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Sammanfattning
Detta är den slutliga rapporten om det arbete som under 1998 utförts i forskningsprojektet
MSWI ("Meit Structure Water Interactions") som är en del av APRI-projektet som
finansieras av SKI, HSK, USNRC samt de svenska och finska kraftföretagen. Rapporten
beskriver resultat från avancerade analytiska och experimentella studier rörande
växelverkan mellan smälta-vatten under en hypotetisk allvarlig härdsmälta i en
lättvattenreaktor (LWR).Tyngdpunkten har koncentrerats till fenomen och egenskaper
som styr fragmentering och sönderdelning av smältstrålen och smältdroppar, smältans
utbredning och kylbarhet, samt termiska och mekaniska belastningar på ett tryckkärl under
växelverkan mellan smälta-tryckkärl. Många av de undersökningar som utförts i projektet
har publicerats i internationella tidskrifter och konferenser. Kopior på utvalda dokument
bifogas för att ge läsaren detaljkännedom. En kort sammanfattning av resultaten återfinns
nedan.

Både experimentella och analytiska studier har utförts för att förbättra kunskapen om
fenomenet smälta-struktur-vatten växelverkan. Vi anser att betydande tekniska framgångar
har nåtts under dessa studier. Det har visat sig att:
• smältdropparnas deformation och sönderdelning har en stark effekt på hur dessa

stelnar. Det fasta skorpskiktet som till att börja med uppträdde på droppytan och
senare förtjocknade inåt, dämpar de instabila vågorna på droppytan och därför hindrar
droppdeformation och sönderdelning. Droppens termiska egenskaper påverkar även
droppens termiska beteende och påverkar sålunda dess deformationsbeteende.

• smältstrålens fragmenteringsprocess är en följd av många närbesläktade fenomen.
Deformationstakten beror inte enbart på traditionella parametrar, som t ex Weber talet,
utan också på smältans fysikaliska egenskaper, som ändras när smältan kyls ner från
flytande till fast form. Dessutom kommer den bildade skorpan på smältstrålens yta att
reducera benägenheten för fragmentering.

• smälta-vatten blandningen med en binär oxidisk härdsmälta (UCVZrOa) har låg
triggnings- och explosionsbenägenhet. Effektiviteten i omvandlingen från termisk till
mekanisk energi kan vara mycket låg. Närvaron av metalliska komponenter i smältan
kan å andra sidan öka benägenheten för triggning och explosion.

• smältans beteende i en 2-D kanal är mycket olikt den i en 1-D kanal. Utvärderingen av
utbredningsparametrar i haverifall skulle bli starkt påverkade av osäkerheten i
randvillkoren för smältspridningsprocessen, som t ex bortförande av värme nedåt eller
uppåt i en händelse av härdsmälta som utbreder sig i vatten.

Beräkningskoder har utvecklats och validerats gentemot data som erhållits i MSWI-
projektet. Beräkningskoden MELT-3D (Multiphase Eulerian Lagrangian Transport code -
3D) har validerats för att undersöka hydrodynamik under "premixing" (grovblandning) när
smältstrålen tränger in i vatten. FlowLab-koden som använder sig av "Lattice-Boltzmann"
metoden för att simulera växelverkan av smälta i form av små droppar i vatten har
utvecklats och validerats. I modellen behövs ingen speciell behandling för att följa
gränsytan mellan olika faser. En mätteknik har utvecklats för att beskriva smältans
utbredning i en 1-D kanal. I koden MVITA beskrivs processen för smältpölens bildning,
konvektion och resulterande termiska belastningar på tryckkärlet. Vidare har koden
kompletterats med modeller för kylning av tankbotten och genomföringar. Koden har
kopplats ihop med ANSYS-koden, som används för strukturanalys. På det här sättet har en
kopplad termisk och mekanisk analys av belastningarna på ett tyckkärl utförts.



ABSTRACT

This report is the final report for the work performed in 1998 in the research project Melt Structure
Water Interactions (MSWI), under the auspices of the APRI Project, jointly funded by SKI, HSK,
USNRC and the Swedish and Finnish power companies. The present report describes results of
advanced analytical and experimental studies concerning melt-water-structure interactions during
the course of a hypothetical severe core meltdown accident in a light water reactor (LWR).
Emphasis has been placed on phenomena and properties which govern the fragmentation and
breakup of melt jets and droplets, melt spreading and coolability, and thermal and mechanical
loadings of a pressure vessel during melt-vessel interaction. Many of the investigations performed
in support of this project have produced papers which have been published in the proceedings of
technical meetings. Copies of selected papers are attached to provide greater detail to the reader.
A short summary of the results achieved in these papers is provided in this overview.

Both experimental and analytical studies were performed to improve knowledge about phenomena
of melt-structure-water interactions. We believe that significant technical advances have been
achieved during the course of these studies. It was found that:
• the solidification has a strong effect on the drop deformation and breakup. Initially appearing at

the drop surface and, later, thickening inwards, the solid crust layer dampens the instability
waves on the drop surface and, therefore, hinders drop deformation and breakup. The drop
thermal properties also affect the thermal behavior of the drop and, therefore, have impact on
its deformation behavior.

• The jet fragmentation process is a function of many related phenomena. The fragmentation rate
depends not only on the traditional parameters, e.g. the Weber number, but also on the melt
physical properties, which change as the melt cools down from the liquidus to the solidus
temperature. Additionally, the crust formed on the surface of the melt jet will also reduce the
propensity to fragment.

• The molten fuel-coolant mixtures with a binary oxidic core melt (UO2-ZrC>2) may feature low
triggerability and low explosivity. The mechanical-to-thermal conversion ratio may be very
low. The presence of metallic component in the melt may significantly enhance triggerability
and explosivity of molten corium.

• The characteristics of melt spreading into 2-D channel are much different from those into 1 -D
channel. The evaluations of spreading parameters in reactor accident situations would be
strongly affected by the uncertainties in the boundary conditions of the melt spreading process,
such as downward heat removal and of upward heat removal in case of core melt spreading
under water.

Computer codes were developed and validated against the data obtained in the MSWI Project. The
Multiphase Eulerian Lagrangian Transport code (MELT-3D) was validated to investigate the
hydrodynamics during the premixing process of jet penetrating into a water pool. The FlowLab
code employing the multi-fluid multi-phase Lattice-Boltzmann method was developed and
validated. In the Lattice-Boltzmann approach, no special treatment is needed to track the interface.
A scaling technology was developed to describe the spreading efficiency of melt into 1-D channel.
The melt vessel interaction thermal analysis (MVTTA) code describes the process of melt pool
formation, melt pool convection and the resulting vessel thermal loadings. A gap cooling model
and model representing penetrations were incorporated into this code. The code was coupled with
ANSYS code, which performs structure analysis. Thus a coupled thermal and mechanical analysis
of the loadings of a pressure vessel during the melt-vessel interaction, could be performed.



1 INTRODUCTION

This report describes the studies performed at the Division of Nuclear Power Safety
of Royal Institute of Technology (RIT/NPS) on melt-structure-water interactions that
occur during the progression of a core melt-down accident. These studies, which began
in 1994, are sponsored by a consortium consisting of Statens Karnkraftinspektion (SKI),
the Swedish and Finnish power companies (Vattenfall Ringhals, Forsmark Kraftgrupp
AB, OKG AB, Barseback Kraft AB and TVO), the United States Nuclear Regulatory
Commission (USNRC), the Nuclear Safety Commission of Switzerland (HSK), and the
NKS project. Part of the work performed was reported, previously, and published as an
NKS project report [1] and as SKI reports [2], [3], [4] and [5].

