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ABSTRACT

The W-1 Sodium Loop Safety F a c i l i t y  (SLSF) Experiment was conducted 
to  study fuel pin heat release ch a ra c te r is t ic s  during a series o f  LMFBR 
Loss-of-P ip ing In te g r i t y  (LOPI) trans ien ts  and to inves tiga te  a regime 
o f  coolant b o i l in g  during a second series o f  trans ien ts  a t low, medium 
and high bundle power leve ls .

The LOPI trans ien ts  produced no coolant b o i l in g  and showed on ly 
small changes in  coolant temperatures as the te s t  fuel m icrostructure 
changed from a fresh , unrestructured to  a low burnup, restructu red con­
d i t io n .

During the la s t  o f  seven b o i l in g  t ra n s ie n ts , intense coolant b o i l ­
ing produced in le t  flow reversa l, cladding dryout and moderate cladding 
melt ing.

INTRODUCTION

The W-1 Sodium Loop Safety F a c i l i t y  (SLSF) Experiment was the f i f t h  
in  a series o f  such experiments sponsored by the Department o f  Energy 
as part o f  the National Fast Breeder Reactor (FBR) Safety Development 
Program, The Hanford Engineering Development Laboratory (HEDL) has 
prime re s p o n s ib i l i ty  fo r  the W-1 experiment and i t  was conducted in 
cooperation w ith  the Advanced Reactor Systems Department o f General E lec­
t r i c  Company (GE/ARSD). The f a c i l i t y ,  operated by EG&G Idaho, In c . ,  
is  located in the Engineering Test Reactor a t the Idaho National Engi­
neering Laboratory near Idaho F a l ls ,  Idaho.



w-1 SLSF EXPERIMENT OBJECTIVES

The W-1 experiment had tvvo d is t in c t  ob jec tives . The f i r s t  objec­
t iv e  was to  evaluate fuel pin heat release ch a ra c te r is t ics  during Loss- 
o f-P ip ing  In te g r i t y  (LOPI) accidents. A sequence o f  four LOPI tra n ­
s ien ts  was conducted to c o l le c t  data a t  d i f fe re n t  fuel pin conditions o f :  
a) fresh , unrestructured fu e l ,  b) fresh , restructured fu e l ,  c) i r ra d ia te d ,  
res truc tu red  fue l (w ith s ta r tup  cracks healed), and d) i r ra d ia te d ,  cracked 
fue l ( a f te r  shutdown and s ta r tu p ) .

The second ob jec t ive  o f  the W-1 experiment was to determine the 
sodium b o i l in g  and recovery l im i ts  as a function o f  fuel pin power and 
coolant f low ra te . The e igh t b o i l in g  tests concluded w ith in te n t io n a l 
fue l pin dryout and cladding fa i lu re .

These ob jectives support reso lu tion  o f  safe ty  issues in  the th i r d  
leve l o f  defense (LOA-3: maintain containment in te g r i ty )  in  the Depart­
ment o f  Energy Fast Reactor Safety Program Plan. Furthermore, the sodium 
b o i l in g  data w i l l  expand the data base already obtained in the Thermal-Hydrau­
l i c  Out-of-Reactor Safety (THORS) F a c i l i t y  a t  Oak Ridge National Labora­
to ry .

TEST VEHICLE DESCRIPTION

The SLSF in - p i le  loop (Figure 1), located in the Engineering Test 
Reactor, is  a doubly-contained closed sodium-loop te s t  veh ic le 8.23 m 
(27 f t )  long, and weighing approximately 3400 kg (7500 Ibm). The loop 
consists o f  a primary and secondary containment vessel, an annular 
l in e a r  induction electromagnetic pump (ALIP), a tube-and-shel 1, sodium.- 
to-helium  heat exchanger (HX), a 0.1 cm (40 m il)  th ick  cadmium thermal 
neutron f i l t e r ,  loop sensors, removable top closure (RTC), and the 
instrumented te s t t r a in .

The W-1 te s t  t ra in  was approximately 7.9 m (25 f t )  long and con­
ta ined 19 FTR size fue l pins w ith p ro to typ ic  FBR ax ia l blankets in  a 
hexagonal bundle array. The te s t  t ra in  contained seventy-s ix (76) 
thermocouples, sixteen (16) pressure transducers, and four (4) sodium 
flowmeters. In a d d it io n , the center seven fue l pins had annular fuel 
p e l le ts  over the length o f  the active section and in - fu e l  thermocouples 
to measure fue l temperatures a t three d i f fe re n t  e levations. The outer 
twelve pins had s o l id  p e l le ts .  Fuel enrichments were selected to pro­
duce a f l a t  power p r o f i le .  -
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SUMMARY

The i r ra d ia t io n  phase o f  the W-1 experiment was conducted be­
tween May 27 and Ju ly  20, 1979 (Figure 2). The experiment hardware 
and f a c i l i t y  performed as designed, a llow ing completion o f  a l l  
planned tests  (13 trans ien ts  to ta l ) .

