrete as incor- 

porated into the ADINA2y3 finite-element code at ORNL. 

Bazant proposed two sets of constitutive relations for concrete. 

Both sets were incorporated into ADINA and are referred to as the base 

model relations and the refined model relations. One primary difference 

between the two sets of relations is the inclusion in the refined model 
relations of inelastic volume changes caused by hydrostatic stress. The 

stress-strain relationships for both the base and the refined model rela- 

tions are separated into their respective volumetric and deviatoric 

components, which are defined as functions of several parameters, of which 

one is intrinsic time. These parameters are defined as functions of a 

variety of other parameters, whose values were determined by curve-fitting 

a large amount of test data. Of particular importance is that, for those 

parameters not found to be constant, all were related to only one other 
parameter, the concrete compressive strength f;. 

3.2.1.1 Base Model Constitutive Relations 

The incremental stress-strain relations proposed by Bazant for the 
base model are separated into increments of the deviatoric and volumetric 
components, which in turn are expressed as the sum of their respective 

elastic and inelastic portions. For the deviatoric component, the 

equations are written as 

deij = ds.  23 . /2G + del; , 
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where de = ij 
dsij = 

G =  

de;; = 

s =  ij 
dz = 

increment of the deviator of the strain tensor, 

increment of the deviator of the stress tensor, 
shear modulus, 
inelastic increment of de ijy 
deviator of the stress tensor, 

increment of intrinsic time. 

For the volumetric component, the equations are written as 

ds = d0/3K + ds” 

and 

where d~ = increment of volumetric strain, 
do = increment of volumetric stress, 
K = bulk modulus, 

ds.” = inelastic increment of ds,  

dA = increment of inelastic dilatancy, 
CJ = volumetric stress, 

dt = increment of time, 

= relaxation time, 

d ~ o  = increment of stress-independent inelastic strain (thermal 
dilatation plus shrinkage). 

The notation employed in these and the remaining constitutive equations 

presented in this report is identical to that used by Bazant in ref. 1, 

which includes considerably more detail about the terms defined above. 
For incorporation of these equations into ADINA, consideration was 

given to only short-term deformations, which thereby allowed creep t o  be 
neglected. Also, no stress-independent inelastic strains, such as thermal 

dilantancy and shrinkage, were considered. Therefore, Eq. ( 3 . 2 ) ,  in order 

to represent the time-independent form of the base model constitutive 

relations, may be rewritten as 

dE = (d0/3K) + dE”, 
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dc.”” = dX 

o r ,  more d i r e c t l y ,  

de = (do/3K), + dh . ( 3 . 3 )  

Equat ions (3 .1 )  and ( 3 . 3 )  r ep resen t  t h e  s t r e s s - s t r a i n  r e l a t i o n s  used i n  

implementing the  base model. 

The base model c o n s t i t u t i v e  r e l a t i o n s  and t h e  corresponding s o l u t i o n  

r o u t i n e  are conta ined  i n  a subrou t ine  c a l l e d  ENDO. The s o l u t i o n  r o u t i n e  

fo l lows  t h e  one recommended i n  r e f .  1 and u t i l i t i z e s  t h e  step-by-step 

numerical  i n t e g r a t i o n  technique.  

ve r s ion  of ENDO as it is used i n  conjunct ion  wi th  ADINA is provided i n  

r e f .  4. 

A l i s t i n g  of t h e  two-dimensional (2-D) 

I n  a d d i t i o n  t o  ENDO, a number of o t h e r  sub rou t ines  are u t i l i z e d  i n  an 

a n a l y s i s  employing t h e  endochronic c o n s t i t u t i v e  r e l a t i o n s .  Four of t h e  

sub rou t ines  are ( 1 )  EL2D14, which sets t h e  p o i n t e r s  f o r  vec to r  s t o r a g e ;  

( 2 )  IENDO,  which i n i t i a l i z e s  t h e  s t o r a g e  parameters ;  (3 )  EIGEN, which 

c a l c u l a t e s  e igenvalues ;  and ( 4 )  MAXMIN, which determines t h e  maximum and 

minimum stress and s t r a i n  f o r  each i n t e g r a t i o n  po in t .  MAXMIN is  not  used 

i n  3-D problems because t h e  c u r r e n t  ADINA output  format does not  have 

space f o r  p r i n t i n g  t h e  maximum stresses and s t r a i n s  f o r  such problems. 

The 2-D ve r s ions  of t h e  remaining subrou t ines  are a l s o  l i s t e d  i n  r e f .  4 

and are concerned wi th  t h e  c racking  rou t ines .  WCRACK is  used t o  check t h e  

s t a t u s  of e x i s t i n g  c racks ,  t h a t  is, whether they are open o r  c losed .  

ECRACK c a l c u l a t e s  t he  t r u e  stresses and s t r a i n s  on t h e  basis of nodal  

displacements  and t h e  e x i s t i n g  c rack  s t a t u s .  POSINV is  used by ECRACK t o  

i n v e r t  p o r t i o n s  of t he  material matr ix .  

3 .2 .1 .2  Refined Model C o n s t i t u t i v e  Re la t ions  

The r e f i n e d  model r e l a t i o n s  r e s u l t e d  from t h e  a n a l y s i s  of f u r t h e r  

tes t  da ta .  The equat ions  developed t o  model t h e  behavior  of conc re t e  

became more complicated than  were t h e  ones developed f o r  t h e  base model 

r e l a t i o n s  and inc luded  volumetr ic  i n e l a s t i c  s t r a i n s  caused by h y d r o s t a t i c  

s t r e s s .  The r ev i sed  r e l a t i o n s  involved t h e  use  of two i n t r i n s i c  times, 
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one f o r  d i s t o r t i o n  and t h e  o t h e r  f o r  compaction. The r e s u l t i n g  t i m e -  

independent form of t h e  s t r e s s - s t r a i n  r e l a t i o n s  may be w r i t t e n  as fol lows.  

For t h e  d e v i a t o r i c  component 

d e i j  = d s  . . /2G + de;; , 
23 

de;; = ( s .  . /2G)dz , 
23 

i n  which t h e  v a r i a b l e s  are def ined as before ,  except dz,  which is now 

def ined  as t h e  increment of i n t r i n s i c  time f o r  d i s t o r t i o n .  A s  before ,  t h e  

s t r a i n  increment is  t h e  sum of i t s  e l a s t i c  and i n e l a s t i c  p a r t s .  For t h e  

volumetr ic  component 

d &  = do f3K + d&” , 

dE” = dX + (oI3K)dz’ + dX’ , 

i n  which t h e  v a r i a b l e s  are def ined  as before ,  dz’ r e p r e s e n t s  t h e  increment 

of i n t r i n s i c  t i m e  f o r  compaction, and dh’ r e p r e s e n t s  t h e  increment of 

s h e a r  compaction. These equat ions  r e p r e s e n t  t h e  s t r e s s - s t r a i n  r e l a t i o n s  

used i n  implementing t h e  r e f i n e d  model. 

Subrout ine ENDOR c o n t a i n s  t h e  refined-model r e l a t i o n s  and t h e  solu- 

t i o n  rout ine .  Reference 4 c o n t a i n s  a l i s t i n g  of t h e  2-D v e r s i o n  of ENDOR. 

The a d d i t i o n a l  s u b r o u t i n e s  u t i l i z e d  when employing t h e  r e f i n e d  model rela- 

t i o n s  are i d e n t i c a l  i n  f u n c t i o n  t o  t h e  ones l i s t e d  f o r  t h e  base model 

r e l a t i o n s .  I n  f a c t ,  subrout ines  WCRACK, ECRACK, POSINV, and MAXMIN are 

t h e  same f o r  both sets of r e l a t i o n s ,  but subrout ines  EL2D14 and I E N D O  con- 

t a i n  minor changes t o  r e f l e c t  t h e  i n c r e a s e  i n  t h e  parameters used i n  t h e  

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

3 . 2 . 1 . 3  Cracking 

The endochronic theo ry ,  as presented  i n  r e f .  1, does not inc lude  

r e a l i s t i c  provis ions  f o r  handl ing t h e  t e n s i l e  c racking  of concrete .  

Therefore ,  a s e p a r a t e  r o u t i n e  f o r  concre te  c racking  w a s  developed. I n  

t h i s  r o u t i n e ,  t h e  c racks  are modeled by s e t t i n g  t h e  stresses normal and 
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p a r a l l e l  t o  t h e  c rack  p lane  equal  t o  zero.  The c r i t e r i a  f o r  c rack ing  are 

de f ined  by u s e r  i npu t  va lues  f o r  a t e n s i l e  stress l i m i t  and a t e n s i l e  

s t r a i n  l i m i t .  Cur ren t  s t r e s s  and s t r a i n  va lues  a t  t h e  i n t e g r a t i o n  po in t s  

used i n  t h e  numerical  e v a l u a t i o n  of t h e  p a r t i c u l a r  e lement ' s  material 

matrix are checked a g a i n s t  t h e s e  l i m i t s .  A crack is assumed t o  occur  i f  

e i t h e r  of t h e s e  l i m i t s  i s  exceeded. 

A crack  is assumed t o  c l o s e  i f  t h e  s t r a i n  normal t o  t h e  c rack  p lane  

and c a l c u l a t e d  from t h e  d isp lacements  i s  less nega t ive  than  t h e  a c t u a l  

s t r a i n  i n  t h e  material ,  assuming t h a t  a c rack  is  p resen t .  The s t a t u s  of a 

c rack  is checked a f t e r  t h e  change i n  t h e  parameters A z  and AX ( p l u s  A z '  

and A X '  f o r  t h e  r e f i n e d  model) i s  less than 5% from one i t e r a t i o n  t o  t h e  

next.  

We o r i g i n a l l y  attempted t o  model t h e  e f f e c t  of aggrega te  i n t e r l o c k  by 

t h e  c rack ing  r o u t i n e  through t h e  use  of a "shear  t r a n s f e r "  f a c t o r .  

However, use  of t h e  f a c t o r  genera ted  c o n f l i c t i n g  r e s u l t s ,  and it  has  been 

removed f o r  t h e  t i m e  being because of our impression t h a t  i gnor ing  t:he 

phenomenon of aggrega te  i n t e r l o c k  w i l l  produce conse rva t ive  r e s u l t s .  

3.2.1.4 S t r a i n  Subdiv is ions  

The complex equa t ions  of t h e  endochronic c o n s t i t u t i v e  r e l a t i o n s ,  are 

numer ica l ly  i n t e g r a t e d  by us ing  t h e  method s p e c i f i e d  i n  r e f .  1 as i t  per- 

t a i n s  t o  t h e  s o l u t i o n  r o u t i n e  used i n  ADINA. I n  ADINA, t h e  approximate 

s t i f f n e s s  of t h e  s t r u c t u r e  is c a l c u l a t e d ,  and approximate d isp lacements  

are  determined t h a t  correspond t o  t h e  known loads  on t h e  s t r u c t u r e .  

S t r a i n s  a r e  then  determined by us ing  t h e  element s t r a i n  displacement 

r e l a t i o n s .  The i n t e r n a l  stresses t h a t  arise from t h e s e  s t r a i n s  are com- 

puted and compared wi th  t h e  stresses t h a t  were assumed t o  exis t  when t h e  

s t i f f n e s s  w a s  determined. 

When t h e  material model equa t ions  are used, a l l  t h e  s t r a i n  components 

are  known, and t h e  stress components must be c a l c u l a t e d .  The most 

p r a c t i c a l  method of s o l v i n g  f o r  t h e  stresses r e q u i r e s  an  i t e r a t i v e  

procedure. I n i t i a l l y ,  t h e  stress increment and t h e  material parameters 

A z  and A X  ( p l u s  A z '  and AX' f o r  t h e  r e f i n e d  model) are assumed t o  be zero.  

Mean va lues  are c a l c u l a t e d  f o r  t h e  s t r a i n  components, and an approximate 

s t r e s s - s t r a i n  matrix i s  developed. Approximate stress increments are then  
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c a l c u l a t e d  by us ing  t h e  approximate s t r e s s - s t r a i n  ma t r ix  and t h e  known 

s t r a i n s .  Mean stresses are c a l c u l a t e d ,  and new va lues  of t h e  material 

parameters Az and A x  ( p l u s  Ax’ and A x ’  f o r  t h e  r e f i n e d  model) are 

determined. These new va lues  are used  t o  determine a b e t t e r  approximation 

of t h e  s t r e s s - s t r a i n  mat r ix ,  wi th  which new va lues  of t h e  stress increments 

may be ca l cu la t ed .  Again updated va lues  of t h e  material parameters are 

determined, and t h e  process  is repea ted  u n t i l  t h e  va lues  of t h e  material 

parameters do not  vary from t h e i r  p rev ious  va lues  by more than  0.1%. 

E a r l y  exper ience  wi th  t h e  endochronic c o n s t i t u t i v e  r e l a t i o n s  as o r i -  

g i n a l l y  inco rpora t ed  i n t o  ADINA i n d i c a t e d  t h a t  t h e  c o n s t i t u t i v e  equa t ions  

were i l l - c o n d i t i o n e d ;  t h a t  is, convergence t o  t h e  0.1% c r i t e r i o n  w a s  o f t e n  

ve ry  slow, r e q u i r i n g  numerous i t e r a t i o n s .  I n  some i n s t a n c e s ,  t h e  

equa t ions  diverged. To he lp  a l l e v i a t e  t h i s  s i t u a t i o n ,  a method of sub- 

d i v i d i n g  t h e  increments of s t r a i n  w a s  devised. 

A s  c u r r e n t l y  implemented, t h e  s t r a i n  increment t h a t  is app l i ed  t o  t h e  

c o n s t i t u t i v e  model equat ions  is d iv ided  i n t o  n equa l  subincrements. After 

each subincrement is a p p l i e d ,  t h e  i t e r a t i o n s  proceed as u s u a l ,  wi th  t h e  

next subincrement being app l i ed  a f t e r  t h e  0.1% convergence c r i t e r i o n  has 

been s a t i s f i e d  f o r  t h e  c u r r e n t  subincrement. The equat ion  f o r  t h e  number 

of subincrement s is 

n = 2001111 + 500J:/2 + 11,00011311/3 + 1 , 

where n = 

rl = 

r3 = 

J 2  = 

This  

s en  t a t i v e  

number of equal subincrements, 

t h e  f i r s t  i n v a r i a n t  of t h e  incrementa l  s t r a i n ,  

t h e  second i n v a r i a n t  of t h e  d e v i a t o r  of incrementa l  s t r a i n ,  

t h e  t h i r d  i n v a r i a n t  of t h e  incrementa l  s t r a i n .  

equa t ion  w a s  developed by t r i a l  and e r r o r  on t h e  b a s i s  of repre- 

cases t h a t  tended t o  d ive rge  be fo re  t h e  a p p l i c a t i o n  of t h e  

s t r a i n  subd iv i s ions .  

3.2.1.5 Modulus of E l a s t i c i t y  

The endochronic c o n s t i t u t i v e  r e l a t i o n s ,  as c u r r e n t l y  implemented i n  

ADINA, r e q u i r e  only t h e  knowledge of t h e  conc re t e  compressive s t r e n g t h  f; 
t o  d e f i n e  t h e  shape of t h e  compression p o r t i o n  of t h e  s t r e s s - s t r a i n  curve. 
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Other requi red  informat ion ,  such as t h e  i n i t i a l  t angent  modulus, is 

genera ted  from f u n c t i o n s  of f g  and s p e c i f i e d  v a l u e s  of material parame- 

ters determined from t h e  f i t t i n g  of t e s t  d a t a .  Therefore ,  f o r  a s p e c i f i e d  

f;, only one shape of t h e  compression p o r t i o n  of t h e  s t r e s s - s t r a i n  curve  

may be generated.  Although t h i s  one shape may r e p r e s e n t  something of a n  

average of a l l  t h e  p o s s i b l e  shapes of s t r e s s - s t r a i n  curves  f o r  c o n c r e t e  of 

a s p e c i f i c  f& i t  c l e a r l y  does n o t  a l l o w  t h e  f l e x i b i l i t y  r e q u i r e d  f o r  

a n a l y s i s  of PCRVs and t h e i r  r e l a t e d  components. 

I n  one a n a l y s i s  performed a t  ORNL by using t h e  r e f i n e d  endochronic 

c o n s t i t u t i v e  r e l a t i o n s ,  t h e  dependence of t h e  i n i t i a l  t angent  modulus, Eo 
on f; l e d  t o  nonconservat ive r e s u l t s ,  i n  p a r t ,  i f  not  completely.  T h e  

a n a l y s i s  was conducted on a small-scale f l a t  end-slab of a c y l i n d r i c a l  

p r e s t r e s s e d  concre te  n u c l e a r  r e a c t o r  v e s s e l  t h a t  had been t e s t e d  t o  

f a i l u r e  by t h e  Univers i ty  of I l l i n ~ i s . ~  

and t h e  c o n c r e t e  p r o p e r t i e s  were recorded a s  46.3 MPa f o r  f6 and as 

26.9 GPa f o r  Eo.  Using t h e  equat ion  f o r  Eo contained i n  t h e  r e f i n e d  model 

r e l a t i o n s ,  a v a l u e  of 41.8 GPa was genera ted  and used i n  t h e  a n a l y s i s .  

The r e s u l t i n g  a n a l y t i c a l  displacements  were s i g n i f i c a n t l y  less than  t:he 

recorded displacements ,  a f a c t  t h a t  c o n t r i b u t e d  t o  t h e  a b i l i t y  of t he  

a n a l y t i c a l  s t r u c t u r e  t o  wi ths tand  a much h igher  loading  b e f o r e  f a i l u r e  

than  d i d  t h e  tes t  s l a b .  The most probable reason  f o r  t h i s  r e s u l t  w a s  t h e  

c o n s i d e r a b l e  d i f f e r e n c e  i n  t h e  recorded and t h e  c a l c u l a t e d  Eo. The 

c a l c u l a t e d  v a l u e ,  being t h e  h igher  of t h e  two, def ined  a c o n c r e t e  t h a t  

w a s  cons iderably  more s t i f f  than  i t  should have been. 

The s l a b  was des igna ted  PV26-2, 

The most d i r e c t  method f o r  c o r r e c t i n g  t h i s  discrepancy i s  t o  s p e c i f y  

Eo r a t h e r  than  t o  c a l c u l a t e  i t  on t h e  b a s i s  of fg. 
t h a t  merely i n p u t t i n g  t h e  d e s i r e d  va lue  of Eo would s o l v e  t h e  problem. 

However, t h i s  procedure,  whi le  c o r r e c t i n g  Eo, s i g n i f i c a n t l y  reduced t h e  

maximum compressive stress even though f; w a s  l e f t  unchanged as an i n p u t  

value.  Apparent ly ,  t h e  i n t e r r e l a t i o n s h i p s  between t h e  v a r i o u s  material 

parameters used i n  t h e  r e f i n e d  model r e l a t i o n s  are such t h a t  any change 

i n  t h e  va lue  of Eo has not  only t h e  d e s i r e d  e f f e c t  on Eo but  a l s o  an 

undes i rab le  e f f e c t  on t h e  magnitude of t h e  m a x i m u m  stress. Some e f f o r t  

has  been devoted t o  examining c e r t a i n  material  parameters known t o  a f f e c t  

t h e  va lue  of t h e  maximum stress by assuming t h a t  t h e s e  parameters could be 

O r i g i n a l l y  we hoped 
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manipulated in such a way as to force the stress-strain curve through the 

desired maximum stress. Thus far, however, nothing conclusive has been 

determined. 

It should be noted that this problem is not confined to the refined 
model relations but also exists in the base model relations, where Eo is 

likewise calculated from fE by using a slightly different equation. 

3.2.1.6 Investigation Conclusions 

The endochronic constitutive relations, as currently implemented in 

ADINA, represent a potentially powerful tool for use in the analysis of 
PCRVs and their related structural components. Unfortunately, some 

discrepancies still exist, which reduce the reliability of the relations. 

A method for determining the effect of creep must be developed. A proce- 

dure for incorporating some consistent measure of the effect of aggregate 

interlock is also desirable. But, most important, until a way is found 

for better control over the shape of the stress-strain curve, the rela- 

tions are of limited use. 

3.2.2 Finite-Element ComDutation of CreeD Effects in Concrete Structures 

During this reporting period a subcontract was initiated with 
Northwestern University to develop a set of computer subroutines for creep 

analysis of concrete structures. 

3.2.2.1 Background 

To evaluate the full benefit of the safety and reliability of 
concrete containment structures, it is necessary to include not only the 

strength effects for the concrete and reinforcing materials but also the 
actual inelastic behavior of these materials. In concrete vessels acting 
as primary containments (PCRVs) or secondary containments, creep of the 
concrete causes the major source of inelastic behavior during their ser- 

vice life. During the 1970s the knowledge of this phenomenon advanced 

tremendously, and methods that allow an accurate and realistic analysis 

were developed.6-16 

computer finite-element analysis of creep effects was deemed to be 

feasible. 

From these researches, the method for a large-scale 
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3.2.2.2 Approach 

A set of FORTRAN I V  s u b r o u t i n e s  t h a t  extend t h e  c a p a b i l i t y  of t h e  

f in i te -e lement  code NONSAP (Univers i ty  of C a l i f o r n i a  a t  Berkeley) w i l l  be 

developed f o r  a n a l y s i s  of c o n c r e t e  creep. For a n a l y s i s ,  c r e e p  w i l l  be 

c h a r a c t e r i z e d  as: 

0 

0 

e 

The 

0 

0 

0 

0 

The c r e e p  l a w  w i l l  be assumed t o  be l i n e a r ;  t h a t  i s ,  t o  fo l low t h e  

p r i n c i p l e  of s u p e r p o s i t i o n ,  which i s  a p p l i c a b l e  w i t h i n  t h e  s e r v i c e  

stress range,  e s p e c i a l l y  f o r  m a s s  concre te .  

Aging ( t h e  gradual  change of c r e e p  p r o p e r t i e s  as a f u n c t i o n  of age)  

w i l l  be considered.  

The dependence of c r e e p  p r o p e r t i e s  on given temperature  v a r i a t i o n s  

w i l l  be considered.  This  w i l l  inc lude  both ( 1 )  t h e  i n c r e a s e  of t h e  

c r e e p  ra te  from h e a t i n g  and ( 2 )  t h e  a c c e l e r a t i o n  of ag ing ,  as 

modified by t h e  e q u i v a l e n t  h y d r a t i o n  per iod ( m a t u r i t y ) .  

p r i n c i p a l  c h a r a c t e r i s t i c s  of t h e  numerical  method w i l l  be 

The i n t e g r a t i o n  w i l l  be c a r r i e d  ou t  i n  d i s c r e t e  t i m e  s t e p s .  

A ra te - type  ( r a t h e r  than  an i n t e g r a l - t y p e )  form of t h e  c r e e p  l a w ,  

w i t h  age-dependent p r o p e r t i e s ,  w i l l  be used. (This  w i l l  e1iminat:e 

t h e  need f o r  s t o r i n g  t h e  h i s t o r y  of stresses f o r  each f i n i t e  element 

and e v a l u a t i n g  i n  each t i m e  s t e p  long sums over t h i s  h i s t o r y . ) 6  

Among t h e  v a r i o u s  p o s s i b l e  ra te - type  forms, t h e  one based on a 

Maxwell c h a i n  w i l l  be adopted because of i t s  advantages documented i n  

t h e  l i t e ra ture .6-10 ,  l5 

The age-dependent e l a s t i c  moduli c h a r a c t e r i z i n g  t h e  Maxwell cha in  

model w i l l  be a u t o m a t i c a l l y  genera ted  by one subrout ine  from t h e  

r e l a x a t i o n  f u n c t i o n ,  which i t s e l f  w i l l  be a u t o m a t i c a l l y  determined 

from t h e  c r e e p  func t ion .  A check by reproducing the  c r e e p  curves 

from t h e  Maxwell cha in  model w i l l  a l s o  be included.  9~ lo, l4 

The exponent ia l  a lgor i thm,  which i s  uncondi t iona l ly  s t a b l e  and a l lows  

i n c r e a s i n g  t h e  t i m e  s t e p  so t h a t  i t  appears  cons tan t  i n  t h e  log-time 

scale,  w i l l  be u s e d . 9 ~ 1 0 ~ 1 4  

The c h a r a c t e r i z a t i o n  of c r e e p  f o r  computations may fo l low e i t h e r  of 

t h e  fol lowing two methods. 
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0 The c r e e p  f u n c t i o n  i s  def ined  e m p i r i c a l l y  on t h e  b a s i s  of creep tests 

f o r  one p a r t i c u l a r  concre te  t h a t  t h e  user  has i n  mind, t h e  input  

be ing  an a r r a y  of va lues  f o r  v a r i o u s  d i s c r e t e  c r e e p  d u r a t i o n s  and 

ages  a t  loading. 

The c r e e p  f u n c t i o n  is  c h a r a c t e r i z e d  i n  terms of t h e  double power l a w ,  

whose parameters w i l l  be a u t o m a t i c a l l y  generated i n  t h e  program from 

t h e  given s tandard  c y l i n d r i c a l  s t r e n g t h  of concre te ,  i t s  mix r a t i o ,  

and cement type.11,13 

user  w i l l  a l s o  s p e c i f y  t h e  e las t ic  modulus o r  some short- t ime c r e e p  

va lue  o r  ( 2 )  t h e  e las t ic  modulus w i l l  be c a l c u l a t e d  from t h e  s t r e n g t h .  

Only normal weight and normal s t r e n g t h  concre tes  made of por t land  

cement w i l l  be considered.  

Two o p t i o n s  w i l l  be poss ib le :  ( 1 )  e i t h e r  t h e  

E f f e c t s  of t ime-variable  humidity w i l l  no t  be considered i n  t h i s  

development. These e f f e c t s  would br ing  about a major compl ica t ion  of t h e  

program and would r e q u i r e  t h a t  many a d d i t i o n a l  v a r i a b l e s  be used t o  charac- 

t e r i z e  p a r t i a l  stresses i n  s o l i d  and water components.6 

moisture  e f f e c t s  i s  admiss ib le  f o r  massive s t r u c t u r e s  such as PCRVs 

because of t h e i r  t h i c k n e s s  and t h e  use of a s t ee l  l i n e r  on t h e  i n t e r i o r  

s u r f a c e ,  which does not  permit s i g n i f i c a n t  dry ing  except  poss ib ly  a t  t h e  

o u t e r  sur face .  However, a n  approximate c o n s i d e r a t i o n  of t h e  humidity 

e f f e c t ,  which does not  cause major complicat ion of t h e  a n a l y s i s ,  w i l l  be  

poss ib le .  The user  w i l l  be allowed t o  s p e c i f y  t h e  mean humidity of each 

element during i t s  l i f e t i m e ,  and t h e  c o e f f i c i e n t s  of t h e  c r e e p  l a w  w i l l  

be determined on t h i s  basis .13 

supply h i s  own shr inkage f u n c t i o n  €or  each element o r  t o  g e n e r a t e  t h e  

shr inkage f u n c t i o n  on t h e  b a s i s  of the suppl ied  mean r e l a t i v e  humidity.13 

Omission of 

Moreover, t h e  user  w i l l  be a b l e  e i t h e r  t o  

The coding w i l l  be i n  FORTRAN I V  f o r  t h e  CDC-6600 computer opera ted  

a t  Northwestern Univers i ty .  Care w i l l  be  exerc ised  t o  make t h e  coding 

machine-independent f o r  maximum p o r t a b i l i t y  of t h e  r o u t i n e s .  

Incorpora t ion  of t h e  s u b r o u t i n e s  i n t o  t h e  NONSAP program w i l l  no t  cause a 

change i n  input  t o  t h e  program f o r  c u r r e n t  uses.  Input  i n t o  t h e  creep 

r o u t i n e s  w i l l  be of a form t h a t  i s  compatible wi th  NONSAP and t h a t  is 

f a m i l i a r  t o  c u r r e n t  NONSAP users .  Every e f f o r t  w i l l  be made t o  minimize 

running t i m e  and s t o r a g e  requirements.  

s t o r a g e  w i l l  be executed wi th  s tandard  FORTRAN s ta tements  but w i l l  be 

All 1/0 with  high-speed a u x i l i a r y  
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blocked by using l a r g e  b u f f e r s .  This  w i l l  permit ,  a t  t he  u s e r ' s  o p t i o n ,  

a n  easy implementation of h ighly  e f f i c i e n t  machine-dependent 1/0 r o u t i n e s  

a t  p a r t i c u l a r  i n s t a l l a t i o n s .  

3 . 2 . 2 . 3  R e s u l t s  t o  be Provided 

On completion of t h e  i n v e s t i g a t i o n ,  a r e p o r t  w i l l  be provided, t o  

c o n t a i n  t h e  fol lowing p a r t s :  (1) g e n e r a l  d e s c r i p t i o n  of r e s u l t s ,  

( 2 )  d e t a i l e d  d e s c r i p t i o n  of t h e  s u b r o u t i n e s  wi th  user  i n s t r u c t i o n s ,  and 

( 3 )  complete FORTRAN I V  l i s t i n g  of a l l  s u b r o u t i n e s  developed f o r  t h e  

CDC-6600. The g e n e r a l  d e s c r i p t i o n  of r e s u l t s  ( p a r t  1) w i l l  c o n t a i n  

( 1 )  an i n t r o d u c t i o n ,  ( 2 )  a d e s c r i p t i o n  of t h e  mathematical  model used f o r  

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

methods, ( 3 )  a d e s c r i p t i o n  of t h e  numerical  t ime- in tegra t ion  method, 

( 4 )  a d e s c r i p t i o n  of main f e a t u r e s  of s u b r o u t i n e s  developed, (5) documen- 

t a t i o n  of an i l l u s t r a t i v e  example, ( 6 )  a summary and conclus ions ,  and 

( 7 )  a l i s t  of r e f e r e n c e s .  The d e t a i l e d  d e s c r i p t i o n  of t h e  subrouti .nes 

( p a r t  2 ) ,  which i s  intended a s  u s e r ' s  i n s t r u c t i o n s ,  w i l l  c o n s i s t  of ( 1 )  a 

d e s c r i p t i o n  of changes made i n  t h e  NONSAP program t o  accommodate subrou- 

t i n e s  developed, (2 )  a l i s t i n g  of v a r i o u s  s u b r o u t i n e s  and t h e i r  

f lowchar t s ,  ( 3 )  a d e s c r i p t i o n  of communication between s u b r o u t i n e s  and t h e  

main program, ( 4 )  a d e t a i l e d  d e s c r i p t i o n  of input  and output ,  and (5)  an 

example problem complete wi th  sample input  and output .  The program 

listing ( p a r t  3 )  w i l l  be supplemented wi th  s u f f i c i e n t  comments t o  e x p l a i n  

t h e  coding. 

The i n v e s t i g a t i o n  w i l l  be completed, and a f i n a l  r e p o r t  w i l l  be 

developed dur ing  t h e  next  r e p o r t i n g  period. 

3 . 3  CONCRETE PROPERTIES I N  A NUCLEAR ENVIRONMENT - G. C. Robinson and 
D. J. Naus 

The o b j e c t i v e s  of t h e  c o n c r e t e  p r o p e r t i e s  i n  a n u c l e a r  environment 

are  t o  provide b a s i c  in format ion  requi red  t o  support  development of 

improved a n a l y s i s  methods and t o  develop a bank of h ighly  r e l i a b l e  da t a .  

A c t i v i t i e s  dur ing  t h i s  r e p o r t i n g  per iod were d i r e c t e d  a t  assembling 

informat ion  on a v a i l a b l e  concre te  property d a t a  and developing a perfor-  

mance s p e c i f i c a t i o n  f o r  a c o n c r e t e  m u l t i a x i a l  t e s t i n g  system. 
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3 . 3 . 1  Review of Concrete  Proper ty  Data 

P r e s t r e s s e d  concre te  r e a c t o r  v e s s e l s  are designed t o  s e r v e  as primary 

pressure  containment s t r u c t u r e s .  The s a f e t y  of t h e s e  v e s s e l s  depends on 

(1) a c o r r e c t  assessment of t h e  loadings  ( i n c l u d i n g  over loads)  l i k e l y  t o  

be  a p p l i e d  t o  t h e  v e s s e l ,  t o g e t h e r  wi th  t h e  p r o b a b i l i t y  of t h e i r  

occur r ing ,  and ( 2 )  t h e  proper des ign  of t h e  v e s s e l  t o  accept  t h e s e  

loadings .  Proper design of t h e  v e s s e l  t hus  r e q u i r e s  a knowledge of t h e  

component ( m a t e r i a l )  p r o p e r t i e s .  S ince  t h e  l a s t  survey of c o n c r e t e  

proper t ies17  w a s  completed about f i v e  y e a r s  ago, an updated review of 

concre te  p r o p e r t i e s  w a s  conducted t o  i d e n t i f y  areas r e q u i r i n g  a d d i t i o n a l  

concre te  property development. The r e s u l t s  of t h e  review of concre te  

p r o p e r t i e s  have been used t o  develop a r e p o r t , 1 8  t o  be published dur ing  

t h e  next  r e p o r t i n g  period. A summary of t h e  r e p o r t  fol lows.  

Concrete material systems were reviewed wi th  r e s p e c t  t o  
c o n s t i t u t e n t s ,  mix des ign ,  p lac ing ,  c u r i n g ,  and s t r e n g t h  
e v a l u a t i o n s .  Although somewhat l i m i t e d  f o r  t h e  extreme 
environmental  c o n d i t i o n s ,  t y p i c a l  concre te  property d a t a  are 
presented f o r  both normal and extreme environments ( e l e v a t e d  
temperature ,  m u l t i a x i a l ,  and i r r a d i a t i o n ) .  Data shortcomings 
were i d e n t i f i e d  wi th  r e s p e c t  t o  i n t e r p r e t a t i o n  of concre te  pro- 
p e r t i e s  under (1) e l e v a t e d  temperatures  (samples t e s t e d  h o t  o r  
c o l d ,  mois ture  migra t ion  s t a t e  e i t h e r  f r e e  o r  r e s t r i c t e d ,  spec- 
imens loaded o r  unloaded dur ing  h e a t i n g ,  c o n s t i t u e n t s  and mix 
propor t ions  v a r i e d ,  specimen s i z e  i n c o n s i s t e n t ,  degree of spec- 
imen h y d r a t i o n  v a r i e d ,  hea tup  r a t e  and heat-soak d u r a t i o n  
v a r i e d ,  and l i m i t e d  b a s a l t  and s e r p e n t i n e  aggrega te  concre te  
d a t a  a v a i l a b l e ) ;  ( 2 )  m u l t i a x i a l  loadings  ( d i f f e r e n t  materials 
u t i l i z e d ,  specimen p r e p a r a t i o n  techniques v a r i e d ,  platen-  
specimen i n t e r f a c e  inf luenced  r e s u l t s ,  i n s t r u m e n t a t i o n  tech- 
niques v a r i e d  and perhaps no t  of s u f f i c i e n t  accuracy,  and 
elevated-temperature  d a t a  extremely l i m i t e d ) ;  and ( 3 )  irra- 
d i a t i o n  ( t e c h n i c a l  and experimental  d i f f i c u l t i e s  encountered i n  
conducting tests, d i f f e r e n t  materials u t i l i z e d ,  mix propor t ions  
v a r i e d ,  specimen s i z e  v a r i e d ,  temperatures  d i f f e r e d ,  and 
cool ing  and dry c o n d i t i o n s ) .  S p e c i a l t y  c o n c r e t e  material 
systems (high-strength concre te ,  f i b r o u s  c o n c r e t e ,  polymer 
concre te ,  e levated-temperature  concre te ,  l i g h t w e i g h t  concre te ,  
and r e f r a c t o r y  concre te )  were overviewed and property d a t a  
presented.  

Based on an overview of concre te  m a t e r i a l  systems f o r  a p p l i c a t i o n  t o  

p r e s t r e s s e d  concre te  pressure  v e s s e l s  (PCPVs) t h e  fo l lowing  conclusions 

can be der ived.  
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P o r t l a n d  cement concre te  property d a t a  f o r  normal o p e r a t i n g  con- 

d i t i o n s  i s  adequate  (some a d d i t i o n a l  m u l t i a x i a l  property d a t a  i s  

d e s i r a b l e ) .  

P o r t l a n d  cement concre te  property d a t a  f o r  e levated-temperature  

c o n d i t i o n s  r e q u i r e s  development, e s p e c i a l l y  f o r  b a s a l t  and ser- 

pent ine  aggrega te  concre tes .  

M u l t i a x i a l  concre te  property d a t a ,  e s p e c i a l l y  a t  e l e v a t e d  

temperatures ,  i s  r e q u i r e d  f o r  development of improved c o n s t i t u -  

t i v e  r e l a t i o n s  f o r  concre te .  

Addi t iona l  d a t a  on t h e  e f f e c t s  of i r r a d i a t i o n  on concre te  p r o p e r t i e s  

are requi red .  

High-strength c o n c r e t e s  0 4 1 . 4  MPa) have a p p l i c a t i o n  t o  PCRVs, but  

they need t o  be i n v e s t i g a t e d  t o  d e f i n e  t h e i r  mechanical behavior  

more c l e a r l y ,  t o  develop f r a c t u r e  c r i t e r i a ,  and t o  assess c u r r e n t  

American Concrete I n s t i t u t e  Code a p p l i c a b i l i t y .  

F ibrous  concre te  e x h i b i t s  s i g n i f i c a n t  p o t e n t i a l  t o  e f f e c t  improved 

PCRV performance a t  reduced c o s t s  as a r e s u l t  of property 

enhancements provided by t h e  f i b e r  re inforcement .  

Polymer concre te  and l i g h t w e i g h t  c o n c r e t e  material systems have 

l i m i t e d  a p p l i c a t i o n  t o  PCRVs because of h igh  c o s t s  and poor h o t  

s t r e n g t h s  of t h e  former and low s t r e n g t h s  of t h e  l a t t e r .  

Ref rac tory  concre tes  o f f e r  p o t e n t i a l  as thermal b a r r i e r  ( h o t  l i n e r )  

materials f o r  PCRVs. 

3.3.2 Concrete  M u l t i a x i a l  Material T e s t i n g  System 

R e s u l t s  of t h e  reviews t h a t  have been conducted on c o n c r e t e  proper- 

t i es  i n  a nuc lear  e n ~ i r o n m e n t l ~ , ~ ~  show t h a t  t h e  a v a i l a b i l i t y  of d a t a  

r e p r e s e n t a t i v e  of concre te  behavior  under m u l t i a x i a l  and thermal loadings  

l i k e l y  t o  be encountered i n  a PCRV, p a r t i c u l a r l y  under p o s t u l a t e d  a c c i d e n t  

c o n d i t i o n s ,  i s  somewhat l i m i t e d .  Conducting s t u d i e s  t o  develop supplemen- 

t a l  d a t a ,  however, r e q u i r e s  t h e  development of a r e l a t i v e l y  unique t e s t i n g  

system; t h a t  i s ,  t h e  system must be capable  of loading  concre te  specimens 

m u l t i a x i a l l y  i n  t e n s i o n ,  i n  compression, o r  i n  a combination of t e n s i o n  

and compression a t  e i t h e r  room o r  e l e v a t e d  temperatures .  A c t i v i t i e s  

dur ing  t h i s  per iod were d i r e c t e d  toward developing a performance s p e c i f i -  

c a t i o n  f o r  such a system and f a b r i c a t i o n  of a n  enc losure  f o r  t h e  tes t  

s y s  tern. 
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3.3.2.1 Concrete Multiaxial Material Test System Performance 
Specification 

The specification developed for a concrete multiaxial material 

testing system19 consists basically of six major sections: 

requirements, (2) load frame assembly, (3) environmental system, 

( 4 )  specimen development and actuator stroke instrumentation, (5) inter- 

active computer control and data acquisition system, and ( 6 )  functional 

requirements of computer programs for system control data acquisition and 
analysis. 

(1) general 

Requirements for the testing system are such that it shall be 

designed for imposition of static or cyclic loading profiles to 102-mm 

concrete cube specimens having their edges modified by a 3.2-mm 45" bevel. 
The closed-loop servohydraulic dynamic materials testing system shall be 

computer controlled, complete with a computer-controlled, variable- 
temperature environmental system, with instrumentation for feedback 

control and data acquisition, with a complete load frame assembly, and 

with computer system hardware and software. The test system design may be 

developed by using either a "fixed" or a "floating" specimen centroid. 

Control of loading shall be independent for each axis. The system shall 

also have the capability of cyclic loading. 

The load frame assembly shall consist of components or assemblies as 

follows: (1) base frame and x, y, and z actuator assemblies, including 

hydraulic actuators, servovalves, load sensor, thermal barrier platens and 

self-alignment features, fixtures, and guide, and (2)  hydraulic supply 
system, including hydraulic power supply, hydraulic service manifold, 

hydraulic servovalves, and required interconnected piping and/or hoses. 
The load frame assembly, except for the thermal barrier platens and brush 
platens, shall be designed to permit simultaneous loading in each of the 
x, y, and z orthogonal directions. 

An electric-resistance heated environmental system that is 

computer controlled and temperature and power controlled shall be provided 

to enable a programmable, variable-temperature history within the 
system. The environmental system shall be partitioned to enable ready 

access for insertion and removal of specimens and for assembly and 

disassembly of actuator subassembly components and instrumentation. The 
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environmental system shall be designed to achieve a maximum temperature 

rise of 33'C/h with a controllable temperature range from 20 to 3 1 6 O C .  

Instruments for sensing displacement and/or deformation of the speci- 

men shall be located such that movement of the center of each face of the 

cubic specimen can be sensed with respect to the center of the opposite 
face as a differential measurement or with respect to a fixed frame of 

reference. Components of the system penetrating the environmental system 
or external to it shall be designed to have either self-correction or 

demonstrable correction for any temperature gradient to which they are 

exposed. Specimen-computed strains and loading strokes for the 2, y, and 

z axes shall be traceable to National Bureau of Standards references. 

Procedures shall be provided to ensure that the test specimen is properly 

positioned within the test system. 

The computer system shall provide for closed-loop, real-time control 

and for simultaneous data acquisition of user-selected control profiles. 

It shall also provide for the processing of data and graphic display of 

computed parameters by either seller-supplied or by in-housdeveloped 

programs. The system shall consist of the following hardware: cornputer , 
random-access storage system, programmable function generator or 

equivalent software, environmental system power controllers or equi-valent 

software, video terminal, and accessory facilities (interfaces, electronic 
modules, cables, cabinets, and other equipment necessary for the system to 

perform its functions as defined in the performance specification and to 
be a complete stand-alone system). To function as a closed-loop 
controller of the load frame assembly and the environmental chamber, the 
system shall generate electrical control signals, shall accept feedback 

from activated transducers, shall compare feedback from the controlled 

parameter with the controlled signal to form an error signal, and shall 

amplify the error signal for application to the control device, 

servovalve, and power controller in order to achieve the user-selected 

control profiles designated for the test specimen. Software requirements 

include an interactive operating system capable of closed-loop control and 

simultaneous data acquisition for the control profiles specified, data 

processing as specified, and a FORTRAN or BASIC incremental compiler to 
permit concurrent program deveolpment by two users. Diagnostic and debug 
routines shall be provided. 
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Compliance with provisions of the performance specification shall be 

demonstrated for transitional and static loading of test specimens 

according to prescribed procedures, which shall be provided. The 

prescribed loadings shall be designed so that the ability of the control 

program for various modes and sequences of loading (including strain, 

stroke, or load control, etc.) and for various sequences of heating and 

loading can be demonstrated. Software capabilities for plotting on the 

video terminal provided and a data plotter shall be demonstrated. The 

software shall include features such as logarithmic or linear scaling, 

labeling of axes with alphanumeric characters in user-selected engineering 

units, numbering of axis grids, sizing and locating of area covered by the 

plot, and tilting and noting of graph at user-selected positions. 

Provisions shall be made for representation of an arbitrary, noncyclic 

ascending temperature profile for heating control of the environmental 

chamber by user-designated assemblage of segmented vectors (ramp function) 
or by supervisory control (hardware module). Software capability shall 

also be provided for determining stress and strain invariants, octahedral 

normal stress and strain, octahedral shear stress and strain, effective 

stress and strain, deviatoric stress tensors, bulk modulus, shear modulus, 

Young's modulus, and Poisson's ratio. In addition, complete 
documentation, including drawings, wiring diagrams, operating and main- 

tenance manuals, and source and object programs for software, shall be 

provided. 

