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SUMMARY AND EVALUATION OF 
TRANSIENT TEST DATA ON 

EXTENDED FUEL MOTION RESULTING FROM 
UNPROTECTED LOSS OF FLOW 

C.. E.  D.ickerman 

ABSTRACT 

Experimental data on fuel failure and its consequences 
a r e  used to provide predictions of the extended fuel motion that 
would occur after a hypothetical core -disruptive loss-of -flow 
accident without sc ram in the Fas t  Test  Reactor. These data 
indicate the existence of fuel-dispersal mechanisms, slow col- 
lapse of fresh fuel, resistance to collapse of irradiated fuel, the 
absence of accelerated collapse mechanisms (such a s  cladding - 
coolant vapor "explosions ") ,  and the fact that rea l  LMFBR con- 
ditions inhibit rapid sodium-vaporization events. These data 
indicate that severely damaged subassemblies will not be cool - 
able in situ by returning sodium after the accident, because of 
steel and fuel blockages, and suggest that the severely dam- 
aged, melted fuel will eventually disperse upward under the 
influence of vapor generated by decay heating. 

I. INTRODUCTION 

A. Goal 

T.his status summary documents the application of experimental data to. 
provide predictions of extended fuel motion f rom the core region resulting, from 
a Fast  Test Reactor (FTR) 10s s -of -flow (LOF) hypothetical core -disruptive ac  - 
cident. This summary will consider the conditions expected to affect significant 
fuel motion and take into account the need to extrapolate from small-scale tests  
to ful:l -scal'e LMFBR geometry. The outline followed is  a s  follows: 

1. Extende.c:l fuel-claddingmotion resulting d i rec t ly f rom 1oss:of flow. 

a .  F re sh  fuel 

b: Irradiated fuel 



2 .  Extended fuel motion resulting directly from a power excursion 
generated by reactivity insertion by fuel slumping caused 
by loss of flow. 

a.  F r e s h  fuel 

(1) Boundary conditions influencing extended fuel motion. 
(2 )  Movement of slumped fuel. 
(3) Movement of standing fuel. 

b. Irradiatedfuel  

(1) Boundary conditions influencing extended fuel motion. 
(2 )  Movement of melted fuel. ' 

(3) Movement of standing fuel. 

3. F ~ e l  sl~rvi~,ral  

a .  Loss of flow 

b. Power burst  triggered by loss of flow 

c.  Survival al ter  power burst  

4. Po staccident fuel condition 

a .  Reentry fuel-cladding interaction (FcI) 

b. Fuel (cladding) l orations and crsllditions (coolabilitv) 

B .  Approach 

'l'he sequences of evcnts prcdietell for an LOF hypothetical core-  
disruptive accident in the FTR will be described using data from applicable 
transient tests  performed before March 1, 1974, principally those TREAT loop 
experiments with oxide fuel that produced fuel (see  Tablc I).  Sume 
additional  test^ a r e  also referenced, where n c c e s ~ a r y ,  to provide better per -  
spective. The full l ist  of tests  covered is given later in Table 111. Section I1 
provides the predicted sequences of events in t e rms  of application to a loss -of - 
flow analysis scenario. Condensed summaries of the actual test results  sup- 
porting Sec. I1 appear in Sec. 111. For  details, consult the references a t  the 
end of this report .  

Although details of loss -of -flow accident analyses change with such input 
parameters as  core -loading patterns and core -physics data, a general pattern 
for FTR can be outlined from calculations. FTK core -void coefficients of r e  - I 

activity a r e  not sufficiently large that core voiding from either boiling o r  
fission-gas release will drive the reactor prompt critical.  Coherent fuel 
slumping in the higher -power subassemblies is the mechanism for reactivity 

. input. If the core power stays relatively constant and fuel maintains its geom- 
e t ry ,  the time for boiling to be initiated across  the enti.1-e core is a few seconds. 



TABLE I. Summary of TREAT Loop Tests Producing Failure of Oxide Fuel 
- ---- 

Sample Max Fuel Max Bulk Estimated 
No. of Fuel Fuel Energy at at Solidus Coolant Temp Energy 

Test Fuel Burnup, Length, ~ a i l u r e , ~  at Failure, at Time of Failure, Conversion 
Designation Pins at. % in. (cm) ~ / g  areal 70 O F  ("C) to Work, J / ~  

Unshaped Transients 

E2 1 Fresh 11.6 (29.5) 
6 Dummies 
1 Fresh 13.5 (34.3) 
3 -6 5.7 (14.5) 
1 Fresh 13.5 (34.3) 

Shaped Transients 

H4 4.4 
Fresh 

3.5 
Fresh 

4.3 
Fresh 

4.3 , 

Fresh 
3.5 
4.3 

Fresh 
Fresh 
Fresh 

820 20 
1170 6 0 1395 (725) 
755 10 1300 (703) 

1090" 55" 
11 70 80 1750 (954) 
1380" -1 00" 
855" 1 5" 1270 (687) 

[Flattop at sample power of 11 kw /ft (36 kw/m)] 
[~ la t top  at sample power of 9 k ~ / f t  (29.5 kw/m)] 
[~ la t top  at sample power of 10 kw/ft (33 k ~ / m ) ]  
[Flattop at sample power of 10 kw/ft (33 kw/m)] 
[ ~ l a t t o ~  at sample power of 10 kw/ft (33 kw/m)] 
[~ la t top  at sample power of 10 kW/ft (33 kw/m)ld 

a ~ a d i a l  average at elevation of region of failure. For shaped transients with well-developed radial temperature pro - 
files, the maximum local enthalpy is much higher. Note next column. Estimate corrected for heat losses during 
shaped transients. 

h i g h e s t  -energy pin- 
'NO dramatic pressure or  flow anomalies; "failure" is associated with beginning of a mild voiding event. 
d ~ o w e r  terminated at point between cladding melting and fuel melting. 



Thus subassembly conditions over the core at the time of an LOF slumping- 
induced power burst can range from molten-fuel slurnping in a voided channel 
to intact fuel in an unvoided channel. Although the slumping -induced reactivity 
is not expected to be sufficient to generate a core disassembly, extended fuel 
motion would result. 

Figures 1 and 2 depict the posttest radiographs of the loop test sections 
from three TREAT LOF and three transient overpower (TOP) tests, respec- 
tively. It will be instructive to review these figures with reference to Secs. I1 
and 111. In each case, the radiography was performed after loop outfitting (neu- 
tron filters, shaping collars, heaters, etc.) had been removed to .remove ex- 
traneous images. In one case ( ~ 2 ) ,  neutron radiography was not available after 
this removal operation, and X radiography was performed. For the other five 
cases, neutron radiography was performed. In these cases, the radiation was 

L2 X-RAY L3 N-RAD. 

7 FRESH 
PNL-I 7 

PlNS 

7 IRRADIATED 
PNL-17 

PINS 

L4 N-RAD 
TOP OF PIN - 

I i 
SPACER TUBE ! 

11.25" 

INCONEL 
REFLEGTOR 

FUEL 13.5" 
I 

1 
INSULATOH U.5"= 

I 
3.375" 
1 
BOTTOM OF PIN 

7 
NUMEC-F 

PlNS 

Fig. 1. Posttest Radiographs Showing Fuel Distributions Produced 
in Three LOF Tests. Conversion factor: 1 in. = 2.54 cm. 
ANL Neg. No. 900-3329. 



CENTRAL IRRADIATED CENTRAL NUM EC-F; 7 NUMEC-F 
PNL-17; PERIPHERAL SPECIAL 

PERIPHERAL SPECIAL PNL-17 
PNL-17 

Fig. 2. Posttest Radiographs Showing Fuel Distributions Produced 
in Three TOP Tests. Conversion tactor: 1 iu. = 2.54 cm. 
ANL Neg. No. 900-3773. 

preferentially absorbed in enriched oxide. All six images are  printed to show 
absorption: the greater the radiation absorption, the darker the image. The 
initial locations of pin components a re  noted for each test section. 

Nnne of the tests available for this summary directly simulated a power 
burst after the "lead subassemblies " had undergone flow coastdown, voiding, 
and melting of cladding and fuel. However, as  apparent from the conditions 
detailed in the outline, the TOP tests did mock up some key conditions expected 
to exist a t  the time of an LOF-induced power burst. Thus, these TOP test data 
may be applied to descriptions of LOF -induced TOP scenarios if proper account 
it3 taken of the differencee that exist in the tests. Safety research is showing 
that the later stages of the accident scenarios a~rd conacquences of LOE and 
TOP accidents in LMFBR Is a re  converging. 



11. APPLICATION TQ LOSS -OF -FLOW ANALYSES 

A.. Extended Fuel Motion Resulting Directly from Loss of Flow 

1. Fresh Fuel 

Molten steel cladding is carried both upward (presumably driven 
by sodium vapor) and downward (by gravity). A small quantity of molten steel 
solidifies in the first  unheated axial region above the fuel. However, most of 
the molten-steel cladding is expected to run down and solidify at  the bottom of 
the fuel-stack region. This behavior is  consistent with the predictions of the 
CLAZAS module of SAS. Molten steel is  carried upward by sodium vapor; the 
steel solidifies in the first unheated region and "triggers 'I a flow blockage, 
after which an extensive amount of steel flows downward and forms a large, 
lower plug. The upper plug (a few millirnat.ers high), however, is much thinner 
than calculated by cur rent models. 

After the flow channels a re  plugged, the fuel temperature continues 
to r i se ,  and fuel slumping occurs. There is no evidence for the existence, of 
accelerated compaction mechanisnls, such s o  moltell -cladding/coolant inter - 
actions a t  the ends of the fuel. In fact, the presence of walls and two -phase 
fuel should cause the fuel collapse to be significantly slower than free fall. 
Fuel does not penetrate past either the lower or the upper plug of solidified 
steel. Postslumping fuel-dispersal events or  eructations occur, but do not 
cause fuel to penetrate the thin, upper, solidified steel plug. 

The first  file1 eructation is c~llributod to the vapor pressure of steel 
constitutents in the interior of a fuel mass with crustcd exterior. The solidi - 
ficd steel and fuel block the test-section flow channels at both the top and bot- 
tom of the original fuel sta.ck. The effect. of the steel plugs is shown in 
the posttest L2 neutron radiograph (see Fig. 1). This prediction is based on 
small -scale tests with seven -pin clusters, conducted with experimental condi - 
tions designed to simulate coolant -channel and cladding -heating distributions 
that approximate those typical of the central pine of s large subassembly. 