2 BACKGROUND

In the following sections we describe the background for three tasks which will be ad-
dressed here, namely;

1. phenomena of melt-water interactions, with particular emphasis on fragmentation
of a melt droplet in water

2. spreading efficiency and coolability of corium melt

3. thermal and mechanical behavior of a pressure vessel during core melt-vessel inter-
action

2.1 Melt-water interactions

During the last 10-15 years, much research has been performed, including both experi-
mental and numerical investigations, concerning the interaction of molten fuel with water.
Fuel-coolant interactions (FCIs) may occur during the course of a severe accident in a
light water reactor (see e.g. Theofanous, 1995 [6]). The nature of FCIs can range from
benign film boiling to explosive interactions. Four distinct phases are thought to occur
during an explosive FCI: pre-mixing, triggering, propagation (or fine fragmentation), and
expansion phases (see a review by Corradini et al., 1988 [7]).

Several large-scale experimental programs and analyses efforts are underway to de-
termine physical mechanisms associated with FCIs and to provide models and methods,
which could be used to predict the consequences of FCIs in reactor accident situations;
see for example recent reviews in Turland and Dobson, 1996 [8], Berthoud, 1996 [9],
Magallon et al., 1995 [10].



Although remarkable progress in the description of the pre-mixing and expansion
phases of the steam explosion has been achieved in recent years, the initial phase of
the FCI process has not been well understood yet. This includes jet break up, droplet
formation and subsequent fragmentation. This work is concerned with the droplet frag-
mentation and the resulting particle size distributions, which are important for debris
formation and subsequent debris coolability.

Deformation and fragmentation of drops under MFCI conditions have been theo-
retically and experimentally investigated in [11] [12] [13] [14]. Several methods were
developed to describe mechanisms of hydrodynamic fragmentation which are assumed to
govern the drop breakup process. These are the instantaneous Bond number method of
Simpkins and Bales [15] (for liquid-gas contact mode) and of Yuen et al [11] (for liquid-
liquid contact mode), or the acceleration-induced fragmentation method of Pilch and
Erdman [16], to name a few. Under MFCI conditions, heat transfer may significantly
influence the droplet breakup process. The effect of melt freezing was investigated in
experiments at RIT/NPS and reported in a paper by Okkonen and Sehgal [13]. It was
found that high surface tension in the mushy zone may limit the deformation and frag-
mentation of melt drops. In addition, gas entrainment and film boiling were found to
have mitigating effects on the acceleration-induced deformation process. The drop frag-
mentation process is responsible for the interfacial area evolution during the premixing
and propagation phases of a steam explosion. In particular, the role of melt and coolant
physical properties, droplet solidification and coolant boiling upon droplet fragmentation
dynamics requires further investigation.

Experiments conducted at high temperatures and employing alumina melt and binary
oxidic melt of urania-zirconia show significantly different explosion potential, e.g. [17].
Among other mechanisms, different solidification behavior of these melt mixtures is hy-
pothesised to be responsible for the degree of their individual fragmentation in triggered
or propagated-explosion events. Further investigation of this hypothesis and other phe-
nomena related to MFCI is essential to reduce uncertainties in predicting steam explosion
energetics in a hypothetical severe reactor accident.

2.2 Corium spreading and coolability

2.2.1 Corium spreading

For the next generation of nuclear power plants core melt scenarios have to be taken
into account in the design. In the case of a reactor pressure vessel (RPV) melt through,
measures have to be devised to stabilize the core melt, within the containment, in order
to maintain its operability as the final barrier to fission product release. One promising
solution is to provide a large spreading area for the melt ejected from the RPV to ensure
that its thickness is thin enough to be coolable. This is the favored solution for the



development of the French-German design of the European Pressurized water Reactor
(EPR).

Currently the Nuclear Power Safety division at KTH is a partner in a Joint Work
Programme on "Corium Spreading and Coolability" (CSC) sponsored by European Com-
mission. The main objectives of this programme are to develop a sound scientific and
technical basis to support the European nuclear industry, taking into account the results
given by the CSC project and the design of reliable core-catchers. This project concen-
trates on: spreading of corium under both dry and wet conditions, and cooling of corium
by direct water contact based on flooding from the top or from the bottom.

Phenomenological classification

Liquid spreading has long been the subject of study in classical fluid dynamics as well
as in valcanology, and in chemical and nuclear engineering. In this study, we consider the
spreading in macroscopic scale, i.e. liquid thicknesses larger than few thousand angstroms
(Leger and Joanny, 1992 [18]). In such a case, the spreading is almost independent of the
wettability of the solid surface and can be described as a hydrodynamic process.

Physics of fluid spreading was investigated experimentally and theoretically for cases
where inertial effects may be neglected (Shikhmurzaev, 1991 [19], Kalliadasis and Chang,
1996 [20]). In general, at the end of the spreading process liquids form thin film when
inertial effects are small whose thickness is much smaller than the typical length scale for
the variation of the velocity along the solid surface. The description of hydrodynamic mo-
tions can then be considerably simplified by using the so-called lubrication approximation
(see e.g. [18]) or other numerical methods (Rahman et al., 1991 [21]).

The physical process in applications (Weisshaupl and Bittermann, 1995 [22], Alsmeyer
et al., 1995 [23], Cognet et al., 1997 [24]) motivating this study is more complex, since
it likely involves both gravity-inertia regime and gravity-viscous regime (Ehrhard, 1996
[25]). Moreover, solidification of liquid (melt) is another factor which could significantly
affect the spreading dynamics (Greene et al., 1988 [26], Moody, 1989 [27], Fink and
Griffiths, 1990 [28]).

In addition, strength of the crust (solidified melt) was found to be important for
describing the evolution of the extrusion of viscous or plastic fluid, for example, in a
magma eruption (Griffiths and Fink, 1993 [29]). It is instructive, however, to note that, in
the current stage, we are not particularly interested in the long-term spreading processes
with the melt sources typical for lava flows and domes. Therefore, the effects of crust
strength and mechanical stability will not be considered.

Various physical phenomenon take place during the spreading of corium in a postu-
late severe accident. The behavior of melt spreading will be influenced by processes like:
melt solidification, concrete ablation, change of the melt properties due to addition of
concrete decomposition products, fragmentation of melt when interacting with coolant,



crust formation, porosity and permeability of solidified melt, bubble-induced mixing en-
hancement, filrn boiling on liquid moving on roughened surfaces, radiation heat transfer,
stratified steam explosion, etc.

Table 1: Classification of phenomena related to the melt spreading process.

Phenomena
-

Wettability
Hydrodynamics
Solidification
Melt stratification
Crust instability

Chemical augmentation
Decay heat
Radiation heat tr.
Film boiling
Heat tr. to concrete
Gas percolation
MFCI /Fragmentation

Dry Spreading
-

Not considered,

Spreading under Water
Shallow water Deep Water

film thickness 5 » 10 A
From Gravity-Viscous to Gravity-Inertia
Phase change o : multi-component melts
Scenario- and design-dependent
Typical for lava flows. Not considered here
Significant for metal-rich melts

Yes
Yes
No
Yes
Yes
No

Yes
Yes

In first stage
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes

The spreading of the melt will depend also on the initial condition of the melt: melt
superheat, melt properties, characteristics of melt supply, influence of melt water interac-
tion prior to spreading; and by the conditions of the floor and substrate: dry or wet floor,
substrates materials (ceramics, cast iron, concrete), cooling mechanism in the substrate,
surface inclination,surface geometry (channeling, roughness), ID, 2D; if wet floor: water
height, water subcooling.

