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Abstract 

S i x o f  t h e  f o u r t e e n  i n s t r um e n t  t u be n o z z l e s  ext r a c t e d f r om t h e TMI - 2  

l owe r h e a d  w e r e  e x a m i n e d  a t  A r g on n e Na t i on a l  L a b o r a t o ry t o  p r o v i d e i n f o rm a t i on 

on  t h e i r  m e t a l l u r g i c a l  s t a t e , o n  i n t e r a c t i o n s  w i t h  c o r e d e b r i s t h a t  m a d e  i t s 

w a y  t o  t h e  l owe r h e a d , a n d  o n  p e n et r a t i on o f  t h e  c o r e  d e b r i s i n t o  t h e  n o z z l e s. 

T h e  obj e c t i v e s  o f  t h e e x a m i n a t i o n s  we r e  t o  de t e rm i n e  t h e  tempe r a t u r e s  n e a r t h e  

l owe r h e a d , t h e  me c h a n i s m s , mod e s , a n d ext e n t  o f  n o z z l e d e g r a d a t i o n t o  e v a l u ­

a t e  t h e  c h a l l e n g e  t o  t h e  l owe r h e a d  c o n t a i nme n t  b o u n d a ry ,  a n d c o n t r i b u t e  t o  

t h e  g e n e r a t i o n  o f  a s c e n a r i o f o r  f u e l m o v e me n t  o n  t h e  l owe r h e a d . T h e  e x a m i ­

n a t i o n  t e c h n i q u e s  w e r e  v i s u a l e x a m i n a t i on , g a mm a  s c a n n i n g , me t a l l og r a p hy , m i ­

c r o h a r d n e s s me a s u r eme n t s , a n d s c a n n i n g e l e c t r on m i c r o s c opy - e n e r g y  d i s pe r s i v e  

X - r a y  ( S EM - EOX ) a n a l y s i s .  

T h e  r e s u l t s  o f  t h e  e x a m i n a t i o n s  i n d i c a t e  t h a t  s om e  n o z z l e s  we r e  m e l t e d  

o f f  b y  i n t e r a c t i on w i t h  m o l t e n  c o re de b r i s ,  w h e r e a s ot h e r s  w e r e  o n l y  t h e rm a l l y  

a f fe c t ed by c o n t a c t  w i t h  c o r e  de b r i s ,  s ome o f  w h i c h  a t t a c h ed  i t s e l f t o  n ozz l e 

s u r f a c e s . T h e  e l e v a t i o n s  a t  w h i c h  t h e  n o z z l e s  we r e  m e l t e d  o f f  s u g g e s t  t h a t  

t h e  l i q u i d c o re d e b r i s w a s a t op  a c r u s t  o f  s o l i d i f i ed  m a t e r i a l  t h a t  a p p a r e nt l y  

g e n e r a l l y  i n s u l a t ed t h e  r e a c t o r  v e s s e l  f r om t h e  h ot t e s t  d e b r i s .  T h e  p a t t e r n  

o f  n o z z l e d e g r a d a t i o n wa s c on s i s t e n t  w i t h  t h e  l oc a t i o n  o f  a h ot s po t  i n  t h e  

v e s s e l  a t  t h e  E 7 - 8 / F 7-8 l oc a t i o n  a s  d et e rm i n e d  by met a l l u r g i c a l  e x a m i n a t i on o f  

t h e  v e s s e l  s t e e l  s a mp l e s  by ot h e r s . B a s e d  o n  t h e  s e v e r e  d a m a g e  t o  s om e  n o z ­

z l e s  a n d n o t  t o  ot h e r s  i n  r e l at i v e l y c l o s e  p r o x i m i ty ,  i t  c a n  be c o n c l u d e d  t h a t  

t h e  f l ow o f  m a t e r i a l  a c r o s s  t h e  l ow e r  h e a d  wa s m u l t i - d i r e c t i o n a l  a n d n ot u n i ­

f i e d .  It i s  b e l i e v e d  t h a t  a s i g n i f i c a n t p o r t i o n  o f  t h e  c o r e  d e b r i s m o v e d  

a c r o s s  t h e  l ow e r  h e a d , f r om t h e  e a s t  a nd s o u t h e a s t  t o w a rd t h e  h o t  s po t , i n  a 

l a v a - l i ke f l ow ,  t h e  b a s a l  c r u s t  i n s u l a t i n g  t h e  v e s s e l  a n d t h e  l ow e r  p o r t i o n s  

o f  t h e  n o z z l e s .  T h e  f i n d i n g  o f  s i g n i f i c a n t q u a n t i t i e s  o f  c o n t r o l  a s s em b l y m a ­

t e r i a l s ( Ag ,  Cd , In , Z r , Fe , a n d C r  w i t h o u t  U )  i n  t h e  n o z z l e mate ria l a n d on  

n o z z l e s u r f a c e s  i n d i c a t e s  t h e i r p r e s e n c e  o n  t h e  l owe r h e a d  p r i o r  to t h e  ma s­

s i v e  r e l o c a t i o n  o f  c o r e  d e b r i s 2 2 6  m i n ut e s  i n t o  t h e  a c c i d e n t . 

i i i 
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Foreword 

T h e  c ontents of t h is report were d evel o ped as part of t he Three Mi 1 e 
I s l and Unit 2 Vessel I nvestigation Proj est .  This proj ec t  is j oint l y sp onsored 
by e l even c ountries under t he auspices of t he Nuc l ear Energy Agency of t he 
Organisat i on for E c onomic Cooperat ion and Deve l opment . The e l even sponsoring 
organizations are : 

* 

* 
* 
* 
* 

* 
* 
* 
* 
* 
* 

The Centre d'E tuces d'Energie Nuc l �aires of Bel g ium , 
The Sateil yturvakeskus of Finl and , 
The c ommissariat a 1 ' Energie At omique of France , 
The Gese l l sc haft fOr Rea k t orsic herheit mbH of Germany , 
The Comitat o Naziona l e per La Ricerca e per Lo Svil uppo De l l '  
Energia Nuc l eare e Del l e  Energie A l ternative of I tal y ,  
The Japan At omic Energy Researc h  I nstitute , 
The Consej o de Seguridad Nuc l ear of Spain , 
The Statens Karnkraftinspektion of Sweden , 
The Office Federal de 1 ' Energie of Swi t zerland , 
AEA Tec hno l ogy of t he United King d om and 
The United Stat es Nuc l ear Regul at ory Commission. 

T h e  primary obj ec t ives of t he Nuc l ear Energy Agency ( N E A) are t o  promot e  
c ooperation between i t s  Member governments on t he safety and regul at ory aspec t s  
o f  nuc l ear deve l o pment , and o n  assessing t he future ro l e  of nuc l ear energy as a 
c ontribut or t o  ec onomic progress . 

T his is ac hieved by : 

-en c ouraging h armonisation of g overnment s' regu l at ory p o l icies and 
pra c tices in t he nuc l ear fiel d ,  wit h particul ar reference t o  t he safety 
of nuc l ear instal l ations , protec tion of man again s t ionising radiation 
and preservation of t he environment , radioac tive waste management , and 
nuc l ear t hird party l iabi l ity and insurance: 

- keeping under review t he tec hnic a l  and ec onomi c c h arac teris t i c s  of 
nuc l ear power growt h and of t he nuc l ear fuel cyc l e ,  and asses sing demand 
and sup p l y for t he different p hases of t he nuc l ear fuel cyc l e  and t he 
potentia l  future c ontribution of nuc l ear power t o  overa l l energy demand: 

- devel o ping exc hanges of scientific and tec hnica l  information on nuc l ear 
energy , partic u l ar l y t hroug h participation in c ommon services: 

-se t ting u p  internationa l  resear c h and d eve l o pment pro g rammes and 
und erta kings j oint l y organized and o perated by O ECD c ountries . 

I n  t hese and rel a ted t asks , N E A  works in c l ose c o l l aborati on wit h t he 
I nt ernationa l  Atomic Energy Agen c y  in Vienna , wit h w hi c h it has c on c l uded a 
Coo peration Agreement , as wel l as wit h ot her international organisa tions in t he 
nuc l ear fie l d. 
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I. Introduction 

T h e  acc i d ent a t  t h e T h r e e  M i le I sland Uni t 2 ( TM I -2)  re act o r  i n  Ma rch 

19 7 9  r e s ulted i n  t h e  r e l oca t i on of a p p r ox i ma t e l y 19, 000 kg o f  m olte n co r e  ma­

t e r i a l  t o  t h e  l owe r h e a d  o f  t h e  re act o r  v e s s el .1 T h i s ma t e r i a l  cau s ed e xten­

s i v e d a ma g e  to  the  i ns t r ument g u i d e  t u bes a nd n o z z l es and wa s s u s pect ed of  

h a v i ng ca u s e d  s i gni f i cant metallu r g i ca l  ch ang e s  i n  the  cond i t i o n o f  the  l owe r 

h e a d  i t s el f. T h e s e  chang e s  a nd t h e i r e f fect on t h e ma r g i n-to-f a i lu r e o f  t h e 

l ow e r  h e a d  b ecame t h e f ocal p o i nt of an i nv e s t i g a t i on co- s p ons o r ed by t h e  

Uni t e d  S t a t e s  N ucle a r  Reg ulat o ry C omm i s s i on ( NRC) and t h e  O r g a n i s a t i on f o r  

Econom i c  Co-o pe r a t i on a nd Dev elo pment ( O E CO) . T h e  TM I -2 Ve s s el I nv e s t i g a t i on 

P r oj ect ( V I P) w a s  f o rmed t o  d e t e rm i ne t h e met allu r g i ca l s t a t e  o f  t h e  v e s s el a t  

t h e  l owe r h e a d  a nd t o  a s s e s s  t h e ma r g i n-t o-f a i lu r e  o f  t h e  v e s s e l  und e r  t h e  

cond i t i on s  e x i s t i ng d u r i ng t h e  a cc i d ent. T h i s r e p o r t  wa s p r e p a r ed u n d e r  t h e 

a u s p i ce s  o f  t h e  O E CD/N EA T h r e e  M i l e  I s l a n d  Ves s el I nv e s t i g a t i on P r oj ect. 

Und e r  t h e a u s p i ce s  of t h e V I P ,  s pec i mens of the react o r  v e s s el we re re­

m o v e d  i n  F e b r u a ry 1990 by MPR As s oci a t e s , I nc.2 In a d d i t i on t o  t h e s e  s peci ­

mens , f o u r t e en i ns t r ume n t  noz zle segment s a nd t w o  se gment s o f  i ns t r ument g u i d e  
t 

t u b e s  we r e  r e t r i e v e d  f o r m e t a llu r g i ca l  e v alu a t i on. T h e  p u r p o s e  of t h i s e v al u -

a t i on wa s t o  p r ov i d e  a d d i t i onal i nfo rma t i on on t h e  t h e rmal cond i t i ons on t h e 

l owe r h e a d  t h a t  would i n fl u ence t h e mar g i n-t o-f a i lu re , a nd t o  p r ov i d e i ns i g h t  

i nt o  t h e  p r o g r e s s i on o f  t h e  a cci d ent scena r i o ,  s peci f i call y t h e  mov ement o f  

t h e m olt e n  f u el a c r os s t h e lowe r h e a d. 

II. ObJectives 

T h e  V I P h a s  a s  i t s p r i nci p a l  g o al t h e d e t e rmi na t i on o f  t h e  m a r g i n-t o­

f a i lu r e o f  t h e r e act o r's lowe r h ead. Concom i t ant wi t h  t h i s g o a l  i s  t h e  d e vel ­

opme n t  o f  a lowe r-h ead-d a mag e sce nar i o  and i np u t  dat a nee d s  f o r  t h e  ma r g i n-t o­

f a i lu r e a nalys i s. To t h i s e nd ,  t h e I daho N a t i ona l  Eng i ne e r i ng Labo rat o ry 

( I NE L) d e v e l oped a VIP C o o rd i nat i on Plan t h a t  i d e n t i f i es  t h e scope o f  t h e  

lowe r-h e a d-d a ma g e - scena r i o need s and t h e data requi r e d  f o r  t h e  ma r g i n-t o-fai l ­

u r e analys i s . 
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T h u s. t he overall o bject i ves of t he nozzle exam i nation eff o r t  at A r g onne 

Nat i onal Lab o rat o ry ( AN L) we re t o  

( 1) P r o v i de i nfo rmat i on on t he tempo ral and locat i onal m o vement of 

fuel ont o and ac r o s s  t he lower head; 

( 2) E s t i mate peak temperat u res of t he nozzles from t hei r metallu r g i cal 

end - s tate; and 

( 3) Determine t he mechan i sms, m odes, and extent of nozzle deg radat i on 

t o  evaluate the i mpe rilment of t he lower - head contai nment bo und ­

ary. 

Dat a  requ i rement s p r o v i ded i n  the C o ot'dinat i on Plan es tabl i s hed t he fol ­

l ow i ng s pec i fi c o bjectives fo r t he nozzle exam i nat i ons: 

( 1) Determi ne t he nat u re and extent ( ax i al and rad i al) of fuel/deb r i s 

i ng res s i nt o  a nozzle: 

( 2) Determi ne t he nat u re and deg ree of c hemical and t he rmal i nterac ­

t i on between fuel. deb r i s. and nozzles; 

( 3) Determine t hermal- related metallu r g i cal changes i n  t he nozzle as a 

funct i on of axi al po s i t i on t o  evaluate t he axi al tempe rat u re dis ­

t rib u t i on and at tempt to q uantify tempe rat u res nea r t he ves s el: 

and 

( 4) Determi ne t he position and compo sition of deb r i s ad her i ng t o  noz ­

zle s u rfaces t o  establi s h  a "deb r i s bed dept h " . 

I n  ad dit i on t o  sat i sfy i ng t he cont r i b u t i on of A N L  t o  t he data need s .  an 

evaluation of t he data o btai ned wo uld be a g o o d  bas i s fo r cont r i b u t i ng t o  an 

acc i dent scena r i o  t hat desc r i bes t he fuel m o vement ac r o s s  t he lowe r head . 
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Ill. Scope 

Fou r t e en nozzles w e r e  remo v e d  f r om the TM I -2 lowe r he a d . S i x o f  the s e  

we r e  e xami ned a t  AN L and e i ght we r e  t o  b e  exami ned a t  INE L. 

The scope of the exa m i na t i ons a t  A N L  cons i s t e d  o f  v i s u al e x a m i na t i on and 

mac r o pho t o g r a phy, a x i al g a mma scanni ng ( 137cs) . s ect i oni ng f ollowed by mac r o­

pho t o g r a phy o f  the a s-cut s u r f a ce s .  met a llog r a phy w i th s elected m i c r o phot o g r a­

phy ( s ome i n  the etched cond i t i on) . m i c r oha rdne s s  mea s u rement s on selected 

s a mples.  a nd scanni ng elect r on m i c r o sco py-ene r gy d i s pe r s i v e X-r ay ( SEM-EDX) 

analys i s  on s elect e d  s a mples . I n  all. 43 s a mple s w e r e  p r e p a red m e t a llo­

g raphi cally . Thi s s e emi ngly la r g e  numbe r wa s requ i red  beca u s e  the met allo­

g r a ph s t a g e  li m i ted  the mo unt s i z e to a d i amet e r  of 32 mm . Of the s e. 33 s a m­

ple s w e r e  e x a m i ned by SEM-EDX. the m i c r oha rdne s s  w a s mea s u r ed on 21. a nd t h r e e  

we r e  e tche d  t o  obs e r v e the m i c r o s t r uct u r e . 

IV. General Procedures 

The noz zles we re r ece i v e d  i n  i nd i v i d u al s e ale d cont a i ne r s . Each wa s v i ­

s u ally e x a m i ned i mm e d i a t ely a f t e r  remo v al f r om i t s cont a i ne r  t o  i d ent i fy a ny 

es peci ally not a ble a r ea s . Mac r o pho t og r a phy wa s d one a t  1X ma gni f i ca t i on 

th r o u gh a hot-cell w i nd ow w i th a long-bellows came r a. Pho t o s  we r e  t a ken o f  

the ent i r e  e x t e rnal s u r f ace a t  120° i nt e r v als. o f  the bo t t om s u r f ace. a s  c u t  

a t  TM I .  a nd o f  the t o p  s u r f ace. s omet i me s  i n  s t e r e o  beca u s e  o f  the comple x. 

thr e e-d i mens i onal na t u r e o f  the s urface . 

F o r  g a mma-scanni ng. e a ch n o z zle wa s placed i n  an alumi num cont a i ne r  t o  

p r e v ent l o s s  o f  ma t e r i al tha t m i ght slo u gh o f f. Scanni ng along the he i ght o f  

the n o z zle wa s p e r f o rmed a s  t h e  cont a i ne r  wa s slowly m o v e d  ac r o s s  t h e  face o f  

a colli ma t e d  g e rmani um d e t ect o r. Only 137cs act i v i ty wa s scanned beca u s e  thi s 

wo uld be r e p r e s ent a t i v e  o f  the U02 fuel . 

The loca t i ons on each no z zle t o  be s ect i one d f o r  f u r the r i nv e s t i g a t i on 

we r e  e s t a bl i shed ba s ed on a comb i na t i on of the f ollow i ng c r i t e r i a :  
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( 1 )  T o p  a n d b o t t om l o c a t i o n s  t o  o b t a i n  i nf o rm a t i o n  o n  t h e  h o t t e s t  

( s omet i me s  m o l t e n ) a n d c o l d e s t  ( n e a re s t  t h e  v e s s e l ) t empe r a t u r e  

e x t r em e s  i n  a n o z z l e: 

( 2 )  F u e l /n oz z l e i n t e r a c t i on a r e a s  ( n o z z l e d e g r a d a t i o n  m e c h a n i s m ) : 

( 3 )  I n d i c a t i o n s  f r om g a mma s c a n s  of f u e l  p e n e t r a t i o n  i n t o  t h e  n o z z l e: 

( 4 )  Obv i o u s  l o c a t i o n s  o f  s u r f a c e l a ye r s  o n  a n o z z l e: a n d 

( 5 )  Lo c a t i o n s  of s u rface c r a c k i n g  ( n o z z l e d e g r a d a t i o n mec h a n i s m ) . 

B efo r e  s e c t i o n i n g , e a c h  n o z z l e wa s p l a c e d  i n  a c o p p e r  t u be, 6 . 3 5 mm i n  

d i a me t e r, w h i c h w a s t h en va c u u m - i m p r e gna t e d  wi t h  c o l d - s e t t i n g  e p oxy r e s i n. 

T h i s w a s  d o n e  to s t a b i l i z e l o o s e  s u rf a c e  d e b r i s, fra g i l e  s o l i d i f i e d  m a s s e s , 

a n d i n t ern a l c om p o n e n t s . Ad d i t i on a l v a c u um-i m p r e g n a t i o n  wa s d o n e  d u r i ng s e c ­

t i on i n g  i f  s i g n i fi c a n t  v o i d s w e r e  fo u n d  i n.t h e  e p oxy a n d  t h e r e  wa s a p o s s i b i l ­

i ty of m a t e r i a l  fa l l - o u t . 

T r a n s v e r s e  s e c t i on i n g  wa s don e w i t h  a d ry Si C c u t-o ff w h e e l  wh i l e  t h e  

c a n n e d  n o z z l e was r o t a ted in a c h u c k . T h e  c u t t i n g, t h erefo r e , wa s a c t u a l l y  

c i r c u mfe r e n t i a l  t o  e l i m i n a t e l o c a l i zed  h e a t i n g . Lon g i t u d i n a l s e c t i ons w ere 

m a d e  w i t h  a r e c i p r o c a t i ng mo t i o n  of t h e  b l a d e . T h e  l o c a t i o n  of t h e l o n g i t ud i ­

n a l c�ts i n  t h e  s e c t i o n i n g  d i a g r a m s  i n  t h i s r e p o r t  a r e n ot s h own i n  t h e a c t u a l 

p l a n e  of c u t t i n g  b e c a u se i t  i s  not  pos s i b l e  t o  d o  t h i s i n  a n  e l e v a t i o n  v i ew .  

T h e  l o c a t i o n s  p r o v i d e d  a r e i n t e n d e d  t o  i n d i c a t e  o n l y  t h e d e g r e e  o f  s e gme n t a ­

t i on o f  e a c h  n o z z l e .  

M e t a l l og r a p h i c s pe c i me n s  we r e  p l a c ed i n  h o l l owed - o ut,  p r eforme d B a ke l i te 

m o u n t s, v a c u um- i mp r e g n a t e d  w i t h  epoxy re s i n, a nd p o l i s h ed w i t h  d i a m o n d  p a s t e 

d ow n  t o  1 � u s i n g  a ke r o s e n e-b a s ed l u b r i c a n t . 

M i c r o h a r d n e s s  w a s  m e a s u red w i t h  a d i a m o n d  py r a m i d i n d e n t o r  i n  a Le i t z 

MM 5 - R T  me t a l l o g r a p h  a n d a 2 0 0-g l o a d . Us u a l l y, fi v e  t o  t e n  mea s u rem e n t s  w e r e  

m a d e , from t h e  n o z z l e s u r f a c e ( i n n e r  o r  o u te r ) i nw a r d . Va l u e s  a f fe c t e d by t h e  

s u r f a c e o r  i n t e r n a l v o i d s  we r e  rej e c t e d . Al t h o u g h a s u r f a c e  h a r d e n i n g, o r  a 
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s u b s e q u ent s o f t en i ng a t t r i b u t ed t o  a c c i d ent - i nd u c e d  anne ali ng , c o uld b e  d i s ­

c e rned i n  s om e  mea s u r em ent p r o f i le s , f o r  p u r p o s e s  o f  t h i s de t e rm i na t i on ,  t h e 

p o p ula t i on w a s a v e r a g e d  and a s t and a r d d e v i a t i on r e p o r t e d . T h i s d a t a  t r e a t­

ment a p p e a r s  t o  b e  a d e q u a t e  t o  i d ent i fy q u a l i t a t i v e  t r end s i n  t h e  a x i a l  t em ­

pe r a t u r e d i s t r i b ut i ons o f  t h e no z zle s and p r o v i d e  s ome i ns i g h t  i nt o  q u a nt i t a ­

t i v e  t empe r a t u r e s  w h en c ompa red t o  li m i t e d  d a t a  f r om Ko r t h . 3 S ome v e ry low 

mea s u r e d  v alu e s  p r o v e d  to b e  f r om a r e a s  t h a t  we r e  e i t h e r  onc e - molt en , h a d  b e en 

i nv olv e d  i n  l i q u i d - m e t al a t t a c k , o r  w e r e  d e ple t e d  i n  C r  a nd t h u s no long e r 

I nc onel 600 . T h e s e  low v al u e s  a r e not r e p r e s ent a t i v e  o f  a m e t a ll u r g i c a l  s t a t e 

o f  t h e  I nc onel 600 t h a t  c o uld be u s e d  a s  a t empe r a t u r e i nd i c a t o r . Be c a u s e  t h e  

P r oj e c t  h a s  n o t  b e en a ble t o  d e t e rmi ne a c o r rel a t i on between m i c r o h a r dne s s  a nd 

t h e  met a ll u r g i c a l  s t a t e  o f  t r u e  a r c h i v al I nc onel 600 noz z le m a t e r i a l , t h e m i ­

c r o h a r dne s s  d a t a  a r e , a t  b e s t , q u ali t a t i v e . 

A numb e r o f  e t c h a nt s  f o r  I nc onel 600 we r e  t r i ed ,  b u t  3 p t s  glyc e r i ne-3 

p t s HCl- 1 p t  H N03 g a v e  t h e  be s t  r e s ult s. H owe v e r , be c a u s e  o f  t h e la c k  o f  c om -

p a r a t i v e  m i c r o s t r u c t u r e s  o f  a r c h i v al ma t e r i al t h a t  c o uld be u s e d i n  a ti me/ 

t empe r a t u r e e ff e c t  c o r r ela t i on ,  t h e e ff o r t  to e t ch mo re s a mple s wa s a b a nd one d . 

V. Examination Results 

T h i s s e c t i on w i ll d e s c r i be t h e  e x a m i na t i on r e s ult s on a noz zle - by-noz zle 

b a s i s ,  m o v i ng e s s ent i a lly f r om e a s t  to we s t  along t h e  low e r  h e a d . I t  i s  b e ­

li e v ed t h a t  t h i s w a s t h e d i r e c t i on o f  t h e  p r i nc i pal f u el flow a c r o s s  t h e  lowe r 

h e a d  s om e  2 2 6  m i n u t e s  i nt o  t h e  a c c i d ent. 

T h e  s i x no z zle s e x a m i ned a t  AN L we r e  f r om c o r e  lo c a t i ons M9 , L6 , H 5 , HB , 

0 1 0 , and Ell: t h e i r lo c a t i ons on t h e  r e a c t o r  g r i d a r e s h own i n  F i g .  1 .  T h e  

d a m a g e  t o  t h e s e  n o z zle s p r o v i d e s  a r e p r e s ent a t i v e s a mple o f  t h e d a ma g e  t h a t  

o c c u r r e d  t o  a ll 1 4  n o z zle s t h at w e r e  rem o v ed f r om t h e  v e s s el and , t og e t h e r  

w i t h  i nf o rma t i on f r om t h e  e i g h t  no z zle s b e i ng e x a m i ned a t  I N E L ,  p r o v i d e s  g o od 

i nf o rma t i on f r om w h i c h  t o  c ons t r u c t  a s c ena r i o f o r  t h e  t emp o r al a nd lo c a t i onal 

m o v ement of m ol t en f u el ont o and a c r o s s  t h e  lowe r h e a d . T h e  typ i c al n o z zle 

c onf i g u r a t i on i s  s h own i n  F i g .  2 .  
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> 

I n  t h e  c our s e  of analy z i ng t h e  r e sult s f o r  t h e  p r e pa rat i o n  o f  t h i s re­

p o r t . i t  wa s d i s c ove red t hat fou r  of t h e  s i x  A N L n o z zle s had b e e n  m i s-i d e n t i ­

f i ed dur i ng t h e  handli ng p r o c e s s b e f o r e  t h e  n o z zles ar r i ved at AN L .  T h e  ba s i s  

f o r  subs eque n tly ma k i ng t h e  t rue i d ent i f i cat i o n o f  t h e s e  n o z zle s was a c ompa r­

i s o n  of t h e r e c o r d s ge n e rat e d  by MPR A s s o c i at e s4 and t h e  vi sual o b s e rvat i o n s  

mad e w h e n  t h e n o z zle s a r r i ve d  at AN L .  T h e  m i s - i d e n t i f i ed n o z zle s were  H 5  ( n e e  

0 1 0 ) .  0 1 0  ( n ee H5 ) . E l l ( n ee L6 ) .  and L 6  ( n ee Ell ) . All n o z zle i d en t i t i e s i n  

t h i s r e p o r t  a r e  t h e  t rue i d e n t i t i e s .  e x c e p t  any r e f e r e n c e s . as ab ove . t o  t h e  

f o rme r i d e n t i ty .  I t  mus t  be r e c ogn i z e d  t hat t h e s e  i d e n t i t i e s d i f f e r  f r om 

t h o s e  i n  all p r ev i ous p r e s e n tat i o n s  of AN L ' s  n ozzle exam i nat i o n  re sult s . T h e  

t rue n o z zle i d e n t i t i e s n ow p r ov i de a m o r e  co n s i s t e n t  s t o ry o f  t h e  c o n d i tio n s  

o n  t h e  lowe r h ead t han p r ev i ous ly c o n c e i ve d . 

T o  p r ovi d e  t h e r ead e r  w i t h  a pe r s p e c t i ve o f  t h e o b s e rved damage t o  i n di­

vi dual n o z zles wi t h  r e s p e c t  to a glo bal lowe r - head - damage s c e na r i o .  two sam ple 

elevat i o n s  a r e  us e d  i n  t h i s  r e p o r t  wh e r e  app r o p r i at e . T h e  p r i ma ry sample ele­

vat i o n i s  t h e  d i s tan ce f r om t h e ba se o f  t h e  n o z zle . wh i c h was n o t usually t h e 

cut - o f f  su r face du r i ng rem oval f r om t h e  ve s s el .  Th e s e c o n d  elevat i o n i s  t h e  

ve rt i cal d i s ta n c e  f r om t h e  lowe s t  ve s s el locat i on .  at H 8  ( F i g .  1 ) . t o  t h e  n o z ­

zle su r face i n  que s t i o n .  F i gu r e  3 s h ows t h e r elat i on s h i p o f  t h e s e  r e f e re nce 

elevat i o n s . T h e s eve r i ng of the n o z zle s f r om t h e  ve s s el usually le ft a s tu b  

attac h e d  t o  t h e  v e s s el . T h e  h e i gh t  o f  t h i s s tub f o r t h e  A NL n o z zles w a s  d e­

t e rm i n e d  e i t h e r  f r om t h e n o z zle ' s  compan i o n b oat sample t hat was p r o c e s s e d  at 

AN L. or  f r om k n owle dge o f  t h e  n o z zle ' s  d i men s i on s . as s h ow n  i n  F i g .  2 .  F o r  

N o z zle s M 9  an d L6 . t h e r e  w e r e  n o  c ompan i o n b oat sample s . and t h e  lat t e r  me t h o d  

wa s u s e d . T hus . t h e r e p o r t e d  sample elevat i o n f o r  a g i ve n  n o z zle i s  t h e  

h e i g h t  o f  t h e r e s i dual s tub plus t h e d i s ta n c e  o n  t h e  n o z zle f r om t h e  cut - o f f  

e n d  t o  t h e  pa r t i cula r elevat i o n .  T h e  s e c o n da ry elevat i on i s  t h e  p r i mary ele ­

vat i o n  plus t h e  elevat i o n f r om t h e  low - p o i n t  r e f e r e n c e  ( lo cat i on H 8 ) t o  t h e  

ba s e  o f  t h e  pa rt i cula r noz zle . ( NOT E: I n  p r evi ou s A NL r e pn r t i ng and p r e s e n ­

tat i o n s . t h e  " elevat i o n" has b e e n  only t h e  d i s tan c e  o n  t h e  n o z zle f r om t h e  

cut-o f f  e n d  t o  t h e  pa r t i cula r elevat i o n .  T h e  c hang e s  have b e e n  mad e t o  b e t t e r  

r e fle c t  t h e  elevat i o n o f  a locat i on f o r  d e b r i s p e n e t rat i o n a n d  a x i al temp era ­

ture c o n s i d e rat i o n s  a n d  f o r  ac c i d e n t  s c enar i o  c onsi d e rat i on s . ) Table 1 pro­

v i d e s  a summa ry o f  n o z zle s egme n t  le ngt h s  and r elevant elevat i o ns . 

6 



A l s o  t a b u l a t e d i n  T a b l e 1 a r e t h e f u e l  pene t ra t i on d i s t ance s i nt o  e ach 

nozz l e. as d e t e rmi ned by the 137cs a x i a l  a ct i v i ty pr ofi l e. T h e  da t a  a r e pro ­

v i ded a s  t h e  e l eva t i on of fu e l  m a t e r i a l  a b ove t h e  b a s e  of the nozz l e. M a x i mum 

a nd m i ni mum va l u e s  a r e g i ven fo r nozz l es fo r whi ch i t  co u l d not b e  a b s o l u t e l y 

concl u d e d  t h a t  t h e  137cs act i vi ty wa s i ns i d e and not on t h e  s u rface of t h e  noz­

z l e. The u s e  of t h e  g a mma-act i vi ty p r ofi l e s r a the r than v i s u a l  o b s e rva t i on of 

"ce r a m i c "  ma t e r i a l  i n  t h e  nozzl e cavi ty wa s d e emed mo re a pp r o p r i a t e  b eca u s e  of 

t h e p o s s i b i l i ty t h a t  the "ce r am i c "  ma t e r i a l  co u l d be a nozz l e ox i d a t i on p r od ­

uct a nd not act u a l l y  a fu e l  ma s s . 