In larger clusters, there may be a difference in cladding motion 
between the internal channels and the cooler peripheral channels. (NO s ignif i - 
cant difference was seen in the TREAT test remains.) If, in a large cluster, 
molten cladding is not carried over frum hatter internal channels to adjacent 
peripheral channels, then there might be some survival of pjn geometry in pe- 
ripheral channels beyond the time indicated by this scenario. 

2. Irradiated Fuel - - 

A limited amount of molten cladding will move upward and solidify 
in a thin blockage at the top insulator region - -the first unheated region above 
the fuel. More molten steel will flow downward and solidify at the bottom of 



the fuel. These solidified steel regions a r e  also consistent with the prediction 
of the CLAZAS module of SAS as  regards location, but the extents of the block- 
ages produced (a few millimeters high) a r e  much smaller  than calculated by 
current models. No collapse of irradiated fuel occurs; rather,  the oxide is 
expected to  move laterally, with some tendency for both steel and fuel material  
to move outward radially. Consequently, less  solidified steel is expected, at 
least  initially, at  the bottom of the fuel than for the fresh-fuel case. 

No fuel dispersal  (gas driven o r  otherwise) i s  expected to occur 
at  a time corresponding to that of the f i rs t  slumping of f resh fuel. However, 
a. fuel dispersal or  eructation will occur a t  conditions corresponding to those 
of the fresh-fuel eructation. For both f resh  and irradiated fuel, the vapor 
pressure of the steel is the mechanism identified a s  the source for the eructa-  
tion. This dispersal pushes some fuel a small distance past the locations of 
the thin, top solidified-steel "plug"; the original fueled region is  not emptied, 
but most of the fuel i s  moved upward from the upper two -thirds of the fuel 
stack. 

In addition (note the high-power fuel Test  ~ 4 ) ,  some fuel below the 
original axial center may be dispersed downward, and the details of the dis-  
persal may generate some net fuel motion toward the center. However, no 
increase in fuel density beyond the original smeared density is, expected on 
the basis of Test  L4. The solidified fuel residue will block the coolant -flow 
channels at both the top and bottom of the original fuel stack. No fuel- 
compaction mechanisms can be justified by these experimental data. (See the 
radiographs of L3 and L4 in Fig. 1.) 

B. Extended Fuel Motion Resulting Directly from Power Excursion Produced 
bv Reactivitv Feedback Caused bv Loss of Flow 

1. Fresh  Fuel 

a .  Loss -of -flow -prodi.lced Boundary Conditions Influencing Ex - 
tended Fuel Motion. Test  data were examined for LOF-producedconditiong- 
that could limit possible subsequent fuel motion. One such phenomenon was 
found--steel plugs at the ends of the fuel. Steel cladding that melts after cool- 
ant voiding solidifies into steel plugs at  top and bottom in the f i rs t  unheated 
sections. The top plug is  expected to be thin, nominally a few millimeters 
thick. The small size of the  experimental tes t  sections did not cause anomalous 
steel freezing in the tests,  because the steel froze to the f irst  unheated mate-  
r ia l ,  withoul evidence of "bridging1' from the heat si.nk nf the test -section walls. 
Steel merely melted a t  o r  near the top of the fuel, moved up, and froze. 

b. Movement of Slumped Fuel. Fuel will disperse from the 
slumped condition. However; there is no mechanism for maintaining the initial 
contact of the dispersed fuel with the upper steel plug. Hence, the initial d is-  
persals a r e  not expected to cause meltthrough of fuel past this plug. ( ~ n  2 2 ,  
the timing of the f i rs t  eructation was consistent with a vapor-driven dispersal 
of crusted fuel d r i v e n  by internal pressures of a fraction of a M P ~ . )  Subsequent 



sequences of fuel collapse under gravity and d ispersa l  a r e  expected. Two s e -  
quences of collapse and eructation in L2 were  not sufficient to produce fuel 
penetration past the 0.5 -in. (1.27 -cm) insulator -pellet region a t  e i ther  top o r  
bottom of the fuel s tack ( see  L2 radiograph in Fig.  1). However, because of 
the extensive mixing of molten fuel and cladding, it is  expected that s teel  vapor 
will  continue to be generated and will gradually "boil up" molten fuel into a r 

continuing, dispersed,  two -phase region, which could me l t  i ts  way upward. 

c .  Movement of Standing Fuel.  As noted in Sec. I, an  L O F -  
t r iggered  power bur s t  would be expected to occur  when the fuel throughout the 
c o r e s  s e e s  a wide range of coolant conditions. At the t ime the "lead" fuel i s  
slumping, other fuel subassemblies  will s t i l l  be intact, even though some cool- 
ant voiding will have occur red  in some of them. The  T O P  tes t  data provide 
guidance on the fuel motion to be expected to r e su l t  f r o m  the response of this 
fuel to the power bur s t .  Detailed analysis of the test cnnditinns by rnoahanistic 
codes should be performed in o rde r  to extrapolate detailed test  resu l t s  to thc 
actual  LMFBR conditions, taking into account such differences a s  short  t e s t  
fuel and a relat ively l a rge  r a t io  of test-coolant cross  s e c t i ~ n  to fuel crooo 
sect ion.  

General ,  but not complete, fuel d ispersa l  f rom the original 
location will  occur ,  whether o r  not coolant is  great ly  subcooled o r  voided a t  
the t ime of the bu r s t .  (1n the la t te r  case ,  d ispersa l  may  resu l t  f rom vaporiza-  
tion of residual  sodium f i lms  on unheated s t ruc ture . )  The existence of the dis - 
p e r s a l  i s  c lear  f rom the t e s t s ,  although there a r e  potential uncertainties 
in modeling the detai ls .  Molten fuel ejected into liquid sodium Lellds to form 
f ines ,  with mean s ize  by weight typically of 200 -500 pm;  and this  fragmented 
fue l  appears  to b e  readi ly d ispersed .  Some of the fines r a n  plug gape bctwcen 
claddlng -tube r emains .  

Fa i lu re  into an  essent ial ly  voided channel ( a s  in ~ 4 )  produced 
a "flow-channel 'blockage " in the unheated regions a t  both the top and bottom 
of the or iginal  location of the fuel s tack.  Mild fai lure  into heated, but sub-  
cooled, sodium produced a "blockage" above the top of the original fuel s tack.  
Re lease  of molten oxide at. -7200°F (4000°C) into subcooled sodium produced 
plugging by fines in the t e s t  sest ion in channels between cladding-tube remains .  

In none of the loop t e s t s  ,producing fai lure  was there any "pure " 
benign fuel sweepout, that ic ,  rcmoval of hut fuel without freezing on cooler 
su r faces .  Sweepout of some fuel into the loop was accompanied by extensive 
solidification of fuel o r  collcdtion of fines within the general  region extending 
between the top  and bottom end fittings of the fuel pins.  

2. I r radiated Fue l  

a .  L o s s  -of -flow induced Boundary Conditions Influencing Extended 
Fue l  Motion. Direct postmortem inspection showed the existence of solidified 

-- 

s ta in less  s tee l  plugging a t  the inlet and outlet of the fuel region a s  a resu l t  of 



the loss-of-flow sequence with irradiated fuel. The L3 and L4 fuel dispersals 
drove fuel upward beyond the location of the upper steel plug; however, the 
dispersal was not as  extensive a s  that from overpower -failure loop tests  (see 
the posttest radiographs from L3 and L4 in Fig. 1). 

b.  Movement of Melted Fuel. Available experimental data indicate 
that fuel collapse does not occur for irradiated fuel, since no collapse was ob- 
served in irradiated-fuel tests  at burnups of -4 at. 70, even for the "high -power " 

L4 FTR fuel experiment. A single fuel eructation occurred in each of L3 and 
L4 during the power excursion. Timing of the irradiated-fuel eructations in 
L3 and L4 is consistent with the same mechanism a s  the f irst  dispersal in L2. 
The reason for the absence of a postdispersal collapse and the occurrence of 
second eructations in L3 and L4 is not readily apparent. Some fuel debris 
penetrated the f irst  few centimeters of unheated structure above the original 
top of the L3 and L4 irradiated-fuel structures. 

It is suggested that delayed or  "slow" dispersal of fuel beyond 
a thin top steel blockage is a viable mechanism, i.e., that fuel heated past the 
liquidus can disperse an initial blockage. In this case the sequence of events 
is  as  follows: Fuel melts during the power burst, and fission gas is released 
locally, voiding coolant channels of any remaining sodium and producing a gross 
dispersion inside the blocked region. Heat then is transferred from the fuel 
into the blockage until the latter is  sufficiently weakened so that the internal 
pressure  from released fission gases (or steel vapor) is sufficient to move the 
melting blockage and allow fuel to move upward. 

This sequence of events actually parallels that generated in 
E7,  in which molten fuel failed into voided channels, then slowly dispersed. The 
dispersal is predominantly upward, partly because of the axial thermal gradient 
and partly because gravity will tend to build up the inlet blockage to a thickness 
significantly greater than that of the outlet blockage.  h his feature is  consistent 
with the current modeling of molten -cladding motion by CLAZAS.) Dispersed 
fuel is frozen in place a s  it loses heat while moving upward through the colder 
structure. Because decay heat.was not simulated in these tests ,  Figs. 1 and 2 
do not show the full extent of upward fuel motion that could eventually occur. 

c. Movement of Standing Fuel. Irradiated-fuel dispersal occurs 
whether o r  not the sodium temperature at the time of fuel failure is greatly 
subcooled ( ~ 3 )  or near saturation. As in the case of fresh fuel, mechanistic 
analyses should be performed to guide extrapolation of detailed test results to 
the detailed power histories of specific accident scenarios and thermohydrau- 
l ics.  T.he tests  emphasized the behavior of higher -power fuel, which would 
induce accident response. Highly gassy fuel was used only in Test  E3. The 
general picture surnmar ized below, however, should apply to FTR, despite pos - 
sible uncertainty in some details. 

