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FOREWORD

Sandia National Laboratories is conducting, under USNRC sponsor-
ship, phenomenological research related to the safety of commer-
cial nuclear power reactors. The research includes experiments
to simulate the phenomenology of accident conditions and the
development of analytical models, verified by experiment, which
can be used to predict reactor and safety systems performance
behavior under abnormal conditions. The objective of this work
is to provide NRC requisite data bases and analytical methods to
(1) identify and define safety issues, (2) understand the pro-
gression of risk-significant accident sequences, and (3) conduct
safety assessments. The collective NRC-sponsored effort at
Sandia National Laboratories is directed at enhancing the tech-
nology base supporting licensing decisions.
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EXECUTIVE SUMMARY

1. CONTAINMENT LOADING AND RESPONSE

Although U.S. commercial nuclear power plants are designed to be
highly reliable and resistant to plant upsets or accidents,
multiple barriers are provided to prevent the release of radio-
active materials in the unlikely event of a severe reactor acci-

dent. The reactor containment building is of particular
importance, since it is the last barrier preventing radionuclide
release to the environment. In order to perform its function,

the containment building must survive stressing phenomena that
may occur during a severe accident. These include (1) inter-
actions of core debris with structural concrete; (2) direct
containment heating caused by pressure-driven expulsion of melt
from the reactor vessel; (3) fuel-coolant interactions (FCIs),
which may create damaging missiles, cause direct failure of con-
tainment structures (e.g., BWR MK II and III pedestal walls), or
lead to rapid pressurization from the gencration of hydrogen,
steam, or both; and (4) hydrogen combustion, which will result in
quasi-static loads from deflagrations or dynamic loads from
accelerated flames and detonations. Key safety equipment must
also survive high temperatures generated during hydrogen combus-
tion. Current severe accident research is directed at under-
standing these phenomena to provide a sound technical basis for
design and evaluation of containment systems and for the develop-
ment of rational accident management procedures.

Highlights of our recent experimental research on these phenomena
are described in this report.

1.1 Ex-Vessel Core Debris Interactions

The purpose of the Ex-Vessel Core Debris Interactions program is
to measure, model, and assess the thermal, gas evolution, and
aerosol source terms produced during core debris-concrete inter-
actions that might occur following a severe nuclear reactor
accident. These source terms are the governing phenomena in any
postaccident containment integrity analysis or risk evaluation.
A matrix of eight tests is being conducted as part of the pro-
gram, This matrix is designated as the SURC (SUSTAINED URANIA-
CONCRETE) test series.

The SURC 4 test accomplished all of its established pretest goals
and was successful in observing and recording all the effects
associated with both steady-state concrete erosion as well as the
additional effects of Zr addition on steel-concrete attack.
These effects were evident in the measured melt pool



EXECUTIVE SUMMARY

temperatures, erosion rates, heat losses, gas flow rate, gas
composition, and aerosol characterization.

The results of the experiment are not reported here because the
experiment has been selected by the Committee on the Safety of
Nuclear Installations as a sample problem for the validation and
testing of existing models for core debris-concrete interactions.
The results of the experiment have been sequestered until the
study is completed. We can report, though, that the CORCON code
accurately predicted the steady-state melt temperatures and
concrete ablation rates observed in the experiment prior to and
subsequent to the addition of zirconium. The essential input
data that would be required to predict the results of SURC 4
using codes such as CORCON, WESCHEL, or INTER are provided,
however. A summary of that input data is provided and includes
the test geometry, the materials used in the test, the test
instrumentation, test procedures, and some initial temperatures
at the test boundaries. The program objectives and specific test
goals are also provided.

Posttest observations of the SURC 4 containment vessel after it
was opened showed that the Mgl sidewalls were intact and that
there was no evidence of melt pool-sidewall interaction other
than thermal dehydration. The molten steel charge had completely
penetrated the bottom of the interaction crucible through a gap
between the Mg0 and the remainder of the basemat. The remainder
of the basemat was not cracked and showed no signs of asymmetric
erosion. PFurther inspection of the steel charge and the slag
material remaining in the crucible showed that 100 percent of the
zirconium metal had been incorporated into the melt.

1.8 ~Pressure Melt ction rect Co t Heat

The High-Pressure Melt Ejection and Direct Containment Heating
program is performing experiments and analyses of the phenomena
associated with the pressurized ejection of core debris into the
reactor cavity. Accident analyses leading to this pressurized
ejection of core debris assume localized failure of the lower
reactor pressure vessel head. Experiments are being planned to
investigate the potential for failure of an instrument guide tube
penetration and the subsequent growth of the aperture during melt
ejection. A finite element analysis was also undertaken to
determine the condition of the lower head under accident
conditions and the influence of thermal strains on the failure of
the reactor pressure vessel.
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The results of the finite element analysis show that thermal
strains increase the magnitude of sag of the lower head and that
the transient stress distribution is altered. Thermal strains,
however, have no significant effect on the time to failure of the
1eactor pressure vessel where the failure mechanism is bursting
of the bottom head.

1.8 Cﬂ!CON and VANESA Code ngvglogaggt

The later stages of a severe nuclear reactor accident are marked
by the deposition of molten core debris into the reactor cavity,
which leads to vigorous interactions between the core melt and
structural concrete. Included in these interactions are rapid
ablation of the concrete with intense aerosol generation and gas
and fission-product release. These phenomena are an important
concern in severe accident source term evaluation, and risk and
consequence assessment .

The CORCON and VANESA computer models were developed at Sandia to
model these ex-vessel core debris-concrete interactions. The
goals of this program are to develop and validate improved ver-
sions of CORCON and VANESA that can be used with confidence in
the analysis of the source term from severe reactor accidents.

Barly comparisons between experimental data and CORCON calcula-
tions indicated that the existing melt-concrete heat transfer
models were inadequate. An improved melt-concrete heat transfer
model was developed and included in a working version of CORCON.
Subsequent comparisons between calculations made using this
version of the code and the results of experiments at Sandia and
Kernforschungszentrum Karlsruhe were, in general, excellent.
Recent comparisons between CORCON calculations and the melt
temperature and ablation results from the SURC 3, SURC 3A, and
SURC 4 experiments were also excellent. The excellent compari-
sons for melt temperature are particularly significant since
aerosol and fission-product release during core-concrete inter-
actions are strongly dependent on the temperature of the core
debris.

Two additional updates to CORCON have been released; these up-
dates are the third and fourth correction sets to the code. The
third correction set, which creates CORCON Version 2.03, was a
complete replacement of the chemistry subroutine, MLTREA. The
fourth correction set, which creates CORCON Version 2.04, imple-
ments the capability of accepting time-dependent input of core
material, structural material, and cooclant. This change was
nscessitated by the advent of improved, mechanistic models for
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in-vessel melt progression, such as MELPROG, which calculate
grudunl melting of core material over a time span of several
ours .

The objective of this program is to develop an undurstanding of
the nature of fuel coolant interactions auring a hypothetical
accident in light water reactors. The understanding of these
interactions achieved in this program is expected to resolve key
reactor safety issues for both terminated and unterminated
accidents. Experiments are being conducteu to determine the
influence of three classes of important independent variables:
thermodynamic conditions (temperatures of the fuel and the
coolant and the ambient pressure); scale variables (amount of
fuel and coolant initially involved); and the boundary conditions
(pour diameter and rate, shape and degree of confinement of the
interaction region, presence of structures, water depth, and
fuel -coolant contact mode) .

The FITS-3D experiment has been conducted, completing the trun-
cated FITS-D series. This experimen. represents the first of its
kind, and it yielded interesting results. Preliminary results
and observations reveal that no axplosive interact! a occurred,
as was expected. The chamber was rapidly pressurize during the
experiment because of the generation of both hydroge: and steam.
During the first 2 or 3 8, the chamber was pressurized from 0.7
to ~1.03 MPa and then more slowly to 1.1 MPa over the next 20 s
or so. Some of the most interesting information, however, is
available from the "real time" mass spectrometer data: Prelimi-
nary analysis indicates that 70 to 80 percent of the final
hydrogen concentration was detected during a 2-s transient.
Furthermore, both grab samples and mass spectrometer results
indicated that almost complete oxidation of the metallic fuel
(iron) occurred during this experiment, a result not expected and
much higher than observed in past FITS experiments.

We also continued to study the coarse-mixing behavior of jets by
performing and analyzing a number of isothermal jet-mixing
experiments. Data obtained included information on breakup
lengths, penetration behavior, and entrainment rates. Flow
regimes primarily covered reactor accident scenarios, for which
no data was available in the published literature.

The first preliminary calculation usir g the IFCI module of
MELPROG was performed. The results are very encouraging in that
they are qualitatively similar to experimental cbservations from
the FITS experiments. The shape of the melt as it falls through
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the water, the propagation speed of the pressure front through
the mixture region, and the final melt size distribution re-
sembles those seen in some of the previous FCI experiments. This
would seem to indicate that IFCI is doing a reasonable job of
simulating the major phenomena occurring during the FCI process,
particularly those operative during the coarse-mixing phase.

We believe that the present calculation represents the first
simulation of the complete FCI process in more than one dimen-
sion, including dynamic fragmentation, Both two dimensions and
dynamic fragmentation appear necessary [or a code to correctly
simulate the coarse-mixing phase, and the presence of these two
key features greatly aids the simulation of the propagation and
expansion phases without having to make simplifying assumptions.

1.5 Hydrogen Behavior

The objectives of this program are (1) to quantify the threat, if
any, to nuclear power plants (containment structure, safety
equipment, and the primary system) posed by hydrugen combustion;
(2) to disseminate information on hydrogen behavior, detection,
control, and disposal; and (3) to provide program management and
technical assistance to the NRC on hydrogen-related matters.

A sensitivity study of several parameters was conducted using
HECTR for an in-cavity oxidation problem. The problem chosen was
an S2HF drain-closed accident sequence in a PWR ice-condenser
containment. Three parameters were studied: (1) the influence
of steam inerting, (2) the operation of the air-return fans, and
(3) the gas release rates predicted by the CORCON codes versus
the MAAP code. Complete in-cavity oxidation is predicted using
the 6-compartment model in HECTR when the steam-inerting effect
is neglected. This compares to an incomplete in-cavity oxidation
and a subsequent global burn when the steam-inerting effect is
included. The global burn produces a larger peak pressure than
the steam overpressurization for the complete in-cavity oxidation
case. With the air-return fans off, a smaller amount of combus-
tible gases will accumulate in the containment before ignition
occurs and will be concentrated in the lower compartment since
the air-return fans do not transport the combustible gases to the
upper compartment. Therefore, the peak pressure is less for the
case with the air-return fans off. Peak pressures are less when
using source terms from the CORCON code versus the MAAP code.
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Experimental and analytical research on detonation propagation
disclosed a new and important area of uncertainty in the detona-
bility of hydrogen-air-steam mixtures at very high temperatures
and high steam concentrations. Three scenarios that may be
affected by this uncertainty are (1) the possibility of local and
global detonations, (2) the direct containment heating problem,
and (3) the in-cavity oxidation of combustible gases produced by
core-concrete interactions. Analytical predictions indicate a
large increase in the sensitivity of an off-stoichiometric or
steam-diluted mixture to detonate with incrca:inflinitiul tem-

perature. These predictions have been experimentally verified up
to 100°C.

In another area of research, the inhibiting effects of steam and
carbon dioxide were quantified. A comparison of the two diluents
indicates that not only is carbon dioxide a better inhibitor than
steam, but it becomes more effective with increasing concentra-
tion.
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2. FISSION PRODUCT SOURCE TERM

The High-Temperature Fission-Product Chemistry program provides
experimental data on the thermodynamics and kinetics of chemical
processes affecting the chemical form of released redionuclides,
the interactions of these radionuclides with structural and aero-
sol surfaces, and the revaporization of deposited radionuclides.
The ACRR Source Term Experiments are in-pile tests of radio-
nuclide release under high-pressure, high-radiation intensity,
and high-hydrogen concentration conditions. They supplement out-
of -pile experiments of radionuclide release being conducted else-
where in the NRC-sponsored research. Both experimental programs
provide crucial data needed for accident models. The primary
thrusts of the experimental programs are to provide data for the
development and validation of the NRC’'s best-estimate model of
fission-product behavior, VICTORIA.

2.1 igh- r -

The purpose of the Fission-Product Chemistry and Transport
program is to obtain data on the chemistry and processes that
affect the transport of fission products under accident condi-
tions, To assist in obtaining data, an experimental facility has
been built to allow the chemistry of fission products in proto-
typic steam-hydrogen environments to be studied. The interaction
of fission products with reactor materials such as stainless
steel are examined in this facility. Results of these experimen-
tal studies are compared to predictions of thermochemical models
to determine if reaction kinetics play an important role in
fission-product transport

Three laboratory scale tests examined the effect of bhoron
carbide, used for the control of some nuclear power reactors, on
reactor accident conditions. The tests, conducted in steam at
1270 K in an Inconel-B800 system, examined the boron carbide-steam
system and then that system with an addition of either cesium
hydroxide or cesium iodide vapor. Extensive reaction was demon-
strated between the boron carbide and steam to produce B0, and
boric acids in a two-step kinetic process. Average ra%o- of
production for the oxide and acids were calculated for the three
tests. These rates were functions of time, temperature, BC
geometry, and partial pressure of the steam and the boric acid.
Significant reactions were observed between the boric oxide
formed on the B,C and both the CsOH vapor and the Csl vapor,
dissociating the cesium and iodine in the latter case. The
cesium reaction product in both cases was probably CsBO,, with
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the iodine forming HI. Surface reaction rate constants were
estimated for the CsOH and the Csl reactions.

Although the JANAF thermochemical tables contain thermodynamic
data from which the vapor pressure of CsOH above the pure liquid
CsOH can be calculated, there has been no previous measurement of
that vapor pressure. The first experimental measurements made in
the temperature range of 704 to 1133 K are discussed in this
report.

2.2 Soure r

The ACRR Source Term program is being conducted to provide a data
base for fission-product release over a range of fuel tempera-
tures, system pressures, and fuel damage states. Significantly,
these experiments are performed in well-controlled, well-known
in-pile conditions and in the presence of innizing radiation,
where little or no data currently exist. The purpose of this
research is to allow development and validation of improved
fission-product release models.

The ST-1 test was successfully conducted on April 28, 1087. This
experiment was the first in a series of tests designed to study
the release of fission products from irradiated LWR fuel elements
under severe accident conditions. It was performed in a highly
reducing environment at maximum fuel temperatures of about
2400 K. Six filter samplers were used to collect fission-product
vapors and gases; five gas grab sample bottles were used to
collect krypton and xenon and to regulate the pressure. Pretest
and posttest gamma scans of the package were performed to
determine fission-product relocation. The filter samplers and
gas grab sample bottles were gamma scanned to measure the fission
products colTocted (primarily cesium). The filter samplers were
disassembled in the Sandia Hot Cell Facility and the filter
components were gamma scanned. The filter components were
leached with water and subsequently 7.5 M nitric acid. Extensive
posttest analyses are under way to measure specific elements.
Cesium and europium are being measured by gamma counting, iodine
with an ion specific electrode, barium and strontium by ion
chromatography, and tellurium by electrochemical voltammetry.
Wavelength dispersive analysis is being used to identify elements
that collected on deposition wires. Posttest analyses are not
yet complete.
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3. LWR DAMAGED FUEL PHENOMENOLOGY

The focus of the LWR Damaged Fuel Experiment program is directed
toward providing separate-effects phenomenological data on
important severe in-vessel fuel-damage processes to aid in the
development of second generation severe accident analysis codes .
The core damage configuration, hydrogen generation, and fission-
product release are the primary areas of interest. The damaged
fuel test series uses cinematography to record the fuel damage
progression during the course of in-pile experiments in which
accident conditions are simulated in a small LWR fuel bundle.
Decay heating in these experiments is simulated by fission
heating of the fuel in the ACRR. Steam conditions and clad
preoxidation, similar to expected accidents in a local region of
a degrading core, are provided. Experiment diagnostics include
thermocouple measurements of the test bundle temperatures,
pressure and steam flow measurements, and measurement of hydrogen
production, in addition to the visual recording of the damage
progression. Destructive examination of the test bundle is
carried out, including metallographic characterization.

8.1 DF-4 BWR Control Blade/Channel Box Fuel Damage Experiment

The NRC-sponsored Debris Formation and Relocation experiments
being performed at Sandia provide data on the effects of key
variables and conditions on the progression and severity of core
damage processes. In addition to steam conditions and initial
clad oxidation, steam flow rates, system and rod internal pres-
sures, and the effect of contreol rod materials on damage are
provided.

The DF-4 experiment was the first test of this kind that used a
BWR zircaloy fuel canister and stainless atocl/BJJ control blade,

Major uncertainties concerning BWR accident progression addressed
in DF-4 included:

1. The relative heatup rate and oxidation behavior of the
BWR fuel clad/canister wall /control blade structures.

2. The potential interaction between the B.C powder in the
control element and steam.

3. The timing and mode of control rod failure either by
melting or eutectic liquefaction.

4. The interaction effects between the steel contrel struc-
tures and the zircaloy channel box wall.
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&§. The integrity of the channel box with respect to side
wall damage.

6. The potential for tight blockage formation within the
channel box.

The test bundle thermal response was characterized through the
thermocouple measurements of the fuel rods, channel box, and
control blade structures. The measurements indicated massive
failure of the control blade and channel box structures, with
failure of the BC filled steel control blade preceding failure
of the zircaloy éhannol box. These major relocation events were
also evident from the video record of the test bundle obtained
during the damage sequence, correlating well with the on-line
temperature measurements with respect to timing of failure and
relocation. Radiographic examination of the posttest damage
configuration confirmed the large extent of control blade and
channel box failure, showing that roughly 90 percent of the axial
extent of these structures failed and relocated to the base of
the bundle, although the fuel rods were largely intact and
standing.

A thermal analysis, using the ORNL-developed MARCON-DF4 computer
code, was accomplished. An important element of the analysis was
in the consistent evaluation of all of the assumed values of the
test parameters, such as ACRR test bundle power coupling, test
bundle inlet steam flows, and the measurable quantities such as
bundle temperatures and hydrogen production rate. The results of
the analysis indicate that the test data were generally absent of
any inconsistent or unexplainable trerls, and the thermal compar-
i-on;lbnmwccn calculation and experimental measurements were
excellent .

Activities ongoing for this experiment include destructive exami-
nation and metallurgical characterization of the test bundle,
analysis of the hydrogen production data, and analysis of the
W/Re high-temperature measurements.

-10-
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4. MELT PRUGRESSION PHENOMENOLOGY CODE DEVELOPMENT (MELPROG)

The MELPROG computer code is being develcped to provide a mechan-
istic computer model for analysis of in-vessel phases of severe
accidents in LWRs. MELPROG is implicitly linked to the TRAC-PF1
thermal hydraulics computer code. Together, MELPROG and TRAC
provide a complete and integrated treatment of an LWR primary
coolant system from accident initiation through release of core
materisls and fission products from the reactor vessel. MELPROG
is als being linked to the CONTAIN reactor analysis computer
code. WELPROG provides core material transfer rates and thermo-
dynamic conditions to CONTAIN. Currently there is no feedback
from CONTAIN to MELPROG.

MELPROG has been developed as a set of modules that are coupled
explicitly and share a common data structure. MELPROG consists
of eight modules (FLUIDS, CORE, STRUCTURES, DEBRIS, RADIATION,
VICTORIA, IFCI, and EJECT) and the implicit link to TRAC-PF1.
The modular structure of MELPROU has been designed to treat
tightly coupled phenomena within a module and to provide a frame-
work that easily could be modified by changing individual models
or whole modules.

4.1 MBELPROG Code Development

MELPROG development is continving and has included work on
several modules; however, the major efforts have centered on the
CORE and DEBRIS modules. A new treatment of eutectic formation
has been added to the CORE module. This model provides for the
gimultaneous dissolution of U0, and Zr0, by a eutectic mixture of
U-2r-0. A new, more detailed babriu—bod model is being developed
to replace all or part of the current module. DPevelopment work
has alco continued on the IFCI and VICTORIA modules.

4.2 MELPROG Code Applications

MELPROG is currently being used in the analysis of the DF-1 and
DF-2 experiments. These calculations have been carried out
through significant material relocation. Also, a TMLB’ accident
calculation is under way for the Surry reactor. This calculation
is being performed with MELPROG/TRAC and is the first full
reactor calculation to use the CORE module. This calculation,
also, includes coupling to CONTAIN.

~11
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4.3 MELPROG Validation Experiments

Experiments were done to determine if simulated reactor core
debris could be heated directly by a magnetic field. Success of
this technique would allow molten pools to be formed without
interference from inductive susceptor rings. A second series of
tests was completed to assess the influence of a Faraday ring on
a stacked coil configuration. The results indicate that a
Faraday ring is very effective in shielding a workpiece from the
magnetic field. This technique will be used in experiments
studying failure of instrument tube penetrations into Lhe lower
head of a reactor pressure vessel.
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REACTOR SAFETY RESEARCH
SEMTANNUAL REPORT
January-June 1987

1. CONTAINMENT LOADING AND RESPONSE

Although U.S. commercial nuclear power plants are designed to be
highly reliable and resistant to plant upsets or accidents,
multiple barriers are provided to prevent the release of radio-
aciive materials in the unlikely event of a severe reactor acci-
dent. The reactor containment building is of particular
importance, since it is the last barrier preventing radionuclide
release to the environment. In order to perform its function,
the containment building must survive stressing phenomena that
may occur during a severe accident. These include (1) inter-
actions of core debris with structural concrete; (2) direct
containment heating caused by pressure-driven expulsion of melt
from the reactor vessel; (3) fuel-coolant interactions (FCls),
which may create damaging missiles, cause direct failure of con-
tainment structures (e.g., BWR MK II and II] pedestal walls), or
lead to rapid pressurization from the generation of hydrogen,
steam, or both; and (4) hydrogen combustion, which will result in
quasi-static loads from deflagrations or dynamic loads from
accelerated flames and detonations. Key safaty equipment must
also survive high temperatures generated during hydrogen combus-
tion. Current severe accident research is directed at under-
stasding these phenomena to provide a sound technical basis for
design and evaluation of containment systems and for the develop-
ment of rational accident management procedures.

Highlights of recent experimental research on these phenomena are
described in this report. The recent developments in models of
core debris interactions with concrete--CORCON and VANESA--are
also described. The experimental results are not only being used
to support model development for CORCON and VANESA, but also for
the integrated systems containment code, CONTAIN, and the melt
progression code, MELPROG. FCI experiments are underway to
investigate the behavior of single and multiple molten fuel jets
pouring through water and to determine the rates of generation of
hydrogen and steam. Based on these experiments, phenomenological
models are being developed and incorporated into the MELPRUOG
module, IFCI, developmeni, applications, and assessment of this
module is an active area of FCI research. Hydrogen detonation
experiments are being completed in the Heated Detonation Tube.
The ZND model is being assessed against these data and extra-
polated to estimate detonability in untested regions of high
temperature and high steam concentration. Work is also con-
tinuing on the development and validation of the HECTR code.
HECTR combustion models are being incorporated into CUNTAIN as
soon as feasible.

..13_,



: . Copus, 3 . rowers, . E. Brockmann, and R. E.
Blose, 6422; D. R. Bradley, 6425)
The high-temperature ablation of concrete by molten nuclear
reactor core debris has been recognized as an important aspect in
radiocactive source term evaluations for core meltdown accident
scenarios. A core welt-concrete interaction can produce large
quantities of noncondens. ble gases and aerosols laden with
fission products. Combustible gases such as hydrogen and carbon
menoxide as well as heat are liberated simultaneously. If
combustion of these gases occurs, then significant pressurization
of the containment can be expected, possibly even threatening
containment integrity. The long-term behavior of a core melt-
concrete interaction may include significant erosion of the
concrete basemat, possibly even melting through the floor.

1.1.1 Sustained Urania-Concrete Interactions (SURC): BExperi-
ments and Analysis

The Ex-Vessel Core Debris Interactions program is intended to
measure, model, and assess the thermal, gas evolution, and
aerosol source terms produced during core debris-concrete inter-
actions that might occur following » severe nuclear reactor acci-
dent . These source terms are the governing phenomena in any
postaccident containment integrity analysis or risk evaluation.
A matrix of eight tests is being conducted as part of the pro-
gram. This matrix is do-i(nstcg as the SURC (SUSTAINED URANIA-
CONCRETE) test series.

In addition to extending the existing data base to include more
prototypic core debris-concrete interactions, the SURC experi-
ments are designed to provide information nscessary to validate
three important aspects of ex-vessel core debris-concrete inter-
actions models. These are (1) heat transfer mechanisms, (2) gas
release chemistry, and (3) vaporization release of aerosols.
Both integral tests using UO,—ZrD' materials (SURC 1, SURC 2,
SURC 5, and SURC 6) as well as separate effects tests using
stainless steel (SURC 3, SURC 4, SURC 7, and SURC 8) will be
conducted.

The first two tests in the SURC series were designed to be
integral tests using a 250-kg mixture of 69 w/o Uﬂ,—22 w/o Zrﬂ.-
@ w/o Ir over a 40-cm diameter concrete basemat formed from
either limestone concrete (SURC 1) or basaltic concrete (SURC 2).
Tests 3 and 4 in the SURC series were designed to be separate
effects tests using stainless steel, which investigated the addi-
tional effects of zirconium metal oxidation on sustained core
debris concrete interactions. In tests SURC 3 and SURC 4, 2r
metal was added to molten stainless steel to create melt pools
with up to 10 percent Zr interacting with two different concrete
basemats. The tests were inductively heated in order to sustain

14~



the molten attack and lasted as long as 4 h. The molten steel
charge ablated either limestone (SURC 3) or basaltic (SURC 4)
concrete until steady-state erosion and gas release were estab-
lished, Zirconium metal was then added to the melt pool, and ite
effects on gas release rates arnd gas chemistry were observed.
Together, SURC 3 and SURC 4 are expected to provide validation
data for gas release chemistry models in the CORCON code, par-
ticularly with regard to the severity and duration of any cokin

effects, which are predicted to produce extraordinary amounts o

carbon monoxide iwmediately after the rircecnium is fully oxi-
dized. At present, the CORCON code calculates that the H,0 and
CO, released from the concrete will be almost totally reduced by
Zr in the melt, forming 2r0,, H,, and elemental carbon. Virtu-
ally no gas other than hyarogcn is predicted to be released
during this reduction phase. After neariy all of the Zr metal is
oxidized, the residual element-~i carbon is expected to react with
C0, or H,0 to form carbon wonoxide. When this occurs, the gas
release rate is expected to double the steady-state value since
two moles of gao are produced from each mole of gas evolved from
the concrete. SURC 3 and SURC 4 were instrumented to test this
predicted behavior.

The SURC 4 experiment used 200 kg of 304 stainless steel and 20
kg of Zr metal as the charge materials. It was designed to be a
comprehensive test examining the additional effects of zirconium
metal added to molten steel interacting with basaltic concrete.
The goals of the experiment were to measure in detail the gas
evolution, aerosol generation, and erosion characteristics asso-
ciated with steel-zirconium-concrete interactions.

The SURC 4 experiment was conducted in a B0-cm-diameter interac-
tion crucible constructed with a 40-cm-diameter basaltic concrete
cylinder in the base of a magaesium oxide (Mg0) annulus. A 10-cm
thick, circular cover nf MgD was fabricated and placed on top of
the crucible. The interaction crucible and induction coil were
housed in a sealed, water cooled, aluminum containment vessel. A
schematic of this vessel and the rest of the instrumentation for
the test is shown in Figure 1.1-1. The vessel was 180 cm high,
120 cm in diame.er, and contained feedthroughs for the induction
power leads, instrumentation leads, and an exhaust gas port
connected to the flow and aerosol vampling instrumentation. The
interaction crucible was instrumented with numerous thermocouple
arrays cast into the concrete cylinder, Mg0 annulus, and MgO
cover. A 280-kW induction power supply and coil were used to
heat and melt the 200-kg stainless charge within the test article
and to sustain the interaction for the duration of the experi-
ment.. Addl tionally, 8 kg of fission-product simulants were added
to the melt to study fission-product release. Flow rates of
generated gases were measure. using a sharp edge concentric
orifice, a laminar flow device, and two dry gas clocks. Gaseous
effluents produced during the experiment were monitored and
sampled using an infrared gas analyzer. a mass spectrometer, and
an in..gral grab sample technique. Aerosols were captured on

156-



VACUUM PUMP
(TYPICAL)
—_—
DILUTOR —
(TYPICAL)
/ GRAB SAMPLES
C0/C05 MON ITOR
/ OPACITY
MON I TOR

. / PECTROMETERS

,9[ -

CASCADE CYL INDER

FILTERS

! | INTERACT 10

YU CRUC I1BLE

s .

WATER TRAP (o,

N N°
of. e
' NI\
. Ol \jraf :
| 1NouCTION C——-v p ;{..‘.::\\ o
POWER “A:..'O; No
i SUPPLY | :5
R

Figure 1.1-1.

FILTER
CONTAINMENT
VESSEL

= o .
ASME ..El/: GRAVEL j

ORIFICE

TURBINE METER =

To— ‘—, EXHAUST —--

ARGON
PURGE

GAS CLOCK

PRESSURE TRANSDUCERS (TYPICAL)

— CASCADE IMPACTORS

CRITICAL ORIFICE (TYPICAL)

TYPE K THERMOCOUPLES
(TYPICAL)

LAMINAR FLOW
DEVICE

SURC 4 Schematic



filters, cascade impactors, and a cascade cyclone. Erosion
characteristics were measured using Type K, S8, and C thermo-
couples in order to define the melt pool temperature and overall
heat balance as well as the axial erosion rate. The apparatus
was sealed and purged with argon gas in order to direct the
majority of the reaction gas and aerosol effluents through a 5-
cm-diameter flow pipe. The SURC 4 test was run at local atmos-
pheric pressure (0.83 atm) and at an ambient temperature of 25°C.

The zirconium metal was added to the melt pool after steady-state
concrete erosion was established using a single tube, manually-
actuated, delivery system attached vertically to the containment
vessel. The tube contained 50 Zr cylinders each with a diameter
of 3.3 cm and a length of 7.6 cm. Each cylinder weighed 400 g
and the total charge weighed 20 kg. Deposition into the melt
pool was accomplished by opening a ball valve to the gas flow
line, dropping the Zr metal, and closing the ball valve to
reestablish flow th+ough the exi. port.

The SURC 4 test was designed to provide comprehensive, redundant,
and well-characterized information on the steel-zirconium-
concrete interaction that would be suited for code validation
efforts. The SURC 4 test ran for a total of 162 min. The data
return was excellent and all of the test goals were successfully
met .

1.1.1.1 Materials

The interaction crucible used in the SURC 4 experiment was of a
cylindrical geometry. The crucible consisted of three major
components; lower crucible, upper crucible, and cover. The
annulus of upper and lower crucible and the cover were cast using
a MgOD castable refractory material. Basaltic concrete was cast
into the base of the lower crucible. A detailed description of
the interaction crucible including dimensions and thermocouple
locations is discussed in Section 1.1.1.3.

* Magnesium Oxide (Mg0) Castable

The annulus of the crucible was cast using an Mg0 castable mate-
rial manufactured by Kaiser Refractories ~alled K/R Cast-98.
This material is a superior Mg0 castable produced from critically
sized 98+ percent Mg0 periclase and bonded with a special chrom-
ate composition. K/R Cast-98 can be vibrated to exceptionally
high densities. This material resists melt penetration and
provides outstanding resistance to highly basic slags. This
material also has excellent volume stability and is commonly used
for crucibles in the steel industry. The chemical composition of
K/R Cast-98 is lLiown in Table 1.1-1.
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Table 1.1-1

Chemical Composition of K/R Cast-98"
Mg Castable Refractory

Oxide Weight %
MgO 07.1
$i0, 0.4
Alzoa 0.1
Fenﬂ' 0.3
Cal 1.0
CrzO, T ok

*K/R Cast-98 is a product of Kaiser Refractories, 300 Lakeside
Drive, Oakland, CA 04643,

Data Obtained from Basic Ramming and Casting Mixes Bulletin
Published by Kaiser Refractories.

The Mg0 castable was mixed by placing a known mass of dry mate-

rial into a clean paddle-type mixer. Clean drinking water was
then added, 5 percent by weight, to the castable material and
mixed for at least 2 min. Once a homogeneous mixture was

achieved, the mix was carefully placed into the casting forms
with small scoops and shovels. Two types of vibrators, operating
at 10,000 to 12,000 vibrations/min were used to densify the mix
and remove entrained air. A pneumatically operated eccentric
vibrator was attached to the brackets mounted to the steel
casting forms. Another mechanical vibrator called a "stinger"
was inserted directly into the mix to enhance densification.

After casting, the mix was cured at ambient temperature (15° to
36°C) for 24 h. Then the forms were placed in an oven and
initially heated at a rate of 40°C/h to 265°C. The casting was
held at temperature for 12 h. The total curing cycle took 24 h.
During the baking period, two K-type thermocouples were connected
to a strip chart recorder to monitor the curing temperature. One
thermocouple measured the ambient oven temperature; the other
thermocouples was cast into the annulus and measured the actual
temperature of the annulus.

The thermal behavior of the K/R Cast-08 was characterized by
thermal gravimetric analysis (TGA). This analysis was performed
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with a Dupont 790 thermal analysis apparatus with a 1870 K DTA
cell and Model 950 TGA attachment.

The TCA was performed in dry air with a flow rate of 50 cm'/min.
The heating rate was 10 K/min from room temperature to 1400 K.
The sample had been air cured for 24 h followed by baking at
470 K for 24 h, then allowed to air cool for an additional 24 h
prior to thermal analysis. Weight losses indicated in the
thermogram are attributed to the release of free and bound water.
This sample showed a 4.0 w/o loss due to release of free water
between ambient temperature and 700 K. From 700 to 1000 K, an
additional 0.2 w/o loss of bound was observed, which is probably
due to the decomposition of brucite (Mg(OH),).

The thermal properties of the castable K/R Cast-98 have been
extensively investigated. In addition to industry data, experi-
ments were conducted at Sandia to study the thermal response of
the Mg0 to intense heating conditions similar to those expected
during an experiment. These experiments were carried out at the
Sandia Solar Tower where a Mg0 specimenswas 3ubjected to igcidegt
solar fluxes in the range of 6.5 x 10" W/m" to 1.4 x 10" W/m".
The test specimen was 45 cm x 45 cm x 8 cm and was cast of the
K/R Cast-98 material. The test specimen was well instrumented
with seventeen, 1.5-mm diameter type K thermocouples, located
from 0.3 cm to 6.3 cm below the exposed surface. The test speci-
men was mounted in a frame compatible with the Solar Tower
assemblies. The incident flux was monitored by heat flux gauges
deployed along the top and side of the test specimen. The back
of the test specimen was well insulated in order tn approximate
an adiabatic boundary condition.

A typical thermal history of the specimen is shown in Figure
1.1-2. As one can see, the temperature rise is interrupted at
373 K. This is due to the release of the free water in the
castable material. The material continued to be heated until
approximately 1673 K, then the solar heat flux was removed and
the test specimen was allowed to cool.

The data were analyzed by the "PROPTY" code developed by J. V.
Beck. The code determines the thermal conductivity of a material
that fits a set of temperature response curves for specific
interval and boundary conditions.

The PROPTY prediction of the thermal conductivity of the Mg0 is
shown in Figure 1.1-3. The presence of the free water within the
castable material causes minor problems in the analysis of the
experimental data. As shown in Figure 1.1-3, the predicted
thermal conductivity is slightly higher for "wet" or uncured
material than it is for "dry" or fully dehydrated Mg0 castable.
A check of the relative accuracy of the values of the conductiv-
ity is demonstrated by comparing the predicted thermal response
with the actual experimental data. As shown in Figure 1.1-2,
excellent agreement is achieved. The absolute values of tharmal
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conductivity (k) are dependent on the initial value set in the
PROPTY code. This value is fixed, and the values of k at other
temperatures are allowed to vary in order to determine the best
value of k. Thermal conductivity data for 98 percent dense
magnesium oxide are also shown in Figure 1.1-2. It is readily
apparent that the thermal conductivity of the K/R Cast-98 is much
less than the highly densified Mgo. The conductivity of the
castable material is quite dependent on density and method of
preparation. Another determination of the thermophysical prop-
erties of K/R Cast-98 was performed by Purdue University.

The density of the K/R Cast-98 material was also investigated.
The bulk éen31ty of the material used in SURC 4 was found to be
2680 kg/m" as compared to the theoretical density for Mg0 of 3590
kg/m®.

* Concrete Material

The base of the interaction crucible was constructed of basaltic
concrete. This concrete was used because it is typical of that
used in the construction of nuclear power plants. Materials
making up this type of siliceous concrete are found throughout
the United States. This concrete melts over a range of 1373 K
(1100°C) to 1673 K (1400°C) and typically liberates 1.5 w/o CO,
gas and 5 w/o H,0 vapor when heated to melting.

The casting of the concrete was performed by mixing the concrete
constituents in a clean paddle mixer. Once a homcgeneous mixture
had been achieved, the mix was carefully placed into the casting
forms and vibrated as previously described.

Table 1.1-2 summarizes the chemical composition of the basaltic
concrete.

Four 10.2-cm diameter x 20.3-cm long test cylinders were cast
with the concrete slug to measure the compressive strength at 7,
14, 28 and 55 (day of the experiment) days. The concrete cylin-
der was cured at ambient temperature conditions--nominally 20° 2
10°C. Compressive strengths for the SURC 4 concrete ranged from
17 to 30 MPa, which is very typical of other basaltic-type
concretes.

The thermal behavior of the concrete can be characterized by
thermal gravimetric analysis (TGA), derivative thermogravimetric
analysis (DTGA), and differential thermal analysis (DTA). The
thermogram produced by TGA for the SURC 4 basaltic concrete indi-
cated a free water content of 1.5 percent, a bound water content
of 1.5 percent, and a CO, content of 3 percent. These results
are also typical for basaltic concretes.

* Charge Material

The melt charge used in this experiment was a =olid cylinder of
304 stainless steel having a mass of 200 kg. The cylinder was
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Table 1.1-2

Chemical Composition of Basaltic

Concrete
Oxide Weight Percent
Fezo. 8.3
CraO. -
MnO -
TiO’ 1.1
KJ) 5.4
Na,O 1.8
Cal 8.8
Mg0 6.2
SiO, 55.2
Alao. 8.3
CO2 2.6
H20 4.2
SO 0.2
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35.6 cm in diameter and 25.4 cm high. The composition of the 304
stainless steel cylinder is shown in Table 1.1-3.

Twenty (20) kg of zirconium metal were added to the melt-concrete
interaction after steady state concrete erosion was observed.
The zirconium was in the form of solid cylinders, 3.3 cm in diam-

eter and nominally 7.6 cm long. These cylinders were saw cut
from a rod 3 m long. The chemical composition of the zirconium
is shown in Table 1.1-4. The elemental analysis is taken from

the top, middle, and bottom of the ingot from which the rod was
fabricated.

* Fission-Product Simulants

In order to evaluate the transport of fission products during the
melt-concrete interaction, various chemical species, listed in
Table 1.1-5, were added to the melt prior to heating. These were
added to the charge prior to initial heating as a homogeneous
powdered mixture. One-third (approximately 2 cm) of the mixture
was below the steel slug, one-third was in the gap between the
slug and the MgO wall, and one-third was above the steel slug.
Due to the porosity (50 percent), low conductivity, and high
melting point of the mixture, the fission-product simulants acted
as an insulator to the stainless steel slug until the charge
became molten.

1.1.1.2 Experimental Apparatus

The major components of the SURC 4 experimental apparatus, as
shown in Figure 1.1-4, included a sealed, water-cooled, contain-
ment vessel, interaction crucible, induction coil, and zirconium
delivery tube. These components are described in the following
sections. The remainder of the SURC 4 apparatus including the
exit flow piping and the gravel bed filter are described in
Section 1.1.1.4.

* (Containment Vessel

An aluminum containment vessel was used in SURC 4 to ensure that
nearly all of the reaction products would pass through the
instrumented exit flow piping. The vessel was fabricated in two
sections using 2.5-cm thick, weldable 6061-T6 aluminum alloy.
The two sections were assembled using twenty-four, 1.4-cm-
diameter hex head bolts and nuts to secure the mating flanges.
The flange of the lower section incorporated a double O-ring for
sealing. The vessel was supported by four 10-cm diameter x 45.7-
cm long legs welded to the bottom of the lower section. Basic
components of the vessel are shown in Figure 1.1-5. The in}ernal
volume of the vessel was calculated to be approximately 2 m
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Table 1.1-5

SURC 4 Fission-Product Simulants

Fission Product Quantity (kg) Category
Molybdenum 2.0 Early Transition Element
Tellurium 0.5 Chaleognes
Lanthunum Oxide 1.17 Trivalents
Cerium Oxide 1.23 Tetravalents
Barium Oxide i1 Alkaline Earths

TOTAL 6.0

Aluminum (6061-T8) tubing 2.5 cm in diameter was welded to the
outside and top of the vessel at a pitch of approximately 10 cm.
This tubing was used to circulate a mixture of 50 v/o ethylene

glycol in water to cool the vessel during the experiment. The
bottom of the vessel was cooled by means of three large reser-
voirs welded to the bottom of the vessel. The tubing and

reservoirs were connected in series to form a single cooling
circult.

