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IRRADIATION CAPSULE FOR TESTING MAGNETIC FUSION REACTOR 
FIRST-WALL PIATERIALS AT 60 AND 200°C 

J. A. Conlin 

ABSTRACT 

A new type  of i r r a d i a t i o n  capsu le  has been des igned ,  and 
a p ro to type  has been t e s t e d  i n  t h e  Oak Ridge Research Reactor 
(ORR) f o r  low-temperature i r r a d i a t i o n  of Magnetic Fusion 
Reactor f i r s t - w a l l  materials. The capsule  meets the  r equ i r e -  
ments of t h e  j o i n t  U.S./Japanese c o l l a b o r a t i v e  f u s i o n  r e a c t o r  
materials i r r a d i a t i o n  program f o r  t h e  i r r a d i a t i o n  of f i r s t -  
w a l l  f u s i o n  r e a c t o r  materials a t  40 and 200°C. The des ign  de- 
s c r i p t i o n  and r e s u l t s  of t h e  p ro to type  capsu le  performance are 
presented .  

1. INTRODUCTION 

A j o i n t  U.S./Japanese c o l l a b o r a t i v e  i r r a d i a t i o n  program t o  e v a l u a t e  

t h e  i r r a d i a t i o n  damage t o  cand ida te  f i r s t - w a l l  Magnetic Fusion Energy 

(MFE) Reactor materials has been e s t a b l i s h e d .  This  is an ex tens ion  of 

t he  ongoing U.S. MFE materials i r r a d i a t i o n  program t h a t  has been in prog- 

ress for a number of years.  A p a r t  of the j o i n t  program is the i r r a d i a -  

t i o n  of Japanese  and U.S. material specimens i n  t h e  Oak Ridge Research 

Reactor (ORR) a t  60 and 200°C i n  a capsu le ,  wi th  t h e  p rov i s ion  f o r  t a i l o r -  

i ng  the neutron flux spectrum t o  c l o s e l y  match t h e  helium production/atom 

displacement r a t i o  (12/1)  t h a t  i s  expected i n  a f u s i o n  r e a c t o r  f i r s t  

w a l l .  This  i s  p o s s i b l e  i n  thermal r e a c t o r  i r r a d i a t i o n s  of n icke l -bear ing  

a l l o y s  due to  t h e  g e n e r a t i o n  of helium voids  Erom t h e  two-step r eac t ion :  

58N.i 4- n + 5 9 N i  , 

5 9 N i  + n +. 56Fe + a . 
It is necessa ry ,  however, t o  " t a i l o r "  o r  harden t h e  neutron spectrum as 
t h e  i r r a d i a t i o n  progresses .  If t h e  spectrum is not t a i l o r e d ,  t h e  helium- 

to-atom displacement r a t i o  w i l l ,  as helium p recu r so r  5 9 N i  b u i l d s  up9 ex- 
ceed that  of a f u s i o n  r e a c t o r .  
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The spectral  t a i l o r t n g  i n  t h e  OKR is accomplished by vary ing  t h e  

amount of neutron moderator and thermal neut ron  absorber material sur -  

rounding t h e  experiment. The experiments occupy a 3- by 3-in. ORR core  

f u e l  p o s i t i o n .  I n i t i a l l y ,  the  medium surrounding t h e  speclinen capsule  is 

water with as l i t t l e  s t r u c t u r a l  material as posstble. As the  i r r a d l a t i o n  

p rogres ses ,  t h e  surroundtng water medium is rep laced  with aluminum, ex- 

c e p t  for a small coolan t  water annulus. Subsequently,  a thermal neut ron  

absorber  (hafnium) is  added t o  harden the  f l u x  spectrum f u r t h e r .  
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2. SPECIFICATIONS 

. 

The specifications for this capsule were detailed in the U.S .1  

Japanese agreement. The agreement calls f o r  four irradiation tempera- 

tures, 6 0 ,  200, 300, and 40QOC. The 300 and 400°C irradiathn6 are to be 

carried out using an existing Oak Ridge National Laboratory-ORR capsule 

design (series MFE-4) with modifications to accommodate a different 

specimen complement than that of the earlier U.S. capsules. The 60 and 

200°C case required a completely new design since those temperature 

ranges cannot be accommodated in the WE-4 configuration. 

The specimen complement requested for each temperature €s listed 

below: 

Number of 
Specimen type specimens 

Flat tensile (SS-1) 96 
Grodzinski fatigue 96 
Pressurized tube 16 
Crack growth 40 
TEM disks 360 

The specimen details are illustrated in Appendix A. 
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3 .  DESIGN CONSXOEMTIONS 

A l l  specimens are s t a i n l e s s  s teel  and are compatible with the  ORR 

coolan t  water. Since the  coolan t  water e n t e r s  the  r e a c t o r  a t  5 O o C ,  the  

s imple s o l u t i o n  t o  the  6 0 ° C  i r r a d i a t i o n  w a s  t o  coal the specimens by d i -  

rect immersion i n  the  r e a r t o r  coolan t .  

The 200°C case presented a d i f f e r e n t ,  and much IIKJX-C! d i f f i c u l t ,  prob- 

l e m .  Previous capsule  des igns ,  the  MFE-4 series,  have the  specimens im--  

mersed i n  l i q u i d  metal (NaK) as a hea t  t r a n s f e r  medium. The N a K  is con- 

t a ined  i n  a double-walled v e s s e l  with a s m a l l  gas  gap between the  two 

w a l l s .  The gas  gap is f i l l e d  with a c o n t r o l l e d  mixture of i n e r t  gases  - 
We and N e  o r  He and A r  - which, by reason o f  t he  v a r i a b l e  thermal conduc- 

t i v i t y  of t he  gas  mixture ,  provides  a means of temperature  con t ro l .  The 

double w a l l  a l s o  provides  the double containment requi red  f o r  i r r a d i a t i n g  

s i z a b l e  q u a n t i t i e s  of N a K  i n  the  r e a c t o r  core .  

It i s  not  f e a s i b l e  t o  use t h i s  conEigurat ion €or  200°C i r r a d i a t i o n  

because of t he  r e l a t i v e l y  high gamma hea t ing  ra te  ( t o  8 W/g) of the OKK 

core .  The mass and thermal r e s i s t a n c e  of a capsule  of the  MFE-4 type i s  

such t h a t  the  minimum ope ra t ing  temperature  a t t a i n a b l e  is w e l l  above 

200°C even i f  no gas  gap were included f o r  temperature  c o n t r o l .  

A number o f  new conf igu ra t ions  and materials combinations were con- 

s i d e r e d  as means of achiev ing  the  des i r ed  temperature .  The des ign  

f i n a l l y  chosen is  a concen t r i c  arrangement with the  2 0 O o C  specimens i n  a 

c e n t r a l  capsule  surrounded by the  6 0 ° C  specimens i n  an annular  s t r u c t u r e .  

An annular  coolan t  water passage i s  provided between the two assemblies  e 

Figure  1 is a h o r i z o n t a l  c ros s  s e c t i o n  through the specimen r eg ion  

of the  capsule ,  whereas Fig. 2 i s  a v e r t i c a l  c r o s s  s e c t i o n  along the  cen- 

t e r l i n e .  The e n t i r e  assembly f i t s  i n t o  an aluminum core  p iece  t h a t  has  

t h e  e x t e r n a l  conf igu ra t ion  of an ORR fuel. element and a c y l i n d r i c a l  axial 

ho le  through i t s  cen te r .  The capsule  i s  cooled by r e a c t o r  coolan t  water 

&.hat passes through the  core  piece and over the  capsule .  

