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I LEGAL NOTICE 

T h i s  repor t  w o s  prepored a s  on  uccour i t  of Government sponsored work. Nei ther  the Uni ted States, 

nor the Commiss ion,  nor a n y  per' ion a c t i n g  on b c h o l f  o f  the Commiss ion:  

A. Makes any warranty  or representat ion,  expressed or implied, w i t h  r e s p e c t  t o  the accuracy,  

completeness, or u s e f u l n e s s  o f  the in format ion conta ined i n  t h i s  report,  or t h a i  t h e  use  of  

a n y  information, apparatus, method, or p r o c e s s  d i s c l o s e d  i n  t h i s  repor t  may not  in f r inge 

p r i v a t e l y  owned r i g h t s ;  or 

B. A s s u m e s  any l i a b i l i t i e s  w i t h  respect  t o  the use of, or for domages r e s u l t i n g  f i o m  the use of 

any in format ion,  opporatus, method, or process d i s r l o s e d  i n  t h i s  report.  

A s  used i n  the obove, "peraon a c t i n g  on behal f  o f  the Commiss ion"  i n c l u d e s  on) Bmployee or 

contractor  o f  t h e  Commiss ion,  or employee of  such controctar ,  t o  the e x t e n t  that  such employee 

or cont ractor  o f  the Commiss ion,  or employee of  such contractor  prepares, dis:;eminates, or 

prov ides a c c e s s  to, any  in formal ion pursuant  t o  h i s  employment  or contract  w i t h  the Commiss ion,  

or h i s  employment  w i t h  such c o n k a c t o r .  
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FABRICATION AND PREIRRADIATION INFORMATION ON VIBRATORILY COMPACTED 
Th02-UO2 FUEL RODS FOR EXPERIMENTS ETR-I AND MTR-I11 

A. R .  Olsen S. A. Rabinl 
J. W. Snider2 W. S .  E rns t  

J .  W .  Tacket t  

ABSTRACT 

A s  p a r t  of  our Thorium Ut i l iza . t ion  Progra,m, t h e  i r rad ia . -  
t i o n  beha,vior of powder pa.cked so l -ge l  thoria.-ba.se f u e l s  i s  
being eva.lua.ted. 
f ab r i ca t ed  and then i r r a .d i a t ed  i n  the  ETR and MTR process 
water a% very high therma.1 ra . t ings.  

Ten capsules  conta,ining Th02-5.?% U02 were 

The pr inc ipa , l  fabr ica . t ion va,r iable  considered wa,s t h e  
g e l  ca.lcining a,tmosphere. The oxide f o r  t he  va.rious rods 
wa.s f i r e d  i n  A d %  H 2 ,  a i r ,  o r  ni t rogen.  A l l  of t he  ca.p- 
su l e s  i r r a d i a t e d  conta.ined a. t e rna ry  pa , r t i c l e - s i ze  d i s t r i -  
bu t ion  except for one b inary  with a i r - f i r e d  ma,teria.l.  

T h i s  memorandum descr ibes  t h e  fabr ica , t ion  of t h e  
ca.psules a.nd presents  pe r t inen t  preirra .dia . t ion da.ta. a.nd 
predic ted  i r r ad ia . t i on  condi t ions.  1 r ra .d ia t ion  s ta . r ted  
during t h e  l a t t e r  pa.rt o f  1963. The MTR specimens a.re op- 
e r a t i n g  a,t a.n estima.ted peak l i n e a r  hea.t r a t i n g  of 
85,000 Btu h r - I  f t - l ,  and t h e  intended peak burnup i s  
100,000 Mwd pe r  metr ic  t o n  of meta.1. 
which were discha.rged i n  May 1964, ran  a t  an est imated 
peak hea,t ra , t ing  of  149,000 Btu hr-I ft-’ t o  an estima.ted 
peak burnup of 22,000 Mwd per  metr ic  t on  of  metal .  

The ETR specimens, 

INTRODUCTION 

Two of the ob jec t ives  of  our  so l -ge l  oxide i r ra .dia . t ion program ase  

t o  determine whether cha.nges i n  t h e  processing s t eps  have benef ic ia , l  o r  

detrimenta.1 e f f e c t s  on t h e  i r r a .d i a t ion  performance and t o  lea,rn t h e  maxi- 

mum performance cha ra , c t e r i s t i c s  of t h e  v ib ra , to r i ly  compacted so l -ge l  f u e l .  

Accordingly, a. s e r i e s  of  i r ra .dia . t ion experiments w a s  designed t o  h e l p  

resolve these  quest ions.  

‘Now at Genera,l E l e c t r i c  Company, Atomic Power Equipment Depa.rtment, 

2Chemica.l Technology Division. 

Sa.n Jose,  Ca. l i f .  



2 

The standa,rd ca l c in ing  a.tmosphere i n  the  so l -ge l  :process i s  Ar-4% H2.  

We would l i k e  to r e p h c e  t h i s  ga.s w i t h  one t h a t  i s  more amdamptable to re -  

mote fabr ica . t ion ,  namely a , i r  o r  n i t rogen .  Hence, we evaluated the  in -  

f luence of f a b r i c a t i o n  a,tmosphere. 

Since te rna , ry  pa . r t ic le -  s i z e  d i s t r i b u t i o n s  usua, l ly  r e s u l t  i n  higher  

powder-:?a.cked d e n s i t i e s  than b inary  d i s t r i b u t i o n s ,  they  a.re more widely 

used. However, we obta.ined sa , t isfa ,c tory d e n s i t i e s  with a. b inary  fra .c t ion.  

Since t? is  s impl i f i e s  t he  process ,  we decided t o  i r ra ,d ia , te  a. f u e l  rod 

1oa.ded .CyTith a. bina,ry d i s t r i b u t i o n .  

F ina l ly ,  with t h e  emergence of a sta,nda.rd reproducible  product a.nd 

some understa.nding of t h e  performance of powder-packed f u e l s ,  we wished 

t o  def ine  t h e  l i m i t s  of t he  v ib ra , to r i ly  compa,cted so l -ge l  oxide a.s a, 

nuc1ea.r fuel. Thus, we se l ec t ed  hea,t ra , t ings  t h a t  would t r u l y  push t h e  

so l -ge l  fuel; i n  f a c t ,  t he  ETR specimens were designed t o  opera.te with 

a. molten c e n t r a l  region.  This repor t  descr ibes  t h e  f a b r i c a t i o n  of these  

capsules ,  including s a l i e n t  p r e i r r a d i a t i o n  measurements a.nd data.. 

GENERAL DESIGN AND MATERIALS 

The design of t h e  i r r a d i a t i o n  capsule  i s  shown i n  Fig.  1. Seamless 

type 304 s t a i n l e s s  s t e e l  tubing, 7/16 i n .  diam x 0.025 i n .  wal l ,  was used 

a s  t he  cladding f o r  t he  rods.  The ma te r i a l  met t h e  requirements of 

ASTM A-269-61T and passed dimensional, visuaL, f l u i d  pene t ran t ,  and u l t r a -  

sonic inspec t ion .  Chemical analyses  and mechanical p rope r t i e s  of the 

tubing a s  reported by the  vendor a re  l i s t e d  i n  Table 1. 

The plenum a t  t h e  top  of each f u e l  rod contained Fiber f rax4  wool. 

