
for U.S. Nuclear Reaulatorv Commission 

POSTIRRADIATION EXAMINATION RESULTS 
FOR THE IRRADIATION EFFECTS TEST SERIES IE-ST-2 

R O D  If-002 

BEVERLY A. MURDOCK 

December 1977 

I IDAHO NATIONAL ENGINEERING LABORATORY - 

-. . 

DEPARTMENT OF ENERGY * 1 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



Printed in the United States of America 
Available from 

National Technical Information Service 
U.S. Department of Commerce 

5285 Port Royal Road 
Springfkld, Virginia 22161 

Price: Printed Copy $4.50; Microfiche 83.W 

"The NRC wlll make available data tap8 and operatlonal computer cod08 on 
n ~ a r c h  program8 deallng wlth po8tulated lo88-oCcoolant acoldent8 In llght water 
nacton, Penon8 nqueatlng thl8 Information muat nlmburre the NRC contractor8 
for thelr expanee8 In preparlng cople8 of the data tape8 and the operatlonal computer 
ooder. Reqrle8t8 ahould be rubmltted to the Rouearch Appllcatlons Branch, Offlce of 
Nuclear Regulatory Rerearch, Nuclear Regulatory Comrnlsslon, Wa8hlngtonI D.C. 
20668." 

This report was prepared as an account of work sponsored by the United States Government. 
Neither the the United States nor the Department of Energy, nor the Nuclear Regulatory 
Commission, nor any of their employees, nor any of their contractors, subcontractors, or their 
employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, compteteness or usefulness of any information, apparatus, 
product or process disclosed, or represents that its use would not infringe privately owned rights. 



TREE-NUREG- ? l 7 7  

FOSTIRRADIATION EXAMINATION RESULTS FOR THE IRRADIATION 

EFFECTS TEST IE-ST-2 ROD IE-002 

NOTICE 

mi npn war prepand ar an account of work 
sponsored by Lhc Unitcd Stater Gonmment. Neither the 
United Stater nor the United Stater Department of 
Energy, nor any of their employees, nor any Of Lheir 
antractorr, mbconmclon, or their cmployn ,  makes 
any warranty, express or implied, or mumn any legal 
Liability or mpontibility for the accuracy, comp!etenW 
or usefulness of any information, apparatus, product 0: 
proccn diilosed, or r epnvnu  Lhnt ita use would not 
infringe privately Owned rights. - 

Fuels and Ma te r ia l s  D i v i s i o n  
-3 

For the 

1 
" 

, 

Thermal Fuels.Behavior  Program 

APPROVED: 
9 ,  0 

L. S. Richardson. Manaoer 
u - 

Fuels ~ n ~ i n e e r i n g  Branch 

Analys is  Branch 

w 
ocker, Manaaer 

Thermal Fuels Behavior D i v i s i o n  

k,;' V Y b a r r o n d o ,  D i r e c t o r  
Water Reactor Research D i r e c t o r a t e  



D; s t r i  b u t e d  Under Category :  
NRC- 3 

' W a t e r  Reac to r  Research 
F u e l  B e h a v i o r  

POSTIRRADIATION EXAMINATION RESULTS ' 

' FOR THE IRRADIATION EFFECTS TEST 

IE-ST-2 ROD IE-002 

BY 

B e v e r l y  A. Murdock 

EG&G IDAHO INC. 

December '1 977 

PREPARED FOR THE 
U.S. NUCLEAR REGULATORY COMMISSION 

AND 
DEPARTMENT OF ENERGY 

IDAHO OPERATIONS OFFICE 
UNDER CONTRACT NO. EY-76-C-07-1570 



ABSTRACT 

A p o s t i r r a d i a t i o n  examinat ion was conducted on a  z i r ca loy -c lad ,  

U O ~ - f u e l e d ,  p ressur ized water reac to r  (PWR) type r o d  which had been 

t e s t e d  i n  t he  Power B u r s t  F a c i l i t y  as p a r t  o f  the  I r r a d i a t i o n  E f f e c t s  

Tes t  Ser ies  o f  t h e  Thermal Fuels Behavior Program. The f u e l  rod, p rev ious l y  

i r r a d i a t e d  t o  a  burnup o f  15 800 MWd/t was subjected t o  a  power ramp from 

28 t o  55 kW/m peak power a t  an average ramp r a t e  o f  4 kW/m/min. P o s t t e s t  

f u e l  r e s t r u c t u r i n g  and r e l o c a t i o n ,  f i s s i o n  product  r e d i s t r i b u t i o n ,  and 

f u e l  r o d  c ladd ing  deformat ion were evaluated and analyzed. 



SUMMARY 

A PWR-type, z i r ca loy -c lad ,  U02-fueled rod  was examined a f t e r  t e s t i n g  

i n  t he  Thermal Fuels Behavior Program I r r a d i a t i o n  E f f e c t s  Test  Ser ies 

Test IE-ST-2. The t e s t  was performed i n  a  pressur ized water reac to r  

environment i n  the  i n - p i l e  t e s t  loop o f  the  Power Burs t  F a c i l i t y  (PBF). 

