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ABS IIU1C I 

Six furl rod segments were obtalned from partially lntart fuel 

assemblies still standing in the core of the damaged lhreP Mile lsll�nd 
UnH? reactor. ·lhe segments wt're subjected to neutron radiography, ganund 

spectroscopy, and visual and photographic examination to evaluate the 

necessity of performing addH ional mclallur<Jical and radiochemical 

analyses. It was determined lhal the fuel rod segment s were only sllghlly 

damaged during the accident sequence and r1ol useful for further destructive 

examination by the lMI-? Accident �valuation Program except for use as 

possible comparison samples in other lMI-2 core component examination 

programs. 
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TMI-2 STANDING FUll ROO SEGMEN T S: 

PRELIMINARY EXAMINAT ION REPORT -------·-- ------- -·---------

1 .  INl iWOUCl I ON 

The principal pur pos e of t he nondes t r uc t ive examination of the six 

fuel r od segment s  obtained from partially int ac t fuel ass emblies still 

standing in t he c o r e  of t he Thr ee Mile I sland Unit 2 ( lM I -2) r eac tor was to  

evaluat e  t heir potential for providing infor mation t hat may c on t r ibute 

significant ly t oward under s tanding t h e  TM I -2 ac c ident . Objec tives of t he 

examinations were to  ( a) evaluat e  t he neces s ity  for perfor ming des t r uctive 

metallurgic al and radioc hemical examinations and ( b) ident ify t he best 

locations for removing samples for ot her analyses . 

Although the Mar c h  28, 1 97 9 ,  ac cident at l MI -2 involved s ever e damage 

t o  th€ core  of t he reac tor,  t he accident was deter mined to  have had lit tle 
1 

effec t on t he health and safety of the public . However ,  as a 
c ons equenc e of t he s ever e loss -of-c oolant ac cident c lose sc r u t iny has been 

given var ious aspec t s  of the r egulations c oncer ning the safety of light 

water r eac tor s, and sever al major r e s ear c h  p r ogr ams were i�itiatP.d by 

or ganizations c onc er ned with nuc lear power safety. As par t of t hese 

efforts, t he U.S. Depar tmen t of Ener gy ( D OE) es tablis hed a p r ogr am to 

(a) develop t he t ec hnology necessary  t o  r ec over the lMI-2 plant from a 

serious r eac tor ac c ident, and (b) c onduc t r elevant r es ear c h  on the lMI -2 

ac c ident to  enhanc e the understanding of s ever e fuel damage acc ident s  and 

nuc lear power plant s afety. 

O ther or ganizations wi th inter es t s  in bot h  plant r ec over y  and 

ac quisition of ac c iden t data f3r mally agreed t o  c ooper ate wit h  00� in these 

ar eas. These o r ganization s ,  commonly r efer r ed to  as t he G£NO 
Gr oup--Gener al Public U tili ties Nuc lccH Co r por ation (GPU Nuc lear), �lecl rlc 
Power Res ear c h  Ins lil ut e ,  t hr: U . S. Nuclear Regulatory Commission, and 



DOE--a r e  actlv el y in vol ved in b o t h  reactor  r ecov er y  a n d  a cciden t r es ear ch. 

At pr esen t , 00� ls p r o v 1 d lng a por tion of  t he f u n d s  for  r eactor  r ecover y 

( ln t h o s e  a r ea s  wher e a cciden t  r eco ver y  knowl edge wil l be o f  gener 1c 

benefit t o  t h e  U.S .  l lg h t  wa ter r eact o r  lnd��t r y ) ,  a s  wel l a s  t h e  ma jo r it y  

o f  f unds  fo r acqulr ln g  s ever e  accldent tech nlcdl d a t a  ( s uch as  o b t a ined 

f r om examin ing the damaged co r e ) . 

E G&G I daho , I n c . , I n vo l vemen t wlt h  the  T M I - 2  acciden t has  been 

con t inuous . I n itia l l y ,  DOE r eques t ed t ha t  E G&G I daho  co l l ect , a n a lyze , 

dis t r ib u t e ,  a n d  p r es er ve s ignifica n t  tech nica l in forma t ion . S u b s equen t l y, 

t h1s wa s expanded t o  include ( a ) conducting research and devel opmen t 

a ctivities I n t ended to ef f ectivel y exp l oit t he gener ic r es ea r ch a n d  

devel opmen t cha l l enges a t  T M I -2 ,  a n d  ( b )  devel oping a n  under s ta nding o f  the  

a cciden t s equence-o f -even t s  I n  t h e  a r ea s  o f  cor e  damage a n d  es ca pe of  

r a d \on ucl ides ( f ls s \on p r oduct s ) a n d  ma t er ia l s  f r om t h e  r eactor co r e. 

T h e  Samp l e  Acquis ition a n d  E xam i na t ion ( SA&E ) Pr ogram , which I s  pa r t  

o f  t he T M I -2 Acciden t E va l ua t ion Pr ogram f u nded b y  DOE , I s  descr ibed I n  

Refer ences 1 a n d  2. T h e  SA&E Pr ogram I ncl udes I n  s it u  mea su r emen t s  wit hin 

the  r eactor , s amp l e  a cquisition , a n d  examina t io n s  per f or med by  p r iva te  

or ganiz a t io n s  a n d  s ta t e a n d  fed er a l  agencies . Some of  the  data  ob t a ined to 

date I nd ica t e  the fol l owing: 

• T emper a t u r es 1n l a r ge r egion s o f  t h e  cor e exceeded t h e  mel ting 

t emper a t u r e  ( �2 200 K )  of the f uel cl a dd ing , s lgnlf�ca n t  f uel 

l iquef a ct ion by mo l t en z ir ca l oy occu r r ed ,  a n d  evid ence of s ome 

f uel mel t ing h a s  been o b s er ved , I nd ica t in g  t emper a t u r es u p  to  

31 00 K. 

• Some co r e  ma t er ials r el oca t ed I n t o l ower pa r t s of  t h e  r ea ct o r ,  

l ea ving a void in t he upper co re r egio n  equiva l en t  to  

app r o ximately 25% of the o r igina l vol ume. Bet ween ten and  twenty 

metr i c  tons of c o r e  and str uc tural mater i als now a re loca t ed in 

the spac e between the b o t tom head of t h e  r eac to r vessel and the  

elli pti cal fl ow di str i buto r .  

2 



• Fissi on p r oduc t  r e ten t i on i n  c o r e  ma t e r ia l s  r ema i nin g wit h i n  the  

core  i s  s1gn i f i c a n t . F i ssi on  p r od uc t s  r e l oc a ted outsi d e  the  c o r e  

wer e  l oc a ted  pr i ma r i l y i n  r ea c tor  c oo l i ng system wa t e r , a n d  wa ter 

a n d  c o nc r e te i n  the  R ea c tor  Bui l d i ng basemen t. 

S i gn i f i ca n t  f i nd i ng s  f r om t h e  exami na t i on s  have  r esul t e d  i n  t he 

f o l l ow i ng: (a ) i nc r ea s ed t e c h n i c a l  i n t e r e s t i n  lMI -2, bec a us e  t h e  a c c i de n t  

r ep r e s e n t s  a s ever e fue l  damage e v e n t  i n  f ul l -s c a l e, (b ) r ec o n s i de r a t i on o f  

p l a n s  a n d  equi pme n t  f o r  d e f ue l i ng t h e  TMI -2  r e a c t o r ,  a n d  (c ) expa n s i on o f  

t h e  TMI -2  a c c lden t exami na t i on p l a n t o  d e t e rm i ne b o t h  t h e  c o n s equenc e s  o f  

high t empe r a t ur e  i n t e r a c t i ons be tween c o r e  c omponen t s  a n d  t h e  e x t e n t  o f  

r e l ea s e  f r om t h e  f ue l  o f  t he l ower vo l a t i l i t y f i s s i on p r od uc t s .  

E xami n a t i on of t h e  f uel r o d  s egmen t s  w i l l  p r o v i de d i r ec t  da t a  o n  

l oc a l i zed t empe r a t ure,  f i s s i on p r od uc t  r e ten t i on, ma t e r i a l  c ompos i t i on,  a n d  

e x t e n t o f  o x i da t i on .  Ana l y s i s  o f  t h e s e  d a t a  w i l l  p r ov i de a bas i s  o f  

c ompa r i s on f o r  benchma r k i ng c o r e  hea t -up a n d  f i s s i on pr oduc t t r a n spor t 

c ode s ,  c hec k i ng e s t i ma t e s  o f  h y d r ogen gener a t i on, a n d  c ompa r i ng s our c e  term  

c a l c ul a t i on s . 
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2. SAMPLE HlSl ORY 

l h i s  sec t i on p r e s e n t s  spec i f i c  d e t a i l s  c onc e rnln g  the d e s lgn , h i s tory , 

a n d  a c qu i s i t i on of  t h e  f u e l  r od segmen t s , lnc l ud lng ( a )  d e s i gn 

c ha r a c te r i s t i c s  o f  t h e  l M I -2 f u e l  r o d s ;  ( b )  the  env i r onme n t  t ha t  the  rod s  

we r e  exposed  t o  d u r i ng t h e  a c c i de n t  a n d  s u b s equen t 5 yea r s ; ( c ) the  

o r i g i na l  l oc a t i on s  o f  t h e  s egme n t s  in  t h e  c o r e; a n d  ( d )  a c qu i s i t i on 

t e c h n i ques , h a nd l i ng me thod s , a n d  pa c k a g i ng for  s h i pme n t  t o  the I da h o  

Na t 1 on a l  E ng i neer i ng L a bor a t o r y  (I NE I  ) . 

2.1 fue l _Rod Des i gn C ha r a c t e r i s t i c s  

Desi gn  d a t a  f o r  the  l MI - 2  f u e l  r o d s
3 

a r e  s umma r i zed  i n  l a b l e  1 o f  

t h i s  r e po r t .
a 

A c r o s s- s e c t i ona l v i ew o f  a r ep r e s e n ta t i ve ,  pr epr e�s uri zed 

fuel  r od f r om t he TMI-2 c o r e  i s  pr ese n ted  i �  Fi g u r e  1 .  

2. 2 TMI-2 Ac c i de n t  a n d  Reco ve r y  Per io d  E nv i r o nmen t  

Th i s  s ec t i on b r i e f l y  d e s c r i be s  s ome o f  t h e  e n v i r onmen t a l c o nd i t i on s  i n  

t h e  T"l -2 r ea c t o r  d u r i ng the  a c c i de n t  a n d  s ub s equen t  5 yea r s  b e f o r e  

a c qu i si t i on o f  the  f u e l  r od segmen t s . A mo r e  c ompr ehen s i ve d e s c r i p t i on o f  

t h e  a c c i de n t  s equence  a n d  i t s e f fec t on t h e  f u e l  a s s emb l i e s st i l l  s ta n d i ng 

a t  the  c o r e  per i ph e r y  i n  the  upper c o r e  r egi on i s  c o n t a i ne d  i n  Reference  2. 