At -50$/s and near saturation ( ~ e s t  ~ 5 ) ,  limited fuel loss of 
geometry and dispersal is expected to occur. Fuel failure and movement a r e  



expected to be consistent with the fuel solidus reaching into the equiaxed grain 
region; the subsequent fuel-dispersal mechanism may be vaporization of sodium 
present in the coolant channels when fuel is released, or  it may be due to fis - 
sion gas trapped inside the fuel structure. At - 3  $Is ( ~ e s t s  E6 and E7),  the 
movement i s  expected to occur when the fuel solidus extends to the unrestruc- 
tured region. The dispersal  mechanism in this case may be sodium vapor, I 

fi'ssion gas (probably with a slight delay short  enough not to be apparent for 
the 1 - s -period H5 power pulse, but long enough to be noticeable in the 200 -ms - 
period power pulses o f E 6  and E7), or the vapor pressure of fuel or  steel 
trapped in a fuel-steel mixture. The initial E7 dispersal  is believed to hive 
occurred into channels voided near the fuel top. Fuel movement was predomi - 
nantly upward in the loop tes ts  in accord with the axial thermal distributions. 
Some of the fuel moved several  centimeters into the top unheated structure 
past the original top of the fuel st.a.ck. Neutron radiographs indicaled that 
Tes t  E7 produced a flow -channel. blockage at the original t n p  n f the  fuel stack, 
and a possible blockage at  the bottom of the stack region (see the posttest 
radiographs of H5, E6, and E7 in Fig. 2) .  

C .  Fuel Survival 

F rom the tests  c.onsidered here ,  guidance can be provided for analyzing 
how f a r  into a given loss -of-flow accident a given class of fuel will survive. 
This summary 'is given below. 

1. Loss of Flow 

Timing of boiling inccptisi~ al~tl 1.idces from test-sectlon thernlo- 
couples indicate that calculations of temperature r i ses  in the  fuel are concio- 
tent with the data. co here a r e ,  however, nn L =serie.s preoourc or flow sp ikes  
l l ~ a t  have the sharp ca.l.ci11atcd signature0 of pulses h e  lu lission-gas release!) 
Failure predictions based on calculations of cladding -temperature r i se  until 
rupture due to plenum gas pressure occurs a r e  probably reasonable. For many 
LMFBR accident cases,  a s  well a s  the L and R tests  described in Sec. 111, the 
intcrnal plenulli pressure  is  low enough so that. cladding n1ptl.n-e i s  not calcu- 
lated to occur until af ter  cladding dryout occurs. 

The actual L2, L3, and L4 cladding con.ditions at the timc of rupture 
a r e  not known. Results a r e  available from out-of-pile burst tests  at HEDL on 
f resh and irradiated cladding. The HEDL test  conditions may include larger 
amounts of gas than those actually available in the pins to do work on deforming 
the cladding after initial failure. If this is the case,  the actual cladding distor-  
tion in tlie reactor may be smaller than that observed in the burst tests .  Note 
that rupture of the file1 -pin cladding and fission-gas release do not indicate loss 
of coolable geometry. The melting of cladding, which then forms blockages 
(which do produce the loss of a readily coolable geometry), is recommended 
a s  the index of 10s s of fuel survival. 



2 .  Power Burst Generated by Reactivity Insertion Caused by 
Loss of Flow 

Although a detailed and comprehensive theory that quantitatively 
predicts failure threshold for power bursts has not been established, the avail- 
able experimental data can be used to give experimental indices for failure of 
FTR -type fuel. In the assessment of survival, it i s  conservative to select 
failure indices that a r e  below the experimental  value^,^ so that pins which do 
not attain the selected levels for failure can be expected to survive. For con- 
venience, we will discuss f resh fuel separately from irradiated fuel. For r e -  
views of failure -threshold modeling done for the FTR, see Refs. 4 and 5. 

Fresh  fuel has been observed to fail  by cladding meltthrough if that 
occurs before buildup of excessive internal pressure. Meltthrough has oc-  
curred after coolant boiling and dryout, and has also appeared to be the failure 
mechanism in Test  E2, for a relatively cool sodium environment when a high 
melt fraction* and high average fuel temperature were attained. These cri teria 
a r e  noted in Table 11. 

TABLE 11. Short - term FTR Fuel Survival during Power Bur s t  

Fuel Type - Condition for Failure (only one required) 

F re sh  80% fuel cross  section at solidus o r  above. 

Cladding rupture calculated for internal 
pressure of fuel vapor. 

Coolant boiling (no superheat).  

, Cladding temperature in excess of 2200°F 
(1200"C), to cover possible uncertainties 
in calculating meltthrough. 

Irradiated Fuel solidus reaches the equiaxed region. 

Cladding temperature high enough that pr e - 
viously released fission gas is calculated to 
cause failure. 

Coolant boiling (no superheat). 

Irradiated fuel may be categorized by fuel structure, since fission- 
gas retention in the oxide matrix is a strong function of the microstructure. . 

FTR-type fuel run at  steady-state powers above 9 kw/ft  (29.5 kw/m)  will have 
a full developed radial microstructure consisting (from the center outward) of 
a central void, a columnar-grain region with low gas retention, an equiaxed 
region composed of inner (low gas retention) and outer (high gas retention) por- 
tions, and an u n r e ~ t r u ~ t u r e d  outer region with high gas retention. Failure has 

*9w0 of fuel cross section at solidus or above. 



been observed when the region calculated to be a t  the oxide solidus has  extended 
to the relat ively gassy  fuel.  These  c r i t e r i a  a r e  a l so  given in Table 11, with the 
H5 data  taken f o r  i r rad ia ted  fuel and a possible heat ing-rate  dependence not 
included. 

v 3 .  Survival a f te r  Power Burs t  

Straightforward thermal  calculations a r e  recommended for  calcu -. 
lations on fuel survival  a s  intact pins a f te r  a possible power bur s t .  The high 
hea t  content of some fuel that has  fallen shor t  of the t ransient  thresholds given 
above can be expected to cause  channel boiling and cladding melting in the low- 
flow conditions la te r  in the los s  -of-flow incident. Thus,  calculation of the post - 
burs t  thermal  conditions of unfailed fuel would be .per for i~ led  to check for . 

continued survival.  C r i t e r i a  for  the survival of the subas s-emblies should be  
the s a m e  a s  for the initial loss-of-f low p h 3 . s ~ .  That is, fuel failurc per st clues 

not , m a r k  loss  of coolable geometry within the subassembly. Rather ,  formation 
of c11ai1i;el Llvckages that prevent coolant f r o m  cooling the subas selnbly fuel i s  
the r e a l  cr i ter ion.  

For  the siisall. -si zc tests performcd thus far, cladding melting and 
flow-channel blockages affected flow a l l  a c r o s s  the t e s t  sections.  Somewhat 
g r e a t e r  incoherence in fai lure  and in postfailure blockage distributions would 
occur  in a full.-size subassembly.  

D. Postaccident Fuel  Condition 

In none of the t e s t s  a re  there  data to supporl 1l1e existence of an 
. energe t ic  fuel-coolant interaction (FCI) resulting f r o m  a postexcursion coolant- 

r e e n t r y  event. Rather ,  the data show that the LMFBR conditions inhibit rapid 
vaporizat ion and support analyses  that predict  a nonviolent heating of any r e -  
turning sodium, whether o r  not the tes t  was of a power-excursion or  lo s s -o f -  
fluw type. The idealized "ha rd"  r een t ry  nf a pistonlike maco of ~ o d i u i n  folluwed 
by rap id  mixing of fuel and coolant in the absence of vapor  does not apply. The 
s t ruc tu re  present  a t  the conclusion of these experiments  promotes incoherence 
of sodium re tu rn  and impedes mixing. 

Fur thc r ,  in such r e a l  sys tems there a r e  local  sources  of vapor o r  
g a s ,  i i~cluding vapor f r o m  incoherent sodium reen t ry  on even the smal l  scale  
of a few channels, gas  trapped in the fuel (fill gas  and gas f rom fabrication in 
the c a s e  of f resh  fuel,  and fission gases  in the case  of i r radiated fuel), a s  well 
a s  vapor f rom fuel  and/or  s t ruc tu re .  All these conditions tend to prevent rapid 
sodium vaporization. Note the low work conversions shown in Table I. 

2 .  Fuel (Cladding) Locations and Conditions ( ~ o o l a b i l i t ~ )  

Available data on the location and condition of solidified fuel and 
cladding a t  the end of the t e s t s  have been summarized  above under  categories 



of types of incidents (e.g., loss -of -flow -produced boundary conditions for fresh 
fuel influencing extended fuel motion). Radiographs showing the macroscopic 
posttest conditions of fuel after six recent TREAT loop tests  a r e  given in 
Figs. 1 and 2. In general, they show that the immediate postburst or post- 
shutdown loss -of-flow experimental fuel distribution is predominantly one of 
relatively large solidified fuel masses  in the general region of the original fuel 
stack. There is no dominant tendency to form readily cooled channels through 
these masses  o r  to form debris beds. 

However, the data described here  refer  to the condition after tests  
simulating power bursts or  tests  run a t  steady power for -30 s with loss -of - 
flow phenomena. It may be expected that some of that part of the fuel that had 
been di.spersed and frozen outside the fuel regions (note the plenum regions on 
the radiographs) would be readily. coolable by returning sodium. The massive 
pieces of solidified fuel were solidified by the heat sink provided by the loop 
walls after TREAT power had been shut off. In the LMFBR, masses  of molten 
fuel o r  fuel/steel/fission-product mixtures would still have power generation 
up to -10% of steady power for tens of seconds after the nuclear shutdown pro- 
duced by HCDA -generated fuel dispersal.  

Under those conditions, those masses  of internally molten fuel 
would stay hot, solid fuel could melt,  gases would bubble through, and adjacent 
structure would melt,  running down or  floating to the top of the fuel. These 
considerations would support analytical models in which regions of dispersed 
fuel form, melting downward slowly through a lower steel plug or  region below 
the fuel. The situation above this steel plug might be very dynamic. Steel 
vapor should play a role in movement of the fuel. The pool model should con- 
sider lateral  growth by meltthrough of structure,  vapor formation in the fuel 
and steel, and "boilup " of the fuel -steel mixture with corresponding upward 
meltthruugll and puul g l . o w  tli. 

Wherever molten fuel comes into contact with sodium, extensive 
fragmenta.t.i.on will result.  Because of the physical properties of solid fuel, 
extensive fragmentation should also occur whenever hot solid fuel comes into 
contact with cooler sodium. 

Another important aspect in this a rea  is  the quantity of material  
carried away from the original core region. In one particularly favorable case 
wi.th highly subcooled bulk sodium, and a very  high ratio of sodium volume to 
coolant volume ( ~ e s t  ~ 2 ) ,  extensive quantities of fuel fines were carried from 
the t e ~ t  section. About 4070 /of the fuel was found in the loop outside the test  
section in the form of fines. 