A. Nozzle M9 

T h e  M9 nozzl e s e gment rece i ved a t  AN L wa s 254 mm l ong. Ba s e d on a nom i ­

na l a s -fa b r i ca t ed nozz l e l engt h of 305 mm (cent e r l i ne: s l ope of b a s e  not con­

s i d e r e d) . a 26-mm s t u b  r ema i ned on t h e ve s s e l  aft e r  s eve r a nce. F i g u r e 4 shows 

one v i ew of N ozzl e M9 as i t  wa s rece i ved. The t o p 2 5  mm of t h e nozzl e h a d  

b een m e l t e d  off and t h e  next 25 mm s h ow s i gns of me l t i ng ,  i nc l u d i ng t h e ·in i t i ­

a t i on of cand l i ng. T h e  25-50 mm b e l ow the me l t e d  a r e a  a ppea r e d  t o  be l i ght l y  

s ca l e d ,  wh e r e a s t h e  r ema i nd e r of the nozz l e wa s b r i g h t  a nd s h i ny. As-fa b r i ­

c a t e d  vi b r a -t o o l ed l e tt e r i ng wa s appa r ent j u s t  b e l ow the mi d pl ane. 

F i g u r e 5 s h ows  the top and bot t om vi ews of t h e  a s -r·ece i ved nozz l e. T h e  

t op a ppe a r e d  t o  b e  t ot a l l y  s e a l e d  wi t h  m o l t en ma t e r i a l . wh e r e a s  t h e b ot t om 

s h ow e d  no m a t e r i a l  i n  t h e  annu l u s  between t h e  i ns t r u ment s t r i ng a nd t h e  noz­

z l e: h oweve r, the r e  a ppe a r e d  to be ma t e r i a l  i n  t h e cent r a l  t u b e  of t h e  i ns t r u ­

m ent s t r i ng. 

The a x i a l  g a mma scan and t h e l oca t i ons of ma j o r  c u t t i ng of t h e  nozzl e 

w i t h  the r e s u l t i ng b r e a k off i d ent i f i ca t i ons [A l ph a/G a mma ( A/G) h ot-ce l l num ­

b e r s] a r e s h own i n  F i g. 6. The A/G n umbe r s  co r r e s pond t o  t h e  s peci men i d ent i ­

f i ca t i ons fo und i n  t h e Append i x. T h i s s ect i oni ng p r ovi d e d  a n  ove r a l l vi ew of 

t h e d a ma g e  to the t o p  of t h e  nozzl e w h e r e  t h e g a mma sca n i ndica t e d  t h e p r e s ­

ence of fue l ,  and an a r e a  f r om t h e b o t t om of the nozz l e wh e r e  co r e  d e b r i s m a y  

h ave been i n  i nt i ma t e  cont act w i t h  t h e  o u t e r  s u rface. l F i g u r e 7 s h ows  t w o  a s­

c u t  l ong i t u d i na l  s u rface s t h r o u gh t h e t op of t h e  nozzl e.  Me l t i ng of t h e  noz-
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zle w a s re s tr i c t e d  t o  t h e t op 2 5  mm , but t h e i n s trument t u b e  s h ow e d  s i g n s  o f  

melt i n g b elow t h a t  ele v a t i on .  Vert i c ally-ori e n ted v o i d s i n  t h e  molt e n  n o z zle 

were a l s o  f o u n d  i n  o t h er o n c e-molt e n  noz zle s. The v o i d s  are beli e v ed to be 

t h e  re s ult o f  a s oli d i f i c a t i o n  p h e n omen a i n  w h i c h  s p heri c al v o i d s  i n t erli n k  i n  

� vert i c a l  a rray a nd s urface t e n s i on c a u s e s t h e  h or i z on t al l i g a me n t s  t o  c o n ­

tra c t  a n d d i s a p p e a r , a n d  t h u s f orm a c o n t i n u o u s  lo n g i t u d i n a l  v o i d . S u c h  

s p h er i c a l  v o i d s , o r  b u b ble s , are s h own i n  t h e  molt e n  ma t eri al i n  F i g. 8. T h e  

s p h er i c a l  b u b ble s , w h i c h were clo s er t o  t h e  n o z zle c e n t erli n e , wo u ld b e  i n d i c ­

a t i v e  o f  ra p i d c o oli n g , w h ere a s  t h e  lon g i t ud i n al b u b bles o u tward from t h e  c e n­

t er w o uld b e  i n d i c a t i v e  o f  a s omew h a t  slower c o oli n g  ra t e. I n  F i g .  8 ,  t h e 

me t a ll i c d e bri s i n  t h e  c e n t er ( bri g h t  ph a s e s) i s  t h e  remn a n t  o f  t h e  o u t er t u be 

o f  t h e  i nstrume n t  s tr i n g  < I nc o n el 600) , w h ere a s  t h e  gray p h a s e s  a re , a pp a r ­

e n tly , o x i d e s  o f  t h e m e t a l  a n d  f u el ( t h e  S EM- EDX sys t em c a n n ot a n aly z e  f or 

oxyg e n ) . 

W h a t  rema i n s o f  t h e  i n s trum e n t  le a d s  ( g e n erally Zr w i re s i n  Al203 i n s ula ­

t i on w i t h  In c o n el s h e a t h i ng) i s  on t h e  r i g h t  i n  F i g .  8 .  T h e  gra y ma s s  on t h e 

le ft , a d j a c e n t  t o  t h e  molten n o zzle , i s  C r-ri c h , a ppare n tly a n  o x i d e .  T h e  

a d j a c e n t  m olt en I nc o n el w a s  alm o s t  d e v o i d of Cr . T h e  l i g h t er c er a m i c p h a s e s  

s urro u n din g t h e  m e t a ll i c p h a s e s  i n  t h e  c ent er cons i s ted o f  d i s cre t e  a re a s o f  

f u el o f  d i f feren t  ma cro- c ompos i t i o n s  a n d  v o i d morp h olog i e s .  T h e  ma cro-c omp o ­

s i t i on s  o f  t h e s e  are a s  are g i v e n  i n  T a ble 2. w h i c h  s ummari z e s  t h e  c om p o s i t i o n s  

a n d lo c a t i o n s  o f  s ele c t e d  fu el-b e a r i ng s pe c i e s  t h a t  were i d e n t i f i e d d uri n g  ex ­

a m i n a t i o n  o f  t h e  n o z zles . T h e g e n eral m a tri x i n  w h i c h t h e s e  d i s c re t e  f u el 

i sla n d s  e x i s t  i s  e s s e n t i ally a s ol i d i f i ed Cr-o x i d e  w h i c h  c on t a i n s f i n e  b i t s  o f  

s oli d i f i ed f u el a s  a "s e c ond p h a s e . "  On a m i cro s c op i c s c a le , s ome o f  t h e s e  

are a s. s h ow n  i n  F i g. 9 ,  c ons i s t e d  o f  Zr-r i c h  p h a s e s  w i t h  s i g n i f i c a n t U c on­

t e n t , U-r i c h  p h a s e s  w i t h  s i g n i f i c a n t  Zr c on t e n t , a n d Cr-ri c h  are a s  w i t h  tra c e s  

o f  F e , N i , T i . Mn , Z r , a n d U.  T h e  s e gre g a t i o n  i nto U-r i c h  a n d  Z r-ri c h  f u el 

p h a s e s  i s  i n d i c a t i v e o f  a s u f f i c i e n tly s low c ooli ng ra t e  f or s egrega t i on t o  

o c c ur . T h e  s p h er i c al b u b bles c on t a i ned a pparen tly c o n d e n s e d  p h a s e s  o f  Al . S i . 

a n d C a  w h i le o t h er b u bble s c o n t a i n e d  Ag a n d  C d  d e p o s i t s . T h e  pre s e n c e  o f  

Ag-C d i n  t h e molt e n  I nco n el i n d i c a t e s  t h a t  t h e s e  ma ter i als were ei t h er i n  or 

on t h e n o z zle a t  t h i s lo c a t i o n b e f ore melt i n g o c c urred . 
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A tra n s v er s e  s e cti o n  38 mm b e l ow the top o f  t h e  me l ted-o f f  n o z z l e i n  t h e  

s c a l e d  area ( 241  m m  from the b a s e) i s  s hown i n  F i g. 1 0. T h i s  s e cti o n  s h ows a 

meta l l i c ma s s  t h a t  i s  s i m i la r  i n  a ppeara n c e  to a ma s s  i n  t h e  H 8  n o z zle that 

a n a l y s i s s h owed to b e  mol ten I n c o n e l  600 , b ut d e f i c i e nt i n  Cr. On t h e  b a s i s 

o f  t h at s i m i l a r i ty ,  n o  meta l l ogra phy or S EM w or k  wa s u n d erta k e n  f or th i s  s e c­

t i on. A p o s s i b l e  c erami c ma s s , w h i c h c o uld b e  f u e l , i s  a l s o  v i s i bl e  i n  

F i g. 1 0. F u e l  i s  a d i sti n ct p o s s i b i li ty b e c a u s e  th i s area i s  at  t h e  l ower e n d  

o f  t h e  13 7cs a ct i v i ty pro f i l e  s h own i n  F i g. 6. 

A s egment o f  t h e  n o z z l e s urfa c e  3 8  mm a bo v e  t h e  b a s e  ( 1 8 3  mm a b o v e  t h e  

l ow e s t  p o i nt i n  th e v e s s e l ) ,  from the v ery c l e a n  are a i n  F i g. 4 ,  w a s e x a m i n ed 

by S EM- EDX to s e arc h for ev i d e n c e  o f  d e bri s d e p o s i ts. A 0.5 - 1 .0 - �- th i c k  l a y er 

o f  e n h a n c ed Cr materi a l , a pp a re ntl y Cr- ox i d e , wa s f o u n d o n  the s ur f a c e , alo n g  

w i th o c c a s i o n a l d e p o s i ts o f  A l , prob a b l y A l 203. T h ere were tra c e s  o f  c ontrol  

rod m ateri a l s i n  t h e  Cr- o x i d e  l ayer , b ut no f u el. A l s o , t h ere wa s n o  Fe-ma ­

tri x l ay er t h a t  c onta i n ed c ore d e bri s. 

T h e  pri n c i pa l  g a mm a  a ct i v i ty pea k at the  top of the n o z z l e ( F i g. 6) c or­

re s p o n d s  to th e f u e l  t h a t  wa s f o u n d at th i s locati on. T h e  s e c on d a ry p e a k s  are 

a d j a c e nt to t h e  s c a l e d  s urfa c e  are a , w h i c h  wa s n ot f o u n d  to c o nta i n  me a s ura b l e 

q u a nt i t i e s  o f  f u e l  i n  t h e  are a e x a m i ned. T h e s e  pea k s  l i ke l y re fl e ct f u el i n  

the o u t s i d e c a n dli n g  p i e c e  a n d/or f ue l  i n  t h e  i n s i d e c a n d l i n g mater i a l .  F or 

p urp o s e s  o f  a d e br i s pen etrati on d i sta n ce , the  241 - mm e l evati o n  i s  s u g ge sted 

as at l e a st a m i n i mu m , a s  i n d i c ated i n  F i g. 1 0 . 

Mi cro h ard n e s s mea s ureme nts were made  on a s pe c i me n  from t h e  top l o ng i tu ­

d i n a l  s e cti on a n d o n  the  bottom n o z z l e s pe c i men. T h e  me a s ureme nts at th e top 

a v era ged 1 24 ± 5 d i a mond - p o i nt h ard n e s s ( DP H) , w h i l e  t h e  a v era g e  of me a s ure ­

ments from the bottom s pe c i men w a s  202 ± 2 8  DP H. A s ummary o f  a l l h a rd n e s s  

mea s urements o n  a l l  n o z zle s  i s  g i v e n  i n  Ta b l e 3. T h e  l ow v alu e s  from t h e  top 

re fle ct t h e  s i g n i f i c a nt Cr d e p l et i o n  i n  th i s  area , w i th t h e  re s u l t th at th e 

matr i x w a s n o  lon g er I n c on e l  600. 
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B. Nozzle L8 

T h e  l6 no z z l e segment (nee Ell) was =24 1 mm l ong , and a s t ub =64 mm h i g h  

wou l d  have been l e ft o n  the ves s e l . F i g u re 11 s h ows one v i ew o f  t he nozz l e  as 

i t  was rece i ved . T h i s no z z l e was es sent i al l y  unt o u c hed externa l l y  by t he ac­

c i d ent . Vi b ra - t o o l ed i dent i f i cat i on mar k i ng s  are c l ear l y  v i s i bl e  on t he non ­

s c aled s u r face . T he f o u r  notc hes i n  t he s i de o f  t he no z z l e  we re p u t  t here by 

MPR As s o c i ates fo r i dent i f i cat i on p u r p os es . T he t op and bo t t om v i ews , 

F i g . 1 2 , s h ow t hat t he i ns t r ument s t r i ng wa s e i t her sni p ped o f f  o r  bent o f f , 

but no t mel ted o f f . Deb r i s  i ns i de t he no z z l e ,  exte rnal t o  t he i ns t r ument 

s t r i ng .  can be seen i n  bo t h  t he t op and bo t tom v i ews . T h e  137cs ax i a l gamma 

s cun , F i g .  13. i nd i cate s  t h a t  t he c ontai ned mate r i al i s  apparent l y  f ue l ­

bea r i ng .  

T he no z z l e  wa s s ec t i oned t rans ver sely at f i ve locat i ons a s  s h own i n  

F i g . 13 . T hese e l evat i ons were sel ec ted p r i nc i pa l l y  t o  at tempt t o  dete rmi ne 

t he na t u re o f  t he mate r i a l t hat was c rea t i ng t he 137cs ac t i v i ty i ns i de t he no z­

z l e .  F i g u re 1 4  s h ows an a s -c u t  sect i on 2 2  mm bel ow t he t o p  o f  t he no�z l e  

( 283-mm el ev a t i on ) , and a g ray ,  po r o u s  cer ami c - a p pea r i ng ma ter i al . Some o f  

t he f u e l  i n  t he t op o f  t he no z z l e  can be seen i n  F i g .  1 5: t he res t wa s a ppa r ­

ently l o s t  i n  t he c u t t i ng o perat i on s . Ana l ys i s o f  t he fuel ed a rea s s h owed a 

potpou r r i  o f  ma te r i a l s and c omp o s i t i ons. T he t r i angu l a r  p a r t i c l e  i n  F i g .  1 5  

wa s p u re U02 . apparent l y  unmel ted and a t r ue pell et f r a gment . The p o r o u s  ma s s  

a t  3 o'c lo c k  i n  t h i s f i g u re c ont a i ned U ,  Z r. Fe . C r . and Al . The m i c r o s t r u c ­

t u re o f  t h i s pa r t i c l e ,  F i g. 16, s h ows t hat t he fuel had been onl y par t i a l l y  

t r ans f o rmed i nt o  U- r i c h  ( l i g h t ) and Z r- r i c h  ( med i um )  p h a s e s .  i nd i c ati ng r a p i d 

c o o 1 1ng. T he Fe , C r. and Al  are t he d a r k  p h a se i n  t he g r a i n  bound a r i es . T h i s 

i s  a f u e l  s t r u c t u re i dent i cal t o  t hat found i n  deb r i s ret r i eved f r om the l owe r 

plenum i n  1 985 and t hat w a s p o s t u l a ted to be c a p a b l e o f  f l ow i ng ,  fn a v i s c o u s  

f a s hion, a t  tempe r a t u res a s  l ow a s  1350°C. 5 Al s o  f o und we re non-po r o u s  p a r t i ­

c les o f  Ag . Fe , a nd Al: Ag ,  Z r ,  u. Fe , and N i :  Fe , Z r . Ag , Cd , and N i :  a nd C r , 

Fe , Al , and N i  i n  a u-z r p hase . Many , i f  not mo s t , o f  t he fuel  p a r t i cles 

a ppea red to  have t he dar ke r g r a i n  b o und a ry p h a se ty p i cal o f  t he l ow-me l t i ng 

ox i des o f  Fe , C r . and Al . 
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T h e re w a s  a very t h i n ,  0 . 6 - 1  � .  c omp l ex dep o s i t i on l aye r on t he o u ter 

no z z l e  s u r f a c e  at the 28� - mm e l ev a t i on (t o p) . T h e re a p pea red t o  be no i nter ­

a c t i on w i t h  t he I nc one l 600 as t he c ompos i t i on of t he I nc one l wa s unc hanged 

5 0 � f r om t h e  s u r f a ce. T h i s  i nh omo geneou s l aye r c ont a i ned a rea s r i c h  i n  Fe 

and Al , w i t h  Ag-C d- I n  pa r t i c l es a l so p resent . The t op -mo s t  p a rt o f  t he l aye r 

o c c asi ona l l y c ont a i ne d  very s ma l l U-Z r  fuel  sh a r d s . 

T h e  as-c ut t r a nsve rse se c t i ons a t  t he 2 5 0-mm e l ev a t i on ex h i bi t e d  s ome 

ext�ane o us ma ter i a l  a t t a c h ed t o  t h e i nstr ument c ond u i t a nd a t h i n dep osi t on 

t h e  no z z l e  I D: ne i t h e r ma te r i a l  wa s obv i o usl y si m i l a r to t h e  f uel  a t  2 83 mm , 

and no f u r t h e r  ex ami na t i on wa s ma d e  o f  t h i s ma te r i a l . T he a s - c ut t r ans v e r s e  

sec t i ons a t  t he 1 2 0 - mm and 145 - mm e l evati ons i nd i c a ted s ome f o rm o f  m a te r i a l  

between t he i nst r ument s t r i ng and t he i ns i d e s u r f a ce o f  t he noz z l e ,  but  the 

ma t e r i a l  h a d  t he same tex t u re as t h e  epoxy potti ng o u t s i d e o f  t he no z z l e and 

no met a l l og r a phy wa s pe r f o rmed on t he s e  a rea s . 

T h e re we re no o b v i ous f u e l masses a t  t h e  7 7 - mm e l e v a t i on ( F i g .  1 7 ) ,  b u t  

a p i ece o f  met a l l i c A l  wi t h  T i  a s  a second p h a se w a s  between t he i ns t r ument 

st r i ng a nd t h e i nsi de su r f a c e  o f  t h e  nozz l e .  T h i s p i ec e  was c oa te d  w i t h  fue l 

p a r t i c l es .  T he i nne r no z z l e s u r f a ce was c o v e red wi t h  a 1 5-� l aye r o f  non-Z r ­

b e a r i ng U Oz f ue l  p a rt i c l es .  T h e  Z r  i nst r ument l e a ds a t  t h i s e l ev ati on may be  

i nd i c a t i ve of  the  t emper a t u r e r e a c hed he r e . F i g u r e 1 8  s h ows one o f  t he l ea ds .  

T h e  mi c r o s t r u c t u r e  i s  t h a t  o f  t r ans f o rmed p p h a s e w i t h , a p p a r ent l y ,  a t r ans­

f o rma t i on t o  a p h ase o c c u r r i ng a t  t h e  Sl!iface. O t h e r  l ea ds wer� a l s o i n  v a r y ­

i ng st a g e s  o f  t r a nsf o rma t i on. Assumi nq t h e  ma te r i a l  was i ni t i a l l y  a p h a se ,  

t h e  transf o r ma t i on t o p wou l d have occur r e d  a t  862°C i f  t h e re wa s l i t t l e oxy ­

g en p r e sent: t he t r ansf o rma t i on tempe r a t u r e r i ses r a p i d l y w i t h  i nc rea s i ng oxy ­

gen i n  t h e a p h ase . T he t r ans f o rma t i on ba c k  t o  a on t h e  s u r fa ce ,  t he w h i t e 

a r e a s  i n  F i g . 1 8 , ei t her c ou l d h a v e  o c cu r red r a p i d l y ( mi nu tes ) i f  oxygen was 

p r esent. o r  mo re s l ow l y ( h o u r s ) i f  oxygen was l ow .  A l ow - oxygen l e v e l  a ppa r­

ent l y  e x i st ed bec a use t he Z r  d i d not ox i d i z e .  Bec a u se t here wa s no red ox r e ­

a c t i on w i t h  t he A l zOJ , t h e  t emp e ra t u re was <1 2 00°C. 
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A n ot h e r  qu a l i t a t i v e  i n d i c a t o r  o f  t empe ra t u r e a t  t h i s ele v a t i on i s  t h e  

m i c r o s t r u c t u r e  o f  t h e  I n c o n el 600 no z zle , s h own i n  F i g .  1 9 . T h e s t r u c t u r e e x ­

h i b i t s  la r g e  g r a i n s ,  0 . 1-0 . 3  mm , i n  dyna m i c  mov eme n t . A n n e al i ng t w i ns a r e 

p r e s en t. T h e  bla c k  s p o t s  a r e p r oba bly a T i N i r)u r i ty ,  a s  s e e n by K o r t h , 3 a n d 

a r e t h e  li k ely s o u r ce o f  T i  t h a t  wa s foun d i n  many s u r fa c e  i nt e r a c t i ons o n  

t h e s e  n o z zle s .  U n fo r t u n a t ely , w i t h o u t  k n ow i ng t h e  a s-fa b r i ca t ed m e t all u r g i c al 

s t a t e o f  t h e no z zle , i t  i s  not p o s s i ble t o  ma k e  e v e n  a s em i - q u ant i t a t i v e  e s t i ­

ma t e  o f  t h e  t empe r a t u r e  r e a c hed . 

T h e  f a c t  t h a t n e i t h e r  t h e  n o z zle n o r  t h e g u i d e  t u b e  t h a t o v e rla p ped i t  

we r e  d a ma g ed6 i s  i nd i c a t i v e  tha t t h e ma t e r i al i n  t h e  no z zle p r oba bly ca me d own 

t h e  g u i d e  t u be a n d not f r om a flow of f u el ac r o s s  t h e low e r h e a d . 

Mic r o h a r d n e s s  m e a s u r ement s we r e  ma d e  on t h e t r a n s v e rse top a n d b o t t om 

n o z zle s e c t i o n s. T h e  h a r d n e s s  wa s 1 67 ± 7 DPH �t t h e t o p  and 1 69 ± 13 D P H  a t  

t h e  b o t t om . T h i s r ela t i v e  a x i a l  u n i f o rm i ty o v e r =200 m m  i s  a t t r i b u ted t o  t h e  

app a r e n t  p r e sen c e  of f u el e s s ent i ally alon g  t h e  i n s i d e lengt h of t h e n o z zle . 

C. Nozzle H& 

T h e  H 5  n o z zle s egme n t  ( ne e  01 0 )  wa s 1 46 mm lo n g , a n d t h e  s e g ment w a s c u t 

o f f  flu s h  w i t h  t h e  v e s s el ,  le a v i n g no re s i d u al s t u b . An ele v a t i o n  v i ew o f  t h e  

n o z zle s e gme n t  i s  s h ow n  i n  F i g. 20 . Clo s e  i ns pe c t i on o f  t h e u n e v e n  lowe r 

r i g h t  s i d e o f  t h e n o z zle s u g g e s t s  t h a t  t h i s i s  pa r t  o f  t h e  noz zle/v e s s el weld ­

m e n t . ( T h i s was s u b s eq u e n tly c on f i rmed by metallog r a phy of t h i s a r e a . ) T h e  

n o z zle a ppe a r s  t o  h a v e  b e e n  melted o f f , w i t h  c a ndli n g  o c c u r r i n g d own o n e  s i d e .  

A t  le a s t s ome o f  t h e  c andled ma t e r i a l  ( t h e  lowe s t  e x t e r i o r nod ule w a s  a n a ly z e d  

by S EM-EOX ) i s  T ype 304 s t a i nle s s  s t e el ,  po s s i bly f r om t h e  c o nd u i t t h a t  s u r­

r o u n d s  t h e  i n s t r ument s t r i n g , b u t  a l s o  p o s s i bly c o r e  de b r i s  f r om els e w h e r e . 

T h e  t o p  a nd bot tom v i ews o f  t h e  a s- r e c e i v ed s e gme n t  a r e s h ow n  i n  F i g .  2 1 . T h e  

t o p  v i ew s h ows o bli t e r a t i o n  o f  t h e  i ns t r ument s t r i n g  a n d  f i ll i ng o f  t h e  n o z zle 

c ro s s  s e c t i on w i t h  molt en ma t e r i al. T h e  b ot t om v i ew i n d i c a t e s  a ma t e r i a l i n  

t h e  a n n ulu s , b u t  t h e  n a t u r e  of t h e  w h i te. s me a r ed - a ppe a r i n g m a t e r i al f i ll i n g  

t h e  a n n ul u s  a nd c o v e r i n g t h e  i n s t r ument s t r i n g  wa s not e s t a bl i s h e d . A f t e r  
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p ol i s h i n g .  t he o nly s i g n i f i c a n t  mass of ma t e r i al i n  t h e  ann ulus a t  t h i s ele v a ­

t i o n w a s  a o n c e - molt e n  l n c onel mass , sh own i n  F i g .  2 2 . 

T h e  sec t i o n i n g  d i a g r am f o r  H5 i s  s h own i n  F i g .  23 . ( F i g u re 24 sh ows t he 

a s-c u t  t r a ns v e r se su r f a c e  j ust below t h e  molten t o p o f  the  n o z zle segment a t 

t h e 1 1 4 - mm ele v a t i on. F i g u r e 25 sh ows t h e a s - c u t  lon g i t ud i n al su r f a c e  t h r o u g h 

t h e  t o p  o f  t he s egment . T h i s  sect i on s h ows f i ll i n g  o f
' 

t h e  n oz zle w i t h  b o t h 

m e t allic ( sh i ny )  a n d  ce�a m i c m a te r i al ( sh ades of g r ay ) . Just below t h e  t o p  

( F i g .  2 4 ) , h owe v e r . t h e  p r edom i n ant ma t e r i a l  f i ll i ng t he c e n ter i s  me t all i c . 

F i g u r e  26 s h ows t h e  m i x o f  me t alli c and c e r a m i c m a te r i a ls a t  t h e  t o p  o f  t h e  

segme n t . T h e m e t a l  i s  essent i ally C r - d e ple t ed l n c onel 600. T h e  c e r a m i c ,  ty p ­

i c a l  o f  s i m i la r  a n a ly z ed a r e a s  a c r oss t he t o p of t h i s n o z zle . i s  a Cr- r i c h  
.. 

o xide t ha t  c ont a ins U a n d  Z r . p r o b a bly a s  o x i des� i nt i ma t ely m i xed as U - r i c h  

a n d Zr-r i c h  a r e a s  i n  w h a t wa s �pp a r e n tly a m olt e n  ce r a m i c ( see F i g .  2 7 ) :  t h e 

meltin g p oint of C r 2 03 i s  1 99 0°C . I n  F i g .  2 7 , not e  t h e  po r os i ty i n  t h e  C r - r i c h  

( d a r ke s t ) p h ase. T h i s  i s  a n  i nd i c a t o r  o f t h e  v ol a t i l i ty o f C r  o x i d es ,  a s  w i ll 

b e  disc ussed la t e r . T h e  c ompos i t i ons o f  some d e b r i s  a r e a s  c an be f o u n d  i n  

T a ble 2 .  I t  i s  t h i s  " fu e l "  m a t e r i a l  t h a t  appa r e ntly g a v e r i se t o  t h e  f i ss i on -

p r od u c t  pe a k  i n  t h i s  reg i on o f  t h e g a mma sc a n . T h e r e w e r e  a lso loc a l  c onc e n -

t r a t i ons o f  Al and T i  i n  t h i s c e r a m i c m a t e r i al . T h e  sou r c e  o f  t h e  Al wo uld b e  

t h e  Al2 03 i nsula t i n g  m a t e r i al i n  t h e i nst rument le ads . T h e  T i  a pp a r e n tly w a s  

a n  i mp u r i ty i n  t h e  I n c onel 60 0 a nd c a me o u t  w i t h  t h e  C r . b o t h b e i ng s t r ong 

o x i d e f o rme rs . A C r - r i c h  p h a se also p r e c i p i t ated as pla t es w i t h i n  t h e  Cr­

d e ple t e d  I n c onel a r e a s . a s  sh own i n  F i g .  2 8 . T h i s  molten met a l . f r om t h e 

r i g h t  s i d e  i n  F i g .  25 . w a s  also f o u n d t o  c o nta i n  d i ssolved f u el c o nst i t u e n ts 

( •9 w t . %  u. ·3 wt . %  Z r} .  

A r e a s  of Ag . Cd . a n d  I n  we r e  fou n d  i n  t h e  s u r f a c e  ox i de o n  some o f  t h e  

f o rm e r I n c on el 600 masses sh own i n  F i g .  26 . De p osi ts o f  Ag - Cd a nd S i . Mn. T i . 

and Z r  we r e  also f o u nd w i t h i n t h e  sp h e rical bu bbles i n  t h e  onc e - molt en 

I n c o n el . s i m i la r t o  t h ose i n  F i g .  2 8 . 

A m e t a llog r a p h i c spec i men w a s  ma de a t  t h e  25-mm ele v a t i o n  t o  e x a m i ne a ny 

su r f a c e  d e p osi ts, e x a m i n e  t h e  I nc o n el m i c r ost r u c t u r e . and t o  pe r f o rm h a r dness 

measu r eme n ts . T h e r e  was a 50 -�- t h i c k ox i d e  on t he su r f a c e . t o p ped w i t h  f i ne 
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pa rti cle s o f  d e b r i s .  Alth oug h n e i t h e r  t h e  pa r t i cula t e  n o r  t he l a ye r we r e  

a n alyze d , t h e  b a c k s c a tte r ele c t r o n  ( BSE) i ma ge of the pa rti cle s i n d i ca ted t h em 

to be a m i xtu r e  of h i g h- a n d  low-a t om i c numbe r mater i als , a ppa rent l y  fuel a n d 

ot h e r  c o re d eb r i s .  T he ox i de layer h a d  t h e  p hy s i cal a p pe a r a nce o f  Fe- o x i d e 

lay e r s  a n a ly z ed on N o z zles 010 a n d Ell. N odul e s  o f  Pb we re found =650 � 

b e n e a t h  t h e  sur f a c e  of t h e n o z zle . T h e  s ou rce o f  t h e Pb i s  un k n own , but i ts 

mo r p h ology i n  t h e  I n conel ( c ente r e d  i n  a d i mp l e )  i n d i cates tha t i t  i s  n o t a n  

a r t i f a c t . T h e  e t c h e d  n o z zle m i c r o struc ture wa s s i m i la r  t o  t h a t  f r om N o z z l e  L6 

( F i g .  19 ) i n  t h a t t h e  g r a i n boun d a r i e s  we r e  not a t  equi li b r i um a n d a n neali n g  

twi n s  we r e  p r e s e n t . H ow e v e r ,  t h e  g r a i n s i z e  wa s la r g e r w i t h  g r a i n s u p  t o  

0 . 5 mm i n  d i a me t e r. 

T h e  bottom su r fa c e  ( 0-mm ele v a t i o n )  o f  t h e  H5 s e gme n t  i s  s h ow n  at h i ghe r 

ma g n i f i c a t i on i n  F i g .  2 9 . T h e  Ty pe 304 s t a i nless ste el c o ndui t i s  n o t  o x i ­

d i z ed .  it s h ould be n oted t h e  I n conel 600 s h e a th i n g  on s i x o f  t h e le a d s  i s  

c r a c ke d  i n  a b r i ttle mode . T h e  metal s h a rd s  b etween the le a d s , s h own i n  

F i g .  30 , a r e I n c o n el 600 plus Mn ( =6 wt . % )  a n d  they a r e a ppa r e ntly the r e s ult 

of b r i ttle f a i lu r e  of t h i s  s h e a t h i n g s omew h e r e abo v e . T h e  Mn s ou r c e  i s  n ot 
\ 

obv i ous , but i t  wa s als o p r e s en t  i n  t h e  s h e a t h i ng only n e xt t o  a f r a cture . 

Als o s h ow n  i n  F i g .  30 a r e f u el pa r t i cle s a n d  p a r t i cle s o f  Ag - Cd that a l s o  

c olle c t e d  betwee n  t h e  lea d s . T h e  Z r  l e a d s , s h own i n  F i g .  2 9 , we r e  i n  v a r i ous 

s t a g e s  of p h a s e  t r a n s f o rmati on , f r om P- to a - p h a s e  Z r. s i m i la r  to w h a t  wa s 

f o u n d  i n  N o z zle L6 ( s e e  F i g .  18 ) .  