Approximately 0.2 g of t h i s  ma te r i a l  was packed i n  t h e  t o p  end of each 

tube.  The Fiber f rax  holds t h e  oxide powder i n  p lace  during handling, 

provides space f o r  expansion, and serves  a s  a s i t e  for c o l l e c t i o n  of 

f i s s i o n  gases.  

311nspection Engineering, Request No. 4243. 

‘ F i b e r f r a , ~  i s  a. product of t h e  Ca.rborundwn Compa.ny. 
of equal  qua .n t i t i es  of A1203 and Si02 p lus  about 4% Z r O 2  a.nd w i l l  not 
melt below 1760°C. 

It i s  composed 
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- m u  - & - - 7 I r L z - s -  1;5; 

V I B R ATORY COM PAC T ED 

FIBERFRAX ’ 
TOP END PLUG 

( 3 0 4  STAINLESS STEEL) 

7/16 OD X 0.025 WALL 
TYPE 304 STAINLESS 
STEEL TUBING 

\ 
~ E D G E  FUSION ( WELD 

BOTTOM END PLUG 
(304 STAINLESS STEEL) 

0.037 * 0.005 

t 
ID OF TUBE 
PLUS 0.0005 

I 
0.025 2 0.001 I 

F-- 
0.4375 k 0.005 NOTE : 

ALL DIMENSIONS ARE IN INCHES 

Fig. 1. Th02-UO2 Fuel Cycle Capsule f o r  MTR Group I11 a.nd ETR 
Group I I r r ad iak ions .  

The end plugs were ma.chined from preinspected type 304 s t a . i n l e s s  

s t e e l  ba.r s tock.  The ana lys i s  of t h i s  ma.teria.1 i s  given i n  Table 1. 

The ca.psules were fue led  with Th02-5.7$ U02 (93% enriched i n  235U) 
powder t h a t  ha.d been prepa.red by t h e  Oak Ridge Nationa.1 Laboramtory sol-gel 

process. 

and ea.ch f ramet ion  w a s  ca,lcined i n  a, d i f f e r e n t  atmosphere t o  produce t h e  

ind iv idua l  ba,tches of f u e l  pa . r t i c l e s  designa,ted Sol-Gel Batch 35-1, 35-2, 

a.nd 35-3. Figure 2 i s  a, flow sheet  of t he  s p e c i f i c  process used i n  pre-  

pa,ring Ba.tch 35. The screen analyses of t h e  va.rious a .s-f i red f r a c t i o n s  

a re  l i s t e d  i n  Table 2. The i so top ic  ana lys i s  of t h e  ura.nium i n  t h i s  

ma te r i a l  wa,s taken from Isotope Analysis Report No. 9, Run Nos. 231 and 

232, i s sued  Feb. 17, 1965: 

5.91% 2 3  %. 
t he  calcined oxide was crushed, mi l led  with porce la in  b a l l s ,  a.nd sepa.ra,ted 

A s ing le  ba tch  of sol was divided i n t o  t h r e e  sepa.ra.te f r a c t i o n s  

0.972% 2 3 4 U ,  92.92% 235U, 0.191% 236U, a.nd 

Before the  var ious f r a c t i o n s  were v i b r a t o r i l y  compa,cted, 



7a.ble 1. Chemical Analyses and Mechanical P rope r t i e s  of 

t h e  S t a i n l e s s  S t e e l  Components 

- 
Tubing a, End-Camp Stockb 

- 
Chemical Analysis,  - 

C ,arbon 

M,mga.ne se  

P:hosphorus 

Sul fur  

0.060 0.08 
1.62 1.64 
0.017 0.014 

0.011 0. e24 
Molybdenum e. 02 

C oppe r 

S i l i c o n  

Chromium 

Nickel 

C oba.l t  

I r o n  

0.06 
0.47 0.82 
18.26 19.54 
9.38 8.69 

0.036 
b a.1 anc e b a.1 anc e 

- Mechanical P rope r t i e s  

Ultimate t e n s i l e  s t rength ,  p s i  92,600 

(3.2% Yield s t r eng th ,  psi  40,000 

Elongation, $ i n  2 i n .  62 
- 

"?lube Methods, I n c . ,  Spec i f icamt ion  ASTM A-269-61T, type 

bAssociated S t e e l  Company, Spec i f i ca t ion  ASTM A-276, type 

304 seamless s t a i n l e s s  s t e e l ,  heart W94131. 

304 s t a r in l e s s  s t e e l ,  hea t  8216, 11/16-in. - d i m  CG ba.r. 

i n t o  t h e  necessary p a r t i c l e - s i z e  ranges t o  provide t h e  p a r t i c l e  s i z e  

d i s t r i b u t i o n s  used i n  the  loadings.  

of var ious s i z e s  from a l l  t h r e e  f r a c t i o n s  a s - f i r e d  and a f t e r  crushing 

a re  l i s t e d  i n  Table 3. 

The c h a r a c t e r i s t i c s  of t h e  p a r t i c l e s  

Since t h e  p r i n c i p a l  purpose of t hese  experiments i s  t o  eva lua te  t h e  

e f f e c t s  of ca l c in ing  atmosphere on t h e  f u e l  behavior,  we measured t h e  

q u a n t i t i e s  and compositions of gas re leased  by t h e  ma te r i a l  on heat ing.  

I n  each experiment, t h r e e  samples of gas were c o l l e c t e d  a s  t h e  oxide 
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SUPERHEATED STEAM, - 

5 

4 H  0 AND STEAM DENITRATION 

6 1/2 hr to 450°C 
2 

ORNL DWG 65-6219 

U02(N03)2 + H N 0 3 -  

(3% URANIUM) 

AMMONIUM DIURANATE - 
+ N H 4 0 H  (2% URANIUM) 

. 

- 
Tho2 DISPERSION 

-8O"C, 1/2 hr 
ADDED NO-JTh MOLE RATIO =0.077 

i 
1 

URANIUM ADSORPTION,. 
-80°C, 1/2 hr 

ADDED NHd+/Th MOLE RATIO = 0.017 

35- 1 

H N 0 3  

35-3 

I d H * O  

35-2 

APPARENT p'H=3.7 r d 

SOL DRYING 

-8O"C, 4 hr 

RESOLLING 
w8OoC, 1/2 hr 

HEAT TO 500" AT 100"C/hr IN AIR -----------------_-- 
HEAT FROM 500°C TO 1150°C AT 300"C/hr IN AIR 

SOL DRYING 
480°C, 48 hr 

SOAK AT 1150°C 
4 hr IN AIR 

COOL TO ROOM 

EMPERATURE IN AIR 

35- 1 

SOAK AT 1150°C 
4 hr IN 96% Ar-4%H2 

SOAK AT 1150°C 

COOL TO 400OC 

TEMPERATURE IN Ar 

COOL TO ROOM 

I TEMPERATURE IN A 

35-2 
i 35-3 

Fig.  2 .  Flowsheet f o r  Prepamt ion  of Sol-Gel Ba.tch 35, Containing 
5% U (Fully Enriched) .  
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Table 2. Screen Analysis f o r  A s -  

Calcined Ba,tch-35 (U,Th)Oz 

Content i n  Fra.ction (%) 

+16 -16 +35 -3 5 
Ba,tch 

~ ~~ 

35-1 94.94 4.14 0.93 

35-2 90.93 6.52 3.17 

35-3 83.29 10.09 6.62 

wa.s hea.-ted, comprising ga,s c o l l e c t e d  ak up t o  400"C, t h a t  c o l l e c t e d  from 

400 t o  !300"C, a.nd t h a t  c o l l e c t e d  from 800 t o  1200°C. 

t h e  gas-relea.se data, as a func t ion  of  tempera.ture range and p a r t i c l e  

s i z e  f o r  t h e  d i f f e r e n t  ba.tches, both a.s-calcined and a f t e r  crushing and 

gr inding .  

