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ABSTRACT 

Semiscale g r a v i t y  feed r e f l o o d  and FLECHT-SET t e s t s  have been 

reviewed t o  determine phenomena which may be important  du r ing  LOFT 

r e f  1 ood ., FLOOD4 and RELAP4/MOD6 p r e d i c t  ions.  f o r  Semiscale and 

FLECHT-SET t e s t s  were compared t o  experimental  data. Based on these 

comparisons, u n c e r t a i n t i e s  were est imated f o r  t h e  LOFT r e f l o o d  p red i c -  

t i o n s ;  these u n c e r t a i n t i e s  were then u t i l i z e d  t o  bound t h e  ex ten t  of 

c ladd ing  ox ida t i on  expect-ed f o r  t he  LOFT L2-3 and L2-4 t e s t s .  



SUMMARY 

Semiscale gravity feed reflood tests and FLECHT-SET tests have 
been reviewed to determine phenomena which may be important during 

LOFT reflood. The tests evaluated generally show little cladding 
'temperature rise during reflood. The tests also indicate that water 
'vaporization in the steam generator or upper will cause 
insignificant steam binding. 

The FLOOD4 and RELAP4/MOD6 reflood codes generally predicted peak 
cladding temperatures to within 100'~. Calculated quench times may 
differ from experimental measurements by as much as 100 seconds. It 
is predicted that little rise in cladding temperature will occur 
during reflood. The complex geometry of the LOFT upper plenum should 
ensure that little liquid will reach the steam generators and result 
in steam binding. 

The comparison of model predictions to, the Semiscale and FLECHT- 

SET data provide uncertainty 'bounds on the predicted L2 Series peak 
cladding temperature histories. These uncertainties in peak cladding 

0 +I00 
temp'erature (+  - 100 F) and quench time ( -20 sec) were utilized to 
evaluate and bound the extent of cladding oxidation expected for each 
L2 series LOCE. The oxidation limit established for LOFT cladding is 
not exceeded even for the most seyere cladding temperatures which will 
ensure at least partial ductility of the cladding during the test 
sequence. Thus cladding oxidation is not predicted to be a limiting 

factor during the L2 tests. 
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I. INTRODUCTION 

Current reflood predictions for the high power LOFT tests indicate 

. , peak cladding temperatures in excess of 2000'~ may be maintained for 
100-200 seconds. Cladding oxidation will result at these temperatures 

causing some degradation of cladding strength. 

In order to place bounds on the cladding oxidation expected 

during the LOFT L2 test series, the ability to model the reflood phase 
of a LOCE has been studied to identify important parameters which 
inf 1 uence cl adding temperature. 

This report reviews gravity feed ref 1 ood experiments (FLECHT-SET, 
Semiscale) and two codes used to predict pressurized water reactor 
ref l'ood behavior ,- FLOOD4 and' RELAP4/MOD6. Phenomena which may be of 
importance during the reflooding of the LOFT L2 tests and the ability 
of the codes to predict such phenomena are discussed. Reflood code . 

uncertainties. are combined with cladding oxidation characteristics to 

place bounds on potential oxidation of the LOFT cladding. 

Sect ion I I presents a general description of reflood phenomena. 
section I11 discusses FLECHT-SET and Semiscale gravity feed tests; 

Section I V  discusses current modeling capability in the FLOOD4 and 
R E L G ~ / M O D ~  codes and compares the model predict ions with FLECHT-SET 

and. Semiscale results. In addition, potential three dimensional 
effects which may be important during reflood are also discussed. 
Section V presents bounding limits on cladding temperature response 

and on. cladding oxidat ion for the LOFT L2-2, L2-3 and L2-4 tests. 
Section QI summarizes the major conciusions regarding the reflood 
behavior expected for LOFT. 
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11. GENERAL REFLOOD DESCRIPTION 

The nuclear core of a reactor may be cooled following the blow- 
down phase of LOCA by inject ing the ECC water d i rec t ly  into the lower 
plenum or by injecting the coolant into the downcomer or cold leg. 
Systems u t i l i z ing  downcomer or cold leg injection, such as LOFT, are 
referred t o  as gravity feed reflood systems. 

The core flooding r a t e  fo r  gravity feed systems i s  dependent on 
the difference between the core pressure and the downcomer gravity 
head. 