Me t allog r a phy of a s e c t i on f r om t h e  bottom s ur f a c e ,  F i g .  31. s h owed a 

d e nd r i t i c  st ruc ture t h at i s  ty p i c a l  of a we l dment . T h i s would b e  e x p e cted a s  

th i s  n o z z le wa s cut o f f  flus h w i th t h e  v e s s el wall , t h r oug h t h e  weld . 

M i c r o h a r d n e s s  me a su r eme nts we r e  m a d e  on s pe c i men s f r om t h e t h ree ele v a ­

ti o n s: 1 35 mm. 25 mm. a n d  0 mm . T h e  a v e r a g e  o f  m e a surements at t h e t o p  

( 1 35 mm ) wa s 10 5 ± 2 OPH i n  a reg i on t h a t  wa s C r - d e ple t e d . T h e  bot t om sur­

f a c e , h ow e v e r. w h i c h  w a s t he weldment. m e a sured an a v e r a g e  o f  217 ± 13 OPH . 

T h e  v a lue s f r om the bottom were t h e  h i g h e st me a su r e d  on a ny n o z zle . T he h a r d ­

n ess a t  t h e  2 5 - mm ele v a t i o n  i n  n o z zle m a t e r i al wa s 198 ± 8 OPH . 
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D. Nozzle H& 

T h e  H 8  nozzle segment was 7 0  mm long and a 51-mm st ub remai ned on t he 

v essel . I t  was re p ort ed by MPR4 that =50 mm o f  t h e  t o p o f  what remai ned of 

t h i s  nozzle after t h e ac c i den t  was bro ken o f f d ur i ng d e f u eli ng of t h e  lower 

h ead . I nsp e c t i on o f  the ph o t os o f  t h e as-rece i v e d  cond i t i on o f  t h e  segment . 

F i g .  32 . i nd e ed . sh ows e v i dence ( fract ured leads and bent cond u i t) t hat t h e  

i nstrument stri ng was bro k en off . not melt ed , e v en t h o u g h  t h e  nozzle aro und i t  

obv i o usly had been abla t e d  and se verely ne c k ed d own . I t  i s  li kely t hat only 

t h e i nstrument stri ng was hold i ng t h e  two segments o f  the nozzle t og e t h er . I f  

t hat was t h e  case , t h e  f ull rema i ni ng segment o f  t h i s nozzle was h o ur-glasse d  

s hape d . s i m i lar t o  K11 . T h e  137cs gamma scan f or t h e  se g ment i s  s h own i n  

F i g .  33 . Th e acti v i ty prof i le i nd i cat es t hat f u el i s  contai ne d  thro u g h o u t . A 

l i kely f u el mass w i t h i n  t h e nozzle can be seen at t h e  bo t t om face i n  F i g .  31 . 

T h e  se c t i oni ng d i agram for the n o zzle i s  sh own i n  F i g .  33 . T h e  as - c u t  

long i t ud i nal se c t i on .  s h own i n  F i g .  34 .  sh ows t hat t h e  i nstrument stri ng . i n­

clud i ng i ts sta i nless s t e el c ond u i t .  i s  fai rly well i ntact ,  b u t  bent . 

Soli d i f i ed f u el and metalli c debr i s  can be seen t o  t h e  le f t  o f  t h e  stri ng . 

T h e  "goose-nec k" bend o f  t h e  ablated u pper le ft c orner may hav e o ccurred w h en 

t h e  u p p er mat i ng segment was bro k en o f f  d ur i ng t h e  d e fu e l i ng operat i on .  

Analyses o f  t h e  surfaces at t h e top o f  t h i s  segment i dent i f i e d Zr , wi t h  v ery 

l i t tle U .  as t h e  pri nci pal reactant w i th t h e nozzle . Uran i um , i n  comb i nat i on 

w i t h  Zr , was f o und i n  gra i n boundari es i n  t h e reac t i on areas ,  but  Zr w i t h o u t  U 

was layered on t h e reac t ed s urfac es . Cad m i um NaS also present i nt ergranularly 

w i t h  t h e  U and Zr , wh ereas I n  was found on t h e  s urfac e w i t h  Zr . Unl i k e  the 

f u el in t h e t o ps of Nozzles M9 and H 5 , some o f  t h e f u el areas i n  t h e one sam ­

ple e xam i ned at t h e  t o p  o f  H 8  were more ag glomerated part i culat es rat h er t han 

a h eterogene ous sol i d i f i e d mass . 

T h e  as-c u t  transv erse sect i on at t h e  64-mm ele v at i on i s  sh own i n  

F i g .  35 .  At t h i s  ele vat i on . there was a combi nat i on of some ceram i c and pre­

d om i nantly metalli c debr i s i n  t h e  nozzle annulus . T h e me tall i c  d ebri s ,  shown 

i n  greater d e t a i l i n  F i g .  36 , was essent i ally soli d i f i ed I nconel 600 w i t h  

= 2 0  wt . %  Zr and 1 wt . % U t ha t  ap parent l y had c om e  d own i n  se v eral ri v ulets . 
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T r apped i n  t h i s d e b r i s we r e  s ol i d i f i ed i nclu s i o n s  o f  Ag-Cd . T h e  s urface s  o f  

s ome r i v ule t s  we r e  e u t ect i c  s truct u r e s  ( F i g .  37)  t hat conta i n Zr , U ,  a n d I n ,  

i n a d d i t i on t o N i , C r , a n d  Fe . Si m i lar m i c r o s t r uct u re s  o f  p r i ma r y  s ol i d i f i ca­

t i on g r a i n s a n d  e u t ect i c  s truct ure s we r e  f o u n d  i n  t h e m a t eri al h i g h er i n  t h e  

a n n ulu s b etwee n  t he n ozzle an d t h e cond u i t .  T h e q uan t i ty o f  Ag-I n-Cd mat eri al 

i n  t h i s d e b r i s i s  s i g n i f i ca n t  i n  t h a t  i t  i n d i ca t e s  an a p prec i able amo u n t  o f  

con t r ol m a t e r i a l s  i n  t h e v i ci n i ty o f  t h e  n ozzle breach . e i t h er at t h e  120-mm 

ele v a t i o n  o r  h i g h e r  u p  at t h e =170-mm ele v at i on .  w h ere t h e t o p  o f  t h e n ozzle 

h a d  a pp a r e n tly melt e d  away . I t  i s  a l s o  s i g n i f i ca n t t h a t  t h e r e  app ears t o  b e  

n o  ob v i o u s  C r  d e plet i on f r om t h e  I nconel w i t h  s u b s eq u e n t  o x i d a t i on . as was 

f o u nd a t  t h e  t o p  o f  N ozzle M9 . I t  ca n als o be s e e n  i n  F i g .  36 t hat t h e  o u t er 

I nconel t u be o f  t h e  i n s t r ume n t  s tri n g  had been u n d er s u f f i c i e n t  external p r e s ­

s u r e t o  collap s e  on t o  t h e  i n s t r umen t  le a d s . T h e  Type 304 i n s trume nt con d u i t  

wa s b arely o x i d i ze d  a t  t h i s ele vat i on. Sl i g h tly h i g h e r u p . t h e  co n d u i t  was 

o x i d i ze d  on i t s i n s i d e ,  wherea s  i t s o u t s i d e wa s " p r ot ected " by molten mat e r i al 

t h a t  had r u n  d own i n t o  t h e a n n ulu s . Bu t a t  t h e  v e ry t o p  i t  was e n t i r e ly ox i ­

d i zed . 

T o  s umma r i ze ,  t h e re we r e  t h r e e  ty pe s o f  f u el - b e a r i n g " d e bri s "  f o u nd i n  

t h e HB N ozzle . Un i q u e  t o  t h i s nozzle was Zr and U i n  s oli d i f i e d  m e t a ll i c 

s t r uct u r e s  o f  e s s e n t i ally I nco n el . I n  t h e s e , t h e  Zr:U a t om i c ra t i os we r e  

=35:1 . Seco n d , t h e r e wa s a g glomera t ed pa r t i culat e < <50�) . i n  w h i ch t h e  Zr:U 

a t om i c rat i o s we r e  =1.2:1 . La s t , t h ere were w h a t  appe ared t o  be s oli d i f i ed ,  

p o r o u s  ma s s e s: u n f o r t u n a t ely ,  t h e s e  we r e  n o t  c a p t ured i n  t h e  s a m ples analyzed 

by S EM - EDX . S uch m a s s e s  are e v i d e n t  i n  t h e a s -cut s u r face s h own i n  F i g s . 32 

a nd 34 . 

T h e  n ozzle o u t e r  s urface at t h i s 64-mm ele v a t i on , F i g .  38 , was a blat e d  

a n d  r e act ed w i t h  li q u i d Z r  t h a t  als o  con tai n e d  a lar g e  q uan t i ty o f  N i  and 

s malle r q u a nt i t i e s of u. Fe . and Cr ( Zr:U =8 . 5:1) . T h e  SEM s econ dary elect r o n  

i mage o f  t h i s a rea , F i g .  39 , s h ows t hat a Zr-r i ch li q u i d p h a s e  has  p e n e t rat ed 

the g r a i n b o u n d a r i e s  of t h e  I nconel 600 . Als o  s h own i n  t h e  f i g ure are s econd 

p h as e s  t h a t  c o n t a i n  h i g h e r  concent r a t i on s of Zr . F e . a n d Cr t han the matr i x 

p has e . T h e  s i g nif i ca nce of t h e  n a t u re o f  t h i s s urface mat e r i al i s  twofold . 

F i rs t . i t  con t a i n s all o f  t h e  eleme n t s  o f  a control r o d  as s e mbly: Ag - I n - Cd:  
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Z r  f r om t he Z i r caloy g u i de t ubes: and Fe - N i -C r  f r om t he s tai nles s s teel 

c l ad d i ng. Sec ond . t he Z r:U at om i c rat i o o f  t he s u r face and s ub- s u r face reac ­

t ant . =8.5:1 . i s  s i gn i f i cantly d i ffe rent f r om t hat o f  t he pa r t i c ulate f uel 

f o und i n  t h i s nozzle and i n  t he f uel deb r i s i n  mo s t  ot h e r  nozzles where t he 

c ontent o f  U i s  gene rally g reater  t han t hat o f  Z r  ( see Table 2) . T hese two 

p o i nt s  s t r ongly s u g gest  t hat t h i s nozzle was i n  c ontact wi t h  mate r i al f r om t he 

c ont r ol r od as sembli es bef o re t he maj o r  f uel flow a r r i ved on t he ves sel. 

M i c r o ha rdnes s meas u rement s on t he nozzle averaged 133 ± 4 DPH at t he 

64 - mm elevat i on and 148 ± 7 DPH at 108 mm. T hese val ues we re am ong t he lowes t 

v alues meas u red on I nc onel t hat d i d  not ex h i b i t  C r-deplet i on and refle c t  a 

h i g h  n ozzle tempe rat u re 64 mm f r om t he ves sel . 

E. Nozzle 01 o 

T he 010 nozzle segment ( nee H 5) was 235 mm long . leav i ng an =5 7 - mm-long 

s t ub on t he ves sel. An elevat i on v i ew of t he nozzle segment i s  s h own i n  

Fig. 40. Clo se i ns pect i on o f  t he beveled t op o f  t he nozzle i nd i cates t hat 

=13 mm of t he t o p  had melted o f f. 

T here were a number o f  notewo r t hy feat u res on t h i s nozzle. T he t o p 

7 5  mm appea r t o  have a c r u s t  w i t h  w i de .  s hallow dep res s i ons .  T he m i d dle 7 5  mm 

are c o vered w i t h  a c r u s t  t hat i s  t h i c ker  and q u i te p o r o u s . and only on one 

s i de o f  t he nozzle . i nd i cat i ng i t s depos i t i on was uni d i rect i onal. T he 137cs 

a c t i v i ty p r o f i le ( Fi g. 42) i nd i cates t hat t here i s  a s mall amount of f uel at 

t he very t o p  of t he nozzle and t hat t he p o r o u s  deb r i s c onta i ns f uel as well. 

( Subseq uent sec t i oni ng t h r o u g h  t he debr i s .  des c r i bed below . i nd i cates t hat 

t here was mo re f uel mas s at tac hed to one s i de of t he nozzle t han i ns i de t he 

nozzle at t he elevat i on o f  t he sect i on. T he gamma ac t i v i ty .  t herefo re . was 

p r i nc i pally f r om s u r face debr i s.) 

Ju s t  above t he m i d plane bevel i s  a c rac k . =20 mm long . t hat penet rates 

t he nozzle body. T he s u r face debr i s  and s cale te rmi nate j u s t  abo ve t he c u t­

o f f  elevat i on .  =7 5 mm f r om t he bott om o f  t he nozzle. T he t o p  and bot t om v i ews 

of t he nozzle segment are s h own in F i g. 41. T he top v i ew s h ows t hat t he i n ­

s t r ument s t r i ng has been gene rally melted . w i t h  melted mate r i al .  p r obably t he 
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m i s s i n g  t o p  1 3  mm , f i l l i n g t h e n o z z l e ' s  a n n u l u s . C a n d l i n g d own o n e  s i d e c a n  

be s e e n . T h e  bot t om v i ew s h ows t h e  i n s t rument  c o n d u i t  t o  be  i n t a c t  w i t h  w h a t  

m i g h t  be  f u e l f r a gmen t s  on  o n e  s i d e o f  t h e  n o z z l e ' s  a n n u l u s . 

T h e  s e c t i o n i n g d i a g r a m  f o r  t h e 0 1 0  n o z z l e i s  s h ow n  i n  F i g .  4 2  t og e t h e r  

w i t h  t h e  g a mma a c t i v i ty p r o f i l e .  T h e  s egme n t  w a s  c u t i n t o  n i n e m a j o r  p i e c e s , 

f r om w h i c h 1 3  sma l l e r s pe c i me n s  w e r e  g e n e r a ted  fo r d e t a i l ed e x a m i n a t i o n . T h e  

l on g i t ud i n a l  s e c t i on t h r o u g h  t h e  t o p  o f  t h e  n o z z l e ,  F i g .  4 3 , s h ows m e l t i n g  o f  

t he i n s t rument  s t r i n g , s e v e re d a m a g e  t o  t h e  s t a i n l e s s  s t e e l  c on d u i t ,  a n d  t h e  

me l t e d  C r - d e p l e t e d  I n c on e l  t h a t  f i l l e d t h e  a n n u l u s  a ro u n d  t h e  c ond u i t .  T h e  

c e r am i c - a ppe a r i n g  m a t e r i a l  o n  t h e  o t h e r  s i d e a ppe a r s  t o  be , b a s ed o n  t h e M9 

a n a l yt i c a l  r e s u l t s , a fue l - be a r i n g  o x i d e  o f  C r . ( T h e  s am p l e f r om t h i s c e r a m i c 

r eg i o n  w a s l os t  d u r i n g  met a l l og r a ph i c p r epa r a t i on . ) O n l y  f u e l  i n  t h e f o rm o f  

s h a rd s  w a s f ou n d  i n  a met a l l og r a p h i c s e c t i on f r om t h e i n s t r um e n t - t u be s i d e o f  

t h i s s e c t i o n  ( F i g .  44) . T h e  c ompos i t i on s  o f  s u c h  pa rt i c u l a t e  a r ea s a r e g i v e n  

i n  Ta b l e 2 .  T h e  s i g n i f i c a n c e  h e re i s  t h e  pa rt i c u l a t e  a nd i n h omoge n e o u s  n a t u r e 

o f  t h e  d e b r i s w i t h i n t h e  m e l t e d  met a l l i c s t r u c t u r e  o f  t h i s n o z z l e .  u n l i ke t h e  

t op s  o f  M 9  a nd H 5 . T h e  s u r f a c e  o f  t h e  n o z z l e a t  t h e  t o p  wa s a b l a t ed w i t h  e v i ­

d en ce o f  U - Z r  i mb e d d e d  i n  t h e  C r / T i - r i c h s u r f a c e . A l u m i n um h a d  a d v a n c e d  

= 2 0 0  � i n t o  t h e  n o z z l e ,  beyond  t he C r / T i  o x i d a t i o n a re a s , a nd wa s u s u a l l y  a s ­

s oc i a t e d  w i t h  Mg , t h e  s o u r c e  o f  w h i c h i s  u n kn own . C a d m i um w a s s p o r a d i c a l l y  

l o c a t ed o n  t he s u r f a c e . S i l v e r  a nd Cd  n o d u l e s  t h a t  a l s o  c o n t a i n e d  U - Z r we r e  

l oc a t e d  i n  s ee m i n g l y u n a f fe c t e d  I n c on e l  a t  l ea s t 3 0 0  � f r om t h e  s u r f a c e . 

T h e  t r a n s v e r s e  s e c t i on a t  t he 2 6 6 -mm e l e v a t i o n , F i g .  45 , s h owed e xte n ­

s i v e d ama g e  t o  t h e  i n s t r um e n t  s t r i n g  a nd c o nd u i t a nd p o s s i b l y s ome f u e l  d e b r i s 

i n  t h e  a n n u l us  b u t  n o n e  o n  t h e  ext e r i o r . T h e  e x t e r i o r  s u r f a c e a t  t h i s e l e v a ­

t i on e xh i b i ted  a n  a l t e r n a t i n g p a t t e r n  o f  i n te r a c t ed / a b l a t e d  a re a s  a nd a rea s 

s h ow i n g  l i t t l e e v i d e n c e  o f  a t t a c k . T h e  i n t e r a ct e d  a re a s , w h i c h wo u l d b e  t h e  

s h a l l o� d e p res s i o n s  s h own i n  F i g .  40 , we re  u p  t o  2 mm d e e p  a n d  c on s i s t e d  o f  

bot h  s ub - s u r fa c e - a f f e c t ed  z o n e s  a n d  l ay e red d e p o s i t s o f  d e b r i s a n d  r e a c t i o n  

p r od u c t s  o n  t h e  s u r f a c e , a s  s h own i n  F i g .  4 6 . A l u m i n um wa s a g g re s s i v e  i n  i n ­

t e r a c t i n g b e n e a t h  t h e  I n c on e l  s u r f a c e . O n  t h e  a b l a t e d  s u r f a c e , C r  a nd T i , 

l i ke l y a s  o x i d e s , f o rmed a t h i c k  l ay e r , w i t h  a n  a dd i t i o n a l  C r - r i c h  l ay e r  c o n ­

t a i n i n g  c on t r o l  a s s em b l y f r a gm e n t s o n  t o p  o f  i t .  T h e  o u t e r mo s t  l ay e r w a s 
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a l mos t p u re Fe  ( ox i d e ) . I n  s ome  a re a s  t h i s l ay e r  c ont a i n e d  f r a gme n t s  o f  a 

m i xtu r e  o f  U - Z r a n d Ag - Cd .  O n  s u r f a ce a re a s  w h e r e t h e r e  wa s n o  a b l a t i o n , t h e  

s u r f a c e  l ay e r  w a s = 1  � t h i c k  a n d  c o n t a i n e d  A l , Z r , Ag , C d , I n ,  T i , C r , Fe , a n d  

N i , b u t  n o  f u e l . 

T h e  t r a n s v e r s e  s e c t i on a t  t h e  1 7 7 -mm e l e v a t i o n , F i g .  4 7 , s h ows a n  a re a  

o f  f u e l d e b r i s o n  t h e  e x t e r i o r  s u r fa c e ,  s o l i d i f i ed met a l  i n  t h e  a n n u l u s . o x i ­

d a t i o n  o f  t h e  c o n d u i t ,  c o l l a p s e  o f  t h e  c e n t r a l I n c on e l  6 0 0  t u be , a n d l a r ge  

b u bbl e f o rm a t i o n  i n  the  I n c on e l  on  t h e  s u r fa c e  of t h e n o z z l e .  A l m o s t  a l l of  

the  s u r f a c e  d a m a g e  wa s l i m i t ed  t o  o n e  s i d e ,  an  a r c o f  =1 80° . 

At t h e  1 58 -mm e l e v a t i on ,  F i g .  4 8 , t h e  s u r f a c e  d a ma ge  e x t e n d e d  fa r t h e r  

a r o u n d  t he n o z z l e .  A s o l i d i f i ed i n g ot o f  w h a t  p r o v ed t o  b e  I n c o n e l  wa s i n s i d e 

t h e  a n n u l u s . T h i s i n g o t  c o nt a i n e d  i mbedded p a r t i c l e s . · o f  s o l i d i f i ed Ag - Cd ,  

g e n e r a l l y a t  a r a t i o o f  1 0 : 1 ,  a s  d i d t h e  a d j a c e n t  n oz z l e body . T h e re w a s n o  

e v i d e n c e  o f  f o r e i g n e l eme n t s  o n  t h e  a ppa r e n t l y  a b l a ted s u r f a c e , o n l y  l ay e r s  

r i c h  i n  C r , T i . o r  N i . T h e re w a s  a n  e x t en s i v e  a re a  o f  i n te r g r a n u l a r  s e pa r a ­

t i o n  o n  o n e  s i d e o f  t h e  n o z z l e body , a d j a c e n t  t o  t h e  s u r fa c e  c ra c k  t h a t  w a s  

v i s i b l e  i n  F i g .  4 0 . T h i s a re a , s h own i n  m o r e  d e t a i l  i n  F i g .  4 9 , wa s e x t e n ­

s i v e l y p e n e t r a t e d  by Ag - Cd ,  b o t h a s  s t r i n g e r s , F i g .  50 ( a ) ,  a n d d i s c r e t e  p a r t i ­

c l e s , F i g .  5 0 ( b ) . M a ny o f  t h e  l a rg e r  c a v i t i e s a pp e a r t o  be g r a i n - bo u n d a ry 

s ep a r a t i o n s , o r  g r a i n b o u n d a r i e s  t h a t  h a v e  b e e n  d i s s o l v e d  by a p e n e t r a t i n g 

l i q u i d ,  s u c h  a s  Ag - Cd . I n  s ome  c a s e s , t h e  p r ot u be r a n c e s  o n  t h e s u r f a c e s  o f  

t h e  c a v i ty we re  s u f f i c i e n t l y  r ou nd e d  t o  h a v e t h e a ppea r a n c e  o f  h a v i n g  b e e n  

m o l t e n . S o m e  o f  t h e  l a rg e r  c a v i t i e s  we re  f i l l ed w i t h  s h a rd s  o f  f u e l  i n  a ma ­

t r i x o f  C r - o x i d e , a s  s h ow n  i n  F i g .  5 1 . T h e  c ompos i t i on s  o f  s ome  o f  t h e s e  

s h a rd s  a re g i v e n  i n  T a b l e 2 .  A l umi n um ,  C r , a n d  Fe , a l l s t r o n g  o x i d e f o rme r s , 

we re  f o u n d  i n  t h e  g r a i n b o u nd a r i e s  o f  o n e  s u c h  f u e l  pa r t i c l e .  T h e  e t c h e d  m i ­

c r o s t r u c t u r e  o f  t h i s a re a , F i g .  5 2 , i nd i c a t e s  a v e ry l a r g e  g r a i n s t r u c t u re 

w i t h  a p os s i b l e  s e c on d  p h a s e  i n  t h e  g r a i n b o un d a r i e s . T h e  n a t u r e o f  t h i s 

g r a i n - bo u n d a ry p h a s e  w a s n ot a ct u a l l y  d e t e rm i n ed : o n l y Ag - Cd , a s  i n  

F i g .  5 0 ( a ) , wa s d e t e rmi n ed i n  t h e  S EM - E D X  a n a l y s e s . T h e  a v e r a g e  m i c r o h a rd n e s s  

o f  t h i s a r e a  w a s o n l y  1 24 ± 2 D P H . i nd i c a t i n g  t h a t  a v e ry - h i g h  t em pe r a t u r e w a s  

a c h i e v ed . T h e  a re a  w a s n o t  d e p l e t e d  i n  C r , h owe v e r , a s  wa s t h e  c a s e  i n  ot h e r  

l ow - h a rd n e s s a re a s . 
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A l t h o u g h  a c a s t , d e n d r i t i c m i c r o s t r u c t u r e wa s n ot b r o u g h t  o u t  met a l l o ­

g r a p h i c a l l y ,  i t  i s  n ot i n c o n c e i v a b l e t h a t  a t  l e a s t o n e  s i d e o f  t h e  u p p e r p a rt 

o f  t h i s n o z z l e wa s e s s e n t i a l l y  m o l t e n , or  v e ry c l o s e  t o  i t , t h e a p p a r e n t l y  

u n d i s t u r bed e x t e r i o r  s h a p e n otw i t h s t a n d i n g .  M e a s u reme n t s  on  t h e  n o z z l e c r o s s  

.s e c t i o n  i n  F i g .  4 8  i n d i c a t e  t h a t  n o t  o n l y  i s  t h e c e n t e r  h o l e e c c e n t r i c b u t  t h e  

o u t e r  s u r f a c e  i s  a s  we l l . T h e  o u t e r  s u r f a c e  h a s  m o v ed o u twa r d  by =3 . 5  m m  o p ­

p o s i t e t h e e c c e n t r i c i ty o f  t h e  1 0 .  T h e  f a c t  t h a t  t h e i n n e r  i n s t r um e n t  t u be i s  

c o l l a p s e d  a t  t h i s e l e v a t i o n  i s  e v i d e n c e  t h a t  t h e r e wa s a h i g h  i n t e r n a l p r e s ­

s u r e i n  t h e  n o z z l e t h a t  w o u l d h a v e  been  t h e  d r i v i n g f o r c e  t o  m o v e  t h e w e a k 

s i d e o f  t h e n o z z l e o u twa r d . T h e  l a r g e  s u r fa c e  b u b b l e a t  1 7 7  mm i s  a n o t h e r  i n ­

d i c a t i o n  o f  m e l t i n g  o f  a t  l e a s t  t h e s u r f a c e . A s s um i n g  t h e  f u e l  f l ow e n v e l o p e d  

t h e  n o z z l e f r om t h e b o t t om u p , a f u e l  c r u s t  c ou l d h a v e r a p i d l y  s o l i d i f i ed 

a g a i n s t  t h e  n o z z l e f o rm i n g  a mol d i n  w h i c h a r e a s o f  t h e  n o z z l e r a p i d l y  me l t ed , 

a t  = 1 4 0 0°C , a n d t h e n  s o l i d i f i e d ,  t r a p p i n g  s ome fue l de b r i s a n d  c o n t r o l  r od m a ­

t e r i a l  i n s i d e .  T h e  r o u g h  n a t u r e o f  t h e  s u r f a c e  of t h i s n o z z l e c a n  be c o n ­

t r a s t e d  t o  t h e  smoot h s u r f a c e o f  t h e  a b l a t ed a r e a s on t h e  s u r f a c e  o f  N o z z l e 

HB . 

T h e  m a s s i v e  s u r f a c e d e p o s i t  d i a me t r a l l y  o p p o s i t e t o  t h e  i n t e r g r a n u l a r  

s e p a r a t i on s i s  s h own i n  F i g .  5 3 . I t  i s  a s s um e d  t h a t  t h i s  type o f  d e p o s i t  i s  

ty p i c a l of  t h e  t h i c k  d e p o s i t  o n  t h i s s i d e o f  t h e n oz z l e between t h e  1 2 0 - a n d 

1 8 0 - mm e l e v a t i on s . T h i s c omp l e x  s t r u c t u r e  i s  a c omb i n a t i on o f  s o l i d i f i ed 

C r - d e p l e t e d  I n c o n e l  ( wh i t e a r e a s ) a n d p hy s i c a l  mi x t u r e s  of o x i d e s  o f  C r , Z r. 

U ,  Fe . a n d  N i  ( g r a y  a r e a s ) .  P a r t o f  t h e  o r i g i n a l  n o z z l e s u r f a c e  i s  a s s umed t o  

b e  t h e  t h i n g r a y  l i n e o f  C r  a n d T i  ( ox i d e ) a t  5 o ' c l o c k  i n  t h e f i g u r e  a n d  e x ­

t e n d i n g  u pw a r d  t h r o u g h  t h e  wi d e  b a n d  o f  v o i d s  t o  1 2  o ' c l o c k . T h e  g r a y  p h a s e s  

t o t h e  r i g h t  o f  t h i s l i n e a r e p r i n c i p a l l y  C r , A l , a n d  T i  r i c h , w i t h  s ome U a n d 

Z r . T h e I n c o n e l  m a t r i x t o  t h e  r i g h t  o f  t h e s e  o x i d e s  c o n t a i n s i n c l u s i o n s  o f  

A g - C d , a s  d oes t h e l a r g e  C r - d e p l eted I n c on e l  m a s s e s  b e tween 6 a n d  8 o ' c l o c k . 

T h e s e  i n c l u s i on s  a r e s h ow n  i n  F i g .  5 4 . T h e i r n om i n a l  c ompos i t i o n s  we re i n  t h e 

r a n g e  o f  7 0 - 80 wt . %  Ag - 2 0 - 30 wt . %  Cd . A f u e l - c o n t a i n i n g a r ea  i s  a t r i a n g u ­

l a r - s h a pe d  p a r t i c l e a t  t h e  o u t e r  e d g e  o f  t h e  d e p o s i t  s h own i n  F i g .  5 3 . T h e  

m i c r o s t r u c t u r e o f  t h i s a r e a , F i g .  5 5 , s h ows s e g r e g a t i on of t h e f u e l  i n t o  a U ­

r i c h  p h a s e  ( 89 wt . %  U - 3  w t . %  Z r - 8  wt . %  F e ) a n d a Z r - r i c h  p h a s e  ( 2 5 wt . %  U - 5 7  

w t . %  Z r - 1 8  wt . %  F e ) . S u c h  f u e l  c o n c e n t r a t i o n s  we r e  t h e  e x c e p t i o n .  G e n e r a l l y ,  
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f u e l  c o n st i tuent s  we r e  mo r e  r a n d oml y d i s p e r s ed i n  oth e r  p h a s e s  o f  C r  a n d F e  

o x i d e s .  T h e  a r e a s  c o nta i n i n g the l a r ge r amounts o f  U a n d Z r  we r e  i n  t h e  o ute r 

a r e a s  o f  t h e  d e p o s i t. 

F i g u r e  5 6  s h ows the i n st r ume nt str i ng at the 1 5 8 - mm e l e v ati on. T h e Type 

304 sta i n l e s s  ste e l  c o n d u i t  w a s a l m o st c omp l ete l y o x i d i zed b ut t h e  I n c on e l 600 

i n n e r  a nd o ute r i n s t r ument tu b e s  we r e  n ot: the r e  wa s o n l y  a s ma l l a mo u nt o f  

o x i d at i on o n  t h e  o ute r tu be. T he i n n e r  tu be h a d  c o l l a p s ed f r om e xte r n a l p r e s ­

s u r e a nd w a s f i l l ed w i th s o l i d i f i ed I n c o n e l . s l i g htl y d e f i c i e nt i n  C r. T h e  Z r  

i n str u ment w i r e s  h a d  r e a cted t o  v a ry i ng d e g r e e s  w i th  Al 2 03 i n s u l at i on . r e s u l t ­

i n g i n  o x i d ati o n  o f  th e Z r  a n d  r e d u cti on of t h e  Al 2 03. T h e  r e l ati v e  f r ee e n e r ­

g i e s o f  fo rmati o n  o f  the s e  o x i d e s  s u g g e st t h at a tempe r atu r e  of at l e a st 

1200°C wa s r e a c h ed f o r  th i s r e d ox r e a ct i on to o c c u r. O n e  i n str ument w i r e . a t  

5 o ' c l o c k  i n  F i g. 5 6  a nd s h ow n  e n l a r g e d  i n  F i g .  5 7 . a pp a r e ntl y h a d  me l ted a n d 

s e nt s i x  s t r i n g e r s  o utwa r d  tow a rd t h e  cla d d i n g. An a n a l y s i s o f  o n e  s u c h  

str i n g e r  i n d i c a ted on l y  Z r . b ut .  b e c a u s e  the me l ti n g  p o i nt o f  Z r  i s  h i g h  a t  

18 50°C , i t  i s  mo r e  l i ke l y that th e str t n g e r s  a r e t h e  e utecti c o f  A l  a n d Z r  a t  

a mel t i ng p o i nt o f  1350°C. T h i s  i s  mor e i n  k e e p i n g  w i th t h e  =12 0 0°C m i n i mum 

tempe r atu r e fo r th e r e d ox r e a cti on. O n e  st r i n g e r  r e a c h e d  th e s h e ath a nd 

c a u s e d  l oc a l  me l ti n g  i n  the w a l l. Althoug h th e me l ti ng p o i nt o f  I n c o n e l  i s 

=1400°C , t h e  l o c a l i zed m e l ti n g  c o u l d h a v e  o c c u r red at a l owe r tempe r atu r e  b e ­

c a u s e  the Z r - N i e utecti c o c c u r s  at 960°C. I n  a ny e v e nt . t h e  temp e r atu r e  o f  

t h e  i n str ument str i n g a t  th i s  e l e v a t i o n  wa s a t  l e a st 1200°C. 

