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ABSTRACT

The fourth experiment of the Integral Effects Test (IET-4) series was conducted to investigate
the effects of high pressure melt ejection on direct containment heating. Scale models (I:I0)
of the Zion reactor pressure vessel (RPV), cavity, instrument tunnel, and subcompartment
structures were constructed in the Surtsey Test Facility at Sandia National Laboratories. The
RPV was modeled with a melt generator that consisted of a steel pressure barrier, a cast MgO
crucible, and a thin steel inner liner. The melt generator/crucible had a hemispherical bottom,
head containing a graphite limitor plate with a 3.5-cm exit hole to simulate the ablated hole in
the RPV bottom head that would Le formed by tube ejection in a severe nuclear power plant
accident. The reactor cavity model contained 3.48 kg of water with a depth of 0.9 cm that
corresponded to conder_sate levels in the Zion plant. A 43-kg initial charge of iron
oxide/aluminum/chromium thermite was used to simulate corium debris on the bottom head of
the RPV. Molten thermite was ejected into the scaled reactor cavity by 6.7 MPa steam.

IET-4 replicated the third experiment in the IET series (IET-3), except the Sunsey vessel
contained slightly more pre-existing oxygen (9.6 mol.% vs. 9.0 mol.%), and water was placed
on the basement floor inside the crane wall. The cavity pressure measurements showed that a
small steam explosion occurred in the cavity at about the same time as the steam explosion in
IET-I. The oxygen in the Surtsey vessel in IET-4 resulted in a vigorous hydrogen bum,
which caused a significant increase in the peak pressure, 262 kPa compared to 98 kPa in the
IET-I test. IET-3, with similar pre-existing oxygen concentrations, also had a large peak
pressure of 246 kPa. The total debris mass ejected into the Surtsey vessel in IET-4 was 40.72
kg, and gas grab sample analysis indicated that 297 g.moles of hydrogen were produced by
steam/metal reactions. About 236 g.moles of hydrogen burned and 61 g.moles remained
urtreacted.
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1.0 INTRODUCTION

The Surtsey Test Facility at Sandia National Laboratories (SNL) is used to perform scaled
experiments for the Nuclear Regulatory Commission (NRC) that simulate hypothetical
high-pressure melt ejection (HPME) accidents in a nuclear power plant (NPP). These
experiments are designed to investigate the phenomena associated with direct containment
heating (DCH). High-temperature, chemically reactive melt is ejected by high-pressure steam
into a 1:10 linear scale model of a reactor cavity. Debris is entrained by the steam blowdown
into the Surtsey vessel, where specific phenomena, such as the effect of subcompartment
structures, water in the cavity, and hydrogen generation and combustion, can be studied.

The fourth Integral Effects Test (IET-4) using a small scale model of the Zion Nuclear
Generating Station was successfully conducted on March 20, 1992. The purpose of this test
was to replicate the IET-3 test [Allen et al. 1992c], which was conducted with 0.09 MPa of
air and 0.1 MPa of nitrogen in the Surtsey vessel, along with 3.48 kg of water in the scaled
reactor cavity model. In addition, the IET-4 test was conducted with 71 kg of water on the
basement floor inside the crane wall. The water on the floor of the cavity and containment
basement were scaled to condensate levels in a NPP accident. Molten debris deflected back

to the containment basement floor should be quenched by this water, but the interaction could
produce additional hydrogen. The comparison between the IET-3 and IET-4 tests should
provide a measure of the change in peak Surtsey vessel pressure due to debris quenching and
combustion of additional hydrogen.

The Surtsey IET test series in the Zion configuration is being conducted at 1:10 linear scale,
and Argonne National Laboratory (ANL) counterpart tests are being performed at 1:40 scale.
Results of these experiments will allow assessment of scaling methodologies proposed by the
Severe Accident Scaling Methodology - Technical Program Group (SASM-TPG) _ and by
SNL)

2.0 EXPERIMENT DESCRIPTION

Ali tables and figures are located at the end of the text. Table 1 is a listing of the
instrumentation used in the IET-4 experiment, including the channel number, type, purpose,
and location of each instrument. The circled numbers in Figures 1 through 9 correspond to
the channel numbers in the data acquisition system listed in Table 1.

i SASM - TPG, Nov. 1991, An Integrated Structure and Scaling Methodology for Severe
Accident Technical Issue Resolution, NUREG/CR-5809, EG&G-2659, draft for comment, Idaho
National Engineering Laboratory, Idaho Falls, lD.

2 M. Pilch and M. D. Allen, A Scaling Methodology for Direct Containment Heating with
A_gglication to the Design and Specification of an Experiment Program for Resolving DCH
Issue, SAND91-2784, to be published, Sandia National Laboratories, Albuquerque, NM.
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Figure 1 is a composite view of the Surtsey vessel, the HPME delivery system, and the outer
boundary of the subcompartment structures used in the IET-4 experiment. This figure shows
the instrument penetration ports at six levels in the Surtsey vessel.

In the Surtsey IET tests, 1:10 linear scale models of the Zion reactor pressure vessel (RPV),
cavity, in-core instrument tunnel, and subcompartment structures were used. The RPV was
modeled with a melt generator that consisted of a steel pressure barrier, a cast MgO crucible,
and a thin steel inner liner (Figure 2). The melt generator/crucible had a hemispherical
bottom head containing a graphite limitor plate with a 3.5 cm exit hole to simulate the ablated
hole in the RPV bottom head that would be formed by tube ejection and hole ablation in a
NPP severe accident.

The cavity used in the IET-4 test (Figure 3) was a 1:10 linear scale model of the Zion reactor
cavity that was designed to withstand internal pressures of 6.9 MPa with a safety factor
of 4. The inclined portion of the instrument tunnel entered the bottom head of Surtsey at a
26 ° angle from vertical, as it does in Zion. A false concrete floor was constructed in the

Surtsey vessel, similar to the floor of the Zion basement, so that the inclined portion of the
instrument tunnel was about 2.7 times the correct scaled length of the inclined part of the
Zion instrument tunnel. This floor was constructed in Surtsey to match ttae configuration of
the ANL facility. Figure 4 shows the experiment configuration, with the layout of the high
pressure steam boiler, accumulator, burst diaphragm, melt generator, and cavity connection to
the Surtsey vessel.

The subcompartment structures included 1:10 linear scale models of the crane wall, four
steam generators (SG), four reactor coolant pumps (RCP), the opening in the floor of the seal
table room for the instrument guide tubes, the seal table room, the biological shield wall, the
refueling canal, the radial beams and the gratings at the RCP deck, and the operating deck
(Figures 5, 6, and 7). The steam generators, RCPs, and gratings were made of steel and the
other structures were constructed of reinforced concrete. Ali of the structures were painted
with an epoxy-base paint. Figure 8 gives the top view of the Surtsey vessel, showing the
orientation and location of the instrument penetrations through the vessel ports at six different
levels.

The steam accumulator tank was pressurized to =6.3 MPa with superheated steam. After the
pressurization sequence, the iron oxide/aluminum/chromium thermite mixture was ignited
remotely with a braided wire fuse placed on top of the compacted thermite. After the thermite
was ignited, the pressure in the crucible rapidly increased. This pressure increase verified that
the thermite reaction had started, and signaled the operator to fail the burst diaphragm
separating the steam accumulator tank and the molten thermite in the melt generator. This
brought superheated steam into contact with the molten thermite. Upon contacting and failing
a fusible brass plug at the bottom of the crucible, the molten thermite in the crucible was
expelled by high-pressure steam into the cavity.

Zero time for HPME was set by the data acquisition system as the time at which the melt
failed the brass plug and entered the cavity. This event was signaled by a photodiode located
at the melt plug exit. When the hot melt burst through the brass plug, the intense light emitted
from the melt caused the photodiode to emit a signal that was used to mark the initiation of
the HPME.



2.1 Initial Conditions

The !ET-4 test was conducted with the following initial conditions: (1) the melt simulant was
43 kg of iron oxide/aluminum/chromium powder; (2) the driving gas was =583 g.moles of
superheated steam (=555 K) at an initial absolute pressure of 6.7 MPa; (3) the initial absolute
pressure in the Surtsey vessel was =0.2 MPa of air diluted with nitrogen (9.59 mol.% 02); (4)
the cavity was filled with 3.48 kg of water (335 K) that was 0.9 cm deep; and (5) the
containment basement floor inside the crane wall (floor area = 4.6 m2) was filled with --71 kg
of water (286 K) that was 1.5 cna deep. Table 2 lists the initial conditions of the IET-4
experirnent, along with IET-1 and IET-3 initial conditions for comparison.

