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Abstract

The Dry Capsule experiment series investigates the
coolability of dry fast reactor ccore debris through nuclear
heating of actual reactor materials in order to cobtain the
thermal properties of dry debris, the nature of the transition
from a debris bed to a molten pool, and the thermal and
kinetic behavior of molten pools. The purpose is to develop a
daca base in support of model development. The work is
jointly sponsored by the US Nuclear Regulatory Commission
(USNRC), the Power Reactor and Nuclear Fuel Development
Corporation (PNC, Japan), and Joint Research Centre, Ispra
(EURATOM) .

This report provides a brief description of the two
experiments in the Dry Capsule series and presents the results
of the postirradiation examination. These tests investigated
dry debris beds (-2 kg) composed of pure UO2 and mixed UOz and
stainless steel. The beds were taken into melt to observe the
growth of a molten pool in the UO, bed and the agglomeration
and migration of steel in a composite bed. The peak measured
temperature in the UO,; bed was above 3100°C., Approximately 50

percent of the urania formed a molten pool. Surrounding the
molten pool and an overlying void was a high density urania
crust. Lenticular pore formation and migration caused by

urania vapor transport in the strong thermal gradient were
seen in the urarla crust. 1In the mixed UO; and steel bed, the
peak measured temperature was 2600°C. All of the steel had
beer. mclten. Steel and urania migration were observed:; both
were thought to be caused by vapor transport mechanisms.
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1. INTRODUCTION

The Dry Debris Coolability Program at Sandia National
Laboratories investigates the coolability of particle beds
that may form following a severe accident involving core
disassembly in a Ligquid Metal Fast Breeder Reactor (LMFER).
This debris is capable of generating significant power through
the decay of fission products. If debris beds are flooded,
initial cooling is provided through conduction, convection,
and boiling of the coolant. If the decay heat power is
sufficiently high, a bed may dry out leaving debris cooled

primarily by conduction and radiation. With insufficient
cooling, the debris will proceed into melt and may threaten
the vessel. Reactor safety analyses typically assume that

debris dryout represents the coolability limit. However,
results from debris bed studies at Sandia indicate that dryout
may not represent the upper coolable configuration. Stable
conditions which pose no threat to reactor structures may
occur with portions of debris beds dried out. In order to
define the ultimate coolability limits, it is necessary to
determine the thermal characteristics of dry core debris and
the processes of molten pool formation. The Dry Capsule (DC)
experiment series inve-'jates the cooclability of dry fast
reactor core depris throuch nuclear heating of actual reactor
materials in order to obcain the thermal properties of dry
debris, the nature of the transition from a debris bed to a
molten pool, and the thermal and kinetic behavior of molten
poels. The purpose is to develop a data base in support of
model development. fhe work is jointlv sponsored by the US
Nuclear Regulatory Commissjon (USNRC), .ne Power Reactor and
Nuclear Fuel Development Corporation (PNC, Japan), and Joint
Research Centre, Ispra (EURATOM).

The Dry Capsule experiments investigated dry debris beds
composed of pure U0 (DC-1) and mixed UO, and stainless steel

(DC-2). The experiments were performed in-pile in the Annular
Core Research Reactor (ACRR) to obtain prototypic internal
heating. The capsules were cooled on top and bottom by a

closed loop helium system which allowed steady-state
operation. Sides were insulated to reduce radial heat losses.
The experiments were carried out in two parts. First., the
heat transfer characteristics of dry porous particulate beds
were studied. Several steady-state conditions were
established at various temperatures below melt to obtain data
on the bed thermal conductivity. Low temperature data were
used for comparison with out-of-pile measurements. High-
temperature data provided unique information on the total
effective conductivity in the range where radiative heat
transfer dominated. The UOy/steel bed provided data on the
effect of multiple solid components. Second, the beds were



taken into melt to observe the melt progression in a Uy bed
and the agglomeration and migration of steel i, a composite
bed.

The Dry Capsule program is an extension of the sodium
coolability work at Sandia. In complementary D-series
experiments, dryout criter.a were investigated using full-
height debris beds with overlying sodium pools. However,
these experiments were limited to submelting temperatures to
avoid the safety considerations of possible molten fuel/sodium
interaction upon liquid reentry. The later stages of the
postulated accidents were investigated separately in the Dry
Capsule program by simulating only the dry portion of the
debris beds and using argen gas to simulate sodium vapor. The
results from the DC experiments are also applicable to dried
out regions which may exist in light water reactor degraded
cores.