Bolted, flanged ports located in the lower section of the vessel
were used to provide feedthroughs for power and instrumentation
leads and for mounting fittings to connect a pressure transducer
and tubing for supplying argon purge gas. Another port was
fitted with a spring-loaded safety diaphragm calibrated to open
at 15 psig to eliminate the potential for over pressurization of
the vessel. A 3-in diameter flange port located in the base of
the vessel was used as a feedthrough for all crucible thermo-
couple terminations. The sheaths and extension wires for all the
thermocouples were pulled through a mating 90-degree flanged
elbow. The elbow was filled with epoxy and allowed to cure,
encapsulating the instrumentation leads and thermocouple sheaths.
The elbow was then bolted to the flanged port, sealing the
instrumentation cabling. A flanged port in the top of the vessel
was fitted with a 2-in OD x 0.062-in wall x 1-m long 304 stain-
less steel tube. This tube connected the interaction crucible
with the flow system instrumented for sampling evolved gas and
aerosols and measuring gas flow rate.
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The inside floor of the lower vessel was lined with 6 in of
standard refractory Mg0O brick and back filled with fine MgO
powder. The perimeter of the floor was built-up with an extra
layer of bricks 6 in high and 2 in thick. This was done to
protect the vessel from melt attack should any molten material
breach the interaction crucible during the experiment.

The vessel was pressure tested and certified to operate either in
a partial vacuum or up to 20 psig.

* Interaction Crucible

The interaction crucible for SURC 4 was designed to limit con-
crete erosion to the downward or axial direction. The materials
used in the construction of the interaction crucible have been
discussed in detail in Section 1.1.1.1. The main body of the
crucible was cast in two sections--namely the upper and lower
crucible. The overall dimensions of the crucible were 60 cm in
diameter x 100 c¢m high with a 40-cm diameter by 680-cm deep
cavity. Cast into the bottom of the lower crucible was an
instrumented basaltic concrete 40-cm diameter x 40-cm thick
cylinder. The upper crucible was cast with an ananular step and
the lower crucible with a mating annular recess. The two
crucible sections were assembled and sealed with Saureisen Cement
No. 31.

The annulus of the upper and lower crucible and cover were cast
using a reusable steel casting form constructed in a clam shell
arrangement. Bolts were placed through the crucible cover and
threaded into brass anchors cast into the upper crucible securing
the cover.

Approximately 0.18 o’ of Mg0 castable ceramic and 0.05 m® of
basaltic concrete were required per crucible cast. The total
estimated mass of the crucible was:

Annulus - Mg0 Castable

Volume - 0.15 m®° @ 2680 kg/m® = 402 kg
Cover - Mg0D Castable

Volume - 0.03 m® @ 2680 kg/m’ = 80 kg
Concrete Cylinder - Basaltic Concrete

Volume - 0.05 m® @ 2400 kg/m® = 120 kg

TOTAL MASS 602 kg
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The annulus, concrete cylinder and crucible cover were instru-
mented with 95 Type K thermocouples cast into the crucible in 16
arrays to measure thermal response. Additionally, six Type S and
six Type C thermocouples installed into six alumina tubes were

cast into the basaltic concrete cylinder to measure melt tempera-
ture.

A total of 60 thermocouples were cast into the concrete in three
arrays. The array containing thermocouples designated C1 through
C20 was located on the axial centerline at odd (1, 3, 5, etc.)
centimeter depths. The array containing thermocouples designated
C21 through C40 were located on a line parallel to the center
axis at a radial distance of 10 cm. These thermocouples were
located at even centimeter depths. The third array was identical
to the center axis array except that it was located near the
perimeter of the concrete cylinder at a radial distance of 18 cm.
The sheath of each thermocouple was bent at an angle of 4O
degrees ten sheath diameters from the tip. This was done to

mirimize the errors caused by heat conduction down the metal
sheath.

Six 4-hole alumina tubes were cast into the concrete slug
parallel to tne axial centerline, 60 degreee apart at a radial
distance of 14 cm. One Type S and one Type C thermocouplus
located at various depths from the surface of the concrete
cylinder were installed in each tube. These thermocouples were
used to measure melt temperature, and their lecations are tabu-
lated in Table 1.1-8. Figure 1.1-6 shows an installation of a
typical thermocouple array and alumina tube installed with the
Type S and Type C thermocouples.

Table 1.1-6

Location of Thermocouples Installed in the Alumina
Tubes and Cast Into the Concrete Cylinder, SURC 4

Tube Thermocouple Thermocouple r )

-2
Number No. Type (cm) (degree) (cm)
1 Al S 14 30 1
4 A2 C 14 210 4
3 A3 S 14 150 j
6 A4 C 14 330 10
5) A5 S 14 270 13
2 AB C 14 Q0 16
| A7 S 14 30 19
4 AR C 14 210 22
3 A9 S 14 150 26
6 Al0 C 14 330 o8
5 All S 14 270 31
2 Al2 C 14 Q0 34
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Thermocouples used to monitor sidewall temperatures in the Mg0
annulus of the crucible were installed into precast Mg0 cylinders

prior to casting as shown in Figure 1.1-7. The ends of the
cylinders, conformed to the curvature of the annulus of the
casting forms, provided a good fit. The cylinders were bolted to

the inside diameter of the outer steel crucible form by threading
a small hex head bolt into a small brass anchor cast into the Mgl

cylinders. This method for installation of sidewall thermo-
couples accurately positioned the thermocouples, which was
critical for heat flux calculations. The thermocouple tips were

oriented in a horizontal plane parallel to the base of the
crucible and perpendicular to the thermal front.

Two thermocouple arrays were cast into the crucible cover. The
thermocouples were installed into precast Mg0 cylinders like the
arrays cast into the annulus.

* Induction Coil

The induction coil used in the SURC 4 experiment was designed and
built by Inductotherm Corporation. The coil was fabricated with
3.8-cm 0D copper tubing having 20 turns with a pitch of 4.2 cm.
The coil was supported by six equally spaced hard rock maple
columns 7.5 x 6.6 x 100 cm long attached to the outside of the
coil. The dimension of the coil was 61 cm ID x 71 cm high.
After the coil was placed around the crucible and centered on the
stainless charge inside t'e aluminum containment vessel, fiber-
glass cloth was attached 1> the outside of the support columns.
Fine Mg0 powder was placed 'etween the crucible and coil and dry
K/R Cast-98 was placed betw:2en the coil and fiberglass shroud.
This was done to protect the coil from contact with debris if the
crucible were to fail.

* Zirconium Delivery Tube

The zirconium delivery tube was attached to the vertical leg of a
stainless steel tee used to connect the gas and aerosol exhaust
tube exiting the top of the containment vessel to the flow
system. The delivery system is shown in Figure 1.1-8. Mounted
to the top of the tee was a ball valve having a 3.8-cm diameter
opening. Threaded to the inlet port of the ball valve was a
3.8-cm diameter black steel pipe 3 m long. Fifty zirconium metal
cylinders (3.3 cm in diameter by 7.6 cm long) were stacked end-
to-end in the pipe. Each cylinder weighed 400 g. At Lhe desig-
nated time in the experiment, the ball valve was opened, deliver-
ing 20 kg of zirconium to the molten stainless steel pool.

1.1.1.3 Instrumentation and Calibration

The HP 1000 acquisition system used 166 data channels to record
the results of the SURC 4 test. O0f these, 135 were thermocouple
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channels. Sixty thermocouple channels were used to monitor axial
erosion in the concrete. An additional 45 thermocouple channeis
were used to record temperatures in the crucible sidewalls and
lid. Eight thermocouples were located in the flow system to
monitor the temperature of the effluent gases. Eight more
thermocouples were used to monitor the temperature within the
aerosol collection system, and the last fourteen thermocouple
channels were used to record the melt pool temperature.

Thirty-one data channels were voltage channels. Ten of these
were used to monitor pressure and flow through the system. One
was used to record the relative opacity of the gas stream. Five
more were used to measure the induction coil power and coolant
flow levels. Four were used to monitor the composition of the
effluent gas and the last 11 were used to record aerosol data.
All of these instrument channels were recorded using the HP 1000
data acquisition system. Each channel was recorded every 10 s
for the first 90 min of the test .nd every 3 s thereafter.

In addition to the HP 1000 data system, data were sampled and
stored with the SEDS aerosol system (14 channels), the gas grab
sample system (32 channels), the Infocon Mass Spectrometer (10
channels), and a video camera and recorder system.

¢ Thermocouple Instrumentation

A total of 60 thermocouples divided into three groups were cast
into the concrete slug of the interaction crucible. The relative
locations of the thermocouples were discussed in Section 1.1.1.3.
One typical array of 20 Type K thermocouples was located on the
axial centerline. Thermocouples in this array were spaced 1 cm
apart. These thermocouples had a 0.16-cm diameter, 304 stainless
steel, ungrounded sheathes. The sheath of each thermocouple in
the axial array was bent at an angle of 90 degrees at a minimum
of 10 sheath diameters from the tip. The bent tip of the thermo-
couple was located in a plane parallel to the concrete surface
and thus parallel to the propagating isotherm. This was done to
minimize the errors caured by heat conduction down the metal
sheaths., Six sets of one Type S and one Type C (Tungsten 5
percent Rhenium versus Tungsten 26 percent Rhenium) thermocouples
were mounted in alumina tubes and cast into the concrete. The
alumina tubes were 0.64 cm in diawreter and contained four 0.2-cm
diameter holes in which the thermocouples were installed. The
Type S thermocouples installed in the alumina tubes were 0.16 cm
in diameter and had ungrounded tantalum sheathes. The Type C
thermocouples also had a 0.18-cm, ungrounded tantalum sheath.
These alumina tube arrays were cast into the concrete slug on a
radius of 14 cm from the axis and at 60-degree increments from an
arbitrarily chosen O degree reference. The Type S and the Type C
thermocouples were installed for measuring melt temperatures.
These thermocouples also provided some data on the concrete
thermal response prior to ablation which complemented data from
the arrays of Type K thermocouples.



An additional 45 thermocouples were used to monitor the Mg0d side-
wall and lid temperatures. These Type K thermocouples were
similar in design to those cast in the concrete.

* Gas Composition Instrumentation

Gas sampling for the SURC 4 test was done using three techniques:
an Infocon Model IQ200 mass spectrometer, an Infrared Industries
Series 700 CO/CO2 detector, and integral grab samples. The first
two techniques yield real-time data that is viewed on-line and
stored on computer disks. The grab samples are stored and ana-
lyzed posttest using both gas chromatography and mass spectrom-
etry. A schematic layout of the SURC 4 gas composition sampling
apparatus is shown in Figure 1.1-9

Three different sampling locations were used. Location No. 1 was
downstream of the main exhaust line gravel filter, location No. 2
was between the containment vessel and the gravel filter, ana
location No. 3 was inside the aluminum containment vessel. All
sample lines for gas collection were 6.4-mm (0.250-in) OD stain-
less steel with Swagelok stainless steel fittings and Nupro plug
valves. The sample system manifold consisted of a normal and
backup line and also a 40-psi argon source for backflushing
filters. In-line filters used for SURC 4 were O.3-um Gelman HEPA
filters with an element of acrylic copolymer.

Type K thermocouples were used to monitor sample gas temperatures
in two different locations. A stainless steel cold trap with a
volume of 75 cc and cooled with liquid nitrogen was used to
prevent condensables from fouling the analysis equipment (Figure
1.1-10). A single Gast diaphragm type air pump was used to
provide flow for the gas analysis system. Flow indication for
the system was measured by self-indicating rotameters. The
C0/C0, supply was monitored with a Dwyer 0-10 std ft"/h air
rotameter and the grab sample line was monitored using a Sierra
0-15 L/min hot wire anemoneter.

Samples from the grab sample system were analyzed by gas
chromatography-mass spectrometry using a Tracor MT-150 g gas
chromatograph and a Finnigan Mat_271/45 mass spectrometer. The
samples were contained in 75-cm” stainless steel bottles with
Nupro JB series regulating valves for closures. A Validyne
absolute pressure transducer with a range of 1 to 1000 torr and a
0 to 10 volt output was used to mark the time of sampling events
by monitoring manifold pressure. Vacuum in the bottles was main-
tained prior to sampling by a Welch two-stage belt drive vacuum
pump with 175 L/min free air capacity. A remote control panel
housed valve position indicator lights and four-position switches
for controlling the multi-port valves used in acquiring grab
samples (Figure 1.1-11).

~36-



kLS

FLOW METER

COMPUTER ROOM

COo/COo2

—

FLOW METER|

AN R NN

PRESSURE
MASS — -
8PEC
1,1 samPLES
0.3
MICRON FILTER ]
s
| /"‘
A
coLp tunE#] /
0.378"
' STAINLESS STEEL
TUBING
SAMPLE LOCATION ¢1 SAMPLE LOCATION #2
~ f\ \ I TEMPERATURE
J MAIN EXHAUST
-
GRAVEL FILTER
ALUMINUM SURC SAMPLE
CONTAINMENT 4 t\ogk'non

Figure 1.1-9.

SURC 4 Gas Sampling Schematic



0000000000000

w N
\\\\\\\\ \x



10



Another diagnostic tool for gas data used for the SURC 4 test was
a quadrupole residual gas analyzer, Inficon model model 1Q200
(Figure 1.1-12). This instrument was set up in the table display
mode for scanning specifically selected masses corresponding to
the gas species of interest: H,0, cO0, 0,, Ar, and CO A
pressure converter manifold th% a 10 torr or:fice, 27 f/mxn
vacuum pump, and O.5-mm (0.02-in) ID capillary tube provided the
ability for continuous sampling from a pressure c¢f up to 2 atm at
the sample source down to 10 torr at the analyzer supply where
the associated 150 L/s turbo pump could maintain 10 torr at the
analyzer head. A Faraday cup detector was used to produce the
currents for analysis.

For data acquisition, a Hewlett Packard 1000 (right side - Figure
1.1-13) series computer system was used with acquisition rates of
16 s for the test warm-up and 5 s for the majority of the run
where test events necessitated a faster rate, Inputs from gas
composition data were temperature from the expansion chamber
thermocouple absolute pressure, percent C, and percent CO,.

¢ Flow Device Instrumentation

Five different devices were used to measure the gas flow rate in
SURC 4: a 1.02 cm orifice plate, a laminar flow element, a
turbine meter, a Rockwell 450 gas clock, and a Rockwell 750 gas
clock. Figure 1.1-1 is a flow train schematic of the hardware
for SURC 4.

The flow system consisted of a series of piping, tubing, and a
gravel filter instrumented with a variety of devices for mea-
suring gas flow rates. The flow system started with an exhaust
tube that was mounted in the top part of the containment vessel
and was fitted into the crucible cover. The tube material was
304 stainless steel with an OD of 5.1 cm, a wall thickness of
0.17 em, and a length of 1.2 m. Several 0.32-cm-diameter holes
were drilled in the sidewall of the tubes in the section residing
inside the containment vessel. These holes were used to provide
a pathway for the argon gas used to purge the experimental
chamber and provide background gas for gas composition measure-
ments. A 5.l-cm-diameter 304 stainless (teel vacuum tee was
mounted to the top of the exhaust tube. The vertical flange of
the tee was fitted with a 5.1-cm-diameter ball valve used to
deliver Lhe zirconium metal. The horizontal flange of the tee
was connected to a 5.1-cm 0D x 0.17-cm wall x 1.8-m long piece of
304 stainless steel tubing. The end of this tubing was fitted
with a 5.1-cm 0D, 304 stainless steel flanged cross. The center
lines of all the flange ports on the cross were positioned in a
parallel plane. The cross was used to mount an opacity meter and
a nozzle for sampling the aerosol. The cross was adapted to a
2-m section of a 5.1-cm-diameter, 150-1b, schedule-40 black steel
pipe with a 5,1-cm bolted flange. A 1.02-cm diameter, sharp-
edged, concentric orifice was mounted between two flanges 1 m
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from the stainless steel cross. Two Validyne pressure trans-
ducers were connected in parallel across pressure taps machined
in the flanges. Another pressure transducer was connected tc “he
flange upstream of the orifice to measure gas flow pressure.

The section of pipe containing the orifice was connected to the
top of a gravel filter with a 1.1-m length of 5.1-cm black steel
pipe using a combination of flanges and fittings. The gravel
filter had an inside diameter of 25.4 cm and was filled with sand
to a depth of 1 m. The gravel filter was used to filter aerc
sols, preventing them from entering the laminar flow device and
the two gas clocks located downstream. The filter was designed
and tested to remove 99 percent of the aerosols at flow rates of
300 std L/min with a back pressure of less than 0.25 psig. Con-
nected to the outlet of the gravel filter were two lengths of
2.54-cm, schedule-40 black stcel pipe, each 50.8 cm long. A
laminar flow element (LFE) was installed between the two pipe
sections. The LFE was instrumented with a Validyne differential
pressure transducer. The end of the flow train was terminated by
two Rockwell gas clocks mounted in series. The gas clocks were
connected using 2.5 cm schedule 40 black steel pipe fittings.

The principles of operation and pertinent equeztions for orifice
plate flow meters may be found in Reference 1. The orifice plate
flow meter is probably the most widely used flow meter in service
today. It is found mostly in field use and is simple, rugged,
reliable, accurate, and inexpensive. Orifice plates used for gas
measurement are considered to be accurate to 1 to 2 percent based
on physical dimensions and published correction factors. It
should be noted, however, that uncertainties in differential
pressure (the measured parameter), temperature, line pressure,
and gas density can easily overwhelm the uncertainty from the
laboratory calibration. 0One disadvantage of the orifice plate is
that a 10:1 change in differential pressure results from only a
3:1 change in flow due to the square root relationship between
differential pressure and flow. Hence 50 percent of expected
full flow is measured in 20 percent of expected differential
pressure. This makes low flow rates difficult to measure
accurately.

The orifice flow meter used in the SURC 4 experiment had an
opening of 1.02 cm and was mounted between flanges in a 5-cm ID
pipe. This pipe was mounted to the SURC 4 expansion chamber so
that 80 cm of straight pipe preceded the flow device and at least
50 cw of strsight pipe followed the device. Three Valdyne
pressure transducers were used in conjunction with the orifice

plate. Two of these were used to re~ocird the differential pres-
sures across the plate and had operational ranges of O to 2 psia
and O to 5 psia. The third pressure transducer was used to

measure the system pressure and had a range of O to 10 psig. All
of these devices were calibrated as a set--both in the laboratory
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and at the test site--using several different gases and a range
of flow rates.

The laminar flow element (LFE) is a group of capillary tubes
bundled together to form a matrix such that the flow through each
passage is laminar, even though the total flow upstream of the
device may be turbulent. The LFE is not as sensitive to piping
configuration as an orifice plate so that an inlet pipe length of
one or two pipes diameters (instead of 5 or 10) is usually suffi-
cient to provide a satisfactory flow pattern. The equations
governing the operation of LFE devices are given in Reference 1.
One advantage of an LFE is that the relationship between differ-
ential pressure (the measured parameter) and flow is linear for
the range of flows for which it is designed. Calibration of the
device should be done against a primary standard and is a func-
tion of gas viscosity, which is itself a function of gas composi-
tion. A potential disadvantage is that the small passages in the
flow matrix are susceptible to plugging when the gas contains
aerosols or water vapor.

The LFE used in the SURC 4 experiment was designed and built by
Calibrating and Measuring Equipment (CME) and has a nameplate
flow range of O to 300 L/min for air at standard conditions. The
LFE is contained in a 50-cm pipe with an ID of 3.6 ecm. Differen-
tial pressure is measured using a Valdyne differential transducer
with a range of O to 2 psia. The device was calibrated both in
the laboratory and at the test site. Laboratory calibration was
done using a variety of gases with NBS-traceable critical ori-
fices as the primary standard.

The turbine flow meter' consists of a freely rotating propeller
mounted concentrically in a pipe. The force of the gas striking
the propeller blides causes them to rotate at an angular velocity
proportional to the gas velocity so that the volumetric gas flow
is directly proportional to the rotational speed of the propel-
ler. A magnetic pickup in the rotor causes a voltage to be
generated in an external electrical coil. The magnitude of the
voltage is then directly proporticnal to the volumetric flow rate
for the designated flow range of the device. The output of the
device is in actual liters per minute (AL/min) and must bhe cor-
rected to standara conditions. Turbine flow meters must be
calibrated to determine the coefficient of discharge, but once
this is done they are considered to be accurate to about 1 per-
cent. Some advantages of the turbine flow meter are that it is
insensitive to gas composition and it produces a linear response
over its design flow range. Some disadvantages are that it is
susceptible to drag if the gas contains aerosole or water and
that the magnetic pickup can be affected by an induction or
electrical field.

The turbine meter used in SURC 4 was made by Flow Technology,

Inc., and was contained in a 50-cm long pipe with an ID of 1.3
cm. The operating range of the device is 0 to 280 std L/min as
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indicated by a voltage output of O to 10 volts de. The turbine
meter was calibrated in the laboratory and at the test site using
Ag, He, air, and CO'.

The Rockwell gas clocks used in SURC 4 were dry gas meters.
These devices have four bellows-type chambers that alternately
fill and empty known volumes of gas. The slide valves that
control the cycle are attached to mechanical counters that
totalize the volume of gas that passes through the meter. These
devices are very rugged and bulky and register the total volume
in actual liters per minute. They are impervious to the aerosol
or water content in the gas and measure total volume indepen-
dencly without corrections for density or viscosity. Once the
volume of the bellows is known, the accuracy of the gas clocks is
within 1 percent. The major disadvantages of the dry gas meter
are its size and lack of sensitivity to transient flow perturba-
tions.

The Rockwell 415 gas clock has a stated operational range of O to
200 L/min at standard conditions. The device has a sensitivity
of 28.3 liters per cycle. The Rockwell 750 has an operational
range of 0 to 350 L/min at standard conditions. The Rockwell 750
gas clock has a sensitivity of 283 liters per cycle. Both de-
vices were calibrated in the laboratory and at the test site with
different gases and a range of flow rates.

After the experimental setup wae completed for the SURC 4 test,
an in situ calibration was performed using N, and Ar. This was
done to insure that the laboratory calibrations were still valid,
to evaluate the entire flow system, and to determine the system
pressure as a function of flow rate. In addition, a systems leak
test was performed by valving off the flow train and pressurizing
the crucible and expansion chamber. Based on the in situ checks,
the initial leak rate from the crucible was calculated to be 8.5
std L/min at a system pressure of 1 psig or 65 percent of the 165
std L/min flow rate.

* Aerosol Instrumentation

The interaction of molten material with concrete produces an
aerosol. In the context of nuclear reactor accidents, the aero-
sol produced by the interaction of molten core debris with
concrete basemat material is a potential source of radionuclide
release.

It is, therefore, important to characterize this aerosol with
respect to its mass source rate, concentration, composition, and
transport properties. The aerosol source term is defined as the
mass source rate of aerosol generation, its composition, its size
distribution, and additional parameters such as the dynamic shape
factor, which aids in the description of the transport behavior
of the aerosol, and the agglomeration shape factor, which aids in
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the description of the coagul=ztion behavior of the aerosol.
Measurements of the aerosol source term resulting from the melt-
concrete interaction experiments provide a data base acainst
which to test predictive models of aerosol release and forma-
tion. The SURC 4 test contained aerosol instrumentation
designed to provide data that would allow calculation of the
aerosol source term: aerosol mass generation rate, aerosol size
distribution, and aerosol composition. Figure 1.1-14 is a flow
chart illustrating how each of the three source term parameters
is determined. The aeroscl mass generation source rate is the
product of the melt-concrete gas evolution rate and the aerosol
mass con entration in the evolved gas. The gas flow train
previously described measures the gas evolution rate. The
aerosol mass concentration is measured primarily by filter
samples; however, impactor samples and an opacity meter provide
additional means of aerosol mass concentration measurement. The
size distribution of the sampled aerosol is primarily determined
by cascade impactor sanples. The cascade cyclone gives an addi-
tional means of determining the integral aerosol size distribu-
tion over an extended sampling time.

Aerosol composition is determined from elemental analysis of the
aerosol collected on the filters., A size-dependent aerosol
composition is obtained from analysis of the aerosol collected by
the cascade cyclone.

Brockmann et al. are devolopiqg a technique for measurement of
aerosol dynamic shape factors. Dynamic shape factor determina-
tion can be made by inclusion of additional instrumentation on
future tests.

The sample extraction dilution system (SEDS) comprised of the
filters, cascade impactors, cascade cyclone, and the necessary
dilution systems and flow control is shown schematically in
Figure 1.1-15. An aerosol sample is drawn into the SEDS through
a gooseneck sample probe. The probe has a nozzle with an 1/8-in
ID opening located coaxially in the center of the exhaust line.
The nozzle expands into a 5/8-in ID tube. The cyclone samples
the undiluted aercsol. The primary dilution is performed on the
sample, and this is sampled by the filters. A secondary dilution
is performed, and this aerosol is sampled by the impactors.

The flows are controlled by critical orifices manufactured by
Millipore and calibrated at the Sandia Primary Standards Labora-
tory. Critical flow occurs when the ratio of upstream to down-
stream absolute pressure exceegds 2. The equations governing flow
through a critical orifice are

QT W

and
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where Q is the volumetric flow rate of gas upstream of the ori-
fice, T is the upstream temperature, P js the upstream pressure,
MW is the molecular weight of the gas, n is the molar flow rate,
R is the universal gas constant, and the subscript ¢ refers to
the calibration conditions.

Temperature and pressure upstream of the orifices are measured.
Where the critical orifices are located away from any heated
sections of the test apparatus, such as the cyclone and dil.tion
gas supply system, ambient temperature is assumed .

Dilution of the sample by the two diluters serves three purposes.
The first is to reduce the high aerosol concentration to a level
that is within thf measurement range of the instrumentation ‘lenl
than about 20 g/m° for the filters and less than about 5 g/m" for
the impactors). The second is to cool the flow and to reduce the
temperature variation of gas passing through the SEDS by the
addition of the cooler dilution gas. The third is to reduce the
variation in gas properties by the addition of a known dilution
gas in high enough amounts to dominate the gas properties. Dilu-
tion can be used to inhibit further evolution of an aerosol _size
distribution resulting from coagulation and condensation. In
this application, however, the aerosol size distribution has
evolved during transport through the crucible and exhaust line
and is likely to have reached a point where the time scale of
evolution is large compared to that of transport through SEDS.

The diluter for the SURC 4 SEDS consists of an aluminum outer
tube that is 15 ¢m long with a 6.35-cm OD and a 1.9-cm 0D
sintered stainless steel inner tube. End caps hold the tubes in
place. Dry dilution gas is passed through a 1/4-in swagelok
fitting in the outer tube to the annular plenum region between
the two tubes. Gas passes through the porous walls of the inner
tube diluting the aeroso! sawple flowing through it.

The total flow out of the diluter, Q,, and the dilution flow into
the diluter, Q,, is measured. The dilution ratio DR is then
defined as Q, divided by the differeuce between Q, and Qa. Some
care in the magnitude of the dilution is necessary. The dilution
ratio is calculated using the difference between two numbers and
when those numbers are close, the error in the difference can
become large. For example, if the uncertainty in the flows Q,
and Q, is ¢+ 5 percent for each, the resulting uncertainty in
dilution ratio is ¢t 36 percent for a nominal dilution ratio of 5.
This magnification of the flow uncertainties in the calculation
of the dilution ratio places a practical upper limit on the
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dilution ratio of about 5. For these tests, nominal dilution
ratios are about 3 for each of the two diluters.

Because the system pressure in the SEDS is the same as that of
the experimental apparatus, the SEDS can become pressurized (at
higher gas evolution rates, the evolution gas flow train causes
sowe back pressure in the apparatus). BEach orifice controlling
the dilution gas flow delivers a fixed molar flow of dilution gas
by virtue of its fixed upstream temperature and pressure. The
orfices controlling the sample flow draw at a fixed volumetric
flow rate. The fixed volumetric flow rate yields a molar flow
rate directly proj~rtional to the system pressure. Consequently,
if the dilution flow is unchanged, the dilution ratio will de-
crease with increasing system pressure. To maintain a consistent
level of dilution in the face of a pressurizing system, the molar
flow of dilution gas must be increased in proportion to the
increase in molar flow of the sample produced by the increase in
system pressure. This increase in dilution molar flow is accom-
plished in diluter 1 by selecting combinations of three orifices.
These orifices are switched in and out by actuating remotely
controlled valves controlling each orifice. This feature is not
included in diluter 2.

The filter bank includes 12 filter samples on the SEDS. The flow
through each filter is controlled by a remotely actuated valve.
The 12 valves are plumbed to a single critical orifice giving a
nominal filter sample flow rate of 10 L/m. The filter bank
consists of 12 Gelman in-line stainless steel filter holders.
These stainless steel, 5.9-cm diameter, 5.7-cm long filter
holders (Gelman catalog number 2220) are designed for pressure
applications of up to 200 psig. They use 47 -mm diameter Durapore
Membrane filtration media from Millipore (catalog d‘.i(nution
HVLP 047). The effective filtration area is 9.67 ca’" for each
filter sample.

The inlet to the filter sample section is connected to a pre-
separator, which removes particles with a larger than 10 micro-
meter aerodynamic equivalent diameter. This preseparator is
manufactured by Andersen and is of stainless steel construction,
8.2 cm in diameter and 12.8 cm long. The preseparator collects
coarse material in an impaction cup, passing on the finer aerosol
to the filter sample section.

The filter sample provides a collected mass of aerosol with aero-
dynamic equivalent particle diameters less than 15 micrometers.
This sample allows calculation of the aerosol mass concentration
of these smaller particles. The collected material can also be
chemically analyzed. The filter sample is the principal measure-
ment in determining aerosol mass source rate and elemental
composition.

The filter sample section is mounted in an insulated box and
electrically heated to avoid water condensation. The heaters are
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controlled by an Omega Model 920 temperature controller with a
Type K thermocouple.

The impactor sample section used Andersen Mk IIl cascade impac-
tors. An Andersen Mk III cascade impactor inertially classifies
aerosc]l particles into nine size bins. This inertial classifica-
tion is accomplished by accelerating the particles through
successively smaller holes (and higher velocity jets) in a stack
of orifice plates. Under the jets of each plate is a glass fiber
collection substrate. Particles are collected by impaction on
the substrates. Those small enough to follow the gas stream
lines in one stage pass on to subsequent orifice plates or stages
where they may be collected. The impactor consists of eight
s* ‘es and a backup filter to collect any unimpacted particles.
[ ‘elds a mass distribution of aerosol with respect to the
a /mamic equivalent particle diameter. The Anderson Mk 111
¢. .de impactor is 8.2 cm in diameter and 18 cm long and is
constructed of stainless steel.

A preseparator that removes particles with aerodynamic diameters
nominally larger than 15 micrometers was used to avoid over-
loading (more than ~25 mg of material on any one stage) of the
impactor by these larger particles. It effectively collects
material which would otherwise he collected on the first two
stages of the impactor. The prescparator collects material in an
impaction cup, which is brushed out to retrieve the collected
sample. The preseparator is of stainless steel construction, 8.2
em in diameter and 12.8 c¢m long. It threads into the front of
the impactor. The assembled preseparator-impactor is 8.2 cm in
diameter and 20.8 cm long.

The box containing the impactor bank is heated in the same way as
the filter sample box. Two impactor samples are taken ainufta-
neously, one at a nominal 10 L/min and the other at a nominal 15
L/min. This provides a more detailed measurement of the aerosocl
size distribution.

The cascade cyclone is plumbed into the SEDS., The sample flow is
controlled by two Millipore critical orifices in parallel to give
a nominal sample flow of 24 L/min. A remotely actuated valve
manufactured by ASCO is used to take the sample.

The cascade cyclone is manufactured by Sierra. This device iner-
tially classifies aerosol particles and yields a mass distribu-
tion with respect to the aerodynamic equivalent particle diam-
eter. This classification is accomplished by flowing the aerosol
sample through a succession of swmaller cyclones. The flow is
introduced tangeutially into the circular body of the cyclone
where the circulating swirling flow causes larger particles to
move by centrifugal force to the walls where they are collected.
The smaller particles are withdrawn through the center and passed
on to subsequent cyclones where they may be collected. Particles
too small to be collected by the cyclones are collected by a
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backup filter. A cyclone is capable of collecting much more
material than an impactor and can be used to collect size classi-
fied material for bulk analyses.

The Sierra cascade cyclone is a series of six cyclones (of in-
creasing capability to collect smaller particles) followed by a
glass fiber backup filter. The aerosol sample is brushed out of
the collection cup of each cyclone for weighing. The cascade
cyclona is of stainless steel construction and when assembled is
12.7 cm in diameter at the widest point and about 60 cm in
length.

The Dynatron Model 301 opacity meter was placed in the exhaust
line of the test article upstream of the gravel filter and flow
measurement devices. This device measures the attenuation of a
light beam as it travels through an aerosol. Light attenuation
correlates with aerosol mass concentration. Correlation of the
opacity meter output with the mass measured by the filter samples
provided a continuous record of mass concentration in the 3-in
pipe exhausting gas and aerosol from the interaction crucible in
the SURC test. The windows allowing light transmission are kept
clean and free of aerosol deposition by a purge gas flow.

¢ Induction Power Instrumentation

The 200 kg of stainless steel were melted and sustained using an
Inductotherm 250 kW, 1 kHz induction power supply. Power was
delivervd to the coils by remote control using a pair of No. 186
high current, water-cooled, flexible leads. During the melting
process, the induction power supply automatically controlled
voltage and frequency to deliver the desired power. Maximum
efficiency was maintained throughout the experiment without the
need to switch capacitors or voltage taps. The power delivered
to the crucible coil was measured using = power transu—cer built
by Inductotherm Corporatien. The transiucer measured coil
voltage and current and converted it into a vo'tage equivalent of
the power delivered. This transducer does not .ompensate for the
phase angle between the current and voltage ard therefore only
measures gross input power.

The temperature of the cooling water was measured across the
inlet and exit of each of the coils with two Omega (ON-970-44008,
30,000 ohm thermistors arranged in a half-bridge circuit. The
flow of water through the crucible coil was regulated manually
with a 19.1-mm-diameter ball valve and measured using a Brooks
Model 1110 rotameter.

* Data Acquisition System

All 166 instrument channels were recorded every 15 s for the
first 105 min of the test and every 65 s thereafter using an HP
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after power shutdown. Power to the coil was set at 175 kW.
These results indicated a net efficiency of 256.56 t+ 2 percent (45
kW total to the slug) with overall losses of 3.5 kW. Following
these power calibration tests, the SURC 4 apparatus was assembled
and lecsk tested. Results of the leak tests using argon gas as
the flow medium indicated a cold leak rate of 8.6 std L/min at an
inlet flow rate of 165 std L/min (5 percent losses) and an over-
pressure of 1 psig in the SURC 4 containment vessel.

After the final calibration and pretest checkouts were performed,
98 kW of power were applied to the coil (Figure 1.1-18). This
constituted the start of SURC 4 at time = 10.7 min. A summary of
the major events in the SURC 4 test is presented in Table 1.1-7.
The temperature at the outer edge of the steel slug was monitored
(Figure 1.1-17) to confirm that 25.5 percent of the power was
being transmitted to the metallic slug. After 33.3 min of heat-
ing, the power to the coil was increased to 200 kW at time = 44
min. A second power increase to the maximum allowable level of
245 kW was accomplished at time = 80.5 min. This resulted in a
net power of 62.2 kW to the ~lug. At time = 86 min, the steel
slug reached the meltpoint of 1703 K. After nearly 20 min at the
meltpoint, the steel became fully molten and concrete attack
began. The center line concrete thermocouple at the concrete
surface minutes failed at time = 105.4 min. The melt pool tem-
perature at 1056.4 min was 1746 K. Shortly after erosion began,
the initial aerosol samples were taken. Aerosol filter sampie
"A" was taken at 113 min and filter sample B was taken at 114
min. The durations of both samples were 1 min. Impactor samples
A and B were also taken at these times. A third filter sample
(sample C) was taken at time = 115 min, again for 1 min. After
nearly 15 min of concrete ablation, the ball valve on top of the
SURC 4 containment vessel was opened to deposit the Zr metal. A
cursory inspection indicated that the pool was molten with no
overlying crusts. The Zr delivery tube was actuated and the full
20-kg charge of Zr entered the melt at time = 119 min. The ball
valve was then closed, having been open a total of 968 s, The
power supply shut off at 124.1 min because of the failure of an
auxiliary cooling line to the containment vessel. Field repairs
quickly replaced the line; power, at 245 kW, was applied to the
coil at time = 131.7 min. During the power outage, three aerosol
filter samples (D, E, and F) and two impactor samples (C and D)
were taken at times 124.1, 125, and 126 min. Each sample had a
duration of 1 min. Power to the melt pool was held constant at
245 kW for the remainder of the test except for a 30-s excursion
at 144 .8 min. The final aerosol samples were taken at 155, 158,
and 1567 min. These were filter samples G, H, and 1 and impactor
samples G and H--these again had durations of 1 min. At time =
161.9 min, there was a pressure spike exceeding 7 psig inside the
containment vessel--30 s later, melt was observed flowing out the
bottom of the apparatus. The power supply automatically shut off
and the SURC 4 experiment was terminated at 162.5 min. Grab
samples of gas were taken for the next 28 min.






Table 1.1-7
Events of Test SURC 4

Time
zmxn)

0.0
10.7
18.3

44.0
58.5

80.56
102 .8

104.3
105 .4
111.9
113 -

114 -

116 -
117.6
118.0

119.0
119.2
123.1
124 -

114
116

116

126

Eveuts

Start of data acquisition system
Power supply on power meter reading 98 kW

Gas grab sample 10-1 taken from location #3 (in-
side containment vessel)

Power increased to 200 kW (power meter)

Gas grab sample 10-2 taken from location #2 (up-
stream of gravel filter)

Power increased to 245 kW (power meter)

Concrete surface perimeter thermocouple C41 failed
(r = 18 cm)

Gas grab sample 10-3 taken from location #1 (down
stream of gravel filter)

Concrete surface axial ceiter line thermocouple C1
failed (r = 0 cm)

Concrete surface midradius thermocouple C2: failed
(r = 10 em)

Filter sample A taken
Filter sample B taken
Impactor sample A taken
Impactor sample B taken
Filter sample C taken

Ball valve opened to inspect melt

Ball valve closed - zirconium delivery tube in-
stalled

Zirconium metal delivered to the melt (20 kg)
Ball valve closed
Gas grab sample 9-2 taken at location #2

Filter sample D taken
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Table 1.1-7 (Continued)

Time Events
min)

124.1 Power supply off

126 - 126 Filter Sample E taken

Impactor sample C taken
Imwpactor sample D taken

125.2 Gas grab sample 9-4 taken at location #2
126 - 127 Filter sample F taken
131.7 Power supply on power meter reading 245 kW
138.8 Gas grab sample 8-2 taken at location #1
136.2 Gas grab sample 8-3 taken at location #2
137.1 Gas grab sample 8-4 taken at location #2
139.3 Gas grab sample 7-2 taken at location #2
141 .2 Gas grab sample 7-3 taken at location #2
144 .8 Power supply off
145.1 Power supply on power meter reading 245 kW
150.3 Gas grab sample 6-3 taken at location #1
166 - 156 Filter sample G taken
166 - 157 Filter sample H taken

Impactor sample G taken

Impactor sample H taken
166.1 Gas grab sample 6-4 taken at location #2
167 - 1858 Filter sample I taken
1581 Gas grab sample 5-2 taken at location #2
161.9 Pressure spike inside containment vessel
162.5 Melt flowing from bottom of containment vessel

Power supply turned off
Test terminated
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Table 1.1-7 (Concluded)

Time Events

min)
169 .1 Gas grab sample 5-4 taken at location #1
176.6 Cas grab sample 4-3 taken at location #2
177.0 Gas grab sample 4-4 taken at location #3
185.0 Gas grab sample 3-2 taken at location #3
190.0 Gas grab sample 3-3 taken at location #2

1.1.1.6 Initial Conditions, Boundary Conditions, and Posttest
Observations

The SURC 4 test accomplished all of its established pretest goals
and was successful in observing and recording all the effects
associated with both steady-state concrete erosion as well as the
additional effects of Zr addition on steel-concrete attack.
These effects were evident in the measured meltpool temperatures,
erosion rates, heat losses, gas flow rate, gas composition, and
aerosol characterization. A total of nine aerosol filter samples
and six impactor samples were taken for posttest analysis.
Eighteen grab samples were taken for gas composition analysis and
70 mass spectrometer data points were recorded. Only three of
the 166 data channels failed to record properly. The detective
channels were M39 and M42 in the Mg0 sidewall and the melt pool
thermocouple at a depth of 10 em. All of these were redundant
measurements so that essentially no information was lost.

