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S 1 x s amp l e s  of  par t i cu l a te debr 1 s  were removed from the T MI -2  cor e  

rubb l e  bed duri ng September and Oc t ober 1 983 , and f t ve mor e  s amp l e s  wer e  

obtat ned 1 n  March 1984.  The samples ( up to  174 g eac h )  wer e  obt at ned  at 

two l oca t i ons  1 n  the core :  H8 ( cen ter ) and E9 ( m1 d-ra d 1 us ) .  Ten of t he 

el even s amp l es were exami ned a t  the Idaho Nat i on al E ng 1 neer1 ng Labora tory  

to ob t a1 n data on the  phys i c al and chemi ca l na t u r e  o f  the  debrt s and  the 

pos t acc t den t cond 1 t 1 on o f  t he core. Por t i on s  o f  the  samp l e s  als o were 

s ubj ec ted to  d t f ferent t al thermal ana l ys t s  a t  Rockwe l l Hanford  Opera t 1ons  

and  met al l u rg i c al and chemt c al examt natton s  a t  Argonne Na t t on al 

Labor ator i es . Th i s  report pre s en t s  r es u l t s  o f  the examt na t t on of  the cor e  

debr 1 s  grab samp l es , 1 nc l ud 1 ng phys t ca l , meta l l ur g t c al ,  chemt ca l ,  and 

r ad t ochem t c al ana l yses . The r es u l t s  1 nd 1 ca t e  t ha t  t emperatures  t n  the core 

reac hed at l eas t 31 00 K durt ng the TMI -2 a c ct dent ,  f uel mel tt ng and 

s 1 gn 1 f 1 cant  mt x t ng of  core s t ructural ma t er t al occur red , and  l ar ge 

frac t t on s  of  some r ad 1 on uc l 1 des  ( e . g . ,  
90

s r  and 
1 44

ce) were reta t ned  t n  

the core . 
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SUMMARY 

E xam1 na t 1 ons  are be 1 ng per formed to acqu \ r e  da ta on the extent  and 
nature  of damage to the Thr ee M \ l e  I s l and Un\ t 2 ( TMI -2 ) r eac tor , wh 1 c h  
underwent a l o s s -of -coolant  acc 1 dent 1 n  Mar c h  1 979 . One of the exam1 nat 1 on 
tasks  \ s  to ana l yze samp l es of debr 1 s  obt a 1 ned f r om the r ubble  bed . 

F 1 gure S - 1  shows  t he cur r en t  cond 1 t 1 on of the cor e , a s  determ1 ned f rom 
c losed -c 1 rc u 1 t telev \ s \ on , core topography , and r ubbl e  bed prob 1 ng 
exam\ nat \ ons . I t  1 s  e s t \ma ted that the debr \ s  bed cons 1 s t s  of 
appr o x 1 ma te l y 20% of the or 1 g1 na l  core ma s s , and 1 s  suppor ted by a hard  
c r u s t. Approx 1mately  65X of the core 1 s  l oc a ted between the debr 1 s  bed and 
the e 1 1 1 p t 1 c a l  f l ow d 1 s t r 1 bu tor , and approx \ ma t e l y  10 to 20% has reloca ted 
to bel ow the f l ow d 1 s tr 1 bu tor . 

E l even core debr 1 s  grab samp l e s  ( tota l \ ng 0 . 001% of core we\ gh t )  wer e  
obta 1 ned f r om  two fuel  as semb l y  l oc a t 1 ons , H 8  ( center ) and E 9  
( m1 d-rad1 us ) .  One samp l e  was exam1 ned a t  the Babcock & W1 1 cox lynchburg 
Research  Center , and  t en samp l es wer e  exam1 ned at  the I daho Na t 1 onal  
E ng1 neer 1 ng Labora tory ( INEL ) . Of the ten samples  exam1 ned a t  I NEl , 
fragmented c h 1 ps f r om seven par t 1 c l es wer e  exam\ ned by Rockwel l  Hanford 
Operat 1 on s  us 1 ng d 1 f feren t 1 a l  thermal ana l ys \ s  and 22 par t 1 c l es were 
s h \ pped to Argonne Na t 1 ona l labora tor 1 es ( We s t  and E as t ) for meta l l ur g \ c a l  
and c hem1 c a l  anal yses . 

The pr \ ma r y  objec t 1 ves of  exam1 n 1 ng the core debr 1 s  grab samples  
1 nc l ude t he fol low\ ng: 

o S uppor t \ ng the plant  r ecover y ef for t be\ ng per formed by GPU 
Nuc l ea r  

o Oe term 1 n 1 ng the phys 1 ca l , chem\ c a l , and rad 1 ochem1 c a l  cond 1 t 1 on 
of the core debr 1 s  bed 

1 1 1  
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Figure S-1. Schematic showing the current known condition of the TMI-2 
core and the locations of the core debris grab samples. 
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o Prov \ d \ ng da ta to s uppor t a s sessmen t  of severe fuel  damage c odes , 
pr \ ma r \ l y w\ th regard  to core damage progres s \ on and f 1 ss 1 on 
produc t beha v \ or . 

Th \ s  r eport  presents the resul t s  and conc l us 1 ons of ana l ys t s  of  the 
core debr \ s  grab sampl es , 1 nc l ud \ ng :  ( a )  t he samp l e  acqu1 s 1 t 1 on ,  
exam1 na t 1 on plan , and ana l yt 1 ca l  methods; ( b )  exam 1 na t 1 on resul t s 
( phys \ c a l , meta l l ur g 1 ca l , c hem1 c a l , and rad \ ochem1 c a l ) ;  ( c )  an eva l ua t \ on 
of t he overa l l  core  cond 1 t 1 on and rad1 onuc l 1 de beha v \ or , us 1 ng 1 nformat 1 on 
f r o.  the core debr \ s  and other ava \ lable  exam1 nat 1 on resu l ts ; and 
( d )  p r 1 nc 1 pa l  observa t \ on s  and conc lus 1 ons obta 1 ned f r om these exam1 na t 1 ons . 

Sample Acgu 1 s 1t 1 on, E xam1 nat 1 on P l an, and Ana lyt 1 ca l  Methods 

The core debr 1 s  grab samp l es were r emoved f r om the debr 1 s  bed at  
depths rang \ ng from the  sur face to 77  em a t  the H8  l oca t \ on , and  from the 
s ur face to 94 em at the E9 l oca t \ on . A hard  s top was encountered at 77 em 
a t  the H8 l oca t 1 on ,  and f r 1 c t 1 on prevented penetra t \ on of the debr \ s  bed 
beyond 94 em at E 9  . Sampl e  we 1 ghts  obta 1 ned ranged f r om 1 7  g ( Sampl e  4 )  
to 1 74 g ( Sampl e  1 0 ) . 

F \ gure  S-2 1 s  a f l ow d 1 agram show 1 ng the exam1 na t 1 ons  per formed on the 
core debr 1 s  grab samples . Ther e  wer e  four gener a l  types of samp l es 
exam1 ned: (a ) bul k  samples , a s  rece1 ved f rom TMI -2 ; ( b )  par t 1 c l e  s \ ze 
f r ac t 1 on s --subgroup1 ngs of the bul k  samp l es by s 1 ze ,  obta \ ned by s 1 ev 1 ng 
the bu l k  sampl es , ( c ) r ecomb \ ned bul k  samp l es --approx 1matel y one-th 1 r d  of 
eac h  par t 1 c l e s 1 ze frac t 1 on ,  recomb 1 ned to approx \mate the or 1 g 1 na l  bu l k  
s amp l e ;  and ( d )  par t 1 c l es and a l 1 quots - - 1 nd 1 v 1 dua l par t 1 c l es f r om the 
larger  ( >1 000 �) par t 1 c l e  s 1 ze frac t 1 ons and a l 1 quots [ representa t 1 ve 
por t 1 ons  f r om the smal ler ( <1 000 pm )  par t \ c l e  s 1 ze f rac t \ ons). 
Ana l yt 1 ca l  methods used for the exam1 na t 1 ons are s tandard  exam1 nat 1 on 
techn 1 ques , w 1 th some mod \ f 1 c a t \ on s  neces s 1 ta ted by the h \ gh rad1 a t 1 on 
f \ el ds and 1 nsoluble  nature of the core debr 1 s .  

v 
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Figure S-2. F low d i agram showing the examinations performed on the TMI-2 
core debr i s  grab samples (typical  for each samp l e ) . 



Phy s 1 c a l  E xam1 na t 1 ons 

The phys \ c a l  exam1 na t \ on s  \ nc l uded v \ s ua l  and photograph \ c  
exam1 na t \ on s , we 1 gh \ ng ,  bu l k  tap dens 1 ty mea sur emen ts , par t 1 c l e s 1 ze 
d 1 s t r \ bu t \ on ana l ys \ s ,  and fer r omagne t 1 c  and pyrophor 1 c 1 t y tes t s . I n  
gener a l , t he core debr \ s  wa s c omposed of par t 1 c u l a te ma ter 1 a l  tha t wa s not 
1 den t 1 f 1 ab l e  as core c omponent s . F \ ve categor \ es of par t \ c l es wer e  
\ den t \ f \ ed based o n  v \ s ua l  appearanc e : ( a )  apparent  f u e l  p \ eces ; 
(b) c l add \ ng c hunk s , ( c ) foamy/porous , pr \ o r  mol ten ma ter 1a l ; ( d )  par t 1 c l es 
t ha t  are  a c ompos \ te of fuel  and pr \ or mo l ten ma ter \a l ; and ( e )  meta l l 1 c 
appear \ ng ,  pr 1 or mo l ten par t 1 c l es . 

Bul k tap dens 1 ty measurements  1 nd 1 ca t e  that there are  two dens 1 ty 
r anges for the samp l es . Samples  1 ,  3 ,  a nd 6 have dens 1 t 1 es rang \ ng f r om 

3 3 . 5  to 3.8 g/cm wherea s  Sampl es 9 ,  1 0 ,  and 1 1  have dens 1 t 1 es rang 1 ng 
f r om 5 . 0 to 5 . 5  g/cm3 . The par t \ c l e  s 1 ze d 1 s t r 1 bu t 1 on ana l ys 1 s  1 nd 1 ca ted 
that  Sampl es 1 and 3 have the l ar ges t frac t 1 on of mater \ a l  1 n  the 1 680 to 
4000-pm par t \ c le s \ ze range , whereas Sampl es 9 ,  1 0 ,  and 1 1  show a b \ modal 
d 1 s tr \ bu t 1 on ,  w\ th peak s  at  the 1 680 to 4000-pm and 297 to 7 07 -pm 
s \ zes . The b 1J'oda l d 1 s tr 1 bu t \ on probably  resul t ed \ n  more e ff \ c \ en t  
pack 1 ng o f  t he debr \ s  ma ter \ a l  a n d  ma y  exp l a \ n  t h e  h 1 gher dens 1 t 1 es of 
Samp l e s  9 ,  1 0 ,  and 1 1 . The par t \ c l e s \ ze d 1 s tr 1 bu t 1 on ana l ys 1 s  1 nd 1 ca tes 
the presence of mos t l y  ( >801) l arger par t \ c l es ( >1 000 pm) . 
S t ra t 1 f 1 ca t 1 on o f  t he debr 1 s  bed 1 nto two l ayer s  a l so 1 s  1 nd 1 ca ted by  the 
par t 1 c l e s 1 ze d \ s t r 1 bu t 1 on: a s ur face l a ye r , and ano ther beg 1 nn 1 ng between 
36 em and 56 em be l ow the debr 1 s  bed s ur fac e . The l ower l ayer conta 1 ns 
l a r ge r  quan t 1 t 1 es of  smal ler  s 1 zed par t 1 c l es . The meas urab l e  ferr omagne t \ c  
.a te r 1 a l  content o f  Samp l e  6 ,  t he onl y  samp l e  ana l yzed for fer r omagne t 1 c  
c on t en t , wa s 0 . 9% o f  t he tota l s amp l e  we 1 gh t . 

Meta l l urg\ c a l  E xam1 na t 1 ons 

Twenty-n 1 ne par t 1 c l e s  wer e  s e l ec ted from the ten core debr \ s  grab 
s amp l es for  deta 1 1 ed meta l l ur g 1 c a 1  ana l ys 1 s ,  wh 1 c h  1 nc l uded opt 1 c a l  and 
scan n 1 ng e l ec tr on m1 c roscopy for m1 c ro s t r uc tura 1  1 nforma t 1 on and energy 
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d i s per s i ve x-ray s pectroscopy and s cann1 ng Auger s pectroscopy for 

i nforma ti on on e l ementa l compos i t1 on .  

Mos t  of  the par t1 cl es  exam1 ned con ta i ned r eg i on s  of  pr i or mol ten 

U-Zr -0 , i nd 1 ca t1 ng peak temperatures  of greater tha n  2200 K. Of the s e, 

many are pr i or mol ten ( U , Zr ) 02 , i nd 1 ca ti ng peak temperatures greater tha n  

2800 K .  There are a few examp l es o f  pr i or mo l ten  ma ter 1 a l  tha t  a r e  a l mos t  

pure U02 , i nd i cati ng temperatures  u p  to 31 00 K ( the ef fect o f  s mal l  

amounts of 1 mpur 1 ti es on the mel t1 ng po i nt of  uo2 1 s  not we l l  known ) .  

However ,  much of the fuel  proba b l y  rema i ned a t  fa 1 r l y  l ow temper a tures  

( <2000 K )  rel ati ve to the peak temperature  or wa s expos ed to h 1 gh 

temperatures for onl y  a s hor t ti me . Th1 s  con cl u s i on i s  based on the 

rel ati vel y  unrestructured appearance observed for much of the f ue l ,  even 

though there are attached reg i on s  of pr 1 or mol ten cer am1 cs . 

The reg i on s  of  pr i or mol ten U-Zr -0 u s ua l l y  conta i n  at l ea s t  s ome 

traces of non-fuel rod mater i a l s  ( Al ,  Cr , F e ,  and N i ) .  Thes e el ements 

often were  obser ved at gra i n  boundar i es or i n  vo1 ds . F or some par t1 c l es ,  

they a r e  a s i gn i f i cant porti on o f  the tota l par ti cl e  wei ght.  Contr o l  r od 

mater 1 a l s  ( Ag ,  I n, and Cd ) were  not as  commonl y  found a s  s tr uctu r a l  

mater i a l s .  However, ma j or por ti ons of three par ti cl es  a r e  meta l l i c Ag 

conta i n i ng N 1 -Sn i ncl us i on s , 1 nd i ca t1 ng tha t  con trol  r od ma ter i a l s ( or a t  

l ea s t  Ag ) apparentl y had l e s s  of a tendency to m 1 x or i nteract w1 th f u e l  

rod ma ter 1 a l s  than d i d  the s tr u ctur a l  ma ter 1 a l s .  

Chem i ca l  Exami nati ons 

El ementa l  ana l ys i s  o f  the cor e  debr i s  grab sampl es was perfor med by 

i nducti ve l y  coupl ed p l a sma s pectroscopy ( IC P ) on the r ecombi ned bul k  

samp l e s  and the i nd 1 v i dua l par ti cl es  and a l i quots . El ements for whi ch 

ana l yses were  per formed wer e  s el ected to charac ter i ze f i ve groups of cor e  

components :  ( a )  uran i um f ue l  a n d  z 1 r ca l oy cl add i ng ,  ( b )  Ag- I n-Cd contr o l  

rod mater i a l s ,  ( c ) po i son r od ma ter i a l s  (8, Gd , a n d  Al ) ,  ( d )  s tr u c tu r a l  

mater i a l s  ( s ta i n l e s s  s teel and I n cone l ) and ( e )  e l emen ta l Te. 
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Mos t  elemen t a l  con s t \ tuen t s  of the core componen t s  were present 1 n  a l l  
rec omb \ ned bul k  samples , par t 1 c l e s , and a l \ quot s , sugge s t 1 ng that 
s 1 gn 1 f 1 cant  d \ srupt 1 on , m1 x 1 ng , and reloca t \ on of these component s  has  
occ urred . The a na l ys es for  U and Zr  1 nd 1 cate that  s 1 gn 1 f 1 cant dep l et 1 on 
(�501) of Zr from the debr \ s  bed has occ urred . Ana l yses for con t r o l  rod 
ma ter \ a l s  w\ t h  empha s \ s  on Ag 1 nd 1 cate  that  as muc h  as 90% of the Ag ha s 
r e l oca ted f r om  the debr \ s  bed . There appea r s  to be a general  1 ncrea se  1 n  
Ag concentrat 1 on a s soc 1a ted w1 th  a dec rea s e  \ n  par t 1 c l e  s 1 ze .  The bur nabl e  
po\ s on r od ma ter 1 a l s , Al  a nd Gd , were measured 1 n  mo s t  o f  the samp l e s . The 
w\de d 1 s tr 1 bu t 1 on of  Gd 1 s  of par t \ cular  \ nteres t ,  because onl y  four fuel 
a s semb l \ es \n the c ore con t a \ ned Gd con trol  ma ter \ a l  ( 1 3  kg ) .  These  fuel 
a s s emb 1 1 es were  l ocated at four quadrant s , about m\ d-rad \ u s  1 n  the c or e .  

A l  1 s  c oncen trated a t  the sur face o f  t he debr \ s  bed , s ugges t \ ng that 
the debr \ s  bed may have func t \ oned a s  a t rap or reten t \ on zone for s ome 
core mater \ a l s .  S truc tura l mater \ a l s  are  wel l  m\ xed \ n  the debr 1 s  bed 1 n  
concentrat \ on s  s 1m1 1ar t o  the\r or 1 g 1 na l  c oncentra t 1 on s  1 n  the fueled 
por t \ on of a fuel assembl y .  E l emental  Te , wh \ ch may or 1 g 1 na te from na t ur a l  
o r  f 1 s s 1 on product sources  1 s  concentrated near the sur face o f  the debr 1 s  
bed s 1•1 1 a r  t o  a l um1 num. 

Rad 1 ochem1 c a l  E xam1 na t \ on s  

Rad \ oche� \ ca l  exam1 nat 1 on s  were per formed o n  the recomb\ ned bul k  
samples , par t 1 c l es and a 1 1 quot s  f rom a l l  sample s , and the fer romagnet 1 c  
component s  o f  Sampl e  6 .  The exam1 nat 1 ons  1 nc l uded gamma spec troscopy , 

235 238 1 29 90 f \ s s 1 1 e/fer t 1 1 e  ma ter \ a l  ( U/ U )  conten t , and , I a nd Sr 
ana l yses . E xam1 na t 1 on s  were  per formed to character \ ze rad 1 onuc 1 1 des of 

1 29 1 37 expec ted h \ gh vol a t 1 1 1 ty ( I and C s ) ,  1 ntermed 1 a te volat 1 1 1 ty 
c 1 06Ru and 1 25Sb ) and l ow vola t 1 1 1 ty c 90sr and 1 44ce ) .  

Co.pa r \ son of the meas ured to pred \ c ted reten t 1 on/re l ea se of these 
rad1 onuc 1 1 des  1n the core debr \ s  1 s  shown 1n Tab l e  S-1 and approx \ ma t e l y 

fol l ows t he expec ted vol a t 1 1 1 t y of the rad1 onuc l \ des  ( 1 . e . •  t he mo s t  
1 29 1 37 vol a t 1 1e mater \a l s , I ,  a nd C s , wer e  mo s t  s 1 gn \ f 1 ca n t l y  

h 



TAB L E  S-1 . RAD I ONUCL I DE R E TE NT I ON NORMAL I Z E D  TO URAN I UM CONTE NT 
( %  of core 1 nven tor y )  

H8 Sam�1 es  E9 Sam�les  
Ca l c u l a ted 

Core Avera ge Mea s ured Mea s ur ed 

Concen t r a t 1 on 
a Average Average 

Rad 1 onuc l 1 de ( C 1 /g) Reten t 1 on b Rangec Reten ti onb 

90sr 8 . 1 2E -3 94 9 1 - 1 02 9 2  

1 06Ru 1 . 41 E -3 49 35-74  6 3  

1 25sb 4 . 53E -4 28 1 9 -37 28 

1 29 1 2 . 81 E -9 24d 1 9 -28 1 9d 

1 37c s  9 . 32 E - 3  1 9  1 8-21  24  

1 44ce 3 . 37 E -3 1 21 1 1 4- 1 28 1 07 

Rangec 

79 - 1 00 

5 2 -86 

1 8 - 38 

1 0-25 

6 - 32 

90-1 30 

235u;ue 2 . 5  2 . 3-2 . 7  2 . 7  2 . 5 -2 . 8 

a .  Ca l c u l a ted ba sed on ORI GE N-2 anal yses , decay s  corrected to Apr 1 1  1 .  
1 984 . 

b .  Average mea s ured reten t 1 on for a l l  samp l e s . 

c .  Range of  reten t i on for r ec omb 1 ned bul k  s amp l e s . 

d .  Ca l c u l a ted ba s ed on par t 1 c l e  and a l i quot a na l ys e s . Uncer ta i n ty 1 s  
-1 00%. 

e .  Uran i um enr 1 c hmen t  ca l c u l a ted f r om f 1 s s 1 l e  and t o t a l  U a na l y s e s . 
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relea sed ) .  The resul t s  s hown are  normal 1 zed to pred 1 c ted core average 

c oncentra t 1 on s  and are  usea b l e  for 1 n tercompar 1 son pur poses. Ac tua l  1 ncore 

f 1 s s 1 on produc t c oncen t r a t 1 on s  per gram of fuel may va ry  by a fac tor of 2. 

However , t he reten t 1 on s  of  the l ow vola t 1 l e f 1 s s 1 on pr oduc t s  ( e . g.,  
90

sr 
1 44 

a nd Ce ) near 1 00% s ugge s t  that the 1 1 s ted r eten t 1 ons  are accurate 

w 1 t h 1 n 20 to 30X. The h 1 gh concentrat 1 on s  of 
1 44

ce are  proba b l y  due to  

t he p resenc e of  l oc a l \ zed zones  of h 1 gher burnup fuel  a t  the 1 oc a t 1 ons  

samp l ed.  The 
1 29 1 conten t of  the  samp l es tends to 1 nc r ease w1 t h  s u r face 

a r ea for t he s mal l par t 1 c le s 1 zes  and may 1 nd 1 cate a sur face area retent 1 on 

dependent mecha n 1 sm. A l s o ,  a corre l a t 1 on wa s obser ved between the 

c oncen t r a t 1 on s  of N1 and t he 
1 25

sb and 
1 06

Ru concentra t 1 ons , s ugges t 1 ng 

t ha t N 1  func t 1 oned a s  a scaveng \ ng mater 1 a 1  for these rad 1 onuc l 1 des \n the 

debr 1 s . 

Contr\ bu t \ on s  to Under s tand 1 ng t he TMI Acc 1 dent 

Th1 s  s ec t 1 on des c r1 bes how the resul t s  from t he exam 1 nat 1 on of the 

core debr 1 s  grab  samp l es con t r 1 bute  to under s tand\ng the cond 1 t 1 on of the 

TMI -2 core a nd acc \ dent  scenar 1 o .  

Me ta l l ur g 1 c a l  ana l y s ts o f  t he large par t 1 c les  f r om the core debr \s 

grab samples 1 nd 1 ca te 1 n  s ome of  the mater 1 a l  that  peak temperatures  up to 

the me l t 1 ng po1 nt of t he uo2 fue l were ach 1 eved. However , a s 1 gn1 f 1 ca n t  

amount of ma ter 1 a l  showed no r e s t r uc tur \ ng ,  1 nd 1 ca t 1 ng temperatures  bel ow 

a bo u t  2200 K .  There are 1 nd 1 ca t 1 ons of e 1 ther a prol onged cand l 1 ng 
a 

sequence  or mu l t 1 pl e  t eaperature  excur s \ on s .  Ev 1 dence of movement o f  

.ol ten ma ter \ a l  down t he fue l -c l add 1 ng gap was obser ved , and there 1 s  some 

ev1 dence of  s tr ong 1 nterac t 1 on of t he fuel ma ter \a l s . 

a .  The term •ca nd l \ ng •  \ s  used to denote me l t \ng , r e l oca t 1 on ,  and 

reso1 1 d 1 f 1 c a t 1 on ,  s 1m1 1ar  to t ha t  wh 1 c h  occ u r s  to the wax of a 1 1 ghted 

candle a s  1 t  1 s  bur ned . 
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E va l ua t \ on s  wer e  per formed t o  e s t \ ma t e  the d egree of m1 x 1 ng ,  phys1c a l  

r e l oca t 1 on ,  and s egrega t \ on of  c o r e  ma ter \ a l s. The exam1 nat 1 on  r e su l t s  

s ugge s t tha t the mol ten core  debr \ s  wa s m\ xed v \ gorou s l y  t o  produce t h e  

degree of  m1 x 1 ng a n d  homogen 1 ty obser ved . However , t he obser ved m1 x 1 ng may 

be l oca l \ z ed phenomea a t  the l oca t \ ons samp l ed and may not  be 

represen ta t 1 ve of the en t 1 re debr \ s  bed . 

E v 1 dence of phys 1 c a l  r e l oc a t \ on and m1 x 1 ng of  the  fuel  a s s emb l y  

mater \ a l s  was obt a \ ned b y  c ompar 1 ng the or \ g \ na l  U enr 1 c hmen t s  o f  t h e  H8 

and E 9 fuel  a s s emb 1 1 e s  w1 t h  the  mea s ur ed enr \ c hmen t s  of s amp l e s  r emoved 

from these l oc a t 1 ons . No correl a t 1 on ex\ s t s  between the or 1 g 1 na l  a nd 

meas ured enr 1 c hmen t s , 1 nd 1 ca t 1 ng s 1 gn 1 f 1 cant  phys \ ca l  r e l ocat \ on of  fuel  a t  

the H8 and E 9 l oca t 1 on s  occur red . 

There 1 s  ev\ dence o f  s 1 gn 1 f 1 cant  r e l oca t \ on and s egrega t 1 on of  s ome 

non-fuel core ma ter 1 a l s ( Zr ,  Ag , I n , Cd , Gd , a nd Al ) .  The c on t r 1 bu t 1 on s  of  

these  ma ter \ a l  movemen t s  on under s ta nd \ ng the core cond \ t \ on and acc \ dent  

scena r \ o  are:  

o The unexam1 ned por t \ on of  the core may have zones of  

heterogeneous ma ter \ a l  compos 1 t 1 on w\ th  s 1 gn 1 f 1 cant l y  d \ f ferent  

compo s 1 t 1 on s  than the debr \ s  bed samp l e s . 

o Accumu la t 1 on s  of  Al  a nd Te a t  the  s u r face of  the debr \ s  bed 

s ugge s t  tha t  the s ur face of t he debr 1 s  bed func t 1 oned as a t r a p  

f o r  s ome s t ructural  ma ter \ a l s .  Several  mechan 1 sms have been 

s ugges ted that woul d  a l l ow t he obser ved s egrega t \ on to  have 

occurred ( a )  dur \ ng the acc \ dent ( vapor 1 za t 1 on and s ubsequent 

conden sa t 1 on on sur face s ) or ( b )  dur \ ng na t u r a l  r ec 1 r c ul a t 1 on 

a f ter the acc 1 dent ( depos 1 t 1 on of A l O  ( OH)  or A12o3 powder on 

t he sur face of  the debr \ s  bed ) .  

o The concen t r a t 1 on s  of  Ag tend to  be h \ gher for the sma l l e r  

( <1 000 pm ) par t \ c l e  s \ ze frac t \ on s ,  s ugges t 1 ng e \ ther f 1 ne l y  

fragmented Ag o r  a r e t en t \ on mec han \ sm that  1 s  s u r face  a r ea 

dependen t .  
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F \gure S -3 shows the norma l \zed average r e ten t 1 on of rad 1 onuc 1 1 des \ n  

the  debr \ s  samp l e s  a s  per c en tage s of t he p r ed \ c ted c oncen t r a t 1 on s  c onta \ ned 

\n a gram of U. Re l ea s e  of rad \onuc l \ des  f r om the fue l  \ s  \n t he order of 

expec ted vo l a t\1\ t \ e s  of t he rad \ onuc l \ des  ( 
1 29

1,  
1 37

cs , 
125

sb , 
90

sr. 1 06
Ru , a nd 

1 44
ce},  w\th the e xc e p t \ons of  

125
sb , 

90
sr , and 

1 06 125 
Ru. The r e t e n t \on of Sb \ n  t he core debr 1 s  grab samp l e s  \ s  l e s s  

t han  expec ted a n d  \s s \m\l ar t o  1 37cs . N o  s 1 gn 1 f 1 ca n t  frac t\on of t he 
125 

c or e  \nven tor y of Sb has been mea sured  ou t s 1 de the c or e  r eg\on and 

these data s ugge s t t ha t  a l a r ge fr ac t \ on of the  c or e  \ nven t or y  of t h \ s  

rad \on uc l \ de ma y  have been t r a n s por ted to l ower r eg \ on s  1 n  the c or e . The 

s ugges ted mec han 1 sm for t h 1 s  t ranspor t  \ s  by r eac t \on w\ t h  s tr u c t u r a l  

ma ter \a l s  wh\c h  wer e  t r a n s por ted ou t of the  debr 1 s  bed . S \ gn \ f \c a n t  
1 25 

scaveng\n g  o f  Sb by s t r uc tur a l  N\ wa s obser ved for s evera l par t \ c l es .  

90 1 06 Sr wa s re ta 1 ned to a grea ter extent  and Ru to  a l es ser  e x tent 

t han  wa s expec ted, ba s ed on t he vola t 1 1 1 ty of t he e l emen t s .  The gr ea ter 
90sr r e ten t \on 1n the samp l es may be a t t r 1 b u t a b l e  to  the forma t \on of 

106 
SrO ,  a h \ gh l y  1 nvo1a t 1 l e  ox 1 de of S r .  The grea ter  r e l ea s e  of Ru may 

be a t t r \ buted t o  t he f orma t 1 on of h \gh l y  vo l a t \l e  a nd qu\t e  uns ta b l e  

ox\des , Ru02 and  Ruo4 . 

Some r ad \onuc l \ de s  e x h 1 b 1 ted s 1 gn 1 f 1 ca n t  mob 1 l \t y  f r om the fue l to 

other c or e  ma ter 1 a l s  and to t he r ema 1 nder of the r ea c t or c ool a n t  sys tem. 
1 37 1 29 

S 1 gn 1 f 1 ca n t  f r ac t 1 ons of the  core  1 nventor 1 e s  of C s  and I have 

been mea s u r ed ou t s 1 de the r ea c t or c ore . Transpor t  or r e t en t \ on mechan\sms 
1 25 90  1 06 

for Sb , Sr , and Ru a r e  d\s c u s s ed above. The t ra n s por t of 
1 44ce f r om t he fuel  t o  s t ruc t ur a l  ma t er \ a l s  \s 1 mpor tant , bec a u s e  t h \ s 

r ad\onuc l \ de \s e x pec t ed t o  be s t r ong l y  r e ta 1 ned 1 n  t h e  fue l . A s ugges ted 

.ec han 1 sm for t he pos s 1 b l e  t r a n s por t of th 1 s  r ad \ onuc l \ de from t h e  f u e l  \s 

the forma t \on of CeO, a r e1a t 1 ve l y  vo l a t 1 1e ox 1 de of C e. However , 

forma t \on of t h 1 s  c ompound r equ 1 r es  tha t Ce2o3 
\ s  r educ ed and wou l d  

s ugge s t  tha t per\ods o f  ox 1 d 1 z1 ng and  r educ \ng a tmos pheres  occur r ed dur \ ng 

the a c c \ de n t . Reduc \ng a tmos pher e s  ma y  have oc c u r r ed dur \ ng per\ods of no 

coo l a n t  or \n \s ola ted por t\ons of the c or e  dur \ ng seconda r y  temper a t u r e  

ramps pr obab l y  af ter 150 m\nu tes  1 n to t h e  acc 1 den t . 
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The da ta  obta 1 ned f r om ana l ys1 s o f  the c o r e  debr 1 s  grab  samp l es 

s ugge s t  that  t he cond 1 t 1 on of  the l ower r eg 1 on s  o f  the  c o r e  m1 ght  be 

s 1 gn 1 f 1 ca n t l y  d 1 f ferent  t ha n  t ha t  obser ved 1 n  the  debr 1 s  bed . The data 

a l so s ugges t that  rad 1 onuc l 1 de s  m1ght  be present  as  a c c umu l a t 1 on s  o r  t h a t  

there ma y b e  dep l e ted r eg 1 on s  l ower 1 n  the  core.  

... s 
Association with s -
cladding or other -

I ... 
structural material - I 
in the core - s -

I -

Retention i n  
f u el material s 

Radlonucl ide Retention(%) 

1291 10-28 
137Cs 6-32 
125Sb 19-37 
106Ru 35-86 

90Sr 91-100 
144Ce 90-130 

s _... 
s Fraction of core • 

i nventory released 
from the core 

I (leaching)_. materials 

S • Significant relocation 
I · I nsignificant relocat ion 

5 3266 

Figure S-3. �chematic showing the  beh avi or ( retention/ relocat i on ) of 
var i ou s  rad i onuc l ides in the TMI-2 core . 
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DRAF T RE PORT : TMI -2 CORE DE BRI S GRAB 
SAMPl E S  EXAMI NATI ON AND ANAL YS I S  

PART 1 

1 .  I NTRODUCT I ON 

The Un 1 t  2 pres sur \ zed wa ter reac tor a t  Three M 1 1 e  I s l a nd ( TMI - 2 )  

underwent  a prolonged l os s -o f -coolant  acc \ dent o n  28 Mar c h  1 979 , tha t  
r e s u l ted \ n  severe damige t o  the cor e . A s  a c onsequence o f  the TMI -2 
acc \ den t ,  nume rous a s pec t s  of l 1 gh t  wa ter r eac tor safety have been 
ques t 1 oned , and the U . S .  Nuc l ear  Regu l a tory Comm 1 s s 1 on ( NRC ) ha s embar ked 
on a thorough rev 1 ew of r eac tor sa fety \ s sues , par t 1 c u l a r ly the causes  and 
effec t s  of severe core damage acc \ dent s . The nuc l ear  c ommun 1 ty 
acknowl edges the 1�or tance of exam1 n \ ng TMI -2 1 n  order to unders tand the 
na ture  of  the core damage . lmmed 1 a tely a f ter the acc 1 dent , four 
organ1 za t 1on s  w1 t h  1 nteres t s  1 n  bot h  plant  rec overy and acqu 1 s 1 t 1 on of 
acc 1 den t da ta forma l ly agreed to cooperate  1 n  these areas . These 
orga n 1 za t 1 on s , Genera l Pub1 1 c  Ut 1 1 1 t \ es Nuc l ea r  Corpor a t 1 on ( GPU 
Nuc l ea r - -owner/opera tor of TMI ) ,  E l ec t r 1 c  Power Research  l n s t 1 tute ( E PR I ) ,  
the U . S .  Nuc l ea r  Regul a tory Comm 1 s s 1 on ( NRC ) ,  and t he U . S .  Depar tmen t  o f  
E ner gy ( DOE ) ,  c o l lec t 1 ve ly known a s  GE ND ,  a r e  presen t ly 1 nvol ved 1 n  
pos tacc 1 den t eva l ua t 1 on of  TMI -2. DOE 1 s  prov 1 d 1 ng a por t 1 on of  t he f unds 
for reac tor  r ecovery ( 1 n t hose area s  where acc \ dent recovery k nowl edge w1 1 1  
be of  gener 1 c  benef 1 t  to the 1 1 ght  wa ter reac tor 1 ndus t ry of  the Un 1 ted 
States ) .  I n  add 1 t 1 on ,  DOE 1 s  fund 1 ng acqu 1 s 1 t 1on and ana ly s 1 s  of  severe 
acc t dent da ta obta 1 ned f r om  exam1 n 1 ng the damaged cor e . 

The present cond 1 t 1 on o f  the TMI -2 core , as  determ1 ned by c l osed
c 1 rc u 1 t telev 1 s 1 on ( CCTV ) exam1 na t 1 on and prob 1 ng of t he debr 1 s  bed , 1 s  

1 2 1 1 1 us tr a ted t n  f 1 gure 1 .  ' Cur r en t  es t 1ma tes 1 nd 1 ca te that 
appro x 1 ma tely 20% of  t he tota l core  ma s s  1 s  an upper layer o f  r ubbl 1 zed 
debrts s uppor ted by a hard c r us t .  Appr ox 1 ma tely 65% 1 s  l oca ted between the 
debr 1 s  bed and the e1 1 1 p t 1 ca l  f l ow d 1 s t r 1 bu tor , and appro x 1 mately 10 to 20% 

has r e l oc ated to  be l ow t he f l ow d 1 s t r 1 butor . 

1 



Control rod 
leadscrew· · 

Plenum 
assembly 

Active 
fuel 

Flow 
d istribution 

1 ..... t--- Control rod drive 

Leadscrew support tube 

�'--- Core support 
shield 

�-+--t-+ Inlet nozzle 

>---::.--- Tie p late 

r surface of 
plenum assembly 
(ref. 31 2-ft elevation) 
Fuel assembly 
position 
Core baffle 

Reactor vessel 

Thermal shield 

Support p late 

lncore instrument 
guide tube (typical 
of 52) 

lncore Instrument 
nozzle (typical 
of 52) 

INEL 4 0491 

F i gure 1. Schema t i c  show i n g the current k nown cond i t i on of the  TMI-2 core, 
as determi ned by CCTV and core topography exami nat i on s  and 
d eb ri s bed prob i n g .  
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The f \ r s t  ma ter t a l s  obta t ned f r om t he lMI -2 a c t t ve fuel r eg 1 on were 
s amp l e s  from the debr 1 s  bed , refer red t o  as •core debr t s  grab samp les . •  
S 1 x samples  wer e  obta \ ned dur 1 ng September and O c t ober 1 98 3 ,  and f \ ve 
add \ t \ onal  samples were  acqu \ red \ n  Mar c h  1 984 res u l t \ ng t n  a tota l sampl e  
s \ ze of 1 . 37 kg o u t  of  an \ n 1 t \ a l  c ore t nventory of 1 26 me t r 1 c  tons 
( -Q . OOlX ) .  The eleven samp l es were s h \ pped t o  the I daho Na t 1 ona l 
E ng 1 neer 1 ng Laboratory ( I N E L ) for exam \ na t \ on and/or d \ s t r tbu t 1 on to o t her 
labora tor 1 e s . Ten samp l e s  were reta 1 ned a t  I NEL for exam 1 na t 1 on and 
ana lys t s ,  and one samp l e  wa s s h \ pped to t he Babcock  & W 1 lcox  ( B &W) 

Lynchburg  Research  Cen t er . 3 Of  the ten sampl es reta 1 ned at I NE L , 
f ragmented c h 1 ps from seven par t 1 c le s  were exam \ ned by Rockwel l Hanford 
Oper a t 1 on s  ( RHO ) u s \ ng d 1 f feren t 1 a l  therma l ana lyst s  and 22 pa r t 1 c les  were 
s h 1 pped t o  Argonne Na t 1 ona l labora tor \ e s  ( Ea s t  a nd Wes t )  for me t a l lurg1 ca l  

4 5 and chem 1 ca l  ana lyst s . ' 

The pr 1 ma ry obJec t 1 ve s  o f  exam1 n 1 ng t he core debr 1 s  grab sampl es 
\ nc l ude the fol l ow1 ng; 

o Suppor t \ ng the p l a n t  recovery effor t be \ ng per formed by GPU 
Nuc l ear 

o Oeterm1 n 1 ng the phy s 1 c a l , c hem 1 ca l, a nd rad 1 ochem1 cal  cond 1 t 1 on 
of  t he core  

o Prov 1 d 1 ng da ta t o  s uppor t a s s es sment o f  s evere fuel damage c odes , 
pr 1 ma r 1 1y c oncern 1 ng core  damage progres s \ on and f 1 s s 1 on produc t 
beha v 1 or . 

Res u l t s  f r om  the exam1 na t 1 on and ana lyst s of  the ten core debr 1 s  grab 
s a� l e s  r e ta 1 ned at I NEL are presen ted 1 n  t h 1 s  repor t .  Acqu 1 s 1 t \ on o f  the 
s amp les, t he exam 1 na t 1 on p l a n ,  and ana lyt 1 ca l  me t hods used 1 n  t he 
exam1 na t 1 on a r e  d 1 s c u s s ed 1 n  Sec t 1 on 2 .  Sec t \ on 3 c on ta \ ns t he res u l t s  of  
t he exam 1 na t 1 ons , gr ouped t n t o  the fol l ow 1 ng general  categor 1 e s : 
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o Phys \ ca l  Ana lyses  - Res u l t s  of  the v t s ua l  and photogr a ph t c  
exam\ na t \ ons , bul k  tap dens \ ty mea s u r emen t s , par t t c l e  s 1 ze 
d \ s tr \ but \ on analys t s ,  pyrophor 1 c \ ty tes t s , and fer r omagne t 1 c  
ma ter \ a l  content determ1 na t \ on .  

o Meta l l urgi ca l  Ana lyses  - Ana lyses per formed to  determ1 ne v 1 s ua l  
appearance and el emen tal  compos 1 t 1 on ( on a m1 c r osca l e) o f  
selec ted par t 1 c l es f r om the core debr 1 s  ma ter 1 a l s . E s t 1 ma tes 
were  made of  ma x \ mum tempera tures exper 1 enced dur t ng the 
acc \ den t .  D \ sc rete par t \ c l es of  debr t s  were  exam1 ned u s 1 ng 
opt 1 ca l  meta l l ography , scann \ ng e l ec t ron m\ croscopy w \ th energy 
d \ sper s \ ve x -r ay spec troscopy ( SEH/EDS ) ,  and s cann \ ng Auger 
spec troscopy ( SAS ) . 

o Chem\ cal  Ana lyses - Chem\ c a l  ana ly s t s  [ e . g . , \ nduc t \ ve ly coup l ed 
p l a sma spec t roscopy ( I CP ) ]  wa s used to mea sure  quan t 1 ta t 1 vely t he 
elemental  compos \ t \ on of  t he core debr 1 s  grab samp l es . 

o Rad \ ochem1 cal  Ana lyses - Rad 1 ochem1 c a l  ana lys 1 s  tec h n 1 ques , 
\ nc l ud 1 ng gamma s pec troscopy , neut ron ac t 1 va t 1 on ana lys \ s ,  and 

90 beta em1 t ter ana lys 1 s  ( Sr ) ,  were used to mea s ur e  t he 
rad1 onuc l 1 de concentra t 1 ons  of the core  debr \ s  grab samp l es and 
prov \ de 1 nforma t i on on f 1 s s 1 on produc t behav 1 or . I n  add 1 t 1 on ,  a 
l each 1 ng ana lys \ s  ( ces 1 um release and set t l i ng tes t )  was 
per formed to determ\ ne rad\ onuc l \ de r e l ease  caused by c r u s h t ng 
the core ma ter \ a l s .  

Sec t 1 on 4 presen t s  and eva l ua t \ on of  the cond i t \ on of the TMI -2 core 
w 1 th rega rd to temperatures , core rel oca t i on ,  and r ad 1 onuc l t de beha v t or , 
based on the \ n forma t t on pre�en ted \ n  t h t s  s tudy and t nforma t \ on a va t l a b l e  
from other exam1 na t 1 on ac t 1¥ 1 t 1 es c onduc ted to  date . Conc l u s t on s  and 
observa t \ ons  res u l t \ ng f r om the exam\ na t t ons a r e  pr esented t n  Sec t t on 5 .  

Due to 1 t s l a r ge vo l ume , th 1 s  repor t has  been d 1 v 1 ded 1 n to two par t s . 
Par t  1 conta \ ns the ma 1 n  body of  the r epor t ,  a nd Par t  2 conta 1 ns 
Append 1 xes A through H .  
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2 .  SAMPL E ACQU I S I T I ON ,  E XAMI NATI ON PLAN , AND ANAl YTI CAL ME THODS 

Th 1 s  sec t 1 on d \ scusses  acqu 1 s 1 t 1 on of  t he core debr 1 s  grab samples , 
a nd desc r 1 bes the exam1 nat 1 on plan  and ana lyt 1 c a l  methods used 1 n  the 
exam1 na t 1 on .  

2 . 1  Sample Acgu 1 s 1 t \ on 

A ser \ es of CCTV 1 ns pec t 1 on s  wer e  made of the TMI -2 core  1 n  1 982 by 
\ nser t \ ng a m1 n 1ature  te lev 1 s 1 on camera 1 nto t he upper por t 1 on of t he 
ac t 1 ve f ue l  r eg 1 on through l eadscrew s uppor t t ube and control  rod gu 1 de 
t ube open \ ngs ( Re ferences 1 and 2). Three core l oca t 1 on s  (H8 , E9 , and 88 ) 
wer e  chosen for 1 n 1 t 1 a l  1 n spec t \ on. The 1 ns pec t 1 ons 1 nd 1 ca ted the presence 
of a vo 1 d  extend 1 ng a x 1 a l ly approx 1mately 1 60 em 1 nto the ac t 1 ve fuel 
r eg 1 on and rad 1 a l l y ,  1 n  some a r ea s , to  the core former wa l l .  The vo1 d  
s pa c e  c ompr 1 sed approx 1 ma te l y  251 of the or 1 g 1 na l  core r eg 1 on . F uel  
a s semb 1 1es  wer e  not  v 1 s 1 bl e  1 n  the cen t r a l  reg 1 on of  the core . I ns tead , 
there ex 1 s t ed a bed of rubb1 1 zed core ma ter 1a l . 

Af ter the t h 1 r d  CCTV 1 nspec t 1 on on 1 2  Augus t  1 982 , the debr 1 s  bed was 
probed by l ower 1 ng a 1 . 3-cm-d 1 ame ter s ta 1 n l e s s  s teel r od through the H8 a nd 
E 9  l eads c r ew s uppor t t ube and c on t r o l  r od gu 1 de t ube open 1 ngs . The po1 nt 
a t  wh 1 c h  the r od touched the debr 1 s  was mea sured . Then , t he rod was 
r o ta ted and a l lowed to penetrate  the debr 1 s  under 1 t s own we1 gh t  
( -1 3 . 5  kg) .  The r od penetra ted eas 1 ly t o  a dept h  o f  approx 1mately 3 6  em 
at bot h  the HB and E9 l oca t 1 on s. The res u l ts  of  the prob1 ng prompted GPU 
Nuc l ea r  and E G&G I daho , I nc . ,  to obta 1 n  samples  of the par t 1 cu l a te debr 1 s  
f r o.  var 1 ou s  dep ths .  Three sampl 1 ng depths  were  c hosen : s u r face of t he 
debr 1 s  bed , a nd 8 em and 56 em 1 nto the bed . The HB and E 9  core loca t 1 ons 
a nd pre -acc 1dent l oca t 1 on s  of the c ontrol  a s semb l 1 es , bur nable po1 s on 
a s se.b1 1 e s , and 1 n-cor e 1 ns tr umenta t 1 on are  s hown 1 n  F 1 gure 2 .  

Two d 1 f ferent samp 1 1 ng dev 1 ces were des 1 gned and fabr 1 ca ted to extrac t 
ma ter 1 a l  f r om t he debr 1 s  bed . A c l ams he l l  type tool wa s used to obta 1 n  
samp l e s  f r om  t he s u r face o f  the debr 1 s  bed , and a rota t 1 ng tube dev 1 ce wa s 

• 
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used to ob ta 1 n  t he s ubsur face samp l es . Each  
appr o x 1 ma te l y  33 cm3 of  par t \ c u l a te debr \ s .  
dev \ ce s  a r e  \ l l u s t r a ted \ n  F 1 gure  3 .  

dev 1 c e  wa s des 1 gned t o  h o l d  
The samp 1 1 ng me thod and 

T he f 1 r s t  gr oup of s 1 x  samp l e s  of pa r t \ c u l a t e  debr \ s  ( 1 den t 1 f 1 ed as 
Samp l e s  1 t h r ough 6 )  wer e  obta \ ned f r om the debr \ s  bed at t he H8 and E 9  
core  l oca t \ on s  dur 1 ng September and Oc tober 1 983 . Dur \ ng \ n \ t \ a l  prob \ ng 
w \ t h  t he samp 1 1 ng dev \ c e ,  a har d  s top ( c r us t )  was enc ountered approx 1 ma t e l y  
3 6  e m  1 nto t he debr \ s  bed a t  bot h  t he H 8  a n d  E 9  l oca t \ on s . The c r u s t  was 
pene tra t ed u s \ ng ma n ua l  forc e  on the samp l \ ng dev 1 c e . [ Note : A s 1 m\ l a r  
c r u s t  was encountered dur 1 ng s ubsequent debr \ s  bed prob \ ng a t  1 5  other 
l oca t \ on s . ]  Af ter  remo va l , the s 1 x  samples  wer e  s h \ pped to E G&G I daho at 
I NE l . Subs equen t l y ,  sampl e  2 wa s s h 1 pped to the B&W L ynchburg Research  
Cen ter for  exam\ na t \ on and ana l ys 1 s .  

