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FOREWORD

Ssandia National Laboratories is conducting, under USNRC's spon-
sorsaip, phenomenological research related to the safety of commercial
nuclear power reactors.

The overall objective of this work is to provide NRC a comprehen-
sive data base essential to (1) defining key safety issues, (2) uunder-
standing risk-significant accident sequences, (3) developing and
verifying models used in safety assessments, and (4) assuring the
public that power reactcr systems will not be licensed and placed in
commercial service in the United States without appropriate considera-
tion being given to their effects on health and safety.

Together with other programs, the Sandia effort is directed at
assuring the soundness of the technology base upon which licensing
decisions are made.

This report describes progress in a number of activities de2ling
with current safety issues relevant to both light water and breeder
reactors. The work includes a broad range of experiments to simulate
accidental conditions to provide the required data base to understand
important accident sequences and to serve as a basis for development
and verification of the complex computer simulation mcdels and codes
used in accident analysis and licensing reviews. Such a program must
include the development of analytical models, veriftied by experiment,
which can be used to predict reactor and safety svstem performance
under a broad variety of abnormal conditions.

Current major emphasis is focused on providing information to NRC
relevant to (1) its deliberations and decisions dealing with severe
LWR accidents and (2) its safety evaluation of the proposed Clinch
River Breeder Reactor.
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EXECUTIVE SUMMARY

1. CORE DEBRIS BEHAVIOR

1.1 EX-VESSEL CORE DEBRIS INTERACTIONS

Protracted interaction of hot, but not molten, core debris with
concrete is an issue sometimes neglected in severe reactor accident
analyses. The interaction of the hot solids with concrete, while not
as dramatic as molten core debris/concrete interactions, can continue
for very long times. The duration of hot solid interactions will
determine when a severe accident is finished. In the case of very
strong reactor containments, these interactions may determine when or
if pressures in th: containma2nt caused by noncondensible gas will lead
to containment rupture.

The recent FRAG tests examined long-term, hot solid interactions
with concrete and the effects water coolant might have on the interac-
tions. Analyses of the FRAG test results are reported to ascertain
how the cesults would scale tc a real reactor accident. These analy-
ses indicate:

a. Hot solid attack on concrete could continue for over 200 h if
the debris beds in a reactor accident are about 28 cm thick.

b. Hydrogen production from water vapor evaporating from the
concrete can be predicted with equilibrium thermochemical
arguments whether the debris is steel, stainless steel, or
UO;. Kinetic effects are unimportant even at the low temper-
atures of hot sclid interactions.

¢. The strength of concrete crusts formed over the debris is
quite scale-dependent. The precise nature of this dependence
is determined by the assumed mode of crust failure but can
vary as the square of the scale.

The VANESA model describes aerosol production during core
debris/concrete interactions. A key element of this model is the
assumption that aerosols are produced by the mechanical processes of
gas bubbles breaking at a melt surface. This assumption was based on
simulant experiments with water and air. A scoping test was conducted
to confirm that this mechanical aerosol formation occurs in more
realistic melts. Mechanically generated aerosols (1 to 5 um in size)
were indeed observed when argon bubbles broke through melts of
basaltic concrete.

The Zion Probabilistic Safety Study (ZPSS) proposed that when
reactor core melts were ejected from a pressurized reactor vessel,
they would be dispersed over a broad region and thus be rendered
readily coolable. The Systems Pressure Injection Tests (SPIT tests)
were designed as a means to confirm this proposal. First tests of
this type showed that ejected melf behaved in a manner quite different
than hypothesized in the ZPSS. Further, the tests demonstrated that
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formidable aerosol generation occurred during pressurized melt ejec-
tion. These first scoping tests have led to a mor: systematic study
of the melt ejection process. The matrix of tests to be conducted in
the SPIT test series has been developed. The matrix consists of three
major elements:

l. A factorial design matrix of 10 tests in which pressure, gac
solubility in the melt, and melt temperature are varied.

2. Three tests in which melt is injected into a water pool.

3. A test in which melt is injected into a 1/20-scale mock-up of
the reactor cavity at the Zion Nuclear Power Plant.

Coherence of the ejected melt jet, aerosol generation, melt dispersal,
and the heat flux imposed by the jet will be monitored in these tests.
Results of the tests will be the basis for the design and conduct of

the 1/10 linearly scaled test with an 80-kg melt ejected into a scale
mock-up of the Zion cavity.

