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ABSTRACT

A molten core/material interaction experiment was performed at
the Large~Scale Melt Facility at Sandia National Laboratories. The
experiment involved the release of 230 kg of core melt, heated to
2923°K, into a magnesia brick crucible. Descriptions of the facility,
the melting technology, as well as results of the experiment, are
presented. Preliminary evaluations of the results indicate that
magnesia brick can be a suitable material for core ladle construction.
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Executive Summary

The largest interaction experiment ever conducted with prototypic
core material, was carried out at the Large-Scale Melt Facility (LMF)
at Sandia National Laboratories. In the experiment, 230 kg of a 70%
U0z -30% Zr0; mixture was melted and drained into a magnesia brick
crucible. The main objective of the test was to assess the use of
magnesia bricks as a possible material for a core ladle in a nuclear
reactor,

The melt was contained in a multi-walled refractory metal
crucible. The heating and melting phase of the experiment lasted
approximately twenty hours. The thermal response of the melt charge
was found to be well predicted by pretest calculations, At the time
of tapping, the melt was at 2923 K (2650°C). Approximately four
minutes were required to drain all the melt into the magnesia inter-
action crucible.

The melt/magnesia interaction was relatively mild. No detectable
amount of hydrogen was generated and aerosol production was minimal.
The total production was estimated to be between 29 and 103 grams.
Extrapolating tc the reactor core (8x10° kg), the corresponding aero-
sol generation would be between 12 and 41 kg. The brick structure
remained intact., Hairline cra~ks were observed but none was large
enough to threaten the structural integrity of the crucible. No deep
penetration of the melt into the crack was observed. The maximum tem-
perature measured 1/8 in. beneath the surface of the brick was about
700°C and the ugward heat flux as measured above the pool was in the
range of 40W/cm”., Detailed analyses of the interaction are underway.
Preliminary results seem to indicate the magnesia bricks to be a suit-
able candidate for core ladle construction.

xiif -xiv



y Objective of the Test

A molten core material/Mg0 interaction test was carried out at
Sandia. The main objective of the test was to study the core debris
interactions with magnesia bricks for the FNP (floating nuclear plant)
core ladle. In addition, the test also provided exrerimental verifi-
cations of recent advances made in melting technology.

a. Feasibility of Magnesia Brick Core Retention Concept

Core retention devices constitute one of several approaches that
have been considered for mitigation of severe accidents at nuclear
reactor plants. The unique feature of core retention is the possibil-
ity of suppressing the formation of fission-product-laden aerosols,
steam, and gases instead of attempting to remove the various source
terms after their creation.

A magnesia brick structure has been proposed as a core ladle for
both floating nuclear plants [1] and for the Clinch River Breeder
Reactor parallel design [2]. The primary advantage of the refractory
brick concept is that it represents an inexpensive technique commonly
practiced in the steel industry. The primary concerns with the con-
cept include premature penetration of the cracks and spaces in the
brick matrix by molten debris, gross failure of the crucible by float-
ation of bricks in the more dense debris, and the difficulty of assur-
ing long-term coolability of the device and the contained debris.

These concrrns and several of the phenomena to which they are
related were addressed by this test:

(1) Mechanical Damage -- The test crucible included two bricks
instrumented with crack detectors designed to show the formation of
cracks resolved in both time and space. Early cracking, before the
debris solidifies, can lead to premature penetration of the device by
molten material. The combination of cracking and chemical attack of
the penetrated cracks could lead to rapid, gross failure of the
device.

(2) Chemical Interaction =-- Evidence for chemical interactions
between the debris and magiesia were sought in the gas samples taken

during the test and in the posttest inspection of the sidewalls of the
crucible,

(3) Thermal Partitioning =- Data from both heat-flux gauges
and thermocouples were used to develop a heat balance for the debris
cooling. Large sidewall and bottom heat fluxes would be advantageous



for cooling of the device and the contained debris. At the same time,
large heat losses through the magnesia would imply rapid heatup of
underlving structures. The effect of upward heat loss is no more
clear-cut. That heat which is radiated from the top of the debris
reduces the amount available to drive erosion of the device.
Degradation of overhead structures by radiant enerqy, however, is a

concern.

(4) Gap Penetration -- A series of calibrated slits was cut in
one of the bricks used for the bottom of the crucible. Penetration of
these cracks will give some indication of the care that must be taken
in fitting together a brick matrix and of the possibility of device
failure resulting from penetration of the spacing required for thermal
expansion.

b. Role of Core Retention in Accident Mitigation

Sources of steam, gas, aeroscl and fission products during a
severe reactor accident can be divided into three categories:
(1) those produced in-vessel; (2) those produced during expulsion of
molten material from the primary vessel; and (3) those produced ex-
vessel by interactions of the core debris "ith conlant and with struc-
tural or retention material in the reactor cavity.

The primary functional requirement of a core retention device is
to delay, reduce, and in some cases, eliminate ex-vessel sources of
steam, combustible gases, aerosols, and fission products.

VANESA* code calculations indicate that the integral aerosol
source term due to core/concrete interactions, for example, is in the
range of 3800 *o 5000 kg for a reactor-scale melt release of 80,000
kg. 1In compar son, estimates of the in-vessel aerosol source term is
in the range o. 500 to 1000 kg. Clearly, eliminating core/concrete
interactions can significantly reduce the aerosol load in contain-
ment. This reduction, in turn, can reduce the consequences of severe
accidents by removing the major mechanism by which the more refractory
fission products become airborne, and by assuring the proper perform-
ance of other mitigation devices that could be degraded by large
aerosol loads.

One objective of the current test was to measure the acroscls
produced during melt deposition and as a result of core/Mgl0 inter-
actions, and to compare these sources to the other aerosol source
terms. As expected, aercsol production during the test was quite low.

The other source term measured during the test was gas produc-
tion. This source term was also expected to be low. The only source
of water is water of hydration in the Mg0 bricks. Some of this water

*UANESA is a mechanistic model of fission product release and aerosol
generation during core debris interactions with concrete, The details
of the code can be found in: D.A. Powers and J.E. Brockmann, Appendix
C to BMI-2104 Vol. 1 (draft), Jan. 1983,




will be driven off and will interact with the molten material to
produce hydrogen. Hydrogen production should be orders of magnitude
less than if the melt were dropped onto concrete.

¢c. Experimental Verification of Recent Developments in
Melting Technology

A schematic of the LMF furnace is shown in Figure I.i1. The melt
charge is contained in a multi-walled refractory metal crucible and
the crucible is contained inside of a cavity in a graphite susceptor.
The inductive power is coupled to the graphite susceptor which in turn
heats the crucible and the charge inside. An opening is left on the
bottom of the susceptor to facilitate tapping of the melt.

