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Abstract

An OECD Workshop on the Safety of Nuclear Reactors, considering Ex-Vessel
Debris Coolability, was organised in Karlsruhe, Germany, from 15 to 18 November 1999, in
collaboration with Forschungszentrum Karlsruhe GmbH. The international meeting was
attended by more than eighty specialists from 17 countries and international organizations.
Forty-eight papers were presented, three additional papers were distributed during the
workshop.

In the workshop various issues were discussed which are important to control or
mitigate severe reactor accidents if the corium melt would penetrate the reactor pressure
vessel. A substantial increase of research and design activities to control ex-vessel melts was
reported. Especially in Western Europe, this increase is related to higher safety requirements
in response to technological improvements and a highly sensitive political background, and
future LWRs in Europe, as the European Pressurised Reactor EPR, will include additional
design features for mitigation of severe accidents involving vessel melt-through.

The papers, which are presented here, concentrate on the following topics:

e Release of corium from the pressure vessel

e Heat transfer from corium pools and particle beds

e Spreading of corium melts

e Fragmentation and quenching of melts

e Material properties and thermochemistry of melts and structure material

e Reactor application

Based on the papers and the final plenary discussion of the workshop, the Programme
Committee and the Session Chairman formulated Conclusions and Recommendations which
are included here. They state a substantial increase of knowledge in ex-vessel corium

behaviour and control which can be used for accident management strategies, and identify
areas where further research should continue.



Zusammenfassung

Konferenzberichte iiber den Workshop zur Kiihlbarkeit von Kernmassen
aufBlerhalb des Reaktordruckbehilters

Vom 15. bis 18. November 1999 fand ein OECD - Workshop zur Sicherheit von
Kernreaktoren statt, der sich mit dem Problem der Kiihlung von Kernmassen nach dem
Austritt aus dem Druckbehilter befafite. Der Workshop wurde in Zusammenarbeit mit dem
Forschungszentrum Karlsruhe organisiert. Dieses internationale Treffen wurde von mehr als
80 Fachleuten aus 17 L#ndern und internationalen Organisationen besucht. Es wurden 48
Konferenzbeitrige vorgetragen, drei zusitzliche Papiere wurden wihrend der Tagung verteilt.

Auf der Tagung wurden die verschiedenartigen Problemfelder diskutiert, die zur
Kontrolle oder Milderung schwerer Reaktorunfille wichtig sind, wenn Kernmassen den
Reaktordruckbehiilter durchdringen wiirden. Es wurde eine wesentliche Zunahme von
Aktivititen beziiglich der Erforschung und Auslegung von Reaktoren zur Kontrolle von
Schmelzen auBlerhalb des Druckbehilters berichtet. Besonders in Westeuropa steht diese
Zunahme in Zusammenhang mit hoheren Sicherheitsanforderungen, die sich aus
technologischen Verbesserungen und einem hoch sensitiven politischen Umfeld ergeben.
Zukiinftige Leichtwasserreaktoren in Europa, wie der Europdische Druckwasser-Reaktor,
werden zusitzliche konstruktive Malnahmen vorsehen, die zur Milderung der Folgen von
schweren Unfillen mit Durchdringung des Druckbehiilters dienen.

Die Konferenzbeitriage, die hier abgedruckt werden, befassen sich mit den folgenden
Themen:

e Austritt von Kernmaterial aus dem Druckbehilter

e Wirmeiibergang aus Kernschmelzen und Partikelbetten
e Ausbreitung von Kernschmelzen

e Fragmentierung und Abkiihlen von Schmelzen

e Materialeigenschaften und thermochemisches Verhalten von Schmelzen und
Strukturmaterial

e Anwendung auf den Reaktor

Auf der Grundlage der Konferenzbeitrige und der abschlieBenden Plenardiskussion
des Workshops hat das Programmkomitee zusammen mit den Sitzungsleitern
SchluBfolgerungen und Empfehlungen formuliert, die hier wiedergegeben sind. Sie
konstatieren eine bedeutsame Zunahme des Wissens iiber das Verhalten von Kernschmelzen
auf3erhalb des Druckbehilters und ihre Kontrolle, das fiir Manahmen zur Unfallbeherrschung
genutzt werden kann. Ebenso werden Felder benannt, auf denen weitere Forschung erfolgen
sollte.
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Summary and Recommendations

of the OECD WORKSHOP on Ex-Vessel Debris Coolability
General

An OECD Workshop on Ex-Vessel Debris Coolability was organised in Karlsruhe,
Germany, from 15 to 18 November 1999, in collaboration with Forschungszentrum Karlsruhe
GmbH. This Summary has been prepared by the Programme Committee of the Workshop and
the Session Chairmen (see Annex I).

The meeting was attended by more than eighty specialists representing thirteen OECD
Member countries, the European Commission, the Republic of Kazakhstan and the Russian
Federation. Forty-eight papers were presented; three additional Russian papers were distrib-
uted during the Workshop.

