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ABSTRACT - 
. . The Loss-o f -F lu id  Test (LOFT) Program i s  p r o v i d i n g  data t o  eva lua te  

a n a l y t i c a l  models used t o  p r e d i c t  t h e  thermal -hydrau l ic  and f u e l  r o d  

response o f  a  p ressur ized water r e a c t o r  (PWR) under 1  oss-of-cool ant acc i -  

dent (LOCA) cond i t ions .  The f u e l  r o d  response f o r  t h e  f i r s t  nuc lear  

l oss -o f - coo lan t  experiment (LOCE), LOCE L2-2, i s  summarized. 
-_ _ -..-. 

INTRODUCTION 

1 The LOFT r e a c t o r  system , shown in F igu re  1, has been scaled t o  . 

's imulate t h e  important  thermal -hydrau l ic  c h a r a c t e r i s t i c s  o f  a  c o m n ~ r c i a l  

PWR . d u r i n g  a  LOCA. Pipe breaks are simul at.ed by r a p i d l y  opening blowdown 

valves. Emergency c o r e  coo lan t  (ECC) can be i n j e c t e d  a t  one o f  severa l  

l oca t i ons .  The f i r s t  nuclear  t e s t  se r i es  (Poker Ascension Ser ies) ,  sum- 

mar ized i n  Table I, cons is t s  o f  several  t e s t s  ' i n  which g u i l l o t i n e  breaks 
. : i n  a  r e a c t o r  vessel i n l e t  p ipe  are simulated. 

The Power Ascension Test  Series. w i l l  p rov ide  an understanding of 

t he  system response and the  p o s s i b i l i t y  of r e s o l v i n g  major inst rumenta-  

t i o n  problems before  performance o f  t h e  h igher  power t e s t s ,  du r ing  which 

f ue.1 r o d  damage may occur due t o  h igher  c ladd ing  temperatures. 

The LOFT r e a c t o r  core cons i s t s  o f  1300 fue l  rods which are in tended 

t o  be used f o r  several  t e s t s .  The fue l  rods are o f  nominal PWR desigri 

except f o r  l e n g t h  (1.67 m) and i n t e r n a l  p r e p r e s s u r i z a t i o n  (0.10 MPa). 

Approximately 200 c l a d d i n g  sur face thermocouples measure the  c ladd ing  
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F ig.  I Major components o f  LOFT system. 

TABLE I 
\ 

. . LOFT POWER ASCENSION, TEST SERIES 

Cent ra l  Module 
Power Fuel Rod b 

a Leve 1 Prepress u r i  za t  i on Pr imary Cool ant ECC 
LOCE (kW/m) I ( MPa) Pumps Del ay 

On No 

0 n N o 

On N o 

Off (.locked r o t o r )  Yes 

On N o 

a. A l l  2002, o f f s e t  shear break t e s t s .  

b. ECC i n j e c t i o n  i n t o  t h e  i n t a c t  c o l d  l e g  du r ing  a l l  t es t s .  
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temperature i n  s i x  o f  t h e  n ine  f u e l  modules, as shown i n  F igu re  2. The 

c ladd ing  s u r f  ace temperatures are the  o n l y  d i r e c t  measurement o f  f u e l  

r o d  response.. 

. . 

Fuel assembly designation index 

rn Instrumented fuel rod 

@ Guide iube 

- .  

F ig.  2  LOFT core c o n f i g u r a t i o n  and ins t rumenta t ion .  

The f i r s t  nuclear  loss-o f -coo l  an t  experiment, LOCE L2-2, was con- 

ducted i n  December 1978. Table I1 summarizes t h e  steady s t a t e  cond i t i ons  

p r i o r  t o  the  LOCE t r a n s i e n t .  