Test data revealed:

1. Experimental conditions s imulating a CRBR LOPI accident a t 15% 
overpower and hot channel conditions did not produce coolant 
b o i l in g  and only minor e ffec ts  o f  fuel precondition ing were 
observed in  ove ra ll fuel bundle t ra n s ie n t thermal performance.
These data have been useful in  evaluating current tra ns ien t 
fuel pin heat release models.

2. The b o i l in g  tes ts  v e r i f ie d  GE/ARSD pred ic tions o f  b o i l in g  in ­
ception and extended the US FBR data base fo r  coolant b o i l in g  
to  472 W/cm peak l in e a r  pin power. These data id e n t i fy  b o i l ­
ing inc ip ience over a range o f  reactor operating conditions 
and lend c r e d ib i l i t y  to current therm al-hydrau lic  codes capa­
ble o f  p red ic t in g  coolant b o i l in g  inception .

3. There was no discernable p rebo iling  coolant superheat in any 
t ra n s ie n t-  These data reduced concerns over coolant super­
heat and subsequent f lash ing  during postulated FBR accidents.

4. The b o i l in g  te s t  data c le a r ly  show the three-dimensional aspects 
o f  coolant void progression. These data are d i r e c t ly  a p p l i ­
cable' to  the evaluation o f  sodium coolant b o i l in g  models, once 
the size and heat sink e f fe c t  o f  the 19-pin bundle are accounted 
fo r .

5. In the f in a l  b o i l in g  tra n s ie n t,  two seconds o f  coolant b o i l in g  
was produced. The upper h a l f  o f the fuel bundle voided, re­
s u l t in g  in  te s t  section in le t  flow reve rsa l,  cladding dryout 
and the expected fue l pin fa i lu re .

Post-tes t examination revealed th a t  e igh t o f  the nineteen fuel pins 
incurred cladding breaches. Four o f  the breached pins showed d e f in i te  
cladding melting and re loca tion  in  both ax ia l d ire c t io n s .  Two inner 
r in g  fue l pins v/ere self-v/elded to the center fue l p in . Five o f  the 
breached pins incurred c ircu m fe re n t ia l,  b r i t t l e  fra c tu re  type cracks, 
suggesting cladding breaches caused by rapid quenching during the 
pos t- tra ns ien t flow re tu rn .

In add it ion  to the coolant b o i l in g  data obtained during the W-1 
experiment, unique steady-state fuel pin performance data were ob­
tained from the in - fu e l and wire wrap thermocouples. Data showing 
the e ffe c ts  o f  fuel re s truc tu r ing  and gap closure and the e ffec ts  
o f  s ta r tup  cracking and crack healing on fuel temperatures were 
obtained from the fou r in - fu e l  thermocouples which survived the en­
t i r e  experiment. These data, along w ith de ta iled  coolant temperature 
p r o f i le  data, were used to analyze fuel pin heat t ra n s fe r  models in 
the SIEX fue l pin performance computer code.
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STEADY STATE DATA

Coolant temperature data recorded during steady-state operations 
were very close to pre test predictions (Figure 3), These data show 
the v a l id i t y  o f  the fuel p in -to -coo lan t heat t ra n s fe r  modeling in  
steady s ta te  fuel pin perform.ance and thermal-hydraulic  codes.

Fuel temperature data v/ere much higher than expected throughout 
the experiment w h ile  fuel re s tru c tu r in g  occurred more slowly than 
expected. These data w i l l  be valuable in  the c a l ib ra t io n  o f  fuel 
re s tru c tu r in g  models in fuel pin thermal performance codes.

TRANSIENT DATA

Tv/elve major trans ien ts  were conducted during the W-1 experiment. 
The re su lts  o f  these trans ien ts  are summarized in  Table 1. Four LOPI 
trans ien ts  were o r ig in a l ly  scheduled; f iv e  were conducted. LOPI 2A, 
a repeat o f  LOPI 2, was required because a premature reactor scram 
occurred during LOPI 2.

The LOPI trans ien ts  were conducted from f u l l  fuel bundle power 
conditions o f  658 kW (nominal), y ie ld in g  384.5 W/cm (11.7 kW/ft) aver­
age fuel pin l in e a r  power. This corresponds to a 15% overpower condi­
t io n  o f  the highest power FFTF fuel bundle. i

During the power maneuvering ju s t  p r io r  to  LOPI 4, one o f  the 
thermocouples used in  the heat balance ca lcu la t ions  fa i le d ,  causing 
an e r ro r  in  the i n i t i a l  LOPI 4 pov/er leve l ( i . e . ,  an add it iona l 7% 
overpower con d it io n ) .  Fuel bundle wire-wrap thermocouples ind icated 
th a t saturated coolant conditions existed fo r  approximately 0.5 seconds.

