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ABSTRACT 

Th 1 s  r e po r t  d 1 s c u s ses  the acqu 1 s 1 t i on and exam1 na t 1 on of par t i al f uel 

a s s embl y upper ends  f r om the TMI -2 c or e . E xami na t i on s  i ncl uded photov 1 s ual  

and r a d i ograph i c  c harac ter i za t 1 on and  metal l u r g i cal and  r a d 1 ochem1 cal 

anal ys e s . Res ul t s  o f  these  e xam1 na t 1 on s  i nd 1 cate  the f o l l ow 1 ng: 

• F uel a s sembl y upper ends  exper 1 enced s teep t empe r a t u r e  grad 1 en t s  

and temperatures  exceed 1 ng 1750 K.  

• Rad1 ograph 1 c  exam1 na t 1 ons  1 nd 1 ca te s 1 l ve r - 1 nd 1 um-cadm 1 um 

rel oca ted upwa r d s  1 n to the c o n t r ol r o d  pl enum reg1 o n . 

• E l emen tal exam1 na t 1 on s  1 nd 1 ca te l ow depo s 1 t 1 on (<7.0 kg ) o f  

c o r e  ma ter 1 al s  on upper c o r e  r eg 1 on s ur faces.  

• Radi ochem1 cal exam1 na t 1 ons  1 nd i cate  l ow depos 1 t 1 on (<0.1% o f  

c o r e  1 nventor y )  of  a ny f i s s i on p r oduc t on upper c o r e  r eg i on 

( 1 . e . , fuel a s s embl y )  s u r faces  . 

• 
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EXAM I NAT I ON Of THE TMI - 2  CORE D I ST I NCT COMPONENTS 

1. I NTRODUC T I ON 

The purpose of th \ s  repor t \ s  to prov \ de desc r \ p t \ on s  of fuel  a s s emb l y  

c omponen t s  ( d \ s t \ nc t  c omponen t s ) t ha t have been r emoved from the TMI -2  core 
and s h \ pped to t he I da ho Nat \ ona l Eng\ neer \ ng L a bora tor y ( I NEL ) for 

exam\ nat \ on and s torage and to presen t the exam\ na t \ on res u l t s  of  fuel  and 
c on t r o l  rod s amp l es obta 1 ned f r om these c omponent s . The obj ec t \ ves  of the 

exam1 na t 1 on s  a r e: ( a )  to  charac ter \ ze the cond \ t \ ons  of representa t \ ve 
s amp l e s  f r om the core , ( b )  to a \ d  \ n  prov \ d \ ng a be t ter under s tand\ ng of 

the t empera t ure  c ond 1 t 1 ons  t ha t  ex \ s ted \n the core dur \ ng t he acc 1 den t , 
( c )  t o  prov 1 de add \ t 1 on a l  1 nfor ma t \ on r e l a ted to t he t r a ns por t ,  depos 1 t \ on ,  

a nd \ n terac t \ on of fuel  and con tr o l  rod ma ter 1 a l s  w\ t h  other core ma ter \ a l s  
dur 1 ng a severe core  damage acc \ den t , and ( d )  to obta \ n  1 nforma t \ on on the 

r eten t \ on and sur face depos \ t \ on of f \ s s \ on pr oduc t s  on \ ntac t fue l 
a s s emb l 1 es .  

The exam\ nat \ on of TMI - 2  core d \ s t \ nc t  component s  \ s  par t  of the TMI -2 
reac tor samp l e  acqu1 s 1 t \ on and exam\ na t 1 on program. wh \ ch 1 s  s umrnar \ zed 1 n  
the E G&G I da ho, I nc . r epor t e n t \ t l ed ,  TMI -2 Acc 1 dent  E va lua t 1 on Program 

Samp l e  Acqu 1 s 1 t 1 on and E xam\ nat \ on P l an .
1 

1 . 1 Background 

Al though the Mar c h  28 , 1 979, acc \ dent a t  TMI - 2  \ nvo l ved severe damage 
to t he core of the r eac tor , \ t had no observa b l e  effec t s  on the hea l th a nd 

1 safet y  of the pub l 1 c  \ n  the a r ea . Tha t s uc h  a severe cor e -d \ srupt \ on 
acc 1 den t wou l d  have no consequent hea l t h or safet y  effec t s  has  r e s u l ted \ n  

t he ques t \ on \ ng of ear l \ er 1 \ gh t  wa ter reac tor ( LWR )  safety  s tud \ es and 
e s t \ ma t e s . I n  a n  effor t to r e s o l ve these quest \ on s , severa l ma j or research 
programs have been 1 n 1 t \ a t ed by a va r 1 e t y  of orga n \ za t \ on s  concer ned w\ th 
nuc l ear  power p l a n t  safe t y . The U . S .  Nuc l ear  Regu l a tor y Comm1 s s \ on ( NRC ) 

has embarked on a t horough r ev \ ew of r eac tor safe ty 1 s s ues , par t \ cu l a r l y  
the causes  a nd ef fec t s  of core -damage acc \ den t s . A s  par t  o f  t h \ s  effor t ,  

1 



the U . S .  Depa r tmen t o f  Energy ( DOE ) e s tabl i shed the TMI-2 Pr ogram t o  

deve l op technol ogy for  r ec over y f r om a s e r i ous  r eac tor acc i dent and  t o  

c onduc t r el evant r e s ea r c h  and  devel opme n t  that  w ill enhance nucl ear power 

pl a n t  safety . 

Immed i a tel y  a f t e r  the TMI -2  a c c i de n t , four  o r ga n1za t 1 on s  w i t h  

i nteres t s  i n  b o t h  pl a n t  r ecovery and  a c c i de n t  da ta  a c qu i s i t i on forma l l y  

agr eed t o  cooperate  i n  these  a r ea s . The s e  organ i za t i on s , c ommonl y r efer r ed 

t o  a s  the GEND Gr oup--�PU Nuc l ea r  Corpora t i on ,  tl ec t r i c  Power Resea r c h  

I n s t i t u te , �ucl ear Regul a to r y  Commi s s i on ,  a n d  Qepar tmen t  of  Ene r gy--a r e  

a c t i ve l y  i nvol ved i n  r eactor  r ecovery a n d  a c c i de n t  r e s ea r ch .  A t  p r esent, 

DOE i s  p r ov i d i ng a por t i on of  the f un d s  for  r eac tor  r ec over y ( i n those  

a r ea s  wher e  acc i dent  r ec overy knowl edge will  be o f  gener i c  bene f i t  to the  

U . S .  LWR  i ndus tr y )  a s  wel l  a s  the maj or i ty of  funds  for  severe  acc i dent 

tech n i cal data acqui s i t i on ( such  a s  the exami nat i on of  the  damaged  core ) .  

The I NEL i nvol vement wi th  TMI -2 ha s been c on t i nuous  s i nc e  t h e  

acc i dent , p r ov i d i ng techni cal s uppo r t  a n d  c o n s ul ta t i on .  I n  1 979,  t h e  I NEL 

recei ved an a s s i gnment f r om DOE to c ol l ec t , ana l yze , d i s tr i bute , and  

preserve s i gn i f i cant  techni cal i nforma t i on a va i l a b l e  f r om TMI - 2 . Th i s  

a s s i gnment wa s expanded ( i n 1 981  and  1 984 ) to  i ncl ude: ( a )  conduc t i ng 

resea r c h  and devel opment ac t i v i t i es i ntended to effec t i ve l y  expl o i t the 

gener i c  resea r c h  and devel opmen t  chall enges a t  TMI -2 , and  ( b )  devel opi ng an  

under s tand i ng of the  acc i den t s equence of  even t s  in  the a r ea of  core  damage 

and beha v i o r  o f  f i s s i on p r oduc t s  and ma ter i a l s .  

2 
The TMI -2 Acc i dent Eval ua t i on Program r epor t def i nes  t he pr ogram 

requ i r ed to i mpl ement the DOE a s s i gnments  and con ta i ns t he g u i de l i ne s  and  

requi r emen t s  for  TMI - 2  sampl e acqu i s i t i on and exami na t i on s . 

The TMI -2 core  exami na t i on pl a n  desc r i be s  four  ca tego r i es of  

exami na t i on .  The  f i r s t  ca tego r y  i nc l udes in  s i tu exam i na t i on s  at  TMI - 2  and  

i s  i n tended to p r ov i de on- s i te doc umen tat i on of the postacc i dent  cond i t i on 

of  the core . Th i s  i s  done pr i ma r i l y  by cl o s ed c i r c u i t t el ev i s i on camera  

2 



( CCTV ) \ ns pec t \ on s  of the c or e  and l ower ves se l ,  a s  we l l  a s  u l t r a s on \ c  
mapp \ ng o f  the core cav \ t y .  Examp l e s  o f  CCTV exam\ na t \ on r e s u l t s a r e  
prov \ ded \ n  Refer ence 3 .  

The s ec ond c a t egor y \ nc l udes c ha r a c t er \ za t i on o f  sur face  depos i t s on 

r ea c tor c oo l a n t  s y s t em ( RCS ) a r t \ fac t s  f r om l oc a t \ ons  o t her than the c or e  
r eg \ on. I t  \ nc l udes exam1 na t \ on of t he f o l l ow\ ng r ea c tor c oo l a n t  s y s t em 
component s  and s tr uc t ures: con t r o l  r od l eads c r ews , l eadsc r ew s uppor t 
t ube s , p lenum cover debr \ s ,  res \ s tance t herma l detec tor ( RTOs ) thermowe l l s ,  
s team genera tor ma nway c over back \ ng p l a tes , and makeup and l e t down s y s t em 
f \ l ter s .  

The t h \ r d  c a t egor y  i nc l udes charac ter \ za t i on o f  the cond i t i on o f  t he 
core  by e xam\ n a t \ on of  s amp l e s  taken f r om the r ea c tor core  a nd l ower 
ves se l . Samp l e s  i nc l ude core debr \ s  grab  samp l es f r om the  r ubbl e  bed , fuel  

r od s egment s , core  s tra t 1 f 1 c a t i on samp l e s , d i s t i nc t  fuel  a s s emb l y  a nd 
c on tr o l  r od c l us ter  c omponent s  ( e . g. ,  c ladd \ ng ,  c on tr o l  rods , s p 1 der s , 

s pa c er gr \ d s , end f 1 t t i ngs , hol ddown s pr i ngs ) ,  1 ncore  1 n s t r umen t a t 1 on ,  a nd 

debr1s f r om the l ower vesse l . 

The four t h  c a t egor y i nc l udes exam1 na t \ on of  mi s c e l l aneous c omponent s  
and \ tern s  no t spec 1 f 1 ca l l y \ nc l uded \ n  c a tegor \ es one , two , and three . 
E xam1 na t 1 ons  i n  t h \ s  c a tego r y  \ nc l ude those o f  r eac tor bu1 l d 1 ng ba semen t  

s ed \men t and the reac tor c oo l a n t  dra \ n  tank  conten t s . 

The a l ready-comp l e ted por t1on of  t he Samp l e  Acqu \ s i t \ on and E va l ua t1on 
( SA&£ ) P l a n  \ nc l udes \ n  s \ tu mea s u r emen t s  and samp l e  a c qu \ s \ t i on and 

exam \ na t 1 ons  1 nvo l v \ ng pr i va t e  organ \ za t \ ons  and s ta te and f ederal 
a genc \ es . I t  ha s prov \ ded the pos tacc \ dent  core and f \ s s \ on pr oduc t 
end-s ta te da ta  t ha t 1 nd 1 ca t e  the f o l l ow 1 ng :  

• l a r ge r eg \ on s  o f  the c ore  exceeded c l add i ng me l t \ ng ( -2200 K ) .  

A l s o ,  s 1 gn \ f 1 ca n t  f u e l  1 \ quefac t \ on by me l ted z \ r c a l oy and s ome 

f ue l  mel t \ ng oc c ur r ed w\ t h  tempera tures  up to a t  l ea s t  31 00  K .  

3 



• ·  The Hay 1 987 esttma te of  damage a n d  conf\gur at\on  o f  t he c or e  \s 

as f o l l ows: 

S t\1 1 stand i ng r od bund l e  geome t r y  

loose debr\s (unme l ted a n d  prev\ousl y mol te n  c o r e  
ma t e r \a l  m\xt ur e )  bel ow t he c a v\ty \n t he upper 
c o r e  r eg i on (the c a v i ty was 2&% o f  the o r \g\n a l  
c o r e  vo l ume ) 

P r ev\ousl y mol te n  c o r e  ma te r i a l :  
Reta\ned \n c o r e  bounda r y  
E sc a pe d  f r om c o r e  bounda r y  

C o r e  Hat e r \a l 
(%) 

42 

23 

35 : 
1 9  
1 6  

• F \ss i on-pr oduc t r e t en t i on \n c o r e  ma t e r i a l s  i s  s\gn\f\can t . The 

r e ten t i on o f  f i ss\on p r oduc ts outs i de the c o r e  was pr i mar i l y  i n  

r eac tor  c o o l i ng system ( RC S ) wa t e r , wa ter  \n the basement , and \n 

basemen t  c o n c r e te . 

S i gn i f i ca n t  c onsequences r esu l t i ng f r om these f i nd i ngs \nc l ude : 

( a )  i nc r ea s ed tec hn i ca l  i n t e r est i n  t he THI -2 a c c i de n t  because \t 

r epr e s en t s  a f u l l -sca l e  seve r e -c o r e -dama ge ( SC D )  event  and p r o v\des 

e v i dence of a l ar ge d i f fe r ence  be tween ac tual  and p r ed i c ted SCD  event 

o f fsi te r ad i a t i on r e l ease , ( b )  a recons i dera t i on o f  t he p l a ns and  equ i pment 

for  defue l i ng the THI -2 r eac t o r , and  ( c )  an  expa ns\on i n  t he THI -2 a c c i dent  

exami nat i on plan t o  determi ne the c onsequences o f  h i gh t empe r a t u r e  

i n terac t i ons be tween c o r e  c omponents a n d  to  determi ne the r e l ease f r om the 

f ue l  o f  the l ower vol at i l i t y f i ssi on  p r od uc t s .  

A maj or task of  the THI -2 Acc i dent  E va l ua t i on Pr ogram i s  t o  exami ne 

f uel  samp l es 

prev i ou s l y ) . 

F Y- 1 986 , f u e l  

t a k e n  f r om the core  a n d  l ower vesse l ( ca tego r y  thr ee desc r i bed 

F ue l  r emova l was i ni t i a ted on November 1 2 ,  1 985 . During  

r emova l was l i mi ted to  the c o r e  c a v i ty  wa l l s a nd f l oo r  a nd 

c onsi sted o f  upper end f i t t i ngs f r om fuel , c o n t r o l  r od and b u r nabl e poi son 

r od ( BPR ) assembl i es , pa r t i a l  fuel  assembl i es ,  and unseg r ega ted l oose 

debr i s . Thi s  r epr esents a c umu l a t i ve total  we i ght of 5 1 , 000  l bs of the 

300 , 000 l bs of  ma ter i a l  pr esent i n  the r eac tor c o r e . These d i st i nc t  c o r e  
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componen t s  and �ter \ a l s  wer e  r emoved from t he reac tor ves s e l  \ n  s pec \ a l l y  
des \ gned f ue l  can \ s ter s .  A tota l o f  4 9  fue l can \ s te r s  had been l oaded and 
t r a n s fe r r ed t o  the TMI F ue l  Hand l \ ng Bu \ l d \ ng by Oc tober 1 ,  1 986 , and 2 1  of 

these wer e  s h \ pped t o  t he I NE L  for  un l oad \ ng and/or \ n ter \ m  s to r a ge \ n  
F Y-1 986 . 

1 .2 TMI -2 Core H \ s tory 

The per \ od s  o f  \ n teres t \n  t h e  h \ s tor y o f  the TMI - 2  cor e  d \ s t \ nc t 
ca.ponent s  exam\ na t \ on s  a r e : ( a )  the cor e l oad \ ng and opera t \ on befor e t he 
acc 1 den t ,  ( b )  t he acc \ de n t  s equence  t ha t damaged t he cor e componen t s , and  
( c )  the pos tacc \ de n t  r eactor ves se l  \ nt e r na l s  d \ s a s s emb l y  act \ v \ t \ es tha t 
c a u s ed f ur t her r e l oc a t \ on and s epa r a t \ on o f  cor e  component s. E ach o f  t h e s e  

per \ od s  \ s  br \ ef l y  desc r \ bed . 

1 . 2 . 1  Pr eacc \ de n t  Cond \ t \ on s  and Con f \ gur a t \ on 

At  acc \ dent  1 n \ t \ a t \ on ,  t he TMI -2 cor e  wa s \ n  t he \ n \ t \ a l  f u e l  c yc l e  
a t  9 7 %  o f  f u l l  power w \ t h  3258 MWO/MTU average cor e  bur nup . The cor e  
l oad \ ng con s \ s t ed o f  1 7 7 f ue l  a s s emb l \ es a n d  1 39 r od a s s emb l \ es a r r anged \ n  
the  c o r e  pos \ t \ ons  a s  s hown \ n  F \ gu r e  1 .  

E ach o f  t he f ue l  a s s emb l \ e s  ( see F \ gu r e  2 )  \ s  a 1 5  x 1 5  a r r a y  o f  
208 fuel  r ods , 1 6  z \ rca l oy gu \ de t ubes and 1 cen ter - po s \ t \ on z \ rca l oy 
\ n s t r umen t  t ube connec ted to  and s uppor ted by 8 I ncone l  s pacer gr \ ds and 
304L s ta \ n l e s s  s te e l  upper and l ower end f \ t t \ ngs . An I ncone l , c o \ 1 - t ype 
hol ddown s p r \ ng \ s  l oca ted \ n  the upper end f \ t t \ ng .  

A l l \ n ter \ o r  and 2 o f  4 0  per \ pher a l  c o r e  pos \ t 1 on s  a l so have r od 
a s semb l \ es cons \ s t \ ng of  1 6  r od s  connect ed toge t her  a t  the  top by arms 
e x t end \ ng f r om  a c en t r a l  hub . T he r o d s  f \ t  \ n to  t he f u e l  a s s emb l y  gu \ de 

t ubes . Two per \ pher a l  f ue l  a s s emb l \ es ( co r e  pos \ t \ on s  8 1 2 and  P4 , ne x t  to  

the cor e  f ormer wa l l )  con ta \ n  a s ta t \ ona r y  or \ f \ c e  r od a s s emb l y  ( see 
f \ gure 3 )  w \ th  1 2 - \ n . - l ong s ta \ n l e s s  s tee l r od s  ex tend \ ng \ n to the  gu \ de 

t ubes to  r e s t r \ ct c oo l a n t  f l ow ,  o f  wh \ ch one \ n  ea c h  a s s emb l y  \ s  a s s umed to  
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f 1 gure 2. S 1 de, top. and c r o s s- s ec t 1 ona l v 1 ews of TMI -2 f ue l  a s s embl y  
(from Reference 4 ) .  
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b) Orifice rod 
assembly 

Drive 
coupl ing 

S pider ---... 

Assembly coupl ing 
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I I 
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I . 

F 1 gure  3 .  Or 1 f 1 ce rod  as s emb l y  (f r om Ref e r en c e  4 ) . 
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be mod \ f \ ed t o  \ nc l ude a neu t r on source r od . I nter 1 or fue l a s s emb 1 1 es 

con ta \ n  one of  t h r ee t ypes o f  r od a s s emb l \ e s  a s  f o l l ows: 

• Burnab l e  Po \ son Rod ( BP R ) A s s emb l y  ( see F 1 gure 4 ) --The s ta t \ onar y  

burna b l e  po 1 son r od a s s emb 1 1 es are  l oca ted 1 n  7 2  cor e  pos 1 t 1 ons  
a s  s hown 1n  F \ gure  1 .  E ach BPR r od conta 1 ns a l 26- 1 n . - l ong s tack 
of cer am \ c  pe l l e t s  [Al 2o3 ( 0 . 95 ) , s4c ( 0 . 0 1 ) ,  and 
1 mpur \ t \ es ( 0 . 04 ) ]  clad 1n z 1 r ca l oy , except for  cor e pos 1 t 1 on 
N l 3 ,  wh \ ch 1 s  a s s umed t o  con ta \ n  8 r od s  w 1 t h  bora ted graph 1 te 
\ ns tead of  A l 2o3-s4c ( per  a s s umed des 1 gn s pec 1 f 1 ca t 1 ons ) .  

• Con t r o l  Rod ( CR )  A s s emb l y  ·( F 1 gu r e  5 ) --The C R  a s semb 1 1 e s  a r e  
l oca ted 1 n  the 61  cor e  pos 1 t 1 on s  s hown 1 n  F 1 gure 1 .  The r ods  
con ta 1 n  1 34 - 1 n . l engths  o f  Ag- I n -Cd clad  1n  Type 304l  s ta 1 n l es s  
s tee l . The CR  a s s emb l 1 es wer e  f u l l y  1 nser ted dur 1 ng the acc 1 dent  
s equence. 

• Ax 1 a l  Power Shap 1 ng Rod ( APSR ) As semb l y  ( F 1 gure 6 ) - -The APSR 
a s s emb l 1 es are l oca t ed 1 n  the e 1 gh t  s ymme t r 1 ca l  cor e  pos 1 t 1 ons  
shown on F 1 gu r e  1 .  E ach r od conta 1 n s a 36- 1 n . - l ength o f  Ag- I n -Cd 
ma ter 1 a l  c l ad 1 n  s ta 1 n l e s s  s tee l . The APSR a s s emb l 1 e s  r ema 1 ned 
w 1 t hd rawn at 37 1 n .  dur 1 ng t he acc 1 den t sequence . The or 1 g 1 na l  
e l ementa l compos 1 t 1 on and tota l we1 gh t s  o f  pr 1 nc 1 pa l  componen t s  

f o r  t h e  cor e  and a con t r o l  r od f u e l  a s s emb l y  a r e  presen t ed 1 n  

Tab l e  1 .  

1 . 2 . 2  THI - 2 Acc 1 dent Sequenc e  

Refer ence 2 1 nc l udes t he cur r ent theo r y  of  t he THI - 2  cor e  damage 
progres s 1 on . A s u�ry of t h 1 s  theory 1 s  as f o l l ows : 

• The acc 1 dent  wa s 1 n 1 t 1 a t ed by ces sa t 1 on o f  seconda r y  
feedwa ter f l ow .  The s team gener a t or bo 1 1 ed dr y ,  and t he 
r e s u l t a n t  r educ t 1 on o f  pr 1 ma r y - t o - seconda r y  hea t exchange cau sed 
the p r 1 ma r y  cool a n t  to hea t up , s u r ge 1 n to the pres s u r 1 zer , and 
1 ncrea s e  the pr 1 ma r y  s y s tem p r es s ur e .  The p 1 1 o t -opera ted r e 1 1 e f  
va l ve ( PORV )  opened to r e l 1 eve p r e s s u r e  bu t fa 1 l ed t o  c l os e  when 
t he pres s u r e  decrea s ed . The f 1 r s t  1 00 m 1 n of  the acc 1 den t c a n  be 
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(a) Burnable 
poison rod 
assembly 

Drive 
coupl ing 

S pider ----.... 

Burnable poison rod 

Assembly coupling  

Top view 

Plenum and spring 

Burnable poison 
material 

........ J_..._�� 

F 1 gu r e  4 .  B u r na b l e  po1 son  r od a s s emb l y  ( f r om Reference 4 ) . 
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• 

• 

• 

Full length 
control rod 
assembly 

Drive 
coupling 

Spider 

Spacer 

Neutron absorbing material 

End plug 

F 1 gure 5. Con t r o l  r od as semb l y  ( f�om Reference 4 )  . 
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Part length 
control  rod 
assembly 

Drive 
coupling 

Intermediate 
plug 

Neutron absorbing material 

Axial power shaping rod 

F 1 gu r e  6. Ax1 a l - powe r - s hap1 ng-rod ( APSR ) a s s emb l y  ( f r om Reference 4 ) .  
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TABl E 1 .  TMI -2 R E ACTOR CORE COMPOS I T I ON 

Mater t a l  We , gh t  Ma ter \ a l  We 1 gh t  
(We 1 ght) E l emen t Per c en t (We tgh t )  E l emen t Percen t  

uo2 U-235a 2 . 265 I nc one 1 -7 1 8  N 1 a 5 1 . 900 
( 94 . 029 k g� U-238a 85 . 882 n. 21 1 �c8, er a 1 9 . 000 
( 531 . 9  kg ) 0 1 1 . 853 ( 6 . 8  kg ) F ea 1 8 . 000 

Nba 5 . 5 53 
Z \ rca l oy-4 zra 97 . 90 7  Moa 3 . 000 
( 23 , 1 77 �g )  sna 1 . 60 T 1  0 . 800 
( 1 25 k g )  F ea 0 . 225 A l a 0 . 600 

era 0 . 1 25 Co 0 . 47 0  
0 0 . 095  s1 a 0 . 200 

Mna 0 . 200 
Type 304 F ea 68 . 635 N 0 . 1 30 
Sta \ nl e s s  era 1 9 . 000 Cu 0 . 1 00 
Stee l  N , a 9 . 000 
( 676 kg ) and Mna 2 .000 Ag- I n -Cd Aga 80 . 0  
Un \ den t 1 ned s 1 a 1 . 000 ( 2 , 7 49 kg� I na 1 5 . 0  
S ta 1 n l es s  N 0 . 1 30 ( 4 3 . 6 k g )  Cda 5 . 0 
Steel  c 0. 080 
( 3 , 960 k g� co a 0 . 080 BtC-A l 203 A l a 34 . 33c 
( 1 6 . 8  kg ) < 26 ka> 0 30 . 53C 

( 0  k g ) a a 21 . soc 
c 7 . 64c 

Gd203-U02 Gda 1 0 .  nc 
( 1 31 . 5 kg )  ua n . nc 
( 0  k g ) b 0 1 2 . Q1 C 

a .  E l emen t s  for wh 1 ch I CP ana l ys h wa s per formed . 

b .  We 1 gh t  of  ma ter \ a l  1 n  a con t r o l  r od fue l a s semb l y .  

c .  Da ta a r e  s u s pec t .  
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c harac ter i zed a s  a sma l l break l os s -of-c oo l a n t  a c c 1 den t  ( LOCA) 
wi th r esul tant  l o s s  of pr i ma r y  cool a n t  and dec r ea s i ng p r e s sure

t
h 

t I t  d\f f e r ed f r om the s c enar i o  expected dur i ng such a LOCA i n  a 
the p r e s sur\zer  1 \qu\d l evel  r ema i ned h\gh . Th1 s was i n te r p r e te d  
by the r eac tor  ope r a tor  a s  i nd i ca t i ng tha t  the reactor  c o o l a n t  
s y s tem ( RCS ) wa s ful l o f  wa ter  when \ n  f a c t ,  t he RCS  wa s 
c o n t i nua l l y  vo\d i ng .  U p  t o  1 00 mi n ,  t he c o r e  wa s c ov e r ed w i t h  
suf f 1 c \e n t  wa ter  t o  be c oo l ed . 

The reac tor  c o o l a n t  pumps wer e  tur ned o f f  a t  1 00 m i n, a n d  
c o r e  hea tup wa s i n i t\ated  a s  the wa ter  l ev e l  s tr a t\f i ed a n d  
dec r ea s ed be l ow the c o r e  top . B y  1 50 m\n , a z 1 r ca l oy - s team 
exo thermi c r ea c t i on was i n\t\a t ed, d r ama t i ca l l y  i nc r ea s i ng the 
c o r e  hea tup r a t e . As  a r esul t,  z i r ca l oy me l t\ng t emperatures  
wer e  exc eeded , r esul t i ng in  r e l oc a t i on of  the  mol ten  z i r c a l oy and  
s ome l i quef i ed fuel t o  the l ower core  r eg\ons,  s o l i d i f y\ng near 
t he c oo l a n t  1 n te r fac e . Th\s c on t \nued unt\1 1 74 m\n, when a 
l a r ge r eg\on o f  c on s o l i da ted , degraded c o r e  ma ter\a l  e x i s ted \n 
the l ower , c e n t r a l  r e g i o n s  o f  the c or e . C oo l a n t  f l ow through 
t h\s c o n s o l \da ted c o r e  r e g i on  1 nd 1 c a t e s  tha t  the l ower 0 . 5  m o f  
t h e  c o r e  r ema i ned c oo l . 

A r eac tor  c o o l a n t  pump wa s tur ned on  br\ef l y  a t  1 74 m\n, and 
c oo l a n t  wa s pumped \n to  the  r eac tor  ves s e l . The r esul tant  
t herma l -mechan\c a l  forces  gene r a t ed f r om the rap\d s team 
forma t i on a r e  b e l \eved to ha ve s h a t ter ed the ox\d i zed fuel r od 
r emna n t s  i n  t he upper r eg i on s  o f  the  c or e, f orm\ng a r ubbl e  bed 
on top  of the c on s o l i da ted c o r e  ma ter i a l s . The c o n s o l 1 da t ed core  
ma ter i a l s  c on t i nued to  hea t up dur i ng the next  50  m\n ( 1 74 to  
224 mi n), even though cool a n t  d e l i ve r y  to  the reactor  ves se l  f r om 
the pump t r a n s i en t  and  eme r gency  c o r e  c oo l i ng i nj ec t i on i s  
e s t\ma ted to  ha ve c overed the c o r e  by approx\ma t e l y  2 1 0  mi n .  By  
224 m\n , much o f  the c o n s o l i da ted r eg i on had reached t empera tures  
s uf f i c 1 en t  to me l t  the U-Zr -0 t e r n a r y  mi x t ur e .  

On- l i ne TMI -2 data  recorded dur i ng t he a cc\den t 1 nd i ca t e  
tha t  the c rus t sur r ound i ng the c o n s o l \da ted c o r e  fa i l ed and some 
o f  the mo l ten  c o r e  ma ter i a l  r e l oc a ted to  the l ower p l enum between 
224 a nd 226 m\n . Ba s ed on  the end - s tate  c o r e  and  c o r e  suppor t  
a s s emb l y  ( CSA) conf 1 gura t i on a nd suppo r t i ng ana l y s\s o f  the 
degraded c o r e  hea tup , i t  i s  bel i e ved tha t  the c rus t fa i lure  
occur r ed near the top  o f  the mo l ten  core  r eg i on 1 n  the s outhea s t  
qua d r a n t  o f  the r ea c tor ve s se l . l\m1 ted damage t o  the CSA 
occur r ed a s  the c o r e  ma ter i a l  f l owed to  the l ower p l enum . 
E s t 1 ma tes  of  the ma x i mum pres sure ves se l  wa l l  tempera ture s  
i nd 1 ca te tha t  t h e  me l t\ng po\n t o f  s ta i n l e s s  s te e l  wa s n o t  
exceeded , even a t  the i n s i de sur fa c e  o f  the p r e s sure ves s e l  
1 \ner . The 1 ns tr ument  a s s emb l i es,  however , may have me l ted i n  
the l ower p l e num above the ves s e l  penet r a t i on wel d .  I f  th\s 
occur r ed , freez i ng of the mo l ten ma ter 1 a l  \s p r ed 1 c ted to have 
p l ugged any ho l e s  \n the i n s t r umen t  a s s emb l y  tube s . "  
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S \nce t he acc \ den t ,  the core componen t s  have r ema \ned a t  amb \ en t  
t emperature  and pressure  and a r e  submer ged \n wa ter w\ t h  the f o l l ow\ng 
targe t  spec \ f \ c a t \ on s : 

• pH: 7.5 t o  7.7 

• boron: >4350 ppm 

1 . 2 . 3  Pos tacc \ dent Reac t or Ves s e l  In terna l s  D i sas semb l y  Ac t 1 v i t 1 es 

A ser i e s  o f  d \ s a s semb l y  ac t \ v \ t \ es , \nc l ud \ng precur sor exam\na t \ on s , 

was accomp l \ s hed between the acc \ den t -sequence term\na t \ on and December 22 , 

1 985 . These ac t \ v \ t \ es  a f f ec ted or determ\ned t he c ond \ t \ on o f  the core 
cav \ t y wa l l s and f loor . No ac t \ v \ t \ es or exam\na t 1 on s  wer e  a t t empted un t \ 1  
per sonne l  acces s \ n s \ de the reac tor  bu \ l d \ng wa s r ees tab l i shed in 1981. A 
s u� r y  of  s \ gn \ f \ can t exam\na t \ on and d i s a s semb l y  even t s  tha t have 
oc curred \ s  a s  f o l l ows : 

1 . 2 . 3. 1  Qu \ c k -look V \ deo Sur veys . In 1 982 , con tr o l  rod l eadsc r ews 
f r om cor e pos \ t \ ons  H8 , E 9 , and 88 wer e  r emoved for pos s \ bl e  C C TV acce s s  t o  
t h e  c o r e  a r ea . The CR  s p \ der wa s s t i l l  \n  p l ace a t  88, but  wa s m\ s s \ng a t  
core pos \ t i on s  H8 and E 9 . The CCTV s ur vey di scovered a l a r ge vo \ d  ( c or e  
cav 1 t y )  in t h e  upper c o r e  r eg i on .  

5 1 .2 . 3 . 2  APSR A s s emb lY-- Inser t i on .  In the f \ r s t  quar ter  of  
CY  1 983 , a n  a t temp t  wa s made to  \nser t a l l  e 1 gh t  APSR a s s emb l \ es wh \ c h , \ f  
s ucces s f u l , wou l d  r e l oca te the APSR s 37 \n . downwar d  ( see F \ gure  1 for APSR 
core  l oca t i on s ) .  Jn s er t \ on \n to  the core cav \ ty dept h s  wer e  a s  f o l l ows: 

Core Pos iUon 

06 
D l O  
F 4  
F 1 2  

l 4  
l l 2  
N6 
N l O  

1 5  

In ser t i on Dept h  
(\n . )  

0 
4 

30 
35 

8 
31 

0 
37 



1 . 2 . 3 . 3  U l t r a so n\c Scanner Sur vey .
6 

On  Augus t  3 1 , 1 98 3, a n  

u 1 t r a s on 1 c  s c anner  s ur vey wa s made to  determ1 ne  the s hape  and  d 1 men s 1 on s  of  

the core c av 1 t y .  F\gur e s  7 thr o ugh 1 0  a r e  the t opograph\c a l  maps  o f  t h e  

c o r e  c a v 1 t y . T h e  c o r e  topograph 1 c a 1  fea t u r e s  1 nc 1 uded the f o 1 l ow\ng : 

• The c a v 1 ty e x t e nded f r om the upper gr 1 d -p 1 a te bot tom downwar d  to 

appr o x 1 ma t e l y  7 . 5 ft a bove the c or e  bot t om a nd r ad 1 a 1 l y  t o  the 

core f o r mer wa l l  1 n  s ome p l ac e s . 

• The c o r e  c av 1 t y v o l ume wa s equ 1 va l e n t  to  appr o x 1 ma t e l y  2&% o f  the 

o r 1 g 1 na l  c o r e  r eg 1 on . 

• F ue l  a s sembl y  r emn a n t s  a ppear ed t o  encir c l e  the c or e  cav 1 ty 

c omp l e t e l y  towa r d  the  upper gr 1 d  p l a te ;  the ma x 1 mum fuel  a s s embl y  

dama ge appear e d  to  b e  o n  t h e  c or e  ea s t  s 1 de , a nd t h e  l ea s t  fuel  

a s s emb l y  damage on  the c o r e  we s t  s 1 de .  

• The APS R s  tha t had  been 1 n s e r ted p r oj ec ted f r om the cav 1 ty 

c e 1 1 1 ng a nd 1 nter f e r ed w1 th  u l t r a s o n 1 c - s c a nner  mea s ur ement  of  

topogra ph y  1 n  the c a v 1 ty  upper r eg 1 on s . 

1 . 2 . 3 . 4  
7 

Rea c tor  Ves s e l  Head Remova l .  I n  Ju l y  1 984 , the r eac tor 

ve s s e l  head r emova l , wh 1 ch 1 nc l uded prerequ 1 s 1 te uncoup l 1 ng o f  the 

l ea d s c r ews f r om the CR  a s s emb l 1 es and  ra 1 s 1 ng the l ea d s c r ew 1 n to the 

c o n t r o l  rod  d r 1 ve mec ha n 1 sm ( CR DM ) ,  wa s a c c ompl 1 s hed . The l ea d s c r ew 

uncoup l 1 ng 1 nd 1 ca ted the fo l l ow1 ng :  

a Th1 r ty C R  s p 1 der s wer e  s uppo r ted  by the f u e l  a s s emb l y  upper end 

f 1 t t 1 ng .  

• Twenty-thr ee C R  s�1 der s appea r ed to  be u n s uppo r ted by the f u e l  

a s s emb l y  upper e n d  f 1 t t 1 ng ,  o r  wer e  m 1 s s 1 ng .  

• Four CR  s p 1 de r s  bec ame s uppor t ed by the fuel  a s s emb l y  upper end 

f 1 t t 1 ng when l owered a s ma l l  d 1 s tance  ( l e s s  than 2 1 n . ) .  

1 6  
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F\gure 7 .  TMI-2 core vo1d topograph1ca1  plot elevat 1ons -2 through -1 4 . 

• 

.. 



E 

0 7----

6-----

c 

B 

I··---·-------·-·-·-----

A 

C..:l'flolro.. C'f.O Q!'l(RAT('D CJU.-.....0/Rf:'MI: MAN..IIll,l,Y Ct.,;�-=------'iNGl 
4 

F 1 gur e 8 .  TMI-2 c o r e  vo 1 d  topograph1 c a l  p l ot e l evat1 o n s  - 16 thr ough -40 .  

�----
�-----1 
1-�--

� �-� 

0 

------! c 
� 

�----1 
� 

.,�� �.'.:".:�D.._t.:;.;� 

• 



-\G 
0 

-
....................... 
• ..,.'U'Io"Ur �-<e:-
.............................. 

I ,---·- ___ ,_-·--·--·--

F1gure 9. TMI-2 core vo1d  topograph1 ca1  plot elevat 1ons -42 through -78. 



N 0 

G 

D 

c 

. 
I 

1--�· 
- r---T-----r----,---,--- � r- - r--- - ,-.. - ·- r-

--_I 

I 

---- - ..t. ----'---

---�--� 

- J 
•70" -'------· - --- _ _..__ __ 

---,.----r-

- _____ _L___J 

-·--· t ----T------

1 ---� --�---��-=-c- -�--:--:. 
.L----"--

_I 

___ 1 ___ ---

•• - � - - "'--- - - -,-- --... --- T --�,---- -----r I 

- -:--�������*-�����=�-�--=-=---: 
------:::::=-:: -�==--�.':_�J�-�-- � :�==.;--:_ ··- l ' 

- - -... -· - -r- ----- _ _.... __ t_ --

-""�-��-:-::..----�..:.:-=..:-..: _____ --------------·-,____ J.- - - t __ ____ • __ ; �---· ___ __L._ __ . ..J. _____ _ 
___ ..__;. ____ ___._ ·- -------.1 · ·-- ·-· --.---J- ----+.. .. , ---

�- ·----,.�-�-
-· ---- P' ·---.,......... --�---- --·i -- �--------t----

---�---·--·-;- �------r--
--

-

- ---,----- -----,----,-

--

i.-:= -� -�=--=:i�--�- -- ___ __: __ j 

/. £4-l_r-... o.v 0.0• Bc,..ro
O' rC/1111> o-.o 

?.�It� ;4·A· .. ...c·,e-Q",,dll'
.lfV1'0.;1tTe.C .,.,..� c.�"""oiv� .-.ol"".# 
.-;4 7'5 7 ,,. �/4 754 

� .o... .... -4!".0 .t�.-....r;:l .. .- ... -.:;,Jr�-,... ... 
""oc:,..or� �,_,.MJEO ,.,... ,,.,_,..�,.....a.v 
Q#' .AVr.eiiP'�""",...,OI'J' ,.,... Et:;#l"' ·- _.._ 
.,or •�" A'V!U.-'ID OoV A4 .A.:,.. ........ .ciA7'loOI 

4(.�04-N/;1 4..-� -,pe ��.0 .�- �
<W,. 

Jfl!!"�E�A./C� TMJ'·JT _.:..._.........,,. �L-��� 
.t:J.:>r� .3u-�r � re<P "'"""'.o • .!1/e·-o;l� 
�� $v#VItAc6 011'" 41.->r,...� 4*"C ·�li:lt!r-o· 

-_,..,.1'·..7C�I"o.."t:' 

H 

G 

D 

c 

l�,--,.-c-c-c--;;-c-c-c--r;-;-c-,-1r;-;-c--;r�:�e�c;r.;uav::;;Q;;··:s:·c-c-,-;-;-;-c-,-;-,-,--,,-c-c-;--,;-;-_jj!��jj��;:::::li1!��-�·;·:!1-!�ii��R.,�;�;;/c�Ai'ii�io�A 
• ,.. .. 'f c.10� �cr�� .... --..--... .... ........-Lo.o::--J 

"'"t:101'6 
I -•fitll.ftZ 
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8 9 1 . 2 . 3 . 5  P lenum As s emb l y  Remova l .  • J n  May 1 985 , the p l enum 
a s s emb l y  r emo va l , wh \ c h  t nc l uded p r er equ \ s \ te r emova l o f  f ue l  a s s emb l y  

upper end f 1 t t 1 ngs8 and wa ter  j e t  f l us h \ ng o f  l oose debr \ s  f r om 
hor \zon ta l ( upwa r d  fac \ ng )  sur face s , 9 wa s accomp l \ s hed . The d \ s l odg \ ng 
o f  fuel  a s s emb l y  upper end f \ t t t ngs \ nd \ ca t ed the f o l l ow \ ng :  

• F ou r  upper end f \ t t \ ngs  ( co r e  pos \ t \ on s  05 , F 3 ,  F l 3 , and K l 4 )  
coul d  no t be d \ s l odged . 

• Ten upper end f \ t t \ ngs  ( co r e  pos \ t \ ons  E 4 ,  6 1 4 ,  K 6 , l 2 ,  l 1 3 ,  03 , 
08, 01 1 ,  PO, and R6 ) c o u l d  on l y  be par t \ a l l y  d \ s l odged . 

• A l l o t her  end f \ t t 1 ngs  wer e  m\ s s \ ng ,  d \ s l odged , or  a t tac hed to 

the \ r  r e s pec t \ ve f ue l  bund l es . 

Damage to the p l enum as semb l y  bot tom sur face tha t wa s \ n  con tac t w \ t h  
t he fuel  as s emb l y  upper end f \ t t \ ngs  \ s  shown \ n  f \ gure  1 1 . T h e  damage map 

was determ\ ned f r om v 1 deo sur veys . 

The wa ter  j et f l us h \ ng r emoved l oose debr \ s  • rang\ ng \ n  s \ ze f r om ver y  
9 f \ ne par t \ c l es to  nea r l y  f ue l  pe l l e t  s \ze• f r om the p l enum a s semb l y ,  

upwa r d - fac \ ng ,  hor \zon ta l s u r faces . Pos t - f l us h \ ng CCTV \ nspec t \ on 
\ nd \ c a t ed • s ome o f  the debr 1 s  ac t ua l l y  adhered t o  the p l enum and c ou l d  not  
be r e1110 ved . • 9 

1.2.3.6 E a r l y  f ue l  Remova l .  E a r l y  f ue l  r emova l c ommenced on 
November 1 2 ,  1 985. By Janua r y  27. 1 986 , e \ ghteen f u e l  can 1 s t er s ,  1 nc l ud \ ng 

0- 1 41 a nd 0- 153 , had been l oaded w\ t h  appr ox \ ma te l y  1 1 0 upper end f 1 t t \ ngs  

f r om fue l , C R  and BPR a s s emb l \ e s , f \ ve par t \ a l -fue l a s semb l 1 es. and 

•1 s ce l l aneous l oose  debr \ s .  The ea r l y  fuel r emova l 1 nc l uded some 

succes s f u l  and uns ucces s f u l  a t t emp t s  t o  topp l e  s tand \ ng per \ phera l fuel  

a s s emb l \ e s  onto  the  core  cav 1 ty f l oor t o  p r ov \ de c l ea r ance for  t he fue l  
can \ s ter s ,  occas \ ona l una \ ded topp l \ ng of  uns tab l e  s tand \ ng per \ pher a l  fue l  
a s s emb l \ e s  o n t o  t he c or e  cav \ ty f l oor , a nd shear - too l sec t \ on \ ng of  some 
par t \ a l  fuel  a s s emb l \ es l y \ ng on the f l oor  of t he core  ca v \ t y .  
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F 1 gu r e  1 1. Damage map of  the TMI - 2  f u e l  a s s embl y  upper gr 1 d  p l a t e. 



Acqu \ s 1 t \ on of  the d \ s t \ nc t  component s  that  wer e  l oaded \ n to 
can \ s ter s 0-141 and 0-153 \ s  desc r \ bed br \ ef l y  1 n  Sec t \ on 2 .  Samp l e  

exam \ na t 1 on and a na l y s 1 s  me t hods a r e  desc r \ bed \ n  Sec t \ on 3. Sec t \ on 4 

presen t s  a br \ ef desc r \ p t \ on of  t he v \ s ua l  exam\ na t \ on of  the componen t s  
that  wer e  r emoved f r om f ue l  can \ s ter s D-141 a n d  D-153. Spec \ f \ c fuel  and 
cont r o l  r od samp l e  c ha r ac ter 1za t \ on and s e l ec t \ on s  a r e  desc r \ bed \ n  
Sec t \ on 5, and the me ta l l u r g \ ca l , rad \ onuc l \ de ,  and e l ement a l  ana l ys t s  
r e s ul t s  f r om  these samp l es a r e  presen ted \ n  Sec t \ on 6 .  A s umma r y  and 
c onc l us \ on s  a r e  prov \ ded \ n  Sec t \ on 7 .  Neu t r on r ad \ ography and gamma scan 

r e su l t s  are  prov\ ded 1 n  Appen6 \ ces  A and 8, respec t \ ve l y . Append\ x  C 
conta \ ns a more exten s \ ve d \ scus s \ on o f  t he acqu\ s \ t \ on of  d \ s t \ nc t  

c omponen t s , and Append \ x  0 prov \ des  add 1 t 1 ona l deta \ l s  on the v \ s ua l  
exam \ na t \ on o f  the component s  r emoved f r om can \ s t e r s 0-141 and D-153 . 

• 
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2 . '  D I ST I NCT COMPONE NT ACQUI SillON 

Th i s  s ec t i on p r o v i de s  a br i ef d es c r i pt i on of the d i s t i nc t  c ompon e n t s  

t h a t  wer e  r emoved f r om the  TMI -2  c o r e  and  e xami ned a t  the  I N E L . 

2 . 1  Load i ng of Can i s ter s a t  TMI -2 

Remova l o f  d i s t i nc t  c ompone n t s  f r om the damaged TMI -2  c o r e  wa s 

i n i t i a ted i n  November  1 985 . The procedure  i nvol ved r eac h i ng i nto  the core  

c a v i ty wi t h  a l ong-hand l ed grapp l i ng tool , p i c k i ng up l oo s e  debr i s ,  u s ua l l y  

i n  the form o f  upper end f i t t i ngs  f r om wh i ch a l l .  t h e  fuel  a nd/or c o n t r o l  

r ods  had fa l l en out ( or wer e  otherwi s e  r emoved), and  put t i ng the  debr i s  

i n to spec i a l l y  des i gned "fuel  c an i s te r s "  t h a t  had been p l ac ed i n  the  

r eactor  ves s e l . Dur i ng F Y-1 986 a total  o f  49  f u e l  c an i s te r s  had been 

l oaded and transfe r r ed to  the TMI Fue l  Ha nd l i ng Bui l d i ng ,  and 2 1  of t hese  

had been shi pped to  the  I N E L  for  unl oad i ng a nd/or i n ter i m  s to rage . 