2.2 Measurements and Instrumentation

The most significant variables to measure in the Integral Effects Tests (IETs) are: (1) the
increase in pressure and temperature in the Surtsey vessel, (2) the cavity pressure, (3) the
number of moles of hydrogen generated by the reaction of metallic debris with steam driving
gas, and with water in the cavity and on the containment basement floor, (4) the debris
temperature as it exited the instrument tunnel, (5) the debris temperature as it struck the
concrete structure, (6) the debris interaction times, (7) the debris particle size, (8) and the
mass of debris recovered from specific locations in the Surtsey vessel. The instrumentation
and techniques used to make these measurements are described in the sections below.

2.2.1 Pressure Measurements

Six pressure transducers with a range of 0-0.69 MPa, two at each level 1, 3, and 5 (Channels
21 through 26 in Figures 1 and 8), were used to measure the pressure in the upper dome of
the Surtsey vessel in the IET-4 experiment. These transducers were mounted in tapped holes
in instrument penetration ports in the sides of the Surtsey vessel and had their sensing ends
protected with steel turnings. Pressure transducers with a range of 0-6.9 MPa were used to
measure the gas pressure in the accumulator tank (Channel 32 in Figure 4), in the crucible
above the thermite (Channels 34 and 35 in Figures 2, 3, and 4), and in the scaled reactor
cavity (Channel 36 in Figures 3 and 4). Pressure transducers with a range of 0-0.69 MPa
were used to measure the gas pressure in the subcompartment structures and in the seal table
room (Channels 39 and 40 in Figures 5, 6, and 7). These transducers were metal diaphragm
strain gat:ge-type pressure transducers (Model 141-1, Precise Sensor, Inc., Monrovia, CA). In
addition, two pressure transducers were embedded in the concrete walls of the round section
of the cavity under the melt generator (labeled P1 and P2 in Figures 3 and 4), and were
piezoelectric-type gauges with a range of 0-6.9 MPa. The specified accuracy from the
manufacturer for the pressure transducers is less than + 0.50 percent at full-scale output.
These instruments are routinely recalibrated at SNL against the National Bureau of Standards,
and accuracies are always within manufacturer's specifications. The frequency response is
22 kHz (16 ps rise time) for the 0-0.69 MPa range pressure transducers, and is 36 kHz (10 ps
rise time) for the 0-6.9 MPa range pressure transducers. The data acquisition system recorded
data from the pressure transducers at a rate of 1400 data points per second from thermite
ignition to about 60 seconds following the HPME transient.



2.2.2 Temperature Measurements

Following the HPME transient, the gas temperatures in the Surtsey vessel were measured with
five aspirated thermocouple assemblies. An aspirated thermocouple assembly consisted of
three bare, type-K thermocouples (0.127 mm wire) mounted in an anodized aluminum tube.
Each tube was opened with a solenoid-operated valve that was actuated remotely by a signal
from the photodiode under the melt plug immediately after the HPME transient. One of these
assemblies was installed through instrumentation ports at each level 1, 3, and 5 (Channels 41
through 49 ill Figures 1 and 8). A thermocouple assembly was also installed through the
refueling canal wall just above the radial concrete beam on the same side as the instrument
tunnel exit. This thermocouple assembly was used to measure gas temperature inside the
subcompartment structures (Channels 51, 52, and 53 shown in Figures 5, 6, and 7). Another
thermocouple assembly was installed through the crane wall into the seal table room
(Channels 54, 55, and 56 in Figures 5, 6, and 7). Calculations by SNL have shown that the
worst-case temperature underprediction by the thermocouple assemblies would be 13 percent
at the beginning of the HPME event (when the gas temperatures are low) to 6 percent at
equilibriuln (when the gas temperatures have peaked))

Two type-K thermocouple arrays (Channels 68 through 77 in Figures 6, 7, and 9) were
installed in the Surtsey vessel to measure bulk gas temperature abox/e the operating deck.
Each array consisted of five approximately equally spaced thermocouples suspended near the
northeast vent (above the lC RCP) and above the west end of the refueling canal. Note that
the vessel wall near the chute exit has been referenced as the north wall. Figure 9 gives the
spacing and relative position of the thermocouple arrays. Ali type-K thermocouples are made
of 0.254 mm wire with a 1.5875 mm sheath. The temperature range is 273-1523 K. The
maximum limit of error using the manufacturer's calibration is + 9.4 K at 1523 K, with a 0.3

s time constant. The thermocouples had the sheath removed at the tip, exposing the junction
to ensure a fast time response. The thermocouples were located =71 cm from the Surtsey
vessel wall.

Two type-K thernlocouples (Channels 66 and 67 in Figures 6 and 7) were installed inside the
triangular vent space above the lA and lD RCPs. These thermocouples measured the
temperature of the gas as it exited the subcompartment structures.

The temperature of the driving gas in the steam accumulator tank was measured using two
type-K thermocouples (Channels 91 and 92 in Figure 4) that extended through the
accumulator shell and were secured in place using pressure-tight fittings. Measurements from
these thermocouples were important because the measured temperature and pressure in the
accumulator tank were used to calculate the number of moles of steam driving gas.

Two pyrometers (Channels 37 and 38 in Figures 5, 6, and 7) were used to measure the
temperature of the debris as it exited from the instrument tunnel exit. An optical pyrometer
(type 1lx20, Ircon Inc., Niles, IL) was located inside the biological shield wall and was
focused just above the instrument tunnel exit through a fused silica window sealed in the

3Thomas Blanchat, May 1992, "Aspirated Thermocouple Calculations," Letter Report to the
U.S. Nuclear Regulatory Commission, Sandia National Laboratories, Albuquerque, NMo



biological shield wall. Another optical pyrometer (type 11x30, Ircon Inc., Niles, IL) was
located outside the crane wall and was focused just above the instrument tunnel exit through a
fused silica window sealed in the crane wall. A debris emissivity of 0.9 was assumed when
converting the results (in mV) from the optical pyrometers to temperature (in K). A debris
emissivity near the blackbody value was assumed because the debris appeared black when
inspected posttest. The calculated debris temperature is not very sensitive to the assumed
debris emissivity. For example, at approximately 2000 K a 13 percent change in the assumed
emissivity resulted in only a 1.9 percent change in the calculated debris temperature.

The optical pyrometers had a response time of 1.5 ms to 95 percent of their full range. A
new, low-range, controller was installed on both pyrometers for the IET-4 t;est. This
controller was capable of measuring temperatures between 1323 K and 1773 K with a
soecified accuracy of 1 percent of the full-scale temperature. In a transient event such as a
HPME experiment, the accuracy of the pyrometer measurements was expected to be no better
than :t:25 K. The pyrometers were factory calibrated and the type 1l x30 pyrometer is
routinely recalibrated by the Sandia Radiant Heat Facility. (Note that since the type 1lx20
optical pyrometer is sealed inside the biological shield wall, it cannot be recalibrated.)

A thin-foil graphite calorimeter (Channel 1 in Figures 5 and 6) was embedded in the crane
wall directly in the flight path of the debris to measure the debris contact temperature as it
impacted the structure. Another thin-foil graphite calorimeter (Channel 4 in figures 5 and 6)
was embedded in the seal table room floor, facing the chute exit. Two other thin-foil graphite
calorimeters (Channels 2 and 3 in Figures 5 and 6) were embedded in the containment
basement floor between the chute exit and the biological shield wall. Each graphite
calorimeter consisted of a 1-mm thick graphite disk with a diameter of 25.4 mm. Each
graphite disk had a type-S thermocouple attached to the backside of the disk and was set in a
ceramic holder that was embedded in the concrete structure. The response time of these
graphite calorimeters was on the order of 10 ms.

Data points from the thermocouples and the pyrometers were recorded by the data acquisition
system at a rate of 10 per second prior to thermite ignition. Then, just prior to thermite
ignition, the data acquisition system was switched to the fast data acquisition mode, in which
data points were recorded at a rate of 1400 per second.