Appendix A g ives  

Although t h e r e  i s  no c1ea.r c u t  co r re l a , t i on  with sur face  a.rea, t h e  

amount of gas relea.sed gene ra l ly  increa.sed with increa.sing su r f  a,ce a.rea.. 

The p r i n c i p a l  d i f f e rences  caused by t h e  caLcina.tion akmosphere i n  ga.s 

r e l e a s e  from t h e  a,s-calcined oxide w a s  i n  t h e  quan t i ty  of oxygen, a.nd t h e  

oxygen-to-ura,nium ra , t i o s  a.re i n  agreement w i t h  t h i s  observation. 

t h e  cozrse  p a . r t i c l e s  e s s e n t i a l l y  l e f t  t h e  ga.s relea.se unchanged o r  s l i g h t l y  

reduced.. 

rega.rdl.ess of t h e  ca.lcining atmosphere , perha,ps because t h e  prolonged 

gr inding  of t h i s  m a t e r i a l  was done i n  a i r .  Deta.iled co r re l a , t i on  a,ttempts 

on t h e  l i m i t e d  number of  samples represented here would not be i n  order  

a.nd could be misleading. We s h a l l  compare t h e  da,ta. with t h e  ga.s relea.se 

q u a n t i t i e s  and compositions a , f t e r  i r r a , d i a t i o n  i n  an e f f o r t  t o  f i n d  a,ny 

s i  gni  f !.e an t  d i  f f e renc e s . 

Crushing 

However, a U  t h e  f i n e  ma,terial  relea,sed grea.ter t h a a  0.3 cm3/g 

CAF'SUL;E FABRICATION 

"lie t h r e e  ba,tches of oxide were used t o  1oa.d 14 ca,psules. Tubes 

7/16 i n .  OD x 0.025 i n .  w a l l  x 12 i n .  long were f i l l e d  by vibra , tory com- 

pac t ion  t o  a. f u e l  l eng th  of approxima.tely 1% i n .  Because deep surfa.ce 
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Table 3. Prope r t i e s  of  Sol-Gel Ba.tch 35 (235U,Th)02 

C ompo s i t  ion Va,ri a,t ion 
BET Surfa.ce Oxygen-to- Ca,rbon Toluene Residue o f  

Area. Uranium Content Density A 1 2 0 3  from 
( m 2 / g )  Ra.tio ($) ( g/cm3) Disso lu t ion  

Ba,tch Screen 
Number Fra.ction U Th Devia.tion i n  

($1 (4) Uranium 

35-1 +16 5.07 82.46 
-16 +35 5.06 82.96 
-3 5 5.02 83.08 

35-2 +16 5.13 83.36 
-16 +35 5.04 82.51 
-3 5 5.11 82.84 

35-3 +16 5.01 83.68 
-16 +35 5.05 83.11 
-3 5 5.10 83.00 

35-1 -6 +16 5.17 83.90 
-50 +140 5.15 83.73 
-200 4.98 81.04 

35-2 -6 +16 5.06 82.11 
-50 +140 5.05 82.79 
-200 5.01 79.94 

35-3 -6 +16 5.17 81.81 
-200 4.98 78.88 

As-Calcined 

+O. 66 0.003 2.392 
+O. 82 0.006 2.465 
-0.01 0.006 2.511 

+0.33 0.002 2.034 
-0.16 0.007 2.043 
+0.36 0.052 2.061 

-4.56 0.002 2.174 
+2.41 0.008 2.190 
+2.28 0.060 2.193 

A f t e r  Crushing and Comminution 

+o. 08 0.027 2.361 
-0.10 0.24 2.382 
-0.16 0.57 2.429 

-0.28 0.004 2.023 
-1.28 0.034 2.038 

0.82 2.046 +l. 43 
0.005 2.140 
0.79 2.204 

9.94 

9.91 

9.99 

0.023 
0.011 
0.007 

<o .002 
0.003 
0.012 
0.002 
0.015 

No 
No 
NO 

NO 
No 
No 
No 
No 
No 

No 
Ye s 
Yes 

No 
No 
Y e  s 

No 
Y e  s 

4 

a. Screened Fra.ction U/Th Mole Ra.tio - Weighted Avera,ge of Batch U/Th Mole Rakio 
Weighted Avera.ge of Ba.tch U/Th Mole Ra.ti.0 
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scra , tches  were introduced during fabr ica , t ion ,  t h i s  f i r s t  group of speci-  

mens ha.d t o  be dismantled, and t h e  f u e l  wa.s revibra . ted i n  new tubes .  

Nevertheless,  t o  show t h e  e f f e c t  of re fabr ica , t ing  t h e  f u e l  we s h a l l  de- 

s c r ibe  t h e  f a b r i c a t i o n  of t hese  capsules .  I n i t i a . l l y ,  a, bottom end plug 

wa.s tungsten-arc  iner t -ga.s  fus ion  welded t o  ea,ch of 22 cut- to- length 

tubes,  from which t h e  b e s t  14  were se l ec t ed  a,nd t h e  o the r s  were he ld  i n  

reserve Helium leak-check, l i q u i d  penetra.nt ,  a.nd ra,diographic inspec- 

t i o n s  were performed. 

An appropria, te quant i ty  of f u e l  was poured i n t o  ea.ch capped tube.  

A t e r n a r y  p a r t i c l e - s i z e  d i s t r i b u t i o n  wa,s used i n  twelve of t h e  ca,psules 

and a b-ina.ry f r a c t i o n  wa.s used i n  the  o ther  two. The f u e l  wa,s compa.cted 

i n i t i a l l y  on a. NAVCO-BH-l+ pnewna.tic vibra , tor  during f i l l i n g  and f ina . l l y  

on t h e  Bra.nford Variable  1mpa.ct Vibrator .  

some of t h e  phys ica l  c h a r a c t e r i s t i c s  of t h e  ca,psules a.re l i s t e d  i n  

Table 4 .  Conclusions concerning t h e  dependence of bulk dens i ty  on ca.1- 

c in ing  a,tmosphere should not be i n f e r r e d  from t h e  da.ta,because t h e  com- 

pa.ction process wa,s termina.ted when t h e  minimum intended dens i ty  of 

8.8 g/cm3 wa.s s l i g h t l y  exceeded. 

rods were outgassed i n  va.cuwn a,t 1100°C f o r  about 0.5 h r .  

end plL;.gs were fus ion  welded t o  t h e  tubes i n  a.n a,tmosphere of helium. 

The ro6.s were found a,cceptable by nondestruct ive t e s t i n g ,  which included 

gama. scans,  helium l eak  check, radiographs of t h e  welds, and f l u i d  

penetrant  inspec t ion  of t h e  welded a.rea.. 