The f u e l  r o d  c ladd ing  sur face temperatures f o r  LOCE 12-2 are i l l u s -  

t r a t e d  i n  F igures  3 and' 4 . '  F igu re  3 shows t h e  a x i a l  d i s t r i b u t i o n  o f  

measured f u e l  r o d  c ladd ing  sur face temperatures obta ined f rom a  f i v e - r o d  

c l u s t e r  i n  f u e l  Module 5. F igu re  4 shows t h e  r a d i a l  d i s t r i b u t i o n  o f  

measured f u e l  r o d  c ladd ing  sur face temperatures a t  an e l e v a t i o n  o f  0.66 m 

above the  core bottom i n  f u e l  Modules 4, 5 ,  and 6. 



TABLE I1 

STEADY STATE CONDITIONS FOR LOCE L2-2 

Primary cool ant mass flow ra t e  194.2 kg/s 

: System pressure 15.64 MPa 
Co.ld leg temperature 558.0 K 

Hot leg temperature 580.0 K 

Core 'power 24.88 MW 

Maximum 1 i near heat generation ra te  26.4 kW/m 

~ e n ' e r a l l ~  .uniform fuel rod response was observed i n  the center fuel 

. module. Cl adding heatup [departure from nucleate boiling ( D N B ) ]  occurred 
between . 0.55 and 2.0 secondsa.. Those thermocouples which indicated 
t h i s  DNB are indicated i n  Figure 5. A rapid cladding temperature r i s e  

occurred until  2.5 seconds when i t  terminated. Between 6.5 to  8.5 

seconds, a l l  thermocouples indicated a rewet. The rewet was observed to  
progress from the bottom to the top o f  the fuei rods. Peak ~ l a d d 4 . n ~  
temperatures during the f i r s t  D N B  approached 800 K .  

The cladding remained quenched for 4 to  8 seconds. Secondary, re la -  

t i ve ly  minor cladding heatup and rewets occurred from 15 to 35 seconds. 
A t  30 seconds, a small heatup occurred throughout the center fuel module. 
Injection of ECC water quenched th i s  heatup within 45 seconds. 

As indicated i n  Figures 3 and 4, uniform fuel rod response did not 

occur during the t e s t .  In the center fuel modules, a l l  thermocouple 
locations, which encompass l inear power rat ings from 2.1  t o  26.9 kW/m, 

experienced the early DNB.  Locations of higher .power ratings,  up t o  

15 kW/m, i n  the peripheral fuel modules d i d  not exhibit the ear ly heatup. 
Nonuniform core f lu id  conditions are thought to  be responsible for  the 

differences in fuel response. One explanation centers around the 

a.  ,All times . a r e  with respect to opening of the blowdown vaqves unless 
otherwise noted. ,, 



Fig.  3 A x i a l l y  d i s t r i b u t e d  cladding temperatures on fuel.  Module 5 ,  f i v e -  
rod c l u s t e r .  

. .... 



Fig .  4  R a d i a l l y  d i s t r i b u t e d  c l a d d i n g  t e m p e r a t u r e s  a t  0.66 .m i n  f u e l  
Modules 4 ,  5, and 6.. 



Fig. 5 Core thermocouples which i n d i c a t e d  DNB w i t h i n  6 seconds a f t e r  
experiment i n i t i a t i o n .  
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p o s s ' i b i l i t y  o f  f l o w  d i v e r s i o n  from the  center  f u e l  module and those h igh  

powered f u e l  rods immediately adjacent t o  t h e  center  fue l  module i n t o  
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t h e  ou ter  reg ion  o f  t he  p e r i p h e r a l  f u e l  module. The f l o w  generated t o  

Thermocouple locations 
that showed initial DNB 
within 6 seconds 

o Thermocouple locations 

INEL-A-1 1 839 . that did not show initial 
DNB within 6 seconds 

. a 
.a. . 

.a. 
0.. ..a 
a .  

t h e  d i v e r s i o n  was s u f f i c i e n t  t o  p rec lude DNB a t  t h e  ou te r  f u e l  rods. 