3 . 3 . 2 . 2  Test System Enclosure 

Fabrication of the enclosure to house the concrete multiaxial testing 
machine has been completed (Fig. 3 . 1 ) .  The enclosure is required both to 

provide standard laboratory conditions so that data obtained will be 
meaningful and to protect the complex servohydraulic loading system and 
peripheral equipment from thermal fluctuations and contaminants that would 

impair their operation. 
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3.4 INSTRUMENTATION EVALUATION AND DEVELOPMENT - D. J. Naus 

An e v a l u a t i o n  of t h e  a b i l i t y  of a c o u s t i c  emission (AE) t o  monitor 

s t r u c t u r a l  elements has continued through l a b o r a t o r y  s t u d i e s .  

a r e s e r v o i r  of d a t a  on AE, both s tee l  and conc re t e  s t r u c t u r e s  are 

monitored. During t h i s  r e p o r t i n g  per iod ,  t h e  mul t ichannel  AE source  loca- 

t i o n  system (Fig. 3.2) w a s  used t o  monitor a flawed, thick-wall  thermal 

shock specimen (TSE-5A). 

To develop 

The thermal shock tes t  series is  being conducted under the  

Heavy-Section S t e e l  Technology Program t o  r e v e a l  t he  behavior of inner -  

s u r f a c e  flaws i n  thick-wall  s teel  c y l i n d e r s  sub jec t ed  t o  severe  thermal- 

shock loading  condi t ions .  Thermal-shock specimen TSE-5A w a s  f a b r i c a t e d  

from ASTM A 508 class 2 s t e e l  p l a t e .  It  w a s  1200 mm long wi th  an  o u t s i d e  

diameter of 991 mm and a 152-mm w a l l  t h i ckness  (Fig. 3 . 3 ) .  Contained on 

t h e  inne r  s u r f a c e  w a s  a f law approximately 11 mm deep, which r a n  t h e  

complete l e n g t h  of t he  v e s s e l .  The f l a w  w a s  placed i n  t h e  t e s t  specimen 

by using a technique involv ing  electron-beam welding and hydrogen-charge 

cracking.20 

f i r s t  lowering t h e  test c y l i n d e r ,  which w a s  a t  an i n i t i a l  w a l l  temperature 

of 92"C, i n t o  a c o n t a i n e r  of LN2 and suddenly r e l e a s i n g  a n i t r o g e n  gas 

bubble from t h e  i n t e r i o r  c a v i t y ,  a l lowing  LN2 (-196°C) t o  f lood  t h e  

c a v i t y .  Na tu ra l  convection provided c i r c u l a t i o n  of l i q u i d  upward through 

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

specimen. Ni t rogen  vapor e x i t e d  through the  t o p  of t h e  tank con ta in ing  

t h e  LN2, and most of t h e  e n t r a i n e d  l i q u i d  f e l l  back i n t o  the  tank; LN2 w a s  

added as requi red .  A schematic of t h e  test  f a c i l i t y  is shown i n  Fig. 3.4. 

Data obta ined  dur ing  the  tes t  inc luded  i n d i c a t i o n s  of crack i n i t i a t i o n  and 

arrest [crack-opening displacement (COD), AE, and u l t r a s o n i c  t r ansmiss ion  

(UT) in s t rumen ta t ion ] ,  crack depth (COD and UT) and r a d i a l  temperature 

d i s t r i b u t i o n s  i n  t h e  w a l l  as a func t ion  of t i m e .  

The thermal shock was adminis te red  t o  t h e  inne r  s u r f a c e  by 

Acoustic emission was used t o  monitor f law propagat ion  dur ing  

thermal-shock t e s t i n g  of specimen TSE-5A. Four a c t i v e  senso r s ,  pos i t i oned  

r e l a t i v e  t o  the  flaw as shown i n  Fig. 3.5, were used t o  monitor t h e  e n t i r e  

v e s s e l  circumference.  Sensors  were loca ted  on the o u t e r  s u r f a c e  of t h e  

test specimen, where they were p ro tec t ed  from t h e  thermal  shock by 
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~ Fig. 3 . 3 .  TSE-5A thermal  shock tes t  specimen. 
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Fig. 3.5. Developed view of TSE-5A showing f o u r  senso r  p o s i t i o n s  
r e l a t i v e  t o  t h e  f l a w .  Coordinates are i n  cent imeters .  

i n s u l a t i o n  (Fig.  3 . 4 ) .  

of a s t r u c t u r a l  a c r y l i c  adhes ive  t h a t  had been shown t o  r e t a i n  i ts  bonding 

c h a r a c t e r i s t i c s  over t h e  temperature range of i n t e r e s t  (-196 t o  92OC). 

Acous t ic  emission s p e c i f i c a t i o n s  dur ing  t h e  t es t  were 

The senso r s  were a t t a c h e d  t o  t h e  specimen by use 

t r ansduce r s  - 300-kHz resonant  frequency, d i f f e r e n t i a l ;  

f i l t e r s  - 200 t o  800 kHz; 

p r e a m p l i f i e r  g a i n -  channel 1, 25 dB (65 dB t o t a l ) ;  channel 2 ,  27 dB 

(67 dB t o t a l ) ;  channel 3, 24 dR (64 dB t o t a l ) ;  and channel 4 ,  25 dB 

(65 dB t o t a l ) ;  

a r r i v a l  t i m e  r e s o l u t i o n  - 0.5 ps; 

t h re sho ld  - 1 . 2  V; and 

AT range s e l e c t o r  - 500 ps. 

Output of a COD gage w a s  used as a paramet r ic  i npu t  t o  t h e  AE system. 

Data as a f u n c t i o n  of e lapsed  t i m e  were a l s o  obta ined  dur ing  t h e  test. 

During AE monitoring of TSE-5A, a t o t a l  of 780 v a l i d  even t s  were 

recorded over t h e  e n t i r e  s u r f a c e  of t h e  specimen. F igu re  3.6 p r e s e n t s  a 

2-D g r i d  d i s p l a y  of event a c t i v i t y  (upper number i n  each g r i d  square  

corresponds t o  t h e  t o t a l  number of accepted even t s ,  and lower number i s  

t h e  summation of t h e  magnitudes of t h e  v o l t a g e s  of t h e  even t s ;  A and E are 

s c a l i n g  f a c t o r s ,  w i th  A = 1 and B = l o ) .  Areas where s i g n i f i c a n t  AE 
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Fig. 3.6 Two-dimensional grid display of event activity. Upper 
number in each square of grid corresponds to total number of accepted 
events, and lower number, the summation of the magnitudes of the voltages 
of the events. A and B are scaling factors with A = 1 and B = 10.  

activity occurred (high event count) were generally in the vicinity of 

the flaw, with 286 events occurring within 2100 mm (16.6% of the area 

monitored) of the flaw. 

relatively uniform except for the length of the flaw from y = 36 cm to 

y = 63 cm, where the event count was approximately twice that of the rest 

Activity along the length of the flaw was 

of the flaw length. 

not immediately adjacent to the flaw was at a position corresponding to 

approximately z = 147 cm and y = 50 cm. 
During the test, COD gage output indicated that four major 

The only area showing significant activity that was 

initiation-arrest events (flaw growth) took place. The first two flaw 

jumps occurred simultaneously, with AE events having extremely large 
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o s c i l l a t i o n  counts ;  t h a t  i s ,  t h e  number of t i m e s  t h e  t ransducer  output  

v o l t a g e  f l ip - f lopped  (back and f o r t h  a c r o s s  t h e  t h r e s h o l d  of 1 . 2  V )  was i n  

excess  of 10,700 t i m e s .  During jumps t h r e e  and f o u r ,  t h e  e v e n t s  occurred 

so r a p i d l y  and over such a s h o r t  t i m e  t h a t  t h e  system s a t u r a t e d  ( locked 

i t s e l f  ou t  t o  f u r t h e r  event  a c t i v i t y  such as t h a t  which occurs  when a 

l e a k  develops i n  a pressur ized  system) and had t o  be manually reset .  

shown i n  Fig. 3.7, t h e  major i ty  of  recorded e v e n t s  occurred a t  a rela- 

t i v e l y  uniform rate  a f t e r  t h e  f law jump-ins, when t h e  a c t i v i t y  w a s  of 

lower i n t e n s i t y  and frequency of occurrence.  Events  recorded t h u s  

r e f l e c t e d  t h a t  i n e l a s t i c i t y  occurred i n  t h e  reg ion  of t h e  f law,  poss ib ly  

t h e  r e s u l t  of l igament t e a r i n g  o r  f l a w  r e l a x i n g  as t h e  temperature  

s t a b i l i z e d .  Peak v o l t a g e s  of e v e n t s  recorded dur ing  t h e  t e s t  were 

extremely l a r g e ,  averaging 10.5 V per event .  (For AE monitor ing of a 

v e s s e l  of s i m i l a r  geometry t h a t  was slowly p r e s s u r i z e d  t o  f a i l u r e ,  t h e  

maximum peak v o l t a g e  obta ined  was approximately 5.8 V ,  wi th  t h e  m a j o r i t y  

of  va lues  being less  than  2 V. This  w a s  f o r  a m p l i f i e r  g a i n s  of 83 t o  96 dB 

a s  compared wi th  g a i n s  of 64  t o  67 ,  which were used €or  monitor ing TSE-5A.) 

A s  
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Fig.  3.7 Event count and summation v e r s u s  e lapased  t i m e .  
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3.5 STRUCTURAL MODEL TESTS - C. B. Oland and D. J. Naus 

The o b j e c t i v e  of t h i s  t a s k  i s  t o  conduct PCRV-related model tests i n  

support  of t h e  development of r e f e r e n c e  and advanced HTGR p l a n t  designs.  

Model t e s t s  are requi red  f o r  PCRV development t o  (1) v e r i f y  e l a s t i c  

response as predic ted  by des ign  a n a l y s i s ,  ( 2 )  determine s t r u c t u r a l  

response t o  o v e r p r e s s u r i z a t i o n ,  ( 3 )  permit des ign  o p t i m i z a t i o n ,  

( 4 )  j u s t i f y  t a k i n g  except ions  t o  des ign  code conservat ism,  and ( 5 )  suppor t  

l i c e n s i n g .  I n  l i n e  wi th  t h i s  o b j e c t i v e ,  two a c t i v i t i e s  have been under- 

taken  dur ing  t h i s  r e p o r t i n g  per iod:  (1) a review of PCRV-related s t r u c -  

t u r a l  model tests and ( 2 )  development of model t e s t i n g  techniques.  

3.5.1 Review of PCRV-Related Model Tests 

A review of t h e  l i t e r a t u r e  w a s  conducted t o  e s t a b l i s h  t h e  s t a t e  of 

t h e  a r t  of PCRV-related s t r u c t u r a l  model tests. The r e p o r t  

developed21 c o n s i s t s  of e i g h t  s e c t i o n s :  

requirements  f o r  PCRV s t r u c t u r a l  model t e s t i n g  (U.S., B r i t i s h ,  and 

French PCRV codes) ;  

model t e s t i n g  methods ( d i r e c t  and i n d i r e c t ) ;  

s t r u c t u r a l  model types  ( t rue- to-sca le ,  s l i g h t l y  s i m p l i f i e d ,  d i s t o r t e d ,  

and small pro to type) ;  

materials f o r  s t r u c t u r a l  models ( s e l e c t i o n  c r i t e r i a ) ;  

s i z e  e f f e c t s  ( m a t e r i a l  e f f e c t s ,  scale s e l e c t i o n ,  and overview of 

i n v e s t i g a t i o n s  conducted t o  e v a l u a t e  s i z e  e f f e c t s ) ;  

i n s t r u m e n t a t i o n  f o r  model t e s t i n g  ( s e l e c t i o n  c r i t e r i a  and t y p i c a l  

devices)  ; 

h y d r a u l i c  v e r s u s  pneumatic p r e s s u r e  loading  of models ( p r e s s u r i z e d  

f law e f f e c t s  and summary of r e s u l t s  of i n v e s t i g a t i o n s  conducted t o  

determine e f f e c t s  of t h e  p r e s s u r i z i n g  medium); 

review of model tests (overview of r e s u l t s  f o r  s ing le-cavi ty  PCRV 

models, m u l t i c a v i t y  PCRV models, end-slab models, c l o s u r e  models, 

and thermal  and mois ture  migra t ion  models).  

More d e t a i l e d  informat ion  i s  i n  t h e  repor t .* l  

3.5.2 Development of Model T e s t i n g  Techniques 

Based on r e s u l t s  of previous model tests and t h e  review of PCRV- 

r e l a t e d  model t es t s ,  w e  e s t a b l i s h e d  t h a t  two a r e a s  r e q u i r e  a d d i t i o n a l  
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development: wire-winding of models and nonleak liner systems. A test 
program was therefore initiated to establish satisfactory methods for cir- 

cumferentially prestressing PCRV models ranging in scale from about 1/30 

to 1/10 and for lining the models so that they do not prematurely leak to 

terminate a test. Associated with this activity is an evaluation of the 

ability of fibrous concrete to produce cost- and performance-effective 

PCRVs. Verification of the techniques developed will be made through two 

models, which will be fabricated and tested to failure. Because one of 

the two models tested is to be fabricated from fibrous concrete, the 

results obtained will also provide an indication of the effectiveness of 

fibrous concrete for application to PCRV construction. 
Activities during this reporting period have been focused primarily 

on development of a fibrous concrete mix that meets strength and workabil- 

ity requirements and on definition of the model tests t o  be conducted. 

3.5.2.1 Fibrous Concrete Evaluations 

Background. An evaluation of the merits of fibrous concrete for 
application to PCRVs was initiated on the basis of results of an overview 

of candidate construction materials for application to P C R V S ~ ~  and the 

suggestion in ref. 23 that chopped-wire fiber concrete be used to reduce 

concrete volume requirements. 

Fiber-reinforced concrete consists of plain concrete to which small 

cross-section steel fibers (0.5 to 2.0 vol % >  are added during the mix 
process. Addition of the fiber reinforcement enhances concrete's material 

properties by increasing the "first crack flexural strength," direct ten- 
sile strength, impact and spalling resistance, fatigue strength, thermal 

conductivity, and ductility.24 
increases the material cost, enhanced properties of the concrete will 

potentially produce a PCRV that is cost-effective as a result of reduced 
material and labor requirements. 

Although addition of fibers to the mix 

Testing Program for Fiber-Reinforced Concrete. A testing 
program25 was prepared to demonstrate the advantages of f iber-reinforced 
concrete over the conventional plain concrete used for PCRV applications. 
Included in the test program were 11 tasks designed to provide the basis 

for developing fibrous concrete to the point of verifying its cost and 
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performance e f f e c t i v e n e s s  f o r  a p p l i c a t i o n  t o  PCRVs: 

( 2 )  placement demonstrat ion,  (3 )  mechanical property t es t s ,  (4 )  a n a l y t i c a l  

development, (5 )  PCRV model tests,  (6 )  a n a l y t i c a l  comparisons wi th  p l a i n  

c o n c r e t e  models, ( 7 )  f a i l u r e  comparisons wi th  p l a i n  concre te  models , 
( 8 )  elevated-temperature property tests,  ( 9 )  combined load tests, 

(10)  des ign  recommendations, and (11) an economic assessment.  Based on 

d i s c u s s i o n s  wi th  the  General Atomic Company ( G A ) ,  w e  decided t o  reduce t h e  

( 1 )  mix des ign ,  

scope of t h e  i n v e s t i g a t i o n  so t h a t  i t  could be combined wi th  t h e  develop- 

ment of model t e s t i n g  techniques ,  a t  least  i n i t i a l l y .  This  reduced scope 

h a s  t h e  advantages:  ( 1 )  t h e  s tudy can be pursued a t  a minimal incrementa l  

c o s t  because a model tes t  is  requi red  t o  demonstrate t h e  model- tes t ing 

techniques  developed and (2) r e s u l t s  ob ta ined  from a f i b r o u s  c o n c r e t e  

model tes t  w i l l  provide d a t a  t o  determine i f  f i b r o u s  c o n c r e t e  i s  suf-  

f i c i e n t l y  cos t -  and performance-effect ive t h a t  t h e  next  phase of t h e  t es t  

program should be pursued. Thus, phase 1 of t h e  f i b r o u s  c o n c r e t e  t e s t i n g  

program i s  t h e  development of a mix t h a t  s a t i s f i e s  c u r r e n t  PCRV c o n c r e t e  

proper ty  requirments  f o r  s t r e n g t h  (255 MPa) , modulus of e l a s t i c i t y  

(>38 GPa), and w o r k a b i l i t y  (slump 2 102 mm). 

T r i a l  Mix R e s u l t s .  Four teen  t r i a l  ba tches  of p l a i n  and f i b r o u s  

c o n c r e t e  were prepared t o  determine cement f a c t o r s ,  water-to-cement 

r a t i o s ,  maximum aggrega te  s i z e  and q u a n t i t i e s ,  f i n e  aggrega te  q u a n t i t i e s ,  

water-reducing agent  type and q u a n t i t i e s ,  f i b e r  conten t  ( f i b r o u s  mix),  and 

mix procedures requi red  t o  produce mixes meeting t h e  property requirements  

c i t e d  above ( r e f .  26 w a s  used as a guide f o r  preparing t h e  t r i a l  b a t c h e s ) .  

Materials used f o r  t he  mixes were t y p i c a l  of those used f o r  product ion of 

h igh-s t rength  c o n c r e t e s  0 4 1 . 4  MPa) f o r  c o n s t r u c t i o n  a p p l i c a t i o n s .  

B r i e f l y ,  t h e  materials c o n s i s t  of 

cement - type I1 p o r t l a n d ,  conforms t o  ANSI/ASTM C 150-78a; 

f l y a s h -  class F, conforms t o  ANSI/ASTM C 618-78; 

aggrega tes  - l imes tone ,  crushed and oven d r i e d ,  19-mm maximum s i z e  

admixture - water reducing,  conforming t o  ANSI/ASTM C 494 type  A; 
water - l a b o r a t o r y ,  po tab le ;  and 

f i b e r s  - c o l l a t e d  s tee l  wi th  50-mm-long, 0.50-mm-diamY 1170- t o  

c o a r s e  aggrega te ,  conforming t o  ANSIIASTM C 33-78; 

1380-MPa y i e l d  s t r e n g t h  hooked ends (Fig.  3.8). 
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P l a s t i c  concre te  p r o p e r t i e s  determined f o r  each t r i a l  batch included 

slump, u n i t  weight,  a i r  conten t ,  and Vebe t i m e  ( f i b r o u s  concre te  mixes 

only) .  Eighteen specimens (n ine  compression, s i x  f l e x u r e ,  t h r e e  s p l i t t i n g  

t e n s i l e )  were cast from each concre te  batch.  

s a t u r a t e d  l i m e w a t e r  s o l u t i o n  u n t i l  they were t e s t e d  a t  e i t h e r  28, 56, o r  

90 d a f t e r  c a s t i n g .  Compression, f l e x u r e ,  and s p l i t t i n g - t e n s i l e  s t r e n g t h  

tests were conducted f o r  each concre te  batch.  

Specimens were cured i n  a 

Compressive tests were conducted on c y l i n d r i c a l  152-mm-diam, 304-mm 

tes t  specimens a t  28, 56 and 90 d a f t e r  c a s t i n g .  The tests were con- 

ducted i n  accordance wi th  ANSI/ASTM C 469-65, using t h e  compressometer- 

extensometer assembly shown i n  Fig. 3.9. S t r e s s - s t r a i n ,  compressive 

s t r e n g t h ,  modulus of e l a s t i c i t y ,  and Poisson‘s  r a t i o  d a t a  were obta ined  

f o r  each specimen. A comparison of p l a i n  and f i b r o u s  concre te  tes t  

Specimens a f t e r  f a i l u r e  i n  compression i s  presented i n  Fig.  3.10. 
Flexure tests were conducted on beam specimens 152 X 152 X 559 mm 

a t  28, 56, and 90 d a f t e r  c a s t i n g .  The tests were conducted i n  accor- 

dance wi th  ANSI/ASTM C 469-65, using t h e  appara tus  shown i n  Fig. 3.11. 
The specimens were loaded t o  f a i l u r e  i n  th i rd-poin t  loading.  During 

t e s t i n g  the  beam c e n t e r l i n e  d e f l e c t i o n  w a s  obtained and recorded 

on an ~ y - y ’  p l o t t e r  as a f u n c t i o n  of load. 

computed, using procedures i n  ANSI/ASTM C 78-75. Typica l  load- 

c e n t e r l i n e  d e f l e c t i o n  curves obtained from a p l a i n  and from a f i b r o u s  

concre te  f l e x u r e  test specimen are presented in Figs.  3.12 and 3.13, 
r e s p e c t i v e l y .  The r e s u l t s  show t h a t  t h e  p l a i n  concre te  beams e x h i b i t e d  

l i n e a r  load-def lec t ion  response until a f i r s t  c rack  occurred and t h a t  

t h e  specimen f a i l e d  (broke i n t o  two p ieces) .  The f i b r o u s  concre te  beams 

also e x h i b i t e d  l i n e a r  load-def lec t ion  response u n t i l  a f i r s t  crack 

occurred;  however, loading of t h e  f i b r o u s  concre te  beams could be 

cont inued a f t e r  f i r s t  crack because t h e  f i b e r s  br idged t h e  c rack ,  

enabl ing  the  load t o  be t r a n s f e r r e d  a c r o s s  t h e  c rack  [ s e e  Figs .  3.12 and 

3.13 f o r  a comparison of t h e  s i g n i f i c a n t  i n c r e a s e  i n  load and d e f l e c t i o n  

( d u c t i l i t y ,  toughness) t h a t  t h e  f i b e r s  impart] .  The e f f e c t  of f i b e r  

conten t  i n  a p a r t i c u l a r  mix was t o  change t h e  shape of t h e  

F lexure  s t r e n g t h  w a s  
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Fig. 3 . 9 .  Compressometer-extensometer compression test setup. 
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F i g .  3.10. P l a i n  and f i be r - r e in f  orced  conu e ~ r :  L U I I I ~ L .  c3uIuII cLy 

specimens a f t e r  t e s t i n g .  
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load-deflection curve and the flexure strength. Figure 3.14 presents 

failed sections* of beams, which had fiber contents ranging from 

0 to 89 kg/m3. 
A second indication of the tensile strength of the mixes was deter- 

mined by conducting splitting-tensile tests on cylindrical 152-mm-diam by 

152-mm test specimens in accordance with ANSI/ASTM C 496-71. Splitting- 

tensile strength tests were conducted only at a concrete age of 90 d. 
Although the test is used as an indication of concrete's tensile 

it is an indirect method because the specimen is actually loaded 

compression as shown in Fig. 3.15. The plain concrete specimens 

abruptly at first crack and separated into two pieces at maximum 

however, the fibrous concrete specimens remained intact at first 

strength, 
in 

failed 

load; 

crack and 

continued to accept load until a maximum load was reached. [Even though 

this test method does not actually reveal the ultimate tensile strength of 

the fibrous concrete because it is valid only to first cracking (elastic), 

it does provide an indication of the ductility imparted to a concrete mix 
as a result of the addition of fibers.] Figure 3.16 presents a comparison 

of plain and fibrous concrete specimens at the conclusion of a splitting- 

tensile strength test. 

Mechanical property and workability results obtained from the plain 
and fibrous concrete mixes were used to determine recommended mixes for 

fabrication of PCRV models to demonstrate the validity of model-testing 
techniques being developed. Table 3.1 presents mix designs and property 
data for these mixes. 

3.5.2.2 PCRV Model Technique Validation Studies 

A PCRV model test is being designed to demonstrate the (1) validity 
of procedures developed for wire-winding PCRV models and (2) that the PCRV 
liner system developed will not leak prematurely during pressure testing 

of a model to failure. Two models such as shown in Fig. 3.17 will be 

fabricated and tested: a plain concrete model and a fibrous concrete 

model fabricated by using the mix designs in Table 3.1 

*The plain concrete beam ( 0  fiber content) failed as shown at first 
crack. The fiber-reinforced beams had to be subjected to several flexure 
load reversals to separate the beam halves completely. 
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Fig. 3.15. Splitting-tensile strength test setup. 
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1 3 4  

Table 3.1. Recommend mix design for PCRV model 
testing technique verification 

Type concrete 
- 

Material or property Plain Fibrous 
(quantity per m 3 ) (quantity per m 3 )  

Cement (type 11) 529 kg 530 kg 
Fly ash 67 kg 67 kg 

Sand 621 kg 622 kg 

Gravela 931 kg 932 kg 

Fibers 0 kg 88 kg 
Water 238 kg 239 kg 

Admixture 794 ml 796 ml 

Slump 146 mm 127 mm 

Unit weight 

Air content 1.1% 2.0% 

Vebe time 4 s  

238 7 kg/m3 2 4 7 6 kg /m3 

Compressive strength, MPa 
28 d 55.5 
56 d 62.5 
90 d 62.7 

Modulus of elasticity, GPa 
28 d 34.1 
56 d 36.9 
90 d 40.3 

Poisson's ratio 
28 d 
56 d 
90 d 

0.21 
0.23 
0.26 

Flexure strength, MPa 
28 d 6.34 
56 d 6.69 
90 d 7.38 

Tensile strength, MPa 
90 d 4.72 

56.1 
66.7 
69.6 

37.2 
41.0 
42.4 

0.24 
0.27 
0.26 

12.03 
10.65 
10.51 

7.79 

a191 mm maximum size for plain mix; 95 mm maximum size for 
fibrous mix. 
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The liner system for each test will consist of a flanged head to 

which a skirt section is joined. Use of the flanged head will eliminate 

the corner joint, which has been a weak point in previous liner designs. 
Material used for the liner will be a 12-gage A I S 1  1008 drawing-quality 

steel. 
Axial prestressing will utilize 19-mm-diam A 722 type I bars. 

Techniques for stressing the bars and for circumferentially prestressing 

the model are being developed. 

Design of the mold for casting the models has been completed and will 

incorporate provisions for the two prestressing systems and for the liner 

system. A minicomputer-controlled data acquisition system (Fig. 3.18) has 

been modified so that it can accept 80 channels of instrumentation. 

Design of the instrumentation layout for the model test has been 
completed. A pressurization system capable of hydraulically loading the 

model to 62 MPa is being developed. The models will be tested in the PCRV 

model test facility (Fig. 3.19) located in Building K-702 at the Oak Ridge 

Gaseous Diffusion Plant. 

3.6 LINER AND PENETRATION STUDIES - D. 0. Hobson, R. K. Nanstad, 
and D. A. Canonico 

Testing continued during the past year on weldments for steel 
penetrations and closures of the liner system for the PCRV for the HTGR. 

In the previous annual reportYz7 data for the W-3 weldment were reported 
and discussed in detail. The W-3 weldment is the first, followed by W-5 

and W-1, in the list of identified priorities in the testing sequence f o r  

the liner materials. Additional tests have been performed on the W-3 

weldment material including drop-weight, dynamic precracked Charpy, and 
compact tests of the weld material and the heat-affected zones (HAZs). 
Testing of the W-5 weldment is also under way. 

Drop-weight testing was effected with six specimens in accordance 

with ASTM E 208-69, Standard Method for Conducting Drop-Weight Test t o  
Determine Nil-Ductility Transition Temperature of Ferrit ic Steels. 
nil-ductility temperature (NDT) was found to be -80°C for impact perpen- 

dicular to the welding direction (in which case the cracks on the tension 

surface propagate parallel to the welding direction). In order for this 

The 
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NDT t o  be equal  t o  R ~ T , ~ ~  two s p e c i f i c  c r i t e r i a  must be m e t .  

Charpy V-notch impact (C,) tests conducted a t  NDT + 33°C (60°F) must each 

exceed 68-5 (50-ft-lb) absorbed energy and 0.89-mm (0.035-in.) l a t e ra l  

expansion. Two tests were conducted a t  NDT + 33°C = 4 7 ° C .  Both 

f a i l e d  t h e  c r i te r ia ,  one w i t h  73.4 J (54 f t - l b )  and 0.81 mm (0.032 in . )  

and t h e  o t h e r  wi th  39.4 J (29 f t - l b )  and 0.37 mm (0.014 in . ) .  

t h e  NDT of -80°C e s t a b l i s h e d  by the drop-weight tes t  i s  not  a v a l i d  RTNDT, 

and r e t e s t i n g  a t  t h a t  temperature  i s  precluded by t h e  ND-2300 criteria.*O 

Addi t iona l  C, tes ts  of t h e  W-3 weld metal w i l l  be conducted a t  t e m -  

p e r a t u r e s  h igher  t h a n  NDT + 33°C (60°F) t o  d e f i n e  R T ~ T .  

Three 

Therefore ,  

Addi t iona l  dynamic precracked Charpy f r a c t u r e  toughness tes ts  were 

preformed i n  both t h e  p l a t e  HAZ (PHAZ) and t h e  f o r g i n g  HAZ (FHAZ) and i n  

t h e  r o o t  weld metal of t h e  W-3 weldment. These tests augment t h e  r e s u l t s  

r e p o r t e d  i n  t h e  previous annual r e p o r t .  Figure 3.20 shows t h e  f r a c t u r e  

toughness d a t a  and an es t imated  t r a n s i t i o n  curve f o r  t h e  PHAZ. Figure 3.21 

shows t h e  f r a c t u r e  d a t a  f o r  t h e  FHAZ. A l a r g e  amount of scat ter  i s  

apparent  i n  t h e  d a t a  so t h a t  a lower bound curve i s  be l ieved  t o  be 

ORNL DWG 80 9 1 7 4 R  

TEMPERATURE ( O F )  

- 3 0 0  -200  -100 0 (00 200 300 400 500 

600  - 
k 

2 400 

0 5 0 0  
I 
a - 

z 
I 
0 
3 
2 300  
W 
LL 
3 

t, 200 
a 
LL 
L L  

100 

WELDMENT W- 3 
HAZ,  4537, CLASS 2 
T L  ORIENTATION 
PCCV (DYNAMIC) 

i 

600 

500 - 

"3 1 

400 - 
m 
Ln 
W z 

300 5 
2 

200 2 
W 
n 

U 

lx 
lL 

a 

400 

0 
-200  -150 -100 - 5 0  0 5 0  100 150 200 250 300 

TEMPERATURE ("C) 

Fig. 3.20 Dynamic precracked Charpy f r a c t u r e  toughness of p l a t e  
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Fig. 3.21.  Dynamic precracked Charpy f r a c t u r e  toughness of f o r g i n g  
hea t -a f fec ted  zone, weldment W-3. 

a p p r o p r i a t e .  The wavy n a t u r e  of t h e  HAZs o f t e n  r e s u l t s  i n  p o r t i o n s  of t h e  

c rack  f r o n t  r e s i d i n g  i n ,  o r  propagat ing i n t o ,  reg ions  of weld metal. This  

r e s u l t s  i n  asymmetry of loading and crack  propagat ing,  wi th  a r t i f i c a l l y  

high tough va lues  being measured. F igure  3.22 i l l u s t r a t e s  t h e  f r a c t u r e  

toughness d a t a  f o r  t h e  roo t  weld metal. 

The upper-shelf  f r a c t u r e  toughness i s  s l i g h t l y  h i g h e r  f o r  t h e  PHAZ 

than  f o r  t h e  FHAZ o r  t h e  roo t  weld metal (approximately 360 MPa 6 v e r s u s  

approximately 320 o r  300 MPa 6, r e s p e c t i v e l y .  The lower-shelf f r a c t u r e  

toughness va lues  f o r  t h e  PHAZ and FHAZ are s l i g h t l y  lower than  t h e  roo t  

w e l d  metal ,  wi th  t h e  t r a n s i t i o n  reg ion  f o r  t h e  FHAZ s t a r t i n g  approximately 

25 t o  3 0 ° C  h igher  than  e i t h e r  t h e  PHAZ o r  t h e  root-weld metal. 

The W-5 weldment c o n s i s t s  of SA-537 class 1 normalized p l a t e  material 

welded t o  SA-508 c l a s s  1 quenched and tempered forged material, using 

E8018-C2 s h i e l d e d  metal arc welding (SMAW) metal f o r  t h e  r o o t  weld (10%) 

and 210172-S W/0091 f l u  submerged arc welding (SAW) metal f o r  t h e  bulk 

(90%) of t h e  weld. The assembly was preheated t o  121'C (250'F) minimum 
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Fig. 3.22. Dynamic precracked Charpy f r a c t u r e  toughness of r o o t  weld 
metal, weldment W-3. 

with  i n t e r p a s s  r e h e a t s  t o  204°C (400°F) maximum. Postweld h e a t  t rea tment  

w a s  a t  566 t o  621°C (1050 t o  1150°F) f o r  7 h. F igure  3.23 shows an e tched  

c r o s s  s e c t i o n  of t h e  W-5 weldment. The weldment can be c h a r a c t e r i z e d  

macroscopical ly  as having a r e l a t i v e l y  narrow roo t  and a g e n e r a l l y  uneven 

weld pass  d i s t r i b u t i o n  i n  t h e  smaller w e l d  depos i t  ( i n  f ac t ,  two passes  

c u t  deeply i n t o  t h e  base metal near  t h e  roo t  reg ion) .  Evidence of weld 

r e p a i r  occurs  a long one s i d e  of t h e  l a r g e r  weld depos i t .  N o  evidence of 

microcracking w a s  found, even i n  t h e  base metal  near  t h e  roo t  region.  

Microhardness traverses (0.2-kg load )  w e r e  made over  s e v e r a l  areas of 

t h e  weld depos i t .  Each weld pass c r e a t e d  an HAZ, which appears  as a c i r -  

c u l a r  arc around each depos i ted  bead. Microhardness va lues  were charac- 

t e r i z e d  by determining whether they were i n  t h e  weld bead (W), t h e  HAZ 
(H), t h e  p l a t e  ( P ) ,  o r  t h e  f o r g i n g  (F). Figure 3.24 shows a p l o t  of hard- 

n e s s  versus  d i s t a n c e  f o r  t h e  o u t e r  s u r f a c e  of t h e  weldment. The hardness  

impressions were made a t  f a i r l y  uniform i n t e r v a l s  and t h e r e f o r e  randomly 

t e s t e d  t h e  v a r i o u s  areas of t h e  weld. An obvious hardness  p a t t e r n  emerged 

i n  which t h e  c e n t r a l  p o r t i o n  of each weld pass  i n  t h e  more shal low h a l f  



approximate midpoint of the weldment to the inner surface). In general, 
the average hardness of the inner half was approximately 30 diamond- 
pyramid hardness (DPH) less than the average hardness of the remainder of 
the weld. 

Two additional traverses were made, one along the length of the 
fnrmfnm WAX and t h e  n t h e r  w i t h i n  t h e  c e n t r a l  nnrtfnn nf a afnmle w e l d  

V Y  v 

al, a hardness or' 220 DPE 
r .. -* r _. . ~ 

Charpy V-notch specimens were machined (six from each slab). 

duced eight specimens each from six positions in the weld body. Numbered 

from 1 to 6 ,  the specimens represented positions (1) about 15 mm from the 

This pro- 
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Fig. 3.24. Hardness (diamond-pyramid) traverse results as a function 
of distance for the outer surface of the W-5 weldment. 

weldment outer surface, (2 )  the outer 1 / 4  thickness ( 1 / 4  t) position, 

( 3 )  the root weld region, ( 4 )  about 40 rmn from the weldment inner surface, 
(5 )  the inner 1 / 4  t position, and (6) about 15 rmn from the weldment inner 

surface, respectively. This arrangement allowed testing for the variation 
in toughness, both across the weld thickness and from slab to slab. 

All specimens were precracked and tested in the dynamic fracture 
toughness mode. The tests were divided into four groups: (1) five type 1 

(see above) specimens tested at 50°C on the upper shelf to determine 
whether slab-to-slab variations existed; ( 2 )  types 2 and 5 ( 1 / 4  t) 

specimens, tested from -100 to 100°C to charac-terize the frac-ture tough- 

ness as a function of temperature; (3 )  types 1 through 6, machined from a 
single s l ab  and tested at - 1 O O C  (the estimated midpoint of the transition 

region based on the curve generated by the previous test group); and 

( 4 )  type 3 root weld specimens tested from-75 to 5OoC. Figure 3.25 

presents the results and a lower bound curve. A small number of future 

tests will be performed in the -50 to O°C range to define better the 

transition curve. 
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Fig. 3.25. Dynamic precracked Charpy f r a c t u r e  toughness of t h e  W-5 
weld metal. 

T e s t s  o€ t h e  f i r s t  group of specimens showed l i t t l e ,  i f  any, f r a c t u r e  

toughness v a r i a t i o n  from s l a b  t o  s l a b .  The t h i r d  group of tests a t  -lO°C, 

which r e s u l t e d  i n  upper-shelf  behavior ,  showed s imi la r  behavior through 

t h e  weld th i ckness .  The upper-shelf  f r a c t u r e  toughness w a s  found t o  be 

g r e a t e r  than  280 MPa G, and t h e  lower was g r e a t e r  t han  40 MPa G f o r  a l l  

p a r t s  of t h e  weld r e g i o n .  

upper-shelf  and approximately 60 MF'a 6 lower-shelf f r a c t u r e  toughness f o r  

t h e  W-3 weld,ment bulk weld m e t a l  and approximately 300 MPa c u p p e r -  and 

80 MPa s l o w e r - s h e l f  f r a c t u r e  toughness f o r  t h e  W-3 r o o t  weld reg ion .  

The computerized J - i n t e g r a l  unloading compliance system i s  opera- 

t i o n a l  and w a s  used t o  test a 1 T compact specimen from p l a t e  P 2 .  The 

unloading  compliance methodolggy invo lves  a series of loadings  and p a r t i a l  

un loadings  wi th  a s i n g l e  specimen t o  g e n e r a t e  a J - i n t e g r a l  ve r sus  c rack  

growth (Aa) curve. The J-Aa curve  may be used t o  determine a f r a c t u r e  

toughness r e s u l t  Jlc o r  t o  o b t a i n  a measure of t h e  material r e s i s t a n c e  t o  

t e a r i n g ,  t h e  t e a r i n g  modulus T. The methods of a n a l y s i s  f o r  both J I ~  and 

Th i s  compares w i t h  approximate ly  400 m a 6  
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T are still evolving technologies, and the results reported here are, in 
that sense, preliminary. It is noteworthy that the American Society for 
Testing and Materials is publishing a new standard procedure for elastic- 

plastic fracture toughness testing, which utilizes the resistance curve 
(R-curve) concept to determine Jlc. 

Figure 3.26 shows a plot of J versus Aa data obtained from a single 
specimen unloading compliance test. The J-integral and crack extension 

are computed at each unloading. The analysis used here provides a crack 

growth correction as well as a correction for displacement measuring point 

rotation off the load-line. The blunting line appears to be quite 

representative of the results in the early portion of the test until in- 

place crack extension dominates. 
the fifth unloading and is annotated on the figure. The line drawn 

through the subsequent data points represents a hand-drawn linear 

resistance curve (R-curve). 

Maximum load during the test occurred at 
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Values of K ( J >  can be c a l c u l a t e d  from t h e  J l C ,  determined by using 

t h e  i n t e r c e p t  of t h e  R-curve wi th  t h e  b l u n t i n g  l i n e ,  and t h i s  r e s u l t s  i n  

a K ( J )  of about 500 MPa 6. 
p o i n t ,  a K(J) of about 450 MPa 

comparable t o  previously r e p o r t e d  f r a c t u r e  toughness r e s u l t s  of about  

450 MPa f o r  p l a t e  P2 a t  room temperature .  It is important  t h a t  t h e  

poin t  a t  which maximum load occurs  i n  t h e  tes t  f a l l s  on t h e  b l u n t i n g  l i n e  

and no t  ou t  on t h e  R-curve. This  i n d i c a t e s  t h a t  p rev ious ly  r e p o r t e d  

f r a c t u r e  toughness r e s u l t s  f o r  PCRV l i n e r  s tee l s ,  using t h e  energy t o  

maximum load i n  a load- to- f rac ture  tes t ,  are similar t o  those obta ined  

wi th  t h e  most r e c e n t  s ta te -of - the-ar t  t e s t i n g  techniques.  

I f  t h e  J l c  i s  determined a t  t h e  maximum load  

i s  c a l c u l a t e d .  These v a l u e s  are 

Beyond t h e  de te rmina t ion  of J l C ,  t h e  R-curve can be used t o  determine 

T. For t h e  R-curve shown i n  t h e  f i g u r e ,  T (d imens ionless )  i s  about  200. 

T h i s  t e s t i n g  and a n a l y s i s  technique w i l l  be used t o  e v a l u a t e  f u t u r e  

tes t  specimens of PCRV l i n e r  program m a t e r i a l s  such as weldments W - 3 ,  W-5, 

and W-1 . 
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4. STRUCTURAL MATERIALS 
P. L. Rittenhouse 

4.1 INTRODUCTION - P. L. Rittenhouse 

Work at ORNL on HTGR structural materials is directed toward develop- 
ment of the materials technology necessary to design and license HTGR 

systems. The program is closely coordinated with similar efforts at the 

General Atomic Company (GA) and the General Electric Company (GE) and, 

together with these, constitutes the national structural materials program 

in support of HTGR technology. 

The ORNL structural materials program during 1980 was divided into 

five major task areas : 

0 mechanical properties of alloys, weldments, and ceramics; 

0 corrosion of alloys; 

0 joining technology; 
0 structural ceramics; and 

fission product - materials interactions. 

The first area involves the determination of tensile, creep, fatigue, 

creep-fatigue, and crack growth properties of alloys and their weldments 
as well as various tests on structural ceramics. Many of the tests are 

conducted in a simulated HTGR-helium environment to determine the effects 

of reactions between the materials and reactive components of the 

environment. Additionally, the thermal stabilities of materials are 
evaluated by aging and postexposure testing. 

At the beginning of the year the work on corrosion was divided i n t o  

two distinct subtasks: steam corrosion and oxidation-carburization 

behavior in HTGR helium. However, early in the year the mode of operation 
of the oil-fired steam plant at which the steam corrosion exposures were 
performed was changed from base load to peaking operation. This change 
resulted in the termination of our exposures. The availability of other 

facilities for future steam corrosion work is being investigated. 
Corrosion studies in HTGR helium have emphasized the effect of car- 

burization on dimensional stability and the influence of H20 level and 

supply rate on oxidation and carburization behavior. 

149 
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Three separate efforts have been in progress in the area of joining. 

The first, now completed, involved the fusion welding of three 

experimental wrought alloys based on the Inconel 617 composition. In the 
second, the weldability of several cast nickel-base alloys of potential 

application for thermal barriers and hot ducts is being evaluated. 
Finally, laser and electron beam welding are being investigated as 

possible suitable joining techniques for the iron-base oxide-dispersion- 
strengthened alloy MA956. 

Work on ceramics during the year involved both fibrous materials for 

thermal barrier insulation and dense materials for core support 

applications. All planned work on fibrous ceramics, with the exception of 
some long-term aging-resilience tests, was completed. Characterization of 

dense ceramics continued, and studies to determine the effects of rapid 

depressurization on material integrity were completed successfully. 

A study of the possible effects of fission product-materials interac- 
tions was initiated late in the year to evaluate the potential degradation 

of properties of structural materials as a result of exposure to tellurium- 
and cesium-containing environments. A significant background of infor- 
mation on this subject is available from past studies at ORNL on other 
reactor systems. 

Responsibility for fracture toughness studies on prestressed concrete 

reactor vessel (PCRV) liner and penetration steels was transferred to the 

Structural Materials Program on October 1. 
ties is covered in the PCRV chapter. 

Reporting of the year's activi- 

4.2 MECHANICAL PROPERTIES OF HTGR ALLOYS, WELDMENTS, AND CERAMICS - 
C. R. Brinkman 

4.2.1 Creep and Tensile Testing of Metallic Materials - H. E. McCoy 

The materials being evaluated in this program are described in 

Tables 4.1 and 4.2. Tensile tests have been run on most of these 

materials, and the results have been rep~rted.l-~ These tests showed 
that the yield and tensile strengths of Inconel 617, Hastelloy X, and 
Incoloy 802 were quite similar but that HD556 was significantly stronger 

over the entire temperature range. 