A first OECD Specialist Meeting on Core Debris-Concrete Interactions had been held
at Palo Alto, California in September 1986, a second one in Karlsruhe in April 1992. The
OECD Workshop on Large Molten Pool Heat Transfer held at Grenoble, France in March
1994 had recommended to hold in due course a workshop on ex-vessel melt coolability by
spreading. More recently it had been agreed that other forms of debris coolability would also
be useful to discuss, e.g. coolability by an overlying water pool (MACE experiments), and
melt quenching (FARO experiments). Furthermore, a series of relatively new investigations,
both theoretical and experimental, was underway in Europe, studying the basic processes to
achieve coolability. This work is relevant for existing as well as for future reactors. Japan also
had started COTELS experiments focused on ex-vessel corium coolability for existing plants.

Considering the large amount of work done in recent years, the Committee on the
Safety of Nuclear Installations (CSNI) concluded that the time was ripe to bring all the new
information together, and decided to sponsor a new workshop. The meeting organised in
Karlsruhe was complementary to the OECD Workshop on In-Vessel Core Debris Retention
and Coolability held in Garching, Germany in March 1998.

The objectives of the Workshop were to:

- exchange information on past, present and planned R&D activities in the area of ex-
vessel debris coolability, and promote collaboration among the experts;

- review the present situation and identify areas where knowledge is adequate for plant
application;

- address major uncertainties and identify remaining issues relevant to reactor safety;
- discuss future orientations of work;

- propose conclusions and recommendations to CSNL



The Workshop had four main sessions, some of them divided into sub-sessions:

Session A:  Special Modes of Corium Discharge into the Containment

Session B: Phenomena to Achieve Coolability

B1:
B2:
B3:
B4:

BS:

Natural Convection Heat Transfer with Bubbling
Characteristics of Particle Beds

Spreading

Fragmentation and Quenching

Flooding

Session C: Material Properties and Thermochemistry

C1:

C2;

Properties

Thermochemistry

Session D: Reactor Application

" The Session Chairmen summaries are attached (Annex II). Each session and the
meeting itself were concluded by a general discussion. Throughout the presentations of the
papers and the discussions, the focus was on the application to the full size plant.




Summary

The workshop has underlined that international scientific co-operation is an important
factor to assure and to increase the safety level of operating and future nuclear power plants in
Western Europe, USA, Japan, and Eastern European countries as well. The similarity and
convergence of the technical approaches and strategies of severe accident control and mitiga-
tion, as presented by specialists of many countries, was noted as a positive response to the
requirements of safe reactor operation.

The workshop has shown a substantial increase of research and design activities to
control ex-vessel melts. Especially in Western Europe, this increase is related to higher safety
requirements in response to technological improvements and a highly sensitive political back-
ground. As addressed in the invited introductory paper, besides the strong interest to mitigate
severe accident consequences in existing plants, future evolutionary LWRs in Europe (as the
European Pressurised Reactor EPR) will include additional design features for mitigation of
severe accidents involving vessel melt-through.

The following gives an overview over the current aspects in ex-vessel safety research,
in the sequence of the melt-down process:

As the release mode of the corium debris from the pressure vessel is unknown to a
substantial degree, bounding scenarios are addressed to quantify different possible aspects of
corium release. DISCO investigations study the ejection of melt in narrow reactor cavities in
case that the lower pressure vessel head fails under reduced system pressure. The dispersal
and location of melt in the cavity and/or the reactor containment are important with respect
e.g. to any subsequent cooling measure, and strongly depend on release pressure and location
of RPV failure hole. Code development to describe melt relocation is underway.

Jet impingement is another generic question related to corium release. Experiments
study the erosion rate of concrete as influenced by the properties of the jet, and will be sup-
plemented by model development.

Candidates of concrete which are under consideration for use as sacrificial structure
material for corium melts are investigated in KAPOOL experiments to quantify their erosion
behaviour. Additionally, the erosion of a steel gate is investigated to assure sufficient large
opening for the release of the corium melt to a dedicated spreading area.

Heat transfer from the internally heated melt during concrete erosion is investigated
with model fluids especially with respect to onset of solidification. The agitation by gas bub-
bles provides for a more balanced upward and downward heat transfer. Other experiments
show that solid particles suspended in the melt, which simulate a slurry melt after onset of
partial solidification, influence the heat transfer mainly because of the higher viscosity of the
dispersion.

Several contributions discussed the coupling of thermal-hydraulic and physico-
chemical effects during solidification of multi-component corium melts and MCCI. Under
low freezing rate, a solid layer of the refractory components of the melt would form at the
cold interface, instead of a mushy fluid modelled in actual codes. As this new approach gives
better understanding and description of the phenomena observed in MCCI and material inter-
action experiments, its implementation into codes is desirable for better predictive capability.




However, because of the complicated physico-chemical processes and the complex physico-
chemical data bases, this is a very difficult task.

When a hot corium melt is introduced into a water pool, a particle bed may form. The
coolability of such particle beds when flooded by water was analysed and can substantially be
improved, when the water is supplied by downcomers to the bottom of the particle bed. Fur-
ther experimental work is underway to characterise the influence of 3D-effects on bed coola-
bility.