¢ Initial Conditions

Initial conditions for the SURC 4 test up to the onset of con-
crete ablation are shown in Figures 1.1-17 through 1.1-19.
Figure 1.1-17 shows the heatup and melting of the steel slug.
Complete melting of the slug required approximately 13 min. At
the onset of ablation (106 min into the test) the temperature
recorded by the thermocouple in the molten steel was 1750 K.
Figure 1.1-18 shows the temperature profile in the basaltic con-
crete substrate prior to concrete ablation. Based on this
figure, it is estimated that prior to the onset of concrete abla-
tion evaporable water was released from the first 3 to 4 cm of
concrete, bound water was released from the first 1 to 2 cm, and
carbon dioxide was released from less than 1 ecm. Figure 1.1-10
shows the thermal response of the Mgl sidewall at a position
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adjacent to the steel charge and 10 cm above the initial concrete
interface. When concrete attack started, the MgO sidewall was at
a temperature of 1610 K at a depth of 0.5 em, 1420 K at 1.5 cm,
1200 K at 2.5 cm, and 690 K at 9 cm.

¢ Boundary Conditions

Figures 1.1-20 and 1.1-21 show the thermal response of the Mgl
walls in the upper region of the crucible--at 35 cm and 50 cm
above the original concrete interface. Figure 1.1-22 shows the
thermal response of the thermocouples embedded in the Mgl cover.
Substantial heating of the Mgl is evident at each of these
locations.

Based on the response of the thermocouples in the Mgl walls
adjacent to the molten steel during the experiment, the heat flux
from the steel melt to the MgOD has been calculated. Although
minor fluctuations in the heat flux were calc“lared. for present
purposes a constant heat flux of 1.0 x 10" W/m" can be assuwed.

¢« Posttest Observations

The SURC 4 containment vessel was opened after the test in order
to remove and section the interaction crucible. This inspection
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Figure 1.1-20. SURC 4 Middle Mgd) Temperatur :s
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showed that the MgD sidewalls were intact and that there was no
evidence of melt pool-sidewall interaction other than thermal
dehydration. The molten steel charge had completely penetrated
the bottom of the interaction crucible through a gap between the
Mgl and the remainder of the basemat. The remainder of the base-
mat was not cracked and showed no signs of asymmetric erosion.
Further inspection of the steel charge and the slag material
remaining in the crucible showed that 100 percent of the zir-
conium metal had been incorporated into the melt.

1.2

Accident analyses leading to pressurized ejection of core debris
assume a localized_ failure of the lower head of a reactor pres-
sure vessel (RPV).” Typically, the failure is predicted at an
instrument guide tube penetration, resulting in a small aperture
for debris discharge. Such failures have not been investigated
experimentally nor have extensive analyses been performed. A
finite element analysis of a pressurized nuclear reactor vessel
during core meltdown has been performed by Robert Chambers,
Sandia, Div. 1523. He considers that the behavior of the lower
head with a prescribed boundary condition represents Y degraded
core. The results of this analysis are presented here.

1.2.1 Introduction

During a severe accident in which the core of a nuclear reactor
has melted, a portion of the bottom of the containment vessel is
subjected to extremely high temperatures when directly contacted
by the molten material. As the temperature increases through the
thickness of the containment vessel, the strength of the steel is
dramatically reduced, ultimately leading to failure. Such acci-
dent scenarios are often studied using a computer simulation or
systems model that neglects the presence of thermal strains pro-
duced during heating Uncertainties surrounding the effect of
the resulting therwal expansion in a typical pressurized reactor
vessel have warranted further study to determine whether the
combined swelling and softening of the heated surface of the
vessel aggravate the stress state of the cooler exterior material
and thereby expedite the time to failure.

A typical pressurized reactor containment vessel has been ana-
lyzed to determine the deformation and time to failure based on
the highly nonlinear temperature dependent elastic-plastic
response of the steel. Solutions that include thermal strains
have been compared to solutions without thermal strains. No
material creep or embrittlement was considered.
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1.2.2 Problem Definition and Approach

The basic geometry of a section of the lower half of an axisym-
metric reactor containment vessel is depicted schematically in
Figure 1.2-1. The specific dimensions reflect those chosen for
this numerical study. It is assumed that this vessel is sub-
jected to an internal pressure of 2600 psi and operates at a
temperature of 440°F (500 K). For purpos~s of evaluating the
significance of thermal strains on the resulting solutions, the
presence of wolten wmaterial was simulated by imposing a sudden
temperature boundary condition of 28600°F (1700 K) on the bottom
spherical cap subtended by a 680 degree polar angle as shown in
Figure 1.2-1. This temperature change was applied after the
vessel was equilibrated at 440°F under pressure. Failure was
observed by monitoring the sag in the center of the bottom of the
vessel .

A solution to this problem was obtained using two separate (un-
coupled) finite element procedures: COYOTE™ and JAC. ™ COYOTE was
used to numerically solve the heat conduction problem to
determine the transient tewmperature distribution in the reactor
containment vessel. The actual stress analysis was conducted
with JAC. The standard temperature solution file written by
COYOTE was used to define the transient temperature response
needed for the temperature dependent elastic-plastic mat?rinl
model . The finite element meshes were generated with UMESI.

1.2.3 Material Properties

The task of obtaining material properties for a mild steel at
extremely high temperatures (near melting point) is nontrivial
and somewhat questionable. At these temperatures, the steal
undergoes fundamental changes in structure that affect its
mechanical response, Although actual property data does exist
for the lower temperature domain, it is extremely rare to find
such information for temperatures above about half of the melting
point. Since the underlying objective of this effort was to at
least make a qualitative or semiquantitative comparison between
the response of the vessel with and without thermal strains, the
precise details of the high temperature material response are not
essential. Unly reasonable phenomenological behavior is
necessary .

Properties for an SA533 Grade B Class 1 plate, taken from
Reference 12, were adopted for use in characterizing the reactor
containment vessel. This report contains material data up to a
maximum temperature of 1200°F (922 K). Values for temperatures
between 1200° and 2600°F were obtained by extrapolation, approxi-
mation, and comparison with other high-temperature data.

The temperature dependent elastic plastic material model in the

JAC finite element program is characterized by defining a multi-
tude of material parameters at discrete temperatures. A maximum
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Figure 1.2-1 Schematic Cross Section of an Axisymmetric
Nuclear Reactor Containment Vessel
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of eight temperatures can be selected with intermediate values
defined by interpolation. The material parameters include
Young's modulus, Poisson's ratio, yield stress, hardening modu-
lus, hardening parameter (1 denotes isotopic hardening, 0 denotes
kinematic hacdening), and thermal strain. These parameters were
obtained by fitting the available experimental data and extrapo-
lating or approximating., as necessary, to obtain the high-
temperature response. A compilation of the inputs used in this
study is recorded in Table 1.2-1.

Table 1.2-1

SA533 Temperature Dependent Elastic-Plastic Material
Model Data for JAC Finite Element Code

Young's Yield Hardening
Modulus Poisson's Stress Modulus Hardening Thermal

Temp (*F) _(ksi) _ Ratio = (ksi) (ksi) = Parameter _ Strains

70 31000 0.27 70000 374 1 -2.5356 x 107°
400 20600 0.27 87400 352 1 -3.0340 x 101
750 27400 0.27 65000 225 1 2.5802 x 10°
900 24500 0.27 62200 156 1 3.0731 x 10°
1050 21600 0.27 48800 73 1 5.4420 x 10°°
1200 14100 0.27 32500 48 1 6.9816 x 10°
1480 14100 0.33 50 1 1 1.0258 x 10°*
2600 14100 0.33 50 1 1 2.4706 x 10°*

Some adjustments to the material data were made solely on the
basis of numerical considerations. Although measured data indi-
cate that values for Young's modulus, hardening modulus, and
vield stress all virtually go to zero in the 1400° to 1500°F
temperature range, nonzero values were adopted. At these tem-
peratures, the material has virtually no stiffness and is in a
regime of incompressible plastic flow. This effect was achieved
in the JAC finite element formulation of the constitutive equa-
tion by defining a relatively small value of yield stress and
hardening modulus. Extremely small or zero values of all three
of these parameters can adversely affect numerical convergence
and make solutions prohibitively expensive or impossible to
obtain., Plots of the stress-strain curves defined by the JAC
material irputs extracted from Table 1.2-1 are shown in Figure
1.2-2. The 1480 and 26C0 degree curves are imperceptible in this
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Figure 1.2-2. Temperature Dependent Stress-Strain Curves

figure. The temperature dependence of Poisson's ratio, Young's
modulus, the hardening modulus, the yield stress, and the
coefficient of thermal expansion is illustrated by the plots in
Figures 1.2-3 through 1.2-7, respectively.

Temperature independent properties were designated for input into
COYOTE for the numerical solution of the linear heat conduction
problem. These values are shown in Table 1.2-2.

1.2.4 Modeling and Numerical Considerations

Because JAC employs exclusively the 4-node quadrilateral element,
this element was incorporated into a single finite element mesh
that could be used for both the thermal and stress computations.
In designing this mesh, attention was given to the minimum number
of elements (six) that could be equally distributed through the
thickness of the vessel wall in a 2-D axisymmetric model (with
one point element integration) while still preserving the radi-
ally sysmetric deformation expected in a pressurized sphere.
Although biasing the mesh toward the interior of the wall would
have permitted a more accurate estimate of the steep gradient in
short-term temperature fields, this advantage was waived to
achieve economy, recognizing the ultimate interest was in com-
paring long-term time to failure.
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Table 1.2-2
Material Inputs for COYOTE

Density 0.2738 lbm/in®

L]

Specific Heat = 0.1457 Btu/lbme*F

3.47¢ ¢ 10 Btu/insseF

Thermal Conductivity
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The analysis was started by studying the nonlinear behavior and
convergence characteristics associated with obtaining solutions
to transient thermal problems with a temperature dependent
elastic-plastic material model. For this purpose, the first
problem considered was a hollow pressurized sphere subjected to a
uniform temperature increase along the interior surface. Due to
axisymsmetry, this analysis cuu’d be conducted by modeling a
spherical sector consisting of a single layer of elemants through
the thickness of the shell. Attempts to obtain a solution with
only six elements through the thickness were hindered by the
coarseness of the mesh. Because the material softening of
individual elements is determined by the temperature at a single
integration point, the average temperature difference between
adjacent interior elements in the six element mesh was quite
substantial. Consequently, vast and abrupt differences occurred
between the stiffnesses of connected elewents. In addition, as
the heated material softened and swelled, the circumferential
stress distribution changed from tension to compression. This
necessitated the presence of a sufficient number of elements to
model reasonably the transition in the stress distribution that
occurred through the thickness. The net effect of using this
mesh was an inability to obtain convergence. However, Lhis was
easily remedied by increasing the number of elements through the
thickness. The radial displacements computed from a 24-element
model are plotted in Figure 1.2-8 for analyses with and without
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thermal strains. Although there are major differences in the
magnitude of the resulting deformation, the times to failure ap-
pear to be nearly the same. In solving these problems, it was
determined that larger force tolerances can bLe specified when
thermal strains are not present. Both solutions were terminated
when convergence was not obtained after several thousand itera-
tions.

In considering the actual problem geometry and thermal boundary
condition for the nucl-ar reactor containment vessel, it was
apparent that any model containing 24 elements through the thick-
ness would require an exorbitant amount of computational effort.
To overcome this, a finite element mesh was constructed using 10
elements through the thickness, and initially, only the hollow
hemispherical portion of the structure was modeled. Geometri-
cally, this hollow half-sphere formed the bottom of the contain-
ment vessel and was attached to a thicker circular cylindrical
csegment. Because the effect of this segment was to partially
constrain the edge of the hemisphere, it was expected that this
edge condition could be appropriately bounded by performing two
analyses, one with a symmetry constraint and another with a
totally fixed boundary condition. Furthermore, an attempt was
made to design, a priori, an efficient scheme of time integra-
tion. Because most convergence impediments were encountered near
the times when successive elements achieved the temperature of
maximum softening (1480°F), small time steps were taken during
these periods. In between, larger time steps were taken.

Two enhancements were made to the JAC source ccde. The first
prohibited the material yield stress that is used during itera-
tive calculations from ever decreasing below the value specified
on the material input card. This was implemented after determin-
ing that given large time steps with poor estimates of incremen-
tal displacements, it is possible to compute unreasonable
material parameters, which can inhibit convergence. A second
modification was the implementation of an adaptive time step
reduction for situaticns when the specified time step proved to
be too large. This allowed the ccde to reduce the time step and
proceed with the analysis rather than abruptly terminating.
These time step reductions were carefully restricted within the
time limits of the originally specified time step so as to
preserve the times designated for writing output, restart, and
postprocessing data. This methodology and the incorporated
program modifications were highly successiul in securing results
for this containment study.

1.2.56 Thermal Analysis

To calculate the transient temperature profiles in the bottom of
the containment vessel, a 2-D axisyvmmetric finite element model
of the hollow hemisphere was generated. The resulting mesh is
shown in Figure 1.2-9. The interior surface over which the
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Figure 1.2-9. Hollow Hemispherical Finite Element Mesh

2600°F temperature boundary condition was applied is demarcated
by the lower interface between the rectangular elements and the
square elements. The square elements were sized to conform with
the length of the radial dimension of the elements in the layers
through the thickness of the shell. This was done to provide
uniformity and consistency in the accuracy of the temperature
solution.

The numerical solution to this linear 2-D heat conduction problem
was computed by using the generalized Crank-Nicolson integration
procedure in COYOTE with a weighting parameter of 0.5. Equal
time steps of 15 ¢ each were chosen. This was about the smallest
time step that could be taken without producing nonphysical
spatial oscillations in the early time temperature tield because
of limitations in the ability of the finite element mesh to
resolve the severe temperature gradients at the boundary. Plots
of the temperature variation through the thickness (radial dimen-
sion) of the hollow hemisphere, as obtained at different times in
the transient response, have been superposed in Figure 1.2-10.
The results have been expressed in terms of degrees Fahrenheit
(Figure 1.2-10a) and degrees Kelvin (Figure 1.2-10b). 1t is
clear that somewhat more than 4800 s (80 min) are required to
reach the steady-state condition.
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a. Deformation With Thermal Strains

b. Deformation Without Thermal Strains

Figure -1.2-12. Deformed Mesh Plots of Hemisphere With Fixed BC
(Magnification Factors of 28)
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to the softening under the pressure. Some necking is apparent at
the bottom and near the region of mesh refinement at the end of

the temperature boundary condition. Although this is also
present in Figure 1.2-13a, it is obscured by the dominant
volumetric strains. Failure in both instances results whe. the

bottom bursts because of the pressure and material softening
under high temperatures.

Of particular interest is the effect of thermal strains. on the
resulting stresses in the vicinity where the temperature boundary
condition discontinues. A plot of the deformed mesh (scaled by a
factor of 10) for the case having thermal strains and a fixed top
edge condition is shown in Figure 1.2-14. This and all othex
plots in this section are based on results occurring 807.56 s
after imposing the temperature boundary condition. Figure 1.2-15
contains a contour map of the yield stress of the material which
reflects the decreases associated with the temperature rise in
the steel. The corresponding temperature contours are illu-
strated in Figures 1.2-16a and b in terms of degrees Fahrenheit
and degrees Kelvin, respectively. The thermal gradients and
internal pressure combine to produce the high von Mises effective
stresses shown in Figure 1.2-17. An indication of material
yielding is provided by examining the ratio of the von Mises
stress to the yield stress. Unit values denote yielding. Con-
tours of this ratio are shown in Figure 1.2-18. Although unit
values denote material yielding, they do not necessarily indicate
a free flow condition associated with very little or no strain
hardening. This condition is achieved only at temperatures above
1480°F. For comparison, contours of the von Mises stress and the
ratio of von Mises stress to the yield stress are plotted in
Figures 1.2-19 and 1.2-20, respectively, for results taken at the
identical time from the analysis lacking thermal strains. A much
simpler stress state exists, but the dominant effect of tempera-

ture on the material properties still leads to failure. Numeri-
cally, this solution reached the point where yielding had oc-
curred through the entire thickness of the vessel. Further

temperature increases serve only to decrease the degree of strain
hardening, thereby increasing the deformation.

One final comparison between the analyses with and without
thermal strains was made by examining the circumferential
stresses at the bottom of the vessel. These results have been
plotted in Figures 1.2-21 and 1.2-22. In these figures, the
transient variation in stress through the thickness of the vessel
has been depicted by the superimposing of stresses from seven
distinct times: an initial time (0.001 s) when the pressure was
applied, a final time (807.5 s) adopted from prior discussions,
and five intermediate times when each of the first five elements
(through the thickness of the wall) successively achieved maximum
softening (1480°F). At a uniform temperature of 440°F, the

classic solution for a pressurized membrane is valid. As the
steep thermal gradient appears at the interior surface, the
thermal expansion is resisted by cooler outer layers. This
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a.

b. Temperature Contours in Degrees Kelvin

Figure 1.2-16. Contours of Average Element Temperature
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produces the compressive dips in the curves shown in Figure
1.2-21. With increasing temperatures, the leading edge of the
thermal gradient propagates through the thickness as evidenced by
the shifting of the compressive zone toward the exterior of the
shell. In contrast, as the interior elements reach the level of
maximum softening, the deviatoric stresses are shed and a hydro-
static stress state is attained and driven by the 2500 psi inter-
nal pressure. With the interior elements in compression, the
exterior elements must attain higher tensile stresses to provide
enough force (represented by the integration of circumferential
stresses through the thickness) to sustain the internal pressure
Leing applied to the shell. Ultimately, as the exterior wall
temperature increases, the yield stress diminishes to the point
at which the material becomes incapable of supporting the load.
Then failure ensues. Figure 1.2-22 lacks the compressive spikes
found in Figure 1.2-21 because in these analyses, the temperalure
gradients produce no thermal strains.

Since fixed and symmetrv boundary couditions were imposed on this
hollow hemispherical mesh as a means of studying and approxi-
mating the behavior of a larger and more taxing model of the
entire structure, one analysis tased on a mesh of the entire
structure was undertaken to validate this approach. The corre-
sponding finite element mesh is shown in Figure 1.2-23, and a
plot of the calculated sag (including thermal strains) in the
bottom of the vessel is depicted in Figure 1.2-24. For purposes
of comparison, this sag displacement has been superposed in
Figure 1.2-25 with the results obtained from the three other
models used in this study. It is seen that the 24-element
spherical sector model produces the smallest displacements even
though it is based on the highest degree of mesh refinement.
Furthermore, it assumes that the temperature boundary condition
has been uniformly applied over the entire interior surface of a
hollow spherical vessel. The largest displacement is found in
the hollow hemispherical model with a fixed edge condition. The
identical mesh with a symmetry edge condition has slightly
smaller displacements, and the full structure model of Figure
1.2-23 produces a sag that is in fact bounded by these two cases.

1.2.7 Conclusions

An attempt has been made to examine some features associated with
the failure of a nuclear reactor containment vessel. In these
analyses, the temperature dependent elastic-plastic response of
the steel has been considered without regard to any embrittlement
or creep phenomena demonstrated by the material. A more detailed
analysis cannot be undertaken without determining an appropriate
constitutive theory and generating a thorough material character-
ization., The presence of molten material in the bottom of the
containment vessel was simulated by inducing a temperature bound-
ary condition over the spherical cap subtended by a 60-degree
polar angle measured from the axis of symmetry. It was assumed
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that the thermal properties were independent of temperature and
that the resulting lirear heat conduction equation was unaffected
by deformation allowing the thermal and mechanical problems to be
solved separately.

On the basis of these numerical studies and subject to the
limitations resulting from the aforementioned assumptions,
several conclusions can be reached:

1. The presence of thermal strains dramatically does in-
crease the magnitude of the sag in the pressurized
reactor containment vessel, and it alters the transient
stress distribution occurring through the thickness.

2. Thermal strains have no significant effect on the time
to failure of the pressurized reactor containment
vessel .

3. The failure mechanism consists of a bursting of the
bottom of the vessel due to the internal pressure acting
on a spherical cap. This bursting occurs after the
effective thickness of the cap has been eroded uniformly
by the material softening incurred under the propagation
of the temperature front through the thickness of the
shell.

4. Because of the nature of the failure mechanism, time to
failure can be reasonably determined from a simple model
of a spherical sector.

5. Models of a hollow hemispherical section with symmetry
and fixed edge conditions can be effectively used to
bound the mechanical behavior of the full structural
model .

The next phase of study will consider the performance of the
lower head including the instrument guide tube penetrations.

1.3 CORCON and VANESA Code Development
( A, . E. Brockmann, 6422; D. R. Bradley, 6425)

The later stages of a severe nuclear reactor accident are marked
by the failure of the reactor pressure vessel and deposition of
molten core debris into the reactor cavity. This leads to a
vigorous interaction between the molten core material and the
reactor cavity concrete. Interactions of molten core material
with concrete are important for four reasons related to the risks
and consequences of the accident: radiocactive and nonradiocactive
aerosol generation, combustible and noncombustible gas genera-
tion, degradation of structures and engineered safety features,
and penetration of the concrete basemat.
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Core-concrete interactions release radiocactive and nonradiocactive

aerosols into the cavity atmosphere. Suspended radicactive aero-
sols can subsequently be released to the environment if the reac-
tor containmeat fails. Coincident suspension of nonradioactive

aerosols can help to remove radicactive aerosols from the cavity
atmosphere through agglomeration and settling.

Steam and carbon dioxide are released fr.m the concrete when it
thermally decomposes. These gases chemically react with the core
debris and are partially reduced to combustible gases, predomi-
nantly hydrogen and carboun monoxide. Generation of combustible
and noncombustible gases contributes to pressure in the contain-
ment and may result in overpressurization and failure of the
containment. The potential for overpressurization is, of course,
greatly enhanced by the presence of flammable gas mixtures.

During core-concrete interactions, support structures or engi-
neered safety features may be degraded through direct attack by
core debris, thermal radiation from the surface of the core
debris, or deposition of aerosols. Of particular concern is the
possibility for lateral attack on the drywell liner in boiling
water reactors (BWRs) with Mark I containmen 3, or on the reactor
pedestal in BWRs with Mark III containmenus. In either case,
significant degradation of these structures can lead to early
failure of the containment.

Finally, penetration of the concrete basemat below the reactor
vessel can lead to contamination of the ground water around the
plant and eventual release to the environment. Although the
corsequences of basemat penetration are usually not considered to
be as severe as some other containment failure modes because
radionuclide release is much more gradual, the economic impact on
the surrounding community may be quite severe.

Core-concrete interactions have long been recognized as importaq§
safety concerns in severe accident source term evaluation.
Experimental and analytical research in this area at Sand}? has
led to %he development of two computer codes, CORCON"" and
VANESA,'® which mechanistically model the salient processes
occurring during the interaction. CORCON models the thermal-
hydraulic aspect of the interaction, including debris-concrete
heat transfer, gas release from the concrete and concrete abla-
tion, chemical reactions between the bubbling gas and core
debris, and the effects of coolant boiling. VANESA models radio-
active and nonradicactive aerosol generation from vaporizaticn
and mechanical processes, and also treats chemical reactions
between gas and core debris. Both codes are integral components
of NRC severe accident research efforts.

The following discussion outlines recent efforts directed toward
the development and validation of improved versions of CORCON and
VANESA. Recently released updates to CORCON are described.
Next, experiment results from the recent SURC tests are compared
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to the results of calculations made using a working version of
CORCON. This version of the code contains an improved heat
transfer model which is discussed in Reference 16.

1.3.1. Posttest CORCON Calculations for the SURC Tests

A mechanistic maﬁf} for axial debris-concrete heat transfer has
been developed '’ and has been incorporated into a working
version of CORCON. The phenomena considered in the model and its
salient features are:

1. Heat transfer in the bulk melt pool is governed by
bubble-driven convection and is modeled using a convec-
tive heat transfer correlation by Kutateladze.

2. Except at unrealistically high gas “luxes, a stable gas
film is unlikely and there is periodic direct contact
between the melt and the concrete.

3. Concrete slag is periodically removed from the interface
by buoyancy and bubble motion.

4. Molten core material may solidify as a crust. If the
crust is unstable, it will fragment and these fragments
will also be removed from the interface.

5. The temperature of the interface between the core melt
(or solidified core material) and the concrete slag is
constant throughout a bubble cycle. This temperature
can be determined by considering transient heat conduc-
tion in the four regions of interest: the core melt, the
solidified core material, the concrete substrate, and
the molten concrete.

6. Analysis of the interface temperature is used in the
development of a model for the thermal resistance asso-
ciated with growth and removal of concrete slag and
crust material. This model applies when the crust is
unstable.

7. If the crust is stable, slag and gas will flow between
the crust and concrete surface. A different heat trans-
fer model is used under these conditions.

In order to test the validity of the new heat transfer model,
CORC?Flealculabion’.were performed for SNL experiments in the
TURC ™'~ and SWISS test series, and ﬁernforachungszentrum
Karlsruhe (KfK) experiments in the BETA" test series. '3 re-
ported in References 16 and 17, the comparisons between the
calculated and experiment reﬁults for these tests were, in
general, excellent. The SURC"® comparisons presented in this
section are a continuation of our efforts to validate the new
heat transfer model.
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Thus far, three experiments in the SURC test series (SURC 3,
SURC 3A, and SURC 4) have been completed. All three experiments
used stainless steel melts with incorporated fission-product
simulants. Fifty-kilogram melts were used in SURC 3 and SURC 3A,
while 250 kg were used in SURC 4. The steel was melted in the
crucible and was subsequently sustained using induction heating.
During each experiment, metallic zirconium was added to the
molten steel after several centimeters of concrete ablation.
This was done to validate CORCON predictions for the impact of
zirconium on core-concrete interactions. Specifically, CORCON
predicts that exothermic oxidation of zirconium by gases released
from the concrete can contribute a significant amount of energy
to the molten core debris. Under some conditions, the energy
released during zirconium oxidation is predicted to he several
times greater thap the energy contributed by decay of radicactive
fission products.

The SURC 3 and SURC 4 experiments used a crucible with a concrete
base and magnesia sidewalls. This crucible design limits the
interaction to the axial (downward) direction. It therefore
permits measurement of axial heat transfer without the compli-
cating influence of sidewall interactiuns between the melt and
the concrete. TLe SURC 3A experiment used a crucible composed
entirely of coucrete; that is, both the crucible sidewalls and
bottom were concrete.

A concrete with limestone as a coarse and fine aggregate was used
for the crucibles in SURC 3 and SURC 3A. Concrete with silicious
coarse and fine aggregate was used in SURC 4. These two types of
concretes difler greatly in composition and thermal properties.
The limestone concrete has a high calcium carbonate content, and
it, therefore, releases a substantial amount on carbon dioxide
when it thermally decomposes. The silicate concrete has a much
lower carbonate content so it releases much less carb n dioxide.
Both concretes release similar amounts of water as steam during
decomposition. The silicate concrete also melts over a much
lower temperature range than the limestone concrete. Reference
24 provides an excellent discussion of the thermophysical prop-
erties of the limestone and silicate concretes used in the SURC
experiments.

The instrumentation used in the SURC experiments was similar to
that used in the earlier Sandia experiments; however, several
design improvements were made. Most importantly, alumina
sheathed thermocouples embedded in the concrete base were used to
obtain accurate measurements of the temperature of the molten
steel during the interaction. These thermocouples were heated
with the concrete and were subsequently exposed to the melt as
the concrete was ablated.

In order to model the one-dimensional natire of the melt-concrete
interaction in the SURC 3 and SURC 4 experiments using the
inherently two-dimensional CORCON code, the radius of the cru-
cible used in the calculations was artificially set to 10 m.
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This was done so that radial melt-concrete interactions would
have a negligible impact on the calculated results. All masses
and input powers were then appropriately scaled to the larger
geometry.

Figures 1.3-1 and 1.3-2 show a comparison of the calculated and
experimental results for concrete ablation and melt temperature
in SURC 3. Prior to the zirconium addition at approximately 132
min, frequent failures of the induction power supply caused the
measured ablation rate and melt temperature to fluctuate widely.
Despite this, the calculation matched the experiments quite well.
Following the zirconium addition, a constant input power was
maintained, which allowed an apparent steady state, indicated by
a constant ablation rate and melt temperature, to be achieved.
The measured ablation rate during zirconium oxidation was 4.6
mm/min, whnich compares closely to the calculated value of 4.8
mm/min. When oxidation of the zirconium was completed, the abla-
tion rate in the experiment fell to approximately 2.5 mm/min,
while in the calculation, the ablation rate declined to 2.7
mm/min. The melt temperature calculated for the last 50 min of
the experiment also closely matched the measured values.

Figures 1.3-3 and 1.3-4 present a comparison between experimental
and calculated results for the SURC 3A experiment. As shown in
the figures, CORCON accurately matches the measured concrete
ablation and melt temperature until approximately 90 min into the
test. At that point the melt began to ablate the concrete asym-
metrically, burrowing downward at an angle relative to vertical.
This unusual erosion behavior, which was also observed in many of
the BETA experiments at KfK, makes interpretation of the late
time concrete ablation results difficult. Fortunately, suffi-
cient data is available prior to the asymmetric erosion to con-
clude that the code predictions accurately match the experiment.

A CORCON calculation has been performed for the SURC 4 experi-
ment. However, the results of the experiment cannot be reported
here since the SURC 4 test has been chosen by the Committee on
the Safety of Nuclear Installations (CSNI) as a sample problem
for the validation and testing of existing models for core
debris-concrete interactions. The results of the experiment
have, therefore, been sequestered until that stvdy is completed.
We can report, though, that the code accurately predicted the
steady-state melt temperatures and concrete ablation rates ob-
served in the experiment prior to and subsequent to the addition
of zirconium.

Based on these comparisons and those presented in References 16
and 17, we conclude that the new heat transfer model offers an
approach which is valid for metallic melts and one that, in
theory, can be applied to other core debris materials. Unfor-
tunately, no experimental data is currently available for the
sustained interaction of prototypic oxide core debris with
concrete. Future experiments in the SURC test series at Sandia
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should provide the data necessary to complete the validation of
the model.

1.3.2 Release of the Third CORCON Correction Set

A memo transmitting the third correction set for CORCON Mod2 was
distributed to users of the code. CORCUON version 2.03 is created
by implementation of this update.

This correction set replaces subroutine MLTREA, which performs
all calculations of chemical reactions in the code. The new
version of MLTREA is a direct replacement for the old. Both
versions calculate the equilibrium concentrations of the con-
densed phase species using minimization of the Gibbs free energy.
The old version treated all condensed species as forming mechani-
cal mixtures. That is, the chemical potential of a condensed
species was unaffected by the presence of other condensed
species. The new version considers two condensed phases, oxidic
and metallic, each treated as an ideal solution. That is, the
entropy of mixing is considered in the chemical potentials of the
condensed species, and each has an activity equal to its mole
fraction in the phase.

This change eliminates the strict sequential oxidation of
metallic species from the melt. However, the effect is small
under most conditions. Essentially all of the zirconium (Zr) is
oxidized before any significant amount of chromium (Cr), and
essentially all the Cr is oxidized before any significant amount
of iron (Fe), etc.

Tn most calculations with the new chemistry package, oxidation of
Zr by carbon dioxide (CO,) is by the carburization reaction. In
other words, Zr is oxidized to Zr0, and condensed carbon (C) is
produced. Subsequently, when most of the Zr is oxidized, oxida-
tion of the C takes place. The only exceptions to this, in our
experience, have been calculations that involve core melts with a
temperature exceeding 2700 K. Under these conditions, Zr is
oxidized to ZrO, and carbon monoxide (C0) is produced.

In every calculation with the old chemistry package, the carburi-
zation reaction occurred first. When the Zr was fully oxidized,
oxidation of the condensed C began. Once oxidation of the C had
been completed, oxidation of the remaining metallic species in
the melt begar startirg with Cr.

Several changes have also been made to the numerics of the solu-

tion procedure. Here special attention has been devoted to
scaling and round off problems on short-word machines such as
IBMs and VAXs. (The original routine had a history of conver-

gence problems on these machines.) The new version has demon-
strated much bette performance on these machines although it
does run somewhat slower than the original.
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Occasionally we have encountered cases in which the new chemistry
package has had difficulty oxidizing the last bit of Zr from the
metallic phase of the melt. This problem is usually eliminated
by increasing the ZILCH parameter in MLTREA to a value larger
than the default value of 1.E-5. For reactor scale melts, a
value as high as 1 can probably be used without creating signifi-
cant inaccuracies. At this level, only one mole of Zr (0.081 kg)
is discarded out of a total Zr nass of 10,000 kg or more and a
total core mass of 200,000 kg or more.

Shown in the Figures 1.3-5 through 1.3-10 are comparisons of
calculations made using version 2.03 of CORCUON and the earlier

version, 2.02. Also included are the aerosol source rates pre-
dicted by the VANESA code, given the results of the CORCON calcu-
lations. Two sets of calculations are presented: the CORCON

standard problem and a sample Peach Bottom accident sequence. As
the sample calculations illustrate, there is little difference in
any of the calculated results. In general, we would expect
differences of this magnitude for other accident calculations.
The exceptions being calculations with an initial temperature
greater than about 2700 K, where coking may occur in version 2.02
but not in version 2.03.

1.3.3 Release of the Fourth CCRCON Correction Set

As indicated in Reference 14 (pp. 91-93 and p. 138). CORCON Mod2
was designed to accept time-dependent additions of core material,
coolant, and ablated structural material. At the time the code
was released, existing models for in-vessel melt progression
(e.g., MARCH) predicted accumulation of core debris in the bottom
of the reactor vessel, followed by failure of the vessel, and
deposition of core material on the floor of the reactor cavity.
Subsequent to vessel failure, no additional core debris was
calculated to be released into the cavity. As a result, there
was no need, at the time CORCON Mod2 was released, to activate
the capability for time-dependent addition of material.

Recently, more mechanistic melt progression models such as
MELPROG have been developed. These models predict deposition of
core material over a period of several hours following failure of
the vessel. Hence there is now a need to update CORCON to accept
input of time-dependent sources of core material. An update to
CORCON, which activates this feature, has been written and has
been transmitted to users of the code. Version 2.04 of the code
is created by implementation »f this update.

The approach taken in the update was slightly different from that
suggested in Reference 14. The suggested approach was to (1)
read user-specified input in subroutine DATAIN, (2) process this
input in subroutine ABLATE to determine the mass added during a
time step, and (3) use subroutine MASSEX to include added mass
and enthalpy in the CORCON mass and energy balances. In the mass
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addition update, input is read in DATAIN, but is processed
directly by MASSEX. Subroutine ABLATE is not used, but is still
maintained within the code. I1f, in the future, a separate model
for ablation of structural concrete above the melt pool surface
is developed, it will be included in ABLATE.

In the curr:nt update, mass addition is supplied by the user
after sett.ng the flags, IABL and ISRABL, equal to 1 (see pp.
81-82 of Peference 14). Mass flow rates of chewical species are
then supplied using the modified input format shown in Table
1.3-1. The Table 1.3-1 input format replaces cards 26, 27, 28,
and 29 shown in Reference 14 on pp. 91-93. Note that cards 20A-D
are aditional card groupes that were not included in the Refer-
ence 14 input guide. These card groups permit the user to
specity the temperature of each phase of entering material
(oxide, metal, and coolant) as a function of time. Also note
that the 1nteger flag, IFPOPT, has been added to card 26. This
flag indicates the method for specifying the fission-product
composition of the entering material. If IFPOPT = O, a default
fission-product composition is selected. The default compouitxon
has the same fission-product content relative to U0, mass as in
the initial core debris. If IFPOFT = 1, the user must specify
the fission-product composition of the entering core material.
An error message is printed if IFPOPT = O and fissionr-product
species ar2 included in the mass addition tables. The fission-
product input is subsequently ignored by the code.

Entering metallic species are added to the metallic layer of the
core debris if cne is present; if no metallic layer is present,
one is created. The addition of coolant is treated in a similar
fashion. The situation is somewhat more complicated for the
addition of oxidic material since there may be two oxide layers
present. If two oxide layers are present, entering oxide species
are added to the topmost oxide layer, usually layer ILOX. In
some calculations, the addition of dense oxides such as UD, or
Zr0, may cause the topmost oxide to become more dense than the
metallic layer below it. When this happens the code initiates an
"inverse layer flip", which combines tiie material in layers I(LOX
and IHOX into a new IHOX layer and eliminates the ILOX layer.
(The coding that initiates the inverse layer flip was written
originally by R. K. Cole, Sandia, Div 6418, during the implemen-
tation of the CORCON model into the MELCOR code.)} As with other
material movements in CORCON, mass added to the cavity is assumed
to equilibrate thermally with each layer through which it passes
or eventually resides.

Sample calculations have Jeen performed using CORCON Version
2.04., Results from five of these calculations are shown in
Figures 1.3-11 through 1.3-19. Figures 1.3-11 through 1.3-13
compare {esults for two calculations: (1) the CORCON Standard
Problem'* and (2) a variation of the Standard Problem in which
0.5 of the core material in (1) is deposited at t'.+ start of
core-concrete interactions and the remainder is added over the
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Table 1.3-1

Modified CORCON Input Format for Mass Addition

Number of species in mass addition table; imcludes only
species available in the Master Species List (NSPG < 20)

Option flag for input of fission product mase addition;
IFPOPT = 1 for user-specified fission product addition;
IPPOPT=@ for fission product composition of entering
material calculated internally.

Species names of epecies in mase addition table (left

Number of points in table of wass flow rate versus time
for firet speciee as defined in card group 27.

Same as above expect for second specise as defined in
Same as above exc. ,t for species NSPG as defined in card

NMP(I)< 18, T = 1, NSPG

Tables of mass flow rate of species T, PMS(J, 1) (kg/s),
versus time, TMS (J,1)(s), for each species I (I=1,
NSPG) names in group 27; the number of table entries
for each species is NMP(I).

Start a new card for each species.
Number of points in temperature versus time table for
added oxide, metal, and coolant NUTS, NNTS, NCOTS <€ 18.

Tables of time, TIOTS(I)(s), and temperature of added
1=1, NTS

Repeat 208 for temperatures of added metal phase TMTS(I) (K) versvs Lime TIMTS(1) ().

Card/
Group
s Field Format Variable Name Description
26" 1-6 16 NSPG
8-18 16 > IFPOPT
a7t 1- AB NANSP
justified)
(There will be NSPG cards in group 27.)
s 18 3 NP (1)
610 i NP (2)
. . . card group 27.
. . .
. 16 NMP (NSPG)
group 27
288" 1-18  Ble.@ ™S (1,1)
11-20 Ele.@ FMS(1,1)
21-3¢ Eie.e TS (2,1)
31-48¢ EK10.0 FuS(2,1)
. . .
. . .
. . .
El@.@ TMS (KMP (1) ,1)
Ele.@ FMS (NMP (1) ,1)
204" 1-6 16 NOTS
610 16 NMTS
11-16 16 NCTS
208" 1-18  Ble.e  TIOTS(1)
11-28 Ele.? TOTS (1) oxide, TUTS(I) (K).
21-30 Ele.e@ TIOTS(2)
31-48 Rie. @ TOTS (2)
. . .
. - .
. Ble.@ TIOTS (NOTS)
E18.0 TOTS (NOTS)
200"
200"

Repeat 208 for temperatures of added coolant phase TOTS(I) (K) versus time TIOTS(I) (s).

"Card 26 and groups 27, 28, and 20 should be included only if IABL # @.
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Coolant - Gas Generation.

next 2 h of the accident. The oxidic and metallic material added
in (2) enters the cavity at a temperature of 25600 K. The input
used for (2) is provided in Table 1.3-2.

The results presented in Figures 1.3-11 through 1.3-13 show that
melt temperature, gas flow, and concrete ablation rate are ini-
tially higher in the calculation without t'me-dependent mass
addition. This difference is due to the lower surface-to-volume
ratio of the full core melt in the Standard Problem calculation.
Hence heat losses are lower relative to energy input from decay
heat and chemical reactions. After about 1 h, melt temperature,
gas flow, and ablation rate are higher in the calculation with
mass addition. This is due to the prolonged addition of "fresh"
hot core material which continuously adds sensible heat to the
core debris in the cavity. At the end of the calculation (3 h
after the start of the interaction), axial and radial ablation
distances are virtually identical in the two calculations, as is
gas flow. Melt temperature is slightly higher in the calculation
with mass addition.