Gravity feed systems are characterized by osc i l la t ions  i n ' t h e  
core i n l e t  flow. Contact between the ECC water and the hot fuel rods 
r e s u l t s  i n  v'igorous boiling and steam generation, The steam gener- . 

ation increases  the core pressure until  the cool ant i ne r t i a l  e f fec ts  
are avertome afid the ECC flow i s  reversed. The steam generation r a t e  
then decreases allowing steam t o  vent which resu l t s  i n  a drop in the 
system pressure. Positive flow is then re-established and the osci l -  
la tory cycle i s  repeated. Semiscale t e s t s  and FLECHT gravity feed 
t e s t s  have exhibited these flow osci l la t ions.  

As the coolant contacts the fuel rods, a frothy two-phase mixture 
i n  advance of the quench front i s  formed. As more steam i s  generated 
and the,steam velocity increases, liquid from the f ro th  layer i s  en- 
trained ' i n  the steam flow and carried up past the fuel rod. .The en- 
trained droplets may cool the upper elevations of the fuel rod by 
physical contact on 'the rod and/or by serving as a radiant heat s i n k .  

The . entrained . droplets and steam are not i n  thermodynamic equi 1 i b r i u m  

SO i t  is possible to  have the droplets entrained i n  superheated "' 

steam. The heat t ransfer  mechanisms associated w i t h  the cooling of 
1 

rods d u r i n g  reflood are  not well understood'. 



In the upper plenum, the steam may ex i t  through the br0ke.n lbop 

or through the intact  loops. The intact  loops offer  less resistance 
to  the steam flow so most of the steam passes into the intact  loops. 

I t  has been calculated that  approximately 80% of the flow for  LOFT 

will. pass through the intact  loops. The entrained droplets can be 
ei ther  de-entrained in the upper plenum (deposited and form a liquid 
film on upper plenum internal structures) or be carried along with the 

steam into the broken or intact loops. The droplets which are de- 
entrained may remain on the upper plenum surfaces, may be reentrained, 

or may f a l l  back into the core thereby providing additional cooling t o  
the upper core elevations. The droplets which are not de-entrained 

and are carried into the intact  loop may be pa r t i a l ly  or to t a l ly  
vaporized in the steam generators. Vaporization of the entrained . . 

drop.lets creates a higher system pressure. which retards the flooding 
rate.  This leads to  higher peak cladding temperatures and longer 
quench and temperature turnaround times. 

. . 
As a resu l t  of liquid entrainment and fallback from the upper 

plenum to  the core, the core cooling process proceeds from both the 
bottom and top of the core. As time progresses, enough reflooding 
water has been added to the system tha t  the fuel rod i s  cooled and 
brought to  the saturation temperatureof the water. 

. '  The major phenomena controlling the fuel rod response during the 
reflood phase of a LOCA are ( 1 )  fuel rod stored energy and decay power 
generation, ( 2 )  fuel rod internal pressure, ( 3 )  thermal and mechanical 
properties of the fuel and cladding, and (4)  cladding surface heat 
t ransfer  character is t ics .  

The i n i t i a l  steady s t a t e  fuel rod stored energy wi4 1 strongly 
influence peak cladding temperatures during blowdown; current calcu- 

lations indicate from 50-75% of the i n i t i a l  stored energy s t i l l  

remains within the fuel rod a t  i n i t i a t ion  of reflood. An important 
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parameter i s  t ~ e  f u e l  c ladd ing gap which inf luences heat removal from 

the  f u e l  p e l l e t  t o  the  c ladd ing and surrounding coolant. I n t e rna l  

f u e l  rod pressure s t r ong l y  in f luences c l  adding deformation (ba l loon ing 

o r  col lapse).  The thermal and mechanical p roper t ies  o f  the c ladding 

are important  i n  charac te r i z ing  both heat t r ans fe r  from the  f u e l  rod 

and c ladd ing deformation and p o t e n t i a l  f a i l u r e .  

System r e l a t e d  parameters which a f f e c t  the  the c ladding surface 

h e a t . t r a n s f e r  are ECC f l u i d  subcooling, f l ood ing  rates, containment 

pressure, loop f l ow resistances, upper plenum geometry e f f e c t s  on 

d r o p l e t  de-entrainment' and l i q u i d  f a1  lback, two-phase heat t ransfer ,  

1  i q u i d  entrainment and carryover f r ac t i on ,  and d rop le t  vapor iza t ion i n  

the  steam generators. 