With the exception o f  the overpov/er condition during LOPI 4, the 
maximum coolant temperatures dropped s l ig h t ly  as the fuel bundle i r r a ­
d ia t io n  time increased. The fuel cen te r l ine  temperatures also dropped 
as fuel re s tru c tu r in g  progressed.

The B o il ing  Window Test series was designed to inves tiga te  a hy­
pothesized regime o f  power-to-coolant flow ra te  ra t io s  which could 
cause "s tab le " coolant b o i l in g  conditions. The sodium b o i l in g  tes ts  
were conducted a t three d i f fe re n t  average fuel pin power le ve ls ;
1) 200 W/cm (6.1 kW /ft) ,  2) 296 W/cm (9.0 kW /ft) ,  and 3) 384.5 W/cm 
(11.7 kW /ft) .



Radial and ax ia l expansion o f  the b o i l in g  f ro n t  was evident 
from the wire-wrap thermocouple coolant temperature data. The data 
c le a r ly  show th a t at h igher heat f !u x  le ve ls ,  the b o i l in g  tends to 
be more intense. The fuel bundle i n le t  flow reduction is caused 
by an increased pressure drop generated by sodium void progression 
through the fue l bundle coolant channels.

During B o il in g  Window Test 7b ',  the sodium void progression 
and corresponding pressure drop increase caused in le t  flow reversa l, 
c ladding dryout and moderate cladding m elting. The tra n s ie n t was 
stopped by an ETR scram a t 3.5 seconds and a re turn to  f u l l  coolant 
pump power. Deta ils  o f  B o i l in g  Test 7b' are given in  Table 2.

TABLE 1

W-1 SLSF EXPERIMENT 
TRANSIENT SUMMARY

*  Programmed fuel bundle i n le t  low flow po in t

TABLE 2 

BOILING TEST 7b'

Average Minimum Peak Na B o il ing
Transient Pin Power Flow* Temperature Du ra tio :

LOPI 1 377 W/cm 0.47 Kg/s 1211 K N/A
LOPI 2 410 W/cm 0.47 Kg/s 1216 K N/A
LOPI 2A , 385 W/cm 0.47 Kg/s 1216 K N/A
LOPI 3 377 W/cm 0.47 Kg/s 1200 K N/A
LOPI 4 411 W/cm 0.47 Kg/s 1230 K 0.5 s
BWT 2' 207 W/cm 0.47 Kg/s 1224 K 0.8  s
BWT 4 313 V//cm 0.68 Kg/s 1250 K 1.0 s
BWT 6 386 W/cm O.SB Kg/s 1247 K 0.2 s
BWT 6 ’ 391 W/cm 0.88 Kg/s 1249 K 0.1 s
BWT 6" 396 W/cm 0.88 Kg/s 1280 K 0.9 s
Bl'/T 7a' 393 W/cm 0.78 Kg/s 1288 K 1.6 s
BWT 7b' 391 W/cm 0.75 Kg/s 1374 K 2.0 s

Time Event

0 s S ta r t  o f  trans ien t.
1.5 s B o il in g  in i t i a t io n  - detected by in le t  flow reduction
1.5 -  2.1 s B o il in g  progression from center-to-edge-of-bundle a t

the to p -o f - th e - fu e l  (TOP) region o f  the bundle.
2.8 s In le t  flow reversal-
3.1 s B o il in g  a t axial midplane.
3.5 s ETR scram. Cladding dyrout at the fuel bundle axia l

midplane.



TABLE 2 (CON'I)

Time Event

s Dryout extended up to the IDF region o f  the fuel bundle.
3.8 s In le t  f low  recovery-
3.9 s Peak fuel cen te rl ine  temperature: 2800 K,
4*0 s Peak wire-wrap thermocouple temperature measurement:

1374 K.
5.6 s Full recovery o f  fuel bundle f low ra te  to  p re trans ien t

leve ls-

POST-TEST ANALYSIS

The p o s t- te s t analysis o f  the W-1 experiment was conducted to 
evaluate both the W-1 data and the c a p a b i l i ty  o f  sa fe ty  and design 
computer codes to p red ic t the W-1 fuel bundle t ra n s ie n t response.