This report provides a brief description of the two
experiments in the Dry Capsule series and presents the results
of the postirradiation examination of the two beds. This
report complements the experiment report,l which is a full
description of the experiment and includes all of the thermal
data.

2. EXPERIMENT OBJECTIVES

The DC tests are phenomenological experiments and are
directed toward support of model development and verificaticn.
The purpose is twofold: (1) to develop a data base on the
thermal characteristics and behavior of dry reactor debris
under extreme temperatuires and prototypic thermal gradients
and (2) to understand the phenomena associated with melt of
structural and fuel materials. As such, pure materials were
chosen along with analyzable geometry.

The objectives of DC-1 were to investigate the thermal
characteristics of an inturnally-heated U0, debris bed from
1000°C to melt and to understand the phenomenoclogy and thermal
characteristics of a molten U0y pool. Bed and capsule
temperature distributions were measured at several steady-
state conditions during the test and phenomenological data
were obtained by microscopic examination of the bed upon
experiment disassembly. The temperature data is used to
obtain high-temperature heat transfer rates in pure UO; debris
and the bed heat partition, that is, the upward, downward, and
radial heat flux. Microscopic examination of the bed provides
information on the process of melting; the mechanism for crust
formation is of specific interest.
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In DC-1, the bed was composeu of 2.138 kg of UOp,

high and 80 mm in diameter.

calculated by the Fair-Hatch formula,?2 was 240 um. The

was formed by carefully spooning a well-mixed batch of UO;
into the crucible. The final bed height was estimated to have
an uncertainty of about 1 mm. The measured density of the UO;
particulate itself was 93 percent of theoretical,

resulting bed density was 6000 kg/m3.

including porosity within particulate)

percent.
dimensions and densities.

loading of the experiment,

about 100 to 200 kg/m3.

However,
jolting occurred during subsequent assembly,
some settling did occur.
beds, subjected to an arbitrary amount of tapping to
approximate the experiment handling,

increased in density
Each 100 kg/m3 increase in density

corresponds to a 1 percent decrease in porosity. The detailed

specifications of the DC-1 bed are listed in Table 1.

Table 1
Bed Description for DC~-1 and DC-2

RC=1 ——ltd. ..
Total UOQ,; Mass 2.1383 kg 1.5352 kg
Total Steel Mass - 0.5105 kg
Total Bed Mass 2.1383 kg 2.0457 kg
Bed Diameter 80.77 mm 80.39 mm
Bed Height 70 ¢+ 1 mm 70 £+ 1 mm
Gross Bed Volume 358 cm3 355 cm3
Bed Instr. Volume 2.4 cm3 5.6 cm3
Net Bed Volume 356 cm3 350 cm3
Bed Density 6006 kg/m3 5845 kg/m3
Avg. UOp Particle Density 93.0% TD 93.8% TD

(TD=10.97 g/cm3)

Bed Open Porosity 41.2% 39.0%
Eff. UOy Particle Diameter 240 um 240 um
Eff. Steel Particle Diameter - 438 um
Eff. Bed Particle Diameter 240 um 270 um

70 mm
The effective particle diameter,

and the
The open porosity (not

in the bed was 41.2
It should be noted that these were as-built
since vibration and
testing, and
Similar

UO,; Stoichiometry (XRD)

2.0004+0.0016 to same
2.0022+0,0006




The bed in DC-2 had the same nominal dimensions as in DC-
1. It consisted of a homogeneous mixture of 1.535 kg of fully
enriched UO; and 0.511 kg of 316L stainless steel particulate.
The average UO, particle density was slightly higher at 93.8
percent of theoretical density, and the final bed density was
5650 kg/m3. The resulting bed open porosity was 39 percent.
Stainless steel fragmented by inert gas to minimize the amount
of dissolved oxygen was used in the bed. The resulting
spherical particles were etched to remove any surface
oxidation. Chemical analysis indicated that the oxygen
content in the steel was 110 ppm and was uniform for all
particle sizes. The size distribution of the U0O; was
identical to that used in DC-1. The prototypic size
distribution for the steel was a factor of 2 larger than the
UO2:; however, the maximum size available from the
fragmentation method was 1 mm. Calculation of the effective
particle sizes yields 240 um for the UOz, 438 um for the
steel, and 270 um for the composite bed. The detailed
specifications of the DC-2 bed are listed in Tables ! and 2.