The 6 0 ° C  specimen holder  i s  a s t a i n l e s s  s t ee l  c y l i n d e r  wi th  v e r t i c a l  

grooves on i t s  ou te r  surEace i n t o  which the  specimens are placed. A 

thin-wal l  s t a i n l e s s  s t ee l  s l eeve  s l i p s  over t he  assembly t o  hold t h e  

specimens i n  place.  The grooves extend beyond the  s l eeve  a t  each end so 
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E I D  

TENSILE OR 
6; R CDZ I NSKI SPEC1 ME IN 

CRACK GRO\rJTCE-- 

-CORE PIECE 

.I Om 

1 l m  

PRESSURIZED TUBE AND 
TEM DISK SPECIMENS 

-THERMOCOUPLE HOLES: 
NUMBERS IDENTIFY 
THERMOCOUPLE 
SUBSCRIPT LOCATION 

t - T O P  
m - MIDPLANE 
b -BOTTOM 

ALUMINUM 

Fig. 1. Hor izonta l  c r o s s  s e c t i o n  through specimen reg ion  of irra- 
d i a t i o n  capsu le  MFE-6J 

t h a t  coo lan t  water can pass over t h e  specimens. An annular  o r i f i c e  at 

t he  upper end of t he  s l e e v e  provides a p r e s s u r e  drop of -20,000 Pa (3  p s i )  
t o  ensure  t h a t  t h e r e  w i l l  be some flow through t h e  grooves and over t h e  

specimens. The water f l o w  over t h e  inner and o u t e r  s u r f a c e s  of t h e  60°C 

assembly removes most of t h e  heat.  The flow i n  t h e  grooves ensures  t h a t  

no gas  pockets o r  s t agna ted  water reg ions  occur i n  t h e  specimen c a v i t i e s .  

The 200°C capsule  assembly f i t s  within t h e  i n s i d e  diameter of t h e  

60°C assembly and is cooled by the  water flow i n  t h e  annulus between t h e  

two assembl ies  and i n t e r n a l l y  by a r e e n t r a n t  water coo lan t  tube t h a t  

e n t e r s  a t  t h e  bottom (Fig.  2 ) .  A p o r t i o n  of the  water pass ing  over t h e  

o u t e r  s u r f a c e  e n t e r s  t h e  r e e n t r a n t  tube  through a l a n t e r n  gland and exi ts  

through a c e n t r a l  tube. A d i s k  at the  bottom of t h e  capsule  s e r v e s  t o  

c e n t e r  t h e  200°C assembly wi th in  t h e  60°C assembly and also f u n c t i o n s  as 

an o r i f i c e  p l a t e  t o  d i s t r i b u t e  par t  of t he  water i n t o  the r e e n t r a n t  tube.  
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The i n t e r n a h  of t h e  200°C capsu le  c o n s i s t  of an alumFnunn c y l i n d e r  

with c l o s e - f i t t i n g  c a v i t i e s  i n t o  which the  specimens are i n s e r t e d .  The 

heat genera ted  i n  t h e  specimens (5 t o  8 W/g> is  t r a n s f e r r e d  t o  t h e  a lu-  

minum c y l i n d e r ,  The c l o s e  c l ea rance  (< lo0  vm) between the  specimen and 

t h e  aluminum, t o g e t h e r  wi th  t h e  use of a helium atmosphere wi th in  the 

specimen r eg ion ,  minimizes t h e  temperature di .f€erence between t h e  speci- 

mens and aluminum. 

A t empera ture  c o n t r o l  gap i s  provided between t h e  aluminurn and the  

water-cooled s t a i n l e s s  s tee l  o u t e r  containment as w e l l  as around t h e  cen- 

t r a l  r e e n t r a n t  coo lan t  tube. A c o n t r o l l e d  mixture of H e  and N e  o r  H e  and 

A r  is swept through t h e  gas gaps f o r  temperature c o n t r o l .  

The specimen c a v i t i e s  are of two types :  a x i a l  s l o t s  broached from 

t h e  i n t e r n a l  diameter of t h e  aluminum and a x i a l  ho les .  The s l o t s  are oc- 

cupied by f l a t  t e n s i l e ,  Grodzinski and f l a t  crack-growth specimens (see 

Appendix A). Each s l o t  is 230 mm long and can hold 20 f l a t  t e n s i l e  O K  

Grodzinski  specimens, o r  18 crack-growth specimens. Two double-layer 

rows of f i v e  t e n s i l e  o r  Grodzinski specimens are accommodated i n  each 

s l o t  f o r  a t o t a l  of twenty per s l o t .  The crack-growth specimens are a l s o  

placed i n  t h e  s l o t  i n  a double layer, bu t  t h e i r  l a r g e r  width and s h o r t e r  

l e n g t h  permit on ly  a s i n g l e  row of n ine  specimens. Close dimensional 

t o l e r a n c e s  r e s u l t  in a c lea rance  between t h e  double-layered f ].at specimen 

and t h e  s l o t  of 13 t o  90 wn (0.0005 t o  0.0035 in.) .  A 90-um c l e a r a n c e  

r e s u l t s  i n  a maximum c a l c u l a t e d  tempera ture  u n c e r t a i n t y  between t h e  

specimen and aluminum of only  10.5OC, even assuming t h e  h ighes t  va lue  of 

8 W/g f o r  gamma hea t ing .  

The t r ansmiss ion  e l e c t r o n  microscopy (TEM) d i s k  assembl ies  and p res -  

s u r i z e d  tube specimens, each 25.4 nrm long, occupy a x i a l  ho le s  i n  t h e  a lu -  

minum; t h e r e  are n ine  specimens per  hole. The ho le s  are 0.25 m (0.010 

in.)  l a r g e r  than  t h e  tube specimens t o  a l low f o r  creep. The tube  spec i -  

mens have s m a l l  c e n t e r i n g  f e r r u l e s  on t h e  ends. When surrounded by a 

helium atmosphere i n  an 8-W/g gamma f i e l d ,  t h e  rubes w i l l  be only 10°C 

above t h e  aluminum temperature.  The TEM d i s k s  w i l l  be i n s e r t e d  i n  a l u -  

minum ho lde r s  with a s m a l l  gap between t h e  ho lde r  and aluminum c y l i n d e r  

t o  minimize temperature d i f f e r e n c e s .  



The specimen holder  i s  instrumented wi th  d g h t  1.0-mm sheathed ther -  

mocouples ( T C s )  i n  c l o s e - f i t t i n g  holes .  Two TCs are loca ted  at each end 

and f o u r  at t h e  midplane. 

The specimen c a v i t i e s  o f  t h e  a lminum c y l i n d e r  are i s o l a t e d  from t h e  

temperature  c o n t r o l  gas region by aluminum plugs pressed i n t o  e i t h e r  end 

of the cyl inder .  The TCs and sweep gas  lines p e n e t r a t e  the top  plug 

through c l o s e - f i t t i n g  holes  (Fig. 2).  Helium sweep e n t e r s  t h e  specimen 

reg ion  through a 3-m tube t h a t  screws i n t o  t h e  top  of one of t h e  pres- 

s u r i z e d  tube specimen holes .  The gas  passes  d a m  through t h a t  h o l e  and 

then  back up t o  t h e  top  through t h e  o t h e r  specimen c a v i t i e s .  The helium 

e x i t s  t h e  specimen region through t h e  c learances  between t h e  upper plug 

and t h e  gas  and TC l i n e s .  

