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ABSTRACT . 

At the end of September 1961, construction of the 
Heavy Water Components Test Reactor was about 90% 
complete. Thirty-two compact'cd tubeo of crushed, 
fused uranium 3xide in Zircaloy sheaths were 
fabricated for irradiation tests and destructive 
evaluation. Irradiation t c o t o  of the tubes were 
started in the Vallecitos Boiling Water Reactor 
and at Savannah River. The fabrication proceoo 
for the tubes included steps designed to exclude 
hydrogenous material from the oxide cores, 
thereby eliminating the probable cause of sheath 
failures in previous irradiations. Additional 
experimental data on- heat transfer .burnout of 
tubes in subcooled water at pressures of about 
1-n0 t o  1000 psi shorbr that the burnout hoat flux 
is not affected significantly by pressure in 
this range. The data were correlated in terms 
of water velocity and subcooling. 
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HEAVY WATERMODERATEDPOWERREACTORS 
Progress Report 
September 1961 . . 

INTRODUCTION 

This  r e p o r t  r ecords  t h e  p rogress  of t h e  du Pont development program 
on heavy-water-moderated power r e a c t o r s  f u e l e d  wi th  n a t u r a l  uranium. 
The g o a l  of t h e  program i s  t o  advance t h e  technology of t h e s e  r e a c t o r s  
s o  t h a t  f u l l - m a l e  p l a n t s  i n  which they  a r e  employed can produce 
e l e c t r i c i t y  a t  c o s t s  t h a t  a r e  compe t i t ive  wi th  t h o s e  of f o s s i l - f u e l e d  
s t a t i o n s .  The p r e s e n t  e f f o r t  i s  d iv ided  i n t o  two main c a t e g o r i e s :  
(1) t h e  development r e q u i r e d  f o r  t h e  s u c c e s s f u l  c o n s t r u c t i o n  and 
ope ra t lon  of t h e  Heavy Water Components Tes t  Reactor  (HWCTR), a  f a c i l i t y  
f o r  irradiating f u e l  elements  and o t h e r  r e a c t o r  components a t  power 
r e a c t o r  cond i t ions ,  and ( 2 )  t h e  development of t h e  technology requir'ed 
f o r  f u l l - s c a l e  power r e a c t o r  systems. 

SUMMARY 

A t  t h e  end of September, c o n s t r u c t i o n  of t h e  HWCTR was about  90% 
complete. The i n s t a l l a t i o n  of r e a c t o r  i n t e r n a l  p a r t s  and t h e  r o d  
d r i v e  system i s  i n  p rogress .  Most of t h e  major equipment f o r  t h e  
f a c i l i t y  i s  a t  t h e  s i te .  Undelivered p a r t s  f o r  t h e  rod  d r i v e s  a r e  
t h c  most c r i t i c a l  i t e m  i n  t h e  completion schedule .  

~ h i r t y - t w o  exper imenta l  f u e l  tubes  of compacted uranium oxide  were 
f a b r i c a t e d  wi th  t h e  o b j e c t i v e  of e v a l u a t i n g  process  modifications 
aimed a t  e l i m i n a t i n g  t h e  cause of Zi rca loy  shea th  f a i l u r e s  experienced 
i n  e a r l i e r  i r r a d i a t i o n s  of oxide tubes .  Moisture o r  o t h e r  hydrogenous 
m a t e r i a l  i n  t h e  oxide i s  be l i eved  t o  have been r e s p o n s i b l e  f o r  
Zi rca loy  s h e a t h  f a i l u r e s  i n  previous  i r r a d i a t i o n  t e s t s  of oxlde  tubes .  
Two of t h e  exper imenta l  tubes  were p laced  under i r r a d i a t i o n  i n  t h e  
V a l l e c i t o s  B o i l i n g  Water Reactor ,  and s i x  a r e  be ing  i r r - a d i a t e d  a t  
Savannah River .  One-half of t h e  tubes  were compacted i n  z i r ca loy-4  
shea ths  by v i b r a t o r y  compaction and subsequent  swaging; and one-half 
by v i b r a t o r y  compaction a lone .  S teps  incorpora ted  i n  t h e  f a b r i c a t i o n  
process  t o  reduce mois ture  i n  t h e  p r e s e n t  tubes  were apparen t ly  
s u c c e s s f u l .  Moisture c o n t e n t s  of t h e  f i n i s h e d  tubes  were an  o r d e r  of 
magnitude lower than  i n  tubes  f a b r i c a t e d  p rev ious ly .  

The f a b r i c a t i o n  of coextruded tubes  of unal loyed uranium f o r  i r r a d i a -  
t i o n  t e s t s  i n  t h e  HWCTR cont inued wi thout  d i f f i c u l t y .  Eighteen l- inch- 
d iameter  tubes  w i t h  z i r ca loy-4  c l add ing  have been ext ruded successfully; 
p o s t e x t r u s i o n  p rocess ing  of t h e s e  tubes  i s  underway. Ext rus ion  of a  
l i k e  number of tubes  of 2-inch d iameter  i s  scheduled f o r  October. One 
tube  of U - 0.3 w t  $ A 1  - 0.5 w t  $ S i  was a l s o  ext ruded s u c c e s s f u l l y .  



Addi t ional  measurements of h e a t ' t r a n s f e r  burriout f o r  subcooled water 
confirmed e a r l i e r  i n d i c a t i o n s  t h a t  v a r i a t i o n  of system pressure  
between 150 p s i a  and 1000 p s i a  has  l i t t l e  o r  no e f f e c t  on t h e  burnout 
h e a t  f l u .  The experimental  da ta ,  comprising 19 measurements with 
e l e c t r i c a l l y  hea ted  tubes of 0.3-fnch t o  0.9-inch diameter, were 
c o r r e l a t e d  by equat ions  contafning only coolant  v e l o c i t y  and subcooling 

. . 
a s  1ndependen t .va r iab les .  

. . 



DISCUSSION 
. . 