The bulk d e n s i t i e s  obta.ined and 

After  t h e  f u e l  ha,d been compacted, t h e  

Then t h e  t o p  

The rods were then  pickled,  a u t o c h v e  t e s t e d  i n  steam a.t 300°C and 

1250 p s i  f o r  24 h r ,  and dimensionally inspected.  A t  tha . t  junc ture ,  

numerous gouge ma.rks, p i t s ,  a.nd scra.tches were observed on t h e  surfa.ces 

of t he  rods.  To determine t h e  depth of t h e  d i s c o n t i n u i t i e s  a.nd perhaps 

sa,lva.ge t h e  specimens, they  were c e n t e r l e s s  ground t o  a. diameter about 

0.003 i n .  smaller.  Nevertheless,  t h e  d i s c o n t i n u i t i e s  p e r s i s t e d .  The 

rods were inspected with a. f l u i d  penetra.nt  , which revealed ind iea , t ions  

i n  weld a.rea.s and along t h e  tube length  i n  a , l l  rods except No. 6. 

To  fu the r  determine the  weld qua,l i ty,  f u e l  rod 5 wa.s sect ioned a,nd 

the  welds were examined meta,l logra.phically.  A s  shown i n  Fig.  3, t h e  t o p  

weld w & s  i n  exce l len t  condi t ion,  bu t  t h e  bottom weld revealed a poor f i t .  

I n  view of t h e  a,va.ilable evidence of darmged surfa.ces and t o  provide 
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Table 4. Bulk Fuel Dens i t ies  a.nd Other Feartures 

of  t he  F i r s t  Capsules 

Void Oxide Bulk 
Depth Weight Density 

S in t e r ing  
Atmosphere 

(em) (d ( g/cm3 ) 
Rod Dis t r ibu t ion  Number 

L+ 

5 

7 
8 

6 

9 

10 

11 

12 
14 
15 

17 
18 

19 

Ternarya 

Ternarya 

Ternary" 

Te rnar  ya 

Ternarya 

Ternarya 

Ternarya 

Ternarya 

Ternarya 

Ternarya 

Ternarya 

Ternarya 
Binary b 

Binaryb 

N2 

N2 

N2 

N2 

Ar-H2 

Ar -Hz  

Ar -H2  

Ar -H2  

A i r  

A i r  

A i r  

A i r  

A i r  

A i r  

2.5 
2.5 
2.5 
2.5 
2.8 
2.5 
2.9 
2.8 

2.7 
2.7 
3.0 
2.8 

2.4 
2.1 

184.0 
184.0 
183.5 
184.0 
183.0 

185.0 

183.5 
184.0 
183.5 
184.0 

184.0 
185.0 
185.5 

185.5 

8.9 
8.9 
8.9 
8.9 
8.9 
8.9 

9.0 
9.0 

8.9 
9.0 

9.1 
9.0 

9.0 

8.9 

a 60% -8 +16, 13.5% -70 +loo, 26.5% -200. 
b?O$, -8 +16, 30% -200. 

improved welds, we decided t o  r e j e c t  all t h e  rods and make a. new group 

of capsules  using t h e  same f u e l .  Rod 4 w a s  r e t a ined  as a, cont ro l ,  how- 

ever ,  f o r  t he  n i t rogen-f i red  ma,terial .  

The new specimens were fabrica , ted i n  t h e  same manner, bu t  extreme 

ca,re was taken i n  ea,ch opera.tion, pa.r t icula . r ly  with weld j o i n t  f i t  a.nd 

w i t h  ha,ndling the  rods.  We made 19 bottom end cap welds, from which the  

13 bes t  were se lec ted  on t h e  b a s i s  of ra.diographs and surfa,ce appearance 

f o r  loa-ding. The rods were f i l l e d  by pouring t h e  f u e l  from one of t h e  

o r i g i n a l  rods i n t o  the  corresponding tube from the  new group. The f u e l  

wa,s v i b r a t o r i l y  cornpa.cted a.s before ,  bu t ,  as shown i n  Table 5, t h e  r e -  

fabr ica , ted rods were s l i g h t l y  l e s s  dense than t h e i r  precursors .  This ma.y 

be a t t r i b u t e d  t o  a, minor change i n  the  p a r t i c l e - s i z e  d i s t r i b u t i o n .  





e # I I I 

Table 5. Charac te r i s t i c s  of  Refabrica,ted MTR-I11 a,nd Em-I Fuel Rods 

Oxide Volume Length Void Oxide Bulk Density (g/cm’ ) 
Fir ing  Depth Weight 

Number Atmosphere ( e m 3  ) (em> ( g )  Or ig ina l  Refabrica,ted 

Capsule 
Code Rod 

Number 

m-111-1 

-2 

-4 
-5 
-7 
-8 

ETR-1-1 

-2 
-3 

-4 

Control  

Control  

Control  

Control  

14 
17 
9 

11 

5 

7 

18 

10 

8 

20 

4 
6 

15 
19 

22.8 

22.6 

22.7 
22.9 

22.9 

22.7 

22.7 
22.6 

22.9 

22.8 

22.7 

22.7 
22.8 

29.3 2.6 

29.4 2.2 

29.4 2.7 
29.4 2.7 

29.4 2.2 

29.4 2.2 

29.4 2.7 
29.3 2.7 
29.4 2.0 

29.4 2.7 

2.5 

29.4 3.4 

29.3 2.4 
29.3 1.9 

182.3 

184.0 
182.2 

183.1 

182.5 

181.3 

182.1 
183.9 

181.9 

183.3 

184.0 

177’. 9 
182.6 

182.9 

9.0 

9.0 

8.9 

9.0 

8.9 

8.9 

8.9 
9.0 

8.9 

9.0 

8.9 

8.9 

9.1 
8.9 

8.76 
8.80 

8.84 

8.80 

8.67 

8.63 

8.84 
8.97 

8.54 

8.86 

8.85 

8.78 
8.59 

a Binary pa . r t ic le  - s i  ze d i s t r i b u t i o n .  All others  conta.ined t e rna ry  f ra.c t i o n .  
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A f t e r  v ibra . tory compaction t h e  rods were outga,ssed i n  va.cuwn a t  

1050°C f o r  about 30 min. The tubes were f i l l e d  with helium, t h e  t o p  

end ca,p wa.s pressed  i n  pla.ce, and t h e  c losure  w a s  fus ion  welded. No 

l eaks  vere  indica, ted by a, helium l e a k  de tec to r  c a l i b r a t e d  t o  a. system 

s e n s i t i v i t y  of  7 X lo-* cm3/sec. Fluid-penetra,nt  i n spec t ion  indica.ted 

no d i s c o n t i n u i t i e s .  The t o p  welds a.lso were ra,diogra,phed and found t o  

be f r e e  of de fec t s .  Meta.llogra;phic examination of  specimen 19 revealed 

exce l l en t  q u a l i t y  welds,  a.s seen i n  Fig.  4. 
Tc, be t te r  a.ssess f u e l  homogeneity i n  t h e  Th02-UO2 rods,  dens i ty  

va.ria. t ions were monitored by use of  a. gama,-a,ttenua,tion technique.  Each 

rod wa,s scanned a,t two diametral  pos i t i ons ,  90" apa,r t .  The f u e l  rods 

were pa,ssed through a. coll ima.ted beam from a. 6oCo ra.dia, t ion source a,nd 

t h a t  p a r t  of  t h e  beam t r ansmi t t ed  through t h e  f u e l  rod wa,s monitored 

with a. de t ec t ing  crysta.1.  A change i n  t h e  f u e l  concentra,t ion r e s u l t e d  

i n  a. corresponding change i n  i n t e n s i t y  of t h e  t r ansmi t t ed  ra.dia,t ion 

beam. The output  s i g n a l  from t h e  de t ec to r  was then integra. ted and f ed  

t o  a. Brown recorder .  

