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ABS TRACT 

This d a t a  package was prepared t o  satisfy t h e  
requirements f o r  approval of  i r r a d i a t i o n s  i n  the  EBR-II .  
Tlne subassembly i i i c l u d e s  (TJ,Pu)O> f u e l  pins  f a b r i c a t e d  
by Babcock %: Wilcox and Oak Ri.dge Na,ti.onsl Laboratory. 
The objeeti-ves of  the t e s t s ,  a performance and. safety 
a n a l y s i s  ?or the subassembly, and t h e  a s - f a b r i c a t e d  r u e 1  
p in  d e s c r i p t i o n s  t o g e t h e r  with the appropri-ate f a b r i c a t i o n  
procedu.res and Quiility Assurance documentat i o n  a r e  pre- 
sented. The analysis p r e d i c t s  safe operat j~on of t h e s e  
experimental  pins  t o  burnup 1.eveI.s o f  1 ( J O , O O O  blNd/metric 
ton of C J  + ~ p l x  a t  a nomi.nal peak ].inear h e a t  ra te  of 14 ~ / f t  
with cladding tempera,tures i n  the temperature range 550 t o  
650° c. 

TNTRODUCTI ON 

T h i s  d a t a  package was prepared i n  accordai?ce w i t h  t h e  r equ i r enen t s  

for approval. of experim.enta1 i r r a d i a t i o n s  i n  the Experimenta,l Breeder 

Reactor ( E R R - ? I )  The experiment described. here incliuiles ( U , P u ) O ?  fuel 

elements f a b r i e a t e d ~  by '00th t h e  Babcock ,9c Wilcox Cornparty (U &: W) arid 

Oak Ridge National  Laboratory (ORNL) f o r  iu'radi?btion i.n a shared experi-  

men-bal sdbass ernb1.y. 

Each s i t e  has previous1.y proposed s-irxilar experimental  i r r a d i a t i o n s  

' Approval was gi-anted t o  t o  be conducted wi-th encapsulated f u e l  pin:;. 

ORNL (ref. 3) for f.i.ve encapsulated finel p ins  t o  be i r r a d i a t e d  as lead. 

exyerimeats f o r  r ev i sed  tes . t  program 7 w i t k i  imencapsulated experLmenta1 

pins using a 3'7-pin shared. siibassernbly. The experimental  prograrm of the 

t w o  s i t e s  have been coordinated t o  provide conn@ementary performance d a t a  

on (U,Pu)O2 f u e l .  The req.1es.t; for A~proval-i.r.-Frinc-liple' of the  combined 

experimental  t e s t  prcgram was approved. ' 
Each organ.ization has i .ndivi di.rsl r e s p o n s i b i l i t y  f o r  the design, 

fak:ri.eation, i n spec t ion ,  and. shi.pmnent, of i t s  m n  test p ins .  However, 

this  d a t a  paekage i s  a common si-fnmission o€ t he  fabricat: i .on i n f o r m t i o n  



and s a f e t y  analysi  s r equ i r ed  f o r  i r r a d i a t i o n  of t h e  shared subassembly. 

This r epor t  has been organi7ed i n  accordance with t h e  d i r e c t i o n s  i n  ihe 

Guide t o  assure recogni t ion of each of t h e  FBR-I1 pro jec t  requi remmts .  

EXPERIMENT DESCRLPTION ANI) REQUIREMENTS 

Purposes a n d  Objectives o f  t h e  Experiments 

Both H B W and OKNL have programs f o r  t h e  development and evalua- 

t i o n  of  oxide f u e l s  f o r  l i qu id -me ta l  fast breeder r e a c t o r  (LMFSX) 

app l i ca t ion .  ' 9 'I 

f o r  t h e  t e s t  p ins  it has included i n  t h i s  shared su'oassernbiy. However, 

 ne coordination of t h e  prograrix i s  such t h a t  the ob jec t ives  of a l l  thP 

t e s t s  can bc  reduced t o  t h e  following. 

1. t o  ob ta jn  da t a  on t h e  ope ra t iona l  c h a r a c t e r i s t i c s  of v i b r a t o r i l y  

The program at each site ineludes s p e c i f i c  ob jec t ives  

L 1  

compacted ( T , h ) O q  p a r t i c u l a i e  f u e l  r equ i r ed  t o  l o a l i f y  it f o r  

TJVFBR dse. The p a r t i c u l a t e s  include spheres p?-oduced by the s o l -  

g e l  process and angular p a r t i c l e s  produced by crushing p e l l e t s  made 

from a coprec ip i i a t ed  powder, 

?. t o  compare t h e  peyforrnance c h a r a c t e r i s t i c s  and l i m i t a t i o n s  i n  a 

fast f l u x  environment of (LJ,yU)02 f u e l s  prepared by d i f f e r e n t  

processes ,  incl-uding p e l l e t s  prepared from c o p r e c i p i t a t e d  !iJ,Pu) O2 

and pe l . l e t s  from ( I J , P u ) O ?  sol-gel-der ived powders, and 

3. t o  ob ta in  d a t a  on t h e  a s - f ab r i ca t ed  fue l  C h a r a c t e r i s t i c s  r egu i r ed  

for oxide f u e l s  t o  prov-ide the performance required f o r  advanced 

W#BR app l i ca i ions .  

To meet t h e s e  ob jec t ives  t h e s e  t e s t s  a r e  designed t o  piace par-t icu- 

lar  emphasis on t h e  e f f e c t s  of f u e l  form and vo id  disl;ribiii;i-on on f i s s i o n -  

gas r e l e a s e  am1 fuel-cladding mechanical interac-Lion a t  extended burnup 

l e v e l s  ( g r e a t e r  than 50,OCkl MNd/metric Lon of heavy metal)  

temperatures i n  t h e  range :>(I t o  
w i t h  c3kdding 

- ,  

The d i s t r i b u t i o n  o f  fuel p ins  f o r  ihe f i rs t  3','-pin subassemb1.y 

1.oadi.ng i s  summarized i n  Table 1 by f a b r i c a t i o n  form and f u e l  production 

p o c e s s .  Tkis s=bassernbly i s  designed f o r  i r r a d i a t i o n  t o  a peak burnup 

l e v e l  of  50, 'XL MJd/meLri.c t o n  of a c t i n i d e  before  i n t e r i o r  exsminatri on 

a?d. p in  replacement. 
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Table 1. lUurnber of Test Pins  of varioiis Firel Form 
in Test Subassenihly 

Diu.mber of 
F u e l  Oxygen- Te:;-t; Pins  a t  Each Total Pins  Fab r i. cat ioii 

Form Prodi-iction to-Metal Des i.gn Smear Eensity of Each 
E”rocess R a t ,  io ( ?  of t h e o r e t i c a l )  ~ u . e I  ~or rn  

The pos t j . r r ad ia t ion  exami nat,ion wi 11 permit n detailed ccmparison of 

fiael. form, densi-ty, and voidage deployrne~it ef-F‘ects on fissi.on-gas release, 

fuel swell ing in-reactor res.t;1-ucrl;uririg, a n d  f u e l -  compcnent and fi.ssion- 

pmdiuct r e d i s t f i b u t i o n  as z fimcti-on OS f u e l  burniip. 

?)e s i r e d  Irrad tat i.on Con d i  t ions 

These t e d s  iiivolv-e two uequiremxts (high eladd.ing temperatt.ires 

and extendkd. burnup) Trrhich repiui red ass ist.anee f m m  the F,BH-TI: P ro j  i ?c : t  

to obtain sib% ern‘oly desI.gns wlii ch would assi1:t-e achieverrierit of t,he 

ob jeet;ri.ves. Since we are interested i n  peak claddi-ng teniperra.l;ur.es in 

the range 550 to LSCOC,  we contacted t h e  E : D R - I I  P ro jec t  f o r  a, rev ised  

*J-3? suhasserrib1.y ciesign to nceomm%ate  pins with a 0. 250-in. claddi.iig 

diameter. lo 

reques t .  Tlnis desjgn was a l s o  used in estaljlis’!lj:Ilg the flow reqmj.rernents 

f o r  t h e  subasserrhly arid selectin{{ - the rea,eto-r- I-ocatiori Yor irrradia,t on* 

Subseqi*ently, we l’eqiiested”l ail alternate des igri f’or the subssserdoly 

whi.c:h woiild not  introlve a bypass f ’ l m  and ,a high  r i s k  subassembly t l  

no(33.Tj.cat.ion, both of which woi.ild accept t h e  Sam test p ins  as those 

T h e  J - 3 7 - A  subasaenkly design is the resu l t  of t h i s  



desj-gned. for ii-radiaLioi? i n  Lhe J-?r/-A. The R-3'1 subassembly i s  a 

l e s s  expensive siihassembl-y a l t e r i i a t e  for t h e  J-?':-A. The E--3'?-B i.s 

t h e  high ri .sk subassenbly design which m y  be used i n  the  l a t t e r  s t ages  

of  t h e  i r r a d i a t i o n  prozram i f  t h e  r i s k s  associated with t h e  highest  

burnup l e v e l s  a r e  adjiidged t o  r equ i r e  such p,rotecti  on. 

Since t h e  element and coolant f l o w  c ros s - sec t iona l  a r e a  rel .ation- 

sh ips  a r e  i d e n t i c a l  f o r  all t,hree subassembly designs,  a s i n g l e  thermal 

ana lys i s  f o r  -the pins  w i l . 1  f i t  a l l  -three subasse-rniS1.y designs.  ',' 

t h e  t o t a l  subassenbly heat  genera-Lion, t he  total sodium cool.ant flow, 

and t h e  mean coolant o u t l e t  temperature w i . 1 1  vary wi th  each design. 

!:owever, 

'The des i r ed  i r r a d i a t i o n  condi t ions for t h e s e  Lest p ins  were 

i n i t i a l l y  analyzed using a J-37-A subassembly design which w i l l  provide 

t h e  re,quired t e s t  temperatures and meet t h e  subassembly e x i t  coolant 

tersiperaLure as r equ i r ed  by Appendix C ,  p.  66, of t h e  Guid?.13,14 

reques'c of t h e  ERR-TT Project ,"  we al-so evaluated t h e  use of t h e  l e s s  

expeilsj~ve N-37 subassembly. This ana lys i s  i nd ica t ed  WE would exceed 

t h e  permissible  subassembly mzan coola,!il; o u . t l k t  temperature un-dcr t h e  

flow condi.tions e x i s t i n g  at %he s t a r t  of l i f e  and at  t h e  end o f  l i f e  

by on1.y a very small amount. 

ca l cu la t ed  r e s u l t s  were s u f f i c i e n t l y  unce r t a in  an? the over temperature 

predicted. s u f f i c i e n t l y  small t o  j u s t i f y  t h e  use of  an N-3'1 subassembly. 

We have included t h e  flow requiremenis and thermal. a n a l y s i s  foi- a J-?'i'-R 

subassembly as w e l l  as an N-37 subassembly i n  t h i s  data package t o  

prevent delays shou1.d t h e  i n t e r i m  examination d a t a  indi c a t e  t h e  need 

t o  use t h e  Lr-i':j-A sLtbasseriibly f o r  t h e  second or t h i r d  subassemh1.y 

h a d i n g .  

A t  t h e  

The F:RR-Ti  e q e r i m m t  rmnager f e l t ' '  t h e  

The des i r ed  i r r a d i a t i o n  condi-Lions a r e  .summarized i n  Table 2 .  

Since t h e  replacement p ins  t o  be intisoduced i.n each subassembly rei-oadi-ng 

a r e  c u r r e n t l y  scheduled t o  be diipli-cates of t h e  pins- removed, no change 

i n  t h e  des i r ed  i r r a d i a t i o n  condi t ions i s  s.zii;:i.ci.patel"* throughout t h i s  

experknental  progran. A t o t a l  of  58 p i m  a m  to be trradiated.  

Table 3 presents  t h e  combined B SC W and 3XNL prograa f o r  t h e  sub- 

assem'0I.y toge the r  with tile proposed pi-n removal m d  replacement sched .uk .  

No a d d i t i o n a l  i n t e r i m  exsmina.tions a r e  proposed. 
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Table 2. Lrradfation Conditions 

- 
Desired Al t e rna te  

Pin ayes 

Bypass 

Acr.rptable 1 i near hea t  rat es  , 
kb?/E‘t 

Maxi mum p in  
Minimum pi.n 

kar l  p in  peak burnup a f t e r  
exposi2r.e i n :  

14 i 0. 5 
10  + 3.0 

I n i t i a l  subassembly, $ FLMA 6.1 t 0.3 
l 7  r‘ri.rst reconstituted subassembly, 8. ‘,’ TL 0. 2 

Second r e c o n s t i t u t e d  subassembly, 12.  8 I 0 . 2  

Maximurn pi.n average, 1 0 3 , O O C i  + 2,000 

I$ FTMA 

<$ FIMA 

~v~d/met , r ic  t o n  IJ -1- PU 

E s t i n i t e d  r e a c t o r  res idence time 

1iii.t i a7. sii’uas s emb 1 y (react or 16,000 
Mwd) 

F i r s t  r e c o n s t i t u t e d  subassembly 8,000 

Second r e  coost it ut ed su-bas s emnbly 
( r e a c t o r  f.lMd)a 

( r e a c t o r  Mdd)a 
13,000 

3’i’ , 000 

6-N4 

J- 37-A 

14 + 0.5  
8 t ?.O 

12.8 + 0.2 

37,000 

a B a s e d  on a r e a c t o r  power level of 6?.5 Mki. 



f a b l e  3. Test Pin Dj s t r i h u t j o n  and Replacenicnt Schedule 

Smear Pin IderrLiEi ca t ion  
Subassembly Fabrication" Density - .... 

Locat i on Form :.: of F i r s t  Sponsor 

1 

3 

/-i 

5 

',' 
'7 

1. '? 
1 i" 
11 
12 
7 3  
14 
15 
1.6 
17 
1.8 
13 
20 
21. 
32 
23 
24 

2 6' 

28 
2 k? 

30 
31 
12 
33 
34 

26 

2 '7 

3 5  
L. ~i 

3" 
i l  

? Z  
2, 

t h e o r e t i c a l )  Siibasserflbly 

F L W  
ORNL 
ORNT, 
OR1d L 
F \ W  
3RId L 

c i. w 
OHNL 
OR11 L 
F % W  
B k W  
ORN T, 
ORIVL 
BSGW 
ORN L 
B % W  
R X c W  
ORNL 
B & W 
ORNL 
ORNL 
ORN L 
B S c W  
B c T d  
B 8- W 
ORNL 
R % W  
B Q W  
B L1. w 
ORNL 
B E W 
ORNL 
OHN I, 
B & w 
ORNL 
€3 & w 

mra 

SP 
PE T,T, 
SPL 
SP 
SP 
S? 
SPT, 
PET, 
PEL 
PE LL 
VP 
SP 
SP 
SP 
VP 
s PL 
VP 
VP 
SP 
F%: T, 
SP 
SP 
SP 
PE TJ 

SP 
VP 
SP 
PE L 
SP 
PEL 
SPL 
ViJ 
PEL 
PEL 
SP 
PEL 
VP 

e( 
8P 
8 )  
n', 

Qi 

3 1  

a? 
d' 
8 )  
8 3  

81 
85 
85 
83 
80 
83 
85 
85 
83 
80 
80 
8" 
83 
83 
83 
85 
83 
83 
83 
85 
83 
90 
85 
83 
"3 
83 

81 I 

Desired maximum pin peak bui-nup, 

Es t iva t ed  incremental  exposure period: 
$ r'Im 

Reactor MWd 
Approximate E B R - I i  cycles 

D-2 
OP-7 
OS-4 
OS- 
D-?ll 
OS-P 
OS - li 
OP- 
OP- 3 
D-21) 
D- 1U 
OS-2 
OS-6 
D-22 
os-11 
73-?1 
D-31 
05-7 
D- 17 
os-1 
OS - 13 
OS-10 
D-12 
D- 10 
u-18 
OS-3 
D - U  
D-27 
D- /+ 
OS-5 
u-25 
OP- 2 
OP- 1 
D-29 
OP-6 
D- 5 

c. 1 

D-' I 

i 0.3 

I t >  I 000 
1? 

Number of p i n s  removed a t  end of exposure li' 
period 

Second 
.... 

__ 
a Fabricat ion forms : VP - Vi-Pac; SP Sphem-Pax; P b X  p e l l e t s ,  a l l  

with oxygen-to-metal r a t i o  of 1.98. SPL = Sphere-Pac; PELL pel Lets, both 
with oxygen-to-netal r a t i o  of I. 94. 



De s i r e d O u t  - of - Re a c t o r S e rv  i e e s 

1, Neutron radi.ographs of  each p i n  are t o  be obtained be fo re  t h e y  

a r e  i n i t i a l l y  introduced i n t o  t h e  subassembly and each t ime the subas- 

sembly i s  dismantled f o r  replacement of t e s t  pins .  

2. A s  i n d i c a t e d  i.n our  requ.esi; f o r  Approval-in-Principle and. i n  a 

previous comiunication,'.'. we would l i k e  t o  have t h e  0.040-i.n. -c l iam 

spiral wrap s t a i n l e s s  s t e e l  w i r e  i n s t a l l e d  by t h e  EBR-21 Pro jec t  on each 

p in  t o  be i r r a d i a t e d  i n  t h i s  program 

3. Each f u e l  p i n  i s  t o  be weighed t o  t h e  nearest Q.1 g a-fter t h e  

wire wrap has been i n s t a l l e d .  and t o  t h e  n e a r e s t  0 .1  g ( c u r r e n t l y  l i s k e d  

EBR-11 capab i l i - t y )  each t i m e  t h e  siibassembly i s  dismait led.  

A. Following w i r e  wrapping, it i.s d e s i r a b l e  Lo cWLain a balance 

po in t  measurement on a l i m i t e d  number of p ins  to sur-vey any f u e l  r e loca -  

t i o n  during opera t ion .  'These p ins  are t o  be :  

Pin I r l e n t i f i  c a t i o n s  

05-2 OP-2 n- 2 
OP-.? 

03-8 OP- 5 13-2fCi 

OS-12 OP- '7 D - 3 o  

The balance po in t  on t h e s e  p ins  i.s t o  be measured eacih t ime they- aye 

rernoved f l -om a subassembly whether o r  not t h e y  a r e  t o  cont j.n.1j.e l,heir 

irradi.ati-on. Please note  I t e m  6 on p7.n. hand1in.g which may a f f e c t  

balance po in t  measurements. 

5. Each f i n e 1  pin scheduled for r e i n s e r t i o n  i n t o  a new subasserfibbj 

i s  t o  be su'ojected t o  diinensional i.nspecti.on f o r  compliance wi th  the  

" r e i n s e r t i o n  c r i t e r i a "  def ined i n  t h e  s a f e t y  a n a l y s i s  s e c t i o n  o r  t h i s  

d a t a  package. The dimensioning s h a l l  be done i n  conformance wi th  t h e  

procedures and p rec i s ions  defined. i n  Appendix F, paragraph 1-C of the  

Guide as revised on Feb. 27, 19'10, with t h e  exception t h a t  any l o c a l  

ailinorm-1 configurat ion oliser-ved. in v i s u a l  examination i s  t o  be dimen- 

s ioned at :smaller a x i a l  increments and a-tt r o t a t i o n a l  increments of 0, 30,  

60, 'IO, 3-20, and 150". 

6. It i s  d e s i r a b l e  t o  have t h e  p ins  handled i n  a ver t ica l  ori.enta- 

t i o n  as much as poss ib l e  during a l l  prejrradiati-on.,  i.nterim examination, 
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and p o s t i r r a d i a t i o n  a c t i v i t i e s .  When t h e  pins  a r e  handle? i n  a non- 

v e r t j - c a l  o r i e n t a t i o n ,  t hey  should be provi ded wi th a support such as a 

Vee-trough t o  prevent inci.denta1 mechanical. hencling or  dar2,g:es. 

7. No s p e c i a l  procediires a r e  r equ i r ed  during normal subassembly 

handling, cooling , sodium removal with wasiii.ng, 9 or d- r:rmnt l i n g .  
- 
.It1 the event the subassembly i s  suspected of  containicg a fa i led .  

f u e l  p i n ,  tine sodi~um removal procedure will have t o  b e  resolved with 

Lhe  EBR-IT a t  t h e  time 011 t h e  b a s i s  of t h e  d a t a  leadirig tc the suspicion.  

The presence of plutoni.um i n  the EBB-11 coolant sodium, f o r  mample, 

makes water washing of a suspec-t subassembly undesira'ole , -&.ile i he  

presence of  only xenon t a g  i n  the K B X - I T  cover gas might j u t i f y  water 

washing t o  prevent c a u s t i c  a t t a c k  of t h e  good p ins  during i n t t r ' .  '1 r-n exam- 

i n a t i o n .  Because of t h e s e  v a r i a b l e s  and the unknown c a p a b i l i t i e s  of 

t h e  E R R - T I  Fuels Exam?-nation F a c i l i t y  i n  t h e  fu'Lure, we wculd p r e f e r  not 

t o  s e t  s p e c i f i ~ c  sodium removal procedures f o r  suspect subsssembly 

handking at  t h i s  time. 

8. Shipping procedures f o r  completed experiments : clir-rently, i-i; 

is planned- t,o ship a l l  p i n s  that have comple-Led t h e i r  i r r a d i a t i o n  to 

ORNL f o r  examination. The procedures t o  be used w i l l  be -;'ne same as 

-those used f o r  ORNL S e r i e s  I experimental  capsules.  ' 9 2o 

Tdent i f  icat ion o f  Fuel Elements and Subassembly Loading Des c r i p i i o n  

The j d e n t i f i c a t i o n  of  each t e s t  p in  i s  l i s t e d  i n  Ta'c1.e 3, t oge the r  

with i . ts  assigned l o c a t i o n  i n  t h e  subassembly. 'These subassembly p o s i -  

t j o n s  a r e  shown g r a p h i c a l l y  i n  Fig. 1, which al-so de f ines  t h e  subassembly 

o r i e n t a t i o n  f o r  t h e  p r e f e r r e d  E,-N3 or a l - t e rna te  6-Wr r c a c t o r  S r i d .  

l oca t ions .  

De ta i l s  of the me'iiod of marhi-ng each p in  a r e  iricl.uried i n  t h e  

s e c t i o n s  descr ibing the f a b r i c a t i o n ,  i n spec t ion ,  and q u a l i t y  assurance 

procedures used by eac!! sponsor. 
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ORNL-DWG 70-6799 

ro REACTOR CENTER 

6N3t i PN4 

Fig. 1. Cross Sect ion of J - 3 7 - A  Subassembly wi th  Location I d e n t i -  
fying Numbers f o r  ORNL Se r i e s  I1 and B & W Pin Placement. 

Fuel  Pin Descriptions 

The d e t a i l e d  designs of t h e  fuel p i n s  provided by each sponsor a r e  

shown i n  Figs. 2 and 3. 
The p r i n c i p a l  d-ifference between t h e  two p i n  designs i s  t h e  t o p  end 

plug configurati-on which i s  a s soc ia t ed  wi th  t h e  xenon tagging procedure 



+-Po “”’t- 



i / 375 C&f' 

FJEL ROD ID€NTIF\CAT\ON 
3 f\ec:ro- E t c h  Fus\Kod \dent\F\cat\ou 

Numow C-TI-i'l,Wharo'N' ~s'heRod 
Number in Accordance MthProcedure* 

Fig. 3 .  OREL Pin DesLgn. 
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used a t  each s i t e .  Eowever, t h e s e  d e t a i l e d  

change t h e  pr incipal .  p in  f e a t u r e s  so t h a t  a 
can be used. 

A gene ra l  p i n  desc r ip t ion  i s  presented  

design d i f f e rences  do not 

common performance a n a l y s i s  

i n  Table 4. The as- 

f a b r i c a t e d  informnation on each p in  i s  d e t a i l e d  i n  t h e  appropr ia te  

sponsor f a b r i c a t i o n  sec t ions .  

The only ma te r i a l  i n  t h e s e  p ins  which i s  unusual i s  t h e  F ibe r f r ax  

pads loca ted  a t  each end of a f u e l  bed. F ibe r f r ax  i s  a glass wool-l ike 

ma te r i a l  made of a lumina-s i l ica  f i b e r s  and manufactured by t h e  

Carborundum Company. Tine f i b e r s  have a mean diameter of 2 .5  pm and 

range i n  l eng th  from very shor t  up t o  a rnas imim of 1 . 5  i n .  The ana lys i s  

of t h i s  material. i s  given i n  Table 4. 

v a r i e t y  of i r r a d i a t i o n  t e s t s  a t  ORNL as porous r e s t r a i n i n g  pads f o r  

Sphere-Pac be&. It, was used i n  t h e  ORNI, Se r i e s  I t e s t s 2 '  m d  has a l s o  

been used as a lov dens i ty  filler f o r  t h e  gas plenum in a number of  

t h e r i n d  f l u x  r e a c t o r  t e s t s .  2 1 , 2 2  Although we have not run spec i . f i c  

sodi-urn compa t ib i l i t y  tests on t h i s  ma te r i a l ,  s i m i l a r  ma te r i a l  has been 

t e s t e d  by o the r s .  

revealed two inves t iga t ions  of i n t e r e s t .  The Mine Sa fe ty  Appliance 

Company immersed samples of Fiberfrax i n  500°F sodium under an i n e r t  

atmosphere f o r  lO-min and 1-hr periods.*': 

t i o n  wi th  t h e  sodium o the r  than a s l ight ,  char r ing  at t h e  outer  su r f ace  

of t h e  i n s u l a t i o n .  " The Chemtcal Engineering Division at Argonne 

Nat iona l  Laborabory repor ted2  

cons is ted  of a cru-cible of molded Fiberfi-ax. Ti?e fume t r a p s  worked on 

-the p r i n c i p l e  of absorp t ion  axid chemical r e a c t i o n  wi th  the t r a p  su r face ,  

and the  e f f ec t iveness  of t h e  t r a p  was apparent ly  unaf fec ted  by opera t ion ,  

wi th  sodium on t h e  t r a p ,  at furnace temperatures  up t o  1400°C. 

This m a t e r i a l  has been used i n  a, 

A data search by t h e  1i.qui.d Metal Engineering Center23  

"There w a s  no apparent r'eac- 

on experimentation wi th  a fume t r a p  which 

We have had t h r e e  cases  of i n - r eac to r  c ladding f a i l u r e s  when NaK-44 

was siibsequently i n  contact  wi th  t h e  F ibe r f r ax  ma te r i a l  under irradis- 

L' b1.011. 

and. sodium, t h e  rnater j~al  l o s t  its f ib rous  na tu re ,  formlng small blackened 

beads. This r e a c t i o n  i s  expected s ince  t h e  m t e i r i a l  will .  bead up when 

exposed f o r  extended per iods  t o  temperatures above 2300°F (1250°C) a.nd 

In  t h e  hi.gh- temperature regions involving molten (U,?u)02 f u r l  
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Table 4. Nominal Test Pin Descr ipt ion 

Fuel  : 

Material 

Pu/(LT + Fll) 

( 2 3 9 P u  1- 2 4 1 P u ) / P l I  

'' 'U/IJ 

Fuel  bed l eng th  

The or e t  i cal dens .i t y  

Bed smear d e n s i t y  

Cladding : 

Pht e r i a l  

Outer diameter 

Inner d h m e t e r  

Wall t h i ckness  

I n s u l a t o r  P e l l e t s  : 

-at er  isl 

Length 

Blanket P e l l e t s  : 

Ma,t eri al 

Length (of s t a c k )  

S'nield Rod: 

Mat e r i a1 
Length 

Di amet e r 

Bed Retainers  : 

bat e r i a1 
Plug 

Spring 

( [J, Pu 10 2 
0.20 + 0.01 

0.93 

O.cji0 

13. 5 i n .  

10.90 g/cm3 at 1.98 oxygen-to-metal 
r a t i o  

Variable  (80 t o  9Q$ of t h e o r e t i c a l )  

Type 316 s ta inless  s t e e l  ( s o l u t i o n  

0.250 tr 0.001 i n .  

0.218 t 0.001 i.n. 

t r e a t e d  ) 

-t (7. 0015 in. 

OKNL 3 8: w 
o*015 - c).-J01i) 

Tho ,? %O 2 

- 

1 i n .  1 i n .  

Ty-pe 316 None 

Inconel X Type 302 s t a i n l e s s  
s t a i n l e s s  s t e e l  

s t e e l  



Table 4.  continued 

Plenum Liner : 

Material  

Outer. diameter 

Wall t h i ckness  

Pads : 

Mat e i - ia l  

ORNL B P i  id 

Ty-pe 301, Type '314 s t a i n l e s s  

0.188 i n .  0.18'7 i n .  

0.020 in .  0.314 i n .  

x_- 

s t a i n l e s s  s t e e l  s t e e l  

b e l m  t h e  melting po in t  of app~oxima'cel-y 320Q"E' (1'760°C). Howe%.er, the 

f ib rous  mat was only darkened i n  c o h r  approximately 1 /16  i n .  away from 

t h e  fue l -F ibe r f r ax  i n t e r f a c e .  

These eqeri .menta1 observatioris c l e a r l y  i n d i c a t e  t h a t  i n  t h e  

unlikely event of  a f u e l  p i n  f a i l u r e  -the F ibe r f r ax  m a t e r i a l  w i l l  remaiil 

i n  t h e  cladding. The observat ioils of' t h e  Argonne National. r.aboratory 

group f u r t h e r  i n d i c a t e  t h a t  t h e r e  would he no signiPica,nt  conta,mi.nation 

of  t h e  r e a c t o r  cool.ai?t sodiiim even though t h e r e  was d i r e c t  exposu~e. 

Thermal Performance of Euel Pins 

i n  order  t o  proceed w i t h  t h e  design of t h e  t e s t  subassembly and 

sa,fety a n a l y s i s  of t h e s e  t e s t  p ins  prior t o  the a v a i l a b i l i t y  of f i n a l  

a s - f ab r i ca t ed  d a t a ,  we used a s i n g l e  f u e l  composition and. nominal smear 

d e n s i t i ~ e s  f o r  individual. p ins  t o  do t h e  performance anal-ysi~s ~ Thj.s 

approach was approved by -tile EBK-Li P ro jec t  Experiment Mlnager. 2 r  

Peak f i s s i o n  heat  generat ion r a t e s  were cal.cii1.ated. for each of t he  

four  assumed fuel d e n s i t i e s  using -the fissjon r a t e s  l i s t e d  f o r  g r i d  

p o s i t i o n s  2-N? ani? b-N4 i n  Table C-1 of t h e  Guide. Tfle l i s t e d  f i s s i o n  

rater; were mult ipl ied by 1 . 2 5  t o  account f o r  t h e  change I n  EBR-I1 oper- 

a t i n g  power from 513 rW t o  62. 5 Md. A value of' l 9 S i  1vleVlfi.ssion w a s  used; 

so  no garrim hea t ing  i n  t h e  f u e l  w a s  considered. The axial dis'iributi.on 

of f i - ss ion  heat  g e n e m t i o n  was i n  accordance wi th  F ig -  C1 of t h e  Guide. 
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The curves given i.n Fig. C-3were ex t r apo la t ed  t,o give an e s t i v a t e  of t h e  

f i s s i o n  r a t e s  f o r  the 2 3 R U 0 2  i n  t h e  lower end of t h e  pins.  

17le gamma h e a t  generat ion i n  nonfuel components w a s  der ived from 

Fig.  C-/p of' t h e  Gui.de 'with ai axial .  d i s t r i b u t i o n  i n  accordance wi th  

Fig.  C - 5  of t h e  Guide. 

Peak axi-al f i s s j -on  heat  generat ion rates for fuels of  different ,  

smear d e n s i t i e s  as a func t ion  o f  t e s t  p i n  l o c a t i o n  i n  t h e  subassembly 

are shown i.n Fig. 4. The gam&? hea t ing  i n  t h e  nonfuel components f o r  

t h e  va r ious  pin l o c a t i o n s  was h e l d  const<ml; at t h e  value f o r  the cen te r  

l i n e  of  t h e  subassembly der ived from Fig. C - 4  o f  the  W i d e  (2 .4  W/g for 

i r o n  and 6 -5  W/g f o r  uranium) I 

The coolant Flow d i s t r i b u t i o n  i n  t h e  experimental  subassem'o1.y used 

w a s  t h e  same as t h e  distrib!iti.on for m 1-1-37 s i i b a s s e ~ r b l y ~ ~  publi.shed i n  

Table D-11 of t h e  Guide. LJo mixing between channels w a s  a,ssuraed. in 

making t h e  temperature a n a l y s i s  f o r  each pin. 

We used t h e  same computer codes used p rev ious ly  f o r  the ORNL Series I 

t e s t  ana.lysis" t o  do the  heat t r amsfe r  and temperature distribu.t,ion 

ana1ysi.s. 

coolant temperatures and. t h e  temperature d i s t r i b u t i o n  from t h e  coolant 

t o  t h e  f u e l  su r f ace .  The fuel temperatures were c a l c u l a t e d  wi th  

FR$FIL. 2 r l  

d e s i r e d  coolant  flow (45 gprn of' 8Ciu"~  s o d ~ u m )  . 

v i e  computer program7" ''MMW was used t o  c a l c u l a t e  the 

I t e r a t i v e  ealcula,t ivns were performed t o  e s t a b l i s h  the 

The foll.owi.ng thermal  conduct, i-vity values were used i n  t h e  computer 

programs. Types 30/, and 316) s t . a i n 1 . e ~ ~  s t ee l :  

Fue l :  Determined from empi r i ca l  formula included i n  the  PRgFIL code 

and o r i g i n a l l y  proposed 'oy General E l e c t r i c .  30 

w i t h  thermal  flux i r r a d i a t j  on tes t : ;  has shrlwn t h a t  t h i s  forrnula- 

t i o n  provides a reasonable fit w i t h  experimental  i n t e g r a l  condiic- 

t i v i t i e s .  A11 fue l  c e n t e r  temperatures a r e  quoted f o r  rcstrucLuiscrl 

f u e l .  