A considerable amount o f  research has been and i s  being performed 

t o  i d e n t i f y  and quan t i f y  t he  c ~ n t r o l  l i n g  hydrodynamic e f f e c t s  and heat 

t r a n s f e r  du r ing  r e f  1  ood. Two o f  these programs, the  West i nghouse 

FLECHT-SET Phase B1 experiments and the  Semiscale g r a v i t y  feed r e f l o o d  

t e s t s  have been reviewed and important parametr ic e f f e c t s  w i l l  be 

summarized i n  the  next  sect ion.  
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I I I. EXPERIMENT DATA REVIEW 

2 The FLECHT-SET B1 t e s t s  were designed to simulate the gravity 
feed reflood behavior of a commercial PWR. The t e s t  assembly contained 
a 10 x 10 array of 12-foot, e l ec t r i ca l ly  heated rods. System volumes, 
heights, and loop reststances were scaled to  tha t  of a PWR. Steam . 

generators were included in both the broken and intact  loops. 

The influence of upper plenum flow area, system pressure, coolant 
subcooling, peak power, core in l e t  resistance, and intact  and broken 
loop resistance on quench time, cladding temperatures and temperature 
turnaround times were examined. Of the parameters investigated, the 
rod power and system pressure were found to have the greatest  effect .  

3 These resu1,ts are consistent w i t h  e a r l i e r  PWR FLECHT experiments . 

Increases in fuel rod power generation a t  the s t a r t  of reflood 
. . 

were shown to  resu l t  in higher cladding temperature r i s e s  and delay in 
achieving temperature turnaround and quench as shown in Figure 1 . .  The 

. . 

higher cladding temperatures a t  the s t a r t  of reflood caused higher 
steam, generation rates  and more entrainment early i n  reflood. While 
the increased entrainment led to  an i n i t i a l  increase in heat t ransfer ,  
i t  also resulted . i n  less  f luid accumulation in the core. This produced 
a decrease i n  quench front velocity and caused lower heat t ransfer  
l a t e r  in reflood as shown i n  Figure 2. 

System pressure was found to  s ignif icant ly effect  the peak clad- 
ding temperature character is t ics  as shown i n  Figure 3. The system 
pressure d i rec t ly  influences the specif ic  volume of the two-phase 
mixture. Increases i n  system pressure dewease the coolant specif ic  
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Figure 1 .  E f f e c t  o f  I n i t i a l  Power on Midplane 
Ref1 ood Cl adding Temperatures ( FLECHT-SET) 
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volume. A lower specific volume permits a larger mass flow. The 
increased mass f 1 ow increases the heat transfer which decreases quench 
and turnaround times and reduces the cl adding temperature rise. 

Coolant subcooling was shown to have a small influence on mid- 
plane heat transfer characteristics as shown in Figure 4. Decreasing 
the subcooling resulted in earlier boiling of the coolant. .The early 
boi 1 ing produces early entrainment and good initial heat transfer, but 
reduced heat transfer at later times. A decrease in subcooling 
resulted in small increases in quench times. 

Increases in core inlet and broken loop resistances were,shown to 
have negligible effect on midplane heat transfer characteristics as 
shown in Figures 5 and 6 respectively. The. core inlet resistance 
comprises a small fr.action of the loop resistance. Hence, the mass 
flow and loop pressure drop is insensitive to changes in core inlet 
resistance. Similarly, the broken loop flow is much less than the 
intact loop flow. Changes in the broken loop did not significantly 
affect reflood. Increases in the intact loop resistance did retard 
the reflooding rate and caused lower steam flow and longer turnaround 
and quench times due to a reduction in the flooding rate. 

Changes in upper p1,enum flow area had negligible effect on clad- 
ding temperature, turnaround time, or quench time. 

2. SEMISCALE RESULTS 

A scries of gravity feed r~flnnd t e s t s  were conducted in the 
. 4  

Semiscale MOD1 system . The tests encompassed a broad range' of 
conditions and provided a data base for the development of the FLUUU4 

code and reflood information to LOFT. 

The Semiscale gravity feed reflood tests were conducted with the 
initial system conditions matched to the conditions expected following 

a blowdown. The system pressure was established by controlling the 
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F igu re  4. E f f e c t  o f  Coolant Subcool i n g  on Midplane E leva t i on  
Ref1 ood Heat Trans fer  Coe f f i c i en ts  . (FLECHT-SET,) 
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pressure in the pressure suppression system. The i n i t i a l  water level 
in the lower plenum was established and the core power was se t  a t  the 
desired value. The E'CC injection was in i t ia ted  when the desired peak 
cladding temperature was achieved. 