Table 2
Composition of Steel Particulate in DC-2

Type: 316L

Tested Components

Oxygen 0.011%
Nitrogen 0.107%
Carbhon 0.022%
Silicon 0.65%
Manganese 0.72%
Phosphorus 0.023%
Sul fur 0.007%
Chromium 16.9%
Nickel 11.2%
Molybdenum 2.08%
Iron Balance

5. INSTRUMENTATION

Instrumentation for these experiments consisted of four
ultrasonic thermometers (UT)3 and five W/Re thermocouples.
The ultrasonic thermometers consisted of a tungsten sens~i
inside of a ThO; sheath. In DC~-1, an outer protective
tungsten sheath was added to isolate the ThO; from molten UO;.
A depleted UO; thimble was placed between this tungsten sheath
and the crucible to reduce shunting of heat to the crucible.
In the ultrasonic thermometer, an average temperature across a



sensor interval is cobtained. Each sensor has five irtervals
of 10 mm, giving five temperature measurements per UT. The
ultrasonic thermometers were placed radially at 0, 20, 30, and
40 mm from the bed centerline. The axial measurement zone
extended from 25 to 75 mm from the bottom of the bed in DC-1
and from 20 to 70 mm in DC-2.

The bed thermocouples, custom manufactured by Hanford
Engineering Development Laboratory, had a tungsten sheath,
solid HfO, insulation, arnd W-5% Re/W-26% Re thermoelement
wires. In DC-2, an outer ThO; sheath was added to protect the
tungsten sheath from molten steel in the bed. Prior to the
experiments, prototypical thermocouples wers performance
tested to 2400°C for 4 h.

Several things should be noted when using data from the
bed instrumentation. First, the ultrasonic thermometers
measure an average temperature over a 10-mm interval. Second,
any instrumentation with a tungsten sheath in a large thermal
gradient will locally perturb the bed temperature. Hence,
while the temperature measurement of the instrumentation may
be accurate, proper interpretation of the temperature

distribution in the bed may require three-dimensional
analyses.

6. EZPERIMENT PROCEDURES

Th¢ experimental procedures for DC-1 and DC-2 were
sufficiently similar that both can be discussed together with
the differences being highlighted. The procedures for each
test were formulated to meet two main objectives. The first
objective was to attain steady-state temperature distributions
at various bed power levels in order to determine the
effective thermal conductivity of the debris. The second
objective was to melt the UO; (DC-1) or the steel (DC-2),
contain the melt, and obtain data on tha heat transfer and
physical behavior of the molten material.

Both tests involved first attaining three steady-state
conditions at different bed powers before any melting
occurred. The entire package was allowed to equilibrate for
at least an hour in order to attain a true steady-state
condition. This procedure was repeated for each of the
steady-state conditions. In DC-1 the peak measured
temperatures for the three steps were 975°, 1700°, and 2230°C.

For DC-2, the peak measured temperatures for the three steps
were 810°, 1080°', and 1340‘C.

Following the three steady-state conditiors, the reactor
power was increased to 2.6 W/g in DC-1 and 2.3 W/g in DC-2 in



or<z2r to obtain melting in the bed. For DC~1, the goal was to
me.t approyimetely half of the UUz. For DC-2, the goal was to
attain a maximum bed temperature of 2500°C, at which a
significant fraction of the steel would be molten. Once
again, the entire package was allowed to equilibrate to attain
a steady-state temperature distribution. The beds were held
at the maximum temperature approximately 40 min. After the
temperature of the molten debris configuration had
equilibrated, the reactor power was rapidly reduced to a low
value. The temperatures in the debris fell rapidly, and the
molten material froze.

After the experiment, the primary containments of DC-1 and
DC-2 were filled under vacuum with epoxy mounting medium.
From DC-1, a l-cm~-thick slice was cut vertically through the
<enter of the bed with the face of interest uiirough two
uitrasonic thermometers and two thermocouples. From DC-2, two
l-cm-thick slices were taken, one fruom each side of a similar
plane. These slices were prepared for macroscopic
examiration. Small samples were cut from the slices and
prepared for optical microscopy. Cutting diagrams are shown
in Figure 2.