Our exper? ence 
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Fig .  Peak Axial Fis s ion  Heat Kate RS a Function of R a d - i a l  
Location f o r  EBE-11 Subassembly Pos i t i ons  6 - N 3  and C-IV4. 

Fuel-Cladd-Lng Gap : 1 Btu hy-l f tWc . Although 'illis gap condiic- 

t i v i t y  may be toS2 ~ O T ~ T  f o r  Sphere-Pac f i ie l s ,  where t h e  effective 

geometrical. gap i s  less  than 2.001 i n . ,  we have used it to provide 

a conservat ive estimate of t h e  central .  file1 temperatures.  

These calcul.atioli:; r e s u l t e d  i n  tile individual.  pin thermal perfor- 

m n c e  da ta  given i n  Ta.ole 5. Exarqdc ca lcu la t i .ons  a r e  presented ia 

A;sj?endix A. 

temperature pr-oi"iles -'CY se l  ected pins t o  cover tiit. full range of maximum 

t o  minimum heat  y x t i  n and Llie three d i f r e r e n t  cooi:irtt flaj r a t e s .  

Tliese analyses a r e  presented g-t-sphically i n  Figs. f?, 6, 7, e ,  and ?. 

Tn ac?di.t 7 011 to the peak vnlii-es, w e  have exan!.Lncd t h e  axi.al 

IJncertainty anaLyses were mde f o r  t h e  a x h l  ?al.dpIane 10catTo~zs on 
thc: two highest  heat r a t e  pins .  Ce r t a in  o f  t h e  f a c b r s  such as t h e  



Table 5 .  Fuel Pin Thermal Perforrmnce Predict ions 

Ueak P ~ e l  Peak Fuel Peak Cladding Peak Cladding Peak L x a l  
Center L;ce Surface lnner  Sorface Outer Surface Coolarit 
Terqerature Temperatwe Temprature  Tempra ture  Temperature 

Total  Xeat F u e l  Smear Peak 
sLYDaSst.mhl;r Eens i ty“  k:cear Eea+ Rate Generationb 

;Op! A ,  ( “ e !  ( “ C !  i ’ ” C i  
,: Kd ) f - c )  ‘AC) 

Locat i or1 ( e  of 
t h e o r e t i c a l )  :kN/’ft) 

1 
2 
i 

it 

, 

3 
h 
‘ I  

6 

13 
11 
12 
13 
14 
1 5  
l6 
17 
1 6 
1‘2 
20 
22 
2 2 
23 
24 

26 
27 
28 
23 
30 
31 
32 
33 
31 
35 
36 
3 7.7 

1 

25 

13.76 
13.58 
13. 43  
1L. 
13. 56 
13. 40 
13. ?C 
13.51 
13.64 
13. 40 
13.70 
13.51 
13.54 
13.a 
12.92 
13.70 
13.51 
13.64 
13.62 
1%. 92 
12.72 
12. 62 
13.64 
13.12 
12.92 
12.72 
12.52 
12.33 
12. <)2 
12.72 
1;. 32 
12. i o  
13.12’ 
12.82 
12.30 
13.12 
11. <,;C 

i4. )+5 
14.26 
14. 3 
14. ?3 
14.26 
14.07 
14.38 
14.18 
14.32 
14.37 
14.3s  
LL. 18 
14.32 
14 .11  
1.3. 59 
14.39 
14.19 
14.32  
li+. 11 
13.59 
13.3’7 
13.49 
14.32 
13.79 

13.3:’ 
13.43 
12.96 
1s. 5 : )  
13.37 
13. .;,E 
12.45 
13. 20 
13.49 
12.96 
13. $:I 

12.5: 

13.58 

2213 
219C 
21eC 
2300 
2193 
2213 
22‘70 
22% 
2260 
2183 
2273 
2250 
2P9C 
2 2 w  
216,O 
2240 
2 2 5 ~  
22% 
2270 
2190 
2163 
2163 
2260 
2210 
2190 
2160 
2150 
2C‘)C 
21tC 
2160 
219a 
1120 
2233 
2 l i j C j  
25.33 
2239 
2320 

552 
558 
5 56 
556 
558 
643 
650 
64 5 
559 
6L8 
650 
c,L5 
615 
64L 
549 

645 
648 
644 
633 
623 
540 
559 
637 
633 
629 
632 
541 
549 
62;’ 
632 
621 
552 
543 
541 
552 
126 

1<, 
, - A .  

518 
525 
525 
521 
525 
614 
617 
614 
526 
616 
617 
614 
616 
61? 
518 
518 
614 
616 
615 
603 
630 
535 
526 
607 
603 
6C0 
602 
511 
5 13 
623 
6 c.2 
593 
.52c 
508 
511 
522 
439 

93 6 
951 
94 6 
941 
051 

1114 
1123 
1117 

352 
1121 
1123 
1117 
1 1 2 1  
1115 
:j39 
935 
111:: 
1121 
1115 
1099 
1C93 
920 
352 
1106 
1099 
1093 
1396 

92E 
93‘) 
1093 
1936 
1081 
9L3 
423 
‘?26 
“83 
4’05 

5 02 
511 
5c9 
5’25 
511 
601 
6 06 
603 
511 
605 
606 
6C3 
ic5 
6C2 
504 
502 
503 
6.25 
632 
593 
584 
A93 
5 1 1  
547 
593 
589 
591 
4?5 
504 
58-1 
591 
583 
536 
433 
49s  
556 
485 

“P,eee %re r , m i n a l  design dens i t ies  used i n  a l l  t h e r m 1  yer formnce  m a l y s e s  

’Including gamma hea t ing  in sodiL9 coolant essoc ia ted  :iith each pin.  
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Fig. 5. 
Position 1. 

DISTANCE ABOVE BOTTOM OF FUFl ( i n )  

Partial Temperature Distribution f o r  ?in in Suba,sscmbly 

ORNL DWG 70-11846 
2 300 I I 

- r J t l  (ENTER 

'COO t ~ 

+ -  1903 - - 

I 
t 

I 
SUR FACE 

300 L..- ..... ! ~~ ....... ~, ....... .... L ..... ....... ~ 

6 8 10 12 * 4  O 2 4 
D S - A N C E  ABOVE BOTTOV OF F J E L  1 1 " )  

7 

Fig. w. Par t ia l  Temperature Distribution for Pin in Subassembly 
Position 2. 
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Fig .  7. Partial Temperature Di s t r ibu t i -on  f o r  Fin i n  Subassrnb1.y 
P o s i t i o n  4 .  

ORNL-DWG 33-44843 

Fig. 0". 
P o s i t i o n  7. 

2 4 6 8 10 14 

DISTANCE ABOVE BOTTOM OF F U E L  ( i n )  

P a r t i a l  Temperature D i s t r i b u t i o n  f o r  P in  i n  Sub as s ernb ly 



OQNL-DWG 70 'it348 

lii 

700 ~ 

500 

3 2 4 6 8 40 42 t4 
D I S T A N C E  A B O L E  BOTTOM CF F U E L  ( I n )  

Fig. L-;. Partial Temperature Di s t r ibu t ion  for Pin i n  Suba..ssombl.y 
P o s i t  Ton 37.  

u n c e r t a i n t y  i n  neutron and gamma flux, t h e  subassembly flow r a t e ,  sub- 

assembly flow dist r ibu-Lion,  t h e  power l e v e l  measurement ~ and t h e  t r a m -  

s i e i i t  overload a r e  r e a c t o r  parameters; a n d  t h e r e f o r e ,  we have EO 

j u s t i f i c a t i o n  for a l t e r i n g  these from t h e  inforrmtioii  presented'' i n  

ANL-5719. We performed. a s t a - t i s t i c a l  a n a l y s i s  of  our d a t a  on cladding 
t ,h ickness ,  fuel dimensi ons, and fuel. cornpsi-L? on whi.ch y i e lded  uncer- 

ta inty-  factors of 1.C50, 1.303, and 1 . C O 5 ,  r e spec t ive ly .  

l a r g e r  and more conservat ive imcerta-inty f a c t o r s  from ANL-ST719 t o  cover 

p o s s i b l e  v a r i a t i o n s  i n the fabricat i -on o f  t h e  replacemen-L pins I thus 

hopefuI.1.y avoiding t h e  necessity- of r epea t ing  t h e s e  calcul.ations. me 
r e s i i l t s  a r e  given i n  Tables i 3.nd ';. These analyses  i n d i c a t e  t h a t  all 

unce r t a in ty  f a c t o r s ,  including a 1 

y i e l d  a 3q maximum i nc rease  i n  clad~di-ng inne r  su r face  teniperature anl:? a 

rmxi.m?irn fuel cen te r  l i n e  tempera-Lure of  

melting poj-nt of  tne ! ' i , h ) O 2  f u e l .  

per  the note on t h e  bottom of Table C - I  of t h e  Gufde i s  probably a -59 
i n s t e a d  of the -1 

were made. 

We chose t h e  

inc rease  in i,he fission ra,te, would 

?T)'C, which j.s ' - ~ p l ~ d  t h e  

Since t h e  an t ic i -pa ted  f i s s i o n  r a t e  

which we used, no more de?;Ej,iled uncertaint,y analyses  



a Table 6. Uncertainty Calculations f o r  Axial Midplane of Fuel for Subasserfhly P o s i t i o n  7 

I 

to s m  .d 0 

,S$ e $  u o o .A a'cd: 2 8 
2 

Dinens i on8 

Fuel 
Dimensions 

Fiss i le  
I k t e r i a l  
Concentration 

M 
a 2  
$ 2  

.? E l  2 p . s  
9 

Cladding 
Diroene i o n 4  

Fuel 
Dimensions 

Fissile 
Materin!. 
Concentration 

.10 45.38 71.12 5058.1 3j7.4c, 113,886.00 Reutron and gsmm 
f lux  

Flow ra t e  Y:irougt' 
subassenbly 

Plow profile within 
siibassembly 

.07 

.05 

.05 

. 01 

.02 

.05 

14.29 2W+.32 

10.21 l U . 2 4  

10.21 11a.24 

1.10 3.42 17.71 11.3.64 .10 8.03 

.05 4.01 

.02 1.61 

.01 0.80 

.10 8.03 

.02 1.61 

25.74 

4.01 

2.29 

3.18 

8.03 

6.37 

662.55 

16,12 

5.24 

10.11 

G4.l.8 

10. 58 

253.92 

10 266.35 

02 53.27 

01 26.64 

15 399.53 

02 53.27 

05 133.18 

I Cladding 

1.02 0.684 0.684 

1.01 0.342 2.38 

0.468 

5.67 

46.79 

22.70 

.02 9.08 1 1 . 3 7  129.18 

.01 4.54 7.72 59.57 

ilp.G4 4,178.33 

3L.36 1,180.27 2.04 4.17 

.10 45.38 45.38 2059.3' 

199.51 159,620.2 

Heat t r6rsfer  
cneificiant 

Power l e v e l  
iieeeurenent 

Transient 
o v c r l o d  

1.20 6.81 6.E1 

1.02 0.684 4.7G 4.08 16.68 

10.21 10L.2L 

..02 9.08 15.45 238.58 68.72 4,722.W+ 

171.81 29,516.96 ..05 22.69 3fl,h3 1492.28 1.05 1.71 11.92 142.09 .05 4.01 15.9L 

537.90 

23.19 

531.35 

23.05 

1053.01 

32.45 

9037.01 

95,06 

?13,1%.22 

559.56 

Tc = 93/+.2'F 

Tc = 927.4'F 
( i S 4 .  5'C 

(497.4"C 

TO 938.4"F (5C3.6"C; 

11'0 = 961.5-Y :516.L°C) 

T1 = 1018.7'F (548.2'C) 

'I? = 1051.2"F (566.2'C) 

Vithoui uncertainty 

With urcertnlnty 

T2 = 1472.5"F (800.3°C) 

T2 1567.6"F (853.l'C) 

TE = 4U6.O"F (2280.3*C) 

4695.6-F (2590.9OC) 

'F ifl uncertainty f a c t o r ;  d i s  the ternpmtiue deviation i n  "F. 
Tc i s  coolnut -cenperatilre 

TO i s  c l e 4  outer surface tenperatme 
T I  i s  clad inner surface tempcrat,iire 
'1'2 i s  fuel outer surface ienperature 

8 i s  tenper.r.iii~~e veriation across ra@;ion a t  noma1 condjtion 

'Ts is  n ~ e l  cpnter tenperahre.  

Table 7. Uncertainty Calculat ions f o r  Axial Midplane of Fuel for Subassembly Posi. t ion 4" 

-. ................................ .- 

efucl m 5 . 1  

F d ,  U i - , 5  ( Z r ? i + ~ ) '  

Thernqhys i c6 1 
Quantity 

.07 8.12 65.93 

.05 5.8 31.64 

.05 5.8 3 3 . a  

1.10 4.4 12.52 156.75 1.10 8.45 

1.05 4.23 

l"O2 1.69 

1.01 0.85 

1.10 8.45 

1.02 1.69 

1.05 4.23 

20.97 439.74 1.10 46.49 67.46 4550.P5 1.10 277.5 32.4.97 119,00!+.3 Koutson a11a gem 
flux 

Flow ra t e  through 
subsssembly 

Flow profile within 
cubasseffibly 

4.23 17.85 

2.57 6.60 

2.45 5.9s 

1.@2 0.88 

1.01 0.44 

0.88 0.77 

1 .6  2.56 

1.02 9.30 11..87 140.85 

1.01 4.65 7.60 50.40 

1.02 55.50 67.37 4,538.99 

1.01 21.75 35.35 1,249.69 

8.45 71.40 

1.,10 46.49 46.49 2161.3 

1.15 416.27 416.27 173,276.55 

He6t transfer 
coefficient 

Power level 
measurement 

1.20 8.8 

1.02 0.88 

8.8 '17.44 

3.2 10.2: "02 2.32 5.38 4.89 23.91 1.02 9.30 U.19 201.3C le02 55.50 69.69 4,856.97 

Tiansient ovrrlosd .05 5.8 3 3 . a  1.05 2.2 8.0 €4.0 

311.. 76 

12.23 U9.45 

71L. 93 

26.71 

1.05 23.25 35.48 1258.48 1.05 138.76 174.24 30,357.84 

173.50 8312.78 333,284.34 

13.17 17.66 91.17 577.31 

Without uucartaiuty 

With uicertsinty 

TO = 860.1'F (460.0"C) 

TO = 8'77.8"F (469.9"C) 

T1 = 744.6"F (507.C"C) 

T1 = 971.3"F (521.B"C) 

Tc = 816.1'F 

Tc = 829.3"F 
r135.6" C ) 

(L42.9'C) __ 
I ................................ 

aF j.@ llncertainty facti.r; d. 

Tc is rool.,mt temy.rv.t.ul.e 
TO i s  c l ad  outer surface tenperature 
TI is clad inner  surface temprraiure 
l'2 i s  fuel outer surface temperature 
0 i e  tcmprature varimion across region at norrnel condi-tj'oi,. 
' E  i s  3x1 center t e q e r a t w e .  

j8 the tenperat- deviation i n  "F. 
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Thermal Performance o f  Subassembly 

The thermal  ana lys i s  o f  t'ne subassembly w a s  done wi th  t h e  same 

"blAMU" code28 3s used for t h e  i -ndividual  p ins .  
The assumptions on which t h e  ana lys i s  w a s  based a r e :  

1. For a J -37-A subasserrhly a t o t a l  flow o f  62 gprn of 800°F sod-ium 

i s  acceptab le  arid wi th in  t h e  o r i f i c e  adjustment capa 'o i l i t i es  f o r  such a 

subassembly i n  row 6 of Vne EBH-II.32 

2. For an N - 3 7  o r  an E-37-B, t h e  t o t a l  subasserrib1.y f l o w  can be 

equivalent  t o  t h a t  f o r  a J-37-A. 

3. We assumed t h e r e  was no r a d i a l  hea t  t r a n s f e r  t o  or  from 

adjacent  subassemblies.  33 'Thus, a l l  hea t  generated wi th in  t h e  subas- 

sembly must be removed by t h e  sodium passing throilgh t h e  subassembly. 

4. As i n d i c a t e d  i n  t h e  s e c t i o n  011 fuel. p in  performance, t h e  flow 

d i s t r i b u t i o n  used i n  t h e  f u e l  pin a r e a  w a s  t h e  d i s t r i b u t i o n  f o r  an H-37 

subassembly. Since t h e  MRMU code i s  based on a pure r a d i a l  hea t  t r a n s f e r  

mechanism, we subdivided t h e  i n d i v i d u a l  flow channels t o  ob ta in  an equiv- 

a l e n t  cy l ind r i ca l .  flow area.  This procedure r e s u l t e d  i n  t h r e e  flaw a reas ,  

depending on t h e  pin l o c a t i o n s  i.n t h e  cen te r ,  along t h e  edge, or  at t h e  

corner of  t h e  i.nner hexagonal can of t h e  subassembly. The r e l a t i v e  

coolant  flow f o r  eaxh p in  i n  t h e  a r r a y  was'derived from a s i m i l a r  geo- 

met r ic  a n a l y s i s  and t h e  r e l a t i v e  flaw f o r  each of t h e  channels,  as 

descr ibed  i n  Appendix D of t h e  Guide. 'These ca l cu la t ions  a r e  summarized 

i n  Table 8. 
A mean sodium temperature  of 800°F (427°C) w a s  used t o  convert  t h e  

sodium f l a w  ra%e t o  pounds per  hour. I - t e r a t i v e  ca l cu la t ions  were t h e n  

made t o  e s t a b l i s h  t h e  des i r ed  flaw. The cladding inner  su r face  tempera- 

t u r e  f o r  t h e  h ighes t  hea t  r a t e  p i n  i n  an inner  l o c a t i o n  w a s  l i m i t e d  t o  

650°C. No i n t e rchanne l  mixing was assumed; s o  t h e  ca l cu la t ed  f l a w  r a t e  

may be s l i g h t l y  t o o  high. With t h e  flow r a t e  f o r  t h i s  p in  esta,blished-, 

t h e  f l o w  rate for all t h e  p ins  was def ined  by proport ioning.  

5 .  The MAMU code w a s  a l s o  used t o  c a l c u l a t e  Yne t o t a l  gamma hea t ing  

In  t h e  case of a J-37-A su-bassembly, t h i s  i.n t h e  subassenibly components. 

hea t  was t r a n s f e r r e d  t o  t h e  bypass sodium coolant .  The subassembly com- 

ponent gamma hea t ing  f o r  t h e  N-37 subassembly w a s  t r a n s f e r r e d  t o  -the p in  

coolant  sodium. 
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Table 8. Flow D i s t r i b u t i o n  I n s i d e  Inner Hexagonal Can 

Percent of T o t a l  Flow 

Locat ion ( i n .  ') E ' lOW of Pins Each Tot a1 
Pin Flaw A r e a  Re la t jve  Number 

Center 0, 02249 1. or3 19  2.01L 33.27 
Edge 0.03329 1. 66 12 3. 3/13 /,o. 13 
Corner 0.023LL5 1. '79 6 3.602 21.61 

With t h e s e  assumptions, we were a b l e  t o  e s t a b l i s h  t h e  subassembly 

thermal  performance d a t a  r epor t ed  i n  Table 3 for each of t h e  subasserriily 

types 

a r e  included i n  Table 10. 

Details of the subassembly the rma l  performance by pin loca t ions  

Table 3. Subassembly Therral Perfo-rmance 

C h a r a c t e r i s t i c s  
Subassembly Type 

N-37 J- 3 7 -A 

Coolant Flow Rate : 

Inner  hex can, Ib/hr  of 80J'F Na 
~ypass , l b / h r  of 800" F Pia 

19,083 

TOTAL, l b / h r  of 800°F Na 
TOTAL, gpm at S0r)"F 

T o t a l  Heat Generated: 

Pins and sodium, Btu'hr 
Subassembly hardware," Etu/hr 

TOTAL, Btu/hr 

Temperature R i s e  i n  Coolant:  

i nne r  hex can, "F 
By-pass, "P 

Mixed Mean Out l e t  Temperature : 

"F 
" C  

19,083 
45.02 

1,81.2,4 00 

313.4 

1,c)l3.0 
545.0 

19,083 
6,665 

25,748 
60. ' 7 4  

1,7~+8,400 
'14,300 

I, 822 , '702 

302, )+ 
36.3 

334.0 
501.0 

a Including bypass sodium f o r  J-37-R subassembly. 
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Table 10. Fuel  Pin Thermal Analysis Start of Life  

Maximum 
Cladding 
Wall 

T'e mp e rat ur e 

C o o la nt 
O u t  l e t  

Temper at iir e 

Coolant T o t a l  
Pin F1 ow Heat 

Pos i i ion  Rate Product ion 
i ° C )  ' O C )  ('j11 

: O F )  
{ 1b /hr ) (Ut 1ipflr ) 

7 
2 
3 
L 
5 
6 
7 
8 
9 
10 

11 
13 
13 
1 4  
15 
16 
17 
le 
1 c 
20 
21 
22 
23 
24 
25 
2c 
27 
28 
3" 
30 

3 1  
32 
3 3  - 
3 /, 
-7c > >  

3 r  
3 '- 

68.1 
63 8 
63 8 
68'/ 
63 8 
3 8/+ 
3 84 
3 84 
63 8 
638 

3 84 
3 8L 
3 
3 84 
63 8 
687 
3 8L 
3 8L 
3 84 
3 e4 
3 81, 
6 87 
63 8 
3 e4 
3 elr 
3 84 
3 64 
63 8 
63E 
3 $4 

3 84 
3 84 
C38 
657 
63 8 
63 E 
687 

49,313 
48,668 

50,267 

48,009 

48,401 

G3,03 2 

48 , 668 

!+9,069 

48 f 880 
48,032 

49,069 

48,856 

46,368 
4 9 , l O C  

48,856 
48,168 

4-8,4121 

48,168 

4 8 ,401 

46,31+1+ 
45,644 
46,037 
03,880 
Lrr7, 1265 
It, 3Ut 
L5,644 
!+e, 1295 
i 4 ,226  

45,644. 
46,368 

!+ 6 , 0'35 
44,203 
Lr7 [ lg (J  
46 ,03';, 
./ 4. ~ 2 2 (~ 
i;s,o,!+; 
i!% 825 

1 , 026 
1. , 037 
..,032 

I., 1.89 
1,200 

1,032 

1,037 

1,193 
1,038 
1,198 

I., 200 

I, 1~98 
1,191 

1,024 
1,193 
1,198 
1,191 

1,165 
1. , 03)+ 

I., 1.72 

1 , 169 
1,006 
1,021 

lf 169 

I, 026 
1 , OCY+ 

1,006 
1.,026 

1,193 

1. 031 

1.,172 

1,038 
1 , 179 
1 , 165 

1,1.65 

lf153 

"83 

552 336 
558 351 
556 91+8 
556 '?41 
558 951 

649 1,123 
64.5 1,117 
559 952 
6k+8 9L 8 

64-9 1,123 
645 1,117 
6L~8 1.,121 
644 1,115 
549 93 3 
551 93 5 
645 1,117 
6At3 1,131 

6A3 1,114 

644 1,115 
633 1.,09!' 
629 1,091 
540 939 
5 5 9  ,!53 
63'7 1 ,136 
633 l, 099 
62'3 1,093 
632 3.,C96 
5Lil ?2€ 
543 33 4 
E29 1,033 

632 1,0,!6 
621 1,081 
552  943 
54 0 923 
541 338 

'343 
528 (3 '2 5 
- r -  

3?d 

5 02 
511 
5 0'3 
505 
510 
6G1- 
606 
603 
5 11 
5 13 '3 

6 06 
603 
605 
632 
534 
5 02 
633 
695 
602 
5 93 
589 
493 
511 
5 97 
5 93 
5 8  
593. 
498 
5 04 
5 89 

531 
5 83 
5 06 
4-93 
498 
5 06 
4e5 

TOTAL J-?,  083 l,748,3 1 
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Fuel  Pin S t r e s s  and S t r a i n  Analysis 

The f u e l  p i n  cladding stress i s  t h e  n e t  r e s u l t  of a v a r i e t y  of 

condi t ions.  A s t r e s s  component can r e s u l t  from mechanical i n t e r a c t i o n  

between t h e  f u e l  and t h e  cladding, i n i t i a l l y  as a r e s u l t  of  t lF f f e ren t i a1  

thermal  expansi.on and a t  h igh  enough hurnup l e v e l s  as a resu.3.t of  f u e l  

swel l ing.  The p r i . nc ipa l  sources 0% stress during most of t h e  f u e l  p i n  

l i f e  are t h e  n e t  r e s u l t  of t h e  r a d i a l  temperatlure g rad ien t  i n  t h e  

cladding and t h e  i n t e r n a l  p re s su re  from sorbed gases ,  moisture,  fill 

gas ,  and. f iss ion-product  gases.  F i n a l l y ,  a s t ress  component PAY r e s u l t  

from rad ia l  d i f f e r e n c e s  i n  clad.d.ing volm-e changes because of fast  

neutron damage i n  t h e  temperature g rad ien t s  across  t h e  cladding.. I n  

eva lua t ing  t h e  performance of these pins we made two ana lyses ,  

The prel iminary ana1ysi.s w a s  a s i m p l i f i e d  a n a l y s i s  i n  which w e  

assumed t h e  a s - f a b r i c a t e d  fuel p o r o s i t y  p lus  cladding volume changes 

duri-ng i r r a d i a t i o n  would pr0vid.e space t o  accommodate al.1. fuel. swel l ing;  

so no fuel-claddj-ng mechanical i n t e r a c t i o n  would occur af ter  t h e  i n i t i a l  

s t a r t u p .  I n  t h i s  a n a l y s i s  we a l s o  assumed a constant  f i s s i o n  r a t e  

during t h e  l i f e  o f  t h e  experiment which r e s u l t s  i n  an overest imat ion of 

t h e  f i s s ion -gas  prodiuction. Furtkier, our obseivat ions t o  (late on 

Sphere-Fac f u e l  i r ra .di .a t  ion t e s t s  have i n d i c a t e d  n e g l i g i b l e  f uel-cladding 

chemical i n t e r a c t i o n  at terrrperat~xres up t o  590°C and burn-L1-p l e v e l s  up t o  
54 FIgA. 21,2 2 

i n t e r a c t i o n .  The r e s u l t s  of t h i s  a n a l y s i s ,  which were used. i.n t h e  sub- 

sequent subassembly theymal performance a n a l y s i s ,  are given i n  Appegdix A. 

Therefore,  we rinde no allowance f o r  fuel-cladding chemical. 

A revised a n a l y s i s  was made a t  t h e  r eques t  of‘ t h e  ERR-I1 Pro jec t  

fol lowing t h e  review of our p re l imina ry  d a t a  package. mi is  r e v i s e d  

a n a l y s i s  i nc ludes  t h e  amount of  fi iel-cladding chemical i n t e r a c t i o n s  

s p e c i f i e d  i n  Revision 4 of t h e  Guide, f u e l  swel l ing t o  a . f fec t  f u e l -  

cladding mechanical i n t e r a c t i o n ,  and f l u x  enhariced creep of t h e  s t a i n -  

l e s s  s t e e l  cladding. This r e v i s e d  a n a l y s i s  i s  discussed i n  -Lhe su’oseyuent 

s e c t i o n s .  
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The s t r e s s  which might derive from mchmica.l .  i n t e r a c t i o n  between 

t h e  f u e l  a n d  t h e  cladding h a s  been examtnet3 i ~ n  t,wo ways : 

l. The FMgilEL code34 was used. t o  examine t h e  s t a r t - o f - l i f e  

i n t e r a c t i o n  as ,a r e s u l t  of d . i f f e r e n t i a 1  therm.1 expansion. 'To make t h i . s  

a n a l y s i s  we chose t h e  p in  i n  p o s i t i o n  7 of t h e  a r r ay .  This i s  a Sphere- 

Pac p i n ;  t h e  fuel- to-cladding gap i s  zero, which i s  t h e  worst condi t ion 

f o r  t h i s  a n a l y s i s .  Since t h e  ini.t,j.al. s t a r t u p  ra te  of t,he r e a c t o r  i s  

unknown, we chose t o  bri.ng t h e  p i n  t o  a f u l l  ope ra t ing  power peak of 

1.4 kTd/ft i.n fou r  s t e p s  of 25" each, holding t h e  power at each Iwel. f o r  

24 hr before s tepping t o  Lhe ilex% l e v e l .  I n  a d d i t i o n ,  we a s s u m e d  

r e s t r u c t u r i n g  t o  occur as a funct ion of trfriperatu.%"E: t o  3g$ of  t h e o r e t i c a l  

f o r  f u e l  above 1 8 O O " C ,  t a  92? of  t h e o v e t i c a l  f o r  f u e l  between 1450 and 

1830°C with no cha.:nge i_n tlensi.ty for fuel- at, temperatures below 1450°C. 

Further r e s t r u c t u r i ~ n g  as a funct ion of t ime a'c tempera-Lure was allowed 

i n  accordance wi'Lh t h e  "ho-t-pressing" d e n s i f i c a t i o n  rates b u i l t  i n t o  

the code. 

The maximum d e n s i t y  al.1.owed by t h i s  process i s  987 of t h e o r e t i c a l ;  

this w a s  f u r t h e r  r e s t - r i c t ed  so  t h a t  f u e l  between 1450 and 18-50'C could 

iiot, have less t han  < $  p o r o s i t y ,  or f u e l  a t  temperatures l e s s  t l i a x  l450"C 

could not have l e s s  tham J.O$- p o m s i  t y .  

The cladding meclianical~ property d.a.ta used- i.n t h e s e  c a l c u l a t i o n s  

a x e  from a r ecen t  compilation. Table 11 summarizes those p r o p e r t i e s  

p e r t i n e n t  to -[;his eva lua t ion ,  The thermal  mid f l u x  er,hmced creep 

formulas used i n  t h e  F'M$DET, code a r e  presented i n  Appendix A. 

The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  shown g r a p h i c a l l y  i n  Fig. J.0. 

From t h e s e  calcula-Lions it  i s  apparent t h a t  any mechanical. i n t e r a c t i ~ o n  

s t ress  between -the f u e l  aind clad-ding as a result  of d i f f e r e n t i a l  thermal 

expansion i s  gone after apprlsxl-mtely 8 days (5 d b y s  at t h e  fdl power 

I.eveI). 

2. The e f f e c t s  of fuel swelli.ng on f'uel.-cla.d.d.ing .meclrianical. i n t e r -  

a c t i o n  were cal.cul.a,te.?, with t h e  FM$DEI, code. 

i t  i s  necessary t o  inpiit a d d i t i o n a l  parameters. These parameters a r e :  

To de f ine  € u e l  swel l ing 

( a j  So l id  f i s s i o n  product swelling, 0.32$ AV/V per 7 FiiW, 
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Table 11. Claddi-ng PIechani.ca1 R-operty Cata" 

- 

Coef P i c i e n t  
Yield 
Stress  Temperature Elasti e Shear of 

Modulus Modulus Temperature 

Expan s ion ("C) ( P s i >  
Thermal 

(in. /in. - " c )  
( " C )  

Temperatiire 

("(3 ( P s i )  (Pi> 

24 

149 

260 

3 ' 7  I 

482 

5 93 

7 04 

816 

x 108 
0.2e 0.11% x 108 100 

0.272 0.108 x l o 4  300 

0.264 Q.1-02 y l o o  500 

0.256 0.960 x lo7  COO 
0.238 0.910 Y 10'' 300 

0.225 0.850 x l o7  
0.210 0. x 107 
O,l% 0.750 x 10" 

x LO'/& 
0.1602 

0.1620 

0.1744 

0. _185L+ 

13,1998 

427 

482 

438 

593 

643 

7 04 

23,180 

22,530 

21,810 

21,060 

20,300 

19,000 

a See Appendix A f o r  creep formu-la and constants. 

ORNL-DWG iO- i i844 

... . . . - 
3.55 

kw/ft 
. - 

PEPK LINEAR, HEAT RATES 

" 0  24 $8 72 9% 4 20 111 1 FIR I 92 
OPFRATION TIME (hr) 

n* Y 2.g. 10. St art -of- T i i f  e Fue l -  C1add.i ng Mechanical I n t e r a c t  ion. 
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(b )  Fission-gas r e l e a s e  rates as a func t ion  of  temperature i n  

t h e  fuel., 

Temperature-,-". Gas Release, $ 
> 1800 98 

< 1.800 > 1450 50 

< 1450 3c 

The f u e l  densj.fi.ca3,ion 3 . j ~ m i - L ~  used for t h i s  a n a l y s i s  were t h e  s a m e  as 

t h o s e  descr ibed under the preceding I t e m  1.. Since t h e  f i n a l  amount of  

fuel- swel l i~ng i s  j nclirded i n  t h e  t o t a l  s t r e s s - s t r a i n  a n a l y s i s  presented 

l a t e r ,  no sepa ra t e  t a b u l a t i o n  of t h e  r e s u l t s  i s  pyesen'ted here .  

