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R .  A .  Lorenz G. W .  Pdrker 

ABST'RACT 

The second f u e l  rod fa i l -we experiment i n  the  Tran-  
si e n t  Reactor T e s t  F a c i l i t y  (TREAT) vas performed 
with a seven-rod bundle of 27-in. -long, Zircaloy-  
c lad  7302 f u e l  rods  i n  a flowing steam atmosphere. 
A wa te r - r eac to r  loss -of -coolan t  acc iden t  was simu- 
l a t e d  by opera t ing  tine TREAT TBY c t o r  a t  cons tan t  
power f o r  30 sec  s o  Lhat f i s s i o n  h e a t  i n  the  '1107 
p e l l e t s  caused the  Zi rca loy  cladding temperature 
t o  rise eOoF/scc t o  a maximum of approxirrately 
24OO' -P.  
with helium t o  between 65 and '(5 p s i a  ( 7 7 9 )  -to 

'Be f u e l  r d s  were i n i t i a l l y  p re s su r i zed  
2 .  

! C  s imula te  accumulated f t s s i o n  gas. 

The Zircaloy cLaddi ng swelled and ruptured .  
The amount and d i s t r i b u t i o n  df swel l ing  could 
r e s u l t  i n  t he  blockage of ?l$ of the  bundle 
coolan t  channel a r ea  of a Roi l ing  Water Reactor  
(BWR) a t  the  l o c a t i o n  of maximum swel l ing .  %ne 
Everage rod. n!aximum c i r cumfe ren t i a l  swelling was 
60%. Meiallographic examina t i o n  revea led  duc-tlle 
rup tu res  and s i g n i f i c a n t  oxrygen p7.ckw.p. Zirccnilm- 
steam r e a c t i o n  was 1.1%. 

The center rod was p r e i r r a d i a t e d  t o  2800 MWd/Tvr?l 
i n  t he  Ivkter ia l s  Tes t ing  Reactor (MTR) and Engineer- 
i n g  Test Reactor  (Em) t o  b u i l d  up an  inventory of 
fission products  and to determine i r r ad ia tLon  e f -  
f e c t s  on f u e l  rod f a i l u r e  c h a r a c t e r f s t i c s .  N o  i r -  
r a d i a t i o n  e f f e c t  wdds Seen on the  swel l ing  and rup- 
t u r e  c h a r a c t e r i s t i c s  from t h i s  low-level  i r r a d i a t i o n .  

the i r r a d i a t e d  c e n t e r  rod was approxlmately 0.5' 

and 3 3 7 C 5  was s l igk t ly  lower.  Approximately 2.55 
of the  13'1 r e l eased  from the c e n t e r  rod was i n  R 

chemically unreac t ive  form, probably CH31. 

The r e l ease  of gaseous f i  ss ion-product  s 5 K r  from 

'The r e l e a s e  of v o l a t i l e  f i s s i o n  products '2g1, k l  1, 

I NTRODUCT ION 

Witin modern l i gh t -wa te r  pmer reac to r s ,  one of t he  most s e r i o u s  

pos tu l a t ed  acc iden t s  i s  the  loss -of -coolan t  acc iden t  (MCA) i n  whi  cb 

coolant  water i s  l o s t  through a break i n  the  primary p ip ing  system. 

Emergency core-cool ing systems (ECCS) have been designed and i n s t a l l e d  
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i n  these r e a c t o r s  t o  provide emergency cooli-ng i n  the  un l ike ly  occurrence 

of such a pos tu l a t ed  accident . '  Z i rca loy  clad.d.i.ng of the f u e l  rods would 

undergo a severe temperature transri-ent dur ing  a M C A  a s  a r e s u l t  of re- 

d i s t r i b u t i o n  of hea t  s to red  i n  Yne UO;.! f u e l  dur ing  the  s h o r t  t i m e  i n t e r -  

v a l  between blowdown of the  cool ing  water  and complete a p p l i c a t i o n  of 

t he  emei-gency cool ing  water .  Many of t he  f u e l  rods would bow, s w e l l ,  

and rup tu re  before  t,he emergency coo1.ing performed i t s  f u i x t i o n .  Con- 

tiiiued hea t ing  of t he  Zi rca loy  c ladding  from f iss i -on-product  decay hea t  

and from the r e a c t i o n  of Zi rca loy  wi th  steam a t  h igh  tempera twe would 

resu1.t i n  embri t t lement  of tile cladding and gross  damage t o  the  core 

accompanied by the  r e l e a s e  of l a r g e  amounts of f i - ss ion  produc-ts i.f t he  

emergency coolant  could not adequa te ly  coo l  t h e  core .  

A f u e l  rod f a i l u r e  s tudy program was i n i - t i a t e d  a t  Oak Ridge Nat iona l  

Jabora tory  i n  J u l y  1968 a s  p a r t  of t he  OHNI, NucI-ear Safe ty  Program', 3, ' J  

i n  order  t o  determine the c h a r a c t e r i s t i c s  and e x t e n t  of f u e l  rod f a i l w e  

on emergency cool ing  e f f e c t i v e n e s s .  The program a t  ORNL inc ludes  t r an -  

s i .enl  ( rapid hea t ing)  b u r s t  t es t s  of s i n g l e  and c lus t e red  ZiTcaloy tubes 

i n  i n e r t  atmosphere, heat t r a n s f e r  and cladding behavior  dur ing  t h e  blow- 

down phase of the  TOGA, high temperature rupture tests of i r r a d i a t e d  f u e l  

rods  in steam atmosphere, .and rupture  t es t s  of clusters of fuel rcds i n  

steam atmosphere i n  t h e  Trans ien t  Reactor Test  Fac j . l i t y  (TREAT) r e a c t o r .  

A s m r y  r e p o r t  desc:rj.bing the  e f f e c t s  of f u e l  rod fa i lure  was published 

i n  Nuclear Safe ty .6  
- I ~  

%ne f i n a l  re9or.t  of Yne f i rs t  fuel-  rod f a i l u r e  experinieni performed 

i n  'TREAT (FRF-I) was published7 carl.i.er and t h i s  r epor t s  covers  the sec- 

ond experiment i n  TRERT @E?-2). 

cons i s t ing  of a seven-rod c l u s t e r  of 2'1-in. -Long, Zirealoy-clad U02 f u e l  

rods exposed t o  a flowing steam atmosphere i n  s imulat ion of steam flow 

condi t ions  imnedi.ately fo l lowing  the blowdowri po r t ion  of t he  LX>CA. The 

c e n t e r  rod contained f i s s i o n  products  from a pre l iminary  i r r a d - i a t i o n  t o  

a f u e l  burnup of 650 MWd/MI (FRF-1) o r  2800 MWd/MT (FRF-2) t o  test t h e  

e f f e c t  of i r r a d i a t i o n  on rupture  c h a r a c t e r i s t i c s  a s  w e l l  as t o  provide 

a f iss ion-produc t inventory f o r  f ission-prrjduct. r e l e a s e  mea siirement s . 
The rods were prepressur ized  with helium which s imulated f i s s i o n  gas  

pressure  accumul.ated a f t e r  high burnup. 'The f u e l  ~ o d  f a i l u r e  t e s t s  w e r e  

Each expe1-i-ment used a t e s t  assembly 
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perfo-med i n  ?BEAT by o lEra t ing  the  reactor. a t  steady power so t h a t  fis- 

s i o n  h e a t  i n  tine U02 p e l l e t s  r a i s e d  the  clad-ding temw:rature i n  dwp’lica- 

t i o n  of M>CA t ezpe ra tu re  behavior  immediately fo l lowing  coolant  blowdown a 

PIaxi.frim cladd.ing temperatures  were a p p r o x i m t e l y  l$OGc3’ i n  FRF-I and 

2400% i n  FRF-2. 

Because f i s s i o n i n g  i n  the U02 p e l - l e t s  was used a s  the  h e a t  source 

i n  these experiments,  t he  h e a t  t r a n s f e r  cond t t ions  between p e l l e t  and 

cladding were much a s  would be expected i.n t h e  LOCA. The ‘.IREAT fuel .  r d  

fa i lure  experiments a r e  t h e r e f o r e  considered to be p m o f - t e s t s  of the 

d a t a  and behavi-oral  models der ived  in t he  o the r  tube-burs t  and fuel. rod. 

rup tu re  research  tasks. 

mcSc1wmmr OF E Q U I R ~ T  - TREAT F’WL ROD FAILURE EXERIICEXVT 
FHF-2 

General Descr ip t ion  

A photograph of t he  i .n-reactor  components of t he  eQuipment i s  shown 

i n  Fig. 1. Fu.el rod. c ladding  was of a nominal O.Sb4-in. diarneter and 

the rods w e ~  l oca t ed  on a n  e q u i l a t e r a l  t r i a n g l e  s p c i n g  0.75 i n ,  a p a r t .  

Tne r d s  occupied 51% of t h e  c ros s - sec t iona l  a r ea  i n  the t r i a n g u l a r  l.at- 

-ti.ce and 37$ of t h e  a r e a  w i t h i n  t he  2.45-in.-I  .D., O.OlO-in.-thick, gold- 

p l a t e d  s t a i n l e s s  s t e e l  s leeve  surrounding the  rod bundle .  Steam flowed 

up through the rcd bundle a t  a r a t e  o f  10 R/min (STP) a long  w i t h  1.8 

R/min (STP) helium a t  a p re s su re  of about  19 p s i a .  The steam-h::LFi.un 

mixture c a r r i e d  f i s s i o n  products  from t h e  rupti-wed rocis through a f i l t e r  

pack where t h e  a e r o s o l  p a r t i c l e s  and most of t h e  iodine were collected. 

The en t i re  steam system w a s  preheated. e l e c t r i c a l l y  t o  2659 t o  prevent  

condensation of steam. 

overheat ing of the r e a c t o r  f u e l  when t i e  f u e l  rods  of t h e  experiment 

wldervent t he  WCA tempera ture  t r a n s i e n t .  