1.2 CORE RETENTION MATERIALS ASSESSMENT

The Core Retention Materials Assessment program involves both ex-
periments and analysis designed to (1) determine the fundamental limi-
tations of candidate core retention materials and concepts and (2)
develop a data base for use by the NRC in licensing review of proposed
ex-vessel core retention devices. The program is currently focused on
magnesia brick crucibles, thoria and alumina particle beds, and high~
alumina concrete liners.

The third test in the SWA series was carried out during the
current reporting period. A 5-kg pool of molten UO;/Z2r0; formed by
the inductive-ring susceptor technique was deposited onto a layered
alumina particle bed. The molten material gjuickly penetrated the
large particles at the top of the bed. Penetration was stopped by a
layer of small particles in the middle of the bed. There were no
indications of particle flotation.

The SWA-3 test also demonstrated that the inductive-ring suscep-
tor (IRIS) technique can be used to form larger pools of molten oxides
than those obtained in the SOT series of tests. 1In the first part of
SWA-3, a 17.6-kg pool of molten UO;/2r0; was formed from a total

charge of 34.4 kg. In the final SOT test, the molten pocl was only
30% of an ll-kg charge.

The SWA-3 results lend confidence to the IRIS designs presented
in the last quarterly report. The IRIS test, scheduled for execution
in the third quarter of FY83, will involve the melting of 100 to 200
kg of UO,/Zr0; by the IRIS technique and the deposition of this melt
onto an alumina particle bed.
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The design of the test bed is presented. The central portion of
the bed consists c¢f large alumina sphere designed to absorb and guench
approximately 20 kg of the melt. Downward penetration of the melt
will be stopped by a layer of small alumina particles below the large
particles. Lateral penetration is also contcolled by small alumina
particles. The central section is surrounded by an annulus. The top
surface of the annulus slopes upward from the center to form a dish-
shaped bed capable of containing as much as 200 kg of melt.

1.3 SODIUM CONTAINMENT AND STRUCTURAL INTEGRITY

The SLAM computer model of sodium interactions with limestone
concrete is beirj developed as a part of the Sodium Containment Struc-
tural Integrity program. During this quarter, laboratory-s~ale tests
of the interactions were performed and these test results have been
compared to predictions by SLAM. Excellent agreement has been ob-
tained in the onset, magnitude, and termination of energetic reaction
between sodium and concrete. The validations, particularly of the
chemistry models embodied in SLAM, add credence to the use of this
mechanistic model as a predictive tool. If the predictions cf SLAM
are further verified when applied to other tests, SLAM will be incor-
porated in the CONTAIN model of LMFBR containment response during
core~disruptive accidents.

An omission in the existing-data base concerning sodium inter-
actions with concrete is the absence of tests with some simulant of
core debris present. Speculation on how core debris might behave has
included the suggestion that products of the sodium-concrete inter-
action are sufficiently viscous that the debris would not sink. Mea-
surements of the viscosity of sodium-concrete reaction products were
made this quarter. The viscosity was found to be about 20 pocises over
the temperature range of 773 to 873 K (500° to 600°C). The viscosity
was found to be shear rate~dependent. These results suggest core de-
bris would sink through the reaction product layer. This layer would
occlude sodium from the debris and raise a question of coolability.

At NRR request, reviews were prepared of the CRBR project papers
on (1) aerosol production during sodium/concrete interactions and (2)
the extent oi core debris attack on concrete. Reviewers generally
agreed with the assessments in both these reports.

1.4 DEBRIS BED COOLABILITY

The Debris Bed Coolability program addresses issues concerned
with the deposition of solid fuel debris on horizontal surfaces within
the containment vessel and its subsequent coolability. This debris
remains capable of generating significant power through the decay of
fission products. Should natural processes fail to provide sufficient
cooling, the debris could remelt and threaten containment. The Debris
Bed foolability program seeks to determine the natural cooling of such
debris.
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Work this quarter included materials tests and design evaluations
for the D10/D13 test crucible. The materials evaluation was completed
in March. High- and low-temperature tests were conducted of several
refractory materials exposed to sodium and UO;, and three viable
materials for crucible fabrication were identified, Ta-10W, Mo4lRe,
and T-11l1l. Stress analysis was performed for four different crucible
designs. Thermal expansion can be accommodated easily by all the
materials investigated. However, varying thermal expansion of the
inner and outer crucible walls dictates the use of a single material
for the crucible. High-temperature C-iLype thermocouples will be
developed and fabricated at HEDL. Low- and high-temperature tests
were run on the ultrasonic thermometars to insure satisfactory opera-
tion. The results are being studied.