There have been a number of recent developments in the areas of
heating procedure, melt containment technology and tapping of the
crucible. The present test provides the opportunity for experimental
verification of these developments under real conditions.

(1) Heating Procedure

Because of the bhrittleness of parts of the melt crucible
assembly at low temperature, the poor thermal properties of the melt
charge, and the proximity of the melting range of the charge and the
failure point of the melt crucible, the heatina procedure must be
carefully designed to achieve successful melting., A thermal model of
the susceptor-crucible-charge assembly was made first to assist in the
design of the assembly and then to design a heating procedure for the

test [3]. 1In this test the thermal modeling of the test was
evaluated,

(2) Melt Containment Technology

The melt crucible must be able to withstand concurrently both the
diffusion of carbon from the susceptor on the outside and the possible
attack of the melt from the inside. Material compatibility tests at
Sandia showed that no such material existed. Therefore, the crucible
had to be a multi-walled structure with tantalum=10 W/0 tungsten on
the outside to resist carbon attack and tungsten inside to be compat -
ible with the molten oxides. After naterials were selected,manufac-
turing and assembly techniques were developed to fabricate the

crucible., This test provides a check on the overall integrity of the
crucible,

(3) Tapping

Once the melt is produced, the crucible is tapped by firirg two
slugs from a double barrel shotgun mounted on a swing arm. Extensive
tests were made in the selection of the material for the slug, the
amount of propellant to drive the slug, and the aiming and arming of
the gun, the logical controls of the firina sequence, and emergency
measures in case of failure to tap.
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I1. Physical Description of Test
a. Large-Scale Melt Facility (LMF)

(1) Furnace

The induction melting furnace is approximately 5 ft. in diameter
and 7 ft. tall. It has a water cooled outer shell, The outside shell
temperature never exceeds 308 K (35°C) durina operation. The furnace
is designed for a maximum internal pressure of 15 psia. Durina normal
operation the furnace operates at approximately 2 psia, 740 mm abso-
lute. Thg furnace is purged continuously with aragon at a nominal rate
of 500 ft” /hr. (equivalent to four change-overs of the furnace atmos-
phere per hour). A vacuum pump and a requlating valve (3/4 in.) are
used to keep the furnace at the desired operating pressure. There is
a pressure relief port on the side of the tank set at 3 psig. The

relief port is spring loaded; it can reseal after a pressure tran-
sient,

The induction coil measures 31-in. I.D. x 37-in. long, wound in
4 sections with 20 mechanical turns cr 5 electrical turns. The coil
is made of hollow copper tubes 1 1/2 in. high x 3/4 in. wide with a
wall thickness 0.148 in. The induction power is coupled to a araphite
susceptor which in turn heats the crucible containing the charge. The
induction power supply has a maximum power of 280 kW. 1t operates in
the range of 1000 to 1200 Hz. The average coupling efficiency between
the coil and the susceptor was experimentally determined to be 0.55,
Therefore, the maximum power deposition inte the susceptor is 154 kW,

The susceptor is rade of HLM graphite. It has an overall outside
diameter of 22 in., a neight of 30 in. and a 4-in. thick sidewall, 6-
in. thick bottom and 2-in.-thick 1id. The susceptor cavity has a
hemispherical bottom, see Fiqure II.l. There is a 4-in. diameter
opening on the bottom of the susceptor for bottom tapping of the
melt, The susceptor is supported from below with eight equally spaced
graphite legs l-in. diameter and S5-in. long on a 10 in, Aiameter
circle. Four pyrolitic graphite disks 3/8-in. thick, 6-in. 1.D. and
13 5/8-in. O0.D. with the appropriate hole pattern for the legs to pass
throuah provide for lateral ecupport of the leas, see Figqure 11.2. The
legs rest on a water cooled copper pedestal bolted to the furnace bot~-
tom shell. The susceptor is insulated with 2 in, (8 layers) of carbon
felt on the top and the side. The bottom is insulated with 5 in, of
carbon felt. To provide the flow path for the melt, a 4-in. diameter
hole is left in each layergof the bottom felt., Radiation shields made
of 0.004 in. thick GRAFOILW are placed between each layer of the felt
to reduce the heat loss from the bottom of the crucible, Figure 11,2,
There are in all 12 radiution shields. Tc drive out volatile contami=
nants that might be harmful to the crucible and interfere with pyrom=

etry measurements, the susceptor assembly was preheated for a total of
20 hours above 3073 K (2800°C) before the test,

(2) The Tast Chamber

The furnace is located on a platform, 15 f¢t, by 20 ft, and 15
ft. hight the top 2/3 of the furnace extends above the platform,
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Figure II.3. A concrete test pad is located directly under the plat-
form, it extends an additional 20 ft. eastward beyond the platform.

An interaction chamber rides on a pair of tracks running east and west
on the test pad. The chamber can be moved east beyond the platform so
that the furnace and the test chamber can be worked on independently.
puring the test, the chamber is placed directly under the furnace.

The interaction chamber is 9 ft. in diameter and 8 ft. high, made of
1/4 in. mild steel, with external girdling beams: it can withstand an
internal pressure of 30 psig. The chamber has a relief port of the
same design as the furnace. There are four observation ports, one on
top and three on the side of the chamber to provide for television and
motion picture coveraage of the test. There are also various instru-
mentation ports throuah the chamber wall for gas and aerosol measure-
ments: the details of which will be discussed in later sections. For
the present test the chamber is provided with a 2 in. exhaust tube.,
The end of the tube has an expanded section filled with glass wool as

a particle trap.

(3) Tapping

The melt crucible is tapped from the bottom using a 12-gauge
double barrel shoteun. The shotgun is mounted on a pivoting arm,
Figure 11,4: within 0,2 seconds after firing an air cylinder pushes
the qun assembly out of the path of the melt stream, Aiming is accom=-
plished by placing two bore siaght plugs in each end of a barrel and
shining a laser beam through the barrel. The gun is then positioned
with adjustment bolts until the laser spot is in the center of the
crucible hemisphere,

The shotqun is remotely armed and fired using air cylinders. The
tappina sequence is controlled by the data acquisition computer, but
if a malfunction occurs, the shotgun and associated components can be
controlled with manual overrides, 1If the projectiles do not penetrate
the crucible, the shotqun can be reloaded from outside of the test
chamber using access ports.

b. Charge
(1) Fabrication Technique

The charae material is a mixture of urania, 70% by weight and the
balance zirconia (stabilized by 12% yttria). The raw materials for
the charge are in powder form with typical packing density of about
10%. To increase the amount of charge and more importantly, to
improve the thermal properties of the melt charae, the powders were
hot pressed to approximately 80% of theoretical density.