7. POSTTEST STRUCTURAL ANALYSIS
7.1 b\l

DC-1 attained a peak measured temperature of -3100°C in
the center of the bed and -2500°C at the edge. At reak power,
the average radial temperature gradient in the horizontal
Flane through the center was -150°C/cm, while vertically above
and below the center it was -400°C/cm and -700°C/cm,
respectively. The posttest bed consisted of a shell of
restructured fuel holding a once-molten pool of UO; (Figure
3). A large void formed above the pool due to the difference
in porosity between the initial bed and the molten pool. The
final bed height was 66 mm, indicating a compaction of only 4
mm (5 percent). The grain structure of the shell indicates
that the hottest zone prior to molten-pool formation was a
shaliow, but radially large, disc-shaped area centered 42 to
43 mm above the bottom of the bed. This is substantiated by
the location of a breach in the instrument sheaths; note that
the lateral as well as central sheaths are affected.
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Figure 2. Posttest ¢ . '_.ing Diagrams, Scale 1:2






The columnar grain structure of the solidified pool
indicates the direction of heat flow Jduring solidification.
The grain structure at the upper edge of the pocl shows that
the heat removal rate was nearly equal through the side of the
bed and frum the top. The instrumentation sheaths acted as
cold fingers and caused some local tempe.:ature disturbances in
the bed. The relative heat transfer rate through the bottom
of the bed is not as clearly determined due to the presence of
the equiaxed zone overlaid by large, linked voids in the
center of the solidified pnool. The following (based on
microstructural evidence) is a possible scenario for the
freezing process: The pool begins tc freeze with 1long,
columnar grains forming due to the pronounced heat gradient.
The heat transfer rate is similar through the top, bottom, and
side of the bed. When freezing is -80 percent complete, the
h~at removal rate becomes insufficient to support columnar
creezing, and the remaining liquid freezes in large (due to
the paucity of impurity nucleation sites), equiaxed grains.
The large void volume is accounted for by solidification
shrinkage, although the morphology is atypical.

For the consideration of the microstructure, the bed was

conveniently divided into three parts. These are (1) the
outer, unaffected zone, (2) the vapor transport (restructured)
zone, and (3) the once-molten zone (Figure 4). The three

zones--from lower left to upper right--are seen clearly in
Figure 5, which is the lower left hand corner of the polished
cress section. The unaffected region, Zone i, is made up of
UO2 particles in which there is no significant change in
shape, size, »or microstructure as compared to the starting
material. The grains are equiaxed, with an average diameter
of -25 um. Tris loose particulate material occupies a small
area at the top and bottom of the bed (see Figure 3).

The vapor transport zone, Zone 2, provides an example of
the process of material relocation and densiyication in a
steep temperature gradient. 1In the coldest, or outer, region
of the vapor transport zone, small protuberances or fingers
formed on the up-gradient (hotter) surfaces of original
particles (Figure 6a). These are low porosity single
crystals, one to two times as wide as the base grains and
several times longer. Those fingers that formed in the hotter
regions of the vapor transport zone were larger. The fingers
are comprised of one or two crystals of fully dense material,
are of a generally angular cross section, and have a leading
face, which is perpendicular to the gradient vectoc.:. There is
some grain growth in the particles of starting material;
grains attain an average diameter of -50 um in the hottest
zones. Fingers formed in yet hotter regions of the vapor
transport zone contacted the cold ends of hotter particles and



formed lenticular pores (Figure 6b), such as are seen in
ceramic fuel pellets during initial restructuring.#4 The
hottest region of the vapor transport zone consists of dense
material through which lenticular pores migraced towards the
thermal center of the bed. The pores, which trail voids from
their outer edges, moved with their long dimension
perpendicular to the temperature gradient (Figure 7). This
region is found on the horder of the pool and above the large
void. In regions in which there was no longer a down-gradient
pore source, dense material with a columnar grain structure
was attained. Such material is seen near the large void along
the crucible walls and the instrument sheaths (Figure 8).

Vapor transport of UO; molecules from the down-gradient
(cold) side of up-gradient (hotter) particles to the up-
gradient (hot) side of adjacent down-gradient (colder)
particles began as the temperature exceeded approximately

2000°C. (Four previous studies of this phenomenon in oxide
fuel rods, cited in Reference 4, have placed the temperature
at the equiaxed-columnar region boundary (i.e., the vapor

transport boundary) at 1700°, 1800°, 2000°, and 2150°C.)
Here, as deposition proceeded, favorably oriented grains grew
with respect to other grains to form the "fingers" seen
earliir. Less favorably oriented incipient fingers
disappeared. The fingers grew parallel to the temperature
gradient with one or two flat leading faces. The faces, which
are probably low index planes, are not always truly
perpendicular to the gradient vector.

Down-gradient vapor transport of material eventually led
to the removal of nondensified areas bec3use the vapor
deposited material was less porous than the star:ing material.
Most lenticular pore motion occurred through previously
densified fuel. There was net movement of fuel out of the hot
zone. No conventinnal sintering of particles was seen.