Af ter  acqu \ s \ t \ on o f  the f 1 r s t  group of  s \ x  samples , p lans  were  made 
to obta \ n  add1 t \ ona l s amples  f r om deeper 1 n to the debr \ s  bed at the two 
prev 1 ous l y  samp l ed l oca t 1 on s  ( H8 and E 9 ) .  The samp l 1 ng apparatus  wa s 
mod 1 f 1 ed to  a l l ow deeper pene t r a t \ on \ nto the bed , and f \ ve samp l es 
( 1 den t 1 f 1 ed a s  samples  7 through 1 1 )  were  obta 1 ned 1 n  l a te Mar c h  1 984 . The 
ma x 1 mum dep th  the samp l \ ng dev\ c e  wou l d  penetra te \ n to the debr \ s  bed wa s 
11 em a t  t he H8 loc a t \ on and 94  em a t  E 9 . At  the H8 ( 77 em)  depth , a har d  
s top was encoun tered . A t  the E 9  ( 94 em)  depth , there wa s a f r \ c t \ on s top 
encoun tered ra t her t han a hard  s top . The sec ond group of  f 1 ve samp l es a l so 
was s h \ pped to I N E l  for exam1 na t 1 on . 

The l oca t \ on s  o f  t he e l even samp l es 1 n  the TMI -2 corea are  s hown 1 n  
F 1 gu r e  4 .  The l oca t \ on s  of  the samp l es , bot h  a s  depth  \ nto  the debr \ s  bed 
and d t s tance f r om t he bot tom of t he p lenum a s semb l y ,  g \ ven 1 n  both \ nc hes 
a nd c en t \.eter s ,  a r e  1 \ s ted \n Tab l e  1 .  

a .  Through out th 1 s  repor t ,  where the or \ g \ na l  l oca t 1 on of  the sample  \ n  
t he debr \ s  bed 1 s  per t \ nen t t o  t he d \ sc us s \ on ,  the core  l oca t \ on and depth  
of  t he s amp l e  \n  t h e  debr 1 s  bed a r e  1 \ s ted 1n  pa renthes \ s  a f ter t he samp l e  
number ( e . g . , Samp l e  3 ( H8 ,  56 em) ) .  
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TABLE 1 .  SAMP L I NG LOCATIONS OF CORE DEBRI S  GRAB SAMPLES I N  THE TM I-2  CORE 

D i s tance from 
Depth i n to Depth i nto Bottom of a Core  Debri s  Bed Debr i s  Bed P l enum As s emb l y  

S ampl e Locat i on ( i n . )  ( em )  ( i n . )  

1 H8. Surface Surface 60 
2 H8 3 8 63 
3 H8 22  56 82 
4 E9  Surface Surface 63 
5 E 9  3 8 66  
6 E9  22  56 85 

7 H8 1 4  36 74 
8 H8 2 7 . 5  70 87 . 5  
9 H8 30 . 5  7 7  90 . 5  

1 0  E 9  29  74  92 
1 1  E9  37  94 1 00 

D i s tance from 
Bottom o f  

P l enum Ass emb l y 
(em)  

1 52 
1 60 
208 
1 60 
1 68 
2 1 6 

1 88 
222  
230  
2 34 
254  

a .  The b ottom of the p l enum assemb l y  i s  the 3 12-ft r eference e l ev ation  i n  the reactor v es s e l  des i gn . 



2 . 2  E xam\ na t \ on P l an 

2 . 2 . 1  ObJec t 1 ves 

Acqu \ s \ t \ on and exam\ na t 1 on of t he core debr 1 s  grab samp l e s  1 s  one of 
the t a s k s  out l 1 ned \ n  t he TMI -2 Core E xam1 na t 1 on P l a n6 wh \ c h  desc r \ bes 
the  t echn \ c a l/sc 1 en t 1 f 1 c da ta  t h a t  shou l d  be acqu 1 red f r om exam1 n \ ng the 
TMI - 2  c or e . The gene r a l  obj ec t \ ves of t he exam\ na t \ on \ nc l ude 
( a )  s uppor t \ ng t he p l a n t  r ec overy ,  ( b )  determ\ n \ ng the c ond 1 t 1 on of t he 
debr 1 s  bed , and ( c )  prov 1 d 1 ng da ta to s uppor t a s sessment  of  severe fuel  
da.age computer c odes . Us \ ng the genera l  obj ec t 1 ves a s  a gu 1 de ,  an 
exa•1 na t 1 on plan  wa s deve l oped wh \ c h  wou l d  produce da ta to addres s the 
f o l l ow 1 ng s pec 1 f 1 c 1 nforma t 1 ona l need s : 

o The phys 1 c a 1  form of the c or e  debr 1 s  ( par t 1 c l e s \ ze ,  shape , 
morphol ogy , or 1 g 1 n ,  etc . )  

o Pyr ophor 1 c  poten t 1 a l  of ma ter 1 a l s  present 1 n  t he debr 1 s  

o C hem\ c a l  form and c ompo s 1 t 1 on of  the var 1 ous  types of par t 1 c les  
and peak tempera tures  t o  wh 1 c h  those  ma ter 1 a l s  were exposed 

o Chem 1 c a l  form of  the debr 1 s  ( fuel , c ladd 1 ng ,  c on t ro l  ma ter 1 a l , 
s tr uc tural  ma ter 1 a l , r eac t 1 on pr oduc t ,  etc . )  

o l den t 1 ty and quan t 1 ty of f 1 s s 1 on produc t s  reta 1 ned 1 n  the debr 1 s  

o Present  l oca t 1 on of  core ma ter 1 a l s  

o L eac h \ ng rates  of  r a d 1 onuc l 1 des  f r om ex 1 s t 1 ng and fres h l y  c r ea ted 
sur faces 

o Unan t 1 c \ pa ted defue l 1 ng concerns  ( f 1 l t ra t 1 on proper t 1 es , set t 1 1 ng 
r a tes , etc . ) .  

1 1  



The 1 nforma t 1 on ' 1 s 1 mpor tant  1 n  p l an n 1 ng the  defue l 1 ng o f  TMI -2 . The 

phy s i ca l  form of the debr 1 s  ( pa r t 1 c l e  s 1 ze a nd s tr uc t ur e )  1 s  1 mpo r ta n t  

because sma l l  s 1 zed par t 1 c l es ma y  b e  s u s pended dur 1 ng defue l 1 ng a n d  cause 

c l oud 1 ness  of  t he wa ter , thus  obs t r uc t 1 ng operator  v 1 s 1 on .  Par t 1 c l e  s 1 ze 

d i s t r 1 bu t 1 on da ta w1 1 1  hel p  determ1 ne the types of  f 1 l ter s ,  c yc l ones , e tc . ,  

needed to c l ean  the wa ter and r emove t he debr 1 s  dur 1 ng defuel 1 ng .  The 

presence of pyrophor 1 c  ma ter 1 a l s  may 1 nd 1 ca t e  that even l ar ger 

concentrat 1 ons  of those ma ter 1 a l s ex 1 s t bel ow the l oose  debr 1 s ,  wh 1 c h  mus t  

be cons i dered dur 1 ng defuel 1 ng a nd s h 1 pp 1 ng of  the TMI -2 core  debr 1 s .  

Charac ter 1 s t 1 c s  of  the phys 1 c a l  s tate  of  the debr 1 s  par t 1 c l e s  ( e . g . , 

presence of  pr 1 or mol ten ma ter 1 a l s )  may prov 1 de a c l ue a s  t o  t he nature of 

the core ma ter 1 a l  under nea th  the l oose debr 1 s  l ayer . The phys 1 ca l  and 

mechan 1 ca l  proper t 1 es of the core debr \ s  ma ter 1 a l s  w1 1 1  1 nf l uence the 

des 1 gn of tool s and methods for defuel 1 ng .  The reta 1 ned f 1 s s 1 on produc t 

con ten t of the debr 1 s  a l so 1 s  1mpor tant  because 1 t  represen t s  a poten t 1 a l  

rad i ol og i c a l  ha zard that  mu s t  be con t ro l l ed . The r a t e  a t  wh 1 ch 

rad 1 o 1 sotopes l each from the debr 1 s  w1 1 1  a f fec t the l evel o f  r ad 1 oac t 1 v 1 ty 

1 n  the wa ter dur \ ng defuel 1 ng .  

Asses sment o f  severe fuel damage codes 1 s  \ mpor tant  1 n  p r ed 1 c t 1 ng 

overa l l  r eac tor safety .  Da ta obta \ ned f r om the damaged TMI -2 core  w1 1 1  be 

t he mos t  extens 1 ve f u l l -sca l e  data a va 1 l a b l e  for code benchma r k 1 ng .  

I nforma t 1 on on peak tempera tures , f 1 s s 1 on produc t transpor t and reten t 1 on ,  

and f \ na l  phys \ ca l  s ta t e  can be compared d i r ec t l y  w1 t h  code pred 1 c t 1 on s . 

The TMI -2 acc 1 dent scena r 1 o  wa s 1 nfer r ed f r om a c omb 1 na t 1 on of  c ode 

ca l c ul a t \ on s , ana l ys \ s  of core ma ter 1 a l s ,  eva l ua t 1 on of data f r om on-1 1 ne 

1 n s t r umen ta t 1 on ,  and res u l t s  f r om o t her severe acc \ dent resea r c h . 

2 . 2 . 2  E xam1 na t 1 on P l a n  

The h 1 gh rad 1 a t 1 on f 1 e l d s  ( up to  1 00 rad/h ) a s soc 1 a ted w1 th  the 

samp l e s  nece s s 1 ta ted ana l y z 1 ng on l y  por t 1 ons  o f  t he samp l es 1 n  some cases . 

Mos t  c hem 1 c a l  and rad 1 oc hem1 ca l a na l ys 1 s  techn 1 ques are  1 1m1 ted to  

r e l a t 1 ve l y  l ow rad 1 a t 1 on f 1 e l d s  ( <400 mrad/h ) .  I t  wa s rea l 1 zed tha t by  

r educ 1 ng the quan t 1 ty of ma ter 1 a l  ana l yzed to  a t t a 1 n  accepta b l e  r ad 1 a t 1 on 
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l evel s ,  t he sma l l  por t 1 on s  m \ gh t  not be r epresenta t \ ve of t he en t 1 r e 
samp l e . Therefore , a samp l 1 ng and ana l ys t s  p l an wa s devel oped wh 1 c h  
\ nc l uded ana l yz \ ng en t \ re samp l es , a s  we l l  a s  sma l l  por t 1 on s . 

A f l ow d \ agram of the p lan  devel oped for exam\ n 1 ng the core debr \ s  
grab samp l es \ s  s hown \ n  F \ gure 5 .  The same \ n forma t \ on 1 s  presen ted \ n  
Table  2 ,  except the exam\ na t \ on s  are organ \ zed accor d \ ng to the genera l  
cat egor y  o f  exam\ na t \ on ( phys 1 ca l , meta l l ur g 1 ca l , c hem\ ca l ,  and 
r ad \ ochem1 c a l ) .  Each  bul k samp l e  wa s exam\ ned v \ s ua l l y ,  photographed . 
d r \ ed .  we \ ghed , mea sured for bu l k  tap dens \ ty ,  and s \ eved \ nto par t \ c l e 
s \ 1e f rac t \on s  ( up to ten s \ ze frac t \ ons  w \ th  par t \ c l e  d \ ameter s rang \ ng 
f r om  l e s s  t han 20 to grea ter than 4000 �m) . Ind \ v \ dua l par t 1 c l es were 
s e l ec ted f r om the larger ( >1 000 �) par t 1 c l e  s \ ze frac t \ ons . An 
a l \ quot  ( a  representat \ ve por t \ on of  a homogeneous par t 1 c l e  s \ ze frac t \ on )  
wa s  r emoved f r om  eac h  sma l l er ( <1 000 � )  s 1 ze frac t \ on .  The 1 nd 1 v 1 dua l 
par t 1 c l es and a l 1 quots  were  s ubJ ec ted t o  a va r 1 ety  of  ana l yses ( see 
F \ gure  5 ) . F er r omagne t \ c  ma ter \ a l  content exam\ na t \ on s  were per formed on 
Sampl e  6 ,  and pyrophor 1 c 1 ty tes t s  were per formed on por t 1 ons  of Samp l es 1 ,  
3 ,  and 6 .  Approx \mate l y  one-th \ rd o f  eac h  par t 1 c l e s \ ze frac t \ on was 
r ec omb \ ned t o  approx1mate t he or \ g \ na l  bu l k  samp l e  ( ca l led the • r ec omb \ ned 
b ul k  samp l e • ) .  The recomb \ ned bul k  samples  were  d \ s s o l ved 1 n  ac 1 d  
s o l u t \ on s  and ana l yzed t o  determ1 ne t he 1 r  average e l ementa l and 
rad1 oc h em 1 c a l  compos 1 t \ on s . The rema \ nder of the par t 1 c l e s \ ze frac t \ ons  
for Samp l e  6 were subd \ v \ ded , and a second recomb \ ned bu l k  samp l e  wa s 
formed . Ces 1 um release  and set t l \ ng tes t s  were per formed on th \ s  second 
rec omb 1 ned b u l k  samp l e . 

2 . 3  Ana lyt \ ca l  Me thods 

Th 1 s  s ubsec t \ on s umma r 1 zes  the ana l y t \ ca l  me t hods used \ n  exam\ n \ ng 
t he core debr 1 s  grab samp l es . Br 1 e f  descr \ pt 1 ons  of  1 nd 1 v 1 dua l exam\ nat \ on 
techn \ ques are  conta \ ned \ n  Append \ x  A .  The methods used for ana l yz \ ng the 
core debr 1 s  grab samp l es were ,  1 n  mos t  \ ns tances , s tandard l abor atory 
tec hn \ ques , w \ t h  mod \ f 1 ca t 1 on s  t o  adap t them to t he phys 1 c a l  
c harac ter \ s t \ c s  of  t he samp l e  ma ter \ a l  and h \ gh rad \ a t \ on level s .  
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Bulk Sample Analysis 

Particle size 

(llrn) 
> 4000 

1680-4000 
1000-1680 
707-1000 
297-707 
149-297 
74-149 
30-74 
20-30 
<20 

Dissolve 

Recombined 
Bulk Sample 
Analysis 

Gamma 
spectroscopy 

Fissile 
material 
analysis 

90sr analysis 

Elemental 
analysis (ICP) 

Particle Size 
Fraction Analysis 

Ferromagnetic 
material content 
(SampleS) 
Weigh 
Gamma scan 

Pyrophoriclty 
examination 
(Samples 3 & 6) 

Particle size 
(J.tm) 

>4000 
1680-4000 
1000-1680 
707-1000 
297-707 
149-297 
74-149 
30-74 
20-30 
<20 

Number of 
particles/allquots 

selected 

5 particles 
3 particles 
3 particles 
1 aliquot 
1 aliquot 
1 aliquot 
1 aliquot 
1 aliquot 
1 aliquot 
1 aliquot 

Particle/aliquot 
Analysis 

Dissolve 

Elemental 
analysis (ICP) 

1291 analysis 

90sr analysis 

Metallography 
SEM/EDS 
SAS 
Temperature estimate 
Composition 

Pyrophorlclty 
examination at HEDL 
(Samples 1 & 6) 
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F i gure  5 .  F l ow d i agram s how i n g the exami n at i on s  performed on the TMI - 2  
core deb r i s  grab s ampl es ( typica l  for each s amp l e ) . 



TABLE 2 .  EXAM I AAT I ONS PERFORMED O N  THE TMl-2 CORE DEBR I S  GRAB SAMPLE S  

Exami nat ions 

'Ph,rsfcal 

V i sual and photographi c  
Weight 
Bul k  tap dens i ty 
Part i c l e s i ze distr ibution 
FerrOMagneti c  mater ial content 
Pyrophort c i ty 

Meta l lurgi cal 

Opti cal  meta l lography 
Scanning electron mi croscopy (SEM) / 

energy d ispers i ve x-ray 
spectroscopy ( EDS ) 

Scann ing Auger spectroscopy (SAS) 

Chai ca l  

I ndUctively coupl ed pl asma 
spectroscopy ( ICP ) 

Radiochemi cal 

Ga.aa spectroscopy 
Neutron act ivation/del �ed 

n eutron analys is for f i ss i l e  

1 2�t1 1 e  mater i a l  content 
anal ys i s  

90sr analys i s  
Ces iUII release and settl in g  test 

Part i c l es 
Recod> ineda Bu l k  and 

Sampl e Al iguots Bul k  Sampl e 

X X 
X X X 
X 
X 
X 

X 

xb 
xb 

xb 

X X 

X X 
X xc 

X 
X X 

X 

a .  After particl e s ize analysi s  of each bu l k  sampl &, approximately 
one-th i rd of each parti c l e  s ize fraction was wei ghed , then recomb i ned to 
approximate the or iginal s ampl e .  Hence the term "recomb i ned bul k  sampl e . •• 

b. Metal l urgi cal examination s  were performed only  on selected partic les 
1 arger t�an 1000 .,m. 

c .  ferti l e  mater i al content analys i s  was not performed on the recomb i ned 
• bu l k  $•1es . 

• 
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2 . 3 . 1  Phys i c a l  E xami.na t \ ons 

V i sua l  and photograph i c  exami na t i on s  wer e  per formed dur i ng unpac kag \ ng 

and throughout the hand l i ng oper a t i on s  of the bul k samples  and par t i c l e  

s i ze frac t i on s  to determi ne the s i zes , s hapes , and  types o f  par t i c l es i n  

the samples . The samp l es were dr i ed a t  1 00°C  and  we i ghed . The bul k tap 

den s i ty of each samp l e  wa s meas ured by p l ac i ng the samp l e  1n  a gradua ted 

beaker , tappi ng the beaker to compac t  the ma ter i a l , mea s u r i ng t he vol ume , 
3 

and d i v i d i ng the samp l e  we i gh t  ( g )  by the vol ume ( em ) .  The b u l k  tap 

dens i ty mea suremen t  has a r e l a t i ve l y  h \ gh ( -40% )  uncer ta i nt y  but  i s  fas t 

and ea sy to per form .  GPU Nuc l ea r  r eques ted t h i s  exami na t i on to obta i n  an 

approxima t i on of the debr i s  bed dens i ty .  The bul k tap dens i ty mea surements 

resul t s  i nc l ude a l l unc e r ta i n t i es r e s u l t i ng from vo i d s , uneven pac k i ng ,  and 

i r regu l a r  s hapes of par t i c l es . A more prec i s e ( we t ) dens i ty mea s ur ement 

was not  per formed because  the degree of accuracy a s soc i a t ed wi t h  that  

tec h n i que wa s not  requ i red . 

The par t i c l e  s i ze d i s t r i bu t i on wa s determi ned for eac h  b u l k  samp l e ,  

us i ng a col umn o f  progres s i ve l y  sma l ler  s i eves . New s i eves wer e  used for 

each samp l e  to preven t cross  con tami nat i on .  After t r a n s fer r i ng ( dr y ) the 

bul k samp l e  to the s i eve col umn , t he grab samp l e  wa s agi ta ted for several 

mi nutes to segrega te i t  l nto par t i c l e  s i ze frac t i ons  accor d i ng to s \ eve 

aperture  s i ze . Two of t he core debr i s  grab samp l es ( Samp les 4 and 5 )  were 

not subj ec ted to a comp l ete pa r t i c l e  s i ze ana l ys i s  because  t hey are  

composed pr i nc i pa l l y  of l a r ge ( >1 000 pm ) par t i c l es . The  s i eve 

frac t i ons  con ta i n i ng l a r ge ( >1 000 pm) par t i c l e s  wer e  transfer r ed 

d i rec t l y  to s torage conta i ner s .  The sma l l er ( <1 000 pm) par t i c l e s i ze 

frac t i on s  wer e  wet s i eved ( us i ng a freon wa s h ) and  trans fer red to s torage 

con ta i ner s . We t s i ev i ng wa s performed to r educe the  l o s s  of par t i c l es  by 

aerosol  t ran spor t or adherence to s i eve sur faces . Each  par t i c l e  s i ze 

frac t i on wa s exami ned v i s ua l l y ,  photographed , a nd we i ghed . The 

ferromagnet i c  ma ter i a l  i n  eac h  pa r t i c l e s i ze frac t i on of Samp l e  6 wa s 

r emoved , we i ghed , and gamma scanned . Pyrophor i c i ty tes t s  wer e  performed a t  

INE L o n  ma ter i a l  f r om a l l pa r t i c l e  s i ze frac t i on s  from 30 to 4000 pm for 

Samp l es 3 and 6 .  RHO a l so per formed d i fferen t i a l  therma l  ana l ys 1 s  tes t s  on 
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fragmented c h \ ps f r om seven par t 1 c l e s  from Samp l es 1 and 6 .  The par t \ c l e  
s \ z \ ng ,  fer r�gne t \ c  determ \ na t \ on ,  and pyrophor \ c \ t y tes t s  were per formed 
at the r eque s t  of GPU Nuc l ea r  to s uppor t the p l a n t  r ec overy effor t .  

Af ter complet \ ng the phys \ c a l  exam\ na t \ ons of the bul k  samp l es , 
d \ s c rete par t \ c l es wer e  r emoved from t he l arger ( >1 000 pm) s \ ze 
frac t \ ons  for \ nd 1 v 1 dua l exam\ na t \ on , and a l \ quots  were obta 1 ned from t he 
sma l l er ( < 1 000 pro) s \ ze frac t \ ons . The r ema \ nder of the samp l e  
ma ter \ a l  was temporar \ l y s tored , pend \ ng f ur ther exam\ na t \ ons , shou l d  they 
be r equ \ red .  Sel ec t \ on of  d \ s c rete par t \ c les was not done on a 
r epresenta t \ ve bas \ s ;  tha t \ s ,  par t \ c les  were c hosen ba sed on spec \ f \ c  
c harac ter \ s t \ c s  o f  \ n teres t ( sh 1 n 1 nes s .  s ur face character \ s t \ c s , p \ eces of 
c ladd \ ng ,  fuel pel l e t s . etc . ) .  The d \ screte par t \ c les and a l \ quots  were 
exam\ ned v \ s ua l l y ,  pho t ographed , and we\ ghed . Por t \ ons  of  each par t \ c l e  or  
a l 1 quot wer e  reaoved and encapsula ted \n  prewe\ ghed a l um\ num c y l \ nder s \ n  
pr epa r a t \ on for rad \ ochem\ c a l  exam\ nat \ on .  

2 . 3 . 2  Meta l l urg\ c a l  E xam\ na t \ ons  

The l a r ge par t \ c les  gener a l l y cou l d  be v \ sual l y  c la s s \ f \ ed \n  one of 
f 1 ve c ategor \ es : fue l : c l add \ ng ;  foamy/porous , pr \ or mol ten : c ompos \ te 
fue l/pr \ or mo l ten ; or  metal l \ c . Par t \ c les  from eac h  c a tegory were  exam\ ned 
me ta l l ur g 1 ca 1 1 y .  P r \ or ao l ten fuel ma ter \ a l  was 1 dent 1 f 1 ed by \ ts foamy , 
g l a zed , or l a yered appea ranc e ;  s tr uc tural  mater \ a l  wa s \ den t \ f \ ed by \ ts 
me ta l l \ c ( sh \ ny )  appearanc e .  The par t \ c l es selec ted for exam\ nat \ on were  
not homogeneous ;  thus  por t \ ons  removed ear l \ er f r om par t \ c les  for 
d \ f feren t \ a l  ther ma l  ana l ys \ s  at RHO and rad\ ochem\ ca l ana l yses were not 
necessa r 1 1 y r epresenta t \ ve of  the por t \ on exam\ ned meta l l u r g \ ca l l y .  

I n 1 t \a l l y ,  seven par t \ c l es were se lec ted from Sampl es 1 and 6 for 
me ta l l u r g \ ca l ana l ys \ s  at I NE L . Subsequent l y ,  22 add 1 t 1 ona l par t \ c les  were 
selec ted f r om Samp l es 1 and 3 through 1 1  for  meta l l u r g \ ca l ana l ys \ s  at  
Argonne Na t \ ona l Labora tor \ es . The 29 par t \ c l es wer e  mounted \n  conduc t \ ve 
Bakel \ te to fac \ 1 \ tate  la ter ana l ys 1 s  by SEM .  They were ground , to expose 
the sur face to  be exam\ ned , and po l \ s hed . Photographs were taken a t  
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magn 1 f 1 ca t \ ons  from 1� to  500X . Hos t  par t \ c l e s  wer e  etched us 1 ng a fuel  or 

z \ r c a l oy etchant  and rephotographed . After  opt \ ca l  me ta l l ography , 27 

par t \ c l es wer e  exam\ ned by SE M/E OS . F our teen  of  t hose  par t \ c l e s  wer e  

s e l ec ted because of t he \ r unusua l m\ c ros t r uc tura l compos 1 t 1 on s  a n d  were 

fur ther exam\ ned by SAS . 

M 1 c r os t r uc tura l  1 nforma t 1 on wa s obta \ ned f r om t he opt 1 ca l  

photom\ c r ographs . The vol ume frac t \ on s  and d \ s t r 1 bu t 1 on of d \ f fcrent 

pha ses and transforma t l on s t r uc t ures  were \ den t 1 f \ ed to  obta 1 n  1 nforma t 1 on 

on the t herma l  h 1 s tor 1 es of the par t \ c l e s . I n  add \ t 1 on ,  genera l  

compos \ t \ ona l \ nforma t \ on wa s obta \ ned ba sed on c o l or a nd r e f l ec t 1 v 1 ty of 

the ma ter \ a l . 

Add \ t \ ona l m\ cros t r uc tura l  \ n forma t \ on wa s obt a l ned a t  magn 1 f 1 ca t 1 ons 

up to  2000X , us 1 ng SEM/E OS anal y s t s .  Phase a nd el emental  d 1 s t r \ but 1 on s  

wer e  obta \ ned from t h e  back s c a t ter e l ec t r on \ mage , and e l eme n ta l 

1 dent 1 f 1 ca t 1 on wa s obta 1 ned f r om E OS for e l emen t s  w\ t h  a t om l c  n umbers  down 

to 1 2  ( magnes l um ) . 

SAS wa s us ed to obta \ n  quan t 1 ta t 1 ve e l emen t a l  data  for  e l ements  w\ th 

a tom1 c  number s down to 5 ( boron ) .  I n  pa r t \ cu l a r , th \ s  a na l ys t s  wa s ab le  to 

quant l ta t \ ve l y  measure  the oxygen conten t ,  wh \ ch 1 s  c r 1 t 1 ca l  1 n  determ l n \ ng 

the me l t \ ng temperature  of  U ,  Zr , and 0 m1 x tures . 

2 . 3 . 3  Chem1 c a l  and Rad1 ochem1 c a l  E xam1 na t 1 ons 

Por t 1 on s  of se lec ted pa r t 1 c l e s  f r om the l a r ge r  ( >1 000 pm ) par t 1 c le 

s 1 ze frac t 1 on s  and a 1 1 quot s  f r om the sma l l er ( <1 000 pm ) pa r t 1 c l e  s 1 ze 

frac t \ ons  f r om each bul k samp l e  wer e  anal yzed by gamma s pec troscopy and 

delayed neutron  a na l ys 1 s  to  determ\ ne the r a d 1 onuc l 1 de a nd f 1 s s 1 l e/fer t 1 l e 

ma ter 1 a l  conten t s . Those por t l on s  then wer e  d 1 s sol ved for  s ub s equent 

chem1 c a l  a nd rad 1 ochem1 c a l  a na l yses . The s ol u t 1 on s  conta 1 n 1 ng the 

d 1 s sol ved core debr \ s  ma ter 1 a l s  wer e  d 1 v 1 ded so  that por t 1 on s  cou l d  be 

ana l yzed us 1 ng both  r a d 1 ochem1 c a l  a nd s ta ndar d  c hem1 ca l techn 1 que s . A l l 

decay ac t 1 v 1 ty da ta a r e  cor rec ted to  Apr 1 1  1 ,  1 984 . A f ter d 1 s s o l u t 1 on ,  
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fer t 1 l e ma ter 1 a l  ana l ys t s  c o u l d  not be per formed on the 1 \ qu \ d  samp l es 
because o f  t he r e l a t \ ve l y  h \ gh hydrogen c on t en t  \ n  the s o l u t \ ons , wh t c h  
wo u l d  1 n ter fere w 1 t h  t he f er t \ l e ma ter \ a l  mea s u r emen t s . 

I n \ t \ a l  a t temp t s  a t  d \ s s o l v \ ng the c or e  debr \ s  ma ter \ a l  \ nd \ ca ted tha t 
much of 1 t  wa s 1 ns o l ub l e  u s \ ng norma l d \ s so l u t \ on me thods ( HN03 + Hf ) .  
Therefore ,  a pyros u l fate  fus 1 on tec hn \ que wa s mod \ f 1 ed and produced 
sa t \ s fac tor y r e s u l t s . T he d \ s sol ut \ on wa s per formed \ n  a c l osed sys tem to 

1 29 a c on ta \ n  the vol a t 1 1 e I and Te ( F t gure 6 ) . Stabl e  car r 1 er I and 
1 31 1 t racer wer e  added to the f u s \ on to determ\ ne los ses of  1 29 1 dur \ ng 
the d \ s s ol u t \ on proces s .  To eva l ua te the loss  o f  Te 1 n  the d \ s so l u t \ on .  
sever a l  exper \men t s  were  per formed us \ ng 1 25Te a s  a t racer . E xper \ments  
1 nd 1 c a ted r e ten t \ on of  more than  80% of  the 1 25Te t racer \n  the 
nonvo la t 1 1 e  por t \ on of  t he d \ s s o l ved mater \ a l . The r e s t  of the 1 25Te 
t racer ( -201) wa s proba b l y  los t by p l a teout on the g l a s sware . 

The 1 29 1 c on ten t 1 n  t he vol a t 1 le frac t 1 on of  the d 1 s s o l ved ma ter 1 a l  
wa s determ1 ned u s 1 ng neutron ac t 1 va t \ on .  Subsequent gamma spec t r osc opy o f  
t he .a ter 1 a l  determ\ ned the amount of  1 31 1 t racer  and 1 301 ( an 
ac t \ va t 1 on produc t o f  1 29 1 ) .  

The 90sr content wa s determ\ ned by plac \ ng the nonvola t \ l e por t 1 on 
90 of the d \ s so l ved ma t er \ a l  \ n  sol u t \ on 1 n  wa ter and prec 1 p 1 ta t 1 ng the Sr 

90 and Sr  car r \ er out as a carbona t e .  The Sr  f r ac t \ on was f \ l tered and 
ana l yzed u s \ ng the s tanda r d  ana l ys t s  method d \ scussed 1 n  Append \ x  A .  

Genera l l y ,  a l l other e l eme n t s  r ema \ ned 1 n  the nonvo l a t \ l e por t \ on . 
I nduc t \ ve l y  c oupl ed p l asma s pec t r oscopy ( I C P )  wa s used to ana l yze for t he 
fo l l ow \ ng e l emen t s : Ag , Al , 8, Cd , C r , Cu , F e ,  Gd , I n ,  Mn , Mo , N \ , Nb , S \ , 
Sn , Te , u .  and Zr . These e l ements  p l u s  oxygen a r e  the pr \ nc t pa l  el emen ta l 

a .  Vol a t 1 1 1 ty ,  as  u sed 1 n  th \ s  sec t 1 on o f  t he repor t ,  app 1 1 es to 
d \ s s o l u t \ on and subsequen t gas \ f \ ca t \ on of  e l ementa l c omponen t s  for wh \ c h  
ana lyses  wer e  per formed . Because of  t he tempera ture and ac 1 d 1 ty cond \ t \ ons 
dur \ ng the d \ s so l u t \ on ,  t he vola t 1 l e ma ter \ a l s  o f  \ n teres t wou l d  bec ome 
gaseous and d \ s soc t a te f r om the sol u t 1 on .  
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NaOH vapor trap 
for 1 291 and 131 1 

H igh temperature burner --A I ' I I 

---� .. ---- Air flow 

Pyrosulfate fusion 
(sample material + 
potassium bisulfate + 
stable I carrier + 
1 31 1 tracer + stable 
Sr carrier ) 

5 3232 

F i gure 6 .  Schemat i c  of the pyrosu l fate fus i on tech n ique  used to d i ssol v e  
parti c l es and a l i quots from t h e  core deb r i s  gr ab s amp l es .  
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c on s t \ t uent s  present \ n  the c ore . To eva l uate l os ses of these cons t 1 tuen t s  
from the pyrosul fate  fus \ on d \ s so l u t 1 on and subsequent separa t 1 ons , t h e  U 
c on tent mea s ur ed by J C P  was c ompa r ed w\ th  the U con ten t mea sured by  de layed 
neutron ana lys \ s  of t he ma ter \ a l  before d 1 s so l u t 1 on .  S 1 m1 1 ar resu l t s  
( w\ th \ n  1 0  t o  1 51)  wer e  obta \ ned , 1 nd 1 ca t 1 ng tha t 1 1 t t l e  ma ter 1 a l  wa s l os t  
lor .as t samples  dur \ ng the d 1 s so l u t 1 on and sepa ra t 1 ons . The JCP  res u l t s  
were u s ed \ n  determ1 n 1 ng samp l e  compos 1 t 1 ons  a n d  ra t 1 os  of  t h e  e l emen t s .  

Each  r ec omb \ ned bul k  samp l e  was d 1 s s o l ved and ana l yzed to measure 1 ts 
a verage elemental and r ad \ oc hem1 c a l  c oncen t ra t \ on . D 1 ssol u t 1 on of the 
rec oab \ ned bulk  samp l es was d \ f f \ c u l t  because of the rela t 1 ve l y  large ( up 
to 50 g )  ma s s  of h 1 gh l y  1 nsoluble  debr 1 s .  The d 1 s so l u t 1 on was per f ormed \ n  
a hot cel l because of  t he h 1 gh rad \ a t \ on f 1 el d s  { up to 1 00 r ad/h , 
B/y ) . Safety concerns prevented us 1 ng the pyros u l fate  fus \ on tech n 1 que 
\ n  a hot cel l because of the poten t \ a l  for f \ re or expl os 1 on .  Ther efor e ,  a 
sequen t 1 a l  d 1 ssol u t 1 on wa s per fo rmed u s \ ng ac 1 d s  of  les ser s trengths .  The 
d \ s s ol u t \ ons  wer e  per formed 1 n  a c losed qua r tz sys tem s 1m1 1 a r  to F 1 gure 6 ,  
but  a t  l ower t empera t ures  us \ ng a hot p l a te 1 ns tead o f  a h 1 gh temperature  
bur ne r . The ac \ d s  a nd sequence o f  use  were :  ( a )  6� HN03 , 
{ b )  � HN03 + 1 �  HF , and ( c )  aqua reg \ a . D 1 s s o l u t 1 on o f  eac h  recomb1 ned 
bul k  samp l e  r equ 1 red 3 to 4 day s , w1 th  severa l  add1 t 1 ons of HCl to the aqua 
reg 1 a  s o l u t 1 on .  

The resu l t \ ng vol ume of sol u t 1 on s  for eac h  recomb1 ned bul k  samp l e  
r anged from 300 ml to 1 l, w \ th  spec \ f 1 c ac t 1 v 1 t 1 es u p  t o  200 mrad/h per ml 
of s ol u t \ on .  Sma l l  ( -1 0  ml )  por t \ ons  o f  each  s o l u t 1 on wer e  removed , 
d \ l ut ed , a nd anal yzed us \ ng the techn 1 ques desc r 1 bed prev\ ous l y  for the 
par t \ c l es and a l \ quot s . No 1 29 1 ana l ys 1 s  was per formed because t he 

1 , I and 1 31 1 t racer sequen t \ a l  d \ s s o l u t \ on made use of  s tab e c a r r  er 

unfea s \ b l e  . 
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3 .  E XAMI NATI ON RE SULTS/DI SCUSS I ON 

Th i s  s ec t i on pr esents  r e s u l t s  of t he phys 1 ca l , meta l l ur g 1 ca l , 

c hem1 c a l , and rad i oc hemi c a l  exami na t i on s  of the TMI -2 core  debr \ s  grab 

samples , a s  des c r \ bed \n  Sec t i on 2 .  Pr i nc 1 pa l  r es u l t s  1 nc l ude the 

fol low 1 ng :  

o Mos t  of the par t 1 c l es exam1 ned conta i n  r eg 1 ons  of pr \ or mol ten 

U-Zr -0 , 1 nd 1 ca t \ ng tha t  peak temperatures  grea ter t ha n  2800 K 

were  reached 1 n  the cor e .  Al so , there  are  a few pr 1 or mol ten 

par t i c l es tha t  a r e  a l mos t  pure uo2 ' s ugges t 1 ng tempera tures  up 

to 31 00 K .  

o The reg 1 ons  of pr 1 or mol ten U-Zr -0 u s ua l l y conta \ n  a t  l ea s t  

t races o f  some s t ruc tura l ma ter \ a l s ( A l , C r , F e ,  a n d  N 1 ) .  These 

e l emen t s  of ten a r e  found at gra \ n  bounda r 1 es or 1 n  vo 1 d s . F or 

some par t \ c l es , s t r uc t ural  ma ter \ a l s a r e  a s 1 gn 1 f 1 ca n t  frac t 1 on 

of the par t \ c l e . Con t r o l  rod ma ter 1 a l s ( Ag ,  I n ,  and Cd ) a r e  not 

as preva l en t  as s t r uc tura l ma ter 1 a l s .  

o Ag , a control  r od ma ter i a l , appa r en t l y  had l es s  of  a t endency to 

mi x or \ nterac t w \ th  fuel rod ma ter \ a l s  ( Zr and U )  than  d 1 d  

s t r uc tura l ma ter \ a l s .  S 1 gn 1 f 1 ca n t  dep l et 1 on o f  Ag ( -90%) f r om 

the samp l es wa s obser ved . 

o The da ta sugge s t  the occ u r r ence of  prol onged cand l 1 ng s equences 

or mu l t i p l e  tempera ture  excur s i on s  dur \ ng t he acc \ den t .  

o E v \ dence wa s found of t he f l ow of  mo l te n  meta l l i c U and Zr  1 ns i de 

ba l l ooned c l add 1 ng .  

o S 1 gn i f 1 cant  Zr  dep l et 1 on ( �50%) ha s occ ur r ed f r om the maj or 1 ty 

of the samp l e s  ana l yzed , 1 nd 1 ca t 1 ng s 1 g n 1 f 1 ca n t  r e l oc a t 1 on of Zr  

f r om the  debr 1 s  bed . 
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o E v 1 dence of  s \ gn \ f \ cant  r e l oca t \ on/m1 x \ ng of core ma ter 1 a l s  \ s  
\ n fer r ed from t he d 1 s t r \ but \ on o f  Gd and t he U enr 1 c hmen t s . 

o A l  and Te appear to have c oncen tra ted a t  the sur face of  t he 
debr \ s  bed . 

o The r a d 1 onuc l 1 des a r e  reta \ ned \ n  the samp l es 1 n  the appro x 1 ma te 
order o f  the \ r  vol a t 1 1 1 t 1 es . 

o Some ev1 dence wa s f ound wh \ c h  1 nd 1 ca tes a c o r r el a t \ on between N 1  
conten t and 1 25sb and 1 06Ru c oncen t r a t t on s . 

The r e s u l ts are  d \ scus s ed \ n  deta \ 1  \ n  t he fol l ow \ ng subsec t \ on s . 

3 . 1  Phys \ c a l  Ana lyses 

Th \ s  s ec t \ on desc r \ bes  t he r e s u l t s  of  t he v \ sua l  and photograph \ c  
exam 1 na t 1 on s , we \ gh \ ng ,  bu l k  tap dens \ ty measuremen t s , par t \ c l e  s \ ze and 
we \ gh t  f r equency d \ s t r 1 bu t 1 on ana l yses , categor 1 za t 1 on of  par t 1 c l e  types , 
and  fer r omagnet 1 c  and pyrophor 1 c 1 ty tes t s  per formed on the 1 0  samp l es . 
The s e  e xam1 na t 1 on s  prov\ ded the f \ r s t  1 n forma t 1 on on the cond 1 t 1 on and 
c oapos 1 t 1 on of t he core debr 1 s  ma ter 1 a l . I t  was determ1 ned through these 
tes t s  t ha t  the par t \ c l e s  r ange f r om  approx 1 ma t e l y  1 0  m1 1 1 1meter s to  a few 
•1 c rome te r s  1 n  s 1 ze . The par t \ c les  were c a t egor 1 zed v 1 sua l l y by type . 
There a r e  f 1 ve gener a l  t ypes of  par t 1 c les  rang \ ng from bas \ ca l l y  una f fec ted 
s e�nt s  of  fuel  pel l et s  and c ladd 1 ng to pr 1 or mo l t en mater 1 a l . The 
sma l ler ( <1 000 pm) s 1 zed par t 1 c les  conta 1 n  about 1 0%  fer r omagnet \ c  
.a ter 1 a 1 . 

The resu l t s  of  t he phys \ c a l  exam1 na t 1 on s  were  used to hel p  deve l op the 
fol low-on exam1 na t t on plan  and se lect  the t ypes and quan t 1 t \ es of  mater \ a l s  
for  the s ubsequen t me ta l l ur g 1 ca l , c hem1 ca l ,  and rad 1 oc hem1 cal  exam1 na t 1 ons . 
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3 . 1 . 1  V i s ua l and Photograph i c  E xami nat i ons  and We igh t s  of Bul k  Samp l es 

As the samp l i ng tool s wer e  opened and t he contents  r emoved , v 1 s ua l  
exam1 na t 1 on wa s conduc ted and photographs wer e  obta i ned o f  eac h  samp l e .  
Photographs of  eac h  bu l k  samp l e  a r e  presen ted 1 n  Append i x  B .  Overa l l  
des c r 1 p t 1 on of  the ten sampl es , 1 nc l ud 1 ng the 1 r  or 1 g 1 na l  l oca t i on s  1 n  the 
r eac tor , wei gh t s , gros s gamma rad 1 a t 1 on l eve l s ,  and v i s ua l  c ha ra c ter i s t i cs  
a s  f i r s t  exami ned are  presen ted in  Tabl e  3 .  

As the sampl i ng too l s  were opened , mos t  of  the samp l e s  wer e  obser ved 
to be s t ra t i f i ed accor d i ng to pa r t i c l e  s i ze ( the l a r ger  par t i c l es wer e  a t  
the top and t h e  sma l l er par t i c l e s  a t  t h e  bot tom o f  the  sampl 1 ng tool 
chamber ) .  Because mos t o f  the s ubsur face samp l es had th i s  type of  
s trat i f i ca t i on ,  i t  was c onc l uded tha t  the sma l l e r  par t i c l es s e t t l ed to the 
bo t t om of the samp l 1 ng too l s a s  a res u l t of  t he samp l 1 ng techn i que and/or 
handl 1 ng and s h 1 pp 1 ng opera t i ons . The debr 1 s  bed mos t  probabl y wou l d  not 
have had a s i mi l a r  s t ra t i f i ed d i s t r i but 1 on a t  eac h  of the seve r a l  depths 
samp l ed .  

3 . 1 . 2  B u l k  Tap Den s i ty 

D r y  bul k  tap den s i ty mea surement s  wer e  made for Samples  1 ,  3, 6 ,  9 ,  

1 0 ,  and 1 1  ( Ta b l e  4 ) . The average of the dens 1 t 1 es f rom the f 1 r s t  group of 
samp l es ( Samp l e s  1 ,  3 ,  and 6 )  i s  30% l e s s  than tha t  f r om the second group 
( Samp l es 9 ,  1 0 ,  and 1 1 ) .  The par t i c l e  s i ze d i s t r 1 bu t 1 on ana l ys 1 s  per formed 
subs equen t l y  ( see Sec t i on 3 . 1 . 3 ) r evea l ed tha t Samp l es 1 ,  3, and 6 have the 
l a r ge s t  par t i c l e s i ze frac t i on of ma ter 1 a l  1 n  the 1 680 to 4000-pm s 1 ze 
range , whereas Samp l e s  9 ,  1 0 , a n d  1 1  s how a b i moda l d i s tr i bu t i on ,  w1 th 
pea ks  at the 1 680 to 4000-pm and 297 to 707 -pm s 1 zes . The grea ter 
we 1 gh t  percent of  sma l l  pa r t i c l es 1 n  Samp l es 9 ,  1 0 ,  and 1 1  probably  a l l owed 
mor e  ef f 1 c 1 en t  pack 1 ng a nd', t he r e fore ,  caused the h 1 gher bulk  dens i t i es . 
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3 .  RESULTS OF V I SUAL AND PHOTOGRAPHIC E XAM I NAT I ONS, WEIGHI NG, AND GROSS RADIATI ON SURV�Y OF 
THE TEN BULK SAMPLES 

Depth of 6dH 
Sample in Samp le Radi ati on 

Sallpl lng TM1·2 Core Debr i s  Bed 'i!rt Leve1 1 
V i sual  Charactertstlt5b � Tool Loettfon tCIIIl tradl 

C l iiiiShe 1 1  H8 Surface 70 . 88  16' A p f le of very b llck, damp debr i s  w i th • f a i r ly w i de r� of 
partic l e  s i zes (up to 10 am) ; severa l rounded surfaces; sporadt c  
rust col or throughout . 

3 Rotat ing H8 56 152 . 7 l  36' very b l ack , sl ightly daiP debr i s  w i th w f de  ranfr of part icle s izes 
tube (up to 5 mm ) ;  ... 1 1  chunks to f ine debr i s ;  st• l tr to S..,le 1 .  

4 C 1 1111She1 1 E9 Surface 1 6 . 59 3' Th ir teen eaJor chunk s of b l ldt , dry debr is w t t.h rust col ored s ides; 
bas i ca l ly sharp edges w f th one or two chunks hav i ng rounded edges • 
dtmensfons range fr011 5 to 10 mm .  

5 Rotat i ng £9 8 90 . 96  1 8C Stmt l tr to SaMPle 4 w i th tnt fol lowtng d i fferences :  ��any IIOI"e 
tube p ieces , greater s i ze range ( 1  to 10 .. ). some surfaces more 

ref l ec t i ve ;  very dry. 

6 Rotat ing E9 56 140. 73 36C very b l ack , s l ightly damp debr is;  s., l l  chunks to f ine debr i s ;  
tube some pieces b l ack ish gray; a few pteces reselbl e  .. tal shards 

s imi l ar to Sa.pl e  3 .  

1 Rotat ing H8 36 1 35 . 86  2od A w i de range of particle s i zes (up to 10 •); porous surfaces ; 
tube sporadi c  rust areas . 

8 Rotat ing H8 70 1 52 . 76 zzd A w i de range of partfc l e  s izes (up to 5 .. ) ;  saooth, angu l ar 
tube surfaces;  p ieces of c l addi ng .  

9 Rotat i ng H8 17 1 53 .08 25d very f t ne, dark debri s  wfth on ly a few l arger rounded chunks and 
tube meta l t tc par t i c les . 

1 0  Rota t i ng [9 74 1 1 3 . 90  3od A w i de r ange of parti c l e  s izes (up to 10 .. ) ;  rounded, angu l ar 
tube surfaces . 

1 1  Rotat i ng E9 94 1 48 . 75 zod S imi l ar to Sample 10 w i th the f o l lowing d is t i nct i ons: a l arger 
tube fraction of parti cles resemble fuel pieces , more sma l l er chunks . 

a .  Kad t at fon l evels measured usfng a teletector probe on the exposed sample. 

b. Al l s.-ples appeared to be of a loose granu l ar nature w i th some sharp or rounded edges . 

c .  Read ing at 2 . 5  c•. 

d .  Reading at 5 em .  