The c o n t r o l  gas ,  a mixture of He  and N e  o r  He and A r ,  passes  through 

t h e  upper plug i n  a 3 - m  tube t h a t  screws i n t o  a gas passage d r i l l e d  i n  

t h e  aluminum holder .  The gas passage e x i t s  a t  t h e  bottom i n t o  t h e  tem- 

p e r a t u r e  c o n t r o l  gas reg ion  surrounding t h e  aluminum specimen holder .  

The c o n t r o l  gas then passes  upward through t h e  i n n e r  and o u t e r  tempera- 

t u r e  c o n t r o l  gas gaps, Both the  helium sweep and t h e  temperature c o n t r o l  

gas  streams in te rmix  above t h e  aluminum specimen h o l d e r s  and pass  up 

through the  capsule  l ead  pipe t o  t h e  top  o l  the r e a c t o r  v e s s e l  then  

through tubing t o  r e a c t o r  off-gas. The helium sweep f l o w  through t h e  

c l o s e  c learances  between TCs and gas  l i n e s  and t h e  top  aluminum plug of 

t he  specimen holder  prevents  intermixing of t h e  c o n t r o l  gas i n t o  the 

specimen region.  There is no p o s i t i v e  seal between the two gas streams. 

The remainder of t h e  200°C capsule  i s ,  d t h  one except ion ,  of con- 

v e n t i o n a l  c o n s t r u c t i o n .  A 2-in. s t a i n l e s s  steel  l ead  pipe connects  t h e  

capsule  proper t o  an upper assembly wi th  a f lange  t h a t  b o l t s  t o  a r e a c t o r  

v e s s e l  head access f lange .  This l ead  pipe i s  a p a r t  of t h e  capsule  con- 

tainment and a l s o  s e r v e s  as a condui t  f o r  t h e  instrument  and gas  l i n e s .  

The upper assembly is  unique i n  one r e s p e c t :  an O-ring sea led  gland i s  

provided t h a t  allows f o r  a 75-mm v e r t i c a l  capsule  adjustment.  This makes 

i t  p o s s i b l e  t o  a d j u s t  t h e  capsule  v e r t i c a l  p o s i t i o n  wi th in  the  r e a c t o r  

core  as requi red  t o  c e n t e r  t h e  capsule  midplane at  t h e  gamma hea t  peak. 

The  gas and instrument  l i n e s  p a s s  through hoses t h a t  connect t h e  upper 

assembly t o  the pool w a l l  where t h e  l i n e s  t i e  i n t o  the ORX capsule  fa- 

c i l i t y .  



The i r r a d i a t i o n  temperature of t h e  specimens is the  most important 

test parameter. For t h e  60°C case t h e  specimens are immersed i n  flowing 

r e a c t o r  coo lan t  water t h a t  enters t h e  r e a c t o r  a t  S O O C ,  and no instrumen- 

t a t i o n  is needed; i f  water flow over  t h e  specimens is ensured ,  t h e  spec i -  

men temperature can be only s l i g h t l y  above that of t h e  water, 

The 2OO0C specimens are c l o s e l y  f i t t e d  i n  t h e  instrumented aluminum 

holder .  Every e f f o r t  w a s  made t o  reduce the u n c e r t a i n t y  between t h e  tem-  

p e r a t u r e  of t h e  aluminum ho lde r  and specimens. The f i t s  are made as 

c l o s e  as p r a c t i c a l  t o l e r a n c e s  t o  12 um (0.000s i n . )  w i l l  allow. A helium 

atmosphere is maintained between t h e  specimens and t h e  aluminum ho lde r  t o  

maximize i n t e r f a c e  conductance. 

The temperature d i f f e r e n c e  between t h e  specimen and t h e  aluminum 

ho lde r  is a func t ion  of t h e  thermal r e s i s t a n c e  between t h e  specimens and 

t h e  aluminum, which depends on t h e  s i z e  of the  gap between t h e  specimen 

and t h e  gas i n  t h e  i n t e r f a c e .  For t h e  f l a t  t e n s i l e  specimen, t h e  t o l e r -  

ances  a l low a maximum c l e a r a n c e  of 90 pm (0.0035 i n . )  between a two-layer 

specimen assembly w i t h i n  t h e  s l o t .  A one-dimensional c a l c u l a t i o n  ( i n f i -  

n i t e  f l a t  p l a t e )  of t he  worst  case (specimens are cen te red  i n  t h e  s l o t  

w i th  equa l  gaps on e i t h e r  s i d e )  g i v e s ,  a t  8 W / g  of gamma hea t ing ,  a 
specimen temperature only 10 .5OC above t h a t  of t h e  aluminum, This esti- 

mate i s  conse rva t ive ,  s i n c e  no allowance is made f o r  edge l o s s e s  from t h e  

f i n i t e  specimens or f o r  the f a c t  t h a t  i t  is  improbable t h a t  t h e  specimens 

would be exactly centered  i n  t h e  s l o t .  I n  p r a c t i c e ,  t h e  specimens w i l l  

probably be touching o r  almost touching t h e  aluminum over a l a r g e  f r a c -  

t ion  of t h e  specimen su r f  ace. 
A one-dimensional c a l c u l a t i o n  w a s  made f o r  t h e  p re s su r i zed  tube  

specimens, which have a 0.12-mm (0.005-in.) gap between the  specimen and 

aluminum t o  a l low f o r  specimen creep. The r e s u l t s  gave a 1 0 ° C  tempera- 

t u r e  d i f f e r e n c e  between the  specimen and aluminum a t  8 W/g. 
A two-dimensional r-8 c a l c u l a t i o n  was made of t h e  temperature d i s -  

t r i b u t i o n  w i t h i n  the aluminum. The maximum v a r i a t i o n  w a s  found t o  be 6°C 

a t  8-W/g heat  rate assuming a thermal c o n d u c t i v i t y  i n  t h e  6061 aluminum 

sf 155.7 W/m*K (90 Btu/h*ft*OF) and no c e n t r a l  cooling. 



5. PROTOTYPE CAPSULE 

A proto type  of t h e  capsule ,  loaded wdth d specimens w a s  b u i l t  

and t e s t e d  i n  t h e  ORR t o  e v a l u a t e  t h e  o v e r a l l  design. The capsule  con- 

s t r u c t i o n  is i d e n t i c a l  t o  t h a t  proposed f o r  t h e  a c t u a l  experiment wi th  

t h e  except ion  t h a t  dummy specimens were used, some of which were i n s t r u -  

mented wi th  TCs. The f l a t  t e n s i l e  and Grodzinski specimens were simu- 

l a t e d  by simple f l a t  s t r i p s  having t h e  same mass as t h e  equiva len t  spec i -  

mens but easier t o  f a b r i c a t e .  One s l o t  f o r  both the  60 and 200°C posi-  

t i o n s  w a s  loaded wi th  specimens having t h e  exact  a c t u a l  specimen configu- 

r a t i o n  t o  ensure t h a t  no unexpected problems e x i s t e d .  The c o n f i g u r a t i o n  

of t h e  crack-growth dummy specimens w a s  Che same as real  specimens. The 

pressur ized  tcibe dummy spectmens were t h e  same as t h e  a c t u a l  specimens 

except  t h a t  t h e r e  were no end plugs i n  t h e  tubes.  This  provided a 

s t r a i g h t  h o l e  through a l l  t h e  tube specimens. F lux  monitor wires, and i n  

one case, a TC, were placed i n  t h e s e  holes .  