I. THE HEAVY WATER COMPONENTS TEST REACTOR (HWCTR) 

The HWCTR, a  D,O-cooled-and-moderated t e s t  r e a c t o r ,  i s  being  b u i l t  a t  
t h e  Savannah River  P l a n t  f o r  t h e  purpose of t e s t i n g  cand ida te  f u e l  
assembl ies  and o t h e r  r e a c t o r  components under i r r a d i a t i o n  c o n d i t i o n s  
t h a t  a r e  t y p i c a l  of l a r g e ,  heavy-water-moderated power r e a c t o r s .  
Desc r ip t ions  of t h e  r e a c t o r  f a c i l i t y  and of t h e  two i s o l a t e d  loops  f o r  
more s p e c i a l i z e d  i r r a d i a t i o n s  were p resen ted  i n  t o p i c a l  r e p o r t s (  ', 2). 
S t a r t u p  of t h e  f a c i l i t y  13 ochcduled f o r  l a t e  1961. 

A. CONSTRUCTION STATUS - - 

A t  t h e  end of September 1961, c o n s t r u c t i o n  of t h e  HWCTR was about  90% 
complete. The placement of concre te  s h i e l d  blocks i n  t h e  annu la r  
space  around t h e  r e a c t o r  v e s s e l  was completed, and t h e  i n s t a l l a t i o n  
of r e a c t o r  i n t e r n a l ,  components was ~ t a r t e d .  The rod  d r i v e  p la t fo rm 
i s  i n  p lace ,  and t h e  r e a c t o r  top  head and head l i f t i n g  mechanism were 
a t t a c h e d  t o  t h e  p la t fo rm.  I n s t a l l a t i o n  of t h e  rod  d r i v e  system i s . i n  
p rogress .  The 27-f t - square  c o n s t r u c t i o n  access  opening i n  t h e  conta in-  
ment s h e l l  of t h e  r e a c t o r  b u i l d i n g  was welded c losed .  

Most .of  t h e  major equipment p i e c e s  f o r  t h e  HWCTR have been d e l i v e r e d  
t o  t h e  s i te ;  t h e  p r i n c i p a l  except ions  a r e  t h e  f u e l  t r a n s f e r  c o f f i n ,  . 
replacement  p a r t s  of 17-4 PH s t a i n l e s s  s t e e l  f o r  t h e '  rod  d r i v e  systems 
(DP-605)*, pumps and a s s o c i a t e d . d r i v e s  f o r  t h e  i s o l a t e d  coo lan t  loops, 
and t h e  two Zirca loy  bayonets  f o r  t h e  loops .  The replacement  p a r t s  
f o r  t h e  rod  d r i v e s  a r e  t h e  most c r i t i c a l  i t e m  a t  p r e s e n t  i n  t h e  r e a c t o r  
completion schedule .  

A r e c e n t  photograph of t h e  r e a c t o r  s i . t e , i s  p resen ted  i n  F igure  .1. 

B. NUCLEAR REACTIVITY OF DRIVER ASSEMBLIES d 

The n u c l e a r  r e a c t i v i t y  necessary  f o r  ope ra t ion  of t h e  HWCTR w i l l  be 
provided by a  r i n g  o f  24 " d r i v e r "  f u e l  assemblieo,  each c o n s i s t i n g . o f  
a  f u e l  tube  of f u l l y  en r i ched  u~~~ a l l o y e d  wi th  zirconium, a  zirconium 
housing tube,  and a  t a r g e t  c ruc i form of boron s t a i n l e s s  s t e e l  ( s e e  
F igure  2 ) .  I n  1959, t h e  d e s i r e d  boron concen t ra t ion  i n  t h e  t a r g e t s  
was s p e c i f i e d  t e n t a t i v e l y  on the b a s i s  of c r i t i c a l  experiments  wi th  a  
n u c l e a r  mockup of a  f u l l  HWCTR l a t t i c e  i n  t h e  Process Development P i l e  
(PDP) ( . During t h e  p r e s e n t  r e p o r t  pe r iod ,  t h i s  s p e c i f i c a t i o n  was 
confirmed by means of a  s e r i e s  of PDP experiments i n  which t h e  
r e a c t i v i t i e s  of r e a l  d r i v e r  assembl ies  were compared wi th  those  of t h e  
mockup d r i v e r s  employed i n  t h e  e a r l i e r  experiments .  

* A l l  DP r e p o r t s  c i t e d  wi thout  complete r e f e r e n c e  a r e  p rogress  r e p o r t s  
i n  this s e r i e s .  I 



I n  t h e  more r e c e n t  tests, c r i t i c a l  water h e i g h t s  were measured a s  two 
d r i v e r  mockups were i n s e r t e d  a l t e r n a t e l y  wi th  two a c t u a l  d r i v e r s  i n  
c e n t r a l  hex p o s i t i o n s  of a PDP l a t t i c e  i n  which. the  neutron 'spect rum 
approxiniated t h a t  expected i n  t h e  HWCTR. The r e s u l t s  a r e  presented i n  
F igure  3 i n  terms of a x i a l  buckling f o r  c r i t i c a l i t y  of t h e  p a r t i c u l a r  
PDP l a t t i c e  a s  a f u n c t i o n  of t h e  n a t u r a l  boron content  of ' the ka rge t s .  
On t h e  b a s i s  of t h e s e  r e s u l t s ,  t a r g e t s  containir ig 0.34 w t  $ n a t u r a l  
boron, which corresponds t o  0.6 gram of boron p e r  f o o t  ,of t a r g e t  length ,  
were s p e c i f i e d  f o r  t h e  first HWCTR charge.  Dr ivers  conta in ing tNs 
amount of boron e x h i b i t e d  t h e  same r e a c t i v i t y  a s  d r i v e r  mockups contain-  
i n g  0.5 g / f t ;  t h e  l a t t e r  provided a s a t i s f a c t o r y  margin of c o n t r o l  i n  
t h e  tests wi th  t h e  f u l l  mockup of t h e  HWCTR l a t t i c e .  

A s  a  s e p a r a t e  p a r t  of t h e  PDP experiment, a  measurement wab made of 
t h e  az imuthal  v a r i a t i o n  of t h e  neutron f l u x  i n  a d r i v e r  f u e l  tube a s  
a consequence of t h e  cruciform t a r g e t .  A s e r i e s  of gold p ins  a t  
va r ious  az imuthal  p o s i t i o n s  on t h e  tube were i r r a d i a t e d  i n  t h e  PDP, 
and t h e  a c t i v a t i o n  l e v e l s  of t h e  i n d i v i d u a l  p i n s  were measured. Although 
some azimuthal  v a r i a t i o n  was observed, t h e r e  was no c o r r e l a t i o n  with 
t a r g e t  o r i e n t a t i o n .  The observed r a t i o  of maximuni t o  average f l u x  was 
1.03; this r a t i o  w i l l  be inc luded i n  c a l c u l a t i o n s  of ho t  s p o t  f a c t o r s  
f o r  t h e  d r i v e r  assemblies dur ing HWCTR opera t ion.  

