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Research addressing LMFBR whole core accidents has been terminated, and there is now emphasis on
quantifying reactivity feedbacks, and in particular enhancing negative feedback, so that advanced
LMR designs will provide inherently safe operation. The status of recent HCDA-related laboratory
research performed at ANL, up to the time that such activities were no longer needed to support CRBR
licensing, is described. Included are descriptions of programs addressing sodium channel voiding,
fuel sweepout, fuel dispersal and plugging, boiled-up pool, UOo/sodium FCI, and debris coolability.
Descriptions of recent investigations involving the metal fuel/sodium system are also included.

INTRODUCTION
1. Laboratory research on fast reactor acci-

dent sequences has been conducted over the years
at Argonne National Laboratory in support of 11^
censing needs for FFTF and CRBR (ref. 1). Re-
search related to both tne early stage of core
disruption and to the transition phase has aided
the development of models for the SAS and
TRANSIT-HYDRO codes, respectively, and has con-
tributed to the data base for verification of
these codes. In this paper the status and key
findings from the various investigations are re-
viewed, including channel boiling/voiding dynam-
ics, fuel sweepout, molten fuel-coolant thermal
interactions, tne dispersal/freezing processes
for molten structure and fuel, the quasi-static
and transient behavior of a boiled-up pool, de-
bris coolability, and debris interactions with
the vessel and containment boundaries. These
programs are now completed due to cessation of
licensing activities for CRBR.

2. Presently in the U.S., we are undertaking
the development of an advanced Liquid Metal Re-
actor (LMR). The emphasis in this program is on
development of a design concept that can accom-
modate severe reactor and plant transients with-
out threat of core degradation. In our view at
Argonne, the goal cf an inherently safe LMR is
advanced by the use of uranium metal alloy fuel
such as is used at ESR-II since the margins to
fuel melting have been shown to be greater than
with oxide fuel (ref. 2). In our out-of-pile
program we have performed scoping-type studies
of the interaction between molten metal alloy
fuel and sodium. In doing so we have obtained
data on the consequences of core melt in this
system, aside from the question of probability
of occurrence. These studies have also been
completed, and the general outcomes are de-
scribed here.
OXIOE FUEL EXPERIMENT PROGRAMS

3. The OPERA (Out-of-JMle fxpulsion and
Reentry Apparatus) experiments investigated so-
dium boiling and subsequent channel voiding in
pin bundle geometry during sodium flow coastdown
transients. Ths final test in the series was
performed with 15 electrically heated fuel pin

simulators in a triangular-shaped test section,
designed to represent a one-sixth segment of a
61-pin bundle (Fig. 1) (ref. 3). The purpose of
this test was to examine boiling and voiding
progression in the presence of radial tempera-
ture variations as exists in the full size sub-
assembly. The 2-D temperature field was
achieved by varying the subchannel sizes across
the bundle. The pin dimensions and heated zone
were fully prototypic. Operating conditions
were selected to represent a CRBR high-power
subassembly; pin power was 26.7 kW average, in-
let temperature was 323C. The flow cnastdown
was programmed to represent the flow during the
CRBR pump coastdown. The lateral temperature
gradient at boiling inception measured by inter-
nal (wirewrap) thermocouples was 104C. The data
in Fig. 1 shows that the sodium voiding, re-
flected in this case by the temperature attain-
ing TSAT, progressed from the innermost subchan-
nel to the outermost subchannel in 1.5 s. This
relatively short time demonstrates the impor-
tance of interconnected channel effects in this
voiding process, which reduced the voiding non-
coherence from about 5 s had the process been

Fig. 1. OPERA-15 bundle thermocouple ten!
atures 1.27 cm upstream from the end of the
heated zone
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dominated by separate channel effects. This
test confirmed that the SAS single-channel void-
Ing model is an acceptable representation of
subassembly voiding due to interconnected chan-
nel effects.

