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' ABSTRACT 

Experimental  r e s u l t s  f rom s i x  recen t  Power Burst  F a c i l  i t y  (PBF) 

r e a c t i v i t y  i n i t i a t e d  acc ident  (RIA) t e s t s  are compared w i t h  data f rom 

prev ious Spec i a1 Power, Excursion Reactor Test (SPERT), and Japanese 

Nuclear Safety Research Reactor (NSRR) t es t s .  The R I A  f u e l  behavior  

exper imental  program r e c e n t l y  s t a r t e d  i n  t h e  PBF i s  be ing conducted 

w i t h  coo lan t  cond i t i ons  t y p i c a l  o f  h o t - s t a r t u p  cond i t i ons  i n  a  

comnercial b o i l i n g  water reac to r .  The SPERT and NSRR t e s t  programs 

i nves t i ga ted  t h e  behavior  o f  s i n g l e  o r  smal l  c l u s t e r s  o f  l i g h t  water 

r e a c t o r  (LWR) t y p e  f u e l  rods  under approximate room temperature and 

atmospheric pressure cond i t i ons  i n  capsules con ta in i ng  stagnant 

water. As observed i n  t h e  SPERT- and NSRR t es t s ,  energy deposi t ion,  

and consequent entha lpy increase i n  t he  PBF t e s t  f u e l ,  appears t o  be 

t h e  s i n g l e  most impor tant  va r iab le .  However, t h e  consequences o f  
a 

f a i l u r e  a t  b o i l i n g  water ho t - s ta r t up  system cond i t i ons  appear t o  be 

more severe than p rev ious l y  observed i n  e i t h e r  t h e  stagnant capsule 

SPERT o r  NSRR tes ts .  Meta l log raph ic  examinat ion o f  bo th  p r e v i o u s l y  

u n i r r a d i a t e d  .and i r r a d i a t e d  PBF f u e l  rod  cross sec t ions  revealed 

extens ive v a r i a t i o n  i n  c l add ing  w a l l  th icknesses ( i n v o l v i n g  cons ider-  

ab le  ' p l a s t i c  f l o w )  and f u e l  s h a t t e r i n g  a long g r a i n  boundaries i n  b o t h  

res t ruc tu red .  and unres t ruc tu red  fue l  reg ions.  Ox ida t ion  o f  t h e  

c ladd ing .  r e s u l t e d  i n  f r a c t u r e  a t  t h e  l o c a t i o n  o f  c l add ing  t h i n n i n g  and 

d i s i n t e g r a t i o n  o f  t he  rods dur ing  quench. I n  add i t ion ,  s w e l l i n g  of 

t he  gaseous and p o t e n t i a l l y  v o l a t i l e  f i s s i o n  products  i n  p rev ious l y  



irradiated fuel resulted in volume increases of up to 180% and block- 
age of the coolant channels within the f low shrouds surrounding the . - 

fuel rods. 

. . . . 

, ~6ac teu r s  3 eau ordi nai re : Comportement 
du combus t i  bl e au cours d ' expiri enc6s 
d l~cc iden t  d '  Insertion de R6activi t e  
7--- .- - - . - .  . - . - - - - . . . . - .. 

On compare les rgsul tats  de six essais d8Accident dlInsertion de 
~ g a c t i v i  ti (RIA), r6al is6s dans Power Burst Facili ty ( P B F ) ,  aux 
r6sultats de t e s t s  plus anciens effectu6s dans Special Power Excursion 
Reactor Test (SPERT) e t  Nuclear Safety Research Reactor (NSRR - 
Japon) . Dans PBF, l e  programne exp6rimentaI d '  6tude du comportement 
d ' u n  combustible lors d ' u n  RIA es t  r6alis6 en partant des conditions 
de refroidissement repr6sentatives d ' u n  d6part 2 chaud dans u n  BWR 

commercial. Les programmes SPERT e t  NSRR avaient 6tudi6 des crayons 
combustibles ou de pe t i t s  assemblages (de la f i l i 6 r e  ii eau ordinaire), 
enfermgs dans une capsule etanche, rempl ie d'eau temp6rature 
ordinaire et  pression atmosph6rique. Come on 1 'avait observ; lors 
des tes t s  SPERT e t  NSRR, l a  d6position dt6nergie, e t  par cons6quent 
1 'accroissement d'enthalpie du combustible, es t  la variable 
principale. Cependant, les cons6quences de la  rupture ( d ' u n  

combustible) aux conditions de dkmarrage ii chaud d ' u n  BWR semblent 
plus graves que celles observ6es dans les tes t s  SPERT e t  NSRR 