\ In none of the seven-pin Mark -11 loop tes ts  described here  did neu- 
tron radiographs show evidence of large quantities of fuel fines (i.e., equivalent 
to -10 g) outside the test  section. Multigram quantities of fines comparable to 
those gencratcd and carried out of the test-seckinn region in EZ were not car - 
r ied out of the test-section regions of the Mark-I1 loops in the seven-pin tes ts .  



Samples of sodium taken from loop regions outside the tes t  section 
did show plutonium contamination large enough to be measured. These were 
typically of the order of tens of ppm, although one reading from E 7  was - 500 ppm. Note that the samples from irradiated-fuel tes ts  were taken inside 
an  alpha-gamma hot cell, so it is conceivable that some' of the plutonium mea -  
sured may have come from other sources. For  orientation, an average of . 

10 ppm plutonium in the loop sodium corresponds to -0,.01 g of plutonium total 
released from a test  cluster of fuel pins containing -100 g of plutonium. This 
represents  a total carryout of -0.01y'. If the high E7 datum is-taken .as an upper 
limit,  th'en it would correspond to 0.570 carryout. 



111. CONDENSED TEST SUMMARIES 

The t ransient  t e s t s  used for  this a s ses smen t  a r e  reported elsewhere.  
References a r e  given a t  .the end of this report .  F o r  c la r i ty ,  condensed tes t  
s u m m a r i e . ~  a r e  included h e r e  to provide a bas is  for  this .assessment .  Each 
tes t  i,s summarized  once, l is ted in the category into which i t  appears  to  fi t  
best .  Resul ts  f rom a single t e s t  may ,  of course ,  be applicable to two o r  m o r e  
ca tegor ies ;  and inclusion of a tes t  under i t s  "principal" application i s  not 
intended' to imply that i t  i s  not relevant to other cases .  The t e s t s  by "principal 
categories"  a r e  l is ted in Table 111. > 

TABLE 111. Tes t  Listing by .Categories 

A. Extended Euel-Cladding Motion Rasu lL i~~g  D ~ ~ e c t l y  f r o m  Loss  of Flow 

1. Loss-of-flow T e s t s  with F r e s h  Fue l  , 

a. F resh- fue l  Loop Tes t  L2 
b. R- s e r i e s  Loss-of-flow T e s t s  
c .  Capsule T e s t s  a t  Pe t t en  

2. Loss-of-flow Tes t s  with I r rad ia ted  Fue l  

a. "Intermediate-Power Structure1" (PNL- 17) P ins  in Loop Tes t  L3 
b. "High-Power S t ruc tu re"  (HEDL-N-F) Pins  in Loop Tes t  L4  

B. Extended Fue l  Motion Resulting Direct ly  f r o m  a Power Excurs ion Produced 
bv Fue l  S l u m ~ i n e  Caused bv Loss  of Flow 

1. F r e s h  Fue l  

a. Fue l  Fa i lu re  into Great ly  Subcooled sodium 
(1) Loop Tes t  E2 
(2) Autoclave T e s t s  S1 1 and S1Z 
(3) E lec t r i ca l  "Exploding" Fuel-pin  Tes t  

b. Fue l  Fa i lu re  into Subcooled Sodium Approaching Saturation 
(1) Loop T e s t  HZ 

c .  Fue l  Fa i lu re  into Voided Channel 
(1) Loop T e s t  E4 

2. I r r ad ia ted  Fue l  

a.  Loop Tes t  E 3  
b. Loop Tes t  E 6  
c .  Loop Tes t  E 7  
d. Loop 'I'est H4 
e .  Loop Tes t  H5 

. f. Capsule T e s t  C5A 
g. Capsule T e s t  C5B. 

C. Fue l  Survival in Power  B u r s t s  

D. Postaccident  Fue l  Condition: Autoclave Tes t s  S2-S8 

A.  Extended ~ u e l / ~ l a d d i n g  Motion Resulting: Directlv f rom Loss of Flow 

. 1. Loss-of-flow Tes ts  with F r e s h  Fuel  

a. F r e s h  Fuel  (Seven PNL- 17- type p ins)  in  Loop Tes t  ~ 2 . l ~ ~ ~ '  
Seven f r e s h  fuel pins with 13.5-in. (34.3- cm)-long fuel columns were  run in 
a Mark-11-loop loss-  of-flow simul.a.tion in  Tes t  L2. After an initial sample '. 

power of 18 kW/ft (59 kW/m) to acce lera te  attainment of steady-state-like 



t empera tu re  prof i les ,  the sample power was lowered to 11 k ~ / f t  (36 kW/m) 
and the flow was  reduced to produce boiling. Sodium dryout, cladding melting, 
and fuel slumping followed. As shown in Fig.  1 ,  s ta inless  s teel  was found 
plugging the channels between pins a t  both the top and bottom of the initial 
fuel- s tack region. Fue l ,  containing solidified- s teel  droplets d ispersed  widely 
through i t ,  was concentrated above the solidified s teel  a t  the bottom, and a 
much sma.ller amount of fuel was concentrated below the upper solidified 
s teel .  Steel  solidification a t  the top appeared to occur  predominantly a t  the 
0.5- in. ( 1.3-cm)- long upper  natural  U02- insulator-pellet  region. The bottom 
s tee l  blockage was located a t  the 0.5-in. (1.3-cm)-long lower natural  U02- 
insulator-pel le t  region and extended m o r e  than an inch into the 3.375- in. 
(8.57- cm).- long bottom- end- cap  region. 

Evaluation of t ransient  flowmeter and thermocouple data 
indicated that the first stainless stool melting occurred  about 4 s a f te r  boiiing 
began. Plugging, a s  noted 'by abrupt cessat ion of inlet and o11t1.e.t flow oscilla-- 
tions, occurred  -0.7 s l a t e r ,  Fuel-motion data f rom the hodoscope showed 
oxide slumping (significantly slower than f r e e  fall)  to begin about 1 s a f te r  

plugging. Slumping was complete a f te r  about 0.5 s ,  and the fuel then re.m.ained 
essent ial ly  quiescent for  about 4 s ,  a f t e r  which--about 11.3 s a f te r  boiling 
began--fuel d ispersed  (upward),  followed by another collapse.  A second 
d ispersa l -  -followed by collapse- -occur red  about 1.8 s af ter  the f i r  s t .  

The quiescent period represented  a nominal energy input 
-800 ~ / g  of oxide at  the nominal power level of 11 kW/ft (36 k ~ / m ) .  This 
energy  i s  sufficient to  r a i s e  the tempera ture  of oxide (under adiabatic heating) 
to -3800 or -44009C from the solidus o r  liquidus, respectively.  A lower tem- 
pe ra tu re -  - say -3300°C.- - m a y  be eotimated, due l o  the axial  neutron f i l te rs  
and to  increased  self-shielding of the slumped fucl. At this t e ~ u g e r a t u r e ,  the  
fucl vapor pressure would not be a candidate for  the source  of the p r e s s u r e  
causing the dispersal .  A sonrce  of p r e s s u r e  considered m o r e  likely for  the 
observed d ispersa ls  would be the vapor p r e s s u r e  of s tee l  constituents. This 
p r e s s u r e  i s  es t imated to be 1 a tm (1 x l o 5  Pa.) at t h ~  nxide melting point and 
about 6 a t m  (6  x 10' p a )  a t  3 3 0 0 " ~ . '  

Flow could not 'be reestabl ished through the tes t  section af te r  
the t e s t ,  a resul t  consistent with the fuellcladding conditions observedafterward 

Samples  of sodium were. taken f rom thc L2 loop during the 
glovebox operations of loop d i sas  sembly and were  analyzed for  plutoni.um 
contamination of the sodium in  ppm (pg Pu/g Na) .  Results were  a s  follows: 
a t  the top of the pump, 328 ppm; at  the bottom of the pump, 283 ppm; and in  
thc b o t t o k  bend below the t e s t  section, 278 ppm. Measurements  indicated 
that "background" contributions to these numbers  were  <lo%. 

b. . R- s e r i e s  Loss-of-flow ~ e s t s . ~ , ~  R- s e r i e s  loss -  of-flow t e s t s  
a r e  being conducted in the TREAT reac to r  using a special  once- through loop 
designed f o r  full- length FTR-  type fuel pins and providing a mockup of key F T R  



boundary conditions in the axial directions.  Three  t e s t s  were  performed 
before July 1974, a l l  with constant power. In each t e s t ,  sodium flow was 
established p r io r  to the reac tor  t ransient  by a p r e s s u r e  differential between 
supply and receiving tanks. Then, af ter  typical steady- s ta te  thermal  condi- 
tions had been achieved in  the test  section in  the ea r ly  pa r t  of the power 
t ransient ,  the p r e s s u r e  difference was reduced to provide the loss  of flow. In 
each of the f i r s t  th ree  t e s t s ,  average pin power was 10 kW/ft (32.8 kW/m). 

(1) Tes t  R3. Tes t  R3 was conducted with a single pin to 
check single-pin voiding. Power continued for  12.25 s af ter  boiling inception. 
Cladding dryout was indicated 2.35 s a f te r  boiling, and a flow anomaly inter-  
preted a s  gas r e l ease  f r o m  the pin, followed a t  3.35 s af ter  boiling. The fuel- 
stack length within the 20-in. (52-cm)-long hodoscope viewing window did not 
collapse during the test .  This was, consistent with radial  heat  l o s s  to the 
s t ruc ture ,  which was calculated to be adequate to prevent complete fuel mel t -  
ing. Pos t tes t  neutron radiographs showed an  extensive s teel  plug a t  the base 
of the pin, but no c l ea r  evidence for  a possible downstream plug a t  the top. 
No data indicating an  FCI  were  observed. 

(2) Tes t  R4. Tes t  R4 was run with seven pins. Power con- 
tinued for  1 1.75 s af ter  the inception of boiling. Cladding dryout was indicated 
1.95 s a f te r  boiling began, and evidence of gas  r e l ease  due to cladding fai lure  
occurred  2.75 s a f te r  boiling inception. Flow- tube thermocouples showed 
evidence of upward movement  of molten cladding ("flooding") about 1 s l a t e r ,  
followed by formation of an  exit blockage. Hodoscope data were  lost  by the 
developer. Pos t tes t  neutron radiography showed an  extensive s teel  plug a t  
the bottom of the fuel in  the region of the Inconel bottom ref lectors .  There  
was  no indication of fuel penetration pas t  this plug. Extensive fuel collapse 
upon the s teel  plug was apparent ,  with the collapsed region extending upward 
about 15 in. (38 cm) .  There  was a thin downstream plug of solidified s tee l  
located a t  the region of the upper insulator pellets.  No FCI events occurred.  