Comparison o f  f u e l  r o d  temperatures i n  f u e l  Modules 4 and 6 (see 

F igures  4 and 6 )  revea ls  nonuniform behavior.. Flow d i v e r s i o n  f rom t h e  

c e n t r a l  reg ion  o f  t he  core  i s  n o t  t h e  o n l y  cause o f  nonuniform f u e l  r o d  

temperature response. The geometry o f  t h e  core  must be a source of non- 

uniform, three-dimensional f l u i d  cond i t ions .  

Local nonuniform f l u i d .  behavior  w i t h i n  t h e  c e n t r a l  f u e l  module was 

observed; as i n d i c a t e d  i n  F igure  7 which shows the  c ladd ing  temperature 

response o f  two f u e l  rods a t  0.76 m from t h e  core bottom. These f u e l  

rods have i d e n t i c a l  power generat ion r a t e s  and are a t  t he  same geometr i-  

c a l  l o c a t i o n  i n  t h e  center  f u e l  module. The d i f f e r e n c e  i n  t h e  tempera- 

t u r e  response a f t e r  9 seconds i s  a t t r i b u t e d  t o  d i f f e r e n c e s  i n  l o c a l  

thermal -hydrau l ic  cond i t ions .  

7 



Fig.  
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6 Square f u e l '  module quench t imes .as a func t i on  o f  e l e v a t i o n  f o r  
f i r s t  rewet du r ing  LOCE L2-2. 

0 10 20 

Time (s) 

Fig .  7 Comparison of temperature response o f  two f u e l  rods w i t h  i d e n t i c a l  
power genera t ion  and geometr ica l  l o c a t i o n  i n  t h e  core. 



For t imes between 12 and 20 seconds, t h e  thermocouple which i n d i -  

cated sus ta ined secondary DNB shows a geomet r ica l  p a t t e r n  toward t h e  

broken loop ho t  leg, as shown . i n  F igure  8.. This p a t t e r n  i s  . ' s i m i l a r  t o  

t he  dryout  behavior  du r ing  t h e  t ime between 25 and 35 seconds for. t h e  

zero power LOCE L1-5, performed i n  a prev ious  nonnuclear t e s t  se r i es  i n  

LOFT. 

Fig.  8 Intrumented fue l  rods which experienced susta ined dryout  a f t e r  15 
seconds f o l l o w i n g  experiment i n i t i a t i o n .  
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The c.1 addi ng s u r f  ace temperature seems s t r o n g l y  coup1 ed t o  core 

thermal -hydraul i c s .  F igu re  9 shows t h e  momentum f l u x  measurements i n  t h e  

r e a c t o r  vessel upper plenum. A f low s tagnat ion  occurred very  e a r l y  i n  

t h e  t e s t .  Coinc ident  w i t h  t h i s  s tagnat ion  was t h e  occurrence o f  DNB 

between 0.5 and 7.5 seconds i n  f ue l  Module 5. F igure  10 shows the  broken 

loop and i n t a c t  l o o p ' c o l d  l e g  mass f l o w  ra tes .  

0 0 
0 0 0  000 

0 0 0 
000 

0 

Thermocouple locations that experienced 
sustained dryout after 15 seconds 

0 Thermocouple locations that did not 
experience sustained dryout after 
15 seconds 

0 
0 000 0 

0 0 0  
000 000 

0 0 

a:* 
0 

T *.O 
0 



Uncertainty 2 0.78 Mglm s2 
Flow area = 0.1245 m2 

Time after ru'pture (s) INEL-A-1 1 538 
- . .  . . . . .  

Fig.  9 Momentum f l u x  i n  t h e  r e a c t o r  v e s s e l  upper plenum f o r  LOCE L2-2. 