The molten zone, Zone 3, consists of a pool of once-molten

material contained in the restructured material. The
microstructure shows large, columnar grains typical of a
material solidified in a temperature gradient. There is a

emall amount of microporosity; the pores, < 10 um in diameter,
are distributed rather evenly between the grain boundaries and
the grain interiors (Figure 9a and 9b;. The polarized .ight
reveals the grain structure.
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Figure 4. Unaffected (1)
and Molten (3) Zones of DC=-]
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Figure 6. Finger Formation and Growth and Lenticular Pore
Formation in DC-1
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The molten zone, Zone 3, consists of a pool of once-molten
naterial contained in the restructured material. The
microstructure shows large, columnar grains typical of a
material solidified in a temperature gradient. There 1is a
small amount of microporosity; the pores, < 10 um in diameter,
are distributed rather evenly between the grain boundaries and
the grain interlmr% (Figure 9a and 9b). The polarized light
reveals the grain structure.

The nature of the interface between the molten

restructured material is of interest. However, because

1ginal interface between molten and non-molten material
been obliterated by lenticular pore movement subsequent
freezing and the apparent interface moved -2 mm inward from
the position of the original interface, it is not possible to
know what the interface and pool region looked like
immediately prior to UO> melting. I'wo hypotheses are
presented. One 1s that a central void had formed due to
lenticular pore movement and that the molten zone extended
1Nnto a region of densified material “ontalning numerou:
lenticular pores 1ni fine porosity, but O Lnked :,;g;}t)n
r'his, with the good 1 mixing expected 'l
jlve rise to a very shallow interfacial re«
distinction between molten and never-molten )
quite clear. 'he second is that, at the time or the melt
step, the bed was very porous and although lent1<ulv
had formed, there was little apparent densification of
because of its low initial packing density. (The bed woulc«
resemble Zone 3 of DC-2.) Then, upon melting, capillarity
would pull the molten uel out 1nto the poxos between
particles, Such a s ucture was seen 1n a packed, UO» bed
that was heated to ncipient melting.?> ‘
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Figure 8.

MOLTE
POOL

Material Densified by Lenticular Pore Migration

in DC-1. There is no longer a vacancy source
in the restructured material at the left.
Location (2,25)
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7.2 - DC=3

DC-2 was heated in-pile to peak measured temperatures of
-2600°C. The average temperature gradient at peak power
across the center of the bed was -150°C/cm. The posttest
appearance of the bed showed little macroscopic change in the
UO; morphology (Figure 10). The steel was not distributed
evenly over the bed. There was a central depleted region in a
disc-shaped area -2 cm high and 5 cm in diameter. This area
was situated slightly above the midplane of the bed.
Elsewhere, the steel had undergone local agglomeration to ferm
irregular globules 1 to 5 mm in diameter and smaller spherical
particles < 1 mm in diameter. These were distributed fairly
evenly over the rest of the bed.

The description of the microstructurz of DC-2 can be
facilitated by considering three layers or shells. These are
(1) the outer layer in which the steel is molten but little
change is seen in the UO (the steel melt zone), (2) the
intermediate layer in which UO; transport and steel exodus
begin (the U0, vapor transport zone), and (3) the inner layer
in which 1lenticular pore migration and steel depletion are
found (the lenticular pore migration zone) (Figure 11). The
restructuring process is similar to that seen in DC-1 but is
complicated by the presence of steel. Figure 12 shows a
vertical strip through the center of the bed; Figure 13 shows
a horizontal strip from the edge towards the center in the hot
plane. The positions of these strips are shown in Figure 2b.

In the outer layer, Zone 1, where temperatures remained
below -2100°C, there was no significant change in the UOj
particles as compared to the starting material. Steel
particles fall roughly intc two groups. There are large
globules, 1 to 5 mm in diameter, with UO,; particles adhered to
their surfaces or, more rarely, embedded completely. This
zone is shown in the left-rost third of Figure 13, where the
large (light-colored) steel globules are surrounded by the
generally smaller, porous U0, particles. Generally, less than
half of a U0 particle was enveloped in steel (Figure 14).
The steel-UO0; contact angle is 90°+10°. Standard usage in
physics defines a contact angle of 0° (a sphere on a plane) as
the occurrerce of absolutely no wetting, 90° as the beginning
of wetting, and 180° as perfect wetting. Here, there is only
limited wetting. The =mall particles, 10 to 50 um in
diameter, are spherical or .Lemispherical. This is recondensed
material and is found on the UO; surfaces, where the same
contact angle (90°) is seen. All of the steel in the outer
layer had been molter