4. The CAMEL tests have addressed phenomena
associated with TOP sequences in which molten
fuel is injected into flowing sodium under pro-
totypic subassembly conditions (ref. 1) In the
recent C5 test (ref. 4), a limiting case of 2-0
injection was examined simulating the case of a
small number of pin failures in a subassembly
ear .y during a TOP, or alternatively, simulating
molten fuel ejection from a local fault condi-
tion. A molten fuel mass of 10 ± 1 g was re-
leased into the central 7-pin region of a 37-pin
bundle. The sodium temperature was 500C, the
velocity in the pin bundle was 7.0 m/s, and the
axial pressure gradient and inertial lengths
mocked up a CRBR subassembly. In this 2-D test,
the fuel plated out within the central subchan-
nels of the assembly, forming an 8% area block-
age over - 6 cm length. Only ~ 3% of the in-
jected fuel was swept out by the flowing sodium.
It was concluded that 2-D effects in the bundle
allowed the flowing sodium to bypass the region
of injected fuel, thereby precluding any signif-
icant sweepout. This is in contrast to previous
CAMEL tests C2-C4 in which fuel was injected un-
der nominally 1-D conditions; in those tests the
sweepout amounted to 30-40% of the injected fuel
mass.

5. As part of the CAMEL program, special
tests called HOTSHOT were performed which were
similar to the C-series except that the tempera-
ture of the sodium was increased to 880C, about
2SC subcooled at the fuel injection elevation.
Seven pin bundle sizes were used; about 40 g of
fuel was injected nominally uniformly into flow-
ing sodium. In HOTSHOT I the loop hydraulic
conditions were designed to represent the Mark
II loop used for TREAT E- and H-series tests,
whereas HOTSHOT II hydraulics simulated the CRBR
"subassembly. With the weak TREAT loop hydrau-
lics, inlet flow reversal occurred almost imme-
diately upon fuel injection, there was small
fuel sweepout, and the channel was left in a
largely plugged condition (ref. 5). With the
stronger subassembly hydraulics, there was no
flow reversal upon injection, sweepout increased
to ~ 30%, and the flowrate recovered to - 80%
its preinjection value. Nonenergetic fuel-cool-
ant thermal interactions were measured in the
latter test, but the conversion of thermal ener-
gy to mechanical work was extremely small.

6. It has been common to consider the occur-
rence of a "bottled-up" core configuration fol-
lowing the loss-of-flow-initiator, where the
subassembly is plugged at both the top and bot-
tom by relocated cladding and/or dispersed fuel.
The accident then enters a transition phase
(more recently termed the meltout phase when ap-
plied to CRBR licensing issues). This accident
stage begins with individual plugged subassem-
blies which eventually coalesce into larger re-
gions upon the meltout of intervening structure.
We have investigated aspects of the fuel/steel
pool behavior within the bottled-up subassembly
or core region, and we have also examined the
possible removal of fuel from this region when
escape paths become available during the struc-
ture nieltout, namely, through the intersubassem-

bly gap volume and the control assembly ducts.
. 7. The pool boil up behavior and condensing

heat transfer were examined in a closed vessel
simulating certain features of a "bottled-up"
core during the transition phase. Molten fuel
was simulated with water with volumetric heat
generation approximated by use of uniformly dis-
tributed electrical cartridge heaters; the pres-
ence of noncondensables was simulated with air
and helium. Pressures ranged ,"rom 1/3 to
25 atm; heat generation ranged from 1/2 to
5 MW/M3. Steady state heat transfer data were
taken for condensation on the underside of the
vessel top closure. Analyses of the data re-
sulted in the following conclusions. Boiling
pool void fractions could not be accurately pre-
dicted with available calculational models over
the entire range of conditions. For example,
attempts at empirical correlations based on di-
mensionless superficial vapor velocities and
drift flux formulations could not account for an
apparent large effect of pressure. The type of
condensation that occurred (i.e. film, dropwise,
or mixed modes) as observed through the vessel's
view ports was vsry sensitive to the cleanliness
of the system and, in a less consistent manner,
to the pressure and gas content. Except for a
relatively small effect of pressure, film con-
densation heat transfer with negligible gas con-
tent could be adequately predicted by available
correlations. As is well known, the presence of
noncondensable gas has an important adverse ef-
fect on heat transfer rates, kith the heavier
gas (air compared to water vapor) and film con-
densation, density gradient induced convection
could be accounted for by use of a mass transfer
analogy with natural convection heat transfer
over the entire range of the data. With the
lighter gas (helium compared to water vapor) and
film condensation, heat transfer rates could be
predicted by a simple molecular mass diffusion
model when gas concentrations were less than
about 0.01 volume average mole fraction. For
higher helium concentrations heat transfer rates
were much larger than predicted by this model.
Observations through the view ports for these
larger helium content conditions indicate the
likely occurrence of convection induced by the
formation and gravity settling of mist or fog,
which could be the cause of the larger heat
transfer rates. The data obtained with dropwise
or mixed mode condensation were not sufficiently
reproducible to allow reasonable data correla-
tion, as is typical with these types of conden-
sation. In general, the results of the boiled-
up pool experiments and data analyses clearly
indicate the complexity of the mechanisms in-
volved even under steady state conditions, in-
dicating the need for further research if the
related portions of an accident are to be
treated in a mechanistic predictive manner.