Thermal Gradient and I n t e r n a l  G a s  Pressure 

Tne thermal g rad ien t  across t h e  clad-ding v a r i e s  w i th  power produc- 

t i o n  and coolant temperatures along t h e  l eng th  of each pin.  Thl.s r a d i a l  

'iemperatuul-e g rad ien t  i n  the cla.dding i s  a primary source o f  s t r e s s .  From 

our h e a t  t r a n s f e r  a n a l y s i s  t h i s  temperi~ture  difPerentia1 i n  t h e  peak heat  

r a t e  l o c a t i o n s  f o r  t h e  p ins  i.s 45 F l0C. 

A second source of s t ress  i s  t h a t  produced from g ~ a s  pres su re  i-n t h e  

ptn.  

moisture,  helium and. xenon t a g  gas seal-ed in t h e  p i n ,  plus t i le gradual  

accumulation of f iss ion-product  gases s.cd i.s a f f e c t e d  by t h e  burnup 

r a t e ,  t h e  t o t a l  burnup, plenum volume, and t h e  plenum temperature.  'To 

ob-Laiii t h e  values of  i n t e r n a l  gas p re s su re  f o r  each of t h e  p i n s ,  ire have 

rnade t h e  fol lawing conservst ive assumpt,ions : 

This pres su re  i s  the  r e s u l t  of expansion of t h e  sorbed gases,  

1. For - the r ev i sed  s-Lress a n a l y s i s  we took i n t o  account t h e  

e f f e c t s  of f i s s i l e  element dep le t ion  w i t h  its e f f e c t  on decreasing t h e  

r a t e  of f iss ion-product  gas production. 

2. Ofle himdred percen'i of  t he  f iss ion-product  gases a r e  re leased.  

3. We assumed tha t  Lhere was no a v a i l a b l e  voluine i n  t h e  f u e l ,  

leaving only t h e  plenum vol.u.me t o  accominodate t h e  gas. 

4.  For t h e  r ev i sed  a n a l y s i s  w e  ca l cu la t ed  t h e  i n i t i a l  gas content 

by adding t h e  amount of sorbed. gases ,  i.ncl.ud.j.ng moi.sture, t o  t h e  ma- 

sured v o h n e  of helium and xenon added t o  each p in .  This gas content 

con t r ibu t ion  was assumed t o  remai-n constamt throughout t h e  t es t .  The 

plenum volume f o r  each p in  w a s  der ived from t h e  f a b r i c a t i o n  data .  
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Using t h e s e  assump1;ions and the gas plenum terr7erati.zres c:alculated 

by t h e  MAMU code, we have obtained t h e  beginning and end.-of-Life gas 

p res su res  f o r  each of  the  pins .  These a r e  I.i.sted i n  Tab1.e l2, t o g e t h e r  

w i t h  t h e  gas p re s su res  used i n  t h e  p re l imina ry  analysis. 

Sample c a l c u l a t i o n s  are presented i n  ,4pperidix A, t o g e t h e r  w i t h  a 

t a b l e  (A-5) showing t h e  change i n  gas p re s su re  as a func t ion  of burnap 

f o r  t h e  p i n  with t h e  h ighes t  pressure throughout t h e  e n t i r e  planned 

irradi a t  ion per iod.  

Cladding Damage Effects 

The EBR-TI GiIi.de, on p. 7 of  t h e  Guide, r e q u i r e s  t h e  i.nclusi.on of 

a s t a i n l e s s  s t e e l  sodium corrosion allowance i n  making s t r e s s  a n a l y s i s  

as w e l l .  as an allowance f o ~  defec-Ls fuel-cladding i n t e r a c t i o n ,  :and. 

Tabricat ion t o l e r a n c e s .  

gradual  changes in wall. thiclmess.  Therefore we simulated. t h e s e  condi- 

t i o n s  by reducing t h e  wall t h i ckness  of t h e  cladding a t  t h e  s t a r t  of  

i r r a d i a t i o n  and maintaining a l l  o the r  condi t ions constant .  T h i s  approach 

1s recognizably ove-r.l.y conservat j-ve. To o b t a i n  the reduced w a l l  thjek- 

ness ,  we used t h e  fol.1owing assumptions : 

The FM$UEL code w i l l  not, cilrrent1.y permit such 

1. 

2.  

3.  

A. 

based on the recornmerided corrosion curve (p. 8 of t h e  Guide) a t  our 

peak cladding oiiter su r f ace  temperature of' 6 1 ' ? ' C ,  the corrosion 

r a t e  i s  0.A5 mil/yesr. 

operating t h e  wall reduction i s  : 

T h u s ,  f o r  GOO e f f e c t i v e  f u l l  power d-ays of 

red-uction of 0.001. i.n. for f a b r i c a t i o n  -t;olerance, 

reduct inn of 001 i n .  f o r  nondet.ected flaws, because tubling wi th  

de fec t s  i n  excess of a s t anda rd  notch of 0.001 i n .  deep by 0.030 i n .  

long was r e j e c t e d  and not used f o r  cladding 

fuel-cladding cherni.ca1 i n t e r a c t i o n  - we used t h e  recommended EBR-TI 

r e a c t i o n  rate forrriula t o  o b t a i n  a iiaxirnum loss  of wall th i ckness  by 

cal.cu1.ati.ng 3 . t  f o r  t h e  h ighes t  i.nner si irface temperati,ire as follows : 



r n .  i8131e 2. IrlternaL Gas Pressures iri Each Pin a t  Operatlag Te.rrrEera-tu:res 

?eax 
L inea r  
Fiezt I n i t i a l  Final 

Target  Cas In t e rna l  Gas Pressure, p s i  
: .LassembLy Average ?lenum 

h e a t  Lon Temoera ture  

13. (14 6 . 3  513 766 54 82 1450 1200 

11 13.72 lf?, Q 6 nv 44" 6 n 99 163C 112C' 
12 13.51 5.1 604 877 60  105 720  590 
13 13.64 5. i 607 880 6 3  95 730 540 

12. ' 2  ' 7 .  0 506 77 9 53 86 893 570 

1'7 13.51 7. 3 6C4 877 60  99 1050 780 
18 13. 64 13.6 627 880 60  100 1620 1100 

2 0 12.92 7. 3 595 868 59 5c 990 713 
21 12. 4.8 5'31 864 59 77 670 590 
22 12. 4. R 495 70s 53 66 600 5 0c 
23 13.64 1c. t 513 756 54 85 1450 110g 
2 )+ 13.12 1C). 5 598 87 1 60  6 0 1540 1040 
25 12.92 7. c: 59: 861 5 9 104 99c 76C 
26 12. (72 1 . 8  501 861, 5'1 98 670 540 
27 12.82 4.8  593 566 5 ')? 670 590 
28 12.30 ' j .  9 499 772 5 bo 1280 67: 
29 12.92 7.0 506 '174 5 '31 890 68G 
3 i3 12.72 4.8 591 664 59 60  C'IC! 51c 

31 12.82 4 . 8  503 856 59 lor: 670 
32 12. j c  9.9 5 84 857 59 96 1423 
33 13. li 4. t 5cit3 781 53 77 

768 5 9 1  3 4 12.82 L. '1 4 r i  5 
12. . ,  1,' "> 772 9 2 
13. i "08 '181 7 3 
11. . _I 4E7 760 52 8 6 

1c; 13.40 5.3 513 785 54 86 640 5 80 

li, 13.44 7. i 603 876 6 0  94 1343 550 

16 13.73 18.3 5c4 777 53 92 1449 1140 

:< 
i 2 

19 13.62 7.1 6C3 97 h 60 4 1  lO6,3 863 

' j  ,L> 

~' 

'. '_ 

w 
0 
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The t o t a l  loss 

average burnup 

0,00:3131 i n .  

i n  wall th i ckness  f o r  t h e  p in  i n  p o s i t i o n  7 a t  an 
of lo..($ F1MA t h e n  c a l c u l a t e s  t o  3.131 m i l s  o r  

Tn o rde r  to r e t a i n  t h e  e f f e c t s  of fuel-cladding mechanical i n t c r -  

ac t ion  d w i n g  pm7er changes and as f u e l  swe l l ing  occuz-s, we r e t a i n e d  the 

i n l t i  a1 cladding inne r  r ad ius  and reduced t h e  0. 0165 in .  average va l l  

thickricss t o  0.00335 in. by decreasing t h e  cladding oiiteel- diameter t o  

0.3379 i n .  

Revised S t r e s s - S t r a i n  Ana1vsi.s 

The r ev i sed  s t r e s s - s t r a i n  malysis c a l c u l a t i o n s  were mmde wi th  t lne 

FMp(DEL code and, t h e r e f o r e ,  iiiclude t h e  el"fect;s of fuel-cladding mechan- 

ical. i -n t e rac t ion ,  f l ux  enhanced creep,  and the e f f e c t s  of  fas t  flux 

e q o s u r e  on cladding d e n s i t y  changes. The code a l s o  p r e d i c t s  f issi .on- 

gas r e l e a s e  as a fimction of f u e l  temperature and burnup. Since t h e s e  

p r e d i c t i o n s  are g e n e r a l l y  i n  agreement w i t h  ex-peri.menta1 r e s u l t s  and 

l e s s  t han  l00$, we used a ve r s ion  i n  which the gas pres su re  in t h e  plenum 

calculated f o r  lOO$ r e l e a s e  was input  for d i s c r e t e  t ime interva1.s. 
code 11.ses a l i n e a r  e x t r a p o l a t i o n  of' p re s su re  f o r  t h e  t i i i i . ~  increments 

between t h e s e  i n t e r v a l s .  SimiiLtaneously, t he  c a k u l a t e d  gas r e l e a s e  

f r a c t i o n s  f o r  va r ious  f u e l  temperatures were re tained.  i n  t;he seci;ion of 

t h e  code c a l c u l a t i n g  t h e  f u e l  swel l ing.  

me 

The a c t u a l  cycl ic  condi t ions used a r e  l i s t e d  i n  Table 13. The 

incremental  t i . m e s  were a l t e r e d  from our prel iminary c a l c u l a t i o n s  t o  

save computer time. Cycles 1 and 6 were extended from i n s t a n t m e o w  t o  

3 h r  t o  more n e a r l y  represen5 the  rate of  b r ing ing  t h e  EBR-11 t o  power. 

The ends o f  cycles  4 ,  8, and l 0  roughly approximxte t h e  i r r a d i a t i o n  

increments proposed f o r  t h i s  t e s t  ser ies ,  

We evaluated t h r e e  a x i a l  increments f o r  the p i n  i n  subassembly 

p o s i t i o n  '7. The r e s u l t s  o f  t h e s e  analyses  a r e  presented i n  Ta-Dle 14. 

%ne r e s u l t s  O S  t h e s e  c a l c u l a t i o n s  a r e  qui- te  cnmpara.ble w i th  t h e  

prel iminary a n a l y s i s  r epor t ed  i n  Tab1.e A-8 i n  Appendix A. 

i n a r y  a n a l y s i s  i.nd.icates a greatel .  o v e r a l l  d-imensional change f o r  t h e  

peak hea t  rate and t o p  o f  the r u e 1  column, while  t h e  r e v i s e d  a n a l y s i s  

shows a g r e a t e r  p red ic t ed  dimerisi.ona1 change f o r  the bottom of  t h e  pin.  

The prelim- 
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Table 13. FM$DEL Incremental  Conditions for Revised Analysis 

Pili 7 Plenum Conditions I n t e r v a l  Reac tor  Power 
kve1. Cycle T i m e  Temperature Pressure,  p s i  

In i t i al. ii'inal ("C) (hr ) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

3 

2400 

21+00 

h?i',3 

480 

3 

2400 

1200 

2409 

2400 

1200 

Zero t o  fu3.l 

Full 

F u l l  

F u l l  

Zero 

Zero t o  f u l l  

F u l l  

F u l l  

F u l l  

Fu1.l. 

F u l l  

607 

6 37 

607 

6 07 

371 

6 07 

607 

Q C 7  

6 07 

607 

25 

15 

104 

3 47 

57 0 

br /A 

494 

674 

87 2 

96 5 

l l L  0 

130s. 

Tnese d i f f e rences  are t h e  r e s u l t  of the  h ighe r  i n t e r n a l  gas pres su re  

e f f e c t  al; high cladding temperatures whi l e  i r r a d i a t i o n  c r ~ e p  OP t h e  

cladding predominates a i  the coo le r  temperatures at, the bottom of the 

pin.  

E f fec t  of Tncremed Diameter of P ins  on Coolarii Flow 
and Subassembly Thermal Analysi s 

The a c t u a l  dimensional p r o f i l e  o f  each p in  as a funct ion of  a x i a l  

3.ocation w i l l  be a com-pl~~x i l l t e n e l a t i o n  of  cladding swel l ing and p i a s t i c  

d.eformtion. Becaiise of the iulcertain ' i ies a s s o c i a t e d  with both of t h e s e  

c a l c u l a t i o n s  and t h e  varied h i s t o r y  of t h e  differen-t; pins i n  t h e  subas- 

sem'u ly  XL Lhe end of l i f e ,  we chose t o  make a very conservati-ve assump- 

t j-on f o r  t h e  c a l c u l a t i o n  of end-of-l.i.te coolant - P ~ O V J  and tempemtures  . 
We have assumed a uniform 1005 of t h e  rnaXim1m c a h J . h t e d  diameter change 

without any corrosion allowance along t h e  f u l l  l eng th  of each pin.  In  

a d d i t i o n ,  w e  have reduced. t h e  f i ss i -on  hea-t ra te  by only lG$ although the  

reduct ion i n  f i s s i l e  inventory w i l l  be i n  excess of 139. 



Table 1L. Fin 7 - Stress-Strain Deform-tioii Analysis w i t h  
Allo:m,rices for Fahricatior,  and Corrosion Effec ts  

1 
2 
3 
4 
5 
6 
7 
8 
9 
113 
I1 

1 
2 

4 
5 
6 
7 
8 
9 
10 
li 

1 
2 
3 
4 
5 
6 
7 
8 
9 
IO 
11 

5 

B o t t m  of 11.1 
f u e l  11.1 

10.8 
10 .5  

0 .0  
0.0 
10.4 
10.2 
10.1 
9.9 
0.0 

Peak heat 13 .8  
r a t e  13.8 

13.5 
13.2 
0. c 
0. 0 

13.0 
12.7 
12.6 
12.4 
0.0 

Top of fEei 13.4 
10.4 
iu. 2 
9.9 
0.0 
0 .0  
9.8 
9.6 
9.5 
9.3 
3.0 

0.0 0.0  
2.0 0.03 
3.9 0.20 
4.84 0.33 
4.54 0.33 
4.34 0.33 
6.69 0.69 
7.5.3 3.94 
9.39 i. 53 

11.14 2.56 
11.14 2.58 

0.3 0.0 
2.37 3.37 
4.66 2. E3 
5.77 i. 14 
5.77 1.14 
5.77 1.1: 
7.99 1.83 
9.06 2.24 
11. 21 3.47 
13.30 4.78 
13.30 4.78 

3 .0  0.0 
1. EL 0.35 
3 .  bCl C.25 
4.4% 0.37 
4.46 0.37 
4.40 0.37 
6.17 0.68 
'7. c3 0.87 
8.  %I, 1.40 

13. 26 2.22 
1s. 26 2.22 

29, l?Od 
-9,054 
-9,789 
-11 ,380 

- T O  
-14,170 
-19,700 
-15,670 
-18,070 

-12,940 
-18, G50 

1,993d 
-7,220 

16,620 
S i c  

4,830 
6,810 

15,670 
20,350 

-1,350 
1 ,963  

27,900 

72,260d 
4 , 3 5 3  

2,370 
5,920 

16,630 
9,480 
9,500 
9,960 

10,930 

23,780 
12,243 

0.28G6 
0.2806 
0.28li 
0. 2814 
0.2811 
0.2814 
0.2823 
0.2828 
0.2839 
G.2852 
0.2831 

0.2741 
S. 2801 
0.281? 
0.2819 
0 . 2 8 S  
0.2814 
0.2834 
0.2844 
0.2865 
0.2889 
G. 2862 

0.2798 
0.2805 
0.2815 
0.2817 
0.2798 
0.2813 
c. 282'7 

0.2942 
0.2855 

0.2831 

0.  sei6 

48, 9aod 
14,930 
26,564 
21,330 
10,090 

34 ,lis 

34,120 

23,160 

2LL,130 
31,370 

24,520 

21,620d 
13,330 
11,810 
10,930 
-3,060 
13: 220 

11,290 
10,070 
12,rnO 

14,520 
13,150 

S1,460d 
9,940 
7,54c 
6,530 

-4,900 
2,360 
6,150 
7,400 

11,620 
14,740 
4,E50 1.49  1.74 0.0018 

1.38 2.18 0.003 

13 w 

3.22 3.24 0. 000fi 

a ~ . i e  s t r e s s  values a rc  :'or w n g s n t i a l  s t r e s s  i n  the increment adtaccnt to t:iz a a f a c e  iden t i f i ed .  
values a r e  compress~ve. Txe c1aJdir.g thickness was C i v i i i e Z  icto five redia: increxe;;ts for  this analysis. 

Posi t ive  values a r e  t e n s i l e ,  ana n e e t i v e  (-) 

b A t  rooln tenpera tme t:ie outer surface r a d i i  x z x  assumed t o  1:a-w been decreasej. by o 
i r j t r ract iof is  plus mrcilt:nical fiaws. 'i'hei--fore, the fic-ii-,ious - o d i i  hze  not Includfd in t 

t o  account f o r  fue l -c laAi ing  and Na-c1addinc: 

%he plastic s t ra in  is the  ca lcu la ted  t o t a l  creep s t r a i r ,  iiicldc$i:ig secoGc-stage therm1 crcsp ttad a flux-eixanced er:$p base2 33 the 
proposal of T. T. Ciaudscn, BX'*Z-S>.-?28B. 

%ze s-,art of : : fr  s+.reases a:e the resul-, of dif ntial therm: espxsio:i i:i i t e  fuel and ciadding. 
pellet I-els with r a d i a l  gaps bezweei, the fuel an2 sle g, the l;se w i t : i  Sphere-Sac %?ls and na gap w i l l  &;ve e r r a t i c  s-cart cf life s t r e s s e s .  
A very s m l l a m s - t  of p r i m r y  creep not included in i n e  present cadr w i l l  relieve these stresses. 

Since tce Fiv:$LXL code i s  written f o r  



CaLcul.at5.ons of t h e  e f f e c t  of -tile @iamete:r* change on coolan'i f l o w  

a r e  sumnmrlzed. i n  Table 15. 

Table 15 .  Comparison of Star i -of-L4i  Et.: Coolant Fiow 
Rates with gnd-of-T,ife Fiow Ratcs 

- S t a r t  of  Life End of L i f e  ____ _. 
Decrease, $ Pi. I1 Flow Ai-ea Flaw RaLe Plow Area Flow Rate 

( i n .  2 )  ( lb /h r ) "  ( i n .  ') (3.b /hi-) a 
Location per P in  per  P in  per Pin p@r pin Area. Flow 

Corn e r 0.0369 68'7.3 0. Q330 595.0 1G. 5 13.14 

Edge 0.0333 633.0 3. ?'I5 544.3 11. 14" 7 

Center 0.0225 38L.  4 0. 0186 30rL. 7 77.3 27.0 

a Based on a mean sodium coolant  temperature of  911°F. 

Although only- c e r t a i n  p ins  a r e  c u r r e n t l y  scheduled f o r  i r r a d i a t i o n  

t o  the rmxiiniirn buriiup l e v e l ,  t h e r e  i s  a s i g n i f i c a n t  p r o b a b i l i t y  t h a t  t h e  

r e s u l t s  of  i n t e r i m  exo.m:i.nations ma.y a l t e r  t h e  choice o f  whi ch p?ns.  

Therefore, w e  u-seil t h e  MAMU code t o  c a l c u l a t e  t h e  end-o f - l i f e  thermal 

conditi-ons f o r  each l o c a t i o n  i n  t h e  subassembly. The r e s u l t s  ol" t h e s e  

c a l c u l a t i o n s  a r e  summrized i n  Table 16. 

I n  Table 17 we have sumnlarized the  subassembly condi t ions f o r  t h e  

hypotheti-cal  case where a l l  pi.ns a r e  taken t o  f u l l  burnup. In  this 

case t h e  mixed mean o u t l e t  coo1.m.t temperature f o r  an N-37 subassembly 

would have reached 1C58"F or 11°F above t h e  permissible  temperatiire of 

1047°F f o r  a G-N3 posi- t ion l i s t e d  i n  Table C-Vl11, p. C-50 of t h e  Guide. 

'This i.s a very conservat ive est;i.nlate. 

Since t h e s e  cahJ.I.aki o m  aye a l l  based on extreruely conservati.ve 

asswq'cions, w e  wo!il~J. propose t h a t  no o r i f i c e  cham.g?.ge be made fo:r t h e  

second N-37 subassembly loading. Fur-bher, we propose to use t h e  r e s u l t s  

of t h e  i n t e r i m  examinaLion a-t t he  time of fabricaLkiig t h e  second sub- 

assembly Loge-Liier wi th  aJ.1 a v a i l a b l e  d a t a  froiii o t h e r  experi-rnents avail- 

a b l e  s'~ -bha'i time t o  evaluate  more p r e c i s e l y  t h e  end-of- l i fe  conditiolis  

and def ine  t h e  or5f ic i I ig  requireniei1ts f o r  t h e  t h i r d .  subassembly. Sir~i j .1-a~ 

adjustments t o  a J-37-A internal o r i f i c i n g  may be made f o r  the k 'n i rd  



Table 16. Riel  Pin Thermal Analysis, End of Life 

Fuel Smear Coolant Total  Maximum Cladding CooLant Extra 
- ~ - -  

Flow Heat Inner Surface Out le t  Thermal 
Rate Production Temperature Temperature Expansion' 

t h e o r e t i c a l )  (lb/hr) (Btulhr)  ( O F )  ("c) ( O F )  ( " c )  ( in .  x1O-j) 

Pin 
toca t ion  i n  (% of 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  

11 
12 
13 
14  
15  
16  
17 
1 8  
19  
20 

21 
% L  
23 
24 
25 
26 
27 
28 
29 
30 

3 1  
32 
33 
34 
35 
36 
37 

80 
80 
80 

80 
80 
83 
83 
85 
80 

83 
83 
85 
85 
83 
83 
83 
85 
85 
83 

83 
85 
85 
63 
83 
83 
85 
83 
33 
83 

85 
83 
90 
85 
53 
90 
83 

a5 

TOTrlL 

595 
544 
544 
595 
544 
305 
305 
3 05 
544 
544 

305 
305 
305 
305 
544 
595 
305 
305 
30.5 
305 

305 
595 
5 4 4  
305 
305 
305 
305 
54f+ 
5w+ 
305 

305 
3 05 
544 
595 
5 44 
544 
595 

15,434 

4.4,518 
47,937 
43,365 
45,376 
43,937 
43,341 
W,295 
43,694 
44,128 
43,365 

44,295 
43,694 
W, ,104 
43,455 
41,867 
44,327 
43,694 

43,LRLj 
41,844 

41,214 

4L, 11x 

41,570 
4)+,128 
42,492 
41,P44 

3 9,9 39 

41,214 
41,538 

4 1  867 
51,314 

41,538 
34,010 
42,516 
41,570 
35,939 
42,516 
38,679 

1,026 
1,042 
1,037 
1,033 
1,042 
1,237 
1,249 
1 ,241  
1,043 
1,017 

1,249 
1,241 

1,233 
1,246 

1,026 
1,025 

1,246 

1,218 

1,210 

1,241 

1,238 

1,005 
1,043 
1,226 
1,218 
1,210 
1,214 
1,011 
1,026 
1,210 

1,216 
1,194 
1,031 
1,005 
1,011 
1,031 

984 

5.52 
561 
558 
556 
561 
669 
676 
672 
562 
558 

676 
672 
67C 
670 
552 
552 
672 
674 
670 
659 
651, 
540 
562 
66 3 
650 
654 
65'7 
541, 
552 
654 

657 
646 
555 
541 
5w+ 
555 
523 

916 
966 
962 
351 
966 

1 , 171 
1,189 
1,175 

967 
96 2 

1,181 

1,179 
1,175 

1,173 
953 
94 5 

1,175 
1,179 
1,173 
1,155 

93 0 
967 

1,162 
1 ,155  

1 , l L B  

1&3 
1,151 

9I+l 
953 

1,148 

1,151 
1,134 

957 
930 
941 
957 
914 

508 
519 
517 
511 
519 
63 3 
63G 
63 5 
519 
517 
634 
63 5 
63'7 
63L 
512 
507 
635 
63'7 
6 34 
624 

620 
499 
519 
628 
621, 
620 
622 
505 
51.2 
620 

62% 
61.2 
5 16 
499 
505 
5 14 
4 90 

Negative 
Negative 
Negative 
Negative 
Negative 
0.1 
0. 1 
0.1  
Negat i ve 
Negative 

0 . 1  
0 .1  
0 .1  
0. 1 
Negative 
Negative 
0.1 
0 .1  
0 .1  
0 .1  

0 .1  
Negative 
Negatjve 
0.1 
0 .1  
0 .1  
0 .1  
Negative 
Negative 
0.1 
0 .1  
0 . 1  
Negative 
Negative 
Diegat ive 
Negative 
Negative 

a'2"ne extra thermal expansion denotes the  increase i n  cladding diameter d1Je t o  t h e  change i n  
temperature from beginning-of-l ife t o  end-of-l ife conditions.  
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Table 17. subassembly Therm3 Performance, End of Life 

Char a c t  er i st 2 c s Subassemb1.y Type 

N-37 J- 37 -Pi 

Coolant FZm Rate: 

Inner hex can, 1b/hr of  800"P' Na 
Bypass, I b / h r  of 800°F Na 

TOTAL, l b  /hr of  8lO"P Ma 
TOTAL, gpii at 800°F 

T o t a l  Heat Generatrd : 

Pins and sodium, Rtu/iir 
Subassembly hardware, Btu/hr a 

TOTAL, Etu , h r  

Tenpersture R i s e  : 

Inner hex can, "F 
Bypass ,  "F 

Mixed M e a  Out ie t  Temperature: 

"F 
"C 

15,811 

15 I 891 
36.4 

1.,662,?OC 
64,000 

1,'/26,3C3 

15,891- 
7,665 

-1_ 

23,55C 
51,. 5 

1,736,600 

34 5 
32 

'143 
5 36 

a Including bypass sodium for J-37-A subassembly. 

subassembly t o  l eve l  t e s t  condi t ions,  even though t'ne worst case i s  

w e l l  w i th in  t h e  E R R - I T  coolart ,  o u t l e t  temperature l i m i t a t i o n s .  

E f fec t  of  increased Fin Diarmters on Subasserniily Di-rnensions 

The e f f e c t s  of i nc reas ing  p in  diameters on t h e  s.Jbasserdo1.y d.i.men- 

s ions must be considered i n  t w o  ways: 

i r r a d i a t i o n ,  and (2'1 changes i n  subassembly hardware at, each interiili 

examination. 

(1) mechanical i n t e y a c t i o n  during 

During ir i-adiabion of any subassembly t h e  increased diameter of  

each of  t h e  p ins  wi1.l result .  i n  a gross  dimensional change i n  t h e  piii 

bundle per iphery dimensions which vary as a functj-on of  a x i a l  locati-on. 

Since these  dimensional. changes a r e  predorni n a n t l y  t h e  r e s u l t  of  cladding 

and wi.re wrap d e n s i t y  changes as a funct ion of  f luence and t h e  subassembly 
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hardware i s  sub jec t ed  t o  t h e  same f luence  a t  each of  t h e  a x i a l  Locations, 

t h e  change i n  r e l a t i v e  dimensions ac ross  f la ts  f o r  t h e  p i n  bundle and 

t h e  subassem'oly i n n e r  can w f l l  be e s s e n t i a l l y  zero. In  f a c t ,  because of  

t h e  temperature of  t h e  inne r  can (gene ra l ly  (close t o  500°C), t h e  i n i t i a l  

a s - f ab r i ca t ed  clearance between t h e  inne r  can and t h e  pin bundle may 

inc rease  s l i g h t l y .  

However, it may be necessary t o  a l t e r  t h e  d.imensions of  t h e  %mer 

can f o r  t h e  second and t h i r d  subassemblies t o  provide assembly clearance 

f o r  t h e  i r r a d i a t e d  p ins .  On t h e  b a s i s  of  our dimensional analysi-s ,  t h e  

inne r  hex-can d i s t a n c e  ac ross  f la t s  will have t o  be increased by 0.02(3 i n .  

t o  1.8t.X i n .  nominal f o r  -the second subassembly. This w i K l  reduce t h e  

e f f e c t s  of p i n  swelli-ng on coolant flow descr ibed i n  t h e  previous sec-  

t i o n .  I t  i s  p o s s i b l e  t h a t  a f u r t h e r  i nc rease  i n  t h e  i n n e r  hex (38x1 f l a t -  
t o - f l a t  dimension by 0.010 i n .  my be r equ i r ed  f o r  t h e  t h i r d  subassembly; 

b u t  t h i s  i s  u n l i k e l y  and can only be  d.etermined. when t h e  results of t h e  

i n t e r i m  examination of t h e  f i r s t  subassembly a r e  a v a i l a b l e .  

SAFETY ANALYSIS 

Operation a t  110% of Normal Heat Rate 

An i nc rease  of l0f i n  t h e  s t e a d y - s t a t e  hea t  r a t e  of a l l  t h e  p ins  

i n  thi.s subassembly w i l l  have a n e g l i g i b l e  effect  on f u e l  r e s t r i i e tu r ing  

with t h e  maximum f u e l  cen te r  temperature i .ncreasing from 2300 to 2420°C. 

N o  a x i a l  f u e l  movement i s  expected, and t h e  e f f e c t  of  t h e  increased. peak. 

cladd.ing temperatures  (1140 t o  1190" F )  on sodium cladding r e a c t i o n s  i s  

l ikewise n e g l i g i b l e .  

The e f f e c t  on fuel-cladding r e a c t i o n s  i s  more nebulous. One o f t h e  

secondary o b j e c t i v e s  of thi .s  t e s t  s e r i e s  i s  t o  o b t a i n  more information 

on fuel-cladding i n t e r a c t i o n s  a t  c ladding temperatures above 600°C. 

Tnere have been tes t s  i n  which reac-tions up t o  0.005 in .  a t  7 5 V ' C  have 

been r epor t ed .  3 6  

i n i t i a l  oxygen-to-metal r a t i o  of  2 .00 ,  and l m e r i n g  t h e  r a t i o  should 

lower t h e  fuel-cladding r e a c t i o n  r a t e .  The r e a c t i o n  r a t e  wFth oiir 
hypostoi chi.ometric f u e l  i s  unce r t a in .  I n  view of Vnese u n c e r t a i n t i e s  

These r e a c t i o n s  were w i t h  fuel having a r epor t ed  
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and t h e  fac-t  t h a t  we have used a conservat ive approach i n  making our 

s t r ? s s - s t r a i . n  a n a l y s i s  

operat ion w i l l  not jeopardize t h e  i n t e g r i t y  of t h e s e  pins because cf 

fuel-cladding i n t e r a c t  ion .  

we f e e l  t h e  p o s s i b i l i t y  of a 10% overpm~er 

The very remote p o s s i b i l i t y  of a lG$ greater- burnup f o r  t h e  rnaximum 

burnup pins  w i l l  i nc rease  t h e  swel l ing of t h e  fuel and vary t h e  swelli-ng 

of -the cladding. 'Die hi-gher f u e l  temperatures would. i nc rease  t h e  plas- 

t i c i t y  of the f u e l  and inc rease  t h e  a c t u a l  f i s s ion -gas  ?elease.  I%is 

woiild improve t h e  u t i l i z a t i o n  of  a v a i l a b l e  p o r o s i t y  t o  i-educe the  r a t e  

of f u e l  swel l ing.  Even without t h e  inc rease  i n  volume provided by t h e  

s t a i n l e s s  s t e e l  vo id  swel l ing e f f e c t  on t h e  cladding dimensions, which 

w i l l  be l e s s  according t o  t h e  cu r ren t  fornulakions as t h e  cI.addlng tem- 

pe ra tu res  go f a r t h e r  above t h e  550°C peak swell ing temperature, t h e r e  

should s t i l l  be adequate void volume t o  accommodate t h e  f u e l  swe l l ing  

without seri.ous mechanical. i n t e r a c t i o n  with t h e  cladding. 

The e f f e c t  of changes i n  swel l ing of  t h e  cl.adding on @oola,nt annu l i  

w i l l  be n e g l i g i b l e  because of s i m i l a r  changes i n  t h e  fluence-temperature 

e f f e c t s  on the  swel l ing of t h e  inne r  hex can. 

The mechanical p r o p e r t i e s  of  t h e  cladding w i l l  experience a range 

of property changes because of t h e  increased range i n  temperatures.  The 

higher  temperatures a r e  expected 'Go decrease t h e  e f f e c t s  of i r r a d i a t i o n  

on both y i e l d  s-'irength and d u c t i l i t y ,  t hus  making our assumptions of  

u n i r r a d i a t e d  p rope r t i e s  more valid.  

