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Abstract

The Surtsey Facility at Sandia National Laboratories (SNL) is used to perform scaled experiments for
the Nuclear Regulatory Commission that simulate hypothetical high-pressure melt ejection (HPME)
accidents in a nuclear power plant (NPP). These experiments are designed to investigate the effect of
specific phenomena associated with direct containment heating (DCH) on the containment load, such
as the effect of physical scale, prototypic subcompartment structurer, water in the cavity and on the
containment basement floor, and hydrogen generation and combustion.

In the recent Integral Effects Test (IET) series conducted at SNL,1:10 linear scale models of the bottom
head of the reactor pressure vessel (RPV), the cavity, instrument tunnel, and subcompartment structures
found in the Zion NPP were constructed. The RPV was modeled with a steel pressure vessel (called
the melt generator) that had a hemispherical bottom head. The melt generator had a 4-cm hole in the
bottom head that simulated the final ablated hole in the RPV that would be formed by ejection of an
instrument guide tube in a severe NPP accident. A 43-kg initial charge of iron / alumina / chromium
thermite was used in the melt generator to simulate molten corium that would accumulate on the bottom
head of an actual RPV. In the IET series, this chemically reactive melt was ejected by high-pressure
steam from the melt generator into the scaled reactor cavity. Debris was then entrained through the
instrument tunnel into the subcompartment structures and the upper dome of the simulated reactor
containment building.

A two-cell equilibrium model was used to interpret the data from the IET tests. Analyses of the entire
DCH database indicate that DCH is insensitive to physical scale and to the exact details of the
subcompartment geometry. There are several sources of hydrogen in a HPME. However, the hydrogen
produced by steam / metal reactions during the coherent part of the steam blowdown, i.e., when debris
was in contact with steam, was the source of hydrogen that made the most significant contribution to
containment pressurization. This hydrogen was intimately mixed with a jet of molten debris particles,
and thus burned as it entered the upper dome. Preexisting hydrogen in the vessel did not burn on a time
scale that contributed to the peak containment pressure.

,
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Executive Summary
|

In a light water reactor core-melt accident, an instrument guide tube penetration in the bottom head of
the reactor pressare vessel (RPV) may fail while the primary system is pressurized. The aperture
formed in the RPV by a penetration type failure can ablate to a diameter of 30 to 40 cm as molten core
debris is expelled into the reactor cavity. The blowdown of the reactor coolant system (RCS) may then
entrain molten core debris in the high-velocity steam blowdown gas and eject fragmented particles from
the cavity into the reactor containment building (RCB). This chain of events is called a high-pressure
melt ejection (HPME). As the fragmented, molten debris is dispersed into the RCB, three mechanisms
may cause a rapid increase in pressure and temperature: (1) efficient debris-to-gas heat transfer,
(2) exothermic metal / oxygen reactions, and (3) hydrogen combustion. The processes that lead to
increased loads on the containment building are collectively referred to as direct centainment heating
(DCH). Understanding factors that enhance or mitigate DCH is necessary because the load imposed
on the RCB may potentially threaten its integrity.

The Surtsey Test Facility at Sandia National Laboratories (SNL) is used to perform scaled experiments
for the Nuclear Regulatory Commission (NRC) that simulate a HPME accident in a nuclear power plant

(NPP). The experiments are designed to investigate the phenomena associated with DCH.
High-temperature, chemically reactive melt is ejected from a melt generator 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 test vessel. The effects of specific phenomena on the containment load, such as the geometry
of subcompartment structures, water in the cavity and on the containment basement floor, and hydrogen
generation and combustion, are studied.

The Integral Effects Test (IET) series was conducted using 1:10 linear scale models of the Zion NPP
structures. There were twelve experiments in the IET test series: IET-1, IET-1R, IET-2A, IET-2B,
IET-2C, IET-3, IET-4, IET-5, IET-6, IET-7, IET-8A, and IET-8B. In the IET-2A, 2B, and 2C
experiments, the Surtsey vessel was not used; the melt generator was attached to a nondispersive cavity.
These tests were conducted specifically to determine the temperature of debris ejected from the scaled
RPV model into the reactor cavity. The other experiments used models of the Zion structures,
including the bottom head of the RPV, biological shield wall, reactor cavity, instrument tunnel,
containment basement floor, seal table room, refueling canal, steam generators, reactor coolant pumps
(RCPs), and operating deck. The Surtsey vessel was used to simulate the upper dome of the Zion RCB.

Specific phenomena investigated in the IET test series were (1) the effect of physical scale, (2) the effect
of prototypic subcompartment structures, (3) the effect of water in the cavity and on the containment
basement floor, and (4) the effect of hydrogen combustion on containment loads. Generally, these
experiments were performed in a systematic manner by changing one major parameter for each test.
Hov ever, it is difficult to compare similar experiments without a normalizing tool because of random
variations in the initial conditions and stochastic variations in the experimental results. The two-cell
equilibrium (TCE) model, which is developed in Appendix A, was used to account for these variations
so that observations of a more general nature could be made about specific phenomena observed in the
IET test series.
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Executive Summary

Extrapolating experimental results to a full-scale NPP accident is an issue that has been addressed by
the Severe Accident Scaling Methodology (SASM) Technical Program Group and by Pilch and Allen.
These efforts led the NRC to sponsor counterpart experiments by SNL at 1:10 linear scale and by
Argonne National Laboratory (ANL) at 1:40 linear scale. The IET experiments conducted by SNL and
ANL, and a large number of other DCH experiments, were analyzed with the TCE model. The
conclusion was drawn that there is no clear effect of physical scale.

The major structures of the Zion NPP were carefully modeled for the SNL and ANL IET experiments.
However, it was concluded that the loads were not very sensitive to the specific details of the
subcompartment geometry. This conclusion is based on the fact that the TCE model shows good
agreement for the entire DCH database, even for experiments having very simplified representations
of structures. However, containment loads are dependent on any direct flow paths from the cavity to
the upper dome, such as the annular gap between the RPV and reactor support skirt.

Condensate levels of water were present on the scaled reactor cavity floor in the majority of the IET
tests. From previous tests, it was concluded that condensate levels of water had very little effect on
the containment load. In two of the IET tests (IET-8A and IET-8B), the cavity was half full of water.
There were apparently competing effects on the containment load: cavity and subcompartment water
quenched the debris and thus reduced debris / gas heat transfer, and at the same time, vaporization of l

lcavity and subcompartment water produced many moles of steam, which caused an increase in the
pressure load in the vessel, i.e., a steam spike. In addition, some hydrogen burned as a diffusion flame
as it was ejected from the subcompartment structures into the upper dome. The effects of debris
quenching and of production of steam and some hydrogen apparently balanced each other and resulted
in no noticeable effect on the containment load for the specific conditions studied. I

In the IET experiments, the Surtsey vessel atmosphere was either inert or reactive. In IET-1 and
IET-lR, the Surtsey atmosphere was inerted by purging with nitrogen (<0.1 mol.% O ). The IET-52

experiment was " classically" inerted with carbon dioxide, which was used as a surrogate for steam.
In all of the other IET experiments, the Surtsey atmosphere was reactive, i.e., about 9 mol.% O . In2

IET-5, IET-6, IET-7, IET-8A, and IET-8B, the Surtsey atmosphere also contained preexisting
hydrogen. The preexisting hydrogen represented levels produced by partial clad oxidation during the
core degradation process in a NPP pump seal loss-of-coolant accident. In the IET experiments,
hydrogen produced by reactions between the blowdown steam and metallic debris burned as it was
ejected from the subcompartment structures and contributed significantly to the containment load.
However, the preexisting hydrogen recombined on a time scale too long to have a significant impact
on the containment load.

' M.M. Pilch and M.D. Allen, Dec.1990, A Scaline Methodolocy for Direct Containment Heatine with Annlication to the
Desien and Specification of an Experiment Procram for Resolvine DCH Issues, SAND 91-2784, to be published, Sandia

National laboratories, Albuquerque, NM.
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1.0 Introduction

In a light water reactor core-melt accident, an The earliest DCH tests were the ANUCWTI
instrument guide tube penetration in the bottom tests (1:30 scale), which showed significant
head of the reactor pressure vessel (RPV) may mitigation of loads resulting from a combination
fail while the primary system is pressurized. The of plant specific subcompartment structures and
aperture formed in the RPV by a penetration type cavity water. Some researchers felt that the
failure can ablate to a diameter of 30 to 40 cm as observed containment pressurizations were sub-
molten core debris is expelled into the reactor stantially lower than would be expected at full
cavity. The blowdown of the reactor coolant scale because the time scale for heat and mass
system (RCS) may then entrain molten core transfer is compressed in small scale

debris in the high-velocity steam blowdown gas experiments.
and eject fragmented particles from the cavity
into the reactor containment building (RCB). The early Sandia experiments (SNUDCH,
This chain of events is called a high-pressure SNL/TDS, SNL/WC) were conducted at much
melt ejection (HPME). As the fragmented, larger scale (1:10) and without any attempt to
molten debris is dispersed into the RCB, three simulate the compartmentalized nature of real
mechanisms may cause a rapid increase in containments. In this way, separate effects
pressure and temperature: (1) efficient debris-to- information on heat and mass transfer rates,
gas heat transfer, (2) exothermic metal / oxygen debris velocity, and other phenomena could be
reactions, and (3) hydrogen combustion. These obtained for development of the CONTAIN code.
processes that lead to increased loads on the The effect of containment compartmentalization
containment building are collectively referred to was crudely simulated in the SNL/LFP test series
as direct containment heating (DCH). Under- by placing a simple concrete slab at an adjustable
standing factors that enhance or mitigate DCH is height above the cavity exit. Henry et al. [1991]
necessary because the load imposed on the RCB also conducted DCH experiments (FAI/DCH)
may potentially threaten its integrity. that included simulations of Zion subcompartment

structures. These experiments produced DCH
DCH experiments have been previously conduc- loads significantly less than would be predicted
ted at Sandia National I2boratories (SNL), by simple bounding models. However, questions
Argonne National Laboratory (ANL), and Fauske persisted on the effects of physical scale.
and Associates (FAI). Ofinterest here are exper-
iments employing high-temperature chemically These early experiments were reviewed as part of
reactive melts, driven under pressure into a an NRC sponsored effort known as the Severe
simulated reactor cavity, with the whole system Accident Scaling Methodology (SASM) Program
confined in a vessel so that containment pressure [Zuber et al.1991]. As a result of SASM i

I

can be measured. A brief survey of these exper- recommendations, the NRC sponsored experiment
iments, including experiments conducted after the programs were redirected towards performing
Zion Integral Effects Test (IET) were completed, counterpart experiments (SNUIET and ANL/
is presented in Table 1.1. (All tables and figures IET) at two different physical scales, including
are located at the end of the chapter in which detailed (geometrically scaled) simulations of the
they are referenced.) Experiments have been Zion subcompartment structures, and with initial
conducted at four different physical scales; in two conditions closely tied to postulated and likely
different cavity designs; and with and without accident scenarios. This report documents the
subcompartment structures, reactive and SNUIET experiments; their smaller scale
nonreactive blowdown gases, and reactive and counterparts (ANL/IET) were conducted at
nonreactive containment atmospheres. Argonne National Laboratory. The SNUANL

1 NUREG/CR-6044
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counterpart experiments are also summarized in IET tests. Previous tests [ Allen et al.1992a]
Table 1.1 for completeness. showed that condensate levels of water had very

little effect on the containment load. In two of
Guidance for the experiment programs was the IET tests (IET-8A and IET-8B), the cavity

assigned by the NRC to a five-member DCH was half full of water. Water was also present

Experiment Technical Review Group (TRG), who on the containment basement floor inside the
were all members of the original SASM program crane wall for most of these tests.

and included R.E. Henry (FAI), M. Ishii
(Purdue), F.J. Moody (GE), B.R. Sehgal (EPRI), In the IET experiments, the Surtsey vessel

and T.G. Theofanous (UCSB). The DCH atmosphere was either inert or reactive. In IET-1

" team," consisting of the sponsor (NRC), univer- and IET-1R, the Surtsey atmosphere was inerted

sities and industry (TRG), and the national by purging with nitrogen (<0.1 mol.% O ). The2

laboratories (SNL and ANL), meets at periodic IET-5 experiment was " classically" inerted with

intervals to discuss new results and decide future carbon dioxide, which was used as a surrogate

directions. Despite diverse backgrounds, the for steam. In all of the other IET experiments,

team worked efficiently to reach a consensus so the Surtsey atmosphere was reactive, i.e., about

that the pace of the program was limited only by 9 mol % O . In IET-5, IET-6, IET-7, IET-8A,
2

time necessary to prepare and execute the and IET-8B, the Surtsey atmosphere also con-

experiments. tained preexisting hydrogen. The preexisting
hydrogen represented levels produced by partial

The IET series was conducted using 1:10 linear clad oxidation during the core degradation pro-

scale models of the Zion NPP structures. There cess in a NPP pump seal loss-of-coolant accident.

were twelve experiments in the IET test series:
IET-1, IET-1R, IET-2A, IET-2B, IET-2C, Specific phenomena investigated in the IET test
IET-3, IET-4, IET-5, IET-6, IET-7, IET-8 A , and series were (1) the effect of physical scale, (2)

| IET-8B. In the IET-2 A, 2B, and 2C the effect of prototypic subcompartment struc-
,

! experiments, the Surtsey vessel was not used; the tures, (3) the effect of water in the cavity and on

melt generator was attached to a nondispersive the containment basement floor, and (4) the effect

! cavity. These tests were conducted specifically of hydrogen combustion on containment loads.
to determine the temperature of debris ejected Generally, these experiments were performed in

from the scaled RPV model into the reactor a systematic manner by changing one major para-

cavity. The other experiments used models of meter for each test. However, it is difficult to
the Zion structures, including the bottom head of compare similar experiments without a normal-
the RPV, biological shield wall, reactor cavity, izing tool because of random variations in the
instrument tunnel, containment basement floor, initial conditions and stochastic variations in the

seal table room, refueling canal, steam experimental results. The two-cell equilibrium
generators, reactor coolant pumps (RCPs), and (TCE) model, which is developed in Appendix

operating deck. The Surtsey vessel was used to A, was used to account for these variations so

simulate the upper dome of the 7. ion RCB. that conclusions could be drawn about specific
phenomena observed in the IET test series.

Condensate levels of water were present on the
scaled reactor cavity floor in the majority of the

NUREG/CR-6044 2
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i Table 1.1 Survey of DCH relevant experiments

Number Nominal Cavity
Experiment series of tests scale type Water

i

SNUDCH 4 1:10 Zion None
Tarbell et al. [1987; 1988]

,
'

Allen et al. [1991a]

SNUTDS 7 1:10 Surry None

SNULFP 6 1:10 Surry None

Allen et al. [1991b]

SNL/WC 3 1:10 Zion None
Allen et al. [1992a, b] Cavity

SNUIET-Zion 9 1:10 Zion Cavity
Allen et al. Cavity / Basement

[1992c-h,1993],

SNL/IET-Surry 3 1:5.75 Surry None
Cavity / Basement

ANUCWTI 2 1:30 Zion-like Cavity / Basement

Spencer et al. [1987]

ANUIET 6 1:40 Zion None

Binder et al. [1992a-f] Cavity

ANUU 3 1:40 Zion None
Binder et al.
[1993a, b]

FAI/DCH 4 1:20 Zion Basement /

Henry et al. [1991] Cavity / Basement

,

9
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Introduction

Table 1.1 Survey of DCH relevant experiments (continued)

|
i

Containmen
i

t Annular gap
Experiment pressure around Atmosphere Containment

series (MPa) RPV composition structures

SNUDCH 0.08 No Air, Ar Open Containment

SNUTDS 0.09 - 0.23 No Air, Ar Open Containment |

SNULFP 0.16 No Ar Compartmentalized by Slab ,

1

SNUWC 0.16 No Ar Essentially Open

SNL/IET 0.2 No N , N / Air, Zion
2 2

Zion N / Air /H , Subcompartment
2 2

|
CO / Air /H Structures

2 2

SNL/IET 0.13 - 0.19 No partial Air /H 0/H Surry
2 2

Surry insulation Subcompartment
Structures

ANUCWTI 0.1 No Ar Compartmentalized by
Baffle

ANUIET 0.2 No N , N / Air, Zion
2 2

N / Air /H , Subcompartment .

2 2

H 0/ Air /H Structures
2 2

ANUU 0.2 No N / Air /H Zion
2 2

Subcompartment
Structures

FAl/DCH 0.1 No N Zion (Like)2

Subcompartment !

Structures

NUREG/CR-6044 4
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Introduction

Table 1.1 Survey of DCH relevant experiments (concluded)

Driving
Experiment Driving pressure Melt mass Melt Hole

series gas (MPa) (kg) composition size

SNUDCH N 2.6 - 6.7 20,80 Fe/A10 0.062 2 3

SNUTDS HO 3.7 - 4.0 80 Fe/A10 /Cr 0.0652 2 3

SNULFP HO 2.5 - 3.6 50,80 Fe/A10 /Cr 0.04 - 0.092 2 3

SNUWC HO 3.8 - 4.6 50 Fe/A10 /Cr 0.04 - 0.102 2 3

SNL/IET HO 5.9 - 7.1 43 Fe/A10 /Cr 0.04
2 2 3

Zion

SNL/IET HO 12 158 Fe/A10 /Cr 0.072 - 0.098
2 2 3

Surry

ANUCWTI N 4.7 - 5.0 4.1 UO /ZrO /SS 0.132 2 2

ANUIET HO 5.7 - 6.7 0.72, 0.82 Fe/A10 /Cr 0.0112 2 3

ANL/U HO 3.0 - 6.0 1.13 UO /Zr/ZrO /SS 0.011
2 2 2

FAI/DCH N, 2.4 - 3.2 20 Fe/A10 0.025
2 2 3

HO2

|

|

|
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2.0 Experiment Description

Figure 2.1 is a composite view of the Surtsey The Surtsey IET tests [ Allen et al.

vessel, the HPME delivery system, and the 1992c,d,e,f,g,h; 1993] were conducted with 1:10

subcompartment structures used in the IET linear scale models of the primary structures in

experiments. The Surtsey vessel is an ASME- the Zion NPP, including the bottom head of the

approved steel pressure vessel with an internal RPV, cavity, in-core instrument tunnel, and
I

volume of 103 m , which makes it slightly over- subcompartment structures. The RPV was3

scaled (for a 1:10 linear scale) compared to most modeled with a melt generator that consisted of

nuclear RCBs. It has a cylindrical shape with a steel pressure barrier, a cast MgO crucible, and
removable, dished heads attached to both ends a thin steel inner liner (Figure 2.2). The melt
and is 3.6 m in diameter by 10.3 m high. The generator / crucible had a hemispherical bottom ,

|

Surtsey vessel has a maximum allowable working head containing a graphite limiter plate with a
pressure of 1 MPa at 260 C, but has a burst 3.5-cm exit hole to simulate the ablated hole in ,

'

diaphragm installed to limit the pressure in the the RPV bottom head that would be formed by

vessel to less than 0.9 MPa. It is supported ejection of an instrument guide tube and hole

,

approximately 2 m off the ground by a structural ablation in a severe NPP accident.

|
steel framework with its longitudinal axis
oriented vertically. The interior of the vessel has The cavity (Figure 2.3) used in the IET tests was
four equally spaced I-beams welded vertically designed to withstand internal pressures of
along the length of the body of the vessel. 6.9 MPa with a safety factor of 4. The inclined

Structural steel has been welded to these I-beams portion of the instrument tunnel entered the'

for adding removable scaffolding to facilitate bottom head of Surtsey at a 26-degree angle from

instrumenting and cleaning the vessel. The vertical, as it does in Zion. The instrument
internal steel framework also supports an guide tubes were not modeled in the IET
overhead bridge crane to facilitate loading and experiments. A false concrete floor was
unloading equipment. A total of twenty 30.5 cm constructed in the Surtsey vessel similar to the

(12 inch) and 61 cm (24 inch) instrument floor of the Zion basement so that the inclined
I penetration ports exist at six different levels portion of the instrument tunnel was about 2.7

around the perimeter of the vessel. The Surtsey times the correct scaled length of the Zion
vessel has two manways at level 1 to allow instrument tunnel exit.

personnel access. For the IET experiments, a
concrete floor was constructed in Surtsey near the This floor and instrument tunnel were constructed

| bottom of the vessel to simulate the containment in Surtsey to match the configuration of the ANL

| basement floor in the Zion NPP. The freeboard COREXIT facility. Figure 2.4 shows the2

volume above the floor was 89.8 m . experiment configuration, including the high-3'

pressure steam boiler, accumulator tank, burst

Table 2.1 is a listing of the instrumentation used diaphragm, melt generator, cavity, and instru-
ment tunnel connection to the Surtsey vessel.

in the IET experiments, including the channel
number, type, purpose, and location of each

The subcompartment structures included 1:10
,

instrument. The circled numbers in Figures 2.1
linear scale models of the crane wall, four steam

| through 2.9 correspond to the channel numbers in
i the data acquisition system listed in Table 2.1.
| Instrumentation changed slightly as the IET

Mu, et al, M, Oud Iqk Data Reriort on the
experiments progressed. Table 2.1 and the Intecral Effects Test #2 in the Coreut Facility at Arconne

r

!
associated figures list the instruments used m. the National Laboratory, Argonne National Laboratory,

.

last few IET experiments. Argonne, IL.

NUREG/CR-6044 6



Experiment Description

generators, four RCPs, the opening in the floor drained into the reactor cavity model, which was
of the seal table room for the instrument guide half-Giled with water.
tubes, the seal table room, the biological shield
wall, the refueling canal, the radial beams and Zero time was set by the data acquisition system
the gratings at the RCP deck, and the operating as the time at which the melt failed the brass plug
deck (Figures 2.5, 2.6, and 2.7). The steam and entered the cavity. This event was signaled
generators, RCPs, and gratings were made of by a photodiode located at the melt plug exit.
steel, and the other structures were constructed of When the hot melt burst through the brass plug,
reinforced concrete. All of the structures were the intense light emitted from the melt caused the
painted with an epoxy-base paint. Figure 2.8 photodiode to emit a signal that was used to mark
gives the top view of the Surtsey vessel, showing the initiation of the event.
the orientation and location of the instrument
penetrations through the vessel ports at six 2.1 Geometry and Initial Conditions:
different levels. The Design Basis

In most of the experiments, the steam The geometry and initial conditions selected for
3accumulator tank (volume = 0.29 m ) was the SNL/IET experiments were guided by the

pressurized to =6.3 MPa with superheated pump seal LOCA sequence initiated by a station
steam. After the pressurization sequence, the blackout in the Zion NPP. The stated goal was
iron oxide / aluminum / chromium thermite mixture to perform integral effects tests in geometrically
was ignited remotely with a braided wire fuse scaled structores with initial conditions generally
placed on top of the compacted thermite. After (but not always) selected to be well within the
the thermite was ignited, the pressure in the expected range of full-scale plant behavior.

3crucible (free volume = 0.018 m ) rapidly
increased. This pressure increase verified that Table 2.2 lists the key (target) conditions for the
the thermite reaction had started and signaled the tests along with the representative full-scale
operator to fail the burst diaphragm separating reactor conditions. The following sections
the steam accumulator tank and the molten discuss the rationale and potential compromises in
thermite in the melt generator. This brought selecting these conditions.
superheated steam into contact with the molten
thermite. Upon contacting and failing a fusible 2.1.1 Facility Geometry
brass plug at the bottom of the crucible, the
molten thermite in the crucible was expelled by A stated goal was to perform counterpart
high-pressure steam mto the cavity. experiments at two different physical scales with

geometrically scaled mockups of the Zion plant.
In the IET-8A experiment, the burst diaphragm The counterpart experiments were conducted at
did not fail, and thus, the melt simulant was not SNL (1:10 scale) and at ANL (1:40 scale) so that
ejected by high-pressure steam; it was drained maximum advantage could be taken of already
from the cavity, primarily under the force of existing facilities for performing DCH
gravity. The iron oxide / aluminum / chromium experiments. Hardware constraints, however, at
thermite mixture was ignited remotely with a either the SNL facility or the ANL facility
braided wire fuse placed on top of the compacted required some compromise in the extent to which
thermite. After the thermite was ignited, the the experiment facilities could match Zion. As a
nitrogen cover gas pressunzed. Upon contacting priority, similarity between the SNL and ANL
and failing a fusible brass plug at the bottom of facilities was sought, even if it meant sacrificing
the crucible, the molten thermite in the crucible some similarity with the full-scale plant.