The pressinags were manufactured at Los Alamos National Laboratory
in a 400 ton press. The araphite die was inductively heated with a
175 kW, 960 Hz power supply. Cylindrical pressings approximately 12
in. in diameter and 3 to 5 in. high were made. The maximum pressing
temperature and pressure were approximately 1623 K (1350°C) and 2000
psi, respectively., A typical pressure-~temperature curve is shown in
Piagure I1.5. After the die was loaded, an initial pressure of 1730

e
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psi was applied. At 5.5 hr. the die reached a temperature of 1273 K
(1000°C) and the pressure was gradually increased toward 2050 psi. At
6.5 hr. the maximum pressure of 2050 psi and maximum temperature of
1623 K (1350°C) were reached. This condition was held for 3 hr.,
after which the pressure was released and the power to the die was
reduced to maintain a cooling rate of 25°C/hr. until a temperature of
1023 K (850°C). Beyond 1023 K the die was allowed to cool naturally.
The entire pressing process took six days. The final product is
typically 80% of theoretical density. The hot press process produced
a thin (~0.01 in.) carbide layer on the surface of the pressing which
had to be removed by machining.

(2) Charge Properties

To model the heating of the charge, the thermal properties of the
charge must be accurately known. Values calculated from standard mix-
ture rules were found to be inadequate in reproducing the thermal his=-
tories of previous LMF tests. While no experimental data is available
for the present charge mixture, experimental data does exist for a
V0, /Y303 (UO; 70% by weight) charge manufactured exactly the same way
as the U0, /Zr0;, charge using the same batch of U0, powder. A compar-
ison of the values of thermal diffusivity of the U02/Y203 charge
determined experimentally by TRPL [4] and estimated by M. Pilch [5]
showed the estimated values, based on mixture rules, to be too high.
The ratio of the two sets of values varies from 0.36 near room
temperature to 0,95 beyond 2500 K. Because density and specific heat
can be estimated with much better accuracy, the discrepancy comes
mainly from thermal conductivity. This set of ratios was applied to
the estimated thermal conductivity of U0z /Z2r0; charge to obtain a
"corrected” set of thermal conductivity for use in the final
calculation, Figure 1I1.6. The packed powder was assumed to be 30%
dense and its thermal conductivity was calculated from the "ccrrected"”
values using the GCodbee and Zeigler [6] formula. With the corrected
set of properties, the thermal histories of the previous LMF test were
reproduced within 100°C up te 2673 K (2400°C) [3].

The liquidus temperature of the melt charge, 70% UO2 and 30%
2r0; (stabilized by 12% Y;03), was established in two independent sets
of experiments at Sandia, by X-ray diffraction analysis of various
heated samples in one case and by direct posttest metalluragraphic
examination in the other case. The two sets of experiments were
within 25°C of each other. The melting range for the mixture was
found to be between 2798 K and 2848 K (2525°C and 2575°C).

(3) Physical assembly of the charge

Diamond tools were used to machine the charge pieces to size from
pressings. Freon was used as a lubricant durinag machining. The final
charge assembly consisted of five pieces, Fioure 11.7, four upriaht
cylinders and one with a hemispherical bottom. The bottom and the top
pieces were cracked. To keep the bottom piece in place, a counter
sink was machined in the piece above it. A center hole of 1.25 in.
diameter was machined in the charae assembly to accept a pyrometer
well. 1In addition there were two holes at the 2 in. radius and two

12
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holes at the 5.5 in. radius all 0.75-in.-diameter to accept ultrasonic
thermometers and thermocouples.

A nominally 0.2 in. thick layer of powder was packed between the
charge assembly and the melt crucible to provide an even distribution
or load. U0, instead of U02/Zr0; mixture was used to pack the
charge. The U0, powder surrounding the charge was expected to sinter
during the test and act as a crucible at least in the initial stages
of melting, thus providing an additional barrier against melt/crucible
interaction.

c. Crucible for Melting

The crucible assembly consists of a Ta-1l0W outer crucible with a
tungsten plasma spray coating inside and a free-standing tungsten
liner, see Figure II.8. Tungsten powder is packed between the liner
and the Ta-10W crucible to provide both an even support for the liner
and an additional barrier as the tungsten powder sinters at high tem-
perature.

(1) Laboratory Material Studies

Ta-10W was chosen as the material for the outer crucible because
of its resistance to carbon diffusion, [7]. Carben diffusion into
Ta-10W is about " /3 of that for pure tantalum at 2700°C, at lower tem-
perature the dilference is even areater. Tungsten likewise is less
resistant to carbon diffusion than Ta-10W. Furthermore, tungsten and
carbon form low melting point eutectics.

However, compatibility tests at Sandia [8] showed that Ta-10W is
very susceptible to attack by the molten charge. In these tests,
tungsten and Ta-10W were exposed to the molten charge at temperature
varying from 2873 K to 3013 K (2600°C to 2740°C) for up to 3 hr.

In all of the experiments, the attack of the various oxides on the
tungsten crucible was minimal. The only evidence of interaction is a
surface layer of 50-65 um in depth which polishes differently from the
rest of the crucible wall, see Ficure I1.9. On the other hand, the
attack of the cxide on the Ta-1l0W was quite severe in #11 cases.
Figure I1.10 shows the structures of a Ta-10W strip exposed to the
oxide melt and illustrates the general character of the oxide attack
on the alloy. The Ta-10W strip is attacked throughout its thickness
(1 mm) leaving a skeletal stru ture of nearly the same dimensions as
the original: the white material is the remaining metal and the grey
is the oxide. Metallographic examinations and electron beam micro-
probe analysis of the samples showed the "erosion" mechanism to be the
dissolution of Ta in the oxides. Ta is more soluble in the oxide melt
than W and is selectively leached from the Ta-10W ailoy.

The multi-walled crucible design is a direct consequence of the
compatability studies. The Ta-10W outer crucible is used for struc-
ture support and to resist carbon attack from the susceptor. The
tungsten barriers (from inside out, the tungsten liner, the tungsten
powder and the plasma sprayed tungsten on the inside of the Ta-10W
crucible) are used to contain the melt. The maximum operating temper-
ature of the crucible is 2830°C since beyond this temperature the
Ta-W-C ternary system has a liguid phace [10].
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(2) Fabrication
(a) Ta-10W Crucible

A schematic of the crucible assembly is shown in Figure II.8.
The overall height of the Ta-10W crucible was 21.715 inches. The
inside diameter varied from 12.944 in. to 13.030 in. and the wall
thickness varied from 0,266 to 0.308 in., Figure II.11. The crucible
was formed in three parts. The lid and the upright cylinder were both
made from sheet stock of the material. The bottom hemispherical sec-
tion was formed by cold drawing through a ring die with annealing
between drawings because of work hardening of the material. Folloewing
the drawing operations, the bottom was machined to the exact shape
desired. The 1lid was basically a flat disk with instrumentation pass-
throughs welded on it. The body of the crucible was formed by first
closing the upright cylinder with a vertical weld then joining the
cylinder and the hemisphere with a girth weld. All the welds were
electron beam welds.