2.2.3 Gas Composition

Twelve pre-evacuated 500-cre 3 gas grab sample bottles were used to collect samples from the
vessel (Labeled L2, L4, L6, and B in Figures 1, 5, 6, 7 and 8) at the following locations and
times: three background samples at levels 2, 4, and 6 were obtained by opening solenoid
valves remotely for 10 s just prior to ignition of the thermite; three gas grab sample bottles
located at levels 2, 4, and 6 were opened remotely for 10 seconds at 2 minutes after the
HPME; three gas grab sample bottles at levels 2, 4, and 6 were opened manually for 10
seconds at .=30 minutes after the HPME; two gas grab sample bottles inside the
subcompartment structures were opened 2 s after the HPME and remained open for 5 s; and
one gas grab sample bottle that had its inlet inside the subcompartment structure was opened
2 minutes after the HPME for 10 s. In addition, two gas grab samples were taken from the
cavity following the HPME; one was opened as the HPME was initiated and remained open



for 2 s, and the other was opened at 0.5 s following the HPME and remained open for 2
(Labeled C in Figure 3). The gas samples were analyzed using gas mass spectroscopy by
Battelle Pacific Northwest Laboratories in Richland, W A.

Tests were perfonned to measure the fill times of the 500-cm 3 gas grab sample bottles at
three different initial pressures (atmospheric, 0.26 MPa, and 0.43 MPa). An evacuated bottle
was separated from a pressure source by a remotely operated solenoid valve. A pressure
transducer was installed downstream of the valve and pressure source, and the fill time was
recorded by the data acquisition system. Figure 10 shows the results of these tests. The data
indicate that ali bottles were filled in less than 2 s, regardless of the upstream pressure.

2.2.4 Posttest Debris Recovery

The total debris mass dispersed into the Surtsey vessel and the debris mass in specific
locations were determined by a very careful posttest debris recovery procedure. The following
measurements were made: (1) mass of the molten debris in the cavity and inclined portion of
the instrument tunnel; (2) mass on the horizontal surfaces outside the subcompartment
structures; (3) mass on the vertical surfaces outside the subcompartment structures; (4) mass
recovered from the floor inside the structures; (5) mass recovered from the horizontal surfaces
other than the floor inside the structures; (6) mass recovered from the vertical surfaces inside
the structures; (7) mass recovered from the doorways inside the structures; (8) mass recovered
from the seal table room; (9) mass recovered from the rooms adjacent to the seal table room;
and (10) mass recovered from the melt generator/crucible.

2.2.5 Debris Velocity

Breakwires were placed across the opening from the containment basement to the seal table
room and at the seal table room exit plug (Channels 16 and 17 in Figures 5 and 6). When
the debris front severed the breakwire, a timing signal was recorded by the data acquisition
system. The breakwire was intended to give timing information on entry of debris into and
out of the seal table room.

3.0 EXPERIMENTAL RESULTS

The experimental results of the IET-4 test are described in this section. The crane wall
suffered significant damage in IET-4 that had not occurred in previous experiments [Allen et
al. 1992c,d]. A -_40x80 cm hole was blown out of the crane wall near the top of the seal
table room. The area of the crane wall that formed the outside wall of the seal table room
was 63 cm 2 and the hole was 21 cm2; thus, -_33% of the outside wall of the seal table room
was blown out. The crane wall was also cracked near the walls of the seal table room about

30 cm from the top of the operating deck. lt is believed that repeated, direct hits of molten
debris from previous experiments may have dehydrated and weakened the concrete in this
region. The ramification of this anomaly and the effects on the experimental results are still
being studied.



3.1 Blowdown History

Figure 11 shows the blowdown pressure history of the IET-4 experiment. In the experiment,
the free volume in the crucible and in the 10-cm diameter pipe above the crucible was purged
with nitrogen. The accumulator tank (volume = 0.29 m3) was pressurized with superheated
steam to =6.3 MPa. After the thermite was ignited, the burst diaphragm separating the steam
accumulator tank and the molten thermite was failed remotely by the operator; this brought
steam into contact with the molten thermite at an experiment time of about -2 s. The steam
driving gas pressure for the IET-4 test was determined from the blowdown pressures shown
in Figure 11. The horizontal dotted line across Figure 11 shows that the steam driving gas
pressure at the initiation of the HPME was 6.7 MPa.

The number of moles of steam driving gas can be calculated using accumulator steam
pressure, temperature and volume. In IET-4, the number of moles of steam driving gas was
calculated at two times: before burst diaphragm failure (t -- -5 s) and at HPME initiation (t =
0 s). At t = -5 s, the steam pressure was 6.35 MPa, the steam temperature was 580 K, and
the volume of the accumulator tank was 0.29 m3. The steam driving gas was calculated to be
489 g.moles. At t = 0, the steam pressure was 6.7 MPa, the steam temperature ":'_ 555 K,
and the volume of the accumulator tank plus the piping and void in the crucible v. _s0.308
ms. The steam driving gas was calculated to be 582 g.moles. A small amount of water
inside the piping or burst diaphragms must have been introduced at burst diaphragm failure,
which vaporized upon contact with the molten thermite. This resulted in a small pressure
increase in the accumulator/crucible, shown in Figure 11 at t = -1.5 s.

Figure 11 shows that steam blowdown from the accumulator tank was complete at =4 s. The
IET-3 experiment had a similar steam blowdown curve. Figure 12 gives the steam
temperature history in the accumulator during the blowdown.

In the lET tests, it is more difficult to distinguish single-phase thermite ejection and steam
blowthrough from the changes in shape and inflection points in the blowdown curve (Figure
11) than in earlier experiments [Allen et al. 1991, 1992a, 1992b]. The IET tests used a melt
generator that was a 1:10 linear scale model of the hemispherical bottom head of a RPV.
This geometry produced a more rounded shape in the early portion of the steam blowdown
curve compared to the previous tests, which used a relatively long, narrow cylinder as the
melt generator. Steam blowthrough occurred earlier in the IET experiments than in previous
tests due to the new melt generator design.

3.2 Pressure Measurements

Pressure transducers were used to measure the pressure increase due to the HPME transient in
the Surtsey vessel, in the cavity, in the seal table room, and in the subcompartment structures.
The following sections describe the results of the pressure measurements.



3.2.1 Surtsey Vessel P:essure

Figures 13, 14, and 15 show the absolute pressure in the Surtsey vessel versus time measured
at levels 1, 3, and 5, respectively. These figures have a horizontal dotted line across the
graph at the initial pressure in Surtsey prior to the HPME transient. The initial absolute
pressure was =0.20 MPa as listed in the teble of initial conditions (Table 2). These figures
also have a horizontal dotted line across the graph at the peak pressure caused by the HPME.
These figures show that the pr','ssures measured at levels 1, 3, and 5 in the Surtsey vessel
with three different pressure transducers were virtually identical. The pressure increase in the
IET-4 experiment was 0.262 MPa, and the peak pressure was reached at =2.5 s after the
beginning of the HPME transient.

Figure 16 compares the Surtsey vessel pressure measured in IET-4 to the pres_ure measured
in IET-1 and IET-3 from 0 to 60 s. The peak pressure increase was 0.098 MPa in lET-l,
0.246 MPa in IET-3, and 0.262 MPa in IET-4; and the general shape of the pressurization
curves were similar. The peak pressure was reached at =2.5 s in ali tests, but the pressure
decreased more rapidly after 2.5 s in IET-3 and iET-4. This may be due to thr: fact that the
hydrogen burn was complete after a few seconds. Figure 16 dramatically shows the effect of
the hydrogen burn on the vessel pressure in IET-3 and IET-4.

3.2.2 Cavity Pressure

The timing of debris ejection from the cavity into the subcompartment structures is important
when analyzing a HPME/DCH event. The timing of debris ejection is best understood by
comparing the cavity pressure to the Surtsey vessel pressure. Figure 17 shows the cavity
pressure and Surtsey vessel pressure versus time for the IET-4 experiment. This figure shows
a relatively small peak in the cavity pressure just after the HPME began. This peak was due
to gas expansion caused by hot thermite entering the cavity. The large second peak, which
started at =0.05 s and had an absolute pressure of =0.95 MPa, had a shock wave associated
with it. This was a small steam explosion, as was observed in IET-1 [Allen et al. 1992d].
There is previous evidence [Allen et al. 1992a] that small steam explosions in the reactor
cavity have little effect on the HPME/DCH event. The third broad peak, which occurred
between =0.4 and =0.8 s, was due to thermite entrainment from the cavity caused by the
steam blowdown; thus the debris entrainment interval lasted =0.4 s.