During t h e  same PDP i r r a d i a t i o n ,  a  test was made t o  determine t h e  
f e a s i b i l i t y  of measuring t h e  a x i a l  f l u x  d i s t r i b u t i o n  by i r r a d i a t i n g  
wires  a t t a c h e d  t o  t h e  t a r g e t  subassembly of t h e  d r i v e r s .  The PDP 
i r r a d i a t i o n  demonstrated t h a t  t h e  technique i s  f e a s i b l e  and t h a t  
r e l i a b l e  a x i a l  d i s t r i b u t i o n s  can be s o  obta ined.  U s e  of t h i s  technique 
i s  planned f o r  measuring axial f l u x  shapes i n  t h e  HWCTR dur ing physics 
s t a r t u p  tests. 

C. MECHANICAL DESIGN OF DRIVER ASSEMBLIES 

The mechanical design of one of t h e  end f i t t i n g s  f o r  HWCTR d r i v e r s  
was modified t o  provide f o r  p o s i t i v e  azimuthal  pos i t ion ing  of t h e  
t a r g e t  cruci form r e l a t i v e  t o  t h e  housing. tube  on t h e  opposi te  s i d e  of 
t h e  f u e l  tube  ( s e e  Figure  2 ) .  The new design precludes p o s i t i o n i n g  a 
t a r g e t  b lade  d i r e c t l y  opposi te  a  r i b  on t h e  housing; i t  thereby 
i n c r e a s e s  by about 10% (from 0.8 t o  0 .9)  t h e  f a c t o r  t h a t  i s  included 
i n  computations of burnout h e a t  f l u x  t o  a l low f o r  n o n - i d e a l i t i e s  i n  
f u e l  tube  h e a t  t r a n s f e r .  A prototype of t h e  new f i t t i n g  was incor-  

' po ra ted  i n  a d r i v e r  assembly and was p laced under f low t e s t  a t  HWCTR 
f low and temperature cond i t ions  t o  i n s u r e  t h a t  t h e  f i t t i n g  does no t  
in t roduce  problems of wear o r  v i b r a t i o n  damage. 



II. REACTOR FUELS AND MATERIALS 

A. BACKGROUND 

One of t h e  most impor tant  o b j e c t i v e s  of t h e  du Pont program on heavy- 
water-moderated power r e a c t o r s  i s  t o  develop f u e l  elements  of n a t u r a l  
uranium t h a t  can achieve  a t o t a l  f u e l  c y c l e  c o s t  no g r e a t e r  than  1 
mill/kwh i n  a  l a r g e  power r e a c t o r .  A t  p r e s e n t ,  two types  of Zircaloy- 
c l a d  f u e l  elements  a r e  be ing  developed: coextruded tubes  of uranium 
meta l  and mechanical ly compacted tubes  of uranium oxide.  A f e w  
sprScimens of each type  have been i r r a d i a t e d  a t  low tempera ture  i n  a  
Savannah River  r e a c t o r .  The p r e s e n t  emphasis i s  on p r e p a r a t i o n  of 
both  meta l  tubes  and oxide  tubes  f o r  l a r g e r  s c a l e  i r r a d i a t i o n  tests 
i n  the '  HWCTR. Also scheduled f o r  i r r a d i a t i o n  I n  t h e  HWCTR a r e  bundles 
of swaged uianium oxide rods ,  which a r e  be ing  procured from a commer- 
c i a l  source  a s  a  p o s s i b l e  a l t e r n a t i v e  t o  compacted oxide tubes .  

B. FUEL ELEMENTS OF URANIUM METAL 

1. F a b r i c a t i o n  of I r r a d i a t i o n  Specimens 

F a b r i c a t i o n  cont inued a t  Nuclear Metals,  Inc . ,  on f i f t e e n  s e t s  o f '  
i n n e r  and o u t e r  th in-wal led  tubes  of unal loyed uranium c l a d  wi th  
Zlrcaloy-4; t h e s e  tubes ,  which a r e  be ing  prepared  f o r  i r r a d i a t i o n  
t e s t s  i n  t h e  HWCTR, have t h e  nominal dimensions shown i n  F i g u r e  4. 

By t h e  end of September, a  t o t a l  of e igh teen  i n n e r  tubes  ( t h r e e  shares) 
had been ext ruded wi thout  d i f f i c u l t y  and were undergoing p o s t e x t r u s i o n  
p rocess ing  and i n s p e c t i o n .  F a b r i c a t i o n  of t h e  coex t rus ion  b i l l e t s  
f o r  t h e  o u t e r  tubes  was 75s complete, and e x t r u s i o n  of a l l  of t h e  
o u t e r  tubes  was scheduled f o r  October.  

2. Cladding R e s t r a i n t  Program 

A s  d i scussed  i n  DP-625, Nuclear Metals i s  f a b r i c a t i n g  a s m a l l  number 
of coextruded tubes  of unal loyed uranium wi th  va r ious  th i cknesses  of 
Zi rca loy  c ladding.  These tubes  w i l l  be used i n  an i r r a d i a t i o n  program 
aimed a t  a s c e r t a i n i n g  t h e  e f f e c t i v e n e s s  of mechanical r e s t r a i n t  i n  
p reven t ing  o r  c o n t r o l l i n g  t h e  swe l l ing  of uranium f u e l  co res  dur ing  
i r r a d i a t i o n .  The s t a t u s  of t h e  f a b r i c a t i o n  of  t h e  tubes  a s  of t h e  end 
of t h i s  r e p o r t  pe r iod  i s  summarized i n  the t a b l e  below. 

'I. I.. . :. 
.* . . 

I I r  ( 



Sta tus  of Coextruded Tubes with Various 
Cladding Thicknesses 

Tube S ty l e  

A ( tube  1 )  

A ( tube  2 )  

B 

C 

D ( tube  1) 

D (bubt  C )  

E 

Outer 
Diameter, 

inches  

2.060 " 

Outer 
Cladding 
Thickness, 

inch 

0.060 

Inner  
Cladding . 
Thickness, 

inch  

0'. 060 

Fabricat ion S t a t u e  

Undergoing pqstextrusion proc'essihg. 
, .  , 

Undergping postextrusion processing. 

complete. Sa t i s fac tory .  