2 . 2  Unl oa d i ng of Can i s t e r s a t  the  I NEL 

F ue l  can i s te r s  D-1 41  and D - 1 5 3  wer e  un l oaded i n  the  I N E L  T e s t  Area 

Nor th ( TAN ) hot  c e l l i n  Augus t  1 986 . The  c omponen t s  r emoved from the  two 

can i s ter s a r e  l i s ted i n  Tab l e s  2 and 3 .  F i gu r e  1 2  s h ows t h e  TMI -2  core  

l oad i ng d i agram wi t h  the s pec i fi c  l oc a t i ons  from wh i c h  t h e  i den t i f i ed 

c omponen t s  from both can i s te r s  D-1 41 and D-1 5 3  wer e  r emove d . 

A l l componen t s  r emoved fr om the can i s te r s  wer e  v i s ua l l y  exami ned to  

i dent i fy a r eas  of  me l t i ng and  other temper a tur e- r e l a ted phenomena . I n  

addi t i on t o  the v i sua l  exami na t i ons . s pec i f i c  fue l rods  and  c o n t r o l  rods  

i n s i de gui de tubes wer e  s e l ec ted fr om the  par t i a l  fuel  a s s embl i es f r om core  

pos i t i ons  C7 and  Hl for ful l - l ength gamma scann i ng and  neu t r on 

radi ogr aphy . Se l ec ted fue l and c on t r o l  r od samp l e s  wer e  then  obta i ned for 

me ta l l ographi c and rad i ochemi ca l exami na t i on s . 
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TABL E 2 .  F UE L  C AN I ST E R  0 - 1 4 1  CONT E NTS 

Can 1 s ter 
I tem 

Nutllber 

1 

g 

Core 
Pos 1 t 1 on 

E 1 3  

C l l 

C 7  

N9 

N9 

l 3  

K lS 

M9 

L B  

H8 

Hl  

Desc r t pt 1 on 

F ue l  a s s emb l y  par t t a l  upper end f 1 t t 1 ng 
and c on t r o l  r od sp 1 der . 

Par t \ a l l y  me l ted c o n t r o l  r od s p \ der . 

F ue l  as s emb l y  upper s ec t \ on w\ th  
1 1 9 fuel r od and  16  c o n t r o l  rod/gu \ de 
t ube upper s egments . 

F ue l  a s s emb l y  pa r t \ a l  upper end ftt t \ ng 
( bu r nab l e  po \ son r od a s s embl y  stte ) . 

Burna b l e  po 1 son r od a s s emb l y  par t 1 a l  
upper end f \ t t \ ng .  

Bur nab le  po 1 son rod a s s emb l y  r e ta 1 ne r . 

Per \ pher a l  f u e l  a s s emb l y  par t 1 a l  upper 
end f \ t t  1 ng .  

F ue l  a s s emb l y  par t \ a l  upper end f 1 t t \ ng 
Con t r o l  rod a s semb l y  par t 1 a l  upper end 
fHt \ ng . 

F ue l  a s s emb l y  par t 1 a l  upper end f 1 t t \ ng 
Con t r o l  r od a s s emb l y  par t 1 a l  upper end 
f \ tUng . 

F ue l  a s s emb l y  par t 1 a l  upper end f \ t t 1 ng 
Con t r o l  r od a s s embl y  par t 1 a l  upper end 
f \ t t 1 ng .  

Per 1 phera l f u e l  a s semb l y  upper sec t 1 on 
wtth 1 f u e l  r od and s ome gu 1 de tube 
upper segme n t s  ( core 1 ns tr umen t  s t r 1 ng 
1 s  m1 s s \ ng ) .  

a .  Stored 1 n  dr ums for  pos s 1 b l e  f ut u r e  exam1 na t 1 ons . 
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l dent \ f 1 ca t 1 on 
Mar k t ng 

C - 157 

C - 156 

NJ  OOQ8 

NJ OORZ 

8-1 81  

L -05 1 

N J  OOUV 

NJ OORI 
C - 1 67 

N J  OORO 
C - 1 42 

N J  OORR 
C- 1 23 

N J  OOUU 



TAB L E  3 .  FUE L  C AN I ST E R  0-1 5 3  CONTE NTS 

Canhter  
I tem 

N umbe r  

2 

5 

7 

ga 

1 0  

1 1  

1 2  

C o r e  
P o s 1 t 1 on Des c r 1 pt 1 on 

K4 Burnab l e p o 1 s on r o d  a s s embl y  r eta\ner 

Gl 4 Bur nab l e po i son r od a s s embl y  r e ta i ner  

08 F ue l  a s s embl y  pa r t i a l  upper end f\t t 1 ng 
Cont r o l  rod  a s s embl y  upper end f\t t i ng 

G3 F ue l  a s s embl y  par t 1 a l  upper end f\t t\ng 
Con t r o l  r od a s s emb l y  upper end f\t t i ng 

E 2  Per\pher a l  f u e l  a s s emb l y  upper end 
( w\thout  f u e l  r o d s )  

0 1 0 B u r nab l e  po\s on  r o d  a s s embl y  par t\a l  
upper e n d  f\t t 1 ng 

R7  Per\ph e r a l  fue l  a s s emb l y  upper  end 
f H t 1 ng c or ne r  

P 6  F u e l  a s s emb l y  par t\a l  upper end  f\t t\ng 
Con t r o l  r od a s s embl y  upper end f 1 t t 1 ng 

BB F ue l  a s s embl y  pa r t i a l  upper end f 1 t t 1 ng 
Con t r o l  rod  a s s emb l y  upper end f 1 t t 1 ng 

04 Fue l a s s emb l y  par t 1 a l upper end f i t t i ng 
C on t r o l  r o d  a s s emb l y  upper end  f\t t 1 ng 

Fl 4 Con t r o l  r o d  fuel  a s s emb l y  upper end 
f HUng c o r ner  

06 APSR fuel  a s s embl y  par t 1 a l  upper end 
f HUng 

B 1 0  Fue l a s s emb l y  par t i a l upper end  f\t t 1 ng 
Con t r o l  rod a s s emb l y  upper end  f 1 t t i ng 

a .  Stored 1 n  drums for pos s i b l e  fut u r e  exami na t i on s . 
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Ide nt\f\c a t 1 on 
Mar k 1 ng 

l045 

L037 

M 1 s s 1 ng 
C-1 44 

Mhs 1 ng 
C-1 78 

NJ OOUZ 

NJ OOSU 

NJ OOTL 

NJ OOUP 

NJ OOUB 
C-1 24 

N J  OOPV 
C-1 55  

NJ OOUQ 

NJ OOUA 

NJ OOUA 
C - 1 32 



15 

14 

13 

12 

11 

10 

9 

8 

7 

6 

5 

3 

2 

1 

A 8 c 0 E 

8PR � 
OR BPR CR BPR N 

� 8PR CR 

� � BPR APSR BPR 

BPR CR 8PR CR 

� 8PR � 8PR 

BPR � 8PR CR 

CR 8PR � BPR 

CR BPR CR 

BPR � 8PR 

8PR CR 

� 
A 8 c 0 E 

OR Orifice Rod 
Assembly 

CR Control Rod 
Assembly 

BPR Burnable Polson Rod 
Assembly 

F G 

� � 
BPR CR 

iAPSR BPR 

8PR CR 

CR BPR 

8PR CR 

CR BPR 

BPR CR 

CR BPR 

BPR CR 

APSR BPR 

8PR � 
CR BPR 

F G 

t 
N 
I 

H 

CR 

8PR 

CR 

BPR 

CR 

BPR 

� 
BPR 

CR 

8PR 

CR 

BPR 

CR 

� 
H 

K L M N 0 p R 

� � 15 

BPR CR 14 

CR 8PR CR 8PR 13 

BPR APSR BPR CR BPR 12 

CR BPR CR BPR CR 11 

BPR CR BPR APSR � CR 10 
CR BPR � � CR BPR 9 

BPR � BPR CR BPR CR 8 

CR BPR CR BPR CR BPR � 7 

BPR CR BPR APSR BPR � 6 

CR BPR CR BPR CR 5 

� APSR BPR CR BPR OR 
N 

CR � CR BPR 3 

BPR CR 2 

K L M N 0 p R 

APSR Axial-Power-
Shaping Rod 
Assembly 

N Primary Neutron 
Source 

� Components removed 
7·1833 

F 1 gure  1 2 .  T M I - 2  core l oad \ ng d \ agram s how \ ng l oca t \ on s  of componen t s  r emoved f r om can 1 s ter s 0 - 1 4T and 0 - 1 5 3 .  
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3. SAMPLE E XAMI NAT I ON AND ANALYS I S  ME THODS 

Tab l e  4 summar i zes  the s pec i f i c  exami na t i on s  tha t  wer e  per formed on 

the TMI -2 d i s t i nc t  core componen t s  and c a t egor i ze s  the exam1 na t 1 on s  as 

nondes truc t i ve and de s t ruc t i ve .  As wa s des c r i bed 1 n  Sec t i on 2 ,  a l l  

components  r emoved f r om the THI -2 c o r e  wer e  v i ewed i n  s i tu ,  v i a  c l o s ed 

c i r cui t t e l ev i s i on ( CCTV) . These  obs e r va t 1 on s  he l ped to 1 den t 1 fy the 

l oc a t i ons i n  the core  f r om whi ch the c omponen t s  wer e  r emoved and  to  

eva l uate  the phys i ca l  c ond i t i on and appea rance  o f  each c omponen t pr i or to  

r emova l f r om the r eac tor ves s e l . 

Fol l owi ng r ec e i p t  of  the shi pp i ng can i s ter s a t  the I N E L  TAN hot c el l s ,  

a l l  components  r emoved f r om the can i s ter s wer e  aga i n  v i s ua l l y  exami ned and 

wer e  photographed . Gr o s s  and spec t r a l  gamma s c a n s  and neutr o n  r a d i ograph1 c 

exami na t i ons  o f  the fue l and c o n t r o l  rods  a l so p r o v i ded i mpo r tant  

i nforma t i on us ed i n  the s e l ec t i on o f  s pec i f i c  samp l e s f o r  add i t i onal  

ana l yses . Thi s sec t i on br i ef l y  desc r i be s  the t ec hn i ques used to  perform 

the var i ous exami na t i ons and the i n forma t i on obta i ned f r om each .  

3. 1 Nonde s t r uc t i ve E xami na t i on s  

A s  shown i n  Tab l e  4 ,  nonde s t r uc t i ve exami na t i on s  o f  t he TMI - 2  d i s t i nc t  

c o r e  c omponen ts  i nc l uded CCTV v i deo tapes , photographs tha t  wer e  taken i n  

the I N E L  TAN ho t ce l l ,  neut ron rad i ographs tha t  wer e  taken o f  s pec 1 f 1 c  fuel 

and c o n t r o l  r ods , and gamma scans  o f  s ome o f  the same fue l a nd c on t r o l  rods 

on whi ch neut ron  rad i ography wa s performed . 

3. 1. 1 V i deo Tapes ( CCTV ) 

The i n  s i tu v i deo tapes wer e  taken wi th a n  underwa ter  camera wi th a 

l i ght s our c e  tha t  p r o v i ded a v i ewi ng r a nge o f  2 - 3  feet  i n  c l ea r  wa ter , but 

maybe o n l y  a few i nc he s  i n  tur b i d  wa ter . The t u r b i d i ty o f  t he wa ter  1 n  the 

THI -2 ve s se l  changed f r om t i me to  t i me dur i ng the un l oad i ng proces s .  
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TABL E 4 . TM I -2 D I ST I NC T  CORE COMPONE NT E XAMI NATI ON PROGRAM 

Nonde s t r uc t \ ve E xams Des t r uc t i ve E xams 

I n  S \ tu Hot Cel l Neu t ron Ganwna Chemi c a l  
Component CCTV Photograph Rad i ograph Scans Meta l l ography Compos i t i on Rad \ ochem \ c a l  

F ue l  a s s emb l y  upper end X X 
f H t \ ngs 

Con trol  and burnable X X 
poi son rod as semb l y  
upper end f \ t t i ngs 

IV 
\D 

xa xa F uel  rod upper ends X X X X X 

Con trol  rod upper ends X X X X X xa xa 

a .  E xam\ na t \ on s  \ n  proges s .  



The v 1 deo tapes prov 1 ded a mean s  for  obser v 1 ng and r e c or d 1 ng t he 

i n i t i a l  cond1 t 1 ons  of the core  f o l l ow 1 n g  t he a c c 1 dent  and for  1 den t 1 f y 1 ng 

the or 1 g i na l  l oca t i on of  the d 1 s t i nc t  c ompone n t s  a s  they wer e  r emoved f r om 

the core  and l oaded i nto  the shi p p i ng c an 1 s ter s . 

3 . 1 . 2  Hot Cel l Photography 

A var i e ty of photographs ( 35 mm ,  Pol ar o i d ,  b l a c k  a n d  whi t e , c o l or , 

etc . )  were  taken of a l l the d i s t i nc t  c omponen t s  a s  they wer e  r emoved f r om 

the can i s te r s  and a s  they wer e  v i s ua l l y  exam1 ned i n  the hot c e l l .  

Photographs wer e  u s ua l l y  taken of a l l  s i x  o r i en ta t i on s  ( the four  s i de s , 

top , and bottom). The res u l t s  of  the s e  exami na t i on s  a r e  d i s c u s s ed i n  

Sec t 1 on 4 .  V i sual  observa t i ons  and photographs p r o v i ded t he bas i s  for  

i den t i fyi ng pr i or mol ten , or  o therw1 s e  damaged a r ea s , for  e s t i ma t i ng fuel  

and other componen t temperatures  tha t  occ u r r ed dur i ng the a c c i den t , and  for 

s e l ec t i on of fuel and c o n t r o l  r od s ec t i ons  f r om whi c h  samp l es were 

s ubsequen t l y  taken for add i t i onal  ana l ys e s . 

3 . 1 . 3  Neutron Radi ography 

Neut r on rad i ography was per formed on  22 fuel  rods , 7 c on t r o l  r od s , and 

7 gu i de tubes from the C7  and Hl  f ue l  a s sembl i e s . The mea s u r emen t s  were  

per formed a t  the Coup l ed Fa s t  Reac t i v i ty Mea s ur emen t  Fac 1 l i ty ( CFRMF ) at  

the INEL . I nd i v i dua l  r ods  were  packaged in  a l umi num c y l i nder s tha t  were  

tran spor ted to the reac tor  fac i l i ty in  l ead shi e l ded t r a n s po r t tube s . 

I nd i v i dua l tubes were  p l aced ver t i ca l l y  over the entrance  t o  t he 

rad i ography por t on the r eactor  and the top end cap  r emoved . A cab l e  wa s 

then c onnec ted to the handl i ng r 1 ng a t tached to  the top  of  the a l umi num 

c y l i nder , and the c y l i nder wa s l i f ted o f f  the bot t om s ur face  of  t he 

t r a n s por t tube . The bot t om end cap  on  the t r a n s por t t ube wa s then r emoved 

and the a l umi num c y l i nder , l owered i n to  the r eac tor . 

The neu t r on rad i ography fac i l i ty a t  the C FRMF u s e s  a n  ep i therma l  

neutron  fl ux a t  a l ower l evel  o f  1 00 kW . E xper i ments  wer e  per formed t o  

determi ne the nec e s s a r y  i r ra d i a t i on per i od to  obta i n  r a d i ographs w i t h  the 
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bes t  r e s o l u t 1 on .  
appropr 1 a te u s \ ng 

CF RMF . 

I t  wa s determ1 ned t h a t  a one hour 1 r rad1 a t 1 on wa s 
the dyspros \ um r a d 1 ography f o 1 1 s  norma l l y u s ed a t  the 

3 . 1 . 4 Ga� Spec t r oscopy 

Ga� s pec troscopy measuremen t s  wer e  per formed u s 1 ng a ga� 

s pec trosc opy s y s tem deve l oped a t  the  I NE L . The s y s t em 1 s  c omposed of  a n  
I BM PC-ba s ed da ta  acqu 1 s 1 t 1 on a n d  c on t r ol s y s t em ,  a h 1 gh r a t e  ORT E C  

\ n tr 1 n s 1 c  ger.an \ um detec tor , a 1 4  e m  t h 1 c k  t ungs ten c o l l \ ma tor s y s t em ,  and 
a scann \ ng bed t ha t  can be used w1 t h  samp l es up t o  1 4  ft \ n  l eng t h . 

To per form t h \ s  a na l ys 1 s ,  eac h  rod or gu 1 de/tube was p l ac ed \ n  a 
s ea l ed a l um\ num t ube wh \ ch wa s p l aced on t he s pec t r ome ter scann \ ng bed . 

Th 1 s  a l l owed t h e  r od s  to  be t r an s l a ted pa s t  t he c o l l \ma ted detec tor a t  a 

c on t ro l l ed rate  of  s peed . 

The gr o s s  ga� scan of  eac h r od wa s per formed t o  c harac t er 1 ze t he 
d 1 s tr 1 bu t 1 on of  g r o s s  rad \ oac t \ v \ t y and t o  \ den t \ f y l oca t \ ons  o f  s pec \ a l  
1 nteres t .  Th 1 s  wa s f o l l owed by 1 so t op \ c  mea s u r emen t s  a t  approx \ ma te l y  3 em 
t nter va l s  and a t  l oca t t on s  of  1 n teres t determ\ ned f r om the gr os s scan 
1 n forma t 1 on .  F rom t he twent y -n 1 ne rod s ec t 1 on s  tha t wer e  ga� - s c a nned , 
f 1 ve wer e  chosen t o  prov \ de samp l es for  des t r uc t \ ve a na l ys t s .  

3 . 2  Oes t r uc t \ ve E xam1 na t 1 on s  

F ue l  r od s  3-30 a nd 3 - 4 2 ,  c on t r o l  r o d  3- l C ,  c o n t r o l  rod gu \ de 
tube 3-l G ,  and the c on t r o l  r od/gu \ de t ube c omb \ na t \ on 3-1 4C/G f r om the 
0 - 1 4 1 -3  pa r t \a l  fuel  a s semb l y  were  s e l ec ted for  des t r uc t \ ve exam\ na t \ on s . 

The s e  par t \ cu l a r  rods wer e  c hosen to  prov \ de da ta  on 1 n ter 1 or and exter \ or 
r od pos 1 t 1 ons \ n  the fuel  a s s emb l y  f r om core  pos \ t \ on C 7 , and on f u e l  rods 

l oca ted bot h  adj acen t to and awa y  f r om con t r o l  rod pos 1 t 1 on s . 

Three t ypes of  des t r uc t \ ve exam\ na t \ on s  wer e  per formed : 
me ta l l ograph y ,  r a d \ ochem\ s t r y ,  and  c hem\ ca l c ompos \ t \ on ( e l emen ta l 
a na l ys 1 s ) .  The spec 1 f 1 c  \ nforma t \ on ob ta \ ned f r om each  t ype of  exam1 na t 1 on 
1 s  d 1 scus s ed be l ow .  
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3 . 2 . 1  Me ta l l ography 

The i n 1 t 1 a l  me ta l l ograph i c  exami na t i on s  of  the d 1 s t 1 nc t  componen t s  

f r om the TMI - 2  c o r e  used on l y  op t 1 ca l  me ta l l ograph y , a n d  t h e  v i sua l  

exam1 na t 1 ons  p r o v i ded da ta o n  the extent  o f  fue l and  z i r c a l oy o x 1 da t 1 on ,  

fue l gr a i n  s i ze and poros i ty ,  ma ter 1 a l  beha v 1 or , and 1 n terac t 1 on s  be tween 

the d i fferent  core  ma ter 1 a l s .  I n  add i t i on, t h e  obser va n c e  o f  p r 1 or mo l ten 

c o n t r o l  r od ma ter 1 a l s  and phase  c ha nges i n  the  z 1 r c a l oy c l add i ng were  

us eful  in  e s t ima t i ng pea k tempera tur e s . 

The opt i ca l  meta l l ography tech n i que i nvo l ve s  v 1 ew1 ng h\gh l y  pol i s hed 

pa r t i c l e s  us i ng a l i gh t  m i cr oscope at mag n i f\ca t i on s  up to a bout 500X . I n  

add i t i on ,  the samp l e s  a r e  of ten t r eated wi t h  e t c h a n t s  t o  h i gh l i gh t  gra i n  

bounda r i es and sec onda r y  pha ses . A bra s s  h o l der  1 s  used t o  moun t the 

samp l e  i n  a l ead/bi smuth a l l oy .  The a l l oy 1 s  me l ted ( me l t i ng po i nt 

1 23 . 9 °C) i n  a me ta l beaker and then pour ed i n to  a prehea ted br a s s  moun t . 

The samp l e  

fac i ng up . 

sur face i s  

i s  then p l aced 1 n  the mount wi t h  the sur fac e to  be e xami ned 

I f  the samp l e  s houl d f l oa t, i t  i s  h e l d  down so t h e  exami na t i on 

even wi t h  the sur face  of  the l ead/bi smuth a l l o y . 

The fol l owi ng gr i nd i ng and pol i shi ng sequence wa s used for  the  TMI -2 

core debr i s  par t i c l es :  

1 .  Coa r s e  gr i nd wi t h  wa ter - l ubr i ca ted s i l i con ca r b i de 1 20 gr i t  paper 

wi t h  a wh i r l ama t .  

2 .  Med i um gr i nd wi t h  240 and 400 gr i t  paper . Wa s h  be tween gr 1 t  

s i zes . 

3 .  F i na l  gr i nd wi th  600 gr i t  paper . 

4 .  I n i t i a l  pol i sh w i th a m i ne r a l  o i l -t ype f l u i d  l ubr i ca ted b y  6 pm 

d i amond gr i t  on a hard  paper wi t h  a wh i r l ama t . 

5 .  F i nal  pol i s h wi th  3 pm d i amond gr i t  on a s hor t nap n y l on . 
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I n  genera l ,  a swab-e t c h \ ng tec h n , que wa s u s ed , w \ t h  the e t c h \ ng t \me 

var y \ ng ,  depend \ ng on whether a heavy or 1 \ ght  e t c h  wa s appr opr , a te . The 

f o l l ow\ ng fuel etchant  wa s u s ed for c eram ' c  ma t er , a l s  because  a l l  the 

debr \ s  samp l es wer e  ceram \ c  and conta \ ned uran \ a : 85% H2o2 and 1 5% 
H2so4 . 

A z \ r c a l oy e t c h  \ s  u s ed for the z \ rca l oy c l add \ ng ma t er \ a l s , but t h \ s  

e t c h  1 s  a l so u s e f u l  for  e t c h 1 ng the  Ag- I n -Cd c on t r o l  r od ma ter \ a l s .  Th \ s  
etcha n t  cons \ s t s  o f  t h e  f o l l ow \ ng 1 ngred \ en t s : 

• Lac t \ c  Ac \ d  5 5% 

• N 1 t r \ c  Ac \ d  1 9% 

• Wa ter  1 9% 

• Hydro f l uor \ c  Ac \ d  1% 

3 . 2 . 2  Rad \ onuc l \ de and E l emen ta l Ana lyses  

The  obj ec t \ ve s  o f  per form\ ng r ad \ onuc l \ de and  e l emen ta l  ana l yses  on  
the  TMI - 2  d \ s t \ nc t c omponent s  a r e  t o  c ha r a c ter \ ze the  d \ s t r \ bu t \ on of  

f 1 s s \ on produc t s  and core s t r uc tu r a l ma t er 1 a l s  on s u r faces  1n  the upper 

core  r eg \ on , and to eva l ua t e  the r e ten t \ on of  f \ s s \ on pr oduc t s  \ n  \ n tac t 
fuel  ma ter \ a l . T o  c ha r ac ter \ ze the d \ s t r 1 bu t \ on o f  r a d , onuc l \ des a nd/or 

s tr uc t ur a l  c omponen t s  on s u r faces  1 n  the upper c or e  r eg \ on ,  two me thods 
wer e  u s ed : ( a )  the  1 n tac t f ue l  r od s , c o n t r o l  r ods , and gu \ de tubes wer e  
ana l y z ed us , ng ga� spec t r osc opy t o  eva l ua t e  the d \ s t r \ bu t , on of  t he 
depos \ ted f \ s s \ on p r od uc t s , and ( b )  t h \ r teen samp l es we r e  obta \ ned f r om t he 
\ n tac t r od s  for  quan t 1 ta t 1 ve rad \ oc h em1ca l and e l emen ta l ana l yses . 

To eva l ua t e  f \ss \ on pr oduc t r e t en t \ on ' n  the \ n t a c t  f u e l  ma ter , a l , 

gamma s pec t r oscopy mea su r emen t s  wer e  made on the fuel  r Qds  to  determ\ne  t he 
var 1 a t \ on \ n  f 1 s s 1 on produc t gener a t \ on \ n  the f ue l ed por t \ ons  of  the 
r od s . A l s o ,  samp l e s  of  the  r ods wer e  obta \ ned for a quan t \ ta t , ve 
measur emen t o f  f 1 s s 1 on pr oduc t r et en t \ on \ n  t he \ n tac t f u e l . 
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3 . 2 . 2 . 1  Samp l e  Hafld l i ng and Ana lys i s  Me thods . The i n i t i a l a na l ys i s  

per formed on the i n tac t f ue l  rods . c on t r o l  r od s . o r  g u i de t ube s ec t i on s  was 

gamma spec tros copy . wh i c h wa s desc r 1 bed above under nonde s t r uc t 1 ve a na l ys 1 s  

tec hn i ques . 

F o r  the fuel ma ter i a l  ana l yses . the f u e l  pel l e t s  wer e  r emoved f rom the 

c l add i ng and d i s so l ved us i ng 5 � n i t r i c  ac i d  i n  a c l o sed s y s tem,  wh 1 c h  

a l l owed the vol a t i l e  I -1 29 t o  be r eta i ned and ana l yzed . Rad 1 oac t 1 ve 

tracer s were i nc l uded for  I -1 29 and Sr -90 to  eva l ua t e  l os s e s  o f  these  

f i s s i on pr oduc t s  on the s ur faces o f  the d i s so l u t i on appa r a t u s . 

F or the c l add i ng ,  control  r od .  and gu 1 de tube s amp l e s . the ends  o f  the 

i ntac t tubes or r ods  wer e  sea l ed so that  the r ad i on uc l i de depo s i t 1 on on the 

i nner and outer s ur faces of the tubes c o u l d  be ana l yzed sepa r a te l y .  The 

exter i or and i n ter i or s u r face l eaches  wer e  done sepa r a te l y u s i ng 6 � 

hydroc h l or i c  ac i d .  Tracer s wer e  i nc l uded i n  the l ea c h  samp l es for  I -1 29 

and Sr -90 . Two samp l e s  wer e  not c omp l e te tube s . and therefore  both  

s u r faces ( i n s i de and ou t s i de )  wer e  l eac hed at  the  same t i me .  Ba sed on t he 

v i sual  appearance of  the samp l e s  and a ser \ es of  r epea ted l eaches  per formed 

on s i mi l a r  sampl es . onl y s 1 ng l e  l eaches  wer e  per formed o n  t he r ema i nder of 

the samp l e s . 

A l i quots of the l ea c h  and d i s s o l u t i on s o l u t i ons  wer e  obta i ned f o r  the 

fol l owi ng ana l yses : ( a )  quan t i ta t i ve gamma s pec t r o s c opy . ( b )  f i s s i l e 

ma ter i a l  ( U-235 ) .  ( c )  Sr -90 . ( d )  I - 1 29 ,  and ( e )  e l emen ta l  c ompo s i t i o n .  

3 . 2 . 2 . 2  Gamma Spec t r o s c opy . The i n i t i a l  r a d i ochemi c a l  a na l ys i s  

per formed on the samp l e  a l i quots  wa s gamma s pec t r o s c opy . An a l i quot  o f  the 

l ea c h  sol u t i on wa s d i l uted to 60 ml a nd ana l yzed at c a l i br a ted d 1 s tances  

f r om the  germa n i um detec tor rangi ng up to 1 95 em.  depend i ng upon  the 
ac t i v i ty of  the samp l e .  T�e s pec tra  obta i ned f r om the  samp l e s  wer e  then 

ana l yzed wi th  a c omputer i zed gamma s pec t r o s c opy s y s tem u s 1 ng a VAX c omputer 

( ana l y s i s  program GAP ) . Th i s  p r ogram i den t i f i es the  r a d 1 o n uc l 1 des  

a s soc i a ted wi th  the gamma-ray  energy peak s  a n d  de term i ne s  the 1 r  em1 s s 1 on 

rates  cor rec ted for detec tor e f f 1 c 1 en c y . random pul s e  s umm i n g .  a nd decay 
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dur \ ng ana l ys \ s .  The equ \ pment used wa s fabr \ ca ted by E G&G I daho , I nc . and 
c a l \ br ated  us \ ng s tanda r d  ma t er \ a l s  f r om the Na t \ ona l Bureau o f  Standa r d s . 

The uncer tatn ty  a s s oc \ a t ed w1 t h  gamma s pec t r o sc opy ana l ys 1 s  1 s  l e s s  
t ha n  1 5% .  However , v\ th samp l 1 ng a n d  ca l \ br a t \ on uncer ta \ n t \ es , the t o t a l  

. uncer ta \ n t y  \ nc reas e s  t o  a ppr ox \ ma te l y  2 0% ,  w1 th  t h e  excep t \ on of  t hose 

rad 1 onuc l 1 de s  whose  concen t r a t 1 ons  wer e  determ1 ned us 1 ng l ow energy gamma 

rays  ( e . g . , E u - 1 55 ) .  F or t h \ s  l a t ter ca t egor y ,  the tota l uncer ta 1 n t y  1 s  
a pprox\ ma t e l y  30%. 

3 . 2 . 2 . 3  f 1 s s 1 1 e/Fer t \ l e Ana l yses . The f 1 s s 1 l e ma ter 1 a l  content  o f  
a l l l each sol u t \ on s  wa s mea s ur ed by neu t r on ac t 1 va t 1 on/del ayed neut ron 
anal ysts a t  the Coup l ed f a s t  Reac t 1 v \ ty Mea s urement f ac \ 1 \ ty ( CF RMF ) at t he 
I NE l . The tota l f \ s s 1 1e c on tent o f  the samp l es wa s mea s ured by r emotel y 
e x pos \ ng 1 nd 1 v 1 dua l 1 - by 5 -cm c y l \ nder s conta \ n \ ng 1 \ qu \ d  samp l e  ma ter \ a l  

t o  a therma l neu t r on f l u x , caus 1 ng the U -235 and Pu -239 w1 th 1 n  t he samp l e  

to f 1 s s \ on a n d  em\ t de l a yed neut r on s . I t  wa s a s s umed that  the quan t \ ty o f  

Pu-239 wa s 1 ns \ gn \ f \ ca n t  ( <2 wt% of  t h e  U -235 based o n  t heor e t 1 c a l  

pr ed \ c t \ ons ) .  Th \ s  t ec hn 1 que has a n  uncer ta \ nt y  of  ± 1 0%  when 

\ n s 1 gn 1 f 1 ca n t  amount s  of  neu t r on absor be r s  are presen t  1 n  the samp l e . To 
determ\ ne 1 f  s 1 gn 1 f 1 cant  quan t 1 t 1 es  of the neu t r on absorbe r s  ( boron , 
s 1 l ver , \ nd \ um ,  or cadm1 um )  wer e  presen t , e l ementa l ana l ys e s  were  a l so 
per formed on the samp l e s  by tnduc t \ ve l y  coup l ed p l a sma spec troscopy ( I C P ) .  

3 . 2 . 2 . 4  Sr -90 Ana l ysts . The Sr -90 content  of  a l l  a l \ quot s  was 
mea s u r ed us 1 ng 1 1 qu 1 d  sc 1 n t 1 l l a t 1 on ana l ysts . I n  t h \ s proces s , an  a l \ quot 
of  t he l each  or  d \ s so l u tton s o l u t 1 on that con tatns  the s t r on t \ um car rter 

and t racer a r e  s ubj ec ted to a ser 1 es of  p r ec \ p \ ta ttons wh \ c h sepa r a te Sr -90 
from t he o ther ma ter 1 a l s  present  tn the samp l e . The sepa r a ted Sr -90 then 

unde r goes beta a na l ys \ s  \ n  a 1 1 qu 1 d  sctn t 1 1 l a t 1 on counter ( Packard T r \ c arb  
3385 ) .  The tota l uncer ta 1 nt y  a s s oc \ a ted w\ th th 1 s  ana l y sts ts  ± 1 0 - 20%. 

3 . 2 . 2 . 5  I - 1 29 Ana l ysts . The 1 -1 29 ana l ysts on a l l  a l tquo t s  wa s 

per formed us \ ng neut r on ac t 1 va t 1 on ana l ysts . T he 1 - 1 29 wa s vo l a t \ 1 \ zed 

dur \ ng the d 1 s s ol u t 1 on of the samp l e  ma ter \ a l  and , a l ong w1 th  the 1 - 1 31 

t racer , wa s trapped \ n  a d 1 1 ute s od 1 um hydr ox 1 de s o l u t \ on .  The I - 1 3 1 
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t racer  wa s u sed to  determ 1 ne the  amo u n t  o f  1 - 1 29 l o s t  on s urfaces  d u r i ng 

t he d i s s o l ut i on . The 1 - 1 29 wa s s epa r a ted f r om the s o l u t 1 on u s i ng a n  

organ i c  sepa r a t i on s  tec h n i que . The  samp l e  wa s then ac t i va ted wi th  

s tanda r d s  i n  t he Advanced Te s t  Rea c t o r  ( AT R ) and  a n a l yzed us i ng gamma 

spec t r o s c opy for the neu t r on a c t i va t i on p r oduc t 1 - 1 30 ,  f r om wh i c h  the 1 - 1 29 

content c o u l d  be ca l c u l a ted . The uncer ta i n ty  a s soc i ated  w i t h  t h i s  a na l ys i s  

i s  appr o x i ma t e l y  ±1 0-1 5% .  

3 . 2 . 2 . 6  E l emen t a l  Ana l ys e s . The e l emen t a l  a na l ys e s  per formed on  the 

a l i quots of  the l ea c h  s o l u t i ons  wer e  per fo r med to determi n e  the qua nt i t i es 

of core  s t r uc t u r a l  componen t s  depo s i ted on  s u r fa�es  wi t h i n  t he core  

r eg i on . E l emen ts  for wh i c h ana l yses  wer e  per fo rmed are  Ag , A l , B ,  Cd , Co , 

Cr , F e ,  Gd , I n ,  Mn , Mo , N i , Nb , S i , Sn , U ,  and Z r . Th i s  a na l ys i s  i s  

per formed u s i ng i nduc t i ve l y  coup l ed p l a sma ( I CP ) s pec t r o s c opy . The 

tec h n i que has an  uncer ta i n ty of l e s s  thaR 1 0% .  
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4 .  V I SUAL E XAMI NAT I ON DAT A AND T E MPE RAT URE E ST I MAT I ON 

Th \ s  s ec t \ on presen t s  r epresen t a t \ ve r es u l t s  f r om v 1 s ua l  exam1 na t 1 on s  
of  t h e  d \ s t \ nc t c omponen t s  f r om t h e  upper r eg 1 on s  of t h e  TM I -2 c or e .  
V \ s ua l  e xam\ na t \ on s  prov \ ded \ nforma t \ on on the peak t emper a t ure  

. d \ s tr \ bu t \ on \n  these r eg \ on s  dur \ ng the  acc \ den t a s  we l l  a s  the phys \ ca l  
cond \ t \ on o f  the core f o l l ow \ ng t he acc \ den t . These t emper a t ur e  es t \ ma tes 
wer e  based upon the obser vance o f  the me l ted/unme l t ed boundar y  on  va r 1 ous  
componen t s . I n  a dd 1 t \ on , t he pos s 1 b 1 l \ ty ex 1 s ts of  a F e -Zr  eutec t \ c  

\ nterac t \ on between the z \ rca l oy gu \ de tubes and the 304 SS t \ e  p l a t e  and 
c o n t r o l  r od c ladd \ ng ,  and s \m\ l a r l y  a N \ -Zr  eu tec t \ c  1 n terac t 1 on be tween 

the z \ r c a l oy gu \ de tubes and the I nconel  s pacer gr 1 ds at a m1 n \ mum 
teape r a t u r e  of a pprox \ ma te l y  1 220 K .  At th \ s  t emperature , the  

s teel - z \ rc a l oy 1 n terac t 1 on \ s  bel \ eved to proc eed ver y s l owl y ;  however , at  
tempera tures above 1 470 K the r eac t \ on approaches equ 1 1 1 br 1 um \n  a ma t ter 

of  m\ nutes .
1 0  

I n  t he fo l l ow \ ng d \ s cu ss \ on s  o f  \ nforma t \ on obta \ ned f r om t he 

1 nd 1 v 1 dua l c omponent s , a l l  or 1 en ta t 1 ons a r e  r eferenced l ook \ ng down on the 

t op of  the a s s emb l y ,  and 1 t  1 s  a s s umed t ha t a l l  a s semb l i e s  had been l oa ded 
\ nt o  the TMI - 2  core  wi t h  t he end f \ t t \ ng 1 dent 1 f \ ca t 1 on ma r k \ ng s  fac \ ng the 

s ou t h  s \ de of t he c or e .  Consequen t l y ,  \ n  v \ ews l ook \ ng at the bot tom s \ de 
of a c omponen t ,  ea s t  and wes t appear sw\ tched f r om t he 1 r  norma l compas s  
pos \ t \ on s . 

Two of  t he c omponen t s , D-1 41 -3 and D-1 53-9 , wer e  upper end boxes f r om 
f ue l  a ssemb l i es tha t wer e  or \ g \ na l l y  \ n  c o r e  pos \ t \ on s  C 7  and  88 , 

r espec t i ve l y .  Both  these c omponen t s  conta \ ned r emnan ts of  f u e l  rods a nd 
c on tr o l  rods , f r om wh \ ch add \ t \ ona l samp l es wer e  obta \ ned for  deta \ l ed 

me ta l l ur g 1 ca l  and r ad 1 ochem1 c a l  a n a l y s es .  Photogr aphs of 
c omponen t s  D -1 41 -3  and D - 1 5 3-9 a r e  s hown \ n  F \ gures  1 3  and 1 4 ,  r e s pec t \ ve l y .  

Componen t D- 1 41 - 3  was \ n tac t f r om the upper spac er  gr \ d  t o  the top of  

the con t r o l  r od sp\ der a nd had  f ue l  and con t r o l  r od s  ex tend \ ng we l l  be l ow 
t he upper spacer gr \ d .  Most o f  t he f u e l  r ods were l a ter r emoved f r om the 
ass emb l y  and had l engths  r a ng \ ng f r om approx 1 ma t e l y  47 em ( 1 9 \ n . )  \ n  the 
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F 1 gure 1 3 .  Bo t tom v 1 ew of component 0 - 1 4 1 -3  a f te r  r emova l o f  mos t  fuel  
r ods . 
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f 1 gu r e  1 4 .  Bo t tom v 1 ew of  componen t D-1 53-9 . 
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sou thwe s t  c o r ner to  abou t 20 em ( 8  i n . ) 1 n  the  nor thea s t  c o r ne r . The 

control  rods  wer e  cut f r om the  a s s emb l y  j u s t  bel ow the  upper s pacer  gr 1 d ,  

and the r emoved sec t i on s  r a nged f r om app r ox 1 ma te l y 1 5  t o  38 em ( 6  to  

1 5  i n . ) i n  l ength . The  s ta i n l e s s  s teel  c l add i ng on  the l ower ends  o f  s ome 

of the control  rods  appea r ed to  have been p r ev i ou s l y  mel ted ; however , a l l  

the l ower ends o f  the z i r c a l oy c l add i ng o n  the f u e l  r od s  a ppeared  t o  have 

been broken o f f  i n  a br i t t l e  manner . The s e  fuel  r od c l add i ng f r a c t u r e s , 

a l ong wi th  some ben t end t i ps on  c o n t r o l  r od s , probabl y  occ u r r ed when th 1 s  

componen t f e l l to the debr i s  f l oo r  i n  the  r eac tor  o r  when 1 t  wa s l oaded 

i nto the cani s ter . 

The presence of  i n tac t s ta i n l e s s  s teel  c l add i ng on  t he c o n t r o l  r ods , 

wh i ch i n  some cases  wa s me l ted near the end t i ps , 1 nd i c a t e s  t emper a tures  

were  near 1 67 3  K ,  approx i ma te l y  20 to 2 5  em ( 8  to  1 0  i n . )  b e l ow the upper 

spacer gr i d  i n  the s ou thea s t  c or ner  and approx i ma te l y  35  em  ( 1 4  i n . ) be low 

the upper spacer gr i d  on the we s t  s i de o f  the a s s emb l y .  The p r es ence  of 

the i n tact  spacer gr i d  i nd i ca tes  tempe r a t u r e s  wer e  l e s s  than 1 533  K at th i s  

el evat i on .  

Some of  the fue l  and control  r od/gu i de tubes r emoved f r om t h i s 

a s s emb l y  were  exami ned by neu t r on r a d i ography and gamma s c a n n i ng and were 

then sec t i oned to obta i n  samp l e s  for  me ta l l ography and r a d i ochemi c a l  

ana l yses  of  s u r face  depos i t s .  T h e  r e s u l t s  of  t h o s e  exam i na t i on s  a r e  

pres ented i n  Sec t i on 5 .  

The greatest  damage to component D-1 53-9 occ u r r ed i n  the  nor thwe s t  

cor ner o f  t h e  as sembl y ,  par t i cu l a r l y  a l ong t h e  nor t h  s i de . The upper 

spacer gr i d  and t i e  p l a te wer e  i n tac t except in th i s  reg i on , w i t h  the 

damage to the t i e  p l a te l i mi ted to the ex t r eme nor thwe s t  c o r ner . Por t i ons  

of the apron wer e  a l s o  me l ted on the nor th and we s t  s i de s . Hos t  o f  t h e  

f u e l  and c o n t r o l  r od s  wer e  i n tac t 2 0  to  25  em bel ow the  u p p e r  s pacer  gr i d  

on the southea s t e r n  ha l f  o f  the as s emb l y .  Peak tempe r a t u r e s  exc eeded 

1 673 K i n  the extreme nor thwe s t  c o r ner  of  the a s s emb l y  at the t i e  p l a te 

el evat i on ,  but were  genera l l y l ower than t h i s  ac r o s s  t he en t i r e t i e  p l a te .  

Temperatures  wer e  h i gher than 1 533 K o n  the nor thwes t e r n  ha l f  o f  the 

as semb l y  at the upper spacer gr i d  e l e va t i on ,  but  wer e  l ower than t h i s on  
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the s ou thea s tern  s \ de . I n  the e x t reme southea s te r n  c or ner , appro x 1 ma t e l y  
25 e m  bel ow t h e  upper s pacer gr 1 d ,  t he peak temperatures  wer e  near 1 67 3  K .  

Thes e  peak t empera tures  wer e  e v \ denced by par t \ a l l y  me l ted con t r o l  r od 
c l add \ ng ( f \ gure  1 4 ) .  

Oeta \ l ed desc r \ p t \ ons  of  a l l  the  componen t s  r emoved f r om 

c an \ s te r s  0 - 1 4 1  and 0 - 1 53 a r e  prov \ ded \ n  Append \ x  0 .  
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5 .  F U E L  AND CBNTROL ROD SAMPL E CHARACTE R I ZAT I ON AND SE L E CT I ON 

F uel  and c o n t r o l  r ods  wer e  r emoved f r om two par t 1 a l  f u e l  a s s embl 1 e s  

for deta i l ed exam1 na t 1 ons . One hundred a n d  n 1 neteen f u e l  r od s  a n d  a l l  

1 6  control  r od/gu i de tubes wer e  r emoved f r om c omponent D-1 41 - 3 ,  wh 1 c h  had 

been l oca ted i n  core pos i t i on C7 . E l even fuel  r od s  wer e  r emoved f r om 

component D-1 41 -1 1 ,  wh i c h wa s a per i phe r a l  fuel  a s s embl y  l oc a ted 1 n  core  

pos 1 t 1 on Hl . As the  fuel  rods  wer e  r emoved f r om the a s s emb l i e s , they were 

numbered consec u t i ve l y  a s  3-1 , 3-2 , 3-3 t h r ough 3-1 1 9  or 1 1 - 1 ,  1 1 -2 ,  1 1 -3 

through 1 1 -1 1  for c omponen t s  number ed D-1 41 -3 and  D-1 41 - 1 1 , r e s pec t 1 ve l y .  

A l s o , the control  r od and gu i de tube s egmen t s  tha t were c u t  f r om D-1 43-3 

wer e  number ed 3-l C thr ough 3-1 6C or  3-l G thr ough 3-1 6G . L e t ter  C i nd i cates 

a con t r o l  rod , a l e t ter  G i nd i ca t e s  gu i de tube , and l e t ter s C/G i nd i cate  a 

con t r o l  r od/gu i de tube c omb � na t i on .  The l oca t i on s  o f  a l l  the r ods  that 

wer e  r emoved f r om the i r  r espec t i ve a s s emb l i es are s h own i n  F i gures  1 5  

and 1 6 .  F or conven i ence ,  those r od s  a r e  i den t i f i ed tha t wer e  s ubs equen t l y  

s e l ec ted for  neut r on r a d i ography , gamma scann i ng ,  and , i n  s ome c a s e s , 

des t r uc t i ve exami na t i ons . 

The D-1 41 -3  pa r t i a l  fuel a s s embl y  c omponent wa s l oaded 1 n to  the 

can i s ter wi th  the fuel and control  rods p o i n t i ng upwa r d . When a t t empts  

were made to r emove the en t i re componen t ,  the fuel  r od s  became s tu c k  on the 

l i p  of  the can i s ter , and c onsequent l y  i t  wa s dec i ded to  p u l l mos t  o f  t he 

fuel rods  out of  the a s s embl y  befor e  r emo v i ng the r e s t  o f  the c omponent . 

The or i enta t i ons  of  a l l the fuel  r ods  i n  the a s s emb l y  wer e  l a ter  determi ned 

by not i ng the or i enta t i on of the a s s emb l y  wi th  r e s pec t to ma r k i ngs  on the 

s h i pp i ng can i s ter dur i ng wi thdrawa l . One hund r ed and  s i x  fuel  r ods  were 

pul led f r om component D - 1 4 1 -3 before the rest  o f  the c omponent c o u l d  be 

removed f r om the cani st er . F o l l owi ng v i s ua l  exami na t i on s  and  photography 

of  the componen t ( s ee Sec t i on 3 ) , the 1 6  c o n t r o l  r od/gu i de t ubes wer e  c u t  

off appr oxima t e l y  2 to 7 e m  be l ow t h e  upper s pacer  gr i d  bec a u s e  the s p i der 

could  not be removed f r om the end f i t t i ng .  Dur i ng t h i s oper a t i on an 

add i t i ona l ten fuel rods  tha t wer e  s tuck  i n  the upper s pacer  gr i d  wer e  a l so 

cut o f f ,  and  three other fuel rods  wer e  a b l e  t o  be pul l ed o u t  once s ome o f  

the other rods  wer e  r emoved . 
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Al l el even fuel  rods r emoved f r om c omponen t  D - 1 41 -1 1 were  s 1mp l y  

pul l ed out o f  the fue l  a s s emb l y  upper s pacer  gr i d .  N o  c ut t 1 ng wa s r equ i red 

to remove t hem . The few r ema i n i ng empty  gu i de tube r emnan t s  wer e  c ut o f f  

and d i sca rded . 