The core in le t  osci l la t ions observed in the FLECHT-SET t e s t s  were 
also observed in the Semiscale gravity feed t e s t s .  The osc i l la t ion  i n  

the surface heat t ransfer  coefficient,  shown in Figure 7, closely 
followed the coolant osci l la t ions.  For the i n i t i a l  25 seconds, the 
heat transfer coefficient oscil lated between 0 and 60 ~ ~ ~ l h t - f t ~ ~ ~ .  
From 25 seconds until  jus t  prior to  quench, heat t ransfer  coeff ic ients  

2 0 vary from 20-100 BTUIhr-ft F. A t  quench, a large increase i n  heat 
transfer occurs. . 

Figure 8 i s  a typical plot of quench time.as a function of ele- 
vation. Quenching occurs a t  the top and bottom of ' .the rod and pro- 
gresses towards the rod midplane. The bottom quenching is  due to  the 
advancement of the cooling 1 iquid while droplet de-entrainment and 
fallback from the upper plenum, coupled w i t h  lower power, resu l t s  i n  

top quenching. From Figure 8, three regions of approximately equal 
quench front veloci t ies  can be constructed. The quench veloci t ies  
ranged from 0.5 in/sec in region I t o  0.2 in/sec in region I1 to  0.16 
inlsec in region 111. The quench velocity decreased somewhat w i t h  

-i rlcr.eased c l  adding .l;ernyer.a.Lure. The occurrence of .top quer~chiny 
suggests that the peak c1.adding temperature will not migrate up the 
rod as reflood progresses. Once the midplane temperatures have turned' 
around, the thermal r i s e  of the fuel rod has been effect ively term- 
i nated. 

A reflood boiling curve was constructed from experimental data. 
From th i s  curve, f ive  heat transfer regimes were identified.  They 
were ( 1 )  forced convection to  steam, ( 2 )  dispersed flow, ( 3 )  fi lm 
bo i 1 ing w i t h  some forced convection between vapor and 1 iquid, 
( 4 )  t ransi t ion boiling, and (5)  nueleate boiling. The regimes are 

identified in Figure 9. Region I includes convection t o  steam and 



TIME AFTER REFLOOD INITIATION (SEC) 

Figure 7. Midplane Elevation Reflood Heat Transfer Coefficients 
(Semi scal e, S-03-8). 
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dispersed flow boiling. Region I 1  i s  film boiling while region I 1 1  

encompasses the end of film boiling, t ransi t ion boiling, and the s t a r t  
of nucleate boi 1 ing. 

The peak cladding temperature increases s l igh t ly  during the f i r s t  
few seconds of reflood when the surface heat t ransfer  i s  characterized 
by convection to  steam. As the liquid entrainment increases in the 
dispersed flow regime, the cladding temperature r i s e  i s  terminated and 
the rod begins t o  cool. The end of fi lm boiling and s t a r t  of tran- 
s i t ion  boiling marks the commencement of quench. Quench i s  achieved 
when the cladding surface heat t ransfer  returns to  nucleate boiling. 
Semiscale resu l t s  indicated tha t  for  midplane peak power .elevations 
that  the majority of the time i s  spent i n  the film boiling mode. From 
Figure 9, i t  i s  observed that  the cladding temperature does not 
r e f l ec t  large temperature oscil1,ations as would be expected from the 
osci l la t ing heat transfer coefficients.  This i s  a resu l t  of the near 
ad'iabatic s t a t e  of the rod. Thus ,  a valid approximation .to the heat 
transfer coefficient i s  a smooth curve which averages the osci 1 t a t  ions 
as shown in Figure 9. 

. . 

Parameter studies such as the e f fec t  of power and pressure were 
not performed in the Semiscale t e s t s  although comparison of various 
t e s t s  do give an indication of the influence of cer tain parameters on 

. .  . 
ref1,ood behavior. These resul ts  were consistent with the FLECHT para- 
meter studies. 

In general, the experimental data shows that  system related para- 
meters and physical properties do not great ly  a f fec t  peak cladding 
temperatures; however, some effect  on quench times due to  these para- 
meters has been observed. 

System stored energy and heat t ransfer  related paramenters are 
the key parameters influencing cladding temperature and coolant be- 
havior during reflood. Of particular in te res t  are the heat t ransfer  



parameters. The fue l  rod s tored energy re la ted  quan t i t i es  are under- 
stood and are known or  can be specified w i t h  some degree of accuracy. 
The heat t rans fe r  re1 ated parameters, in pa r t i cu l a r  t h e  specif icat ion 
of heat t r ans f e r  regimes and drople t  entrainment and vaporization 
cannot, a t  present,  be accurate ly  specified 5,6,7 . 



I V. MODELING CAPABILITY 

9 
' RELAP4/MOD6 and FLOOD4 are the computer codes presently 

available a t  INEL for reflood analysis. 