The computer codes used to evaluate the W-1 data were SIEX,^ 
COBRA-3^ and SAS-3D.^ The SIEX code was used to p red ic t steady- 
s ta te  fuel pin thermal performance, re s tru c tu r in g , f is s io n  gas re ­
lease, and the fue l-c ladd ing  gap conductance. The COBRA-3 code was 
used to  analyze the fuel pin and coolant therm al-hydrau lic  response 
during the LOPI trans ien ts  and B o il ing  Window Tests. C03RA-3 ca lc u la ­
t ions  v/ere re l ia b le  only to b o i l in g  inception . The SAS-3D code was 
used to  analyze b o i l in g  progression, fuel pin cladding dryout, and 
subsequent cladding melting.

The resu lts  o f  the SIEX ca lcu la tions o f  fue l re s tru c tu r in g  and 
fue l pin thermal performance are shown on Figure 4, where fuel cen ter- 
l in e  temperatures are p lo tted  versus time. The SIEX code underpre­
d ic ted  fue l cen te r l ine  temperatures by as much as 220 K (400°F). Pos­
s ib le  sources o f  e r ro r  are in  the fuel therm.al co n duc t iv ity  model, the 
fue l-c ladd ing  gap conductance model, o r the rad ia l power p r o f i le  in  
the f u e l .

In order to  reduce uncerta in ty  in  the COBRA-3 tra n s ie n t ca lcu la ­
t io n s ,  an attempt was made to  reduce the fue l temperature e r ro r  by 
conducting a parametric study w ith the SIEX code. Parameters tha t 
a f fe c t  the calcu la ted fuel temperature were varied to determine which 
produced the best match to the measured fuel temperature data.

I t  was determined th a t lowering the fue l thermal co n duc t iv ity  
provided a close match between fuel cen te r l in e  temperature p red ic ­
t ions  and data a t both e levations o f  the in - fu e l  thermocouples (TE 22-3 
@ 56 cm and TE 22-5 086 cm above the bottom o f  the fu e l ) .  Using a 
h igher fue l-c ladd ing  gap xenon concentration, e f fe c t iv e ly  decreasing 
the gap conductance, gave fue l temperatures th a t agreed w ith  TE 22-3 
data, but the predictions a t the 85 cm e levation  were much higher 
than the TE 22-5 data.
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The lower fuel conduc t iv ity  case SIEX pred ictions o f  fuel re- 
t ru c tu r in g  and f is s io n  gas release matched the W-1 fuel pin post- 
i r r a t i a t i o n  examination data very c lose ly . These predictions were 
there fore  used as input to the COBRA-3 code fo r  the thermal-hydraulic  
analysis o f  the W-1 trans ien ts .

The COBRA-3 pred ic tions o f  coolant temperatures are p lo tted  w ith  
te s t  data fo r  LOPI 3 and B o il ing  Test 7b' in  Figures 5 and 6. The 
agreement between predicted wire-wrap thermocouple response and the 
actual W-1 data varies from good to exce lle n t.

The SAS-3D ca lcu la t ion  resu lts  o f B o il in g  Test 7b' are shown in 
Figure 7. The pred ic tions o f coolant and cladding temperature are 
very close to the W-1 wire-wrap thermocouple data, demonstrating the 
e ffectiveness o f  the SAS-3D code in  analyzing th is  tra ns ien t.

CONCLUSIONS

LOPI ACCIDENT EVALUATION

The W-1 experiment LOPI accident s imulation demonstrated tha t the 
protected CRBR LOPI accident ( i . e . ,  pipe rupture and corresponding flow 
reduction followed by an automatic p lant scram) is  a benign event. The 
W-1 LOPI trans ien ts  were conducted at 384.5 W/cm (11.7 kW/ft) average 
(nominal) pin power leve ls . This corresponds to a 15% overpower con- 
d i t  ion fo r  the highest power FFTF assembly. Only LOPI 4, conducted a t 
23% overpoV/er conditions fo r  FFTF, generated coolant b o i l in g ,  the b o i l ­
ing was very m ild , la s t in g  only 0.5 seconds.

There v/ere only small changes in  coolant temperature during the 
progression o f  LOPI tra n s ie n ts . Maximum coolant temperatures dropped 
w ith  progressing fuel pin i r ra d ia t io n  and the corresponding fuel micro­
s tru c tu re  changes. I t  appears tha t a LOPI type tra n s ie n t becomes less 
severe w ith  increasing core burnup, although as previously mentioned, 
the change is  small.