(capsules ferm6es). L '  examen m6tal1 ographique des sections de 
combustible, pr6-irradl6 ou non, a montr6 de grandes vari ations 
d16paisseur de gaine (supposant une d6formation plastique importante) 

e t  l ' iclatement du combustible tout l e  long des joints de grain, 5 l a  
fois  dans les zones restructur6es ou non. C1oxydation de la gaine a 
provoqu6 sa rupture dans les  zones amincies e t  la  d6sintegration des 
crayons pendant le  renoyage. De plus, 1 'expansion des produits de 
fission gazeux ou volat i ls  a provoqu6 une augmentation de volume de 
180% et  1 'obturation des canaux de refroidissement, 2 1 ' i nt6rieur des 
chemises qui entourent les  crayons combustibles. 



VERHALTEN VON LEICHTWASSERR EAKTOR BRENNSTOFF 

BE1 REAKTI VSTAETSSTOERFAELLEN 

ZUSAMMENFASSUNG 

Ergebnisse von sechs Experimenten, d i e  neu l i ch  i n  Power Burs t  

F a c i l i t y  (PBF) un ter  den Bedingungen eines R e a k t i v i t a e t s s t o e r f a l l  es 

(RIA) durchgefuehrt  wurden, werden m i t  entsprechenden Ergenbnissen von 

Versuchen i n  Special  Power Excursion Reactor (SPERT) und i n  

Japanischem Nuclear Safety Research Reactor (NSRR) ve rg l  ichen. Das 

R I A  Versuchsprogram, das vor kurzem i n  PBF begonnen wurde, verwendet 

Bedingungen, d i e  f u e r  heissen Nul le is tungszustand i n  einem 

S i  edewasserreaktor t yp  i sch  s i  nd. I n  den SPERT und NSRR Programen 

wurde das Brennstoffverhal ten un ter  Bedingungen untersucht,  d i e  durch 

Ei  nzelstaebe oder k l  e ine Buendelgroesse und stagnierendes Kuehlwasser 

be i  Z imertemperatur  ohne Ueberdruck i n  abgeschlossenen Kapseln 

gekennzeichnet sind. Wie schon i n  den SPERT und NSRR Versuchen 

f e s t g e s t e l l t  wurde, e rsche in t  d i e  Energ ief re isetzung und f o l g l i c h  d i e  

Enthalpieerhoehung im Brennstoff d i e  w i ch t i gs te  l(enngroesse zu sei'n. 

Zusaetz l ich deuten d i e  PBF Versuchsergebnisse darauf hin,  dass der 

heisse reak tor typ ische Nul leistungszustand zu folgeschwereren 

Brennstoffschaeden f u e h r t  a l s  b i she r  i n  den Kapselversuchen i n  SPERT 

und NSRR beobachted wurde. 

Metal lographische Untersuchungen an sowohl vorbes t rah l ten  a ls  

auch n i c h t  vorbes t rah l ten  Brennstabquerschnitten haben .erhebl iche 
J 

Aenderungen i n  der  Wandstaerke (bed i n g t  durch p l  as t  isches F l  i essen) 

gezeigt  und Pu lve r i s i e ren  des Brennstof fs  i n  sowohl umstruktur ier tem 

a ls  auch unbeeinf lusstem Brennstoff .  Oxidat ion von Z i r k l  a loy  ha t  das 

Aufbrechen des Huel l rohres an den duennen S t e l l e n  bewi rk t  und 

Desi n teg ra t i on  der Staebe nach der W i  ederbenetzung. Zusaetzl i ch wurde 

Brennstoffschwellen, bedingt  durch gasfoermige Spaltprodukte i n  

vorbestrahltem Brennstoff ,  beobachtet, das e ine  Volumszunahme von b i s  

zu 18G% bewirk te und e ine  vo l l s taend ige  Blockade des d i e  Brennstaebe 

umhuell enden Kueh l rn i t te l f  uehrungsrohres nach s i ch  zog. 