Complete. Sa t i s f ac to ry .  

Exceosive s t r i q t i o n .  , S e t  as lde .  
, ' 

Undergoing postextrusion processing. 

Complete except f o r  cladding thickness 
ve r i f  l c a t i o n  . 

A t o t a l  of seven tubes  have been extruded i n  an e f f o r t  t o  ob ta in  f i v e  
a c c e p t a b l e  i r r a d i a t i o n  specimens. Two 2-inch-diameter tubes  with 
0.060-inch c ladding were extruded,  i n s t e a d  of only one tube,  because 
of t h e  g r e a t e r  f a b r i c a t i o n  u n c e r t a i n t i e s  a s s o c i a t e d  with t h i s  p a r t i c u l a r  
type of tubc.  A aecond 1-inch-dianiete~' bube with 0.060-inch c ladding 
was made as a replacement f o r  t h e  f i rs t  such tube, which was set a s i d e  
because i t  conta ined a 0.005-inch-deep s t r i a  t i o n .  Otherwise, t h e  
fa 'b r i ca t ion  and pos tex t rus ion  process ing of t h e  tubes have proceeded 
uneventful ly .  

3. F a b r i c a t i o n  of Uranium Alloy Tubes 

Although t h e  emphasis i n  t h e  du Pont program on urarllurn meta l  elements 
i s  baing  plaood on unalloycd uranium, a ir~yylenlel~Lar'y 8 Ludy I& being 
made of t h e  e f f e c t  on i r r a d i a t i o n  behavior of adding smal l  amounts of 
a l l o y i n g  agen t s  t o  uranium. The obJec t ive  i s  t o  dev i se  a core  
composition t h a t  i s  s u p e r i o r  t o  unalloyed uranium i n  r e a c t o r  performance 
and i s  s u i t a b l e  f o r  a  n a t u r a l  uranium r e a c t o r .  A s  d iscussed i n  
previous p rogress  r e p o r t s ,  f a b r i c a t i o n  s t u d i e s  on s e v e r a l  promising 
a l l o y s  have been underway a t  Nuclear Metals. During t h e  p resen t  
r e p o r t  per iod,  t h e  f i r o t  a t t empts  were made t o  f a b r i c a t e  f u l l - s i z e  
( i . e . ,  10-f t - long)  Zircaloy-clad f u e l  tubes  with cores  of these  a l l o y s .  
One coextrus ion b i l l e t  of U - 0.3 w t  $ A 1  - 0.5 w t  $ S i  and one of 
U - 1 w t  $ S i  were f a b r i c a t e d  f o r  process ing i n t o  tubes f o r  HWCTR t e s t s .  
The s i z e s  of b i l l e t s  were s e l e c t e d  t o  y i e l d  tubes having nominal 
dimensions of 2-inch-diameter thin-walled tubes  ( s e e  Figure  4 ) .  The 
t e r n a r y  aluminum-silicon a l l o y  was extruded s u c c e s s f u l l y  a t  650°c, 
and i s  undergoing pos tex t rus ion  process ing.  The U - 1 w t  $ S i  b i l l e t  
f a i l e d  t o  ext rude because an  ins t rument  e r r o r  l e d  t o  i n s u f f i c i e n t  
load being placed on t h e  ram of t h e  ex t rus ion  p r e s s .  This b i l l e t  w i l l  
be remade f o r  a  l a t e r  ex t rus ion .  



C .  - Fue l  Elements of Uranium Oxide 

A t o t a l  of th i r ty - two  exper imenta l  f u e l  tubes  c o n s i s t i n g  of compacted 
c o r e s  of uranium oxide, i n  ~ l r c a l o y - 4  shea ths  were f a b r i c a t e d  a t  t h e  
Savannah River  Laboratory, and i r r a d i a t i o n  t e s t s  of some of t h e  tubes  
were s t a r t e d  a t  t h e  V a l l e c i t o s  Bo i l ing  Water Reactor  (vBWR) and a t  
Savannah River .  The f a b r i c a t i o n  of t h e  tubes ,  t h e  r e s u l t s  of nun- 
d e s t r u c t i v e  t e s t s  t o  da te ,  and t h e  i r r a d i a t i o n  t e s t s  a r e  d i scussed  
i n d i v i d u a l l y  below: 

1. - F a b r i c a t i o n  of Compacted Oxide Tubes 

With t h e  o b j e c t i v e  of e v a l u a t i n g  improved techniques  f o r  f a b r i c a t i n g  
compacted tubes  of uranium oxide, t h i r ty - two  such tubes  were prepared  
f o r  i r r a d i a t i o n  t e s t s  and f o r  d e s t r u c t i v e  examination. Ten of t h e  
tubes c o n t a i n  U02 en r i ahed  t o  5% u ~ ~ ~ ;  f o u r  of t h e s e  were shipped t o  
General E l e c t r i c  Co., Eor i r r a d i a t i o n  i n  t h e  VBWR. The remaining 
twenty-two tubes  a r e  of n a t u r a l  UO,. A l l  of t h e  tubes  con ta in  fused  
U02 t h a t  was crushed,  c l a s s i f i e d  a s  t o  p a r t i c l e  s i z e ,  blended, and 
compacted i ? n  z i rca loy-4  shea ths .  One-half of t h e  tubes  were compacted 
by v i b r a t i o n  and subsequent swaging, and t h e  o t h e r  h a l f  were produced 
by v i b r a t o r y  con~paction a lone .  Bulk U02 d e n s i t i e s  of t h e  swaged c o r e s  
averaged 90 t o  91% of t h e o r e t i c a l ;  d e n s i t i e s  of t h e  v i b r a t o r i l y  
compacted co res  averaged 82 t o  84% of t h e o r e t i c a l .  The c o r e  l eng ths  
f o r  Savannah River  and VBWR i r r a d i a t i o n  specimens were 18 and 36 inches ,  
r e s p e c t i v e l y .  Other nominal dimensions of a l l  specimens inc luded  an 
o u t s i d e  d iameter  of 2.06 inches ,  an  i n s i d e  diameter  of 1 .46  inches ,  
and a  c l add ing  th i ckness  of 0.030 i n c h .  