8. In some postulated accident scenarios sud-
den vapor generation produces a shock wave which
propagates through the two-phase boiled up pool .•
region. Analysis of the subsequent pool behav-
ior requires knowledge of the changes in propa-
gation speed and shape of the shock wave as it
passes through the two-phase mixture and the ma-
terial motion of both the liquid and vapor com-
ponents behind the shock wave. The shock char-
acteristics vary with changes in a) the void
fraction and flow pattern of the two-phase mix-



ture, b) the pressure amplitude of the shock
wave, and c) the pressure required to condense
the phase. A two-phase shock tube was con-
structed to investigate the behavior of a two-
phase mixture during passage of a shock wave.
The length of the shock tube above the two-phase
region was long enough to produce a stabilized
5-10 ms gas shock. Tests were conducted with
void fractions in the 2-30S range and shock
pressures in the 1-8 atm range. Voids were gen-
erated with non-condensable gas (N2) and con-
densable vapors with two different degrees of
superheat (refrigerants 11 and 114). Variations
in the propagation speed and shape of the shock
wave were measured in the two-phase column using
flush mounted crystal pressure transducers with
high frequency response. Movies were analyzed
to measure initial mean void fraction and change
in mean void fraction during shock passage. A
close-up movie was analyzed to measure bubble
shape and velocity and liquid velocity (using
special tracer techniques) during and after the
shock passage. Measurements compared well with
predictions of simple models for test cases with
low-pressure shocks passing through a two-phase
mixture with low void fractions and non-conden-
sable gas. Deviations from any of these refer-
ence conditions produced differences between
predicted and measured behavior. For example,
increase in the shock pressure past a certain
level caused sudden bubble fragmentation. As
the void fraction increased the system reached a
point where more than one stable flow regime
existed for a single mean void fraction. The
system response are primarily determined by the
flow regime and not the void fraction. Finally,
high pressure tests with condensable vapor
showed that condensation may produce a strong
amplification of the shock pressure followed by
a metastable non-voided state of long duration.

9. During the meltout stage of the accident,
the flow of molten steel structural material may
precede the dispersal of fuel through escape
paths leading from the disrupted core. To ad-
dress the possible preplugging of these paths, a
series of metal freezing experiments (ref. 6)
was conducted in which molten stainless steel at
from zero to 200K above the liquidus temperature
and between 0.007 and 0.1 MPa driving pressure
were injected upward and downward into 6.4 and
3.3 mm ID stainless steel channels. The in-
jected masses were large enough that complete
plugs were formed in all cases halting the con-
tinued injection of melt. A significant differ-
ence in behavior between injections carried out
in the downward versus upward directions was ob-
served which is explained in terms of the non-
wetting of the tube wall. Specifically, for
downward injection in the absence of wetting,
the melt stream contracted away from the wall
due to gravitational acceleration breaking up
into slugs or droplets which fell through the
entire tube length without undergoing additional
significant heat loss. In contrast, for upward
injection, the melt was decelerated by gravity
and filled the channel cross-sectional flow area
such that conduction heat transfer took place at
the wall resulting in freezing. The EMF-C cou-
pled fluid dynamics/heat transfer computer pro-
gram {ref. 6) was developed to calculate the
freezing controlled penetration of melt in a
channel assuming that freezing takes place with

the growth of a stable solid layer, or crust,
upon the channel wall. Code calculations were
In very good agreement with the measured metal
masses Injected into the tubes, limited by plug
formation, indicating that the stable crust
growth/conduction model is appropriate for pre-
dicting the penetration of molten structural ma-
terial through channels. This 1s the case not
only for the upward injection experiments, but
also for the downward oriented test in which
metal is assumed to .fill the tube cross section
only at a short entrance region. Application of
the EMF-C code to the dispersal of molten stain-
less steel downward through the gap channels
nominally separating adjacent subassemblies be-
low the CRBR active core region predicts that
the molten steel would most likely be deposited
as a thin crust on the channel walls leaving an
open pathway remining for subsequent fuel flow
(ref. 7).