-21=-



In the intermediate layer, Zone 2, the first evidence of
significant material transport was seen. Fingers of densified
U0, formed on the up-gradient side of UO; particles. There is
less steel here, especially, fewer of the large globules.
There are large voids around which the UO; is distributed as
it is around large steel globules in the outer areas; these
seem to have once held steel. Zone 2 is seen in the right
two-thirds of Figure 13 and the top and bottom fifths of
Figure 12, where empty (dark) and half empty areas as well as
light, steel globules are surround=2d by UO; particles, the
size of which is much smaller than those in Zone 1. A third
steel morpholocy appeared in addition to the large and small
particles: the U0, fingers contained layers of steel (Figure
1%)
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Figure 14. UO, Particle Partially Emdedded in Steel
Globule.
Location (64,70).
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The inner region, Zone 3, is characterized by lenticular
pore formation and densification of the UOp by lenticular pore
migration (Figure 16). Steel exodus from the large globules
was common here. Small metal particles entirely enclosed by
UOp are also visible. Steel depletion is extensive in a very
thin disc within this inner region. Zone 3 is illustrated L
Figure 13: large voids, very 1little steel, and lenticular
pores in the fuel are seen.

Generally, the original appearance of the U0, particles
has been lost in Zone 3. Very near the center of the bed
there are, however, UO; particles that seem unchanged and lack
densified fingers (Figure 17a) as well as small agglomerations
of particles in which conventional sintering processes
occurred (Figure 17bh) These areas are encircled by densified
fingers the orientation of which indicates that such areas
were located at the thermal center--where there is no
gradient--sometime during the experiment.

Steel behavior in the packed UO; bed heated in-pile was
very different from behavior observed in earlier in- and out-
of-pile experiments.>®:,6,7,8 As the temperature of an area
rose above the 316L stainless steel liquidus temperature,
steel in that area began to melt. Coalescence of neighboring
particles occurred, forming globules with a high surface
tension. Loose UO; particles were pushed to the surface of
the liquid metal. This small-scale coalescence of steel--as
opposed to the large agglomerations seen with conventional
heating--can be explained by the steep temperature gradient.
The molten steel available in the area at a given time is
limited: steel in the adjacent, hotter region has already
undergone cocalescence while steel in the adjacent cooler
region is not molten. Hence, steel mcving into the hot zone
(by, for example, gravity or capillary action) does not
encounter more steel immediately. and steel moving into the

cold zone freezes. A globule apparently attains a stable
configuration before there is an important local temperature
rise. Two important differences between this and earlier

tests, which could also account for the different steel
behavior, are the initial oxygen content and steel morphology.
In the earlier tests, water fragmented steel, which contained

a large amount of oxygen and was in the form of 80- to 120-um
flakes was used,.

In areas heated above -2100°C, chromium depletion of the

steel 1is seen. In Zone 2, in areas heated above -2300 to
2400°C, steel evaporated from the globules and moved into the
colder zone where it condensed. (Kim® found that the vapo.

pressure of 316L stainiess steel became non-negligible above
2100°C and reached -0.25 atm at 2500°C. He also found that
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the evaporation rate of 316 stainless steel reached 1
g/cm2.s.,) Entire globules of steel were removed from the
hottest zone leaving empty shells of UO;. Partially
evaporated globules, with some steel remaining on the up-
gradient (hot) end, are seen in the adjacent cooler region.
The metal vapor condensed simultaneously with the UOy vapor on
the np-gradient (hot) end of UO, particles. The condensed
liquids apparently segregated quickly. The final morphology
was a layered structure in which UO; and steel are distinct
(Figure 15).
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a. Apparently Unaffected UO,; Particles in the Center of the
DC-2 Bed.
Location (34,34).

o

b. UO2 Particles Joined by nventional Sintering Processes.
Note orientation of ] 1ing finger \nd pores.
Location (2

&

Figure 17. Areas 1 istrating Behavior at Thermal Centers



Optically, the steel in the two outer layers appears to be
a single phase. In the center are some multiple phase
metallic particles with at least three phases (Figure 18).
Nowhere is a boundary phase between UO; and steel seen.