FLOOD4 was developed from FLECHT data to calculate the core and 
system behavior during Semiscale reflood t e s t s .  FLOOD4 couples the 
system hydraul i c  response with core heat transfer and steam generation. 
Four heat t ransfer  correlations are used t o  simulate the boiling curve 
and the mode of heat transfer depends upon the fuel rod elevation, 
water elevation, and the surf ace temperature. 

Below the quench elevation, the heat transfer i s  forced convection 
to  liquid. A t  the quench front,  nucleate boiling and the Hsu tran- 
s i t ion  boiling correlation are used. Further, from the quench front  
in the dispersed flow region, a heat t ransfer  correlation developed 
from the FLECHT data i s  used. 

The entrainment correlation used by FLOOD4 depends upon the steam 
,Fluw, the system pressure, the hydraulic diameter, the elevation 
(length) of the collapsed liquid level above the quench front ,  and an 
entrainment mu1 tip1 i er. 

The film boiling correlations for  dispersed flow heat t ransfer  
and entrainment require user i n p u t  constants. FLOOD4 also requires 
the user to  input the entrained liquid fraction which i s  vaporized in 
the steam generator. Accurate specification of these constants i s  
necessary for  reasonable predictions. To some extent, the input 
constants are system specific.  The constants associated with the 
dispersed flow and fi lm boiling correlations do not seem to  vary much 
between Semiscale and FLECHT t e s t s .  The input quantity describing the 



l i q u i d  v a p o r i z a t i o n  f r a c t i o n s  i n  t h e  steam generators may vary  f rom 

system t o  system. For Semiscale and FLECHT, t h e  FLOOD4 1 i q u i d  vapor- 

i z a t i o n  f r a c t i o n s  a re  i d e n t i c a l .  

F igures 10 and 11 compare FLOOD4 p r e d i c t i o n s  w i t h  Semiscale 

r e s u l t s .  FLOOD4 f a i r l y  we1 1 p r e d i c t s  peak c l  adding temperatures b u t  

underpred ic ts  quench t imes and overpred ic ts  heat t r a n s f e r  c o e f f i c i e n t s .  

The opt imized constants r e s u l t e d  i n  good p r e d i c t i o n s  o f  peak c ladd ing 

temperatures, b u t  f l o w  o s c i l l a t i o n s ,  heat t r a n s f e r  c o e f f i c i e n t s  and 

co re  i n l e t  mass f l o w  are s t i l l  overpredicted.  Peak c ladd ing temper- 

a tu res  are p red ic ted  t o  w i t h i n  100 '~  and quench t imes are p red ic ted  

t o  w i t h i n  - +60 seconds. 

RELAP4lMOD6 was developed t o  model a broad spectrum o f  r e f l o o d  

s i t u a t i o n s .  Consequently, many o f  the  c o r r e l a t i o n s  used i n  the  

r e f  9 ood*model r e q u i r e  user spec if ied  constants. The appropr'i ate value 

o f  t h e  constants are no t  always r e a d i l y  apparent and experimental da ta  
. . 

i s  necessary t o  accu ra te l y  s p e c i f y  t h e  constants. 

F igures 12 through 17' presents r e s u l t s  from reference 10 comparing 

base1 i ne RELAP4lMODG p r e d i c t i o n s  (us ing d e f a u l t  values o f  i n p u t  

constants )  and b e s t - f i t  RELAP41MOD6 p r e d i c t i o n s  ( i n p u t  constants op- 

t i m i z e d  t o  g i v e  best  fit between p r e d i c t i o n  and experiment w i t h  Semi- 

s c a l e  and FLECHT data) .  Table 1 summarizes and compares t h e  

RELAP4/MOD6 c a l c u l a t i o n s  w i t h  experimental measurements f rom Semiscale 

t e s t  S-03-2. 

Considerable s c a t t e r  e x i s t s  i n  the  RELAP4lMOD6 p red ic t i ons .  The 

b e s t - f i t  p r e d i c t i o n s  are u s u a l l y  more accurate than base l ine  pre-  

d i c t i o n s .  But even b e s t - f i t  p r e d i c t i o n s  may miss quench t imes by 
+ loo  . - 20 seconds. 
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Figure 10. Comparison of Semiscale 5-03-8 Measured Cladding 
Temperatures w i t h  Base1 ine and Best Fit (Optimized 
Mu1 tip1 iers) FLOOD4 Predicted Cladding Temperatures 
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Figure. 1 1 .  Comparison of Measured Core Total Mass with FLOOD4 
Prediction using Optimized Mu1 tip1 iers (Semiscale, S-03-8Ie 