10. The freezing controlled penetration of
flowing molten oxide fuel has been investigated
using a fuel-metal mixture generated by a ther-
mite reaction and consisting of 81% U0 2 and 19%
Mo at 3470K (corresponding to 335 and 580K of
molten superheat above the UO2 and Mo freezing
temperatures respectively) injected into a vari-
ety of dispersal pathway geometries. In the
SHOTGUN tests (ref. 8), fuel was injected at
various driving pressures downward into thick-
walled 6.35 mm ID tubes initially at room tem-
perature. In specific tests, the UOg and Mo
were allowed to segregate prior to injection
such that predominantly U02 entered the tube
first followed by some Mo at late times. In
other experiments, segregation was minimized to
produce a heterogeneous mixture of fine Mo drop-
lets within a UOp continuum. In all tests, wet-
ting of the stainless steel wall and the forma-
tion of stable crusts on the tube inner surface
were observed. However, detailed calculations
of specific tests utilizing the EMF-C program
overpredict the fuel leading edge penetration
distance by a factor of ~ 2.5. This is the case
for both experiments involving predominantly UOg
flow as well as interdispersed U0 2 and Mo.

11. The GAP series of tests (refs 8,9) inves-
tigated fuel dispersal through the flat narrow
channels representing the gaps separating adja-
cent CRBR subassemblies. In particular, the
GAP-4 experiment involved the injection of a
UO2-M0 mixture under gravity head into a rec-
tangular stainless steel channel 4.3 mm by 20 cm
(~ 3 hexcan flat widths) by 1 m long, initially
at 900C. The leading edge penetrated 0.35 m
with fingers of molten material protruding some-
what beyond the leading edge. Posttest examina-
tion showed the presence of stable, insulating
crusts on the steel walls; there was only local-
ized melting and ablation of the walls. In con-
trast, the conduction freezing code calculations
predicted that the fuel should drain the entire
1 m test section length to form a pool at the
bottom leaving behind a thin crust which only
partially obstructs the channel (ref. 9 ) .

12. The Lower Internals Drainage (LID)
experiments (ref. 8) examined fuel flow through
the constricted flowpath provided by a stack of
seven orifice plates initially at 500C repre-
senting the orifice zone at the bottom of a CRBR
primary control assembly. For driving pressure
drops of 0.8 and 1.2 MPa, one-half to three-



fourths of the Injected mass of 2 kg exited the
bottom of the stack with the remainder solidi-
fied as crust. The observed crust thicknesses
were greater than those estimated for the freez-
ing of UO2 upon a stainless steel substrate. In
a gravity drainage test, complete plugging oc-
curred before any significant fuel mass exited
the bottom.

13. In early tests involving high pressure
injections of the UO2-M0 mixture into prototypic
FFTF and CRBR seven and thirty-seven pin bundles
(refs 10,11), the mixture often froze fnsicie the
bundles rather than penetrate the entire 1.2 to
1.5 m pin lengths as was predicted by simple
conduction theory estimates. The observed pene-
trations were, however, longer by a factor of
two or more than those predicted by the bulk
freezing concept wnich completely ignores stable
crust formation. The pin bundle experiments re-
vealed extensive cladding melting and intermix-
ing with the fuel. The results here may reflect
a reduced stability for crust formation on the
outside of cladding relative to crust growth on
the inside of tubes or upon flat plates
(ref. 12). In specific experiments, the pres-
ence of molten steel at the leading edge com-
bined with sustained driving pressure is
believed to have given rise to extended fuel mo-
tion with the ultimate penetration determined by
the crust growth-controlled freezing of melted
steel (ref. 13).