TABLE 4 .  BULK TAP DENS I T I ES OF THE TMI -2 CORE DEBR I S  GRAB SAMPLE S  

Sampl e 

l 3 6 
9 

1 0  
l l  

TMI -2 Core 
Locat i on 

H8 
H8 
E9 

H8 
E9 
E9 

De pth of Sampl e 
i n  Debr i s  Bed 

(em) 

Surface 56 56 
77  
74 
94 

Bu l k  Tap Den s i tya 

(g/cm3) 

3 . 5  3 . 8 3 . 5 
3 . 6b 5 . 0 5 . 5  5 . 0 

a .  Bu l k  tap den s i t i es were not measured for Sampl es 4 ,  5 ,  7 ,  and  8 . 
b .  Average of Samp l es l ,  3 ,  and 6 .  
c .  Average of Sampl es 9 ,  1 0 ,  and 1 1 .  
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3 . 1 . 3  Par t \ c l e  S \ ze D 1 s t r 1 bu t \ on 

The par t \ c l e s \ ze d 1 s t r 1 bu t 1 on of  the samp l es wa s determ\ ned us l ng the 
me thod desc r \ bed 1n Sec t \ on 2 . 3 . 1 . The par t \ c l e  s \ ze f r ac t \ on s  wer e  
we \ ghed a n d  phot ographed ( see Append \ x  8 ) . Res u l t s  o f  t h e  pa r t 1 c l e  s 1 ze 
� 1 s tr 1 bu t 1 on ana l yses  are  presen ted 1 n  Tab l e  5 .  A l s o ,  the  c umu l a t 1 ve 
we 1 gh t  d \ s tr \ bu t \ ons o f  eac h  samp l e  a nd t he c omb \ ned samp l es a r e  shown \ n  
F \ gures  7 a nd 8 .  The par t \ c l e  s \ ze d \ s tr \ bu t \ on a s  a f unc t \ on o f  dep t h  
\ nto t he debr \ s  bed \ s  shown \ n  F \ gur e  9 .  

F \ ve s amp l es f r om the  H8 core  l oca t \ on ( Samp l es 1 ,  7 ,  3 ,  8 ,  and 9 ,  1 n  
orde r  o f  depth \ n t o  the debr 1 s  bed ) wer e  exam\ ned a t  I NE L . The par t \ c l e  
s 1 ze d \ s t r \ bu t \ ons o f  Samp l es 1 ,  7 ,  and 8 a r e  s \m \ l a r  \ n  t ha t  8 1  t o  8 6  wt% 
of the samp l e  ma ter \ a l  \ s  l ar ger than 1 000 � \ n  s \ z e ,  and the 1 680 t o  
4000- �  par t \ c l e  s \ ze f r ac t \ on conta \ ns t he most  ma t er \a l . Samp l e  3 had 
90 wtX of 1 t s ma ter \ a l  l a r ger than 1 000 � \ n  s \ ze ;  however , the l a r ge s t  
amount o f  ma ter 1 a l  was \ n  the grea ter than 4000-� f r ac t \ on .  Samp l e  3 
wa s obta \ ned a bout 20 em be l ow where  a breakab l e  c r u s t  had been conta c t ed 
dur \ ng t he samp l 1 ng proces s ,  wh \ ch ma y  account  for 1 t s grea ter we l gh t  
per cent  o f  l a r ger s \ z ed par t \ c l es .  Samp l e  9 wa s t h e  deepes t  samp l e  
obta \ ned f r o.  t he H8 l oca t \ on .  Dur 1 ng sampl \ ng ,  a h a r d  s top was 
encountered by the s amp l \ ng tool a t  7 7  em \ n to the debr \ s  bed . On l y  59 wt% 
of the ma te r \ a l  wa s l a r ger  than 1 000 pm 1 n  s he ,  \ nd 1 ca t 1 ng e \ ther some 
set l 1 1 ng o f  the f \ ne ma ter 1 a l  occ u r r ed 1 n  the debr \ s  bed or  washout o f  the 
f 1 ne  ma ter \ a l  occ u r r ed f r om the upper l a yer s .  Samp l e  9 a l so showed a 
b \aoda l d 1 s tr 1 but 1 on o f  par t \ c les , w\ th  the major  peak a t  t he 1 680 to 
4000-� s 1 ze f rac t 1 on and a m \ nor peak at t he 300 to 7 1 0-pm s 1 ze 
frac t \ on . The b \moda l d 1 s t r 1 bu t 1 on \ nd \ ca te s  a more e f f \ c \ en t  pac k 1 ng and 
s ub s equent h \ gher dens \ ty for t h \ s  r eg \ on of  the debr \ s  bed . 

f 1 ve samp l es ( Sampl e s  4 ,  5 ,  6 ,  1 0 ,  and 1 1 , 1 n  order of  depth  \ nto t he 
debr \ s  bed ) wer e  r emoved f r om  the E 9  l ocat \ on ( abou t  m\ d -rad \ us \ n  the 
core ) .  The f \ r s t  two samp l e s  ( Samp l e s  4 and 5 )  c on ta \ n  onl y  l a r ge 
( >1 000 pm )  par t 1 c l es , wh 1 c h  c or r e l a ted w\ th  obse r va t \ ons  made dur \ ng 
t he CCTV \ n spec t 1 on a t  th \ s  l oca t 1 on .  Samp l e  6 ( E 9 ,  56 em)  wa s s \m\ l a r  to 
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N (X) 

TABLE 5 .  RESULTS O F  THE PARTICLE  S IZE ANALYS I S  OF THE TMI-2  CORE DEBRIS  GRAB 
SAMPL ES 

Part i c l e  
S i ze Fr act i on 

(�m) 

Sampl e  Sample 3 Sampl e  4
a 

Sample 5
b 

Sample 6 

....ilL (wt:C.) .JJi.L. � (g) ..l9..L � .JJi.L. ( wt:C.) 

>4000 

1 680 to 4000 

1000 to 1680 

> 1 000 
< 1 000 

707 to 1000 

2 9 7  to 707 

149 to 297 

74 to 149 

30 to 74 

<30 

�ummed we i ght 
I n i t i a l  we i gh t  
S amp l e  l osse 

1 2 . 62 

2 7 . 82 

1 5 .64 

7 .80 

3 .20 

0 .87 

0 .44 

0 . 1� 
68 . 56 

70.88 

2 .32 

18 . 4  

40 . 6  

22 .8 
8 1 . 8 

1 1 . 4 

4 . 7  

1 . 3  

0 . 64 

0 . 25 

3 .3 

63 . 7 5  

5 1 .45 

19 . 1 9 

5 . 49 
6 . 34 

1 . 2 7  

0 . 77 

0 . 1 8  

0 . 0 1 3  

148.45 

1 52 . 7 1  

4 . 26 

4 2 . 9  

34 . 7  

1 2 . 9  

90 . 5  

3 . 7  
4 . 3 

0 .86 

0 . 52 

0 . 1 2  

0 . 0 1  

2 . 8 

1 6 . 59 

69 . 5 7  

1 3 .96 

6 . 25 

0 . 44 

90.22 

90 .96 

0 . 74 

77 . 1  

1 5 . 5  

6 . 9  
99 . 5  

0 . 49 

o . 8  

S amp l e  l Samp l e  7
g 

Samp l e  8 Samp l e  9 

>4000 

1 680 to 4000 

1000 to 1680 

> 1 000 

707 to 1000 

297 to 707 

1 49 to 2 9 7  

74 to 1 4 9  

30 t o  74 
<30 

5ummed we i ght 
I n i t i a l  weight 
S amp l e  l oss!! 

7 . 38 

5 9 . 44 

4 3 . 29 

1 10 . 1 1  

1 3 .48 

9 . 77 

0 . 89 

0 . 54 

0 . 35 

0 . 02 

1 3 5 . 1 6  

135 .86 

0 . 70 

5 . 4 6  

4 3 . 98 

32 .03 

8 1 . 4 7  

9 . 97 

7 . 23 

0 . 66 

0 . 40 

0 . 26 

o . o 1  

0 . 52 

5 . 48 

54 . 14 

43 . 70 

103 .32 

1 5 . 70 

1 2 . 1 1  

1 .6 1  

0 .93 

1 . 77 

0 . 2 7  

1 35 . 7 1  

1 35 . 7 1  

4 ;04 

3 9 . 89 

32 . 20 

7 6 . 1 3  

1 1 . 57 

8 . 92 

1 . 1 9  

0 . 69 

1 . 3 1  

0 . 20 

28.39 

7 4 . 55 

28 . 9 1  

1 3 1 .85 

9 . 1 3 

7 .49 

1 .35 

0 . 95 

1 . 20 

0 . 60 

1 5 2 .57 

1 52 . 76 

0 . 1 9 

1 8 . 6 1  

4 8 . 86  

1 8 . 95 

86.42 

5 . 98 

4 . 90 

0 . 88 

0 . 62 

0 . 79 

0 . 39 

5 . 69 

53 .81 

3 0 . 63 

90.40 

1 6 . 18 

2 5 . 3 1  

9 . 03 

5 . 34 

5 . 66 

0 . 96 

1 5 2 . 6 1  

1 53 .08 
0 . 1 2 0 .4 7  

a .  S i ev i ng was not done . Samp l e  cons i sted of only l arge part i c l e s .  

3 . 73 

35 .26 

20 .07 

59 .23 

1 0 . 60 

1 6 . 58 

5 . 92 

3 . 50 

3 . 7 1  

0 . 6 3  

0 . 3 1  

b .  S i ev i ng was l i m i ted t o  four s i zes . Sampl e  cons i sted of mostly l arge part i c les . 

57 .99 

49 .39 

1 3 .88 

8 . 93 
5 . 99 

0 . 97 

0 . 67 

0 - �2 

138.04 

140 . 7 3  

2 . 69 

4 2 . 0  

35.8 

1 0 . 1 

8 7 . 9  

6 . 5  

4 . 3 

0 . 70 

0 . 48 

o .  �6 

1 .9 

Samp l e  10 

1 5 . 93 

88 . 03 

33 .56 

13 7 . 52 

1 1 . 59 

1 4 . 76 

3 . 96 

1 . 78 

1 . 36 

1 70 . 97 

1 73 . 90 

2 . 93 

9 . 32 

5 1 .49 

19 .63 

80.44 

6 . 78 

8 .63 

2 -32 

1 .04 

o .8o 

1 . 68 

Sampl e  6
c 

(g) 
d 

0 . 39 

0 . 30 

0 . 2 5  
0 . 1 9  

0 .02 5 

0 -��� 
_ _  d 

1 . 1 78 

Sampl e  1 1  

30 . 58 

57 .44 

2 1 .20 

109 . 22 

1 0 .89 

16 .90 

6 . 57 

2 .9 1  

2 . 03 ' 

1 48 . 52 

148 . 7 5  

0 . 23 

2 0 . 59 

38 . b7 

1 4 . 2 7  

73 . 53 

7 . 33 

1 1 . 38 

4 .42 

1 . 96 

1 . 36 

0 . 1 6 

c .  Ferromagnetic mater i a l  we i ghts . These val ues are subsets of the i r  respect ive par t i c l e  s i ze fractions for Samp l e  6. 

d .  None detected ( not measurab l e ) .  

e .  The samp l e  l oss def i nes the quantity of mater i a l  l ost dur i ng s e i v i n g ;  however, the part i c l e  s i ze d i s tr i bu t i on of the 
lost mater i a l  Is not k nown . 

f .  After 5-mln shake.  

g .  After 1-h shake . 
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Samp l e  3 ( H8 ,  56 em) 1 n  tha t  a bou t 88 wt% o f  t he ma ter 1 a l  wa s l ar ger  than 
1 000 pm, of  wh i ch the l arges t amount wa s grea ter  t han  4000 pm 1n s 1 ze .  
Samp l es 3 and 6 wer e  obta i ned f r om the same dep t h  ( 56 em)  1 nto the debr i s  
bed , i nd i ca t i ng that the e f f ec t o f  the breakabl e c r u s t  may be fa 1 r l y  
un i form across  the r eac tor core . Sampl es 1 0  and 1 1  wer e  s imi l a r  to 
Sample  9 from the H8 pos i t i on i n  that they exh i b 1 ted a b i moda l par t 1 c le 
s 1 ze d i s t r i bu t i on .  

3 . 1 . 4  We igh t  F r equency D i s t r i bu t i on 

The wei ght  f r equency i s  def i ned a s  the d i s t r i bu t i on of  the samp l e  
we i ght  as  a func t i on of  par t i c l e  s 1 ze f r ac t i on .  T h e  f o l l ow1 ng we i gh t  
f requency d i s t r i bu t i on i nforma t i on wa s extrac ted f r om GPU Nuc l ea r  
eva l ua t i ons o f  the par t i c l e  s i ze d i s t r i bu t i on ana l yses  per formed a t  INEL  

and B&W .  The  d i s t r i bu t i on of  we i gh t  f requency , for  eac h  samp l e  1 s  shown 1n  
F i gures 10  and  1 1 .  

The we i ght  f requency ,  f ,  o f  pa r t i c l e  s i ze Dp i s  c a l c u l a ted a s  fol l ows : 

AR f 
= AOp 

where 

f 

AR 

ADp 

= 

= 

= 

we i ght  f r equency (%/pm) 

we1 ght  per cent o f  pa r t 1 c l e s  bel ongi ng to the g1 ven 
par t i c l e  s 1 ze r a nge (%)  

span of the  g i ven par t i c l e s i ze range ( pm ) . 

The we i gh t  f requency wa s cal c u l a ted wi th  the a s s umpt i on that  a l l  par t 1 c l es 
were  i n  the 1 0  to 6000-pm range . 
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l he e t t ec t  of  a g 1 ta t \ on l 1me dur 1 ng s 1 ev 1 ng for  Samp l e  1 1 s  shown t n  
F 1 gure  1 0 .  l he 1 -h s hake  caused c on ver s 1 on o f  por t \ on s  o f  the ma te r l a l  t n  
the grea ter than 4000 pm t o  1 680 -pm s 1 ze ranges to t he sma l ler s 1 ze 
r ange s , nota b l y  the 30 to 74  pm ra nge . 

F r om F t gure 1 0 ,  t he f o l l ow 1 ng observa t 1 on s  wer e  made o f  samp l es f r om 
t he H8 l oc a t 1 on :  

l .  l he mode s 1 zes  ( par t 1 c l e  s 1 ze w 1 th  the h 1 ghes t f va l ue )  of  
SaMples l and 7 are 1n  the range o f  707 to 1 680 pm . 

2 .  T he mode s 1 zes of  Samp l e s  3 ,  8 ,  and 9 dec rease  a s  the dep t h  1 nto 
the debr 1 s  bed 1 nc r ca ses . 

3 .  The we 1 gh t  f r equency of the l a rges t par t 1 c l es  ( 1 . e . , grea ter than 
4000 pm ,  shown a s  4000 to 6000 pm 1 n  F 1 gure 1 0 )  dec rea ses as 
t he depth 1 nc r eases  for  the group of Samp l es 1 and 1 and t he 
group of Samp l e s  3, 8 ,  and 9 ,  but  1 t  1 s  d 1 scon t 1 nuous between 
Samp l e  1 ( H8 ,  36 em)  and Samp l e  3 ( H8 ,  56 em) . 

4 .  F or Samp l e  9 ( H8 ,  7 7  em) , the 30 to 7 4  pm par t 1 c l e s 1 ze range 
shows a very h 1 gh we 1 gh t  frequency .  T h 1 s s ugge s t s  t ha t  the sma l l  
par l 1 c l es wer e  prevented from fa l l 1 ng deeper a t  the H8 l oca t 1 on 
by  a blockage wh 1 c h  wa s fel t  a s  the  har d  s top dur 1 ng samp l e  
acqu 1 s 1 t 1 on .  

Obser va t 1 ons 1 ,  2 ,  and 3 s ugge s t  tha t the debr 1 s  pa r t 1 c les  a t  the H8 
l oc a t 1 on a r e  s tra t 1 f 1 ed 1 nt o  two layer s ,  w \ th the boundar y  l oca ted between 
36 em and 56 em be l ow the surface  of the debr 1 s  bed . Th 1 s  1 s  suppo r t ed by 
the ex 1 s tence of a pene t r a b l e  • c r us t - 1 \ ke•  l a yer fe l t  dur 1 ng samp l e  
a c qu 1 s 1 t 1 on .  

F r om F 1 gure  1 1 ,  the f o l l ow 1 ng observa t 1 ons wer e  made of  samp l e s  from 
t he E 9  l oc a t t on :  
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1 .  l he mode s 1 zes of Samp l es 5 ,  6 ,  1 0 ,  and 1 1  dec r ea s es a s  the  depth 

1 n to the debr 1 s  bed 1 nc reas e s . 

2 .  No pa r t 1 c u lar  d 1 scon t 1 nu 1 t y  1 s  apparent  between the we 1 gh t  

frequency d t s tr t bu t 1 ons of  samp l es f r om the E 9  l oca t 1 o n .  

3 . 1 . 5  Par t t c le Types 

The larger par t 1 c l e  s 1 ze frac t 1 on s  for eac h  samp l e  wer e  exam1 ned 

v t s ua l l y  after par t t c l e  s 1 z t ng ,  and f t ve genera l  ( type s ) ca tegor l es of 

par t 1 c l es were 1 dent 1 f 1 ed ba s ed on v 1 s ua l  appearanc e ,  1 n c l ud 1 ng 

( a )  apparent fuel p t eces ; ( b )  c l add1 ng c hunk s ; ( c )  foamy/porous , pr \ or 

mol ten ma ter t a l ; ( d )  par t t c l es tha t  are  a c ompo s 1 te  of  fuel  and pr 1 or 

mol ten ma ter t a l ; and ( e )  meta l l 1 c  appea r t ng ,  pr 1 or mol ten par t 1 c l e s . Bas ed 

on s ubsequent meta l l ography and chem t c a l  ana l ys t s  of  s ever a l  par t \ c le s  from 

each type , the compos 1 te par t t c l es genera l l y  a r e  a s s umed to be fuel  pel lets 

wt th a pr t or mol ten U-Z r -0 mater t a l  coa t t ng the  sur face or  gl u t ng the fuel 

pa r t t c l es together . The c ompos t te par t 1 c l es have rounded edges and corners 

and somet tmes a glazed s ur face appearanc e .  I t  1 s  a s s umed tha t  the meta l l tc 

appear i ng ,  pr l or mo l ten par t i c l es a r e  proba b l y  t he s t r uc tura l  ma ter i a l s  

wi th l ower me l t i ng tempera tures . E xamp l es o f  par t 1 c l es from each of  t he 

f i ve types are shown t n  F i gures  1 2  thr ough 1 6 .  

I n  general , a l l par t i c l e  types were found 1 n  a l l  samp l e s . However , 

some trends cou l d  be noted . Samp l es 1 ,  7 ,  and 8 f r om the H8 l oca t 1 on 

appear ed s t mt l a r v t sua l l y .  No ea s 1 l y recogn 1 za b l e c l add 1 ng p 1 eces  were  

found 1n  the  l arges t par t 1 c l e s 1 ze frac t 1 on s  of  t ho s e  samp l es , a l t hough 

subsequent examt na t t on d 1 d  revea l s ome c l add t ng p 1 eces  w1 th  fuel  a t tached 

t n  a l l three samp l es . About 1 5% of the l arger s 1 zed par t 1 c l es wer e  

recogn t zed as fuel p 1 eces , and t h e  r ema 1 n 1 ng ma ter 1 a l  cons 1 s ted of  foamy , 

h t gh l y  porous par t t c l es  and c ompo s 1 te  pa r t t c l e s . Samp l e  7 had a h 1 gher 

frac t t on of foamy par t t c l e s  than d 1 d  Samp l e s  1 and 8 .  Samp l e  3 was s lmt lar 

to Samples 1 ,  7 ,  and 8 tn  tha t  t he fuel  p 1 eces  c ompos ed about 1 5% of the 

large par t t c l es , however , the samp l e  conta 1 ned mos t l y  c ompo s 1 te par t 1 c l es 
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F i gure 1 2 .  P hotograph of Par t i c l e  l �  (H8,  s urface ) show i ng an exampl e  of a 
fue l p i ece . 
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F r ont  v 1 ew of par t 1 c l e 

Back v 1 ew of  par t 1 c l e 

F i gu r e  1 3 .  P h oto g r a ph of P a r t i c l e  6 E  ( E9 ,  56 e m )  s h ow i n g a n  e xamp l e  o f  a 
c l add i n g  p i ece . 
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F i gure 1 4 .  P hotograph of Part i c l e  l H  ( HB ,  s urface ) s how i ng an  examp l e  of a 
foamy p i ece . 
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Back v 1 ew of par t 1 c l e  

F i gure 1 5 .  P hotograph o f  P a r t i c l e BC { H8 ,  70 e m )  s how i n g a n  examp l e o f  a 
c ompo s i t e p i ec e . 
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Fi gu re 16 . 

f r on t v 1 ew of par t 1 c l e 

Back v 1 ew of par t 1 c l e 

Photograph o f  Part i c l '!  9G ( t,B , 7 7  em) s h .w i ng an examp l e  
o f  a metal l i c  p iece .  
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hav \ ng a gl azed sur face appearanc e . One pa r t \ c l e  had a pr 1 or mo l ten , 

metal l \ c por t \ on a t tached to a compos 1 te p 1 ec e . Samp l e  9 conta 1 ned two 

uni que meta l l i c  p 1 eces  tha t  wer e  s e l ec ted for fur ther exam1 nat 1 on . 

Samp l e s  4 and 5 from the E 9  l ocat 1 on con ta 1 ned abou t 30% r ec ogn1 zable 

fuel par t 1 c l es 1n  the larges t s 1 ze frac t 1 on ,  1 5% foamy ma ter 1 a l , and 55% 

compos i te ma ter 1 a l . Samp l e  6 wa s u n 1 que 1 n  t ha t  1 t  conta 1 ned more  c l add 1 ng 

p i eces  than a l l  of the other sampl es . Samp l e  6 wa s obta \ ned 20 em bel ow 

the breakab l e  c r u s t  and had a d i f feren t pa r t 1 c l e  s 1 ze d 1 s t r 1 bu t 1 on than the 

other samp l es . I t  1 s  not apparent  why there wou l d  be mor e  c l add l ng 

fragmen t s  20 em be l ow the breakabl e c r us t .  Samp l e s  1 0  and 1 1  from the E9  

l oca t 1 on are s \ m1 l ar . The d 1 s t r 1 but \ on of par t 1 c l e  types obser ved 1n  each 

samp l e  for  par t 1 c l e s  l a rger than l OOOpm are  s umma r 1 zed \n  Tabl e  6 .  

3 . 1 . 6  Ferromagnet 1 c  Ma ter 1 a l  Content 

The fer romagnet 1 c  ma ter 1 a l  content  tes t wa s performed at the reques t 

of GPU Nuc l ea r  to determi ne the quan t 1 ty of  demons tr a ta bl y  magnet 1 c  

ma ter 1 a l  ( 1 . e . ,  low concen t ra t 1 on wou l d  not be mea s urabl e )  that  ex 1 s t s  1 n  

the core debr 1 s . The 1 nforma t i on obta 1 ned 1 s  u sed t o  eva l uate  potent 1 al 

defuel 1 ng techni ques and determ1 ne the extent  to  wh \ c h  the F e  1 n  the 

s ta 1 nl es s  s teel and I nconel core ma ter 1 a l s has  undergone a chem 1 c a l  c hange 

to magne t 1 te ( F e3o4 ) .  

The tota l quan t 1 ty of fer romagnet 1 c  ma ter 1 a l  present  1 n  Samp l e  6 was 

1 . 1 78 g ( 0 . 9  wt% of the tota l samp l e  we 1 gh t ) ( see Tab l e  5 ) .  Approx 1 ma tely  

95  wt% of the  fer romagnet 1 c  ma ter 1 a l  wa s l a rger than 297 pm 1n  s 1 ze .  No 

par t 1 c l es  larger than 4000 pm wer e  found to be fer romagne t 1 c . 

3 . 1 . 7 Pyrophor 1 c 1 ty Study 

The phenomenon of pyrophor 1 c 1 ty wa s 1 nves t 1 ga t ed to eva l ua te the 

pos s 1 b 1 1 1 ty of pyrophor 1 c  reac t 1 on dur 1 ng r emova l and s torage of  the 

damaged TMI -2 core . A rev 1 ew of 1 1 terature  on pyrophor 1 c 1 ty ( concentrat 1 ng 

on exper 1 ences of  the nuc l ear 1 nd u s t r y  w1 t h  Z r  meta l ) ,  comb 1 ned w1 t h  
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TABLE 6 .  PART I CL E  TYPE D I STR I BUT ION OF THE TMI - 2  CORE DEBR I S  GRAB SAMPLESa 

P art i c l e  Tl:�esb 

Sam2le Fuel C l add i ng Foaml:lPorous Com2os i te Meta l l i c 

1 1 5  0 20 65 0 

3 1 5  0 10  75 0 

4 30 0 1 5  55 0 

5 30 0 1 5  55 0 

6 50 20 10 10 10 

7 1 5  0 64 2 1  0 

8 1 2  2 2 7  59 0 

9 1 8  0 0 73 9 

1 0  54 0 0 46 0 

1 1  48 0 7 45 0 

a .  G iven as  approx imate percent of  l arger ( > 1 000 �m)  s i zed part i c l es .  
Less than 1 %  was r ou nded o ff to zero .  

b .  There are f f ve  genera l  types of  par t i c l es found i n  the core debr i s  grab 
samp l es . See Sect i o n  3 . 1 . 5 for descr i pt i on s  o f  each type . 
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eva l ua l 1 on of core ma ter 1 a l  react 1 on s  a t  h 1 gh t emperature  that  occur r ed 

dur i ng the TMI -2 acc 1 dent . 1 nd 1 cate  that  pyrophor 1 c  r ea c t 1 on s  dur \ ng 

defuel 1 ng woul d  be unl 1 kel y .  

A ser 1 es of i gn 1 t 1 on tes t s  wer e  per formed a t  INE L on samp l es of  core 

ma ter i a l s  removed from a l l  s 1 ze frac t 1 on s  between 30 and 4000 pm of 

Samples  3 and 6 .  The samp l es were  tes ted under both  wet and d r y  

cond1 t 1 ons . and 1 gn i t 1 on of t h e  ma ter 1 a l  wa s a t t empted u s 1 ng both a Tes l a  

Co1 1 and a propane torch . I n  no case  d 1 d  1 gn 1 t 1 on of the ma ter 1 a l s  

occur . 7 

D i fferen t i a l  therma l  ana l yses  wer e  conduc ted by Rockwe l l Hanford 

Operat i ons  on fragmented c h i ps f rom seven par t i c l es  ( Append i x H ) . The 

par t i c l e s  genera l l y  showed l i t t l e  therma l  ac t 1 v 1 ty .  a l t hough one par t 1 c le 

pr oduced a large .  br oad r e l ease  of  energy ( exotherm)  of  761  ca l /g .  s pann i ng 

nea r l y  500 degrees . s ta r t 1 ng a t  about 550° C .
8 

Thi s exotherm occ u r r ed at  

much h i gher temperatures than those observed for samp l es of Z r  powder and 

pa r t i a l l y  o x i d i zed Zr powder . I f  the exotherm i s  due to the ox i da t i on of 

Zr . the Zr i n  the samp l e  mus t  have been coated w i th  a t h i ck 

non-combu s t i b l e .  pos s i b l y  ox i de .  l ayer wh 1 ch protec ted 1 t  a t  l ower 

temperatures . The resul t s  of t h i s tes t are  conta 1 ned 1 n  Append 1 x  H .  

3 . 2  Meta l l urg1 c a l  Ana lyses  

Twen ty-n 1 ne par t i c l es from the ten core  debr 1 s  grab samp l e s  reta i ned 

at INEL  were sel ec ted for me ta l l ur g i c a l  ana l y s e s . Twenty-two par t 1 c l es 

were s tud i ed j o i n t l y  by E G&G I daho and Argonne Na t 1 ona l labor ator 1 e s  ( Ea s t  

and Wes t ) . wh i l e the rema i n i ng s even were  c harac ter 1 zed b y  E G&G I daho and 

Wes t i nghouse I daho Nuc l ear Co . Th 1 s  sec t 1 on present s  r es u l t s  of  the 

opt i ca l  meta l l ography . scann 1 ng e l ec tron m1 c r os c opy w1 t h  energy d 1 s pers 1 ve 

x -ray spec troscopy ( SEM/E DS� . and  s cann 1 ng Auger s pec t r os copy ( SAS ) . F rom 

these ana l yses . the mi c r o s t r uc tu r a l  appearances  and e l emental  c ompos 1 t 1 ons 

of the par t 1 c l es were determi ned . es t 1mates  wer e  made of max 1mum 

tempera tures exper i enced dur i ng the acc 1 den t . and 1 n terac t 1 on s  between fuel 

rod and non-fuel rod mater 1 a l s  wer e  1 nves t 1 ga t ed .  
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3 . 2 .  1 Su.mary of E xam\ na t l ons 

The me ta l l ur g \ c a l  a na l yses prov \ ded da ta \n  the form of opt \ c a l  
pho tograph s . S E M  back sc a t ter a n d  secondar y  e l ec tron \mages , x -ray spec tra 
from the SEM/E DS exam\ na t \ on s , and quan t \ ta t \ ve e l ementa l compos \ t \ ons from 
t he SAS ana l yses . The area f r ac t \ on s  of  the major componen t s . gra \ n  s \ zes , 
and peak t emper a ture  est \ ma tes a r e  s umma r \ zed \ n  Table  7 .  E l emen t  
\ den t 1 f 1 ca t 1 on \ s  ba sed o n  t h e  SEM/E OS da ta , except for  oxygen content 
wh \ ch \ s  ba sed on the SAS da ta . ( note tha t  not a l l  par t 1 c les were  anal y zed 
by SAS ) . The oxygen con tent s  1 \ s ted \ n  Table  7 represent t he ranges found 
\n the bas e  � ter \ a l  ( no t  1 nc l u s \ ons  or gra 1 n  boundar y  phases ) .  Area 
f r ac t \ons  o f  t he var \ ous  c omponent s  wer e  determ\ ned from v \ s ua l  exam l na t \ on 
of opt \ c a l  phot ographs and SEM  \.ages . F uel  gra \ n  s \ ze was determ\ ned 
u s \ ng the 1 \ ne 1 ntercept me thod w\ t h  a 2-0 to 3-0 conver s 1 on fac tor of 
l . � l . a The gra 1 n  s \ ze 1 \ s ted for Par t \ c l e 4A wa s from the m\ n \ mum gra \ n  
s 1 1e r eg \ on o f  t ha t  par t \ c le .  The peak temper a t ure  e s t \mates s hown \ n  
Table  7 are  d \ scussed 1 n  Sec t 1 on 3 . 2 . 2 .  The •ot her pha ses • refer r ed t o  \ n  
Tab l e  7 a r e  the var \ ou s  � ter \ a l s  found \ n  gra \ n  boundar \ es and vo \ d s . 
a l ong w\ th  the trace amount s  of  F e  that  wer e  some t 1 mes found \ n  the ba se 
.a ler \ a l . and a r e  d \ scus sed \ n  Sec t \ on 3 . 2 . 3 .  The compos \ t \ on of 
\ nc l us \ on s  represen t s  the average or typ \ c a l  \ nc l u s \ on ( see Sec t \ on 3 . 2 . 3 ) . 

Deta \ l s of  t he aeta l l ur g \ c a l  da ta are presented \ n  Append \ x  c .  
1 nc l ud \ ng r epresen ta t 1 ve opt \ ca l  photograph s  and SEM \ mages . and deta \ led 
qua l 1 ta t \ ve SEM/E DS and qua nt \ ta t \ ve SAS da ta . Append \ x  C a l so conta 1 ns 
br \ ef desc r \ pt 1 on s  of  eac h  par t \ c l e , and summa r \ zes e l emental  compos \ t \ ons 
o f  each par t \ c l e .  

3 . 2 . ?  Teaperature  E s t \ma tes 

E s t \� t \ on of  t he tempera tu r e  h \ s tory \s \mpor tant for many aspec t s  of 
t he a na l y s 1 s  of  the TMI -2 acc \ dent  and 1 s  r equ \ red for def \ n \ ng the 

a .  M.  1 .  Mend l eson , •Average Gr a \ n  S \ ze \n Pol yc r y s ta l l \ ne Ceram\ cs . •  
Jour na l o f  t he Amer \ can  Ceram \ c  Soc \ ety, Vo l . 5 2 ,  No . 8 ,  August  1 969 , 
p. 443 . 
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T ABLE 7 .  SUMMARY Of ME TALLURGICAL ANAL Y S I S  Of THE THI -2 CORE DE BRIS GRAB SAMPLE S  
---------- -- -- --- - - - ------

Oxygen Con ten t 

Area 
a 

Area f ra c t  l ona 
Rany.e o f  

Area 
a 

Area 
a 

Area 
a 

Ba se Ma ter i a l  E s Uma ted 
Gra i n  f rac t i on of Unox l dhed T races of F r om Auger l'ea,k 

f racl I on She f rac t i on F r ac t i on of Other Compos I l i on Meta l li c  Reg i ons I ron f ound I n  Ana 1 ys I s  l empera tu r e  
Par- t l c le of UOx _uru__ of ,u,zr lOx of ZrOx Phases Qf J nc l us Ions 1not l nc l us I ons I Ba se Ma ter i a l  _ _j�ll_ __ _ _ _  _j!_l _ ___ 

1 A 0 . 5  1 0  0 . 3  ( U , Zr )  T r  0 . 2  Zr 2 1 10-2245 
meta l l i c 

1 8  1 2  T r  T r  Yes 2 1 10-2600 

l E  0 . 1  0 . 1  0 . 2  0 . 6  Zr Yes -·67b 28 1 0- 2960 

1 H  0 . 6  0 . 2o '  >28 10 

ll b5- 12 >2850 

3H 0 . 4  1 1  0 . 6  Yes >28!t0 

4A 0 . 3  > 1 6  0 . 5  0 . 2o '  N I - Sn ,  Ru-1 1 Yes -26 10 
� 
t:T' 

48 0 . 3  >18 0 . 1  Tro'  N I -Sn , Ru-le 64 -70 -20 1 0  

4 0  C r -F e - N I -Sn >2050 

Sf o. 1 - 1 2'  0 . 9  Tra R u - N I -Tc -Rh Yes b8-74 -28 1 0  

68 1 . 0 Zr <2245 

6C 0 .. 5 0 . 3  0 . 2p Nl -Sn -Zr -A 1 - 63 -69 2 1 10 -2960 
Zr -U 

60 0 . 9  1 0  0 . 1  -10 2 1 10 -28){) 

6E 0 . 2  0 . 6  lr -2000 

6F 0 .8 Tro ' 0 . 2  N l  ( F e  l Yes 2 1 10 - 26 1 0  

JA 0 . 6  0 . 4o '  N I ..:F e  Yes -28 1 0  

111 8. 3 -lOC 0 . 2  ( U , Z r  l 0 . 2  0 . 3  lr 11 10-224 5 
mela l J ic 

n 0 . 3  28 0 . 6  Tra ' , 1 r 6  N I -Sn - f e  0 . 1  N l  ( F e) 6 5 - 10 --26 1 0  

8A Tra ' Ho-Sn 6 6 - 10 -28 10 
BC O . fl  0 . 2a ' , Ag Yes 62 -66 >?. 1 10 0 . 26 



.. 

TMU l .  (tOft\ laud) 
• 

Aru1 Aru1 .., ... 
..,,,. 

Gra in f ract ion f ract• She fr1clton Fr1ctton of OUter 
Ptrltcle gf ggx _ .lJ!IL of IU.IUb gf &rl!. Phi!!!_ 

It 0 . 7  • .  ,. 
0 . 26 

8H 0 .8  l re 

90 0 . 1  0 . 2c 

" 0 . 2c 

lOA 0 . 2  28 0 . 8  

10( 0.9  1 0  o.'  Tr Tru 

lOf 0 . 9  O . lu 
• 
...., l iB o. s o. u 

O . lc 

nc 1 t o  l r  lr 
• 

a .  Area fractlons were e s tt ��a ted by vhual exa•tna t ton . 

b. Oxygen content refers to aJ lached ( U , Zr )02 only.  

c • . Probl� were encountered In .easur lng these grain s t 1es . 

Jr . Conta tns trace a.ounts of these ..a ter ta t s .  

CCIIIPOSt t lon 
If IDSlDt!!! 
lt·Stt 

lt-Sn 

Itt-Itt 

lft -Sn 

Nt -Sn-lc-Ru 
N t -Sn 

N t  -Ru-fe 

N t -Fe-Sn-Ag-Mo 

� 

OIJflttt COttteat .. 
Area f ractton1 

...... ..  .. ......... .. .. ,..,,, ,,, i· 
of Unoxtdtred Traces of ,, . ... t:' ,. d; 

fletatnc aeytont Iron foumt til Anllfl t � .... ,,tur, ..:.u 
ll!!t ln,lu! 1111 ltl! !ll£!11 _fA.lll_ . .  ma · ,> "'" 

Yes 70-JZ -2818 

0.1  At Yes >2850 

0 . 7  At Ye1 -2818 
0 . 8  At >tm 

65-69 -3100 

·63-11 >1110 

Yes 68-11 >2850 

0 . 3  "' ( F e )  -2818 

2110-3120 

Other phase ca.pos l t tons : 

Cl 
•• 
• 
T 
' 
t 

Cr-fe-11 v1tb varying 11a0un t s  of U-lr. 
Al-tr -f e-11 v1th varyln, IIJOunt s  of U-Zr • 

Htgb Al vtth lr -U soae e-Cr • 

Dt fferent ( frOM base) U-lr c81p0s1 t tons . 
Separate Cr-f e  and l t -f e  beartag pltans . 
11-Sn vHb s011t Ag-fe {.eta 1 He phase) .  



acc \ den t scenar \ o .  F or examp l e ,  e s t \mates  of f \ s s \ on produc t r e l ea s e  are 

extremel y  tempera ture dependent , w\ th  h \ gh l y  vola t \ le f \ s s \ on p r oduc t s  

released a t  lower fuel temperatures  ( <2 1 00 K )  and l e s s  vola t \ le f \ s s 1 on 

produc t s  r e l ea sed a s  temperatures  approach  U02 mel t \ ng . Wh \ le 1 t  \ s  not 

pos s i b l e  to determi ne temperature  h 1 s tory  f r om exam\ n \ ng the core  debr \ s  

grab sampl es , peak temperatures  exper \ enced by the  ma ter \ a l  can  be 

es t i mated in many cases . These peak temperatures  and other TMI s y s t em 

response data can be used 1 n  conj unc t 1 on w\ t h  acc \ dent a na l ys i s  c odes to 

es tabl \ sh a temperature h \ s tory . 

Peak temperatures can be e s t \ ma ted by s ever a l  methods : ( a ) f rom the 

appearance of the uo2 f uel ( fuel gra 1 n  growth and evi dence of mel t \ ng ) , 

( b )  re l a t i ng the tempera tures a t  wh 1 ch pha se c hanges occur  1 n  z \ r c a l oy 

c l addi ng to the obser ved s t r uc t ures , ( c )  c or r e l a t i ng the overa l l  

compos i t i on o f  the ma ter i a l  exami ned , the number and appearance o f  the 

pha ses presen t ,  and the c ompos i t i on of the 1 nd 1 v i dua l phases  to  ex \ s t 1 ng 

pha se d \ agrams , and ( d )  determ\ n 1 ng the presence of p r i or mol ten s truc tural 

and contro l  rod ma ter 1 a l s . The methods for determ1 n \ ng peak t emperatures 

are di scus sed in Sec t 1 ons  3 . 2 . 2 . 1  through 3 . 2 . 2 . 4 ,  and the tempera ture 

es t 1 mates are d i scus s ed 1n  Sec t i on 3 . 2 . 2 . 5 .  

3 . 2 . 2 . 1  F uel Gra i n  Growth and Mel t 1 ng .  F uel  gra \ n  growth \ s  h 1 ghly 

t i me-temperature dependent and can be c a l c u l a ted us 1 ng c or r el a t i ons  of t \me 

a t  temperature for a g i ven fuel burnup . 9 These c a l c u la t \ ons  are  based on 

an \ ntegrated total t 1me a t  a g i ven temperatur e ,  however , and are  d \ f f \ cult  

to use for  trans i ent  c ond i t 1 on s  and mul t 1 pl e  t emperature  excur s \ ons . 

F 1 gure 1 7  s hows the relat 1 on s h \ p s  between gra i n  s i ze and tempe r a t ur e  for 

t 1 mes at tempera ture of 20 and 40 m1 n .  The r e l a t \ on s h 1 ps shown \ n  t h 1 s  

f i gure are for i n 1 t i a l gra i n  s i ze and burnup a t  t he t \me o f  the acc \ dent ,  

and for a range of t 1mes a t  temperatures  t ha t  have been pred i c ted for t he 

acc i dent . Therefor e ,  an  1 nd 1 ca t i on of wha t t he t emperatures wer e  can be 

made by compar i ng and c or rel a t i ng mea sured gra i n  s i ze w\ t h  F \ gure  1 7. 

Other 1 nd \ cat 1 ons  that fuel  wa s exposed to h 1 gh temperatures  

( >2000 K) are the rearrangement of pores  and  gra \ n  s tr uc ture . As the 
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mel t 1 ng po i n t  of the uo2 
fuel  ( 31 20 K for U02 . 00 ) 1 s  a pproached , t he 

fuel gra i n s become a lmos t por e - f r ee a s  por es  agg l omer a te a t  gra 1 n  

bounda r 1 es ,  sharp  corner s on the equ 1 a xed gra i ns become r ounded , and the 

gra 1 ns sepa r a t e . When the fuel mel t s , t he s 1 n ter 1 ng por o s 1 ty and gra 1 n  

bounda r 1 es d i sappear , l eavi ng a n  amorphous den s 1 f i ed ma ter i a l . W 1 th  

super hea t 1 ng above the  mel t i ng poi n t , bubb l e s  of  uo , uo2 . and uo3 vapor 

form 1 n  the mo l ten fuel - -whi ch c r eates  a f oamy appea r ance that  s u r v i ves  

cool down to room tempera tures . ( Ho l ten fuel  foami ng i s  a i ded by f 1 s s 1 on 

produc t gases  and vapors  1 n  h 1 gh bur nup fuel . )  

3 . 2 . 2 . 2  Z i rcaloy Pha se Changes wi t h  Tempe r a t ur e . Z 1 r ca l oy c ladd i ng 

progresses  through several d i s t i nc t  m 1 c r o s t r uc t ura l  changes wi t h  i nc r eas 1 ng 

t emperature . The or i g i na l  ( a s -fabr i ca ted ) z 1 r ca l oy m 1 c r o s t r uc ture  con s 1 sts  

of  a l pha -z i rca loy (u-Zr ) gra i ns e l onga ted in  t he a x i a l  d 1 r ec t 1 on 

( refer red to as  a s tr e s s - re l i eved mi c r os t r uc ture ) .  Th i s  s tr uc ture  1 s  

obser ved wi th  peak temperatures  l e s s  than 9 20 K .  W 1 t h  1 nc r ea s 1 ng 

temperature ,  the u-Zr gra i n s r ecrys ta l l i ze and become equi a xed 

( 920 < T < 1 1 05 K ) . Tran sformat i on f r om u-Zr to the P-Zr  pha s e  

begi ns  about 1 1 05 K a n d  ends about 1 245 K .  T h e  t empe r a t u r e  a t  wh i c h  th i s 

t rans forma t i on occ urs  i nc r eases  wi th  1 nc r ea s i ng oxygen content  1 n  the Zr . 

The P-Zr t rans forms back to u-Zr a s  t empera tures  a r e  r ed uc ed bel ow 

1 1 05 K ;  however , the mi c r o s t r u c t ur a l  appea rance of  t he trans formed P-lr 

gra i ns ( refer red to as  "pr i or P-Zr " )  1 s  d i s t i nc t l y  d i fferent  from the 

u-Zr gra i n s  that were  not exposed to t empera t ur e s  grea ter than 1 1 05 K .  

The pr i or P -Z r  s t r uct ure appea r s  a s  l a rge , equ i a xed gra i n s  wi t h  u-lr 

p latelets  wi t h i n  each gra i n .  The two-phas e  u + pr 1 or P-lr mi xture  i s  

observed 1 n  ma ter i a l s  exposed to 1 1 05 < T < 1 245 K .  

the 

H s  

Several  phenomena occ u r  between 1 245 < T < 2030 K .  I n terac t 1 on of 

z 1 rca l oy c l add i ng wi th  s team on i t s out s 1 de s u r face and uo2 fuel on 

i n s i de s u r face becomes s i gn i f i cant  above 1 245  K, and ox 1 da t 1 on of the 

c l addi ng occur s . Two l ayer s  are  formed on the out s i de s u r face : f 1 r s t ,  a 

layer of u-Zr 1 s  formed that ha s been s ta b i l 1 zed a t  h 1 gh t emperatures  

because of oxygen uptake ; t h 1 s  l ayer i s  termed oxygen-s tab1 1 1 zed 

a l pha- z 1 rcon i um [u-Zr ( O ) ] ;  and then a l ayer of ZrO 1 s  formed out s i de 
2 
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l hP n-/r ( O )  l dyer . The l onger the c l add \ ng h exposed to temperc1 tures  
grea ter  t ha n  1 24S K ,  the t h \ cker  these two l ayer s can become . The  cnt l re 
wal l  t h \ ck n e s s  can  even t ua l l y t r a n s form to  l r 02 and n - 7 r ( O ) . 
F requen t l y ,  there are  two l ayer s \ n  the Zr o2 pha s e . The \ n s \ dc l ayer 
( c l oses t to the o -lr ( O ) ]  c on ta \ ns a me ta l l \ c o - Z r ( O )  pha s e . l h \ s  
\ nd \ ca tes t ha t  t he Zr o2 was s l \ gh t l y  hypo s to \ c h \ omet r \ c  a t  tempe r a t u r e  
dnd underwe n t  eutec t o \ d  decompos \ l \ on \ n to s to \ c h l ometr \ c  
1ro2 . 00 • a-/r ( O )  dur \ ng cool \ ng .  T h \ s  decompo s \ t \ on onl y  takes p l ace 
\ f  s \ gn \ f \ ca n t  amo u n t s  ( enough to  be v \ s \ bl e )  o f  the Z r 02 have been at  
teapera tures  a bove a bou t 1 760 K ( F \ gure 1 8 ) . 

I f  f ue l -c l add \ ng con ta c t  ex \ s ts , \ n terac t \ on of  t he c l add \ ng w l th the 
uo2 f ue l a l s o  occ u r s ,  resu l t \ ng \ n  ox \ da t \ on o f  the c l add \ ng from t he 
\ n s \ de sur face . T he \ n terna l uo2tzr \ n terac t \ on resu l t s  \ n  the forma t l on 
o f  the fol l ow \ ng r ea c t \ on l a ye r  s equence :  

[ U02 + U ]  � [ o-Zr ( O ) a • U , Zr ] 

� U , Zr a l l oy � o -Zr ( O )b 

vher e  

a = the o-Zr ( O )  next t o  the fuel  

b the o-7r ( 0 )  nea r  the center o f  the c ladd \ ng .  