The l engths  of  a l l  the fuel  a n d  c on t r o l  r o d s  wer e  mea s u r ed to  a s s i s t 

i n  s e l ec t i ng r od s  for fur ther  exami na t i on , except f o r  the l a s t  t h i r teen 

fuel rods  f r om D-1 4 1 - 3 ,  wh i ch wer e  e i ther  cut or  d i s c a r ded . I t  s ho u l d  be 

res ta ted tha t the mea s u r ed c o n t r o l  rod l engths  a r e  mea s u r e d  o n l y to where 

they were  c u t ,  app r ox i ma t e l y 2 to  7 em bel ow the upper s pa c e r  gr i d .  The 

approx i mate  l engths  i nc l ude bot h  the  c o n t r o l  r od and  a s soc i a ted gu i de 

tube . The fuel  r od and approx i ma t e  c o n t r o l  r od l en g t h s  for  the r e s pec t i ve 

par t i a l  f ue l  a s semb l i es a r e  s h own on F i gu r e s  1 7  and  1 8 .  The l onge s t  fuel  

r od s  i n  component D-1 41 -3 wer e  i n  the  s o u t hwe s t  c or ne r , wh i c h  was o r i ented 

towa r d  the c o r e  per i phery . 

Based upon v i sual  exami nat i ons  of  the  r od s , t he i r  l en g th s , and  t he \ r  

pos i t i on s  i n  the a s s embl y .  s ome o f  t h e  r od s  wer e  p l aced i n  a s or t i ng rack  

a s  pos s i b l e  samp l e s  for f u r ther exami na t i on .  A pho tograph of  t h i s rack  

wi th  some of the fuel  r od s  f r om D-1 41 -3  i s  s h own i n  F i gu r e  1 9 .  The  r ods  

placed in  t h i s s or t i ng rack  were  a l s o we i ghed to  e s t i ma t e  the  amount of 

fuel or  con t r o l  ma ter i a l  present  in eac h rod . S i n c e  the ma t e r i a l  i ns i de 

the r ods  wa s not a l ways v i s i b l e  a t  the rod  endt i p .  t h i s  we i gh t  wa s u s ed to 

fur ther a s s i s t  i n  the f i na l  s e l ec t i on of  r od s  to  be n e u t r o n - r a d i ographed 

and gamma-scanned . F i f teen fuel  rods  and s even c o n t r o l  r od/gu i de t ubes 

wer e  s e l ec ted f r om D-1 41 -3 for  neutron r a d i ography and  gamma scann \ ng .  

S im i l a r l y ,  s even fuel  r od s  f r om D-1 41 -1 1 wer e  a l so s e l ec ted . The pos i t i ons  

of  a l l  r ods  s e l ec ted for  neutron r a d i ography a nd/or gamma s c an n i ng a r e  

s hown i n  F i gu r e s  1 5  a n d  1 6 .  

Neutron  rad i ographs q f  the s e l ec ted f u e l  r od s  and c o n t r o l  r od/gu i de 

tubes a r e  presented i n  Append i x  A .  A l l o f  t h e s e  r ods  wer e  ver y  s im\ l a r  i n  

appearance . a n d  t h e  deta i l ed r e s u l t s  f r om s ubsequent des t r uc t 1 ve 

exami na t i ons  a r e  p r e s en ted i n  Sec t i on 6 .  I n  gener a l , mel ted Ag-Cd -I n 

control  r od ma ter i a l  r e l oca ted upwa r d  i nto  the  pl enum s p r i ng reg\ on on a l l 

the con t r o l  r ods  exami ned . No s i gn i f i c a n t  c ra c k i ng or  b r ea k up of  the fuel  
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F 1 gure 1 9 .  Sor t 1 ng r a c k  w1 th  s ome o f  the fuel  r o d s  f r om 0-1 41 - 3 .  
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wa s apparent  \ n  the fuel  r od s ec t \ on s  exam\ ned . The dar kened reg \ ons  \ n  
the upper sec t \ on s  o f  the fuel rod s  a r e  due t o  h \ g h l y  bor a ted wa ter 

entrapped \ n s \ de t he rods . wh \ c h  f lowed t o  t h \s a r ea because  t hese  rods 

wer e  neu tron -rad \ ographed w\ th the f u e l  r od \ nver ted . Where pos s \ b l e ,  

con t r o l  rods and t he \ r  a s soc \ a ted gu \ de tubes were  separa ted pr \ or t o  t hese 

exam\ na t \ ons \ n  order  to determ\ ne \ f  d \ f fer ences \ n  depos \ ted mater \ a l  

cou l d  be obser ved . However , no s \ gn \ f \ ca n t  d \ f ferences were  obser ved . 

The end t \ ps o f  a l l  the f u e l  r ods exam\ ned appea r ed to ha ve been 
s napped o f f  \ n  a br \ t t l e  manner , pos s \ bl y  due to hand l \ ng damage or as a 
resu l t  o f  f a l l \ ng to the debr \s  bed \ n  the reac tor . Some typ \ c a l  examp l es 
a r e  shown \ n  F \ gu r e  20 .  S \m\ l ar l y ,  the z \ rca l oy gu \ de t ubes s u r r ound \ ng 
the c on t r o l  r ods  a l so appear ed to have been br oken o f f . However , \ n  many 

cases the s ta \ n l e s s  s teel con tr o l  rod c l add \ ng appear ed to  have been 
prev \ ou s l y  me l t ed , as t yp \ f \ ed \ n  F \ gure 2 1. Some of  these con tr o l  

r od/gu\ de t ubes were  ben t  o n  t he end t \ ps ( see F 1 gure  22 ) .  
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a) Fuel rod 3-35 

pulator 

b) Fuel rod 3-98 

F 1 gure  20 . Typ 1 c a l  b r oken fue l r o d  end t 1 p s . 
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86T-66 
a) Control rod/guide tube 3-3C/G 

b) Control rod/guide tube 3-4C/G 

f 1 gu r e  2 1 . Me l ted s ta 1 n l es s  s tee l c l add 1 ng on con t r o l  r od end t 1 ps . 
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86T-73 

a) Control rod/guide tube 3-6 C/G 

b) Control rod/guide tube 3-? C/G 

F 1 gure  22 . Damaged endt 1 ps on  c o n t r o l  r o d s . 
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6 .  F UE L  AND CONTROL ROO SAMPL E  E XAMI NAT I ONS 

Two fuel  r od s  ( 3-30 and 3-42 ) ,  one c on tr o l  r od ( 3- l C ) ,  one gu i de t ube 
( 3-1 6 ) , and one c on tr o l  r od/gu 1 de t ube c omb 1 na t 1 on ( 3-1 4C/G ) f r om the 

0-1 41 -3 par t 1 a l  fuel  a s s emb l y  l oc a t ed 1n cor e pos 1 t 1 on C7 

( �omponent D-1 4 1 - 3 )  were s e l ec ted for des t r uc t 1 ve e xam1 na t 1 ons . These 

par t \ cular  r od s  wer e  s e l ec ted t o  prov \ de da t a  on 1 n ter ior  and exter i or rod 

pos 1 t 1 on s  1 n  t h \ s  f uel  a s s emb l y  and on f ue l  rods l oc a t ed both adjacent to 
and away f r om c on t ro l  r od pos 1 t 1 on s . The l oca t 1 on s  of  these r ods 1 n  t he 
C1 a s s emb l y  pos 1 t 1 on a r e  s h own 1 n  F 1 gu r e  1 5 .  Sec t 1 on 1 ng d i agrams s how 1 ng 
the  l oc a t \ on s  and 1 de n t 1 f 1 ca t 1 on s  of  a l l  the  meta l l ur g 1 c a l  ( M  des 1 gna t 1 on s ) 
and rad1 och em1 c a l  samp l e s  ( SE des 1 gna t 1 on s ) a r e  s hown 1 n  F \ gure  23 . 
Sa�les V-4A and V - 1 2 wer e  c u t  t o  prov i de v 1 s ua l  exam1 na t 1 on s  o f  the  r od 

1 n terna l s , but  d 1 d  not s how anyth \ ng unusua l . Note that  for  con t r o l  
r od 3 - 1  the  c on tr o l  r od and gu \ de t ube wer e  sepa r a ted pr 1 or to  samp l e  

acqu \ s 1 t 1 on . The samp l e  l oca t \ on s  wer e  c hosen t o  c ha rac ter 1 ze a x 1 a l  
d 1 ff e r ences  1 n  f ue l  and con t r o l  rod behav 1 or . The meta l l ur g 1 c a l  
exam1 na t 1 on r es u l t s  a r e  presented 1 n  Sec t 1 on s  & . 1  a nd & . 2 ,  a nd t h e  r es u l t s  
f r om  the  r ad 1 oc hem 1 c a l  ana l yses  a r e  presented i n  Sec t \ on 6 . 3 . 

6 . 1  Con t r o l  Rod Meta l l urgi c a l  E xam1 na t 1 ons  

The neu t r on r ad i ographs of  con tr o l  rods 3 - l C and 3-1 4C/G a r e  s hown \ n  

F 1 gu r e  24 . A l so  shown \ n  t h \ s f i gu r e  a r e  the  l oca t i ons  o f  the  exami ned 

faces  of me ta l l ograph 1 c  samp l es M-l OA,  M-1 08 , M-1 3 ,  and M-1 5 .  Long 1 t ud 1 na l  

samp l e s  extend over a n  a x 1 a l  leng t h , wher ea s  the t r a n sver se  samp l e s  a r e  
onl y  a t  one l oc at \ on . T h e  l e t ter  des 1 gna t 1 ons  accompany 1 ng t h e  r od 

1 dent \ f 1 ca t 1 ons \ nd i ca t e  t ha t  3-l C wa s sepa r a t ed f r om i t s gu \ de t ube 3 - l G  
a f ter 1 t  wa s c u t  f r om t h e  bund l e ,  whe r ea s  3-1 4C/G 1 nd 1 c a tes tha t  t h e  gu 1 de 
t ube r ema \ ned a t tached to t he con t r o l  r od . The gu 1 de t ube on 3 - l C wa s 
removed so t ha t  1 t  c ou l d  be neu t ron-rad\ ographed and gamma -scanned 
sepa r a t e l y  and was s ec t 1 oned to  p r ov 1 de r ad 1 oc hem1 c a l  samp l e s for f 1 s s 1 on 
produc t depos i t 1 on .  The gu 1 de t ube on 3 - 1 4C/G rema i ned a t tac hed to t he 

con t r o l  r od because t he con t r o l  r od wa s ben t  outwa r d s  t h r ough a c r a c k  \ n  
the  gut de t ube near the bot t om  end and t hey cou l d  not  ea s 1 l y be sepa r a ted . 
T h 1 s  1 s  be1 1 eved t o  have occ u r r ed e 1 ther when the a s semb l y  fe l l  to  the 
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T �>.l l :: control rod 3- 1 C  

T M I - 2  control rod 3-14CIG 

I I 
M-1 3 

f \ gur e 24 . Neu t r on rad \ ogr aphs of  c on tr o l  r od s  3-l C and 3 - 1 4C/G ( t op o f  
t he rods \ s  to  t he r 1 gh t  o f  th \ s f \ gu r e ) .  
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upper core debr i s  bed or a s  a r e s u l t  of  hand l i ng damage 1 n  1 ns er t 1 ng and 

r emov i ng the a s s emb l y  f r om the s h 1 pp 1 ng c an i s ter . A '  photomo s 1 ac o f  the 

3-1 4C/G endt i p  1 s  s hown 1 n  F 1 gu r e  25 . 

I n  order to r emove the c o n t r o l  r od/gu 1 de tubes  f r om the a s s embl y ,  they 

had to be c u t  j u s t  bel ow the upper s pa c e r  gr i d .  As s hown 1 n  the neut r on 

r a d i ograph s , t h 1 s  sec t 1 on 1 ng l oc a t i on wa s 1 n  the p l enum s p r 1 ng r eg 1 on of 

both con t r o l  r ods . As shown i n  F 1 gu r e  26 , t ra n s ver s e  meta l l ograph 1 c  

samp l e  M-l OA and a n  adjacent  l ongi t ud 1 na l  meta l l ograph 1 c  samp l e  H-1 08 were 

se lected f r om control  r od 3-l C to p r o v 1 de 1 n fo rma t 1 on on the  debr 1 s  

ma ter i a l  on the c l add i ng 1 nner s u r face  ( wh 1 c h  appea r s  1 n  the neu t r on 

rad1 ographs i n  t h i s  r eg 1 on ) a s  wel l a s  on t he cond 1 t 1 on o f  the  c on t r o l  rod 

ma ter i a l  at  the end t i p .  H-l OA wa s l oca ted 32 . 4  em  ( 1 2 . 75 1 n . )  bel ow the 

c u t  end of the con t r o l  r od , and H-1 08 wa s l oc a ted f r om 30 . 5  to  32 . 4  em ( 1 2 

to 1 2 . 7 5 1 n . ) bel ow the c u t  end o f  the  c o n t r o l  r od . l ong 1 t ud 1 na l  

samp l e  M-1 3 f r om control  r od 3-1 4C/G wa s s e l ec ted to  exami ne  the deformed 

c o n t r o l  rod ma ter 1 a l  a t  the end t 1 p ,  and  t r a n s ver s e  meta l l ograph i c  

samp l e  M-1 5 wa s c hosen to exam1 ne t he c on t r o l  rod  ma t e r i a l  that  had 

r e l oca ted i n to the pl enum spr 1 ng r eg 1 on . Samp l e  M-1 3 wa s l oc ated f r om 

1 5 . 9 to 1 7 . 8 em ( 6 . 25 to 7 . 0 i n . ) bel ow the  c u t  end o f  t h e  c o n t r o l  r od ,  and 

M-1 5 wa s l oca ted 3 . 2  em ( 1 . 25 i n . )  bel ow t he c u t  end of t h e  c o n t r ol r od . 

The c u t  end s wer e  appr o x i ma t e l y  2 . 5  em ( 1  1 n . )  bel ow the  upper s pacer gr i d  

for con t r o l  rod/gu 1 de tube 3-l C/G and 5 e m  ( 2  1 n . )  f o r  3-1 4C/G . 

Pho tographs of  these samp l es a r e  presented 1 n  F i gu r e  27 . 

The 1 n forma t 1 on ob ta 1 ned f r om these exami nat i on s  c a n  be c a tegor 1 zed 

i n to  three top i c  a r ea s : ( a )  exam1 na t 1 on s  of  the debr 1 s  1 n  the l ower end of 

con t r o l  rod 3-l C ,  ( b )  c harac ter i za t i on of the me l ted  con t r o l  r o d  mater i a l  

behavi or , and ( c )  c ha r ac ter 1 za t i on of  t he z i r ca l oy beha v i or  i n  t h e  gu i de 

tube f r om 3-1 4C/G . Each  of these  top 1 c s  i s  d i s c u s s ed 1 n  the  fol l ow i ng 

sec t i ons . 

6 . 1 . 1  E xami na t i on of  the Debr i s  i n  Con t r o l  Rod 3-l C 

Th i s  debr i s  wa s a m i x t u r e  of  meta l l i c  a n d  c e r am1 c ma ter i a l s ,  wi t h  

occa s i ona l b1 ts  of wha t appea r ed to b e  c o n t r o l  r od ma ter i a l  s ome t i me s  
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f 1 gu r e  2 5 . Bot t om end t 1 p  o f  con t r o l  r od 3- 1 4C/G . 
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86M-91 5, as pol ished 
a) Sam ple M - 1 0A 

b) Sample M-1 08 

F 1 gure  26 . Me ta l l ograph 1 c  samp l es f r om c on t r o l  r od 3 - l C .  
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a) Sample M- 1 5  

86M -975, as pollahed 
b) Sample M-13 

F 1gure  27 .  Me ta l l ograph , c  samp l es f r om c on t r o l  r od 3-1 4C/G . 
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1 nc l uded w1 th the ceram1 c ma ter 1 a l , a s  s h own 1 n  F 1 gu r e  28 . The meta l 1 1 c 

ma ter i a l  wa s not a f fec ted by z 1 r ca l oy and s ta 1 n l es s  s te e l  e t c han t s . As  

shown 1n  the photograph of  samp l e  M-1 08 1n  F 1 gur e  26 , t h 1 s  debr 1 s  wa s 

preferent 1 a l l y  depo s i ted on a c l add i ng 1 nner a n d  outer  s u r face , wh 1 c h  

s uggests  tha t  1 t  may have set t l ed o u t  of  the  wa ter  wh 1 l e t h 1 s  c omponent was 

l y 1 ng hor i zon ta l on the upper debr i s  bed a f ter  p l enum a s s embl y  r emova l .  

6 . 1 . 2  Charac ter i za t 1 on of  the  Mel ted Con t r o l  Rod Ma ter i a l  Beha v 1 or 

A l l of the Ag-Cd-In  c o n t r o l  r od ma te r i a l  t h a t  wa s exam1 ned had a 

dendr i t i c  s t r uc ture . T h i s i nd 1 c a tes  t h a t  t h 1 s  ma ter i a l  wa s p r e v 1 ous l y  

me l ted . Repr esenta t i ve pho tom1 c r ographs  o f  the c o n t r o l  rod  ma ter 1 a l  a t  the 

end t i ps of the two c o n t r o l  rods  a r e  shown 1 n  f i gu r e  29 . A photomo s 1 ac of 

the prev i ou s l y  mel ted control  r od ma ter 1 a l  1n the  p l enum s p r 1 ng r eg1 on of 

3-1 4C/G i s  shown in F i gure  30 . The dendr i tes  i n  t h 1 s  r eg 1 on  a r e  muc h  f 1 ner 

than those l oca ted near the endt 1 p ,  a pp r o x i ma te l y 1 3  em b e l ow t h 1 s  l ocat 1 on 

( see f i gure 31 ) .  Thi s i nd i cates  that  the c on t r o l  r o d  ma te r 1 a l  1 n  the 

p l enum coo l ed somewhat fas ter than the l ower c on t r o l  rod ma ter 1 a l  and 

exempl i f i e s  the c hanges i n  ma ter i a l  beha v i o r  that occ u r r ed over r e l a t i vely  

s hor t d i s tances . T he presence o f  prev i ous l y  mel ted Ag-Cd- I n  c o n t r o l  

ma ter i a l  adj acent to unme l ted 304 s ta i n l e s s  s teel  c l add 1 ng 1 nd i ca t e s  that 

pea k tempera tures  1 n  the p l enum s p r i ng r eg 1 on wer e  between 1 07 3  K and 

1 67 3  K .  There wa s no i nterac t i on between the me l ted c o n t r o l  r od ma ter 1 a l  

and e i ther the c l add i ng or  t h e  s p r 1 ng .  

I t  i s  pos t u l a ted tha t a f ter  the c o n t r o l  r od ma ter i a l  mel ted , the 

pressures  in  the core  dur i ng the a c c i dent were s u f f 1 c 1 en t  to c o l l apse  the 

heated control  rod c l add1 ng and squeeze the me l ted ma te r 1 a l  1 n to  the p l enum 

spr 1 ng reg 1 on . I t  then s o l i d 1 f i ed i n  these  upper r eg 1 on s  before  the 

control  r od c l addi ng fa 1 l ed .  However ,  the c on t r o l  r od ma ter 1 a l  l ower down 

may have rema i ned me l ted and  may have been r e l ea s ed upon r od fa 1 l u r e . 

6 . 1 . 3  Charac ter i za t 1 on of  the Z 1 r ca l oy Gu 1 de Tube Beha v 1 or 

Hydr 1 d 1 ng of the z 1 rca l oy gu 1 de tube wa s obser ved on both  

me ta l l ograph 1 c  samp l e s  obta 1 ned f r om c o n t r o l  r od 3 - 1 4C/G . The amount  of  
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86M-971, as polished 

a) Metallic debris 

(Sample M-1 08) 

b) Ceramic debris with metal lic Inclusion 

(Sample M-10A) 

I I 
50 I'm 

so ,.m 

F 1 gure  28 .  Debr \ s  near the broken end t , p  of  con t r o l  r od 3-l C .  
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a) Contro l  material i n  Rod 3-1 C 

(Sample M-1 08) 

b) Control material in Rod 3-1 4C/G 
(Sample M-1 3) 

F 1 gure 29 . Dendr 1 t 1 c  s t ruc t u r e s  1 n  p r ev \ ou s l y  mel ted Ag-Cd-l n c o n t r o l  
ma ter 1 a l . 
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f 1 gu r e  30 . 

Molten control material 

Prev \ ous l y  me l ted Ag-Cd - I n  con t r o l  ma ter 1 a l  1 n  p l enum spr 1 ng 
r eg 1 on of samp l e  M- 1 5 .  
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a) Control material i n  plenum spring region 
(Sample M-1 5) 

026, etched 

b) Control material "'1 3 em lower than (a) 100 pm 

F 1 gure 31 . Prev1 ous l y  mel ted c on t r o l  ma ter 1 a l 1 n  r od 3-1 4C/G . 
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hfdr \ d \ ng \ n  the s amp l e  f r om  t he upper p l enum r eg 1 on var \ ed s \ gn \ f \ ca n t l y  

around the c \ rc umf er ence o f  the  gu \ de t ube a s  shown \ n  F \ gur e 32 . The 

degree of hydr \ d 1 ng a t  the 270-degree or \ en ta t \ on \ n  the upper p l enum wa s 
compa r a b l e  to t h a t  obser ved approx \ ma te l y  1 3  em l ower on the l ong \ tud \ na l  
me ta l l ograph \ c  s amp l e  M- 1 3 ,  a l so s hown 1 n  F \ gure  3 2  a s  v \ ew c .  I t  1 s  
appa r en t  t ha t  s \gn\ f \ c a n t  var 1 a t 1 on s  \ n  hydr 1 d \ ng beha v 1 or oc cur r ed over 
ver y s hor t d \ s tances , wh 1 c h  \ nd \ ca tes  tha t ver y  l oc a l \ zed s team and h \ gh 
teapera ture  c ond \ t \ on s  e x \ s ted \ n  the c or e .  

Z 1 r ca loy hydr 1 d 1 ng was not  obser ved on f ue l  rod c l add \ ng a t  compar a b l e  
a x \ a l  l oca t \ on s . Th \ s  \ s  a t tr \ bu t ed t o  the l ower t empera t u r e s  \ n  the 

c on trol  r od/g u \ de t ubes . 

Meas u r eme n t s  o f  t he ox \ de l a yer t h \ c knes ses  a t  the two samp l e  
l oca t \ on s  o n  t h \ s gu \ de t ube a r e  presen ted 1 n  Tab l e  5 .  Sma l l  con t \ nuous 

Zr02 a nd a l pha-Zr ( O )  l ayer s were  present  on the ou ter s ur face  at both 
a x 1 a l  l oca t 1 on s . On t he \ nner s u r faces , a sma l l  con t \ nuous a l pha-Zr ( O )  wa s 

presen t  a t  both e l eva t \ on s , but  a Zr02 l ayer wa s on l y  obser ved over a 
s� l l  r eg \ on a t  the h \ gher e l eva t \ on .  None of  t he unox \ d \ zed z \ r c a l oy had 

t r a n s f ormed to the p r \ or -beta s tr uc t ur e ,  wh \ c h  \ nd 1 ca tes tha t peak 

tempera t ur e s  1 n  t h 1 s  unox 1 d 1 zed reg \ on wer e  l e s s  than 1 1 33 K .  

6 . 2  f ue l  Rod Meta l l urg\ c a l  E xam1 na t 1 ons  

The neu t r on r a d \ ographs of  the  two f uel  r od s  tha t wer e  des t r uc t \ ve l y  
exam\ ned ( 3-30 and 3-42 ) a r e  shown on F \ gu r e  33 . F ue l  rod 3-30 wa s l oca t ed 
adj acen t t o  c on tr o l  r od 3-l C near the outer edge of  the a s s emb l y  a s  s hown 

on the core  ma p  1 n  f \ gu r e  1 5 .  F ue l  r od 3-42 wa s c e n t r a l l y  l oc a t ed and wa s 
not adjacent  to a con t r o l  r od . 

The neu t r on r a d 1 ographs s how a darkened r eg \ on 1 n  the top por t \ on of 

the fuel rods . Th \ s  \ s  due t o  h \ gh l y  bora ted wa ter t ha t  wa s en t r a pped \ n  
these f u e l  r od s  wh \ l e they wer e  l y \ ng \ n  the f l ooded r eac tor cor e . These  
f ue l  r od s  wer e  neu t ron - r a d \ ographed 1n  the  ver t \ ca l  pos 1 t 1 on w\ t h  the top 
end down . C lose  e xam\ na t \ on r evea l s  a m\ n \ s c u s  on the end of  t he da r kened 

r eg \ on , and wa ter d r op l e t s  wer e  obser ved dur \ ng sec t \ on \ ng of  these r ods . 
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86M-933, etched 1so JJ.m
' 

(a) Hydriding in plenum region at 90° 

86M-934, etched 150 JJ.m1 
(b) Hydriding in plenum region at 270° 

86M-1023, etched t---t 
50 um 

(c) Hydrides ""13 em lower than (a) and (b) 

F 1 gu r e  32 . Z 1 rca l oy hydr 1 des 1 n  the  gu1 de t ube o f  c on t r o l  rod  3-1 4C/G . 
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• 

F \ gure  33 . Neut r on r ad 1 ographs o f  f ue l  r od s  3-30 a n d  3-42 ( top o f  t he rods 
1 s  to  t he r \ gh t 1n  t h 1 s f \ gure ) .  



TABLE  5 .  OXIOE  LAY E R  ME ASUR E ME NTS  ON Z I RCALOY GU I D E  TUBE 3 - 1 4C/G 

M 1 c r o s t r uc ture  

Z r 02 

Al pha -Zr ( O )  

Z r 02 ( 1 nner s u r face ) 

Al pha -Zr ( O )  ( 1 nner sur face ) 

a .  1 5 . 9 to 1 7 . 8 em b e l ow the c u t  

b .  3 . 2  em below the c u t  end . 

Layer  Th 1 c k n e s s  
(\1m) 

LongHud 1 na l  
Sampl e M- 1 3a 

Average Ra nge 

6 6 

4 3 to  

0 0 
3 3 

end . 
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4 

T r a n s ver se
b Sampl e M-1 5 

Average Range 

3 0 to 5 

5 5 

1 0 to 4 

5 4 to 5 



I n  add \ t \ on ,  a v \ s ua l  exam\ na t \ on s ec t \ on ( sampl e  V-4A ) , wh \ c h  wa s c u t  
through a por t 1 on of  t h e  darkened r eg \ on o n  f ue l  r o d  3-30 , r evea l ed on l y  
the p l enum spacer a nd spr \ ng .  

As shown on the neu t ron rad \ ographs , a l ong \ t ud \ na l  me ta l l ograph \ c  

saiiP l e  M - 1  was obta \ ned f r om f u e l  r od 3-30 t o  charac ter he t he f u e l  
s tr uc t ur e  on the end , wh \ ch ma y  have been d \ r ec t l y  e xposed to s team . Th \ s  

samp l e  was l oc ated  34 . 3  to  36 . 2  em ( 1 3 . 5  to  1 4 . 25 1 n . ) bel ow the top o f  t he 
f ue l  r od , and a photograph of  the  samp l e  \ s  s hown 1 n  F 1 gu r e  34 . Trans ver se  

.e ta l lograph \ c  samp l e  M-3  was l oc a t ed 23 . 5  em ( 9 . 25 \ n . ) bel ow the top  o f  
t h e  fuel  rod a n d  was obta \ ned to c ha rac ter \ ze t h e  f u e l  s tr uc ture  away f r om 

the broken endt \ p .  A photogra ph o f  th \ s  samp l e  \ s  a l so prov \ ded \ n  
F \ gu r e  34 . 

L ong1 t ud 1 na l  me ta l lograph \ c  samp l e  M-5 wa s obta \ ned f r om f ue l  rod 3 -42 
to c harac ter \ ze t he fuel  s tr uc tu r e  near the end t \ p .  Th \ s  samp l e  wa s 
l ocated 26 . 0  to 27 . 9  em ( 1 0 . 25 to 1 1 . 0  1 n . ) bel ow the  top of  t he f u e l  r od ,  
and pho t ographs a r e  prov \ ded \ n  F \ gu r e  35 . Tra n s ver se me ta l l ograph \ c  
sa� l e  M-7 was s ec t \ oned t o  prov \ de f u e l  s t ruc ture  \ n forma t \ on away f r om 
the broken endt 1 p .  I t  wa s l oc a ted 1 6 . 5  em ( 6 . 5  \ n . )  bel ow t h e  t op of t h e  
r od . A pho t ograph \ s  prov \ ded \ n  F \ gure  35 . 

Charac ter 1 za t 1 on of  the fuel  morphol ogy and t h e  z \ r c a l oy c l add \ ng 

behav 1 or wa s obta \ ned f r om  the e xam\ na t \ ons  of these me ta l l ograph \ c  
sa� l e s . E ac h  o f  these top \ c s  \ s  d \ s c u s sed \ n  t h e  f o l l ow\ ng sec t 1 ons . 

6 . 2 . 1  Charac ter \ za t \ on of  the F ue l  Morphol ogy 

Rep r e s en ta t \ ve phot om\ c r ographs o f  t he f u e l  s t r uc ture  a t  the two 

me ta l l ograph \ c  samp l e  l oca t 1 ons  f r om fuel  rod 3-30 a r e  shown 1 n  F 1 gures  36 
and 37 . These f ue l  r ods appeared to have been broken o f f  a t  some t 1 me ,  and 

the pos s 1 b1 1 1 ty e x \ s t s  that  the pe l l e t s  \ n  the bot tom of eac h rod may not 
nec e s sa r 1 l y have been the bo t tom-mo s t  pe l l e t s  dur 1 ng the acc \ dent . S 1 m1 l a r  

photom1 c r ographs  f o r  t he two me ta l l ograph \ c  l oca t \ ons  o n  fue l r o d  3-42 are  
shown \n  F \ gures 38  and 39 . None of  the f ue l  s t r uc tures  e x h 1 b 1 ted any  
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86M-9 1 3, as pol ished 
a) Sam ple M-1 

b) Sam ple M-3 

F 1 gu r e  34 . Me t a l l og r a ph 1 c  samp l es f r om f u e l  r od 3-30 . 
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a) Sample M·5 

b) Sample M-7 

F 1 gure  35 . Me ta 1 1 ograph 1 c  samp l es f r om fuel  r od 3-42 . 
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F l gu r e  3& . F ue l  mor phol ogy l n  samp l e  M-1 nea r b r oken end o f  f ue l  r od 3-30 . 



• 

• 

f t gure 37 . f ue l  morphol ogy 1 n  samp l e  M-3 f r om fuel  rod 3 - 30 . 
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F 1 g u r e  38 . F uel  mor ph o l ogy 1 n  samp l e  M-5 f r om f u e l  r od 3-42 . 



f 1gure  39 . f ue l  mo r phol ogy 1 n  samp l e  M-7 f r om fuel  rod 3-4 2 .  
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unusua l character i s �i c s  or  any def i n i te e v i dence o f  f u e l  ox i da t 1 o n . The 

typ i ca l  gra i n  s i ze of the fuel  wa s 5 -7 pm, however  i so l ated  r e g 1 o n s  where 

the gra i n  s i ze approached 1 0  pm wer e  obser ved a s  s hown i n  F i gu r e  40 . I t  

i s  pos s i b l e  that these i s o l a ted r eg i on s  wer e  p r e s e n t  i n  t h e  a s -fabr i ca ted 

condi t i on .  

6 . 2 . 2  Character i za t i on o f  the Z i r c a l oy C l add i ng Beha v 1 or 

Measuremen ts  of  Z r o
2

, a l pha-Zr ( O ) , a nd p r i or -beta l ayer  t h 1 c knes ses 

on the z i r ca l oy c l add i ng of  fuel  rods  3-30 a nd 3-42 a r e  tabu l a ted i n  

Tab l es 6 and 7 .  There wer e  l a r ge va r i a t i on s  i n  the ox i da t i on beha v i or over 

ver y  s hor t d i s tances , as bes t  exemp l i f i ed by the c i r c umfer ent i a l  and ax ia l  

var i a t i ons that occur red in  the 2-cm- l ong l on g i t u d i na l s amp l e  M-5 f r om fuel 

rod 3-42 . As s hown i n  F i gure  41 , the  Z r o2 l a yer s var i ed i n  t h i ckness  

f r om the  arbi trar i l y r eferenced 0 degree or i en ta t i on t o  the  oppos i te s 1 de 

( 1 80 degr ee or i enta t i on )  a t  the same e l eva t 1 on .  On the o ther  hand , a t  only 

a s hor t d i s tance ( approx 1 ma te l y  2 em) a bove t h i s e l eva t i on ( no t  shown on 

t h i s  f 1 gur e ) , the Z r o2 l ayer t h i cknes s e s  wer e  appro x 1 ma t e l y  40 pm on 

both s 1 des of the samp l e .  Muc h  l es s  ox i da t i on wa s ob s e r ved on fuel  

rod  3-30 a t  compa r a b l e  a x i a l  l oca t i ons , and even a t  muc h  l ower e l eva t i ons . 

These resu l ts 1 l l us trate  the s teep gra d 1 en t s  i n  ma ter i a l  beha v i or that 

occ u r r ed a s  a res u l t of l oca l i zed s team f l ow cond i t i on s  and/or s teep 

temperature  grad i en t s . 

Sma l l , i ntermi ttent Z r o2 l ayer s and a c o n t i nuous  a l pha-Z r ( O )  l ayer 

were  obser ved on the c l add i ng i nner s u r fa c e  of f u e l  r od 3-42 nea r the 

bot tom end . At the h i gher a x i a l  l oca t i on of samp l e  M-7 , bot h  of these 

i nner s u r face l ayer s wer e  con t i nuous . On fuel  r o d  3-30 , on l y  a sma l l 

con t i nuous al pha-Zr ( O )  layer wa s obser ved on the  c l add i ng 1 nner s u r face 

nea r the bot tom end . These  r e s u l t s  i nd i ca t e  that z i r c a l oy o x i da t i on 

con t i nued to occur  after 
.
these  fuel  rods  r u p t u r ed . 

Al l of the unox i d 1 zed z i rca l oy c l add 1 ng 1 n  samp l e  M-5  f r om the 

bottommos t  end of fuel  r od 3-42 had t r a n s formed to the  p r i or -beta 

s t r uc t ure . App r ox ima te l y  1 0  em above t h 1 s  e l e va t 1 on ,  at the  M-7 l oc a t i on ,  

tempera tures were  not hot enough to c a u s e  t h i s t r a n s forma t 1 on .  The mi n \mum 

temper at ure for th i s  pha s e  c hange i s  1 1 33 K .  Samp l e  M-1  f r om the bot tom 
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F \ gu r e  40 . I so l a ted r eg \ on of  en l ar ged gra 1 n  s \ ze 1 n  samp l e  H-7 . 
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86M-1 030, as polished 

28 em below top of fuel rod (0°) 
(Sam ple M-5) 

1 009, etched 

86M - 1 03 1 ,  as pol ished 

28 em below top of fuel rod ( 1 80°)  

(Sam ple M-5) 

a-Zr(O) 

1 6.5 em below top of fuel rod 
(Sam-ple M-7) 

F 1 gure 4 1 . Var l a t 1 ons 1 n  z 1 r c a l oy ox 1 da t 1 on on fuel  r od 3-42 . 
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TABlE 6 .  Z IRCAlOY C L ADD I NG ME ASURE ME NTS F ROM F UE L  ROO 3-30 

layer T h 1 c knes s  
( ""') 

long H ud , nj l 
Samp l e  M - 1  

Trans ver seb Samp l e  M-3 

"'c r os t r uc ture  Average Range Aver age Range 

Zr02 1 1  1 0  t o  1 2  5 3 to  6 

A 1 pha-Zr ( 0 )  1 6  1 0  to  20 5 5 

Pr 1 or -beta 592 0 to 790 0 0 

Zr02 ( 1nner sur f ac e ) 0 0 0 0 

A l pha-Zr ( 0 )  ( 1 nner s u r f ac e )  4 4 

a .  34 . 3  to  36 . 2  em bel ow top of  rod . 

b .  23 . 5  c• bel ow  top o f  r od .  

1 7  



TABLE  7 .  Z I RCALOY CLADDING ME ASUREMENTS  F ROM F UE L  ROO 3-42 

Layer 

L on-g H ud \ ns l 
Samp l e  M-5 

T h l c k n e s s  
(l!m) 

Transver seb 
Samp l e  M-7 

M \ c r o s t r uc ture  Aver age Range Average Range 

Z r 02 

Al pha -Zr ( O )  

P r \ or -beta 

Z r 02 ( \ nner s ur face ) 

Al pha-Zr ( O )  ( 1 nner sur face ) 

1 1 4 

1 1 8 

656 

c 

5 

a .  26 . 0  to 27 . 9  em be l ow top o f  rod . 

b .  1 6 . 5  em be l ow top of  r od . 

c .  Interm\ t tent  t h 1 n  l ayer . 
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38 to 305 3 3 to 4 

38 t o  254 5 4 to 6 

580 to 7 30 0 0 

c 4 2 to 5 
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mo s t  end t t p  of  fue l r od 3 - 30 wa s \ n  a t r a n s \ t \ on r eg \ on for  t h \ s  pha se  

trans forma t \ on .  On one  s \ de of  t h \ s  l ong \ t ud \ na l  samp l e , a l l  o f  t he 

unox \ d \ zed z \ rca l oy was t r ans formed to  pr \ or -bet a  s t r uc t ur e ,  but  on the 

oppos , te s \ de , the pr \ or -beta s tr uc ture  was on l y  presen t on t he l ower ha l f  

of the samp l e .  Th \ s  1 nd \ c a t es that a t  c ompar a b l e  a x \ a l  l oca t \ ons , fue l  
rod 3�30 wa s not a s  hot  a s  fuel  r od 3 -42 . Rod 3 -42 wa s l oca ted near the 
center of  t he a s s emb l y ,  whereas rod 3-30 wa s l oc a t ed nea r er the  edge o f  t he 

assembl y .  

6 . 3  Rad \ onuc l \ de and E l emen ta l Ana lyses  

T he objec t \ ve s  of  per f orm\ ng r ad \ onuc l 1 de and e l ementa l ana l yses on 

the TMI -2 d \ s t \ nc t  c omponen t s  wer e  to c ha rac t e r \ ze t he d \ s tr \ bu t \ on of  

f \ ss \ on produc t s  and  c or e  s t r uc tura l ma t er \ a l s  on  sur faces  \n  t he upper 
core r eg \ on ( \ . e . , par t  of  t he \ n tac t upper fue l  a s s emb l \ es ) ,  to mea s u r e  
the reten t \ on of  f \ s s \ on produc t s  \ n  \ n tac t f u e l  ma ter \ a l , a nd to  determ\ ne 
\ f  t he con t r o l  r od ma ter \ a l  had decomposed \ n  \ n tac t rods . To  c harac t er \ ze 
t he d \ s t r \ bu t \ on o f  rad \ onuc l \ des and/or s t r uc tura l c omponen t s  on sur faces  

t n  the upper core r eg \ on , t wo me t hods  wer e  used : ( a )  the \ n ta c t  fuel  rods , 
c on t r o l  r od s , a nd gu \ de t ubes wer e  ana l yzed us \ ng gamma s pec t roscopy to  
eva l ua te the d \ s tr \ bu t \ on of  t he depos \ ted f \ s s \ on pr oduc t s ,  and 

( b )  t h \ r teen samp l es wer e  obta \ ned f r om t he \ n tac t r ods for quan t \ ta t \ ve 
rad\ oc h� \ c a l  and e l ement a l  ana l yses . 

To eva l ua te f \ s s \ on pr oduc t r e t en t 1 on \ n  t he \ n tac t f ue l , ga� 
s pec t roscopy mea s u r emen t s  were  made on s ome f ue l  r od s  to eva l ua t e  t he 
var \ a t \ on \ n  f \ s s \ on pr oduc t gene r a t \ on \ n  the  f ue l ed por t \ ons of  the 
r od s . A l s o ,  s amp l es o f  t he r ods  wer e  obta \ ned for  a quan t \ ta t \ ve 
meas u r ement  of f \ s s \ on produc t r e t en t \ on \ n  the \ n t ac t f u e l . 

The r e su l ts o f  the gros s and \ so t op \ c  ga� s pec troscopy  a na l yses  

per f ormed on the twen t y  s e l ec t ed fuel  r ods , con t r o l  r ods , and gu \ de t ubes 
are d 1 s c u s s ed 1n Sec t \ on 6 . 3 . 1 . F r om the twen t y  rods and gu \ de tubes , f \ ve 
were  c hosen for des t r uc t 1 ve ana l ys \ s . F r om these  r ods , t h \ r t een samp l es 
wer e  ana l yzed . Table  8 1 \ s t s  t he ana l yses  per formed and the l oca t \ on s  
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(X) 0 

TABLE 8 .  S E L E CTE D COMPONENTS F OR RADI OCHEMI CAL ANALYS I S  

Rod 
I dent t f f ca t  f on 

3-30 

3-42 

3-l C  

3-l G  

3-1 4C/G 

Rod Type 

Fuel Rod 

F ue l  Rod 

Con t r o l  Rod 

Gu f de Tube 

Con t r o l  Rod 
and Gu i de Tube 

Samp l ea Samp l e  
Loc a t i on Iden t i f i c a t i on 

34 
20 

23 
1 3  
21 

33 
1 8  
1 8  

3 
1 8  
29 
31 

20 
2 
2 

SE -2 
SE -4 

SE -6 
SE -8 
SE-21 

SE -9 
SE -l l 
SE -l l 

S E - 1 7  
SE - 1 8  
SE - 1 9  
S£ -20 

SE -1 4 
S E - 1 6  
SE - 1 6  

Ma ter \ a l  

C l addi ng 
F ue l  Pel l et 
C l add i ng 

C l add\ ng 
C l add\ ng 
Fuel Pe l l et 

C l addf ng 
C l add \ ng 
Pel l et 

C l a d d \ n g  
C l add \ ng 
C l add i ng 
C l ad d i ng 

C l addi ng 
C l addi n g  
Pe l l et 

Leached Rad 1 oc h em1 c a l  Ana lys 1 s  
Sur face 

Gamma 
I nner Outer Spec troscopy 1 - 1 29 S r-90 E l emen t a l  

X 

X 

X 
X 

X 
X 
X 
c 

c 

X 

X 

X 

X 
X 

X 
X 

X 
X 
X 
c 

c 

X 

X 
X 
X 

X 
X 
X 

X 
X 

X 
X 
X 
X 

X 
X 

X 
X 
X 

X 
X 
X 

X 
X 

X 
X 
X 
X 

X 
X 

X 
X 
X 

X 
X 
X 

X 
X 

X 
X 
X 
X 

X 
X 

X 

X 

X 
X 

X 
X 
X 

X 
X 
X 
X 

X 
X 
X 

a .  D i s tance f r om the top of r od or tube where samp l e  was removed ( em )  except for control rods and gui de tubes wh 1 c h  were c u t  
approximately 5 em b e l ow t h e  t o p  o f  t h e  rod . F o r  compa r i son purposes ,  6 . 5  em s ho u l d  be added to the l i s ted l ength of con t r o l  r od 
and gu i de tube 3-l C/G and 9 em to the 1 \ s ted l ength of c o n t r o l  rod and gui de tube 3-1 4C/G . 

b .  Samp l e  wa s n o t  l ea c hed on the i ns \ de because 1 t  had a s tuck c on t r o l  r od 1 n  1 t .  

c .  Samp l e  l eached on both sur faces s imul taneous l y .  



wher e  the t h \ r teen s amp l es wer e  obta \ ned . The e l ementa l and r a d \ onuc l \ de 

ana lys \ s  r es u l t s  a r e  d \ s c u s s ed \ n  Sec t \ on s  6 . 3 . 2 . 1 and 6 . 3 . 2 . 2 , 
respec t \ ve l y .  

6 . 3 . 1  Ga� Spec t r os copy of I n tac t Rods 

F \ gures  42 thr ough 46 s how the gro s s  gamma s pec t r o s copy res u l t s  for 

the f \ ve coaponen t s  c hosen for r a d \ oc hem \ c a l  a na l ys \ s ,  and Tabl e  9 1 \ s t s  
the \ sotop \ c  a na l ys \ s  resu l ts for these samp l e s . The l oca t \ on s  where 
\ sotop \ c  ana l yses  wer e  per formed are noted on t he gros s scans . I t  s hou l d  
be noted t ha t a l l d \ sc us s \ on s  refe r ence t he \ n tac t r od end conta \ n \ ng t he 

spr \ ng a s  the top end of  the  r od ( 0  em \ n  the gros s scan  p l o t s ) .  A l s o ,  t he 
\ so top \ c  da ta a r e  sem\ -quan t \ ta t \ ve and cann o t  be t r ea ted a s  quan t 1 ta t 1 ve 

res u l t s  a s  d \ s c u s s ed 1 n  \ n  the foo t no te  to Tab l e  9 .  The gro s s  gamma s c an 
and \ sotop \ c  da ta  for  t he r ema \ n \ ng c omponen t s  on wh \ c h  ana l yses  wer e  
per for.ad a r e  s hown or t a bu l a t ed \ n  Append \ x  8 .  T h e  gros s and 1 sotop 1 c  
dat a  for each o f  t h e  f \ ve r od s ec t \ on s  c ho s en for r ad 1 oc hem \ c a l  a na l ys \ s  
are d \ s c u s s ed bel ow .  

Rod 3-30 . Rod 3 - 30 wa s obta \ ned f r om r od pos \ t \ on N l l \ n  
a s s emb l y  C7 . Th \ s  l oc a t \ on \ s  next  t o  a c on t r o l  r od and \ s  approx \ ma te l y  
2 . 9  c •  f r om  t h e  edge of  the a s s emb l y .  F rom t h e  neut r on r a d \ ograph \ n  
Append\ x  F \ gure  A-6 , the t o ta l r od l eng t h  \ s  40 . 4  e m  o f  wh \ ch t he f \ r s t  

1 1 . 5  c •  \ s  the 304 SS s pr \ ng r eg \ on f o l l owed by a spacer and gap ( 3 . 5  em) , 
a fuel ed r eg \ on of  1 9 . 4  em,  and 6 em of  empt y  c l add \ ng .  T h \ s  \ s  t he s ame 

total l engt h  of r od \ nd \ ca t ed \ n  F 1 gure 4 2 , t he gr o s s  gamma scan of t h \ s  
rod . 

I n  F \ gure  4 2 ,  a r e l a t \ ve l y  sma l l  ac t \ v \ ty peak \ s  present  between 0 
and 1 4  c• . The neut r on rad \ ogr a ph o f  t h \ s  samp l e  \ nd \ ca t�s t h a t  the on l y  
rod ca.ponent s  \ n  t h \ s  reg \ on a r e  c l add \ ng ,  the  304 SS s pr \ ng , and the 

z \ rca l oy s pacer . The \ so t op \ c  a na l y s e s  1 \ s ted \ n  Ta b l e  9 \ nd \ ca t e  tha t a t  
2 . 5  e m  .a s t  mea s u r a b l e  f \ s s \ on produc t s  ( \ nc l ud \ ng Ce- 1 44 ) wer e  detec ted ; 

however , the pr edom \ na n t  rad 1 onuc l 1 de s  a r e  C s - 1 37 and Co-60 . The presence 
of Ce - 1 44 , a nonvo l a t \ l e f \ s s \ on pr oduc t ,  on a por t \ on of  t he rod wh \ c h  
does no t  con t a \ n  f ue l  s ugges t s  t he pr e s ence of  par t \ c u l a te fuel  ma ter \ a l  
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TABLE 9. RAD I O ISOTOPIC SURFACE ACTIVITIES 

Di stance from 

Rodb the Top End 
Rod of the Rod Cs-1 37 Cs-1 34 Co-60 Sb-125 Ce-144 Ru-106 Eu-1 54 

Identi fication :!H.L (em) �Ci/cm �Ci /cm l!.Ci /cm l!.Cilcm l!.Ci /cm l!.CiLcm l!.Ci /cm 

3-30 FR 2 . 5  3 . 20 ± 0 . 01 E03 3 . 05 ± 0.05 EOl 2 . 33 ± 0.01 E02 1 . 1 3  ± 0 . 02 E02 1 . 82 ± 0 . 26 E02 7 . 52 ± 0 . 56 E02 c 
1 0  2 . 33 ± 0. 01 E02 c � . 75 ± 0.01 E03 5 . 61 ± 0 . 29 EOl c c c 
1 5  � .  74 ± 0 . 01 E02 1 . 04 ± 0 . 04 EOl B. 98 ± 0.06 EOl 1 . 37 ± 0.01 E02 1 .  97 ± 0.41  E02 c c 
24 2 . 61 ± 0.01 E04 ? . 2� :!: 0. 01 F.02 1 . 0? ± 0.05 EOl 3 . 08 ± 0 . 02 E02 1 . 70 t 0 . 05 E03 9 . 1 4  ± 0 . 05 E02 5 . 28 ± 0 . 1 4  EOl 
26 2 . 46 ± 0 . 01 E04 ? . 44 ± 0.01 E02 7 . 68 ± 0 . 32 EOO 6 . 07 :1: 0.07 E02 1 . 64 ± 0.05 E03 7. 87 ± 0.04 E02 6 . 31 ± 0 . 1 3  EOl . 