Abnormal Operat ions 

Power Excursions 

Nuclear Excursion i n  a Core a t  Zero Power. - Acting on i n s t r u c t i o n s  

from t h e  ERR-TI Exqxriments Manager,37 we have not considered Case 1 i n  

Appendix E of t h e  Guide. 

Accidental  i n s e r t i o n  of a Control Rod i n  2 Cove at Normal Pover, - .- 

Case 2 of Appendix E of the Guide de f ines  t h e  t r a n s i e n t .  In ajnalyzing 

t h i s  ca se ,  we chose t o  analyLe t h e  peak hea t  r a t e  p in  i n  p o s i t i o n  7 of  

t h e  subassembly. We f u r t h e r  assumed t h a t  t h e  accident  occurred a f t e r  



3 9 

172 h r  of f u l l  power opera t ion  so  t h a t  t h e r e  woiild be a gas pleowa 

p res su re  of 13Q p s i  abso lu t e  i n s i d e  the  pin.  

The thermal.. analysis was done by a s e r i e s  of steaay-state analyses  

using t h e  M A i W  code. This i s  conservat ive since the a c t u a l  coolant 

temperatures during t h e  t r a n s i e n t  will be l e s s  than the  s t eady- s t a t e  

temperatures  The r e s u l t i n g  maximum temperatures a t  var ious  Limes 

during t h e  t rmsient  a r e  l i s t e d  i n  Table 18 and shmn g r a p h i c a l l y  In  

Fig. 11. 

Table 18. Nuclear Exewsi.on Subasserribly I T i e ~ m a l  Analysis 
f o r  Pin in Posi t ion  7 

Phximum Cladding Reactor C00.lmt Outlet, Surface Temperature 1_- O C Temperature Power" Time 

( 4 )  Inner Outer ( " C )  (OF) 
( s e e )  

0 

5 

10 

15 

20 

25 

30 

35 

40 

L5 

100 

101.9 

104.2 

10'7.1 

110.5 

115.0 

119.7 

125.0 

130.4 

136.4 

650 

654 

660 

668 

67 7 
688 

704 

718 

73 2 

749 

616 

621 

62'7 

635 

743 

6 5 4  

666 

679 

693 

'710 

6 04 

610 

616 

621. 

632 

64 3 

652 

666 

67'7 

633 

1120 

1130 

ll40 

1150 

1170 

1190 

1205 

1230 

1253 

1.280 

a Based ofi a r e a c t o r  power l e v e l  of 62.5 W as lcJ0$. 

The stress a n a l y s i s  for this case was made by iisi.nq t'ne MAMJ tempera- 

t u r e s  arid calcuLated by t h e  FM@XL codk for t h r e e  0. 5-in. -long axial 

l o c a t i o n s ,  t h e  bottom of t h e  fiiel column, the  peak heat Fate s e c t i o n ,  

and the t o p  of the fuel column. The c r i t i c a l  values  x.esultirig from 

t h e s e  ca l cu l8 t ions  a r e  l i s t e d  in Table 19, 

Three f a i l w e  c r i t e r i a  can be assumed: 

1. cladding temperatures reach t h e  melting po in t ,  
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("C) YF) ORN L-DWG io-4 30998 

... 1320 

TlMF SINCE START O r  TRANSIFNT (sec) 

Fig. 11.. P a r t i a l  Therm1 -4mlysi.s of Power Transient  on Pin i n  
Subassembly Pos i t i on  7. 

2. cladding 'tangential s t r e s s e s  exceed. t h e  ult irnate s t r e n g t h  of the 

material, o r  

3. s u f f i c i e n t  f u e l  mel t ing occurs t o  pro?/-id.e a s e r i o u s  t h r e a t  t o  p i n  

i n t e g r i t y .  For this  case,  we b e l i e v e  t h e  u n i r r a d i a t e d  f u e l  t e s t s  

i n  TWAT38 justi~fy t h e  assumption tha t  l e s s  t han  50 v o l  $ meI.tri.rtg 

i.s below t h e  t r a n s i e n t  f a i l u r e  th re sho ld .  

Based on our analysis and t h e  r e s u l t s  given i-n Tab1.e~ 18 and 19, 
none of t h e s e  f a f l u e  c r i t e r i a  a r e  m e t  provid-ed the pawer "cat?sie-clt i s  

terminated w i t h i n  45 sec.  The maximum cladding temperature i s  on1.y 

749°C (1380"F), w e l l  below tile mel t ing point of l3FzO"C (2520°F).  The 

cladding t a n g e n t i a l  s t i -esses  a t  t h e  ou te r  su r f ace  a r e  h igh ,  'out the mean 

w a l l  stress i.s below t h e  u l t ima te  styengl;h of  the material. F i n a l l y ,  

the volume of f u e l  melting i s  c a l c u l a t e d  t o  be  45% of t h e  volume, whi.ch 

i s  below t h e  faliliire criterri.on bu t  would obviously exceed t h i s  cri-tex-ion 

i.f t h e  t r a n s i e n t  was allowed t o  continue beyond t h e  A5 see t h a t  we have 

analyzed. 



Table 19. Muclear Excursion Analysis for Three Axial Locations on B 

Pin i n  Subassenbly Pos i t ion  7 
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Loss-of-Coolm'i Flow @pei..al;ion 

To i n v e s t i g a t e  t h e  e f f e c t s  of a loss-of-coolant pump power w i t h  

imnedlate scram of t h e  r e a c t o r ,  w e  again made a s e r i e s  of thermal 

a n a l y s i s  ca.lcula.tions using the MAMU code and assuming s teady-st .a te  

operat ion at f i x e d  t i m e  increments du:ri.ng t h e  event (Figs .  E-? and E-/+ 

of t h e  Guide). 

assembly p o s i t i o n  7, t h e  peak h e a t  ra te  p i n  wi th  -the minimum coolant, 

flow. We assumed this occurred dux-ing t h e  iiiitiial. s ta r tup  of 'ihc 

r e a c t o r  following in t roduc t ion  of t h e  pi-n; nu fuel. restructuring was 
considered. The l a t t e r  a,ssimption raises t h e  f u e l  cen-Lcr tempera-Lures 

t o  t h e  maximum. The I-esults of t h e s e  c a l c u l a t i o n s  are surmari.zed. -in 

Table 20 and shown graphical-l.y in Fig. 12. 

We d i d  these c a l c u l a t i o n s  f o r  t h e  pin 1.ocated i n  sub- 

'Table 20. Loss-of-Coolant Flow Accident Pin. i n  Subassemblya Posit ion 7 

Maximum CLaddi ng Fue 1 Coolant 
Titne Flow Surface Center Out l e t  

Temperature, C Temperature Tempeyature 

.I. nne i. 

React o r  
Power 

- ("C) ("C) (OF) $1 ( s 4  (4) 
O u t  e r 



7 7 .  T I E .  13. F a r t i a l  Thermal. l b a l y s i s  of Loss-of-Coolant Flmr on Pin 
i n  SubassemT~1.y Pos i t i on  7. 

Because of t h e  immediate scram of t h e  r e a c t o r ,  a l l  f u e l  temgeratures 

a r e  w e l l  below t h e  normal opera t ing  temperatures ,  and t h e  thermal  grad i -  

e n t s  i n  t;he c ladding and f u e l  r a p i d l y  approach Iiear Aero valiies. %he 

only s igni  f i c a n t  temperature d i f f e rences  occur i n  t h e  cladding tempera- 

t u r e s  nnd coolant  o u t l e t  temperatures” These two temperatures > sf‘ber an 

i n i t i a l  drop, w i l l  r i s e  ahove t h e  normal s t eady- s t a t e  operating ?onrIi- 

tions t o  peaks approximately 80 s e c  a f t e r  t h e  loss  of pump pmrer. The 

peak cladding and coolant  o u t l e t  temperatures will be approximately 

1300°F (700°C). Since t h e r e  i s  e s s e n t i a l l y  no thermal  g rad ien t  s t r e s s  

i n  t h e  cladding a t  t h i s  t ime and the  i n t e r n a l  gas pressure  w i l l  only 

r i s e  10% above norrral, because of t h e  increased  plenum temperature ,  t h e  

e f f e c t i v e  s t r e s s  i n  t h e  cladding w i l l  be well below t h a t  under normal 

steady- s t at e operat ion.  
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Clad-d-ing Fa i lu re  

Gas Rlanke-Ling 

The f a i l u r e  of t h e  eladd-ing on one p i n  i n  t h e  subassembly w i l l  

r e l e a s e  i t s  gas t o  t h e  coolant and cause 8 Lemporary d e t e r i o r a t i o n  of 

t h e  beak t r a n s f e r  c h a r a c t e r i s t i c s  of t h e  subassembly. The eldent of t h e  

hea t  t r a n s f e r  de - t e r io ra t ion  and t h e  l eng th  of t i r o e  t h a t  such a tempera- 

t u r e  transienn-t w i l l  endure d.epends on t h e  na tu re  and I.oca,tion of  t h e  

cladding fa i l . iue  t o g e t h e r  with t h e  burnup l e v e l  at t h e  t ime of f a i l u r e .  

We have chosen t o  analyze - two cases of  f a i l u r e  similar t o  those 

s e l e c t e d  by  o t h e r s . 3 9  

temperature t r a n s i e n t s .  In  making -these analyses  we have assumed t h a t  

t h e  f a i l u r e  occurs at t h e  bottom of t‘ne f u e l  p i n  and a-L the peak burnup 

l e v e l  when t h e  f iss ion-product  gas accumulat ion i.s maxi.mum. I n  both 

cases w e  have assumed tha’c -bhe gas escapes a t  a Tate def ined by  t h e  flow 

a r e a  of sodium displaced with t h e  gas bubble mo-ving a t  a v e l o c i t y  equiv- 

a l e n t  t o  t h e  sodium flow before fa.il1n-e. The gas-blariketed flobj channels 

were def ined as sham i n  Fig. 13. In Case A t h e  gas b l anke t  i s  d i s t r i b -  

uLed t o  a l l  coolant channels surround.ing t h e  f a i l e d  p in ,  whilt? i.n Case R 

t h e  gas blanket  i s  r e s t r i - c t e d  by t h e  wire  wrap -t;o one-third of t h e  

avai-lable channels. Figures I 4  and 1 5  show t h e  maximum c a l c u l a t e d  f u e l  

and cladding temperatures as a funct lon of time f o r  Cases A and B, 

We have used t h e  HEATING code’” t o  analyze t h e  

-y- a Lopectivel.y. c A s  can b e  seen i n  Fig. 14, no f u e l  melting i s  a,n?;ici.pated 

f o r  Case A. The c a l c u l a t e d  volu-rfle percentage of molten f u e l  f o r  Case R 

as a funct ion of time i s  gi.ven i n  Table 21. These values a r e  only 

approximate s i n c e  only r a d i a l  hea t  f l m  w a s  assumed i n  t h e  a n a l y s i s  and- 

the actual. molten volume would be signi.f i .cantly l e s s  because of tangen- 

t i a l  h e a t  flow t o  t h e  two-thirds  of the f u e l  sti.11 having f u l l  coolant 

flaw i n  t h e  unblanketed channels. 

These c a l c u l a t i o n s  w e r e  made wi th  -the assimpt5.m tha t  t h e  gas 

blanket  was a p e r f e c t  i n s u l a t o r  so  t h a k  no cooling was a v a i l a b l e  t o  t h e  

cladding covered by t h e  gas during t h e  t i m e  t h e  gas w a s  escaping. This 

assumption i s  undou.bted.ly t o o  p e s s i m i s t i c  b u t  even so  i n  Case A, whe.re 

the e n t i r e  p i n  i.s blanketed f o r  1 - 4 9  see ,  only i n c i p i e n t  melting of the 

cladding a t  t h e  h i~ghes t  heat  r a t e  1ocati.on of t h e  p i n  i s  ind ica t ed ,  and 
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Table 21. Volume of Fuel Molten Eiiyjng Gas 
Blanketing T h e r m a l  Transient ,  Case R 

(ib. '-7 sec dura t ion )  

T ime  A f t e r  
Failure 

( s e c )  

Maximum Volume 
of Molten Fuel. 

(74 

0.5 0 
1.0 0 
a. 5 0 
2.0 c) 
2.5 0 
3.0 0 
3 . 5  2 
4.0 11 
4.47 18 
4 .5  19  
5 .0  15 
6.0 9 
7 .0  7 
8.0 6 
3. 0 5 
10.0 L, 



t h e  p a r t i a l l y  cooled ad jacent  pins  should survive t h e  l e s s  sevwe 
loca l i zed  temperature  t r a n s i e n t  without  f a i l u r e .  

If t h e  gas i s  t rapped i n  Yne r e s t r i c t e d  channel def ined i n  Case P,, 

cladding melt ing w i l l  occiir on t h e  f a i l e d  p i n  and €failure of t h e  ad ja-  

cent  p ins  i s  probable. However, since t h e  gas escaping from these pins  

would a l s o  be t rapped i n  the same coolant annul i ,  a d d i t i o n a l  f%j.lures 

beyond t h e  ad jacent  p ins  are h i g h l y  unl ike ly .  

So l id  Debris Flow Blockage 

The possi-ble e f f e c t s  on coolant flow blockage by s o l i d  o r  molten 

material from a f a i l e d  p in  are, t o  a l a rge  ex ten t ,  dependent on wh.ether 

o r  not t h e  material can become lodged i n  t h e  siibassembly arid t h e  effee- 

t i v e  reduct ion i n  coolant flow frox such blockage. 

Brook4' d i d  an extens ive  ana lys i s  of t h e  e f f e c t s  of' flow blockage 

on PFR f u e l  subassembli.es. The agreement between  brook.'^ analys :'LS and 

oiir ca l cu la t ions  f o r  t h e  gas r e l e a s e  Case A i s  exce l l en t .  Therefore,  

w e  f e e l  t h e  use of h i s  m a l y s i s  i s  a v a l i d  analogy f o r  t h i s  subassem'uly. 

Froin Brook's ana lys i s ,  blockage of a s i n g l e  flow channel would not  cause 

severe damage; bu t  complete blockage of  s i x  t o  e igh t  f l o w  channels would 

i .ni t i .a te  boiling i n  the s tagnant  coolant and mel t ing  of t h e  pins. %ne 

b a s i s  of  Brook's ana lys i s  was t h a t  florm of  t h e  mtgnitude of 2 t o  L f  of 

full flow would r e s t r i c t  t h e  tempera'ture r i s e  i n  t h e  coolant f o r  sho r t  

blockages t o  t h e  poin t  where sodium boili .ng would no-t occur and t h e  

cladding terrperatixre a t  4% flow wou-ld~ he  below t h e  melting point  as a 

r e s u l t  of heat eoridiuction t o  ad jacent  chaririels. W e  d.id. not attenipt t o  
dup l i ca t e  his ana lys i s  Tor our cas? s ince  such ca l cu la t ions  a r e  extremeljr 

s e m i - t i v e  t o  t h e  assumpti.ons of t h e  length of such bl.ockages, t h e  amount 

of intercharinel  inLxing, e t c ,  Fa i lu re  deb r i s  i s  more l i k e l y  to be swept 

out of  t h i s  subassembly wil;h wire -wrap spacing than  w i L h  t h e  grid s t r u c -  

ture i nves t iga t ed  by  Brook. Therefore,  we f e e l  t'ne probabi l i . ty  of -fa.i.lure 

propagation wi-thin t h e  subassembly as a result of  debr i s  from a s i n g l e  

f a i l u r e  is extremely remote. 

Localized bulging of a f u e l  p in  as a r e s u l t  of t h e  initial. fa i . lure  

would impair the coolant  flow i n  t h e  ad jacent  channels,  bu t  i s  very  

u n l i k e l y  t o  l e a d  to a t o t a l  blockage of  even one coolant chaxnel. Thus, 



again c i t i i i g  the  a n a l y s i s  of Brook, t h e  cont inuat ion of as l i t t l e  as 

4% or t h e  i n i t i a l  cookmt flow w i l l  prevent failure propagation. 

Reactor Envinmment C0ntami.na-t ion 
~ I_I__- 

We exam+-ned. t h e  e f f e c t  of cladding f a i l u r e  of one pi.n on r e a c t o r  

coolan-t and cover gas contamination wi-th t h e  asswptTon tha t  t h e  f a i l u r e  

occurred i n  a peak burnup p i n  wi th  a n - i n i t i a l  f ue l  smear d e n s i t y  of 85% 

of  t h e o r e t i c a l .  The fission-product inventory w a s  c a h u l a t e d  by the 

$RIGEN code. '' 
bumup, t h e  assumption o f  ICO$ gas r e l e a s e  (krypton ani1 xenon) from 

'chis p i n  t o  t h e  cover gas volume i.s probably reasonable.  On t h e  ot'ner 

hand, Lhe assumption that a l l  of t h e  f u e l  and nongaseous f iss ion-product  

a c t i v i t y  i s  r e l eased  t o  t h e  coolant i s  imreasonable. Nevertheless,  using 

t h e s e  assui-tiptions, w e  ha.ve pl-otted both the cover gas and coolant con- 

taminatiion as a func t ion  of  decay time following the assumed f a i l u r e  i n  

Fig. 16. It ris our considered opinion t h a t  t h e  ex ten t  of fue l  washout 

from any f a i l u r e  w i l l  be less than 1%; so  -the a c t u a l  coolan-t eontamina- 

t i o n  w i l l  be about 1$ of t h e  values given. 

Because of  tile probable thermal t r m s i e n t  and hi.gh 

The exposure of t h e  fuel. t o  t h e  primary coo1ao.t w i l l  probably 

r e s u l t  i n  some a d d i t i o n a l  f u e l  swelli.ng from sodiam-fuel-fission product 

i n t e r a c t i o n .  The maxi-mum change i n  diameter a s soc ia t ed  wi th  a p in  f a i l u r e  

i n  whi-ch t h i s  r e a c t i o n  may have been a con t r ibu t ing  f a c t o r  i .s 22$, as 

r epor t ed  by General E l e ~ t r 5 . c ~ ~  (p in  F-2-A). 

an encapsulated t e s t  i n  t h e  EBR-11 w i t h  a reported burnup of 

;/I.,OOO MJd/me'iric ton.  

welded and drawn tubing,  and the f u e l  had a r epor t ed  oxygen-to-metal 

r a t i o  of 2.33. The i ~ n i t i a l  f a i l w e  w a s  r epor t ed ly  a s s o c i a t e d  w i t h  the 

tube  weld, and extended t h e  ful.1. l eng th  of t h e  f u e l .  'The ex ten t  of 

r e a c t i o n  wit'n t h e  sodium (app-oximately 0.020 i n .  ) was approxirnately 

four  Li .mes  t h e  r e a c t i o n  depth seen i n  another  f a i l e d  p i n  (F-k-D) where 

t h e  f u e l  oxygen-to-metal r a t i i o  w a s  2.00. Since a l l  of t h e  fuel i n  t h i s  

subassembly has i.nj.tial oxygen-to-metal r a t i o s  less t h a n  2-00, it i s  

reasonable t o  assume tha t  -the r e a c t i o n ,  and t h e r e f o r e  the  swel l ing,  wj.l.1 

be l e s s  'ihail 22% even i f  the fail iure occurs at the  high burnup l e v e l s .  

Therefore,  sodium-fuel-fission product r eac t ions  may inc rease  t h e  ex ten t  

This f a i l e d  f u e l  piil w a s  i n  

me cl.a.dding w a s  type 3 ~ 7  s t a in l - e s s  s t e e l  
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of t h e  o r i g i n a l  fai.lu.re but w i l 3 .  not l e a d  t o  a d d i t i o n a l  f a i l u r e s  in 

t h e  sub it:: s e mb lye 

Should the  i n i b i a l  pin failure go undetected or  t h e  wrong su.bassem- 

b ly  be removed a f t e r  deteet ion.  of a f a i l u r e ,  both highly unlikely s ince  

a l l  p ins  h a w  an id.entj.Tying xenon txg ,  sod-ium could e n t e r  the f 'uel  p i n  

during the r e a c t o r  shutdown peri.oil. ?'his condi-tion, sodiurn 1oggi.ng , 
co~tEd caiise gross  rupture  of t h e  p i n  on t h e  s u b s e q u e ~ t  re turn t o  power 

and. t h e  washol_rt of fuel p a r t i c l e s  i n t o  t h e  coolant  stream. 

t h i s  would lead t o  add . i t iona l  eontarnination of t he  primary reactor 

coolant ,  it should no t  r e s u l t  i n  f a i l u r e  propagation or  damage t o  the 

subassembly hex can. The addi - t iona l  r e l e a s e  of eontamTnation will 

r e a d i l y  be de t ec t ed  and the  subassembly conta in ing  the f a i l e d  fue l  p in  

r e ~ o v e d  from t h e  r e a c t o r .  

Although 
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Sodium Removal frorri Fa i l ed  Pin 

The consequences of sub jec t ing  Lhe f a i l e d  f u e l  element t o  t h e  

normal sodi.um removal process w i l l  depend on t h e  I.ocati.on and extent, of 

t h e  fai1.11.i-e. Reac-ti.ons between t h e  f u e l  and the  cleaning agents  w i l l  be 

i n s i g n i f i c a n t .  However, yeact ions between the moist a i r  o r  water and 

t rapped sodium or  sodium-Puel-fission product r z s c t i o n  l a y e r s  a r e  t o  be  

expected. Such reacti-ons w i l l  undoubtedly l ead  t o  contamiimtion of t h e  

in t e r -bu i ld ing -co f f in  and t h e  e f f l u e n t  c leaning gas and l i q u i d .  Such 

r eac t ions  w i l l .  not  s ign i f i . can t ly  add t o  t h e  f a i l u r e ,  bu t  w i l l .  c m s e  

changes i n  t h e  claddi~iig reac- t i  ons and r e a c t i o n  produc-ts which w i l l  make 

determination of t h e  cause of f a i l u r e  more d i f f i c u l % .  However, we d o  

not hzve a suggestion f o r  an a l t e r n a t e  p r a c t i c a l  clea,ni.ng procedure 

which would. e l imina te  th i . s  d i f f i cu l - ty .  

Subassemyly C r i t i c a l j  t y  Analysis 

The keff was c a l c u l a t e d  for t h i s  subassemb1.y under the  condi t ions 

of water fl-ooding. A number of conservat ive approxirmtions were used 

i n  maki.ng t h i s  ca l cu la t ion .  "he assenbly w a s  assumed. t o  be i n f i n i t e  

i i i  l eng th  and surrounded by an i n f i n i t e  water. r e f l e c t o r .  

sh e ld ing  w a s  assumed f o r  235U and 139Pu, and t h e  238U resonances were 

not  shi.eId.ed. Despite t h e s e  posi-t ive app-oximtioils , t h e  calcu3-ated. 

m u l t i p l i ~ c a t i o n  constant  w a s  0.46, well. below t h e  l-i-mit of  0.60 s e t  by 

safety requirements. 

N o  s e l f -  

Criteria f o r  Reinser t ion of  P h s  

i n t e r i m  examinations o f  t h e  pins  i n  t h i s  subassembly which go -Lo 

f u l l  burnup a r e  required. a t  t h e  Ieve1.s of burnup requested f o r  rcwvaL 

arid replacement of p ins  def ined i.n t h i s  d a t a  psckage. The i n t e r i m  

examination requirements a r e  d-etailed i n  t h e  section on Desi-gned Out;-of- 

Reactor Services.  

When eva lua t ing  t h e  da,ta on these p ins  fo r  r e i n s e r t i o n ,  t h e  following 

l i m i t a t i o n s  a r e  t o  apply:  
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1. N o  p i n  which shows a diameter inc rease  i n  excess of I.:)$, a t  

25cJ e f f e c t i v e  f u l l  power days of exyosure o r  3$ at  390 e f f e c t i v e  f u l l  

power days of exposure i s  t o  be r e i n s e r t e d .  These limits r e f l e c t  t h e  

primary u n c e r t a i n t i e s  i n  t h e  swel l ing c a l c u l a t i o n s  as a func t ion  of 

neutron f luence and temperature and s o  a r e  l a r g e r  t han  t h e  p r e d i c t e d  

changes given i n  Table A-9. ‘The l i m i t  a p p l i e s  t o  t h e  maximum diameter 

change a t  any axial l o c a t i o n .  

2. No p ins  w i t h  broken w i r e  wraps shall be r e i n s e r t e d .  

3. A l l  p in s  which s h m  unusual evidence of f r e t t i n g  a t t a c k  i.n t h e  

cladding region,  o r  evidence of l o c a l i z e d  mechanical danlage t o  t h e  

cladding,  s h a l l  be removed from t e s t i n g .  

4. Evidence from t h e  neutron radiographs of  g ross  f u e l  r e d i s t r i b u -  

tion such as slumping s h a l l  be c a m e  f o r  r e j e c t i o n  f o r  f u r t h e r  t e s t i n g .  

QUALITY ASSUMNCE DESCRIPTIONS AND AS-BUILT II’TFORMATION 

Both ORNL and B & W used e s s e n t i a l l y  i d e n t i c a l  requirements for 

harcfware components and f a b r i c a t i o n  procedures t o  a s su re  t h e  highest 

q u a l i t y  i n  producing p i n s  f o r  t h i s  experimental  subassembly. However, 

t h e  exact  procediires f o r  f a b r i c a t i o n ,  i n spec t ion ,  a n d  a n a l y s i s  d id  vary 

i n  d e t a i l .  

Copies of a l l  r e fe rence  procedures o r  methods have been suppl ied 

s e p a r a t e l y t o  t h e  EBR-IT P r o j e c t  and a r e  on f i l e  a t  t h e  r e spec t ive  

f a b r i c a t i o n  s i t e .  

t h e  following materials samples, and information were supp l i ed  under 

s e p a r a t e  cover t o  t h e  appropr i a t e  EBR-I1 Pro jec t  personnel :  (1) t h r e e  

each full s i z e  drawings; ( 2 )  two each sample weld assemblies w i th  

complete c losu re  assemblies on each end. of a 12-in. l eng th  of c ladding;  

( 3 )  diipl icate  x-ray films of a l l  welds and assembled f u e l  p i n s ;  and 
( r+)  two each xenon tagged d m q r  elements from each f a b r i c a t i o n  s i t e .  

I n  t h e  following two s e c t i o n s  of t h i s  r e p o r t ,  one f o r  each 

Also,  i n  accordance with Revision 3 of  t h e  Guide7 

f a b r i c a t i o n  site, w e  have provided a b r i e f  d e s c r i p t i o n  of t h e  f a b r i c a -  

t i o n  procedures and t h e  s p e c i f i c  a s - b u i l t  information as reqllired under 

Sect jons VI-F and VITI-A o f  Revision 3 of the  Guide. 
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Fabricati-on and Inspect ion of ORNL Pins 

Fabr i ca t ion  and Q u a l i t y  Assurance Procedures 

The ORNL EBB-11: S e r i e s  11 f u e l  p ins  were fabricatiitd t o  t h e  design 

shown i n  Fig. 3, p. 11, i n  accordance wi th  MET-FCT-FQ-1. and t h e  o the r  

s p e c i f i c a t i o n s  and procediires l i s t e d  i n  Appendix €3. 

The q u a l i t y  assurance program f o r  t h e  f u e l  p ins  includes t h e  

following : 

1. 

2. 

3 .  

4 .  

5. 

5. 

7. 

8. 

9. 

10. 

11. 

c e r t i f i e d  analyses  on all. metallic corfiponents, 

u l t r a s o n i c  in spec t ion  of all cladding m a t e r i a l  -.:[I both t r ansve r se  

and l o n g i t u d i n a l  modes. All tubing containing flaw i n d i c a t i o n s  i n  

excess of t h e  reference notches 0.001 i n .  deep x 0.03C i n .  long 

i.s r e j e c t e d ,  

t h e  wall th i ckness  of a l l  cladding m i t e r i a l  i s  measured u l t r a s o n i c a l l y  

and recorded, and any tube  w i t h  a wall thickness  measurement ou t s ide  

a t o l e r a n c e  range of L g : g g $ z  i r i .  i s  r e j e c t e d ,  

eddy cu r ren t  and prof  iI.oin.et,er measurements of t h e  ir iside diameter 

recorded f o r  a l l  cladding used, 

dye-penetrant i n spec t ion  of al.1. cladd.ing tubes for surface-connected 

d e f e c t s ,  

ou te r  dia,meter dimensions measured a t  G i n .  i n t e r v a l s  along clad.di.ng 

tube l eng th ,  

dye-penetrant and radiographic  in spec t ion  of t o p  and bottom end 

p lugs  and t o p  end cap f o r  surface-coilnected and i n t e r n a l  d e f e c t s ,  

dye-penetrant , radiographic ,  and helium l e a k  t e s t i n g  of a l l  cl-osure 

welds; mass spectrometer l e a k  t e s t  equipment t o  a sens i t i -v i . t y  of 

1. y l o - ?  cm3/sec i s  used,  

f i n a l  dimensional i n spec t ion  of f i n i s h e d  f u e l  pins  at 1/2-in.  

i n - t e rva l s  f o r  ou te r  diameter t o  an accuracy of 0.0032 i n . ,  i-nspection 

f o r  'TIR over I.ength of  c ladding,  and mea.surement o f  Pinal. l eng th  'io 

an accuracy of 0.002 i n . ,  

radiography of cornpleted f u e l  p in  t o  conYirm proper f u e l  and component 

pos i t i ons  and d.i.mensions, and. 

i n spec t ion  of f u e l  column i n  f ini-shed p in  by gama-ray  densitometer 

w i t h  d e n s i t y  v a r i a t i o n s  recorded along the t o t a l  l eng th  of t h e  f u e l  

column. 
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Fuel  Tin A s s  elrib 1.y 

A gene ra l  descripti-on of t h e  fuel pi.n assembly process fol lows.  

Af t e r  machining, each m e t a l l i  (3 component was cleaned, weighed, and. 

dimensionally and noridestruct ively t e s t e d  as requi.red. 'The bottom end 

plugs were assembled to the cladding tube and welded and inspected. t o  

c losu re  weld requirements The assembly was weighed, eleanec3, and 

t r a n s f e r r e d  t o  t h e  alpha f a c i l t t y  f o r  f u . e l  loading and. f i n a l  weld 

closures Tbe blanket  p e l l e t s  (UO?) were loaded, a 1/16-in.  - t h i c k  

F i b e r f r a x  pad w a s  p l aced  i n  t h e  colurm, followed by loading of two t h o r i a  

i n s u l a t o r  p e l l e t s .  G-love box loading of t h e  (U,Pu)o, f~uel. either. as 

p e l l e t s  o r  microspheres followed. Tho th3ri .a  i n s u l a t o r  p e l l e t s  were 

loaded and a F'iberfrax pad was placed on t o p  of t h e  co.lu.mi. The nickel 

rod was next i n s e r t e d ,  fol lmred by t h e  spring with t h e  two s p r i n g  s e a t s  

a t  t a che d . 
A f t e r  decontamination o f  t h e  weld zone, the f u e l  p ins  were t r a n s -  

Yerrerl t o  t h e  wel.ding box. Ail%er evaeimtion t o  torr and backEFlliag 

with helium, t h e  spacer rod was i n s e r t e d  compressing t h e  spr ing  and t h e  

t o p  end plug i n s e r t e d .  The top end. plug was weI.ded t o  the c l add- j~g  tube. 

This was followed by xenon t agg ing ,  pl.ug welding of t h e  capi.llarjr tirbe 

end, i n s e r t i o n  of t h e  top end ea!, .into t h e  t o p  end plug, and f i n a l  

closure welding of top end p1i-g to t o p  end cap. The rod was then  trans- 

f e r r e d  from t h e  alpha f a c i l i t y  fol- f i n a l  nondestruct ive in spec t ion  whi.ch 

included v i s u a l  i n spec t ion ,  radiograph o f  t ~ p  end plug c a p i l l a r y ,  t op  

end cap wel-ds,  and o v e r a l l  rod, bel-ium l e a k  check of  rod, d-ye-penetrant 

i n spec t ion  of top  end plug, t o p  end cap .welds, and adjacent  areas. A 

g a m  densitometer i n spec t ion  of' t h e  rod was performed, followed by 

weighing, f i n a l  dimensioning, marking of t h e  rod i d e n t i f i c a t i o n  number, 

cleaning, and packaging i n  t'ne s l i T p p i x  con ta ine r .  

A summary of  t he  nondestruct ive t e s t i n g  reports pertaini-ng t o  

inspectioris performed on t h e  f u e l  pins &and fuel piri corfiponents i s  given 
i n  Tables 22 and 23. Copf~es of t h e s e  reports a r e  on file at ORTJL. 
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Table 22. continued 

Claddicg Tube 

Ultraso-iic 

%hi chess  

TO? Cap Top Plag  Bottom Csp Cladding 
Dje Check Wall Eye Check hciiograph Eye Check Radiograph Dye Check Radiograph 'hnbe r  Ultrasonic 

Defects 

Pin 

IR-lB58 Xi+ :: F c m  117, I3-13868 Rot performed before 19-35A E!-11 3-10863 III-10503 IR-lm% E s t  performed 
before welding deted 3/9/70 welding of bottom cap 

tc tube. See pin 

05-12 

OS-13 

O?-1 

CiP-2 

OF-: 

OP-6 

OP-7 

OF-3 

OF-5 

IR-10869 

IF-10853 

IR-10863 

IR-13969 

IR-10869 

IR-19863 

IX-13863 

In-103-53 

IR-10869 

to tor end 

IR-10854 

14 ccc Kept. 
19-8, date3 
r ' y b 9  

IR-108SL: 

IR-10854 

IR-10854 

M-108% 

X&C Rept. 
19-10, dated 
19/69 

IR-10854 

IX-108% 

data on Wela W-1. 