Severa l  s t e p s  were i n c o r p o r a t e d  i n  t h e  f a b r i c a t i o n  process  t o  exclude 
hydrogenous material .  from t h e  tubes ;  t h e  o b j e c t i v e  was t o  e l i m i n a t e  
t h e  cause of t h e  l o c a l  hydr ide  a t t a c k  t h a t  caused shea th  f a i l u r e s  i n  
e a r l i e r  i r r a d i a t i o n s  of Zi rca loy-c lad  oxide tubes  a t  Savannah River  
(DP-615). These s t e p s  were ( 1 )  vacuum ou tgass ing  of t h e  oxide a t  
1 3 0 0 ~ ~  p r i o r  t o  loading i t  i n t o  t h e  s h e a t h  tubes ,  ( 2 )  loading t h e  
oxide  i n  a  dry,  i n e r t  atmosphere, and (3 )  vacuum dry ing  of t h e  compacted 
f u e l  tubes  a t  200% befo re  f i n a l  s e a l i n g .  To provide  a b a s i s  f o r  
a p p r a i s i n g  t h e  improved process ,  some of t h e  oxide tubes  a r e  be ing  
examined d e s t r u c t i v e l y  f o r  mois ture  and gas  c o n t e n t s  of t h e  U02 c o r e  
and f o r  t h e  hydrogen con ten t  of t h e  c ladding.  R e s u l t s  of ana lyses  or 
c a r e f u l l y  processed  samples i n d i c a t e  t h a t  t h e  mois ture  contenL of the 
U02 c o r e s  i s  l e s s  than  10 ppm. By comparison, t h e  mois ture  i n  tubes  
f a b r i c a t e d  p rev ious ly  was a s  much a s  100 ppm. The amounts and 
composlt lons of t h e  gases  e x t r a c t e d  from t h e  tubes  a t  1000 and 1 3 0 0 ~ ~  
a r e  1 i s t e d . I . n  Table I. The d a t a  f o r  en r i ched  oxide  r e v e a l  t h a t  t h e  
vacuum ou tgass ing  s t e p  e f f e c t e d  about  a t e n f o l d  r educ t ion  i n  t h e  gas  
con ten t  of t h e  U02. R e l i a b l e  d a t a  a r e  n o t  y e t  a v a i l a b l e  on t h e  gas  
con ten t  of t h e  o r i g i n a l  n a t u r a l  U02, bu t  p re l imina ry  r e s u l t s  i n d i c a t e  
t h a t  t h e  t o t a l  amount of gas  was about  t h e  same a s  i n  t h e  f i n i s h e d  tubes  

The hydrogen con ten t  of t h e  z i r ca loy-4  s h e a t h s  a f t e r  p o s t f a b r i c a t i o n  
au toc lav ing  averaged between 20 and 30 ppm. Information on t h e  
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hydrogen con ten t  of t h e  as- received tubing i s  no t  y e t  a v a i l a b l e ,  but  
a  value  of about  20 ppm i s  expected. 

Inspec t ion  of t h e  tubes  a f t e r  they were autoclaved revealed  t h a t  
s e v e r a l  of t h e  swaged tubes conta ined a grey l o n g i t u d i n a l  s t r e a k  about 
1/8 i n c h  wide on t h e  o u t e r  shea th  s u r f a c e .  A s i m i l a r  s t r e a k  was a l s o  
p r e s e n t  i n  samples of t h e  o r i g i n a l  shea th  tubing.  Although t h e  s t r e a k s  
a r e  no t  considered de t r imenta l  t o  t h e  i n t e g r i t y  of t h e  elements, t e s t s  
a r e  being made t o  i d e n t i f y  t h e  cause.  

Depressions as deep a s  0.017 inch,.developed I n  t h e  o u t e r  sheath  of 
many of t h e  tubes  dur ing t h e  autoclaving opera t ion.  These depressions,  
which were a t  t h e  e x t r e a t i e s  of t h e  oxide core, were the result of 
shea th  buckl ing i n t o  a r e a s  of t h e  core  that had a r e l a t i v e l y  low dens i ty*  
The low d e n s i t y  was a t t r i b u t e d  t o  l o c a l  d i s r u p t i o n  of t h e  oxide packing 
when t h e  c o r e  ends were counterbored t o  permit  i n s e r t i o n  of t h e  end 
plugs .  Improved methods f o r ' c o u n t e r b o r i n g  t h e  oxide and assembling - 
t h e  end plugs  w i l l  be  developed t o  e l imina te  t h e  depress ions .  

One of t h e  v i b r a t o r i l y  compacted tubes was sub jec ted  t o  i n t e r n a l  
p ressure  i n  o r d e r  t o  measure t h e  p ressure  requ i red  t o  c o l l a p s e  t h e  
i n n e r  shea th .  The t e s t  was performed wi th  t h e  element a t  3 5 0 ' ~ ~  t h e  
approximate maximum cladding temperature of an  opera t ing f u e l  element 
i n  a D20-cooled power r e a c t o r .  The c o l l a p s e  p ressure  was 600 p s i ,  which 
i s  w e l l  above t h e  l e v e l  expected i n  c u r r e n t  i r r a d i a t i o n  t e s t s .  

The r e s u l t s  of room-temperature t e n s i l e  t e s t s  on specimens from t h e  
o u t e r  shea ths  of t h e  compacted tubes  were i n  genera l  agreement with 
r e s u l t s  on tubes  f a b r i c a t e d  previously  (DP-625). Vibratory compaction 
d i d  not  a l t e r  t h e  Zirca loy.  p r o p e r t i e s .  Swaging t o  a shea th  reduct ion 
of 6% i n c r e a s e d  y i e l d  and t e n s i l e  s t r e n g t h s ,  and reduced elongation-to-  
f r a c t u r e  va lues  more than 50%. The r e s u l t s  of t h e  t e n s i l e  t e o t a  a r e  
@l.eut t~~Lei l  IIJ Table 11. , . 