14. Tests were performed to examine the abla-
tion of structural members when impinged by a
jet of molten fuel. A 60% UOo-16% ZrO2-2«
stainless steel mixture at ~ 160K above its
oxide phase freezing temperature of 2920K was
impinged normally at various driving pressures
upon stainless steel plates initially at 30 and
100C (ref. 14). A computer model was developed
to predict the heatup of thermocouples imbedded
immediately beneath the surface of the plate for
cases in which a stable crust is assumed to be
either present or absent during melt impinge-
ment. Comparison of model calculations with the
measured thermocouple temperatures indicates
that a protective crust was present over nearly
all of the plate surface throughout the impinge-
ment process precluding major melting of the
plate steel. However, the experiments also
showed evidence for very localized and isolated
steel melting as revealed by localized and iso-
lated surface pitting and the response of ther-
mocouples located in the pitted region.

15. In general, the oxide fuel penetration
and impingement experiments have clearly shown
the existence of stable UOo crusts on the flow-
path inner surface tending to insulate the
stainless steel from the hot UOg. The reason
for the enhanced freezing potential of oxide
fuel relative to that predicted by detailed cal-
culations assuming crust growth-induced freezing
and plugging together with nominal thermophysi-
cai properties for UO2 and UOg-Mo is not under-
stood. While the observed penetrations are
shorter than predicted by the stable crust
growth freezing concept, the actual penetration
distances are highly significant in terms of
mass removal from the disrupted core. The lead-
Ing edge penetrations in the tube and pin bundle
experiments indicate that all of the fuel from
the active core can be relocated into the axial
pin structure. The observed penetration through

the Interassembly gap geometry corresponds to
two thirds of the below-core gap volume. The
results of the jet Impingement and lower Inter-
nals drainage experiments indicate that the mi-
gration of dispersed fuel within the reactor
vessel and its thermal attack upon the structure
should be characterized by stable crust forma-
tion.

16. The programs addressing the meltout stage
phenomena were augmented by two CAMEL tests rep-
resenting molten fuel entry into non-voided con-
trol assemblies. The test sections were full
size mockups of primary control assembly (PCA)
hexducts filled with slowly flowing sodium, and
their hydraulics were prototypic for the case of
the rod bundle fully withdrawn. The tests rep-
resented blowdown and fuel dispersal into the
sodium-filled duct at a midplane breach using
the UO0/M0 fuel mixture at 3470K; the sodium
temperature was 500C. Both tests involved the
injection of about 2 kg quantities of melt into
the sodium, at ~ 0.6 MPa pressure for C6 and
~ 0.3 MPa pressure for C7. The sodium-filled
ducts underwent rapid upward and downward void-
ing subsequent to injection onset. Much of the
injected fuel flowed across the voided region,
impinged on the far wall, and flowed upward and
downward as well as formed a crust layer. Axial
fuel removal to beyond core distances amounted
to 40-50% of the injected fuel. Much of this
fuel went up with the upper sodium slug, partic-
ularly in C6. FCI's occurred only in C6 and had
benign energetics; the thermal-to-mechanical en-
ergy conversion ratio was exceedingly small.
With greater masses of fuel entering the duct in
an accident sequence, downward draining would
become important leading to the conditions de-
scribed for the LID tests in which the fuel
flows to the bottom of the assembly where it en-
counters the stack of orifice plates.

17. Molten fuel and sodium may come into con-
tact with one another during various stages of
the accident, and the importance of having an
understanding of the interaction between the ma-
terials has long been recognized (ref. 15).
Recently, we have been addressing issues of fun-
damental importance for assessing fuel-coolant
interaction enargetics, particularly, the sta-
bility of sodium vapor film and boiling fragmen-
tation in molten UOj/sodium contacts. In this
experiment program, individual drops of UOo were
melted by a laser heating technique and allowed
to fall into liquid sodium at a range of temper-
atures. Measurements consisted of a high-speed
motion picture of the sodium interface and the
(JOg drop as it approached the surface, a record
of the pressure in the sodium including the in-
teraction delay time, and U02 particle analysis
after the event. The laser was a dual beam C02
system with oa:h unit having a nominal power
rating of 400 watts'. A loop of 0.35 mm diameter
tungsten wirs held the UO2 sample in the beam
paths and was attached to a support rod con-
nected to a pneumatic cylinder. The bottom sec-
tion of the vessel contained the sodium and had
a camera view port and two windows for photo-
graphic illumination. Initially, the procedure
for melting and dropping the sample was devel-
oped using ZrO£. A number of tests were made in
which 0.1-g samples of ZrOg were melted, held
for tens of seconds at temperatures between 3100
and 3200°C and dropped onto the stainless steel