Table 1 provides a classification of phenomena related to, or, having potential influence
on, the melt spreading process on a containment floor. In particular, it is proposed to
separate the spreading processes under deep and shallow water layers. Here the shallow
water layer is defined as one in which complete evaporation of the water above the
spreading layer occurs during the spreading process. In such a case, the upward heat
transfer regime (from the melt to surrounding medium) changes significantly during the
transient spreading process.

Debris bed coolability

Ex-vessel melt (debris) coolability is a critical safety issue for the current and the
future light water reactor plants, with respect to management, and termination, of a
postulated severe (core melt) accident. After vessel failure, the core melt pool attacks
the concrete basemat, whose ablation can be terminated only by cooling the melt to
below the concrete dissolution temperature.



The most convenient accident management measure to cool the melt is to establish a
water layer on top of the melt pool. This coolability scheme has been investigated in the
MACE experiments (Sehgal et al., 1992 [30]), where it was found that a tough crust is
formed on the upper surface of the melt pool, which limits the access of the water overlayer
to the melt. The conduction heat transfer through the thickening (with time) crust is
insufficient to remove the decay heat generated in the melt. Another mechanism, i.e. melt
eruption (like a valcano) into water, helps to remove some of heat; however achieving melt
coolability below the concrete solidus temperature may take a considerable time, during
which the melt keeps eroding the concrete basemat. Melt quenching was not achieved in
any of the MACE experiments.

Recently, achieving coolability by injecting coolant into the bottom surface of the core
melt pool has been investigated in the COMET experiments at Karlsruhe (Alsmeyer, et
al., 1998 [31]). In this scheme, water nozzles are embedded in the containment floor
below its surface. Decay-heated core melt ablates through a sacrificial concrete layer
before it reaches the water nozzles. The nozzles open as they contact the melt, thereby
starting the water injection into the bottom of the melt pool. The COMET experiments
using thermite melt and using prototypic core melt were performed at FZK and at ANL,
respectively. In all cases, the melt was found to quench, in a relatively short time, to
a porous, easily penetrable, debris with continued access of water to all regions of the
previous melt pool. Engineered backfits or new designs based on the COMET scheme,
however, appear complicated for implementation, and difficult to verify, in either existing
or new plants.

Becker et al. (1990) [32] performed experimental investigations on debris bed coolabil-
ity by introducing vertical tubes, with slots at the bottom end, into the debris bed. These
tubes acted as downcomers to channel water from an overlying water pool to the bottom
region of the bed. In this approach the limitations associated with counter current flows
of steam and water in a porous bed are avoided. Significant enhancement of dryout heat
fluxes was found. In this scheme, even a stratified debris bed of small particles, resting
on top of the bed of larger particles, was found coolable. The database, and related
theoretical background developed, are not sufficient to support a design modification
incorporating downcomers in a containment to enhance debris coolability.

2.3 Melt-vessel interactions during late phase of in-vessel core
melt progression

During the course of a hypothetical severe (core melt-down) accident in a LWR, molten
core materials may be relocated to the RPV lower plenum in large quantities. Prediction
of the survival and integrity of the RPV lower head during core melt-vessel interactions
has been the subject of several experimental and numerical investigations, for both pres-
surized water reactors (PWRs) and boiling water reactors (BWRs) reactors. A review of
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physical phenomena involved in, and results of previous studies related to, the assessment
of RPV thermal loading and vessel failure, can be found in the work by Rempe et al.
(1993) [33]. The present work focuses only on the in-vessel coolability phenomenology
and the vessel creep behavior.

2.3.1 Global and local creep rupture

Creep modeling. In general, most studies involve application of finite-element method,
shell theory or simplified analytical techniques to investigate the vessel creep deformation
in a thermo-elastic-(plastic) regime. There are many uncertainties associated with creep
modeling:

The currently existing methods are based on fits to the creep data obtained by stan-
dard uniaxial creep tests. It is not certain, whether these approaches are accurate
enough to predict multiaxial creep processes.

Another, more fundamental drawback of widely used creep models is that they are
based on the equation of state approach, which assumes the response of the material
to be dependent on the present state explicitly. It has been argued that the only
valid representation of creep is one that incorporates the memory of past events.
The equation of state theory, which is adopted in most methods on the practical
grounds, does not possess this feature (Kraus, 1980, [34]).

There are many uncertainties associated with mechanical properties of prototyp-
ical carbon steel (elastic modulus, stress-strain relationships, thermal expansion
coefficient, etc.) under high-temperature conditions.

Creep rupture criteria. Overwhelming majority of previous creep rupture analyses
employed Larson-Miller Parameter (LMP) approach (Larson and Miller, 1952, [35]) as an
estimate for the time to rupture of the vessel shell. A more advanced approach involves
the damage concept, which allows to take into account the transient temperature and
pressure loadings (Kraus, 1980, [34]). Experience has shown that both LMP method and
LMP with incremental damage procedure can significantly underestimate the rupture
strain (Theofanous et al., 1995 [36]). Different strain-based failure criteria would avoid
this problem (Theofanous et al., 1995, [36], Duijvestijn et al., 1997 [37]).

Experiments. The above-presented overview of analytical studies of creep rupture
clearly indicates that the currently existing numerical and analytical methods are prone
to large number of uncertainties in an assessment of both creep deformation and time
to rupture for prototypical geometry and thermo-mechanical loadings. Only a limited
number of experiments are currently available. Different uniaxial tensile tests are per-
formed for different reactor vessel steels in the USA, Russia, Germany and France. So far,



only a few multiaxial experiments investigating creep rupture of the reactor carbon steel
under high-temperature conditions were accomplished. In the RUPTHER experimental
program [38], a simple thin shell tube is subjected to internal pressure and axial-gradient
thermal loading (temperature up to 1000°C). The data obtained in this experiment can
be used for validation of different structural mechanics models. Recently, LHF (Lower
Head Failure) experiments have been performed at SNL, investigating creep failure of rel-
atively large vessels (l/5th-scale), held at a pressure of about 100 bars, while the vessel
bottom head is heated to temperatures of about 1000K (Chu et al., 1997, [39]). The en-
ergy transfer to the reactor vessel from the core debris is simulated using a hemispherical
resistance heater. Effects of power peaking in the local distribution of heat transfer, and
impact of penetrations on the vessel failure time were the major tasks of the LHF-1,2,3,4
experimental tests.

2.3.2 Gap cooling

The idea of gap cooling originates from code analyses in support of the OECD/NEA
TMI-2 VIP, which concluded, that the TMI-2 vessel should not have survived the ac-
cident. The investigations predict that creep failure should have occurred within some
two hours. This indicates that some inherent heat transfer mechanism, not previously
recognized, may exist. The most widely held belief is that the water (always present
during the TMI-2 accident) may penetrate into gaps between the vessel and debris. The
gaps, widened due to the creep of the vessel wall, provide a channel for water ingression
and subsequent cooling of the lower head, precluding its creep rupture. From recent met-
allurgical examinations of the TMI-2 vessel (Korth, 1992, [40]), OECD/NEA concluded
that the 1323-1373 K hot spot suddenly quenched at the rate of up to 100 K/s.