The PAHR debris bed mode! was modified to predict the coolability
of postaccident debris. The model includes various effects of laminar
and turbulent flow, two-phase friction, gravity, and capillary force
4nd predicts channel length, liquid fraction, dryout power, dry zone
thickness, and downward heat removal.

1.5 DRY DEBRIS COOLABILITY

After a major reactor accident, if the core-material debris is
uncoolable, it will progress to a molten state. The progression of
the debris to a molten state and the interaction of the core melt with
structural and core retention material are being investigated experi-
mentally in the Dry Capsule program. This program, the follow-on to
the Molten Pool Studies, interfaces closely with both the Ex-Vessel
Core Debris Interactions and the Debris-Bed Coolability programs.
High-temperature, laboratory-furnace tests and the first-of-a-kind,
neutronically heated experiments are providing significant data on
many coolability-related issues, including the thermal response of
dried UO; and steel particulate beds to internally heated molten fuel
material and the interaction of hot fuel debris with core structure
and retention material. As with other safety research programs,
investigators are using the experimental results to develop and verify
analytical models that will be used to study reactor behavior under a
wide variety of accident conditions.

The next in-pile experiment, DC 1, will investigate the thermal
characteristics of an internally heated UO; debris bed from 1273 K
(1000°C) te melt and the phenomenology and thermal characteristics of
a molten UO; pool. The bed will consist of 2 kg of UO; particulate
and will be top- and bottom-cooled and side-insulated. The maximum
molten mass during the experiment is estimated to be from 0.7 to 1.0
kg.

During this quarter the final experiment assembly was essentially
completed and is scheduled to run in April. Modeling of postdryout
phenomena has continued. The one-dimensional model for analyzing the
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postdryout behavior of debris beds has been extended to two dimen-
sions. Improvements to the melt relocation module were also
completed.

\
2. HIGH-TEMPERATURE FISSION~PRODUCT CHEMISTRY AND TRANSPORT

The purpose of the High-Temperature Fission-Product Chemistry and
Transport program is to establish the data base necessary to predict

fission-product behavior properly during severe accidents. This
experimental task is being pursued by three interrelated activities:

a. Definition of thermodynamic data and chemical reaction char-
acteristics of particular fission products of interest.

b. Examination of the transport properties of fission products
in prototypic environments of steam and hydrogen.

¢. Comparison of the observed behavior of the fission products
with predictions made by purely thermodynamic considerations.

The study of chemistry of the control rod material, boron carbide
(B4C), in steam continued with experiments that examine the behavior
of Csl vapor in a B,C and steam environment. Analysis of condensed
steam showed that very little cesium got through the steam system when
B,C was present, compared to previous experiments without B,C where
more cesium was detected. The iodine level in the steam condensate
was about the same in either case. Some cesium reacted with the
Inconel coupons, while no iodine was detected. A high level of cesium
was detected on Lhe B,C coupons, but no iodine was found. Conclusions
are that most of the cesium is retained in the reactor tube.

A new series of experiments to examine the reaction between
tellurium vapor and structural materials in a steam/hydrogen environ-
ment was begun. Inconel coupons were placed in different areas along
the reaction tube. Mass gains for the Inconel bands varied, due to
oxidation. The rate of deposition is about the same as observed in
previous experiments.

Several experiments were run in which tellurium vapor was equil-
librated with urania particulate. A nickel coupon was used to remove
tellurium from the gas stream. The rate of mass gain by the nickel
coupon was a divect measure of the tellurium content in the gas. No
extensive interaction was found of tellurium vapor with urania in
experiments run between 773 to 1073 K (500° to 800°C). However, a
slight interaction occurred in experiments run at the lower
temperature.

3. CONTAINMENT ANALYSIS

The goal of this task is the development of CONTAIN, a general
and comprehensive systems code that will analyze a variety of accident
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sequences following the breach of the primary containment vessel
through the breach of the secondary containment. It will provide de-
tailed treatments of phenomena such as material interactions, heat
transfer, aerosol behavior, and fission-product transport. The models

will be sufficiently general to apply to all advanced reactor and LWR
containment systems.

The testing of CONTAIN is continuing. Many features of COMTAIN
have been tested, and a large number of tests have been completed and
documented. The results of this testing work are being compiled into
a comprehensive report that will summarize the results of the CONTAIN

test program to date. This report will include CONTAIN Test Reports,
Input Data Sets, and Supporting Analyses.