The primary v e s s e l  was well i-nsulated to prevent 

Tne flow system i s  shown i n  Fi-g. 2. Heat i n -pu t  t o  the  steam gen- 

e r a t o r  provided &g/min steam flow t o  t h e  bottom of t h e  rod bund1.e. 

Helium flowing a t  1.8 l i t e r s l m i n  (STP) was mixed with t h e  st,eam i n  t he  

genera tor ,  and the mLxture w a s  passed through a f i .Z teer .  pack after I.eavirig 

the  primary vessel.. Eased on the a v a i l a b l e  surface area of Zi rca loy  i’n 

t h e  fuel element, t hese  f lm- rates  correspond t o  29,50O/Xb/hr steam f low 
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Experiment FRF-2. 

Schematic Flow Diagram of Equipment for TREAT Fue l  Rod Fa i lu re  
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a t  70 sec  a f t e r  blowdown f o r  a 2,250 I N ( t )  BWR and 24,200-lb/hr steam 

flow a t  12 sec a f t e r  shutdown f o r  a 2,760 MW(t) €WR. 

published e s t ima tes  of r e s i d u a l  water b o i l o f f  fol lowing the  blowdown. 

I n  the  f i l t e r  pack, chemically r e a c t i v e  iodine compounds deposi ted on 

s i l v e r - p l a t e d  sur faces ,  and a e r o s o l  p a r t i c l e s  were co l l ec t ed  on th ree  

f ibe rg la s s -a sbes tos  f i l t e r s  i n  s e r i e s .  The steam was condensed outs ide  

the  r eac to r ,  and helium c a r r i e d  the  remaining v o l a t i l e  f i s s i o n  products  

through a warm iodine-impregnated charcoa l  t r a p  f o r  c o l l e c t i o n  of CH3I 

and through l iquid-ni t rogen-cooled charcoa l  t r a p s  f o r  c o l l e c t i o n  of 

xenon and krypton. 

wet-test meter.  Hydrogen formed. by the  r e a c t i o n  of steam with zirconium 

appeared a s  e f f l u e n t  gas  flow g r e a t e r  than the  con t ro l l ed  helium flow. 

Only one f i l t e r  pack was used i n  FRF-2, bu t  a second i d e n t i c a l  e x t e r n a l  

f i s s ion-product  gas c o l l e c t i o n  system was used a f t e r  t he  f i rs t  90 sec- 

onds i n  order  to  measure slowly re leased  v o l a t i l e  f i s s i o n  products .  

These va lues  a r e  
8 

Eff luen t  helium was monitored by a rotameter  and a 

Fuel  Rod Construct ion and Suspension 

D e t a i l s  of f u e l  rod cons t ruc t ion  a r e  given i n  Table 1. The f u e l  

rods were assembled a t  ORNL with Zircaloy-4 cladding of recent  commercial 

manufacture and se l ec t ed  f u e l  p e l l e t s  from surplus Dresden-I f u e l  rods. 

All cladding was inspected u l t r a s o n i c a l l y  f o r  f laws by using a s tandard 

d e f e c t  groove 0.001 i n .  deep and 118 i n .  long. 

Wall th ickness  v a r i a t i o n s  were a l s o  determined u l t r a s o n i c a l l y .  R o d s  11, 

12, and 13 were cu t  from one length  of tubing and had more uniform w a l l  

th ickness  than rods 16, 17, and 18 which were cu t  from another  length  of 

tubing.  

diameter Zi rca loy  wire ,  b u t  t he  rods were assembled without  compression 

on the  spr ings .  

1/16-in.  groove f o r  free gas passage was loca ted  between the  spr ing  and 

f i r s t  p e l l e t .  

No d e f e c t s  were found. 

The f u e l  rod plenums contained spr ings  wound from 1/16-in.-  

A 3/8-in.-long Zi rca loy  cy l inder  with a 1/16-in.  by 

A 1/8-in.-diam Zi rca loy  tube w i t h  a 1/16-in.-diam hole  was welded t o  

the  top  of each rod f o r  p re s su r i z ing .  

evacuated overnight  f o r  drying and outgassing.  The void volume was mea- 

sured by expanding helium i n t o  the  rod from a known volume. 

was increased t o  the  des i red  l e v e l  and the  tube was pinched from the  

The rods were he ld  a t  255% and 

Pressure  



Table 1. C h a r a c t e r i s t i c s  of Fuel Rods Used i n  Experirnent FRF-2 

Rod 11 Rod 16 Rod 2.2 Rod 17 Rod 13 Rod l8 Center R o d  
58-3 

Cladding outs ide  diameter,  i n .  

Cladding i n s i d e  diameter,  I n .  

Cladding w a l l  thickness ,  i n .  
Mlnimurk 
Maximum 

P e l l e t  diameter,  i n ,  
Mi nimm 
Mexi;n;m 

- 7  b ; ~ 2  we:gkt (1.51% enriched) ,  g 

N o m 1  U02 weight, g 

Pelnwn length, i n .  

~ l e n u m  vo1ume, em3 

Claddir,g gap and pellet gap 

Pressure c e l l  and tub ing  

To ta l  gas space, cn3 

Pressure, psis ~e a t  77% 

l i e l i m  i n  rod, em3 (STP) 

voicis, cxi2 

voids, em3 

0.5635 

0 .4387 

0 .  0326 

0.487 
0.493 

736 

30 

2 4 2  

7 .2  

3.9 

0 

11.1 

65 

45 

0.5633 0.5633 0.5633 0.5632 0.5633 0.5632 

0.4999 G .4994 0.4993 0.4994 0.5GGl 0.4992 

0.0305 0.0291 0.0311 9.0292 0.0307 0.0296 
0.0328 0.0345 0.0328 0.0345 0.0324 0.0344 

0.493 0.493 0.493 0.492 0.453 0.492 
G.495 0.495 0.496 0.4945 0.495 9.494 

743 739 743 736 740 740 

29 29 29 30 25 28 

2-5/16 2-9/16 2-3/8 2-5/16 2-3/8 2-7/16 

6.7 7 . 4  6 .8  6.7 6 .8  7 . 0  

4.7 4.5 5.2 5.2 5.3 5 . o  

2.2 0 2.2 0 0 0 

13.6 11.9 14.2 11.9 12.1 12.0 

75 75  75  75 75 75 

64 56 66 56 57 56 
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outs ide  onto a 1/16-in.-diam gold mTi.re loca ted  i.n the  .tube. 

s e a l  was checked f o r  leakage, and the tube was -then c u t  and s e a l  welded. 

A f i n a l  leak check was made wi th  a mass spectromet,ei- helium leak detec-  

t o r .  After assembly, -the Zircaloy-4-clad rods were autoclaved f o r  two 

days i n  1500-psi steam at 750%. The helium f i l l  pressure  range of 65 

t o  75  ps ia  (r?f?OF) was based on est ima-tes  of f i s s i o n - g a s  pressure  i n  a 

EWR ca lcu la t ed  by t h e  D/ (empir ical)  method. The c a l c u l a t i o n  showed 

t h a t  t h i s  pressure  range i s  typ ica l .  f o r  a mature core of a BNB b u i  t h a t  

almost a l l  .the v o l a t i l e  f i s s i o n  prociucts r e l eased  from U02 i n t o  the  rod 

void spaces would o r i g i n a t e  i n  rods wi.th pressure  above t n i s  range. 

?"re pinch 

Rods 11 and 12 were connected t o  s t ra in-gage  pressure  t ransducers  

Platinum v s  Pt-lO$ Rh f o r  continuous moni.to?*ing of i n t e r n a l  p re s su re .  

thermocouples made of 30-gage w i r e  (0.010 i n .  diam) were spot-welded 

d i r e c t l y  t o  the  c ladding  of rods 11, 12, and 13 t o  monitor claddi-ng t e m -  

pe ra tu re  * 'The thermocouple wires were i n s u l a t e d  wi th  A1203 and support-  

ed on t h e  rods wi th  s i n g l e  loops  of O.OlO-in.-diam P t - l O $  Rh wire .  

The outer  s i x  r d s  were suspended from t h e  t o p  support  by U-shaped 

c l i p s  t h a t  allowed bowing b u t  prevented r o t a t i o n .  The i1-radi.ated cen te r  

rod was i n s e r t e d  remo"te1y from t he  bottom of t he  primary v e s s e l  i n  thz  

TAN ( T e s t  Area North) ho t  c e l l  a t  NRTS (Nat ional  Reactor Tes t ing  Sta-  

t i o n )  a s  t he  l a s t  opera t ion  before  nioving the  completed assembly t o  

'TREAT. Tie cap of t he  cen te r  r d  contained s p l i n e s  and a d e t e n t  groove 

l o r  engagement wi th  sp r ing - lmded  b a l l s  on the  upper support  sp ide r  so  

t h a t  i t  hung f r e e l y  b u t  could not  r o t a t e .  The c e n t e r  rod had 5/16 i n .  

a v a i l a b l e  f o r  l i n e a r  expansion and the  ou te r  rods had 15/14 i n .  

Center R o d  I r r a d i a t i o n  

The c e n t e r  r d  was i r r a d i a t e d  a s  experiment OItNL-58-3 for a s h o r t  

cycle  (No. 295) i n  tize MTR i n  June 1969 and f o r  a long cycl-e (No. 104) 

i n  the  ETR i n  October and November 1969. 

up ana lys i s ,  t h e  peak l i n e a r  power was 13.9 kW/ft, considerably I-ower than 

the  des i r ed  1.8 kW/ft. 

spacers  i n  the  i r r a d i a t i o n  assembly provided i n s u l a t i o n  between the  

Zircaloy-4 cladding and the  relative1.y cool r e a c t o r  cool ing  water,  so  

the  cl.adding temperature was c lose  t o  t'nat found i n  power r e a c t o r s .  