Table 4.1. Alloy characterizations 

Material Heat Source Product form Grain 
size (pm) Heat treatment 

Alloy 617 

Hastelloy X 

Alloy 800H 

2 1/4 Cr-1 Mo 

9 Cr-1 Mo 

Hastelloy S 

HD556 

Inconel 618 

Incoloy 802 

XXO 1A3US 

2600-3-4936 
2600- 3- 279 2 

HH6993 

X-6216 
36202 
72768 

316381 

a6 3 5- 3-836 5~ 

8556-5-7305 

Y09B9 

HH6863B 

INCO 

Cabot 
Cabot 

INCO 

B & W  
B & W  
B & W  

Cabot 

Cabot 

INCO 

INCO 

12.71mn (1/2-in.) plate 

12.7-mm (1/2-in.) plate 
31.8-mm (1 1/4-in.) bar 

19- (3/4-in.) bar 

51-mm-OD (2.0-in. ) tube 
5llmn-OD (2.0-in.) tube 
5llmn-OD (2.0-in. ) tube 

12.7- (1/2-in. ) plate 

6.4-mm (1/4-in.) plate 

12.7-mm (1/2-in.) plate 

7.9m (0.312-in.) plate 

Solution annealed by vendor 

80 Solution annealed by vendor 
55 Solution annealed by vendor 

Solution annealed by vendor 

27 Isothermally annealeda 
20-27 Isothermally annealeda 
27 Isothermally annealeda 

Annealed 

Unknown - by vendor 
Unknown - by vendor 
Unknown - by vendor 
Solution annealed by vendor 

3 2 7  f 14OC for 30 min, cooled to 704 t 14OC at a maximum rate of 83OC/h, held at 704 t 14OC for 2 h, 
cooled to room temperature at a maximum rate of 6"C/min. 



Table 4 . 2 .  Alloy compositions 

Content ( X )  
Mate r i a l  

Ni C r  co Mo Fe A 1  S i  C Mn S W T i  Cu Others 

Alloy 617 

Has te l loy  X 4936 
2792 

Alloy 800H 6993a 
2 1/4 Cr-1 Mo X-6216 

36202 
72768 

9 Cr-1 Mo 

Has te l loy  S 83h5T 
YD 55h 

Tnconel 618 

Incoloy 802 

57.35 

Ral. 
Ral. 

33.43 

0.4 

Ral. 

19.44 

56.49 

33.45 

20.30 

21.82 
21.25 
20.36 
2.19 
2.24 
2.16 

8.83 

15.3 

21.39 

22.5 
19.74 

11.72 8.58 

1.68 9.42 
1.94 8.99 

1.00 
0.96 
0.94 

1.0 

0.15 15.3 
19.08 2.72 

1.01 

19.09 
18.96 
43.60 
Bal. 
Bal. 
Bal. 

Ral. 

0.5 

Ral. 

14.79 
44.57 

0.76 0.16 

0.44 
0.41 

0.43 0.39 

0.26 
0.34 
0.38 
0.6 

0.40 0.40 

0.26 0.49 

0.01 0.021 

0.37 

0.07 

0.07 
0.10 

0.07 

0.12 
0.12 
0.10 
0.0803 

0.0129 
0.11 

0.05 

0.30 

0.05 

0.58 
0.57 

0.77 

0.44 
0.43 
0.41 

0.5 

0.5 
1.20 

0.09 

1.11 

0.004 

<O. 005 
<0.005 
0.004 
0.016 
0.023 
0.012 
0.0208 

<0.005 

0.005 

0.001 

0.63 
0.56 

0.46 0.49 

0.02 v 
0.01 0.04 0.02 La 

2,08 0.01 La, 

5.85 0.04 
0.46 

0.76 C b  + Ta 

QChemical composition not ava i lab le  f o r  t h i s  heat;  ana lys i s  shown is f o r  HH13-6979. 
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Creep tests are being performed on t h e s e  same materials, and those  i n  

progress  are summarized i n  Table 4.3. S i g n i f i c a n t  d i f f e r e n c e s  i n  c reep  

s t r e n g t h  occur  between t h e  a l l o y s ,  with the  weakest being 2 1/4 C r - 1  Mo 

steel  and t h e  s t r o n g e s t  being Inconel  617. However, t h e  only c l e a r l y  

demonstrated e f f e c t  of HTGR helium on t h e  creep s t r e n g t h  w a s  wi th  

2 1/4 Cr-1  Mo steel .  The a l l o y  w a s  decarbur ized  by HTGR helium a t  ele- 

va ted  temperatures ,  and t h e  c reep  s t r e n g t h  was less than  t h a t  measured i n  

air .  A l l  o t h e r  a l l o y s  t e s t e d  thus  fa r  have ca rbur i zed  i n  HTGR helium, but  

no d e t e c t a b l e  changes have occurred i n  t h e  c reep  rate. However, t h e  

fracture s t r a i n  of t h e  ca rbur i zed  material has  g e n e r a l l y  been less than  

t h a t  of uncarburized material. 

Seve ra l  modified a l l o y s  i n  which t h e  concen t r a t ions  of chromium, 

t i t an ium,  and aluminum have been va r i ed  are being s tud ied .  These elements  

are known t o  have s i g n i f i c a n t  e f f e c t s  on t h e  resistance of nickel-base 

a l l o y s  t o  ca rbur i za t ion .  

A l l  a l l o y s  s tud ied  thus  f a r  have been welded s a t i s f a c t o r i l y .  

Has t e l loy  X w a s  welded by both t h e  gas tungs ten  arc (GTA) and t h e  s h i e l d e d  

metal arc welding (SMAW) processes ,  us ing  Has te l loy  X and Has te l loy  S 

f i l l e r  metals. With Has te l loy  X f i l l e r  metal, c reep  f a i l u r e s  c o n s i s t e n t l y  

occur  i n  the  Has te l loy  X weld metal, but t he  c reep  s t r e n g t h  is  not  out-  

s i d e  t h e  range of expected va lues  f o r  Has te l loy  X base m e t a l .  With 

Has te l loy  S f i l l e r  m e t a l ,  c r eep  f a i l u r e s  c o n s i s t e n t l y  occurred i n  t h e  

Has te l loy  X base metal. S a t i s f a c t o r y  welds were obta ined  i n  Inconel  617 

and Incoloy 802 base metals by us ing  Inconel  617 weld metal. In t h e  

Inconel  617 weldment, t h e  creep s t r e n g t h  is equ iva len t  t o  t h e  base m e t a l ,  

and f a i l u r e s  occur randomly i n  t h e  base and weld metals. I n  t h e  Incoloy 

802 weldment, t h e  s t r e n g t h  of t h e  Inconel  617 weld metal w a s  g r e a t e r  t han  

t h a t  of t h e  Incoloy 802, and f a i l u r e  occurred i n  t h e  Incoloy 802 base 

metal. Alloy HD556 w a s  welded wi th  f i l l e r  metal of t h e  same material, and 

s a t i s f a c t o r y  welds were obta ined  by the  GTA process .  Creep  f a i l u r e s  con- 

s i s t e n t l y  occurred i n  t h e  weld metal, but t h e  c reep  s t r e n g t h  f e l l  w i t h i n  

t h e  expected range f o r  t h e  base m e t a l .  

The y i e l d  and t e n s i l e  s t r e n g t h s  of the  a l l -weld-meta l  samples of 

Has te l loy  X and Inconel  617 were h igher  than  those  of t h e  base metal. The 

y i e l d  and t e n s i l e  s t r e n g t h s  of t he  Has te l loy  X weld metal were 50 and lo%, 



Table 4 . 3 .  S t a t u s  of c reep  tests c u r r e n t l y  i n  p rogres s  

Test Material 
Stress Approximate 

Time creep strain Temperature 
( " C )  (MPa) (ksi) ( h )  

Environment 

18434 
17376 
18150 
18448 
21565 

22195 

22193 

20559 

21567 

18430 
21561 

22201 

22186 

2 1602 
2 1603 
19393 
1976 1 
18869 
19182 
22188 

Hastelloy X, heat 4936, flat 
Hastelloy X, heat 4936 
Hastelloy X, heat 4936 
Hastelloy X, heat 2792 
Hastelloy X, heat 4936, aged 20,000 h 

Hastelloy X, heat 4936, aged 10,000 h 

Hastelloy X, heat 4936, aged 20,000 h 

Hastelloy X weld, X/X/X, GTA, 

Hastelloy X weld, X/X/X, SMAW, 

Hastelloy X weld, x/S/x, GTA 
Hastelloy X weld, X/S/X, GTA, 

Hastelloy X weld, X/X/X, GTA, 

Hastelloy X weld, X/X/X, GTA, 

Inconel 617 
Inconel 617 
Inconel 617 
Inconel 617 
Inconel 617 
Inconel 617 
Inconel 617 

at 538°C in inert gas 

at 593°C in HTGR He 

at 871°C in HTGR He 

aged 2000 h at 593'C in inert gas 

aged 2000 h at 593°C in inert gas 

aged 2000 h at 593°C in inert gas 

aged 10,000 h at 593°C in HTGR He 

aged 20,000 h at 871°C in HTGR He 

He 
Air 
He 
Air 
He 

He 

He 

He 

He 

He 
He 

He 

He 

He 
Air 
He 
Air 
Air 
He 
He 

649 
704 
649 
760 
538 

593 

a7 1 

593 

593 

59 3 
593 

593 

a7 1 

a7 1 
a7 1 
a7 1 

87 1 

760 
649 
593 

138 
103 

69 
34 5 

276 

35 

24 1 

24 1 

24 1 
24 1 

276 

35 

21 
21 
34 
34 
69 

207 
414 

138 

20 
15 
20 
10 
50 

40 

5 

35 

35 

35 
35 

40 

5 

3 
3 
5 
5 

10 
30 
60 

32,467 
39,671 
33,788 
31,176 

6,859 

189 

189 

8,513 

6,584 

32,703 
7,075 

12 

45 

2,724 
2,663 

25,811 
22,732 
24,213 
28,048 

a37 

8.7 
12.2 
5.3 
6.8 
8.9 

2.9 

0.6 

3.3 

2.3 

4.4 
2.0 

0.2 

0.3 

0.1 
0.1 
9.9 

16.7 
2.4 
0.9 

19.8 



Table 4.3.  (continued) 

Test Materia 1 
Stress Approximate 

Time creep strain 
(h) 

Temperature 

(MPa) (ksi) ( " C )  
Environment 

22180 

22200 

22185 

20534 

21589 

21612 

20553 
21594 
22182 

22187 

22192 

22 196 
22199 
22189 
22190 
22198 
22181 

Inconel 617, aged 20,000 h at 704OC 
in HTGR He 

Inconel 617, aged 10,000 h at 593OC 
in HTGR He 

Inconel 617, aged 20,000 h at 871°C 
in HTGR He 

Inconel 617, aged 20,000 h at 538OC 
in inert gas 

Inconel 617, aged 28,300 h at 482OC 
in steam 

Inconel 617 weld, GTA, aged 2000 h 
in HTGR He 

Inconel 617, all weld metal 
Modified Inconel 617, alloy 5492 
Modified Inconel 617, 5492 weld, 

Modified Inconel 617, 5493 weld, 

Modified Inconel 617, 5494 weld, 

Inconel 618, 1 h at 1177°C 
Inconel 618, 1 h at 1177OC 
Inconel 618, 1 h at 1177OC 
Incoweld A 
Incoloy 802 
Incoloy 802 

1 h at I177OC 

1 h at 1177OC 

1 h at 1177OC 

He 

He 

He 

He 

Air 

He 

He 
He 
He 

He 

He 

He 
He 
He 
Air 
He 
Air 

704 

593 

87 1 

538 

649 

704 

649 
649 
760 

649 

649 

87 1 
760 
871 
760 
760 
760 

207 

345 

48 

414 

34 5 

207 

24 1 
345 
138 

345 

345 

34 
69 
34 
69 

103 
69 

30 1,127 

50 45 

7 1,005 

60 11,277 

50 957 

30 1,797 

34 8,589 
50 3,238 
20 1,148 

50 827 

50 143 

5 189 
10 189 
5 791 

10 793 
15 45 
10 1,151 

1.4 

6.9 

10.4 

14.8 

10.2 

1.2 

0.9 
7.9 
8.9 

8.9 

16.1 

0.2 
0.5 
4.5 

0.2 
0.4 

0 .  a 



Table 4 . 3 .  (continued) 

Test Material 
Stress Approximate 

Time creep strain 
(h) 

Temperature 

(XI (MPa) (ksi) ("C) Environment 

20532 
20548 
21563 
20536 
18860 
18446 
t9796 
18252 
18508 

19945 
20508 
20560 
20555 
21597 
22197 
22194 
21606 

HD556 
HD556 
HD556 
HD556, weld 
2 1/4 Cr-1 Mo st-1, heat 72768 
2 1/4 Cr-1 Mo stee. heat 72768 
2 1/4 Cr-1 Mo stee- heat 72768 
2 1/4 Cr-1 Mo steel, heat 72768 
2 1/4 Cr-1 Mo steel, heat 72768, 
flat specimen 

2 1/4 'Cr-I Mo steel, heat 72768 
9 Cr-1 Mo steel 
Si02, Corning 7941 - compressive 
SiO2, Corning 7941 - compressive 
Si02, Corning 7941 - compressive 
Si3N4, NC-132, compressive 
Si3N4, NC-132, four-point bending 
Si3N4, NCX-132 four-point bending 

He 
He 
Air 
Air 
He 
He 
Air 
He 
He 

He 
Air 
He 
He 
He 
He 
He 
He 

649 
87 1 
760 
87 I 
538 
649 
649 

538 
538 

538 
538 
87 1 
816 
816 

1,010 
1,010 
1,010 

207 
34 
103 
34 
69 
21 
21 
41 
41 

41 
103 
14 
14 
41 
448 
448 
448 

30 
5 
15 
5 

10 
3 
3 
6 
6 

6 
15 
2 
2 
6 
65 
65 
65 

11,277 
8,645 
7,032 
10,968 
28 , 925 
31,568 
19,960 
33,610 
32,227 

22,080 
16,118 

8,420 
3,070 
189 
44 

2 804 

8,343 

14.2 
0.2 
3.8 
1.5 
12.3 
1.4 
4.9 
0.3 
1.7 

0.7 
11.3 
2.7 
2.1 
0.7 
1.5 
5.6 
2.4 
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respectively, higher 

tensile strengths of 

higher than those sf 

than those of the base metal, and the yield and 

Inconel 617 weld metal were 75 and lo%, respectively, 
the base metal. The fracture strains of all-weld- 

metal specimens ranged from 20 t o  40%. 

Tensile tests were run on all-weld-metal samples of Incoweld A, a 

filler metal for making welds in nickel- or  iron-base alloys by the SMAW 
process. Incoweld A weld deposits were stronger than those for Incoloy 

800H at all test temperatures and compared favorably with Hastelloy X in 
short-term tensile properties. 

4.2.2 Aging Studies -H. E. McCoy 

Many of the alloys being considered for HTGR use change properties as 

a function of time at temperature, and the problem is likely worsened by 
carburization in HTGR helium. The agings in progress to study these 

effects are summarized in Table 4.4. The aged specimens are being eval- 

uated by tensile, creep, and fatigue tests, which are still in progress. 

Many of the samples are still in the furnaces undergoing aging. 

The property change of primary interest is the loss in fracture 

toughness as a result of aging. Several Charpy impact samples have been 
included in the program, and typical results for an aging temperature of 

871°C and a test temperature of 25°C are shown in Fig. 4.1. The impact 

energies of HD556 and Hastelloy X are reduced rapidly at 871°C. Although 

Inconel 617 is affected more slowly than Hastelloy X, the impact value of 
Inconel 617 after 20,000 h of aging is within a factor of 2 of that of 
Hastelloy X. Inconel 618 base metal and welds appear after 1000 h of 
aging to be much tougher than either Hastelloy X or Inconel 617. 

4.2.3 Fatigue and Fatigue Crack Growth - J. P. Strizak 

An invesitgation of the effects of thermal aging and environment on 
the low-cycle fatigue behavior of Hastelloy X and Inconel 617 was under- 

taken during the current reporting period. Continuous-cycle fatigue tests 

were conducted in air to compare the fatigue behavior of material aged in 

argon for periods of 10,000 arid 20,000 h at 538, 704, and 871"C, with 

cyclic lifetime for solution-annealed material. Interim data to date are 

shown in Figs. 4.2 through 4.6. 
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Table  4 . 4 .  Summary of O W  aging programs 

Material 
Aging conditions 

Status 
Temperature 

("C) 
Time Environment 
(h) 

Rase metals 
Hastelloy X 
Hastelloy X 
Hastelloy X 
Incoloy 802 
Inconel 617 
Inconel 617 
Inconel 617 
Hastelloy X 
Hastelloy X 
Inconel 617 
Inconel 617 
Inconel 618 
HD5 5 6 
Modified Inconel 617 

Weld& 
X/X/X, GTA 
X/U2/Incoloy 800H, GTA 
XIXJX, GTA 

X/S/X, GTA 
X/182/800H, GTA 
X/A/800H, SMAW 
X/X/X, GTA 
X/X/X, GTA 
617/617/617, GTA 
617/617/617, GTA 
802/617/802, GTA 
618/618/618, GTA 
55615561556, GTA 
M617/M617/M617, GTA 

XlX/X, SMAW 

538 
704 
87 1 
593, 704, 871 
538 
704 
871 
593, 704, 871 
593, 7 0 4 ,  871 
593, 704, 871 
593, 704, 871 
593, 704, 871 
593, 704, 871 
593, 704, 871 

538, 704, 871 
427, 538, 649 
593, 649, 760, 871 
593, 649, 760, 871 
593, 649, 760, 871 
482, 538, 649 

593, 704, 871 
593, 704, 871 
593, 704, 871 
593, 704, 871 
593, 704, 871 
593, 704, 871 
593, 704, 871 
593, 704, 871 

482, 538, 649 

2.5, 10, 20 
2.5, 10, 20 
2.5, 10, 20 
10 
2.5, 10, 20 
2.5, 10, 20 
2.5, 10, 20 
10, 20 
50 
10, 20 
50 
10 
10 
10 

2 
2 
2, 10 
2, 10 
2, 10 
2, 10 
2, 10 
10, 20 
50 
10, 20 
50 
10 
10 
10 
10 

Inert 
Inert 
Inert 
HTGR He 
Inert 
Inert 
Inert 
HTGR He 
HTGR He 
HTGR He 
HTGR He 
HTGR He 
HTGR He 
HTGR He 

Inert 
Inert 
Inert 
Inert 
Inert 
Inert 
Inert 
HTGR He 
HTGR He 
HTGR He 
HTGR He 
HTGR He 
HTGR He 
HTGR He 
HTGR He 

Complete 
Complete 
Complete 
Complete 
Complete 
Complete 
Complete 
Complete 
23,000 h 
Complete 
23,000 h 
3,000 h 
3,000 h 
3,000 h 

Complete 
Complete 
Complete 
Complete 
Complete 
Complete 
Complete 
Complete 
23,000 h 
Complete 
23,000 h 
Complete 
3,000 h 
3,000 h 
3,000 h 

aThe following designation is used for welds: Base metal llfiller metallbase 
metal 2; GTA = gas tungsten-arc process; and SMAW = shielded metal arc weld. 
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Aging Hastelloy X for 10,000 h at 538°C before testing at high strain 

ranges 01%) reduced fatigue life by a factor of 2 to 3 compared with 
solution-annealed material (see Fig. 4.2). However, the effect of this 

aging was very slight when the tests were run at low strain ranges. Aging 

for 20,000 h at 538°C had little effect on fatigue life at any strain 

range. Finally, aging at 871°C for 10,000 h reduced cyclic lifetimes by a 

factor of approximately 1.5 throughout the strain range investigated, 

whereas 20,000 h of aging had essentially no effect (see Fig. 4.3). 

For Inconel 617, aging for 10,000 h at 538°C before testing had 

essentially no effect on fatigue life. Aging for 20,000 h doubled fatigue 
life at high strain ranges but essentially made no change at low strain 

levels (see Fig. 4.4). At 704"C, 10,000 h of aging slightly lowered 
fatigue lifetimes, whereas 20,000 h of aging increased fatigue life by a 

factor of about 1.5 throughout the range of cyclic life investigated 
(Fig. 4.5). Similar to the behavior of Hastelloy X, aging of Inconel 617 

for 10,000 h at 871°C decreased cyclic liietimes by a factor of 1.5 

compared with solution-annealed material, but 20,000 h of aging resulted 

in slightly increased fatigue lifetimes (Fig. 4.6). 

These low-cycle fatigue tests on Hastelloy X and Inconel 617 have 

shown that, although both aging time and temperature affect cyclic life, 
the effect of aging is relatively minor. Similar series of low-cycle 

fatigue tests are being run in a simulated HTGR-helium environment. 
Interim results to date of low-cycle fatigue tests of Hastelloy X and 

Inconel 617 conducted in HTGR helium are given in Table 4.5. Cyclic life- 
times are seen to be greater (up to a factor of 20) in all cases for 

Inconel 617 tested in HTGR helium compared with air. The ratio of life- 
time in helium to lifetime in air increases as the total strain range is 
decreased. For Hastelloy X this ratio is very close to unity except at 
the lowest strain range where a ratio of 2 has been observed. 

Further testing will be conducted on solution-annealed Hastelloy X 
and Inconel 617 in HTGR helium at 871°C. 

Additional specimens to be tested during this investigation of the 

effects of thermal aging and environment on low-cycle fatigue behavior 

include Inconel 617 and Hastelloy X aged in HTGR helium for 10,000 and 
20,000 h at 593 and 871°C. 
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Table 4 . 5 .  Low cycle fatigue tests 
conducted in HTR-helium 

T o t a l  Cycles 
s t r a i n  t o  E s t  i m a  t ed 

range f a i l u r e  Nf i n  a i r  Specimen 

( % I  (If) 

Has te l loy  X a t  538°C 

HXL93 2.74 378 450 
HXL86 1.85 861 940 
HXL85 0.96 4,277 4,500 
HXL73 0.63 65,797 20,000 
HXL94 0.50 1,978,430 1,000,000 

Incone l  617 a t  538°C 

IN57 1.86 990 300 

IN60 0.55 383,580 16,000 

Inconel  617 a t  704°C 

IN52 1.81 400 220 
IN54 0.87 2,531 1,200 
IN55 0.55 30,789 6,000 
IN54 0.54 89,404 6,800 

IN49 0.96 6,680 2,000 

The effect of thermal aging on the fatigue crack propagation rates 

in Hastelloy X and Inconel 617 is also under investigation. The status 

of planned crack growth tests in air is given in Table 4.6.  

Table 4.6.  Status of crack growth t e s t s a  

T e s t  S t r e s s  

( m a 6 3  

AgingC 

Temperature T i m e  R-ratiod i n t e n s i t y  Frequency 
(Hz 1 temperature  

("(2) 
Mat e r i a l  

("C) ( h )  

Has te l loy  X 704 20,000 650 1 0.05 20-50 

Incone l  617 704 650 1 0.05 20-50 

Incone l  617 704 20,000 650 1 0.05 20-50 

9 e s t s  conducted i n  a i r .  

k la te r ia l  s o l u t i o n  annealed and aged as ind ica t ed .  

CAged i n  argon. 

'&,ti0 of minimum load t o  maximum load.  
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4.2.4 Creep Crack Growth - R. W. Swindeman and B. C. Williams 

The objective of this work is to develop methods for understanding 
how the HTGR environment will affect creep crack growth. Earlier, 

Weerasooriya and Strizak6 examined creep crack growth in Hastelloy X 
by using single-edge notch tension (SENT) specimens fabricated as shown 
in Fig. 4.7. Constant load tests were run in air and HTGR helium at 

650°C, and correlations were made between the crack growth rate & / d t  
and the stress intensity factor K and between the crack growth rate and 

the net stress Unet. 
both parameters. The creep crack growth rates were found to be greater 

in air than in HTGR helium. Interpretation of the experimental data 
was complicated by the severe geometric distortion and the associated 

eccentric loading produced by crack opening displacement on only one 
side of the sample. Weerasooriya and Strizak suggested that a center- 

cracked panel (CCP) specimen might be more suitable for creep crack 
growth studies. The specimen selected for continuation of the 

Crack growth rates correlated equally well with 

ORNL-OWG T 9 - I M O Z  

Fig. 4.7. Dimension of single-edge notch tension specimen used for 
creep crack growth studies. 
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creep crack growth work is shown in Fig. 4.8.  Dimensions are similar to 

the SENT specimen shown in Fig. 4.7 except that the center crack was used. 

--G 

ORNL-DWG 81-5577 

DRILL  THRU AND REAM 
TWO HOLES 0 6 2 6 + s 0  DlAM 

0 080'0 001 

Fig. 4.8. Dimension of a center-cracked panel specimen used for 
creep crack growth studies. 

The specimen was prefatigued to produce cracks about 2 mm deep from 
either saw-cut. An extensometer was attached to two points centered 25 mm 

above and below the center hole. The specimen was loaded by pins at an 
initial net stress near 172 MPa. Periodically, the specimen was cooled to 

room temperature, and the crack width (2a)* and opening displacement (COD) 
at the center hole were measured with a cathetometer. 

A plot of creep elongations versus time is provided in Fig. 4.9,  and 

a plot of COD versus creep strain is provided in Fig. 4.10. From these 

plots the extensometer appears to provide a good indication of the COD. 
Examination of the crack tips, however, suggested that the crack was 

severely blunted and growing in a rather erratic way. Similar observations 
were made for the SENT specimens.6 

COT) could be attributed to creep in the ligament ahead of the cracks. 

For this reason we would expect anet to be as good as K for correlating 
the data. We plan to perform one more test on the CCP specimen 

Much of the elongation and increase in 

*a = half the crack width. 
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( i n  helium) and t o  begin tests on s i d e  groove compact t e n s i o n  type  

specimens, t o  be followed by tests wi th  low-frequency c y c l i c  stresses. 

4.2.5 T e s t i n g  of Ceramics - H .  E. McCoy 

T e s t i n g  of ceramics has  involved developing equipment f o r  running 

( 1 )  u n i a x i a l  compressive c reep  tests,  ( 2 )  four-point  bending creep tests, 

and (3 )  r e l a x a t i o n  tes ts  under four-point  loading.  

c a r r i e d  ou t  i n  HTGR helium. 

All tests are t o  be 

Four creep chambers were c o n s t r u c t e d  f o r  running compressive creep 

tests on 1.01-cm-diam by 3.18-cm-long r i g h t  c i r c u l a r  c y l i n d e r s  of fused  

Si02. Each chamber w a s  cons t ruc ted  of alumina; t h e  i n t e r n a l  f i x t u r e s  were 

made of Mo-TZM.* Typical  t es t  r e s u l t s  f o r  Corning 7941 fused Si02 are 

shown i n  Fig. 4.11. The two tests a t  816°C demonstrate  t h e  problem of 

sample-to-sample v a r i a t i o n .  The r e s u l t s  would appear  more c o n s i s t e n t  i f  

t h e  stresses were reversed.  

Arc-cast o r  powder meta l lurgy  M 0 - 0 . 5  w t  % T i - 0 . l  w t  % Z r  (TZM type )  * 
a l l o y .  

ORNL- DWG 80- 49405 
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Fig. 4.11. High-precision compressive c r e e p  r e s u l t s  are a v a i l a b l e  on 
fused  s i l i c a ;  2 k s i  = 13.8 MPa, 4 k s i  = 27.6 HPa. 
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Two test chambers were constructed for performing four-point bend 

tests. The test fixture is shown in Fig. 4.12 with a sample in place, and 

the assembled test apparatus is shown in Fig. 4.13. The chamber walls are 

made of Al2O3, and the bend fixture, of Mo-TZM. The only serious experi- 
mental problem has been that the dimensional tolerances of the Mo-TZM 

parts were so close that self-welding occurred if creep movement slowed. 

This problem has been reduced, if not corrected, by abrading some of the 

closest fitting surfaces and oxidizing the contacting surfaces. Tests are 
being run on Si3N4. 

A system was designed for performing stress relaxation tests on four- 
point bend specimens. One test system has been fabricated, assembled, and 

run through initial tests. 
stepping motor to position the loading train as needed. Initial tests 

look very promising. 

The system makes use of a high-frequency 

4.3 CORROSION OF HTGR ALLOYS - J. H. DeVan 

4.3.1 Steam Corrosion of Engineering Alloys - J. C. Griess 

Our steam corrosion program at the Bartow Plant of the Florida Power 

Corporation was terminated in March 1980 because the operating mode of the 
plant was changed from base load to peaking, resulting in only sporadic 

periods of steam generation. All equipment and test specimens were 
returned to Oak Ridge at that time. We are currently looking for a power 

plant in which to relocate our facilities and continue the isothermal 
corrosion studies, which had logged 28,339 h when the program was stopped. 

A report summarizing all the isothermal corrosion data obtained in 
recent years from the Florida operation has been ~repared;~ an abstract of 

that report follows. 

The oxidation of several chromium-molybdenum steels and 
austenitic materials in superheated steam at 482 and 538°C (900 
and 1000°F) was studied. The investigation was conducted in a 
once-through loop that received steam from the superheater cir- 
cuit of the Bartow Power Plant of the Florida Power Corporation. 
This report presents the results from our investigation, which 
was terminated after 28,339 h, when the mode of the power plant 
operation was changed from base load to peaking. 

At both temperatures all materials examined exhibited 
parabolic oxidation kinetics during the first year and 
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Fig. 4.13. Assembled test stands with four-point bend tests in 
progress. 
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subsequently oxidized at constant rates, which were lower than 
expected from extrapolation of the initial parabolic curves. 
The chromium-molybdenum steels containing 2 1/4 and 9% Cr oxi- 
dized at about the same rate, averaging 3.6 and 8.5 pm/year 
(0.14 and 0.33 mils/year) at 482 and 538OC, respectively, after 
the first year. Sandvik HT-9 (11.4% Cr) corroded at only 
slightly lower rates. Oxidation rates were nearly independent 
of surface condition, but in two cases the presence of mill 
scale on the surface before steam exposure seemed to retard 
oxidation. All chromium-molybdenum steels developed two layered 
scales in which the ratio of the thickness of the outer to the 
inner layer was 1.3, independent of alloy composition, exposure 
time, and temperature. At 482OC only one of many specimens 
showed evidence of exfoliation, but at 538°C exfoliation 
occurred on some specimens of most chromium-molybdenum steels; 
the exceptions were the alloy with the highest chromium content 
(Sandvik HT-9), one heat of 9 Cr-1 Mo steel with the highest 
silicon content, and Sumitomo 9 Cr-2 Mo, which was in test for 
only 19,345 h. 

Cold-worked surfaces of alloy 800 corroded at lower rates 
than did annealed and pickled ones, but in both cases the rates 
were very low. Alloy 800 specimens that had intergranular 
penetrations before exposure to steam corroded at much higher 
rates. Type 304 stainless steel oxidized nonuniformly, but the 
total extent of damage was low at both temperatures. Alloy 617 
oxidized at the lowest rate of any material; even after 28,339 h 
surface films were thin enough to show interference colors. 

4.3.2 Oxidation-Carburization-Vaporization in HTGR Helium - 
H. Inouye 

This task is that of characterizing the corrosion behavior of 
selected alloys in an attempt to understand the processes that occur and 

to identify the variables that control the extent of these processes. 
Specifically, the corrosion runs described below determine the reason(s) 
for wide variability of the carburization rates under exposure conditions 

considered to be equivalent. For example, we reported in our 1979 annual 

report8 that Hastelloy X and Incoloy 800H carburize at a rate that 
increases with the exposure time after a slower incubation period of 1000 

to 2000 h, in contrast to a parabolic or a linear-parabolic time dependence 
deduced by Lupton.9 A s  a consequence of this "breakaway" carburization 

rate, the carbon uptake by these alloys in our experiments was up to an 
order of magnitude greater than that observed by Lupton. 

observed similar differences in the carburization of several alloys in 

experiments he conducted at different times. 

Deanlo also 
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4.3.2.1 Variability of Carbon Potential of Flowing HTGR Helium in Retorts 

The carburization of Hastelloy X, Incoloy 800H, and pure iron is not 
only dependent on the exposure time and temperature but is strongly 
influenced by the position of the corrosion specimens in the retort rela- 
tive to the direction of the HTGR-helium flow and the location of corro- 

sion specimens relative to each other. At the same flow rate and entering 

test gas composition, the carburization of Hastelloy X is up to a factor 
of 2 lower when the flow direction is up a temperature gradient rather 
than vice versa, as indicated by the data in Table 4.7. Further insight 

of the variability of the test gas is provided by the results in Table 

4.8. These tables show that the carburization of Incoloy 800H can vary by 
a factor as high as 9, depending on whether or not there are upstream 
specimens present to react with the impurities in the helium. Iron foils 

exposed simultaneously with both Hastelloy X and Incoloy 800H specimens 
show that the upstream positions are more carburizing than the downstream 

positions and that the difference in the carburization rates between 

these positions increases with the pk20 (Table 4.9). 

Table 4.7. Effect of HTGR helium flow direstion 
on the carburization of Hastelloy" 

Average carburization rate, 
Exposure ug/ (cm2*h) 
temperature 

("C> He flows from He flows from 
850 to 1000"Cb 1000 to 850"Cc 

8 50 
9 00 
1000 

0.172 0.275 
0.219 0.223 

2.174 4.470 

"Partial pressures: H2, 50.7; CH4, 5.1; 
CO, 3.9; and H20, 0.02 Pa (H2, 500, CH4, 50; 
CO, 38; and H20, 0.2 Uatm) ; flow of 1 L/min (23 
mm/s velocity). System pressure: 136 kPa 
(1.34 atm). 

b2000-h exposure. 

C2500-h exposure. 
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Table 4.8. E f f e c t  of upstream cor ros ion  specimens 
on t h e  c o r r o s i o n  of 'Incoloy 800Ha 

Expos ur e 
temperature 

("C) 
Weight Yin Car b ur i z a t i o n  ra t  e 

[pg/ (cm2*h>l  [pg/(cm - h ) l  

850 
900 
950 
1000 

850 
900 
950 
1000 

No specimens upstream b 

0.174 
0.282 

0.292 
Specimens upstreamc 

0.051 
0.182 

2.548 

0.316 
0.298 
0.688 
0.365 

0.353 
0.133 
0.431 
2.572 

aPar t ia l  p re s su res :  H2, 50.7; CH4, 5.1; CO, 
3.9; and H20, 0.02 Pa (H2, 500; CH4, 50; CO, 38; 
and H20, 0.2 p t m ) ;  f low of 1 L/min (23 mm/s 
v e l o c i t y )  f lowing a t  1000 t o  850°C. System 
p res su re :  136 kPa (1.34 atm). 

b2500-h exposure. 

C2000-h exposure. 

Table 4.9. Dependence of t h e  c a r b u r i z a t i o n  ra te  of 
i r o n  f o i l s  on t h e i r  p o s i t i o n  i n  a r e t o r t a  

Exposure c o n d i t i o n  A C ,  carbon i n c r e a s e ,  
10-4%/h 

T i m e  
Upstream Downstream 

Tempe r a t ur e pH20 
("C) t d a ( w t m >  1 ( h )  

~~ ~ 

950 30 (0.3) 700 1.8 2.9 
950 20 (0.2) 2000 4.2 5.6 
950 10 (0.1) 4000 5.7 6.8 

aPar t i a l  p re s su res :  H2, 50.7; CH4, 5.1; and CO, 3.9 Pa 
(H2, 500; CH4, 50; and CO 38 p t m ) ;  flow of 1 L/min (23 mm/s 
v e l o c i t y ) .  System pressure :  136 kPa (1.34 atm). 

h n t e r i n g  gas.  
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4.3.2.2 Effect of f i  0 on Carburization 2 

Table 4.10 summarizes the effects of varying the pH20 from 20 to 140 
mPa (0.2 to 1.4 patm) on the carburization of Hastelloy X and Incoloy 
800H. 

whether carburization or decarburization occurs) lies between these limits 

at 1000°C. Because the downstream specimens (i.e., at 950°C and lower) do 

not show dependency on the Ek20, we concluded that the 1000°C specimens 
(two specimens totaling 10 cm2) had depleted all the entering H20 in the 

helium at supply rates as high as 200 cm3/(cm2*min). 

These data show that the critical level of pH20 (which determines 

4.3.2.3 Oxidation and Vaporization 

Table 4.11 summarizes the mass balance of the corrosion processes 

based on weight gain, carbon, and oxygen analyses. These data show that 

the weight gain is consistently less than that accounted for by car- 

burization and oxidation and suggest that vaporization is also part of the 

corrosion process. Furthermore, a metallic deposit has been observed near 

the entrance of the corrosion retort after several months of corrosion 

testing in the closed loop system. It is currently thought that the 

deposit originated from the decomposition of a metal carbonyl. 

4.3.3 Mechanical Property-Corrosion Interactions - H. Inouye 

Stress generation in alloy surfaces induced by carburization was pro- 
posed as the reason that the creep rates of alloys tend to be higher in 
HTGR helium than in air and that carburized corrosion specimens dilate.8 

Experimental data in support of the proposed phenomenon have been pre- 
sented in greater detail elsewhere.ll 

Incoloy 800H with their corresponding weight changes and carburization 
levels are presented in Table 4.12. These data also illustrate the 

reproducibility problems described in Sect. 4.3.2; however, within a given 

run, the dilations appears to follow the carbon uptake AC. The rela- 

tionship between AL and AC, while not that apparent in Table 4.12, is 

clarified by Fig. 4.14. The plot shows that most of the dilation data 

(irrespective of exposure time, temperature, or alloy) fall within a 

scatter band showing the approximate relationship AI, a $, 

Dilation data for Hastelloy X and 

where n < 1. 
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Table 4.10. Effect of H20 on the carburization of 
Hastelloy X and Incoloy'800H in HTGR heliuma 

2 AC, carbon change, yg/cm 

("C) 20 mPa 140 mPa 
Exposure temperature 

(0.20 yatm) H20b (1.4 yatm) H20C 

750 
800 
850 
900 
9 50 
1000 

750 
800 
8 50 
900 
9 50 
1000 

Hastelloy X d 
122 
314 
687 
558 
12 10 

11,170 

Incoloy 800He 

173 
472 
434 
704 

1,219 
731 

122 
306 
54 2 
875 

2,090 
-623 

363 
45 1 
442 
442 

1,453 
-767 

a0.635 mm-diam by 22.2 mm-long rod specimens 
exposed for 2500 h. HTGR helium flowing from 1000 to 
750°C. 

bPartial pressures: H2, 50.8; CH4, 5.0; CO, 3.9; 
C02, 0.00; and H20, 0.02 Pa (H2, 501; CH4, 49; CO, 38; 
C02, 0.00; and H20, 0.2 yatm at a helium flow velocity 
of 23 mm/s (1000 cm3/min). System pressure: 136 kPa 
(1.34 atm). 

qartial pressures: H2, 50.6; CH4, 5.1; CO, 3.9; 
C02, 0.00; and H20, 0.14 Pa (H2, 499; CH4, 50; CO, 38; 
C02, 0.00; and H20, 1.4 yatm) at a helium flow velocity 
of 46 mm/s (2000 cm3/min). System pressure: 136 kPa 
(1.34 atm). 

dInitial carbon content of 805 ppm. 

eInitial carbon content of 795 ppm. 
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Table 4.11. Mass balance of H a s t e l l o y  X and Incoloy 800H exposed 
2500 h t o  HTGR helium c o n t a i n i n g  140 mF'a (1.4 patm) H20a 

weight A carbon A oxygen AW-(AC + AO) 
change (pg/cm2> (pg/cm2> (pg/cm2> 

Exposure temperature  

( " 0  (pg/cm2> 

7 50 

800 

8 50 

9 00 

950 

1000 

750 

800 

850 

900 

9 50 

1000 

H a s t e l l o y  X 

129 122 

38 1 306 

520 542 

987 87 5 

1392 2090 

-267 - 6 2 3  

Incoloy 800H 

405 36 3 

576 45 1 

548 442 

526 442 

888 1453 

- 6 4  1 -767 

66 

143 

238 

390 

130 

360 

223 

27 1 

203 

226 

346 

1273 

-5 9 

-68 

-260 

-278 

- 8 2 8  

-4 

-18 1 

-146 

-9 7 

-142 

-911 

-1147 

a P a r t i a l  p r e s s u r e s :  H2, 50.6; CH4, 5.06; CO, 3.82; C02, 0.00 
and H20, 0.14 Pa (H2, 499; CH4, 49.9; CO, 37.7; C02, 0.00; and H20, 
1.4 patm); flow from 1000 t o  750°C a t  2L/min. System p r e s s u r e :  
136 kPa (1.34 a t m ) .  
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Table 4.12. Summary of dilation experiments on 
Hastelloy X and Incoloy 800Ha 

Incoloy 800HC Haste l loy  X b  
Temperature 

Gas Compositt0n.b Pa (uatm) 

- 

5.0 
(49 )  

5.03 
(49.6)  

5.07 
(50.0) 

5 . 1 4  
(50.7)  

5.03 
(49.6)  

5.15 
(50.8)  

4.96 
(49.0) 

5.06 
( 4 9 . 9 )  

7.64 0 . n ~  
(35.9) (0.034) 

7.93 n.ow 
3 R . R )  (fl.03) 

3.69 n.mi 
36.4) (n.oi) 

3 . ~ 2  o.no 
(37.7) (o.nn) 

0.n3 
(0 .3 )  

0.02 
(0.2) 

0.01 
(0.1) 

0.01 
(0.1) 

0.01 
(0 .1)  

n .oi  
(0.1) 

0.02 
(0.2) 

1200 h ( r u n  I )  

7 3 4  177 
R2R 366 
a54 516 

946 364 
902 609 

2041 h (run 2 )  

847 710 
897 752 
996 8 ,423  

3997 h (run 2)  

748 626 
798 67 1 
847 869 
R96 894 
952 9,296 
997 17,280 

1500 h (run 3) 

850 429 

9 50 672 
1 ,  nnn 5,467 

900 490 

2434 h (run 3)  

R50 565 
qnn 70h 
950 1,039 

I ,no0 12,470 

3494 h ( r u n  3 )  

850 698 
900 164 
9 50 1 , 3 8 2  

I ,  nnn 19,286 

2500 h ( r u n  5 )  

7 SO 237 
ROO 59 1 
R50 1,126 
900 947 
950 1,756 

1 ,000 12.524 

42 
199 

389 
483 

330 

344 
438 

4,347 

432 
536 
699 

1,996 
9,923 

15,255 

459a 
715 

1,593 
17,504 

122 
314 
687 
558 

1,210 
11,167 

2496 hd (run 4 ,  ph 4 + 1 . 4  patm H20) 

n. 1 750 129 I 2 2  
( 1 . 4 )  Rnn 38 1 306 

8 50 59 2 542 
900 987 875 

1,non -267 -623 
950 1,392 2,090 

0.11 

4 . 1 4  
4 . 0 3 6  

0.084 

4 . 0 5  

0.347 
0.538 
0.934 

4 . 0 7  
0 
0.16 
0.23 
0.47 
0.60 

4 . 0 8 9  
4 . 1 4 0  

0.070 
4 . 0 6 9  

4 . 0 8 9  
4 . 0 6 8  

0.364 
4 . 0 7 0  

0.007 
4 . 0 5 6  
4 . 0 6 3  

0.644 

4 . 0 3 6  
0.024 

4 . 0 2 4  
0.061 
0.120 
0.636 

0.027 
-0.049 
-0.067 
4 . 1 0 0  

4 . 0 6 7  
4 . 0 4 0  

459 
752 
643 
59 2 
862 

811 
646 

4,963 

545 
93 I 
910 
497 

3,768 
12,850 

7 56 
490 
744 

3,690 

882 
333 

1,078 
6,430 

967 
-7 5 

1,084 
8,337 

39 5 
867 
789 
746 

1,671 
965 

405 
57 6 
548 
526 
888 

4 4  1 

177 
329 
390 
314 
383 

102 
364 

5,095 

400 
190 
164 
626 

4,396 
13,830 

900 
608 

1,526 
8.282 

173 
472 
432 
704 

1.219 
731 

363 
45 I 
44 2 
142 

1,453 
-767 

1 
( X )  

0.061 
0.097 
0.012 
0.109 

-0.024 

0.240 
0.286 
0.741 

0.02 
0.28 
0.04 

4 . 0 6  
0.12 
0.48 

4 . 0 6 8  
0.027 
0.053 
0.205 

-0.068 
-0.048 

0.013 
0.526 

-0.034 
0.095 
0.067 
0.396 

-0.061 
0 
0.012 
0.109 
0.073 
0.061 

4 . 0 5 4  
-0.040 

0.013 
0.094 
0.040 
0.053 

aFlow r a t e  of 1 I./min. System pressure: 136 kPa (1.34 atm). 

hime-compensation average. 