Energy dispersive X-ray analyses of the metallic materiail
in DC-2 were made at about 50 points in the bed from the left
edge to the thermal center at 35 to 40 mm above the bottom of
the bed. Elements lighter than sodium, such as oxygen, cannot
be detected by this methnd. The results have been estimated
to have a margin 6f error of < 10 percent. The results are
displayed graphically in Figure 19. In the outer part of the
bed, where large agglomerations of metal were seen, the metal
was one phase, essentially stainless steel. Moving from 0 to
15 mm, the proportions of Cr, Mn, and Si were decreased while
Fe, Ni, and Mo were concentrated. The Cr dropped from 20 wt%
at the outer edge, which represents a gain of 3 percent from
the as~ fabricated composition, to 10 wt%; the Fe increased
from 69 to 74 wt%, and the Ni from 9 wt%, a loss of 2 percent
frcm the as-fabricated composition, to 14 wt%. There were no
compositional gradients in contiguous material (i.e.,
agglomerations and fingers).

From 15 to 38 mm, the metal particles are much smaller and
have a segregated or multiphase structure. There is no clear
trend in compositional variation but these recurrent phases
can be found: an Fe-rich phase with -65 to 7% wt% Fe, balance
(Cr, Ni, and Mo); a Mo-rich phase with -40 to 50 wt% Mo, -40
to 50 wt%¥ Fe, and 10 wt% (Cr and Ni); and a U-rich phase of
variable composition containing U with Fe, Ni, Cr, and Mo.
The Mo-rich phase is first seen as the small droplets
remaining in the UO2 shells that once held steel. This phase
is seen with the Fe-rich phase when the Mo solubility limit in
"stainless steel" was exceeded due to the loss of the lower
melting point components (Fe, Cr, and Ni) by vapor transport.
The U-rich phase is seen conly very near the center.
Otherwise, no U is seen with the metallic material.

Analyses of large agglomerations of metal seen at -8 mm
abcve and below the hot center were also made. These were
found to be essentially stainless steel (75 percent Fe, 15
percent Ni, and 10 percent Cr) depleted of Mo, Mn, and Si.
There was a small amount of a second phase segregated in the
grain boundaries.

The composition of UO,; particles was analyzed at eight
points from the edge to the center of the bed. No variation
in composition was seen. Small amounts (< 1 wt%) of Fe and Cr
were detected; these may be background from the microscope.
No stoichiometry determination was performed.




8. SUMMARY AND CONCLUSIOWNS

The DC-1 ind DC-2 experiments were sectioned and analyzed.
In D2-1, a pure UO, bed, measured peak temperatures ranged
from 3100°C in the center of the bed to 2500°C at the edge.
The posttest configuration consisted of a shell of
restructured fuel holding a once-molten pool of UO; with a
large overlying void. The grain structure at the pool surface
indicated that the heat removal from the top was nearly equal
to that of the side. Outside of the shell was an unaffected
region composed of UO, particulate occupying the very top and
bottom of the bed. The mass of the once-molten pool was
approximately 1.2 kg, over half cf the original debris mass.
The large void above the pool conprised 25 to 30 vol% of the
total configuration and was primarily due to the difference in
porosity be'ween the initial bed and the molten pool. The
in.tial open porosity in the bed was 40 percent, which allowed
some compaction during the experiment; the final void volume
above the pool accounted for a large fraction of the total
original porosity in the bed, indicating that porosity is
"captured" during the crust formation.

The densification and agglomeration of U0, in forming the
crust at elevated temperatures and in the presence of a steep
thermal gradient did not proceed by conventional sintering
processes. The process noted in DC-1 was dominated by UOj
vapor transport and, although supporting evidence was
obliterated, probable densification due to capillary action
during molten pool formation. Temperatures exceeding -2000 to
2100°C were sufficent to initiate vapor transport. The UO3
was transported to cooler regions where it condensed. This
result=d in an initial decrease in particle size in the center
and a densification in the outer zones. This is evidenced by
the formation of high density fingers on particles in the
outer regions. The fingers grew and some contacted other
particles to fcrm lenticular pores. As the UO, transport
proceeded, tihie characteristic starting particulate debris with
open porosity was transformed into a dense material with
closed lenticul r porosity. Vapor transport, driven by the
thermal gr: dient, was then restricted to within the pore
itself. The net effect is that the lenticu.ar pores migrated
up the thermal gradient through previously densified fuel
until they reached a frec surface. The interface between the
molten UO and the crust during the heating phase had been
oklitcrited by pore uovement subsequent to freezing. This
meclhar .. of densification due to UO; vapor transport,
probubry combined with capillarity during melting, led to

~oh rent high density crusts capable of supporting overlying
mes e,
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The apparent sequence for formation of the molten pool
involved initial loss of material from the central region,
densification of outer regicns, melting and pool formation in
the center, expansicn of the crust, and enlargement of the

molten pool and overlying void. Because of the extens}ve
restructuring, there was no evidence of initial mateylal
motion being driven by capiliary force. With sustained

heating in a large bed, the crust moved outward until
encountering temperatures at which the UO; vapor pressure was
insufficient to allow significant material motion. The
integrity of the crust above the void is important in the
event of a quench or reflood in order to prevent large amounts
of coolant from interacting with the molten pool. In the
experiment, the 3190°C molten pool was stabilized within the
crust, which acted as a containment, given the cooled
boundaries.