Spreading of corium to generate a shallow melt layer is of interest to generate a good
condition for melt cooling. From the experiments performed within the 4® European Com-
mission Framework Programme both with simulant (CORINE, KATS, RIT) and prototypic
melts (VULCANO, FARO, COMAS) the important phenomena during spreading and the
related physics are adequately understood. An important observation is that multi-component
corium melts spread, even if their initial temperature is below the liquidus temperature. Im-
mobilisation of the melt occurs when a substantial fraction of crystals has formed during cool-
down of the melt and increases the viscosity of the mushy melt to virtually infinity, or when a
stable surface crust is formed at the melt front. Spreading on a concrete surface slightly re-
duces the spreading length. The presence of a shallow water layer has minor influence on
spreading and no energetic melt/water interactions were observed. It is concluded that for
existing plants with their narrow cavities, spreading is sufficiently homogeneous and the
spread area likely covers the entire cavity. As such, spreadability is not an issue. However,
the spread depth may be large so that the debris coolability is not assured.

To better characterise the spreading processes in future reactors with possibly larger
surfaces (such as the EPR), the available experimental information should be evaluated and
synthesised systematically with respect to the expected accident conditions. The spreading
codes have made good progress in modelling and should be further validated by systematic
use of relevant experiments. In addition, the effect of concrete ablation on spreading should
be quantified. At the end of the validation process a blind pretest calculation of a representa-
tive corium spreading experiment is considered to be useful. Some of the modelling problems
which were discussed during the meeting may, however, not be relevant for the EPR typical
-spreading process as higher masses and release rates are expected.

Relations derived from dimensional analysis can be used as a guidance for the end-
state of the spreading process.

Corium jets falling into water under in-vessel conditions with jet diameters of 3 to 10
cm form a particle bed of 50 % or higher on a cake of unfragmented corium. Steam explo-
sions with very low efficiency were observed only when triggered in some of the experi-
ments. These results, however, cannot be readily extrapolated to ex-vessel scenarios because,
e.g., of the eventually different melt composition and large subcooling of the water.

Under ex-vessel conditions, fragmented jets are considered to be possible which have
a good potential to be cooled. In addition to the CROTOS and FARO tests, new experiments
became available from the COTELS project which also uses prototypic melts and includes
UO,, Zr0O,, Zr and steel under ex-vessel conditions. COTELS showed no occurrence of
spontaneous steam explosions similar to FARO and KROTOS. However, multiple jets and
the influence of a driving gas pressure were presently not considered. Furthermore, the release
of steam and eventually of hydrogen upon quenching of the melt is a point of interest for the




containment atmosphere. The mechanisms of hydrogen production from purely oxidic melts
during quenching as observed in FARO tests, deserves further consideration to clarify the
details of corium-water interaction.

The closure of the FARO test facility leaves unresolved ex-vessel aspects and limits
further investigations to the smaller KROTOS facility which is being transferred to CEA's
Cadarache Centre. It is recommended to focus the future programme on ex-vessel conditions.

Besides corium jets falling into water, COTELS also cover the process of ex-vessel
melts being flooded from the top. These tests, which involved collapsed corium heights from
7 to 13 cm (close to 15 cm in the MACE MO test), for the first time indicated complete co-
rium coolability by formation of a particulate debris bed, in contrast to the MACE experi-
ments which showed only limited coolability for higher melts. The phenomena which influ-
ence the coolability process, such as particulate debris bed formation, crust break-up, and
melt ejection from the top of the melt pool driven by gases from the decomposing concrete
should be investigated in further detail. Although the final stop of concrete erosion is not as-
sured, top flooding of the corium melt during melt concrete interaction could be beneficial
during the late phase of an accident, e. g. for fission product retention. The consequences on
further important implications for long term accident management strategies, e.g. due to
steam release and pressurisation of the containment, must be considered.

For the flooding, no occurrence of a steam explosion was observed in the MACE,
COTELS, and KATS experiments with stratified geometry.

In the COMET bottom flooding concept, water is supplied to the bottom of the melt
either by injection holes or by a porous concrete layer. Experiments have shown rapid and
complete solidification mainly by creation of a porous structure of the freezing melt which
allows easy flooding by the steam-water coolant flow. The principle of the concept is further
investigated using transparent simulant materials to show the coupling of water ingression,
fragmentation and solidification. The bottom cooling concept is a promising alternative and
can be readily extrapolated to reactor scale. It is applicable to future reactor designs and po-
tentially to some existing reactors. The pressurisation of the containment by steam is, how-
ever, a consequence, which must be considered.

The physico-chemical properties of the corium melt are essential for understanding
and modelling of melt behaviour. The liquidus-solidus temperatures for U-Zr-O melts with
compositions typical for BWRs and LWRs were measured. This is a necessary extension and
confirmation of existing phase diagrams. Viscosity measurements were also presented for
these melts above and below the liquidus temperature, and show variation over several orders
of magnitude depending on the composition and temperature of the melt. These data are very
important to describe physical processes in which solidification is involved. To estimate the
viscosity of multicomponent oxide melts also in their freezing range, a model has been pro-
posed. Further measurements are recommended, especially in the freezing range, with inclu-
sion of Fe and Si oxides in the melt. Additionally the influence of other components (e.g., Pu
in the case of mixed oxide fuel) on phase diagrams should be estimated, if the components
are expected to have significant influence on melt properties.

Another important issue to be addressed is the mechanical stability of a corium crust
under thermo-mechanical loading. This is particularly relevant for the stop of melt spreading



and also for coolability investigation under top flooding condition where coolability would be
improved if the crust can be breached thereby providing a path for water ingression.

