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ABSTRACT

This report describes four tests performed in the
High-Pressure Melt Streaming Program (HIPS) using linear-scaled
cavities of the Zion Nuclear Power Plant. These experiments were
conducted to study the phenomena involved in high-pressure
ejection of core debris into the cavity beneath the reactor
pressure vessel. One-tenth and ope-twentieth linear scale models
of reactor cavities were constructed and instrumented. The first
test used an apparatus constructed of alumina firebrick to
minimize the potential interaction between the ejected melt and
cavity material. The remaining three experiments used scaled
representations of the Zion nuclear plant geometry, constructed
of prototypic concrete composition.

A metallothermitic reaction produced molten iror (55 w/o)
and alumina (45 w/o) to form the core debris simulant. The
reaction was caused to occur within a steel vessel initially
pressurized with either nitrogen or carbon dioxide. The two
gases were used to determine the influence of gas solubility on
the dispersal process. The pressure level was also varied to
study the influence of driving pressure on the extent of debris
dispersal. Melt was ejected into the cavity when the reaction
front contacted and failed a fusible plug in the base of the
pressure vessel. The two smaller-scale experiments were placed
in a 45-m3 steel interaction chamber to collect debris and
aerosol generated during the melt ejection and debris dispersal
processes.

The instrumentation employed to study the phenomena included
pressure and temperature transducers, aerosol and debris
collectors, high-speed cameras, and X-ray imagining equipment.
Techniques were utilized following the tests to analyze the size,
shape, and chemical composition of the aerosol and debris.

Calculations were performed to compare with experimental
data and to provide information regarding the relevant physical
processes. Estimates of the pressure vessel blowdown history,
breach aperture growth, melt entrainment and particle size,
debris discharge history, and energy transfer from the debris to
the atmosphere were completed and presented along with the
experimental data.
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I. INTRODUCTION

The use of probabilistic risk assessments (PRAs) to identify
the risk associated with operating commercial! nuclear power
plants has become increasingly common. One objective of the PRA
methodology is to provide a cost-effective means for evaluating
plant performance during severe accident situations. Until
recently, the Reactor Safety Study! (WASH-1400) was considered to
be applicable to a wide range of facilities. New PRAs?:3 have
subsequently been produced to consider the operational risk
associated with specific plants. These recent studies have
extended the WASH-1400 analysis techniques in order to refine the
calculations and reduce the uncertainty of the results.

The Zion Probabilistic Safety Study? (ZPSS) was an attempt
to improve the WASH-1400 results for large, dry containment
pressurized water reactors by recognizing differences in the core
meltdown processes. A significant conclusion from this study was
that in over 75% of the accident sequences considered, failure of
the reactor pressure vessel (RPV) occurred while the primary
system remained at some elevated pressure. The point of failure
was predicted to occur at one or more of the RPV instrument tube
penetrations, resulting in a small orifice through which the
molten core material was ejected. As the molten material entered
the cavity region beneath the RPV, it formed a pool of core
debris that flowed radially outward and into the tunnel region.
Tre analysis suggested that this initial movement of debris or
the subsequent blowdown of the primary system caused virtually
all of the expelled core material to be dispersed into the
containment regions.

The ZPSS predicted that debris dispersal will result in the
formation of a relatively shallow debris bed on the containment
floor that could be cooled by the addition of water from spray
activation. This scenario eliminated the possibility of an
extended interaction b ween the ccre debris and concrete basemat
with the resulting gas and aerosol production. Steam generated
by quenching the deb is bed was not sufficient to cause
containment failure by verpressurization. The ZPSS methodology
has also been used for other plants with essentially the same
benign termination to the accident.®

Reactor accidents of this type were identified with either
transient (T) or small-break loss-of-coolant (8) initiating
events accompanied with failure of recirculation or injection,

loss of feedwater, or station blackout. Based upon a number of
probabilistic risk assessments, these accident initiators
dominated the core damage frequency.5 For an accumulation of

fourteen reference plants, the estimated core melt frequency for



S and T events was over 80% for pressurized water reactors (PWR)
and over 90% for boiling water reactors (BWR).

Researcher were not universally in agreement that these
accident sequences resulted in the mode of failure described.
Arguments have been presented that natural circulation within the
primary system may cause failure of the RPV head seal or the
recirculation pump seals in the cold legs to leak, allowing
depressurization before vessel failure.® Others argue that the
lower head may fail globally at a point above the pool surface,
resulting in a sudden circumferential tear.’/ The resulting large
aperture will greatly reduce the time interval for blowdown and
mitigated the dispersal of debris from the cavity.

The phenomena associated with RPV failure while the primary
system was pressurized represented a considerable departure from
the assumptions made in the RSS. Experimental data and verified
analytical resuits for these processes were incomplete. Because
of this, research was initiated at Sandia National Laboratories
(SNL) to perform an experimental and analytical investigation of
the phenomena associated with this type of accident scenario,
particularly the dispersal of debris from the reactor cavity.
The ensuing effort was termed the High-Pressure Melt Streaming
Program (HIPS) .8 The objective of program was to determine the
character and magnitude of debris dispersal for the Zion cavity
configuration over a range of accident conditions.

To accomplish the objective of the HIPS program, a unique
experimental technique was developed to simulate small-break
loss-of -coolant and transient accident sequences. This allowed
conducting linear-scaled experiments using models of reactor
cavities to aid in determining the extent of debris dispersal.
Accompanying analyses were used to explain the observations and
extrapolate the results to large scale.

This report describes four tests performed in the HIPS
program using linear-scaled cavities of the Zion nuclear plant.
Table 1 gives an overview description of the four experiments.
The specific purpose of these experiments was to quantify debris
dispersal at two scales for a range of operating conditions. The
first two tests are nominally 1:20 linear-scaled models of
cavities, one constructed of a nonreacting firebrick material and
the second of prototypic _concrete composition. Each experiment
was placed inside a 45-m3 steel enclosure to retain the debris
and aerosol produced during the event. The results indicated
that significant debris dispersal occurred for these conditionms,
over 50% of the available debris in the first test and greater
than 90% in the second event. In both experiments, energy
liberated from the airborne debris heated the atmosphere in the
steel enclosure, causing a sharp increase in pressure. The
potential for direct heating and pressurizing of the atmosphere



represented a new and significant threat to the integrity of the
containment building.

Table 1
Description of Experiments

TEST SCALE MELT MASS CAVITY CONSTRUCTION
SPIT-18 1:20 10.3 kg Alumina Brick
SPIT-19 1:20 10.3 kg Concrete
HIPS-2C 1:10 80 0 kg Concrete
HIPS-5C 1:10 80.0 kg Concrete

The two additional tests described in this report were done
at 1:10 linear scale using a prototypic cavity geometry and
concrete composition. These tests represented an eightfold
increase in mass over the 1initial, smaller experiments. Because
the steel enclosure was heavily damaged in the previous tests, it
was not used for these larger experiments; the debris being
allowed to freely expand from the exit of the apparatus. The
observations from these tests gave insight into the nature and
behavicr of the debris as it escaped the confines of the reactor
cavity.

The results from these experiments suggested that the
accident may not proceed as depicted in the safety analyses. The
highly fragmented nature of the debris expelled from the cavity
was unlike the film flow suggested in the ZPSS, causing the
material to be susceptible to dispersal by the influence of the
high-speed gas blowdown of the primary system. Accelerating the
drops within the cavity region caused them to exit the cavity.
This behavior may allow the particles to penetrate into the



containment. The small size of the particles enhanced the
exchange of thermal nd chemical energy to the containment
atmosphere. In an accident, if the amount of energy transmitted
to the atmosphere is large, the resulting pressure and
temperature increase could potentially fail even the strongest
containment structure. The aerosol that accompanied the melt
dispersal represented a potentially new radionuclide source term,
not previously considered in accident analyses.

Section II describes the erperimental equipment and
procedures, including both instrumentation and initial conditions
for each of the four experiments. The experimental results and
analyses with discussion are given in Section III, followed by
the conclusions in Section IV.



II. DESCRIPTION OF EXPERIMENTAL APPARATUS

The apparatus for the experiments discussed in this report
consisted of a malt generator, a scaled reactor cavity, and a
steel enclosure. The generator produced a melt at temperatures
and pressures that simulated the predicted condition of the
molten core debris within the RPV during S and T accident
sequences. The melt was expeiled from the generator into a scale
model of the reactor cavity. Two of the four tests described
used a steel enclosure to collect aeroscl and debris produced
during the event. The following paragraphs describe the
equipment, instrumentation, and initial conditions for each of
the experiments. Some items were common to more than one test,
but the experiments were unique enough that a separate discussion
is given for each.

A. SPIT-18

The SPIT-18 experiment was the second test in the HIPS
program to use a realistically scaled cavity. (The previous
SPIT-17 experiment.5 used a scale model of the Zion cavity
constructed of aluminum.) The objective was to demonstrate
debris dispersal using a nominally 1:20 linear-scaled model of a
reactor cavity. The melt mass (10 kg) was based on the
assumption that nominally one-half of the core and internals
(estimated to be 80,000 kg) will be molten at the time of vessel
failure. To achieve the objective, the design of the
experimental apparatus and the selection of initial test
conditions were intended to maximize the potential for debris
removal .

1. Apparatus

A sketch of the melt generator used for the SPIT series
tests is shown in Figure 1. The melt generator was basically a
pressure vessel to contain the metallothermic reaction that
produced a mixture of molten iron and aluminum oxide. It was
constructed of a mild steel pipe, 11.4 centimeter outer diameter
by 90 centimeter long, with bolted flanges welded to each end. A
secord 10 centimeter diameter steel pipe was placed inside the
first pipe to act as a crucible shell for the thermite powder.
Graphite plates (1.2 centimeter thick) were placed at either end
to complete the crucible. The bottom generator flange cover was
machined to hold a replaceable insert plate. The insert plate
was drilled and tapped to accept a fusible melt plug made from a
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commercially available brass pipe fitting. The plug extends into
the melt generator through a hole in the lower graphite plate so
that it was exposed to the thermite powder. As the reaction
front proceeds downward, the molten material ultimately contacted
and melted the fusible plug, allowing the molten material to be
ejected into the cavity.

The upper melt generator flange cover was machined to accept
a gas feed line (nominal 1/2-in diameter stainless steel tubing)
to pressurize the vessel prior to the start of the thermite
reaction. The thermite reaction was initiated by an igniter

embedded in the upper portion of the powder bed. Gaseous
contaminates released during the reaction plus heating of the
overlaying gas layer normally contributed additional

pressurization of the generator. The gas line was also connected
to an accumulator vessel intended to mitigate the pressure
increase during the thermite reaction. Even with the accumulator
in place during previous tests, the pressure level at the time of
ejection was typically 30% to 50% greater than the initial value.
Reference 8 contains additional information on the melt generator
construction and thermite reaction.