A simple sodium/concrete interaction model has been developed to
provide a means of estimating gas release to the reactor cavity and to
provide a check on the performance of more complex, mechanistic mod-
els. The code was tested using the CRBR extreme concrete-penetration
rate (3 mm/min) and a preliminary validation calculation was made for
Sandia Test 3. The calculations appear to agree with the experimental

results to within a factor of 2; a more detailed comparison is under-
way .

Tests have been performed to check out the moving interface capa-
bility of the LMFBR reactor-cavity model. With a slowly moving inter-

face and a very small node next to a large one, severe instabilities
resulted initially. By making a small change in the algorithm, the
instabilities were eliminated, and the solution algorithm now works
well under a number of moving-node conditions. With the completion
and demonstration of the moving-interface capabilities of the new
model, the input ard control routines were prepared for the implemen-
tation of various physical models. These routines, plus an added
source option, have been completed and tested. Initial development
and testing of the transport mechanisms of the new reactor-cavity
model have also been completed. The technique used by Werner et al
seems to work well for physical models in which there are only one or
two materials. However, this approach has been developed only re-
cently and needs to be tested further to verify the potential that it
appears to have.

A working version of the MEDICI LWR cavity model/code has been
produced in accordance with the structure diagrams and "structured
documents"” that were generated over the past few months. In the
spirit of top-down code design and development, this code is a skele~-
ton of the final version, containing most of the required logic and
lata management, but using dummy subroutines for many of the physics
modules. Most of the effort for this code went intc developing and
iebugging an efficient, interactive input processor.
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A substantial effort was directed this guarter toward providing
input to a document being prepared as part of the MELCOR code develop-
ment project. This document is intended to be a guide for code devel-
opers and to provide a rationale for model choices.

Development work on the MAEROS aerosol module continued. One
concern successfully addressed was the modeling of evaporation and
condensation of water on aerosols: treatment of these processes ap-
pears to dominate the execution time in the LWR problems that are now
being run. Execution time can be reduced substantially by simply
changing the boundary conditicns at the maximum and minimum particle
sizes.

The tasks required for the modeling of radionuclide transport
within and of radionuclide release from containment following severe
accidents in LMFBR systems have been identified. Processes that
require modeling to treat radionuclide redistribution between the
various host materials (e.g., sodium, fuel, structures, aerosols, and
atmosphere gases) have also been identified.

Development of various engineered safety systems continues.
Modeling and initial coding of the heat exchanger and recirculation
model have been completed. Development of the ice-condenser model has
been initiated, and the fan-cooler models in existing containment
codes have been reviewed.

With the revived interest in the Clinch River Breeder Reactor
(CRBR), high priority is being given to completing the development of
the models needed for studies of the containment response to various
hypothetical accidents in the CRBR. One of the more critical models
tests water release from heated concrete. This water release can be
important in LMFBR accident scenarios because the sodium-water reac-
tion is highly energetic and produces hydrogen. Checks of this model
have established that water is being released from heated concrete,
but that some of the water present is not being adequately accounted
for. Work has been initiated to ensure that the water migration model
is working properly.

Following the peer review of the LWR source-term work in January,
a detailed review was performed of the then-current draft of NUREG-
0956, "Radionuclide Release Under LWR Specific Accident Conditions,
Vol. I: A PWR Analysis." This review included the checking ofi com-
puter calculations reported in NUREG-0956 against simple analytical
calculations.

4., ELEVATED TEMPERATURE MATERIALS ASSESSMENT

The primary objectives of the Elevated Temperature Materials
Assessment studies are to (1) determine how microstructures evolve due
to thermochemical history, which results in mechanical property
changes, and (2) evaluate the validity of material damage and evaluate
nondestructive evaluation techniques.

E-7
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Materials that are currently under study include Inconel 718, 304
stainless steel, and 316 stainless steel. Optical metallography has
been performed on Inconel 718 specimens. Biaxial deformation testing
has been planned for both specimens of the stainless steel,

5. ADVANCED REACTOR ACCIDENT ENERGETICS

The Advanced Reactor Accident Energetics program is directed
toward developing a data base for the understanding of the key in-core
events in a core disruptive accident that determine the progression
and severity of a reactor accident. For the advanced reactor, under-
standing in-core events is particularly important because significant
energy release from the core is possible. The magnitude of this
energy release, and therefore the ultimate threat to the containment,
is determined by the competing positive and negative reactivity ef-

fects caused by the motion and temperature of fuel, cladding, and
coolant.