Thermomechanical stability of ZrO, -ceramics and —concretes to resist the corium
melt was investigated and conditions for stable long term retention proposed with respect to
temperature gradient and oxygen potential in the melt. Differences in various models regard-
ing the influence of temperature and oxygen potential/diffusion on the dissolution process

were noted and shall be clarified. For the EPR melt stabilisation concept, the authors con-,

cluded that all requirements on the stability of the protective layer can be fulfilled. Confirma-
tion is expected from the large scale CORESA tests.

Finally, applications to reactor plants were presented. In the framework of Spanish
PSAs, MELCOR application highlighted the ex-vessel corium coolability issue. The very
wide range of containment failure probability, which is related to the uncertainty of ex-vessel
debris coolability, confirmed the need for further studies of ex-vessel coolability.

The GAREC group has analysed ex-vessel corium recovery for some present and fu-
ture PWRs. This includes scenarios for core meltdown and corium transfer to the lower head,
corium behaviour in the lower head, vessel failure, risk of steam explosion, corium-concrete
interaction and coolability, corium spreading and accumulation, corium ceramic interaction,
and long term corium stabilisation. The various aspects were partly discussed in the proceed-
ing issues.

Experimental and theoretical analysis on 2-phase flow heat transfer in large scale were
presented, as it may occur after surface flooding of the melt. Stable and oscillating flow con-
ditions were observed depending on the degree of subcooling of the coolant water.

A detailed analysis of the EPR ex-vessel melt retention concept was also presented.
This includes the temporary retention of the corium melt in the reactor pit to make corium
recovery independent of various scenarios, the fast release of the corium to the spreading
compartment, and the cooling by surface flooding. A cooled protective layer stabilises and
cools the bottom of the corium melt. This EPR concept has triggered much of the research
which was discussed throughout the meeting.




Conclusions and Recommendations

The following conclusions and recommendations are formulated after evaluation of
the presentations and discussions. They are generally listed in the sequence of the meltdown
process.

(1) The conditions of melt release at vessel failure may vary according to the varia-
tions of core melt-down in the RPV. Relevant scenarios and bounding melt release conditions,
such as melt dispersal into the containment as one extreme or jet impingement as another ex-
treme release mode, should be quantified in order to plan and assess different management
procedures or countermeasures for accident mitigation.

(2) The phase diagrams and physical property data bases to characterise corium melts
of various compositions should be extended, especially with respect to lower melt tempera-
tures and in the freezing range.

(3) During solidification of the corium melt or during its interaction with structure
materials, thermal-hydraulic processes related to heat transfer and movement of the melt are
closely coupled to physico-chemical processes which change the constitution of the multi-
component melt and its physical properties. The coupled modelling of these processes should
be further developed, especially with respect to its implementation into large computer codes.

(4) Ex-vessel melt cooling by melt release into the flooded reactor cavity and result-
ing in major fragmentation should be further investigated, including possibly negative conse-
quences as e.g. steam explosions.

(5) The effectiveness of cooling a corium pool by top flooding should continue to be
further investigated. Key issues are particulate debris formation, melt ejection, and crust
break-up as potential mechanisms for long-term debris coolability.

(6) Investigations and development of the bottom flooding concept should continue as
an alternate cooling concept, including the use of porous, water filled concrete. The concept is
attractive for future reactors and potentially for some existing plants.

(7) Substantial information about the spreading of corium melts is available in form
of experiments and computer codes. This information should be condensed and, where neces-
sary, completed to predict the melt conditions for which sufficient melt spreading under re-
actor conditions can be expected also for large areas as proposed for future reactors. A blind
pretest calculation of a representative corium spreading experiment is considered to be useful.

(8) For the evolutionary containment concept of the EPR, an ex-vessel corium stabili-
sation concept was proposed and will be subject of the licensing procedure. Where necessary,
investigations into the safe performance of this concept should continue.

(9) Melt cooling by direct water contact has important consequences on containment
processes, such as pressure build-up by steam release, hydrogen concentration and fission
product distribution. These processes should be further quantified for individual plants to
asses the various aspects of accident management procedures.
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Annex II: Summaries of Session Chairmen

Session A:  Special Modes of Corium Discharge into the Containment

Session Chairman:  Sudhamay Basu (NRC, USA)

Four papers in this session discussed research findings on special modes of corium
discharge (e.g., low pressure melt ejection, jet impingement, etc.) into the containment and
consequences of such discharge on ex-vessel debris coolability and containment integrity.
The results of research are particularly applicable to EPR-type cavity designs though some
results can also have potential applications to current generation reactors.

Experimental investigation of corium discharge at low system pressure (<2 MPa) was
reported in the first paper. The objective of the DISCO-C series of experiments at For-
schungszentrum Karlsruhe (FZK) was to determine the upper bound of the RCS pressure that
would result in minimum melt dispersal out of an annular cavity (e.g., EPR-type cavity de-
sign). Effects of breach size, location and failure pressure on dispersion were studied system-
atically using cold simulants (nitrogen/water or nitrogen/liquid bismuth alloy and he-
lium/water). Experiments with larger holes showed more dispersal than those with smaller
holes and produced higher peak pressures in the cavity.

Experiments with breach at the RPV bottom showed more dispersal than that observed
in one experiment with a side breach. The threshold pressure for dispersion was found less
pronounced in the annular cavity geometry than in cavities with non-annular geometry.
However, more experiments are judged to be necessary, in particular, with side breach and
hot simulants (e.g., thermite), before a definitive conclusion can be drawn about the optimum
annular cavity design for minimum dispersal. Such experiments are planned in the current
framework of activities.