Although VANESA calculations have not been run for the case with
mass addition (VANESA currently will not accept time-dependent
mass sources), we can speculate on what the VANESA results would
be. The most important phase of the interaction for aerosol and
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Table 1.3-2
Modified Standard Problem Input

CORCON-MOD2 STANDARD PROELEM - 1/2 CORE INITIAL,1/2 ADDED IN 2 MRS
0 1 2 ] 0 0 1 1 0 30 0 0 1

2 1
30. 10800 21600 21601
95 0. 8
0. 3,000 5.0 0.1 4.000 2.00 10 10
350 1550. € 138
3 4 2500 2500.
FEO 3000
vo2 $0000
2RO2 7000,
FE 35000
CR S000
NI 3000.
ZR $000
90 .00 3400 0
282
H20 60000.
50000. 0.0 380. p
H20 0.8
H2 0.5
2
10800 .0 1.8E8 21600 3.0ES
2
10800 .0 400.0 21600.0 800.0
0
FZ20
vo2
2RO2
¥E
CR
¥l
2R
2 2 2 2 e 2 2
10800. 0.42 21600 0
10800 6. 94 21600 0
10800 . 0.97 21600 o
10800 4 88 21600 0
10800 . 0.69 21600 0
10800. 0.42 21600 (o)
10800 0.69 21600. 0
2 e 0
10800 2500 30000 2500
10800 2500. 30000. 2500
TIMETIMETINME
1 1 1
0. 8
0. 8
0 8
1
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fission-product release is the high temperature-high gas flow
phase early in the interaction. Since both gas flow and melt
temperature are higher in the Standard Problem calculation, we
would expect aerosol and fission-product release to he signifi-
cantly higher. The late time differences between the two calcu-
lations are less important since gas flow and melt temperature
are much lower and there would be little aerosol and fission-
product release. Cumulative aerosol and fission-product release
would therefore be higher for the conditions in the Standard
Problem calculation.

Figures 1.3-14 through 1.3-16 compare the results from two other
calculations: (1) the Peach qutom sample problem used in prev-
ious updates to CORCON Mod2, and (2) a variation from this
sample problem in which 1/3 of the core material is deposited at
the start of the core-concrete interaction and the remainder is
added over the next 4 h of the accident. The material added in
(2) is at a temperature of 2000 K when it enters the cavity. The
input used for (2) is given in Table 1.3-3.

Because the oxide phase of the core debris in the two Peach
Bottom calculations is initially well below its solidus tempera-
ture, a lengthy heating period is required before the oxide layer
remelts and a vigorous molten core-concrete interaction begins.
The heating period is 40 min for (1) and approximately 170 min
for (2) (the calculation with time-dependent mass addition). As
was the case in the Standard Problem calculations, this differ-
ence is due to the higher surface-to-volume ratio of the partial
core melt in (2). The plots also show that the maximum tempera-
ture and maximum gas flow during the vigorous interaction phase
are almost the same in both calculations, and that these maxima
are offset in time by approximately 130 min (the same time
difference calculated for the heatup phase). Based on these
results, we would expect the peaks in aerosol and fission-product
release to occur also at different times. However, the magnitude
of the peaks in the two calculations should be very similar. We
would also expect cumulative release for the two calculations to
be nearly the same.

Figures 1.3-17 through 1.3-19 show results for a calculation
similar to the Peach Bottom (2) calculation, except with coolant
added at two times (at 5 and 120 min) during the interaction.
Input for this calculation is given in Table 1.3-4.

Comparison of the results for this calculation with the results
from the Peach Bottom (2) calculation shows that coclant addition
has little affect on the calculated melt temperature and ablation
rate (Figures 1.3-17 and 1.3-18). Figure 1.3-19 shows that
except for additional steam generation during coolant boiling,
gas flow in the case with water is almost the same as with no
coolant. Coolant addition has little effect because boiling heat
transfer is in the filw boiling regime because of the high
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Table 1.3-3
Modified Peach Bottom Input

PEACE BOTTOM AE ACCIDENT -

0 0
60.0
40
0.0
300 O
3 4
vo2
ZRO2
FEO
ZR
FE
CR
NI
140.1
4505.
coz
H2
N2

7678.0
60000
L 0
vo2
Z2RO2
FEO
FE
CR
NI
R
2 2
7578
7578,
7878
7575,
7578
78578.
78678.
2 <
7878
78678%.
7575.

TIMETIMETIME

1 4
0.0
7575,
0.0

2 3
7876
0.0
3.2
18785.
2125.
§3133.
10097
1000.
13690.
23387 .
3700.
2058 .
3293.
2.14E+5
0.1%7
0.13
0.70

500.0
1750

& e
4.920
1.018

0926
C.826
3426
1802
1.267

2000.
2000.
350

00
D

1/3 CORE INITIAL. 2/3 ADDED IN 6 HRS
0 e 1 1 0 20 0 0 1
29176 70000

1.8

$.00 0.1
6 138
2128

0

11178.0 900.0 14776 .0 13

Qo
o

18376

2 <
29176
29176
29176
28176
29176
29176
29176

]

00000

80000
80000
80000 350

14778, 0.1 14800 0.8

4.438 3.08 10 €

178
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Table 1.3-4

Modified Peach Bottom Input With Water Added

PEACH BOTTOM AE ACCIDENT -

0 1
60.0
40
0.0
300.0

FE
CR
NI
ZR
H20CLN
2 e
7678
7878
7878.
7578
7875
787S.
7578%.
7678
14895
2 2
7875
7875,
7578
TIMETIMETINE
1 4
0.0
7578
0.0

e 3
7876.

0.0
3.2

1875
212,
53133,
10997
1000.
13690
23387.
3700
20885.
3293.

0.00
2.14E+5
0.17
0.13
0.70

$00.0
1780

0 0

e|neée
1.8

5.00

€

2128,

0

528,

11175.0

29176
29176
29176
29176,
29176.
29176.
29176,
76985,

80000.
80000.
80000.

14778,

1 1

900.0

n
o

Q00000000

0
o
O -

2000
2000.
380.

o) 20
70000.

4.438

14778 .0

82985

14800.

0

.08

1300.

o
o

1 1

10 6

18376

14205

60000

1/3 CORE INITIAL, 2/3 ADDED IN € MRS, WATER ADDED
1

1780.

20,

0.8
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surface temperature of the core debris. Therefore, both before
and after coolant addition heat transfer from the top surface of
the melt is controlled by thermal radiation.

The five sample calculations just discussed are only a few
examples of the vast spectrum of cases which can now be run using
CORCON Version 2.04. As the calculations illustrate, prolonged
addition of core debris to the reactor cavity may or may not have
a significant impact on the calculated results. The effect of
time-dependent mass addition depends on the temperature and
amount of core debris initially in the cavity, the temperature
and amount of core debris entering the cavity later, and the time
at which core material is added to the cavity. It is therefore
extremely important to have accurate models for in-vessel melt
progression and vessel failure. At present, there is still great
uncertainty in the modeling of these processes.

1.4 olt - t teractions
. Marshall, Jr. an . Berman, 6427)

The objective of this program is to develop an understanding of
the nature of fuel-coolant interactions (FCIs) during hypotheti-
cal accidents in light water reactors (LWRs). The understanding
of FCIs achieved in this program is expected to resolve key
reactor safety issues for both terminated and unterminated acci-
dents. Models are being developed to quantitatively determine:

1. The rates and magnitudes of steam and hydrogen genera-
tion.

3]

The degree of mixing and coarse fragmentation of the
fuel.

3. The degree of the fine fragmentation of the individual
droplets composing the coarse mixture.

4. The fraction of the available thermal energy that is
converted into mechanical energy.

Experiments are being conducted to determine the influence of
three classes of important independent variables: thermodynamic
conditions (temperatures of the fuel and the coolant and the
ambient pressure); scale variables (amount of fuel and coolant
initially involved); and boundary conditions (pour diameter and
rate, shape and degree of confinement of the interactions region,
presence of structures, water depth, and fuel -coolant contact
mode). Measurements being made during the experiments include
photographic observation of the FCls, pressures generated in the
coolant and the cover gas, steam and hydrogen generation, and the
resulting debris characteristics.
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1.4.1 FITS-D Experiment
(R. W. Marshall Jr., G. B. StClair, F. Bauer, and W.
Teague, 6427)

On May 13, 1987, the final 20-kg experiment for the FITS-D series
was conducted. In this experiment, the initial ambient pressure
was O.6096 MPa (101 psia), the initial water temperature was 401 K
(37 K subcooled), the water chamber had a square cross section
with a side dimension of 0.76 m and a water depth of 0.15 m. The
fuel was iron/alumina having a temperature of about 2700 K and
was dropped from a height of 1.6 m, resulting in an entrance
velocity of about 4 m/s.

Due to funding limitations, we have indefinitely postponed the
final analysis of this experiment. However, some preliminary
results and observations are currently available from this
experiment. Following is a summary of these results and
observations.

1. As expected from previous experiments with elevated
pressure, saturated water, or both, a steam explosion
did not occur in this experiment. This observation
supports the hypothesis that spontaneously triggered
steam explosions are suppressed at elevated pressure and
water temperature.

2. We observed rapid generation of hydrogen and steam,
pressurizing the FITS chamber to ~1.03 MPa during the
first 2 to 3 s. The pressure in the chamber continued
to rise, but at a much slower pace, to 1.1 MPa over the
next 20 s or so. This type of chamber pressurization
was different than observed in any of the previous FITS
experiments. We are currently evaluating this result.

3. This was the first experiment in which the mass spec-
trometers were successfully incorporated into our FITS
experiments. The preliminary data show that approxi-
mately 70 to 80 percent of the final hydrogen percentage
was detected during a 2-s transient. Analysis of the
gas-grab samples indicated that the final hydrogen
concentration (on a dry-gas basis) was about 11 percent.
This translates into almost complete oxidation of the
iron (~98 percent) if the FeD reaction is assumed and
approximately 65 percent of the iron if the Fe,0,
reaction is assumed. These are extremely high oxidat{on
rates compared to past experimental results, which were
in the neighborhood of 30 percent for the Fe0 reaction.
Obviously these results are preliminary until and unless
further evaluation is performed (e.g., were significant
quantities of hydrogen generated from the decomposition
of the polysolfone, which is a different chamber mate-
rial than used in past experiments?). These and other
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questions should be addressed before these results are
quoted as factual.

1.4.2 Isothermal Liquid-Into-Liquid Jet Studies (IJET)
(D. F. Beck and B. W, Marshall, Jr., 6427)

1.4.2.1 Introduction

Boiling jet experiments conducted under the FCI program led to
the observation that the degree and timing of jet bnfakup are a
function of the subcooling of the ambient fluid. Observed
behavior was sufficiently complex as to merit further testing
designed to separately characterize hydrodynamic and thermal
effects. The Isothermal Jet (IJET) test series is the part of
the program that is investigating hydrodynamic behavior.

1.4.2.2 Apparatus and Procedure

Plans for conducting an isothermal liquid-into-liquid jet test
series proceeded by using TMI-2 core support and ;low plates as
the guide for scaling. Guidelines included attempts to keep the
experiments fairly simple and inexpensive. This allowed a number
of tests to be run and analyzed in order to establish overall
flow characteristics with a reasonable investment. With these
factors in mind, the following parameters and equipment configu-
rations were established.

Primary orifice diameters were set at 4 and 8 cm, which would
generate prototypical reactor data in the range of one-quarter to
full scale. In addition, tests with orifice diameters of 0.1 and
1 cm were conducted in order to provide a means of correlation
with the existing data base. Orifi:e length-to-diameter ratios
(T/D) were selected to span the range of 0.2 to 20 in order to
measure the sensitivity of jet behavior to this variable. Such a
span more than covered the different T/D ratios found in the
TMI-2 design. Square-edged entrances were used throughout.

Orifice exits were locat:d at the surface of a quiescent tank of
water. Orientation of the orifices was such that the jets were
injected vertically downward into the pool. Flow was driven by
gravity head alone, as would exist for a corium melt located on
top of a support plate. A 13-cm initial hydraulic head was
selected on the basis that it would provide exit velocities
representative of TMI-2 conditions. An additional experiment
(subsequently referred to as system 1-4) was performed in which
test initiation occurred by dropping the jet fluid onto the
orifice plate from a height of 30 em. This was done to simulate
any core relocation effects.

The water tank used in the tests was selectea from available
facilities. With a depth of 1.2 m, sizing approximated the TMI-2
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separation distance between the flow distribution plate and the
vessel bottom. A spillway was used on one side of the tank in
order to maintain water levels fairly constant with respect to
the orifice exit. In cross section, the tank was square with
each side measuring 0.56 m (interior). Orifice exits were
located at the geometric center of this section. A photograph of
this facility is provided in Figure 1.4-1. Major components are
labeled for identification.

High speed cameras were the primary means used in gathering test
data. Several 16-mm cameras and one 70-mm camera provided cover-
age from several vantage points around the water tank into which
the jet was injected. The tank was constru:ted of a transparent
plexiglass on all sides to facilitate photography. Various
scaling aids were used in order to allow for refraction correc-
tion. Film speeds varied from 30 to 1000 frames per second with
the actual setting a function of the camera, subject, and test.
Timing signals impressed onto the film allows for correlation
between events and elapsed time. Resultant films were projected
onto a digitizer to allow for rapid data gathering at reasonable
scales.

All tests from which data have been extracted were run with an
immiscible liquid pair in order to simulate the hydrodynamic
interaction between water and corium. JIdeally, the density,
viscosity, and interfacial tension values should have been close
to that estimated for corium. However, due to safety and eco-
nomic considerations, the fluid selected was refrigerant 113
(R-113 or trichlorotrifluorcethane). Use of this fluid gave a
fully separable system with a density ratio of 1.6 and a viscos-
ity ratio of 1. These ratios are within a factor of 5 of those
estimated for a corium into water system and should allow for
approximation of resulting hydrodynamic characteristics. Fluid
temperature measurements were taken immediately before each test
run. This was done in order to determine the actual fluid prop-
erties at the time of the test for use in data reduction.

1.4.2.3 Test Parameters

A listing of the initial conditions for the tests conducted can
be found in Table 1.4.1. Injection velocities shown represent
conditions at test initiation. The values given were first esti-
mated by e use of standard entrance and pipe loss tables given
by Olson. Posttest analysis refined these values by use of
volumetric flow rate data (reservoir sight tube level versus
time) except where not availatle (systems 1-3 and 1-4). During
the short periods that data were taken, volumetric flow rates
were found to be constant within experimental accuracy. This
allows the injection velocity to be treated as a constan. for the
purpose of data reduction and analysis.
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Table 1.4-1

Initial Test Parameters for R-113 Into
Water Jet Tests

Orifice

Orifice Aspect Injection

System Diameter Ratio Velocity

Number D(m) (T/D) Uo (m/s)
1-1 0.00119 2.00 18
1-2 0.009563 2.00 1.4
1-3 0.0381 0.187 1:4
1-4 0.0381 0.667 3.0
1-86 0.0381 2.00 1.7
1-6 0.0381 24.3 2.0
1-7 0.0762 2.1 1.7

Fluid propertiﬁﬁ used in calculations were based on standard
handbook tables® for water and on laboratory measurements for
R-113. Interfacial surface tension was set at 0.05 N/m as data
accuracy would not support evaluation of the effect of tempera-
ture variations. The actuval values used for viscosity and
density are given in Table 1.4-2 as a function of the system (or
test) number. Note that subscript "D" is referencing the dis-
persed fluid (jet material) while subscript "C" represents the
continuous phase fluid (water).

From the data presented in Tables 1.4-1 and 1.4-2, several stan-
dard nondimensional groups were determined. Reynolds numbers
were calculated in order to provide an indication of the flow
regime at the orifice exit. The Reynolds number is given by the
ratio of the inertia and viscous forces as follows:

DU
Re = fg____Q

= .
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Table 1.4-2

Density and Viscosity Data

System

Number pn(kg/m') pc(kz/m') by (kg/m*s) bo(kg/mes)
1-1 1550 9u8 . 41 0.00110 0.0011709
1-2 1650 998 .60 0.00108 0.0012028
1-3 156560 999 .27 0.001086 0.0010209
1-4 1550 900 .24 0.001056 0.00106590
1-6 15650 9990 . 38 0.00107 0.0011773
1-6 1670 000 . 44 0.00118 0.0012885
1-7 1570 999 .65 0.001086 0.00121906

where

Re = Reynolds number,

pp = jet material density,

D = orifice diameter,

U, = orifice exit velocity,

By = jet material dynamic viscosity.

As found jn Table 1.4-3, the Reynoclds numbers range from 2 X 10
to 2 x 10°. Consideration of velocity and buoyancy vector direc-
tions then allcws the tests to be classified as vertical turbu-
lent buoyant jets.

Froude numbers were determined in order to better characterize
buoyancy effects. The densimetric Froude number used in this
section is the ratio of the inertia force to the buoyancy force
and is given by

where

'2
Fr = LO__p_Q

(Pp = Pc) 8D

Fr = densimetric Froude number,
po = continuous phase density,

g€ = gravitational constant.
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Table 1.4-3

Nondimensional Parameter Groups for R-113 Into
Water Jet Tests

System

Number Re We Fr Z

1-1 2.0 x 10° 53 350 4 x 10"
1-2 1.9 x 10* 580 59 1 x 10°®
1-3 7.8 x 10* 2.3 x 10° 16 6 x 107
1-4 1.7 x 10° 1.1 x 10 68 6 x 107
1-5 9.4 x 10* 3.3 x 10° 22 6 x 107
1-6 1.0 x 10° 4.8 x 10° 20 7 x 107
1-7 1.8 x 10° 6.9 x 10° 11 5 x 107

Values obtained range from 11 to 68 for the larger diameters,
indicating that these jets are initially operating in a manner
that approximates a pure plume (Fr = 0).

Weber numbers were next calculated in order to better understand
drop formation and behavior under the test conditions. The Weber
number is typically given as the ratio of the inertia force to
the surface tension force and was calculated as

u2
We = ;—7—35—5 -
where
We = Weber number based on exit conditions,
¢ = interfacial surface tension.

As shown in Table 1.4-3, the lrrge -flli jets exhibited exit
Weber numbers on the order of 10" to 10". Since these values are
several orders of magnitude higher than t“ﬂ critical Weber number
of 12 typically given for drop breakup, rapid fragmentation
would be expected.
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The final nondimensional relationship considered under exit
conditions was the Ohnesorge number, Z. It is given by

2 W 0.6 i EQ
@ P g 3

Calculated values ranged from 6§ x 10™ to 4 x 10", When con-
sidered in conjunction with the Reynolds number it is found that
the large scale jet tests fall into the breakup regime expected
for a corium pour. This is shown i‘n Figure 1.4-2, which was
taken from Windquist and Corradini. All of the 4- and 8-cm
diameter jets are within the range given for expected accident
scenarios. This further justifies use of the present experimen-
tal system for improving our understanding of hydrodynamic break-
up in metal-water jets.

1.4.2.4 Test Observations

This section provides a general qualitative description of
observed jet behavior. The main body of the text is devoted to
the large diameter jet experiments conducted. However, several
observations made during the l-mm and l-cm jet tests are worthy
of comment.

* Small and Intermediate Scale Jets

Initial entry of these jets proceeded in a fairly coherent
fashion, with some "mushrooming" evident. Further penetration
saw the development of lateral disturbances and limited wave
behavior along the jet edges. Camera coverage was not close
enough to allow a better description of these disturbances.
However, it is thought that the surface di-turqanco. must have
been similar to those shown by Ranz and Dreier. Their photo-
graphs have been reproduced in Figures 1.4-3 a and b. It is of
some interest to note that the behavior shown is not unlike the
breakup of Tollmien-Schlichting waves into vortex trusses that
can be observed during laminar-to-turbulent boundary layer
transitions. For a comparisor see Figure 114—3 ¢, which is from
the work of Mueller, Nelson, and Kegelman. Other examples for
this type of phenogena can be‘[ound in the work of Kegelman,
Nelson, and Mueller ™ and Brown.

Any solid core region existing early in the jet became fragmented
at some depth beyond the initial disturbance point, as evidenced
by an ability to see through the surrounding drop or spray field.
A "breakup" length could thus be assigned on the basis of ob-
serving the location where the fragmented core dispersed to such
an extent that a coherent structure was no longer apparent,
Observations of the breakup point noted that its location, in
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terms of distance from the orifice, varied by roughly 20 percent
over time due to oscillatjons about some mean point. Reynolds
and Sterling and Sleicher™ have reported observations of similar
breakup length oscillations. Sterling and Sleicher also link the
amplitude of these oscillations to jet exit velocity. That most
authors have not reported this effect is probably a reflection on
observation and data reduction methods in use.

Visual classification of the l-mm and l-cm jets places them in
the initial region o‘.turbulont jet breakup (see f?f example
Tanasawa and Toyoda and Kitamura and Takahashi™ ') This
behavior is shown as category d of Figure 1.4-4. However, the
observed density of the resultant sprays would certainly place
them at opposite ends of the spectrum within this category. Note
that Figure 1.4-4 does not imply that the drops are perfectly
round nor that the edges of the spray cone are ever straight at
any one point in time.

* Large Scale Jet Penetration

All 4- and 8-cm diameter jets, regardless of orifice aspect ratio
or entrance velocity, followed similar behavior patterns during
penetration. As mentioned earlier, these are appropriately
classified as vertical turbulent buoyant jets, or forced plumes.
During initial formation, the term "starting" plume is also used.
The behavior pattern has three phases, or zones, as shown in
Figure 1.4-56. This sketch can be compared with the photographs
of Figure 1.4-6, which portray most of the features noted. The
sequence shown w.s taken from system 1-7.

Initial jet penetration occurs in zone 1 as a coherent or solid
core of material. A rapid expansion or mushrooming of the front
occurs as the jet meets with resistance from the continuous phase
(water). The material in this flattened face continues to expand
and apparently forms a ring vortex. Visually we see the jet
expanding to roughly twice its initial diameter within a penetra-
tion depth of about one diameter. Zone 2 starts where the newly
formed vortex ring begins to penetrate further into the water.

As the vortex ring moves deeper, the main body of the jet tends
to penetrate through its center with a higher mean velocity.
Thus, as the jet front travels through zone 2, the outer layers
of the ring vortex are stripped off of the main flow and left to
dissipate on their own. This separated material has Leen ob-
served to continue to spread and penetrate, all the while under-
going fragmentation until it becomes entirely dispersed. Mean-
while, the interaction of the central core of the jet and the
inner regions of the vortex evolve into more of a spherical form.
Turner®™ and Middleton® have demonstrated that similarity solu-
tions are possible for a starting plume. Their models are based
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Figure 1.4-4.
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Modes of Jet Breakup Include a. Dripping,

b. Laminar Breakup by Axisymmetric Distur-
bance, ¢. Laminar Breakup by Sinuous Wave, d.
Turbulent Breakup Because of Lateral Jet
Oscillations and Viscous Effects, and

e. "Atomizing" Turbulent Breakup Because of
Viscous Shearing Effects
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Zone 3 is characterized by the rapid and near linear mean growth
of the leading cap or vortex sphere. In comparison to the small
growth rate of zone 2, here we see a mean spread on the order of
0.2 m/m. Overall characteristics follow those described for a
starting plume. The observed transition point between zone 2
and zone 3 also corresponds closely with the estimated end of the
zone of flow establishment' if this had been a steady state jet.

All three zones are characterized by the apparently random ap-
pearance of turbulent eddies that protrude from the edges of the
jet. At any one point in time this has the effect of giving the
jet a very irregular boundary. The majority of these eddies are
small when compared to the jet diameter. However, larger pro-
tuberances are observed, although their frequency falls off with
increasing size. Such a distribution brings to mind the
Kolmogorov spectrum law that describes energy content versus wave
number for isotopic turbulence (for example, see Reference 50).
Some of these large eddies become overextended and lose all
forward momentum. As a result they are sheared off of the main
flow, stagnate, and slowly dissipate. The maximum observed eddy
size was of the same order as its radial location.

The last prominent feature to discuss is the apparent droplet-
like structure exhibited by these jets. Close scrutiny of the
photographs reveals a myriad of small droplets that form the main

visible portion of the jet. Such structure would be expected
based on the experiments of Ranz for carbon tetrachloride
sprays into water. It was also noted that turbulence and shear-

ing action along the jet edge tends to strip off outer layers of
drops from the main flow region.

As a final note consider the third photograph in Figure 1.4-6.
The overall structure of ths jet exhibited at this point allows
it to be classified under category e of Figure 1.4-4, as might be
expected from the high Reynolds and Weber numbers presented in
Table 1.4-3. Our attention will now be directed toward quantita-
tive descriptions of the observed behavior described in this
section.

1.4.2.6 Breakup Behavior

Discussions in Sectimsn 1.4.2.4 classified the breakup of the
R-113 into water jets as turbulent on the basis of their visual
form, as well as on the values of their orifice exit Reynolds
numbers. Although classification based on these observations
alone may be adequate, it is also of use to evaluate the data in
light of correlations published by other experimenters. For this
purpose consider a critical Reynolds number, Re , given by
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where u, is the critical velocity for transitioar fircm a laminar
to a turbulent jet. The critical Reynolds numb:r i: found from
the relationship

Re, = a 2" .

The values "a'" and "n" can be found in Tabiiz%i4—4 for various
authors. Since Takahashi and Kitamura’s "' work was with
liquid-liquid systems, the correlation they present will be used

here. The value Z_ , given in their relation, is an Ohnesorge
number and is calcuiated as

Z, = fe .
* T, pey e
Table 1.4-4

Coefficients for Determining the Critical
Velocity for lLaminar-to-Turbulent Transition
in Axisymmetric Jet Breakup

a L author
pn]0.14
19,000 —2] g 1.34 Fujinawa et al %
c Uk Hp
08 Z;O'll -0.30 Takashasi and Kitamura®®®®
370 -0.318 Tanasawa and Toyoda“
3256 -0.28 Grant and Middleman®®

Using the data presented in the previous section, critical veloc-
ities can readily be calculated. The highest value was for the
l-nm diameter orifice (system 1-1), where u, is 0.86 m/s. In
contrast, the 8-cm jet has a critical velocity of only 0.04 m/s.
When these calculations are compared to the injection velocities
given in Table 1.4-1, we have an indication that all of the
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experiments performed should follow turbulent breakup behavior.
In a similar vein, Tanasawa and Toyoda recommended use of a
"jetting" number, Je, that was of a form equivalent to

Je = We

p.| 0.56
op

Based upon experimental observations, they suggested that
laminar-to-turbulent transition occurred at a jetting number of
10. This corresponds to a Weber number of 8 for the present
experiments, a number that is well below any values given in
Table 1.4-3.

Since these experiments were also shown to be plume-like for the
larger diameters (low Froude numbers), plume transition data
should also be nsidered. Such inforwation can be found in the
work of Shlien,  who demonstrated that in saltwater-into-fresh-
water systems the critical Reynolds number for laminar-to-
turbulent transition had a value of 220. Again we have a
criterion that indicates turbulent conditions exist for the
experimental systems in use.

Yet another transition criterion is provided by Anwar,‘. who used
a freshwater-into-saltwater system. His observations indicated
that turbulent plumes exist when the densimetric Froude number is
greater than or equal to a value of about 1.12.

Thus by multiple correlations it can be established that we are
dealing with turbulent breakup phenomena. However, before
further progress can be made our attention needs to be focused on
reducing actual breakup data from the tests conducted.

Measurement of breakup length in turbulent jets first requires
definition of some physical parameter whose value can be deter-
mined. Although this may seem to be a little too obvious,
breakup length definitions vary widely for turbulent jets, making
data comparisons difficult. Some authors prefer to visually
identify the end of a coherent core region as discussed under
Section 1.4.2.4. This becomes a diaficult task at best because
of the clouds of dispersed droplets. Other schemes include the
point where surface disturbances are first noted on the jet edge,
the distance to where a stable jet expands to twice its initial
diameter, the point where surface disturbances grow to a given
height, and others. These methods are all suited for visual
analysis of steady jets, although widely differing results could
be expected.

In light of this, a better definition was sought that would
remove some of the ambiguity involved in determining the breakup
length. In Figure 1.4-9, we notice that the mean center line
flow is expected to have an initially constant velocity core,
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followed by an established flow region where velocity decays in
an exponential fashion. Thus if center line velocity information
is present in some form, breakup length can be identified by
observing tte location of ch a transition point. This method
has been us 1 by Abramovich™ and others.

Por a penetrating jet we must now make the assumption that the
velocity behavior of the front follows the same trends as found

in the steady state jet. If this holds true, reduction of film
data on the advancing front will yield velocity data that, iﬂ
turn, will indicate the location of the breakup point. Turner

has shown that the starting plume does, in fact, penetrate at a
rate proportional to the mean center line velocity of the steady
plume. In his experiments, Turner injected salt water into fresh
water and determined that the penetration velocity at any depth
was equal to 0.681 (+/- 0.05) of tke velocity of the steady plume
at the sare depth. Demetriou gives velocity data for a
starting water-into-water jet that yields the same result.

Based on these observations, we expected our data to show an
initially constant penetration rate, followed by an exponential
decay. Such behavior was observed. An exawmple is shown in
Figure 1.4-10, which was taken from system 1-3. The "knee" of
the curve displayed represents the transition point or breakup
length as defined here.

Since the flows under discussion are buoyant it is expected that
some acceleration may occur upon initial entry if the injection
velocity is too low. At some depth the penetration rate would
reach a maxirum value before beginning the aforementioned decel-
eration. Close scrutiny of the results for these tests give some
indication of this type of behavior. However, as the data all
fall within the experimental accuracy for a linear fit, it is
treated as a linear phenomena._ Under other conditions this may
aot be appropriate. Demetriou has presented penetration data
for starting water-into-water jets that demonstrated such be-
havior. His penetration profiles exhibited an initial period of
acceleration, followed by a fairly constant velocity region that
persisted until the expected transition pnint was reached. After
this depth an exponential decay in velocity was observed. The
point to be made is that even for initially accelerating flows
the present definition for breakup length is appropriate. Table
1.4-5 provides a list of the breakup lengths for our tests as
determined in this manner. Both dimensional and non-dimensional
forms are given.

It is desirable to compare our results with functional relation-
ships put forth by other authors. Unfortunately, existing cor-
relations for breakup 'angth are restricted primarily to laminar
jets or to high speed jets. Exagples of the former have been
reviewed by Kitamura and Takahashi® and do not apply here. High
speed breakup lengths have been reported by many authors, and
they are typically given as a constant. Of more interest is a
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Table 1.4-56

Breakup Length Data

Non-dim.
Breakup Breakup
System Length LLength
Number x, (m) x, /D L'
1-1 0.036 30.0 24.0
1-2 0.070 7.3 5.9
1-3 0.200 5.2 4.1
1-4 0,240 6.3 5.0
1-6 0.250 6.6 5.3
1-6 0.250 6.6 5.3
1-7 0.480 6.3 5.0

relation put forth by Taylor in 1942* that can be written in the

form
T EE 0.6 [f&]
= o 5l
where L is an empirical constant that is to be determined by
experiment. This result was gp outgrowth of his studies on

surface wave generation in 1940 from which he determined that
the mass loss rate due to stripping of wave tops is a constant
function of the density ratio involved, as shown. Other flow
paameters, he reasoned, affect only the drop sizes removed.
Table 1.4-8 provides a partial listing of breakup data available
in this regime, as corrected with Taylor’'s relationship. Table
1.4-5 also has a column for R-113 breakup data in this format.

Two additional starting length correlations have been fou that
deal specifically with vertical forced plumes. Abraham™ pre-
sents graphical solutions for the length of the zone of flow
establishment (ZFE) for buoyant jets. His solutions indicate
that the staqﬁ%gg length decreases with a decreasing Froude
number. Hirst ' describes a theoretical method for solving for
physical properties within the ZFE. His solution for the
starting length is quite similar to Abraham’s. Both Hirst's and
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Table 1.4-6

Typical Transition Points for
Axially Symmetric Jets

L System Author

7.6 freshwater-saltwater Anwar®®®?

6.0 air-air Albertson et al.®®
5.0 water-water Kuethe®*

5.3 water-air Oehler®®

6.0 analytic solution Abramovich*®

Abraham’s plots for the starting length of a vertical axisym-

metric forced plume are reproduced in Figure 1.4-11. Breakup
data for the 1-, 4-, and 8-cm R-113 jets are shown for correla-
tion purposes. The starting length for a steady submerged jet as
given by Abramovich™ is also indicated for comparison. Surpris-

ingly, the data are better matched to the starting length for a
jet than with the results of Abraham or Hirst. Since these rela-
tionships are thus considered unsatisfactory for our purposes, a
different correlation is required.

In order to provide some understanding of the breakup behavior in
the initial turbulent regime, consider the sketch of Figure
1.4-9. A mass loss mechanism must be present in order to cause
the observed mean core behavior. 1f we consider the classical
case of wave growth and crest stripping, a logical point to start
would be Taylor’s paper of 1940. Mass loss considerations in
annular flow typically begin wjth this paper in developing
desired relationships. Tatterson has shown that the mass loss
rate can be written in a form similar to

2
D_o

U_E (pD pc)l/z u, f )
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where

mass loss rate,

disturbance wave number,

- X Be
1}

functional relationship dependent
upon k, Ppr Per Her O, and u, -

Although Taylor’s assumptions that p, << p, and that u;, can be
neglected do not apply here, this equagion does provide a useful
starting point that will aid in the presentation and interpreta-
tion of breakup data. Representing the wave number, k, as

allows formation of a Weber number based upon orifice exit condi-
tions, as defined in Section 1.4.2.3. In addition, the mass loss
equation can be nondimensionalized by division of the term

1/2
Y (pD pc) ¢ .

These two steps then yield the relation of

g (pDEp)l/z . . [_}1(_] d
(o] C

Next consider that if we model the potential core as a cylinder,
the mass removal term can be written as

L oy
. - by 4
where
m = mass of potential core,
S = wsurface area of potential core,
t, = breakup time,
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which are given by

2
o' n
m = 4 xt PD )
g8 .= .20 Xy
p 4
e
tt B
o

Then, using the previous definition of L, the mass loss equation
reduces to

4 We £ = g(We)

In reality the functien "g" given here should be considered to
include both the dispersed and continuous phase viscosities as
terms, each of which could play a role in breakup behavior.
Although we are not being specific as to the form of "g" in this
report, it should be noted that plots of breakup lengths versus
the Weber number should provide behavioral trends that would be
useful for a predictive tool in the study of dynamically similar
systems .

It is also of interest to note that the nondimensional breakup
length, L', attributed to Taylor’s 1942 work appears here as
well. This might be expected in that both results are based upon
Taylor's earlier work in 1940.

Following the form set forth above, breakup lengths for the R-113

jets are plotted in Figure 1.4-12 as system number 1. Also shown
is the Taylor breakup length for high speed jets where the empir-
ical constant has been given an assumed value of 5. The divi-

sions shown between the laminar breakup, initial turbulent
breakup, and high speed breakup regimes are based upon Lhﬁ
jetting number correlations presented by Tanasawa and Toyoda
for a density ratio of 1.

Also plotted in this figure are all of the available turbulent
breakup data for immiscible liquid-into-liquid jets. The liquid
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pairs used in the various systems are listed in Table 1.4-7.
Where sufficient data was presented on the actual experimental
setup it was found that these systems had buoyancy vectors that
were pointed in the direction of flow, as for the present experi-
mental setup. The scatter observed in the data is considered to
be due to nozzle geometry effects (typical size on the order of 1
mm), inconsistencies in the method of determining breakup length,
the oscillatory nature of the breakup length, and evidence of
viscosity and other system parameter dependencies.

The estimated trend depicted used the intersection of Taylor’s
and Tanasaya and Toyoda’s correlations as a fixed point because
of a lack of data in the Weber number range of 100 to 3000. The
slope was set to simply intersect the center point of the data
found in the lower Weber number range. The result indicates that
the general trend of the data follows the form of

L* = 200 We 2'°

any use of which must be with caution due to the lack of data in
the mid-Weber number range.

Consideration of the results presented in Figure 1.4-12 generated
the following comments:

1. Breakup of the 1-mm jet of R-113 into water is consis-
tent with data from other experimenters.

2. The breakup data for the l-cm jet falls near the transi-
tion point between the two turbulent breakup regimes.
Visually the behavior of the jet had been placed in the
upper end of the first turbulent regime. This gives
additional support to the placement of transition near a
Weber nuumber of 500.

3. The breakup lengths for the 1-, 4-, and 8-cm jets com-
pare favorably with a Taylor breakup length of 5.

4. Breakup behavior for high Reynolds number jets with low
Weber numbers may not follow the estimated trend shown.
This would be expected in systems with high viscosity
and low interfacial surface tension where hydrod¥Pamic
effects appear before drip conditions are overcome

1.4.2.8 Conclusions, Plans, and Recommendations

Although data reduction efforts are not complete, some initial
conclusions can be drawn on the breakup data presented.

~-139-



orl1

breakup length, L’

100

10

- | S 8 B T T 1T11] T rTTIT] ! T TTTT] T TTTTI
—4 2 -J
. o .0 symbol system 4
. )&‘ O AV O 1

A Qv O 2
. :xﬁ?¥ A 3
N - . L - 4

o0 1 %

< T v 7 J

— : \* . 8 -

: Lo

: ° .
il : . ‘s“ _-ﬁ
- : .~‘ 4
J 5 o hoc o ;
- o

——  Taylor60
o T R L RS LI T oL : estimated trend
------ Tanasawa
: and Toyoda37
rT-rTrrrm QS Y T T i1rrT] 1 T T 1111  fiive e 0

10

Figure 1.4-12.

L

100 1000 10000 100000

Weber number, We

Immiscible Ligquid-Into-Liquid Jet Breakup Data



Table 1.4-7

Immiscible Isothermal Liquid “ystem Pairs for Which

Breakup Data Are Available

System Dispersed Continuous Phase
Number Fluid Fluid Source
1 R-113 water Present work
2 benzene + carbon water Takahashi & Kitamura®®
tetrachloride
3 water carbon tetrachloride Takahashi & Kitamura®®
4 water paraffine-gasoline Takahashi & Kitamura®®
mixture 1
5 water paraffine-gasoline Takahashi & Kitamura®®
mixture 2
6 water paraffine-gasoline Takahashi & Kitamura®
mixture 3
7 benzene water Meister & Scheele®
8 chlorobenzene water Dzubur and Sawistowski’'

1. Tommiscible liquid-inte-liquid jet breakup data are
severely limited in scope.

2. The R-113 into water tests fcllowed breakup behavioral
trends as might be predi:ted based upon the zvailable
liquid-liquid data base for the low Weber number range,
breakup data for high speed jets, and existing correla-
tions for the laminar-to-turbulent transition point.

3. Hydrodynamic effects for a corium pour will place its
behavior well into the turbulent regime. Treatment of
such a jet as a capillary breakup phenomenon will give
unrealistic results.

4. Scale of tests can be an important parameter. Experi-
mental design must take into account the expected flow
regime it is to represent. For example, if it is de-

sired te understand behavigr under conditions where the
'Taylo:’ breakup length, L', is a constant, current data
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indicate that the exit Weber number must be above a
value of 500.

5. Initial jet penetration behavior exhibits a high degree
of vorticity. Transient mixing rates are expected to be
higher than those found under steady state conditions.
Thus transient jet phenomena must be understood and
applied properly to predict initial melt-water inter-
actions.

In support of developing a mixing model, data reduction efforts
are currently directed at analyzing penetration rates, vortex
growth rates, and steady state jet spread rates. When taken
together with assumptions about mean flow profiles, these data
w.11 provide information on entrainment rates. Coupled with drop
size distribution data this will, in turn, enable one to estimate
the surface area and volume fraction as a function of penetration
depth. Such functional descriptions are important to understand
heat transfer rates in thermal jets. Comparisons can then be
made with earlier melt-water experiments in an effort to couple
hydrodynamic behavior with boiling phenomena.

In terms of recommendations for further testing, one only has to
reflect on the dearth of data for liquid-liquid systems. Basic
data are needed in all areas of jet phenomena. However, priority
would be placed on the following in light of current goals in
understanding FCI behavior:

1. Flow visualization should be undertaken to provide data
on internal jet structure in an immiscible liquid
system. This should include quantification of turbulent
eddy size distribution and a description of shear layer
thickness behavior.

2. Detailed center line velocity measurements should be
made in both starting and steady state jets in order to
better 1ink their behavior. This is important to
properly understand turbulent breakup in transient jets.

3. A series of tests should be conducted over the mid-Weber
number range with several widely different material
properties. This will allow definition of the transi-
tion point between the initial turbulent breakup regime
and the range where the "Taylor" breakup length can be
treated as a constant.