7 NUREG/CR-6044
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Experiment Description

Table 2.3 compares some of the key geometric The ablation process could not be reliably
features in the SNL/IET experiments with their simulated in the experiments because the initial
full-scale values so that deviations can be noted, hole size would have to be ~ 2.5 mm in the SNL j

The rationale for any deviations and their tests causing an unprototypic tendency for the j

expecred impact on the test results are discussed melt to freeze in the hole. This problem would !

next. only be compounded in the smaller scale
counterpart test at ANL. Consequently, it was

The entire RCS is not geometrically scaled in the decided to scale the initial hole size in the
experiments. The SASM effort concluded that it experiment to the final hole size predicted in the
was adequate to match the RCS free volume and reactor case. Ablation was then suppressed in

geometrically scale the hemispherical lower head. the experiment using a graphite plate (with the
SNL had an existing steam accumulator that was proper hole size) that would not erode. This
14% underscaled (by volume) relative to Zion. procedure ensured that a properly scaled hole size

Furthermore, the radius of the hemispherical melt was available for the blowdown process,

generator in the experiments is 8% underscaled
relative to Zion. This facilitated the more The reactor cavity in the experiment was
economical use of the off-the-shelf hemispherical geometrically scaled to the full-scale Zion
heads. Both of these deviations were judged configuration, with one notable exception. The
acceptable to the TRG. chute extending from the cavity is 2.7 times

longer than scaling would dictate. The reason for
The hole diameter plays a key role m. determining this deviation is twofold: (1) existing hardware at
the rate of RCS blowdown, which in tum the SNL facility dictated that the accumulator,

'

controis the rate and magnitude of melt dispersal melt generator, and cavity assemblies be placed
from the cavity. The scenario considered here is outside the containment vessel, and (2) the melt
a penetration-type failure of the lower head. generator at the ANL facility would not fit under
Such a failure could occur by the ejection of an their containment vessel without extending the

,

incore instrument gu,de from the lower head or cavity chute. This distortion in the length of thei

by melt flow mto the guide tube causing the tube cavity chute also leads to a 29% distortion in the
to rupture outside the lower head. The initial

,
total cavity volume, although the flow area

size of such a failure is ~ 0.025 m, but melt flow scaling could be preserved. The TRG agreed that
through the hole will cause it to ablate to a much it was preferable to maintain similarity between
larger size. the SNL/ANL counterpart facilities rather than

.
match Zion exactly.

'A final hole size of ~0.35 m is computed with
the approximate ablation model given in Pilch
and Allen.3 The calculation was carried out The TRG also agreed that these distortions were

using the melt mass (scaled to Zion, i.e.,53 mt), conservative in the sense that they likely would

and composition specified in the SASM document enhance cavity interactions and DCH loads. This

[Zuber et al.1991).
follows from an analysis by Henry et al. [1991),
which showed that the relative contribution of
entrainment (small particles) and displacement

' M.M. Pilch and M.D. Allen, Dec.1990, A Scalin (films) to the dispersal process is preserved when
Methodolocy for Direct Containmen' Heatine with
Application to the Desten and Specification of an Y E 7

distortions in the chute length would result inEmeriment Procra m for Resolvine DCH issues,i

SAND 91-2784, to be published, Sandia National increased entrainment and increased cavity
Laboratories, Albuquerque, NM. interactions.
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Experiment Description

There is an annalar gap around the RPV in the extensive plumbing and cable trays were not
Zion plant that could allow some melt to be modeled. The TRG agreed that neglecting these
dispersed directly to the upper dome rather than structures would have minimal impact on the
into the subcompartments outside the cavity exit. experiment results; and if anything, their
Testing with an annular gap was not feasible in omission would lead to slightly conservative
the SNL/ANL facilities because the melt (higher) loads.
generator and cavity assemblies were placed
outside the containment vessel. The issue of the The total volume of the containment vessel was
annular gap was addressed in a later test in the overscaled by 17%. The correctly scaled volume

3Containment Technology Test Facility (i.e., for the Surtsey vessel was 76.8 m . The SNL
3

SNL/IET-11).4 facility has an as-built volume of 103 m , so it
was decided to exclude some volume to better

Certain details were neglected in the cavity match Zion by building a false floor in the
model. In particular, the incore instrument guide vessel. Existing support structures in the vessel I

tubes and their supports were not modeled. The dictated the position of the false floor such that
'

3guide tubes and their supports were simulated in the new volume was 89.8 m, or 17 %
the HIPS-10S experiment [ Allen et al.1990], overscaled. The ANL counterpart facility was
where they were forcibly ejected from the cavity able to match this volume.
by the dispersal process. In addition, the Zion
plant has a " penthouse" over the cavity exit, The aspect ratio of the SNL facility differs from
which is a steel box intended to limit personnel Zion. In particular, the SNL facility is too tall |

access into the cavity during outages. It was and not wide enough. The deviation in aspect l

judged that the penthouse could not withstand any ratio was considered acceptable because most of
significant pressurization of the cavity and would the dispersed melt was expected to remain in the
be blown clear of the exit. The TRG agreed that subcompartment and because any possible
neglecting these structures would have minimal hydrogen combustion phenomena should not be
impact on DCH loads; and if anything, their significantly affected by the aspect ratio.
omission would be conservative in that higher
DCH loads would be expected. 2.1.2 Melt Mass and Composition

A goal of the experiments was to geometrically The corium mass and composition for the Zion I

model the subcompartment regions outside the application are taken from the SASM effort
cavity exit. The width of the SNL/ANL facilities [Zuber et al.1991]. The SASM corium mass is
played an important role in fixing the scale for Surry so the values are scaled up for Zion
factors at 1:10 and 1:40, respectively. The steam based on core power. The core composition is
generator room and the seal table room were similar for Surry and Zion, so no modification is
accurately modeled in the experiments. Although required. The experiments employ thermite as a
models of the steam generators and reactor high temperature, chemically reactive simulant
coolant pumps were included, same details of the for corium. Table 2.4 compares the composition
subcompartments were excluded. In particular, of thermite and corium, and Table 2.5 compares
the seal table (located above the cavity exit and at their material properties.
the entrance to the seal table room), and the

The SASM scaling study addressed RPV and
cavity phenomena, but it stopped short of

'T.K. Blanchat et al.,1993, Ouick took Report on the extending the analysis to the containment
Eleventh Intecral Effects Test GET-1 D in the Containment building. Geometric scaling of the melt mass for
Technolocy Test Facility, Sandia National Laboratories, the experiment is not strictly applicable because
Albuquerque, NM.
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heat that is not available for containmentl

l of material property differences between corium
pressurization. The heat capacity ratio is defined

I and thermite. The amount of thermite used in
the experiments was selected so that the by

experiments would have the same potential for N,C,
pressurization as the reactor application. (2.2)

Y=(N + NjC,
The potential for pressurization is obtained by
allowing airborne melt to come to thermal

where
equilibrium with the atmosphere. The single cell
equilibrium model [Pilch 1992] yields, Na = number of debris moles

Participating in DCH,
ap AE + N,Ae, + N,Ae (2.1)r3

P Ua (1 + f) C, = molar heat capacity of debris, _

N = number of gas moles initially in the
where containment,

U = initial internal energy of the entire
N, = number of gas moles added to the

atmosphere, containment by RCS blowdown,
and

AP = pressure rise in the containment
resulting from the DCH event, C, = molar heat capacity of the

containment atmosphere.
P = initial containment pressure, ;

Equations (1) and (2) show how the containmentAE = total energy delivered to the
containment by blowdown of the pressurization depends on the amount (moles) of3

molten material participating in DCH. Table 2.6
RCS,

shows input parameters for the reactor application

and the counterpart experiments. The
Ae, = specific thermal energy carried by containment atmosphere in some of the

the debris, counterpart tests was inerted, so hydrogen
combustion was artificially suppressed in the

Ae, = specific chemical energy resulting
reactor calculations. The melt mass selected forfrom debris oxidation with steam,
the experiments ensured that the potential for

and was preserved between thepressurization
experiments and the reactor application.

p = heat capacity ratio.

Table 2.7 shows the fractional contribution ofA term for hydrogen combustion is not shown RCS blowdown energy, debris thermal energy,
because inert atmospheres are employed in some and debris oxidation energy to potential
of the counterpart experiments so that hydrogen

pressurization of the containment.
Although

production can be measured to validate models. agreement exists between the counterpart
experiments, the fractional contribution of debris

The heat capacity ratio appears because, at oxidation is underscaled in the experiments
thermal equilibrium between airbome debris and relative to the reactor application.
the atmosphere, the debris still carries sensible

10
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Experiment Description

2.1.3 RCS or Accumulator Conditions paths characterize the LOCA. Furthermore, melt
relocation into the lower plenum flashes water

The RCS pressure at the time of vessel breach is into steam, which also flushes hydrogen from the
an important parameter controlling DCH. At RCS. Thus, most hydrogen produced in the RPV
very low RCS pressures, the prerequisites of will be in the containment at the time of vessel
efficient dispersal and fragmentation are not breach. In the IET experiments, it was decided
present for efficient DCH interactions; conse- to drive the melt with pure steam. This choice
quently, there is no motivation to test at very low enhanced the safety of the experiments and
pressures. At the other extreme, vessel breach at simplified the assessment of hydrogen produced /
full system pressure probably represents the burned in the experiments.
greatest DCH threat. NUREG-ll50, however,
indicates that the probability of rapid spontaneous 2.1.4 Cavity and Basement Water
depressurization (resulting from surge line, hot
leg, or PORV failure) to very low pressures is Water in the containment is a natural conse-
likely to occur before bottom head failure, and quence of the core melt accident. In fact, core
more recent research tends to confirm this melting can be initiated only if the core is first
conclusion. Thus, intermediate pressures, as boiled dry. Steam produced by excessive
might result from a small break LOCA (e.g., temperatures in the RPV is vented to the contain-
pump seal failure), are the more likely scenarios ment through the PORV's or through any other
that might lead to significant DCH loads. As a small break that may exist in the system. Steam
practical matter, the existing steam supply and vented from the RCS enters the containment
accumulator at SNL was limited to ~ 6 MPa, atmosphere where it begins to condense, both in
which is quite consistent with NUREG-1150's the atmosphere itself (heating the atmosphere to
assessment of RCS pressures at vessel breach saturated conditions) and on structures.
resulting from a SBLOCA.

Cavity water is often viewed as a potential
The RCS temperature, in conjunction with the mitigator of DCH loads. The premise is that
pressure and volume, determine the number of melt / vater interactions are efficient (i.e., debris
moles of driving gas. RCS temperatures are energy goes into water vaporization rather than
bounded by saturation (~ 600 K) and a temper- heating the atmosphere) and are nonenergetic.
ature where the surge line or hot leg is likely to The DCH testing program to date has not fully
fail (~ 1000 K) with some intermediate temper- substantiated this premise. The WC-1 and WC-2
ature being the more likely. The SNL steam tests [ Allen et al.1992a] were conducted under
supply was limited to providing saturated steam similar initial conditions, except that the WC-2
and the volume of the existing steam accumulator test had a small amount of water in the cavity

3tank was 0.29 m ; these limitations fixed the (i.e.,11.76 kg). Test results indicate that a little '

quantity of steam moles used in the IET expe't- more hydrogen was produced in WC-2 but that
ments. The scaled quantity of steam in tl'ese the impact on containment loads was negligible.
experiments was approximately equal to Zion 'However, the amount of cavity water was so i

'

RCS conditions at ~700 K. small that large effects might not be ex1xsted.

The composition of RCS gas in an NPP core melt Three HIPS tests [Tarbell et al.1991] were
accident is predominately steam with some hydro- conducted with cavity water: two with full
gen. Most of the hydrogen is produce.1 from cavities and one with a half filled cavity. Large
Zr/ steam reactions that precede signifbant core steam explosions that destroyed the test apparatus
degradation. Most of this by& gen will be were observed in all three tests. Test
vented to the containmed through whatever leak observations seem to indicate that the bulk of the
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!
_ _



Experiment Description

water was ejected as a slug prior to melt experiments exceeds the geometrically scaled
dispersal, thus creating a separation between most value of 2.6 kg because the Surtsey volume is |
of the water phase and the melt. This suggests overscaled and because the Surtsey atmosphere

that large quantities of water may not be an has a slightly different heat capacity due to
efficient heat sink for DCH. However, this differences in the composition of the atmosphere,

conclusion remains speculative because the HIPS IET-1 through IET-7 (excluding the IET-2 series)
tests were not conducted inside Surtsey where had condensate levels of water in the cavity.

hydrogen production and containment loads could
be measured. In addition, they did not have Other accident scenarios (i.e., bleed and feed

subcompartment structures to trap water and scenarios similar to TMI) can result in
deflect it back into the debris plume, making significantly greater quantities of water in the
debris / water interactions much more efficient. cavity. In addition, even in station blackout

scenarios, the Zion cavity is likely to be flooded

For a full station blackout accident in which the since a separate diesel generator for the upper

upper dome sprays do not operate, the only water dome sprays is available and since the entrance to
found in the reactor cavity comes from the incore instrument tunnel is designed to flood

condensation in the cavity itself. Prorating the if water is on the basement floor. Such deeply
total steam delivered to the containment by the flooded situations would submerge the RPV,

ratio of cavity surface area to total containment which would likely prevent RPV failure; this is
surface area yields 2.6 mt of water in the Zion an area of ongoing research. Thus, since full
cavity. Scaled quantities of cavity water were cavities are not expected to result in a HPME,

employed in the IET counterpart experiments. intermediate levels of water (approximately half

The maximum pressure reduction that water full) are of greater interest to DCH. The TRG
could have on the containment pressurization is recommended testing at this intermediate level of

given by water.

" ""AP, N,Ae, - R,T N (2.3) questions on the effect of water m the cavity,w
=

P U (1 + f) IET-8A and IET-8B. The amount of water
required to fill the cavity approximately one-half

where full was 62 kg. The molten charge in these
experiments was 43 kg of thermite, which has a

N, = moles of water, maximum energy density of 3.14 hU/kg
assuming complete oxidation of all the metals,

ae, = molar heat of vaporization for Assuming the heat of vaporization of water is
water, 2.2 hU/kg, 62 kg of water is enough to exactly

| quench all of the molten debris.
U = initial internal energy of the entire

containment atmosphere, and Water can also accumulate on the basement floor
during a reactor accident, and some of the IET

p = heat capacity ratio. tests had water on the basement floor. The total
amount of water in the Zion RCS is 267 mt. For

The amount of water actually used in most of the a station blackout accident, most of this water

IET experiments (3.48 kg) ensures that this small must boil off in order to get into a core melt
amount of water represents the same relative heat accident. An upper bound to the amount of
sink in the experiment as would be expected in water on the containment floor can be determined

Zicn. The cavity water used in the IET if it is assumed that the entire RCS inventory is

NUREG/CR-6044 12
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Experiment Description

delivered to the containment as steam. Not all of constituent, could not be employed in the
the water released from the Zion RCS is experiments because a steam supply was not
condensed on containment structures. available and because the atmosphere and
Approximately one atmosphere of saturated steam structures could not be preheated to prevent
(representing 45 mt) remains in the containment excessive condensation. Nitrogen was employed
atmosphere. The maximum amount of water that in the IET experiments as a substitute for steam,
can condense on excavity structures is 219 mt. The Gammability charts of Kumar (1985) suggest
it is recognized that some of this water will that nitrogen is similar to steam in its inerting
reside as films on containment structures. effect on hydrogen combustion. The TRG
However, as a bound it was assumed that all 219 recommended conducting one test with CO2

mt of condensed water outside the cavity will (a triatomic molecule like steam) because it is
accumulate on the basement floor. This more generally recognized as a surrogate for
translates to a depth of 15 cm, which is the steam with regard to hydrogen combustion.
height of the curb around the cavity exit at Zion.
This depth was geometrically scaled in the IET Preexisting hydrogen was simulated in some of
experiments (i.e. ~ 1.5 cm) and was slightly the IET experiments. Preexisting hydrogen in
larger than the amount necessary to quench all of the containment at the time of vessel breach is
the dispersed melt. The containment basement produced primarily by clad oxidation during the
water (71 kg) was underscaled on a mass basis core degradation process. The Zion NPP
relative to Zion because the annulus between the contains 20.2 mt of Zr (2.22 x 10' moles of Zr)
containment wall and the cranewall is not fully in the core, and if some fraction (f ,) oxidizes,2

represented in the experiments because of space then
limitations. The TRG agreed that underscaling of
the basement water would have little impact on Nm = f , 4.4 x 105 (2.4)

7
the results; and if anything, it would favor
conservative (i.e., higher) containment loads in
the experiments. moles of hydrogen can be produced. A bounding

result is obtained by assuming all of this
2.1.5 Containment Conditions hydrogen is released to the containment.

Unpublished calculations with the CONTAIN The mole fraction of H in the Zion atmosphere2

code for the Surry plant indicate that the contain- can be computed from
ment pressure at vessel breach is ~0.17 MPa,
but Surry is a subatmospheric plant while Zion is P

(2.5)X"pnot. Correcting for this difference gives ,n2 .p .p
H2 AIR SW

~ 0.20 MPa for Zion. This was the basis for the
initial containment pressure in the SNL/ANL
counterpart tests. In addition, the reactor where
atmosphere is expected to be near saturation, i.e.,
~ 370 K. The experiments were conducted at pata 0.1 MPa, partial pressure of air,=

ambient temperatures (~ 300 K) since there was and
no way to heat the atmosphere. -

Psm = 0.1 MPa, partial pressure of
The containment atmosphere at the time of vessel saturated steam, and
breach is composed of ~ 0.1 MPa of air,
~0.1 MPa steam, and some hydrogen that has
leaked from the RCS. Steam, as an atmosphere Pm = partial pressure of H -2

13 NUREG/CR-6044
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The partial pressure of hydrogen in the Zion at an initial absolute pressure of 6.3 MPa; (3) the

containment atmosphere, initial absolute pressure in the Surtsey vessel was
= 0.2 MPa; and (4) the initial hole diameter was ;

N R,T 3.5 cm, but the graphite limitor plate was ]m dissolved by molten iron so that the final hole '

P =
m y

diameter was approximately 4 cm. The Surtsey

fu (4.44 x 10 ) (8.314) (375) (2.6)
vessel gas concentrations were varied. The5

cavity contained either a scaled condensate level"

76.9 x 103 of water or was one-half full, and the

= 0.018 fu (MPa)
containment basement floor was either dry or
contained a scaled condensate level of water.
Table 2.9 lists the exact initial conditions for all

iis a function of the Zr oxidation fraction (fz,). of the IET experiments.

The mole fraction of hydrogen in the atmosphere
is more conveniently written as 2.2 MeasurementsandInstrumentation

0.018 f The most significant variables measured in the
I IET experiments were (1) the increase in pressureb * 0.018 f + 0, + 0.1

and temperature in the Surtsey vessel, (2) theu

cavity pressure, (3) the number of g moles of
Table 2.8 summarizes preexisting hydrogen hydrogen generated by the reaction of metallic
concentrations for the Zion NPP as a function of debris with steam and water, (4) the number of

the amount of Zr oxidized. The first three g. moles of hydrogen burned, (5) the debris
oxidation fractions were taken from NUREG- temperature, (6) the debris particle size, and
1150. The fourth oxidation fraction was taken (7) the mass and location of debris recovered
from NUREG/CR-4624 (Vol. 5) for the Zion from the Surtsey vessel. The instrumentation and
NPP. The shaded box was selected as the design techniques used to make these measurements are

basis for IET-6 because this hydrogen described in the sections below.
concentration is not flammable without the high
temperatures and additional hydrogen produced in 2.2.1 Pressure Measurements
the HPME event.

Six pressure transducers with a range of
The IET-6 experiment had the same concen- 0-0.69 MPa, two at each level 1, 3, and 5
trations of preexisting hydrogen as the design (channels 21 through 26 in Figures 2.1 and 2.8).
basis Zion application. This choice preserved the were used to measure the pressure in the .

potential for containment pressurization dome of the Surtsey vessel in the IET i

(AP/P = 4.5), based on the single-cell equilib- ments. These transducers were mounted in
rium model between the experiment and the tapped holes in instrument penetration ports in
reactor application, and it also preserved the the sides of the Surtsey vessel. The tapped holes
relative contribution due to hydrogen combustion were filled with steel turnings to protect the

(51 %). sensing ends from direct impact with molten
debris. In addition, pressure transducers with a

The majority of the IET tests were conducted range of 0-6.9 MPa were used to measure the gas
with the following initial conditions: (1) the melt pressure in the crucible above the thermite
simulant was 43 kg of iron oxide / aluminum / (channels 34 and 35 in Figures 2.2, 2.3, and
chromium powder; (2) the driving gas was 2.4). A pressure transducer with a range of 0-
=500 g moles of superheated steam (=580 K) 1.4 MPa was used to measure the gas pressure in
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the scaled reactor cavity (channel 36 in Figures and 5 (channels 41 through 49 in Figures 2.1 and
2.3 and 2.4). Another pressure transducer with 2.8). A thermocouple assembly was also
a range of 0-7.0 MPa was used to measure the installed through the refueling canal wall just
pressure in the cavity below the water line above the radial concrete beam on the same side
(channel 31 in Figures 2.3 and 2.4). Pressure as the instrument tunnel exit. This thermocouple
transducers with a range of 0-0.69 MPa were assembly was used to measure gas temperatures
used to measure the gas pressure in the inside the subcompartment structures (channels
subcompartment structures and in the seal table 51, 52, and 53 in Figures 2.5, 2.6, and 2.7).
room (channels 39 and 40 in Figure.s 2.5, 2.6, Another thermocouple assembly was installed
and 2.7). These transducers were metal through the crane wall into the seal table room
diaphragm strain gauge-type pressure transducers (channels 54,55, and 56 in Figures 2.5,2.6, and
(Model 141-1, Precise Sensor, Inc., Monrovia, 2.7).
CA). In addition, two pressure transducers were
embedded in the concrete walls of the round Calculations by SNL have shown that the worst-
section of the cavity under the melt generator case temperature underprediction by the thermo-
(labeled P1 and P2 in Figures 2.3 and 2.4) and couple assemblics would be 13 percent at the
were piezoelectric-type gauges with a range of beginning of the HPME event when the gas
0-6.9 MPa. The specified accuracy from the temperatures are low, and 6 percent when the gas
manufacturer for the pressure transducers is less temperatures have peaked.5 Type-K thermo-
than 0.50 percent at full-scale output. These couples (channels 68 through 77 in Figures 2.6
instruments are routinely recalibrated at SNL and 2.9) were installed in the Surtsey vessel in
against instruments traceable to the National IET-4, IET-5, IET-6, IET-7, IET-8A, and IET-
Institute of Standards and Technology, and 8B to measure bulk gas temperature above the
accuracies are always within the manufacturer's operating deck. The array consisted of ten
specifications. The frequency response is 22 kHz approximately equally spaced thermocouples.
(16 ps rise time) for the 0-0.69 MPa range The array was suspended above the refueling
pressure transducers and 36 kHz (10 ps rise time) canal at the vessel centerline. Figure 2.9 shows
for the 0-6.9 MPa range pressure transducers. the spacing and relative position of the thermo-
The data acquisition system recorded data from couples. All type-K thermocouples were made of
the pressure transducers at a rate of 1400 data 0.254-mm wire with a 1.6-mm sheath. The

points per second per channel from thermite temperature range was 273 K to 1523 K. The
ignition to about 60 seconds following the HPME maximum error using the manufacturer's
transient. calibration is 9.4 K at 1523 K with a 0.3-s

time constant. The thermocouples had the sheath

2.2.2 Gas Temperature Measurements removed at the tip, exposing the junction to
ensure a fast response time.

The gas temperatures in the Surtsey vessel were
measured with five aspirated thermocouple Four type-K thermocouples (channels 66,67,98,

assemblies. An aspirated thermocouple assembly nd 99 in Figures 2.6 and 2.7) were installed

consisted of three bare type-K thermocouples inside the triangular vent space above the 1A,

(0.127-mm wire) mounted in an anodized
IB, IC, and 1D RCPs. These thermocouples

aluminum tube. Each tube was opened with a measured the temperature of the gas as it exited

solenoid-operated valve that ' was actuated
remotely by a signal from the photodiode under

. T.K. Blanchat, May 1992, " Asp.irated Thermocouple5

the melt plug immediately after the HPME Calculations," btter Report to the U.S. Nuclear
transient. One of these assemblies was installed Regulatory Commission, Sandia National bboratories,
through instrumentation ports at each level 1, 3, Albuquerque, NM.
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| Experiment Description
| and was focused just above the instrument tunnel

|
the subcompartment structures. Four type-K

|
thermocouples (channels 11,12,13, and 14 in

exit through a fused silica window sealed inside

Figures 2.5, 2.6, and 2.7) were installed
the biological shield wall. Another optical py-

approximately 10 cm below the I A, IB, IC, and
rometer (type 11x30, Ircon Inc., Niles, IL) was

ID RCPs. These thermocouples measured the located outside the crane wall and was focused

temperature of the gas as it flowed through the
through a fused silica window sealed inside the

subcompartment structures. The temperature of
crane wall. The focal point was the window
surface, which was directly in the flight path of

the driving gas in the steam accumulator tank was the debris ejected from the cavity. The data from
measured using two type-K thermocouples these instruments were erratic and unreliable,
(channels 91 and 92 in Figure 2.4) that extended

probably due to high aerosol concentrations in the
through the accumulator shell and were secured

optical path to the sensor head.
in place using pressure-tight fittings.