AC,  AL - weight,  carhon, length changes. r e s p e c t i v e l y .  

r a t e  of 2 L/min. 
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Fig .  4.14. D i l a t i o n  v e r s u s  carbon change i n  HTGR helium. 

The d a t a  i n  t h e  sca t te r  band a r e  from specimens t h a t  were i n t e r r u p t e d  i n  

t h e  tes t  t o  measure d i l a t i o n  o r  t o  remove o t h e r  specimens. The two curves  

above t h e  scat ter  band r e p r e s e n t  d a t a  f o r  specimens t h a t  were cont inuous ly  

exposed t o  t h e  HTGR helium. I n t e r p r e t a t i o n  of t h e s e  d i f f e r e n c e s  i n  t e r m s  

o f  t h e  d i l a t i o n  model sugges ts  t h a t  t h e  magnitude of stress i n  t h e  a l l o y  

s u r f a c e s  is not  cons tan t  but  goes through a maximum before  s a t u r a t i o n .  

Stress r e l a x a t i o n  on cool ing  and r e h e a t i n g  t h e  c o r r o s i o n  specimens may 

account €o r  t h e  lower d i l a t i o n  l e v e l s  i n  t h e  specimens from i n t e r r u p t e d  

tes ts .  

Addi t iona l  c h a r a c t e r i s t i c s  of carburizat ion-induced stress are pro- 

vided by Figs .  4.15 and 4.16. A p l o t  of AL versus  exposure t i m e  (Fig.  4.15) 

a t  iO00"C i n  dry HTGR helium [20 mPa (0.2 p t m )  H20] shows t h a t  both 

a l l o y s  e x h i b i t  an incubat ion  per iod of about 1000 h,  ach ieve  maximum d i l a -  

t i o n  r a t e s  between 1500 and 2500 h ,  and l e v e l  o f f  t o  a c o n s t a n t  va lue  

beyond 2500 h. Corresponding carbon c o n c e n t r a t i o n  g r a d i e n t s  i n  Has te l loy  

X c a l c u l a t e d  by a method previously descr ibed12 are  shown i n  Fig.  4.16. 

T h i s  p l o t  shows t h a t  about 2000 h i s  requi red  f o r  t h e  d i f f u s i n g  carbon t o  
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Fig.  4.15. D i l a t i o n  ve r sus  exposure t i m e  i n  HTGR helium wi th  0.2 p a t m  
(0.02 P a >  H20. 

HASTELLOY X ,  1000 OC 
(500 ti2150 CH4/33 COl0.2 H20  p t m )  

CENTER OF SPECIMEN- 

r- _ _ _ _ _ _ _ _ _ _ _ _  4000 h 
I 
I 

0 0.5 1.0 1.5 2.0 2.5 3.0 
X ,  DISTANCE FROM SURFACE (rnrn) 

3.5 

Fig .  4 . 1 6 .  Carbon g r a d i e n t  r e s u l t i n g  from t h e  exposure of 
Has te l loy  X t o  HTGR helium; 1 u a t m  = 0.101 Pa. 
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reach  t h e  c e n t e r  of t h e  c y l i n d r i c a l  specimen ( i . e . ,  a p e n e t r a t i o n  depth of 

3.175 mm) and t h a t  no carbon g r a d i e n t  e x i s t s  a f t e r  a 4000-h exposure 

(except  f o r  t h e  anomalous carbon peak near  t h e  s u r f a c e ) .  The disap- 

pearance of t h e  carbon g r a d i e n t  i n  Fig.  4.16 between 2000 and 4000 h coin- 

c i d e s  wi th  t h e  l e v e l i n g  o u t  of t h e  AL v e r s u s  t i m e  curves  i n  Fig. 4.15. 

The proposed carburizat ion-induced stress model i n  a l l o y s  i s  supported by 

experimental  d a t a :  ( 1 )  t h e  c reep  rates of s e v e r a l  a l l o y s  are h i g h e r  i n  

HTGR helium than  i n  air13 and are i n c r e a s e d  by i n c r e a s i n g  t h e  surface- to-  

volume r a t i o  of t h e  specimen14 and ( 2 )  d i l a t i o n  o c c u r s  wi thout  a n  a p p l i e d  

mechanical stress. 

4.3.4 Gas Composition S t u d i e s  - H. Inouye 

Deple t ion  and g e n e r a t i o n  of i m p u r i t i e s  i n  HTGR helium are observed 

whenever a l l o y s  are c o r r o s i o n  t e s t e d  i n  r e t o r t s .  However, t h e  s i g n i f i -  

cance of t h e s e  t e s t  gas  p e r t u r b a t i o n s  i s  no t  w e l l  documented ( i . e . ,  t h e  

r e l a t i o n s h i p  between c a r b u r i z a t i o n  rates and t h e  impur i ty  supply rates has  

been mentioned as another  important  tes t  v a r i a b l e , 1 5  but no experiments 

have been pun t o  confirm t h i s ) .  S e c t i o n s  4.3.2 and 4.3.3 provide ample 

evidence t h a t  ignor ing  t h i s  f a c t o r  can l e a d  t o  q u i t e  d i f f e r e n t  a p p r a i s a l s  

of t h e  c o r r o s i o n  behavior of Has te l loy  X and Incoloy 800H. 

The d a t a  presented  i n  S e c t .  4.3.2 c l e a r l y  show t h a t  t h e  H20 l e v e l  i n  

t h e  HTGR helium is  probably t h e  most important  f a c t o r  c o n t r o l l i n g  t h e  car- 

b u r i z a t i o n  of a l l o y s ,  p a r t i c u l a r l y  i n  t h e  range under 150 mPa (1.5 patm) 

where i t s  measurement and c o n t r o l  become d i f f i c u l t .  Extens ive  c a l i b r a t i o n  

runs and measurements of F'H 0 w i t h  a Panametrics 2000 hygrometer i n d i c a t e  

t h a t  measurement c a p a b i l i t i e s  t o  a minimum v a l u e  of about 5 mPa 

(0.05 ua tm)  are achievable ;  however, c o n t r o l l i n g  H 2 0  d e p l e t i o n  dur ing  cor- 

r o s i o n  t e s t i n g  i n  r e t o r t s  may prove t o  be q u i t e  d i f f i c u l t .  For example, 

t h e  d e p l e t i o n  of CH4 and t h e  g e n e r a t i o n  of H2 and CO i n  an empty ceramic 

r e t o r t  provide evidence t h a t  H 2 0  reacts wi th  CH4. 

CH4 + H20 -+ 3H2 + CO, begins a t  about 800°C and becomes i n c r e a s i n g l y  

s i g n i f i c a n t  as t h e  temperature  i s  increased  t o  1000°C (Table 4.13). I n  

a d d i t i o n  t o  being temperature  dependent,  t h i s  r e a c t i o n  i s  a l s o  i n f l u e n c e d  

by t h e  res idence  t i m e  i n  t h e  r e t o r t  ( i . e . ,  t h e  f low r a t e )  which, accord ing  

t o  Table 4.14, becomes i n s i g n i f i c a n t  a t  flow rates exceeding 2 L/min. 

2 

The probable  r e a c t i o n ,  
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Table 4.13. Gas phase reactions in HTGR heliuma 

Ret 
Concentration change: 
outlet-inlet, Pa (patm) .ort temperature b 

("C) 
H2 C H 4  co 

22 0.02 (0.2) 0.1 (0 .7)  0.0 (0.0) 

500 1.14 (11.3) 0.1 (0.5) 0.1 (0.9) 
800 

900 

-0.59 (-5.8) -0.20 (-2.0) 0.17 (1 .7)  

1.9 (19.0)  -0.88 ( -8 .7 )  0.31 (3.1)  

950 1.07 (10.6) -1 33 (-13.1) 1.13 (11.2) 

1000 3.95 (39.0) -1.61 (-15.7) 1.32 (13.1) 

aApproximate partial pressures: H 2 ,  50.66; CH4, 5.1; CO, 3.6; and 
H20, 0.15 Pa (H2 ,  500; CH4, 50; CO, 36; and H20, 1.5 patm); flow rate of 
100 cm3/min in empty mullite tube (no metal components). 
pressure: 136 kPa (1.34 atm). 

System 

h 2 7 - c m  flow distance at uniform temperature; residence time = 552 s o  

Table 4.14. Effect of flow conditions on gas phase reactions at 1000°C" 

HTGR helium flow conditions Concentration change: 
outlet-inlet, Pa (patm) 

Rate Velocity Residence time 
(L/min) (mm/s 1 (SI H2 CH4 co 

1.32 (13.1) 0.1 2.3 552 4.0 (39)  -1.59 (-15.7) 

1.0 23 55.2 0.2 ( 2 )  -0.60 (-5.9) -0.19 (-1.9) 

2.0 46 27.6 - 0 . 2  (-2) -0 .27 (-1.7) 0.13 (1.3) 

5.0 115 11.0 -0.1 (-1) -0.17 (-1.5) -0.03 ( - 0 . 3 )  

10.0 230 5.5 0.7 ( 7 )  0.1 (0.8) 0.1 (0 .6)  

aPartial pressures: H 2 ,  50.66; CH4, 5.1; CO, 3.7; and H20, 0.15 Pa (H2, 500; 
CH4, 50; CO, 36; and H20, 1.5 patm) in helium flowing in empty mullite tube. System 
pressure: 136 kPa (1.34 atm). 

In the presence of corrosion specimens, however, depletion of CH4 and 

generation of H2 and CO are still measurable even after no trace of H20 

can be detected in the exit gas. This is true at flow rates as high as 

10 L/min (Table 4.15). 
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Table 4.15. Effect of supply rate on generatioddepletion of 
HTGR helium impurities at 1000"Ca 

GCR helium f l o w  c o n d i t i o n s  C o n c e n t r a t i o n  change: 

F l o w  r a t e  Supply  r a t e  
o u t l e t - i n l e t ,  Pa (patm) 

( L / m i n )  [cm3/(cm2/min) 1 H2 CH4 co H 2 0  

1 .o 10.9 6.3 (62) -1.88 (-18.6) 1.29 (12.7) b 

b 0.5 5.4 7.6 (75) -3.52 (-34.7) 1.46 (14.4) 

b 2.0 21.7 3.7 (36) -1.55 (-15.3) 0.78 (7.7) 

5.0 54.3 2.6 (26) 4 . 5 2  (-5.1) 0.42 (4.1) -0.1 (-1.0) 

10.0 108.6 1.5 (15) -0.32 (-3.2) 0.29 (2.9) -0.1 (-1.0) 
~~ 

a92 cm2 of c o r r o s i o n  spec imens  exposed t o  i n l e t  HTGR hel ium c o n t a i n i n g  H2, 
51.37; CH4, 5.3; CO, 5.6; and H20, 0.10 Pa (H2, 507; CH4, 52; CO,  55; and H20, 
1.0 patm). System p r e s s u r e :  136 kPa (1.34 atm). 

h o t  measured. 

4.4 JOINING TECHNOLOGY - G. M. Goodwin and J. F. King 

Advanced gas-cooled reactor system designs call €or reactor outlet 
temperatures of 850°C or higher. Materials screening test programs have 
suggested some alloys that possess elevated-temperature mechanical 

properties, oxidation resistance, and carburization resistance sufficient 
for t he i r  application in the impure helium environments of these advanced 

systems. These materials include cast nickel-base superalloys, mechani- 
cally alloyed oxide-dispersion-strengthened (ODS) alloys, and some nickel- 
base wrought alloys possibly modified to improved carburization 
resistance. Fabrication of the various reactor components will depend to 

a large extent on welding, and many of these materials are difficult to 

join. We have examined the fusion weldability of materials from each of 

the three types being considered. These are modified Inconel 617 wrought 

alloys, IN-100 and alloy 713LC cast alloys, and MA956 ODS alloys. 

4.4.1 Weldability of Modified Inconel 617 Alloys - J. F. King 

Three experimental alloys were obtained for evaluation of their car- 
burization resistance in HTGR helium. These alloys were basically the 

Inconel 617 composition with titanium additions and variations in the 
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chromium content. 

listed in Table 4.16. 

was desired to prevent long-term aging and characterization of an alloy 

that had poor fabrication characteristics. Weldments were also included 

in the aging study, and a brief evaluation was performed. 

The chemical composition of these three alloys are 

Determination of the weldability of these materials 

Table 4.16. Chemical composition 
of experimental alloys 

Content, wt % 

Composition 1 Composition 2 Composition 3 
Element 

C 

S 

Mn 

Si 

Cr 

Mo 

co 
Ti 

AI 
B 
Fe 

cu 
Ni 

P 

0.059 

0.002 
0.03 

0.07 

22.74 
9.43 

12.10 
1.98 

0.04 
0.001 

0.07 

0.01 
Balance 

0.001 

0.051 

0.001 

<0.01 

0.07 

16.19 
9.26 

12.21 

1.75 
0.05 

<0.001 

0.03 

0.02 
Balance 
0.001 

0.066 

0.001 

<0.01 

0.06 

12.44 
9.03 

12.22 

1.79 

0.03 

0.001 

0.03 
0.04 

Balance 
0.001 

Tests welds were made in 12.5-mm-thick plates from each of the three 
compositions. Filler wire was fabricated directly from plates of each 

composition. All three alloys were then successfully joined by using the 

gas tungsten arc welding (GTAW) process. 

characteristics of these materials were very similar to Inconel 617. 

Side-bend test coupons from each weldment revealed no indications of 

cracking and showed that all possess good room temperature ductility. 

We concluded that the welding 
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These preliminary results indicated that all three alloys had good 

fabrication characteristics. Plate weldment specimens were prepared for 
the aging studies. More detailed weldment characterization will be 

necessary in the future if any of these alloys are found to possess 
mechanical property and corrosion resistance characteristics that make 

them promising for HTGR applications. 

4.4.2 Welding of Cast Nickel-Base Superalloys - J. F. King 

We initiated a program to develop fusion welding techniques appli- 

cable to cast nickel-base superalloys. Solid state joining processes, 
diffusion welding, and brazing may have merit for joining these alloys, 

but larger components will probably require fusion welding processes for 
successful fabrication. 

Two cast, precipitation hardenable nickel-base alloys were obtained 

for the welding evaluation: 

compositions in Table 4.17. Slices were cut from ingots to provide 
specimens for the welding tests, and welds were made on the two alloys in 
the as-cast condition. 

alloy 713LC and IN-100 with the nominal 

Table 4.17. Chemical composition 

investigation 
of alloys used in welding 

Nominal composition, wt % 

Alloy 713LC IN- 100 
Element 

Nickel 
Chromium 
Cobalt 
Molybdenum 
Niobium 
Aluminum 
Titanium 
Carbon 
Boron 
Zirconium 
Vanadium 

74 
12 

4.5 
2.0 
5.9 
0.6 
0.12 
0.01 
0.1 

60 
10 
15 

3.0 

5.5 
4.7 
0.18 
0.014 
0.06 
1 .o 



The i n i t i a l  welding t r i a l s  f o r  t h e s e  two cast materials were made by 

us ing  t h e  e l e c t r o n  beam welding (EBW) process .  These p a r t i a l  p e n e t r a t i o n  

welds showed IN-100 t o  be extremely c rack  s e n s i t i v e  (Fig.  4.17) and a l l o y  

713LC t o  be b e t t e r  s u i t e d  t o  welding (Fig. 4.18). A similar t e s t  w a s  

made wi th  t h e  GTAW process.  

were made on each a l l o y  wi th  Inconel  617 f i l l e r  metal. Inconel  617 does 

not  possess  high-temperature p r o p e r t i e s  similar t o  those  of t h e  two cast 

a l l o y s  and would t h e r e f o r e  not  be s u i t a b l e  f o r  most a p p l i c a t i o n s  

r e q u i r i n g  t h e s e  p r o p e r t i e s .  Inconel  617 w a s  used f o r  experimental  

purposes t o  produce sound weld d e p o s i t s  and t o  provide h e a t  a f f e c t e d  

zones ( H A Z s )  f o r  examination of hot  cracking. We found t h a t  t h e  IN-100 

weldment contained cons iderable  HAZ hot  c racking  but  observed none i n  

a l l o y  713LC, as shown i n  Fig. 4.19. From t h e s e  two welding experiments ,  

w e  concluded t h a t  a l l o y  713LC o f f e r e d  t h e  b e s t  p o t e n t i a l  f o r  being 

s u c c e s s f u l l y  joined and t h e r e f o r e  s e l e c t e d  it  f o r  cont inued study. 

Low h e a t  input  bead-on-plate weld d e p o s i t s  

Welding t h i c k e r  s e c t i o n s  of c rack-sens i t ive  materials g e n e r a l l y  

i n c r e a s e s  t h e  c racking  problems because of t h e  h igher  r e s t r a i n t s  placed 

on t h e  weldment. P l a t e  specimens of 10-mm-thick a l l o y  713LC were 

prepared and welded by using t h e  EBW process.  Extens ive  weld h o t  

c racking  w a s  observed i n  t h e  i n i t i a l  welds made i n  t h i s  th ickness .  

F u r t h e r  work wi th  t h i s  process  showed welding parameters t h a t  produce 

h igh  depth-to-width r a t i o  f u s i o n  zones t o  be b e n e f i c i a l  i n  reducing weld 

cracking.  Figure 4.20 shows t h i s  weld conf igura t ion .  Weld c racking  w a s  

confined mainly t o  t h e  upper p o r t i o n  of t h e  weld bead. The lower 

p a r a l l e l  s i d e  f u s i o n  zone contained very few c racks ,  but some small 

f i s s u r e s  were present  s i m i l a r  t o  those  i n  Fig. 4.21. These were 

predominantly i n  t h e  f u s i o n  zone but extended i n t o  t h e  HAZ. 

G a s  tungs ten  arc welding w a s  a l s o  used t o  j o i n  10-mm-thick a l l o y  

713LC. Again, Inconel  617 f i l l e r  metal  w a s  used t o  j o i n  t h i s  a l l o y .  The 

weld w a s  completed wi th  l i t t l e  d i f f i c u l t y  and had t h e  c r o s s  s e c t i o n a l  

appearance shown i n  Fig. 4.22. No r e s t r a i n t  w a s  placed on t h e  base-metal 

s e c t i o n s  being jo ined  i n  t h i s  weldment. Examination of t h e  weld HAZ 
(Fig. 4.23) showed t h a t  cons iderable  hot  c racking  had occurred. This  

weldment and t h e  previous e l e c t r o n  beam weld i n  t h e  t h i c k e r  s e c t i o n s  

i n d i c a t e  t h e  d i f f i c u l t i e s  encountered as base-metal t h i c k n e s s  increases .  





rr
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Fig. 4.20. Electron beam welding parameters that produce high depth- 
to-width ratio fusion zones reduced cracking in alloy 713LC. 

Fig. 4.21. Small fissures were found in the heat-affected and fusion 
zones of alloy 713LC electron beam weldments. 
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This preliminary welding evaluation has shown that fabrication by 

welding of the cast nickel-base superalloys will be very difficult. 

is also likely that welding problems will increase with increasing 

section thickness because of weld metal and HAZ cracking. Previous work 

toward welding and postweld heat treatment of these alloys has indicated 

the complexity of the problem, but some success has been achieved for 

specific applications. l6 
conducted to improve the weldment mechanical properties and weldability 

of these crack-sensitive materials. l7 
judge that extensive work will be required on the alloy or alloys, 

including the specific component requiring welding for an advanced 
gas-cooled reactor. Consideration of component design, alloy 

composition, welding process, and heat treatments will be necessary for 

the successful fabrication of superalloys by welding. Experience with 

similar alloys has shown that satisfactory welding has been accomplished 

when proper precautions were taken. 

It 

Filler metal development efforts have been 

From the available information, we 

From this preliminary welding evaluation of cast nickel-base alloys 
713LC and IN-100, we conclude that: 

IN-100 is more crack sensitive than alloy 713LC, 

electron beam welding parameters (high depth-to-width ratio) have a 

positive influence on reducing cracking, 

0 high-energy density welding processes show promise for making 

autogenous fusion welds in alloy 713LC, and 

alloy 713LC may be weldable by using the gas tungsten arc process, 
but a suitable filler metal must be found. 

4.4.3 Laser and Electron Beam Welding of Oxide-Dispersion-Strengthened 
Alloy MA956 - J. F. King 

Investigations into the joining of ODS alloy MA956 were initiated 

during this reporting period. This material is a ferritic iron-chromium- 

aluminum alloy that is dispersion strengthened with yttrium aluminates 

formed by about 1 vol % Y2O3. 

the as-received microstrucutre of a 1.22-mm-thick sheet of MA956, heat 

ZCDW. 

Figure 4.24 is a photomicrograph showing 

We have conducted our preliminary joining studies on this material. 
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F i g .  4.24. Microstructure of as-received nhPet nf nuiao-aicnnrcinn- 

r u r  comparison, a secona weio was maae ~y using tne same welding 

parameters except that the travel speed was increased to  10.6 m/s. 

Figure 4.26 shows that the porosity has been reduced but that the w e l d  

centerline contains onlv a f e w  eloneated mains nernPnAirii7ar t r r  tho nlane 
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F i g .  4 .25.  Electron beam weld in MA956 sheet made at 8.5-mm/s travel 
speed. 

F i g .  4.26. 
speed of 10.6 m/s. 

Electron beam weld i n  MA956 shee t  made with a travel 



These two preliminary Lows snow mar: MAYXJ may De sensitive to 

welding parameters. Conditions must be found that will eliminate weld 

porosity and produce a suitable grain structure for optimum mechanical 

properties. 

The pulsed-laser welding process was also used on the 1.2-mm-thick 

sheet of MA956. 

travel speed of 4.2 mm/s was used to produce the weld shown in Fig. 4.27. 

Very little porosity was evident in this weld, and its size was smaller 
than that of the EBWs. This laser-produced weld also had less centerline 

grain boundary alignment than the EBWs, which can be seen from a top 
surface (Fig. 4.28) photomicrograph. 

Both the laser beam welding (LBW) and the EBW processes show promise 

A beam power of 350 W at 75 pulses per second with a 

for joining MA956. The laser process may have some advantages, but 

insufficient welding parameter variations have been examined to make a 
conclusion. The main problem will be to obtain a weld microstructure that 

will result in elevated-temperature mechanical properties approaching 

3 -176317 
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Fig. 4.28. Top surface view of pulse-laser-welded MA956. 

those of the base material. Weldment specimens have been produced, and 
testing is under way. 

weldments. 

These data will provide a base for comparing future 

4.5 STRUCTURAL CERAMICS - R. L. Beatty 

4.5.1 Characterization of Fibrous Insulations - R. L. Beatty 

Three fibrous insulation materials manufactured by Babcock and 

Wilcox were characterized for possible use as HTGR core thermal 
insulaL3ons. These materials (Unifelt 3000 board, Unifelt 2600 board, and 
Kaowo0.i Llanket) were characterized by spectrographic analysis, x-ray 

diffractometry, scanning electron microscopy, ignition studies and bulk 

density measurements, resilience tests, helium permeation tests, and 

compressive stress-strain tests. 
results have been published. l8 

Details of the experimental work and 
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Of the properties measured, resilience is probably the most impor- 

tant for determining the acceptability of a fibrous insulation for HTGR 

use. Resilience, both initially and after aging, will affect the ability 

to retain the material clamped between metal cover plates. Resilience of 
90% or greater after 20 h at 816°C (1500°F) in a simulated HTGR environ- 

ment has been chosen as an arbitrary acceptability criterion. Test data 

for resilience measurements on the three materials after treatment for 

20 h at two temperatures are given in Table 4.18. These data show that, 
based on the acceptance criterion of 90%, Unifelt 3000 is acceptable, 

Unifelt 2600 is marginal, and Kaowool is definitely unacceptable. 

Table 4.18. Resilience test data for 
fibrous insulations 

- 
Resilience, % 

Unifelt 3000: 97.3 95.5-100.4 1.92 8 
Unifelt 2600 88.3 85.7-88.8 1.19 8 
Kawoola 76.2 75.677.2 0.45 8 
Unifelt 3000b 87.1 85.4-88.8 2.40 2 
Unifelt 2600b 76.5 75.6-77.4 1.27 2 

a After 20 h at 816°C (1500'F). 

bAfter 20 h at 982°C (1800°F). 

To determine long-term aging effects on resilience, we have placed 

specimens of Unifelt 3000 and Unifelt 2600 in aging furnaces in a simu- 
lated HTGR environment at 816°C (1500°F). Specimen pairs will be exposed 

for periods of three months, six months, one year, and two years, and 
measurements will be made of resilience and compressive stress-strain. 

4.5.2 Depressurization Testing - R. L. Beatty 

We conducted a study to determine the effects of rapid depres- 

surization on the integrity of structural ceramics and fibrous insulations. 

Tests were conducted at room temperature, considered to represent the 

worst case. 
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Depressurization was accomplished in the system shown schematically 
in Fig. 4.29. Test materials were placed in the upper chamber of the 

pressure vessel (autoclave). After several cycles of evacuating and back- 

filling with helium to assure essentially complete removal of air and 

moisture, the system was pressurized with helium to 7.9 MPa (1100 psi) 
and held for 20 h. Rapid depressurization was then effected through a 

series pair of rupture disks. The blowdown rate was controlled by a 

ORNL-DWG 80-45675 
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Fig. 4.29. Depressurization test system; 1 psi = 6.9 kPa. 
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fixed-orifice control disk, which gave very reproducible depressurization 
rates from run to run. 

(7700 psi/s) over a 1.4-MPa (200-psi) pressure drop. The average rate 

over a 4.8-MPa (700-psi) pressure drop was about 39 Wa/s (5600 psi/s). 
This compares with a postulated HTGR-gas turbine (GT) rate of 43 MPa/s 

(6300 psi/s) following a turbine-deblading accident. 

The maximum rate was approximately 53 MPa/s 

Materials tested included five ceramics being considered for core 

support use and two fibrous insulations. Specimen geometry for the struc- 

tural ceramics was a machined cylinder 50.8 mm (2 in.) in diameter and 

either 25.4 o r  50.8 mm long (1 or 2 in.). Fibrous insulation specimens 

were cut from slabs nominally 57 nnn (2.25 in.) thick (with binder). They 

were cut to a 6.35- by 96.2-mm (2.5- by 3-in.) size, and the organic 

binder was burned out. Each test block was compressed between two thin 

stainless steel plates to a dimension corresponding to a load of 10.4 kF'a 

(1.5 psi). 

Materials tested and results obtained are given in Table 4.19. Of 

all the materials tested, only the Harbison-Walker Masrock showed readily 
discernable effects. Three of the four specimens of this material disin- 

tegrated into piles of rubble. This is a low-strength material and is no 
longer being considered for HTGR core support use. 

materials appeared to be acceptable from the standpoint of rapid 

depressurization effects. Possible subtle structural damage to the dense 

ceramics is being evaluated by diametral crushing tests at GA. 

All the other 

This work concludes the depressurization testing of ceramic materials 
unless additional data are required in the future. 

4.5.3 Characterization of Dense Ceramics -R. J. Lauf and P. S .  Sklad 

Two silicon nitrides, NC-132 and NCX-34, were characterized in detail 
by transmission electron microscopy (TEM) in the as-received condition. 

When creep specimens having approximately 1 to 2% plastic strain become 

available, they will be characterized in the same way. This will allow US 

to identify the dominant modes of creep deformation. 

The results of TEM characterization of NC-132 and NCX-34 were 

reported by P. S .  Sklad and coworkers.19 

reached in that study. 

The following conclusions were 
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Table 4.19. Materials tested and results obtained from 
depressurization testing of potential HTGR core 

support ceramics and insulations 

Material Number of (vendor) specimens Re su 1 t s 

Silicon nitride-bonded 
Refrax 20 
(Carborundum) 

99.5% alumina, 
Alundum HS 
(Norton) 

Fused silica, 
Masrock 
(Harbison-Walker) 

f he-grained 
(Thermo Materials) 

coarse-grained 
(Thermo Materials) 

Fibrous insulation, 
Unif elt 3000 
(Babcock & Wilcox) 

Unif elt 2600 
(Babcock & Wilcox) 

Fused silica, 

Fused silica, 

Fibrous insulation, 

~~ ~ 

sic, 4 No visible change 

4 No visible change 

4 No visible change 
in one; three 
disintegrated 

3 No visible change 

3 No visible change 

2 No visible change 
or significant 
weight loss 

or significant 
weight 10s s 

2 No visible change 

Both structural ceramics examined, NC-132 and NCX-34, contained 
regions of porosity. These regions were inhomogeneously distributed. 

The phases identified in NC-132 (Si3N4 + MgO) are Si3N4, Si2N20, a 
metal carbide, and a glassy phase containing magnesium and aluminum. 

Four phases were observed in NCX-34 (Si3N4 + Y2O3): 
rich phase,.which is probably Si3N4*Y203; a glassy silica phase; and 
metal carbide particles. 

The glassy silica region in NCX-34 showed no evidence of yttrium, 

Si3N4, a yttrium- 

magnesium, or aluminum. 

The yttrium-rich phase in NCX-34 is present as small 
tains small amounts of magnesium and aluminum. 

High-magnification phase contrast examination of the 
regions of NCX-34 reveals that these regions contain 
differently oriented fringes. 

grains and con- 

yttrium-rich 
small areas of 
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Other silicon nitride types have been obtained for characterization 

and creep testing. These include a reaction-bonded type (RBN-104) and one 

produced by plastic forming (SSN-522). 

Compressive creep specimens of Corning 7941 fused silica were exa- 

mined before and after creep testing to understand better the microstruc- 

tural changes that took place during creep. X-ray diffraction showed no 

trace of devitrification as a result of creep testing for about 2000 h at 

982°C. Optical microscopy did not detect any crystalline second phases, 
particularly optically anisotropic phases. The only visible change was a 

coalescense of porosity. 

As a result of discussions with personnel at GA, several candidate 
materials have been added to the characterization effort, including AD-85 
alumina, AD-995 alumina, KBI-AME reaction-sintered silicon nitride, 
Corning 9606 cordierite, and fine-grained fused silica (Therm0 Materials). 
These additions will bring the characterization program into line with 

current core support 'design options. 

ceramics activity have been modified to incorporate these new data needs. 

Milestones for the structural 

4.5.4 Environmental Testing of Ceramics - R. J. Lauf and P. L. Rittenhouse 

The structural ceramics atmospheric testing system (SCATS) was 

brought into operation in March 1980. It was designed to provide for the 
thermal aging and environmental exposure of a large number of samples of a 

variety of candidate core support and fibrous insulation ceramics. 
However, recently improved definitions of designs and design requirements 
have led to a reduction in the number of ceramics under active 
consideration. This, in turn, has resulted in a very large decrease in 

the load factor for SCATS and, as almost one-third of the HTGR Structural 
Ceramics budget is involved with SCATS, it is now impossible to justify 

continuation of its operation. Shutdown of the facility will not be 
detrimental to the program because other arrangements have been made for 

those exposures that will be needed. All the components of SCATS will 

be used i n  other HTGR subtasks. 
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4.6 FISSION PRODUCTWATERIALS INTERACTIONS - H. E. McCoy 

4.6.1 Evaluation of Existing Data and Specimens 

Considerable work was done previously on the effects of tellurium on 

nickel-base alloys, which was summarized in various progress and topical 

reports.20-22 
tellurium was introduced by putting various chromium and nickel tellurides 
in the salt melts to release continuously small quantities of tellurium. 

Because the metal samples were not corroded appreciably by the salts, most 

observations made in these studies are felt to be relevant to materials 

exposed to small concentrations of tellurium in helium systems. 

These studies involved molten fluoride salts, and the 

The general picture of the tellurium embrittlement developed in the 

previous studies is that tellurium diffuses selectively along the grain 

boundaries of nickel-base alloys and results in severe intergranular 

embrittlement. We found that this process was affected significantly by 
the chemical composition of the alloy and that niobium additions of 1 to 
2% were optimum for retarding the embrittlement of modified Hastelloy N 

(Ni-12% M0-7% Cr). 

tellurium-containing salt for 250, 1000, and 2500 h at 700"C.22 

This alloying effect was noted in samples exposed to 

Another identical group of specimens was exposed for 6000 h but was 
not evaluated until recently. These samples were strained to failure in a 
tensile test at 25°C. Metallographic sections were prepared, and the fre- 
quency and depth of cracking were evaluated visually. The results f o r  the 
alloys containing niobium are shown in Fig. 4.30. The severity of 
cracking is minimum at a niobium content of about 1%. Results for other 
alloys containing both titanium and niobium showed clearly that the 
presence of titanium negated the beneficial effects of niobium. 

4.6.2. High-Temperature Exposure of Hastelloy X and Inconel 617 in 
Tellurium-Cesium Environments 

Test systems are being assembled in which Hastelloy X, Inconel 617, 
and several alloys will be exposed to helium that contains small partial 

pressures of tellurium and cesium. The oxygen concentration of the 
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ND CONTENT 1 % )  

Fig. 4.30.  Intergranular cracking of several nickel-base alloys as a 
function of niobium content. 

environment will be controlled by the Cr-Cr2Og couple, and the con- 

centrations of cesium and tellurium will be controlled by fixing the 
temperature of each of these materials in the gas stream. 

Small tensile samples of each material will be exposed to the 
environment, strained in a tensile test at 25OC, and sectioned 
metallographically to determine the extent of cracking. 

at 750, 850, and 950°C. 

Exposures will be 

4.6.3 Strain-Cycle Tests in Tellurium-Cesium Environments - H. E. McCoy 

The techniques described in the previous section can be used to 
generate a test environment for numerous types of tests. 

sensitive tests to intergranular embrittlement is the strain-cycle test in 

which test samples are alternately strained in tension and compression. 

This type of straining should dislodge grains with embrittled boundaries 

and help the line of embrittlement move into the sample more quickly. 

One of the most 
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Test equipment for running strain-cycle tests in controlled environments 
was constructed previ~usly,~~ and this equipment will be modified to run 

tests in helium containing cesium and tellurium. 
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5. HTGR GRAPHITE STUDIES 

W. P. Ea the r ly  

5.1 GRAPHITE IRRADIATIONS - J. A. Conlin 

5.1.1 Creep Capsule OC-4 - R. L. Senn 

The f o u r t h  i n  a series of g r a p h i t e  c r e e p  i r r a d i a t i o n  experiments 

( capsu le  OC-4) w a s  i n s e r t e d  i n  t h e  Oak Ridge Reactor (ORR) on 

November 25, 1980. Capsule OC-4 con ta ins  g r a p h i t e  specimens previous ly  

i r r a d i a t e d  i n  capsu le  OC-2 t o  a f a s t  f l uence  of 2 X 1021 neutrons/cm2 

( E  > 0.18 M e V ) .  The experiment w a s  designed t o  o p e r a t e  a t  600 2 10°C 

specimen temperature,  w i th  compressive stresses of 13.8 and 20.7 MPa being 

a p p l i e d  t o  t h e  s t r e s s e d  specimens. The o b j e c t i v e  of capsu le  OC-4 is  t o  

ex tend  t h e  exposure of t h e  t es t  g r a p h i t e s  t o  >4 X 1021 neutrons/cm2 

( E  > 0.18 M e V )  under t h e  ope ra t ing  cond i t ions  e s t a b l i s h e d  f o r  t h e  f i r s t  

600°C experiment ( capsu le  OC-2). D e t a i l e d  des ign  d e s c r i p t i o n s  of t h e  

g r a p h i t e  c reep  i r r a d i a t i o n  experiments have been published. l - 4  

We experienced cons ide rab le  de l ays  i n  c o n s t r u c t i o n  of t h i s  

experiment. F a i l u r e  of a vendor t o  manufacture t h e  g r a p h i t e  specimen 

h o l d e r s  t o  t h e  r equ i r ed  dimensional s p e c i f i c a t i o n s  w a s  t he  p r i n c i p a l  cause 

of t h i s  delay. Our supply of AXF-54 g r a p h i t e  prev ious ly  used f o r  t h e s e  

par t s  w a s  t h e r e f o r e  deple ted .  S tackpole  grade 2020 g r a p h i t e ,  w i th  addi- 

t i o n a l  hea t  t r e a t i n g ,  w a s  s u b s t i t u t e d  f o r  t h e  specimen holders .  W e  a l s o  

were forced  t o  make t h e  o u t e r  s l e e v e  of grade  2020 g r a p h i t e  i n  o rde r  t o  

match t h e  g r a p h i t e  materials. F u r t h e r  d i f f i c u l t i e s  were encountered i n  

a t t empt ing  t o  i n s t a l l  t h e  c l o s e l y  f i t t i n g  g r a p h i t e  sleeve over t h e  spec i -  

men holder .  Two such p a r t s  cracked dur ing  assembly, and we were ulti- 

mately fo rced  t o  i n c r e a s e  t h e  i n s i d e  diameter of t h e  g r a p h i t e  s l e e v e  

s l i g h t l y .  This  should have a minimal e f f e c t  on capsu le  ope ra t ion  but  

would cause some inc reased  thermal r e s i s t a n c e  from t h e  exper imenta l  

samples t o  t h e  coo lan t  water. Assembly of t h e  capsu le  proceeded wi thout  

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

Soon a f t e r  b r ing ing  t h e  r e a c t o r  t o  f u l l  power ope ra t ion  (30 Mw),  it 

became obvious t h a t  t h e  upper reg ions  of t h e  capsu le  would ope ra t e  a t  

tempera tures  above t h e  d e s i r e d  610°C maximum specimen temperature. 

205 
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Capsule OC-4 w a s  designed t o  o p e r a t e  wi th  100% helium i n  t h e  gas  gap 

between t h e  o u t e r  s l e e v e  and t h e  o u t e r  capsu le  containment v e s s e l  by using 

e lec t r ica l  h e a t e r s  t o  b r ing  the  specimen tempera tures  t o  t h e  des ign  poin t .  

The h e a t e r s  are ar ranged  i n  t e n  50.8-mm-long (2-in.)  zones a long  t h e  

l e n g t h  of t h e  specimen columns. W e  found t h a t ,  as t h e  r e a c t o r  c y c l e  pro- 

ceeded and t h e  c o n t r o l  rods were r e t r a c t e d  i n  t h e  normal course  of r e a c t o r  

ope ra t ion ,  t h e  upper t h r e e  zones r equ i r ed  less and less h e a t e r  power. 

When t h e  r equ i r ed  ze ro  h e a t e r  power w a s  reached,  t h e  only way t o  c o n t r o l  

t h e  experiment temperature  w a s  by a r educ t ion  i n  r e a c t o r  power. With the  

concurrence of o t h e r  experimenters ,  w e  t h e r e f o r e  reques ted  a r e a c t o r  power 

l e v e l  of 27 MW. The experiment could be c o n t r o l l e d  s a t i s f a c t o r i l y  a t  t h i s  

power l e v e l  f o r  most of a r e f u e l i n g  cyc le  (-10 d) .  Even a t  27 MW, near  

t h e  end of t h e  f u e l  c y c l e  t h e  upper zones exceed t h e  des ign  tempera ture ,  

reaching  about  630°C average specimen temperature  i n  zone 2 dur ing  t h e  

las t  day of t h e  f u e l  cyc le .  

The unexpected h igh  temperatures  i n  t h e  upper zones of capsu le  OC-4 

are probably caused by a combination of f a c t o r s :  

l oad ing  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 e  c o r e  load ings  used when cap- 

s u l e  OC-2 w a s  opera ted .  The c u r r e n t  core- loading patterns are designed t o  

accommodate t h e  needs of t h e  Magnetic Fusion Energy Program experiments i n  

ope ra t ion .  

desc r ibed  above, t h e  OC-4 experiment seems t o  be e s p e c i a l l y  s e n s i t i v e  t o  

t h e  c o n t r o l  rod p o s i t i o n s ,  as evidenced by t h e  i n c r e a s i n g  tempera tures  

nea r  t h e  end of a f u e l  cyc le .  (3) Although t h e  des ign  of capsule  OC-4 is  

e s s e n t i a l l y  t h e  s a m e  as t h a t  of capsule  OC-2, t h e  above-noted s l i g h t  d i f -  

f e r e n c e s  i n  thermal  r e s i s t a n c e  may have exacerba ted  t h e  tendency f o r  t h e  

experiment t o  o p e r a t e  a t  excess ive  temperatures  i n  t h e  upper zones. 

( 1 )  The r e a c t o r  co re  

( 2 )  New c o n t r o l  rods have been i n s t a l l e d  near  CP-E5. A s  

Af t e r  ana lyz ing  t h e  temperature  cond i t ibns  under which capsu le  OC-4 

could o p e r a t e  wi thout  j eopa rd iz ing  the  d a t a ,  we concluded t h a t  t h e  exper i -  

ment should cont inue  wi th  the  r e a c t o r  ope ra t ing  a t  27 MW, recogniz ing  t h a t  

some a d d i t i o n a l  e r r o r  i n  determining the  secondary c r e e p  c o e f f i c i e n t  would 

be unavoidable f o r  those  specimens i n  t h e  upper zones. The e x t e n t  of t h e  

r e s u l t i n g  e r r o r  is not  c l ea r - cu t  because w e  do not  have informat ion  on 

thermal  annea l ing  rates. However, a 20°C e r r o r  on t h e  upward s i d e  w i l l  
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l e a d  t o  a 2.8% e r r o r  i n  t h e  secondary creep. 

5.4% e r r o r  i n  t h e  c r e e p  c o e f f i c i e n t ,  which would be unacceptab le  except  

f o r  a very  s h o r t  (few days)  t i m e .  

A 30°C error w i l l  l e a d  t o  a 

In a l l  o t h e r  r e s p e c t s ,  capsu le  OC-4 opera ted  s a t i s f a c t o r i l y .  Tem- 

p e r a t u r e  p r o f i l e s  were measured each working day wi th  t h e  movable 

thermocouples,  and tempera tures  were a d j u s t e d  acco rd ing ly  t o  ma in ta in  t h e  

des ign  600 t 10°C specimen tempera tures  f o r  a l l  zones except  t h e  upper 

t h r e e .  P res su res  were maintained w i t h i n  des ign  l i m i t s  on t h e  bel lows 

system used t o  apply  t h e  compressive stress t o  t h e  s t r e s s e d  specimens. 

Three tests were conducted wi th  t h e  pneumatic e l ec t romechan ica l5  cells  

l o c a t e d  a t  t h e  bottom of each s t r e s s e d  column. These tests showed that 

each  column w a s  being compressed by t h e  upper bel lows system and t h a t  

there were no cocked o r  jammed specimens i n  t h e  columns t h a t  might compro- 

m i s e  t h e  a p p l i c a t i o n  of t h e  in tended  stress t o  a l l  t h e  specimens. 

A s  of December 31, 1980, capsule  OC-4 had been i r r a d i a t e d  f o r  33 d of 

a planned 110-d exposure.  

5.1.2 Design of 1200°C Creep Capsule OC-X - H. C. Roland and 
Amir Mobasherani* 

Design s t u d i e s  were cont inued dur ing  t h i s  r e p o r t i n g  per iod f o r  

g r a p h i t e  c r e e p  i r r a d i a t i o n  experiment ,  OC-X, t o  be opera ted  a t  120OOC 

specimen temperature  wi th  compressive stresses of 13.8 and 20.7 MPa being 

a p p l i e d  t o  t h e  specimens. R e s u l t s  from a 1200°C bench test (p rev ious ly  

r epor t ed )6  were app l i ed  t o  t h i s  new design.  