The e nd - s t a t e  o f  the  upper r ea c t o r  c or e  r eg i on ,  s up po r t s t r uc t u r e s , 

a n d  r ea c tor  ve s s e l , a s  hypo thes i z ed f rom va r i o u s  exami na t i on s  and  

mea s u r emen t s , i s  shown in Fi gure 2. A vo i d  exi s t ed i n  t h e  upper r eg i on o f  

the  c o r e  t h a t  encompassed approximately 25% of the total c o r e  v o l ume and 

extended t o  the  outermost fuel ajsemblies. Figure 3 is a topographical, 

cross-sectional map of the s!des of the core cavity at the elevations from . 
4 

which the fuel rod segments were obtained. lhe segments were cut from 

standing fuel rods at core pCJsitions 11, N?, and M?. lhe rods appear to be 

representative of Intact fuel rods. 

a. lhe 1 �1-? core wns composed of three uranium enrichment zones (1.98, 
2.64, and 2.96 wt%). lhe six fuel rod sPgments alI are of the 2.96-wt% 
enri c hment category. 
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TAB L E  l .  lM I -2 F UE L  ROD D E SIGN DATA 

Pa r ame t e r  

Geome t r y  
T o t a l  len g t h  ( em )  
Ac t 1 ve f uel leng t h  ( em )  
Cla d d i ng O D  ( em )  
Cla d d i ng I D  ( em )  
Pelle t d 1 ame ter  ( em )  
Pe lle t dens i t y ( %  T .D. ) a 

Pelle t enr 1 c hme n t  ( wt % )  
Pelle t len g t h  ( em )  
Pelle t d i s h ( vol% )  
Upper plenum len g t h  ( em )  
L owe r plenum len g t h  ( em )  
F i ll ga s p r e s s u r e  ( p s i a )  
Plen um s p r 1 ng volume ( cm/cm3 ) 
Spa c e r  d 1 ame t e r  ( em) 
Spacer  len g t h  ( em )  
Fuel ma te r 1 a l  
Cla dd 1 ng ma t e r 1 al 
E nd p lug ma t e r 1 al 
Spr 1 ng ma t e r i al 
Spac e r  ma t e r i a l  

Ma t e r 1 al we i gh t s :  
uo2 ( k g )  
Zi r c a loy-4 ( k g )  
304 ss ( k g )  
Zr 02 ( kg )  

To t a l  ma t e r i al we i gh t  ( kg )  

389 . 1  
360 
1 . 1 
0 . 9 4  
0 . 9 3  

Value 

9 2 . 5  .t 1 . 5 
1 . 9 8 ,  2 . 64 ,  a n d  2 . 9 6  
1 .  75 
1 . 7 ± 0 . 5 
20 . 0  .t 2 . 5  
7 . 5  .t 2 . 5  
465  ! 5 0 ,  h e 1 1 um 
0 . 20 .t 0 . 01 
0 . 9 2  
1 . 1 
S i n t e r e d  U02 
Cold-wor k ed  Zi r c a loy-4 
Z i r c a loy-4 
304 ss 
Zr 02 

1 . 03 
0 . 56 
0 . 02 
0 . 01 

3 . 1 2  

a .  % T . D .  =pe r c e n t  o f  t h eo r e t i c a l  dens i t y .  

b.  Ba sed  on o r i g i na l  des i gn c r i t e r i a  for  f uel pelle t s . 

Commen t s  

Cyli n d r i c a l  

A s s umedb 

As s umedb 

As s umedb 

A s s umedb 

As s umc.·db 

A s s umed b 

As s umedb 

As s umedb 



End cap 
....--Identification mark 

typical--..---�# 
llr-n11---End cap seal weld 

Upper gas 
plenum 

Rigid spacers 
typical ----...LIIR� 

Lower gas plenum_ 

typical 

6 10 698 

Figure 1 .  Cross-sectional view of a representative, prepressurized fuel 
rod from the TMI-2 core. 
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28-i 

Breakout 
location 
near 
southeast 

Envisioned 
relocation 
route -----TT---+-H��:;j[II!Jl} 

Molten 
U02/Zr02 
flowing fllrough 
holes in GSA 
plates 

Enlarged 
void 

Upper crust 
remnant 

Relocated 
upper crust 

Lower plenum 
debris material 
(likely small 
particles and/or 
molten material) 

Relocated molten 
material possible 

6 4910 

figure?. Hypothesized end state of the TMI-2 core and reactor vessel. 
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A 
I 
i 

F i g u r e  3. 

D E F G 
I 
i 

H 
I ! 

N I 
i 

K 
i 
I 

M 
! 

N 

I 
i 

0 
I 

p R I 
I 
I 

18. 20. & 22 

NOTE: Numbers represent 
elevations in inches below 
the bottom surface of the 
upper grid plate. Dashed 
lines represent 
approximate location of 
the cavity wall. 

64696 

l o p o g r aph i c a l , c r o s s -sec t l on a l rna p of the l M 1 -?. cor f. c a v 1 t y . 
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A debri s bed ra ng i ng from 0. 6- t o  a b o u t  1 . 0-m deep  wa s a t  the  b o t tom 

o f  t h e  c o re c a vit y . Samp l es o f  d e br i s  from two l oc a t i o ns near t h e  c e n t er 

o f  t h e  debri s bed  have  been o b t a i ned  a nd exam i ned.  A hard { i mp e n e t ra b l e )  

l a yer o f  ma t e r i a l  wa s d e t ec t e d  a bou t 1 . 6 m from t h e  bo t tom o f  t h e  core 

{ i .e . , near t h e  m i d-c ore e l eva t i on )  when t h e  debri s bed wa s probed 

mec ha n i c a l ly. 

Af t e r  t h e  a c c i den t ,  the  f ue l  rods rema i ned  i n  t h e  TM I -2 rea c t or vesse l 

u n t i l  Dec ember 2 2 ,  1 98 5  {-5 years ) .  They  were submerged i n  wa ter a t  

amb i en t  t empera t u re a n d  pressure , w i t h  t h e  f o l l ow i ng c o n c e n tra t i ons: 

• pH: 7.5 t o  7.7 

• Boron:  >4 350 ppm 

• B u f fer: sod i um hydro x i de ( 1 500 ppm ) .  

There f ore , ca uses o t her t h a n  e x posure t o  t h e  short -term tempera t u re duri n g  

t h e  a c c i de n t  ma y have a f fec ted  t he c ha ra c t e r i st i c s  o f  t h e  f u e l  rods. They  

i nc l ude l ea c h i n g o f  c ore ma teri a l s  a n d  f i ssi on prod u c t s  from exposed 

surfaces and o x i da t i on of  surf a c es c a used by  c hem i ca l  in t e ra c t i on w i t h  the  

c oo l a n t .  

2.3 Segme n t  Loc a t i ons i n  t he Core 

Ac qu i si t i on i n forma t i on f u rn i shed  by GPU Nuc l ea r  wa s u sed to i den t i f y  

t h e  ori g i na l  l oc a t i ons o f  t he f ue l  rod segme n t s  i n  t he c ore . All o f  t h e 

segme n t s  were ob ta i ned f rom sec t i on s  o f  f u e l  rod l oc a t e d  b e t ween t h e  f i rst 

a n d  second  spa cer gri ds .  Th i s  corresponds to t h e  a rea be tween c o n tour 

l i n es 1 6  a n d  40 sh own i n  F i gure 3.  

F i gure 4 sh ows the ori g i na l  l oc a t i o ns of the stand i n g f u e l  rod 

se gme n t s  exami ned . I t  prese n t s  t h e f oll ow i n g i n forma t i o n f o r  ea c h  segme n t :  

1 l h e segmen t i de n t i f i c a t i on numb er 
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Core Rod Fuel Assembly Extremity Condition 
Segment Position Position Axial Regiona 

Upper Lower 

L1 B10 Between upper Sheared Transitionb 
spacer grids 

2 L1 B10 Adjoining (above) Sheared Sheared 
Segment 1 

3 N2 N1 Between upper Sheared Sheared 
spacer grids 

4 M2 R15 Between upper Sheared Sheared 
SfJacer grids 

5 M2 R13 Between upper Sheared Sheared 
spacer grids 

6 M2 R13 Adjoining (below) Sheared Sheared 
Segment 5 

a. All segments were obtained from between the first and second spacer 
grids (52 to 105 em from the top of the fuel assemblies). 

b. A transhion region is defined as the interface between the standing fuel 
rod and prior molten material. 

6 10 697 

Figure 4. Locations of the standing fuel rod segments retrieved from the 
TMI -2 core. 
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• The l oca t i on ( core a n d  rod po s i t i ons ) o f  t h e  s peci f i c  s ta nd i ng 

f u e l  rod from wh i ch each s egme n t  wa s obta i ned a n d  t h e  f u e l  

a �s emb l y  a x i a l  r eg i on 

• The con d i t i on o f  t h e  f u e l  rod s egme n t  e x t remi t i e s . Note  t h a t  

on l y  o n e  segme n t  had  a po s s i b l e  t ra n s i t i on r eg i on a t  o n e  o f  i t s 

e x t r em i t i e s . 

Fi gure s 5 ,  6 ,  a n d  7 a r e  s t i l l -i mages  o b t a i ned f r om vi deo 

s urvey/mon i t or  record i n gs ( CCTV )  o f  f ue l  a s s emb l i e s at  core pos i t i on s  L l , 

N2. a n d  M2. Th� v i deo s u rvey s  wer e  conducted on December 6 a n d  2 1 . 1 98 5 .  

T h e  vi deo mon i tori ng wa s conducted duri n g  a cqu i s i t i on o f  t h e  f u e l  r od 

s egme n t s  on December 22. 1 98 5 . The December 6 a n d  2 1  s t i l l - i ma ges were 

mad e  u s i ng s peci a l  vi deo enhanceme n t  a n d  s t i l l - i mage prod uct i on equ i pmen t . 

The December 2 2  s t i l l - i mages  a re p h o t ogra p h s  of t h e  vi deo d i s p l a y mon i t or.  

The comb i nati on o f  da r k  obj ect s .  underwa t e r  l i gh t i ng. wa ter  t u rb i d i t y .  a n d  

vi d eo s y s t em d i s t o r t i on o f  the  t r ue i mage ca u s ed t h e  i mage d e t eri or a t i on .  

The  con d i t i on o f  t h e  f u e l  a s semb l y  a t  core pos i t i on L l  i s  s hown i n  

Fi g u r e  5 .  The upper end f i t t i ng a n d  f ue l  r o d  bund l e  a re on l y  part i a l l y  

i n t a ct , wi t h  s evera l f ue l  rod s  a n d  gu i de t ubes  i n  t h e  northwe s t  qua dra n t  

m i s s i ng .  Be tween t h e  upper e n d  f i t t i ng a n d  t h e  n e x t  s p a ce r  gri d ,  t h e r e  a re 

zones  o f  i n t e ra ct i on b e t ween t h e  f oll ow i ng: 

• Pe l l et s t ack h o l d down s pri n g  ar.d f u e l  rod c l a d d i ng 

• Fue l pe l l e t  a nd f ue l  r o d  cl a d d i ng 

• Fue l rod s  a n d  s pa cer g r i d s . 