In previous Surtsey experiments with a 3.5 cm exit hole (LFP-1A, LFP-2A, LFP-8A, [Allen
et al. 1991] and WC-1 [Allen et al. 1992a]), the debris entrainment interval was =1 s. In
lET-1, IET-3 and IET-4 the debris entrainment intervai was =0.45 s. Differences in the

debris entrainment interval observed in the lET experiments compared to earlier Surtsey tests
are probably due to the new melt generator/crucible design. The present design used a 1:10
linear scaled hemispherical bottom head, whereas the melt generator used in previous
experiments had a relatively long, narrow cylindrical shape, and the molten thermite was
pushed out with a piston-like motion.

Figure 18 is a plot comparing the cavity pressures measured in the IET-1, IET-3, and the
IET-4 experiments. In all experiments, a small initial pressure spike was caused by gas
expansion due to hot thermite entering the cavity. The second peak in the IET-1 and the



IET-4 curves were clearly due to steam explosions. The second peak in the IET-3 curve was
due to rapid vaporization of water, and lagged the IET-1 peak because the vaporization
process was slower than a steam explosion. The third peak in ali tests was the result of
debris entrainmen:, by the steam blowdown.

High speed photography (16 mm color camera at 1000 frames per second) was employed in
the IET-4 test. Plexiglas ports (Figure 8) were installed in the top head of the vessel and at
level 3 (looking from south to north above the seal table room ceiling plug). The side view
camera at Surtsey mid-level provided the best qualitative view of the HPME event. At --1 s,
a bright orange plume of fire could be seen rising up and filling the vessel centerline,
indicative of a hydrogen burn. This was quickly followed by molten debris particles. Debris
velocity was calculated to be ---14m/s at level 3, similar to the 16 m/s calculated from the
breakwire array data obtained in the LFP-8A experiment [Allen et al. 1991].

3.2.3 Pressure Measured Inside the Seal Table Room

Figure 19 shows the absolute pressure measured inside the seal table room and the pressure
measured in Surtsey plotted against time. The seal table room pressure was negative with
respect to the Surtsey vessel pressure between =0.2 s and >5 s. This was confinned by a
negative seal table room differential pressure, also shown in Figure 19. This was different
than the seal table room pressure behavior measured in IET-3 [Allen et al. 1992c], where the
seal table room pressure was equal to the vessel pressure except during the debris entrainment
interval from =0.4 to 0.7 s. The large amount of steam produced when the hot thermite hit
the water on the containment basement floor effectively cooled the gas within the
subcompartment structures. Apparently, hydrogen burned in the upper dome of Surtsey while
steaming of water cooled the subcompartment atmosphere, resulting in a negative pressure
with respect to the pressure in the Surtsey upper dome.

Figure 20 shows the absolute pressure in the seal table room and Surtsey vessel plotted
against an experiment time between 0 and 0.45 s. The first peak in the seal table room
pressure was caused by hot thermite entering the cavity. The second larger pressure peak was
probably caused by a small steam explosion. The vertical dotted lines in Figure 20 mark the
resonance in the Surtsey vessel caused by the steam explosion. The frequency of the
resonance was 20 Hz. This phenomenon was also observed in lET-1 [Allen et al. 1992d].

A breakwire was placed across the opening in the seal table room flooi to measure the timing
of debris ejection into the seal table room. Another breakwire was placed across the
operating deck at the opening in the seal table room ceiling. Figure 21 shows the breakwire
signals plotted on the same curve with the cavity pressure. Apparently, a steam explosion
created a shock wave that caused the breakwires to fail in succession, so no timing
information on debris ejection was obtained from these breakwi_'es. The time between failure
of the breakwires was =0.003 s, giving a calculated velocity for the shock wave on the order
of 300 m/s.



3.2.4 Pressure Measured Inside the Subcompartment Structures

Figure 22 shows the absolute pressure measured in the subcompartment structures and in the
Surtsey vessel plotted for an experiment time of 0 to 1 s. This figure also shows the
differential pressure between the subcompartment structures and the Surtsey vessel upper
dome. Figure 22 shows the same phenomenon as in Figure 19, i.e, negative pressure inside
the subcompartment structures c', mpared to the vessel pressure. Note that in IET-3 [Allen et
al. 1992c], there was never a negative differential pressure between the inside of the
subcompartment structures and the upper dome of the Surtsey vessel during the HPME
transient.

3.3 Gas Temperature Measurements

Figure 23 compares the temperature measurements from the type-K thermocouples installed
on the cavity floor, at the chute exit, aad at the seal table room floor opening. At 0.1 s, the
melt was on the cavity floor. At 0.2 s, the debris was being ejected through the chute exit.
This is verified by the increase in temperature at the seal table room at 0.2 s. Note that ali
three type-K thermocouples were over-ranged at 1530 K.

Figure 24 shows the gas temperatures measured at the Surtsey vessel walls with aspirated
thermocouples at levels 1, 3, and 5 during the IET-4 experiment. The gas temperatures
measured at level 3 in the Surtsey vessel were substantially higher than the temperatures
measured at levels 1 and 5. The higher temperature at level 3 was caused by hydrogen
burning as it exited the vent spaces above the RCPs. The peak temperature at level 3 in
IET-4 was 1100 K, comparable to 1050 K temperature in IET-3 [Allen et al. _992c], and both
were noticeably higher (and shorter in duration) than the 635 K temperature _neasured at
level 3 during the IET-1 [Allen et al. 1992d] test. A noticeable difference between IET-3 and
IET-4 is that temperature at level 1 did not rise. This may be attributed to the steam
produced in the subcompartment structures cooling the lower level areas in the vessel, or due
to a different flow path for debris/gas due to the crane wall damage.

Since no hydrogen was burned in IET-1 [Allen et al. 1992d], hydrogen combustion clearly
caused the greater magnitude and different shape of the IET-3 and IET-4 temperature peak at
level 3. The gas temperature at level 5, which is relatively high in the vessel, was barely
above the ambient temperature. This is an indication that not much debris was dispersed into
the upper dome of the vessel, and that no hydrogen burns occurred at this level. High-speed
films of the IET-3 and IET-4 experiments support this explanation.

Figure 25 shows the gas tetnperature in IET-1, IET-3, and IET-4 experiments measured inside
the subcompartment structures with an aspirated thermocouple. This thermocouple was
located through the refueling canal wall just above the radial beam at the RCP deck level, and
was on the same side of the refueling canal as the instrument tunnel opening into Surtsey
(Channels 51, 52, and 53 in figures 5: 6, and 7). Ali three of the type-K thermocouples in the
aspirated thermocouple assembly that sampled gas from inside the subcompartment structures
showed identical temperature-versus-time curves. The large, broad peak in Figure 25
corresponds to debris entrainment from the cavity. The gas temperature reached a peak of
=1120 K at =0.9 s in IET-4. Although no hydrogen combustion occurred in IET-1, the peak

10



gas temperatures in the subcompartment structures in lET-l, IET-3, and IET-4 were ahnost
identical. This indicates that the primary mechanism for heating the subcompartment
atmosphere may be debris/gas heat transfer, not hydrogen combustion.

Figure 26 compares IET-3 and IET-4 temperature-versus-time cmwes for the aspirated
thermocouple assembly in the seal table room; the aspirated thermocouple at the same
location in IET-1 was destroyed and no data were obtained. Figure 26 shows a peak
temperature of =1200 K at =0.7 s in IET-4, which corresponds to the end of _he debris
entrainment interval, at which point the thermocouple was destroyed. The peak temperature
probably coincides with the time at which the maximum amount of debris was suspended in
the seal table room atmosphere.

Figure 27 shows the measured temperatures in the triangular vent spaces above the lA and
lD RCPs plotted against time for the IET-3 and IET-4 tests. The lA RCP vent space was
diagonally across the operating deck from the lD vent space (Channels 66 and 67 in Figure
7). The peak temperature in the lA vent space was 925 K at =1 s in IET-4, compared to a
peak temperature I_70 K at =1 s in IET-3. The temperature in the lD vent space reached a
peak of 780 K at =1.1 s in IET-4, compared to a peak temperature 870 K at =1 s in IET-3.
The higher temperatures measured in IET-3 and IET-4 compared to those measured in IET-1
[Allen e_ al. 1992d] indicate that hydrogen burned as it was pushed out of the vent spaces
above the RCPs. The differcnce in peak temperatures in the lD vent space for IET-3 and
IET-4 can probably be attributed to the steam production in the subcompartment structures
and/or the new flow path for hot gas through the hole in the crane wall.