BOILING PROGRESSION

The W-1 coolant b o i l in g  tests  were designed to extend the THORS 
f a c i l i t y  sodium b o i l in g  data base in to  the normal range o f  operating 
powers fo r  a f u l l - s i z e  breeder reactor. One major observation in 
the s h i f t  to higher powers is  the acce lera tion o f  b o i l in g  progression 
from the center coolant channels to the outer coolant channels. The 
corresponding increase in  coolant pressure drop ra p id ly  leads to flow 
reversal.
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I t  is  there fore  conduced tha t the Boil ing Window, defined as 
the range between in c ip ie n t  b o i l in g  and b o i l in g  which in e v ita b ly  
leads to  f low reversal and cladding d ryou t/m e lt ing , narrows ra p id ly  
w ith  increasing pin power, possib ly vanishing completely a t the 
medium-to-high power leve ls  used in the W-1 experiment.
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ABSTRACT

The W-1 Sodium Loop Safety Fac ility  (SLSF) Experiment was conducted 
to study fuel pin heat release characteristics during a series of LMFBR 
Loss-of-Piping Integrity (LOPI) transients and to investigate a regime 
of coolant boiling during a second series of transients at low, medium 
and high bundle power levels.

The LOPI transients produced no coolant boiling and showed only 
small changes in coolant temperatures as the test fuel microstructure 
changed from a fresh, unrestructured to a low burnup, restructured con­
dition.

During the last of seven boiling transients, intense coolant b o il­
ing produced in le t flow reversal, cladding dryout and moderate cladding 
melting.

INTRODUCTION

The W-1 Sodium Loop Safety Facility  (SLSF) Experiment was the f if th  
in a series of such experiments sponsored by the Department of Energy 
as part of the National Fast Breeder Reactor (FBR) Safety Development 
Program. The Hanford Engineering Development Laboratory (HEDL) has 
prime responsibility for the W-1 experiment and i t  was conducted in 
cooperation with the Advanced Reactor Systems Department of General Elec­
t r ic  Company (GE/ARSD). The fa c il ity ,  operated by EG&G Idaho, In c ., 
is located in the Engineering Test Reactor at the Idaho National Engi­
neering Laboratory near Idaho Falls, Idaho.



w-1 SLSF EXPERIMENT OBJECTIVES

The W-1 experiment had two d is t in c t  ob jectives. The f i r s t  objec­
t iv e  was to evaluate fuel pin heat release cha rac te r is t ics  during Loss- 
o f-P ip ing  In te g r i ty  (LOPI) accidents. A sequence o f four LOPI tran ­
s ien ts was conducted to c o l le c t  data at d i f fe re n t  fuel pin conditions o f :  
a) fresh , unrestructured fu e l ,  b) fresh, restructured fu e l ,  c) i r ra d ia te d ,  
restructu red fue l (w ith s ta rtup  cracks healed), and d) ir ra d ia te d ,  cracked 
fue l ( a f te r  shutdown and s ta r tu p ).

The second ob jective  o f  the W-1 experiment was to determine the 
sodium b o i l in g  and recovery l im i ts  as a function o f fuel pin power and 
coolant f low ra te . The e igh t b o i l in g  tests concluded w ith in te n tion a l 
fuel pin dryout and cladding fa i lu re .

These ob jectives support reso lu tion o f safe ty issues in  the th i r d  
level o f  defense (LOA-3: maintain containment in te g r i ty )  in  the Depart­
ment o f  Energy Fast Reactor Safety Program Plan. Furthermore, the sodium 
b o i l in g  data w i l l  expand the data base already obtained in the Thermal-Hydrau­
l i c  Out-of-Reactor Safety (THORS) F a c i l i t y  a t  Oak Ridge National Labora­
to ry .

TEST VEHICLE DESCRIPTION

The SLSF in - p i le  loop (Figure 1), located in the Engineering Test 
Reactor, is  a doubly-contained closed sodiumloop te s t  vehicle 8.23 m 
(27 f t )  long, and weighing approximately 3400 kg (7500 Ibm). The loop 
consists o f  a primary and secondary containment vessel, an annular 
l in e a r  induction electromagnetic pump (ALIP), a tube-and-shel1, sodium- 
to-helium heat exchanger (HX), a 0.1 cm (40 m il)  th ick  cadmium thermal 
neutron f i l t e r ,  loop sensors, removable top closure (RTC), and the 
instrumented te s t  t r a in .

The W-1 te s t  t ra in  was approximately 7.9 m (26 f t )  long and con­
tained 19 FTR size fue l pins w ith proto typ ic FBR axia l blankets in  a 
hexagonal bundle array. The te s t  t ra in  contained seventy-six (76) 
thermocouples, sixteen (16) pressure transducers, and four (4) sodium 
flowmeters. In ad d it ion , the center seven fuel pins had annular fuel 
p e l le ts  over the length o f  the active section and in - fu e l thermocouples 
to  measure fuel temperatures a t three d i f fe re n t  e levations. The outer 
twelve pins had s o l id  p e l le ts .  Fuel enrichments were selected to pro­
duce a f l a t  power p ro f i le .
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SUMMARY

The i r ra d ia t io n  phase o f  the W-1 experiment was conducted be­
tween May 27 and July 20, 1979 (Figure 2), The experiment hardware 
and f a c i l i t y  performed as designed, a llowing completion o f  a l l  
planned tests (13 trans ien ts  t o ta l ) .