INTRODUCTION AND REVIEW OF PREVIOUS WORK 

The r a p i d  i nadve r ten t  i n s e r t i o n  of r e a c t i v i t y  i n t o  a l i g h t  water 

r e a c t o r  core, lead ing  t o  h i gh  c ladd ing  temperatures, has long  been 

recognized as a p o t e n t i a l  mechanism f o r  f u e l  r o d  f a i l u r e .  Complex 

ana lys is  techniques are used t o  es t imate  t h e  e f f e c t s  o f  pos tu l a ted  

r e a c t i v i t y  i n i t i a t e d  accidents i n  LWRs. These techniques general  ly 

couple t h e  t r a n s i e n t  neu t ron ics  behavior,  f u e l  r o d  thermal and mechan- 

i c a l  response, and t h e  coo l  ant  hydrodynamic response. V e r i f i c a t i o n  o f  

these a n a l y t i c a l  models i s  incomplete, however, due t o  l i m i t a t i o n s  o f  

e x i s t i n g  f ue l  behavior  data. Much of t h e  app l i cab le  R I A  exper imental  

data were obta ined severa l  years ago i n  t h e  SPERT (Capsule D r i v e r  
I 

. Core) t e s t  program, which i nves t i ga ted  t h e  behavior  o f  s i n g l e  o r  smal l  

c l u s t e r s  o f  f u e l  rods  under approximate room temperature and atmos- 

phe r i c  ( o r  near atmospheric) pressure cond i t ions ,  no forced coo l  ant  

f low, and zero i n i t i a l  power. S i m i l a r  t e s t s  have been performed i n  
I t he  Japanese Nuclear Sa fe ty  Research Reactor . 

I n  each o f  these f a c i l i t i e s ,  a d r i v e r  core w i t h  encapsulated t e s t  

f u e l  i n  a c e n t r a l  f l u x  t r a p  was operated t o  produce a power excursion. 

The magnitude and t ime d u r a t i o n  o f  these excursions were comparable t o  

those o f  severe, hypothesized RIAs i n  LWRs. The experiments were 

performed w i t h  s i n g l e  f u e l  rods  ( o r  a smal l  c l u s t e r  o f  rods)  p laced a t  

t h e  cen te r  of t e s t  capsules con ta in i ng  stagnant water. Energy depos i - 
t ion ,  and consequent entha lpy increase, i n  t he  t e s t  f u e l  was t he  

s i n g l e  most impor tant  independent va r iab le .  The th resho ld  f o r  f a i l u r e  

o f  u n i r r a d i a t e d  f u e l  was g e n e r a l l y  about 240 t o  265 ca l / g  U02 ", 
and was r e l a t i v e l y  i n s e n s i t i v e  t o  c l add ing  ma te r i a l ,  c l add ing  heat  

treatment, f u e l  form, f u e l  mate r ia l ,  and f ue l - c l add ing  gap widt'h. 

C o r r e l a t i o n  o f  t he  c ladd ing  temperature and fa.i l u r e  behavior data f o r  

a. A l l  energy values presented i n  t h i s  paper are r a d i a l  average 
values a t  t he  a x i a l  peak power l o c a t i o n  o f  t he  t e s t  r od  a t  t h e  
end o f  t h e  power pu lse  ( n o t  t o  be confused w i t h  energy depos i t i on  
a t  f a i l u r e ) .  The PBF values i nc l ude  an en tha lpy  o f  15 c a l / g  
U02 associated w i t h  t h e  BWR ' ho t - s ta r t up  cond i t i ons  o f  t h e  PBF 
t es t s .  



severa l  t e s t  rod  designs i n d i c a t e d  t h a t  t h e  i n c i p i e n t  f a i l u r e  thresh-  

o l d  had a s t ronger  dependence on the  energy depos i t i on  near t h e  f u e l  

su r face  than on t h e  r a d i a l  average energy deposi t ion.  Reduct ion o f  

t he  water/ fuel  r a t i o  through t he  use o f  shroud enclosures o r  smal l  

' c l u s t e r s  caused a s l i g h t  r e d u c t i o n  ' i n  t h e  f a i l u r e  threshold.  Prepres- 

s u r i z a t i o n  o f  NSRR f u e l  rods caused a reduc t i on  i n  the  f a i l u r e  t h res -  

ho ld  fo r  i n t e r n a l  pressures g rea te r  than 1.2 MPa. Rods ' prepres-  
1  su r i zed  t o  2.9 MPa f a i l e d  i n  t h e  range o f  150' t o  160 ca l /g ,U02 

I n  t e s t s  w i t h  f u e l  rods p r e v i o u s l y  i r r a d i a t e d  t o  burnups o f  up t o  

32 ~ ~ d / t ,  r od  f a i l u r e s  occurred a t  lower energy depos i t ions  i n  some, 

cases than s i m i l a r  u n i r r a d i a t e d  f u e l  'rods, w i t h  l i t t l e  s e n s i t i v i t y  

a t t r i b u t a b l e  t o  - t h e  degree o f  burnup. . The lower f a i l u r e  t h resho ld  was 

not  s t a t i s t i c a l l y  es tab l i shed  because o n l y  a  few p r e v i o u s l y  i r r a d i a t e d  

rods  were tested.  