BASELINE 
(DEFAULT HEAT TRANSFER) 

TIME AFTER REFLOOD (SEC) 

F igure  '.I 3. 'Compari son of  FLECHT Test 31 05B C l  adding Temperature 
With Base1 i n e  (Dzfaul t Heat Trans fer )  and B e s t - F i t  

. . (Using. Optimized. Mu1 t i p 1  i e r s ) .  RELAPIMOD6 Pred ic t ions .  
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F igure  16. Comparison o f  Semiscale Test S-03-6 With Base1 i n e  
(De fau l t  Heat Trans fer )  and B e s t - F i t  (Using Optimized 
Mu1 t i  p l  i e r s )  RELAP/MOD6 Pred ic t i ons .  
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F igure  17. Comparison o f  Semiscale Test  5-03-6 With Basel ine 
(Defaul t  Heat Trans fer )  and Best-Fi  t (Using Optimized 
Mu1 t i p 1  iers-) RELAP/MOD6 Prec i  t i o n s .  



-Table 1 : . Comparison 'of  Serniscale Reflood Parameters w i t h  ~ a s e c a s e  
and Best Match RELAP41MOD6 Ca lcu la t i ons  
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Peak c ladding temperatures dur ing re f l ood  are normally predicted 

w i t h i n  100'~. Unt i  1  LOFT r e f l o o d  data becomes ava i l  able, much 

uncerta i .nty w i l l  e x i s t  i n  the  LOFT RELAP4/MOD6 re f lood  calculat ion's. 

3. POTENTIAL 3-D EFFECTS DURING REFLOOD 

. . 
, .  - 

A study o f  the important parameters in f luenc ing  re f l ood  charecter- 

. ' i s t i c s  o f  a  1  arge PWR has been recen t l y  completed by EG&G . The 

e f f e c t s  o f  three-dimensional hydrodynamic e f f e c t s  w i t h i n  the core 

region, and the behavior o f  entra ined l i q u i d  i n  the upper plenum, hot  

leg, and steam generator were examined. S.team binding, the c rea t ion  

o f  a.system back pressure due t o  steam generation, re ta rds  the f lood ing  

r a t e  and can increase both the cladding temperature r i s e  and the t ime 

t o  quench. Steam generation due t o  d rop le t  vapor izat ion i n  the upper 
. -  . 

plenu'm or steam generators was i d e n t i f i e d  as a  po ten t i a l  major con- 

t r i b u t o r  t o  the steam b ind ing  problem. Calculat ions. i nd i ca te  t ha t  

heat t r ans fe r  f rom the  upper plenum st ruc tures t o  the  two-phase 

mixture. i s  important f o r  on l y  a  short  per iod o f  t ime e a r l y  i n  

re f lood.  The energy stored i n  the  upper plenum in te rna ls  i s  small and 

i s  q u i c k l y  removed. The net  e f f e c t  o f  upper plenum heat t r ans fe r  on 
. . 

steam b ind ing i s  small. 

The determination o f  l i q u i d  vapor izat ion i n  the steam generators 

i s  d i f f i c u l t .  The amount o f  vapor izat ion i s  a func t ion  o f  i n i t i a l  

d rop le t  entrainment, subsequent de-entrainment i n  the upper plenum, 

the  d rop le t  s ize and the t r a n s i t  t ime o f  the drops through the  steam 

generator tubes. 

A computer s imulat ion o f  the f low paths i n  the upper plenum i n d i -  

cates t h a t  most drop le ts  w i l l  impinge on some surface i n  the  upper 

plenum. Upon impinging, the drop le ts  may deposi t  (de-entrain)  on the 

surface o r  poss ib ly  sha t te r  i n t o  smaller drop le ts  and remain en- 

t ra ined .  It i s  doubt fu l  i f  the sha t te r ing  process occurs t o  an 

appreciable extent. Two mechanisms have been postulated by which the  



l iquid may re,ach the  steam generators,  (1 )  the  l iquid  in the  upper 

core region may once again be entrained and ca r r i ed  t o  the steam 

generators,  or  ( 2 )  the de-entrainment process may produce a f ro thy  

mixture w h i c h  may be transported t o  the steam generators. I t  i s  

highly l ike ly ,  however, t h a t  once de-entrainment occurs t h e  l iquid  

wil l  remain deposited or f a l l  back i n to  the core. 