Bulk gas temperatures from the east and west thermocouple arrays used in IET-4 are shown
in Figures 28 and 29. These thermocouples measured temperature from about level 3 to
halfway between level 5 and level 6. Typically, the bottom thermocouple measured a higher
temperature than the top thermocouple. An average bulk temperature is also plotted 9n
Figure 28 and Figure 29. Since it appears that thermocouples 2 and 3 an the west array were
destroyed, they were removed from the average at 2.0 s and 4.74 s, respectively.

Figure 30 plots the relative magnitude at the east and west average bulk gas temperature
increase against the relative magnitude increase in vessel pressure in IET-4. As expected
(assuming an ideal gas), the relative magnitude increase (=2.3) in both pressure and
temperature are similar.

3.4 Debris Temperature Measurements

Two optical pyrow.eters were used in IET-4 to measure the temperature of the debris as it
exited the instrument tunnel chute. Figures 31 and 32 give the raw pyrometer voltage signals
for the type l lx20 and the type 1l x30 pyrometers. Note that voltage signals less than 2 mv
are below the temperature calibration range; however, these signals are valuable because they
give important information about the timing of debris ejection into the scaled containment
basement. Figure 31 indicates that luminous debris passed through the focal point of the type
1 lx20 optical pyrometer between =0.2 and =0.9 seconds. The data from the type 1lx30
pyrometer (Figure 32) indicates that luminous debris entered the containment basement
between =0.4 and =0.9 seconds.
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Figures 33 and 34 give the converted temperature measurements for the pyrometers. Figure
33 shows a peak debris temperature of 1640 K occurring at =0.75 s for the type 1lx29
pyrometer. Figure 34 shows a peak debris temperature of 1560 K occurring at =0.70 s for the
type 1lx30 pyrometer. Note that these temperatures were below peak temperatures of 2000-
2300 K determined during the LFP and WC tests [Allen et al. 1991; Allen et al. 1992a,b]. It
is suspected that the lower temperatures determined by the optical pyrometers may be caused
by the trapping of aerosols in the subcompartment structures, partially obscuring the optical
path between the sensing head and the focal point above the chute exit. The flow area for
aerosols out of the subcompartment is 15 percent of the flow area around the structure used in
the LFP tests, and the flow path is much more tortuous.

The Surtsey vessel pressure started to increase at =0.2 seconds, as soon as the pyrometers
indicated that molten debris entered the subcompartment structures. Thus, some molten
debris must have entered the subcompartment su',_ctures at =0.2 seconds. From the pyrometer
data, debris ejection may have ended at 0.9 seconds, or the pyrometer output may have been
completely obscure2 by a dense aerosol cloud rebounding off the cold concrete structures in
the containment basement. Note that the cavity pressure curve in Figure 17 indicates that
debris ejection ended at =0.8 seconds.

Figure 35 shows the debris contact temperatures for IET-4 at the surface of the concrete
structure measured with four thin-foil graphite calorimeters: one embedded in the crane wall
just under the seal table room directly in the path of the debris, one in the ceiling directly
over the chute exit, and two in the containment basement floor between the instrument tunnel
opening and the biological shield wall. Figure 35 shows that the calorimeter in the crane wall
measured a peak debris contact temperature of =1100 K at 1.0 s. The calorimeter embedded
in the containment basement floor near the instrumen_ tunnel exit reached a peak temperature
of 400 K in --4 seconds, as did the calorimeter in the containment basement floor near the

biological shield wall. Note that these calorimeters are under a hot (possibly boiling) layer of
water. A 0.4 MPa saturation temperature reference line is also shown in Figure 35.

3.5 Gas Composition Measurements

Fourteen gas grab samples were taken from the Surtsey vessel in the IET-4 experiment. The
gas concentrations (Nz, Oz, Hz, CO, and CO2) measured in the gas grab samples are listed in
Table 3. A 10 s background sample of the vessel was obtained just prior to ignition. The
measured background oxygen concentration was 9.59 tool.%. The results of the six gas
samples taken from levels 2, 4, and 6 in the Surtsey vessel at 2 and 30 minutes after the
HPME transient are in excellent agreement. The mean oxygen and hydrogen concentrations +
standard deviations for these two samples were 7.975 tool.% 02:1: 0.043, and 0.827 mol.% Hz
± 0.036. The total amount of hydrogen generated was =297 g.moles in IET-4. The amount
of hydrogen generated was determined from the difference between the posttest hydrogen gas
grab sample value and the summation of the pre-existing hydrogen gas grab sample value
plus the amount of hydrogen burned. Oxygen depletion calculations indicate that 236 g.moles
of hydrogen burned and 61 g.moles of hydrogen remained unreacted.

Two gas grab samples were taken from inside the subcompartment structures. These bottles
were opened at 2 s after the initiation of the HPME and were closed 5 s later. These samples
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showed hydrogen concentrations of 3.88 and 3.85 tool.% H2. This indicates that there were
high H2 concentrations inside the subcompartment structures soon after the HPME. These
samples also indicated oxygen concentrations of 7.90 and 8.00 tool.% 02. Thus, there was
some oxygen depletion inside the subcompartment structures shortly after the beginning of the
HPME, either from displacement or hydrogen combustion. The above background
concentration of CO and CO2 was due to the ablatic_ of concrete, the graphite limitor plate,
and the burning of paint on structures.

Two gas grab samples were taken from the cavity in the IET-4 experiment. The results of
these samples indicate that there were high hydrogen concentrations in the cavity during the
HPME transient (23.8 and 35.4 tool.%). The result indicates that the entraining gas in the
cavity was a mixture of steam and hydrogen, and is important because many analytical
entrainment models require the composition of ti',e entraining gas.

3.6 Debris Recovery Summary

The posttest water on the containment basement floor was 1.27 cm deep, compared to an
initial depth of 1.52 cre. Evaporation of the water was complete in a few days. Debris in the
Surtsey vessel was recovered from four basic locations: (1) from inside the subcompartrnent
structures, (2) from the Surtsey vessel outside the structures, (3) from the cavity and
instrument tunnel chute, and (4) from the crucible. Table 4 gives the debris recovery
summary of the IET-4 experiment, and compares it to the IET-1 [Allen et al. 1992d] and
IET-3 experiments [Allen et al. 1992c]. The total molten mass available for dispersal into the
vessel is usually about 20 percent greater than the initial thermite charge due to the melting of
the inner wall of the crucible, vaporization of the fusible brass plug, ablation of concrete in
the cavity and structures, and oxidation of me,_allicdebris. Table 4 indicates that =81 percent
of the molten debris that was ejected into the _avity was dispersed into the vessel in IET-4,
=67 percent in IET-3, and --86 percent in IET-1. Total debris dispersed into Surtsey in IET-4
was 40.7 kg, compared to 3a3 kg in IET-3, and 43.0 kg in IET-1. The reason for the
difference in debris dispersal may be due to the stochastic nature of debris entrainment from
the cavity.

Table 4 also shows the mass balance based on transport fractions. The entries for the
transport fractions indicate how they are computed from the mass balance. The transport
fractions depend on the mass recovered from the locations specified in Table 4. For example,
the mass transported to the upper dome is computed from

. - .L.,c,L.. f M°,, (I)

This method predicts that 5.30 kg of thermite were transported to the upper dome, which is
less than :: _ 8.04 kg of material that were actually recovered in the upper dome. The
difference represents contaminants and oxygen uptake. The transport fractions are computed
based on the assumption that the bulk of contaminants and oxygen uptake occurred in the
cavity. This introduces an element of subjectivity into the definition of transport fractions;
however, the adopted procedure is recommended because it more closely represents the
fraction of thermite dispersed to each location.
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The debris plume apparently impacted the crane wall and the concrete ceiling near the seal
table. Some of the debris was deflected to the containment basement floor, and some of the
debris entered the seal table room. Debris impacting the crane wall inside the seal table room
apparently caused it to fail. Some debris was ejected through the hele in the crane wall. Of
the 32.6 kg recovered from within the subcompartment structures, 8.0 kg was in the seal table
room. The concrete plug in the ceiling of the seat table room (i.e., in the operating deck) was
intentionally left out, as it had been in IET-3.