Test data revealed:

1. Experimental conditions simulating a CRBR LOPI accident a t 15% 
overpower and hot channel conditions did not produce coolant 
b o i l in g  and only minor e ffec ts  o f  fuel precondition ing were 
observed in  overa ll fuel bundle tra ns ien t thermal performance.
These data have been useful in evaluating current trans ien t 
fuel pin heat release models.

2. The b o i l in g  tes ts  v e r i f ie d  GE/ARSD predictions o f  b o i l in g  in ­
ception and extended the US FBR data base fo r  coolant b o i l in g  
to 472 W /cm  peak l in e a r  pin power. These data id e n t i fy  b o i l ­
ing incip ience over a range o f reactor operating conditions 
and lend c r e d ib i l i t y  to current thermal-hydraulic codes capa­
ble o f  p red ic t ing  coolant b o i l in g  inception.

3. There was no discernable prebo iling  coolant superheat in any 
tra n s ie n t.  These data reduced concerns over coolant super­
heat and subsequent f lash ing  during postulated FBR accidents.

4. The b o i l in g  te s t  data c le a r ly  show the three-dimensional aspects 
o f  coolant void progression. These data are d i r e c t ly  a p p l i ­
cable' to the evaluation o f  sodium coolant b o i l in g  models, once 
the size and heat sink e f fe c t  o f  the 19-pin bundle are accounted 
fo r .

5. In the f in a l  b o i l in g  tra n s ie n t,  two seconds o f  coolant b o i l in g  
was produced. The upper h a l f  o f  the fuel bundle voided, re­
s u lt in g  in  te s t  section in le t  flow reversa l, cladding dryout 
and the expected fuel pin fa i lu re .

Post-test examination revealed th a t e igh t o f  the nineteen fuel pins 
incurred cladding breaches. Four o f  the breached pins showed d e f in i te  
cladding melting and re location  in  both axia l d ire c t io n s . Two inner 
r ing  fuel pins were self-welded to the center fuel pin. Five o f  the 
breached pins incurred c ircum fe re n t ia l,  b r i t t l e  fra c tu re  type cracks, 
suggesting cladding breaches caused by rapid quenching during the 
pos t-trans ien t flow re turn .

In add it ion  to the coolant b o i l in g  data obtained during the W-1 
experiment, unique steady-state fuel pin performance data were ob­
tained from the in - fu e l  and wire wrap thermocouples. Data showing 
the e ffec ts  o f fuel res truc tu r ing  and gap closure and the e ffec ts  
o f  s ta rtup  cracking and crack healing on fuel temperatures were 
obtained from the four in - fu e l thermocouples which survived the en­
t i r e  experiment. These data, along w ith de ta iled  coolant temperature 
p r o f i le  data, were used to analyze fuel pin heat t ra n s fe r  models in 
the SIEX fuel pin performance computer code.
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STEADY STATE DATA

Coolant temperature data recorded during steady-state operations 
were very close to pre test predictions (Figure 3). These data show 
the v a l id i t y  o f  the fuel p in -to -coo lan t heat t ra n s fe r  modeling in 
steady sta te  fuel pin performance and thermal-hydraulic codes.

Fuel temperature data were much higher than expected throughout 
the experiment while  fuel res truc tu r ing  occurred more slowly than 
expected. These data w i l l  be valuable in the c a l ib ra t io n  o f  fuel 
re s truc tu r ing  models in fuel pin thermal performance codes.

TRANSIENT DATA

Twelve major trans ients were conducted during the W-1 experiment. 
The resu lts  o f  these trans ients are summarized in  Table 1. Four LOPI 
trans ien ts  were o r ig in a l ly  scheduled; f iv e  were conducted. LOPI 2A, 
a repeat o f  LOPI 2, was required because a premature reactor scram 
occurred during LOPI 2.

The LOPI trans ien ts  were conducted from f u l l  fuel bundle power 
conditions o f  658 kW (nominal), y ie ld in g  384.5 W/cm (11.7 kW/ft) aver­
age fuel pin l in e a r  power. This corresponds to a 15% overpower condi­
t ion  o f the highest power FFTF fuel bundle. '

During the power maneuvering ju s t  p r io r  to LOPI 4, one o f  the 
thermocouples used in  the heat balance ca lcu la tions fa i le d ,  causing 
an e r ro r  'in the i n i t i a l  LOPI 4 power level ( i . e . ,  an additional 7% 
overpower cond it ion ). Fuel bundle wire-wrap thermocouples indicated 
tha t saturated coolant conditions existed fo r  approximately 0.5 seconds,

With the exception o f  the overpower condition during LOPI 4, the 
maximum coolant temperatures dropped s l ig h t ly  as the fuel bundle i r r a ­
d ia t io n  time increased. The fuel cen te r l ine  temperatures also dropped 
as fuel re s truc tu r ing  progressed.