During the discussion, it was clear that the results have important implications for
EPR-type designs. Even though consequent direct containment heating from pressurized melt
ejection is not considered a threat to EPR containment integrity, it is desirable to contain the
ejected melt into a core catcher so that the inventory can be stabilized and rendered coolable.
Also, for both EPR-type and operating reactors, dispersed melt trapped outside the cavity may
degrade equipment and structural performance due to an imposed thermal load. Therefore,
the present investigation has also implications for equipment qualification. The discussion
further pointed to the fact that consideration of side breach is appropriate in the melt ejection
investigation.

The second paper was an analytical complement of the first paper. The objective was
to model the low pressure corium dispersal phenomenon with a computer code that combines
the advantage of existing lumped-parameter models for system codes with the details of a
multi-component transient fluid dynamics code. The underlying hypothesis for such code
development is that the discharge of corium starts as a single phase flow for which lumped-
parameter modeling is adequate but later on, switches to a two-phase flow for which detailed
multicomponent, multifield modeling becomes necessary.

The analytical work at FZK utilized the Advanced Fluid Dynamics Model (AFDM)
code to track water, molten corium, and gas-vapor mixture in two dimensions. Models were
added to the AFDM code to describe melt oxidation and hydrogen combustion, as well as
hydrodynamics of liquid films. Calculated dispersion rates using the code were found to be
sensitive to transition time from the single phase to two phase. Comparison between meas-



ured (DISCO-C experiments and two SNL thermite experiments) and calculated dispersion
rates showed reasonably good agreement given the early stage of code development.

During the discussion, it was clear that important dispersion processes as well as fac-
tors affecting dispersion(e.g., hole ablation, freezing, etc.) need to be considered in the code.
Furthermore, it was noted that the steady-state entrainment model might not be fully valid
when dealing with a transient process. Further code development addressing the above defi-
ciencies was recommended.

Experimental investigation of corium jet discharge at low system pressure and the im-
pingement of jet on substratum materials was the subject of the third paper. Research re-
ported in this paper investigated corium jet interaction with sacrificial silica concrete in the
KAJET experimental program at FZK, designed to gain insights into long term retention and
cooling. Performance tests were carried out using water and thermite as melt simulants to
obtain information on nozzle geometry and material for generating a compact melt jet. Also,
two erosion tests were carried out with a melt jet which was initially metallic and then
changed to oxidic. Erosion depth of the substratum was found to be higher with metallic melt
than with oxidic melt. More experiments are planned with parametric variations of substra-
tum material, melt mass, driving pressure and nozzle diameter. Results will be used to sup-
port the selection of suitable substratum materials for EPR.

During the discussion, similar work by PNC in Japan and by KTH in Stockholm was
noted. A comparison of different experiments with regard to heat transfer rates would be
useful. Further, it was felt that scaling studies would be required for reactor applications of
the findings. Such studies are in progress at the University of Bochum, Germany.

Another aspect of the core catcher concept, i.e., stabilizing the discharged corium with
a sacrificial layer before releasing it to a spreading area was the subject of the last paper of
this session. The paper reported a series of KAPOOL experiments performed at FZK to in-
vestigate the erosion behavior of a sacrificial concrete layer. Iron-alumina thermite was used
as a melt simulant and two different sacrificial concretes were investigated, based on borosili-
cate glass, and iron oxide and silica. From the limited set of experiments (three each with the
two concrete compositions) conducted thus far, it appears that the borosilicate glass has a
lower erosion rate. On the other hand, the transient temperature behavior of the thermite melt
does not allow to discriminate between the influence of concrete type and oxidation of zirca-
loy which was present in two of the tests, and therefore further investigations may be neces-
sary. '

The series of KAPOOL experiments also investigated phenomena related to the failure
mechanism of a steel gate, as featured in the current design of the EPR core catcher. It is im-
portant to ensure a sufficiently large opening cross-section of the steel gate under prototypic
thermo-mechanical loading of the core debris. Experiments were conducted to investigate
gate ablation in presence of both metallic (iron) and oxidic melts. Preliminary analysis of
oxidic melt attack indicated fast temperature rise of the steel gate followed by formation of a
crust. Subsequently, gaps formed between the crust and the gate resulting in large resistance
to heat transfer.

During the discussion, the proof of a sufficiently large opening during gate failure was
viewed by some as the most uncertain issue in the overall melt retention scheme of the EPR
design. However, it relates to the design issue and those involved in design expressed confi-
dence that the gate could be designed to melt through providing the desired opening. Further
work to resolve the issue of gate meltthrough should be identified.
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In the summary discussion of all four papers on special modes of corium discharge,
important contributions of the FZK research team was recognized, particularly with regard to
the relevance of research results to EPR-type reactor designs. The results provide important
data on initial and boundary conditions for further investigation of long term coolability and
retention of core melt in the EPR design. Some results can also have potential applications to
current generation reactors. In order to obtain bounding data for reactor applications, a few
recommendations were formulated. It was recommended that with respect to RPV failure,
consequences of a side breach be investigated further as an important failure mode. Scaling
studies were recommended to extrapolate the results of small-scale simulant experiments to
reactor prototypic cases. Finally, the important role of physico-chemical processes was iden-
tified as an area requiring careful studies.
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Session B: Phenomena to Achieve Coolability