Measurements from these thermocouples were Since the debris temperature could not be mea-
important because the measured temperature and sured accurately in the scaled Zion structures, a
pressure in the accumulator tank were used to separate test series (IET-2) was performed specif-calculate the number of g moles of steam driving

ically to measure the temperature of the molten
gas. thermite jet as it exited the melt generator. The

IET-2 test series consisted of three separate
2.2.3 Debris Temperature Measurements

experiments: IET-2A, IET-2B, and lET-2C.

Debris temperature was measured in all of the 2.2.3.1 IET-2 Experiment Description
IET experiments using type-C thermocouples and
optical pyrometers. The four high-temperature In these tests, the melt generator setup was not
tungsten-thenium type-C thermocouples (channels attached to the scaled reactor cavity or to the
7, 8, and 9 in Figures 2.5 and 2.6, and channel Surtsey vessel, but was instead attached to a
10 in Figure 2.3) were made of 0.38-mm-diame-
ter wire with a 1.6-mm-diameter stainless steel

nondispersive cavity that is described below.

sheath and were installed at the chute exit, at the
Figure 2.10 is a composite view of the high-

seal table room floor opening, on the crane wall pressure steam boiler, steam accumulator, burst

at the debris flight-path contact point, and on the
diaphragm. melt generator, and nondispersive

cavity floor. These thermocouples measured the
cavity used in the IET-2 exrmiments. The melt

temperature of the debris as it exited the cavity
generator was the same one used in the other IET

and entered the subcompartment structures. The
tests (Figure 2.2). In tre IET-2A and IET-2B

temperature range for the thermocouples was
experiments, the melt generator / crucible had a

273 K to 2593 K. The maximum error using the
hemispherical bottom head containing a graphite

manufacturer's calibration is 25.9 K with a limiter plate with a 3.5-cm exit hole. In the IET-

0.9-s time constant. The measurements from
2C experiment, the high-pressure steam supply

these type-C thermocouples were ermtic and system was not used and the exit hole was 10 cm

unreliable because they were usually struck di-
in diameter,

rectly by molten debris. The cavity used in the IET-2 tests was a

Two pyrometers (channels 37 and 38 in Figures
nondispersive cavity that was designed to prevent
debris and aerosol release to the environment.2.5, 2.6, and 2.7) were used to measure the An isometric view of the nondispersive cavity is

temperature of the debris as it exited the instru-
ment tunnel into the containment basement. An

shown in Figure 2.11. The debris catcher
utilized a rock-bed filter to trap much of the

optical pyrometer (type 11x20, Ircon Inc., Niles, debris and aerosols generated in the tests and
IL) was located inside the biological shield wall

f
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limit the amount dispersed to the environment. molten thermite. Upon contacting and failing a
In addition, the apparatus had sight tubes that fusible brass plug at the bottom of the crucible,
allowed pyrometers to measure the temperature the molten thermite in the crucible was expelled
of the thermite jet exiting the melt generator by high-pressure steam into the cavity. In the
without interference from aerosols. IET-2C experiment, the steam supply system was

removed, and a blind flange was attached to the
Figure 2.12 is an end view of the melt generator burst diaphragm flange to seal the system. The
and nondispersive cavity. A graphite-lined flow crucible was purged with nitrogen and then
tube was placed at the exit of the melt generator. pressurized with nitrogen to 0.3 MPa prior to
Sight tubes were attached to penetrations in the thermite ignition.
flow tube so that pyrometers could view the melt
from the side without interference from aerosols. Table 2.10 lists the initial conditions of the three
To protect the pyrometers, the sight tubes had a IET-2 experiments. All of the IET-2 tests were
quartz window on the pyrometer end, and a steel conducted using a melt simulant composed of
plate with a 0.5-cm diameter center hole on the 43 kg of iron oxide / aluminum / chromium powder,
flow tube end. A pyrometer mounted directly The driving gas for IET-2A was =464 moles of
under the melt exit was protected with a 10-cm superheated steam (=588 K) at an initial abso-
diameter Lucite window on the melt side and a lute pressure of 6.1 MPa. The driving gas for
quartz window on the pyrometer side. IET-2B was =418 moles of superheated steam

(=588 K) at an initial absolute pressure of
Figure 2.13 presents a side view of the cavity 5.8 MPa. The driving gas for IET-2C was =2
and melt generator. The nondispersive cavity moles of nitrogen at an initial absolute pressure
was constructed from a 76.2-cm diameter pipe of 0.3 MPa.
section that was 182.8 cm long and lined with
concrete. The melt generator was welded to the 2.2.3.2 IET-2 Instrumentation
top center of the nondispersive cavity. The
cavity was designed to trap and cool molten Table 2.11 is a listing of the instrumentation used
debris and aerosol as the material moved through in the IET-2 experiments, including the channel
openings at both ends. The filter medium was number, type, purpose, and location of each
river rock of assorted sizes held in place with instrument. The circled numbers in Figures 2.10
metal grating. There was approximately 1 m of through 2.13 correspond to the channel numbers
river rock between the melt generator and the in the data acquisition system listed in Table 2.4.
openings at the ends of the cavity. Zero time for HPME was set by the data

acquisition system as the time at which the melt
In the IET-2A and IET-2B experiments, the failed the brass plug and entered the cavity. The
steam accumulator tar.k was pressurized to event was signaled by a photodiode located at the
= 6 MPa with superheated steam. After the melt plug exit. When the hot melt burst through
prer,urization sequence, the thermite mixture was the brass plug, the intense light emitted from the
ignited remotely with a braided wire fuse placed melt caused the photodiode to emit a signal that
on top of the compactcd thermite. After the was used to mark the initiation of the HPME.
thermite was ignited, the pressure in the crucible
rapidly increased. The pressure increase verified Pressure transducers with a range of 0-6.9 MPa
that the thermite reaction had started, and were used to measure the gas pressure in the
signaled the operator to fail the burst diaphragm accumulator tank (Channels 31 and 32 in Figure
separating the steam accumulator tank and the 2.10), in the crucible above the thermite
molten thermite in the melt generator. This (Channels 34 and 35 in Figure 2.10), in the burst
brought superheated steam into contact with the diaphragm (Channel 33 in Figure 2.10), and in

17 NUREG/CR-6044
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Experiment Description

the nondispersive cavity (Channel 36 in Figures The optical pyrometers had a response time of
2.10, 2.12 and 2.13). These transducers were 1.5 ms to 95 percent of their full range. The
metal diaphragm strain gauge-type pressure controllers for the optical pyrorneters were !

transducers (hiodel 141-1, Precise Sensor, Inc., capable of measuring temperatures between |
hionrovia, CA). The data acquisition system 1973 K and 3073 K with a specified accuracy of |

recorded data from the pressure transducers at a 1 percent of the full-scale temperature. The two-
rate of 1400 data points per second from thermite color pyrometer had a temperature response
ignition to about 60 seconds following the HPhfE range of 1773 K to 3773 K. In a transient event
transient. such as a HPME experiment, the accuracy of the 1

pyrometer measurements was expected to be no
The temperature of the driving gas in the steam better than i 25 K. The pyrometers were
accumulator tank was measured using two type-K factory calibrated and the type 11x30 pyrometer

|

thermocouples (Channels 91 and 92 in Figure is routinely recalibrated by the Sandia Radiant
2.10). hicasurements from these thermocouples Heat Facility.
were important because the measured temperature
and pressure in the accumulator tank were used Two type-C thermocouples measured the melt
to calculate the number of moles of steam driving temperature in the top of the crucible and the gas

temperature in the top of the cavity (Channel 12gas,
in Figures 2.10,2.12, and 2.13). These thermo-

Three pyrometers (Chan' 's 16, 38, and 39 in couples were comprised of 0.51-mm wire with a

Figures 2.11, 2.12 ano 13) were used to 3.2-mm MgO insulator sheath and were used
measure the temperature of the molten thermite only in the IET-2B experiment. The temperature
as it exited the melt generator. Two pyrometers, range of a type-C thermocouple is 273-2593 K.
an optical pyrometer (type 11x30, Ircon Inc., The maximum limit of error using the

Niles, IL) and a two-color pyrometer, were manufacturer's calibration is 25.9 K at 2593 K

located on the outside east and west face of the with a 0.9 s time constant.
cavity. They were focused just below the melt
generator exit through a fused silica window Data points from the thermocouples and the
sealed in a sight tube, and were used to pyrometers were recorded by the data acquisition
determine the outside surface temperature of the system at a rate of 10 per second prior to
debris jet. Another optical pyrometer (type thermite ignition. Just prior to ignition the data
11x30, Ircon Inc., Niles, IL) was located under acquisition system was switched to the fast data
the nondispersive cavity directly below the melt acquisition mode, in which data points were
generator exit. This pyrometer, installed for the recorde41 at a rate of 1400 per second.
IET-2B and IET-2C tests, was used to measure
the core temperature of the debris jet. A debris Two high-speed (1000 frames per second) 16-mm

emissivity of 0.9 was assumed when convening cameras were focused on the melt jet below the

the results (in mV) from the optical pyrometers exit hole. These cameras were used to
to temperature (in K). A debris emissivity near characterize the melt stream transient flow
the blackbody value was assumed because the regimes: single phase liquid, two phase liquid
debris appeared black when inspected posttest. and steam, and single phase steam. A VHS
The calculated debris temperature is not very video camera recorded the event external to the
sensitive to the assumed debris emissivity. For cavity and was located approximately 15 m from
example, at approximately 2000 K a 13 percent the south end of the nondispersive cavity.

change in the assumed emissivity resulted in only
a 1.9 percent change in the calculated debris
temperature.

NUREG/CR-6044 18
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2.2.4 Gas Composition 2.2.5 Postlest Debris Recovery

In the IET tests (excluding the IET-2 tests), The total debris mass dispersed into the Surtsey
3pre-evacuated 500-cm gas grab sample bottles vessel and the debris mass in specific locations

were used to collect samples from the Surtsey were determined by a very careful posttest debris
vessel (labeled L2, L4, and L6 in Figures 2.1 recovery procedure. Debris in the Surtsey vessel
and 2.8) and the cavity (labeled C in Figure 2.3) was recovered from four basic locations: (1)
at several locations and times. One background from inside the subcompartment structures, i.e.,
sample in the cavity was obtained by open- inside the crane wall below the operating deck,
ing solenoid valves manually for 10 s about (2) from the Surtsey vessel outside the structures,
10 minutes prior to ignition of the theruite. (3) from the cavity and instrument tunnel chute,
Three background samples at levels 2, 4, ani 6 and (4) from the crucible,
were obtained by opening solenoid valves &
motely for 10 s just prior to ignition of the 2.2.6 Debris Velocity
thermite. Four gas grab sample bottles inside the
subcompartment structures were opened at the Breakwires were placed across the opening from
following times: two bottles were opened at 2 s the containment basement to the seal table room
and remained opened for 5 s; one bottle was and at the opening in the ceiling of the seal table
opened at 15 s and remained open for 10 s; and room (channels 16 and 17 in Figures 2.5 and
one bottle was opened at 2 min and remained 2.6). When the debris front severed the
opened for 10 s. Three gas grab sample bottles breakwire, a timing signal was recorded by the
at levels 2, 4, and 6 were opened remotely for data acquisition system. The breakwire was
10 seconds at 2 minutes after melt ejection. intendeo to give timing information on entry of
Three gas grab sample bottles at levels 2,4, and debris into and out of ths seal table room.
6 were opened manually for 10 seconds at
e30 minutes after melt ejection. In addition, 2.2.7 Cameras
two gas grab samples were taken from the cavity
following melt ejection: one was opened as melt Typically, two high-speed 16-mm cameras were
ejection was initiated and remained open for used. Two cameras were mounted outside the
2 seconds, and the other was opened at 0.5 s Surtsey vessel: one on the top port focused
following melt ejection and remained open for downward on the operating deck, and one on the
2 s. The gas samples were analyzed using gas level-3 port focused horizontally across the ves-
mass spectroscopy by Battelle Pacific Northwest sel. In IET-5, IET-6, and IET-7, a high-speed
Laboratories in Richland, WA. camera was mounted inside the vessel. The

camera inside the Surtsey vessel was located out-
Tests were performed to measure the fill times of side the crane wall and viewed a grid in front of '

the 500-cm' gas grab sample bottles at three the chute exit. The grid (2.54-cm squares) was
different pressures (atmospheric, 0.26 MPa, and constructed of 1.65-mm-diameter buss wire (tin-
0.43 MPa). An evacuated bottle was separated ned copper). The purpose of this camera was to
from a pressure source by a remotely operated determine if the subcompartment structures filled
solenoid valve. A pressure transducer was immediately with aerosols, thus obstructing the
installed downstream of the valve and pressure optical pyrometers. This camera was also used
source, and the fill time was recorded by the data to obtain information concerning the debris flow
acquisition system. The data indicate that all regime and velocity. In addition to the high-
bottles were filled in less than 2 s, regardless of speed cameras, two camcorders were used. One
the upstream pressure. camcorder was mounted on the top port of the
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Surtsey vessel and focused downward to film the
outside to give an overall view of the Surtseyl

vessel and high-pressure melt ejection system.
HPME event, and the other camcorder was set up

|

20
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Table 2.1 IET instrumentation location and purpose

Channel
number Instrument Location Purpose

7 Thermocouple * Chute Exit Measure Temperature at
Type-C Chute Exit

8 Thermocouple * Seal Table Room Measure Temperature at
Type-C Floor Seal Table

9 Thermocouple * Crane Wall at Measure Temperature
Type-C Debris Flight Path Inside Subcompartment

Contact Point Structures

10 Thermocouple * Cavity Floor Measure Temperature
Type-C Inside Cavity

11 Thermocouple Under RCP 1 A Measure Temperature
Inside Subcompartment
Structures

12 Thermocouple Under RCP IB Measure Temperature
Inside Subcompartment
Structures

13 Thermocouple Under RCP 1C Measure Temperature
Inside Subcompartment
Structures

14 Thermocouple Under RCP ID Measure Temperature
Inside Subcompartment i

Structures

16 Breakwire Seal Table Room Measure Debris Velocity |
Plug j

!
17 Breakwire On Seal Table Room Measure Debris Velocity |

Floor

18 Photodiode Photodiode Signal Initiation of
HPME

19 Pressure Transducer Refueling Canal Measure Gas Pressure
Wall Inside Subcompartment

Structures

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

* Unless noted otherwise, all other thermocouples were type K.

21 NUREG/CR-6044
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Table 2.1 IET instnimentation location and purpose (continued)

Channel
number Instrument Location Purpose

21 Pressure Transducer Level 1 Measure Gas Pressure in
Surtsey Vessel

22 Pressure Transducer Level 1 Measure Gas Pressure in
Surtsey Vessel

23 Pressure Transducer Level 3 Measure Gas Pressure in
Surtsey Vessel

24 Pressure Transducer Level 3 Measure Gas Pressure in
Surtsey Vessel

25 Pressure Transducer Level 5 Measure Gas Pressure in
Surtsey Vessel

26 Pressure Transducer Level 5 Measure Gas Pressure in
Surtsey Vessel

3! Pressure Transducer Cavity Measure Water Pressure
in the Cavity

32 Pressure Transducer Accumulator Measure Gas Pressure in
Accumulator Tank

33 Pressure Transducer Burst Diaphragm Measure Gas Pressure

34 Pressure Transducer Crucible Measure Gas Pressure

35 Pressure Transducer Crucible Measure Gas Pressure

36 Pressure Transducer Cavity Measure Gas Pressure in
the Cavity

37 Optical Pyrometer Inside Biological Measure Debris

Type 11x20 Shield Wall - Temperature as it
Focused Above Entered Subcompartment

Instrument Tunnel Structures
! Exit

38 Optical Pyrometer Outside Crane Measure Debris

Type 11x30 Wall - Focused on Temperature as it
.

Debris Flight Path Entered Subcompartment

Contact Point Structures

,
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Table 2.1 IET instrumentation location and purpose (continued)

Channel
number Instrument Location Purpose

39 Pressure Transducer Refueling Canal Measure Gas Pressure
Inside Subcompartment
Structures

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

41 Aspirated Thermocouple Level 3 Measure Gas
Temperature at Surtsey
Vessel Walls

42 Aspirated Thermocouple Level 3 Measure Gas
Temperature at Surtsey
Vessel Walls

43 Aspirated Thermocouple Level 1 Measure Gas
Temperature at Surtsey
Vessel Walls

44 Aspirated Thermocouple Level 1 Measure Gas
Temperature at Surtsey
Vessel Walls

45 Aspirated Thermocouple Level 1 Measure Gas
Temperature at Surtsey
Vessel Walls

46 Aspirated Thermocouple Level 5 Measure Gas
Temperature at Surtsey
Vessel Walls

47 Aspirated Thermocouple Level 5 Measure Gas
Temperature at Surtsey
Vessel Walls

48 Aspirated Thermocouple Level 5 Measure Gas
Temperature at Surtsey
Vessel Walls

49 Aspirated Thermocouple Level 3 Measure Gas
Temperature at Surtsey
Vessel Walls

23 NUREG/CR-6044
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Table 2.1 IET instrumentation location and purpose (continued)

Channel
number Instrument Location Purpose

50 Ignitor Crucible Timing Signal for
Thermite Ignition

51 Aspirated Thermocouple Refueling Canal Measure Gas
Wall Temperature Inside

Subcompartment
Structures

52 Aspirated Thermocouple Refueling Canal Measure Gas j

Wall Temperature Inside i

Subcompartment )
Structures

53 Aspirated Thermocouple Refueling Canal Measure Gas
Wall Temperature Inside

| Subcompartment
Structures'

54 Aspirated Thermocouple Seal Table Room Measure Gas
Temperature Inside Seal ;

Table Room
'

55 Aspirated Thermocouple Seal Table Room Measure Gas
Temperature Inside Seal
Table Room

56 Aspirated Thermocouple Seal Table Room Measure Gas
Temperature Inside Seal
Table Room

57 Thermocouple Cavity Floor Measure Gas
Temperature Inside
Cavity

58 Thermocouple Crucible Measure Gas
Temperature Inside
Crucible

59 Pressure Transducer Coolant Pump 1 A Measure Pressure
Caused by Heating
RCP1A

NUREG/CR-6044 24
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Table 2.1 IET instrumentation location and purpose (continued)

Channel
number Instrument Location Purpose 1

62 Pressure Transducer Coolant Pump IB Measure Pressure
Caused by Heating
RCPIB

l

63 Pressure Transducer Coolant Pump IC Measure Pressure |
Caused by Heating j

RCPIC

64 Pressure Transducer Coolant Pump ID Measure Pressure
Caused by Heating
RCPID

65 Pressure Transducer Lower Head Measure Pressure Under
Containment Basement
Floor

66 Thermocouple Vent Space 1 A Measure Gas
Temperature Above RCP
1A

67 Thermocouple Vent Space ID Measure Gas
Temperature Above RCP
ID

68 Vessel Thermocouple Bottom Measure Local Gas

Array Temperature

69 Vessel Thermocouple Measure Local Gas i
'

Array Tempemture

70 Vessel Thermocouple Measure Local Gas

Array Temperature

71 Vessel Thermocouple Measure Local Gas

Array Temperature

72 Vessel Thermocouple Measure Local Gas

Array Temperature

73 Vessel Thermocouple Measure local Gas
Array Temperature

74 Vessel Thermocouple Measure Local Gas

Array Temperature

25 NUREG/CR-6044
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Table 2.1 IET instrumentation location and purpose (continued)

Channel
number Instrument Location Purpose

75 Vessel Thermocouple Measure Local Gas

Array Temperature

76 Vessel Thermocouple Measure Local Gas

Array Temperature

77 Vessel Thermocouple Top Measure Local Gas

Array Temperature

80 Pressure Transducer Level 5 Measure Gas Pressure
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

| 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
|

i Temperature
L 0.32 cm From Inner

Wall

87 Thermocouple Accumulator Measure Flange Outside
Surface Temperature

|
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Table 2.1 IET instrumentation location and purpose (continued)

Channel
number Instrument Location Purpose

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

98 Thermocouple Vent Space IB Measure Gas
Temperature Above RCP
IB

99 Thermocouple Vent Space IC Measure Gas
Temperature Above RCP
IC

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

P1 Piezoelectric Pressure East Side of Cavity Measure Pressure in

.

Transducer Cavity Wall Under the
Melt Generator'

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

Melt Generator

I
i

27 NUREG/CR-6044
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!

Table 2.1 IET instrumentation location and purpose (concluded)

Channel Location Purpose
number Instrument

P3 Piezoelectric Pressure Crane Wall Measure Gas Pressure
Inside Subcompartment

Transducer Structures

P4 Piezoelectric Pressure
Refueling Canal Measure Gas Pressure

Inside Subcompartment
Transducer 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

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

B Gas Grab Sample Subcompartment Measure Gas
Composition Prior to andStructure
After HPME

28
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Table 2.2 Target conditions for counterpart experiments as designed

ZION
Initial condition Pump seal LOCA SNUIET

GEOMETRY Zion Zion

MELT OR MELT SIMULANT
Material Corium Thermite

*

Mass (kg) 54 x 10' 43

[43.x 10']
Temperature (K) 2500 2375

RCS OR ACCUMULATOR
Driving Gas Steam Steam

Pressure (MPa) 6.2 6.2
Temperature (K) 700 600

Moles of Driving Gas 4.00 x 105 425

[4.2 x 10']

CAVITY WATER,

(Mass kg) 2600 3.48
[3480]

CONTAINMENT
ATMOSPHERE Nitrogen

Constituents Air / Steam /H Air / Nitrogen2

Pressure (MPa) 0.20 0.20 i

Temperature (K) 373 298

Moles 4.95 x 106 7193

[7.19 x 106]

[ ] Bracketed number represents full scale equivalent.

,

e

f

J.

2
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Table 2.3 Geometric parameters for counterpart experiments as designed

Initial condition ZION-S D SNL/IET j2

REACTOR COOLANT SYSTEM

|
Total RCS Volume (m ) 350 0.303

(300)*

RPV Diameter (m) 4.37 0.40 1

(4.0)

Hole Diameter (m) 0.35 0.035
(0.35)

CAVITY / INSTRUMENT-TUNNEL

Volume (m ) 190 0.2453

(245)

Minimum Flow Area (m ) 5.23 0.05242

(5.23)

Chute Length (m) 9 2.4
(24.1)

Annular Gap No No

SUBCOMPARTMENT/ CONTAINMENT

Containment Aspect Ratio 1.5 2.5

Volume Inside Structures (m ) 4650 4.653

(4650)

Volume Outside Structures (m ) 7.22 x 10' 85.153

(8.5 x 104)

Total Volume (m ) 76.8 x 103 89.83

3

(89.8 x 10 )

* Parenthetical number represents full-scale equivalent.
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| |

Table 2.4 Melt composition |

|

Mass fraction Mole fraction Volume fraction

Constituent Corium Thermite Corium Thermite Corium Thermite

UO 0.6100 0.0000 0.2745 0.0000 0.5166 0.00002

ZrO 0.0000 0.0000 0.0000 0.0000 0.0000 0.00002

Zr 0.1500 0.0000 0.2003 0.0000 0.1987 0.0000

Fe 0.1730 0.5200 0.3753 0.5860 0.2049 0.3326

Cr 0.0430 0.1100 0.1005 0.1335 0.0548 0.0758

Ni 0.0240 0.0000 0.0494 0.0000 0.0250 0.0000

A10 0.0000 0.3400 0.0000 0.2104 0.0000 0.52352 3

A1 0.0000 0.0300 0.0000 0.0701 0.0000 0. % 81
|

Table 2.5 Material properties of the melt

Property Corium Thermite

C, 67.5 70.8

(J/ mole /K) i

C, 556 1121 !
(J/kg/K)

K 14.1 25.3

(W/m/K)

p 7698 5157
,

3(kg/m ) !

p 6.33 x 104 6.59 x 104
3

(mole /m )

7.59 x 10-3 5.63 x 10''
(Pa s)

i

o 0.973 0.932 i
(N/m) ]
T, 2450 2300 )
(K) !