Sca.nning da,ta. f o r  a.rea.s t h a t  were more than  2% low i n  f u e l  concen- 

t r a , t i o n  a.re l i s t e d  i n  Table 6. Except f o r  t h e  regions of  low dens i ty  so 

noted, each rod wa,s wi th in  *2% of  t h e  average dens i ty .  

The capsules  were picked and then  autoclave t e s t e d  i n  sa,tura.ted 

steam f o r  24 h r  a t  300°C and 1250 p s i .  

(Table 7) a , t t e s t ed  t o  t h e  i n t e g r i t y  of t h e  capsules .  

The neg l ig ib l e  weight ga.ins 

Dirnensiona,l da.ta, f o r  t h e  completed f u e l  rods are given i n  Appendix B 

a,long with t h e  in spec t ion  procedure used. End-view photographs a.re shown 

i n  Figs .  5 and 6. A s  i nd ica t ed  i n  Fig.  5, t h e  rods were i d e n t i f i e d  by the  

appropria. te specimen number punched on the bottom end cap. 

IRRADIATION CONDITIONS 

. 

. 

To 1oa.d t h e  ca.psules f o r  i r r a d i a t i o n ,  they  were f i r s t  i n s e r t e d  i n  

pa. i rs  i n t o  flow holders ;  i n  t u r n  each flow holder  w a s  i n s e r t e d  i n t o  an 

"x basket ."  

r ibb ing  designed t o  cen te r  t h e  capsule  so a.s t o  provide a. coolant  channel 

of cont:rolled s i z e .  By thus  r e s t r i c t i n g  t h e  area. one can increase  t h e  

The flow holder  i s  a. hea,vy-wa,ll aluminum tube w i t h  in terna.1 
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c 

8 

! , - 

Fig.  4. 
Tube on Refabrica,ted Fuel Rod 19. 
weld. 

Metallographic Sect ions of Fusion Welds of End Plugs t o  
(a) Top or c losure  weld. (b) Bottom 
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Table 6. Compila,tion o f  Low-Density Area,s i n  

Th02-UO2 Fuel Rods 

Loca.tion of Low- Length of Devi at, i on 
Rod Density Area. Low-Density From Avera.ge 

Number With Respect t o  Area. Density 
the  Fuel Ends ( i n .  ) (k) 

5 4 i n .  from Top 0.5 5 
6 4 i n .  from Top 1 3 

10 5 i n .  from Top 3 3 

11 5 i n .  from Top 0.5 3 
15  Throughout Fuel 3 

19 3$ i n .  from Top 1 5 

Table 7. Weight Cha.nges of Rods i n  Autoclame Tests  

Rod Weight Before Weight After  Weight Change 
Number ( g )  ( g )  ( g )  

5 
6 

7 
8 
9 
10 
11 

14 
15 

17 
1% 

19 

20 

245.9050 

242.0929 

245.0428 

244.9780 

246.1480 
244.8110 
246.5440 
246.0810 
246.7103 
247.6880 
245.5429 

245.7663 

247.1250 

245.9050 

242.0930 

245.0389 

244.9710 

246.1430 
244.8080 
245.5400 
246.0800 
246.7060 
247.6840 

245.5410 

245.7610 

247.1150 

0.0000 

+o. 0001 
-0.0039 

-0.0070 

-0.0050 
-0.0030 
-0.0040 

-0.0010 
-0.0043 
-0.0040 

-3.0019 
-3.0053 

-0.0100 

. 





Fig. 6. Completed Fuel Rods Showing Unnumbered Ends. Original  reduced 15%. 
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. 

coolant  ve loc i ty  t o  provide b e t t e r  f i s s i o n  hea t  removal. The d e t a i l s  of 

t h e  holder  used i n  these  experiments a r e  ava i l ab le  on ORNL Drawing C-55859. 

The "x" basket i s  a thin-wal led aluminum tube used i n  the  MTR and ETR f o r  

t h e  i n s e r t i o n  and removal of experiments. Four such baskets  w i l l  f i t  i n  

one r e f l e c t o r  o r  core  loca t ion  t h a t  conta ins  t h e  necessary adaptor p iece .  

The holder  w a s  pos i t ioned  i n  t h e  r eac to r  with t h e  s l o t t e d  end up, and 

each capsule  was pos i t ioned  with t h e  bottom (numbered) end plug down. 

Table 8 shows t h e  capsule  loca t ion  in each holder .  

Table 8. I r r ad ia , t i on  Experiment and Fuel  

Rod Ident  i f  i c  a,t i on  

Experiment Rod Oxide F i r ing  Ca.psule Locartion and 
Number Number Atmosphere Holder Number 

MTR-111-1 

-2 

-4 

-5 

-7 
-8 

Em-1-1 

-2 

-3 

-4 

1 4  

1 7  

9 

11 

5 

7 

18 

10  

8 

20 

Bottom of ORNL-43-77 

TOP O f  ORNL-43-78 

TOP Of ORNL-43-77 

Bottom of  ORNL-43-79 

Bottom of ORNL-43-78 

Top O f  ORNL-43-79 

TOP O f  ORNL-43-80 

Bottom o f  ORNL-43-80 

Bottom of  OWL-43-81 

TOP O f  ORNL-43-81 

S a l i e n t  r eac to r  opera.ting parameters and ca l cu la t ions  are summarized 

i n  Table 9 .  The i r r ad iak ions  were i n i t i a , t e d  during t h e  f i n a l  quar te r  of 

1963. 

capsules  were discharged a s  scheduled i n  May 1964. 

The t e s t  elements have performed without inc ident ,  and t h e  ETR 
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Table 9. Ca.lcula-ted 1rra .dia . t ion Conditions" 

m ETR 

Unperturbed therma,l f l ux ,  

Unperturbed dose, 

Linea,r hea t  r a t i n g  

Cladding surfa.ce hea,t f l ux ,  

Cl-adding tempera,ture , "F 

Cen t ra l  t emperah re ,  "F 

neutrons seem1 

r eutrons/cm2 

€\ tu  h r - I  f t - '  

I3tu hr'l f t - 2  

, w/cm s 
Bixrnup, Mwd/metric ton  metal  

2.35 x 1014 

1.42 x 

85 , 300 

744 , 000 

224 

5,260 

70 
110 , 000 

1.60 x 1014 

1.63 x 1O2l 

149 , 000 

1,200,000 

2 79 

5 , 990b 

12 0 

22 , 400 
a. 

bPredicted melting poin t  of t h e  oxide.  