I n  t h e  200°C capsule  t w o  of the  dummy t e n s l l e  specimens had 0.75-mm 

TCs (Nos. 9 and 10 i n  Fig, 1) f i t t e d  i n t o  holes  d r i l l e d  i n t o  t h e  specimen 

edge. One of the dummy tube specimens had a 1.5-mm sheathed TC with t h e  

s h e a t h  spo t  welded t o  t h e  i n s i d e  of t h e  tube. This  l a t te r  TC w a s  not  ex- 

pected t o  g i v e  d i r e c t  i n d i c a t i o n  of a real  specimen temperature  because 

t h e  p r e s s u r i z e d  tube (4.57-mm OD x 4.06-mm ID> contained,  i n  a d d i t i o n  t o  

t h e  TC, a 1.5-mm tube loaded wi th  flux monitor wires. The TC p lus  t h e  

f l u x  monitors have a t o t a l  mass per u n i t  l e n g t h  equal  t o  t h a t  of a tube  

specimen alone. The gamma hea t  of t h e  TC, f l u x  monitor,  and tube  must be 

t r a n s f e r r e d  t o  t h e  aluminum holder  through t h e  gap between t h e  tube and 

alum-lnum. I n  a d d i t i o n ,  t h e  r e l a t i v e l y  l a r g e  s i z e  of t h e  TC compared with 

t h a t  of t h e  tube p r e s e n t s  a poor geometry f o r  p r e c i s e  temperature  mea- 

surement. Never the less ,  from the readings of t h e  TC, much can be deduced 

about t h e  temperature  t o  be expected i n  a real  specimen. 

The capsule  w a s  i n s e r t e d  i n  t h e  ORW September 5,  1984. It proved 

p o s s i b l e  t o  raise t h e  instrumented f l a t  specimen temperatures  from 140°C 

with  pure helium i n  t h e  c o n t r o l  gas  regCon t o  more than 300°C wi th  pure 

argon c o n t r o l  gas.  Pure neon t y p i c a l l y  gave a specimen temperature of 
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230°C, and mixtures of argon gave i n t e r m e d i a t e  temperatures.  

mented f l a t  specimens opera ted  with only  a 2 t o  5 ° C  temperature d i f f e r -  

ence and, by a d j u s t i n g  t h e  tempera ture  c o n t r o l  gas composition, the mean 
i n d i c a t e d  tempera ture  of t he  specimens could be maintained within f2"C. 

Figures  3 and 4 arc p l o t s  of thermocouple temperature (TE) v s  cont ro l  

composition. To avoid excess ive  curve over lapping ,  some TC t empera tures  

The i n s t r u -  

gas 

CONTROL GAS COMPOSITION 1% N E O N  tN HELIUM) 

Fig .  3 .  I n d i c a t e d  tempera tures  fo r  thermocouples (TE) vs percent  
neon i n  c o n t r o l  gas region of the  200°C test reg ion  of MFE-6J proto type  
capsule .  
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Fig. 4. Indicated temperature f o r  thermocouples vs  percent argon in 
control gas region of the 200°C test reg ion  o f  MFE-6J prototype capsule. 
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were not  p l o t t e d .  The TC l o c a t i o n s  are i d e n t i f i e d  i n  Fig. 1 .  TC-4 i s  

no t  p l o t t e d  because a postassembly X r ay  showed t h a t  it had d i p p e d  ou t  

of p o s i t i o n .  The d iameter  of t h e  TC h o l e s  i n  t h e  aluminum are s tepped ,  

and t h e  j u n c t i o n  of TC-4 w a s  intended t o  be i n  t h e  p a r t  af t he  ho le  wi th  

a 1.8-mm (0.070-in.) diameter.  The X r ay  showed it  t o  be out  of place 

and i n  a reg ion  where the  ho le  is a c t u a l l y  2.36 mm (0.093 i n . )  In  diame- 

ter. As would be expected TC-4 e x h i b i t e d  a h ighe r  tempera ture  reading  

and g r e a t e r  s e n s i t i v i t y  t o  sweep gas composition than t h e  c o r r e c t l y  

p laced  ones. 

The ins t rument  tube specimen, as expec ted ,  opera ted  a t  a h ighe r  

thermocouple i n d i c a t e d  temperature.  During t h e  i n i t i a l  r e a c t o r  s t a r t u p  

t h e  tube  specimen i n d i c a t e d  tempera ture ,  TC-11, gave a sudden jump of a 

few degrees ,  which seems t o  i n d i c a t e  t h a t  t h e  TC spot  weld t o  the  tube  

w a l l ,  tenuous at b e s t ,  f a i l e d .  This  would leave t h e  TC without any di -  

rect mechanical con tac t  t o  the  tube  specimen and would add an a d d i t i o n a l  

tempera ture  d i f f e r e n c e .  

The TCs i n  t h e  aluminum ho lde r  i n d i c a t e d  an a x i a l  t empera tu re  g rad i -  

e n t .  The upper end of t h e  aluminum, TC-I and -2, opera ted  a t  1 0 ° C  lower 

than  t h e  midplane and t h e  lowermost TCs,  TC-7 and -8, a t  about 30°C below 

midplane temperature.  An a t tempt  w a s  made t o  minimize t h i s  d € f f e r e n c e  by 

r a i s i n g  t h e  capsule  p o s i t i o n  2 c m  t o  move t h e  lower end of the  capsule  

c l o s e r  t o  t h e  l o c a t i o n  of t he  r e a c t o r  gamma hea t  peak. This had l i t t l e  

e f f e c t .  The a x i a l  g r a d i e n t  is assumed t o  be a consequence of hea t  l o s s  

a t  t h e  ends. Therefore ,  i n  f u t u r e  capsu le s ,  a guard h e a t e r  i n  t he  form 

of a gamma-heated s teel  i n s e r t  and i n s u l a t i o n  w i l l  be inco rpora t ed  t o  re- 

duce end lo s ses .  

The v a r i a t i o n  of temperature a t  TC-1, -2, - 7 ,  and -8, l o c a t e d  a t  the  

upper and lower ends of t he  capsu le ,  wi th  c o n t r o l  gas composition i s  

s l i g h t l y  lower than t h a t  a t  t h e  midplane TCs (F ig .  0 ) .  This  i s  as ex- 

pec ted ;  as neon o r  argon is  added t o  the  c o n t r o l  g a s ,  t h e  thermal resis- 

t ance  of t h e  tempera ture  c o n t r o l  gas gap i n c r e a s e s  uniformly over t h e  en- 

t i r e  length .  However, t h e  hea t  gene ra t ion  a t  the  ends i s  lower than a t  

midplane; hence,  t h e  temperature i n c r e a s e  i s  less. 