Based on a postexperiment burn- 

Peak burnup vas  2800 MWd/MT. Magnesi-urn a l l o y  c 
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A f t e r  t h e  i r r a d i a t i o n  i n  khe ETR, the rorl was neutron radiogrsphed and 

g a m  scanned wi th  a l i t h i u m - d r i f t e d  ge-rrnanium d e t e c t o r  and a 0.005-in. 

s l i t - w i d t h  co l l ima to r .  Tne n e r t r o n  radiograph showed tinat t he re  -were no 

c e n t r a l  vo ids  i n  the  UO;! p e l l e t s .  An a x i a l  void would be expected from 

g r a i n  growth arid s i n t e r i n g  a-t; U02 c e n t e r - l i n e  tempera-tures above 3400%. 

The gamma scan showed uniform f iss i -on-product  concent ra t ions  a-t p e l l e t  

c e n t e r s  and a t  p e l l e t  i n t e r f a c e s ,  a f u r t h e r  i n d i e a t t o n  t h a t  t h e  UO2 t e m -  

pe ra tu re  dur ing  i r r a d i a t i o n  was loTwer than t h e  des ign  temperature .  A f t e r  

t h e  gamma scan and t h e  neutron radiograph had been made the  rcd was r e -  

moved from i t s  i r r a d i a t i o n  capsule  and i n s t a l l e d  i-n the  cen te r  of t h e  

TR%,4T experiment bundle i n  the  TAN ho t  c e l l s .  

EXPERIMENTAL PROCEDURE 

The fue l  rod f a i lu re  experiment was performed i n  TREAT on March 11, 

A c a l i b r a t i o n  t r a n s i e n t  was performed a t  low r e a c t o r  energy out- 1970. 

pu t  t o  confirm the  ca l cu la t ed  r ise i n  c ladding  temperature f o r  a given 

r e a c t o r  energy r e l e a s e .  The loss -of -coolan t  t r a n s i e n t  then  proceeded 

according t o  t h e  fol lowing schedule:  

Time 

-2 h r  

-8 I n i n  

0 min 

6 sec  

30.3 sec  

30.8 see 

31.0 sec  

32.9 sec  

33.8 sec  

34"7  sec 

35.0 see 

37.5 sec  

90 sec  

Opera ti. on 

Steam system e l e c t r i c a l l y  preheated;  helium 

Stean  f l o w  s t a r t e d ,  10 l i t e r s / m i n  

THEAT t r a n s i e n t  s t a r t e d  

Reactor  power reached 30 MW, power held between 

Cladding temperature 2190OF; f irst rod ruptured  

Cladding temperature 222OOF; rod 11 ruptu.red. 

Third. rod rup t ixed  

Cladding temperature 2300%'; rod. 12 ruptured  

F i f t h  rod ruptured 

S ix th  rod ruptured  

Reactor  scrammed 

Cladding temperature 2400%'; seventh rod 

Flow changed t o  f i s s ion -p roduc t  gas col.l.ecti.on 

f l o w  1.8 l i t e r s / m i n  (STP) 

20 and 40 MW 

rupture  ii 

u n i t  No .  2 
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Time Operation 

15 min Heat t o  steam genera tor  turned o f f  

17.5 min Flow changed back t o  gas  c o l l e c t i o n  u n i t  No. 1 

20 rnin Steam genera tor  bypassed 

31 rnin Flow stopped. 

EXPERIMENTAL RESULTS 

Pressure,  Temperature, and Flow Rates  

A v a r i e t y  of temperature,  p r e s s m e ,  f low r a t e ,  and power da t a  was 

obtained dur ing  t h e  loss -of -coolan t  t es t  i n  TREAT. Measured power, 

c ladding temperature,  and rod i n t e r n a l  p re s su res  a r e  shown i n  F ig .  3. 

The cladding temperature r a t e  of r ise  averaged 80°F/sec. 

measlured in t h e  primary vesse l ,  f i l t e r  pack, e t c .  a r e  given i n  Table 2 .  

Higher temperatures  were reached i n  t h i s  experiment because of the 72L- 

Wsec t r a n s i e n t  compared with 556 MWsec i n  experiment F’RF-1 and a l s o  be- 

cause of a gold-plated,  hea t - r e f  I k c t i v e  s l eeve  around the  bundle reduced 

h e a t  loss .  Tempera-ture g r a d i e n t s  can be es t imated  from da ta  i n  Table 2 .  

Temperatures 

Rods I1 and 12 were connected t o  p re s su re  t ransducers  f o r  continuous 

pressure  measurement. The peaking of t h e  pressure  curves  a t  23 sec  (1620OF) 

corresponded t o  the beginning of s i g n i f i c a n t  volunie inc rease .  The Zi rc -  

al.oy phase change showed a s  a thermal a r r e s t  a t  t h i s  temperature .  

System pressure  and flow r a t e  a r e  shown i ~ n  F ig .  4 .  Steam flow was 

de-termined by measuring t h e  temperature inc rease  i n  cooling water  re- 

qui red  t o  condense t h e  steam. An uncompensated t ime-response de lay  of 

about 5 s e c  w a s  caused by t h e  volinne of the  f i l t e r  pack and tub ing  lead-  

i n g  -io t h e  steam condenser. The inc rease  i n  steam flow a t  26 sec was 

probably a r e su l t .  of teniperature inc rease  around the  rod bundle.  The 

decrease i n  flow a f t e r  26 see was probably a r e s u l t  of steam being con- 

sumed by t h e  steam-zirconium r e a c t i o n .  

Me t a  1- Wa te r Rea ct i on 

A wet-test  meter a t  the  o u t l e t  of the  flow system measured combined 

h e l i u m  and hydrogen flow. “he volume o f  noncondensab1.e gas  (Fig. 4 was ob- 

ta ined  by s u b t r a c t t n g  the  cons tan t  helium i n l e t  f low. Pressure and temper- 

a t u r e  changes i n  the  system caused the  helium c a r r i e r  gas  t o  f l u c t u a t e  a n  

c 
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Table 2. Temperature Measurements i n  Experiment FRF-2 

Loca ti or, (12-4) 
(Rod-T.C. N O . )  

Distance Below 10.7 
Top Shoulder ( i n . )  

Time (sec)  

- - - -  - - -  

(13-4) (12-2) (12-1) (13-2) (13-l)a p"" 
1 lrnary 

Ve s se 1, 
Center -- 

F i l t e r  
Fa ck 

14.8 18.9 18.9b 13.9 14.8 

Temperature (OF) 
32 6 333 333 

327 335 334 

713 67 6 672 

1066 1029 1018 

1415 1379 1368 

1736 1749 

2221 

0 

5 

333 

335 

333 

333 

(c )  

327 

329 

702 

10% 

1411 

1805 

324 266 

10 684 

15 

23 

1031 

137 5 

342 277 

1361 

1712 

2131 

2377 

2436 

2399 

25 1733 

30 2177 

35 2368 

374 298 

2325 

2358 

2349 

45 

60 

2384 

2302 

392 

4 17 

74 1 

8 s5 

GO6 

3G9 

307 

298 

291 

243 

180 1868 

20 min 

3C E i E  

a 
Because oT suspected ampl i f i e r  zero s h i f t ,  t he  output  of t h i s  thermocouple was iri- 

creased by 0.160 mv (36% a t  lawest temperature and 2 5 9  a t  h ighes t  temperature) .  

A11 o the r  coxples were loca ted  tcward thte i n s i d e  of the  bundle.  
bThese themocouples  were loca ted  on cladding Pacirig the  outs ide  of the  bundle.  

C 
Bizrk spaces f o r  rod ternperztures i n d i c a t e  open thermocouples. 
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unknown amount a t  t h e  wet-test meter loca t ion ,  b u t  t he  f l u c t u a t i o n s  

averaged out  over a several-minute perid when presswe re tu rned  t o  nor- 

mal. Approximately 130 see i s  requj-red f o r  gas  t o  flow from t h e  primary 

v e s s e l  t o  the  wet-test meter, b u t  a n  increased  i n d i c a t i o n  of flow should 

begin much sooner, depending on f low r e s t r i c t i o n  i n  the  system. Allow- 

i n g  f o r  400 em3 of helium rei-eased from the  rods  and f o r  temperature 

changes i n  t h e  system, the  hydrogen formed by steam-zirconium r e a c t i o n  

w a s  calculated.  t o  be 5.5 * 1 l i t e r s  (S'L'P). 

1.1% metal-water r e a c t i o n  based on the  amount of c ladding on t h e  seven 

rods.  Calcu la t ions  f o r  metal-water r e a c t i o n  dur ing  loss -of -coolan t  

acc iden t s  i n  power r e a c t o r s  have ind ica t ed  less than  1% react ion.10 

This i s  equ iva len t  t o  about  

Fxamination of t he  Fuel Rod i3undle 

Tile experirnen-tal assembly was re turned  t o  ORNL Poi- disassembly and 

exami-nation. The f i l t e r  pack was removed f o r  radiochemical. ana lys i s ,  

and t h e  f u e l  rod bundle was removed and photographed. 

photograph of the  bundle a f t e r  remmal  from t h e  primary v e s s e l .  A heavy 

whit-e oxide l a y e r  was apparent  mainly a t  t he  bottom of t h e  bundle and on 

the  ou te r  su r f aces  of the  rods .  The o r i g i n a l  sh iny  black oxide remained 

a t  the top around the  rod plenums. The bowed cen te r  rod i s  v i s i b l e  be- 

tween T&S 18 ( lef t )  and 13 ( r i g h t ) .  Figure 6, a view of t h e  o ther  side 

of the  bundle, shows t h e  swollen po r t ions  of rods 1.2 (lrf-t) and 16 ( r i g h t ) .  