(3) Test E.5. Tes t  R5 was terminated 5.75 s af ter  the R4 
t ime of boiling inception i n  o r d e r  to obtain better postmortem data on the 
details of ear ly  cladding motion. Timing of flow events and the movement of 
molten s tee l  were  comparable  to those fo r  R4. The hodoscope data showed 
no g r o s s  fuel collapse during the power t ransient .  However, the hodoscope 
did show an abrupt downward "snaking" motion f r o m  the upper par t  of the 
original fuel region into t h e  cent ra l  region,  occurr ing about 1 s a f te r  s c r a m .  
The posttest  neutron radiography showed slumped regions of pellet-l ike fuel 
debr is  above and below a ccnt ra l  region of deformed fuel "cyl inders ."  The 
upper s tee l  blockage a t  the upper insulator-pellet  region was relatively thin, 
a s  in R4; the lower blockage was much thicker.  No FCI  events occurred.  

One aspect  of the lower s tee l  blockages observed in  R4 and 
R 5 shnuld be clar i f ied here .  The R loops have s tee l  heat  sinks attached out.- 
side the lower portion of the pr imary-loop wall in  the region of the t e s t  section, 



i n  o r d e r  to  prevent a possible meltthrough of fuel in the event of a t e s t  accident. 
These  hea t  sinks a r e  not in contact with the t e s t  t ra ins  o r  flow channels and 
thus cannot influence any p rematu re  freezing of s tee l  running down within the 
t e s t  section. Trans ient -hea t - t ransfer  calculations showed that hea t  l o s s  to 
the outside of the loop wall occurred  on a longer t ime scale  than that required 

t 

fo r  s t ee l  to f r eeze  on the bottom end fittings of the fuel. 

c. Capsule L O F  Simulations a t  ~ e t t e n . " , "  Single- pin- capsule 
lo s s -  of- flow simulations with samples  containing 10- in. . ( 2  5-cm) -long fuel 
s tacks  a r e  being per formed a t  the Reactor Centrum Nederland, Pet ten.  In 
these  t e s t s ,  the hea t  f r o m  the t e s t  pin i s  conducted radial ly  to cooling water  
through a sodium annulus inside an independent NaK annulus. Radial heat  
flow can  be interrupted to simulate a lo s s  of cooling event by programmed 
removal  of the NaK. The t e s t  reac tor  i s  scramm.ed a t  a p r e a r r a ~ g e d  t ime 
after the s t a y t  of the "loss of conling.  I' 

(1) 'P'est. L03. The loss-of-cooling t.ir.1.1e of 9.6 s was  selected 
to provide about 1 s of power a f te r  initiationof sodium boiling. The r a t e  of 
sodium tempera ture  r i s e  during this per iod was - 140°F'/s (78"C/s). Some 
cen t ra l  fuel melting occurred ,  without producing slumping of the fuel remains .  
Cladding melted over about a 6- in. ( 1  5-cm) length. No annular blockage of 
the coolant channel by solidified s tainless  s teel  occurred.  

(2) Tes t  L04.  The loss-of-cooling t ime for Tes t  LO4 was  
s e t  to provide about 5 s of continued power a f te r  boiling inception. The 
average  r a t e  of tempera ture  r i s e  of the sodium annulus before boiling was 
about 11 7"F'/s (65OCls). Neutron radiography showed the posttransient condi- 
t ion of the sample.  Cladding melted over  about an 8-in.  (20-cru) length. The 
fuel column had disintegrated over the length, of one pellet ,  with the r e l ease  
of some nlolten fuel which solidified in  the annular coolant region. Therc  
again was  no indication of slumping of the fuel remains .  However, the radio- 
graphs  showed a concentration of solidified ma te r i a l  in the sodium annulus, 

. nea r  the bottom of the fuel s tack,  which could correspond to a, channel hl.ockoge, 

( 3 )  Tes t  L05 .  The loss-of-cooling t ime was se t  a t  14.5 s ,  
providing severa l  seconds of power af ter  boiling initiation. The average r a t e  
of coolant tempera ture  r i s e  was -64"C/s. The cladding had melted off and run 
down, except for  a few a r e a s  in which s tee l  lumps bridged the gap between 
fuel and s l ~ u c  Lure, aiid f roze  in place. A thin- walled fuel column remained 
standing. I t  was found bulged near  the bottom, apparently a s  a resu l t  of the 
hydroslalic p r e s s u r e  of internal  molten oxide acting on the plastic,  high- 
t empera tu re  0xid.e wall. Evidence of a few smal l  jets of molten oxide f rom 
thc pin was found near  the bottom. A p r e s s u r e  pulse of 12 a tm (1.2 MPa) was 
recorded .  (The pulse was broad', with 850-ms half-width.] This pulse i s  con- 
s is tent  with nonviolent boiling of a small  quantity of sodium remaining in the 
bottom of the  capsule a f te r  some molten fuel dropped down. 



(4) Test  L06.  Tes t  LO6 was run with a pin prepressur ized  
to 75 a t m  (7.5 M P ~ )  a t  room tempera ture .  It was deliberately run  just shor t  
of fai lure ,  with a 10s s- of- cooling t ime of 6.25 s .  

(5) Test  L07.  Tes t  LO7 was sc rammed  (apparently on an 
experiment p r e s s u r e  signal) a t  6.7 s ,  a f t e r  cladding failure.  The r e l ease  of 
gas  blanketed the cladding pin, interrupting heat  flow, and resulting in exten- 
sive cladding melting. The maximum p r e s s u r e  recorded was 160 a t m  (16 M P ~ ) .  
It was attributed to the r e l ease  of the relatively cold gas f r o m  the pin plenum 
and i t s  subsequent heating due to  contact with the high-temperature ma te r i a l s  
inside the capsule.12 The average  r a t e  of coolant tempera ture  r i s e  was 8 3 " ~ / s .  

(6) . T e s t  L08.  Tes t  LO8 was a r e r u n  of Tes t  L05.  Tes t  
conditions were  essentially the same  (loss-of-cooling t ime of 13.8 s and sodium 
heating r a t e  of 65O~/s) .  Resul ts  were  comparable ,  except that t he re  was no 
p r e s s u r e  pulse.  

2. Loss-  of-flow Tes t  withIrradiated Fuel  

a .  l lIntermediate-power S t ruc ture"  (Seven PNL- 17)  P ins  in  
Loop Tes t  L ~ . ' J " - ~ ~  Loss-of-flow Tes t  L3 was  conducted in essentiallv the 
same fashion a s  Tes t  L2, using fuel i r rad ia ted  to about 3.5 at .  % burnup, with 
an intermediate-power s t ruc ture .  The initial sample pulse was 15 kW/ft, 
(49.2 kW/m) and the subsequent steady- s ta te  level was 9 kW/ft (29.5 kW/m). 
As in L2, the t e s t  was c a r r i e d  pas t  melting and produced a fuel- d ispersa l  
event. 

Pos t t rans ien t  radiographs of L3, reproduced in Fig.  1 ,  showed 
extensive removal  of fuel f rom the midregion of the original fuel column and 
displacement of failed fuel extending upward seve ra l  inches f r o m  the original 
top of the stack. Some debr is  appeared to be in  the bottom bend. This debr is  
was  collected and found to be about 1.3 g ,  only p a r t  of which was fuel. 

Small  quantit ies of fuel were  found along the fuel plenur~l 
region, both within the cladding and in the coolant channels. Thermocouples 
nea r  the top of the fuel s tack,  located on the flow tube, indicated the presence  
of molten s tee l  (o r  possibly contact with fuel) about 5 s a f te r  boiling began. 
No c l ea r  flow anomalies indicating L2-like buildup of flow/void oscil lations 
occur red ,  and hence the re  was no L2-like cessat ion of flow oscillations indi- 
cating the timing of flow-channel plugging. 

About 14.2 s a f te r  boiling began, both upper and lower flow- 
m e t e r  s showed expulsion, - 7 m/s  upward and - 5 m/s  downward, respectively.  
This expulsion event i s  cor re la ted  with a 15-atm (1.5-MPa) p r e s s u r e  spike 
on the lower p r e s s u r e  t ransducer  and hodoscope detection of a general  upward 
expulsion of the upper half of the fuel. This expulsion was  largely complete.: 
i.n 0.15 s. There was no fuel collapse ei ther  before o r  a f te r  the expulsion. 



Flow could not be  reestabl ished a f t e r  the experiment,  a resu l t  
consis tent  with the fuel  agglomerations seen  in the posttest  radiographs.  Note 
that each PNL- 17 i r r ad ia t ed  pin used in  L3 had only a thin welded s tee1 spacer  
tube above the 0.5- in. (1.2 7- cm)  -long U 0 2  insulator-pellet  section a t  the top 
of the fuel stack, while each L2 pin had an  Inconel rod. Although the L3 pins 
had l e s s  hea t  sink above the fuel,  this fact  appea r s  inadequate to explain the 
upward penetration of some  fuel debr is  within the L3 plenum, a s  compared 
with L2,  since the s ta in less  s tee l  blockage in  L2 occurred  in  the insulator- 
pel le t  region below the Inconel. 

The re  w e r e  no sha rp  f lowmeter -pressure  t ransducer  signals 
l ike those f rom SAS calculations of f iss ion-gas r e l ease  during the , t ime  that 
tes t -  t r a i n  thermocouples indicated that cladding fai lure  occurred;  r a t h e r ,  the 
data  indicate a slower r e l e a s e  of the plenum gas.  Dispersal  i s  attributed to 
the s a m e  phenomenon that caused the f i r s t  fuel eructation in L2. 

The pootmortem i i~spect ivn showed that the upper s ta inless  
s tee l  blockage was  located just above the original top of the fuel column. The 
fuel column appeared to  have smal l  channels through it .  Fuel  debr is  and 
s tee l  globules were  found above the blockage. Globu1.e~ of stainless  s tecl  
were  found in var ious degrees  of dispersion in sections of solidified fuel, in 
the approximate range of 1 -5  a r e a l  percent .  Some regions of solidified fuel 
w e r e  found that appeared to  be f r e e  of metal l ic  par t ic les .  