An anomaly e x i s t s  with the tube specimen TC-11. I t s  temperature v s  

gas composition s lope  i s  g r e a t e r  than  all o t h e r  measured tempera tures .  
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This  anomaly i s  t e n t a t i v e l y  explained by p o s t u l a t i n g  the e x i s t e n c e  of a 

g a s  f l o w  leak between the c o n t r o l  gas  rcgion and t h e  tube specimen hole 

i n  t h e  aluminum conta in ing  t h i s  TC, f o r  which t h e r e  I s  a d d i t i o n a l  evi-  

dence as descr ibed  la te r .  

A series of tests was run t o  dett-trrn-lne the a b i l i t y  of t he  helium 

sweep flow t o  main ta in  a helium atmosphere i n  the  specimen region. Sweep 

and total .  c o n t r o l  gas flows were each normally maintained a t  30 mZ/min. 

It w a s  p o s s i b l e  t o  reduce the  sweep t o  3 mE/min before  see ing  any rise 

i n  ind ica t ed  temperature  except  f o r  TC-11, which exh ib i t ed  a change a t  

17 mL/min. A rise i n  ind ica t ed  temperature  will occur  i f  t he  lower con- 

d u c t i v i t y  c o n t r o l  gas  e n t e r s  w i t h i n  t h e  specimen region.  Tests were a l so  

made wi th  a f ixed  c o n t r o l  gas mixture  but wi th  inc reas ing  amounts of neon 

and argon i n  t h e  sweep. This w a s  done t o  o b t a i n  a measure of t he  uncer- 

t a i n t y  i n  the  i n d i c a t e d  v s  a c t u a l  temperature.  Since a l l  elements i n  the 

capsu le  ( inc lud ing  TCs) are hea t  sou rces ,  an inhe ren t  e r r o r  w i l l  always 

e x i s t .  I f  one p l o t s  temperature  vs the  r e c i p r o c a l  o f  gas  conduc t iv l ty  

( l / k )  and e x t r a p o l a t e s  t o  l / k  = 0 ,  t h e o r e t i c a l l y ,  one should a r r i v e  a t  

the i n d i c a t e d  temperature  that  would ex is t  i f  there were no thermal re- 

s i s t a n c e  i n  t h e  gas surrounding the TCs and specimens. The parameters 

are p l o t t e d  i n  F ig .  5. The r e s u l t s  show very  c lose  agreeinent a t  the  mid- 

plane even f o r  TC-4, which was found t o  be out  o€ p o s i t i o n  as expla ined  

previous ly .  TC-7 ( i n n e r  r a d i u s )  and 'K-8 ( o u t e r  r a d i u s )  do not g ive  good 

agreement upon e x t r a p o l a t i o n  t o  l/k = 0. Inne r  TC-7, which should be i n  

a s l i g h t l y  h igher  temperature  reg ion ,  e x t r a p o l a t e s  t o  273"C,  whereas TC-8 

e x t r a p o l a t e s  t o  281OC.  

Note t h a t  t he  f l a t  specimen temperatures  TC-9 and -10 are loca ted  

a t  the  midplane and show the  least  v a r i a t i o n  wi th  gas Composition. I n  

g e n e r a l ,  TC-9 and -10 are also a t  a temperature  somewhat lower than the  

midplane alurniniim TCs. This  i n d i c a t e s  t h a t  t h e  temperature  d i f f e r e n c e  

between the  f l a t  specimens and aluminum is i n  a l l  p r o b a b i l i t y  less than 

t h a t  between the  aluminum and t h e  TCs i n  t h e  aluminum. F igure  5 i s  use- 

f u l  as an i n d i c a t i o n  of o v e r a l l  temperature  u n c e r t a j  city. The evidence 

i n d i c a t e s  t h a t  u n l e s s  a cliff e r e n t  des ign  f o r  t h e  alumbnum temperature  

in s t rumen ta t ion  is provided [ e . g . ,  smallcr diameter  (smaller mass) TCs 

o r  a t i g h t e r  f i t  i n  t h e  hole  i s  employed], t h e r e  w i l l  be an inhe ren t  
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Fig. 5. I n d i c a t e d  tempera tures  i n  t h e  200°C tes t  reg ion  of WE-63 
proto type  capsu le  v s  r e c i p r o c a l  of sweep gas  conduc t iv i ty  wi th  a control 
gas of 100% argon. 
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u n c e r t a i n t y  of about 1 0 ° C  between t h e  TC i n d i c a t i o n  and specimen holder  

temperature.  Such a design c:hhange is  planned f o r  t h e  real  MFE-6J cap- 

s u l e  where 1.02-ma-diam (0.040-in.) TCs w i l l  be placed i n  1.04-mm-diam 

(0.041-in.) holes .  These s i z e  TCs have been used i n  o t h e r  experiments 

wi th  a high degree of r e l i a b i l i t y  a t  t h e  proposed MFE-6J o p e r a t i n g  tem- 

p e r a t u r e s .  Addi t iona l  confidence i n  reliabi l i t y  1s gained since t h e s e  

TCs w i l l  not be immersed i n  NaK. The u n c e r t a i n t y  i s  i n  any case inuch 

less than t h a t  o€  many experiments i n  which no such e v a l u a t i o n  has  been 

made. 

The p l o t  of TC-11 v s  l / k  does no t  g l v e  good agreement; a p o s s i b l e  

explana t ion  follows. 

Subsequent t o  g a t h e r i n g  t h e  d a t a  d iscussed  previousl-y, i t  w a s  de- 

c ided t o  o p e r a t e  t h e  capsule  a t  the maxiinurn a t t a i n a b l e  temperature ,  about 

305"C, u n t i l  such t i m e  as t h e  r e a c t o r  space was requi red  hy t h e  real  

specimen assembly. The purpose w a s  to  l e a r n  something about t h e  s u i t -  

a b i l i t y  of t h i s  des ign  f o r  o p e r a t i o n  a t  h igher  (300°C) i r r a d i a t i o n  t e m -  

p e r a t u r e s .  I n  p a r t i c u l a r ,  t h e r e  is no d a t a  on radiation-Fnduced swel l ing  

i n  aluminum a t  e l e v a t e d  temperature,  I f  swel l ing  occurs  t h e  c o n t r o l  gas  

gap and, hence, t he  a b i l i t y  t o  maintain temperature  will decrease.  

After about 120 h a t  305°C and a t o t a l  i r r a d i a t i o n  time of 740 h ,  

i t  w a s  observed t h a t  a change i n  capsule  opera t ing  pressure  [normally 

413 kPa (60 p s i g ) ]  caused a change i n  i n d i c a t e d  temperatures.  A pressure  

change wi th in  t h e  capsule  w i l l  cause changes I n  gas  f low rates. IC was 

found t h a t  any i n c r e a s e  i n  c o n t r o l  gas flow (argon) or decrease  i n  sweep 

f luw (helium) r e s u l t e d  i n  an i n c r e a s e  I n  i n d i c a t e d  temperature.  It w a s  

determined t h a t  argon c o n t r o l  gas  was in te rmixing  with the  sweep gas. A t  

a t o t a l  flow of 30 mL/min of argon c o n t r o l  gas ,  a helium sweep flow of  

85 mL/min w a s  requi red  t o  e l i m i n a t e  t h e  effect .  I f  t h e  argon flow were 

increased  above 30 mL/min, i t  was  then  necessary t o  i n c r e a s e  t h e  helium 
swecp  t o  maintain normal temperature  i n d i c a t i o n .  Prevfous tests had in-  

d i c a t e d  no c r o s s  mixing u n t i l  t h e  helium sweep had been reduced t o  about 

3 mL/min (except  for  t h e  case of TC-11). 