- .- 

750 I I 1 I - Broken loop cold leg - - Intact loop cold leg 

Lower quality water into 
the reactor vessel as a - 
result of broken cold 
leg choking. Water 
eventually resulted in 

0 - cladding temperature 
.c 

V) 
quench from 6 to 8 seconds 

250 - - 
I( t l ~ - ~ u  

Integral uncertainty 7% 

0 A I I I I 
0 2 4 6 8 10 

Time after rupture (s) INEL-A-1 1 837 

Fig.  10 Comparison of i n t a c t  l o o p  c o l d  leg and broken loop  c o l d  l e g  mass 
f l o w s  d u r i n g  LOCE L2-2.. 



Due t o  t h e  reduced c r i t i c a l  f l o w  ou t  o f  t h e  broken loop c o l d  l e g  a t  

4  seconds, t h e  i n t a c t  loop c o l d  l e g  supp l i ed  more f l u i d  t o  t h e  down- 

comer, and e v e n t u a l l y  t o  t he  r e a c t o r  vessel,  than cou ld  be removed from 

t h e  broken loop. The net  mass accumulation induced a  p o s i t i v e  core f low.  

The a r r e s t  o f  t he  c ladd ing  temperature r i s e  and quench co inc ided w i t h  

t h e  i n f l u x  o f  f l u i d  from the  i n t a c t  loop c o l d  leg .  

La te r  i n  the  t e s t ,  momentum f l  ux measurements showed u n i f o r m l y  

stagnant f l o w  i n  t h e  core, which l e d  t o  t h e  c ladd ing  heatup a t  about 

35 seconds. The a r r i v a l  o f  ECC water i n t o  t h e  core quenched t h i s  heatup. 

The c ladd ing  surface he3t. t r anc fe r  c o e f f i c i e n t s  c.?lcc!.?tbc! by 

i nve rse  heat conduct ion methods f rom the  measured c ladd ing  temperatures 

i n d i c a t e d  convect ive  or  nuc lea te  b o i l i n g  heat t r a n s f e r  du r ing  the  rewet 

p e r i o d  f rom 6 t o  12 seconds. F R A P - ~ 4 ~  c a l c u l a t i o n s  us ing  these heat 

t r a n s f e r  c o e f f i c i e n t s  i n d i c a t e d  t h a t  t h e  f u e l  rod  s to red  energy would 

decrease by n e a r l y  40% du r ing  the  i n i t i a l  quench ( rewet )  per iod,  and, by 

15 seconds, nea r ly  20% n f  t ke  i ~ i t i a l  stored energy has been t i -ans-  

f e r r e d  f rom the  f u e l  as shown i n  F igure  11. 

Large d i f f e r e n c e s  between c a l c u l a t e d  and measured c ladd ing  tempera- 

t u r e  are shown i n  F igure  12. These d i f f e rences  b r i n g  t o  issue the  

accuracy and p o t e n t i a l l y  s e l e c t i v e  c o o l i n g  ef fects o f  t h e  LOFT sur face 

thermocoup 1  es . 

O u t - o f - p i l e  t e s t s  t o  evaluate the  accuracy o f  these thermocouples 

by comparison w i t h  measurements f rom small embedded thermocouples near 

t h e  c ladd ing  sur face have shown the  accuracy o f  the  surface thermocouples 

t o  be w i t h i n  - +20 K f o r  blowdown and r e f l o o d  COCE cond i t i ons .  Comparison 

o f  measured ECC core r e f l o o d i n g  r a t e s  f rom LOCE L2-2 w i t h  a  s i m i l a r  c o l d  

l e g  break, zero-power experiment (LOCE L1-5) shows no measurable d i f f e r -  

ence. F igu re  13 shows these r e s u l t s  together  w i t h  the  R E L A P ~ / M O D ~ ~  

p r e d i c t i o n  o f  t h e  core  re f l ood  ra te ,  i n  which no c ladd ing  rewet was 

a. FRAP-T4, Version 9/14. Idaho Nat iona l  Engineer ing Labora tory  Con- 
f i g u r a t i o n  Contro l  Number H00389IB. 