19-498 

19-8A 
.. ., I 
in 

19-653 

19-%A 

kY-49B 

19-66A 

i9-13B 
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Table 23. Nondestrixhive Tes t ing  Siifnrnary, EBR-11 Series I1 F'IEJ- P ins  

Radiography, Helium Leak T e s t ,  Lye-?er.etrsnt Test 
I ' in  Claddine ^____^. .... .. 

b Weld hT-1 Weld W-.~a Weld W-3 Weld W-i,  .:,ixh?r Nilmi-er 

.... 

I x p e c t i o n  Eng inee r ing  

I n s p e c t i o n  b g i n e e r i n g  
l e t t e r  d a t e d  i /21 / " [3  

l e t t e r  da t ed  

I n s p e c t i o n  Eng 
l e t t e r  Anted 

l e t t e r  d a t e d  

I c s p e c t i o n  ErAgineering 
l e t t e r  d a t e d  4/:1 ' ' ' 1  

Req. S:? 

Inspect ion Eng 
l e t t e r  d a t e d  

l e t t e r  d a t e d  

I n s p e c t i o n  Eiig 
l e t t e r  d a t e d  . 

Tnssec t ion  End 
l e t t e r  d a t e d  

F i n j  shed  Pi n 
Overall H e l i i i m  

Radiography Leak T e s t  
...... 

ok 

Ok 

Ok 

O K  

Ok 

ok 

OK 

ok 

ok 

ok 

ok 

3k 

ok 

Ok 

Ok 

ok 

ok 

ok 

Ok 

>k 
.... 
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As -Fabricated DxLa 

Complete Pin Data. - The "as -bu i l t "  d a t a  f o r  each o@ t h e  f u e l  p ins  

f a b r i c a t e d  t o  da t e  are presented i n  Table 2A. Tnis includes a l l  of t h e  

information r equ i r ed  by t h e  G u i d e  f o r  Items 1, 5-11> 13, 14, and I8 -in 

Sect ion VI-F. Addit ional  dirnensional d a t a  on t h e  cladding be fo re  arid 

af ter  assembly i n t o  t h e  fue l  p i n s  are presented i n  Table 25. 
Fue l  Data. - The va r ious  fine1 compositions are given i n  Tables 26 

and 2'7, and thi.s i-ncludes a11 of  t h e  information requested by  t h e  Gu.itle 

f o r  Items 2 and 3 f o r  Sect ion VI-F. I t e m  4 of th i . s  Guide sec-Lion r eques t s  

t h e  d a t e  of las t  chemLca,l s e p a r a t i o n  of t h e  fuel. The plutoni.um in these 

fue1.s was prepared from seven equal. ba t ches ,  t h r e e  of which w e r e  s epa ra t ed  

i n  February 1367. The r e m i n d e r  were sepa ra t ed  i n  May 1968. 

Items 1 2 ,  15 ,  16, and 1 ' 7  of Sect ion VI-F of t h e  Guide apply t,o cap- 

s u l e s  a n i  not t o  this type of -best p in ,  

Addit ional  Comporient Data. - Addit ional  chemical analyses  on t h e  

nonfuel components are summarized i n  t h e  following t a b l e s  : UOz blanlret 

p e l l e t s  and Tho2 insulat,or pelle-Ls i n  Tables 28 and 29; )i'i.berr"rax i n  

Table 3 0 ;  and a l l  m e t a l l i c  components i n  Table .31. 

Quali- ty  Assurance Cer t i f i . ca t ions  

In  accordance with t h e  requirements of Sect ion VI11 of Revision 3 

of t h e  Guide ," 
f o r  t h e  va r ious  materials. Table 12 l i s t s  t h e  s p e c i f i c a t i o n  and i.nspec- 

t i o n  c e r t i f i . c a t i o n  for each of the metall ic components. Addit ional  

information i n  accordance wtth Guide requirements follows. 

w e  a r e  includ.i.ng t h e  following item-by-item c e r t i f i c a t i o n  
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r-l aable 2A. continued 

!bel len&h, in. . 
Fuel diameter, in. 
PGel w e i g h t ,  g 

CoL-s-ae 
Finee 

TOTAL 

me: fimm density, $ o r  'heoretical 

We1 FLn Compo::ents 

Itea Eabcl: OP coZIpsitioi; 
23 'm7 himket  CRXL E-1 
peilets 

Flberfrax pad. ?&? &HI34 

2 lower Th?, 2RXL T - 1  

n, 0.35 i n .  t h i c h  

imu16tar pellets 

Fiberfrax pad, imr F - 3 3 4  - 0.05 in .  thick 
Nickel MAT 37 

abi Elding ro8, 
@titer di meter  = 0.212 i 3.061 in. 

Retainer spr ing Spr:ng, RAT 3iS 
uid end seats Seats, MAT 2: 

Auer.age %ter 

TL, ir.. 

Average ou te r  

d:s;neter, in. 

m, g 

&meter, Ir.. 
i n ,  

M, g 

Weigh:, i: 

kllg+"th, -11. ;fl:t4) 
"leight, 3 

Imgtth under 2.-lb 

Spring wsight, g 
Z seat w e i g h t ,  g 

ien&h, i n .  

lusd, in. 

ue:!&\t, g 

Z ke:ght, e; 
Averwe c1sdding 

Average c:addi:ig 
oiiter diameter,> i n  

:mer d i m t e r  3tr i n .  

lii 

3s-R 
19-:'-A 

sl'e5c 
SFT 

13.24 

NA 

53.33'1 
le.  740 

72 .0 :9  

3 . 7  

- 

0.2345 

4. H8 

3 .535  

3 2 . 3 c G  

CI. 2CV7 

c. 5G73 
2.5b26 

3.20'72 

c:, y:>.;c, 
2. f3.1 
0. <:53 

:: 7 / 3 2  
11.32 

1.67 

1.97 
1. u 
12.97 
17.059 

71. E30 
I), 2496 

0.21-7 

113.155 
3". $92 
16 ;I2 

8, -29 
8.729 

S-11 os-l? 
19-?I-A 19-4s-A 

SPL e 3 : 3  SPL $!?!as 
SPLF 

13.56 

NA 

5L. 102 
iY. 4a 

$ 3 .  5'29 

81.9 

- 

3.2CSyi 

5.88 
35. 206 

G.C33 

0.2n7 

0.ZXj 
2.5381 

0.2m3 

3.5% 
2.5585 

a. 331 

2 7 2  
1:. 33 

1.74 

1.95 
1.17 

1%. 81 
i7. 053 

71.3?0 
0. ii96 

0.2157 

212.615 
39,984 
16 14/32 

8. 5 3 1  
8 : , .a?> 
3 
N i l  

SPLF 

13. 44 

NA 

54. 529 
19.748 

71.275 

03.1 

__ 

c. 2ceo 

5. fi8 
33.  Z M  
0. c3: 

c.2xc . 

0.5Wl 
2.5.E 

3.20?9 

0. '1359 
2.5569 

0.333 

2 7/32 
11 .32  

1. 83 

1.99 
1.15 

12.74 
io, W' 

70. 243 
3.2494 

0.2182 

213.275 
39.?92 
16 ii/32 

8.374 
e .  379 
3 
N i l  

0P-1 

1"-6&R 

?EL 
Si56 G d  
E157 

13.44 

5.2139 

77.365 

86.1 

3.2001 

5.886 
33.151 

c.935 

E. 2e77 

0, 4dbl 
2.5596 

3. 2094 

0.5093 
2.6224 

3,053 

2 7 /32  
11.34 

1.81 

1. yo 
1.12 

22.77 
16.582 

'10, C?2 
ii.2497 

a, 2177 

217. i 5 5  

1C? 9/10 

7.6'29 
7,602 
3 
Nil 

19. 954" 

~- 
OF-2 

19-%-A 

EL 90 
SlL2 &nd 
SlL3 

13.43 

0.2101 

83. 96 

$0.8 

0.2078 

.??.I481 

0.033 

c. 2cib 

'2. %64 
2.5574 

0.2W8 

S!). 5067 
2. 560.1 

0.05) 

2 7:32 
u. 35 

1.76 

1.16 
1.14 

1 2 . 8 s  
17. si0 

-3 r r -  

6,2198 

0.2179 

, . . i J i  

210.635 
39.915 
16 17/32 

7.739 
?.?3Y 
2.3 
N i l  



Tahle 24. 

Fiber f rax  pad, MAT S-Hl34 - 0.0' i n .  t h i c k  

2 lover Tho, 0RIiL 1-1 
Insu:atOr pellets 

Fiberfrsx pad, MA',' $-HI 3/. - 'I.? i n .  thack 

Nickel w r  3" 
shielding rod ,  
o u t e r  diameter . n.212 4 o m ;  

Reta iner  s p r i n g  S p r i n g ,  MAT 7 i l  
and end Seats S e a t s ,  ,WT .IO 

Spacer tube, MAT 16. 
outer  diameter . 0.lPd 
inner  diameter = 0.14R 

Fuel  c ladding ,  Type 311 s t a i n i e s s  s t e e l  
end plugs and Cladding, V A l  1" 
end capsh Plugs and caps, M" 20 

loaded rodC 
Tota l  w e i g h t ,  e 
)vera11 l e n g t h ,  i n .  
r e n t e r  i i T  g r a v L t y  from bottom If rod, ~ r t .  
Cas used i n  ?od assembly, 

Tota l  free "air: voi : ime,  cv3  
Hpproximate a c t i v i t y  at 1 E t ,  g a m  mr '31 

1 em' Xe A 3e bs iance ,  TOTAL 

neutron 

Averwe outer  
diameter, i n  
,L, r , .  
: w ,  &? 

WeAght, g 

Averwe o u t e r  
&lameter,  I". 
>t, I " .  

m, R 
Average Owter 

d iameter ,  in. 
-, in. 
1w, E 

Weight, g 

L e n g t h ,  IC. r * l ! , / . j  

Weisht, B 

Length mder ).-lo 

Spring w e i g h t ,  g 
7 Seat weight ,  g 

Length, i n .  
weight ,  R 

load, in. 

weight ,  g 
Averwe c iaadin  

Average c laddrn  
cuter diameter? in. 

inner  diameter? i n .  

continued 

13. 57 

0. a 4 0  

7 8 .  0% 

86. 5 

0. 70R1 

5.536 
33.153 

0.030 

0.2076 

0.5063 
2. 5L2J 

0.208> 

3.50YS 
2.6233 

:. 03') 

2 ~ ~ J 3 1  
11.38 

1.77 

1.94 
1. 14 

1 2 . 7 2  
lC."22 

7J. 500 
3. id"" 

0 . 2 ~ 7 m  

21'). w;> 

39.444 
it. i l l 6  

... L 1 4  
/. Ili 

l i l l  

13.4'7 

3.2101 

80. RL5 

90.4 

n. 2 0 ~  

5.98 
33.201 

0. U3? 

0.2M7 

0.5063 
2.5618 

0.20-7 

u. 56.2 

n. 0 3 5  

2.5623 

2 ,7132 , 
11.18 

1. 1.7 

1. I O  
1.14 

12. ')4 
17.78 

70.463 
0.7496 

0 .717r  

270.330 
3". t'e0 
1 1  ; / 2  

_ -  
I .  ,i 
~' . .  '-"L 
i 

r! , i  

1s. 60 

0.7049 

71.623 

79. h 

0.207" 

5.865 
33.1424 

0.030 

0.2081 

0.5072 
2.5611 

0.2076 

0.5068 
2.555s 

0.031 

2 ?/3? 
11.36 

1.5) 

1.91  
1.1) 

12.337 
i 7 . 0 5  

'!a. 544 
0.22.97 

n. 2177 

2:;. < r .  

31. 4 8  
i 1  ' 1 4  

e. ,  I- , 
i _ , <  ,I,, 

11 

* ,  ,_ 

L3.28 

NA 

53. 9h5 
1u. 526 

73.4Y2 

83.2  

_I 

0.2077 

5.885 
33.33J1 

n. o x  

0.2075 

0. 5077 
2.5570 

0.2077 

0.5062 
2.5602 

0.035 

2 7 / 3 2  
11.36 

1 . 7 7  

1 . 9 6  
i. 1 2  
i 3 .  07 
l i .  174 

70.13" 
TI, 24-31 

1. il"' 

23. ;12 
19.990 
li, 4/16 

C,  4.T 
5 . L ' .  

Nl1 
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Table 23.  Dimensions ( i n  Inches) of' QRNL EBR-I1 Ser ies  IT Fuel Pins  

Claddirig Equivalent Number 
I 

19-37-A 1')-60-B 19-26-A 19-59-B 19--53-A -- 
Inner diameter over length,  

m a X  
mi n 

Inner diameter ovality over 
length ,  

max 

Mean inner diameter over 
fue l  length 

fuel length 
Inner diameter ovality over 

SlEiX 

Wall thieknes s over length, 
Illax 
m i  n 

Wall thickness o-fer f u e l  
length ,  

m x  
mi n 

Outer diameter over 
cladding length, 

m x  
mi. n 

Outer diameter ovality over 
length 

m x  
Outer di-ameter over file1 

length,  
max 
mi n 

Outer diameter ovality over 
f u e l  Length, 

r i x  

TIR, 

OTreral.1 length 

Envelope diameter, 

W X  

1mx 

0.218 0.218% 0.2180 0.2188 0.21UL 
0.2168 0.21.67 0.21'74. 0,2167 0.21'7C 

0.0005 0.0004 0.001 0. 0006 0. 0008 

0.21.'7'7 0.2178 0.21141 0.2182 0*3L72 

0.0005 0,0004 0.0004 0. oor1i; 0. o m 8  

(1.0161 0. i)15'7 0.0156 0.0155 0.0167 
0.0150 0. In48 0.014t-8 0. 0149 i ) ,OL53 

0.0160 0.0156 0,0156, 0.0155 0. O l c l E ,  
0.0150 0.0149 0.0148 0.0149 0.0153 

0.0003 0.00n1 

0.2515 0 .2515 

0.2501 0.2500 0.2502 
0.2494 0.243% 0.2491 

0.0006 0.0coit5 0. GO1 

0. 2499 (1. 24.9'7 0. 24 3'1 
0.2496 0.2L+(35 0,2496 

0,003 0.003 0.003 

39.385 40. 030 19. 983 

0.2515 0.2515 0.2515 



62 

Table 25. continue? 
. . .. . - 

Cladding Equivalent Number 

19-52-A 19-23-A 19-7-A 19-60-A 19-6-C 
- ~ ~- 

Inner diameter over length ,  
W X  0.2185 0.3183 0.2182 0.2183 0.3161 
min 0.216'7 0.2173 0.21.72 0.2168 0.2172 

inner  diameter o v a l i t y  over 
length ,  

max 0.0007 0.0009 0.0006 0.0009 0.0007 

Mean inner  diameter over f u e l  0.2181 0.2180 0.2180 0.2178 0.21r/8 
1 ength 

Inner  diameter o v a l i t y  over 
f u e l  lengt'ci , 

W X  

I4al. l  th ickness  over length,  
IWLX 
min 

0.0004 0.0004 0.0005 0.0005 0. COO6 

0.0157 0.0159 0.0159 0.0156 0.0156 
0.0148 0.0146 0.0153 0.0150 0.0148 

II _._. Fuel  Pin Number 

os-6 OS-7 os-8 OS-9 os-10 
~ ~ - - - -  

- .-.._._I__ 

Outer diameter over 
c lad? ing le iig t h , 

KBX 

min 
Outer diameter 
length, 

m%X 

Outer diameter 
length  

m i  n 

Outer diameter 
fue l  length ,  

IWiX 

maX 

T I H ,  
m a X  

Overall. l ength  

o v a l i t y  over 

over f u e l  

o v a l i t y  over 

Envelope diameter,  
I I B X  

0.2500 
0.2496 

0.0006 

0.2d98 
0.2496 

0.0001 5 

3.005 

39.972 

0.2515 

0.2502 
0.2493 

0.001 

0.2/+9'7 
0.2434- 

0.0001 

0.005 

33.997 

0.2515 

0.2500 
3.2493 

0.0004 

0.24.98 
0.2495 

0.0002 

0.006 

39.992 

0.2515 

0.2503. 
0.3492 

0.0003 

0.249'7 
0. 249i+ 

0,0002 

0.003 

39.993 

0. 2515 

0.2590 
0.2491 

0. 000'3 

13. 24'36 
0. 2493 

9.0002 

C. 007 

39.996 

0.2515 



Table 25. continued 
- _l_ll_- 

_l__l 

C 1addi rig Equiv a I.ent; DTu.nib e r 
19-35-A 19-4'3-A l ' j - 8 -A  19-66-R 19-iSi,.-A 

_I_ I 

inner  diameter over l eng th  
max 0.2183 0.2185 0.2184. 0.2182 0.2186 
mi n 0. 2172 0. 21'7'3 0. 217% 0. 21'72 0. 21!.'?? 

In.ner diameter ovslity over 
l eng th  I 

m X  0. 000'3 0. (Ioiir, 0. 0007 0. 0009 I?. 000'/ 

Meail i.nner diameter over f u e l  0. 21'77 0. 2182 0. 2178 0.2179 0. 22-'/7 
l ength  

f u e l  length , 
Inner  diameter ovality over 

mzlX 0. 013(15 0. 0002 0. 0006 0. 0007 0. 006 

KE3.X 0.0153 0.016r; 0. 0162 0.015'7 0.016'7 
'Wall th ic 'mess  over l eng th ,  

mi n 0,0149 0.0151 0.0152 0. ill50 0. iJ1-55 

Wall th i ckness  over fuel 
l ength  

0,0162 0.0163 0. 0160 0, 02-56 0. i i l65 
m i r i  0.0150 0. 0152 0.0153 0. (2150 0.01.5'7 
m x  

--- Fue l  P in  Nu.mller 

os-11 05-12 os - 13 OP- 1 (1 1'- 2 
---.--- 

Outer diameter over cladding 
length, 

1lllZ.X (I. 25G8 0.2499 0.249'7 0.249'3 0.2501 
mir i  0.248'3 0. 2489 0. 2431 0.21195 0. 21.94 

Outer dfameter ovs l i t y  over 
length, 

m a x  0. 0Cj1'3 0. oocla 0. 0002 0. ~1002 0. rmi5 
Outer diameter over f u e l  

l eng th ,  
Inax 0. 2fj03 0. 2498 0. 2496 0. 2i-'36 0. 249'1 
min 0. 24'34 0.2/134 0.24114 0.2495 0, ;?l+gJj 

O u t e ~  cli.,meter o v a l i t y  over 
fue l  Length, 

ITBX 0.0008 0.0002 0.0001 0. 0001 0.00013 

TTR, 
rmx 

( h e r a l l  l eng th  

Envelope diameter, 
max 

0.00'7 0.005 0. iN5 

39.984 39. '392 3'3. '397 39.31t6 39.916, 

0. 1)03 0. 00ij 
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Table 25. continued 
- ____ 

..-1114 ____.._I_I ...... Cladding E p i v a l e n t  Number 

1'3-55-A 19-L9-B 19-'/6-A 19-66-A 19-10-B 
.___..I 

Inner di-ameter over leng'ih, 
DBX 0.21 8A 0.2182 0.2182 0.2183 0.2181 
min 0.2170 0.2176 0.2175 0.2170 0.5172 

Inner  diameter  o v a l i t y  over 
l eng th ,  

E i X  0.000'7 0.0006 0.0006 0.0009 0. COO51 

Mean inner diameter over fue l  0.21'78 0.2179 0.2176 0.2177 0.21TiS 
length 

f u e l  l eng th ,  
Inner dia,mc!ter ovali ty over 

miiX 

Wall thi-cknes s over length 
W X  
min 

Wall thickness over  fue l  
l eng th  

mi n 
W X  

Outer diameter over 
claddimg length ~ 

IWX 
mi 11 

Outer diame-ter o v a l i t y  over 
l e n g t h  

flBX 

0.0007 0.0004 0.0004 0.0009 0.0004 

0.0157 0.0163 0.0165 0.0157 0.015/ 
0.0.7.50 0.0153 0.0154 0.0149 0. (3148 

0.0156 0,0163 0.0165 0.0156 0.3156 
0.0150 0.2153 0.015L 3.0149 13. O l i  4 

~ Fue l  Pin Numbet- ...... 

OP-3 OP-4 OP-5 OP- 6 OP-'7 
--.LII__ .- .......... II__ 

0.2500 3.2500 0.25C1 0.2590 0.2502 
0.2A92 0.7L?0 0.2493 0.2492 0.2492 

0.0006 3.0009 0.0005 0.9006 0.0008 

Outer diameter over f i l e1  l ength ,  
l1NX 0. 2437 0.21+95 0.24.97 8.24'37 8.24'-'7 
min 0.2495 0.2493 0.2493 0.2495 0.21.96 

Outer diameter o v a l i t y  over 
f u e l  length, 

Fax 0.0001 0.0001 0.0003 0.0002 0.0001 
TTR 

m a X  0.005 0. 00L 0.006 3.001, 0. c35 

Overa l l  l ength  39.9% 39.9'74 39.9e4 39.380 39.388 
Envelope diameter ,  

m x  0.2515 0.3515 0.2515 0,2515 0.2515 
I..-..I _ _  ll_l_._ _.. 
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Table 28. ORNL ERR-IT, Series  11 Blanket and Iiisulatm P e l l e t  
and Pine Ti02 Microsphere Characterizat  ion 

u02 Blanket Tho2 Liisulator Fine UO;? Material  Type 

EQt ch P?~mb er ORTJL 2-1 ORNL 1-1 E?- 1 
Pel-lets P e I.1.e-b s 1ttLcrospheres 

Oxygen- t o-metal 2. cJ02 NM? 

C a s  re lease,  cm’/g 0.02 0.~14 
Nitrogen, ppni 19 4 
Ca.rbon ppm 8 4 
Chlorid.e, pprn 14 13 
Fluoride, ppm < 2  12 

r a t i o  
Moisture, ppni 8 3 1  

2 * 005 

20 
0.PA 
1 5  
‘7 
2 
6.5 

a IilM - Not measwed because of t h e  Bncmn c h a r a c t e r i s t i c s  of‘ t h i s  
material- i n  a t t a i n i n g  an oxygen-to-metal r a t i o  of  2.00. 

Table 2‘3. Trace Metallic I rywiLies  in GRNL EBR-11, Series I1 
Blanket and Insillator Pellets arid Fine UO2 Microspheres 

--.1~------_11 

U02 Blanket Tho2 Insulator Fine UOz Material. Type 
P e l l e t s  Pe 1.1. et; s M i  crospher e s 

B t c h  Piumber ORVL %I- ORrJJ; T - l  IF- 1 

h 1. 
Ri 
B 
C d  
C a 
C r  
cu 
Fe 
Pb 
L i  
I% 
Mrl  
MO 
N i 
Si. 

Na 
sn 
v 
Zn 

5 0 
PSK 
30 
NN 
35 0 

9 
30 
NK 
NR 
4 
2 
2. .5 
‘7 
50 
m< 
4.5 
m 
0 .3  
8 

i; 
J 

,a 
I%? - Not reported (probable value < 1. ppm). 
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Table 30. Charac te r iza t ion  of E'iberfrax 
Used i n  O W L  EBR-IT,  Se r i e s  11 

Spectrographic Anal-ysis, $ 
B 0.3 
Na 0.2 

Gas re lease ,  cm3/g 0.536 

Table 31. Chemical Analyses of Metal l ic  Components of ORNL 
EBR-II ,  Series T I  Fuel Pins 

....... . -.- I__ .- ........ 

Material. 1.Jse and Claddi.ng Tube End Plugs, Ebd Caps, Spring Seats 
MAT-20 -- I d e n t i f i c a t i o n  MAT- 19 .......... ...... 

Vendor ' s Vendor ' s 
ORNL 

R e  qu i r  eiiient Specif ied 'Type 316 OWL Specif ied ~~e 316 Check 
Mater ia l  Type S ta in l e s s  S ta in l e s s  

C 0.08 iinx 0.054 0.061 0.08 inax 0. OR- 0.038 
S i  0.75 max 0.47 0.53 1.00 rnax 0.47 0.44 
Mn 2.0 mx 1.44 l . t + 2  2.0 I n a x  1.59 1.31 
C r  16.0--.18.0 16.5 16.0 l6.0--18.0 16.5 16.4 
Ni 12.c-14.0 13.3 13.4 I .O.&lL.O 13.1 12.9 
Mo 2.C-3.0 2.4 2.11 2.G-3.0 2.63 2.48 
P 0.03 max 0.013 0.008 0.045 m x  0.011 0.006 
s 0.03 m a x  0.006 0.004 0.030 max 0.010 0.007 
Nb 
'i' i 
AI. 
V B < 0.001 B < 0.0001 
co 0.W. 
CU 0.05 0.03 
Fe 

Tensile s t rength,  

Report Repor i; a 
Check 

........ ..... S t e e l  S t e e l  
~ 1 1 - 1  - _ 

KIPS 
Ultimate 75 inin 89.8 93.4 
0.2% 30 min 41.1 73.5 

Elor-gation, $ 35 min L7.5 39.5 

Reduction in area,$ 77 

Hardness 63 R / B  95/97 R / B  

90 
45 

35 

45 



Table 31. eonti.nued 

OdUL 
Chcck 
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a T a b l e  32. Metall ic Component Cer t i f i c .%t ion  

MAT- 17 

MAT- 16 

MAT-20 

MAT-- /+ 1 

MAT- 37 

MAT- 38 

Stainless s t e e l  tubing, ASTM A3.13, type 31.6, 0.250-in.-OD, 
21.8-i.11. -Ill9 solul;ion aiiiiealed and straigbhened-. Chemistry: 
(ASTM E59) l a d l e  and. check analyses; mechanical properties 
ASTM A2 13, dye-p ene t ran t  inspection; MET- NBT-4- ultra,s onic 
inspection; RBT-F3-8T, MET-FR-L. Use: c lad  tube.  

S t a in l e s s  s t e e l  .t;ubing, ASTM h.269, type 3%, 3/16-in. -OD ‘4 

0.020- in .  w a l l .  Chemistry: (ASTM G 9 )  3.adl.e and check 
analyses; mechani.cal propertk3s (no requirement on ASTM A269). 
Use: spacer tube. 

solution annealed., cold drawn, br ight  annea-led. Chemistry: 
(ASTM E59) l a d l e  and check analyses; mechanical proper t ies  
ASTM A276. Use: bottom end plug, top end plug,  top  end cap, 
spring s e a t s .  

S t a in l e s s  s t e e l  c a p i l l a r y  tubing, MIL-T--8504,  type 304, 
0.062-in. -dism X 0.10-in. wal.1. Chemistry: ASTM E59. 
Use: c a p i l l a r y  Lube. 

ASTM E59. Use: sh ie ld ing  rod.. 

Chemistry: ASTM E59. Use: spr ing .  

S t a r in1 . e~~  s t e e l  rod, ASTM A276, type 316, 1./4-in.-diam9 

High-purity metal rod, ASTM H140, 1/4--in. -dj.aj-n rod. Chemistry: 

Inconel X-750 w i r e ,  bET-FR-3, RDT M8-lT9 1./32-in.-diam. 

a _. 
It i s  c e r t i y i e d  t h a t  all mater ia l s  l i s k d  i n  the  t a b l e  met t h e  

l i s t e d  spec i f ica t ions  and inspection. 

Tubing Yor .  Chdd.ing (MAT-19). - We ce:r.-tify t h a t  t he  inspec.Lion and  

-I;esl;irig procedures described i n  Section V I I I 1 . A .  l ( b )  of -the Guide were 

followed with sak is fac tory  r e s u l t s .  

vendor and by ONKL a r e  summarized i n  Table 31. Results of mechanical 

proper t ies  t e s t s  are also given in Table 31. Metal.l.oemphy of t h e  tubing 

i s  provided i n  Appendix H. 

Chemical analyses performed by t h e  

We c e r t i f y  t h a t  archive samples of t h e  tubing (MAT-19) are ava i l -  

ab l e  for the E W - 1 1  Pro jec t .  

End. F i t t i n g s  (MAT-20) .  .~- - We c e r t i f y  t h a t  the  inspection aud t e s t i h g  

procedures desertbed i n  Section V1II.A. 2(b )  of t h e  Guide were followed 

with s a t i s f a c t o r y  r e s u l t s .  Chemical analyses performed by the vend.or 

and by ORNL are simmarized i n  Table 31; resul-ts of  mechanical proper t ies  

t e s t s  a r e  also given i n  Table 31. Metal-1-ography of t h e  ma te r i a l  used 

f o r  end f i t t i n g s  i.s provided i n  Appendix B.  



We c e r t i f y  t h a t  archive safiples of the  end f i t t i n g  materials 

(MAT-20) a re  avai.I.able f o r  the EBR-11 Prc3jec.t. 

Welds of End F i t t i ngs  t o  Cladding Tube. - We c e r t i f y  t h e  welding 

procecture described i n  Section VLI1.A.. 3(a> was fol.l.owed on the welds and 

(b) tha t  t h e  welds meet the  acceptance c r i t e r a  of Section V I I I . A . 3  of 

t he  Guide. Photomicrographs shuiing the  6ppearance of q u a l i f  i.cation 

welds on W - 1 ,  W-2, w-3, w - L b 9  and w-5 m e  provided i.n Appendj-x 13. 

Representative smple welds (two each of top and bottorn closu-re 
w e l d s )  have been shipped under separate cover t o  t he  I r r ad ia t ion  Coosdj- 

nator .  A SUIYEEW.~ of a L I  weld repa i r  5-s given i n  Appendix R. 

Radiographs of closure .welds f o r  each fuel p i n  ( O S - 1  tkrowgh OS-13, 

and OP-1 through 013-7) have been shipped. t o  -the Irra.dia,tion Coordinator 

under separate cove?: 
With use of shape correct ion Porni, 0 and. 70" orientat ions of 

welds W-I., W-3, and W-5, and 

Without, use of shape correction form, '3, 60, and U O "  orientat ions 

of  welds W - 1 ,  W-3, and. W-5. 

Each radiograph i s  iden t i f i ed  by u s e  of lead nxnbers a n d  l e t t e r s  

during exposure as t o  c-hdding equival.eot, numiber, weld nurriber, orienta- 

t ion,  and date  of exposure. These weI.rls were radiograph.erl per  ORNI, 

Inspection Engineerirg Standards, Section 3 ,  and ASTM T'echnical Pi.ibl.iea,- 

t i o n  No.  223 (Symposium on Nondestructi've Testing i n  t h e  Field ax' 

Nuelear Energy). A duplicate set of these radiographs i s  f i l e d  a h  ORNL. 

Helium Leak Testing. - A leak t e s t  was performed i n  accordance witin 
ORNL Inspection Engineel-ing Standards Section 7, on each f u e l  pi.n. 

The r e su l t s  of these t e s t s  a r e  given i n  Table 33. No detectable  leaks 

were found. The s e n s i t i v i t y  of t he  leak t e s t  system was at  l eus t  

2 X 

tha t  f u e l  pins were tes ted  are given i n  Table 33. 

cm'/sec. Test data showing t h e  system s e n s i t i v i t y  on each day 

xenon Tag Inser t ion.  - we certif'y t ha t  t h e  requirement of 1 + (2.25 cm3 

spec ia l  isotopic  mixture xenon gas i n se r t ion  $11 each f u e l  p in  void :;pace 
h a s  been. accomplished a:; required i n  Section I X  of t h e  Guide. 

The procedures for jnsertirq;: 1;he xenon tags were submitted t o  the 

EBR-11 Project OQ tJanilary 9, l9'7Llm 

The i n i t i a l  xenon. tagging operation was observed by W. J .  La.rson 
(xi June 2, 1970. 
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Table 33. EBR-11, S e r i e s  I1 Fuel Pins  l-lel.?i.im Leak Test Results" 

System 

( cm3/s  ec 1 
Mea s ui" e d 

Fuel P i n  Numbers Date of Test  S ens it i v i t y  Leak R a t e  
( cil13 / s  ec ) 

Bottom Closure Welds 

os-1-3, cs-7, OS-1, a-ll 4-/l.+l'70 3.4 x 10--l0 < 3.4 x 1-0-1." 
OS-2, OS-6, OS-9 4/14l'70 3.4- x 10-10 < 3.4- x 1.0-10 

05-8, OS-12,  OS-5, OP-2 4- 12'7 17 0 1 . 5  x < 1.5 x 1.0-10 

OP-4, os-4, OP-1 4/27/70 1..5 x 10-'~O < 1.5 x 10-10 

O S - 3 ,  OS-10 4 / 1 L , / ? O  3.4 X < 3.4- X J.0-'' 

OP-3, OP-6, OP-5, OP-7 L;/27/70 1.5  X l o p l o  < 1.5 X lo-'" 

P'i.nished Pins 

os-2 6/4/70 4-.o x lo-lo < 4.0 x 1.0-10 

a - 6  6/8/70 l.6 x < 1.6 x 
OP- 5 ?/Ul'10 9.0 x 1O-I' < 9.0 x 
OP- 1 7 12 1-17 0 6.0 x < 5.0 x .l.O-lo 

0;s-10, c6-13 7/22/70 4.0 x lo-" ~ 4 . 0  x 
OS-7 7 123 /7 0 6 . 0  x < 6.0 x lO-l@ 
OF- 3 'i /2b /7 0 4 . s  x 10-10 < 4 . 5  x 7.0-10 
OP-7, OP-2 7 / 2 9 / 7 0  5.1. x 10-1O < 5 . 1  x 10-10 
OP-4 7/3Pl'?O 6.0 x lom1' < 6 . 0  x 
os-4 8/L;/?O 6.0 x lom1@ < 6.0 x 
OP-6, OS-5 8/5/70 1..0 x < 1.0 x 10-9 
os-11, os-I2 8/6/70 2.0 x 10-1O < 2.0 x m . 1 0  

2.0 x < 2 . 0  x 10-10 
~ . . . . 

os-1, 015-3, os-8, os-9 9 122 /?0 
-._ 

a 
A s  p e r  MET-E'CT-OP-9, paragraph 4 .  