1.4.3 Integrated Fuel-Coolant Interaction Code Development
(M. F. Young, 6425)

The initial test problem for the IFCI code is intended to demon-

strate the capabilities of IFCI and to detect problems in both
the numerics and the phenomenological models. The test problem
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is a representative FITS experiment, using typical experimental
conditions as the input to IFCI.

The following sections describe the setup of the problem on the
IFCI computational mesh, th: results of the coarse mixing phase,
and the results of the triggering and propagation phase. Calcu-
lation of the expansion phase was not carried out completely
because the expansion 53a&97has already been studied in detail by
previous researchers “'" "’ and because this phase does not
present any special calculational problem for IFCI. The main
purpose of the test calculation is to demonstrate the operation
of the TFCI fragmentation models during the coarse mixing and
propagation phases.

1.4.3.1 Problem Setup

The problem ggnditions are patterned after the FITS "D" series

experiments. In this series, roughly 20 kg of molten iron-
alumina thermite were dropped into water, 15 to 66 cm deep,
contained in a square lucite chamber 61 cm on a side. The

velocity of the melt on entry into the water was 5.7 to 7.3 m/s.
Water temperature ranged from 368 K (saturation temperature at
0.085 MPa) down to 284 K.

The problem was set up in the IFCI r-z geometry using 5 radial
nodes and 10 axial nodes (see Figure 1.4-13); although this mesh
is fairly coarse, it is adequate for initial testing of the code.
The water chamber is approximated as a cylinder 61 cm high by
89 cm in diameter; the cross-sectional area is thus the same as
the square lucite chamber in the experiments. The initial water
temperature was 373 K (saturation temperature at 0.1 MPa pres-
sure). The initial melt temperature was 2700 K, and an entrance
velocity of 6.9 m/s was used. The initial melt configuration was
approximated as a cylinder 20 cm in diameter and 21 cm long, with
a total melt mass of 25 kg. These conditions were similar to
those in the FITSOD test, except for a higher total melt mass and
water depth.

Figure 1.4-13 shows the initial position of the melt and water on
the problem grid. As shown, the tail of the melt enters the
problem grid through an inlet boundary on the top of the inner
two radial nodes. The outlet boundary is a pressure boundary on
the outside of the top axial node. All other boundaries are
fixed, which means that pressures generated during the propaga-
tion phase of the FCI will not be relieved in the same manner as
if the chamber were lucite (essentially a free boundary). The
calculation is started at the time of initial melt-water contact.
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1.4.3.2 Coarse-Mixing Phase

In the coarse-mixing phase, the melt enters the water and falls
to the bottom of the water chamber. Heat transfer between the
hot m=lt and the surrounding water is limited by film boiling.
The n 1t fragments and mixes with the surrounding water-steam
mixture, spreading out radially as it falls. Experimentally,
what 1s observed 1s roughly a paraboloid shape for the coarse-
mixing region (Figure 1.4-14). This shape forms fairly quickly
after melt-water contact and persists as the melt mass falls
through the water. The experimental ubservation is in cggtraat
to a cheoretical coarse-mixing correlation by Corradini’™™ that
predicts an exponential spreading of the mixture region with
increasing fall depth.

Two-dimensional slices through the problem, produced by the TRAP
graphics postprocessor, are shown at several times during the
fall phase in Figures 1.4-15 through 1.4-17. These figures show
the melt volume fraction distribution in the problem at various
times. (Note: The "quantization" levels on the TRAP 2D slice
plots give the shading for five ranges of the dependent variable
being displayed, in this case melt volume fraction). It cam be
seen that there is an immediate spreading in the radial direction
as the melt enters the water surface (Figure 1.4-15). The melt
then rapidly attains a paraboloid shape as it falls through the
water (Figures 1.4-16 and 1.4-17). This is in agreement with the
experimental observations. An extremely interesting feature is
the appearance of a steam-water chimney in the interior of the
paraboloid mixture region; the presence of this chimney has been
postulated, but never experimentally observed, because of prob-
lems with instrumentation in the hostile FCI environment. This
calculation is the first time the presence of the chimney has
ever been verified, if only by a numerical simulation.

The volume fractions of steam, water, and melt on the center line
as a function of z are shown at 0.3 s in Figure 1.4-18. The
average steam volume fraction in the chimney at the time of melt
contact with the bottom, 0.3 s, is around 0.25. The absence of
steam in the lowest cell is due to the use of the MELPROG bulk
boiling model in the present calculation; the water temperature
must be greater than the local saturation temperature for boiling
to occur in this model, and the hydrostatic pressure is great
enough in the lowest cell to temporarily suppress boiling. This
bulk boiling model also caused problems in the trigger and
propagation phases, and will be replaced by a surface boiling
model for future calculations.

The water/melt mass ratio in the mixture region is thought to be
an important parameter for characterizing FCIs because the
maximum theoretical efficiency of an explosion, for instance,
goes through a peak when the water/melt ratio is varied. The
peak occurs at a ratio of 0.5 for thermite-water mixtures at
atmospheric pressure. The ratio in the present calculation,
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determined as the mass-weighted pean of those cells having a melt
volume fraction greater than 10", is 3. This is in contrast to
that calculated experimentally, which sometimes is done by
dividﬁng the total water mass in the tank by the total melt
mass . (For some experiments, level swell and mixture outline
are available from film data, which allows calculation of a more
meaningful mass ;rtio as was done for tests which were analyzed
with hydrocodes. ") In the present case, this procedure would
give a ratio of 8.2. The standard deviation of the mean, also
determined using mass-weighting, is $13.0; the actual range of
the mass ratio is from 0.25 to 170. This large range for the
FITS-type test problem suggests that the mean mass ratio may not
be a very good measure by itself for characterizing the FITS
tests.

Another parameter of interest is the steam volume fraction in the
mixture region. 0One common experimental procedure is Lo use
measurements of water level swell to estimate the steam volume
fraction in the tank; in the present case, the level swell at
0.3 8 is 5.9 cm; this gives a steam fraction of around 0.06 for
the entire tank. Estimating the volume of the mixture region
from the mixture region outline and then assuming that all of the
steam is contained in the mixture is another experimental
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reaction zone lengths from FITS tests, but is strictly an esti-
mated number.

Since the trigger appears in the melt transport equation as a
surface area source, and the desired effect was a specified
change in the melt diameter, some experimentation was necessary
to get a source that would give the desired change in diameter.
The trigger was set up as a rate of change in the melt diameter:

Oe
I

trigger diameter change rate (m/s),

O
-~
]

final melt diameter (m),
T = trigger fragmentation period (s).

Thus diameter change rate was applied to the transport equation
over a time period of 10 7, giving roughly an exponential ap-
proach to the final diameter over the 10 7 time period.

¢ Propagation

The pressure pulse resulting from the final trigger parameters
reached a maximum of about 10 MPa in the trigger cell and nearest
neighbors. This level of pressure induced sufficient relative
velocity (10 to 20 m/s) to cause very fine fragmentation, result-
ing in final sizes around 100 um along the center axis. The
pressure and relative velocity died away fairly rapidly with
increasing radius, resulting in a distribution of melt diameters
that was smallest on the axis and became larger with radius.
Figure 1.4-19 shows the radial distribution of melt diameter at a
time of 0.31 s (roughly the end of the propagation phase) and an
axial level of 19 ecm. Although the diameter is around 100 um on
the center axis, the diameters farther away from the axis, in the
cells containing the bulk of the melt, are in the 1- to 4-mm
range; this diameter is too large to transfer significant heat
from the melt to the water over the time scale of the propaga-
tion. This relatively low degree of fragmentation suggests that
a model for fine fragmentation distinct from the coarse fragmen-
tation model is eded (this is also suggested by some experimen-
tal observations ). Figure 1.4-20 is a plot of the melt diam-
eter versus radius and axial height at 0.31 s.
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The time at which the propagation phase ended was taken as the
time at which the cell farthest from the trigger point aud
containiag a significant amount of mel. showed a rapid decrease
in melt diam=2ter; this occurred at 0.31 s at the water surface
(axial level 8, ring 3), 57 cm from the bottom and 14 cm radially
from the center. The speed of propagation varied with local
three-phase mixture conditions, ranging from 270 m -+ close to the
trigger cell (a region containing fairly high volume fractione of
melt and liquid water) down to 80 m/s at the top of the steam
chimney (a region containirg mostly vapoi).

Figures 1.4-21 through 1.4-23 are three-dimensional plots of
pressure versus r and z, which show the advancing pressure front,
at several times during the propagation phase. Note that the
level pressure region behind the advancing pressure front is
around 2.5 MPa, about one-quarter the magnitude of the initial
trigger pulse.

The total internal energy of the melt at 0.3 and 0.31 s was used
to determine the energy given up to the water during the propaga-
tion phase. From 0.3 to 0.31 s, a period of 10 ms, the energy
given up was 2.77 MJ, corresponding to a drop in average melt
temperature of 104 K; this amount of energy transfer is not large
compared to the theoretical maximum and indicates that a large
portion of the melt did not participate in the FCI. These smail
changes in average melt temperature reflect the large final
diameter (1 to 4 mm) for the bulk of the melt. The temperature
drop in the melt regions along the center axis, where the final
melt diameter was on the order of 100 um, was 850 K. From 0.31
to 0.32 s, again a 10 ms time period, a further 1.3 MJ was
transferred to the water (50 K melt temperature drop).

An estimate of the possible thermal-energy-co-work conversion
efficiency of the FCI can be made by assuming that the 850 K ‘irop
in melt temperature (which, coincidentally, is about the same as
the temperature difference between the initial meltl temperature
and the arithmetic average of the melting points of the two
thermite components, Fe and AIJ%) corresponds to the theoretical
maximum efficiency of 30 percent. Dividing the average tempera-
ture drop of 104 K by 850 K and multiplying by the maximum
efficiency then gives an estimated possible conversion efficiency
of around 4 percent.

Assumir.g that all of the melt originally in the trigger cell at
time 0.3 s fragmented and experienced an 850 K temperature drop
(a good assumption, since convection of melt from the trigger
cell over the 500 us trigger period is only a few percent of the
cel]l mass), the energy given up to the water by the melt in the
trigger cell alone was 0.48 MJ, or 17 percent of the total energy
transferred, which indicutes that the energy of the trigger was
enly a small fraction of the overall efficiency.
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Figure 1.4-21. Pressure Versus Radius and Height at
Time 0.302 s

Figure 1.4-22. Pressure Versus Radius and Height at
Time 0.304 s
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Figure 1.4-23. Pressure Versus Radius and Height at
Time 0.306 s

Another estimation method, more in kg,ping with the procedure
used in analyzing the FITS experiments,  1is to divide the energy
given up to the water by the total e.ergy in the melt. Using a
speci‘;c energy of 2.8 MJ/kg as the thermite melt energy con-
tent, a melt mass of 25 kg, and the kinetic energy of the
system at 0.31 s,we get we get a thermal-energy-to-work conver-
sion ratio of 0.03 percent, or about one-hundredth of what is
found using the thermal estimation procedure. If we consider
only the energy available between me't initia) temperature and
the average melting point (around 18560 K), the conversion ratio
is 0.1 percent, which would still be considered a nonexplosion
experimentally. The actual energy-to-work ccnversion ratio lies
between the thermal estimation (an upper limit) and the kinetic
estimation (a lower limit).

The melt size distribution was derived at .31 s, the end of the
propagation phase, by binning the melt mass and diameter in each
cell into size ranges corresponding to standard sieve sizes used
for sieving debris, normalizing with th%'total melt mass, and
dividing by the size range for each bin. The resultiug size
distribution function is shown in Figure 1.4-24, along with the
debris distribution from the FITSOD test, a.u ‘porinent which did
not explode, but did have an "a . uption." Since the IFCI
problem dues not seem to reprerent a strong FCI, this comparison
is more preferable “han comparing to a test with a strong
explosion.
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Figure 1.4-24. Melt Size Distributions From IFCI Problem and
FITSOD Posttest Debris

The distributions match fairly well over the entire range of
debris sizes, although some of the smaller sizes are absent from
the IFCI results. The absence of the very suwall sizes (below
50 pym) is possibly due to the lack of a Kelvin-Helmholtz strip-
ping model in IFCI or a more energetic propagation, which would
produce very fine fragments. The lack of sizes between 100 um
and 300 um probably reflects a need for a fine fragmentation
propagation model, distinct from the coarse breakup model. The
peak in the IFCI distribution at 100 um is probably from the
trigger event, a judgment which is supported by noting that the
amount of mass represented by the peak (sizes below 212 um) is 1
percent of the total melt mass, which is comparable to the amount
of melt contained in the trigger cell at the start of the propa-
gation phase (2 percent). The rest of the particles are in a
fairly flat distribution from 300 ym to 2.5 mm. There is a peak
in the FITSO" data in the largest bin (2.5 cm and larger) that is
not present in the IFCI test; this discrepancy probably means
that the main pressure event in the IFCI test (the trigger at the
bottom) did a better job of fragmenting the remaining melt than
the main event in FITSOD (an eruption at the water surface).

Comparisons of the IFCI results to the other tests in the FITS
"D" series are shown in Figures 1.4-25 through 1.4-27. Only test
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Figure 1.4-27. Melt Size Distributions From IFCI Problem and
FITS8D Posttest Debris

FITSS5D resulted in a steam explosion; the other tests involved
only coarse fragmentation. Inspection of the distributions shows
that the IFCI result is most similar to the FITSSD test for the
larger particle sizes, although all tests have more very small
sizes than were produced by the IFCI calculation.

Ancther measure of explosion efficiency can be derived from the
distribution data as a check on that estimated from the tempera-
ture droqldata. This is done by using Bird’s 280 um cutoff
criterion to estimate that part of a fuel melt that partici-
pates in a steam explosion. If we apply this criterion to the
IFCI size distribut.on, 3 percent of the melt mass is below
300 ym in diameter and 9.7 percent is below 425 um (these are the
sizes of two neighboring sieves). Using the smaller diameter as
a cutoff would give an overall efficiency of 1 percent (assuming
30 percent as the maximum) compared to the thermal result of 4
percent. Using the next larger sieve size as the cutoff gives an
efficiency of 3 percent; this somewhat arbitraryv cutoff criterion
is in fair agreement with the thermal estimation procedure.

Also derived for the IFCI data were the various length scales
normally used to characterize debris experimentally, which
include the Sauter mean diame.t‘er, mass median, length mean,
surface mean, and volume mean . The two most common length
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scales are the Ssuter mean diameter, which is the diameter of a
particle that has the average volume per unit surface area, and
the mass median diameter, which is the diameter for which 50
percent of the mass has an equal or smaller diameter. These two
length scales for the IFCI data are shown in Table 1.4-8, along
with results from the FITS "D" series.

Table 1.4-8
Length Scales From IFCI and FITS "D" Series

Sauter Mean Mass Median
Diameter Diameter
Test Event* (mm) (mm)
IFCI SE 1.26 4.0
FITSOD NE (ER) 1.50 4.6
FITS2D NE (BC) 3.10 16.0
FITS&D SE 0.25 0.48
FITS8D NE (ER) 0.81 3.40

*NE - no explosion, SE - steam explosion, BC - bottom contact,
ER - eruption

Results from the IFCI test are similar to those from the FITS
nonexploding experiments, which had an eruption, bearing out the
observation that the IFCI result seemed to be a weak steam
explosion. The FITS2D experiment, which was nonexplosive, had a
Sauter mean twice that of those that "erupted," plus, and prob-
ably more significantly, a mass median four times those that
erupted. The single stea. explosion experiment, FITS5D, had both
a Sauter mean and mass median ten times smaller than those that
erupted.

1.4.3.4 Discussion of Results

The results of the IFCI test calculation are very encouraging;
the IFCI results are similar to the experimental results from the
nonexploding FITS-D experiments. The shape of the melt as it
falls through the water, the propagation speed of the pressure
front through the melt, and the final melt size distribution all
match those seen in the experiments. This would seem to indicate
that IFCI is doing a good job of simulating the major phenomena
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occurring during the FCI process, particularly those operative
during the coarse-mixing phase. Tlris gives confidence that 1FCI
can eventually be used as a predictive tool for FCIs for which no
experimental data is available, notably, those which may occur at
reactor scale in a reactor geometry. Results are expected to
improve for a finer computational grid.

The present calculation represents the first simulation of the
complete FCI process in two dimensions, including dynamic frag-
mentation. Both two dimensions and dynamic fragmentation appear
necessary for a code to correctly simulate the coarse-mixing
phase, and the presence of these two key features greatly aids
the simulation of the propagation and expansion phases without
having to make simplifying assumptions.

A steam ~himney was observed to form during the coarse-mixing
phase, which lends credence to the hypothesis that the steam
chimney is also present during actual experiments. This is the
first time such a chimney has been observed during a numerical
calculation of an FCI.

The ability of IFCI to provide detailed information about experi-
mental features that are difficult cr impossible to observe
experimentally was demonstrated by, for instance, the calculation
of the actual vater/melt mass ratio from the IFCI output (3.0),
versus that available from experimental observation (8.2).

The IFCI test calculation also revealed some modeling problems;
an important one is the bulk boiling model in MELPROG. This
model introduces time delays between the introduction of melt
into a cell and the commencement of boiling, which is somewhat
noticeable during the coarse-mixing phase in the lower cells of
the problem, and is probably affecting the results significantly
during the propagation phase. There is, for instance, a 1 to 3
ms delay from the time at which the trigger is applied to the
time at which the initial pressure spike occurs. The magnitude
of the propagated pressure front is, also, not as large as that
observed during strong FCIs; this, together with the final
particle size distributions, characterize the present calculation
as an eruption rather than an explosion,

The bulk boiling model will be replaced at the start of the next
phase of IFCI development with a swrf;ce boiling wmodel, probably
patterned ufter.}hut used by Bohl’™® in his calculation of FCTs
using SIMMER-II. In Bohl’s study, the use of a surface boiling
model greatly increased the magnitude of the pressure in the FCI
region over that seen with a bulk beiling model; the pressure
pulse also had a much shorter rise time with the surface boiling
model .

Since Bohl did not use a dynamic fragmentation model (the melt

was prefragmented) and did determine the heat transfer coeffi-
cient between melt and water parametrically, his study does not
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give a complete indication of how a surface boiling model would
affect the propagation phase results in IFCI. The likely effect
will be large propagation pressures, with accompanying fin~r
fragmentation. Whether these effects are enough to duplicate the
characteristics of a strong FCI remains to be seen. It also
seems likely chat a different model must be included for the
reaction zone, corresponding to the intimate melt-water contact
and different fine fragm;p}?}ion mechanism postulat. i for this
phase of the FCI process, %

1.4.3.6 Future Work

Future work will, first, repeat the present problem using a
surface boiling model; the problem will then be repeated using a
finer finite-differencing mesh.

The next major calculation using IFCI 11 be to calculate jet
mixing, probably using the 1JET and EJE tests for experimental
comparison. The calculation of jet mixing is a crucial step in
the eventual use of IFCI as a predictive tool in reactor safety;
the jet geometry is the more prcbable FCI configuration in a
reactor accident, rather than that of FITS, which uses a blob of
melt dropped into a tar. of water. The jet results will be
repeated using corium properties in the melt rather than
thermite, although it is not expected that the change in melt
properties will make any significant difference in the results,.

Besides the replacement of the boiling model, a fine fragmenta-
tion model for the propagation phase will be added to 1FCI,
Other enhancements to IFCI will include adding drop entrainment
to the coarse fragmentation model, extension of the surface area
transport algorithm to allow a melt size distribution within a
cell, and adding a hydrogen generation model.

The final goal is to use IFCI as a predictive tool for the
calculation of possible FCls in a reactor geometry. IFCI should
be singularly well-suited for this use, since IFCI is based on
MELPROG and can thus calculate its own initial conditions for
various postulated accidents.

1.5 Hydrogen Behavior
Z%. W. Stamps and M. Berman, 6427)

The major concerns regaurding hydrogen in LWRs are that the static
or dynamic pressure loads from combustion may breach containment
or that important, safety-related equipment may be damaged due to
either pressure loads or high temperatures. In order to assess
the possible threats, it is necessary to understand how hydrogen
is produced, how it is transported and mixed within containment,
and how it combusts.
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The objectives of this program are (1) to quantify the threat to
nuclear power plants (containment structure, safety equipment,
and the primary system) posed by hydrogen combustion, (2) to
disseminate information on hydrogen behavior and control, and
(3) to provide programmatic and technical assistance to the NRC
on hydrogen-related matters.

1.6.1 Oxidation of Combustible Gases in the Reactor Cavity
1.6.1.1 Introduction

For those severe core-meltdown accidents in which the reactor
cavity is dry, the temperatures of the reactor cavity atmosphere
and structures following vessel failure may be sufficiently high
to promote in-cavity oxidation of combustible gases produced by
core-concrete interactions. Specifically, hydrogen and carbon
monoxide may react with available oxygen near the heated struc-
tures to form steam and carbon dioxide. Complete in-cavity
oxidation would prevent any accumulation and subsequent combus-
tion of hydrogen and carbon monoxide in the lower and upper
compartments, and the probability of early containment failure
due to combusticn would be minimal. However, the degree of in-
cavity oxidation will be limited by the rate at which oxygen ie
transported into the reactor cavity region (relative to the rate
at which combustible gases are produced), or the oxidation may be
precluded by high steam concentrations or low temperatures in the
reactor cavity that may exist in flooded-cavity sequences. Most
affected by this in-cavity oxidation phenomenon are sequences in
large, dry ice-condenser and Mark III containments in which the
reactor cavity is dry.

In the IDCOR analysis of the seyere accident involving hydrogen
combustion using the MAAP code,” '™ a complete in-cavity oxida-
tion of combustible gases produced from core-concrete %2terac-
tions was always predicted. This prevented any accumulation and
subsequent combustion of combustible gases in the upper and lower
compartments. However, in the HECTR analyses of the in-cavity
oxidation problem in a PWR ice-condenser containment for a S2HF
accident (Figure 1.5-1), we have found that the in-cavity oxida-
tion process is limited by the rate at ‘v.h}'ch oxygen is trans-
ported into the reactor cavity region. ' Accumulation and
subsequent combustion of hydrogen and carbon monoxide in the
vpper and lower compartments generate a peak pressure of 384 kPa
(66 psig) at 7.4 h. Hence we conclude that assuming a complete
in-cavity oxidation is overly optimistic because a variety of
phenomena, such as steam inerting and oxygen tran. ~rt by natural
convection, may influence the degree of this in-cavity oxidation
that takes place. In the present study in which HECTR calcula-
tions have been compared with MAAP calculations, we have per-
formed additional sensitivity studies to better understand the
behavior of the combustible gases produced frowm core-concrete
interactions.

-163~



DOME
COMPARTMENT

o | T e
~ CONTAINMENT—"
SPRAYS
sou bebs \ POLAR CRANE
DOORS
f { | | || CONTAINMENT
| uerern |1 WALL
‘ PLENUM J | gl CRANE WALL —=|, :
\ | | |
; _! ’ e + '
€ ¥ i iNTeamEDIATE ____‘_: |
e -~ | I DECK DOORS It | |
|w f. | | | | i
2 |ud | | |
8 O | | | | |
i T« CONTROL ROD ORIVE | | o
t s : I missiLe smiELD : | - CONDENSER
R | I{Lowen pLenum \ | | |
‘ | | [™LET DOORS [ J | |
. PE===========dJ]\ '
LOWER _L - I
PLENUM : |
I venricaring
| | ran ano
| LequieMeNnT
|
|
|
T sume
i ]
S S W —— -
caal RCP = REACTOR COOLANT PUMP
COMPARTMENT L 80 = STEAM GENERATOR

\ ACC= ACCUMULATOR

REACTOR REACTOR REACTOR
SERVICE CAVITY ANNULAR GAP
AREA

Figure 1.5-1. Simplified Diagram of Ice-Condenser Containment



These new HECTR calculations were performed to analyze the
containment responses with respect to each of the following
conditions:

1. Oxidation of any combustible gases in the reactor cavity
is impossible because of unfavorable situations like
flame blowoff or temperature in the cavity below the
autoignition temperature.

2. High steam content exists in the cavity and 55 percent
steam concentration will prevent any further in-cavity
oxidation,

3. For an unexplained reason, the air-return fans have been
turned off.

4. The CORCON code is used instead of the MAAP code to
predict gas release rates from core-concrete interac-
tions.

1.6.1.2 No Oxidation of Combustible Gases in the Cavity

The oxidation of combustible gases in the reactor cavity is a
complex process that requires detailed study of the combustion
phenomenon at temperatures above 1000 K. In the past, accident
analysts studying containment responses with respect to hydrogen
combustion either neglected the in-cavity oxidation process by
assuming no reaction as in Reference 90 or simplified the process
by assuming a complete reaction as in Reference 87. Under
certain circumstances, oxidation of any combustible gases in the
cavity may not be possible because of other considerations such
as the flame being blown off because of the instability problem,
or ignition may not be possible because the bulk gas temperature
in the cavity is below the autoignition temperature of the lean
hydrogen-air-steam mixture. Autoignition temperature of the
hydrogen-air-steam mixture has not been well established at
temperatures above 1000 K. Because of this concern, we will look
into the situation where oxidation of any combustible gas in the
cavity is impossible and study containment responses when burning
occurs in the lower and upper compartments. In the other extreme
situation, assuming a complete oxidation in the cavity has
already proved to be overly optimistic because a variety of
phenomena like oxygen transport ‘ﬂF steam inerting may influence
the degree of in-cavity oxidation

The new HECTR analysis shows that, similar to complete in-cavity
oxidation, neglecting any oxidation in the reactor cavity may not
be a conservative assumption either, if our concern is the
maximum pressure loading on containment. For the S2HF accident
in a PWR ice-condenser containment, pressure and gas temperature
generated from the global burn in the lower and upper compart-
ments could be higher for the case with partial in-cavity
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oxidation than for the case with no in-cavity oxidation (see
Figures 1.5-1 through 1.5-56). One explanation for the prediction
of a higher pressure for the case with partial in-cavity oxida-
tion is that the oxidation of combustible gases in the cavity
will increase the initial pressure before the global burn. Since
the peak-to-initial pressure ratios with respect to lean combus-
tion are almost the same for different initial pressures in our
range of interest, the peak pressure will be higher when the
global burn begins in the lower compartment and completes in the
upper compartment. It should be noted that in this accident
sequence igniters are working and burns are initiated at the time
when the concentration of the combustible gases reaches 7
percent .

1.6.1.83 Influence of Steam Inerting

The effect of steam inerting on the oxidation of combustible
gases in the cavity could be very important under certain condi-
tions, even though HECTR results of the 12-compartment model did
not show it. These two bounding calculations, using the 12-
compartment model, show that the degree of in-cavity oxidation is
limited by either the oxygen traqﬁported into the cavity or the
high steam content in the cavity . Both calculations predict
that accumulation and global burn of combustible gases will occur
in the upper and lower compartment due to insufficient oxygen
being transported into the reactor cavity. However, if there is
sufficient oxygen being transported into the reactor cavity to
support complete oxidation of the combustible gases, the effect
of steam inerting would become more important. In order to prove
this, we shall consider the HECTR calculation in which a complete
oxidation in the cavity is predicted. This calculation uses the
6-compartment model and totally neglects the steam inerting
effect. Now «4e shall repeat the same calculation except to
include the siveam inerting effect by enforcing a criterion such
that a diluent concentration above 55 percent will preclude any
in-cavity oxidation. Because of insufficient experimental data
on the flammability limits of hydrogen-air-steam-carbon monoxide-
carbon dioxide mixtures at temperatures above 1000 K, the flamma-
bility limit at the temperature of 400 K is used. This implies
that in-cavity oxidation of combustible gases will be suppressed
if the diluent concentration is above 55 percent.

For the case neglecting the steam inerting effect, a complete in-
cavity oxidation would be predicted and no accumulation and
subsequent combustion of hydrogen and carbon monoxide would occur

in the upper and lower compartments. However, for the case
including the steam inerting effect, an incomplete in-cavity
oxidation and a global burn could occur. This would lead to a

much higher peak pressure than the case excluding the effect, 399
versus 220 kPa (Figures 1.5-5 and 1.5-6). Thus the steam inert-
ing effect could be substantial.
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Figure 1.5-3.
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1.6.1.4 Condition With Air-Return Fans 0ff

All the HECTR calculations performed so far have the air-return
fans operating at a 100 percent capacity. The fans circulate air
between the upper and lower compartments. The forced convective
flow path is as follows: lower compartment, lower plenum, ice
condenser, upper plenum, upper compartment, annular region, and
back to lower compartment. When core-concrete interactions are
taking place in the reactor cavity, the plume of hot gases, which
are convecting out of the reactor cavity into the lower compart-
ment,, will be drawn mostly into the upper compartment through the
ice condenser by the fans. HECTR predictions show that the hot
plume is unlikely to mix well with other gases in the lower
compartment. Thus the next sensitivity study will be on the
effect of the air-return fans on the mixing process in the lower
compartment .

If the air-return fans are turned off during the accident, HECTR
predicts that more mixing would take place in the lower compart-
ment. Still the temperature and gas composition distributions
within the lower compartments were far from being uniform. Figure
1.6-7. The positive result of switching off the fans is that
less combustible gases were predicted to exist in the the upper
compartment. Most of the combustible gases remained in the lower
compartment. Hence ignition occurred at an earlier time and
involved a lesser amount of combustible gases. Only one global
burn, which started in the lower compartment and propagated into
the upper compartment, and 13 local burns in the upper plenum
ware predicted. After the completion of the global burn, the
lower compartment became steam inerted. Subsequently, only local
minor burns appeared in the upper plenum. Eventually, the
containment ran out of oxygen to support any more combustion.
The peak calculated pressure was 266.2 kPa (38.61 psi) at 9.3 h
(Figure 1.5-8).

The above sensitivity study shows that the forced convective
current induced by the air-return fans would transport more
combustible gases into the upper compartment and enhance less
mixing in the lower compartment. Therefore, the burn in the
fans-on case is more severe than the fans-off case.

1.5.1.6 Gas Release Rates Predicted by the CORCON Code

In all these analyses of oxidation of the combustible gases in
the cavity using the HECTR code, the gas release rates from core-
concrete interactions were predicted by the MAAP code as a
follow-up work of the standard problem. However, MAAP predic-
tions of the timing and release rate of gases generated from
core-concrete interactions for the S2HF accident in a PWR ice-
condenser containment were suspect. In order to assess MAAP
predictions of gases released from core-concrete interactions, we
have used the CORCON code to calculate the gas release rates
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under a similar accident condition as specified in MAAP. Sub-
stantial differences in the timing and rate of gases released
from core-concrete interactions are predicted by both codes.
CORCON predicts that hydrogen is generated as soon as core-
concrete attack begins (see Figure 1.5-9) while MAAP predicts
that only steam is generated for the first hour. No hydrogen is
released until the core debris is substantially heated up.
However HECTR results using the sources predicted by the CORCON
code show that again the oxidation process 18 limited . v the
oxygen transport into the cavity (Figure 1.5-10). It predicts an
incomplete oxidation of combustible gases in the cavity, which
leads to accumulation and combustion of hydrogen and carbon
monoxide in the upper and lower compartments. The peak pressure
generated from the global burn in the lower and upper compart-
ments is relatively lower than earlier HECTR calculation using
the sources predicted by the MAAP code, 313 versus 384 kPa
(Figure 1.5-11).

1.6.2 Heated Detonation Tube
(D. W. Stamps and M. Berman, 6427; W. B. Benedick, 1131)

Research conducted has disclosed a new and important area of
uncertainty in hydrogen combustion that affects several different
accident scenarios. The uncertainty involves the behavior of
hydrogen-air-steam mixtures at very high temperatures and high
steam concentrations. Three scenarios that may be affected by
this uncertainty are the possibility of local and global detona-
tions, the direct containment heating (DCH) hydrogen problem, and
the in-cavity oxidation of combustible gases produced by core-
concrete interactions.

1.6.2.1 Global and Local Detonations

The possibility of detonations should be reconsidered based on
recent theoretical predictions of the sensitivity of hydrogen-
air-steam mixtures at elevated temperatures. These predictions
were made using a Zeldovich-von Neun;nn-DgPrin‘ (ZND) chemical
kinetics model developed by J. E. Shepherd. As shown in Figure
1.5-12, a strong increase in the sensitivity of lean hydrogen-air
mixtures is predicted as temperature increases from about 300 to
500 K. The detonation cell width for a lean mixture of 15
percent hydrogen in air (equivalence ratio = 0.425) is predicted
to decrease by a factor of 18.6 with a 200 K increase in tempera-
ture from 300 to 500 K. Since the critical charge depends on the
cube of the cell size, this 200 K temperature rise represents an
increase of more than a factor of 6000 in detonation sensitivity.
Stoichiometric mixtures, however, decrease in sensitivity to
detonation as temperature increases. Above about 500 to 600 K,
detonation sensitivities are comparable for essentially all mix-
tures, from lean to rich. The predictions made by the model have
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Figure 1.5-9.
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Figure 1.5-11.
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been verified experimentally only up to 100°C (373 K) as shown by
the experimental data points in Figure 1.5-12.

Experiments in the Sandia HDT have shown that .tosl acts as a
detonation inhibitor at relatively low temperatures. However,
calculations with the ZND model imply ti-t the inhibiting effect
of steam diminishes with increasing temperatures for all hydrogen
concentrations. As shown in Figure 1.5-13, the detonation cell
width for stoichiometric mixtures diluted with 30 percent steam
decreases almost three orders of magnitude for a temperature rise
of 400 to 500 K. That tranelates into a reduction of the re-
quired critical charge by a factor of one billion.

0f course, at very hign temperatures, the increase in detonation
sensitivity becomes moot because the hydrogen-steam-air mixture
becomes hyperbolic. Autoi.ni&gom temperatures depend on mixture
concentrations and pressure; past data indicate that tempera-
tures in the range of 800 to 900 K should autoignite most hydro-
gen mixtures under static conditions.

The addition of steam desensitizes essentially all hydrogen
mixtures at any temperature. However, the magnitude of this
reduction is greatest at the lower temperatures, as shown in
Figure 1.5-14, and decreases rapidly with increasing temperature.
The addition of 40 percent steam reduces the detonation cell
width for a stoi-hiometric mixture by about a factor of 200 at
380 K compared to no steam, but only by about a factor of 2 at
800 K.

The increased detonability of hot hydrogen-air mixtures, if
confirmed by experiment, could influence several aspects of
severe accidents that involve high-gas temperatures. For exam-
ple, in a small break accident, hydrogen-steam exhaust jet
temperatures between 800 and 1000 K are not unreasonable. In
this range of temperatures, a wide range of mixture concentra-
tions have similar sensitivitvies. The jets from breaks will
contain varying amounts of steam. As the jet mixes with sur-
rounding air, the potential for transition to detonation could
increase dramatically with increasing gas temperatures, even for
of f-stoichiometric mixtures and high-steam concentrations. It is
not inconceivable that a hot hydrogen-steam mixture was created
by the fuel-coolant interactions during the Chernobyl accident.
This heated mixture may have lub.equent?y undergone a transition
to detonation in the building above the reactor compartment.

As mentioned previously, the model has been validated only for
hydrogen-air-steam mixtures up to 100°C (373 K). If the model is
confirmed experimentally at higher temperatures, the predictions
made by the model indicate that detonations may be significantly
more probable than previously considered in the vicinity of hot-
hydrogen jets released from the vessel or wherever the tempera-
ture is high.
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The possibility of a local detonation may invelve mixtures on the
rich side since a pure hydrogen-steam jet will mix with entrained
air. A current research o?’ort in the HDT is to determine the
limit of detonation propagation of rich hydrogen-air mixtures.
Currently, w 75 percent concentration of hydrogen in a hydrogen-
air mixture at 1 atm initial pressure and 20°C initial tempera-
ture allowed a detonation to propagate in the HD1. (Note that
the corresponding oxygen concentration is only 6.3 percent.) The
concentration of hydrogen in this detonation is nominally greater
than or the same as the 74 percent conara}r;tion of hydrogen
reported as the rich flammability limit. ' The propagation of
detonations near the limits of the HDT may be influenced strongly
by the boundaries, but this is not yet understood, either
qualitatively or quantitatively.

1.6.2.2 Direct Containment Heating Hydrogen Problem

The direct containment heating h{drogcn problem is also influ-
enced by the recent theoretical analysis of the sensitizing
effect of high temperature on hydrogen-air-steam mixtures.
Preliminary CONTAIN code calculations indicate that rapid metal-
steam reactions lead to the production of large quantities of
hydrogen At mperatures up to 2000 K during hifh-pro-ourc melt
ejection. ' This high-temperature hydrogen ultimately enters
the upper compartment containing air, steam, and hydrogen at
temperatures up to 900 K. The threat from containment over-
pressurization can increase significantly for some plants if the
hydrogen were to burn in this ostensibly inert environment. The
effect of temperature on flammability limits at high temperatures
(but below the autoignition temperature) is not well understood.
If the mixture of hydrogen, air, and steam is uniformly mixed,
will the mixture spontaneously combust, deflagrate, or detonate?
If the mixture is not uniformly mixed, at what rate can combus-
tion occur at the boundaries of the hot hydrogen jet. or plume,
as it enters the relatively cooler upper containment atmosphere?
It is also clear that these questions involve dynamic conditions
including transport, mixing, and the presence of hot solid or
liquid particles moving with the gases.

1.6.2.83 Oxidation of Combustible Gases in the Reactor Cavity

A third accident scenario in which the effect of high temperature
is important is the in-cavity oxidation of combustible gases
produced by core-concrete interactions following vessel breach.
IDCOR calculations with the MAAP code indicate that essentially
all of the hydrogen and carbon monoxide generated during the
core-copcrete intoructiqsl will oxidize benignly in the reactnor
cavity. Wong has shown ™ that “hese predictions depend strongly
on the extent of natural convection and criteria for steaa-
inerted conditions. Assuming incomplete in-cavity oxidation in
the HECTR calculations led to predictions of the transport,
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accumulation, and subsequent combustion of hydrogen and carion
monoxide “n the lower and upper compartments. The pressure
generated from this combustion is much higher than the pressure
generatel by gradual steam pressurization when there is complete
in-cavity oxidation. The ability to pr«li~. Lliec degree of in-
cavity ouxidation is severely limited by the lack of high-
temperature data for autoignition and flam:ability limits.

1.6.2.4 Effects of Diluents on Detonability

The Heated NDetonation Tube is also used to quantify the effect of
different diluents on hydrogen-air ’etonations. The two differ-
ent diluents tested were ste.um in Test Series 8 and carbon
dioxide in Test Series 9.

Twenty-two tests have been completed in the hydrogen-air-steam
test series denoted as Test Series 8. The purpose of the current
test series is to quantify the effect of steam concentration on
hydrogen-air mixtures at 1 atm initial pressure and 100°C initial
temperature. These initial conditions are at the lower range of
initial conditions calculated by A. C. Peterson, Sandia, for a
local detonation study. Test Series 8 is comprised of approxi-
mately 25 tests with most tests at O, 10, 20, and 30 percent
steam concentrations on a molar basis. Some tests will be
conducted at steam concentrations greater than 30 percent to
determine the steam inerting level for the HDT. The range of
steam concentrations tested to date varies from O percent to 35
percent. A comparison of Lhe experimental results with the
theoretical predictions are shown in Figure 1.5-15. All cell-
size measurements agree within approximately a factor of 2 with
the theoretical predictions. Stoichiometric mixtures with steam
concentrations of 10, 20, and 30 percent increase the detonation
cell width by factors of 1.5, 6.4, and 32.5, respectively, over a
stoichiometric mixture with no steam. To date the maximum steam
conceatration that has been tested is 35 percent for a stoichiom-

etric wvixture. The maximum steam concentration in a stoichiom-
etric wixture that will propagate a detonation in the HDT has not
yet been determined. Currently, the lowest concentration of

hydrogen in mixtures without steam that will propagate a detona-
tion 1s 13 percent. The lowest concentration for the HDT has not
yet been determined.

Nine tests have been completed in the hydrogen-air-carbon dioxide
test series denoted as Test Series 9. The purpose of this test
series is to quantify the effect of carbon dioxide as a surrogate
for steam for mixtures at 1 atm initial pressure and 100°"
initial temperature. Test Series 9 has been completed and was
composed of nine tests at 5, 10, 15, and 20 percent carbon
dioxide concentrations on a molar basis. A comparison between
the experimental results and the theoretical predictions is shown
in Figure 1.5-16. All cell size measurements are within approxi-
mately a factor of 2 when compared to the theoretical predic-
tions. Stoichiometric mixtures with carbon dioxide concentrations
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of 10 and 20 percent increase the detonation cell width by
factors of approximately 2 and 13.5, respectively, over a
stoichiometric mixture with no carbon dioxide. These values
should be compared with the previously reported values of 1.5 and
6.4 for 10 percent and 20 percent steam dilution reported
earlier. A comparison is made between stoichiometric mixtures
diluted with either steam or carbon dioxide in Figure 1.5-17.
This comparison indicates that not only is carbon dioxide a
better inhibitor than steam, but it becomes more effective with
increasing concentration.