Stored energy lost 
during cladding quench I \ from 8 to 12 seconds. 
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Time after rupture (s) INEL-A-11 833 

Fig. 11 Fuel pe l le t  stored energy as a function of time a f t e r  rupture. 
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Fig. 12 Compar ison of cal clil ated and measured fuel surf ace temperature 
for  LOCE L2-2. 
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Fig. 13 Comparison o f  core r e f l o o d  du r ing  LOCE L2-2 w i t h  LOCE L1-5 ( i s o -  
thermal LOCE) and p r e t e s t  RELAP4 c a l c u l a t i o n s .  

p red ic ted ,  and, there fore ,  t h e  beginning o f  core r e f l o o d .  The t e s t  

r e s u l t s  imp ly  no s i g n i f i c a n t  energy was r e t a i n e d  i n  t he  f u e l  a t  the  i n i -  

t i a t i o n  o f  ECC core re f l ood .  The absence o f  s t o r e d '  energy cou ld  o n l y  

occur i f  a l l  the  rods  i n  t he  core rewet and quenched as i n d i c a t e d  by the  

thermocouple data. Thus, t h e  i n fe rence  i s  t h a t  t he  uninstrumented rods 

behaved s i m i l a r l y  t o ' t h e  rods w i t h  c ladd ing  thermocouples. 

Radi a t i  on measurements i n  t h e  p r imary  system coo l  ant  be fo re  t h e  

t r a n s i e n t  and i n  t h e  blowdown suppression tank a f t e r  t he  t r a n s i e n t  i n d i -  

cated t h a t  no f u e l  rod  f a i l u r e s  occurred dur ing  t h e  t e s t .  The measured 

c ladd ing  temperatures were n o t  h igh  enough t o  r e s u l t  i n  damaging c ladd ing  

def  ormation f c o l  lapse)  dur ing  the  t e s t .  F igu re  14 presents a comparison 

o f  the  c ladd ing  temperature and mechanjcal load ings  du r ing  the  t e s t  w i t h  
2 o u t - o f - p i  1  e  c ladd ing  c o l l  apse data . The comparison i n d i c a t e s  t h a t  

a. RELAP4/MOD6, Idaho Na t iona l  ~ n ~ i n e e r i  ng Labora tory  Con f igu ra t i on  
Cont ro l  Number H00608IB. 
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Fig. 14 Modes o f  c ladd ing  deformation as a f u n c t i o n  o f  temperature dnc 
pressure. 

t h e  c ladd ing  was w i t h i n  i t s  e l a s t i c  l i m i t s  and t h a t  p l a s t i c  c ladd ing  

col lapse,  which may r e s u l t  i n  damaging f u e l - c l  adding i n t e r a c t i o n  du r ing  

power p recond i t i on ing  f o r  subsequent tes ts ,  w i l l  no t  occur. 

SUMMARY 

The f i r s t  LOFT nuc lear  experiment (LOCE L2-2) showed t h a t  c ladd ing  

temperatures are a  s t rong func t ion  o f  l o c a l  core coo lan t  f low and t h a t  

r e w e t t i n g  o f  a  nuclear  f u e l  r o d  du r ing  the  blowdown phase o f  a LOCE i s  

p o s s i b l e  and i s  an important  c o o l i n g  mechanism. Three-dimensional 

thermal -hydrau l ics  w i t h i n  t h e  core reg ion  were i m p l i e d  by the  measured 

c ladd ing  temperatures dur ing  the  t e s t .  The data suggest c ladd ing  su r face  

thermocouples d i d  no t  s i g n i f i c a n t l y  a f f e c t  r o d  behavior.  On the  bas is  

o f  t he  measured c l  adding temperature and mech.anica1 1  oadings, c l  adding 

deformation t h a t  would prec lude us ing  the  rods f o r  subsequent t e s t s  d i d  

not  occur. 
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