bottom of tha apparatus. The transition from
ZrOo to UO2 was expected to be straightforward
but the high vapor pressure of the U02 caused
several problems. Initial attempts to melt sam-
ples generated hollow UO? cylinders surrounding
the beam path as material sublimed from the hot
center of the beams to crystalize on the cooler
periphery. Increasing the gas pressure in the
apparatus to five atmospheres reduced the vapor-
ization, and rapidly rotating (4 rps) the sample
and de-focussing the lenses gave a more uniform
temperature. The remaining vapor condensed into
a smoke of fine particles surrounding the sample
and scattering the laser beams, reducing the en-
ergy flux on the sample. The best results were
obtained by preheating the sample to about
2300C, where smoke production was insignificant,
then abruptly increasing the laser power to max-
imum. However, the step increase in power often
fractured the sample and broke off small pieces
of solid UOp, apparently due to thermal stress.
This thermal stress induced breakup made it ex-
tremely difficult to produce a free-falling,
single drop of molten UO2. Thus, an alternate
technique for controlled insertion of the UOo
sample into the sodium tank was developed ana
successfully tested. In this technique, a drop
of molten UO? was introduced into the sodium
pool while being attached to the tungsten wire
rather than falling freely into the pool.

18. The coolability limits of beds of oxide
fuel particles formed by the interaction of mol-
ten fuel and sodium have been an important part
of our accident studies. Here we summarize the
results of two recent investigations addressing
dryout limits and coolability enhancement meas-
ures. Measurements of dryout were made for a
bed of stainless steel particles in sodium to
provide data for comparison with dryout theories
(ref. 16). The particles were close to spheri-
cal and had a narrow size distribution. The
vessel containing the sodium and particle bed
was rectangular in cross section, measuring
51 mm x 102 mm x 250 mm in height. The vessel
was bottom heated, and a NaK condenser was used
to measure the input heat flux based upon the
rate of sodium vapor condensation. Four parti-
cle sizes were used from 88 to 780 nm, and the
bed depth varied from 20 to 180 mm. The dryout
heat fluxes exhibited the typical decrease with
increased bed loading and asymptotically ap-
proached a constant value for deep beds
(Fig. 2). This behavior is attributed to the
formation of channels at the bed surface caused
by the force of the expanding vapor. The chan-
nels are typically several centimeters deep and
extend to the base of shallow beds permitting a
low resistance release of the vapor throughout
the bed and resultant high dryout heat flux.
For the case of deeper beds the channels extend
only a fraction of the bed depth downward from
the surface with the lower portion of the bed
fixed and offering considerable resistance to
vapor release. The dryout heat flux becomes in-
dependent of depth for deep beds where the re-
sistance of the lower fixed bed predominates.
The dryout heat flux decreased with decrease in
particle size for the particles in the 178 to
780 urn size range because of the increased sur-
face resistance of the smaller particles. How-
ever, the trend was broken in that the observed
dryout heat flux for the 88 urn particles was
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Fig. 2. Dryout limits for stainless steel
spheres in sodium

greater than for the 178 \m particles. This was
attributed to the deep channel formation in the
bed of the fine particles.

19. The Shires and Stevens model (ref. 17)
was found to give the best agreement with the
data. However, it predicts no difference be-
tween bottom and volume heating despite evidence
for existence of a difference which may amount
to a factor of two increase in the dryout heat
flux for volume heating compared to bottom heat-
ing.