Session Chairman:  Veine Gustavsson (SwedPower AB, Sweden)

This session consisted of three papers. The first paper dealt with heat transfer experi-
ments from internally heated pools with and without gas injection, investigated in the BALI
facility in Grenoble. The objective of this work was to quantify heat transfer coefficients at
pool boundaries considering the effects of viscosity and superficial gas velocity. Water was
used as corium simulant in the experiments and different weight fractions of cellulose were
added to vary the viscosity. The dimension of the test section was about 3m long, 0,5m high
and 0,15m wide. The single phase tests include three different cooling conditions and each
test was performed for three pool viscosities. These experimental results agree well with the
correlations in the literature (e.g. Reinecke and Steinberner).

The multiphase tests were performed with gas injection through the bottom ice crust
with superficial velocities in the range 1 cm/s to 20 cm/s. Three different pool viscosities
were investigated. The measured heat transfer coefficients, especially as influenced by the
viscosity of the pool, are not correctly represented by existing correlations and large differ-
ences exist between published correlations. With respect to MCCI configurations it is con-
cluded from the experiments that for superficial gas velocities greater than 0.5 cm/s, as e.g.
existing in the MACE M3B experiment, the power split of the heat flux to the upper surface
referred to the total internal heat generation is 50 % and does not depend significantly on
superficial gas velocity or on pool viscosity because the bulk of the pool is well stirred.

In the development of models in this work, the coupling of thermal-hydraulic and
physico-chemical effects was taken into account. The correlations derived from the BALI
experiments have been used in the simulation of ACE and MACE experiments. This work
was presented in the last paper of session B1.

The second paper in session B1 discussed the effects of solid particles on heat transfer
in multilayered liquid pools with gas injection. This work reported experiments performed at
University of Wisconsin in the US. In the experiments two fluid layers were used consisting
of an upper oil layer and a lower layer of water or glycerin. Solid particles of polystyrene
beads were added to the lower layer to simulate the solid and liquid slurry which may eventu-
ally form when the corium melt cools below the liquidus temperature. The addition of the
beads in many cases lead to the agglomeration of a quasi solid layer at the interface between
the two fluids. On this situation the report was focused.

- It was observed that the viscosity of the fluid in the pool had a dominating effect on
the heat transfer coefficients to the upper and lower boundaries. It was also found that the
solid fraction in the pool did not have a first order effect on the heat transfer coefficient. Spe-
cial attention was given to the power split of the up/down ratio which may strongly vary ac-
cording to the boundary condition. It is concluded that existing models and correlations must
be used with caution.

The last contribution in session B2 was about simulation of ACE and MACE experi-
ments on molten corium/concrete interaction using a phase segregation model which was im-
plemented in the TOLBIAC code. The phase segregation is related to solidification of refrac-
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tory components UO, and ZrO; in the low temperature zone near the corium/concrete inter-
face. This process changes the composition of the residual liquid melt.

Three components were taken into account to characterize the melt: oxides, metals,
and gas, and the following phenomena were included: metal/oxide stratification, residual
power, free surface heat transfer, and crust formation.

Comparison of experimental data and calculations with the phase segregation model
gives a better understanding and description of late corium/concrete interaction when com-
ponents of the melt start to solidify. .

There are several points in favour of the phase segregation approach for MCCI:

- the temperature traces can be recalculated, even during interaction transients,

- the material effects on melt temperature are explained,

- the effect of power variation on melt temperature is well predicted,

- the post test examinations show strong variations in melt composition,

- the composition of melt ejected in the MACE experiment M3B could be well calculated,
- the approach offers a possible explanation of periodic bursts of the crust during the test,
- the temperature-viscosity contradiction is resolved.

The confirmation of this approach is subject of ongoing analytical and experimental
work, €. g. in the EC funded ECOSTAR program.

Session B2: Characteristics of Particle Beds

Session Chairman:  Veine Gustavsson (SwedPower AB, Sweden)
Session B2 consisted of three contributions.

The first paper described the characterization of debris bed generated by FCI. This
work was done at Professor Sehgals group at RIT, Stockholm.

In the past many investigations have been done to characterize the size distribution of
particles from a debris bed generated by FCI. In the work at RIT, four types of statistical dis-
tributions were applied, namely: Weibull, log-normal, upper limit log-normal, and a distribu-
tion that resulted from the sequential fragmentation theory (SFT) from Brown. Data from ex-
periments were fitted to each of the distributions. Two sets of data were used in this work:
one set from the JRC/Ispra, KROTOS experimental program and the other set from the
MIRA-20L program at RIT.

It was found that the SFT (sequential fragmentation theory) worked best. SFT is based
on two pararneters: mass mean diameter and a fractional dimension related to the shape of the
particles.

A conclusion from this work is that the size distribution in a debris bed generated by
fuel coolant interaction can be fitted to the SFT distribution, where the fractal dimension var-
ies between two and three for the data analyzed.

The second contribution in session B2 was about an experimental investigation on
dryout heat flux of a particle bed with a downcomer. Also this work was performed at RIT in
Stockholm.