Figure 5 i s  a 

Figure 7, a drawing of the f u e l  bundle arrangement, s h a m  t h e  d i r e c -  

t i o n  of rupture. 

t he  f u e l  r d  t o p  shoulders ,  near  t h e  bottom of the  rup tu re  zone, i s  i n d i -  

ca t ed  by dashed c i r c l e s .  Swelling was no t  e x a c t l y  c i rcul .ar ,  however, 

and the  rods actua1l.y bowed outward to accommodate t h e  "overlapping. " 

The swollen rods a t  t h e  16-3/4--in. l e v e l  occupy a 4.0-f.n.2, c ross -  

s e c t i o n a l  a r ea  compared wi th  t h e  3.81 i n . *  a v a i l a b l e  f o r  seven rods and 

t h e i r  a s soc ia t ed  flow channels i n  a modern BWR. 

of this a v a i l a b l e  a rea ,  i n  c o n t r a s t  with 51$ f o r  the  rods  i n  t h e  equi-  

l a t e r a l  t r i a n g u l a r  l a t t i c e  of T'lXEAT and 37% insf.de the  h e a t - r e f l e c t i v e  

s l eeve .  The r e l a t i v e l y  l a r g e  h e a t - r e f l e c t i v e  s leeve  was used Lo h e l p  

minimize r a d i a l  temperature d i f f e rences .  

The approximate amount of swel l ing  a t  ~ - 3 / 4  i n .  below 

The BWR rods occupy 46% 

. 
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ORNL-DWG 70-6491R 

ROD NUMBER 

11 

17 

F i g .  7 .  Arrangement of Fue l  Rods and Location of Ruptures i n  
TRE3T Fue l  Rod F a i l u r e  Experiment FRF-2. 
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Severa l  of t he  rods showed s t re tch-marks where the  d i f f e r e n c e s  i n  

oxidat ion brought out  v e r t i c a l  ( ax ia l )  l i n e s .  Figure 8 i l l u s t r a t e s  t h i s  

on rod 18 (center )  and rod 13 ( r i g h t )  photographed f r m  outs ide  of t h e  

i n t a c t  bundle. A temporary bottom spacer  was used t o  keep the  rods i n  

t h e i r  o r i g i n a l  s p a t i a l  r e l a t i o n s h i p  dur ing  bundle photography. Figure 9 

shows the  bundle a f t e r  two rods  were removed. Surfaces  i n  the  i n t e r i o r  

of t h e  bundle w e r e  gene ra l ly  coated with black oxide.  

wires used f o r  support ing t h e  thermocouples w e r e  s t rong  enough t o  r e -  

s t r i c t  swelling, a s  on rod 13 shown on the  extreme r i g h t  of F ig .  9. 

Closeup views of t he  cen te r  rod rupture  and the  w i r e  c o n s t r i c t i o n  on 

rod 1 2  a r e  given i n  F ig .  10. A e u t e c t i c  formed between the  wire  and the  

Zircaloy.  E u t e c t i c  formation between Inconel  support  c l i p s  and Zircaloy 

has  been s tudied  by s e v e r a l  groups, who have concluded t h a t  t he re  would 

be no de t r imen ta l  e f f e c t  e i t h e r  under normal o r  accident  condi t ions .  

The R-l@ Rh 

Fuel  Rod F a i l u r e  C h a r a c t e r i s t i c s  

Figure 11 i s  a montage showing the  rupture  opening of t he  cen te r  

rod and the  o the r  s ix  rods loca ted  a t  t h e i r  c o r r e c t  r e l a t i v e  h e i g h t s  and 

perspec t ive  t o  the  cen te r  rod.  From l e f t  t o  r i g h t ,  t he  outer  rods a r e  

i n  t h e i r  c o r r e c t  o r i en ta t ion ,  clockwise when viewed from the  top .  The 

background paper conta ins  1/8- in .  squares,  and i t  may be seen t h a t  a l l  

t he  rup tu res  occurred wi th in  a 2-1/4-in. l eng th .  Views of t he  rods a t  

90' t o  t he  rupture  a r e  shown i n  F ig .  12. 

Photographs of t he  cen te r  rod and d i r e c t  measurements on the  outer  

rods w e r e  used t o  measure swel l ing and i n c r e a s e s  i n  rod leng th .  Table 3 

shows t h a t  mean swel l ing a t  t he  l a r g e s t  bulge of t he  outer  rods was 

about 60%. 

rods,  o r  s l i g h t l y  more than  1% of t h e  heated l eng th .  

only 0.31 i n .  a v a i l a b l e  f o r  l i n e a r  expansion, neglec t ing  expansion of 

t he  primary vesse l ,  and it apparent ly  contacted the  bottom support .  

This caused sagging and the  r e s u l t a n t  corkscrew shape. The ou te r  rods  

had more space f o r  l i n e a r  expansion and the re fo re  d i d  not  rece ive  sup- 

p o r t  a t  t he  bottom. 

bowed outward enough t o  accommodate the  swel l ing  i n  the  rupture  region.  

The peak measured i n t e r n a l  pressure  i n  each rod r e s u l t e d  i n  a n  a x i a l  

Inc reases  i n  length  averaged about 0.27 i n .  f o r  t he  outer  

The cen te r  rod had 

They remained r e l a t i v e l y  s t r a i g h t ,  except  f o r  being 

. 

. 
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Fig. 10. Closeup V i e w  of Rupture i n  Center Rod and Pt-1& Rh 
Wire t h a t  Reacted with Zi rca loy  Cladding on Rod 1 2 .  
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Table 3. Fuel  Rod Dimensional Changes, Experiment FRF-2 

Rod Diam Increa  se, Diam Increase ,  Increase  i n  Volume Increase  
Viewed by Center Rod Rod Length From Swelling I d e n t i f i c a t i o n  Rupture-to-Back 

(%) (% 1 ( in . )  (em3 

Center (58-3) 

11 

12 

1.3 

16 

17 

18 

51 

50 

62 

52 

77 

5 ‘7 

63 

57 

48 

74 
55 

75 

53 

63 

0.09 

0.32 

0.34 

0.28 

0.37 

0.32 

0.28 

42 

29 

33 

33 

40 

29 

35 
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f'orce of 25 l b ,  much g r e a t e r  than  i t s  weight - approximately 2 lb Since 

r e a c t o r  f u e l  rods  a r e  supported a t  the bottom and wi th  spacers  every  18 

i n .  or so, i t  i s  be l ieved  t h a t  t he  form assumed by the  c e n t e r  rod i s  

typical .  of t h a t  t o  be expected i n  a r e a c t o r  bundle .  

Meta l l o g r a  phi. c Exami na tj. on and Embri t t l eme nt D e t e r m i  na ti. on 

Tubing c ross - sec t ions  taken near t he  p o s i t i o n s  of maximum expansion 

f o r  each of the  si.x o u t e r  rods  from TREAT experiment FRF-2 w e r e  moinnted 

and pol i shed  f o r  metal lographic  examinati-on and microhardness measure- 

ments. Some oxide bix-i.ldup was found on the outer  su r face  of each tube .  

These bui ldups  va r i ed  around the  circumference of each sec t ion ,  apparent-  

l y  due t o  rechannel ing of s-team i n  the  blocked s e c t i o n  of t:he bundle.  

Oxide was a l s o  found on the  i n n e r  su r face  of the  tubes, bu t  no t  to the  

e x t e n t  observed on the ou te r  s u r f a c e s .  Oxygen pene t r a t ion  p r d u c e d  

oxygen-stabil ized. a l a y e r s  under t h e  oxide.  

Hardness measurements w e r e  taken a t  s e l e c t e d  p o i n t s  on t h e  c ros s  sec-  

ti.on a s  shown i n  F ig .  13. The r e s u l t s  of these  a r e  shown i n  Table 4 .  

Tubes 11 and 18 had l a r g e  s e c t i o n s  of the  w a l l  broken away, hiit measure- 

ments were taken  with the  pa.l;tern shown i n  F ig .  13 and termina.ted a t  t'ne 

break.  The sharp  edges of t h e  rup tu re  openj-ngs were missing from a1.l tubes 

s?..nce the  tubes  w e r e  br.olren a t  t h e  c e n t e r  before  being potted. The nil.- 

d u c t i l i t y  temperatures  shown i n  Table 4 were determined by Hobson from 

hardness  measurements 'iaken a.t mi~d-wall. pos i - t ions .  Hobson used h i s  pre-  

vFousLy det,ermined c o r r e l a t i o n  be.t:ween hardness  and nil-duc::.t.ili t y  tempera- 

ture. l2 The temperatures  a r e  approximate because the nl l-d.ucti.1.i. t y  

curve w a s  based on a f u l l - w a l l - t h i c k n e s s  tube;  the  tubes examined here  

were thiriried by c i rcumferent ia l .  expansion.  I n  genera l ,  any mid-wall 

hardness  g r e a t e r  than  -325 DFH would i n d i c a t e  a n i l - d u c t i l i t y  tempera- 

t u r e  g r e a t e r  than room temperature f o r  t h a t  pa r - t i cu la r  sectri on. There- 

fore, a l l  s i x  TREAT tubes  contained po r t ions  of w a l l  t h a t  possessed no 

d u c t i l i t y  a t  room temperature.  Tubes 16, 17, and 18 wlil ch c o n t a h e d  

l o c a t i o n s  of hj ghes t  hardness  a l s o  had the  l a r g e s t  rup ture  openings, 

The pos-t-test  b r i t t l e n e s s  of t h e  cladding was aceidental . ly  demon- 

s t r a t e d  :zrheri rod 11 sl ipped  f rm  the manipulators  and dropped appproxi- 

mately 3.2 i.n. on to  a blo-t.t;er-;paper-covered plydood platform. The 
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Fig, 13. Plan of Hardness Measurements Viewed from Top of Hod. 



Table 4 .  b5crchardness of Tubes from Experiment FRF-2. 