Two tagged dwny- elements have been shipped under separs-Le covey 

( a r e  being shipped wi-ti? f u e l  p i n s )  t o  t h e  I r r ad ia t , i on  Coordina-tor. 

of t h e s e  was  f i l l e d  jus t  p r i o r  to tagging the f i r s t  fuel. p in .  

w a s  f i l l e d  j u s t  following t h e  tagging of the las t  Fuel  p i n .  

One 

The o the r  

Bond Tes ts  (Sodium-Bonded __ Fuel Elements).  - Does no t  apply. 

Spacer W i R  A.k~aChnlent. - Spat;er wires will be att;z(:]1erj by the 

ERR- 11 Pro jec t  . 



Dimensional Inspec t ions .  - The dimernsjonal inspec t ion  procedures, 

descr ip t ions  of gages, and requirements f o r  gage c a l i b r a t i o n  are refer- 

enced i n  flppendix B. 

As-built dimensional data on the f u e l  p ins  a r e  given i n  Tables 24 

arid 25, pp. 58-60. 
Fuel Element Weights. - The procedure use? f o r  c a l i b r a t i n g  the 

balances i s  referenced i n  Appendix B. 

The weight of each a s - b u i l t  fuel p i n  i s  given i n  Table 2L. 

Fuel Element Assembly Radiographs (by t h e  Experimenter) - - Radio- 

graphs of each f u e l  p i n  showing the arrangement and condi t ion of i n t e r n a l  

parts were made i n  accordance w i t h  OIUL Znspection Engineering Standards, 

Sect ion 3. Copies of these radiographs have been sent under sepa ra t e  

cover t o  t h e  I r r a d i a t i o n  Coordinator. Duplicate fi lms are on f i l e  a t  
ORNL - 

Fabr ica t ion  and Test ing o f  p&W Unenca.psul.ated Fuel  P ins  

Description of Fuel  Pin 

T h e  Ibbcock ?i Wilcox fuel. p i n  i s  similar i n  design t o  the  O W L  f u e l  

p i n  descr ibed i n  t h i s  document. Detai led features and dimensions of 

t hese  pins a m  descr ibed i n  Drawing NDC X/30 E-3. 

t h i s  d rawing  i s  included as Fig. 2,  p .  10. The "as-bui1.t" data f o r  each 

f u e l  p i n  are presented i n  Table 34" 

p ins  are sinrmrized as follows: 

A reproduced copy of  

Design values mnunon t o  a l l  fuel, 

Fuel form 

~uel composition, w t  4 
Enrichment, w t  $ 
File1 diameter 

Fuel column length, i n .  

Average f u e l  smear dens i ty ,  

Blanket ma te r i a l  

Ref lec tor  material 

Spring ma te r i a l  
PI enurn tube mate r i a l  

$ of t h e o r e t i c a l  

Sphere-Pac, Vi-Pac, or s i n t e r e d  pel le t ;  

80 1102-20 P~02 
'.33 235TJ i n  u 
0.223-in.  OD, Sphere-Pae and .Vi.-Pac 
0- 2115-in. on, p e l l e t  
13.5 

KO t 2 

Depleted U02 pell-ets 

Nickel 

Type  302 s t a i a l e s s  s t e e l  
T,ype 3 l t ;  skainless s t e e l  
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Table 34.. As-Built; Descripti.on of Each 
Palncock 8c Wilcox EBR-IT Fuel Pin 

Fuel Pin  I d e n t i f i c a t i o n  Number D-2 D-4 E- 5 D-9 0-10 
i.'uel (U,Pu)O2 ( U , P U ) O z  (U,Pu)O2 (U,PU)Oz (U,PU)Oz 

F a b r i c a t i o n  Sphere-Pac P e l l e t  Vi-Pac P e l l e t  Sphere-Pa( 
PU/(U+PU), w t  % 
235u/u 
( 2 3 '>  Pu t 2 4' Pu) /Pu 
Length, i n .  
Diameter, i n .  
Weight, g 
Smear d e n s i t y ,  $ of 

Distance from t o p  of f u e l  
t h e o r e t i c a l  

column t o  top  of tube,  i n .  
Blanket M a t e r i a l  

Fabrica Lion 
T,engi;h, i n .  
Diameter, i n .  
Weight, g 

Length of  Bottom T i b e r f r a x  

Wttom I n s u l a t o r s  
F a b r i c a t i o n  
Length, i n .  
Diameter, i n .  
Weight, g 

Top I n s u l a t o r s  
F a b r i c a t i o n  
Length, i n .  
Diameter, i n .  
Weight, g 

Length of Top Fibei-frax Pad, i n .  
Nickel  R e f l e c t o r  

T,eng'ch, i i i .  

Diameter, i n .  
Weight, g 

Tree l.ength, i n .  
i)iameter, i n .  
Wei.ght , g 

Length, i n .  
Diameter , i n .  
Weight , g 

Length, i n .  
:ilaximun d e v i a t i o n  from 

nominal J.25: i n .  OD, i n .  
P!aximiim d e v i a t i o n  from 

noininal 2.218 i n .  I D ,  i n .  
b5nimuii w a l l  t h i c k n e s s ,  i n .  

Length,  in. 
%xj.rnm ol;tsidc diameter ,  ir. .  
'Yinirnurr, c u t s i d e  diameter, i n .  
. ' t r a i g h t n e s s ,  'L'IR, 5.n. 

Pad, i n .  

Spring 

Plenum Tube 

Clad Tube 

'fuel P in  

19.96 
92.68 
91.53 
l3.55 
0.318 
71.19 
78.26 

l'i 5/16 

U02 
P e l l e t  
6.104 
0.214 
36.96 
1 / L  

U02 
PeLlc ts  
3.508 
0.214 
3.05C 
uoi 
P e l l e t s  
0.495 
0.214 
3,017 
3/32 

2.221 
3.210 
10 . 1E 

4.500 
0.202 
3.30 

10./9/ 
0. 1.8' 
11.23 

3' .dt  6 
4.300k 

+? . GO03 

0.0 l55  

39. W8 
S .249' 
E. 2L9l 
0.0025 

20.20 
92.68 
91.53 
1.3.458 
0.205 
74.82 
82.50 

1'7 5/e 

uo2 
Pel le t ,  
6.059 
0.214 
3'i. 055 
1/15 

UO2 
P e l l e t s  
0.507 
0.214 
3.095 
uo2 
P e l l e t s  
0.501 
0.214 
3.095 
1/16 

2 .221  
c.210 
10.17 

/$ .475 
0.209 
3.28 

10. /+97 
0.18': 
11.29 

17.8C2 
4 . 0 0 0 6  

+0 .00@4 

0.03-52 

39.967 
0.2495 
0.2i-90 
3.003 

20.10 
92.68 
91-. 53 
13.518 
0.218 
'10.98 
78. iii 

17 711~6 

u02 
Pel k t  
5.965 
0.214 
36.933 
1/4 

uo2 
P e l l e t s  
0.506 
0.214 
3.046 
uo2 
P e l l e t s  
0.494 
0.21)+ 
3.  we3 
1 / l h  

2.218 
0.211 
10.20 

1 .500  
0.208 
3 .24  

10.505 
'2. LIT7 
I1.X 

3') .863 
-4.0006 

+0 .00& 

0.oL50 

39.973 
3 .  249'; 
3.249C 
0.005 

20.20 1.G.SC 
32.68 %?.he 
91.53 91 .53  

3.205 0.218 
75.01 71.10 
82.78 78.jtO 

13.49(+ 13 .51  

17 19/32 17 3 / l i  

u02 uo2 
P e l l e t  Fe l l -e t  
6.059 6.058 
0 .2 14 0 .2 1.4 
3'1.054 3', . le 
1/16 l / L  

uo2 U02 
P e l l e t s  Pel  l e t s  
0.501 0.486 
0.?14 0.214 
3.116 3.000 
uo2 lJO2 
P e l l e t s  P e l l e t s  
0.500 0.50F 
0.21/+ 0.2lA 
3 . m 8  3.17~' 
1/16 3/72 

2.219 2.219 
0 .211  0.210 
10 .23  10.1, 

i t .525 4.525 
2.20'1 0.2c9 
3.2'1 3.31 

10. 4,lb 1.::. 4 Y9 
0.187 0.187 
1.1.23 11.30 

37.8Cd 5'7.849 
-<'.0009 4 . 0 0 0 8  

354. Y;'2 39. 9.5',' 
G.2502 0.2&- i  
0.2492 Ci.2iiQl 
0.004 0.005 

u-1% 

Pel le ' i  
(U,PU)O, 

13. L83 
0.20: 
75.00 
$2. ' i 3  

17 "/" 

UO;1 
P e l l e t  
i,.OC0 
0 . 2 14 
37. 082 
1/10 

TJC2 
P e l l e t s  
2.490 
O.2lit 
2.992 
UOi 
Pel- le t  s 
0.505 
0.214 
3. l U  
l./h 

10 . i/ ;:1 
0.187 
11.27 

4). 000z 

c .  015:; 

0.25 00 
i) . 24 3 L  
3.1304 
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Table 34. continued 
I.- 

File1 Pin (cont inued)  
Tot,ctl weight of f u e l  p i n ,  g 
Smearabl e alpha a c t i v i t y ,  

Fuel P in  I d e n t i f i c a t i o n  Number 
$\le 1 

dprn/1OO cm' 

Pabr i c a t  i o n  

b%l"uel 
Length, i n .  
Diameter, i n .  
Wei-ght, i: 
Smear d e n s i t y ,  $ or 

Distance from t o p  o f  f u e l  
t heor et i c  a 1 

i:olumn t o  top of' tu-be, i n .  
Blanket  Material 

Fabr ica t ion  

Weight, g 
Length of bottom E'ibert'rnx 

Pot tom Lnsulst or G 

pail, i n .  

llianeter, i n .  
Weight, g 

E'sbricat i o n  
Length, i n .  
Diameter, i n .  

Top Ins11 lators 

Weight, g 
Length of top P i b e r f r a x  pad, 

Nickel  R e f l e c t o r  
Length, i n .  
Diameter, i n .  
Weight, g 

Free length ,  i n .  
Diameter, i n .  
Weight, g 

Length, i n .  
D i a m e t  er ,  i n .  
Weight, g 

Lengt'n, i n .  
Maxirwm d e v i a t i o n  from 
nominal 0.:!50 i n .  OD, i n .  

Maximim d ev i at i n n  from 
nominal 0 . 2 M  i n .  ID, in. 

Minirnun w a l l  t h i c k n e s s ,  i n .  

Length, i n .  

i n .  

S p r i n g  

Plenum Tube 

Clafl Tube 

Fuel  Pin 

211.0 
2'3 

D- ll+ 
( IJ, pll) ij, 

P e l l e t  

2ii. 20 
92. 68 
91.57 

L3.458 
0.205 
74.74 
82.92 

1'1 19/132 

1J% 
P e l l e t  
6 . O h 0  
i: .2 1.4 
3'1.1.44 
1 / l . O  

!!02 

Pellet ,  
0.591 
0.214 
3.1L3 

P e l l e t s  
0.5i12 
3 . 2 IC. 
3 . 1 G O  

133 * 

]./I.[> 

2 . % U  
0 . 2 1.1 
1c. la 

t, . 5C;i.j 
0.206 
3.25 

10. .5OC 
5.147 
11.21 

3 '7 .  r i i ,?  

il.1301 

41.0007 

0.0152 

19.953 
ibfaximum o u t s i d e  diameter .  i n .  0.250C 

214.1  208.8 214.8 210.2 
.= 10 < 10 < 10 < 10 

D-17 U-IA D- 19 E-2.0 
(u,m)o, (u,Pu)o, (u,m)o, (u,Pu)o,  
Pel le t ,  Vi-Pac Sphere- Vi-Pac 

Pac 
20.20 20.10 19.96 20.10 
92.68 92.69 92.68 92.6!! 
91.53  91.53 91.53 91.53 

13.!+57 1.3.541 13.55 13.L+'30 
0.205 0.218 0.218 (3.218 
'74.76 71. 07 7 1  . 1.4 70.58 
$2.70 '113. fi 78.21 77.90 

l7 9/%6 17 3/i? 17 9/32 17 15/32 

uoz Uil? 1102 1JOz 
P e l l e t  P e l l e t  P e l k t  P e l l e t  
h .  tmcl 6.051: 6. CG7 6 I 
(3.214 0.214 0.214 0.214 
37.1fL 1?7.149 3%. .97 37.230 
I . /X 1 /4  1/'4 1/4 

Ui), 
P e l l e t  
0. 500 
0. 2 14 
3, crrf? 
rJ0, 
P e l l e t s  
0 . 5 % .  
10.214 
.'! . 06 3 
1/16 

1'0, 
Pellet 
0.5110 
0.214 
3. LCC 

P e l l e t s  
0 . 5 (711 
0.214 
3 .1.cc> 

uo, 

3/32 

1J0, 
Pellet 
0.505 
0.714 
3.0'74 
IJC, 
P e l l e t s  
0 . cIY4 
0 * 214 
3.044 
1/16 

'J . - ' I -  +.,>& 4.500 4.4'75 21.525 
0.2(Y+ 0.208 0.2CR 0.20r7 
7 .I . 7 L. I 3.23 3.20 3. ?'? 

1.1 J . 4'211 10. 503 10. 50!! !.0.1',7 
0.187 0.187 0.X7 1 3 . 1 i 3 7  
11.z 11.27 11.26 11.23 
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Table 34. contbued 

t'uel P i n  (continued) 
'blinirnm ou t s ide  diameter, i n .  
S t r a i s h t n e s s ,  TLH, i n .  
Tot31  weight, g 
Smearable alpha a c t i v i t y ,  

Fuel ? i n  I d e n t i f i c a t i o n  Number 
dprn/100 cm2 

'uel  
Pabr ica t  ion  

Fuel 
Length, i n .  
Diameter, in. 
Weizht, g, 
$mar dens i ty ,  d of 

Distance froill ;,op of f u e l  
thenrokica l  

colrmn t o  top  of tube,  i n .  
Elanket Mater ia l  

I*'abricat ion 
I.e~gt,h, i n .  
Xamster ,  i n .  
Xeight: g 

:,ength o f  bottom Fiberfi-ax pad, 

3ottorn 1nsl; lstors 
Fsbr  i ca t  idn 
Length, i n .  
iIiarnet,er, i n .  
Xeighr;, g 

>F ,nsulaturs 
Fabricat ion  
I e n g t h ,  in. 
ii3.metcr, in. 
'$eight,  g 

in. 

rn^ - 

I,en&h nf t op  F iber f rax  pad, 

:kel ?.ellector 

'ree llenF,t,l- in. 
l:iznii-t-r, ic. 
!.leii:ht, r 

:'nesr;ll, 1 e z1p'~iz IC: i v i t v ,  
l p d l  "I? 

0. 21+85 
0.00: 
2 1 L . 1  
25 

D-22 
( u , h ) o 7  
Vi-Pac 

2.0.10 
32.68 
91.51 

13.554 
O . ; l l f !  
71. 00 
7':. 99 

17 11/32 

UO, 
P e l l e t  

1 4  

!JC2 
P e l l e t  

?.??1 

3. ' . !.; E 1 

?OY . L3 
2 5  

0.2495 @.21+Y1 C.249il f j . 2 3 0  
0.005 0.0095 0.0025 , :).OX5 
214.5 210.'/ 2 1 0 . 2  210 .0  
Cl 10 17 41 i 10 
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End cap mater ia l  

Cladding material 

Cladding dimensions 
G a s  volume a t  room 

temperature 

temperature, a t m  
Gas pressure a t  room 

Fuel Material 

Type 316 s t a in l e s s  s t e e l  
ASTM-276-67 and ASTM 48Lt-65 

Type 316 s t a in l e s s  s t e e l  ASTM A213 

0.250 in .  OD X 0.218 i n .  I D  

'7.8 cm3, Sphere-Pac and Vi-Pae 
8.2 em3, p e l l e t  
1.1 

except tolerances 

The f u e l  consis ts  of hypostoichiometric U02-2C$ Pu02 fabricated by 

three  d i f f e ren t  processes. These fabr ica t ion  processes are: (1) Sphere- 
Pac pins made from sol-gel-derived microspheres; (2) Vi-Pac pins made 

from angular p a r t i c l e s  prepared f r o m  coprecipitated oxide powder; and 
(3) p e l l e t  pins containing s in te red  p e l l e t s  made from coprecipitated 
oxide powders. For each f u e l  form the  U02 i s  f u l l y  enriched i n  2350- .  

The isotopic  composition of t he  fue l s  i s  presented i n  Table 35. Corn- 

p l e t e  chemical character izat ion data f o r  both t h e  f u e l  and blanket mate- 
rial are presented i n  Tables 36, 37, 38, and 39. The blanket and 

insu la tor  material i n  a l l  f u e l  pins consis t  of depleted UO2 p e l l e t s .  

Table 35. Isotopic Compositions of @&W EBR-TI Fuel 

0.047 
90 .497 

8 . 34.4 
1.033 
0.079 

b Uranium 
0.99 4- 0.01 
92.6% * 0.05 

0.38 _t 0.01 
5.95 t 0.03 

a Analysis performed on June 21, 196%. 

bAnalysis performed on July 10, 1968. 



Table 36. E B R - I 1  Fuel Characterization 

......... .......... _____ 
Fully Rili-iched ( U ,  Pu) 02 a 

Microspheres 
....... ___ - 

Coarse Fine Shards 
(Vi-Fac) 

4nal ys is 

12C---53C pm < i'+ um 
P e l l e t s  

PJ/( h + U ) ,  W'l 'i 
2 J ' ~  content ,  w t  $ 
Omgen t o  metal 

'Vloisture, pprn oxide 

Sorbed gas ,  cm3/g 

Density, $ of 
t h e o r e t i c a l  

Nitrogen, ppm metal 

Carbon, ppm metal 

Chloride,  ppm metal 

Fluoride,  ppm metal 

a t o n  r a t i o  

20.20 + o.w+ 
92. 6eb 

1.983 - O.OG3 

2.r+ * 1 . 0  

C .  0053 

93.0 2 . 0  

23.8 + 2.7 

17.2 + 6.8 

16.2 4 3.7 

1?.C 4 / r .3  

20.10 ' 0.15 
b 92.68 

1.980 + 0.005 

4 . 5  ' 1 2 . 3  

O.OL5 

91.0 

35.2 9 . 2  

'70.: 7 11.5 

U.'i 1.6 

l , . C  ' 1 . 3  

20.51 ' 0.05 
b 92.68 

1.992 + 0.006 

53.5 + 9.2 

0.c33c 

91"5 

10.5 - 5 . 8  

6.6 0.a 

2 . c  + I ? . Y  

3.9 ' 0 . 2  

19.M ' 0.0( 
92. 6gb 

1.393 * 10.0% 

g e . 2  1 2.0 

0. 033c 

TQ"1 

6.5 4 0.9 

1 4 . 0  + 3 . 9  

4.7 ' 0.7 
2 . i  1 0.6 

aErrors a , re  f o r  

b 7 3 ' L !  conten-t determined 'cy AVCC.  

'Sorbed gas ana lys i s  was perfcirmed on a. mixture of ' i 3  w t  '% coarse and 

confidence limits on t h e  mean. 

?'! ,& ?- f i r e  ri icrospheres i n  o rde r  t o  simulate the f u e l  coinposition. i n  a pin 

'Table 37. Trace Metallic Impwit ies  in EBR-IS: Fuel" 

......... 
Fullv Enriched---rU.Pu) 0- 

Microspheres ._...___ Shards 
(Vi-Fac) 

Element 
P e l l e t s  Coarse Fine 

120--;90 plr < 44 cur, ......... .. .......... ... ~. ~ 

APaninm 
Beryllium 
3i sirluth 
Boron 
C a d i i w .  
~?alkiirn 
Chrorniim 
Zopper 
Iron 
Lead 
Lithi.mi 
Magnesium 
Mangme s e 
Nickel 
Zi l icon 
:K i l v e r  
Sodiw. 
? i n  
T i t  aniuri 
Vanadium 
Zinc 

" .  

3. .:r r o r s 

300 330 32 
< 17.5 
..' 1 

7 

12 I-J l > l - l  

12 i, 

7 5 I 

I' I 
c 2 
i 1 ,' 1 1 

1' 

< '  

.., 
d 0 

: ?  

L ... 
. , I  I . .  

.... ... 
-I_- 

Oni'idence l i n i t s  on t h e  mean. 



79 

Table 38. EBR-I I  Blanket and Insulator  P e l l e t  Characterizations 

2 3 5 ~  content, w t  $ 
Oxygen t o  metal atom 

Moisture, ppm oxide 
Sorbed gas, cm3/g 

Nitrogen, ppm metal 
Carbon, ppm metal 

Chloride, ppm m e t a l  
Fluoride, ppm metal 

rat i o  

b 0.'7 b 0.7 b 0 .7 

2.007 + 0.000 2.007 ? 0.000 2.007 + 0.000 

10.3 1 2.2 3.2 ' 0.7 1.1 i 0.5 
0.004 0.005 ~3.005 

24.0 4 11.7 23.8 * A.4 23.7 + 3.9 

13.8 + 11,4 12.2 + 9.1 10.5 5.3 

2.6 -rr 0.9 6.3 + 2.0 6.8 + 2.4 

0.5 i 0.3 0.7 f O.L 2.G f 1.2 

a 

b 2 3 5 U  content was not determined, but should be l e s s  than normal. 

Errors are for 95% confidence limits on the  mean. 

Table 39. Trace Metall ic Impurities i n  E B R - I 1  
Blanket and Insulator  Pel le ts"  

Element Fir ing 1 Firing 2 Firing 3 

Aluminum 
Bismuth 
Boron 
Cadmium 
C a l e  ivm 
Chromium 
C opp e r  
Iron 
Lead 
L i t h i m  
Magnesium 
Manganes e 
Mo lybdenum 
Nickel 
Si l icon 
Si lver  
Sodium 
Tin 
Vanadium 
Zinc 

<- 15 
< 2  

Q .  5 
<: 0.3 

55 
100 

4 
130 
< 2  
< 2  
c: 3 
< 6  
21 

< 10 
15 

15 
22 
< 3  

< 5 0  

i' 0.25 

<15 
< 2  
0.4 

< 0.3  
40 
47 
3 

15 0 
< 2  
< 2  
< 3  
< 6  
16 

<= 10 
16 

19 
I3 

< 3  
<: so 

< 0.25  

c: 15 
< 2  

0.3 
< 0.3 

4 0 
26 
< 2  

4'7 
< 2  
< 2  

7 
< 6  
< 3  

< 10 
26 

-=: 0.25 
59 
6 

< 3  
< 50 

%slues given are i n  pa r t s  per mil l ion of metal and 
a r e  the mean of four determinations. 
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Tub i.ng f o r  C ladding 

Procwement Spec i f ica t ions .  -. Cladding f o r  t hese  fuel p ins  i s  -_ 
type 31.6 s t a i n l e s s  s t e e l  tubi.ng wki.ch 5 s  0.250 1. 0.00l- in .  OD with 3. 

0.016 1 0.001-in. - th ick  w a l l .  This tubing w a s  obtained from B W I ,  and 

i s  from t'ne same l o t  as .that used by ORNL for t h e i r  firel p i n  cladding 

This Inaterial was purchased by 13rjwL from Carpenter. S t e e l  Company Lo 

ASTM Speci f ica t ion  A213 (except to le rances)  and BNWL purchase order 

number mS-?77-47372. A l l  tubing w a s  ?a'uj-j.cated from CarpenLer Steel. 

Company hea t  8'722.0. Results of an independent chemical ana lys i s  per- 

formed by National. Spectrographic Laboratories are  presented i n  

Table 40. 

Table 41. e 

Independent tensi1.c da ta  on t h e  tubi.ng i s  presented- i n  

'Table d o .  Alloy Composition of Type 316 Sta in l e s s  S t e e l  Cladding 
and 'Type 316 S ta in l e s s  Steel- Lnd Plug ".aterial 

- 

Type 316 S ta in l e s s  S t e e l  'Type 316 Sta in l e s s  Steel 
Cladding Cor.nposj.tion, wt, $ End Plile; Composition, wk % 
Specifi  ca t ion  Independent" Specctficat ion Tndependenl; 

Element ____l____l__ 

a 
L i m i t s  Analysis L i m i t s  Analys i s 

Carbon 
Magaanes e 
Phosphorus 
S u l f u r  
S i l i con  
Nickel 
Clirornium 
Mol ybdenm 
Copper 
B o ~ o n  
Nitrogen 
Cobalt 
Lr on 

0.04 t o  0.06 
1.00 t o  2.00 
0.03 max 
0.03 max 
0.75 mzx 
12.0 to 1.4.0 
16.0 to 18.0 
2.00 t o  3.00 
0.20 max 
0.0010 max 
0.02 t o  0.03 

Salanc e 

0.054 
1.51 
O.OL3 
0.006 
0.A6 
13.29 
16" 81 
2 . L L ~  
0.0'7 
0.0006 
0.0074 
0.0L5 
Balance 

0.08 nax 
1.00 Lo 2.00 
0.03 rnax 
0.03 max 
0.75 iiiax 
12.0 t o  LL.0 
16.0 t o  18.0 
2-00 t o  3.00 
0.50 max 
0.002 max 
0.06 T ~ X  

13a 3.anc e 

0.048 
1.30 
0.013 
0. OOQ 
0.45 
13.18 
16.70 
2 .L9 
0.04 
0.0006 
0.00'12 
0.02:) 
Balance 

a Analyzed by National Spectrographic Laboratories, Tnc. 



'Table L + l .  Tens i le  Test Dataayb on Cladding Mater.3.al 

Strength, p s i  Total  

Ultimate 
Elongat ion 

( 8 )  
T emp erat w e  Yield 

Tube 
Number 

0.2% Offset 

16 Room 37,600 88,900 56 

35 Room 35,700 84 , 1m1 5 '3 

53 Room 36,300 85,500 5'7 

a Tensile t e s t s  performed by the  Babcock & Wi.lcox Company, 
N i x  ].ear Development C enter  . 

Company, m i l l  r e lease  Nos, 83594, 836l3, and 83619. 
bAll t e s t s  performed on tubing from Carpenter S tee l  

Inspection and Testing. - Fabrication tolerances on t h e  tubing 

were specif ied i n  t h e  BNWL purchase order.  

sonical ly  inspected by Wolverine Tube Company t o  ensure t h a t  no tubes 

showing defects greater  than the  standard (0.001 in .  deep X 0.030 i n .  

long X 0.005 i n .  wide) would be accepted. 

of the  individual traces a r e  avai lable  upon request.  

The tubing was l-00'$ u l t r a -  

Copies of t h e  procedure and 

Inside and outside diameters of a l l  tubes were measured t o  a 

precision of +0.0001. i n .  with an sir plug and air-ring gage i n  accord- 

ance with t h e  procedure f o r  Dimensional Inspection of Metall-ic 

Components and Finished EBR-Ii Fuel Pins. 

Archive samples of t he  tubing a r e  avai lable  a t  B W  and wi1.7. be 

supplied t o  EBR- T I  personnel upon request ~ 

End caps for these f u e l  pins were made from type 316 s t a in l e s s  

s t e e l  bar stock. This mater ia l  w a s  obtained from BNWL. This mater ia l  

was purchased by BNWL from Crucible S tee l  Company t o  ASTM Specifications 
A-276-67 and A-484-65 and BNWL purchase order B9-S-'7'77-ik73'7b. Results 

of an independent chemical- analysis performed by National Spectrographic 
Laboratories a r e  presented i n  Table 40. 

Archive samples of end cap mater ia l  a r e  avai lable  a t  BW and w i l l  

be supplied to EBR-I1  personnel urpon request.  
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Ref lec to r  Spring, and Plenum Tube -2 ..I ...-I- -._Î  

The ba r  s tock  f o r  t h e  n l c k e l  r e f l e c t o r  was obtained from BNWL. This 

maberial w a s  purchased by BJ!WL t o  ASTM S p e c i f i c a t i o n  8-160061 and BNWL 

pii.rchsse order  No. 895-77'7-47368. Independent chemical. analyses  ,?.ye 

presented  i n  Table 42. 

The type 302 s k i n l e s s  s t ee l -  pl.enum springs were obta ined  from BNWL. 

These spr ings  were purchased t o  t h e  s p e c i f i c a t i o n s  i n  BIWL purcliace 

o rde r  N o .  B98-?7'?-5S818. Independent chemical analyses are  presented  

i n  Tab3.e 42 .  

'Tile type 31.6 s t a i n l e s s  steel. TJlenllili tub ing  WELS o b t a h e d  from RNWL. 

This  material  was purchased. by RiWL fYon Carpenter S t e e l  Company -Lo 

ASTM Specificat3.on A-269 and BI\sFJL purchase order  N o .  B9S-777-47370. 

Independ-ent chem.j_cal~ analyses are presented- i n  Table A 2 .  

Fibe r f r ax  Pad _..-- _- 

Chemical ana lyses  o f  the Fibe r f r ax  maLerial  used f o r  t h e  top and 

bottom pad arp presented  i n  ' T a b l e  43. 

Table )+2. Alloy  Coniposition of Nickel  Ref lec tor ,  
Type  302 S t a i n l e s s  S t e e l  Plenum Spring, and 

Type 316 S t a i n l e s s  S'ieel Plenum Tube 

Type 302 T y p e  316 
Nickel  S t  a i d e s  s S Lainles  s 

(wt %) Spring Tub e 

a Ref l e c t o r a  S t e e l  Plenima S t e e l  Plenum 

(wt $1 (wrt 6) 

Carboil 
Manganese 
Sul fu r  
P'no sphonis 
S i l i c o n  
Nickel  
Molylid (:!nu111 
Chromium 
Copper 
Cobalt 
Iroii 
Boron 
Nitrogen 

0.048 
0.23. 
9.008 

0.016 
93.4 

0.032 
0.060 
0.20 

- 

0.065 
0.95 
0.020 
0.018 
0.95 
7 .E33 

17 . 94 

Balance 

0.065 
1.51 
0.007 
0.012 
0.48 

3 -',7 

16.73 
0.06 
0.026 
Balance 
0.0005 
0.010 

13 .n'i 

a flnalyzed by National Spectrographic  Laborator ies  Tnc. 
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Table 43. Wet Chemical and Spectrographic 
Semiquantitative ~ n a l y s i s  of Fiberfrax" 

Elementb o r  Compound Weight 
Percent 

a 

center  . 
Analyzed by Babcock & Wilcox Alliance Research 

bAl. l  t h e  elements are reported as t h e  oxides. 
This does not necessar i ly  imply t h e i r  presence as such. 
The elements T i ,  Ng, N i ,  Cr, Mo, V ,  Co, Mn, Zn, PbJ Sn, 
and Zr were not detected i n  t h i s  sample. The l i m i t  of 
d e t e c t a b i l i t y  f o r  these  elements by t h e  serniquantitative 
technique i s  approximately 0.05$. 

C Wet; chemical analysis .  

Fuel P in  Assembly and Quality Control 

Before assembly a l l  metal lie components were inspected i n  accord- 

ance with the  procedure f o r  Dimensional Tnspection of Metall ic Components 

and Finished EBR-IT: Fuel P ins .  Bottom end caps were welded t o  t h e  clad 

tube i n  accordance with t h e  "Procedure for  Welding End P l i ~ @ . "  

welding, each bottom c'l-osue weld w a s  helium leak t e s t e d  i n  accordance 

with t h e  procedire f o r  Helium Leak Test i rg  of Welded End Plugs, Method 

I-IL-2. The helium leak t e s t  res i i l ts  are presented i n  Table /,4. Radio- 

graphs i n  accordance with Section R.A.3. F of t h e  "Guide f o r  I r r a d i a t i o n  

Experiments i n  EBR-11'' were obtained for each bottom closure weld. Any 

closure weld which did not meet t h e  weld acceptance c r i t e r i a  was  re jec ted  

Room temperature burs t  t e s t s  perf'ormed on closure welds using the  same 

welding procedure and cladding wid end ca,ps from the  same l o t  a l l  f a i l e d  

outside the  weld and heat-affected zones. Any oversized weld was 

polished t o  s i z e  p r i o r  t o  radiography and helium leak t e s t i n g .  