These laye r s  w\ 1 1  t hen be fol l owed b y  pr \ or P-Zr � o-Zr ( O )  � Zr02 
or onl y  o-Zr ( O )  � zro2 , depend \ ng on the amount  of  ox \ da t \ on from the 

outs \ de by the s team . The fuel \ s  r educed by the lr  t o  form meta l l \ c 

o-lr ( O )  a nd e l emen ta l  uran \ um .  Zr02 cannot form as  a resul t of  the 

uo2t7r r ear. L \ on a l one . The me ta l l \ c ura n \ um does not r ema \ n  a t  t he 

uo /o - l r ( O )  \ n ter fac e ,  because  \ t  tends t o  \ nterac t w \ th Zr  l ow \ n  2 a 
oxygen and d 1 f f uses \ n to t he c l add \ ng to  form a U , Zr a l l oy r l ch  \ n  

uran \ um .  T he U , Zr a l l oy 1 \ e s  between two o-Zr ( O )  l ayer s and 1 s  1 \ qu \ d  

5 1  
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above a bou t 1 425 K ,  depend \ ng on the Zr content . Th 1 s  smal l quant \ ty of 
1 \ qu \ d  \ s  a produc t of t he sol 1 d  s tate  d \ ffus \ on coup l e . T he o-Zr ( O )  
layer a dj acent t o  t he fuel c onta \ n s  sma l l  amount s  o f  the U , Zr a l loy ,  
pr \ ma r \ l y a l ong  gra \ n  bounda r \ es , but a l so a s  sma l l  g l obules w\ t h \ n  t he 
o -Z� ( O ) a gra \ ns . The a - Z r ( O ) b l ayer adj acent t o  the pr \ or P -Zr 
conta \ ns no U , Zr a l l oy . Dur \ ng c ool down , the hypos to 1 c h 1 ome tr 1 c  UO 2-x 
decomposes \ nt o  s to \ ch \ ome t r \ c  uo2 . 00 and add 1 t 1 ona l meta 1 1 1 c uran \ um .  
T he two-phas e  [ o-Zr ( O ) a + U , Zr ]  l ayer \ s  made u p  o f  r e l a t \ ve l y  sma l l ,  
r ad \ a l l y  e l ongated o-Zr ( O )  gra \ ns c ompar ed to the a - Z r ( O )  l ayer [ and 
o-Zr ( O )  \ n  gener a l ] wh \ c h  1 s  made up of  large gra 1 ns . 1 1 -1 � 

The boundar y  between t he [o-Zr ( O )  + U , Zr ] and U , Zr l ayer s 1 s  a 
d \ s t \ nc t ,  but  the \ n ter face between the U , Zr  and o-Zr { O ) b l ayer s  can be 
very 1 rr eg u l a r . The forma t \ on of l arge U , Z r  g l ob ul es w1 t h 1 n  t he 
o-Zr ( O )b l a yer s occ u r s onl y  a t  tempera t ures grea ter than or equal  to 
1 77 5  K ;  a t  l ower te.pera tures , sma l l  spher \ c a l  par t \ c l es form. 1 2 • 1 3  

3 . 2 . 2 . 3  I nterac t \ on of  U02 and Z \ r c a l oy .  The U02 fuel  and the 
z \ r c a l oy c la dd 1 ng coapr \ se about 92X of the r eac tor core ma ter 1 al s .  
Therefore ,  the \ nterac t \ on s  of  these two ma ter \ a l s  w1 t h  each other and w\ th  
s teaa are  the  mo s t  1�or tant  phenomenon to be  cons \ dered \n  eva l ua t \ ng 
beha v 1 or o f  core ma ter 1 a l s . The z 1 rca l oy c ladd 1 ng can beg 1 n  to me l t a t  
2030 K ,  wh \ l e  s t o 1 ch 1 ome t r \ c  U02 fuel does not me l t unt \ 1  31 20 K ;  

however , \ n terac t \ on o f  the Zr , uo2 , and s team resul t s  \ n  ma ter \ a l s w1 t h  
1 n ter.ed 1 a te me l t 1 ng tempera tures . The me l t 1 ng po\ n t  of  Zr  1 ncreases w1 th  
1 nc r ea s 1 ng oxygen conten t : the me l t 1 ng tempera ture  of oxygen -satura ted 
o-Zr { O )  \ s  a bout 2245 K .  A eutec t 1 c  \ n terac t \ on takes place between 
oxygen- s a tura ted a-Zr { O )  and uo2 a t  about 21 70 K { 27 a t . %  uo2 ) ,  and a 

1 2  .ono tec t \c 1 n terac t 1 on a t  about 2670 K { 81 a t . %  U02 ) .  The U02 and 
zro2 fora a sol 1 d  s ol ut 1 on a t  h 1 gh tempera tures , and a 50/50 mo l e% 
coapos 1 t 1 on .e l ts a t  about 2809 K .  Therefor e ,  me l t 1 ng of  the c ladd\ ng and 
d 1 s so l u t 1 on of t he uo2 fuel { 1 1 quefac t 1 on ) can beg \ n  at temperatures as 
l ow  a s  2030 K. O t her l ow- temper a ture eutec t 1 c s may form between the fuel 
r od .a ter 1 a l s  { lr and uo2 ) and other  core s tr uc tur a l  ma ter \ a l s  { l nconel , 
s ta \ n le s s  s teel , and  c on t r o l  r od ma ter \ a l s ) .  
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The key to determi n i ng the peak tempe r a t u r e s  r ea ch ed and the pos s 1 ble 

scenar io  is t he number ,  compos 1 Uon , and d 1 s t r i bu t1 o n  of  pha s es present  1 n  

a pr i or mol ten ma ter i a l  a t  r oom tempera tur e . Negl ec t i ng ef fec t s  of  

a l l oy i ng e l ement s ,  the obser ved pha ses  shou l d  agree wi t h  the U-Zr -0 ternary 

pha se d i agram .  The ternary  equ 1 1 1 br i um pha s e  d i agrams of  the U-Zr -0 sys tem 

a t  1 7 73  and 227 3 K are  s hown 1 n  F 1 gure  1 9 .  The equ 1 l i br 1 um pha ses  s hown in  

the 1 7 73  K d 1 agram are  representa t i ve of  wha t  wou l d  be s een a t  r oom 

temperature , because fur ther pha se change s  a t  l ower tempe r a t u r es requ i re 

ver y  l ong t imes to r each equ i l i br i um .  

I n terac t i on between uo
2 

a n d  Zr  a t  227 3 K r es u l t s  i n  a s 1 ngl e -pha se 

homogeneous l i q u i d  or a two-pha se U-Zr -0 mel t  p l u s  ( U , Zr ) 0
2 _x 

s o l 1 d  ( a t  

>3 . 6-wt% oxygen ) .  Upon cool i ng ,  the homogeneous mel t  wi l l  decompose 1 nto 

two meta l l i c componen t s : an n-Zr ( O )  phas e  con ta i n 1 ng s ome uran i um and an 

U , Zr a l l oy conta i n i ng l i t t l e  or no oxygen . 1 1 • 1 5 • 1 8  

The heterogeneous me l t  a l s o decomposes  on cool down , wi th  the sol 1 d  

( U , Zr ) 02_x par t i c l es hav i ng l ow Z r  content decompo s i ng i n to 

s to i c h i ometr 1 c  ( U , Zr ) 0
2 

and a U , Zr a l l oy ,  and the U-Zr -0 mel t  decompo s i ng 

1 n to n-Zr ( O )  and U , Zr a l l oy .  

The ongo i ng s team o x 1 da t i on of the heterogeneous a nd homogeneous mel ts  

mus t  be cons i dered , a s  th i s  a ffec t s  the f i na l  m i c r o s t r u c t u r a l  a ppea rance . 

I f  o x 1 da t i on occurs  after  so l i d i f i ca t i on ,  t he n-Zr ( O )  wi l l  t r a n s form to 

Zr02 and the U , Zr a l l oy wi l l  t r a n s form to  ( U , Z r ) 0
2

. Therefor e ,  t he 

homogeneous mel t  wi l l  t rans form f r om n-Zr ( O )  + U , Z r  t o  Z r o2 
+ ( U , Z r ) 02 , and the two pha ses  s hou l d  be d i s t i ngu i shabl e .  The 

heterogeneous mel t  tha t ox i d i zes  a f ter  so l i d i f i c a t i on has an add 1 t 1 onal 

trans forma t 1 on of ( U , Zr ) 0
2 to  ( U , Zr ) O . 

-X 2 

The mo l ten ma ter i a l  a lso  may absorb  oxygen wh 1 l e 1 n  the 1 \ qu \ d  s ta te .  

A s  the oxygen content o f  the me l t  i nc r ea se s , t h e  t emperature  mus t  i ncrease 

for the ma ter i a l  to r ema i n  mol ten , or  a ( U , Z r ) o
2 

so l i d  wi l l  prec i pi tate 

out . Complete  ox1 da t i on of  the mel t  a t  temper a t u r e s  be l ow 2800 K wi l l  

r es u l t  i n  a s i ngl e-pha se ( U , Z r )0
2 

so l i d  so l u t i on .  Th i s  mater i a l  w\ 1 1  no 
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u 

0 0 
1773 K (2732 °F) 2273 K (3632 °F) 

a-Zr(O)+(y-U,p-Zr)+l 

Initial 
tie-line 

(U,Zr)02-x+L 

F \ gure  1 9 .  U-Zr -0 ter nar y  pha s e  d l agrams for  temper a t ures  of  1 7 73  and ?273 
K ( Re ference 20 ) . 
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l onger have the appearance of  ha v i ng been mol ten . E l onga ted gra i n s  w1 l l  

tend to form a long the oxygen concen t ra t i on and temperature  grad 1en ts , and 

the ma ter i a l  w1 l l  genera l l y conta i n  few pores a nd be den s e  1 n  a ppearance . 

The zro2 and uo2 
a l so can form a s o l 1 d  s ol ut i on by d 1 f fus 1 on a t  

temperatures u p  t o  2800 K and b y  mi x i ng of  mol ten ox 1 des a t  h 1 gher 

temperatures . F 1 gure 20 s hows the Zr02
-uo2 b i na r y  pha se  d 1 agram . The 

mi n 1 mum mel t i ng po1 n t of the so l 1 d  s ol u t i on occ u r s  a t  about the 50/50 mole% 

mi x ture . Onl y  one pha se i s  apparent  on c oo l i ng o f  t he ( U , Zr ) 02 mi xture . 

I f  th i s  ma ter i a l  has been mol ten , 1 t  w1 1 1  genera l l y s how s tr uc tures  such as 

l arge pores and i r regular  or nonex i s tent gra 1 n  s tr uc tu r e . 

The amoun t of  1 n terac t 1 on wi t h  other mater i a l s  i s  another 1 nd 1 ca t 1 on 

of  whether the pos t-tran s i en t  ( U , Zr ) 02 so l i d  s ol ut i on wa s or 1 g 1 na l l y  a 

meta l l i c  mel t .  I f  the meta l l i c mel t  contac t s  a cerami c mater 1 a l  ( U0
2 

or 

Zr02 ) ,  d i s s ol u t 1 on of the cerami c by r educ t 1 on shou l d  occur . A cerami c 

mel t  contac t i ng a ceram1 c so l 1 d  wi l l  s how ver y l i t t l e  i n terac t 1 on ,  a l though 

m1 x 1 ng can occur 1 f  t he so l 1 d  me l t s due to c onduc t ed hea t .  

3 . 2 . 2 . 4  Mel t i ng Temperature  of Other  Reac tor Ma ter i a l s .  A l though the 

uo2 fuel and z 1 rca l oy c l add i ng c ompr i se the maj o r  por t 1 on of the r eac tor 

cor e ,  the other reac tor ma ter i a l s  c ou l d  p l ay an  1 mpor tant  r o l l 1 n  fuel 

behav 1 or . Th i s  1 s  because the other r eactor  c omponent s  have l ower mel t 1 ng 

temperatures than the uo2 
fuel and many o f  these c omponent s  can  form 

eutec t i c s  w1 th the fuel rod ma ter i a l s ,  thus , l ower 1 ng fuel mel t 1 ng 

tempera tures and chang1 ng phys 1 ca l  proper t 1 e s . Tab l e  8 present s  the core 

ma ter i a l  compos 1 t 1 ons a l ong wi th the mel t 1 ng t emperatures  of  the maj or 

con s t i tuen t s . The presence o f  pr 1 o r  mol ten control  rod and s t r uc tural  

mater 1 a l s 1n  a par t 1 c l e  wou l d  1 nd 1 cate  peak t emperatures  o f  a t  l ea s t  the 

mel t 1 ng po 1 nt o f  that ma ter 1 a l . Unfortuna t e l y ,  phas e  d 1 agrams do not ex1 s t 

for a l l  pos s 1 ble  comb 1 na t 1 on s  of  t he var 1 ous  r eac tor ma ter 1 a l s ,  a nd the 

effect of  add 1 ng trace amoun t s  o f  a l l oy i ng e l emen t s  on mel t 1 ng temperatures 

1 s  not a lways quan t 1 f 1 ed .  
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1 gu r e  20 . U02-Zr02 b 1 na r y  pha se  d 1 agram ( so l udus and 1 1 qu 1 dus  curves 

r epresent p r e 1 1m1 na r y  da ta f r om Reference 1 9 ) .  
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lADLE  8 .  CORE HAl E R I AL COMPOS I T I ON 

Ha ter l a 1 

Weight He l t  
T empera t ure We i gh t  

lliL �l_ ik) E l ement __ Per cent 

uo2 93050 1 4 . 0  3 1 20 235u 2 . 265 lnconc l - 1 1 8  
238u 85 . 882 
0 1 1 . 853 

l l rca 1 oy -4 23029 1 8 . 3  2030 Zr 9 7 . 901 
Sn 1 . 60 
F e  0 . 225 
Cr 0 . 1 25 
0 0 . 095 
c 0 . 0 1 20 
N 0 . 0060 
HF 0 . 0018 
s 0 . 0035 
A I  0 . 0024 

"" T \  O . OOi'O CD v 0 . 0020 
Hn 0 . 0020 
N l  0 . 0020 Zro2 
Cu 0 . 0020 
w 0 . 0020 
H 0 . 00 1 3  

Co 0 . 0010  Ag- l n -Cd 
8 0 . 000033 
Cd 0 . 000025 
u 0 . 000020 

Type 304 and 4636 3 . 1  1 1 20 F e  6 8 . 635 
B4C -A 1 203 

un i den t i f i ed Cr 1 9 . 000 
s t a i n l e s s  s teel Nl  9 . 000 Alt3 

Hn 2 . 000 84 
S l  1 . 000 
N 0 . 1 30 Gd203 -UOt 
c 0 . 080 
Co 0 . 080 
p 0 . 045 
s 0 . 030 Gd203 

lolal Inventor y � 1 25 . 8  melr \c tons 
-----

Ha_ter Ia 1 

Weight 

_fulL 00. 
1 2 1 1  1 . 0 

331 0 . 3  

2 14 9 2 . 2  

626 0 . 5  

1 31 . 5  0 . 1 

He l t  
l emper a ture  

ik) 
1 1 20 

2960 

1 050 

2320 
2620 

2400 

26 10 

--- - --- - ·  - - -

We i ght  
l�!!I£!11 ��.!! l 
N l  !i 1 . 9UO 
Cr 1 9 . 000 
F �  1 8 . 000 
Nb 5 . 553 
Ho 3 . 000 
1 1  0 . 600 
A 1  0 . 600 
Co 0 . 4 10 
S l  0 . 200 
Hn 0 . 200 
N 0 . 1 :10 
Cu 0 . 1 00 
c 0 . 040 
s 0 . 007 

Z r  1 4 . 0  
0 26 . 0  

Ag 80 . 0  
I n  1 5 . 0  
Cd 5 . 0  

A 1  34 . 33 
0 30 . 5 3 
8 2 1 . 50 
c 2 1 . 50 

Gd 1 0 . 21 
u 1 1 . 12 
0 1 2 . 0 1  

----- - - - - - - - - --



3 . 2 . 2 . 5 Temperat ure E s t 1ma te Resu l t s . T he es t \ma ted peak 
tempera tures  for t he 29 par t \ c les  are  1 \ s ted 1 n  Tab l e  7 ,  a l ong w 1 th other 
r e l evan t  da ta about each par t 1 c l e .  T hese es t 1ma ted tempera tures are  
presen ted a ga \ n \n  l ab l e  9 ,  a l ong w\ t h  c omments  a bout key 1 nd 1 cator s used 
for  es t \� t \ ng the t emperatures . ( f or more deta \ 1  see Append \ x  C . )  These 
es t \� tes a r e  for the h \ ghes t t empe r a t ures  on t he par t \ c l e and may not 
r epresent those for the bul k  of  t he par t \ c l e . Onl y  three of  the par t \ c l es  
exam\ ned do not  c on ta \ n  mo l ten l r  or  Zr , u . o  m\ x ture . One o f  t hese \ s  a 
pr \ or mo l ten Ag par t \ c l e ,  and t he o t her two a r e  sec t \ ons o f  c l add \ ng 
o x \ d \ z ed t o  u-Zr ( O )  but  not  me l ted ; t herefor e ,  phas e  c hanges occ u rr \ ng a t  
l ow t empe r atures  ( <2030 K )  1 n  Zr  c ou l d  n o t  b e  u sed a s  \ nd \ ca to r s .  

Many of t he pa r t \ c l es e xam\ ned conta \ n  uo2 f ue l , and usua l l y  the 
gra 1 n  g r owth  \ s  m\ n \ma l  ( ma x \mum mea sured wa s 29 pm , w1 t h  the or 1 g \ na l  
gra 1 n  s \ ze be 1 ng 1 0  � ) . Th \ s  1 nd \ ca tes tha t muc h o f  t he fuel proba b l y  
r e.a \ ned a t  fa \ r l y  l ow t emper at ures ( <2000 K )  dur \ ng t h e  acc 1 den t or  wa s 
expo s ed to  h \ gh tempera tures  for  on l y  a s hor t t \ me .  However , mos t  o f  t hese 
par t 1 c les  a l so have a r ea s  of  pr \ or mo l ten ma ter 1 a l . 1 nd 1 ca t 1 ng l a r ge 
tempera tu r e  grad \ e n t s  over very sma l l  d 1 s tances . ( The par t \ c les  a l l  are  
less  than 4 mm 1 n  d 1 aaeter . )  The mo l ten � ter \ a l  r e l oc ated to a l a r ge 
ex tent and \ nterac ted bot h  chem1 ca l l y and mecha n \ ca l l y  w\ th  the c oo l er 
.a ter \ a l s . 

The r ea der 1 s  r em\ nded tha t the par t \ c l es s e l ec ted for deta \ l ed 
.ata l lur g 1 ca l exam \ na t \ on wer e  c hosen e 1 ther because they were 
represen tat 1 ve of  a ba s \ c par t 1c le type or  because they were  un \ que . They 
are  not a s ta t 1 s t 1 ca l r epresen ta t \ on of the number of par t \ c l es es t \ma ted 
to have e xper \ enced a g 1 ven peak t emper a ture . The par t 1 c l e  type 
d 1 s t r \ bu t 1 on s hown \ n  Tabl e  6 ( see Sec t 1 on 3 . 1 . 5 )  represents a l l o f  the 
larger par t 1 c l es t n  ten o f  t he c ore  debr 1 s  grab samp l e s  and 1 s  more 
represen ta t 1 ve of  the core  debr 1 s .  Based on t h \ s  da ta and da ta f rom the 
deta 1 1ed ae t a l l ur g \ ca l  exam 1 na t \ on s , 1 t  \ s  es t \ma ted that about 80% of the 
debr t s  .a ter \ a l  r ema 1 ned at fa 1 r l y l ow tempera ture ( <2000 K )  due to a 
lack of  res t r uc tur 1 ng .  wt t h  the o t her 20% exper 1 enc 1 ng temperatures  up to 
fuel ae l t \ ng .  
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TABLE  9 .  PEAK TEMPE RATURE E STIMATE S  F OR PART I C L E S  F ROM THE THI -2 CORE 
DE BRIS  GRAB SAMPLES  

Temperature Range 
a 

Par t 1 c l e  ( K ) CoRIIIent s  

l A  21 70-2245 No mel t i ng of  U02 ; ba l l ooned 
o-Zr ( O ) ; eutec t i c  Z r -U i n terac t i on .  

l B  21 70-2600 No mel t i ng of U02 ; s l i gh t  gra i n  
growth ;  eutec t i c  Z r -U i n terac t 1 on .  

l E  281 0-2960 No mel t i ng of  Z r 02 ; mel t i ng of 
o-Zr ( O )  c l add 1 ng ;  p r i or mol ten 
( U , Zr ) 02 . 

l H  >2810  D i s so l u t i on of  ( U , Zr ) 02 by porous 
heterogeneous U-Z r -0 mel t .  

3L >2850 Above the l i qu i dus  temperature for 
U-Z r -0 cerami c .  

3M >2850 Area s  of ( U , Zr ) 02 mel t ;  con ta i ns 
t race Cr , N 1 , F e .  

4A -281 0 F oamy U-Zr -0 mol ten cerami c s  
contac t i ng U02 ; may b e  s l i gh t l y  
l ower due to  1 mpur i t 1 es .  

4B -281 0 F oamy U-Zr-0 mol ten ceramic  
contac t i ng U02 f ue l ; may be 
s l i gh t l y  l ower due to impur i t i es . 

4D >2850 Hol ten ( U , Zr ) 02 ; dense . 

5E -28 1 0  F oamy U-Zr -0 mol ten cerami c 
contac t i ng fuel . 

6B <2245 No mel t i ng of o-Zr ( O ) . 

6C 21 70-2960 No me l t i ng of  Z r 02 ; U02-Al 203 
eutec t 1 c  1 nterac t 1 on .  
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TABl E 9 .  ( con t t  n ued ) 

Par t 1 c 1 e  

60 

6E 

6F 

7A 

78 

7 E  

BA 

8C 

BE  

8H 

90 

9G 

l OA 

l OE 

l Of 

Te.pera ture  Rangea 
(K ) 

2 1 10-28 1 0  

-2000 

21 10-28 1 0  

-2810  

21 70-2245 

-28 1 0  

-28 1 0  

>21 70 

-28 1 0 

>2850 

-28 1 0  

>1 233 

-31 00 

>28 1 0  

>2850 

Conmen t s  

N o  fue l  mel t \ ng ;  meta l l \ c  U-Z r -0 
me l t ,  ox \ d \ zed to ( U , Zr ) 02 by 
r educ \ ng ox \ d \ zed fuel to uo2 · 

Ox \ d \ zed c ladd \ ng f r agment ; no 
11el t t ng . 

Porous heterogeneous U-Z r -0 me l t 
a t tached to ( U . Zr ) 02 • fer r omagnet \ c  
\ ngot s .  

F oamy U-Zr -0 mo l ten cer am\ c ;  ma y  be 
l ower due to \mpur \ t \ es . 

No me l t \ng  of U02 or o-Zr ( O ) ;  
eutec t \ c  U-Zr \ nterac t \ on .  

f oamy U-Zr -0 mo l ten ceram\ c 

f oamy U-Zr -0 mo l ten ceram\ c .  

Ox \ d \ zed U-Zr -0 me l t .  

F oamy U-Z r -0 me l t  contac ted l a ter by 
me ta l l \ c Zr  me l t .  

Area s o f  dense  ( U , Z r ) 02 me l t 
conta \ n \ ng trace F e .  

F oamy U-Zr -0 ceram\ c me l t .  

Mol ten Ag . 

Area s of  dense  ( U , Zr ) 02 me l t  w \ t h  
5" Zr02 . 

U-Zr -0 cer am\ c me l t on U02 fue l  
pel l e t . 

Reg\ on s  o f  dense a nd foamy U-Zr -0 
me l t .  
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TABL E 9 .  ( con t 1 nued ) 

Par t i c l e  

l l B  

l l C  

Tempera ture  Rangea 

( K ) 

>28 1 0  

21 70-31 00 

C omme n t s  

F oamy U-Zr -0 me l t .  

No me l t 1 ng of  U02 ; sma l l  r eg 1 on of 
pr 1 o r  mo l ten  ( U , Zr ) Ox · 

a .  E xplana t i on of  temperature  ranges : 

peak temperature  grea ter  than T1 b u t  l es s  than T2 
( 1 . e . , some fea ture 1 nd 1 ca ted t emper a t u r e  greater than 
T1 and some fea t u r e  1 nd 1 cated  t empe r a t u r e  l e s s  than 
T2 ) 

peak temperature  about Tl 

peak temperature  a t  l ea s t  Tl 

Peak t emperature  l e s s  than T1 
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The k ey 1 nd 1 ca t o r s  used to e s t \ ma te peak temperatures  \ n  t he ranges of  
\ n teres t a r e  s hown \ n  F \ gure 2 1 . Hos t  of the temperature  est \mates  range 
between 2030 and 3 1 20 K .  The  s pec \ f \ c m\ c r os t r uc tures r ecogn 1 za b l e  for 
ma ter \ a l s  exposed to t empe r a t ur e s  \ n  t h 1 s  range were  d \ scus sed \ n  
Sec t \ on 3 . 2 . 2 . 3 .  W \ t h  s ome  over l a p ,  the par t \ c l es exam \ ned fa l l  \ n to the 
fol l ow \ ng c a tegor \ es : 

o Some par t \ c l es s how a pr \ or mo l ten , me t a l l \ c U -l r -0 m\ x t ure \ n  
contac t w \ t h  a uo

2 
f ue l  pe l l et  f ragment .  Therefor e ,  t he me l t  

temperature  before contac t had to ha ve been grea ter than 2 1 70 K ,  
the a-lr ( O )  eutec t \ c  tempera ture . I n  some c a ses , an upper me l t  
temperature  1 \m\ t can  be determ1 ned , depend\ ng on behav 1 or of  
o t her  par t \ c l e  c omponen t s . I f  a s ubs tan t 1 a l  meta l l \ c me l t  ha s 
f l owed between ba l looned c la dd \ ng and fuel  w \ t hout me l t \ ng t he 
a-lr ( O )  c l add \ ng ,  t hen the ma x 1mum me l t tempera ture wa s l es s  
than 2245 K ( f \ gure 22 ) .  S \m\ l ar l y ,  \ f  a l a r ge meta 1 1 1 c me l t  has  
s u r rounded a uo2 f r a gment  ( d \ s s ol v 1 ng a por t \ on by eutec t 1 c  
decompos \ t \ on )  w \ thout me l t \ ng any pure uo2 b y  hea t conduc t \ on ,  
t he ma x \mum me l t  tempera ture  woul d  have been l e s s  than 31 20 K .  
However , \ n  many \ ns tances , t he me l t  s \ ze \ s  much  sma l l er t han 
the s ub s t ra te ma t er \ a l , 1n  wh \ c h  case  the l a r ge hea t s \ nk c h 1 1 1 ed 
t he me l t ver y  qu \ c k l y  and no  upper tempera ture 1 \m\ t can be 
e s tab1 1 shed . 

o One par t \ c le ( Pa r t \ c l e  6C , F \ gure 23 )  s hows e v 1 dence of 
\ nterac t \ on w \ t h  t he A l

2
o

3 
po1 son r od ma ter \ a l . A eutec t \ c  

can  form between uo2 -lr02 -A 1
2

o3 a t  a tempera ture a s  l ow 
a s  21 70 K .  Th \ s  par t \ c le conta \ n s  lr02 wh \ c h  had not me l ted , 
1 nd 1 ca t 1 ng a tempera ture  r ange of 2 1 70 to 2960 K .  

o Severa l par t 1 c l es s how e v \ dence of pr \ or mol ten ( U , Zr ) 02 
ceram \ c  for wh \ ch a m\ n \ mum me l t \ ng temperature  o f  281 0  K has • 1 9  
been es tab l \ s hed a t  K f K  \ n  t he F eder a l  Repub l \ c  o f  Germany . 

At  K f K , the me l t \ ng temperature wa s found to \ nc rea se on l y  for 

c ompos 1 t 1 ons nea r uo2 ( me l t s at 31 20 K )  or Zr02 ( me l t s  a t  
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Tem perature (K) 
3 1 20 M It' g of U02.o -- e tn 

2960 
2900 

28 1 0  
2760 

2670 

2245 

2 1 70 

2030 

-...__ 

Melt in  
Melt in 

g of Zr02.o _j 
g of uo2+x 

\ 

Form at ion of (U, Zr/0 2 liquid ceramic 
8

Melting of U02-y ___. ph as 

Form a lion of a-Zr(OJ/UO 2 and U/UO 2 
tee tics mono 

Meltin g of a-Zr(O) 
Form a lion of a-Zr(OJ/UO 2 eutectics 

Meltin g of as-received Zircaloy-4 1 f 
Start of UO:d molten Zircatoy interaction 

Meltin 1 720 g of stainless steel 

Meltin 1 650 g of Inconel 

Inc on 1 500 ei/Zircaloy liquefaction 

Form 1 400 ation of liquid U as a result of 
U02/. Zircaloy interactions 

1 220 Formation of Fs/Zr and Ni/Zr 
sutectics Paoo ALAB6006-3H 

F i gure 21 . Chemi cal  i nterac t i on s  and forma t i on s  of l i q u i d  pha s es 1 n  the 
U02-Zr sys tem wi th  i nc r eas i ng t emperat u r e . 
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Fuel removed 
during gr ind ing  
and pol ishing 

Photomacrograph (etched) 

F i gure 2 2 . P hotomacrograph of Part i c l e  l A  ( H8 ,  s ur face ) show i ng me l t  f l ow 
between uo2 fue l  and ba l l ooned c l add i ng .  

• 

soo .. m 

uo2 
fuel 

5 3213 



U-AI-Zr-0 
melt  

F i gure 23 .  P hotomacrograph of Part i c l e  6C ( E9 ,  56 em) show i ng  i nteract ion 
of fuel  rod mater i a l s  w i t h  Al 203 . 
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2973  K ) . T h \ s wor k  a l so demonst r a t ed tha t a foamy s t r uc ture  w \ th 
l a r ge vo \ d s  \ s  formed ver y near the me l t 1 ng po \ n t , bu t the 
( U , Zr ) 02 d \ s p l a y s  a muc h  mor e  dense s t r uc t ure upon exposure  to 
tempera tures above the 1 \ qu \ dus  ( see F \ gure 20 ) .  Two of  the 
par t \ c l e s  1 n  t h \ s  c a tego r y  show dendr \ t \ c freez \ ng \ n  t he 
( U , Zr ) 02 - -sepa ra t \ on of t he uo2 - z r o2 homogeneous  1 \ qu \ d  
\ nt o  U - r \ c h  a n d  Z r - r \ c h  pha se s - - 1 nd 1 c a t \ ng s l ow coo l \ ng f r om 
above t h e  1 \ qu \ du s . E xamp l es o f  the foamy ( U , Zr ) 02 s t ructure , 
t he den s e . m\ xed ceram \ c  me l t .  and the dendr 1 t 1 c  f r eez \ ng are  
presen ted \n  F \ gures  24 , 25 . and  26 , respec t \ ve l y .  

o Par t \ c l e  l OA ( f \ gure  27 ) a l so c onta \ ns r eg \ ons of  pr \ or mo l ten 
( U , Zr ) 02 , but a l ar ge par t  of  t h \ s  ma ter \ a l  conta 1 n s  s l \ gh t l y  
l e s s  t ha n  2 a tom� Z r  ( wh 1 c h  cor responds t o  a bout 5 -mol e% 
Zr02 ) .  The sma l l  amount of  Zr  or  other \ mpur 1 t \ es  1 nd 1 ca tes  a 
1 \ qu \ d u s  or  so1 1 du s  t emperature  approach \ ng uo2 me l t \ ng 
tempera tures  ( 2750 to 31 20 K ,  depend \ ng on 0 t o  U r a t \ o ,  See 
F \ gure 31 ) .  There 1 s  a sma l l  centr a l  r eg \ on of uo2 t ha t  has  
been res t r uc tured but  not me l ted . T h \ s  par t \ c l e appea r s  to  have 
been a p \ ec e  of f ue l  t ha t  1 nterac ted w1 t h  Zr02 nea r the U02 
me l t \ ng po 1 n t . The pr \ or mol ten ceram1 c ma ter 1 a l  ha s a den s e ,  
a lmos t g l a s s y  appea r a nc e ,  \ nd 1 ca t \ ng tempera tures somewha t  above 
t he 1 1 qu 1 du s  temper a ture  and then r ap \ d  c oo l 1 ng .  No gra 1 n  
s t r uc t u r e  c ou l d  be f ound out s \ de of the c en t r a l  r e s t r uc t ured 
zone , e \ t her dur \ ng t he opt \ c a l  exam 1 na t \ on us \ ng etches or 
dur \ ng the SEM exam\ na t \ on .  

o O t her pa r t \ c les  c on ta \ n  cons 1 dera b l e  poros 1 ty that  \ s  not  r e l a ted 
to the foamy s tr uc t ure  j u s t  d \ scus sed . As s hown 1 n  F \ gure  28 , 
the o-Zr ( O ) /U02 \ sopl e t h , when o-Zr ( O )  has d 1 s�ol ved 
apprec 1 a b l e  amoun t s  of uo2 and when the me l t  1 s  above 2673 K .  
the mo l ten m\ x ture  \ s  composed o f  two par t 1 a l l y  m1 sc 1 b l e  
l tqu \ d s . Between 2673 and 2 1 7 3  K ,  one 1 1 qu \ d  ( l 1 ) t rans forms to 

( U  Zr ) O  s o l \ ds . form1 ng a s l u r r y ,  wh 1 l e be l ow 21 73  K ,  the ' 2-x  
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(a) U netched 

(b) Fuel etch 

F i gure 24 . Photomacrograph of P art i c l e  7A ( H8 ,  36 em ) showing foamy 
U , Z r , 0 me l t  . 
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670 �m 

F t gure 25 . Photographs of Par t t c l e  l OF ( E 9 .  74 c•) shovtng the presence of ) f  
two d 1 s t 1 nc t  reg 1 on s : Reg 1 on 1 1 s  dense U , Zr , O  me l t and Reg 1 on 
2 1 s  foamy U-Zr -0 mel t .  



\ 
\ 
� 

\ • 

F i gure 26 . SEM b ack scattered e l ectron i mage of P art i c l e 3L ( H8 ,  56 em ) 
showi ng dendr 1 t 1 c  freez i n g . 
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(a) U netched (b) Etched 

F 1 gu r e  27 . Pho tom1 c r oggraphs of Par t 1 c l e  l OA ! E 9 ,  74 e m )  show ' �g pr 1 or 
mo l t en ma t er 1 a l  I n  Reg 1 on 1 .  keg 1 on 2 I s  r P s t r u c t � t r ed . bu t n o t  
me l t ed , ma t er 1 a l  uo2 . 
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F 1 gure 28 . Quas 1 -b 1 nary  a-Zr ( O } /U02 pha se d i agram ( Reference 20 ) .  
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other 1 \ qu\ d  ( l \ )  c on ver t s  to o-lr ( O ) . Both the 1 \ qu \ d  m\ x t ure  
and the  s l ur r y  d \ splay  a s tr on g  tendency to chem\ ca l l y  a t tach  to 
uo2 , ( U , l r )02 , and other sol \ d s . 

F \ gur e  28 a l so \ nd \ cates tha t  U- to-Zr a t om r a t \os  are  a va l uable  
\ nd \ cator of  me l t  teapera tures , espec \ a l l y  s \ nce oxygen 
c oncen t ra t \ on s  were  probabl y c ha nged ; by subsequent s team 
ox \ da t \ on .  Th \ s  wet t \ ng proper ty \ s  s o  dom\ nant t ha t , upon 
c oo l down or quenc h \ ng ,  shr \ nkage vo\ d s  are c r ea ted as t he 
heterogeneous me l t \ s  pul l ed apa r t .  Bubbles  of  ga ses and metal  
vapor s a l so ma y  c on t r \ bute  to vo\ d  forma t \ on ,  though these pore 
sour ces have not yet been pos \ t \ ve l y  c on f \ rmed . I n  any case ,  
heterogeneous me l t poros \ ty \ s  typ \ ca l l y  \ r r egular  \ n  
c on f \ gura t \ on ,  w\ th  e l onga t \ on s , j agged edges , and other fea tures 
unl \ ke  t he smooth s pher \ ca l  pores  \ ns \ de foamy mater t a l . One 
examp l e  of a por ou s , heterogeneous me l t  t s  s hown at the base o f  
Par t t c le 6F \ n  F t gure  29 . 

o Par t \ c l e  6F a l so \ s  r epresen ta t t ve o f  another broad ca tegory of  
par t 1 c le s  that  s ugge s t  occur rence of e \ ther mul t \ pl e  heatups 
dur \ ng t he TMI - 2  t r an s \ en t  or prol onged cand l \ ng of  mol ten 
ma ter \ a l  down t he out s \ de s  of  fuel r ods , w\ th  \ n termt t tent 
s o l 1 d 1 f \ ca t t on and ox \ da t \ on o f  re located droplet s . The upper 
c r own of Pa r t \ c le 6F \ s  s \ ngle-phas e  ( U , Zr )02 that wa s formed 
e \ t her  by ceram\ c me l t \ ng or ox \ da t \ on of  a metal l \ c U-Z r -0 
me l t .  I n  e \ ther case , the ( U , Zr ) 02 s o l \ d \ f \ ed before be \ ng 
c oa ted by  the porous heterogeneous me l t . The porous me l t ,  \ n  
t ur n ,  sol \ d \ f \ ed b y  coo l \ ng before be \ ng contac ted b y  a N \ -r \ ch  
me t a l l tc me l t  tha t  c r ea ted the three fer r omagne t \ c  \ ngot s . On 
other  par t \ c les , me l t pene t ra t \ on \ s  f r equen t l y  obser ved a l ong 
gra \ n  bounda r t es of prev \ ou s l y  s o l \ d \ f \ ed mater \ a l . Both 
mu l t 1 p l e  temperature  r amps and a l engthy cand l \ ng sequence are 
p l au s \ b l e  explana t \ ons , but th \ s  par t \ c l e ca tegory def \ n t te l y  
es tabl t s hes that f u e l  1 \quefac t \ on ,  r e l oca t t on ,  and 
s o 1 1 d \ f 1 ca t t on d \ d  not occur  wt t h \ n  a s t ngle  br \ ef t n terva l . 
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Diffusion 
bonding 
reg ions 

295 "'m 
Backscattered scanning electron micrograph 

(U, Zr)02 

N i-rich 
i ngots 

F i gure 29 . P art i c l e  6 F  ( E9 ,  56 em ) shows where s o l i d i f i ed ( U , Zr ) 02 was 
contacted by a porous mel t that so l i d i f i ed before contact by a 
N i-r ich me l t . 
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0 As ment \ oned above , ( U , Zr ) 02 reg \ on s  can  form by ox 1 da t 1 on of  
me ta l l \ c me l t s . Par t 1 c l e 60 s hows an examp le of  s uc h  ma ter \ a l  
( f t gure  30 ) .  A smd l l  amount of  me ta 1 1 1 c me l t  contac ted a large 
f ue l  pel le t  f ragmen t , r educ 1 ng the adjacent hyper s t o 1 c h \ ome tr 1 c  
f ue l  wh \ le the me l t  ox 1 d \ zed t o  s \ ngl e-pha se ( U , Zr ) 02 . Note 
that  ( U , lr ) 02 formed by th \ s  1 \ qu \ d - s ta te ox 1 da t 1 on mecha n \ sm 
1 s  ver y d 1 f f 1 c u l t to d 1 s t 1 ngu \ sh f r om a rap \ d l y  c oo l ed , 
s uper heated ceram1c  me l t ,  u n l e s s  the me l t  ha s c oa ted fuel  or  
l r 02 . Wherea s  a me ta l l \ c me l t  mus t  r educe t he adj acent ox 1 de ,  
a c eraM1 c me l t  cou l d  not a l ter the oxygen concen t ra t 1 on o f  the 
c oa ted substra te . 

o Par t \ c l e 60 1 s  a l so r epresenta t \ ve o f  those par t 1 c l es conta t n \ ng 
ox t d \ zed f ue l . As deta 1 l ed 1 n  Append \ x  c .  a second fuel  phase 
wa s exposed by  etc h \ ng th \ s  par t \ c l e . Quan t \ ta t \ ve Scann \ ng 
Auger Spec troscopy ( SAS ) wa s used to mea sure an average oxygen 
concen t ra t \ on t n  the f uel  ma t r 1 x  of 7 1  a t .X .  wh \ ch conver t s  t o  
uo2 . 44 - -we 1 1 a bove s to 1 c h \ ome t r 1 c  U02 . Accord 1 ng to t h e  U -0 
phas e  d 1agram \ n  F t gure  31 , t he two phases are u4o9 and 
uo2 . 6  ( e t ther u5o1 3  or u8o21 ) .  Therefor e ,  oxygen ga s 
or  hydrox \ de rad1ca l s  mus t  have d \ f f us ed 1 n to t he uo2 a bove 
1 900 K .  Add 1 t 1 ona 1 SAS mea suremen t s  c on f \ rmed tha t  f ue l  next to 
the a dherent me l t  wa s reduced bac k  to uo2 wh \ le the me l t became 
( U . Zr ) 02 • wh \ c h  agrees w1 th  the r esu l t s  of t he meta l l ography . 

Pr \ or mo l ten s t r uc tu r a l  ma ter 1 a l s  were  obser ved \ n  a few samples . 
def t n 1 ng the l ower temperature  r ange for those par t \ c l es . An upper 
te.pe r a t u r e  c ou l d  not be estab1 1 s hed for pa r t \ c l es  w1 th no unme l ted 
por t 1 on s . A l s o ,  t he temperatures  quoted are the h \ ghes t  peak temperature  
for  the ma ter 1 a l s  tha t make up a g \ ven pa r t \ c l e . Thus . the peak 
teape r a t u r e  quoted c ou l d  be for a sma l l  l a yer of ma ter \ a l  adher \ ng to the 
s ur face of a n  otherw1 se l ow temperature  par t 1 c l e .  
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Two-phase 
oxidized 
fuel 

Photomacrograph (unetched) 

(U, Zr)02 

4---- Bakelite 
f i l led 
carbon 
fibers 

F i gure 3 0 .  Part i c l e  6 0  ( E9 ,  5 6  em ) shows where the  oxi d i zed fue l mi xture 
of U40g and Us0 1 3  have been reduced to U02 at one 
corner by contact w i th an i n i t i a l l y  meta l l i c  u �zr-O · me l t .  
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3 . 2 . 3  I n terac t 1 ons of F ue l  Rod and Non -f u e l  Rod Ma ter 1 a l s  

The fuel rods , 1 nc l ud 1 ng uo
2 

pe l l e t s  and z 1 r ca l oy c l add 1 ng ,  made up 

about 92% of the or i g i na l  TMI -2 core  i nventor y .  The r ema 1 n 1 ng 8% wa s 

s tr uc tural  and control  ma ter i a l . Tab l e  1 0  1 1 s t s  the  core  ma ter i a l s  by 

e l emen tal  we i ght  percen t , exc l ud i ng oxygen . 

Mos t of  the par t i c l e s  conta i n  a t  l ea s t some t races  o f  s t ructura l  

ma ter i a l s ( Cr ,  Fe ,  and  N 1 ) ,  and 1 n  some c a s e s  s tr uc tu r a l  ma ter 1 a l s  are  a 

s i gn i f \ cant  pa r t  of the par t i c l e  ( see Par t i c l es 4A , 6C , 7A , or  BC 1 n  

Append 1 x  C ) . These ma ter 1 a l s  a r e  c ommo n l y  found mi xed 1 n t 1 ma t e l y  w1 th 

pr 1 or mo l ten fuel rod ma ter 1 a l s ,  pr 1 mar 1 l y at gr a 1 n  bounda r 1 es or 1 n  

voi ds . However , 1 t  wa s a l so common t o  f i nd t races  o f  F e  1 n  the base 

ma ter 1 a l  ( see Tab l e  7 for a l 1 s t i ng of  par t 1 c l e s  that conta i n  Fe 1n the 

ba se mater 1 a l ) .  The a l mo s t  u n 1 ver sal  occur rence  of s t ruc tural  mater ia l  

wi th pr 1 or mol ten fuel  rod mater i a l s  1 nd 1 ca te s  t ha t  s tr ong r eac t 1 on s  took 

place  between fuel and s t ruc t ura l ma ter 1 a l s .  Thes e  r eac t 1 on s  have been 

obser ved by Hagen et a l . i n  exper i men ts  wi t h  e l e c t r 1 c a l l y  hea t ed fuel rods 

and I nconel gr 1 d  spacer s . 22 

Structural  ma ter i a l s  ( N i  wi th  sma l l  amoun t s  of F e )  a l so were found 1n 

non -ox 1 d i zed metal l 1 c  form,  mechan 1 ca l l y  bonded t o  f u e l  r od ma ter 1 a l s ,  as 

seen 1 n  Par t 1 c l e  1 1 8 .  N 1  a l l oyed w1 th  sma l l  amounts  of Sn and occa s 1 onal ly 

f i s s 1 on produc ts  ( Ru and Tc ) wa s found scat tered thr oughout many  of the 

par t 1 c l e s 1 n  sma l l ,  round , meta l l i c  ( non-ox 1 d i zed ) 1 nc l us 1 on s . I t  1 s  

pos s i b l e  for Ni to be separa ted f r om the o t he r  I nconel  o r  s ta 1 n l es s  s teel 

con s t i tuents  through a membrane sepa ra t 1 on p r oc e s s ,  whereby the F e  and Cr 

preferen t i a l l y  d 1 ffuse  i n to the  s o l i d  ( U , Zr ) 02 . An examp l e  of t h 1 s  can 

be s een in Par t 1 c l e  7 E , a l ong an  edge tha t  conta i n s  ma ny sma l l reg1 ons of 

Ni s u r r ounded by ma ter i a l  h 1 gh 1 n  C r  and F e .  

Control  rod ma ter i a l s  ( Ag ,  I n ,  and C d ) wer e  not  a s  c ommonl y  found as 

the s t ructural  ma ter i a l s .  Ag wa s occa s 1 ona l l y  found , pr 1 ma r 1 l y 1 n  

i n c l u s i ons , and there wer e  two m1 nor occ u r rences o f  I n  and C d . However , 

maj or por t i ons of  three par t 1 c l es ( Pa r t 1 c l es 8H , 90 , a nd 9E ) wer e  meta 1 1 1 c 
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TABl E 1 0 .  TMl -2 CORE C OMPOS I T I ON BY E l E ME NTAl WE I GHT PE RCE NT 

E letten t  We 1gh t  Percenta 

u 7 1 . 7 7 
l r  1 9 . 89 
F e  3 . 01 
Ag 1 . 7 5  
C r  1 . 00 

N l  0 . 9 1  
I n  0 . 33 
Sn 0 . 32 
A 1  0 . 1 8 
8 0 . 1 4  

Cd  0 . 1 2  
Mn 0 . 09 
Nb 0 . 05 
S \  0 . 04 
c 0 . 04 

Mo 0 . 03 
Gd 0 . 0 1 
n 0 . 01 
N 0 . 0 1  
Co 0 . 01 

s <0 . 01 
Ca <0 . 01 
p <0 . 01 
H f  <0 . 01 
y <0 . 01 
.. <0 . 01 

a .  The t n t t t a l  oxygen c on tent ( 9 . 02 wt .%  tota l t n  fuel , po \ son rods , 
Zr02 s pacer  pe l le t s ) wa s om\ t ted \ n  ca l c u la t 1 ng these we\ gh t  per cents  to 
avold confus t on w t t h  t he ox \ da t t on tha t occ u r r ed dur 1 ng the acc 1 den t . 
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Ag conta 1 n 1 ng N 1 -Sn 1 nc l u s 1 ons . Par t 1 c l e  96 wa s c omposed c omp l etely  of  the 

Ag ma ter 1 a l , and Par t 1 c l e s  BH and 90 conta 1 ned ceram1 c fuel  r od mater 1 a 1  

mecha n 1 ca l l y  bonded t o  t h e  Ag ma ter 1 a l . Th 1 s  l a c k  of  m1 x 1 ng w1 t h  fuel rod 

ma ter 1 a l s 1 s  probabl y due to  the ear l y  fa 1 l u re o f  the  control  r od s , wh 1 1e 

the rest  of the fuel rod bund l e  was s t 1 l l  1 n tac t . I n  add 1 t 1 on ,  eutec t 1 c  

1 n terac t 1 ons  were probably  1 nh 1 b 1 ted b y  ox 1 de l ayer s .  

The maj or source o f  Al  1 n  the core  wa s f r om a l um1 na-boron carb 1 de 

( B
4

C-Al
2

0
3

) burnabl e  po 1 son rods . A l  a l so 1 s  a m1 nor a l l oy 1 ng 

e l emen t  1 n  I nconel , and there wer e  other m1 nor sources . However , Al  was 

found w1 th other s t r uctural  ma ter 1 a l s  1 n  over ha l f  o f  the par t 1 c l es  that 

conta1 ned s t ruc tural  ma ter 1 a l s .  I f  the source  o f  A l  1 n  these par t 1 c l es  was 

I nconel , then there wou l d  have had to have been a segrega t 1 on process  at  

work  concentrat 1 ng the Al . However , 1 f  the source o f  A l  was the po1 son 

rods , then there f 1 r s t  wou l d  have had to have been eutec t 1 c  1 nterac t 1 ons 

between I nconel gr 1 d  spacer s ,  z 1 r c a l oy c l add 1 ng ,  and a l um1 na , caus 1 ng 

1 1 quefac t 1 on and f l ow ,  and then event ua l  1 nterac t 1 on w 1 th f ue l  r ods . 

Par t 1 c l e  6C conta 1 ns excep t 1 ona l l y  l ar ge amoun t s  o f  A l , 1 nd 1 ca t 1 ng a 

pos s 1 bl e  d 1 rec t  1 ntera c t 1 on w1 th  a po 1 son r od . There a r e  a r ea s  on th 1 s  

par t 1 c l e  where pos 1 t 1 ve e l emental  1 dent 1 f 1 ca t 1 on 1 s  not  pos s 1 bl e  because of 

nonconduc t 1 ve proper t 1 es , but there a r e  1 nd 1 ca t 1 on s  tha t these a r eas are 

a l um1 na . 