Many experimental and analytical studies exist world-wide which investigated the
dryout heat flux in a debris bed cooled with top flooding. Important results have been
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achieved, which show that the coolability of the debris bed depends strongly on particle size,
shape and porosity distribution, and beds with small porosity are more difficult to cool than
those with large porosity. For stratified beds, the layer on the top, where smaller particles tend
to accumulate, will determine if the bed is eventually un-coolable. However, the possibilities
for coolability will be improved if water is supplied at the bottom of the debris bed via a
downcomer.

Two series of experiments were performed on the dryout heat flux in the POMECO
(POrous MEdia CQOolability) facility. One was with homogenous beds and the other one with
stratified beds. The porosity of the particle beds was varied from 25 to 40% and the average
particle size from 0,2 to 1,0 mm. The material used in the test was made of different sand
particles.

For the stratified beds the smaller particles were accumulated on the top of the bed,
and dominated the dryout process.

The effect of downcomers on coolability was investigated both for homogenous and
stratified beds. It was found that downcomers enhanced the dryout heat flux substantially- in
the experiments in the range from 50 to 350%.

The last contribution in session B2 was an experimental investigation on particulate
debris bed coolability in a multidimensional configuration. This work was performed by EdF.
The experimental program is called SILFIDE, which is a French acronym for “simulation of
fragmented debris with internal heat generation”.

The purpose of SILFIDE is to provide data on multidimensional configurations taking
into account natural circulation due to the gravity difference between liquid and vapour phase.
In the experiments, corium is simulated by steel spheres heated by electrical induction heat-
ing. Water is used as coolant. The dryout heat flux is measured for different geometrical con-
figurations and the heatup of the bed is recorded.

'The experimental program is still in progress. First experiments were reported. The
heating of the particle bed may, however, be not sufficiently uniform to draw conclusions at
the present stage When the data for two-dimensional homogenous beds are completed, more
complex heterogeneous configurations will be investigated in the SILFIDE facility.

Session Chairmen:  H.-J. Allelein (GRS, Germany), J.-C. Latché (IPSN, France)

This session was devoted to the problem of melt spreading. Twelve papers were pre-
sented, covering experiments, code development and code validation by reactor applications.

The first presentation gave a general survey about the experimental activities (RIT and
KATS simulant material experiments, FARO and VULCANO using real material) and ana-
lytical ones (improvement and validation of the spreading codes CORFLOW and THEMA)
performed in the CSC-Project of the 4th European Framework Programme. Most of these
work was presented in the following papers in more detail.

The next four presentations mainly dealt with the experimental findings in the test se-
ries KATS (FZK), VULCANO (CEA), COMAS (SNU), and FARO (JRC). As a result of
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these experimental programs and, more generally, of the experimental work performed in
Europe, a wide range of data is now available :

e from low (CORINE), medium (RIT) and high temperature (KATS) simulant experi-
ments to real material tests (VULCANO, FARO, COMAS);

e with varied inlet conditions : low and high flowrate, temperatures ranging from below
melt liquidus to large superheat;

e with inert or concrete basemat.

Melt masses spread in these experiments are generally lower than 300 kg. Masses up
to 2 tons were spread in the COMAS experiments. These are still lower than in reactor acci-
dent situations, where melt masses of 100 tons and higher are considered. The main experi-
menta] results are:

e The inflow conditions (initial melt temperature, mass and composition of the melt,
pouring rate) have a major influence on the spreading process.

e Different observations about the influence of the substratum material have been made
in the COMAS and KATS experiments. In COMAS, no significant difference between
1D spreading on concrete and ceramic material was seen. This effect may be ex-
plained by the high pouring rate and the resulting short spreading period realized in
the COMAS experiments.

In contradiction, the one-dimensional KATS experiments 12 and 13 have shown a
significant difference in the spreading length of about 30%. Also in the two-
dimensional KATS experiments 8 and 17, the shape of the area covered with melt is
totally different. Nevertheless, in both cases about 60 % of the surface are covered
~ with melt.

e Following the KATS observations, the influence of an epoxy paint on a concrete sur-
face is of minor importance for the overall spreading behaviour of the bulk of the melt.

e Only experiments with a shallow water layer (up to 1 cm) initially present on the
spreading surface were performed. In all these experiments using prototypic material,
only one minor energetic melt-water interaction happened. In addition, the presence of
this film of water seems to have only minor influence on melt spreading.

e The porosity of the spread material after cooling was in some cases high (VULCANO)
and in other cases low (COMAS, FARO). The reason for this high porosity has to be
clarified as well as the occurrence of surface cracks of the solidified melt found in
many experiments.

e In the COMAS and VULCANO series, the authors observed good spreadability even
for oxidic melts which spread with temperatures significantly below the liquidus tem-
perature.

e In the COMAS series it is reported that during the spreading process mixed melts
separate into metal and oxide layers. .

After the presentations about these 4 experimental series, five presentations were
given about the spreading codes CORFLOW, CROCO, LAVA and THEMA. These codes are
based on a different modeling of the spreading process:
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e LAVA and THEMA solve the mass, momentumn and energy balance equations inte-
grated over the flow height ; this approach reduces the 2D- or 3D-problem to, respec-
tively, one or two (horizontal) dimensions. In LAVA, inertia forces are neglected.

e CROCO solves the 2D (one horizontal, either cartesian or axisymetric, and the vertical
dimension) Navier-Stokes equations, either without any additional assumption or us-
ing the momentum balance simplifications arising from the thin flow approximation.

e CORFLOW solves the 2D- or 3D-Navier-Stokes equations.