The p o s t t e s t  examination was conduct.ed t o  determine the  c o n d i t i o n  o f  a  

p rev ious l y  i r r a d i a t e d  (15 800 MWd/t) f u e l  rod  which had been exposed t o  

a  power ramp from 28 t o  55 kW/m rod  peak power a t  an aver ige ramp r a t e  

Extensive f u e l  c rack ing  and poss ib le  c e n t r a l  v o i d  fo rmat ion  was 

observed i n  a  reg ion  j u s t  above the  rod  a x i a l  peak power l o c a t i o n .  The 

f i s s i o n  product  cesium was determined t o  have migrated away from t h i s  

reg ion  and toward the  bottom o f  the  f u e l  rod. Both o f  these observa- 

t i o n s  suggest f u e l  temperatures were h igh  and fue' l  m e l t i n g  may have 

occurred i n  t h i s  region.  This  region,  as w e l l  as another reg ion  about 

one - th i rd  o f  the  d is tance from the  bottom o f  the  rod, showed subs tan t i a l  

c l add ing  deformation. The maximuni o v a l i t y  ( r a t i o  o f  major t o  minor 

diameter) observed was 1.029 and the  maximum decrease i n  w a l l  th ickness . 

was 17% o f  the  o r i g i n a l  w a l l  th ickness.  

The rod  d i d  n o t  f a i l  ,as  a  r e s u l t  o f  tho  power ramp even though 

r e l a t i v e l y  l a r g e  c ladd ing  deformations occurr-ed, probably as a  r e s u l t  o f  

p e l l e t / c l a d d i n g  i n t e r a c t i o n .  Thc cause o f  the  apparent h i g h  f u e l  

temperatures and unusual ly  l a r g e  c ladd ing  deformations cannot be de f ined 

a t  t h i s  t ime. 
. . 
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POST1 RRADIATION EXAMINATION RESULTS FOR THE I RRADI AT1 Obi 

EFFECTS TEST IE-ST-2 ROD IE-002 

I. INTRODUCTION 

Fuel rod  behavior s tud ies  are  be ing  conducted i n  t he  Thermal Fuels 

Behavior Program (TFBP) as p a r t  o f  t he  Nuclear Regulatory Commission's 

Water Reactor Safety Research Fuel Behavior ~ r o ~ r a m " ] .  The TFBP i s  

conducted by EG&G Idaho, I nc . ,  under con t rac t  t o  the  Department o f  

Energy. The work i s  performed i n  the  Power Bu rs t  F a c i l i t y  (PBF) a t  the 

Idaho Nat iona l  Engineering Laboratory (INEL). Experimental data are  

being obta ined from i n - p i l e  t e s t s  and p o s t i r r a d i a - t i o n  examinations f o r  

use i n  the  v e r i f i c a t i o n  o f  a n a l y t i c a l  models be ing  developed t o  p r e d i c t  

t he  behavior o f  l i g h t  water nuclear  r e a c t o r  f u e l  rods under normal and 

pos tu la ted  acc ident  cond i t ions .  

The I r r a d i a t i o n  E f f e c t s  Test IE-ST-2 was conducted t o  p rov ide  data 

on the  behavior o f  i r r a d i a t e d  f u e l  rods subjected t o  a power ramp and t o  

f i l m  b o i l i n g  operat ion.  The Test IE-ST-2 r e s u l t s  have been compared t o  

model c a l c u l a t i o n s  and are repo r ted  i n  ~ e f e r e n c e  2. The p o s t i  r r a d i a t i o n  

examination r e s u l t s  from the  two rods which operated i n  f i l m  b o i l i n g  are 

repor ted  i n  Reference 3. 

The purpose o f  t h i s  r e p o r t  i s  t o  document t he  r e s u l t s  o f  the  non- 

d e s t r u c t i v e  p o s t i r r a d i a t i o n  examinations performed on Rod IE-002, one o f  

f o u r  f u e l  rods used i n  Test IE-ST-2. This  r o d  was n o t  examined a long 

w i t h  the  o the r  Pods'' s ince i t  had n o t  experienced f i l m  b o i l i n g  - a 

major o b j e c t i v e  f o r  t he  , four  rods i n  Test  IE-ST-2. However, t h j s  p rov ided 

an oppor tun i t y  t o  determine the  c o n d i t i o n  o f  a p rev ious l y  i r r a d i a t e d  

f u e l  r o d l a ]  which had been exposed t o  a power ramp w i thou t  subsequent 

f i l m  b o i l i n g  operat ion.  The nondest ruc t ive  examinat ion was performed t o  

evaluate the  general c o n d i t i o n  o f  t he  r o d  and t o  ob ta in  p e l l e t - c l a d d i n g  

i n t e r a c t i o n  s t r a $ n  and f i s s i o n  product  r e d i s t r i b u t i o n  data which 'can be 

used i n  model v e r i f i c a t i o n  studies.  / 

[a] I r r a d i a t e d  i n  the  Saxton reac to r ,  a  smal l ,  p ro to type pr.essurized 
water reac tor ,  designed by Westinghouse E l e c t r i c  Corporat ion f o r  

, the USAEC. 