This program, currently focused on postulated CRBR accidents,
involves experimental »nd analytical efforts to determine the mag-
nitude and characteristics of these reactivity effects in the two
phases of a core disruption accident in an advanced reactor. These
phases are:

1. Initiation Phase -- Fuel Dynamics

2. Transition Phase -~ Fuel Freezing and Streaming.

5.1 INITIAL PHASE - FUEL DYNAMICS

The last two experiments, FD4.4 and FD4.5, in the FD2/4 experi-
ments program were performed to investigate solid-state cracking, a
special case of fuel disruption that may lead to early fuel dispersal
in some types of LMFBR accidents. In FD4.4, solid-state fuel ejection
was achieved without the destruction of the fuel pin. These fuel
samples are available for PIE studies to examine the microscopic
mechanisms that are causing the cracking phenomena. Experiment FD4.5
investigated the behavior of German-fabricated fuel under similar
heating conditions that produced cracking in the U.S.-fabricated fuel.
The KfK fuel was found similar to that of U.S. fuel.

5.2 TRANSITION PHASE - FUEL FREEZING AND STREAMING

Major activities in the TRAN program included the initiation of
the TRAN B-Series tests (B-l), continuation of postirradiation exami-

nation (PIE) of TRAN Series I experiments, and preliminary doliqq of
the GAP-Series ¢f tests.

The first TRAN B-Series (B-1) test was performed on February 15.
The B-l test addressed the question of full crust stability on convex
(clad) surfaces vs concave (tube) surfaces. The use of thermocouples
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allowed measurement of the leading-edge fuel velocity. These fuel
"slug" velocity data are useful in confirming the accuracy of the
PLUGM code, and so the B-1 experiment was analyzed with PLUGM. An
improvement to the code has been developed that accounts for the
effect of Taylor instabilities on film deposition. Modifications were
made to the TRAN B-Series design for the fuel housing. PIE results
will be available in a few months. Posttest examination work was done
on the Series-1 test TRAN-2, with steel found in the blockages and the
end of the crust layer. The steel was presumably entrained in the
fuel flow as it passed by the channel entrance.

The TRAN G-Series design (Gap Experiment) has begun. Preliminary
engineering drawings were made and heat transfer calculations were
performed. A new laboratory area is being set up for the assembly of
the GAP experiments.

6. LIGHT WATER REACTOR (LWR) DAMAGED FUEL PHENOMENOLOGY

Sandia's LWR Damaged Fuel Phenomenclogy program includes analyses
and experiments that are part of the integrated NRC Severe Fuel Damage
(SFD) Research program. Sandia is investigating, both analytically
and in separate-effects experiments, the important "in-vessel" phenom=
enology associated with severe LWR accidents. This investigative
effort provides for three related research programs, the Meit-Progres=-
sion Phenomenology (MPP) program, the Damaged Fuel Relocation (DFR)
program, and the Damaged-Core Coolability (DCC) program. These pro-
grams are key elements in the NRC research effort to provide a data
base to assess the progression and consequences of severe core-
damaging accidents.

6.1 MELT PROGRESSION PHENOMENOLOGY

The objective of this program is to provide balanced perspectives
and capabilities applicable to that phase of severe LWR accidents
starting with initial core damage and proggessing through to breach of
the reactor vessel and discharge of core materials into the contain-
ment environment.

The formal elements comprising this program are:

a. Core Damage Sensitivity Studies.

b. Severe Accident Uncertainty Analysis.

¢. Melt Progression Model (MELPROG) Development.

The core damage sensitivity studies are directed toward identi-
fying the most influential phenomena governing the behavior of an LWR
reactor core during an accident. The phenomena include both those

governing the degradation of the core in an unterminated sequence and
those occurring during attempts to terminate a severe accident
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sequence. Most of the study of a two-level factorial approach

designed to investigate the influence of external factors in an
accident has been completed.

Because of the current importance of PRA in nuclear regulatory
activities, an improved definition is necessary of the effects of
uncertainty on the magnitude of risk estimates. This goal is pursued
by the Severe Accident Uncertainty Analysis (SAUNA) project. A report
of project findings is underway.

A formal system for integrating knowledge gained through improved
understanding of the physical processes governing severe damage during
the in-vessel phase of the accident cai be constructed by developing
computer-based models. The Melt Progression Model (MELPROG) is a
program that calculates such sequences from rubble/debris formation
through vessel failure. MELPROG is being developed from an existing
code at Los Alamos. Coding of the model has begun.