Segme n t s  1 a n d  2 we r e  obta i ned f rom f u e l  rod pos i t i on 81 0 ( rod 

l oca t i on i n  f u e l  a s s emb l y )  of core pos i t i on L l .  wh i ch i s  i mmed i a t e l y  beh i nd 

the  s i xt h  f u e l  rod from the l ef t  s i de o f  t h e  f u e l  b u nd l e . Th i s  sect i on of 

the  fuel  rod wa s d i v i d ed i n to  two s egmen t s ;  Segme n t  l i s  t he l owe r end 

w i t h  a tra nsi t i o n re gi on , and Segme n t  2 i s  the  adjo i n i ng upper s egmen t. 
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Possible burst fuel 

6 4675 

F l gure 5 .  V i ew of t he s i de of t he lMJ -2 cor e  cav l t y, show l ng t he fuel 
assembly at core pos i t l on Ll. 
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December 6, 1985 

December 22, 1985 

M2 
t L1 

6 4688 

Fig u r e  6 .  V i ew o f  t he s id e:! o f  t he l MI -?core c a v i t y ,  s howin g t he f uel 
assemb ly at corP posi t i on N?. 
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12/6/85 12/6/85 

12/16/85 

12/6/85 

03 
12/16/85 ., 

F 1gur e 7 .  

L1 

12/16/85 

N2 

12/6/85 

12/16/85 

6 4689 

V l ew o f  t he s l d e  o f  t he lHJ-2 c o r e  c a v l t y ,  showl ng  t he fuel 
a ssembly a t  c o r e  pos1t l on H2. 



The c o nd 1 t 1 on o f  the  f u e l  a s semb l y  a t  c o r e  pos 1 t i on N 2  i s  shown 1 n  

F i gu r e  6 .  l he nor thwe s t  c o r ner o f  t h e  upper  end f 1 t t i ng i s  a b l a ted , a n d  

t h e  f u e l  r o d  bund l e  i s  par t i a l l y  i n t ac t ,  w 1 t h  mo r e  than  ha l f  o f  the  f u e l  

r od s  a n d  gu i de t ubes  m i s s i ng i n  the  r eg i on whe r e  t h e  f u e l  r od s egme n t  was 

c u t. 

Segme n t  3 wa s c u t  i n  the  top  r eg i on o f  t h e  p e l l e t  s t a c k  f r om the 

po s i t i on N l  fuel  r od o f  t h e  core pos i t i on N2 fuel  a s s emb l y .  I t  a ppea r s  

t h a t  t h e  a dj ac e n t  f u e l  r od t owa r d  t h e  c o r e  c e n t e r  i s  m i s s i ng ,  wh i c h 

i nd i ca te s  t h e  f u e l  r o d  wa s c l o s e  t o , o r  a t  the  per i me ter  o f , t h e  c o r e  

c a vi t y .  

T h e  c o nd i t i on o f  t h e  f u e l  a s s emb l y  a t  c o r e  pos i t i on M2 i s  s hown i n  

F i g u r e  7. The M2 f u e l  a s s emb l y  f e l l o n t o  t h e  f l oo r  o f  t h e  c ore c a v i ty  

s ome t i me be tween Dec embe r 6 and  16, 1985, l eavi ng t h r ee ben t f u e l  r ods 

s t i l l  r ema i n i ng .  The r emnan t  o f  t h e  n e x t  s p a c e r  gr i d  be l ow the  upper  end 

f i t t i ng can be s een s uppor t i ng the t h r ee f u e l  r o d s .  I t  i s  be l i eved t h a t  

t h e  s pa c e r  gr i d  r emn a n t  i s  t h e  s o u t h ea s t  c o r ner  o f  t h e  s pa c e r  gr i d .  I t  i s  

be l i eved a l s o t h a t  the  t h r ee s ta nd i ng f u e l  r o d s  a r e  i n  r od p o s it i on s  Rl 3 ,  

R l 4 ,  a n d  R l 5 ,  wh i c h wer e  a d j a c e n t  to t h e  c o r e  f ormer wa l l ,  w i t h  R l 5 a l s o 

a d j a c e n t  t o  a f u e l  r o d  f r om the  c or e  pos i t i on N 2  f u e l  a s s emb l y .  The c o r e  

pos i t i on M 2  f u e l  a s s embly i s  bad l y  damaged , w i t h  u p  t o  ha l f  o f  t h� upper 

end  f i tt i ng t i e-p l a te a b l a t ed , and mor e  than ha l f  of  the f ue l  r ods a nd 

gu i de t ube s m i s s i ng on the  nor t h  s i �e .  

I n f or ma t i on obta i ned f r om t h e  a c qu i s i t i on o f  t he M2 f ue l  r o d  s egmen t s  

a n d  t h e  v i deo mon i to r  recor d i ngs  i nd i c a t e  t h e  f o l l ow i ng: 

• Al l t h r ee r od s  f r om t h e  c o r e  pos i t i on M2 f u e l  a s s emb l y  we r e  

shor tened b y  ampu t a t i ng t h e  upper e x t r em i t i e s  w i t h  s h ea r s near  

t h e  top  o f  t h e  f uel pel l e t  s ta c k . 

• Segme n t  4 wa s c u t  f r om the  top  of  the sh o r tened , posi t i on R l 5 

f ue l  r od .  
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• Segmen t s  5 a nd 6 were c u t  i n  s equence f rom t h e  top  of t h e  

s h ort ened ,  p o s i t i on Rl3 �uel rod . 

2 . 4 . 1  Retri eval from t h e  Core 

T h e  s i x  f uel rod s egmen t s  were cu t from the s t a n d i n g f uel a s seh�ly 

remnan t s  o n  December 22 , 198 5 , u s i ng a remo tely opera t ed vi s e  gri p  a n d  

heavy d u t y  s hears . E a ch s egmen t wa s appro x i ma t ely 15 -cm long . A vi s e  gri p 

wa s u s ed t o  f i rmly hold t h e  fuel rod s  d uri ng s hear i ng a n d  t o  tra n s fer t h e  

s egmen t s  to nea rb y  ( i n the  core c a vi t y )  t hree-chambere d  s h i pp i ng 

rec e p t a c le s  (f u el p i n  s ample c ells ) .  CCT V mon i t ori ng o f  t h e  pro ces s wa s 

rec orded a lmo s t  c on t i nuou s ly and  wa s u s ed a s  t h e  pri nc i pa l  tec hni que for 

i den t i f y i ng the  ori g i n dl loc a t i on o f  eac h  s e gmen t .  

2 . 4.2 Pac ka g i ng a n d  Sh i p� 

The s i x  f uel rod s egmen t s  were packaged i n  c o n c en tri c ve s s els for 

s h i pmen t  t o  INEL, i d e n t i f i ed as follows : 

1. An i nnermo s t , s ta i nle s s  s t eei, t hree-c hambered f uel p i n  s ample 

c e ll (t h ree s e gme n t s  per s a mple c ell) 

2 .  A s peci a lly de s i gned , lea d - s h i elded c o n ta i ner 

3 .  A s ea led , s teel, 1 0 .75-i n . -00 b y  1 4.25-i n . -long 2R c o n t a i ner 

4. A general purpo s e  s h i pp i ng ca s k  d e s i gna ted a s  t he C N S I  l-13 C II 

ca s k , ma n u f a c t ured by Chern N u c lea r Sys t ems , Inc .  

The f u el p i n  s ample cells an d s h i elded conta i n er a re s elf-dra i n i n g, s o  

t he fuel rod s egmen t s  were ex po s ed to a i r  con t i nuou s ly a f ter the s ample 

cell a n d  s h i eld ed con ta i ner were li f t ed f rom the wat er-f i lled core ca vi t y .  
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Pac k 1 ng wa s n o t  u s e d  be tween the  s egmen t s  a n d  the  wa l l s o f  t h e  s amp l e  

c e l l s .  l he s amp l e  ce l l s  a n d  s h 1 e l de d  c onla1ner f 1 t  c l o s e l y  together . The 

s h 1 e l ded c o n t a 1 ner  a n d  2R c o n t a 1 ne r  a l s o f 1 t  t ogether  c lo s e l y .  The 

c on f 1 au r a t 1 on of t h e  s h 1 pp 1 ng c a s k  a f t e r  l oa d 1 ng c o n s 1 s ted of  ( a )  a s t a c k  

o f  t h r ee 2R c o n ta\ner s ( two conta 1 ned t h e  s 1 x  segmen t s ;  one  wa s emp t y ) 

separa ted by wood pa l l e t s  and ( b )  a wood s h o r 1 ng c a ge t o  \mmob 1 1 \z e  the  2R 

c o n ta 1 ne r s  \n s \de the  s h \pp\ng c a s k . The c a s k  wa s t r a n s po r ted  t o  I NE L  by 

t r uc k .  It \s as s umed t h a t n o t h\ng oc c u r r e d  d u r 1 ng s hea r \ng, packag\ng, a n d  

s h 1 pp\ng o f  t h e  s egmen t s  t o  a l te r  t he\r phys 1 c a l  c on d 1 t \o n . The r e  we r e  no 

1 den t 1 f 1 a bl y  f r e s h  s c o r 1 ng o r  ma r ks o n  thP. r ods except a t  the  c ut t 1 ng 

l oc a t \on s . 
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3 .  E XAHI NAliON PL AN AND ANAL YllC AL ME l HOOS 

B ec a u s e  GPU Nuc l ea r  wa s s uc c e s sf u l  \n i den t i f y i ng t h e  s pec lf\c c ore 

pos i t i on s  and f u e l  r o d s  f r om wh i c h t h e  s egme n t s  had  been o b t a i n ed , a 

l i m i ted , nondes t r uc t i ve exam i na t i on p l a n wa s deve l oped t o  c ha ra c t erize t he 

fue l  r o d  segme n t s  a n d  determine if they  merit e d  f urther destructive 

e xamin a t io n . The e xamina t io n  p l a n  wa s ba sed on using t hree re l a t ively 

i nexpens i ve e xami na t i on t ec h n i ques ava i l a b l e  a t  IN E L .  The tec h n i ques , \n 

or der of u s e , were neu t ro n  r a d iogra p h y , gamma s pec t r o s c opy , a n d  vis ua l and  

pho togra ph i c  exami na t i ons  o f  the  i nner a n d  o u t e r  s u rf a c e s  o f  t h e  s egme n t s. 

T h e  n e u t r on r a d i ography  a nd gamma s pec t r o s c opy a na l y s e s  were per formed 

i n i t i a l l y  to ( a )  d e termi ne i f  i mpo r t a n t  fea t u r e s  of t h e  r od s egmen t s  m i gh t  

be d i s t u r be d  dur i ng f u t u r e  c u t t i ng oper a t i on s  a n d  ( b) l oc a t e  t h e  pe l l e t  

i n t e r f a c e s  s o  t h e  s egme n t s  c o u l d  be c u t  a t  l o c a t i on s  t h a t  wou l d  m i n i mize 

c o n tam1na t i on o f  the  hot c e l l .  The exami na t i on me thods  and p r o c ed ure s a re 

l i s t ed be l ow .  