:

MW,y 0.1215 0.0631
'

(kg/ mole)
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Table 2.6 Equilibrium models for estimating
containment pressurization

Modeling SNI/IET-1
parameter Zion-Sp 1:10 scale

Nd 4.42 x 10' 667

C, 67.5 70.8

N 4.95 x 10 7.19 x 10'6

5N, 4.74 x 10 392

C, 28.3 24.1

U 5.22 x 10' 5.17 x 107
6

AE, 6.36 x 10' 5.27 x 10

de, 1.55 x 10 1.47 x 10 |
5 5

Ae, 1.41 x 10 5.66 x 10 |5 4

p 0.193 0.257
,

AP/P 1-cell 2.21 2.17

5N, 1.44 x 10 193

Ae, 3.96 x 10' 3.96 x 10'

AP,/P 0.092 0.117

l

Table 2.7 Fractional contribution to containment pressurization

SNIJIET-1 ANL/IET-1
;

j Contributor Zion-S D 1:10 scale 1:40 scale
2

Blowdown 0.046 0.037 0.046

Thermal 0.500 0.698 0.684

Oxidation 0.454 0.265 0.270
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Experiment Description

Table 2.8 Atmosphere composition for Zion containment

fz, Xn2 Xsm Xun Source

0.17 0.015 0.492 0.492 NUREG-1150
5% confidence

s:-;
. . 1. -. .. .

- . ...; ., . . .m ., ,....:...........:.- -
-

.

. E0.483? ? NUREG-1150 ?30.385 .:0,033! :: 0.483:: 1

$50%Yeonfidence~_ ,. , - - , , .,

0.64 0.054 0.473 0.473 NUREG-1150
95% confidence

0.47 0.042 0.479 0.479 NUREG/CR-4624

Note: Shaded box is design basis for counterpart test.

I

1

I

|

,
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Table 2.9 Initial conditions for the IET experiments

IET.1 IET 1R IET 3 IET-4 IET-5 IET 6 IET 7 IET-8A IET-88

Data Performed 9/13/91 2/7/92 12/13/91 3/20/92 5/13/92 6/18/92 7/9/92 7/30/92 8/26/92

Steam pressure (MPa) 7.! 6.3 6.1 6.7 6.0 6.3 5.9 1.06 6.2

Steam temperature (K) 600 585 585 555 586 571 599 421 554

468 507 485 582 453 505 416 4.1 545

Steam driving gan (N )1
(g * moles)

3.48 3.48 3.48 3.48 3.48 3.48 3.48 62.0 62.0

Cavity water (kg)

Basement water (kg) 0 0 0 71.1 71.1 0 71.1 71.1 71.1

Surtsey pressure (MPa) 0.200 0.197 0.189 0.200 0.205 0.199 0.200 0.200 0.203

Surtsey temperature (K) 295 275 280 295.0 302 308 303 304 298 -

7323 7737 7291 7323 7318 6961 7129 7105 7360

Surtsey gas moles
(g * moles)

Initial gas N: 99.90 99.78 90.60 90.00 16.90 87.10 85.95 85.32 85.80

composition O 0.03 0.19 9.00 9.59 4.35 9'79 9.57 9.85 9.79

in Surtsey Ha 0.00 0.02 0.00 0.00 2.76 2.59 3.97 4.33 3.91
i

(mol.5) CO 0.01 0 00 0.02 0.02 75.80 0.00 0.03 0.03 0.03

Other 0.06 0.01 0.38 0.39 0.19 0.52 0.48 0.47 0.472

Initial hole diameter (cm) 3.5 3.5 3.5 3.5 35 3.5 3.5 3.5 3.5

Final hole diameter (cm) 4.04 4.02 4.53 4.22 4.31 3.91 4.08 3.50 4.10

Plug in STR Ceiling Yes' No Yes No No No No No No

Thermite composition 29.26
iron oxide (kg) 4.65
chromium (kg)

9 09
aluminum (kg) 43.00

Thermite charge (kg)

Freeboard volume inside 4.65 m8

subcompartment structures

Freeboard volume in 85.15 m'
Surtsey dome

89.8 m'
Total freeboard volume

* The concrete plug in the ceiling of the seal table room was forcibly ejected by the thermite / water interaction in the cavity.
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Table 2.10 Initial conditions for the IET-2A, IET-2B, and IET-2C experiments
i

IET-2A IET-2B IET-2C

Date Performed 11/1/91 4/28/92 5/1/92

Thermite composition (kg)
iron oxide 29.26 29.26 29.26
chromium 4.65 4.65 4.65
aluminum 212 2A2 2A2

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

Hole diameter (cm)
initial 3.5 3.5 10.0
final 4.04 4.01 8.86*

Steam pressure at plug failure (MPa) 6.1 5.8 N/A

Steam temperature at plug failure (K) 588 588 N/A

Moles of steam driving gas (moles) 464 418 N/A

* The final hole diameter was smaller than the initial hole diameter because not all of the brass plug melted
out of the hole in the graphite limitor plate since the melt drained by gravity through a comparatively
large hole.

|
|

|
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|

|
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|
!

35 NUREG/CR-6044

. _ _ _ _ _ _ _ _ _ _ _



Experiment Description

Table 2.11 IET-2 instrumentation location and purpose

Channel
number Instrument Location Purpose

12 Type-C Thermocouple Cavity Measure Temperature
Inside Cavity

14 Type-C Thermocouple Crucible Measure Thermite
Temperature

16 Two-color Pyrometer Crucible Exit Measure Debris ,

Temperature as it Exited (
Crucible - West Side j

17 Photodiode Crucible Plug HPME Timing

18 Photodiode Crucible Plug HPME Timing

32 Pressure Transducer Accumulator Measure Gas Pressure in
Accumulator Tank

33 Pressure Transducer Burst Diaphragm Measure Gas Pressure

34 Pressure Transducer Crucible Measure Gas Pressure

35 Pressure Transducer Crucible Measure Gas Pressure

36 Pressure Transducer Cavity Measure Gas Pressure in
the Cavity

37 Pressure Transducer Cavity Measure Gas Pressure in
the Cavity

38 Optical Pyrometer Crucible Exit Measure Debris

Type 11x30 Temperature as it Exited
Crucible - Bottom

39 Optical Pyrometer Crucible Exit Measure Debris

Type 11x30 Temperature as it Exited
Crucible - East Side

50 Type-K Thermocouple 4" Pipe Over Crucible Measure Gas Temperature
Above Crucible

55 Type-K Thermocouple Cavity North Gas Measure Gas Temperature

Vent Exiting Cavity

56 Type-K Thermocouple Cavity South Gas Vent Measure Gas Temperature
Exiting Cavity

71 Ignitor Thermite Burn Time Thermite Ignitor

N/A Camera - 16 mm Crucible Exit - East View Exit Stream

N/A Camera - 16 mm Crucible Exit - West View Exit Stream

N/A Camera - VHS Cavity Exit - South View Experiment
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3.0 Experimental Results

3.1 Blowdown IIistory the IET experiments, the steam blowdown was
complete at about t = 4 s. These curves, along

Figures 3.1 through 3.9 are the blowdown with the cavity pressure curves presented in
histories for the IET-1, IET-lR, IET-3, IET-4, Section 3.2.2, were used to determine the

IET-5, IET-6, IET-7, IET-8A, and IET-8B tests, coherence ratio that is used in the two-cell
equilibrium model to calculate the containmentrespectively. The blowdown histories are

essentially the signature curves for the load,

experiments and indicate whether the tests went
as planned. In the IET experiments, the free The number of g moles of steam driving gas was

volume in the crucible and in the 10-cm-diameter
calculated at HPME initiation (t = 0 s) using

pipe above the crucible (volume = 0.018 m ) accumulator steam pressure, temperature, and3

volume. At t = 0 s, the steam pressure was jwas purged with nitrogen. The accumulator tank
0.29 m ) was pressurized with normally about 6.3 MPa, the steam temperature3

(volume =

superheated steam to =6.3 MPa, and the burst was about 580 K, and the volume of the

diaphragm was concurrently pressurized to about accumulator tank plus the piping and void in the

3.1 MPa. The crucible pressure started at about crucible was 0.308 m . Therefore, the amount of3

0.1 MPa. The thermite was ignited at about t = steam driving gas for each of the IET
-10 s. Crucible pressure started to rise, and at a experiments was usually about 500 g moles.

pressure of =0.4 MPa, the burst diaphragm The pressure, temperature, and number of moles

separating the steam accumulator tank and the of steam driving gas for each experiment are

molten thermite was failed remotely by the listed in Table 2.2.

operator. This equilibrated the accumulator,
burst diaphragm, and crucible pressures and (

brought steam into contact with the molten 3.2 Pressure Measurements
thermite a few seconds before the HPME. The
blowdown curves give the steam driving pressure Pressure transducers were used to measure the
at t = 0 s, the steam blowdown time, and the pressure increase in the Surtsey vessel, in the

time that steam was in contact with the molten cavity, in the seal table room, and in the subcom-

thermite. partment structures. The following sections
describe the results of the pressure measure-

The burst diaphragms did not fail when they were ments.

supposed to in the IET-8A experiment. Thus,
there was no high-pressure steam driving the 3.2.1 Surtsey Vessel Pressure

;

! thermite melt simulant. The cover gas above the
thermite in the melt generator was nitrogen Figures 3.18 through 3.26 show the Surtsey'

(4 g moles at ambient pressure). The pressure vessel pressures after the HPMEs plotted as a
of the nitrogen cover gas increased when the function of time for the IET experiments. The
thermite was ignited. When the melt plug failed, initial absolute pressure was =0.20 MPa, as
the molten thermite flowed under gravity through listed in the table of initial conditions
the hole in the melt generator into the reactor (Table 2.2). The pressures measured at levels 1,

cavity model, which was half filled with water. 3, and 5 in the Surtsey vessel with six different
pressure transducers were virtually identical.

Figures 3.10 through 3.17 show the steam These figures list the peak pressure increase for

blowdown pressures for all of the IET tests, each of the IET experiments. The peak pressures

except IET-8A, measured with a pressure trans- were reached at =3 s after the beginning of the j

ducer located in the steam accumulator tank. In HPME transient. |

I
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In IET-1 and IET-lR, the Surtsey atmosphere t = 0 is the beginning of the HPME. These
i was purged with nitrogen so that the oxygen cavity pressure curves, along with the steam |

'

| concentration was < 0.2 mol. % and hydrogen blowdown curves (Figures 3.10 through 3.17),
could not burn and contribute to vessel are used to estimate the coherence ratio used in;

i pressurization. Figures 3.18 and 3.19 show that the two-cell equilibrium model to calculate the
the measured peak pressure increase in IET-1 containment load.
was 98 kPa and in IET-lR was 110 kPa. In
IET-5, the vessel was " classically inerted" with In all of the IET experiments, a small initial ,

carbon dioxide, which was used as a surrogate pressure spike was observed, which was caused
'

for steam, and preexisting hydrogen was present, by efficient gas heating as molten brass, steel,
Figure 3.22 shows that the peak pressure increase and thermite entered the cavity. The second peak
measured in IET-5 was 103 kPa, which is similar was apparently due to thermite / water interactions.
to the fully inerted cases, IET-1 and IET-lR. The third broad peak in all the tests was the

result of debris entrainment from the cavity by
There are two sources of potentially combustible the steam blowdown. The debris entrainment
hydrogen in a DCH event: (1) hydrogen occurred between =0.4 s and =0.8 s for all of
produced during the HPME event by steam or the IET tests.
water reactions with metallic debris, and (2)
preexisting hydrogen released from the reactor In the cavity pressure curves, the second set of
coolant system prior to vessel failure. The peaks were due to thermite / water interactions.
enhanced loads due to hydrogen combustion are There were two distinctly different types of
readily seen in Figures 3.20, 3.21, 3.23, and interactions observed: energetic thermite / water
3.24. When the Surtsey vessel atmosphere was interactions, which are often referred to as steam
reactive and the hydrogen was allowed to burn explosions, and rapid vaporization of cavity
(IET-3, IEF-4, IET-6, and IET-7), pressure water. The peaks in some of the IET tests,
increases of 246-279 kPa were measured, specifically IET-1, IET-6, IET-8A, and IET-8B,
indicating that hydrogen combustion made a appeared to be the result of a steam explosion.
significant contribution to containment These peaks had a short duration and a large
pressurization. Comparison of experiments with magnitude compared to those which resulted from
and without preexisting hydrogen, but with simple vaporization of cavity water, e.g. IET-lR
othenvise sirnilar initial conditions, e.g. IET-3 and IET-3.
compared to IET-6 and IET-4 compared to
IET-7, indicates that the preexisting hydrogen did A series of steam explosions was seen in IET-8B
not burn on the same time scale as the HPME. (Figure 3.35). The explosions began

Thus, preexisting hydrogen in the vessel did not immediately after the HPME initiation and
appear to contribute significantly to the peak continued throughout the blowdown of melt from
pressure increase. the crucible, yielding the highest integrated

pressure recorded in the test series. The first
3.2.2 Cavity Pressure peak at t = 0.04 s in the IET-8B curve was

apparently due to a steam explosion. The second
The timing of debris ejection from the cavity into series of peaks from = 0.08 to = 0.3 s was
the subcompartment structures is important when caused by a sustained series of energetic
analyzing a HPME/DCH event and is best under- interactions between high-temperature thermite
stood by comparing the cavity pressure with the and cavity water. Debris entrainment by the
Surtsey vessel pressure. Figures 3.27 through steam blowdown occurred between t =0.4 s and
3.35 give the cavity pressures measured in the =0.8 s in the earlier IET experiments [ Allen et
IET experiments plotted against time, where al.1992c,d,e,f,g,h], and thus, it was assumed
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that the multiple peaks between t =0.4 s and momentum. The breakwire at the seal table
=0.8 s in IET-8B were the result of debris room ceiling failed at 0.383 s, near the start of
entrainment from the cavity. The gas-phase the debris entrainment interval. The distance

pressure transducer showed a peak pressure of between breakwires is 0.848 m; thus the debris
2.71 MPa, while the water-phase transducer velocity through the seal table room was 4.2 m/s.
showed smaller peaks; the largest water-phase This was a typical measured velocity through the
peak pressure was 2.1 MPa. seal table roorn for many of the IET experiments,

but appears to be unrealistically low when
3.2.3 Pressure Measured Inside the Seal compared to debris velocities measured in the

Table Room upper dome in these tests, i.e., = 14 m/s.
Debris velocities measured in the seal table room

Figure 3.36 shows the absolute pressure may have been unrealistically low because the
measured inside the seal table room and the floor breakwire was failed early by debris
pressure measured in Surtsey plotted against time ejection from the cavity due to thermite / water I

for the IET-6 experiment. Pressure results in the interactions or to its own momentum, and the )
other IET tests were similar. The seal table ceiling breakwire was failed by debris :

room pressure was positive with respect to the entrainment in the steam blowdown. The

Surtsey vessel pressure between = 0.03 to 0.04 s, breakwires did not failin the IET-8A experiment;
from =0.06 to 0.2 s, and from =0.55 s to without the steam driving force, virtually no
1.0 s. This was confirmed by a positive seal debris was entrained from the cavity,
table room differential pressure, shown in Figure
3.37, which was measured with a differential 3.2.4 Pressure Measured Inside the
pressure transducer. These peaks were similar to Subcompartment Structures
the cavity pressure traces, but lagged in time and
had smaller magnitudes. The first peak in the Figure 3.38 shows the absolute pressure in the
seal table room pressure was caused by molten IET-6 experiment measured in the subcompart-
material entering the cavity. The second larger ment structures and in the Surtsey vessel plotted

pressure peak was probably caused by a thermite / for an experiment time of 0 to 1 s. Figure 3.39
water interaction in the cavity. The sensitivity of shows the differential pressure in the IET-6
the seal table room pressure transducer was experiment between the subcompartment struc-
increased by a factor of two, thus effectively tures and the Surtsey vessel upper dome. A peak

reducing its range from 0.69 MPa to 0.345 MPa. differential pressure of 0.119 MPa in the
Figure 3.36 shows that the transducer was subcompartment structures occurred at 0.068 s.
overranged at 0.07 s and at 0.66 s. IET-6 had the largest steam explosion of any of

the tests with condensate levels of water in the
A breakwire was placed across the opening in the cavity.
seal table room floor to measure the timing of
debris ejection into the seal table room. Another In all of the IET experiments, the absolute
breakwire was placed across the operating deck pressure measurements in the subcompartment
at the opening in the seal table room ceiling, structures and the differential pressure

Figure 3.37 shows the breakwire signals plotted measurements between the subcompartment
on the same curve with the seal table room structures and the Surtsey vessel upper dome
differential pressure for the IET-6 experiment. revealed that there was little or no differential
The breakwire across the seal table room floor pressure between the vessel and subcompartments
failed at 0.183 s, possibly due to debris being except during steam explosions. This result was
ejected by the steam explosion in the cavity or expected because of the large openings in the
due to debris driven from the cavity by its own operating deck above the ~RCPs.
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3.3 Video Results and Interpretation about t = 1.5 s, and by t = 2.5 s the view was
obscured by high aerosol concentrations.

The high-speed video cameras viewed the HPME
through Plexiglas ports installed in the top head The top port camcorder showed aerosols exiting
of the vessel and at level 3 (Figure 2.1). A the opening in the seal table room ceiling and the

bright orange plume was seen in the upper dome seal table room doorway in the crane wall at
of the Surtsey vessel in all the tests that had a t = 0.03 s. The second frame showed that the
reactive atmosphere (9 to 10 mole % O ), liCP vents in the operating deck floor were filled

2

indicating that a hydrogen burn did occur. with aerosols. The third frame showed that the
Individual luminous molten debris particles were vessel was filled with aerosols to a level slightly

0.10 s.ejected from the subcompartment structures and above the steam generators at t =

were observed moving toward the upper dome of Bright, white plumes viere seen at the plug
the Surtsey vessel. Hydrogen formed by steam / opening, RCP 1 A and IC vents, and at the crane

metal reactions in the HPME that is ejected into wall doorway at t = 0.16 s. At t = 0.3 s, bright
the upper dome is intimately mixed with molten orange flames and luminous debris particles were

particles, which act as ignition sources for ejected from the subcompartments ard later filled

hydrogen combustion. Hydrogen entrained in the the vessel.

debris plume apparently burns fairly efficiently in
the upper dome of the vessel. The flow area through the vent grating above the

2four RCPs is 0.6 m ; this area does not take into

The following is a synopsis of typical observa. account the area blocked by the metal grating.
tions made from the videos recorded by the high. The flow area through the annulus around the
speed cameras. The high-speed camera inside four steam generators through the operating deck

2
the vessel viewing the chute exit showed that the is 0.03 m . The flow area through the seal table

2
subcompartment structures began filling with room ceiling opening is 0.003 m . There are
aerosols at t = 0.048 s. Apparently, the optical three doors through the crane wall: an upper and

pyrometers did not accurately measure debris a lower door on the north side, and a door on the
2

temperatures in the Zion scaled models because east face. Their flow area is 0.08 m ,

aerosols in the containment basement obscured Therefore, the total possible flow area for
the optical path. The side camera at level 3 hydrogen venting and burning out of the
showed a faint orange gasjet at t = 0.2 s, which subcompartment structures to the vessel dome is

2
was probably a hydrogen burn from the seal table 0.71 m . In films where the vessel was not
room plug opening or the RCP 1C vent. At inerted, orange flames were observed at all vent

about t = 0.4 s, a broader and brighter orange openings, including the doorways. This indicates

gas jet appeared. This time corresponds to the that hydrogen was venting and burning at all
beginning of the debris entrainment by the steam openings.

blowdown, which was determined from the cavity
pressure curves. Molten particles could be seen The camcorder video results from the IET-8B
rising in the gas jet at a velocity of = 14 m/s, experiment are described here. The first frame
which is similar to the 16 m/s calculated from the of the top port camcorder, at the beginning of
breakwire array data obtained in the LFP-8A HPME, showed light and dark gray clouds
experiment (Allen et al.1991b], although the exiting the seal table room plug opening and the

agreement may be somewhat fortuitous since the crane wall doorway at t = 0.03 s. This cloud
tests used different geometries and driving was probably a mixture of aerosol, steam, and
pressures. At about t = 1 s, molten particles water droplets. A loud shotgun type sound was

began to fall. The gas burn started to dissipate at heard in the vessel. The second frame showed
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that the RCP vents in the operating deck floor Time (s) Comments

were filled with aerosols at t = 0.06s. The third
frame showed that the vessel was filled with 0.772 The first jet of molten debris
aerosols to a level slightly above the steam stopped.

generators at t = 0.10 s. These plumes of
aerosols had reached mid-vessel by the 9* frame 0.893 Another less vigorous debris jet

at t = 0.3 s. Bright, white plumes of flames moved upward, slightly to the right
were seen at the plug opening, RCP 1A and IC of the first jet.
vents, and at the crane wall doorway in the 10*
frame. From t = 0.33 s to 1.0 s, orange flames 1.001 Molten debris ejection stopped.
and debris were seen rising in the vessel. Molten
debris and water drops impacted on the top 1.132 The view was entirely black. No
viewing port at 1.0 s; clicking and tapping noises falling particles were visible,
were heard. From t = 1.0 s to about 2.7 s, the
debris fell downward, until the view was The camera at the top port recorded 1012 frames

obscured by dense concentrations of aerosols. per second.

The high-speed video cameras viewed the HPME Time (s) Comments

through Plexiglas ports installed in the top head
of the vessel and at level 3 in IET-8B 0.000 A', time t = 0 s, the operating deck

(Figure 2.1). A bright orange plume was seen in and refueling canal could be seen.'

the upper dome of the Surtsey vessel, indicating
that a hydrogen bum did occur. Individual 0.604 A faint orange glow appeared from

luminous molten debris particles were ejected either the seal table room or the
from the subcompartment structures and were RCP 1 A vent opening.

observed moving toward the upper dome of the
Surtsey vessel. The following is a synopsis of 0.634 Molten panicles rose through the
observations from the high-speed cameras in buming gas.

IET-8B.
0.659 A piece of concrete struck the top

The side view camera at the level 3 port recorded port.

1059 frames per second.
1.232 Glowing molten particles struck the

Time (s) Comments top port.

0.000 At time t = 0 s, the view was 1.401 The molten debris appeared to be

black. suspended in space, and then fell.

0.602 An orange plume of light appeared, 2.440 The view faded to black,

indicating the beginning of a
hydrogen burn. 3.4 Debris Temperature Measurements

0.630 A jet of molten particles moved Two pyrometers were used in the IET-2A
upward in the center of burning experiment to measure the temperature of the
gas, molten thermite as it exited the melt generator.
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A two-color pyrometer was located on the west outside surface temperature of the debris jet may
side, and a type 11x30 optical pyrometer was be approximately 500 K lower than the core
positioned on the east side of the nondispersive temperature. It was difficult to avoid aerosol
cavity. In the IET-2B and IET-2C tests, another effects in side measurements, even with the
type 1lx30 optical pyrometer was placed under viewing tubes used; however, the two-color
the cavity and was focused upward at the exit pyrometer appeared to be less sensitive to these
hole in the bottom of the melt generator. effects than the optical pyrometer:.