A plasma-sprayed layer of tungsten of nominal dimension of 0.120
in. was applied to the inside of the crucible. Analysis at Sandia
showed that the oxygen content of the spray was 2000 ppm.

(h) Tungsten Liner

The liner was made by chemical vapor deposition (CVD) of tungsten
orito a male molybdenum mandrel. The mandrel was fabricated to the
shape of the liner inside configuration. The cylindrical portion of
the mandrel was rolled from sheet stock and the bottom hemisphere was
deep drawn and machined into final shape. All the joints were riveted
butt joints. A schematic of the mandrel is shown in Figure I1.12.
There were six lines of rivets and three joints, two vertical and one
girth.

The liner was formed by deposition of tungsten through decomposi-
tion of WFg onto the heated (1123 K, 900°C) molybdenum mandrel.
Deposition occurred in a quartz vacuum furnace jar approximately six
inches larger (linear dimensicns) than the liner and similar in shape,
Figure II.13. WFg was introduced into the quartz jar through several
equally spaced nozzles perpendicular to the liner surface. The liner
was inductively heated and rotated in a vacuum during the deposition
process. Tungsten buildup was inspected every 0.020 in. of thickness
so that abnormal nodular growths could be ground flush before proceed-
ing. After the required thickness was achieved, the tungsten was cut

to length by grinding and the mandrel was etched away using nitric
acid.

The liner had a matted surface finish. It was slightly out of
round. The inside diameter varied from 12.68 to 12.74 in. and the
inside depth was 20.503 in. The wall thickness was 0,065 in. on the
side and 0.089 in. at the tip of the hemisphere. Corresponding to the
butt joint locations on the mandrel, the liner had two vertical ridges
and one qgirth ridge in the inside surface. The ridges had typical
dimensions of 5-10 mils or less.
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The liner was flawed. There were a number of (~10) small cracks
at the top rim typically no longer than 60 mils and a long crack at
one of the vert.cal ridges extending approximately 10 in. from the top
with the first 4-6 in. cracked through.

3) Loading

A schematic of the overall assembly of the charge in the crucible
is shown in Figure IT.14. The space betweer the liner and the Ta-10W
crucible was packed with tungsten powder and the space between the
charge pieces and the liner was packed with 10, powder. In both
cases, powder packing was used to achieve an even distribution of load.

The procedure for loading the liner into the crucible assembly
was as follows:

l. Fill the bottom of the Ta-10W crucible with a thin layer of
tungsten powder,

2. Lower the liner into the Ta-10W crucible,

3. Vibrate tungsten powder into tr. gap between the liner and
the crucible. The liner is centered in the crucible by the
use of several nylon strip spacers in the side gap. Because
the liner floats in the tungsten powder, the bottom gap is

maintained simply by holding the liner down at a specific
location from the top.

With the multi-walled crucible assembled, the charge pieces were

loaded. The procedure for loading the charge pieces was similar to
the one for the liner:

1. Fill the bottom of the liner with a layer of UO3,

2. Lower the hemispherical piece into the liner to the desired
position,

3. While the hemispherical piece is held in position U0, powder
is vibrated into the gap around it.

4. Other pieces are loaded from the ton sequentially one by one
and powder packing vibrated around it.

To carry out the above procedure, a special loading fixture,
Figure IT1.15, and several vacuum chucks for holding the loads, Figure
I1.16, were built. During loading the fixture was placed on a vibrat-
ing table. The fixture consisted of a heavy base with two vertical
shafts on the side. A horizontal loading bar with roller bearings
fitting the shafts was used to carry the vacuum chucks and lower them
into the crucible with precision. Fastened to the base was a brass
block with a machined cavity fitting the bottom outside contour of the
crucible; the cavity together with four locating bars secured the
crucible on the base of the loading fixture. Adjusting screws were
used to align the crucible with the vertical travel of the loading
bar. During assembly, the loading bar with the load secured by vacuum
chuck, was lowered until the load reached the desired position into
the crucible. The loading bar was then locked in place by two stopper
rings on the shaft. The vacuum chuck continued to hold the load in
position until powder packing was accomplished.
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The vacuum chucks for loading the charge pieces had interchange-
able alignment pins fitting the instrumentation holes in the charge to
keep all the charge pieces aligned during loading. When all the
charge pieces were loaded, a set of alignment rods placed in the
instrumentation holes in the charge were used to keep all the pieces
aligned while the entire assembly was being vibrated. The alignment
rods were also used during subsequent transportation of the loaded
crucible. As mentioned before, holes in the charge were 1 1/4 and 3/4
in. in diameter: corresponding alignment rods were 1 1/8 and 11/16
in. diameter. When all the pieces were loaded the crucible lid was
installed and electron beam-welded in place.

d. Magnesia Brick Crucible

The maanesia crucible was made of Harklase Mg0 bricks. The bot-
tom was made of three layers of 9 x 4 1/2 x 2 1/2 in. flats with a
total thickness of 7 1/2 in. The long dimensions of the bricks were
90° apart in each layer. Thre bricks were off-set in each layer such
that no crack extended beyond one layer. The sidewalls were made of
“wo layers of arch bricks with a total thickness of 9 in. The inner
~idewall of the cavity was two bricks high and each stack was made of
four #4 arches (13 1/3 x 4 1/2 x 3-1 in.) and 20 #3 arches (13 1’2 x 4
1/2 x 3-2 in.) The resulting cavity was approximately circular with a
maximum "diameter" of 14 1/2 in., a minimum "diameter" of 14 in. and a
depth of 26 in. deep, Fiqure II.l17a. With this cavity the maximum
melt level was expected to be 11.2 in. The inner edges of the top

cavity bricks were bevelled, Figure II.17b, to redirect the flov of a
misdirected melt stream.

The bricks were supported below by a 3/4 in. steel plate. The
entire brick assembly was contained inside of a 42 in. «x 42 in. square

steel box 37.5 in. high. The space between the brick assenbly and the
box was filled with MgC powder.

e. Instrumentation
1) 1In Furnace
(a) Thermocouples

In all, twenty-one W-5 thermocouples (Tungsten 5%-Rhenium vs Tung-
sten 26%-Rhenium) were installed in the furnace. They were 1/16 in.
diameter, tantalum sheath thermocouples with Beryllia insulation.
There were eicht in the graphite susceptor and thirteen in the charge.
Figure II.18 shows, graphically, the thermocouple locations. Of the
eight in the susceptor, three pairs were in the walls of the susceptor
and one pair was in the bottom next to the tapping hole in the graph-
ite under the crucible, Thermocouples in the susceptor were installed
radially and protected by two concentric closed-ended tantalum tubes
(3/16 0.D. inside of 1/4 0.D.) with a total wall thickness of 35 mils.
The thermocouples in the charge were protected by tungsten wells, 0.53
to 0.54-in, I.D. with 30-40 mil thick wall. They were installed at
the 2 in, radius and 5.5 in. radius at depth from 3 in. to 15 in.
below the crucible lid. There were also two thermocouples in the

27-28
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center pyrometer well in the charge, 16 in. below the 1id of the
crucible.