• Neu t r on Rad i ogr aphy--Ne u t r on r a d i ography  o f  the  f u e l  r od s egme n t s  

wa s pe r fo rmed i n  t h e  neu t r on r a d i ography  f ac i l i t y  o f  t h e  Coup l ed 

Fa s t  Rea c ti vi t y  Mea s u reme n t  F a c i l i t y a t  INE L .  Two s e r i e s  o f  

mea s ureme n t s  wer e  per f o rmed ,  t he f \r s t  a f t e r  a 45-m i n  i r rad i a t i on 

per i od and  t h e  s econ d  a f t e r  a 1 -h i r r a di a t i on t o  i mprove 

r e s o l u t i on o f  t h e  r ad i og r a p h s .  

• Gamma Spec t r os c opy--The gamma s pec t r os c op y  d a t a  a c qu i s i t i on 

s y s tem u s e d  wa s a Davi dson Hodel  No . 2056 -4k,  a n d  t he d e t ec tor  

s y s t em wa s a c o l l i ma t ed por t a b l e  Or tec Hyperpure germa nium 

d e tec t o r  (Hodel  No . GE H-08180-S ) .  Da t a  a na l y s ts wa s done us ing 
6 

t h e  gamma s pec t r o s c op y  ana l y s ts c ode GAP on the Vax c omputer 

at the  Rad i a t�on Mea s u r emen t s  L a b o r a t o r y  o f  IN E L .  

1 Vis ua l a n d  Pho t ogr aphic E xami na t i ons --Vis ua l a n d  photogra phic 

examin a t ions  were per formed o f  ( a )  the  in tac t se gme n t s  in p l a s t ic 

s t orage c o n tainer s ,  ( b )  the  s egme n t s  c ompared wit h a n  in tac t 

1 8  



p 1 ec e  o f  fuel r od c lad d 1 ng t o  evalu a t e  r od defo r ma t 1 on ,  a n d  

(c ) cu t s u r fa c e s  r emoved t o  eval u a t e  d e forma t 1 on a n d  ox1da t 1 on o f  

t h e  1 n t e r 1 or a n d  e x t er 1 or s u r fa c e s  o f  t h e  fue l  r od c l ad d 1 ng .  

1 9  



4 .  E XAMlNATlON R ESUlTS 

R e s u lt s  f r om t h e  neu t ron r a d iogra p h y , gamma s pectro s copy , a nd vis ual 

a nd photograp h ic examina tions of the s \x f uel r o d  s egment s a re presented in 

t h\s s ec t 1 on .  

4 . 1  N e u t ron Radiography 

Neu t r on r a d iography  wa s per f o r med on each of the s ix f uel rod  

s egment s .  R a diog r a p h s  we r e  o b t a ined at two  rod o r ienta tions (0  and 

1 80 degree s ) t o  evalua t e  va r i�t ions in s urf ace cha r a c t e r is t ics . Howe ver,  

no significant differences were observed between the two orientations, and, 

t he r e f or e ,  only one r a diog r a p h  o f  each s egment is p r e s ented in t h \s 

repo r t .  The s 1 x  r a d 1 og r a p h s  a r e  s h own in Fig u r e s  8 t h r ough 10. 

F igu r e  8 s hows Segment s 1 a nd 2 ,  which we r e  o b t a ined f r om f u el 

a s s embly p�s ition ll , r o d  position BlO. Segment 1 c ontains an a ppar ent 

t r a nsition r egion ( \ . e . , an  intact por t ion of the r od which had probably 

e x t ended eit her  pa r tia lly o r  wholly int o  t h e  high t empe r a t u r e  r egion o f  t h e  

cor e ) .  The  f la t tened region wa s o b s e r ved prior t o  t h e  cu t ting ope r a t ions , 

a nd s ugge s t s  t h a t  the  pelle t lo s s  and �ub s equent c r imping o f  t h e  f uel r o d  

mo s t  1 1 ke l y  oc c u r r ed d u r ing t h e  a ccident . The gamma s pect r o s copy a nd 

vis u a l /photogra phic e x am,��tions of  Segment 1 p r ovid e  f urther  e videnc e o f  

t r a ns it ion c onditions . Segment 2 is f r om the  top  o f  the  f uel pelle t s ta ck 

a nd s hows no a ppa r ent high t empe r a t u r e  e f f ec t s , s uch a s  pelle t/cla dding 

inte r a c t ion . 

F ig u r e  9 p r e s ents  the  ne u t ron ra d iogra p h s  o f  s egment s f rom t�o fuel 

assembly positions . Segment 3 was obtained from the N 2  fuel assembly 

position, at rod position Nl. This segment is from the top of the fuel 

pellet stack and shows both the end of the pellet stack and a zircaloy 

sleeve-type spacer instead of the expected a Zr0
2 

washer. There is no 

apparent transition region in lhis segment; however, there is some possible 

pellet/cladding interaction. Segment 4 was obtained from the position M2 
f uel a s s embly , a t  rod position Rl5. This is an intact rod segment with no 

a ppa r ent int e r a ction r egions a t  a ny loca tio n .  

2 0  



Figure 8. 

Segment 1 

Top of 
pellet 
stack 

Segment 2 

Neutron radiographs of Segment 1 (core position Ll, rod 
position BlO, at the transition region) and Segment 2 (core 
position Ll, rod position BlO, near the top of the rod). 
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Segment 3 

Top of 
pellet 
stack ----+--t�-

/ Zircaloy / spacer 

Segment 4 

Figure 9. Neutron radiographs of Segment 3 (core position N2, rod 
position Nl) and Se9ment 4 (core position M2, rod 
position Rl5). 



Figure 10. 

Segment 5 Segment 6 

Neutr·on radi oqraphs of Segment 5 (core position M2, rod 
position R13, upper segment) and Segment 6 (core 
position M2, rod position R13, lower segment). 
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F1g u r e  10 p r e s e n t s  t h e  r a d l ogr a p h s  o f  two r o d  s egmen t s , a l s o f r om f u el 

a s s emb l y  pos 1 t ion M2 . Segment 5 1 s  f r om a l oca t l on nea r  t h e  top o f  r o d  

pos 1 t ion R l 3 ,  and Segmen t 6 wa s o b t a l ned f r om ju s t  be l ow Segment 5 .  T h er e 

a r e  n o  appa r e n t  1n t er ac t 1 on r eg l o n s  or o t h e r  o u t s tand l ng fea t u r es 

a s s oc 1a te d  w1t h t h e s e  s egmen t s . 

Tab l e  2 p r e s e n t s  the  c ha r a ct er l s t 1c s  o f  t h e  s lx f u e l  r od s egmen t s  

e xam1ned, a s  de t er mlned f r om the  neu t r o n  r a d 1og r a p h s .  

4 . 2  Gamma Spec t r o s c opy 

Gamma s pec t r o s c op y  a na l y s e s  wer e  per f o rmed on t h e  ln t a c t f u e l  r od 

s egme n t s  t o  d e t e rmlne the  r e l a t lve d 1s t r lb u t 1 on o f  gamma r a y  emlt ter s a n d  

to  c ompa r e  t hem w1t h a n  OR IGE N2 c ode
7 

a na l y s 1 s  o f  t h e  THI-2 c o r e . A 

c al 1 br at 1on s ta n da r d  wa s p r e pa r ed u s lng zlr ca l oy c l a ddlng enc a s ed l ead , 

w1 t.h a 5 . 07-cm- l ong E u - 1 52 sour c e  p l ac e d  ln a sma l l dlame t e r  h o l e  ln the  

c e n t e r  o f  t h e  s 1mu l a ted f ue l  rod  s egmen t . The c a l lb r at lon mea s u r emen t s  a n d  

e f f 1c 1ency  da t a  are  l ls ted l n  Appendlx A .  The  u n c e r t a ln t y  a s s oc la ted w l t h  

t h e  e f f 1c le n c y  d a t a  1 s  a pp r o xlma t e l y  50% .  

T o  c har a c t e r 1 ze t h e  f uel r o d  s egmen t s , gamma s pec t r o s c opy mea s u r emen t s  

wer e  obtaln ed a t  s pec lfled l en g t h s  a l ong eac h  s egment ( s ee Appendlx A ) . 

The f lr s t  s egme n t  a na l y zed wa s Segme n t  5 ( c o r e  pos ltio n  M2 , r od 

pos 1t lon R l 3 ) . E lgh teen mea s u r emen t s  wer e  t a ken a l ong t h e  l en g t h  o f  t h 1 s  

s egme n t ,  a t  1 -c m  1nc r emen t s . P r 1nc 1 pa l  r a d 1 onuc l lde s mea s u r ed wer e  Cs - 1 37 ,  

Sb-1 25 , R u-1 06 , C e - 1 44 , E u-1 54 ,  a n d  C o-60 . F lg u r e s  1 1  t h r ough 1 6  s h ow t h e  

d1s t r 1b u t lon o f  r a d1on u c l 1 de s  a l ong the l en g t h  of thls s e gme n t . These d a t a  

a r e  p r e s en ted 1 n  c o un t s / s econd  a t  a c har acte r l s t 1 c  gamma r a y  e ner gy ( s ee  

�ppend1x A ) . 

The  C s -1 37 r e s u l t s  s hown 1 n  F1 g u r e  1 1  1 nd 1 c a t e  a l lnear  r educ t 1 on 1 n  

ac t 1 v 1 t y f r om the  b o t t om end ( l ower l n  the  co r e ) t o  t h e  top  end  o f  t h e  

segment .  The r ed u c t 1 o n 1 n  ac t l v l t y p r oba b l y  cor r e s po n d s  to t h e  r ed uct l on 

l n  neu t r o n  f l u x nea r  the  o u t s l de edges o f  t h e  co r e. Va r 1 a t 1 o n s  o f  t h l s  

ext e n t  a r e  expec ted n e a r  the  per l ph ery o f  the  cor e .  The f 1 s s 1 on p r o d ucts 

Sb-1 25 , R u - 1 06 , Ce-1 4 4 , a n d  E u-1 54 s how co r r es pond l n g r eductlo n s  l n  
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TABLE  2. FUE L  ROO S E GMENT  CHARAC T ER IS l iC Sa 

N umber 
a 

C o r e  Rod L e n g t h  o f  Fue l  
Segmen t  Po s H ion Po s H ion (em) Pe l l e t s  C omme n t s  ---

1 L l  B l O  1 7 . 5 7 Appa r e n t  c o l l a p s e  o f  r od a f t e r  
p e l l e t  l o s s  

2 ll B l O  1 5  8 Spa c e r  
3 N2 N l  1 0  b. 2 Po s s ib l e  p e l l e t  c l a d d ing 

in t e ra c t ion near the top  a nd 
b o t t om 

4 M2 R l 5  1 9 . 5  1 1 . 3  No a p pa r e n t  in t e r a c t i on zones  
5 M2 R l 3 1 8  1 0 . 3  In tac t r o d - -n o  in t e r a c t ion 

zones  
6 M2 Rl 3 1 0 . 5  6 . 5 In t a c t r od --n o  in tera c tio n  

z ones  

a .  Dete rmine d  f r om neu t r on r a d iogr a p h s . 
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Figure 13. Ru-106 distibution along Segment 5. 
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Figure 14. Ce-144 distibution along Segment 5. 
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a ctivity ( F i gure s  12 through 15). The var 1 a bil 1ty in the mea s ured 

acti vi tie s is within the unc ertainty a s s oc i ated with the mea s urements .  lhe 

C o -60 mea s u r ements s hown i n  F i gu r e  16 d o  not i nd i c a te the s ame c o n s is tent 

r ed u c t i on i n  a c t i vi ty ,  p r oba b l y  bec a u s e  o f  c o r r o s i on mate r i a l s  deposi ted on 

the s u r faces  o f  the s egment. l he mea s ured c ount ra te s ( 40 5  c ts / s ec ) 

s ugge s t  r e l at i ve l y  l ow s urfa c e  c oncentr at i on s .  