Droplet vaporization in the steam generators depends primari ly on 

the 'drople t  s'ize and on the time the  drople t  spends i n  . the  steam gener- 

ator .  Small drople ts ,  due t o  t h e i r  l a rge  surface  area/volume r a t i o ,  

a re  more e a s i l y  vaporized and slower ve loc i t i e s  which r e s u l t  in longer 

t r a n s i t  time enhance vaporization. Table I1 summarizes the FLECHT 

predicted t r a n s i t  time through the  steam generator as a function of 

droplet  s i ze  and est imates the  f r a c t i on  of each drople t  converted t o  

steam f o r  several drople t  diameters. 

TABLE I1 

Water Droplet Size Versus Steam Generator Transi t  Time 
and Fraction of Dropplet Converted t o  Steam While 

Traversing the Steam Generator 

Droplet Diameter - in 0.1544 0.0977 0.0564 0.0178 

Transit  Time - sec 1.7 1.5 1.3 1.05 

% decrease in droplet  d ia .  1.95 3.24 6.0 24.0 

As can be seen in Table 11, the  t r a n s i t  time through the  steam 

generators' i s  small, even f o r  large  diameter drops, so t h a t  vapor- 

iza t ion can only occur For extremely small drople ts .  FLECtIT-SET I31 

r e s u l t s  'support these  est imates and indicate  very 1 i t t l e  vaporization 

occurs in the steam generators. 



Figures 18 and 19 present calculations to estimate evaporation in 

the steam generators for the Semisc,ale tests. The figures show that 
1 i ttle increase in quality, and therefore, 1 ittle evaporation, occurs 

in the steam generat0.r. . . 

The Semisca1.e experimental results tend to confirm these calcu- 
lations.. Apparently 1 ittle 1 iquid from the Semiscale reflood tests 

reached the steam generators and vaporization in the steam generators 
was insignificant. 

Radiation is expected to be an important mode of heat transfer 

during refill and the early stages of reflood for the high powered 
LOFT tests [12J. The presence of numerous unheated guide tubes in 
the core, which act as radiant heat sinks; may cause circumferential 

temperature gradients to be established both on the central rod guide 
tubes and the adjacent fuel rods. Some bowing of the fuel rods and 
the' guide tubes may result from the circumferential temperature 

gradients. The effect of the bowing on fuel response has not been 
evaluated,. Guide tube and/or fuel rod bowing may affect fuel module 
movement. 

The LOFT Test L2-6 will contain fuel rods prepressurized to 

350 psi[l% 
nd will provide valuable data concerning the extent of bal- 

looning . Reference 14 discusses the potential 'for coplaner 
ball ooning and resulting fluid channel blockage. It was concluded 

that in a PWR, coplaner ballooning was possible but not likely du'e to 
statistical variations in the cladding temperatures as a result of 
.'fuel rod ' stored energy, fuel rod rewett ing resulting during blowdown, 
and local cladding temperature variation during the ballooning 

process. 
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V. CLADDING OXIDATION 

The prev ious sec t ions  have reviewed FLECHT-SET and Semiscale 

g r a v i t y  feed r e f l o o d  experiment r e s u l t s  and summarized r e f l o o d  model ing 

c a p a b i l i t i e s .  From these sect ions, i t  i s  expected t h a t  peak r e f l o o d  

c ladd ing  temperatures f o r  t h e  LOFT LOCE's w i l l  be p r e d i c t e d  t o  w i t h i n  

100 OF. Quench t ime w i l l  be p red i c ted  t o  w i t h i n  100 secondsand the  

c o n t r i b u t i o n  t o  core  steam b ind ing  due t o  l i q u i d  v a p o r i z a t i o n  i n  t h e  

.LOFT steam generators w i l l  be minimal. 

The peak c ladd ing  temperature and quench t ime u n c e r t a i n t i e s  were 

combined w i t h  bes t  est imate c a l c u l a t i o n s  o f  LOFT r e f l o o d  behavior  t o  

cons t ruc t  bounding c ladd ing  temperature h i s t o r i e s .  These temperature 

curves were then used t o  c a l c u l a t e  c ladd ing  o x i d a t i o n  expected f o r  t h e  

LOFT ' ~ 2  tes ts .  