2. I r r a d i a t i o n  Tests  

Eight  of the compacted oxide tubes  descr ibed i n  t h e ' p r e c e d i n g  s e c t i o n  
were p laced under i r r a d i a t i o n ,  t w o ' i n  t h e  V a l l e c i t o s  Boi l ing  Water 
Reactor and s i x  i n  a Savannah River r e a c t o r .  One of t h e  two VBWR tubes  
was fabx4icated by v i b r a t o r y  compaction.and swaglng,.and t h e  o t h e r  was 
f a b r i c a t e d  by v i b r a t o r y  compaction a lone .  The approximate i r r a d i a t i o n  
cond i t ions  f o r  these  two tubes a r e  a s  fo l lows:  

Coolant-. - b o i l i n g  H20 
Reactor p ressure  - 1000 p s i  
Mean coo lan t  temperature - 2 8 5 ' ~  
'1'otal element power - 120 kw per  tube  
Maximum h e a t  f l u x  - 140,000 pcu/ ( h r  ) (f t 2 )  

Af te r  i r r a d i a t i o n  a t  these  cond i t ions  f o r  about two weeks, t h e  tubes 
w i l l  be inspec ted .  If  i n s p e c t i o n  r e s u l t s  a r e  sat1sfactory;they w i l l  



then be i r r a d i a t e d  f u r t h e r  a t  a  maximum hea t  f l u x  of about 300,000 
~ c u / ( h r )  ( f t 2 ) .  

Half of t h e  tubes being i r r a d i a t e d  a t  Savannah River a r e  swaged speci -  
mens; t h e  o t h e r  h a l f  a r e  v i b r a t o r i l y  compacted. The tubes a r e  being 
i r r a d i a t e d  a t  temperature l e v e l s  below those  p r o j e c t e d  f o r  a  D,O-cooled 
power r e a c t o r .  The i r r a d i a t i o n  condi t ions  a t  Savannah River a r e  c l a s -  
s i f i e d  "Secre t ,"  and a r e  presented i n  s e p a r a t e  c l a s s i f i e d  r e p o r t s .  

3. Thermal Cycling of Compacted Oxide Tubes 

One each of the  swaged and v i b r a t o r i l y  compacted elements descr ibed 
i n  Sect ion I1 C 1 were subjected  t o  a s e r i e s  of thermal cyc l ing  t e s t s  
i n  order  t o  ob ta in  information on c ladding behavior.  The cyc les  
cons i s t ed  of immersion of t h e  tubes i n  molten l ead  f o r  f i v e  minutes 
and immersion i n  water a t  about  1 0 0 ~ ~  f o r  t h r e e  minutes. The l e a d  
temperature was 4 5 0 ' ~  I n  some of t h e  cyc les ,  and 6 5 0 ' ~  i n  o t h e r s .  
The r e s u l t s  a r e  summarized below: 

Incremental  Inc rease  i n  OD, i nch  
Non-Swaned Element Swaned Element 

After  1 cycle ,  ~ ~ O ~ C / ~ O O ~ C  0.001 0.001 

After  5 cycles ,  4 5 0 ~ ~ / 1 0 0 ~ ~  . 0.800 0.000 

After  20 cyc les ,  4 5 0 ~ ~ / 1 0 0 ~ ~  , 0.000 0.000 

After  1 cycle ,  6 5 0 ~ ~ / 1 0 0 ~ ~  0.002 0.003 

After  2 cyc les ,  ~ ~ o ~ c / ~ o o ~ c  0.001 0.002 

After  5 cycles ,  ~ ~ O ' C / ~ O O ~ C  0.002 0.001 

After  12 cyc les ,  ~ ~ o ~ c / ~ o o ~ c  
Tota l  growth of element 

There was no apparent .change i n  i n s i d e  diameter  during t h e  cycl ing,  and 
t h e  change i n  l eng th  was i n s i g n i f i c a n t .  A t  t h e  completion of t h e  
t e s t s  t h e r e  was no apparent  i n d i c a t i o n  of weld o r  c lad  f a i l u r e  o r  of 
abnormal swel l ing .  Although t h e  t e s t s  a r e  no t  r e p r e s e n t a t i v e  of any 
p a r t i c u l a r  cond i t ions  t h a t  a r e  expected t o  e x i s t  dur ing i r r a d i a t i o n  
of t h e  tubes,  they do provide a good genera l  I n d i c a t i o n  of element 
i n t e g r i t y . .  On t h e . b a s i s  of the  r e s u l t s ,  i t  i s  bel ieved t h a t  t h e  
compacted  tube^ can wi ths tand considerable  power cyc l ing  dur ing 
i r r a d i a t i o n .  

4. Analysis of Uranium Oxide f o r  Moisture 

Two methods were developed a t  t h e  Savannah River Laboratory and 
s u c c e s s f u l l y  a p p l i e d  f o r  t h e  determination of t r a c e s  of w a t e r . i n  UO, 
f o r  power r e a c t o r  f u e l  elements. Comparable r e s u l t s  were obta ined 
with t h e  two methods. A t  molsture concen t ra t ions  of 10 t o  100 ppm, 
t h e  s t andard  dev ia t ion  f o r , e a c h  method was about 20% with  a 5-g sample 



of U02. One method employed pressure-volume-temperature measurements 
of t h e  water  vapor t h a t  was l i b e r a t e d  when U02 was heated  i n  vacuum t o  
3 0 0 ' ~  i n  a g l a s s  system. A smal l  c o r r e c t i o n  was a p p l i e d  f o r  t h e  
noncondensable i n e r t  gases t h a t  were a l s o  l i b e r a t e d  a s  t h e  oxide was 
heated .  The second method u t i l i z e d  an e l e c t r o l y t i c  moisture monitor 
and i n t e g r a t o r  t o  measure t h e  water vapor t h a t  was evolved when U02 
was heated  i n  a s t ream of dry  helium. The a n a l y t i c a l  t r a i n  was placed 
i n  a dry box t o  minimize s o r p t i o n  of H20 by U02 dur ing t r a n s f e r  of samples 
from f u e l  tubes  t o  t h e  furnace .  

A s tudy of U02 wi th  t h e  f irst-named method showed t h a t  water  i s  he id  
by t h e  oxide by a t  l e a s t  two d i f f e r e n t  mechanisms and t h a t  a tempera- 
t u r e  of about 3 0 0 ' ~  i s  necessary  f o r  complete dehydrat ion.  Water t h a t  
i s  adsorbed on t h e  s u r f a c e  is  apparent ly  r e l e a s e d  a t  2 5 ' ~  under vacuum; 
absorbed o r  chemisorbed water  i s  r e l e a s e d  over t h e  temperature range 
100-300'~. An example of t h e  desorpt ion curve  i n  t h i s  range i s  shown 
i n  Figure  5 .  The d o t t e d  por t ion  of t h e  curve I , l l u s t r a t e s  t h e  magnitude 
of t h e  c o r r e c t i o n  f o r  noncondensables. 