A f ter exami n i ng Segment 5, wh i c h  i nd i c a te d  re l ati ve l y  c o n s tant 

a c ti vi ty d i s tributi ons  a l ong the segment for a l l fi ss i on �ro d u c ts , the 

remain i ng s egments were a na l yzed at the c enter a n d  eac h end to d e f i ne 

potentia l a c tivi ty gra d ients . The s e  d a ta a r e  l i s te d  i n  Append i x  A. 

A c ompari son wa s performed to dete r m i ne i f  the f ue l  rod s egments 

s howed a pp r o x i ma te l y  the s ame c on c entr a t i on s  o f  f i s s i on p r o d uc ts a s  

pr ed i c ted by the OR IGE N 2  c ode . Th i s  a na l y s i s  i s  not pre c is e , a s  there a re 

s ome d i f fe r e n c e s  i n  geometr y between the c a l i br a t i on s ta nd a rd a n d  the 

a c tua l rod segments . As pr evi o u s l y  noted , the unc e r ta inty a s s o c ia ted w i th 

the ef f i c iency  data is on the order o f  a bout 50%. A mo r e  a c c urate 

c a l i br ati on method ( wh i c h  wa s beyond the s c ope of this s tudy ) woul d invo l ve 

removi ng  s amp l e s  for rad ioc hem i c a l a na l y s i s  f rom a n  inta c t  f u e l  rod segme nt 

and then c a 1ibr a ti ng ,  us i ng the i ntac t  s egment. 

Tab l e  3 l i s ts the OR IGE N 2  c a l c u l ated burnup ra nge for e a c h  of the s ix 

s egment l oc ati o n s .  T h e s e  burn u p  data were u s e d  to gener a te the average 

OR I GE N? c a l c u l ated rad i onuc l i d e  c onc entration s  ( s ee Ref erenc e 7 ) .  Ta b l e  4 

c ompare s  the mea s u red a n d  OR IGE N? c a l c u l ated c onc entration s  a t  three 

s egment l ocati o n s . 

The c o n c entrations  for a l l ra d i onuc l i de s  except Eu-154 a re within 

appro x i mate l y  50% of the pred i c ted va l ues ( i.e. ,  a pproximate l y  within the 

uncerta i nty of this a na l ysis ) .  lhe l ower-than-e x pected re s ul ts may a l s o be 

attribu ted to th e f a c t  that th e e l evation of the s amp l ed rod is not 

a c c urate l y  k n own. Th e Eu-154 c o n c e n tration s  are signific a ntl y l ower tha n 

predic ted by ORI GEN?. This is pos sible bec a us e  the produc tio n of  Eu-154 is 

via a neutro n ca pture proces s ,  whic h ma k e s  ca l c ul a tio n o f  e xpected 

c o n c e n tration s  very uncertain. 
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TAB L E  3. OR I GE N2 CAL CUL AT E D  BURNUP RANGE S AT SE GME NT L OCATI ONS 

Segmen t a 

1 
2 
3 

4 
5 
6 

b 
B u r n u p  

(MWd/MTU ) 

9 67 -21 86 
967-21 86 
9 1 1 - 1 806 

1 456-297 4  
1 456-29 7 4  
1 456-2974 

a .  The s 1 x  f ue l  r od s egme n t s  a l l a r e  o f  t h e  2 . 96-wt%-e n r 1 c h mer. t  c a t egor y. 

b .  Cor r e s ponds  to Fue l  Gr oup 9 of t h e  OR I GE N2 code ( Re f e r ence 7). The 
b u r nup  d a t a  a r e  l l s te d  a s  r a nges bec a u s e  t h e  s amp l 1 ng l oc a t 1 on s  c ou l d  not  
b e  d e f 1 ned mor e  a c c u r a te l y .  
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TABL� 4. COMPARISON OF MEASURED AND ORIGEN2 CALCUlATED RADIONUCLIDE CONCENTRATIONS AT THREE SEGMENT LOCATIONS 

Segment and locat1on
a 

Segment 5 Segment 3 
(Measurement 61 (Measurement 31 

Relatlve ORIGEN-2 
Intenslty Calculated Measured

c 
Fract1onal Measured

c 
Fract1onal 

Rad 1 onuc ll deb Energy (galllllas/ Concentrat1on Concentrat1on Retent1on Concentrat1on Retent1on 
lliY..L d1s1ntegrat1on) (I!C1/g) I!!Cl/gl 1"1 _11!.£J.L9.l_ 1"1 

137cs 661 .6 85 4.20 E+3 3.6 E+3 86 2.02 E+3 48 
125sb 42 7.9 31 1. 06 E+2 6. 35 E + 1 60 4.2 E+l 40 106Ru 621 .8 11 1. 04 E +2 8.14 E+l 78 4.5 E+1 43 
144ce 696.5 1.5 2.21 E+2 2.16 E+2 98 9.8 E+l 44 154fu 1274 37 l. 19 E + 1 2.20 18.6 0.58 5.0 

a. See Appendlx A. 

b. 60co ls an act1vat1on product of structural mater l als , so 1s not 1ncluded ln th1s table. 

c. Measured concentrat1ons calculated by: 

Segment 6 
(Measure111ent 21 

Measured
c 

Fract1onal 
Concentratlon Retent1on 

IJ!C1/gl '"I 
4.5 E+3 110 
7.1 E�l 67 
1 .01 E+2 97 
2.94 E+2 133 
4.18 3.5 

c o u n t s 1 -;:---c,......-,....,---
l

,___....,--___,:-:----s--- x Eff1c1ency x Relat1ve Intens1ty x Converslon Factor 
X length of s!gment Vlewed X Convers1on to Mass Concentrat1on 

counts -- x s 
gammas 
count 

Un1t Convers1on Factors: 

l. 51 
4.55 
1.18 E+l 
8.42 E•l 
3. 77 

x 
d1s1ntegrat1ons 

gamma 

I!C1 - s - em 
d - em - g 

X -----:--'7-:'(�1 �---:--:---
3_7 x 104 d1s1ntegrat1ons x 

s 

1 
1.8 em X 

1 em 
7.28 g 

ill 
g 



E a c h  f u e l  rod segme nt was subjected to both v1sua l a nd ph otogra p h i c  

exam i nati o n s  a n d  c ompared with a port i on o f  new  c l a d d i ng to eva l ua te 

d e f ormati o n s  ( be n d s  or th i c k n ess vari a ti o n s ) ln th e c l a d d i ng.  Fi gure s  17 

through 34 s how si d e , top , a n d/or bottom vi ews o f  ea c h  of  t h e  rod segments. 
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Figure 17. Side view of Segment 1 inside the container tube, showing the 
transition region at the right end. A new segment of fuel rod 
claddin9 is shown above for comparison. 

fl�'--260-210 

Figure 18. Side view of Segment 1 inside the container tube, showing the 
transition region at the right end. A new segment of fuel rod 
cladding inside a container tube is shown above for comparison. 
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F i g ure 19 . S i de v i ew o f  Segme n t  2 ,  a f ter s ec t i on i ng remova l of the lower 
end  def ormed by the TM I - 2 d e�ue l i ng  shear tool. A new segme n t  
o f  f u e l  rod c l ad d i ng i s  s how� a b ove f o r  c ompari s o n . 

86-260-1-28 

F1gur e 20. V1ew of Segme n t  2 ,  s howing the top e n d  d e f or me d  b y  t he TMI-2 
d e f uellng s hear t ool and t he top e n d  of the z1r caloy s pace r 
s leeve , wh i ch was betwee n the f uel pelle t s t ack hold d own s p r i ng 
and t he pelle t s t ack. A n ew s egme n t of f uel r od clad d i ng i s  
s hown a t  t he r i gh t  f or compar i s on . 
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86-260-1-29 

F i g u r e  21. Bot t om end v i ew of S eg men t 2, a f t e r  s ect i on i n g r emoval o f  b o t h  
en d s  d e f o r med b y  t he TMI-2 d e f uel i n g  s hear t ool . Removed en d s  
are s hown below, and a n ew s egmen t of f u e l  rod c iad ding i s  
shown f or c ompar i s on .  
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86·260-1-13 

Figure 22.  Side view of Segment 3, after sectioning removal of both ends 
deformed by the TM I - 2 defueling shear tool. A new segment of 
fuel rod cladding is shown above for comparison. 
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86-260·1·6 

Figure 23. lop end vlew of Segment 3,  after sectioning removal of the top 
end deformed by the lMJ-2 defueling shear tool. A new segment 
of fuel rod cladding is shown at the right for comparison. 
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F i g u r e  24. Bo t t om en d v i ew o f  Segmen t 3, a f ter sect i o n i n g r emoval o f  b o t h  
e n d s  def o r med b y  t he TMI-2 d e f uel i n g  shear t o ol. Removed en d s  
ar e shown below and a n ew segmen t o f  f uel r o d  clad d i n g i s  shown 
at t he r i g h t  f or compar i so n. 
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86-260- 1 - 1 0  

Figure 25. Bottom end view of Segment 3 ,  after sectioning removal of both 
ends deformed by the TMI-2 defueling shear tool. Removed ends 
are shown below, and a new segment of fuel rod cladding 1s 
shown at the right for comparison. 
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86-260-1-35 

F 1 gu r e  26 . S 1 de v 1 ew o f  Segme n t  4 ,  show ln g b o t h  ends d e f o r med by t he TM I -2 
defue l 1 ng s hear tool . A new segmen t of f u e l  r od c l add 1 n� i s  
s hown a bove f o r  compa r 1 s o n . 

86-260-2-5 

F l g u r e  27 . Vl ew o f  Segme n t  4 ,  showln g t he top end  d � f o r med by  t he TM J -2 
d e f ue l ing shea r tool . A n ew segme n t  o f  f u e l  rod c la d ding is 
shown a t  t he le f t  f o r  c ompa r i so n . 
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F 1 gure 28. V 1 ew of Segment 4 ,  s h ow l ng the bottom end defor med by the TM I - 2  
defuell ng s h ear tool. A new s egment of fuel rod c ladd1 ng \ s  
s hown at the left for compar \ s on. 
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F l gure 29 . Side view of Segment 5, s howi ng bot h  ends defor med by t he TM I -2 
defuel l ng s hea r t ool. A new s egment of fuel r od cladding is 
s h own a bove for c ompa r i s o n . 