P re l imina ry  s t u d i e s  i n d i c a t e d  t h a t  t h e  modeling used on t h e  earlier 

600 and 900°C g r a p h i t e  c r e e p  test capsu le s  would no t  be s u f f i c i e n t  f o r  

t h e  1200°C capsule .  Rad ia t ion  hea t  t r a n s f e r  i s  a s i g n i f i c a n t  f a c t o r  

around t h e  sample column f o r  t h i s  capsu le ,  so i t  r e q u i r e s  a b e t t e r  

geometr ic  d e s c r i p t i o n  i n  t h i s  r eg ion  t o  apply a c c u r a t e l y  t h e  r a d i a t i o n  

shape f a c t o r  c a p a b i l i t y  of t h e  HEATING 5 program. 

The modeling chosen w a s  c y l i n d r i c a l  geometry wi th  t h e  c y l i n d r i c a l  

axis  a t  t h e  c e n t e r  of t h e  tes t  column. Although t h i s  g r e a t l y  s i m p l i f i e s  

*Work performed a t  Un ive r s i ty  of Tennessee,  Knoxvi l le ,  under 
subcon t rac t .  
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t h e  modeling immediately around the  specimens, i t  r e q u i r e s  approximation 

of  t h e  o u t e r  boundary i n  c y l i n d r i c a l  s t e p s .  A program w a s  w r i t t e n  t o  

c a l c u l a t e  r a p i d l y  an  o u t e r  boundary per imeter  f o r  h e a t  t r a n s f e r  and cross -  

s e c t i o n a l  areas of t h e  va r ious  components f o r  comparison wi th  t h e  t r u e  

va lues .  Th i s  allowed v a r i a t i o n  of t h e  s t epp ing  of t h e  o u t e r  boundary so 

t h a t  t h e s e  va lues  could be kep t  very c l o s e  t o  t h e  t r u e  va lues .  Small gaps 

were placed i n  t h e  o u t e r  s t a i n l e s s  s teel  a t  t h e  c y l i n d r i c a l  s t e p s  t o  pre- 

v e n t  e r roneous  coupl ing  of t h e  s t a i n l e s s  s teel  t o  t h e  g r a p h i t e  block. 

Examination of t h e  c a l c u l a t e d  r e s u l t s  f o r  t h e  two-dimensional (2-D) 

c a l c u l a t i o n s  shows t h a t  t h i s  decouples t h e  two r eg ions  s a t i s f a c t o r i l y .  

P re l imina ry  2-D c a l c u l a t i o n s  were completed t o  s p e c i f y  broadly  t h e  

r e q u i r e d  gaps a t  v a r i o u s  gamma h e a t i n g  rates. To hold  t h e  main suppor t  

g r a p h i t e  block tempera ture  down t o  950°C o r  less wi th  gamma h e a t i n g  of 

5 W/g, t h e s e  c a l c u l a t i o n s  show t h a t  i t  is  necessary  t o  i n c r e a s e  t h e  gap 

around t h e  tungs t en  r a d i a t i o n  s h i e l d  above t h a t  used a t  t h e  maximum gamma 

h e a t i n g  rate of 8 W/g. Th i s ,  of course ,  compl ica tes  t h e  des ign  and 

assembly and t h e  3-D h e a t  t r a n s f e r  c a l c u l a t i o n s .  

A test run w a s  made by using t h e  3-D code. The inpu t  d a t a  were 

genera ted  f o r  t h i s  run  by using a s p e c i a l  new subprogram w r i t t e n  f o r  i npu t  

d a t a  process ing  t o  t h e  HEATING 5 code and t h i s  geometry. This  subprogram 

w i l l  a l l ow r a p i d  d a t a  inpu t  f o r  f u r t h e r  parametric-type c a l c u l a t i o n s  f o r  

minor changes i n  t h e  conf igu ra t ion .  

P re l imina ry  c a l c u l a t i o n s  were completed, and f i n a l  3-D c a l c u l a t i o n s  

a r e  under way. 

5.1.3 Graph i t e  I r r a d i a t i o n s  i n  HFIR - R. L. Senn 

Graph i t e  i r r a d i a t i o n  i n  o u t e r  t a r g e t  p o s i t i o n s  of t h e  High Flux 

I s o t o p e  Reactor (HFIR) continued dur ing  t h i s  r e p o r t i n g  period wi th  the  

comple t ion  of t h e  HTU-1 experiment and t h e  i n s e r t i o n  and con t inu ing  irra- 

d i a t i o n  of t a r g e t  capsu le  HTK-4, t h e  f o u r t h  i n  a series of g r a p h i t e  irra- 

d i a t i o n ~ ~  f o r  t h e  Fede ra l  Republic of Germany (FRG). 

The H F I R  t a r g e t  capsu le  HTU-1, con ta in ing  64 g r a p h i t e  specimens 

( p r i n c i p a l l y  TSX), w a s  designed to o p e r a t e  a t  575 2 25OC specimen 
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temperature.  The capsule  w a s  i n s e r t e d  August 9, 1979, and w a s  removed 

March 5, 1980, a f t e r  an exposure of n ine  HFIR c y c l e s  t o  a maximum f a s t  

f l u e n c e  of 2.2 X neutrons/cm2 ( E  > 50 k e V )  . 
A s  d iscussed  i n  our previous annual  r e p o r t , 8  t a r g e t  capsu le  HTC was 

i r r a d i a t e d  f o r  one cyc le  i n  t h e  HFIR t o  serve as a f l u x  c a l i b r a t i o n  

measurement f o r  c o r r e c t i n g  d i sc repanc ie s  d e t e c t e d  i n  t h e  apparent  t e m -  

p e r a t u r e s  of earlier t a r g e t  capsules .  Resu l t s  from t h e  HTC capsu le  were 

used t o  r edes ign  t h e  HTU experiment f o r  575 2 25OC specimen temperatures .  

Measurements r e s u l t i n g  from two s i l i c o n  ca rb ide  ( S i c )  tempera ture  monitors  

cor robora ted  t h a t  capsule  HTU-1 d i d  indeed o p e r a t e  a t  580 and 57OoC, i n  

good agreement wi th  t h e  des ign  temperature.  

The H F I R  t a r g e t  capsule  HTK-4 con ta ins  48 specimens of v a r i o u s  German 

g r a p h i t e s  and two g r a p h i t e  ho lde r s  loaded wi th  S i c  specimens as supp l i ed  

by t h e  General Atomic Company (GA). The experiment w a s  designed t o  

o p e r a t e  at 715 5 25°C. It w a s  i n s e r t e d  i n t o  HFIR o u t e r  t a r g e t  p o s i t i o n  

B-1 on August 17, 1980. The experiment is scheduled f o r  a ten-cycle 

i r r a d i a t i o n ,  which should be completed about  A p r i l  1981. 

5.2 IRRADIATION RESULTS - W. P. Ea ther ly  

5.2.1 Behavior of Graphi te  Grade TSX - C. R. Kennedy 

Graphi te  grade TSX is  used i n  t h e  core  of t h e  N-Reactor at Hanford. 

It is an AGOT-type material manufactured from a n i s o t r o p i c  needle-coke and 

p u r i f i e d  a f t e r  a high-temperature g r a p h i t i z a t i o n .  Manufactured by Carbon 

Products  Div is ion  of Union Carbide Corporat ion,  t h e  material i s  considered 

t o  be q u i t e  similar t o  t h e  H327 g r a p h i t e  used i n  t h e  For t  St.  Vrain 

Reactor.  

The proposa l  t o  cont inue  ope ra t ion  of t h e  N-Reactor* f o r  some yea r s  

r e q u i r e s  i r r a d i a t i o n  d a t a  t o  “end-of-life’‘ f o r  p rognos t i ca t ing  t h e  f u t u r e  

behavior  of t h e  core .  Only t h e  HFIR at  Oak Ridge o f f e r e d  a r a p i d  and 

s imple way t o  do t h i s ,  r ep resen t ing  a 50-fold i n c r e a s e  i n  f l u x  over  t h e  

*The N-Reactor is opera ted  by United Nuclear Corporat ion,  Nuclear 
I n d u s t r i e s  Div is ion;  t he  program w a s  funded by t h e  U.S. Department of 
Energy (DOE). 
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N-Reactor. While t h e  work on TSX g r a p h i t e  w a s  no t  supported by the HTGR 

program, t h e  r e s u l t s  of t h e s e  s t u d i e s  are of s u f f i c i e n t  importance t o  gas- 

cooled r e a c t o r  concepts  t o  warran t  i n c l u s i o n  i n  t h i s  r e p o r t .  Our per- 

t i n e n t  conclus ions  are (1)  TSX is  similar t o  H327 g r a p h i t e ,  and t h e  TSX 

d a t a  are r e l e v a n t  t o  those  of For t  St.  Vrain; (2)  t h e  d e f i n i t i o n  of end- 

o f - l i f e  t o  be t h e  zero-volume change f luence  is ove r ly  conse rva t ive  

because s t r u c t u r a l  i n t e g r i t y  and usable  mechanical s t r e n g t h  p e r s i s t  w e l l  

beyond t h i s  f l uence ;  and (3)  t h e  c o r r e l a t i o n  of d a t a  between t h e  N-Reactor 

and H F I R  v a l i d a t e s  t h e  use of t es t  r e a c t o r  experiments t o  p r e d i c t  g r a p h i t e  

behavior i n  power r e a c t o r s ;  t h a t  is, t h e r e  is no so-ca l led  " f l u x  e f f e c t , "  

a t  least a t  600°C. 

Samples of grade  TSX were l a r g e l y  exposed i n  t h e  United Nuclear cap- 

s u l e  HTU-1; however, some exchange of space was made between t h i s  capsu le  

and t h e  Kernforschungsanlage (KFA)-related capsu le s  HTC-1 ( tempera ture  

c a l i b r a t i o n  experiment) and HTK-3. The f i n a l  d a t a  base inc luded  exposure 

of t h e  TSX m a t e r i a l  t o  a f luence  of 2.3 X 

575"C, wi th  some a d d i t i o n a l  d a t a  a t  620°C. 

neutrons/m2 ( E  > 50 KeV)  a t  

Dimensional changes, e lectr ical  r e s i s t i v i t y ,  elastic c o n s t a n t s ,  and 

c o e f f i c i e n t  of thermal expansion (CTE) measurements have been completed on 

a l l  t h e  specimens from t h e  HTU-1 experiment. The specimens were then  

d e s t r u c t i v e l y  t e s t e d  as b r i t t l e  r i n g s  t o  e v a l u a t e  t h e  s t r e n g t h  a l t e r a t i o n  

by i r r a d i a t i o n .  The phys ica l  p roper ty  changes a t  575°C ( t h e  HTU-1 irra- 

d i a t i o n  temperature) are similar t o  previous 620°C HTK experiments. 

The dimensional changes g iven  i n  Figs.  5.1 and 5.2 p e r m i t  comparison 

of t he  575°C wi th  the  620°C r e s u l t s .  L i t t l e  d i f f e r e n c e  w a s  found i n  t h e  

wi th-gra in  ( A Z I Z )  d i r e c t i o n ;  however, t h e  aga ins t -g ra in  ( A D I D )  dimensional 

changes a t  620°C reach  a minimum a t  a s h o r t e r  f l uence  and t h e r e a f t e r  begin 

t o  expand. This  enhanced aga ins t -g ra in  expansion a t  620°C produces an  

achievement of maximum d e n s i t y  a t  a s h o r t e r  f l u e n c e ,  and t h e  r e s u l t i n g  

expansion y i e l d s  a reduced l i fe t ime.  These results are i n  g e n e r a l  

agreement wi th  past behavior demonstrated f o r  t h e  h igh ly  a n i s o t r o p i c  

g r a p h i t e s  made from needle-coke, such as grades  CSF and AGOT, and are also 

i n  accord  wi th  des ign  curves  f o r  t h e  v a r i o u s  HTGRs. The phys ica l  p roper ty  

deg rada t ion  is no t  expected t o  become s e r i o u s  u n t i l  t h e  volume expansion 
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Fig. 5.1. Dimensional changes of grade TSX caused by irradiation at 
570°C. 
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Fig. 5.2. Dimensional changes of grade TSX caused by irradiation at 
620°C. 



212 

I 1 I I 

- 

.”+-+&- 
0 

- 
0 575T 
0 620% 

reduces the  d e n s i t y  t o  va lues  of less than  t h e  o r i g i n a l  dens i ty .  

Comparing t h e  phys ica l  p r o p e r t i e s  a t  t h e  extended f luences  of HTU-1 

confirms t h i s  i n i t i a l  assumption. 

The e lectr ical  r e s i s t i v i t y  measurements g iven  i n  Fig. 5.3 a g a i n  com- 

pare  t h e  575°C r e s u l t s  wi th  t h e  620°C r e s u l t s .  

t i a l  i n c r e a s e  i n  r e s i s t a n c e  i s  fol lowed by a decrease  and even tua l  

s a t u r a t i o n .  These curves  must s tar t  i n i t i a l l y  a t  a va lue  of un i ty .  The 

i n i t i a l  i n c r e a s e ,  caused by d e f e c t  gene ra t ion ,  s a t u r a t e s  r a p i d l y ;  however, 

t h e  subsequent d e n s i f i c a t i o n  and r educ t ion  of void volume wi th  reduced 

pore s i z e  appa ren t ly  improves t h e  conduc t iv i ty .  The major d i f f e r e n c e  i n  

t h e  575 and 620°C r e s u l t s  i s  t h e  s l i g h t l y  h ighe r  d e f e c t  d e n s i t y  a t  575°C. 

The gene ra l  behavior  of g r a p h i t e  is e v e n t u a l l y  t o  e x h i b i t  a s i g n i f i c a n t  

i n c r e a s e  i n  r e s i s t i v i t y  as t h e  volume expansion becomes l a r g e .  These d a t a  

i n d i c a t e  t h a t  grade TSX has not  en te red  t h e  reg ion  of f i n a l  i nc reased  

r e s i s t a n c e  caused by s t r u c t u r a l  degrada t ion .  

I n  both cases a r a p i d  i n i -  
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Fig. 5.3. E f f e c t  of i r r a d i a t i o n  on aga ins t -g ra in  e lectr ical  
r e s i s t i v i t y  of TSX g raph i t e .  
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The CTE results are given in Fig. 5.4 for both with-grain and 

against-grain directions. The relative rapid increase in CTE in the 
against-grain and minor initial changes in the with-grain direction are 

consistent with past data. This type of behavior reflects the closure of 

existing defects normal to the e-axis by irradiation; thus, the CTE in the 

preferred e-axis direction (against-grain) will be strongly affected and 

increased. The effects of the large degree of anisotropy in the TXS grade 

is reflected by the large difference in the with-grain and against-grain 

values and by the lack of a significant irradiation effect initially in 

the with-grain direction. The eventual increase of the CTE in the with- 

grain direction is a result of structural alteration in the creation of a 

new porosity, which allows the e-axis material to influence fully the bulk 

properties. The restraint of the a-axis is gradually reduced with 

increased fluence. The implication that there is some structural degrada- 

tion occurring is slight. 

The real evaluation of structural integrity is reflected by the 

mechanical properties, the elastic constants, and strength. Shown in 

ORNL-DWG 80- 46223R2 

(xio-6) 9 

WITH GRAIN 

0 

0 I I I I 1 
0 5 (0 15 20 25 

FLUENCE, E>50 keV(neutrons/mz) 

Fig. 5.4. The 5OOOC coefficient of thermal expansion of grade TSX as 
affected by irradiation. 
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Fig. 5.5 are the elastic constants derived from velocity measurements, and 

given in Fig. 5.6 are the 2 1/4-MHz sonic attenuation measurements, which 
yield a direct indication of the size of the critical defect in the 

material. Finally, Fig. 5.7 shows the brittle-ring-strength results of 

testing both 575 and 620°C specimens. 
The elastic constants (Fig. 5.5) yield the typical increase from 

defect density generation. Again, the slightly higher modulus for the 

575°C data is in agreement with electrical resistance results, indicating 

a slightly higher defect density at 575OC. 

the shear modulus are affected proportionally, which is an indication that 

Poisson's ratio is unchanged by irradiation. A second increase in the 
modulus values generally results from densification; however in grade TSX, 
either it does not exist or only the slight increase shown is all that 

results. Significantly, the onset of structural degradation suggested by 
the CTE results is not reflected by a loss in the elastic constan'. This 

must, however, eventually occur with continuing loss in bulk density. 

Both the Young's modulus and 

ORNL-DWG 80-(6220R2 
25 I I I I 1 1 

Fig. 5.5. Modulus of elasticity of grade TSX as affected by 
irradiation. 
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Fig. 5.6. Sonic attenuation of TSX graphite irradiated at 575°C in 
HFIR. 

Fig. 5.7. Fracture strength of TSX as affected by irradiation. 
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The attenuation results (Fig. 5.6) reflect to some extent the 
variability in the material. The expected initial reduction in atten- 

uation reflects a reduced defect size caused by initial densification. 
The densification at 575°C does reduce the defect size slightly faster 

than that obtained at 620°C. These data further reflect an increase in 

defect size as the graphite begins to expand. 

Significantly the increase in defect size resulting from the volume 
expansion is larger than would be expected from the initial densification. 

This tends to confirm that the CTE results indicate the beginning of 

structural degradation from irradiation damage. 

The brittle-ring strength (Fig. 5.7) is a measure of the flexural 

strength in the against-grain (tangential) direction. The scatter again 

reflects the variability in grade TSX, shown previously by the attenuation 

results. The implication is that the variability in strength is the 

result of the variation in defect size, rather than that in the elastic 
constants, for which the variability was much less (Fig. 5.5). The 

results suggest that the increase in strength at 575°C is possibly faster 
than that at 620"C, in agreement with the attenuation results, and again 

reflect the role of defect size in affecting the fracture strength. 
The two curves in Fig. 5.7 are predicted strengths, based on hypothet- 

ical models of the material behavior. The dashed curves represent the 

relative strength calculated from the Young's modulus, assuming that the 
work to fracture is constant. The solid curves represent the strength 
calculated from the modulus and sonic attenuation, assuming that fracture 
mechanics concepts apply and that the energy to create new surface is 
unaffected by irradiation damage. The scatter in the data is too extreme 

to be conclusive, but clearly the fracture model utilizing both defect 

size and Young's modulus is a better representation of the data. 

It is clear that the strength of the graphite has not been reduced 
below its unirradiated value, even to the extreme fluence of 

2.3 X neutrons/m2. But clearly the attenuation data indicate an 

increasing defect size, which promises an impending loss of strength below 

the initial value. 
The overall conclusion from the HTU-1 irradiation experiment on grade 

TSX graphite is that no detrimental results exist that would prevent the 
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graphite from being used to a design life of 2.2 x 

only difference in the material properties between 1 x 1025 and 

2.2 X 

direction. If this can be accommodated, there is no other impediment. 

Similar results, although limited in size of data base, were also obtained 

on KFA grades ATR-2E, ATR-~EL, and ASR-1RP and on POCO grade AXF-5Q. 

neutrons/m2. The 

neutrons/m2 is the increased shrinkage in the with-grain 

We now come to the problem of greatest overall interest - the 
existence or nonexistence of a flux (or rate) effect. Such has been 

hypothesized for some years, although data to support t:he hypothesis is of 

some question and certainly not conclusive. The data plotted in Fig. 5.8 

were measured on full-size blocks of TSX in the N-Reactor core and were 
superposed on the curves obtained in the current HFIR experiment. Within 

the temperature uncertainties (k25"C) and flux spectrum calculations 

(+-lo%), the data are identical. We conclude that there is no evidence 

over a flux ratio of 50 and that data based on the test reactor exposures 

may be used with confidence for power reactor design. 
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Fig. 5.8. Comparison of N-Reactor moderator block measurements with 
HFIR results 
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5.2.2 Examination of German Reflector Graphites - C. R. Kennedy 

The HFIR experiment HTK-4 is being conducted at 715OC to take advan- 
tage of an existing capsule design, to compare with early graphite studies 
under the Molten Salt Reactor Program involving dozens of graphite grades, 

and to tie in better the HFIR results with Petten irradiations normally 

conducted at 750OC. The samples contained in HTK-4 consist of graphite 
grades H451, POCO AXF, an advanced experimental graphite fabricated at 

ORNL, and a large number of specimens of German grades ATR-2E and ASR-2E. 

The latter two have been extensively studied at Petten. Included among 

these are grades ASR-2E/III and ATR-2E/II, which represent material from 

later production-scale fabrication runs. 

The small blocks abstracted from billets by KFA and sent to ORNL have 

been nondestructively tested, and samples have been extracted. The 

preirradiation data are presented in Table 5.1. Agreement of the electri- 

cal resistance made in West Germany by voltage-drop methods and our eddy- 
current techniques is quite good. Of particular interest are the results 
of sample 81, where the normal rotational symmetry did not exist. This is 

not unusual in samples taken from the surface of extruded bars, as was 
sample 81. All of the remainder of the samples will be more like a molded 

texture, and the dimensional changes under irradiation should reflect this 

difference. The sonic moduli (ORNL) are observed to be slightly higher 

than the dynamic resonant values obtained in West Germany. This was also 
observed in past comparison of the values in other materials. The lack of 

symmetry in sample 81 was also reflected in the sonic moduli values. 

5.3 GRAPHITE CORROSION STUDIES - W. P. Eatherly and R. P. Wichner 

5.3.1 Corrosion Tests - C. D. Bopp, L. L. Fairchild, and R. P. Wichner 

The experimental conditions and corrosion rates of our last 12 runs 

are shown in Table 5.2. In most cases, the corrosion rates determined by 

the carbon monoxide and carbon dioxide in the effluent gas flow and by the 
specimen weight loss were in good agreement. In those cases (runs 11, 14, 
and 21) in which the final corrosion rate was significantly higher than 

the overall run average, the corrosion rate during the last week of the 



Table 5.1. Nondestructive eva lua t ions  of g r a p h i t e  f o r  experiment HTK-4 

Electrical r e s i s t a n c e ,  Dynamic Young's Density,  Mg/m3 

FRGa ORNL 

Grade Sample pR.m modulus, GPa 

FRG ORNL FRG ORNL 

ASR-zE/III 123 

2 10 

37 

21 

ATR-2E / I I 29 

81 

41 

45 

1.80 

1.78 

1.78 

1.80 

1.72 

1.78 

1.77 

1.77 

1.81 

1.79 

1.78 

1.80 

1.73 

1.79 

1.78 

1.77 

W/Gb 8.00 
A/GC 

W/G 8.30 
A/ G 

W/G 
A/G 10.50 

W/G 
A/G 10.00 
WIG 10.30 
A/G 

W/G 9.20 
A/G0 

A/GR 

WIG 
A/G 10.10 

W/G 
A/G 10.50 

8.07 
9.70 
7.98 
10.17 
8.24 
10.15 
7.93 
9.76 

10.31 
11.81 

9.19 
10.05 

11.08 
9.18 
10.60 

9.10 
10.44 

WIG 10.70 
A/G 

W/G 10.1 
A/G 

W/G 
A/G 7.62 

W/G 
A/G 8.39 
WIG 7.85 
A/G 

A/G 8.77 
A/G0 

A/ GR 

WIG 
A/G 7.85 

W/G 
A/G 7.71 

10.96 
9.99 
10.71 
9.82 

12.11 
8.66 
12.14 
8.96 
8.81 
8.53 

9.40 
9.09 

8.85 
9 .56  
8.52 

9.53 
8.55 

aFederal  Republic of Germany. 

h / G  = with grain.  

'A/G = a g a i n s t  grain.  



Table 5.2. Conditions and c o r r o s i o n  ra tes  f o r  cc r o s i o n  runs  SP 9 to 1 6  and 5 H451 19 to 22 (He flow = 50 c m  /min) 

Rate of a t t a c k ,  
Impur i ty  concen t  r a t i o n s ,  m d  ( cm2.h) Weight 

Run Material Temperature  Rod Run vpma HzIHzO 
From loss ( o c )  d i a m e t e r  t i m e  

ratio From (Z) CO CO2 H2 (em) (h)  H20 

9 

10 

11 

12 

13 

14 

15 

16 

19 

20 

21 

22 

SP 2020b 
E n t i r e  pe r iod  
L a s t  week 

E n t i r e  pe r iod  
L a s t  week 

SP 2020 

SP 2020 
E n t i r e  pe r iod  
L a s t  week 

SP 2020 
E n t i r e  pe r iod  
L a s t  week 

SP 2020 
E n t i r e  pe r iod  
L a s t  week 

SP 2020 
E n t i r e  p e r i o d  
L a s t  week 

SP 2020 
Entir .e  pe r iod  
L a s t  week 

SP 2020 
E n t i r e  pe r iod  
L a s t  week 

H45 1 
E n t i r e  pe r iod  
L a s t  week 

H45 1 
E n t i r e  pe r iod  
L a s t  week 

H45 1 
E n t i r e  pe r iod  
L a s t  week 

E n t i r e  pe r iod  
L a s t  week 

H45 1 

1,000 

1.000 

900 

1.000 

1,000 

900 

900 

1,000 

1,000 

900 

900 

1,000 

1.27 

1.90 

1.90 

1.90 

1.27 

1.90 

1.27 

1.27 

1.90 

1.90 

2.54 

2.54 

336 

504 

1248 

506 

336 

504 

840 

672 

336 

336 

1680 

1344 

Smal l  7,000 
Small  7,000 

Smal l  6,700 
Smal l  6,700 

1,500 3,000 
1,000 3,700 

Smal l  5,800 
Smal l  6,100 

Smal l  16,700 
Smal l  16,900 

4,500 8,200 
3,300 10,000 

600 4,000 
600 4,200 

Smal l  6,700 
Smal l  6.700 

700 15,100 
800 15,800 

7,400 8,890 
7,400 8,890 

1,000 4,800 
Smal l  5,770 

Smal l  16,500 
Smal l  17,900 

90 
70 

140 
140 

800 
800 

300 
260 

760 
720 

2,000 
1.900 

820 
830 

270 
300 

900 
750 

570 
580 

600 
600 

700 
800 

7,400 
7.400 

7,100 
7,100 

4,900 
5,400 

6,600 
6,800 

17,500 
17,600 

12,800 
14,000 

5,800 
5,800 

6,800 
6,900 

16,600 
16,500 

9,900 
9,900 

5,100 
6,200 

17,300 
18,400 

>IO 
>10 

>IO 
>10 

3 
5 

>IO 
>10 

>IO 
>10 

3 
4 

10 
10 

>10 
>10 

20 
20 

1 
1 

5 
>10 

>10 
>10 

0.076 

0.0487 

0.027 
0.032 

0.044 

0.19 

0.072 
0.084 

0.051 

0.074 

0.11 

0.067 

0.029 
0.034 

0.092 

0.0700 

0.0474 

0.0269 

0.0433 

0.166 

0.0726 

0.0443 

0.0712 

0.0775 

0.0706 

0.0214 

0.0915 

4.3 

2.9 

4.0 

2.7 

10.2 

4.5 

6.8 

8.8 

3.3 

3.0 

3.4 

11.6 

N 
N 
0 

Qvpm - volume p a r t s  pe r  m i l l i o n .  

h e a t - t r e a t e d  S tackpo le  2020. 
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run  i s  a l s o  provided i n  Table 5.2. The steam content  of t h e  cor roding  

atmosphere w a s  c a l c u l a t e d  as the  d i f f e r e n c e  between the  i n l e t  steam con- 

c e n t r a t i o n  and the  amount consumed by the  r e a c t i o n s  H20 + C 

H 2 0  + CO +. C02 + H2. 

run,  where i t  can be unambiguously c a l c u l a t e d ,  i s  lower than expected f o r  

an  HTGR primary cooolant .  

CO + H2 and 

The r a t i o  of hydrogen-to-steam concen t r a t ion  i n  each 

5.3.2 C a t a l y t i c  E f f e c t s  on Graphi te  Corrosion - R. P. Wichner 

Because the  t r a n s i t i o n  metals (mainly i r o n  and n i c k e l )  are c a t a l y t -  

i c a l l y  a c t i v e  i n  the  reduced form and ev iden t ly  not  as the  oxide o r  

ca rb ide ,  i t  is important  t o  determine the range of cond i t ions  i n  which the  

reduced form would be s t a b l e .  This  i s  p a r t i c u l a r l y  important  when one 

a t t empt s  t o  c a r r y  over tes t  da t a  t o  r e a c t o r  condi t ions .  Usual ly ,  test 

d a t a  are acqui red  under acce le ra t ed  co r ros ion  cond i t ions  wherein t h e  oxide 

form of the  t r a n s i t i o n  metal would more l i k e l y  be the  s t a b l e  form (nea r  

t h e  g r a p h i t e  s u r f a c e  a t  least) than under the  HTGR primary c i r c u i t .  

The q u e s t i o n  then arises as t o  whether o r  not  t he  chemical form of 

i r o n  o r  n i c k e l  may be expected t o  d i f f e r  i n  the  i n t e r i o r  g r a p h i t e  r eg ions  

from t h a t  i n  the  sur face .  This  p o s s i b i l i t y  e x i s t s  because the  g r a p h i t e  

e x t e r i o r  r eg ions  con ta in  a more reducing gas composition i n  the  pores  than 

t h a t  e x i s t i n g  i n  t h e  i n t e r i o r .  However, w e  m u s t  cons ider  t he  p o s s i b i l i t y  

t h a t  t he  s t a b l e  reduced form i s  t h e  ca rb ide ,  which would not  be a c t i v e  

c a t a l y t i c a l l y .  

Alka l ine  e a r t h s  are v i r t u a l l y  assured  t o  e x i s t  as t h e  oxide (SrO, 

BaO,  and C a O )  i n  any experiment designed t o  y i e l d  a reasonably l a r g e  

g r a p h i t e  co r ros ion  rate. Therefore  we must conclude t h a t  t he  observed 

c a t a l y t i c  a c t i v i t y  of the  a l k a l i n e  e a r t h s  r e s u l t s  from the  oxide. The 

q u e s t i o n  t h a t  must be explored is  whether or not  they would e x i s t  as 

oxides  (hence r e t a i n  t h e i r  a c t i v i t y )  under t h e  more reducing cond i t ions  

found i n  the  HTGR primary c i r c u i t  o r  i n  the  i n t e r i o r  g r a p h i t e  regions.  

The reg ions  of s t a b i l i t y  f o r  the  va r ious  s p e c i e s  a r e  i l l u s t r a t e d  i n  

Fig.  5.9. 

RT I n  Po2. 

core  g r a p h i t e  i s  ind ica t ed  on the  absc i s sa .  

The o r d i n a t e  s p e c i f i e s  the  oxygen p o t e n t i a l  Go2, def ined  by 

The temperature  range experienced by tes t  g r a p h i t e  and r e a c t o r  
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The oxygen p res su re  i n  t h e  v i c i n i t y  of t h e  e x t e r i o r  of a g r a p h i t e  

specimen o r  co re  component is imposed by t h e  gaseous environment, par- 

t i c u l a r l y  t h e  H2/H2O r a t i o .  Parametric va lues  of t h i s  r a t i o  are l i s t e d  a t  

t o p  r i g h t  i n  Fig. 5.9, and t h e  dependence of oxygen p r e s s u r e  as a f u n c t i o n  

of temperature i s  shown by t h e  a s s o c i a t e d  dashed l i n e s .  A s  i n d i c a t e d  i n  

t h e  f i g u r e ,  t h e  H2/H20 r a t i o  ranged between 0.4 and 4.0 i n  our c o r r o s i o n  

appa ra tus ,  whereas HTGR primary systems are f a r  more reducing under normal 

s t e a d y  s ta te  cond i t ions .  The H2/H20 r a t i o  averaged nea r  1000 i n  t h e  Peach 

Bottom HTGR and from 200 t o  500 i n  t h e  Arbe i t sgemeinschaf t  Versuchs- 

R e a k t ~ r . ~  

average  H2/H20 r a t i o  of -10.) 

of t h e  H2/H20. r a t i o  i n  f u t u r e  HTGRs i s  between 1 and 200. 

view of p a s t  exper ience  t h e  h ighe r  end, from 10 t o  200 would be more 

l i k e l y  f o r  normal s t eady  opera t ion .  

(The Dragon r e a c t o r  primary loop was more ox id iz ing ,  w i th  a n  

Gainey9 i n d i c a t e s  t h a t  t ' he  expected range 

However, i n  

The specimen i n t e r i o r  w i l l  exper ience  a f a r  more reducing atmosphere. 

This  w a s  es t imated  by assuming t h a t  a l l  t h e  mois ture  i n  t h e  e x t e r i o r  gas  

is  converted t o  CO i n  t h e  i n n e r  g r a p h i t e  reg ions .  This  simple procedure 

n e g l e c t s  both d i f f u s i o n  effects  and C02 formation. 

becomes s i g n i f i c a n t  below about 800 K,  t h e  shaded r eg ions  are not  drawn 

below t h i s  temperature.  The oxygen p res su re  w a s  c a l c u l a t e d  from t h e  

equ i l ib r ium r e l a t i o n ,  

Because t h e  lat ter 

Go2 = AG"(T) + 2RT I n  Pco , 

where AG"(T) is  t h e  s t anda rd  f r e e  energy change f o r  t h e  r e a c t i o n  

2c + 02 + 2co . 
Values of AG"(T) f o r  t h e  above and a l l  subsequent chemical r e a c t i o n s  were 

obta ined  from r e f .  10. I n  our co r ros ion  appa ra tus ,  t h e  va lue  of Pco would 

range from about 8 X lo3 t o  about 25 X l o3  volume p a r t s  per  m i l l i o n  (vprn) 

i n  t h e  specimen i n t e r i o r  on t h e  b a s i s  of complete convers ion  of H2 t o  CO. 

The corresponding oxygen p res su res  are i n d i c a t e d  by t h e  shaded region. 

Oxygen p res su res  i n  t h e  i n t e r i o r  of a g r a p h i t e  member w i t h i n  t h e  r e a c t o r  

are lower than  f o r  t h e  tes t  appa ra tus  because t h e r e  i s  f a r  less t o t a l  

oxygen (H20,  CO, and C02). The shaded reg ion  shown is  based on a t o t a l  

range of 0.1 t o  10 vpm t o t a l  oxygen i n  t h e  coo lan t ,  wi th  complete conver- 

s i o n  t o  CO w i t h i n  t h e  g raph i t e .  
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These estimates of internal graphite oxygen pressures are rough 
approximations only. 
that conditions within the graphite pieces are more reducing than exterior 

conditions and to gain roughly some idea of the significance of this fact 

in the chemical alteration of active catalysts. 
The oxygen potentials at which the various oxide to metal or carbide 

The main purpose here is to portray our observation 

transitions occur are indicated by the labeled solid lines in Fig. 5.9. 
The NiO/Ni transition occurs at higher oxygen potentials than existed 

in the gaseous environment of the test apparatus under the most highly 

oxidizing conditions (Fig. 5.9). Therefore, we would expect nickel to be 

in the metallic form in graphite for all reactor or test apparatus 

conditions. 

All the iron transitions fall in the range of oxygen potentials 
experienced in the gaseous atmosphere of the test apparatus. 

oxidizing runs, with the H2/H20 ratio of about 0.4, iron near the graphite 
surface probably exists as Fe3O4. 

occurs at an H2/H20 ratio of about 2 at about 1300 K, but far more 
reducing conditions are required to effect the transition at lower 

temperatures. 
of about 50. 

In the most 

The FeO to reduced form transition 

At 600 K, the FeO/Feo transitions occur at an H2/H20 ratio 

Below 1100 K, Fe3C is unstable (positive free energy of formation), 
and the reduced form is the metal. Above 1100 K, the free energy of for- 
mation of Fe3C is negative, which means that it is the stable form in the 
presence of Feo and C. Hence, above 1100 K the reduction of FeO goes to 
the carbide via 

2Fe0 + 2/3C -+ 2/3Fe3C + 02. 

The reduction transition FeO -+ Fe3C is thus thermodynamically predicted 

for temperatures above about 900 to 1000°C. 

5.3.3 Electrical Conductivity as a Measure of Oxidation Gradients - 
C. R. Kennedy 

The electrical conductivity of graphite is extremely sensitive to 
oxidation, because even a minor mass removal quickly interferes with the 

continuity of the material. The use of eddy-current techniques to examine 
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nondestructively graphite obviously lends itself to measurements on oxi- 
dized graphite in a particularly useful way: 

frequency probes (500 kHz) is of the order of 1 mm; hence, the measured 

conductivities are characteristic of a volume close t'o the exposed 

surf ace. 

The skin depth of our single 

In the case of the right circular cylinders cut from extended rods 

and designed for compressive strength measurements, the oxidation occurs 

only from the curved surface. Hence, an eddy-current measurement on this 

surface determines the deterioration of the material directly exposed to 

the gas stream, whereas a measurement on the flat-end faces characterizes 

the interior material (Fig. 5.10). 

for the change in coupling between a flat and curved surface to have a 

simple and direct estimate of the gross oxidation graalient generated in 

the material. 

Only a minor correction is necessary 

ORN 1,-DWG -84 -6597 

,,/ PROBE 
I I  ! 

COILS 

1 

A -- - 

cot LS 
SPEC I M EN/ 

Fig. 5.10. Procedure used to measure eddy-current response of 
oxidized graphite cylindrical specimens. 
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06 

I n  i n t e r p r e t i n g  t h e  eddy-current d a t a ,  it must be kep t  i n  mind t h a t  

t h e  magnetic f i e l d  of t h e  probe c o i l s  s enses  an  annu la r  r eg ion  of t h e  

o r d e r  of a 3.6-mm o u t e r  r a d i u s  and a 1-mm i n n e r  r a d i u s  t o  a depth  of about 

2 mm. 

Oxidized long rods of g r a p h i t e  grades  H451 and Stackpole  2020 have 

been c u t  i n t o  s h o r t  compressive s t r e n g t h  specimens and eddy-current t e s t e d  

as descr ibed  above. The r e s u l t s  are presented  i n  Figs.  5.11 through 5.15. 

The o r d i n a t e  i s  the  r a t i o  of c y l i n d r i c a l  s u r f a c e  t o  end s u r f a c e  

c o n d u c t i v i t i e s ,  p l o t t e d  wi th  t o t a l  po ros i ty  as t h e  a b s c i s s a .  The s o l i d  

poin t  a t  17 t o  18% poros i ty  i s  t h e  unoxidized material ( c o n t r o l s )  and, i f  

I I 1 I 
45 20 25 30 35 40 

d i f f e r e n t  from u n i t y ,  r e p r e s e n t s  t h e  an i so t ropy  of t h e  material. Values of 

t h e  r a t i o  below t h i s  c o n t r o l  va lue  obvious ly  r e p r e s e n t  an expected d e n s i t y  

g r a d i e n t  from t h e  e x t e r i o r  t o  the  i n t e r i o r  of t h e  sample. Conversely,  a 

h ighe r  va lue  r e p r e s e n t s  a more seve re  o x i d a t i o n  of t h e  i n t e r i o r ,  t h a t  is, 
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Fig. 5.11. E f f e c t  of o x i d a t i o n  on e lectr ical  r e s i s t i v i t y  of H451 
g r a p h i t e  as determined by eddy-current techniques .  
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Fig. 5.13. Effect of oxidation on electrical resistivity of 2020 
graphite as determined by eddy-current techniques. 
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t h e  so-ca l led  "inside-out" ox ida t ion .  Qui te  c l e a r l y , ,  w e  have a t  our 

d i s p o s a l  a quick  and inexpensive means t o  test  and c a t e g o r i z e  l a r g e  

numbers of samples and thus  t o  select a r e p r e s e n t a t i v e  set of specimens 

f o r  t h e  e l a b o r a t e  r ad iog raph ic  d e n s i t y  measurements. 

R e s u l t s  f o r  H451 g r a p h i t e  are g iven  i n  Figs.  5.11 and 5.12 f o r  the 

s e v e r a l  c y l i n d e r  d iameters  i n v e s t i g a t e d .  A t  900°C t h e  o x i d a t i o n  is 

obviously ins ide-out  f o r  t h e  12.7- and 19.0-mm-diam (0.5- and 0.75-in.) 

specimens. A t  25.4 mm ( 1  in . )  t h e  o x i d a t i o n  a p p e a r s  t o  be uniform, 

a l though t h i s  r e s u l t  is clouded by the  volume sensed by the eddy-current 

probe. A c a r e f u l  v i s u a l  examination of rad iographs  f a i l e d ,  however, t o  

show any i n d i c a t i o n  of a g rad ien t .  

uniform t o  normal "outs ide- in ,"  w i th  t h e  " sk in  depth" s a t u r a t i n g  a t  the 

19.0-mm-diam sample. This i s  f u r t h e r  s u b s t a n t i a t e d  by t h e  f a c t  t h a t  a l l  

r e s i s t i v i t i e s  measured a t  t h e  rod end p o s i t i o n s  are e s s e n t i a l l y  equa l  t o  

c o n t r o l  va lue  r e s i s t i v i t y  f o r  a l l  burnoffs .  

A t  1000°C t h e  o x i d a t i o n  moved from 

R e s u l t s  on grade 2020 g r a p h i t e  are presented  i n  Figs.  5.13 and 5.14. 

With t h e  p o s s i b l e  except ion  of one d a t a  set a t  900°C: and 2.5% burnoff ,  a l l  

samples show normal d e n s i t y  g rad ien t s .  Again, t h e  more r a p i d  dec rease  i n  

t h e  conduc t iv i ty  r a t i o  with i n c r e a s i n g  diameter impl-ies t h a t  t h e  s k i n  

depth  is s a t u r a t i n g .  

The c h a r a c t e r i s t i c  pinhole o x i d a t i o n  of 2020 g r a p h i t e  prev ious ly  

r e p o r t e d  has been a s s o c i a t e d  wi th  i n c l u s i o n s  r i c h  i n  calcium and perhaps 

i r o n .  Hea t - t r ea t ing  t o  2800°C e l i m i n a t e s  both  t h e  calcium and iden- 

t i f i a b l e  i n c l u s i o n s  and the  pinhole mode of ox ida t ion .  Data on t h e  

thermal ly  p u r i f i e d  2020 are g iven  i n  Fig. 5.15. Comparing t h i s  w i th  

Fig.  5.13, w e  see t h a t  t h e  d a t a  sugges t  the o x i d a t i o n  i n  t h e  more pure 

material t o  be less pene t r a t ing .  The reason  f o r  thLs behavior is  

c u r r e n t l y  obscure.  

These r e s u l t s  do, however, a l low s e v e r a l  t r e n d s  t o  be gene ra l i zed :  

0 The expected r educ t ion  i n  p e n e t r a t i o n  by inc reased  ox ida t ion  t e m -  

p e r a t u r e  w a s  observed. 

0 The expected r educ t ion  i n  p e n e t r a t i o n  by f i n e r  g ra ined ,  f i n e r  

p o r o s i t y ,  and less permeable g r a p h i t e s ,  such a s  2020 compared wi th  

c o a r s e r  gra ined  H451, w a s  observed. 
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0 The maximum skin-depth e f f e c t  a t  1000°C ob ta ined  i n  t h i s  l oop  w a s  

w i t h  a 10-mm-diam rod. I n c r e a s i n g  t h e  rod d iameter  t o  25.4 mm d i d  

n o t  i n c r e a s e  t h e  skin-depth d e n s i t y  g r a d i e n t .  

0 I m p u r i t i e s  as seen  i n  t h e  as - rece ived  2020 demonstrated an  i n c r e a s e  

i n  p e n e t r a t i o n  a t  both 900 and 1000°C compared wi th  t h e  p u r i f i e d  

2020 g r a p h i t e .  

5.3.4 C h a r a c t e r i z a t i o n  of German Grade ASR-1RG - C. R. Kennedy 

Grade ASR-1RG (FRG) is inc luded  as part of the o x i d a t i o n  tes t  series 

under t h e  U.S.-l?RG Umbrella Agreement. Th i s  g r a p h i t e  is similar t o  grade  

ASR-1R except  f o r  i ts  block s i z e ;  the ASR-1RG block i s  1200 mm i n  d iameter  

by 900 mm long. Nondes t ruc t ive  e v a l u a t i o n  i n d i c a t e s  t h a t  t h e  g r a p h i t e  is 

very  uniform f o r  such a l a r g e  block. However, the s t r u c t u r e  i s  very 

c o a r s e ,  and rad iographs  i n d i c a t e  a s l i g h t  d i s p e r s i o n  of high-2 i m p u r i t i e s .  