' hbe  11 Tube 12 Tube 13 Tube 16 Tube 17 Tube 18 
Impression 

N i l  He rdne s s 
Duct i l i t y  D u c t i l i t y  

(DPH) Temp. (%) (DE<) Temp. (%) (DFH) Temp. (9) (DFHE) Temp. (%I (DPH) Temp. (?F) (DIT) Temp. (%) 

Ni 1 Ni 1 
Xardness Ha rdne B 6 lia rdne ss 

Ni 1 
Duci i l i  t y  G u c t i i i t y  

Nmber Hardness Hardaess 
Duc t i l i t y  

1 

2 

3 

4 

5 

6 

7 

8 

9 

lC 

11 

12 

13 

14 

351 280 

340 190 

362 330 

361' < RT 

2 86 (a ) 
292 < RT 

365 

275 < RT 

257 

352 

275 < RT 

267 

281 

3C4 

259 

291 

27bb 

326 

317 

2 65 

250 

3 13 

295 

2E5 

302 

300 

< H': 366 350 

< ET > ,  170 370 

c RT 333 143 

< RT 2BCb < xil" 
295 

< RT 2 80 < RT 

266 

< RT 268 < RT 
279 

2 3L 

265 < RT 

249 

262 

< ET 276 < RT 

436 1083 

439 iC.90 

&E@ la40 
255 < RT 

331 

3 16 < RT 
247 

3 19 < RT 

317 

296 

309 < RT 

301 

3 07 

294 < KT 

473 1683 

420 a 0  

386 530 

2 a9 < RT 

323 

342 200 

308 

308 < RT 

Sl? 

291 

276 < RT 

279 

310 

272 

352 3 24 336 if; 3 22 

16 262b < RT 241 < RT 3c2 < ET 296 < RT 

17 G e t .  y i ss ing(c)  3 U 271 339 3 17 

18 326 95 2 74 < RT 334 140 287 <: RT 

19 321 60 375 400 341 2 00 369 360 

20 342 200 309 360 350 120 412 740 

2 1  33E 17 0 373 395 3; 3 170 366 350 

391 563 

433 1020 

i ' i@ 150a 

321b < ET 

328 

300 < RT 

308 

253 < RT 

Footcote ( c )  
Section Wssing 

aBlank pos i t ion  ind ica t e s  corresponding h a r h e s s  retiding taken a t  n pos i t i on  other than m i d w e l l .  

b ~ ; o c a l  Maxima i n  oxide th ickness .  

'Approximate amounts missing f r i l m  metallographic sec t ions  w e r e :  Eo", 11, 1.0 i n . ;  Rod 12, 0.5 .in.; Rod 13, nuce; Rod 16, 0.4 i n . ;  
R o d  16, 1.8 i n .  
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r e s u l t i n g  f r a c t u r e  i s  shown i n  Fig. 1 4 .  b t e r ,  rod 1‘1 and the  cen te r  

rod were also broken a c c i d e n t a l l y .  

Swell ing Measuremen-ts 

Diameters of ou te r  rods  were measured a t  i-ncrements a long  the  length  

us ing  micrometers i.n l i n e  witin t he  rup tu res  and a t  90’. ‘I’he average d i -  

ameter i n c r e a s e s  a r e  shown i n  F ig .  15  for s e v e r a l  rods. SweS-ling heS.ped 

t o  provide an  open path connecting t h e  pleimms with the  I-upture zone. 

Y’he temperatures  showfl i.n F ig .  15 w e r e  ca l cu la t ed  from a n  assuned 

i n i t i a l  p rehea t  temperature of 330%, t he  ri-ncrease i.n temperature re- 

corded by t w o  thermocouples, and t h e  a x i a l  d i s t r i b u t i o n  of f i . s s ion  h e a t  

based on t h e  measured flux p r o f i l e .  The f l u x  p r o f i l e  was de”Lermi.ned by 

gamma scans of the ou te r  rods  and i s  shown i n  F ig .  16. ?he s o l i d  l i n e  

is a n  unperturbed curve expected i f  a TREAT f u e l  element occupied t h e  

experiment loca’iion. S i g n i f i c a n t  f l u x  depress ion  occurred i n  the  lower 

third. of the  experiment from a molybdenum l i n e r  placed tliere t o  con’iain 

melted Zi rca loy  cladding t h a t  might r e s u l t  from a n  acci.denta1. full.-power 

THEAT t r a n s i e n t .  

Coolant Channel Blockage 

Ind iv idua l  coolan t  channel s i z e  could not  be measured direct1.y and 

wou1.d. no t  be meani ngfii l  because of the l a r g e  expansion space mentioned 

previ~ous1.y. We calcu-lated the average c i r cumfe ren t i a l  s t r a i n  for t he  

seven rods  a t  d i f f e r e n t  e leva t i -ons  a long  Y;ne bundle a x i s  and -tinen d e t e r -  

mined. t he  blockage c rea ted  by t h i s  amount of st.raiil confiiied. w i th in  the  

square spactng of a BWR. The resul. t ing maximw coolant  channel bl-ockage 

was 914 and was near  t he  bot,tom OP t he  rupture  zone. 

from experiment FRF-1 a r e  a l s o  shown i n  F ig .  1.7. 

Simi la r  r e s u l t s  

Rate of Expansion of Cladding 

Deta i led  pressure  and temperature measurements a rc  shown i n  F ig .  18. 

I n  order  t o  c a l c u l a t e  t he  f u e l  rod volume inc rease ,  we used t h e  i d e a l  

gas  l a w  t o  c a l c u l a t e  t he  void volume i n  t h e  f u e l  zone, V3,  a s  a function 

of t ime: 
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The product SlIi i s  cons tan t  u n t i l  rup ture ,  P i-s the  rod pressure ,  VI i s  

t h e  pressure  c e l l  vol.ume, V2 i s  the volume of the  fuel.  rccd plenum, and 

V3 i s  the  void volutie i n  the fuel zone of the  rod. The pres su re  c e l l  

tempera,t;ure, TI, was observed t o  r ise  l i n e a r l y  from 255 t o  27Oo1i', where- 

a s  T2, t he  temperature of the plenum, was esti.r;lted t o  inc rease  by 6OoF 

dur ing  t he  f i rs t  33 sec .  The temperature of the f u e l  rod void volmie, 

T3, wa S a ssuuned t o  f o l .10~ the tempera tiire recorded f r o m  'ihermo- 

coup1.e number 1 2 4  shown i n  F ig .  18. Fur the r  refinement such a s  pro-  

v id ing  f o r  t he  f u e l  rod a x i a l  kmpeTatiire g r a d i e n t  w a s  no t  warranted be- 

cause of l i m i t e d  quan t i ty  and accuracy of avai1abJ.e d a t a .  The prehea t  

temperature of each rod and plenilrri coinbination was ca lcu la t ed  t o  agree  

with known i n i t i a l .  volumes and measured i n i t i a l  p rehea t  pressu-res .  The 

r e s u 1 . t ~  are shown i.n F ig .  18. Approxirnately 80% of the volurne i-ncrease 

occurred dur ing  the 4. o r  5 sec before  rup tu re .  Actual  volurne i n c r e a s e s  

ca l cu la t ed  f r m i  micrometer measmemznts f o r  rods 11 and L;! were 29.1- 

and 33.4 cm3, compared with caI.cul-ated volumes of 29.6 and 32.6 em3, 

re  spe c.t;ively. 

'The pressure  necessary t o  reach the  u l t ima te  s t r eng th  of t he  

Zircaloy-4 cladding"3 i s  also shown i n  F ig .  18. 

d ing  was ca l cu la t ed  by -the s i m p l e  hoop stress fo-mula (S = p r / t )  and i s  

i n  gene ra l  agreement w i t h  t he  ul . t imate stress. 

The stress i n  the  clad- 

F i  s si on- Product R e  I r a  se 

The r e l e a s e  of f i s s i o n  prodiicts when f u e l -  r d s  rup tu re  dur ing  a 

I X C A  i.s dependent; mainly on the  prev ious  time and temperature of' fuel 

i r r a d i a - t i o n .  High temperature and long i r r a d i a t L o n  time .increase t h e  

d i f f u s i o n  of f i s s i o n  p r d u c t s  from the  UO;! p e l l e t s  i .n to  t h e  c l ad  gap 

and plenum where they  a r e  a v a i l a b l e  f o r  r ap id  r e l e a s e  i f  t he  c ladding  

rup tu res  dur ing  a LOCA. Long hal-f-l ife f i s s i o n  products  w - i l l  accumulate 

i n  the  clad. gap and plenum, but -the amounts of shoi-t h a l f - l i f e  f i . s s ion  

products  i n  t h e  d a d  gap and plenum a r e  dependent mainly on the  f u e l  

temperature dur ing  the  l a t e s t  r e a c t o r  opera t ing  t i .me corresponding t o  

one or  two f i ss ion-pycduct  i so tope  h a l f - l i v e s .  

I k t a i I ~ s  of the  cen-ter rod i r r a d i a t i o n  i n  t he  MTR and ETR were pre- 

sented i n  the  s e c t i o n  entri t l e d  "Center Rod I r r a d i a t l o n . "  Durlng the  
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LOCA s imula t ion  j n  TREAT, v o l a t i l e  and gaseous I"issi.on products  were re- 

l ea sed  rapid.1.y from the  c lad  gap and plenum of t h e  ruptured center rod, 

and only small a d d i t i o n a l  amounts were re l eased  f r o n  the  V02. The amount 

released. a s  t he  UO2 i s  heated above previoi-is opera t ing  temperature has  

been called.  t h e  "hea t ing  bu.rst. " Both h e a t i n g  b u r s t s  and cool ing  b u r s t s  

w e r e  observed when UOz p e l l e t s  were heated and cooled. dur ing  post i r i -a-  

t l i a t i on  annea l ing  experiments f o r  measurement of f i . s s ion-pr~xiuc t  r e -  

lease."'  

the  UO2 pe17.ets while  t h e  f u e l  remains h o t .  