3 . 3  Chem1 cal  Ana lyses  

E l emental  anal ys 1 s  wa s per formed on the recomb 1 ned bulk  samp l es and 

par t 1 c l es  and a l 1 quots  us 1 ng 1 nduc t 1 ve l y  coupl ed p l a sma s pec t r oscopy 

( ICP ) .  The or 1 g 1 na l  e l emental  c ompo s 1 t 1 on and tota l we 1 gh t s  of pr 1 nc 1 pal 

components  for the core  and a control  r od fuel a s s emb l y  are  presented 1 n  

Tabl e  1 1 . The e l emen ts for wh 1 c h  ana l ys 1 s  wa s per f ormed b y  I C P  a l so are 

1 dent 1 f 1 ed .  The e l emen t s  were s e l ec ted for anal y s 1 s  to  charac ter 1 ze the 

f 1 ve groups of ma ter 1 a l s  present 1 n  the c or e ;  uran 1 um fuel and z 1 rca l oy 

c l add 1 ng ,  Ag- I n-Cd control  rod ma ter 1 a l s ,  burna b l e  po 1 son r od ma ter 1 al s ( Al ,  

Gd , and B ) ,  s tr uc tura l ma ter 1 a l s ( s ta 1 n l es s  s teel  and I nconel ) ,  and Te . 
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TABLE 1 1 .  TMI -2 REACTOk CORE AND CONTROL ROO FUEL ASSEMBLY COMPOSI T ION 1 

Ma ter i a l we i ght We i ght (We ight ) E l ement Percent Mater i a l E l ement Percen t 
. uo2 U-235a 2 . 265 l ncone 1 - 7 1 8  N i a  5 1 . 900 (93 ,050 kg ) U-2384 85 .882 ( 1 ,2 1 1 kg) era 1 9 .000 ( 526 kg ) b 0 1 1 .853 (6 .8 k g )  F e  a 18 .000 

Nb 5 . 553 
Mo 3 .000 

Z ircal oy-4 Zrl 9 7 .907 T i  o .ooo ( 23,029 �g ) sna 1 . 60  Al a 0 . 600 ( 1 25 kg ) Fea 0 . 225 Co 0 .4 70 
era 0 . 1 25 s i a 0 .200 
0 0 .095 Mna 0 . 200 
c 0 . 0120 N 0 . 1 30 
N 0 .0080 Cu4 0 . 100 
H f  0 .0078 c 0 . 040 
s 0 .0035 s 0 .007 
A la 0 .0024 
T 1 0 .0020 
v 0 .0020 ZrOi zra 74 .0 
M ol  0 .0020 ( 33 kg ) 0 26 . 0  
N i a  0 .0020 (0 kg ) 
cua 0 .0020 
.. 0 .0020 
H 0 .001 3  Ag- I n-Cd Aga 8o .o 
Co 0 .00 10  ( 2 , 749 k�� I n 4  1 5 .0 
sa 0 .000033 (43 .6  kg Cda 5 . 0  
Cda 0 .000025 
ua 0 .000020 

BaC-Al 203 Al 4 34 .33 
( 26 kg ) 0 30 .53 
(0 k g )  B 27 .50 

Type 304 Fed 68 . 635 c 7 .64 
s ta i n  l es s  era 1 9 .000 
s teel N ia 9 .000 
( 676 kg ) and Mna 2 .000 Gd�03-uo2 Gd4 1 0 . 2 7  
U n i dent i f i ed s 1 a  1 .000 ( 1  1 . 5 k g )  u 77 . 72 
sta i n les s  N 0 . 1 30 (0 kg )b 0 1 2 . 0 1  
s tee l c 0 . 080 
(3 ,960 kg� C o  o .o8o ( 1 6 . 8  kg) p 0 .045 

s 0 .030 

a . E lements for wh i ch I CP ana l ys i s  was performed .  

b . Weight of  mater i a l i n  a contro l rod fue l as semb ly . 
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The obj ec t i ves of the e l emen t a l  ana l ys i s  1 nc l ude ( a )  c harac ter 1 z 1 ng 

the homogene i ty of  the core  debr 1 s  bed , both a x i a l l y  ( 0  through 94 em 1 n  

depth ) and radi a l l y  [ from the HB ( center ) t o  t he E 9  ( m1 d -rad 1 us ) 

l oca t 1 on s - -a d 1 s tance of -70 em] , ( b )  determ1 n 1 ng the  r e t en t 1 on or  

r e l ea s e  of h i gh ly  vol a t 1 l e core  ma ter 1 a l s  ( e . g . , Ag-l n -Cd ) ,  a nd 

( c )  character 1 z 1 ng the r e l oca t i on of  core  ma ter \ a l s  and  Te . 

Res u l t s  of the chemi cal  ana l ys 1 s  a s  t hey  r e l a t e  to the present  

cond 1 t 1 on of the  core  and  the  acc \ dent  scena r 1 o ,  are  eva l uated 1n  Sec t 1 on 4 .  

3 . 3 . 1  Summary of  E xam1 na t 1 on s  

Res u l t s  of  the I CP e l emental  ana l ys 1 s  f o r  t h e  recomb 1 ned b u l k  samples 

are  presented 1 n  Tab l es 1 2  and 1 3  Res u l t s  a r e  presented 1 n  we 1 ght  

percent  ( wt%) of the  d 1 s sol ved ma ter 1 a l . I n s ol ub l e  ma ter 1 a l  we 1 gh t s  are 

1 1 s ted 1n  Tab l e  E -1 2  ( Append i x  E ) .  The 1 n so l ub l e  ma ter 1 a l  wa s l e s s  than 3% 

for any sampl e .  The we 1 ght  percen t s  when added together do not equa l 1 00%, 

because  other e l emen t s  expected to be present  ( e . g . , oxygen ) wer e  not 

mea s urab l e  by th 1 s me thod . The pr 1 nc 1 pa l  e l emen tal  c omponen t s  1 dent 1 f 1 ed 

are  U and Zr , w1 th sma l l er amounts  ( gener a l l y  <5 wt%) o f  o ther e l emen t s . 

The total  uncer ta 1 n ty a s s oc 1 a ted w1 th  the r es u l t s  of  the  e l emental  ana lys 1 s  

of each r ecombi ned bu lk  samp l e  \ s  1 0  t o  1 5% .  F a c t o r s  c on t r 1 bu t 1 ng to the 

total  unce r t a 1 nty 1 nc l ude ( a )  the presence  of  1 ns o l ub l e  ma ter i a l , ( b )  I CP 

ana l ys 1 s  uncer ta 1 n ty , ( c )  uncer ta 1 n t 1 es a s s oc i a ted w1 t h  samp l e  we 1 ght  and 

vol ume mea suremen t s , and ( d )  presence  of unmea s ur ab l e  s amp l e  c omponents . 

Resu l t s  of  the e l emen ta l anal ys 1 s  o f  t he pa r t 1 c l es and a l 1 quots  are 

conta 1 ned Append 1 x  D .  The e l emen t s  mea s u r ed a r e  the  same a s  t hose  shown 1n  

Tab l es 1 2  and 1 3  for  the recomb 1 ned bul k sampl e s . The tota l uncer ta 1 nty 

a s s oc i a ted w1 th the ana l ys 1 s  of  each  par t 1 c l e  and a l i quot 1 s  general l y 

1 0  to 1 5%,  beca use of  the fac t o r s  1 1 s t ed above . However , a s  noted 1 n  

Append 1 x  D ,  the tota l uncer ta 1 n ty for s ome par t 1 c l es a nd a l 1 quot s ranges 

f rom 30 to 50% beca use  of  the sma l l  ( <1 0  mg ) por t 1 on s  exam1 ned or samp l e  

l os ses  1 nc u r r ed dur 1 ng t h e  d 1 s s o l ut 1 on and  a na l ys 1 s .  Samp l e  l o s s  was 
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TAbLE 1 2 .  EL EME N TAL CO�TENT Of THE RECOMB I NED BULK SAMPLES FROM THE H8 
CORE LOCAT l U Na 
( wtS ) 

Samp l e  1 Samp l e  7 Samp l e  3 Samp l es 8 and 9c 
· E l emen t  (23 . 56 g)

b (44 .62 g)
b (50 . 10 g}b (94 .6 g }b 

Ag 1 . 6 E- 1 1 . 9 E - 1  1 . 5 E - 1  1 . 6 E - 1  
A l  3 . 3 7  <4 . 6  E-2d <4 . 8  E - 2  <6 . 0  E-2 
8 8 . 02 E - 1  2 .8 E - 1  9 . 3  E-2 1 . 1 7  
C d  <5.9  E-3 <2 . 3  E-3 <2 .4 E-3 <3 . 0  E-3 
C r  3 .9 E - 1  3 .  7 E - 1  1 .2 E - 1  2 . 9  E - 1  
C u  < 1 . 5  E - 2  5 . 7  E-3 1 . 2 E-2 7 . 6 E-3 
Fe 1 . 1 9 1 . 1 7 5 . 0  E - 1  9 . 9  E - 1  
Gd 8 . 2  E-2 5 . 7 E-2 5 . 8  E-2 5 . 7  E-2 
I n < 1 . 8 E - 1  <6 . 9  E-2 < 7 .2 E-2 6 . 6 E-2 
Mn 4 . 1  E - 2  3 .  7 E-2 1 .  9 E -2 3 .4 E-2 
Mo <5. 9  E-2 <2 . 3  E-2 <2 .4 E-2 <3 .0  E-2 
N i  1 .38 6 . 5  E - 1  1 .  7 E - 1  3 . 3  E - 1  

�b < 1 . 8  E- 1 1 . 6 E- 1 1 .  7 E- 1 1 . 7 E - 1  
S ie 3 . 84 3 .63 E - 1  1 . 39 2 . 8 E - 1  
Sn <2.9 E- 1 < 1 . 1  E - 1  <1 . 2  E- 1 < 1 . 1  E - 1  
Te < 1 . 2  E - 1  <4 . 6  E -2 <4 . a  E -2  <4 .6 E-2 
u 7 . 03 E+ l 7 . 39 E+ l 7 . 25 E+l  7 .23 E+ l 
Z r  1 • 59 f.+ 1 1 .  76 E + 1 8 . 24 1 .42 E+ 1 

a .  I n  order of depth i n to the deor i s  bea . 

b . � 1 ght of s amp l e  mater i a l  d i sso l ved . 

c .  Samp l es 8 and 9 were comb i ned, as they h ad been mi xed dur i ng d i s so l ut i on .  

d .  Less than ( < )  va l ues are the l ower l im i t  of detec t i on for the samp l e  
ana l yz ed . 

e .  S i l i con contami nat ion from the g l as sware occurred dur ing the 
d i ssol u t ion process . 
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TABLE 1 3 .  ELEMENTAL CONTENT O F  THE RECOMB I NE D  BULK SAMPLES FROM THE E 9  

CORE LOCAT IONa 
{wt% ) 

Sampl e 4 Sampl e 5 Samp l e  6 S amp1 e 1 0  Sa���p1 e 1 1  

E l ement { 5 .  1 1  g )b { 1 6 . 64 g)b (45 . 97 g )b (57 .44 g)b {42 . 54 g)b 

Ag 1 . 5 E- 1 5 . 4  E-2 1 . 4 E- 1 1 . 3 E- 1 1 . 9 E - 1  
A l  1 . 1 <6 . 7 E-2c <7 . 7  E-2  <2 .8 E-2  < 7 . 2  E-2 
B 3 . 00  1 .4 E - 1  1 .  6 E - 1  1 .  70 E - 1  <5 .4 E-2 
Cd <2 . 1 E-2 <3 . 4  E-3 <3 . 9  E-3 <1 . 4  E-3 <3 . 6  E-3 
Cr <6 . 3 E-2  9 .4 E-2 1 .0 E - 1  1 .45 E - 1  2 .  1 E - 1 
Cu  <5 . 3  E-2 <8 . 4  E-3 <9 . 7  E-3 5 . 6  E-3 <8 . 9  E-3 

Fe  5 .  1 E - 1  2 . 1  E- 1 3 .3 E - 1  4 .33 E - 1  8 .3 E- 1 
Gd <1 . 5  E- 1 4 . 7  E-2  5 . 4 E-2  5 . 6 E-2  <2 . 5  E-2  
I n  <6 . 3 E - 1  <1  . 0  E - 1  <1 . 2  E - 1  <4 . 3  E-2  < 1 . 1  E- 1 
Mn 2 . 1  E- 1 1 . 4 E-2 1 . 6 E-2 1 .4 E-2 2 . 1  E-2 
Mo <2 . 1  E-2 <3 .4 E-2  <3 .9  E-2  < 1 .4  E-2  <3 . 6  E-2 
N i  < 1  . 1  E - 1  2 .  7 E - 1  2 .4 E - 1  2 . 55 E - 1  3 . 9  E- 1 

Nb <6 . 3  E- 1 <1 . 0  E- 1 2 . 7  E- 1 9 . 8  E-2 <1 .  1 E - 1  
s i d 2 . 20 E+ l  5 .  0 E -2 1 . 36 2 . 49 E - 1  3 . 9  E- 1 
Sn <1 . 1  <1 . 7 E- 1 <l . 9 E- 1 1 . 4  E- 1 <1 . 8 E - 1  
Te <4 .2  E- 1  <6 . 7  E-2 <7 . 7  E-2  <2 . 8  E-2  <7 . 2  E-2 
u 8 . 3 2  E+l 8 . 3 1  E+l  7 .08 E+ l  7 . 3 4  E+l 7 . 76  E+l 
Z r  1 . 14  E+ l  4 . 3 1  8 . 25  7 . 1 9  9 . 69 

a .  I n  order of depth i nto the debr i s  bed . 

b .  We i ght  of s ampl e mater i a l  d i ss o l ved . 

c .  Less than { < )  va l ues are the l ower l im i t  of detect i on for the s amp le  
analyzed . 

d .  Si l i con contami n at i on from the g l assware occurred dur i ng the 
d i ssol ut ion process .  
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determ\ ned by coapar \ ng the e l ementa l U content obta t ned by I CP w1 th 
resu l ts of  the f 1 s s 1 le/fer t 1 le ma ter \ a l  c 235u + 

238u )  ana l ys \ s  
per for.ed on t he 1 ntac t par t 1 c l e  or a l 1 quot ( Append 1 x  E ,  Tab le E - l l ) .  

X-ray d 1 f f r ac t 1 on ana l ys 1 s  was per formed on s ome par t \ c les ; however , 
due to prob l e.s a s soc 1 a ted w1 th  t he techn \ que ( deta 1 l ed \ n  Append 1 x  A ) ,  
res u l t s  were of  1 \m\ ted va l ue and , therefore ,  are  not r epor ted . 

3 . 3 . 2  Ch�1 c a l  Compo s \ t \ on of the Core Debr 1 s  

Al though 1 nd 1 v 1 dua l par t 1 c les  of the core debr 1 s  are  qu t te 
heterogeneous on a m1 c ro s t r uc tura l sca l e , a s  d \ scus sed \ n  Sec t t on 3 . 2 ,  the 
ca.pos \ t \ on of  the debr \ s  bed 1 s  pr 1 nc 1 pa 1 1 y a mt xture  of U and Zr , w1 th 
l es ser amount s  of  o ther e l emen t s , s 1m1 lar  to that 1 1 s ted \n Tabl e  1 1 . The 
average e l ementa l concen t r a t \ on s  mea sured for the rec omb \ ned bu l k  samples  
were u s ed to c harac ter \ ze the  homogene1 ty of  the debr 1 s  bed ; res u l t s  of  t he 
pa r t \ c le and a 1 1 quot ana l ys \ s  prov 1 de 1 nd 1 ca t 1 on s  of the homogene \ ty of 
1 nd t v t dua l par t 1 c l e s , or  a 1 1 quot s . Reten t \ on and re lease  of  vol a t t l e 
ca.ponent s  ( e . g . , Ag-I n -C d ) wa s es t \ma ted by compar 1 ng mea s ur ed e l ementa l 
concen t ra t \ on s  w\ t h  t he \ r  or \ g t na l  c oncentra t 1 ons  1 n  the fuel a s s emb l y  ( see 
Tabl e  1 1 ) .  E v 1 dence of r e l oca t 1 on of core component s  was determ1 ned by the 
vtde d 1 s tr 1 bu t 1 on of l e s s  a bundant con s t \ tuen t s  ( e . g . , Gd ) \ n  the debr 1 s  
bed . 

E va l ua t \ on of  t he e l emental  ana l ys 1 s  resul t s  1 s  d \ v \ ded 1 nto 
c ha r ac ter \ za t \ on of t he e l ementa l c on s t 1 tuent s  of  the f 1 ve pr \ nc \ pa l  groups 
of  ma ter t a l s  present \ n  the core : ( a )  uran 1 um fuel and z \ rca l oy c ladd t ng ,  
( b )  Ag- I n -Cd c on t r o l  r od ma t er t a l s , ( c ) burnable  po \ son r od mater \ a l s  
( B4C -A 12o3 and Gd2o3-uo2 ) ,  ( d )  s t ructural  ma ter \ a l s  ( s ta 1 n l e s s  
s tee l a n d  I nc onel ) ,  a n d  ( e )  tel l ur \ um ( the e l emental  ana lys 1 s  \ s  used t o  
eva l ua te t he beha v 1 or of f 1 s s 1 on pr oduc t Te ) .  

3 . 3 . 2 . 1 Uran t um and Z 1 rcon 1 um .  The reac tor core 1 s  composed 

pr 1 nc 1 pa l ly of u ( 82 , 000 kg ) and Zr  ( 22 , 500 kg ) .  These e l emen t s  account 

fer approx \ ma t e l y  84% of the tota l core we 1 ght . Tabl e  1 4  1 \ s t s  the U and 
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TABLE 1 4 .  URAN I UM AND Z I RCON I UM CONCENTRAT I ONS AND ZR/ U  RAT IOS  FOR THE 
RECOMBI NED B ULK SAIVIPLES 

De pth i nto U ran i um Z i rcon i um 
Zr/ U Debr i s Bed Concentrat iona Concentrat i o nb 

Samp l e  (em ) (wt% ) (wt% ) Rat i oc 

H8 Samp l e s  

l 0 70 1 6 0 . 23 
7 36 74 1 8  0 . 24 
3 56 72 8 .2 0 . 1 1  
8 an d 9 70 and 7 7  72 14 0 .20 

E9 Samp l es 

4 0 83 l l  0 . 1 4  
5 8 83 4 . 3  0 . 0 5  
6 56  7 l  8 . 2 0 . 1 2 
1 0  74 73 7 . 2  0 .  l 0 
l 1 94 78  9 . 7  0 . 1 2 

a .  I n i t i al U concentrat i on i n  the core was 65  wt%, i n  a contro l rod fuel 
assemb l y  64 wt% , and i n  a fue l rod 7 1  wt% . 

b .  I n i t i a l  Zr  concentr at i on i n  the core was 1 8  wt% ,  i n  a control rod fuel 
assemb l y  1 7  wt% , and i n  a fue l rod 18  wt% . 

c .  The Zr/U r at ios for a con tro l rod fuel  assemb l y  and the core are 0 . 26 
and 0 . 27 , res pect ive ly .  A fue l rod has  a rat i o  of 0 . 25 . 
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Zr c oncen t ra t \ on s  ( wtX) and l r /U r a t 1os  for the ten recomb \ ned bu l k  
samp l es . Rel a t \ ve l y  cons \ s ten t  U concen t r a t \ ons ( !7X) and var y \ ng lr/U 
r a t \os  ( \ . e . , var y \ ng lr  c oncen t r a t \ on s ) are  appa r en t . At the HS l oca t \ on ,  
the e l ement a l  concen t r a t \ on s  a nd Zr/U r a t \ os near the s ur face o f  the debr \ s  
bed and a t  36 e m  \ nto t he debr \ s  bed are  s 1m1 l a r . A l s o ,  t he lr/U r a t 1 os 
a r e  s 1•1 1 a r  to those \ n \ t \a l l y found \ n  a c on t r o l  r od f ue l  a s s emb l y  ( \ . e . , 
0 . 26 ) . At 56 em  \ nto t he debr \ s  bed ( Sampl e  3 ) ,  t he c oncen t ra t 1 on of  U \ s  
s 1m1 l a r  t o  t he concen t r a t 1 on s  h 1 gher \ n  the debr \ s  bed ; however , t he lr/U 
r a t \ o  1 s  approx 1 ma t e l y  ha l f  of  t he r a t 1 os for t he core  and f ue l  r ods , 
s ugge s t \ ng dep l e t 1 on ( -58X ) o f  lr  has occur red 1 n  t h \ s samp l e . The Zr  
dep l e t 1 on 1 s  p r oba b l y  caused by  me l t 1 ng and re l oca t 1 on .  The r e s u l t s  are  
eva l ua ted a s  t hey r e l a te to the cond 1 t 1 on of the core  1n  Sec t 1 on 4 . 3 .  The 
concen t ra t 1 on s  and r a t 1 os for the c omb \ ned Sampl e s  S and 9 are  s \m1 l a r  to 
those obta \ ned near t he sur face of  the debr 1 s  bed . 

The l r /U r a t \ o s  a t  t he E 9  l oca t 1 on range from 0 . 1 4  to 0 . 05 ,  1 nd 1 ca t 1 ng 
dep l e t \ on of Z r  by 46 to SOX. There 1 s  s \ gn \ f 1 cant  dep l et \ on o f  Z r  a t  a l l  
depths  a t  the E 9  l oc a t 1 on , wherea s on l y  one samp l e  f r om HS ( Sampl e  3 )  
s howed s \ gn 1 f 1 ca n t  l r  depl e t 1 on .  The data s ugges t that  s \ gn \ f \ ca n t  Zr  
dep l e t 1 on has  occ u r r ed 1n  the debr \ s  bed . 

Tab l es 1 5  and 1 6  s u� r 1 ze f r om  Append \ x  D t he we \ gh t  percent o f  U 
present \ n  eac h  par t 1c le a nd a l 1 quot . Tabl es 1 7  and l S  1 \ s t  the Zr/U 
r a t 1 os for par t 1 c l es and a l \ quot s obta \ ned f r om the HS and E 9  samples , 
respec t 1 ve l y .  The resu l t s  for the par t 1 c l es and a l 1 quots show a much w1 der 
range of U concen tra t \ ons  ( 0  to -l OOX U )  tha n  do the r ec omb \ ned bul k  
s amp l es ( 70 t o  SOX U ) ,  par t l y  because  the par t 1 c l es were  chosen for 
spec 1 f 1 c  c ha r ac ter 1 s t 1 c s  ( e . g . , c l add 1 ng ,  fuel pel l e t , etc . ) . Observa t \ ons 
conc er n 1 ng these resu l t s  and t he 1 r  s 1 gn 1 f 1 cance are a s  fo l l ows : 

o F ew par t 1 c l e s  are  c omp l etel y U or Zr . The res u l t s  1 nd 1 cate tha t 
1 1 t t l e  u \ s  present  w1 thout s \ gn 1 f 1 cant  amounts  of  a s soc \ a ted 
Zr . l 1 t t l e  1 ntac t f ue l  ma ter \ a l  ( SSX U \ n  uo2 fuel  or 7 1 X  U \ n  
a f ue l  r od ) 1 s  presen t , and s 1 gn 1 f \ cant  d 1 s r up t 1 on of  fuel r ods 

1s  1 nd 1 ca ted . 
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TABL E  15 . URAN I UM CONTENT OF PART I CL E S  AND ALI QUOTS FROM THE H8 CORE LOCAT IONa 
( wt% ) 

Parti c l e  S i ze 
Frac t i o n  

� pm l P art i c l e/A l iguot S ampl e 1 S ampl e 7 Sam�l e 3 Sampl e 8 S ampl e 9 

>4000 A _ _  b �=b 38 72 
>4000 B 83 

bo 8 1  
>4000 c 9 . 8 b 

���o d 
>4000 D 26  _ _  b 48 
>4000 E 1 7  . 8  _ _  b 72  "' l Oad 

1 680-4000 F 5 7  72  "' l oa d 55 
1 680-4000 G 5 7  52  2 9  1 2  
1 680-4000 H 47 52  45 69  

1 000- 1 680 I 0 _ _  b 56 22 
1 000- 1 680 J 64 40 1 1  63  
1 000- 1 680 K 5 7  68 48 8 1  

7 07- 1 000 A 1 i q uot 52  3 7  58 28 
297-707 A 1 i quot 53 35  42 42  
1 49-2 9 7  A 1 i quot 45 b 3 7  3 2  

7 4 - 1 49 A l i q uot 4 1  5 2  3 5  48 
30- 74 Al i quot 36 _ _  b �2 

g3 
20-30 A l i quot _ _ c 1 9  

<2 0 A l i quot _ _ c 49 

a .  I n  order of depth i nto the debr i s  bed .  

b .  �ot reported because of an a l ys i s  prob l ems . 

c .  Not a n a l yzed . 

d .  The a n alys i s  res u l ts i noi cate the presence of other components . A l so the u n certa i n ty i s  l arge for 
these analyses i nd i c at i n g  that th i s  i s  ox i d i zed uran i um .  

40 
5 5  
7 8 
1 1  
7 2  

6 7  
1 3  
4 2  

1 4  
4 5  
_ _ b 

5 1  
_ _  b 
6 7  
3 4  
3 4  
1 7  
50 
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TABLE 16 . URANI UM CONTENT OF PARTICLES AND AL JQUOTS FROM THE E9 CORE LOCAT ION1 
(wtl)  

Part i c l e  S i ze 
Fraction 

��m� Part i c 1 elA 1 iguot Sa!ile  4 Sam�te 5 Sa!! l e  6 

>4000 A 94 62 "' 1oob 
>4000 8 58 85 0 
>4000 c 5 1  57 0 
>4000 0 .... c 90 8 .  1 
>4000 E 88 __ c 0 

1680-4000 F .... c 0 
1680-4000 G _ _ c 90 
1680-4000 H _ _  c 7 1  

1 000- 1680 I 1 7  1 1 
lOOQ- 1680 J _ _  c 1 3  
1000- 1680 K _ _  c 70 

7 07- 1000 A 1 iquot 3 1  55 
297-707 A t  i quot 44 
1 49-297 A 1 iquot 3 1  
74- 1 49 A I  iquot 32 
3 Q-74 A H quot 28 
20-30 A Hquot 

<20 A l iquot 

a .  I n  order of depth i nto the debr i s  bed . 

Sa!J! le 10 Sam�le J 1  
_ _  c "'toob 
88 _ _  c 
7 1  "'toob 
6 1  "'toob 
65 56 

63 82 
8 1  "'1oob 
68 _ _ c 

35 7 1  
54 63 

"'toob 96 

64 
_ _ J4 

38 
33 7 1  
1 7  40 
37 34 
47 22 

"'toob 

b .  The ana lys i s  res u l ts i nd i cate the presence of other components . A l so ,  the uncertainty i s l arge for 
these ana lyse s ,  indicat ing that th i s  i s  oxidized uran i um .  

c .  Not reported because of ana lys i s  probl ems . 

d .  Not ana l yzed . 



TABLE 1 7 . ZR/ U  CONCENTRAT ION RAT IOS OF PART I CLES  AN D ALI QUOTS FROM THE H8 CORE LOCAT I ON a 

P a rt i c l e  S i ze 
F ract i o n  (p m )  P art i c l e/ A l iguot Samp l e 1 S ampl e 7 S ampl e 3 S ampl e 8 S am�l e 9 

>4 000 A _ _  b 2 ·:J- 1  6 . 0 E - 2  1 . 1 E - 1  1 . 5 E - 1  
>4000 B 1 . 5 E-2  _ _  c 9 . 8 E-2  4 . 4  E - 1  
>4000 c 1 .  5 E- 1 b b 5 . 7 E- 1 6 . 6 E- 2 
>4000 D 6 . 1  E - 2  __ b 2 . 0  E-2  __ b 6 . 7  E - 1  
>4000 E 3 . 7 _ _  b 3 . 2  E - 2  5 . 1 E- 1 8 . 7  E - 1  

1 680-4000 F 2 . 4  E - 1  4 . 3 E - 2  5 . 1  E-2  5 . 4 E - 1  2 . 9  E - 1  
1 680-4000 G 2 . 4 E- 1 2 . 6  E- 1 1 . 4 E- 1 8 . 0 E- 1 4 . 3  E - 2  
1 680-4000 H 7 .  8 E - 1  7 . 4 E - 3  2 . 2 E - 1  1 . 2  E - 1  1 . 2 E - 1  

1 000- 1 680 I _ _  c _ _  b 1 . 5 E - 1  2 . 2  E - 1  2 . 0 
1 000- 1 680 J 2 . 3 E- 1 6 . 2  E-2  2 . 4 7 . 9 E- 1 , . �_s- 1  1.0 1 000- 1 680 K 2 . 3 E- 1 2 . 1  E - 1 1 . 9 2 . 5 E- 1 0 

7 07- 1 000 A l i q uot 2 . 3 E - 1  2 . 3 E - 1  3 . 4 E - 1  1 . 1 1 . 1 8  
297-707 A l i qu o t  l .  9 E- 1 7 - �

-
�- 1  l .  9 E- 1 9 . 3  E - 2  b 

149-297  Al i quot 3 . 2  E- 1 4 . 7  E - 2  5 . 8 E- 1 5 . 4  E - 1  
74- 1 4 9  A 1 i q uot 7 . 3 E - 1  8 .�

_
6- 1  9 . 2 E - 1  5 . 4 E - 1  4 . 4 E - 1  

30-74 A l i quot 7 . 9 E- 1 1 . 1 6 . 4 E- 1 5 . 8  E - 1  
<30 Al i qu o t  9 . 3 E- 1 d b d d 

20-30 Al i quot d 9 . �_a- l  _ _  d _ _  b 5 . 4  E - 1  
<20 A 1 i quot d 2 . 7  E- 1 __ d 2 . 9  E - 1  

a .  I n  order of d epth i nto the debr i s  bed . 

b .  No t reported becaus e  of an a l ys i s  pro b l ems . 

c .  A l l z i rcon i um or u r an i um; the other e l emen t  was not detected . 

d .  No p art i c l e  s i z e  ana l ys i s  w as performed for th i s  s i ze grou p . 



\D 
-

TABLE 18 . ZR/U CONCENTRAT I ON RAT I OS OF PART ICLES AND AL IQUOTS  FROM THE E9  CORE LOCAT I ON4 

Part i c l e  S he 
Fract ion 

teml Part 1 c l elA l iguot 

>4000 A 
>4000 B 
>4000 c 
>4000 0 
>4000 E 

1 680-4000 F 
1 680-4000 G 
1 680-4000 H 

1 000- 1 680 I 
1 000- 1 680 J 
1 000- 1 680 K 

< 1000 A 1 i quot 
707 - 1000 A 1 iquot 
297-707 Al i quot 
1 49-297 A 1 i quot 
74- 149 Al i quot 
30- 74 A 1 iquot 

<30 A 1 i quot 
20-30 A 1 i quot 

a .  I n  oroer of depth i nto the debr i s  bed . 

Samel e 4 

1 . 4 E- 1 
3 . 1  E-2 
2 . �_k2 

3 . 0  E - 2  
_ _ o 

b .  Not reported because of ana lys i s  prob l ems . 

c .  A l l  z i rcon i um; no uran i um was detected . 

samel e 5 

1 .4  E- 1 
4 . 9  E-2 
6.8 E-2 
4 -�-�- 3 

__ b 
b 
b --

4 ·:
_

� - 1  
_ _  b 

9 . 2 E-2 

d .  No part i c l e  s i ze ana l ys i s  was performed for smal l er s i zes . 

samel e 6 �a�1 e 1 0  

2 .4 E-2 __ b 
_ _ c 7 .8 E-2 
_ _ b 4 . 6 E-3 
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0 H 1 gher concentrat 1 on s  of  Zr  are  present  i n  t he sma l l er par t i c l e  

s 1 ze frac t i on s , w1 t h  a max 1 mum Z r /U a tom r a t i o  of  approx 1mately  

1 : 2 . 5  for the sma l l e s t  (�30 pm) par t i c l e  s 1 zes . Th i s  

obser va t 1 on 1 s  cons i s tent w1 th  prev 1 ou s l y  r epor ted r e s u l t s  

charac ter 1 z i ng debr i s  f rom fuel damage tes t s  1 n  the Power Bur s t  
23 

Fac1 l i ty reac tor of I NE L . The h i gher concen t ra t i on s  of Zr 

are probabl y  due to fragmenta t 1 on of  the z i r c a l oy c l add i ng 

remnants  and 1 ncrea s i ng oxygen content ( ox 1 da t 1 on )  for the 

sma l l er par t i c l e  s 1 zes . The Zr/U a tom r a t i os range from 1 : 7  to 

1 : 2 . 5 .  An i ncrease  in Zr/U ra t i o  wi th  d 1 mi n 1 s h i ng par t i c l e  s i ze 

i s  apparent i n  samp l es to a depth  of 56 em ( Samp l e  3 )  a t  the H8 

loca t i on ( see Table  1 7 ) . No mea s urab l e  correl a t 1 on between the 

Zr content and par t i c l e  s i ze 1 s  evi dent bel ow t h i s depth .  The Zr 

content in the E9 samp l es ( see Tabl e  1 8 )  s hows a par t i c l e  s i ze 

dependency wh 1 c h  extends thr ough 94  em i nto the debr i s  bed 

( Samp l e  1 1 ) .  The onl y  excep t i on i s  Samp l e  1 0  ( E 9 ,  74 em) , where 

the Zr  content i s  about the same for a l l  par t i c l e  s i ze f r ac t i ons . 

3 . 3 . 2 . 2  Control  Rod Ma ter i a l s  ( Ag- I n -Cd } . The Ag- In-Cd control  rod 

mater i a l s  ( 2749 kg ) account for approx i ma t e l y  2 . 2  wt% of the core we i gh t .  

They are impor tant because they are h i gh l y  vol a t i l e  and l i kel y t o  vapor i ze 

and conden se 1 n to aerosol s ,  a pr i nc i pa l  mode for t ranspor t from the core to 

the reac tor coolant  s ys tem . The three con s t i t uent s  of the con t r o l  r od s , i n  

the i r  relat i ve order o f  vol a t i l i ty ( mos t vol a t i l e  t o  l ea s t  vol at i le ) ,  are 

Cd , I n ,  and Ag . 

Tables 1 2  and 1 3  s ummar i ze the e l emen tal  ana l ys t s  resul t s  for Ag , I n ,  

and Cd i n  the recombi ned bul k  sampl es . O f  t hese  e l emen t s , onl y  Ag was 

mea surabl e  i n  the recombi ned bul k  samp l e s . The mea sured Ag concentra t i ons  

are general l y  s i m1 lar  for  both the H8 and E 9  samp l es , rangi ng from 0 . 1 3  to 

0 . 1 9  wt% . Thi s  sugge s t s  a rel a t i ve l y  homogeneous d i s t r i bu t i on i n  the 

r ubble bed . These concent ra t i ons  are equ i va l en t  to on l y  7 . 4 to 1 0%  of the 

expec ted Ag concent r a t i on of the core . The mea s ured detec t i on l i mi t val ues 

for Cd and In sugges t s i gn i f i cant  depl e t i on of both e l emen t s . 
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The par t \ c l e and a l \ quot da ta a l so 1 nd \ cate that Ag 1 s  re l at t ve l y  
evenl y  d \ s t r \ buted ( 0 . 1  t o  0 . 2  wtX) a t  the samp l ed l oca t 1 ons , w\ th  some 
l oca l 1 zed a reas o f  h \ gher concen t r a t \ons . The h \ gher concentra t t on s  t n  the 
sma l l er par t \ c l e s \ zes  s ugge s t  Ag may be present pr 1 mar 1 l y as  rel a t t ve l y  
sma l l  nodules  o r  l oca l \ zed accumu l a t 1 on s . 

A l though Cd  and I n  were  not measurable  1 n  t he rec omb 1 ned bul k  samp l es , 
the detec t \ on 1 \m\ t s  wer e  bel ow expec ted core a verage concentrat \ ons  
s ugges t \ ng s \ gn \ f 1 cant  dep l e t \ on . Ag- I n -Cd  wer e  measurable  1n  many of  the 
par t \ c les  and a l \ quot s  ( see Append \ x  D )  because o f  a l ower detec t \ on 1 \m\ t 
a s s oc \ a ted w\ th  the  s amp l e  s 1 ze ana l yzed . Where measurab l e ,  Cd and I n  
c oncen t ra t t on s  a r e  gener a l l y  h 1 gher ( 0 . 3  t o  0 . 8  wtX) t han Ag . The or \ g \ na l  
c oncen tra t \ on o f  I n  \ n  a c on t r o l  r od fuel  a s s emb l y  \ s  approx \mately  
0 . 9  wtX. The nuqber o f  samp l e s  where I n  was not  mea surable may be  due  to 
the I CP detec t \ on 1 \m\ t for I n ,  wh \ c h  \ s  approx \ ma te l y  a fac tor o f  four 
h \ gher than the 1 \m\ t for Ag ( up t o  0 . 6  wtX for these samples ) .  

Cd  was mea s urable  \ n  a l a r ger frac t t on o f  the tota l number o f  samples  
than I n ,  but  1n  f ewer than was Ag . The samp l e s  w 1 th  mea surable amoun t s  of  
Cd are pr \ nc t pa l l y par t \ c l e s \ ze f r ac t \ on s  les s than 1 000 pm . The 
smal l e s t  s \ ze f r ac t \ on s  have the h \ ghes t  Cd concen t ra t \ ons ( 0 . 2  to 
0 . 5 wtX ) . The c oncen t ra t \ on o f  Cd \n a con t r o l  r od f uel  as semb l y  \ s  
approx 1 ma te l y  0 . 3  wtX. The data  s ugge s t  Cd reten t \ on \ s  s 1m1 lar  to l n .  

No c or re l a t \ on between c oncen t r a t 1 ons  o f  the three control  r od 

cons t i tuen t s  \ s  appa r en t  for  the par t 1 c les  and a l \ quot s .  The h \ gher 

c oncen t r a t \ons  of I n  and Cd s ugge s t  tha t  these e lemen t s  are  form1 ng 

acc�l a t t ons  t n  the cor e . F or the sma l l er ( <707 pm ) par t \ c l e s \ ze 

frac t \ on s . there \ s  an  \ nc r ease  1 n  concentra t \ ons for control  rod 

c on s t \ t uen t s  w\ th  dec r ea s 1 ng pa r t \ c l e  s \ ze . The re l a t \ ve s ur face area s  of 

the \ nd \ v 1 dua 1 par t 1 c l e s \ ze f rac t \ on s  were c a l c u l a ted ( Append \ x  G) to 

determ1 ne \f  a c or r el a t \ on e x \ s t s  between e lemental  concen t r a t \ on and 

par t \ c l e  s 1 ze .  A c ompa r \ son of the 1 ncreases  \ n  concentra t 1 on of  the 

Ag-I n-Cd w\ th  the \ nc rea se  \ n  s u r face area wa s made for the d 1 f ferent 
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pa r t 1 c l e  s 1 ze frac t 1�ns . No l i nea r c or r e l a t i on w i th  pa r t i c l e  s i ze wa s 

found ; however , h i gher concen t ra t i on s  o f  the Ag- I n -Cd ma ter 1 a l s a ppear to 

be a s s oc i a ted wi th the sma l l er pa r t i c l e s . 

3 . 3 . 2 . 3 .  Burnab l e  Po l s on Rod Ma ter i a l s .  T he two b u r na b l e  po i sons 

present  in  the core are  B4
C -Al 2

o3 
and Gd

2
0

3 -uo2
. E l emen t a l  

con s t i tuen t s  mea sured dur i ng a na l y s i s  of  the  debr i s  wer e  Al , Gd , a n d  B .  A l  

a n d  Gd were  among the l ea s t  abundan t  e l emen t s  i n  t h e  c o r e ,  w i th  o r i g i na l  

i nventor i e s  o f  21 4 a n d  1 3 . 5  kg , r e s pec t i ve l y .  However , 8 wa s qu i te 

abundan t ,  wi th appr ox ima te l y 1 7 2 kg f r om the po i son rods  a nd depo s i ted 

amoun t s  from the bora ted r eac tor coo l a n t . 

The r e s u l t s  presented i n  Tabl e s  1 2  and 1 3  i nd i c a te tha t Gd wa s 

mea s urab l e  i n  mos t  of the rec omb i ned bul k samp l es a t  concen t ra t i on s  of  

0 . 04 to 0 . 08 wt%, wherea s A l  wa s mea s u r a b l e  on l y  i n  t he two s u r face  samp l es 

( Samples  l and 4 )  at  concen t r a t 1 on s  of  3 . 37 and 1 . 1 wt%. 

Observa t 1 ons  concer n i ng these r e s u l t s  and the i r  s i gn i f 1 cance  are as  

fol l ows : 

o Gd i s  r e l a t i ve l y  even l y  d i s t r i bu ted i n  the  debr i s  bed a t  

approx i ma te l y  0 . 056 wt%. On l y  four  fuel  a s s emb l i es i n  the core 

[ a t  l oca t i on s  H4 , Hl 2 ,  08 , and N8 ( see F i gu r e  2 ) ]  conta i ned 

Gd
203

-uo
2 

poi son rods . The Gd concen t ra t i on s  a t  E 9  a r e  

s i mi l a r  t o  H8 , a l though t h e  d i s tances  f r om E 9  a n d  H8 to  the 

nea r e s t  Gd rod are appr ox i ma t e l y  30 and  87 em , r e s pec t i vel y .  

These data i nd i ca te Gd has  been wel l  d i s t r i buted and evenl y  mi xed 

wi th ma ter i a l  present  i n  the debr i s  bed . The Gd concen t ra t i on i s  

4 to 7 t imes h i gher than wou l d  be expec ted i f  t he Gd wa s even l y  

d i s t r i buted i n  the ent i r e c o r e  ( -0 . 01 1  wt% ) . The mea sured 

concen t ra t i on s , i f  extrapola ted to t he es t i ma ted ma s s  o f  the 

debr i s  bed ( -20% of the core  ma s s )  wou l d  account  for  a l mo s t  

1 00% o f  the or i g i na l  Gd i nven tor y .  These data  s ugges t ,  a l ong 

wi th the Zr and Ag r e s u l t s , tha t the c ompos i t i on of t he core 

bel ow the debr i s  bed ma y be s i gn i f i ca n t l y  d i fferen t . 
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o H \ gh c oncen t ra t \ ons  of  A l  a r e  present a t  the s u r face of  the 
debr \ s  bed . l h \ s  \ nd \ cates  the presence o f  a mec han 1 sm caus 1 ng 
Al  t o  acc umu l a te a t  the s ur face ra ther than become even l y  
d 1 s t r 1 bu led w1 t h \ n  the debr 1 s  bed . The mea sured concen t ra t \ ons 
for Al at the sur face a r e  1 to 20 t 1mes grea ter than 1 f  the A l  
were  even l y  d 1 s tr \ bu l ed \ n  t he debr 1 s  bed ( -1 . 7  mg Al/g 
debr \ s ) .  Severa l mechan 1 sms for  the uneven d 1 s t r 1 bu t 1 on of  A l  
have been s ugges ted . Pos s 1 b l e  mechan \ sms are  the depos \ t 1 on of 
Al 2o3 or  A l O ( OH )  powder 1n t he sur face of  the debr 1 s  dur 1 ng 
na t ur a l  r ec 1 rc u la t 1 on or  pos s 1 b l y  vapor 1 za t 1 on/ depos 1 t 1 on o f  the 
A l  on the 1 n -core s u r faces . Vol a t 1 l e A l  c ou l d  be produced by the 
r educ t \ on o f  AL 2o3 by 1 1qu 1 f 1ed z 1 r c on 1 um .  The resul t s  of  
the par t 1 c l e  and a l 1 quot ana l ys t s  1 nd 1 ca te there 1s  a 
r e l a t \ onsh \ p  between par t \ c l e s \ ze and Al  c oncen tra t \ on ,  w\ t h  
genera l l y h \ gher c oncen t ra t 1 on \ n  t h e  sma l l er par t t c l e  s 1 ze 
f r ac t \ on s . 

3 . 3 . 2 . 4  S t r uc tu r a l  Ma ter \ a l s .  The pr \ nc \ pa l  s tr uc tura l ma ter 1 a l s  
.eas ur a b l e  \ n  t he c o r e  debr t s  a r e  F e ,  Mn , Mo , C r , N 1 , Nb , and Sn . Table  1 9  
1 \ s t s  average c oncentra t 1 on s  o f  these e l emen t s , r anges , and c ompa r 1 sons 
w\ t h  average c oncen t ra t \ on s  \n the debr 1 s  bed . No s 1 gn1 f 1 cant  
acc umu l a t \ on s  o f  any e l emen t wer e  f ound 1n  the debr 1 s ,  w1 t h  the pos s 1 bl e  
except \ on o f  Nb , wh 1 ch wa s expec ted because 1 t  ha s a h \ gh me l t \ ng po 1 n t  
( >2600 K ) . The r e s u l t s 1 nd 1 ca t e  that  there has been s 1 gn 1 f 1 cant  
dep l e t 1 on ( 50 to  7 5%)  of  s tr uc tu r a l  ma ter 1 a l s  f r om t he debr 1 s  bed . 

3 . 3 . 2 . 5  Tel l ur \ um .  Due t o  r ad 1 oac t 1 ve decay , n o  f 1 s s 1 on product  Te 

rad \ onuc l 1 des wer e  mea surable  \ n  the core debr 1 s  grab samp l es . Therefore , 

e le.en ta l  Te content wa s mea sured 1 n  an a t temp t to determ1 ne the 

concen t ra t \ on of  f 1 s s 1 on produc t Te \ n  the debr \ s  bed a t  the t \me o f  the 

acc 1 den t .  

Tab l es 1 2  and 1 3  \ nd \ cate  t ha t  Te concen t r a t 1 ons  wer e  less  than the 
I C P  detec t \ on 1 1m1 t for t he r ec omb \ ned bu l k  samp l es ; however , Te wa s 
measurable  t n  s ome  par t t c l es and a 1 1 quot s .  but  wa s near the I CP detec t \ on 
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TABL E  1 9 .  STRUCTURAL MATERIAL CONCENTRAT IONS AND RANGES OF THE TM I - 2  COR E 
DEBRIS GRAB SAMPL E S  

Me as ured I n i t i a l Core 
Average Average F ract i o n 

Concentrat i o n Concentrat i on a of Core 
E l ement (wt%) Range (wt%) I nventoryb 

H8 Sampl e s  

F e  9 . 6 E - l  5 E - 1  to 1 . 1 2 . 8  0 . 34 

Mn 3 . 3  E-2  1 . 9 E-2 to 4 . 7  E - 2  0 . 07  0 . 4 7  

C r  2 .  9 E - 1  1 . 2 E - 1  to 3 .9 E - 1  0 . 9 1 0 . 32 

Mo _ _  c _ _  c 0 . 03 _ _  c 

N i  3 . 8  E- 1 1 .  7 E- 1 to 6 . 5  E- 1 0 . 84 0 . 4 5  
Nb 1 . 7 E - l d 0 to 1 . 7 E - 1  0 . 05 3 .  1 
S n  _ _  c _ _  c 0 . 2 9  c 

E9 Samp l es 

F e  4 .  6 E - 1  2 . 1  E- 1 to 8 . 3  E - 1  2 . 8 0 . 1 6 
Mn 1 .  7 E-2 1 . 4 E-2  to 2 . 1 E- 1 0 .0 7  0 . 24 
Cr 1 . 2 E - 1  6 . 3 E - 1  t o  2 . 1 E - 1  0 . 9 1  0 . 1 3 
Mo _ _  c _ _  c 0 . 03 _ _  c 

N i  2 . 9 E - ld 2 . 4 to 3 9  0 . 84 0 . 35 
Nb 1 . a  E - ld 1 . 0 to 2 .  7 0 . 05 3 . 6  
S n  _ _  c _ _ c 0 . 2 9  _ _  c 

a .  A total cor e mass of 1 . 25  x 1 05 k g  and an  even d i s tr i but i on of the 
core i nventory from Tab l e  1 1  i s  assumed . 

b .  Fr act i on of core i nventory i s  cal cu l ated by d i v i d i n g the measured 
concentrat i on by the average core concentrat i o n . 
c .  Not detected . 
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1 \a\ t .  Table  20 1 \ s t s  wh 1 c h  par t \ c l es  and a l t quo t s  c onta 1 n  T e  and 
s u� r \ zes  the measured l e  concentra t \ ons . T he resu l t s 1 nd 1 ca te tha t  mos t  
( 7 5%)  o f  the ma ter \ a l s  conta 1 n \ ng l e  wer e  l oca ted nea r the sur face o f  the 
debr \ s  bed . The c a l c u l a ted l e  1 nventor y 1 n  t he core a t  the t tme o f  the 
acc \ dent  wa s a pprox \ ma t e l y  4 . 45 k g ,  o f  wh \ c h  800 g wa s es t 1ma ted to be Te 
1mpur 1 ty 1 n  s ta \ n l e s s  s teel and 3 . 65 kg wa s s ta b l e  f 1 s s \ on pr oduc t l e .  