6.2 LIGHT WATER REACTOR (LWR) FUEL DAMAGE EXPERIMENT PROGRAM

This program is directed toward examining the key phenomena that
determine the core-damage configuration during the progression of a
core melt sequence in an LWR core-uncovering accident. This program
uses the information and perspectives gained in current LWR safety
programs and focuses on the design of experiments that can contribute
to the resolution of important severe-damage issues.

The two major areas of interest regarding in-vessel phenomena
are:

a. The behavior of fuel and cladding during the stages of major
core deformation from rod-bundle geometry to a severely
degraded geometry and

b. The response of the severely damaged fuel to reintroduction

of coolant from the emergency core cooling system (ECCS),
especially the questions of redistribution of quenched
material, short-term cooldown, increased steam generation,
and oxidation reaction kinetics.

Current work under this subtask focuses on the in-pile appli~-

cations because neutronic heating allows prototypic heat generation
under severely damaged conditions.

A series of ACRR experiments is planned that addresses the above-
described severe core damage issues:

a. Damaged Fuel Relocation Experiments (DF) -- Visually observed

fuel damage in a flowing steam environment using neutronic
heating in rod sections and multirod configurations.

E-10



EXECUTIVE SUMMARY

b. Damaged Fuel Quench Experiments (DQ) -~ Postmortem observa-
tion of damage configuration after ECCS flooding of damaged
core materials.

¢. Damaged Core Coolability Experiments (bCcC) =-- Coolability
studies using uQ ~onfigurations.

Analysis of the DFR experiment matrix using DFR MOD3 code has
continued. The experiment matrix was reviewed and several modifica-
tions were recommended. Design of the in-pile steam supply skid was
completed and components were ordered. An analysis and evaluation of
the shield plug design was comjleted. It was recommended that all
penetrations contain two right-angle bends to prevent radiation
streaming.

Experimenters completed the design for the detailed electrically
heated out-of-pile test section. Components for the simplified (pre-
liminary) out-of-pile test apparatus have arrived. Preliminary boiler
operational checks have been completed.

6.3 LIGHT WATER REACTOR (LWR) DEGRADED-CORE COOLABILITY (DCC) PROGRAM

Sandia National Laboratories is pursuing a program to determine
the coolability of the LWR degraded cores. The main purpose is to
provide an experimental data base for use in evaluating the applica-
bility of LMFBR coolability models to LWR-specifc conditions. This
will be accomplished by performing a limited number of in-pile experi-
ments using fission heating of UO; rubble to simulate the source of
decay power in a severe-fuel-damage accident. This year, the scope of
the DCC program encompasses the following:

a. Continue design, acquisition of parts, and assembly of the
first two DCC experiment packages.

b. Perform DCC-1, the first in-pile coolability experiment
containing a UO; rubble bed in a water bath.

c. Analyze the DCC~-1 results, compared to current coolability
models, and develop and improve models where necessary.

During the current quarter, the DCC program effort focused on the
following activities.

a. Acquisition of the DCC-l experiment hardware continued.
Delays in delivery of some critical path components (pri-
marily the urania fuel and the pressure vessels) put off the
start of final assembly of the DCC-1 experiment package.

b. Considerable progress was made in fabricating and assemblying

test facilities for the DCC-1 experiment. These facilities
include a new lab and assembly area, a multilevel platform
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for final assembly, and a leak-test bell jar capable of
enclosing the entire experiment package.

Sandia staff members reviewed the particle size distributions
for the first three experiments and concluded that DCC-1 will
contain a small-sized particle distribution (typical of
debris from a partial steam explosion) and DCC-2 will contain
a large-sized rticle distribution (typical of thermally
fractured tuclf?

Because of the small-sized particle distribution for DCC-1,
some design and hardware changes were required for the DCC-1
experiment package. These include the addition of an elec-
tric heater, the exclusion of the liquid nitrogen precooler

from the cooling loop, and the operation of the cooling loop
with nitrogen instead of helium.

Most of the hardware and process development tests for DCC-1
were completed. Also, the final package test sequence to
insure experiment reliability was formalized.

Safety calculations for the DCC~1l experiment were performed.
These will be included as part of the experiment plan to be
submitted to the Sandia reactor safety review committees.