(b) Pyrometers

Two pyrometers were used in this experiment:; One to monitor the
susceptor temperature and one to measure the charge temperature. The
susceptor pyrometer was a Pyro Automatic Pyrometer; sighted into a
graphite tube of 9/16 in. 1.D., 5.5 in. into the susceptor from the
top at an angle of 6° off vertical with the bottom of the tube 1.5
in. from the outer surface of the susceptor wall, Figure II.18. Two
W-5 thermocouples at the same radius as the bottom of the tube and
about 0.5 in., away were used to compare with readings from the pyrom-
eter. The charge pyrometer was an Ircon Modline 2000 pyrometer. It
locked inte a well in the center of the charge. The well was made of
0.89-in. I.D. 1.06-in. O.D. Ta-10W tube, it extended 17.9 in. below
the crucible 1lid to within 2.9 in. of the bottom of the charge. In
addition, the well had a CVD tungsten outer sheath with 1.15-in., I.D.,
55-mil thick wall. The sheath was attached to the well by two tung-
sten pins near the lid. Two W-5 thermocouples in a 0.25 in. tube
along the inside wall of the well were used to compare with the read-
ings of the center pyrometer. The tip of the thermocouples reached
within 2.5 in. of the bottom of the well.

(c) Ultrasonic Thermometers

The ultrasonic thermometer (UT) instrumentation for this experi-
ment consisted of one horizontally placed sensor in the graphite sus-
ceptor and five vertically placed sensors, two in the melt charge and
three in the agraphite susceptor, Figure I1.18. All sensors were made
of 20-mil-diameter thoriated tungsten rod and placed in 1/8-in.-
diameter tantalum sheaths with continuous thoria spacers. The avail-
able thoria dictated that the continuous spacers be made up of several
pieces, the longest of which was about eight inches. 1In addition, the
thoria was obtained from three different manufacturing batches. This
was certainly not desirable, but the thoria quality severely limited
the choices. Each tantalum sheath was placed in a thick walled Ta-10W
protection cube 0,25-in., I.D. and 0.50-in. 0.D. The sensors located
in the melt charge had an additional tungsten protection tube (same as

those used for thermocouples) to prevent chemical attack of the
Ta-10W,

The horizontal UT had five measurement zones. This sensor was
arranged to give two symmetric zones about a central zone which was
offset about 2.75 in. from the susceptor cylinder axis. These three
zones were 1.5 in. lona. This sensor was placed near the bottom of
the susceptor next to the passage throuah which the melted charge
would pass, see Figqure II.18. 1In addition, a zone of lenath 2.5 in.
was centered at a radius of eight inches, corresponding to the radius
at which the vertical sensors were placed.

The five vertical UTs were identical and of similar construction

to the horizontal UT. Three sensors were placed at a radius of eiaght
inches in the graphite susceptor at different angular locations to
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S = Mass Source Term (g/s)

C = Mass Concentration (q/ma)
t = Time (s)

V = Chamber Volume (m’)

Q0 = Vent Gas Flow Rate (ma/s)

"

ki = ith Deposition Coefficient (m/s)

Aj = Area of ith Depositicn Surface (m?).

The summation is over all surfaces that have aerosol deposition.
The instrumentation for measuring aercosols is listed below together

with the quantities from Equation (II.1) that are measured or calcu-
lated.

e Filter Samples c, dac/dat

e Cascade Impactors size dist., kj

® Cascade Cyclone samples for analysis

e Coupons ki

e Vent Flowmeter 0

® Gas Samples gas composition and properties

Other measurements such as gas evolution rates and gas composition are
used in data evaluation. Elemental analysis of the cyclone sample is
used to determine size-dependent aerosol composition.

(i) Filter Samplers

The filter samples are the most important data taken. They are
used to determine concentration and time rate of change of concentra-
tion. For small losses (by venting and deposition), the filter sam-
ples (along with gas composition so that flows are xnown) give the
source term. Average concentration over a sampling interval is simply

the ratio of the mass collected and the volume of gas flowing through
the filter.

Millipore filter holders were used. They contain a single filter
(teflon, type-5 um) which yields mass concentration data. Each filter
was dried in a desiccator for approximately two days before weighing.

fix type-275 psi Millipore filter holders were installed on the
outside wall of the chamber. They were heated to 373 K (100°C) with a
heating tube and the temperature controlled by Omega 920 temperature
controllers to prevent vapor condensation.






provide an indication of the total aerosol deposition. They provide a
method to calculate the average deposition coefficients for all the
surfaces and total mass released. Two coupons are located on the
ceiling, three on the walls, four on the floor, and four on the top of
the Mg0 crucible. The collected materials are weighed and a surface
loading calculated. The surface loadina is used to estimate the total
mase of material deposited on the interior surfaces of the chamber and
thus the total mass aerosolized.

The deposition surfaces on the walls and ceiling are glass slides
(25 mm x 75 mm) held in place by retaining clips. The deposition sur-
faces on the floor are weigh dishes (100 mmé¢ x 10 mm).

Time resolved deposition rates were obtained by a rotary deposi-
tion sampler. Coupons were attached to a turntable which exposes each
one sequentially to gravitational deposition. Average deposition
rates over each sample time for all of the samples cave an indication
of how depositicn changes with time. This sampler was located on the
floor of the chamber and can take five sequential samples.

(v) An aerosol photometer was included in the instrumenta-
tion. It measured the extinction of light across a stream of flowing
aerosol. The photometer was calibrated in-situ by correlation of the
photometer output with filter samples. The calibrated photometer data

was expected to provide a continuous measure of aerosol mass concen-
tration.

Figure I1.19 shows the sampler locations in the test chamber.
Figure IT.20 is a schematic of the samplers and plumbing.

Mixing of the aerosol in the chamber was necessary to ensure that
samples were reflective of conditions inside the chamber. It also
ensured that the assumption of stirred settling was valid. Three fans
were used for mixing and move three times the chamber volume per
minute. A minimum samplinag time of 30 s was adequate to obtain accur-
ate measurements reflecting the chamber conditions.