1 



A b r i e f  d e s c r i p t i o n  o f  t he  Rod IE-002 fue l  rod  design, prev ious 

i r r a d i a t i o n  h i s t o r y ,  adapta t ion  f o r  PBF t e s t i n g ,  and t e s t  h i s t o r y  i n  PBF 

i s  p rov ided i n  Sect ion  I1  o f  t h i s  repo r t .  The r e s u l t s  o f  t he  examination 

a re  presented i n  Sect ion  I11 and are  discussed i n  Sect ion  IV. The . 

appendices d iscuss t h e  measurement techniques used i n  the  examination. 



11. EXPERIMENT DESIGN AND CONDUCT 

Fuei Rod iE-002 was a  p rev ious l y  i r r a d i a t e d  f u e l  rod subsequently 

operated i n  the  PBF Test IE-ST-2. Sect ion 1  describes the  f u e l  rod  

dimensions and f a b r i c a t i o n  procedures as w e l l  as the  prev ious i r r a d i a t i o n  

h i s t o r y .  Sect ion 2  presents a  summary o f  Test IE-ST-2. These t o p i c s  

are  discussed i n  g reater  d e t a i l  i n  Reference 2. 

1. FUEL ROD DESIGN - AND IRRADIATION HISTORY 

Fuel Rod IE-002 was remotely f a b r i c a t e d  from Saxton f u e l  Rod 829, 

which had a  previous average burnup o f  15 800 MWd/t and a  peak c ladding-  
2  f luence o f  approximately 1.1 x  l o 2 '  n/cm (> 1  MeV). Reported t ime- 

averaged peak power f o r  t h i s  rod  i n  the  Saxton reac to r  was 39.5 kW/m. 

The repor ted  a x i a l  power peak from the  Saxton i r r a d i a t i o n  was l oca ted  

approximately 0.3 m from the  bottom o f  t he  rod. The top  end cap was 

replaced w i t h  an instrumented end cap and the  f u e l  r o d  was b a c k f i l l e d  

w i t h  a  77.7% he1 i i i n  and 22.3% argon gas m ix tu re  t o  a  pressure o f  2.67 MPa. 

The gas m ix tu re  used s imulates the  thermal c o n d u c t i v i t y  o f  f i l l  gas and 

f i s s i o n  gases removed froiri s i m i l a r  Saxton f u e l  rodsI4' .  However, i n  t he  

several weeks between the  t ime the  rod  was b a c k f i l l e d  .and the  t ime i t  

was loaded int.n t.he r e a c t ~ r  t e s t  space, some o f  the  b a c k f i l l  gas had 

leaked out  through the  MgO i n s u l a t i o n  i n  the  12 m l ong  extension cable 

connect ing the  plenum thermocouples t o  the  i ns t rumen ta t i on  ou ts ide  o f  

t he  reac tor .  A t  t he  beginning o f  the  t e s t  t he  rod  i n t e r n a l  pressure was 

2.0 MPa. 

The rod  was c l a d  w i t h  z i r c a l o y - 4  t u b i n g  having a  nominal ou ts ide  

diameter o f  9.93 mm and a  nominal w a l l  th ickness o f  0.592 mm. The f u e l  

rod  was approximately 0.37 m long (no t  i n c l u d i n g  the  instrumented end 

cap) and had a  nominal a c t i v e  f u e l  s tack  l eng th  o f  0.88 m. The f u e l  

p e l l e t s  (9.5 w t %  2 3 5 ~ )  were o f  . dished-end design. Add i t i ona l  i n fo rma t ion  

on the  c h a r a c t e r i s t i c s  o f  Saxton f u e l  rods i s  presented' i n  Reference 4. 



A 17-MPa s t r a i n - p o s t  pressure transducer, mounted on the  instrumented 

end cap a t  the  upper end o f  the  rod, was used t o  moni tor  f u e l  rod  

i n t e r n a l  pressure. A sheathed, magnesium-oxide-insulated, Chromel-Alumel 

(Type K) thermoco,uple was pos i t i oned  i n  t h e  plenum t o  mon i to r  t he  plenum 

gas temperature. 

The f u e l  r o d  was prov ided w i t h  two, grounded junct i .on, be ry l l i um-  

o x i d e - i  nsulated,  tungsten-rhenium (W5%Re/W26%Re) a1 1 oy w i re ,  z i  r c a l  oy- 

sheathed thermo.couples t o  measure the  c ladd ing  sur face temperature. 

These thermocouples were spr ing- loaded aga ins t  t h e  ou te r  sur face o f  the  

f u e l  c l add ing  w i t h  an approximately three-pound preload. The thermocouples 

were l oca ted  0.62 m above t h e  bottom o f  t h e  rod.. . 

2. TEST CONDUCT 

Rod IE-002 was one o f  f o u r  rods t e s t e d  i n  t he  I r r a d i a t i o n  E f f e c t s  

Tes t  IE-ST-2. The t e s t  was conducted i n  a ' s imu la ted  pressur ized water 

r e a c t o r  (PWR) environment i n  t he  PBF i n - p i l e  t e s t  loop. The t e s t  sequence 

and r o d  power d u r i n g  t h e  t e s t  a re  shown i n  F igure  1. A d iscuss ion  o f  

t h e  methods used t o  measure and c a l c u l a t e  r o d  powers and u n c e r t a i n t i e s  

i n  these measurements i s  p rov ided i n  Reference 2. The r o d  was operated 

a t  peak power l e v e l s  up t o  28 kW/m f o r  a p e r i o d  o f  about 39 hours. Th is  

p r e c o n d i t i o n i n g  p e r i o d  inc luded n ine hnlrrs d~. ! r i  ng which a gap conductancc 

t e s t  was performed. F o l l a w i n ~  p r ~ r n n d i t - i n n i n g  per iod ,  t he  powcr i n  

Rod IE-002 was ramped a t . 4  kW/m/min from 28 t o  55 kW/m peak power; about 

16 kW/m h igher  than t h e  repor ted  peak power (39.5 kW/m) du r ing  Saxton 
1 4 ~  u p e r a t i o n  . 