Figures 3.40,3.41, and 3.42 show the results of It should be noted that the temperatures measured
the two-color pyrometer for the IET-2 A, IET-2B, in the IET-2 tests were above the peak
and IET-2C tests, respectively. The peak melt temperatures of 2300 K determined in the LFP
temperatures were = 2300 K, =2550 K and and WC tests [ Allen et al.1991b; Allen et al.
=2450 K, respectively. Figures 3.43,3.44, and 1992a,b]. The temperatures measured in these
3.45 show the temperature measurements for the experiments were outside surface temperatures of
1lx30 optical pyrometer mounted on the east side debris exiting the cavity. It is suspected that the
for the IET-2A, IET-2B, and IET-2C tests, lower temperatures determined by the optical
respectively. The peak debris temperatures pyrometers in the IET-1, IET-1R, [ Allen et al.
measured by the 11x30 pyrometer were between 1992e], IET-3 [ Allen et al.1992c], and IET-4
2000 and 2100 K for the three tests, which were [ Allen et al.1992d] experiments may be caused
considerably lower than the temperatures by aerosols in the subcompartment structures that
measured with the two-color pyrometer. The partially obscured the optical path between the
two-color pyrometer is apparently less sensitive sensing head and the focal point of tP
to the condensed-phase aerosols at the outer pyrometer.
edges of the debris jet than the 11 x 30 optical
pyrometer. Figures 3.46 and 3.47 show the 3.5 Gas Temperature Measurements
temperature measurements from the 11x30 optical
pyrometer located below the cavity in the IET-2B Figure 3.48 shows the measured temperatures in
and IET-2C tests. Figure 3.46 shows a peak the triangular vent spaces above the 1A RCP
debris temperature of =2525 K occurring at plotted against time for the IET tests. The peak
= 0.1 s in IET-2B, and Figure 3.47 shows a peak temperature in the 1A vent space normally
temperature of =2550 K occurring at =0.5 s in reached about 1000 K regardless of hydrogen
IET-2C. combustion. In IET-1, the thermocouple was

bent away from the vent opening by the steam
Table 3.1 summarizes the comparative results of explosion and thus the reading was low. Posttest
the IET-2A, IET-2B, and IET-2C experiments. inspection of the thermocouple in IET-3 indicated
Based on the temperature measurements from the that debris had interacted with it, and thus, the
three IET-2 experiments, the peak temperature of measured temperature was higher than those in
the molten thermite exiting from the melt the other tests. The gas temperatures in the vent
generator was =2550 K. Steam in contact with spaces for the other IET tests are well below
the melt appeared to have no effect on thermite combustion temperatures, indicating the gas jet
temperature. The optical pyrometer orientation was buming above the vent opening. large
with respect to the direction of the melt ejection amounts of water in the cavity in IET-8A and
did have a noticeable effect on the temperature IET-8B limited the gas temperature in the vent
measurement: the pyrometer viewing the debris space to near the saturation values.
jet from below the cavity measured temperatures
o500 K greater than the pyrometer viewing the The gas temperatures were measured at the side
debris jet from the side, indicating that the wall of the Surtsey vessel at levels 1, 3, and 5
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using aspirated thermocouples. The results for Figures 3.58, 3.59, and 3.60 show the relative

IET-1, IET-1R, IET-3, IET-4, IET-5, IET-6, magnitude of the pressure increase compared to

IET-7, and IET-8B are shown in Figures 3.49
the relative magnitude of the bulk gas

through 3.56. The aspirated thermocouple valves
temperature increase for the experiments with

failed to open in IET-lR and, therefore, the reactive atmospheres, i.e., IET-4, IET-6, and

results of IET-1R should not be considered. The
IET-7, respectively. The relative magnitude of

tests with inert atmospheres showed level 3 the pressure increase compares fairly closely with
the increase in the relative magnitude of the

temperatures of =630 K for IET-1 and =560 K
average gas temperature, which indicates that notfor IET-5. The tests with reactive atmospheres

(IET-3, IET-4, IET-6, and IET-7) showed level
much of the pressure was the tesult of blowdown

3 temperatures between 1040 and 1100 K. Thus,
steam or water vaporized from the cavity or

tests with reactive atmospheres had much higher basement floors.

gas temperatures in the upper dome than tests
The upward gas velocities were calculated from _

with inert atmospheres. However, the tests with
the temperatures measured by the dome

preexisting hydrogen did not have higher gas thermocouple array shown in Figure 2.9. Thetemperatures than those without preexisting
hydrogen. This is evidence that preexisting gas temperatures measured in IET-7 are plotted

hydrogen did not react on a time scale that could in Figure 3.61. The upward gas velocity
between 1.8 m (channel 68) and 7.1 m (channelcontribute to the peak containment load.
75) was =5 m/s. Results from videos showed

In the IET-4, IET-5, IET-6, IET-7, IET-8A, and that the debris particles were moving at a velocity
of 14 to 17 m/s. Apparently, the debris particles

IET-8B experiments, thermocouple arrays were at level 3 were transported by momentum rather
added to the upper dome of the Surtsey vessel to
measure the bulk average gas temperatures. than by drag. At t = 1.6 s, the gas seemed to

Average gas temperatures from the vessel dome
lose the push from the steam blowdown, and

thermocouple arrays are shown in Figure 3.57. moved upward at a much slower velocity, i.e.,

These thermocouples measured temperatures = 1 m/s.

from the operating deck to above level 6. The
lower thermocouples measured higher temper- At long times after the HPME (i.e., t = 29 s in

atures than the higher thermocouples, indicating Figure 3.62), the gas temperature in the vessel

temperature stratification with higher temper-
was clearly stratified. The temperature measured

atures lower in the vessel. The peak gas tem- by the top thermocouple in the array (channel

peratures were about 600-700 K for the tests that
#77) was about 70 K hotter than the temperature

had reactive atmospheres and a small amount of measured by the lowest thermocouple in the array

water in the cavity (IET- 4, IET-6, and IET-7); (channel #68). The stratification was very stable

however, these temperature are well below the at long times.

autoignition temperature of the mixture

(= 850 K). In IET-5, the Surtsey vessel atmo- The peak gas temperatures in the dome of the

sphere was classically inerted with CO and the Surtsey vessel were measured by thermocouples
2

average gas temperature in the vessel was less #72 through #75. These thermocouples were

than 400 K, which indicates that the hydrogen located at elevations between 4.77 and

formed in the HPME did not burn efficiently as 7.06 meters, which is in the upper middle part of

it entered the upper dome. Large amounts of Surtsey (Figure 2.9). The measured peak gas

cavity water in the IET-8A and IET-8B tests temperatures were 830 K (Figure 3.63) and were

apparently quenched the debris and thus reduced
coincident with the peak pressures, which

2.8 s. The peak gas
the vessel bulk gas temperature to 400-460 K. occurred at t =

I
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temperatures above 7.8 m (channels #76 and #77) accumulator blowdown. This 45.9 kg of

never exceeded 640 K. vaporized water represents 74% of the water
initially in the cavity. These results suggest that

Figures 3.64 and 3.65 show the relative vaporization of cavity water might have been
magnitude of the pressure increase compared to quite efficient.
the bulk gas temperature increase for the
experiments with the cavity half filled with water, The efficiency of melt / water interactions can be
i.e., IET-8A and IET-8B, respectively. In both explored from an energy perspective. The melt
tests, the relative magnitude of the vessel average injected into the cavity (43 kg x 0.94 = 40.4 kg)
gas temperature was significantly lower than the contains 101 hU thermal energy and 25 MJ of
relative magnitude of the vessel pressure. This oxidation energy. As an upper bound, (assuming
means that the additional vessel pressure was due complete quenching to saturation) the thermal
to vaporization of cavity water. However, the and chemical contributions could vaporize
peak pressure increase in IET-8B (0.244 MPa) 2403 g moles and 613 g moles of water (30 K
was not much different from those measured in subcooled), respectively. The chemical energy is
experiments with similar initial conditions, e.g. dominated by Cr and Al oxidation, which is
IET-3 (0.246 MPa), IET-4 (0.262 MPa), IET-6 easily realized. Consequently, full credit for the
(0.279 MPa), and IET-7 (0.271 MPa). For oxidation energy is taken into account. To be
experiments with significant levels of cavity consistent with the observed containment pres-
water, the water apparently has competing surization, 2551 g moles of water must have
effects: the molten debris vaporizes water and been vaporized by the melt, which has the
thus adds moles of steam to the vessel, but at the potential for vaporizing 2403 +
same time, the cavity water quenches the debris 613 = 3016 g moles of water. Thus, 85% of
and thus reduces vessel pressurization due to the water that could have been vaporized
direct debris-to-gas heat transfer. appeared to have been vaporized in IET-8B.

Apparently, quenching of the melt was quite
Figure 3.65 shows that the amount of efficient, and the small amount of atmosphere
pressurization in IET-8B cannot be attributed to heating observed in the test was likely dominated
heating of the atmosphere alone; consequently, by saturated steam entering the upper dome and
some significant amount of the pressurization by hydrogen combustion in the debris plume as it
must be coming from additional moles of steam. entered the upper dome.
The additional gas moles can be estimated from
the ideal gas law The quantitative observations of IET-8B are in

contrast to subjective observations from HIPS
- 4W, 6W, 9W [Tarbell et al.1991). In these

P, po y earlier tests, it was reported that a significant
AN e - p i portion of the water was ejected as a slug that

preceded debris dispersal. The conditions of

* ~ O.203 x 10 89.9 IET-8B are not, however, fully consistent withC0.447 x 10''
the HIPS tests. In particular, the HIPS tests462 298 8,314
employed an open geometry so that the water

3096 g moles. (3.1) slug and debris jet were dispersed into an open=

atmosphere, which did not force intimate contact

Of this 3096 g moles,2551 g moles (45.9 kg) between water and molten debris. In IET-8B, the

can be attributed to water vaporization, with the cavity water may have been partially ejected as a
remaining 565 g moles coming from the slug that impacted the subcompartment structures.

Dispersed debris from the cavity may have mixed
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violently with water deflected by the subcom- inert atmospheres and reactive atmospheres
partment structures back into the path of the indicate that the amounts of hydrogen produced
dispersed debris, causing efficient vaporization of and burned given in this section for the
cavity water in the subcompartments. In addi- experiments with reactive atmospheres could be
tion, the HIPS tests had twice the melt mass of overpredicted by 20 to 30%.
IET-8B and two of the HIPS tests had fully water
locked cavities. Figure 3.66 shows oxygen concentration

depletion measurements for the IET tests.
3.6 Gas Composition Measurements Background sample measurements are shown for

the majority of the tests, along with 2 and
Normally, about sixteen gas grab samples were 30 minute results. There were no 2 minute |

taken from the Surtsey vessel in the IET samples in IET-1R and IET-3. The 2 minute
experiments. Background samples from Surtsey samples shown for IET-lR and IET-3 are
were taken just prior to ignition. The back- projected results based on compamble tests, i.e.

ground gas concentrations are listed in Table 2.2. IET-1 and IET-4. In IET-8A, the 2 minute and

The amounts of hydrogen in g moles are listed in 30 minute samples reported in Figure 3.66 were

Table 3.2 for each IET test except the IET-2 actually taken at 30 scconds and 900 minutes,

series. The values given include the amount respectively. In IET-8B, additional samples were

preexisting in the vessel, the amount produced by taken at 15 s. As expected, oxygen levels
steam / metal reactions in the HPME, the amount remained constant in IET-1 and IET-1R. In

IET-5. the CO inerted test, oxygen depletionburned, and the amount measured posttest. The 2

amounts of hydrogen produced and burned listed was about 0.4 mole %. In the gravity pour test

in Table 3.2 were measured 30 minutes after the OET-8A), oxygen depletion was about j

HPME when the vessel atmosphere was well 0.8 mole %. Oxygen depletions of about
mixed; however, the measured gas concentrations 1.2-2.2 mole % were measured between t = 0
did not change much between 2 minutes and and t = 2 minutes in the tests with reactive
30 minutes, indicating that the atmosphere was atmospheres.

well mixed at 2 minutes after the HPME.
Figure 3.67 shows the hydrogen measurement

Gas bottle measurements give the amounts of results. There was no preexisting hydrogen in

hydrogen and oxygen in the Surtsey vessel pretest IET-1, IET-lR, IET-3, and IET-4. Measure-
and at various times posttest. Calculations of the ments from IET-1, IET-1R, and IET-5 show that

amounts of hydrogen bumed were based on the the majority of the hydrogen (about 3-3.5
assumption that all oxygen depletion was due to mole %) was produced in the first few minutes,

the stoichiometric reaction with hydrogen to form with an insignificant long-term buildup. In tests

water. The amounts of hydrogen produced were with a reactive atmosphere OET-3 and IET-4),

calculated by subtracting the measured amount of the hydrogen produced by the HPME burned and

pretest hydrogen from the measured amount of the final concentrations were less than 1 mole %.

posttest hydrogen plus the amount of hydrogen Figure 3.67 indicates that in tests with reactive

burned, calculated from oxygen depletion atmospheres and preexisting hydrogen (IET-6 and

measurements. For IET tests with reactive IET-7), more hydrogen was burned than was
atmospheres (IET-3, IET-4, IET-6, IET-7, produced in the first two minutes, yielding final
IET-8A, and IET-8B), the amounts of hydrogen concentrations less than the initial background

produced and burned may be overpredicted by values. This means that all of the hydrogen
this method since oxygen can also be depleted by produced by metal / steam interactions in the

direct reactions with metallic debris. HPME burned and some of the preexisting
Comparisons of results from experiments with hydrogen burned. IET-8B shows that driving
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melt into a cavity half filled with water can Even though IET-6 had no water on the basement
increase hydrogen levels very quickly. Gas floor, about 300 g moles of hydrogen were pro-
measurements in the cavity for all IET tests duced. This may have been the result of a large
indicate very high hydrogen levels (50-84 steam explosion in the cavity at HPME initiation.
mole % of the noncondensible gases) by 2 s into About 100 g moles were produced in IET-8A,
the HPME transient. This indicates that the the gravity pour test. The 15 second samples
entraining gas in the cavity was a mixture of taken during the IET-8B test indicate that
steam and hydrogen, which is important because hydrogen is produced and burned very quickly,
many analytical entrainment models require the as shown in Figures 3.68 and 3.69.
composition of the entraining gas.

Figure 3.70 gives the net difference between
Figure 3.68 gives the g moles of hydrogen hydrogen production and combustion in the IET
burned in the IET tests. Little combustion was experiments. In the majority of the tests, more
seen IET-1 and IET-lR. In IET-3, which was a hydrogen was produced than was burned,
baseline test with a reactive atmosphere and no especially in the inerted tests, IET-1, IET-lR,
basement water, about 190 g moles burned. In and IET-5, as expected. In IET-6 and IET-7,
IET-4, which was similar to IET-3 except that more hydrogen burned than was produced. This
condensate levels of water were on the indicates that 30 to 50 g moles of preexisting
containment basement floor, slightly more hydrogen must have burned. It also appears that
hydrogen burned (235 g moles). The largest in the test in which the cavity was half filled with
amounts of hydrogen burned (about 330 g moles) water (IET-8B), water that was vaporized by the
in the tests with preexisting hydrogen in a debris jet may have prevented preexisting
reactive atmosphere (IET-6 and IET-7). With hydrogen from burning.
CO as a surrogate for steam, only 50 g moles2

burned in IET-5, even though 202 g moles 3.7 Debris Recovery Summary
preexisted and 319 g moles were produced in the
HPME. In the tests that had the cavity half filled Concrete structures were damaged during some
with water, there was less hydrogen combustion of the IET tests. The crane wall suffered
than in a comparable test with condensate levels significant damage during IET-4. An =40 x 80
of water in the cavity (i.e., IET-7). About 114 cm hole was blown out of the crane wall near the I
g moles of hydrogen combusted in the gravity top of the seal table room. The crane wall was
pour test (IET-8A), and about twice that amount, also cracked near the walls of the seal table room 1

223 g moles, in IET-8B when the melt was about 30 cm from the top of the operating deck.
driven at high pressure into the half-filled cavity. It is believed that repeated, direct hits of molten

debris may have dehydrated and weakened the
Figure 3.69 compares the time rate of hydrogen concrete in this region.
production in the IET tests. Hydrogen pro-
duction amounts are calculated by subtracting the The cavity floor suffered damage during the IET-
pretest hydrogen amount from the sum of the 6 test. A hole in the concrete (=7080 cm')
posttest hydrogen amount and the amount of hy- directly beneath the crucible melt plug was
drogen burned, calculated from oxygen depletion discovered. IET-6 had the largest steam
measurements. About 230 g moles of hydrogen explosion of any of the IET tests, and this may
were produced in the high-pressure steam driven have caused the damage to the cavity floor.
tests with no water on the basement floor (IET-1, Additionally, the opening in the seal table room
IET-1R, and IET-3). About 290 g moles were floor was enlarged by = 1545 cm). For the
produced in tests with condensate levels of water experiments that suffered damage to the concrete
on the basement floor (IET-4, IET-5, and IET-7). structures, the mass of debris recovered was
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corrected for concrete contaminants as described The debris plume impacted the crane wall and on
later in this section. the bottom of the seal table room. Some of the

debris entered the seal table room, and some of
In the IET-8A and IET-8B tests, there was a lip the debris was deflected to the containment
surrounding the chute exit that prevented basement floor. The concrete plug in the seal
subcompartment water from draining down the table room ceiling opening (i.e., in the operating
chute prior to the HPME transient. The lip was deck) was ejected and dented a tank in the upper |

blown away during both tests allowing water and dome of the Surtsey vessel in IET-1. The |

condensed steam to drain into the cavity. concrete plug in the ceiling of the seal table room
Posttest examination in IET-8A revealed that the remained in place in IET-3, and thus, there was

,

cavity was full of water. Apparently, water on no transport pathway through the ceiling of the '

the containment basement floor Howed into the seal table room. This concrete plug was inten- j

cavity after the lip around the chute exit was tionally left out for all other tests. Debris was
destroyed in the experiment. IET-8A posttest ejected through the opening in the ceiling of the
examination also showed that the majority of the seal table room into the upper dome. In addition,
melt debris remained in the cavity, forming a some debris was always ejected through the three
crust approximately 6 cm thick. In IET-8B, doorways in the crane wall, around the steam
posttest examination also revealed that the cavity generators, and through the triangular vent spaces
was filled with water, but that very little debris above the reactor coolant pumps.
remained in the cavity and chute. The
subcompartment structures sustained significant Because the concrete contaminants greatly
damage during the IET-8 experiments. In both inDuenced the quantity of recovered debris, the
experiments the seal table room floor was debris summaries were adjusted to account for
destroyed; the concrete was completely removed the contaminants in the IET experiments where
and the exposed reinforcement bars were bent up damage occurred to the cavity and vessel
and into the seal table room. The damage to the concrete structures. The concrete density was
structures was probably caused by high pressures measured to be 1.92 g/cm'. The total mass of
in the cavity due to energetic thermite / water concrete lost was based on the estimated volume
interactions. loss. The debris recovery summary was adjusted

assuming (1) all the concrete from the cavity was
Debris in the Surtsey vessel was recovered from ejected into the Surtsey vessel, and (2) the
four basic locations: (1) from inside the concrete recovered in the vessel was

subcompartment structures, i.e., inside the crane proportionally distributed between the areas
wall below the operating deck, (2) from the inside and outside the crane wall according to the

Surtsey vessel outside the structures, (3) from the debris recovered in those areas.
cavity and instrument tunnel chute, and (4) from
the crucible. Table 3.3 gives the debris recovery Table 3.3 also shows the mass balance based on
summary of the IET experiments. The total transport fractions. The definitions for
molten mass available for dispersal into the computing the transport fractions from the mass
vessel is usually about 20 percent greater than the balance are also shown. The transport fractions
initial thermite charge due to the melting of the depend on the mass recovered from the locations
inner wall of the crucible, vaporization of the specified. For example, the mass transported to
fusible brass plug, ablation of concrete in the the upper dome, Mow, is computed from
cavity and structures, and oxidation of metallic
debris. M , dome =f f f Ma (3.2)

d eject disp dome d -
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This method calculated (for all IET experiments) energy was used to calculate an upper limit to the
an amount of thermite transported to the upper possible pressure increase in the Surtsey vessel,
dome that was less than the actual amount of AP,y,ition . The result could then be compared to
material recovered in the upper dome. The the measured peak pressure increase, AP,,,,,,a, to
difference represents contaminants and oxygen determine the total DCH efficiency, n =

uptake. The transport fractions are computed AP ,,,,,,oM,quiti3 nom, in the IET experiments,
based on the assumption that the bulk of
contaminants and oxygen uptake occurred in the The presence of water in the cavity during the
cavity, and that the initial thermite and additional IET experiments provided a potential heat sink in
masses are equally distributed. This introduces the system, since some portion of the thermal and
an element of subjectivity into the definition of chemical energy in the debris would be used to
transport fractions; however, the adopted vaporize the water. In the WC-2 experiment
procedure is recommended because it more [ Allen et al.1992a], the results indicated that less
closely represents the fraction of thermite than 15 percent of the water initially present in
dispersed to each location. For example, in the cavity was vaporized, despite the fact that the
IET-8B the method above predicts that 13.24 kg thermite in that experiment contained
of thermite were transported to the upper dome, approximately five times the amount of energy
which is less than the 15.87 kg of material that necessary to vaporize all of the water that was
were actually recovered in the upper dome. present. This result suggests that water was

ineffective as a heat sink. Furthermore, the
A posttest sieve analysis of debris recovered from High-Pressure Melt Streaming (HIPS) tests with
the Surtsey vessel outside the subcompartment water in the cavity [Tarbell et al.1991] suggest
structures was performed for all IET that the bulk of the water was ejected prior to
experiments. The particle size analysis debris dispersal. In the IET-8A and IET-8B
discounted all debris with size > 9.4 mm. The experiments the thermite contained approximately
particle size distribution was usually lognormal. the amount of energy necessary to vaporize all of
Table 3.4 gives the sieve mass median diameter the water that was present in the cavity. The
with geometric standard deviation for all of the actual amount of water that was vaporized in the
IET experiments. Figure 3.71 shows that in IET experiments cannot be determined from the
IET-8B the sieve mass median diameter of debris experimental results,
recovered outside the subcompartment structures
was 0.42 mm with a geometric standard deviation Derivation of the single-cell model has been
of 5.2. documented by Pilch [1991]. The resulting

model is given here. Thermal equilibrium
3.8 Energy Balance between airborne debris and the containment

atmosphere yields a simple, bounding expression
A single-cell equilibrium model was used to for the DCH load,
perform an energy balance on the IET experi-
ments, neglecting the presence of water in the { AE'
cavity. The single-cell equilibrium model is AU _ AP _ (3.3),

'

developed in Appendix A. Simple calculations U' P U '(1 + p)
based on the actual IET initial conditions were
performed to determine the amount of energy that
might be added to the Surtsey vessel atmosphere where

by the steam blowdown, exothermic steam / metal
chemical reactions, debris / gas heat transfer, and AU = total internal energy gained by
hydrogen combustion. The total amount of the containme.nt atmosphere,
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initial internal energy of the The g moles of debris participating in DCH canU =

entire containment atmosphere, be expressed in terms of the initial charge of
thermite by

AP = pressure rise in the containment
resulting from the DCH event' M

_

(3.5)d
N, = f''."' f'"' MW,

initial containment pressure,P =

AE = maximum energy that could be where
3

added to the containment
|

atmosphere by the i* process, f = fraction of the initial charge that|

where the i processes are steam is ejected from the melt generator
blowdown, debris / gas heat to the cavity'
transfer, debris oxidation by _

steam in an otherwise inert I 'r = fraction of the melt ejected into
.

di
atmosphere, and hydrogen the cavity that is subsequently
combustion, and dispersed into the containment,

p = heat capacity ratio. Mo* = imtial (mass) charge of thernu.te,
..

and
The heat capacity ratio appears because the debris

still carries sensible heat that is not available for MWo = the effective molecular weight of
.

containment pressurization at thermal equilibrium thermite,0.0631 kg/g mole.
between airborne debris and the atmosphere,
The heat capacity ratio is defined by Table 3.3 lists all the m. formation necessary to

complete this calculation.
NCs s

(3.4)
Y = (N' + N)C, Blowdown of the steam accumulator adds both

mass and energy to the containment atmosphere,
The maximum amount of energy that the accumu-

where lator can contribute to Surtsey pressurization is
given by

N, = number of g moles of debris
participating in DCH,

P V~
AE,= 1 po (3.6)w

,

molar heat capacity of debris,C =
4

number of gas g moles initiallyN =
where

in the containment,

P,y = equilibrium pressure of the ac-
N, = number of gas g moles added to

gumulator/ melt generator system
the containment by RCS just prior to plug failure,
blowdown, and

V., = total free volume of the accumu-
C, = molar heat capacity of the lator and melt generator, and

containment atmosphere.
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y = ratio of specific heats. Um = the effective stoichiometric
coefficient for debris oxidation,

The term preceding the brackets represents the 0.892 g moles-H / * mole-28
total internal energy of the accumulator, while debris, and
the bracketed term represents the fraction of this
total that is convected into the containment. Aem= the specific combustion energy

for hydrogen. 0.242 hU/
Molten debris dispersed from the reactor cavity g mole-H -2
carries both latent and sensible heat that can be
transferred to the atmosphere. The maximum The second term in the brackets, Um No,
energy source associated with debris thermal represents the totals of g moles of hydrogen that
energy, can be produced from complete oxidation of the

metallic constituents of the d;spersed debris.

AE, = N, Ae, (3.7) There is sufficient steam in the accumulator and
,

water in the cavity or on the basement floor to
achieve complete oxidation of debris.

is equal to the amount of dispersed debris, No,
times the specific molar internal energy of the The initial internal energy of the atmosphere is
debris, Ac, which has a value of computed from

i

0.147 hU/g mole for thermite.