¢) Upward Heat Flux

A shield of 32 in, diameter located 7 in. above the top edge of
the cavity was instrumented to measure the upward heat flux from the
melt pool in the magnesia crucible. The shield was a sandwich struc-
ture with top and bottom made of 1/4 steel plates and the middle
stuffed with alumina felt insulation. The lower plate was actually
made of three parts; a 1l4-in, O0.D. disk surrounded by a 14 1/8-in.
I.D., 22-in. O.D. ring and an outer ring of 22 1/8-in., 1.D. and 32-
in. 0.D. The l4-in. center shield was plasma-sprayed with a layer of
alumina for high temperature protection. FEach part was instrumented
with two or three pairs of thermocouples. Of each pair of thermocou-
ples, one was at 1/8 in. from the pool facing surface and one on the
back surface. Cutting the lower part into three sections reduced the
conduction between them and made data reduction more convenient,

Two heat flux gauges were installed throuoh the 14 in. disk. One
at the center, one 4 1/2 in. from the center to monitor the local
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variation of the upward heat flux. The heat flux gauge at the center
was a circular foil gauge with a mirrored ellipsoidal cavity in

front. The cavity was water cooled and gas purged. The aperture of
the gauge and the foil gauge were at corresponding foci of the ellip-
soidal; therefore, in principle the gauge was protected from the harsh
environment yet saw all the incoming radiant flux. The gauge at 4 1/2
in., from the center was a slug type gauge with a nickle slug. The
shield was fastened to an instrumentation boom; it could be moved into
position within one second after the completion of the melt pour,
Figure II.21.

(3) Instrumentation in Magnesia Brick Crucible
(a) Temperature Measurements

The cavity bottom was instrumented with 21, 1/16-in-diameter
stainless steel sheathed thermocouples at depths below the surface
ranging from 1/8 in. to 6 in. The thermocouples near the surface were
W-5 type and the rest were K type. Two of the thermocouples were
installed in the cracks between the bricks one at 1 in. and one at 2
1/2 in. Details of the bottom thermocouple patterns are shown in
Figure 11.22a, I11.22b.

In all, 18 thermocouples were installed in the wall of the pool
region (region below the expected pool level) of the cavity at depths
below the surface ranging from 1/8 in. to 4 in. The portion of the
cavity wall above the pool was instrumented with eight thermocouples
at depths of 1/4 in. and 1/2 in. Details of these thermocouple place-
ments are shown in Figure II.23a, I1I1.23b.

(b) Detection of Gap Penetration and Brick Floatation

Other than thermal measurements, the cavity bottom was provided
with a 1/4 scale loose brick to study the possibility of the floating
of bricks due to density differences. A set of calibrated cracks
ranging from 10 mils to 125 mil wide were located on the cavity bottom
to study the penetration of melt into cracks, (see Figure I1I1.24).

(e¢) Crack Detection

Small-scale (10-kg) experiments using molten thermite teemed into
a cavity constructed of magnesia bricks have shown that cracking of
the bricks can occur. Gross damage to bricks may be an important
concern in the survivability of core retention devices using refrac-
tory brick shapes. The damage is attributed to differential stress
induced by the temperature gradient caused by exposing only one sur-
face to a heat flux. Observations have only been made posttest, so
that the actual time of occurrence relative to deposition of the melt
is unclear. 1In order to determine the mechanism of crack origination,
the location of a crack and the time when it occurs must be known,

The technique used in the LMF magnesia crucible consists of plac-
ing the crack diagnostics on two of the inner, lower cidewall bricks.
Each brick is instrumented with several arrays of elements created
from a thick-film conductive paste. Each array is connected to a
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Figure II.22a Bottom Thermocouple Locations
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common voltage source through a series of fixed resistances, as shown
in the electric circuit of Figure I11.25. Each conductive element is
used to shunt a resistor so that failure of the conductive element
because of a crack causes current to flow through the respective
resistance. The change in the current causes a corresponding increase
in the output voltage according to the =2xpression:

LRj

Vout = Vin R FTR it

where:

Rs = current-limiting resistance value
IRy = series sum of resistances corresponding to failed
conductive element.

For example, if element 1 fails, the above wvquation reduces to:

Ry

Vout = Vin w3 R bain
Likewise, if element 2 also fails, the equation becomes:
Ry + R3

Some ambiguity may occur if the elements do not fail in numerical
order. For instance, if element 2 failed first and followed by 1,
then equation II.2 could reduce to the form II.3 or 1I1.4, depending on
the location of the failure relative to the junction of elements 2 and
3.

The relative size and position of the elements are shown in
Figure I1.26. The numbered termination represents the point where
small insulated wire leads are connected to the conductive elements.
The brick is positioned so that the face opposite the terminations is
exposed to the heat flux provided by the molten pool. Figure II.27
shows one of the bricks in place during the assembly of the test.
Flat ribbon cable is used to connect the individual elements to the
resistive network located outside the interaction chamber.

The conductive elements are applied to the bricks in paste form
using a mask. The paste is then stabilized by firing at 873 K (600°C)
to drive off the volatile species. Cables are attached to the conduc-
tive elemen:s using a high-tomperature solder. Five networks are used
on each of two bricks. A common 10-Vdc power supply is used to power
each electrical circuit. The outputs are connected to two transient
digitizing recorders to retain the data on floppy disk storage.

111I. Events of the Test
a. Heating and Melting
(1) Pretest Calculations

A heating schedule was designed before the test using the SINDA
thermal model of the susceptor/crucible/charge assembly [3]. See
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TABLE III.1 Heating Schedule for

Time

0 0:40
N:40 1:10
1:10 2:00
2:00 3:00
3:00 4:00
4:00 4:30
4:30 5:30
5:30 6:00
6:00 6:30
6:30 7:06
7:06 8:00
8:00 8:30
8:30 9:00
9:00 9:30
7:30 10:00
10:00 10:30
10:30 11:00
11:00 12:00
12:00 13:00
13:00 14:00
14:00 15:00
15:00 16:00
16:00 17:00
17:00 18:00
18:00 19:00
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Susceptor
Temp °C

Rm - 200 -—1r—-
200 - |
200 - 450 300°C/hr
450 - 750 l
750 - 1050

1050 - 1200

1200

1200 - 1450

1450 - 1700

1700 - 2000
2000
2000 500°C/hr
2000 - 2250 l
2250 - 2400

2400

2400

2400

2400

2400

2589 - 2679

2679 - 2711

2715

2715

2715

2715

the Susceptor

Power ( n=0.55)
(Dial Reading)

36
5
56
73
87
95
31
135
155
175
60
55
184
207
84
80
78
76
131
145
144
129
113
105
116

116
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center reached 2873 K (2600°C) and a decision was made to tap. After
the first attempt, which failed, the bottom of the crucible was no
longer insulated by the radiation shields. To compensate for the heat
loss, the susceptor temperature was increased to approximately 3023 X
(2750°C). Four attempts were required before the crucible was suc-
cessfully tapped at 19:56:29 hr. The power was kept on until 55
seconds after the successful tapping of the crucible. Details of
tapping will be discussed in later sections.