One can only surmise what e x a c t l y  has happened, but i t  appears  that 

a cross flow l eak  has occurred. Aluminum at 300°C I s  w e l l  above i t s  

s t r e s s - r e l i e v i n g  temperature.  The plugs a t  the lower and ripper ends of 
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t h e  aluminum suppor t  c y l i n d e r ,  which s e p a r a t e  t h e  two gas r eg ions ,  are a 

l i g h t  p r e s s  f i t .  It is conce ivable  t h a t  the p lugs  have become loose  and 

a l low c r o s s  flow mixing. Another p o s s i b l e  cause could be an i n t e r n a l  

l e a k  w i t h i n  t h e  aluminum between t h e  c o n t r o l  gas and specimen reg ions .  

The c o n t r o l  gas passage is a long small h o l e ,  -1.8 mm diam, d r i l l e d  axi- 
a l l y  through t h e  e n t i r e  l eng th  of t h e  aluminum c y l i n d e r ;  it. is p o s s i b l e  

t h a t  "run-out" between t h i s  ho le  and an ad jacen t  specimen ho le  l e f t  a 

paper - th in  b a r r i e r  between t h e  two passages  t h a t  has subsequent ly  f a i l e d .  

The anomalous response of TC-11 may f avor  t h i s  exp lana t ion .  Ea r ly  i n  t h e  

i r r a d i a t i o n  when t h e  sweep gas  was reduced whi le  main ta in ing  a cons t an t  

c o n t r o l  gas helium/neon mixture ,  a l l  tempera tures ,  except f o r  TC-21, 

remained cons t an t  u n t i l  t h e  sweep w a s  reduced from 35 mL/min t o  about 

3 mL/min. When t h e  sweep w a s  reduced t o  17 mL/min, t h e  temperature of 

TC-11 r o s e  from 243 t o  249°C.  A t  3 mL/min TC-11 read  259"C, whereas a l l  

o t h e r  i n d i c a t e d  tempera tures  had r i s e n  only  2 t o  3°C. Also, t he  p l o t s  

of i n d i c a t e d  tempera tures  vs l / k  i n  Fig. 5 are reasonable ,  except f o r  

TC-11. A l e a k  between the  o u t e r  s u r f a c e  of t h e  aluminum holder  ( c o n t r o l  

gas  r eg ion )  and the  ho le  occupied by TC-11 could e x p l a i n  the anomalous 

response.  TC-11 t y p i c a l l y  opera ted  30 t o  35°C above t h e  f l a t  specimen 

tempera tures ,  TC-9 and -10. An estimate t a k i n g  i n t o  account t h e  in- 

c reased  gamma hea t  from t h e  f l u x  monitors and TC-11 occupying the  same 

space accounts  f o r  only about 20°C of t h e  d i f f e r e n c e .  This  assumes t h e  

TC weld t o  t h e  tube  i n s i d e  diameter is i n t a c t ,  It is p o s s i b l e  t h a t  (1) a 
c o n t r o l  gas l eak  i n t o  t h e  r eg ion  of TC-11 e x i s t e d  e a r l y  on, perhaps from 

p o r o s i t y  o r  undetec ted  "run-out'' i n  t h e  long dr - l l l ed  ho le ,  and ( 2 )  t h a t  

t h e  l e a k  inc reased  a f t e r  o p e r a t i o n  a t  300°C. 
W e  cannot determine t h e  cause u n t i l  t h e  capsu le  has been disassem- 

b l ed  i n  a ho t  cell.  The capsu le  has  been scheduled f o r  removal l a te  i n  

December 1984 and w i l l  undergo disassembly and examinat ion i n  January 

1985. 

Appendix B summarizes the  results of coolan t  water flow t e s t s  made 

p r i o r  t o  i n s t a l l a t i o n  i n  the  ORR. Appendix C summarizes an a n a l y s i s  of 

t h e  thermal performance of the 200°C capsu le  i n  t h e  OKR. 
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6 .  RECOMMENDATTONS 

6.1 208°C Caxsule 
--111 

1. Determine and c o r r e c t  t h e  cause of t h e  i n d i c a t e d  sweep-control 

gas  cross-leakage. 

2.  Consider t he  e l i m i n a t i o n  of t h e  r e e n t r a n t  water coolan t  tube i n  

the c e n t e r  of t he  capsule  and d r i l l  e i g h t  8.55-cm coolant  flow holes  i n  

t h e  lower o r i f i c e  p l a t e  to enhance o v e r a l l  coolan t  flow. The c e n t r a l  re- 

e n t r a n t  tube accounts f o r  an es t imated  25% of the  cool ing  but  i s  compli- 

ca t ed  and i n c r e a s e s  t h e  p o t e n t i a l  f o r  capsule  l eaks .  An e v a l u a t i o n  of 

t he  e f f e c t  of e l i m i n a t i n g  the  c e n t r a l  coolan t  tube is given i n  Appendix B. 

3 .  Provide i n s u l a t i o n  and a guard h e a t e r  a t  t h e  lower end of t h e  

aluminum specimen ho lde r  t o  reduce the  end h e a t  l o s s e s  t o  minimize t h e  

a x i a l  temperature g rad ien t .  

6,2 60°C Capsule 

1. Modify t h e  des ign  t o  eliminate.  a l l  s t e p s  i n  the  o u t e r  diameter 

of the  p a r t  con ta in ing  the  specimen grooves. This reques t  was made by 

persons ope ra t ing  t h e  hot  c e l l s  t o  a l low easier hot  ce l l  assembly and 

disassembly. 

2. Provide f o r  t h e  subsequent a d d i t i o n  of a hafnium s l e e v e  wi th in  

the r e a c t o r  co re  p i ece  wi th  a minimum water annulus surrounding the 60°C 

capsule .  A t  p r e sen t  t h e  o r i f i c e  t o  ensure  water flow through the  60°C 

specimen c a v i t i e s  i n t e r f e r e s  wi th  t h e  p o s i t i o n i n g  of such a sleeve. 

6 . 3  General 

Analys is  of t h e  pro to type  capsule  f l u x  monitor wires should be car- 

r i e d  out and an eva lua t ion  of t h e  i n i t i a l  rate O E  helium production i n  

t h e  specimens made. I f  deemed d e s i r a b l e ,  t h e  water f r a c t i o n  surrounding 

the  capsule  f o r  t h e  i n i t i a l  phase of t he  i r r a d i a t i o n  may be inc reased  by 

provid ing  a co re  piece i n  which t h e  e x t e r n a l  co rne r s  ( see  Fig. 1) are 

machined o f f .  
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Appendix A 

MFE-6J IRRADIATION CAPSULE SPECIMENS 

The fo l lowing  f i g u r e s  (A. 1-A. 5) i l l u s t r a t e  t he  var ious  specimens t o  

be i r r a d i a t e d  i n  the  WE-SJ I r r a d i a t i o n  Capsule. 

crack-growth specimen, shows a 12.7-mm width. I n  the case of the  200*C 

capsu le  specimen, th i s  width w a s  reduced t o  10.2 mm t o  accommodate the 

narrow s l o t  i n  t he  aluminum holder .  The p res su r i zed  tube specimen f o r  

t h e  200°C capsule  w i l l  have small f e r r u l e s  a t  e i t h e r  end t o  c e n t e r  them 

i n  the holes  i n  t h e  aluminum specimen holder .  

shown i n  Fig. A . 5 .  