The energy source due to debris oxidation,

AE, = N, Ae, (3.8) where
,

initial temperature of the SurtseyT =

is equal to the amount of debris participating in atmosphere.
DCH times the specific molar oxidation energy of
the debris. Assuming all the metals react with It should be noted that this is a constant property
steam, the specific molar oxidation energy, Ae,, equation of state with a reference temperature of

lhas a value of 0.054 hU/g mole for thermite. zero.
These values are specific to the thermite used in
these experiments. Table 3.5 summarizes the energy balance for the

IET experiments. The thermal (latent and
The energy source due to hydrogen combustion sensible heats) and chemics energy (debris
is oxidation) are computed for the dispersed

thermite mass only. The DCH efficiency for the
IET tests are reported in the last row of

AE,k = N "' " A e% = (N"'#" + U,4N,) Ae"2 Table 3.5. No energy balance was performed for ,

(3.9) IET-8A since there was no driving force. )

where ,

!

Nm,, = g molesofpreexisting hydrogen
in the containment atmosphere |

prior to the DCH event,
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Experimental Results

Table 3.1 Summary of the results of the IET-2A, IET-2B, and IET-2C experirnents

IET-2A IET-2B IET-2C

Driving pressure at plug failure (MPa) 6.1 5.8 1.7

Nondispersive cavity peak pressure (MPa) 0.168 0.168 0.085

Moles of H O driving gas (moles) 464 418 =0
2

Ablated hole diameter (cm) 4.04 4.01 8.86

Total debris left in crucible (kg) 5.95 7.86 -0.95t

Crucible east side exit peak temperature (K) 2140 2082 2005

Crucible west side exit peak temperature (K) 2288 2565 2475 I

Crucible bottom exit peak temperature (K) N/A 2575 2560

Thermite burn time (s) 11.0 7.2 10.5

t Total debris left in the cavity is calculated using the difference between crucible posttest and pretest weights.
The difference was negative in IET-2C because, without the steam driving gas, the crucible steel liner (and
part of the MgO) was melted away and the molten thermite flowed out of the crucible under gravity instead of
being frozen in the crucible by the steam blowdown.
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Table 3.2 Ilydrogen results for the IET experiments

IET-1 IET-IR IET-3 IET-4 IET-5 IET-6 IET-7 IET-8A IET-8B
i Oxygen (g-moles)

- Pretest 2 15 656 702 318 681 683 700 700 ;

Hydrogen (g moles)

- Pretest 0 0 0 0 202 180 283 308 288
(mol. %) 2.76 2.59 3.97 4.33 3.91 !

- Produced (30 min)1 233 248 227 303 319 319 274 176 299

- Burned (30 min)1 3 11 190 240 53 345 323 154 281

- Posttest (30 min)1 230 238 37 63 468 154 234 330 306

g AP due to the HPME (kPa) 98 110 246 262 103 279 271 87 244 '

1 The IET-8A posttest results and the hydrogen produced and burned analyses was obtained from data acquired at 900 minutes.
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b Table 3.3 Debris recovery summary for the IET experiments ],
g !!

=e
w Mass balance (kg) IET-1 IET-1R IET-3 IET-4 IET-5 IET-6 IET-7 IET-8A IET-8B E.n x

*2 Initial Thermite Charge, / (a) 43.0 43.0 43.0 43.0 43.0 43.0 43.0 43.0 43.0 g
E.

Crucible (b) 4.54 4.63 4.50 4.76 2.60 2.27 6.74 0.23 2.56 G"

Cavity / Chute (c) 7.06 13.19 16.80 9.54 20.07 8.47 13.31 42.31 5.55

Inside Structures (d) 38.03 32.41 31.30 32.67 31.23 36.60 33.99 5.81 26.99

Outside Structures (e) 4.98 3.80 3.00 8.04* 1.89 5.871 2.71 2.76 15.87

Total Recovered * 54.61 54.03 55.60 55.02 55.79 53.21 56.75 51.11 50.97

Transport fractions

Ejected into Cavity, 0.894 0.892 0.895 0.889 0.939 0.947 0.843 0.995 0.940

f,= 1 - bla
Dispersed from Cavity, 0.859 0.733 0.671 0.810 0.623 0.834 0.734 0.168 0.885,

a

f.=(d + e)/(c + d + e)
Debris Transported Outside 0.116 0.105 0.111 0.197 0.057 0.138 0.074 0.322 0.370

Subcompartment,

fu= e/(d + e)
* 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.

* The crane wall inside the seal table room failed in IET-4. This resulted in an additional flowpath outside of the structures.

The cavity floor and seal table room floor suffered significant damage in IET-6. This may have resulted in additional thermite transport outside of1

the structures.

)
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Experimental Results

Table 3.4 Sieve mass median diameter for the IET experiments

i

IET-1 IET-1R IET-3 IET-4 IET-5 IET-6 IET-7 IET-8A IET-8B

Sieve mass median 0.36 0.24 0.18 0.52 0.09 0.65 0.28 0.25 0.42
diameter (mm)

t
i Geometric standard 6.5 9.4 17.5 7.7 6.8 8.9 6.4 2.9 5.2

| deviation

;

;

t

,

3

b

'
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f Table 3.5 Energy balance for the IET experiments {
!!e =

|c Term Description IET-1 IET-1R IET-3 IET-4 IET-5 IET-6 IET-7 IET-8B ET.n

b AE, (hU) Blowdown energy 6.44 5.69 5.52 6.07 5.41 5.70 5.32 5.70 $
* E.

|

AE, l'(hU) I2 tent and sensible heat 82.8 70.5 58.8 67.5 62.7 85.1 66.7 89.7 G'

AE, (hU) Chemical energy 21.1 18.0 15.2 17.2 16.1 21.7 17.0 22.9

AEm (hU) Hydrogen combustion 0 0 74.2 83.8 127 150 152.0 176

Ca (J/g mole-K) Debris heat capacity 74.7 74.7 74.7 74.7 74.7 74.7 74.7 74.7

C, (J/g mole-K) Atmc, sphere heat capacity 24.10 24.10 24.10 24.10 30.93 24.20 24.16 24.42

$ Heat capacity ratio 0.20 0.172 0.145 0.158 0.117 0.214 0.165 0.224

U* (hU) Atmosphere internal energy 52.1 52.1 49.8 52.4 66.8 51.8 52.4 52.7

g P* (MPa) Atmosphere initial pressure 0.20 0.20 0.19 0.20 0.20 0.198 0.201 0.203

AP (MPa) Calculated pressure rise 0.353 0.309 0.516 0.575 0.568 0.826 0.792 0.911

y(%) DCH efficiency 27.8 35.6 47.7 45.6 18.1 33.8 34.2 26.8

|
'
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4.0 Interpretation of Results with the Two-Cell Model

The experiments discussed in this report are just measure of the entrainment interval [ Allen et al,

part of an extensive DCH database. Most 1991b]. The end of the entrainment interval is
notably, counterpart experiments have been marked by 7', and corresponds to a final pressure
conducted at ANL6 at reduced physical scale. P,in the RCS, The decline in RCS pressure over
Broad conclusions can be realized by considering the entrainment intervalis a direct measure of the
the current experiments in conjunction with all amount of gas vented into the cavity, and for an

prior work. This is mr.de po;sible because the isentropic expansion within the RCS,
TCE model allows data, taken under a variety of
conditions, to be compared on a consistent basis,

lit
P*. AM M:'The TCE model, developed in Appendix A, is f, - -1-8 =1- _ _ .

used to interpret the results of the IET M, M, P' (4.1)

experiments. The premise of the TCE model is
that there is only a limited amount of gas with where
which the debris can interact. Containment

compartmentalization plays a crucial role in f fraction of RCS gas vented to the |=
. !trapping debns once it leaves the cavity.

Consequently, debris interactions are largely gavity during the dispersal '

inenal,
limited to the blowdown gas and possibly some
subcompartment atmosphere. Further mitigation W, = imtial g s mass in the RCS,

.. .

is realized because dispersed debris can only
interact with blowdown gas that is coherent with g s mass remaining in the RCS at=

8,
the dispersal process in the cavity. the end of the dispersal interval,

4.1 Computation of the Coherence P= nitial RCS pressure,
Ratio

P, = RCS pressure at the end of the
The coherence ratio determines how much dispersal interval, and
blowdown gas has been vented from the RCS on
the same time scale as debris dispersal. y= isentropic exponent.
Figure 4.1 shows a typical blowdown curve from
an experiment. Generally, three phases can be This expression applies even though depressuriza-
distinguished: single-phase liquid discharge, two- tion passes through three distinct phases. For
phase discharge, and single-phase gas discharge. computational convenience, it is useful to idealize
The entrainment interval is determined primarily the blowdown process as a single-phase gas
from the cavity pressurization record, which discharge from a fixed size orifice (after any
(after subtracting the containment pressure) is possible ablation). For isentropic expansion in
overlayed on the blowdown curve (Figure 4.1), the RCS and isentropic nozzle flow, the
Pyrometers placed at the cavity exit confirm that blowdown history can be approximated by
the cavity pressurization record is a meaningful

2t

P t '-' (4.2)
' J.L. Binder et al.,1992a-f, Ouick Look Data Report on p-_ 3

y-1
2 76the Intecral Effects Tests IIR.1RR. 3. 6. 7. 81 in th_g .

Coretit Facility at Arconne National Laboratory, draft for
review, Argonne National Laboratory, Argonne, IL.
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Interpretation of Results

where t is the time since the start of blowdown, head of the Zion RPV so that the melt pool was
and the characteristic blowdown time is given by relatively shallow, and steam blowthrough

occurred relatively quickly, before all of the ,

M' molten debris was out of the melt generator. {
(4.3)r, = , .

M, The second transport fraction (f%) represents the
fraction of melt injected into the cavity that is

Physically, the pressure will be reduced to subsequently dispersed into the containment. ;

29 percent of its initial value (y = 1.33) after About 75 percent dispersal was observed in the I

one time constant, and 61 percent of the initial IET tests; the retained melt was a thin frozen
gas mass will have been vented from the RCS. crust on all cavity surfaces.

The effective coherence ratio, assuming an The third transport fraction (fa,) represents the
idealized blowdown that is consistent with the fraction of the melt that is dispersed from the
measured depressurization over the entrainment cavity that finds its way out of the subcompart-
interval, is obtained from equation 4.2, ment structures and into the dome of the contain-

ment. Accurate represen,ation of the major flow
- -

paths from the subcompartment to the upper
| W (4 4) dome in a Zion geometry exists only in the SNU

7* 2 P
| - = -- -1 ANL counterpart experiments. In these tests,

r, y-1 I
_ _ about 10 percent of the dispersed material |e

(10 percent of the initial melt mass) found its
| The real utility of this formulation is that the way to the dome. The dominant mechanism was

idealized flow will predict the same quantity of inertial transport through openings in the seal
vented gas (using this value of the coherence table room. Substantially larger transport
ratio) as the actual flow will vent over the fractions are reported for a few tests, but these
measured entrainment interval. Computed values are always associated with tests where substantial
of the coherence ratio are presented in Table 4.1 damage to the floor and walls of the seal table
and are plotted in Figure 4.2. room was reported (structural strengths were not

preserved in the scaled tests). It is worth noting
4.2 Transport Fractions that none of the complicating features, e.g. incore

instrument guide tubes and the seal table itself,
Comparison of the TCE model with experiment that might inhibit melt flow into the seal table
data requires that the mass distribution room were modeled in these experiments,
throughout the containment be specified. Three Furthermore, in the Zion NPP personnel access
transport fractions measured in the IET tests are to the cavity is restricted by the " penthouse,"
listed in Table 3.3. These transport fractions are which is a steel room with blowout panels located
also plotted in Figure 4.3. The transport over the cavity exit. Thus, the observed
fractions and measured values of the coherence transport fractions are upper bounds to what is
ratios are used in the TCE model calculations. expected in the actual plant.

The first transport fraction (f,y represents the 4.3 Nonreactive Atmosphere
fraction of melt ejected from the melt generator.
Approximately 5 - 10 percent of the melt was Pressure predictions of the TCE model are
retained as a frozen crust in the SNUANL compared to experiment data in two steps: data
counterpart tests. These experiments employed with nonreactive atmospheres (i.e. no chance of
hemispherical melt generators scaled to the lower hydrogen combustion) and data where hydrogen

141 NUREG/CR-6044
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Interpretation of Results

combustion occurred (or could have occurred). well validated to within the uncertainties in
The latter will be preceded by a comparison of estimating the coherence ratio for the tests.j

'

hydrogen production predictions with experiment
Figure 4.6 compares model predictions ofmeasurements.
hydrogen production with experiment data for
those tests that had reactive atmospheres, or

Figure 4.4 compares predicted pressure
water in the cavity, or water on the containment

efficiencies with measured efficiencies for those
experiments where hydrogen combustion is floor. Model predictions, based on metal

reactions with coherent steam, consistently under-
inerted by excluding oxygen from the atmo.

predict the data. The margin between prediction
sphere. The latter is obtained by normalizing the and data can be as large as 150 percent. Four
measured pressure rise by the maximum possible reasons can be cited for the discrepancy:
pressure rise, as predicted by the single-cell
equilibrium model. The TCE model does an
excellent job of correlating the data. This has

1. iron / oxygen reactions distort measurements of .

the amount of hydrogen produced,
important implications. The Limited Flight Path
(LFP) [ Allen et al.1991b] and Corium-Water 2. metal reactions with cavity water produce
Interaction (CWTI) [ Spencer et al.1987] tests
employed only the crudest representation of hydrogen,

containment compartmentalization, while the
3. metal reactions with water on the basementSNL/ANL IET tests and the FAI/DCH [ Henry et

al.1991] tests employed accurate and complex
floor produce hydrogen, and

representations of the Zion subcompartment 4. noncoherent steam can react with
geometry. Yet all the tests apparently are

nondispersed metals in the cavity.
correlated by the TCE model. This suggests that
the limited heat sink (coherent blowdown gas and

In all cases, these phenomena should have no
possibly some subcompartment atmosphere)
inherent in the TCE model is the dominant

impact on containment pressurization. These

mitigating mechanism for debris / gas heat Possibilities, for the reason that more hydrogen
was measured than predicted, require some

transfer. Sinu experiments have been conducted
leXP anation.at four different scales, the comparisons in Figure

4.4 also suggest that debris / gas heat transfer is
insensitive to physical scale. The amount of hydrogen reported as produced

during a DCH experiment is inferred from pretest

4.4 Hydrogen Production and posttest gas samples of the atmosphere.
Moles of hydrogen produced are computed by

Hydrogen produced by metal reactions with the taking the sum of the final hydrogen inventory

coherent part of the blowdown steam is the most and the amount of hydrogen burned, as inferred

important of several possible sources of hydrogen by changes in the oxygen inventory, and
because this is the hydrogen that is heated and subtracting the amount of hydrogen preexisting in

dispersed to the dome as a hot jet, which is likely the atmosphere. It is assumed that the amount of

to burn as a diffusion flame. Figure 4.5 hydrogen burned can be calculated based on

compares predicted hydrogen with measured oxygen depletion from the stoichiometric reaction

hydrogen for those tests that had no water in the of hydrogen with oxygen to form water. This

cavity or on the containment basement floor and assumption can distort reported hydrogen

also had no reactive atmospheres. Model production numbers because unreacted metals

predictions are in good agreement with data, so (mostly iron) can react directly with oxygen over

this important source of hydrogen production is a prolonged time period. These unreacted metals
j
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Interpretation of Results

are splattered over subcompartment structures some of this additional hydrogen could have been
and some are transported to the dome. These produced after the dispersed metal and cavity
reactions produce no hydrogen and occur over water settled to the containment floor. Hydrogen
such a protracted time frame that any oxidation produced during the initial thermite / water inter-
energy cannot possibly contribute to peak action will precede the hot debris / gas plume
pressurization. (initiated with blowdown) into the subcompart-

ment and will be pushed to the dome as a cold jet
Most gas samples were taken at relatively long that is not likely to burn.
times (2 - 30 min) in the SNL/ANL IET tests.
Early gas samples were taken in the ANL/IET-8 Dispersed metals can also react with either
experiment ( = 30 s) and the SNL/I'IT-8B preexisting water on the basement Door or water
experiment (= 15 s) when this possibi'aty was displaced from the cavity that settles to the Door,
suspected. These sampling times are well beycad Substantial hydrogen production from reactions
the period of peak pressurization (= 3 s) in these on the basement floor have been observed in the
experiments. Table 4.2 summarizes changes as FAI/DCH [ Henry et al.1991] tests that employed
a function of sampling time. Clearly, large nonreactive blowdown gases and nonreacting
changes in reported hydrogen measurements containment atmospheres. These reactions
(produced and burned) can be attributed to produced quantities of hydrogen comparable to
protracted changes in the oxygen inventory, and what is predicted from metal reactions with
this has no impact on containment pressurization. coherent blowdown steam. Likewise, the

SNL/IET-3,4 [ Allen et al.1992c,d] tests had
The changes in oxygen inventory could, of similar initial conditions, but 33 % more hydrogen
course, be associated with a slow reaction of was produced in IET-4, which had water on the
hydrogen. If so, the time scale is too long to containment basement floor. A commensurate
contribute to peak containment pressurization. increase in containment pressurization was not
Pressure predictions for SNL/ANL experiments observed in the wet test because the additional
with hydrogen combustion are about one bar hydrogen, likely produced over an extended
higher than measurements when the predictions period of time, did not burn or burned too slowly
are based on the reported amount of hydrogen to be effective. Spencer [1987] dropped hot
burned. Thus, the predicted contribution to metal-bearing melts into water and measured
pressurization associated with hydrogen significant production of hydrogen, but over a
combustion is about twice what is actually time frame too long to be of interest when
observed in the experiments. Either way, calculating DCH loads,
protracted metal / oxygen reactions or slow
burning of hydrogen, these processes do not Lastly, hydrogen might be produced from the
contribute to peak DCH loads, reaction of nondispersed metals with the

noncoherent " tail" of the blowdown gas. This
Melt first entering the cavity as a single-phasejet process will produce hydrogen that is sourced
can react with cavity water if present. As into a subcompartment void of oxygen. Some of
discussed previously, these interactions tend to this hydrogen may be transported to the contain-
involve only a small fraction of the melt and ment dome, but it will be too cool to burn as a
blow most of the water from the cavity. The diffusion flame.
WC-1,2 [ Allen et al.1992a] tests are comparable
(nonreacting atmospheres) where WC-1 had a dry In summary, there are several sources of
cavity and WC-2 was about 10 percent Olled with hydrogen in a DCH event, but hydrogen
water. The wet cavity test produced about produced from reactions of dispersed melt with
25 percent mom hydrogen than the dry test, but coherent steam are the most important in terms of |

|
l
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hydrogen combustion on a time scale that can required for cases where autoignition might be

contribute to peak containment pressurization. expected to occur. The 1/6* scale test to be
conducted at SNL will serve this purpose.
Failure to observe autoignition where it is4.5 Ilydrogen Combustion
predicted can only render the current model more
conservative.This hot hydrogen enters the upper dome where,

in general, it is expected to burn as a diffusion
flame, subject to possible inerting as suggested 4.6 Integral Validation
by Williams [1992). Table 4.3 compares the
Williams' criterion with observed jet behavior. Hydrogen production and combustion thresholds

Detection of jet combustion is based on visual have been validated by parts. It remains to

observations and measured containment pressuriz- validate integral predictions of those tests
ation. Inferring jet combustion from changes in conducted with reactive atmospheres. Predictions

the oxygen inventory is ambiguous for the are compared to experiment data in Figure 4.7. -

reasons discussed previously. Table 4.2 shows The scatter is only slightly worse than the cases

that hydrogen combustion is predicted in all cases with nonreactive atmospheres. This integral

except for SNL/IET-5 where both prediction and agreement supports the assumption that only
observation indicate that the jet should not and hydrogen produced from coherent steam will

burn.did not burn,

The only violation of experiment observation is Agreement is good in all cases except ANL/

ANL/IET-8 where combustion would have been
IET-8, which was a relatively benign test in

expected based on the Williams' criterion. More which neitherjet combustion nor autoignition was

restrictive criteria, based on a competition observed. The models, however, predicted that

between the kinetics of chemical and hydro- the jet would burn, creating dome temperatures

dynamic processes, are likely to be scale exceeding the autoignition threshold leading to

dependent with the threshold for sustained volumetric combustion of all preexisting hydro-

combustion being broader at larger scale. The gen; hence, the very high predicted pressure

ANUIET-8 experiment is noteworthy in that it is efficiencies for this test,

the only test conducted to date that had an air /
steam / hydrogen atmosphere. It has been Lastly, Figure 4.8 compares predictions with all

suggested that steam has an added inerting effect data from experiments in compartmentalized

not accounted for by a reduction in oxygen. This geometry. The agreement is remarkable given

perspective will be clarified by 1/6* scale tests
that tests have been performed at 1/10*, 1/20*,

that will be conducted at SNL with steam in the 1/30$, and 1/40* physical scale, with only thres-

atmosphere. For now, it is sufficient to note that hold phenomena potentially affected by physical

the Williams' criterion is conservative, predicting scale. Containment loads are also insensitive to

combustion where it was not observed. details of subcompartment geometry.

Autoignition and volumetric combustion of
preexisting hydrogen is the last mode of hydro-
gen combustion requiring validation. Table 4.4
compares peak temperatures in the dome
(estimated from peak pressures in the dome) with
predicted autoignition temperatures. In all cases,
autoignition was neither predicted to occur, nor
was it observed. Validation is, of course,

1
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Interpretation of Results

Table 4.1 Computed values of the coherence ratio

Test r', P" r/r3
i'

SNUIET-1 0.95 1.58 0.35

SNUIET-1R 1.05 1.55 0.34

SNUIET-3 0.90 1.49 0.31

SNUIET-4 0.85 1.46 0.29

SNUIET-5 1.00 1.59 0.35
,

SNUIET-6 0.90 1.50 0.31

SNUIET-7 1.20 1.89 0.50

SNUIET-8B 1.20 1.58 0.35

Table 4.2 Time variations of reported hydrogen measurements

ANL/IET-8 SNL/IET-8B
(g moles) (g moles)

= 15 - 30 s sample ANo2 0.1 100
,

Na2maoo> 1.6 247

Na2munmn> 0.2 201

= 2 min sample ANo2 0.5 119

Na2maoo) 4.6 283

Na2munmo) 1.0 228

= 30 min sample ANo2 140
,

Na2maoo) 299

Na2me) 281

1
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Table 4.3 Inerting criteria forjet combustion

Jet combustion Jet combustion !