(3) Comparison of Temperature Sensors
(a) Thermocouple and Pyrometer

The reading of the center Ircon pyrometer cannot be easily com-
pared with thermocouples because during the early part of the experi-
ment while thermocouples were still operational, sufficient gradient
existed along the pyrometer wall that there was no direct correspond-
ence between thermocouple and pyrometer readings.

A direct comparison can be made with the thermocouple readinas
and the pyrometer readings for the susceptor. The comparison is
excellent, see Figure III.4. Over the range of 1573 K (1300°C) to
2673 K (2400°C), the difference between the two was no more than
25°C. The largest difference occured during rapid ramping.

(b) Ultrasonic Thermometer and Other Temperature
Instrumentation

At this time only data from the susceptor ultrasonic thermometers
(UT's) are fully reduced, therefore, comparisons will mainly be made
with corresponding instrumentation in the susceptor.

(i) Consistency of UT Data

Figure III.5 shows a comparison of the five inch deep zone of the
three graphite susceptor UTs (UT!1, UT4, UT6) and comparisons between
UT4 and the corresponding thermocouple and pyrometer data. Throughout
the test, UT1 generally read higher than the other susceptor UTs. The
reason is unknown at this time, but it should be noted that UT1 was
placed in a larger diameter hole in the susceptor, otherwise it was
similar to the others. UT6 showed problems with extraneous signals as
early as 1473 K (1200°C). The gradual degradation resulted in it
being useless above 2273 K (2000°C). The fact that this deqgradation
occurred at such a low temperature is unusual, and the mechanism is
unknown at this time. Generally the readinas of the susceptor UTs
agreed to within 50°C, although in some temperature regimes UT!1 was
reading high by over 100°C. However, during the last few hours of the
test only UT4 gave useful results (>2500°C).

(ii) Comparison between UT and Thermocouples

UT and thermocouple can be compared up to 2673 K (2400°C) beyond
which shunting effect makes the thermocouples useless. Generally, in
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TABLE IV.3 Gas Generation Data

Result of Analysis (a)

Sample Sample Sample Press, Volume Percent

Time, I.D. Duration, Torr

SECS SECS N, 0, Ar CoO CO,
34.5 vV5-1 5.2% 423 35.766 7.230 55.502 1.119 0.383
39.8 V5-2 11.25 453 35.921 8.221 54.538 1.032 0.288
51.0 v5-3 13.88 471 48.022 12.687 38.417 0.705 0.168
64.9 V5-4 22.88 458 40.402 9.200 49,127 0.879 0.392
87.8 V4-2 28.13 460 34.831 3.769 59.646 0.766 0.977
115.9 v4-3 29.70 459 34.987 3.078 60.546 tr(b) 1.390
145.6 v4-4 29.78 484 42.279 S«437 50.997 tr 1.297
175.4 V3-2 31.65 457 40.042 4,748 53.699 tr 1:51%
207.0 v3-3 31.95 457 33.627 2.817 61.236 0.627 1.692
239.0 v3-4 40.20 453 35.340 2.633 59.457 0.806 1.764
279.0 v2-2 106.65 459 35.265 2.487 59. 399 0.957 1.892
385.8 v2-3 59.93 459 35,142 2.021 60.009 1.003 1.825
445.7 v2-4 34,28 459 33.478 1.982 61.721 0.912 1.907

Note: (a) Plots and Bar uraphs included in Appendix

(b) tr = trace
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An estimate of the temperature differential required to exceed
the material strength can be found from equation 1V.2 using applicable
handbook values® for the other variables.

3000 1b/in%(2)(1-.2)
1.44x10 °in/in/°C 30x10°1b/in*
= 11.1°C

AT =

This result suggests that relatively small temperature gradients
wil. cause the rupture strength of the magnesia to be exceeded.
Representative thermocouple plots Figure IV.26 indicate temperature
differences of 100-200°C between sensors located nominally 3 centi-
meters apart. Extrapolating the temperature profiles to melt deposi-
tion time (0 second) indicates that sufficiently large gradients for
crack damage existed very early in the event (less than 1 minute).
Temperature measurement at locations closer to the exposed surface
were not available, but it is assumed that the gradient w~as even more
dramatic.

Data from the test are givei in Figure IV.27, with both plots
from the same brick. For the duration of the recording time, no
change in the output was noted for the second brick, or for other
arrays on the same brick. The two traces are from the topmost and
bottommost networks of the same brick. Only a single failure, element
1, is seen on the lower array, occurring at 4.75 seconds after start
of the melt pour into the crucibie. The top array indicated a similar
failure approximately 60 seconds later. The delay in the response of
the two arrays may be attributed to the duration of the melt pour, so
that the full heat to the upper array occurred later. The absence of
similar failures in the other arrays, combined with the difference in
time between the two failures on the same array, suggests that the
crack may not have been parallel to the surface. Thus, the recorded
data represents two or more cracks.

Diagonal crack patterns of the type shown in Figure IV.28 were
observed in previous tests using molten thermite introduced into a
magnesia crucible. The orientation of this type of crack appears to
result from a shear failure caused by the bending stress in the hori-
zontal direction and a vertical stress induced by the interference
between the expanding sidewall and floor bricks.

The sampling time of the recorders was set to provide a resolu-
tion adequate to resolve crack-propagation velocity. The melt was
also assumed to have entered the crucible in a time less than 1
minute, so that the heat transfer to the bricks would be very rapid
and the crack development would occur very soon after the melt enters
the crucible. A longer recording time would have been beneficial in
this test because of the slower-than-expected evolution of the crack
patterns.

*Engineering Properties of Selected Ceramic Materials, The American
Ceramic Society, Columbus, Ohio, 1966.
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Disassembly of the brick crucible is expected to show that damage
of the type in Figure IV.28 cccurred. The gauge records suggest that
diagonal cracks should be apparent at both the top and bottom corners.
Longitudinal cracks parallel to the exposed surface have not been
diagnosed but may have occurred later. The existence of at least the
two diagonal cracks suggests that prompt damage of bricks is poss-
ible. If more cracks are found upon disassembly, future tests should
use longer recording times to insure that these late-time effects are
monitored. Cracks that deveiop during the cooling period may not be
prototypic of accident situations.