The consequences o f  u n i r r a d i a t e d  f ue l  rod  f a i l u r e s  were i n s i g n i f -  

i c a n t  below about 300 ca l /g  U02. I n  t h e  300 t o  500 c a l / g  U02 

range, f u e l  rods were broken up and fragmented, b u t  t he  r e s u l t i n g  

coo lan t  pressures d i d  no t  exceed a few MPa and nuclear- to-mechanical  

energy conversions d i d  not  exc'eed 1% of t he  t o t a l  nuc lear  energy 

deposited. 

Metal-water r e a c t i o n  was f i r s t  de tec tab le  a t  about 200 ca l / g  

U02 ,ai~d increased t o  about 50% o f  t h e  c ladd ing  wa l l  th i ckness  a t  500 

ca l / g  U 0 2  Tests a t  over 600 ca l / g  U02 had more severe conse- 

quences, w i t h  r e s u l t a n t  coo lan t  pressure increases t o  12 MPa, energy 

conversions t o  n e a r l y  3%, and metal-water r e a c t i o n  t o  n e a r l y  100% o f  

t he  c ladding.  Pressure and mechanical energy generat ion were detected . 
a t  lower energy depos i t ions  (2200 c a l / g  U02) f o r  p r e i r r a d i a t e d  rods; 

1 however, the  observed magnitudes were r e l a t i v e l y  i n s i g n i f i c a n t  . 



I 

TEST DESIGN AND CONDUCT 

A new RIA f u e l  behavior  exper imental  program was r e c e n t l y  s t a r t e d  - 1  
i n  t h e  Power Burst  F a c i l i t y  w i t h  coo lan t  cond i t i ons  t y p i c a l  o f  ho t -  

s t a r t u p  cond i t i ons  i n  a  comnercial  b o i l i n g  water r e a c t o r  ( B W R ) ~ .  To 

date, s i x  t e s t s  have been completed: four  s i ng le - rod  scoping t e s t s  I 
(Tests  R I A  ST-1, RIA ST-2, RIA ST-3, and RIA ST-4) w i t h  r a d i a l  average 

A 

energy depos i t ions  ranging f rom about 220 t o i  560 c a l / g  UO and 
- - -  2 '  

two four- rod t e s t s  (Tests  RIA 1-1 and RIA 1-2) w i t h  energy depos i t i ons  

of approximately 320 and 200 ca l / g  . U02, respec t i ve ly3 .  The 

r e a c t o r  per iods  f o r  these t e s t s  ranged f rom 5.7 t o  3.1 ms. 

The PBF core i s  a  r i g h t - c i r c u l a r  annulus 1.3 m i n  .d iameter  and 

0.91 m i n  length,  enc los ing  a  c e n t r a l l y  l oca ted  v e r t i c a l  f l u x  t r a p  

0.21 m i n  diameter. An, i n - p i l e  tube f i t s  i n  t h i s  v e r t i c a l  t e s t  space- 

and conta ins the  t e s t  t r a i n  assembly. The i n - p i l e  tube i s  . a  t h i c k -  

wal led, Incone l  718, h igh  s t r eng th  pressure tube designed t o  con ta in  

t h e  steady s t a t e  opera t ing  pressure and any pressure surges from t e s t  

f u e l ,  r o d  ' fa i lures.  A f l o w  tube i s  pos i t i oned  i n s i d e  t h e  i n - p i l e  tube 

t o  d i r e c t  t he  coo lan t  f l ow.  coo lan t  f l o w  enters  the top  o f  the  i n -  

p i l e  t u b e  above t h e  r e a c t o r  core and f lows  down t h e  annulus between 

the  i n - p i l e  tube wa l l  and the f l o w  tube. The f l o w  reverses a t  t he  

' bottom,, passes up through t h e  t e s t  t r a i n ,  and e x i t s  above t h e  r e a c t o r  

core a t  t he  i n - p i l e  tube o u t l e t .  A  loop coo lan t  system prov ides  

c o o l i n g  water f o r  t h e  i n - p i l e  tube a t  c o n t r o l l a b l e  pressures, temper- 

atures, and f l o w  ra tes .  For these t es t s ,  t h i s  system s imulated t h e  

ho t - s ta r t up  coo lan t  cond i t i ons  o f  a  BWR. 