34 3 . 03 ± 0 . 01 E04 3.A9 ± 0 . 01 E02 A . 36 ± 0 21 EOO 3 . 72 ± 0 . 04 E02 1 . 92 t 0 . 03 E03 1 • 1 3  ± 0. 01 E03 9 . 39 ± 0 . 1 0  E01 
38 1 . 39 ± 0 . 01 E03 3 . 04 ± 0. 04 EOl 2.02 ± 0.03 EOl 2 . 69 ± 0.03 E02 3 . 04 :1: 0 . 34 E02 c 9 . 74 ± 0 . 71 EOO 
51 c c c c c c c 

3-42 FR 2. 5 2 . !19 ± 0 . 02 EO? 1 . 03 ± 0 . 05 EOl 3 . 50 ± 0.01 E02 1 . 38 ± 0.01 E02 c c c 
1 1  1 . 01 :1: 0 . 01 E02 c 7 . ?.0 ± 0.01 E03 3. 71  ± 0.27 EOl c c c 
1 5  2 . 4q ± 0.01 E03 1 .  51 ± 0. 05 EOl 2 . 1 0  ± 0.01 E02 1 . 31 ± 0.01 E02 3 . 49 ± 0 . 31 E02 c c 
25 2 . 64 ± 0 . 01 E04 2 . 35 ± 0.01 E02 6 . ?4 ± 0. 1 6 EOO 9. 90 ± 0 . 06 E02 1 . 98 ± 0 . 03 E03 8 . 22 ± 0 . 06 E02 6 . 69 ± 0 . 07 EOl 
30 1 . 03 ± 0 . 01 E03 1 . 1 6  ± 0. 03 EOl 3 . 76 :t 0. 1 5 EOO 6 . 43 ± 0 . 01 E01 c c 5.49 ± 0 . 56 EOO 

3-l cd CR 0 2 . 97 ± 0 . 2 5  EOO c c c c c c 
2 . 5  2 . 35 ± 0 . 01 E02 6. 27 ± 0. 1 7  EOO c c c c c 
5 5 . 1 9  ± 0 . 02 E02 1 . 34 ± 0 . 03 EOl c c c c c 

1 0  8 . 86 ± 0 . 01 E02 2 . 31 ± 0.02 EOl 2 . 1 6  ± 0 . 09 EOO c c c c 
1 3  1 • 78 ± 0 .  01 E02 4 . 61 ± 0. 1 4  EOO c c c c c 

(X) 23 4 . 30 :t 0 . 01 E02 1 . 05 ± 0.02 E01 c c c c c 
1'\) 33 3 . 98 ± 0 . 01 E02 1 . 06 ± 0 . 01 E01 3 . 50 :1: 0 . 08 EOO 3 . 04 :t 0 . 02 EOl c c c 

38 c c c c c c c 

3-1 Gd GT 0 4 . 1 5  ± 0. 1 6  EOO c c c c c c 
5 2 . 1 5  :t 0.01  E02 6 . 64 ± 0. 1 6  EOO 4 . 01 :t 0 . 1 3  EOO 4. 93 ± 0 . 04 EOl c c c 

1 0  2 . 37 :t 0 . 01 E02 7 . 20 ± 0. 1 7  EOO 6. 44 ± 0. 1 7  EOO 8 . 27 ± 0 . 08 E01 c c c 
1 5  2 . 02 :1: 0.01  E02 7. 27 :t 0. 1 9  EOO 7 . 88 :t 0 . 1 8  EOO 1 . 22 t 0 . 01 EO? c c c 
20 2 . 00 t 0 . 01 E02 8 . 33 :!: 0.?1 EOO 1 . 03 ± 0.02 EOl 1 . 66 ± 0. 02 EO?. c c c 
23 2. 01 :t 0 . 01 E02 1 . 02 t 0 . 01 EOl 1 . 1 3  t 0 . 01 EOl 1 . 88 :t 0 . 03 E02 c c c 
30. 5  ? . 20 ± 0 . 01 E02 1 .  27 t 0. 0? E01 1 . 41 ± 0 . 0? EOl ? . 30 ± 0.03 E02 c c c 
38 7 . 91 ± 0 . 98 E-01 c 3 . 1 6  t 1 . 26 E-01 c c c c 

3-14C/Ge CR/GT :1 . 5 5 . 21 ± 0 . 02 EO<' 1 . 29 ± 0.02 EOl 3 . 48 ± 0. 1 8  EOO 3. 40 ± 0. 01 EOl c c c 
7 . 5  6 . 87 :t 0 . 01 E02 1 . 8? t 0 . 03 EOl 6 . 56 ± 0.?2 EOO 5.43 :t 0.03 EOl c c c 

1 3  1 . 9? ± 0 . 01 E02 2 . 1 0  :1: 0. 02 EOl 6 . 5:1 :t 0 . 1 1  EOO 8 . 52 :t 0 . 07 EOl c c c 
1 8  7 . 54 ± 0 . 0:1 E02 2 . 06 :t 0.03 EOl 1 • 14 :t 0. 03 EOl 1 . 1 7  :1: 0.01 EO? c c c 
28 c c c c c c c 

a .  Cal i bration of these spectra was by normal i zation to one of the spectra from a fuel rod. The data are semiquanti tative and are affected by changes i n  the 
composi tion of the rod . Therefore quantitative compari sons of the data cannot be made. The data are reported in pCf /cm of rod l ength as much of the data are not 
from surface deposi ted species . Quanti tative data fs obtai ned from the sample analysis resul ts.  

b .  FR : Fuel Rod, C R  � Control Rod , and GT = Guide Tube . 
c .  Not detected . 

d .  Add 6 . 5  em for compari son to fuel rod l ocati ons .  

e .  Add 9 . 0  e m  for compari son to fuel rod l ocations. 
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depos i ted on the s ur face  o f  the  r od and a l so exp l a i ns the  mea s u rable 

quant i t i es of other f i s s i on produc t s  p r e s e n t  on  the rod . 

At 1 0  em , Ce-1 44 i s  not mea s u r a b l e ,  i nd i ca t i ng tha t no par t i c ulate 

fuel ma ter i a l  i s  present  on t h i s pa r t  o f  the  fuel  r od ; however , Co-60, 

C s -1 37 , and Sb-1 25 a r e  s t i l l  mea s u r ab l e .  The Co-60 r e l a t i ve ac t i v i ty at 

1 0  em i s  1 0
2 

greater than the ac t i v i ty a nywhere  e l s e  on the r od .  The 

s ource of t h i s  h i gher Co-60 a c t i v i ty i s  the  grea ter neu t r on ac t i vation of 

the 304 SS spr i ng at l oc a t i on s  c l o s e r  to t he f ue l ed regi on  of the core . 

The presence of C s - 1 37 wi thout Ce-1 44 on t h i s  nonf ue l ed por t i on of the rod 

s ugge s t s  tha t  t h i s  rad i onuc l i de wa s p r o ba b l y  separa ted f r om the fuel and 

sur face-depo s i ted on the fuel  r od . Sb-1 25 i s  a n  a c t i va t i on product of tin 

and may be present  i n  the nonfue l ed r eg i on a s  e i ther  the  s u r face-depos i ted 

f i s s i on product or v i a  ac t i va t i on o f  the  c l add i ng .  

The reduc t i on i n  ac t i v i ty f r om 1 2  t o  1 5  em ( see F i gure  42 ) i s  due to 

the vo i d  and z i rca l oy s pacer a s  s hown i n  the neu t r on r a d i ograph of this 

por t i on of the rod . Be l ow 1 5  em i s  the  fue l ed por t i on of the fuel rod.  

The vi s i b l e  i ncr ea se  in ac t i v i ty i n  F i gu r e  42  f rom 1 5  to  35  em i s  due to 

the i nc r ea sed neut r on f l ux caus i ng mor e  f i s s i on s  a t  l ower l oc a t i ons i n  the 

as semb l y .  The i sotop i c  data i nd i ca t e  c o r r e s pond i ng i nc r ea ses  i n  act ivi ty 

f r om 1 5 -34 em for the mea s u r a b l e  f i s s i on p r oduc t s . A l s o ,  Co-60 i s  

mea s ur a b l e  a t  mo s t  l oca t i on s  due to the  a c t i va t i on o f  a c omponent o f  the 

fuel rod c l addi ng . The mea s u r ed a c t i v i t i es i n  the  c l a d  fuel  r egion are 

1 0
1

-1 0
2 

l e s s  than those mea s u r ed i n  the  s p r i ng r eg i on ,  wh i ch i s  to be 

expec ted because of  the s u b s tan t i a l l y  sma l l e r  amount  of  Co-59 present in 

the c l add i ng than i n  the 304 SS s pr i ng .  

As shown i n  the neu tron  rad i ograph s , between 3 5  and 40 em ( the open 

end of the  rod ) i s  a vo i d  r egi on . The gros s gamma s c a n  i nd i ca tes a 

s i gn i f i cant  reduc t i on i n  ac t i v i ty thr ough t h i s r eg i on ,  a nd the i sotopic 

gamma scan po i n t  ( 38 em)  a l s o  i nd i c a t e s  a fac tor  of  1 0  r educ t i on for most 

f i s s i on produc t s . These f i s s i on p r oduc t s  a r e  s t i l l  mea s ur a b l e  i n  an empty 

por t i on of the rod due to proba b l e  s ur face depo s i t i on of par t i cul ate fuel 

on the i n ter i or s u r face of the r od .  I t  i s  i n teres t i ng to note , however , 

tha t the Co-60 ac t i v i ty i nc r ea s ed , and the Sb- 1 25  a c t i v i ty decreased by 
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onl y  301. The \ nc r eas e  \ n  Co -60 ac t 1 v \ ty \ s  exp l a \ nab l e  by the greater  
expos ure  of  the c ladd \ ng to t he de tec tor  ( \ . e . , t he r e  \ s  no fuel  \n  the r od 
to ac t a s  a s h \ e l d  f or the Co -60 \ n  the bot tom ha l f  of the r od ) .  The sma l l  
reduc t \ on o f  the Sb- 1 25 ac t \ v \ ty s ugge s t s  t ha t ac t \ va t \ on of  the t \ n \ n  the 
c ladd\ ng \ s  r e s pons \ b l e  for  the approx \ ma t e l y  2 . 7  E •2 pC \ /cm o f  l ength 
.eas ur a b l e  at  38 e m  f r om the end o f  the r od . 

A c oapa r \ s on of  the s u r face  depos \ t \ on on t he r od can  on l y  be made a t  

1 oca t 1 on s  where Ce-1 44 was n o t  detec tab l e  and t he on l y  l oc a t \ on on t h 1 s  
f ue l  rod wher e  C e - 1 44 was not  detec tabl e  wa s a t  t he 1 0  em l oc a t \ on .  The 

onl y  f \ ss \ on produc t t ha t  1 s  1 den t 1 f \ a b l e  a s  a s u r face-depos 1 ted s pec \ es \ s  

C s - 1 37 .  Da ta on s u r face depo s \ t \ on a r e  d \ s c u s sed bel ow for r ods  wh 1 c h  do 
not c on ta 1 n  fue l ma ter \ a l . 

Rod 3-4 2 . Rod 3-42  was obta 1 ned f r om pos 1 t 1 on F 8  \ n  f u e l  a s s emb l y  C 7 ,  
vh 1 c h  1 s  near the c en t e r  o f  the a s s emb l y  and 1 s  s u r r ounded by o ther fuel  
r ods . I t  1 s  l oc at ed about  8 . 6  em f r om the per \ pher y of t he a s semb l y . 
S1a1 1 a r  to  r od 3-30 ,  t he neu t r on r a d 1 ogr a ph o f  t h \ s  r od ( Append 1 x  

F 1 gu r e  A-8 ) \ nd \ ca tes  t ha t  the top 1 1 . 5 em o f  the r od \ s  the 304 SS spr \ ng 

r eg \ on f o l l owed by a s pac er/vo 1 d  r eg 1 on o f  3 . 5  em . Th 1 s  r od s egment  had a 
tota l fue l ed r eg \ on of  about  1 2 . 1  em f o l l owed by a 1 em vo 1 d  for a t o t a l  

length of  28 . 1  e m .  

I ns pec t \ on o f  F 1 gu r e  4 3  1 nd 1 c a tes a v e r y  s 1m 1 l a r  gr o s s  ga� scan  to  

t ha t  obser ved f o r  fuel  r od 3 - 30 ( f 1 gu r e  42 ) except tha t the r od ( 3 -42 ) \ s  

l oc at ed a t  abou t 2 em f r om  the bot tom o f  the tube , t her eby o f f set t 1 ng the 

r od componen t s . As  s hown 1 n  F \ gure  4 3 ,  a h \ gh ac t 1 v 1 t y peak \ s  a s s oc 1 a ted 

w1 th  the spr \ ng r eg 1 on ( 0- 1 1 . 5 em)  of  t he r od .  Th 1 s  peak \ s  s 1m 1 1 a r  1 n  

s ha pe t o  tha t obser ved for r od 3-30 ; however , h 1 gher c ount  ra tes ( 1 5 to  

201) wer e  mea s ur a b l e  f or th \ s  r od t han  wer e  obser ved on r od 3-30 . Th 1 s  

wou l d  be expec t ed a s  there  \ s  no adj o 1 n \ ng c on t r o l  r od t o  r educ e t he 

ava \ l a b l e  neu t r on f l u x a t  the l oc a t \ on of r od 3-42 . The 1 so t op 1 c  da ta  for 

the spr 1 ng/spacer r eg \ on of  r od 3 -4 2  ( Tab l e  9 )  \ nd \ ca t es l ower a c t \ v \ t \ es 

than  t hose  obser ved on r od 3 - 30 for  a l l f 1 s s 1 on pr oduc t s ; however , the 

Co-60 a c t 1 v 1 t 1 es a r e  s ubs tan t \ a l l y  h \ gher and wou l d  account for the 

\ nc r ea s e  \ n  g r o s s  ac t 1 v \ t y ( f 1 gu r e  4 3 )  over r od 3 - 30 .  Ne \ ther C e - 1 44 nor 
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Ru-1 06 were  detected a t  e 1 ther  the 2 . 5  or  1 1  em 1 so t op 1 c  a na l ys 1 s  

l ocat 1 ons . Th 1 s  s ugge s t s  tha t fuel  pa r t 1 c l e s  wer e  not  present  nea r  the 

upper end of t h 1 s  fue l  rod when t he mea s ur eme n t s  wer e  made . 

The fue l ed reg1 on for  r od 3-42 1 s  f r om 1 5-25 em f r om t h e  top of  the 

rod as determ1 ned f r om the neutron  r a d 1 ograph s . The gros s  scan  data 1 n  

F 1 gure 4 3  show expec ted 1 nc r ea s e s  1 n  r a d 1 onuc l 1 de a c t 1 v 1 ty due to 1 ncreases 

\ n  the neu tron f l ux a t  l ower l oca t \ on s  \ n  the  c o r e  a n d  consequen t 1 a l  

\ ncr ea ses  1 n  f 1 s s 1 on 1 ng of  t h e  f u e l  ma ter 1 a l . 

The 1 s otop 1 c  data a t  30 em f r om the  top end o f  t he r od a r e  from the 

end of the fuel  c o l umn ( a s  1 nd 1 ca ted 1 n  t he neutron  r a d 1 ograph ) and show 

the presence of s 1 gn 1 f 1 cant  amoun t s  of  C s -1 37 ,  Sb- 1 25 and  Co-60 . Th 1 s  

act 1 v 1 ty may be due to the presence  o f  l oo s e  f u e l  ma ter 1 a l  1 n  the end of 

the rod . 

Control  Rod 3-l C and Gu 1 de Tube 3-l G .  Con t r o l  r od 3-l C and gu 1 de 

tube 3-l G were  obta 1 ned f r om the Nl O pos 1 t 1 on next  to  f u e l  r od 3-30 . Th1 s  

control  rod/gu 1 de tube comb 1 na t 1 on wa s l oca ted 2 . 9  e m  f r om the edge of the 

a s s embl y .  Con trol  r od 3-l C 1 s  37 em 1 n  l ength o f  wh 1 c h  31 em conta 1 ns 

control  ma ter 1 a l , and the a s soc 1 a ted gu 1 de t ube ( 3- l G )  1 s  about  36 em 1 n  

l ength . The con t r o l  rod wa s s epara ted f r om t h e  gu 1 de t ube , a n d  each 

s ec t 1 on was anal yzed separate l y .  The gr o s s  gamma scan  r e s u l t s  for the 

3-l C control  rod are s hown 1n F 1 gu r e  44 and 1 nd 1 ca te a r e l a t 1 ve l y  l ow 

concentr a t 1 on of  f 1 s s 1 on produc t s  on the r od , w 1 t h  the  g r ea te s t  act 1 v 1 ty 

l oca ted approx \ ma te l y  35 em f r om the  end o f  the  r od , wh 1 c h  c o r r es ponds to 

the end o f  the gu 1 de tube . I s otop 1 c  data  for  the c o n t r o l  r o d  3-l C 1 nd 1 cate 

a r e l at 1 ve l y  s 1 m1 l a r  concen t ra t 1 on of C s - 1 37 a l ong the  l ength  of the rod . 

The C s -1 37 cou l d  have been depos 1 ted by c oo l an t  wh 1 c h  f l owed 1 n to the gu 1 de 

tubes thr ough ho l es 1 n  the c l add 1 ng a f ter  the  acc 1 den t . Sb-1 25 was only 

mea s urabl e  on the control  r od a t  the bottom end o f  t he s ec t \ on .  These data 

s uggest  pos s 1 b l e  s u r face depos 1 t 1 on of Sb-1 25 at t h 1 s  l oc a t 1 on a s  there 1 s  

no 1 nd 1 c a t 1 on o f  par t 1 c u l a te fuel  ( 1 . e . , Ce- 1 44 ) ,  a n d  t he c o n t r o l  r od 

c l add 1 ng \ s  304 SS . 
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Gu\ de t ube 3 - l G  has  a s ub s tant \ a l l y  d \ f ferent  gro s s  ac t \ v 1 t y prof \ l e 
( shown \ n  F \ gure  45 ) than tha t  obser ved on the a s s oc \ a ted c on t r o l  rod .  

These da ta 1 nd 1 ca te a gene r a l  \ nc r ea s e  \ n  tota l ac t \ v \ t y f r om the top end 

of the gu \ de t ube to  l ower l oca t \ ons  \ n  the c or e .  Based upon the 1 sotop 1 c  
da ta , t he pr \ nc \ pa l  r ad \ onuc l \ des present  a r e  C s - 1 37 ,  Co-60 , and Sb - 1 25 .  

The C� - 1 37 a ppea r s  to be even l y  depos \ ted over the sur face  o f  the t ube a t  
concen t ra t \ on s  a ppr ox \ ma t e l y  s \m\ l a r  t o  those obser ved on t he c on t r o l  r od . 

The Co-60 a nd Sb- 1 25 c oncen t ra t \ on s  \ nc rea s e  f r om  t he t op end of  the tube 
to the broken end at a bout 35 em. Th \ s  \ nc rease \ s  probab l y  due to neu t r on 

ac t \ va t \on  of  the \ r on ( F e )  and t \ n  ( Sn )  cons t \ t uen t s  of  the z \ r c a l oy gu \ de 
tube . 

Con t r o l  r od and gu \ de t ube 3-1 4C/G . The 3 - 1 4C/G wa s obta \ ned f r om 

pos \ t \ on C6 , approx t ma t e l y  2 . 9  em f r om the edge of  the a s s emb l y .  The 
c ontrol  r od and gu \ de t ube wer e  not sepa r at ed for th \ s  ana l ys 1 s . The gu \ de 

tube sec t \ on \ s  a pprox \ ma t e l y  24 em l ong and t he c on t r o l  rod \ s  about 
1 1 . 8 em l ong , a s  shown \ n  the neut r on rad \ ograph \ n  Append \ x  F \ gure A-30 . 
The gr os s ga� scan  ( f \ gu r e  46 ) \ nd \ ca tes  a r e la t \ ve l y  c on s tant  
d \ s tr \ bu t \ on o f  ae t \ v \ ty a l ong the  leng t h  of  the r od .  Th \ s  ac t \ v \ ty ends 
at the a pprox \ ma t e  end of  the gu \ de t ube ( abou t  25 em) . Beyond 25 em, the 
ac t \ v \ ty mea s u r ed \ s  due to  bac k g r ound \ n  the t ube f r om l oose  debr \ s  and 
sur face con tam\ na t \ on o f  the t ube \ nter \ or dur \ ng hand l \ ng .  The 1 so t op \ c  
data  t n  Tab l e  9 \ nd \ ca te s \m 1 1 a r  ac t \ v \ t \ e s  for  a l l  r a d \ onuc l \des  t o  those 

obs er ved for gu\ de t ube 3- l G .  

Su.mary .  l \ s ted bel ow are  s u� r y  observa t \ on s  obta \ ned f r om t he 

ga� spec t r os c opy ana l yses  o f  the d \ s t \ n e t  c omponent s  ( \ ntac t f ue l  and 

con t r o l  rods ) desc r 1 bed a bove . 

• Par t \ c u l a te f ue l  depos 1 t 1 on a ppea r s  to  have occ u r r ed nea r the top 
of s ome of  t he f ue l  r od s ; however ,  for mo s t of  the rods , 

t nc l ud t ng t he c o n t r o l  r od s  and gu 1 de t ubes , there \ s  1 \ t t l e  or no 
par t \ c u l a te f ue l  depos \ ted anywher e  on the rods . T h \ s  wou l d  

s ugges t that  1 \ t t l e  par t \ c u l a te f u e l  depos \ t \ on r ema \ ns  on t he 
upper c o r e  reg \ on s u r faces ; however , a s  prev \ ous l y  s t ated , 
c u r r en t  depos \ t \ on da ta  ma y  p r ov \ de 1 \ t t l e  or no da ta on the 
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depos i t i on of  fuel  ma ter 1 a l  on  1 nc o r e  s u r faces  tha t occur r ed 

dur 1 ng or s hor t l y  a f ter  the ac c i dent  a s  the  f u e l  a s s emb l 1 es 

samp l ed have been s ubj ec ted to the a c t i on o f  reac tor  coolant  for 

f i ve yea r s  and to s evere  hand l i ng d u r 1 ng the i r  r emova l f r om the 

core . 

1 C s -1 37 appear s  to  be depo s i ted on mos t  s u r fa c e s  o f  the r ods  that 

wer e anal yzed . The data , however , 1 nd i ca t e  tha t the r e l a t i ve 

a c t i v i t i es range f r om 2 . 3  E +2 to  8 . 6  E +2 pC i /cm l ength on 

sur faces exposed to the coo l a n t  a nd s ugge s t  a r el a t i ve l y  uneven 

d i s tr i bu t i on of th i s  f i s s i on p r oduc t on s u r faces  o f  the 

C7 as semb l y .  Thi s makes  e s t 1 ma t i on o f  the depos 1 t i o n  o f  C s -1 37 

on upper core  s u r faces  r el a t i ve l y  unce r ta i n . The uneven 

d i s tr i bu t i on may be due to  the hand l i ng the a s s embl y  r ec e i ved 

dur 1 ng l oad i ng and u n l oad 1 ng .  

1 Sb-1 25 wa s found on the end of  the 3-l C c o n t r o l  r od wi thout 

evi dence of  fuel ma ter i a l  depos i t i on ( i . e . ,  Ce-1 44 ) , wh i ch 

s ugge s t s  that Sb-1 25 may s epa r a t e  f r om the fuel  mat e r i a l  mat r i x  

o r  f r om the act i va ted z i r ca l oy a n d  depos i t  o n  i nc o r e  s u r faces . 

6 . 3 . 2  Rad i ochemi c a l  and Chemi c a l  Ana lys i s  Resu l t s  

I n  a hot cel l ,  c l addi ng s egments  appro x i ma t e l y  1 . 3 e m  l ong were  cut 

from s e l ec ted fuel  rod p i eces  and the pe l l e t s  r emoved f r om the c l add i ng .  

Spec i f i c  samp l e  l oca t i ons  a r e  l i s ted i n  Append i x  B .  Leach i ng o f  the 

samp l e s  wa s per formed 1 n  20 ml of 6M HCL at r oom tempera t u r e  for t i mes 

rangi ng f r om 2 to 4 hr . I - 1 31 and S r -85 wer e  i n t r oduced i n to t he l each 

sol u t i on to obta i n  rad i omet r i c  y i e l d s  for I - 1 29 content  by neu t r on 

ac t i va t i on and Sr -90 by beta ana l ys i s .  

The outer sur face of n i ne of  twe l ve c l add i ng s egme n t s  wa s l eached 

separately  f r om the i nner s u r face . Each  c l add i ng s egment  wa s c l os ed at  

each end wi th a g l a s s  p l ug epox i ed 1n  p l ac e  to seal  i t .  Leac h i ng of  the 

outer sur face wa s then done , and the l ea c ha t e  s o l ut i on kept . The p l ugs 

were then removed wi th an epoxy d i s s o l ver  and the l ea c h i ng p r oc es s  r epea ted 
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v\ th fresh  ac \ d  to  r e l ea s e  rad 1 onuc 1 1 de s  f r om the \ nner sur face . Ba s ed on 

the a ppea r ance of the  ou ter s u r face and some exper \ men t s , \ t  va s determ\ ned 
tha t the f \ r s t  l eac h \ ng r emoved any s \ gn \ f \ ca n t  amou n t s  of f \ s s \ on produc t s  

fro. the outer s u r fac e .  The sec ond l ea c h  wou l d  then have s \ gn \ f \ ca n t  
con t r 1 bu t \ on s  on l y  f r om  the \ nner s u r fac e . Three p 1 ec e s  wer e  n o t  l eached 

on bo th outer and \ nner s ur faces ; one ( SE - l l )  wa s l eached on l y  on the outer  
sur face because  t he c on t en t s  ( control  rod  ma ter \ a l ) wer e  c r \ mped \ nto the 

c ladd \ ng f r om  t he c u t t \ ng proc e s s  and wou l d  not c ome ou t ,  a nd the o t he r s  
( SE -1 4  a n d  SE - 20 ) wer e  per forat ed so  t ha t  l each \ ng \ nvol ved b o t h  the \ nner 

and outer sur faces . These segment s  wer e  therefore l eached w\ t hout the u s e  

of  g l a s s  p l ugs . Af ter c omp l et 1 on of  l ea c h \ ng ,  t h e  c l a d d \ ng wa s r emoved a nd 

the l eacha te  va s heat ed t o  bo \ 1 1 ng for 1 5  m \ n  and t he \ od \ ne ( \ . e . , 1 - 1 31 
tracer and 1 -1 29 )  dr 1 ven o f f  and t r a pped . The l ea c ha te  wa s then br ough t up  
to 60  ml  vo l ume by a dd \ t 1 on of 6M HCL and ana l yzed by  gamrnd s pec t r oscopy 
for nuc l \ de conten t . A 1 1 quo t s  of the sol ut \ on wer e  a l so a n a l yzed for 

Sr -90 , f \ s s \ le ma t er \ a l  c onten t , and e l emen t a l compos 1 t \ on . 

6 . 3 . 2 . 1  Chem1 c a l  Ana lys \ s  Res u l t s . The e l eme n t s  for wh \ c h  ana l yses  

were per formed wer e  s e l ec t ed to  charac ter 1 ze the f \ ve groups  of  ma ter \ a l s  
( see Tabl e  1 )  present  1 n  the c or e :  uran 1 um fuel  a nd z \ r c a l oy c l a dd \ ng ,  
Ag- 1 n -C d  con t r o l  r od  ma ter \ a l s , burna b l e  po \ son r od ma ter \ a l s  ( A l , Gd , and 
8 ) ,  s tr uc t u r a l  ma t er \ a l s  ( s ta \ n l e s s  s teel  and 1 ncone l ) ,  and Te . The 
obJec t 1 ves of t he e l ementa l a na l ys \ s  \ nc l ude de term\ na t \ on of  the reten t \ on 

or r e l ea s e  of  vol a t \ l e core  ma ter \ a l s  ( e . g . , Ag- I n -C d ) .  

E l ement a l  a na l yses  wer e  per formed on the twenty -one l ea c ha te  samp l es 
obta \ ned f r om  the e x ter \ or and \ n ter \ or sur faces of the f ue l  rod c l a dd \ ng ,  

two samp l es o f  c on tr o l  ma ter \ a l  gu \ de t ubes , and con t r o l  r od c l add 1 ng to  

eva l ua te s u r face  depos \ t \ on a nd r e t en t \ on of  core  ma t er \ a l s . E l emen t a l  

ana l yses  wer e  not per formed o n  t h e  f u e l  ma ter \ a l  samp l es a s  they wer e  
obta \ ned f r om  undamaged f u e l  pel l e t s  f r om r e l a t \ ve l y  \ n ta c t  f uel  rods . 

Res u l t s  of the J CP e l emen t a l  ana l ys \ s  for the fuel  and con t r o l  r od 

c ladd \ ng and gu \ de tube s u r face depos \ t s a r e  presen ted \ n  l a b l e s 1 0 ,  1 1 ,  
and 1 2 .  Res u l t s  a r e  1 1 s ted \ n  pg/cm2 of the e l emen t  r emoved . The 
total  uncer t a 1 n t y  a s s oc \ a ted w\ th eac h  r e s u l t  \ s  1 0  to 1 5" .  Tab l e  1 3  1 \ s t s 
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TAB L E  1 0 .  F U E L  ROD SE GMENT SURFACE D E P OS I T  E L E M E NTAL ANAL Y S I S  RE SULTS 
( l!g/cm2 ) 

SE -2 S E -4 S E - 6  S E -8 
F uel Rod 3-30 F ue l  Rod 3-30 F uel Rod 3-42 F ue l  Rod 3-42 

( 34 em) ( 20 em) ( 23 em) (1 3 em) 

E l emen t  E x ter 1 or I n ter 1 or E x ter 1 or I n t e r 1 or E x ter 1 or I n ter 1 or E x ter 1 or I nter 1 or 

F uel 

u 5 . 86 E 02 2 . 88 E Ol 4 . 82 <5 . 1 4  1 . 9 2  E02 7 . 41 1 . 05 E 02 1 . 59 E Ol 
zra 1 . 50 E 0 2  1 . 39 E 02 1 . 54 E O l  9 . 5 1 E O l  8 . 7 1 E O l  5 . 53 E 01 3 . 59 E02 1 . 4& E 02 
sna 2 . 82 E Ol <2 . 0& E O l  <1 . 9 3  E O l  7 . 7 1  3 . 21 E O l  8 . 5 5  3 . 45 E 02 <2 . 1 2  E Ol 

Con t r o l  Rod 

Ag 4 . 67 E O l  1 . 1 8  E O l  4 . 80 E -01  <0 . 5 1 9 . 39 E O l  <5 . 70 E -01 & . 33 EOl  <5 . 29 E -0 1  
I n  5 . &8 E - 1  <1 . 03 E -1 <9 . &4 <1 . 0 3  E O l  & . 7 &  E O l  < 1 . 1 4  E Ol 6 . 56 E 0 1  < 1 . 0& E O l  
Cd 5 . 7 3 <1 . 0 3  <9 . &4 E -01  <1 . 03 4 . 38 <1 . 1 4  5 . 88 < 1 . 06 

I.D 
rv Bur nab l e  Po 1 son 

A l  8 . 37 <2 . 0& 5 . 7 8 <2 . 0& 1 . 22 E O l  <5 . 1 3  1 .  45 E O l  <2 . 1 2  
8 1 . 6 3  E O l  <4 . 1 1  <3 . 8& <4 . 1 1  3 . 41 E O l  <4 . 5& 1 . 29 E 02 <3 . 70 
Gd <1 . 32 <1 . 54 <1 . 45 <1 . 54 < 1 . 46 < 1 . 7 1  < 1 . 3& <1 . 59 

S t r uc tura l 

F ea 1 . 59 E O l  2 . 0& 4 . 80 E -01  <1 . 03 4 . 62 E O l  1 .  7 1  1 . 09 E 0 3  6 . 35 
N 1 a 7 . 93 <1 . 03 E O l  <9 . 6 4 <1 . 0 3  E O l  3 . 5 5 E O l  <1 . 1 4  E O l  1 .  56 E 0 2  <1 . 06 E Ol 
C r  3 . 08 <3 . 60 <3 . 37 <3 . 60 <3 . 41 <3 . 99 3 . 45 E 0 2  <3 . 70 
Mn 8 . 80 E -01 5 . 1 0  E -01  4 . 80 E -01  S . l O E -01 1 . 4& 5 . 7 0  E -0 1  1 . 40 E Ol 1 . 06 
Mo <3 . 5 2 4 . 1 1  <3 . 86 <4 . 1 1  <3 . 89 <4 . 56 4 . 5 2 <4 . 23 
Co 3 . 52 1 . 03 1 . 4 5  1 . 03 3 . 41 1 . 1 4  3 . 1 7  E Ol 2 . 1 2  
s1 b 2 . 64 <2 . 06 <1 . 9 3  <2 . 06 7 . 30 <2 . 28 1 . 1 8  E O l  <2 . 1 2  
Nb 1 .  7& 2 . 57 2 . 4 1 2 . 0& 2 . 43 2 . 85 2 . 26 2 . 565 

a .  Compone n t  o f  s t r uc t u r a l  ma ter 1 a 1  ( z 1 r ca l oy ) .  

b .  Hay be present a s  a contam1 nant f r om the d 1 s s o l u t 1 on .  
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TABL E 1 1 .  CONTROL ROO AND CONTROL ROO/GU I DE TUBE SURF ACE DE POS I T  E L E ME NTAL ANALY S I S  R E SULTS 
( �o�g/em2 ) 

E l emen t  

F ue l 

u 
Zr 
Sn 

C on t r o l  Rod 

Ag 
I n  
Cd 

Burna b l e  Po\ son 

A l  
8 
Gd 

S t r uc t u r a l 

F e 
N 1  
C r  
Mn 
Mo 

SE -9 
Con trol Ro! 3 - l C  

( 33 em 
Outer 

1 . 01 f 02 
2 . 58 E 03 
9 . 40 E 03 

1 . 48 E 02 
1 . 62 E 02 
5 . 1 3 E Ol 

1 . 62 E O l  
1 . 39 E 0 2  

• 3 . 33 

2 . 22 E 04e 
3 . 95 E 0 3e 
5 . 32 E 03e 
7 . 22 E 02e 
6 . 41  E 0 1  

I nner 

2 . 1 6  f 0 1  
6 . 1 2  E 0 2  
3 . 49 E 03 

1 . 84 E 0 2  
2 . 37 E 01 
6 . 33 

2 . 1 1  
1 . 43 E Ol 

<1 . 58 

1 . 02 E 04e 
1 . 56 E 03e 
3 . 1 1  E 03e 
2 . 56 E 0 2e 
4 . 33 E O l  

SE - 1 6  

Sf - 1 1 
��n t r o l  Rod S.u e Tube 3- 1 4  

Con t r o l  Rod Con t r o l  Rod (2 e111b , c  3 - l C  Gu \ de Tube 
Outer OnJyb 3 - 1 4 

{18 em) • ( 20 cmlc I nner Ou ter  

8 . 42 EOl  3 . 37 f 01 3 . 1 6  E Ol <4 . 1 3  
2 . 54 f Ol 7 . 37 f 02d 1 . 42 f O l d 1 . 1 1  f O l d  
1 . 62 E 04 3 . 37 E Ol d 3 . 24 f O l d 6 . 88d 

7 . 85 E Ol 3 . 60 f O l  5 .  9 8  E Ol <4 . 1 3  
2 . 9 4  E 0 2  3 . 86 E O l  4 . 88 E -0 1  <8 . 26 
2 . 20 E 0 1  5 . 7 1 l . OCJ E O l  <9 . 1 1  E -0 1  

7 . 66 1 . 1 4  E O l  1 . 5 2  E O l  <1 . 83 
2 . 06 E Ol 4 . 26 E Ol 2 . 99 f -1 <3 . 68 
6 . 70 <8 . 57 E -01  <1 . 26 <1 . 38 

6 . 04 E 04e 5 . 51 E O l d  9 . 43 E O l d  3 . 53 f O l d  
7 . 38 E O l e 2 . 1 7  E Ol 3 . 03 E O l  <9 . 1 7  
1 .  23 E 04e 6 . 29d 1 . 0 1  E O l d 1 . 28 E -l d  
1 .  34 E 0 3e 8 . 57 f -0 1  1 . 68 4 . 59 E -01  
1 . 43 E 0 2  <2 . 29 <3 . 37 <3 . 68 



TABLE  1 1 . ( con t i nued ) 

SE -1 6 

S E -9 SE-l l 
��n t r o l  Rod 

SKu e Tube 3 - 1 4  
Con trol  Ro! 3-l C Con t r o l  Rod Con trol  Rod 

cm}
b , c  

{ 33 em 3-l C Gu 1 de Tube { 2  
Outer Only

b 
3-1 4 

E l emen t  Outer I nner (1 8 em) • ( 20 cm}
c I nner Outer 

Co 4 . 85 EOl 2 . 1 6  E O l  9 . 09 E O l  2 . 00 8 . 42 E -01  4 .  59 E -01  
S i f 2 . 09 E02e 8 . 97 E o l e 3 . 1 3  E02e 4 . 29 5 . 47 <1 . 83 
Nb 3 . 80 EOl  1 . 85  EOl  1 .  7 2  EOl  8 . 57 E -01  8 . 42 E -01  <9 . 1 7  E -0 1  

a .  Add 6 . 5 e m  f o r  c ompa r 1 son to  fuel rod  l oca t 1 ons . 

b .  E l ementa l ana l ys 1 s o f  the control  r od ma ter 1 a l  was a l so performed to  determ1 ne  t he d 1 s tr 1 bu t 1 on o f  the  
ma ter 1 a l s  1n  pr 1 or mol ten con t r o l  r ods . L 1 s ted b e l ow are  the  r e l a t 1 ve d 1 s t r 1 bu t 1 on s  for  t he samp l es 1 n  
percen t :  

SE -l l 
_ru_ 

Ag 80 . 0  
I n  1 5 . 1  
Cd 5 . 0  

c .  Add 9 . 0  em for  compa r 1 son to  fuel  r od l oca t 1 ons . 

d .  Component o f  s t r uc tura l  ma ter 1 a l  ( z 1 r ca l oy ) . 

e .  Component of s t ructural  ma ter 1 a l  ( s ta 1 n l e s s  s teel ) .  

f .  May be presen t  a s  a contam1 nant f r om the d 1 s s o l ut 1 on .  

SE - 1 6  
_ru_ 
7 6 . 4  
1 8 . 6  

5 . 0  



TABl E 1 2 .  GU I DE �UBE SUR F ACE 
( \19/CIII ) 

SE - 1 1  
Gu \ de Tube 

3- l GT 
E lemen t 

Outer a ( 3 em) 
f u e l  

u 2 . 83 E Ol 
zr b 2 . 20 E 02 
snb 2 . 87 E Ol 

Con t rol  Rod 

Ag 8 . 64 £ 0 1  \oC) I n  4 . 1 6 £ 0 1  "" 
Cd 3 . 1 4  

Bur nab l e  Po \ son 

A l  9 . 43 
8 2 . 28 £ 01 
Gd <1 . 1 8  

S t r uc tur a l  

f eb 4 . 79 £ 01 
N \  1 . 96 £ 0 1  
crb 7 . 07 
"" 1 . 1 8  
Mo <3 . 1 4  

DE POS I T  E l E ME NTAl ANALYS I S  RE SUL TS 

SE - 1 8  
Gu \ de Tubea3-1 G  

(18 em} 
I nner 

1 . 3 1 E O l  
1 . 97 E 02 
4 . 76 E Ol 

7 . 64 E Ol 
6 . 63 E Ol 
3 . 00 

8 . 24 
1 . 4 2  £ 0 1  

<1 . 1 2  

6 . 40 E Ol 
4 . 1 2  E O l  
5 . 99 
1 . 1 2  

<3 . 00 

Outer 

5 . 25 
1 . 7 1  £02 
6 . 06 

2 . 42 
8 . 48 
1 . 62 

4 . 04 
4 . 85 

<1 . 21 

2 . 1 8 £ 0 1  
1 . 1 7  E O l  
6 . 46 
8 . 08 E -0 1  

<3 . 23 

SE - 1 9  
Gu \ de Tubea3 - 1 G  SE - 20 

( 29 cml Gu t de Tube 
3-lG 

I nner Outer (31 ca>a 

1 . 08 E 01 1 . 1 1  E01 2 . 37 £01 
2 . 00 E 02 9 . 57 £ 0 1  1 . 68 £ 02 
2 . 37 E 0 1  < 1 . 59 E Ol 3 . 23 £ 0 1  

4 . 09 E 0 1  1 .  4 0  E O l  5 . 1 5  E Ol 
2 . 40 E O l  7 . 95 3 . 47 £ 0 1  
8 . 1 7 E -01 4 . 45 6 . 09 

9 . 06 7 . 95 1 . 1 8  £ 01 
9 . 36 1 . 49 E 01 9 . 5 5  E -01 

<8 . 1 7  E -01 <9 . 54 E -01 <3 . 9 7  E -0 1  

1 . 7 5  E Ol 4 . 23 £ 0 1  5 . 34 E 01 
1 .  7 0  £ 0 1  2 . 07 E 0 1  2 . 78 E 0 1  
4 . 68 5 . 09 3 . 7 1 
8 . 77  E -0 1  6 . 36 E -01  7 . 95 E -0 1  

<2 . 34 <2 . 54 < 1 . 06 



TAB L E  1 2 .  ( c on t 1 nued ) 

SE -1 7 S E - 1 8  SE - 1 9  
Gu i de Tube Gu i de Tube 3-l G Gu i de Tube 3-l G SE -20 

3-l GT {18 cm)
a { 29 cm)

a Gu i de Tube 
Outer  

a 
3-l G 

E l emen t  {3 em) Inner  Outer  I nner  O u t e r  {31 cm)
a 

Co  1 . 1 8  1 . 50 1 . 21  1 . 1 7  1 . 25  1 . 06 
s ; c 6 . 29 2 . 25 2 . 02 6 . 43 3 . 82 3 . 97 
Nb 1 . 1 8  1 . 1 2  8 . 08 E -01  8 . 77  E -01  6 . 36 E -0 1  3 . 97 E -01  

a .  Add 6 . 5  em f o r  c ompa r i s o n  to  fuel  r od l oc a t i o n s . 

b .  C omponen t o f  s t r u c t u r a l  ma ter i a l  ( z i r ca l oy ) .  

c .  May be p r e s e n t  due  t o  con tami na t i on f r om t h e  d i s s o l u t i on .  



fABLE 1 3 . AVE RAGE AND RANGE Of E l E ME NTAL SURfACE CONCE NTRAT I ONS f OR CORE CONST I TUENTS 

F vt l  Rod 
h trapolatedb Control Rod f xtrapolattdb htrapo l a ttd

b 
Averap Average 

Concen t r a t \ ona M.s ter \ a l  Cort Concentra t t ona IUter \ a l  on Gu \ de Tube IU ter \ a l  o f  Content 

lualc:•21 
Sur face 

(».llt11
2

1 
Core Sur face Average 1 Core Sur face Aver age 

l l!!!n t  (kgl (kgl '!!lU!!lra t ton s•al , •• a ljnge 

f.!!s.l 
u 2 . 21 ( .2 2 . 0  9 . 3  E • 1 0 . 8  1 . 1 £ + 1  0 . 1  1 . 0  11 - 586 
Z r  1 . 5 3  [ .2( 1 . 30 [ +3 1 2 . 0  9 . 3  f o 1 C  1 2 . 0  1 5- 7 31 
Sn 1 . 0  E • 2c 1 .  28 £ +4 1 1 5 . 0  4 . 3  E O' 1 1 5 . 0  24-345 

C2ntr21 Bods 

Ag 5 . 1  h 1  o .  s 1 . 1  E • l 0 . 10 5 . 5  E O  0 . 05 0 . 2  36-94 
I n  3 . 3  [ + 1  0 . 3  2 .  3 E • 2  2 . 1  5 . 5  E O  0 . 05 0 . 8  24-68 
Cd 4 . 0  E O  0 . 04 3 . 6  £ + 1  0 . 3  2 . 0  E O  0 . 02 0 . 1  0 .9-1 1 

Burnable Pol son Rods 

\D Al 1 . 0 E + 1 0 . 09 1 . 2 E +l 0 . 1  4 . 0  E O  0 . 04 0 .08 5 . 8-16 _, 8 4 . 5  E + l 0 . 40 8 . 0  E +l 0 . 7  6 . 6  E O  0 . 06 0 . 4  9 . 4-1 29  
6d NO 5 . 0  E O  0 . 04 NO 0 . 04 3 . 3-6 . 7  

S t r uc tura l  IU ter \ a l  

F e  2 . 88 E +2c 4 . 1 3 E •4c 3 . 3  E • 1 '  0 . 48-1 . 1  E •3 
Cr 8. 7 E +l 0 . 78 8 . 8 1  E •3' 3 . 9  E O  0 . 04 0 . 4  3 . 0-345 
"" 4 . 2  E O  0 . 04 1 . 03 £ •3' 6 . 3  E - 1  0 . 01 0 . 04 0 . 48 - 1 4  
Mo 1 . 1 E O  0 . 01 1 . 03 £ +2 0 . 9  NO 0 . 3  
Co 1 .0 [ +  1 0 . 09 6 . 9  E +l 0 . 6  9 , 7  E - 1  0 . 01 0 . 35 0 .8-31 . 7  
N l  5 . 0  E + l c  2 . 01 £ •3' 1 . 3 £ +1 (  0 . 09 7 . 9-1 56 
lib 2 . 2  E O  0 . 02 2 . 8  E +l 0 . 25 6 . 6  E -1 0 . 01 0 . 01 0 . 8  0 .88-2 . 4  
S \  5 . 4 . £ 0  0 . 0 5  2 . 61 E •2 2 . 3  3 . 0  E O  0 . 03 

a .  Aver age Inc l udes zero va l ues to prov\de more accurate \ nd \ c a t t on of the average concen t ra t \ on .  

b .  To tal .a t er \ a 1  on t ncore sur faces \ s  c a l cu l a t ed by mu l t \ pl y \ ng t he sur face concen t r a t \ on b y  the sur f ac e  a r ea ( NSAC 25 ) o f  the top 33l of 
a l l  fuel a s s emb l ie s  \ n  t he core . Th \ s  prov\ des a conserva t \ ve e s t \ma te of a va \ lab\ 1 y  surface a r ea .  

c .  COfiPonent o f  t he bas e  .a ter \ a l . 



the average and  range of c o n c en t ra t i on s  for  t h e  s u r fa c e s  e x po s ed to the 

r eac tor ves sel . Al s o  s hown i s  a n  e x t r a po l a t i on o f  t h e s e  c o n c e n t r a t i ons to 

the total  s u r face  a r ea of i n t a c t  fuel  a s s emb l i es i n  t h e  upper one-th i rd  of 

the core  r eg i on . Th i s  a na l y s i s  i s  i mp r ec i se a n d  i s  expec ted to provi de 

on l y  an i nd i ca t i on of the  quan t i ty of ma t e r i a l  t ha t  may ha ve been depos i ted 

i n  the upper reg i on  of  the  c or e . Mor e  r e c e n t  eva l ua t i on s  ba s e d  on the 

u l t r a s on i c  topography of  the  upper c o r e  ( Re f e r e n c e  4 )  s ugges t  that  the 

ac tua l s u r fa c e  area  a va i l a b l e  for s u r f a c e  depos i t i on i s  a p p r ox i ma t e l y  20% 

of t he s u r fa c e  a r ea u s ed for t h e s e  eva l ua t i on s . The r e s u l t s  o f  the  

e l emen ta l a n a l y s e s  for the  four  groups  o f  ma t e r i a l s  i n  t h e  r eac tor core are 

d i s c u s s ed bel ow .  