During the sectioning of the L3 loop, sodium samples  were  
taken f r o m  the regions where  the loop was sepa.ra,t.ed and thc plutoniunl con- 
centrat ions measured . .  R ~ . s i i l t s  \,{rere a0 follovfls: &t Ihr: (.u~J u1 lhe pump, 
18 ppm plutonium (- 18 pg/g of sodium) ; a t  the bottom of the pump, 1 ppm. pluts- 
iiium;, and just 'below the bottom of the t e s t  sectinn, 0 . 5  ppm plutonium. 

b. uHigli-power Structure" (HEDL-N-F) P ins  in Loop 
Tes t  L 4 . 1 9 1 3 9 1 4 9 1 6  Test  LA was s imi lar  to Tes t  L3, except that the sample pins 
w e r e  "high-power s t ruc tu re"  i r rad ia ted  samples .  The sample steady- s ta te  
power in L4 was 10 kW/It (32.8 kW/m). Post t ransient  sadiogra.phs ( s e e  Fig ,  1) 
show concentrations of failed fuel s imi l a r  to those of L3,  except that there  
appea r s  to be somewhat m o r e  upward fuel movement than noted in L3. Thermo- 
couples along the flow tube indicated the presence  of mo.lten s teel  (or  possibly 
contact: with fuel) about 5.5 s a f te r  evidence of boiling was seen  on flowmeters 
and a thermocouple on the flow tube near  the top of the fuel. No c l ea r  flow 
signals indicating oscil lations occurred;  hence there  was no L2-like cessat ion 
of flow oscillations indicating the timing of blockage. 

Radial expansion of the fuel . m a s s  a l so  began about 5.5 s a f te r  
boiling inception. This expansion appears  to have a maximum extent to the 
l imi t s  imposed by the loop, i . e . ,  consistent with pushing the flow tube outward 
until i t  contacts the mass ive  loop wall proper .  



About 13.5 s a f te r  boiling began, there  was a rapid explusion 
of fuel upward f r o m  two ma in  s i t e s :  one about a third of the way up f rom the 
bottom of the fuel, and one two-thirds of the way up. Some net fuel movement 
toward the axial  center  was noted. However, this did not r a i s e  the fuel density 
above the original value. This event m e r e l y  l1 replenished1' an e a r l i e r ,  smal l ,  
local l o s s  of fuel which had moved downward f r o m  the center  of the column. 
This expulsion lasted about 70-ms. I t  wa.s cor re la ted  with coolant expulsion 
a t  a r a t e  of -5 m/s  a s  recorded by the inlet flowmeter and with a 5- a tm 
(0.5-MPa) p r e s s u r e  spike on the lower p r e s s u r e  t ransducer .  

A milder  flow event, with no associated p r e s s u r e  pulses ,  
occurred.about  18 s af ter  boiling began- -which i s  about 1.1 s a f te r  the t ran-  
sient was scrammed.  Flow could not be reestabl ished af te r  the test .  As in 
L3, the re  were  no c l ea r  l ' s ignatures ' l  of sharp  flow and p r e s s u r e  anomalies 
like those of SAS calculations of f iss ion-gas re lease .  The fuel-expulsion 
event occurred  -13 s a f te r  boiling, a t  -13 x 10 kW/ft (32.8 kW/m) = 130 kJ/ft 
(426.5 k ~ / m ) ,  and i s  attributed to  the phenomenon producing the f i r s t  eructa-  
tion in  L2. 

Plutonium concentrations in LA loop sodium samples  were  a s  
follows: a t  the top of the pump, 5 ppm plutonium; a t  the bottom of the pump, 
48 ppm; below the bottom of the t e s t  section, 0.5 ppm. 

B. Extended Fuel  Motion Resulting Directly f r o m  Poss ib le  Power  Excursion 
Produced by Fuel  Slumping Caused by Loss of Flow 

1. F r e s h  Fuel  

Tes t  ~ 2 . ~  
of s ix  hol 

(a) Fuel  Fa i lure  into Great ly  Subcooled Sodium in Loop 
9 1 7 - 1 9  Tes t  E2 was performed with a single UOz pin inside a ring 
low dummy pins. The p r i m a r y  goal of this t e s t  was to study the 

phenomena associated with a high- energy oxide-pin fai lure  in relatively cool 
bulk sodium in a flow channel (i. e . ,  loop) geometry,  permitt ing sodium expul- 
sionand reentry.  Tes t  E2 was the f i r s t  TREAT loop t e s t  in  which a n  oxide 
pin was failed under overpower conditions. The t e s t  pin failed when about 
90% of the fuel c r o s s  section by a r e a  was a t  the oxide solidus o r  above. The 
maximum fuel tempera ture  a t  the t ime of fai lure  was -7200°F (-4000°C). 

Reca.use of the test-sect ion geometry (one fueled pin in a 
ring of s ix  dummy pins),  the bulk sodium tempera ture  was relatively cool,  
-860°F ( 4 6 0 ~ ~ ) ~  a t  thc t ime of fai lure .  Extensive fuel fragmentation and dis- 
p e r s a l  occurred.  About 75% of the fuel was recovered af te r  the t e s t  in f o r m  
of f ines ,  -50% f rom the t e s t  section and the remaining fines f r o m  the remainder  
of the loop. Approximately half the fines f rom both popul.ations, by weight, 
were  par t ic les  of l e s s  than 200 pm. 

Allhough therc  wcre  no dense pliigs of solidified fuel o r  clad- 
ding, sodium flow could not be reestabl ished af te r  the tes t .  The flow blockage 



w a s  caused by fuel fines packed between the cladding remains  in the tes t  sec - 
tion. Careful examination of the fuel residue left inside the cladding of the 
fueled pin showed that f i l l  gas  was trapped between the fuel and cladding, 
f r o m  whence i t  was forced toward the molten center  of the fuel s tack,  where 
i t  could 'ac t  a s  a mechanism for  expelling fuel. Essent ial ly  a l l  the fuel c r o s s  
sect ion had reached the solidus,  on the bas is  of the s t ruc tu res  of these remains .  
Analysis of the coolant-motion data indicated that work done on the coolant was 
- 1 J/g oxide. 

(1) Autoclave Tes t s  S l 1  and ~ 1 2 . ~ ~ ~ ~ ~  Autoclave t e s t s  S11 and 
S12 w e r e  run with single f r e s h  pins inside a sodium annulus, contained within 
a molybdenum heat  sink. Tes t  conditions and design were  selected so  that the 
the rma l  conditions a t  fa i lure  were  representat ive of those for  a prompt c r i t ica l  
LMFBR accident;  i . e . ,  there  were  a high internal oxide vapor p r e s s u l e  and 
low sodium tempera ture .  Maximum oxide sa i~ lp le  power in both t r s t s  was 
-15,000 c*llg.s (64,000 W/g).' 'I'est data a r e  summarized  in Table IV. 

TABLE IV. Summary of Test Data for Tests  S11 and S12 
.. ... . . -- 

Event S11 S 12 
- -  - - 

Exterior cladding ter~~perature 
calculated at time of failure, O F  (OC) 1350 (730) 990 (530) 

Sample energy at failure, J/g 3130 3 130 

Total sample energy, J/g 6760 6760 

Maximum pressure pulse, atm (MPa) 136 (13.6) 68 (6.8) 

Energy conversion to w ~ r k  sn 
autoclave piston, J 

Specific energy conversion, J/g oxide - 1 1 

Mass mean s ize  nf fuel finco, p m  1 5 5  110 
P 

(2) Elec t r ica l  "Exploding" Fuel- pin Tes t  a t  Atomic s 
~nternat ional ."  Molten UOZ, generated by an  e lec t r ica l  power burs t  in an  
internal ly  insulated fuel p in ,  was solca3.cd inlv cl. sudium "pipe" tes t  section 
with expansion tank above. Bulk coolant tempera ture  a t  the t ime of the r e l ease  
w a s  about 1 200°F (650°C). Extensive fragmentation of the oxide occurred.  
Half of the fines by weight had s i zes  below 400 pm. Sample electr ical  energy 
input was -4000 J/g. Work don.e o n  the coolant was - 125 J total compared 
with a total  e lec t r ica l  energy input to the pin of -36,000 J for an energy 
conversion of 14 J/g oxidc. 

b. Fue l  Fa i lu re  in. Subcooled Sodium Approaching Saturation 
' in Single-fresh-pin Loop Tes t  H ~ . ~ J ~ ~ J ~ ~  Tes t  H2 was run  with a single, FTR- 
type pin in an  u n s h a p e d = ~ ~  transient  programmed to c a r r y  the pin just 
to the anticipated fai lure- threshold region. The power-pulse duration a t  half- 
maximum was about 31 5 m s .  The tes t  pin failed with -76% of the fuel c r o s s  
section a t  the solidus o r  above and a maximum fuel tempera ture  of 5650°F 
(3120°C). The maximum bulk coolant tempera ture  calculated a t  the t ime of 



fai lure  was about 1470°F (800°C). The maximum calculated r a t e  of tempera ture  
r i s e  'at the cladding midpoint was about 3760°F/s (-20 70°c/s). 

Neutron-hodoscope data showed that before fai lure ,  fuel was 
moved upward about 1.5 in. (3.8 cm)  inside the cladding, creat ing a low-density 
region in  the top third of the fuel stack. A par t ia l  r e tu rn  and a second upward 
expulsion of fuel occurred  before fai lure  was indicated by flow and p r e s s u r e  
anomalies.  This internal  expulsion and r een t ry  provide a mechanism of 
fai lure  a t  a local Ithot spot" in which upward fuel expulsion opens a path f rom 
the fuel inter ior  to the cladding and places molten fuel against the cladding. 

Analysis of the flow data indicated that local boiling occurred  
for  about 50 m s  p r io r  to failure.  The post t ransient  fuel-stack remains  con- 
s is ted of a thin-walled "chimney1' .for the bottom two-thirds of the original 
length. The chimney walls were  consistent in thickness with the calculation 
of the thickness of fuel below solidus a t  failure.  The fuel expelled f rom this 
chimney and f r o m  the top third of the s tack (the initial fa i lure  appears  to 
have occurred  within the top inch of the fuel stack) was solidified above the 
original location of the fuel s tack and packed around the fuel plenum inside 
the single- pin fuel holder.  