Con t ro l  b r i t t l e - r i n g  and compression specimens have been t e s t e d .  

F r a c t u r e  r e s u l t s  are compared i n  Table 5.3 wi th  g rades  H451 and 2020. 

The f r a c t u r e  s t r e n g t h  of ASR-1RG is  lower than that of t h e  o t h e r  two 

g r a p h i t e s ,  as would be expected by the s i g n i f i c a n t l y  l a r g e r  d e f e c t  s t r u c -  

t u r e  i n d i c a t e d  by t h e  s o n i c  a t t e n u a t i o n .  

Table  5.3. Comparison of unoxidized b r i t t l e -  
r i n g  s t r e n g t h  f o r  grade  ASR-1RG 

w i t h  grades  H451 and 2020 

B r i t t l e - r i n g  & r i n g  Sonic Young ' s 
Grade s t r e n g t h  s t r e n g t h  a t  t enua t i o n  mod u l  us 

(MPa) (MPa) (dB/mm) (GPa) 

ASR-1RG 23.0 16.3 8.0 6.7 

H451 27.0 19.5 3.9 7.4 

2020 36.7 32.5 0.5 10.4 
- 

S e l e c t e d  compression specimens of grade  ASR-1RG w e r e  eva lua ted  f o r  

un i formi ty  of the test block used f o r  o x i d a t i o n  specimens. Twenty speci- 

mens were t e s t e d  t o  y i e l d :  mean compressive s t r e n g t h  - 45.7 MPa and 
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standard deviation - 1.43 ma. Again ASR-1RG yields a lower strength than 
does H451 (50-60 ma), as expected because of the very large defect 
structure. However, the very low variability in these results is 

interesting. 

Brittle-ring specimens of German grade ASR-1RG have been oxidized at 
900°C for two-, four-, and six-week periods. Compared with the 2.00 wt % 

loss for a two-week oxidation, the four- and six-week oxidations yielded 

3.16 and 6.99 wt % losses, respectively. The oxidation pattern is given 

in Table 5.4. 

Table 5.4. Weight loss of ASR-1RG specimens oxidized 
at 900°C 

Weight loss ,  X Block 
location Six weeks Two weeks Four weeks 

Inside 1.71 +- 0.25 (8)a 3.01 +- 0.25 (8) 6.79 +- 0.89 (9) 

Middle 2.01 +- 0.26 (8) 3.34 +- 0.49 (8) 6.99 +- 0.66 (9) 
Outside 2.24 +- 0.23 (9) 3.15 f 0.43 (9) 7.23 2 0.90 (7) 

Average 2.00 2 0.23 (25) 3.16 2 0.41 (25) 6.99 k 0.80 (25) 

uNumbers in parentheses are numbers of specimens. 

A trend of increased oxidation toward the outside of the block defi- 
nitely occurs. The oxidation at six weeks was again somewhat larger than 
expected. The oxidation morphology of the longer four- and six-week 
specimens is of the cavity (pinhole) type demonstrated previously by 

as-received 2020. Radiographs of the oxidized specimens showed the 

characteristic catalytic type of oxidation, with low-density regions 
surrounding each impurity particle. 

the obvious binder regions, with some slight gradient in density from the 

inside exposed diameter. 

even when compared with grade H451. 

The oxidation also tended to remove 

The overall structure is very nonhomogeneous, 

The brittle-ring test results on oxidized ASR-1RG are given in Fig. 

5.16. A striking result of this test series is the relatively severe 
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Fig. 5.16. O-ring (25.4-mm) f r a c t u r e  stress ve r sus  p o r o s i t y  for  
g r a p h i t e  grade  ASR-1RG (dashed l i n e  i s  95% conf idence  l e v e l ) .  

dec rease  i n  s t r e n g t h  a t  10 w t  % l o s s ,  i n  comparison wi th  t h e  o t h e r  grades  

eva lua ted  i n  Table 5.5. This  loss may r e s u l t  from t h e  d e f e c t  s i z e  t h a t  is 

induced by o x i d a t i o n  becoming too large f o r  t h e  specimen s i z e .  Add i t iona l  
t e s t i n g  of l a r g e r  specimens and compression t e s t i n g  are r equ i r ed  t o  

r e s o l v e  t h e  v a l i d i t y  of t h i s  da ta .  

Table  5.5. St reng th  r e t a i n e d  a f t e r  
10 w t  x loss 

Grade S t r eng th  r a t i o  

2020 (25.4 mm diam) 0.38 

2020 (19 mm diam) 0.33 

H451 (25.4 mm diam) 0.56 
ASR-1RG (25.4 mm diam) 0.22 



233 

5.3.5 Mechanical P r o p e r t i e s  of Oxidized Grade 2020 - C. R. Kennedy 

The p a r t i c u l a r  l o t  of S tackpole  grade 2020 g r a p h i t e  as rece ived  from 

t h e  vendor w a s  found t o  con ta in  h igh  concen t r a t ions  of i m p u r i t i e s ,  which 

c o n t r o l  t he  o x i d a t i o n  morphology by c a t a l y s i s .  A s  i n d i c a t e d  i n  our pre- 

v ious  annual r e p o r t , l l  h e a t  t rea tment  t o  2800°C e l i m i n a t e s  these  con- 

c e n t r a t e d  i m p u r i t i e s  by vapor iza t ion .  I n  t h i s  r e p o r t ,  w e  summarize the  

q u i t e  d i f f e r e n t  mechanical behavior of t h e  as-received and t h e  heat-  

t r e a t e d  g r a p h i t e s  a f t e r  ox ida t ion  under t h e  cond i t ions  of our  experiments.  

The compression t e s t i n g  r e s u l t s  of t he  hea t - t r ea t ed  2020 c o n t r o l  specimens 

were 

Compressive s t r e n g t h  F r a c t u r e  s t r a i n  
(ma 1 (XI 

As-received g r a p h i t e  85.7 2.81 

Heat - t rea ted  (2800°C) 86.0 3.12 

The hea t  t rea tment  has not  s i g n i f i c a n t l y  a l t e r e d  the  s t r e n g t h  of t h e  

material; however, t h e  g r a p h i t e  w a s  sof tened  and t h e  f r a c t u r e  s t r a i n  

inc reased ,  as expected. This  would imply a s i g n i f i c a n t  improvement i n  t h e  

o v e r a l l  toughness of the  material. 

Q u a l i t a t i v e  x-ray densi tometry of t h e  t h r e e  g r a p h i t e s  being s t u d i e d  

(H451 and the  two types  of 2020) show r a t h e r  marked c o n t r a s t s .  The as- 

r ece ived  2020 shows no evidence of any g r a d i e n t  i n  t h e  dense material 

between t h e  oxid ized  pockets ( c a v i t i e s )  con ta in ing  t h e  concent ra ted  

i m p u r i t i e s ;  t h a t  is ,  t h e  ox ida t ion  i s  completely dominated by t h e  c a t a l y -  

t i c  r eac t ion .  l1 

d e n s i t y  g r a d i e n t  nor p i t t i n g  a t  1000°C, but  showed inside-out  ox ida t ion  a t  

900°C. For t h e  p u r i f i e d  2020, t h e  s i t u a t i o n  is even more complex: a t  

1000°C very s h a r p  s u r f a c e  g r a d i e n t s  were observed,  but  a t  900°C a p o s s i b l e  

inside-out  g r a d i e n t  appears  t o  be superposed on t h e  s h a r p  s u r f a c e  

g rad ien t .  Confirmation of t h e s e  obse rva t ions  awaits q u a n t i t a t i v e  

dens i tomet ry ,  but even t h e s e  s u p e r f i c i a l  d e s c r i p t i o n s  imply profound 

d i f f e r e n c e s  i n  mechanical property behavior .  

The H451, a high-puri ty  g r a p h i t e ,  a l s o  showed n e i t h e r  

As a f i r s t  i n d i c a t i o n  of these  mechanical e f f e c t s ,  t h e  son ic  a t t e n -  

u a t i o n  i s  given i n  Fig. 5.17. 

the sonic wave) i s  seen i n  t h e  as-received material wi th  i t s  l a r g e  

The most a t t e n u a t i o n  (most s c a t t e r i n g  of 
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Fig. 5.17. Sonic attenuation measurements on oxidized specimens of 
as-received and heat-treated 2020 graphite. 

oxidation-produced cavities, as expected. The scattering is large enough 
to mask any effect between the 900 and 1000°C oxidations. Heat treatment 

and elimination of the cavities reduce sonic attenuation for both the 900 
and 1000°C samples. The rather surprising result is that, for the same 
porosity, the scattering is most reduced for the 1000°C-oxidized material. 

Sonic velocities (Young's modulus) data for oxidized 2020 graphites 

The increase in average velocity at a given are given in Fig. 5.18. 
porosity for the 1000°C-oxidized purified material is perhaps expected 

because oxidation is confined to the surface. Conversely, the 900'C 

material shows a much decreased velocity, perhaps indicative of increased 

oxidation depth. 

Because strength depends directly on modulus and inversely on flaw 

size, one might therefore expect the 1000°C purified material to have the 
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highest strength at a given porosity and the 900°C purified and the 

unpurified to be comparable. Such is the case, as shown in Fig. 5.19, but 

clearly the situation is quite complex because of the marked differences 
in microstructure and density gradients. 

Tubular specimens of as-received 2020 graphite were oxidized in prep- 
aration for studies of the fracture-behavior at Aerospace Corporation. 

To simplify interpretation and modeling studies, it is most desirable for 
the specimens to be uniformly oxidized throughout their volume. For this 
reason, the samples were oxidized by R. E. Burnett at GA under conditions 
of p(H2)/p(H20) = 1 at 900'C. 

microstructure, oxidations of between 500 and 1000 h were required. 

To obtain significant changes in 

On return to ORNL, the oxidized tubes were machined into a number of 
6-mm-thick (1/4-in.) brittle-ring samples. Preliminary results of eddy- 

current measurements of the three intact tubes are given in Fig. 5.20. 
The eddy-current response is shown as a function of position, and its 

average value for the entire tube, by a bar. A bar representing the 
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Fig. 5.20. Results of eddy-current tes t ing  on oxidized tubes of 2020 
Average eddy-current resul ts  are shown as bars and as-received graphite. 

contrasted with the average bulk density. 
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average bulk density is also indicated. Because eddy-crrent response is a 
linear indicator of density for a given grade of graphite, the implication 

of Fig. 5.20 is of a definite axial gradient in density, particularly €or 

the most highly oxidized tube 2. 

The tubes were cut into specimens, and the detailed test results on a 
greatly expanded scale are shown in Fig. 5.21 for tube 1. Note the marked 

dependence of sonio attenuation, sonic velocity, and bulk density and 
eddy-current response. 

of these samples for the Aerospace work. 
tion is in the radial direction only; the axial variation will actually be 

an advantage. 

The axial gradients observed do not negate the use 

The requirement of uniform oxida- 

Representative brittle-ring specimens made from the 10-mm tubes were 
sent to Aerospace for evaluation, and the remainder were tested at OWL. 
The results of this test series are given in Fig. 5.22 as a fraction of 

porosity. 
previous results for 25.4-mm rings. 

difference in the strength loss between the two brittle-ring geometries, 
which gives additional credibility to the hypothesis that oxidation does 

The 10% burnoff strength is given in Table 5.5, compared with 

These results indioate very little 

ORNL-DWG 81-6607R 
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Fig. 5.21. Results of evaluating brittle-ring specimens made from 
oxidized tube 1. 
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Fig .  5.22. O-ring (19-mm) f r a c t u r e  stress v e r s u s  po ros i ty  f o r  
g r a p h i t e  grade  2020 (dashed l i n e  is 95% conf idence  l e v e l ) .  

n o t  a l ter  t h e  s c a l i n g  f a c t o r s  r e s u l t i n g  from t h e  s t a t i s t i ca l  n a t u r e  of 

f r a c t u r e .  Th i s  w i l l  be examined i n  g r e a t e r  d e t a i l  i n  t h e  f u t u r e .  

5.3.6 BET Sur face  Area Measurements - J. D. K in t igh  

Cons t ruc t ion  of t h e  BET-type s u r f a c e  area a p p a r a t u s  is  complete. l2 

Sur face  areas are measured by gas  adso rp t ion .  Adsorp t ion  of a n  i n e r t  gas  

on t h e  s u r f a c e  of a s o l i d  material is  c a r e f u l l y  c o n t r o l l e d  and monitored. 

A t  t h e  po in t  a t  which a s i n g l e  monolayer of the gas  covers  t h e  ent i re  

s u r f a c e  of t h e  material, t h e  s u r f a c e  area of t h e  material can be calcu- 

l a t e d  from t h e  s p e c i f i c  area of t h e  adso rba te  molecule o r  atom. The 

a p p a r a t u s  is  a l s o  used t o  measure apparent  d e n s i t y  by us ing  t h e  helium 

gas  displacement technique. 

The appa ra tus  (Fig. 5.23) used t o  measure s u r f a c e  areas de termines  

the volume of gas  adsorbed by measuring t h e  p re s su re  of t h e  gas i n  a 

gas manifold of known volume aqd exposing the sample t o  t h e  gas ,  which 

de termines  t h e  p re s su re  change. The manifold i s  de f ined  by va lues  
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Fig. 5.23. Schematic of t h e  BET appara tus .  

7 ,  8, and 10. 

under the same c i rcumstances ,  and t h e  d i f f e r e n c e  is  a t t r i b u t e d  t o  

a d s o r p t i o n  of t h e  gas  on t h e  sample. 

This change i s  compared wi th  that  of a nonadsorbed gas  

The system is  f u l l y  automated by using pneumatic va lves  f o r  gas  flow 

c o n t r o l  and an MKS Barytron e l e c t r o n i c  pressure-monitoring system f o r  

r ead ing  t h e  pressure .  

Packard 9835B desk-top computer. 

p re s su re ,  can c o n t r o l  the amount of gas in t roduced  t o  t h e  gas manifold; 

t h u s ,  both a d s o r p t i o n  and deso rp t ion  i so therms can be measured. 

the computer c lock ,  even t s  can be timed, and ove rn igh t  o p e r a t i o n  is 

poss ib l e .  

maintained a t  l i q u i d  n i t r o g e n  temperature by keeping t h e  ce l l  immersed i n  
a l i q u i d  n i t r o g e n  bath. 

t h e  l i q u i d  n i t r o g e n  i n  t h e  ba th  a t  a cons t an t  l e v e l  throughout t h e  

experiment. 

c o n t r o l l e d  by microcont ro l  va lve  11, which ma in ta ins  t h e  evacuat ion  speed 

low enough t o  prevent blowing powder i n t o  t h e  manifold. 

The entire system is  c o n t r o l l e d  by a H e w l e t t -  

The computer, by monitoring t h e  

By using 

Because n i t r o g e n  gas i s  used i n  t h e  a d s o r p t i o n ,  t h e  sample is 

An automat ic  l e v e l  c o n t r o l  i s  used t o  main ta in  

For powdered samples, va lve  9 i s  c losed  and evacuat ion  i s  
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I n  a d d i t i o n  t o  t h e  ins t rument  c o n t r o l  and d a t a  c o l l e c t i o n ,  t h e  com- 

pu te r  a l s o  s t o r e s  t h e  d a t a  on tape,  calculates t h e  s u r f a c e  area, and p l o t s  

t h e  a d s o r p t i o n  isotherm. 

The BET p l o t s  f o r  s o l i d  samples of g r a p h i t e  were i n i t i a l l y  plagued 

by a premature onse t  of n o n l i n e a r i t y  and even nega t ive  c u r v a t u r e ,  

p a r t i c u l a r l y  f o r  samples having a t o t a l  s u r f a c e  area of less than  1 m2. 

The source  of t h i s  e r r o r  i n  t h e  BET s u r f a c e  area appa ra tus  w a s  l o c a t e d  and 

co r rec t ed .  This  sou rce  is  connected wi th  t h e  change i n  the apparent  

sample c o n t a i n e r  volume as a r e s u l t  of t h e  c l o s i n g  of i t s  shu to f f  va lve .  

Because of t h e  n a t u r e  of t h e  measurement, t h i s  e r r o r  cumulates i n  each 

succeeding measurement and must be c o r r e c t e d  f o r .  

The manifold w a s  c a l i b r a t e d  by gas displacement techniques  us ing  a 

gas  bulb c a l i b r a t e d  wi th  mercury. The system measures areas wi th  a 

p r e c i s i o n  of 22% f o r  samples  of t o t a l  s u r f a c e  g r e a t e r  than  5 m2 but  w i l l  

measure s u r f a c e s  as low as 0.5 m2 w i th  a p r e c i s i o n  of k5%. The accuracy 

of t h e  ins t rument  has  no t  y e t  been determined. Gas d e n s i t i e s  are measured 

wi th  p r e c i s i o n  and accuracy of t0.5% f o r  samples wi th  volumes g r e a t e r  than  

2 cm3 and of 21% f o r  samples  wi th  volumes as low as 0.2 a3. 

Table  5.6 c o n t a i n s  d a t a  f o r  some r e p r e s e n t a t i v e  samples of H451 and 

Stackpole  2020 g r a p h i t e s .  Samples RA1 through RA5 and RB1 through RB5 

were c y l i n d e r s  2.54 c m  (1 in . )  long and 1.27 cm (1/2 in . )  i n  d iameter .  

Samples RA6 through R A l O  and RB6 through R B l O  were 1.27 ern (1/2 i n . )  long 

and 0.56 c m  (7/32 i n . )  i n  diameter.  

0.635 c m  (1/4 in . )  long and 1.27 em (1/2 i n . )  i n  diameter.  

The remainder of t h e  samples were 

F igure  5.24 c o n t a i n s  a BET p l o t  of a r e p r e s e n t a t i v e  sample. The p l o t  

i s  l i n e a r  i n  t h e  range of X (= p/p,) between 0.05 and 0.35. 

v a r i a b l e s  are 

The BET 

p = measurement p re s su re ,  

po = vapor p re s su re  a t  l i q u i f i c a t i o n ,  and 

Va = equ iva len t  gas  volume of sorbed monolayer. 

I n  b r i e f ,  t h e  p r e c i s i o n  of measurement per sample i s  superb ,  and t h e  

v a r i a b i l i t y  i n d i c a t e d  i n  Table 5.6 can be a t t r i b u t e d  e n t i r e l y  t o  t h e  

material. 
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Table 5.6. Surface areas and helium 
densities of two HTGR graphites 

Surface area Helium density 
Sample (m2/g) ( g / cm3 

H451 graphite 

RA1 
RA2 
RA3 
RA4 
RA5 
RA6 
RA7 
RA8 
RA9 
RAlO 
HL3 
HL6 
M1 
M2 
H2 
H4 

A V  

0.66 
1.01 
0.90 
1.06 
1.01 
0.82 
1.06 
1.31 
0.89 
0.89 
0.95 
0.85 
0.75 
0.71 
1.02 
1.06 

0.93 +- 0.16 

2.04 
2.06 
2.06 
2.06 
2.05 
2.04 
2.03 
2.07 
2.12 
2.09 
2.06 
2.13 
2.08 
2.05 
2.12 
2.07 

2.07 +- 0.03 
Stackpole 2020 graphite 

0.34 2.01 
2.02 
2.05 
2.01 
2.02 
2.03 
2.03 

RB 1 
RB2 
RB3 
RB4 
RB5 
RB6 

0.33 
0.43 
0.41 
0.46 

-...7 KB I 
2.02 
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SAMPLE RA6 
H451 GRAPHITE 
(6.35mm) diam 

A)  
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6 .  HTR CORE EVALUATION 
P. R. Kasten 

A comparative evaluation was performed of pebble-bed and prismatic 

fuel configurations for HTGR cores. 

period of about six months involved specific relative evaluations and a 

review of the general information that was available. 

limitations, the evaluations were largely carried out by utilizing 

reference designs in comparing the two reactor concepts. Although not 
evident on the basis of the understanding developed during this study, 

design reoptimization of some of the specific parameters considered to be 
important here might influence the comparative results; such 

reoptimizations were not carried out. 

Basic studies carried out over a 

Because of time 

The evaluation results obtained were those determined by ORNL; 
however, other participants also made significant contributions by pro- 
viding information useful to this study. In particular, General Atomic 

Company (GA) provided information on design, thermal hydraulics, fission 
product behavior, safety studies, fuel cycle performance, maintenance 

requirements, and fuel reprocessing technology and costs. General 

Electric Company (GE) provided information on reactor availability, 
control, and design. Gas-cooled Reactor Associates (GCRA) provided utility 

perspectives on reactor maintenance and operations, and Management 
Analysis Company (MAC) provided the methodology for estimating the overall 
cost uncertainites of the two reactor concepts. We concluded that, on the 
basis of the results of this study, the United States should continue to 
develop the prismatic fueled HTGR. 

The evaluation results have been reported;l an abstract of the report 
is given below: 

A comparative evaluation has been performed of the High 
Temperature Gas Cooled Reactor (HTGR) and the Federal Republic 
of Germany's Pebble Bed Reactor (PBR) for potential commercial 
applications in the U.S. 
sizes [lo00 and 3000 MW(t)] and three process applications 
(steam cycle, direct cycle, and process heat, with outlet 
coolant temperatures of 750, 850, and 95OoC, respectively). 
The primary criterion for the comparison was the levelized 
(15-year) cost of producing electricity or process heat. 

The evaluation considered two reactor 
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Emphasis w a s  placed on t h e  c o s t  impact of d i f f e r e n c e s  between 
t h e  pr ismatic- type HTGR co re ,  which r e q u i r e s  p e r i o d i c  
r e f u e l i n g s  dur ing  r e a c t o r  shutdowns, and the  pebble bed PBR 
core ,  which i s  r e f u e l e d  cont inuous ly  dur ing  r e a c t o r  ope ra t ions .  
D e t a i l e d  s t u d i e s  of key t e c h n i c a l  i s s u e s  using r e f e r e n c e  HTGR 
and PBR des igns  r evea led  t h a t  two c o s t  components c o n t r i b u t i n g  
t o  t h e  l e v e l i z e d  power c o s t s  are h ighe r  f o r  t h e  PBR: c a p i t a l  
c o s t s  and o p e r a t i o n  and maintenance c o s t s .  A t h i r d  c o s t  
component, a s s o c i a t e d  wi th  n o n a v a i l a b i l i t y  p e n a l t i e s ,  tended t o  
be h igher  f o r  t h e  PBR except  f o r  t he  process  hea t  a p p l i c a t i o n ,  
f o r  which t h e r e  is a l a r g e  unce r t a in ty  i n  t h e  HTGR nonava i l ab i l -  
i t y  pena l ty  a t  t h e  950°C o u t l e t  coo lan t  temperature .  A f o u r t h  
c o s t  component, f u e l  cyc le  c o s t s ,  i s  lower f o r  t h e  PBR but  no t  
s u f f i c i e n t l y  lower t o  o f f s e t  t h e  cap i ta l  c o s t  component. Thus, 
t h e  HTGR appears  t o  be s l i g h t l y  s u p e r i o r  t o  t h e  PBR i n  economic 
performance. Because of t h e  advanced development of t h e  HTGR 
concept ,  l a r g e  HTGRs could a l s o  be commercialized i n  t h e  United 
S t a t e s  wi th  lower R&D c o s t s  and s h o r t e r  l ead  t i m e s  than could 
l a r g e  PBRs. On t h e  b a s i s  of t h e s e  r e s u l t s ,  i t  is recommended 
t h a t  t h e  U.S. gas-cooled thermal r e a c t o r  program cont inue  
g i v i n g  primary suppor t  t o  t h e  HTGR. A t  t h e  same t i m e ,  t h e  
United S t a t e s  should main ta in  a coope ra t ive  PBR program wi th  
FRG, emphasizing work i n  the  key areas of r e a c t o r  c o n t r o l  and 
ins t rumenta t ion .  
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7. HTR PHYSICS STUDIES 
D. R. Vondy and D. E. Bartine 

Development of the high-temperature reactor concept is supported by 

core physics analysis. Project objectives include high fuel utilization, 

high thermal efficiency, and a high-temperature source for process heat in 

a plant that is safe, can be controlled, and has competitive costs. The 
best core design, plant operating conditions, and mode of operation are 

determined from performance studies. 

The major effort this year was in support of the pebble-bed and 
prismatic-fueled high-temperature reactor (HTR) assessment, the physics 

effort being directed primarily toward the analysis of the pebble-bed 

concept. These studies also support the continuing effort by the General 

Electric Company (GE) to develop a U.S. pebble-bed design and contribute 

to the technical information exchange with the Federated Republic of 

Germany (FRG). In FY 1981, the emphasis shifted to supporting development 

of the prismatic core being designed by the General Atomic Company (GA). 

7.1  HTR METHODS DEVELOPMENT 

A computation system being used locally applies the diffusion theory 

approximation to neutron transport for generating core neutronics 
solutions. * 
developed under the U.S. Department of Energy (DOE) physics program, and 
additional capability has been incorporated under HTR project funding. 

Fuel management capability has been implemented under contract with the 
Technology for Energy Corporation.3 

pebble-bed concept was integrated into the system, starting with a two- 
dimensional (2-D) code originated at the Los Alamos Scientific 

Lab~ratory,~ 
thermal hydraulic capability for treating the prismatic core. 

The neutronics and exposure (burnup) capability has been 

Thermal hydraulics capability for the 

This capability has been enhanced by ORNL to provide limited 

Further enhancements made to this computation system include the 
capability to assess stability against xenon-driven oscillation and 

treating temperature feedback effects. 
for establishing the inherent stabilizing force, general capability was 

To produce the results necessary 
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implemented f o r  r e s o l v i n g  t h e  dominant n e u t r o n i c  harmonics problem. 

Indeed, f o r  az imutha l  symmetry, an  RZ s o l u t i o n  is  p o s s i b l e ,  avo id ing  3-D 

problems. 

s imul taneous ly  wi th  s o l u t i o n  of t h e  n e u t r o n i c s  problem w a s  found t o  be 

c r u c i a l  t o  avoid  u n r e a l i s t i c  neut ron  f l u x  s h i f t s  dur ing  h i s t o r y  

c a l c u l a t i o n s .  Otherwise t h e  exposure s t e p s  between n e u t r o n i c s  s o l u t i o n s  

m u s t  be so s h o r t  t h a t  computation c o s t s  are unacceptably high. 

Obta in ing  t h e  s p a c i a l  equ i l ib r ium I35Xe poisoning e f f e c t  

A r e l a t e d  e f f o r t  i s  t h e  ex tens ion  of t h e  l o c a l  double-heterogeneous, 

1-D i n t e g r a l  t r a n s p o r t  theory  resonance s h i e l d i n g  c a p a b i l i t y 6  t o  treat 

t h e  f u e l  rod geometry of t h e  p r i sma t i c  core.  Attempts t o  lower t h e  

computation c o s t s  of t h i s  method t o  a n  a c c e p t a b l e  l e v e l  f o r  r o u t i n e  use 

have not  been s u c c e s s f u l .  

Methods development work continued. The c o s t  of o b t a i n i n g  a c c u r a t e  

3-D n e u t r o n i c  s o l u t i o n s  must be reduced, and c e r t a i n  enhancements t o  

e x i s t i n g  Monte Car lo  n e u t r o n i c s  c a p a b i l i t y  are d e s i r a b l e .  Cost 

c a l c u l a t i o n s  are being added t o  t h e  f u e l  management c a p a b i l i t y .  Three- 

dimensional thermal  h y d r a u l i c s  and a u x i l i a r y  a n a l y s i s  c a p a b i l i t y  are 

r e q u i r e d  f o r  adequate and r e l i a b l e  p r i sma t i c  c o r e  performance a n a l y s i s  

of HTRs . 
7.2 PEBBLE-BED HTR CORE ANALYSIS 

R e s u l t s  i l l u s t r a t i n g  t h i s  a n a l y s i s  e f f o r t  are presented  i n  Table 7.1. 

The dependence of f u e l  temperature on c e r t a i n  des ign  parameters and 

modes of o p e r a t i o n  are shown. O f  s p e c i a l  i n t e r e s t  i s  t h e  r e d u c t i o n  i n  
t h e  high-energy f l u x  exposure (and hence lower damage rate) of t h e  pebble 

r ecyc le .  A s p e c i a l  i t e r a t i v e  procedure is used t o  produce such r e s u l t s  

f o r  a c r i t i ca l  co re  a t  equ i l ib r ium wi th  continuous feed. 

The behavior of t h e  c o r e  a g a i n s t  xenon-driven o s c i l l a t i o n  w a s  found 

t o  be somewhat s e n s i t i v e  t o  t h e  des ign  and t o  i t s  ~ p e r a t i o n . ~  

neu t ron  f l u x  d i s t r i b u t i o n  and t h e  n a t u r a l  r e s t o r i n g  f o r c e  f o r  any 

p e r t u r b a t i o n  depend on pebble c o n t r o l  and c o n t r o l  rod pos i t i on ing .  

The 



Table 7.1. Effect of certain variables on core performance 
(one-dimensional, 1640 MW(t), C/HMa 325, core height 550 cm) 

Case 

1 2 3 4 5 

Number of pebbles passes throu h core 

Core d i s c r e t e  zones, subzones 
Core residence t i m e ,  f u l l  power 
Exposure, MW(t)-d/kg 
Conversion r a t i o  
F i s s i l e  feed, kg/d 
Peak power densi ty ,  pebble W(t)/cm3 
F i s s i o n  product absorpt ion f r a c t i o n  
F i s s i l e  inventory,  kg 
Peak neutron f lux ,  >2 X 105 eV 
Core pressure drop, kPa (atm) 

Temperature, coolant i n  350°C, 

Average power densi ty ,  W(t)/cm 4 

ou t  85OoC: 

Coolant average 
Peak HM 
Peak pebble average HM 
Core average HM 
Power densi ty ,  weighted mean 
Pebble HM a t  core o u t l e t  

f a c t o r  (no crossflow): 
Temperature with 1.2 r a d i a l  peaking 

Coolant average 
Peak HM 
Peak pebble average HM 
Core average 
Power densi ty  weighted mean 
Pebble HM at  core o u t l e t  

1 
8.43 
36(0) 
2.10 
102.4 
0.579 
1.325 
34.6 
0.1025 
472.6 
14.6 + 13 
157( 1.55) 

713 
90 1 
862 
810 
759 
862 

802 
1014 
987 
917 
85 1 
987 

1 
5.62 
36(0) 
3.15 
103.0 
0.598 
1.242 
23.0 
0.1022 
653.1 
9.8 + 13 
71.9(0.71) 

714 
862 
858 
793 
731 
859 

803 
986 
982 
892 
809 
982 

1 
5.62 
18(0) 
3.15 
103.1 
0.610 
1.211 
22.7 
0.1020 
640.5 
9.8 + 13 
71.9(0.71) 

2 
5.62 
18(36) 

103.6 
0.635 
1.155 
20.8 

3.15 

0.1061 
655.6 
7.0 + 13 
67.9(0.67) 

6 
5.62 
18( 108) 
3.15 
104.0 
0.657 
1.102 
20.8 
0.1086 
644.1 
5.6 + 13 
64.8(0.64) 

714 665 620 
862 88 1 915 
858 870 894 
789 738 693 
724 695 684 
858 867 877 

802 742 686 
985 1008 1050 
981 996 1025 
892 829 173 
809 775 761 
98 1 996 1022 

'%M = heavy metal. 

k o r e  modeling d i s c r e t i z a t i o n  f o r  neutronics  and exposure; pebble r ecyc le  is  modeled with 
subzones f o r  i nd iv idua l  exposure ca l cu la t ions .  



2 50 

Typical results are shown below for the core size where the stability 
bound occurs. 

Size above which the core 
is unstable, MW(t) 

Design power density 
[~(t)/cm31 Without with 

temperature temperature 
feedback feedback 

- -  
2.81 1660 2300 
5.62 2500 3160 
11.24 4240 5150 

Control of a pebble-bed reactor was studied. No alternative to 
control rods for secondary shutdown capability that would produce wholly 

acceptable and desirable core characteristics was identified. Study of 

the core characteristics and demands expected on operation led us to 
conclude that the probability is high for some control rods to be inserted 

into the pebble bed during operation. For example, such would generally 

be necessary to provide the excess reactivity required for override and 

full restart capability, although fuel utilization would be degraded 

(neutron adsorption in control rods rather than fertile material). 

Sophist€cated calculations of partial control rod insertion to demonstrate 

effects and to assess experimental results from Germany are still in 
progress. 

7.3 PRISMATIC HTR CORE ANALYSIS 

Only a small effort has gone into this analysis to date. We continue 
to study the performance of the core. Results of the elaborate GA 

analyses are available to us. 

the importance of, and requirements for, the use of burnable poison, 

selective fuel element repositioning, and coolant orificing to constrain 
fuel temperatures. The lack of a simple performance index of fuel 

temperatures and temperature peaking complicates assessment because the 
highest practical coolant outlet temperature may be desired for process 

heat application. 

Our own calculations allow us to understand 
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8. HTR SHIELDING STUDIES 

C. 0. Slater 

The HTR Shielding Program was initiated in FY 1981. Early efforts 
were directed toward (1) finding a suitable cross section set with which 

to calculate various shielding configurations and (2) planning a major 

shielding experiment so that the maximum desired information may be 

extracted from it. 

As a first step in finding a suitable cross section set, we used two 

ORNL libraries to calculate an HTGR design problem. The results were com- 
pared with results obtained by General Atomic Company (GA) for the same 

problem. 
thermal groups and no upscattering and a 27-neutron-group set with 13 

thermal groups and upscattering. The 51-group set was used in fast reac- 
tor analysis and thus placed little emphasis on the thermal energy range. 

The 27-group set, however, was designed specifically for thermal reactor 

applications; consequently, it has an abundance of thermal groups. In 
add,ition, several of the light elements in the 27-group library have scat- 
tering data that have been processed at several temperatures. For 

comparison, carbon cross sections at three different temperatures (293, 

1000, and 1200 K) were selected for use in calculating the HTGR design 
problem. The different temperatures would affect mainly the flux spectrum 

in the thermal energy range and would change the upper energy boundary of 
the thermal range. The libraries for the three carbon temperatures 
selected were designated ORNL 27GP-1, ORNL 27GP-2, and ORNL 27GP-3. 

The ORNL libraries consisted of a 51-neutron-group set with four 

The results showed reasonable agreement between the ORNL and GA fast- 
and intermediate-energy neutron fluxes except for (1) 50 to 70% higher 
ORNL fast fluxes in the prestressed concrete reactor vessel (PCRV) and 
(2 )  lower ORNL intermediate fluxes by factors of 2 . 3  (27 group) to 3.8 

( 5 1  group) in the permanent side reflector. The really big differences 

occurred in the thermal flux comparisons. A plot of the thermal fluxes 
calculated with the ORNL and GA libraries is shown in Fig. 8.1. The ORNL 
51-group cross section set, without upscatter and with its low-temperature 

scattering kernel for carbon, obviously predicts grossly the thermal flux 

everywhere outside the core. The 27-group library with carbon processed 
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ORNL DWG 80-19930Rl 

THERMAL NEUTRON FLUX 
Io’” 

10” 

10’~ 

- I# ? 
CF : 10” 
0 

RADIUS (cm) 

Fig. 8.1. Comparison of t h e  thermal neut ron  f l u x  ( E  < 2.38 e V )  i n  
t h e  HTGR s i d e  region. 

a t  293 K and wi th  u p s c a t t e r  (OWL 27GP-1) i s  an  improvement over t h e  

51-group l i b r a r y ,  but i t  s t i l l  gave r e s u l t s  somewhat lower than  GA’s  i n  

t h e  c o r e  and r e f l e c t o r s  and s u b s t a n t i a l l y  lower i n  t h e  PCRV. 

c a l c u l a t i o n s  wi th  carbon a t  1000 K (ORNL 27GP-2) and 1200 K ( O W L  27GP-3) 

gave thermal f l u x e s  i n  e x c e l l e n t  agreement wi th  t h e  GA r e s u l t s  from t h e  

co re  through t h e  permanent s i d e  r e f l e c t o r .  Beyond t h e  11-cm-thick i r o n  

r eg ion  r e p r e s e n t i n g  t h e  co re  b a r r e l  and thermal  b a r r i e r  cover p l a t e ,  t h e  

thermal  f l u x e s  c a l c u l a t e d  wi th  t h e  l a t t e r  two ORNL 27-group l i b r a r i e s  and 

t h e  GA l i b r a r y  d i f f e r  s i g n i f i c a n t l y .  The t h r e e  sets of r e s u l t s  appear  t o  

c o i n c i d e  i n  t h e  s t e e p  f l u x  drop-off through t h e  i r o n  region. 

carbon was inc luded  i n  t h e  reg ions  beyond t h e  c o r e  b a r r e l ,  it is p o s s i b l e  

t h a t  t h e  carbon c r o s s  s e c t i o n s  a lone  could not account for t h e  d i sc rep -  

a n c i e s  among t h e  r e s u l t s  ob ta ined  by us ing  t h e  two 27-group OEM,  l i b r a r i e s  

and t h e  GA l i b r a r y ,  a l though the d i f f e r e n c e  i n  carbon tempera tures  d id  

The 27-group 

Because no 
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in f luence  a d i f f e r e n c e  i n  the  thermal f l u x  i n  t h e  PCRV as c a l c u l a t e d  wi th  

the  OWL l i b r a r i e s .  Another theory  i s  t h a t ,  because t h e  d i s c r e p a n c i e s  

occur  fol lowing t h e  i r o n  reg ion ,  d i f f e r e n c e s  between t h e  ORNL and GA i r o n  

thermal c r o s s  s e c t i o n s  could cause d r a s t i c a l l y  d i f f e r e n t  thermal  f l u x  

s p e c t r a  t o  emerge from t h e  co re  b a r r e l .  This  thermal  f l u x  i n c i d e n t  on t h e  

PCRV g r e a t l y  determines t h e  thermal f l u x  p r o f i l e  i n  t h e  PCRV. Also i n  an 

ORNL-GA benchmark gas-cooled f a s t  breeder  r e a c t o r  (GCFR) s h i e l d i n g  calcu-  

l a t i o n  comparison,l  l a r g e  d i f f e r e n c e s  ( f a c t o r s  of 1.5 t o  2.0) were 

observed between GA and ORNL thermal  f l u x e s  fo l lowing  neut ron  t r a n s p o r t  

through t h i c k  i r o n  regions.  The d i f f e r e n c e s  were a t t r i b u t e d  t o  d i f f e r -  

ences  i n  the  c r o s s  s e c t i o n  processing procedures. Because the  GA ca l cu la -  

t i o n  predated the  benchmark comparison, it a l s o  used c r o s s  s e c t i o n s  

similar t o  those  used i n  the  benchmark. Thus, t he  d i f f e r e n c e s  observed 

between ORNL and GA r e s u l t s  f o r  t h i s  HTGR comparison could l o g i c a l l y  be 

expected. It was concluded t h a t ,  a l though s i g n i f i c a n t  d i f f e r e n c e s  

occurred i n  the  r e s u l t s  obtained by ORNL and GA wi th  t h e  va r ious  c r o s s  

s e c t i o n  l i b r a r i e s ,  t h e  ORNL 27-group l i b r a r y  wi th  the  a p p r o p r i a t e  choice  

of carbon temperature  would be adequate f o r  an layz ing  t h e  HTGR 

experiments.  

Planning f o r  t h e  experiment was begun a t  a November 1980 meeting a t  

GA. The r e fe rence  des ign  and gene ra l  i deas  of what t he  proposed 

experiment should inc lude  were discussed.  Seve ra l  mi l e s tones  f o r  t he  

des ign ,  p r e a n a l y s i s ,  and f a b r i c a t i o n  of t h e  experiment as w e l l  as t h e  

in t e rmed ia t e  review s t a g e s  were e s t a b l i s h e d .  Design d a t a  were la ter  

r ece ived  from GA, and e f f o r t s  w e r e  begun t o  prepare  the  b a s i c  d a t a  needed 

f o r  beginning the  s h i e l d i n g  a n a l y s i s .  
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9. APPLICATION AND PROJECT ASSESSMENTS 

P. R. Kasten 

The a p p l i c a t i o n  and p r o j e c t  assessments conta ined  h e r e  inc lude  t h r e e  

areas. The f i r s t  involves  dynamic modeling of h e a t  t r a n s p o r t  systems; 

under s tudy  are the chemical h e a t  pipe (CHP) and t h e  molten sa l t  (SALT) 

t r a n s p o r t  systems, combined wi th  a high-temperature r e a c t o r  (HTR). The 

HTR-CPH systems inc lude  t h e  r e a c t o r ;  an  in te rmedia te -hea t  exchanger (IHX) 

t h a t  uses helium coo lan t ,  a reformer,  a p i p e l i n e ,  and a pumping s t a t i o n ;  

and a methanator. The HTR-SALT systems inc lude  the r e a c t o r ;  poss ib ly  an 

I H X ;  and a molten sa l t  d i s t r i b u t i o n  system invo lv ing  h e a t  exchangers,  

p ipes ,  pumps, and s to rage .  The emphasis i n  t h i s  r e p o r t i n g  period w a s  on 
t h e  CHP. 

The second area concerns assessments of f o s s i l  convers ion  processes 

i n  which va r ious  processes are being s t u d i e d  t o  determine t h e i r  

appropr i a t eness  f o r  HTR a p p l i c a t i o n .  A s c reen ing  process w a s  c a r r i e d  ou t  

i n i t i a l l y .  

The t h i r d  area involves  p r o j e c t  and p r i o r i t y  assessments.  The pr i -  

mary e f f o r t  w a s  on e v a l u a t i n g  the r e l a t i v e  economics of c e r t a i n  f o s s i l  

convers ion  processes  f o r  producing l i q u i d  f u e l s  and the c o s t  of d i s p l a c i n g  

l i q u i d  f u e l s  w i th  process  hea t ;  HTRs were cons idered  t o  provide sou rce  

energy i n  a l l  cases. 

9.1 HTR REFORMER AND PROCESS HEAT MODELING STUDIES 

Work w a s  performed i n  two areas: (1) d e f i n i n g  and c h a r a c t e r i z i n g  a 
CHP system on t h e  b a s i s  of General Electric Company (GE) in format ion  and 

( 2 )  dynamic modeling of process hea t  d i s t r i b u t i o n  systems, w i th  the ini-  
t i a l  e f f o r t  on CHP systems. 

9.1.1 C h a r a c t e r i z a t i o n  of Chemical Heat P ipe  Sys tem-  K. F. Wu 

This  i n i t i a l  e f f o r t  w a s  t o  e v a l u a t e  t h e  CHP concept proposed by GE 

f o r  t he  a p p l i c a t i o n  of HTRs t o  process hea t ing .  Among t h e  HTR-CHP systems 

presented  by G E , l  w e  chose the  r e fe rence  case and i ts  corresponding system 

wi th  a mul t ip le - feed  evapora tor  (MFE) f o r  e v a l u a t i o n  of t h e i r  thermal 

e f f i c i e n c i e s .  These two systems were chosen over t h e  o t h e r s  presented  f o r  
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two reasons:  ( 1 )  a v a i l a b l e  process  informat ion  i n  t h e  GE r e p o r t  is 

concent ra ted  on t h e  two sys t ems  and (2 )  a combination of t hese  systems 

enables  us not  only t o  v e r i f y  the  material and energy balances of each 

process  b u t ' a l s o  t o  a s c e r t a i n  whether o r  not a s u b s t a n t i a l  improvement of 

t h e  sys t em e f f i c i e n c y  can be achieved through t h e  a d d i t i o n  of an WE t o  

t h e  r e fe rence  system. 

The da ta  i n  the  GE r e p o r t  on t h e s e  two cases are s c a t t e r e d  and 

i n c o n s i s t e n t .  Our f i r s t  s t e p  i n  t h i s  e f f o r t  w a s  t h e r e f o r e  t o  c o l l e c t  a l l  

a v a i l a b l e  informat ion  i n  t h e  GE r e p o r t  by c o n s t r u c t i n g  a f lowsheet  f o r  

each case. F igure  9.1 p re sen t s  t he  r e fe rence  system da ta ,  and Fig. 9.2 

shows d a t a  f o r  t h e  corresponding system wi th  an MFE. The chemical reac- 

t i o n  i n  t h e  above system i s  

wi th  

= 206.2 W/mol . "z98 K 

The reformer conver t s  a methane-steam mixture  i n t o  a mixture  of carbon 

monoxide and hydrogen; t h e  r eve r se  r e a c t i o n  t akes  p lace  i n  t h e  methanator. 