20. We have also examined the use of systems
to increase the levels of debris bed dryout heat
flux (ref. 18). The design of such systems must
be based on simplicity of construction and the
ability to withstand jet impact by molten de-
bris. In early studies at Argonne, we recog-
nized that the dryout heat flux is controlled by
the rate at which vapor can escape. Recent in-
vestigations have examined the use of a high
porosity media such as sintered stainless steel
shot. Appropriately designed columns of the
high porosity media would be resistant to jet
impact, provide paths of low resistance for the
vapor escape, and serve to dilute the concentra-
tion of debris. Tests of this concept were con-
ducted by inductively heating in water a bed of
105 to 1000 urn stainless steel and nickel parti-
cles in a "two-dimensional" configuration
(11.1 mm thick by 305 mm wide by 150 mm high).
Columns of 3-mm glass spheres with widths of
12.7, 25.4, 38.1, and 50.8 were used. Up to
five columns were compared to the case of the
bed without any enhancement devices. A 20% in-
crease in dryout heat flux was obtained with a
single 12.7 or 25.4-mm wide column. A- single
50.8-mm column resulted in a 90% improvement.
The dryout heat fluxes generally were observed
to increase with the number of columns. For the
cases of four 38.1-mm columns and two 50.8-mm
columns the vapor generation rate before dryout
occurred exceeded the capacity of the vapor con-
densers used to monitor the heat flux.

METAL FUEL PROGRAMS
21, Recent investigations have focused upon

the use of sodium-bonded metal fuel in an ad-
vanced pool-type liquid metal reactor (LMR),
such as ANL's proposed Integral Fast Reactor
(IFR) (ref. 2). As mentioned in the introduc-
tion, these studies contradict the inherent
safety approach being taken in the advanced LMR



program; the studies were performed only to pro-
vide assurance of the basic compatabiiity be-
tween the sodium and the proposed fuel even
under unexpected conditions of contact.

22. A study of accident energetics in a metal
fueled reactor revealed important differences
compared to the oxide system (ref. 19). In pre-
vious accident analyses involving vapor produc-
tion and expansion effects performed for oxide-
fuelecl cores, it was considered that vapor is
produced very suddenly in the core region, in-
itially producing a pressure wave which prop-
agates through the coolant, and subsequently
accelerated a liquid slug as the vapor zone un-
dergoes expansion. The working fluid may be
fuel vapor in some accident sequences, owing to
the relatively small temperature difference of
~ 450K between the melting and boiling points
for mixed oxide fuel. Hence, in oxide cores, a
reactivity insertion capable of causing rapid
fuel melting may also cause significant fuel va-
por pressure. Alternatively, the working fluid
has also been considered to be sodium vapor, re-
sulting from a fuel-coolant interaction (FCI) in
which vapor is formed on an explosive time
scale. In both cases, the vapor formation and
expansion processes have been considered to oc-
cur on such a short time scale that heat trans-
fer from the vapor to surrounding structure and
coolant during this expansion process was typ-
ically ignored. This picture is significantly
different, however, for a reactor with metal
fuel. The metal fuel boiling point is ~ 3000C
above its melting point, and hence, metal fuel
vapor pressure is not a significant factor. Ad-
ditionally, application of the interface tem-
perature criterion for a large-scale vapor
explosion indicates that the metal fuel tempera-
ture would have to exceed ~ 3000C for an ener-
getic FCI to occur, and this temperature is
nowhere near approached with an inherently safe
core design. In addition, scoping calculations
indicate that sodium vapor from failed pins and
from channel boiling may condense as rapidly as
it enters into the sodium pool. Hence there ap-
pears to be no mechanism in a metal-fueled reac-
tor to give a large, energetic vapor expansion
process as was characteristic of previous oxide-
core analyses, eliminating the possibility of
there being appreciable work done on the system
or even of transporting fission products to the
cover gas region.

23. The CAMEL C9 test was performed to inves-
tigate the interaction of molten metal fuel with
flowing sodium under the conditions characteris-
tic of a TOP accident. As was the case with
other CAMEL tests, the purpose was to examine
the interaction energetics, extent of fuel
sweepout, and extent of channel plugging. An
induction-heated furnace was constructed which
heated a U-5 w/o Zr alloy to about 1350C, about
100C above the alloy liquidus temperature. In
excess of 100 g of melt was injected into sodium
at 500C flowing at 6 m/s through a 7-pin bundle;
hydraulic conditions and pin and bundle dimen-
sions were representative of a CRBR subassembly.
Test data shows that there were no FCI events in
contrast to typical CAMEL tests with oxide fuel
injection. The X-rays show plateout of fuel ma-
terial on the cladding surfaces in a pattern di-
rected downstream from the injection elevation.
The plated-out fuel caused a flow reduction of

~ 20% through the bundle. Although there is
evidence that sweepout occurred, posttest exam-
ination has not progressed sufficiently far to
quantify it. ' • - .