T h e r e  wa s a 0.2 5-mm - th i c k  lay e r  o f  d e b r i s on  th e s u r f a c e  o f  th i s  n ozzl e 

a t  t h e  8 2 - mm e l e v at i on. T h e  d ebr i s .  a s e ct i o n  o f  w h i c h i s  s h own i n  F i g. 5 8 . 

w a s  m u l ti l a y e r e d  i mmed i ately a d j a c e nt to the n ozzl e. T h e  i n ne rmost r e a ct i on 

zone w a s s omew h at d epleted i n  Cr and F e  and c o nta i n ed 9.5 wt.% I n. Mo v i n g  

o utw a r d .  t h e  zon e s  c o nta i n ed a n  i n c r e a s i ng a mo u nt o f  I n , c om b i n e d  p r i n c i p a l l y  

w i th N i . w i th u p  to 95 wt.% I n  ( b a l a n c e  Fe ) i n  th e o ute rmo st o f  the i n ne r r e ­

a cti o n  zo n e s . An i nte rmetall i c .  N i 3 l n 7 . wa s o n e  s u c h  zon e . T h e  b l oc ky g r a y  

m a s s  t h a t  w a s t h e  p r i n c i pal c o n st i tuent of the 0.2 5 - mm - th i c k  la y e r  wa s F e  

( ox i d e ) . Sm all  pa rti cle s n e a r t h e  r e a cti on zon e s  c onta i n ed Cd a n d I n. L a r g e  

f u e l  s h a r d s o f  v a r i o u s  c ompo s i t i on s  we r e  tr apped i n  the F e  ( ox i d e) mat r i x .  
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T h e  c om p o s i t i on s  of t h e s e  var i o u s  par t i cle s , or s pe c i f i c p h a s e s  w i t h i n t h e s e  

par t i cle s ( d e n o t e d  by a n umbe r) , are s ummari z e d  i n  Table 2 .  

Mi c r o har d n e s s  m eas ureme n t s  mad e  on t h e noz z le body at t h e  8 2 - mm ele v a · 

t i o n  gav e an av erage hard n e s s  o f  1 6 1 ± 4 DPH fo r f o ur v alu e s . 

T h e  s urfac e laye r at t h e 69 - mm ele vat i o n  wa s only 1 - 1 0 � t h i ck .  I n  t h e 

t h i n n e s t  areas o f  t h e  layer , random part i cle s of f u el ( 8 2 wt . %  U - 1 2  w t . %  Z r > 

we r e  i mbed d e d 1 n  t h e s urface . As t h e s u r face layer became t h i c k e r , t h e u n d er ·  

ly i n g  r eac t i on z o nes i n to t h e  noz zle s ur face , ·5 � wi d e , contai n e d  Al .  S i . Ag . 

C d , I n , an d S n  i n  ad d i t i o n to N i . Z r , an d Fe . T h e  t h i c ke s t  ou t er lay e r s  con · 

s i s t ed o f  pa r t i al ban d s  co ntai n i n g U ,  Zr , Ag , Cd . I n .  S n , Mo . an d Al i n  ad d i  

t i o n t o  F e . N i , and Cr , i n  var i ou s  c ombi nat i o n s . W h e r e  Zr and U we r e  fou n d  

tog e t h er , t h e  Zr:U at om i c rat i o was v e ry h i g h , 1 . e  . .  > 1 0:1 . 

T h e  m i cro ha rd n e s s  o f  t h e  noz z le at t h e  69- mm ele v at i o n was an a v e rag e 

1 68 ± 1 0  D P H , e s s e n t i ally t h e  same as i t  was 1 3  mm abo v e . 

F. Nozzle E11 

T h e  E l l  n o z zle s e g me n t  ( n ee L 6) , s h own i n  F i g .  59 , was 2 2 5  mm long . T h e  

bas e  o f  t h e  n o z z le wa s  2 2 1 mm abo v e  t h e  lowe s t  po i nt o f  t h e  ve s s el . After 

s e v erance f r om t h e  v e s s el .  an •7 7 - mm s t ub of t h e n o z zle remai n e d  wi t h  t h e v e s ­

s el . T h e  n o z zle s u r face was br i g h t  and apparently una f fe c t ed by t h e  acc i d e nt 

o v er abo u t  half of i t s le n g t h . T h ere was a loos ely ad h ere n t  scale o v e r  t h e  

u p p e r 1 4 5 m m  an d pa r t  of t he bo t t om 38 mm . T h e t ap e r e d  t op o f  t h e n o z zle was 

w r i n kle d and •3 mm o f  t h e  t op was m i s s i n g , b u t as w i ll be s e en , t h i s ma t e r i al 

melt ed and  ran d own i n to t h e  n o z zle . F i g ure 60 s h ows t h e  t op an d bot t om v i ews 

of the n o z zle s e g men t . T h e t o p v i ew i n d i cat e s  t hat n o z zle mat er i al h ad e n ­

t ered t h e  ann ulu s between t h e i n s t r ument str i ng an d  t h e  n o z zle 1 0 ,  an d t h e 

s tr i n g  i s  v i s i ble i n  t h e t o p  v i ew .  T h e  bott om v i ew s h ows t h e  s tri n g  pa r t i ally 

wi t h d rawn and i t  s ubs e q u e n tly fell out o n  han dli n g .  From s ubs e q u e n t  s ect i on ·  

i n g ,  1 t  was appa r e n t  t hat t h e s t r i n g  had s e pa rat e d  •2 5 mm f rom t h e t o p  of t h e  

n o z zle . T h e  cau s e  o f  t h e  s e parat i o n was not d e t erm i n e d . T h e 1 3 7 c s  act i v i ty 

p r o f i le f o r t h e  segme n t . F i g .  61 , i n d i cates t hat t h e r e was fuel 1 n t h e t op 

• 1 5 mm o f  t h e  s e gme n t  an d i n  an a r ea be tween t h e  2 1 0 - and 2 50 - mm ele vat i o n s . 
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T h e  s e gme n t  w a s  s e c t i oned t r a n s v e r s e l y a nd t h e  u p pe r end  wa s s e c t i o n e d  

l on g i t u d i n a l l y  t o  i n v e s t i g a t e , p r i n c i p a l l y , t h e po s s i b l e f u e l ed a r e a  i n d i c a t e d  

i n  t h e  g a mma s c a n . T h e  b a s i c  s e c t i on i n g  d i a g r a m  i s  s h own i n  F i g .  6 1 . 

F i g u r e 6 2  s h ow s  t h e  t r a n s v e r s e  s e c t i on t h r o u g h  t h e  2 7 4 - mm e l e v a t i o n a n d  t h e 

l on g i t u d i n a l  s e c t i on t h r o u g h  t h e t o p  p i e c e  j u s t  a bo v e  i t .  T h e  i n s t r ume n t  c o n ­

d u i t  i s  v i s i b l e  i n  t h e  l on g i t ud i n a l  s e c t i o n b u t  n o t  i n  t h e  t r a n s v e r s e  s e c t i on , 

i nd i c a t i n g  t h a t  t h e  i n s t r um e n t  s t r i n g  h a d  b e e n  s e v e r e d  a t  t h i s e l e v a t i on . 

A n  e n l a r g e d  v i ew o f  t h e  ma t e r i a l  i n  t h e t o p  o f  t h e n o z z l e i s  s h ow n  i n  

F i g .  6 3 . T h e  p r i n c i p a l  c ompon e n t s  o f  t h i s d e b r i s we r e  f i n e  < < 1 0 0 - � )  pa r t i c l e s 

o f  f u e l  a nd n o z z l e d e b r i s t h a t  fo rmed a m a t r i x i n  w h i c h  l a r g e  f u e l  s h a rd s  a n d 

o x i d i z ed p i e c e s  o f  t h e  c o n d u i t we r e  t r a pped . S ome f u e l  p a r t i c l e s  i n  t h i s r e ­

g i o n s h owed s e g re g a t i on i n t o  U - r i c h a nd Z r - r i c h p h a s e s , w h i c h i s  i n d i c a t i v e  o f  

r e l a t i v e l y  s l ow c o o l i n g f r om t h e s o l i d u s  t empe r a t u re . T h e  l a r g e  s h a rd s , h ow ­

e v e r , s h owed n o  s u c h  s e g r e g a t i on a n d  a pp e a r ed t o  h a v e  s o l i d i f i e d  v e ry r a p i d l y . 

T h e r e we r e  Ag - Cd p a r t i c l e s  t r a pped i n  s ome o f  t h e s e  f u e l  a r e a s . T h e  c om p o s i ­

t i o n s  o f  s ome f u e l  a re a s  a n d pa r t i c l e s  a r e g i v e n  i n  T a b l e 2 .  T h e  p r i n c i p a l 

n o n - f u e l  c on s t i t u e n t  i n  t h i s ma t r i x o f  d e b r i s m a t e r i a l  wa s F e , n o t  C r  a s  i n  

o t h e r  n o z z l e s . 

T h e  i n n e r  a n d o u t e r  n o z z l e s u r f a c e s  a t  t h e  t op we r e  s e v e r e l y a t t a c k e d  by 

A l , p r e s uma b l y f r om t h e  A l 2 03 i n s u l a t i o n i n  t h e i n s t r ume n t  s t r i ng . T i t a n i um 

a n d  C r  we re a l s o  s t r o n g l y  e v i d e n t  i n  s u r f a c e  i n t e r a c t i on s . I t  i s  a s s umed t h a t  

t h e  T i  wa s a n  i mp u r i ty i n  t h i s I n c o n e l  600 a n d c am e  t o  t h e  s u r f a c e , a s  d i d  C r . 

u n d e r  t h e  s t r ong l y o x i d i z i n g e n v i r onment . T h e  o u t e r  s u r f a c e a p pa r e n t l y wa s 

s u f f i c i e n t l y h o t  a n d p l a s t i c t o  f o rm " m i c r o - f o l d s "  t h a t  t r a pp e d  pa r t i c u l a t e  

m a t t e r  ( s e e  F i g .  6 4 ) .  T h e  p a r t i c u l a t e c on s i s t ed o f  f u e l  ( s e e  T a b l e 2 f o r  c om ­

p o s i t i on )  a n d  Z r - , Cd - c o n t a i n i n g pa r t i c l e s ,  among ot h e r s . T h e  a b l a t ed s u r f a c e  

w a s c o v e r e d  w i t h  a n  a p pa r e n t  o x i d e  l ay e r  o f  p r i n c i p a l l y  C r  a n d T i . 

E x a m i n a t i on o f  t h e  t r a n s v e r s e  s e c t i on a t  t h e  2 7 4 - mm e l e v a t i o n  s h owed 

t h a t  t h e s o l i d i f i e d  met a l l i c ma t e r i a l  on  t h e i n s i d e s u r f a c e  wa s c o n t i g u o u s  

w i t h  t h e  n o z z l e w i t h  a c ompos i t i on e s s e n t i a l l y  t h a t  o f  I n c o n e l . A r e a s  o f  t h e  

s u r f a c e  o f  t h i s m a t e r i a l  h a d  u n d e r g o n e  p o s t - mov eme n t  re a c t i on w i t h  Al . T h e  

c e r a m i c ma t e r i a l  a t t a c h ed t o  t h e  i n n e r  s u r fa c e w a s a l o o s e  a g g l ome r a t i o n  o f  

2 3  



pa r t i c u l a te s h a rd s  ( F i g .  6 5 ) t h a t  i nc l uded fue ; , f i ne fue l pa rt i c l e s i n  a n  Fe ­

ox i de ma t r i x ,  c a l c i um - s i l i c a t e . Fe · N i a l l oy ,  a n d  a n  Ag - Cd / f u e l - Fe a g g l ome r a t e . 

App a r e n t l y  i n s u f f i c i en t  f u e l / f i s s i on p r od u c t s  we r e  p r e s en t  i n  t h i s ma t e r i a l  t o  

c a u se a n  i nd i c a t i on  i n  t h e  g amma a c t i v i ty p r o f i l e  a t  t h i s e l e v a t i on . 

T h e  o u t e r  s u r f a c e  a t  t h i s e l e v a t i on c on t a i ned a re a s  o f  s u r fa c e  s c a l e .  

a bo u t  1 0 - 20 � t h i c k , a nd o t h e r  a rea s o f  s u r fa ce a t t a c k .  T h e  o u te rmos t  pa rt 

of t he s c a l e  c on t a i n ed Ag ( 1 1 - 4 5 wt . S )  and C d  ( 4 · 1 5 wt . S > . t he ba l a n c e  b e i ng 

A l . Fe . S i . N i , a n d  C r  i n  d e s ce n d i ng o r d e r  o f  c on t e n t . T h e  i nn e r  p a r t  o f  t h e  

s ca l e  c o n s i s te d  mor e  o f  t he l a t t e r  c ons t i t ue nt s . A r e a c t i on a re a , s hown i n  

F i g . 6 6 . c o n t a i n ed A g , C d , I n ,  a nd Z r  i n  a dd i t i on t o  Fe , N i . C r . A l . a nd S 1 . 

S i l v e r - c a dm i um n o d u l e s we re  found u p  t o  a t  l ea s t  1 mm i nt o  t he n o z z l e .  

H a rdn e s s mea s u reme n t s  t a ke n  n e a r t h e  i nn e r  a nd o ut e r  s u r fa c e s  a l l i nd i ­

c a t ed a h a r d ne s s  i n  t h e  r a ng e  o f  1 36 - 1 4 1  D P H  < a v e ra g e  o f  1 37 ± 4 D PH ) . T h i s 

i s  s i gn i f i c a nt l y  l owe r t h a n  t he h a r d ne s s  c l o s e r  t o  t h e  n oz z l e t op o n l y  1 5  mm 

a bo v e . 

T h e  t ra n s ve r s e  s ec t i on ma d e  a t  t he 2 20 - mm e l e v a t i on  t o  i n te r c e pt t h e  

g a mma p e a k t he r e  i s  s h own i n  F i g 6 7 . Except f o r  a sma l l ,  c e r a m i c - a ppea r i ng 

ma s s  on  one s i de o f  t h e  i nn e r  s u r f a c e , t h e re w a s  n o  obv i o u s  c a u s e  o f  t he g amma 

pe a k  a n d  no met a l l og ra ph i c s e c t i on wa s ma d e  at t h i s l oc a t i on .  I t  c a n  be a s ­

s umed t h a t  t he c e r am i c - a ppea r i ng ma s s  i s  s i mi l a r t o  t he ma t e r i a l  f o u n d  a t  t h e  

2 7 4 - mm e l e v a t i on .  

T h e  o u t e r  s u r f a c e  a t  t h e  •90 - mm e l e v a t i on e x h i b i t e d  a f l a k i n g , 0 . 1 3 - mm ­

t h i c k  s ca l e ( F i g .  68 ) .  T h e  s c a l e  c on s i s t ed e s s en t i a l l y  o f  f u e l p a r t i c l e s  i n  a 

m a t r i x o f  F e - ox i d e , s i mi l a r t o  t he s c a l e s found  o n  t he o u t s i d e  o f  t h e  ot h e r  

n o z z l e s . M o r e  s i g n i f i c a nt l y . h owe v e r . i mmed i a t e l y on t h e  n o z z l e s u r f a c e  be ­

n e a t h  t h e  t h i c k  s c a l e w a s  a 1 0 - �  s c a l e t h a t  c o n t a i ned  i mbedded pa r t i c l e s of 

Ag · Cd .  a s  s h own i n  F i g .  69 . T h i s t h i n s c a l e i s  s t r ong e v i d e n c e  t h a t  a Ag - ed ­

c ont a i n i ng d e b r i s l ay e r  e x i s t e d  on t h e v e s s e l  b e f o r e  t he ma s s i v e  f u e l  f l ow oc ­

c u r red . T h e  h a rd n e s s o f  t h e  n o z z l e a t  t h i s e l e v a t i on wa s • 1 90 O P H . a bo u t  t h a t  

o f  una f fe c t e d  l n C 01 1e l 600 . i nd i c a t i ng t h a t t he n o z z l e d i d n o t  g e t  e x c e pt i on ­

a l l y  h o t  a t  t h i s e l e v a t i o n . 
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VI. Dlacuaalon 
A. Qdnlng "Dibrla" 

I t  i s  a pp r op r i a te  a t  t h i s p o i n t  t o  d ef i n e  "deb r i s "  a s i t  w i l l  be u s ed i n  

t h i s d i s c u s s i on .  F u e l  "d e b r i s "  i s  d e f i ned h e r e  a s  t h e  m a t e r i a l  t h a t  f l owed t o  

t h e  l owe r h e a d  2 2 6  m i n u t e s  i nt o  t he a c c i dent . Temp o r a l l y a n d  pos i t i on a l l y  

t h i s d e br i s c o.u l d h a v e  been l i q u i d ,  l i qu i d p l u s  s o l i d  ( "wet s a nd " ) ,  o r  s o l i d  

( a  c ru s t  a ga i n s t  t he v e s s e l , n o z z l e s , g u i d e  t u be s ,  o r  a nywh e r e  on  t h e  s u r f a c e  

o f  t h e  s ol i d / l i qu i d m a te r i a l  t h a t  i s  bel ow t h e  s o l i d u s  t empe r a t u re f o r  t h a t  

h e t e r o g e n e ou s  ma s s  o f  ma t e r i a l ) .  F r om t h e s e  e x a m i n a t i on s o r  o t h e r s  t h a t  h a v e  

been pe r fo rmed , i t  i s  not pos s i b l e  t o  d i s t i n g u i s h  betwe e n  t h e  d e b r i s a s  d e · 

f i n e d  h e r e  f rom o t h e r  fue l t h a t  may h a ve a r r i v ed on  t h e  l owe r h e a d  e a r l i e r 

t h a n  t he 2 2 6 - m i n u t e  d ema r c a t i on .  T he re fo re , a l l f u e l  d eb r i s ,  w i t h  e x c e pt i on s 

t o  be n ot e d , i s  c on s i d e red t o  b e  f r om t he s a me s o u r c e . w h e t h e r  t h e  ma te r i a l  1 s  

" c ompa n i o n  m a t e r i a l , "  f rom t h e  " l owe r  deb r i s bed . "  o r  o n  t he s u r fa c e  o f  n o z ­

z l e s  a s  a t h i c k  c ru s t  o r  a t h i n s c a l e .  A deb r i s " bed , "  o r  c ru s t . of  t h i s ma ­

t e r i a l  w ou l d o n l y be t h a t  p o rt i on o f  t he " f u e l  d e b r i s " t h a t  h a d  s ol i d i f i ed .  

i . e . •  n o  l i q u i d p ha s e . e i t h e r  u pon i n i t i a l  c o n t a c t  w i t h  t h e  v e s s e l  o r  s ub s e ­

q ue n t l y  a ft e r  a l l of  t h e  l i q u i d h a d  s ol i d i f i e d  whe r e v e r i t  c a me t o  r e s t . 

T h u s . " t he " d e b r i s b e d , o r  c ru s t , on  t he l owe r  h e ad w ou l d h a v e  a c h a ng i n g 

c h a r a c t e r w i t h  r e s p e c t t o  t i me a nd l oc a t i on a s  t h e  f u e l  s o l i d i f i ed .  depend i ng 

upon l oc a l  t empe r a t u re s  a n d  g e omet ry of  t he l owe r  h e a d . T h i s d i s t i n c t i on i s  

m a d e  i n  t h i s repo rt  w h e n  d i s c u s s i n g  t h e  d am a g e  t o  i nd i v i d u a l  n o z z l e s . 

I n  a d d i t i on t o  " f u e l  deb r i s , "  t h i s repo r t  w i l l  d i s c u s s  " c o n t r o l  r od a s ­

s emb l y d eb r i s , "  c on s i s t i n g  of a l l t h e  ma j o r c on s t i t ue n t s o f  a c on t r o l  r od a s ­

s emb l y :  A g , I n ,  Cd , Z r , Sn . F e , N i . and  C r . F u e l  rod m a t e r i a l s wou l d be m i ­

n o r  c on s t i t ue n t s  i n  t h i s d e b r i s .  a n d  i t  i s  d i f f i c u l t t o  d i s t i ng u i s h  w h e t h e r  

t h e i r i n v o l v emen t  wa s e a r l y 1 n  t h e  a c c i d e n t  o r  l a t e r  a ft e r t he " f u e l  d e b r i s "  

r e a c h e d  t h e  l owe r h e a d . I t  w i l l  be s h own l a t e r  i n t h i s d i s c u s s i o n  t ha t  t h e re 

i s  s u b s t a n t i a l  e v i d e nce  t o  c on c l ude  t h a t  t h e re wa s a bed o f  .. c o n t r o l  a s s emb l y  

deb r i s "  on t h e  l owe r h e a d  be f o r e  t he f u e l  d e b r i s a r r i v e d . 

2 5  



B. Nature of Npzzlt Damage 

T h e  s i x  n oz z l e s egment s exam i ned a t  AN L fa l l i nt o  e s s e n t i a l l y  two c a te · 

g o r i e s : < 1 >  n o z z l e s  d e s t r u c t i v e l y a f f e c t ed by mol t e n  f u e l : HB , H 5 , a nd M9 : 

a nd ( 2 )  n o z z l e s  t h e rma l l y  a ff ect ed  by f ue l d e b r i s b u t  o utwa rd l y  e x h i b i t i n g 

l i t t l e d am a g e : L 6  a nd E l l . Noz z l e 0 1 0  f a l l s  i nt o  a m i d d l e c a t eg o ry t h a t , d e · 

pend i ng u p o n  i nt e r p r e t a t i on ,  e n c ompa s s e s  bot h  c a t e g o r i e s . 

T h e  t ops o f  N o z z l e s  H5  a nd M 9  we r e  d e s t r oy ed  d i r e c t l y  by mo l t e n  f u e l . 

T h e  i nt i ma t e  m i x i ng o f  m o l t e n  fue l - bea r i ng pa r t i c l e s w i t h  m o l t e n  n oz z l e a nd 

i n s t r ume n t  s t r i ng  ma t e r i a l s i s  ev i d e n c e  for t h i s c o n c l u s i on .  Bec a u s e  o n l y  t he 

l owe r pa r t  of t he rema i n i n g H 8 n o z z l e  w a s r e ce i v ed a t  A N L , i t  i s  n o t  p o s s i b l e  

t o  s ay p o s i t i v e l y  w h a t  t he mec h a n i sm f o r  s e v e r a n c e  wa s a t  t h e  •1 7 0 - mm e l e v a · 

t i on .  H ow e v e r ,  w i t h  a t ot a l  r ema i n i ng he i g h t  o f  on l y  1 7 0 mm , i t may be a s · 

s umed t h a t  t h e  n o z z l e  wa s me l t ed o ff i n  a m a n n e r s i mi l a r t o  t h a t  wh i c h o c · 

c u r re d  w i t h  N oz z l e s  M9 a nd H S , a n d  a pp a rent l y  GS . T h e  f i n d i ng o f  w h a t  a ppe a r s  

t o  b e  po r o u s  f ue l  i n  t h e  bot t om o f  the  H 5  s e gmen t s uppo r t s  t h i s  c on c l u s i on . 

A l t ho u g h  N o z z l e s 0 1 0  a n d  E l l  d i d n ot me l t - o f f  a s  d r ama t i c a l l y  a s  M9 , H 5 , a n d  

H 8 , t h e i r t op s  d i d  me l t ,  a s  e v i d e n ced b y  t h e  me t a l l i c  d e b r i s w i t h i n t he n o z ­

z l e s . 

N oz z l e s  L6 . H 5 . 0 1 0 , a nd E l l we r e  found t o  be c o v e re d . t o  v a ry i ng d e ­

g re e s  w i t h  a n F e - ( ox i de )  s u r fa c e  s c a l e t h a t  r a n g ed i n  t h i c kn e s s f rom a f ew 

m i c r o n s  ( L6 )  t o  0 . 2 5 mm ( 01 0 ) . T h e  t h i c k  c r u s t  p a t c he s  on o n e  s i de o f  0 1 0  a re 

s i mi l a r i n  n a t u r e , i . e . .  Fe - ba s ed , but t h e s e  pa t c h e s  a l s o c on t a i n  a n  a bu nd a n c e  

o f  m o l t e n  I nc on e l  a nd C r - ox i d e ,  w h i ch  ma ke s t hem d i ffe r en t  i n  n a t u re b u t  n o t  

i n  s ou r c e . W h a t  i s  p r o b a b l y a s i m i l a r  s c a l e n e a r t h e  t o p  o f  M9 j u s t  b e ne a t h  

t he me l t e d  po r t i on wa s n ot e xami ne d . T h e s e  Fe - ba s ed s c a l e s  a re d i f f e r e n t  f r om 

t h e  po r o u s  C r - ba s ed  c e r am i c t h a t w a s  p re v a l en t  i n  t h e  t op of t he n o z z l e s t h a t  

me l t ed . M9  a nd H 5  ( a nd p r ob a b l y H 8 ) . T he F e - ba s ed s c a l e s  a re ba r P, l Y a d h e re n t  

t o  t he n o z z l e s  a n d  d o  n o t  a p pe a r  t o  h a v e  g r own f rom t h e  b a s e  met a l . * B e c a u s e  

o f  i t s a pp a ren t l y  n on - n o z z l e n a t u r e . i t  i s  be l i e ve d  t h a t  t he s ou r c e  o f  t he Fe ­

ba s ed e x te r i o r  s c a l e s a nd t h e  Fe - ba s ed ma t r i x i n  t he t op o f  E l l wa s t h e  fu e l  

*T .  F .  Ka s s n e r , AN L - MC T  C o r r os i on Se c t i on ,  P r i v a te Commun i c a t i on .  
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f l ow t h a t  me l t ed i t s  w a y  t h r oug h  s t a i n l e s s  s t e e l s t r u c t u r e  on t h e  way  t o  t h e  

l ow e r h e a d . r e g a rd l e s s  o f  i t s e x a c t  p a t h . The s e  Fe - ba s e d  ma t e r i a l s a r e g e n e r � 

a l l y  l oc a t ed i n  tempe r a t u re reg i me s  t h a t  a re be tween t h a t  of m o l t e n  I n c on e l  

a nd t h a t  o f  t he v e ry c l e a n  n oz z l e  s u r f a ce s  a t  t h e c o o l e r  l owe r  e l e v a t i o n s . I t  

i s  n ot o b v i ou s  why t he s e  Fe - ba s e d  s c a l e s c onta i n on l y  a d v ent i t i ou s p i e c e s  o f  

c o r e  d e b r i s a nd n ot ma t e r i a l  mo r e  a k i n to t he " c ompa n i on "  s am p l e s . l C h r om i um 

a p pa r e n t l y  i s  n ot p re s e n t  i n  t h e s e  s c a l es bec a u s e  C r - ox i d e s  a r e ve ry v o l a t i l e  

a b o v e  1 000°C a nd w ou l d h a ve m i g r a ted o u t  o f  the  debr i s  d u r i ng t h e  m o v eme n t  t o  

t h e  l owe r h e a d . I n c on t r a s t , t h e  C r - ox 1 d e  t h a t  fo rmed a t  t h e  t ops  o f  t he 

n oz z l e s  w hen t hey we re me l t ed by mol t e n  f ue l  s t ayed i n  p l a c e , i nd i c a t i n g  v e ry 

r a p i d c o o l i ng .  < Ra p i d c ool i ng o f  the  mol te n n o z z l e t o p s  i s  a l s o  e v i d e n c ed by 

a g en e r a l l a c k  of r und own o f  fue l - bea r i ng deb r i s i n  mos t n o z z l e s .  w i t h  t he 

noted e x c e pt i o n  o f  t he exce pt i on a l l y h ot H 8 ) .  T he b u b b l e s  fo rmed i n  t h e r e � 

ma i n s o f  C r - d e p l e t ed l n c on e l  we r e  l i ke l y  c a u s e d  by C r - ox i d e  v a po r . w h i c h a p ­

pa r e n t l y  p rec i p i t a ted i nto t he p l a te l e t s  f ound i n  t he H S  m i c r os t ru c t u re w h e n  

t h e  v a po r  c o u l d n ot v e n t  t o  a f re e  s u r f a c e . 

T h e  a s s umed h ou r - g l a s s  s h a pe o f  t he "who l e "  rema i n i ng HB n oz z l e .  o f  

w h i c h A N L rec e i v e d  on l y t h e  bot t om pa rt , may p o s s i b l y  b e  e x p l a i ned b y  t h e 

f i n d i n g  o f  e x t en s i v e  s u rf a c e  i nt e ra c t i on betwee n  a Z r - r i c h  ph a s e a nd t h e  n o z ­

z l e .  T h e re i s  s u f f i c i e n t  e v i d e n c e  ( s ee  n ext  s ec t i on )  t o  c on c l ude  t h a t  t he re 

wa s a d e b r i s bed o f  c on t r o l  a s s em b l y mate r i a l s  on t h e  l ow e r h e a d  b e f o re t he 

ma j o r f u e l f l ow o c c u r r e d  a t  2 26 m i n u t e s . T h e  d ept h a nd n a t u r e  o f  t h a t  bed 

c a n n o t  b e  d e t e rm i n ed b e c a u s e  a ny d i r e c t  e v i de n c e  o f  i t  w a s o b l i t e r a t ed by s u b ­

s e q ue n t  f u e l  f l ow .  Howeve r .  i t  i s  c l ea r  t ha t l i q u i d Z r . f rom t h i s bed , w a s  a 

p r i ma ry a b l a t i ng a g e n t  on t he s u r fa c e  of t he H 8  noz z l e a nd t h a t  t h e  s o u r c e  o f  

t h a t  Z r , w i t h out s i gn i f i ca n t  q u a n t i t i e s o f  U b u t  w i t h  Ag - Cd , wa s c on t r o l  a s ­

s emb l y c ompon ent s .  T h e  a pp e a r a n c e  o f  the  0 1 0 n oz z l e s u r fa c e  < r o u g h . c r a g gy . 

a n d  c ru s ty ) m ay be  con t r a s t ed t o  t h e  c ompa ra t i v e l y s moot h e r  s u r f a c e  of  t he 

nec ked - d own r eg i o n of  HB . Noz z l e 01 0 wa s i n  c onta c t  p r i n c i pa l l y  w i t h  h o t  f u e l  

a t  t empe r a t u r e s  s u ff i c i e n t  t o  po s s i b l y h a v e c a u s e d  m e l t i n g  o n  on e  s i d e .  

Noz z l e H 8 , o n  t h e ot h e r h a n d , wa s i n  c on t a c t  w i th  Z r , w h i c h  h a s  a e u t e c t i c  

w i t h  N i  a t  9 6 1 °C . T h i s l owe r t em pe r a t u re f o r  l i que f a c t i o n  o f  H8 l i ke l y c a u s ed 

t h e  s e v e r e  n e c k i n g  down a n d  s moot h i n g of t he s u r fa c e  c ompa red t o  0 1 0 .  An e s ­

t i m a t e  o f  t h e  m i n i mum d ept h o f  t he Z r - co n t a i n i n g  d e b r i s on  t h e  s u r f a c e  b e f o r e  
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t h e  f u e l  f l ow r e - me l ted i t  wou l d be ·1 2 0  mm , t he h e i g h t  of  t h e b o t t om p o r t i on 

o f  t h e  n oz z l e s egme n t . A ma x i mum h e i g h t  mi g h t  be a n  a d d i t i o n a l 50 mm , i f  t h e 

a b l a t i on w a s t r u l y h ou r - g l a s s  s h a ped . 