Another mechanism of r e l e a s e  dur ing  a LOCA is d i f f u s i o n  f ~ o m  
1 5  

F iss ion-prcduct  r e l e a s e  i n  TREAT' experiment FRF-2 i s  summarized in 

Table 5 and complete d e t a i l s  a r e  given i n  Table 6.  The f r a c t i o n a l  ,re- 

l e a s e s  of long  haIf- l j . fe  gaseous and v c l a t i l e  f i ss - ion  products ,  85Kr ,  

I2'I, and 33r7Cs  were s i m i l a r  and the  r e l e a s e  of I3'.I ~lras s l i g h t l y  1.ower. 

The average r e l e a s e  of f i  s s i o n  prodiucts -with low v o l a t i l i t y  ("'R11, 

89Sr, "41Ce, arid 9 5 Z r )  to t he  f i s s ion -p roduc t - co l l ec t ion  s-ystern was 

1.3 x 10-O percen t .  

p r d u e t - c o l l e c t i o n  systein vas an  order of Iragnitude h ighe r .  

p i e  r e l a t i . ve  amount of uranium found. i.n t h e  f i s s i o n -  

Expa 11 s i  on Cha r a  c t e  r i  st i c s 

Naxirnixn c i r cumfe ren t i a l  expansion f o r  r0d .s  i n  t he  two TREAT expe r i -  

ments i s  shown a s  a func t ion  of r u p t w e  temperature i n  F ig .  19. The 

referer,ce l i n e  shown i s  d.epictive of r e s u l - t s  obtained by Hobson"J 17 

with  t r ans i - en t  tu-be-binst. tes ts  under unifo-rm hea t ing  conditi-ons i n  in- 

e r t  atrnosphere . .An expansion minimum was fcund. near  l'700°F when Zirca-  

l o y -  i s  i n  the  a . I -  p two-phase reg ion .  A s i r r i l a r  rnin-imim was f oimd by 

Eusby and Yarsh1' w-ith i so thermal  tube-burs t  t es t s .  

good consiciel-ing the d i f f e r e n c e s  5.n atmosphere, h e a t  source,  rod and 

p l e n m  length ,  r a d i a l  terripera'ciue g rad ien t  (experiment FRF-1) and i r r a .  - 
d i a t i o n  of two rods. 

The cornprison i s  

The two center. rcds were i r r a d i a t e d  i n  the  r e f l e c t o r  r eg ions  of t he  

ITID and ETR so t h a t  t h e  f a s t  neutron f luences  (>1.0 MeV) were only 1.3 

and 4.6 x 10"' nv t .  

effects on t h e  phys ica l  p r o p e r t i e s  of Zi rca loy  s a t u r a t e  around 2 or 

According t o  c u r r e n t  c o r r e l a t i o n s ,  f a s t  neutron 
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Table 6. Fission Crraiucts Released ic >=EAT Rod Fei lure  Experiment FRY-2 

Loca tiori 
8 5-7 

103% 89 sr 14%e 9 5Zr hi- 1 3 7 ~ ~  1 2 ' 3 ~ ~  

C 
Primary Vessel C.141 0.066 0.193 

Iiousing and 0.041 0.0152 0.0088 -2.4~10-~ 0.24~10-~ 0.26~10-~ 0.12~10-~ 0.28 x 9.2x10-' 

Diffu.  Coil - 1 0 .  CIllii 0,0035 
Diffu .  Coi l  - 2 G. 0063 C. OO27 
3if-fu. Coil - 3 3. %C45 3.0024 
Diffu. Co l i  - 4 3.QC43 0.3017 

Plow Dif fuse r  

F i l t e r  Wo. 1 0.0035 0.0760 G!+xlO-' 0.76~10" .l.34x1Y6 l.l~10-~ 0.93~10-~ 6.G~10-~ 
F i l t e r  No. 2 4. 0002 0. CImw 
Filter No. 3 -0. 0092 0. 0c004 

BacBcil, DifPu.Coi1 0.~016 5 x i0-5 

( T s t a l  F i l t e r  Fack) (9.0Ar?) (0.095) c ~ ; ? x ~ C - ~  < ~ . 0 ~ - ~ 0 - 6  -zX10-6 1.2Xl0' I. 2x10- 6 15.5xi0-6 
Conderisa te, <C. 3L7096 

U n i t - 1  

Unit-2 
Condensate, a. 00006 

Xeated C:iarc&L, 0. 00023 

Heated 21iarcoa1, 0.0026 
G n i t - 1  

Unit-2 

0.43 Cold Charcoal 

TGTAL RELF$.SE 0.2?d 0.115 0.285 0.46 
FR@M ROD 

of Center  R d  
InsiBP 3u face  0.059 0.034 

O E Z ~  t i e  samples were analyzed  ST 1291. a 

'The uranium r e l e a s e  was based on total oi' 5268 g E02 in 7 r d s  (4660 g U). 
'The prinai-y v e s s e l  was leached with  0.5 P7 XH;H~OX and only the soluble  m t e r i a l s  a r e  repcrt9d. 

t o t a l  r e l e a s e  of 1291 vas based on the r a t i o  Gf 1291/1311 i n  o the r  i n d i v i d u a l  Laj'amples. T o t e l  1291 inventory 
i n  the  c e n t e r  r d  was 5.28 :ne. 

w 
4 
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Fig. 19. Maximum S t r a i n  in TXEAT LOCA Experiments. 



39 

3 x 10" nv t .  (Ref. 19) 

the c e n t e r  r.03 i r r a d i a t i o n s  r e s u l t e d  i n  12 percent  of s a t u r a t i o n  "damage" 

for E'RF-1 and 22 pe rcen t  f o r  FKF-2. 

sion e l e c t r o n  micr.oscopy t o  determine t h a t  radi-ation-induced damage was 

annealed out by a r a p i d  tempera-ture t r a n s t e n t  s i m i l a r  t o  those of the  

TREAT experiments.  

Usi.ng a v a i l a b l e  c o r r e l a t i o n s  we ca l cu la t ed  t h a t  

Juenke and. Wnite2' used t ransmis-  

Osborne2' ind.uction-heate3 f u e l  rods t o  f a i l u r e  i n  steam atmosphere 

us ing  u n l r r a d i a t e d  rd . s  and r d s  exposed t o  f a s t  neutron f luences  up t,o 

1.4 x lo2' nv t  (7,000 MShTd/NY burnup) and found the  average c i r c m f e r e n -  

ti.al_ expansion for the  i r r a d i a t e d  r0d . s  t o  be only 70 percent  of t h a t  for 

t he  u n l r r a d i a t e d  rds. 

E1ectri.c Corporati-on23 performed tube burst  tests wi-th p i eces  of i r r a -  

d i a t e d  tub ing  and a l s o  observed some reduc t ion  of expansion with i r r a -  

d i a t i o n .  

General  E l e c t r i c  CompanJr22 and Westinghouse 

Hob~on"? '~  explored t h e  e f f e c t  OP w a l l  t h i ckness  v a r i a t i o n s  on 

maximum expansion. Sral ler  expansion wi.th wall t h i ckness  v a r i a t i o n  was 

q u a l i t a t i v e l y  demonstrated i n  experiment FBF-2 with rods 16, L7, and 18 

where the difference between t h i c k  and t h i n  sides of the  eccer1t:rl.c tub- 

I n g  averaged 0.0036 i n .  a t  i n d i v i d u a l  c ros s  s e c t i o n s .  Rod IT/' with  the  

t h i n  side toward t h e  cen te r  (Fig. '7) swelled the l e a s t ,  as was expected. 

Tne measured expansions were equivaI.ent t o  BMR bundle coolan t  chan- 

nel. blockages of 4-8$ and 91% at. t he  wors t  1.ocation i n  the two -respecti:v-e 

experiments 

t he  large r a d i a l  temperature gm.dients  of t h e  'JKEA'JI tests.  

repor ted  results of t he  tube-burs t  tes ts  with U-rod  bundles of un i r r a -  

d.iated rods  and Rittenhouse2'  repor ted  t h a t  tests with  32-r.od bundl-es i n  

the same seri.es confirmed g r e a t e r  channel  blockage toward the  i n t e r i o r .  

Greater expansion and blockage might be expected without  

lJaddeLL24? 2 5  

Expansion and rupture  were no t  s i g n i f i c a n t l y  a f fec ted .  by stearn axi- 

d a t i o n .  'mat i s ,  t he  m p t w e s  were a3.1 ductj-le. The c ladding  was r e l a -  

t i v e l y  b r i t t 1 . e  when examined a f t e r  t he  experiment;, b u t  all the rods sur- 

vived the  normal disassemt~l-y and examination prodecurc.  

S t r eng th  C h a r a c t e r i s t i  c s  

The efl"ect-i.ve stress a t  f a i - lu re  temperatare  f o r  Zi rca loy  tub ing  was 

c o r r e l a t e d  by White27 based on a secondary c reep  equat ion .  Hi.s c o r r e l a t i o n  
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f o r  i n e r t  atmosphere i s  shown i n  F ig .  20 a long  wi th  e f f e c t i v e  stress 

ca l cu la t ed  f o r  one rGd i n  each 'IY?E24T experiment a t  approximately two- 

second in te rva l -s  before  rup tu re .  The T'REAT c ladding  e f f e c t i v e  stress 

was ca lcu la t ed  by the  equat ion:  

where 

So L= ef fec t i -ve  stress i n  p l a s t i c  flow, 

p = pressure  d i f f e r e n c e  a c r o s s  t h e  tube wal l ,  

r ::- i n i t i a l  interma1 r ad ius ,  and 

L = i .n i . t i a l  w a l l  t h i ckness .  L 

The f a c t o r  43/2 accounts  f o r  the  b i a x i a l  s t r e s s  condi t ion  dur ing  p l -as t ic  

flow. Agreemen-t i s  r a t h e r  good. T'e u l t ima te  s t r eng th  curve i s  i n -  

cluded f o r  comparison. 