Uran i um F ue l  and  Z i r c a l oy C l add i ng .  U ra n i um and  z i r c on i um ,  the  

pr i nc i pa l  componen t s  of  the  fuel  a n d  c l a dd i ng ,  wer e  mea s u r ab l e  on both 

i n ter i or and exter i or s u r fa c e s  of the c l a dd i ng ,  c on t r o l  r od , a nd gu i de tube 

samp l e s . T i n ,  a mi nor c omponent o f  t h e  z i r c a l oy c l a dd i ng ,  wa s a l so 

mea s urab l e  on mos t  outer  s u r fa c e s  a n d  a t  h i gh c o n c en t r a t i on s  w i t h  respect 

to z i rcon i um .  The h i gh concen t ra t i ons  of u r an i um on  t h e  e x t e r i or sur faces 
2 

( up to 586 pg/cm ) wer e  s ubs ta nt i a l l y  g r e a t e r  t h a n  t h o s e  mea s ur ed on 

the i n ter i or s u r fa c e s  ( up to  40  pg/cm
2

) .  The h i gher  c o n c e n tr a t i ons  of 

uran i um on the exter i or s u r fa c e s  wer e  c o n f i ned p r i nc i pa l l y  to t he fuel 

r ods , wi th  the s u r face  concen t r a t i ons  on  the gu i de tubes  l ower t ha n  the 

fuel  rods  by a factor  of 4 to  5 .  The  r ea son  for the  h i gher  c oncentra t i ons 

on the  fuel  rods  i s  not known , but  a t  the  l ow c o n c en t r a t i on s  mea s u r ed ,  

s u r face  con tami na t i on dur i ng the  c u t t i ng o f  t h e  f u e l  samp l e s  i s  suspec ted . 

The average and range da ta l i s ted i n  Tab l e  1 3  for  u r a n i um i nd i cate  a 

fa i r l y  w i d e  range of  concen tra t i on s , b u t  the  e x t r a po l a ted depos i t i on i n  the 

upper reg i on of  the  c o r e  ( i . e . , f u e l  a s s emb l y  s u r f a c e s ) i s  qu i te l i mi ted at 

-1 k g .  Some s u r face  depos i t i on i s  to  be  expec ted beca u s e  t h e s e  s ur faces 

were exposed for approx i ma t e l y  s i x  yea r s  t o  t h e  depos i t i on of  sma l l  
pa r t i c l e s  of f uel  ma ter i a l  s u s pended i n  the  r e a c t o r  c oo l an t . 

The var i a t i on i n  ur a n i um concen t r a t i on s  on  t h e  e x t e r i or s u r faces  

( Ta b l e  1 0 )  i s  probabl y due to  r emova l o f  t h e  s u r fa c e  depos i t i on  by the  

handl i ng and  c u t t i ng opera t i on s . Th i s  i s  par t i c u l a r l y  a ppa r en t  for  

9 8  



Samp l e  SE - 4  wher e  t here  a r e  no mea s u r a b l e  concen t ra t , on s  of  ura n 1 um on 
e \ ther t he 1 n ter 1 or or ex ter , or sur face of  t he fue l r od c l a d d , ng .  ( l n ' t ' a l  
gro s s  r ad \ a t \ on r ead\ ng s  a l so \ nd \ cated  tha t th \ s  samp l e  had 1 \ t l l e 

a s soc \ a ted r a d \ oac t \ ve sur face depos \ t \ on . ) The \ n ter \ or sur f aces  of  the  
gu \ de tubes and bot h  s ur faces  of  the  con t r o l  r od s  have a r e l a t \ ve l y  

2 2 cons1 s tent concen t ra t \ on of  uran \ um rang \ ng f r om 7 pg/cm to 34 em , 
wh \ c h  wou l d  \ nd \ ca te a r e l a t \ ve l y  even d epos , ton a t  these  loca t \ on s . The 

presence of  uran \ um  on t he s e  sur faces , wh \ c h  wer e  not exposed to t he 
r eac tor c oo la n t ,  wou l d  \ nd \ ca te proba b l e  contam \ na t \ on dur \ ng t he c ut t \ ng 

oper a t \ on s . 

l \ rcon \ um ( Zr )  \ s  the pr \ nc \ pa l  c on s t \ t uent of  t he f u e l  r od c l add \ ng 
and gu \ de t ubes . As  wou l d  be e xpec ted , lr \ s  mea s u r a b l e  \ n  a l l  o f  t he 

z \ r ca l oy f u e l  c l add \ ng and gu \ de t ube samp l e s  a t  va r y \ ng concen t ra t 1 ons  
( va r \ a t \ ons  \n  content  a r e  due  to d \ f fer ences \n  l ea c h \ ng per \ ods  and  
sol ub \ 1 \ t y ) . However , the h \ ghes t  concen t r a t \ ons of  Zr  ( 6 . 1  E +2 to 
2 . 6  E +3 )  are mea s urab l e  on t he s ta \ n l e s s  s tee l con t r o l  r od [ sampl e  3 - l C  
( SE -9 ) ] .  Th \ s  wou l d  \ nd \ ca te tha t for some c u r r en t l y  unknown r ea s on , 
s ubs tan t \ a l  amoun t s  of  Z r  have become a s soc \ a t ed w 1 th the s ta \ n l es s  s teel  
c la dd \ ng .  

The 1 1 n  ( Sn )  concent ra t \ ons  a r e  subs t an t \ a l l y  h \ gher than e x pec ted for 
a l l samp l e s . Tab l e  1 3  1 nd 1 ca tes  t ha t  t he average concen t r a t \ on of Sn ' s  

approx 1 -. te l y  34� of  tha t mea s u r ed for Z r ; however , 1 t  wou l d  be expec t ed 
t ha t  t he amoun t o f  Sn \ n  the  d \ s so l ved s amp l e  wou l d  be pr opor t 1 ona l to the  

r a t 1 o  o f  Z r  presen t \ n  Z ' rca l oy ( Zr /Sn = 61 . 2 ) . 

Tab l e  1 4  1 \ s t s  t he Z r /Sn r a t , os for a l l  samp l es . T hese da t a  \ n d \ c a t e  
s ubs tan t \ a l  amou n t s  of  exc e s s  S n  f o r  t h e  amount of Z r  presen t . The Zr /Sn 

r a t \ os range f r om  1 to 8 for t he Z \ r ca l oy componen ts  and  f r om 1 0 -2 to 
1 0-3 f or t he s ta \ n l e s s  s te e l  c on t r o l  r ods . The sour c e  of the s ubs tan t \ a l  

amou n t s  of Sn \ s  not known , but  the l a r ge qua n t , t \ es pr esen t on the 3 - l C  
2 

c on t r o l  r od ( 3 . 4  E +3 to 9 . 4  E +3 pg/cm ) s ugges t tha t the quan t \ t y of Sn 

ha s been enhanced 1 n  the upper por t \ on of the core  pos s \ b l y  due t o  
ox \ da t 1 on of  t h e  z \ r c a l oy a n d  r e lease  of  the t \ n  a s  S n  me ta l o r  Sn02 , 
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TABL E 1 4 .  Z I RCONI UM/TI N  RAT I Oa 

Surface  Rat 1 o  

SamQl e I nner Outer 

Fue l  Rod 3-30 ( SE -2 )  5 . 3  _ _ b 

( 34 em)  

F ue l  Rod 3-30 ( SE -4 ) b 1 2  
( 20 em) 

F ue l  Rod 3-42 ( SE -6 )  2 . 7  65  
( 23 em)  

F ue l  Rod 3-42 ( SE -8 ) 1 . 0 - -b 

( 1 3  em)  

Con t r o l  Rod 3-l C ( SE  -9 ) 0 . 27 o .  1 8  
( 33 c m ) C  

Con t r o l  Rod 3- l C ( SE - 1 1 )  1 . 6 E -3 b 

( 1 8  c m ) C  

Con t r o l  Rod/Gu i de T ube 3-1 4C/G ( SE - 1 4 )  2 . 2  --b 

( 20 cm) d 

Con t r ol Rod/Gu i de Tube 3-1 4C/G 
( 2 cm) d 

( SE - 1 6 )  4 . 4  1 6  

Gu i de Tube 3-l G ( SE - 1 7 )  7 . 7 b 
( 3  cm ) C  

Gu i de Tube 3-l G ( SE - 1 8 )  4 .  1 28 
( 1 8  cm ) C  

Gu i de Tube 3-l G ( SE - 1 9 )  8 . 4  b 
( 29 cm ) C  

Gu i de Tube 3-l G ( SE -20 ) 5 . 2  --b 
( 31 cm) c 

a .  The z i r c on i um to t i n  r a t i o  i n  z i r ca l oy i s  6 1 . 2 .  

b .  No samp l e  or a detec t i on  l i mi t ana l ys 1 s .  

c .  Add 6 . 5  em for c ompa r i son to fuel  r od l oc a t i on s . 

d .  Add 9 . 0  em for c ompa r i son to fuel  rod  l oc a t i on s . 
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wh \ c h  wou l d  be e xpec ted to  depos \ t  on c o l der s u r faces t n  the core . F ur ther 
ana l yses  are needed t o  prov \ de a bet ter  explana t \ on of  the h \ gh Sn 

concen t ra t \ on s . 

Ag- I n -Cd Con t r o l  Rod Ma ter \ a l s .  The ma t er 1 a l s  present t n  the core  
wer e  or 1 g \ na l l y present  \ n  the c on t r o l  r ods  \n  an  a l l oy of 80% Ag , 1 5% I n ,  
and 51 Cd . Two s amp l es o f  c on t r o l  r od s  ( SE - l l  and SE - 1 6 )  wer e  ana l yzed for 
con t r o l  ma ter \ a l  content . The c on t r o l  r od s  f r om wh \ c h  these samp l es wer e  
taken had been mo l ten a s  e v 1 denced b y  t h e  presence o f  c on t r o l  ma ter \ a l  1 n  
the p lenum r eg 1 on o f  the rods . T he Ag- l n -C d  da ta f o r  s amp l es SE - l l 
and SE - 1 6  1 1 s ted \ n  Tab l e  1 3  1 nd 1 c a t e  t ha t a l though the  ma te r \ a l  had been 

mo l t en ,  the compos \ t \ on of  t he r od s  r ema \ ned \ n  t he a s -manufac t u r ed 
cond 1 t 1on . These da ta s ugges t tha t the h \ gh l y  vo l a t \ l e Cd \ s  not  r e l ea sed 

or segrega ted \ n  t he \ n tac t c on t r o l  rods when the con t r o l  ma ter \ a l  \ s  
1 \ qu \ f \ ed .  

Tabl e  13 1 nd \ ca tes  tha t the c on t r o l  r od ma ter \ a l s  ( Ag - I n-Cd ) wer e  
found o n  a l l  expos ed s u r f a c e s  excep t  o n  t he \ nner sur face  of  t he fue l rod 
c ladd 1 ng . l he concen t r a t \ on s  1 \ s ted \ n  Tab l es 10 through 1 2  \ nd \ ca t e  a 
r e l a t \ ve l y  nar r ow r ange of concen t ra t \ on s : a fac tor  of  3 for  Ag and I n  and 
a fac tor of 1 2  for  Cd . The da t a  \ nd \ ca te tha t the ex terna l s u r face  

depos 1 t 1 on \ s  s \m1 l a r  for  the  c on t r o l  r od/gu \ de tubes  and  the fuel  r od 

sur face s . l h \ s  wou l d  s ugge s t t ha t  no thermophore t \ c  aerosol  depos \ t \ on 

occ u r r ed ( 1 . e . , the \ r r ever s \ b l e  s u r face depos \ t \ on may have oc cur r ed a f ter  
t he f ue l  r od s  had  c oo l ed t o  amb\ en t  t empe r a t ur e ) .  

Tabl e  13 1 \ s t s  t he a verage c onc en t r a t \ ons  and the  r a nges for the Ag , 
I n ,  and Cd concen t ra t \ on s  . A l s o  1 \ s ted \ s  the tota l c on t e n t  of t he upper 
core  f ue l  a s s emb l 1 es 1 f  the concen t ra t \ on of each e l emen t wer e  extr apo l a t ed 

to t he s u r face a r ea of  t he upper core  r eg \ on . The d a t a  s ugge s t  tha t ver y  

1 \ t t l e of  t he c o r e  1 nven tor \ es of  the Ag , I n ,  and C d  a r e  depos \ ted on 
exter 1 or s u r faces  \ n  the upper core  r eg 1 on . 

The a ve rage c oncen t ra t t on s  1 \ s ted \ n  Tab l e  1 3  s ugges t tha t some 
propor t \ on s  o f  t he c on s t \ t ue n t s  \ n  the c on t r o l  r od ma ter \ a l  depos \ t ed on 

sur faces  wer e  not the same a s  t he pr opor l 1 ons \ n  the a s -manufac t ur ed 
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control  r od s . Tab J e  1 5  l i s t s  t h e  Ag/I n ,  Ag/C d , and  I n/Cd r a t 1 os for the 

exter na l  s u r fa c e  samp l es . The  d a t a  i nd i ca te t h a t  t h e r e  a r e  s u b s ta n t 1 a l  

d i f ferences  between t h e  a s -b u i l t  c o n t r o l  r od a l l o y  r a t i os a n d  those  

mea s ur ed on  the exter i or core  s u r fa c e s . The l ower than  expec ted Ag/I n  

r a t i os i nd i cate  tha t pr opor t i ona l l y  t h e r e  i s  s ub s ta n t i a l l y  mor e  I n  ( by a 

factor of 4 )  than  Ag i n  the  s u r f a c e  depos i t s .  Th i s  s ugge s t s  tha t these 

e l emen t s  wer e  not depos i ted on  the s u r fa c e  as the a l l oyed c o n t r o l  rod 

ma ter i a l , but that  they had been segr ega t ed pr obab l y  b y  a c c i den t - r e lated 

ef fec t s  ( e i ther the  h i gh tempe r a t u r e s  d u r i ng the  ea r l y  por t i on of  the 

acc i dent  or l ongterm l eac h i ng ) . The magn i tude o f  t h e  d i s pr opor t i on and the 

fac t that  n e i ther e l ement  i s  s o l u b l e  to  a n y  s i gn i f i ca n t  e x t e n t  i n  the 

s l i gh t l y  ba s i c  reactor  c oo l a n t  a t  TMI -2  wou l d  s ugge s t  t h a t  the  e l ements 

were sepa r a t ed due to  t he i r  r e l a t i ve l y  h i gh vapor  p r e s s u r e s  dur i ng the h1gh 

temperature  por t i on of t he a c c i den t . 

The Ag/Cd rat i os a r e  l ower t h a n  t h e  a l l oy r a t i o  for t h e  maj or 1 ty of 

the fuel  and c o n t r o l  r od s u r fa c e s  a nd h i gh e r  than  expe c ted for  the  gu ide 

tube sur faces . A l s o ,  the  Ag/Cd r a t i o s r ange over approx i ma t e l y  a fac tor of  

6,  whereas  the  Ag/ I n  r a t i os are s i m i l ar to  a fac tor  o f  2 .  The  d i ve r s i ty in 

the Cd da ta s ugge s t s  very  uneven depos i t i on of t h i s  e l emen t  on the i ncore 

s u r faces  as compar ed to  Ag and I n . The r ea s on for t h e s e  s ub s tant 1 a l  

d i fferences  i s  not known b u t  may b e  r e l a ted  to  t h e  r e l a t i ve l y  l ow boi l i ng 

po i n t of meta l l i c  Cd ( 1 040 K ) . 

The I n/Cd r a t i os a r e  s i gn i f i ca n t l y  h i gher  t h a n  the  a l l oy r a t i o  and are 

proba b l y  due to the h i gher than  expec ted amoun t s  of In as i nd i ca ted by the 

Ag/ I n  ra t i o .  I n  s umma r y , these  da ta i nd i ca t e  s i gn i f i ca n t  a c c umu l a t i on of 

the  I n  wi th  r e l a t i ve dep l et i on of both  the  Ag a n d  Cd . 

Burnab l e  Poi son Ma ter i a l s .  The b u r na b l e  po i son ma t e r i a l s  meas urable 
were Al , B,  and Gd . A l  a nd B a r e  e l emen t s  u s ed i n  the burnab l e  po i son rod 

a s s embl i e s  and Gd wa s u s ed i n  the  f u e l  pe l l e t s  o f  four  exper i men ta l  fuel 
a s s embl i e s l oca ted a t  c o r e  pos i t i on s  88 , H4 , H l 2 ,  and NB . Al a nd B were 

mea surab l e  pr i nc i pa l l y on s u r faces  expos ed to t h e  c oo l a n t  i n  t h e  r eac tor 

ves se l . Gd wa s mea s u r a b l e on l y  on the  o u t e r  s u r fa c e  of t h e  3 - l C control  

rod ( S E -9 and SE - 1 1 ) .  
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TABl E 1 5 .  E l E ME NTAl RAT J OS F OR Ag , I n ,  AND Cda 

Samp l e  

F ue l  Rod 3 - 30 ( SE -2 )  
( 34 ell)  

F ue l  Rod 3 - 30 ( Sf -4 ) 
( 20 em)  

F ue l  Rod 3-42 { Sf -6 ) 
( 23 em)  

F ue l  Rod 3-42  ( SE -8 ) 
( 1 3  em)  

Con t r o l  Rod/Gu \ de T ube 3 - 1 4C/G ( SE - 1 4 )  
( 20 ca)c 

Con t r o l  Rod/Gu \ de Tube 3 - 1 4C/G ( SE - 1 6 )  
( 2 em) e 

Gu \ de Tube 3 - 1 G ( SE - 1 7 )  
( 3 cm)d 

Gu \ de Tube 3-1 G  ( SE - 1 8 )  
( 1 8  em) d 

Gu \ de Tube 3-1 G ( SE - 1 4 )  
( 29 em) d 

Gu \ de Tube 3- l G  ( SE -20 ) 
( 31 em) d 

Ag/l n  

0 . 8  

b 

1 . 4 

1 . 0 

0 . 9  

1 . 2 

1 . 9 

1 . 1 

1 . 7 

1 . 5 

Outer Sur faces  

Ag/Cd 

8 . 2  

b 

2 1  

1 0 . 8  

6 . 3  

s . s  

28 

25 

46 

8 . 5  

a .  E xpec t ed r a t \ os for  an \ ntae t c o n t r o l  rod ar e :  Ag/l n = 5 . 33 ,  
l n/Cd = 3 ,  Ag/Cd = 1 6 . 0 .  

b .  Not de t ec ted . 

c .  Add 9 . 0 em for c ompa r \ son to f ue l  r od 1 oc a t 1 ons . 

d .  Add 6 . 5  em for  c ompar \ son to f ue l  r od l oea t \ on s  . 

• 
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l n/Cd 

9 . 9  

b 

1 5  

1 1  

6 . 8  

4 . 5  

1 5  

22 

27 

5 . 1  
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The average Al · and B c o n c en t ra t t on s  wer e  1 1  a n d  3 1  pg/cm , 

respec t i ve l y .  The r a nge of  c o n c en t ra t t on s  f o r  A l  wa s on l y  a fac to r  of 3 ,  

whereas the r ange for  B wa s a f a c t o r  of  1 4 .  The fac t that  Al  wa s mea surable 

t s  s i gn 1 f i ca n t , a s  the  maj or s o u r c e  o f  t h t s e l eme n t  1 s  t h e  b u r na b l e  po l son 

rods . Th t s  s ugge s t s  tha t the  mea s u r a b l e  Al m t g h t  be due  to t h e  r educt 1 on 

of the  Al 2o3 
1 n  t he po t son  rods  a n d  t h: s ub sequent vo l a t 1 1 1 za t 1 on  of  

the meta l l i c a l umi num ( B . p .  = 2330 K) . 

The presence of  B on  the  s u r fa c e s  i n  t h e  c o r e  t s  expec ted because  of 

the h t gh concen t r a t t on s  1 n  the  r ea c t o r  c oo l a n t  ( up t o  5000 pm ) .  

Gd wa s mea s ur ab l e  on l y  on  the  o u t e r  s u r fa c e s  of  c o n t r o l  r od 3-l C 

( Samp l es SE -9 and SE - 1 1 ) .  The data  s ugge s t  t h a t  s ome 1 nt e ra c t t on has  

occ ur r ed between t he s ta t n l e s s  s teel  c l a d  on  t he c o n t r o l  r o d s  and  Gd . The 

nea r e s t  source  of  Gd 1 s  f u e l  a s s emb l y  08 , wh t ch 1 s  a d j a c e n t  to the  C7 

as s emb l y  and 1 s  t he onl y  proba b l e  s o u r c e  of  t h e  Gd . The r ema 1 n 1 ng 3 

a s s embl t e s  conta 1 n \ ng Gd a r e  l oc a ted 1 n  t h e  r ema \ n 1 ng t h r ee quadrants  of 

the cor e .  F 1 nd 1 ng mea s u r a b l e  Gd 1 n  the  upper  r ea c to r  c o r e  t s  unexpec ted as 

the en t t r e core  1 nven tory  of t h 1 s  e l emen t  1 s  1 3  k g ;  h oweve r , the  

extrapo l a t t on data tn  Tab l e  1 3  1 nd 1 ca t e  that  total  depo s 1 t 1 on 1n  the upper 

core  r eg t on woul d  be on l y  0 . 04 kg . There  t s  no r ea son k n own for  the 

s e l ec t t ve pres ence of Gd on the  s u r f a c e  of the 3-l C c o n t r o l  r od . 

S t r uc t u r a l  Ma ter t a l . The 8 s t r u c t u r a l  ma te r 1 a l s  t n  the  r ea c tor core 

for wh t c h  ana l yses  wer e  performed a r e  1 1 s ted  t n  Tab l e  1 3 .  As noted , a 

number of e l emen ts  a r e  c on s t t tuen t s  of  t h e  samp l e  ma t r 1 x  ( e . g . ,  1 ron ) and 
a r e  not 1 nd 1 ca t 1 ve of  s ur face depos t t 1 on .  The da t a  1 n  Tab l e  1 3  1 nd 1 cate a 

ver y  sma l l  amount of s t r uc t u r a l ma t e r 1 a l  depos 1 t 1 on on  t h e  upper c o r e  
regt on as sembl 1 es ( -1 . 2  kg  tota l ) wt t h  the  p r 1 nc 1 pa l  c on t r 1 but 1 on s  f r om 

Cr  and N 1 . Depos t t t on of F e  c a n n o t  be  eva l ua ted a s  1 t  t s  a c omponen t  of 
a l l  base ma ter t a l s  that  wer e  l ea ched . An 1 ns p ec t 1 on of  t h e  c ompos 1 t 1 on 

data for s ta t n l es s  s teel  1 nd 1 c a t e s  t ha t  a l l  e l emen t s  a r e  1 n  approx 1 ma tel y 
the c o r r e c t  r a t t os ( 1 . e . , none of t h e  e l eme n t s  a r e  e t t h e r  enhanced or 

dep l eted r e l a t t ve to  the  other s ) .  
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S�rx . l 1 s ted bel ow 1 s  the s u� r y  of  the observa t 1 ons  and 
conc l us \ on s  of t he e l ementa l ana l y s e s  per f ormed on the s ur face depos \ t s 

f r om  the d \ s t \ nc t  c omponen t s  obta \ ned f r om the upper por t \ on of the r eac tor 
cor e . The l 1 s ted obs er va t \ on s  and c onc l u s \ ons  are ba sed on l y  on the 

sa� l e s  ana l y1ed . These  s amp l e s  ma y  not be r epresen ta t \ ve of  the upper 
cor e reg \ on a s  t he y  make up on l y  a sma l l  f r ac t \ on of t he tota l ma ter \ a l  \ n  

th 1 s  par t  o f  the r ea c tor c or e .  The obs e r va t \ ons  and c onc l u s \ ons  a r e : 

• T he tota l quan t \ ty o f  a l l  fuel  r od , c on t r o l  rod , and s t r uc tu r a l  
ma ter 1 a l s , exc l ud \ ng l r  and Sn , 1 s  ca l c u l a ted t o  b e  about 4 . 6  kg . 

• Sur face  depos \ t \ on of  the pr \ nc 1 pa l  cons t \ t uen t of  t he fue l 
ma te r \ a l  U r anges over a fac tor of  20 depend \ ng u pon the ma ter 1 a l  

t ype . The tota l quan t \ t y e s t 1 ma ted t o  be depos \ ted on t he 1 ncore  

s u r faces ( 1  to 2 k g ) may have  been a f fec ted by con tam\ na t 1 on 

dur 1 ng c u t t \ ng of  t he ma ter \ a l . 

• As Zr  and Sn a r e  c omponen t s  of  t he ba s e  ma ter \ a l  for the fuel  r od 
c ladd \ ng and gu 1 de tubes , sur face depos 1 t 1 on cannot be e s t \ ma ted 
f r om  t hese s u r faces . However , e s t 1 ma ted r e ten t \ on f r om the SS 
c on t r o l  r od c l add 1 ng ,  12 kg for  lr and 1 1 5  kg for Sn , \ s  much 
h \ gher than any o t her  depos \ ted ma t er 1 a l . The s e  data 1 nd 1 ca t e  
s t gn \ f \ cant  1 n terac t 1 on between these  e l emen t s  and s ta 1 n l e s s  
s teel o r  s \ gn \ f 1 ca n t  c on tam \ na t 1 on of  t h e  s ta \ n l e s s  s teel  
s u r face . Cur r en t l y ,  no expl ana t \ on for these h \ gh concen t ra t \ ons  

1 s  known . 

• Ag - I n -Cd pr esen t \ n  \ n tac t c on t r o l  rods  tha t  have been mo l ten 
r ema \ ns \ n  t he a s -ma nufac tured c ompos 1 t 1 on w\ thout dep l e t \ on of 

Cd . 

• Ag- I n -Cd  f r om the c on t r o l  r ods  1 s  r e l a t \ ve l y  even l y  d 1 s t r 1 bu t ed 

on a l l  s u r faces exposed to the r eac tor c oo l a n t ; however ,  the 
t o t a l  we \ gh t  of  the depos 1 ted Ag- I n -Cd 1 s  abou t l . 1  kg . 
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There  appear s  to  be a d i s p r opor t i ona t e l y  h i gh c o n c en t r a t i on  of I n  
depos i ted on  the s u r fa c e s  e x po s ed t o  t h e  r ea c tor  c oo l a n t  as  

c ompar ed to  Ag  a nd C d . 

A l umi num a c on s t i tue n t  o f  the  bur nab l e  p o i s o n  r od s , ha s a • 
2 

r e l a t i ve l y  cons ta n t  concent r a t i on ( 4  t o  1 2  pg/cm ) on the 

i ncore  s u r faces . The  p r oba b l e s o u r c e  o f  t h i s  ma t e r i a l  i s  

metal l i c  a l umi num pr oduced f r om the  r educ t i on o f  A l 2o3 and 

depos i ted on the  core sur face s . 

1 Gd , a mi nor cons t i tuent  of  t h e  burnab l e  po i son  r o d s  ( a  core  

i nven tory  of 13  kg ) a ppea r s  to  have become a s soc i a ted  wi th the 

s ta i n l e s s  s te e l  c o n t r o l  r od c l a dd i ng .  

• The tota l amount  of s t r uc tu r a l ma t e r i a l  depos i ted on  upper core 

s ur faces  i s  < 1 . 2  kg , and the e l emen ta l  d i s t r i bu t i on i s  s imi l ar 

to  that  found i n  s ta i n l es s  s t ee l . Th i s  i nd i ca t e s  that  no 

con s t i tuent of  t he s ta i n l e s s  s tee l ha s been dep l eted or  enhanced 

i n  the sur face  depos i t i on .  

6 . 3 . 2 . 2  Radi oc hemi c a l  Ana l ys i s  Res u l t s . Rad i ochemi c a l  a n a l yses were 

per formed on fuel  pel l e t s  and  on  samp l es of f u e l  r od c l a dd i ng , gu i de tubes , 

and control  rod c l add i ng a s  l i s ted i n  Tab l e  2 .  The r a d i och emi c a l  a na l yses 

wer e  per formed to  eva l ua t e  the r a d i onuc l i de c on te n t  of s e l ec t ed fuel  

pel lets  a nd of the  s u r fa c e  depos i t i on on  the  c l add i ng and gu i de tubes . 

Tab l e s  1 6  t h rough 1 9  l i s t the  r a d i onuc l i de  c o n t e n t  o f  t h e  fuel  pe l l et 

samp l e s  and of the sur face depos i t i on samp l es , r es p ec t i ve l y .  

The r a d i onuc l i de content  of  the  fuel  samp l es i s  c ompa r ed to  the 

ORIGEN2 pred i c ted concentra t i on s  for i n tac t  fuel f r om the upper por t i on of 
1 1  

the cor e ,  and the  r a d i onuc l i de content  of  t h e  s u r f a c e  depos i t i o n  

samp l es i s  d i s c u s sed i n  groups f r om the  l owe s t  to  the  h i gh e s t  
1 2  

vol a t i l i ty .  The l ow vol a t i l i ty ma ter i a l s  i nc l ude e l eme n t s  f r om the 

nob l e  me ta l s ,  some r a r e  ea r th s  and a c t i n i de s , t e t r a va l en t s , and ea r l y  

trans i t i on e l emen t s . Genera l l y ,  the  o x i des o f  t h e s e  e l emen t s  h a ve l ow 
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lABlE 1 6 .  F UE l  P E l l E T  RAOI ONUC L I OE C ONC E NTRAl i ONSa 
• ( pC \ /gm )  

Rad \ onuc 1 \ de 

lov Vo1 a t \ 1 Hy 

Ce- 1 44 
U-235 

Med\ u.  Vo1a t \ l \ ty 

Sr -90 
E u - 1 54 
E u - 1 55  
Ru- 1 06 
Sb-1 25  

H \ gh Vo1 a t 1 1 1 ty 

C s - 1 37 
C s - 1 34 
l -1 29 

SE -4 
F ue l  Rod 3-30b 

( 20 em) 

6 . 09 J: 0 . 22 E • l 
1 . 88 J: 0 . 1 9  £ +4C 

1 . 43 J: 0 . 1 4  E t-3 
2 . 34 t 0 . 28 E O  
2 . 44 t 0 . 08 E t- 1 
3 . 35 t 0 . 1 3  E • l 
2 . 09 t 0 . 01 Et- 1  

2 .  1 6  .t 0 .  0 1  E t-3 
1 . 1 2  .t 0 . 03 E t- 1 

5 . 5  .t 0 . 6  E -4 

a .  Da ta  deca y  c or r ec ted to Apr \ 1  1 ,  1 987 . 

SE -21  
F ue l  Rod 3 -42b 

( 21 em) 

6 .  40 J: 0 .  1 5  E t- 1 
1 . 9 2  t 0 . 1 9  f t- 4C 

1 .  7 1  .t 0 . 1 8 E t-3 
3 . 44 .t 0 . 35 E O  
2 .  24 .t 0 . 0 9  E t- 1 
3 . 4 1  .t 0 . 1 5  E t- 1 
2 .  40 .t 0 .  1 5  E t-1 

2 . 22 .t 0 . 01 E t-3 
1 . 27 ± 0 .  03 E t-1 

5 . 7  ± 0 . 6  E -4 

b .  The r es u l t s  r epresen t the a verage o f  two ana l yses  per f ormed on eac h  
samp l e  t o  ensure  tha t a c c u r a te a nd p r ec \ se r e s u l t s  were obt a \ ned . 

c .  U-235 concen t r a t \ on s  a r e  1 \ s ted \ n  pg/gm of  f ue l  ma ter \ a l  ( PPM ) . 

• 

• 

1 07 



..... 

0 CD 

TABLE 1 7. FUEL ROO SEGMENT SURFACE DEPOSIT RADIOCHEMICAL ANAL YS!S RESULTS 
(,.Ci tcm2)a 

SE-2 SE-4 
Fuel Rod 3-30 Fue 1 Rod 3-30 

(34 cat) (20 Cll) 

(4��:e�,ll (3.��n�=21 
Outerb Inner 

Element (4. 1 5  CJ12) (3.89 c112J 

Low Yol atf l i tJ! 

Ce-144 1 .85 :t 0.09 E-01 __ c __ c __ c 

MediUll Yolatf l i tJ! 

Sr-90 7.53 :t 1 . 1 3  EOO 7.15 :t 1 .07 E-01 1 . 55 .t 0.23 E-01 6.84 :t 1 .03 E-02 
Eu-154 1 .91 :t 0.15 E-02 __ c __ c __ c 
Eu-155 7.44 :t 0.30 E-02 •• c __ c __ c 
Ru-106 1 . 54 .t 0 . 1 2  E-01 6.80 :t 2.00 E-03 3.30 :t 0 . 1 2  E-O? 3.82 .t 0.69 E-03 
Sb-125 1 . 56 .t 0.01 EOO 6.37 :t 0. 1 2  E-02 3. 30 :t 0. 57 E-01 7.50 :t 0.08 E-02 

Hl!!h Yolatf l l tJ! 

Co-60 7.86 .t 0.14 E-02 3 . 1 2  t 0.18 E-03 1 .05 :t 0.07 E-03 4.30 :t 0.45 E-04 
Cs-134 1 .29 :t 0.02 E-01 7.48 :t 0.23 E-03 2.27 :t 0 . 1 1  E-03 1 .49 t 0.10 E-03 
Cs-137 9.05 :t 0 . 1 2  EOO 4. 72 :t 0.02 E-02 1 . 07 :t 0.03 E-01 6.89 .t 0.06 E-02 
I-129 5.80 .t 0.08 E-06 <5.57 E-07 cl . SO E-07 <2.40 E-07 
U-235 2.17 :t 4.34 EOl 6.07 :t 1 .21 E-01 3.45 • 0.69 E-02 4.88 :t 0. 93 E-02 

a. Decay corrected to April 1 ,  1 987. 

b. This sample 1111 have had substantial a110unts of surface deposition reaJOved during handl ing. 

c. Not detected. 

SE-6 SE-8 
Fuel Rod 3-42 Fuel Rod 3-42 

(23 cat) ( 1 3 C11) 

Outer Inner First Outer Second Outer Inner 
(4. 1 1  c1121 (3. 51 c112J (4.42 c112) (4.42 c112J ( 3 .78 cm2J 

2. 75 :t 0. 28 E-02 •• C __ c _ _  c _ _  c 

1 . 57 :t 0.24 EOO 1 .  69 .t 0.25 E-01 2.22 .t 0.33 EOO _ _  c 1 . 49 .t 0.22 E-01 
•• c •• c _ _  c __ c _ _  c 

1 .1 3  .t 0 . 1 0  E-02 _ _c __ c __ c __ c 
3.53 :t 0.43 E-02 •• c __ c __ c _ _  c 
3 . 1 1  :t 0.03 E-01 2.17 :t 0. 1 2  E-02 3.31 :t 0.07 E-01 3.19 .. o.oa E-ot cl .OO E-02 

7.59 .t 0.11 E-02 7.52 t 0.33 EOl 5.65 .t 0.04 EOO 5. 21 :t 0.02 EOO 7 . 1 0  t 0.07 E-02 
5.52 :t 0.06 E-02 ?.68 t 0.13 E-03 6.29 :t 0.26 E-02 6.49 :t 0.32 E-02 c2.02 E-03 
1.01 :t 0.01 EOO 1 .44 :t 0.01 E-01 3.00 .t 0.02 EOO 2.84 :t 0.02 EOO cl .09 E-01 
• . 1 4  :t 0.07 E-06 c3.36 E-07 1 . 61 :t 0.06 E-06 _ _  c c2.82 E-07 
3.89 .t 0. 78 EOO 1 .45 .t 0.29 E-01 2.24 :t 0.45 EOO __ c 3.07 :t 0.61 E-01 
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TABl E , 8 .  CONTROl ROD AND CONTROl ROO/GU I DE TUBE SURF ACE D E POS I T  RA01 0CH£ "1 CAL ANAl Y S I S  RE SUl TS 
hC t !ca2 )a 

SE - 1 4  

S £  - 1 1  
Control Rod 

Control Rod 3- 1 C  Gu t de Tube 
Sf -9 

P8 cmlb 3-14CGc Con t r o l  Rod 3-1 C IZ9 Cl) 
U3 cm!b 

Outer Onl y  Outer and I nner 

Outer I nner So l \ d  P t ece Torn P \ ece  

ll e���tn� t4 . 2 1  £112) u. 79 s•
2

1 i4 , 1§ s•2 l '-z�g� m2l 
low Volat n Hx 

Ce-1 44 _ _ d _ _  d _ _ d 1 . 1 7  t 0 . 1 6  E -02 

"-d t um  Volat t l t tx 
Ru- 1 06 _ _ d _ _ d _ _  d 1 . 5 2  t 0 . 38 E -02 
Sb-1 25 1 . 30 t 0 . 06 E -0 1  9 . 7o t ol E -0 2  _ _ d 1 .90 t 0 . 02 E -01 
E u -1 55 _ _ d _ _ d __ d 
Eu- 1 54 __ d _ _ d _ _ d _ _  d 
Sr -90 7 . 4 4 t 0 . 1 1  E -01 2 . 02 t 0 . 30 E -02 3 . 61 t 0 . 54 E -0 1  1 . 1 B  t 0 . 1 8  E OO 

H\gb Vo1at \ 1  H� 

Co-60 4 . 79 t 0 . 1 2  E -02 8 . 85 .t 0 . 32 E -03 4 . 36 t 0 . 1 3  E -02 9 . 86 t 0 . 1 0  E -02 
C s - 1 34 2 . 25 t 0 . 02 E -01  2 . 07 .t 0 . 07 E -02 3 . 61 t 0 . 03 E -01  3 . 1 9 t 0 . 05 E -02 
C s - 1 37 1 . 07 5 0 . 01  E -01  9 . 82 t 0 . 03 E -01  1 . 51 t 0 . 0 1  E OO 1 . 48 t 0 . 01 E OO 
1 -1 29  9 . 68 t 0 . 08 E -06 <1 . 85 E -07 <3 . 10 E -07 6 . 33 t 0 . 07 E -6 
U-235 1 . 21 � 0 . 24 E OO 9 . 50 t 1 . 90 E -02 6 . 27 t 1 . 25 E -02 8 . 63 t 1 . 7 3  E -01 

a .  Decay correc ted to Apr \ 1 1 ,  1 987 . 

b .  Add 6 . 5  cm for compar t son to fuel r od loca t tons . 

c .  Add 9 . 0  ca for compar t son to fuel r od l ocat tons . 

d .  Not detec ted . 

S£ - 1 6  
Control  Rod Gu 1 de

c
l ube 3-1 4CG 

ll em) 

Outer Inner
2 {4 . 71 c•

2
! , • .  36 m a 

_ _ d _ _ d 

_ _  d _ _  d 
1 . 52 t 0 . 03 E -0 1  

__ d 
9 . 1 9 t 0 . 57 £ -03 

_ _  d 
_ _  d _ _  d 

2 . 27 .t 0 . 34 E OO 9 . 79 .t 1 . 47 E -02 

8 . 1 2 t 0 . 1 1  E -02 4 . 50 .t 0 . 45 E -04  
9 . 31 t 0 . 1 1  E -02 1 . 44 t 0 . 01 E -03 
4 . 1 9 t 0 . 0 1  E OO 7 . 25 .t 0 . 06  E -02 
5 . 53 t 0 . 1 1  E -01 < 1 . 84  E -07 
8 . 83 t 0 . 1 6  E -01 2 . 48  t O . SO E -02 
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TABLE 1 9 .  GUI D E  TUBE SURFACE DEPOSIT RADIOCHEMICAL ANALYSIS RESULTS 
( pC l /cm2 )a 

S E - 1 7  S E - 1 B  
Gu l de Tube 3-1 6 Gu l de Tube 3-16 

13 cm}
b 

jl8 cm}
b 

Outer I nner Outer Inner 
E 1ement { 5 . 09 cm

2
} { 4 . 7 5  cm

2
1 { 5 . 34 cm2

1 ( 4 . 95 cm
2} * 

low Vo1 a t 11 1 t� 

Ce-144 5 . 91 ± 0 . 77 E -03 

Hed l um Vo1a t l 1 1 t� 

Ru-1 06 
Sb-1 25 2 . 52 ± 0 . 02 E -01 5 . 1 5  ± O . OB E -02 4 . 44 ± 0 . 03 E -01 5 . 1 3  ± O . OB E -02 
Eu-1 5 5  
E u-1 54 
S r -9 0  9 . 63 ± 0 . 1 4  E -01 1 . 52 ± 0 . 23 EOO 1 . 34 ± 0 . 20 EOO 5 . 39 ± 0 . 81 E -01 

H1gh Vo1a t 1 1 1 t:t 

Co-60 5 . 26 ± 0 . 09 E -02 4 . 0B ± 0 . 05 E -02 9 . BO ± O . OB E -02 2 . 70 ± 0 . 03 E -02 
Cs-1 34 3 . 02 ± 0 . 05 E -02 7 . 45 ± 0 . 22 E -03 4 . 22 ± 0 . 08 E -02 7 . 09 ± 0 . 1 5  E -03 
C s - 1 37 1 . 40 ± 0 . 01 EOO 3 . 52 ± 0 . 03 E -01 1 . 94 ± 0 . 01 EOO 3 . 31 ± 0 . 01  E -1 
I - 1 29 6 . 1 4  ± 0 . 07 E -06 1 . 59 ± 0 . 73 E -07 4 . 55 ± 0 . 05 E -06 <1 . 68 E -07 
U-235 6 . 68 ± 1 . 34 E -01 7 . 28 ± 1 . 46 E -01 3 . 24 ± 0 . 65 E -01 1 . 42 ± 0 . 28 E -01 

a .  Decay correc ted t o  Apr 1 1  1 ,  1 987 . 

b .  Add 6 . 5  em for c ompar i son to fuel rod l oca t i ons . 

SE-20 
Gu l de Tube 

SE-19 3-1G 
Gu1 d e  Tube 3-1 6  131 cm}

b 

{ 29 cm}
b 

Outer and Inner 

Outer 2 I nner 
Torn P 1 ece 

!6.84 em l {6 . 29 cm
2

1 C-1 5 . 00 cm
2

> 

3 . 92 ± 1 . 94 E -03 B . 39 ± 1 . B E -03 

5 . 1  ± 1 . 6 E -03 
7 . 1 4  ± 0 . 07 E -02 3 .72 ± 0 .02 E -0 1  
1 .  76 ± 0 . 27 E -03 4 . BO ± 1 . 2 E -03 
4 .44 ± 0 . 22 E -04 1 . 04 ± 0 . 23 E -0 1  

4 . 09 ± 0 . 61 E -01 2 . 81 ± 0 . 42 E -01 1 . 1 5 ± 0 . 1 7 £00 

4 . 20 ± 0 . 05 E -0 2  9 . 49 ± 0 . 07 E -02 1 .41 ± 0 .01  E -01 
1 . 31 ± 0 .02 E -02 8 . 59 ± 0 . 21 E -03 3 . 57 ± 0 . 05 E -0 2  
6 . 1 2  ± 0 . 02 E -01 3 .92 ± 0 . 02 E -01 1 . 64 ± 0 . 01  E OO 
2 . 0B ± 0 . 03 E -06 2 . 86 ± 0 . 57 E -07 2 . 78 ± 0 . 03 E -06 
2 . 59 ± 0 . 5 2  E -01 2 .6 7  ± 0 . 53 E -01 5 . 45 ± 1 . 09 E -01 



vol a t 1 1 1 t 1 es ; howe ver , LaO and pos s \ b l y  CeO a r e  more  vol a t \ l e than t he 

elemen t . The onl y  rad 1 onuc l 1 de f r om t h 1 s  group t ha t  1 s  now mea s u r a b l e  1 s  
Ce-1 44 . 

The med 1 um vo l a t 1 1 1 t y f 1 s s 1 on produc t s  a r e  c ha r a c ter 1 z ed by bo 1 1 1 ng 

po\ n\ s of  l es s  than  31 00 k ( U02 me l t \ ng ) . These  ma t er \ a l s  \ nc l ude 
e l ements f r om  t h e  Group VA me ta l s ,  a l ka 1 1 ne ear ths , s ome of t he r a r e  

ear ths , a nd ac t 1 n \ de s . The vol a t 1 1 1 ty o f  t h 1 s  group o f  e l emen t s  \ s  
s trong l y  dependent on t he chem \ c a l  form o f  t he ma t er 1 a l . F 1 s s 1 on p r oduc t s  

1 n  th 1 s  group t ha t  a r e  measurab l e  a r e  Sr -90 , E u- 1 54 ,  E u - 1 55 , Ru- 1 06 , a nd 
Sb- 1 25 .  

The h \ gh vol a t 1 1 1 ty e l emen t s  a r e  the nob l e  ga ses , ha l ogen s , a l ka 1 1  

.etal s ,  a nd heavy c ha l c ogen s . These e l emen t s  and the 1 r  c hem \ c a l  forms a r e  
charac ter 1 zed b y  bo1 1 1 ng po \ n t s  o f  l e s s  than 1 600 k .  F 1 s s 1 on p r oduc t s  \ n  

t h \ s gr oup tha t a r e  mea s ura b l e  a r e  C s -1 34 ,  C s - 1 37 ,  and 1 - 1 29 .  A d 1 s c us s 1 on 
of  the f \ s s \ on produ c t  c on tent  o f  the  fuel  pe l l e t s  \ s  bel ow ,  f o l l owed by a 

d \ scus s \ on of  t he sur face  depos 1 t 1 on a na l yses . 

6 . 3 . 2 . 3  F ue l  Pe l l e t  Ana l yses . F ue l  pe l l e t s  f r om r ods 3-30 ( SE -2 )  a nd 
3-42 ( SE -21 ) were  d \ s s o l ved and ana l yzed for  rad \ onuc l \ de content . The 

resul t s , wh \ c h  wer e  deca y -c o r r ec ted to  Apr \ 1  1 ,  1 987 , a r e  1 \ s ted \ n  
Tab l e  1 6 .  Both  pe l l e t s  wer e  obta 1 ned f r om the C - 7  a s s emb l y  ( an a s s emb l y  

v\ th  a n  enr \ c hment  o f  1 . 98%) a t  20 em ( SE -4 )  and 2 1  em ( SE -2 1 ) f r om the top 
end of t he r od .  Dup l 1 c a t e  ana l yses  wer e  per formed on each pe l l e t  to ens u r e  

accur a te r e s u l t s . T h e  r a d 1 onuc l 1 de c oncen tra t \ ons  for  bot h  ana l yses  wer e  
compa r ab l e v1 t h 1 n  20% . The c o r e  l oca t \ on wher e  t h e  s amp l es wer e  obta 1 ned 

are 4 and 6 em \ n to the f ue l ed r eg 1 on of the r ods , r espec t \ ve l y .  Th \ s  
cor r e s ponds to a bur nup of  about 1 870 MWd/MTU a s  1 \ s ted 1 n  t he OR I GE N2 

1 1  a na l y s \ s  per formed for t he TMI -2 rea c tor . 