86-260,2-7 

F i gure 30 . V i ew of Segmen t S ,  showing t he top end deformed by the l M I - 2  
d e f ue l ing shear t o o l . A new segmen t o f  fue l r od c l adding is 
shown at the l eft f or compar ison. 

4 1  



1::.�.·::: 
: t 
. 

ir�� 

·' ' 

F i g u r e  31 . Vi ew o f  Segmen t 5 ,  s h ow i ng  t h e  b o t t om end def o�med by t h e  TMI - 2  
defuel l ng s hear tool . A new s egmen t o f  f uel rod c l a d d i ng l s  
s h own a t  the  l ef t  f o r  c ompar 1 s o n . 

4 2  



' :-

86·260·1·17 

F 1 gu r e  32 . S 1 de v i ew of Segme n t  6 ,  a f te r  s ec t 1 on l ng r emova l of the  l ower 
end  d e f ormed by t h e  TMI- 2 d e f ue l 1 ng s h e a r  too l . A new s egme n t  
o f  f ue l  r od c l ad d 1 ng I s  s hown a b o v e  f o r  c ompa r 1 s on . 

86·260·1 ·21  

F l g u r e  33 . V I ew of S e gme n t  6 ,  s h ow i n g t h e  top end d e f o r me d  b y  t h e  TMI - 2  
d e f u el i n g s h e a r  t o o l . l h e r emo v e d  e n d  l s  s h own be l ow ,  a n d  a 
n e w  s e gme n t  o f  f u e l  r o d c la d d i n g I s  s h own a t  t h e r i g h t  f o r  
c omp a r i s o n . 
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86-260-1-22 

f igure 34 . View of Segment 6 ,  after s ectioning removal of the bottom end 
deformed by the TMI - 2  defueling s hear tool. The r emoved end is 
s hown be l ow ,  and a new segment of fuel r od c ladd i ng I s  s hown a t  
the r i ght for c omparis on . 
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5 .  OBSE HVA1 1 0NS/CONC L U S I ON S  

l he following o bs ervations have been made concerning the s i x  fuel rod 

s egments : 

• Neu t ron radiogra phs of the s egments s how s ome evidence of 

po s s ible pellet/cl adding int era ction. 

• T he gamma s pectro s copy analy s is re s ults  a gree w \ th the ORI G E N 2  

ca l cula ted concentr a tion value s w \ thin the uncertainty o f  the 

ana l y sis,  e x ce p t  for re t ention of E u - 1 5 4 ,  which is lower than 

e x pected . Th\ s \ s  an e xpec t ed re s ult, a s  E u - 1 54 cannot be 

pred\ cted w \ th a high degree o f  accura cy. 

• Segment 1 a ppears to have been fla t tened in the region where fuel 

pellets may have fallen o u t  of the open end dur \ ng the acc\ dent . 

T here is no ev\ dence of s hear \ ng or handling t hat could have 

ca u s ed the deformat\ on. 

• T here is no evidence of s \ gn \ ficant z \ rcaloy ox \ da t ion on a ny of 

the rod s egment s ,  \ nd \ ca t ing t he s e  fuel rod reg\ ons d \ d  not get 

hot enough ( >1 500  K) to be s ubj ected t o  o x \ da t \ on during the 

a ccident. 

• l he T M I - 2  fuel rods used z ircaloy s leeve s pa cers between the 

pellet s tack holddown s prings and fuel pellets i ns tead of the 

e x pected Zro
2 

wa s hers ( s ee T a ble 1 ) , a s  d eterm i ned from the 

neutron ra diogra phs . 

• No evi dence of pr \ or mol t en materials wa s obs erved in any of the 

s egments . 

T he s egments anal y z ed pre s e nt e xa mple s of intact rod s e ctions or rods 

where pellets have fal len out and the cladding flattened, po s s i bly during 

the accident. D e s truc tive e xamination of the s e  s ample s was not re commended 

by the T M I - 2  Accident E valuation Progra m because other fuel rod segment s 



became a va i l a b l e  wh i c h  wer e  s ubj ec ted to  h i gher t empe r a t u r e s  a nL wh 1 c h  

c on t a i ned i n t e r ac t i on zones be tween c omponen t s . T h e s e  f u e l  r od s egme n t  

s amp l e s � t •  � .  howe ve r , d i s t r i bu t ed to  o t her na t i ona l l a bo r a tor i e s a n d  t o  

f u r opean c o un t r i e s a s  pa r t  of dome s t i c  and  i n t e r na t 1 ona l TMI -2  exam i na t i on 

p r ogr ams . 

46 



6 .  RE F E RE NC E S  

1 .  N .  Rogov \ n ,  T h r ee H \ l e  I s l a n d : A Repo r t t o  t h e  Comm\ s s \ oner s a nd t o  
� h e  P u b l \ c ,  U . S .  Nuc l ea r  Regu l a to r y  Comm\ s s \ on Repor t ,  NURE G/CR 1 2 50 . 

2 .  E .  L .  T o l fua n e t  a l . ,  THI - 2  Ac c \ den t E va l ua t i on P r ogram , E GG-THI - 7 048 , 
F eb r u a r y  1 986 . 

3 .  TH I - 2 Acc \ de n t  C o r e  Hea t -Up Ana lys i s ,  N SAC - 2 5 , Nuc l ea r  A s s oc i a t e s  
I n t e r na t i ona l a n d  E ne r gy I nc o r pora ted , J u n e  1 9 81 . 

4 .  L .  S .  B e l l e r  and  H .  L .  B r own , Des i gn a n d  Ope r a t i on o f  t he C o r e  
Topogr aphy Data  Acgu i s , t i on Sys t em f o r  THI - 2 , GE N D - I N F -01 2 ,  Ha y 1 9 84 . 

5 .  K .  V i nj amu r i e t  a l . ,  E xami na t i on o f  H8 a n d  B8  L ea d s c r ews f r om T h r e e  
M i l e  I s l a n d  Un i t  2 ,  GE N D - I NF -052 , Sep t ember 1 98 5 . 

6 .  J .  E .  K l e i n ,  H .  H .  Pu t nam , R .  H .  H e l me r , GAUSS V I , A C omp1J ter  P r ogram 
for the Au t oma t i c  Ana l y s i s  o f  Gamma Rays f r om Germa n i um Spec t r ome t e r s ,  
ANRC - 1 3 ,  June  1 9 7 3 .  

7 .  B .  G .  Sc h n i t z l er a n d  J .  B .  B r i gg s , THI - 2  I s o t opi c I n ven t o r y  
C a l c u l a t i on s , E GG-PBS -6798 , Augu s t  1 98 5 . 

47  



APPE N ! H X  A 

GAMMA S P E C T ROSCOPY ANAL Y S I S  R E SUll S 

A -l 



A PP E N D I X  A 

GAMMA SPE CTROSCOPY ANAL Y S I S  RE SUL T S 

T h 1 s  append 1 x  p r e s e n t s  the  geome t r y  a n d  c a l i br a t 1 on me t hods  a n d  

r e s u l t s  o f  t he gamma s pec t r o s copy a na l y s 1 s  o f  the  l n t a c t f ue l  r o d  

s egmen t s . T �  geome t r y  u s ed f o r  t he f ue l  r o d  s egme n t  mea s u r emen t 1 s  s hown 

1 n  F i gu r e  A - 1 . Two c o l l i ma tor s wer e  u s e d , t h e  s ec on d  c o l l l ma t or l oc a ted  

a d j a c e n t  t o  the  f ue l  r od s e gmen t .  T h i s  me t hod a l l ows mea s u r emen t s  o f  1 -cm 

i nc r emen t s  of the  f u e l  r o d . The d e t ec tor  c o l l i ma t or  1 a n d  the  f u e l  r o d  

s egme n t  we r e  a l i gned by t a k i ng a s e r l e s o f  mea s u r emen t s  a t  d 1 f fe r e n t  

d e t ec tor  he i gh t s  t o  d e t e r m i ne t h e  op t 1 mum s o u r c e - t o -d e t ec tor  a l 1 gnme n t .  

A l l mea s u r emen t s  wer e  per f o rmed w i thou t mod i f y i ng t h i s a l i gnmen t . 

l o  per form  mea s u r emen t s  a t  d i f f e r e n t  r od l oc a t 1 on s , e a c h  f ue l  r o d  wa s 

a t tac hed t o  a s c an n i ng bed wh i c h  c ou l d  be t r a n s l a ted pa s s e d  c o l l i ma t or 

No . 2 i n  1 -cm 1 nc r emen t s . 

C a l i br a t i on of t he mea s u r emen t s y s t em wa s pe r fo r med u s i ng a s 1 mu l a t e d  

f ue l  r od s egme n t  c on ta i n i ng 9 5 2  � C i  o f  E u - 1 5 2 . The  uncer t a i n t y  

a s s oc i a ted w i t h  t h i s s ta n d a r d  i s  a p p r o x i ma t e l y 30% , ow l ng t o  d e n s i ty a n d  

a c t i v i t y var i a t i on s  i n  the  � ta n da r d . Ta b l e  A - 1  p r e s e n t s  the mea s u r ed count  

r a t e s  ob t a i ned at  va r i ous  l oc a t i on s  a l ong t he s ta n d a r d .  These  da t a  were  

i n tegr a te d , a n d  a n  e f f i c i en c y  c u r ve wa s gene r a t ed ( i . e . , c oun t s /gamma ) 

( Ta b l e  A - 2 ) .  

l a b l e  A - 3  l i s t s t h e  mea s ur ed r ad 1 on uc l i de da t a  i n  c oun t s  per  s ec on d  

f o r  Segme n t  5 ( c o r e  po s i t i on M2 , rod  pos i t i on Rl 3 ) . E i gh teen  mea s u r emen t s  

we r e  taken  a l ong t h e  l ength  o f  t h i s  s egmen t  t o  d e f i ne t h e  f i s s i on p r od u c t 

d i s t r i bu t i on w i t h i n  the  rod  s egmen t .  

l a b l e  A -4 p r e s e n t s  t h e  mea s u r ed r a d i onuc l l de c o u n t  r a t e d a ta for  

Segmen t s  l ,  2 ,  3 ,  4 ,  a n d  6 .  

l a b l e  A - 5  l i s t s  the  ca l c u l a t ed c o u n t s  per gamma e f f i c i enc i e s for  each  

r a d i on uc l i d e at  the  ene r g i e s c ha r a c ter i s t i c  o f  e a c h  r a d i onuc l i de mea s u r a b l e  

i n  t h e  f u e l  r o d  segmen t s . 