A video taken from a port in the upper head of the Surtsey vessel shows a violent hydrogen
burn above the operating deck in the scaled structures. Early in the HPME transient, the
video shows a horizontal, bright orange flame jetting violently out of the seal table room
door. The video taken from the upper port shows orange flames leaping out of the vent
spaces above the reactor coolant pumps and then filling the entire vessel and propagating
toward ;he upper head, but only reaching about the midpoint of Surtsey. Individual, luminous
debris particles are evident in IET-4.

Figure 36 shows particle size analysis from debris recovered from the Surtsey vessel outside
the subcompartment structures. The particle size analysis discounted all debris with size >9.4
mm. The particle size distribution is not lognonrml, and was similar to the results of the
IET-3 experiment. The sieve mass median diameter of debris recovered outside the
subcompartment structures was 0.52 mm.

3.7 Energy Balance

A single-cell equilibrium model was used to perform an energy balance on the IET
experiments [Allen et al. 1992c,d], neglecting the presence of water in the cavity. Simple
calculations based on the actual IET initial conditions were performed to determine the
amount of energy that might be added to the Surtsey vessel atmosphere by the steam
blowdown, exothermic steam/metal chemical reactions, debris/gas heat transfer, and hydrogen
combustion. The total amount of energy was used to calculate an upper limit to the possible
pressure increase in the Surtsey vessel, APequ,_b,um. The result could then be compared to the
measured peak pressure increase, AP,,_ure_, to determine the total DCH efficiency, T1=
APme_,.rJAPequ,m,num,in the IET experiments [Allen et al. 1992c,d,].

The presence of water in the cavity during the IET experiments provided a potential heat sink
in the system, since some portion of the thermal and chemical energy in the debris would be
used to vaporize the water. In the WC-2 experiment [Allen et al. 1991a], the results indicated

that less than 15 percent of the water initially present in the cavity was vaporized, despite the
fact that the thermite in that experiment contained approximately five times the amount of
energy necessary to vaporize all of the water that was present. This result suggests that water
was ineffective as a heat sink. Furthermore, the HIPS tests with water in the cavity [Tarbell
et al. 1991] suggest that the bulk of the water was ejected prior to debris dispersal. In the
lET experiments [Allen et al. 1992c,d,], the thermite contained approximately 17 times the
amount of energy necessary to vaporize ali of the water that was present in the cavity. The
actual amount of water that was vaporized in the lET experiments cannot be determined from

the experimental results, but there was probably very little water vaporized in the cavity.
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Derivation of the single-cell model has been documented by Pilch [1991]. The resulting
model is given here. Thermal equilibrium between airborne debris and the containment
atmosphere yields a simple, bounding expression for the DCH load,

E AEi
AU AP i (2)

e,--7 u°( 1 + v) '

where

AU = total internal energy gained by the containment atmosphere,
U° = initial internal energy of the entire containment atmosphere,
AP = pressure rise in the containment resulting from the DCH event,
po = initial containment pressure,
AE, = maximum energy that could be added to the containment atmosphere by the

ith process, where the i processes are steam blowdown, debris/gas heat
transfer, debris oxidation by steam in an otherwise inert atmosphere, and
hydrogen combustion, and

= heat capacity ratio.

The heat capacity ratio appears because the debris still carries sensible heat that is not
available for containment pressurization at thermal equilibrium between airborne debris and
the atmosphere. The heat capacity ratio is defined by

NaCa
V = (3)

(N °+ Nb)C,,

where

Nd = number of g.moles of debris participating in DCH,
C_ = molar heat capacity of debris,
N° = number of gas g.moles initially in the containment,
Nb = number of gas g.moles added to the containment by RCS blowdown,

and

Cv = molar heat capacity of the containment atmosphere.

The g.moles of debris participating in DCH can be expressed in terms of the initial charge of
thermite by

M o
,t (4)

N,, = ]:.),.,.,f J,w MW a
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where

f,j_t = fraction of the initial charge that is ejected from the melt generator to
the cavity,

fdisp = fraction of the melt ejected into the cavity that is subsequently dispersed
into the containment,

Md° = initial (mass) charge of thermite, and
MW d = the effectiw, molecular weight of thermite, 0.0631 kg/g.mole.

Table 4 lists ali the information necessary to complete this calculation.

Blowdown of the steam accur, iulator adds both mass and energy to the containment
atmosphere. The maximum amount of energy that the accumulator can contribute to Surtsey
pressurization is given by

°r)AEb = 1 -_ , (5)

PL

where

Pace° = equilibrium pressure of the accumulator/melt generator system just prior
to plug failure,

Vacc = total free volume of the accumulator and melt generator, and
7 = ratio of specific heats.

The term preceding the brackets represents the total internal energy of the accumulator, while
the bracketed term represents the fraction of this total that is convected into the containment.

Molten debris dispersed from the reactor cavity carries both latent and sensible heat that can
be transferred to the atmosphere. The maximum energy source associated with debris thermal
energy,

AEt = N dAe' , (6)

is equal to the amount of dispersed debris, Nd, times the specific molar internal energy of the
debris, Aet, which has a value of 0.147 MJ/g.mole for thermite.

The energy source due to debris oxidation,

AE = NdAe_ , (7)

is equal to the amount of debris participating in DCH r_mes the specific molar oxidation
energy of the debris. Assuming ali the metals react with steam, the specific molar oxidation
energy, Aer, has a value of 0.054 MJ/g.mole for thermite.
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The energy source due to hydrogen combustion is

AEn, = N,,.,o, hen, - (Nll,,pr e + Un Nd)Aen, (8)

where

NH2,p,_ = g.moles of pre-existing hydrogen in the containment atmosphere
prior to the DCH event,

UH2 = the effective stoichiometric coefficient for debris oxidation,
0.892 g.moles-H2/g.mole-debris, and

A%2 = the specific combustion energy for hydrogen,
0.242 MJ/g.mole-H 2.

The second term in the brackets, Un2 Nd, represents the totals of g.moles of hydrogen that can
be produced from complete oxidation of the metallic constituents of the dispersed debris.
There is sufficient steam in the accumulator and water in the cavity or on the basement floor
to achieve complete oxidation of debris.

The initial internal energy of the atmosphere is computed from

t) o _ N °CvTo (9)

where

TO = initial temperature of the Surtsey atmosphere.

Table 5 summarizes the energy balance for lET-1, IET-3, and IET-4. The thermal (latent and
sensible heats) and chemical energy (debris oxidation) are computed for the dispersed
thermite mass only. For lET-1, the calculated pressure rise at equilibrium is 0.384 MPa
compared to a measured pressure of 0.098 MPa; thus the DCH efficiency for lET-1 is 26
percent. For IET-3, the calculated pressure rise at equilibrium is 0.608 MPa compared to a
measured pressure of 0.246 MPa. The DCH efficiency for IET-3 is 40 percent. The
calculated pressure rise at equilibrium for IET-4 is 0.704 MPa compared to a measured
pressure rise of 0.262 MPa. The DCH efficiency for IET-4 was 37.2 percent. The efficient
combustion for hydrogen (=80 percent) produced during the DCH event in IET-3 and IET-4
resulted in a pressure rise that more than doubled the pressure rise observed in lET-1. This
large contribution due to efficient hydrogen combustion is reflected in the substantially larger
overall efficiencies reported for IET-3 and IET-4.

4.0 SUMMARY

A comparison of the IET-1, IET-3, and IET-4 experiments gave a quantitative measurement
of the incremental increase in peak pressure in the Surtsey vessel due to combustion of
hydrogen produced by the steam-driven HPME. Pressure and temperature measurements
showed that a vigorous hydrogen burn occurred as gas was pushed out of the subcompartment
sFuctures. IET-3 gave the first experimental evidence that DCH conditions can result in
almost complete combustion of hydrogen. IET-4 confirmed this evidence.
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An unusual phenomenon was seen in IET-4. 'l'his was the negative pressures (relative to
vessel pressure) measured in the subcompartment structures, and also in the seal table room.
This effect may be attributed to the water on the basement floor inside the crane wall.
Overall, water on the basement floor inside the crane wall appeared to have little effect on the
Surtsey vessel peak pressure. The additional hydrogen burned in IET-4 (236 g.moles)
compared to IET-3 (--186 g.moles) and the additional debris dispersed outside the
subcompartment structures in IET-4 (8 kg) compared to IET-3 (3 kg) were apparently at least
partially compensated for by quenching of debris by water on the containment basement floor.