Programmatic responsibilities were satisfied and included the
presentation of papers on analytical development information,
exchang2e with other scientists in debris coolability
research, and the completion of the draft for the DCC program
plan.
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1. CORE DEBRIS BEHAVIOR

1.1 EX-VESSEL CORE DEBRIS INTERACTIONS
(D. A. Powers, 6422; D. R. Bradley, 6425: J. E. Gronager, 6422
J. E. Brockmann, 6422)

I1f core debris formed during a severe reactor accident is not
coolable, the debris will penetrate the reactor vessel and interact
with structural material in the reactor cavity. This interaction
could lead to gas generation, production of flammable species, and
intense emission of radiocactive aerosols, in addition to erosion of
the reactor basemat.

Study of the phenomena associated with ex-vessel interaction of
core debris with structural material found in the reactor cavity is
the purpose of the Ex-Vessel Core Debris Interactions program. In the
recent past, the major part of this program was the study of core
debris interaction with concrete. Penetration of core debris through
steel liners has also been examined.

1.1.1 Application of the FRAG Results to a Reactor Accident

The Fragmented Debris test series (FRAG) was designed to inves-
tigate the interaction between hot, but not molten, core debris and
prototypic reactor concretes. Inductively heated, mild steel spheres
were used to simulate core debris that has undergone an energetic
water/melt interaction with subsequent coocling to a solid, fragmented
state.

1.1.1.1 Test Conclusions

From the data gathered in the four completed FRAG tests, the
following conclusions can be drawn:

1. Oxidation of the mild steel debris by the concrete decom-
position gases, H;0 and CO;, produced equilibrium concen-
trations of the flammable species, H; and CO.

2. Molten concrete was transported through the debris and sub-
sequently formed a crust layer either in the interior of the
bed (limestone-common sand concrete) or above the surface of
the bed (basaltic concrete).

3. Although the crust allowed gases to percolate through, it was
impermeable to any water added following the formation.
Hence, the debris bed was uncoolable and concrete ablation

continued.



In order to determine the applicability of these results to the
reactor case, the following guestions must be answered:

l. What reactor power levels would produce similar debris-
concrete interactions?

2. How do H; and CO production rates in a reactor case compare
to those in the FRAG tests?

3. For the larger debris bed geometry of the reactor case, will
the crnst fail and thereby allow coolant to contact the
debris?

1.1.1.2

uivalent Reactor Decay Power Levels

In order to apply the FRAG results to a reactor accident situa-
tion, the reactor decay heat required to produce an equivalent debris-

concrete interaction must be determined. This analysis begins with an
energy balance for the debris bed:

mc -3% = QD - ab“b - i.A. - ét‘t (1.1)

where the left-side term refers to the rate of change of energy stored
in the bed, is the decay heat, and the last three terms refer to
heat losses out the bottom, side, and top of the bed. This equation
can be simplified by making the following assumptions:

1. The debris bed has reached a steady state, so dTr/dt = 0,

2. The top surface of the debris has the same area as the bottom
surface.

3. The heat flux to the concrete is uniform, i.e., 9, = q, = q,

Hence,
Q = G(Ay + A) + A, (1.2)

This equation can be used to relate the power delivered to the

debris in the experiment and the equivalent reactor accident, Substi-
tuting the appropriate dimensions for cylindrically shaped debris beds
in the two cases yields the following relation:

. 2 . 2
rea . qc(uﬂi + 2x4RH) + q‘tt, (1.3)
oxp ac(ut + 2gxrh) + atar



where the additional assumption has been made that since the experi-
men. and accident interactions are equivalent, the heat fluxes, g_ and
q., are also equal in the two cases. Rewriting the terms as po&or
d‘n.ity times bed volume, and then performing some algebraic manipu~
lations on the resulting equation, produces the following simplified

relation:

N CEIRL

-

3
pcnp a h
-75(1 + z-)+ 1
9 r

where P is the power density in ﬂ/c.’.. By choosing the dimensions of
the accident debris bed and the ratio g /qt. the reactor and experi-

mental power densities can be related.

Table l-1 presents the calculated power density ratios for aome
typical parameter values. Two sets of calculations were performed:
one for an accident debris height equivalent to the experimental
height (h/H = 1, where h = 26.7 em) and another for an accident debris
height one-half the experimental value (h/H = 2). When concrete
erosion began in the experiments, the radiative heat flux from the top
of the debris was touqh1¥ twice the heat flux to the concrete. For
this value of the heat flux ratio, the reactor power density required
to produce an equivalent debris/concrete interaction is either 40% of
the experimental value for the deep debris bed or 80% for the shallow
bed. In the FRAG tests, the power density was on the order of 0.45 to
0.90 W/cm® (deep bed) or 0.36 to 0.72 W/cem® (shallow bed). For the
two debris depths that were examined, this is equivalent to a range of
0.18 to 0.36 w/cm® (deep bed) or 0.36 to 0.72 w/cm’ (shallow bed). On
a per-unit-mass basis, these values convert to G.l1 to 0.2 W/g for FRAG
and 0.04 to 0.08 W/g (deep bed) or 0.08 to 0.16 W/g (shallow bed) for
the reactor case. (These calculattgnn assume a debris bed porosity ol

40% and a solid density of 8.0 g/cm”.)