A schematic of the SPIT-18 cavity is given in Figure 2.
Although it did not represent any specific reactor geometry, the
overall dimensions corresponded to a 1:20 linear scaling of a
large PWR cavity. Specifically; the melt generator to floor
distance, the length of the tunnel, and the angle of inclination
(26 degrees from vertical) were a close simulation of the Zion

and Indian Point plants. The apparatus was constructed in the
form of a rectangular box of mild steel plate with openings for
the melt generator and cavity exit. Commercial firebrick
(99.2 w/o alumina) was used as a liner for the bottom and sides
of the box. The bricks were in the "as-received" condition
except for a short pc od of oven baking to remove excess water.
The small gaps betw: the bricks were not filled.

The alumina brick selected for the SPIT-18 cavity was
intended to eliminate the possible influence of a melt-concrete
interaction on the debris dispersal processes. By using a
refractory material in the cavity, the potentially disruptive
effects of energetic concrete decomposition were reduced.
Therefore, debris dispersal observed during this experiment
should only be affected in the cavity by thermal and bydrodynamic
phenomena. Likewise, using a simple cavity geometry simplified
the flow patterns and regions where the debris could be trapped.
To this end, the cavity was designed with a continuous cross-
sectional area from the generator outlet to the exit of the
cavity. The slightly reduced size of the cavity exit provided
the only geometric restriction to the flow of gas and debris.

A schematic of the steel enclosure (known as the interaction
chamber) is shown in Figure 3, along with the relative size of

T
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the melt generator and cavity apparatus. The walls, ceiling, and
ends of the chamber were steel plate (8 millimeter thick)
reinforced at regular intervals (0.67 meters) by I-beams. The
side that faced east included a 1.2 meter diameter port for the

instrumentation connections. The removable doors were attached
at two sides and the upper edge by 1.2 centimeter diameter bolts
spaced 15 centimeters apart. The lower edge of each cover was

not bolted into placed but was sealed against the 15 centimeter
thick concrete pad that formed the base for the chamber. A
one centimeter thick sponge rubber gasket was used to seal the
end covers to the chamber. The chamber was attached to the pad
at several locations by embedded steel angle-iron pieces w=lded
to the lower perimeter. The chamber was not considered to be a
pressure vessel, with an estimated ultimate load capacity of less
than 0.07 MPa. The design of the removable end covers prevented
an absolute gas tight seal, although the leakage rate was
considered small compared to the overall volume. The actual leak
rate was not measured.

Internally, the interaction chamber was almost devoid of
structures except for a large instrumentation port. Two fans
with six blades each driven by air motors were suspended from the
ceiling to develop air circulation patterns. The capacity of
these units was intended to cause a flow in one minute equivalent
to the volume of the chamber. The fans were designed to create a
uniform distribution of the material suspended in the atmosphere

following melt ejecticn (aerosols). The objective was to make
the aerosol samples representative of the actual generation of
material. The chamber also incorporated several transparent

ports in the sides and ceiling to allow camera coverage of the
test events. A 600 Watt quartz lamp was placed near the ceiling
and behind the apparatus to provide illumination before the start
of the test sequence.

2. Instrumentation

Because the primary objective of this test was to study the
dispersal of debris and aerosol from the cavity, most of the
instrumentation was designed to monitor these phenomena. Table 2
summarizes the instrumentation employed on this experiment.

The pressure gauge inserted into the expansion volume of the
melt generator measured the gas pressure ir the free space above
the melt pool. The device (Kulite Model HEM-375) was placed into
a cavity machined in the top flange cover and protected by steel
turnings (like heavy steel wcol) inserted ahead of the exposed
gauge surface. The metal turnings allowed gas to pass freely but
prevented molten material from directly contacting the sensing
element. The location of the gauge allowed it to measure the
initial gas pressure, the increase incurred during the thermite
reaction, and the blowdown history following melt ejection.

~Se
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Table 2

Summary of SPIT-18 Instrumentation

e
TYPED No. RANGE LOCATION PURPOSE
Pressure 1 0-69 MPa Gas Source Reference pressure
Pressure 1 0-69 MPa Gas accumulator Gas line pressure
Pressure 1 0-69 MPa Melt generator Blowdown
TC 1 0-1500°C Gas line Gas into accumulator
TC 1 0-1500°C Melt generator Expansicn chamber
Pitot-tube 1 - Cavity exit Gas velocity
Pressure 1 0-0.069 MPa IC* wall IC atmosphere
TC 31 0-1500°C IC volume IC atmosphere and wall
temperatures
Photometer 1 - NE IC corner Aerosol concentraion
Filter 12 ~ IC volume Aerosol mass
Cascade 6 - NE IC corner Aerosol size
Impactor distribution
Cascade 1 - NE corner Aerosol size

Cyclone

distribution
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Table 2 (Continued)

Summary of SPIT-18 Instrumentation

DEVICE
TYPE No.

RANGE

LOCATION

PURPOSE

Deposition 10
Surface

Deposition 6
Sample

Catch Pan 41

IC walls

IC N wall and
ceiling

IC floor

Distributed aerosol

Time resolved
deposition

Debris dispersal

* Interaction Chamber



A thermocouple (Type-K with stainless steel sheath) inserted
approximately six centimeters into the expansion volume measured

the temperature of the gas above the melt. The device was
shielded with a 6 millimeter diameter stainless steel tube to
survive possible direct deposition of molten material. Small
holes drilled into the tube allowed hot gases to penetrate to the
thermocouple but large melt globules were interce::ed. The

design represented a compromise between the protection needed for
survival and the degradation in frequency response caused by the
addition of the shielding material. Consequently, the response
of this device was on the order of several seconds or more, which
limited its ability to rapidly achieve thermal equilibrium with
the temperature changes occurring in the melt generator.

The pitot-static tube at the exit of the cavity was intended
to monitor the dynamic pressure ahead of the dispersed melt. A
low-range differential pressure transducer (Validyne DP7 %1 psid)
was connected to the stagnation and static pressure ports of the
pitot-static tube. The gas initially in the cavity was expected
to be heated by the ejected melt, which caused it to rapidly
expand and flow out the exit. In addition, gas in solution with
the melt may also have effervesced and contributed to the flow
ahead of the melt. The small holes inherent in the construction
of the pitot-static tube made it susceptible to damage or
plugging by the debris that emerged from the cavity.

Wall temperature measurements in the interaction chamber
were important to determine the mechanisms related to aerosol
deposition on surfaces. Thermocouples (Type-K 0.8 millimeter
diameter) were attached to the wall at regular intervals
(one meter spacing) within the chamber to monitor the response of
the structure. The temperature increase monitored by these
devices was expected to be from both direct exposure to the
ejected debris and by heat transfer from the chamber atmosphere.
Heating by the atmosphere was expected to be of longer duration
than from the debris directly as convective currents developed
within the chamber.

The temperature of the gas within the chamber was measured
by thermocouples extending from the sidewalls and ceiling. Each
probe (Type-K with 3.2 millimeter diameter stainless steel
sheath) was positioned so that its sensing junction was located
one meter from the adjacent chamber surfaces. The large diameter
sheath of these devices insured sufficient mechanical rigidity to
withstand the air turbulence expected in the chamber following
ejection and blowdown. This construction caused the estimated
time constant of the devices to be at least 15 seconds in air.
This meant that the long-term temperature history within the
chamber was accurately determined, while the rapid transients
following debris dispersal were probably distorted.

35



The devices employed to measure the aerosol generated during
the test event are listed in Table 2. The purpose of the devices
was to obtain data that would determine the aerosol source term
associated with pressurized melt ejection and debris dispersal.
This determination required knowledge of the aerosol generation
rate, size and mass distributions, aerodynamic characteristics
such as shape factor, and chemical composition. These
characteristics were considered over the time interval of the
experiment in order to quantify the source term.

Filter samplers (Millipore LS Type - 47 millimeter) were
placed in the chamber at several locations. Figure 4 shows the
relative locations of the filters and other devices in the
interaction chamber. The instrument rack depicted in the figure

housed the majority of filter samplers. The remainder of the
filters were placed on one meter tall stands in the locations
shown. Aerosol mass concentration was obtained from these

devices by weighing the material collected on the teflon filter
media using the period of exposure and mass flow rate through the
device. Line losses and the amount of material deposited in the
sample line were estimated to be insignificant compared to the
quantity of material collected by the filter element.

The number of devices allowed staggering the sample time (by
means of electrically controlled valves in the vacuum line that
lead to the filter housing) to determine the change in the
aerosol mass concentration with time. Placement of the filters
in several iocations permitted evaluation of the uniformity of
the aerosol concentration within the chamber.

Cascade impactors and cascade cyclones were used to separate
the collected aerosol into sizes based on aerodynamic diameter.
Typically, six or seven size ranges were obtained with a single
device. Collection efficiencies were lowest for the large
(>10 micrometer) particle range. Two impactors were mounted on a
rotating framework to cause the tangential velocity of the
sampler inlet to be nearly equivalent to the inlet velocity.

This method of isokinetic sampling ..& intended tc improve the
collection efficiency for the laiae particles. Four of the
impactors were mounted in an Jun! us 1t rack and were cperated
simultaneously. Two were run a 2 r ..nal flow rate of 14 L/min
while the other two were at 5 L/min. Comparison of the size

distributions from the various devices showed whether the inlet
sampling efficiency varied with flowrate.

The casc .de impactors were principally intended to give size
distributions of the suspended material. The devices (Andersen
Mk-II) were efficient in collecting particles in the size range
of less than 10 micrometer aerodynamic diameter, yielding
distribution information in the range of approximately one-tenth
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micrometer diameter to ten micrometer diameter. Each device had
eight collection stages followed by a backup filter to retain the
smallest particles. A preseparator was also used to remove
particles larger than ten micrometer aerodynamic equivalent
diameter. Table 3 gives the cut sizes of the preseparator and
each stage for the two flow rates used on the tests, the cut
sizes for the six stages of the cascade cyclone are also given.
The calibration data of Cushing12 and McFarlandl3 were used to
determine these cut sizes.