Tab l e  20 l 1 s t s  the c a l c u l a t ed rad \ onuc 1 1 de r e t en t 1 on f o r  the two fue l  
samp l es a s  c ompa r ed to  the c or r e s pond \ ng da t a  f r om the  OR I GE N2 ana l ys \ s  for 
an a verage bur nup of  1 863 MWd/MTU .  The s e  r e ten t 1 on s  wer e  c a l c u l a ted u s \ ng 
the f o l l ow 1 ng equa t 1 on :  
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TABLE 20 . CALCULATE D RAD I ONUC L I DE R E TE NT I ON F OR THE  I NTACT P E L L E TS 

O R I GE N2  
P r ed i c t ed 

Conce n t r a  t 1  on  a 
SE -2  

Rod  3-30b 
SE -21 

Rod 3-42b 

Rad i onuc l i de ( pC i /gm) ( 34 em) ( 22 em) 

Low Vol a  t i l  H� 

Ce-1 44 1 .  25 E +2 5 5  58  

Med i um Vol a t i l i t� 

Sr -90 4 . 34 E +3 37 46 
Eu-1 54 2 . 1 7  E +l 1 2  1 8  
E u-1 55  7 . 9 5  E +l 35 32 
Ru-1 06 9 . 3  E +l 4 1  42  
Sb-1 25 1 . 28 E +2 1 8  21  

H i gh Vol a t i l i ty 

C s - 1 37 4 . 96  E +3 49 51 
C s -1 34 5 . 86 E + l 2 1  2 5  
I - 1 29 1 .  62  E -3  38 39 

a .  ORIGEN2 pred i c ted concen t ra t i on a r e  for  the  1 . 98% f ue l , group 1 
( average burnup 1 863 MWD/MTU ) .  Da ta decay c or r ec ted to  Apr i l  1 ,  1 987 . 

b .  The concen t ra t i on s  l i s ted i n  Tab l e  1 5  wer e  i nc r ea s ed b y  1 3% to  account 
for the  oxygen content  of  the  uo2 . T h e  ORIGEN2  data  a r e  l i s ted  a s  
l!Ci /gm U .  
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Rad \ onuc l \ de 
Concen t r a t \ on x --����1�0�0����--- . 

me ORIGEN2 pred \ c t ed 
C \ /g U )  r a d \ onuc l \ de c onc en t r a t \ on 

( mC \ /g uran \ um )  

F \ s s \ on Produc t 
Reten t \ on 

( X  Reten t \ on )  

Th \ s  compa r \ son s ugge s t s  l ow reten t \ on s  of  between 30 a nd 60X of the 

expec ted c on tent of  the pel l e t s ; however , t hese  da ta cannot be used to 
conc l ude that these rad \ onuc l \ de s  wer e  r e l ea sed f r om t he fue l pel l ets  to 

the 1 \ s ted extent  b ecause  the s amp l e s  wer e  f r om \ ntac t pe l l e t s  t ha t  had not 
been exposed to  h \ gh tempera tures  and wou l d  not be expec ted to exh \ b \ t 

s ub s tan t \ a l  r e l ea s e  f or any rad \ onuc l \ de s . The l ow measured r e ten t \ on s , 
are , however , \ nd \ ca t \ ve of  the 1 \m\ ted accuracy  of  the OR I GE N 2  c ode a t  

th \ s  l oca t \ on \ n  the cor e ( \ . e . , the per \ pher y )  . The pe l l et s  were  
obta \ ned f r om  near t he top of  the  c or e , wh 1 ch \ s  a r eg \ on where  the  ORI GE N2 

code has a h \ gh degree of  uncer ta \ n ty  because  t he s l ope of  the \ nc r ea se \ n  
the neut r on f l ux  prof \ le \ s  ver y  s teep and cannot b e  model ed w\ th  

accurac y . A l s o , t he produc t \ on of f \ s s \ on produc t s  \ s  no t a 1 \ near 

proc e ss ,  and , con s equen t l y ,  the var \ a t \ on \ n  r e tent \ on cannot be t r ea ted a s  
r e l eases  of  these f 1 ss 1 on produc t s . 

A pre l \ m \ n a r y  a na l ys t s  of  t hese  da t a  can  be per f ormed ba s ed on t he 
rela t \ ve r e t en t \ on o f  the r a d \ onuc l \ de s . The r a d \ onuc l \ de w\ th t he h \ ghes t  
reten t \ on ,  Ce-1 44 , a l so h a s  t he l owe s t  expec t ed vol a t \ 1 \ ty ( see Tab l e  20 ) .  
These data  shou l d  be t r ea t ed a s  \ nc onc l us \ ve r e s u l t s . An a s se s sment o f  the 

1 3  
ORI GE N2 c ode ca l c u l a t 1 on s  for  T"I -2 \ s  now be \ ng per formed . The 
res u l t s  of the s e  mea s u r eme n t s  w\ 1 1  be c ompa r ed w \ t h  t he d \ s t \ nc t  component s  

resu l t s  1 n  the f 1 na l  exam\ na t \ on r epor t t o  be pub l \ shed \ n  F Y- 1 988 .  Th \ s  
r ad \ onuc l \ de has  a c a l c u l a ted r e t en t \ on of -SOX w\ t h  a l l  o ther s a t  l ower 

concen t ra t \ on s . Table  21 1 \ s t s  t he r e l a t 1 ve r e t en t \ on for a l l  
rad 1 onuc l \ de s  norma l \ zed t o  the Ce - 1 44 r e t en t \ on .  C s - 1 37 ha s the h \ ghes t 

noraa l \ z ed r a d \ onuc l \ de reten t \ on ,  \ nd \ c a t \ ng tha t the mea s u r ed 
concen t ra t \ on s  mo s t  c l ose l y  a pprox \ ma te those c a l c u l a ted by OR I GE N2 for an 

appropr \ a te bur nup . The norma l \ zed reten t \ ons  for Sr -90 , Ru- 1 06 ,  and 1 - 1 29 
range f r om  66-82% and \ nd \ ca te l e s s er agreement  t han tha t  shown by t he 

C s - 1 37 . Sb - 1 25 ,  C s - 1 34 ,  E u - 1 54 ,  and  E u - 1 55  \ n d \ c a te the wor s t  agreemen t .  

F or C s - 1 34 ,  E u - 1 54 ,  a nd E u - 1 5 5 ,  t h \ s  res u l t  \ s  under s tanda b l e  a s  these 
r ad \ onuc 1 1 des are not d \ r ec t l y produced by f \ s s \ on ,  bu t are pr oduced by the 
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TABLE 21 . AVE RAGE RAD I ONCU L I DE R E TE NT I ON NORMAL I ZE D  TO Ce-1 44 

Radi onuc l i de 

Med i um Vo l a t i l i ty 

Sr -90 
E u- 1 54 
E u- 1 55 
R u - 1 06 
Sb-1 25 

H i gh Vol a t  1 1  Hy 

C s - 1 37 
C s - 1 34 
I - 1 29 

Norma l i zed Reten t i on
a 

( ") 

66 -82 
22-32  
56-62  
7 2 -7 4  
32 -38 

86 -90 
38 -44 
68-70 

a .  It  s hou l d  be noted tha t the r a d i onuc l i de c oncen t r a t i on s  and 
consequent l y  the norma l i zed r e ten t i on s  a r e  a f fec ted by  the  neut ron f l ux 
spec t r um a s  wel l  a s  by the tota l f l ux a nd t h a t  the f l ux s pe c t r um near the 
top of the core can  be s i gn i f i ca n t l y  d i f f e r en t  than  the  c o r e  average . 
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neu t r on a c t \ va t \ on o f  f \ s s \ on produc t s  ( \ . e . , C s - 1 33 ,  E u - 1 5 3 ,  and E u - 1 54 ) .  
Th \ s  mode of  produc t \ on s ub s t an t \ a l l y  \ nc r ea s es t he uncer t a 1 n ty a s s oc 1 a t ed 
w \ th  the OR I GE N2 c a l c u l at \ on s  beca u s e  the  quan t \ ty of  r a d 1 onuc 1 1 de produc ed 
\ s  a f f ec t ed by t h e  quan t \ ty and neu t r on c r o s s  sec t \ on of t he nuc l 1 de to be 
act \ va ted , wh 1 c h  \ s  produced a t  d \ f fer \ ng ra tes  depend \ ng on the neut ron 
f l ux · \ n  tha t a r ea of  t he r eac tor c or e . The reason for t he l ow retent \ on 
for Sb- 1 25 \ s  not known because  t he produc t \ on o f  t h \ s rad1 onuc l \ de s hou l d  
be pred \ ct ed r e l a t \ ve l y  acc ur a te l y by OR I GE N2 .  

Sur face  Oepos \ t 1 on Ana l ys \ s  R e s u l t s . Tab l es 1 7  t h r ough 1 9  1 1 s t t he 

resul ts o f  the r ad 1 onuc 1 1 de ana l ys e s  per formed on t he 22 sur face depos \ t \ on 

samp le s . Tab l e  22 presen t s  t h e  a verages  and the  range of  c oncen t ra t 1 ons  for 
t he sur face  s amp l es exposed d \ rec t l y  to  t he r eac tor  coo l an t . These ana l ys \ s  

resu l ts and the r e s u l t s  for t he unexposed s ur faces  are  d \ s c u s s ed be l ow ,  \ n  
order o f  r e l a t \ ve vo l a t 1 1 1 ty .  

L ow Vol a t \ 1 \ ty .  The on l y  l ow vola t \ 1 \ t y f \ s s \ on pr oduc t tha t \ s  
.easurab l e  \ s  Ce- 1 44 ;  however , for c ompar \ son purposes , the  c on ten t of 

U-235 , anot her l ow vol a t \ l e \ so tope , wa s a l s o mea s ur ed t o  a s s e s s  the  f u e l  
content of t he surface  debr \ s .  I ns pec t \ on of  Tab l e  1 7 ,  t he f ue l  rod 
c ladd \ ng a na l ys \ s  r e s u l t s , \ nd \ ca tes  t ha t  Ce-1 44 wa s mea s u r a b l e  onl y  on t he 

exter \ or s u r faces  a t  SE -2 and S E -6 . As \ nd \ ca t ed by t h e  U-235 ana l ys \ s  
resu l ts . t he s e  1 oca t 1 ons  cor respond to  t he l a r ges t a c c umul a t \ on s  of  f u e l  

ma t er \a l .  T h e  presence o f  U -235 \ s  \ nd \ c a t ed o n  a l l  s ur faces , but  a t  
subs t an t \ a l l y  grea ter  concen t ra t \ on s  a t  the  noted l oca t \ ons . 

The c on t r o l  rod a nd c on t r o l  rod/gu \ de t ube da ta  1 \ s ted \ n  Tab l e  1 8  
aga \ n  \ nd \ ca t e  t he presence o f  C e - 1 44 o n l y  a t  a samp l e  l oc a t \ on con ta \ n \ ng 
s \gn \ f \ ca n t  amoun t s  of  fuel . H \ gher U - 235 concen t ra t \ ons  a r e  presen t a t  

other l oca t \ ons , bu t t he C e - 1 44 wa s n o t  detec tab le , proba b l y  due to 
var \ a t \ on s  \ n  t he c oun t t \ me s  o f  t he samp l e s  for t he gamma ray spec troscopy 

ana l ys e s . 

Table  1 9  \ nd 1 c a tes  the  pres ence of Ce - 1 44 a t  c oncen t r a t \ ons 
subs tan t \ a l l y l ower than  t he a ver age on two \ nner gu \ de tube s u r faces  and 

on SE -20 . 
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TABLE 22 . AVE RAGE RADI ONUCL I OE CONCE NTRAT I ON ON E XTE R I OR SURF ACES  
( pC 1 /cm2 ) 

E x t e r 1 or S u r f a c e� 
Rad 1 onuc l 1 de Aver age Range 

L ow Vol a t  i l H� 

Ce-1 44 7 . 4 E -2b 0 - 1 . 8 E -1 

Med 1 um Vol a t 1 1 1 t� 

Sr -90 7 . 0  E -2c 1 . 0 E -3 - 0 . 1 4  
E u- 1 54 5 . 9  E -2� 0 - 1 . 0 E -1 
E u-1 55  3 . 0 E -2 0 - 7 . 4  E -2 
Ru-1 06 2 . 0  E O  0 . 41 - 7 . 5 
Sb- 1 25 5 . 7  E -2e 0 - 1 . 5 E - 1  

H i gh Vol at 1 1 1 t� 

C s -1 37 3 . 0  E O  0 . 61 - 9 . 0 
C s - 1 34 4 . 1  E -6 1 . 6 E -7 - 9 . 7 E -6 
1 - 1 29 4 . 7  E -1 0 - 1 . 6 E O  

a .  E x ter i or s ur face  samp l e s  a r e  f ue l  Rods 3-30 ( SE -2 a n d  SE -4 ) ,  3-42 ( SE-6 
and SE -8 ) , Con t r o l  Rod Gu 1 de Tube s 3- 1 4C/G ( SE - 1 6 )  a nd Gu 1 de Tubes 3-1 6 
( SE -1 7 ,  SE -1 8 ,  SE -1 9 ,  and SE -20 ) . A l l  data  1 s  dec a y  c o r r e c t ed to Apr 1 1  1 ,  
1 987 . 

b .  On l y  three ana l y s e s  showed Ce-1 44 on  exter 1 or s u r fa c e s . 

c .  E xc l udes the outer  s u r fa c e  of  SE -8 , wh 1 c h  ha s a ver y  h 1 gh s u r face 
concen t r a t i on of  Co-60 . 

d .  Both radi onuc l i de s  wer e  mea s u r a b l e  1 n  onl y  2-3  a na l ys e s . 

e .  On l y  detec tab l e  some 1 n  a na l y s e s . 
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The Ce -1 44 and U-235 da ta t nd \ ca te t so l a ted , r e l a t \ ve l y  l ow 
concen t ra t \ on s  o f  fuel  ma ter \ a l  w1 th  no c ons \ s tent  pa t t ern  o f  depos 1 t 1 on on 

the sur face s . T h i s i s  cons \ s tent  w1 t h  the conc l us 1 on a r r \ ved a t  f r om t he 

elementa l da ta . 

Med1 u.  Vola t i l e s . The med \ um vo l a t \ le r a d \ onuc 1 1 des a r e  E u-1 54 ,  
Eu-1 55 , Sr -90 , R u- 1 06 and Sb-1 25 . The a verage concen t r a t 1 on da ta 1 n  
Table  22 1 nd 1 cate  r e la t i ve l y  l ow c onc e n t ra t 1 on s  for E u - 1 54 and E u- 1 55 . The 
data t n  Tables  1 7  through 1 9  i nd t ca te tha t E u- 1 54 and E u - 1 5 5  a r e  f ound on l y  
where Ce- 1 44 \ s  presen t . Ba s ed on t he prev t ou s  d 1 s c us s \ on ,  th 1 s  woul d  
sugges t tha t the E u - 1 54 and E u- 1 55 a r e  f ound on l y  1 n  a s soc \ a t 1 on w1 t h  the 

fue l  ma ter \ a l . 

The average Sr -90 data \n  Tab l e  22 1 nd 1 ca t e  a r a nge of  external  

sur face concen t ra t \ on s  o f  a bout  a fac tor of  1 8  w\ t h  an  a ver age o f  
2 2 . 0  pC 1 /c• . I ns pec t \ on o f  the data 1 nd 1 ca tes  r e la t \ ve l y  h \ gh 

concen tr a t i on s  ( 1 -6 pC \ /cm2 ) on mo s t  external  sur faces . The t nner 
sur fac e s , \ nc l ud \ ng t he \ nner s u r face  o f  the gu \ de t ubes , wh \ c h  wer e  
exposed t o  reac tor  c oo l a n t ,  have sur face  concent r a t \ ons  tha t a r e  l ower by 
fac tor s o f  2 to 10 t ha n  the outer sur faces . The da ta  1 nd 1 ca t e  no apparent  
correla t \ on w1 th  f u e l  ma ter \ a l , and the da ta sugges t tha t the Sr -90 wa s 
mo s t  proba b l y  depos \ ted on the  sur faces  by the reac tor coo l an t  by sur face 

adsorpt 1 on .  The \ nner sur faces  o f  both c l add \ ng and gu \ de t ubes were not 

exposed t o  t he c oo l a n t  to as g r ea t  an  e x ten t as the exter \ or sur faces or 

e l se they wer e  expo s ed t o  r e l a t 1 ve l y  s tagnan t  coo l an t : t h \ s  accoun t s  for 

the l ower c oncen t r a t \ on s  obser ved . Th \ s  explana t 1 on 1 s  cons \ s t en t w1 th  t he 
known beha v \ or o f  S r -90 . The ma j or \ ty of  the Sr -90 a va \ l a b l e  for s ur f ace 

depos \ t \ on wa s mo s t 1 \ k e l y  r e l ea s ed dur \ ng t he acc \ dent  and was 
subsequent l y a d s o r bed on the s u r faces  \ n  the reac t or ves s e l . Th \ s  

conc l us \ on t s  based on rea c tor coo l a n t  s y s t em a na l ys e s  tha t \ nd \ ca te t he 

pr \ nc \ pa l  source o f  Sr -90  a va \ l a b l e  for  s ur face  depos \ t \ on wa s r e l ea sed 

dur 1 ng the ear l y s tages of the acc \ de n t  ( a l t hough a frac t \ on of the t o t a l  
was leached f r om the fuel  1 n to t h e  reac tor coo l a n t  dur t ng t he 5 yr  tha t the 
assemb l y  was tmmer sed 1 n  t he r eac tor c oo l an t ) .  
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The Ru-1 06 1 s  found pr 1 nc 1 pa l l y  on l y  on the s u r fa c e s  o f  the fuel rod 

c l add 1 ng and 1 s  found on l y  whe r e  t h e r e  1 s  a s 1 gn 1 f 1 ca n t  amo u n t  o f  U-235 . 

These data 1 nd 1 cate  that  the mea s u r a b l e  Ru - 1 06 1 s  a s s oc 1 a ted w 1 t h  the fuel 

ma ter 1 a l  and wa s depos 1 ted a s  a c o n s t 1 t u e n t  of the pa r t 1 c u l a te fuel  on the 

upper core s u r faces . 

Ana l ys i s  of the s u r face  depos 1 t 1 on o f  Sb-1 25  1 s  d 1 f f 1 c u l t because th 1 s  

rad i onuc l i de 1 s  produced both a s  a f 1 s s i on  p r oduc t and a s  a n  a c t 1 va t 1 on 

produc t of the t 1 n  1 n  the z i r ca l oy . The r e for e ,  t he q ua n t 1 ty o f  Sb-1 25 

mea sured 1 s  a ffec ted by the tota l amo u n t  o f  s tr u c t u r a l  z i r c a l oy d 1 s so l ved 

1 n  the samp l e s . The data 1 nd 1 c a te pos s 1 b l e  s u r fa c e  depos 1 t 1 on of  th 1 s  

rad 1 onuc l 1 de bec a u s e  the exter 1 or s u r fa c e  c oncen t ra t 1 ons  a r e  s 1 gn 1 f 1 cantly  
1 2 

h i gher ( 1 0  - 1 0  a t  some l oca t 1 ons } t ha n  the  1 n t e r 1 or s u r faces . 

However , these concen t ra t 1 ons  may be a f fec ted by  the Sb- 1 25  content of the 

fuel  ma ter 1 a l  depo s 1 ted on the s u r f ac e .  Ther e fo r e , the Sb- 1 25  data are  

gener a l l y  1 nconc l us 1 ve and  s u r face  depos 1 t 1 on o f  t h 1 s  r ad 1 on u c l 1 de cannot 

be eva l uated . 

H 1 gh Vol a t 1 l es . The two h 1 gh vo l a t 1 l e r ad 1 on uc l 1 des  mea s u r a b l e  are 

C s - 1 37 and I -1 29 .  The average c oncen t ra t 1 on s  1 1 s ted 1 n  Tab l e  22  1 nd i cate a 

s ubs tan t 1 a l  range of concen t ra t i ons  for  these  r ad 1 on uc l 1 de s . C s - 1 37 has a 

range of concen t ra t 1 on s  of  approx 1 ma te l y  1 5 ,  a nd I -1 29 has  a r a nge of 60 . 

C s - 1 37 wa s mea s ur a b l e  on a l l  s u r fa c e s . F or the f u e l  r od data  1 n  Tab l e  1 7 ,  
1 2 

the exter 1 or s ur face c oncen t r a t 1 ons  a r e  1 0  to  1 0  h i gher than those 

meas ured for the 1 n ter 1 or s u r faces  of  t he fuel  r od c l add 1 ng .  These da ta 

1 nd 1 cate s 1 gn 1 f 1 cant  e x ter 1 or s u r face  depos 1 t 1 on of t h 1 s r a d 1 onuc l 1 de .  

There 1 s  no cor r e l a t 1 on be tween the f u e l  ( U-235 } c on tent  and  the C s - 1 37 

content of the s u r face  depos 1 t 1 on .  These data  wou l d  s ugge s t  tha t  the 

C s - 1 37 wa s not depos 1 ted w1 th the f u e l  ma ter 1 a l , b u t  wa s sepa r a te l y 

adsorbed on the s u r fa c e . Th 1 s  1 s  cons 1 s tent  w 1 th  the  known s o l u b 1 1 1 ty of 

ce s 1 um .  

The C s - 1 37 and I -1 29 concen t r a t 1 on da ta  1 n  Tab l es 1 8  and  1 9  f o r  the 
control  rods and gu 1 de tubes a r e  genera l l y  s 1 m1 l a r  to t h e  fuel  r od data and 
1 nd 1 cate h 1 gher concen t ra t 1 ons  on e x t e r 1 or exposed s u r faces . 
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The I - 1 29 da ta for the fuel  rod sur faces  \ nd \ c a t e  s \m\ l a r  sur face 
depos \ t \ on on t he exter \ or sur faces of  the r ods w\ th concen t r a t \ on s  rang \ ng 
from 1 to  6 E -6 �C 1 /cm2 . There \ s  no mea s urab l e  1 - 1 29 on the \ n ter \ or 
sur faces  of  the f ue l  r od c 1 add \ ng . Th \ s  wou l d  \ nd \ c a te tha t ,  for an \ n tac t 
rod \ n  the T"I -2 c or e ,  no 1 -1 29 wou l d  be expec ted to be \ r r ever s \ b l y  
depos 1 ted o n  the \ n ter \ or · sur face  o f  the z \ r ca l oy c l add \ ng .  

The da ta \ n  T a b l e s  1 8  and 1 9  \ nd \ c a te tha t  I - 1 29 \ s  depos \ ted on 

exler \ or sur faces , \ nc l ud \ ng the con t r o l  rods a t  ver y s \m\ l a r  

concen t ra t \ on s . I t  \ s  not  measurabl e  on any  \ n ter \ or , unexposed sur faces . 
These data  wou l d  \ nd \ ca te tha t  I -1 29 \ s  a s ur face -depos \ ted s pec \ es tha t 

.ay have been depos \ ted by e \ t her vol a t \ 1 \ za t \ on and sur face depos \ t \ on 
( lh 1 s  \ s  c on s \ s lenl  w\ th  the ver y nar r ow range of c oncen tra t \ ons ) or 

p l a teout f r om  the r eac tor coo l a n t  and norma l s ur face adsor p t \ on .  

Summar y .  l \ s ted bel ow a r e  the obser va t \ on s  a n d  conc l us \ on s  obt a \ ned 

from the rad \ oc hem1 c a l  ana l yses  per formed on the d \ s t 1 nc t  c omponen ts . As 

prev 1 ou s 1 y  s ta ted , the number of samp l es are 1 \m\ ted and ma y  not  be 
repr esentat \ ve of  the upper core  r eg \ on \ n  gener a l . A l so , the da ta 
\ nd \ c a t e  tha t  hand l \ ng and c u t t \ ng oper a t \ on s  may have a f fec ted the sur face 
depos \ t \ on . The pr \ nc \ pa l  observa t 1 on s  a nd conc l u s \ on s  obt a 1 ned a r e : 

• The c a l c u l a ted f 1 s s \ on produc t retent \ ons  for the two fuel  
pel l e t s  are s ub s tan t \a l l y l ower t ha n  expec t ed ( 40 t o  70% ) . These 
pel l e t s  were  obta \ ned from w\ t h \ n  1 0  em of  t he top of  the fuel \ n  

a n  a r ea where there a r e  l a r ge uncer ta 1 n t \ es both \ n  t he neut r on 
f l u x  and \ n  t he OR I GE N2  pred \ c ted pr oduc t \ on of  rad \ onuc l \ des . 

The c ompar \ son da ta a r e  to  be fur ther eva l ua ted \ n  subsequen t 
e xam\ na t \ on r epor t s . 

• Tab l e  23 1 \ s t s the t o t a l \ nven tory of  f \ s s \ on produc t s  pr esen t on 
upper core  sur faces expo s ed to  the rea c tor c oo l an t , \ f  t he 
a verage c oncen t r a t \ ons  a r e  e x t rapo l a ted to  t he sur face of the 

upper one - t h \ r d  of  the a s semb l \ e s  \ n  the core . The data  \ nd \ c a t e  
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TABLE  23 . RAD I ONUCL I OE CONTENT OF  UPPE R CORE  SURFAC E S  

Rad 1 on u c l i de 

Med i um Vol a t i l 1 ty 

Sr -90 
E u - 1 54 
E u- 1 55  
Ru-1 06 
Sb-1 25  

H 1 gh Vol a t  1 1  Hy 

C s -1 37 
C s -1 34 
1 -1 29 

Tot a l  I nven t o r y
a 

( pC 1 ) 

0 . 63 
0 . 66 
0 . 27 

1 8 . 00 
0 . 50 

27 . 0  
3 . 7  E -5 
4 . 2  

a .  Th 1 s  1 s  the tota l quan t 1 ty o f  f 1 s s i on p r oduc t s  depos i ted on upper core 
s ur faces , 1 f  the a v�rage concen t ra t i on da ta i s  the e x t r a po l a t ed s u r face 
a r ea of 8 . 98 E +6 em ( i . e . ,  the s ur fa c e  a r ea for one - th i r d o f  a l l  upper 
a s s embl i es ) .  
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t ha t a n  \ ns \ gn \ f \ cant  f rac t \ on ( subs tant \ a l l y l e s s  than 0 . 1%)  of  
the c o r e  \ nventory of  any  rad\ onuc l \ de \ s  depos \ ted on  the upper 
core  s u r faces . 

• Ce- 1 44 ,  Ru - 1 06 ,  E u- 1 54 , and E u- 1 55  depos \ t \ on on the \ ncore 

s ur faces  appear to be presen t as  the c on s t \ tuents  of  par t \ c u l a te 
f ue l  .a t er \ a l . v\ t h  no e v \ dence o f  r e l ea se and depos \ t \ on of 

these r a d \ onuc l \ des  \ nd \ v \ dua l l y .  

• The Sr -90 data \ nd \ ca te s \m\ l a r  s ur face  depo s \ t \ on on s ur faces  
e xpos ed t o  the r eac tor c oo l a n t  and no appa r en t a s soc 1 a t \ on w1 t h  

t h e  f ue l  conten t of  t he s ur face . The s e  da t a  sugges t  t ha t Sr -90 
va s depos \ ted on the surfaces  by t he r eac tor c oo la n t .  

1 Sb- 1 25 may be s ur face-depos \ ted on the core \ ndependent o f  t he 

f ue l  ma t er \ a l ; however , the da ta \ s  1 nconc l us \ ve because  Sb-1 25 
\ s  a l so pr oduced as an ac t \ va t \ on produc t of the Sn \ n  Z \ rc a l oy .  

• C s - 1 37 \ s  depos \ ted \ n  v\ de l y  var y \ ng c oncen t ra t \ on s  on mos t  
sur faces . 

1 1 - 1 29 \ s  depo s \ ted on mo s t  sur faces  exposed t o  the reac t or 
c oo l a n t  a t  r e l a t \ ve l y  s \m\ l a r  concen t ra t \ ons  ( v \ th \ n  a fac tor  of  

6 ) .  
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7 .  SUMMARY AND CONCL USI ONS 

The r e s u l t s  o f  the exami na t i on s  o f  t h e  pa r t l a l  f u e l  a s s emb l i es from 

the TMI - 2  c o r e  a r e  a s  fol l ows : 

The d i s t i nc t  compone n t s  f r om the  s o u t h  and we s t  s 1 de s  o f  the r eac tor 

core  wer e  a t  l ea s t  par t i a l l y  i n tac t to the  upper  s pa c e r  g r 1 d  e l evat i on and 

wer e  the on l y  a s s embl i es w i t h  pa r t 1 a l l y  l ntac t fuel  r od s . I n  c on t ra s t , a l l  

t h e  other r e t r i eved componen t s  wer e  i ntac t on l y  to  j us t  above the t 1 e  p late 

e l eva t i on . Th 1 s  s ugge s t s  s l i gh t l y  l e s s  damage o c c u r r ed on  the  south and 

wes t  s 1 des  of  the r eac tor , wh i c h  l s  c o n s 1 s te n t  w i t h  r e s u l t s  f r om the v 1 deo 

s u r veys and u l t r a s on i c  topogr aph 1 c  mapp i ng s  of  the  c e i l 1 ng o f  the 

cor e .
1 4  

The over a l l ver t i ca l  extent  o f  the  damage t o  these d i s t i nc t  

componen t s  wa s fa i r l y  un i form .  

Steep tempe r a t u r e  g r ad i e n t s  wer e  p r e s en t  t h roughout the  c omponents , as  

ev i denced by  the  me l t i ng beha v i or of  d i f f e r e n t  ma t e r i a l s  tha t wer e  near 

each other and by d i ffe r ences  i n  t h e  pr i or mo l ten s ta t e  of a s i ng l e  

ma ter i a l  a c r o s s  an  a s s emb l y . The s e  tempe r a t u r e  d i f fe r e n c e s  and/or 

l oca l i zed s team f l ow condi t i on s  a l s o r e s u l t ed i n  s i g n i f i ca n t  d i ffer ences 1 n  

z i r c a l oy ox i da t i on ,  hydr i d i ng ,  a n d  pha s e  c hange s . 

I n  genera l ,  the peak t empe r a t u r e s  o f  t h e  c ompone n t s  e xami ned f r om the 

south and wes t  s i de s  of the r ea c tor  c o r e  wer e  nea r 1 500 to 1 600 K a t  the 

upper spacer gr i d  e l eva t i on ,  and the  peak t empe r a t u r e s  of t h e  c omponents  

exami ned f r om other  a r ea s  of  the  r eac tor  core  wer e  genera l l y a round 1 650 to 

1 7 50 K near the t i e  p l a te e l eva t i on .  Howeve r , the  s teep t emp e r a t u r e  

grad i en t s  a n d  i nd i v i dual  beha v i o r  of  each  a s s emb l y  s h o u l d  b e  c on s i dered 

before app l y i ng th i s  s ta t emen t  to a par t i c u l a r  c a s e . 

P r i or -mol ten Ag-C d - � n  con t r o l  r od ma t e r i a l  r e l oc a ted i n to the upper 

pl enum spr i ng r eg i on of the c on t r o l  r o d s  t h a t  wer e  exami ned . Var i a t i ons in 

the dendr i t i c  s t r uc tu r e  i nd i c a t e  t h a t  d i f fe r en c e s  i n  c o o l i ng beha v i or 

ex i s ted over very  s hor t d i s tanc e s . 

1 22 



Z \ r c a l oy hydr \ d \ ng vas obser ved on l y  on the one c o n t r o l  r od/gu 1 de t ube 

exam\ ned . S \ gn \ f \ ca n t  var \ a t \ on s  \ n  t he amoun t of hydr \ d \ ng ver e  obser ved 
c \ rcumferen l \ a l l y  and a x \ a l l y .  Z \ r c a l oy hydr \ d \ ng wa s not obser ved on fuel  

r ods f r om t he same a s s emb l y  at  c ompa r a b l e  a x \ a l  l oca t \ ons . Th \ s  \ s  
a t t r \ bu t ed t o  the l ower t emperatures  \ n  the gu \ de t ubes . 

l \ rca l oy ox \ da t \ on was obser ved on a l l the f ue l  rod and gu \ de t ube 
samples  exam\ ned f r om  the C 7  cor e pos \ t \ on componen t 0 - 1 4 1 -3 . S 1 gn \ f \ ca n t  

var \ a t \ on s  \ n  t he degr ee o f  ox \ da t \ on wer e  present c \ rc umferen t 1 a l l y ,  

ax \ a l l y ,  and bet ween f ue l  rods . Th \ s  ox \ da t \ on e x tended t o  the top o f  t he 
r od s  \ n  th \ s  a s s emb l y .  

l he t o ta l qua n t \ t y  o f  a l l  f ue l  rod , con t r o l  r od ,  and s t ruc tu r a l  
ma ter \a l s  that has been ca l c u l a ted t o  b e  depos \ ted o n  upper c o r e  s ur faces 
( \ . e . •  f ue l  a s semb l y  s u r faces ) \ s  <2 . 0  kg . ( No t e :  Th \ s  e s t \ ma te \ s  

rel a t \ ve l y  c on s e r va t \ ve because  c a l c u l a t \ on s , based on the core  topography 
s tud \ es , \ nd \ c a te t ha t  on l y  abou t 20% of  t he or \ g \ na l  upper core r eg \ on 
a s sembl \ es rema \ ned \ n t a c t a f ter t he a c c \ den t . Therefore , t he a c t ua l  

extrapo l a ted tot a l  surface  depos \ t \ on \ s  proba b l y c l oser t o  0 . 4  kg . ) 

Sur face depos \ t \ on o f  the pr \ nc \ pa l  c on s t \ tuen t s  of  t he fuel  ma ter \ a l  and 
c ladd \ ng C U  a nd Zr ) \ s  r e l a t \ ve l y  \ nc on s 1 s ten t for a l l  sur faces and 

s ugges t s  t h a t  the U and lr have been depos 1 ted as par t \ cu l a te ma ter 1 a l  on 
the sur faces . The t o t a l quan t \ ty of bot h  e l emen t s  present  on upper core  
sur faces \ s  ver y  sma l l  ( <3 . 0  kg ) w \ th  mor e  Z r  ( 2 . 0  kg ) than U .  

Ther e \ s  s ub s tant \ a l l y  mo r e  Sn ( a  m\ nor c omponen t  of z 1 r c a l oy )  present  

on  the upper core s u r faces  than wou l d  be expec t ed from t he amount of lr  

presen t . The data  s ugge s t  t ha t t h \ s  e l emen t may be concen t r a t ed on upper 
cor e sur faces ; however , no da ta  wer e  obta \ ned tha t  prov 1 de 1 n forma t 1 on on 

the s t r uc tura l form ( \ . e . , aeroso l , hydroso l , or vol a t 1 l e  depos \ t \ on ) nor 
the mecha n \ sm wh \ c h  c a u sed t he \ nc r ea s e . Th 1 s  da t a  1 s  \ mpor tan t as 1 t  may 

\�ac t the under s ta nd \ ng of s ome r a d \ onuc l \ de behav 1 or . 

Ag- l n -Cd f r om the con t r o l  r od s  \ s  r e l a t \ ve l y  even l y  d \ s t r \ bu t ed on a l l 
s ur faces expo s ed t o  the r eac t o r  c oo l a n t . However , the  ex t r a po l a ted 
Ag- I n -Cd sur face depos \ t \ on \ s  sma l l  ( < 1 kg ) .  These da ta \ nd \ c a t e  t ha t  
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c hemi sor p t i on on the�e s u r fa c e s  wa s r e l a t 1 ve l y  m1 nor ; however ,  no 

i nforma t i on concer n i ng aerosol  s ur fa c e  depos 1 t i.on can be obta 1 ned f r om 

these data a s  aeroso l s  wou l d  have been p r e f e r en t 1 a l l y wa s hed f r om the 

sur faces dur i ng the r e f l ood por t i on o f  t he a c c i dent . There appea r s  to be 

s i gn i f i cant dep l et i on of the Cd p r e s e n t  i n  t h e  ma t e r i a l  a s  c ompa r ed to Ag 

and I n .  Th i s  d i s p r opor t i ona t i on and t he r e l a t 1 ve l y  even d 1 s t r 1 bu t i on of 

the e l emen t s  may r e s u l t  f r om the r e l a t i ve l y  h 1 gh vol a t 1 1 1 ty of these 

el emen t s . 

The tota l amount of s t r uc tu r a l  ma t e r i a l  depos 1 ted on  upper core 

sur faces  i s  <2 . 0  kg , and the e l emen t a l  d 1 s t r 1 bu t i on i s  s im i l a r  to that  

found in  s ta i n l es s  s teel . Th i s  i nd i c a t e s  that  no c on s t i t uent  of  the 

s ta i n l e s s  s teel  has  been dep l eted or  enhanc ed in  t he s ur fa c e  depos i t i on .  

The c a l c u l a ted f i s s i on p r od u c t  r e ten t i ons  for the two fuel  pel lets  are 

s ubs tan t i a l l y  l ower than expec ted ( 40-70% ) , p r oba b l y  bec a u s e  these pel l ets 

wer e  obta i ned f r om wi t h i n  1 0  em of  t he top of t he f u e l  c o l umn i n  any area 

where there a r e  uncer ta i n t i es both i n  t he neutron  f l ux a nd i n  the ORIGEN2 

pred i c ted produc t i on of r a d 1 onuc l i de s . 

The f i s s i on produc t r e t en t i on s  for  the two f u e l  p e l l e t s  wer e  a l so 

norma l i zed to the Ce-1 44 content  o f  the  samp l es to  r emove s ome 

burnup-rel ated ef fec t s  f r om the c ompa r i s o n s . Thes e  data  i nd i ca te l ower 

than expec ted reten t i on s  for  Sb- 1 25 and the  rad i onuc l des  p r oduced by 

neut ron ac t i va t i on of other  f i s s i on p r oduc t s  ( i . e . , C s -1 34 ,  E u- 1 5 4 ,  and 

E u-1 55 ) . These r e s u l t s  wi l l  be f u r ther  r e v i ewed a s  par t  o f  the  TMI -2 

ORIGEN2 va l i da t i on s tudy to be comp l e ted i n  F Y-1 988 ( Reference  1 3 ) . 

An extrapo l a t i on of  the s u r face  depo s i t i on data  to  the  s u r face area of 

the upper core r eg i on i nd i c a tes that  a n  i ns i gn i f i ca n t  f r ac t i on 

( s ubs tant i a l l y  l e s s  than 0 . 1 % )  of  the c o r e  i nven t o r y  o f  a n y  rad i onuc l 1 de i s  

depo s i ted o n  the upper core  ( fuel  a s s emb l y ) s u r fa c e s . 

Mea s ur ement s  were per formed to  e va l ua te t he d i f fe r ence i n  r a d i onuc l 1de 

concentra t i on s  be tween t he i nner and o u t e r  s u r faces  of  the f u e l  r od s , 

control  rods , and gu i de t ubes . Typ i ca l l y ,  mos t  r ad i onuc l 1 de s  wer e  found at 
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h \ gher concen t ra t \ on s  on e x ter \ or r a t her than \ n ter \ or c l add \ ng sur faces . 
Th \ s  was par t \ c u l a r l y  appa rent  for t he mor e  vol a t 1 1 e rad \ onuc 1 1 des ( \ . e . • 

Cs - 1 37 and  1 - 1 29 ) . 

Ce-1 44 , R u- 1 06 ,  E u -1 54 .  and E u - 1 5 5  depos 1 t 1 on on t he \ ncore sur faces 

appear to  be presen t as  the cons t 1 tuen t s  of  par t 1 c u 1 a te fue l ma t er 1 a l  w1 th 
no ev 1 dence of r e l ea s e  and depos 1 t 1 on of t hese  r a d \ onuc l \ de s  1 nd 1 v 1 dua l l y .  

The S r -90 data 1 nd 1 c a te s 1m1 l a r  sur face depos 1 t 1 on on sur faces  exposed 
to the reac tor c oo l a n t  a nd no appa r en t  a s s oc 1 a t 1 on w 1 t h  the fuel  conten t  of  
the sur face debr 1 s . These data s ugge s t  tha t Sr -90 was depos 1 ted by the 

r ea c t or c oo l a n t  a t  fa 1 r l y  cons 1 s tent c oncen t ra t 1 on s  on expo s ed s ur faces . 

C s -1 37 1 s  depos \ ted 1 n  w \ de l y  va r y 1 ng c oncen t r a t 1 ons  on mos t  
sur faces . The da ta s ugge s t tha t the C s - 1 37 wa s sur face-depo s 1 ted by a 

d 1 f ferent mechan 1 sm than the Sr -90 . 

1 -1 29 1 s  depos \ ted on mos t  sur faces  expo s ed t o  the  r eac tor  c oo l a n t  a t  
s 1•1 1 a r  concen tra t \ on s  ( a  fac tor o f  6 ) , wh 1 ch 1 nd 1 c a tes  pos s 1 b l e  sur face 
depos 1 t 1 on by a number of mec ha n 1 sms . 
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APPE ND I X  A 
RE SUL TS Of N E UTRON RADI OGRAPHY E XAMI NAT I ONS 

Th 1 s  sec t 1 on s hows the neut r on rad 1 ographs of the f ue l  rods , con t r o l  
r ods , and c on t r o l  r od/gu \ de tube s ec t \ on s . T h e  a ppend \ x  \ s  d \ v \ ded \ n to 

four s ec t \ons : ( a )  fue l r ods , ( b ) con t r o l  r ods , ( c ) gu \ de tubes , and 
{ d )  c on t r o l  r od/gu \ de tube s . 

There a r e  3 1  rad \ ographs ( F \ gures  A - 1  thr ough A-31 ) .  

The fo l low\ ng \ s  a n  \ ndex t o  Append \ x  A .  

Rod/Tube Type 

F ue l  rod 
F ue l  r od 
F ue l  r od 
F ue l  r od 
F ue l  r od 
F ue l  r od 
F uel  rod 
F ue l  r od 

F ue l  r od 
F ue l  r od 
F ue l  r od 
F ue l  r od 
F ue l  r od 
F ue l  r od 
F ue l  r od 
F ue l  rod 

F ue l  r od 
F uel  r od 
F uel  r od 
F ue l  rod  
F ue l  r od 
F ue l  r od 
Con t r o l  r od 
Gu \ de tube 

Con t r o l  r od 
Gu \ de tube 
Gu 1 de tube 
Con t r o l  r od/gu \ de tube 
Con t r o l  r od/gu \ de tube 

· Con t r o l  r od/gu\ de t ube 
C on t r o l  r od/gu \ de t ube 

Number 

3-6 
3-1 4 
3 - 1 8 
3-20 
3-28 
3-30 
3-35 
3-42 

3-61 
3-70 
3 -88 
3-89 
3-94 
3-98 
3-102  
1 1 - 1 

1 1 -2 
1 1 -3 
1 1 -4 
1 1 -5 
1 1 -7 
1 1 -9 
3 - 1 C 
3- l G  

3-3C 
3 - 3G 
3-7G 
3-9C/G 
3 - 1 3C/G 
3 - 1 4C/G 
3-1 6C/G 

A-3  

F \ gure Number 

A - 1  
A - 2  
A - 3  
A-4 
A-5 
A-6 
A-7  
A-8 

A-9 
A-1 0  
A - 1 1 
A- 1 2  
A - 1 3 
A-1 4 
A-1 5 
A- 1 6  

A-1 7 
A - 1 8  
A - 1 9  
A-20 
A-21  
A-22  
A-23 
A-24 

A-25 
A-26 
A-27  
A-28 
A-29 
A - 30 
A-31  

Page Number 

A-5 
A-5 
A-5 
A-6 
A-6 
A--6 
A-7  
A-7  

A-7 
A -8 
A-8 
A-8 
A-9 
A-9 
A-9 
A-1 0 

A - 1 0 
A - 1 0  
A - l l 
A - l l 
A - l l 
A- 1 2  
A- 1 2  
A - 1 2 

A- 1 3 
A - 1 3 
A - 1 3 
A - 1 4  
A - 1 4  
A- 1 4  
A - 1 5  



A -4 



• 

F , gu r e  A - 1 . Neu t r on r ad , ograph of  fuel  rod segment  3 - 6 . 

F , gure  A-2 . Neu t r on rad , ograph of fuel  r od segment  3 - 1 4 .  

F 1 gu r e  A - 3 . Neu tron r a d , ograph o f  fuel  rod segmen t 3 - 1 8 .  
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F 1 gu r e  A-4 . Neu t r on r a d 1 ograph of fuel  r od s egment  3-20 . 
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F 1 gu r e  A-5 . Neu t r on r ad 1 ograph o f  f u e l  r od s egment  3 - 28 . 
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F 1 g u r e  A-6 . Neutron  r a d 1 ogr aph of  fuel  rod  s egment  3-30 . 



F , gure  A - 7 . Neu t r on r a d \ ograph of  fuel  r od s egmen t  3-35 . 
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F , gure  A-8 . Neu t r on r a d 1 ograph of  fuel  r od s egment  3-42 . 
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F 1 gur e  A -9 . Neu t r on rad \ ograph of  fuel  rod segmen t 3-61 . 
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F 1 gu r e  A-1 0 .  Neu t r o n  r a d 1 ograph of  f u e l  rod  s egme n t  3-70 . 

F 1 gu r e  A- l l . Neu t r o� r a d 1 ograph  of  f u e l  r o d  s egmen t  3-88 . 

F 1 gure A-1 2 .  Neu t ron r a d 1 ograph of  fuel  rod segment 3-89 . 
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F \ gu r e  A - 1 3 .  Neu t r on r a d \ ogr a p h  of f ue l  r od segmen t  3 -9 4 . 

F \ gu r e  A - 1 4 .  Neu t r on r a d \ og r a p h  of fuel  r od s egmen t  3 - 9 8 . 
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F 1 gu r e  A-1 5 .  Neutron rad \ ograph o f  f ue l  rod s egmen t 3-1 02 . 
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F 1 gu r e  A-1 6 .  Neu t r on r a d 1 ograph of fuel  r od s egme n t  1 1 -1 .  

F 1 gu r e  A - 1 7 .  Neu t r on r a d 1 ograph  of  f u e l  r od s egme n t  1 1 -2 .  

F 1 gu r e  A - 1 8 .  Neutron  r ad 1 og r a ph o f  fuel  r od s egment  1 1 -3 .  
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F \ gu r e  A - 1 9 . Neu t r on r a d \ ogr a ph o f  f ue l  r od s egme n t  1 1 -4 .  

F \ gu r e  A - 20 . Neu t r on r ad \ ograph  o f  f u e l  r od s egme n t  1 1 -5 .  

F \ gu r e  A-21 . N eu t r on rad\ ograph of  fuel  rod s egment 1 1 -7 . 
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F 1 gu r e  A-22 . Neu t r on r a d 1 og raph of  f u e l  rod  s egme n t  1 1 -9 .  

F 1 gu r e  A-23 . Neu t r on r a d 1 ogr a ph of  c o n t r o l  rod  s egme n t  3- l C .  

F 1 gure  A-24 . Neutron rad \ ograph o f  gu\ de t ube s egment  3 - l G .  
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F \ gu r e  A-25 . Neu t ro n  ra d \ ograph  of  c on t r o l  r od s egme n t  3-3C . 

F 1 gu r e  A-26 . Neu t r on rad 1 og r aph of g u \ de t ube s egme n t  3-3G . 

F 1 gu r e  A-27 . Neutron r ad \ ograph o f  gu \ de t ube s egme n t  3-7G . 