After t h e  bottom e l o s r r e  we1.d was establ ished as acceptable, t h e  

After 

f u e l  and i n t e r n a l  p i n  hardware were loaded i n t o  each fuel p in .  The top 
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Table 4.:. IIe1iu.m T.,eak Test  Hesul-l;s 

Fuel  Syste1n Mea s lire d 
Pin Date of 'Test S ens i t i v i t y  Leak !?ate 

NUXl'uW ( C I I ~ ~ / S F : C )  ( cm3/sec) __... I.. 
x 10-1O x 1.0-7 

I)-2 
D - 4  
D- 5 
0- c 
D- 9 
0- 10 
D- I? 
D- lir 
D- 1.6 
D- 17 
D- I8 

1)- 20 
D-21 
D-22 
D- 24 
11-25 
D- 27 
u- 29 
D-30 
TI- 31 

D-19 

Group 
Nurnher 

b 1. 

3 2: 

3ottom Closure Welds 
May 5, I970 
Apri l  6, 1970 
May 5, 1970 
April  6, 1970 
Apri l  6, 1970 
May 5, 1970 
Aprri.1 6, 1970 
April  6 ,  1970 
April  6, 1970 
April  6, 1970 
May 5, 3970 
May 5, 1970 
May 5, 3-970 
April  6, 19'70 
May 5, 1.970 
May 5, 19'70 
May 5, 1-970 
June 25, 1.970 
June 25, 1970 
3 u m  25, 1970 
June 25, 3-970 

4.7 
5 . 1. 
4.7 
5.1 
5 . 1. 
4.7 
5.1 
5.1 
5.1 
5 . 1. 
4 .7 
4.7 
6. . '7 
5.1 
L+.7 
L . 7 
): .7 
2.1 
2.1 
2.1 
2.1 

Welded Fuel Pina 
(both end plhgs welded. i n  place) 

--......_._ ___ 

< 5.1 
9.2 

< 5.1 
< 5.1 
< 4.7 
< 5.1 
< 5.1 

'7 . 6 
< 5.1 
< L . 7  
< 4.7 
4.7 

< 5 . 1.. 
< li .7 
< 4.7 
< A .7 
< 2.1 
< 2.1 
: 2.1. 
< 2.1 

Ju ly  21, 1970 
July 21, 1970 
July 21, 19713 

9.3 < 9.3  
9.3 < 9.3 
9.3 < 9.3 

a The fuel pins were rli.vided into t h r e e  groups, each p o u p  con- 
sisting of seven fuel pins.  

bGroup 1 -- D-L+, D-6,  D - I ? ,  D - 1 4 ,  D-15, D-17. 



end cap was welded i n  place af2;er a mixture of helimn plxs L crn3 of 

xenon w a s  introduced in to  the  fuel. pin.  The gas mixture was  at 1.. 1. atm 

presaixce ( a t  romi teqeratin-e) 

have met the  accepta,nce c r i t e r i a ,  
A l l .  c3.oswe w e l d s  were considered. t o  

Final dimens<-onal inspections of the finished. fuel pins were matte 

in accordance -with the  'rTrocedure for Dimens I.ona3' Inspection o f  Metall.ic 
Components and. Finished EBR-IT Fuel Pin. '' 

Q.ii.al.it,.v Assurance Cer t i f ica t ions  

I n  accordadnee w 9 t h  the requirements of  t he  "Gu.ide fo r  I r r ad ia t ion  
Experiments in EBR-11, Revision 3, we s-u'omit the fc l lowing cer t i f iea-  

t i o n  statements. 
I.. We c e r t i f y  that t he  inspectton :and t e s t ing  prcocedues Tor 

tubi.ng proclrreinent described i n  Section V I I I - A - 1 -  (b) of  the  "Guide for  

1rrsd.ia.tion Experbents  i n  EBE- 11'' were followed with sat isfactory-  

r e s u l t s .  P4etal.l.ography of' t h e  claddings i s  presented i n  Fig.  17. 

2 .  We c e r t i f y  tbat  arcl:dve samples of t he  tubing a r e  ava51able to 
t he  EBR-TI Project. 

3 .  We c e r t i f y  t h a t  t h e  inspection and t e s t ing  procedxres for end. 

f i t t i n g  procurem-ent described in Section ' ( J I i I -A-2-  (b) 01: the "Guid.e for 

Lrradlation Experiments in .  EBR-TI" were I'oll-owed with sa t i s f ac to ry  

r e s u l t s "  

4.. We c e r t i f y  t h a t  axchive samples of t h e  end f i t t i n g  materials 
are ava.5lable t o  t he  EBR-I1  Project .  

5. We certify t ha t  t he  welding procedure, "Welding of End Fittings 

t o  C1add.ii-g Tube for ERR-I1 Fuel Pins," i n i t t e n  by E. N. Rarbinson i n  
August  1970, was followed and tha t  t h e  we1.ds meet the acceptance 
c r i t e r i a  of Section VIII-A-3- ( b )  of the "Cuid.e f o r  I r rad ia t ion  Experi- 
ments i n  EBR-TI." 
Fig.  1.8. 

Metallography of a typical weld i s  presented i n  

6. Wi: ce r t i fy  t h a t  a leak t e s t  wits performed i n  aceordance w i t h  
t h e  procediwe, "He l . i um Leak Test of  E B R - I 1  FLzel Pins," wr i t ten  by 

E:. N. Harbinson i n  August  1970, on each fuel element t o  be i r r ad ia t ed  
and t h a t  the leak test, disclosed no detectable  leaks i n  the  elements 

submitted f o r  i r rad ia t ion .  
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Fig.  l‘l. 
Fuel Pin Cladding. 

Microstructure of Type 316 S t a i n l e s s  S t ee l  Used f o r  EBR-IT 
Eabcock ti Wilcox photograph. 

Fig.  18. 
WLi.cox photograph. 

T y p i c a l  End Closure Weld for  EBR-I1  E’uel P i n .  Babcock &; 
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SAWLE C.ALCULATIONS 

The fol lowing examples show calcul.atj.ons fo r  i;he heat rates, 

f i s s i o n  gas production, p in  and subassembly the rm1  analyses. All. 

ca lcu lk t ions ,  with t h e  exception of the revised gas pressure  da ta ,  

were based on the design d e n s i t i e s  f o r  t he  fuel pin.  

examples w e  ha.ve chosen a p i n  with 85% smear density. 

I n  t hese  

DE 

composition of the  f u e l  used i s :  

U 699.1 mg/g 

Pu 182.5 mg/g 

0 2  118.4. mg/g 

Theor2tieal  d e n s i t y  10.90 g/cm3 

Tile i s o t o p i c  analysis used is: 

IJ Pu 

2 3 4 ~  0.9968 2 3 9 h  88" 6fl* 

2 3 5 ~  93.16% 240yu 1.0. o@ 

2 3 6 ~  0.514$ 2 4 l.Rl 1.25$ 

2381J 5.33% 242% 0.10$ 

Heat Generation in Fuel 

Fission ra.tes from Table C-1 for  g r i d  loca t ions  6-pJ3 or  6-N4. 

$ 



Location Isotope 
11111-1.- 

M i n i m u m  2 3 5 ~  

2 3EIU 

2 4 OPU 

2 3 9 h  + 241.p~ 

F t s s i o n  Hates 
(fissions/g-sec x j..O-l') 

50 Mw 62.5 Mw 
-....--_I__ I_ 

0.655 0.8188 
0. a.14 0.051.8 
0.774 0,967s 
0.281 0,3513 

0.603 0.7538 
0.036 0.04.5 
0.711 0.8888 
0.240 0,3000 

0.549 0.6863 
0, 028.3 0.0354 
0.639 0.7988 
0.187 0.2338 

Volume o f  fuel: 

( i )  (0,218 in, x 2.54 ern/ii!.)2 (1 em) = 0.240808 cm3/cm 

(0.240808) (13.5 i n .  ) (2.54 cm/in. ) = 8,2573 cm3/pin 

Weight o f  fuel p e r  cm of p i n  at t h e o r e t i c a l  density: 

0.240808 cm3 (10.90 g/cm3) 2.62481 g/cm 

Grams of fissile isotope/cm4 at theoretical d e n s i t y :  

U 10.90 g/cm (0.6991 g/g> (0.9316) = 7 .099  g/cm3 2 3 5  

Fission rate p e r  cni at pe;ak a x i a l  location and 

85%. of theore-tical  dens i ty :  

235U 7.099 (0.24-0808) (0.85 T.D.) (0,8188 x ~ C I ' . ~ )  

1- 1-697 Y loL3 fissi.ons/cm-sec. 



Fission Rates i'or 8.5% Dense Fuel Pos i t io i i  6-R3 or 6-314 

Isotope W e  i ght 
( g / c d  

2 351J 1.4531 
2 3 8 ~ ~  0.0831 

2 39pt1 0.3610 

2 4.0% 0, e407 
2 & 'pu 0.0051 

TCTUS le94-30 

F i s s i o n  Bate 
(fissions/cm-sec x lo-) 

Min. - _I - Avg. 
1.. I897 1.0953 0.9972 
Em. 

0.0043 0.0037 0.0029 

0.3492 0.3208 0.2t383 

0.0143 0.0122 0.0095 

0. ow9 0.0@+5 0. owl. 

1.5625 1.43615 1.3020 

.~ 

A t  192 Mev/fission, there are 3.07 x 10-l' w-sec/f iss ion,  The peak 
Tissioii heat rates then a r e  

Maximum (1.5625 x lo1-' fissions/cm-sec) (3.07 x w-sec/fissi.on) = 

Average (l.i+365 x loL3 fissions/cm-sec) (3.07 x lo-'' w-seclfission) = 

M i i i i r r i w n  (1.3020 x 10'' fissionslcm-sec) (3.07 x lo-'.'- w-sec/fission) = 

479 .7  w/cm 

441.0 w/cm 

399.7 w/cm 

The peak-to-average f i s s i o n  rate i s  1.12 : 1. 

Thus, a fuel p in  wiVn $5$ smear density file1 located a t  the 

average subassembly l o c a t t o n  w i l l  generats the  f ollowing tot ;a l  

fission heat.  

(h) (-Tm-YG;) w/em (13.5 i n . )  (2 .54  cix/in.) = 13.5 BW . 

Die actual heat genera-trion f o r  each subassembly location 5.s 

calculated 011 the  'oasis of t h e  design fuel density for the  pia  i.:n 

that 1.oeation and the f i s s i o n  rate proportioned a s  shown i.n Fig,  4 

of the t ex t ,  



Calculations of Plow IiaLt. and Flow Area 

Three d i fPerent  f l o w  channe1.s were de r ived  f rorn t h e  gecxi1etrf.c 

arrangements shown below and t'ne f l o w  di.strri.bution f o r  an  H - 3 7  

subassembly pibhi.shed i n  Table D-11 o f  t h e  ...___I Guide. 

These are shown graphica1.l.y 'uelow. 

F l o ~  4 r e a  A s s o c i a t e d  

F l o w  A 
A s s o c i  
a S i d e  

w i t h  a C o r n e r  P i n  

r e a  A s s o c i d t e d  
C e r l t e r  P i n  

w i t h  a C o r n e r  P i n  

r e a  
a t e d  w i t - h  F l c r .  A r e a  A s s o c i a t e d  

P i n  k i t h  a C e r l t e r  P i n  

'i%o coridit ions were ca lcu la t ed ;  (I-) t h e  i n i t i a l  flow ai-ea and 

v e l o c i t y  for s t a r t - o f - i r r a d i a t i o n ,  and (2)  a f i n a l  f l o w  are2 and 

veJ-ocl.ty f o r  end-of - l i f e ,  assuming a consi;an.t change i n  diameter  t o  

103.84% of o r i g l n a l  p in  diameter.  Thus, a ci-i-cular f l o w  channel. 

was def ined  with a n  equ iva len t  diameter (D ) based on a f l .ow a r e a  

(A,) equal t o  t h e  nonsymne'iric areas f o r  each of tile Lliree l o c a t i o n s ,  

In the fo l lowing  c a l c u l a t i o n s  the -ternis are : 

e 

D =  

A =  

P -  

W T  

r? 

11 

- 

p i n  diameter ,  i n ,  

f l o w  area, 

d e n s i t y  0: l k  a t  911"h' 

Na f l o w ,  lb/nr 

inn2 = gcomeiric area - p i n  aren - wire area 

51.95 l b / f % 3  
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The values of the subscript n art. 1 fo r  i n i t i a l  
cond:il;j_ons and 2 f o r  end-of - l i fe .  

V N a  f l o w ,  f t / h r  = w/pA) (144 h 2 / f t 2 )  

Pw Wetted perirnekr, i n .  

Center Pin D, = 0.250 i n .  D, = 0.2596 
T o t a l  region I s  a hexagon with 0.290 i n .  across f l a t s .  

A, 1 0,07283 - 0,04909 - 0.00126 2 0,02249 i n e 2  

W, = 384.35 Ib /hr  determined by iterative calculat ions 

V, z 47,375 ftlhr or  13.16 f t / s e c  

t o  obtain mximwn cladding temperature desired, 

2 A2 = 0.07283 - 0,05293 - 0.00127 2 0.01865 in. 

Because of the dif-Picul1;i.e:; Ln def in ing  o the r  pressure drops 

in the  suboassenbly, we assinined t h e  pressure drop  (h) w 8 s  cons.tant 

a t  t h e  beginntirig arid end-o r - l i f e ,  i . e .  h, = 1-12. W e  aJ.so assumed 

t h a t  only SO'$ of the c a l c u l a t e d  r educ t ion  i n  flow occurred. a s  a 

result; of p in  swel-l ing because 20% of t h e  pressure d m p  i s  

unaf fec ted  i.n the  r e m i n i n g  sihassernb'Ly coiiiponents . 

where 

f, Yne friction f a c t o r ,  

i,, t h e  l eng th  of t he  charinel, and 

g, grav?.t,y are co-rrstant -for. bo th  In] and k12. 
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Thus, 

Since we have assumed a n  SO$ f a c t o r ,  t hen  hr2 a c t i m J -  is: 

W2 ( a c t u a l )  = W1 - ( 0 . 8 0 )  (W, - bJ2) 1 304.68 .  

Edge P i n  

Geometric area 1/2 hex area4 i -ectangular  area 

= 0.036416 ( 0 , 1 6 5 )  (0.29) 

E 0,036416 t O.W+785 

0.084266 in,' 

A i  1 0.084266 - 0.04909 - 1.5 (0.00126) 

= 0.033285 i n . 2  

p = 52.7 l b / f t 3  a t  820°F 

W1 = 638 .02  Ib/Ilr 

V i  

A2 0.029451L in.2 

52,363 f t / h r  01" 14.5  f t / s ec  

De2 = 0.14144 G 

V;! 48,330 f t / h r  

z 570.92 l b / h r  

W2 (actual)  = 5 U a 3 2 +  1b/hr  



Corner P in  

Geometric, area = 1/3 hex area + rectangular areas  + triangular areas 

2 (0.165) (0.09526) 
2 = 0.02427745 + 2(0.14.5) (0.165) + 

0.02.?c27745 0.04'785 + 0,015717'3 

2 0.0878/+54 i n . 2  

= 0,03687 in, 2 

Del = 0.18'7794 

p = 52,8 lb/ftj3 at 813'F 

w1 = 687.35 lb /hr  

VI = 50,8338 f t / h r  os 14.12 ft/see 

A2 = 0,0330,3104 in.2 

De2 0.162004 

v2 = 47,218 Pt/hr 

( a c t u a l )  = 594.97 lh/hr 

W, 571.88 Ib/lu. 

These values  were tinen used t o  establish the inpiit, for. the  computer 

code I W J ,  The code asswiles that all heat i s  t ransfer red  radially 

through t h e  pin.  

and gmma, ia predetermined axial increments, calculates the Iiea1; 

Plow and radial tenrperature d i s t r i b u t i o n ,  and pr in ts  out Ynese 

The program then  sums the heat produced, both fission 

qinantii.ti.es. 

f o r  ca l cu la t ions  on a pin located a t  the maximwn teniperature p o s i t i o n  

in the subassembly (Pos i t ion  7) .  

Tables AI. a.nd A2 are copies of t'ne computer output  sheets 
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Table A - 1 .  Temperatwe Dis t r ibu t ion ,  Subassembly Posi ' i ion 7 
....... 

P i n  Ax ia l  
P o s i t  i o n  T-C T-0 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

11 
12 
13 
I /1 
15 
16 
17 
18 
19 
30 

21 
22 
33 
2L 
25 
26 
27 
28 
29 
30 

31 
32 
33 
34 
35 
36 
37 
3P 
39 
40 

41 
L2 
43 
44 
4 5 
4i 
/*r7 

48 

700.0 
700.5 
701.6 
702.9 
'-IC& . 3 
706.0 
708.0 
709.2 
716.1 
729.8 

743.9 
758. 4 
773.4 
788.9 
8C4.7 
820.8 
837.2 
853.8 
870.5 
587.3 

9C4. 2 
921.0 
337.7 
954.3 
970.7 
986.8 
1002. '7 
1018.2 
1033.3 
1%8. 1 

1062. /< 
1074.2 
1.089.7 
1102.7 
11.15.5 
1122.0 
1122.3 
1122.4 
1122.5 
1122.5 

1122.6 
1122.6 
112?, 6 
1122.7 
1122.7 
11 22.7 
1122.7 
1122.7 

700.1 
701.5 
702.8 
7c4.3 
'105.9 
707.8 
710.0 
709.8 
742.0 
756.6 

771.6 
787.2 
803.2 
819.5 
836.2 
853.0 
870.0 
88'7.1 
9a. 2 
921.3 

938. /+ 
955.2 
971.9 
988.2 
loo(.. 3 
1020.0 
1035.4 
1050.3 
1064.8 
1078.8 

1092.2 
1105,2 
1117.3 
1130.4 
1142.9 
1122.8 
1122.5 
1123. h 
1122.6 
1122.7 

1122. '/ 
1122.7 
1122.7 
1122. s 
1122.8 
1122.8 
11 22.8 
1122. 8 

700.6 
7a.1 
705.9 
707.8 
710.0 
712.4 
715.4 
711.5 
811.1 
827.2 

843.9 
861.5 
879.4 
897.2 
915.1 
932.8 
950.5 
968.0 
985,2 
1002.1 

1018.7 
1034, 7 
1050,5 
1065.6 
1080 3 
1094.3 
1107.9 
1120" 8 
1133.3 
llk5.1 

1156.1 
1166.9 
117'1. b 
1188. 3 
11 99.7 
1124- 1 
1123.0 
1123.1 
IJ 23.1 
11233. 2 

1.123. 2 
1123.2 
1123.2 
11 23.3 
1123.3 
1123.3 
1123.3 
I L23.3 

....... 
T-2 

701.1 
775. 6 
789.5 
8CK. 0 
81.9. 3 
836.6 
858.8 
755.4 
117)+. 6 
1.201.4 

1229.3 
1.259.8 
1289.8 
131'7.9 

1370.8 
1395.0 
141.7.1 

1455.9 

1472. 5 
1486.5 
14.99.6 
1509.9 
1.518.9 
1525.2 
1530,5 
1.533.7 
1536.0 
1536.4 

1534,9 
1533.9 
1533.9 
1535.4 
1541.8 
1159.8 
1.127.4 
1126.0 
J.1.24 I 7 
1124.4 

1124.2 
1.124. 7 
112L+. 4 
112L. 2 
1121.0 
1123.3 
1123. e 
1123. 8 

.......... ~ 

13A5.4 

1437. 1- 

_...I ........... ._I_____ ..... . _ - - _ ~  
T-C temperature of  coolant ,  "F; 'T-G = ternperatwe of 

o u t s i d e  s u r f a c e  of c l ad ,  OF; T-1 = temperature of i n s i d e  
su r face  of  cl-ad, ' F ;  T-2 = temperature of ou te r  su r face  of 
f u e l ,  V. 



1 
2 
3 
4 
5 
6 
7 
!3 
9 
10 

.11 
12 
13 
1.4 
1s 
16 
1 ' 7  
18 
19 
20 

21 
22 
23 
2.4 
2 -5 
26 
27 
28 
29 
30 

31 
32 
33 
3 (+ 
35 
3 i, 
37 
38 
39 
L 0 

41 
/+ 2 
43 
44 
4 4 
4 6 
1, '7 
48 

0.1750 
0.2050 
0.2500 
0.3150 
0.4 063 
0. 5625 
0.88'7 5 
1.4400 
2.4013 
2. l+710 

2.54/*3 
2. f,3cict 
2 .  ,71(jli 

2 .  '7'130 
2. 8420 
2.8923 
2.975'1 
2.9665 
2.9860 
2.9973 

2.9973 
2.9839 
2.9065 
2.9344 
2.8969 
2. e460 
2.'1911 
2. p7x4  
2.  6 5%3 
2. 5 R g R  

2.5018 
2 . 424 I 
2.3571 
2 .  2-12') 
2.2594 
1.3560 
0.2250 
0.5125 

0.2913 

0.2375 
0.2000 

0. 1.250 
0. 1.C63 
0. Od'7 5 

0. w+75 

o. 36m 

n. 1.525 

0. CJi. 511 

22142.2 
227.36.1. 
22128, 7 
22120.3 
22110.6 
22(>99, Y 
22086,6 
22063.3 
21.9m , '7 
%1.??73. '7 
21783.1 
21689.3 
21592.8 
21493.8 
21592.9 
21290.3 
211 86.3  
21081.5 
2!>'3'711. 1 
20P''i!l. 5 

2035%. 8 
%0%53.6 
201.56. 5 

13880.2 

19'793. 
l9710,2 
13623.9 
1 9.%(', 5 
1 W+7G.  '? 
1?511.l 
1951 3 . 2  
1.951 2 .  5 
19512.1 
19511.8 

13511~. 6 
19511.4 
19511.3 
135L!. l  
1921.1.0 
13510.9 
17.51~0. 8 
19510.7 

4 
3.1 is 
1.3 c 
1% 
181 
2 07 
21+3 

39 
15h'Y 
1.612 
1661 
1 '7Li ,  
1759 
1813 
1.755 
1.88G 
1.916 
1??h 
1.949 
1<>ZjC,  

1.956, 
1 94 ' I  
1976 
191 5 
l d ? C  
It? !j1'7 

1821 
1779 
1736 
11,:?7 

1637 
1522 
1536 
1436 
1474 
37 
20 
12 
'i 
6 

5 
2 
4 
3 
2 
2 
1- 
1 
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%‘le f int i re  pin was sv.bd.ivided i n t o  48 increments with lengths  

that depended upon t h e  conten ts  a t  vapious axial. l oca t ions .  For the 

rue]_ regiori, Posritions 9 tinrough 35, t h e  increments were 0.5 in. The 

f u e l  sur face  tempera-tnre and t h e  hest r a t i n s  f o r  a s p e c i f i c  fue led  

increment were then input  i n t o  cur  PPRfiFTL code t o  c a l c u l a t e  t h e  fuel 

c e n t e r l i n e  tenpera tures  ~ Since t h e  i n i b i a l  fuel w i l l  r e s t r u c t u r e  

under t h e  condi i ions of these  i r r a d i a t i o n s ,  we have reportzd t h e  

f u e l  ceqter teiliperatures a f te r .  r e s t ruc tu r ing .  A t y p i c a l  computer 

p r in tou t  f o r  the a x i a l  midplane f u e l  s ec t ion  i s  shown in Table A3. 

To de ter inhe  the e f f e c t s  of uncer tdfn t i  e s  on Lhe var ious ternperalures, 

we used t h e  C o m t  and f a c t o r s  descr ibed i n  the Addendum t o  Hazard 

Sumnary Report, .- Experimental - Breeder i leactor 11 ._ (EBB-IL) .__- , ANI,-593-9, 

_I I.l..IIIIC 

Addendim, pp. 58-59. 

Addit ional  analyses of’ Fuel  performince c h a r a c t e r i s t i c s  were 

ca lcu la ted  with common assumptions and equations as  foJ lows: 

Gas Pressure 

1 .  Prelirniriary A n a l . p i s  

Gas pressurp bui ldup i n  p in  located i n  Su’nassembly Pos i t ion  7. 

T’e average f i s s5on  r a t e  ?or Lhis p in  i s :  

/ l_.._l__l_______ I .. 1.3054 x 101-3 fissionslsec-cm 401.7% avg w/cm 
307.7’-/6 x 10”‘ w-sec/f iss ion 
_.-. 

The t o t a l  fission rate for 13.5 i n .  of f u e l  Ss: 

l .3@54 x 10” (13.5 i l ia  ) (2.54 crn/i.n. ) 4 .L762 x l 0 l i  fissions/sec 



1.03 

0.0 
0.0 
0.040'7 
0,08 75 
0.1011 
0.1130 
0" 1238 
0. 1337 
0. 7.470 
0. 151.6 
0. : L 5 %  
0,1676 
0. 1.751 
0.182.3 
I). 1891 

0. i9514 
0.2022 
0,2084 
0.21/15 
0.2203 
0.2261 
0.2316 
0. 23'71. 
0 ~ ZA 24. 
0.2476 
0.2527 
0.2577 
0. 202'7 
0. 2675 
I). 2722. 
0.2769 

22'74 
2 2 74 
2274 
2 271 
2253 
2222 
2185 
2142 
20'3'7 
2043 
2000 
1949 
1898 
le46 
17% 

1732 
16'72 
161.1 
1552 
J.492 
1430 
1363. 
1.294 
1228 
1184. 
1101 
1039 
979 
920 
843 
8 08 

1 3. 61. kw/f t hen t. 

0.0 
0.0 
0. 0lc):) 
0. 01.93 
0, 019~1 
0.0197 
0.0199 
0. 0200 
0.0202 
0, 02w+ 
0.020'7 
0.0203 
0.0212 
0.0211 
0, 01 s3') 

0.0 
0.0 
0. 0 
' I  . 88 
25.30 
LJ, 7 1  
60.12 
'77. 54 
94.95 

3.1.2. 37 
1.29, 7K 
147.1.9 
164 161 
182.32 
1.99. 3 5 

215.87 
232* 33 
2+R. 90 
265.41 
231 '3.3 
27'7. 5'7 
31.2,40 
327.38 
34-2. %8 
35'7. 1.8 
372.08 
386, 98 
401. 88 
4.1.6. 78 
)+?le 67 
k+/,G.i7;7 

0. 0 
0.0 
0, 9'70 
0,9'70 
0,970 
0,970 
0,9'117 
0, wo 
0.370 
0,970 
0. 9'43 
0, '370 
o.wo 
os 965 
0.320 

0.920 
0, '320 
0.320 
0,720 
C). 835 
0.830 
0. (330 
0,830 
0. !330 
0.830 
0.830 
0, a30 
0.830 
0.830 
0.830 
0. e30 



!The f i s s i o n  gas production r a t e  pe-P efPective f u l l  power day i.s: 

L.4762 x l0l4 f l ss ions /sec  (0.26 gg3s atoms/fission) 

= 1,0055 x 1019 gas atoms per day. 

(8.6L x lo4 sec/day) 

A t  standard pressure and temperature, t h i s  i s :  

(32,400 cm3/rno12) 0.374 cm'/day. 1,0055 x lo1' atoms/day 
6.023 XF atom7mole 

Since the  i n i t i a l  gas loading of t'ne fuel  p in  IS assumed t o  be 

8.5 em3, the  t o t a l  gr,s conterit a t  the end-of-l ife is: 

8.5 cm3 + 

230.08 a i 3  

0.3'14 cm3/day x 532.5 effeckive f u l l  power days = 

The eYfect,ive plenum volwiie, excluding a l l  a v a i h b l e  porosi ty  

i n  the fuel aad neglecting any diametral changes in the clad.d.ing due 

t o  thermal expansion o r  irradiation-induced de-nalty changes, is  

6.82 em3. From MAMU computer calculat ions,  -Vie average gas plenuii 

temperature i s  607°C (880°K). Thzrefore, tile end-of - l i f e  gas 

pressure i s  : 

230.08 em3 880°K (15 psi) 1630 psi . 
6.82 emJ (271°K) 

2. Revised Analysis 

F o l l o w i n 2  f a a r i c a t i o n  of 'hi. pills  a n d  i.il keepirg w i t h  ncv  

E B R - I I  requi rc r len ts .  we revised out- gas analysis to inore preci~se1.y 

pt~edi  c t  z i c tua l  f i s s i o n  gas p r o d u c t i c n  i n eaab  pir, and to 

i n c l u d e  the amouiit of sorbed ga.s j r i  escn pin zc~nponent plus  any 

:noi.sturc. 



and t h e  conversion f ac to r .  

Fiber.f.r:lx 0.0'7 g 

Par t ia l .  Analysis of ConterxLs : 

For the Blanket 
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For the %'i'uerfrax 

0.02 (0.536) = 0.08 cm3 

To khis  it i.s necessary t o  add tile amount of hel ium and xenon t a g  gas 

in the pin, which can b e  obtai-ned. from Tab1.e 26 as  8.38 em3 x 

I 273 z 7.80 ern3 STP. This y i e l d s  a n  as - fabr i ra ted  gas corlient of 
293 

1.5,4 ern3 a t  S n J .  'T'hzse da ta ,  toge ther  wi-th sirnil-ar da t a  f o r  a l l  

37 pins, are pYt?tjenter? i.n Table Ad+, 

To obtaim %he plenum volunlc- ou ts ide  of t h e  fiiel. region, because 

of our assimption t h a t  fuel porosity would. be corrrpletely f i l l e d  by 

fuel swelling, w e  subt rac ted  the f u e l  vofd volume associabed with the 

fuel.  from the  measu-red. Yree vol.1.urle in each pin .  The fuel- void volunle 

was caJculated a s :  

?I (1 - fractional f u e l  ( 8.2573 em3 
.I.__I__--. ..__1__1--1.____ 

13- T in. of cladding/ 

T h i ~ s ,  f o r  P i n  OS-1.2, 

8.379 .... 8.2573 (17- 0.831) = 6.98 em3 plenum V O ~ ~ J . I - W .  

'Thus, t he  begiming--of-l . i  f e  plenum pressure can be calcul-ated 

us ing  the plenuz temperature calculated by -Lhe b L W J  code. 