A l l  values  a.re maxima.. 
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APPENDIX A 

GAS -mLElASE DATA 

. 
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Table 10. Ana.lysis of t he  Ga.ses Evolved from As-Calcined La,rge 

(+16 mesh) Fuel Fragnent s i n  Three Temperature 1nterva . l s  

Ga.s Evolution i n  Va.rious Tempera.ture Interva.lsa,  

Ba.tch Gas 25 to 400°C 400 t o  800°C 800 t o  1200°C 

35-1 (Ffired H2 

H2O 

co2 

CH4 

02 

i n  a. ir  11 

N2 + CO 

A r  

0.6 
3.9 

1.8 

0.0004 
0.0024 
0.0011 

0.3 
2.7 

0.4 

0.0013 
0.0119 

0.0018 

c 

93.7 0.0581 96.6 0.425 

~ ~~ 

0.062 0.003 0.44 ‘TOTAL 

35-2 (F i r ed  H2 
H2O 44 i n  Ar-:H2) 

N2 + CO 25 
co2 25 

CHL 

02 6 

A r  

1 

5 

29 
63 

0.0003 

0.0002 

0.0002 

0.0001 

0.0006 

0.0013 

38 
62 

0.0004 

0.0006 

1 
1 

0.002 0.001 TOTAL 0.0007 

35-3 (F i r ed  H2 

H20 
i n  N 2 )  

0.2 
1 .2  

2 . 8  

2.4 

6 
17 

75 

0.0002 
0.0005 

0.0023 

0.0003 
0.0007 

0.0006 
N2 + CO 36 

co2 64 

C H 4  

0 2  

A r  

0.0004 
0.0006 

2 93.4 0.0224 

0.001 0.003 0.024 TOTAL 

a lrolumes per gram sample i n  t h i s  and subsequent t a b l e s  a.re cor- 
r ec t ed  t o  standa.rd tempera-ture and pressure.  Blank spa,ces ind ica t e  
t h a t  t he  gams wa,s not detected o r  volume wa,s l e s s  than 0.00005 cm3/g. 
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T a b l e  11. Analysis of t he  Ga,ses Evolved t o  1200°C i n  Vacuum 

f o r  Three S ize  Fmct ions  of As-Ca.lcined Fuel 

~ 

Gas Evolution from Various S ize  Frac t ions  

Ba,tch Gams +16 -16 +35 -35 

( 8 )  (cm3/g) ($1 (cm3/g) ($1 (cm3/g) 

35-1 (F i r ed  H2 0.1 0.0004 
0.3 0.0017 0.5 0.0021 

N2 + C O  2.8 0.0143 1.6 0.0067 

co2 0.5 0.0029 1.6 0.0067 

i n  a i r )  
H2O 

CH4 
0 2  95.7 0.4831 96.2 0.4040 
A r  

TOTAL 0.505 0.420 

35-2 (F i r ed  H2 0 . 1  0.0001 

H2O 10.8 0.0004 2 . 1  0.0001 1 .0  0.0005 i n  A r - H 2 )  

N2 + CO 32.4 0.0012 7.7 0.0005 9.0 0.0047 

co2 56.8 0.0021 89.0 0.0053 89.3 0.0473 

CH4 

0 2  0.3 0.1 0.0001 
A r  

TOTAL 

35-3 (F i r ed  H2 

H2O 
i n  N 2 )  

0.0037 

0.3 0.1 0.0001 

0.006 0.053 

0.3 0.0001 0.3 0.0001 

1.8 0.0005 2.1 0.0007 1.8 0.0008 
N2 + CO 4.3 0.0012 3.0 0.0010 7.8 0.0037 

co2 10.3 0.0029 54.5 0.0185 83.0 0,0390 

CH4 0 .1  0 .1  

0 2  80 0.0224 39.3 0.0134 3.9 0.0018 

A r  0 .1  0 .1  

TOTAL 0.028 0.034 0.047 

c 



22 

Table 12. Ana.lysis of t h e  Ga.ses Evolved i n  Three Tempera,ture 

I n t e r v a l s  from t h e  Various S ize  Frac t ions  of Ba.tch 35-1 

( A i r  F i r ed )  a . f ter  Crushing a.nd Comminution 

~~ ~ _ _ ~ ~  ~ 

Gas Evolut ion i n  Various 
Temperature I n t e r v a l s a  

S ize  
F rac t ion  25 to 400°C 400 t o  800°C 800 t o  1200°C 

(4) (cm3/g) (%)  (cm3/g> (4) (cm3/g> 

Gas 

- 
-6 +16 H2 7 0.0003 <1 <1 

H2 0 1 0.0007 1 0.0025 

N2 + CO 2 1  0.0008 2 0.0014 2 0.0050 

co2 72 0.0029 6 0.0044 1 0.0025 

CH4 

02 
A r  

TOTAL 

91 0.0664 95 0.247 

<1 

0.004 0.073 0.26 

-50 +l40 H2 5 0.0029 U <1 

H2 0 25 0.0143 4 0.0038 1 0.0019 

N2 + CO 7 0.004 3 0.0029 2 0.003% 

co2 62 0.0353 93 0.0884 16 0,0304 

C H 4  

02 1 0.0006 <1 80 0.152 

AI- 

TOTAL 0.057 0.095 0.19 

-200 H2 4 0.006 1 0.0006 <1 

H2O 16  0.024 1 6  0.0102 1 0.001% 

N2 i- CO 3 0,0045 3 0.0019 2 0.0036 

co2 76 0.114 69 0.0442 3 0.0054 

CH4 

02 <1 12 0.0077 95 0.171 

. 

A r  

TOTAL 0.15 0.064 0.18 - 
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Table 13. Ana,lysis of t he  Gases Evolved Af ter  Crushing a.nd Comminution 

Ga.s Evolution i n  Va.rious 
Tempera.ture I n t  erva.1 s 

Ga,s S ize  Batch 
Fra.ction 25 t o  400°C 400 t o  800°C 800 t o  1200°C 

(%) (cm3/g) (%) (cm3/g) ($) (cm3/g) 

35-2 (F i r ed  -6 +16 H2 25 
i n  A r - H z )  H2O 5 

co2 44 
CH4 
0 2  

N2 + CO 25 

A r  

0.0005 
0.0001 
0.0005 
0.0009 

5 
2 

23 
70 

0.0002 
0.0001 
0.0009 
0.0028 

38 0.0004 
12 0.0001 
35 0.0003 
8 0.0001 

c 

4 
4 1 

0.002 0.004 <o .001 TOTAL 

35-2 -2 00 H2 8 
H2 0 14 
N2 + co 8 
co2 70 
CH4 
02 <1 
A r  

0.0061 
0.0106 
0.0061 
0.0531 

44 
<1 
38 
17 
<1 
<1 

0.088 32 0.0138 
3 0.0013 
50 0.0215 
15 0.0065 

0.076 
0.034 

<1 

0.076 0.20 0.043 TOTAL 

35-3 (F i r ed  -6 +16 H2 8 
i n  N 2 )  H2O 8 

co2 70 
CH4 
0 2  <1 
A r  U 

N2 + C O  13 

0.0002 
0.0002 
0.0004 
0.0021 

<1 
1 0.0002 
2 0.0003 
4 0.0007 

0.0001 
0.0001 
0.0016 

6 
7 
81 

6 
1 

0.0001 93 0.016 

0.003 TOTAL 0.002 0.017 

35-3 -2 00 H2 7 
H20 28 

co2 57 
C H 4  <1 
02 <1 
A r  <1 

N2 + CO 8 

0.0077 
0.0308 
0.0088 
0.0628 

<1 
17 
4 
79 
<1 
<1 

2 0,0004 
35 0.007 
6 0.0012 
56 0.0112 

0.034 
0.0080 
0.158 

1 0.0002 

0.11 0.20 0.02 TOTAL 

. 
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Table 1-4. Ana.lysis of the  Ga,ses Evolved t o  1200°C i n  Va.cuum f o r  Three 