C. pqatulatld Fuel Relocation Scenario 

T h e  d i f f e rent i a t i on o f  F e - ma t r i x d e b r i s  f rom C r - m a t r i x d e b r i s ma k e s  p o s ­

s i b l e  pos t u l a t i on o f  a f u e l  m o v eme n t  s c e n a r i o a nd e s t i ma t i o n s  o f  i n i t i a l 

" d e b r i s  b e d "  d e p t h s  a t  t h e n o z z l e l oc a t i on s : t h e  f i n a l  " d e b r i s  bed " d e pt h s  

wou l d be  t ho s e  mea s u red by M P R  A s s oc i a t e s  d u r i n g  t h e  d e f u e l i ng o pe r a t i on s . 

T h e  p o s t u l a t e d  f u e l  mov eme n t  s c e n a r i o a nd e s t i ma t i on  of  t h e  i n i t i a l d e b r i s - bed 

d e pt h s  a re d e s c r i bed be l ow .  

T h e  e x t e r n a l s ca l es c omb i n ed w i t h  k n own n o z z l e  me l t i n g p r o v i d e a q u a l i ­

t a t i ve a s s es s m e n t  o f  t he a x i a l  t empe r a t u re p r of i l e s o f  t h e  n o z z l e s .  T h e  

s c a l es we re a d h e r e n t  i n  obv i o u s l y  h ot a re a s  ( e . g . , b e n e a t h  t h e m e l t z on e s  o f  

M 9  a n d  H S > a nd l e s s  a d h e r e n t  i n  t he l owe r ,  c o l d e r  reg i on n e a r t h e  v e s s e l . T h e  

f i n d i n g  o f  e v e n  t h i n s c a l e s n e a r t he bot t om of  s ome o f  t he n o z z l e s  ( n o t  a l l 

n o z z l es we re e x t e n s i v e l y e x a m i ned f o r  s c a l e  f o rma t i o n  a t  e v e ry e l e v a t i on )  i n ­

d i c a t e s  t h a t  a l l t h e  n o z z l e s we r e  l i ke l y s u r r o u n d e d  by a d e b r i s bed t h a t  w a s  

c o l d e r a g a i n s t  t h e  ve s s e l  a n d  h o t t e r  a bo v e . T h i s i s  c on s i s t e n t  w i t h  a f u e l  

f l ow t h a t  mov e d  d ow n  a n d  a c ro s s  t he l owe r h e a d  i n  a l a v a - l i ke m o v eme n t , g e ne r ­

a t i n g  a s o l i d  c r u s t  a g a i n s t  t he v e s s e l  a n d  t he c o l d n o z z l e s  i t  c o n t a c t ed . 

T h i s c r u s t  a pp a ren t l y  c oo l ed s u f f i c i e nt l y  fa s t  t o  r e s u l t i n  n o  s u r fa c e  i nt e r ­

a c t i o n  w i t h  t he l ow e r  p o rt i o n s  o f , pe r h a ps , t h e  f i r s t  n o z z l e s  i t  c o n t a c te d . 

I n  e ff e c t . t h i s c o l d c ru s t  p ro t e c ted t h e  l owe r po rt i o n s  o f  t he n o z z l e s f r om 

t h e  h o t t e r f u e l d e b r i s a bo v e . A b o v e  t h i s c ru s t  wou l d h a v e  b e e n  a l i q u i d - s o l i d  

m i x t u r e  ( "wet s a nd " ) o f  h i g h - s o l i d u s - t empe r a t u re ma t e r i a l  ( U - Z r  ox i d e p h a s e s > 

a nd l owe r me l t i n g ma t e r i a l s ( A l , Fe , C r  ox i d e e u t e c t i c s ) .  Abo v e  t h e "wet 

s a nd "  w ou l d h a v e been  t he l i q u i d " c o r e "  of  the f l ow ,  a n d  a bo v e  t h a t  s ome s o r t  

of  t h i n c r u s t  t h a t  fo rmed i n  c o n t a c t  w i t h  s t e a m . I n  s u c h  a l a v a - l i ke f l ow ,  

t he i n i t i a l b a s a l  c r u s t  wou l d h a v e  been t h i c k  be c a u s e  t h e c o l d v e s s e l  a c ted  a s  

a n  e x c e l l en t  h e a t  s i n k .  A s  t he f l ow moved , t h e  v e s s e l  wou l d h a v e h e a ted  up 

and the e n s u i n g  c ru s t  w o u l d h a v e  been t h i n n e r . At s ome p o i n t  i n  t he mov eme n t .  

a ppa r e n t l y  i n  t h e  E 7 - 8 / F 7 - 8  a r e a , t h e  ba s a l  c r u s t  c ou l d h a v e  be come s u f f i -
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c i e n t l y  t h i n t o  d i m i n i s h  i t s i n s u l a t i ng p r o pe r t i e s  a n d  a h o t  s p o t  i n  t h e  v e s ­

s e l  d e v e l oped . C on t i n u ed mo v eme n t  o f  t h e f l ow w o u l d h a v e b r ou g h t  s u f f i c i e n t l y 

h ot f u e l  t o  o n e  s i d e of t h e  0 1 0  n o z z l e to f o rm t h e  t h i c k  c r u s t  a n d t h e n  e n ­

v e l o p  t h e  e n t i r e  n o z z l e  a t  s ome t empe r a t u r e h i g h e r t h a n  t h e s o l i d u s  t em p e ra ­

t u re o f  I n c o n e l  6 0 0 . A s  d e s c r i bed p re v i ou s l y ,  i t  i s  p os t u l a t e d  t h a t  a n  e f fec ­

t i v e l y s i mu l t a n e o u s  c o o l i n g o f  t h e  fue l de b r i s a n d s u r f a c e  me l t i n g o f t h e  n o z ­

z l e r e s u l t e d  i n  e n t r a pm e n t  o f  f u e l  pa r t i c l e s ben e a t h  t h e s u r fa c e  o f  t h e n o z z l e 

a n d t h e c r a t e r e d  a ppe a r a n c e  o f  t h e  s u r f a c e . T h e  b u l g i n g o f t h e  wea k s i d e  of 

t h e  n o z z l e wo u l d h a v e o c c u r r ed at t h i s t i me . T h e  a d j a c ent a nd s l i g h t l y e l e ­

v a t ed E l l n o z z l e w a s a f f e c t e d  on l y  t o  t h e e x t e n t  o f  f a i r l y  ext e n s i v e s c a l e 

f o rma t i o n ,  s u r f a c e me l t i n g ( " p r u n i n g " ) of i t s t a p e r ed t o p .  a nd mel t i ng a n d 

c o l l a p s e  o f  i t s t o p  3 mm . T h e  f i n d i n g of t h e Fe - b a s e d  d e b r i s i n  t h e  t o p  of 

t h e n o z z l e i n d i c a t e s  t h a t  s ome o f  t h e f uel  f l ow c a me s t r a i g h t d own a s  i t  

p a s s e d o v e r  t h e  n o z z l e .  b u t  i t  w a s too col d t o  c a u se mor e t h a n  s u pe r f i c i a l  

s u r f a c e m e l t i n g  o f  t h e  n o z z l e t i p .  

( I t m u s t  be p o i n t e d  o u t  t h a t  t h e r e  i s  n o  d i rec t ev i d e n ce f o r  s u c h  a 

l a v a - l i ke f l ow mov i n g i n  c o n t a c t  w i t h  t h e v e s s e l . An a l t e r n a t i v e s c e n a r i o  

wo u l d h a v e  t h e  s a me l ay e red l a v a - l i ke f l ow .  b u t  e l e v a t ed . by p e r h a p s a s t e a m  

v a p o r , a s  i t  m o v e d  t h r o u g h  t h e  w a t e r  i n  t h e  l owe r  he a d . A s  i t  l o s t  mome n t um . 

i t  c o u l d h a v e d r op ped t o  t h e  l ow e r h e a d  a t  E7 - 8 / F 7 - 8 ,  c a u s i n g t h e v e s s e l  hot  

s po t . T h e  e x p l a n a t i on o f  the  e l e v a t e d  me l t - of f s  of N o z z l e s  M9 , H 5 .  a n d  H 8  

w o u l d b e  t h e s a me , a s  w o u l d t h e e f fe c t s o n  t h e o t h e r  no z z l e s . ) 

I n  t h e  l a v a - l i ke s u r f a c e  m o v eme n t  s c e n a r i o ,  a " d e b r i s b e d  d e pt h " c a n  b e  

e s t i m a t e d  f o r  f i v e  of t h e s i x  n o z z l e s . I f  on e a pp l i e s t h e  d e f i n i t i on t h a t  t h e  

d e b r i s b e d  i s  t h e s o l i d  c r u s t  t h a t  i s  formed be n e a t h  t h e l i q u i d f u e l . t h e n t h e  

e l e v a t i o n  o f  me l t i ng o n  a g i v e n  n o z z l e .  i . e . , t h e  el e v a t i o n  a t  wh i c h  l i q u i d 

f u e l  me l t e d  t h e  n o z z l e a n d i n t e r a c t e d w i t h  i t .  w o u l d be t h e  e f fec t i v e t h i c k ­

n e s s o f  t h e d e b r i s bed a t  t h e  t i me t h e  no z z l e m e l ted . H ow e v e r . w h a t wa s be ­

l i e v e d  t o  b e  c a n d l i n g o f  met a l l i c d e b r i s d own t h e s i d e  of t h e  H 5  n o z z l e c o u l d 

n o t  h a v e  o c c u r red i f  t h e r e h a d been s o l i d  d e b r i s a t  a l e v e l  j u s t b e ne a t h  t h e  

me l t ed a r e a . H owe v e r . two p o i n t s  s h o u l d  b e  c on s i d e r e d . F i r s t , t h e  c a n d l ed 

m a t e r i a l  h a d  a c ompos i t i o n c l o s e r  t o  Type 304 s t a i n l e s s  s t eel  t h a n  t o  I n c on e l  

6 0 0  a n d  i t s s ou r c e  may n ot h a v e  been t h e H 5  n o z z l e ,  b u t  r a t he r  t h e  mo v i n g 
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deb r i s  i t s e l f .  S e c o n d , t h e f a i l u r e o f  i nd i v i d u a l n o z z l e s may h a v e  b e e n  c a u s e d 

by f u e l  c om i n g  d i r e c t l y f r om a b ove  be f o r e  d e b r i s b u i l t  up a l o n g  t h e  s i d e s . I n  

t h a t  c a s e , t h e  i n s t r umen t  s t r i n g  c o n d u i t wo u l d be  t h e  l i ke l y  s o u r c e  o f  t h e  

s t a i n l e s s  s t e e l . 

An  a l t e r n a t i v e  f u e l - f l ow d i r e c t i on i s  a pp r o p r i a t e  f o r  H 5 , a nd p e r h a p s  

ot h e r  n o z z l e s , f o r a n ot h e r  r e a s on . C o n s i d e r i ng t h a t  t h e n e a rby H8  n o z z l e a p ­

pa r e n t l y  me l t e d  o f f  a t  = 1 7 0  mm , t h e  r e l a t i v e  e l e v a t i o n s  o f  t h e  n o z z l e s  ( s e e  

C o l umn 1 i n  T a b l e 1 )  wou l d me a n  t h a t  H 5  m e l t e d  o f f  =83 mm a b o v e  t h e  m e l t - o f f  

of H 8 . T h i s w ou l d mea n t h a t  t he s e  t w o  n o z z l e s c ou l d n ot h a v e b e e n  me l t e d  o f f  

by t he s a me  l i q u i d l e v e l  i n  a s t a g n a n t  o r  m ov i n g p o o l . T h e  s a me a r g um e n t  c a n  

b e  u s ed f o r  t h e M 9  n o z z l e ,  w h i c h m e l t e d  o f f  s ome 2 30 mm a bo v e  w h e r e  H8  a pp a r ­

e n t l y  d i d .  I n  t h e  c a s e o f  M9 , h owe v e r , i t  c o u l d be a r g u e d  t h a t  t h e  f l ow a t  

t h a t  p o i nt wa s m ov i n g d own h i l l  a n d  t h e  b a s a l c r u s t  wa s ve ry t h i c k  b e c a u s e  t he 

v e s s e l  wa s s t i l l  r e l a t i v e l y c o l d .  ( P l e a s e  n ote t h a t  t h e G 5  n o z z l e s egme n t , 

n ow a t  I N E L ,  i s  s i m i l a r i n  h e i g h t  t o  t h e  a d j a ce n t  H 5  s egme n t  a n d  c o u l d h a v e  

b e e n  me l t e d  o f f  by t he s ame h e i g h t  o f  l i q u i d a s  H 5 . )  T h e  i mp l i c a t i o n  h e r e i s  

t h a t  H 5  a nd G 5  we r e  me l t ed by a d ownwa r d - m o v i ng p o o l  a nd t h a t  t h ey w e r e  m e l t e d  

be f o r e  t h e  p o o l  r e a c he d  H8 . B o t h  t h e  H 5  a nd G5 g u i d e  t u be s w e r e  me l t ed  o f f  

s i gn i f i c a n t l y a bo v e  t h e i r r e s p e c t i v e n o z z l e s , i nd i c a t i ng t h a t  s u c h  a m ov i n g 

p o o l  wa s d e e p  a s  w e l l a s  e l e v a t ed . D i r e c t i o n a l l y ,  t h i s f l ow wou l d n ot be  i n ­

c on s i s te n t  w i t h  t h e  l oc a t i o n  o f  t h e v e s s e l  h o t  s pot : N oz z l e G6 , j u s t  b ey o n d  

H 5 , w a s a pp a r en t l y  m e l t e d  d ow n  t o  a s ma l l s t u b  o n  t h e  pe r i p h e ry o f  t h e  h ot 

s po t . 

G i v en t he l a v a - l i ke f l ow s c e n a r i o a nd i t s a tt e n d a n t  d e b r i s b e d  

h e i g h t / n o z z l e me l t - o f f  c h a r a c t e r i s t i c s , t h e  s i g n i f i c a n t d i f fe r e n c e s  between  

N o z z l e s  L 6  a n d  M9 s ug g e s t  t h a t  m u l t i p l e  fuel  f l ow pa t h s  e x i s t ed and  t h a t  t he 

f l ow a c r o s s  t h e l owe r h e a d  wa s n o t  o n e  ma s s i ve u n i f i e d  f l ow .  N o z z l e M9 s ug ­

g e s t s  a d e e p  ba s a l  c r u s t  a nd a h i g h  l i q u i d l e v e l , c o n s i s t e n t  w i t h  a f r e s h  f u e l  

f l ow c o n t a c t i ng t h e  v e s s e l . w i t h  a d i r e c t i on t owa rd H 8  a n d  t h e  e v e n t u a l h o t  

s po t . T h e  c l e a n l i n e s s  o f  N o z z l e L6  i nd i c a t e s  t h a t  t h e re w a s n o  l a r g e  l i q u i d  

f l ow c om i n g  f r om t he s ou t h e a s t  b etwe e n  H 5  a nd M9 : a l t h ou g h  t h e  bot t om o f  t h e  

a d j a c e n t  K5 g u i d e  t ube w a s  d ama g e d , t h e  K5  n oz z l e a p p a re n t l y w a s n ot . T h e  

s u r f a c e  d e b r i s  f o u n d  o n  L 6  w o u l d h a v e  b e e n  ma t e r i a l  f r om t h e  p e r i p h e ry o f  t h e  

3 0  



f l ow , o r  s i mp l y a d h e r e n t  ma t e r i a l  w h e n  t h e  f u e l  d e b r i s e v e n t u a l l y  s e t t l ed  t o  

f o r m  t h e  " c om p a n i on m a t e r i a l . "  

T h e  f u e l ma te r i a l  i n s i d e N o z z l e L6  i s  be l i e ved  t o  h a v e  c ome  s t r a i g h t  

d ow n  t h e  g u i d e  t u be a nd n o t  f r om a l a v a - l i k e f u e l  f l ow f o r  t h e  f o l l o w i n g  r e a ­

s on s . F i r s t , bot h t h e  L 6  n oz z l e a nd i t s o v e r l a p p i n g  g u i d e  t u be we r e  v i r t u a l l y  

u n s c a t h ed , a n d  i t  wou l d h a v e  b e e n  d i f f i c u l t ,  a l be i t n o t  i mp o s s i b l e ,  f o r  a r e l ­

a t i v e l y r i g i d  l a t e r a l  f l ow t o  h a v e  m a d e  i t s way u p  i n t o  t h e g u i d e  t u be  a n d 

t h e n  d ow n  i n t o  t h e  n o z z l e .  S e c o n d . t he re wa s a n  u n r e a c t e d  f u e l  p e l l et s e gme n t  

i n s i d e t h e  n o z z l e .  S u c h  a p i e c e  w o u l d n o t  h a v e  s u r v i v ed i n  t h a t  fo r m  i n  a h o t  

f u e l f l ow . T h i rd , t h e L 6  n o z z l e wa s ben e a t h  a c on t r o l  rod . a n d  a pp r e c i a b l e 

n um b e r s  o f  Ag - Cd - be a r i n g  p a rt i c l e s  we re  f o u n d  i n  t h e a n n u l u s . F o u r t h , f u e l  

t h a t  h a d  b e e n  m e l t e d  c o n t a i n ed  Fe , b u t  t h e  t r a n s fo rma t i o n  i nt o  U - r i c h  a nd Z r ­

r i c h  p h a s e s  w a s i n c om p l e t e . i n d i c a t i n g  r e l a t i v e l y r a p i d c oo l i n g .  T h i s w a s n ot 

ty p i c a l o f  t r a n s fo rmed  f u e l  f o u n d  i n  t h e  h o t t e r  n o z z l e s .  E v e n  t h o u g h  t h e  ma ­

t r i x b i n d i n g t h e pa r t i c u l a t e  wa s F e - b a s ed , t h i s ma t e r i a l w ou l d h a ve h a d  a s i m ­

i l a r h i s t o ry t o  t h a t  i n  t h e  l a v a - l i ke f l ow .  e x c e pt i t s mov eme n t  wou l d h a v e  

b e e n  o n l y  d ow n wa rd . I n  t h e  o v e r a l l s ce n a r i o , t h e  s ou r c e  o f  t h i s p o t p o u r r i  o f  

ma t e r i a l  i s  a l mo s t  i r r e l e v a n t . T h e  s i gn i f i c a n ce o f  i t s p r e s e n c e  i s  t h a t  i t  

a pp a r e n t l y g e n e r a t e d  s u f f i c i e n t  i nte r n a l h e a t  t o  a n n e a l  t h e  I n c on e l  600 , a s  

e v i d e n c ed by t h e  r e l a t i v e l y l ow a nd a x i a l l y  u n i f o rm m i c r o h a rd n e s s v a l u e s  f o r  

t h i s n o z z l e .  

D. Presence of Control Assembly Materials 

F o u r o f  t h e  s i x  n o z z l e  s egme n t s  e x a m i n ed a t  AN L we r e  u nd e r  c o n t r o l  r od 

a s s em b l i e s :  M9 . L 6 , H 5 , a n d H8 . One , 0 1 0 , wa s b e n e a t h  a n  a x i a l  p o w e r s h a p i n g  

r od t h a t  c on t a i n ed 9 1 4  m m  o f  Ag - I n - C d  c l a d  i n  s t a i n l e s s  s t e e l . T h e  l a s t , H 5 , 

wa s ben e a t h  a b u r n a b l e p o i s o n  r od t h a t  c o n t a i n e d  A l 2 0 3 - B4 C  p e l l e t s  c l a d i n  

Z i r c a l oy .  T h e r e  i s  p e r v a s i v e e v i d e n c e  f rom t h e  AN L e xa m i n a t i o n s  t h a t  t h e  a s ­

s em b l i e s c o n t a i n i n g A g - l n - Cd  f a i l ed r e l a t i v e l y e a r l y d u r i n g  t h e  a c c i d e n t  a nd 

t h a t  t he d e b r i s f r om t h e s e  a s s em b l i e s d e p o s i te d  i n  s ome f o rm . p r o b a b l y a s  

s o l i d  p a r t i c u l a t e s . o n  t h e  l ow e r  h e a d  be f o r e  t h e p r i n c i p a l  f u e l f l o w  oc c u r re d  

a t  2 2 6  m i n u t e s . I n  t h i s s e ct i o n  wi l l  be s umma r i z e d  t he e v i d e n c e  t o  s u p p o r t  
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t h i s c o n c l u s i on .  T h i s ma t e r i a l  b e i n g  on t h e  l owe r h e a d  w h e n  i t  wa s may  be a 

f a c t o r  i n  d e t e rm i n i n g  t h e  ma rg i n - t o - fa i l u re of  t h e  l owe r h e a d . 

T h e r e  i s  n o  d i rect . uneq u i v oc a l  e v i d e n c e  t h a t  t he po s t u l a t ed con t r o l  r od 

d e b r i s bed  e x i s te d  on  t h e  l owe r h e a d . E x a m i n a t i o n  o f  c ompa n i on ma t e r i a l l 

f o u n d  n o  s u c h  e v i d e n c e . e i t h e r  be c a u s e  t h e s ampl i ng o f  t h e  " h a rd p a n »  w a s  r a n ­

d om a nd n ot s i t e - s pe c i f i c ,  o r  b e c a u s e  t h e  a n a l y t i c a l t e c h n i q u e s  we re  t oo g r o s s  

t o  i d e nt i fy wh a t  w o u l d b e  a s ma l l p e r c e n t a g e  o f  t h e  f u e l  d e b r i s .  Mo s t . i f  n ot 

a l l .  o f  s u c h  a c on t r o l  rod  d e b r i s bed wou l d h a ve r e - me l ted  w h e n  i t  came i n  

c on t a c t  w i t h  e v en t he ba s a l  c r u s t  o f  t h e  fue l f l ow :  pos s i b l y  i t  wou l d  h a v e 

b e e n  c o n s umed i n t o  i t .  T h e re f o r e . e v i d e n c e  f o r  s uc h  a bed wou l d n ow b e . a t  

b e s t . o n  a m i c ro s c op i c s c a l e a n d  f o rt u i t o u s l y  d e r i v e d . 

T h e  f i r s t  e v i d e n c e  t h a t  t h e  c o n t r o l  m a t e r i a l s w e r e  on t h e  l owe r h e a d  be ­

f o r e  t he f u e l  f l ow a r r i v e d  wa s t he f i nd i n g  of Ag - Cd n od u l e s  a nd l n - Fe - N i - Z r  

p h a s e s  s o l i d i f i ed i n  s i t u i n  t h e  v e s s e l  c l a dd i n g c r a c ks i n  t h e  E 6  a n d  G 8  b o a t 

s ampl e s . T h e  on l y  f u e l  p re s e n t  i n  t he c r a c k s  wa s a ppa r e n t l y  a d v e n t i t i o u s  

s h a rd s  t h a t  l i ke l y f e l l i n  d u r i n g  d e f u e l i n g .  H a d  t he re n ot b e e n  a con t r o l  rod 

d e b r i s l ay e r  p re s en t  w h e n  the fuel  f l ow o c c u r red . t h e r e  w o u l d be no r e a s o n a b l e 

e x p l a n a t i o n  f o r  t h i s f i nd i n g . T h e s e  m a t e r i a l s wou l d n ot h a v e s e g r eg a t ed i n  

t h a t  m a n n e r  f r om t he pa rt i a l l y  s o l i d i f i ed fue l f l ow .  

T h e  o v e rw h e l m i n g l y Z r - r i c h  l i q u i d t h a t  c on t a i n e d  Ag - C d  ma s s e s  a n d  a b -
� 

l a t e d  t h e  H 8  n o z z l e i s  f u r t h e r  e v i d e n c e  f o r  . .  t h e  p r e s en c e  o f  t he c ont r o l  rod 

d e b r i s bed . The Z r : U  ra t i o o f  =8 . 5 : 1  wa s fa r i n  e xc e s s  of  the Z r / U  r a t i os 

f o u n d  i n  f u e l  ma s s e s  t h a t  we r e  a n a l y zed . T h i s e x c e s s  o f  Z r  wou l d be f r om t h e  

Z i r c a l oy s h r o u d  t u b e s  i n  t h e  c o n t r o l  a s s embl i e s .  T h e  m i n i mum d e p t h o f  t h i s 

Z r - c o n t a i n i n g d e b r i s bed wa s = 1 2 0  mm . 

T h e  f i nd i n g s  of  Ag a n d  Ag - Cd i n c l u s i on s d e e p  b e n e a t h  t h e s u r fa c e s  i n  

m o s t  of  t h e  n o z z l e s  i n  a f o rm o f  l i q u i d met a l  pe n et r a t i on  i nd i c a t e s  t h a t  t h e r e 

w a s  a l ay e r o f  c on t r o l  m a t e r i a l s e i t h e r  a d he r i ng  t o  t h e s u r f a c e  r e ady t o  be 

me l t e d  when c o n t a cted  by the h ot f u e l . o r  t h e re  was a t h i c k  de b r i s bed up 

a g a i n s t  t h e  n o z z l e t h a t  w o u l d y i e l d  t h e  s ame r e s u l t .  T h a t  l i q u i d Ag - C d  h a d  

p e n e t r a t e d  t h e  I n c o n e l  n o z z l e s  s omew h a t  b e f o r e  n o z z l e  me l t i n g o c c u r re d  i s  e v i -
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d e n c e d  by t h e  a ppa r e nt l y v a po r - p re s s u re - de r i ved b u bbl e s  i n  t h e  I n c o n e l  t h a t  

con t a i ned  Ag - Cd a n d  ot h e r  c o r e  de b r i s c on s t i tuent s . 

P e r h a p s  t h e  m o s t  s t r i ki n g  e v i d e n c e  f o r  t h e  s upe r p os i t i on o f  Ag - C d  be ­

n e a t h  f u e l d e b r i s i s  s h own i n  F i g .  69 , w h e r e  1 0 -� pa rt i c l es o f  Ag - C d  a re be ­

n e a t h  a f u e l  d e b r i s s c a l e on N o z z l e E l l . 

B ec a u s e  t he A N L n o z z l e s we r e  a l most  a l l ben e a t h c ont r o l  r od s , t h e  p r e s ­

e n c e  of  s u c h  d e b r i s on o r  i n  t he i .mmed i a t e  v i c i n i ty o f  t h e  n o z z l e s  c ou l d a l ­

mos t  be e x p e c t e d . G i v e n  t h e n a r r ow 4 -mm a n n u l u s  betwee n  t h e  i n s t r ument  s t r i n g  

a n d  t h e  i n s i d e o f  t h e  g u i d e t ube , d e b r i s c om i ng  f r om d i r e c t l y  a bo v e  wou l d b e  

f i n e  pa rt i c u l a t e . I ndeed , s u c h  f i n e  pa rt i c u l a t e  wa s f ound  o n  t h e  t op o f  L 6 , 

a s  w e l l a s  a t  t h e  b o t t om of  E l l .  H owe ve r , w h et h e r  t h i s m a t e r i a l  c ame d own d i ­

r e c t l y  f r om a bo v e  o r  wa s c i rc u l a t e d  to  t h e  l owe r p l e n u m  by t h e  c oo l a n t pump s 

i s  n ot t h e  i s s ue . ( S u c h  a d i s t i n ct i on mi g h t  be m a d e  by  e x a m i n i n g  o t h e r n o z ­

z l e s  t h a t  we r e  n ot ben e a t h  c o n t rol  r od s . T h e  AN L f i n d i n g s  f o r  H S , w h i c h wa s 

n ot be n e a t h  a c on t r o l  o r  a x i a l  powe r s h a p i n g  rod , s h owed s ome Ag - Cd i n  mol t e n  

ma s s e s  b u t  on l y  m i n i ma l l y  o n  e x te r i o r  · s u r f a c es a n d  n o n e  i n  t he I n c o n e l  . )  T h e  

m a te r i a l  i n  t h e  c r a c ks i n  t h e  boa t s ampl e s  a nd t h e  Z r  a t t a c k  o f  N o z z l e H8 i s  

s uf f i c i e n t  e v i d e n c e  t o  c o n c l u d e  t h a t  t h e re w a s  a s t a g n a nt c on t r o l  m a t e r i a l  d e ­

b r i s bed o f  s ome , u n fo r t u n a te l y ,  u n d et e rm i n e d  d e p t h  a n d  b r e a d t h . 

E. Temperature Indicators 

A p r i n c i pa l  obj ec t i v e  o f  t h e  n o z z l e e x ami n a t i on s wa s t o  p r o v i d e q u a n t i ­

t a t i v e  d a t a  o n  t h e t empe r a t u r e  of t h e  n o z z l e s  i n  p rox i m i ty t o  t h e  v e s s e l . 

Th i s obj e c t i v e  wa s s a t i s f i ed o n l y  t o  a l i mi t ed d e g ree . T h e  p r i n c i pa l r e a s on 

f o r  t h i s w a s  t h e  l a c k  of  t i me - tempe r a t u re a n ne a l i ng d a t a  f o r  a r c h i v a l  I n c o n e l  

600 . K o rt h ' s  wo r k  u s i n g  Gl e e b l e t e s t s  on  n o n - a r c h i va l I n c on e l  6003 p r o v i d e s  

i n s i g h t , b u t  q u a n t i f i c a t i on u s i ng g r a i n s i z e  a n d  h a rd n e s s  d a t a  c a n n o t  b e  a b s o ­

l ut e . T h e  f o l l ow i n g  d i s c u s s i on i s  a n  a t t empt t o  g l ea n  s ome r e l a t i v e , i f  n ot 

q u a n t i t a t i v e  i n f o rm a t i on .  f rom t h e  AN L e x a m i n a t i o n s . 
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1 .  Hardness Measurements 

T h e  m i c r o h a rd n e s s  me a s u rement s o n  t h e  I n c o n e l  6 0 0  n oz z l e s , s umma ­

r i z ed i n  T a b l e 3 ,  a re e s s e n t i a l l y  i n  q u a l i t a t i v e  a g reeme n t  w i t h  w h a t  w a s f o u n d  

b y  o b s e r v a t i on .  T h e  d a t a  fr om C r - d e p l e t e d  a r e a s  s h o u l d b e  d i s r e g a r d e d  bec a u s e  

t h e  v a l u e s  d o  n o t  r e p re s e n t  I n c o n e l  6 0 0 , o n l y a N i - Fe a l l oy o f  v a ry i n g  c om p o ­

s i t i o n .  L i kewi s e . t h e  v a l ue f o r  t h e  ha r d n e s s  o f  t h e  t o p  o f  E l l . w h i c h pa r ­

t i a l l y  me l t e d , i s  i n e x p l i c a b l y h i g h  a nd s h o u l d a l s o  be d i s re g a r d e d  a s  n o t  r e p ­

r e s e n t a t i ve .  I t  a pp e a r s  t ha t  t h e  n om i n a l  h a rd n e s s  o f  t h e  a s - f a b r i c a t e d  m a t e ­

r i a l  i s  = 2 0 0  D P H , c o n s i d e r a b l y h i g h e r  t h a n  t h e  1 5 5 - 1 60 D PH r a n g e  f o r  K o r t h ' s  

m a t e r i a l . T h e  m o s t  s i g n i f i c a nt d a t a  i s  f r om H 8 , w h e r e  t h e  h a rd n e s s 6 4  mm f r om 

t h e  v e s s e l  wa s 1 33 D P H . a va l u e  t h a t  Ko r t h ' s  d a t a  i nd i c a t e  i s  a c h i e v ed i n  1 0  

m i n ut e s  a t  = 1 0 0 0°C . F o l l owi n g  t h i s l i ne o f  r e a s on i n g ,  n o n e  o f  t h e  ot h e r  n oz ­

z l e s  w i t h i n 7 0  mm o f  t h e  v e s s e l  a c h i e v e d  1 0 00°C . I t  i s  i n t e r e s t i n g  t o  n o t e  

t h a t  t h e  Z r  s u r fa c e  a b l a t i on o f  N o z z l e H 8  w o u l d h a v e b e g u n  a t  t h e 9 6 l °C Z r - N i  

e u t e ct i c ,  a tempe r a t u re we l l i n  k e e p i ng w i t h  t h e  1 000°C e s t i ma t ed f r om t h e  

h a rd n e s s  m e a s u r eme n t . 