A f t e r  one hour a t  t h i s  h igh  power l e v e l ,  the coo lan t  f l o w  was 

reduced t o  about 55% o f  t h e  o r i g i n a l  f l o w  f o r  30 seconds and then t o  50% 

f o r '  an a d d i t i o n a l  60 seconds t o  fo rce  the  rods i n t o  film b o i l i n g  operat ion.  

The t e s t  was then te rminated and r o d  power q u i c k l y  reduced t o  zero. 

Whi l o  f i l m  b o i l i n g  d i d  occur on two o f  the  f o u r  f u e l  rods i n  t h i s  t e s t ,  

f u e l  r o d  Snstrumentat ion i n d i c a t e d  f i l m  b o i l i n g  d i d  no t  occur on Rod . . 

IE-002 due t o  t h e  lower power o f  t h i s  rod  r e l a t i v e  t o  t h e  others.  
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Fig. 1 Fuel rod'power for Rod IE-002 during irradiation in Test IE-ST-2. 

Figure 2 shows the time-averaged axial power distribution for the 

previous irradiation of the fuel rod in the Saxton reactor and the 

normalized axial power profile of the rod from the irradiation in 

Test IE-ST-2. The power peak from the Saxton irradiation is located 

approximately 0.3 m from the bottom of the rod and the power peak from 

Test IE-ST-2 is 1ocated.at approximately 0.5 m. 
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111. EXAMINATION RESULTS 

Rod IE-002 was nondestruct i vel y  examined t o  determi ne the overal l  

rod condition, any rest ructur ing o r  relocat ion o f  the fue l ,  cladding 

deformation, and f i ss ion  product red is t r ibut ion.  

1. POSTTEST FUEL ROD CONDITION 

_Rod IE-002 was examined t o  establ ish the overa l l  posttest condit ion 

o f  the rod. The en t i re  rod was covered w i th  a th in ,  dark oxide. A wear 

mark a t  the 0.46-111 elevation resul ted fram contact wi th  one o f  the fue l  

rod centering screws. 

Figures 3 and 4 show the rod a t  0  and 180 degrees, respectively. The 

peak power locat ion (0.492 m) and the region which contained cracked 

fuel  (0.55 t o  0.62 m) (Section 111, 2) are indicated i n  the f igures. 

Some 1 3 7 ~ s  migrated away from t h i s  region (Section 111, 4) and wal l  

th inning also occurred i n  t h i s  region (Section 111, 3.2). No d iscolorat ion 

o r  other obvious change was seen i n  the cladding outer surface a t  t h i s  

location, which confirmed the instrumentation indicat ions tha t  the rod 

d i d  not operate i n  f i l m  b o i l i n g  as a r e s u l t  o f  the f low reduction. 

2. FUEL RESTRUCTURING --. AND RELOCATION 

Rod IE-002 was posttest neutrographed t o  evaluate the rest ructur ing 

and relocat ion o f  the fue l  as a r e s u l t  o f  the t e s t  operation, Fuel Rod 

829, from which Rod IE-002 was fabricated, had been neutrographed p r i o r  

t o  t e s t  rod assembly. Figure 5 shows the pre- and post test  neutrographs. 

The fue l  rod was neutrographed a t  the General E lec t r i c  Company (GE) 

Val leci tos Nuclear Center near Pleasanton, Ca l i fo rn ia  during the pretest  

nondestructive exatni nation14]. Fol 1  owing Test IE-ST-2 the rod was 

neutrographed a t  the Argonne National Laboratory Transient Reactor Test 

F a c i l i t y  (TREAT) a t  the INEL. 
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Fig. 4 Rod IE-002 a t  180 degrees. 



1 I I 1 I I I I .  - I I I 1 I I I 1 I I 

Broken fuel pellet Broken fuel pellet 
Top of fuel stack Bottom of fuel stack 

-- - -- - -- - -- - . - . - . .. - .. .. I.. ... A .  .. .. A. .. I .. .. ..A*.. .. .... .. .. ... :- ... .- ... .- .. 
1 1 1 0 9  8 7 6 5 4 3 ' 2 1  

I 
-*-,- -7-- - x r  - 

I I I I I 

% 
F st rleutroyrapl~ 

Top of fuel stack Bottom of fuel stack 

56 55 54 53 52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 
- m u  

I /  
~ r o k e n  fuel pellets Posttest neutrbgry+zL , ;:_ _ I ' - = - -  - -  - -, 

- - - - - 3 - ,'G +, +. - --- *.--- . -4,; - 2 
+ - 

:I* d-4=- -. , -  - .+ - - :;--y--- , . 
Centerline volds 

I I I 1 1 I 1 I I I I 1 -. - I I I I I 

0.5 0.4 0.3 n c) ll I 
0.9 7 .*? 0.8 0.7 0.6 

Distance from bottom of rod [,m): 

' . . .  . - ( -  - 1 
. 5 Pre- and posttest neutron radiographs of Rod IE-002. 