White's c reep  model incl-udes e f f e c t s  of heat-up r a t e  and amount of 

expansion ( s t r a i n ) .  We ca lcu la t ed  e f f e c t i v e  stress a-t t l m e  of rup tu re  

f o r  o ther  pa-r t ions of t h e  same rods i n  order  t o  check the  v a l i d i t y  of 

White's model f o r  condi t ions  of smaller  s t r a i n .  Our da t a  i n d i c a t e  t h a t  

moderate expansi-on may occur a t  s l i g h t l y  lower 'iemperature than  p r e d i c t -  

ed by White. The changing pressure i n  our rods -tends t o  make compari- 

sons i naccura t e .  

Some dev ia t ion  toward h igher  strengt'n (stress) would be expected i n  

the presence of steam a t  temperatures  above 2000 F because of oxidatfon-  

induced streng.t;'nening e Negl ig ib le  steam e f f e c t  would occur with high 

hea t ing  ra . tes ,  low temperature,  or  with l i m i t e d  steam supply.  O u r  da t a  

do  not  show much oxida t ion-s t rengthening  e f f e c t ,  probably because of t h e  

f a s t  hea t ing  r a t e  and l i m i t e d  steam s1ippl.y. 

f low re la t j -ve  t o  c ladding su r face  a rea  and found t h e  dev ia t ion  l abe led  

"maxii.rm steam e f f e c t "  i.n Fig. 20. H i s  i so the ima l  tube b u r s t  t e s t s  i n  

steam showed s i g n i f i c a n t l y  reduced r a t e s  of expansion ( s - t r a in )  . 

0 

Wnite28, 29  used hi-gher steam 

F i s s i  on- Product Release 

The r e l e a s e  of 129T'e, U, and t h e  f i s s i o n  products  with low vol -a i i l -  

i t y  (89Sr, 95Zr, lo3Ru, and 14 ' "Ce)  was s t rong ly  aff 'ected by condiiioris i n  

the  second experiment.  The d i f f e r e n c e  f rom experimeni FRF-1 imy be seen 
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i n  Table 7. The small. rup tu re  opening i n  t h e  c e n t e r  rod r e s t r i c t e d  

access  of steam s o  tlnat the i n t e r i o r  of t h e  rod remained s t rong ly  chemi- 

c a l l y  reducing by a c t i o n  of ho t  zjtrconium. A t  t he  h igher  teiiiperature of 

t h e  second experiment, the  ex te- rna l  su r f ace  of the Zircal-oy c ladding  was 

s u f f i c i e n t  t o  r e a c t  nea r ly  quant i ta t lve1.y wi-th t h e  stearn t o  form a 

hydrogen-rich atmosphere. In t h e  LOCR temperature range, t h e  r e l e a s e  of 

f i s s i o n  products  with  OW v o l a t i l i t y  i s  much g r e a t e r  i n  an  oxid iz ing  

atmosphere . 3 0  

Zirca loy  c ladding  on tellurium behavior  was demonstrated prevj-ously when 

Zircal.oy-clad, s t a i n l e s s  s t e e l  c l ad ,  and bare  U02 fuel p i n s  were melted 

i n  a heliinn a t rno~phere .~ ’ -  

would r e s u l t  i n  a steam supply g r e a t e r  than  t h a t  i n  these  experiments 

s o  t h a t  the rel-ease of telluriinsi, uranium, aild f i s s i o n  products  w i t h  low 

vo1atiI . i  t y  would be cons iderably  great.er than  t h a t  observed i n  expe r i -  

ment 5EF-2. 

The e f f e c t  of a reduci-ng atmosphere and the  presence of 

We expect  t h a t  condi t ions  i ~ n  a r e a c t o r  MCA 

The r e l e a s e  o f  v o l a - i i l e  and gaseous f i s s i o n  products  was a l s o  lower 

t h a n  expected.  This  was t h e  r e s u l t  of low r e l e a s e  fyom the  U02 p e l l e t s  

in”io t h e  f u e l  rod void spaces dur ing  t’ne i r r a d i a t i o n  of the  cen te r  rod 

i i i  t h e  ETU. T J x  i r r a d i a t i o n  condj.tions were intended t o  be s i m i l a r  t o  

those of a medium-to-high power d e n s i t y  rod ol” a modern power r e a c t o r  

where f i s s i o n - g a s  r e l e a s e  would be between 1% and 1.0% f o r  a s h o r t  i r r a -  

d i a t i o n .  

l e a s e  from U02 i n t o  ‘the f u e l  rod plenum and void spaces dur ing  the  M’IB 

and EYY? i r r a d i a t i o n s .  lo This  c a l c u l a t i o n a l  me-thod i s  based on f i s s i o n -  

gas r e l e a s e  from a series of capsule  ( sho r t  rod) i r r a d i a t i o n s  performed 

by AECL (Atomic Energy of Canada Limited) and c o r r e l a t e s  f i s s i o n - g a s  re-. 

l e a s e  with l i n e a r  power and i r r a d i a t i o n  t i m e ,  b u t  does not  inc lude  COL*- 

r e l a t i  ons f o r  U02 temperature va r i ances  caused by claddi.ng temperatures  

o r  c lad  gap c o n d u c t i v i t i e s  d i f f e r e n t  from those of the  re ference  capsules .  

?’he D/ (empiri-cal)  method. was used t o  e s t ima te  f i s s i o n - g a s  r e -  

The cen-ter rod peak Linear  power was 13.9 k w / f t ,  based. on a rad io-  

chemical. burnup a n a l y s i s .  Tne peak t o  average r a t l ~ o  was 1.1.5, based on 

an  ETX fJ. .ux p r o f i l e  s o  t h a t  the average rod l i n e a r  power was 1 2 . 1  kw/Pt. 

Eased on previ-ous c a l c u l a t i o n s ,  ti?e f i s s i o n - g a s  r e l e a s e  from a ~ o d  w i t h  

a x i a l  power d i s t r i b u t i o n  w i l l  be the same a s  f i w m  a capsule  opera t ing  

uniform1.y a - i  t he  average of t he  rod peak and rod average l i n e a r  power 
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r a t i n g s .  Therefore the  c e n t e r  rod of FRF-2 would be compa:rable t o  a 

capsu7.e opera t ing  a t  13 .0 kw/ft  . 
of lower d e n s i t y  and h ighe r  thermal  canduc t i~v i ty~  so t h a t  f i s s i o n - g a s  re -  

l e a s e  from the  cen te r  roci would be the same a s  from a re ference  capsule 

opera t ing  a t  0.98 (13.0) = 1.2.75 kw/ft  := 41.9 w/cm l ineaj-  power. 'l'he D J  

(empti-ical) me tliod was used t o  obta in  the  caI.cula.ted f i s s ion -p roduc t  r e -  

Ikase results shown i n  Table 8. We use a n  empi r i ca l  d i f f u s i o n  parameter 

f o r  iod ine  f o u r  times t'nat of xenon and krypton.  'The empi:rical  d i f f u -  

s ion  parameter Di should not  be confused w-ith the conventj.ona1 di.ffu- 

si.on coef f ic i .en t  I l l .  Actml. f i s s i o n - g a s  relea ,se  was much lower than  pre- 

d i c t ed ,  and we beI.3.eve tinat low temperature dur ing  the  ETH j - r r ad ia t ion  

was the cause. A s  rnentioned before  the  neutron radiograph showed no 

c e n t r a l  void and the  gamma scan showed no migra t ion  of f i s s i o n  p r d u c t s  

wi ' ch in  the  rod.  

The re ference  capsules  contained UO;! 

Table 8. Compari son of Calculated and Measured 
Helease from U02 

-___I_ 

F i  s s i  on- Product T sot o'ue 

Empiri ca 1 Di ?f us1 on ' ? x L O I ^ ~ ~  28x10-" 28x10-l" 7x10-" 

Ca l c u l a  ie d Re l e  a se 4.4 8.8 5.2 4.4 

Measured l k l e a s e  Prom 0.48 0.32 0.14 0.32  

B r a m t e r  U; (see- ' )  

from UO;! ($) 

U O ; ~  P e l l e i s  ($1 

Re l ea  se/Mea siired UC 2 
Release 

R a t i o ,  Cal cu la t ed  UO2 9 27 37 14 

There was no evidence of s u b s t a n t i a l  r e t e n t i o n  of i od ine  by .the 

c ladding or  UO2 when i d i n e  r e l e a s e  was compared wi th  Fiss ion-gas r e -  

l e a s e .  The i n s i d e  sur face  of t h e  c e n t e r  rod cladding was leached f o r  

24 h r  a t  77'F wj-th 1 N TUHI+OH + 1. N H 2 0 2  and -the amounts of I2?I and. 

l 3 ? C s  found i n  s o l u t i o n  were repor ted  i n  'Table 6. Apparently the  



re tent i .on of i od ine  arid cesium cn the Ziircaloy cladding was low. 

Feuers te in  i -nvest igated Yne system of I2 i n  Z i r c a l D y  arid r epor t ed  90% 

rel.ease of iod ine  i n  10 min ai; 14'72'9. ( R e f .  3 2 )  

Approximte1.y 2.5% of the  I3'I r e l eased  f rm the  c e n t e r  rod 

(0.002@ of the  c e n t e r  rod inv-entory) was c o l l e c t e d  i n  the  warrn i d i n e -  

impregnated charcoa l  t r a p s .  This iod ine  mas almost cer-tain1.y t ranspcr - t -  

ed a s  an  unreac t ive  organic  iod ide ,  CR31. %ne filter pack was desi-gned. 

t o  coZ.lect chemical ly  r e a c t i v e  f o r m  of icA.ine (12, H I ,  and B01) and 

par.i:iculate io1j.w. 

s a t e  sainples v e r i f i e d  t h a t  none nf the i od ine  t h a t  reached 'chis loca- 

t i o n  w a s  i n  a chex ica l ly  reactTve i'orm. The solubility of the  j.cd.ine 

compou.nd in the condensate may be i l l u s t r a t e d  by the pa?:titFon coeffi- 

c i e n t  ( r a t i o  of concen t r a t ion  till the Liqui-d. to coneentrati.oa i n  tbe gas) 

i n  colleci:.ion unit NO. 2 .  Since 8.2 cm3 of water was cond-ensed from 

1300 em3 of hel.im 

For CH31, we woul.d expect a p a r t i t i o n  c o e f f i c i e n t  of ahout 8 .5 ,  and for 

12 at low concen-tration, approximately 10,000. 