2. Microstructure 

T h e  m i c r o s t r u c t u r e s  a t  t h e  7 7 -mm e l e v a t i o n  i n  L6  a n d  t h e  2 5 -mm e l e ­

v a t i o n  i n  H 5  s h ow e d  a c t i v e  g ra i n  g r owt h . w h i c h K o r t h ' s  d a t a  i nd i c a t e  a t em p e r ­

a t u re o f  a t  l e a s t 9 5 0°C w a s  r e a c h e d . Be c a u s e  t h e  g r a i n s i z e  w a s s o  l a r g e  i n  

H 5 , 0 . 5  mm . t h e  tempe r a t u re may h a v e  b e e n  h i g h e r . o r  t h e  t i me a t  e l e v a te d  t e m ­

p e r a t u re l on ge r . G r a i n s i ze a n d  g r owt h k i n et i c s  a re h i g h l y d e p e n d e n t  u p o n  

m e t a l l u r g i c a l  h i s t o ry . B eca u s e  Ko r t h ' s  ma t e r i a l  w a s  n o t  t r u l y  a r c h i v a l . t h i s 

c o r re l a t i o n  s h o u l d be v i ewed w i t h  s ke pt i c i sm ,  pa r t i c u l a r l y s i n c e  i t  d o e s  n o t  

a g re e  w i t h  t h e  h a r d n e s s c o r r e l a t i o n . 

3. Penetration by Ag-Cd 

A A g - Cd a l l oy wi t h  a n om i n a l c om p o s i t i on o f  80  wt . %  Ag - 20 w . t% C d . 

t y p i c a l  o f  t h e  d e p o s i t s f o u n d . me l t s  a t  =860°C : Ag me l t s  a t  9 60°C . L i q u i d 

p e n et r a t i on o c c u r r e d  o n l y  i n  t h e  u p pe r  e l e v a t i on s  o f  t h e  n oz z l e s  w h e r e  s u c h  

t empe r a t u r e s  w o u l d b e  e a s i l y  a c h i e v ed . L a c k  o f  s uc h  p e n et r a t i o n  n e a r e r  t he 

v e s s e l  s ug ge s t s  t h a t  e i t he r  t h e n o z z l e s  d i d n ot a c h i e v e  t h a t  t e m pe r a t u re . s a v e 
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H 8 . o r  t h e re wa s i n s u f f i c i e n t  Ag o r  Ag - C d  t o  p e n e t r a t e . o r  o u r  a n a l y t i c a l  

t e c h n i q u e s  s i mp l y d i d  n ot s e e  i t .  

4. Miscellaneous Indicators 

Qu a l i t a t i v e l y .  a g ood i nd i c a t o r  of  t h e  a x i a l  temp e r a t u re p r o f i l e  i n  

a n o z z l e w a s  t h e  p re s e n c e  a n d  t h e n  t h e  r e l a t i v e  a d h e re n c e  o f  t h e  fue l d e b r i s 

s c a l e on t h e  o u t s i d e n oz z l e s u r f a c e s . F o r  a l l no z z l e s  e x c e p t  L 6 . w h i c h  h a s  n o  

o bv i o u s  e x t e r n a l s c a l e a n d  a ppa r e n t l y  w a s  n o t  i n  a f l ow p a t h . t h e re i s  a rea ­

s o n a b l e c o r re l a t i on  betwe e n  s c a l e l oc a t i on a n d  n o z z l e h a rd n e s s . On  n o z z l e 

0 1 0 . t h e  s c a l e wa s a d h e re n t  a t  t h e  82 -mm e l e v a t i o n . w h i c h  h a d  a h a rd n e s s  of  

1 6 1  D P H . That  h a r d n e s s  i s  a bo v e  Ko r t h ' s  b r e a kpoi n t  at  =1 0 0 0°C . where  I n c on e l  

a pp a r e nt l y a n n ea l s r a p i d l y  a nd t h e  h a r d n e s s f a l l s  to  = 1 30 D P H . o r  b e l ow . W i t h  

t h i s c o r r e l a t i o n .  i t  c o u l d b e  s u bj e c t i v e l y c o n c l u d ed . a g a i n .  t h a t  o n l y N o zz l e 

H8 h a d  a h i g h  t empe r a t u r e  n e a r t he v e s s e l . T h e  t empe r a t u re of  t h e  ot h e r  n o z ­

z l e s  wou l d h a v e  been  l e s s  t h a n  1 000°C b e l ow t h e  f o l l ow i n g  e l e v a t i o n s : 

M9 

H 5  

0 1 0  

E l l  

2 1 5  mm 

38 mm 

82 mm 

2 5 5  mm 

De r i v i n g  n o z z l e t empe r a t u re s  f r om t h e  c ond i t i on o f  t h e  Z r  i n s t r um e n t  

l e a d s  i s  c on s i d e r a b l y l e s s  d i r e c t  t h a n  u s i n g  a ny ot he r i nd i c a t o r , b e c a u s e  t h e  

l e a d s  we r e  i n s u l a t ed i n  A l 2 0 3  a nd t he r a d i a l  h e a t  t r a n s fe r  p a t h  t o  t h e  n o z z l e 

i s  i mpo s s i b l e  t o  c a l c u l a t e . T h e  o b s e r v a t i o n s  on p - t o -a t r a n s f o rm a t i o n s  o n l y 

e s t a b l i s h a m i n i mum t h re s h o l d o f  8 6 0°C , w h i c h  wa s l i ke l y a c h i e v e d  i n  mos t n o z ­

z l e s . T h e  1 20 0°C t h re s h o l d t empe r a t u re f o r  t h e  Z r / Al 2 03 r e d ox r e a c t i o n  w o u l d 

b e  a good i n d i c a t o r  exc ept f o r  t he h e a t  t ra n s fe r  i s s ue . I t  i s  s i g n i f i c a n t . 

h owe v e r . t h a t  t he 1 58 - mm e l e v a t i on i n  0 1 0 . w h e r e  t h i s r e a c t i on wa s ob v i o u s . i s  

a l s o  t h e  e l e v a t i on  w h e r e  t h e  ha r d n e s s  w a s  t h e  l ow e s t  f o r  t h a t  n oz z l e .  1 24 D P H . 

F. penetration of Materials Into Nozzles 

T h e  p e n e t r a t i on o f  g amma - a c t i v e  m a t e r i a l s d ownw a rd  i n t o  t h e  n o z z l e s  wa s 

e s t i m a t e d  f r om t h e  1 3 7 c s  g amma a c t i v i ty p r o f i l e s a nd t h e  r e s u l t s  a re s umma r i z ed 
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i n  T a b l e 1 .  I t  wa s a s s umed t h a t  t he g a mma  a c t i v i ty wa s a s s oc i a t ed w i t h  f i s ­

s i on p r od uc t s  i n  f u e l a nd . t h e r e f o re . t h e  r e s u l t s  a re r e p o rted  a s  .. f u e l  pen e ­

t r a t i o n . "  Met a l l i c d eb r i s .  e s s e n t i a l l y  mol t e n  I n c o n e l f r om t h e  n o z z l e .  we re 

a l s o  f o u n d  i n  the n o z z l e s . b u t  n ot t a b u l a t ed . T h e i r p e n e t ra t i o n  may be e s t i ­

ma t e d  f rom t h e  a s - c u t  t ra n s ve r s e  s e ct i o n s  o f  t h e  n oz z l e s . A l t h ou g h  s ome o f  

t h i s d e b r i s c o nt a i n e d  s ma l l q u a n t i t i e s  of  f u e l . t h e  q u a n t i t i e s a ppa r e n t l y  we r e  

i n s u f f i c i e n t  t o  reg i s t e r i n  t he a c t i v i ty p r o f i l e s .  

A l t hou g h  p o r ou s . c e r a m i c - a ppea r i n g  m a te r i a l  wa s s e e n  i n  t h e  a s - c u t  

t r a n s v e r s e  s e c t i on s a t  e l e v a t i o n s  be l ow t h e  noz z l e t o p s . s uc h  a s  i n  H8 a nd L 6 . 

t h e r e  s e emed t o  be d i f f i c u l ty i n  ret a i n i ng i t  d u r i n g  t he s ub s e q u e n t  s e c t i on i n g  

ope r a t i o n s  t o  f o rm met a l l og r a ph i c mou n t s . T h i s wou l d a t t e s t  t o  t h e  f r i a b l e 

n a t u re o f  t h e  m a t e r i a l . 

F u e l  m a t e r i a l  t h a t  w a s  r et a i ned  a t  t h e  l owe r e l e v a t i on s  i n  mos t  c a s e s  

h a d  t w o  f ea t u re s . F i r s t . i t  a pp e a red t o  be i n  t h e  e a r l y s t a ge s  of  t r a n s f o rma ­

t i o n  t o  U - r i c h  a nd Z r - r i c h  ph a s e s . i nd i c a t i n g  r e l a t i v e l y r a p i d c oo l i n g .  

S e c on d , i t  c on t a i n ed Fe . A l . a n d  C r  i n  t h e  g r a i n  bou n d a r i e s . i nd i c a t i n g  l i ke l y 

f l u i d i ty s i g n i f i c a nt l y  b e l ow 2 0 0 0°C . T h a t  wou l d a i d  t h e  f u e l ' s  mob i l i ty t o  

t h e  e l e v a t i o n  w h e r e  i t  f i n a l l y  s o l i d i f i ed . s 

I n  Noz z l e s  M9 a n d  H 5 . wh i c h me l ted o f f . t h e  penet r a t i o n  w a s s h a l l ow .  i n ­

d i c a t i n g  a q u i c k  me l t i n g  a nd r e l a t i v e l y r a p i d c o o l i ng .  t h e  p h a s e  t r a n s fo rma ­

t i o n s  i n  t h e  f u e l  a re a s . n otwi t h s t a nd i n g .  I t  i s  l i ke l y t h a t  t h e  me l t i n g  poi n t  

o f  C r - ox i de  ( C r 203  me l t s  a t  1 99 0°C ) d omi n a t e d  t h e  mob i l i ty o f  t h i s m a t e r i a l  b e ­

f o r e  t h e rma l e q u i l i b r i um a nd 1 owe r -me l t i n g e u t ec t i c s  c ou l d f o rm . T h e  ph a s e  

t r a n s fo rmat i on o f  t h e  f u e l  w o u l d h a v e  o c c u r red be l ow 1 99 0°C w h i l e  t h e  s o l i d i ­

f i e d  f u e l w a s t ra pped i n  t h e  i n s u l a t i n g  C r - ox i de . 

T h e  f u e l  i n  t he t o p s  o f  0 1 0  a nd E l l  d i ffe red f r om t h a t  i n  M9 a n d  H 5  i n  

t h a t  i t  wa s t r a pped i n  a n  Fe - r a t h e r  t h a n  a C r - ba sed  ma t r i x .  T h i s r e f l e c t s  

t w o  t h i n gs . F i r s t . t h e  I n c o n e l  d i d  n ot re a d i l y  g i v e  up  i t s C r  t o  o x i d a t i on . 

p r o ba b l y be c a u s e  t h e  t empe r a t u re wa s t o o  l ow .  S e c o n d . t he s ou r c e  o f  t h e  f u e l  

a n d  t h e  Fe - b a s ed ma t r i x w a s  p r o b a b l y t h e  s ame a s  t h a t  o f  t h e  F e - ba s ed s u r f a c e  

s c a l e s . T h a t  ma ny of  t h e  f u e l  p a rt i c l e s we re s h a rd s  a n d  n o t  s o l i d i f i ed i n -
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s i t u ma s s e s  i nd i c a te s  t h a t  t h e  f u e l  f l ow i n  t h i s reg i on of  t h e  ve s s e l  w a s 

c o o l e r  t h a n  t h e  f l ow t h a t  c on t a c ted M9 , HS . a nd HB . Th i s i s  c on s i s te n t  w i t h  a 

s c ena r i o t h a t  h a s  t h e  fue l f l ow com i ng t o  t h e  v e s s e l  h ot s pot f r om th e e a s t  

a nd s ou t h e a s t  a nd p i l i ng u p  o n  t he f a r s i de a g a i n s t  0 1 0  a nd E l l .  ( No t e  t h a t  

t h e  s u r f a c e  c r u s t  a n d  ma j o r h e a t i ng l oa d  wa s on l y  on  o n e  s i de of  0 1 0 . ) 

VII. Conclualona 

T h e  fol l ow i ng a re c o n c l u s i on s  r e a c h ed f r om t h e  n o z z l e e x a m i n a t i o n s  a nd 

t ha t  b e a r o n  t h e  e x a m i n a t i on obj ect i v e s . 

1 .  T h e  n a t u re of  t h e  d e g r a d a t i on  o f  N o z z l e s  M9 , H 5 , a n d  HB i nd i c a te 

t ha t  t h e i r me l t - off  w a s by l i q u i d f u e l  c om i n g  a t  t h e  n o z z l e s  a t  a n  

e l e v a t i on r a ng i n g  f r om · 1 4 0  t o  2 7 0  mm a bo v e  t h e  l ow e r  h e a d . S u r f a ce 

s c a l e on  t h e  n o z z l es  bel ow t he me l t - o f f s  s ug g e s t s , a l be i t  n o t  c o n ­

c l u s i v e l y ,  t h a t  t h e  l i q u i d w a s a t o p  a c r u s t  o f  s ol i d i f i ed a n d  pa r ­

t i a l l y  s o l i d i f i ed fue l d e b r i s t ha t  h a d  been c oo l ed  be l ow i t s s o l i d u s  

by c on t a c t wi t h  t h e  l owe r h e a d . 

2 .  T h e  f u e l  f l ow on  t h e  l owe r h e a d  fol l owed mu l t i pl e  p a t h s . N o z z l e s  

M 9 , H 5 , a n d  H B  s ug g e s t  t h a t  f l ows oc c u r red  f r om t h e  ea s t  a nd s ou t h ­

e a s t , but bypa s s ed N o z z l e L6 . 

3 .  T he f u e l  d e b r i s i n  a nd on  N o zz l e s  0 1 0  a nd E l l s ug g e s t  t h a t  t h e s e  

n oz z l e s  we re  a t  t h e  pe r i p h e ry o f  t h e  f u e l  f l ow .  l i ke l y o n  t h e  c oo l e r  

f a r s i d e .  

4 .  T h e  p a t t e r n  of  n o z z l e d e g r a d a t i on .  t h e  a s s umpt i on o f  a d e c re a s i n g ­

t h i c kn e s s i n i t i a l d e b r i s bed . a nd t h e  a s s umed f u e l  f l ow d i r e c t i on s 

a re c o n s i s te n t  w i t h  a v e s s e l  hot  s pot a t  E 7 - 8 / F 7 - 8 t h a t  wa s c a u s e d  

b y  h ot l i q u i d f u e l a t op a p r og re s s i ve l y t h i n n e r  c r u s t  b ec a u s e  o f  

l e s s e n i ng h e a t  t r a n s fe r  to  a wa rmi ng  v e s s e l . 
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5 .  S 1 g rl 1 f i c a nt n o z z l e tempe r a t u re s  r a nged  f r om 1 40 0°C ( me l t i n g )  a t  

1 40 mm f rom t he v e s s e l  a t  H 5 . d ow n  t o  •1 000°C a t  6 4  m m  f r om t h e  v e s · 

s e l  a t  HB . 

6 .  I n  a d d i t i on t o  me l t i n g .  n o z z l e d e g r a d a t i on mec h a n i sms we r e  a b l a t i on 

by l i q u i d  Z r . i nt e rg r a n u l a r  penet r a t i on by Z r  a nd Ag - Cd , c h emi c a l  

i nt e r a c t i on w i t h  A l , C r - d e p l et i on c a u s ed b y  e x t e n s i ve ox i da t i on ,  a nd 

i nt e r n a l p r e s s u r i z a t i o n  c a u s i ng h ot - t e a r i n g  a nd n o z z l e b a l l oo n i ng . 

7 . T h e  p r e s e n c e  of s i gn i f i c a n t  q u a n t i t i e s of Z r  a nd Ag - Cd o n  t he v e s s e l  

t o  i n t e r a c t  w i t h  t he n o z z l e s i s  a t t r i b u t e d  t o  t h e  p r i o r  d e p o s i t i on 

a t  t h a t  l oc a t i on o f  c on t r o l  a s s em b l y d e b r i s .  T h e  d e p t h  o r  n a t u re o f  

s uc h  a d e b r i s bed cou l d not  be c on f i rmed , but  the  depth  i s  e s t i ma t e d  

t o  h a ve been a m i n i mum o f  1 20 m m  a t  t h e  HB l oc a t i on .  

8 .  F u e l  d e b r i s penet r a t i o n  d ownwa rd i nt o  t he n o z z l e s wa s i n f l u e n c ed by 

t h e  t empe r a t u re of t h e  f u e l  at t he t i me of e n t ry : i t s c ompos i t i on ,  

a nd h e n c e  f l u i d i ty :  t h e  t empe r a t u re o f  t h e  n o z z l e a n d  i t s a b i l i ty t o  

s o l i d i fy t h e  d e b r i s :  a nd t h e  d e g ree  o f  i n t e r a c t i on between  t h e  f u e l  

a nd t he mol t en n o z z l e i n  e n t rapp i ng t h e  f u e l  i n  C r - ox i d e . 
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T a b l e 1 · A N L  N o z z l e  Segment L e n gt h s . E l e v a t i o n s , a n d  F u e l  Pene t r a t i on  D e pt h s  

E l ev a t i on E l ev a t i on of Fuel Penet r a t i on 
o f  N oz z l e Segment S t u b  M1 s s i ng a  Top of E l ev a t i on a bove 

B a s e . Leng t h , Lengt h ,  Top , Segme n t , b Noz z l e B a s e , c  
Noz z l e mm mm mm mm mm mm 

M9 1 19 2 54 26d 2 5  280 241  

L6  94 241 64d 0 305 7 5 

HS  1 07 1 46 0 1 59 146  89 m a x  
1 1 7  m1 n 

H8 0 70 51  184 1 2 1  <64 

0 1 0  244 235 57d 1 3  292 55 max 

1 84 m i n 

E l l  22 1  225  7 7d 3 302 204 

a aa s e d  on mea s u rement f r om e i t h e r  t o p  t a pe r  poi nt o r  m i dpl a n e be v e l . 
b Refe renced to n o z z l e  ba s e .  

c e a s e d  on l y  o n  g a mma s c a n s . 
dCa l c u l a t e d  a s  t h e  d i f f e r ence between 305 mm and t he s um of t he two known v a l u e s . 

Mea s u reme n t s  of s t u b  l en g t h s  f o r  0 1 0  a n d  E l l  f r om phot og r a ph s  we r e  not deemed s u f f i c i en t l y  
a c c u r a t e  bec a u s e  o f  a ng l e o f  p h ot o . 
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T a b l e 2 .. C ompos i t i on of Deb r i s A r e a s / Pa r t i c l e s C o nt a i n i ng u - z r a 

Compo s t t t on , wt . s b 

Nou 1 e / Loc a t  t on u Z r  Fe N i  C r  Ag Cd Al 

HSLZZI 11 l i osldl ogzzlll 

Ma t r h  2 9  8 6 5 4 3  7 
Ma t r i x  ss 1 2  5 2 1 5  9 

P a r t  i c u h t e  58 1 9  8 1 1  3 

F ue l  ma ss 88 9 1 1 

Fue l  ma ss 83 15 1 

fuel ma s s  5 5  1 2  5 1 5  2 9 

L6LZB3 11 l losJde agzzlll  
Shard 1 00 

Sol t d t f i ed ma ss . t c  83 -87 1 1 - 1 3  2 

Gra i n  bounda ry , 1 4 1  1 9  1 1  1 4 8 

Sol i d i f i ed me ss . 2 1 7  54 9 1 1  9 

So1 1 d t f t ed ma s s . 2 74 2 7  

U5ll�Q 11 ' Josidl ogzzlll 

Ce rami c a r e a , edge 2 5 - 30 1 3 · 1 5  1 - 3 5 1 - 5 7 

Ce rami c a re a . edge 82 1 2  3 1 

C e rami c a r ea s .  centerd ( 35-40 ) ( 1 2 - 1 6 )  - ( 40 - 5 5 ) 

Ce rami c a rea s .  cen t e r  1 3 - 30 8 - 1 2  7 - 22 2- 1 0  40- 7 7  

Ce rami c a rea , edge 28 1 5  33 1 1  1 3  

UBL12Q 11 ' iaslde ogzzlel 

P a r t i cu l a te a re a s  60 30 4 3 

D1Dl2BD mm l ioside ogzzlel 

Pa rt 1 c ul a t e  1 65 23 4 3 5 

Pa rt 1 c u l a t e  2 6 3  1 2  5 1 5  6 

DlDLl5B II l ilbldded iD ogzzlel 
Pa rt i c l e  1 68 23 4 2 2 

P a r t i c l e  2 1 7  20 1 1 1 

Pa rt i c l e  3 9 1  8 

DlDLBZ 11 lgutside ogzzlel 

Pa r t i c l e  1 1 4  62  8 6 2 

P a rt i c l e  2 8 1  1 6  2 1 
Pa r t i c l e  2 7 5 1 6 6 2 2 

Pa rt i c l e  3 1 0  1 7  6 s 
Pa r t i c l e  4 2 2  78 

D1Dl61 118 fguUc SUC[IU:i�l 

I mbedded pa r t i c l e  82 1 2  3 

•Norma l i z ed to •1 001 met a l :  oxygen n ot . con s 1 de red . 
bE s t 1 ma t ed a c c u r acy 1 s  ±201 . 

C l 1 k e  numbe r s  i nd i c a te e i ther more t h a n  one a na l y s i s  on a pa r t i c u l a r  s t r u c t u re , o r  

i nd i v i du a l a r ea s 1 n  a s t r u c t u r e . 
dPa r e n t h e s e s  i de n t i fy e s t i ma ted v a l ues f o r  por t i on o f  a n a l yzed a r ea . 
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T a b l e 2 < c e�nt 1 n ued ) 

Compos 1 t 1 on ,  wt . l b 

Noz z l e / Loca t i on u Z r  Fe N 1  C r  Ag Cd Al 

Elll2BD II ' iDiidl DQZZlll 
La rge shard 83 14 1 1 
Sma l l  s h a rd 83 14 2 1 
Ma t r 1 x  34 53 8 3 3 
Ma t r i x  4 7  44 6 2 1 
Ma t r i x  6 6  2 7  4 2 1 
Mat r i x  87 10  1 1 
Surface fol d ( outs i de )  74  10 2 6 2 6 

£11l2Z� mg ' ioside aazzlel 
I ns 1 de noz z l e  •9 -as 4 2 
I ns i de nozz l e  2 7  7 1  1 1 
I ns i de . a g g l omerates < a vo > 62 16 1 9  3 

EllliQ • 'autet sau::fA�Il 
Outer s ca l e  20 20 57 2 
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T a bl e 3 - Summa ry o f  Ha rdne s s  Dete rmi n a t i on s  

E l evat i on from 
Vesse l  • 

mm 

290 

283 

280 

274 

266 

260 

158  

1 30 

90 

82 

77 

6 9  

64 

38 

2 5  

0 

0 1 0  

1 40 t 4 

1 36 :t 3 

1 24 :t 2 

1 61 :t 4 

1 68 :t: 1 0  

ac r-depl eted mater i a l . 
bwe l dment . 

Nozz l e  

E l l  H8 H5 L6  

208 :t 29 
1 6 7  :t 7 

1 3 7 t 4 

1 05 :t 2a 

1 90 :t 9 

1 69 :t 1 3  

1 33 :t 4 

1 98 :t 8 

2 1 7  t 1 3 b  

4 2  

M 9  

1 24 :t sa 

202 :t: 28 



0 
NORTH 

0 

• 

A B C D E F G H K L M N O P R  

Locations of Boat Samples 
Nozzle Positions 
Nozzles Examined at ANL 

F i g .  1 .  G r i d m a p  o f  TM I c o re s h owi n g  l oc a t i on s of  n oz z l e s  e x a m i n e d  a t  AN L .  
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82. 5.. _J TO CEN T E RL I N E  I 

NOZZLE ELEVATION 

F i g .  2 .  Ty p i c a l  i n c o r e  n o z z l e w i t h  s e a l  a n d  r e t a i n i n g w e l d .  
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5 3/8" Nom 

1.00a. 0.0. X .612• 1.0. 
lnconet 800 

lncore Nozzle 
(Material lnconel 600) 

.625• ID. 

3/ 18" Nom Cladding 
300 Series 
Stainless Steel 

Annular Leak Gap of 
about .oos· Between 
lncore Pipe and 
Vessel 

F i g .  3 .  Lowe r - h ea d  a r ea a nd i n c o re  i n s t r um e n t  g u i d e t u be s . 
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'' ! ' ' ' ' '119' 
F i g .  4 .  E l e v a t i on v i ew of  n oz z l e s egme n t  M9 . a s  r e c e i v ed . ( 28 2 5 8 2 ) 
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Top 

,Hlt� ' ' ' 1 ' ' ' 1  
. . . l.. . r  . . . . . .  r .  • .  l . , . r  

Bottom 
F i g .  5 .  Top a n d  bot t om v i ews of M9 n o z z l e s egme n t . a s  r e c e i v e d . ( 28 2 5 58 ) 
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F i g .  7 .  Lon g i t u d i n a l  s e ct i o n s  t h r o u g h  t o p  o f  N o z z l e M9 nea r t h e  c e n t e r  ( l eft ) a nd a t  t h e  c e n t e r ( r i g h t ) . 
2 X  ( 280683 a nd 28068 7 ) 



F i g .  8 .  L o n g i t ud i n a l  s e ct i o n t h r o u g h  top o f  N oz z l e  M 9 . < O r i g i n a l  a t  2 5 X . redu ced t o  1 4 X ; 2 8 0 6 9 5 ) 



F i g .  9 .  S EM - B S E  i ma g e  o f  mu l t i p h a s e  f u e l  i n  N oz z l e  M9 . L i g h t  
ma te r i a l  i s  U - r i c h . med i um i s  Z r - r i c h . a nd d a r ke s t  i s  
C r - r i c h  ma t r i x .  

F i g .  1 0 . As - c u t  t r a n s v e r s e  s e ct i on a t  2 4 1 - mm e l e v a t i on  o f  M9 . 
s h ow i n g  me t a l l i c a nd pos s i b l y  c e r ami c d e b r i s betwe e n  
5 a nd 8 o ' c l o c k  i n  t h e  a nn u l u s . 2 X  ( 28068 5 ) 
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Bottom 

F i g .  1 2 .  T o p  a nd b o t t om v i ews of L 6  n o z z l e s e gm e n t . ( 28 2 5 8 7 ) 
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I 

F i g .  1 4 . A s - c u t  t r a n s v e r s e  s e c t i o n  a t  2 8 3 - mm e l e v a t i on of  L 6 , 
s h ow i n g  a po r ou s  ma t e r i a l  i n  t he a n n u l u s . 2 X  { 28 0 67 5 ) 
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F i g .  1 5 .  I n s t r u me n t  s t r i n g  and f u e l d e b r i s at 283 - mm e l e vat i o n o f  L6 . 
( O r i g i nal at 2 5 X. r e d u c ed t o  l l X ,  2 8 1 57 0 )  
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Fi g .  1 6 . Pa r t i a l l y t r a n s f o rmed f u e l  ma s s  a t  2 8 3 - mm 
e l e v a t i on o f  L 6 . 

F i g .  1 7 . A s - c u t  t r a n s v e r s e  s e c t i o n  a t  7 7 - mm e l e v a t i on o f  L 6 . 2 X  
( 2 80680 ) 
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F i g .  1 8 . P a r t i a l l y  t r a n s fo rmed z i r c on i um i n s t r ume n t  l e a d  a t  
7 7 -mm e l e v a t i on i n  L6 . 2 5 0 X  ( 2 8 1 6 64 ) 

F i g .  1 9 . E t c hed m i c ro s t r u c t u re o f  I n c o n e l  6 0 0  n o z z l e a t  
7 7 -mm e l e v a t i o n  i n  L 6 . 1 0 0 X  ( 2 8 2 5 3 1 ) 
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' I '  1 ' 1 ' f• I '  l '  ' I I '  ' I I ' I l l  l ! i 

. .  J a  . . . . l $). . 
F i g .  2 0 . E l e v a t i o n v i ew of n o z z l e s egme n t  H 5 . ( 2 8 2 5 80 ) 
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.· . .  ' f' ' ' 1 ' 1 ' 17 ' 1 ' 1 ' 1 ' 1  

. . .  1 • • •  , • •  � • •  . �  . . . I .  • .  J .  

Top (stereo pair) 

Bottom 

F i g .  2 1 . T o p  a n d  b o t t om v i ews o f  H 5  n o z z l e s e gme n t . ( 2 8 2 5 8 5 ) 
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F i g .  2 2 . A s - p o l i s h ed b o t t om e n d  o f  H 5  s e gme n t , r e v e a l i n g o n l y a s o l i d i f i e d 
met a l l i c ma s s . 2 X  ( 2 8 0 ti 3 3 ) 
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F i g .  23 . Gamma a ct i v i ty p r o f i l e  a n d  s e c t i o n i n g s c h eme fo r N o z z l e HS . L o c a t i o n  of l on g i t ud i n a l  c u t s h own on l y  t o  
i dent i fy s pe c i m e n s . n o t  a ct u a l c u tt i n g p l a n e . 



--- ------ - �---

F i g .  2 4 . A s - c u t t r a n s v e r s e  s e c t i o n  t h rou g h  H 5  a t  t h e  1 1 4 - mm e l e v a t i o n . 
2 X  ( 2 8 0 5 30 ) 

F i g .  2 5 . A s - c ut l on g i t u d i na l s e c t i o n  t h r o u g h  t o p  o f  H 5  s e gmen t . 2 X  ( 28 0 5 3 5 ) 
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F i g .  2 6 . Me t a l l i c a n d  c e r am i c d e b r i s a t  t o p  o f  H 5 . ( O r i g i n a l  a t  2 5 X , 
r e d u c e d  t o  1 5 X : 2 8 0 69 3 ) 
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F i g .  2 7 . Mi crostr u cture o f  d e bri s at top o f  H 5 . 
s h ow i n g  i n t i ma te m i x t u r e  o f  U - r i c h  
phas e s  ( l i g h t) , Zr-ri c h  phas e s  ( m ed i um) � 
a n d  C r - r i c h  ma t r i x  ( d a r ke s t ) .  

F i g .  28 . C h r om i u m - r i c h  p l atel ets p re c i p i tated i n  
C r - d e p l eted I nc o n e l . B u bb l e c o n t a i n s 
d e p o s i t s o f  c ore d e br i s .  



...-------------� ---

F i g .  2 9 . I n s t r ume n t  s t r i n g  a n d s o l i d i f i ed I n c o n e l  ma s s  a t  t h e  b o t t om 
o f  t h e  H 5  s egment . ( O r i g i n a l  a t  2 5 X , red u c e d  t o  1 2 X , 2 8 0 6 3 5 ) 
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F i g .  3 0 . S h a r d s  of I n c o n e l  6 0 0  ( a )  a n d  f u e l  d e b r i s ( b )  w i t h i n i n s t r um e n t  
s t r i n g  a t  bot t om o f  H 5 . 2 5 0 X  ( 28 0 5 8 2  a n d  2 8 0 584 ) 
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F i g .  3 1 . B o t t om we l dme n t  o f  t h e  H 5  n o z z l e .  9 X  ( 2 8 1 5 8 7 ) :  i n s e rt a t  2 6 0 X  ( 2 8 1 6 3 5 ) 

68 
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c 0 
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• .J 
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426 C IA 4Z6 C IB 

4Z.6 C I  

64 rnm 
426 C2. 

4Z.6CZ C 

F i g .  3 3 . Gamma a c t i v i ty p r o f i l e  a n d  s e ct i on i n g s c h eme f o r  N o z z l e HS . 
Loc a t i on  o f  l on g i t ud i n a l  c u t  s h ow n  on l y  t o  i d e n t i fy s pe c i men s . 
not a c t u a l  c u tt i n g p l a n e . 