The Bo il ing  Window Test series was designed to investiga te  a hy­
pothesized regime o f  power-to-coolant flowrate ra t io s  which could 
cause "s tab le" coolant b o i l in g  conditions. The sodium b o i l in g  tes ts  
were conducted at three d i f fe re n t  average fuel pin power leve ls ;
1) 200 W/cm (6.1 kW /ft) ,  2) 296 W/cm (9.0 kW /ft) ,  and 3) 384.5 W/cm 
(11.7 kW /ft).



Radial and axia l expansion o f  the b o i l in g  f ro n t  was evident 
from the wire-wrap thermocouple coolant temperature data. The data 
c le a r ly  show tha t at higher heat f lu x  le ve ls ,  the b o i l in g  tends to 
be more intense. The fuel bundle in le t  flow reduction is caused 
by an increased pressure drop generated by sodium void progression 
through the fuel bundle coolant channels.

During B o il ing  Window Test 7b ', the sodium void progression 
and corresponding pressure drop increase caused in le t  flow reversa l, 
cladding dryout and moderate cladding melting. The tra ns ien t was 
stopped by an ETR scram at 3.5 seconds and a return to  f u l l  coolant 
pump power. Deta ils  o f B o i l in g  Test 7b' are given in  Table 2.

TABLE 1

W-1 SLSF EXPERIMENT 
TRANSIENT SUM,MARY

Average Minimum Peak Na B oil ing
Transient Pin Power FI ow* Temperature Duratio

LOPI 1 377 W/cm 0.47 Kg/s 1211 K N/A
LOPI 2 410 W/cm 0.47 Kg/s 1216 K N/A
LOPI 2A , 385 W/cm 0.47 Kg/s 1216 K N/A
LOPI 3 377 W/cm 0.47 Kg/s 1200 K N/A
LOPI 4 411 W/cm 0.47 Kg/s 1230 K 0.5 s
BWT 2' 207 W/cm 0.47 Kg/s 1224 K 0.8 s
BWT 4 313 W/cm 0.68 Kg/s 1250 K 1.0 s
BWT 6 386 W/cm 0.88 Kg/s 1247 K 0.2 s
BWT 6' 391 W/cm 0.88 Kg/s 1249 K 0.1 s
BWT 6" 396 W/cm 0.88 Kg/s 1280 K 0.9 s
BWT 7a' 393 W/cm 0.78 Kg/s 1288 K 1.6 s
BWT 7b' 391 W/cm 0.75 Kg/s 1374 K 2.0 s

*  Programmed fuel bundle in le t  low flow po int

TABLE 2 

BOILING TEST 7b'

Time Event

0 s S ta rt o f  transient.
1.5 s B o il ing  in i t i a t io n  - detected by in le t  flow reduction
1.5 - 2.1 s B o il ing  progression from center-to-edge-of-bundle at

the to p -o f- th e - fu e l (TOF) region o f  the bundle.
2.8 s In le t  flow reversal •
3.1 s B o il ing  a t axial midplane.
3.5 s ETR scram. Cladding dyrout a t the fuel bundle axia l

midplane.



TABLE 2 (CON'I)

Time Event

3.7 s Dryout extended up to the TOF region o f  the fuel bundle.
3.8 s In le t  flow  recovery-
3.9 s Peak fuel cen terline  temperature: 2800 K,
4-0 s Peak wire-wrap thermocouple temperature measurement:

1374 K.
3.6 s Full recovery o f  fuel bundle flowra te to p re trans ien t

leve ls-

POST-TEST ANALYSIS

The po s t- te s t analysis o f  the W-1 experiment was conducted to 
evaluate both the W-1 data and the c a p a b i l i ty  o f safe ty  and design 
computer codes to p red ic t the W-1 fuel bundle tra n s ie n t response.

The computer codes used to evaluate the W-1 data were SIEX,^ 
COBRA-3  ̂ and SAS-3D.^ The SIEX code was used to p red ic t steady- 
s ta te  fuel pin thermal performance, re s tru c tu r in g , f is s io n  gas re ­
lease, and the fue l-c ladd ing  gap conductance. The COBRA-3 code was 
used to analyze the fuel pin and coolant therm al-hydrau lic  response 
during the LOPI trans ien ts  and B o il ing  Window Tests. COBRA-3 ca lcu la ­
t ions were re l ia b le  only to  b o i l in g  inception . The SAS-3D code was 
used to analyze b o i l in g  progression, fuel pin cladding dryout, and 
subsequent cladding melting.