Experiments in FAI, USA (Henry and Hammersley, 1996, [41]), KAERI, Korea (LAVA
facility, Kim and Kim, 1997, [42]) and JAERI, Japan (Maruyama et al., 1996, [43]) involve
high-temperature iron thermite (Fe+A^Oa or AI2O3 only) as a corium simulant. No
sustained heating is provided. Russian (Asmolov et al., 1997, [44]), German (Zeisberger
et al., 1997, [45]) and Korean (CHFG facility, Kim and Kim, 1997, [42]) experiments
are aimed at investigation of heat transfer in gaps, preset to a specified thickness, using
the low-temperature simulant coolants. Some experimental data is available, however no
conclusions as to the efficiency of the gap cooling to preclude vessel failure have been
arrived at.



3 OBJECTIVES AND APPROACH

3.1 Melt-water interactions

The aim of research in this area is to investigate molten jet-coolant interactions, limited
to the physical mechanisms which may govern instability and fragmentation of droplet
and jet penetrating a coolant pool. Since the experimental database is rather meagre and
uncertain, and the validity and applicability of different models is not so clear, a rational
synthesis of the experimental information and calculation results aides in delineating
various aspects of the underlying physics.

Clearly, there are three primary inter-related thermal-hydraulic phenomena:

(i) fragmentation;
(ii) film boiling around the high-temperature melt; and
(iii) boiling dynamics in the coolant pool

Differing from the work performed during the previous year, the major focus pursued
in the work reported here is that of the melt physical properties and of its solidification
on the fragmentation process of a melt drop. Considerations of the effect of shock waves
on the fragmentation process have also been studied. Different physical aspects will be
investigated both numerically and experimentally.

3.2 Corium spreading and coolability

In the case of a reactor pressure vessel (RPV) melt through, measures have to be foreseen
to stabilize the core melt within the containment in order to maintain its operability as
the final barrier to fission product release. One promising solution is to provide a large
spreading area for the melt ejected from the RPV to ensure that its thickness is small
enough to be coolable.

The RIT/NPS experimental program in this area is directed to develop a sound sci-
entific and technical knowledge base to support the severe accident management scheme.
The objectives of the spreading-related research at RIT/NPS is to delineate the effect of
material physical properties in different spreading regimes: (1) gravity-inertia vs. gravity-
viscous regimes; (2) dry spreading vs. spreading into a coolant; and (3) different regimes
of heat transfer to substrates.

The objectives of the research on corium coolability at RIT/NPS are (1) to understand
the physics which governs melt-coolant interaction and heat transfer in the bottom-
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injection coolability scheme; (2) to investigate the potential of different cooling schemes
for ex-vessel core debris. The focus will be put on the effects of physical properties of
melt and of geometrical parameters on the porosity formation, and the potential of the
dryout heat flux enhancement of a debris bed.

3.3 Melt-vessel interactions during late phase of in-vessel core
melt progression

During the course of a hypothetical severe accident in a light water reactor (LWR), large
amount of molten core materials may be relocated to the reactor pressure vessel (RPV)
lower plenum. Depending on accident scenarios, reactor design and accident management
procedures, the in-vessel debris configuration may be different. In general, the heat,
transferred from the debris to the vessel, will cause the vessel heat-up and weaken the
vessel strength. As a consequence, the lower head wall can be subjected to significant
thermal and pressure loads, and lower head may fail due to melting or creep rupture.
For assessment of severe accident management and for determination of the loads on the
containment, the mode, timing and size of failure is of paramount importance.

It has been proposed recently, that addition of water into the reactor lower plenum
may cool the vessel and prevent the vessel creep failure. The success of this accident man-
agement scheme largely depends on whether the water can penetrate into the gap, which
may open up between the debris and the creeping vessel. Since the core melt relocation
and debris bed formation are highly three-dimensional processes, it is difficult to predict
a pattern of water channeling in-between the vessel and the debris. Another important
question is whether gap thermal hydraulics favours water ingression to sufficient depth
to cool the lowermost regions of the vessel and prevent its creep failure.

The objectives of the study performed at RIT/NPS on this subject is to obtain data
and to develop validated models (i) on the melt coolability process inside the vessel,
in the presence of water (in particular, on the efficacy of a postulated gap cooling to
preclude vessel failure); and (ii) on the lower head failure due to melting and the creep
deformations in the absence of water inside and/or outside the lower head. The latter
objective is the one pursued first in the work performed so far.

4 FACILITIES

During 1998, several high-technology instrumentations and new facilities were obtained
and developed. A Philips 320kV, 22 mA X-Ray source and a Thomson 290 mm quadfield
image intensifier were purchased. The X-Ray system was installed inside a 400 mm thick
reinforced concrete containment. The initial startup of the system found that (1) for
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operating below 160 kV, no further radiation shielding is necessary, (2) for operating
above 160 kV, extra 10 mm thick lead panels to enclose the source, test-section and
image intensifier are needed to reduce the radiation leakage to a safe level. The licience
to possess and to operate this X-Ray system was obtained from the Swedish Radiation
Protection Institute.

The multiple-sensor void probe technology was developed to measure local void frac-
tion. The strong and replaceable sensors were designed and constructed. A PC base 312
kS/s data acquisition board was obtained for 30 channels high speed data sampling of the
void fraction measurements. The software for data acquisition and signal processing were
developed and tested. The void probe installation and test were conducted, and it was
found that the void probe developed was found to meet the experimental requirements.

A small induction furnace was also constructed for a smaller melt volume experiments.
Some of the simulants with the properties much closer to those of the corium are very
expensive to obtain (e.g. W2O3). Thus only smaller melt mass experiments are possible,
accordingly, smaller diameter jet experiments are implemented and they are better for
visualization and for measurements. The small induction furnance can produce melt up
to 1500 °C with maximum melt volume of 5 liters. The nozzle size can range from 5 to 20
mm diameter. The plug of stainless steel construct is for lower temperature experiment,
the plug of graphite or ceramic construct is for higher temperature experiments.

A facility for droplet fragmentation has been designed, and constructed to observe
droplet and small-volume melt jet fragmentation with high temperature oxidic melt ma-
terials and low and medium temperature metal alloys. The facility employed small quan-
tities of different melts heated in a furnance to different superheats, from which different
diameter droplets and jets were introduced at different velocities in a water pool held at
different subcoolings. The fragmentation behavior was observed with a high-speed video
camera, and the resulting particles were seived, counted and their shapes were corre-
lated to experimental conditions. Figure 1 shows the schematic of droplet fragmentation
experiments. For this facility, the maximum melt volume is 0.12 L, maximum melt tem-
perature is 1200°C, the diameters of nozzles available are for 5, 8 and 10 mm, the coolant
temperature varied from 2 to 100°C, the maximum video speed is 450 fps.

Later the facility of droplet fragmentation experiment was modified to enable (1) the
visualization and image processing methods with an advance image processing software
for characterization of the breakup and dispersion of a melt jet in a volatile coolant, and
(2) the real time X-Ray radiography for void and melt fraction measurements. The new
name is given as MIRA-2D. The multiple-sensor void probe was installed and calibrated.