The four  RIA scoping t e s t  rods were f ab r i ca ted  w i t h  u n i r r a d i a t e d  

z i r c a l o y - 4  cladding, f r e s h  uranium d i o x i d e  f u e l  p e l l e t s ,  and dimen- 

s ions t y p i c a l  o f  p ressur ized  water r e a c t o r  (PWR) f u e l .  For each o f  

t h e  four  scoping t es t s ,  a  s i n g l e  f u e l  r o d  was pos i t i oned  i n  a  separate 

a. Coolant temperature pressure, and shroud f l ow  r a t e  o f  538 K, 
6.45 MPa, and 85 cm3js, r espec t i ve l y .  



flow shroud and then installed in the center of the ' in-pile tube. 
~ i ~ u r e '  1 presents an i l lustrat ion of the RIA Scoping Test hardware 
within the PBF in-pile tube. 

Two fuel rods previously irradiated ' in the saxtona reactor to 

approximately 5 GWd/t b u r n u p  and two unirradiated Saxton rods were 

used in Test RIA 1-1, and four previously irradiated Saxton rods with 

about the same burnup were used in Test RIA 1-2. The four separately 
shrouded fuel rods used in Tests RIA 1-1 and RIA 1-2 were symmetri- . 

cally positioned within the PBF in-pile tube as shown in Figure 2. 

Each 0.91-m-long t e s t  .rod was surrounded by a separate flow shroud 
with inlet  or i f ice  and inside diameter sized so that coolant behavior 
during the transient would be similar t o  that expected within a 

boiling water reactor assembly during an RIA a t  zero power in i t i a l  
conditions. The annular flow area thus defined for each rod was about I 

the same as for  a rod'  in an 8 x 8 BWR/6 fuel bundle at  hot-startup 
b conditions. . . . 

I 
The PBF four-rod t e s t  t ra in was designed such that the azimuthal 

power distribution within each t e s t  rod was approximately uniform. 

Cobalt flux wires and self-powered neutron detectors were utilized to 
I 

measure the integrated and instantaneous neutron fluxes, respec- 
tively. The calorimetric measurements used t o  determine absolute rod 

power included cool ant temperature, cool ant temperature r i se ,  cool ant 
pressure, and coolant flow rate.  In addition, internal rod pressure, 
plenum temperature, fuel center 1 ine temperature (unirradi ated rods 
only), cladding. surface tempera.ture, and cladding axial elongation 
were measured for  selected t e s t  fuel rods. 

The two unirradiated Test RIA 1-1 fuel rods and one of the pre- 1 ~ 
viously irradiated rods were backfilled with he1 ium or a mixture of ' 1  
a. A small prototype pressurized water reactor bui l t  by the Westing- 

house Electric Corporation and 1 ocated in Saxton, Pennsylvania. 

b. The coolant conditions are closely representative of the average 
conditions within the lead (high power) bundle of a BWR/6 a t  h o t -  
startup conditions. 



F ig .  1 I l l u s t r a t i o n  o f  t h e  RIA Scoping Tes t  hardware w i t h i n  t h e  PBF 
i n - p i  l e  tube. 
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F ig.  2  Tests  R I A  1-1 and R I A  1-2 f u e l  r o d  c o n f i g u r a t i o n .  

he l ium .and argon t o  0.1 MPa. .The o the r  Test R I A  1-1 i r r a d i a t e d  f u e l  

r o d  was unopened p r i o r  t o  t e s t i n g .  On t h e  bas i s  o f  measurements o f  

s i m i l a r  rods, t h e  i n t e r n a l  gas p ressure  w i t h i p  t h i s  r o d  was a l so  about 

0.1 MPa. Two o f  t h e  Test  R I A  1-2 p r e v i o u s l y  i r r a d i a t e d  f u e l  rods  were 

b a c k f i l l e d  w i t h  a  m i x t u r e  o f  he l ium and' argon t o  2.3 MPa, a  t h i r d  r o d  

was b a c k f i l l e d  w i t h  t h e  same m i x t u r e  o f  gases t o  0.1 MPa, and t h e  

f o u r t h  r o d  was unopened p r i o r  t o  t e s t i n g .  The s p e c i f i c  burnups and 

r o d  i n t e r n a l  pressures of t h e  Tests  R I A  1-1 and R I A  1-2 rods  a re  

sumnarized i n  Table I. 