5 Assum1 ng a tot a l  core ma s s  of 1 . 25 x 1 0  kg , t he a verage Te concentra t 1 on 
-3 was 3 . 6  x 1 0  wt%. The mea sured concen t r a t \ on s  range from 

25 to 277 t \mes the average core  c oncen t ra t 1 on ,  sugges t 1 ng s \ gn 1 f 1 cant 
reloc a t 1 on of  Te t o  the sur face o f  the debr \ s  bed . The source o f  the Te 
( \ . e . , e 1 t her  na t u r a l  or  f 1 s s \ on produc t )  1 s  not  known ; however ,  no 
acc umu l a t \ ons  of o ther s ta 1 n l e s s  s tee l c on s t \ tuen ts  are  present \ n  the 
sur face of  t he debr 1 s  bed except A l . 

3 . 4  Rad 1 oc hem 1 c a l  Ana lys \ s  

Rad 1 oche.1 ca l a na l ys es were  per formed on the r ec omb 1 ned bu l k  samples , 
par t \ c l e s  a nd a 1 1 quots  f r om  a l l  ten samples , and on the fer romagnet \ c  
co.ponent o f  Sampl e  6 .  Ga mmd  spec trosc opy , f \ s s \ l e mater \ a l , and 90sr 
ana l yses were  per forMed on the r ec omb \ ned bu l k  samples . These same 
ana l yses  and 1 29 1 a nd fer t \ l e ma ter 1 a l  content ana l yses were per formed on 
the par t 1 c le s  and a l \ quot s . Onl y  gammd spec troscopy ana l ys \ s  wa s per formed 
on the f e r r omagne t \ c  c omponen t of Samp l e  6 ,  because  t h \ s  por t \ on had to be 
rec omb \ ned w\ th t he bu l k  s amp l e  to a l low mea surement o f  the a verage 
rad1 onuc l 1 de c oncen t ra t t on s . 

Rad 1 onuc l 1 des were c hosen for ana l ys t s  ba sed on t he 1 r  1mpor tance to 
nuc l ea r  safety  \ s sues , because they wou l d  prov \ de 1 n forma t \ on on chem1 cal  
behav \ or ( vo la t 1 1 1 ty ,  l eac hab 1 1 1 ty ,  etc . )  and  f 1 s s 1 on produc t beha v \ or that  
w \ 1 1  hel p  def \ ne mec ha n \ sms by wh \ c h  rad \ onuc l \ des are  re leased from the 
r eac tor core  dur \ ng severe fuel  damage acc \ den t s . E va l ua t \ ons of the 
rad \ oc he.\ c a l  ana l ys t s  res u l t s  were per formed to ( a )  determ \ ne the aver age 
rad 1 onuc 1 1 de co.pos 1 t 1 on of the debr \ s  bed , ( b )  c ompare mea sured 
r ad \ onuc l \ de concen t r a t 1 on s  w1 th c a l c u l a ted r ad 1 onuc l \ de 1 nventor 1 es ( us \ ng 
the OR I GE M -2 c ode ) ,  ( c ) c o r r e l a te f 1 s s 1 on produc t conc entr a t \ on s  and 
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TABLE 20 . TE LLURIUM CONC E NTRATI ONS OF PART I C L E S  AND AL I QUOTS F ROM THE TMI -2 
CORE DE B R I S  GRAB SAMPL E S  

Par t 1 c l e s  and A l l quo t s  
Conta 1 n 1 ng Tel l ur l um 

H8 Samp l es 

Par t l c l e  l B  
Par t i c l e  1 E  
Par t 1 c l e  1 F  
Par t i c l e  l H  
74-1 49 pm a l 1 quot ( Samp l e  1 )  
30-74 pm a l 1 quot ( Samp l e  3 )  
>20 pm a l 1 quot ( Samp l e  8 )  

E 9  Samp l es 

Pa r t i c l e  4A 
Pa r t 1 c l e  4C 
Par t i c l e  4E 
Par t i c l e  5C 
Par t 1 c l e  5 1  
Par t i c l e  6 J  
Pa r t 1 c l e  l l A 

Tel l ur l uma 

Concen t ra t 1 on 
( wt%) 

0 . 5  
0 . 3  
0 . 4  
0 . 3  
0 . 8  
0 . 8  
1 . 0 

0 . 5  
0 . 3  
0 . 5  
0 . 3  
9 . 0  E -2 
0 . 1  
0 . 8  

a .  The c a l c u l a ted average tel l u r l um concen t ra t 1 on for  the or 1 g 1 na l  core 1 s  
3 . 6  x l Q-3 wt% . 
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ma ter \ a l  t ypes ( e . g  . •  z \ r c a l oy a nd s t r uc tura l ma ter \ a l s ) .  ( d )  es t 1 ma te 
r e l ocat \ on o f  core  ma t er \ a l s  ba sed on the enr \ c hment  of  \ nd \ v \ dua l samp l es , 
and ( e )  s t udy the C s  r e l ea s e  and s e t t l \ ng c haracter \ s t \ c s  of the core 
debr 1 s  ma ter \ a l s .  

3 . 4 . 1  S�ry of  Re s u l t s 

l a b l es 2 1  and 2 �  1 \ s t  the mea sured rad \ onuc l 1 de c oncen t r a t \ on s  for the 
rec oab \ ned bul k  samp l es f r om the H8 and £9 core l oca t \ ons , r espec t 1 ve l y .  
Res u l t s  a r e  r epor ted 1 n  �C 1 /g samp l e .  We \ gh t s  o f  t he r ecomb 1 ned bu l k  
saaples a l so a r e  1 \ s ted . Rad \ onuc l \ de concen t r a t 1 ons of t he 1 n sol ub l e  
por t \on of eac h r ec omb 1 ned b u l k  s amp l e ,  a s  determ\ ned by ga� s pec t roscopy 
are 1 1 s ted 1 n  Append 1 x  E .  As  d 1 scus sed 1n Sec t 1 on 3 . 3 ,  l e s s  than 3% of  any  
saaple wa s \ nsol ub l e , therefor e ,  t he rad 1 on uc l \ de c oncen t ra t 1 on of the  
1 nsoluble  por t 1 on 1 s  r e la t \ ve l y  1 n s 1 gn 1 f 1 ca n t  when c ompared w \ th t he 
d 1 s so l ved por t 1 on . The tota l uncer ta 1 n ty  a s soc 1 a ted w \ th the rad 1 onuc 1 1 de 
a na l y s \ s  of  the r ec omb 1 ned bul k  samp l e s  \ s  appr ox 1 ma t e l y 1 0%. Fac tor s 
cont r \ bu t \ ng to the t o t a l  uncer ta \ nty  \ nc l ude ( a )  the presence o f  1 ns o l ub l e  
.a ter \ a l , ( b )  uncer ta \ n t \ e s  a s s oc \ a ted w\ t h  t he a na l y t 1 ca l  me thods , a nd 
( c )  uncer ta 1 n t 1 es a s soc \ a ted w1 t h  samp l e  we 1 ght  and vol ume mea suremen t s . 

Append 1 x  E presen t s  r e su l t s  o f  the r a d 1 ochem1ca l ana l yses of  the 
par t \c l es and a l \ quot s .  The r a d 1 onuc l 1 des  mea s ured are  the same as  those 
l 1 s ted for t he r ec omb \ ned bu l k  s amp l e  1 n  Tab l es 2 1  and 22 . Res u l t s of  the 
1 29 1 and f \ s s 1 1 e/fer t \ le ma ter \ a l  content  ana l yses a l so are \ nc l uded \ n  
Append 1 x  E . Uncer ta \ n t \ es as soc \ a ted w1 t h  ana l ys t s  o f  t he par t \ c l es  and 
a l \quot s  a r e  gener a l l y  1 0%. However , a s  noted \ n  Append \ x  E .  uncer ta 1 nt \ es 
for s ome par t 1 c l e s  and a 1 1 quot s  a r e  a s  h 1 gh a s  30%, due to e \ ther ma s s  
a t tenua t 1 on c o r r ec t 1 on s  for rad \ onuc l 1 des mea sured us 1 ng l ow energy 

1 55 ( <500 keV } gamma r ays ( E u  1 s  30%) , sma l l  ( <5 mg ) samp l e  we 1 gh t s , 
or s amp l e  l os ses dur \ ng d \ s so l u t \ on . 

Tabl e  2 3  1 \ s t s  t he r e s u l t s o f  the gamma spec t r oscopy ana l y s 1 s  
per for.ed to determ\ ne t he rad 1 onuc l \ de reten t 1 on by the fer r omagnet 1 c  
c on s t \ tuen t o f  Samp l e  6 .  
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TAB L E  21 . AVE RAGE RADI ONUC L J DE CONC E NT RAT I ONS OF THE R E COMB I N E D  BULK SAMPL E S  F ROM l HE H8 CORE L OCA T I ON 
( pC I /g s amp l e  decay c o r r ec t ed t o  Apr 1 l  l ,  1 984 ) 

Samp l e  l Samp l e  7 Samp l e  3 Samp l es 8 and 9 
Rad 1 onuc l 1 de { 23 . 56 gl a ( 4 4 . 62 _gJ�- ( 50 . 1 0 g l  a ( 9 4 . 6  gla 

60c o  4 . 99 ± 0 . 1 2  E + l  3 . 9 3  ± 0 . 1 1  E + l 6 . 44 ± 0 . 1 1  3 . 4 1  ± 0 . 06 E t l  
90sr 5 . 21 ± 0 . 23 E+3 5 . 49 ± 0 . 33 E + 3 5 . 99 ± 0 . 24 f t.3 5 . 52 ± 0 . 22 E t3 

l 06R u  4 . 92 ± 0 . 1 3  E + 2 3 . 6 1  ± 0 . 1 1 E + 2 7 .  56 ± 0 . 1 7  E +2 3 . 80 ± 0 . 08 E t2 
1 25s b  1 . 1 9  ± 0 . 03 E +2 6 . 5 2 ± 0 . 28 E + l l .  l l  ± 0 . 04 h2 7 . 27 ± 0 . 2 3  E +  l 
l 29 J d  5 . 6  E -4C _ _ d 3 . 8  E -4 _ _ d 
l 34c s  6 . 7 3 ± 0 . 1 4  E t l 6 . 47 ! 0 . 1 4  E t l 5 . 22 ± 0 . 1 2  E t 1 5 . 5 3 ! 0 . 08 E t l 

l 37c s  1 . 35 ± 0 . 01 E t 3 1 . 38 ± 0 . 0 1 E t 3 1 . 25 ± 0 . 01 E t3 1 . 30 ± 0 . 0 1  E t 3 
l 44ce 3 . 04 ± 0 . 21 Et- 3  3 . 0 2  ± 0 . 21 E t3 2 . 9 5  ± 0 . 20 E t3 2 . 78 ± 0 . 01 E t3 
l 54f u  5 . 49 ± 0 . 21 E t l 5 .  30 ± 0 .  21 E t l 4 . 67 ± 0 . 1 9  E t 1 4 . 65 ± 0 . 1 0  E t l 
1 5 5f u  1 . 00 ! 0 .  30 Et-2 9 . 4  ± 3 . 1  E t l 8 . 3  ± 2 . 6  E tl 8 . 4  ± 1 . 8 E tl 
235ub 1 . 6 4  ! 0 . 59 E t l 1 . 7 8  ± 0 .  09 E t  l l .  94 ± 0 .  l 0 E t 1 1 . 84 ! 0 . 0 2  E tl 

a .  Samp l e  we i gh t  d i s s o l ved . 

b .  Ana l ys e s  for 235u wer e  per formed by t h e  me t hods d i s c us sed I n Sec t i on 2 and a r e  r epor t e d  I n mg/g s amp l e .  

c .  Re su l t s  c a l c u l a t e d  f r om a na l y s i s  o f  the par t i c l e s  and a l l quot s .  

d .  Ana l ys e s  wer e  per f ormed for l 29 J , however , s a f e t y  r es t r i c t i on s  ma de I t  nec e s s a r y  t o  r educe the samp l e  
s 1 ze , thereby r educ i ng the number o f  mea s ur a b l e  r e s u l t s  be l ow t h e  qua n t i t y r equ i r ed t o  c a l cu l a t e  b u l k  s amp l e  
concen t r a t i on s . 
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1 Ailf ll. AVlRAGl RADIONUCl i OE COICI N l RAl i ONS Of 1HI Rf CONI I Nf O  lUll S�l t S  f RON THf l 9  COif l OCAl i OI  C ..C Ut SiiiPlt may correc ttd t o  Apr t l  1 .  1984 ) 

SMplt • 
Radhmuc l hle 1 5 . ] 1 1!1 

� s . &a t o .  n h l  
6 . 33 .t 0 . 21 f t3 

l u 1 . 1 2  .t O . l l h2 
1 25Sb 8 . l 3 t 0 . 19 h l  
l 29J d  2 . 4  l -4C 
1 34ts 2 . 43 .t 0 . 06 E •l 

1 3lts 4 . 1 1 t 0 . 02 h2 
1 44ce 3 . 64 .t 0 . 1 8  f t 3  
1 S4f u  s .  4 1  .t o .  1 7  ( • 1  
l SSf u 1 . 14 .t 0 . 36 E • 2 
23SlJb 2 . 1 1  t 0 . 21 ( + 1 

a .  S.., le we \ght d \ s so l ved. 

Sallplt s 
llt.t4 111 

4 . 68 t O . l 4 E •l 
6 . 13 .t 0 . 34 h 3  
1 . 01 .t 0 . 02 ( t 3 
1 . 45 t 0 . 03 f t2 

5 . 9 f -4C 
1 . 09 t 0 . 02 h 2  

2 . 44 t O . OJ f t3 
3 . 05 t 0 . 02 hl 
4 . 88 .t 0 . 26 h l  

9 . 8  .t 3 . 2 f +l 
2 .  29 .t 0 .  1 0  (t  1 

Satlpl t  6 Sallplt 1 0  Sallplt 1 1  

__ l4S.9] at1 1�1:44 t.L - 14l.54 111 

3 . 72 t 0 . 1 2 E • l 3 . 25 .t 0 . 1 1  ( t l  5 . 18 .t 0 . 1 4 h l  
5 . 07 t 0 . 27 E •3 S . 99 .t 0 . 18 h3 4 . 97 t 0 . 25 h 3  
5 . 46 .t 0 . 1 9  h 2  6 . 54 .t 0 . 1 1  h 2  s . 6 5  t 0 .  1 6  ( • 2 
1 . 01 t 0 . 04 h2 9 .  7 2  t 0. 36 ( t  1 1 . 94 .t 0 . 04 f t2 

4 . 2 f .4C _ _ d _ _ d 
8 . 56 .t 0 . 02 h l  6 . 69 .t 0 . 1 4  h l  7 . 57 .t 0 . 18 h l  

2 . 1 1  t 0 . 01 f t 3 1 • 56 t 0 .  06 Et 3 1 . 9 1  .t 0 .0 1  h 3  
2 . 1 5  .t 0 . 22 E •l 2 . 58 .t 0 . 22 E •l 2 . 59 J: 0 . 22 ( tl 
2 . 90 .t 0 . 1 9  E • l 4 . 1 4 t 0 . 21 ( t l 3 . 23 .t 0 . 1 8 h l  

1 . 8 .t 2 . 6  h l  8 . 8  t 2 . 9  h l  8 . 0  .t 2 . 6  h l  
1 . 94 .t 0 . 01 h l  1 .96 .t 0 . 09 1 • 1  2 . 1 1  .t 0 . 1 1  E t 1 

b .  Anal yses for 235u wer e  per foraed by the .ethods d t scus sed t n  Sec t ton 2 are r epor ted 1 n  Mg/g saap l e .  

�. Resul t s  ca l cu la ted fr� ana l ys t s  o f  the par t tc les and a l tquo t s .  

d .  Analyses ve r e  per for_.d for 1 291 . however . safety restr \c t 1 ons .adt t t  necessary t o  reduce the sa.ple 
s \ ze . thereby r educ \ng the number of .easurabl� resul t s be low the quant l t y  rtqut red to calculat� bulk sa.ple 
concentrat \ ons .  
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T A B L E  23 . RADI ONUC L I DE CONC E NTRAT I ONS OF THE F E RROMAGN E T I C  COMPONE NT OF SAMPL E  & 
( pC \ /g ,  decay c o r rec ted to Apr \ 1  1 ,  1 984 ) 

Par t 1 c 1 e  S \ ze F r ac t \ on 
m 

707 - 1 000 297-707 1 49 -297 
Rad 1 onuc l 1 de ( 0 . 25 g}a ( 0 . 1 9  gla ( 0 . 025 gl a 

54Mn 7 . 4 ± 3 . 0 E -1 4 . 0 ± 1 . 2 3 . 4  ± 1 . 2 
&Oc o  2 . 01 t 0 . 02 E + 2 7 . 31 .± 0 . 07 b2 & . 1 8 ± 0 . 07 h2 

1 06Ru 3 . 22 ± 0 . 54 E +2 1 .  39 ± 0 . 1 1  h 3  7 . 47 ± 0 . 20 E + 2 
1 25 s b  2 . 35 ± 0 . 03 E + 2 3 . 34 .± 099 E +2 3 . 23 ± 0 . 1 0  E t 2 
1 34c s  1 . 86 ± 0 . 35 8 . 7 9  ± 0 . 25 E + 1  5 . 2& ± 0 . 22 E + 1  

1 37c s  3 . 6 1 ± 0 . 06 E + 1  1 . 58 ± 0 . 01 E + 3 1 . 02 ± 0 . 01 E +3 
1 44c e  1 . 24 ± 0 . 22 E +2 7 . 4 ± 1 . 1 £ + 2 4 . 7  ± 1 . 0 E +2 
1 54 E u  1 . 5 5  ± 0 . 53 1 . 35 ± 0 . 24 E + 1 6 . 7  ± 2 . 0  
1 55E u  8 . 7  ± 2 . 9  3 .  3 ± l .  1 E+ 1 2 . 0  ± 0 . 6  E + 1 

a .  We \ g h t  o f  t he fer r omagne t \ c  c omponen t .  

7 4 - 1 4 9  

� 024 g}a 

5 . 2  ± 1 . 2 
5 . 48 ± 0 . 0& E + 2 
6 . 46 ± 0 . 1 1  E + 2 
3 . 46 ± 0 . 09 E +2 
& . 1 2 ± 0 . 27 E t-1  

1 . 24 ± 0 . 01 E +3 
4 . 31 ± 0 . 86 E t- 2  

7 . 4  ± 1 . 8 
2 . 3  ± 0 . 7  E + 1 



3 . 4 . 2  Rad 1 onuc 1 1 de Compos 1 t 1on of the Core Debr \ �  

The r a d 1 onuc l \ de c ompos t t \ on o f  the core debr \ s  wa s determ\ ned ba sed 
on t he r ad 1 onuc 1 1 de c oncen t r a t \ on s  of the r ec omb \ ned b u l k  samp l es  ( 1 \ s ted 
\ n  Tables  21 and 2 2 ) . Res u l ts  a r e  d \ scus s ed \ n  the or der of expec ted 
f 1 ss \ on produc t vol a t \ 1 \ ty .  

F \ s s 1 on prod uc t s  are  ca tegor \ zed \ n  Tab l e  24 by vol a t 1 1 1 t y of the 
ch�\ca l gr oup and e l emen t . l h \ s  group \ ng 1 s  cons \ s tent w\ th the WASH - 1 400 

24 25 charac ter 1 za t 1 on .  • Some pos s \ bl e  c hem1 ca l c ompounds for eac h e l ement 
are a l so s u� r 1 zed , and the bo 1 1 1 ng tempera t u r e s  of e l emen t s  and some 
coapounds a r e  1 \ s ted . Rad 1 onuc l \ des for wh \ c h  ana l ys t s  of the core debr \ s  
grab samp l es wer e  per f ormed a l so a r e  \ nd \ cated . 

The h \ gh -vol a t \ 1 \ ty f \ s s \ on produc t groups ( I ,  I I ,  I I I ,  and I V . a )  
s hown \ n  Tab l e  24 conta \ n  t he nob l e  ga se s , ha l ogens , a l ka l \ me ta l s , and 
heavy cha l c ogen s . and a r e  c ha r ac ter \ zed by bo \ 1 1 ng po \ n t s  l e s s  than 1 600 K 
for t he e l emen tal  forms a s  wel l  a s  for the 1 \ s ted ox \ de compounds .  

lhe med 1 um-vo l a t 1 1 1 ty f \ s s \ on pr oduc t s  a r e  c harac ter \ zed by bo1 1 1 ng 
po\ n t s  l e s s  tha n  31 00 K ( U02 me l t 1 ng ) . These mater 1 a l s  1 nc l ude f \ s s \ on 
produc t e l emen t s  f r om  the Gr oup VA meta l s ,  a l ka l \ ne ear t h s , s ome of t he 
rare  ear ths , and ac t \ n \ des . The vola t 1 1 1 ty of  e l ements  \ n  t h \ s 
c la s s \ f \ c a t 1 on 1 s  s t r ong l y  dependen t on chem \ c a l  form.  F or exampl e ,  BaO 
has a l ow vol a t 1 1 1 ty ,  BaH2 ha s a med 1 um vo l a t \ 1 1 t y ,  and Bao2 ha s a h 1 gh 
vol a t 1 1 1 ty .  The chem1 ca l form of Ba w1 1 1  depend pr 1mar 1 1 y on fuel 
c h�t s t r y ,  the ox 1 d 1 z 1 ng poten t 1 a l  \n the r eac tor  coo l ant sys tem, and 

teaper a t u r e . 

The 1 ow-vo l a t \ 1 1 ty ma ter \ a l s  \ nc l ude f 1 s s 1 on produc t e l ements  from the 
nob l e  me ta l s ,  t he r ema 1 n t ng rare  ea r ths  and ac t \ n \ de s , tetrava l ents , and 
ea r ly t r ans 1 t 1 on e l emen t s . Genera l l y the ox \ des of t hese e l emen t s  a l so 
have low vo lat 1 1 1 t 1e s ; however , L a O  and s ome of t he nob l e  meta l ox \ des are  
s 1 gn 1 f \ c an t l y  more  vo l a t \ l e than  the  e l emen t .  
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TABLE 24 .  CORE MATER IAL VOLAT I L I TY GROUPS 

wASH- 1 400 Bo i 1 i n ga Bo i 1 i n ga 
Group Temperature Temperature Ana l ys i s  Number Chem i c a l  Grou� E l ement (K } Vo l at i l i t� Pos s i b l e  Com�ounds (K). Vol ati l i t� Performed 

F i s s i o n  Products 

Nob l e  gases Krb 1 2 1  H i gh 
xeb 1 66 H i gh 

I I  H a l ogens Br 332 H i gh c s sr;b 1 5 7 3  H i gh X 
I 458 H i gh C s l  1 553 H i gh 

H I  238 H i gh 
. 

I I  I A l k al i meta l s  Rbb 9 7 3  H i gh Rb lb 1 5 7 7  H i gh X 
Rb 20 H i gh 

csb 
Rb2U2 1 2 7 3  H i g h  

963 H i gh C s ib 1 553 H i gh 
CsOH "l350c H i gh 
C s2 o H i gh 
Cs202 
C s2 uo4 b 

923 H i gh 
........ 0 

Seb +=:> I V  . a  He avy chal cogens 958 H i gh SeDJ 453 H i gh X 
Se02 6 1 3  H i gh reb 1 2 15 H i gh Te� '1< 1 4 50 H i gh 
Te�02 
s i  ver-tel l ur i de 
i ron-te 1 1  ur i de 
z i rcon i um te l l ur i de 
t i n-tel l ur i de 
n i cke l -tel l ur i de 
chrome-tel l ur i de 

F i s s i o n  Products 

I V  . b  Group VA meta l s  Sbb 2023 Med i um Sb2 03 1 823 Med i um X 
v A l k a l i ne earths Sr 1657 Medi um Srob '13 1 00c Low X 

Ba 1 9 1 3  Med i um BaH6 1 673 Med i um 
BaO '13500c Low 
Ba� 1 073 H i gh 

V I  Rare ear th s  E u  1870 Med i um E u 203 b 
Sm 205 1 Med i um Sm203 b 
Pm 2733 Medi um Rm203 b 

Act i n i des Am 2880 Med i um Am02 b 



TABL£· 24.  ( cont i nued ) 

w�- 1400 Boi l  tng1 Bo f 1 tng1 
Group Temperature Temperature Anal ys f l  ttuaber Chemical Groue Elemen t  lK) vo 1 at f 1 1tz PosJ fble  com22unds '"! volati Htz Perfonaed 

V I  Nob 1 e meta 1 s  :$ 3 4 1 3  Low PdO X 
4000 Low Rh� 

R IP  4 1 7 3  
Rh�? Low Ru 
Ru04 Mob 4 885 low Mo� b 
Moa 3 ... uooe High 

tcb 5 150 
Mo l lOW 

V l l Rare earths y 36 1 1  low YzOJ 
b 

L a  3730 Low L aO Med1 UIII-H1gh X 
La�03 

b 4473 Low 
Ce 3530 Low Ce � 

..... Ce6 3 b 
0 P r  3485 Low Pr � c.n 

Prz 3 b 
NCI 3400 Low Nd2o3 

Act i n ides Np 4 1 75 Low NpOz b 
Pu 3505 Low PuOz : '1.3570 low 
Cm low CmOz 

T etrav a l ents zrd 4650 Low ZrOz b 5273 Low 

E ar l y trans i t i on Nb 50 1 5 Low NbO� b low 
Nbz s 

a .  Bo i l i ng temperature at 1 atm • •  data pr imar i ly from CRC Handbook of Chemi s try and Phys ics . 56th Ed i t i on .  

b .  Probab l e  chem i c a l  form of the f i s s ion product w i th i n  the fuel . 

c .  NAA-SR- 132 . 

d .  Z i rcon i um  i s  both a f i ss ion product and a s tructural mater i a l . 

e .  Probab l e  form of oxide rel eased because o f  MoOz decompos i t i on . 



3 . 4 . 2 . 1  Ces 1 um and 1 od 1 ne .  
1 291 and 

1 34 • 1 37c s  a r e  the mos t  

vol at 1 l e rad 1 onuc l 1 des mea s ura b l e  1 n  the c o r e  debr i s  grab  samp l es and  have 

been r e l ea sed to the r eac tor c oo l ant  sys tem 1 n  s 1 gn 1 f i ca n t  qua n t i t 1 es .  l he 
1 29

1 concentra t 1 ons 1 1 s t ed 1n Ta b l e s  21 and 22 wer e  obta i ned by we 1 gh t 1 ng 

the resul t s  of the par t i c l e  and a l i quot ana l ys e s . 1 29 1 a na l y s 1 s  wa s 

per formed on recomb i ned bu l k  samp l es ( Samp l e s 1 ,  3 ,  4 ,  5 ,  and 6 ) .  

Subsequent safety r e s t r 1 c t i ons  made 1 t  neces s a r y  to  r educe t he samp l e  s i zes 

for Samp l es 7 thr ough 1 1 , thereby r educ 1 ng t he number of  mea s u r a b l e  r es u l t s  

bel ow the number requi r ed to  c a l c u l a te a verage bu l k  samp l e  conc e n t ra t i ons . 

The 
1 29

1 resu l t s  for the f i ve mea s ur ed samp l es a r e  mu tua l l y  cons i s ten t ,  
1 29 sugges t i ng rel a t i ve l y  homogeneou s I concen t ra t i on s  i n  the debr i s  bed . 

The e s t i mated uncer ta 1 n ty for the c a l c u l a ted concen t ra t i on s  i s  a t  l ea s t  

1 00%. Reten t i on o f  1 29 1 i n  t he fuel ma t r 1 x  and  o n  s t r uc tu r a l  ma ter i a l s  

i s  fur ther  eva l ua ted i n  Sec t i on 3 . 4 . 3  and 3 . 4 . 4 .  

1 37 
At the H8 samp l e  loca t i ons , t he concen t ra t i on s  of  C s  a t  a l l  

depths  are  r e l a t i ve l y  cons i s tent  ( wi th i n  5% o f  the a ve rage concent ra t i on of 

1 . 32 E +3 pC i /g samp l e ) . At  the E9 samp l e  l oc a t i on s , howeve r , the 
1 37

c s  

concen t ra t i ons  va ry  more wi del y .  The 1 37 c s  c oncen t ra t i on f o r  Samp l e  4 
1 37 

( E 9 ,  sur face ) 1 s  a fac tor of 5 l ower than any  o t he r  C s  concen t ra t i on 

wi t h i n  the debr i s  bed . These  da ta i nd i c a t e  a s i gn i f i ca n t  c hange \ n  

concen tra t i on a t  the s u r face  o f  the debr i s  bed . The c oncen t ra t i on 1 s  

h i ghes t for Samp l e  5 ( E 9 ,  8 em)  and genera l l y dec reases  wi th  i nc r ea s i ng 

depth , sugges t i ng the presence of  a concent r a t i on grad i en t . 

Compar i ng the mea sured 1 37c s  concen t ra t i on s  a t  t h e  H8 a nd E 9  

l oca t i ons  s uggests  s 1 gn 1 f 1 cant  d 1 fferences  1 n  f i s s 1 on p roduc t behav 1 or a t  

the two l oca t i ons : 

o The 
1 37

cs concen t ra t i on s  a r e  h i gher ( fr om 1 8  t o  85% )  a t  E 9  than 

at H8 , suggest i ng rad 1 a 1  d i f ferences  i n  t he r a d i onuc 1 1 de 

compos 1 t 1 on of the c o r e . The data  s ugge s t tha t the H8 a nd E 9  

l oca t 1 ons exper i enced d 1 f ferent  cond 1 t 1 on s  dur 1 ng o r  a f ter  the 

acc i den t . 

1 06 



0 Al though the 1 37 c s  c oncen tra t \ on s  a t  H8 are  cons t s ten t ,  a 
grad t en t  t s  t nd t ca ted a t  the E 9  l oca t t on .  A 22 to 36% dec rease 

1 37 \ n  Cs  c oncen t ra t \ on f r om Samp l e  S ( 8  e m )  to  Samp l es 1 0  and 
1 1  ( 74 to 94 em \ n  the debr t s  bed ) s ugges t s  that areas deeper \ n  
t he core  ma y  have d \ f ferent rad \ onuc l \ de c oncen t ra t t on s . 

3 . 4 . 2 . 2  Stron t t um and An t \ mony . 90sr and 1 25sb have rela t \ ve l y  
aoderate vo la t \ 1 \ t t es a s  e l ement s .  However , a s  c ompounds , Sb2o3 has a 
aodera te vol a t \ 1 \ ty ,  but  S rO ha s a l ow vo l a t t l t t y .  The c oncen t ra t 1 ons of  
90 Sr for a l l H8 s amp l es a r e  wt t h t n  6% of the a verage c oncentra t t on 
( 5 . 55 E •3 pC \ /g s ampl e ) . T hese  data \ nd t ca te tha t  the d t s tr \ but t on of 
90 Sr t n  t he debr \ s  bed a t  the H8 l oca t \ on \ s  r e l a t \ ve l y  cons 1 s ten t .  
Al so , compa r \ s on o f  the f \ ss t l e ma t er t a l  content wt th 90sr concentra t 1 ons 

90 s ugge s t s  tha t  Sr  reten t \ on \n  the fuel \s  ra ther un \ form. Other 
exaat na t t on s  ( no t  par t  of t h \ s  repor t )  have determ\ ned that sma l l  amounts 
of 90sr have l eached \ n to the r eac tor c oo l a n t . 26 Reten t t on of 90sr 
\n the fuel  \ s  d \ s c u ss ed \ n  Sec t \ on s  3 . 4 . 3  and 3 . 4 . 4 .  

At the E 9  l oca t \ on ,  t he 90sr c oncen t ra t t ons  a r e  more var \ able  
( wt th \ n  1 5% o f  the a verage concen t ra t \ on of  5 . 82 E •3 pC \ /g sampl e ) . 
However , the da ta t nd 1 ca te that 90sr t s  r e l a t t vely  even l y  depos t ted 1 n  
the debr t s  bed . 

At the H8 and E 9  l oca t \ on s , the 1 25sb c oncentra t t ons var y  by about a 

fac tor o f  2 .  T he a verage c onc en t r a t 1 on a t  E 9  1 s  approx t ma te l y  23% h \ gher 

t han a t  H8 , s ugges t \ ng a r ad 1 a l  grad t en t  or var \ a t \ on \ n  burnup between the 

tvo l oca t t on s . No cor r e l a t t on w \ t h f \ s s \ l e ma ter \ a l  content t s  apparent  

for 1 25sb . 

3 . 4 . 2 . 3  Ruthen 1 um .  R u  f \ s s \ on produc t s  a r e  expec ted t o  be r e l a t t ve l y  

nonvo l a t 1 1 e a s  t he metal  but  more vo l a t \ l e \ n  the ox \ de forms ( espec \ a l ly  

Ru04 ) .  The 1 06Ru c oncen t r a t \ on s  1 \ s ted \ n  Tables  21 and 22 va ry  

s t gn 1 f t can t l y  ( up t o  a fac tor of 2 . 8 )  a t  the H8 and  E 9  l oca t \ ons . The 

c oncen t ra t \ ons  at E 9  a r e  gener a l ly  h \ gher than  at H8 . At H8 , the 
concen t r a t \ on s  r a nge f r om 3 . 6 1 E •2 to 7 . 56 E • 2 pC \ /g ,  whereas at E9 the 

1 07 



• 

concentra t i ons  range from 5 . 46 E +2 to 1 . 01 E +3 pC i /g ,  i nd i c a t i ng a rad i a l  

concentrat i on grad i ent . No corre l a t i on between concen t ra t i on and  depth  i s  
235 

apparen t . Compar i son wi th  f i s s i l e  ma ter i a l  ( U )  c ontent  i nd i cates  
1 06 1 06 235 s i gn i f i cant  r e l oca t i on of Ru from the fuel . The Ru/ U r a t i os 

range from 20 . 6  to 39 a t  H8 and from 27 to  44 a t  E 9 ,  s ugges t i ng var i a t i ons  

i n  
1 06Ru reten t i on in  the fue l . Var i a t i on s  i n  burnup can  a ffec t t h i s 

1 06 
correl a t i on ;  however ,  further  ev i dence of  Ru r e l oca t 1 on and ev i dence 

of a corre lat i on between 
1 06

Ru and s t r uc tura l ma ter i a l  content  i s  

d i s cus sed i n  Sec t i on 3 . 4 . 4 .  

3 . 4 . 2 . 4  Cer i um and E uropi um . 
1 44

ce and 
1 54

•
1 55

E u  are  refrac tory 

ma ter i a l s  in  the l antha n i de group and were  expec ted to  have been reta i ned 
1 44 

s i gn i f i cant l y  i n  the fuel . Ce i s  d i scus s ed pr i n c i pa l l y  because  
1 44 1 54 1 55 

compa r i son of  the Ce/ • E u  ra t i os i nd i cates  tha t  the cer i um and 

Eu behave s i mi l ar l y ,  wi th the excep t i ons  o f  Samp l es 6 and 1 1  wh i ch have 

h i gher than expec ted ra t i os . 

1 44 
The Ce concentra t i ons a t  H8 are  s imi l a r  ( wi t h i n  9%) a t  a l l  

depths . Correlat i ons wi th f i s s i l e ma ter i a l  content  i nd i cates  h i gher r a t i o s  

( 1 2  to  22%) near the sur face of t h e  debr i s  bed . 

There i s  an apparent grad i en t  ( -29%) i n  the 
1 44

ce concen t r a t i ons 

a t  the E9  l oca t i ons , from h i gh va l ue s  at the s u r face  to  l ower val ues a t  

94 em i n to the debr i s  bed . Cor re l a t i on wi th  f i s s i l e ma ter i a l  content 

i nd i cates h i gher 1 44cet235u rat i os ( -28%) near the s u r face of  the 

debr i s  bed . An expl ana t i on for the var i a t i on i n  r a t i os i s  d i s c u s s ed i n  

Sec t i on 4 . 3 . 

3 . 4 . 2 . 5  Coba l t . 60 
Co i s  an ac t i va t i on product  of Co present i n  

s t a i n l e s s  s teel and I nconel . The data s ugges t  var i a t i ons  i n  concen t ra t i ons 

by fac tors  of  1 . 8 and 7 . 7  a t  H8 and E 9 , respec t i ve l y . 
60

co 

concentra t i ons  can prov i de s ome i nd i ca t i on of t he s t r uc tural  ma ter i a l  

content o f  the core debr i s  grab samp l es . 
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3 . 4 . 3  Compa r \ son w \ th ORI GE N - 2 Pred \ c ted Rad \ onuc l \ de Concen t ra t \ ons 

The mea s ured rad \ onuc l \ de concen t ra t \ on s  of  t he r ecomb \ ned bu l k  
samples  wer e  compared w \ t h  concen t ra t \ ons  pred \ c ted by the OR I GE N -2 
compu ter code 1 n  order to a s ses s reten t \ on of  rad \ onuc l \ des \ n  the c ore and 

fuel ma t r \ x .  

Two me t hods wer e  used to es t \ma te norma l \ zed r ad 1 onuc 1 1 de reten t 1 on 1 n  
the core ma t er \ a l s :  

o The measured rad \ onuc l \ de concen tra t \ on s  1 n  the c ore debr \ s  grab 
s amples  wer e  extrapo l ated to the we 1ght  of  a l l  mater \ a l s  present 
1n t he core ( 1 . 25 x 1 05 kg ) and r a t \ oed to the whol e  core 
f \ s s \ on produc t 1 nven tor 1 es . Th \ s  ana l ys t s  a s s umes the debr \ s  
bed \ s  r epresenta t \ ve o f  the core a s  a who l e . 

o The rad \ onuc l \ de concentrat 1 ons  wer e  a l so norma l \ zed to the 
amount of  U present \ n  each bul k  sample  ( see Tabl es 1 2  and 1 3 )  
and r a t \ oed t o  the pred \ c ted average f \ s s \ on produc t 
concen t r a t \ on per gram of U .  Th \ s ana l ys \ s  a s s umes tha t  the U 

conta 1 n s  t he r ad \ onuc l 1 de \ nven tory and that the samp l e  has an 
a verage burnup . 

Append 1 x  F presen t s  the average rad 1 onuc l 1 de concentra t 1 ons  per gram 
27 of  U ,  a s  pred 1 c ted by a nodu lar  OR I GE N -2 ana l ys t s .  Average pred \ c ted 

rad \ onuc l \ de c oncen t ra t 1 on s  are  u sed because the quan t \ t \ es of  f \ s s \ on 
235 produc t s  a s soc \ a ted w\ t h  each gram of U var \ es w \ th  U enr \ c hment and 

burnup ( tota l neut ron expo s ur e ) . F 1 gures F - 1 thr ough F -7 1 n  Append \ x  F 
show the var \ a t \ on s  1 n  bur nup and enr \ c hment before the acc 1 dent as  
func t \ on s  o f  r ad 1 a l  pos 1 t 1 on and depth  \n  the core . Bur nup of the reac tor 
fue l  and , c on sequent l y ,  f 1 s s \ on produc t concen tr a t \ ons  pred 1 c ted by 
ORI GE N-2 va r y  f r om  the a verage c oncentr a t 1 on by a fac tor of approx \ ma te l y  2 
for the TMI -2 cor e . Ther efor e ,  compar 1 ng norma 1 1 zed mea sured to pred 1 c ted 
concen t r a t \ on s  \ s  va l uable  pr \ nc \ pa l l y  for \ n tercompar 1 son pur poses . 

· However , a mea sure  o f  the accuracy of the compar \ son \ s  obta \ ned by 
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1 44 

c ompa r i ng reten t i on of  the r e f r a c to r y  ma ter i a l s  ( e . g . , Ce ) w i t h  

pred i c ted concen t ra t i ons  to obta i n  a n  e f fec t i ve mea s u r e  o f  retent i on .  The 
1 44

ce resu l t s  i nd i ca te reten t i on grea ter  than 1 00%, s ugges t i ng t h a t  the  

samp l es wer e  obta i ned from l oca t i ons  wi th  h i gher than a verage burnup . The 

uncer ta i n ty a s s oc i a ted wi th eac h  a na l ys i s  method i s  addres sed bel ow .  

Tabl e  25 summar i zes  the norma l i zed reten t i on o f  r a d i onuc l i de s  i n  the 

core , based on extrapo l a t i ng the r ec omb i ned bu l k  samp l e  concen t r a t i on s  to 

the total core  we i ght . W i th few excep t i on s , r e t en t i on fol l ows the  o r der of  

vol a t i l i ty of the f i s s i on produc t s  d i scus sed i n  Sec t i on 3 . 4 . 2 .  The 1 29 1 , 
1 34cs , and 1 37

cs r ad i onuc l i de concen tra t i on s  i nd i ca t e  t he l owe s t  

r etent i on ,  rangi ng from 20 t o  30% o f  the core  i n ven tory  a t  both t he H8 and 

E 9  l oca t i ons . T hese data s ugges t s i gn i f i cant  ( 70 to  80%)  r e l ea s e  of these 

f i s s i on produc ts  from the debr i s  bed . Mea s u r emen t s  o f  
1 37

cs  r e l ea s ed to 

other por t i ons  of  the r eac tor accoun t for  a pp r ox i ma t e l y  40% o f  t he core  
1 37 28 

i nven tory of  C s . 

S i gn i f i cant  va r i a t i on s  i n  reten t i on o f  1 06Ru a r e  i nd i c a ted a t  t h e  H8 

and E9 l oca t i ons . Al though the r anges over l ap for the two l oca t i on s , 

average re ten t i on va r i es  by a ppro x i ma t e l y  25% ,  s ugges t i ng s i gn i f i cant l y  

more dep l e t i on a t  the H8 samp l e  l oca t i on s . 

The mea s ured retent i on s  of  
90

sr and 
1 25

sb i n  t he debr i s  bed d i f fer 

s i gn i f i ca nt l y ,  a l t hough both e l emen t s  have s im i l a r  vol a t i l i t i es  ( the 

expec ted compounds do not ) .  The r e su l t s  i nd i ca te 
90

sr i s  s i gn i f i c a n t l y  

reta i ned i n  the debr i s  bed a t  both l oca t i on s , a s  pred i c ted . The c a l c u l a ted 

reten t i ons  are  grea ter than 1 00% and a r e  p r oba b l y  due to h i gher than 
1 25 

average bur nup a t  the samp l ed l oc a t i ons . For  Sb , however , t he a verage 

measured reten t i on i s  s i gn i f i cant l y  l e s s  ( 21 t o  3 1 % )  a t  both  l oca t i on s , 
1 37 

i nd i ca t i ng beha v i or s i m i l a r  to C s . No explana t i on i s  apparent  for the 

l ow concen t ra t i ons  of  
1 25sb ; however , Sb appear s  to be scavenged i n  s ome 

cases by s t r uc tural  ma ter i a l  ( s ee Sec t i on 3 . 4 . 4 . 2 )  and  may have been 

t r anspor ted to other l oc a t i ons  i n  the rea c tor core  ( see Sec t i on 4 ) . 
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TABU H. RADI.utliDE ltltNTIOII Ill lHf Tltl-2 COJI£1 

HI s.t)l! &J '•1•1 
FracUon Fractton of 

lota1 tore of Inventory tore Jnventorr 

l nventorr
b Aver ave 

Reta tnecl
d ....... 

Averitt 
Retataed

d 
Rano•• 

IU tonuc] tde "'I '••otrttlonc Ill Ill '!!!StrUrtUIIc Jll _w_ 

.� & . &1 h5 5 . 55 h3 11)5 98-1 13  5 . 82 h3 110 94-127 
1 . 1 5  h5 4 .97 h2 54 39-82 6.97 h2 7& 59-1 10 

125$b 3 . 70 h4 9 . 20 hl 31 22· 40 & . 23 hl 21 4 .9-34 
1 29J 2 . 29 t -1 4 . 70 E -4 2& 21 -31 4 . 1 1  t -4 23 1 3-32 134Cs 3 . 70 h4 5 . 99 h l  20 18-23 7 . 23 l •l 24 8 .2-37 

13lcs 7 .60 h5 1 . 32 h3 22 21 -23 1 . 70 h3 28 7 .8-40 '"c 2 . 75 h5 2 . 95 h3 1 34 1 26-1 38  2.80 h3 U1 98-1&5 
1 54 

.
, 

ls�:f 
6 . 38 h3 6.03 hl 98 9 1 - 1 08 4 . 12 h l  81 57-107 
1 .6 1  h4 9 .02 h l  70 64-78 9 . 16 h l  7 1  60-88 

a .  Rad t onuc l lde reten t ion I s  calculated assu.lng the core I s  ha.ogeneous and the che.tcal ca.pos l tlon Is  
s l•l lar throughout the core • 

• 
b .  The total core f i ss ion product I nventor ies ( In Cl ) ,  as calculated by ORJGEI-2, are l is ted In Appendix F .  

c .  Average concentrat i on I s  l i s ted In  pCI/t debr i s ;  decay I s  corrected to Apr i l  1 ,  1984 . 

d .  F ract i on o f  core Inventory reta i ned I s  calculated b y  extrapolat ing the average radlonuc1 1de concentration 
to the total core .,ss . 

e .  The range I s  for the •l•lnu. and .,xl.u. calculated fract i ons of core Inventory reta ined for a l l  H8 or £9 
SIIIPles . 

f .  The pred i c ted concentra t i ons for 1 54tu and 1 55£u have relatively  large associ ated uncer taint ies ( 20-301) because of uncer ta i n t ies In the product i on of these radlonucl tdes as  extrapolated to the ent i re core . 

�" 
• 

.. 
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1 44 1 54 1 55 

The ref rac tory rad i onuc l i des  ( Ce , E u ,  and E u )  wer e  

s i gn i f i can t l y  reta i ned i n  t h e  c o r e  debr i s  a t  b o t h  t h e  H 8  a n d  E 9  l oca t i on s . 

The 
1 44

ce concentrat i ons are  s i gn i f i cant l y  grea ter  than 1 00% ( 1 . e . ,  

-1 30%) . The probabl e expl a na t i on i s  that  the core  debr i s  grab samp l es 

were obta i ned from l oca t i on s  wi th  h i gher than average burnup . The 

uncer ta i n ty a s soc i a ted wi th rad i onuc l i de reten t i on s  as  determi ned f r om an 

eva l ua t i on of  the 1 44ce res u l t s  wou l d  s ugge s t  a ma x i mum uncer ta i n t y  of  

-67% for  the samp l e  wi th the h i ghes t  concen t r a t 1 on s  above the core  

average to a mean  uncer ta i n ty of  34% . These  da ta woul d  cause a r educ t 1 on 

i n  the c a l c u l ated reten t 1 on by 34% or 67%, r e s pec t i ve l y .  Th i s  c a l c ul a t i on 

uses a gro s s  1 5% uncer ta i n ty for the mea s uremen t  r e s u l t s . However , t h 1 s  

techn i que i s  con s i dered l e s s  accurate than other methods , a s  the core  mus t  

be as sumed t o  be homogeneous and c hemi ca l l y s i mi l a r . 