More thorough s t u d i e s  of t h e  adsorpt ion isotherms of water on UO, 
w i l l  be made i n  suppor t  of t h e  development program on oxide f u e l  
elements.  

1.11. HEAT TRANSFER BURNOUT IN SUBCOOLED WATER 

Addi t ional  measurements of h e a t  t r a n s f e r  burnout were made a t  t h e  
Savannah River Laboratory (SRL) f o r  forced f low of subcooled water  
a t  system pressures  a s  high a s  1000 p s i .  The r e s u l t s  confirmed and 
extended t h e  d a t a  presented i n  DP-645 i n  t h e  fo l lowing r e s p e c t s :  

1. V a r i a t i o n  of t h e  system pressure  between 150 and lQQQ g s l a  
has  l i t t l e  o r  no e f f e c t  on t h e  burnout hea t  f l u x .  

2. A t  p ressures  a s  h igh a s  1000 p s i a  and a t  a given subcooling 
and f l u i d  v e l o c i t y ,  t h e  burnout h e a t  f l u x e s  f o r  heated  tubes of 0.32- 
and 0.49-inch I D  were t h e  same and were c o n s i s t e n t  with previous 
measurements a t  SRL wi th  d i f f e r e n t  equipment a t  much lower p ressure  
(-50 p s i a ) .  

3. The burnout h e a t  f l u x  a t  150-1000 p s i a  f o r  hea ted  tubeo of 
0.87-inch I D  was about  20$ lower than t h e  corresponding value  f o r  
0.32- and 0.49-inch I D  tubes and was n o t  c o n s i s t e n t  wi th  a l i m i t e d  
amount of e a r l i e r  burnout d a t a  a t  50-80 p s i a .  

The burnout experiments, t h e  r e s u l t s  of which a r e  presented i n  Table 111, 
a r e  being conducted t o  e s t a b l i s h  t h e  hea t  t r a n s f e r  l i m i t s  f o r  l i q u i d -  
D20-cooled power r e a c t o r s  t h a t  opera te  a t  p ressures  of about 1000 p s i .  
The t e s t s  were made wi th  e l e c t r i c a l l y  heated  tubes  t h a t  were 2 f t  long 
and were cooled by i n t e r n a l  downward flow of water .  Burnout, o r  
mel t ing  of t h e  tube  wall ,  was v i s u a l l y  observed through s i g h t  g l a s s e s  
i n  t h e  enclosures  around t h e  heated  tube. 



The d a t a  i n  Table I11 were c o r r e l a t e d  by t h e  fo l lowing empi r i ca l  
equation: 

where 
( Q / A ) ~ ~  = burnout hea t  f l u x ,  p c u / ( h r ) ( f t 2 )  

K = a cork tan t ;  K i s  536,000 f o r  tubes of 0.32- 
and 0.49-inch I D  a t  system pressures  of 
80-1000 p s i a ;  K i s  448,000 f o r  tubes of 
0.87-inch I D  a t  system pressures  of 
150-1000 p s i a .  

V = water ve loc i ty  a t  burnout po in t ,  f t / s e c  

T = subcooling a t  burnout po in t ,  'C 
s 

The c o r r e l a t i o n  f i t s  t h e  d a t a  with a maximum dev ia t ion  of +16$ and a 
s tandard  dev ia t ion  of +8$. The subcooling and v e l o c i t y  terms of 
Equation (1) a r e  t h e  same as those  i n  t h e  fo l lowing burnout equation 
repor ted  i n  DP-355 f o r  25-85 psis:( 4 ,  

I n  Equation ( 2 ) ,  P i s  t h e  coolant  p ressure  a t  t h e  burnout po in t ,  p s i a .  

D r i f t  p l o t s  of Equation (i) a g a i n s t  subcoo1,lng and v e l o c i t y  show t h a t  
t h e  r e s p e c t i v e  terms i n  t h e  equation adequa$ely r e p r e s e n t  t h e  e f f e c t s  
of t h e s e  v a r i a b l e s .  There i s  some evidence of a d r i f t  of t h e  c o r r e l a -  
t i o n  with suhcooling, bu t  t h e  number of d a t a . p o i n t s  r espons ib le  f o r  . 
t h i s  apparent  t r e n d  a r e  considered too  few t o  wara~~ant adjustment of 
t h e  subcooling term i n  t h e  equation a t  t h i s  t i m e .  A d r i f t  p l o t  
a g a i n s t  system pressure  shows t h a t ,  f o r  equivalent  diameters of 0.32 
and 0.49 Inch,  t h e  c o r r e l a t i o n  adequately desc r ibes  t h e  experimental  
d a t a  from 1000 p s i a  down.to about 80 p s i a .  . A t  lower p ressures  t h e  
burnout f l u x  decreases r a p i d l y  with decreas ing p ressure .  

A t  an  equivalent  diameter  of 0.87 inch,  t h e r e  appears t o  be no 
s i g n i f i c a n t  p ressure  e f f e c t  from 1000 'ps ia  down t o  about 150 p s l a .  
Below 150 p s i a ,  t h e  burnout f l u x  decrease8 somewhat with decreas ing 
pressure .  The data ob,Laliied wl th  t h e  0.87-1 nch-ID tube  i n  high- 
p ressure  equipment a t  p ressures  l e s s  than 100 p s i a  a r e  15-40% lower 
than f o u r  burnout f l u x e s  t h a t  were measured f o r  annu l i  of 0.75- and 
1.0-inch equivalent  diameter  i n  low-pressure equipment. Pending reso- 
l u t i o n  of t h i s  discrepancy by experlments t h a t  a r e  now underway, t h e  
c o r r e l a t i o n  of t h e  d a t a  f o r  0.87-inch-ID tubes  by Equation (1 ) 'mus t  
be considered t e n t a t i v e .  



TABLE I 

GAS CONTENT OF UOp CORES IN COMPACTED FUEL TUBES 
Preirradiation Data 

Specimen Temp. of Total' Qas, ' CompoDition. ppni 111 UOp 
No. Element No. Extraction, OC cc/a. H= , OP Na Cg a 

2189 (a) ' C 1300 0.11 0.3 - 61 - 7 

~186B(~) B 1 3 0  0.10 - 18 81 6 6 
. . 