Test (Xo2)e observed (Xo2)carr Predicted

SNUIET-3 0.090 yes 0.047 yes

SNUIET-4 0.095 yes 0.047 yes

SNUIET-5 0.044 no 0.060 no |

SNUI1?r-6 0.098 yes 0.046 yes
I

SNUIET-7 0.096 yes 0.046 yes

SNUIET-8B 0.102 yes 0.046 yes

ANUIET-3 0.108 yes 0.045 yes

ANUIET-6 0.099 yes 0.045 yes

ANL/IET-7 0.108 yes 0.046 yes

ANUIET-8 0.077 no 0.040 yes

Table 4.4 Validation of autoignition criteria for volumetric combustion

Dome temp. (K)
Test X,n max. meas. Predicted autoignition temp. (K)

t

SNUIET-5 0.028 442 856

SNUIET-6 0.026 742 867

SNUIET-7 0.040 712 866

SNUIET-8B 0.038 668 857

ANUIET-6 0.020 716 903

ANUIET-8 0.039 794 921

|

|

|
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5.0 Hydrogen Flammability

An important issue in HPME sequences is the molten particles mixed throughout the Surtsey
contribution of hydrogen combustion to the peak vessel. The combustion of any preexisting
containment pressure. Hydrogen that is produced hydrogen probably happened over a time frame
by steam / metal reactions in the cavity and sub- that was long in comparison to the time at which
compartments, along with any preexisting the peak pressure occurred.
hydrogen in the containment atmosphere, may
recombine with oxygen in the subcompartments Although global combustion of preexisting
or upper dome. Hydrogen combustion will hydrogen was unlikely under the conditions in the
release energy to the atmosphere and could IET experiments, hydrogen produced by
significantly increase the loads on the steam / metal reactions during the HPME
containment building. apparently burned as it exited the

subcompartments and entered the upper dome
The initial atmospheric conditions in the IET atmosphere. Videos taken during the

experiments were outside of the envelope of experiments showed bright orange flames, and
flammable concentrations shown in Figure 5.1, the thermocouples indicated burning jets over the
a hydrogen / oxygen / nitrogen flammability curve openings in the operating deck floor. Clearly,
[Kumar 1985]. Individual ignition sources, e.g. the experimental results indicate that hydrogen
molten debris particles, should not have resulted produced by steam / metal reactions during the
in significant volumetric combustion of HPME burned as it entered the upper dome and
preexisting hydrogen, or even in any propagating made a significant contribution to the peak
flames in the IET experiments. Therefore, pressure; however, significant combustion of
vigorous combustion of preexisting hydrogen in preexisting hydrogen did not occur, and any that
the IET experiments was not expected. The did occur, did so on a time frame that was long
2-minute and 30-minute gas grab samples in compared to the time of the peak containment
IET-6 and IET-7 indicated that a small amount of pressure and thus had an insignificant impact on
preexisting hydrogen had burned; however, this the peak containment pressure.
burning probably occurred in localized areas as

!

l
.
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6.0 Summary

The Integral Effects Test (IET) series was Some preexisting hydrogen bumed, but did not
conducted in the Surtsey vessel to investigate burn on a time scale that had a significant impact
several unresolved DCH phenomenological on the peak vessel pressure.
issues: (1) the effect of physical scale, (2) the
effect of prototypic subcompartment structures, The results of IET-8A indicate that the
(3) the effect of water in the cavity and on the thermite / water interactions from a gravity pour
containment basement floor, and (4) the effect of into a half-filled cavity produced cavity pressures
hydrogen combustion on containment loads. A of = 3.7 MPa and Surtsey upper dome pressures
summary of the results of the IET tests is of 0.087 MPa. Though these cavity pressures I

presented in Table 6.1. may fail some cavities, they do not appear to be
large enough to cause missile concerns. Most of

The IET experiments were conducted using 1:10 the debris remained on the floor of the cavity. In
linear scale models of the Zion NPP structures. addition, with initial atmospheric hydrogen con-
There were twelve experiments in the IET test centrations of 4.3 mol.% H , the thermite / water2

series: IET-1, IET-lR, IET-2 A, IET-2B, interaction did not cause a global hydrogen burn
IET-2C, IET-3, IET-4, IET-5, IET-6, IET-7, and significant upper dome pressures. Most of
IET-8A, and IET-8B. In the IET-2A, 2B, and the vessel pressure was probably the result of
2C experiments, the Surtsey vessel was not used; vaporization of- cavity water and some
the melt generator was attached to a nondisper- combustion of the hydrogen produced during the
sive cavity. These tests were conducted speci- HPME event. This result is of interest because
fically to determine the temperature of debris of current schemes to mitigate DCH through
ejected from the scaled RPV model into the depressurizing the RPV and flooding the cavity;

| reactor cavity. The other experiments used with water.
models of the Zion structures inside the Surtsey
vessel. The initial conditions of the Surtsey In the IET-8B experiment, high-pressure steam at
atmosphere during the IET series can be grouped = 6.3 MPa was used to eject an initial charge of
into three classes: (1) inert (IET-1 and IET-lR) 43 kg of molten thermite into Surtsey. Multiple,
or classically inert (IET-5), (2) reactive, i.e., energetic thermite / water interactions occurred
containing 0.1 MPa of air and 0.1 MPa of when the melt contacted the cavity water, though
nitrogen, which was used as a surrogate for there were no large steam explosions. In IET-8B
steam (IET-3 and IET-4), and (3) reactive plus large amounts of cavity water produced two
preexisting hydrogen (IET-5, IET-6, IET-7, competing effects on vessel pressure. Gas

IET-8A, and IET-8B). In the inert tests, temperatures were dramatically reduced because
hydrogen was produced by debris oxidation but energy was taken from the debris as it vaporized
did not burn due to lack of oxygen. The cavity and subcompartment water; this effect
classically inert test used carbon dioxide as a should have reduced the peak vessel pressure,
surrogate for steam. The carbon dioxide effec- However, vaporization of the water added moles
tively inerted the combustion of preexisting of steam to the Surtsey vessel and thus should
hydrogen and inerted the combustion of most of have produced a significant increase in pressure.
the hydrogen produced by debris oxidation. These two effects appeared to counteract each
Tests with air / nitrogen and air / nitrogen plus other and resulted in a peak pressure similar to
preexisting hydrogen atmospheres indicated that those observed in previous experiments with
a jet of hydrogen produced by steam or water similar initial conditions but with much less water
reactions with metallic debris burned as it entered in the cavity. The conclusion is that cavity water
the vessel. Combustion of this hydrogen did not have a significant effect on the
contributed significantly to the containment load. containment load under these conditions.
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Summary

Major conclusions of the Zion IET experiments 7. There are two sources of potentially ;

are summarized below. combustible hydrogen in a DCH event: (1) j

hydrogen produced during the HPME event

1. The iron / alumina / chromium melt ejected by steam or water reactions with metallic
debris; and (2) preexisting hydrogen re-

from the melt generator into the cavity had
leased from the reactor coolant system priora temperature of 2550 + 100 K. This
to vessel failure. In the IET experiments

temperature is in the expected range of melt with reactive atmospheres, the hydrogen
temperatures associated with core melt

Produced during the HPME burned efficient- !
accidents leading to vessel breach.

ly as gas was pushed out of the subcompart-

.

ments into the upper dome. This hydrogen
2. Debn.s ejection into condensate levels of combustion contributed significantly to con-

water in the cavity model showed tw tainment pressurization, i.e., peak pressure
distinctly different responses: (1) a very increases were about 100 kPa for tests with
sharp pressure spike, indicating an energetic inert atmospheres (IET-1, IET-lR, and 5)
thermite / water interaction, i.e., steam and were about 250 kPa for tests with reac-
explosion (e.g., m IET-1 and IET-6); and tive atmospheres (IET-3, 4, 6, and 7),
(2) a broad pressure transient, indicating Some preexisting hydrogen burned, but did
rapid vaporization of cavity water (e.g., in not burn on a time scale that had a signifi-
IET-lR and IET-3). It is unclear if these cant impact on the peak vessel pressure.
different responses are due to the stochastic
nature of the phenomena, or are due t 8. All of the IET data and previous DCH l

vanables that are not presently recognized as experiments were analyzed with the TCE
important. model so that conclusions could be drawn

about DCH phenomena under a variety of
3. Approximately 90% i 5% of the melt in initial conditions. All of the DCH exper-

the scale n,odel of the RPV bottom head iments conducted to date are predicted
was expelled into the cavity by 6.3 MPa reasonably well by the TCE model. This i

steam under the conditions used in these suggests that the limited heat sink (coherent |

tests. blowdown gas and possibly some subcom-
partment atmosphere) is the dominant

4. Approximately 77% i 10% of the melt in mitigating mechanism for debris / gas heat
transfer.the reactor cavity was dispersed into the

Surtsey vessel under the conditions used in
9. Since the TCE model produced reasonable

these tests.
predictions for DCH experiments at four
different physical scales, the results indicate

5. Approximately 9.3% i 2.6% of the melt that debris / gas heat transfer is insensitive to
dispersed into the Surtsey vessel was found physical scale.
outside the subcompartment structures in the
tests that did not experience significant 10. Since experiments that make up the DCH
structural damage, i.e., IET-1, IET-1R, database have been conducted with different
IET-3, IET-5, and IET-7. subcompartment configurations, the fact that

the TCE model correlates the data reason-
6. Water on the containment basement floor ably well suggests that debris / gas heat

did not appear to have a significant effect on transfer is insensitive to the details of
the peak containment load. subcompartment geometries.
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Table 6.1 Summary of the results of the IET experiments

IET-1 IET-1R IET-3 IET-4 IET-5 IET-6 IET-7 IET-8A IET-8B

Moles of H O driving gas 468 507 485 582 453 505 416 4.1 5452

(g moles) (N )2

Cavity water (g moles) 193 193 193 193 193 193 193 3444 3444

Basement water (g moles) 0 0 0 3950 3950 0 3950 3950 3950

Ablated hole diameter (cm) 4.04 4.02 4.53 4.22 4.31 3.91 4.08 3.50 4.10

Total debris dispersed into 43.0 36.2 34.3 40.7 33.1 42.5 36.7 8.6 42.9
'

Surtsey (kg)

Oxygen (g moles)

g - Pretest 2 15 656 702 318 681 683 700 700

Hydrogen (g moles)

- Pretest 0 0 0 0 202 180 283 308 288
(mol. %) 2.76 2.59 3.97 4.33 3.91

- Produced (30 min)1 233 248 227 303 319 319 274 176 299

- Burned (30 min)1 3 11 190 240 53 345 323 154 281

- Posttest (30 min)1 230 238 37 63 468 154 234 330 306

AP due to the HPME (kPa) 98 110 246 262 103 279 271 87 244

Time to peak pressure (s) 2.2 2.9 2.5 2.5 3.3 2.2 2.7 7.1 2.6

h 1 The IET-8B posttest results and the hydrogen produced and burned analyses was obtained from data acquired at 900 minutes.
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Appendix A
A Two-Cell Equilibrium Model for Predicting DCII

A.1 Introduction

This appendix describes two adiabatic equilibrium models that are conservatively biased with the intent
of bounding or enveloping each of the processes that contribute to containment pressurization. In
applying these conservative models, assessment and validation of the separate effects (kinetic) models
and the parameters (i.e. particle size) that control them are required only to the extent necessary to
confirm that equilibrium conditions can reasonably be expected. The first, a single-cell model, places
a true upper bound on DCH loads. This upper bound when compared with the entire DCH database
often far exceeds experiment observations by a margin too large to be useful in reactor analyses. The
single-cell model will be used as a conceptual seed for a TCE model.

In this appendix, a TCE model is developed that captures the dominant mitigating features of
containment compartmentalization and the noncoherence of the entrainment and blowdown processes.
The TCE model has been extensively validated against the relevant DCH database.

The model is a simple tool that can be used to normalize random variations in experiment initial
conditions so that experiments can be compared without the possibility of making incorrect conclusions
due to these random variations. The relevant elements of the model were presented by Pilch [1991]
and Pilch et al. [1992a]. The TCE model will be developed here so that it can be used as a
normalization tool in the main body of this report to make specific conclusions about phenomena that
enhance or mitigate DCH.

A.2 A Single-Cell Adiabatic Equiubrium Model

The single-cell adiabatic equilibrium model assumes that the entire containment volume can be treated
as a single control volume in which there are no energy sinks. The dispersed debris is assumed to mix
completely with the entire containment atmosphere and to remain airborne long enough to enable all
thermal and chemical interactions to come to equilibrium. Three moderating factors are reflected in
the single-cell model: metal / steam reactions may be steam limited, hydrogen combustion may be oxygen
limited, and debris / gas thermal equilibrium renders energy below the equilibrium temperature
unavailable for heating the atmosphere. On a containment-wide basis, these moderating factors are
nonexistent or second-order effects in typical reactor applications, but they may be considerably more
important in selected DCH experiments.

The energy equation for the containment atmosphere is given by

= D .6 + D .a + D .n2 OM

where the terms on the right hand side (RHS) represent the energy source rates due to RCS blowdown,
debris / gas heat tnnsfer, and hydrogen combustion. The energy equation for dispersed debris is given

~

by

u/T|) Qg - Q,,, (A.2)dd +=
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where the first two terms on the RHS represent the energy source rates due to dispersal of debris (which
carries thermal energy) into the atmosphere and the subsequent oxidation of the dispersed debris. The
third term on the RHS represents the energy loss rate from the debris due to debris / gas heat transfer,
which is conservative with the analogous source term in the gas energy equation.

Combining the energy equations for the atmosphere and the dispersed debris yields

u,(T|) (A.3)dd

= Q,,, + Q,,, + Q,,m - + .

The equilibrium state is obtained by integrating this equation from t=0 to t= co,

(A.4) -

U,(T|) - Ugr,)U(T,) - U(T ) = AE, + AE, + AE + ,m

are the maximum contribution that RCS blowdown, debris oxidation, andwhere AE,, AE,, and AEm
hydrogen combustion can make to changes in the atmosphere internal energy. The last grouping in this
equation,

(A.5)
U,(T|) - Ugr,) ,

' represents the thermal energy released by the debris while approaching equilibrium with the gas. This
:

term cannot be quantified because the equilibrium temperature (T,) is not yet knowm. The following
discussion addresses this difficulty.

The debris internal energy can be indexed to a reference temperature by adding and subtracting a
reference energy to Equation A.5:

(A.6)
U,(Tf) - U,(T,) = U,(Tf) - Ugr,) - Ugr,) - Ugr,)

which can be simplified partially to

IA*7)
U,(T|) - Ugr,) = AE, - Ugr,) - Ugr,),

where AE is the maximum internal energy content of all dispersed debris relative to the reference
i

temperature.
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The following decomposition based on the caloric equation of state coupled with a useful rearrangement
yields

U,(T,) = N.C T, = (N + N,)C,T, (N + N,)C,
d d

= U(T,)Y (A.8)

where

N,C,

Y=(N + N,)C,
(A.9)

is a ratio of heat capacitances. The implication is that blowdown gas augments the containment
atmosphere as the heat sink for debris energy. Here it is assumed that the molar heat capacities of the
gases (atmosphere and blowdown gas) are constant and the same. The molar specific heat of the debris
is also assumed constant and includes the heat of fusion by smearing it over the temperature range T,
to T/. A similar manipulation yields

U,(T,) = U(r,)$ . (A.10)

Taking advantage of these manipulations, the maximum change in the total internal energy of the
containment atmosphere can be written as

^

AU = U,(T ) - U(T ) = (A II)' '

,

1+p

where an energy term

AE = - U,(T ) - U, (r,) = - N,C,(T - T,) (A*I2)

has been dropped from the numerator as negligible compared to the other energy terms. The term
represents about a three percent correction to the thermal energy term to account for the fact that debris
cooldown is bounded on the low side by the initial containment temperature and not the reference
temperature. The maximum pressure rise in the containment resulting from DCH can be obtained by
combining the caloric equation of state for the atmosphere internal energy with the ideal gas law and
an identity for the ratio of gas specific heats.
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Doing so yields

AP _ AU _ { AE (A.13)i

U(1+()P U 0

This is the working equation for the single-cell equilibrium model. The term,1+p, appears because
thermal energy below the debris / gas equilibrium temperature is unavailable for heating the atmosphere.
This is a second-order effect on a containment-wide basis.

The earliest considerations of DCH [CLWG 1985) identified containment water (in the cavity or on the
containment basement floor) as a potential mitigator of DCH, Simple energy arguments support
containment water as a mitigator because energy absorbed in vaporizing water will not contribute to
increased atmospheric temperature. Although vaporized water adds moles of steam to the containment_

atmosphere leading to increased pressure, the resulting pressure rise would be considerably less than
if all the energy went into heating the atmosphere. Consequently, containment water is a potential
mitigating factor.

This simplistic energy argument does not reflect the kinetics of debris / water interactions. Experiments
[ Spencer et al.1987; Allen et al.1992a] have shown that cavity water can enhance debris dispersal from
the cavity; however, the bounding model already assumes complete dispersal from the cavity for RCS

CONTAIN calculations [ Williams et al.1987] have indicated thatpressures greater than 4 MPa.
efficient water interactions in the cavity can increase the peak pressure by as much as 20 percent
compared to a dry scenario for a wide range of water masses (s;100 MT). This calculated effect is
dominated by predictions of enhanced transport of debris through the subcompartment to the upper

Only medest increases in peak pressure anddome, which has not been observed in experiments.
hydrogen production [ Henry et al.1991; Allen et al.1992a; Spencer et al.1987] have been observed
in experiments. The SNUIET-8B was conducted with a cavity half full of water, and a modest decrease
in pressure was observed. Analyses of the WC-1 and WC-2 experiment results [ Allen et al.1992a]
suggest that only a small fraction of the available water participates in the interactions. This conclusion
is supported by other experiment observations [Tarbell et al.1991] where violent debris / waterFor these reasons,
interactions in the cavity expel the bulk of the water from the cavity as a slug.
cavity water is not expected to jeopardize the bounding nature of the models developed here.

The various terms and material properties necessary to fully quantify a result are discussed next.

A.2.1 Molar Inventory of the Containment Atmosphere and the RCS

The molar inventory of the containment atmosphere can be expressed (by the ideal gas law) in terms
of known conditions in the containment prior to vessel breach,

O

N" = P V (A.14)
.

R,T
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Blowdown of the RCS to ambient conditions adds mass to the containment atmosphere. The amount
of blowdown gas can be computed from the difference in th: initial and final states in the RCS, which
for an isentropic blowdown of an ideal gas can be written as

. . _ -

P c3V P Pac 3V,c3
_

po (A.15)acs
N* = i_ ,

,

R,T[c3 Pjes Z R,T|c3 P|c3
. - _ _

The term preceding the brackets represents the molar inventory of the RCS prior to vessel breach, while

| the term in the square brackets represents the fraction of the initial inventory that is actually convected
| into the containment. The fraction of RCS gas delivered to the containment is usually near unity and

a second-order correction; however, high-pressure steam near saturation is not well represented as an
ideal gas. The approximate expression shown in Equation A.15 accommodates this departure from the
ideal by introducing a compressibility factor (which is on the order of 0.75 for saturated steam at
elevated RCS pressures) into the evaluation of the initial RCS inventory. The compressibility factor
is computed exactly for each experiment or reactor application.

A.2.2 Amount of Debris Participating in DCH

The number of debris moles participating in DCH can be related to the initial molar inventory of molten
core material on the lower head of the RPV at the time of vessel breach,

N, = f, f,,,No* (A.16)
,

where f,,,, is the fraction of melt initially on the lower head of the RPV that is ejected into the reactor
% s the fraction of melt ejected into the reactor cavity that is subsequently dispersed intocavity, and f i

the containment.

Analyses of gas blowthrough and two-phase melt ejection during HPME [Pilch and Griffith 1992b]
suggest that virtually all molten material in the bottom of the RPV at the time of vessel breach is ejected
into the reactor cavity (i.e., f,3, = 1.0). Recent integral effects DCH experiments [ Allen et al.1992c-
h; Allen et al.1993; Binder et al.1992'] exhibited about 10 percent retention of melt as a frozen crust
in the melt generator. Retention by freezing, which is controlled by the surface / volume ratio of the
melt, is expected to be less effective at full scale. Experiment analyses will be performed using
measured values of f,3, while reactor analyses will be based on complete ejection of melt from the RPV
in order to bound uncertainties in melt ejection processes.

No reactor cavity can be considered retentive at the high RCS pressures ofinterest. Predictions of DCH
experiments will be based on measured values of the dispersed fraction, while reactor predictions will
assume complete dispersal in order to bound uncertainties in dispersal phenomena.

' J.L. Binder. et al. 1992, ouick Look Data Report on the Intecral Effects Test #2 in the Corexit Facility at Arconne
National Laboratory. Argonne National Laboratory. Argonne, IL.
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The conventional approach to DCH analyses assumes that only dispersed debris (because it is highly
fragmented) can contribute significantly to containment pressurization on DCH time scales. More
recently, Williams [1992] has speculated that even debris that is not dispersed from the reactor cavity
can interact significantly with blowdown gas. The current models bound Williams' interpretation when
melt ejection and dispersal are assumed camplete.

A.2.3 Energy Source Resulting from RCS Blowdown

The energy gained by the containment atmosphere from blowdown of the RCS is balanced by the energy |

loss from the RCS by the same process,

dU d U ,c3 V,c3 @ Rcs (A.17)p
_ g *

dt dt 7-1 dt

The blowdown energy can be bounded by assuming that the RCS pressure reduces to the initial
containment pressure,

1- @@A E , = - A U ,c3 = .

7-I Pa,cs

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

A.2.4 Energy Source from Debris Thermal Energy

Molten debris dispersed from the reactor cavity carries both latent and sensible heat that can be
transferred to the containment atmosphere. The thermal energy contribution represents the totalinternal
energy of the dispersed debris referenced to the initial temperature of the atmosphere,

t

^*
AE, = U,(T|) - Uff,) = N u,(T|) - u,(T,), = N,Au, = N C,(To - T,)

o o

where the later equalities explicitly show the dependence on the amount of participating debris. The
specific molar internal energy is mdexed to the reference temperature (298 K), and it is both
temperature and composition dependent.

A.2.5 Energy Source from Debris Oxidation

The metallic components of dispersed debris can also react with available steam to release energy to
the debris and form hydrogen. The metallic components of molten core material consists of steel
(chromium and iron) and possibly zirconium metal. Although zirconium and chromium are present in
relatively small quantities, their combustion usually dominates the magnitude of the oxidation energy,
which can be comparable to the thermal energy contribution for some published melt compositions
[Zuber et al.1991]. Oxidation of metallic components is expected to occur in a hierarchical fashion:

|
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| zirconium, chromium, and iron (in that order). Cons ouently, the preferential oxidation of a small
quantity of material can supply virtually all the oxidation energy. However, the oxidation of iron,
although almost neutral energetically, cannot be ignored in the production of hydrogen. Almost
assuredly there is sufHcient blowdown steam in any reactor application to react those metals that
dominate the reaction energy, which is assumed to be fully realized without regard to potential kinetic
limitations. Together these assumptions favor both simplicity and a bounding result.

DCH experiments sometimes employ a chromium-laced Fe/A10 thermite as a simulant for the molten2 3

core materials expected in a reactor accident. This melt also contains trace quantities of aluminum, l
which behave like zirconium in the reactor melt. The assumptions and conclusions discussed above are )
equally applicable to this simulant material. J

The maximum energy release resulting from debris oxidation can be written as

AE, = N Ah, 6,,, (A.20)
o ,

where the molar heat of reaction is dependent on the composition of the melt. Note that the
contribution of debris oxidation to DCH loads is also dependent on the amount of material participating
in DCH.

A steam limit to the oxidation energy is introduced largely to accommodate those experiments that have
been conducted with nonreactive blowdown gases (e.g., nitrogen or carbon dioxide).

The factor,
_ _

N""{ N(,Ah,,, min ; 1 (A.21)
'''' { N(,Ah .

1

represents the fraction of the oxidation energy that is released by consuming the available steam. The
summation is evaluated in a hierarchial manner starting with the most reactive metal. The limiting
factor in the minimization function represents the ratio of available steam to the steam required to
oxidize the metal at a current level of the hierarchy. The stoichiometric coefficient, v ,i, represents theo

moles of steam consumed per mole of metal. The steam available at the start of each level in the
hierarchy is obtained from the recursion formula,

N , = max (0 ; N ,_,-u ;N(;] , (A.22)
t

which takes as its seed the initial number of steam moles in the RCS, N.,i=N%3 Excluding
applications with inert blowdown gases, 6,,. is almost always near unity.

There are four sources of oxidant with which the metals can react: oxygen in the atmosphere, steam
in the atmosphere, blowdown steam, and water in the cavity or on the basement noor. On a
containment-wide basis, there generally is sufficient oxidant to oxidize all the metal in the debris. The
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debris will preferentially oxidize with oxygen when available, and this is the more energetic reaction.
If debris does react with steam, however, then hydrogen is produced that may subsequently combust
with the available oxygen; in which case the net energy release of the cycle would be the same as if the
debris burned directly with oxygen.

Although the net energy release is the same, there are subtle differences that should be recognized. In i

the former case (debris / oxygen reactions), all the chemical energy is released in the debris droplet, thus ,

increasing its temperature and the likelihood of continued oxidation. |
|

In the second case (debris / steam reactions), only a portion of the chemical energy is deposited in the
debris droplet, thus resulting in a lower value for the maximum possible debris temperature. The
remaining chemical energy appears when the hydrogen produced by the debris / steam reaction burns
elsewhere in the containment atmosphere. This energy from hydrogen combustion is released directly
to the containment atmosphere. This is the basis for the modeling here because it is assumed that the
greater portion of debris oxidation occurs with steam in the reactor cavity and the plume of material as
it exits the cavity. There is very little oxygen available in these regions. /

A.2.6 Energy Source Resulting from Ilydrogen Combustion

Hydrogen combustion is normally inerted by steam in most severe accident scenarios. DCH is unique
in that it can heat the containment atmosphere, possibly to the point where steam can no longer inert
the combustion of hydrogen. Simplicity and a boundig result are obtained by assuming that all
available hydrogen is burned completely (subject only to a pwsible oxygen limitation) during the DCH
event. The maximum energy release from hydrogen combustia can then be written 2

AE,o = (N,g yc, + N,u.acs + P N,6 ,,tm%n2 O .o2 00
a tu s2 >

|

where ah a is the molar combustion energy. Three sources of hydrogen must be considered:
i

preexisting hydrogen in the containment atmosphere that was released from the RCS prior to vessel
breach, hydrogen injected into the atmosphere at the time of vessel breach as part of the blowdown
gases, and hydrogen produced from debris / steam reactions as part of the DCH event.