Table 3
Particle Cut Sizes for Cascade Impactors
and Cascade Cyclones

Aerodynamic Equivalent Diameter

(micrometer)
Stage 5 L/min 14 L/min
Impactor
Preseparator 10.2 10.5
) | * -
2 - N
3 - 6.5
4 7.4 4.4
5 4.1 2.5
6 1.92 1.13
1.24 0.72
8 0.74 0.42
Backup Filter 0 0
Cyclone
-10 15.0
-1 8.6
-2 4.6
-3 2.6
-4 1.8
-5 0.9
Backup Filter 0

= Cut size larger than that removed by the preseparator.

The construction of the cascade cyclone (Sierra Series 280)
allowed it to obtain a larger sample, nominally hundreds of
milligrams per stage compared to less than fifteen milligrams per
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3. Initial Conditions

The experimental technique used on the SPIT-18 test allowed
a number of important variables to be established before the
start of the thermite reaction. Several of these variables (melt
mass, melt composition, gas composition, aperture diameter, and
ambient pressure) were significant in determining the results
from the experiment. Table 4 summarizes the initial conditions
employed for the SPIT-18 experiment.

Table 4
SPIT-18 Initial Conditions

Melt Mass 10.3 kg

Thermite Composition Iron Oxide (Fez04) - 7.63 kg plus
Aluminum (Al) - 2.37 kg

Melt Composition Iron (Fe) plus Alumina (Alg03)

Dopants Barium Molybdate (BaMoO4) - 0.2 kg
plus Lanthanum Oxide (Lag03) - 0.1 kg

Gas Dry Bottled Nitrogen (Ng)

Gas Volume 0.032 m3 (including accumulator)

Initial Pressure 10.6 MPa

Ambient Temperature 13°C

Fusible Plug Diameter 2.5 cm

The iron oxide and aluminum were obtained in powder form and
mixed just prior to the experiment. The producer of the iron
oxide (Type MS-30 Chemalloy Company, Bryn Mawr, PA) guaranteed
that the material had less than 1% impurities and a particle
size range of 74 to 600 micrometer (sieve siz:: 100% minus 60
mesh, 40% max minus 325 mesh). Sieving the as-received material
has shown a significant amount (up to 35 w/o) of the particles
fall below the minimum size. Batches of the material with more
than 10 w/o of sub-size particles were rejected. The iron oxide
powder was heated in an oven for four hours at 600°C to drive off
absorbed water. This process was designed to minimized hydrogen
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gas generation and associated flaring during the thermite
reaction. The finely divided aluminum was obtained in a nodular
form from Alcoa (Powder #101 Aluminum Company of America,

Pittsburgh, PA). The typical batch contained less than 0.3%
impurities, mostly in the form of iron and silica. The aluminum
powder was used in the as-received conditiorn. The powders were

mixed just prior to charging into the melt generator.

The four mechanisms believed responsible for the dispersal
of debris (film entrainment, particle levitation, film sweepout,
and splashout) from the reactor cavity were considered to be
directly dependent on the pressure of the gas in the reactor
pressure vessel .2 The amount of material removed was assumed
therefore to be determined by the initial system pressure and the
period of time that the blowdown gases were capable of dispersing
material. In a reactor accident, the upper bound of system
pressure is fixed by the setting of the primary relief valves,
approximately 17 MPa for pressurized water reactors (PWR).
Because the goal in this test was to study debris dispersal at
conditions near the upper end of the operating range, the
pressure level in the SPIT-18 test was desired to be at the melt
generator vessel’s maximum value (14 MPa). The initial pressure
level selected allowed for the potential pressure increase caused
by heating of the gas during the thermite reaction.

Fission product simulants (dopants) were added to the
thermite mixture to aid in determining the aerosol source term.
These materials did not contribute exothermally to the thermite
reaction, so their presence lowered the ultimate melt temperature
achieved. For this reason, only a limited amount of inert
material was employed in the composition. In this test, the mass
of the dopants was limited to 300 grams (200 grams of BaMoO4 and
100 grams of Lago?) to provide information on release of barium,
lanthanum, and molybdenum. If the 100 gram brass fusible plug
was included, it added about 1.0 w/o of copper and 0.5 w/o of
zinc. The extent to which the plug was mixed and dispersed with
the ejected melt was unknown.

Studies have indicated that hydrogen and steam may be
soluble under high pressure in the molten core debris found in a

reactor pressure vessel.l4 Bottled nitrogen was used as the
driving gas in this test because it was considered highly soluble
in the iron based melt.15 As the molten material entered the

cavity region, the effervescence of the dissolved gas caused
disruption of the jet geometry. The gas may then be expected to
expand out of the cavity region, causing the removal of melt
particles. This mechanism and others responsible for debris
dispersal are discussed in more detail in a Section III.E.
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B. SPIT-19

The objective of the SPIT-19 test was to determine the
extent of debris dispersal from a scaled (1:20) model of the Zion
reactor cavity. The design was based on the internal geometry of
the Zion cavity, except some equipment details were omitted.

1. Apparatus

The SPIT-19 experiment was virtually identical to SPIT-18
except in the construction of the cavity. The apparatus for this
test was designed to be an accurate representation of the
geometry of the Zion nuclear power plant. A schematic of the
cavity is shown in Figure 5. All of the linear dimensions were a
1:20 reduction of those found in the actual plant. For this
test, the lower melt generator flange cover was replaced by a
steel plate cast into the concrete that formed the cavity. The
position of the plate corresponded to the scaled distance from
the bottom of the RPV to the cavity floor in the Zion plant.

The model accurately depicted the major geometric details of
the cavity, but mechanical features such as the instrument tubes,
ladders and catwalks, and the cavity sump were not included. The
annular gap around the RPV was not incorporated into the model.
The cavity was constructed of prototypic limestone-common sand
concrete, 6,17 that was allowed to air cure for thirteen months.
It was constructed in two sections with a horizontal parting line
along a2 plane defined by the tunnel ceiling. Long bolts inserted
through tubes embedded in the concrete held the two halves
securely together. Separating the two halves permitted access to
the cavity following the test. The small vertically-oriented
tube inserted into the tunnel near the junction with the upward
slanted section was for measuring cavity pressure.

A schematic drawing showing the SPIT-19 apparatus placed in
the interaction chamber is given in Figure 6. The chamber
arrangement was similar to the SPIT-18 test except that the fans
were moved to avoid the debris that emerged from the cavity.
Several additional view ports were included (not shown on the
drawing) to increase the camera coverage. A 600 Watt quartz lamp
was placed near the ceiling of the chamber and behind the
apparatus to provide illumination prior to the start of the
ejection sequence. The lamp was not expected to survive if
impacted by debris. The chamber was also modified to use flash
X-ray equipment to monitor the material emerging from the cavity

exit.
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2. Instrumentation

Like SPIT-18, the instrumentation for this test was directed
towards monitoring the extent of debris dispersal and aerosol
generation. In addition, thermocouples and pressure gauges were
used to study the response of the chamber atmosphere during the
debris dispersal. A summary of the SPIT-19 instrumentation is
given in Table 5.

The pressure transducer (Precise Sensors Model 111-2)
placed in the melt generator expansion volume used water cooling
to minimize errors induced by the high temperature of the gas.
The device measured the pressure of the gas above the melt and
the blowdown history following ejection. The natural frequency
of the gauge wae listed by its manufacturer as 70 hertz, which
was considered more than adequate to resolve the estimated 500 to
1500 millisecond blowdown period. The remaining two pressure
transducers (Kulite Model HEM-375) were placed in adjacent
locations to provide confirmatory information.

The temperature of the gas above the melt and in the
connecting line to the accumulator was monitored by thermocouples
(Type-K with stainless steel sheaths) inserted into the melt

generator expansion volume and gas line. The melt generator
sensor was heavily shielded as in SPIT-18 to withrtand direct
melt deposition. The time constant of the thermocouple and

shield in air was between 1 and 4 seconds based on estimates from
a previous applications.

The interaction chamber was instrumented with thermocouples
(Type-K with stainless steel sheaths) that measured the
temperature change of both the atmosphere and structure. The
atmospheric sensors were inserted through the walls and ceiling
to a point one meter from adjacent surfaces. Because the overall
height and width of the interaction chamber were each
approximately three meters, the thermocouple arrays established
two horizontal planes, one and two meters from the floor,
respectively. The diameter of the thermocouple sheath
(3.2 millimeters) provided mechanical rigidity to the unsupported
devices. The response of these devices in air was estimated to
be on the order of 1 to 4 seconds.

The interaction chamber sidewalls were fitted with small
sheathed thermocouples (Type-K with 1.6 millimeter diameter
stainless steel sheath) placed in tube-compression fittings
mounted flush with the inside surface. The good mechanical
contact between the sheath, fitting, and wall insured that the
devices accurately measured the induced surface temperature. The
locations of these sensors corresponded to the junction of the
atmospheric thermocouples projected into the three coordinate
directions, except in the vicinity of the instrumentation port
where sensors could not be mounted.
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Table 5

Summary of SPIT-19 Instrumentation

TYPE NO. RANGE LOCATION PURPOSE
Pressure 1 0-69 MPa Gas source Reference pressure
Pressure 1 0-41 MPa Melt generator Blowdown
Pressure 1 0-69 MPa Accumulator Gas line
Pressure 4 0-0.069 MPa IC* walls and ceiling IC Pressure
TC 0-1500°C Melt generator Gas temp above melt
TC 1 0-1500°C Gas line Reference
TC 24 0-1500°C Cavity Concrete temp
TC 29 0-1500°C IC walls and ceiling Chamber wall temp
TC 11 0-1500°C IC atmosphere Gas temperature
TC 1 0-1500°C Melt plug Event timing
Pitot tube 1 - Cavity Gas velocity
Flash X-ray 3 - Cavity exit Debris character
Pyrometer 1 1500°C- Cavity exit Debris temperature
3500°C
Photometer 1 - NE corner IC Aerosol concentration




Table 5 (continued)

Summary of SPIT-19 Instrumentation

TYPE NO. RANGE LOCATION PURPOSE

Filter 18 - IC volume Mass distribution

Cascade 1 - IC volume Size distribution

Cyclone
Impactor 6 - IC volume Size distribution

Deposition 6 - North-end IC Time resolved
deposition sample

Deposition 12 - IC walls and ceiling Total deposition
surface

Catch Pan 40 - IC floor Debris collection

* Interaction chamber



Thermocouples placed at various depths in the concrete
cavity were designed to measure the response to melt impinging on
or flowing over the exposed surfaces. By correlating the
temperature of the concrete versus depth, the incident heat flux
was estimated.l8 Small diameter sheathed thermocouples (Type-K

with 1.6 millimeter diameter stainless steel sheaths) were
embedded in the concrete in arrays at several locations as
depicted in Figure 7. The right-angle curvature of the

thermocouples was used to minimize the potential error induced by
heat conducted away from the sensing junction by the relatively
high thermal conductivity (compared to the surrounding concrete)
of the metallic sheath. Locational accuracy of the sensing
junctions was estimated to be 1 millimeter.