I n  a d d i t i o n  t o  t h e  flow diagrams, t h e  only d e t a i l e d  informat ion  

a v a i l a b l e  concerns the  ref ormer-side hea t  exchanger t r a i n  of t h e  system 

with MFE. F igure  9.3 g ives  d e t a i l s  of t h i s  hea t  exchanger t r a i n  and shows 

t h e  i n t e r r e l a t i o n s h i p s  between t h e  coo l ing  and h e a t i n g  requirements .  A 

s i m p l i f i e d  r e p r e s e n t a t i o n  of t h i s  system i s  g iven  i n  Fig. 9.4 .  For t h e  

hea t  exchanger t r a i n ,  t h e  d u t i e s  and t h e  p re s su re  drops f o r  both shell and 

tube s i d e s  are given i n  Table 9 .1 .  

A f t e r  examining the  informat ion  i n  Figs.  9.1 through 9.4 and 

Table 9.1, one e a s i l y  concludes t h a t  t h e  s c a t t e r e d  d a t a  g iven  on t h e  two 

systems do not make i t  p o s s i b l e  t o  v e r i f y  even t h e  energy balance of 

e i t h e r  sys t em,  not t o  mention checking the  sys t em e f f i c i e n c y  improvement 

of one process  over  t he  o the r .  

The r e fe rence  system (without  MFE) does not i nc lude  d a t a  on p res su re  

readings  o r  on the  i n t e r r e l a t i o n s h i p s  between the  hea t ing  and coo l ing  
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ORNL D I G  114130 

3u) K 

327 K / \  FINAL 
EVAPORATOR 

327 K 

Fig. 9.2. Reference chemical heat pipe system with multiple feed 
evaporator. 

ORNL-OW 814242 

STEAM STEAM LlOUlD PREHEAT 

- 3 5 0 K  

H20 if1 I COlH2 Id 750 K 5 3 0 K  

746 MW 

REFORMER 

237 MW 

1. 505 K 

l r  327 K 

H20 If) { ‘34 19) 

1 - OUTPUT COOLER-POWER PLANT STEAM SUPERHEATER 
2 .  OUTPUT COOLER-POWER PLANT STEAM SUPERHEATER 
3 - OUTPUT COOLER.FINAL FEED HEATER 
4 .  OUTPUT COOLER.FEED BOILER 
5 .  FEED BOILER 
6 .  CONDENSOR.POWER PLANT FEED HEATER 
7 .  COMBINED CONDENSOR EVAPORATOR 

Fig. 9.3.  Reformer-side heat exchanger train. 
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ORNL-DWG 81-4243 

STEAM 

---- 
350 K 

312 MW 

073 K 

I 

r ,  
I 

327 K I '  
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Fig.  9.4. Operating conditions for reformer chemical heat pipe 
system with multiple feed evaporator. 

Table 9.1. Duties and pressure drops of the 
heat exchanger train (reformer side only) 

with multiple feed evaporator. 

Pressure drop, kPa (psi) 

exchanger (m) Tube side S h e l l  side 
Heat Duty 

~~ 

1 157 0.7 (0.1) 0.7 (0.1) 
2 30 9.9 (1.43) 55 (8) 
3 237 6 (0.8) 110 (16) 

6 44 6 0.7 (0.1) 74 (10.8) 

4 75 0.6 (0.08) 52 (7.6) 
5 617 0.7 (0.1) 104 (15.1) 

7 278 22 (3.2) 20 (2.9) 
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d u t i e s  of e i t h e r  t h e  reformer o r  t h e  methanator s i d e s  of t h e  system. A s  a 

r e s u l t  of a t t empt s  t o  o b t a i n  t h e s e  miss ing  process  p r e s s u r e  d a t a  through 

te lephone  conve r sa t ions  wi th  persons  involved wi th  t h e  GE HTGR-CHP r e p o r t ,  

w e  l ea rned  t h a t  t h e  p r e s s u r e  drop a c r o s s  a l l  process  equipment had been 

assumed t o  be zero ,  a l though t h e  r e p o r t  showed p r e s s u r e  drops  f o r  t h e  

reformer-side h e a t  exchanger t r a i n  of t h e  system wi th  MFE (Table 9.1). 

This  f i n d i n g  impl i e s  t h a t  t h e  r e p o r t e d  f l u i d  e q u i l i b r i u m  compositions a t  

v a r i o u s  l o c a t i o n s  of t h e  process  are ques t ionab le .  

Of t h e  two systems being s t u d i e d ,  more d a t a  are a v a i l a b l e  on t h e  

system wi thout  MFE than  on t h e  one wi th  WE. I n  s p i t e  of t h e  l a c k  of 

complete informat ion ,  w e  proceeded wi th  mass and energy ba lances  on t h e  

former system. The thermodynamic d a t a  base  i n  Table 9.2 w a s  the b a s i s  f o r  

t h e  GE r e p o r t  and w a s  t h e r e f o r e  adopted f o r  our study. 

Table  9.2. General  Atomic Company thermodynamic d a t a  basea 

cp = a + b~ + C T ~  

AH?( 298) si 298) a b C 

(J/mol) [ J/ (mol K) ] [ J/ (mol K) I [ J/ (mol K2) ] [ J/ (mol K3) ] 

CH4 -74,850 186 14.14 74.91 -17.52 

H20(g) -24 1,830 189 28.83 13.74 -1.44 
co -1 10,520 198 26.15 8.75 -1.92 

co2 -139,510 214 28.66 35.70 -10.36 

H2 0 13 1 28.79 0.28 1.17 
~~ ~ 

%20(1): AH of evaporation = 44,032 J/g; Cp = 75.35 J/(mol*K). 

With a l l  a v a i l a b l e  d a t a  i d e n t i f i e d ,  w e  checked t h e  system f o r  conser- 

The i n l e t  and o u t l e t  f low rates of CH4, H20, CO, C02, and v a t i o n  of mass. 

H2 f o r  t h e  re former ,  methanator,  and p a r t i a l  condensers are t a b u l a t e d  i n  

Table 9.3  f o r  t h e  r e f e r e n c e  case. Mass flow rate c a l c u l a t i o n s  show t h a t ,  

w i th  t h e  excep t ion  of t h e  methanator and t h e  methanator-side partial 

condenser,  conse rva t ion  of mass w a s  achieved. FOT the par t ia l  condenser,  
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Table 9.3. Molar flow rates 

- ------___I- 

Flow rate,  mol/s 

CH4 H2O(g) co co2 H2 T o t a l  
-- - Locat ion  - 

Reformer ex i t  2,308 13,366 2,274 1,929 14,571 34,448 

Reformer s i d e  2,301 13,334 2,280 1,942 14,589 34,446 
p a r t i a l  condensor 
e x i t  

f i n a l  gas  h e c t o r  
i n p u t  

Methanator-side 2,301 8,612 2,280 1,942 14,589 29,724 

Methanator e x i t  8,082 11,983 0.0 325 1,278 21,668 

Methanator-side 8,082 11,983 0.0 325 1,278 21,668 
p a r t i a l  condensor 
i n p u t  

gas  h e a t e r  i n p u t  
Reformer-side 6,272 0.0 0.0 248 983 7,502 

Reformer i n l e t  6,282 18,896 0.0 238 976 26,391 

t h e  input  molar flow rate of H20 amounts t o  11,983 mol/s, and t h a t  of t h e  

o u t l e t  streams i s  14,168 mol/s. Because no chemical r e a c t i o n  t akes  place 

i n  a partial condenser,  we concluded t h a t  t he  mass (molar) f low rates 

g iven  f o r  t h e  inpu t  and output  streams of t h e  methanator-side par t ia l  

condenser are i n  e r r o r .  This  conclus ion  is f u r t h e r  s u b s t a n t i a t e d  by t h e  

f a c t  t h a t  molar flow rates of the  c o n s t i t u e n t s  o t h e r  than H 2 0  are a l s o  not  

conserved. 

Following e v a l u a t i o n  of t h e  r e f e r e n c e  case mass ba lance ,  energy 

ba lance  c a l c u l a t i o n s  were made f o r  each piece of process  equipment o t h e r  

t han  the  methanator and t h e  methanator-side partial condenser. Table  9.4 

g i v e s  t h e  equa t ions  used t o  e v a l u a t e  en tha lpy  v a l u e s  of methane, steam, 

carbon monoxide, carbon d iox ide ,  and hydrogen. The c a l c u l a t e d  va lues  of 

t h e s e  chemical s p e c i e s  are t a b u l a t e d  i n  Table 9.5. From examining t h e  

r e s u l t s  of Table 9.5, one can i n t u i t i v e l y  d e t e c t  t h e  wrong t r end  t h a t  t h e  

equa t ions  of Table 9.4 p r e d i c t .  With t h e  excep t ion  of hydrogen, t h e  

en tha lpy  va lues  dec rease  wi th  i n c r e a s i n g  tempera ture  r a t h e r  than  

i n c r e a s i n g  as would be expected. 



264 

Table 9.4. Evaluation of enthalpy values (J/mol)aa 

cH4 : HT = -74,850 + 14.14(T - 298) + 74.91(T2 - 2982) 
-17.52(T3 - 2983) 

H2O(g): HT = -241,830 + 28.83(T - 298) + 13.74(T2 - 2982) 
-1.44($ - 2983) 
-110,520 + 26.15(T - 298) + 8.75(T2 - 2982) 
-1.92( T3 - 2983) 

co : HT 

c02 : HT = -393,510 + 28.66(T - 298) + 35.7(T2 - 2982) 

HT = -28.79(T - 298) f 0.28(T2 - 2982) 
-10.36(T2 - 2983) 

H2 : 
+I. 17(T3 - 2983) 

aT in K. 
hased on General Electric Company thermodymanic 

data. 

Table 9.5. Tabulation of enthalpy valuesa 

300 
474 
491 
5 24 
600 
700 
7 25 
873 

1,100 

-9.38 

-1,392 
-1,599 
-2,043 
-3,300 
-5,515 

-6,180 
-11,143 

-22,772 

-1 . 00 
-113.6 
-130.5 
-166.8 
-269.4 
-450.5 

-504.9 
411.0 

-1,863 

-1.13 
-152.6 
-175.2 
-223.9 
-361.6 
-604.3 

-677.1 
-1,221 

-2,495 

-5.91 +0.63 
-824.7 43.68 

447.1 +lo706 
-1,210 +137.4 
-1,954 +221.8 
-3,265 +370.5 

3,659 +415.0 
-6,595 +747 . 7 

-13,475 +1,527 

aBased on equations of Table 9.4. 
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The above results prompted us to compare the GE thermodynamic data 

base against the corresponding values taken from D. M. Himmelblau 

(Table 9.6) (ref. 2). We found that the coefficients b and c of Tables 

9.2 and 9.6 were in error by several orders of magnitude. 

equations in Table 9.6 were proven to be accurate, we modified the 

equations of Table 9.2 by multiplying the coefficients b and c by 10-3 

and respectively, (Table 9.7). To substantiate these changes, 

enthalpy values of CH4, H20(g), CO, C02, and H2 at various temperatures 
were tabulated in Tables 9.8 and 9.9, corresponding to the equations of 
Tables 9.6 and 9.7, respectively. The predicted enthalpy values of these 

two tables are extremely close; therefore, the corrections to the GE data 
base are reasonable. 

Because the 

Based on the revised enthalpy equations, the first energy balance 

calculations were made on the reformer. With the reformer inlet and exit 

temperatures at 725 and 873 K, respectively, the molar composition and 

Table 9.6. Evaluation of enthalpy values (J/mol)a# 

Cp = a + bT + cT2 

CH4 HT = 19.89(T - 298) + 2.7363-2(T2 - 2982) 
+ 4.229E-6(T3 - 2983) - 2.753-9(2” - 2984) 

H20(g) HT = 29.18(T - 298) + 0.725E-2(T2 -2982) 
- 0.6741E-6(T3 - 2983) 

co HT = 26.15(T - 298) + 4.38E-2(T2 - 2982) 
-0.643-6(T3 - 2983) 

co2 HT = 26.77(T - 298) + 2.114E-2(T2 - 2982) 
-4.752E-6(T3 - 2983) 

H2 HT = 26.90(T - 298) + 0.2175E-2(T2 - 2982) 
-0.1089E-6( T3 - 2983) 

aBased on data from D. M. Himmelblau, Basic 
Principles ami Calculations i n  Chemical ESzgineering, 
3d ed., Prentice Hall, Englewood Cliffs, N.J., 1974. 

&T in K. 
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Table  9.7. Thermodynamic d a t a  basea, 

cp -- a + b x 10-327 + c x 1 0 - 6 ~ 2  

AH?( 298) s$98 a b C 

(J/mol) [ J/  (mol OK) 1 [ J / (mo1.K) ] [ J / (mol - K 2  ) I [ J/ (mol K3) I 

CH4 -74,850 186 14.14 74.91 -17.52 

H20(g) -241,830 189 28.83 13.74 - 1.44 

co -1 10,520 198 26.15 8.75 - 1.92 

co2 -39 3,5 1 0 214 28.66 35.70 -10 36 

H2 0 13 1 28.79 0.28 1.17 
~ 

@,vised General Electric Company d a t a  base. 

bHzO(1) :  AHevap = 44032 J/g; Cp = 75.35 J/(mol'K); 
AH = a ( T  - 298) + ( b  x lO3/2)(T - 2982) + (e x 10'6/3)(T3 - 2983) 

Table 9.8. Tabula t ion  of en tha lpy  va luesa  

HT, entha lpy  MJ/rnol Temperature 

300 

474 

491 

5 24 

600 

7 00 

7 25 

873  

-0.075 

-0.067 

-0.066 

-0.065 

-0.061 

-0.055 

-0.054 

-0.044 

-0.242 

-0.236 

-0.235 

-0.234 

-0.231 

-0.227 

-0.226 

-0.221 

-0.110 

-0.100 

4 . 0 9 9  

-0.097 

4 . 0 9 1  

-0.083 

-0. oao 
-0.066 

-0.393 

-0.387 

-0.386 

-0.384 

4 . 3 8 1  

-0.376 

-0.375 

-0.376 

M.000 

M.005 

+O.006 

+O. 007 

M. 009 

+00012 

+0.013 

M.017 

1100 -0.027 -0.211 -0.041 -0.355 +0.024 

%,sed on equa t ions  of Table 9.6. 
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Table 9.9. Tabulation of enthalpy valuesa 

HT, enthalpy MJ/mol 
Temperature 

(K) CH4 H20(g) co co2 H2 

300 

474 

49 1 

524 

600 

700 

7 25 

873 

1100 

-0.075 -0.242 

-0.064 -0.235 

-0.062 -0.234 

-0.060 -0.233 

-0.054 -0.230 

-0.045 -0.225 

-0.042 4 . 2 2 4  

-0.027 -0.217 

+0.002 -0.205 

-0.110 

-0.105 

-0.104 

-0.103 

-0.101 

-0.097 

-0.096 

-0.091 

-0.082 

-0.393 

-0.384 

-0.383 

-0.382 

-0.377 

-0.371 

-0.369 

-0.360 

-0.344 

0.000 

0.005 

0.006 

0.007 

0.009 

0.012 

0.013 

0.017 

0.025 

aBased on equations of Table 9.7. 

enthalpy values of each constituent are tabulated in Table 9.10. Using 

the molar flow rates given in Fig. 9.1, the rate of enthalpy input and 
output of the reformer are 4582 and 3617 MW, respectively. The net 

enthalpy transferred to the reformer is calculated to be 965 MW, which is 
within 4% of the GE value of 1003 MW. When the energy balance was 

calculated on the reformer-side output cooler, however, the difference 
between the input and output enthalpies of the output cooler (Tables 9.10 

and 9.11) is 551 MW as opposed to the given value of 490 MW, a difference 
of more than 10%. 

From these mass and energy balance calculations, we conclude: 

The mass flow rates to and from the methanator-side partial condenser 
are in error. 

0 The thermodynamic data base presented by GE is incorrect. 

0 The amounts of energy transferred between each component of the system 

under study and its environment are questionable. 

0 Detailed information on the interrelationships between cooling and 

heating duties of system components is needed for verification of 

system efficiency. 
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Table  9.10. Enthalpy va lues  a t  l o c a t i o n s  
be fo re  and a f t e r  t h e  reformer 

Chemical Quant i ty  Enthalpy Temperature 
s pec ie  s (mol) (MJ) (0 

Before t h e  reformer (725  K ) a  

0.962 -0.0404 725 

2.925 -0.6552 725 

0 0 725  

0.038 -0.0140 725  

0.151 M. 0020 725  

4.076 -0.7076 

A f t e r  t h e  reformer ( 8 7 3  K ) b  

0.352 -0.0095 873 

2.054 -0.4457 873 

0.349 -0.0318 873 

0.298 -0.1073 873 

2.242 M.0381 873 

5.295 -0.5562 

&Speci f ic  en tha lpy  3 . 4 . 1 7 3 6  MJ/mol. 

h p e c i f i c  en tha lpy  = -0.1050 MJ/mol. 

Table 9.11. Enthalpy composition and 
energy va lues  a t  out put c o o l e r  

exi t  a t  474 K 

~~ ~ ~~~ 

Chemical Quant i ty  Enthalpy Temperature 
s p e c i e s  (mol 1 (MJ) ( K )  

CH4 0.352 -0.023 474 

H20 2.054 -0.483 474 

co 0.349 -0.037 474 

c o 2  0.289 -0.111 474 

H2 2.242 M.011 474 

TOTAL 5.295 -0.643 
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To r e so lve  the  d i f f e r e n c e s  between our c a l c u l a t i o n s  and those  of GE, 

a t r i p  was made t o  t h e  GE Advanced Reactor Systems Department (ARSD) a t  

Sunnyvale, C a l i f o r n i a ,  on October 15, 1980, t o  meet wi th  personnel who 

prepared t h e  GE r e p o r t .  A s  a r e s u l t  of t h i s  meeting, GE personnel a t  

GE-ARSD agreed wi th  our mod i f i ca t ion  t o  t h e i r  thermodynamic d a t a  base. 

They a l s o  r ev i sed  t h e  flow rates from t h e  methanator t o  i t s  output  

c o o l e r  and t h e  p a r t i a l  condenser t o  t h e  b o i l e r  (Fig. 9.1) from 78 and 

31 Mg mol/h t o  60 and 13 Mg mol/h, r e spec t ive ly .  

f low rates, we performed a quick  check on t h e  mass flow rate; our r e s u l t s  

showed t h a t  conserva t ion  of mass w a s  achieved. The need f o r  d e t a i l e d  

i n t e r r e l a t i o n s h i p s  among process e f f i c i e n c y ,  h e a t i n g ,  and cool ing  d u t i e s  

and f a i l u r e  t o  take  f u l l  account of i npu t  energy f o r  c a l c u l a t i n g  system 

e f f i c i e n c i e s  were presented t o  GE personnel.  They concurred wi th  our 

disagreement on t h e i r  e f f i c i e n c y  d e f i n i t i o n  and acknowledged t h a t  no 

d e t a i l e d  i n t e r r e l a t i o n s h i p s  between hea t ing  and coo l ing  d u t i e s  were 

a v a i l a b l e  f o r  t h e  systems of our study. 

Based on t h e  r e v i s e d  

General Electric has d iscont inued  work on t h e  two r e fe rence  systems 

of its 1976 p u b l i c a t i o n  and, i n  coopera t ion  wi th  GA, has  now adopted new 

HTR-CHP systems f o r  i ts c u r r e n t  study. No a d d i t i o n a l  v i t a l  process in fo r -  

mation i s  t h e r e f o r e  a v a i l a b l e  t h a t  would enable  us t o  check f u r t h e r  GE's 

1976 r e s u l t s  o r  t o  make comparisons between the two r e f e r e n c e  systems. 

Thus, r a t h e r  than cont inuing  t o  review t h e  o l d  GE systems, w e  now plan t o  

review c u r r e n t  work by GA and GE and t o  determine how we can c o n t r i b u t e  

f u r t h e r  t o  their  s t u d i e s .  

9.1.2. Process  Heat Reactor Dynamics S t u d i e s  - S. J. B a l l ,  W. T. King, 
and J. A. Mullens 

The purpose of t h e  dynamic response s t u d i e s  t a s k  i s  t o  provide an 
independent e v a l u a t i o n  of dynamics-related c o n t r o l  and s a f e t y  problems and 

t o  assist wi th  f u t u r e  des ign  op t imiza t ion  s t u d i e s .  

t a s k  began i n  August 1980 and i n i t i a l l y  concen t r a t ed  on reformer HTR com- 

ponents and systems, inc luding  duplex-tube steam reformers ,  process gas 

systems, CHP p i p e l i n e  dynamics, and methanator p l an t  behavior.  Subse- 

q u e n t l y ,  i t  was e s t a b l i s h e d  t h a t  t he  economics of SALT hea t - t r anspor t  

Work on t h e  modeling 
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systems are a t  least as a t t r a c t i v e  as are t h e  CHP systems f o r  some process  

h e a t  a p p l i c a t i o n s ,  so t h e  HTR-SALT systems are c u r r e n t l y  inc luded  i n  t h e  

scope of t h e  work. 

The c l o s e  coupl ing  of t h e  HTR primary system ( o r  I H X  loop) wi th  the 

steam-turbine,  p rocess  gas ,  o r  o t h e r  hea t - t r anspor t  systems presents  

unique p l an t  c o n t r o l  and s a f e t y  system problems. The approach followed on 

t h i s  t a sk  i s  t o  make use of e x i s t i n g  HTGR dynamics codes developed a t  ORNL 

under Nuclear Regulatory Commission (NRC) sponsorsh ip  f o r  components 

common t o  both  the steam c y c l e  and process  hea t  HTGRs. E x i s t i n g  s imula -  

t t o n s  from t h e  OWL ORTAP code3 t h a t  can be a p p l i e d  t o  the process  h e a t  

des igns  i n c l u d e  two a l t e r n a t i v e  co re  models f o r  t h e  p r i s m a t i c  f u e l  des ign ,  

a d e t a i l e d  once-through steam gene ra to r  model, a d e t a i l e d  steam t u r b i n e  

p l a n t  model, and a steam-driven c i r c u l a t o r  model. New component models 

r e q u i r e d  f o r  t h e  process hea t  p l a n t s  i nc lude  I H X s ,  steam-methane 

r e fo rmers ,  process gas hea t  exchangers,  CHP p i p e l i n e s ,  methanators ,  and 

SALT t r a n s p o r t  systems. 

9.1.2.1 Steam-Methane Reformer S imula t ion  

An i n i t i a l  dynamic s imula t ion  of a duplex o r  double-wall steam methane 

reformer w a s  developed by using t h e  IBM Continuous System Modeling Program 

(CSMP) language. The hea t  t r a n s f e r ,  p re s su re  drop, phys i ca l  p roper ty ,  and 

r e a c t i o n  k i n e t i c s  a lgo r i thms  were taken  d i r e c t l y  from t h e  GE code DSR-1 

( r e f .  4 ) .  Some of the a lgo r i thms  w e r e  s i m p l i f i e d  t o  make t h e  s i m u l a t i o n  

more e f f i c i e n t .  For each model segment, t h e  dynamic model i nc ludes  a n  

energy ba lance  f o r  each of t h e  two reformer s h e l l  tubes  and t h e  p i g t a i l ,  

two energy ba lances  f o r  t h e  c a t a l y s t ,  and t h e  chemical r e a c t i o n  equat ions .  

The model c u r r e n t l y  uses a ten-axial-segment approximation; 20 segments 

would be t h e  approximate upper l i m i t  f o r  t h e  program. 

S ince  t h e  o r i g i n a l  program was developed, we have improved t h e  

c h a r a c t e r i z a t i o n  of h e a t  t r a n s f e r  between t h e  process  gas  and c a t a l y s t .  

We have a l s o  i n v e s t i g a t e d  t h e  s e n s i t i v i t y  of t h e  r e s u l t s  t o  changes i n  

v a r i o u s  model parameters and t o  t h e  use of d i f f e r e n t  numerical  i n t e g r a t i o n  

schemes. The major d i f f i c u l t y  wi th  t h e  dynamic modeling thus  f a r  i s  

caused by t h e  use of t h e  methane ra te  equa t ion  i n  DSR-1. This  equa t ion  
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w a s  de r ived  from i n t e g r a l  experiments  and f o r  s t eady  s ta te  c o n d i t i o n s  and 

i s  not  v a l i d  f o r  c a l c u l a t i n g  l o c a l i z e d ,  dynamic methanat ion rates. 

A t o p i c a l  r e p o r t  on t h e  dynamics code i s  being prepared. 

9.1.2.2 CHP P i p e l i n e  Dynamics 

Modeling and s imula t ion  work w a s  begun on a general-purpose computer 

code f o r  t h e  dynamics of long p ipe l ines .  An i n d u s t r y  code, PIPETRAN-4, 

w a s  acqui red  from t h e  American G a s  Assoc ia t ion  (AGA) and inco rpora t ed  i n t o  

t h e  l o c a l  IBM computers. PIPETRAN c a l c u l a t e s  t h e  t i m e  domain responses  

of flow and p res su re  of compressible  f l u i d s  i n  long p i p e l i n e s  f o r  systems 

inc lud ing  s t o r a g e  tanks ,  compressers,  j u n c t i o n s ,  and m u l t i p l e  users. The 

code w a s  modif ied t o  create f i l e s  con ta in ing  time-dependent p re s su res  and 

f lows i n  a form convenient  f o r  reading  and p l o t t i n g .  Scoping c a l c u l a t i o n s  

of a v a r i e t y  of tes t  c o n f i g u r a t i o n s  and t r a n s i e n t s  were run f o r  m u l t i p l e  

reformer sou rces ,  185-km-long (100-mile) p i p e l i n e s ,  and s e v e r a l  

user-methanators.  Inhe ren t  dynamic behavior w a s  observed. 

9.1.2.3 Methanator S imula t ion  

We made a background s tudy of t h e  methanat ion process ,  w i th  par- 

t i c u l a r  emphasis being app l i ed  t o  des ign  f e a t u r e s  p e c u l i a r  t o  CHP r a t h e r  

than  t o  c o a l  conversion process  a p p l i c a t i o n s .  We acqui red  a dynamic s i m u -  

l a t i o n  code t h a t  had been developed s p e c i f i c a l l y  f o r  c o a l  conversion pro- 

c e s s e s  (DDS/2) by Lehigh Un ive r s i ty  f o r  t h e  U.S. Department of Energy 

(DOE). Der iva t ion  of b a s i c  p l an t  component models are being based on a 

DSS/2 companion r e p o r t  .5 

9.2 HTR APPLICATION ASSESSMENTS OF FOSSIL CONVERSION PROCESSES - 
W. R. Gambill 

The process  eva lua t ions  r epor t ed  he re  were conducted dur ing  t h e  

f o u r t h  q u a r t e r  of 1980. A meeting w a s  he ld  a t  GE i n  Sunnyvale, 

C a l i f o r n i a ,  on October 30-31, 1980, concerning HTGR process  hea t  app l i ca -  

t i o n  s t u d i e s .  P a s t  work by GE and by General  Atomic Company (GA) on 

HTGR-heated steam-methane reformers  w a s  reviewed. The p r i n c i p a l  aspects 

of t h e  review were on performance, op t imiza t ion ,  s a f e t y ,  dynamics, 

c o n t r o l ,  and development needs. Pre l iminary  program plans and economic 

ground r u l e s  were developed f o r  the  syn fue l  process  a p p l i c a t i o n s  s t u d i e s .  
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A four-member Process  App l i ca t ions  Working Group w a s  formed t o  

develop study cr i ter ia  and t o  select processes  f o r  d e t a i l e d  cons ide ra t ion .  

Composed of R. E. Arons te in  (Bech te l ) ,  W. R. Gambill (ORNL), R. N. Quade 

(GA) ,  and I. N. Taylor (GE),  t h e  group he ld  i ts  f i r s t  meeting a t  Bechte l  

i n  San Franc isco  on November 13, 1980. Before t h e  meeting, ORNL provided 

t h e  members wi th  a set  of b a s i c  flow diagrams f o r  t h e  major DOE c o a l  con- 

v e r s i o n  p r o j e c t s  and a summary of r e l e v a n t  a s p e c t s  of t h e  L ique fac t ion  

Technology Assessment Survey (LTAS), an ongoing ORNL a c t i v i t y .  The group 

shor tened  a l i s t  of 18 s e l e c t i o n  cr i ter ia  t o  7 f o r  t h e  i n i t i a l  p rocess  

sc reen ing ,  from which 14 processes  emerged: 4 f o r  s h a l e  o i l ,  2 f o r  d i r e c t  

c o a l  l i q u e f a c t i o n ,  4 f o r  c o a l  g a s i f i c a t i o n  [ s u b s t i t u t e  n a t u r a l  gas  (SNG) 

product ] ,  and 4 f o r  c o a l  g a s i f i c a t i o n  ( s y n t h e s i s  gas product).  

P lans  were made t o  meet a g a i n  i n  San Diego on December 3-4, 1980, t h e  

f i r s t  day a t  GA t o  apply f i n a l  e v a l u a t i o n  c r i t e r i a  t o  f i n a l  p rocess  selec- 

t i o n  and t h e  second day a t  Gas-Cooled Reactor Assoc ia t e s  t o  p re sen t  t h e  

r e s u l t s  of t he  group ' s  process sc reen ing  s t u d i e s .  Before the  December 

meeting, ORNL obta ined:  

0 process  da t a  f o r  t he  I n s t i t u t e  of Gas Technology's Hytor t  p rocess  f o r  

producing syncrude by s u r f a c e  h y d r o r e t o r t i n g  Eas t e rn  o i l  s h a l e s ,  

0 process  d a t a  f o r  Westinghouse's f lu id ized-bed  ash-agglomerating pro- 

cess f o r  producing medium-Btu gas  (MBG) from c o a l ,  

0 t h e  c u r r e n t  s t a t u s  of Conoco's molten ZnC12 c o a l  l i q u e f a c t i o n  process ,  

t h e  c u r r e n t  s t a t u s  of Rockwell I n t e r n a t i o n a l ' s  Rockgas molten sal t  

(Na2C03) c o a l  g a s i f i c a t i o n  process ,  and 

t h e  a v a i l a b i l i t y  t o  the  group of r e c e n t  r e p o r t s  prepared f o r  t h e  

Tennessee V a l l e y  Author i ty  (TVA) on c o a l  g a s i f i e r s  f o r  MBG production. 

A t  t h e  December meeting, t h e  working group a p p l i e d  weighted process  

e v a l u a t i o n  cr i ter ia  t o  17 processes  and narrowed t h e  set  (wi th  e x c e l l e n t  

i n t e r n a l  agreement) t o  the  fo l lowing  processes:  

c o a l  g a s i f i c a t i o n  ( t o  syngas) - Texaco, 

c o a l  l i q u e f a c t i o n  ( d i r e c t )  - Solvent  Refined Coal-I1 (SRC-II), and 

o i l  s h a l e  r e t o r t i n g  ( s u r f a c e )  - Paraho-Indi rec t  and Tosco-11. 

c o a l  g a s i f i c a t i o n  ( t o  SNG) - Exxon c a t a l y t i c  c o a l  g a s i f i c a t i o n  (ECCG), 
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These processes  were cons idered  t o  be r e p r e s e n t a t i v e  of each of the 

The ECCG process  was s e l e c t e d  f o r  major major areas of oppor tuni ty .  

emphasis dur ing  1981. 

Subsequent ORNL e f f o r t s  involved a review of Bech te l ' s  d r a f t  economic 

ground r u l e s  t o  be employed i n  l a te r  process  comparisons, the t a b u l a t i o n  

of 47 l i t e r a t u r e  r e f e r e n c e s  concerning t h e  ECCG process ,  and an  e s t i m a t i o n  

of t h e  d i s t r i b u t i o n  of t h e  high-temperature h e a t  requirements  of t h i s  

process .  For a 0.092-m3/s (50,000 bbl /d)  ( o i l  equ iva len t )  p l a n t ,  our 

pre l iminary  conclus ion  w a s  t h a t  t h e  HTGR-process s team/cogenera t ion  (PS/C) 

c o n f i g u r a t i o n  could provide about  84% of t h e  t o t a l  p rocess  heat r equ i r e -  

ment and about 89% of the t o t a l  primary energy requirement .  This  w a s  i n  

e x c e l l e n t  agreement wi th  GA's  estimates f o r  t h e  ECCG process  made la ter  i n  

December (82 and 89%, r e s p e c t i v e l y ) .  General  Atomic's similar estimates 

f o r  t h e  SRC-I1 c o a l  l i q u e f a c t i o n  and Paraho-Indi rec t  o i l  s h a l e  r e t o r t i n g  

processes  i n d i c a t e d  t h a t  t h e  HTGR-PS/C could provide only about  47 t o  48% 

of t h e  t o t a l  primary energy needed. 

9.3. PROJECT AND PRIORITY ASSESSMENTS - B. A. Worley 

9.3.1 Ob jec t ive  

The o b j e c t i v e  of t h i s  t a s k  is t o  determine which of two s t r a t e g i e s  

w i l l  be t h e  most c o s t - e f f e c t i v e  f o r  f u t u r e  development of the HTGR: 

( 1 )  cont inued development of t h e  HTGR f o r  commercial a p p l i c a t i o n s  

r e q u i r i n g  a r e a c t o r  ou t l e t - coo lan t  tempera ture  of approximately 75OOC 

(steam-cycle e l e c t r i c i t y  product ion  and r e l a t i v e l y  low-temperature process  

h e a t  a p p l i c a t i o n s )  o r  (2)  development of HTGR concepts  t h a t  are capable  of 

provid ing  a high-temperature h e a t  source,  that is, ou t l e t - coo lan t  t e m -  

p e r a t u r e s  i n  t h e  850 t o  950°C range ,  f o r  advanced a p p l i c a t i o n s  

(high-temperature h e a t  source  t o  t h e  reformer i n  c o a l  l i q u e f a c t i o n -  

g a s i f i c a t i o n  p l a n t s ,  CHPs, o i l  s h a l e  process ing ,  e t c ) .  

9.3.2 P rogres s  This  Report ing Pe r iod  

Six r e a c t o r  a p p l i c a t i o n s  were compared f o r  t o t a l  commerc ia l iza t ion  

c o s t  per b a r r e l  of crude o i l  equ iva len t  produced and/or  saved. 

a p p l i c a t i o n  r e p r e s e n t s  t h e  steam cyc le  HTGR w i t h  a n  ou t l e t - coo lan t  

One 
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t empera ture  of 750°C, and f i v e  a p p l i c a t i o n s  inc lude  t h e  use of a n  HTGR 

wi th  an ou t l e t - coo lan t  temperature of 850 t o  950°C as a high-temperature 

h e a t  source  t o  a reformer.  

Some promising a p p l i c a t i o n s  were i d e n t i f i e d ,  and parametric s t u d i e s  

were c a r r i e d  out t o  show the e f f e c t s  of changing (1)  p l an t  l i f e t i m e ,  

( 2 )  p l an t  schedul ing ,  (3)  d i scount  f a c t o r ,  (4)  f i n a l  yea r  of comparison, 

( 5 )  r e sea rch  and development (R&D) and f i r s t -of -a -k ind  (FOAK) c o s t s ,  and 

( 6 )  p lan t  c o s t s .  

9.3.3 Summary of Analys is  R e s u l t s  

The s i x  p l an t  a p p l i c a t i o n s ,  u n i t  c o s t s ,  and t o t a l  commercialization 

c o s t  f o r  both product energy and crude o i l  saved/produced are l i s t e d  i n  

Table 9.12. The d a t a  show t h e  HTGR steam c y c l e  and HTGR reformer f o r  

o i l  s h a l e  process ing  t o  be more c o s t - e f f e c t i v e  than  both  CHP and c o a l  

l i q u e f a c t i o n - g a s i f i c a t i o n  a p p l i c a t i o n s .  However, t h e  syncrude from o i l  

s h a l e  needs f u r t h e r  process ing  t o  be comparable wi th  t h e  o t h e r  products.  

9.3.4 Approach and Assumptions 

The goa l  of t h i s  pre l iminary  work w a s  t o  summarize and compare t h e  

c o s t - e f f e c t i v e n e s s  of HTGR a p p l i c a t i o n s  f o r  crude o i l  replacement. A 

schedule  l ead ing  t o  f u l l  commercialization through 2025 w a s  assumed i n  

o rde r  t o  i d e n t i f y  t h e  t o t a l  program c o s t ,  which inc ludes  b a s i c  R&D c o s t s ,  

a d d i t i o n a l  FOAK p lan t  developmental c o s t ,  and t o t a l  p l a n t  c o s t s .  

Informat ion  concerning c a p i t a l  investment,  annual  c o s t s ,  annual production 

rates,  and expected l i f e t i m e s  of t he  s i x  i n d u s t r i a l  a p p l i c a t i o n s  w e r e  

taken from r e f .  6 with  the  except ion  of c o s t s  f o r  t he  steam cyc le  

cogenera t ion  p l a n t ,  which were taken from r e f .  7. 

The schedul ing  of p l an t  c o n s t r u c t i o n  w a s  t aken  t o  be the same f o r  a l l  

a p p l i c a t i o n s :  one p l an t  f i v e  yea r s  a f t e r  t h e  i n i t i a l  p l a n t ,  one t h r e e  

y e a r s  a f t e r  t h e  second p l a n t ,  one two y e a r s  a f t e r  t he  t h i r d  p l a n t ,  and one 

each year t h e r e a f t e r  through 2025. S t a r t u p  of t h e  i n i t i a l  commercial 

p l an t  i s  assumed t o  take  place i n  1995 f o r  t h e  steam cyc le  a p p l i c a t i o n  and 

i n  2005 f o r  the  f i v e  h igher  t empera tu re  reformer a p p l i c a t i o n s .  