A - 2  



10-cm-thick lead 
with a 0.75 - x  5.2-cm slit 

Germanium 
detector 

tung�te�/­

// 

Collimator 2 

F igure A - 1 . Gamma s pect rometry s y s t em configur a t i on .  
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T A B L E A - 1 . C A L I B R A T I O N M E A S U R E M E N T S  U S I N G T H E  E U R O P I UM - 1 5 2  S T A N D A R Da 

( c o u n t s / s  ± l (J i n  % )  

A x i a l  D i s t a n c e  f r om C e n t e r  o f  

E n e r g y 
3 e m  L e f t

b 
2 e m  L e f t

c 
em L e f t

e b 
( K e V )  C e n t e r  C e n t e r  

2 4 4 . 7 0 0 . 2 0 2  ± 2 6  0 . 1 8 4 ± 2 0  0 . 8 37 ± 6 . 0  0 .  8 6  l ± 6 0 . 9 7 0  ± 
3 4 4 . 2 8 l .  6 0  ± 2 . 8  2 . 8 1 ± 3 . 4  7 . 3 2 ± 2 . 2  7 . 9 9 ± 1 . l 8 . 20 ± 
4 4 3 . 9 8  0 . 30 7  ± l l  0 . 5 0 3  ± 9 . 5  l .  2 3  ± 4 . 8  l . 1 9  ± 3 . 8  l .  2 7  ± 

7 7 8 . 9 1 l .  0 3  ± 5 . 9  2 . 0 1 ± 3 . 7  4 . 8 2 ± 1 . 7 4 . 9 5 ± l . 4 5 . 0 7  ± 
8 6 7 . 39 0 . 3 1 2  ± 9 .  l 0 . 6 6 3  ± 5 .  0 1 . 4 2  ± 3 . 2  l .  6 3  ± 2 . 9 1 .  5 8  ± 
9 6 4 . 1 3  l . l l  ± 3 . 3  2 . 2 8 ± 2 . 2  5 . 0 2 ± 2 . 3  5 .  l 0 ± 1 . 4 5 . 4 4 ± 

1 0 8 5 . 9 1  0 . 7 3 7  ± 4 . 9  1 . 6 3  ± 2 . 9  3 . 3 7 ± 2 . 2  3 . 4 6 ± 1 . 7 3 . 5 9 ± 
::> 

1 1 1 2 . 1 2  0 . 9 5 5  ± 3 . 5  2 . 0 5 ± 2 . 2  4 . 3 5 ± 2 . 2  4 . 7 1  ± 1 . 4 4 . 8 9 ± I 
..,. 1 4 0 8 . 0 1 1 . 3 1  ± 3 . 5  2 . 9 8 ± 1 . 7 6 . 2 0 ± 1 . 9  6 . 7 0 ± 3 . 1  6 . 8 4 ± 

a .  D i �e n s i o n s  o f  t h e  s t a n d a r d : 

C l a d d i n g O D  1 . 1 e m  
C l a d d i n g I D  0 .  9 8 e m  
C l a d d i n g  l e n g t h  7 . 6  e m  
L e a d  6 . 3  e m  x 0 . 9  e m  ( d i ame t e r ) 
H o l e  i n  l e a d  3 . 30 e m  ( l e n g t h ) 
V o l ume o f  h o l e  0 . 3 7 mL 

L e n g t h  o f  E u - 1 5 2  s o u r c e  5 .  0 7  e m  

b .  M e a s u r emen t s  ob t a i n e d  o n  M a y  1 5 . 1 9 8 6 . 

c .  Me a s u r emen t s  o b t a i n e d  o n  Ma y 1 4 . 1 9 8 6 . 

S t a n d a r d 

c 
l em R i gh t

c 

6 .  l l .  33 ± 4 . 5  
l . l l l .  l ± 2 . 3  
6 . 5  l .  7 9  ± 3 . 1  

3 . 4  7 .  1 2  ± 1 . 7 
3 . 0  2 .  2 1  ± 4 .  l 
2 .  1 7 . 6 7 ± 1 . 1 

1 . 7 5 . 08 ± 1 . 4 
2 . 7  7 . 0 2 ± 1 . 9 

2 . 0  9 . 2 8 ± 1 . 4 

2 em R 1 gh t
e 

1 . 1 3  ± 5 
1 0 . 9 0  ± 1 . 6 

1 . 6 2  ± 3 

6 . 5 6 ± 1 .  3 
2 . 0 9  ± 2 . 6  
6 . 5 2  ± 2 . 0 

4 . 48 ± 2 .  1 

5 . 84 ± 2 . 8  
8 . 00 ± 1 . 3 

b 
3 e m R i gh t 

0 . 3 08 ± 2 6  
2 . 5 4 ± 2 . 7  

0 . 389 ± 1 0  

1 . 5 3 ' ± 4 . 3  
0 . 4 6 8  ± 6 : 5  

1 . 6 1  ± 2 . 1  

1 . 0 7  ± 3 . 3  
1 . 34 ± 2 . 9  
1 . 8 7  ± 2 . 2  



T AB L E  A - 2 . CAL I BRAT I ON E F F I C I E NC Y  DAT A 

E ne r g y  Re l a t i ve I n t e n s i t y 
T o t a l c o u n t s / s

a 
E f f i c i en c y  

{ K e V )  ( gamma s /d \ s \ n t egr a t \ on )  { c oun t �/gamma ) 

244 . 70 8 4 .  7 06 l . 6 7 E -6 
344 . 28 27 4 1 . 90 4 .  4 1  E -6 
443 . 98 4 6 . 7 6 4 . 80 E -6 

7 7 8 . 9 1  1 4  26 . 86 5 . 4 5  E -6 
867 . 39 4 8 . 30 5 . 89 E -6 
9 64 . 1 3  1 5  28 . 29 5 . 36 E -6 

1 08 5 . 9 1  1 2  1 9 . 05 4 . 50 E -6 
1 1 1 2 . 1 2  1 4  2 5 . 30 5 . 1 3  E -6 
1 408 . 0 1 2 2  34 . 89 4 . 50 E -6 

a .  To t a l  a c t 1 v H y  9 5 2  pC i or 3 . 5 2 E + 7 d \ s \ n t egr a t \ on s / s  

A-5 



T A B L E  A - 3 . GAMMA S P E C T R O S C O P Y  DATA F OR S E GM E NT s a 
( c o u n t s / s ± 1 a in % )  

Ra d i o n u c 1 i de 

Mea s u r eme n t  C s - 1 3 7 C s - 1 3 4 
b 

S b - 1 2 5  Ru- 1 0 6 C e - 1 44 E u- 1 5 4  Co-60 

1 2 1 3 5 ± 3 1 3 . 7 5  ± 6 1 1 . 1 6 ± 6  6 . 3 3 ± 5 . 5  2 . 2 3 ± 7 0 . 5 9 6  ± 9 4 . 64 ± 2 . 6  
2 2 6 4 2  ± 3 1 5 . 8 6 ± 1 0  1 3 . 6 3 ± 1 0  7 . 5 0 ± 5 . 3 2 3 . 1 0 ± 1 5 0 . 7 8 7  ± 9 4 . 6 2 ± 3 . 5  
3 2 5 7 7  ± 3 1 6 . 2 7 ± 9 1 3 . 1 4  ± 5 7 . 0 7  ± 4 . 5  2 . 36 ± 1 0  0 . 6 6 2  ± 1 0 . 4  4 . 7 3 ± 2 . 3  

4 2 501 ± 2 . 8  1 5 . 2 0 ± 1 0 . 4  1 3 . 8 3 ± 1 5  6 . 2 6 ± 6 . 8  2 . 8 7 ± 9 . 7 0 . 69 2  ± 1 0  4 . 9 9 ± 2 . 2  
5 2 4 50 ± 3. 1 1 4 . 8 5 ± 1 0 . 8  1 2 . 9 4 ± 8. 4 7 . 1 7  ± 5 . 7  2 . 5 7 ± 7 0 .  7 5 1  ± 9 . 4  4 . 8 4 ± 2 . 3  
6 2 3 89 ± 3. 1 1 3. 5 8 ± 1 2 . 4  1 3 . 9 6 ± 1 0 . 5  6 . 9 0  ± 5 . 4  2 . 5 7 ± 1 3 . 2  0 . 5 8 4  ± 1 0 . 3  4 . 6 5 ± 2 . 3  

7 2 3 1 2 ± 3 . 2  1 2 . 6 0 ± l l . 7 1 3 . 1 0  ± 1 5  6 . 3 1 ± 9 . 2  2 .  3 0  ± 1 5 . 5  0 . 5 8 7  ± 1 2  4 . 5 8 ± 2 . 3  
> 8 2 2 4 4  .±- 3 . 1  1 2 . 05 ± l 1  1 2 . 90 ± 1 7 . 3  6 .  3 1  ± 5 . 1  2 . 4 8 ± 8 . 3  0 . 4 5 2 ± 1 2  4 . 7 8 ± 2 . 3  I 
0" 9 2 1 () 9  ± 3 . 2  1 1  . 60 ± 7 . 1 1 2 . 7 7 ± 4 . 5  5 . 9 2  ± 6 . 3 2 . 0 3 ± 8 . 3  0 . 5 3 1 ± 1 2  4 . 7 2 ± 2. 3 

1 0  209 2 ± 3 . 3  1 0 . 6 7 ± 7 . 9 1 0 . 6 4 ± 1 0 . 2  6 . 3 4 ± 1 0 . 7  2 . 8 7 ± 1 0 . 5  0 . 4 5 2  ± 1 2 . 5  4 . 6 8  ± 2 . 2  
l l  201 6 ± 3 . 1  1 0 . 03 ± 7 . 7 1 1 . 7 8 ± l l  5 . 9 1  ± 7 1 . 9 0  ± 7 . 4 0 .  5 38 ± ll . 7 4 . 6 2 ± 2 . 2  
1 2 1 8 9 4  ± 1 . 6 9 . 6 7 ± 7 . 3 1 0 . 4 4 ± 6 . 6  5 . 5 6 ± 1 5  l .  9 5  ± 7 .  3 0 . 3 9 9  ± 1 3 . 3  4 . 6 1 ± 2 . 2  

1 3  1 8 26 ± 1 . 6 9 . 4 6 ± 9 . 9 6. 3 3  ± 3 5  5 . 3 3 ± 7 . 1  1 . 88 ± 6 . 9  0 . 4 2 4  ± 1 2 . 6 4 . 6 0 ± 2 . 5  
1 4 1 7 6 5  ± 1 .  6 8 . 5 8  ± 1 8  1 0 . 2 2 ± 4 . 7 5 . 4 4 ± 1 3  1 . 97 ± 7 . 5  0 . 3 9 1  ± 2 1 . 4  4 . 7 7 ± 2 . 1  
1 5  1 702 ± 1 .  5 7 . 6 7  ± 8 . 7  1 0 . 5 9 ± 1 0  5 . 1 4 ± 1 5 1 . 7 8 ± 7 . 2  0. 2 6 9  ± 1 5 . 5  4 . 6 5 ± 2 . 9  

1 6  1 4 4 3  ± 1 . 3 4 .  1 0  ± 2 7  9 . 6 4 ± 8. 8 4 . 2 8 ± 4 . 9  1 . 5 0  ± 8 .  1 0 . 4 5 7  ± 2 1  4 . 6 3 ± 2 . 1  
1 7  5 7 1 ± 5 . 7  2 . 2 7 ± 2 4  3 . 7 o 6  ± 6 . 8  2 . 0 3 ± 1 4  0 . 6 6 3  ± 1 0 . 3  0 . 1 36 ± 2 0  4 . 34 ± 3 . 5  
1 8  2 7 . 1 ± 3 . 3  0 . 2 4 5  ± 4 5  4 . 5 0 ± 2 . 9 

a .  C o r e  p o s i t i o n M 2 , r o d p o s H i o n Rl3 ,  u p p e r  s e gme n t . 

b .  C s - 1 3 4  i n c l u d e d  f o r  c ompa r i s o n  o n l y .  