A pitot-static tube sensor was located in the tunnel portion
of the cavity measured the dynamic pressure exerted by the gas
flow. It was primarily intended to measure the gas ahead of the
melt caused by heating of the cavity atmosphere and the
effervescence of dissolved gas. The device was placed along the
centerline of the tunnel, approximately 2.5 centimeters from the
ceiling. The connecting tubing was routed between the two cavity
sections to a differential pressure transducer (Validyne DP7 25
psid). The response of this system to a step change in flow
velocity was estimated to be on the order of 50 milliseconds.
The relatively fragile construction and small openings of the
device limited its usefulness after melt arrival.

The brightness of the material emerging from the cavity
reduced the value of photographic film as a diagnostic for
determining the character of the dispersed debris. Radiographs
of the molten material were valuable because the resulting
records were not obscured by the enveloping aerosol cloud or
blinded by the radiated light. The flash X-ray (Hewlett Packard
Model KC-150, 150 keV) technique was particularly useful because
the inherent short exposure times (70 nanoseconds) essentially
"froze" the motion of even the fastest particles.

Figure 8 is a photograph of the SPIT-19 apparatus showing
the position of the X-ray film cassettes near the cavity exit.
The aluminum cassettes were insulated with a refractory blanket
material to protect the film from the hot debris. The X-ray
generators corresponding to each cassette were located just
outside the interaction chamber (source to target distance- ~2 m,
target to cassette distance- ~0.8 m), directed through windows
made of relatively low X-ray adsorbing material. The center
cassette was placed to give a view orthogonal to the direction of
the flowing debris. The remaining two cassettes on either side
of the center unit yielded somewhat oblique views of the
emerging stream. The X-ray units were triggered by a breakwire
placed across the exit opening. Each generator head
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was then fired at a predetermined delay interval (15, 45, and 99
milliseconds) after receipt of the signal from the breakwire. It
was estimated that film and geometric unsharpness combined
limited the resolution to no better than 0.3 millimeters.

A two-color pyrometer was directed at the cavity opening to
measure the temperature of the debris as it emerged. The
manufacturer of the device (Ircon Model R-35C10) claimed a useful
range of 1500°C to 3500°C and a time constant of 10 milliseconds.
The device assumed that the target mat-=- al behaved as a gray
body, so that the ratio of transmitted energies yielded
temperature directly without the need for emissivity corrections.
This feature also reduced the influence of intervening, semi-
transparent materials such as dust or smoke. The pyrometer was
placed outside the interaction chamber, aimed alongside the melt
generator at an angle of 30° from horizontal. The circular
target area at this distance was on the order of 2.5 centimeters,
or well within the characteristic length of the cavity opening.

Two photometers designed by the experimeters were used to
measure the aerosol mass concentration by monitoring the
attenuation of a 1light beam by airborne particles. The
attenuation measurement was also correlated to the aerosol mass
concentration as measured by the filter samples. Both photometer
devices on this test withdrew samples from the chamber atmosphere
through a channel (nominally 2 or 5 centimeters in diameter) at a
known flow rate. The aerosol laden stream was caused to pass
between a white-light source and a photodetector to obtain the
amount of attenuation caused by the particles. Filter samples
were taken zt discrete times to obtain other mass concentration
measurements and provide in-situ calibration of the photometers.

The catch pan arrangement for this test is shown in
Figure 9, along with the locations of the aerosol detection
devices. The pans were intended to collect the debris that was
dispersed from the cavity during the experiment. The forty pans
covered an estimated 60% of the total floor area, or 84 percent
of the available area excluding the apparatus and instrumentation
rack. The majority of the aerosol devices were placed in the
instrument rack. Only the two rotating impactors and six filters
were in the other locations (Figure 9).

3. Initial Conditions

The initial conditions of the SPIT-19 test were intended to
duplicate those employed during the SPIT-18 experiment. Other
than the cavity design, the principle difference in the SPIT-19
test was a modification to the gas supply system to prevent flow
reversal from the accumulator into the melt generator. In the
previous test, the pressure increase during the thermite reaction
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was partially absorbed by the large volume of the accumulator,
but the gas then discharged back into the melt generator after
melt ejection, potentially contributing to debris dispersal late
in the sequence. For the SPIT-19 test, a check valve was placed
between the melt generator and the accumulator to close when the

flow direction changed. In this manner, the volume of gas
involved in the blowdown process was effectively only that within
the melt generator itself. Table 6 lists the initial conditions

for the SPIT-19 test.

Table 6
SPIT-19 Initial Conditions

Melt Mass 10.3 kg

Thermite Composition Iron Oxide (Fe304) - 7.63 kg plus
Aluminum (Al) - 2.37 kg

Melt Composition Iron (Fe) plus Alumina (Alg03)
Dopants Barium Molybdate (BaMoO4) - 0.2 kg
Lanthanum Oxide (L.ag03) - 0.1 kg
Gas Dry Bottled Nitrogen (Ng)
Gas Volume 0.0027 m3 (not including accurulator)
Initial Pressure 10.8 MPa
Ambient Temperature 9°C
Melt Plug Diameter 2.5 em
C. HIPS-2C

The objective of the two HIPS experiments was to study
debris dispersal at a larger scale than the previous SPIT tests.
The HIPS experiments were similar to the SPIT tests except that
the cavity was based on a 1:10 scale of the Zion plant. The HIPS
melt generator was designed to create 80 kg of material with a
gas volume roughly scaled to the actual primary system. Several
refinements were also incorporated in the design of the HIPS
equipment as a result of the experience gained during the SPIT
experiments.
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1. Apparatus

The HIPS experimental apparatus consisted of a melt
generator and concrete cavity. The interaction chamber described
in the previous sections was not used because it sustained
considerable damage during the SPIT-19 experiment and it was too
small to contain the expected overpressure from direct
atmospheric heating. The larger melt mass of the HIPS
experiments necessitated a new melt generator with the resulting
design shown schematically in Figure 10.

One difficulty with the SPIT melt generator was that the
available volume for gas underscaled the reactor coolant system.
This problem was eliminated in the HIPS generator as the
dimensions of the new device represented a factor of eighteen
increase in the gas volume. This allowed eliminating the
accumulator and associated plumbing required on the two previous
SPIT tests. As seen in Figure 10, the HIPS melt generator was
constructed of a mild steel pipe casing (41.1 centimeter diameter
by 156.7 centimeter long) with bolted flanges welded to each end.
The lower flange cover was machined to accept a replaceable
insert that retained the fusible melt plug.

The thermite melt crucible was made from a 76 centimeter
long by 25.4 centimeter diameter steel pipe section (6 millimeter

wall thickness). Graphite plates, 1.2 centimeters thick, were
placed at each end of the crucible pipe section to protect the
other parts of the melt generalor. The annular gap between the

inner and outer pipe sections was filled with an alumina
refractory dry ram (Inductogrog No. 150 Inductotherm Corp.
Rancocas, NJ) material to a height above the initial level of the
thermite.

The dimensions of the HIPS concrete cavity were based on a

1:10 linear scaling of the Zion nuclear plant. The major
geometric details were accurately reproduced to insure correct
gas and debris flow patterns. Some details, such as instrument

tubes, catwalks and ladders, and the cavity sump were not
considered significant contributors to the debris dispersal
processes and were not included in the model. A schematic
drawing showing details and dimensions of the HIPS cavity is
given in Figure 11. The upward slanted section (26 degrees from
vertical) terminated at a level that corresponded to the floor of
the containment building.

The external dimensions of the cavity provided an adequate
concrete thickness in all areas that could potentially be eroded
by the impinging melt. The cavity was formed in two sections
with a parting surface along the plane of the upper tunnel
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surface. Each section was made using large steel channel members
welded together to form the outer periphery. The steel provided
additional strength and a convenient form for the concrete
placing operation. The cavity was made with a limestone/common
sand concrete similar to that used at the Zion plant.16,17
Several reinforcing steel members were placed in the base of the
cavity (approximately 8 centimeters from the floor surface),
primarily to strengthen the structure for handling.

The cavity incorporated an embedded steel ring with attached
nuts to mount the melt generator. The distance from the melt
plug to the cavity floor was scaled based on the RPV to floor
dimension. When the melt generator was in place, the lower
flange cover effectively sealed the cavity opening. The cavity
sections were connected together with a total of sixteen
12.5 millimeter diameter bolts inserted through tubular sleeves
welded to the steel channel members.

2. Instrumentation

A summary of the HIPS-2C instrumentation is given in
Table 7. Pressure gauges were placed in the top flange cover of
the melt generator to obtain the pressurization and blowdown
histories. The primary device was a water cooled gauge (Precise
Sensors Model 111-2) placed in a machined recess filled with
steel turnings to protect the sensing element. Another gauge
(Kulite Model XT-190) was located in a less hostile position in
the gas line near the melt generator. The second device provided
a backup in the event that the primary device was affected by the
heat flux from the molten pool formed during the thermite
reaction. Two thermocouples were inserted through the flange
cover to a depth of approximately 30 centimeters to monitor the
temperature of the gas above the melt. One sensor had a
3.2 millimeter diameter stainless steel sheath while the other
was a 1.7 millimeter diameter sheath unit inserted into a
6 millimeter diameter stainless steel tube. Small diameter holes
(0.5 millimeter diameter) in the steel tube allowed the hot gases
to reach the sensor while protecting against possible contact
with debris.