To be tter eva l uate reten t i on i n  the fuel  and , a s  prev i ous l y  d i s c u s sed , 

prov i de another e s t i mate  o f  rad i onuc l i de reten t i on i n  t he core  debr i s ,  the 

mea sured rad i onuc l i de concen t r a t i on s  were  norma l i zed to  the mea s ur ed U 

content for each sample  ( see Sec t i on 3 . 3 )  a nd compared to  the a verage 

f i s s i on produc t concentra t i on s  c a l c u l a ted by ORI GE N-2 . Tab l e  26 s umma r i zes 

the norma l i zed reten t i on of  rad i onuc l i des  i n  the core  debr i s ,  ba sed on 

f i s s i on product  concentra t i on s  norma l i zed to  U conten t .  A l s o  i nc l uded 1 s  

the e f fec t i ve enr i chmen t  determi ned for eac h  samp l e ,  ba sed on the f 1 s s i l e 

ma ter i a l  content f rom Tab l es 21 and 22 and U content  f r om Tab l e s  1 2  

and 1 3 .  The enr i chment r e s u l t s  i nd i cate s i gn 1 f 1 ca n t  va r i a t i on s  f r om the 

or i g i na l  U enr i chments  a t  H8 ( 2 . 64%) and E 9  ( 1 . 98%) . A t  H8 , s ome o f  t he 

mea sured enr i c hments  ( i . e . ,  Samp l e s  7 ,  8 ,  and 9 )  a r e  s imi l a r  to  t he 
or i g i na l  enr i c hmen t s . However , a t  E 9  the enr i c hmen t s  are  s i g n i f i ca n t l y  

h i gher than the or i g i na l  1 . 96% enr i c hmen t ,  i nd i ca t i ng s 1 gn 1 f i ca n t  fuel  
mi x i ng .  Or i g i na l  bur nup a t  E9 ranged from 1 931  t o  4485 MWd/MTU , wherea s  at  

H8 the bur nup ranged from 2057 to  621 3 MWd/MTU . A l t hough H8 had a h i gher 
or i g i na l  burnup , the data i nd i ca te s i gn 1 f i ca n t  r e l oca t i on .  The f r ac t i ons  

of  the  core  i nventory  reta i ned are  s i mi l a r  to  those  l i s ted i n  Tabl e  25 . 
The uncer ta i n ty a s s oc i a ted wi th  th i s  ana l ys i s  ad determi ned f r om an  

1 44 eva l uat 1 on of  the Ce res u l t s  wou l d  i nd i cate  a max i mum uncer ta i n ty of 

1 1 2  
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lAIU 16. MIIOIUCUDf RUfll JON IIORMUZIO TG UIWUtll COilliJI 
" Cl of core tnventorrl 

ladtomac 1 \de 

�� 
l lS$b 
129) 
1 34ts 

1 31ts 
1 44te 
1 54fu 
1 55( , 23StJI/ 38u 
(�) 

Calculated 
Core Avenge 

Concentra t 1on
b 

��'l• �u 
8 . 1 2  E -3 
1 .41 l -3 
4 . 53 E -4 
2 .81 E -9 
4 . 53 E -4 

9 . 32 E -3 
3 . 31 E -3 
1 .82 E -5 
1 .98 ( .4 

_j_ 
9 1  
50 
31 
28 
21  

21  
1 28 
100 
72 

2 . 3  

H8 $Wltl' 
_L __!_ l.. t!!U 

91 102 94 
35 74 37 

- �3 34 .�1 19 
1 9 1 6  1 7  

20 18 1 9  
1 21 121  1 1 4 

92 82 82 
64 58 59 

2 . 4  2 . 7  2 . 5  

n S.lt�' 

-L _!._ ..L ..!L 
94 100 88 101 
61 86 ss 63 
22 3 . 8  32 -� 1 0  25 l1 

6 . 4 29 27 20 

6 . 2  32 32 23 
1 30  1 10 90 104 

84 75 52 72 
69 60 56 61 

2 . 5  2 . 8  2 . 7  2 . 7  

a .  Che.tcal  ana l JSes tnd lcate there are n o  s tgn l f lcant concentrat ions o f  s truc tura l  c01p0nents and, 
consequen t l J ,  the calculated reten t i on I s  representa t i ve of the debr i s  bed wi thout s 1gn1ftcant struc tural 

\ontH\nat ton. 

b .  Calculated concentra t i ons are frOB Appendi x  F and are decaJ corrected t o  Arp1 1  1 ,  1984 . 

c .  Urantu. content used for �or.a l l ra t l on frOB elemental content tn Sec t i on 3 .  

d .  lot repor ted . 

e .  23Su values are from Table E -1 1 ,  and total uran i um from Tables 1 2  and 1 3 .  

• 

.lL 
79 
sz 
-�a• 
22 

26 
99 
53 
52 " 

2 . 7  



34% w1 th a mean va l ue of  20% . Ther efore . the mea s u r ed r e ten t 1 on s  c ou l d  

conce 1 vabl y be reduced b y  these  frac t 1 ona l perc en tage s ( e . g  . •  a verage 
1 37

c s  reten t 1 on wou l d  be reduced from 22% to 1 4 . 4% ) . 

Tab l e  27 compares  the frac t 1 ons  o f  core  1 nven t o r y  r e ta 1 ned . c a l c u l a ted 

by extrapo l a t 1 ng the mea sured f 1 s s 1 on pr oduc t concen t ra t 1 on s  to  the we 1 gh t  

of  a l l c ore componen t s  and norma l 1 z 1 ng to  t he quan t 1 t y  of  f 1 s s \ on produc t s  

presen t  1 n  a gram o f  U .  Reten t 1 on ca l c u l a ted b y  e 1 ther method 1 s  s 1 m1 l a r ; 

however . the c a l c u l a ted reten t 1 on ba sed on the quan t 1 ty o f  f 1 s s 1 on pr oduc t s  

1 n  a gram o f  U 1 s  l ower ( 1 0 to  1 5%) . Th 1 s  method pr obab l y  \ s  mor e  

accurate . beca use the quant 1 ty of  s t ructura l  ma ter 1 a l  1 n  t h e  debr 1 s  bed to  

wh 1 ch ext rapo l a t 1 ons  us 1 ng core  we 1 ght  are  made 1 s  not  we l l  known . 

3 . 4 . 4  F 1 s s 1 on Produc t A s s oc 1 a t 1 on W1 th  Zr and S t r u c t u r a l  Ma ter 1 a l s  

F 1 s s 1 on pr oduc t a s soc 1 a t 1 on w1 th  Z r  and s t r u c t u r a l  ma ter 1 a l s 1 nd 1 cates  

re lease of f 1 s s 1 on produ c t s  f r om the fuel  and s ubsequent a s soc 1 a t 1 on ( by 

vapor 1 za t 1 on/depos 1 t 1 on .  c hem 1 c a l  reac t 1 on .  e tc . ) w1 t h  o ther ma ter 1 a l s  1 n  

the core reg 1 on .  Da ta used 1 n  th 1 s  eva l ua t 1 on a r e  f r om t h e  gamma 

s pec troscopy ana l ys 1 s  of  t he fer romagne t 1 c  c omponen t s  of  Samp l e  6 and f r om 

ana l ys 1 s  of par t 1 c l es and a l 1 quot s  tha t  are  p redom1 nan t l y  u .  Z r , or  

s t r uc t ural  ma ter 1 a l . 

3 . 4 . 4 . 1  

s pectrosc opy 

of Samp l e  6 .  

Ferromagnet 1 c  Ma te r 1 a l  Ana l ys 1 s .  Tab l e  28 1 1 s t s  t he gamma 

ana l ys 1 s  res u l t s  from the mea s urab l e  fer r omagnet 1 c  component s  

These da ta prov 1 de a n  1 nd 1 ca t 1 on of  t he f 1 s s 1 on produc t 

concen t ra t 1 ons a s s oc 1 a ted w1 th s t r uc tura l  ma ter 1 a l s .  Tab l e  28 c ompa res  

rad 1 onuc l 1 de concen t ra t 1 ons  o f  t he fer r omagn et 1 c  c omponen t s  w 1 t h  those  of  
the  recomb 1 ned bu l k  samp l e s . The  data  can be d 1 v 1 ded 1 nt o  two d 1 s t \ nc t  

groups o f  rad1 onuc l 1 des . The f \ r s t  group . 1 n c l ud 1 ng 
60

c o . 
1 06

Ru . a nd 
1 25 

Sb . genera l l y show �oncen tra t 1 ons  h 1 gher than those  of  the a verage 
recomb1 ned bu l k  samp l e s . whereas the concen tr a t 1 on s  of  the  second group . 
1 34 1 37 1 54 1 55 Cs . C s . E u .  and E u .  are  l ower than the a verage 

54 concent ra t 1 ons . The Mn ( no t  mea s urab l e  1 n  the recomb 1 ned bu l k  s amp l es ) 
60 

and Co are neutron ac t 1 va t 1 on produc t s  of s ta 1 n l e s s  s teel  and a r e  

1 1 4  
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lAilE 27 .  COMPARISON OF RADI ONUCL I D£ RE TENT I ON CALCULATE D BY D I F F E RE NT 
MEtHODS 

• (I of core tnventory) 

H8 Sa•les E9 Samples 

E xtrapol a t t on f x tr apol a t t on 
f xtrapolat ton to a Gram E xt rapo l a U on to a Gram 

llflwc 1 tcle to tore ltletghta of Uran , utl
b 

t o  Core Welght
1 

of Urant unt
b 

l:Sr 105 95 1 1 0 92 

�� 54 49 76 63 
31 28 21 1 8  12t 26 23 23 1 9  . I 1 34ts 20 1 8  24 21 

131cs 22 20 28 24 
144Ce 1 34  1 21 1 27 1 07 

��· 98 89 81  67 
E u  70 63 71 60 

a .  Result s  taken fr• Tab l e  25. 

b.  Average concentrat tons obta t ned fro. Table 26 • 

• 

• 

• 
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TABLE 28 . COMPAR I SON OF THE F EKROMAGNETI C/AVERAGE RAD I ONUC L I DE 
CONCENTRAT I ONS OF SAMPLE 6 a 

P art i c l e S i ze Fr act i on 
J.tm 

707- 1 000 297-707 1 49-297 
Rad i onuc l i de Al iguot A 1 iguot A l i guot 

5 4rvln a _ _ a a 
6 0co 5 . 4 1 9 . 6  1 6 . 6  106 Ru 0. 59 2 . 6  1 . 4 1 2 5 sb 2 . 3 3 . 3  3 . 2  1 34 c s  0 . 02 1 . 0 0 . 6  

1 3 7  c s  0 . 02 0 .  75 0 . 48 144 ce 0 . 06 0 . 34 0 . 2 2  1 54 E u  0 . 06 0 . 47  0 . 23 1 5 5 E u  0 . 30 1 . 1  0 . 69 

74- 1 49 
A l i guo t 

a 
1 4 . 7  

1 . 2 
3 . 4  
0 . 79 

0 . 59 
0 . 20 
0 . 26 
0 . 79 

a .  Th i s  tab l e  l i s ts the r at i os of the rad i on u c l i de concentrat i on s  me asured 
in the ferromagneti c component of  Samp l e  6 to th e recomb i ned bu l k  s amp l e  
average concentrat i on . H i gh rat i os i nd i cate accumu l at i on s  of the 
rad i onuc l i de in the ferromagnet i c component . 

1 16 



expec ted t o  be mea surab l e  1 n  t he fer r omdgne t \ c ma ter \ a l  f rac t 1 on .  The 
1 06Ru and 1 25

sb , however , a r e  f 1 s s 1 on produc t s ,  and the da ta suggest  
tha t  these r a d \ onuc 1 1 des tend to be  r e l eased from the fuel  and  become 
as soc \ a ted w1 th  s t r uc tura l ma ter 1 a l s .  These da ta are  fur ther eva l ua ted 1 n  
the d 1 sc u s s 1 on 1 n  Sec t \ on 3 . 4 . 4 . 2 .  

The average or l ower than a verage c oncen t ra t 1 ons of 1 34cs  1 37 cs  
1 44 1 54 1 55 1 34 1 37 • • Ce , E u , and E u  wer e  expec ted . The C s  and C s  are 
lower t ha n  expec ted because t hey may have been s 1 gn \ f 1 cant l y  leached 1 nto 
the coo l a n t  s 1 nce  the acc 1 dent ( see Reference 28 ) or were not s t rongly  
at trac ted to t he s tr uc t u r a l  ma ter \ a l s .  The l ow concen t ra t 1 ons  of 1 44ce , 
1 54E u ,  and 1 55E u  uer e  t d b th t 1 • expec e ecause ese rna er 1 a  s tend to r ema 1 n  
\ n  t he fuel . 

3 . 4 . 4 . 2  Par t 1 c le and A1 1 guot Ana lys 1 s .  The ana l ys 1 s  resu l t s  of  the 
par t 1 c l es and a 1 1 quots  prov 1 de fur ther 1 nd 1 ca t 1 on s  of the reten t 1 on of 
f 1 s s 1 on produc t s  by  U ,  Z r , and s tr uc tura l ma ter 1 a l s .  Chem1cal  and 
rad1 ochem1 ca l a na l yses were  per formed on each  par t 1 c l e  and a l 1 quot 
s tud 1 ed . Tab l e  29 1 1 s t s  the f 1 s s 1 on produc t concen t ra t 1 ons for those 
par t 1 c l es t ha t  wer e  p r 1 nc 1 pa l 1 y  U or Z r . 

As s hown 1 n  Tabl e  29 , 1 29 1 a nd 1 34 • 1 37c s  appear to be reta 1 ned 1 n  
1 37 d 1 f ferent amounts  between t he U and Z r  par t 1 c l es . Cs  1 s  as soc 1 a ted 

1 29 more w1 t h  U than  w1 th Zr , wherea s  I 1 s  a s s oc 1 a ted to a grea ter ex tent 
w1 th the Zr  par t 1 c les . 

Tabl e  30 s u� r 1 zes the c or re l a t 1 ons of the par t 1 c l e  and a 1 1 quot 

res u l t s  s hown 1 n  F 1 gures 32 thr ough 41 . No cor relat 1 ons  were obser ved 

between 1 37c s  or 1 29 1 and uran 1 um for the par t 1 c les  and a 1 1 quot s  
1 37 

( f t gures  32 and 3 3 ) . There 1 s  no appa rent cor r e l a t \ on between the Cs  

a nd 1 291 c oncen t ra t 1 ons  [ 1 . e . , no s 1m1 la r 1 t y 1n  the rat 1os  of these 

rad 1 on uc l 1 des  ( f 1 gure 34 and Table 29 ) ] ;  however , the data 1 n  Tabl e  29 are 

for a 1 1•1 ted n umber of pa r t 1 c 1es  w1 th concentr a t \ ons  r ang1 ng by a fac tor 

of 1 00 ,  wh \ c h  may b 1 a s  t he a verage concent rat \ ons . 

1 1 7 
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TABL E 29 . COMPAR I SON OF F I SS I ON PRODUCT CONC E NT RAT I ONS ASSOC I ATE D W I T H  PART I C L E S  WII I C H  WE RE 
P R I NC I PAL L Y  URAN IUM OR Z I RCON I UM 

Pr i n c i pa l l y  U ra n i um Bear i ng Pr l nc l �a l l� Z i r c on i um B ea r i ng Par t i c l e s  b 

Par t l c l e s a 

Average Range Average Range 
R a d l  o n u c  1 1  de {�C I /g} l l!C 1 1g} 1P.£!.6IL {J.!C I /g) 

&oco 1 . 2 E + l 0 - 70 . 4  1 . 4 5 E + l  1 . 2 - 5 . 9  E + l  
90sr 4 . 9 5 E + 3  1 . 4 E +l - 1 . 23 E +4 1 .  21 [ + 2 2 . 6  E + 1 - 1 . 6 5  E +2 

1 06R u  1 . 01 E +3 5 . 40 E +2 - 1 .  7 3  E +3 3 . 3  E + l  1 . 3 - 1 . 1 6  E +2 
1 25sb 8 .  55 E + 1 3 . 86 E +  1 - 1 . 49 E t 2 1 . 0 1  E +2 6 . 9  - 3 . 05 E +2 
1 29 I 6 . 38 E -4 3 . 5  E - 5 - 1 . 6 E -3 1 . 20 E -3 2 . 2  E -5 - 4 . 8  E -3 

1 34c s  6 . 1 2  E + l  2 . 9  - 1 . 69 £ + 2 1 . 9 E + l  0 . 5  - 6 . 29 E + l  
1 37 c s  1 . 82 E +3 5 . 3  E +  1 - 4 . 38 E t 3 5 . 40 E + 2 1 . 1 7  E + l - 1 . 24 E + 3 
1 4 4c e  2 . 93 h 3  1 . 8 1  E +3 - 4 . 67 E t 3 5 . 20 E +2c 1 .  9 - 2 .  84 E +3 
1 54 E u  3 .  7 9  E t l 1 .  58 E +  1 - 7 . 8 7  E + 1 7 . 7  E - l c 0 - 0 . 98 
1 55E u  1 . 1 1  E +2 0 - 2 . 07 E +2 5 . 9c 0 - 2 . 2 1 E +l 

Zr R i c h  
_MlL!I..L_ 

U R i c h 
_ _{J:!C I /g}__ 

1 . 2 
2 . 4  E -4 
3 . 3  E - 2 
1 . 1 8  
1 . 88 

0 . 31 
0 . 30 
0 . 1 8 
2 . 0  E -2 
5 .  3 E - 2  

a .  Par t i c l e s  wer e  p r i nc i pa l l y ur a n i um wi t h  a f e w  o ther c on t am i nan t s . Par t i c l e s  1 8 ,  3F , 5 0 ,  &A , 6 6 ,  6H , a n d  7 H  
wer e  a n a l yzed . 

b .  P a r t i c l e s  wer e  p r i n c i pa l l y z i r co n i um wi t h  l i t t l e  con tami nan t s  f r om o t her c omponen t s . Par t i c l es 1 1 ,  3B , 68 , 6 C , 
& E , and 6F wer e  ana l yzed . 

c .  Res u l t s  we r e  b i a sed by Par t i c l e  68 . 



l ABl f 30 . SUMMARY OF CORRf lAl J ONS BE T WE E N  SE l E CT E D RAOI ONUCl i OE S ,  
E l E ME NT S ,  AND PART I C L E  SURFACE  ARE A  

32 

33 

34 

35 

36 

37 

38 

39 

40 

4 1  

Cor r e l a ted Ma ter 1 a l s  
or Res u l t  

1 37c s/U c ontent  

1 2CJ uu content 

1 29 1 /norlla 1 \ zed 
par t \ c l e s  sur face 
a r ea 

1 37 cst1 2CJ 1  

1 06Ru/N \ c ontent  

1 25sb/N1 content 

1 06Ru/U content 

1 25sb/U con tent 

1 25sbt1 2CJ 1  

1 44ce/U content 

l l CJ 

Comen t 

No apparen t  correlat \ on was 
obser ved between 1 J7cs  and 
uran \ um con tent for par t \ c les  or  
a l 1 quot s . 

No appar vot  c or r e l a t \ on wa s found 
between 2CJ J and uran \ um 
content for par t \ c l es or a l \ quo t s . 

T here \ s  a correl at \ on between 
h \ gher concen t r a t \ ons  and sma l l er 
par t \ c l e s 1 ze ,  perhaps due to 
\ nc r ea s ed sur face a rea . These 
r es u l t s  suggest  
vapor \ za t 1 on/condensa t 1 on on 
sur faces or pos s \ bl e  r eact \ on 
w\ th  nonfue l  ma ter 1 a l s  wh \ ch have 
h 1 gher concen t ra t 1 ons  1 n  t he 
sma l l er par t \ c l e  s \ ze groups . 

No apparent §orrel a t 1 on between 
T J7 c s  a n d  2 I wa s obser ved . 

No cor r e la t \ on wa s obser ved for 
mos t  par t 1 c l es and a l \ quot s . 

No apparent correl a t 1 on was 
obser ved . 

No obv \ ous cor rel a t 1 on \ s  
appa r en t . 

No correl a t 1 on \ s  appar en t . 

No correla t \ on 1 s  appa ren t . 

No cor r e l at \ on \ s  apparen t . 
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F i gure 34 . Re l ati onsh i p  between 1 2 9 1 concentrat i on and s urface area for 
Samp l es 1 ,  3 ,  and 6 .  
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Tab l e  29 i ndi cates  that  
1 06Ru  i s  reta \ ned 1n  t he fuel , w 1 th  on l y  

sma l l amoun t s  ( -3%) a s soc i a ted w1 t h  Zr . No general  c or r e l a t 1 on wi t h  

s t r uc tu r a l  ma ter i a l s  ( e . g . , N 1 ) wa s obser ved , except  for  par t 1 c l es 9 0  and 

9G  wh 1 c h are  me ta l l 1 c appea r i ng and conta 1 n  s 1 gn 1 f 1 ca n t  quan t 1 t 1 es o f  N 1 . 

A c ompar 1 s on of the 1 06Ru  and 1 25sb rad 1 onuc l 1 de concen tra t 1 on s  w 1 t h  

t he N 1  concen t ra t 1 on a r e  1 \ s ted 1 n  Ta b l e  31 . The r a d 1 onuc l 1 de 

c oncen t ra t 1 on s  are 1 0  t o  1 00 t i mes greater  t han  wou l d  be expec t ed for a 

uo2 f uel  pel l e t , even a t  h i gh burnup ( 6200 HWd/HTU ) .  Th 1 s  beha v 1 or 

appea r s  to be rel a t i ve l y  s pec i f 1 c  to  these par t 1 c l es . The reten t 1 on for 
1 06 1 25 

Ru ranges from 1 63 to 1 87 pC 1 /mg N 1 . F or Sb , t he r ange 1 s  1 7  

to 20 pC \ /mg N 1 . The N\  to  
1 06Ru and N 1  to  1 25sb a tom ra t \ os a r e  

1 06 
3 . 8  E +4 and 6 . 9  E +5 ,  respec t \ ve l y .  Th 1 s  1 nd 1 ca te s  tha t the Ru  or  
1 25sb are  l oca ted 1 ns i de the N 1  ma t r 1 x ,  w1 t h  many a t oms of N\ p r e s e n t  for 

every a tom of  e \ ther rad 1 onuc l 1 de .  U s \ ng the r e t en t 1 on fac t o r s  1 nd 1 cated ,  

the core 1 nven tory o f  N \  ( -1 046 Kg ) c o u l d  r e ta \ n  1 . 9 6  E +5 C 1  o f  
1 06Ru  

and  2 . 09 E +4 C i  of  
1 25

sb . Th i s  1 s  equ 1 va l en t  to  1 70% o f  the 
1 06

R u  core 

1 nven tory  and 56% of the 1 25sb core  1 nven tory .  However , as  noted , t h 1 s 

i s  not  a general  t r end and i s  s pec \ f \ c  to  a few par t \ c l es . A l s o  1 t  1 s  

unl \ ke l y  that s 1 gn 1 f 1 cant  amoun t s  o f  the s t r uc t u r a l  ma ter \ a l s  wou l d  be 1 n  

contact  w\ th the fuel  to produce th 1 s  behav\ or . F \ gu r e s  36 and 37 s how the 

correl a t i on between Ni  content  and 
1 06

Ru and 
1 25

sb concent r a t \ on s . 

1 25
sb and 

90sr exh i b \ t s 1 gn 1 f 1 ca n t l y  d 1 f ferent  reten t 1 on 
1 25 

c harac ter 1 s t 1 c s  as  1 nd 1 ca ted 1 n  Tab l e  29 . The Sb a ppea r s  t o  be 

present 1n grea ter concen t ra t 1 on s  1 n  the Zr -bea r \ ng t ha n  \ n  t he U -bea r 1 ng 

par t \ c l e s , s ugges t \ ng s 1 gn 1 f 1 ca n t  r e l ea s e  f r om t he fuel ; wherea s , 
90

sr 

appea r s  to  be pr 1 nc 1 pa l l y  reta 1 ned 1n the fuel . F 1 gu r e  38 s hows the 
90 

c or r el a t 1 on between Sr and U conten t . There  1 s  a n  a ppa rent  reduc t \ on 

1 n  concentra t 1 on a t  l e s ser  U content . As  s hown 1 n  Tab l e  30 , t he 1 25 sb 

appea r s  to be scavenged by s t r uc tura l  ma ter \ a l . F 1 gure  39 s hows the 
1 25 

r e l a t 1 onsh 1 p  between Sb and U conten t .  No  apparent  c o r r el a t 1 on 1 s  

present . F 1 gure  40 s hows the c or r e l a t 1 on between 
1 25

sb and 
1 29

1 1 n  

order to  determ1 ne 1 f  these rad1 onuc 1 1 de s  (
1 29

1 a nd 
1 25

sb ) are  

exh 1 b 1 t 1 ng s 1 m1 1 a r  behav 1 or . No  obv \ ous  c o r r el a t 1 on 1 s  appa r en t .  

1 30 



lAJll 't , lfTfiTJOI fW tW..u AND 1 25sb BY PART JCUS 90 AND 96 
.• .�� . 

• 

11 c•teet (-all) 
At 'tOittent (-a/g ) 
106tu c•teat 
t..Ct/g) 
Sllple 9 106tu average 
concentrauoal htC1/g) 

Parttcle/averaee 
ceacentratton rattob 

12Ss. content 
(.,Ct/t) 
Sllple 9 average125sb 
coacentrattonl 
(.,C1/t) 

Parttcle/average 
cencentrattoa rat tob 

Parttcle 90 

1 86 

1 6  

4 .65 E +4 

3 . 80 f •2 

1 . 22 E +2 

5 . 64 E •3 

7 . 27 E •l 

71 . 6  

a. a.trage concentratton .. asured for the bulk sa�le. 

Parttcle 96 

94. 6  

1 8  

1 . 71 f +4 

3 . 80 h2 

4 . 66 f +1 

1 .61 f +3 

7 . 27 f +l 

22 . 1  

b. latto of the concentrat t on t n  the par t t c l e  to tha t  of the recombt ned 

butt ,.,, • •  

• 

• 

1 31 



• 

The Ce and E u  appear to  be r eta i ned pr i nc i pa l l y  i n  t he fuel  ma t r 1 x ,  a s  

s hown i n  Tabl e  29 . However , reten t i on o f  
1 44

ce b y  t he Z r  ma ter i a l  was 

found on a s i ng l e  par t 1 c l e  ( Pa r t i c l e  68 ) . Otherw1 s e ,  l i t t l e  r e l ea s e  f r om 
1 44 

the fuel 1 s  i nd i ca ted . F i gure  41 shows the c o r r e la t i on s  between Ce  

and U content  for par t 1 c l e s  and a l 1 quot s . F o r  par t i c l es ,  there i s  a w 1 de 

d 1 ver s 1 ty 1 n  concentrat i on .  Bur nup may account for  s ome va r i a t i on ,  because 

the amoun t o f  1 44ce produced i s  d i r ec t l y  r e l a ted to  bur nup and 

enr 1 chmen t . The data i nd i cate  a range wi th  r e l a t i ve l y  h i gh Ce 

concen t ra t i ons  ( -l 03pC i /g )  a s s oc i a ted wi th  par t 1 c l e s  o f  both h 1 gh a nd 

l ow U conten t . 

3 . 4 . 5  E v 1 dence of Core Ma ter i a l  M i x i ng 

The ef fec t i ve enr i chment  c a l c u l a t i ons  d i s c u s sed i n  Sec t i on 3 . 4 . 3  

prov i de ev i dence of  substan t i a l  mi x 1 ng o f  core  ma ter i a l s  ( see Tab l e  26 ) .  

E f fec t i ve enr i chmen t  i s  c a l c u l a ted by d i v i d i ng the mea s ur ed f i s s i l e 

ma ter i a l  ( 235u )  content of  each recomb i ned b u l k  samp l e  by the total  U 

content obta i ned from the e l emental  ana l ys 1 s .  There  were  three fuel 

a s semb l y  enr i chmen t s  in t he TMI -2 core . The per i pher a l  fuel a s s emb l i es 

were  2 . 96% enr i ched , and the i nner fuel a s s embl i es a l t e r nated between 1 . 98% 

and 2 . 64% enr 1 c hed . At  the H8 and E 9  l oca t i on s  the or i g i na l  enr i c hment s  i n  

the fuel a s s embl i e s  were  2 . 64% and 1 . 98%, r es pec t i vel y .  The da ta 1 nd 1 cate  

a var i ety  of  enr i chmen t s ,  s ugges t 1 ng s 1 gn i f i cant  mi x 1 ng o f  the U f r om t he 

fuel as sembl i e s . The effec t 1 s  pronounced a t  E 9  where  many  o f  t he samp l e s  

i nd i cate  the presence of 2 . 7% enr i c hed fuel  ma ter 1 a l . 

A c ompar i son wa s per formed o f  the mea sured enr i c hmen t s  for  the 

par t i c l es and a l i quots  from the va r 1 ous  samp l e s . A w1 de range ex i s t s ,  

i nd i ca t i ng there 1 s  no corre l a t 1 on w1 th the or 1 g 1 na l  enr 1 chmen t s  a t  the 

samp l ed l oca t i ons  ( see Tabl e  E -1 1 ) .  Chem i c a l  and r a d i ochemi c a l  e v i dence of  

core r e l oca t i on 1 s  further eva l uated in  Sec t i on 4 .  
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3 . 4 . 6  S�ry of  t he Ces 1 um Release  and Set t l \ ng Tes ts  

Ces \ um r e l ea se .  turb \ d \ ty .  and a 1 r bor ne r e l ea s e  tests  were conduc ted 
on 50 g of r ec omb \ ned bul k samp l e  ma t er \ a l  f r om Samp l e  6 .  The tes ts  were 
per formed on both the a s -r ece \ ved core debr \ s  ma ter 1 a l s  and on debr \ s  wh \ c h  
was c r ushed to a l ter the par t \ c l e s \ ze d \ s t r \ bu t \ ons  and c r ea te f res h l y  
frac tured sur faces . C r u s h \ ng wa s \ n tended t o  s \ mu l a te the breakup o f  TMJ -2 
core mater 1 a l  dur \ ng r eac tor defue l \ ng .  Oeta 1 1 s of these exam\ na t \ ons  are  
reported \n  Reference 30 . and the r es u l t s  are  s u� r 1 zed be l ow .  

o C r u s h \ ng the debr \ s  \ nc r ea sed the concen t r a t \ on of 1 37cs  \ n  
s ol u t \ on b y  a fac tor of  a pprox 1 ma t e l y  1 0 .  due t o  the exposure of 
f res h l y  c rea ted s ur faces ( by c r u s h \ n g )  that a l l owed l eac h 1 ng 1 nto 
the c oo l a n t . 

o T ur b \ d \ t y  exam\ na t 1 on s  \ nd \ ca te t ha t  c r us h \ ng the debr \ s  causes 
1 1 t t l e  c ha nge \n the rate of dec r ease  1n tur b \ d \ ty .  A l so .  
s 1 gn 1 f 1 cant  r educ t \ on s  \n  turb \ d \ ty occur  w\ th \ n  24  hour s . These 
da ta 1 nd \ ca te that  c ru s h \ ng the debr \ s  dur \ ng defuel \ ng w\ 1 1  have 
1 \ t t l e  \ mpac t on t u rb \ d 1 ty dur \ ng defue l 1 ng opera t \ ons . 

o A \ r bor ne rad \ oac t 1 v 1 ty mea surement s  \ nd \ cate tha t produc t \ on of 
a 1 r bor ne rad \ oac t \ v \ ty dur 1 ng defue 1 1 ng \ s  expec ted to be 
s \ gn \ f \ ca n t  on l y  when wet ted sur faces are  near the po 1 nt of 
dr y \ ng out . M 1 n 1m1 z \ ng changes 1 n  t he vol ume of reac tor coolant  
\n  tanks  or \ n  t he core cav 1 ty w\ 1 1  reduce the exposure of nea r l y  
d r y  r ad \ oac t 1 ve sur faces and consequen t l y  the produc t 1 on of 
a 1 r borne rad 1 oac t 1 v 1 ty 1 n  the reac tor bu1 1 d 1 ng .  
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4 .  CONTRI BUT I ONS TO UNDE RSTANDING  THE TMI -2  ACC I D E NT 

The \ n f l uence o f  the core  debr \ s  exam\ na t i on s  on under s tand i ng t he 

TMI -2 acc \ dent  scenar \ o ,  the c ur r en t cond i t i on o f  the c or e ,  a nd 

rad i onuc l i de reten t \ on/r e l ea s e  from the fuel  a nd c o r e  r eg \ on i s  d i s c u s s ed 

\ n  th i s  sec t \ on .  A br i ef s umma r y  of  the c ur rent  under s ta nd i ng o f  t he 

acc \ dent i s  presen ted , fol lowed by s ec t i ons  desc r i b i ng ( a )  the t empe ra ture  

e s t \ mates  and  fuel  beha v i o r , ( b )  eva l ua t i on o f  core  r e l oca t i on ,  a nd 

( c )  rad i onuc l i de beha v i or ana l y s e s . 

4 . 1  C u r r en t  Bes t  E s t i ma te o f  the TMI Acc i dent  

The current  s tate  o f  t he TMI -2 core  and s uppor t s t r uc tu r e  i s  ba s ed on  

the fol l owi ng exami na t i on s  and ca l c u l a t i on s : ( a )  c l o s ed c i r c u i t ( CCTV ) 

\ n spec t \ ons  of the upper and l ower p l enum and c o r e  r eg i on s ; ( b )  t opography 

mea suremen t s  of the core c a v i ty ; ( c )  exami na t i on s  of l ea d s c r ews a nd 

l eadscrew suppor t tubes ; ( d )  mec ha n i c a l  prob i ng o f  the debr i s  bed to 

determi ne the debr i s  depth  a t  1 7  l oca t i ons ; ( e )  mea s ur emen t s  f r om onl i ne 

i ns t r umen ta t i on ;  ( f )  prob i ng o f  se l ec ted i n s t r umen t  gu i de tube s  w i th  sma l l  

d i ameter ( p i ano ) w\ re  t o  determ\ ne penetrab i l \ ty o f  t he c o r e  f r om bel ow t he 

reac tor ves sel ; ( g )  gamma scans  of  the l ower ves se l  reg i on a nd r ea c tor  

coolant  sys tem to i den t i fy po ten t i a l  f uel  depo s i t s out s i de the ac t i ve core 

reg i on ; ( h )  v i s ua l  exami nat i on o f  t he p l enum a s s emb l y ;  and  ( i )  c omputer  
31  

c ode c a l c u l a t i ons  and hypotheses . 

The known phys i c a l  cond i t i on of  the r eac tor  core  i s  s umma r i zed i n  

F i gure  42 . A vo i d  i s  present  \ n  the upper r eg i on o f  the c or e ,  w i th  a 

vol ume of  approx i ma t e l y  25% o f  t he tota l core  vol ume .
32 

E xami na t i on s  o f  

the m \ c r o s t ructure  of  two contro l  r od dr i ve l ea d s c r ews ( cen tra l and 

mi d-rad i us ) i nd i cate  that  s t r uc tu r a l  temperatures  i n  the  upper p l enum 

ranged from 700 K i n  the upper reg i on s  t o  1 350 K i n  the  l ower r eg i on s  j us t  
33 

above the c or e .  CCTV i ns pec t i on s  show nonun i form damage to  t he bot tom 

of the p l enum a s sembl y ,  rang \ ng f r om areas  w i th  no damage to  a r ea s  where  

extens i ve me l t i ng and  ox i da t i on o f  t he s ta i n l e s s  s teel  occ u r r ed . The 

damage zones appear to be l i mi ted to t he l ower f ew cent i me t e r s  of t he 

pl enum a s sembl y .  
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F i gure 42 . Schema t i c  s howi ng the k nown and best e s t i mated end-state 
cond f t f on  of the TM I - 2 core : 
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A debr 1 s  bed rang 1 ng from 0 . 8  to 1 . 0 m t h 1 c k  ex 1 s t s  a t  the b o t t om o f  

the vo1 d .  The debr 1 s  bed 1 s  res t 1 ng o n  a l ayer o f  hard  ( 1mpene t r ab l e )  

ma ter 1 a l  a t  about the m1 d -core  e l eva t 1 on . The cond 1 t 1 on o f  t he l ower c o r e  

1 s  n o t  known . 

CCTV 1 ns pec t 1 on s  o f  t he l ower regions  o f  t he rea c tor  ves s e l  1 nd 1 ca te 

that  1 0  to  20% of  the fuel  and/or s tr u c t u r a l  ma ter \ a l s  of  the core  now 

res \ de on t he reac tor ves sel  l ower head , appr o x \ ma t e l y  2 . 2  m bel ow t he 

bot tom of  the or 1 g 1 na l  core  reg 1 on . The par t 1 c l e  s 1 ze and texture  o f  the 

ma te r 1 a l  1n the l ower p l enum appear s  to  var y  s 1 gn 1 f 1 ca n t l y ,  r a ng 1 ng f r om 

pea-1 1 ke gravel near the cen ter o f  the ves s e l  t o  l arger p 1 ec e s  o f  l a va-1 1 ke 

ma ter i a l  up to about 1 3  em 1 n  d 1 ameter near the per 1 pher y .  Pos s \ bl e  damage 

to  the core s uppor t a s s emb l y  \ s  not known because  t he c e n t r a l  reg1 ons  of 

the l ower p l enum were  not v 1 s 1 b l e  1 n  the v 1 deo scans . There  1 s  no e v 1 dence 

that the l ower reac tor ves sel  head ha s been dama ged . 

A scenar 1 o  for the f 1 r s t  four hou r s  of  the TMI -2 acc 1 den t wa s 

devel oped based on ( a ) end - s tate  cond 1 t 1 on s  o f  the  core  and rea c t or ves se l  

( a s  des c r 1 bed above ) ,  ( b )  mea suremen t s  o f  t h e  p l a n t  r es ponse recorded 

dur \ ng the acc i dent , ( c )  the res u l t s  of  bes t -e s t 1mate  c a l c u l a t 1 on s  of t he 

acc 1 den t ,
34 

and ( d )  severe fuel  damage exper 1ment s  conduc ted 1 n  t he Power 
35 

Bur s t  Fac i l i ty a t  I NE L .  I mpor tant  even t s  and fea tu r e s  of the acc \ de nt 

are  s ummar i zed here for l a ter c ompar i son wi t h  the 1 nforma t 1 on obta 1 ned f r om 

exami n i ng the core  debr 1 s  grab samp l es . Deta \ l s  o f  the  acc 1 dent  before 

core  uncovery are  d \ scus sed e l s ewher e . 36 

Core uncovery began about 1 00 mi n a f ter  reac tor  s c ram.  Superhea ted 

s t eam 1 n  the hot l egs  wa s \ n \ t i a l l y  mea s ured a t  about 1 1 3  m\ n .  

Bes t -es t 1 ma te pred 1 c t 1 ons  1 nd 1 cate  tha t  core  t emperatures  probabl y  

1 nc rea s ed s u ff 1 c 1 en t l y  to res u l t 1 n  fuel  rod ba l l oon 1 ng ,  r up ture , and 

r e l ease  o f  ga s eous f 1 s s 1 on produc t s  by about 1 40 m 1 n . Rad 1 a t 1 on 

mea suremen t s  1 nd 1 cated a s 1 gn1 f 1 cant  r e l ea s e  o f  f 1 s s 1 on produc t s  \ nt o  t he 

c on t a 1 nmen t a t  about 1 42 m1 n .  By 1 50 m1 n ,  the pred 1 c t 1 on s  \ nd \ cate  that  

peak c l add 1 ng tempera tures  r ap i d l y  1 nc rea sed due to  c l add1 ng ox \ da t \ on and  

fuel  r od temperatures  exceeded the mel t 1 ng temperature  of  z \ r ca l oy . The 
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mo l ten z 1 rca l oy wou l d  have d i s s o l ved a por t 1 on of the uo2 fue l pe l l et s .  
T he d t s sol ved fue l and mo l ten z 1 rca l oy f l owed downwa rd  a l ong the fue l  rods 
and even t ua l l y f roze 1n l ower . cooler  r eg i on s  of the core . The l ower leve l 
of the prev i ous l y  mo l t en ma ter 1 a l s  wa s probab l y  c o t nc 1 dent w1 th the coolant  
1 1 qu t d  level  wh 1 c h  wa s es t 1 mated to be 1n  t he l ower t h 1 r d  of the cor e .  The 
pred 1 c t 1 on s  1 nd 1 ca t e  that a s 1 gn 1 f 1 cant  por t 1 on of the core ( 1 /4 to 1 /2 )  
reached temperatur es s u f f 1 c 1 en t  to me l t  the c l add i ng and that the core 
ma x 1 mum t empera ture  wa s s uf f 1 c 1 en t  t o  me l t  the uo2 fuel . 

One o f  the r eac tor coo lant  pumps wa s turned on from about 1 75 to about 
1 80 mi n resul t 1ng  t n  some c oo l an t  f l ow t nto the c ore . Therma l and 
�cha n 1 ca l s hock 1 n  the upper r eg 1 ons of the core wh 1 c h  cons i s ted pr 1mar 1 l y 
of h i gh l y  ox 1 d 1 zed and embr t t t l ed r od r emenants  caused ex tens 1 ve 
fragmen ta t 1 on a nd c o l l apse  of the r od s . The core con t 1 nued to hea t up 
after the pump trans 1 en t  ( a s  1 nd 1 ca ted by the 1 n -core thermocouples ) . The 
relat i ve l y  sol 1 d  ma s s  1 n  the bot tom of the core eventua l l y me l ted through 
the bot tom s uppor t i ng c r us t .  a nd mol ten ma ter i a l  f l owed 1n to the lower 
reac tor ves s e l  head at  about 227 m1 n .  A coo lab le  geometry wa s a t ta 1 ned 1 n  
the l ower r eac tor ves sel  hea d , and l ong term coo l 1 ng wa s reestabl 1 shed a t  
about 1 6  h 1 nt o  the acc 1 den t . 

Thr ee concep t s  a r e  u n 1 que to th 1 s  acc 1 den t scena r 1 o .  F 1 r s t , ba sed on 
an under s ta nd 1 ng of  c ladd i ng me l t 1 ng a nd fue l  1 1 quefac t 1 on ,  s 1 gn l f l cant 
por t 1 ons  o f  t he core p r oba b l y  f l owed downward  1 nto l ower por t i ons of the 
core a nd s o l 1 d 1 f l ed w1 t h 1 n  the conf 1 nes of  the l ower core bounda ry pr i or to 
the pump trans 1 en t . Th 1 s  r eg 1 on of 1 1 quef 1 ed core mater 1 a l s  and 1 ntact 
fuel rods c ou l d  have been o f  subs tan t i a l  s 1 ze , from 1 to 2 m  1n he 1 ght and 
fro. 80 t o  90% of  the core  d 1 ameter . Second , because of the therma l  
proper t 1 es o f  the core mater 1 a l s , these large zones cont a 1 n l ng meta l 1 1 c Zr 
and c er a•1 c ma ter 1 a l s  proba b l y  were not coolable  (us 1 ng rea sonabl e  decay 
hea t t ng a s sump t t ons ) ,  even when surrounded by wa ter . Th 1 rd ,  the large 
so1 1 d  ma s s  c on t 1 nued to heat up and eventua l l y  a s 1 gn l f 1 cant frac t 1 on of 
the core r e l oca ted through the core suppor t a s sembl y  1 nto the l ower reac tor 
ves sel  head , where a c oo l a b l e  c on f l gur a t t on wa s a t ta 1 ned . 
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4 . 2  Impac t o f  Meta l l urgi c a l  F i nd i ngs on Under s ta nd 1 ng 

the Acc i dent Scena r 1 o  

The me ta l l u r g i c a l  ana l ys i s  o f  2 9  par t i c l e s  f r om t h e  c o r e  debr 1 s  grab 

samp l e s  p r o v i ded i n forma t i on in  seve r a l  a r ea s  t ha t r e l a t e  to  t h e  a c c 1 dent  

scenar i o .  E s t ima t e s  wer e  made o f  core  peak t emper a t u r es a c h i eved dur 1 ng 

the acc i den t , s ome i nd i ca t i on o f  t he tempera tu r e  h 1 s t o r y  was obta i ned , 

i n forma t i on on the c hemi c a l  i n terac t i on s  o f  the fuel  r od ma ter i a l  w i th  

o ther core  ma ter i a l s  on a mi c r oscop i c  sca l e  wa s obta i ned , and deta i l s  o f  

t h e  r e l oc a t i on phenomena were  i nves t i ga ted . Th i s  s ec t i on c ompa r e s  r e s u l t s 

o f  the me ta l l ur g i ca l  exami nat i ons  to the s cenar 1 o  des c r i bed \ n  

Sec t i on 4 . 1 . The compar i s on i s  p r esen ted i n  two sec t i on s : t empe r a t u r e  

e s t i ma te s  a n d  f u e l  behav i or . 

4 . 2 . 1  Temperature  E s t i mates  

The peak temperature  o r  temper a t u r e  r ange a c h i eved dur i ng t he 

t r an s i en t  wa s determi ned by deta i l ed ana l ys i s  o f  the  m i c r o s tr u c t u r e  and 

e l emen ta l c ompos i t i on of  the par t i c l es . The s e l ec t i on o f  par t i c l e s  for  

exami na t i on wa s b i a sed in  that  par t i c l e s  s how i ng s ome i nd i ca t i on o f  mel t i ng 

were u s ua l l y  s e l ec ted . Al though mo s t  of  t he 29 par t i c l es showed e v i dence 

o f  h i gh tempera tures , exami na t i on o f  t he bul k  samp l e s  i nd i ca ted tha t  a 

l a r ge frac t i on of  t he ma ter i a l  d i d  not  exceed 2000 K for  s i gn1 f 1 ca n t  

l engths of  t i me .  Many o f  t h e  fue l  pel l e t  f ra gmen t s  w i t h i n  t h e  mel t -bea r i ng 

pa r t i c l es d i s p l ay l i t t l e  or  no equ i a xed gra i n  g r owt h , wh i c h  conf i r ms that  

the en t i r e core  d id  not exper i ence  prol onged t ime s  at  e x t r eme l y  h i gh 

tempera tures . However , there a r e  par t i c l e s  that  s how mi c r o s t r uc tu r e s  

i nd i ca t i ng peak tempera tures  up  t o  t h e  me l t i ng po i nt o f  t he uo2 fuel . I n  

add i t i on ,  the evo l u t i on o f  o ther par t i c l e s  i nvol ved ox i da t i on and m\ x \ ng 

proces s es that  cannot be r ead i l y  exp l a i ned except by l engthy  dur a t i ons  

under very severe  cond i t i on s . Both sets  o f  obs e r va t i on s  a r e  cons i s tent  

wi th  the  pos tu l a ted acc i dent s c enar i o .  

E v i dence wa s found o f  mo l ten l r  wh i c h  had f l owed down i n ter i or 

c l add i ng sur faces , wi th i n  the fuel -c l add i ng gap . Th \ s  phenomenon \ s  
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,..., taat la calculat.tng peak tHperatures , as wel l as t n  es t 1mat tng fuel 
1-flC:Uon atMI fttt tOtt product release . The longer the 1101ten meta l Hc 
ztrcaloy tllddtnt re.� tns t n  place, the aore heat 1 s  generated by the 
eaotbenatc Zr-stea• reaction .  Conta t nment of mol ten Zr between uo fuel 2 lad an e1ter t or zro2 crust therefore tends to t ncrease peak fuel rod 

t..,eratures . Cladd t ng bal loont ng occurred dur 1 ng the transtent , as 
ev\dtftclfl l»y the pteces of defor•d c l add t ng found tn the debr 1 s .  The 

laal\OOiltag .ay have enhanced retenUon of the 1101 ten , unox t d 1 zed Zr . 

tllereby dr tvtng the t���peratures even h tgher . 

4.2.2 Fuel Behavtor 

StgnU tcant tnteracU on ( 1 . e . , formatt on of eutec t t c  mhtures ) of the 

fuel rod .a ter ta l s  vt th s tructural .ater t a l s  vas observed on a mt croscop t c  

scale, vt th the eutec t i c  .. tert a l  frequently located t n  the gra t n  

boundar ies . lnteract t on vt th the I nconel s pacer gr 1 ds seemed to be common ,  

vtth apprec table a.ounts o f  N 1 , F e ,  and C r  often detec ted vt thtn  pr t or 

.. lten regt ons . Tht s  correlates vt th the CCTV \ ns pec t t on of the upper 

vetd, vtatch shows .any of the fuel rod a s sllllbl tes severed at a grt d  

spacer . I t  t s  expected that c loser tnspec t t on v\ 1 1  show che.t cal 

tnteract ton of the fuel rods wUh the gr t d  spacer ma ter ta l . Current severe 

ICCtcleat analysh COIIPUter codes do not adequatel y  mode l  the 1 nterac t 1 on of 

the fuel rods vt th a l l  of the r eac tor s tructural components . Never thel ess ,  

. these observa t t ons on fue l -struc tural t n terac t t ons  are cons 1 stent vt th 

results of t n-pne a nd out -of-p t le research on severe core damage acc t dents 

vbtch are presently bet ng conduc ted ( see Reference 35 ) .  