The GE neutrograph shows g rea te r  d e f i n i t i o n  o f  i n d i v i d u a l  p e l l e t - t o -  

p e l l e t  gaps and cracks, whereas these fea tures  appear exaggerated i n  the 

TREAT neutrograph. The p r e t e s t  neutrograph shows f u e l  c rack ing  r e s u l t i n g  

from operat. ion i n  t he  Saxton reac to r .  P e l l e t  number 37, l oca ted  about 

0 .8  m from the  bottom o f  t he  f u e l  rod,[a1 was severely  cracked. I n  the 

same general reg ion  ( P e l l e t s  36 through 3 9 ) ,  t he  p o s t t e s t  neutrograph 

shows f o u r  p e l l e t s  t h a t  were severely  f rac tured.  The degree o f  c rack ing  

appears somewhat exaggerated by the  TREAT neutrograph. Whether t h i s  

f u e l  breakup i s  a  r e s u l t  o f  handl ing w h i l e  t h e  rod  was be ing  mod i f i ed  

f o r  use i n  the  t e s t  o r  whether i t  i s  a  r e s u l t  o f  t he  t e s t  i s  no t  c l e a r .  

Two p e l l e t s  a t  the  top  o f  t he  f u e l  s tack  were a l so  broken. This  breakage ' 

was probably due t o  hand l ing  when t h e  end cap was i n s t a l l e d .  P e l l e t  12 

a t  0.20 m was cracked as shown i n  t h e  p r e t e s t  neutrograph; however, no 

a d d i t i o n a l  c rack ing  o f  t h i s  p e l l e t  occurred as a  r e s u l t  o f  t e s t i n g .  

Some i n d i c a t i o n ' o f  c e n t e r l i n e  v o i d  format ion which may be associated 

w i t h  f u e l  m e l t i n g  was noted i n  t he  reg ion  from 0.55 t o  0.62 m. Des t ruc t i ve  

examination would be requ i red  t o  v e r i f y  t h i s  assumption; however, t he  

m ig ra t i on  o f  1 3 7 ~ s ,  as repor ted  i n  sec t i on  111, 4, i s  an i n d i c a t i o n  o f  

e leva ted f u e l  temperatures which, again, may be associated w i t h  f u e l  

me1 t i  ng. 

3.  CI..ADDING DEFORMATION 

The amount o f  c ladd ing  deformation was determined by a pulsed eddy 

c u r r e n t  scan[51. Cladding w a l l  th ickness and outer  diameter were measured. 

A d iscuss ion  o f  t he  r e s u l t s  o f  these measurements i s  p rov ided f n  t h e  

f o l l o w i n g  sect ions.  Appendix A presents a  d e s c r i p t i o n  o f  t h e  scanning 

equipment and a  d iscuss ion  o f  t he  accuracy and r e p e a t a b i l i t y  o f  t he  

r e s u l t s .  

[a] The bottom o f  the f u e l  stack'was 0.013 m from the  bottom of the  
rod. 



3.1 Diameter 

The c ladd ing  ou te r  diameter was genera l l y  unchanged from the  

p r e t e s t  cond i t i on ,  except f o r  two a x i a l  loca t ions :  0.345 and 0.580 m. 

F igure  6 shows the  c ladd ing  pre-  and p o s t t e s t  ou ter  diameter a t  these 

l oca t i ons .  The p r e t e s t  diameter measurements showed some o v a l i t y ,  w i t h  

t h e  maximum diameter a t  60 degrees and .the minimum diameter a t  150 degrees. 

( O v a l i t y  i s  de f i ned  as the  r a t i o  o f  maximum diameter t o  t h e  diameter a t  

90 degrees from the  l o c a t i o n  o f  t h e  maximum diameter.)  The maximum 

p r e t e s t  o v a l i t y  was I..U07, occu r r i ng  a t  t he  0.58-111 e leva t i on .  Yos t tes t  

r e s u l t s  i n d i c a t e d  th.e c i r c u m f e r e n t i a l  l o c a t i o n  o f  the  maximum diameter 

had s h i f t e d  t o  30 degrees, w i t h  t h e  minimum diameter a t  120 degrees. 

The maximum p o s t t e s t  o v a l i t y  was 1.029, a l s o  l oca ted  a t  0.58 m. 