, . 
The r e f l o o d  c a l c u l a t i o n s  were performed w i t h  t h e  FLOOD4 r e f l o o d  

dynamics . . code. The power-time h i s t o r i e s  and t h e  ECC i n j e c t i o n  r a t e s  

used. i n  the FLOOD4 c a l c u l a t i o n  were taken f rom RELAP41MOD6 blowdown 

and r e f i l l  p red i c t i ons .  The entrainment and heat t r a n s f e r  constants 

used were those which allowed the' best  match between FLOOD4 p red i c -  

t i o n s  and Semiscale g r a v i t y  feed t e s t  data, 

The best  est imate FLOOD4 p r e d i c t i o n s  o f  LOFT center  module 

c ladd ing  surface temperatures f o r  t e s t s  L2-2, L2-3 and L2-4 are g iven 

in.' F igure  20. Several t rends  are apparent f rom these curves. Only a 

small c ladd ing  heatup occurs and t h e  heatup p e r i o d  i s  conf ined t o  t h e  

f i r s t  10 seconds o f  re f l ood .  A f t e r  t h i s  per iod,  t h e  c ladd ing  s l o w l y  

coo ls  u n t i l  quench occurs. 

During r e f i l l  and the  e a r l y  p o r t i o n s  o f  ref lood,  n e a r l y  ad iaba t i c  

heat t rans fer  cond i t i ons  are p red i c ted  t o  e x i s t .  During t h i s  per iod,  

t he  surface heat t r a n s f e r  may no t  be s u f f i c i e n t  t o  remove the  energy 

generated by. t h e  decay o f  accumulated f i s s i o n  products. Cladding 
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heatup is therefore possible. As a result of the near thermal equil- 
ibrium in the fuel rad, and the large resistances to heat flow within 
the rod, limited energy can be transferred to the cladding during the 
first few seconds of the reflooding period when surface heat transfer 
conditions may permit cladding heat up. 

Zircaloy c1 adding oxidat ion characterstics hav&,been evaluated 
and LOFT cl adding temperature and time-at-temperatug; 1 imi ts have been 
established in Reference 15 and are shown in Figure 21. 

These 1 imits are based on: 

(1) The need to retain at least partial ductility of the clad- 
ding during the LOFT tests. 

(2) OR#L oxidation data for zircaloy tubing in a steam environ- 
ment I69l7 . 

(3) U02-zircaloy oxidation data 18,19,20 . 
The limiting oxidation correlation presented in Figure 21 (from 

Reference 15) was utilized to estimate the expected cladding oxidation 
whSch would result from the FLOOD4 calculated hecjt estimate and upper 
bound LOFT cladding temperature histories. The upper bound temperature 
histories based on the uncertainties in peak cladding temperatures and 
quench times which were determined by comparing the model predictions 
to experimental results, are shown in Figure 22. The percentage of 
the allowable cladding oxidation limit was calculated and the results 
art given i n  Table I11 for the L2-2, L2-3 and L 2 4  tests, Tn nn case, 
even for the upper bound temperature response, was the cladding oxi- 
dati ori calculated to exceed the parti a1 duct i 1 ity retent ion 1 imit. 



FPgure 21. Criterion For Lfmi,t,ing Claddtng Oxidation Durfng LOFT LOCEs. 
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TABLE I 1 1  

Test 

' 

Expected Peak Cladding Oxidation f o r  
the LOFT L2 Series LOCE's 

F rac t ion  o f  Al lowable 
Oxidation L i m i t  (1) 

L2-4 Extended Quench 0.896 
. .  L2-4 Best Estimate 0.2625 

* .  . L2-4 Enhanced Quench 0.221 

. '  L2-3 Extended Quench 0.054 
L2-3 Best Estimate 0.031 
L2-3 Enhanced Quench 0.023 

~ 2 - 2  . ~x tended  Quench 
L2-2 Best E.stimate 
L2-2 Enhanced Quench 

(1)  1.0 means the a l lowable  ox ida t ion  l i m i t  ( p a r t i a l  c ladding 
d u c t i l i t y )  has been reached. 



W I  . CONCLUSIONS 

The following conclusions can be made as a result of this study: 

1. FLECHT-SET and Semiscale reflood tests for reflood 'condi- 
tions similar to those expected for LOFT showed little 

cladding temperature rise. The contribution to steam 
binding due to liquid vaporization in the steam generators 

and upper plenum is expected to be small. 

2. Current code capabil tty to predict reflood response generally 
predicts peak cladding temperatures to within 1 0 0 ~ ~  and 
quench times to within 100-200 seconds. 

3. Three-dimensional effects may be important for the LOFT 
tests. The more important 3-D effects may include, 
(1) liquid entrainment phenomena which will effect core heat 

transfer, (2) radiation heat transfer for the higher power 
tests, and (3) cladding ballooning and/or cladding bowing 
which may effect core flow distributions. 

4. Cladding oxidation for the L2-Series tests is not expected 
to result in nil-ductility (brittle) cladding even for upper 
bound cladding temperatures. 
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