7 0  



F i g .  34 . As-cu t l ong i t u d i nal s ect i on t hro u g h  
t h e  t o p  o f  H8 . 2 X  ( 2 8 0 6 5 3 ) 

7 1  



F i g .  35 . A s - c u t  t r a n s v e r s e  s e c t i on a t  t he 64- mm e l e v a t i o n  
i n  HB . 2 X  ( 280652) 

72 



F i g .  3 6 . M e t a l l o g r a p h i c s e c t i on o f  i n s t r ume n t  s t r i n g  a n d me t a l l i c 
d e b r i s a t  t h e  64 - mm e l e v a t i o n  o f  H8 . ( O r i g i n a l  a t  3 5 X , 
r e d u c ed t o  l l X , 2 8 0 4 5 3 ) 

7 3  



I 
F i g .  3 7 . E u t ec t i c s t r u c t u r e s , c o n t a i n i n g Z r , U ,  I n , N i , C r , a n d  

F e  a t  t h e  6 4 - mm e l e v a t i o n  i n  H 8 . 2 5 0 X  ( 2 8 0 4 6 2 ) 

7 4  



� F i g .  3 8 . A b l a t e d  s u r f a c e  o f  H 8  n o zz l e a t  t h e  6 4 - mm e l e v a t i o n . ( O r i g i n a l  a t  1 50 X . r e d u c e d  t o  5 6 X . 2 80 7 33 ) 

F i g .  39 . S EM - B S E i ma g e  o f  Ag - Cd pa r t i c l e .  
a n d  Z r - r i c h  m a te r i a l  p e n e t r a t i n g  
s u r f a ce o f  H 8  n o z z l e a t  64 - mm e l e v a t i o n . 



F i g .  4 0 . E l e v a t i on v i ews  o f  0 1 0  n o z z l e s egme n t . 
S i d e  v i ew  s h ow s  c r a c k  i n  n o z z l e s u r f a c e . ( 2 8 2 5 7 8 ) 

7 6  



Top (stereo pair) 

1 ' 1 ' 1 ' 1 ' � 1 '�1 1 ' ' 1  
t 1t6 I 

Bottom 

1 ' 1 ' 1 ' 1 ' 1 ' 1 ' ' ' 1 ' '  
I . 1 _8 I 

F i g .  4 1 . Top and b o t t om vi ews o f  t h e  0 1 0  n ozz l e s egme n t . ( 2 8 2 5 8 3 ) 

7 7  
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F i g .  4 2 . Gamma a c t i v i ty p r o f i l e  a nd s e ct i o n i n g  s c h eme fo r 010 
n o z z l e s egmen t . Loc a t i o n  of l on g i t u d i n a l  c u t  s h own o n l y  
t o  i d e n t i fy s pec i men s , n ot a c t u a l  c u tt i n g  p l a n e . 

4UJFIA 4tt6FIB 

.U6 FI 
266 •1'11 

426 FIA 

#6FZ.& 

177""" 

�2.tiF5A I  

82.Mift 



F i g .  43 . Two s i de s  o f  t h e  l on g i t u d i n a l s ect i on t h r ou g h  t h e  t o p  o f  t h e  0 1 0  n oz z l e .  
2 X  ( 28 0 6 5 0  a n d  2 8 0 6 4 9 ) 



F i g .  44 . Ty p i c a l a re a  o f  f u e l  s h a rd s  f o u n d  a t  t o p  o f  0 1 0  n oz z l e .  

F i g .  4 5 . As - c u t  t r a n s v e r s e  s e c t i on t h r o u g h 0 1 0  a t  t h e  2 6 6 -mm e l e v a t i o n , s h ow i n g  
me t a l l i c  a n d  c e r a m i c d e b r i s i n s i d e .  2 X  ( 28064 1 ) 

80 



• 

F i g .  4 6 . S u r f a ce d e p os i t s a t  2 6 6  mm on N o z z l e 0 1 0 . 

F i g .  4 7 . A s - c ut t r a n s v e r s e  s e ct i o n  t h r o u g h  D 1 0 a t  t h e  
1 7 7 - mm e l e v a t i o n . 2 X  ( 280644 ) 

81 



F i g .  4 8 . As - c u t  t r a n s v e r s e  s e c t i on t h r o u g h  0 1 0  a t  t h e  
1 58 - mm e l e v a t i on . 2 X  ( 2 8 0 64 6 ) 

82 
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F i g .  4 9 . A r e a  o f  g r a i n b o u nd a ry s e pa r a t i o n s  i n  0 1 0  a t  t h e  1 58 - mm e l e v a t i o n . 
( O r i g i n a l  a t  2 5 X , r e d u c ed t o  1 2 X , 2 80 6 88 ) 

83 



• 

• 

( a )  ( b )  

F i g .  5 0 . Examp l es o f  Ag - Cd depos i ts i n  010 a t  t h e  1 58-mm e l e va t i on . s howi ng 
Ag - Cd penet r a t i on as ( a )  st r i nge r s  a nd ( b )  d i s c rete p a r t i c l e s .  



F i g .  5 1 . E x a mp l e s  o f  p a r t i c u l a te f u e l d e b r i s t ra pp e d  i n  g ra i n  b ou nd a ry s epa r a t i o n s  a t  1 58 mm i n  0 1 0 . 
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F i g .  5 2 . A r e a  o f  g r a i n bou n d a ry s e pa r a t i o n s  i n  0 1 0  a t  t h e  1 5 8 - mm 
e l e v a t i o n ,  e t c h ed t o  s h ow p o s s i b l e  s e c o n d  p h a s e  a n d  
i n t e r n a l  g r a i n  s t r u ctu r e . 9 X  ( 282 5 5 8 ) 

86 



F i g .  5 3 . P o r t i on o f  t h i c k  e xt e r i o r  d e p o s i t  on 0 1 0  a t  t h e  1 5 8 -mm e l e v a t i o n .  
A f u e l - c o n t a i n i n g a r e a  i s  o n  t h e  l e ft ( a r r ow ) . ( O r i g i n a l  a t  2 5 X . 
r e d u c e d  t o  1 6 X . 2 8 0 6 9 4 ) 

8 7  



00 00 

F i g .  54 . Examp l e s  o f  Ag - C d  i n  I n c o n e l  a t  1 58 mm i n  N oz z l e 0 1 0 . 



F i g .  5 5 . S e g re g a ted U - r i c h  ( l i g h t ) a nd Z r - r i c h  ( d a r k )  p h a s e s  
i n  fue l pa r t i c l e i n  a d e p o s i t  a t  1 58 mm o n  0 1 0 . 

89 





F i g .  5 7 . M e l t ed Z r  l e a d  w i re a t  1 58 mm i n  0 1 0 .  P h a s e s  i n c l u d e  
N i , Fe , a n d  C r  b a c k  d i ffu s ed f r om t h e  l oc a l l y  m e l t e d  
I n c o n e l  s h e a t h . 2 5 0 X  ( 2 8 0 6 69 ) 

9 1  



F i g .  5 8 . L a y e r  o f  d e b r i s o n  o u t e r s u r f a c e  o f  0 1 0  a t  t h e 
8 2 -mm e l e v a t i on .  2 5 0 X  ( 2 8 1 8 5 2 ) 

92 



F i g .  5 9 . E l e v a t i o n  v i ew o f  n oz z l e s e gm e n t  E l l . ( 2 8 2 5 7 9 ) 

93 



Top (stereo pair) 

Bottom 

F i g .  6 0 . T o p  a n d  b ot t om v i ews o f  n o z z l e s e gme n t  E l l . ( 2 8 2 584 ) 

94 
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F i g .  6 2 . A s - c u t  t r a n s v e r s e  s e c t i o n a t  2 7 4  mm a n d  l on g i t u d i n a l  s e c t i o n 
t h r o u g h t op o f  N o z z l e Ell . 2 X  ( 2 80 5 2 2  a n d  2 8 0 5 2 8 ) 

96 



F i g .  6 3 . F u e l  d e b r i s i n  t h e  t o p  o f  N o z z l e E l l . 
( O r i g i n a l  a t  2 5 X , red u c e d  t o  9 X  2806 36 ) 

97 



F i g .  64 . " M i c ro - fo l d s "  w i t h  t r a pped f u e l  d e b r i s i n  t h e  
o u t e r s u r f a c e  a t  t he t op o f  N oz z l e Ell. 

F i g .  6 5 . S EM i ma ge o f  f u e l  de b r i s a t t a c h ed t o  t h e  i n n e r  
s u r f a c e  o f  E ll a t  t h e  2 7 4 - mm e l e v a t i o n . 

98 



F i g .  6 6 . S E M i ma g e o f  s u r f a c e  r e a c t i o n  a t  i1t mm o n  E l l .  Ag - Cd n od u l e s  a re 
e v i d e n t  w i t h i n t h e  n � z z l e m a t e r i a l . 

F i g .  6 7 . A s - c ut  t r a n s v e r s e  s e ct i on t h r o u g h  E l l  a t  2 2 0  mm . S ma l l g r a y  ma s s  
a t  3 o ' c l oc k  may  c o n ta i n f u e l . 2 X  ( 28 0 5 2 5 ) 

99 



F i g .  68 . F l a k i ng s u r fa c e d e b r i s - bea r i n g  s c a l e a nd s u r fa c e - a d h e re n t  s c a l e 
ben e a t h  i t  a t  9 0 -mm e l e v a t i o n  o n  N oz z l e E l l . 1 5 0 X  ( 2 8 1 9 1 3 ) 

F i g .  6 9 . S EM - B S E  i ma g e  o f  s c a l es  s h own i n  F i g .  68 . W h i t e d o t s  a l o n g  
1 0 -� i n n e r  s c a l e a re Ag - Cd pa r t i c l e s . 

1 00 
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IX. Appendix 

T h i s s e c t i o n i n c l u d e s  t h e d e s c r i pt i v e  d a t a  s h e e t  f o r  e a c h  s p e c i men  

e x a m i n e d  by  me t a l l o g r a p hy , S EM - E D X , or  h a r d n e s s  me a s u reme n t s . 

A - 1 



Date of Sheet Preparation : 4/11/92 
OECD TMI-2 Vessel Investigation Project 
Sample Examinatlonrrest Summary Sheet 

Sam ple Log No. : �& -'126/J/.8/ 
Sample Source (check one) :  

Performing Organization: 

AvL - MtJr/.r,as 

Vessel steel 
Guide tube 

X Nozzle 
_Companion 

Principal I nvestigator: 

i .  A , /lie/marK.. 

, I 

_Other (specify) 

Sample Core 
Grid Location: 

L �  
Sample Location Description (attach diagram if necessary): 

:::Sa�le. /5 .Prt!Jnc. +l,e �eled �i' � 1-he 
//Dz:l/e a-f- -1--he ..283 ,.,., �  e leva,46,z . Sa7/e. 
Cc�I'"'S O.D a,J I..D ::Sul'llk:.es ;,_ .s r,.a��s � 
view. 

Examination/Test Technique and Formatting: lfl/.,:-/�� lil�d SG� .. E.P)( .  
t1:'h�l ���.... .SEM ,m�-.s 1 �d .1(-ray � 

Other Parent Breakoffs (Samf�' Log Nos.) and PurPose;, � A .58� � � '1'2��k;��k�.z6A4"A(,J;EI'I/J � lN'< �es � 

Comments: 

Add additional 1:1aets if necessary 

A - 2  



Date of Sheet Preparatfon: 

OECD TMI-2 Vessel Investigation Project 
Sample Examfnatlonrrest �· •.Jnlrnary Sheet 

--------------------� 
Sample log No. : �-9'.26AZA/ 
Sample Source (check one) : 

Performing Organization: 

hit. -/WtJ�r� 

Vessel steel 
Guide tube 

VNozzre 
Companion 

Principal I nvestigator: 

L, A .. �/marK.. 
Sample Location Description (attach diagram if necessary) : 

_Other (specify) 

S ample Core 
Grid Location: L- �  

SCPye /s. .ffp,.,_ �e, � t? .,C  IZOZ2/e � ,£  ,tJe_ 
�83 ,"""" elevafb� . ��l';.,.s /hs�m� -1- .st'�;·,s 
a,d .;:;,. / h?l!lsse.s . 

Examination/Test Purpose: ::z:>el.rrmhle. l'lifil/w.re_ 0./ IU.�I de.h�-tss CC�Ihk o� lAS�me.. -1- Wl/""QS _,, c1 Ct��,.,-.:J/,4.'0� 
Df:.. e era.. tc ii'I.St41a:ID� � hu-la!, 

Examlnatlon/"113st Technique and Formatting: �A:./ me7W�N�,e'4_/ a" d SE"'-GDX. 

Examination/Test Observation or Results: 

S4!re. rsr,..,-r �� f'• I o 

Comments: 

Add additional s!'1aets if necessary 

A - 3  



Date of Sheet Preparation· 

OECD TMI·2 Vessel Investigation Project 
Sample Examination/Test Summary Sheet 

Sample Log No. : ���26ASA 
Sample Source (check one) : 

Performing Organization: 

AN� -Mer /.r,-::s 

Vessel steel 
Guide tube 

V'Nozzle 
Companion 

Prfncipal l nvestlgator: 

�- 4 - Ne,A7arJt:.. 

_Other (specify) 

Sample Core 
Grid Location: L-6 

Sample Location Description (attach diagram If necessary) : Saw:t�e is .frt,IM.. �u /ru-' Sttr.flu.e. � ltozz./e. 
t!J f  l�e 7 7  ,,., eleVB�M . 

Examination/Test Purpose: 
AJ,z2k mi�/rucfu�.., 
c1-rs,.�-s, ����e:1 ��..N:J, ... , 

Comments: 

A - 4 

Add additional sheets if necessary 



Oate of Sheet Preparation: 

OECD TMI-2 Vessel Investigation Project 
Sample Examinatlonrrest Summary Sheet 

Sample Log No. : 

Sample Source (check one) : Vessel steel 
Guide tube 

V'Nozzle 
_Companion 

Performing Organization: Principal I nvestigator: 

A-AIL -�r-/..z-�S t. ,. J4 , .A/�m•r� 
Sample Location Description (attach diagram if necessary) : 

�� ; s .,t;..., ,",Jn6r surl'lc.e. 
al .fltte. 7 ? m wt  .. t!!'/e va*� " 

Examlnatio�st Purpose: 
-#•,..clnrs.s 

Examlnatfon/'11ist lilchnlqua and Formatting: 

']:::>PH 

Examlnatlorv"l\Jst Obs ervatlon or Results: 

_Other (specify) 

Sample Core 
Grid Location: 

L6 

#.,.../�dS WC¥ I/J9 ::t-IS 'J>PHJ tAtk�� mtfNNiuH�tt_, ls  
e-t. -f26AS.4 , 

Comments: 

Add additional a!'1••t• if necessary 

A - 5  



Oate of Sheet Preparation·  

OECD TMI· 'l Vessel Investigation Project 
Sample Examinationrrest Summary Sheet 

Sample Log No. : � .(.264.5C-
Sample Source (check one): 

Performing Organization: 

AIVt. -Mcf/r.PS 

Vessel steel 
Guide tube 

vNozzle 
_companion 

Principal Investigator: 

� ,.:A. N.e,;,arK. 
Sample Location Oescrfptlon (attach diagram if necessary) : 

_Other (specify) 

Sample Core 
Grid Location: 

L-6 
S.Pye ls. �,.,, ce,-�tv-- t!Jt:' �to.zzle e�l fhe 
77 mn� e/evs�blc,. Ine.k� llozoz./e. .:r.D �d 
iltslf'um._ -1 sl,..-,."8 , 

Examlnation(l'8st Observation or Results: 
I 

�e. fe-1< � y'/• 1'1 . 

Comments: 

Add additional ahe ets if ne�etsary 

A - 6 



Oate of Sheet Preparation· 

OECD TMI-2 Vessel Investigation Project 
Sample Examination/Test Summary Sheet 

Sample Log No. : A/� 42� .6/A/A 
Sample Source (check one): 

Performing Organization: 

A-Nt. -ller/IF'S 

Vessel steel 
Gufde tube 

V'Nozzle 
Companion 

Principal Investigator: 

t. , ,4 ,  #8.1Mar.K 

_Other (specify) 

Sam ple Core 
Grid Location: 

M 9  
Sample Location Description (attach diagram if necessary) : 

Sample ls a frai'I.S\IIVS� sseho.... � of  1-Ae 
241 11'1,., .-Mv .. ,t,�� a -1 -IAe c uro�;- .:s�.�r-P;;Jt::4! o-/ .,t�e 

/lD.ZZ/e • S.,.,�/� Cllf'_lwra wa o//�,._ lfoat./e maf.t!.r'l• /  
a, .J -h--7;-'ct .su,-,C,ec c:l�rl• ,.  

Examfnatloi'1/'R!st Purpose: 
:P�Ik& ,.l.trte- t!' ,c  n?e ,t./h� --. o!  e�,......_,-c 
y:'htS•$ ,� r-Ae. :sk-u.c ,.t.,re. . #��.-s 

Examinatlon/111st 1ltchnlque and Formatting: 
$6M - IF�>< ) WI C. ri•/1"6�-'•;D"Y .. 
�ul �1-f,..,i� .slOt/ /WI�.J G:DX .ye=k-• .  

Comments: 

Add additlonal s !"ltets if necessary 

A - 7  



Date of Sheet Preparation ·  

OECD TMI·2 Vessel Investigation Project 
Sample Examlnationrrest Summary Sheet 

Sample Log Noi/14.z6 ZJ/A2A 
Sample Source (check one): 

Performing Organization: 

A#L-MC,T /rPs 

Vessel steel 
Guide tube 

�zzle 
_companion 

Principal Investigator: 

L. ,  4 . Ale�'m ar It:.. 

_Other (specifY) 

Sample Core 
Grid Location: 
M9 

Sample Location Description (attach diagram if necessary) : s.,:4- l$ a /.,�,-n,�;,.s.( Sa=h--. ,t�,..�� f�E � 11.fJ '2oZ2/e. a +- I-At!. m ,.J.rlane. Sa..,f/e 
Ga ptu.ns o11e .rr> st.�,. .Pa;e. ./.. /l.oaz/e 01,d e;"'re 
de.Jt�,,.s /��.- c�� r�.r J a,. d f'",_;t,.,._ � �  /;,.:srr-���.,.. �-+ 
lead. (SePI!! Aj· e. h•. h.JclJ 

examination/Test Purpose: 
..De "-""""/"c J? • �r� D .,C , .  ,la�t e�,t:f cer-..lc. 

'-Phllses. 

Examlnation/18st ObseNatlon or Results: s�e ,t�� .,, v. 

Other Parent Breakoffs (Sample Log Nos.) and Purpose: "i�Pjf.A/A (J;£11-t eMd' Aillrti116-S) :> 4U. B.Z.BI($eltlllttl 4�-
-

Comments: 

Add additional sheets if necessary 

A - 8 



Oate of Sheet Preparat on:  

OECD TMI-2 Vessel Investigation Project 
Sample Examination/Test Summary Sheet 

Sample Log No/1;�26 Z!J2.BI 

Sample Source (check one) : 

Performing Organization: 

;1AI,-IYI��r� 

Vessel steel �ozzfe 
Guide tube _companion 

Prfnclpal l nvestlgator: 
£, ,4, NeJ'mar',.t:. 

Sample Location Description (attach diagram if necessary) : 

_Other (specify) 

Sample Core 
Grid Location: 

N/ 9  

_,;._,,:6Verse ��&� Jill- cu ,<e,_ su,..�� �,t. .,tA e 
..38 Wi n,  �/�.�D-e.# 

Examination/Test Purpose: 
'J;:Je.f.er.IHt!t I'Ja.�n!! t!) .(:' "":.1 SU r-1'24!!. d�1 Jk 

· .  a� d Jtt> zz.le �wrdness_ 

Examlnation(Tiist Technique and Formatting: 
SEM -47.>>< e�� d' .:.t>P# hs�.s,. 

Other Parent Breakoffs (Sample Log Nos.) and Purpose: 

4260/AIA (SF,., �J fl;�;-.1,�.) � 42 li J!f/A�A (SGM) 
Comments: 

Add additional s heets if necessary 

A - 9 



Oate of Sheet Preparation· 

OECD TM/·2 Vessel Investigation Project 
Sample Examination{Test Summary Sheet 

Sample Log No�,26 C IA J 
Sample Source (check one) : _vessel steel 

_Guide tube 
�ozzle _Other (specify) 
_companion 

Performing Organization: Principal I nvestigator: Sample Core 
Grid Location :  

ANL.-M� ff,e:s t.. " 4 .  Ne.tmarJ::... #8 
Sample Location Description (attach diagram if necessary): . 

Lt:M9//u�;,a l .S6eh&.c. .,tA,.,"A "- .11'1e/r-d' .,tjit" ���� 
rt.oz'z.le. C� tu�s o.D , .rr> �, .L ·�· StN"'I'�s. 

Examination/Test Technique and Formatting: 

SEM -IDX. SGM /�es �, J G.DX �G,t,-a • .I>PH 
m eaflw r-e"' ,e ""'  k ,  

Examination/Test Observation or Results: 

See te�t� . .,0· /5, 
:OPH wazs 14S � 7,j b;;Jt�f!! mer- /  w.ars norm• / 

.:r nc:. • �(X) • 

Comments: 

Add additional s:'laets if necessary 

A - 1 0 



Oate of Sheet Preparation: 

OECD TMI-2 Vessel In vestigation Project 
Sample Examination/Test Summary Sheet 

Sample Log No�426 Cl A2. 
Sample Source (check one) : 

Performing Organization: 

ANl..-M�r/rJG5 

Vessel steel 
Guide tube 

��le 
_companion 

Principal I nvestigator: 
L, , ,4 .  Ne.,msrK. 

_Other (specify) 

Sample Core 
Grid Location: 

#8 
Sample Location Description (attach diagram if necessary) : 

r=!feut:lo fransverce sa::-�D'l t:� �  ,i1:5� .. -1- slnA£� 
.,., ,  cleJ:JN•s • r rl� 0 p � ozz/e.. :J A�/eS , ,.,  cekva�"" 

Examinationtrest Observation or Results: 
sr�uc.��s ��,... � .6e. �/,�·.4'�c(, �"'r�lt5 
�e. / J!'ra� rn..ka!.s ;urd ,se,/,"dt·,t:;�fllj C41-.d """'b/. 

Je,mll! _.?,_ /e.,d' w/rlf!IS ,c-,..,crNr.e.d �� reac."'='-

Comments: 

Add additional shaets if necessary 

A - l l  



Date of Sheet Preparation :  

OECD TM/·2 Vessel Investigation Project 
Sample Examinatlonrrest Summary Sheet 

Sample Log No.:  � �.t6CIA34 
Sample Source (check one) : 

Performing Organization: 

4-Nt. -�r�� 

Vessel steel 
Guide tube 

V1Q'(,zzle 
_companion 

Principal Investigator: 

� # A, N'eo�h?ark... 

_Other (specify) 

Sample Core 
Grid Location: 

#8 
Sample Location Description (attach diagram if necessary) : 

loA 1.'""��;, I .sec he- o ./' t!811 -Ira/ M:slr-u ... &.. -1 $ -h-1 11.'Jr 
a f  fh e N 'JD "' "'  e/eva-1-a"ol'\ . Cap l-ure.s .r..D .su�s 
.sir,�� ct:�,a'u,·r dnc:/ ,slf}/,·d,•,t;·ed de..6ris �a,;,/� ,nefa'-lllc.) Dlf e,!/-l,e,- s,o'e t!J� e.� d,.,-,l. fAs�� 
tw ke. a,.J t:t:���t -f•,>uad iiallrviHI'I t lea cis �// tJ�tt -1 t!/1� 
OMt:l•l '* ct ""''� ..prera�a o�-,"',.. • 

Examination/Test Technique and Formatting: 

N!er• ��,..��. ��'&;/ ��t}r�A.& ,b JSOX. 

Examination/Test Observation or Results: 

S'�ehu·trs ��Hhl'"- ,O"'._'*:J �c.&-,·ks_..., $/�C:: 
-/lsla':s ) .:Md � �"J••s t!J7' eJ;elOt,·zet:l A1e IB,I. 

.$Jm,"/ll,.,. � t!J ,C .s.lretc::.h..res 7b ,IAoSt!! o-1' .fZI, � 
$_"J)�e.sl- �,��u,,ts 8rt! �/,<b·,t:;.,d' .zhc,. &Jo ��"�:. -/113- � �zr; _.,e� ,�MinJs o-1' � - Ccl. �ee. ri'#. 37:) 

Comments: 

Add additional shaets if neeessary 

A - 1 2  



Oate of Sheet Preparat on: 

OECD TMI-2 Vessel Investigation Project 
Sample Examinationrrest Summary Sheet 

Sample Log No. : A/ti --126 e;AaB 
Sample Source (check one) :  _vessel steel 

_Guide tube 
�ozzfe _Other (specify) 

_companion 

Performing Organization: Principal I nvestigator: 

4Nl. -Mer /I,.t::'S J. .  ,4 .  IVeJ'n?ark_ 
Sample Core 
Grid Location: 

HS 
Sample Location Description (attach diagram if necessary) : 

_,...-n!!l, • W!l""'ce .5lec. ,t,�� ,t;-., He CIJII ,W,... o � ,.z z If!! 
a 1- .J-Je �6-f '""' Q/ev�-h".c,· C'a,:'lure.d �tt:Jz z. le 
fAnt!,_ su,-.f!aC4!!- u;;,LJ, St'htSlht!e.'/ .me fal G�es,;,s-1-
/� dnd .,., t!!>t:A-� r''� IJ � ,J.Je- �, d'UJ¥; 

Add additional shaets if necessary 

A - 1 3  



Date of Sheet Preparation ·  

OECD TMI-2 Vessel Investigation Project 
Sample Examinationrrest Summ ary Sheet 

Sample Log No. : A/� �...?6 C'.RA 
Sample Source (check one) : 

Performing Organization: 

ANL -�r /rPs 

Vessel steel 
Gufde tube 

�zzre 
_companion 

Principal Investigator: 

L , ,4 .  N�mari:.. 
Sample Location Description (attach diagram if necessary) : 

_Other (specify) 

Sample Core 
Grid Location: 

#8 
-r,.,� e.  �,f,'tf>�t .f't.cwt l-It� GeH -t.r t!J ,L'  nozz.� 
af fiJe 64 mnt ele va �D�t , C�-1-ur..d f!_e�rrl:a I 
ills.f.ruwte ... f .si-n� me-1. //,·c C/-.bns CS,,I,Gt·H� 

i"- an� w.I�A-s� �" d'J 110zz I• ll'lner s�r-FOJ.Ge , Cse41!... 
Fi·a , ah /� +exr) 

Examination/Test Observation or Results: 

Se e le..xi , r,P 15-16 , 

Othe� farent Breakoffs (Samp�Log Nos.) and Pu�pose: .-f�� e/AI (3;£;41 .,c/ A.) � 
ll.tiSJ) 42.6C IAz �.,e; -'lz 6 CI.4.£1,4(�r�el.)� 4�' C.IA3B(met .f2� �ZCI (hsn:lnsss J -I.24:- C2D ·cWJer .,.,J s&"Ml 
Comments: 

Add add•tional shaets if neeessary 

A - 1 4  



Date of Sh"t Preparation: 

OECD TMI-2 Vessel lnvest/gst/on Project 
Sample Examinatlonrrest Summary Sheet 

Sample Log No. : 4/� 4tt26 C2C / 
Sample Source (check one) : Vessel steel 

Guida tube 
ozzle _Other (specify) 

Performing Organization: 

.4-N� -�ar 4-,c!S 

Companion 

Principal I nvestigator: 

� . ,4 . Ale.�msrK... 
Sample Core 
Gr�catlon: 

Sample Location Description (attach diagram if necessary) :  

-rr811$"A!E',ge_ ..'l!t:r1!::Nt eJ � #!> U  ,tee,_ 1"/�zz./ t/!... $ u,-P.c.Q. 
af ,-!A .e- 6"'1 '" ""' e lev.n-;,� . Say/� c�t'.4rea 
� 1 Z ,,. 1 I .lu,.. 1'-.ce • cl etek, J :1 t1't,; � � ,., ,.,., .,(, 
lt.#zzle, 

Examinatlon/'Rist Purpose: 

/1-,.-d',ess t:J,L' J?Dz zle.  

Examlnatlon/T8st 111chnlque and Formatting: 

:J::>I'# "'' �lii.SIIntr-��& tS .J I• 6X .,0/c,o�re1p( . 

Exarnlnatlon/T8st Observation or Results: 

�ver�.e . �  h ,., . ..  e.c ,..• -. •.c. i- s  

Comments: 

Add additional ahaeta if nKessary 

A - 1.  5 



Oate of Sheet Preparation· 

OECD TM/·2 Vessel Investigation Project 
Sample Examination/Test Summ ary Sheet 

Sample Log No. :  � 426 C2.D 
Sample Source (check one): 

Performing Organization: 

AN� -tl1C¢PS 

_Vessel steel �ozzle 
_Guide tube Companion 

Principal I nvestlgator: 

L �� ,4 • AI� 1hJI!lrK. 
Sample Location Description (attach diagram if necessary): 

_Other (specify) 

Sample Core 
Grid Location: 
HB 

..,-,.811Vftl""'e. :Jfdrc.6k " ,£  �· •,..-/- • .,t ""' htf- AtJ&&/tll. �url'��e-e 
� 1- "At! I. ttl "' "'  eleva I-�"' •  Su,..�ace.. llh!!JI is "" e. 
fJI sev11,...� e� .6/a .f.,�IJ�t. , 

Comments: 

Add addttlonal a!'\eets if necessary 

A - 1 6  



Date of Sheet Pr•paratlon: 

OECD TM/·2 Vessel /nvestlgstlon Project 
Sample Examination/Test Summary Sheet 

Sample Log No. : � 4.26):)/.8/ 
Sample Source (check one) : 

Performing Organization: 

ANt. ·A-14r ff� 

Comments: 

_Vessel steel �zzfe 
_Guide tube _companion 

Prtnclpal lnvtstlgator: 

k, /J . N��K. 

_Other (specify) 

Sample Core 
Grid Location: 

#S 

Add add•tlonal sh•ets if necessary 

A - 1 7  



OECD TMI·2 Ves.sel /nvestlgatlon Project 
Sample Examination/Test Summary Sheet 

Sample Log No. : A� -�� 'D IJJR. 
Sample Source (check one): _ Vtael steel 

_Guide tube 
�ozzle _Other (specify) 

_companion 

Performing Organization: Principal I nvaatlgator: 

AN L -Aitllf,r /J'P..:S ,t,. ,. .4 . N���,-,c 
Sample Core Grid Location: 

NS 
Sample Location Description (attach diagram If neceasaty): 

t�,Y.�h•/ �.., -�J. ."' ....... �e �-- ·-� 
riA• 1¥_,6 ,.. ,., e.Aiv•t',•_, ��w � .,...,,.Arce . s--a ,..•�+ 
/$ /. fit • •Jeft • • f �., .;.,.�,•,t!I.J n IIIJc-1- "- -1 a�-::z> 1.114. 
t:hfl * � �'""'tii'A/1 llt/UWfiJIU _., """ 1'111 •• /. , 

Examlnatlon/Tiat Purpose: 

:J:>·��H - ��-� (J, ,,t./A-c tJ�N�flll' �.,...,,, 

� .... . 

Comments: 

Add additional •h••t• if neot�sary 

A- 1 8  



Date of Sh"t Preparation: 

OECD TMI·2 Vessel Investigation Project 
Sample Examination/Test Summary Sheet 

Sample Log No. : � .f.l � D 18!/J 
Sample Source (check one): _ Vaael atael 

_Guide tube 
�ozzle _Other (specify) 

_companion 

Performing Organization: 

�-Atdr� 
Prtnclpal I nvestlgator: 

� .,4 • �;,..,-,< 
Sample Core 
Grid Location: 

Jl.s-

Examlnltlon/'Aiat Purpoae: .:z::.�... 11.n,,-c. � ,.�t: 11, d' e.,.,.,�c.. 

"P'•s•s. 

Comments: 

Add additional ah•eta lf nect�aary 

A - 1 9  



Oat• of ShMI Prtpatatlon: 

OECD TMI·R Vessel Investigation Project 
Sample Examination/Test Summary Sheet 

S1111p1e Log No. : � .tf,t�.P/,N. 
Sample Source (check one): 

Performing Organization: 

,4-Att.-Mc.r PI'?S 

-v ... el lttel �ozzle 
_Guide tube _companion 

Principal Investigator: 
'- . ,f. ��lrl•rl::. 