The DC-2 experiment, which included 25 wt% stainless steel
debris, was limited to a peak measured temperature of 2600°C
in order to avoid U0, melt and hence to emphasize the effects
of steel melt and migration. All of the steel in the bed was
molten. The structure of DC-2 is best described by three
regions or shells. The inner region or central zone (highest
temperature) is largely devoid of steel, and the UO3
particulate has lost some material by the vapor transport
mechanism identified in DC-1. Toward the edge of thi region
there is evidence of UO; densification, finger format.on, and
some lenticular pore formation. There are fairly round void
areas surrounded by UO3, which appear to have orce held steel
agglomerated earlier in the experiment at lower temperatures.
The intermediate region shows clear evidence of UO; transport
by the presence of densified JO; fingers. Some of the fingers
contain layers of steel. Spherical void areas are also
present and some still contain steel remnants. In the outer
area there is essentially no change in the UOp particle
morphology. The steel morphology falls roughly into two
types: large globules, 1 to 5 mm in diameter, whose shape is
defined by the adjacent UO, particulate and small particles,
10 to 50 um in diameter, which are spherical in shape. The
steel-UO; contact angle is 90°+10°.

Elementai analysis of the steel in the bed indicates that
steel in the outer region is single phase and essentially
"stainless steel"” in composition. 1In the intermediate zone,
there are indications that the lower volatility constituents
of the steel were lost, while there was concentration of the
Mo. There are also multiphase structures with a Mo-rich
phase. The Mo-rich phase is also seen as remnants in the U0;
shells, which once contained large globules of stainless
steel. No boundary phase and no alloying is evident between
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the molten steel and the UO0j3. The steel behavior in the
experiment is described by the following: Above the steel
liquidus temperature, the steel melts and coalesces with
neighboring particles to form globules. The high surface
tension tends to displace the U0y particulate to the surface
of the melt. At temperatures above -2300° to 2400°C, the
steel evaporates from the globules and condenses in the cooler
outer regions. Hence the steel transport mechanism is similar
to the U0, transport in DC-1 in that it is dominated by vapor
effects.

The behavior of the steel in DC-2 was markedly different
from previous furnace and in-pile tests where the steel
migrated and agglomerated into large masses randomly without
any preferred location or direction. The interaction of the
steel with the UO; and movement of the steel is important to
understand since it influences development of molten pools and
affects the heat transfer in the bed. The results here
indicate that at elevated temperatures with large temperature
gradients, the steel will accumulate in the cooler outer
regions. The surface tension of the steel tends to hold it in
place in the UO; matrix where it condenses rather than
relocating to the bottom by gravity. Hence, with large beds
where the steel may condensé and freeze at the boundaries, a
layer is formed of a steel-rich material that would remelt at

much lower temperatures than UO melt. Even with the steel
relocation, the thermal conductivity of the bed increased
significantly. The initial conclusion derived from the

thermal data was that the stezl migration, if any, was toward
the center of the bed since the central temperatures were

depressed. This 1is consistent with the earlier tests.
However, it is clear in DC=-2 that the central region was
largely devoid of steel. Contributing reasons for the

increased average thermal conductivity of the bed are that the
steel path length has increased up to a factor of 10, there is
intimate contact between the steel and urania, and there is
interconnection .f the urania. The zone depleted of steel in
the center is a fairly small fraction of the bed. Moreover,

the U0, migration from the central area moves the heat source
to the outer regions.

It is postulated that if the bed power had been increased
to produce UOp melt, the remaining steel in the central region
would have been transported to the outer areas and the molten
pool, composed largely of UOy, would have been similar to that
of DC-1. A multilayered crust with an outer layer of
stainless steel and UO,; particulate, an intermediate mixed
layer, and an inner layer of densified UO; would be expected.

-38~



In conclusion, the two experiments have identified the

important governing phenomena associated with the transition
from a debris bed to a molten pool configuration. At elevated
temperatures in the preseince of large thermal gradients,
material motion of both stainless steel and urania is
dominated by vapor transport.

9.
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