Hydrogen production resulting from debris oxidation is subject to a possible steam limitation,

. -

N"d{ e,"N , min ;I
o- v N (A.24)g u

d .mn
" '

ia vNg g

which is evaluated in a hierarchial manner similar to the analogous term in the oxidation energy term.
The stoichiometric coefficient (v moles of hydrogen produced / mole of metal oxidized) is identicalu
to the previously introduced stoichiometric coefficient because one mole of steam always produces one
mole of hydrogen. In reactor applications, there usually is su "icient steam (on a global basis) to burn
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all the available hydrogen. Some experiments, however, have intentionally inerted the containment
atmosphere, so it is useful to recognize a possible oxygen limitation to hydrogen combustion,

!
- . ;

* (A.2S
N,o ,c, + N + r,N ,6,n,,,,

; 16.2 = minto
.

iu.acs
_ _

A.2.7 Material Properties

Table A.1 lists the specific molar properties of melt species that are present in molten core material and
iron / alumina thermite, which is often used as a surrogate for core material in DCH experiments. The
heat capacity is treated as a constant, which is chosen so that reported values of the specific internal
energy are matched at 2500 K. The heat capacities, therefore, include the heat of fusion by implicitly
smearing it over the entire temperature range. The specific molar internal energy is temperature
dependent with the representative values evaluated at 2500 K. The remaining terms are also treated as
constants.

Table A.2 lists the specific molar heat capacities of gas species that typically make up a containment
atmosphere or that have been employed in DCH experiments. The specific heats are treated as
constants, which are evaluated at elevated temperatures to better predict the atmospheric heat sink
during a DCH transient.

Effective mixture propeities for the molten debris or the containment atmosphere can be computed as
a mole fraction average of the species properties when the composition is specified. Representative
mixture values are listed in Tables A.1 and A.2. These mixture values are based on the typical melt
and atmosphere compositions listed in Tables A.3 and A.4. In any given experiment or reactor
application, mixture properties specific to the actual melt and atmosphere compositions are employed.

A.3 Two-Cell Adiabatic Equilibrium Model l
1

The two-cell adiabatic equilibrium model extends the previous results in order to capture much of the
mitigating effects associated with containment compartmentalization, which prevents the efficient mixing
of airborne debris with the entire atmosphere by confining the bulk of the debris to the subcompartment
of the containment. The essential requirements are that there are no line-of-flight paths for dispersed
debris to reach the upper dome under its own inertia and that the subcompartment be sufficiently large
that gas velocities diffuse to the point where flowing gas is no longer capable of levitating debris
(~ 1 mm) through various vent spaces to the dome. The latter requirement is perhaps overly
conservative because debris does not easily respond to changes in flow direction without deentraining
into sheltered regions of low gas velocity; and most containment subcompartments (Zion included)
require multiple changes in flow direction before vent spaces can be reached.

The primary heat sink for debris in this confined subcompartment geometry is that portion of the
blowdown gas that is coherent with the dispersal processes, which may be augmented by portions of
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.

the subcompartment atmosphere. Thermal equilibrium between debris and this limited heat sink retains
more energy in the debris, which is unavailable for additional heating of the atmosphere. |

The moderating factors recognized in the single-cell model are retained here, and they are supplemented
by additional features that could further limit the magnitude of containment pressures:

1. metal / steam reactions may be steam limited,
i

2. hydrogen combustion may be oxygen limited,

3. debris / gas thermal equilibrium renders energy below the equilibrium temperature unavailable for
heating the atmosphere,

4. chemical equilibrium could limit the amount of hydrogen produced from iron / steam reactions,

5. hydrogen combustion as a diffusion flame may be inerted, and

6. the ignition threshold for volumetric combustion of preexisting hydrogen may not be reached. |

The containment is typically divided into two main volumes: upper dome and subcompartment. For
a pressurized water reactor (PWR), the subcompartment typically comprises the reactor cavity and the
region generally located beneath the operating floor, bounded by the crane wall and the refueling canal
wall. The upper dome comprises the remainder of the containment. Debris can be dispersed from a
PWR cavity through two possible flow paths. The first flow path typically exists so that incore
instrument guide tubes can have access to the lower head of the RPV. Debris dispersal through this
path will enter the containment subcompartment.

A second path for debris dispersal is through an annular gap surrounding the RPV. Debris dispersed
through this path enters the upper dome of the containment. The annular gap usually is partially filled
with reflective insulation. The insulation is mostly void with layers of metal foil retained by thin sheet
metal. The fate of the insulation under severe accident conditions is a matter of speculation. The
insulation may plug the annular gap. The analysis presented here allows for the possibility that both
flow paths can exist.

The premise of the two-cell model is that DCH occurs independently in the subcompartment and the
upper dome, AU = AU, + AU . It will be shown that the individual contributions can be written as2,

the product of a pressure efficiency and the maximum internal energy change based on the single cell
model,

(A.20AU = (n, + U ) (AU),c2
,
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so that the containment pressurization can be conveniently written as

AP 'AP'
=(91 +U) - (A.27)2

The efficiency of DCH processes in the subcompartment and the upper dome are developed next. !

A.3.1 DCII Processes in the Subcompartment

Blowdown gas and debris are assumed to enter the subcompartment in the ratio of the flow area to the
subcompartment to the total flow area from the cavity. This is partially supported by the HIPS-8C
experiment [Pilch et al.1988]. The heat sink for debris / gas heat transfer has two physical limits. The i

lfirst limit conceptually corresponds to a limit where debris is injected into the subcompartment like a
shotgun blast with little or no blowdown gas. In this limit, the maximum heat sink is the gas initially
residing in the subcompartment. The second limit corresponds to the case where debris dispersal is
accompanied by large quantities of blowdown gas. In this limit, the heat sink is that portion of the
blowdown gas that is coherent with the dispersal process. For intermediate cases, the heat sink (and

.

DCH loads) can be bounded by taking the maximum of the two limits. Physically, this means some I

or all of the subcompartment atmosphere will be displaced to the dome before DCH interactions take
place. In either limit, hydrogen combustion is insignificant in the subcompartment because metal / steam
reactions typically produce far more hydrogen than the local inventory of oxygen can born and because
most of this subcompartment oxygen may be pushed to the dome by injection of hot blowdown gas into
the subcompartment.

The energy gained by gas in the subcompartment can be written as

f*' (AE , + AE, + AE,) - f,3N,C,(Ti - T,)i (A.28)AU' =
,

| 1 + p,
'

|

|

where

f,, N,C,
d= (A.29)i

f,3 f,N!cs ; f,,N C,max

is the local heat capacitance ratio in the subcompartment. On a global basis, the heat capacitance ratio
is generally a second-order effect; but in compartmentalized containment geometry, debris / gas heat
transfer can be reduced drastically in the subcompartment because of large values of pi.

The heat sink for the debris gas interactions can have a temperature ranging from the initial containment
temperature to the initial temperature in the RCS, depending on whether the subcompartment
atmosphere or the blowdown gas dominates as the heat sink. In general, neither dominates and mixing
of the two gases forces an intermediate temperature approximated by
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f,,f,N|csTjcs + f, INT (A.30)

f i ,N[cs + f,iN"f

On a global basis, the heat sink correction to the thermal energy term, N,C,7-T,), is quite
The correction can be important, however, in reactor applications where the hotinsignificant.

blowdown gas can dominate the heat sink in the subcompartment.

Changes in the subcompartment internal energy can be normalized by the internal energy change
predicted by the single-cell equilibrium model,

^ ~

(AU)ic . (A.31)
'' ' ' '' d d ' ~ '

AU,=
(1 + pi) (AU)ic _

Doing so allows one to define a pressure ef6ciency,

f.i (AE, + AE, + AE,) - f,i ,C/Tf - T,)N (A.32)
,,

(1 + Yi) (AU),c

characterizing the contribution of subcompartment processes to peak DCH loads. The three energy
terms (AE,, AE , and AE,) are identical to their counterparts in the single-cell model. It is useful to addi i The
and subtract a hydrogen combustion energy identical to the term in the single-cell model.
correction to the thermal energy term can also be normalized by T/ - T,. Lastly, the internal energy

change from the single-cell model is given by Equation A.11. Taken together, the subcompartment
ef6ciency can be written as

-

.

T' - T'
AE,)'C - f,i(AE )ic - f N,C,(T| - T,)f T| - T, (A.33)m oioi

1+g
U

=

I ^ Yi I AEjic

which after a final simplification becomes

1+4 m _

AE, T - T, (A.34)AE i
3_y' , f''

I + Yi { AE { AE, T| - T,
,

i

The DCH ef6ciency for the subcompartment is written in terms of known quantities from the single-cell
a limited heat sinkmodel. Equation A.34 renects three mitigating factors for the subcompartment:
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1

reflected in a large value of pi, no hydrogen combustion, and a heat sink that is hotter than the l

reference temperature,

A.3.2 DCII Processes in the Dome

The dome region of a reactor containment building typically involves more than ninety percent of the
containment volume. Development of an energy equation for the dome parallels that for the
subcompartment with the notable exception that some or all of the hydrogen can burn in the dome,
regardless of where it is produced.

The energy gained by gas in the dome can be written as

' 6 ' ' ' "" " ^ d ' (A.35)AU =
2 ,,

} l+Y2

|

where the local capacitance ratio is given by

f'2N,C'
Y= (A.36)2 ,

f f,Nics , f N C,max o v2

and where the heat sink temperature is given by

f f,N| cst |c3 + f N "ro v2 (A.37),
.

f f N|cs + f No v2

A DCH cfficiency for the dome can be developed in a manner similar to that for the subcompartment,

f (AE, + AE, + AE,) + N,y,,, Ae,u- f N,C,(T - T,)o o 2 (A.38),

(1 + $ ) (AU),c2

A more useful result is obtained by adding and subtracting a hydrogen combustion energy equivalent
so that in the one-cell model, by normalizing the amount of hydrogen burned by the total hydrogen
burned in the one-cell model, and by normalizing the reference energy correction to the thermal
energy term by T,* - T,. With these suggestions, the efficiency of DCH processes in the dome can be
written as

. _

P

AE AE, T - T, (A.39)92 _ 1+$ ta 2
-

f.2 ~ Y.2 - fwm) 'i g, AE { AE Tl - T,i ic i ,c
_ _
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where

N .""n2 (A.40)f =
%

(N .w)icn2

is the fraction of hydrogen that could burn in the dome and actually does. This term will be quantified
in Section A.3.4.

A.3.3 Coherence of Blowdown Gas with Debris Dispersal

Dispersed debris first interacts with that portion of the blowdown gas that is coherent with the dispersal
process, which is often the limiting heat sink in reactor applications. Furthermore, coherent steam is
the sole source of oxidant for hydrogen producing reactions on a time scale that can contribute to peak
containment pressurization. The coherent fraction of the blowdown gas, assuming isentropic blowdown
of the RCS, is computed from

- - -2 |

r** = 3 _ i 7-1] (A.41) |T-'

l2 r
D.

where 7,/r is the ratio of the characteristic dispersal (entrainment) time to the characteristic blowdowne

time.

A.3.4 Hydrogen Combustion in the Dome

) Hydrogen combustion occurs predominantly, if not entirely, in the dome of the reactor containment,
I which typically comprises at least 90 percent of the total volume. This is because the subcompartment
| contains only a small fraction of the containment's oxygen; and much of what is there initially will be

| pushed to the dome by the debris / gas plume exiting the cavity. Unfortunately, hydrogen combustion
in the dome is most efficient because oxygen limitations are not likely to come into play and because
the combustion energy goes almost entirely into heating the atmosphere (i.e., $2 is small in the dome).

Three sources of hydrogen must be considered: preexisting hydrogen in the containment atmosphere
that was released from the RCS prior to vessel breach, hydrogen injected into the atmosphere at the time
of vessel breach as part of the blowdown gases, and hydrogen produced from debris / steam reactions
as part of the DCH event. Chemical equilibrium could limit the amount of hydrogen from iron / steam
reactions. Hydrogen in the subcompartment will be heated as part of the DCH event. The subsequent
expansion will expel this hydrogen into the dome through various vent paths. These hot hydrogen jets
are assumed to burn as diffusion flames, entraining preexisting hydrogen along with the oxygen
necessary to sustain combustion. In some cases, DCH processes may heat the containment atmosphere

|

I sufficiently to induce autoignition and volumetric combustion of any remaining preexisting hydrogen.
These concepts are quantified in the following discussions.

|
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Hydrogen can be produced from metal reactions with the coherent part of the blowdown gas. Consider
first the reactive metals (Zr, Al, and Cr). The amount of hydrogen produced, subject only to a possible
steam limitation, is given by

. _

''N (RM) = v N,,, min ; 1 (A.42)8*'
m i FN,i=1 io

. .

where the summation is evaluated in the hierarchical fashion discussed previously. Lastly, iron can
oxidize and produce hydrogen,

Nfe, (A.43)N (Fe) = X Pm reo re ,

if excess steam is still available. The factor, Xr,0, represents the amount of iron that is oxidized, which
could be limited by chemical equilibrium even if steam is present.

Iron oxidizes according to the reaction,

Fe + H O - FeO + H (A.44)
2 2 ,

at high temperatures. At chemical equilibrium, the mole fraction of FeO is given by

Y>ao g=9
ISX ,o = (A.45)p

1 + I" K"ym

where K., is the equilibrium constant (a function of temperature only), which has a value of about K,,
- 2.1 on the temperature range 2000 K to 3000 K. By definition,

(N ,o),q (N ,)N ,o p ppy'' , , _ '
N ,o + N . NE N4p r ,,

which shows that Xreo also represents the fraction of iron that is oxidized.
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The steam / hydrogen ratio controls the amount of hydrogen that is oxidized. By definition,

y>co N N[no - X,,o Nfe,mo ,

(^*yta N N[a + X ,o N2reta p,,

where N mo and N'm are the moles of steam and hydrogen in contact with the iron when oxidation with !

the reactive metals is complete. These quantities can be related back to known RCS conditions by

N|co = f N&o,acs - N (RM) (A.48)
m

(A.49)N[a=f Ns,acs + Nia ('RM) .a

Equations A.50 - A.52 can be combined with Equation A.48 to form a quadratic for Xrco, the solution
of which is given by

- _

_B y _ 4C
ir2 (A.50)

3_x reo r B&
_ . _

where

+1 '" (A.51)'"** 1+B=
K,, - 1 Nire K.y Nip,

_

K'S N
(A.52)C= .

K,, - 1 Nfe,

This completes the information required to compute the total amount of hydrogen produced from
metal / steam reactions,

i Most of the preexisting hydrogen in the subcompartment will be pushed to the dome when the debris / gas

| plume enters the subcompartment dome, so that hydrogen in the subcompartment is comprised of
blowdown hydrogen and hydrogen produced from metal / steam reactions,

(A.53)Nm(jet) = f,iNE,,cs + Nm (RM) + Nm (Fe) .

|
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This hydrogen will be heated by the DCH event, and the resulting expansion will expel most of this |

hydrogen to the dome. |

Hot hydrogen / steam jets entering the upper dome are expected to burn as standing diffusion flames.
This has been observed in SNL and ANL counterpart DCH experiments. Other experiments in the test
series, however, have shown that if the atmosphere is inerted sufficiently, the combustion of the hot jet

i

can be extinguished entirely. Demonstration that hydrogen jets will not burn under some reactor '

conditions could lead to large margins of safety; consequently, there is a need to define the threshold
conditions for a hot hydrogen jet where oxygen must be entrained from the environment in order to I

sustain combustion.

Williams [1992] has supplied such a threshold condition. Consider a hot hydrogen / steam jet with
temperature T; entering the oxygen-bearing dome region. Hydrogen can burn only if some oxygen-
bearing atmosphere is entrained into the jet. The entrained atmosphere comes in cold, and it must be
heated by combustion to at least the jet temperature,

$N, C,(T; - T ) s 2X 6N,de (A.54)
o2 m *

otherwise the jet temperature cannot be sustained. This cooling of the jet causes a crisis because the
chemical reactions are so strongly temperature dependent. Williams [1992] suggested that there is a
jet temperature of about 1000 K below which combustion could not be sustained. This is closely related
to the autoignition temperature for hydrogen jets, which Stamps and Berman [1991] report to be about
1000 K. This dennes a critical oxygen concentration for the atmosphere,

1 C, T; - T (A.55)
2k _ 2

-
'

Aem

below which jet combustion is incomplete as it cools to the threshold temperature. The critical oxygen
concentration takes its minimum value when the jet temperature just equals the threshold temperature.

This criterion explains only partially the existing experiment database for jet combustion, and it would
not limit jet combustion in most DCH scenarios. More restrictive criteria might be expected when one
focuses on the competition between chemical kinetics and the kinetics of the entrainment/ dilution
processes. These kinetic considerations suggest that the threshold forjet combustion is scale dependent
and much more restrictive at a small scale. Review of a related phenomenon, blowoff of diffusion
flames, also suggests a similar scale dependence. Here, small-scale jets may not burn while combustion
of suf6ciently large jets is absolutely stable. Thus, failure to sustain a diffusion flame in some small-
scale experiments might be an artifact of scale alone and not other DCH conditions. Confirmation of
these ideas might come from 1/6* scale DCH tests to be conducted at Sandia National Laboratories.

The hot hydrogen / steam jet can burn only because oxygen is entrained into the jet; assuming of course,
that the threshold criterion forjet combustion is met. Entrainment also carries some of the preexisting
hydrogen into the hot jet, and this entrained hydrogen can also burn. The total amount ofjet hydrogen
and preexisting hydrogen that can burn in the diffusion flame can be written as
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(A.56)N (flame) = N (jet) + f,, N4m m

where

(A.57)N (jet) = Ns,acs + N (RM) + Nm (Fe)m m

is the total of all hydrogen that is produced in the cavity and subcompartment that has the potential to
reach the dome by vents or through the annular gap around the R. V.P

Stamps' suggested that the fraction of preexisting hydrogen that is entrained and burned in the jet can
be bounded by assuming that enough atmosphere is entrained to burn the jet hydrogen that enters the
dome plus any entrained hydrogen,

l Nm (jet) + X N, = 2 X N, (A.58)
m o2 .

The entrained fraction is then obtained by normalizing the moles of atmosphere entrained by the initial
number of moles in the atmosphere,

N, , N (jet) 1 (A.59)m7"_ .

N Na 2% -- (P

l
Not all the preexisting hydrogen in the containment atmosphere will be entrained into the jet and burn.

'

In general, a quantity (1 - f,y) N m remains. This remaining hydrogen can burn in the dome, subject !

only to possible oxygen limitations, if the peak containment temperature first reaches a temperature of
about 800 K (reactor scale); at which point, autoignition and volumetric combustion of the remaining
hydrogen occurs. Quantification of the autoignition temperature is discussed by Pilch et al.', but it is
worth noting that the autoignition temperature is expected to increase somewhat with decreasing facility
scale.

The total amount of hydrogen burned can be normalized by the total hydrogen burned in the one-cell
model,

N (burned)m (A.60)f =
.%

W tc

8 D.W. Stamps,1992, private communication, Sandia National Laboratories, Albuquerque, NM.

' M.M. Pilch 1993, " AutoignitionTemperatures in DCH Events," to be published in The Probability of Containment Failure
by Direct Containment Heatine in Zion, draft for comment, Sandia National Laboratories, Albuquerque, NM.
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From the preceding discussions, three cases must be considered:

f,=0 (A.61)u

when the threshold criterion for jet combustion is not reached,
_ _

2No2
N,n(Dame) min N (Dame) ; 1 (A.62)

ia,
*

(N,u)ic

when a diffusion Game burns, and

f , = 1.0 (A.63)s

when DCH processes in conjunction with a diffusion name autoignite preexisting hydrogen.

|
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Table A.1 Specific molar properties of debris

*

Co Au (2500) Ah,. r4a

Species J/ mole /K MJ/ mole MJ/ mole mole-H2/ mole

Zr 42.315 0.0932 0.598 2

Al 35.667 0.0785 0.397 1.5
"

Cr 44.668 0.0984 0.207 1.5

Fe 47.712 0.1051 0.002 1

Ni 44.250 0.0974 0 0

UO 126.55 0.2787 0 0
2

ZrO 116.87 0.2573 0 0
2

Al O 163.20 0.3594 0 0
2 3

Corium 75.01 0.165 0.111 0.765

Thermite 74.7 0.0164 0.042 0.843
|

'

* v, mole-H2/ mole also has units of mole-stm/ mole
l

~

Table A.2 Specific molar heat capacity
of containment atmosphere

|

|
C,

Species J/ mole /K

O 25.92

N 24 1
2

HO 32.4
2

H 21.2
2

CO 33.12

Ar 12.5

Atmosphere 28.52
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Table A.3 Representative composition of corium and thermite'

| |

Corium Thermite |

Mass M ole M ass M ole
Species fraction fraction fraction fraction

Zr 0.1250 0.1528 0 0

Al 0 0 0.0130 0.0316

Cr 0.0430 0.0920 0.1080 0.1363

Fe 0.1620 0.3218 0.5050 0.5916

Ni 0.0200 0.0377 0 0

! UO 0.3900 0.1607 0 02

Zro, 0.2600 0.2351 0 0

i Al O 0 0 0.3740 0.24052 3

!

|
Table A.4 Representative composition of a

containment atmosphere

I
| Species Mole fraction !

0 0.10552

N 0.39682

HO 0.48772

H 0.02022

CO 0 |2

Ar 0

|

I
1
|

!
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A.4 Nomenclature

molar heat capacity of debrisCo =

molar heat capacity of the containment atmosphereC, =

fraction of melt ejected into the reactor cavity that is dispersed into the containmentfo,,, =

fraction of the total flow area from the reactor cavity that communicates with thefa =

subcompartment

1-fa = fraction of total flow area from the reactor cavity that communicates withfo =

the upper dome

fraction of hydrogen that could burn in the dome and actually doesf =
%

fraction of blowdown gas coherent with debris dispersalfa =

fraction of melt initially in the RCS that is ejected into the reactor cavityf,y =

equilibrium constantK,4 =

fraction of preexisting hydrogen burnedf,,, =

'

fraction of the containment volume occupied by the subcompartmentfvi =

number of gas moles added to the containment by RCS blowdownN, =

number of moles of debris participating in DCHN, =

moles of hydrogen burned in diffusion flameNm(flame) =

initial number of hydrogen moles in the reactor containment buildingN m,aca* =

moles of hydrogen ejected from the RCS during blowdownNm.acs =

moles of hydrogen produced by oxidizing reactive metalsNm(RM) =

moles of hydrogen produced by oxidizing ironNm(Fe) =

number of gas moles initially in the containmentN =

moles of molten debris initially present in the RPV at the time of vessel breachNa* =

initial moles of iron dispersed in meltNay, =

moles of hot hydrogen sourced to dome as a jet| Nm(jet) =
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moles of steam initially in RCSN mo, acs =

moles of oxygen initially in containment atmosphereNm" =

initial containment pressureP" =

Pacs,1# pressure and initial pressure of the RCS=acs

h#, energy source rate due to debris oxidation=

h,3 energy source rate due to RCS blowdown=

h,.. energy source (sink) rate due to debris / gas heat transfer=

.

energy source rate due to hydrogen combustionQ,.m =

universal gas constantR, =

debris / gas equilibrium temperatureT, =

8 initial temperature of the containment atmosphereT =

T/ initial temperature of airborne debris=

source temperature of hot hydrogen jet ;T =
3

I

reference temperature,298 KT, =

P,cs initial gas temperature of the RCS=

molar internal energy of airborne debrisua =

molar internal energy of the i* species in the airborne debrisu ,i =
a

intemal energy of the entire containment atmosphereU =

internal energy of all dispersed debrisU, =

initial internal energy of the entire containment atmosphere !U =

internal energy of RCS gasUnc3 =
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containment volumeV8 =

RCS volumeV%s =
t

fraction of iron in dispersed melt that is oxidizedX =
%

critical oxygen concentration to support jet combustion(Xo2),,, =

compressibility factor for high-pressure steam near saturationZ" =

GREEKS

C/C, is the isentropic exponent of blowdown gas
_

=y

maximum energy contribution due to blowdownAE, =

maximum energy contribution due to hydrogen combustionAE,u =

maximum energy contribution due to debris oxidationAE, =

maximum energy contribution due to debris oxidationAE, =

molar heat of reaction for hydrogen combustionAe = onz

debris and species oxidation energiesA h ,, A h ,,, =

steam limitation to debris oxidation energy6,,sm =

steam limitation to hydrogen production
Sn2.sm

=

oxygen limitation to hydrogen combustion
bra.o2

=

pressure rise in the containment resulting from the DCH eventAP =

specific molar internal energy of debris referenced to initial temperature ofAu, =

containment atmosphere

total internal energy gained by the containment atmosphereAU =

internal energy gained in subcompartment and upper dome atmospheres,AU , AU2 =
i

respectively

stoichiometric coefficient (moles of hydrogen produced / moles of debris) for debris=v , v ,;a a
oxidation or species

Pressure efficiency for subcompartment and upper dome respectively )=ni, U2
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relative bias between predictions and measurementso,a, =

relative RMS between predictions and measurementso, =m

characteristic entrainment time7, =

characteristic blowdowr time7, =

p heat capacitance ratin=

pi, 42 heat capacitance ratio for the subcompartment and upper dome respectively=

4

4
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