The facility MIRA-20L was designed and constructed to perform large scale melt jet
fragmentation experiments with up to 20 liters of high temperature (1200 to 1300 °C)
melt. The void probes were inserted to obtain space-time void distribution data. The
high speed video was installed. Figure 2 shows the schematic of MIRA-20L facility. The
scoping experiments were performed inside the containment with different melt masses
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Figure 1: Schematic of Droplet Fragmentation Experiments.
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MIRA-20L EXPERIMENT

Figure 2: Schematic of MIRA-20L test facility.

and different sub-coolings of water pool. The data on steam generation and water swell
was obtained, the debris was collected and sieved to obtain the particle size distributions.
The temperature of the catcher plate was obtained during the transient.

The facility, developed in 1997, using the induction furnace and a 1-D concrete chan-
nel to perform spreading experiments with high temperature oxidic melt at about 1200
°C, was moved inside the containment. Scaling experiments were performed with upto
10 liters oxidic melt at 1200 °C on a steel base in the concrete channel, under water.
The effects of the upward and downward heat fluxes on the spreading length were the
objectives of this study. At the same time, the 2-D spreading facility was designed and
constructed. A series of 2-D experiments were performed with molten salt spreading in
parrafin oil. It was found that 2-D spreading is different from 1-D spreading. A schematic
of the 2-D spreading facility is shown in Figure 3.

A facility, named FOREVER (Failure Of REactor VEssel Retention) was designed
and constructed, employing hemispherical propotypic steel vessel at 1/10 scale. The
objectives of these experiments are to investigate the creep behavior of the LWR vessels,
and to determine whether the gap created can support continuous cooling of the vessel
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Figure 4: Schematic of the FOREVER/C experimental set-up.

wall through continuous feeding of water (the TMI-2 scenario). The first experiment was
performed. In this experiment, the melt simulant employed was binary oxide at about
1200 °C. After delivery of melt, the vessel was closed and subjected to 10-20 bar pressure,
employing an inert gas. Up to 20 liters of melt was employed and heated continuously by
an electric heater supplying ~ 22KW. The schematic of the FOREVER-1 experimental
set-up is shown in Figure 4.

RESEARCH PROGRAM PROGRESS

Significant progress was made in experimental facility development. Several important
findings were reached by analysis of the experiments conducted at RIT/NPS. In par-
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ticular, it was found that the solidification has a strong effect on the drop deformation
and breakup. For the corium spreading, the downward heat removal and upward heat
removal in case of core melt spreading under water have significant effects on the melt
spreading area and average spreading thickness.

Analysis-development activities have also resulted in important findings related to
(i) the differences in the explosivity of molten corium and molten AI2O3 as found in
the KROTOS experiments, (ii) the focusing effect of a shock wave (steam explosion)
during melt-coolant interaction on the drop breakup, (iii) innovative model of multiphase
multifluid model, namely lattice-Boltzmann method and FLOWLAB code validation, (iv)
a scaling technology for corium spreading in one-dimensional channel and the coolability
of melt by bottom injection. In addition, (v) the improvement of MVITA code considering
the effect of gap cooling and penetration tubes.

The results and findings obtained are described in a summary fashion in Section 7.
In addition some of the key papers published in 1998 have been attached to provide the
interested reader with the opportunity to review the research methodology and results in
a logical manner.

6 RESEARCH PROGRAM DESCRIPTION AND
RESULTS UP TO DECEMBER 31, 1998

The research program has resulted in many peer-reviewed publications. We are presenting
here a selection which provides, (i) description of the experimental program and results on
melt droplet-water interaction, melt jet fragmentation, corium spreading and coolability,
vessel creep; and (ii) description of the analysis models and results dealing with the
thermal hydraulic behavior occurring during the melt-water interaction, spreading, debris
bed coolability, and melt-vessel interaction processes. Reprints or pre-prints of twelve
papers, whose particulars are listed below, are attached here. In the following paragraphs,
we will provide summaries of the findings reached in these publications.

6.1 A Selected List of Papers Published

1. V.A. Bui and B.R. Sehgal, "Effects of Solidification on the Behavior of a Melt Drop
in Flow Field", 3rd International Conference on Multiphase Flows, Lyon, France,
June 8-12, 1998.

2. R.R. Nourgaliev, T.N. Dinh, and B.R. Sehgal, "Numerical Simulation of Droplet
Deformation and Breakup by a Lattice-Boltzmann Method", 3rd International Con-
ference on Multiphase Flows, Lyon, France, June 8-12, 1998.
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3. H.O. Haraldsson and B.R. Sehgal, "Particle-size Distribution in Molten Fuel-Coolant
Interactions and Parameters of the Sequential Fragmentation Theory", 3rd Inter-
national Conference on Multiphase Flows, Lyon, France, June 8-12, 1998.

4. H.X. Li, H.O. Haraldsson, T.N. Dinh, J.A. Green, and B.R. Sehgal, "Fragmentation
Behaviour of Melt Drops in Coolant: Effects of Melt Drop Solidification", 3rd
International Conference on Multiphase Flows, Lyon, France, June 8-12, 1998.

5. A.T. Dinh, V.A. Bui, R.R. Nourgaliev, T.N. Dinh, and B.R. Sehgal, "Simulation
of Melt-Coolant Micro-Interactions in a Steam Explosion", 3rd International Con-
ference on Multiphase Flows, Lyon, France, June 8-12, 1998.

6. T.N. Dinh, A.T. Dinh, J.A. Green, and B.R.Sehgal, "An Assessment of Steam Ex-
plosion Potential in Molten-Fuel-Coolant Interaction Experiments", CD-ROM Pro-
ceedings International Conference on Nuclear Engineering, ICONE-6, San Diego,
CA, USA, May, 1998.

7. A.A. Gubaidullin, Jr,, V.A. Bui, and B.R. Sehgal, "Simulation of Bubble and Drop
Behavior under Shock Wave", 3rd International Conference on Multiphase Flows,
Lyon, France, June 8-12, 1998.

8. T.N. Dinh, M. Konovalikhin, D.Paladino, J.A. Green, A.A. Gubaidulin, and B.R.Sehgal,
"Experimental Simulation of Core Melt Spreading on a LWR Containment Floor
in a Severe Accident", CD-ROM Proceedings International Conference on Nuclear
Engineering, ICONE-6, San Diego, CA, USA, May, 1998.

9. B.R.Sehgal, Z.L. Yang, T.N. Dinh, and D. Paladino, "Investigation of Ex-Vessel
Debris Coolability by Bottom Coolant Injection", CD-ROM Proceedings Interna-
tional Conference on Nuclear Engineering, ICONE-6, San Diego, CA, USA, May,
1998.

10. B.R. Sehgal, R.R. Nourgaliev, T.N. Dinh, A. Karbojian, V.A. Bui, J.A. Green,
" FOREVER Experiments on Thermal and Mechanical Behavior of a Reactor Pres-
sure Vessel Severe Accident", OECD/CSNI Workshop on "In-Vessel Core Debris
Retention and Coolability", Garching, Germany, 3-6 March 1998.

11. B.R. Sehgal, R.R. Nourgaliev, T.N. Dinh, and A.K. Karbojian "Integral Exper-
iments on In-Vessel Coolability and Vessel Creep: Results and Analysis of the
FOREVER-C1 Test", Proceedings of the Workshop on "Severe Accident Research
in Japan, SARJ-98", Japan, Nov. 1998.