A l l  c o s t s  and b e n e f i t s  were d iscounted  t o  1981 by us ing  a 0.07 

d iscount  f a c t o r ;  a l l  c o s t  da t a  a r e  i n  1981 d o l l a r s .  Fu tu re  c o s t  



Table 9.12. Cost-benefit of commercialization through year 2025 for six HTGR applications 

Plant application Cogeneration Oil shale Chemical Direct coal Coal Indirect coal 
processing heat pipe liquefaction hydrogasification liquefaction 

Electricity/ Hydrotreated Delivered Synthetic crude Synthetic pipeline Gasoline, synthetic gas, 
steam syncrude heat liquids gas butanes, propanes Major product 

10l6  J Btu) 7.57 44.93 7.33 37.76 20.46 35.86 
equivalent per year (71.8) (426.0) (69.5) (358.0) (194.0) (340.0) 
per plant 

Operating period, years 30 20 20 20 20 20 

First commercial reactor, 1,995 2,005 2,005 2,005 

Research and development 400.0 600.0 600.0 600.0 

Additional development 400.0 600.0 600.0 600.0 

year 

costa 

cost for initial 
reactorQ 

per planta 
Total investment cost 1,214.8 6,547.3 1,644.4 5,498.2 

2,005 

600.0 

600.0 

3,868.4 

2,005 

600.0 

600.0 

10,996.5 

Annual cost per planta 82.3 306.1 82.6 969.2 481.6 1.007.9 

Total product cost 
$/GJ ($/mtu) 3.16 2.76 4.70 4.79 

(3.33) (2.91) (4.96) (5.05) 

~ / m 3  ( $  per equivalent 121.65 106.24 180.83 184.42 
bbl) crude oil (19.34) (16.89) (28.75) (29.32) 

5.22 
(5.51) 

201.09 
(31.97) 

l o b 3  ( l o 4  bbl) 
crude oil/M$ 

8,220 9,413 5,530 5,422 4,973 
(51,706) (59,207) (34,783) (34,106) (31,279) 

7.21 
(7.61) 

277.63 
(44.14) 

3,602 
(22,655) 

~~~ ~ 

%illions of 1981 dollars. 
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escalation was not included so that the cost-effectiveness of each 

application could be compared on the basis of perceived worth of product 

in 1981. Escalation of cost would not affect the relative comparison 

because all plants have similar cost components. 

Plant construction periods were taken to be ten years. The plant 

operating lifetime for the five reformer applications is 20 years.6 
This data is of a preliminary nature, and specific information 

needs refinement; however, the general trends were not affected by per- 

turbations of the parameters. 

9.3.5 Parametric Studies 

9.3.5.1 Plant Lifetime 

For the base case the steam cycle plant lifetime is 30 years, and 
that of the reformer plants is 20 years. The effect of extending the 

plant lifetimes to 40 years is summarized in Table 9.13. The relative 

order of the cost-effectiveness has not changed from the base case 

(Table 9.12), but oil shale process applications appear promising when 

compared with the steam cycle process heat at equal plant lifetimes. 

Table 9.13. All plants with 40-year operating lifetimes 

$/lo00 m3 (barrels) 
of crude oil $/GJ (million Btu) 

Steam cycle electricity 3.02 (3.19) 116.30 (18.49) 

Oil shale processing 2.34 (2.47) 90.20 (14.34) 
Chemical heat pipe 3.98 (4.20) 153.22 (24.36) 
Direct coal liquefaction 4.37 (4.61) 168.25 (26.75) 
Coal hydrogasification 4.67 (4.93) 179.70 (28.57) 
Indirect coal liquefaction 6.35 (6.70) 244.42 (38.86) 

process heat cogeneration 
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C/A E CAPITAL COST/ANNUAL COST 

5.0 - - 

DIRECT COAL LIQUEFACTION, C/A = 21.4 

4.0 - 
7 - s 

3.0 - - 
PROCESSING, C/A = 5.7 

2.0 I - 

Increasing the plant lifetime decreases the cost/product ratio 

because of the high initial capital cost investment. 

cost ratio affects the relative dropoff, but not as much as might be 
expected among the various applications, as shown in Fig. 9.5. Here the 
cost versus plant lifetime for the two applications with the highest and 

lowest capital/annual cost ratios are shown. 

cost is similar. All other applications have cost dropoff rates between 

these two extremes. 

The capital/annual 

Note that the dropoff in 

6.0 

5.0 

3 m 

4.0 2 
E 
5 

C 

- .- 

3.0 

2.0 

Fig. 9.5. Discounted total dollars per Joule (million Btu) versus 
plant lifetime 

9.3.5.2. Plant Scheduling 

The effect of the initial commercialization date of each application 

was studied. The information illustrated in Fig. 9.6 is typical. Note 

that the total R&D expenditure was fixed as the initial reactor startup 

was delayed. The effect is that the cost/product ratio varies only 

slightly for applications with a higher capital and operating cost. As 
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OHNL UWG 81 4235 
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FIRST COMMtRClAL REACTOR STARTUP 

Fig. , 6 .  Discounted total dollars per joule ,,nillion Btu) versus 
startup year of first commercial reactor. 

shown in Fig. 9.6, the CHP and steam cycle cogeneration applications became 
slightly more costly from initial plant delay relative to the other, more 

capital cost-intensive, applications. 
The effect of shortening the lag time between startup of plants sub- 

sequent to the initial plant for the base-case startup dates reduces the 
cost/product ratios as shown in Table 9.14. Note that this change reduces 

discounted total cost approximately the same amount as does moving up ini- 
tial plant date for the reformer applications. Thus, the CHP application 
benefits most relative to other applications, but the cost reduction is 

small (4.8%). 

9.3.5.3. Discount Factor 

The discount factor was varied in order to determine its effect on 
the relative cost/product ratio among the various plant applications. 

results are shown graphically in Fig. 9.7. The levelized cost of the CHP 

application is most sensitive to the discount factor. The cost of the 

The 
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Table 9.14. Cost-product reduction from base case as a result 
of one plant startup per year after initial 

commercialization date 

Steam cycle cogeneration 3.10 (3 .27 )  1.8 
Oil shale processing 2.72 (2 .87 )  1.4 
Chemical heat pipe 4.47 (4 .72 )  4.8 
Direct coal liquefaction 4.75 (5 .01 )  0.8 
Coal hydrogasification 5.15 (5 .43)  1.5 
Indirect coal liquefaction 7.17 (7 .56 )  0.7 
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20.0 

7 

$ 15.0 

10.0 
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0 
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c 
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Fig. 9.7. Discounted total dollars per joule (million Btu) 
versus discount factor. 
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four capital-cost-intensive reformer applications vary with a change in 

the discount factor in approximately the same proportion. Finally, at low 

discount factors the oil shale processing, steam cycle electricity process 

heat cogeneration, and CHP applications have relatively lower discounted 
cost/product ratios; but at very high discount factors the direct coal 

liquefaction application, steam cycle-electricity production, and oil 

shale processing applications have the relatively lower cost/product 

ratios . 
9.3.5.4. End Year of Comparison 

When calculating the discounted cost/product ratio, comparison of 

various alternatives may depend on the choice of the year through which 

costs are to be discounted. For the plant commercialization schedules 

used in this study, the discounted dollars per joule (million Btu) versus 

the last year of anlaysis approaches its asymptotic value by 2025, as 

illustrated in Fig. 9.8.  Note, however, that the relative merit of the 
CHP application changes if a cost/benefit ratio is to be evaluated before 
2025 . 

Fig. 9.8.  Discounted total dollars per joule (million Btu) versus 
final year of discounting. 
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9.3.5.5. Research and Development and First-of-a-Kind Costs 

Figure 9.6 shows that the total dollars per joule (million Btu) is 

less sensitive to initial commercialization time than might be expected. 

Shortening the time to initial commercialization by increasing R&D and 
FOAK expenditures might therefore not be cost-effective. 

The results summarized in Table 9.15 illustrate the extreme 

situations of R&D and FOAK funding. First, suppose all R&D and FOAK of 
the steamer are applicable to higher temperature applications and that 

initial commercialization of the reformer applications begins in 1995 with 

zero R&D and FOAK costs. This scenario is the best possible, but, as 
shown in Table 9.15, even then none of the reformer applications except 
oil shale processing would be competitive with the steam cycle. The CHP 

application has the best relative gain. 

Table 9.15. Effect of varying research and development and 
first-of-a-kind funds 

$/GJ (million Btu) 

Zero R&Da R6D and FOAK 
Base case and FOAKb costs tripled, 
(Table 9 . 1 )  costs, initial initial plant 

plant in 1995 in 1995 

Steam cycle cogeneration 3.16 ( 3 . 3 3 )  

Oil shale processing 2.76 ( 2 . 9 1 )  2.68 ( 2 . 8 3 )  2.83 ( 2 . 9 8 )  

Chemical heat pipe 4.70 ( 4 . 9 6 )  4.21 ( 4 . 4 4 )  5.10 ( 5 . 3 8 )  

Direct coal liquefaction 4.79 ( 5 . 0 5 )  4.69 ( 4 . 9 5 )  4.87 ( 5 . 1 4 )  

Coal hydrogasification 5.22 ( 5 . 5 1 )  5.05 ( 5 . 3 3 )  5.37 ( 5 . 6 6 )  

Indirect coal liquefaction 7.21 ( 7 . 6 1 )  7.12 ( 7 . 5 1 )  7.30 ( 7 . 7 0 )  

aR&D = research and development. 
k0AK = first of a kind. 
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On t h e  o t h e r  hand, i f  R&D and FOAK funds are t r i p l e d  t o  b r ing  about  a 1995 

commerc ia l iza t ion  d a t e ,  t h e  c o s t / b e n e f i t  r a t i o  of t he  reformer app l i ca -  

t i o n s  i n c r e a s e s  only s l i g h t l y  except  f o r  t h e  CHP a p p l i c a t i o n .  

9.3.5.6. P l a n t  Cos ts  

The c a p i t a l  and o p e r a t i n g  c o s t s  of t h e  reformer a p p l i c a t i o n s  were 

v a r i e d  t o  i d e n t i f y  t h e  poin t  a t  which they would have a l e v e l i z e d  d o l l a r s  

per j o u l e  ( m i l l i o n  Btu) c o s t  equa l  t o  c o s t  of t h e  steam c y c l e  cogene ra t ion  

base  case. The r e s u l t s  are summarized i n  Table  9.16. 

Table  9.16. Change i n  reformer a p p l i c a t i o n s  c o s t s  
t h a t  r e s u l t  i n  l e v e l i z e d  c o s t  equa l  

t o  steam c y c l e  c o s t  

Change i n  c a p i t a l  
and o p e r a t i n g  c o s t s  

( X )  - 
O i l  s h a l e  process ing  +17 

Chemical h e a t  pipe -3 7 

Direct c o a l  l i q u e f a c t i o n  -34 

Coal h y d r o g a s i f i c a t i o n  -42 

I n d i r e c t  c o a l  l i q u e f a c t i o n  -57 

Note t h a t  t h e  c o s t s  would have t o  dec rease  d r a m a t i c a l l y  f o r  t h e  reformer 

a p p l i c a t i o n s  t o  be compe t i t i ve  wi th  the steam c y c l e  p l a n t  c o s t s ;  the 

excep t ion  i s  oil s h a l e  process ing  i n  which an i n c r e a s e  of p l a n t  c o s t s  by 

17% w i l l  r e s u l t  i n  a l e v e l i z e d  d o l l a r s  per  j o u l e  ( m i l l i o n  Btu) equa l  t o  

t h a t  of t h e  steam cycle .  

It should be noted t h a t  the syncrude produced from o i l  s h a l e  is  no t  a 

comparable product t o  those  cons idered  i n  t h e  o t h e r  cases. F u r t h e r  treat- 

ment i s  r e q u i r e d  of t h e  syncrude t o  g i v e  a comparable product ,  and t h e  

a s s o c i a t e d  c o s t  appears  t o  be s i g n i f i c a n t .  Fu tu re  s t u d i e s  w i l l  i nc lude  

estimates of t h e  syncrude t r ea tmen t  c o s t s .  
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10. HTR CFTL STUDIES 

J. P. Sanders 

10.1 INTRODUCTION 

Following t h e  c loseou t  of t h e  Gas-Cooled F a s t  Breeder Program i n  

FY 1980, t he  p ro jec t  s t a f f  of t he  Core Flow T e s t  Loop w a s  d i r e c t e d  and 

funded by t h e  U.S. Department of Energy (DOE) t o  e v a l u a t e  t h e  a p p l i c a t i o n  

of t h e  loop  t o  problem areas of des ign ,  performance, s a f e t y ,  o r  l i c e n s -  

a b i l i t y  of high-temperature r e a c t o r s  (HTRs). The a i m  of t h i s  s tudy  w a s  t o  

i d e n t i f y  areas f o r  eva lua t ion  both on t h e  b a s i s  of (1)  need o r  r e l a t i v e  

importance t o  the  development of t h e  HTR concept and (2)  u t i l i z a t i n g  t h e  

p a r t i c u l a r  a t t r i b u t e s  of t h e  loop. For a p p l i c a t i o n  t o  t h e  HTR program, 

CFTL was used t o  des igna te  t h e  Component Flow T e s t  Loop. 

The c h a r a c t e r i s t i c s  of t h i s  l oop  t h a t  d i s t i n g u i s h  it from similar 

f a c i l i t i e s  a v a i l a b l e  t o  t h e  HTR program are i t s  c a p a b i l i t y  t o  circulate 

helium a t  HTR ope ra t ing  temperature and p res su re  and t h e  p o t e n t i a l  f o r  

execu t ing  r ap id  and p r e c i s e l y  c o n t r o l l e d  t r a n s i e n t s  f o r  both flow and 

power input .  Another unusual a t t r i b u t e  of t h e  loop  i s  t h e  a v a i l a b i l i t y  of 

a s o p h i s t i c a t e d  d a t a  a c q u i s i t i o n  system (DAS) t h a t  i s  capable  of 

c o l l e c t i n g  as many as 10,000 d a t a  po in t s  per second from 640 addres sab le  

channels.  

I n  t h e  a p p l i c a t i o n  of t h e  loop  t o  e v a l u a t i n g  HTR system components, a 

major f e a t u r e  of t h e  s i te  i s  an  a v a i l a b l e  r e s e r v e  of e lectr ical  power. 

Transformers have been i n s t a l l e d  i n  the  bu i ld ing  t h a t  can supply 6.75 MW 

a t  r equ i r ed  system vo l t ages .  Transformers are a l s o  i n s t a l l e d  just o u t s i d e  

t h e  bu i ld ing ,  which can supply 40 MW a t  13,800 V. The l o c a l  system 

provides power on e i t h e r  a m a x i m u m  o r  continuous-use b a s i s ,  which i s  not  

r e a d i l y  dup l i ca t ed  a t  o t h e r  sites. 

10.2 INITIAL SCOPE OF THE STUDIES 

I n i t i a l  s tudy  of areas having CFTL c a p a b i l i t i e s  a p p l i c a b l e  t o  HTR 

development i n d i c a t e d  t h a t  d e t a i l e d  c o n s i d e r a t i o n  should be g iven  t o  

lifetime performance c h a r a c t e r i s t i c s  of t h e  co re  suppor t  s t r u c t u r e ;  

0 performance of flow c o n t r o l  devices  i n  t h e  primary loop; 
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performance characteristics and structural response of heat exchange 

equipment.such as (1) the primary steam generator, (2) the inter- 

mediate heat exchanger with an indirect cycle, (3) the core auxiliary 

heat exchanger, ( 4 )  the reformer in a primary or secondary loop, and 

(5 )  the methanator associated with the reformer; 
performance of the thermal barrier; 

effect of flow reversals on flow redistribution in the core resulting 

from natural convection effects; and 

adequacy of core designs to eliminate spacial flow-temperature 
oscillations. 

In evaluating the range of tests for this overview, attention was 

given to the following restraints on the overall plan: 

primary consideration to be given to applications that would make 

maximum use of existing hardware and capabilities of the loop; 
overall plans to accommodate both near-term, short-range tests and 

also longer term tests that require a test model and extensive 

loop modifications; 

testing to be completed in a timely manner, enabling the results to 
feed into the design of the proposed demonstration plant; 

testing to be directed primarily toward those components that are 

generic to all applications of the HTR plant; 
preference to be given to evaluate experimentally those components 

that affect the system design in ( 1 )  safe operation, (2) reliability 

and availability, (3) uncertainty in design limits, and ( 4 )  optimiza- 
tion of performance; 
consideration to be given to other available test facilities and 
preference to be given to the specification of those tests for which 

the CFTL has characteristics that are more applicable to the test 
needs; and 

total needs of experimental evaluation of HTR components to be 
considered and those choices that can most easily be integrated into 

an overall test program to be made. 
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10.3 CORE SUPPORT PERFORMANCE TEST 

On the basis of the foregoing considerations, a performance test for 

the proposed core support structure for the prismatic HTGR core was 

judged to have the most favorable attributes. Preliminary evaluation of 

the test requirements indicated that the flow range, power input, and 

available test bed volume closely match the capabilities of the Stage 

Alpha CFTL. Other hardware acquired for the CFTL but not installed in 

the Stage Alpha design was also judged to be suitable for use in fabri- 

cating an appropriate test vessel. 

Requirements for the test were based on a study of the core support 

structure made at Oak Ridge and sponsored by the U.S. Energy Research 

and Development Administration (ERDA). The results of this study were 

summarized in a report1 by Mechanics Research Inc. (MRI), a subcontractor. 

The major concern of this study was the structural interaction at the 

interface of the core support post and its seat. 

As shown in Fig. 10.1, radii specified for the rounded end of the 
point differ from those for the face of the seat. This difference is 

necessary to allow movement in the core support structure of the 

prestressed concrete reactor vessel (PCRV) floor during the rise to 

operating temperature and during seismic events. Unfortunately, this 

design creates a limited area of contact and results in stress con- 

centrations (Hertzian stresses). 

The structural performance of the post and seat is also dependent 

on the corrosion (or burnoff) of the graphite by low concentrations of 
water vapor or other sources of oxygen in the circulating gas. Concerns 
about the correlations for the burnoff rate arose at the time of the MRI 

study. Subsequent studies (Chap. 5 ) * 9  have also indicated uncertainty 
about the volumetric distribution of the burnoff effect. These tests 

with small specimens presented questions about whether the burnoff occurs 

mainly at the surface of the graphite, uniformly throughout the graphite 

piece, or perhaps even primarily on the interior of the specimen. The 

predictions do not account for the effects on the ultimate strength of 

the members as a function of burnoff. 
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Fig. 10.1. Typical HTGR core support structure 
blocks, posts, and post seats. 

- 

showing support 

Because of concern about the rate and distribution of burnoff and the 

effect of burnoff on strength, O W L  previously recommended4 evaluating 
performance of the core support post in a large-scale test under acceler- 

ated corrosion conditions. By relatively minor modifications of the CFTL, 
it now appears to be feasible to test a full-size segment of the core 

support structure. This test would incorporate the three types of graphite 
found in the support blocks, the post seats, and the support posts. 

This assembly would be structurally loaded and tested under normal 
operating conditions, under conditions corresponding to the limits imposed 

by the operating technical specifications, and perhaps under certain 

accelerated corrosion conditions. 

involve one or more test structures, was designated as the core support 

performance test (CSPT). 

This testing sequence, which might 

10.3.1 The Loop Configuration 

The flowsheet for Stage Alpha CFTL (now designated as the Component 
Flow Test Loop for the HTR) is shown in Fig. 10.2. This represents the 
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Fig. 10.2. Flow diagram f o r  t h e  Stage Alpha Component Flow T e s t  Loop. 

cons t ruc t ion  e f f o r t s  t h a t  were included i n  the  c loseout  e f f o r t s  f o r  t he  

Gas-Cooled Fast  Reactor (GCFR) Program. S i g n i f i c a n t  f e a t u r e s  i n  com- 

par i son  with requirements of t h e  CSPT are (1)  t h e  test v e s s e l  was rep laced  

wi th  a s e c t i o n  of 4-in. p ipe ,  (2)  t h e  a t tempera t ion  flow l i n e  w a s  not  

i n s t a l l e d ,  (3) t h e  c o n t r o l l e r  f o r  t he  power supply had a maximum capac i ty  

of 0.4 W ,  and (4) no s i g n a l  l e a d s  were connected t o  the  DAS. 

A number of o the r  components have been rece ived  but are n e i t h e r  

i n s t a l l e d  nor connected i n  S tage  Alpha. These components inc lude  (1) t h e  

parts f o r  t h e  t e s t  v e s s e l ,  (2 )  two c a l i b r a t e d  vo r t ex  shedding flow meters, 

(3) t ransformers  t o  supply approximately 4.0 MW of a d d i t i o n a l  power supp ly  

f o r  t h e  test s e c t i o n ,  (4) t h e  cool ing  a i r  supply f o r  a secondary helium 

hea t  exchanger, and (5) a supply of components f o r  t h e  e l e c t r i c a l l y  heated 

rods t h a t  were t o  have been used t o  simulate the  GCFR f u e l  rods. 

An i somet r i c  drawing (Fig.  10.3) i l l u s t r a t e s  t he  r e l a t i v e  l o c a t i o n s  

of those loop  components i n s t a l l e d  f o r  Stage Alpha. An o v e r a l l  i some t r i c  

drawing (Fig.  10.4) shows t h e  r e l a t i o n s h i p  of t h e  loop  t o  a n c i l l a r y  equip- 

ment such as the  power supply,  t h e  DAS, and the  cool ing  air  supply system 

f o r  t he  helium hea t  exchangers. Addi t iona l  equipment t o  provide cool ing  

a i r  f o r  t he  t ransformers  and t h e  power c o n t r o l s  is not  shown i n  t h i s i f i g u r e .  
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Fig. 1C.3. Isometric drawing of the Stage Alpha Component Flow Test Loop. 
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Fig. 10.4. Perspective of overall Component Flow Test Loop showing major 
items of ancillary equipment. 
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10.3.2 The CSPT T e s t  Vessel 

P re l imina ry  requi rements  f o r  t h e  tes t  i n d i c a t e  t h a t  an  assembly of 

t h r e e  g r a p h i t e  segments w i th  d iameters  ranging  from 150 t o  225 mm 

(6 t o  9 i n . )  would be exposed t o  a flow of helium a t  approximately 1000°C. 

The g r a p h i t e  assembly would be about 1 m (3 f t )  i n  he igh t .  Such a tes t  

assembly could be placed i n  t h e  proposed tes t  v e s s e l ,  f o r  which parts had 

been acqu i red  t o  test t h e  GCFR f u e l  assembly mockup. Th i s  v e s s e l  c o n s i s t s  

of a s t r a i g h t  segment of 16-in. p ipe  p lus  two b l i n d  Grayloc f l a n g e s  t o  

form t h e  end c losu res .  

A v a i l a b i l i t y  of t h e s e  f l a n g e s  is impor tan t  t o  t h e  t imely  f a b r i c a t i o n  

of t h e  tes t  v e s s e l .  The Grayloc f l a n g e s  r e q u i r e d  a d e l i v e r y  t i m e  of 

21 months, which would be a c r i t i c a l  t i m e  l i m i t a t i o n  i f  they  were not  

a v a i l a b l e .  Cons iderable  d i s c u s s i o n  developed about a l lowab le  l e a k  rates 

f o r  t h e s e  f l a n g e s ,  and t h e  f i n a l  a c t i o n  r e q u i r e d  ORNL t o  perform t h e  l e a k  

t e s t i n g .  Although t h e  vendor expressed  r e s e r v a t i o n s  about t h e  

s p e c i f i c a t i o n ,  tests on the  c l o s u r e s  i n d i c a t e d  performance s u p e r i o r  t o  

ORNL requi rements  by a f a c t o r  of 1000. 

The proposed test v e s s e l  w i th  the  test  s t r u c t u r e  i n  p l ace  is  shown i n  

Fig.  10.5. To test t h e  g r a p h i t e  s t r u c t u r e  a t  a tempera ture  of 1000°C, t h e  

helium must be hea ted  t o  t h i s  tempera ture  j u s t  upstream from t h e  g r a p h i t e  

t es t  assembly. 

10.3.3 Loop L i m i t a t i o n s  

The m e t a l  p r e s su re  boundary of t h e  tes t  v e s s e l  and p ip ing  has a maxi- 

mum o p e r a t i n g  tempera ture  of 600°C a t  t h e  des ign  p res su re  of 11.8 MPa 

(1715 p s i a ) .  To l i m i t  t h e  tempera ture  of t h i s  boundary, w e  p lan  t o  d i v e r t  

p a r t  of t h e  i n l e t  helium f o r  a t t empera t ion  flow around t h e  test assembly. 

This  a t t empera t ion  flow w i l l  be mixed wi th  t h e  o u t l e t  helium from t h e  test 

assembly t o  produce a mixed mean tempera ture  of 600°C o r  less. 

An a i r -cooled  hea t  exchanger is i n s t a l l e d  i n  t h e  loop  j u s t  downstream 

from t h e  test  v e s s e l ,  as shown i n  Fig. 10.2. Th i s  u n i t  w i l l  remove t h e  

h e a t  added i n  t h e  h e a t e r  bundle and reduce t h e  gas  tempera ture  t o  t h e  

maximum a l lowable  tempera ture  f o r  t h e  helium c i r c u l a t o r s .  The o r i g i n a l  

des ign  cr i ter ia  f o r  t h e  CFTL c i r c u l a t o r s  s p e c i f i e d  a maximum a l lowab le  

tempera ture  of 345°C (650°F),  based on t h e  thermal l i m i t  of t h e  electrical 

i n s u l a t i o n  i n  t h e  motor windings. I n i t i a l  t e s t i n g  of t h e  pro to type  
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Fig.  10.5. Schematic of test vesse l  f o r  t h e  proposed core  support  
performance test . 

c i r c u l a t o r  i n d i c a t e d  t h a t  t h e  motor cool ing  c a p a c i t y  maintained a 

s i g n i f i c a n t l y  lower temperature i n  t h e  windings than t h a t  i n  t h e  MTI 

des ign  c a l c u a l t i o n s .  

e s t a b l i s h  a maximum al lowable ope ra t ing  gas  temperature  of 45OOC (850OF). 

Tes t ing  of t h e  c i r c u l a t o r  by MTI was extended t o  

10.3.4 T e s t  Assembly 

The proposed test assembly (Fig. 10.6) shows t h r e e  types of g raph i t e ,  

r ep resen t ing  t h e  support  block,  t h e  pos t  seat, and t h e  post .  L imi t a t ions  

of space wi th in  t h e  test v e s s e l  prevented d u p l i c a t i o n  of t h e  a c t u a l  

geometry of t h e  pos t  seat, but t h e  important f e a t u r e s  f o r  performance of 
t h e  s t r u c t u r e  are included. The maximum diameter  of t h e  test assembly has 

been s p e c i f i e d  as 225 mm (-9 in . )  t o  accommodate s p e c i f i c a t i o n s  f o r  t h e  

support  pos t s ,  which have ranged from 15 t o  23 cm (6 t o  9 in . )  i n  t h e  

designs being developed by t h e  General Atomic Company (GA). 
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Fig. 10.6. Represen ta t ive  drawing f o r  t h e  proposed test piece f o r  
the co re  suppor t  performance test. 

The g r a p h i t e  segment t h a t  r e p r e s e n t s  t h e  post w i l l  be about 200 mm 

(8 i n . )  i n  diameter.  Within t h e  space a v a i l a b l e  i n  t h e  test v e s s e l ,  t h e s e  

dimensions can be a d j u s t e d  t o  o b t a i n  the des i r ed  flows over the s u r f a c e s  

of t h e  tes t  p ieces .  

10.3.5 Opera t ing  L i m i t a t i o n s  

The major o p e r a t i n g  l i m i t  t h a t  w i l l  impact t he  des ign  and performance 

of t h e  test assembly is c a p a c i t y  of t h e  c i r c u l a t o r .  A t  t h e  i n i t i a l  

o p e r a t i n g  cond i t ions5  f o r  t h e  c i r c u l a t o r  [10.3 MPa (1500 p s i a )  and 350°C 

(660"F)],  t h e  a v a i l a b l e  head of t h e  t h r e e  c i r c u l a t o r s  i n  series w a s  

7 3  kJ /kg  [552 kPa (85.5 p s i )  a t  10.6 MPa (1540 p s i a )  and 600°C (llOO°F)]. 

A t  a system p r e s s u r e  of 5.38 MPa (780 p s i a )  f o r  the HTR des ign ,  the head 

w i l l  be 73 kJ/kg (44.6 p s i ) .  

a t  10.3 MPa; a t  5.38 MPa t h i s  f low w i l l  be 1.6 k g / s  (3.6 l b / s )  because 

t h e  c i r c u l a t o r s  can be cons idered  c o n s t a n t  vo lumet r i c  flow units over t h i s  

range  of cond i t ions .  

The i n i t i a l  mass flow was 3.2 k g / s  (7 l b / s )  
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This mass flow will be divided into the test assembly flow and the 

attemperation flow. The ratio of flow in these two streams will dictate 

the power requirement of the heater. The geometry of the test assembly 

will establish the heat and mass transfer coefficients at the surface of 

the graphite pieces and the pressure drop through this section. 

10.4 EVALUATION OF PARAMETERS AT THE TEST ASSEMBLY - J. C. Conklin 

A parameter study was performed to evaluate the capability of the 
CFTL to provide the flow of high-temperature helium in the proposed test 

of the HTR core support structure. We assumed that temperatures of about 

1000°C (1850°F) would be required at the test piece and that velocities 

and flow characteristics around the piece would be typical of the lower 
plenum design conditions. 

The following parameters were considered for flow past a 
0.225-m-diam, 1-m-long cylindrical test structure: 

0 shroud diameters of 0.28, 0.30, and 0.32 m; 
0 helium flow ranging from 0.2 to 1.6 kg/s; and 
0 heat rates to helium of 0.5, 1.0, 1.5, and 2.0 MW. 

Figure 10.7 indicates the outlet temperature from the heater (just 

upstream from the test piece) as a function of the helium flow and the 

heater power. A helium inlet temperature of 350°C (660°F) is assumed. 
For a flow of 0.5 kg/s through the test assembly, a heater power in the 

range of 1.0 to 1.5 MW is required. 
Figure 10.8 shows that, for this same range of flows, Reynolds numbers 

in excess of 20,000 are obtained for all three of the outer shrouds 
considered. Figure 10.9 indicates that the helium velocity past the test 

piece in this range of flows will be at least 3 m/s, even for the largest 
shroud diameter. 

These calculations indicate that, for a flow range that is well 

within the capacity of the CFTL circulators, appropriate flow conditions 
can be produced at a test piece having the geometries indicated. The 

calculations also indicate that a controlled power supply of approximately 

1.5 MW will be needed. Although this power is available from the 
installed transformers for the Stage Alpha CFTL configurations, additional 

controls for about 1.0 MW will be needed. 
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10.5 IMPURITY MEASUREMENT AND CONTROL 

The Stage  Alpha CFTL and t h e  test v e s s e l  provide the  b a s i c  r equ i r e -  

ments f o r  t h e  performance tes t  of t h e  HTGR co re  suppor t  s t r u c t u r e .  S t age  

Alpha impurity measurements can be performed by o f f - l i n e  a n a l y s i s  of ba t ch  

samples. Impurity c o n t r o l  can be accomplished by using helium ven t ing  and 

makeup. The loop  can be modified f o r  continuous on-line impurity 

moni tor ing ,  p u r i f i c a t i o n ,  and i n j e c t i o n .  Such a mod i f i ca t ion  w a s  

o r i g i n a l l y  designed and inc luded  i n  t h e  t o t a l  des ign  f o r  t h e  CFTL; 

however, t h e  r equ i r ed  components were d e l e t e d  from t h e  c o n s t r u c t i o n  p lans  

f o r  S tage  Alpha. 

10.6 TESTING OF HEAT EXCHANGE EQUIPMENT 

A s  tests fo l lowing  those  f o r  t h e  co re  suppor t  s t r u c t u r e ,  we con- 

s i d e r e d  e v a l u a t i n g  c r i t i c a l  performance c h a r a c t e r i s t i c s  of t h e  heat 



exchange equipment in the HTR. Vital questions to be answered in tests 
adapted to the CFTL concern flow distribution and pressure loss in the 

equipment, surface heat transfer characteristics, and temperature distri- 

butions and related stresses during transient operation. Items of 

equipment included the intermediate heat exchanger ( I H X ) ,  which is generic 
for all indirect cycle HTR designs; steam generator characteristics that 

differ significantly from the Fort St. Vrain design; the core auxilliary 
heat exchanger (CAHE); and a reformer and its associated methanator unit. 

10.6.1 Intermediate Heat Exchanger 

A representative section of an IHX was considered to determine the 
adequacy of materials and structural design, to obtain the heat exchange 

data and related correlations, and to assist in optimizing the design of 
this component. The I H X  was studied as the first large component to be 

tested because it is generic to all advanced HTR designs that use indirect 
cycles. In addition, it is representative of a group of components of 

similar design such as steam generators, reformers, and recuperators. In 
developing various applications of the HTR, the IHX will be required for 

the high-temperature process heat or reformer application. The lack of 

certainty for heat transfer and flow data for helium in heat exchangers at 

the Reynolds numbers and geometries proposed for the IHX requires over- 
design and affects the cost of other components such as the PCRV. 

Optimizing the design of helium heat exchangers should be very cost- 
effective. 

Lack of performance characteristics of materials, tubesheet 
structures, and tube support plate structures requires scale testing of 

the design before its installation in an HTR. Performance reliability of 
these parts for the lifetime of the component is vital to its 

licensability, and this information can be gathered only through realistic 
testing . 
10.6.1.1 Objectives 

The objectives of the IHX testing are 

0 to explore and determine the adequacy and reliability of the HTR heat 

exchanger design under normal operating conditions and under off- 

design conditions including transients, cycling, and depressurizations; 



0 t o  g a t h e r  sys t ema t i c  hea t  t r a n s f e r  and flow d a t a  t h a t  can be used t o  

opt imize  HTR h e a t  exchanger des igns  f o r  normal and off-normal 

cond i t ions ;  

t o  test l a r g e  s e c t i o n s  of t h e  in t e rmed ia t e  h e a t  exchanger wi th  proto- 

t y p i c a l  dimensions t o  confirm t h e  material behavior;  and 

t o  determine f a i l u r e  modes of t h e  I H X  and t h e i r  consequences, t h e i r  

d e t e c t a b i l i t y ,  and t h e  a s s o c i a t e d  maintenance requirements.  

10.6.1.2 Method 

Sec t ions  of an  I H X  wi th  p r o t o t y p i c a l  dimensions w i l l  be provided wi th  

temperature,  stress, v i b r a t i o n a l ,  and a c o u s t i c  sensors .  The s e c t i o n s  w i l l  

be opera ted  i n  t h e  CFTL wi th  c i r c u l a t i n g  helium a t  va r ious  p re s su res ,  

t empera tures ,  and coo lan t  impurity l e v e l s .  Flow, temperature,  and p res su re  

c y c l i n g  and t r a n s i e n t s  as w e l l  as impurity l e v e l s  w i l l  be c o n t r o l l e d .  The 

d a t a  acqui red  w i l l  be analyzed t o  confirm and improve des ign  and per for -  

mance c h a r a c t e r i s t i c s .  Some des ign  parameters such as tube diameter and 

tube  p i t c h  w i l l  be v a r i e d  t o  assist t h e  s e l e c t i o n  of optimum des ign  

f e a t u r e s  . 
10.6.1.3 T e s t  Conf igura t ion  

The I H X  i s  a h e a t  exchanger wi th  helium flow on both  s i d e s  of t h e  tube 

w a l l s .  Seve ra l  loop  c o n f i g u r a t i o n s  are poss ib l e ;  the choice  w i l l  depend 

on the  s i z e  of t h e  test s e c t i o n  o r  model and t h e  energy requirements f o r  

t e s t i n g .  Two c o n f i g u r a t i o n s  are shown schemat i ca l ly  i n  Figs.  10.10 and 

10.11. For those  tests i n  which an  i n l e t  temperature t o  the  IHX of 

g r e a t e r  than  450°C i s  r equ i r ed ,  a p rehea te r  i s  needed t o  i n c r e a s e  t h e  

a l lowab le  o u t l e t  temperature from the  CFTL c i r c u l a t o r s .  The des ign  of 

t h e s e  c i r c u l a t o r s  l i m i t s  t h e i r  ope ra t ion  t o  t h i s  maximum gas temperature.  

Attemperation flow w i l l  be r equ i r ed  i n  many tests t o  reduce t h e  t e m -  

pe ra tu re  of t h e  helium l eav ing  t h e  I H X  t o  about 600°C t o  p r o t e c t  t he  l a r g e  

h e a t  sink. 

10.6.1.3.1 D u a l  loop. I n  t h i s  arrangement,  shown i n  Fig. 10.10, 

t h e  I H X  is i n s t a l l e d  wi th  two independent loops.  The main loop  w i l l  use 

t h e  l a r g e  hea t  s ink  and r e q u i r e s  a prehea ter .  A bypass flow w i l l  b r ing  

t h e  d i scha rge  gas  t o  the  loop  thermal l i m i t s .  

one of t h e  c i r c u l a t o r s  and t h e  s m a l l  hea t  s i n k  t o  reduce temperatures t o  

The secondary loop  w i l l  use 
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one of t he  c i r c u l a t o r s  and the  small hea t  s ink  t o  reduce tempera tures  t o  

t h e  ope ra t ing  range of t he  c i r c u l a t o r .  The advantages of t h i s  arrangement 

are t h a t  f low, p re s su re ,  and temperature  cond i t ions  i n  each loop  can be 

v a r i e d  independent ly .  The secondary coolan t  can be v a r i e d  t o  inc lude  

o t h e r  gases .  The d isadvantages  of t h i s  arrangement are t h a t  i t  r e q u i r e s  

two s e p a r a t e  sets of c i r c u l a t o r s  and a d d i t i o n a l  components and c o n t r o l s  

and t h a t  it is  r e l a t i v e l y  expensive.  Also ,  t h e  t o t a l  s i z e  of t h e  test 

appa ra tus  i s  l i m i t e d  by t h e  number of c i r c u l a t o r s ,  t h e  power supply,  and 

t h e  hea t  s ink .  

10 .6 .1 .3 .2  Figure  e i g h t .  I n  the  " f i g u r e  e i g h t "  i n s t a l l a t i o n  shown 

i n  Fig. 10.11, t h e  same helium f lows through both s i d e s  of t h e  IHX. The 

helium from the  c i r c u l a t o r s  i s  preheated t o  the  temperature  r equ i r ed  f o r  

t h e  i n l e t  t o  t he  I H X  primary s i d e .  A t  t he  e x i t  of t h e  primary s i d e ,  a 

h e a t  source i n c r e a s e s  the  t empera tu re  of t h e  helium before  e n t e r i n g  t h e  

secondary s i d e  of t h e  IHX.  A t  t h e  e x i t  of t h e  I H X ,  t h e  secondary f low of 

helium i s  mixed wi th  a t t empera t ion  f low t o  reduce the  temperature  as 

necessary  t o  p r o t e c t  t h e  hea t  s ink .  

The power load  of t he  h e a t e r s  and the  duty of t h e  hea t  s ink  are 

approximately equal  f o r  s t eady  s ta te  opera t ion .  The a c t u a l  duty of t h e  

I H X  may be as much as 10 t i m e s  t h e  duty of t h e  a n c i l l a r y  u n i t s  f o r  t he  

f i g u r e  e i g h t  arrangement. Thus, t h e  f i g u r e  e i g h t  arrangement p e r m i t s  t h e  

t e s t i n g  of l a r g e r  units and r e q u i r e s  fewer mod i f i ca t ions  of t he  loop  than 

t h e  dua l  loop  arrangement. However, i n  t he  f i g u r e  e i g h t  arrangement,  t he  

p re s su re  of both s i d e s ,  and t o  some e x t e n t  t h e  tempera tures ,  are 

i n t e r r e l a t e d .  The pressure  d i f f e r e n c e  of t he  two s i d e s  of t he  I H X  i s  

l i m i t e d  by t h e  a v a i l a b l e  head of t h e  c i r u c l a t o r s .  Flow t r a n s i e n t s  on 

e i t h e r  t he  primary o r  secondary s i d e s  can be r ep resen ted  through the  use 

of bypass streams. Other t r a n s i e n t s ,  c y c l i n g ,  and d e p r e s s u r i z a t i o n s  are 

l i m i t e d  by t h e  combined dynamics of t h e  system. 

10.6.1.4 Scheduling 

A p re l imina ry  schedule  w a s  developed f o r  t h e  complet ion of t h e  Stage 

Alpha loop and i t s  mod i f i ca t ion  f o r  t h e  CSPT. 

t e s t i n g  a series of CSPT assembl ies  w i l l  p rovide  s u f f i c i e n t  t i m e  t o  design 

The pe r iod  r e q u i r e d  f o r  

t h e  fo l lowing  test, a c q u i r e  t h e  needed equipment and tes t  component, and 

make t h e  necessary  i n s t a l l a t i o n s .  This  schedule  w i l l  permit  t h e  t e s t i n g  
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of t h e  h e a t  exchange equipment i n  1985 a t  the  earliest .  Such a schedule  

w i l l  be con t ingen t  on adequate funding and a p p r o p r i a t e  p rogres s  i n  t h e  

HTR program. 

10.6.2 Steam Genera tor  

A s i g n i f i c a n t  amount of t e s t i n g  w a s  performed on developing t h e  steam 

g e n e r a t o r s  f o r  t h e  F o r t  S t .  Vrain des ign ;  however, s i g n i f i c a n t  changes 

have been made i n  t h e  b a s i c  concept f o r  t h e  u n i t  f o r  l a r g e  HTRs. The 

r e h e a t e r  u n i t  has been e l imina ted ,  t h e  helium flow pa th  has  been changed, 

and the  supe rhea te r  s e c t i o n  i s  cons ide rab ly  d i f f e r e n t .  Subsequent t e s t i n g  

w i l l  be r e q u i r e d  be fo re  c o n s t r u c t i o n  of l a r g e  HTR steam c y c l e  p l a n t s .  

Tes t ing  a steam gene ra to r  module r e q u i r e s  des ign ,  procurement, and 

f a b r i c a t i o n  of a dua l  cyc le  CFTL s imilar  t o  t h a t  i n  t h e  flow s h e e t  g iven  

i n  Fig. 10.10. An a p p r o p r i a t e  feedwater system and a condenser w i l l  

r e p l a c e  t h e  c i r c u l a t o r  and hea t  s ink  i n  the  secondary cyc le .  

10.6.3 Core A u x i l i a r y  Heat Exchanger 

The CAHE a l s o  r e q u i r e s  exper imenta l  v e r i f i c a t i o n  of i t s  performance. 

No s imilar  u n i t  w a s  i n s t a l l e d  i n  t h e  For t  S t .  Vrain p l a n t ;  t h e  main steam 

g e n e r a t o r s  were f looded  t o  s e r v e  t h i s  purpose. Also,  t h e  des ign  of. t h e  

CAHE bundle has been modified s i g n i f i c a n t l y  s i n c e  t h e  d e t a i l e d  des ign  of 

t h e  Fu l ton  and Delmarva p l an t s .  The bundle now c o n s i s t s  of r e e n t r a n t  

(bayonet) t ubes  l o c a t e d  a t  t h e  lower f a c e  of t h e  PCRV. 

Because of t h e  s i g n i f i c a n c e  of t h e  performance of t h i s  u n i t  t o  t h e  

s a f e t y  of t h e  r e a c t o r ,  d e t a i l e d  exper imenta t ion  of a n t i c i p a t e d  o p e r a t i n g  

c o n d i t i o n s  w i l l  be r equ i r ed .  Because t h e  duty of t h i s  u n i t  i s  r e l a t i v e l y  

low compared wi th  t h a t  of t h e  steam g e n e r a t o r ,  i t  is  w i t h i n  t h e  scope of 

t h e  CFTL t o  tes t  a f u l l - s i z e  u n i t  a t  des ign  loads .  

10.6.4 Reformer and Methanator 

T e s t i n g  of t h e  re former ,  which has been proposed as an  a p p l i c a t i o n  

f o r  HTRs,  w i l l  a l s o  r e q u i r e  a d u a l  loop  arrangement similar t o  t h a t  shown 

i n  Fig. 10.10. For t h i s  e v a l u a t i o n ,  t h e  secondary loop  w i l l  c i r c u l a t e  t h e  

makeup and e f f l u e n t  gas  f o r  t h e  reformer.  This  loop  can be ope ra t ed  as an  

open loop  o r  as a c losed  loop  con ta in ing  t h e  methanator.  I n  a d d i t i o n  t o  
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t h e  hea t  t r a n s f e r  and flow c h a r a c t e r i s t i c s  of t h e  hea t  t r a n s f e r  s u r f a c e s ,  

in format ion  is  needed about t h e  performance of t h e  c a t a l y s t  when opera ted  

a t  simulated HTR cond i t ions .  I n  p a r t i c u l a r ,  t h e  a b i l i t y  of t h e  methanator 

c y c l e  t o  perform when sub jec t ed  t o  the  normal t r a n s i e n t s  c r e a t e d  by HTR 
o p e r a t i o n  must be i n v e s t i g a t e d  be fo re  t h i s  process  can be inco rpora t ed  

i n t o  a demonstration f a c i l i t y .  

This  type of study i s  a long-range p o s s i b l i i t y  f o r  a p p l i c a t i o n  of 

t h e  CFTL. 

10.7 OTHER PRIMARY LOOP COMPONENTS 

S e v e r a l  o t h e r  components of t h e  primary loop  of an  HTR can be t e s t e d  

i n  the  CFTL. Each of t h e s e  a p p l i c a t i o n s  r e q u i r e s  c o n s t r u c t i o n  of a 

r e l a t i v e l y  l a r g e  tes t  v e s s e l  i n  t h e  e x i s t i n g  loop. 

10.7.1 Thermal Barrier 

Because of t h e  v i t a l  f u n c t i o n  of t h e  thermal b a r r i e r  t h a t  p r o t e c t s  

t h e  PCRV l i n e r  from the  hot  gases  i n  t h e  primary loop, s e v e r a l  a s p e c t s  of 

t h e  des ign  and performance of t h e s e  components should be t e s t e d  i n  t h e  

CFTL. To r e p r e s e n t  t he  a c t u a l  geometry of t h e  b a r r i e r ,  r e l a t i v e l y  l a r g e  

tes t  v e s s e l s  are requi red .  The tests of t he  i n s u l a t i o n  inc lude  t h e  

s t r u c t u r a l  performance of (1) t he  class A and class B cover s h e e t s  a t  t h e  

l i m i t i n g  helium temperatures and (2 )  t h e  l i n e r s  f o r  t h e  c r o s s  d u c t s  con- 

n e c t i n g  t h e  lower plenum t o  t h e  steam gene ra to r  c a v i t i e s .  Eva lua t ion  of 

t h e  performance as a f u n c t i o n  of t i m e  a t  temperature w i l l  be r equ i r ed .  

Such t e s t i n g  i s  wi th in  t h e  c a p a b i l i t y  of t h e  CFTL i f  i t  i s  assumed 

t h a t  l a r g e  "flow b lockers"  can be placed i n  t h e  v e s s e l  t o  create t h e  

r e q u i r e d  v e l o c i t i e s  a t  t h e  s u r f a c e  of t h e  tes t  piece. 

10.7.2 I n t r a c o r e  Components 

The need f o r  p reope ra t iona l  flow t e s t i n g  of t h e  c e n t r a l  co re  c a v i t y  

components has been emphasized by t h e  flow o s c i l l a t i o n s  encountered i n  

t h e  i n i t i a l  o p e r a t i o n a l  phases of t h e  For t  S t .  Vrain r e a c t o r  p l an t .  I n  

a d d i t i o n  t o  the  e v a l u a t i o n  of c o n d i t i o n s  a t  normal ope ra t ing  ranges ,  i t  
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i s  important t o  e v a l u a t e  t h e  flow and thermal response  f o r  s eve re  a c c i d e n t  

sequences t h a t  fo l low t h e  l o s s  of forced  convec t ion  coo l ing  and a 

c o i n c i d e n t  r e a c t o r  t r i p .  Tests should e v a l u a t e  t h e  c o n d i t i o n s  fo l lowing  

t h i s  i n c i d e n t  i n  which low convect ive  flows are imposed a t  vary ing  

i n t e r v a l s .  Such tests are v i t a l  t o  e s t a b l i s h i n g  t h e  p o t e n t i a l  f o r  removal 

of a f t e r h e a t  by use of a n a t u r a l  convec t ion  flow. 

The above tests involve  a l a r g e  test v e s s e l  wi th  a d i s t r i b u t e d  

i n t e r n a l  hea t  source.  Because of t h e  n e c e s s i t y  t o  r e p r e s e n t  a l a r g e  

number of flow channels  a t  d i f f e r i n g  powers, an  a p p o r p r i a t e l y  s c a l e d  model 

of t he  co re  can be s e l e c t e d .  The r e sources  f o r  t h i s  test are a v a i l a b l e  

a t  t h e  CFTL s i te .  

10.8 CONCLUSIONS 

Based on a pre l iminary  e v a l u a t i o n  of t h e  a t t r i b u t e s  of t h e  CFTL loop  

and the  development needs of commercial HTR p l a n t s ,  w e  concluded t h a t  t h e  

optimum choice  f o r  an i n i t i a l  test i s  an  e v a l u a t i o n  of t h e  performance of 

t h e  co re  suppor t  s t r u c t u r e .  This  tes t  exposes a series of test p i eces  of 

t y p i c a l  dimensions under a compressive load  t o  c o n d i t i o n s  encountered a t  

t h e  HTR co re  o u t l e t .  

w i l l  be inc reased  so t h a t  t h e  c o r r o s i o n  of t h e  suppor t  dur ing  i ts  30-year 

des ign  l i f e t i m e  would be r ep resen ted  i n  a six-month tes t .  

The c o n c e n t r a t i o n  of i m p u r i t i e s  (mainly water vapor) 

While t h i s  t e s t i n g  i s  i n  progress ,  d e t a i l e d  e v a l u a t i o n  of subsequent 

tests w i l l  be made. Based on r e s u l t s  of t h i s  s tudy ,  t h e  requi rements  f o r  

t h e  subsequent test can be e s t a b l i s h e d  and t h e  des ign  of l oop  

mod i f i ca t ions ,  followed by procurement and i n s t a l l a t i o n  of equipment, w i l l  

proceed. 
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