Three tests were performed to quantify the effect of temperature
on hydrogen-air-carbon dioxide mixtures. These tests represent
an extension of Test Series 2 reported by Tieszen, et al. . The
mixture initial pressure is 1 atm and initial temperature is
20°C. Stoichiometric mixtures with 5, 10, and 20 percent carbon
dioxide on a molar basis were tested. The results indicate that
an increase in initial temperature incrcases the sensitivity of
the mixture. As an example, the detonation cell width for a
stoichiometric mixture with 10 percent carbon dioxide at 100°C is
approximately 75 percent of the same mixture at 20°C. Likewise,
a stoichiometric mixture with 20 percent carbon dioxide at 100°C
has a detonation cell width approximately 50 percent of the same
mixture at 20°C. These examples illustrate that the sensitizing
effect of initial “emperature is more pronounced with higher
diluent concentrations. The theoretical calculations shown in
Figure 1.5-14 also indicate this conclusion is valid for steam
dilution.
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2. FISSION-PRODUCT SOURCE TERM

Modern reactor accident analyses focus very directly on the
mechanistic determination of the release of radionuclides from
the fuel and their subsequent behavior--the so-called fission-
product source term. This attention is being given to the source
term to redress some of the conservatisms and omissions in past
analyses. Mechanistic models now available for predicting the
release of radionuclides from the reactor fuel under accident
conditions and the transport of these radionuclides in the
reactor coolant system have yielded substantive insight into the
natural processes that attenuate the amount of radiocactivity
available for release from the plant. Nevertheless, these models
are known to be incomplete. Significant uncertainties still
exist concerning these release and transport issues. The rates
of radionuclide release must be well known to predict deposition
in the reactor coolant system. At this juncture, release data
may only be correlated against fuel temperature and not corre-
lated against other factors such as system pressure and chemical
environment, which are expected to influence strongly the radio-
nuclide release. Chemical forms adopted by released radionu-
clides--especially iodine and tellurium--will drastically affect
the extent to which these radionuclides will deposit and be
retained in the reactor coolant system. Chemical transformations
of the deposited radionuclides will determine to a significant
extent whether these deposited materials revaporize from surfaces
and again become a part of the radiocactivity that can be released
from the plant. These issues require experimental data if the
modern accident models are to be upgraded to provide reliable
predictions concerning the fission-product source term.

The High-Temperature Fission-Product Chemistry program provides
experimental data on the thermodynamics and kinetics of cnemical
processes affecting the chemical form of released radionuclides,
the interactions of these radionuclides with structural and
aerosol surfaces, and the revaporization of deposited radionu-
clides. The ACRR Source Term Experiments are in-pile tests of
radionuclide release under high-pressure, high-radiation intens-
ity, and high-hydrogen concentration conditions. They supplement
out-of-pile experiments of radionuclide release being conducted
elsewhere in the NRC-sponsored research. Both experimental
programs provide c<rucial data needed for accident models. The
primary thrusts of the experimental programs are to provide data
for the development and validation of the NRC's best-estimate
model of fission-product behavior, VICTORIA.

2.1 High-Temperature Fission-Product Chemistry Program
. M. rick an . A. Powers, 6422; R. A. gaEIach, 1846)
The purpose of the High-Temperature Fission-Product Chemistry and

Transport program is to obtain data on the chemistry and pro-
cesses that affect the transport of fission products under
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accident conditions. The program now consists of three tasks
related to one another. Baseline thermodynamic and reactivity
data are being collected for compounds of fission-product ele-
ments of particular interest. An experimental facility has bheen
built to allow the chemistry of fission products in prototypic
steam-hydrogen environments to be studied. The interaction of
fission products with reactor materials such as stainless steel
can be examined in this facility. Results of these experimental
studies are compared to predictions of thermochemical models to
determine if reaction kinetics play an important role in fission-
product transport.

Little of the chemistry of fission products in high-temperature,
steam-plus-hydrogen environments is well characterized. The
physical and chemical processes taking place can be categorized
into those between vapors (gas-phase reactions) and those between
a vapor and a condensed-phase surface (heterogeneous reactions).
In the latter category are condensation on, adsorption by, and
chemical reaction with surfaces. Conversely, should conditions
change, tlle fission-product species may evaporate, desorb, or
leave a surface as the result of decomposition of a compound.

If these reaction surfaces are surfaces of structural materials,
control rods, cladding, or bulk fuel, then the fission products
can be retained in the primary system. However, the same reac-
tions on the same materials in an aerosol form can result in
transport out of the primary system.

2.1.1 Introduction

Because horon is a good neutron absorber (poison), its compounds
are used extensively in the control of nuclear reactors. The
compounds are either dissolved in the reactor coolant or are used
in a solid form in clad control rods. In control rods, the boron
can be used as an alloy or as boron carbide GaC) with either one
as a powder, as a pressed pellet, or as a dispersion in a metal.
Since boron is a significant component in the core and cooling
system, its effect on the high-temperature chemistry in the
primary system during an accident could be imqprtant. A typical
BWR reactor may contain on the order of 7 x 10" g of boron in the
control rods. If the boron became exposed, by the cracking or
melting of its cladding, to a severe accident environment, the
resulting reactions could change the pathway of fission products
through the primary system.

To examine these reactions, three tests were performed. The
results of these tests, reported in Reference 90, are summarized
here. Each of the three tests was conducted in steam at 1270 K
in an Inconel 600 system, where the reaction tube was lined with
fresh Inconel 600; a flow-through bed of B C particles and B,C
coupons were common to all the tests. 1In the first test (Test
25), the reaction of boron carbide with the steam environment was
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examined. By introducing CsOH vapor (Test 28) and Csl vapor
(Test 28) into the same environment, the changes in tg}a] system
response could be studied. Although previous work'®® had been
convincing in the identification of CsOH and Csl as the appro-
priate initial vapor species for cesium and iodine in some
primary system environments, the results of these experiments
show that the presence of B,C can produce different species. The
cesium in both the CsOH and Csl reacted rather strongly with
boric oxide formed in the B, C-steam reaction to form a less

volatile compound, probably cesium metaborate. In the case with
Csl, the iodine was released as a volatile, water soluble form,
probably HI. Preliminary results of these experiments were

reported in Reference 101. Thermodynamic calculations were made
to explain these experimental results by assuming first, a vapor
phase reaction and second, a heterogeneous reaction. Some of
these results were summarized in Reference 102. The results of
experiments of this type are used to define and to quantify
controlling processes in the fission-product chemistry of severe
accidents. These quantities are used in severe accident codes
like TRAPMELT and VICTORIA and for the purpose of interpreting
the results of large scale tests.

The British have examined, in greater detail, systems consisting
of different combinations of Csl and boric acids in the condensed
and vapor states in shﬁ%m:tkgon mixtures and in a vacuum to
temperatures of 1110 K. '’ Using matrix isolation-infrared
spectroscopy and quadruple mass spectroscopy, they observed that
in a steam environment substantial decomposition of Csl was
observed above 870 K. The reaction products were volatile HI and
relatively nonvolatile cesium borates in both the vapor reaction
between Csl and boric acid and when either reactant was vaporized
and the other condensed.

2.1.2 Summary and Conclusions

From the results of these three scuping tests and a study of the
literature, some conclusions can be drawn concerning the in-
fluence of boron carbide on severe accident environments.

1. Extensive reaction was observed (Figure 2.1-1) between
boron carbide and steam to produce boron oxide and boric
acids in a two-step kinetic process that is probably
paralinear. Average rates of production for the oxide
and acids were calculated for the three tests. These
rates are functions of the time, steam partial yressure,
partial pressure of acids in the steam, temperature, and
surface-to-volume ratio (the size and shape) of the
carbide, that is, whether the carbide surface is exposed
as in slab geometry or packed as particles in a bed
where the steam flows around the bed or through it.
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These rates did not appear to be influenced by additions
of CsOH and Csl vapors. The two B,C geometries used
were a slab and a flow-through bed of particles.
Production rotes of the oxides and acids were both on
the order of 10" g (boron)/cm"*min for the slab geometry
and 1 to 2 orders of magnitude less than this for the

B,C particle bed OQur calculated oxide rates are about
10 times faster than those rates found in the
literature These higher rates for B.C particles could
be due in part to differences in flow geometry In the

Reference 106 flow around a pan, the lower rate cculd be
caused by slow formation and removal of acids, which
resulted from stagnation flow and saturation conditions
just above the bed. The difference in reaction rates
for B,C coupons could be due to the fact that the
coupons used in Reference 107 had about 1/16 the amount
of boron as our boron carbide.

2. In our experiments, the boric acids condensed at about
370 K, forming a plug porous to the noncondensed gases
in the 2.6-cm diameter condenser tube (Figure 2.1-2)
Similar blockages might occur in regions of the upper
plenum of the reactor where the condensed acids could
act as filters for particles and as a reaction medium
for vapors and particles. The water soluble acid plugs
would rrobably dissolve upon creflooding.

n Carbide Before and After Exposure

Coupon of Boro
to Steam at 1270 K for About 4.5 Hours Test 28.
Severely pitted surface is shown after water

—

Figure 2.1

soluble layer of boric oxide was removed



The transition toc steady-state oxide production for our
conditions is probably less than 1 h but increases with
decreasing temperature, according to the literature.
Rates during transition would probably not be of in-
terest for accident events lasting much longer than the
transition time. During transition, when a layer of
boron oxide is developing, the reaction rate is higher
than at steady state, thereby generating more hydrogen
in the early part of the reaction. The B,C-steam
reaction may, however, be a minor source of hydrogen.

The equilibrium state for boric acids in the B 0,~-steam
system depends on the temperature of the system and the
partial pressure of the steam. For our conditions,
which were shown to approach equilibrium in the reaction
tube, the predicted ac}d mix was 2.5 X 10" Pa (19.2
torr) of HBO,, 5.5 x 10° Pa (4.2 torr) of (HBO’)', and
3.8 x 10? Pa 82v9 torr) of HBO,.

Production of boric oxide and acids was measured for two
concentration levels of acid in the stream for esti-
mating the influence of the partial pressure of acid on
product,io_tl rates. ’Rates for the _9xide 1:.nda acids were
8.31 ¥ 10" g/min*cm” and 2.54 X 10" g/min*cp” at ~3 torr
partial pressure and 3.52 x 107! g/min*cm® and 1.05 X
10" g/min*cm® at ~25 torr partial pressure.

A significant reaction was observed between Cs0OH vapor
and the boric oxide formed on the B,C coupons. The
reaction product was probably CsBO,. A surface reaction
rate constant for the cesium was J%termined to be about
9.0 x 10" m/s. The actual amount of cesium that
reacted may have been larger than indicated because some
of the CsBO, may have vaporized after forming.

A significant reaction was also observed between the
boron oxide and CsI that dissociated the cesium and

iodine. Cesium found in the oxide was assumed to be as
CsBO,. Iodine was released in the reaction and probably
formed volatile and water soluble HI. The calculated

surface rate constant gpr the reaction of the cesium in
Csl was about 1.3 x 10" m/s.

The fact that boren oxide is a flux had an influence,
although not a well understood one, on the cesium
chemistry. Appreciable amounts of iron and silicon were
found in the oxide. The oxide preferentially dissolved
the iron from the Inconel. The silicon could be from
the Inconel or the contaminant silicon found in the
boron carbide. Visual coincidence between some of the
cesium and silicon deposits in the oxide suggests the
presence of a water insoluble cesium - silicon species.
This speculation is supported in part by the analysis.
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Deposits of cesium in solution and in particles on the
Inconel liner surrounding the B,C coupons might also be
attributed to the fluxing behavior of boron oxide.

9. If a vapor phase reaction had occurred between the CsOH
and the boric acids, as observed by the British and
predicted by equilibrium calculations for a similar
system (potassium) to occur, it could not have been
detected in the test as it was desigrned. Similarly, any
vapor phase reaction between CsI and the boric acids,
observed by the British but predicted by similar (potas-
sium system) equilibrium calculations to not occur,
could not have been detected because of the test design.
Effects due to the heterogeneous oxide reaction and the
vapor phase acid reaction can be identified separately
by eliminating the B,C coupons in the reaction tube,
producing acids upstream by the B, C-steam reaction and
identifying the vapor products with a mass spectrometer,
sampling from the reaction zone. A comparison of the
results from this type of study with results from a test
similar to the scoping tests described here, but also
using mass spectrometer sampling from the reaction zone,
should make it possible to separate the heterogeneous
and vapor phase processes. A similar series performed
in a stainless steel system would identify processes
unique to that system.

2.1.8 Vapor Pressure of Liquid CsOH

2.1.3.1 Introduction

Cesium is one of the more volatile fission prodvct elements that
can be released in a nuclear reactor accident. 1In the high-
temperature predominantly steam and hydrogen environment antici-
pated for the primary systems of light water reactors, much of
this cesium can be present as CsOH vapor. Although the JANAF
thermochemical tables contain thermodynamic data from which the
vapor pressure of CsOH above the pure liquid CsOH can be
calculated, there has been no previous measurement of that vapor
pressure. This section discusses the first experimental measure-
ments made in the temperature range of 704 to 1133 K.

2.1.3.2 Experimental Section

The equipment used was a modified transpiration apparatus (dia-
grammed in Figure 2.1-3) with which known quantities of carrier
gas were passed over liquid CsOH. The amount of CsOH vapor
trensported to and condensed in a cooler region was determined,
after dissolution in water, by an acid titration for basicity.
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Figure 2.1-3. Sketch of the Transpiration Apparatus

The assumption was made that this basicity was due solely to
cesium hydroxide. For verification several solutions were
analyzed for their cesium content using atomic absorption
methods. The two methods agreed to within t2 percent.

The basic transpiration apparatus was modified by arranging the
ancillary gas handling system so that a reversed gas flow in the
condensation tube occurred prior to and subsequent to an experi-
ment. This prevented unwanted diffusional transport of Cs(OH
vapor to the condensation region and permitted accurate timing of
the experiments. With this technique, the liquid CsOH was
brought to a stabilized temperature before starting an experiment
and no corrections for heating and cocoling times were needed.

The portions of the transpiration apparatus which came into
contact with CsOH vapor were composed of high-purity (>9090.5
percent) alumina (Coors, Inc.). No chemical attack of these
alumina portions by either liquid or vapor CsOH was evident.

The primary carrier gas was argon. Some experiments were made
using argon plus hydrogen or argon plus water vapor mixtures as
noted in Table 2.1-1. These gases had no effect on CsOUH

transport.
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Table 2.1-1

CsOH Transpiration Data

Calculated

Carrier Cesium CsOH
Flow Time Temperature Transported Pressure
Run No. mL/min min °C m mole torr
S 117 130 599 0.61 0.73
2° 130 201 650 4.9 3.4
- 134 265 5562 0.89 0.46
4* g8 1000 498 0.75 0.14
5" 100 65 696 2.9 8.1
6" 136 1250 447 0.13 0.014
7 104 300 649 7.5 4.4
- 118 140 597 0.67 0.77
9 100 121 667 3.1 4.9
10 100 125 694 5.5 8.2
11 g8 201 626 2.5 2.4
12 102 135 596 0.87 1.2
13 51 326 700 6.7 7.6
14 106 1500 488 0.45 0.054
15 95 160 742 13.1 16.5
16 117 2930 468 0.54 0.03
17 i20 29056 501 2.4 0.13
18 70 307 636 3.0 2.6
19 80 205 714 8.6 0.6
20 89 189 710 6.9 7.4
21 Q97 308 598 1.5 0.90
22 130 1244 450 0.32 0.037
23 218 1215 496 1.6 0.11
24 80 1561 749 20.0 20.7
25 70 1005 510 0.79 0.31
26 55 3851 521 3.1 0.27
27 80 1026 540 1.9 0.57
28 80 1020 550 3:9 0.63
29 108 86 850 37.0 66 .0
30 97 GR3 431 0.11 0 022
31 53 999 611 5.0 B
32 90 g78 474 0.26 0.055
33 65 3879 587 9.0 0.65

LY ‘ * "
Argon carrier gas was saturated with water vapor (ambient

laboratory conditions)
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The temperature of liquid Cs0H was taken to be that registered by
an alumina sheathed type K (chromel-alumel) thermocouple posi-
tioned above the liquid CsOH.

The CsOH was obtained from Thiokol /Ventron (Alfa Products). The
as-received material contained ~10 percent water by mass.
Heating this material to 700 K in an argon gas flow expelled the
water and introduced no detectable carbonate impurity (detection
limit of 0.5 percent by mass). Subsequently, the material was
stored in gas-tight containers with minimal gas volume. Trans-
fers in open air were rapid with total exposure time less than 3
min. Heating and cooling were always in dry argon. The major
concern was C0O, pickup to form Cs,C0,; incidental H,0 pickup was
of no concern since heating before ghe experiment expelled any
H,0.

2.1.3.3 Results and Discussion

The raw experimental data are shown in Table 2.1-1. From these
data, the partial pressure of monomer CsOH vapor was calculated.
The presence of the dimer (CsOH), molecules was dismissed.
Calculation of vapor composition using the JANAF thermochemical
data indicates that only at the lower experimental temperatures
does the dimer/monomer ratio increase to values approaching 10 °.

The calculated CsOH vapor pressures are plotted in Figure 2.1-4
as a function of the reciprocal absolute temperature. A least
squares analysis, fitted to an Arrhenius function, yielded the
following equation:

Log,o P(Pa) = (9.76 + 0.46) - (6611 * 307)/T(K) , (2.1-1)

where the vapor pressure P is measured in pascals (Pa) and the
temperature is measured in kelvins (K). An analogous equation
calculated from the JANAF thermochemical data is

Loglo P(Pa) = 10.17 - 6514/T(K) (2.1-2)

Equation 2.1-2 was obtained by equating the difference of the
tabulated AG, for liquid and monomer vapor with the term RTInP.
(The tabulated values have P = 1 atm as the reference point.
These data must be corrected to the new reference pressure of 1
Pa.) The calculated values, obtained for 100 K increments
between 600 and 1200 K, are plotted in Figure 2.1-4. Equation
2.1-2 is that of a straight line through the calculated points.
The slope, of course, is proportional to the average enthalpy of
vaporization in this temperature range. Its numerical value
(from Equation 2.1-2) is 20.6 kcal/mole whereas the tabulated
value of AH at the tabulated boiling point is 28.6 kcal/mole.
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The experimental vapor pressures are approximately a factor of 3
lower than those calculated from the JANAF data. Note that the
second terms in Equations 2.1-1 and 2.1-2 are very similar, (-
6611/T versus -6514/T). The AH derived from the experimental
data (30.1 ¢ 1.8 kcal/mole) is in good agreement with the values
obtained from the JANAF data.

The difference in vapor pressure as calculated from Equations
2.1-1 and 2.1-2 arises chiefly from differences in the initial
constant terms. These terms are related primarily to tqe entropy
of vaporization. A net relative change of ~2 cal deg mole ' in
the tabulated entropies of Cs(H monomer vapor and CsUH liquid is
sufficient to resolve this difference.

One additional comment can be made. Based on the JANAF data, the
boiling point of liquid Cs0OH is estimated as 1263 K (U90°C). An
extrapolation of Equation 2.1-1 would predict a boiling point of
1392 K (1118°C).

2.2 ACRR Source Term Experiments
(K. 0. Reil, 6423, ﬁ. D. Allen, 6422; H. W. Stockman, 6233;

A. J. Grimley, 6425; R. W. Bild, 6454)
Understanding the release of radionuclides during fuel degrada-

tion in a core uncovery accident is the first stage in determin-
ing the amount and nature of the overall radicactive release from
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Table 2.2-1

ST-1 Experiment Nominal Parameters

Maximum Temperature
Pressure
Atmosphere

Test Section Flow Velocity

2400 X

0.17 MPa

33% H, - 67% Ar
20 cm/s

Table 2.2-2

ST-1 Experiment Fuel Characteristics

* Irradiated Fuel (4 Rod Segments)

BR-3

Initial Enrichment
Maximum Burnup
Maximum Rod Power
Fuel Length

Fuel Mass

47 GWd/tonne U

* Fresh Fuel (4 Rod Segments)

(I-44, I-109)
8.26%

273 W/cm
15 em

310 g

Enrichment
Fuel Length

Fuel Mass
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Table 2.2-3

ST-1 Experiment Fission-Product Inventory
(from ORIGEN)

Element Mass (m
Xe 1943
Kr 160
Cs 945
I 67
Te 145
Ba 651
Sr 381
Eu 42

and CORSOR. Segments of the BR-3 fuel rods used in the ST-1
experiment were cut and will be shipped to Carl A®' sxander at BCL
for mass spectroscopic analyses to benchmark the ORIGEN computer
code.

A functional diagram of the fission-product gas and aerosol
sampling system for the ST-1 experiment is shown in "igure 2.2-1.
Seven identical filter thimbles were arranged vertically in a
concentric arc over a zirconia mixing plenum. The upstream end
of the filter thimbles were located approximately 10 cm above the
irradiated fuel bundle. The filter thimbles were plumbed in
parallel between the mixing plenum and a gas manifold. The
entire exhaust stream carrying fission-product vapors and aerosol
flowed through each filter sampler individually. The samplers
were changed sequentially using solenoid valves located on the
outlet end of the filter thimble.

The final design of the filters that were used in the ST-1
Experiment evolved from a series of seven filter gualification
tests that have been described in previous Semiannual Reports.
The filter design that was used is shown in Figure 2.2-2. Each
filter thimble was made of stainless steel with a nozzle at the
upstream end that was about 1 cm in diameter and 5 em long. The
body of each filter thimble had a diamcter of approximately 1.6
cm and was about 61 cm long. The first section in the body of
the filter thimble was a 32-cm-long thermal gradient tube (TGT),
similar in design and function to the one used in the ORNL VI
test series. The temperature of the thermal gradient tube at the
upstream end was approximately 900 K and decreased to 400 K near
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the fiber filter section. The thermal gradient tube had three
deposition wires of Ag, Pt, and stainless steel running parallel
to its walls. These deposition wires were inserted to provide
information on chemical speciation. They were intended to
collect fission-product aerosols and chemically reactive vapors
that will be analyzed with a SEM by wavelength and energy disper-
sive analyses. The stainless steel wire was included because it
is the same material as the thermal gradient tube and will give
an indication of chemical species deposited in the therral
gradient tube; the Pt wire was included because it is chemically
inert to most fission products, except possibly Te at high
temperatures; and the Ag wire was intendcd to react with the
gaseous iodine species Hl and I,. The flow in each filter
sampler passed through a 25-cm-lcong fiber filter composed of
0.076-nm diameter Pt-10%Rh wire with a graded packing density.
The Pt-10%Rh fib:rs were held in a stainless steel tube by
stainless steel s reens that were tack welded on each end. The
tube had outside O-rings on each end to seal it inside the filter
thimble and to prevent the flow of aerosol and vapor around the
fiber filter. A graded packing density was used to obtain the
necessary filter efficiency and to preclude a high pressure drop
and filter plugging. The gas then flowed through a 2-cm-long
granular charcoal filter, which was included to collect noncon-
densed vapors such a HI, Iz' and HaTe.

After a recirculating H,-Ar flow was established in the experi-
mental package, the test section was neutronically heated with
the ACRR on a temperature ramp of one K/s from room temperature
to approximately 1600 K. The fuel bundle was held at 1800 K for
about 20 minutes to permit final alignment of the optical sys-
tems. The cne K/s ramp was then resumed until temperatures in
the test section reached approximately 2400 K. The reactor power
was then reduced and regul-ted to maintain the temperature in the
irradiated fue: bundle at approximately 2400 K for about 20 min.
The experiment was terminated by reactor shutdown. Gas flow was
maintained during the cooldown process. The temperature in the
test section flow channel versus time is plotted in Figure 2.2-3.
The thermocouple labeling scheme shown in the figure legend
indicates the general location of the thermocouple (CH indicates
channel), the thermocouple type (C indicates a Type-C thermo-
couple), and the numbers indicate the distance above or below
core center line (015 indicates that the thermocouple was located
1.5 in above core center line, while -20 indicates that the
thermocouple was located 2 in below core center line).

The axial temperature profiles measured by five Type-C thermo-
couples in the test section flow channel are plotted in Figure
2.2-4. An axial location of O cm marks the interface between the
fresh fuel and the irradiated fuel. The negative axial locations
correspond to fresh fuel, and the positive axial locations
represent distances from the bottom end of the irradiated fuel to
the top end. The axial temperature profile that was attained was
uniform over the lower two-thirds of the irradiated fuel bundle.

~206~



907

TEMPERATURE (K)

2400

2200

1800

1600

LEGEND

—O—— CHC-3$§

——— [ CHC-20 "
— - — CHCO005
— - {=-— CHCO15 L
— - CHCO025
-—-=3-- CHCO035
cee G CHCO045

1 i 1 1 1 1 1

6500 7C00 7500 8000 8500 9000 9500 10000 10500

Figure 2.2-3

ST-1:

TIME (s)

Type C Thermocouples - Channel



-LOC~

Temperature = K

2800
2400
2200
2000
1800
1600 Legend
- 8002.SEC
0 _8250.S€C
e e 8500.SEC
FRESH FUEL | IRRADIATED FUEL — ==
o _9001.8EC
| | o _ssoisec
1200 — - * Y
-15 -10 -5 0 65 10 15

AXIAL LOCATION - cm

Figure 2.2--4. ST-1: Axial Temperature Profile in Channel



Because of radiation heat losses, the axial temperature profile
decreased over the upper third of the rods to a maximum tempera-
ture of about 2000 K at the upper end of the rod. Apparently,
about two or three cm of the zircaloy cladding on the upper end
of the fuel pins may not have reached the melting temperature.

Six of the seven filter samplers were used during the experiment
to collect fission-product vapors and aerosols. Filter number 7
was used as a blank, i.e., it was never opened for flow. Flow
through each filter was controlled by a svlenoid valve on the
downstream end of the filter assembly. Each filter had a nozzle
that projected into the ceramic mixing plenum above the test
section and was therefore open to the mixing plenum even though
there was no bulk flow through a filter when its solenoid valve
was closed. The blank filter was used to ensure that natural
convection caused by large temperature gradients or rapid pres-
sure changes in the system did not cause fission-product contami-
nation in a filter that was not open to bulk flow. Filter number
1 was open on the heat-up ramp and was automatically switched to
filter number 2 at 2073 K, just prior to clad melt. At clad
melt, a dense cloud of aerosol was observed that obscured the
view of the top of the test section and quickly plugged filter
number 2. The plugging was indicated by a significant increase
in the pressure drop measured across the filter and by a decrease
in the gas flow rate through the filter. Filtey number 2 was
open for 228 s. Filter number 3 was open for 130 s as the
temperature in the test section was brought to 2400 K. Filter
number 3 also plugged and the flow decreased significantly
because of the blocked flow. Filters number 4 and 5 were open
during the tem; rature plateau. Filter number 4 was open for 3563
s and filter number 5 was open for 654 s. Filter number 6 was
oper during the cool-down phase of the experiment. Figure 2.2-5
indicates the time interval and “emperature range in which each
filter thimble was open. The temperature plotted in this figure
was measured by the same Type-C thermocouples located in the test
section flow chanael that are doscribed ir Figure 2.2-3.

2.2.3 Preliminary Results of the ST-1 Posttest Analyses

2.2.8.1 On-line Optical Spectra

An optical multichannel analyzer was used to record the optical
spectrum of the ST-1 test at approximately 1 s intervals during
th. experiment. The light source for the spectra was the black-
body radiation emanwting from the hot test section. A full
analysis of these absorption spectra could, in principle, be used
to identify elements released from the fuel aud to quantify this
release as a function of time. 'ie environment inside the
reactor makes such a task impossible for all species but the
spectra do allow a qualitative picture of the release process to
be developed for elements whose abtsorption lines are identified.
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In this section three spectra recoided at different times during
the experiment are presented and their preliminary analysis
discussed.

The temporal locations of the three spectra are shown in Figure
2.2-6. The vertical lines indicate the times at which each
spectrum was recorded. The data plotted in the figure are the
temperatures i1ndicated by the channel thermocouples. The first
spectrum (Figure 2.2-7) was recorded 3282 s into the experiment.
The maximum temperature indicated by any of the thermocouples at
this time is near cladding melt temperature. There is evidence
from other visual sources (the video tape of the test and still
photography) that the clad was breached at 8135 s, over 2 min
before this spectrum was recorded. The second spectrurr (Figure
2.2-8) was recorded at 8973 s. This time comes very near the
middle of the isothermal part of the experiment. The third
spectrum (Figure 2.2-9) was recorded at 9435 s. This spectrum
gives information pertinent to times at the end of the isothermal
portion of the test. Shortly after this spectrum was recorded
the reactor was shut down and the test section was allowed to
cool .

Each of the three spectra (Figures 2.2-7 through 2.2-9) consists
of a series of absorbtion (and emission) lines superimposed on a
background radiation curve. This background curve is the result
of the convolution of a blackbody emission curve due to the hct
test section and an optical train detection curve due to the
transmission characteristics of the various optical elements in
the system and the wavelength sensitivity of the detector. The
intensity of the background curve is seen to vary with time.
This is brought about by the change in temperature of the test
section from one spectrum to the next, which alters the shape and
intensity of the blackbody curve, and by a change in apparent
aerosol concentration in the optical path, which iveduces trans-
mission as the density increases. In examining comparable
features in the three spectra, we find the figure of merit is
relative light extinction rather than absolute intensity reduc-
tion.

The three spectra contain snapshot information at times when the
releases of fission products are expected to be quite different.
The similarities and differences among the three spectra are
pointed out in the next paragraph, concentrating on four features
that appear to varying degrees in all three spectra. All the
features of interest lie at wavelengths greater than 6000
angstroms. Virtually all features observed at shorter wave-
lengths are due to the fluorescent lights in the vicinity of the
detector. The four features that will be considered are numbered
on the spectra in Figures 2.2-7, 2.2-8, and 2.2-9.

Feature number 1 is weakest in the esarly spectrum, strongest in

the middle time spectrum, and dropping in intensity at the late
spectrum. This feature has not been identified as due to any
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particular atom or species. The temporal nature of this feature
indicates that it is unlikely to be due to a volatile species or
a clad constituent. Feature number 2 is strongest in the
earliest spectrum and is very weak in both of the later spectra.
An identification of the source of this feature has not been
made. The most likely sources, based on the temporal behavior of
the absorption, would be a volatile species, i.e., an alkali
metal or a halogen, or poessibly a clad constituent. Feature
number 3 has been i1dentified as a pair of lines due to atomic
rubidium. This tission product appears in concentrations about
one-fourth that of cesium and should exhibit a very similar
chemical behavior. The temporal evolution of this featurc shows
considerable early release of the rubidium and a steady dacline
of the intensity, and hence release, as the test pioceeds.
Feature number 4 is found to be very intense in the earli¢st time
spectrum, giving nearly complete absorption of the background
light, and decreases considerably in the later spectra. This
feature has been identified as an absorption due to atomic
cesium., The temporal behavior of the line agrees quite well with
predictions for the temporal release of cesium from the fuel.
Efforts are still underway to identify the source of the first
and second features in the spectra. The identification of these
lines is complicated by the possibilities that they may not be
due to atoms, or that the atoms could be in excited states or be
ionized by the strong radiation field in the test section.
Further analysis of the cesium and rubidium lines will yield more
detailed temporal information on the evolution of the neutral
atoms of these two species during the test.

2.2.83.2 Gamma Spectroscopy of the ST-1 Package in the Hot Cell

The ST package without the containment canister was gamma scanned
in Zone 2A prior to the test. Thelarims&v‘ rmdionuc&ide- observed
in the pretest gamma spectra were Cs, Cs, and 'Bu. The bare
ST package was gamma scanned approximately sevep days posttest.
Figure 2.2-10 compares the pretest and posttest "Cs activity in
the fuel. At the lower end of the irradiated fuel, 08 percent of
the cesium was released, whareas at the top end of the fuel, only
about 20 percent of the cesium was released. This dAifference can
be explained by the axial temperature nprofile along the
irradiated fuel pins (Figure 2.2-4). The lower end of the
irradiated fuel bundle reached temperatures as high as 2400 K,
whereas the top end of the fuel probably did not exceed 2000 K.
Therefore, zircaloy cladding probably did not melt at the top of
the fuel bundle. This affected the fractional releases versus
axial location along the irradiated fuel bundle.

Based on posttest gamma spectra of the ST-1 package, the filter
samplers were shown to be greater than 98 percent efficient.
Most of the radicactivity that permeated the filter B was attached
to fine charcoal dust that was blown out of the filter assembly
and deposited in the solenoid valves just downstream of the
filters.
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Gamma spectroscopy was used to determine the europium distribu-
tion in the package before and after the ST-1 test. The observed
concentrations for the irradiated fuel section both before and
after the test are shown in Figure 2.2-11. The pretest concen-
tration is seen to be relatively flat over the entire length of
the fuel rods. The posttest scan shows significant migration of
europium from the hot end to the cool end of the rods. A plaus-
ible mechanism for this migration, in the strongly reducing
atmosphere of the test, is the diffusion of atomic europium to
the grain surface followed by vaporization into the open poros-
ity. The axial temperature gradient gives rise to an axial
concentration gradient that is then a driving force for diffusion
through the open porosity from the high-temperature to the low-
temperature end of the fuel rod. The low-temperature portion of
the fuel is not able to support the same vapor pressure as the
high-temperature end, so condensation takes place, which gives
the net movement of the europium within the fuel.

The ST-1 package was disassembled in the Hot Cell Facility.
Seven filter samplers and five gas grab sample bottles were
recovered for analyses. Longitudinal gamma scans of individual
filter thimbles were performed in 2-cnl“:cromontr“ As expected,
the gamma spectra were dominated by Cs and Cs. The only
other radioisotope that was identified in the gamma spectra of
the filter thiTplel was ' 'Bu (t/a = 16 years). The integral
counts in the ' 'Os peak are plottod versus distance for filter
thimble 1 in Figure 2.2-12. This plot is typical of those for
the other five filter samplers that were opened during the ST-1
test. Cesium condensed on the interior surface of the nozzle
because it was cooler than the gas in the ceramic mixing plenum.
Very little cesium was on the TGT between 6 and 20 cm because it
was heated to approximately 900 K. As the fission-product laden
gas flowed out of the heated section of the TGT, it condensed on
the interior stainless steel surfaces, with a peak at about 286
em. In all filter thimbles, a large amount of cesium collected
on the front of the fiber filter located at 38 cm. The small
increase in cesium collection that shows up in the fiber filter
at 48 cm was due to an increase in packing density from 5 to 6
percent. An incre.se in cesium deposition occurred in all filter
samplers on the front screen of the charcoal filter and in the
charcoal. This cesium was probably collected as Csl.

2.2.3.83 Preliminary Results of Posttest Wet Chemical Analyses

Each filter sampler was divided into five basic components: the
nozzle, the TGT, the fiber filter, the deposition wires, and the
charcoal. Each component was gamma counted in either 1- or 2-cm

increments. After each component was gamma scanned, they were
analyzed by other techniques. The deposition wires were trans-
ferred out of the Hot Cell for elemental analyses by SEM/WDX.
These analyses are incomplete. The charccal will be rinsed to
remove cesium and then neutron activated to quantify the mass of
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iodine collected on it. The nozzle, TGT, and fiber filter were
leached with water and then 7.5 M nitric acid to remove scluble
species. Aliquots of these leachates were gamma counted. Twelve
of the leachate samples had noticeable amounts of insoluble
material: <.he water leachates from fiber filters 1 through 6 and
from TGTs 3 through &5, and the acid leachates from fiber filters
3 through 6. Analytical procedures for these infoluble materials
are discussed in section 2.2.3.4.

Comparisons of the gawma spectra of aliquots of the water and
acid leachates showed that approximately U8 percent of the Cs
collected by the filters was soluble in the water leachates. By
comparing the gamma spectra for the filter components befure and
after the leaches, it was calculated that greater than 90.9
percent of all of the Cs was removed {rom the filter components
by the water and acid leaches.

An ion specific electrode (ISE) was used to measure the iodide
concentrations in the water leachates. Although the measured
release rate matches other volatile species well, e.g., Cs, the
total iodine released zpperrs to be low compared with predictions
from VICTORIA. The remaining iodine is probably on the charcoal
filters. The charcoal filters will be analyzed for iodine by
leaching the cesium with water to reduce the gamma activity,
analyzing the leachate for iodide by ISE, and analyzing the
charcoal for iodine by neutron activation analysis after the Cs
has been removed.

Soluble Ba and Sr species have been measured using ion chromatog-
raphy (IC). The acid leachate samples must be rerun with an
additional column that will remov: monovalent ions tLhat were
added as NaOH to neutralize the acid. However, the majority of
the Ba and Sr is in the water leachates. JTon chromatography
only measures the Ba and Sr in solution. The black insoluble
material found in the water leachates was approximately 10
percent Ba and 10 percent Sr. Inscluble Ba and Sr are not
measured by IC, but will be measured by dissolving the water
insoluble material in nitric acid and running samples in the 10,

Preliminary results of electrochemical voltammetry indicate that
less than 10 ug of Te was present in any of the water and acid
leachates of the filter components. Less than 0.1 percent of the
Te in the irradiated fuel was transported to the filter samplers
in the ST-1 testu.

The high beta activity on the deposition wires makes handling
them in glove boxes difficult and EDX analyses impossible.
Elemental analyses of the deposits on the wires will be obtained
by wavelength dispersive analyses (WDX).



2.2.3.4 Black Insoluble Material in Leachates

Some of the water and acid leachates from the fiber filters and
thermal gradient tubes had noticeable amounts of black insoluble
material, especially the water leachates from fiber fiiters 3,
4, and 5, which were open during the ST-1 high-temperature
plateau (approximately 2000 K). In the water leachates, the
black insoluble material was apparently removed by the mechanical
action of the water flowing through the filter component; it is
not soluble in water. Major elements that have been identified
to-date in the black insoluble material in the water leachates
are U, Zr, Ba, and Sr, with wminor amounts of Pu, Am, I, Y, La,
Ce, Sm, Eu, and Cs. The black insoluble material in the acid
leachates has been identified by SEM/EDX as primarily AgCl.
Samples of the black insoluble material will be sent to BCL and
ORNL for quantitative isotopic analyses using mass spectroscopy.

Ten milliliters of the water leachate from fiber filter number 3
vias vacuum filtered through a Whatman 42 glass fiber filter. The
black insoluble residue collected by the filter contained a
strong beta emitter. The filter read about 20 rads/h at 2.5 cm
with the Geiger counter beta shield open. It was necessary to
prepare weaker samples for alpha and beta counting. Two samples
were prepared by transferring a small amount of the original
sample to new glass fiber filters. Sample A had a Geiger counter
reading of 2.5 rads/h at 2.5 e¢m with the beta shield open and
sample B had a reading of 0.4 rads/h.

Alpha counting was nerformed using an ORTEC Model 578 Alpha
Spectrometer connected to a Canberra Series 40 multichannel

N’alyzhr'. Alphnsﬁtandards used for energy calibrations were
Am, Th, and Pu. An energy range of 4.0 to 6.5 MeV was
ised .

Ine main peak observed was a combination of the 5.49 and 5.44 MeV
Am alpha peaks. These peaks completely dominated the spectrum
up to about2‘.5 MeV, Oth%ﬁ peaks were seen in the 5.54 to 5.75
MeV range ( Razy'om the ’"Pu dechx series)"r,nd in the 5.80 to
6.05 MeV range (" Th from Pu or Po from U or both). There
were indications of several other possible peaks. The estimated
energies and one or more possible identifications for each are:

4.20 MeV (3U;

4.78 A (” Np or #% from ™Am or both and ®'U or ™Ra
from or both) - -

4.81 to 5.05 MeV ((Th from a:olun)

4.95 to 593 MeV (a‘.Pa from Pu)

5.16 MeV (7" Pu or r )

5.30 MeV g"Po from "U)

5.9 MeV (™ Rn from_ **™)

5.564 to 5.75 MeV (”’Ra from ’“Pu).

IO e W 0O =
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None of these latter peaks were large enough to be unambiguously

&ﬂpntifi , but taken together they are additional evidence that
Pu or ] or both ure present in“‘he sample. They also provide
some ovgﬂence for the presence of U Because of the dominance

of the Am peak, it was not p?isible to guantitate the amounts
of each isotope present. The “"Am activity was estimated to be
at least 100 times greater than that of any other alpha emitter.
Short counts at higher alpha energy ranges (up to 8 MeV) showed
no other alpha peaks.