12. V.A. Bui, R.R. Nourgaliev, Z.L. Yang, T.N. Dinh, and B.R. Sehgal, "Advances
in MVITA Modeling of Thermal Processes in the Reactor Pressure Vessel Lower
Plenum with a Core Melt Pool", CD-ROM Proceedings of International Conference
on Nuclear Engineering, ICONE-6, San Diego, CA, USA, May, 1998.

18



7 SUMMARY OF RESEARCH RESULTS

The research work performed at RIT/NPS, within this project, can be divided into three
parts, namely, 1) Melt-Fuel-Coolant interaction, with particular emphasis on fragmenta-
tion of droplet and melt jet in water, 2) corium spreading and coolability, and 3) in-vessel
thermal loading and vessel creep during core melt-vessel interaction.

In the first part, both experiments and analyses were performed. Innovative models
of melt-water interactions were developed. A concept of melt jet fragmentation is pro-
posed. Parametrics of melt physical properties were also investigated, experimentally,
analytically and numerically.

In the second part, experiments on melt spreading on the channel with different
conditions were performed. A scaling model was developed, whose focus is placed on
results of the melt spreading process, i.e. melt layer thickness and spreading distance.
The analysis of melt coolability by bottom coolant injection was performed.

In the third part, the first FOREVER experiment was performed and the results were
analysed. The MVITA-2D code was further developed to enable to model the effect of
gap cooling and penetration tubes.

7.1 Droplet and jet fragmentation

7.1.1 Effects of Solidification on the Behavior of a Melt Drop in Flow Field
(Paper No.l)

In this paper the effect of solidification of a high-density liquid drop on its behavior in the
flow field of another liquid is numerically investigated by means of the SIPHRA code. The
code is based on a numerical method, which combines the advanced Level-Set Algorithm
(LSA) for interface tracking with the high-order Cubic-Interpolated Pseudoparticle (CIP)
Method for solution of the Navier-Stokes equations.

Present numerical study emphasizes the influence of non-uniform solidification of the
drop on its deformation and fragmentation. Solidification of the melt drop is modeled by
means of the fixed grid enthalpy approach, which is combined with the level-set algorithm
to track the moving solidification front. A law of viscosity alteration in the phase change
mushy and solid-phase regions is implemented to study the effects of solidification.

The computational results, obtained for the case of a Cerrobend drop in water, show
that solidification has a strong effect on the drop deformation and breakup. Initially
appearing at the drop surface and, later, thickening inwards, the solid crust layer damps
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the instability waves on the drop surface and, therefore, hinders drop deformation and
breakup. It was also found that presence of a relatively thin solid crust around the drop
could significantly reduce the magnitude of drop deformation for both parallel and cross
flow. The effects of the melt drop thermal properties on its solidification and deformation
were also studied in this work. It was found that all of these factors could affect the
thermal behavior of the drop and, therefore, have important influence on its deformation
behavior.

7.1.2 Numerical Simulation of Droplet Deformation and Breakup by a Lattice-
Boltzmann Method (Paper No.2)

In this paper the LBE model of Shan, Chen and Doolen for multi- component multiphase
flows is modified to the two- dimensional nine-speed lattice (D2Q9). The performance
of the FlowLab code developed is examined on single- and multiphase flow benchmark
tests. The method is then applied for simulation of droplet deformation/fragmentation.
Calculations, performed for low and moderate Re and We numbers, demonstrate the
capability of the present LBE model to describe dynamic evolution of complex liquid-
liquid interfaces. The deformation/break-up regime map, derived from the simulation
results, is in good agreement with experimental data. The calculated drag coefficient
in small deformation mode is found to be similar to the drag coefficient for the circular
cylinder. In general, oscillatory deformations and bag break-up regimes are characterized
by higher drag, due to significant distortion of the interface. This tendency is described
by the LBE method.

The present study shows that Lattice-Boltzmann Equation approach may be a pow-
erful computational method for simulation and investigation of multiphase interfacial
processes.

7.1.3 Particle-size Distribution in Molten Fuel-Coolant Interactions and Pa-
rameters of the Sequential Fragmentation Theory (Paper No.3)

The objective of the present paper is to compare the performance of statistical distribu-
tions which are used to describe the size distributions of fragments obtained from molten
fuel coolant interactions (MFCI) experiments.

Four distributions namely: Weibull, log-normal and upper limit log-normal distribu-
tions are employed along with the distribution resulted from the sequential fragmentation
theory (SFT) of Brown [46]. Fitted distributions for three sets of experimental data are
presented, one set from the JRC/Ispra, KROTOS experimental program and two sets
from experiments performed at the RIT/NPS laboratory.
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It is found, among the distributions examined, that the SFT model, using mass mean
diameter a and a free parameter 7, which represent the fractal dimension of the debris,
describe the measured data better than the other distributions. The fractal dimension is
found to vary between two and three, depending on the mass-mean size of the fragments
(a). In the case of corium debris the fractal dimension approaches three as the mass
mean diameter decreases. For Pb-Bi and cerrobend-70, the fractal dimension approaches
two with smaller mass mean diameter. Additionally, the paper discusses the physical
background and the distribution parameters of the SFT.

7.1.4 Fragmentation Behaviour of Melt Drops in Coolant: Effect of Melt
Drop Solidification (Paper No.4)

In this paper, the results from test series using Pb-Bi alloys at both eutectic and non-
eutectic compositions are presented. The goal of this work is to provide an experimental
database which can be used in furthering the understanding of droplet fragmentation
with particular application to steam explosions in hypothetical severe accidents in nuclear
power plants. The following conclusions have been reached so far:

1. Coolant temperature is found to have a significant impact on the droplet fragmen-
tation behavior for subcooled conditions. Typically, the droplet fragmentation can
be roughly categorised in two regimes: the fragmentation-controlled regime, and
the freezing-controlled regime. The solidification and the fragmentation processes
and their time scales compete with each other.

2. The melt superheat greatly affects the characteristic time for solidification, and
thus strongly affects the deepness of the fragmentation process.

3. The fusion heat of the eutectic melt contributes significantly to the solidification
time scale, thereby enabling the eutectic melt drop to feature deeper fragmentation.

4. The presence of the mushy zone during the phase change of the non-eutectic melts
significantly prevents these melt drops from completing the deformation and frag-
mentation process, especially when the melt superheat is small. Compared to the
effect of the melt physical properties in the mushy zone (e.g. viscosity, surface ten-
sion) on the fusion heat of the non-eutectic melt plays a relatively smaller role in
the fragmentation of the drops of non-eutectic melt.

7.1.5 Simulation of Melt-Coolant Micro-Interactions in a Steam Explosion
(Paper No.5)

Fragmentation of a melt drop in water subjected to shock-wave conditions is investigated
numerically by means of the MELT-3D code. Melt or debris particle movements are sim-
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ulated by a particle transport model in a Lagrangian formulation, while thermohydraulic
conditions of the surrounding medium are obtained from solution of the Navier-Stokes
equations written in an Eulerian formulation. The Lagrangian and the Eulerian solutions
are coupled and advanced in time, with source terms included to model the interactions
between the particle and the continuum phases.