Many part t c les exh t bt t d t s t t nc t  pr t or mol ten l ayer s of s tgn t f t cant ly 

•tfferent coapos t ttons , where typ 1 ca l ly one mol ten mt xture so1 1 d 1 f 1 ed ( and . 
often oxtdt zed ) before bet ng contac ted by a second fuel -bear \ ng me l t .  

lateract tons between such layers were found t o  vary from moderate

te�p�rature d t f fuston bondi ng to thermo-chemi cal d t s solut t on at much h t gher 

t....-:atures . These parti c l es t nd t cate e t ther mul t t p l e  temperature 
• 

tiCurstons , separated by oxt da t t on and so1 1 d 1 f 1 ca t 1 on per t ods or a 

Pftlonged candl t ng sequence dur t ng the TMI-2 acc t dent , where droplets of 

• 
• 
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1 1 quef 1 ed fuel had s u f f 1 c 1 en t  t 1me to  r e l oc a t e  down fuel  rod exter \ o r s . 

chemi ca l l y r ea c t ,  sol i d 1 fy ,  and ox 1 d 1 ze before other  d r op l e t s  a r r 1 ved . On 

cer ta 1 n  par t i c l e s , s t r uc tura l  ma ter 1 a l  conten t d 1 f fer s mar k ed l y  between 

l ayer s s uch  tha t l imi ted l a tera l movement  of the mol ten ma t e r 1 a l  ma y  a l so 

have occ u r r ed . I n  any cas e ,  these  l ayered par t 1 c l e s  a r e  not  t yp i ca l  of  

i n -p 1 l e  and  ou t -of-p 1 l e  exper 1 men t s  tha t  con f 1 ne fuel  1 1 quefac t 1 on a nd 

s o l 1 d 1 f i ca t 1 on to a br \ ef con t 1 nuous proces s . Cons equen t l y ,  mel t  

r e l oca t i on dur 1 ng the h 1 gh t empe r a t u r e  por t 1 on of the TMI - 2  acc 1 dent  s houl d  

not b e  v i ewed a s  a s 1 ng l e  cor e -wi de even t , but  ra t her as  a comp l ex s equence 

of i n te r r e l a ted and pos s i b l y  1 nterm1 ttent  phenomena . The s hor t • o • coo l a n t  

pump opera t i on and t h e  occa s i onal  E mergency Core Coo l 1 ng Sys t em f l ows ma y  

have l oca l l y  rek i nd l ed or tempor a r 1 l y  acc e l erated Z r - s team ox 1 da t 1 on ,  

thereby c r ea t i ng th 1 s  par t 1 c l e  t ype . 

The occur rence of hypers t o i c h 1 omet r 1 c  fuel  ( 1 ndependent l y  measured on 

TMI -2 par t i c le s  a t  three l abora tor 1 e s ) 1 s  another maj or d 1 f ference f r om 

mos t  1 n -pi l e  and out-o f -p 1 l e  r es ea r c h  ef for t s  to  da t e . These  exper 1ments  

general l y  1 nvol ve reduc 1 ng env 1 ronmen t s , w i t h  Zr  ox 1 da t i on c r ea t 1 ng s t r ong  

compet i t i on for  the oxygen from a va i l a b l e  s t eam a nd f r om uo2 
d i s so l u t i on .  However , hyper s to 1 c h 1 omet r 1 c  F ue l  ( -u02 5 )  was a l so 

d 1 s covered by SAS w1 th 1 n  t he Severe F ue l  Damage Scop i �g Tes t bund l e . 43 

The fuel ox i da t \ on apparen t l y  occur red dur 1 ng t he SF O-ST coo l down- -a f te r  

z i rca l oy ox i da t i on a n d  a s soc 1 a ted hydrogen genera t i on h a d  c eased . Th \ s  

i nterpreta t i on wa s a 1 ded by a r ecen t thermodynam i c c a l c u l a t 1 on t ha t  

s ugge s t s  fuel can ox 1 d 1 ze beyond uo2 2 1 n  h i gh pres s u r e  s team ( -1 00 

a tmospher es ) ,  but on l y  i f  1 1 t t l e  hyd;ogen 1 s  presen t . 44 F ue l  o x 1 da t 1 on 

1 n  SF O-ST wa s a l so ten ta t i ve l y  a s s oc 1 a ted w 1 t h  r educed gra 1 n  boundar y  

adhes i on ,  forma t i on o f  mi c rocrack  network s , and gradua l washout o f  f \ ss 1 on 

produc t s . 

' 4 . 3  E va l ua t 1 on of Core Rel oca t 1 on 

Know i ng the extent of cor e ma ter i a l s  r e l oca t i on 1 s  impor tan t  to 

under s tand 1 ng the cur r ent cond 1 t 1 on of  the core and pos t u l a t i ng a v 1 a b l e  

scenar \ o  for t h e  acc 1 den t . The meta l l u r g 1 ca l , c hem1 c a 1 , a n d  rad i oc hem1 c a 1  
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da ta prov \ de e v \ dence of  extens \ ve m 1 x \ ng ,  b u l k  ma ter 1 a l  r e l oca t 1 on , a nd 
segrega t \ on o f  core ma ter 1 a l s  dur \ ng t he a c c \ den t . E ac h  of t hese t h r ee 
types of  re l oca t 1 on \ s  eva l ua t ed , a nd t he ' r  \ mpac t s  on under s t a nd \ ng the 
cond \ t \ on of t he core and acc \ den t scena r \ o  are addressed . 

4 . 3 . 1 M \ x \ ng of  core .a ter \ a l s  

E v \ dence  o f  m\ x \ ng o f  core  ma ter \ a l s  has  been obta 1 ned pr 1 nc \ pa l l y  
from the meta l l ur g \ c a l  a nd c hem \ ca l ana l yses r es u l t s ( Sec t 1 on s  3 . 2 and 
3 . 3 ) .  The aeta l l u r g \ ca l  da ta ( SE M/E DS and SAS ) 1 nd 1 cate  t he presence of 
struc tura l ma ter \ a l s  ( Cr , F e ,  N 1 ) ,  po \ son rod ma ter \ a l s  ( Gd ,  A l ) ,  and 
con t r ol rod ma ter \ a l s  ( Ag ,  I n ,  Cd ) 1n  r eg \ on s  of  terna r y  U -Z r -0 m\ x t u r e s , 
a t  gra \ n  bounda r \ es or on s ur faces w1 t h 1 n  t he vo \ d s  of many par t 1 c l e s . 
These da ta sugge s t  tha t  t he s tr uc tu r a l  ma ter \ a l s  and A l  wer e  1 nc or pora t ed 
1nto  the par t \ c l es as  a r es u l t  of  fuel  r od me l t \ ng and d 1 s so l u t 1 on ,  or t he 
for.a t 1 on of l ow mel t 1 ng tempera t ur e  eutec t 1 c s .  

E l emental  ana l ys \ s  o f  t he pa r t \ c l e s  and a l \ quot s  1 nd 1 cates  t he 
presence of mos t s tr uc tu r a l  ma t er \ a l s  \ n  eac h  samp l e  a t  r e l a t \ ve l y  l ow 
concen t ra t 1 ons ( Sl . O wt�) . The u n \ form1 t y  of t he s tr uc t u r a l  ma ter \ a l  
concentra t 1 on s  ' n  mo s t  par t \ c l es  and a l \ quot s  1 nd \ cates  that  s tr uc tura l and 
control  rod ma ter \ a l s  were  probab l y  m\ xed 1 n to the debr \ s  when the ma ter 1 a l  
was mol ten . These da ta a l so s ugge s t  t ha t  the debr 1 s  bed wa s t horoughl y  
•1 xed for a s ub s tan t 1 a l  per \ od o f  t \ me dur \ ng the acc \ dent t o  ach 1 eve t he 
degree of hoaogene \ ty obser ved for t he core cons t 1 t uent s .  

The d \ s t r \ bu t \ on of the Gd from t he burnable  po\ son r ods 
( Gd2o3 -uo2 ) prov \ de s  add 1 t 1 on a 1  e v \ dence of s \ gn 1 f 1 ca n t  m1 x 1 ng of  
core ma ter 1 a l s .  On l y  a bout 1 3 . 5 kg of Gd wa s or 1 g \ na l l y conta \ ned \n  t he 
core , at  four w \ de l y  sepa r a t ed l oca t \ on s  ( H4 ,  Hl 2 ,  08 , and N8 ) .  
Gadol \ n \ um, however , wa s mea s urabl e  \ n  s 1 m1 l a r  concen t r a t \ ons  \ n  mos t  of 
the rec omb \ ned b u l k  samp l es from t he H8 and £9 l ocat 1 on s . T he d \ s tances 
fro. the H8 and £9 l oca t 1 on s  to t he center of  t he neares t Gd fuel  as semb l y  
are 87 e m  a nd 30 em , respec t \ ve l y . The homogen e 1 ty o f  the Gd 
conc en t r a t \ on s  \ n  t he samp l es s uppor t s  the hypo t hes \ s  that  the core 
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ma ter 1 a l s  were  s ubj ec ted to  s 1 gn i f 1 ca n t  m 1 x 1 ng p r oba b l y  a fter  the a c c i de n t  

a n d  a f ter h i gh temperatures  had ex i s ted because  t he G d  ( e i t her  a s  Gd
2

03 
or a s  reduced Gd } wa s t r a n s por ted to  t he H8 l oca t 1 on a nd mi xed t o  a 

concen t ra t 1 on s 1m1 l a r  to wha t wa s mea s ur ed 1 n  debr i s  taken f r om the E 9  

pos i t 1 on .  The r e l ocat i on o f  t he Gd i n  the core  c ou l d  have occ u r red v i a  

s everal  mecha n 1 sms . Gado l i n 1 a  ( me l t i ng po 1 n t -3000 K )  may have been 

e i ther mel ted or reduced by mol ten Zr  to  Gd a nd s ubsequen t l y  d i s t r i bu ted 

thro ughout the debr \ s  bed . 

Ana l ys i s  of  the m1 x i ng o f  core  ma ter i a l s  c on t r 1 butes  t o  under s tand 1 ng 

o f  core c ond 1 t i on a s  fol lows : 

o Ba sed on the d 1 s t r 1 bu t 1 on of  core  s t r u c tura l ma ter i a l s  a nd t he 1 r  

presence 1 n  the terna r y  U -Zr -0 s t ruc t u r e s , t h e  debr i s  bed wa s a t  

one t 1 me probabl y  s ubj ec ted t o  s i gn i f i ca n t  m i x i ng p r oba b l y  a fter  

the h i gh temperature  por t i on o f  the acc i den t . 

o The turbulent  m1 x 1 ng o f  core  ma ter i a l s  p r oba b l y  occu r r ed dur i ng 

the B -2 pump t r an s i en t  between 1 7 5 and 1 80 m i n .  The r e l a t i ve l y  

u n i form concen t r a t 1 ons  o f  Gd s ugge s t  that  the mi x i ng wa s very 

v 1 gorous and exten s i ve .  

4 . 3 . 2  Bu l k  Re l oca t 1 on o f  F ue l  

B u l k  r e l oca t i on of  f u e l  i s  s ugges ted f r om t h e  p r e v i ous  d i s c us s 1 on on 
235 

mi x 1 ng and f r om the a verage enr i c hmen t  ( U/t o ta l U x 1 00%} o f  t he 

r ec omb i ned bu lk  samp l e s  ( see Tab l e  26 } .  The p r e v i ous  d i s c u s s i on conc l udes 

t ha t  turbul en t  mi x i ng o f  core ma ter i a l s  probabl y occ u r r ed 1 n  order to 

a c h i eve the obser ved un 1 form d 1 s t r 1 bu t 1 on o f  core cons t i tuen t s . The 235u 

enr i chmen t s  were  a l so determi ned for the r ec omb i ned bu l k  samp l e s  for 

compa r i son w i th  the or i g i na l  core enr i chment s  at H8 ( 2 . 64 wt%} a nd E 9  

( 1 . 98 wt%} . The mea s ured enr i c hmen t s  o f  samp l e s  f r om t he H8 l oca t i on 
235 

ranged f r om 2 . 3  to 2 . 7  wt% U and at E9 the mea s u r ed enr 1 c hmen t s  ranged 
235 

f r om 2 . 5  to 2 . 8  wt% U .  There 1 s  no apprec i a b l e  c o r r e l a t i on between 

the or i g i na l  enr i c hmen t s , par t i c u l a r l y  at E 9 ,  and  meas u r ed samp l e  
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• I ·: ... 

• 

WlCWnt$ . · These resul t s  tnd tcate that fuel from low enr t chmen t has been 
tlaoreugb1y •tad VUlt h t gber enr t ctaent fuel from other assembHes . f or 
•••''· t'* 2 .98 vtl-enr tched fuel was or tgtna l l y onl y  at  the core 
,...,,...., . llatertals wtth tMs enr tchllen t  are now found tn 110s t of the 
s.,les eHIItRed . The results  t nd tcate that s tgnt f 1cant degradat t on and 
lltxtat of bulk fuel assellbl y  COIIIPOnents has occurred .  

,,,.3.3 Se!lregat ton of Core llater tals  

1be el .. n ts  for vbtch segregat ton or accumula t ton wa s tndtca ted , 

prtMr\ ly  by the chatcal analys t s  resul ts , are Zr , Ag, I n ,  Cd , Gd ,  and 

Al. Less than 501 of the atttt c tpated Zr was present t n  the debr t s  bed at  

,_ • and Et locat toas . F uel  rod te��Ptratures were probably  h t gh enough 

after approxt.atel y  150 •tn for zt rcaloy c laddt ng. to •l t ,  d t s solve SOlie 
•z• and flow ctownward a l ont the rods tnto lover cooler regtons of the 
core. The ctte.tcal analys t s  resul ts support tht s  scena r t o  and s uggest that  

depletton of �a ter tals  was s tgnt f tcant fraa the upper por tton of  the fuel 
rods tn the regton of the debr h bed . lased upon tht s  resu l t , there lily be 
zones lawr t n  the core wtttch con ta tn s tgnt f t cant acc.-lat t ons of the 

U-Zr-0 ternary •txture . The debrt s  bed contat ns approxt.ately 201 of t he 
core .ass and based upon the t nd tcated depletton of Zr . approxt��ately 

518 to 2200 kg of Zr vt th d t s solved U .ay have been depos t ted near the 
�tal of the core prt or to the B-2 PUlP trans t en t  at 175 •tn .  

The control rod constt t uents (At-In-Cd ) are relat t vely vola t t le ,  and 
ltased on tllerMd'Jft1111c calculat tons for cond U t ons s t•t lar to TIU ,  31 
sttntftcant a.ounts of Ag ( 2«1) , I n  ( 411) , and Cd ( 1001) could vapor t ze ,  
condelase t nto aerosol s ,  and be transported out of the core reg t on . The 
results of tlte recOIIbt ned bul k  saiiiPle ana lyst s  tnd t cate the presence of 
IDly 7 .4 to 10. 11 of the t nt t tal core concentrat t on of Ag tn  the core 

debrt s  grab sa.ples . [ Cd and In were not �easurable tn  the recombt ned bul k  
Sllples , probably because the concentra t t ons were bel ow the detect t on 
lteU �J Evtdentl y ,  approxtllltely 901 of the Ag has been transpor ted from 

tbe debr t s  bed (-400 kg Ag ) .  Less than 31 of the core t nventory of  Ag 
let:t the reactor vessel based upon analyses of c011ponents  outs t de the core 

• 

• 
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[ leadscr ew sur faces ,  ( see Reference 33 ) r eactor  c oo l a n t  d r a i n  tank and 
r eactor bu i l d i ng ba semen t , 38] wher e  the Ag wou l d  tend to accumu late  1 f  
transpor ted a s  a vapor or  aer osol  out of  the c or e .  The s 1 l ver p r oba b l y  
me l ted and f l owed i nto l ower reg i on s  of  t he c o r e  o r  r eact or ves s e l  where  1 t  
proba b l y  rema i ns .  

The concentrat i on of Ag tends to be h i gher for the sma l l er 

( <1 000 pm ) par t 1 c l e  s 1 ze f rac t i ons pos s i bl y  because  of  the \ nc r ea sed 

sur face area for condensa t i on on the par t i c l e s  w1 t h  dec r ea s 1 ng par t 1 c l e  

s 1 ze .  The Ag coul d a l so r eact  chem1 ca l l y wi t h  the pa r t i c l es and a s im\ l a r  
trend woul d  b e  1 nd i ca ted . The data 1 nd i ca t 1 ng whether the 1 nterac t 1 on 1 s  

phy s i ca l  o r  chemi c a l  d o  not yet e x i s t . C d  a nd I n ,  t h e  other pr i nc i pa l  
cont rol  rod cons t i tuents , were  mea s ur a b l e  i n  the pa r t 1 c l es  and a l i quot s ; 

but 1 n  fewer samples  than wa s Ag . These e l emen t s  exh i b 1 t  e s s en t i a l l y  t he 
same beha v i or as  Ag , wi th  h i gher concen t ra t i ons  a s soc 1 a ted wi t h  the sma l ler 

par t i c l e  s 1 ze frac t i ons . 

Gadol 1 n 1 um ,  a pol son ma ter i a l , wa s present 1 n  mos t  r ec omb i ned b u l k  
samples . I t  wa s d i s t r i buted r e l a t i ve l y  even l y ,  w1 t h  mea sured 
concentra t i ons rang i ng f r om 4 . 7  to 8 . 2  E -2 wt% . Th 1 s  1 s  s ur pr i s i ng a s  
gado l i n i um cons t i tutes l e s s  than 1 . 1 E -2 wt% of  t h e  c o r e  a nd t h e  mea s u r ed 
concentra t 1 ons are  s i gn i f i cant l y  h i gher than the 1 n 1 t 1 a l  core average 
concen tra t i on .  No cor r e l a t i on wi th par t i c l e  s i ze i s  a ppa r en t . 
E xt rapol a t i on of the mea sured concentrat i ons  to  the we i gh t  o f  the debr i s  
bed i n d i cates  that the core 1 nventory  of Gd coul d  be conta1 ned 1 n  the 
debr i s  bed . It shou l d  be noted that Gd 1 s  present  onl y  1 n  the m 1 d d l e  ha l f  
( or two-th 1 rds ) of the po l s on rod and wou l d  therefore pr 1 nc i pa l l y  have been 
exposed to acc 1 dent cond 1 t 1 ons . I t  i s  pos s 1 b l e  t ha t  Gd wa s c oncentrated 1 n  
the debr 1 s  bed a t  the sampl e l oca t i ons  and that  l ar ge a reas w1 th 1 \ t t l e  o r  
n o  Gd present ex 1 s t a t  other l ocat \ ons  1 n  the core . 

A l umi n i um,  the other pr ima r y  con s t 1 tuent of  the po 1 son rods ( exc l ud \ ng 
0 ) , appea r s  to have behaved d i f feren t l y  than gadol 1 n 1 um .  A l um\ num was 
mea surable  on l y  i n  the two r ec omb 1 ned bul k samp l es o f  s u r face ma ter i a l , a t  
7 t o  20 t i mes the concentra t i on expec ted i f  t h e  Al  wer e  even l y  d 1 s t r 1 buted 
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ti tft.. debr ts  '*' •  t•itwttii also vas coacentrated at the sur face the 

ts becl. Ia tenerll . the coaceatrattoa of Al tncreases wHh decreas i ng &ttJtz sta•; as t.nctted ta f loure 43. TM s ftoure t s  a COJIIP4r t son 
JaJbiHO tlte aor•Hztd parUcle surface area and the concentrations of Al 
for ,_.lts 1 .  3. a.a 6.  The devtaUons t n  the general tncrease tn 
toftteatrlt\OD � th decreasing particle s t ze .ay be due to differences 

.. . ..._.. the tct•l aad calculated surface areas of the par Ucles . These 
ata s._.st that the transpor t ��eehant s• •Y have been vaport zat ton w1 th1n 
:. h1tb t..,.rature zone and condensauon at the top of the cooler rubble 
.... 

�· results contrtbute to an enhanced understanding of the core 
clldttton and acctdeat scenar io as fol lows :  

o The distribution of Zr , Ag, Al , and Gd wt thtn the debr ts bed 

Indicates that the unexa.tned regtons t n the lower hal f  of the 

core and lower plenu. probabl y have s t gn t f t cant l y  dt fferent 

CGIPOSi t tons than does the debr t s  bed . for Ins tance, aost of the 

Zr and At wlttch t s •t s s t ng frOM the core ma ter tal t n  the debr t s  

bed t s  probabl y  t n  t he bot ta. o f  the core and lower plenu.. The 

cere •tertal t n  these l ower regtons t s  probably depleted t n  Al 

• 

• 

• 

aad &d .  

Concentra t i on o f  Al and Te t n  the surface m� ter t a l  o f  the debr t s  

bed sutoes t that the surface of the debr t s  bed func t toned a s  a 

trap et ther dur t ng the h t gh t.-pera ture por t t on of the acc tdent 

or later dur t ng natural rec t rculat t on .  

The concentra t ton of Al , Ag , Cd , and In wt th the sma l ler par ttcle 

s t ze fract1ons s ugge s t s  that retent t on was dependent upon 

particle surface area or that these ele�ents formed par t t c l es 

vt th the observed s t ze d t s tr t but t on .  The most l t kely mechant sms 

are probabl y  conden sa t i on or cheMi cal reac t t on of vapors . 

• 
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1 46 



4 . 4  Behav \ or of  F 1 s s 1 on P r oduc ts  \n  the Core 

f \ s s \ on produc t beha v \ or \ s  def \ ned as t he reten t \ on/r elease from the 
fuel and t ranspor t/reten t \ on of rad \ onuc l \ des w \ t h \ n  the r eac tor pres sure 
ves s e l  and pr hnc1 r y  c oo l  \ ng s y s tem .  A b l oc k  d 1 agr am wh \ c h  suiTilla r \ zes the 
f \ s s 1 on p roduc t beha v \ or , a s  determ\ ned from ana l ys \ s  of the core debr \ s  
grab sampl es , \ s  s h own \ n  F \ gure  44 . The on l y  meas urable rad1 onuc l \ des 
s \gn \ f \cant l y  r e l ea sed f r om the reac tor ves sel  are 1 37cs  and 1 29 1 .  
Other rad \ onuc l \ des  wer e  reta \ ned w \ t h \ n  the ves sel , e \ ther \ n  the fuel or 
as soc \ a ted w\ t h  the c ladd \ ng and  s t r uc t ura l ma t er \ a l s .  The rel ease of 
1 06 1 25 Ru a nd Sb f r om the fue l \ s  s \ gn 1 f 1cant . Beha v 1or  of each  of the 
rad \ onuc 1 1 des and the 1 r  1 mpac ts  on the current  unders tand \ ng of the core 
cond \ t \ on a nd acc \ dent  s c ena r \ o  \ s  eva l ua ted \n th \ s  sec t 1 on .  The 
chem\ s t r y  a s s oc \ a ted w \ th  the obser ved beha v \ or \ s  eva l uated 1 n  
References  39 , 40 , and 4 1 . 

4 . 4 . 1  Ces \ u.  and l od 1 ne 

1 37cs  a nd 1 29 1 wer e  expec ted to be the mo s t  vol a t \ le rad \ onuc l \ des 
( except for t he n ob l e  gases ) and , hence , the mos t  mob \ l e of the measurable 
rad \ onuc l \ des . E s t \ma tes  o f  r a d 1 onuc 1 1 de reten t \ on 1n the core debr \ s ,  as 
shown \n F \ gure  44 , \ nd \ cate  tha t  t he ma x \ mum reten t \ on \n the debr \ s  bed 
for 1 37c s  a nd 1 29 1 \ s  28 and  32%, r e s pec t \ vel y .  S \gn \ f \ cant frac t 1 ons 
of the core \ nven tor y o f  bo th  r a d \ onuc l \ des have been relocated by the 
reac tor c oo l an t  to the r ema \ nder of the reac tor sys tem ( see Reference 28 ) .  
A l s o ,  the r a d 1 oc hem \ c a 1  ana l yses  ( s ee Sec t \ on 3 . 4 )  \ nd \ cate tha t  both 
rad \ onuc 1 1 des have bec ome a s s oc \ a ted w\ th c l add \ ng and s t ructura l ma ter \ a l s  
a t  concen t ra t \ on s  s \m\ lar  t o  fuel ma ter \ a l  ( \ . e . , the s t r uc tural  mater \ a l s  
have 1 29 1 and 1 37c s  concen t ra t \ on s  s 1m 1 1ar  to fuel mater \ a l ) .  

Compa r \ ng t he l 37c s t1 29 I r a t \ os for h \ gh fuel  content ( >50%) 
s aaples  \ nd \ cates  no cor r e l a t \ on be tween 1 37c s  and 1 29 1 .  Th \ s  s uggests  
tha t the  rad \ onuc l \ de s  wer e  r emoved from the fuel  mater \ a l  to  d \ f ferent 
ex ten ts  or subsequen t l eac h \ ng ha s a f fec ted the d 1 s t r 1 but 1 on .  Under h \ gh l y  
ox1 d 1 z \ ng cond 1 t \ on s  a s  we re \ nd \ ca ted a t  TMI b y  t he degree o f  c l add \ ng 
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s 
Association with s -
cladding or other -

I -
structural material - I 
in the core - s 

- I 

Retention in 
f uel materials 

Radionuclide Retention(%) 

1 291 1 0-28 
137Cs 6-32 
125Sb 1 9-37 
106Ru 35-86 
90Sr 91-100 

144Ce 90-130 

s ... 
s Fraction of core ... 

- inventory released 
from the core 

I (leaching) materials 
-

S - Significant relocat ion 
I - Insignificant re locat ion 

5 3266 

F 1 gure 44 . Schema t 1 c  show 1 ng t he beha v 1 or ( retent 1 on/r e l oca t 1 on ) o f  
var i ous rad 1 onuc l 1 des i nthe THI -2  c or e .  
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ox 1 da t 1 on ,  1 2 wou l d  probab l y  preferen t 1 a l l y  be formed ra ther than C s i  
\ nd \ ca t \ ng d \ f ferent  transpor t methods . T he core debr 1 s  da ta tend to 
suppor t t h 1 s  hypo t hes \ s .  There appea r s  to be a genera l 1 ncrease 1 n  1 29 1 
as soc \ ated w \ t h  the sma l l er par t \ c l e s 1 ze frac t 1 ons ( s ee Sec t \ on 3 . 4 ) · 

1 37 
• 

however , no s \m\ l ar re la t 1 on s h \ p  ex \ s t s for Cs . I f  the cor rel a t 1 on 
wt th the par t \ c l es s \ ze f rac t \ on ( \ . e . , s u r face area ) 1 s  ev1 dence of 
vapor 1 za t 1 on/condensat \ on ,  t hese da ta sugges t t ha t  1 29 1 vapor 1 zed and 
subsequen t l y  c ondensed on t he sur faces of t he sma l ler par t 1 c l es , whereas 
1 37 C s  d 1 d  not depos \ t  a s  a vapor or was s e l ec t 1 ve l y  r emoved by leac h 1 ng 
or other mecha n \ sms . 

1 37 1 29 The con t r \ bu t \ on s  of  the C s  and J resul t s  on under s tand 1 ng 
the core cond \ t 1 on and acc 1 den t scenar \ o  a r e  a s  fol lows : 

o 1 34 • 1 37cs a nd 1 29 1 have been s 1 gn 1 f \ cant l y  r emoved from t he 

0 

0 

fuel  and have become a s s oc 1 a ted w\ t h  c l add \ ng and s tructural  
ma ter \ a l s  or t ranspor ted outs 1 de the ves s e l , w1 th no correl a t 1 on 
between the two . 

The da ta  s ugges t t ha t  1 29 1 may have depos 1 ted as a condensed 
vapor on sur faces or r eac ted w\ th  c omponents  of the sma l l er 
par t 1 c l es s \ ze frac t \ ons to form an 1 nsoluble  ma ter 1 a l  not 
r emoved by l eac h 1 ng .  

Prev \ ous exper 1 ments have 1 nd 1 ca ted that release of Cs and I from 
42 

t he fuel  occurs  a f ter fuel frac ture and quench 1 ng .  The mos t  

s 1 gn 1 f \ cant  r e l ease proba b l y  occurred a t  1 75 m1 n \nto the 

acc \ dent dur \ ng the 8-2 pump trans 1 en t . 

4 . 4 . 2  Ruthen \ um 

1 06Ru  r e l ea s e  f rom the debr 1 s  wa s qu 1 te s 1 gn 1 f 1 cant  ( 1 4 to 64%) . 
However , 1 06Ru \ s  mea surable  to a m\ nor extent 1 n  c l add 1 ng and s t r uc tural  
ma ter \ a l  sampl es , s ugges t 1 ng some retent 1 on by  other core  const \ t uent s .  
S 1 gn \ f \ cant  reten t \ on of 1 06Ru 1n the debr 1 s  wa s obser ved for sever a l  
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t so l a ted pa r t t c l es . For par t t c l es 9 0  and 9 6 ,  the N t  to1 06R u  reten t t on 

wa s much grea ter ( 1 0  to 1 00 t tmes ) than wou l d  be found t n  a c ompa r a b le 
1 06 t par t i c l e  of  U ,  t nd t ca t t ng that  N 1  s cavenges Ru  and  1 ncorporates  1 

t n to the N 1  ma t r t x .  E xt rapol a t i on of t he mea s ur ed r e t en t 1 on fac tor s for 
1 06

Ru to the core t nven tory of  N 1  1 nd t cates  the poten t 1 a l  r e te n t t on of 

t he total core 1 nventory of 
1 06

Ru by the N1 present  t n  the c or e . I t  1 s  

unl i kel y ,  however , that  a l l  1 06
Ru present  1 n  the core  wou l d  be c o n ta c t ed 

by s t r uc tura l  N i , i nd i ca t t ng tha t th t s t s  a l e s s  s t gn t f t ca n t  poten t 1 a l  

reten t t on mec ha n t sm. 

The l ow reten t i on of  
1 06Ru tn  some samp l e s  t nd i cates  that  

1 06 
s i gn i f i cant  Ru depl e t ton  ha s occ u r red from the debr t s  bed . No 

s i gn t f t cant  amount of th t s  rad t onuc l t de ha s been mea s ur ed outs t de t he 
1 06 

reac tor ves sel , s ugges t i ng tha t  the Ru t n  the debr t s  bed may have been 

transpor ted to l ower regton s  t n  the core . A pos s t b l e  t r a ns por t mec ha n t sm 

i s  that  the 
1 06

Ru reac ted wi th  Zr  or s truc tura l ma ter 1 a l  and was 

t r a n s por ted to l ower reg t on s  of the core wt t h  those  ma ter 1 a l s .  A l t hough R u  

metal  ha s a h t gh bot l i ng po i n t  wt th  v e r y  l ow vol a t t ty ,  t t  has -1 0 

ox t da t t on s tates  wh t ch are  h i gh l y  vol a t t l e ,  u n s tab l e  c hem1 c a l  c ompounds 

( see Reference 40 ) .  Forma t t on of  those c hem i c a l  c ompounds may a c count  for 
1 06 

the Ru dep l e t t on t n  the debr t s  bed . 

Con t r i bu t t ons  of the 
1 06

Ru r es u l t s  to unde r s tand 1 ng t he c o r e  

cond t t 1 on a n d  acc 1 den t s c ena r i o  are  a s  fol l ows : 

1 06 
o Ru 1 s  s 1 gn t f 1 ca n t l y  r eta t ned 1 n  t he fuel ; however , wha t h as 

been r e l ea s ed proba b l y  r eac ted w1 t h  s t r uc tu r a l  ma ter 1 a l s a nd has  

been reta 1 ned w1 t h 1 n  the r eac tor ves s e l  or near v 1 c 1 n 1 ty .  

1 06 
o Ru dep l et t on 1 n  some samp l e s  1 nd 1 c a t e s  tha t a por t 1 on o f  t he 

core i nventory of  t h i s rad t onuc l t de may have been t r a n s por ted to 
l ower 1n the reac tor ves s e l . 
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4 . 4 . 3 Ant \monx 

The 1 25sb resu l t s 1 nd \ ca te s \ gn \ f 1 cant r e l ease  of th 1 s  rad 1onuc l 1 de 
( 63 to 81%)  occ u r r ed f r om the debr 1 s  bed . T he r e l ease wa s s 1m1 lar  to 
1 37c s � h owever . no s 1 gn 1 f 1 ca n t  f r ac t \ on of the core \ nventory of 1 25sb 
has been measured out s 1 de the r eac tor ves se l . T h 1 s  rad 1 onuc l 1 de a l so 

1 06 
behaves s 1m1 lar l y  to  Ru 1 n  that  1 t  l eaves t he fuel and as soc 1 a tes w1 th 
c ladd \ ng and s t r uc tu r a l  ma ter 1 a l s .  The N1 to 1 25

sb a t om ra t 1 o  1 s  
�6 .9  E +5 : 1 ,  sugges t \ ng t ha t  1 25sb a l so 1 s  1 ncorpora ted 1 n to the N 1  
.atr \ x .  E x t rapola t 1 on of the mea sured reten t 1 on fac tor s o f  N 1  for 1 25sb 
1nd \cates t ha t  a s  muc h  a s  56% of  t he core 1 nven tory of 1 25sb cou l d  have 
been r e ta \ ned by s tr uc t ur a l  ma ter 1 a l s  conta 1 n 1 ng N 1 . 

The da ta s ugges t that  t he m 1 s s 1 ng por t 1 ons  of  the core 1 nven tory may 
have reac ted w 1 t h  Zr o r  s tr uc tur a l  ma ter \ a l  and have been transpor ted to 
lower r eg \ on s  of the core  when these ma ter 1 a l s  were r e l ocated . 

The c on t r 1 bu t 1 on of the 1 25sb resu l t s to under s tand 1 ng the core 
cond 1 t 1 on and acc \ dent scena r 1 o  1 s  that a large frac t 1 on of  t he 1 25sb 
1 nven tory of t he debr 1 s  bed ( 60 to 80%) has not been accounted for . The 
da ta 1 nd \ c a t e  t ha t  t he 1 25sb r eac ted s 1 gn 1 f 1 cant l y  w1 th  s t r uc tural  
ma ter 1 a l s  and �y have been depos 1 ted on  those ma ter 1 a l s  w1 t h 1 n  the  core 
reg 1 on or has been transpor ted to l ower reg 1 ons 1n the reac tor ves sel  w1 th  
the re loc a ted c l a dd \ ng and s t r u c t u r a l  ma ter 1 a l s .  

4 . 4 . 4  Stron t 1 um 

90sr has  been s 1 gn 1 f 1 cant l y  ( >  90%) reta 1 ned 1 n  the fuel and has 

not become a s s oc 1 a ted w 1 t h  c ladd 1 ng or s t r uc tura l ma ter 1 a l s , as  determ1 ned 
90 

from the a na l yses  1 n  Sec t \ on 3 . 4 .  However , a cont 1 nuous add 1 t 1 on of Sr 

to t he r eac tor c oo l an t  ha s been meas ured ( see Reference 26 ) ,  s ugges t 1 ng 

tha t t h \ s  ma ter 1 a l  l eaches d 1 rec t l y  1 nto s o l u t 1 on and does not react  w1 th  
90 

Zr or  c l add 1 ng s 1 gn 1 f 1 c an t l y . No s 1 gn 1 f 1 cant  accumu l a t 1 ons of Sr  have 

been mea s u r ed out s 1 de the core . The ox 1 d 1 z 1 ng cond 1 t 1 ons  a t  TMI woul d  tend 



to form Sr O ( s ee Reference 40 ) , wh i c h ha s very l ow vo l a t i ty .  Forma t i on o f  
th i s compound wi th n o  subsequent r educ t i on wi t h  S r  may b e  the r ea son for 
the l ow vol a t i l i ty o f  the 90sr a t  TMI . 

The cont r i bu t i on o f  the 90sr resu l t s  to  unde r s tand i ng the  core  

cond i t i on and  acc i dent scena r i o  i s  that  90sr wa s r eta i ned in  the  fuel  and 
90 

was not r e l eased dur i ng the acc i dent . The da ta s ugge s t  that Sr 1 s  not 

an immed i a te hazard dur i ng a severe core damage acc i dent s 1mi l a r  to TMI -2 
and i s  onl y  s l owl y l eached from the fuel i nto the coolant . 

4 . 4 . 5  Cer i um 

1 44ce appear s  to have been complete l y  reta i ned ( 90 to 1 30%) \ n  the  
reac tor ves sel . The  resu l t s i nd i ca t i ng reten t i ons of  grea ter than 1 00% ma y  

1 44 be due to l oca l i zed va r i a t i ons  i n  burnup or pos s i b l e  r e l ocat i on o f  Ce 
1 44 from the fuel . An eva l ua t i on o f  Ce r e l oca t i on wa s per formed i n  

Sec t i on 3 . 4 ,  i nd i ca t i ng that 1 44ce wa s r e l eased f r om the fuel and has  
become a s s oc i a ted wi th c l add i ng and s tructural  ma ter i a l s  i n  the  core . 
1 44ce probabl y formed CeO , a r e l a t i ve l y  h i gh vol a t i ty compound ( see 
Reference 37 ) ,  f rom Ce2o3 . CeO wou l d  pr obabl y  be produced by the 
r educ t i on o f  ce2o3 , a very s tab l e ,  l ow vol a t i l i ty compound . The 
ox idat i on of  the c l addi ng and core ma ter i a l s  woul d  i nd i cate  there was a 
genera l l y o x i d i z i ng env i ronmen t ;  however ,  the 1 44ce da ta s ugges t  the  
presence of  a t i me dur i ng the acc i dent when a r educ i ng a tmosphere was 
present i n  the debr i s  bed to produce the obser ved 1 44ce  mob 1 1 1 ty .  

1 44 Contr i but i ons o f  the Ce r e s u l t s  to  under s tand i ng t he core  
cond i t i on and  acc i dent scena r i o  a r e  that no s i gn i f i cant  r e l ea s e  of 

1 44ce  
from the core occurred . What  l i t t l e  d i d  escape f r om the  fuel  mat r i x  
reac ted wi th nea r by c ladd i ng and s tr uc tural  ma ter i a l  and was r e t a i ned i n  
the reactor ves sel  . .  The h i gher concentra t i on s  o f  1 44ce  1 n  the debr i s  bed 
may i nd i ca te the presence of  per i ods  of  t i me dur i ng the acc i dent when a 
reduc i ng a tmosphere wa s present . 
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5 .  OBSE RVAl i ONS/CONCLUS l ONS 

Pr \ nc 1 pa l  obser va t \ ons  and conc l u s \ ons  that have been obta \ ned from 

exam\ n \ ng the  core debr \ s  grab s amp l e s  1nc l ude resu l t s  of the phys 1 ca l , 

meta l l u r g \ c a l ,  c hem\ ca l ,  a nd rad \ oc hem \ ca l ana l yses  and correl a t 1 on of  

these resul t s  w1 th  c ur rent  1 n forma t \ on on the known core cond 1 t 1 on and 

acc \ dent s c enar \ o .  The pr \ nc \ pa l  observa t 1 ons/c onc l us 1 ons  ba sed on a tota l 

samp l e  s \ ze of 0 . 001%  o f  or 1 g \ na l  core \ nventory 1 nc l ude the fol low1ng :  

o Approx 1 ma t e l y  80 wt% of the debr \ s  ma ter \ a l  1 s  larger than 

1 000 pm .  The l ar ge s t  par t \ c l es wer e  u p  t o  2 0  mm .  

o F \ ve t ypes of par t \ c l es wer e  \ dent 1 f 1 ed based on v 1 sua l  

a ppearanc e :  ( a )  apparent  fuel  p 1 eces ; ( b )  c l add 1 ng chunk s ;  

( c )  foamy/porous , pr \ or mo l ten mater 1 a l ; ( d )  par t 1 c l es that are a 

c ompo s \ te of fuel  and pr 1 or mol ten mater 1 a l ; and ( e )  meta 1 1 1 c  

a ppear \ ng ,  pr 1 or mo l ten par t \ c l es . 

o Many  of the par t \ c l e s  exam\ ned con ta 1 n  reg\ ons of pr 1or mol ten 

( U-Z r ) 02 • \ nd \ c a t 1 ng peak t empera tures  grea ter than 2800 K .  

A l so ,  t here  are  a few examp l es of pr 1 or mol ten mater 1 a l  tha t are 

a lmos t pure uo2 , \ nd \ c a t \ ng tempera tures near 31 00 K .  

o Muc h of  t he fuel exam1 ned was essent \ a l l y  unrestruc tured 

1 nd \ ca t 1 ng tha t  peak temperatures d \ d  not exceed 2000 K for any 

0 

0 

s 1 gn 1 f 1cant  l ength of t 1me . 

Severa l  \ ndependen t l y  a na l yzed fuel -bear 1 ng par t 1 c les  conta 1 n  

oxygen concen t ra t 1 ons  1 n  excess  o f  70  a t .% .  Such extens 1 ve fuel 

ox \ da t \ on proba b l y  occurred dur 1 ng s team cool 1 ng w1 th h 1 gh s team 

p re s s ures  a nd ver y 1 1 t t l e  hydrogen genera t 1 on from metal  

o x 1 da t \ on .  

Reg \ on s  o f  pr \or mo l ten U-Zr -0 usua l l y  conta 1 n  a t  lea s t  some 

t r ace  of non -fue l rod ma ter \ a l  ( A l , Cr , F e ,  N \ ) .  These e l emen ts  
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o f ten
. 

were found a t  gra 1 n  boundar i es or 1 n  vo 1 ds . Th 1 s  1 nd 1 c a t e s  

s 1 gn 1 f 1 cant  1 n terac t 1 on be tween f u e l  r ods  a n d  g r 1 d  s pacer s ,  a nd 

pos s i bl y  other s ta 1 n l e s s  s teel c ompone n t s . 

o Con t r o l  rod ma ter 1 a l s ( Ag ,  I n ,  Cd ) wer e  not  a s  c ommonl y  found a s  

s tr uc tural  ma ter i a l s .  Ag appar en t l y  had l es s  o f  a t endency t o  

mi x o r  i n terac t w1 th  fuel  r od ma ter i a l s  than d i d  the s t r u c t u r a l  

ma ter i a l s .  

o The presence o f  l ayered , pr i or mol ten pa r t i c l es i nd 1 c a t e s  e 1 t he r  

a prol onged cand l 1 ng s equence or  mu l t 1 p l e  tempera t u r e  r amps 

occur red dur i ng the fuel  1 1 quefac t i on/re l oc a t i on per 1 od o f  the  

acc i den t .  

o E v i dence that mol ten metal l i c  U and Zr f l owed i n s 1 de ba l l ooned 

c l add 1 ng wa s obser ved , as wel l  as cand l 1 ng on t he c l add i ng 

ou t s 1 de s u r face . 

o S i gn i f i cant  Zr depl et 1 on ( 550%)  has  occ u r r ed 1 n  the maj or i ty o f  

t h e  debr 1 s  samples  anal yzed , 1 nd 1 ca t 1 ng s 1 gn 1 f 1 ca n t  r e l oc a t 1 on o f  

Zr from t h e  r ubble bed . 

o The maj or 1 ty o f  par t 1 c l e s  and a l i quot s  exami ned c o n t a 1 ned a 

mi x t ure  of mos t  core  c on s t i tuen t s , 1 nd i ca t 1 ng s i gn 1 f i ca n t  m1 x 1 ng 

and d i s r up t i on of  t he or 1 g 1 na l  c or e .  Th i s  may have occ ur r ed 

e i ther dur i ng the h 1 gh tempera t u r e  por t 1 on o f  the acc 1 de n t  o r  

l a ter dur 1 ng natural  rec 1 rc u l a t 1 on . 

o Concentrat 1 ons  of  Ag- I n -Cd  ( vol a t i l e  core  ma ter i a l s )  gener a l l y  

s how 1 nc rea ses  for the sma l ler  pa r t i c l e  s 1 ze frac t i on s  and 

s ugge s t  that a reten t i on mec han 1 sm a s soc 1 a ted  wi t h  s u r face  a r ea 

may have been operabl e  for these ma ter 1 a l s .  

o S i gn i f i cant  dep l e t i on o f  Ag ( -90% )  f r om the core  debr i s  bed ha s 

occur red , s ugges t 1 ng pos s i bl e  t r a n s p o r t  to  r eg i on s  l ower 1 n  t he 

reactor  ves s e l . 
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o W i de d i s tr i bu t i on of the  po \ son ma ter i a l ,  ' Gd ,  \ nd \ cates tha t 

s \ gn \ f \cant  r e l oca t i on of  core ma ter i a l s  has  occur red . 

o Al  and l e  are  c on c e n t r a ted a t  the surface  o f  the debr i s  bed , 

s ugges t i ng t ha t  th \ s  por t \ on of the bed may have func t \ oned a s  a 

reten t \ on zone or trap  for s ome ma ter \ a l  e i ther dur i ng the h \ gh 

t empera t ur e  por t i on of the acc \ dent or l a ter dur i ng na tural 

rec \ r c u l a t \ on .  

o S t r uc tu r a l  ma ter \ a l s  a r e  we l l  m \ xed \ n  the debr i s  bed a t  

c oncen tra t i on s  3 0  to  50% of  the \ r  or \ g \ na l  concen tra t i ons I n  the 

f ue l ed reg \ on of a fuel  a s semb l y . The data 1 nd l cate that both 

s \ gn \ f \ ca n t  m\ x \ ng of core con s t \ tuen t s  and 1 \ t t l e  contam \ na t 1 on 

of  t he debr \ s  w \ th o t her  s tructural  component s  ( end boxes , etc . )  

occu r r ed . 

0 

0 

0 

0 

0 

0 

S 1 gn 1 f 1 c a n t  amount s  ( 70 to  80%) of  a l l  1 37cs  a nd 1 29 1 has 

r e l oca ted from the  debr 1 s  bed . 

T he 1 06
Ru , 1 25sb , 1 37cs , and 1 44ce a t  the E 9  core 

l oca t i on gener a l l y  are at h \ gher c oncentra t i ons than at H8 . The 
1 37

c s  concen t r a t i ons  are  1 8  to 85% h \ gher a t  E 9 .  

Por t \ on s  of  
1 06

Ru have l ef t  the fuel  and have been reta 1 ned \ n  

o t her  ma ter i a l s  ( \ . e . , s tr uc tura l ma ter \ a l s ) .  

1 25Sb has been s \gn \ f l cant l y  re lea s ed from the fuel and has 

a s s oc \ a ted  w1 th non -fuel  debr \ s .  

1 06
Ru and 

1 25
Sb appea r to have a s s oc �ated w \ th N 1 -conta 1 n \ ng 

ma ter \ a l s ,  s ugges t i ng a reten t i on mechan \ sm for these 

rad 1 onuc l l de s . 

90
Sr a ppea r s  to be a lmo s t  comp l e tely  reta i ned \ n  the fuel , w \ th 

s ome l eac h \ ng \ nto the reac tor coolant . 
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o Rad 1 onuc l 1 des  were r e l ea sed from the f ue l  1 n  the approx 1 ma t e  

order o f  vo l at i l i ty o f  the e l emental  cons t i t uen t s , excep t for 
1 06

Ru and 90
sr . 1 06

Ru  r e l ease  1 s  h 1 gher and 90sr r e l ea s e  

0 

0 

i s  l ower than expec ted , p robab l y  due to the forma t i on o f  h i gher 

or l ower vol a t 1 l e  ox 1 de forms . 

1 44ce concen t ra t i on s  i n  the samp l e s  are  h 1 gher than expec ted , 

ba sed on the average core  burnup . Some par t 1 c l e s  w1 th  l i t t l e  or  

no u content conta 1 n  1 44ce . These data  s ugge s t  r e l oc a t i on of  
1 44

ce in  the  debr i s  bed , pos s i b l y  by forma t i on of a vol a t i l e 

o x 1 de . 

1 29 1 content 1n  the debr i s  tends to cor r e l a t e  w1 th  s u r face  a r ea 

i n  the sma l l par t 1 c l e  s i ze frac t i on s  and , t herefore , may s ugge s t 

a sur face area dependen t  reten t i on mec ha n i sm .  

o E v i dence of  s i gn i f i ca n t  turbulent  mi x i ng of  the l i quef i ed core  

ma ter i a l  ha s been obser ved . 

o Segrega t i on o f  Zr , Al , Ag , and Gd ha s been observed , s ugge s t i ng 

that l ower areas of  the core  may have d 1 f fe r en t c ompos 1 t 1 on s  than  

obser ved in  the debr i s  bed . 

o 
1 06

Ru and 
1 25

sb may have been t ranspor ted t o  l ower i n  t h e  

c o r e  and as soc i a ted w1 th 1 1 quef i ed Zr  a n d  s t r uc tura l  ma ter 1 a l . 

o There 1 s  no cor r e l a t i on between the enr i c hmen t  o f  ma t e r i a l s  

exami ned and the or 1 g 1 na l  ( H8 and E 9 )  f ue l  a s s emb l y  enr i c hmen t s , 

i nd i cat i ng s i gn 1 f 1 cant  phys i ca l  r e l oca t i on o f  the bul k  core  

ma ter i a l s  ( fuel a s sembl i es ) ha s occur r ed . 
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