The very  s m a l l  amount of 13'1 found i n  the eonden- 

a - t  3 2 9 ,  p :T <0.00006/8.2 ~ 5.1. 
0.0026/1800 (per  m i n u t e )  

Miost of the CH3T was col lec ted  i.n the second mit between reference  

ttnies, 1..5 min and 1 ' 7 . 5  min. We b e l i e v e  t h a t  the i a l i n e  was r e l eased  

f:r*om the rod before  the  1 .5  m i l l  t i m e  (approximately 55 sec af t= . r  rupture)  

while t h e  r d s  were h o t t e s t  and- that most of t h e  CH3T was formed ai113 

transported t o  the warm impregnated. c h a r e m 1  dur ing  t.he 1.5 t o  1.7.5 m i r i  

t i m e  pel-iod.. Axcord.ing t o  Barnes e t  a].?? t ne  presence of steam and r a -  

d i a t i o n  and t h e  1.i3ck of a i r  01- oxygen a l l  cont:ribu.te t o  'the formation o f  

methyl ialicile (CR3IC). 

suxface r e a c t i o n s  i.n the forraati.on of metiny1 iodide. Brker, Creek, and 

Y ~ r t : i n ~ ~  found t h a t  methyl i od ide  formed a f - t e r  rei-ease of ioc'ti.ne in-to 

-the s t a  i n k  s s - s t e e  1-li ned Conta i1m.e nt Re search I n s t a l l a  t i on (CRI  ) ve s se 1.. 

m e  amou.nt o : ~  m e t h y l .  i.odi.de ranged i'roxn 0.03 to C) .Y$ of the iocii'ile inv-en- 

tory f o r  steam-air- atnospheres cool..ing from 23309. 

-- 

nurani: -- et a1 - 3r' i n v e s t i g a t e d  the  irrrportanee of 

"he r e l e a s e  and t r anspor t  behavior  of short h a l f - l i f e  gaseom and 

volat-i.1.e f i s s i o n  products  f ormed aiid r e l eased  during the  TREAT t r a n s i e n t  

a r e  shown i n  Table  9 .  The behavior  p a t t e r n s  r3f some mass chai.ns art2 -not 

c l e a r  hecause decay du r ing  t h e  experiment resul ted.  in i.osotpes with d f - f -  

ferent phys ica l  and cliernical prcperti.es. I n  gene ra l  t he  data are 



W3le  9 .  Dis t r ibu t io l l  of Gaseobs and V o l a t i l e  F i s s i o n  > d u c t s  Formed X r i r t g  TR3AT Transient  

F i s s i o n  Prcdilct C h a r a c t e r i s t i c s  

Isotope Diffused from U02  s5Br (3 .Gu I )~  88Kr(2.8h) " K r ( 9 . 8 ~ )  135Xe (9.2h) 1351 (6.7h) 1351 14'Xe (16s) 

Isotope Arralyzed 85%r %r 91Sr (9.67h) l3  1 3  5xe 435; 240& (12.8d)' 

Yield Asswed f o r  Calcu la t lon  1 . 3  = 3.47 = 3.84 = 0.93 = 2.55 = 2.85 = 2.35 7 
(T.Y. = Tota l  Yield,  T.Y.  8 5 m ~ r  T.Y. 8 8 ~ ~  I.Y. ' l ~ r  I.Y.  '35xe I.Y I351 I.Y.'~~: T.Y. I4'xe 
I .Y .  = Instantaneous Yield)  

- - -  - Arnount Each Isotope Chain Found i n  Each Location (Percent of Tota l  Formed Dwing TREAT Trans ien t )c  - - - - - 

Isotope Transporte5 "%.(4.4h) 8 a K r  "Kr i 3  5xe 1351 1351 1 4 9 ~ ~  

"Kr 1 3 5 ~ e  1351 1351 140xe - I_ - ~ 

F i l t e r  l%ck 
Housing and Flow Diffusee 

Diffusion Coils  0.017 

F i l t e r  No. 1 0.0020 

F i l t e r  No. 2 

F i l t e r  No. 3 

Packill, D i f f w j  on Coi l  0.0013 

Condensate, Urilt-i 0.0022 E.D. 0.0018 

<O .05 

Condensate, Unit-2 Trace M.D. N.D. 

Heated Charcoal, Unit-1 m. D. N.D. 0.0016 0.0017 Trace 0.0105 

HeaTed Charcoal, Unit-2 fi.3. K . 3 .  N.D. 0.0066f O . O U e  N.D. 

Cold Eqa rcml ,  U n i t - i  0.029 3.033 3.00017 0.024 N . 3 .  0.9oL3 

Cold Charcoal, Lki t -2  0.0090 3.D. N.D. N.D. M.D. - - -  - 0.0021 

TOTAL FOLND 0.038 0.033 0.026 X.046 

'Half- l i fe  shown i n  parentheses .  

bThe re lease  of 140g2  p r e s e r t  i n  t h e  U02 p e l l e t s  a s  a r e s d t  of the  ETX i r r a d i a t i o n  was i n s i g n i f i c a n t .  

'7.5 x 10'6 f i s s i o n s .  

%lot detec ted .  

eIcdine found i n  a i s  l o c a t i o n  was probably t r a n s p o r t e a  a s  C H 3 i .  

f135Xe found i n  t h i s  l o c a t i o n  was p rooa t ly  t ranspor ted  a s  CK3 1351. 
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consistent with t h e  hypothes is  that release of gases and  ha1oge!1s from 

the rod occurred quick ly  and t h a t  iodirie then reac ted  t o  f u r n  CT13L arid 

was transported t o  t h e  w a r m  impregnated. cha rcoa l  t r a p s .  The '-:j5Xe was 

r e l eased  and t r anspor t ed  bot'n a s  135Xe and a s  i t s  precursor ,  We 

assum t h a t  -the 135Xe fou.nd i n  u n t t  >To. 1 was t r anspor t ed  a s  135Xe and 

t h a t  t he  135Xe found i n  unl.1: No. 2 was t m n s p o r t e d  as 1351, so  we used 

t h e  respective ins- ta i i tanrous y i e l d s  f o r  t h e  c a l c u l a t i o n s  

CONC LUSI0P;IS 

'The two mEAT f u e l  rcjd fail-ure experiments were conducted under t,he 

most r e a l i s t i c  X C A  cond.it ions of any experiment t o  date. F i s s i o n  heat- 

1.ng i.n t h e  IT92 p e l l e t s  provid.ed cl.ose dup l i ca t jon  of the  hea-i; t r a r i s f e r  

condi.tLons be tween pe1.1ci:s and c ladding  expected. i n  a TAXA. 

In botin experFments we found- that the ruptu.res arid. swollen a r e a s  

This i n d i c a t e s  were c lose  togethey,  withiri  a 2-1/4.-in. axial 1.eng-Lh. 

high sensFt ivi . ty  to temperature  and 1.mJ-e:- sens i . t iv i t .y  t o  random d-cfects 

such a s  wall- t h i c k n e s s  or  s t r e n g t h  variations. iI?ie nmgnitude of mxiniim 

expansion and the n ~ p t m e  c1iaracterj.sti.c.s were Ln general  agreei!ient w i t h  

t i he  bi i rs t  tests pz-fori-iued 3.n I n e r t  atmospherre i n  spite of e.;.;peI-irnen-t;al 

d i f f e r e n c e s  su.ch a s  atm.osphere, h e a t  source, ana r a d i a l  tempera 1;ure gra- 

dients. Measured expansion or" :rotis i.n experiment FRF-2 was equiva,I.ent 

to blocking ?l$ of the biintlle coolan t  channel area at the worst  horizon-  

t a l  p lane .  Larger' bimdles confined t o  r e a c t o r - f i ~ l - ~ d  spacing m.ust be 

m p t u r e d  under r e a l i s t i c  acc iden t  cond.i ti .ons i n  order to dete:rrn.i.ne mure 

accurately t h e  mashing and charinel blockage characteristics t ha?  rnlght 

OCCIIT i n  8 react,ox- IXCA. 
13s The f r ac t iona l .  i-elkases of vola2;ile fission products  '291, I, 

a lid. 137C3 were only slight1.y Lcwer than  tha-L of the  f i s s i o n  gas 'kr, 

an i n d i c a t i o n  t h a t  c red i t .  should nut  be assumed i'or gross : re tent ion of 

1: on t h e  su r faces  of Zi-rcaloy c ladding  imdergoiiig Ioss-o-C-coo1.ant I. 3 1 

acc iden t  condi-Lions e Total f i s s ion -p roduc t  release was ].ow, apparently 

because of t%le i r : rad ia t ion  conditions i.n the MTn and ET%. As wi- t l i  -the 

f i r s t  TREAT experiment, n 1.arge proportio:n of ' - 3 1 ~  releAsed f n i n  tile 

f u e ~ .  :rods vas i n  a chemical ly  imreactive form (probab1.y- ~1-131) i nd i , ca t ing  

t'na t t h e  particular corribinat:i.on of -tempera'ii,we, atnzospherc, contairirri~nt: 
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rnmterial and concent ra t ion  might be conducive t o  the formation of organ- 

i c  iod ides .  
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