The results of the previous SPIT tests indicated that very
few conventional diagnostic devices were capable of surviving the
hostile cavity environment during the melt ejection process.
Consequently, many of the instruments employed in the HIPS-2C
test were developmental or were intended to function only a short
time. Thermocouples (1.7 millimeter diameter stainless steel
sheath) were installed in the cavity at the fusible plug, on the
floor directly beneath the aperture, and at the cavity exit. The
intent of these devices was to provide an indication of the
position of the debris within the cavity. The time interval
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between the response of each device was used to determine debris

velocity. Aerosol instrumentation was not used because the
lack of a confining volume prevented making definitive
measurements.
Table 7
Summary of HIPS-2C Instrumentation
DEVICE
TYPE NO. RANGE LOCATION PURPOSE
Pressure 1 0-34.5 MPa Gas line Reference
Pressure 1 0-41.4 MPa Melt generator Blowdown
TC 2 0-1500°C Melt generator Gas temperature
TC 1 0-1500°C Melt plug Timing
TC 24 0-1500°C Cavity Concrete temp
TC 1 0-1500°C Cavity exit Event timing
Pitot Tube 3 +30 psid Tunnel Gas velocity
Pyrometer 1 1500°C-3500°C Cavity exit Debris temp
Pyrometer 1 1700°C-4000°C Cavity Exit Debris temp
Flash 6 - Cavity exit Debris
X-ray character
Catch Pan 18 - Downrange Debris
collection
Cameras 12 30-400 fps™ - Observation

* fps - frames per second

Two pyrometers were used to measure the temperature of the

debris as it emerged from the
devices was the same as
two-color unit with a
35C10) . The second pyrometer
using a photomultiplier tube

cavity

exit.
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was a single-wavelength device
for the sensing element (Thermogage

The first of these
described for the SPIT-19 experiment, a
10 millisecond

time (Ircon R-



Inc.- Serial Number 2589). The response of this unit was
significantly faster, on the order of one microsecond. The
device was incorporated into the test to determine if rapid
variations in the debris temperature occurred during propagation
of the debris. Because the emissivity of the molten material was
uncertain, the data from this device were somewhat uncertain in
magnitude.

Three pitot-static tubes were employed on this test in the
tunnel region and inclined portion of the cavity. Each devicse
was connected to a differential pressure transducer (Validyne DP
7+¢30 psid) to record the velocity of the gas through the tunnel.
As previously indicated, these units were expected to be damaged
or destroyed during the period of melt discharge.

Catch pan arrays were placed at 15 meter intervals from the
cavity to collect debris that was dispersed and subsequently
settled to the ground. Six pans were placed at each of four
locations along the expected flightpath of the debris stream.

The larger geometry of the HIPS cavity compared to the SPIT
apparatus and the absence of the confining chamber allowed more
flexibility in the use of X-ray equipment. For this test, six
cassettes in two rows were used at the exit region of the cavity.
The upper row was above and slightly downrange from the bottom
row to account for the angle of flight of the debris stream. The
two X-ray systems (150 keV and 300 keV) were triggered by a
breakwire across the exit opening that gave a predetermined time
delay for each unit (15, 30, 60, 100, 150, and 250 milliseconds).
Because the mean dimension of the debris stream in the HIPS
geometry was larger than in the SPIT tests, the resolution of the
radiographs was affected somewhat by the larger distance between
the film cassette and the respective X-ray generator. The
combined lack of definition and focus was estimated to be on the
order of 0.5 millimeter.

The thermocouples placed in the SPIT-19 cavity showed that
very little heat propagated into the concrete from the exposed
surface. The limited time the debris remained in the cavity
before being expelled prevented extensive propagation into the
concrete. Similar sensor arrays were used in the HIPS-2C cavity
in the event that debris might be held up in the cavity and not
completely dispersed.

The signals from the sensors were recorded on a reel-to-reel
tape recorder (Honeywell Model 101) for the faster response
devices (pressure gauges and pyrometers) while the voltage
scanner (Hewlett Packard 3497A) was used for the thermocouples
and backup transducers. A total of eleven high-speed and video
cameras were employed to record the test event. Camera speeds
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were established in a range from 30 (video) to 2000 frames per
second (framing camera) to optimize the resoclution of the data.
The position and view (close-up or wide-angle) were also
different to optimize the return of useful information.

3. Initial Conditions

The initial conditions for the HIPS-2C experiment were
similar to those used in the SPIT-18 and SPIT-19 tests. The
initial pressure level prior to ignition was set lower; however,
because the pressure increase induced by the larger quantity of
melt was not known. A summary of the HIPS-2C initial conditions
is given in Table 8.

Table 8
HIPS-2C Initial Conditions

Melt Mass 80.0 kg

Thermite Composition Iron Oxide (Fe304) - 61.04 kg plus
Aluminum (Al) - 18.96 kg

Melt Composition Iron (Fe) plus Alumina (Alg03)
Dopants None

Gas Dry Bottled Nitrogen (Ng)

Gas Volume 0.0815 m3

Initial Pressure 7.4 MPa

Ambient Temperature 11°C

Melt Plug Diameter 2.5 cm

D. HIPS-5C

The objective of the HIPS-5C experiment was to investigate
the lower bounding condition for debris dispersal. It differed
from the HIPS-2C in that low pressure carbon dioxide gas was used
to pressurize the melt generator. Carbon dioxide was known to




have a much lower solubility than nitrogen in the reacted
thermite composition.l By reducing the amount of gas in
solution, the extent of debris fragmentation and the potential
for dispersal by gas effervescence was minimized. Consequently,
debris dispersal in this test was anticipated to be principally
caused by the influence of the blowdown gas from the melt
generator.

1. Apparatus

The HIPS-5C apparatus was virtually identical to that used
in the HIPS-2C experiment except that the HIPS-5C cavity Lad a
magnesium oxide brick lining on the upper tunnel surface. This
was a result of modifying a cavity previously intended to have a
brick lining on all of the exposed surfaces. The bricks were
removed and replaced (except where noted) with limestone-common
sand concrete. The small sections of magnesium oxide remaining
in the tunnel were not considered to significantly alter the
phenomena taking place during the melt ejection process.

For this test, the fusible brass plug in the melt generator
lower flange was larger than that used in HIPS-2C (4.8 versus
2.5 centimeter diameter). In addition, a graphite plate placed
around the plug was designed to minimize additional ablation of
the hole during the melt ejection process. These modifications
were intended to reduce the influence of aperture initial size
and growth on the debris dispersal processes. Limiting the hole
ablation permitted the assumption that the mass flow rate was
nearly constant with time, simplifying the analysis of the
experiment. The insert plate was also made larger in diameter,
30.5 versus 14.0 centimeters, to avoid ablation of the flange
cover during melt ejection. The larger diameter required that
the plate be made of thicker stock (5.1 centimeter) to provide
the necessary strength at high vessel pressure.

It was observed during the HIPS-2C experiment that a large
quantity of insulating powder from the melt generator was carried
into the cavity by the blowdown gas. While this did not
jeopardize the results of the test, it was undesirable. For this
test, a two-centimeter thick magnesium oxide refractory coating
(K/R-Cast 98 Kaiser Refractories 0Oakland, CA) was placed inside
the steel melt crucible. The coating was formed within the
existing pipe section using a smaller diameter steel shell made
from 20-gauge metal sheet. The resulting annular gap was filled
with a water-based magnesium oxide insulating composition which
was cured with heating units. The modification caused the
diameter of the thermite powder bed to be slightly less than
before, but the corresponding increase in height was easily
accommodated. Melting of the thin steel inner shell was not
considered detrimental to the melt composition, so it was left in
place for the test.
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2. Instrumentation

Much of the
experiment proved to be ineffective

the melt.

in-cavity

devices to fail, before useful

the in-cavity devices

were

instrumentation

data
omitted ain

used on the HIPS-2C
in resolving the position of
The intense heal flux from the melt caused most of the
could be obtained.

All of

the construction of the

HIPS-5C cavity. A summary of the instrumentation is given in
Table 9.
Tasle ©
Summary of HIPS-{C Instrumentation
DEVICE 3
TYPE NC. RANCE LOCATIOUN PURPOSE
Pressure 1 0-34.4 MPa Gas line Reference
Pressure 1 0-34.4 MPa Melt generator PRlowdown
Pressure 1 0-3.4 MPa Cavity Cavity pressure
Pressure 2 0-34.4 Mia Cavity Cavity pressure
TC 2 0-1500°C Me.t gencrator Cas temperature

Photodiodes 3

Pyrometer 2

1500°C-3500°C

Cavity

Cavity exit

Debris velocity

Debris temp

Real Time 6 1000 fps* Cavity exit Debrie
X-ray character
Catch Pan 12 - Dowrnirange Debris
collection
Cameras 10 10-400 fps - Observation
* fps - frames per second
The three light sensicive photodicdes in the cavity were
designed to determine the transit time for the melt from the




generator exit to the cavity floor or to the cavity exit. These
devices were optically filtered and used a small aperture to
limit the field of view to the immediate vicinity. By orienting
the devices orthogonal to the path of the melt, they were
sensitive only to the melt as it arrived at the sensor and not to
the bright flash accompanying the wmolten material. Monitoring
the time interval between the response of two of these devices
and knowing the distance traveled gave an average velocity of the
melt as it moved through the cavity.

Flash X-ray imagining of the debris stream in the HIPS-2C
test showed the size and distribution of the melt particles in
the gas that emerged from the cavity exit. Unfortunately, this
technique did not give the velocity of the particles nor their
direction of flight. High speed photographic techniques were
hampered by their inability to penetrate the surrounding aerosol
cloud or luminous melt vapor. To overcome these problems, a
real-time X-ray diagnostic technique was used on the HIPS-5C
experiment. The technique used a continuous 150-KeV X-ray source
(Norelco Model CK-150) to provide a high flux of photons in
conjunction with an image intensifier that converted the incident
photons to electrons that were subsequently focused onto a
screen.

Because a normal video camera is limited to 30 frames per
second, it would be inadequate to monitor the motion of high-
speed particles detected by the image intensifier. For the
HIPS-5C test, a specialized high speed video system (Spin-Physics
Model 2000 camera and digitizing recorder) was used to view the
image intensifier screen. This device allowed up to 2000 frames
per second in full image, and up to 12,000 frames per second for
split-screen applications.

For this test, the image intensifier was installed with its
field of view (approximately 15 centimeters in diameter) across
the exit of the cavity, perpendicular to the expected flow of
debris. Insulating ceramic board was used to form box-like
structures around the X-ray head and image intensifier for
protection from the hot melt particles and heat flux. Thin
plexiglass windows were placed directly in front of the X-ray
source and image intensifier screen that insured minimum
attenuation of the emitted and incident energy. The image
intensifier was placed approximately 10 centimeters laterally
from the lip of the cavity exit while the X-ray head was about
50 centimeters from the opposite edge. These short distances
were necessary because the photon flux varied inversely with the
square of the propagation distance.

The maximum framing speed of the camera system was

established based on the constraints of the experiment. As the
camera speed increased, the amount of 1light available from the
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screen of the image intensifier for each frame (electron flux
multiplied by the time of exposure) was reduced. On this test,
the camera speed was set to 1000 fps Gbecause at the higher
framing rates the contrast between the melt particles and
surrounding background was insufficient to accurately resolve
useful data. The total recording time available was
approximately 45 seconds.