F 1 gu r e  A - 28 . Neu t r on r a d 1 ograph  of  c o n t r o l  r od/gu 1 de t ube s egme n t  3-9C/G . 

F 1 gu r e  A - 29 . Neu t r on r a d 1 ograph  of  c o n t r o l  r od/g u 1 d e  t ube s egmen t  3-1 3C/G . 

F 1 gu r e  A-30 . Neu t r on r ad 1 ograph  of  c on t r o l  rod/gu 1 de tube 3-1 4C/G . 
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F 1 gu r e  A - 3 1 . Neu t r on r ad \ ograph of c on t r o l  rod/gu \ de tube 3-1 6C/G . 
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APPE ND I X  B 
GAMMA SCAN RE SULTS 

Th\ s  s ec t \ on presents  the gross ga� scan da ta and the 1 sotop \ c  

ana l yses  r es u l t s  of  r epresen ta t \ ve d \ s t \ nc t  componen t  sampl es . Add \ t \ ona l 
meas�remen ts  wer e  obta \ ned , but  the res u l t s  wer e  not ana l yzed because  t he 

neut r on rad\ ograph s  \ nd \ ca te s \m\ l ar c ompos \ t \ ons and ma ter \ a l  
d 1 s lr \ but \ on s  t o  the samp l e s  ana l yzed . The gross ga� scans a l ong w\ th  

the \ sotop\c  r e su l t s  wer e  taken \n  ear l y  September 1 986 . The gros s ga� 
scans ( f \ gu r es B - 1  through B-20 )  a r e  for des \ gna ted f ue l  r od s , con t r o l  
rods , gu\ de t ubes a n d  con t r o l  r od/gu \ de tube comb \ na t \ on s . The l oca t \ ons  
where \ sotop \ c  a na l yses wer e  per formed are s hown on each gro s s  scan . The 

resul t s  of  t he \ sotop \ c  ana l yses  a r e  1 \ s ted \ n  Tabl e  B-1 . These  resul t s  

are r e l a t \ ve and a r e  not quan t \ ta t \ ve .  They have been decay-cor r ec t ed to  

Apr \ 1  1 ,  1 987 . 
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Segment 3·8 fuel rod 

o Sample location• 

30 40 50 60 

Segment length (em) 
70 80 90 

P388 DWA-387-08 

F 1 gu r e  8-1 . Gross  gamma scan  of f ue l  rod segmen t  3-6 . 

Segment 3-30 fuel rod 

o Sample locetiona 

0 10 20 30 40 50 80 70 80 90 

+ Segment length (em) Pill DWA-187-01 

f 1 gure 8-2 . Gross  gamma scan of  fuel  rod segmen t 3-30 . 
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Segment 3-42 fuel rod 
o Sample locations 

0 10 20 30 4 0  5 0  60 70 80 90 

Segment length (em) P388 DWA-387-02 

F 1 gure  B-3 . Gro s s  gamma s c a n  of  f u e l  r od s egme n t  3-4 2 . 

0 10 20 

Segment 3-61 fuel rod 

o Sample locations 

30 40 50 60 

Segment length (em) 

70 80 90 

P388 DWA-387-07 

F 1 gure  B-4 . Gros s  gamma s c a n  of  f u e l  r od s e gmen t  3-61 . 
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Segment 3-70 fuel rod 

o Sample location• 

30 40 60 60 

Segment length (em) 
70 80 90 

P388 DWA- 387-08 

F 1 gure B-5 . Gross ga� scan of fuel rod segment 3-70 . 
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o Sample location• 
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P318 DWA-317-08 

F 1 gure B-6 . Gross gamma scan of fuel rod segment 3-94 . 
.. 
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Segment 3-1C control rod 
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Segment length (em) 
70 80 90 

P388 DWA-387-03 

F l gure  B-7 . Gro s s  gamma s c a n  of  c o n t r o l  rod s egme n t  3-l C .  

Segment 3-1G guide tube 

0 Sample locations 
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0 10 20 30 40 60 60 70 80 90 

Segment length (em) P388 DWA-387-CH 

F l gure  B-8 . Gros s gamma s c an of c o n t r o l  r od/gu l de tube s egme n t  3-l G .  
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Segment 3-3 control rod 

0 Sample location• 
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Segment length (em) 
70 80 90 

Pill DWA-aa7-10 

F t gure 8-9. Gross ga� scan of control rod segment 3-3 .  

0 10 20 

Segment 3-3 guide tube 

o Sample locations 

30 40 60 80 

Segment length (em) 
70 80 90 

P388 DWA- 317·11 

F tgure 8-1 0 .  &ross ga� scan of gu ,de tube segment 3-3 . 

8-9 



UJ 
........ rn ..... t:: :::J 0 0 
UJ Cl) 0 (!; 

• 

2000 

Segment 3-7 control rod 

o Sample locations 

1500 

1000 

500 

0 

0 10 20 30 40 50 60 70 80 90 

Segment length (em) P388 DWA-387-12 

F 1 gure  8-1 1 . Gr oss  gamma s can of c o n t r o l  r od s egment  3-7 . 

1000 

500 

0 

0 1 0  20 

Segment 3-7 guide tube 

o Sample locations 

30 40 50 60 

Segment length (em) 

70 80 90 

P388 DWA-387- 13 

F 1 gure B-1 2 .  Gross  gamma s c a n  o f  gu 1 de tube segmen t  3-7 . 
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Segment 3-14 control rod/guide tube 

o Sample locetiont 

1600 

• • 
........ • .. c :I 0 
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0 10 20 30 40 50 60 70 80 90 
Segment length (em) P388 DWA- 387-05 

f 1 gure B - 1 3 .  Gross  ga� scan of con t r o l  r od/gu1 de tube s egment 3-1 4 .  
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F 1 gure  B - 1 4 .  Gros s ga� scan of  fuel  r od segmen t 1 1 - 1 .  
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Segment 11-2 fuel rod (empty) 

o Sample locations 
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P388 DWA-387-15 

F 1 gure B-1 5 .  Gr o s s  gamma scan  o f  fuel  r od s egment  1 1 - 2 .  
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F 1 gure B-1 6 .  Gr o s s  gamma scan  of  fuel  rod  s egment  1 1 -4 .  
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Segment 11-7 fuel rod (empty) 
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F 1 gure B-1 7 . Gros s gamma scan o f  fuel  rod segment 1 1 -7 .  
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Segment 11-9 fuel rod (empty) 
o Semple locetiona 

30 40 60 60 

Segment length (em) 
70 80 90 

P311 DWA-317·11 

F , gure B-1 8 .  Gros s gamma scan of f ue l  rod segment 1 1 -9 .  
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F i gu r e  B-1 9 .  Gros s gamma s c a n  o f  f u e l  rod s egmen t  1 1 -3 .  

Segment 1 1-5 fuel rod 

o Sample locations 

0 10 20 30 40 50 60 70 80 90 

Segment length (em) P388 DWA-387-20 

F i gu r e  B-20 . Gros s gamma s c a n  o f  fuel  r od s egme n t  1 1 - 5 . 
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TAkE 1·1 .  RADIOISOTOP I C  SURfACE ACTIVITY RESULTS 

Otstuce ,,.. 

... aol the Top End 
of tilt Rod Ct•1l7 cs-134 Co-to Slt-125 c .. 1" lu-106 Eu-154 

l!l!leUf!ct!1011 !a!.. (§!) IS tiM .Stts• """ ,Dt/p ,a&!JCI .aGJ/SI ,_etta� 
3-1 n 2 . 5  1. 1 1  t 0.02 EOI 1 .43 t o.os E01 2.68 I 0,01 £02 1 .26 t 0.01 [02 c c c 

10 1 . 14  I 0.01 £02 c 7,02 I 0,01 £03 3.58 t 0.25 E01 c c c 
u 1 . 14 t 0.01 £02 c 6.07 t 0,02 £02 1 .09 • 0.01 £02 c c c 
10 2.H t 0.01 Eo.t 1 . 55 t 0.01 [02 7.40 . 0 . 1 5  [00 2.60 • 0.03 [02 1 . 72 . 0.03 [03 6.65 * o.os £02 c 
IS 2 . 50 t 0.01 £02 9.08 • 0.24 [00 1 . 23 t 0.02 £01 1 . 16 t 0.02 £02 c c c 
40. 5 c c c c c c c 

3-30 2 . 5  3 . 20 t 0.01 £03 3.05 t o.o5 £01 2.33 t 0.01 £02 1 . 1J t 0.02 £02 1 . 82  • 0.26 £02 7.52 t 0.16 (01 c 
10 2 . 33 t 0.01 [02 c 5. 71 * 0.01 £03 5.11 * 0.29 £01 c c c 
1 5  5. 74 I 0,01 £02 1 . o.t  * o.oc £01 1.11 • o.oe E01 1 . 37 * 0.01 £02 1 .97 t 0.41 £02 c c 

24 2.61 * 0.01 £04 2.25 I 0.01 [02 1 .02 * 0.05 (01 3 .08 t 0.02 £02 1 . 70  * 0.05 £03 t. 14 t 0.05 E02 5.21 * 0.14 £01 

21 2 .46 t 0.01 £04 2 .44 t 0.01 E02 7 . 68  t 0.32 £00 6.07 t 0.07 £02 1 . 64  * 0.05 £03 7.87 t 0.04 £02 6.31 * 0.13 £01 

34 3.03 t 0.01 Eo.t 3.89 a o.o1 £02 8.31 t 0.21 £00 3 . 72 t 0.04 EOZ 1 .92 t 0.03 £03 1 . 13 t 0.01 £03 t.H t 0.10 £01 
38 1 . 39 t 0.01 [03 3.M t O.M £01 2.02 * 0.03 [01 2.69 t 0.03 (02 3.04 t 0.34 E02 c 9.74 t 0.71 EOO 
5 1 c c c c c c c 

3-U fR 2 . 5  2 . 99 t 0.02 [02 1 .03 t o.os £01 3. 50 t 0.01 £02 1 .38 t 0.01 £02 c c c 
1 1  1 .01 t 0.01 E02 c 7.10 I 0.01 [03 3.71 I 0.27 £01 c c c 

.. 1 5  2 . 49 t 0.01 [03 1 . 5 1  t o.os [01 2 . 10 t 0.01 [02 1 ,31 t 0.01 £02 3.49 t 0.31 [02 c c 
I 25 2 .64 t 0.01 [04 2.35 t 0.01 [02 1 . 24 t 0 . 11 EOO 9.90 t 0.06 £02 1 .18 t 0.03 £03 8 . 22 * 0.01 £02 '·" t 0.07 £01 _, 
"' 30 1 .03 t 0.01 £03 1 . 16 t 0.03 [01 3 . 76 t 0. 1 5  EOO 6.43 • 0.01 [01 c c 5.49 t 0.56 EOO 

3-61 fR 2 . 5  1 .  7 4  t 0.01 £02 c 2 . 55 t 0.01 E02 1 .00 t 0.01 [02 c c c 
1 1 . 5  9.21  t 0 . 1 4  E01 c 6. 52 t 0.01 £03 4 . 49 t 0.21 £01 c c c 
34 2 . 96  t 0.01 [04 3.68 t 0.01 E02 7.53 t 0.18 £00 3 .40 t 0.03 £02 1 .93 I 0.03 £03 1 .02 t 0.01 £03 9.91 t 0.09 £01 
37 2 . 26 t 0.01 [04 3.04 t 0.01 E02 1 . 19 t 0.03 £01 5 . 34  t 0.01 £02 1 .47 t 0.04 £03 6.51  t 0.04 E02 7. 15 t o. 1 3 £01 
38 2 . 61 t 0.01 £04 3.46 t 0.01 £02 1 .44 t 0.04 [01 3 . 75 t 0.03 £02 1 .90 t 0.05 £03 1.17 t 0.06 E02 8.40 t 0. 13 £01 
40.5 2 .39 t 0.01  [ft3 3.73 t 0.05 [01 4.06 t 0.19 EOO 8. 91 t 0.21 [01 4.85 t 0.3 1  E02 8. 73 I 0.03 [01 1 .24 t 0.06 £01 
43 9.68 t o.24 Eno c c c c c c 

3-70 fR 2 . 5  8.03 t 0.01 E03 1 .03 t 0.01 E02 4 . 28 t 0.05 EOl 1 . 56 1 0.02 E02 4 . 25 t 0. 27 E02 2 . 55 t 0.01 E02 2.25 t 0.01 £01 
5 4 . 32 t 0.02 E02 c 1 . 57 t 0.01 £03 4 ... . 0 . 18 £01 c c c 

1 3  9.51  t 0 . 1 4  E01 c 7 . 1 2  t 0.01 [03 7.58 t 0.55 [01 c c c 

16.5 4 . 98 t 0.02 E02 7.48 t 0.52 EOO 5.68 t 0.02 E02 1 . 51 t 0.01 E02 c c c 

35. 5'  2 . 92 t 0.01 [04 3.38 t 0.01 E02 7 . 26 t 0,18 EOO 3.37 t 0.03 £02 1 . 76 t 0.03 E03 1 .03 I 0.01 £03 8.16 I 0 •• £01 
37 . 5  2 . 1 3  t 0.01 [ 04  2 .67 1 0.01 E02 9.39 t 0.27 £00 3.20 * 0.03 £02 1 .68 t 0.05 E03 6.02 * 0.04 (02 7.35 t o.u £01 
38 2. 1 5 t 0.01 E04 2. 69 t 0.01 E02 1 .02 t 0.03 £01 3.03 t 0.02 £02 1 .44 t 0.05 £03 6.59 t 0.03 £02 6. 31 t 0.13 £01 
39. 5  2 . 80  t 0.01 [04 3.58 t 0.01 £02 1 .01 t 0.03 £01 3.85 I 0.03 E02 1 . 16 * o.os £03 1 .02 t 0.01 E03 9 . 1 3  � 0.16 £01 
43 9.07 t 0.06 [01 2.04 t 0. t9 EOO c c c c 3.74 t 0.92 EOO 

3-94 fR 2 . 5  1 . 77 t 0.01 E02 c 1 .25 t 0.01 E03 4.07 t 0 . 1 2  £01 c c c 
10 1 . 26 t 0.02 E02 c 7,47 t 0.01 E03 5 . 82 t 0 . 29 [1)1 c c c 
14 2 . 80 t 0.01 EOl 2 . 1 1  t 0.05 £01 1 . 67 t 0.01 E02 1 . 56 t 0.01 £02 3.64 t 0.39 [02 c c 
38 2 . 95 t 0.01 E04 C .33 t 0.01 E02 7. 74 t 0 . 1 9  �00 3 .7 1  t 0.04 £02 1 .93 t 0.04 £03 1 .09 t 0.01 E03 1 . 20  1 0.01 £02 
... 5 2 . 35 t 0.01 E04 3.85 t 0.01 E02 1 . 1 9  t 0.03 £01 4 . 36 t 0.04 £02 1 . 82  t 0.06 EOl 8 . 34 t o.os £02 9.93 t 0. IS £01 
46 3 . 05 t 0.01 E04 5.03 t 0.02 E02 1 . 34 t 0.04 EOl  4 . 38 t 0.04 £02 1 . 57 t 0.06 EO] 1 .01 t 0.01 £03 1 .10 t o.oz £02 
5 1  1 . 65 t 0.04 EOl c c c c c c 



TABLE B-1 . (continued) 

Di stance from 

Roda RoJ' the Top End 
of the Rod 

Identification � !em) 

3-1 CR 0 
2 . 5  
5 

1 0  
1 3  
23 
33 
38 

3-1 GT 0 
5 

1 0  
1 5  
20 
23 
30. 5  
38 

CCI 3-3 CR 5 I 1 0  � 
0" 1 5  

20 
38 

3-3 GT 0 
2 . 5  
5 
7 . 5  

1 0  . 
1 2 . 5  
1 5  
1 7 . 5  
20 
38 

3-7 CR 0 
5 

1 0  
1 5  
20 
25 
38 

Cs-1 37 
�Ci /cm 

2 . 97 ± 0.25 EOO 
2 . 35 ± 0.01  E02 
5 . 1 9  ± 0 . 02 E02 
8 . 86 ± 0.01 E02 
1 .  78 ± 0.01 E02 
4 . 30 ± 0.01  E02 
3 . 98 ± 0.01 E02 

c 

4 . 1 5  ± 0 . 1 6  EOO 
2 . 1 5  ± 0.01 E02 
2 . 37 ± 0.01 E02 
2 . 02 ± 0.01 E02 
2 .00 ± 0.01 E02 
2 . 0 1  ± 0.01 E02 
2 . 20 ± 0.01 E02 
7 . 9 1  ± 0.98 E-01 

5 . 1 9  ± 0 . 02 E02 
8 . 86 ± 0 01 E02 
7 . 70 ± 0 .02 E02 
3 . 07 ± 0 . 02 E02 

c 

1 . 62 ± 0 . 1 0  EOO 
1 . 56 ± 0.01  E02 
3 . 03 ± 0 . 02 E02 
3 . 32 ± 0 . 02 E02 
3 . 65 ± 0.01  E02 
3.94 ± 0 . 02 E02 
4 . 4 1  t 0 . 02 E02 

d 
1 . 31 ± 0 . 1 3  EOO 
1 . 06 :t 0 . 20 E01 

3 . 66 ± 0 . 04 E01 
2 . 1 7  :t 0 . 0 1  E02 
1 . 80 ± 0.01 E02 
2 . 5 1  ± 0.01 E02 
8 . 04 ± 0.01 E02 
4 . 93 ± 0 .02 E02 

c 

Cs-134 
l!.Ci[cm 

c 
6.27 ± 0 . 1 7  EOO 
1 .  34 ± 0.03 E01 
2 . 31 ± 0.02 E01 
4 . 6 1  ± 0 . 1 4  EOO 
1 . 05 ± 0.02 E01 
1 . 06 ± 0.01 E01 

c 

c 
6 . 64 ± 0 . 1 6  EOO 
7 . 20 ± 0 . 1 7  EOO 
7 . 2 7  ± 0 . 1 9  EOO 
8 . 33 ± 0.21  EOO 
1 .02 ± 0.01 E01 
1 . 27 ± 0.02 E01 

c 

1 .3 1  ± 0.02 E01 
2 . 3 1  ± 0.02 E01 
1 . 87 ± 0.03 E01 
7.46 ± 0 .25 EOO 

c 

c 
4 . 36 ± 0 . 1 8  EOO 
9 . 03 ± 0.24 EOO 
9 . 52 :!: 0.25 EOO 
1 . 10 ± 0.03 E01 
1 . 26 ± 0.03 E01 
1 .41 ± 0.03 E01 

d 
c 
c 

1 . 10 :t 0.07 EOO 
5 . 4 1  ± 0 . 1 4  EOO 
4 . 1 3  ± 0 . 1 5  EOO 
6 . 24 ± 0 . 1 4  EOO 
1 .46 ± 0.20 E01 
1 . 16 ± 0.02 E01 

c 

Co-60 Sb-125 Ce-144 Ru-106 Eu- 1 54 
l!.C i[cm .I!.C1[cm J!.Ci[cm J!.C1Lcm ---J!. C i I em 

c c c c c 
c c c c c 
c c c c c 

2 . 1 6  ± 0 .09 EOO c c c c 
c c c c c 
c c c c c 

3 . 50 ± 0 . 08 EOO 3.04 ± 0 .02 E01 c c c 
c c c c c 

c 4 . 93 ± 0 . 04 E01 c c c 
4.01 ± 0 . 1 3  EOO 8.27 ± 0.08 E01 c c c 
6.44 ± 0 . 1 7  EOO 1 . 22 ± 0.01 E02 c c c 
7 . 88 ± 0 . 1 8  EOO 1 . 66 ± 0 . 02 E02 c c c 
1 .03 ± 0.02 E01 1 .88 ± 0.03 E02 c c c 
1 . 1 3 ± 0.01 E01 2 . 30 ± 0 . 03 E02 c c c 
1 . 41 ± 0 . 02 E01 c c c c 
3 . 1 6  ± 1 . 26 E-01 c c c c 

1 . 61 ± 0.29 EOO 7 .42 ± 0 . 9 5  EOO c c c 
2 . 1 6  ± 0.01  EOO c c c c 
2.02 ± 0 . 1 6  EOO c c c c 
3.23 t 0 . 2 1  EOO 3 . 1 4  ± 0 .02 E01 c c c 

c c c c c 

c c c c c 
1 . 74 ± 0 . 1 4  EOO 2.80 ± 0 .02 E01 c c c 
4 . 30 ± 0 . 1 8  EOO 5.98 :!: 0 . 04 E01 c c c 
6 . 24 ± 0.22 EOO 7 . 60 ± 0 . 06 E01 c c c 
8. 1 8  ± 0.26 EOO 97.2 :!: 0 . 09 E01 c c c 
9 . 5 1  ± 0 . 2 5  EOO 1 . 29 ± 0.01  E02 c c c 
1 .00 ± �.03 E01 1 .87 :t �.02 E02 c c c 

d d d 
c c c c c 
c c c c c 

c c c c c 
9 . 87 ± 1 .04 E-01 c c c c 
1 .07 ± 0 .09 EOO c c c c 
1 . 1 5  ± 0.09 EOO c c c c 
3 . 49 ± 0 . 08 EOO 2 . 52 ± 0.08 E01 c c c 
3 . 79 ± 0. 1 3  EOO 2 . 61 ± 0.02 E01 c c c 

c c c c c 



TMU a.\. ( cont t"'IM) 

Dtttenct ,._ 
.... aol' '"- Top lnd b-114 of tile lod ca-137 ca-1 34 Co-60 5 ... 1 25 , .. , .. .... ,. 

ldtllttfictt10tl !a!... lal .�us• .sue 1ttl2! ..S'lS! ,ctts .D!l£1 Dtlc! 
3-7 IT 0 7. 00  a S· 1 7  EOO c c c c c c 

s d d 6.35 • 0.06 [01 c c c 
10 1 . 90 . 0.01 [02 7 .24 t 0.25 EOO 7.69 • o.n EOO 8. 74 • 0.09 [01 c c c 

1 5  1 .81 t 0.01 £02 7 . 1 1  I 0.21 EOO 9.40 t o.u £00 1 ,2J I 0,01 £02 c c c 
20 1 .87 t 0.01 £02 9. 1 3  t 0.26 £00 1 .23 • 0.03 [01 1 .62 t 0.02 [02 c c c 
u . s  2 . 38 t 0.01 £02 8 . 38 t 0.07 [00 1 .23 • 0.01 [01 1 . 11 • o.oJ E02 c c c 

2S 2 . 40 t 0.01 £02 9. l8 t 0.20 [00 8. 1 7  t 0.22 £00 1 .4 7  t 0.02 £02 c c c 
.a.s c c c c c c c 

l- 14 CI/ST 2 . 5  5 . 2 1  t 0.02 £02 1 . 29 t 0.02 £01 3.48 t 0 . 1 8  £00 3 • .0 t 0.01 [01 c c c 
7 . 5  6 . 8 7  t 0 . 0 1  [02 1 .82 • o.oJ £01 6.56 I 0.22 £00 5.43 t 0.03 £01 c c c 

1 3  7 . 92 t 0.01 £02 2 . 10 • 0.02 £01 6 , 52 I 0 . 1 1  £00 8. 52 • o.o7 £01 c c c 
1 8 7 . 54 t 0.02 £02 2 . 06  t 0.03 £01 1 . 1 4 t 0.03 £01 1 . 1 7  t 0.01 £02 c c c 
28 c c c c c c c 

1 1 - 1 FR 7 . 5  1 . 44 t 0.01 £02 4 . 37 t 0.16  EOO 2 . 82 • 0 . 1 5  £00 3 . 57 a 0.03 £01 c c c 
1 5  1 .49 t 0.01 £02 5 . 39 t o.u £00 4 . 39 t 0.21 £00 4.83 I 0.03 £01 c c c 
u 1 • .0 t 0.01 £02 4 . 66 t 0.24 [00 3 .69 t 0.19 £00 5. 79 t o.os £01 c c c 

- 30.5 1 .44 t 0.01 £02 6. 75 t 0.28 £00 ... 56 t 0.20 £00 8. u • o.08 m1 c c c 
I 46 2 . 29 t 0.01 £02 7.75 t 0 . 1 2  [00 7.23 t 0 . 1 2  [00 1 . 30  t 0.02 [02 c c c 

..... 66 c c c c c: c c 
...., 

1 1 -2 Fl 0 1 . 18 t 0.04 [01 c s. 76 t o. 1 7  £00 2 • .a • 1 .« Eoo c c c 
5 9.U t 0.09 £01 c 2.82 t 0.01 £03 4 . 1 6  t 0 . 1 4  £01 c c c 

1 0 ... 93 • S·09 Eo1 c 5. 73 • 9.01 £03 2 . 28 • S· "  Eo1 c c c 
1 5  d d d d 
25 1 . 3 1 t 0.01 £02 3 . 2 1  t 0.21  EOO 5.06 t 0. 1 7  EOO 7.61 t 0.08 £01 c c c 

35. 5  1 .48 t 0.01 [02 3 . 08 t 0.23 £00 6. 74 t 0 . 1 6  £00 1 .21 I 0.01 £02 c c c 
l l -4 FR 0 1 . 31  t 0.03 £01 8.74 t 2 . 04 £-01 c 7.61 t 0.53 [00 c c c 

10 1 . 28 t 0.01 £02 4 . 50  t 0.24 EOO 3 . 56 t 0.1 7  EOO 3.95 t 0.32 £01 c c c 

25 1 .24 t 0.01 £02 4. 72 t 0.20 EOO 3 . 92 t 0. 19 EOO 5.74 t 0. 52 [01 c c c 
.a.s 1 .61 t 0.01  £02 3 . 56 t 0.24 EOO 6.45 t 0.22 EOO 9.80 t 0. 1 1  [01 c c c 

5 1  2 . 26 t 0.01 £02 6 . 18 t 0. 1 5 EOO 7.13 t 0, 1 1  EOO 1 .21 t 0.01 £02 c c c 

56 1 .69 t 0.01 £02 4 . 1 1  t 0.29 EOO 7.93 t 0.21 EOO 1 ,32 t 0.01 £02 c c c 

61  1 .  1 7  t 0.01  [02 2. 74 t 0.92 EOO 9.56 t 0.06 £01 1 . 10 t 0.01 £02 c c c 

1 1 - 7 FR 2 . 5  2 . 96 t 0 . 04  [01 2.04 t 0. 1 6  [00 1 .04 t 0.08 EOO 2 . 3111 t 0.02 [01 c c c 
10 1 . 20 t 0.01  £02 3 . 65 t 0 . 1 5  £00 3.87 t 0 . 1 5  EOO 3.28 t 0.02 £01 c c c 

20 1 . 58 t 0.01 £02 4 . � 1  t 0. 1 7  EOO 3.42 t 0. 1 6  EOO 4 .43 t 0.04 [01 c c c 

30.5 1 . 63 t 0.01 £02 5.40 t 0. 1 7  EOO 4 . 77 t 0. 1 5 £00 7 . 45 t 0.07 £01 c c c 

.a . 5  1 .95 t 0 . 0 1  £02 6 . 2 1  t 0.22 £00 6.46 t 0 . 1 9  EOO 1.08 t 0.01 £02 c c c 

5 1  2.91  t 0 . 0 1  £02 9 . 22 t 0. 1 3  EOO 8. 52 t 0. 1 1  EOO 1 .37 t 0.02 £02 c c c 

1 1 -9 FR 2 . 5  6 . 23 t 0 . 22 £00 c 1 .03 t 0. 1 1  EOO c c c c 

1 5  9 . 33 t 0.29 £00 c 1 . 39 t 0.20 EOO c c c c 
25 9. 50 t 0 . 1 2  EOO 4 . 1 5 t 0.61 E-01 1 . 09 t 0 . 05 EOO c c c c 
38 1 . 32 t 0.03 £01 c: 1 . 76 t 0 . 1 2  EOO c c c c 



CD 
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TABLE B-1 . ( continued) 

Di stance from 

Roda Rrnf the Top End 
of the Rod Cs-137 Cs-134 Co-60 Sb-'125 Ce-144 

Identification � (em) I!Ci/cm I!.Ci[cm l!.Ci £cm .l!.Cilcm l!.C iLcm 

1 1 -3 FR 2 . 5  2 . 34 t 0.01 E02 c 5.03 t 0 . 02 E02 7 . 73 t 0 .06 E01 c 
1 0  1 . 39 t 0 . 02 E02 c 3. 57 t 0.01 E03 5 . 42 t 0 .43 EOl c 
1 4  1 . 51 t 0 . 0 1  E03 5 . 29 t 0.56 EOO 1 . 37 t 0 .01 E02 5 . 61 t 0 . 1 7  EOl 2 . 1 3  t 0.31 E02 
45 . 5  2 . 48 t 0.01 E04 1 . 56 t 0.01 E02 6 .25 t 0 . 1 6  EOO 2 .92 t 0 . 03 E02 1 .74 ± 0 . 03 E03 
5 1  2 . 1 9  ± 0.01 E02 6 . 66 ± 0.24 EOO 8.09 t 0 .22 EOO 1 . 20 :t 0 . 01 E02 c 
63. 5 c c c c c 

1 1 -5 FR 2 . 5  1 .30 :t 0 .01 E02 c 3.95 :t 0 . 02 E02 4.42 ± 0 . 1 1  EOl c 
1 0  1 . 44 :t 0.01 E02 c 4 . 3 9  :t 0.01  E03 4. 1 5  t 0.31  EOl c 
1 4  2 .82 :t 0.01 E03 8.83 t 0 .38 EOO 1 .25 :t 0.01 E02 8.61  :t 0 . 05 E01 3 . 59 t 0 . 62 E02 
1 6 . 5  1 . 39 ± 0 . 0 1  E04 3. 35 ± 0 . 03 EOl 7 . 34 :t 0 . 1 4  EOO 1 . 48 :t 0 . 01 E02 7 . 66 ± 0. 15 E02 
2 0  1 . 96 t 0 . 0 1  E02 4 . 30 ± 0.30 EOO 3.26 :t 0 . 1 5  EOO 5. 1 1  ± 0.03 EOl c 
33 1 .24 t 0.01 E02 2 .47 t 0 . 1 6  EOO 5 . 52 :t 0 . 1 9  EOO 8.61  ± 0 .08 EOl c 

a. Rods with i dentificat i ons 3-X were taken from fuel bundle C7. Rods with i dentifications 1 1- X  were taken from fuel bundle Hl . 

b. FR = Fuel Rod, CR = Control Rod, and GT = Gui de Tube . 

c .  Not detected . 

d .  Results l ost due to analys i s  problems. 

Ru-106 Eu-154 
l!.CiLcm l!.Ci/cm 

c c 
c c 
c c 

6 . 84 t 0 . 05 E02 3 . 1 7  t 0 . 02 E01 
c c 
c c 

c c 
c c 
c c 

3 . 64 ± 0 . 02 E02 7 . 43 :!; 0.41 EOO 
c c 
c c 
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APPE N D I X  C 
D IST I NC T  COMPONE NT ACQU I S I T I ON 

C . l  L oad \ ng of  Can \ s ter s a t  TMI -2 

Remova l o f  d \ s t \ nc t  component s  f r om the damaged TMI -2 core wa s 
1 n 1 t 1 a ted 1 n  November 1 985 . The proc edure 1 nvol ved reach 1 ng 1 nto the core 
cav 1 ty w1 t h  a l ong-handl ed grapp l 1 ng tool , p 1 ck 1 ng up l oose  debr 1 s ,  usua l l y  
\ n  t he form o f  upper end f 1 t t 1 ngs  f r om  wh 1 ch a l l  the fuel  and/or con t r o l  
rods  had f a l l en out  ( or wer e  o therw 1 s e  r emoved ) ,  and put t 1 ng t he debr 1 s  
\ nto spec 1a l l y  des 1 gned • fuel can \ s ter s •  tha t had been placed 1 n  the 
r eac tor ves s e l , a s  shown 1 n  F 1 gure  C - 1 . F 1 gure C -2 s hows a l ong 1 t ud 1 na l  
cross-sec t \ on o f  a f ue l  can \ s ter , wh 1 c h  1 s  c y l 1 ndr 1 c a l  \ n  s hape but ha s a 

rec tangul a r  8 . 5  \ n .  x 8 . 5  1 n .  cav \ ty t ha t 1 s  approx 1 ma t e l y  1 37 1 n .  l ong . 

l oad \ ng t he debr \ s  \ nto the fuel  can \ s ter under severa l  fee t  of , \ n  

.any cases , t ur b 1 d  wa ter , w1 t h  on l y  a n  underwa te r  c amera for  v 1 s ua l  
ass 1 s tanc e ,  wa s d 1 f f 1 cu l t .  Subsequent v 1 ew1 ng o f  the v 1 deo tapes obta \ ned 
dur \ ng can 1 s ter l oad \ ngs  a l so showed t ha t  \ n  sever a l  cases  some of the 
component s  had to  be \ nver t ed and/or forcef u l l y  hammered \ n to the can 1 s ter s 
because of  m1 s s hapen s p \ der  a s s emb l \ e s , d 1 s tor ted fuel  and con t r o l  rods , 
and •1 s s \ ng p \ eces  o f  end boxes . Th \ s  for ced l oad \ ng f ur ther damaged the 
end p 1 eces  and made 1 t  d 1 f f 1 c u l t 1n some cases  to  re t r 1 eve the compone n t s  
f r om  the can 1 s ter s . I n  add 1 t 1 on ,  a t  the t \ me the component s  were l oaded 
1 nto the can 1 s ter s , 1 t  was d 1 f f 1 c u l t \ n  many cases  to 1 den t \ f y  the s pec \ f \ c  

component s  because  fue l a s s emb l y  1 den t 1 f 1 ca t 1 on numbe r s  cou l d  not be eas \ l y 
read by the underwa ter camer a . Dur 1 ng F Y- 1 986 a tota l of  49 fue l can \ s te r s  

had been l oaded a n d  t r a n s ferred t o  the TMI  F ue l  Hand l 1 ng Bu1 l d 1 ngs a n d  2 1  
o f  these had been s h \ pped t o  the I daho Na t 1 ona l E ng \ neer \ ng Labor a tory 
( I NE L )  for  un l oa d \ ng and/or 1 n ter 1 m  s torage . 

C - 3 



Canister 
transfer 

Canister 
positioning 
system 

u pport structure with 
i ntegral off-gas and 
owes connections 

F i gure C - 1 . Di agram showi ng pos i t i on i ng o f  fuel  can i s ter i n  THI -2 reac tor 
ves sel  dur i ng l oad i ng of d i s t i nc t  c omponen t s . 
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Low density 
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Inner shroud assembly 
wlborat plate insert 

I 

ftgure C-2. Cross sect ,on of fuel can, s ter . 

• 

C-5  

lkhead 

149-1/4 in. 

screen 

7-1834 



C . 2  Un l oad i ng o f  Can i s ter s a t  t he I N E L  

F uel can i s ter s D-1 41  a n d  D-1 5 3  wer e  unl oaded i n  t h e  TAN Hot Cel l at  

the INEL  i n  Augu s t  1 986 . The c omponent s  r emoved f r om the two c an i s ter s are 

l i s ted i n  Tab l e s  C - 1  and C - 2 . Tab l e  C - 3  s hows the contents  of a l l  

2 1  cani s te r s  a t  the I NE L  a s  o f  Oc tober 1 ,  1 986 . 

F i gures  C-3  through C - 8  s how photographs  of  the  c an i s ter hand l i ng and 

unload i ng equi pment  and too l s  tha t had been des i gned and  b u i l t  espec i a l l y  

for these purpos e s . a A fuel can i s ter  we i gh s  approx i ma t e l y  3000 l b  and 

mus t  be s e t  on the r o ta t i ng tab l e  p r i or to r emova l of the can i s ter head by 

the a u toma ted head-removal mac h i ne .  The r o ta t i ng tab l e  i s  s hown i n  

F i gure C-3 empty , and i n  F i gure C-4  w i t h  a can i s ter i n  p l ace . I n  add i t i on 

to prov i d i ng a p l a t form f r om wh i ch to  r emove t he contents  f r om the 

cani s ter s , the r o ta t i ng tab l e  i s  c a pab l e  of rota t i ng a c an i s ter to  permi t 

more  f l ex i b i l i ty i n  i n s er t i ng var i ous  un l oa d i ng too l s i nto a c a n i s ter and 

i n  l oosen i ng component s  that  may become s tuc k . 

I n  add i t i on to the rota t i ng tab l e ,  the other  maj or c omponents  of the 

can i s ter unload i ng equi pment  i nc l uded t he head r emova l mac h i ne ,  s hown i n  

F i gures  C - 5  and C -6 ,  a n d  t h e  c ar r i age tab l e  s hown i n  F i gure  C-7 . The 

purpose of the head r emova l wa s to l oosen  the e i gh t  bol t s  i n  the head of 

each  can i s ter , a t tach  to the head wi t h  a grapp l e ,  and  r emove the head from 

i n  f r ont  of the can i s ter by r o ta t i ng away  f r om the c an i s ter , tak i ng the 

head wi th  i t .  W i t h  the can i s ter  head r emoved , one or  mor e  of  the component 

remova l hook s or other tool s s h own i n  F i gure  C -8 c ou l d  be u s ed to a t tach to 

the TMI -2 core component  and the c ar r i age t a b l e  c ou l d  be u s ed to pul l the 

componen t out of the c a n i s ter . 

Many d i f f i c u l t i es wer e  encountered i n  a t temp t i ng to  r emove the 

1 1  components  f r om cani s ter D - 1 41  a nd the 1 3  c omponen t s  from 

can i s ter D-1 5 3 .  F o r  examp l e , s i nc e  the i n s i de d i mens i on s  of the can i s ters  

a .  A more comp l e te desc r i pt i on o f  the des i gn and u s e  of fuel  can i s ter  and 
samp l e  handl i ng equ i pment  wa s p r es en ted a t  the Wa s te Management • a7 meet i ng 
at Tuscan , Ar i zona on Ma r c h  1 -5 ,  1 987 and i s  pub l i s bed i n  t he meet i ng 
proceed i ngs . 
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TABLE C - 1. F UE l CAN I ST E R 0- 141 CONT E N J S  

Can 1 s ter 
I tem 

Nulllber 

1 

1oa 

Core 
Pos \ t 1 on 

E 1 3  

C l l  

C 7  

N9 

N9 

l 3  

K l 5 

M9 

L 8  

H8 

Hl  

Oesc r 1 p t 1 on 

F ue l  a s s emb l y  par t 1 a l  upper end f 1 t t 1 ng 
and c on t r o l  rod sp 1 der . 

Par t 1 a l l y  me l t ed con t r o l  r od s p \ der . 

f ue l  a s s emb l y  upper sec t 1 on w1 t h  
1 1 9 f u e l  r od a n d  1 6  con t r o l  r od/gu 1 de 
t ube upper segmen t s .  

F ue l  a s s emb l y  par t 1 a l  upper end f 1 t t , ng 
( bu r nabl e  po , son r od a s semb l y  s 1 te ) . 

8ur na b l e  po 1 son r od a s s emb l y  par t 1 a l  
upper end f 1 t t \ ng .  

Burna b l e  po 1 son r od a s semb l y  r e ta 1 ner . 

Per 1 pher a l  fuel  a s s embl y  par t 1 a l  upper 
end f H t 1 ng .  

F ue l  as s emb l y  par t 1 a l  upper end f 1 t t 1 ng 
Con t r o l  rod a s s emb l y  pa r t 1 a l  upper end 
f H t 1 ng .  

F ue l  a s semb l y  par t 1 a l  upper end f 1 t t 1 ng 
Con t r o l  r od a s semb l y  par t 1 a l  upper end 
f 1 t  t 1 ng .  

F ue l  a s s emb l y  pa r t 1 a l  upper end f 1 t t , ng 
Con tr o l  r od a s semb l y  par t 1 a l  upper end 
f H t  \ ng .  

Per 1 pher a l f ue l  a s s emb l y  upper sec t 1 on 
w1 t h  7 fue l r od and some gu \ de tube 
upper segme n t s  ( c ore \ n s t r ument  s t r \ ng 
1 s  m1 s s  \ ng ) . 

a .  Stored \ n  d r ums f or pos s , b l e  f u t u r e  exam\ na t \ ons . 
--- ---·---

C - 1 

I den t H \ ca t \ on 
Ma rk \ ng 

C - 1 57 

C - 1 56 

NJ OOQ8 

NJ OORZ 

B-1 81  

L -051 

NJ  OOUV 

NJ OOR I 
C - 1 67 

NJ  OORO 
C - 1 42 

NJ  OORR 
C - 1 23 

NJ  OOUU 



lABL�  C - 2 . F U E L  CAN I S l � R  0 - 1 53  C ONl � N T S  
· -- -- - -·-- - - ---- ---·-· ··----- ---· - - · - - · - - ---

Can 1 s ter 
I tem Core 

Number Pos i t i on Des c r i pt i on 

1 a K4 B u r na b l e poi s on r od a s s embl y  r e t a i ner  

2 Gl 4 Bur nabl e  p o i s on r od a s s embl y  r e t a i ner  

3a 08 F ue l  a s s embl y  par t i a l  upper end f i t t i ng 
Con t r o l  r od a s s embl y  upper end f i t t i ng 

4a G3 F ue l  a s s emb l y  par t i a l  upper end f i t t i ng 
Con t r o l  r od a s s embl y  upper end f i t t i ng 

5 E 2  Per i pher a l  f u e l  a s s embl y  upper  end 
( wi t hout fuel r od s ) 

6a 01 0 B u r na b l e p o i s on r od a s s emb l y  par t i a l  
upper end f i t t i ng 

7 R7  Per i pher a l  fuel  a s s embl y  upper end 
f i t t i ng cor ner 

sa P6 F ue l  a s s emb l y  par t i a l  upper end f i t t i ng 
Con t r o l  r od a s s embl y  upper end f i t t i ng 

ga  BB  F uel  a s s embl y  pa r t i a l  upper end f i t t i ng 
Con t r o l  r od a s s embl y  upper end f i t t i ng 

1 0  04 F ue l  a s s embl y  par t i a l  upper  end f i t t i ng 
Con t r o l  r od a s s emb l y  upper end f i t t i ng 

1 1  F l 4  Con t r o l  r od fuel  a s s embl y  upper end 
f i t t i ng cor ner 

1 2  06 APSR fuel  a s s emb l y  par t i a l  upper end 
f i t t i ng 

1 3a B l O  F ue l  a s s emb l y  par t i a l  upper end f i t t i ng 
Con t r o l  r od a s s emb l y  upper end  f i t t i ng 

a .  Stored i n  d r ums for pos s 1 b l e  f u t ur e e xami n a t i on s . 

I den t i f i ca t i on 
Mar k i ng 

L045 

L037 

M i s s i ng 
C - 1 44 

M i s s i ng 
C - 1 78 

N J  OOUZ 

N J  OOSU 

NJ  OOTL 

NJ OOUP 

NJ OOUB 
C -1 24 

N J  OOPV 
C - 1 55  

N J  OOUQ 

NJ OOUA 

NJ OOUA 
C - 1 32 

------ ------- ------- - - - -· --·-· - -

C - 8  



• 

• 

• hrUel (..., 
.. ,. Cere Sut1M) fill A1Wl1 • , llf fttttw ,., .. ..... • 

C.hter lHdtllt .. ,., .. hd ... .. ... ..,,. ...... 
7 ,., cw'•"" lllftl B B  ,,.,, u htdtr "' ild.Jil IIJ.flt -- lfiB1I ,..,,,., IIISitl llk1l c " 
... ,. 12111115 111 2 s • 1 2 ... , .. 11/14111 320 1 1 • 2 2 1 ..... .,,.,. 310 ' t 2 ... ... .... ... ftllttll 

... . 

1-lSS 01/lU. 345 2 4 5 2 
1-155 0111�/�t HO 1 5 • ' s 
1-140 01101116 260 • 4 1 

D-160 01/ZIII6 245 4 5 5 2 1 
1-154 Oln3186 652 2 3 
1-131 Ol/21116 233 3 s 2 ' 

n D-137 02103116 no I \0 D-163 03108116 1422 I 
D-144 Ol/16116 1355 • 
1-13\ 83n5/16 1213 • 
D-1 1 1  02/21116 1343 I 
D-121 04/02116 1 351 • 
D-125 04106116 1 332 • 
0-201 01130/86 .. C.t ..... . ..  1112 
D-1tl 07130186 63 Core llores • _. 112 
0-159 01/30/16 64 Cor• bores • _, a 
0-200 01/30/86 42 Core bot" D _, 14 
0-HI 01/30/16 51 C.t ...... OJ ... . 



� 
I 

F \ gu r e  C-3 . TMI -2 f u e l  c a n \ s t e r  r o ta t t ng ta b l e  u s ed d ur t ng un l oa d 1 n g .  
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86-275-3-12 

F \ gure C-4 . TMI -2 fuel  can 1 s te r  \ n-place on r ot a t \ ng  tab l e .  



TMI -2 f u e l  c a n 1 s te r  head r emova l mac h 1 ne--end v 1 ew .  



F 1 gure C -& .  TMI -2 fuel  can1 s ter  head r emova l mach 1 ne--s 1 de v 1 ew .  
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F l gure C-7 . THI -2 fuel  can 1 s ter  unl oa d 1 ng c a r r 1 age tabl e .  

( 
\ 
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U'l 

F \ gure C -8 .  As sor tmen t of TMI -2 f ue l  can 1 s ter unload \ ng tool s .  



a r e  on l y  s � i gh t l y  l a r ger t ha n  the a s -b u i l t  d i me n s i on s  o f  t h e  upper end 

boxes and pa r t i a l fue l  a s s emb l i es , the c ompone n t s , when p u l l ed on , could 

bec ome wedged by sma l l  l oo s e  debr i s . D i s l odgi n g  the c omponen t s  u s ua l l y  

r equ i r ed pus h i ng bac k  a n d  pu l l i ng forwa r d . I n  many c a s e s , t h i s  push-pu l l  

operat i on wa s nec e s s a r y  many t i me s  to  move a c omponen t a s ho r t  d i s tanc e .  

As  componen t s  wer e r emoved , i t  wa s nec e s sa r y  to  wor k  far ther  down i ns i de 

the can i s ter , wh i c h  requ i r ed a v i deo camera  wi t h  a l i gh t  source  so that  the 

techn i c i an s  cou l d  see how to a t t a c h  the  tool s to  the  d i f fe r e n t  components . 

F i gure C-9 s h ows the TMI - 2  c o r e  l oa d i ng d i agram wi t h  t he s p ec i f i c  l ocations 

from wh i c h  the i dent i f i ed c ompone n t s  r emoved f r om both can i s te r s  0-141 and 

0-1 53  or i g i na l l y  came . 

A l l  components  r emoved f r om t he c an i s te r s wer e  v i s ua l l y exami ned to 

i den t i fy ar ea s o f  me l t i ng and o ther  t empe r a t u r e - r e l a ted phenomena . In  

add i t i on to the v i s u a l  exami na t i on s , s p ec i f i c  f u e l  r ods  and control  rods 

i ns i de gu i de tubes wer e  s e l ec ted f r om the par t i a l  f u e l  a s s embl i e s  from core 

pos i t i on s  C7 and Hl for f u l l - l ength  gamma s c a n n i ng and neutron 

rad i ography . Sel ec ted fuel  and c o n t r o l  r od samp l e s  wer e  then obta i ned for 

meta l l ograph i c  and radi ochemi ca l exami na t i on s . 