3.2 Cladding Wall Thickness Var ia t i ons  

Cladding w a l l  th ickness  was un i fo rm over .the l eng th  o f  .the f u e l  rod  

a f t e r  i r r a d i a t i o n  i n  t he  Saxton reac to r .  However, a f t e r  i r r a d i a t i o n  i n  

Tes t  IE-ST-2, decreases i n  wal' l  th ickness were measured a t  two regions:  

0.22- t o  0.36-111 e leva t i on ,  t h e  reg ion  o f  maximum power . in  t he  Saxton 

reac to r ;  and 0.42- t o  0.52-m e leva t i on ,  t h e  reg ion  o f  maximum power i n  

PBF operation'. F igure  7  shows the  w a l l  th ickness  as a  f u n c t i o n  o f  

o r i e n t a t i o n  f o r  two e leva t i ons  i n  t he  lower reg ion  and th ree  e leva t i ons  

i n  t h c  uppcr region.  Thc ma)timum dccrcasc i n  w a l l  thic l tncss, Oi102 mm 

(l7%), ,occurs a t  0.330 m. The averaqe w a l l  th ickness i n  t he  lower 

reg ion  was 0.546 mm, a  reduc t i on  o f  0.046 mm (8%). The average w a l l  

th ickness  i n  t h e  upper reg ion  was 0.575 mm, a  reduc t i on  o f  0.017 mm 

(3%). No evidence o f  c ladd ing  r i d g i n g  was observed a t  pe lPet  i n t e r f a c e s .  

The minimum w a l l  th ickness  and maximum o v a i i  t y  were determined 

a long t h e  l e n g t h  o f  t he  f u e l  rod. These data,  p l o t t e d  i n  F igure  8, show 

two regions o f  c ladd ing  deformation. However, from the  p l o t  i t  can be 

seen t h a t  the  reg ions  o f  diameter change a re  o f f s e t  a g i a l l y  from the  

regions o f  w a l l  t h i n n i n g  by approximately 0.05 m, upward. 



Fuel rod orientation ( " )  IN EL-A-4683 

F ig .  6 Pre- and p o s t t e s t  c l add ing  d iameters  o f  Rod IE-902. 
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Fuel rod orientation ( O )  INEL-A-4682 

F i g .  7 P o s t t e s t  c l a d d i n q  w a l l  t h i ckness  a t  severa l  a x i a l  l o c a t i o n s  of 
nod IE-002. 



Distancz from bottom of rod (m) INEL-A-5414 

F i g .  8 Flinimum w a l l  t h i c k n e s s  2nd rnaximlim o ' v a l i t y  a long  t h e  l e n g t h  o f  
Rod IE-002. 



4. FISSION PRODUCT REDISTRIBUTION 

Fuel Rod IE-002 was gamma scanned pre-  and p o s t t e s t .  These data  

are  presented i n  Appendix B. A decrease i n  g ross  gamma a c t i v i t y  i n  bo th  

scans c o r r e l a t e s  w e l l  w i t h  the  area o f  broken f u e l  shown i n  F igure  5. 

The f u e l  rod  was a l so  spec t ra l  gamma scanned f o r  the  fo l l ow ing :  

497 keV l o 3 ~ u ,  622 keV l o 6 ~ h ,  662 keV 1 3 7 ~ s ,  724 keV 95~ r ,  756 keV 95~ r ,  

765 keV '=Nb. and 2186 keV 1 4 4 ~ e .  Resul ts  a re  oresented i n   a able 1. 
. . 

The 765 keV 9 5 ~ b ,  and 662 keV 1 3 7 ~ s  gamma i n t e n s i t i e s  a re  p l o t t e d  as a  

f u n c t i o n  o f  a x i a l  l o c a t i o n  i n  F igure  91 Both the  9 5 ~ b  and 1 3 7 ~ s  i n t e n s i t i e s  

decrease i n  the  reg ion  con ta in ing  broken f u e l  (0.55 t o  0.62 m). The 

1 3 7 ~ s  i n t e n s i t y  increases toward the  bottom o f  the  rod. F igure  10 shows 

the  r a t i o  o f  662 keV 1 3 7 ~ s  i n t e n s i t y  t o  t he  765 keV 9 5 ~ b  i n t e n s i t y  as a  

f u n c t i o n  o f  a x i a l  l oca t i on .  This  p l o t  shows the  m ig ra t i on  o f  1 3 7 ~ s  from' 

t he  0.55- t o  0.61-m region,  above the  power peak l o c a t i o n ,  toward the  

. bottom 0.2 m o f  the  f u e l  rod. 



TABLE I 

MEASURED GAMMA RAY I N T E N S I T I E S  FROM 'UEL ROD I E - 0 0 2  

Location La 1 
(distance f r o m  
bottom o f  rod 

m ) 

0 . 0 0 8 ' ~ ~  
0.018 
0.098 
0.168 
0.2'48 
0.328 
0.398 
0.478 
0.548 
0.558 
0.578 
0.608 
0.628. 
0.708 
0.728 
0.858 
~ . 8 9 4 ~ ~ ]  
0.906 

- 

Gamma Ray I n t e n s i t y  (cps) 

497 keV 522 keV 662 keV 724 keV 756 keV 765 keV 2 186 keV 

[a ]  Top o f  f u e l  s tsck i s  a t  0.898 m; to t tom c f  f ue l  stack i s  a t  0.0'13 m. 
jb]  Background measurement - fue l  n o t  viewed by scarner 
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Fig.  9 Gamma ray i n t e n s i t i e s  from Rod IE-002. 