Test  Rod 

I n t e r n a l  
Burnup Pressure 
(MW d/ t ) (MPa) 

Rod 
Opened 

RIA 1-1 801-1 46 00 0.1 Y esa 

RIA 1-1 801 -2 4650 0.1 NO 

RIA 1-1 

RIA 1-1 

RIA 1-2 

1 RIA 1-2 802-2 5100 2.4 Y esa 

RIA 1-2 802-3 

RIA 1-2 802-4 

a., R e f i l l e d  w i t h  a  m i x t u r e  o f  he l ium and argon w i t h  approx imate ly  t h e  
same thermal co ' nduc t i v i t y  as t h e  gases o r i g i n a l l y  w i t h i n  t h e  rod. 

EXPERIMENTAL RESULTS 

I As observed i n  t h e  p rev ious  SPERT and NSRR tes t s ,  energy 

depos i t i on  (and consequent en tha l  py increase.) i n  t h e  t e s t  f ue l  appears 

t o  be t h e  s i n g l e  most impor tan t  va r iab le . .  The t h resho ld  f o r  f a i l u r e  

o f  un i , r rad ia ted  f ue l  sub jected t o  an RIA under BWR h o t - s t a r t u p  system 

cond i t i ons  i s  about t h e  same as was observed i n  SPERT and NSRR. I n  . . 

. the PBF, u n i r r a d i a t e d  rod  f a i l u r e s  occurred a t  about 270 ca l / g  U02 

and above, and d i d  n o t  occur a t  230 c a l / g  U02. 

The consequences o f  p r e v i o u s l y  un i r rad . ia ted  f u e l  r o d  f a i l u r e  a t  

b o i l i n g  water r e a c t o r  ho t - s t a r t up  system c o n d i t i o n s  i n  t h e  PBF' appear 

t o  be more severe than observed i n  e i t h e r  SPERT o r  NSRR. - Ex tens ive  

c rack ing  and crumbl ing o f  e m b r i t t l e d  c l a d d i n g  and f u e l  occurred du r i ng  

t h e  PBF tes ts ,  presumably du r i ng  cooldown. Approx imate ly  12 cm o f  t h e  



Test RIA-fl-2 rod (270 cal/g U02) dis integrated i n t o  large fragments 

o f  fuel and cladding. (An 8-cm-long region o f  d is in tegra ted f ue l  i s  

shown i n  Figure 3). Another 14 cm o f  t ha t  rod contained a large 

crack, shown i n  Figure 4, which penetrated the en t i r e  rod. Approxi- 

mately 33 cm o f  both o f  the  un i r rad ia ted Test RIA 1-1 rods (320 cal /g 

Fig. 4 Test RIA-ST-2 f u e l  rod above the f l u x  peak. 



U02) crumbled into either f ine fuel parder or larger chunks of fuel 
and cladding. In the SPERT and NSRR tests ,  cladding cracks were 
generally evident i n  rods subjected to energy depositions between 240 
and 300 cal/g U02 and the zircaloy cladding was oxidized and embrit- 
tled; however, the rods remained relatively intact. The SPERT and 
NSRR t e s t  rods broke into large pieces when subjected to energy 
depositions between 300 and 350 cal/g U02, b u t  the fuel did not 
crumble into f ine  powder and somewhat larger chunks as did the fuel i n  

the Test RIA 1-1 rods. 

Metallographic exarni nation of the previously unirradiated PBF 
fuel rod cross sections revealed not only radial deformation o f  the 
cladding, b u t  extensive variation i n  wall thickness involving con- 
siderable plastic flow. A cross section of the Test RIA-ST-1 rod 
(280 cal/g U02) near the peak power elevation i s  shown in Figure 5. 

Fig. 5 Test RIA-ST-1 fuel rod cladding near the peak flux location 
(0.35-m elevation). 