The two pressure gauges installed in the cavity were
intended toc measure the pressure increase as the melt emerged and

heated the gas trapped in the cavity. One gauge was placed in
the circular cavity region while the other was installed in the
inclined shaft near the exit. The thickness of the cavity

required the seusors to be connected to the cavity by
7.7 millimeter diameter steel tubes inserted through the concrete
wall. The total length of the tube was approximately
30 centimeters. This length, combined with the small diameter of
the tube, effectively caused it to function as a low-pass

acoustic filter. It was estimated that pressure pulses with
frequencies above 500 hertz were attenuated by the connecting
tubing. The exposed gauge faces were protected with a

2 millimeter thick layer of porous stainless steel metal, which
permitted pressure equalization to the gauge while reducing the
incident heat flux.

3. Initial Conditions

The initial conditions for the HIPS-5C test are summarized
in Table 10. The initial pressure level was selected to study
debris dispersal at conditions approximating those predicted at
the lower range of the accident sequences.

E. Scaling Analyses

Because all the experiments discussed here represent scale
models of actual reactor cavities, it was important that the
scale of the experiments and its influence on the results be
understood. Section IV of Reference 8 gives an extensive
analysis of the scaling involved in these experiments.

The critical mechanisms for debris removal from the reactor
cavity have been identified as particle levitation, film

sweepout, film entrainment, and splashout. References 2 and 8
give the equations describing each of these mechanisms and the
cutoff criteria for debris dispersal. The Kutateladze number

is used to describe the potential for debris removal by the
action of a high-velocity gas moving over the surface of the
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melt. It is shown in the next section that both the HIPS and
SPIT experiments demonstrate Kutateladze numbers similar to the
reactor accident situation.

Table 10
HIPS-5C Initial Conditions

Melt Mass 80.0 kg

Thermite Composition Iron Oxide (Fe304) - 61.04 kg plus
Aluminum (Al) - 18.96 kg

Melt Composition Iron (Fe) plus Alumina (Alg03)

Dopants None

Gas Carbon Dioxide (COg2)

Gas Volume 0.118 m3

Initial Pressure 5.8 MPa

Ambient Temperature 156°C

Melt Plug Diameter 4.8 cm (growth limited by graphite
plate)

Evaluating the cutoff criteria for each experiment did not
establish the quantity of material that can be potentially
removed. The total predicted dispersal —as proportional to the
length of time the cutoff criteria were exceeded. This required
that the time-scale of the experiment be known in relation to
thar of the accident. Because the dcbris dispersal was directly
related to the blowdown of the primary system or the melt
generator, the time scale of the experiment was found by
considering the mass flowrates for the respective systems. This
was done in Reference 8 with the result that experiment time was
related to actual time in the same manner as the length, i.e.,
1:10 for HIPS tests; 1:10 and 1:20 for the SPIT experinents.

The experiments were designed in a direct linear

relationship to the reactor and used prototypic pressure levels
in the melt generator so that the gas flow patterns estabiished
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in the test cavity were representative of the accident situation.
This was an important consideration 1in accurately modeling the
mechanisms assumed to be responsible for debris dispersal from
the cavity. Because the gas velocities and melt properties were
similar in the reactor accident and experiment, *he dispersal
mechanisms produced debris particle sizes estimated to be the

same in both situations.



III. EXPERIMENTAL RESULTS AND ANALYSES

This section presents the results obtained from the four
experiments, organized to group together the results for a
specific phenomenon from all tests. In this manner, subsections
are presented for melt generator pressure history, debris size
characterization, interaction chamber pressure and temperature
response, etc. Theoretical results are also presented to aid in
understanding and interpreting the experimental observations.

A. Test Observations

This section presents qualitative observations made during
and following each experiment. The intent is to give an overall
impression of the tests and to aid in the interpretation of the
more quantitative results that follow. Each test is discussed
separately.

1. SPIT-18

For this test, a video camera was positioned at one of the
transparent ports in the side of the interaction chanmber,
principally to provide remote observation of the apparatus during
the test. The ejection of the melt was seen on the videc monitor
and coincided with a "thump" that was heard and felt by the
experimenters in the control center. The melt caused a brilliant
illumination in the chamber that lasted for several seconds. The
brightness of the flash prevented any usable information to be
obtained by the video camera during this period. As the glow
from the debris subsided, the visibility within the chamber was
initially adequate but became progressively more limited as
material suspended in the atmosphere moved downward. The
airborne material was suspended near the ceiling of the chamber
at first, but gradually dispersed throughout as the faas
circulated the atmosphere. Within a few minutes, the
illumination of the quartz lamp placed iu the chamber was
inadequate to be seen by the camera.

The initial inspection of the interaction chamber
immediately following the test showed that aerosols were escaping
from a number of leakage points developed during the experiment.
The most obvious of the leaks was at the unbolted Ilower
horizontal seal of both removable doors. Closer inspection
showed a 2 to 3 centimeter separation between the cover and
concrete pad in these regions, attributed to an internal pressure
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load that caused the structural members to yield. The steel
plate between the I-beam reinforcements on the north cover was
obviously distorted. Less significant leaks were also found on
the long side of the chamber opposite the instrumentation port.
A number of bricks used to support the chamber during the pouring
of the concrete floor were displaced away from the structure.

The dense aerosol <cloud within the chamber persisted for
about one hour before details within the chamber were seen.
Debris was observed scattered about the catch pans and exposed
floor area, with the appearance of either small spherical shapes
or splashes. The splashes appeared to have been molten when they
impacted the floor, forming relatively thin patterns of large
cross section. The quantity of debris was more extensive near
the base of the wall away from the apparatus (north wall in
Figure 4) than in the other regions. Much of the material
appeared to have struck the north wall and dropped to the floor.
Al]l exposed surfaces in the chamber were covered by a fine dusty
layer of tan colored aerosol.

When the chamber was entered, it was noted that the iower
edges of the long sides were separated from the concrete base. A
gap, approximately one centimeter wide, was formed along the
entire length of the west wall. The gap was created when the
internal pressure moved the wall outward and upward from the
base. Three anchors in the concrete base were dislodged when the
wall was displaced. The separation on the opposite side was not
as pronounced because the instrumentation port was abutted
against a block wall that limited the available displacement.
Figure 12 shows the appearance of the apparatus and interaction
chamber after the south wall was removed. The gap between the
west wall and concrete pad can be seen at the lower left of the
photograph.

Figure 12 also shows some of the debris that was found

distributed throughout the chamber. The concentration of
material was much greater along the back (north) wall than any
other region of the chamber. The layer of fine dust noted

through the optical ports covered all of the exposed surfaces,
including the ceiling of the chamber. The distribution of this
aerosol material was not preferential, but was uniform throughout
the chamber.

Afver the cavity apparatus was removed from the chamber,
inspection showed several large irregularly shaped globules near
the cavity exit (Figure 13). All other debris in the chamber was
splash-like or in the form of small spheres. The relatively
smooth exterior of these large globules near the exit suggested
that they were not traveling at high velocity upon impact and
were close to freezing. They were probably removed from the
cavity late in the blowdown cycle when the gas velocities were
much diminished.
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When the top cover of the cavity was removed, it was
observed that all the exposed brick surfaces were covered with a
layer of frozen melt. As shown in Figure 14, the crust layer in
the cavity was uniform with no obvious discontinuities. The
light colored area towards the rear of the cavity was dry-ram
material used in the melt generator. The crust material adhered
very lightly to the brick surface and was easily removed. Ten
random samples, two from each of the exposed brick surfaces, were
taken and measured with a vernier micrometer to determine mean
thickness. The values are given in Table 11. This technique
yielded an average thickness of 0.325 (20.089) centimeters. The
rough texture was the largest contributor to the variation from
the mean value. There was not a consistent relationship between
crust thickness and its position within the cavity.

Table 11
Samples Removed from the SPIT-18 Cavity
Sample Thickness Mass Volume Calculated Magnetic
Number (cm) (g) (em3) Density Attraction
(g/cm3)

1 - Yes

2 0.356 3.52 2.0 1.76 Yes

3 0.254 2.26 0.75 3.01 No

4 0.483 3.18 1.0 3.18 Yes

5 0.305 2.56 1.0 2.55 Yes

6 0.3056 2.47 1.0 2.47 Yes

7 0.254 1.97 1.5 1.31 No

8 0.191 2.61 0.5 5.22 Yes

9 0.254 1.64 0.25 6.56 No

10 0.432 3.52 1.0 3.52 No

* Sample too large to be measured using this method.
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Bulk density was obtained from the mass and volume of each
sample (see Table 11). The volume was found by immersing each
sample in a water filled graduated cylinder. This method gave a
mean density value of 3.30 g/cm3 and a standard deviation of 1.56
g/cm.3 The low density value of the specimens relative to iron
or alumina indicated that the crust layer was highly porous. If
the water failed to enter the pores (prevented by surface tension
or closure of the pores), a larger effective volume would be
calculated than in reality. Voids may have formed by trapped gas
within the melt during a rapid quench on the cold brick surface.
The porosity may have been caused by outgassing from the exposed
cavity surface, or by moisture contained in the pores of the
bricks. It was considered unlikely that gas effervescence
occurred over a time interval sufficiently long enough to be
responsible for the observed pore structure.

2. SPIT-19

The two video cameras used on this test provided views of
the inside and outside of the interaction chamber. The latter
device was intended to provide an indication of the aerosol and
gas tnat might escape from the interaction chamber after the
test. Similar to the SPIT-18 test, the ejection of material
coincided with a ground shock that was detected by experimenters
within the control center.

The time from ignition to ejection was unexpectedly short
(4.9 seconds), compared to the 20 to 30 seconds typical of
previous tests. The cause of the rapid reaction rate in the
SPIT-19 experiment has not been specifically determined. It has
been assumed that the reaction rate was enhanced by gases
propagating ahead of the reaction front. This was caused when
the pressure was released from the melt generator during
troubleshooting of a misfire (the thermite reaction was not

initiated on command from the control center). The venting
probably caused the compacted thermite to loosen, increasing the
void fraction in the powder. During the reaction, gases were

then able to penetrate ahead of the reaction front to preheat the
thermite powder and enhance the burn rate.

The time for the thermite reaction to complete and fail the
fusible plug was considerably shorter than any previous test.
The shortest time interval on all prior experiments was 13
seconds. The average reaction time for the 18 SPIT experiments

was roughly 25 seconds. Based on this experience, the fast
framing cameras on the interaction chamber were set to start at
ten seconds after ignition. The cameras did not come to speed

until well after the debris dispersal was complete. Thus, high
resolution camera data were not obtained for comparison to other
recorded data.
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The ejection of the melt appeared as a brilliant flash on
the video monitor that lasted for several seconds. As the
material cooled and the illumination subsided, the atmosphere
within the chamber gradually became very dark. As in the SPIT-18
experiment, the extent of airborne material was sufficient to
obscure the light given by a quartz lamp mounted inside the
structure. The dark cloudy appearance of the atmosphere
continued for nearly one hour.