Cistance from bottom of rod ( m )  INEL-A-4680 

95 F ig.  10 ~ a t i ' o  o f  662 k e ~ ' ~ ~ ~ s  t o  765 keV Nb galwna ray i n t e n s i t i e s .  



I V .  DISCUSSION 

Rod IE-002 was nondest ruc t ive ly  examined t o  determine the  e f f e c t s  

o f  the  power ramp on the  c o n d i t i o n  o f  the  rod. The rod  surv ived the  

ramp and high-power ho ld  p e r i o d  w i thou t  c ladd ing  f a i l u r e .  A un i fo rm 

b lack  ox ide covered the  e n t i r e  sur face o f  t he  rod. No c ladd ing  defec ts  

were v i s u a l l y  detected. However, unusual c ladd ing  deformation, f u e l  

r e l o c a t i o n  and r e s t r u c t u r i n g  evidence, and f i s s i o n  product  r e d i s t r i b u t i o n  

were found i n  the  p o s t i r r a d i a t i o n  examinat ion i n  two a x i a l  l oca t i ons  

a1 ong the  rod  corresponding t o  the  repor ted[41 high-power reg ion  (0.30 m) 

du r ing  Saxtori opera t ion  and j u s t  above' the  high-power reg ion  (0.49 m) 

du r i ng  the  t e s t  i n  PBF. The reported14' power skewing toward the  bottom 

o f  t he  rod  du r ing  Saxton opera t ion  was n o t  detected i n  the  gross gamma 

scan o f  t he  rod. 

A spec t ra l  gamma scan detected gross m i g r a t i o n  o f  f i s s i o n  product  

1 3 7 ~ s  from t h e  0.55- t o  0.62-111 reg ion  toward the  bottom o f  the  rod. I n  

t h i s  same region,  i n d i c a t i o n s  o f  v o i d  fo rmat ion  a t  t he  center  o f  t he  

p e l l e t s  were observed i n  the  p o s t t e s t  neutrograph. These f i n d i n g s  

i n d i c a t e  t h a t  f u e l  temperatures were very  h igh  i n  t h i s  reg ion  and 

poss ib l y  some f u e l  m e l t i n g  had occurred. This  same reg ion  i s  t he  

l o c a t i o n  expected t o  operate i n  f i l m  b o i l i n g  du r ing  the  f l o w  reduc t i on  

phas'e o f  t he  t e s t .  However, on-1 i n e  ins t rumenta t ion ,  t he  v i s u a l  appearance 

o f  t he  rod, and the  absence o f  c ladd ing  co l l apse  a l l  i n d i c a t e  t h a t  the rnd 

d i d  , lot  operate i n  f i l m  b o i l i n g .  The cause o f  the  anomalously h igh  f u e l  

temperature cannot be expla ined a t  t h i s  t ime. 

I n  t h i s  same region,  r e l a t i v e l y  l a r g e  c ladd ing  deformations occurred 

w i t h  maximum c ladd ing  w a l l  th ickness l o c a l l y  decreasing by about 9% a t  

t he  0.58-m r o d  e l e v a t i o n  as compared w i t h  w a l l  th ickness measured a f t e r  - 

o p e r a t i u n . l n  t he  Saxton Reactor. Cladding deformations a l so  occurred 

from the  0.22- t o  0.36-111 rod  e leva t i on ,  t h e . r e g i o n  o f  maximum r o d  pow€,- 



d u r i n g  Saxton operat ion.  A maximum w a l l  th ickness decrease o f  17% 

occur red  a t  t h e  0.33-111 r o d  e leva t i on .  P r i o r  t o  PBF opera t ion  w a l l  

th ickness  was r e l a t i v e l y  uni form, w i t h  no regions showing evidence o f  

c ladd ing  w a l l  t h inn ing .  

Hod IE-002 su rv i ved  a h i g h  power ramp w i thou t  f a i l u r e .  Fuel 

r e s t r u c t u r i n g  and f i s s i o n  product  m ig ra t i on  evidence suggest anomalously 

h i g h  f u e l  temperatures occurred i n  a regi0.n j u s t  above the  peak power 

r e g i o n  o f  t h e  rod. I n  t h i s  same reg ion  and i n  t he  reg ion  o f  maximum 

power d u r i n g  Saxton opera t iun ,  l a r g e  and unusual c ladd ing  deformations 

occurred, apparent ly  a r e s u l t  o f  p e l l e t / c l a d d i n g  i n t e r a c t i o n  s t r a i n s  

induced by the  power ramp. The i r r a d i a t l o n - d d ~ ~ ~ a g e d  c lndd i  ng (,I r in2' n v t )  

was capable o f  w i ths tand ing  these l a r g e  deformations w i thou t  f a i l u r e .  

The cause o f  the  anomalous c ladd ing  deformations, f u e l  r e s t r u c t u r i n g ,  

and f i s s i n n  product  m i g r a t i o n  cannot be expla ined a t  t h i s  t ime. These 

occurrences have n o t  been observed t o  date on o the r  S a x t u n - i r r a d ~ a t e d  

rods s i m i l a r l y  t e s t e d  i n  t he  I r r a d i a t i o n  E f f e c t s  Test  Series. 



V. REFERENCES 

1. U n i t e d  S ta tes  Nuclear  Regu la to ry  Commission, O f f i c e  o f  Nuclear  

Regulatory  Research, Water Reactor Sa fe t y  Research - S ta tus  

Summary Report ,  NUREG 75/046 - 5 (May 15, 1975). 