V. Early Stages of Post-Test Dissection
a. Melt Crucible

The melt crucible appeared to have been tapped very close to the
edge of the susceptor bottom hole, Figure V.la and V.1b. The melt
stream actually eroded away a path approximately 1 in. x 1 in. in the
susceptor. Two "dents" are also evident on the bottom of the cruc-
ible, ocne at the center and one 1 1/4 in. away. At this time, inves-
tigators are not sure whether the "dents" were unsuccessful penetra-
tions or whether they were simply caused by solidified melt.

The entire outside surface of the crucible was carburized; the
carbide layer was approximately 0.04 to 0.05 in. thick. Underneath
the carbide layer the Ta-10W outer crucible was found to have melted.
In the cylindrical section of the crucible, the hydrostatic pressure
of the melt had pushed the carbide layer out against the graphite sus-
ceptor, see Figures V.2 and V.3. The Ta-10W in the 1id also melted
away and the instrumentation passthroughs were held up only by tune
plasma-sprayed tungsten. The tungsten-sprayed layer, the liner, and
the tungsten packing powder in between were sintered into one piece
anéd was essentially intact. Quite remarkably the plasma-sprayed tung-
sten applied to the inside of the Ta-10W crucible did not seem to have
formed any metallurgical bond with the crucible. The crucible simply
melted away and left the sprayed layer standing. The surface details
of the crucible such as the weld line and machining marks that were
replicated at the mating surface between the sprayed layer and the
crucible were still visible, Figure V.3.

A view of the inside of the crucible is shown in Figure V.4. The
hairline crack initially on the liner grew to a width of 1/8 in.
corresponding to an increase of tre diameter of 0.04 in. The initial
level of the melt could be seen quite distinctly because of a change
of color of the liner surface. The melt line was 3.75 in. below the
edge of the plasma-sprayed tungsten layer and the undrained, solidi-
fied charge was 16 in. below the edge. Two breaks were visible in the
liner, one about 1 in. x 1.7 in. just above the melt line, Figure
V.5, the other a crack-like break diametrically opposite the first one
and 12 in. down from the edge of the tungsten sprayed liner, Figure
V.6. Molten material resembling solidified wax dripping appeared
under this crack protruding from the solidified melt, Figure V.6. A
similar pile of drippings was also observed under the crack in the
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liner. When the melt charge was chipped away, the crucible bottom was
found to be filled with approximately 2 in. of molten metal, Figure
V.7. Apparently the two dripping sites were feeding a molten pool.
Molten Ta-10W probably leaked into the crucible from these sites. The
surface of the molten metal was very smooth indicating that the metal
and the charge were both once molten.

The Ta-1lCW pyrometer well was melted near the 1lid and the tuno-
sten sheath attached to it dropped into the melt. Length measurements
indicate that the sheath reached all the way to the bottom of the
crucible indicating that the charge was totally molten at tapping.
Melt level measurements revealed that 85% o»r Z00 ka of the charge was
dropped.

b. Mg0 Crucible

The top of the crucible box was covered with melt debris, Figure
V.B. Some of the debris appeared to be frozen crust of melt streams,
others were solidified droplets. The crucible was filled to approxi-
mately 20 in. deep, about twice as deep as the expected depth of the
molten pool. The top of the melt mass consisted of very loosely
packed debris with sizes rancing from mm to cm., X-rays were taken of
the melt pool. The X-rays showed that two dense areas of melt existed
along the center axis of the crucible surrounded by areas of lesser
density. The brick melt interface did not appear to be heavily
eroded. X-rays did not show any massive cracks in the bricks in the
melt area. Above the pool, more than half of the bricks showed hori-
zontal hairline cracks across the brick. It was uncertain whether the
bricks in the pool region also had hairline cracks because these
cracks were beyond the resolution of the X-rays. Surface spallation
was observed on at least one brick above the melt, the spalled thick=-
ness was about 1/8 in.

VI. Ongoina Analysis
a. Melt Crucible
(1) Metallographic Analysis

In all twelve samples for metallographic analysis were taken of
the various crucible cemponents both at locations where the crucible
components were intact and at locations where apparent failure or
interaction might have occurred. Metallographic examinatior, micro-
structure analysis, X-ray diffraction, SEM, and microprobe analysis
will be used as appropriate to determine:

(a) charge compatibility,

(b) susceptor compatibility,

(c) sintering of tunasten powder,

(4) liner crack behavior, and

(e) Ta=10W crucible welds and defects.












joint but not causing the back up rivet plate to recrystallize.
Srmple sections of the mandrel were manufactured and coated. Prelim-
inary inspection indicates that a ridge-free liner can be manufac-
tured.

b. Tapping

The tapping procedure prov=d to be not as effective as desired.
A number of alternatives are under consideration:

(1) the use of shaped charage or other explosive driven projec-
tiles

(2) more powerful tapping gun and projectiles with more
penetrating power

{3) multiple barrel aqun : \d/or multiple firing oun

(4) the use ot an oxygen cutting torch

(5) the use of an alloy tapoing device where an alloying
material is brought inte contact with the crucible to cause
melting of the crucible

(6) other mechanical piercinag devices.

¢. Temperature Measurements

Clearly more development work will be required to achieve the
desired combination of accuracy and ruggedness for the ultrasonic
thermometers. For the present because of the sional attenuation pro-
blems associated with long probes, one possibility is to concentrate
on making shorter probes ith fewer measuring intervals more reli-
able, With this objective achieved, work can again be directed at
using the device to obtain profile measurements. Another possible
solution would appear to be the use of pulses having much lower fre-
quency content and thus resulting in significantly less attenuation.
This has not yet been investicated. However, it must be stressed that
this will result in degradation of the resolution of the instrument,
limiting the number of measuring zones to probably no more than two or
three.

Pyrometers were shown to be quite useful especially at the later
stages of the experiment. More locations for this type of measu ement
will be useful in future experiments. Two color pyrometers or p,>.m-
eters using fiber optics conduits a.e under consideration. Using
these techniques, measurements can be made at locations previously
inaccessible or too samall for line of sight measurements.

VIII.Concluding Remarks

This test represents the largest simulation of a nuclear reactor
core meltdown accident ever carried out with prototypic materials, 200
kilograms of molten core material was dropped intc a magnesia brick
crucible at Sandia National Laboratories Large-Scale Melt Facility.
The test provided important data on the ability of magnesia bricks as
a material for core ladle.




The crucible was most effective in containing the molten core
material produced. No violent interactions occurred. Acerosols
generated during the test were orders of magnitude less than they
would have been had the material heen dropped onto concrete or into

water, No detectable amount of combustible gas was observed during
the interaction.

With this facility operational, Sandia is now in a unique
position to address many of the complex questions related to the most
severe accidents that can occur in nuclear reactors. In the future,
the facility will be used to study cother core retention concepts and
the interactions between prototypic reactor core debris and concrete,
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