A .  1 3 0  0.11 3 1 ,  56 12 4 
z g g ~  (a B 1 3 0  0.07 3 5 2 7 8 1  

~186B(~) B 1000 0.04 2 2' 5 17 1 

(a)natural oxide 
(b)5$ enriched oxide 

TABLE I1 

RESULTS OF TENSILe TESTS OK ZIRCAXOY SHEATHS - OF COfiPACTgD.-vm 
PreiFradiation Data 

Yield 
~Crangth, 

psi 

48,500 
4li,.snn . 
45,POO 

44,000 
50, $0 

52, ooo 
46,000 
50,000 

47,000 
45,000 
43,500 

'I 'I j 500 
40,000 
37,200 

45,000 - 
44,500 

' 59,500 
55;pOO 
- 
52,200 
58,800 

Ultimate . 
Strength, 

us1 

84,500 
83,QoQ 
82,500 

72,000 . 
75, 500 

' 76,000 
82,ubo 
76,000 

78,000 
77,500 
76,400 

77, Goo 
73,000. 
73,000 

71,000 
71,000 
71,600 

88,400 
83,300 

80,000 
80,600 
81,000 

Orientation of 
Tensile Sveclmen 

Circumferential 

. . 
Elongation to 
.Fracture. % 

Reduction 
of Area. % 

Tube 
'Condition 

As-received 

Tube No. 

H06-1ZB 
H06-12C 
nu6-12U 

H06-12B 
HOG-12C 

H06-6A 
H06-6B 
H06-6C 

H06-6C 
H06-6D 
H06-C;E 

Z178A-B 
Z178A-C 
Z178A-D 

Z178A-6 
Z178A-H 
Z178A-1. 

Z186A-A 
7.186A-B 

Z186A-C 
Z186A-F 
Z186A-G 

Longitudinal 

~lrbumferential 

Longitudinal 

Vlbratorily 
compacted 

Vibratorily 
compacted 

Swaged Circumferential 

Longitudinal Swaged 



TABLE I11 

EXPERIMENTAL BURNOUT HEAT FIUXXS IN SUBCOOLEI) WATW 

Equivalent Water Meae. Burnout Ratio of Measured 
Pressure, Diameter f Vel. (v), Subcooling Heat Flux (Q/A) to ~alculated(b) 
p?Ia Tube. inchTa) ft/sec (T.1, OC lo6 ncu/hr) (rt4x Burpout Heat Flux 

54 0.324 '28.7 43.8 1-33 0.86 
84 0.321 36.6 41.4 1.80 1.04 
87 0.322 38.8 34.8 1.63 0.95 
19 3 0.321 33.6 51.6 1.84 0.97 
798 0.322 38.8 35.2 1.67 0.90 
994 0.322 35.8 33.1 1.86 1.16 
1000 0.320 38.5 76.4 1.94 0.89 
1001 0.313 21.3 36.2 1.47 1.16 

52 0.487 27.7 41.6 1.16 0.78 
93 0.489 24.7 78.2 1.61 0.92 
9 3  0.487 25.3 40.7 1.43 1.01 
803 0.495 28.6 33.4 1.41 0.99 
1000 0.995 16.4 46.5 1.21 0.99 
1002 0.492 33.3 59.0 1-79 0.99 
1002 0.491 34.4 57.2 1.80 0.98 

0.877 19.8 39.4 0.87 0.83 
0.877 13.3 48.1 0.87 0.91 
0.880 29.5 29.8 1.01 0.85 
0.877 10.4 55.7 0.86 0.93 

1 0.871 9.8 72.2 . - 1.05 1.04 
195 dL 0.869 30.0 9.5 .'* 1-10 0.92 
501 0.871 19.2 38.6 1.14 : , 1.10 1 : .-  .. . . . 
999 0.872 19.7 43.0 1.14 1.06 . 
1000 0.868 29.7 22.5 1.07 0.95 

(a)Heated length was 2 ft. 
(b)Calculated by the following correlating equations for high-preesure burnout: 

(Q/A), = 536,000(1 + 0.0365~)(1 + 0.00914TB) for tubes of 0.32- and 
0.49-inch ID 

( O / A ) ~ ~  = 448,000(1 + 0.036%) (1 + 0.00g14TB) fop tubes of 0.87-inch ID 
(tentative) 

; j , '  -" '  



FIG. 1 EXTERIOR OF HWCTR CONTAINMENT SHELL - SEPTEMBER 1961 
Concrete block building in foreground is reactor control building. 



Zircaloy Housing Tube 

Zircaloy Target 
Support Tube 

Boron Stainless Steel 
Target Cross 

u ~ ~ ~ - z ~  Fuel Tube 
Clad with Zircaloy 

FIG. 2 CROSS SECTION OF 'HWCTR DRIVER ASSEMBLY 

Natural Boron Content of 
Driver Targets, grams per ft of length 

FIG. 3 EFFECT OF BORON CONTENT OF TARGETS ON 
REACTIVITY OF  HWCTR DRIVER ASSEMBLIES 
Results of critical water height measurements 
in the Process Developement Pi le (PDP) 



Inner Tube gutor Tube 

Clad inner diameter, inchas 0.660 1 .YO0 
Core inner diameter, inches 0.710 1.750 
Core outer diameter, inches 0.970 2.0 10 
Clad outer diameter, inches 1.020 2.060 
Approximate length, f t  10 10 

Housing tube ID, Inches 2.494 
Housing tube OD, inches 2.560 
Core Uranium metal 

Clad and housing Zircaloy - 4 
Spacers for maintaining tube concentricity are not shown. 

FIG. 4 THIN llR4NlUM METAL TUBES FOR HwCTR f ESTS 

16 - I I I 
Before correction for noncondensobles 

0 After correction for noncondensables 

0 100 200 300 400 
UOZ T mpemture, OC 

FIG. 5 DESORPTION OF WATER BY FUSED URANIUM OXIDE 

- 20 - 
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5. E a r l i e r  progress  r e p o r t s  i n  t h i s  s e r i e s  a r e :  

DP-232 DP-345 DP-425 DP-485 , DP-545 DP-605 
DP-245 DP-375 DP-'435 DP-495 Dp-555 DP-615 
DP-265 DP-385 DP-445 DP-505 . DP-565 DP-625 
DP-285 DP-395 DP-455 DP- 51 5 DP-575 DP-6.35 
DP-295 DP-405 DP-465 DP-525 DP-585 DP-645 
DP-315 DP-415 DP-475 DP-535 DP-595 DP-655 

Progress f o r  t h e  month of  October w i l l  be r epor ted  i n  DP-675. 