The MELT-3D model was employed to analyze a number of drop fragmentation exper-
iments, namely gallium/water and mercury/water tests. Generally, the surface tension
(and instability mechanisms) have a significant effect on the characteristic sizes of the
debris fragment. However, under high Weber (Bond) number conditions the surface ten-
sion has only a minor influence on the overall behavior of the melt-coolant mixing. This
provides a basis for successful application of the MELT-3D approach in such conditions.
The mechanistic treatment was found to provide useful insights into the physics of the
mixing process. The melt-coolant mixing process appears to be governed, largely, by
momentum exchange between the boundary layer flow of the coolant and the (disinte-
grated) melt-fluid elements. Furthermore, high density of coolant, and significant drag
between the coolant and melt-fluid elements, results in the local character of the melt-
coolant mixing process, or 'm'-fluid. This result thus provides additional, mechanistic,
argument for the micro-interactions concept in steam explosions proposed and developed
by Theofanous, Yuen and co-workers [6] [47] [11] [48].

It is believed that more analyses and experiments are necessary to warrant the pre-
dictive capabilities of the constitutive laws for the micro-interactions, needed for the
evolution of the 'm'-fluid. The MELT-3D model is an appropriate vehicle for such anal-
yses.

7.1.6 An Assessment of Steam Explosion Potential in Molten-Fuel-Coolant
Interaction Experiments (Paper No.6)

Steam explosions [or energetic fuel-coolant interactions (FCIs)] have been investigated
for more than two decades, with the main focus on in-vessel explosions caused by a melt
mass pouring from the core into to the vessel water pool. Much understanding has been
gained and analytical representation of the component phenomena have been developed.
The probability of a large in-vessel steam explosion, which could fail the containment (a
mode failure), which featured prominently in the WASH-1400 evaluation of the risks of
accidents, has recently (Speis and Basu, 1997) [49] been judged to be extremely small.

While significant accomplishments have been made with respect to modeling of melt-
coolant premixing and predictions of explosion propagation, there remains a lack of un-
derstanding of the physical mechanisms which determine triggering and explosivity. The
influences of the coolant pressure, of the coolant subcooling, of the melt superheat (over
liquidus) and of melt temperature are not clearly understood. More importantly, the in-
fluence of melt physical properties remains unexplained. The recent results of the KRO-
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TOS experiments showing almost spontaneous triggerability of aluminium-oxide melts
and the almost non-triggerability of the corium melts has aroused much interest in in-
vestigating the effects of melt physical properties on the component processes in a steam
explosion and in particular on their influence on the triggerability and explosivity of a
melt material.

The objectives of the present study are to examine potential effects of melt physical
properties on the potential for a steam explosion, and to derive a correlation for the
conversion ratio, i.e. the ratio of the mechanical work to the thermal energy, which
includes the effect of the pre-mixture thermal hydraulic conditions and of the physical
properties of melt and coolant.

The present study indicates that molten fuel-coolant mixtures with a binary oxidic
core melt (UO2-ZrO2) may feature low triggerability and low explosivity. The mechanical-
to-thermal conversion ratio may be very low. It also appears to us that the presence of
metallic component in the melt may significantly enhance triggerability and explosivity
of molten corium.

We believe that it is the first time a rational explanation for the non-explosive charac-
ter of oxidic core melt has been advanced, and qualitatively verified against existing base
of data and observations. More experiments using simulant materials are however needed
to verify the rationale and the findings of the present study. The arguments on the use of
the mechanical-to-thermal conversion ratio as a representation of the triggerability and
explosivity of a melt material could be used towards a scaling law to guide future steam
explosion experiments.

7.1.7 Simulation of Bubble and Drop Behavior under Shock Wave (Paper
No.7)

In this work an attempt was made to numerically model the distortion of melt drops and
of gas bubbles in fluid flow field induced by a plane pressure shock. A highly accurate
Navier-Stokes solver was utilized, which is combined with the Level-Set front-capturing
algorithm to reduce numerical diffusion and to facilitate a better representation of inter-
facial evolution in time. The solver is able to simulate both highly compressible gases
and low compressible fluids.

It was found that the method developed and employed is capable of describing major
trends in the behavior of both a drop and a bubble subjected to a shock wave.

The comparison of bubble collapse and drop deformation time scales may imply that
vapor film surrounding hot melt drop may collapse in a very short time. Growing in-
stabilities on the film surface may cause drop-coolant contact prior to the start of drop
deformation. Thus, thermal effects may dominate over the drop hydrodynamic fragmen-
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tation process e.g. if the coolant penetrates into melt drop and vaporizes which would
significantly affect the drop fragmentation process. Therefore, heat and mass transfer,
phase change should be considered together in order to enable complete description of the
interaction in a thermal detonation situation. Currently the resolution of computational
grid is limited due to computer's capability so that wave instabilities can not be properly
represented. However, energy transfer is being implemented in the code [50] in order to
capture the effect of coolant film boiling and of droplet solidification on the fragmentation
process.

7.2 Corium spreading and coolability

7.2.1 Experimental Simulation of Core Melt Spreading on a LWR Contain-
ment Floor in a Severe Accident (Paper No.8)

This paper presents results of experimental and analytical studies conducted at the Royal
Institute of Technology, Division of Nuclear Power Safety (RIT/NPS) on melt spread-
ing. The RIT/NPS experimental program in this area is directed towards developing
a sound scientific and technical knowledge base to support the severe accident manage-
ment scheme, and the design of reliable core-catchers, proposed for implementation in
European Pressurized Reactors (EPR).

The objective of the spreading-related research at RIT/NPS is to delineate the effect
of material physical properties in different spreading regimes:

- gravity-inertia vs. gravity-viscous regimes;
- dry spreading vs. spreading into a coolant;
- different heat transfer regimes to substrates.

To date 45 low-temperature (Tm < 350°C) simulant spreading experiments were per-
formed at RIT/NPS using different fluids with different phase change behavior and prop-
erties and varying melt superheats, melt volume, melt flow rates and cooling conditions.
Large data base of spreading dynamics and spread-melt thickness and spreading distance
were obtained in experiments which employ cerrobend and binary salt mixtures (eutectic
and non-eutectic compositions) as melt simulants. In addition, 3 high temperature ex-
periments were performed, in which high-temperature (1250°C) binary-oxide melts were
spread on concrete and steel channels.

Experimental observations were obtained on fragmentation behavior of melts when
spread into coolant pool and on concrete spalation under high-temperature melt attack.

A scaling model was developed at RIT/NPS, whose focus is placed on results of the
melt spreading process, i.e. melt layer thickness and spreading distance, rather than on
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the spreading dynamics. Both gravity-inertia and gravity-viscous regimes were modeled,
taking into account the melt solidification. It was found that the scaling model works
reasonably well in term of predicting the spreading distance. The model is then used to
investigate the effect of melt physical properties and cooling conditions on the spreading
distance.

It is found that evaluations of spreading parameters in reactor accident situations
would be strongly affected by uncertainties in predicting of boundary conditions of the
melt spreading process, such as downward heat removal and of upward heat removal in
case of core melt spreading under water. The paper discusses separate-effect tests which
are deemed desirable to obtain related data and to improve the current knowledge of
spreading-related phenomena.

7.2.2 Investigation of Ex-Vessel Debris Coolability by Bottom Coolant In-
jection (Paper No.9)

For PWRs, gradual release of low-superheat melt from the RPV lower head may cause
accumulation of the debris, rather than its spread over the containment floor in the PWR
plants. Debris re-heating, re-melting and re-spreading may occur later, but the total area
available for melt spreading in current generation PWRs is not large. A definitive case
for the coolability of the melt pool (~ 30 cm in an existing PWR plant) by an overlying
water layer can not be made, presently.