Table 6 summarizes the comparative results of the IET-1, IET-3, and IET-4 experiments.
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Table 1

IET-4 Instrumentation Location and Purpose

.... ' T '"' ' '

Channel Instrument Location Purpose
Number

1 Disk Calorimeter" In Crane Wall Measure Debris Contact

Temperature

2 Disk Calorimeter" On Vessel Floor Measure Debris Contact

Next to Chute Temperature

3 Disk Calorimeter" On Vessel Floor Measure Debris Contact

Next to Shield Temperature

4 Disk Calorimeter" In Ceiling over Measure Debris Contact
Chute Temperature

7 Thermocouple Chute Exit Measure Tempe_aturc
Inside Subcompartment
Structures

8 Thermocouple Seal Table Room Measure Temperature
Floor Inside Subcompartment

Structures

16 Breakwire Seal Table Room Measure Debris

Plug Velocity

17 Breakwire On Seal Table Measure Debris

Room Floor Velocity

18 Photodiode Photodiode Signal Initiation of
HPME

19 Pressure Refueling Canal Measure Gas Pressure
Transducer Wall Inside Subcompartment

Structures

20 Pressure Seal Table Room Measure Gas Pressure
Transducer Inside Seal Table Room

21 Pressure Level 1 Measure Gas Pressure

Transducer in Surtsey Vessel
H,,

22 Pressure Level 1 Measure Gas Pressure

Transducer in Surtsey Vessel

23 Pressure Level 3 Measure Gas Pressure,

Transducer in Surtsey Vessel
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Channel Instrument Location Purpose
Number

24 Pressure Level 3 Measure Gas Pressure

Transducer in Surtsey Vessel

25 Pressure Level 5 Measure Gas Pressure

Transducer in Surtsey Vessel

26 Pressure Level 5 Measure Gas Pressure

Transducer in Surtsey Vessel

32 Pressure Accumulator Measure Gas Pressure
Transducer in Accumulator Tank

33 Pressure Burst Diaphragm Measure Gas Pressure
Transducer

34 Pressure Crucible Measure Gas Pressure
Transducer

35 Pressure Crucible Measure Gas Pressure
Transducer

36 Pressure Cavity Measure Gas Pressure
Transducer in the Cavity

37 Optical Pyrometer Inside Biological Measure Debris
Type l lx20 Shield Wall - Temperature as it

Focused Above Entered

Instrument Tunnel Subcompartment
Exit Structures

38 Optical Pyrometer Outside Crane Measure Debris
Type l lx30 Wall - Focused Temperature as it

Above Instrument Entered

Tunnel Exit Subcompartment
Structures

39 Pressure Refueling Canal Measure Gas Pressure

Transducer Inside Subcompartment
Structures

40 Pressure Seal Table Room Measure Gas Pressure
Transducer Inside Seal Table Room

41 Aspirated Level 3 Measure Gas

Thermocouple Temperature at Surtsey
Vessel Walls

42 Aspirated Level 3 Measure Gas

Ther_'nocouple Temperature at Surtsey
Vessel Walls
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Channel Instrument Location Purpose
Number

43 Aspirated Level 1 Measure Gas
Thermocouple Temperature at Surtsey

Vessel Walls

44 Aspirated Level 1 Measure Gas
Thermocouple Temperature at Surtsey

Vessel Walls

45 Aspirated Level 1 Measure Gas
Thermocouple Temperature at Surtsey

Vessel Walls

46 Aspirated Level 5 Measure Gas
Thermocouple Temperature at Surtsey

Vessel Walls

47 Aspirated Level 5 Measure Gas
Thermocouple Temperature at Surtsey

Vessel Walls

48 Aspirated Level 5 Measure Gas
Thermocouple Temperature at Surtsey

Vessel Walls

49 Aspirated Level 3 Measure Gas
Thermocouple Temperature at Surtsey

Vessel Walls

50 Ignitor Crucible Timing Signal for
Thermite Ignition

,,,m ,,

51 Aspirated Refueling Canal Measure Gas
Thermocouple Wall Temperature Inside

Subcompartment
Structures

52 Aspirated Refueling Canal Measure Gas
Thermocouple Wall Temperature Inside

Subcompartment
Structures

53 Aspirated Refueling Canal Measure Gas
Tb:rmocouple Wall Temperature Inside

Subcompartment
Structures

54 Aspirated Seal Table Room Measure Gas
Thermocouple Temperature Inside Seal

Table Room
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Channel Instrument Location Purpose
Number

55 Aspirated Seal Table Room Measure Gas
Thermocouple Temperature Inside Seal

Table Room

56 Aspirated Seal Table Room Measure Gas
Thermocouple Temperature Inside Seal

Table Room

57 Thermocouple Cavity Floor Measure Gas
Temperature Inside
Cavity

58 Thermocouple Crucible Measure Gas
Temperature Inside
Crucible

59 Pressure Coolant Pump lA Measure Pressure
Transducer Caused by Heating RCP

lA

62 Pressure Coolant Pump 1B Measure Pressure
Transducer Caused by Heating RCP

1B

63 Pressure Coolant Pump lC Measure Pressure
Transducer Caused by Heating RCP

lC

64 Pressure Coolant Pump lD Measure Pressure
Transducer Caused by Heating RCP

lD

65 Pressure Lower Head Measure Pressure Under
Transducer Containment Basement

Floor

66 Thermocouple Vent Space lA Measure Gas
Temperature Above
RCP lA

67 Thermocouple Vent Space lD Measure Gas
Temperature Above
RCP lD

68 East Thermocouple Bottom Measure Local Gas
Array Temperature

69 East Thermocouple Bottom/Middle Measure Local Gas
Array Temperature
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Channel Instrument Location Purpose
Number

70 East Thermocouple Middle Measure Local Gas
Array Temperature

71 East Thermocouple Middle/Top Measure Local Gas
Array Temperature

72 East Thermocouple Top Measure Local Gas
Array Temperature

73 West Bottom Measure Local Gas

Thermocouple Temperature
Array

74 West Bottom/Middle Measure Local Gas

Thermocouple Temperature
Array

75 West Middle Measure Local Gas

Thermocouple Temperature
Array

76 West Middle/Top Measure Local Gas
Thermocouple Temperature
Array

77 West Top Measure Local Gas
Thermocouple Temperature
Array

80 Pressure Level 5 Measure Gas Pressure

Transducer in Surtsey Upper Dome

81 Thermocouple Accumulator Measure Gas
Temperature
0.32 cm From Inner
Wall

82 Thermocouple Accumulator Measure Gas
Temperature
0.32 cm From Inner
Wall

83 Thermocouple Accumulator Measure Gas
Temperature
0.32 cm From Inner
Wall
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Channel Instrument Location Purpose
Number

84 Thermocouple Accumulator Measure Gas
Temperature
0.32 cm From Inner
Wall

85 Thermocouple Accumulator Measure Gas

Temperature
0.32 cm From Inner
Wall

86 Thermocouple Accumulator Measure Gas
Temperature
0.32 cm From Inner
Wall

87 Thermocouple Accumulator Measure Flange Outside
Surface Temperature

88 Thermocouple Accumulator Measure Accumulator
Outside

Surface Temperature

90 Thermocouple Accumulator Measure Accumulator
Outside

Surface Temperature

91 Thermocouple Accumulator Measure Gas
Temperature Inside
Accumulator Tank

92 Thermocouple Accumulator Measure Gas
Temperature Inside
Accumulator Tank

93 Thermocouple 10.2-cm Pipe Measure Gas

between Temperature Inside Pipe
Accumulator and with Burst Diaphragm
Melt Generator

103 Thermocouple 10.2 cm Pipe Elbow Measure Skin
Between Melt Temperature
Generator and
Crucible

Pl Piezoelectric East Side of Cavity Measure Pressure in
Pressure Cavity Wall Under the
Transducer Melt Generator
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Channel Instrument Location Purpose
Number

P2 Piezoelectric West Side of Cavity Measure Pressure in
Pressure Cavity
Transducer Wall Under the Melt

Generator

P3 Piezoelectric Crane Wall Measure Gas Pressure

Pressure Inside Subcompartment
Transducer Structures

P4 Piezoelectric Refueling Canal Measure Gas Pressure
P_ sure Inside

Transducer Subcompartment
Structures

L2 Gas Grab Sample Surtsey Level 2 Measure Gas
Composition Prior
to and After HPME

L4 Gas Grab Sample Surtsey Level 4 Measure Gas
Composition Prior
to and After HPME