2. W. J. Quapp e t  a l ,  I r r a d i a t i o n  E f f ec t s  Tes t  Ser ies  Scoping Tes t  2, 

Tes t  Resu l ts  Report ,  TREE-NUREG-1044 (September 1977). 

3. A. S. Mehner, P o s t i r r a d i a t i o n  Examinat ion Resu l ts  f o r  t h e  I r r a d i a t i o n  

E f f e c t s  Scoping Tes t  2, TREE-NUREG-1022 (January 1977). 

4. G. W. Gibson e t . a l ,  C h a r a c t e r i s t i c s  o f  U0,-Zircaloy Fuel Rod 
L 

M a t e r i a l s  From Saxton Reactor fo r .Use  i n  Power B u r s t  F a c i l i t y ,  

ANCR-NUREG-1321 (September 1976). 

5. W. C. F ranc i s  e t  a l ,  Nondes t ruc t i ve  Examinat ion o f  I r r a d i a t e d  

Fuel Rods by Pulsed Eddy Cu r ren t  Techniques, ANCR-1282 (February 1976). 



T H I S  PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



APPENDIX A 

PULSED EDDY CURRENT SCANNlNG 



T H I S  PAGE . 

WAS INTENTIONALLY 

LEFT BLANK 



APPENDIX A 

PULSED EDDY CURRENT SCANNING 

Fuel Rod IE-002 from Test IE-ST-2 was scanned by pulsed eddy 

current (PEC) methods [A-11 both before and a f t e r  testing. The PEC 

scanner provided outer diameter and wal l  thickness information. Scans . 

were taken a t  30-degree in te rva ls  around the fue l  rod. 

Many o f  the or ientat ions on fue l  Rod IE-002 were scanned twice. 

Figure A-1 shows an example o f  two scans a t  one or ientat ion f o r  both the 

outer diameter channel and the wall thickness channel. The repeatab i l i t y  . 
o f  these measurements was excellent. The accuracy o f  the diameter and 

wal l  thickness measurements was estimated t o  be w i th in  9 .008  mm. The 

precis ion o f  these measurements was 0.003 mm. 



t 1 I I I I I I I I I I I I I I I I I 1 

Bottom of rod 

Bottom of rod 

F ly .  A- l Pulsed eddy current s c t ~ n ~  o r  Rod IE-002. 



. . 

REFERENCE 

A-1. W.  C.  Francis e t  a l ,  Nondestructive Examination o f  I r r a d i a t e d  Fuel 

Rods by Pulsed Eddy Current Techniques, ANCR-1282 (February 1976). 



T H I S  PAGE 

WAS INTENTIONALLY 

L E F T  BLANK 





THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



APPENDIX B 

GAMMA SCANS 

Fuel Rod IE-OO2was gamma scanned both before and a f t e r  Test 

IE-ST-2 t o  document the r e l a t i v e  l i e v e l  o f  gamm ray a c t i v i t y  as a 

funct ion o f  distance along the fue l  stack and t o  determine any changes 

tha t  occured as a r e s u l t  o f  the PBF test ing. The data were taken wi th  a 

NaI s c i n t i l l a t i o n  detector coupled t o  a multicannel pulse height 

analyzer and s t r i p  chart recorder. 

A Slo-Syn stepping motor provides the rod scanning dr ive  and 

posi t ion ing mechanism which allows se t t ing  the t e s t  in te rva l  t o  - +0.03 m. 

The fuel  rod was si tuated i n  f r o n t  o f  the Nai col l imator s l i t  (0.051 x 1.270 mm) 

and the output o f  the NaI detector was received by the s t r i p  chart  

recorder as the fue l  rod was driven past the co l l imator  s l i t  a t  a 

slow, constant rate. The s t r i p  chart  recording speed was matched t o  the 

posi t ion ing rate (8.46 mm/s) o f  the fue l  rod past the coll imator. A 

standard 1 3 7 ~ s  source was monitored before and fol lowing the gamma scan 

t o  determine whether any electronic d r i f t  i n  the i n i t i a l  and f i n a l  data 

recording occurred during the scan. 

The top and bottom o f  the fue l  stack were i d e n t i f i e d  by step- 

scanning past the detector-collimator. A rap id change i n  the gamma ray 

i n tens i t y  occurred a t  the end o f  the fue l  stack. 

Figure 0-1 shows the pre- and posttest gross gamma scans. A 

d i f f e r e n t  scale was used f o r  the two scans, as shown i n  the f i gu re  

by the 1 3 7 ~ s  shource run befure and a f t e r  each scan. The pretest  scan 

shows a decrease i n  a c t i v i t y  a t  the area o f  cracked fuel  located 0.546 

t o  0.577 m from the bottom o f  the fue l  stack. The decrease i n  post test  

a c t i v i t y  from 0.55 t o  0.62 m indicates more extensive fue l  cracking as 

a r e s u l t  o f  the test .  This a c t i v i t y  decrease was also found t o  be a 

r e s u l t  o f  1 3 7 ~ s  migration away from t h i s  area. 



Fig. B-1 P r e -  and posttest gross gamma scans of Rod IE-002. 
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