C - 1 6  
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f 1gure C-9 . TMJ - 2  cor e l oad 1 ng d 1 agram show 1 ng l oca t 1 on s  of  componen t s  
r emo ved f r om c an 1 s ter s 0 - 1 4 1  and 0 - 1 5 3 .  
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APPE ND I X  D 
VISUAl EXAMINATION DATA AND TEMPERATURE ESTIMATION 
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APPENDI X D 
V I SUAL E XAMI NAT I ON DATA AND TE MPE RATURE E ST I MAT I ON 

Th \ s  s ec t \ on presen t s  the r es u l t s  f r om v \ s u a l  exam\ na t \ ons  of  t he 
d \ s t \ nc t  COIIPOnent s  f r011 the upper r eg \ on s  of  the TMI -2 core . These 

exam\ nat \ on s  prov \ ded 1 nforma t \ on on the peak temper a tu r e  d \ s t r \ bu t 1 on 1 n  

these r eg \ on s  dur \ ng the a c c \ den t . The s e  t empera tu r e  es t \ ma t e s  were  bas ed 

upon the obser vance o f  the me l ted/unme l ted boundar y  on va r \ ou s  componen t s . 

The per t \ nent a s s emb l y  c omponent s , the \ r  ma ter \ a l  types , a nd the \ r  m\ n \ mum 

.e l t \ ng po\ n t s  a r e  1 \ s ted \ n  Tabl e  D - 1 . I n  add \ t \ on , the pos s \ b \ 1 \ ty 
e x \ s t s  of  a F e-Zr eutec t \ c  \ n terac t \ on between the z \ rca l oy gu \ de tubes and 

the 304 SS t \ e  p l a t e  and c on t r o l  rod c l add \ ng a t  a m\ n \ mum tempera ture  of  
approx \ ma te l y  1 220 K ,  and s \m\ l a r l y  a N \ -Zr  eu tec t \ c  1 nterac t \ on be tween 
the z \ rc a l oy gu \ de t ubes a nd the l nconel  s pa c er gr \ ds a t  a m1 n 1 mum 
ta.perature of approx \ ma te l y  1 220 K .  

I n  the fol l ow \ ng d \ s c u s s \ on s  o f  \ n forma t \ on obta \ ned f r om the 

1 nd \ v 1dua l c omponen t s , a l l or 1 en ta t 1 on s  a r e  r e ferenced l ook \ ng down on the 

top of  the a s s emb l y  a nd 1 t  1 s  a s s umed tha t a l l a s s emb l \ es had been l oaded 
\ nto the TMI -2 core  w\ t h  t he end f 1 t t 1 ng \ dent \ f \ ca t \ on ma r k \ ngs fac \ ng the 
south s 1 de of t he core . Consequent l y ,  1 n  v \ ews l ook \ ng a t  the bot tom s \ de 
of a component ,  eas t  and wes t  appear sw\ tched f r om the \ r  nor ma l  compas s  
pos H  1 ons . 

D . l  D- 1 4 1 Can \ s ter Componen ts  

E l even c omponen ts  were  r emoved f r om c an \ s ter 0 - 1 4 1 . Each  c omponent \ s  

descr \ bed here t h r ee way s : \ n  tabu l a r  form , verba l l y ,  and through the use 
of photographs . 

C01ponen t D - 1 4 1 - 1 : Par t \ a l l y  me l ted end f \ t t \ ng and con t r o l  rod sp\ der 

Core Pos \ t \ on :  E l 3  

Upper E nd F t t t \ ng J den t 1 f 1 ca t 1 on :  Unava 1 l a b l e  
Sp t der H u b  I dent \ f 1 ca t 1 on :  C 1 57 

I l l us tr a ted \ n :  F 1 gures  0 - 1  and 0-2  



TABL E 0- 1 . M E L TI NG POINTS OF S I GN I F I CANT COMPONE NTS 

Ma ter i a l  

304 ss 
E nd f 1 t t 1 ng 
Gr i l l  
M h 1 ng c u.p 
Apron 
Spr i ng r e t a i ner 

I nconel 7 1 8  
Spacer gr i ds 

I nconel X-750 
Hol ddown spr 1 ng 

Ag-I n-Cd con t r o l  ma ter i a l  

Z i r ca l oy 
F ue l  r od c l add i ng 

uo2 
F ue l  

.. 

0-4 

Mel t i ng Po 1 nt 

1 67 3  K 

1 533 K 

1 666 K 

1 07 3  K 

2030 K 

-31 20 K 

-2300 K 



F 1gure D - 1 . Sou thwe s t  corner of  component 0 - 1 4 1 - 1 . Par t \ a l l y  me l ted end 
f 1 t t 1 ng and c on t r o l  r od s p \ der . 

0- 5  



Control rod "' 
stub 

F 1 gure 0-2 . B o t tom v 1 ew of  c ompone n t  0-1 41 -1 . 

D-6  
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... :: •. lO¥ tbe t\e plate are ats s tng from 
a 1111 1  s tubs of control rod .. ter tal . 

The heav,:s_t ...... tCcurred tn tiM southwest corner where the tte  plate , 

m h l ng cup • ..,... rett•s of the end f t t t tng, the spr t ng reta i ner , and the 

control rod spt• lllvt •lted IWIJ . Drt ps, of prevtouslJ 1111 ted 111ter ta1 
are preset • perUBs of the end ft t t t ng and sptder . The holddovn spr tng 
t s  cC���Pletelr •ttstttt. The t te  plate h genera l ll t ntact on the eastern 

..... 1,, wne the upper end n tt tng (above the t i e  plate 
b, vttll tile excepU• of tbe southwest corner , general ly Intac t . 

preseace of prevtous lJ •l ted regions on the t te  plate , end box , 

e1dnt. ttiP. ·and coatro1 rod cladcltng tn the southwest corner tndt cates that 
. •' � tlll,..attltres. wre tn excess of 1613 K tn tht s  regton from the t te  plate to 

porUOis ·• the end fUtt.ng. T...,.ratures were generally less 
]Jt&JJ; . ........... J at tile Ue plate elevaUon on the eastern hal f  of the assembly.  

;,J,._!�tttOft: Cll 
SJt� IUb ldenttftcatton :  C156 
l·��strttM tn:  F tgures 0-3 and 0-4 

•'-telr 1 5  to 20 c• ( 6  to 8 tn . ) of control rod cladd1ng stt l l 

r•tu ;.i e....,....t D-141 -2 . Thh corresponds to the approx\mate length 

lft tlle tte ,,plate wtten the sptder h ful l y Inserted . Some of the zt rcaloy 

11\de tile nut s  have s1 1pped upward and most ,  1 f  not al l ,  were par tial l y  

•lW. fte •lUng could have occurred as a resul t of a fe-Zr eutecttc 

� tetweea tlae z t rcaloy gu1de tube nuts and e1ther the 304 SS tte 

plate'. tlte control rod claddtng at  a 11tntmum temperature of approx1mately 

122f l. f llowver . the presence of pr 1or -molten regton' on the spr , ng 

rttjtllf tnd1cates teMPeratures were t n  excess of 1 673 K near the upper 

port .. of tlae end f1 tttng . The presence of pr tor-mol ten endt1ps on the 

11 .port t on of the holddown spr tng fur ther supports temperatures 1n 

••• of 1666 k 1ft th1 s regt on • 

• 

• 
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F 1 gure 0-3 . Component 0-1 4 1 -2 . Par t 1 a 1 l y  mel ted control  rod s p 1 der . 

0-8 



• 

f 1 gure D-4 . Bot t� v 1 ew of component D-1 4 1 -2 .  Control  rod s p 1 der . 

0-9 



I t  s h o u l d  be noted t h a t  t h i s  c omponen t  wa s l oc a ted i n  a c o r e  pos i t i on 

tha t was s ymme t r i ca l l y  s i mi l a r  to  t h a t  o f  c omponen t 0 - 1 41 -1 , c en t e r ed about 

core pos i t i on 01 2 .  Both  c o n t r o l  r od s p i de r  a s s emb l i es e xh i b i ted  s i mi l ar 

damage . 

Component D-141 -3 : Par t i a l  fuel  a s s embl y  a n d  c o n t r o l  r od spi der  

Core  Pos i t i on :  C7  

Upper  E nd F i t t i ng I d en t i f i ca t i on :  N J  OOQ8 

Spi der Hub I dent i f i ca t i on :  C l 79 

I l l u s t r a ted i n :  F i gu r e s  D-5 t h r ough 0 - 8  

Componen t D-1 41 -3 wa s i ntac t f r om t he u p p e r  spacer  gr i d  to  t he top of  

the  c o n t r o l  r od s p i der  and  had f u e l  and  c o n t r o l  r od s  ex tend i ng wel l  b e l ow 

the upper s pa c e r  gr i d .  Mo s t  of  the f u e l  r o d s  wer e  l a te r  r emoved f r om t he 

a s s embl y  and had l en g t h s  r a n g i n g  f r om a p p r o x i ma t e l y 47 em ( 1 9  i n . ) i n  the  

southwe s t  cor ner to  about 20 em (8  i n . ) in  t h e  nor t h ea s t  c o r ne r . The 

c o n t r o l  rods  wer e  cut  f r om the  a s s emb l y  j u s t  bel ow t h e  upper s pa c e r  gr i d ,  

and the r emoved s ec t i on s  r a nged f r om appr o x i ma t e l y  1 5  t o  38 e m  ( 6  to 

1 5  i n . ) i n  l ength  . The s ta i n l e s s  s te e l  c l add i ng on  t h e  l ower ends of s ome 

of the con t r o l  rods  appea r ed to have been p r ev i ou s l y  me l ted ; h owever , a l l  

the l ower ends  o f  the  z i r ca l oy c l add i ng o n  the  f u e l  r o d s  a ppea r ed to have 

been broken o f f  i n  a br i t t l e  manner . Typ i ca l  examp l e s  a r e  s hown i n  

F i gu r e  D-6 . These  fuel  rod c l add i ng f r a c t u r e s , a l ong  wi t h  s ome bent  

end t i ps  on c on t r o l  r ods  ( F i gu r e  D-7 ) ,  proba b l y  oc c u r r ed when  t h i s c omponent 

fe l l to the debr i s  f l oor  i n  the  r ea c tor  o r  dur i ng l oa d i ng i n t o  the  

can i s ter . The sma l l r eg i on of damage to the  apron  and  s pa c e r  gr i d  on the  

nor thwe s t  cor ner  ( F i gu r e  D-8 ) , and  s i mi l a r  dama ge on  t h e  s o u t hea s t  c or ner , 

may have occ u r r ed i n  get t i ng the  c omponent  i n  a nd o u t  o f  t h e  s h i pp i ng 

c a n i s ter . 

The presence  of i n tac t s ta i n l e s s  s teel  c l add i ng on  t h e  c o n t r o l  r ods , 

wh i c h i n  s ome c a s e s  wa s me l ted nea r t h e  e n d t i ps ,  i nd i c a t e s  t empe r a t u r e s  

wer e  near 1 67 3  K ,  a ppr o x i ma t e l y 20 t o  2 5  em ( 8  to 1 0  i n . ) bel ow t h e  upper 

s pacer  gr i d  i n  the southea s t  c o r ner , and approx i ma t e l y  35 em ( 1 4  i n . )  b e l ow 

D - 1 0  
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86T .. 9 

F t gure 0-5 . Component  0 - 1 4 1 -3 .  Par t 1 a l  fuel  a s s embl y  \ n  d t sas semb l y  
t rough . 

D - 1 1 



F 1 gure D-6 . Bot tom v 1 ew of  componen t D-1 41 -3 a f ter r emova l o f  mos t  fuel  
rods . 

D-1 2 



F tgure 0-7 . Con t r o l  rod s tubs of  component D-1 4 1 -3 a f ter r emova l of mos t  
fuel  r od s . 

D - 1 3 



F \ gu r e  D-8 . Nor thwe s t  c o r ner  of c omponent  0 - 1 41 -3  s h ow\ ng damaged ap r on . 

D - 1 4 



the .,... :.-er grtd on ttae vest stde of the assetllbl y .  The presence of 

the 1 n tact spacer .,:,tel tlldtcetes t..,.ratures vere less than 1 533 K at th1 s  

�'�;,:$a. of tilt fuel and control rod/guhle tubes removed from tht s 
assetibll vett exaa\ntd by neutron radt ography and ganma scanntng and wer e  
tHt� MttGMtl to obtatn SHPles for •tallography and radtochemtcal 
ttialpes of S'lrfac:e depos t ts . The results of those examtnat t ons are 
trls.tH \a Stct\on 5 tn  the M tn body of tht s  report . 

' · 1111t D-141 -4 : Parttal ly .. l ted burnabl e  pot son rod fuel asselbly 
... .. f1tUna - ·  - - . - . 

Core PosUton: 19 
Upper End Ft tttng Identt ftcatton :  NJ OORZ 

Illustrated tn:  f tgures D-9 through 0-1 1 

l'tatest dallage to C:CJIIPOnent D-1 41 -4 occurred on the nor th s tde 

�eJttae :,f'1ctr...,lten regton t nc l uded t he t\e  plate and t he upper s t des o f  
;; ., .. -,,� ' ···< ' ,' '., · ,  �i •'  

"*• iact fttttat. on the west s tde , the t t e  plate had par Ual ly  mel ted away 
and s� •taor .. lttag of the s tdes of the end f t t t tng a bove th1 s  e l eva t t on 

alfllb�arred .  f tgure 0-1 1 shovs detan s  of t h e  me l ted/unme l ted t rans 1 t t on 
zone ar� tbe burnable pot son rod/gu t de t ube pos t t t ons tn  the t t e  p l a te .  

lht dllite tlledtately surroundtng the gu t de tube pos t tt ons  may be due to a 

_,:!� �tcttc reactton ,  however tht s  t s  uncer tat n  unless  deta 1 1ed 

ellllt•ttoas are perfor .. d .  I n  the reg t ons on the nor t h  and wes t  s 1 de 

tte plate and end f t t t t ng s 1 des wer e  mel ted , peak temperatures 

_. trt�ter than 1673 K .  
-� ,._ ' .. 

CaltPD!nt Q-141 -5 : Burnable pot son rod sptder 

���·�;�:?:,,' .Core Pos t t ton :  N9 
f :, .  Sptder Hub I dent t f tcat t on :  8181 

ated t n :  f tgure D-1 2 

D-1 5 

• 

• 



F 1 gu r e  0-9 . Componen t 0-1 41 -4 .  Pa r t \ a l l y  mel ted burnab l e  po 1 son r od fue 
a s semb l y  upper end f 1 t t 1 ng .  

0 - 1 6  



F 1 gure 0 -1 0 .  Bot tom v 1 ew of componen t D-1 41 -4 . 

0 - 1 7  
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F 1 gure 0-1 1 . Oeta 1 1 s  of  mel ted t r a n s 1 t 1 on reg 1 on a r ound burnabl e  pol son 
rod pos 1 t 1 ons 1 n  componen t 0-1 41 -4 . 

0 - 1 8 
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F tgure D-1 2 .  Componen t D -1 41 -5 . Burnabl e  po 1 son rod s p 1 der f r om end 
f 1 t t 1 ng c omponent D-1 41 -4 .  

D- 1 9  
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Component  D-1 41 -5  i s  the  b u r na b l e  poi son  r od s p i de r  a s s emb l y  

cor r e s pond i ng t o  the  upper end f i t t i ng i de n t i f i ed a s  c ompon e n t  D-1 4 1 -4 .  

The arms on the s p i der a r e  ben t a nd on l y  8 o f  the  1 6  b u r na b l e  p o i son  r od 

s t ubs a r e  presen t .  No me l ted r eg i on s  a r e  appa r e n t  and  t h e  r od s tubs appear 

to have been broken off . The bend i ng of t he s p i der a r ms may have  o c c u r r ed 

dur i ng l oad i ng i n to t he fuel  can i s te r . The c o nd i t i on of t h i s c ompone n t  

fur ther i nd i c a t e s  tha t temper a t u r e s  wer e  l ower t h a n  1 673  K i n  the  upper 

reg i on s  of  c o r e  pos i t i on N9 wher e  t h i s and c ompone n t  D - 1 41 -4 wer e  

or i g i na l l y  l oca ted . 

Compone n t  D-1 41 -6 : Burnab l e  po i son r od a s s emb l y  r e ta i ner  

Core Pos i t i on :  L3  

I dent i f i ca t i on :  L051  

I den t i f i ed i n :  F i gure D-1 3 

No pr i or -mo l ten r eg i ons  or  damage wer e  obser ved on c omponent  D-1 4 1 -6 .  

Th i s  component f i t s  over the top o f  the s p i der  a nd p r e s s e s  down on  the  

s pr i ng reta i ner . 

Component D - 1 41 -7 : Par t i a l upper end f i t t i ng 

Core Pos i t i on :  K l 5 

Upper E nd F i t t i ng I dent i f i ca t i on :  N J  OOUV 

I den t i f i ed i n :  F i gures  D- 1 4 a nd D - 1 5 

Component  D-1 41 -7 wa s a per i pher a l  f u e l  a s s embl y  wh i c h  c on t a i ned empty 

gu i de tubes . No rod a s s embl y  s p i der  wa s ever a t tached . The a p r o n  i s  very 

ben t and tor n ,  probabl y r e s u l t i ng f r om a c omb i na t i on o f  fa l l i ng to  the 

debr i s  f l oor i n  the r eac tor , a nd hand l i ng damage i n  i ns er t i ng and  r emo v i ng 

t he component f r om ·the s h i pp i ng c an i s ter . There i s  one sma l l  r eg i on of  

p r i o r -mo l ten t i e  p l a t e  in  the s o u t hwes t  c o r ner  wh i c h  c o u l d  have r e s u l ted 

f r om a l oca l i zed F e-Zr  eutec t i c  i n te r a c t i on between t h e  s ta i n l es s  s tee l t i e  

p l a t e  and the z i r c a l oy gui de tube s l eeve s . A t  the  eutec t i c  po \ n t  

( -1 220 K ) , the s ta i n l e s s  s teel - z i r c a l oy i n t e r a c t i on i s  be l i eved t o  p r oceed 

very s l owl y ;  however , at tempe r a t u r e s  above 1 47 0  K t h e  r ea c t i on a p p r oa ches  
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F \gure 0-1 3 .  Componen t D-1 4 1 -6 .  Bur nabl e  po \ son rod a s s embl y  reta \ ner . 
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F 1 gure 0-1 4 .  Componen t 0 - 1 4 1 -7 . Par t t a l  upper end f 1 t t t ng f r om per i pher a l  
f u e l  a s semb l y .  
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F 1gure 0 -1 5 .  Bot tom v 1 ew of  c omponent 0-1 41 -7 . 
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equ i l i br i um in  a ma t ter  of  mi nutes . Con s i de r i ng t h e  l i mi ted  e x t e n t  o f  

mel ted ma ter i a l  i n  th i s  i ns ta nc e , the b e s t  e s t i ma t e  o f  p e a k  t empe r a t u r e s  1 n  

t h i s l oca l i zed r eg i on i s  be tween 1 47 0  K and  1 67 3  K .  Over t h e  r e s t o f  t he 

a s s emb l y ,  peak tempe r a tu r e s  wer e  l es s  t han  1 67 3  K a t  the t i e  p l a te 

e l evat i on .  

Componen t D-1 41 -8 :  Con t r o l  r od spi der  a n d  pa r t i a l l y  me l ted upper end 

f i t t i ng 

Core Pos i t i on :  M9 

Upper E nd F i t t i ng Ident i f i ca t i on :  NJ OORI  

Spi der Hub I dent i f i ca t i on :  C l 67 

I den t i f i ed i n :  F i gu r e s  D- 1 6 a nd D - 1 7 

The grea t e s t  damage to c omponent D- 1 4 1 -8 occ u r r ed on  t he nor t h  s i de 

where  the upper end f i t t i ng i s  c omp l et e l y  gone . Ther e  i s  a l so a sma l l  

r eg i on of i nc i p i en t  me l t i ng on the  s p r i ng r et a i ne r  o n  t h i s  s i de o f  the  

a s semb l y .  The  c o n t r o l  rods  on t he nor t h  s i de wer e  mel ted above  the t i e  

p l a te e l eva t i on a nd the gu i de tube n u t s  a r e  gone . I n  c on t ra s t , the  c o n t r o l  

r ods  a r e  i n t a c t  down to the gui de tube n u t s  on the  s o u t h  s i de of  t he 

a s semb l y .  The t i e  p l a te and apron  a r e  c omp l ete l y  gone over  the  ent i r e 

a s semb l y ,  and the one rema i n i ng spr i ng c o i l wa s mel ted on  a t  l ea s t  one 

end . The bottom por t i on of  the  mi x i ng c up wa s a l so par t i a l l y  me l ted ( th i s  

fel l out of the end f i t t i ng a f ter  i t  wa s r emoved f r om t he c a n i s ter ) .  

Peak tempe r a t u r e s  wer e  genera l l y i n  exc e s s  of  1 67 3  K a c r o s s  the  en t i re 

a s s emb l y  a t  the t i e  p l a te e l eva t i on ,  a n d  to  the top o f  t he end  f i t t i ng on 

t he nor th s i de . Tempe r a t u r e s  wer e  a l so i n  exc e s s o f  1 &7 3  K whe r e  t h e  

s pr i ng re ta i ner and  mi x i ng cup  wer e  me l ted , and  the  mel ted hol ddown s p r i ng 

i nd i ca tes tempe r a t u r e s  wer e  g r ea ter  than  1 666 K i n  t h i s  r eg i on . The 

d i s t r i bu t i on of c o n t r o l  r od l engths  i s  f u r t her  e v i denc e that peak 

t emperatures  wer e  above 1 67 3  K above the t i e  p l a te on the nor t h  s i de , but  

were s l i gh t l y  coo l er on the  south  s i de o f  t h e  a s s emb l y .  
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• 86-384..1· 1 1  

f 1 gure D-1 6 .  Componen t 0 - 1 4 1 -8 .  Con t r o l  rod s p 1 der and par t t a l l y me l ted 
upper end f t t t t ng .  
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F 1 gure D-1 7 .  Bot tom v 1 ew of componen t D-1 41 -8 . 
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ton: L8 
,ft)ltftt l*'t'';'ta.tton: IJ OORO 

·
��-t tftc.lt t·Mf. ClU 

Fteures D-18 and D-19 

of· caipcment D-141 -t * s upper end fHttng show dr t ps of 
111�le1lS steel oa tlte south and west s t des above the Ue 

lent tdenUftcatton •rktags and s lUIIIPt ng tn  the upper 
tid fttttq aear tlte southwest corner are fur ther evtdence 

lftl t..,.,.atures tn tMs regton . The tte plate t s  cOIIIpletely  
.. �· ... ..... ,. •tltelst corner . There t s  s.,. tnd tcat t on of a 

au1tet:1tc · tnteractton between tlte ztrcaloy gut de tube and s ta tnless  
- area (ftpre 1-19 ) .  Peak te��peratures were genera l ly 

1613 I near the grt ll elevat\on except tn the nor theast  corner . 

� . ·�e.,:JeSttt•: 118 (core centerHne )  · "•r··:··. . '' .. . . . . " . ;,� End ft tt1nt lclent\ ft cat\on :  NJ OORR 
.... 1lub ldenttftcat ton :  C123 
(J'IU$VIted tn :  figures D-20 through 0 -22 

Ia tGIIIponent D-141 -10,  the t te  plate has me l t ed awa y  o n  the ou ter 

..., . .,.., ,.s of the north and west s 1 des and  has  par U a l l y me l ted on the 
soaflt. ''*· Tbe upper end f t tt \ng \ s  c omp l e te l y  gone t n  the s ou t hwe s t  

cor��er , aftd \t bas SlUIIIPed tn the nor thwes t  c or ner . The a r m  of t h e  s p r t ng 

re�aer '-s also s luaped on the wes t  s \ de , a nd t he r e  1 s  a me l ted s p r t ng 

lldttp Just below the s lw.ped spr \ ng r e t a \ ner . There a r e  1 nd 1 c a t t on s  o f  a 

POJl�tle eutecttc tnteract 1on zone between the 1 \ r c a l oy gu t de t ube s l eeve 

- �  ne plate tn some areas ( n gu re 0 - 22 ) , a n d  man y  of t he 1 1 r c a l oy 

tu1de tube nuts were par t 1a l l y me l ted . Peak t empe r a t u r e s wer e  genera l l y 

bel� 1673 K at the t \e  plate e l eva t \ on ;  however , t emper a t u r e s d 1 d  e x c eed 
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F 1 gure  0-1 8 .  Component 0-1 4 1 -9 .  Cont r o l  r od s p 1 der  and  par t 1 a 1 1 y mel ted 
upper end f 1 t t 1 ng .  
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F ' gure D-1 9 .  B o t tom v 1 ew o f  c ompone n t  D- 1 4 1 -9 .  
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F l gu r e  0-20 . Component 0-1 41 -1 0 .  Con t r o l  r od s p 1 der  and  par t 1 a l l y  mel ted 
upper end f 1 t t 1 ng .  
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f 1 gure  D-21 . Nor thwes t c or ner o f  c omponent D- 1 4 1 - 1 0  . 
. 
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86-384-5-1 0 

F 1 gure  D-22 . Bot tom v 1 ew o f  c omponent  D-1 4 1 - 1 0 .  
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"c ......., the soutMst •• to ttae top of ttae end f U t t ng .  Loca l 

uceec�M 1116 1 oa tn ..tt stde •re the ltoldctown spr tng 

• 11-r• D-21 ) • 

BI!I�MB fr• tlte • cceatra1) au 18 t•td .. radtus on the eas t  s tde ) 

Wlltl4•. •• ... tnecl , .. ,.. tlliperatures for the l eadscrWJ were 

1'1ltst data tndtcate that at tht core center (HI) , t_.ratures 

....... ,. •. · 1211 a .at tlae bott• of the plen• assetllbly to 700 K ,  
•rtiJIM11J .. S • up tnto the ass,.ly .  At 88, the t����Mratures were 

sttt�lJ �. , .. , .. fr• 1 1 16 I to 755 K .  These t_.ratures , as 

...... •• s•taaUtl lJ lowr thin those observed for the d t s t t nct  
"" . . CJJ,Inj�:'� · . ·:h. ·· ·· · ,. 

S.IJIPI 1;=1!]-lh PJrtpl!tral Mrttal fuel ass...,lx 

Mt hsttton: Hl 

..,., ••· fttt111 ldentt ftcaUon : NJ oouu 
Illustrated tn:  F tgure 8-23 

fwtJ rods extndecl wel l below the upper spacer gr td  tn 
, ....... � :t-141-U .  E leven fuel rods , wMch were subsequently  removed . 
r•ae• ,.._. 40 to 60 ca (16  to 24 t n . ) t n  length and appeared to have been 
•• off: ...... the fuel assellbly toppled over after re110va1 of the p lenuat 
...... ,,. Tht s  fuel asse.bly, s t \ 1 1  s tandt ng ,  t s  shown t n  the s t \ 1 1 - \mage 

·""- sarver descrtbed tn Reference 02 . Neutron rad \ographs of some of 
tllele fuel rCMis are presented tn  Appendt x  A of tht s repor t .  Soae empty 
IJide t..._ were also s tt l l  present . The apron and upper spacer gr \ d  were 

.,1, deforMd tn  s- areas , SOM of whtch probably  occur red when the 
CllfeneDt was loaded tnto the shtpp tng can \ s ter . There may pos s \ b l y  be 

� prevtously .. l ted apron and upper spacer gr \ d  mater \ a l  \ n  the 
Wtllwst corner , but •st of these 111ter \a l s  rema \ ned \ ntac t .  Peak 

�atures can genera l ly be cons tdered to have been l ower than 1 533 K at  

tlit upper spacer gr td l ocatton • 

• 
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86T- 137 a) Southwest corner 

F 1 gure  D-23 . Component  D-1 41 - 1 1 .  Per 1 pher a l  par t 1 a l  fue l  a s s emb l y .  
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. ���� r�&;JIM�f� �'�'"''' . :· •.;' �-{:��--.. · :· .. �;{�il···:.·_."· , · . . ·.:-�·<-,· :�·-· . . ·. ,-. � ': . .'.,""-� l· . - ·, n 

· •tdtlll. •r:Ptiiltils'�v. • .  ,....,_. rraiD cantster D-153 . Each 

�, .... w• U., • ..P: \tt tabular forti, verballr. and 

Core Post UM: ··�_. 

I den t \ f \cat\�IU .. LMS 
J l l us t r"f

¥�
�( fttote D-14 

· · ·· !'tt��· · : · ' :,; · . ·  i�i> · , ·  . . 
·
·• 

:· .>AI ""'/�!''
·
''"'• n .  Ia tlte •tn bodr of th\ s  repor t .  c ore 

Pd.tt�f• ·• ta a htft1r ._ .... regt on. Howver , no •lted or dauged 
,., .,, ......... • ·t .. aMat D-153-1 . Tht s  t ndtca tes that dauge d 1 d  

.t:: ........ �J-t· tlat ....... ..... 1,. 
j;;!l(; Wmlfll liJIJi:i: . ..... le DO\son roct assellblv reta i ner 

. �:�� ,..,.,,. : 614 
:_· I_ · . ' -�< : .. , 

::� -- tt•: l037 
>lf .... aW ta: f tgure D-25 r,: .. : � ·> . 

• · Ill or ,_., ... regions were present on componen t D-1 53-2 . 

., .. . . POsttton : D8 
lpper . £ftd f tttt ng ldent t f t ca t t on :  NJ OORC 
Jptw lilt lclenttf tca t t on : C1 44 ·; ·,:l· t!Jjtstratecl tn:  F igure D-26 

e r  

Ttw· -.t dallage to c0111ponent 0-1 53-3 occurred on t he eas t  s \ de wher e  

tftt lprM ltas •lted away ,  and t ht s  pr \ or -mo l ten r eg \ on extends a r ound t o  

Uif"Mclpotnt of the nor th s t de . The l ea s t  damage occurred \n t he s o u thwe s t  

Ctrner Where the apr on , fuel  rods and s pr \ ngs , a n d  d e formed p 1 ec e s  o f  t h e  
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86�164 

F i gu r e  D-24 . Component D-1 53-1 . B u r nabl e pol s o n  r o d  a s s embl y  r e ta 1 ner . 

• 

F i gure  D-25 . Component D - 1 53-2 . Burnab l e  po1 s o n  rod  a s s emb l y  r et a 1 ner . 
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f 1 gure D-26 . Component D- 1 53-3 . Par t 1 a l  gado l \ n 1 um po \ s on r od f u e l  
a s s etnb ly .  
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upper spacer gr i d  a r e · s t i l l  p r e s en t . The t i e  p l a te i s  c omp l e te l y  i n tac t ,  

and there i s  no appa r e n t  damage t o  any  ma ter i a l  above t h i s  e l eva t i on .  Peak 

temperatures  wer e l ower than 1 67 3  K a c r o s s  the t i e  p l a t e  and wer e  l ower 

than 1 533 K i n  the southwe s t  corner  a t  the  upper  s pa c e r  gr i d  e l eva t i on .  

However , peak temper a tures  wer e  i n  exc e s s  o f  1 533 K over  mos t  o f  the  

a s s emb ly  a t  the  upper s pacer  gr i d  e l eva t i on .  

Component 0 1 5 3-4 : Pa r t i a l l y  me l ted end f i t t i ng and  c on t r o l  r od spi der 

Core Pos i t i on :  G3 

Upper End  F i t t i ng I den t i f i ca t i on :  N J  OOQV 

Spi der Hub I dent i f i ca t i on : C l 78 

I l l us tra ted i n :  F i gures  0-27 and  0 - 28 

The mos t  damage to component D-1 5 3-4 occ u r r ed o n  t h e  ea s t  s i de where  

the  t i e  p l a te , s i des of the end  f i t t i ng ,  con t r o l  r od c l a dd i ng ,  a n d  por t i ons  

of the  hol ddown s pr i ng ,  spr i ng r eta i ner , and  mi x i ng c up wer e  once  me l ted . 

On the wes t  s i de ,  the t i e  p l a t e  a nd even por t i on s  of  the  a p r on wer e  s t i l l  

i n tact . Peak temperatures  wer e  gener a l l y h i gher tha n  1 67 3  K o n  the  ea s t  

s i de o f  th i s a s semb l y .  O n  the wes te r n  ha l f  of  t h e  a s s emb l y  t empe r a t u r e s  

were  l ower t h a n  1 673 K a t  t h e  t i e  p l a t e  e l eva t i on .  

. 

Component 0-1 53-5 : F ue l  a s s emb ly  upper end f i t t i ng and  par t i a l  upper 

spacer gr i d  

Core Pos i t i on :  E 2  

Upper E nd F i t t i ng I dent i f i ca t i on : N J  OOUZ 

I l l us tra ted i n :  F i gures  0-29 a nd D-30 

Componen t 0-1 53-5  wa s a per i phe r a l f u e l  a s s emb l y  wh i ch con ta i ned empty 

gu i de tubes and no s p i der a s s emb l y .  The g r ea t e s t  damage  occ u r r ed on  the 

nor th s i de where  the upper spacer  gr i d ,  a p r on , t i e  p l a t e , and por t i on s of 
the mi x i ng cup and hol ddown spr i ng wer e  once me l ted . There wa s a l so an  

i nd i ca t i on of the onset  of me l t i ng on the unde r s i de of  the  s pr i ng r e t a i ner  
on  th i s  s i de . The  nor t h s i de of th l s  a s s emb l y  faced towa r d s  c o r e  center ,  
and the pos tacc i dent cond i t i on i nd i c a t e s  s teep tempe r a t u r e  g r ad i en t s  
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f t gure D-27 . Componen t D-1 53-4 . E nd f 1 t t 1 ng and con t r o l  r od s p 1 der . 
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86-384-7-8 

F 1 gure 0 -28 . Bot tom v 1 ew of  c omponent D-1 53-4 . 
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f t gu r e  D-29 .  Nor th s 1 de of  componen t D - 1 53-5 . Per 1 phera l  f u e l  a s s emb l y  
upper end f 1 t t 1 ng .  
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86-384-7-1 4  

F 1 gure  0-30 . Bot tom v 1 ew of c omponent 0-1 53-5 . 
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��" Ia . tltls "''ltlf��l . f•l ass•lr. Oft the north s tde, peak 
·�·· . · ,,tures were ta •xcet$ of 1673 IC up to the lower sur face of the spr tng ,.,� Ia tM t nter ter of the tss•tr; however , port t ons of the apron 

._ •tw stltftces of taa. ead fttUftl are sUll  tntact,  as are por ttons o f  ""'t.ut .. cup lftd ......... sprt.,s . In contrast,  on the south s tde . t,{leta..,..s vere 1.., Utah 1131 IC at the upper spacer gr t d  l ocatton . 
• . . • c'i,•·:· •.,i . -� ....,fttttaw Is . ..._. sttlt attached to the fuel bundle tn  the ��� .... ,,,_. '""' clescr tbH . tn Reference 02 • 

• :, , .  ·:· f : . p ' • ; , .·, �<- ' c 

.. ,w,,,_ Jdlftttftcattcm: 11.1 IOSU 
J·;t..,.e .0,..$1 

. ·  . 

On cc,!!llli,�l'J;.J ..... a.-.st an of tbe tte plate has •lted avay , and 
·· �-�T":· ·':·� ; ·:··

·
- ,, :.:, . -'-:,;'·: :. 

. , 
the greatest ··nnlite tJ ta. tlae souttteast corner where the entt re end f t tt t ng 

has •1te4, .. J• S. tltiiiPIN of ta.e upper regtons of the end fHttng 

-.�n:a:'•, ·�.·�·· ··· ,., . .. t ·�· .tlte sprint retatner t s  t ntact and unda��aged . 

�•·;·· �•••lJI eaceeded 1673 IC at the gr t l l  elevatton ,  but 

\ 1M  Spring reta t ner elevaUon .  As shown tn  

•••�••• a.dy of thh repor t ,  the fuel a s senlbly upper gr t d  

.._.ged at Ute 010 locatton .  

•••t D-1 53-7 actua l ly con s \ s ted of two p t ec e s  t ha t had broken 

wtle tn ttae sh \pp ,ng can \ s ter . The l ar ger p , ece wa s a par t 1 a l l y 

· cor•er of an upper end f H t t ng wHh the par t \ a l  t den U f , c a t \ on 

lfl�tfl�s of IIJ s tiiiP'd on H ( f  , gure 0-32 ) . The me l t ed reg\ ons  e xtended 

If'- the t,e plate elevat \ on t n  the corner to  the upper r eg \ on s  of the end 

• 
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F 1 gure D-31 . Componen t D-1 53-6 . Par t 1 a l  bur nabl e  po1 son  r o d  a s s emb l y  
upper end f 1 t t 1 ng .  

D -44 



D-32 . Por t \ on of  component  D - 1 53-7 . Cor ner of  per \ pher a l  fue l  
a s s emb l y  upper end f 1 t t 1 ng .  
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86T-238 

F 1 gure  D-33 . Por t 1 on of c omponent  D-1 5 3-7 . Upper end  f 1 t t 1 ng .  
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,._, Oft tbe eas t s tde. ta.e otlter ptece a
.
ppeared to f tt  together wHh 

tatece lad ·ltaf .· the tMtlftcaUcm letter s OOTL s taiiiPed on tt 
D-33) . Tttese cOrt, fra..-ts ti'Hftcate that peak tet�Pera tures were ... 

. ··· . ,,.,_ ttMa 1613 I heir .tlte Ue plate elev1tton and s l t gh t l y  
.As sltown tn Ft..,. n, ta tH Mtn bodJ of thts repor t ,  the fuel 

tttl plate VIS estettt1ally Uftdaflaged at the R7 loca t ion .  

" 
··"·IIIIJ....-· •JfW�ftttt .. I._Uftcattoa: IJ OOUP 

· · 
·

.
· .-..tftcattta: C136 

lliiitrltd t�: ·7 lttwes 1-M IIICI 0-3S 

··''· ' ··--�t ._ .. . t• c..,_t 0-153-8 occurred t n  the nor thwest ··--r�·',., tij•t, l•sset eateAt ta the soutlteast corner .  The U e  plate was 

Jft'fct •J.ce,t ta tllese ceraer s .  The atxtag cup,  holddown 

SJ11._•• _.;tRt retatoer were part tally •lted tn the nor thwes t 
--�!. >}.t•1n1 rCMI st-.s exteaded below tH U e  pla te where 1 t  wa s 

Wlltt .. ;.
· 
.. ·. . tttfe •lt.,r ..... tlae tte plate tn the heavt l y damaged 

·�.· .. ·· "* t...,lttwes were generall y  et ther near or above 1 673 K a t  

t11tiJ1tle �--tta, lhlt reached 1673 K t n  the nor thwes t corner a t  the 
... :-." ' / ', ,  

. ··.t tltl ., .. reta t ner . 

SI•WII 1-JU=t: tontrol rod sp\ der and pa r t 1 a 1  fuel a s semb ly 

COrt Postt.toa : 88 
Upper End f t t t \ ng Ident 1 f \ cat \ on :  N J  OOUB 

S,tder Hub Iden t 1 f 1 ca t t on :  C1 24 

I llustrated t n :  F t gures D-36 and 0 -37 

Tbe grea test damage to component 0 -1 53-9 occurred \ n  t he nor t hwes t  

cot�Mtr of the assellb l y ,  and par t \ cular l y  a l ong the nor th s \ de . The upper 

specer tr 1d and tte plate wer e  ' n tac t except \ n  t h\ s  r eg \ on , w\ t h  the 

dallge to the t t e  pla te 1 \m1 ted to t he e x t r eme nor thwes t  cor ner . Por t \ ons  

of the apron wer e  a l so ntel led on the nor th and wes t  s \ des . Mos t of t he 
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86-384-1 0-36 

F 1 gure 0-34 . Wes t  s 1 de of  c omponen t 0-1 53-� . Con t r o l  r od s p \ der and 
par t 1 a l  upper end f \ t t \ ng .  
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F \ gure  D-35 . B o t t om v t ew o f  c omponen t D-1 53-8 . 
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86-384·9·3 

F 1 gure D-36 .  South s 1 de v 1 ew of  c omponent D-1 53-9 . Con t r o l  r o d  s p 1 der and par t 1 a l  fuel a s s embl y .  
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F 1 gure  0-37 . Bot tom v 1 ew of  componen t 0 - 1 5 3-9 . 

0 - 5 1  



fuel and control  r o�s  were  1 n tac t 20 t o  25  em b e l ow the  upper s pa c e r  g r 1 d  

on the southea s tern  ha l f  of t he a s s emb l y .  Peak t empe r a t u r e s  exceeded 

1 673 K 1n the ext r eme nor thwe s t  c o r ner  of  the a s s emb l y  at the t i e  p l a te 

e l eva t i on ,  but wer e  genera l l y  l ower t h a n  t h 1 s  a c r o s s  the  e n t 1 r e t i e  p l a te . 

Temperatures  were  h 1 gher than 1 533 K on  the nor t hwe s t e r n  ha l f  o f  the  

a s s embl y  a t  the  upper spacer  gr 1 d  e l eva t i on ,  but  wer e  l ower than t h i s  o n  

the southea s tern  s 1 de .  I n  t h e  e x t r eme s outhea s t e r n  c o r ner , a pp r ox 1 ma t e l y  

2 5  e m  bel ow the upper s pacer  gr i d ,  the peak t empe r a t u r e s  wer e  near  1 67 3  K .  

These peak temperatures  were  ev i denced by  pa r t i a l l y  me l ted c o n t r o l  rod 

c l add 1 ng ( see F 1 gure D-37 ) .  

As prev 1 ou s l y  noted , the l ea d s c r ew tempe r a t ur e s  r a n ged f r om 1 25 5  K a t  

the core center ( H8 )  t o  1 1 1 6 K a t  the mi d -r ad 1 us ( 88 )  l oca t i on .  These 

temper a tures  a r e  s ubs tan t i a l l y  l ower t ha n  the e s t i ma ted d i s t i nc t  c omponent  

temperatures . 

Componen t D - 1 53-1 0 :  Con t r o l  rod spi der and upper end f i t t i ng 

Core Pos i t i on :  04 

Upper E nd F i t t i ng Iden t i f 1 c a t i on : NJ OOPV 

Sp 1 der Hub I den t 1 f 1 ca t i on :  C l 55  

I l l u s t ra ted i n :  F 1 gures  D-38 and D-39 

I n  component D- 1 53-1 0 ,  t he t i e  p l a te i s  1 n ta c t  except  for  a sma l l  

por t 1 on 1 n  the nor thwe s t  c o r ner . The a p r on i s  gone except  on  the  s o u t h  

s 1 de a n d  1 n  a par t i a l l y  me l ted a r ea on  t he wes t  s 1 de .  T h e  u p p e r  s pacer  

gr 1 d  i s  gone except for  a bad l y  mangl ed por t i on on  the s o u t h  s i de .  Cont r o l  

rod s tubs extend f r om j us t  be l ow t h e  t 1 e  p l a t e  on  the  nor t h  s i de to  we l l  

be l ow the c r ump l ed upper spacer gr i d  on the south  s i de . The mi x i ng cup  and 

ho1 ddown spr i ngs a r e  undamaged . Peak t emper a t u r e s  r a nged f r om l ower than 

1 533 K on the south  s i de a t  t he upper  s pacer  gr i d  e l eva t i on to  h i gher than 

1 67 3  K in  the extreme n� r thwe s t  c o r ner at the t i e  p l a te e l eva t i on .  
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F t gure  0-38 . Wes t  s 1 de v 1 ew of  componen t  D - 1 53 - 1 0 .  
upper end f , t t 1 ng .  
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Con t r o l  r od s p 1 de r  and  



F 1 gu r �  D-39 . Bot tom v l ew of  component D-1 53- 1 0 .  
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.-�� •• ,._ Ue plate, •txtng cup, spr tng 
· If tile .,., end fHttftg tttat faced the 

�IL;Ifttlrtflll:slv •ltM. ' A prevtouslJ Mlted •ss ts loctdta. COfttrol rod spr tags are stt l l  present 
, n  the gu \ de t ube pos \ ttoas .. · · ·  hll f.l-.;eratures were btper than 1 673 K t n  
the nor thwes t corner C'*1cll ..,., .. tltt,''Mter .... ., tile core)  up to the 
spr1 ng reta i ner locatt·•· ...... t .... tt�res were lover than 1 673 K t n  'Jt1;�t'l* . Ue p�ate ele¥ttt0ft. As shown t n  F t gure 1 1 , t n  

· �-pt;l, tfae fuel ass•lJ upper gr td plate was 
una--·

·· jf 'llte F14 lecatten. 

C011ponen t D-153-12: · 11111· I!9Mif
'
iftaptng rod fuel assellblx part ta l  end 

f i t t \ng 

--�� D-153-12 vas MSt heavt ly  damaged 1 n  t he sou t hea s t  c or ner 
t\e Jlate attd porUons of the s \ des of  the e n d  f H t \ ng a bove the 

e1ev&UOft were Mlted . A smal l  por t t on o f  the l owe r par t o f  t he 

sprtag tn the southeast  corner was a l so me l t ed .  Por t 1 on s  o f  t h e  

apron on the north and wes t  s \ de s  wer e  a l s o me l t ed . Peak 

�A1'••• .. •• were tn excess of 1 673 K 1 n  t he sou t hea s t  c o r ner  a t  the t ' e  

i1evat1on and were h\gher than 1 666 K wher e  t he ho l ddown s p r , ng 

J�t above the t \ e  plate .  Temper a t u re s  wer e  l ower t ha n  1 673  K 

ICress the r..atnder of t he a s semb l y  a t  the t 1 e p l a t e  e l e va t 1 on . 

• 

D - 55 



Previously 
molten 
spri ng 
retai ner 

Previously 
molten 
material and 

F 1 gure 0-40 . Component 0-1 53-1 1 .  Par t 1 a l  contr o l  r o d  upper end f 1 t t 1 ng .  
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f 1 gure  D - 4 1 . Me l ted ma t er 1 a l  nea r m1 x 1 ng c up on c omponen t D - 1 5 3 - 1 1 .  
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86-384-9-1 0 

F i gure 0-42 . Component 0-1 53- 1 2 .  Ax i a l  power shapi ng rod  fuel  a s s embl y  
end f H U ng .  
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f ' gu r e  0 -4 3 .  Bo t tom v \ ew of c omponent  D - 1 53- 1 2 .  
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Componen t D-1 53-1 3 : . Cont r o l  r od pa r t i a l  fuel  a s s emb l y  a n d  spi der  

Core Pos i t i on :  B l O  

Upper E nd F i t t i ng I den t i f i ca t i on :  N J  OOUA 

Sp i der Hub I dent i f i c a t i on : C l 32 

I l l us t r a ted i n :  F i gu r e s  D-44 and D -45  

Componen t D-1 53-1 3 wa s mos t  hea v i l y  damaged i n  t h e  southea s t  c o r n e r  

where t h e  me l ted r eg i on i nc l uded t he t i e  p l a te and  por t i on s  o f  t h e  s 1 d e s  of  

the upper end f i t t i ng .  Th i s  c o r ner f a c ed c o r e  c e n t e r  i n  t h 1 s p e r 1 ph e r a l  

a s s emb l y .  The l ea s t  damage occ u r r ed o n  t h e  wes t  s 1 de whe r e  t h e  upper 

s pacer gr i d  i s  s t i l l  p r e s en t . Th i s  s i de faced a fuel  a s s embl y  on  t he edge 

of  the cor e .  The mi x i ng cup and h o l ddown s p r i ng wer e  undama ged . Peak 

temperatures  r anged f r om 1 67 3  K i n  t he s ou t hea s t  c o r n e r  at the  t 1 e  p l a t e  

e l eva t i on and s l i gh t l y  above to  l es s  t h a n  1 533 K a t  t he upper  s pa c e r  g r 1 d  

e l eva t i on on t he we s t  s i de . 

• 
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f t gure 0 - 4 4 . E a s t  s \ de v \ ew o f  c omponen t D - 1 5 3 - 1 3 .  C on t r o l  r od pa r t 1 a 1  
fuel a s s emb l y  and s p \ der . 

D -6 1 



F \ gu r e  0-45 . Bot tom v \ ew of  c omponent D-1 53- 1 3 .  
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