Filter sample A was beta counted using a Geiger Counter as a
detector and a series of graded Al filters between the source and
detector to determine the end point energy of the major beta
emitter in the sample. The end point energy found was 2.2 MeV.
n\{is is a close match to‘}he O‘nd point energy of 2.27 MeV for
, indicating that the " Sr-"Y decay chain is the major beta
emitter in the black insoluble material in the water leachates.

2.2.4 Comparison of ST-1 Experiment Results With Predictions
From CORSOR and VICTORIA

A stand-alone version of the VICTCRIA fission-product release
module from the MELPROG code has been used to model the release
of fission products in the ST-1 test. In the following para-
graphs, VICTORIA predictions are compared to the experimental
results and to releases calculated using CORSOR and its various
modifications.

The calculations using VICTORIA were performed with the prelimi-
nary temperature, pressure, and flow information from the test.
These data underestimate the maximum temperature by about 100 K
and further refinement of the flow and pressvre data is required
to determine their accuracy. The underestimate of the tempera-
ture affects not only the total release but the timing of the
release as well. The strongest temporal effect is brought about
by the change in the timing of clad disruption.

The physical parameters used for the VICTORIA and CORSOR calcula-
tions are given in Table 2.2-4. The temperature ramp used was a
straight linear rise from T to the indicated maximum temperature
followed by a coustant temperature plaieau. After a predeter-
mined time at temperature, there was a cool-down period, again at
a constant linear rate. The clad was assumed to have failed at
its melting point. The pressure and gas flow rate were held
constant for the entire calculation.

For the purposes of the VICTORIA calculation, the fueled portion
of the test package was divided into five equally spaced axial
levels. Each of these nodes had a single temperature for the
fuel and clad, another temperature for the coolant gas, and a
third for structural materials within that level. There were two
additional vertical nodes that did not contain fuel and were

[
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Table 2.2-4

Physical Parameters Used in VICTORIA
and CORSOR Calculations

VICTORIA CORSOR
Ty (K) 1625 1625
ax (K) 23686 2466
Theat (K/8) 1.3 1.28
Tooor (K/®) 0.63 0.63
t, (s) 1123 1140
profile (.0, 1.0, 0.94, 0.91, 0.83)
P (atm) 1.5 n/a
v (cm/s) 6.0 n/a

designed to model the thermal gradient tube and fiber filter.
These two levels had separate temperatures for the gas and
structures in each. The pressure and flow parameters were taken
to be independent of the spatial location in this calculation.

The CORSOR calculations used only the fueled portion of the test
section. The same axial temperature profile was used but the
maximum temperature was 100 K higher and the heat-up ramp was
steeper to account for this difference. Pressure and flow were
not used in the CORSOR calculations.

Table 2.2-5 presents a comparison of the calculated and observed
releases for the VICTORIA and CORSOR calculations and the cur-
rently available experimental results. It should be noted that
the measured release fractions represent preliminary data and aro
subject to further refinement. The measured data consists of
total release and filter fractions for cesium and barium. The
barium value is a lower limit and may be quite low due to the
incomplete analysis of the black insoluble material. Cesium is
also present in this substance but appears to be in a much
smaller proportion than the barium.

The total release fractions for cesium show some definite differ-
ences in the various calculations. CORSOR-M overpredicts
slightly while both modifications underpredict with CORSOR-3
showing much better agreement than CORS0OR-D. The VICTORIA
prediction lies between CORSOR-3 and the measured value. This
result will be improved by the use of the proper temperature
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Table 2.2-6

Measur~szd Versus Predicted Releases

CESTUM
Observed 71 Percent
VICTORIA 73 Percent
CORSOR-M 89.5 Percent
CORSOR-D 50.6 Percent
CORSOR-3 69.3 Percent
BARTUM
UObserved 10 Percent
VICTORIA 1 Tlercent
CORSOR-M 0.4 Percent

profile for the test. It should also be noted that the CORSOR-3
value includes a significant (9 percent) release prior to clad
failure. This latter comment is less important for the other
versions of CORSUR and does not apply to VICTORIA.

The release data for barium is underpredicted by both CORSOR and
VICTORIA. The VICTORIA prediction is suppressed by the low
temperature used in the calculation. Further increases in the
VICTORIA value will result from improvements in the open porcsity
transport models, especially the inclusion of an evaporation
condensation model.

Figure 2.2-13 shows a comparison of the temporal release profiles
of cesium as observed and calculated. The CORSOR calculation
uses CORSOR-3. The VICTORIA releases are found to be delayed in
time with respect to the experimental data. This is due to the
underestimation of the maximum temperature in this calculation
and the fact that the clad is only allowed to fail once its
melting temperature is reached. A review of the video image of
the test shows that the clad was breached before this temperature
was indicated. The general shape of the VICTORIA release curve
is in good agreement with the experimental results. Refinement
of the temperature history, clad dynamics to account for the
early breach, and the addition of the improved open porosity
transport models will tend to shift the curve to earlier tLimes
and broaden it slightly. The CORSOR-3 calculation, while com-
paring favorably to VICTORIA in terms of total release predicted,
can be seen in the figure to have too broad a temporal profile
when compared to the experimental results. Further refinements
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to the experimenta) data are unlikely to alter the shape of this
curve.

The comparison of the VICTORIA predictions to the p'eliminary
data has enabled us to identify a few areas needing improvements
within the VICTORIA wmodeling. In particular, an evaporation
condensation model needs to be added to the open porosity trans-
port; the clad dynamics wodels need to be improved to account for
clad vaporization and the observed early failure; and the neces-
sity of calculating equilibrium chemistry within the fuel needs
to be evaluated further. In addition to the modeling improve-
ments, there is also a need for improvement in the input data.
The temperature data, both in terms of slope and maximum value,
need to be revamped. The specification of the clad failure point
and the mode of failure both require changes in portions of the
code that are specific to this test. These changes are being
implemented for comparison with the experimental data iu a more
complete form than is currently ;vsil;bf;

2.2.56 Status of ST-1 Posttest Analyses

Posttest examination of the filter components includes gamma
spectroscopy for Cs and Eu, ion chromotography for Ba and Sr, ion
specific electrode for iodine, and voltammetry for Te. The gamma
spectroscopy is complete and the data are being reduced. Data
from 1C, ISE, and voltammetric analyses are being reviewed. The
insoluble material in some of the leachate samples are bein  ent
to other laboratories for quantitative analyses. SEM/WDX anily-
ses of the deposition wires is in progress.

2.2.6 Status of ST-2 Experiment Preparations

The general design of the ST-2 compressor system has been com-
pleted. A hardware mockup of that system has been assembled to
prove the approach. With the exception of the compressor system,
all other components for the package have been delivered.
Assembly of the other package systems is now in progress. The
ST-2 experiment will be conducted in mid-November.
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7. LWR DAMAGED FUEL PHENOMENOLOGY

The Sandia LWR Damaged Fuel Pheincwenology program includes
analyses and experiments that are part of the integrated NRC
Severe Fuel Damage (SFD) Research program. Sandia is investi-
gating, both analytically and in separate-effects experiments,
the important in-vessel phenomenology associated with severe LWR
accidents. This investigative effort has provided for two
related research programs: (1) the Debris Formation and Reloca~
tion (DFR) program (ongoing) and (2) the Degraded Core Coolabil-
ity (DCC) program (completed). frhe focus of these activities is
to provide a data base and improved phenomenological models that
can be used to predict the progression and consequences of LWR
severe core damage accidents. The DFR experiment program pro-
vides unique data on in-vessel fuel damage processes that are of
central importance in determining the release and transport of
fission products in the primary system. The DCC experiment
program, completed early in CY868, provided data on the ultimate
coo?ability of damaged fuel configuration. Models coming from
both programs are used directly in the MELPROG and other in-
vessel accident codes.

3.1.1 Introduction

The DF—ﬁ.experiment was the fourth test in the DFR experiment
series, which are carried out in the Annular Core Research
Reactor (ACRR) at Sandia. These experiments employ prototypic
mater =is (U0, fuel, zircaloy clad) in test confi jurations that
are designed to explore the governing phenomenclcgies pertinent
to a LWR undergoing severe damage associated with a core uncovery
accident. These experiments together with other in-pile and out-
of-pile experimental programs are aimed at providing a data base
from which analytical and numerical models of severe core damage
may be developed and assessed for subsequent use in reactor
accident codes such as MELPROG, SCDAP, and MELCOR. Phenomena
participacing in the severe fuel damage process include zircaloy
oxidation with the associated chemical energy release, clad
melting, UO’ attack and dissolution bv molten zircaloy, reloca-
tion by candling or slumping of ligquefied fuel and clad, and
formation of blockage zones from the refreezing of previously
molten components. Associated with these damage processes is the
production of hydrogen from the oxidizing of zircaloy and uo,
with steam and the release of fission products and aerosols. The
information obtained in the DFR series applies to the early phase
of core degradation prior to major geometry changes. As the
initial stages of core degradaticon become better understood
through analysis and insights gained from this experiment series,
other experimental studies, and the TM1-2 postmortem, follow-on
tests subsequent.y will be required to address the progression of
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core melting during the extended accident phase when significant
geometry changes have occurred.

The DF-4 experiment addressed the effects of unique BWR geometry
upon fuel damage processes. These features are illustrated in
Figure 3.1-1 where a cross section through four BWR fuel cani-
sters is shown. The canisters served to isolate each fuel bundle
hydraulically so that the coolant flow to each fual bundle was
orficed at the inlet according to the power generated in that
location. Because of the use of zircaloy channel boxes in the
BWR des}gn. a large BWR ‘3600 MWt) may contain as much as 60 to
76 x 10" kg of zircaloy."

Also shown in Figure 3.1-1 is the cruciform stainless steel/B.C
control blade located in the bypass region between the individual
zircaloy flow channel canisters. There is nominally one control
blade assembly per four fuel canisters, which is used for reac-
tivity control and power flattening. The blade is formed by
numerous stainless steel tubes filled with B,C powder. There are
approximately 550 kg of B.C powder in the 17? control elements in
a large BWR. The tubes are confined in the cruciform array by a
thin stainless steel jacket. The jacket is perforated with
numerous holes along the length of the blade assembly so that
coolant may circulate around the individual tubes and thereby
remove heat generated within the blade.

During a core uncovery accident in a BWR, the boildown of coolant
occurs principally within the fuel canisters (channel boxes,, as
this is where the fuel rods reside. For this reason, the major
supply of steam for zircaloy oxidation flows within the canister.
However, steam does flow to a lesser degree in the interstitial
regions external to the channel boxes because of direct heating
from decay gamma absorption, conduction from the channel box
walls, and by flashing when the vessel depressurizes. Steam is
therefore available in differing proportions both to the fuel
slad and channel box interior wall as well as to the channel box
exterior wall and the stainless steel/B,C control blade assembly.
Additionally, in BWR accident sequences that occur at high
pressure, e.g., TQUV (i.e., Station Blackout), the steam flow in
the interstitial region between adjacent channel boxes is domi-
nated by the automatic actuation of the safety relief valves
(SRVs). The valves have a dead band of about 80 psi between
opening pressure and closing pressure, which resuits in a
periodic flashing of steam when the valves are open and a cor-
responding suppression of steaming in the interstitial region
when the valves are closed. Qalculntions carried out at the (Oak
Ridge National L‘boratory“ indicate that the time between
successive depressurization events is on the order of 3 min.
Oxidation in the interstitial zone would then occur in periodic
vigorous spurts.
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The key BWR structural features were represented in the DF-4 test
section design, a crose section of which also is shown in Figure
3.1-1. As in the BWR core, separate flow regions existed in the
DF-4 representation for the fuel rod zone inside the fue! cani-
ster and the control blade zone in the interstitial region
between adjacent fuel canisters. The rectangular channel box in
the DF-4 test bundle prevented cross flow of steam beiween the
two zones. Steam flow rates to each zone were estab)lished with
consideration given to the differences in steaming rates and
hydraulic resistance inside the fuel canister and around the
control blade tip of the General Electric "D-Lattice" core
design, such as is used in the Browns Ferry plant. The steam
flowing inside the control blade region was held constant,
however, in the interest of test interpretability and, therefore,
represents a time averaging of the periodic flashing events
arising from the BWR prototypic SRV actuations.

The chief aim of the DF-4 BWR experiment was to examine the
phenomenclogies associated with failures of and interactions
between the unique control blade and channel box structures in
the BWR core. These phenomenologies were explored by initiating
high-temperature steom oxidation using nuclear heating in the
test configuration (Figure 3.1-1). Important physical processes
occurring simultaneously in the damage progression included
oxidation by steam of zircaloy (both fuel clad aand channel box),
stainles=s steel, and B,C (control blade); liquefaction and
eutectic formation between UQ, and zircaloy, stainless steel and
B,C, and stainless steel and channel box zircaloy; and refreezing
and blockage formation by liquefied components.

One issue currently under debate''® relates to the Industry
Degraded Core Rulemaking Program (IDCOR) position on ths behavior
of blockages in BWR fuel canisters. The IDCOR MAAP code''! assumes
that a tight coherent blockage forms within the fuel canister
when fuel cladding melts. This blockage is assumed to isolate
the upper regions of the canister from a source of steam and
thereby diminishes the total hydrogen generated. This treatment
may be overly simplistic as complete blockage coherency and
channel box integrity must exist to completely justify this
assumption. Channel box melting or attack by control blade
waterial may jeopardize the integrity assumption. The evidence
from DF-4 will be useful in assessing this important modeling
treatment.

Another interesting question arises with respect to control blade

damage and accident management procedures. Evidence suggests
that the stainless steel-B.C control elements can fail by
eutectic reaction at a temperature as low as 1300 C. At this

temperature, it is possible that extensive fuel degradation has
not yet occurred. The question posed is whether or not the core
should be reflooded if the control elements have failed. A
likely conclusion is that the core should always be reflooded if
possible; however, the possibility of reflooding a largely intact
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core with failed control elewments adds a new dimension to the
accident management aspect.

Beyond these specific issues and questions, a balanced under-

standing of the important and dominant damage phenomena is

nece« ‘ary for the development of mechanistic modeling of these

prr ses and to aid in the resolution of this and other unre-
issues concerning key damage behaviors.

e following sections, the details of the experimental
:edure used in the DF-4 test are reviewed and important
satures of test instrumentation and conduct are highlighted.
the on-line experimental measurements are presented and dis-
cussed, including the thermal response of the fuel rods, channel
box, control blade, and the hydrogen recombiner tubes. Compari-
sons are made between the test data and predictions of a numeri-
cal model of the DF-4 experiment test section with the propose of
aiding in the interpretation and evaluation of the experimental
data.

3.1.2 Description of Experiment

The intent in the DFR experiment design was to represent a short
segment (0.5 m) of an uncovered LWR core where severe fuel damage
initiates and to provide as well a characterization of environ-
mental conditions as possible. For example, dry steam was
introduced to the bottom of the test bundle so that the uncer-
tainties associatad with coolant boildown rates were not encoun-
tered. The short bundle length was justified since the principal
damage process, clad oxidation, tends to localize within an axial
zone of 10 to 20 ecm in length, and therefore, most pertinent
phenouwenologies are suitably accommodated. Fuel heating was
achieved by fission by means of neutronic coupling with the ACRR.
Fission heating in combination with the chemical energy released
from zircaloy oxidation generated sufficient power to drive fuel
temperatures above 2500 K. Unique diagnostics developed for this
test series allowed fuel temperatures as high as 2700 K to be
continuously monitored throughout the¢ experiment and allowed
accurate time dependent hydrogen production rate measurements to
be obtained. In addition, an end-on view of the test bundle was
attained using a quartz glass viewing port installed in the
experiment capsule; video and film cameras recorded the test
progression observed through the viewing port. Postirradiation
examination (PIE) was a standard posttest procedure used and
included preparation of numerous test bundle cross sections for
metal lographic characterization.

The experiment was carried out by placing the test capsule in the
ACRR central cavity as shown in Figure 3.1-2. Dry steam was
supplied to the experiment from a boiler system located besida
the ACRR pool. The experiment ex-capsule and in-capsule flow
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system is shown schematically in Figures 3.1-3 and 3.1-4. The
steam introduced to the test bundle was ultimately held in the
form of liquid water within the test capsule, as no effluents
were permitted to exit the package following fuel irradiation
(Figure 3.1-4). Isolation valves, explosive shut off valves, and
other features (Figure 3.1-3) provided assurance that no efflu-
ents or fission products exited the package during the test., A
large mirror which directed the visual image to an optical bench
where telescopes and cameras recorded the image (Figure 3.1-2),
was situated above the central cavity. In excess of 200 data
signals in the form of thermocouple, pressure transducer, and
other data were extracted from the experiment package and were
continuously monitored and recorded by a devoted computer system.
These data were used both to characterize the test progression as
well as to assure that safe operating conditions were in effect
at all times during the test.

3.1.2.1 Experiment Capsule

The test capsule contained a number of notable features (Figure
3.1-4). The principal feature was the tesl bundle, which was
axially centered in the ACRR. Steam introduced to the package
entered the bottom of the test bundle and flowed upward around
the fission heated fuel rods. Separate steam flows were intro-
duced well above the exit of the test section in order tc cool
the bundle effluents and to keep the line-of-sight viewing port
clear of aerosol, which tended to occlude the view of the test
bundle. Each steam flow into the experiment package was in-
dividually metered at the steam plant on the ACRR floor level.
As zircaloy oxidation occurred, hydrogen was produced and swept
out with the bundle effluents. The exiting gases flowed through
a parallel bank of eight stainless steel tubes (~2.54-cm ID by 50
cem in length), which were packed with Cu0 particles (~0.5-mm
diameter by 2 mm long). The hydrogen was converted back to steam
following the exothermic reaction, H, + Cu0 —> Cu + H,0 + heat.
The heat productien from the Cu0O-H, reaction was quantified and
thus the hydrogen pfgduction rate inferred. This was facilitated
by a computer model''" of the reaction tubes that accounts for the
heat production and transfer as a function of axial position in
the tubes. The steam exii.ing the reaction tubes passed through a
regulating valve, which separated the high pressure side of the
flow system from the low pressure-condenser region of the
package. The steam passing through the regulating valve was
condensed in a counterflow heat exchanger and allowed to holdup
and subcool in a tank located at the bottom of the capsule. By
measuring the pressure drop across the -egulating valve and the
valve stem position, the effluents flow rate from the test hundle
were calculated and compared against the measured inlet steam
flow rates.

Detailed features of the test section are shown in Figure 3.1-5.
The test bundle, represented as a single fuel rod in the figure,
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could accommodate from 9 to 14 zircaloy clad U0, fuel rods in a
~0.5-m assembly. The bundle was insulated radially using a low
density Zr0, waterial, which had an open porosity of around 85
percent. Afthough the insulator performed well thermally, there
are two important caveats to ncte. The tirst is that a coherent
tight fuel bundle blockage, which might have formed during the
test, would not have prevented steam from reaching the upper
bundle above the blockage zone because steam bypass through the
porous insulator would occur. The second point is that liquefied
U-Z2r-0, which might otherwise have formed a more coherent block-
age around fuel rod remnants, instead tended to soak into the
insulator, interacting with the material as it migrated radially
away from the blockage zone.

3.1.2.2 Test Section Instrumentation

The test bundle was instrumented with various types of thermo-
couples. The fuel rod cladding was instrumented with Pt-Rh
thermocorvles where the junctiou was formed by welding the
thermocouple wires to the c.ad surface. The temperature limit of
Pt-Rh instrumentation is ~1800 K, after which failure of the
junction occurs. The fuel rod cladding was also instrumented
with specially sheathed W-Re thermocouple assemblies. Although
considerably more massive and not as well thermally bonded to the
clad, these thermocouples survived the high temperature oxidizing
environment and monitored bundle temperatures as high as 2700 K.
Other temperatures were monitored within the insulator and on the
pressure boundary sirface to further characterize the thermal
behavior of the test bundle. The principal thermocouple instru-
mentation in the DF-4 test bundle is shown in Figure 3.1-6. In
this figure, the axial location of four major instrumentation
stations is shown and the lateral positioning of the thermo-
couples at each station is indicated. The axial locations are
relative to the bottom of the fissile zone in the bundle as
indicated in Figure 3.1-5. In addition to thermocouples devoted
to tracking fuel rod, channel box, and control blade tempera-
tures, two thermocouples were located at the base of the test
bundle below the fissile zone. One was located at the base of
the control blade within the confines of the channel box and
indicated the arrival of molten material draining to the base
within the channel box. Similarly, a thermocouple located at the
base of the fuel rod zone just outside the channel box indicated
the arrival of molten material draining down outside of the
channel box.

3.1.2.8 Test Progression

The progression of the experiment proceeded in stages, and a
description of the stages of the test is useful in providing
insight into the experiment behavior throughout the test. The
first phase of the experiment was a heatup phase, where no actual

~-236-




« (127 mm)> POEPRE

LINE OF SIGHT TUBE

A A A

CALALA A

ACRR POOL CNAAAAMAAA
TURFACE 10 m

ALAAMA

AAA A
L INLET STEAM LINES
. AN

UPPER SUPPORT GRID

A AN AN

P

A
P rrsrerenbApoeaseoni -

AR AL
~ UPPER FUEL PLENUM
SPRING - 67 2 mm

AAAAA
——— ALUMINA SPACERS - 4775 mm

" TEST BUNDLE

REGION
(ONE FUEL ROD SHOWN)

e

} =
L U0, FUEL PELLETS

| FISSILE LENGTH - 508 mm
./ -

4

JORT
g}

ACTIVE CORE

HEIGHT - 508 mm

i

=t - - -
e
- aaoccd‘i'-acvv'aonom
- .

wdl -~

Bae - -

i‘ 210, FIBER INSULATOR
¥

/ (zmcn 8c)

-

-~ -?
—mmu

P> e

l'v ~_
T *4u DENSE 2/0,

_ CERAMIC TUBE

/

-
-

ACl! CINTlAL CAWTV
LOADING TUBE -
-

PP SO BT

ALUMINA SPACERS - 36.1 mm

= B

cERELR RS

INLET STEAM LOWER
PLENUM REGION AND
LOWER SUPPORT GRID

Figure 3.1-5, Schematic of DF-4 Test Showing Test Bundle,
Insulation, and Major Boundaries

~2337-



49 5 cm PLANE
e

2% 4 om PLANE
| ———————— e

7 .
LT SN g B o

§ o - L B -: &

i 1aS E Yol
oMo B

N\ s Y uans

B8CPR22 7\ )

ﬁi‘—a—:.ﬂﬂ__" - -

INSTRUMENTATION AT 0
BASE OF BUNDLE X

Figure 3.1-6, Diagram of the Principal Test Section
Instrumentation

~238-




flow of steam into the package occurred. In this stage, the
surfaces of the flow boundary were electrically heated to a
temperature above the saturation temperature corresponding to the
desired operating system pressure. That was to assure that
condensation of the steam did not occur; rather the steam had to
remain dry as it flowed through the test bundle. After the
components of the flow system had been heated sufficiently,
including the fuel rods of the test bundle, the flow systam was
purged of any accumulated noncondensable gases.

The next stuge of the experiment involved the introduction of
steam into the flow system. This was initiated by first closing
off the motor driven pressure regulating valves, which isolated
the test section region from the condenser. In this way, as
steam was fed into the test section, the system pressure steadily
increased. As the system pressure approached the desired
operating pressure, the regulating valves were opened in small
increments until the pressure stabilized at the desired value.
At this point, the total steam inlet flow rate was exactly equal
to the steam effluent rate through the regulating valves. The
pressure downstream of the regulating valves was determined by
the saturation pressure of the condensed water, which was typi-
cally at a temperature of ~50°C,

After the test section was fully heated and pressurized with
steam flowing through the system, the actual test phase of the
experiment began. gbi- phase usually began with selected cali-
brations being carried out, such as a crosscheck of the conden-
sate tank filling rate against the integrated steam inlet rate
and other checks directed towards assuring confidence in the
principal instrumentation. One of the most important calibra-
tions done was with the CuO-H, reaction tubes. In this check, a
known volume of hydrogen was injected into the experiment flow
system at a metered rate and allowed to react in the Cull tubes.
In doing this the thermal response of the tubes were character-
ized under carefully controlled conditions, and subsequent
analysis of the unknown hydrogen production rate from the test
proper was greatly facilitated.

The test bundle was subsequently heated by fissioning by means of
ACRR coupling. The usual progression of the test called for
approaching the zircaloy ecxidation transient regime (T > 1700 K)
with a bundle heatup rate of from 1 to 2 K/s8. This was achieved
by augmenting the ACRR power as necessary to offset the in-
creasing radial heat losses experienced with increasing tempera-
ture, thereby maintaining a constant fuel heatup rate. As the
clad temperatures began to exceed 1800 K, the oxidation power and
associated hydrogen evolution rate hegan to increase dramatically
to a point where the chemical power evceeded the fission power in
the fuel. At this time, the oxidation reaction was typically in
a steam starved state where the reaction zone became highly
localized to a region of from 10 to 20 em in axial extent and
gradually migrated downward toward the steam inlet region. Clad
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melting with fuel attack and liquefaction quickly followed with
molten materials relocating and freezing in the lower cooler
portion of the test bundle. The test was terminated by halting
steam flow to the bundle inlet and scramming the ACRR. A slow
cooldown lasting several hours then followed. After cooldown,
the on-line data recorded during the test was made available for
examination and characterization.

At some time after completion of the test and before transferring
from a vertical state, the test bundle was stabilized with an
epoxy resin and removed from the experiment capsule. This
prevented any disturbance of the fragile posttest bundle configu-
ration during radiography or during transport to the hot cell
facility. In the hot cell, the test bundle was sectioned and
examined metallurgically.

3.1.3 Experimental Results

The on-line experimental data provide a principal means of test
interpretation. These data, .. the form of temperature, pres-
sure, and flow rate measurements for the test section and other
regions of the experiment, characterize the test pr ssion. A
selection of these data are examined in the follc - Sections,
beginning with the ACRR power and bundle steam flow history
during the transient phase of the experiment. Subsequently, the
thermz] response of the fuel rods, channel box and control blade
are examined, and interpretations are offered for notable events
observed in these temperature traces. Following this, the
performance of the CuO-H, recombiners are reviewed. All of these
data are subjected to careful examination for any evidence of
anomalous behavior so that incorrect interpretations may be
avoided. Additionally, the final characterization of the experi-
ment demand a consistent interpretation of the on-line measure-
ments with the other experimental evidence such as the video
record and metallographic examination.

3.1.3.1 ACRR Power and Steam Flow

The test section inlet steam flow rate is shown in Figure 3.1-7
along with the ACRR power history. Steam flow was initiated well
before (~13 min) the ACRR power was brought up. During this time
the operating pressure of ~100 psi was established and the ACRR
was readied for operation. In this early phase, the steam flow
was maintained at orne-half of the value desired for the actual
oxidation transient so that the condensate tank volume could be
conserved. At roughly 6100 s, the ACRR power was brought to 100
kW in a step power change. Three more step increases in reactor
power followed, ending with a large boost to ~1 MW just prior to
6400 s. As the ACRR power was incrementally increased d ring
this period, the fuel rod temperatures were seen to increzs and
at each power boost, tne rate of temperature increase was larger.
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Thece step changes in temperature rise rate arising from the
disc ete ACRR power changes will be aralyzed to determine the
actual reactor power coupling with the test bundle fuel by using
a linear regression technijue, discussed in Section 3.1.4.1. The
power was maintained at the nominal 1 MW value until the test
bundle temperature reached between 900° and 1000°C, whereupon the
reactor power was sharply decreased to ~400 kW, and the bundle
temperature rise ceased. Fuel temperatures were held at ~1100°C
for about 12 min during which time the control blade and channel
box were al’ owed to equilibrate thermally with the fission heated
fuel rods, and some amount of low level zircaloy oxidation
occurred. At 7200 s, a nominal 1 K/s heatup rate was astablishad
for the test fuel by bringing the ACRR power up to £00 KW. After
the effects of the power boost stabilized, the inlet steam flow
rate was increased from the initial 0.026 g/s/rod to 0.050
g/s/rod, where it was held for the duration of the hign-tempera-
ture oxidation phase of the experiment. Several additional ACRR
power increases followed as the bundle temperatures increased and
radial heat losses became increasingly larger. The power boosts
maintained the bundle heatup rate at ~1 K/s prior to the auto-
catalytic oxidation ftransient, whereafter the temperature rise
rate was substantially larger. Shortly after 8100 s, both the
ACRR power and inlet steam flow were terminated and the cooldow:.
of the test section commenced.

3.1.3.2 Test Bundle Thermal Response

In this section, the test bundle thermal response during the 1
K/s entry to the high-temperature oxidation phase of the test is
examined. The W/Re thermocouple data is presented first, as this
inform2tion persisted throughout the entire high-temp:rature
transient and allows for easier interpretation than the more
accurate Pt/Rh instrumentation, which did not survive the high
temperatures of the transient. Subsequently, the Pt/Rh thermo-
couple data is examined; these data provide very accurate tem-
peratures up to failure, and the signature of the thermocouple
failure is often indicative of important damage events, such as
blade failure and material relocation.

¢ Fuel Rod Response

The fuel ro? thermal response to the ACRR fission heating is
shown in Figure 3.1-8 along with the ACRR power history. This
response is as measured by the specially designed W/Re thermo-
couple assemblies, which significantly perturbed the actual
temperature at the thermocouple location. This perturbation was
in the form of a lag in time response as well as a lower indi-
cated temperature (-<27° C) and was due to the ceramic Zr(
sheath that shielded the rhenium thermocouple body from the
oxidizing environment. These nonideal factors can be accounted
for analytically; however, no corrections have been applied to
the traces shown in Figure 3.1-8. The significant advantage of
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the thermocouple design is that the measurement is obtained
continually throughout the oxidation transient during which
conventional diagnostics are destroyed.

As seen in Figure 3.1-8, the vpper half of the fuel bundle
initially led the lower half owing to the relatively cool steam
entering the bottom of the bundle. The top end of the bundle
remained cooler throughout the test because of the radiant heat
loss out of the top of the bundle and because of steam starvation
of oxidation in that region. Betweeic the interval of 7500 and
7750 s, the high-temperature oxidation transient occurred. The
thermocouples in the middle and upper third of the bundie (25.4
and 36.8 cm above the bottom of the fissile zone) showed a sudden
large increase in heatup rate as the oxidation of the zircaloy
clad became significant. The actual clad temperature at the time
the rate increase occurred was between 1500° and 1600°C, based on
the Pt/Rh intrinsic junctinn thermocouples. The temperature at
the top of the bundle began to follow the transient trends of the
25.4 and 36.8 cm thermocouples but abruptly "flattened out" at
7750 s, while the two next lower thermocouples continued to
increase in temperature to a maximum of just under 2000°C. The
transient trends of the two midbundle therwmocouples are charac-
teristic of high-temperature zircaloy oxidation where the exo-
thermic reaction localizes and migrates downward toward the
source of the steam. As the zircaloy melting point was ap-
proached, the temperature increase leveled off, presumably
because of a slowing or passing of the reaction zmnne or by
melting and reiocation of the molten unoxidized zircaloy. The
lowest W/Re thermocouple showed a heatup character quite differ-
ent frcw the other thermocouples, which were driven principally
by oxidation energy release. The lowest thermocouple response
appeared to be driven by relocation of molten material to that
zone, as evidenced by the abrupt temperature increases between
7650 and 7800 s. It is possible that at later times, oxidation
of the accumulated material occurred, generating additional henat
locally, but the initial responses strongly suggest arrival of
molten material from the much hotter upper bundle regions. The
peak temperature measured in the accumulation or blockage zone
(9.6 cm above the bottom of fissile zone) was around 2100°C,
which would indicate an actual maximum of ~2300°C (above the
zircaloy melting point), and suggests that oxidalion took place
with relocated U-Zr-0.

* Channel Box Response

The channel box thermal response is characterized in much the
same way as the [uel rod response, using the W/Re-Zr0, sheath

thermocouple design. Because of space limitations, the thermo-
couples could not be situated on the channel box where the
highest temperatures were expected Instead they were located on

the sides of the channel box, which did not encounter as much
steam during oxidation; the sides also faced the cooler insula-
tion surrounding the test bundle rather than the adjaceut hot
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radiant fuel rods. Nevertheless, the observed thermocouple
response (Figure 3.1-9) was virtually identical to the observed
fuel rod response. Based upon a thermal analysis of the bundle
heatup (using the experiment analysis code, MARCON-DF4), the
portions of the channel box, which faced the radiating fuel rods,
led the cooler box sides by 100° to 200°C and, in fact, surpassed
the adjacent fuel clad temperatures during a portion of the
oxidation transient. Showing a behavior similar to the lower
fuel bundle thermocouple (at 9.6 cm), the channel box thermo-
couple at 9.6 cm indicated the arrival of molten material from
the upper bundle regions at ~7700 s, some 30 to 60 s later than
that indicated by the fuel thermocouple. The coincidence of
these responses indicate the global extent of the material
accumulation. Some of this relocating material apparently
continued downward to the bottom of the bundle because a thermo-
couple at the base of the fuel rods ("fuel base" in Figure 3.1-9)
also indicated the arrival of molten material, although probably
a lesser amount.

* Control Blade Response

Temperatures on the stainless steel control blade were measured
at the same four axial stations as were the fuel rods and the
channel box (at 9.6 cm, 256.4 cm, 36.8 cm and 49.5 cm). The
thermccouples used on the blade, however, were the intrinsic
junction Pt/Rh variety, which respond without any appreciable
time lag and do not significantly perturb the local temperature.
The thermal response indicated by these thermocouples is shown in
Figure 3.1-10. Also shown in this figure are the responses of
two thermocouples located at the base of the test bundle--one
located inside the channel box between the steel control blade
and the channel box inner wall, and one located outside the
channel box at the base of the fuel rods and the box outer wall.
The inner thermocouple was expected to give an indication of the
arrival of molten control blade materials flowing downward within
the channel box, and the outer thermocouple was intended to
indicate arrival of relocating molten fuel cladding or channel
box zircaloy. In general, the control blade temperatures lagged
the fuel clad temperatures at the same axial location by 50° to
70°C, but showed similar trends during the initial heatup. The
first indi~ation of control blade failure (by melting or lique-
faction) was evident at ~7470 s when the 36.8-cm thermozouple
("upper-middle"” in Figure 3.1-10) abruptly failed. Coincident
with this event was a small transient response by the "middle",
or 25.4-cm, thermocouple ana by the thermocouple located at the
base of the control blade. Failure of the control blade progres-
sively continued over the next several minutes as all but the
lower most blade thermocouples sequentially failed by blade
liquefaction. This progressive blade liquefaction and relocation
is vividly observed in the video record of the damage sequence.
Note the large response at the base of the control blade at ~7530
s. Finally, at ~7680 s, a very large thermal response was
indicated both inside the channel box at the lowest
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blade thermocouple, and outside the channel box at the base of
the bundle. This might be interpreted as the failure time of the
channel box because of the coircidence of these events. This
appears also to be coincident with the accumulations of molten
material detected by the W/Rh thermocouples at the 0.6-cm sta-
tion, described in the previous sections.

Oxidation of the boron carbide powder contained within the

control blade assembly was not detected. Any substantial BC
oxidation should have generated C0O, CO,, or CH, along with
hydrogen. The carbon gases would ultimately have been converted

to CO, within the Cu0 reaction beds and appear as a noncondens-
able gas, which would prematurely pressurize the condensate
tank. Such a premature pressurization was not evident when the
blade geometry was undergoing severe damage, and on this basis,
it cannot be concluded that any significant B,C oxidation oc-
curred. Rather, it appears that alloying of B,C with the com-
ponents of the stainless steel blade was the dominant interaction
mode. This conclusiq& is consistent with observations rendered
by Hagen and Hoffman.

3.1.3.3 CuO-H, Recombiner Thermal Responsc

Although not a part of the test section, tle thermal response of
the Cul-H, recombiners provided insight irto the events ongoiug
in the test section. As zircaloy-steam oxidation occurred with
the components of the test bundle, hydrogen was evolved. The
hydrogen subsequently passed into the Cul particle beds whereupon
it was converted back to steam, Cul) was reduced to copper, and
heat was evolved. The heat released in this reaction was mea-
sured by an axial array of thermocouples situated in the Cul bed.
The rate of the reaction was determined by performing a heat
balance on the instrumented reaction tubes, and in this way, the
rate of hydrogen production from the oxidation of zircaloy was
made known. The h:2at balance on the Cu0 beds is not presented in
this section; however, the thermal responses of the bed thermo-
couples are given for qualitative evaluation.

The eight reaction tubes were manifolded in group. of four, each
group channeling the test section effluent, including bypass and
window cool steam flows, through two valves and into the steam

condenser. Figure 3.1-11 thows the calculated effluent flow
through the two reaction tibe banks. The calculated flow is
based upon measured valve position and valve pressure drop. The

reaction of H, with Cu0 in :ach tube bank was characterized by
instrumenting one of the tuves in each bank with an axial array
of thermocouples, which penetrate to the center of the Cul bed.
The response to the reaction in each tube bank during the oxida-
tion transient phase of the test also is shown in Figure 3.1-11.
A heat balance may be performed on each bank to determine the
time dependent hydrogen production rate in the experiment.

~248-




DF-4 Steam Flow Through Hydrogen Getters

280
228
2 Mm....nﬂ“‘\
¢ 150 -
'2 TR L
@
: ~
2 o
Legend
080
* Qetler s
0128
: Qetter 10
7000 7200 7400 7800 7800 8000 8200 8400
TIME - sec
DF-4 H2 Getter Tube 10 Internal Temperatures
000 ¢ N
. '.‘\3 Legend
5 \ ' "_ * 1inch
e “:l A 3 Inch
: SN ° Lned_
5 ”\ X-Z;;;J. Eingh _
. » Tinch __
s finch
11 Ingh
o * 1imen,..
7000 7200 7400 7600 7800 8000 8200 8400
TIME - sec
DF-4 H2 Getter Tube 5 Internal Temperatures
800
700 ﬁ"z""-.-, !
O 2 W W
> X = Legend
® 00 4,‘\ \ \\ ¢
2 A % s {inch
© ’ " .
5 AN \\ W 3inch
8 - Al 5 “‘s s §ingh x
h. - “a "::o--.. o -
\ » -
EFI}.'.‘!‘* \ et IR Linen
¢ Linen...
- i 1 . , S
000 7200 7400 7600 7800 8000 8200 8400
TIME - sec

Figure 3.1-11.

Copper Oxide Recombiner Tube Behavior for Each
Tube Bank. Upper curve shows the effluent flow
rate for each bank. The lower two curves show
the thermocouple array response in each bank to
the hydrogen produced during the oxidation
transient phase of the test.
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In both recombiner banks, the onset of measurable hydrogen
production began at about 7540 s. This onset slightly preceded
the rapid temperature transients noted in the previous sections
on fuel rod and channel box response. Maximum recombiner tem-
peratures were reached at ~7700 s and persisted at the maximum
until 7850 s when the instrumented regions of the recombiner
tubes become depleted of Cull. This suggests a period of at least
200 s of hydrogen prnduction at a high and fairly constant level.
The apparent maximu . hydrogen production rate occurring at 7700 s
is coincident with the major relocation events indicated at the
9.6-cm axial stations described previously. For this reason, it
is difficult to determine whether the oxidation is limited by
steam exhaustion or by gradual relocation of the molten oxidizing
zircaloy (U-Zr-0) to the cooler regions of the bundle where the
oxidation rate may be much lower. Quantification of the Cu0
reaction by thermal analysis is required to evaluate this
question.

3.1.3.4 video Record and Test Chronology

The on-line video recording of the test progression provided
remarkable visual evidence of key events in the damage sequence.
Occurrences observed in the video record have been correlated
with the other on-line information and form a more complete
picture of the damage sequence. The most clearly observed
features in the video record are the cortrol blade damage
sequence, occurring over a period of about 2 min, and the onset
of dense aerosol release, presumably tin aerosol released from

melting zircaloy. A brief chronology of the damage sequence
follows wherein notable events from the previously discussed on-
line measurements are noted. Two time references arc given, one

which refers to the time imprinted on the video record and the
other relative to the other on-line measurements.

CHRONOLOGY OF DF-4 TEST

Video Exp.
Time Time
(min) (s)
34:33 7193 First power boost after equilibration at
1000° C.
34:40 7200 Fuel heating at 1.1 K/s {rom ~1000° C.
35:45 7265 Inlet steam doubled from 0.025 g/s/rod to
0.05 g/s/rod
36:40 7320 Alignmert lights turned off
37:00 7340 Fuel temp ~12560° C, blade temp ~1200° C.
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10

35

7400
7442

7460

7500

7520

7540

7544

7580

7638

7650

7675

Fuel temp ~1310° C, blade temp ~1250° C.