L6 Gas Grab Sample Surtsey Level 6 Measure Gas
Composition Prior to
and After HPME

C Gas Grab Sample Cavity Measure Gas
Composition Prior to
and After HPME

B Gas Grab Sample Subcompartment Measure Gas
Structure Composition Prior to

and After HPME

* Disk Calorimeters Used Type S Themlocouples
Other Thermocouples Were Type K
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Table 2

Initial Conditions for the IET-I, IET-3 and IET-4 Experimenls

i_:: iii _: i ii_iil i _:i_:!iii i :::ii:: :_ IET-I IET-3 lET-4
'::::.!iiii:-i.!ii::i:::::i.li!iii:ii::i::::i :i!!i:i:ii!:iil:ilii::!i::!ii:'i:ii!i:!i!i!:iiii!'_i!i:ii!i!:!_:!::i:!:::ii:!i:iil!ii:ii!iiii:ii::i:i:ii!iii:::i:!:!:i:i:i: :i:iiiiiiliil:i

Thermite composition (kg)
iron oxide 29.26 29.26 29.26
chromium _" , 4.65 4.65 4.65
aluminum -, 9.09 9.09 9.09

Mass of the initial thermite charge (kg) 43.00 43.00 43.00

Hole diameter (cre)
initial 3.5 3.5 3.5
final 4.09 4.53 4.22

,, ,

Steam pressure at plug failure (MPa) 7.1 6.1 6.7

Steam temperature at plug failure (K) 600 585 555

Moles of steam driving gas (g.moles) 440 456 582

Cavity water (kg) 3.48 3.48 3.48
(0.9 cm (0.9 cm (0.9 cm
deep) deep) deep)

Water on containment basement floor 0 0 71.1

inside crane wall (kg) (1.52 cm
deep)

Initial absolute pressure in Surtsey (MPa) 0.20 0.19 0.20

Initial temperature in Surtsey (K) 295 279 286
, ,,

Initial gas composition N2 99.96 90.6 90.0
in Surtsey (tool.%) O2 0,03 9,0 9.59

Other 0.01 0.4 0.41

Freeboard volume inside

subcompartment structures 4.65 m3

Freeboard volume in Surtsey
upper dome 85.15 m 3

Total freeboard volume

inside Surtsey 89.8 11"13
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Table 3

(;as Concentrations Measured in the IET-4 Experiment

Location Start Time _ Duration Species
(mol.%)

i:: !::i:!i:i:_ N2 02 H2 CO CO2

Background -20 s --) 10 s 90.0 9.59 <0.01 <0.1 0.02

Cavity 0.0 s _ 2 s 63.4 9.22 28.8 1.80 0.65

Cavity 0.5 s --) 2 s 46.9 10.40 35.4 15.30 0.70

Inside 2 s _ 5 s 86.0 7.90 3.88 1.40 0.34
Structures 2 s --) 5 s 85.4 8.00 3.85 0.90 0.32

2 rain --) 10 s 88.9 8.07 1.02 0.31 0.42

Level 2 2 min ---) 10 s 89.9 7.98 0.82 0.50 0.32
30 rain _ 10 s 90.5 7.90 0.86 <0.10 0.32

Level 4 2 rain ---)10 s 90.4 8.03 0.79 <0.1 0.32
30 rain --) 10 s 89.6 7.99 0.85 0.8 0.32

............

Level 6 2 rain --) 10 s 90.5 7.96 0.78 <0.1 0.32
30 rain _ 10 s 90.4 7.96 0.86 <0.1 0.32

Mean _ :!i i ; i 7.975 0.827 !.i:i:::::;::!:i:iiii:i;i::3i:?!:i:ii:i%::ii:i:!i:i:i:?!:i:::i!:

Standard Deviation _ _::::_: :i_::_: : : • : :::.i!::ii.{i:::i::!::i:i::.i!::i: i:i:::!.::i:?i.i.:::;:i:i

::_:: _,_:_ 0.043 0.036, ::::::::::::::::::::::::::::::::::::::::!:i!iii!i!i!iii!!i!ii!!!i!iiiii!:!!!i!i

Notes:

§ Mean and standard deviations were computed for the six samples taken after the
HPME at levels 2, 4, and 6 in the Surtsey vessel.
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Table 4

Debris Recovery Summary for the IET-I, IET-3 and IET-4 Experiments

MASS BALANCE (kg) IET-I IET-3 IET-4

Initial Thermite Charge, Mj° (a) 43.0 43.0 43.0

Crucible (b) 4.54 4.50 9.76

Cavity/Chute (c) 7.06 16.80 9.54

Inside Structures (d) 38.03 31.30 32.67

Outside Structures (e) 4.98 3.00 8.04

Total Recovered" 43.01 34.30 40.72

TRANSPORT FRACTIONS
.....

Ejected into Cavity,
f,j_t = 1 - b/a 0.894 0.895 0.773

,,,

Dispersed from Cavity,

fd_sp= (d + e)/(c + d + e) 0.859 0.671 0.810,,

Transported Outside Subcompartment,
fdomo= e/(d + e) 0.116 0.087 0.197

Notes: 1. The molten mass available for dispersal into the vessel is usually about 20%
greater than the initial iron oxide/aluminum/chromium thermite charge due to
melting of the inner wall of the crucible, vaporization of the fusible brass plug,
ablation of concrete in the cavity, and oxidation of metallic debris by steam.
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Table 5

Energy Balance for the IET-I, IET-3 and IET-4 Experiments

Term IET- 1 IET-3 IET-4 Description
Value Value Value

AEb 5.45 MJ 5.29 MJ 5.71 MJ Blowdown energy
,, ,,,

AEt 83.7 MJ 58.2 MJ 60.4 MJ Latent and sensible heat
,,,,

AEr 31.9 MJ 23.2 MJ 24.1 MJ Chemical energy from debris oxidation

AERz 0.0 MJ 97.7 MJ 122.0 MJ Hydrogen combustion
,,,,,,, , •

0.219 0.156 0.152 Heat capacity ratio

U° 51.7 MJ 49.8 MJ 52.4 MJ Internal energy of atmosphere
, ,,,,

po 0.20 MPa 0.19 MPa 0.20 MPa Initial pressure of atmosphere

AP 0.384 MPa 0.608 MPa 0.704 MPa Calculated pressure rise

rl 26% 40% 37.2% DCH efficiency

Table 6

Summary of the Results of the IET-I, IET-3, and IET-4 Experiments

iiii iiiiiiiiiii ii !iii ii!iii i} ili!i}!iii! !iiiiiiiiiiiiii!iiiii!ii iiiil ii iii]iiiii!iiiii i iiliiiil ii IET-I IET-3 IET.4

Driving pressure at plug failure (MPa) 7.1 6.1 6.7

Moles of H_O driving gas (g.moles) 440 456 583

Cavity water (g.moles) 193 193 193

Ablated hole diameter (cre) 4.04 4.53 4.22

Total debris dispersed into Surtsey (kg) 43.0 34.3 40.7

AP due to the HPME (MPa) 0.098 0.246 0.262

Moles of Hs produced (g.moles) 223 223 297

Moles of Hz burned (g.moles) =0 186 236
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Note: Ali pressure transducers have individual penetrations.

Figure 1. Surtsey vessel, high-pressure melt ejection system, and subcompartment structures
used in the IET-4 experiment. The figure also shows instrumentation location by
channel number.
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Figure 6. Isometric view of the subcompartment structures inside the Surtsey vessel. The

figure also shows instrumentation location by channel number.
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Figure 7. Top view of structures inside the Surtsey vessel. The figure also shows
instrumentation location by channel number.
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Figure 8. Top view of the Surtsey vessel showing instrumentation ports. The figure also shows
instrumentation location by channel number.
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Top of Vessel 9.93 m

Level 6 7.19 m

6.32 m (_ 6.32 m (_
Level 5 5.97 m

5.61 m(_) 5.61 m(_

(_ Level 4 4.75 m 4.85 m (_
4.85 m

4.09 m (_ 4.09 m (_

3.38 m (_) Level 3 3.53m 3.38 m (_

East West

Thermocouple Level 2 Thermocouple
Array 2.31 m Array

Operating Deck 1.52 m
Level 1

1.09 m

Instrument 0.00 Elevation (m)

Tunnel Exit (.75 in = 1 m)

Figure 9. Location of Surtsey vessel bulk gas temperature thermocouple arrays. The figure also
shows instrumentation location by channel number.
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