24. A series of tests was recently completed
In which molten metal fuel was poured into a
deep column of sodium. These tests were per-
formed to investigate the energetics of the
Interaction, to examine the formation of a par-
ticle bed for this system, and to enable evalua-
tion of the bed cool ability limits. The fuel
alloy used was U-5 w/o Zr which has about the
same freezing temperature as the U-15 w/o Pu-10
w/o Zr ternary alloy proposed for IFR. In the
reference case the fuel temperature was about
1625K which was about 100K above the liquidus
temperature; the sodium temperature was 873K. A
3 kg mass of fuel was dropped from an induction-
heated furnace through a 25 mm dia injection
nozzle, entering the 1.2 m deep sodium pool at
about 2 m/s. Numerous tests were performed with
variations in the conditions described. There
were no FCI's; the molten fuel was quenched in a
quiescent manner prior to collecting on the
base. For the most part the frozen debris was
in the form of sheets and filaments rather than
particles, reflecting the rapid solidification
process between the high conductivity melt and
the high conductivity quench medium as hydrody-
namic breakup was taking place. The voidage of
the fragment beds was ~ 90%, and for calcula-
tional purposes a mean particle size of 10 mm
was used. Both these values are much larger
than is typical of oxide fuel debris beds.

25. Scoping studies of the coolability of a
metal fuel debris bed were performed both for
single phase conduction heat transfer and for
the thermal hydraulics of sodium boiling. For
the conduction case, the temperature difference
between the center of the bed and the pool was
ta<en as 900-550 = 450K. For 0.9 voidage and no
stainless steel in the bed, 1% decay heat can be
removed in bed depths up to ~ 0.4 m without
boiling. When boiling limits are examined there
is a significant uncertainty since the metal
fuel fragments are far from spherical with shape
factors significantly less than 1.0. Several
correlations for deep bed dryout were compared,
and all consistently show that for 0.9 voidage
the coolable bed depths are extraordinarily
high. Even for 0.5 voidage a bed depth of at
least 3 m would be coolable. It was concluded
from these metal fuel fragmentation and coola-
bility studies that the debris would be in a
form that would be readily cooled by conduction;
very deep beds would be readily cooled by boil-
ing. In-vessel retention would be a likely out-
come.

SUMMARY
26. To summarize, tests of sodium voiding in

large pin bundles with nonuniform radial temper-
ature distribution have confirmed that the SAS
1-D channel voiding model is an acceptable rep-
resentation of subassembly voiding. Fuel sweep-
out has been shown to be an important fuel
removal process under TOP-type accident condi-
tions, but less so for local-fault type melting.
Tests with U02 and sodium fail to show occur-
rences of large-scale vapor explosions, although
non-energetic, local interactions are almost in-
variably measured. Fuel dispersal tests have
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consistently shown that large masses of molten
fuel may be relocated from the core through nu-
merous available pathways (e.g., axial blankets,
lnteraubassembly gaps, open control assembly
volume, etc.), but that fuel freezing and plug-
ging are likely to occur In the channels, pro-
longing the time to attain a final coolable con-
figuration. Test results have consistently
6hown that molten oxide fuel fragments to typ-
ically subraillimeter particle sizes upon con-
tacting sodium; this small particle size makes
it unlikely that cooling of particle beds deeper
than about ten centimeters can be achieved at
decay heat power level.

27. Our analyses of the metal-fueled reactor
indicate that the system is highly tolerant of
even severe transients and that a case can be
made against core disruption occurring for any
realistic initiators. Nonetheless, scoping
studies were performed which, indicated benign
energetics in the case of an accident in the
jaetal fuel/sodium system. This was confirmed in
the CAMEL metal fuel sweepout test and in a
series of metal fuel fragmentation and debris
formation tests. The coolabllity of a metal
fuel debris bed was shown to far surpass that of
an oxide bed.

28. Consistent with the direction of the US
advanced reactor (LMR) program which emphasizes
inherent safety and accident avoidance, the pro-
grams described In this paper are no longer
being carried out. In their place are new pro-
grams aimed at quantifying and enhancing reac-
tivity feedback mechanisms during postulated
reactor transients.
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