Onset of steel blade melting (~1300° ().
This visual event correlates very well
with the control blade thermocouple
trends - B,C alloying with Fe is sus-
pected to Yave lowered the effective
steel melting point.

TV light attenuator adjusted to full
attenuation in gradual steps as light
intensity (temperature) increases.

Several boosts in power follow up to 1.5
MW-ACRR. This marks the start of the
rapid oxidation transient phase of the
exneriment,

A piece of insulator falls onto the top
of the box (video image) .

Onset of measurable hydrogen production.
This is evident from the Cull reaction

tube temperature behavior (Figure 3.1-
10) .

Dark movement across blade tip region
visible in the video image (relocation or
slumping of steel 7). Temperature traces
indicate larger relocation of hot mate-
rial to bottom control blade region.

Fuel temperature ~1700° C. Pt/Rh thermo-
couple instrumentation beginning to fail,
leaving only W/Re instrumentation.

Image darkens somewhat - probably from
tin aerosol. This suggests that zircaloy
melting temperatures have been attained -
most probably for the channel box
zircaloy.

TV attenuator adjusted back to full open
as aerosol density increases.

Large temperature increase at the 9.6-cm
thermocouples (blockage region) indicates
accumulations of molten materials.
Accumulations continue through 7800 s.
I'his may be due to the arrival of large
amounts of slumping channel box material
to this region.
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43:30 7730 Hydrogen production at maximum - probably
steam starved.

45:30 7850 Bundle temperatures at maximum indicated
value of 2100°C - actual temperature
probably ~2200° to 2300°C.

45:45 7865 More insulator falls onto upper fuel
grid,
50:00 8120 Steam flow and ACRR power terminated.

When the PIE examinations become available, the sequence of
events occurring during this chronology will become more certain.
Elemental analysis of the relocated materials should suggest the
nature of the relocation. For example, sharply stratified
material zones would suggest the temporal sequence of material
deposition in the lower blockage regions. Steel components mixed
with B,C would be expected in the lower most region within the
channel box. Zircaloy rich zones devoid of dissolved U0, would
indicate channel box zircaloy, whereas, zircaloy with dissolved
UD, would suggest fuel cladding as the origin. The way in which
the relocated materials are distributed in the lower bundle
region will aid in the interpretation of events seen in the on-
line data and visual damage record.

3.1.83.6 Posttest X-Radiographic Examination

After the completion of the experiment, an image of the pogttest
configuration was obtained on X-ray film using a portable "Co 7-
source. This posttest image is compared to a similar image
obtained prior to test irradiation in Figure 3.1-12. Observable
in the before image are the fuel rods, channel box, and control
blade structures. By careful azimuthal alignment, the sharply
defined channel box boundaries are easily identified. Notice the
interpellet gaps in the fuel rods. In the after image, substan-
tial damage to all of the structures is evident. Most notably,
the channel box and control blade structures have largely been
destroyed with only a 10-cm remnant discernible in the lowest
region of the bundle. The lowest regions of the bundle appear to
be filled with previously molten material, presumably stainless
steel from the control blade and zircaloy from the channel box.
Just above this region of apparently coherent tight blockage, a
more diffuse blockage zone is seen. This zone is about 2 cm
above the 9.6-cm thermocouple station. Evident here is an
intrusion of material into the low density zirconia fiber insu-
lator. The upper half of the bundle is characterized by damaged
rods with eroded fuel and oxidized clad remnants. Some rod
fracturing and rubblization is observable - this loss of geometry
is believed to have occurred during some rough handling the test
section received when it was removed from the ACRR.
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3.1.4 Experiment Analysis

A preliminary posttest analysif1of the DF-4 experiment has been
performed using the MARCON-DF4''" code as the primary analytical
tool. The MARCON-DF4 code was designed to predict the heat
transfer rates, chemical reaction rates, and the temperatures in
the test section during the DF-4 experiment. The heat transfer
processes included conduction in solid structures, convection in
the gas phase, and radiation between the interacting surfaces.
Metal -water reaction kinetics were modeled to determine the
reaction rates of steam with zircaloy in the rods and canister
and with steel in the control blade. The hydrogen generation
rate and the temporal and spatial distribution of oxide forma-
tions were derived from the metal-water reaction calculations.
Thus the code is able to produce estimates of the temperature
history of the test assembly as well as clad oxidation, hydrogen
generation, and the extent of melting of assembly components.
The primary limitation of the code is that it does not attempt to
calculate the relocation of molten materials and is, therefore,
not strictly applicable after significant melting has occurred.
The code was initially intended for use as a predictive tool to
characterize the various experiment parameters in the pretest
mode .

For the posttest analysis, measured information such as the test
section inlet flow rates and the rezctor power were used as input
to the MARCON-DF4 code, and the ccde was employed in the posttest
mode to characterize the test and compare predictions with
measured data from the test sectior instrumentation. Measured
thermocouple responses during step reactor power boosts were
analyzed and used to calculate the reactor-to-test-section
neutronic coupling factors. In turn, the coupling factor infor-
mation for specific locations in the assembly yielded the axial
power shape for the experiment. A check was made to verify the
accuracy of the measured steam flow rates by comparing the
measured inlet flows to calculated outlet flows. The outlet
flows were estimated by utilizing measured temperatures and
pressures in the vicinity of the cutlet valves together with the
measured pressure differentials across the valves. A comparison
of the integrated inlet and outlet flows is shown in Figure
3.1-13 and indicates that the steam flows are known quite accu-
rately throughout the experiment. Together with the power and
steam flow rates, the code was supplied with the appropriate
parameters that describe the DF-4 geometry, initial conditions,
and boundary conditions.

3.1.4.1 Coupling Factors

An energy balance on a small section of fuel rod assuming that no
chemical reactions are occurring and the rate of heat losses, L,
remains constant during a step change in power, yields the
following relationship:
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Figure 3.1-13. Comparison of Measured Inlet Steam (Integrated
Totals) With Calculated Valve Outlet Flow

JOdT = £[Pdt - Lfdt , (3.1-1)

vhere, f is the coupling factor in watts per gram of UD, in the
fuel per megawatt of ACRR power. When Equation (3.&-1) is
integrated the result is:

AH = fPAt - LAt . (3.1-2)

Two sets of data points, one set on either side of a step power
change, suffice to calculate the two unknowns in the equation, f
and L. To determine the coupling factors for the DF-4 experi-
ment, seven Pt/Rh thermocouples at four different axial positions
on the fuel rods were employed. Approximately 30 s of measured
thermocouple data, 15 s on either side of a step power adjustment
(about 15 data points), were used to obtain a least squares
regression of Equation (3.1-2), yielding f and L as correlation
constants. This procedure was performed for each thermocouple
and each step power adjustment. For each of the thermocouples
and power adjustments, a set of 11 delay times was employed to
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account for thermal delay between power adjustments and thermo-
couple responses. The standard errors of estimate of the regres-
sions revealed no indication of a minimum that might have identi-
fied a physically preferred delay time, so a delay time of 65 s
was assumed.

0Of the five power adjustments that were performed before signifi-
cant oxidation began, three consistently showed the lowest
standard errors for the coupling factor. These were the adjust-
ments at 6260, 6400, and 6500 s. Using these three sets of data,
we obtained a mean coupling factor at each of the four thermo-
couple locations. An overall average coupling factor (for the
entire test section) of about 1.55 was obtained from this
ann’,s.s. The spatial variation of the coupling factor yielded a
sine shape (away from the axial boundaries of the fissile zone),
which can be represented by the relationship

f =1.83 + 0.48in[7(x - 0.2)/L] , (3.1-3)

where L is the axial length of the fissile zone. This correla-
tion skews the power slightly higher toward the upper half of the
test section, but reflects the general trend observed in the
thermocouple responses.

3.1.4.2 Comparison of Calculated and Measurecd Temperatures

In general, the ability of the codes to predict the temperature
histories of the associated structures in the assembly is a good
indicator of the accuracy of the modeling and our understanding
of the key processes (heat transfer, chemical kinetics). To
assess this capability, code-predicted temperatures have been
compared with Pt/Rh thermocouple measurements at various loca-
tions in the test section. Figures 3.1-14 through 3.1-17 show
the results of these comparisons for locations on "hot" fuel rods
(MARCON-DF4 nomenclature for rods adjacent to the canister) at
axial positions of 9.6, 25.4, 36.8, and 49.5 cm (20, 48, 71, and
95 percent, respectively, from the bottom of the fissile zone).

For the three thermocouples (Z1P215, Z2P160, and Z1P115; Figures
3.1-14 through 3.1-16, respectively) at the lower axial loca-
tions, the agreement between measured and calculated temperatures
is excellent until melting and relocation begins to occur at
about 7700 s. This is the time at which the Pt/Rh thermocouples
failed. For these three locations the calculated rod tempera-
tures are nearly identical with the thermocouple measurements,
indicating that the rod heatup rates governed by fission power,
chemically generated power, and heat losses are accurately
determined in the code.
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The calculations for the highest thermocouple location (49.6 cm
or 956.5 percent elevation, Figure 3.1-17) show good agreement up
tc the point at which a power reduction was made from 1 MW to 0.4
MW at about 6500 s. From this time until the power was boosted
again at about 7200 s, the code calculates a more rapid heatup
rate than is indicated by the thermocouple measurements. If the
power shape is altered to reduce the fission power at this
location (because of its proximity to the boundary of the fissile
zone), the heatup rate during this period can be better simu-
lated, but the result is an underprediction of the initial heatup
rate. This procedure is probably not appropriate since the
coupling factor for this location was obtained from the same
thermocouple and should reflect the relative power level. It is
more likely that the heat losses by radiation from the top of the
heated zone to the structures above the active region, which are
not modeled in the MARCON-DF4 code, are responsible for the . :r-
predicted heatup rate.

The suduen rise in temperature at the bottom of the assembly
(thermocouples Z1P215 and Z4P215, Figure 3.1-14) at about 7700 s
is probably due to the arrival of molten material from lccations
higher up in the assembly.

3.1.4.3 Metal-Water Reactions

A maximum hydrogen generation rate of about 0.1 g/ was calcu-
lated to occur soon after the final power boost to 1.4 MW. This
was reduced to about 0.08 g/c¢ and continued at that level until
steam flow to the assembly was terminated at 8100 s. Figure 3.1-
18 shows the predicted total hydrogen generated during the
experiment. The code estimated that about 43 g of hydrogen were
generzted during the course of the experiment. Although no
measured data is yet available against which to compare this
number, it is not out of line with rough estimates made for the
amount of copper oxide reacted in the hydrogen getter tubes. In
that MARCUnN -DF4 fails to account for material relocation after
melting, the 43 g estimate may be an upper bound, since reloca-
tion of molten oxidizing to colder regions would tend to diminish
hydrogen generation. Although the coae option that extends
zircaloy oxidation subsequent to melting was exercised, other
modeling contingencies result in only zbout 20 percent of the
channel box being oxidized. This effect is discussed in the
following paragraphs.

During the full power phase of the experiment (from 7500 s), the
power generated by oxidation of b. 'h the rod claddine and the
channel box were comparable to fission .. Liiwer box >xida-
tion terminated at about 7800 s). The relative contr1but1nns to
the energy input to thc¢ assembly is shown in Figure 3.1-1%. It
is seen frem Figure 3.1-19 that significant metal -water reaction
commenced soon after the power boost at 7200 s, and the total
oxidation power actually overtook the fission power at abe.at 7500
8.
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The zone of vigorous oxidation is predicted by the code to begin
in the upper half of the bundle (see Figure 3.1-20) and gradually
migrate downward. The spatial distribution of oxide at the
7600 s time slice is clearly skewed toward the top half of the
bundle while the 7800 s slice shows a flatter profile. By 8000 s
the oxidation front had moved to the lower half of the bundle,
and in fact, a larger fraction of the cladding had been oxidized
in that location. This effect is also seen in the oxidation of
the channel box as iilustrated in Figure 3.1-21. Here the effect
is even more pronounced. Note that the oxidation of the channel
box was terminated some time after the 7800 s time slice, whereas
oxidation of the rod cladding was not terminated (Figure 3.1-22)
until steam flow to the bundle was terminated. There are two
code models that are responsible for this behavior. The option
that allows continued oxidation subsequent to node melting was
used for the rods, the canister, and the blade. However, the
nption will continue to allow oxidation only until the botticm
node in that particular radial region (fuel, channel box, etc.)
is melted, at which time oxidation reactions are discontinued in
that region. The energy balance model in the code is set up such
that the energy that is generated or distributed to an already
melted node is redistributed downward to unmelted nodes. The net
effect is that the channel box melting quickly propagates down-
ward because of its lower heat capacity in comparison to the fuel
rod cladding. As a result, the melt front reaches the bottom
node rapidly and oxidation is "switched off". The fuel rods, on
the other hand, have significant heat capacity so that the melt
front never progresses to the bottom of the assembly and oxida-
tion is not terminated in the rod cladding. Figure 3.1-22 shows
this effect gruphically--although about 75 percent of the fuel
rod cladding has been predicted to be reacted, only about 20
percent of the channel box and 15 percent of the blade have been
predicted to oxidize.

3.1.4.4 Melting Attack

The predicted fractions of structures melted during the experi-
ment are indicated in Figure 3.1-23. The code calculates peak
melt fractions of 98 percent for the control blade, 87 percent
for the channel box, and about 70 percent for the fuel cladding.
Clearly, since the code does not relocate melted material, the
axial distribution of energy sources from metal-water reactions
is not accurately tracked after about 7600 s. Gradual cooling of
the assembly after the reactor power and steam flows were turned
off (about 8150 s) accounts for the resolidification of rod
cladding seen in Figure 3.1-23. The extremely high-melt frac-
tions imply quite massive relocation of clad, canister, and
control blade materials. These observations are generally
consistent with the sudden temperature excursions in the lower
sections of the assembly, as measured by thermocounles in those
locations, implying the ingress of molten materials from higher
up in th< assembly.
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mechanistic computer model, 1.e., MELPROG. Once this is done,
the impact of these phenomena may be evaluated in a context
beyond the experiment scale, such that the whole core behavior is
considered. For example, the freezeout of the control blade
steel and its interaction with the fuel canister walls may
exhibit a completely different character from that observed in

DF-4 because of the greatly ‘fering axial thermal gradient
between the two casus. The . chanistic code can explore these
differences. ¥inal ~nclusions regarding, for example, the

appropriateness of the MAAP code treatment of fuel canister
blockages cannot be rer 'ered until the mechanistic code embodies
these observed experimental phenomena such that a reasonable
extrapolation beyond the experiment scale can be affected. 1In
addition, the analytical sophistication provided by the mechan-
istic code is required in order to logically address the phe-
nomenoclogical uncertainties associn ed with the extended accident
melt progression issues.
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4. MELT PRUGRESSION PHENOMENOLOGY CODE DEVELOPMENT (MELPRCG)
(W. J. Camp and J. L. Tomkins, 6425)

The MELPROG computer code is being developed to provide a mechan-
istic computer model for the analysis of the in-vessel phases of
severe accidents in LWRs. To treat the complete primary coolant
system of LWRs, MELPRUG has been implicitly linked to the TRAC-
PF1 thermal hydraulics code. And to provide a complete treatment
of a severe accident from initiation through possible releace of
fission products to the environment, MELPROG has been link.d to
the CONTAIN containment analysis computer code.

This work includes both tue development of MELPROG and the
appl’ -ation of MELPROG tc accident scenarios and to the analysis
of expe-iments. MELPROG development includes incorporation of
existing models, when appropriate, into the code framework and
dev:lopmen. ~f new models when necessary. The applications work
includes testing and assessment of individual models and of the
irteraction of models.

omkins, R. C. Smith, S. S. Dosanjh, and M. F. Young,

MELPROG nas been developed as a set of modules. Each module
consists of a set of tightly coupled phenomenclogical models.
The modules are explicitly coupled to each other and share a
common data structure. Interfaces between modules are well
defined and exist in only one subroutine of each module. The
advantages of the MELPROG structure are that it is relatively
easy to add or replace specific phenomenological models and that
it is also relatively easy to add or replace a complete module.

MELPROG-PWR/MODO, the first version of the code, has been com-
pleted. This version of the code contains five modules and a
link to the TRAC-PF1 thermal hydraulics code. The five wmodules
are (1) FLUIDS, a one-dimensional (axial) three-field (steam and
hydrogen, water, and corium) treatment model; (2) PINS, a simple
fuel rod model and 2z very simple control rod model; (3)
STuUCTURES, heat transfer and mechanical models of in-vessel PWR
structures and the PWR vessel; (4) DEBRIS, a one-dimensional
debris bed model; and (&) RADIATION, a two-dimensional (radial
and axial) net enclosure model that treats absorptiocn and
emission in steam, vate:r, and corium.

The second version of MELPROG, MELPROG-PWR/MOD1, is currently
uncer development and includes many significant improvements over
the first version. The one-dimensional FLUIDS module has been

replaced by a new two-dimensional, four-field {luid dynawnics
model (FLUIDS-2D). The PINS module has been replaced by a
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detailed core structures module (CORE). A fission-product
release, transport, deposition, and aerosol formation and trans-
port module (VICTORIA) has been added. A melt-water interactions
module (IFCI) and a melt ejection module (EJECT) are also under
development. Finally, a new, more detailed debris bed model is
under development and will replace all or part of the current
DEBRIS module. The new debris bed modeling and a new eutectic
dissolution model for the CORE module are discussed here.

4.1.i DEBRIS Module Development

A model of melt formation and reloration in a one-dimensional
core rubble bed has been developed. The analysis includes mass
conservation equations for the species of interest (U0, and
ZrOa); a momentum equation which represents a balance among 5ra¢,
capillary, and gravity forces; and an energy ecuation that incor-
porates the effects of convectior. by the melt, radiation, and
conduction through the bed and the energy release associated with
the decay hest. An cquilibrium UQ,-Zr0, phase diagram is pre-
scribed and radiative heat transfer through the bed is incorpo-

rated using a temperature dependent conductivity. A brief
description of the model follows. A few applications are also
discussed.

Typical char;cterint%i. of a UD,-2r0, core rubble bed similar to
the one found in TMi''" are given in fable 4.1-1. One hour after
reactor shutdown, power generation falls to approximately one
percent of peak pgwer. A TMI-2 type plant with an Oﬂarating
power of 2.8 x 10° MW and 93,000 kg of UD, in the core has a
decay heat, @, on the order of 300 W/kg of bOI. Because it t‘kel
several days for the decay heat to decrease significantly,“ it
is assumed that Q is constant in the following analysis. A lower
limit for the UD, volume fraction Y , is estimatcd by u-f“ping
that all of the roughly 23,000 kg of Zr in a typical core are
oxidized, resulting in the formation of 30,000 kg of Zr0,.
Neglecting materials other than UO, and Zr(), in the core givius a
maximum Zr0, mass fraction of 0.25. Setting }he solid densities
of UD, and zZrO’ equal to 9650 and 5700 kg/m ,l" respectively,
gives a maximum Zr0, volume fraction Y, of 0.36.

Species diffusion is neglected in the following analysis.
Typical mass diffuaivig}e‘ fOﬁ'liquids near their melting points
are on the order of 10 m'/s. For time scales on the og?;r of
10" s, the diot&gce characteristic of diffusion, [Dt] ; ia
approximately 10" m. That is, liquid phase diffusion is only
important over length scales comparable to the average particle
diameter. Balancing the mass stored in a differential control
volume, the convective flux fiowing into this volume, and produc-
tion (or depletion) by melting gives, for species j (j=1 and j=2
correspond to U0, and Zr0,, respectively),
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Table 4.1-1

Typical Initial Properties of a Core Rubble Bed

Quantity of Interest Typical Value
decay heat, Q [W/kg of U0,] 300.0
height of bed, L [m] 1.0*
particle diameter, dp (mm] 0.1-10.0
porosity, € 0.4
UO. solid volume fraction, Y;l 2 0.64
ZrO, solid volume fraction, Y;' < 0.36

*Order of magnitude estimate from Refereince 118.

8t [Y5e15e8] + 8z [Mayen59] = - & [Yoppes0-0] . @)

where the subscripts, 1 and s, refer to liquid and solid, respec-
tive! r. The local porosity, €, is the volume frection occupied
by liquid and gas; the saturation, S, is the fraction of void
that is filled with liquid; q is the volumetric flow rate; and
Y“ is the portion of phase i that is occupied by species j. The
Y”s are related to each other by Y+ Yy=1land Y, +Y, =1,
Assuming that the liquids are miscible, Darcy’s Law gives for the
momentum equation,

OIO

2

#o..-0%p. o

£ qz 5215 * 3= " px F1- & § Y15P15 (4.1-23)
i=1 1 i=1

where 4 is the dynamic viscosity of the liquid, g is the gravita-
tional accelerati n, and kK, is the relative permeability.
Equation 4.1-2 takes into account viscous drag, which is assumed
*> vary linearly wi . q, gravity, and motion as a result of

ranges in pressure. Capillary forces enter Equation 4.1-2
thiough the t. m inveolving the liquid pressure, P,. The capil-
lary pressure is defined as the diffsfence between bl and the gas

pressure, P‘ (that is, P = P' - Pl).‘ Taking the gas flow to be
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isobaric, bPl/Ox = - QP /Ox. From Equation 4.1-2, it is
therefore evident that capfﬁlsry forces move liquid into regions
of high P_.
Leverett'® derived the following relation for P using dimen-
sional analysis: .

e 1172
B, Jv[—— ] , (4.1-3)
K

where 7 is the surface tension; x is the permeability; and J is a
function of the effective saturation, 8 = (8 - 8 )/(1 - 8),
where the residual saturation, S8_, is defined as the thresho}q
value of S below which bulk liquié motion ceases. Bird et al.'?
derive a relation for & by modeling the porous solid as a bundle
of capillary tubes,

d2 53
R = B 3 . (4.1-4)

150 (1-¢€)
where the factor of 150 is determined empirically. Combining

Equations 4.1-3 and 4.1-4 gives
{1650 (1-¢)
P, = Jy : (4.1-56)
dpe

Note that P_ decreases as the particle diameter, d_, increases.
For 7 ® 0.5 N/m, capillary forces are only important when d  is
on the order of 1 mm (or smaller). Decreasing € increases P_,
and consequently, capillary forces tend to wove liquid into
regions of lower porosity.

Empirical correlations are needed for J, the relative permeabi ] -
ity, %, and the residual saturation, S, . Hofwmann and Barleon

give for J,

J=a (S b) ¢, (4.1-8)

where a = 0.38, o = 0.014, and ¢ 1.9.27. Equation 4.1-6 agrees
with the results of Reed et ai. except near S_ = 0. The
primary advantage of Equation 4.1-6 is the absence of a
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singularity at S, = 0. Note that J aud P reach their maximum
value in regions of low saturation. Therefore, caqh}hary forces
tend to move liquid into regions of low saturation. ™’

In fully saturated flow (8 = S = 1), %, equals the permeability,
%, while in undersaturated flow, only a fraction of the solid is
wetted and X, is proportionesl to Q’#with the proportionality
being a function of 8). Reed et al.”™ give for x,,

#8° . for 8> 8

Ky = ° P (4.1-7)
0 , for 8§ £ 8
F

where S = (8 - 8)/(1 - 8)). As discussed earlier, liquid does
not begin to flow until the saturation reaches a threshold value,
S. For 8 <8 . % =0, and Equation 4.1-2 requires that q = 0.

en S is less than S , the liquid consists of unconnected
pendular rings. Liquid starts to flow when“S is increased to the

point that these rings touch and coalesce.

Brown et al.'® give for the residual saturation S_,
0.2863
S —1—— X
r 86.3 5P 8 (4.1-8)

Thus S varies with the ratio of surface tension to gravity. The
dependence of S on the porous matrix is contained in the perme-
ability, . Increasing the particle diameter or the porosity
raises & and leads to lower values of 8 . For packed beds
consisting of small, tightly packed particles, the saturation
must be increased to a high value before bulk liquid motion is
observed.

Assuming that all the materials [resent are in local thermal
equilibrium, only one temperature field needs to be determined.
Radiation heat transfer in the packed bed is incorporated using a
diffusion model with a temperature dependent conductivity.
Balancing the energy stored in the solid and the liquid, convec-
tion, diffusion and internal heat generation,

8_ 3
Bt :EE [("‘)Y.jpsjh.j* CSYljpljhlj] g~ :§E Y1513
=1 =1

- 2. - "
= Bx Keft %3 N [(1 €)Pg1s1* eSpllYll] Q : (4.1-9)
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where hu is the enthalpy of species j in phase i, Q is the decay
heat expressed as energy release per mass of UD, present, and k ¢
is an effective thermal conductivity that accounts for bogh
conductive and radiative heat transfer in the porous solid. Note
that energy stored in the gas phase is neglected in Equation
4.1-9. This is a reasonable approximation because the densities
of materials of interest are very large (typically on the order
of 10" kg/m ) compared with the gas density.

Radiation heat transfer in the packed bed is &%corporntod using a
modified gas conductivity, k_ = k_ + kr..l That is, it is
assumed that gas iﬁnduction %and ’adiatfon act in parallel.
Several researchers have proposed that k_, = 4€ 0d T, where €_
is the emissivity of the solid, and o is t&e Stefdn-Boltzmann
constant. Ewmpi-ical correlations fﬂr k 4o in solid-gas systems
are available 11 the literature. HBwever, in the current
problem, three phaises (solid, liquid, and gas) are present. In
calculating k_,,, the solid and the liquid are treated as a single
component witg'a volume averaged thermal conductivity,

- .—l— : [ B ﬁ i B o
k, e (1 e)' 1 Yoike* €S 2 UTUNRE (4.1-10)
i= i=

where k,, is the conductivity of species j in phase i. For a
single p%use i, k, depends only on Y,, and k;,. That is, k, =
Y, k., *+ Y, .k, for g = 0 (solid only) n.Ad ky = ’Yuk“ + Y.k, ?or
e=1 (liquif %ﬂly). The following correlation is used to

calculate k.“

1-¢
k =9 k* + k k* (4.1-11)
eff & kw + k;(l-w) 8 '
where

w = 0.3 ¢1'5(ka/k;)‘°‘°‘4 , (4.1-12)
~Ww

y - . , (4.1-13)
1w

and ¢ (€-€8) is the volume fraction occupied by gas. Note that
as ¢ * 0, w = 0, and , + 0 and consaquently, k." - ka. As ¢ = 1,
y + 1, giving k_,, * k..
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Shown in Figure 4.1-1 is a binary phase diagram for a U0, - Zr0
systex. Figure 4.1-1 was ~onstructed from the -oliAu- ana
liquidus temperatures given in '.eference 130. Initially non-
homogeneous (over distances couparable to d ) particulate beds
are of primary interest here because the 'pecgo- of interest, UD,
and Zr0,, are initially separated in the core. The melting
behavior of such composites depends on the rates of both solid
phase species diffusion and evaporation-condensation procesues at
the particulate level. If these processes are fast, Figure 4.1-1
will adequately represent phase changes in the bed, and if they
are slow, melt will first form at the minimum solidus temperature
(which corresponds to a Zr0, mole fraction of 0.5 in the liquid
phase) .*

4.1.2 CORE Module Development-Eutectic/Mixture Treatment

Purelﬁ% melts at about 3113 K. However, in contact with molten
zircaloy at 2200 K, UO, will begin to dissolve rapidly. In fact,
many materials when in contact with certain other molten mate-
rials will begin to dissolve at much lower temperatures than
their normal melting points. These so-called eutectic reactions
are typically described by equilibrium phase diagrams that
indicate the physical state (phase composition) of the materials
as a function of their temperature and relative proportions (mole
fractions). Eutectic reactions can profoundly affect the course
of a severe core accident in a nuclear reactor because there are
several materials in a reactor core that form eutectics with one
another. The eutectic/mixture model in MELPROG is intended to
calculate solid-liquid phase change rates involving eutectic
materials.

The model is based on determiniig the liquidus temperature as a
function of composition; the assumption being that solid will
continue to dissolve as long as the mixture temperature exceeds
the liquidus temperature. The method is limited primarily by the
uncertainty in the liquidus temperature when tLhe number of
materials exceeds two.

For a binary system the temperature-composition diagram can be
represented in two dimensions as in Figure 4.1-2. The liquidus
temperatures describe the two curves that meet at the eutectic
peint E and separate the single phase liquid region L from the
two-phase, liquid-solid regions a + L, and # + L. Similarly, the
solidus temperatures describe the two curves that are joined by
the eutectic reaction isothermal, ab, and separate the single
phase solid regions a and f from the two-phase regiors a + L and
£ + L. The solvus lines separate single phase solid regions a
and f from the two-phase solid region a + f.

*Private Communication with D. A, Powers, Sandia, Div 6422, 1087.
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For a ternary system, the temperature-composition diagram can be
represented as a three-dimensional region of triangular cross
section. The vertices of the equilateral triangle represent pure
components, and the temperature axis is projected normal to the
plane of the triangle. The faces of the region are two-
dimensional binary phase diagrams for the components at each
edge. In a ternary system the solidus, liquidus, and solvus
temperatures describe surfaces within the region. Because of the
obvious difficulty of present ug a three-dimensional region in
two dimensions, ternary phase diagrams are typically presented as
slices out of the region. Horizontal slices appear as isothermal
triangles such as Figure 4.1-3. The solidus, liquidus, and
solvus temperatures appear as lines in these isotherms, but
unless a specified composition happens to fall on the liquidus
line for a given isotheizal section, it is necessary to inter-
polate between isothermal sections to estimate the liquidus
temperature for the specified composition. With few isothermal
seztions near the actual liquidus temperature to work with, the
estimate becomes quite uncertain.

Because of the lack of information for systems with more than two
components and because often only two components are actually
present, the scheme used in MELPROG to determine the liquidus and
solidus temperatures as a function of composition uses pseudo-
binary phase diagrams rather than isothermal ternary phase
diagrams. A pseudo-binary phase diagram is a vertical slice from
the three-dimensional temperature--composition region that
behaves like a true binary system consisting of the compositions
at the two edges of the slice.

The MELPRO model approximates the ternary liquidus temperature as

N N
S
z <. g fJ‘ TLU
i=1  j=1
TL = %& N . (4.1-14)
> 2 L
1=1 1=1

whece f . is the mole reaction of the i'® component, and T .. is the
liquidus temperature from a pseudo-binary pnase dilg#an for
components i and j taken alone. The formula correctly degene-
rates to T, = Tu when only components i and j are present. For
mixtures that i1hclude components for which these diagrams are
unavailable, the liquidus temperature becomes

TL - (l - tk) 1‘BL + fk TLk ) (‘ul"‘s)
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where f, is the mole fraction of the k' component (for which

phase information is unavailable). T, is its normal liquidus
temperature and Ty, is the liquidus éomperature for the com-
poaents rcpresente& by pseudo-binary phase diagrams.

Figure 4.1-4 is a flow chart of the CREUTK subroutine. The
routine was initially devised to treat U0, eutectic, but the
algorithm is general and not limited to those materials. The
routine can treat the dissolution of two different solids on
opposite sides of the molten material (e.g., UO, pellet and Zr0
shell separated by amolten U-2r-0); however, because the equili-
brium phase diagrams do not provide information on the rate of
dissolution and the solids are treated consecutively rather than
simultaneously, the comparative rates of dissolution of the two
solids may be incorrect. An exact treatment of simultaneous
dissolution is not feasible at this time.

Basicaily, the routine determines how much solid may be added to
the mixture before the resulting specific enthalpy equals the
liquidus enthalpy of the new composition. The solution algorithm
is iterative and unconditionally stable. MCOMP(K) contains the
initial masses of the various components that define the mixture,
and ISCL is the value of K that refers to the solid component
that is being dissolved. The CX(K) array is equal to the
MCOMP (K) array plus the mass of new dissolved solid added to
MOOMP (ISOL). CREUTK calls MELPRO to determine the initial solid
enthalpy and the liquidus enthalpy of the mixture as a function
of its changing composition between iterations. The DELM(ISIDE)
and DELE(ISTVE) terms are the mass and energy, respectively, of
the solid on either side that is dissclved during the timu step.
The algorithm allows solid dissolution at an interface where the
mixture is oxidizing as long as the rate of dissolution of the
Zr0, is greater than its rate of formation by oxidation. This
requirement prevents the simultaneous creation of a new oxide
layer and dissolved solid region at the same interface.

4.2 lgLZEOG Code Agglécstiog.
., L. Tomkins an ., J. Heames, 6425; J. E. Kelly, 6418)

Testing and assessment of MELPROG-PWR/MOD1 are continuing.
Currently MELPROG is being used to analyze the DF1 and DF2
experiments. MELPROG/TRAC is currently being used to calculate a
TMLB' accident sequence for the Surry PWR. This is the first
full reactor calculation to use the CORE module, and this calcu-
lation includes a one-way coupling to the CONTAIN code.

The DF1 and DF2 calculatioas are nearly completed and a complete
report on these calculations will be included in the next semi -
annual. Preliminary results for these calculations indicate that
there is good agreement with the experimental data for the heatup
phases and for the hydrogen production. There is also gqualita-
tive agreement with the experimental data fer raterial
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relocation. Quantitative experimental data on material reloca-
tion are being determined and comparisons to calculated results
will be made when this data becomes available.

The Surry TMLB' calculation was begun, but no results are avail-
able. This calculation is expected to be completed during the
next six months.

4.3
6427; R. Acton and J. Bentz,

Several experiments have been performed to aid in the design of
experiments for the MELPROG program. This program is being
conducted to provide experimental verification for the computer
codes being developed to predict nuclear reactor accidents.

4.3.1 Introduction

The technique used in making a crust or molten pool of uranium
dioxide and zirconium dioxide has been by induction heating;
however, these materials do not inductively couple to the induc-
tion coil. Consequently, tungsten rings are imbedded in the
charge material, and these rings heat the oxides. The crust that
held the molten core in the Three Mile Island accident reportedly
failed near the top, probably due to convection cells. In
MELPROG experiments, the tungsten rings may impede convection
cells. Therefore, experiments were performed to see if inductive
coupling to uranium dioxide could be achieved. The experiments
addressed the following questions:

1. Will uranium dioxide couple at higher temperatures?

2. Will uranium dioxide couple at higher inductive power
supply frequencies?”

3. Can the tungsten rings be removed once the charge is
molten?

Concern tas been expresued that the welds holding instrumentation
tubes in the wall of the reactor pressure vessel may fail during
an accident and thus provide a path for pressurized molten core
ejection. A MELPROG experiment has been proposed to test this
concept. The test article will consist of a steel plug simn-
lating the reactor vessel in the bottom of a magnesium oxide
erucible. The plug will be penetrated by a steel or lnconel tube
and will be welded at the upper surface. Above the plug, in the
erucible, a molten core charge will be developed. For proper
modeling, the steel plug siould not be heated by the induction
supply. Experiments have been perfo:med to develop techniques to
decouple the steel plug from the magnetic field of the induction
coils.
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4.3.2 Uranium Dioxide Coupling Experiments

The electrical resistivity of a material is an important property
in determining if the material will inductively couple to a
magnetic field. Highly resistive materials, such as oxides, do
not c%uple. Metallic materials with resistivities of the order
of 10° ohme*cm readily couple. Certain of the oxides have elec-
trical renistivitieﬁ Mgy orders o{'ngnitudo lower than others
(see Figures 4.3-1""" and 4.3-2""") The resistivities for
uranium dioxide and zirconium dioxide are among the lowest
values. As seen in Figure 4.3-1, their resistivities decline
with increasing temperature. Figure 4.3-2 shows a ncmograph of
the relationship between resistivity, frequency, and skin depth
(the depth at which induced eddy currents have fallen to 1/e of
their surface value). The dashed li‘o in Figure 4.3-2 shows that
a material with a resist.vity of 10 ° uwoha*cm coupled to a 3-kHlz
power supply will have a skin depth of 10 em. The less the skin
depth, the more efficient the heating. Figures 4.3-1 and 4.3-2
indicate that it may be possible to inductively couple to the
oxide of urania and zirconium, especially at higher temperatures
and frequencies.

Three experiments were performed to evaluate the inductive
coupling of uranium dioxide. The experimental design is shown
schematically for the first two experiments in Figure 4.3-3.
Details of all three experiments are listed in Table 4.3-1.

The charge in experiments 1 and 2 were composed of 65, 25, and 10
percent by weight of UO,, Zr0,, and Zr, respectively. The third
experiment contained no zirconium metal and was 656 and 35 percent
by weight of U0, and Zr0,, respectively.

In the first experiment, materials and equipment that were
readily available (the experiment was not optimized) were as-
sembled and run. The maximum output of the 125-kW supply was
required at the melting point of the charge and no superheat was
possible. The imbedded ring susceptor technique is a skull
melting technique. Since the charge could not be raised above
its melting point, a ring of unmelted, sintered materials existed
around the top edge of the pool, and this material prevented the
rings from being withdrawn.

The second experiment was designed for better inductive coupling.
At the melting point of the charge, only about one-half of the
supply power rating was used. However, contirued increases in
power, up to the maximum, failed to increase the charge tempera-
ture above the apparent melting point. Again, an unmelted skull
prevented ring removal

In both of these experiments, the power supply was 125 kW at 3

kHz. A third experiment was conducted with a 30 -kW/450 kHz
supply to see if a higher fregquancy would couple to the oxides.
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Table 4.3-1

Experimenta] Parameters

Experiment Charge No. W Ring Dia.
No. Crucible (kg) Rings (m) Supply
1 Mg0 8.6 3 0.102 (4 ir) 125 kW/3 kH
2 MgO 14.4 4 0.152 (6 in) 125 kW/3 kH
3 Al’o, 9.0 0 NA 30 kW/450 kH

No tungsten rings were used and the attempt was made at room
temperature. Only a slight increase in the charge temperature
was noted.

The time-temperature history of the first experiment is shown in
Figure 4.3-4 and the time-power history in rigure 4.3-5. Similar
curves for the second experiment are shown in Figures 4.3-6 and
4.3-7. Both experiments indicate that the melting point of the
charge is about 2300°C (4172°F). Visual examination of the
crucibles after the experiments left no doubt that the material
had been molten. The free surface of a liquid was very apparent
in both cases. X-ray analyses of the unmelted material above the
pool, the sidewall crust, and the frozen pool were made. X-ray
flouresence showed no a.fference in the elemental composition of
the three regions. X-ray diffraction analycis of the frozen pool
revealed it to be a solid solution of zirconium dioxide in
uranium dioxide. While disassembling the second experiment, a
light grey, ash-like material was fornd deposited over the entire
inside of the test chamber that contained the crucible. This
material was analyzed as magnesium oxide, the crucible material.
The mechanism of the ash generation and deposition has not been
investigated.

In all three experiments, the charge material was a solution of
zirconium dioxide in uranium dioxide, not pure uranium dioxide.
Also, the charge was composed of gravel, not a solid cylinder.
These factors had a negative effect on the coupling experiments.
The zirconium dioxide probably raised the electrical resistivity
of the charge. The gravel composition of the bed adversely
affected both the coil air gap and the "skin depth" of any
induced currents.

Should it be decided that it is mandatory that the molten pool

not have the rings because they interfere with pool circulation,
then several areas can be investigated. These areas are:
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The charge can be pressed and sintered in the shape of a
right ecircular cy'inder to theoretical densities of
around 90 percent This would improve the coil air gap
and material skiu depth conditions.

2. Thke charge can be melted in the usual manner with the
tungsten rings and then poured into another container
that does not have the ringe The success of this
operation is doubtful because of past failures to
generate any appreciable superheat. The material will
probably freeze in the pour stream.

3. Additional tungsten rings can be placed above the charge
in an attempt to melt the skull that prevented ring
withdrawal in previous experiments. There is no ex-
perience for this. The ring or rings setting above the
charge may melt themselves.

4. The experiment with the 450-kHz power supply was done at
room temperature. Heating the charge to some elevated
temperature, say 1000°C, may help the coupling because
of the inverse proportionality between electrical
resistivity and temperature.

4.3.83 Megnetic Flux Characterizaticn

An evaluation of induction coil magnetic filux density and flux
field distribution was needed to predict component heating due to
the induction field. This is of interest in several areas of
MELPROG experimentation.

1. Crust failure experiments may require sustaining a
molten pool on a crust. The sustained temperature of
the molten pool will be higher than the sustained
temperature of the crust. As currently envisioned, this
experiment will require stacked induction coils ope-
rating from different power supplies. A study of how
the coils interact is required.

2. The instrumentation tube failure experiments will
require that the steel plug in the crucible that simu-
lates the reacior pressure vessel wall be isolated from
the induction coil,

Iron powder evenly spread over a rigid plastic sheet was used to
indicate flux density in a variety of heights and oriertations
with respect to the induction coil. The flux was strongest
within the coil with the flux lines running perpendicular to the
eoil tur-s. The flux lines extended as much as 0.5 m past the
coil ends. The flux distribution and {lux density are a function
of the power applied to the coil and the coil geometry.
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