In relating these specific power levels to a time after accident
initiation, several accident parameters must be specified. These are
reactor power, mass of melted core material, and fraction of decay
power produced by nonvolatile fission products. Assuming a reactor
power of 3410 MW, a core debris mass of 130 x 10 kg, and a nonvola~-
tile fraction of 70% results in the specific power levels shown in

Table 1-II.



Table 1-I

The Ratio of Reactor to Experiment Power
for Typical Parameter Values

Prea h/H = 1
r_. for (h/ll - 2)
exp
AR
qt/qc 1/10 1/20 1/30
1.0 .317 .303 .298
(.634) (.606) (.596)
2.0 .403 .390 . 386
(.806) (.780) (.772)
3.0 .470 459 «455
(.940) (.918) (.910)
Table 1-11

Reactor Decay Power vs Time

Time ihrl Specific D.cif Power (l(g)

10 0.122
24 0.096
50 0.078
75 0.069
100 0.064
200 0.052

1.1:1.) Agglicabglgsx of FRAG Gas Composition to a Reactor Aegggggg

The simulant debris used in the FRAG tests was made of mild
steel, which is composed almost entirely of iron. Flammable gas
production resulting from the oxidation of the FRAG debris may be
quite different from that in the reactor case where the core dc -is is
composed of a uranium dioxide, zirconium, and stainless steel mixture.
In determining the applicability of the FRAG results, it is necessary
to determine whether the oxidation of the core debris is sufficiently
rapid to produce equilibrium H; and CO concentrations. This question
can be answered by considering the relative reaction rates for iron,
zirconium, stainless steel, and uranium dioxide.




rapid to produce equilibrium H; and CO concentrations. This question
can be answered by considering the relative reaction rates for iron,
zirconium, stainless steel, and uranium dioxide.

Assuming that the oxidation reaction is controlled by diffusion
of reactants through the oxide layer building up on the outside of th:
debris particles, the reaction rate is given by an equation of the
form

. Ky exp(-B/RT) * ¢ (1.5

where W is the cumulative H;/CO released per unit area, R is the
universal gas constant, T is the absolute temperature, and K*® and E
are empirical parameters. To determine a reaction rate, thill equatior
is differentiated with respect to time. The resulting parabolic
reaction rates are given by

g% A % (u; )o.s - (Ii%) ¢ =0.5 (1.6)

For iron, Type 304 stainless steel, zirconium, and uranium dioxide,
the rate expressions for oxidation by steam are given by the
following:

For Fe, g% = 0,3973 oxp[-QOOO/T]t-o'5
Por 5.5., Fp = 9.682 x 10% exp(-2.121 x 109270793

Poc 2r,  gF = 127.0 exp(-1.145 x 104/73¢79+5

Por U0, gt = 30.86 exp(-1.311 x 104/21¢9+3

In these equations, W is the mass of H; (in mg) producad per em? of
exposed surface, and t is time in seconds.

The hydrogen production rates given by these equations are a
strong function of temperature. The relative rates of H, production
are given by the magnitude of the lead constants. Table 1~111 pre~
sents the rate constants calculated for three temperatures: 867 K
(594°C), 1100 K (827°C), and 1373 K (1100°C).

As shown in Table 1~IIl1, except at relatively low temperatures
(867 K [594°C)) hydrogen production rates would be even greater in a
reactor accident than in the FRAG tests. Hence, the equilibrium
concentrations would be obtained even more readily than in FRAG.
Although similar calculations cannot be performed for CO production



because experimental data are unavailable, oxidation by CO; is
expected to proceed at a rate similar to that of steam. Thus, equi-
libriur CO concentrations will also be achieved in a reactor debris
bed.

Table 1-III

Rate Constants, ‘r" for Oxidation of Four Materials

Temperature (K)

Material 867 1100 1373
Fe 1.22 x 107¢  1.11 x 1074 5.65 x 1003
5.8. 2.3 x 107