S ize  Fra.ctions After  Crushing a.nd Comminution 

Ga.s Evolved from Various Frac t ions  

Gams -6 +16 -50 +140 -200 Batch 
Number 

~ 

35-1 (F i r ed  H2 0 .1  

H2O 1 .0  i n  A i r )  

N2 + CO 2 . 1  

co2 2.9 

CHL, 

02 92.8 

A r  

TOTAL 

35-2 (F i r ed  H2 15.7 

4 .3  

N2 + CO 24.3 

i n  A r - H 2 )  H20 

co2 54.3 

CH4 

02 
Ar 

TOTAL 

35-3 (F i r ed  H 2  0.9 

H2O 2.3  i n  N2:) 

N2 + CO 3.6 

co2 20.0 

CH& 

0 2  73.2 

A r  

0.0003 

0.0032 

0.0072 

0.0098 

0.3134 

0.337 

0.0011 

0.0003 

0.0017 
0.0038 

0.007 

0.0002 

0.0005 

0.0008 

0.0044 

0.0161 

0 .8  0.0029 1.6 0.0066 

5.9 0.0200 9.2 0.0360 

3.1 0.0107 2 .5  0.01 

45.2 0.1541 41.5 0.1636 

44.6 0.1526 45.3 0.1787 

0.342 0.394 

33.7 0.1079 

3.7 0.0119 

32.5 0.1036 

29.4 0.0936 

0.319 

2.5 0.0081 

21.7 0.0718 

5.5 0.018 

70.3 0.232 

0.0002 

. 

TOTAL! 0.022 0.33 



L 

APPENDIX B 

DIMENSIONAL MEASUREMENTS 

, 
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INSPECTION PROCEDURF: 

1. The rods were set  i n  "1/16-in. knife-edge" V-blocks, 1/2 i n .  

from each end, a,nd t h e  he ight  a t  ea.ch V-block wa,s ad jus ted  t o  a, zero 

re ference .  The tube wa.s r o t a t e d  u n t i l  t h e  ma,ximm upwa.rd bow wa.s 10- 
ca.ted, and i n  t h i s  p o s i t i o n  a, notch wa,s sc r ibed  on the t o p  of  t h e  tube 

a.t t h e  numbered end. Bow measurements were rea,d with a. "fea.ther-touch 

indica.tor" s t a r t i n g  1 i n .  from t h e  numbered end a.t 1 - i n .  in te rva . l s .  

P lus  readings i n d i c a t e  upwa.rd bow and nega.tive rea.dings i n d i c a t e  down- 

ward bow w i t h  r e spec t  t o  t h e  zero re ference .  

2 .  Outside diameters were mea,sured with a. "Shef f ie ld  Shadow Gage" 

t o  +0.0301 i n .  s t a . r t i ng  1 i n .  from t h e  numbered end a,t 1 - i n .  in te rva . l s ,  

both i n  t h e  pla,ne through t h e  notch a,nd i n  a. pla.ne a t  90" t o  t h e  notch. 

3. The overa , l l  rod length  wa.s mea.sured t o  t h e  nea,rest  0.0001 i n .  

with a. :Pra.tt and Whitney supermicrometer. The l eng th  inc ludes  weld 

metal  protruding from f ina.1 end c losure .  

MEASUREMENTS 

Ta:bles 15  through 27 present  t h e  dimensions measured a s  descr ibed 

above. 
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Table 15. Fuel Rod No. 5 Dimensions 

Distaace from Diametera, (in. ) 
Numbered End Bow 

(in. ) (in. ) 0" 90" 

0.50 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
11.50 

0.440 
0.4412 
0.4413 
0.4410 
0.4405 
0.4405 
0.4405 
0.4402 
0.4401 
0.4401 
0.4402 
0.4400 
0.4420 

Length: 12.015 in. 

0.4403 
0.4405 
0.4403 
0.4402 
0.4402 
0.4401 
0.4400 
0.4401 
0.4400 
0.4400 
0.4401 
0.4399 
0.4399 

+o. 001 
+O. 006 
+O. 015 
+o. 020 
+o. 021 
+o. 021 
+o. 021 
+O. 018 
+O. 013 
+o. 012 
+O. 003 

~~ 

a Notch up a,t 0". 