The record from the external video camera was not available

at the time of the test. Subsequent review of the camera record
clearly showed the emergence of melt from the cavity as a bright
flash visible in all the camera ports. The flash was followed

shortly by an upward movement of the steel interaction chamber,
separated away from the concrete slab. As the structure moved it
pivoted along the east wall where the instrumentation panel was

tied to an adjacent concrete block wall. At the peak of the
upward movement, the southeast corner of the chamber was nearly
one meter above its initial position. The total time from

initial movement of the chamber until it returned to the pad (not
in its original position) was estimated from the video record to
be approximately 0.3 seconds. During the elevation of the
chamber, substantial aerosol and debris escaped from the opening.

Inspection of the chamber after the test revealed that it
was displaced laterally approximately 6 centimeters from its
original position. The displacement caused the south end of the
structure to settle atop the concrete pad, so that the edge of
the structure was elevated approximately 10 centimeters.
Figure 15 is a photograph taken following the test of the lower
southwest corner of the interaction chamber. In this view, the
south door was removed to show the structure above and to the
north of its original position. Some damage to the concrete pad
was also recorded in this photograph.

The inspection also showed that both removable doors on the
chamber were extensively damaged. The internal loading on the
door surface was sufficient to cause large strain in the region
near the lower edge where bolts could not be used. The load
resulted in permanent deformation of the steel plate in this
area, particularly between the vertical I-beam reinforcements.
The lower 3 to 6 bolts on each side of the duoor were "pulled"
through the 5 millimeter steel plate of the doors. This action
resulted in gaps of 4 to 8 centimeters between the deformed steel
plate of the door and the sealing surface of the chamber.

The interior appearance of the interaction chamber after
removal of the south door is given in Figures 16 and 17. Large
pieces of concrete from the interaction chamber pad were found
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FIGURE 15. SOUTHWEST CORNER OF INTERACTION CHAMBER FOLLOWING SPIT-19 EXPERIMENT



FIGURE 16. INTERIOR OF INTERACTION CHAMBER FOLLOWING SPIT-19 EXPERIMENT
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scattered about the chamber. These pieces were created when the
anchors attached to the sides of the chamber were pulled up
through the surrounding pad. Some pieces weighed as much as 15
kilograms. The movement of the structure broke several welds
around the periphery of the chamber resulting in a large gap (2
to 4 centimeters) between the chamber wall and concrete pad.
Figure 17 illustrates more of the chamber damage, and the final
position of the catch pans. Some debris was apparent in the
pans.

Al]l of the exposed surfaces within the chamber were covered
with a fine layer of deposited aerosol. The concentration was
greater on the ceiling and the upper edges of the walls than on
the fl« and lower wall surfaces. A substantial portion of the
mater:i ould be removed by contact, but the remaining residue
was tij bound to the wall surfaces.

Det s was found in every one of the undisturbed catch pans.
The greatest concentration of material was at the bottom edge of
the north wall. Unlike the even distribution seen along the
north end of the chamber following the SPIT-18 test, the
particles were concentrated in the corners. Figure 18 is a
photograph of the northeast corner of the 'nteraction chamber,
that shows the accumulation of debris this region. The
congregation of material near the larger ga; locations indicated
that the debris was influenced by the gas flow out of the
chamber. The relative size of the gaps 1is illustrated in
Figure 18.

Inspection of the cavity apparatus showed that melt escaped
along the parting line separating the two halves. Some residual
melt was found on the metal plates placed over the parting line,
in the form of small spherical beads adhered to the surface. The
discolored concrete above and below the metal plates evidenced
that the debris was deflected at right angles after it emerged
from the cavity. The velocity and temperature of the escaping
material were great enough to prevent "sticking" of the melt to
the exposed metal. Inside the apparatus, the exposed portions of
the inclined tunnel were covered by a thin layer of frozen meit
(Figure 19). The solidified material formed a uniform, thin
layer with scattered large globules. Some large pieces of melt
were also found on the top surface of the apparatus, in the
vicinity of the exit opening.

After the two halves of the cavity were separated, portions
of the parting surfaces were covered by a thin, irregular layer
of frozen melt. A photograph of the lower cavity half is given
in Figure 20. The rough appearance of the mating surfaces was
caused by the grout used between the two halves. The dark area
near the circular cavity was created by melt that penetrated into
the gap between the two cavity halves. The thickness of the
material in this region was less than one millimeter.
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FIGURE 19. EXIT OPENING OF SPIT-19 CAVITY



FIGURE 20. LOWER HALF OF
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The cavity and tunnel regions showed that all exposed
surfaces were covered with a layer of solidified melt estimated
to be 1-2 millimeters thick. Numerous large globules were found
on the floor of the cavity and tunnel. The dimensions of these
globules were on the order of several times the thickness of the
melt in the same region. The distribution of the globules was
fairly uniform along the turnel except for a larger mass at the
base of the inclined keyway. Unlike the bright grey color of the
material in other areas, the large mass was distinctly reddish in
appearance.

Measurement of the cavity internal dimensions showed that
concrete erosion was slight. Only the area directly under the
melt generator appeared decomposed. A sharp probe was used to
penetrate this region to a depth of slightly greater than
one centimeter. The absence of a solidified melt layer as found
in other regions of the cavity caused the white area seen in the
photograph.

The exposed surfaces of the upper half of the cavity also
exhibited a thin layer of frozen material. Unlike the lower
half, no large globules were found. Measurement of the thicknesu
of the melt layer in this region and the lower cavity was
unsuccessful because the material was tightly adhered to the
concrete. When a portion of the crust was removed, the sample

had concrete residue adhered to it. The lower melt generator
flange that served as the ceiling of the circular cavity was
covered by a layer of soot-like material. The material was

generated by the products of the thermite reaction, released
after blowdown of the vessel.

3. HIPS-2C

High speed cameras were used on the HIPS-2C test to provide
high-resolution film records of the events. The cameras were
placed at distances of 20 to 80 meters from the apparatus with
lines of sight perpendicular to the flight direction of the
debris. The field of view on the closer units typically spanned
the region within a few meters of the cavity exit opening. These
devices provided detailed information about the material that
escaped the cavity and the behavior of the apparatus. The
remaining cameras farther from the apparatis were used to monitor
the trajectory of the debris and had correspondingly larger
fielas of view, up to 50 meters downrange from the cavity.

The start of melt ejection into the cavity was indicated own
the film records by the signal from a photodetector placed just
below the fusible plug in the bottom flange of the melt
generator. The output from the photodetector was transmitted to




a strobe light unit on the apparatus and to the high speed tape
recorder. This technique allowed the recorded signals from
transducers to be correlated to the film records. The first
indication of light from the strobe unit was designated as zero

time on the film records. The uncertainty in timing for this
method was on the order of 10 milliseconds, based on the framing
rate of the slowest camera units (100 frames per second). A
summary of the sequence of major observations is given in
Table 12.

Table "2

HIPS-2C Event Timing

TIME EVENT
(Seconds)
0.00 Strobe light turn-on
0.05 First appearance of debris at cavity exit
0.11 Aerosol cloud forms
0.33 Cavity opens along parting line
0.73 Debris ejection complete
1.23 Top cavity half returns to original position
2.09 Separation of debris and aerosol complete
2.52 Debris reaches apex of trajectory
4.09 First debris impacts ground
5.08 Debris impact complete

The photographs shown in Figure 21 were taken with a high-
speed camera from a distance of approximately 75 meters from the
apparatus. The photographs indicate that the debris exited the
cavity at the angle of inclination defined by the cavity geometry
(26 degrees from vertical). The debris began to expand radially
outward as it propagated upward from the apparatus, from an
initial 0.25 meter lateral dimension to approximately 15 meters
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FIGURE 21. DEBRIS DISPERSAL SEQUENCE DURING HIPS-2C TEST
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at its greatest point. As shown in all the photos, the leading
edge of the debris remained very luminous throughout the duration
of flight. The dark cloud of aerosol formed shortly after the
melt emerged from the cavity. The aerosol cloud continued to
grow and expand throughout the course of the experiment. In the
third photograph, the 1initial separation of the aerosol and
debris was obvious, while the last photo indicated that the
separation was complete. Subsequent film records demonstrated
that the aerosol continued to propagate upward as influenced by
buoyancy and the prevailing wind.

The camera records at later times showed that the debris was
still molten when the particles eventually impacted the ground.
Debris was recovered from the ground at distances up to 50 meters
from the apparatus. The maximur height of the debris was
estimated to be approximately 35 meters. Material may have
reached a higher elevation, but no distinct image was detected on
the camera records.

As indicated in Table 12, the melt emerged from the cavity
exit approximately 50 milliseconds after the it first entered the
cavity. The mean debris velocity through the cavity was
calculated to be 40 m/sec (based on an average pathlength from
the melt generator to the cavity exit of 2 meters). Based on the
error in film timing, the uncertainty in the estimated velocity
was *2 m/sec.

OQutside the cavity, high speed camera records were used to
determine the velocity of the escaping material. Data were
obtained from the movement of the leading edge of the debris
cloud as it expanded away from the apparatus. Only the leading
edge of the debris cloud was clearly distinguished throughout the
duration of the flight. The rapid evolution of the debr.s cloud
prevented clear distinction of other portions. Figure 22 is a
plot of debris displacement versus time from the first appearance
of the melt from the cavity. The debris propagated away from the
apparatus at a relatively constant velocity, as suggested by the
slope of the plot given in the figure. After the initial rapid
displacement for the first 5 meters, the debris indicated a
relatively constant velocity on the order of 25 m/sec. For
distances beyond that 1indicated in Figure 22, the irregular
expansion of the debris cloud prevented clearly distinguishable
data.

The cameras near to the apparatus showed that the cavity
failed along the parting line at approximately 330 milliseconds.
The first indication of the failure was the appearance of melt
escaping along the parting line between the wuppe:r and lower
halves of the apparatus. The debris that emerged from vhe
aperture in the cavity moved somewhat more slowly than the
material from the exit. Comparison of the records from all
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cameras showed the gap along one edge (facing east) was

sigrificantly larger than the opposite side. The gap width at
its maximum was estimated to be on the order of 20 centimeters.
After approximately ©00 milliseconds, the top cavity half

returned to its original position.