TAB L E  A - 4 . GAMMA S P E C T R O S C O P Y  O A T A  F O R S E  GMF  N T S  1 , " ·  3 . 4 . A N D  6 
( e o u n t s / s  ± 1 (J i n  % )  

R a d 1 o n u e l i d e 

Mea s u r emen t L oc a t i o n S b - 1 25 C s - 1 34 R u - 1 06 C s - 1 37 C e - 1 4 4 E w - 1 5 4 C o - 6 0  

Segme n t  ( c o r e  p o s i t i on L 1 , r o d  p o s i t i on 81 0 ,  l ower s eg me n t )  

1 3 em f r om b o t tom o f  f u e l  9 . 1 7  ± 2 . 4  1 . 4 9 ± 39 6 1 . 7  ± 1 . 5 4 . 6 7 ± 1 . 0 1  
2 7 e m  f r om b o t t o m  o f  f u e l  28 . 5  ± 1 2  54 . 1 ± 4 1 5 . 8  ± 1 0  4 7 9 0  ± 3 5 . 6 8 ± 9 2 . "7 0 ± 6 4 . 8 5  ± 5 
3 l l  e m  f r om b o t t o m  2 5 . 2  ± 2 1  4 2 . 1  ± 7 1 2 . 2  ± 5 3 9 3 0  ± 3 4 . 8 9 ± l l  2 .  Clti ± 5 5 . 09 ± 3 
4 1 4  e m  f r om b o t t o m  2 2 . 4  ± 7 44 . 3  ± 6 1 3 . 8 ± 7 4 3 3 0  ± 3 5 . 3 4 ± 7 2 .  8 2  ± 8 4 . 9 4  ± 5 
5 1 6  e m  f r om b o t t o m  20 . 6  ± 1 1  3 3 . 1  ± 8 1 0 . 9  ± 1 2  3 4 40 ± 3 3 . 39 ± 1 5  1 .  :;, l ± 7 4 . 7 3  ± 4 

Segme n t  2 ( c o r e  p o s i t i on L 1 ,  r o d  p o s i t i on B l  0 ,  upper s e gmen t )  

l l e m  f r om b o t tom 1 1 . 9 ± 5 . 2  1 3 . 6  ± 7 . 5  6 . 09 ± 5 .  1 1 9 7 4  ± 1 5  1 . 8 9  ± 8 . 8  0 .  5 .118 ± 9 . 4 4 . 59 ± 3 . 3  
2 3 e m  f r om b o t t o m  1 5 . 5  ± 8 . 4  1 6 . 8  ± 5 . 9  8 . 5 3 ± 6 . 4  2 6 38 ± 3 . 6  2 . 9 4 ± 8 . 2  o .  n o  ± 8 . 6  6 . 4 1  ± 3 . 4  

:J> 3 7 e m  f r om bo t t om 6 . 7 1 ± 38 1 0 . 8  ± 1 2  5 . 35 ± 4 . 8  2 0 7 7  ± 3 . 2  2 . 0 5  ± 9 . 3  c .  5 34 ± 1 0  4 . 84 ± 3 . 4  
I 4 l 0 .  5 e m  f r om b o t t om 8 . 7 2  ± 1 2  7 . 89 ± 8 . 0  4 . 8 2 ± 4 . 7  1 80 8  ± 3 . 0  1 . 9 0 ± 7 . 2  li . Ti ti  ± 1 3  4 . 6 9 ± 2 .  2 -..J 

2 e m  f r om t o p 3 . 7 4 ± 4 . 6  0 . 6 1 3 7  4 0 . 3  co o .  : n  ± l 3 4 . 6 4 .±" 2 . 2  5 ( s p r i n g )  ± ± 

Segme n t  3 ( c o r e  po s i t i Cl n N c ,  r od p o s i t i o n N I )  

1 2 em f r om b o t t om 1 1 .  l ± 1 5 7 . 7 4 ± 1 0  4 . 60 ± 1 2  1 7 0 0  ± 3 1 . 64 ± 7 c. 2 ','.' 5 ± 1 5 4 . 6 4 .± 4 
2 4 e m  f r om b o t t o m  8 . 9 2  ± 5 6 . 4 1  ± 1 2 4 . 7 1  ± 7 1 5 7 0  ± 3 1 .  6 0  ± 7 0 . 2 S O  ± 1 4  4 . 4 3  ± 3 
3 7 e m  f r om b o t t om 9 . 1  l ± 1 1  2 . 64 ± 2 6  3 .  7 8  ± 5 1 34 0  ± 2 1 . 1 6 ± 8  C . l 5 3 ± 2 3  4 .  5 3  ± 3 
4 1 0  e m  f r om b o t t om 4 .  7 5  ± 34 2 . 34 ± 2 7  3 . 0 3 ± 1 8  1 20 0  ± 2 1 . 34 ± 8 C . l L!i 3  ± 2 0  4 . 48 ± 2 
5 1 3 . 5  em f r om b o t t om 3 . 0 5 ± 4 0 . 84 3  ± 2 7  1 5 . 6  ± 2 4 . 44 ± 3 

Segme n t  4 ( c o r e  p o s i t i o n M 2 , r o d  p o s i t i on R 1 5 )  

1 l e m  f r om b o t t om 1 3 . 4 ± 5 1 4 . 5  ± 6 6 . 2 7 ± 7 2 2 1 5 ± 1 .  4 2 . 3 1 ± 6 . 6  0 . 6 5 2 ± 8 . 7  4 . 80 ± 2 . 2  
2 3 em f r om b o t t om 1 4 . 0  ± 8 . 4  1 6 . 6  ± 8 . 7  7 . 48 ± 4 . 1  2 5 8 9  ± 3 . 6  2 . 5 6 ± 1 2  0 . 5 9 0 ± 1 1 4 . 84 ± 2 . 9 
3 C e n t e r  1 1 . 9 ± 7 . 3  l l  . 8  ± 9 . 4  6 . 20 ± 6 . 5  2 1 6 0  ± 3 . 4  2 . 2 1 ± 7 . 5  0 . 4 1 4  ± 1 3  4 . 8 0  ± <' . 2  
4 1 em f r om t o p  6 . 8  ± 1 0  2 . 4 1 ± 2 . 6  2 . 48 ± 1 3  8 1 8  ± 1 .  4 0 . 7 2 7  ± 1 3  Q .  1 7 8 ± 1 5  4 . 6 1 ± 2 . 1  
5 3 e m  f r om t o p  5 . 5  ± 5 0  7 . 3 7 ± 9 . 7  5 . 2 5 ± 4 . 8  1 7 0 5  ± 2 . 9  1 . 6 6 ± 1 3 0 . 2 S 2  ± l 7  4 . 68 ± 2 . 2  



' 
OJ 

TAB L E A - 4 . ( c o n t i n u e d ) 

Mea s u r e me n t  L o c a t i o n Sb - 1 2 5  C s - 1 34 R u - 1 0 6  

Segme n t  6a ( c o r e  p o s H 1 on M 2 , r o d  p o s H i o n R l 3 ,  l ower s e gmen t )  

1 1 em f r om b o t t om 1 3 . 9  ± 8 . 4  1 9 . 4  ± 9 . 1  7 . 5 7  ± 4 
2 3 em f r om b o t t o m  1 5 . 6 ± 4 . 1  2 2 . 2  ± 8 . 6  8 . 60 ± 4 . 9  
3 C e n t e r  9 . 33 ± 4 1 . 2 1 . 4  ± 1 0  9 . 9 7  ± 6 . 0  
4 1 em f r om t o p  4 . 4 2 ± 6 . 3  3 . 2 3 ± 1 0  1 . 7 9  ± 7 . 5  
5 3 em f r om top 1 4 . 9  ± 6 . 7 1 8 . 0  ± 8 . 3  7 . 8 2  ± 4 . 6  

a .  F o r r e f e r en c e , b a c k g r o u n d  mea s u r ed a c t 1 v \ t \ e s f o r  Segme n t  6 we r e  a s  f o l l ows : 

C s - 1 37 
C s - 1 34 
C o - 6 0  

1 . 1 7  ± 2 . 3  
0 . 06 2  ± 1 0  
4 .  27  ± 0 .  9 

R a d � o n u c l i d e  

C s - 1 37 

2 4 8 2  ± 2 . 5  
3 0 7 0  ± 3 . 6  
29 5 9  ± 3 .  6 

4 8 1  ± 0 . 7  
2 7 24 ± 3 .  0 

C e - 1 44 

2 . 67 ± 9 . 3  
3 . 49 ± 1 3  
2 . 9 6  ± 1 2  
0 . 5 5 ± 20 
2 . 8 3  ± 7 . 7  

E u - 1 5 4  

0 . 7 7 0  ± 1 3  
1 . 1 1  ± 8 . 1  

0 . 90 3  ± 8 . 9  
0 . 1 7 5 ± 1 6 
0 . 894 ± 9 . 1  

C o - 6 0  

4 . 7 7  ± 2 . 9  
4 . 28 ± 5 . 1  
4 . 80 ± 2 . 5  
4 . 5 4 ± l' . l  
4 . 8 3 ± 3 . 9  



l AB L E A - 5 . I ND I V I DUAL RAD I ONUCL I O E E F F I C I E NC I E S  Al DE F I N E D  E N E RG I E S  

E n e r gy 
a 

E f f ' c ' en c y  
b 

Ra d 1 onuc l 1 de - { Ke V )  li_o u n t s /garm1a ) 

l 37 c s 661 . 7  5 .  2 2  E - 6  
l 2 5sb 427 . 9  4 . 7 4 E -6 
l 06R u  6 2 1 . 8  5 .  1 5  E -6 

l 4 4c e 696 . 5  5 . 29 E -6 
1 54E u  1 27 4  4 . 7 9 E -6 

60co 1 33 2  4 . 66 E -6 

----

a .  The ene r g l e s u s e d  for  1 s o tope a na l y s l s  r e  t h e  p r 1 nc 1 pa l  ene r g i e s  ( 1 . e . ,  
l a r ges t b r a nc h i ng r a t i o )  for  t h e s e  r a d i on uc 1 i de s  o r  a r e  t h e  h l gh e s t w i t ho u t  
i n t er f e r ences . 

b .  E f f i c i en c y  i s  d e t e r m i ned  by  i n t e r po l a t , ng b e tween mea s u r ed c a l i b r a t i on 
po i n t s . 

A - 9  