This cross section reveals rod deformat ion, cladding fracture, and 
fuel loss. The rod i s  no longer circular and has regions of cladding 
thickening and thinning amounting to approximately 170 and 60% of the 



original wall thickness, respectively. The cladding was heavily and 
uniformly oxidized around the circumference from both the U02- 
zircaloy reaction on the cladding inside surface and the zircaloy- 
water reaction on the outside surface. Cladding thickening and t h i n -  

1 n ing  was not reported by the SPERT program , b u t  it was observed. 
The uniform oxidation around the deformed cross section indicates that  
th,e cladding oxidation on the outside surface occurred af te r  the 
deformation. The presence on the cladding inner surf ace of duplex 
zirconium-rich and uranium-rich uranium-zirconium reaction layers and 
the absence of Zr02 indicates that  the cladding oxidation on the 
inside surface took place w i t h  the rod intact and the UOp fuel i n  

contact w i t h  the cladding4. In regions where the cladding had 
thinned, the oxidation had consumed a l l  of the prior beta material, 
leaving only b r i t t l e  Zr02 and oxygen-stabil ized alpha. The rod 
apparently fractured upon being quenched. These cladding structures 
(along w i t h  cladding temperature and coolant pressure measurements) 
suggest the following scenario: d u r i n g  the power burst the fuel 
expands against the cladding; film boiling heat transfer i s  ini t ia ted 
and the cladding temperatures reach values near the melting point; 
rapid heat transfer to  the coolant resul ts  i n  vaporization and a 
modest pressure pulse (%2 MPa) which acts on the ductile cladding to  
deform i t  into t h i n  and thick regions; the fuel rod cladding remains 
i n  film boiling for  about 20 seconds, during which the cladding reacts 
w i t h  both the fuel and coolant (steam) and becomes heavily oxidized; 
and, f inal ly ,  rod fracture occurs upon quench. 

The fuel structure a t  the 0.35-m axial elevation of the pre- 
viously unirradiated Test RIA-ST-1 rod i s  shown i n  Figure 6. Grain 
growth and extensive grain boundary separation are shown. There is  no 
evidence of fuel me1 t i n g .  The grai n boundary separation (fuel powder- 
ing)  probably occurred due to  a combination of severe loss of grain 
boundary strength a t  elevated temperature and significant thermal 
stresses upon quenching from a film boiling condition5. As shown i n  

Figure 5, a considerable amount of powdered fuel i s  missing and pre- 
sumably was washed out of the rod af te r  the rod was quenched and 
fractured. 
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I " 
Cladding 

U-Zr duplex 
interaction layer 

1NEL.S 16 952 

Fig. 6 Test RIA-ST-1 fuel shat ter ing a t  the 0.35-m elevation, 240-degree or ienta t ion.  



The two previously irradiated Saxton fuel rods tested during the 
RIA 1-1 experiment exhibited even more unusual behavior. Complete 
flow blockage of the shroud coolant occurred within 4 seconds a f t e r  
the power burst. Approximately 48 and 64 cm, respectively, of those 
rods (subjected to  an energy deposition of about 320 cal/g U02) 
disintegrated into ei ther  f ine fuel powder or larger chunks of fud 
and cladding. In addition, portions of the rods'swelled and blocked 
about 80% of the flow channel. The remaining 20% of the flow channel 
was blocked by debris (powdered fuel). A cross section of previously 
irradiated Rod 801-1 and i t s  flow shroud near the peak power elevation 
is shown i n  Figure 7. Complete coolant channel blockage i s  observed. 
As shown i n  Figure 8, this blockage was formed by the swelling molten, 

Zircaloy shroud, 

Shroud flux4 
wire tube 

-Zircaioy cladding 
fragment deformed 
by fuel swelling 

a UOp fuel forming 
a complete shroud 
(coolant channel) 
blockage 

IN EL-A- 1 2 298 

Fig. 7 Cross section of previously irradiated Rod 801-1 fuel,  
cladding, and shroud near the peak pwer elevation (Test RIA 1-1). 

or nearly molten, fuel around a fragment of pellet  and cladding 
(Figure 8 i s  a view of the ground and polished portion of Figure 7 
that  includes the shroud and blockage). The prior molten fuel in the 
blockage region exhibited considerable porosity. The pel l e t  fragment 
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Fig. 8 Ground and polished cross section of Rod 801-1 fuel, cladding, 
and shroud near the peak power elevation (Test RIA 1-1). 

a1 so exhibited considerable porosity, as shown i n  the magnification of 
Figure 9. This porosity is  attributable to the release, coalescence, 
and expansion of gaseous and potentially volatile fission products 
from the fuel matrix. The porosity in Figure 9 appears to have been 
influenced somewhat by a temperature gradient and swept toward the 
outer surfaces of the pellet. The outer cladding diameters of the 
Test RIA 1-1 rods were about 10 mn and the inner diameters of the flow 
shrouds were 16.3 mn. Therefore, an 80% coolant channel blockage 
required a fuel volume increase of about 180%. The disintegration of 
a significant portion of the unirradiated Test RIA-ST-2 and Test 
RIA 1-1 rods d i d  not result in complete blockage of their coolant 
channels. 