Note t h a t  Fig. A.4, 

These f e r r u l e s  are not 

ORNL-DWG 80.12051 

- - - - - _ _ _ - -  D 

32 SPACERS AT 0.254 
+ 

32 SAMPLES AT 0.254 

DIMENSIONS IN 
MILLIMETERS 

Fig. A.L. Transmission e l e c t r o n  microscope (TEM) specimen holder .  
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W2 = 0.025 TO 0.038 mm 
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DIMENSIONS IN MILLIMETERS 

1.57 DlAM 
2 HOLES 

I 
/- - 10.2 -)-- 5.84 J 

. 

..... -. 

._ . 

- _I 
. --.... -- --.-- 

REF 
4.14 

0.76 

Fig. A.2 .  The SS-1 sheet t e n s i l e  specimen. 

ORNL-DWG 80-12052 

Fig. A . 3 .  Grodzinski fatigue spedmen. 
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0.76- 

OANL-  DWG 80-12053R 

-f- 

2 L 

e - 0 . 1 2 7  

-I -12.7 
DIMENSIONS IN MILLIMETERS 

Fig. A . 4 .  Crack-growth specimen. Tabs are welded along the  25.4-mm 
edge following irradiation. 
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Appendix B 

MFE-6J CAPSULE FLUID FLOW TESTS 

A series of flow tests w a s  made us ing  the  actual  WE-6J capsu le  p a r t s  

t o  determine flows and p res su re  drops and e s t a b l i s h  the  o r i f i c i n g  f o r  op- 

timum coolant  flow d i s t r i b u t i o n .  The r e s u l t s  of t h e  test are summarized 

i n  the a t t a c h e d  let ter - M. W. Kohring t o  J. A. Conlin,  September 7 ,  

1984,  '*WE-J 6OoC/200"C Capsule Flow Tests'' (Exhib i t  B . l ) .  

The. tests were made i n  two phases. F i r s t ,  t h e  60°C assembly w a s  

p laced  in an ORR experiment co re  p i ece  wi th  the  c e n t e r  reg ion  plugged. 

Both the  flow i n  t h e  annulus and the  p re s su re  drop a c r o s s  the o r i f i c e  

ring ( "cen te r ing  r ing"  i n  J k h i b i t  B . 1 )  on t h e  o u t e r  s u r f a c e  of the 60°C 

assembly w e r e  measured. See Table 1 of Exhib i t  B.1. The o r i f i c e  r i n g  

provides  a p r e s s u r e  drop t o  ensure  flow through t h e  grooves t h a t  hold the  

60°C specimens. Nominal p re s su re  drop a c r o s s  t h e  ORR core  is 25 ps ig .  

This  g ives  a flow (Table 1) of about 48 gal/min and an o r i f i c e  p r e s s u r e  

drop of about 19 kPa (2.8 p s i ) .  The r a d i a l  c l ea rance  of t h i s  o r i f i c e  

w i t h  the ORR co re  p i e c e  was 0.060 i n .  This  c l ea rance  has been reduced t o  

0.055 in .  f o r  t h e  a c t u a l  capsule  t o  provide a somewhat g r e a t e r  p re s su re  

drop. 

In t h e  second phase, t he  200°C assembly w a s  placed wi th in  the  60°C 

assembly, t h e  annulus between t h e  60°C assembly and core p iece  w a s  

s e a l e d ,  and flow over the  200°C assembly w a s  measured. The o r i f i c e  plate 

a t  t h e  bottom, as b u i l t ,  had e i g h t  6.5-mm-diam holes  providing the  back 

p r e s s u r e  necessa ry  t o  cause water t o  flow up through t h e  r e e n t r a n t  cen- 

t ra l  coo lan t  passage. One o b j e c t i v e  of t he  tes t  w a s  t o  op t imize  t h e  num- 

be r  of o r i f i c e  ho le s  f o r  maximum hea t  t r a n s f e r .  The flow test r i g  w a s  

a r ranged  t o  p e r m i t  measurement of t he  r e e n t r a n t  f low as w e l l  as t o t a l  

flow. 

Table 2 of Exhib i t  B.l summarizes t h e  r e s u l t s .  F igure  B . l  i s  a p l o t  

of t h e  water f i l m  hea t  t r a n s f e r  c o e f f i c i e n t  f o r  both the  inne r  and o u t e r  

coo lan t  s u r f a c e s  of t he  capsule  vs flow. Based on t h i s  i t  was determined 

t h a t  two 6.5-mm o r i f i c e  h o l e s  would approach optimum f low d i s t r i b u t i o n .  

This  g i v e s  a flow of 4.5 gal/min t o  t h e  i n n e r  reg ion;  a film hea t  t r a n s f e r  
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INTRA-LABORATORY CORRESPONDENCE 

September 7 ,  1984 
OAK R I b G E  NATlONAL L A B O R A r O R Y  

To: ,I. A. Conlin 

From: M. W .  Kohring K-Jf- ' 
Subject: MFE-J 60"C/2OO0& Capsule F1 s t  

A ser ies  of flow t e s t s  was conducted during the period July 27-Augus t  16 
on the subject capsule simulating flaw conditions across the core of the 
O R R  ( 2 5  psid) . The t e s t s  conducted are described as follows: 

Flow Test 1 - 

Flow Test 2 - 

Measured flow t h r o u g h  the annulus between core f i l l e r  
piece ( D w g .  M-11552-EM-003-D, W1) and 60°C specimen 
holder ( D w g .  X2E11837-106A) and  d i f fe ren t ia l  pressure 
across centering ring ( n o t  shown an drawing). 

A s e r i e s  o f  t e s t s  t o  measure the flow through the 
annulus between the 60°C specimen holder and the 200°C 
i n-core capsul e subassembly (X2E11837-107A) and  t o  
determine the r a t i o  o f  the f l o w  through the 1/4-:n. 
o r i f i c e s  i n  the adapter piece ( p a r t  #9 o f  
X2E11837-107A) t o  the f l o w  t h r o u g h  the water ou t l e t  
tube ( p a r t  #6 o f  X2E11837-107A). This r a t io  was 
determined for various conditions a1 tered by pl uggi n g  
some o f  the eight  1 /4 - in .  o r i f i ce s .  

Results o f  the flow t e s t s  are  detailed i n  the attached tables.  

Attachments 

cc: G.  R. Hicks 
S. S. H u r t  
J .  A. Setaro 
I .  I .  Siman-Tov 
J .  W .  Wood5 

Exhibit B.1. Letter from M. W. Kohring to .T. A. Conlin 
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Table 1. Results of Flow Test 1 

Differential pressure Differential pressure 
Fl ow rate across assembly across centering ring 

(gpm) ( p s W  ( i n .  H20) 

t 24 .O 
28.8 
33.6 
38.4 
43.2 
44.2 
48.0 

6.2 
10.2 

13.4 
18.0 
20.9 
22.2 
25 .O 

14.8 
30.6 

47.6 
57.5 
66.9 
70.0 

78.0* 
~~ __ * Extrapol a ted  value 

Table 2 .  Results of Flow l e s t  2 
( f o r  25 p s i d  across assembly) 

- ___. 