Sample Location Description (attach diagram If neceaary): 

_Other (specify) 

Sample Core 
Grid Location: 

#� 
Je�"'''A4Jh•l .sl!!llr:6•� tlk-ou.81... ·�w;,.,W ,.,�e._ 
al- IAe �t.JS ,., , •-'�ri� -.;,./-' � :JN�# .S.,...,.., I- /a - �II! %-At .. s,� .";!" ,..at@. ,,t/ 
���,)I!$ ..,,,.,... su,-� . 

Comments: 

Add additional ·�••t• If nece11ary 

A - 2 0  



Date of Sh .. t Prepatatlon: 

OECD TMI·� Vessel Investigation Project 
Sample Examination/Test Summary Sheet 

Sample Source (check one): 

Performing Organization: 

t4NI--Mt:r //PS 

Comments: 

_ vuaal steel .!:::1fozz1a 
_Guide tube _companion 

Prfnclpal lnveatlgator: 

�� A . 1\/e,w,ar,t: 

_Other (specify) 

Sample Core 
Grid Location: 

N!'!r 

Add additional a h1eta if ,llc ttsaty 

A - 2 1  



Date of Sh"t Preparation: 

OECD TMI·2 Vessel Investigation Project 
Sample Examination/Test Summary Sheet 

Sample Log No.:  A;{s .,26� 
Sample Source (check one): Vesael stael 

Guide tube 
4ozzle 
_companion 

_Other (specify) 

Performing Organization: Principal Investigator: Sample Core 

t4Nt.-,fk:r/Jlf!!S �. A �AI'&�sr.t:. Gr�Fn: 

Sample Location Description (attach diagram If necessary): 

_,-,..,SV.I"Se. set:ti� 11-f 1-11& O "' "'  e.MiwanM\ ,/' I-AIL 
c,, ok,. H 'lo2z /e .  c.,.A,� MI'S-1- ,,t IH:sl-ru m• -1-
siN':-a Stl�,.. -.., of. ol no2 2 /e.. I.,Atlr .SII,.�'IIt:.t!!J /ll�t! 
11'1-1• �·c.,. 'elt�MS ;,�I /,tt •"'nw /., $ J ����d s- c.  /?;�rlte:-
IA ia k  deb,.ls "'-�wtltl#l 1'!1"1- IMJ ..,.,...z/e .Jw�, 

Exarnlnatlon/111st Observation or Results: 
�of e.,..-�-.. ls '1�"tAii-'lwtFc ·Ji, -r-A• elt!6n·s ,." �'#!. 
.,.,14/w s consl.la � C,--�,i:.J..,t;u·rl�/ttts. �A.JI/-14. tJ-Zr lt'*tfUI!I'It'es. rA.ct �hta,-JS ("eP" 14/a,..) Je �--. /, �h-u t���t> &l14.. f 
k'J$ a rt!! Inc. � o� Mrc.· _ _... . ,-.�"" ...... -1 /••-'.s ,,._ 

r•tA·iJ� t:.,.ac.lt&J, wi,·l� . �..,-s ,., .� /Je �,..,.. ,.,..,.� 
r;( .... ,PJ• f'wlos 1111-l- St�.f+�t=l•�e .J.j J�{;,,•J."'tle • .p lfiCrtJS ��. 

Other Parent Breakotfs (Sample Log Nos.) and Purpose: 4/Z� J:J 381 (,./ �"!;...� 
Jt/26 D3C I (Me.f1 SD1 &�d .i�t!'·� -;J 

Comments: 

Add additional a heets if necessary 

A - 2 2  



Date of Sheet Preparation· 

OECD TM/·2 Vessel lnve$tlgstlon Project 
Sample Examlnatlonrrest Summary Sheet 

Sample Log No. : .4/G "'2" ZJ4B/ 
Sample Source (check one): 

Performing Organization: 

�AJL-MGr /JP.S 

Vessel steel �zzra 
Guide tube _companion 

Principal Investigator: 

, _  ,4. Al�� ..,-1::... 

_Other (specify) 

Sample Core 
Grid Location: 

/l.s-
Sample Location Description (attach diagram if necessary) :  

7r�n6Vtl,.•e •e:.�- � lAc. tlu � s�,-f'IIIC4! .. � �f!! 
lf.oZ.Z/'l!!. a -1  �J • CJ ,.,,., d/t!v'a"O.C, · C•r/u,-w.- o�tj 
• "" 14" ,.,. ..., -r• .. -! • .c l-4 e stu·-l'•c.e . 

Other Parent Breakoffs (Sample Log Nos.) and Purpose: 

-{2�.D3A {Mer4 aaJ SIJIII)�  -l2. �b 3CI (H,e�S/FII4, h�•t0 
Comments: 

Add additional s:-teets if neceuary 

A - 2 3  



Date of Sheet Preparation: 

OECD TMI-2 Vessel Investigation Project 
Sample Examinationrrest Summary Sheet 

Sample Log No. : A;fi .-f2�J:X3C I 
Sample Source (check one) : _vessel steel 

_Guide tube 
�ozzle _Other (specify) 

_companion 

Performing Organization: Principal I nvestigator: 

AN� -A�c¢F"S � . ,4 .  Ne�;nar-,.t: 
Sample Core 
Grid Location: ;-l.s-

Sample Location Description (attach diagram if necessary) : 

/ra,sw�e .set:.nc., � .,tJte "" Atv- .su,-!� I!J� ,t.'e. 
Jle'Z2 ;., � f ..J-/,e "2S '" "'  eleva AC!>-.. • t:arlunes 
"'2.S ,..., """ o.P sw-Faee �Htl "-' /D WI W7 t'J .,.. cl�,t� .,.,w.rtl, 

Examination/Test Purpose: 
�va/U�J.Je. a_•y ,$u,../.e«.. ��ti.S/{s eK�mlllt!. .,t.Je. fAt:.. il t:�ll 

�r�11\. S�c.fti�_, ��� cl d�- ?.�t.e. .rJe. � a,.cl..,�-.s� 

Comments: 

Add additional sheets if necessary 

A- 24 



Oate of Sheet Preparation:  4/'// A '2--
OECD TM/-2 Vessel Investigation Project 
Sample Examinationrrest Summ ary Sheet 

Sample Log No.�.:z6 S ,4 1  

/ ;' 

Sample Source (check one): Vessel steel 
Guide tube 

dozzre 
_Companion 

_Other (specify) 

Performing Organization: Principal I nvestlqato�: 
L ,  A � Ne/ ·/1? ark 

Sample Core 
Grid location: 

6'1/ 
Sample Location Description (attach diagram if necessary) : d b . 

L t?n�,- lu di, o / .:>� �0 '1  -Mr"""j A e.. r' s 

i11 �� tJ P  "lo '2 z. le .  C'a)=='teo-e.s Jne fa.llic 
.shat-t:!s and -lw e.l tCr-aa-m� f.s ,� a h12 e. f!Sr-f/c:.f..( 1-a 1-e w-> a.  f-,...i x_, and d'l'le. slo'e 0 + 
/2tJz z /e... ;;,,e� .$ ur�ac. e . 

Examination/Test Purpose: L J)efet-m tn -e I? a. ru r t! 

pc;, r f, C-u. I a .1-e_.. ,., a f-,-i x.. , 

Other Parent Breakoffs (Sample Log Nos.) and Purpose: 
.. \ 42,6 £  /BZ, (,ne.,tJ SElf;;/ 1!1-1'1<:1. hardne:S_; 

Comments: 

Add add&tional s .,aets if ne-:essary 

A- ·2 5  



Date of ShHt Preparation :  

OECD TMI-2 Vessel Investigation Project 
Sample Examination/Test Summary Sheet 

Sample Log No.¢4£6 G/13 z 
Sample Source (check one): Vessel steel 

Guide tube 
�zzle _Other (specify) 

_companion 

Performing Organization: Principal I nvestigator: 

�L-�t:. r-/.r� L � -A ,  #�mar� 
Sample Core 
Grid Location:  

Ell 
Sample Location Description (attach diagram if necessary): 

Lol7ftjit"c/,nal $eer.-�., M 11o:zzl� .f;f/ /A�:Iud'iuy 
.f"li' ,;,,e,.- CJAd tP« � s�r�ae;.ss. 

Examination/Test Purpose: 
Z,.. �.-rmlne 1? 02- ful"'e. D ,C  I(�Z2Ie ��"- . 

�f'�m,·ne ha,rc:J, ess ,  

Examination/Test Observation or Results: 
AI ma-jor St�r.Pciuf! relk:-f� -1. (;)�� k,... sur!'.,� e. 

�hPst!!!- rQ "�-' e;r �/,t:/�.s �rrs.lure. 1!7ukl-' 
.s ur!ilce .skwed •m;�-o - �/d$ '' i-lia. f 1-rSffed.. 
ftvftct.A.Ia fe h'l iil  !fer /;� J�.t cf;..._,C ..c.., e.-f .pa.rhcler:.. 
���rcf11e � s.  /.s 2o e":t: :Z'J 'J:> P � (a"� ' of 7 �SII�It/M fs) 

Other Parent Breakoffs (Sample Log Nos.) and Purpose: 
.-1.2.� EIA I (mett '*"ci soi) 
Comments: 

Add additional shaets if necessary 

A -2 6  



Date of Sheet Preparation ·  

OECD TM/·2 Vessel Investigation Project 
Sample Examinationrrest Summary Sheet 

Sample Log No.: � 4'.Z� EZAI 
Sample Source (check one): Vessel steel 

Guide tube 
�ozzle _Other (specify) 

Companion 

Performing Organization: Principal Investigator: 

AN£-M(!,r/.r�S 1., .  A ,  /Vt!!,�mar.k. 
Sample Location Description (attach diagram if necessary) : 

Sam ple Core 
Grid Location: 

E/1 

.,..,�. •ec�•"' o �  'tozz/e ,.,�,_ su;�-,t'� .-�,.,.,.-1-
al- 1-/,� 2 7� ,.,,., e/ev.n.:,� • �r"'� m�,.�"c 
/'*lin t/t!llt)n ,, ,.,, u- ;su,,t'•ce an J s-e �,.f,c.., I.-I.e. 
C.e. r�lc deb,..ls a le� ln t1 e,_ s u,...f'a4:e ,  

Examination/lilst Purpose: 
-:r:>e.-ftll,.ml, c , .�� o� ,., e ,la/He; ,..�,��"' .,, J 
��� e. e e r..,,t r_e�r,t,·c/es. 

:Pe��'ne �tDzz. /e. ), .,,..c/,(!!s s  .. 

Examinatlon/"Rtst Technique and Formatting: 

,Aier. /�,.. .. �7 � .. c:J S�liDX; 7:>1'11 -••�u.re--.-ls .  
Mac�l-o « f g.&,x ; SEM /m.,es CJAJ. liDX �ra. 

'! .... 

Other Parent Breakoffs (Sample Log Nos.) and Purpose: 

�:26 EZA�(SGM ,y,d IJ,,.el,tes.s) 
Comments: 

Add addational sheets if ne<:essary 
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OECD TM/·2 Vessel Investigation Project 
Sample Examinatlonrrest Summary Sheet 

Sample Log No. :  A;$ 4Zl>EZ44-
Sample Source (check one): Vessel steel 

Guide tube 
�ozzle _Other (specify) 

Performing Organization: 

ANt. -IY'I(t r /r� 

Companion 

Principal Investigator: 

1.- .  A .  Ale�msrk:.. 
Sample Location Description (attach diagram if necessary): 

Sample Core 
Grid Location: 

6/1 

-r-ransv•rse Se!!t:n.-. tJ.,C "'ozz /e tJ u -lr!v- :su,-f'llet!!!. 
5"fl�.,._ f � �-- 1-J. e 274 "" "'  e/eva,4(,,., . C�r"� 
;e; Zo .., w,  e I ou. 1-tf!,.. $ul- rf2ct!! , 

ExaminatlontnJst Purpose: 
'X>*! ��,-e nalurt! � .,C il7 $Urhct! .-4 k,...ac:.�b.,s 
",.. t:�er"•,.rs., 

];:>-. r.r-,., /1'1 � /Zt'J z z./ t! h.,,. d "t!!'Ji�,. 

Other Parent Breakoffs (Sample Log Nos.) and u�ose: 
426 £2-4/ (S'E/t1 411tl ���t!!.ss_J 

Comments: 
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Sample Examination/Test Summary Sheet 

Sample Log No. : 4/;; .f.Z' 6481 

Sample Source (check one): 

Performing Organization: 

,1/#t.-,AI/Cr /.rJ!IS 

Vessel steel 
Guide tube 

�ozzle 
_companion 

Principal I nvestlgator: 

L ,.,4 . #.e.,�l::: 
Sample Location Description (attach diagram ff necessary) : 

_Other (specify) 

Sample Core 
Grid Location: 
E/1 

,-,..�W!!i1te ..S"effe,._ t:J.f /'ltJ& 'Z /e. t��CIIe,_. $•:,"�� 11/-
t/,e t1t? "'"' elev.#eA . C�lu,-es -c.� /.S ,,., ,tt' .,,�.� 
anJ �/D ,., 1it fo lttJ&zle.J llbt,c. IS .tlz� �B&,. 

Examination/Test Purpose: 
"De,.,.,._ I 11 � " a -!w nl! 
r:>e<ft!r,,.,f!!!. A 11 2 a  /.a 

Examlnatlon!rest Observation or Results: New.aJitt!!U-ell l- �./ • •  , JJ. �cJ::. se.•l.,_ -. :su� . c;,, �.,�.$ 
e�o.,_,,.,.,. o.t f'ti'lr�/CN !. �e .sb.� lit �, F•-.l"'lt:.'-. ,., . t�,.,·x, 
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Comments: 
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Sample Examination/Test Summary Sheet 

Sample Log No. : � .-(tZIJ�3 
Sample Source (check one): 

Performing Organization: 

,4JV� -Me,r /.r-JdS 

Vessel steel �ozzle 
Guide tube Companion 

Principal I nvestigator: 

L . A .. /V'ttt,�av-� 
Sample Location Description (attach diagram If necessary): 

_Other (specify) 

Sample Core 
Grid Location: 

E// 

-n-a,.�.,... .sa:.�&.. .,c �t•a • l• ,-.,.,... _.,.,...s.�e .r�-1- 1-Je 
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Comments: 
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Sample Examination/Test Summary Sheet 

Sample Log No. : ,4/G 4Z6GS.B 
Sample Source (check one): _vesael steel 

_Gufda tube 
..J::::�Qoule _Other (specify) 
_companion 

Performing Organization:  Principal Investigator: 

AAL-M�r/rJM?S L ,  .,4 . !(/e./marK.. 
Sample Core 
Grid Location: 

Ell 
Sample Location  Description (attach diagram if necessary): 

.,.-,...,.� e :sec.noA. t:J .P J,c�wt :sur�ce 
(77 ""' ..,.,  �/eva.r4c.r) o-/ remew�d ,'';,stlru ,.,., (-
--:5 H-ln� "� � • 

Examfnatlon/Tes! Purpose: 

r,Jelerm 1 ,  • na l ... ,.. o/ ex ,t,..,� 5 ,.,. -kri IJ. /s _ 

Examlnatlon/lltst Observation or Results: 

M��/c .. s�ds ,;,,s.V'e cen -kr .fw 6e  ; u ./  �" 
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Comments: 

Add additional a:-t•ets if necessary 
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Sample Examlnatlonrrest Summary Sheet 

Sample Source (check one): _vessel steel 
_Guide tube 

_ ozzle _Other (specify) 

Performing Organization: 

AM- -M�r /rF'S 
_companion 

Principal I nvestlgator: 

�,,4 - ,AI'e,�•,..,k.. 

Other Parent Breakoffs (Sample Log Nos.) and Purp�e: 
� PIA4 (M•,f 5� ��114) 

Comments: 

Sample Cora 
Grid Location: 

:Dit:> 

Add additional sheets if necessary 
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Sample Examination/Test Summary Sheet 

S1111p1e Log No. : -A/G .{:<.6 F/ A4 , 
Sample Source (check one): Veaael steel 

-Gufde tube -
;(Nozzle 
_companion 

Performing Organization: Principal Investigator: 

A!lt-AI�:r;TtP.S J! . A  . N�;,e1r!:... 
Sample Location Oascriptlon (attach diagram If necessary): 

, � 

_other (specify) 

Sample Core 
Grid location: 

:1:)/t:J 

L�n�//ud,na / Scc6i:!J,; '*I' /..J "'"" " f  �.%;:ak 
.S�/� *'F tJHt J  �ld• su,.-f'ac.es. . C:.:Suoslf�k! �,... 42.1::. 1=1 AI.,) 
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Comments: 
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Sample Examination/Test Summary Sheet 

Sample Source (check one): _ Vtsael ateel »ozzle 
_Gufc;e tube _companion 

Performing Organization: Prtnclpal lnveatlgator: 

,1/Nt.-#Cr /US � ,  74 �Ht!!�''m cv-.<. 

, 

_Other (specify) 

Sample Core 
Grid \.ocatlon: 
::r:::>/o 

Sample Location OeacrlpUon (attach diagram If neceaaary): 
f,.4S �tt''fle .se. H.,411 Ill- 11t:I ZZ itt s u,..�l't:.tlt 

a ,;  lit � .2"� 111111 el�v&h"" � 

ExamfnatJocV"RRat Purpose: 
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sur-l'ke. , At!)fr,-e$�ttte AI JJI''"I -II"a.-l;f)n-1 e:,. .;- r; $t.trf•c.c 
CJ(/t:fa +;t!J ._ (/$ver-fa,·d tA.Ji 1-4. /=c •DJ<iO't!l. , Cd-� il\. 

ill"'�'- 1-a��rs • /)-2r/A� -Cc:l ?e>rll , J,.s. ; _  � ... +..-
F�t - n'd, lay/r-, A-fl�r., e h 'Q,.J,.tr<s. (s-) •1..$l:>PH 

Other Parent Breakoffs (Sample Log Nos.) and Purpose: 

Al�.e 
Comments: 

Add additional ·�••t• if nect�saty 
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Oate of lhHt Preparatfon: 4../// /9z_. 
OECD TM/·2 Ves•ll lnve•tlgatlon ProjiCt 

/ 1 

Sample Examination/Test Summary Sheet 

Sample Source (check one): _ V111et ataal �ozzla _Other (specify) 
_Guide tube _companion 

Performing OrganiZation: Principal I nvestlgator: 

,l!NL--AJCI /.ri"'S /.. ,,4 ,)/(!!/mar):;.__ 
Sample Core 
Grid Location: 

:Z::::,/ 0  

Examlnatl�at Purpose: 

Alrt""'"e.. !-I.e. , a lurt!! • � �,.JI4l l- �,..,/a:litJ ,.,_ .:>. 111ale-1 a/ 
i11c/J� uMJ� lu�eJ JM ti  �i• Mehllu,..q � 1' �tt. 

Zr- lsat:l t�,Jlrt!'S, 

Examlnltf�at '111chnlque and Formatting: M-.t.#_,,.,., tt.id �fif -€1:)X .  t';' fic:»l _,Pk*'8,_,".s..,� 
$1M itr��•s. Auf X- r, "f"'c.fr• . 

Other Parent Breakoffa (Sample Log Nos.) and Purpose: 

None.-. 
Comments: 

Add additional aheeta if nectt�ary 
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Date of Sheet Preparation: 

OECD TM/·2 Vessel Investigation Project 
Sample Examlnatlon{T'est Summary Sheet 

Sample Source (check one): 

Performing Organization: 

�NL-AfCT � 

Vessel steal �Nozzle 
Guide tube _companion 

Principal I nvestfgator: 

J.. , ,4, A/� marK.. 
Sample Location Description (attach diagram if necessary): 

_Other (specify) 

Sample Core 
Grid Location: 
Z' I O 

r;-,,f�J./� s«.ff,.,., Q-/- tZD2z/c. su�e af flae 
(.1'8 111111 64irtM��. ,...,. ,,.. of �r-DS& "l�t hil-el"&&'w.lar- '' 

CAv-i +i •:r. ; " nozzle .. 

Examlnatlon('Rtst Purpose: 

:P•+•,-,.,l,, • nafu rf!... a...t. ttl. c::. ,  "-" f • � t::��vl lr'es 
1111d m I c:,;-o• �t.A.C. 1'u � • != no z z/t�t , 

Other Parent Breakotfs (Sample Log Nos.) and Purp�e: , r I d.;. -l�bFw4 B �"W.I ..:z:nc:, 11u' rr-;a��.J. F''IG�/rmtJ� til* '"1: 
Comments: 

Add additional aheeta if necessary 
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Date of Sheet Preparation: 

OECD TMI-2 Vessel lnvest/gst/on Project 
Sample Examinatlonrrest Summary Sheet 

Sample Log No.;¢. .(.,2 6 r..tf:/3 
Sample Source (check one) : 

Performing Organization: 

A#L -/YJC! r A'-� 

Vessel steel �ozzle _Other (specify) 
Guide tube Companion 

Principal Investigator: Sample Core 
/ v Grid Location: L. .. ,4 ,  /1/�,mar,......__ D/ o  

Examlnatlontntst Purpose: ""J).eferm 'tv\ "C... lla�ct--& • .r: ,·At;of s"'d. 
� ee. K · e vi  J'f811 c: e.. � r r- .a. a so � .{;:,,.- � cz..f.e/-t a ( 
I o '!aS fnl\- .., a z z t e ::r1::> , 

Other Parfnt Breakotfs (Sample Log Nos.) and Purpose: 

426 F4A � 42� F4C . 
Comments: 

Add additional aheeta if nece11aty 
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OECD TMI-2 Vessel Investigation Project 

. ' / 

Sample Examinationrrest Summary Sheet 

Sample Log No. :�26F 4 C.,. 
Sample Source (check one) : 

Performing Organization: 

,QNt--N�' /f,c:;s 

_Vessel steel �ozzle 
_Guide tube _companion 

Principal Investigator: 

1, ,  ,4,  Nelrn ark-

_Other (specify) 

Sample Core 
Grid Location: 
:D 1 0 

Sample Location Description (attach diagram if necessary) : 

::i'a7,/e /s .,tro, Sl.l1'",4;ce � J?ozzle 'fl. 0 11  

areo " f  S�m·.j:,·c�f clabnS d.�; .f.� I\ /58 m "'  

a b. 11e I.e,!�,,.__ erf flou I e. 

Other Parent Breakoffs (Sample Log Nos.) and Purpose: 

4 2.6 F 4 A ) 4 2.' F4 B ; s �-te.. f t.(rtPase, 
Comments: 

Add additional sheets if neeessary 
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OECD TMI-2 Vessel Investigation Project 
Sample Examinationrrest Summ ary Sheet 

Sample Log No. : �.f26F 5A:z.& 
Sample Source (check one): 

Performing Organization: At.JL- MCr�� 

Vessel steel 
Guide tube 

VNozzle 
_companion 

Principal I nvestigator: 

�,  � , Al��m a, I::: 

_Other (specify) 

Sample Core 
Grid Location: :J:)I() 

Sample Location Description (attach diagram if necessary) : 

��k ,'S .fJ-D,.... f/te. /Zczzle S t.A. ,... F«c. G.  a -1  .f-ie 
8 2 ,;, e.le�s- f�'rr� • 

Examination/Test Purpose: 

�e ,;.,...YYJ ,'n c 1\ a. .fw.. ,-.e. 
s t,A.,..�ar.e , 

Other Parent Breakoffs (Sample Log Nos.) and Purpose: 

.,., 26 F � J1/ • ,s11 rlae:.e /,-, ��rr� e� -h.,� /1/ten,lni,.tl.. � ss 
'/ ..;  . 

Comments: 

Add additional sheets if necessary 
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Sample Source (check one) : _Vessel steel 

_Guide tube 

-�zzle 
Companion 

Performing Organization: Principal I nvestigator: 

ANL -M�r/rPS L ,  � .  Ne,marK... 
Sample Location Description (attach diagram if necessary) : 

_Other (specify) 

Sample Core 
Grid Location: 

ZJ IO 

-r7-•,:s vuse. s�� " ,C  "" kr- '14PZZ.(e. s ur�ac.e 
al- �he tP 9  � ...., eleva.�D" • Ca�l-ures ..... /s-. 
� S't,_/'ace IJ�tef ""-" ?  "" """ lJt � l't,D Z�/1!!!.. , 

Examination/Test Purpose: 

.:z:e�.e,,.,·,e. l'l 'S  -�-u� "� / s t.trl'i/4!. �,� .. 

Examination/Test Technique and Formatting: 
· - _ _  1 _ _  Afefa�ry..(y --. cl  St;"A-1-E.I::>X .  ::PPII kiiU'OI'Iess� 

Jf.ltJ�� �-�- R; 6X . SEM 1n,?S .o2Ad El>X 
�� # 

Other Parent Breakoffs �ample Log Nos.) and Purpose: 

1/t;ne_ 
Comments: 

Add add&tional s:htets if necessary 

A - 4 0 



Internal: 

L. A. Neimark ( 1 5) 
... Drucker 
c. E. nn 
R. W. Weeks 
R. B. Poeppel 
W. J. Shack 
D. R. Diercks 
T. F. Kassner 
B. W. Spencer 
TIS File 

External: 

Pistrtbutlon for NQREG/CR- 6185 (ANL-94/5) 

NRC, for distribution per R1 , R3 
Manager, Chicago Operations Office, DOE 
ANL Libraries 

ANL-E 
ANL-W 

Manager, Chicago Field Office, DOE 
Energy Technology Division Review Committee: 

H. K. Btmbaum, University of 1111nois, Urbana 
R. C.  Buchanan, University of Cincinnati, Cincinnati, OH 
M. S. Dresselhaus. Massachusetts Institute of Technology, Cambridge, MA 
B. G. Jones, University of Illinois, Urbana 

C.-Y. Li, Cornell University, Ithaca, NY 
S.-N. Liu, Fremont, CA 
R. E. Smith, SciTech, Inc. , Morrisville, NC 

D. W. Akers, Idaho National Engineering Laboratory, EG&G Idaho, Inc. , Idaho Falls, ID 
C. Alexander, Battelle Columbus Laboratory, Columbus, OH 

S. F. Annour, USDOE, Idaho Field Office, Idaho Falls, ID 
R. J. Barrett, U.S. Nuclear Regulatory Commission, Washington, DC 
E. S. Beckjord, U.S. Nuclear Regulatory Commission, Washington, DC 
S. A. Chavez, Idaho National Engineering Laboratory, EG&G Idaho, Inc. ,  Idaho Falls, ID 
N. Cole, MPR Associates, Washington, DC 

A. Drozd, U.S. Nuclear Regulatory Commission, Washington, DC 
R. 0. Gauntt, Sandia National Laboratory, Albuquerque, NM 
S. Hodge, Oak Ridge National Laboratory, Oak Ridge, TN 
M. D. Houston, U.S. Nuclear Regulatory Commission, Washington, DC 
T. L. King, U.S. Nuclear Regulatory Commission, Washington, DC 
G. E. Korth, Idaho Nati(>nal Engineering Laboratory, EG&G Idaho, Inc. , Idaho Falls, ID 
R. Long, General Republic Utilities Nuclear Corp.,  Parsippany, NJ 



M. Mertlo, EPRI, Palo Alto, CA 

R. L. Palla, Jr. , U.S. Nuclear Regulatory Commission, Washington, DC 
M. M. Ptlch, Sandia National Laboratory, Albuquerque, NM 
J. R. Rashid, Anatech Research Corp. , San Otego, CA 
K. 0. Retl, Sandia National Laboratory. Albuquerque, NM 

J. L. Rempe. Idaho National Engtneertng Laboratory, EG&G Idaho, Inc. , Idaho Falls, ID 
A. M. Rubin, U.S. Nuclear Regulatory Commission, Washington, DC 
R. Schmidt, Sandia National Laboratory, Albuquerque, NM 

C. Z. Serpan, U.S. Nuclear Regulatory Commission, Washington, DC 
S. P. Snow, Idaho National Engineering Laboratory, EG&G Idaho, Inc. , Idaho Falls, ID 
T. P. Spets, U.S. Nuclear Regulatory Commission, Washington, DC 
L. A. Stickler, Idaho National Engineering Laboratory, EG&G Idaho, Inc. , Idaho Falls, ID 

J. Sugtmoto, JAERI, Tokyo, Japan 
G .  L. Thinnes, Idaho National Engineering Laboratory, EG&G Idaho, Inc. , Idaho Falls, ID 
S. Thompson, Sandia National Laboratory, Albuquerque, NM 
J. Tulenko, U. of Florida, Gatnesvtlle, FL 
U. S. NRC, Div. Technical Information & Document Control, Bethesda, MD 
K. Washington, Sandia National Laboratory, Albuquerque, NM 
R. J. Witt, Dept. of Nuclear Engtneertng, U. of Wisconstn, Madison, WI 
R. W. Wright, U.S. Nuclear Regulatory Commission, Washington, DC 
J. R Wolf, Idaho National Engineering Laboratory, EG&G Idaho, Inc. , Idaho Falls, ID 



NRC FCR.i 335 (2-89) U. S. NUCLEAR REGULATORY COMMISSION 1. REPORT NUMBER 
(Assigned by NRC;, Add VoL, Supp., Rev., 

NACM 1 1(». 
3201, 3202 P Md Actilnctltn Nutnbera, /11tny.) BIBLIOGRA HIC DATA SHEET 

NUREG/CR-6 1 85 

�------------------
(.
-
�

--
m
-

�
----

M
--

�
-

�
----

�
----------------------� ANL-94/ 5 

2. Tm.E AND SUBTITLE 

TMI-2 Instrument Nozzle Examinations at 
Argonne National Laboratory 

February 1991 - June 1993 

5. AUTHOR(S) 

L. A. Neimark, T. L. Shearer, A. Purohit, and A. G. Htns 

TM IV(93)ALO 1 

3. DATE REPORT PUBUSHED 

t.OlTH I YEAR 

March 1994 
<4. FIN OR GRANT NUMBER 

A2220 
8. TYPE OF REPORT 

Technical 
7. PERIOD COVERED (Inclusive Dates) 

8. PERFOAMING ORGANIZATION - NAME AND ADDRESS (If NRC, ptOVIds Division, Office or Region, U.S. NucleiJr RegcJetoty Commission, and rn111Nng acltJI'ea; If conltBcfor, 
ptrN#ds ,. and tndlttg adcltea.) 

Argonne National Laboratory 
9700 South Cass Avenue 
ArJ(onne, IL 60439 

9. SPONSORING ORGANIZATION - NAME  AND ADDRESS (If NRC, 1J1P8 -same a eow•: II CtNJtractor, ptrNfde NRC OMs/on, Olflce or Region, U.S. NucltMr Regulatoly Commlalon, and lflllllng adtlrNB.) 
Division of Systems Research 
Omce of Nuclear Regulatory Research 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555-0001 

10. SUPPLEMENTARY NOTES 

1 1 .  ABSTRACT (200 words or Ieee) 
Six of the 14 Instrument-penetration-tube nozzles removed from the lower head of TMI-2 were examined to identify 
damage mechanisms, provide insight to the fuel relocation scenario, and provide input data to the margin-to-failure anal­

ysis. VIsual inspection, gamma scanning, metallography. mtcrohardness measurements, and scanning electron 

microscopy were used to obtain the desired information. The results showed varying degrees of damage to the lower head 

nozzles, from •50% melt-off to no damage at all to near-neighbor nozzles. The elevations of nozzle damage suggested that 

the lower elevations (near the lower head) were protected from molten fuel, apparently by an insulating layer of fuel debris. 

The pattern of nozzle damage was consistent with fuel movement toward the hot-spot location identtfted in the vessel wall. 
Evidence was found for the existence of a stgniflcant quantity of control assembly debris on the lower head before the maa­
stve relocation of fuel occurred. 

12. KEY WORDSJDESCRIPTORS (L.itlt won1s or phruss tltllt will aalst f'etiMIChets In looltlng this repott.) 
TMI - 2  
Instrument nozzle 
Fuel debris crusts 
Inconel 600 
Fuel debris relocation 
Molten debris interactions 

13. AVAILABILITY STATEMENT 

Unlimited 
1<4. SECURITY CLASSIFICATION 

(This Page) 
Unclassified 

(This Repott) 
Unclassified 

15. NUMBER OF PAGES 

18. PRICE 