About three-fourths  of the original fuel was recovered f rom 
the .test section in  the fo rm of fines.  Approximately half of these fines were  
found typically to contain 0.5 vol '% of d ispersed  solidified steel.  Work done 
on the coolant was -0.15 ~ / g  oxide. 

c .  ~ u e l  Fa i lu re  into Voided Channel in Single-fresh-pin Loop 
Tes t  ~ 4 . ~ ~ ~ ~ ~ ~ ~  The E4 samr>le and test-  t r a in  design were  the same a s  for  HZ. - 
The TREAT'power pulse,  however, was m o r e  seve re ,  being intended to c a r r y  
the pin well beyond the fai lure  threshold. P in  fai lure  occurred  when essentially 
the full fuel c r o s s  section w a s , a t  the liquidus o r  above. Maximum calculated 
fuel tempera ture  a t  this t ime was 6550°F (3620°C). Fa i lure  was indicated af ter  
voiding of the top 11 in. (27.9 c m )  of the coolant channel adjacent to the 13.5-in. 
(34.3-cm)-long .fuel stack. Local boiling was indicated for  about 40 m s  p r io r  
to failure.  Thle calculated ra te  of tempera ture  r i s e  of the midpoint of the 
cladding near  the top of the E4 pin a t  the t ime coolant boiling began was 
- 8 0 0 0 " ~ / s  ( - 4 4 0 0 " ~ / s ) .  

Extensive fuel movement occurred;  one agglomeration of fuel, 
insulator pellet., and cladding par t ic les  was found a t  the bottom end plug. Some 
of the fuel had been frozen onto the s t ruc ture  in  the original region of fuel ,  
but m o s t  of the fuel had been moved upward into the plenum. A substantial  
flow blockage consisting of solidified fuel and cladding was located about 3.5 in. 
(8.9 dm) above the original top of the fuel column. 

Some fuel fines were  collected during the test-  section disas-  
sembly; these contained up to 1U vol % of s ta inless  steel.  About 1 g of debr is - -  
mainly light- density mater ia l -  - was collected f rom the loop sodium. Thus an 



upper  l imi t  of 1 g can  be  s e t  for fines sweepout f r o m  the t e s t  section. In 
genera l ,  solidified fuel contained d ispersed  solidified s tee l  par t ic les  amounting 
to a few volume percent .  Work done on the coolant was est imated to be 

' -0 .85 ~ / g  oxide. 

2 .  I r rad ia ted  Fuel  

a .  Loop Tes t  ~ 3 . ' ~ ' ~  Tes t  E 3  was an  ea r ly  survey t e s t  run  in 
the loop in o rde r  to check the o r d e r  of magnitude of conversion of the rma l  
energy  to work f o r  i r r ad ia t ed  oxide fuel .  The tes t  sample consisted of three  
smal l -d iameter  U 0 2  fuel pins i r rad ia ted  to a maximum burnup -6 a t .  %. 
Fai lure 'about  5 m s  before the hottest  fuel reached i t  solidus was indicated 
by p r e s s u r e  and flow anomalies  occurr ing when the hottest  pin had received 
a radial ly  averaged energy input of about 855 ~ / g .  Maximum h111k coolant 
t empera tu re  a t  the t ime of fai lure  was calculated to be about 1050°F (565°C). 
Maximum p r e s s u r e  observed was -58 a t m  (-5.8 M P ~ )  a t  the outlet. Maximum 
p r e s s u r e  f rom the inlet  t ransducer  was  about 34 atrn (3.4.MPa).  Es t imated  
internal  gas p r e s s u r e  a t  the t ime of fa i lure  due to f iss ion gas re leased  before 
the t e s t  into the plenum was  -30 a t m  (-3 MPa) .  Hodoscope data indicated 
that the motion of the fuel  was  relatively gradual in the upward direction 
and was essentially complete in about 100 m s .  

Extensive final d i spe r sa l  of the fuel f rom the original fuel 
region was  found. Most of the fuel was removed into the loop. About one- 
third of the fuel was  piled'up in the f o r m  of fuel f ragments  on'the thermocouple- 
holder  f ixture above the pins.  Following the t e s t ,  the f f ~ w  was found t o  be 
completely blocked. This t e s t  produced the l a rges t  conversion of the rma l  
energy to coolant kinetic energy p e r  g r a m  of fuel of any TREAT loop tes t .  

Total conversion was calculated to be about 150 J ,  o r  4 J / ~ -  
oxide, which includes work done by expansion of re leased  fission gases .  An 
upper limit of - 100 J was  est imated a s  due to  expansion of a l l  f i s  sion gas 
(including that t rapped in  the oxide). Thus,  the net conversion f r o m  sodium 
vaporization i s  es t imated a s  - 3  J/g oxide. 

b. "High-power- s t ruc ture"  (HEDL-N-F) P in  inside Ring of - -~ 

Six F r e s h  Pins  i n  Loop Tes t  ~ 6 . ~ ~ ' ~  ~ ~ ~ ~ ~ ~ u ~ e s t s p o w e r  was pro- 
g r a m m e d c u r s i o n .  The "high-power- s t ruc ture"  pin was 
contained inside a ring of s ix  f r e sh  "environmental" pins. The r eac to r  period 
in  E6 was  about 188 m s ,  and the power-pulse half-width was -250 m s .  Flow 
and p r e s s u r e  data indicated that fuel fa i lure  occurred  when the i r rad ia ted  
cent ra l  pin had about 80% maximum of the fuel c r o s s  se'ction a t  the solidus o r  
above, essent ial ly  a l l  of the fuel in the hottest  per ipheral  ( f resh)  pin had 
reached the solidus,  and the maximum calculated bulk coolant tempera ture  
was  1750°F (954°C). 



Maximum ra te  of tempera ture  r i s e  of the cladding midpoint 
was about 2 1 0 0 " ~ / s  (1150°C/s) for  the i r rad ia ted  pin. (The columnar and 
equiaxed regions extended outward to about 65% of the c r o s s  section.) Maxi- 
m u m  temperature in the cent ra l  i r rad ia ted  pin a t  the t ime of fai lure  was about 
6000°F (3316°C). Flow could not be reestabl ished after the test .  

Neutron radiographs ( s e e  Fig.  2) showed fuel-column remains  
in the region originally occupied by fuel. A bulging hollow section of fuel 
remains  was located between 10 and 12 in. (25-30 cm)  f rom the bottom of the 
fuel region. Failed-fuel remains  were  distributed extensively over a length 
extending about 10 in. (25 cm) above the original location of the top of the fuel. 

One of the fresh-fuel  pel le ts  near  the top of the fuel column 
showed evidence of molten s ta in1e .s~  s tee l  intrusions into per ipheral  "s tar tup" 
c r a c k s  and smal l  globules of s teel  near  the intrusion. Once-molten fuel f r o m  
a sample location about 2.25 in. (5.2 c m )  above the original bottom of the fuel 
stack showed finely d ispersed  s teel  globules. 

c .  "High-power- s t ruc ture"  (HEDL-N-F) P ins  i n  Loop 
T~~~ ~7.2,13,29,30 The E 7  power pulse was programmed to approximate a 3 $/s 
excursion for  a c lus te r  of seven "high-power- s t ruc ture"  pins. Reactor  period 
was about 180 m s ,  and the power-pulse half-width was about 310 m s .  No 
sharp  flow o r  p r e s s u r e  anomalies occurred  during the E7  transient.  Two 
"fai lure"  re ferences  can be established nea r  peak power by timing of the 
flow anomalies.  The f i r s t  was a mi ld  surge  suggesting r e l ease  of a fission- 
gas bubble, and the other a mild. sodium ejection occurr ing about 100 m s  la te r .  
The f i r s t  event began when the solidus in the hottest  of the seven i r rad ia ted  
fuel pins was calculated to have reached the middle of the equiaxed region. 
At the t ime of voiding, the solidus had reached the boundary of the unres t ruc-  
. tured fuel.  h he columnar and equiaxed regions extend outward to about 65% 
of the c r o s s  section.) 

Flow could not be reestabl ished af te r  the test .  Work done on 
the coolant was about 0 . 3  ~ ' / g  oxide. Neutron radiographs ( s e e  Fig.  2) showed 
no s t ruc ture  reminiscent  of the original seven fuel stacks.  Fuel  remains  
were  smeared  over the bottom 5 in. (12.7 c m )  of the original fuel region, and 
some fuel f ragments  were  found spread  through the bottom 0.5-in. (1.3-cm) 
insulator-pellet  region and about 1.5 in. (3.8 c m )  into the bottom- end-plug 
region. Relatively dense fuel extended upward to about 3 in. (7.6 cm)  into the 
UOz-blanket pellet  region beyond the location of the pretransient  top of the 
fuel,  and additional fuel f ragments  were  sca t te red  through another 6.5 in. 
(16.5 cm)  to within about 2 in. (5  cm)  of the top of the Inconel ref lector  rod. 

Neutron- hodoscope data showed a slow fuel motion beginning 
approximately a t  the same  time a s  tlie sodium ejection event. Fuel  motion 
eventually resul ted in voiding fuel principally upward f r o m  the axial  cen t ra l ,  
severa l  cent imeters  of the test  section. The motion was not complete 0.6 s 
a f te r  peak power. At this t ime,  power had dropped to a magnitude comparable 
to preheat.  



Pos tmor tem inspections showed that the region extending up- 
ward  f r o m  about 3 in. (7.6 cm)  above the original top of the fuel to  about 
5.25 in. (13.3 cm)  above was held together by s tee l  which had been pushed up 
f r o m  below in the molten s tate  and then had frozen. Globules of s ta inless  
s tee l  were  found extensively d ispersed  throughout the solidified fuel. These 
globules were  typically present  a t  the level of a few volume percent.  

Plutonium concentrations in  E 7  loop sodium samples  were  a s  
follows : a t  the top of the pump, 0.2 ppm; a t  the bottom of the pump, 492 ppm; 
and just below the bottom of the test  section, 0.3 ppm. 

d. "High-power- s t ruc ture"  (HEDL-N-F) P in  inside Ring of Six 
F r e s h  P ins  in Loop Tes t  ~ 4 . ' ~ ~ ~  Tes t  H4 was conducted with a single "high- 
power-structure ' l  pin inside a ring of s ix  "environmentalH f r e s h  pins. The 
power pulse  simulated a 50 $/s-ramp F'T'K hypothetical accident; The reac tor  
per iod was  about I s .  Tes t  hardware  and initial conditions were  matched to 
T e s t s  E 6  and H5 to facil i tate comparison of effects of fuel s t ruc ture  (H4 versus  
H5) and energy-r i se  r a t e s  (H4 ve r sus  E6). P i n  fai lure  was marked  by p r e s s u r e  
pulses  of - 10- a t m  ( -  1-MPa) amplitude. At this t ime,  the maximum calculated 
c r o s s  section of fuel a t  the solidus o r  above in the i r rad ia ted  pin a t  the height 
of fai lure  was about 20'%, somewhat l e s s  than the a r e a  of the columnar region 
a t  that height. 