Total flow around Flow A Flow B 
No. o f  200°C in-core (thru 1/4- in .  (thru water Flow A 

or i f i ces  capsule subassembly or i f i ce s )  outlet tube) FT6T-B 
P I  u g w d  (gpm) (gpm) (gpm) 

10.2 

14.9 

18.7 

20-7 

22 -0 

23 -0 

3.6 6.6 0.55:l 

9.4 5.5 1.7:1 

14 .O 4.7 3.0: 1 

17.8 2.9 6.1:1 

19.9 2.1 9.5: 1 

21.7 1.3 16+7:1 

Exhibit B . l  (continued) 
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Fig. B.I. Surface heat transfer coefficients for 200°C region of 
capsule MFE-43 as a function of coolant flow rate. 
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coefficient of -18,200 W/m2*K (3,208 Btu/h*OFe€t*); -18 gal/min over the 

outer surface; and a heat transfer coefficient oE 36,900 W/m2*K (6,500 

Btu/h**Feftz). 

f low of 21 gal/min and a heat transfer coefficient of 42,500 W/m2*K 

(7,500 Btu/h*'F*ft*] over the outer surface s€ the capsule .  

Note: Eight 6.5-mm holes in the orifice plate gfve a 
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Appendix B: 

ANALYSIS OF T H E W  PERFORMANCE 

An a n a l y s i s  of t h e  200°C pro to type  capsule  thermal performance w a s  

made. The hea t  gene ra t ion  wi th in  the capsule  w a s  c a l c u l a t e d  using mea- 

su red  temperatures  wi th  100% H e ,  N e ,  and A r  as the  temperature  c o n t r o l  

gas. The water f i l m  hea t  t r a n s f e r  c o e f f i c i e n t s  were taken from Fig. B.l. 

The ope ra t ing  gas  gaps were Calcula ted  us ing  a s - b u i l t  measured dimensions 

co r rec t ed  f o r  thermal expansion. The r e s u l t s  are summarized i n  Table 6.1. 

There is good agreement f o r  t h e  t h r e e  c o n t r o l  gas compositions d e s p i t e  

t he  f a c t  t h a t  they were made a t  d i f f e r e n t  times and i n  d i f f e r e n t  ORR f u e l  

cyc le s .  Note t h a t  t h e  o u t e r  gas  gap between the  aluminum and s t a i n l e s s  

steel capsule  w a l l  is reduced to  0.038 mm (0.0015 i n . )  a t  300°C with 100% 

argon. Aluminum may s w e l l  under i r r a d i a t i o n ,  and even a s m a l l  amount of 

swe l l ing  would s e r i o u s l y  a f f e c t  t he  a b i l i t y  of t h i s  capsule  t o  main ta in  

e l e v a t e d  temperatures .  

It w a s  recommended i n  t h e  body of the  r e p o r t  t h a t  cons ide ra t ion  be 

given t o  e l i m i n a t i n g  the  inne r  water coolan t  channel.  This would s i m -  

p l i f y  t h e  c o n s t r u c t i o n  cons iderably .  Based on t h e  observed ope ra t ing  

c o n d i t i o n s ,  removal. of the c e n t r a l  coolan t  would, w i th  t h e  as -but l t  d i -  

mensions of t he  pro to type ,  r e s u l t  i n  an ope ra t ing  temperature  with 100% 

helium c o n t r o l  gas of about 170°C. This reduces the  margin f o r  e r r o r  o r  

a change i n  ORR cond i t ions .  The des ign  gas gap t o l e r a n c e s  are as c l o s e  

as p r a c t i c a b l e .  The mean, co ld ,  a s - b u i l t ,  o u t e r  gas  gap w a s  found t o  be 

0,173 m (0.0068 in . )  (0.345-nrm d i a m e t r l c a l  c l ea rance ) .  The drawing t o l -  

e rances  a l low f o r  a cold d i a m e t r i c a l  c l ea rance  of 0.358 mm (0.0141 in . )  

t o  0.399 m (0.0157 in.). The mean a s - b u i l t  d i a m e t r i c a l  c l ea rance  was 
0.345 mm (0.0136 i n . ) ,  which is s l i g h t l y  under the minimum allowed by the  

t o l e r a n c e s .  I f  the  maximum gas gap (as allowed by t h e  to l e rance )  were 

present  and t h e r e  were no c e n t r a l  coo l ing ,  t h e  temperature  with 100% 

helium c o n t r o l  gas  would be es t imated  t o  be about 185OC, l eav ing  only a 

1 5 ° C  margin. 

The average c a l c u l a t e d  hea t  gene ra t ion  r a t e  of Table C.2 corresponds 

t o  a mean gamma hea t  of 5.3 W/g over  the  23Q-mm (9-in.)  specimen region.  



T a b l e  C . I .  R e s u l t s  of a n a l y s i s  of thermal  g e n e r a t l n g  c o n d i t l o n s  of HFFE-6.l p r o t o t y p e  c a p s u l e  

______ ~ ___ ~ _______-____ 
Heat t r a n s f e r r e d  a c r o s s  

gas gaps" 
._ I U  (tlcu!rl)] 

Total  
!U ( B t u / h ) ]  

Yean c o n t r o l  
c o n d u c t a n t  

Cas g a p  
'Temperature Specimen lmn ( i n . ) ]  

[ W / - K  
cont ro 1 t e m p e r a t u r e  

<as : " C )  I n n e r  Outer  ( R t u / h . O F . f t ) ]  -- __- _- 
I n n e r  g a p  Outer gap 

Cold  not @Old not 

W 
h) 

Helium I40 0.058 (0.0023) 0.076 (0.0030) 0.172 (0.0068) 0.124 (0.0049) 0.187 (0.108) 1762 ( 6 0 1 4 )  3307  (11290) 5069 ( 1 7 3 0 4 )  

Neon 220 0.058 (0.0023) 0.090 (0.00358) 0.172 (0.0066) 0.0826 (0.00325) 0.061 (0.0352) 1180 (4028) 3705 (12648) ir885 (16b76) 

Argon 304 0.G56 (0.3023) 0.107 (0.G0423) 9.172 (3.0068:l 0.036 (0.0015)  9.024 (0.014) 625 (2128) 4858 (16581) 5 4 8 1  (18710)  

aThe h e a t  r a t e s  p r e s e n t e d  a r e  t h e  E o t a l  h e a t  g e n e r a c e d  in t h e  s p e c i m e n s  and t h e  230-m ( 9 - i n . )  s p e c i m e n  r e g i o n  of t h e  aluminum. 
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Table C . 2 .  Results of gamma heatlng 
rate measurements made in positfon 

C-3 on February 28 ,  1984 

Gamma heat ing 
( W g )  Distance ORIZ 

midplane Without With 
hafnium haf nlum 
sleeve sleeve 

(in.> 

+9 2.4 2 . 2  

+3 4 . 2  3.9 

Midplane 4.9  4 .5  

-3 5 .4  4 .9  

-6 5 . 4  5 . 1  

-9 4.7 4 .3  

A gamma heat measurement was made February 28,  1984,  in the ORR C-3 

position with a mock-up simulating an MFE-4 capsule con€iguration both 

with and without a hafnium sleeve (Table C.2). 

heat in steel was measured at 5.4 W/g. 

The measured peak gamma 
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