The ex-vessel melt pool, in general, can be cooled by bottom coolant injection. Its
long-term coolability depends on its cooling efficiency before it is solidified. High cooling
efficiency generally implies better long-term coolability.

For Swedish BWRs, due to the relatively long fall distance from the reactor pressure
vessel to the lower dry-well, and highly-subcooled water pool, characteristic sizes of debris
fragments resulting from molten-fuel-coolant-interactions may be small. This, likely, leads
to formation of a low-porosity deep debris bed, which may be hard to cool. The case for
the coolability of the deep debris bed (~ 60 cm for the newer ABB-Atom BWR plants)
by an overlying water layer can not be made, presently. For Swedish BWRs, measures
may be needed, e.g., to channel the water into the interior and the bottom of the debris
bed to ensure termination of the melt attack on the concrete basemat.
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7.3 Melt-Vessel Interaction

7.3.1 FOREVER Experiments on Thermal and Mechanical Behavior of a
Reactor Pressure Vessel Severe Accident (Paper No. 10)

This paper describes the FOREVER (Failure Of REactor VEssel Retention) experi-
mental program, which is currently underway at the Division of Nuclear Power Safety,
Royal Institute of Technology (RIT/NPS). The objectives of the FOREVER experiments
are to obtain data and develop validated models (i) on the melt coolability process inside
the vessel, in the presence of water (in particular, on the efficacy of the postulated gap
cooling to preclude vessel failure); and (ii) on the lower head failure due to the creep
process in the absence of water inside and/or outside the lower head.

The facility employs l/10th-scale carbon steel vessels of 0.4m diameter, 15mm thick-
ness and 600mm height. Up to 20 liters of binary-oxide melts with 100-300 K superheat
are employed, as a simulant for the prototypic corium melt, and internal heating is pro-
vided by electrical heaters of up to 20 kW power in order to maintain the vessel wall
temperatures at 1100-1200K. Auxiliary systems are designed to provide an overpressure
up to 4 MPa in the test vessel. Thus, severe accident scenarios with RCS depressurization
are modeled.

Pre-test calculations are performed by using the MVITA and ANSYS codes to deter-
mine the thermal and mechanical loadings. Parametric investigations allow identification
of the important factors to consider in the test procedure and test conditions. A scal-
ing rationale is being developed for each test series to ensure the relevance of the data
obtained to reactor prototypic accident conditions.

7.3.2 Integral Experiments on In-Vessel Coolability and Vessel Creep: Re-
sults and Analysis of the FOREVER-Cl Test (Paper No.l l )

This paper describes the FOREVER (Failure Of REactor VEssel Retention) experi-
mental program, which is currently underway at the Division of Nuclear Power Safety,
Royal Institute of Technology (RIT/NPS). The objectives of the FOREVER experiments
are to obtain data and develop validated models (i) on the melt coolability process inside
the vessel, in the presence of water (in particular, on the efficacy of the postulated gap
cooling to preclude vessel failure); and (ii) on the lower head failure due to the creep
process in the absence of water inside and/or outside the lower head.

The paper presents the experimental results and analysis of the first FOREVER-Cl
test. During this experiment, the l/10th scale pressure vessel, heated to about 900°C
and pressurized to 26 bars, was subjected to creep deformation in a non-stop 24-hours
test. The vessel wall displacement data clearly shows different stages of the vessel de-
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formation due to thermal expansion, elastic, plastic and creep processes. The maximum
displacement was observed at the lowermost region of the vessel lower plenum.

Information on the FOREVER-Cl measured thermal characteristics and analysis of
the observed thermal and structural behavior is presented. The coupled nature of ther-
mal and mechanical processes, as well as the effect of other system conditions (such as
depressurization) on the melt pool and vessel temperature responses are analyzed.

7.3.3 Advances in MVITA Modeling of Thermal Processes in the Reactor
Pressure Vessel Lower Plenum with a Core Melt Pool (Paper No. 12)

In this work, new advances in the development of the MVITA model have been described.
These provide the capabilities for treating porous debris, penetrations, gap cooling, and
structural failure. Morever, refinement has also been made in the model of heat transfer
between a metallic layer and melting wall. The new MVITA models have been applied
to perform both reactor assessments and pre-test calculations of experiments related to
the reactor pressure vessel thermal and mechanical loadings in a hypothetical severe
accident. The MVITA model is a powerful tool to examine both multi-dimensional effect
and synergisms between the different physical processes. These advances made in the
MVITA model have significantly reduced uncertainties in the predictions of the RPV
behavior, namely timing and modes of the vessel failure. However, we believe further
improvements would be needed in the modeling of melt-vessel interactions and the work
at NPS/RIT is focussed towards such improvements.

8 CONCLUDING REMARKS

We believe that much progress was achieved in the MSWI Project research at RIT/NPS.

Both experimental and analytical studies were performed to improve knowledge about
phenomena of melt-structure-water interactions. We believe that significant technical
advances were made during the course of these studies. It was found that:

- the solidification has a strong effect on the drop deformation and breakup. Initially
appearing at the drop surface and, later, thickening inwards, the solid crust layer damps
the instability waves on the drop surface and, therefore, hinders drop deformation and
breakup. The drop thermal properties also affect the thermal behavior of the drop and,
therefore, have important influence on its deformation behavior.

- the jet fragmentation process is a function of many related phenomena. The frag-
mentation rate depends not only on the traditional parameters, e.g. the Weber number,
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but also on the melt physical properties, which change as the melt cools down from the
liquidus to the solidus temperature. Additionally, the crust formed on the surface of the
melt jet will reduce the propensity to fragment.

- the molten fuel-coolant mixtures with a binary oxidic core melt (UCVZrC^) may
feature low triggerability and low explosivity. The mechanical-to-thermal conversion
ratio may be very low. The presence of metallic component in the melt may enhance
triggerability and explosivity of molten corium.

- the characteristics of melt spreading into 2-D channel are much different from those
into 1-D channel. The evaluations of spreading parameters in reactor accident situations
would be strongly affected by uncertainties in predicting boundary conditions of the melt
spreading process, such as downward heat removal and of upward heat removal in case
of core melt spreading under water.

Several computer codes were developed and validated against the data obtained in
the MSWI Project. The Multiphase Eulerian Lagrangian Transport code (MELT-3D)
was validated to investigate the hydrodynamics during the premixing process of jet pen-
etrating into a water pool. The FlowLab code employing the multi-fluid multi-phase
Lattice-Boltzmann method was developed and validated. In the Lattice-Boltzmann ap-
proach, no special treatment is needed to track the interphase. A scaling technology was
developed to describe the spreading efficiency of melt into 1-D channel. The melt vessel
interaction thermal analysis (MVITA) code describes the process of melt pool formation,
melt pool convection and the resulting vessel thermal loadings, the gap cooling model
and penetration effect were further incorporated into this code. The code was coupled
with ANSYS code, which models the structure mechanics, to analyze the thermal and
mechanical response of a pressure vessel during the melt-vessel interaction.

These studies are continued in the current research program at RIT/NPS sponsored
by the Swedish Nuclear Power Inspectorate (SKI), US NRC, the European Union, Nuclear
Safety Commission of Switzerland (HSK), Swedish and Finnish Power Companies (Vat-
tenfall Ringhals, Forsmark Kraftgrupp AB, OKG AB, Barseback Kraft AB and TVO).
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