Table 16. Fuel Rod No. 6 Dimensions 

~~~ 

Distance from 
Numbered End 

Diametera, ( in. ) Bow 
(in. ) (in. ) 0" 90" 

0.50 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
11.50 

0.4400 
0.4399 
0.4402 
0.4403 
0.4405 
0.4402 
0.4400 
0,4400 
0.4402 
0.4403 
0.4401 
0.4396 
0.4402 

Length: 12.012 in. 

0.4397 
0.4412 
0.4410 
0.4408 
0.4405 
0.4402 
0.4402 
0.4398 
0.4401 
0.4400 
0.4395 
0.4398 
0.4401 

+O. 013 
+O. 041 
+O. 061 
+O. 066 
+O. 068 
+O. 064 
+O. 056 
+O. 038 
+O. 028 
+o. 017 
+O. 013 

a Notch up at 0". 
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Table 17. Fuel Rod No. 7 Dimensions 

Bow 
(in. ) 

Distance f r o m  Diametera, (in. ) 
Numbered End 

(in. ) 0" 90" 

0.50 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
11.50 

0.4404 
0.4419 
0.4414 
0.4405 
0.4408 
0.4402 
0.4402 
0.4399 
0.4400 
0.4401 
0.4399 
0.4402 
0.4405 

Length: 12.008 in. 

0.4411 
0.4399 
0.4405 
0.4404 
0.4400 
0.4404 
0.4400 
0.4400 
0.4402 
0.4402 
0.4400 
0.4395 
0.4405 

+O. 009 
+O. 015 
+O. 029 
+O. 033 
+O. 034 
+O. 029 
+O. 027 
+o. 022 
+O. 013 
+O. 007 
+O. 003 

a Notch up a,t  0". 

Table 18. Fuel Rod No. 8 Dimensions 

Distance f r o m  Diametera. (in. ) 
Numbered End Bow 

(in. ) (in.) 0" 90" 
- ~~ 

0.50 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
11.50 

~~ ~ 

0.4410 
0.4404 
0.4403 
0,4401 
0.4405 
0.4400 
0.4400 
0.4400 
0.4400 
0.4399 
0.4401 
0.4400 
0.4410 

0.4410 
0.441% 
0.4410 
0.4405 
0.4403 
0.4406 
0.4404 
0.4402 
0.4401 
0.4400 
0.4398 
0.4400 
0.4411 

+O. 032 
+O. 037 
+O. 037 
+O. 035 
+O. 032 
+O. 030 
+o. 022 
+o. 020 
+O. 014 
+O. 006 
+o. 002 

Length: 12.007 in. 
~~ -~ 

?Notch up at 0". 

I 
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Table 19. Fuel Rod No. 9 Dimensions 

Dista,nce from Diameter" (in. ) 
Numbered End Bow 

(in. ) (in.) 0" 90" 

0.50 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
11.50 

Length: 12 

0.4410 
0.4418 
0.4408 
0.4405 
0.4404 
0.4402 
0.4402 
0.4400 
0.4400 
0.4398 
0.4395 
0.4400 
0.4400 

007 in. 

0.4402 
0.4395 
0.4400 
0.4401 
0.4402 
0.4401 
0.4400 
0.4398 
0.4396 
0.4398 
0.4399 
0.4395 
0.4400 

+O. 008 
+O. 008 
+o. 012 
+o. 011 
+o. 010 
+o. 010 
+O. 009 
+O. 007 
+O. 005 
+o. 001 

a Notch up a,t 0". 

Table 20. Fuel Rod No. 10 Dimensions 

~ 

Distance from Diameter" (in. ) 
Numbered End Bow 

(in. ) (in. ) 0" 90" 

0.50 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
11.50 

0.4400 
0.4405 
0.4398 
0.4397 
0.4394 
0.4395 
0.4397 
0.4390 
0.4390 
0.4391 
0.4390 
0.4399 
0.4390 

0.4401 
0.4388 
0.4392 
0.4390 
0.4392 
0.4390 
0.4390 
0.4389 
0.4392 
0.4391 
0.4391 
0.4388 
0.4402 

0.005 
0.009 
0.013 
0.015 
0.015 
0.014 
0.013 
0.011 
0.007 
0.004 
0.002 

Length: 12.009 in. 

a Notch up art 0". 
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Table 21. Fuel Rod No. 11 Dimensions 

Bow 
(in. ) 

Distance from 
Numbered End 

Diametera, ( in. ) 

(in. ) 0" 90" 

0.50 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
11.50 

0.4415 
0.4422 
0.4414 
0.4410 
0.4404 
0.4401 
0.4402 
0.4398 
0.4400 
0.4400 
0.4400 
0.4395 
0.4395 

0.4415 
0.4385 
0.4395 
0.4399 
0.4401 
0.4400 
0.4400 
0.4400 
0.4400 
0.4395 
0.4395 
0.4400 
0.4403 

0.022 
0.045 
0.045 
0.045 
0.045 
0.043 
0.043 
0.031 
0.026 
0.015 
0.006 

~~ 

Length: 12.010 in. 

%etch up at 0". 

Table 22. Fuel Rod No. 14 Dimensions 

Diametera' (in.) Bow Dista.nce from 
Numbered End (in. ) (in. ) 0" 90" 

0.50 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
11.50 

0.4412 
0,4383 
0.4402 
0.4403 
0.4402 
0.4403 
0.4402 
0.4400 
0.4400 
0.4401 
0.4400 
0.4395 
0.4408 

Length: 12.007 in. 

0.4410 
0.4421 
0.4402 
0.4400 
0.4400 
0.4400 
0.4400 
0.4395 
0.4398 
0.4400 
0.4400 
0.4401 
0.4415 

0.022 
0.023 
0.014 
0.008 
0.008 
0.007 
0.005 
0.007 
0.004 
0.002 
0.001 

~~ -~ 

%etch up at 0". 
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Table 23. Fuel Rod No. 15 Dimensions 

Distance from Diametera, (in. ) 
Numbered End Bow 

(in.) (in.) 0" 90" 

0.50 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
11.50 

0.4410 
0.4390 
0.4403 
0.4401 
0.4400 
0.4400 
0.4400 
0.4398 
0.4399 
0.4400 
0.4400 
0.4400 
0.4395 

0.4405 
0.4411 
0.4405 
0.4403 
0.4399 
0.4400 
0.4400 
0.4399 
0.4400 
0.4396 
0.4398 
0.4398 
0.4410 

0.017 
0.034 
0.042 
0.042 
0.041 
0.039 
0.037 
0.029 
0.020 
0.011 
0.002 

Length: 12.009 in. 

%etch up at 00. 

Table 24. Fuel Rod No. 17 Dimensions 

Distance from Dimetera, (in. ) 
Numbered End Bow 

(in. ) (in. ) 0" 90" 

0.50 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
11.50 

~ 

0.4398 
0.4410 
0.4406 
0.4400 
0.4402 
0.4404 
0.4402 
0.4400 
0.4396 
0.4398 
0.4400 
0.4400 
0.4401 

0.4398 
0.4410 
0.4400 
0.4400 
0.4399 
0.4399 
0.4399 
0.4399 
0.4400 
0.4399 
0.4395 
0.4399 
0.4400 

0.022 
0.027 
0.028 
0.023 
0.018 
0.015 
0.013 
0.010 
0.008 
0.004 
0.001 

Length: 12.012 in. 

%etch up a,t 0". 
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Table 25. Fuel Rod No. 18 Dimensions 

Bow 
( i n .  ) 

Distance from Diametera' ( i n .  ) 
Numbered End 

( i n . )  0" 90" 

0.50 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
11.50 

0.4410 
0.4400 
0.4402 
0.4394 
0.4392 
0.4393 
0.4395 
0.4395 
0.4393 
0.4393 
0.4395 
0.4393 
0.4398 

Length: 12.004 i n .  

0,4403 
0.4392 
0.4390 
0.4395 
0.4393 
0.4395 
0.4395 
0.4392 
0.4392 
0.4391 
0.4389 
0.4390 
0.4400 

0.009 
0.021 
0.027 
0.029 
0.030 
0.028 
0.027 
0.020 
0.012 
0.008 
0.001 

%Totch up a,t 0". 

Table 26. Fuel Rod No. 19 Dimensions 

Diasnetera ( i n .  ) Bow 
( i n .  ) 

Distance from 
Numbered End 

( i n .  ) 0" 90" 

0.50 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
11.50 

0.4404 
0.4408 
0.4404 
0.4401 
0.4400 
0.4400 
0.4400 
0.4400 
0.4399 
0.4398 
0.4398 
0.4400 
0.4401 

0.4410 
0.4410 
0.4403 
0.4402 
0.4401 
0.4401 
0.4401 
0.4400 
0.4399 
0.4400 
0.4399 
0.4395 
0.4401 

0.018 
0.027 
0.02% 
0.029 
0.022 
0.020 
0.014 
0.011 
0.007 
0.002 
-0.007 

Length: 12 010 i n .  

Notch up a t  0" .  a 
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Table 27. Fuel Rod No. 20 Dimensions 

Distance from Diametera, (in. ) 
Numbered End Bow 

(in. ) (in. ) 0" 90" 

0.50 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
11.50 

0.4410 
0.4405 
0.4404 
0.4402 
0.4402 
0.4402 
0.4401 
0.4400 
0.4400 
0.4400 
0.4395 
0.4401 
0.4400 

0.4410 
0.4415 
0.4408 
0.4405 
0.4402 
0.4402 
0.4400 
0.4400 
0.4395 
0.4402 
0.4404 
0.4396 
0.4403 

0.017 
0.019 
0.013 
0.010 
0.009 
0.009 
0.010 
0.008 
0.006 
0.004 
0.001 

a Notch up at 0". 
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