The resu lts  o f  the SIEX ca lcu la tions o f  fue l re s truc tu r ing  and 
fuel pin thermal performance are shown on Figure 4, where fuel center- 
l in e  temperatures are p lo tted  versus time. The SIEX code underpre­
dic ted fuel cen te r l ine  temperatures by as much as 220 K (400°F). Pos­
s ib le  sources o f  e r ro r  are in  the fuel thermal con duc t iv ity  model, the 
fue l-c ladd ing  gap conductance model, or the rad ia l power p r o f i le  in  
the f u e l .

In order to reduce uncerta inty in  the COBRA-3 tra n s ie n t ca lcu la ­
t io n s ,  an attempt was made to reduce the fuel temperature e r ro r  by 
conducting a parametric study w ith the SIEX code. Parameters tha t 
a f fe c t  the calcu lated fuel temperature were varied to determine which 
produced the best match to the measured fuel temperature data.

I t  was determined tha t lowering the fuel thermal conduc t iv ity  
provided a close match between fuel cen te r l ine  temperature p red ic­
t ions  and data a t both elevations o f  the in - fu e l thermocouples (TE 22-3 
@ 56 cm and TE 22-5 @86 cm above the bottom o f  the fu e l ) .  Using a 
higher fue l-c ladd ing  gap xenon concentration, e f fe c t iv e ly  decreasing 
the gap conductance, gave fue l temperatures tha t agreed w ith  TE 22-3 
data, but the predictions a t the 86 cm e levation were much higher 
than the TE 22-5 data.
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The lower fuel conductiv ity  case SIEX predictions o f  fuel re- 
t ru c tu r in g  and f is s io n  gas release matched the W-1 fuel pin post- 
i r r a t ia t io n  examination data very c lose ly . These predictions were 
therefore used as input to the COBRA-3 code fo r  the thermal-hydraulic 
analysis o f  the W-1 trans ien ts .

The CQBRA-3 predictions o f  coolant temperatures are p lo tted w ith 
te s t  data fo r  LOPI 3 and B o il ing  Test 7b' in  Figures 5 and 5. The 
agreement between predicted wire-wrap thermocouple response and the 
actual W-1 data varies from good to exce llen t.

The SAS-3D ca lcu la t ion  resu lts  o f  B o il ing  Test 7b' are shown in 
Figure 7. The predictions o f coolant and cladding temperature are 
very close to the W-1 wire-wrap thermocouple data, demonstrating the 
effectiveness o f the SAS-3D code in  analyzing th is  tra n s ie n t.

CONCLUSIONS

LOPI ACCIDENT EVALUATION

The W-1 experiment LOPI accident s imulation demonstrated tha t the 
protected CRBR LOPI accident ( i . e . ,  pipe rupture and corresponding flow 
reduction followed by an automatic p lan t scram) is  a benign event. The 
W-1 LOPI trans ien ts  were conducted at 384.5 W/cm (11.7 kW/ft) average 
(nominal) pin power leve ls . This corresponds to a 15% overpower con­
d i t io n  fo r  the highest power FFTF assembly. Only LOPI 4, conducted a t 
23% overpower conditions fo r  FFTF , generated coolant b o i l in g ,  the b o i l ­
ing was very m ild , la s t in g  only 0.5 seconds.

There were only small changes in coolant temperature during the 
progression o f  LOPI trans ien ts . Maximum coolant temperatures dropped 
w ith  progressing fuel pin i r ra d ia t io n  and the corresponding fuel micro- 
s truc tu re  changes. I t  appears tha t a LOPI type trans ien t becomes less 
severe w ith  increasing core burnup, although as previously mentioned, 
the change is  small.

BOILING PROGRESSION

The W-1 coolant b o i l in g  tests were designed to extend the THORS 
f a c i l i t y  sodium b o i l in g  data base in to  the normal range o f  operating 
powers fo r  a f u l l - s iz e  breeder reactor. One major observation in 
the s h i f t  to higher powers is  the acceleration o f  b o i l in g  progression 
from the center coolant channels to the outer coolant channels. The 
corresponding increase in coolant pressure drop rap id ly  leads to flow 
reversal.
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I t  is  therefore conduced tha t the B o il ing  Window, defined as 
the range between in c ip ie n t  b o i l in g  and b o i l in g  which in e v ita b ly  
leads to f low reversal and cladding d ryout/m elt ing , narrows rap id ly  
w ith  increasing pin power, possibly vanishing completely a t the 
medium-to-high power leve ls  used in the W-1 experiment.
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