The four previously irradiated Saxton fuel rods tested during the 
RIA 1-2 experiment were subjected to a peak energy deposition of 

approximately 200 cal/g U02. One of the two unpressurized Test 



Flne gralnd U02 fuel at outer pellet surface 

Ircumferentlal fracture In- outer fuel 

\ Inner a~ameter oxide (ZrOq) 
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Fig.  9 Previously i r r a d i a t e d  Rod 801-1 cladding and p e l l e t  fragment i n  the  
blockage region near the  peak power e levat ion  (Test R I A  1-1). 



R I A  1-2 rods (Rod 802-3 which was not opened) remained re1 atively 
intact  b u t  failed. T h i s  rod was found to have 22 longitudinal cracks 
s tar t ing a t  about 18 cm and extending t o  about 72 cm from the bottom 
of the 91-cm fuel stack. The cracks had the appearance of s t ress-  

, corrosion type cracks, as shown in Figure 10. The total  pellet  energy 
a t  the 18- and 72-cm locations was about 150 cal/g UOp. Thus, it  i s  
tentatively concluded that  the fa i lure  threshold during an R I A  event, 
s tar t ing from hot-startup conditions, for  fuel rods w i t h  burnups of 
about 5000 MWd/t i s  approximately 150 cal/g U02. 

Top o f r d  , - 

Fig. 10 Cracks in the cladding of Rod 802-3, Test R I A  1-2. 

The other Test R I A  1-2 unpressurized rod (which had been opened 
to inser t  a plenum pressure transducer) did not f a i l .  The two pre- 
pressurized rods (2.4 MPa) also d i d  not f a i l ,  b u t  d i d  experience 
cladding ball ooni ng with a volume increase of approximately 20%. 
These results suggest that previously irradiated zircaloy cladding 
(which has experienced f a s t  neutron damage) is susceptible to  
something simi 1 ar to  s t ress  corrosion cracki ng due to  pel 1 et-cladding 
interaction (PCI) when the fission product chemistry remains 



undisturbed. Prepressur iza t ion  of t h e  p r e v i o u s l y  i r r a d i  ated Saxton 

rods  probably  prov ided a  cushion between t h e  f u e l  and c ladd ing  and 

lowered the  s t r a i n  ra te ,  and opening ,of t he  rods probably  a1 so changed 

t h e  f i s s i o n  p roduc t  chemis t ry  and thereby decreased t h e  p ropens i t y  f o r  

PC1 f a i l u r e  du r i ng  'an R I A .  

CONCLUSIONS 

The f a i l u r e  t h resho ld  o f  p r e v i o u s l y  i r r a d i a t e d  LWR-type f u e l  rods  

subjected t o  an RIA w i t h  coo lan t  cond i t i ons  t y p i c a l  o f  h o t - s t a r t u p  

cond i t i ons  i n  a  commercial b o i  1  i n g  water r eac to r  i s  about 150 c a l / g  

~ 0 ~ ~ .  : The f a i l u r e  mechanism appears t o  be s t ress -cor ros ion  

' c rack ing  due t o  p e l l e t  c ladd ing  i n t e r a c t i o n .  The f a i l u r e  t h resho ld  o f  

u n i r r a d i a t e d  rods i s  between 230 and 270 ca l / g  U02. These values 

are cons i s ten t  w i t h  prev ious SPERT and NSRR work. U n i r r a d i a t e d  rods 

subjected t o  270 t o  280 ca l / g  U02 experienced extens ive c rack ing  and 

crumbling, apparen t l y  due t o  c ladd ing  wa l l  th ickness v a r i a t i o n s  and 

complete o x i d a t i o n  o f  t h e  t h i n  sect ions.  Prev ious ly  i r r a d i a t e d  t e s t  

rods  which were subjected t o  an energy i n s e r t i o n  o f  320 ca l / g  U02 

swel led and blocked the  coo lan t  f l o w  channel. Un i r r ad ia ted  t e s t  r o d  

damage a t  an energy i n s e r t i o n  o f  320 ca l / g  U02 was extensive, b u t  

d i d  no t  r e s u l t  i n  coo lan t  f l o w  blockage. 
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