Flow data show par t ia l  voiding of the coolant channels a f te r  
fa i lure .  Evaluation of the data suggested that a flow blockage formed near  
the top of the fuel column about 0.1 s a f te r  fa i lure ,  About 330 m s  a f t e r  fa i lure ,  
the hodoscope indicated extensive fuel movement. As  coolant reentered the 
voided region, about 500 m s  af ter  fa i lure  a " reent ry"  event produced a 70-atm 
('7-MPa) p r e s s u r e  spike. No evidence was found for  energetic sodium-vapor 
events.  

The total  work done was about 100 J'. After the tes t ,  about 
10% of the initial flow could be reestabl ished through the t e s t  section. Pos t -  
t e s t  neutron radiography showed the fuel  to be nearly destroyed over the upper 
85% of the original fuel- s tack length. ~ o s t  of the fuel appeared to have moved 
upward, a lmost  filling the test-sect ion c r o s s  section over a 4.5-in.  (11.4-cm) 
length a t  the top of the initial fuel region. Additional fuel debris  was a t  the 
bottom of the region. 

e.  "Intermediatc- powcr- s t ruc ture"  (PNL- 17) P in  inside Ring 
of Six F r e s h  P ins  in Loop Tes t  Test  H5 was conducted with a single - 
"intermediate-power-  s t ruc tu reu  pin inside a ring of s ix  "environmental" pins. 
The power pulse simulated a 50 #/s ramp.  The reac tor  per iod was about 1.1 s ,  

and the pulse half-width was about 1.0 s .  P in  fai lure  was marked  by p r e s s u r e  
spikes on both p r e s s u r e  t ransducers  and a sodium-expulsion event on the upper 
flowmeter.  At that t ime,  calculations showed the extent of fuel a t  the solidus 
o r  above in  the cent ra l  i r rad ia ted  pin to be about 10% of the c r o s s  section a t  
the he'ight of fai lure .  (Columnar- region maximum was about 15% of the c r o s s  
section.)  



The maximum calculated r a t e  of tempera ture  r i s e  for  the 
cladding midpoint of the i r rad ia ted  pin was 350"F/s ( 1 9 4 " ~ / s ) .  In the hottest  
of the s ix  f r e s h  peripheral  pins,  about 55% of the fuel c r o s s  section was cal-  
culated to have reached. the solidus. Maximum tempera ture  in the cent ra l  
pin a t  this t ime was 5000°F (2 7 6 0 " ~ ) .  The maximum calculated bulk- coolant 
tempera ture  was 1300°F (703°C). Peak  p r e s s u r e s  measured  were  10 a t m  
(1 MPa) (upper t ransducer)  and 17 a t m  (1.7 MPa) (lower t ransducer) .  Only 
40% of the original flow ra t e  could be established af te r  the test .  Neutron 
radiographs ( see  Fig. 2) showed damage to be concentrated about 3 in. (7.6 cm)  
above the center  of the fuel stack. Some fuel remains  were  found above the 
original top of the fuel stack, extending upward over about 10 in. (25.4 cm) .  

Pos t tes t  macroscopic examinations showed the central-pin 
cladding to be breeched over a sma l l  a r e a  located about 5 in. (12.7 cm)  above 
the fuel midplane. The peripheral  pins had experienced extensive cladding 
melting and some los s  of fuel. Litt le fuel was lost  f r o m  the cent ra l  pin. 
m valuation of the posttest  examination data indicated that the cent ra l  pin failed 
f i r s t ,  but the possibility that one o r  m o r e  peripheral  pins failed fir s t  could not 
be excluded. Hodoscope data indicated l imited fuel motion attributable to 
voiding of individual pins,  with fuel movement f r o m  the pin la te ra l  and upward. 

Plutonium concentration in H5 loop sodium samples  were  a s  
follows: a t  the top of the pump, 1 ppm; a t  the bottom of the pump, 32 ppm; 
just below the bottom of the t e s t  section, 0.8 ppm. 

f. GE Caosule Tes t  C5A with a "Low-oower- s t ruc turef t  
A single "low- power- s t ruc ture t1  pin was i r rad ia ted  in  TREAT in the stagnant- 
sodium capsule Tes t  C5A. P i n  fai lure  resul ted f r o m  a t ransient  that was 
calculated to r a i s e  -35-4070 c r o s s  section of the fuel to the solidus o r  above. 
The pin had been i r rad ia ted  previously to -2 at .  % burnup a t  a maximum oxide 
tempera ture  calculated to be below 3000°F ( 1 6 5 0 " ~ ) .  Maximum tempera ture  
calculated (assuming no fai lure)  in the NaK annulus outside the cladding was 
about 850°F (455°C). The sample failed extensively, with fuel movement into 
the coolant annulus extending upward to about 3 in. (7.6 c m )  above the upper 
f u e l -  blanket interface.  

A c r o s s  section through the fai lure  region showed a solidified 
"cl inker"  filling the space inside the capsule.  The remains  of the fuel column 
were  essentially a s tack of hollow oxide cyl inders ,  no longer in a s t raight  
column, but not slumped, e i ther .  Molten cladding had run  down and solidified 
locally, with no evidence of molten-cladding d ispersa l ,  fragmentation, o r  
collection into solidified agglomerations.  Maximum sample power was 
-555 cal1g.s (-2320 W/g). 

g. GE Capsule Tes t  C5B with a l lLow-power - s t ruc tu re~~  
Tes t  C5B was nominally the same  a s  C5A, except that the C5B sample con- 
tained an annular upper blanket. P i n  fa i lure  did not occur .  A bulge in the 



cladding w a s  found in  the region of the fuel-  blanket interface;  a t  this  spot,  
pel le t  separat ion had occurred ,  and molten fuel had made  contact with the 
cladding. Elsewhere ,  the nominal fuel maximum c r o s s  section a t  the solidus 
o r  above was  -35-40%. Maximum fuel tempera ture  was -5500°F (3020°C), and 
max imum tempera ture  in the NaK annulus adjacent to the cladding ( r emote  
f r o m  the localized colitact with molten fuel) was -850°F (455°C). Extensive. 
motion of molten fuel f r o m  the 24- in. (61 - cm)-  long fuel s tack into the annular 
upper  blanket occurred .  

Maxinlurn exlension of fuel  into the 0.070- in. (0.178 -cm)-  dia 
blanket cent ra l  hole was about 10 in. (25.4 cm) .  The volumetric expansion 
indicated by this 10-in. (25.4-cm) t rave l  i s ,  however, quite smal l  (-4%). Since 
about 35% of the fuel was calculated to be c a r r i e d  through the heat of fusion, 
the expansion into the blanket corresponds to - 12 vol % expansion of the fuel 
that became fully molten. The maximum fuel tempera ture  during steady- 
s ta te  i r radiat ion (to -2 at .  Yo burnup) was calculated to be  l e s s  than 3000°F 
(1650°C). 

L e s s  than 10% of the f iss ion gas  generated in the s teady-state  
i r rad ia t ion  was calculated to have been r e l eased  before the t ransient ;  a f te r  
the t rans ien t ,  however,  about 44% gas r e l ease  was measured .  Thus, this t e s t  
i l lus t ra tes  a rel ief  mechanism to prevent fai lure  and the ability of well-cooled 
cladding to contain local concentrations of molten fuel. I t  does not support 
explosive expansion of molten "gassy'l i r rad ia ted  oxide to a low-density fo rm 
during an overpower t rans ien t  with maximum sample power of -555 cal/g.s 
(2320 w/g). 

C.  Fue l  Survival in  Power  Burs t s  
. . - -. ... 

See Sec. 1II.B above. 

D. Postaccident  Fuel  Condition: Autoclave Tes t s  ~ 3 - ~ 8 "  

A s e r i e s  of autoclave TREAT te s t s  was conducted using.smal1 c lus t e r s  
of oxide-fuel pins i m m e r s e d  in stagnant sod.ium i,n o r d e r  to study the phenom- 
enology and kinetics of rapid sodium vaporization (FCI).  In none of these t e s t s  
did a n  energetic FCI  occur .  Sharp,  individual p r e s s u r e  pulses  were  observed,  
but these  did l i t t le mechanical  work, and there  was no evidence of a general ,  
coherent  F C I  involving a si.zahle fract ion of the fuel inventory. The l a rges t  
p r e s s u r e  pulse was about 200 a t m  (20 MPa) in magnitude, but the work a s -  
sociated with i t  was  very  small .  Table V presents  summary  data. In one 
t e s t ,  S5, the pins were  evacuated in o rde r  to check the effects of internal  gases .  
In a l l  other t e s t s ,  the pins contained i n e r t  f i l l  gas at  ambient p res su re .  The 
data  obtained support the conclusion that the LMFBR conditions inhibit rapid 
sodium vaporization, and provide information on fuel fragmentation resulting 
f r o m  contact of hot fuel with liquid sodium. 



TABLE V. Resul t  of S- s e r i e s  P i s ton  Autoclave Meltdown T e s t s  

S- 3 S- 4 S- 5 S- 6 S- 7 S- 8 

Mcmber of fueled pins 5 5 5 7 7 7 

M a s s  UOz,  g 205 205 ' 205 286 2 04 205 

Ea.tio of sodium- to-fuel-pin a r e a s  . 2.3 2.3 2.3 0.94 0.97 0.9.7 

Ini t ial  sodium t e m p e r a t u r e ,  OF 338 329 329 4 10 9 32 932 

('c) ( 170) ' (165) (165) (2 10) (500) '(500) 

Reac to r  per iod ,  m s  5 3 3 4 46 ' 3 8 4 0 2 7 

Ma)rimum (local)  fuel  ene rgy  a t  f i r s t  . 
p r e s s u r e  pulse ,  J /g  UOL 2073 2245 

Amplitude of l a r g e s t  p r e s s u r e  pulse ,  
including delayed in terac t ions ,  , 

ztm (MPa)  37 (3.7) 122 (12.2) 200 (20) 140 (14) 24 (2.4) 53 (5.3) 

Czlculated convers ion  f r o m  nuclear  . . 

to mechanica l  energy bzsed  on 
ene rgy  a t  ini t ial  fa i lure  2.1 l o - 5  ' 2..5 x 1.9 l o -3  1.5 l o - )  6 x 1.3 l o -5  

M a s s . m e a n  r e s idue  d i a m e t e r ,  pm 2700 1240 220 400 300 1200a 
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