At approximately 700 milliseconds, the amount of debris
leaving the cavity diminished considerably with the last
distinguishable material observed at 730 milliseconds. The
debris discharge was followed by ejection of a portion of the dry
ram powder used in the melt generator. The powder formed a cloud
at the exit similar in appearance to the aerosol formed by the
melt. The two clouds were clearly discerned, however, by
differences in color.

The buoyancy forces on the aerosol cloud caused it to
propagate in a more upward direction than the debris. Drag on
the particles may also have reduced their horizontal velocity,
particularly the larger size material. At 2.1 seconds, the
separation between the aerosol cloud and debris was complete. At
2.5 seconds, the debris reached its highest elevation of
35 meters above the ground with the cloud approximately 15 meters
wide and about 20 to 25 meters in length along its longitudinal
axis. As the material began to fall towards thez greund, large
particles were distinguished at the lower edge of the cloud
nearest to the apparatus. When these debris impacted the ground,
many particles fragmented into smaller pieces. Debris continued
to strike the ground for the period from 4.1 to 5.1 seconds.
During this interval, all of the material appeared molten, based
upon the splashing or fragmenting that occurred on impact. The
material observed splashing was very luminous indicating that it
was not dust levitated from the ground.

The splash pans placed along the flightpath of the debris
collected only a limited smount of material. The pan locations
were intended to obtain representative samples of the debris at
various distances from the apparatus. In this test, the debris
was in the form of small spheres and splashes similar to what was
seen in the SPIT-18 and SPIT-19 experiments. The mean flightpath
length in the HIPS-2C test was on the order of 100 meters, versus
2 to 3 meters in the SPIT experiments, which resulted in more
spherical shapes that were characteristic of droplets quenched in
an atmosphere. A nore extensive description of the recovered
debris is given in a subsequent section.

4. HIPS-5C
The HIPS-2C and HIPS-5C experiments were similar except for

the type and pressure level of the gas in the melt generator.
The HIPS-5C cavity was also modified to insure that the failure
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along the parting surface in the HIPS-2C was not repeated. The
two cavity halves were joined together with a metal plate welded
across the parting surface.

The high-speed motion picture cameras were used to monitor
the behavior of the debris and aerosol ejected from the cavity.
Figure 23 shows a series of photographs from a fast-framing
camera record, while Table 13 lists the timing of the major
events. The initial behavior was similar to that seen in the
HIPS-2C test: The debris emerged from the cavity at high
velocity, an aerosol cloud formed behind the leading edge of the
debris, the debris continued to ascend along the path defined by
the angle of the cavity keyway (26 degrees from vertical), and
the aerosol separated before the debris reached its apex. The
last photo shows the debris expanded over a vertical distance
that approached 30 meters. This behavior was unlike the HIPS-2C
test where most of the expansion occurred in the horizontal
plane.

Table 13
HIPS-5C Event Timing

TIME ~EVENT
(Seconds)
-0.76 Smoke emerges from cavity exit
0.00 First debris from cavity
0.45 High-velocity debris emerges
0.55 First aerosol appears
0.63 High-velocity debris reaches leading edge
of cloud
1.37 Debris ejection ends
2.59 Complete separation of debris and aerosol
2.72 Apex of debris trajectory
3.5 Debris no longer luminous




t 0075 sec t 0575 sec

DEBRIS BEGINS TO EXIT CAVITY DEBRIS HEIGHT 10 meters, AEROSOL CLOUD BEGINS
TO FORM
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FIGURE 23. DEBRIS DISPERSAL SEGQUENCE DURING THE HIPS-5C TEST
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A unique aspect of the HIPS-5C debris behavior was not
obvious in the photcs of Figure 23. The movement of the debris
occurred in two distinct stages, an initial slow velocity
propagation followad by an excursion at much greater velocity.
At approximately 600 milliseconds after the start of debris
dispersal, the material that first emerged from the cavity was
overtaken by a large quantity of debris traveling at high
velocity. This second mass of material emerged as the leading
edge of the debris cloud at approximately 8 meters from the
cavity exit. The behavior was quantified by the debris
displacement history given in Figure 24. Data were ivailable
from two cameras, a 100 fps unit at approximately 100 meters from
the apparatus and a 1000 fps camera at nominally 20 meters
distance. The latter device gave much higher resolution results,
although limited in duration. As before, the displacement
history represented the movement of the leading edge of the
debris cloud as it propagated away from the apparatus.

Based on the slope definesd by the data points, the debris
velocity was fairly constant at nominally 12 w/sec for the first
600 milliseconds. The abrupt chaznge in slope at the end of this
interval indicated the emergence of the faster moving material.
The estimated velocity over the next 250 milliseconds (54 m/sec)
was nearly five times larger than that just prior to cthis
interval. The slope again changed at 85C milliseconds to a
somewhat slower rate for the duration of the record. The data
after 1.25 seconds were considered uncertain because of the
difficulty in defining the leading edge of the highly expanded
debris cloud.

The debris displacement data from the two tusts (HIPS-2C and
HIPS-5C) are compared in Figure 25. The uncertain data points at
late times have not been included on this plot. The behavior in
the two tests differed dramaticaily throughout the period of the
available data. Only near the end of the two records did the
displacement histories converge Lo nearly the same value. This
behavior supported the assumpticn that the debris near the apex
of flight followed relatively similar ballistic trajectories
despite the significant difference in initial velocities.

Two other aspects of the HIPS-5C experiment differed from
the HIPS-2C observationrs. First, the HIPS-5C cavity remained
intact throughout the experiment s> that all of the debris exited
from the cavity opening. Second, the HIPS-5C debris may not have
been molten when it impacted the ground. Shortly ufter the
debris reached the apex of the trajectory, the luminosity of the
material decreased to a point where it could not be seen in the
camera records. Furthermore, the debris did not splash on impact
as seen in the HIPS-2C test.
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Comparison of the major events for the two tests (Tables 12
and 13) indicated a significant difference in the time interval
for debris ejection. The interval in the HIPS-5C test was nearly
50 percent lunger than that seen in the prior experiment. This
longer interval was a consequence of the initially lower driving
pressure which caused a longer blowdown period and diminished
material velocity. The time corresponding to the apex of the
debris trajectory was similar for both tests. The total time of
flight for both tests may also have been the same, even though it
could not be confirmed by the HIPS-5C film records.

The real-time X-ray record on the HIPS-5C test provided an

indication of the debris behavior. The device was mounted to
provide a view of the emerging material along the back edge of
the cavity opening. This placement was not preferred because

material that flowed along the forward surface of the inclined
tunnel would not appear in the X-ray image. Other constraints
prevented placement of the equipment in the preferred location.
The highest film speed that could be used without significant
loss of contrast was 1000 fps.

The X-ray record showed that instrumentation cables emerged
from the cavity at least 100 milliseconds b~fore the debris. The
cables were not seen in the motion picture camera records because
they were too small to detect in the large field of view. Debris
was particles. The estimated size ranged from submillimeter to
several centimeters in mean dimension. The image provided only a
two-dimensional view of the objects, and therefore the actual
shape was not clearly discerned. The average velocity of the
particles was greater than could be accurately resolved at the
film spced wused. Velocity was estimated by comparison of
particle displacements from one frame to the next. Average
displacements of 6 to 10 centimeters were obtained in this
manner. These values yielded velocities on the order of 60 to
100 meters per second.

The X-ray technique indicated higher particle velocity than
that given by the high-speed camera data. Some error occurred in
the process of converting the recorded high-speed camera images
into usable results because they were not digitized directly.
The overall error was estimated to be less than 20 percent.

The measured dcbris velocity was not significantly less than
the estimated gas velocity out of the cavity. Gas that emerged
from the cavity expanded both outward along the path defined by
the tunnel inclination and in the radial direction as well. If
the gas provided the driving force for the debris motion, then it
would be expected that the debris would slow continually upward
as the gas expanded. Based on the film camera records, the
debris did not slow continually, but achieved a relatively
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constant velocity that suggested the source was from initial
momentum.

The X-ray record indicated that debris was dispersed from
the cavity for a total of 563 milliseconds. This was
considerably different than the 1.37 seconds given by the high-
speed camera data. Two possible causes of the discrepancy were
identified. First, the contrast of the X-ray image was
proportional to the areal density of the material exposed. Thus,
higher density materials and large size objects were more obvious
than lighter or smaller items. Aerosol particles and heated
gases would not appear in the X-ray image but would look like
luminous debris in the high-speed camera records. Second, the
location of the X-ray equipment prevented observation of material
that escaped along the front edge of the cavity opening as might
have occurred early in the sequence before melt entrainment
caused by the blowdown of the melt generator. The X-ray record
would then show the latter stages of the dispersal process when
the high-velocity gas caused the entire cavity opening to be
filled with small debris particles.

B. Melt Generator Pressure History

The pressure transducers placed in the upper flange cover of
the melt generators allowed recording the pressurization and
depressurization history for each experiment. The data were then
used in calculations of jet velocity, debris dispersal, and gas
blowdown. A simple model of the blowdown process was developed
that considered the initial properties of the melt and gas, the
dimensions of the system, and the physics of the ejection process
including ablation of the aperture and gas coming out of
solution. Details of the model are given in Reference 19.

The data from the SPIT tests differed significantly from the
HIPS experiments because of the quantity of melt and gas
involved. In zddition, the SPIT-18 gas system incorporated an
accumulator reservoir separated from the melt generator by a
small diameter gas line. The accumulator was also used in the
SPIT-19 test, but a check valve placed in the connecting gas
prevented its contents from discharging after melt ejection. The
HIPS melt generator did not incorporate any additional gas
volume.

The pressure history for the SPIT-18 test is given in
Figure 26. This record was characteristic of the behavior seen
in most previous tests of this type with an initial slow increase
in pressure to a stable value that subsequently increased upon
the start of the thermite reaction. The influence of the
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accumulator was observed by the relatively small overall increase

in the pressure level prior to ejection. The large amount of
noise on the trace was caused by interference from a 60-cycle
source of unknown origin. This interference was removed by

filtering during the reduction of the higher frequency data
records.

Figure 26 shows that approximately 25.4 seconds after
ignition, the fusible plug failed and the pressure level
decreased rapidly as the melt and gas were discharged. The noise
on the gauge trace made the actual pressure levels somewhat
uncertain. It was estimated that the pressure was 11.3 MPa at
the time of melt ejection. The discharge process was considered
to occur in two stages: the first, before gas was discharged and
the second, when the gas was expelled. Because the melt was
discharged in less than 100 milliseconds, the pressure on this
time scale app