(14.7) 15.4 em3 or y.s 
6.78 em3 of plenum 
---. _I___.._- 

To obtain the end-Gf-l i fe  pressures and a11 oti icr  @;as 

pressures, a d - p I . ~ t i o n  c a l c u l a t i o n  was m d c  us j  r p  L ~ _ C  DEPIAEW, eode 

t o  obi:iin the peak bumup i n  each p in .  

p i n  was t h r r i  obtained by usi 

from the  Qiidc. 

a l l  fission product pairs can be obtd ined  

The sveragt: bilrnup for each 

Lhe peak-to-average r.ai i o  of 1-12 

Then ilie molcn of f i s s i o n  gas proillnct,ion at, 26$ of 



Table A&. Gas Content and Pressure Calculations for As-Fabricsted Pilns 

End-&-Life S’terL-of-Life 

b e 1  BlardkeC Icsuiators Tagged Torn:” Plecum Plenm Plenum Average Fission Total Plenum 

( g j  and ( e )  and ( 6 )  a1.d (c .13)  (em3) (en’) (OK) (psiaj (5  WW.) (m’) (d) (psis) 
Gas Pressure Volume Cl‘eiup Pressure 8urr.up Gas 

Pill id~ccity Weight S a 5  :Jeigr.t Gas Xelghz G63 He::xn Gas 
Subassembly 
Posit1 on 

u,0 

D-2 
2 0P-7 
3 05-4 
4 OS-3 
5 D-30 
6 OS-6 
7 os-12 
8 D-9 
9 0P-5 
15 0P-3 
11 0-20 
12 3-10 
13 01-5 
14 05-6 
15 D-22 
16 05-11 
17 9-21 
16 D-31 
19 0s-7 

20 3-i7 
21  S-1 
22 05-13 
23 OS-10 
24 D-12 
25 3-14 
26 2-18 
27 m-3 
26 D- 14 

30 D-4 
29 n-27 

31 os-5 
32 0-25 
33 3P-2 
31 OP-1 
3: 0-29 
36 dP-6 
37 D- 5 

71.19 
71.62 
73.49 
73.98 
71.23 
72.05 
74.28 
75. 01 
‘76. c1; 
72. 1c 
70.58 
71.10 
77. 13 
73.93 
71. D-3 
?3.51 
?O. 66 
71.17 
74.M 

74.76 
72.65 
72.67 
73.30 
75.02 
71.14 
71.37 
73.49 
74.74 
71. i9 
74.32 
74.  a 
68.96 
YO. 96 
T7. cvi 
7c. E7 
80. 81 
YO. 98 

7. 95 
4.56 
5.67 
4.9: 
7.45 
1.37 
5.73 
E. 62 
4.51 
4.19 
6 91 
7.94 
4.30 
4.35 
6.95 
5.67 
6.92 
6.97 
4.35 

0.62 
1.36 
1.36 
4.31 
0. 62 
7.9.: 
6 96 
4.32 
0.62 
7.85 
0.62 
5.76 
6.75 
3.34 
L.45 
7.91 
3.33 
6 . 3 5  

36.06 
33.14 
33.40 
33.25 
37.16 
35.86b 
33.2s 
37. c5 
33.15 
32.95 
37.23 
37.18 
33.26 
33.30 
36.93 
33.20 
37.03 
37.15 
33.29 

37. It 

32. ?4 
33.31 
3’7.32 
36.97 
37.15 
33.33 
37. iL 
37.17 
37.06 
33.66 
37. LO 
33.1: 
33.15 
37. L7 
33.21 
36.99 

34.97b 

0.66 
0.99 
1.m 
1. ‘XJ 
0.66 
1.16 
1.00 
0.66 
0.99 
D.9Y 
0.66 
0.60 
1.00 
1.00 
0.66 
1. :m 
0.66 
0.66 
1.05 

0.66 
I. 14 
3. ?e 
1.20 
0.66 
0.66 
3.66 
1.33 
0.66 
3.66 
9.66 
1.C.i 
0.66 
3.99 
0.99 
0.66 
i.03 
3. 66 

6.37 
5.12 
5.11 
5.12 
5.24 
5.12 
5.1; 
6.C7 
5.18 
3.12 
6.14 
6.07 
5.12 
5.13 
6.1‘7 
5.16 
6.17 
6 13 
5.23 

6.16 
5.23 
5. i3 
5.17 
6.03 
0.21 
6.1L 
5.12 
6.21 
6.15 
6.19 
5.09 
0.39 
5 .  il 
5.18 
6.24 
5 .  i 2  
6.99 

0.11 
2.27 
0.27 
3.27 
2.11 
3.27 
0.27 
c. I1 
0.27 
C. 27 
2.11 
3.11 
3.2? 
0.27 
c. 11 
0.27 
G.  il 
0. I1 
0.28 

0. ii 
0.26 
0.27 
c. 27 
0.11 
c. 11 
0.11 
0.27 
0.11 
3. - - 
3.11 
3.27 
3.11 
0.27 
0.27 
0.11 
0.27 
9. li 

I1 

8.58 
8.68 
8.51 
8.42 
8.58 
8.73 
8.38 
9.02 
7.41 
8.55 
3.58 
a. 58 
8.47 
8.51 
8.58 
e . 5 i  
6.5E 
8.58 
7.73 

9.02 
2.50 
8.52 
8.45 
9.02 
E. 58 
a.  58 
8.46 
9.c2 
8. S8 
9.02 
8.39 
8.58 
7.74 
7.61 
R .  58 
7. 72 
5.58 

17.3 7.8 
14.5 7.0 
15.4 7.0 
14.0 7.0 
17.3 7.8 
11.5 7 .2  
15.4 7.0 
10.4 8.2 
13.2 6.8 
14.4 7.1 
16.3 7.6 
17.3 7.8 
14.0 7 .3  
14.1 7.1 
16.3 7.6 
15.4 7.0 
10.3 7. 8 
16.4 7.8 
13.4 7.0 

10.5 3.2 
11.4 6.8 
i1.2 7. 0 
14. i 7.0 
10.5 6.2 
17.4 7.8 
i6.4 7.6 
14 .1  7.1 
LO. 5 6.2 
17.4 7.8 
10.5 3.2 
15.5 7.3 
10.2 7. Y 
12.4 6.8 
13.4 6.8 
17.3 ‘7. 8 
12.4 7.1 
16.4 7.8 

777 
765 
783 
778 
785 
876 
880 
877 
E 6  
783 

877 
680 
8% 
7 w  
‘777 
877 
680 
876 

seo 

866 
s a  
768 
780 
87; 
868 
8 a  
666 
772 
779 
804 
8 66 
827 
7b‘l 
768 
7-72 
781 
760 

93 
66 
93 
&c 
94 
75 
101, 
60 
82 
86 
99 

105 
95 
94 
88 
92 
99 

1M 
91 

60 
n 
66 
85 
60 
lCk+ 
98 
93 
62 
43 
63 

96 
77 
81 
92 
‘73 
66 

“2 

7.74 
11.25 
5.27 

10.94 
11.25 
11.09 
10.54 
7.34 

10.63 
5.27 

10.94 
5.17 
5.05 
7.13 
7.02 
10.94 

7 . 3 4  
10.63 
7. u 
7 . 2  
4.34 
4.76 
io. 63 
10.49 
7.02 
4.84 
4.76 
9. E7 
7. c2 
4. BL 
4.76 
9.87 
4.62 
4.76 
9.87 
9.71 
9.54 

119.9 
175. 1 
84. C 
175.1 
174.2 
171.7 
176.1 
119.6 
190.3 
62.6 

168. C 
79.3 
80. c. 

114.1 
1m. 5 
176.5 
i12.8 
164.7 
114.3 

114.2 
75.5 
74.3 

168.6 
1Ti. 1 
108.7 

74.8 
75.7 

160.5 
Lm.8 
76.7 
’??. L 

148. 1 
81.4 
‘79.7 

i52.2 
171.0 
147.3 

137.2 
189.6 
99.5 

189.2 
191.5 
183.2 
191.5 
130.2 
193.5 
97.0 

161.3 
96.6 
94.2 

126.2 
124.9 
189.9 
125.2 
181.1 
127.7 

124.7 
66.9 
65.5 

132.8 
181.6 
126.1 
31.2 
65.9 

171.0 
126.1 
89.2 
92.6 

164.3 
93.8 
53.1 

165.5,  * 
183.4 
ic3.7 

740 
1 U D  
603 

1130 
1 , X O  
12m 
131x) 
750 

1202 
560 

1120 
583 
630 
6 50 
670 * 3 

1130 4 
760 

1133 
863 

710 
55C 
5oc 

l i M  
lac. 

750 
Yt0 
590 
873 
580 
510 
610 
97s 
58G 
562 
9c@ 
ia83 
860 

aInciuding 0 . S  cn3 isr gas sorbed i n  Plberfrax pads. 

b inc lua ing  u q  f ines  iii b l a r k e t  area. 



Wt of f u e l  x wt $ of a c t i n i d e s  
MW C-t~ie i s o t o p i c  average ::iolecular wt3 
-__I ...__..__ -..lll_-__l l_l__.l.l...-.-...lll L___ - Moles of f i - s s i o n  I 

gas produced 

i"l.;fm) (0.26) 
T h i s  can be reduced t o  ern3 a t  STP and a d d e d  t o  t h e  init , iaI .  :y~ 

content  to 0btai.n the end-of l i f e  %as rconi-nt,. 

For cxample, f o r  OS-12 

The end-of - l i f e  pressure  theri i s  : 

(g) (14.7) = 1300 p s i a  . 

Since OS-12 i n  Position 7 has t h e  highest. gas pressiJ!'r: of a l l  +,'ne 

p ins  throughout -the l i f e  of these t e s t s ,  we ca l cu la t ed  the gas presslire 

f o r  this p in  as a func t ion  of i r r a d i a t i o n  t i n e .  These p r e s s u r e s  as  :i 

func t ion  of e f f e c t i v e  f u l l  power days of r e a c t o r  opera t ion ,  together 

wit,h t he  average burnisp ].eve?., a r e  gLvcn i n  Tab lc  A - 5 .  

Stress and. S t r a i n  Analysis 

Details of t h e  stress and s t r a i n  ana lyses  are  given i n  

Ref, 32,  and t h e  mecbmical normal properties used are presented 

i n  Tab1.e 10. The creep formiJ.l.a and -the cons txnts  used a re  

presented  below f oi" completeness" T r i i i r m s l  c reep:  

11 
E' :: n ~ x ~ ( Q / R T )  s i n h ( c o / / ~ )  , 

vhere, for. annealed .type 316 s t a i n l e s s  s t e e l ,  we used: 
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Table A-5 .  Gas Pressure in Pin OS-12, Pos i t i on  7 
A s  a Function of I r r a d i a t i o n  Time 

Plc-Jnim I r r a d i a t i o n  Average Fission Total 
Time Burnup c * S  GLi S Pr2 s s ureb 
(EFPD) a ($J F I U )  Produced ( cm3 1 ( p i a )  

( cm3 ) 

25 0.57 9.2 24.6 167 
50 1.13 18.2 33.0  228 
75 1-68 27.0 42.4 288 
100 2.21 35.7 51.1 34 7 
125 2.74 44.1 59.5 4% 
150 3.25 52.4 67.8 460 

175 3.76 60.6 '75.9 515 
200 4.25 68.5 83.9 570 
22 5 4.74 76.3 91.7 623 
250 5.21 Q4.0 99.3 674 
275 5.68 91.5 106.8 725 
300 6.13 98.8 114.2 775 

325 
350 
375 
400 
425 
450 

6.58 106 . (3 121.4 824. 
7.01 113.0 128" 4 872 
7.44 120.0 135.3 913 
7.86 126.7 142. 1 965 
8 - 2 8  133. L+ 148.8 1010 
8.68 1.3'3.9 1.55.2 1054 

475 9.08 146.3 161.6 109'7 
500 8.46 152.5 167. 9 1140 
525 9.84 158.6 174.0 1181 
550 10.22 L6L. 7 1.80.0 3-222 
575 10.58 170.6 185.9 1262 
600 10.94 1'76. 3 191.5 1300 

aEFPD = Effec t ive  Full Power Days of Reactor Operation - - - MI41 
62.5 * 

bAssuming a cons tan t  plenum volume of 4.98 c1n3 and plenum 
temperature of 8 8 0 ° K  (607°C) ~ 
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A 2.95 x 

Q 110,935 

c = 0.02 

N 6.371 

R = gas cons tan t ,  1.986 cal/g-mole-"C . 
ii = p s i .  

Tne fo-m of t h e  f l u x  eniianced creep  equation'  i s :  

6 = hr-l , 

Q = neutl~ons/cm2-sec, 

u = p s i ,  

(Y'F: , (1.405 - 0.0027 T)  

2 "K 

A = 6.732 x f o r  annealed cladding,  and 

A = 6.%8 x f o r  cold-worked cladding.  

A l l  other sample c a l c u l a t i o n s  have been presented  i n  the tex t .  

Pre l iminary  S t r e s s - S t r a i n  Analysis 

Since no fuel -c ladding mechanical i n t e r a c t i o n  w z s  assumed, w e  

reauced the 0.016-in. wall t o  0.01?'? i n .  by increasi-ng tiit. inner 

radius from 0.109 to 0.1117 i n .  and r c t a i n i n g  the  outer radius of 

0.125 in. 

The 3 t ress  -s'Lrai n - t  iuie re  l a  t i onships w e r c  i n v e s t  i ga tecl f oi- 

t h e  two h ighes t  hea t  ra te  p ins  (subassembly 1-oca t ions  4 9tid 7) by 

c a l c u l a i i o n s  us ing  ihe DEJ@ltM subrouiii ie of t k i c  FMfiDEL code. Thp 

'T. T .  Claudson, I r r a d i a t i o n  Induced Swel l~ ing  and Creep i n  
.-_11-_-.- I_ -.--.- II__ -...l.ll___ 

Fast Reac tor  Materials; BM,-SA-3283 (Ma.y 21, 1970). 
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t o t a l  e f f e c t i v e  fu1.L power operat-ing t i m e  requested is  only 

592 days. However, we chose to c?xi;erid -the operating period T o r  

stress ana lys i s  to 675 days to account for addi.bioxjaL Lime a t  less 
than full power, but when temperatures and stress are high enough 

t o  a f f e c t  cmep tleforrnation. The 675 d.ays were s-ubdivided i n t o  

f i v e  f u l l  power increments of 135 days each; and a ze ro  power 

period o f  25 days was inserted bet-ween each full power increment, 

wi t21  an assumed reactor  coolan t  temperature of -371°C ('700°F). A 

f i n a l  increment of 25 days at 20°C was assurried for subassembly 

d i s m n t l i n g ,  eke. before f u e l  cladding deforrmt-ion can be measul-ec2. 

The a c t u a l  incremental condri.trions used are simurmi-ized in Table A - 6 .  

The cladding r a d i a l  temperature d l f f f e r e n t i a l s  are listed in 

Table A-7  for. the three a x i a l  l o c a t i o n s  investigated on each pi.n. 

These s e c t i o n s  are t aken  from the three extremes of temperature arid 

tewlperature gradient.  

Table A - 6 .  DEF$RM Tnput Pressure Data 

__I- 

Positi.on 7 Pleriuin Power 
Cycles Level Temp Tressure ( p s i )  

r c >  1n i . t i . a l  F i rmi  

1. 

2 

3 

Lr 

5 

G 

7 

8 

9 

10 

F u l l  

Zero 

Ful l  

Ze 10 

Ful.1 

Ze YO 

F u l l  
Zero 

P u l l  

7ero 

607 

3'7 I. 

607 

371 

4 0'7 

3 71 

6 07 

371 

607 

20 

60 

3 06 

A I 8  

569 

776 

533 

1134 

1090 

1490 

616 

41t4 

3 Obi 

776 

568 

1134 

830 

3.490 

1090 

1850 
616 
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Table A-7. Pin  7 Cladding Temperatures 
Used i n  Calcu la t  ions 

Sec t ion  
Lo ca t i on 

Tempera tu  r e  Temperature -.--_.--.I 
Inne r  Ou tcr  D i f f e r e n t i a l  

Surf ace Surf 8 c e ("C) 
("Cj ("C) 

_-- I .-.. .I_.......~I._..- __L__ ....I...111.. ____I 

Bottom of f u e l  433 3 94 39 

Peak h e a t  r a k e  54% 5% 44  

Top of f u e l  649 617 32 

The r e s u l t s  of t h e  DEFfiRM c a l c u l a t i o n s  w i t h o u i ;  f u e l  c ladding  

mechanical i n t e r a c t i o n  O'L" f l u x  enhai;ced c ladding  creep, hiit wi th  

t h e  abnormally high assumed gas p re s su re ,  are  presented  i n  

Table A-8 .  
These c a l c u l a t i o n s  do not  i nc l  ude dimenci m a l  changes i n  

thP c ladding  from fas t ,  f l u x  exposure. These were ca l cu la t ed  

independent ly  f o r  each p in  a t  d i s c r e t e  ax ia l  l o c a t i o n s .  

Effects of Fast Flux on Cladding Volume Changes 

The primary source of clacWLng dimemi-onal changes w i l l  be the  

volume changes i n  the c ladding  mzterial as a -result of f a s t  neutron 

exposure. To determine t h e s e  a t  1 /2- in .  in 'cervals along the  a x i a l  

l eng th  of t h e  fuel., w e  used t h e  fo l lowing  swelling fornula: 

The ternpprature (T) a t  each in'c~rval. was t h e  m a n  temperature  of t h e  

c laddiag  f o r  t h a t  i n t e r v a l ,  a s  deizrrnined by t n e  MAMU h e a t  t r a n s f e r  

a n a l y s i s .  The axial _flux d i s t r i b u t i o n  was based on F ig -  C 5  of t h c  



Table A-8. Stress-Strain Analysis with no Allowance for Fabrication and Corrosior, Effects 

Ezttc;:.l 3f k%el Ueak Heat Rate Tap of Fuel 

GuLer Surfece I n n e r  i-lhrfhce ! h t u r  S a f a c e  I n n e r  S u r f a c e  3uter S u r f  h cr Ir.ner Surface :ate gra t e d  

P . a ? i , ~ s  S t r e s s  Rad;us S t r e s s  Radius S t r e s s  Radius Stress Radius S t r e s s  F.adi,~;s Stress C f C l P  Pine sf Pin  
N w b e  r c1 -t 

( h r )  (12. je (p5;)'D j rn .  ;a ( p s i )  (ic.) (psi)  ( h . 1  (ps i )  (ic.) ( p i )  (in. j ( p s i )  leu 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

7 
7 
-? 
3 

1 3,2iC. 
2 3,840 

7 p 9 3  
L ?,6& 

7 14,SbO 

0 1RI600 
13 19,200 

3 is, Pi3 
6 11,520 

e 15,302 

0.125% 
3.12572 
0.12589 
3.12570 
s. 125"s 
3.1253 
3.12592 
G. 12531 
0.12%' 
0.12336 

14,613 
1,420 

3, c12 
10, ?OC 

lU, 259 
4,613 

23,230 
6,2G3 
22,130 
3,309 

li,,?40 
1,503 
17,140 
3,160 

1'3,430 
4,920 
21, '723 
6,433 
24,003 
3,&3 

$. 1 G 3 9 G  -16,503 
3.10966 1,650 

0.  10266 3,490 
0.10990 -12,410 
'0.10966 5,333 
0.1099i -10,250 
0.13967 7,160 
2.13492 -5?,3.00 
2.10922 ?,e10 

0.13290 -14,593 

3.12605 
0.12528 
0.12607 
3.12579 
0.12609 
0.125E1 
0.12612 
0.1258L 
0.12616 
3.12513 

0. ocm13 
3.10 

0.12623 
0.12579 
c. 12526 
0.12551 
2.12630 
S.  12565 
3.12ti3b 
0.  125a1 
0.12w 
0.12523 

15,865 

3,000 
20,490 
i ,  590 

i,422 
16,550 

22,410 
6,170 
24,310 

3,282 

l?, 940 

ZU, 223 
1,490 

3,1'+1 
22,433 
4,773 
24, 5'0 
6,:W 
26,620 
3 , i 52 

0 .1 lCWt  
0. 10967 
0.11225 
0. 13967 
e. 11905 
0.13963 
3.11306 
0.10968 
3.11007 
0. i3933 

-12,830 0.12621 
1,650 3.12571 

-11, om 0.12i.22 

5,333 G.125EO 

3,49C 0.125'79 
-3: 81 0 0. 1262i  

-6,630 C. 12626 
7,173 0.12553 
-4,452 3.12630 
3,%& 0 . l i S l l  

*-, 150 5.22653 
1,733 c. 125r':? 

-6,563 0.126t3 
3,600 2.12593 

-3.835 c,  12682 
5,430 2.12612 
-13 3.12'712 

f?, 1ss ' 3 . 1222  
4,560 3.12756 
3,?i0 3.12Cl1 
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Guide. The peak f a s t  f l ux  f o r  a pid ia subassrmi3ly Position 1 @as 

ca lcu la t ed  a s  f o l l o w s  : 

_I_.- 

From t h r  Guide: Peak fission r a t e  for 239Pu = --- 
0.?74 X I .CI’~ f i s s i o n s / g - s e e  at, 50 MW. 

Prom a physics anal-ysis  or ’ h e  E3R-11, we had detelinined a n  e f f e c t i v e  

f i s s i o n  cross section f o r  239Pu i . ~ r  Row 6 of 1.77 barns ,  t.hus sett ; ing: 

Since t n e  fl-ux w i t h  energy Srna ter  t h a n  0 .1  Mev i s  r e p n ~ t e d l y ~ ’  87$, 

we used a peak flux of 1.887 x lo1 f o r  LIE pin i n  subasse ,hl y P o s i t i o n  1. 

T n j s  a g r c ~ ~ ~ s  well with t h e  curves on pages GO and 61 o f  t h e  Guide. 

Th? f lux at all other pin 1ocaLions was r a t i o e d  i n  accordance wi-th 

t h e  fission rat(-  decrease i n  going fro!:i P o s i t i o n  1 t o  P o s i t i o n  37 

The r e s u l i , ~  oi” t h L  c l a d d i n g  volume chang? calculations a r e  given 

i n  Table A-9 .  The r i a x i m i x i  clang? i n  diameter from the change i n  

c ladding a e n s i t y  i s  3.4% in thc pcak f lux  regions.  To t h i s  m u s t  be 

arldcd the 0. /,$ f o r  c reep  <ief 01 mt,i OD c a l c u l a t e d  by tire pi e l i rninary 

s t r e s s  analysis t o  yield. a, peak measurable change i n  diameter of 3.8% 

Tor the peak flux posttion of  pins i r r a d i a t e d  t o  [;he maximm biwniip 

l e v e l .  



Table A-9 

The fol lowing t a b l e s  are the  computer output 

Tor each p in  showing the ca lcu la ted  end-of-l ife 

volume and diameter changes f o r  t he  cladding 

mater ia l  a s  a r e s u l t  of f a s t  neutron f luencc .  

E a ~ h  pos i t i on  i s  a one-half-inch length of cladding 

beginning a-f, 1;he bottom of the  fue l ed  see t imi  (3) 
and terminating a t  the top  of t h e  f u e l  colurnri (35).  
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ORNL Quality Assuxance Specif icat ions and Froceduyes 

1.. 

MET-FCT-E'&-1. Fabrication and. Quality Assur%.nce Plan, 
Series  11: Pins (EBR-IT) 

Tubing for Cladding 

2. End F i t t i n g s  

a .  Procurement Specif icat ions 

MFXC-NTJJT-~ Tentative Methods f o r  Liqutd-Penetrant Inspec'r,ion 

b!E'I'-ER-4. 

IaT-FH-3 

Ten.tative Specif icat ion for .the Ultrasonic 

Specification f o r  Inconel X Springs for (u',Pu)02 
Fuel Rod E;xbensorneters, Purchase Requisit ion 1V-I455 

Inspection of? Metal Tubing 

b. Tnspeetion and Testing Procedures 

MET-FCT-TS-5 Procedure f o r  Visual Lnspeetirsn of Incctming 
Metal1i.e Materials 

MET-FCT-TS-9 Use of Dermitron with Chart Recorder 

MCJ:-F'CT-TS-1.0 Procedure f o r  Ulkrasonic W a l l  Thickness Mea- 

MET-XDT- 13 Inside Diameter Measurements of" Tubiw by 

ORNL Inspection Engineering Standards, Section 5 - 1Jltrasonic 

sinrement of S ta in less  S t e e l  Tidoing 

Eddy Currents 

Testing 

e.  Reports 

MAT-19- 

MAT-19- 

MAT-20- 

MAT-20- 

Photomicrographs of Tubing ami Zn.d F t t t i n g s  (Fig.  Be 1) 

Cer t i f ica t ion  of Tests - The Carpenter Steel. 
Company (dated 1%/12/6S and 2/27/69 1 

Material Report C K - 1 9 - 1  - Summary of OPITL Analyses 

Tes t ,  Report - Cru-cibLe Steel. Company o f  America 

Material  Report CH-20-1 - S u m - x y  of ORNT, fQm,l.yses 

(da%ed 2 /24 /49 )  

3 .  Welds of End Fittings t o  Cladding Tube 

a. Weldi.ng Procedure 

MET-FCT- PP-7 General Welding Procedure f o r  EBR-TT, Ser ies  11 

MET-FCT-PP-7-1 Bottom End Plug Weld 

MET-PCT-PP-7-2 

MZT-FCT-PP-7-3 

Capillary to Top P l i ~ g  Weld 

Top End Plug t o  Clad Welding 
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Fig .  B . l .  Photomicrographs of Tubing and End Fi-t t ings.  ( a )  Pase 
meta l  c ladding tube; (b) base metal  end pluge  



3 (a) Continued 

MET-FCT-PP-7-4 Capil.lsrgr Edge Weld 

MET-FCT-PP-7-5 Top Rnd Cap bo Tup End Plug Weld 

MET- Evr - OP- 9 Phel. P in  Welding 

c .  Photomicrographs of Qual i f ica t ion  Welds on W - 1 ,  W-2, W-3, W . 4 ,  
and ~ - 5  (F ig .  ~ . 2 )  

e .  Surrrmary of Weld. Repairs 

4 .  Keliuxn Leak Testing 
b. Procedure. OWTI, Inspection Engrineeriag Standart-ls, Sect.ion 7. 

5. Xenon T a a  Insertion 

Procedine f o r  I n i t i a l  Loading of’ Xenon and 

Procedure for Subsequent Loading of Xenon 

Data Sheet for Measuring Fuel Pin  Free 

Xenon Tagging Calculation Work Sheet No, 1. 

Xenon Taggjcq Calculation Work Sheet No. 2 

Data Sheet f o r  Loading Xenon and HeIilan 

I ie l iwn in to  > k l l r l  Rods 

and Helium rivlto Fuel. Rods 

V o l u m e  ( XE- I) 

i n to  b>.eI  ins ( x E - ~ )  

8. Dimensional Inspections 
a .  Procedures 

MET - FC T- TS - 6 Length Meesuremest of Finished Fuel Pins 

1WT- FCT- TS - 7 Ou-Lsi.de Diameter Measurement of Finished 

TmT- FC T- TS - 8 

mle l  Ptns 

Method for Measwing T o t a l  Tndimted Rmmt 
of Firrished. FUel Pins 

MET- FCY- TS - 1. Micrometer Stsnd.ardizaLinn 

9 .  Fuel. Element Weinh.ts 

a.  Procedures 

MET - FCT - TS - 2 
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(e 

Fig. 8-2. Photomicrographs of Qualification Welds. (a) Weld W - 1 ,  
75X. ('0) Weld W-2, 75X. ( c )  Weld W-3, 75X. ( d )  Weld W-l-? 1OOx.  
( e )  Weld Td-5? 75x. Reduced 34%. 
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Fuel Rod OS-2, OP-3, OP-5 - minimum w e l d  irhickness r' 1 T, rewelded by 
procedure MET-FCT-FF-7-1; visual, radiographic, dye-penetrant, and helium 
leak check inspection. Weld met; all requirements of specification. 

Fuel Rod C'S-8, OP-2, OF-4 -- excessive w e l d  buildup on diameter by visual 
inspectSon; rewe.lded by procedwe MET-$Y:T-PP-7-3; visual, radiographic, 
dye-penetrant, and helium leak check inspeetion. Weld met all requise- 
ments of specification. 

Fuel Rod OS-ll, OP-6 - minimum weld thiekr~ess < 1 T, rewelded by 
procedure MET-FCT-PF-7-3; visu81, radiographic, dye-penetrant, and 
helium leak cheek inspection. Weld met all requirements of 
spec if ieat ion. 

Fuel Rod OP-3-, OS-7, OP-4, OS-12 - depth of penetration < 1 T, rewelded 
using procedure bET-FCT-PP-'I-5 ; visual, radiographic, dye-penetrant, 
and helium leak cheek inspection. Weld met, requirements of specification. 

fie1 Rod OP-3 - weld meter showed only 4-5 amperes; cold weld; weld 
repassed using procedure MET-PCT-7--5 at proper current; visual., radio- 
graFhic, dye-penetrant , a n d  ' n e l i m  leak check inspection. Weld met 
requirements of specification. 

S m m ~ y  of Welds Repaired on EBR-I1 ,Fuel Rod 
Fuel Rod 

05-2 
OP- 3 
OP- 5 
OP-4 
OP-2 
OS-6 
or- 1 
os -7 
OS-12 
os- 11 
OP- 6 

I 

Weld 
~~ 

w- 1 
w-1, w-5 
$4- 1 
w-3, w-5 
w- 3 
w- 3 
w- 5 
w- 5 
w-5 
w-3 
W- 3 
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~ocllment Reference Sect ion  
1:abors-h ory Re c or!ls 
Laboratory Records, OmZ-RC 
ORNL F: ai; en t  O f f  i. ee 
E. E. Bloom 
w. n. 9nnd 
R.  A .  Hrad1.e~ 
3 .  E.. Urooksbank 
K B . &r:~~m 
J .  Me Cjntzndler 
S. D. CI.inton 
Js 3.  Coobs 
F. L. ChlIer 
D. I?. Cuneo 
J .  E.. Cunningham 
31. G .  Duggan 
D. A.  Dys1.j-n 
D. E. Ferg?l.aon 
X. R. F i t t s  
J. H Frye, Sr. 
w* I). X a m s  
M. R. I-Iill. 
F. J. Womn 
A. R. It-vine 

52. J. M. Le-itnakm 
53. I?.. E. Leuze 
5 4 .  E. L. Long, <Jr. 
5 5 .  A. L, L o k t s  
56. E. J. Ma.nthos 
57. J'. P. IvIcBri.de 
5 8 .  R. W. MeCI.inng 
5'3. W. T .  Mclkffie 
60. 13. L. b k E i r o y  

66. P. Patriarca 
67. W. H. Pe~1:ti.n 
68. M. K. Preston 
59. C. F. Sanders 
70. J. L. S c o t t  
71. J. D. Sease 
'7%. D. B. Tra.i-ger 
7 3 .  $7. D. Turner 
76. W. E. iJnger 
75. T. I!$# Washburn 

"7'7 , R. G . Wjm.er 
78.  A. F. %uLliger. 

4 1 - 4 5 ,  A. I?. Ol-sen 

76.  J .  R. Weir, Jr. 

Director 
Assistant Director, ProJeeZ; Management 
Assistant Director, Reactor Technology 
A s s i s t a n t ,  .D2rector, Plant Engineerlncr, 
Ass istanl Director, Reactor Engineering 
Assistant Director, Nuclear. Safety 
As sis tuut; Eirector ,  Program Analysis 
Assistant Director, EngZneering Standards 
Chief, Fiiels and Mateyi.a1s Branch 
Chief, Fuels Engineering 8rancb 
Chief, (:;as Cooled Projects Brs.ncti 
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AEC DTVUSION OF REACTOR DEVELOPMETTT ABD TECHPSOLGY, Washington, DC 
20545 (continued) 

93. Chief', Liquid Metal Projects Branch 
9k+- EBR-I1 Program Manager 
95. J,MJ?BR Pmgram Manager 

AEC D3:VESION OF REACTOR LICENSTRG, Washington, DC 20545 

96-98. Di.reetou. 
AEC D I V I S I O N  OF RUC' l 'OK S'TANIIARI)S Washington, DC 205A5 

99---100. D i r e ~ t ~ r  
MC D I V I S l O N  OF TECIWKAL INFOFNAT'PON EXTENSION, P. 0. Box 62, Oak Ridge, 

TR 37630 

1.C)l--k02. Dimetor  

AEC NEN- 'YOHK OPEiWTIOflS OFFICE, 376 Hudson S t r e e t ,  New York, NY 10014 

103-1M. Developnent Contracts Divis toti 

AEC OAK R I E E  OPERATIOIVS OE'FICE, P.O. Box E, Oak Ridge, TIN 37630 

105. I,aboratory and lJnivers i t y  Division 

AEC SAN FRANCISCO OPERATIONS OFFICE, 2111 Raneroft Way, Berkeley, CA 94704 

3.06. E. C. Shute 

,UC SENlOIi S ITE REi'TUSEW!AATTVES 

107. Argonne National IAboratory, 9700 S .  Cass Avenue, Ail-gonnc, TL 60439 
108. Argonne National. Wooratorjr, P.O. Box 2108, Idaho Falls,  I D  834-01 
109. Oak Ridge rJationa3- Laboraixry, P.Q. Box X, Oak Ridge, TN 37830 

ARGOfiWE NATIONAL TABOXATOHY, 9700 S. Cass Avenue, ,4rgome, I L  604.39 

ll&lll. Director,  EBR-I1 Projec t  

113-L27. Experiiiienkal Manager, EBR- I1 Pro jec t  
128-129. B.X.T. Frost 
1.30-131.. IrradiaJkion Coordinator, EBR-I i  P ro jec t  
132-138. R .  C .  Vogel 

112 .  Director, T,MFBH Progr&m Office 

ATOMICS I:NTEIU$ATEONAL, P. 0. Box 309, Canoga Park,  CA 91304 

1.39. H. F e a r b n  
14-0. s. Sjege1 

ATOMIC POTNER DEVELOPMENT ASSOC'LATES, IINC., 1911 F i r s t  Street, Det ro i t ,  MI 
4,8226 

141 . A. A. ShGildy 

MBCOCK 8~ WILCOX, Research and Development Division, All.ianee, OH 44601 

142. 1-1. 11. Poor 
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B4WC0CI( 8~ WTLCOiT, Pmer Generation Division, Ly-nchburg, VA 24505 

143. H. S .  
144. M. W. 

146- c. R. 
147. R. s. 
149. R. A. 
150. B. W. 

1[+5- S .  H. 

l r d .  E .  C .  

Barringer 
Croft 
Esleeck 
Johnson 
Kings l e y  
Moncrief 
Webb 
-Whi t  aker 

MBCOCK & WILCOX, R e s e a r c h  and Development Division, Lynchburg, VA 24505 

151. C .  J. 
152. W. N. 
553. A. H. 
1%. R. v. 
255. E. H. 
E6. T. c. 
157. L. 5. 
158. 1,. B. 
159. E. N.  
160. J. M. 
161. E.  J. 
162. E. D.  

I3aroch 
Bishop 
13r ems e r  
Car 1s on 
Dewell 
Engelder 
F'errell 
Gross 
Harbinson 
Kerr 
Kos ianeic 
Lynch 

COMHJSTZOfl ENGTNEERING, INC. ,  Prospect H i l l  Road, Windsor, CT 06095 

163. W. P. Chernock 

GENEFAL ELECTRIC COMPANY, Breeder Reactor Development Department, 
310 DeGuigne Drive, Sunnyvale, CA 94086 

104-165. E. L. Zebroski 
GULF GENERAL ATOMIC, I N C . ,  P.O. Box Ill, San Diego, CA 921l2 

1%. J .  Lindgren 
167. R. F. Turner 

HANFORD ENGINEERI-BG DEVELOPMENT LABORATORY, P.O. Box 1970, Richland, WA 
99352 

l_r',%-l69. W. E. Roake 

LOS A M O S  SCIEWJFIC LABORATORY, F.0. Box 166.3, Los Alarnos, NM 87544 

170. R. D. Baker 

NUCLEXR FUEL SERVICES, I N C . ,  Erwin, TN 37650 
171. E r i k  Pedersen 

UNITED NUCLEAR CORPORATION, 5 New Street, White Plains, NY 10601 

172. A .  ~trasser 

TiESTINGWOUSE ADVANCED REACTOR DIVISION, Waltz M i l l  S i te ,  P.O. 3ox 158, 
Madison, PA 15663 

173. P. Murray 