LAVA, CROCO and CORFLOW are able to take into account Newtonian or non-
Newtonian (Bingham) rheological laws.

The following conclusions are drawn from the calculations:

e The major part of the calculations presented was in rather good agreement with ex-
perimental data. Remaining discrepancies which are identified in comparison with ex-
periments may be partly attributed to experimental uncertainties, such as initial condi-
tions or material properties. Some models in the codes require further qualification
which should be achieved by verification through characteristic experiments. Im-
provements should concentrate on those phenomena which are of primary importance
for the spreading process of large melt masses in reactor scale.

e The actual understanding of the melt stabilisation process is that the stopping might be
due to the growth of a low temperature, highly viscous boundary layer at the leading
‘edge. None of the codes presently simulates the mechanical stability of the front crust,
but all of them take credit from rapid increase of the viscosity (or the yield stress) near
the freezing temperature.

The great number of calculations performed with these different codes, including a
few sensitivity analyses, lead to the requirements of:

e a sufficiently qualified data base of material properties with special respect to the vis-
cosity and, possibly, the yield stress, of the liquid phase,

e a high accuracy of the experimental data concerning inflow boundary conditions
(temperature and mass of the melt as well as mass flow rate).

EPR spreading calculated with CORFLOW was also presented. In the calculations,
different assumptions about the initial mixing or stratification of the melt phases in the pit
were made. In addition, material properties of the oxidic phase, the corium initial temperature,
the flow area of the sacrificial gate, and the rheological behaviour of the melt (Newtonian to
Bingham) were varied. All these different calculated cases lead to an almost homogenous
corium layer thickness in the completely covered spreading area in less than 60 s. But it has to
be stated that some of these computations have been performed with high melt overheat, and
the mass flow rates correspond to a high gate cross section of 2.4 m? with the exception of one
calculation for 0.24 m? opening.

After the code presentations, a method based on dimensional analysis was presented to
assess spreading characteristics. This method from RIT was first developed for spreading in
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one-dimensional channels and has then been extended to spreading into an open area. In the
discussion about this method, a suspected discrepancy in the theoretical assumption was dis-
cussed, which remains to be clarified.

In the last presentation, which dealt with the remelting of immobilized melt pile-ups,
results obtained with a two-domain approach on moving adapting grids for the convection
dominated melting problem with internal heat sources were shown. In all cases a strong con-
vective mixing and cooling was calculated, so the temperature distribution in the liquid phase
is mainly isothermal. Crust melting was predicted to appear at the top of the dome. For the
moment, turbulence is not taken into account.

Session Chairman:  Werner Scholtyssek (FZK, Germany)

A necessary condition to achieve efficient quenching, cooling and stabilisation of a
high melt layer in a restricted geometry is fragmentation of the melt which provides for a high
heat transfer area and for sufficient void inside the melt to allow circulation of coolant. In
session B4, the phenomena observed during melt injection into a coolant pool were discussed.
In session B3, the results of studies of flooding of a melt layer, either from the top or from the
bottom, were presented.

Four papers in session B4 presented results that were obtained in the research area of
fuel-coolant interaction (FCI). The results which are of primary interest under the aspect of
coolability are

- the fragmentation of a melt jet,

- the particle size and size distribution,
- the quenching rate and

- the final debris bed configuration.

Other interesting results are

- the hydrogen production during fragmentation and quenching,
- the probability of occurrence of a steam explosion and
- the thermal and mechanical loads to structures.

In the first paper, an overview of the FARO and KROTOS programs was given, in-
cluding implications on FCI. Corium melt jets of 30 mm to 100 mm diameter were injected
into water pools of variable height. The tests were mainly performed under in-vessel condi-
tions, i.e. high system pressure and saturated water. Some tests were done under ex-vessel
conditions, i.e. low pressure and subcooled water. UO,-ZrO, melt was used, with addition of
metallic Zr in one FARO-test. In all tests with pure oxidic melt, about 50% of the melt was
fragmented. Complete fragmentation occurred in the test with metallic Zr. The final debris
bed consisted of a solid "cake" at the bottom, overlaid by particles with mass averaged di-
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ameter of 2,5 < d < 5mm. No steam explosion occurred in tests without triggering, and in
those tests where steam explosion occurred, the efficiency was very low. Significant produc-
tion of hydrogen was observed also in those tests with pure oxidic melt.

The second paper described modeling of coarse break-up of molten core jet. The
model is part of the JASMINE code which intends to simulate FCI. It describes jet penetra-
tion into coolant, production of melt particles and their movement in the pool, and melt pool
formation at the bottom. For treatment of thermal-hydraulics of the coolant, a coupling to the
3-D two-phase flow code ACE-3D will be made. The numerical behaviour of the model was
tested by comparison with an analytical case. Further, the experiment ALPHA-MJB (MJB:
melt jet break-up) was analysed. Reasonable agreement could be achieved after adjustment of
certain model] parameters. Further assessment of the parameters will be performed.

Paper 3 gave an overview of the COTELS project that started in 1995. Paper 4 de-
scribed FCI tests under ex-vessel conditions within this project. COTELS is a common ex-
perimental project of Japan and Kazakhstan research organisations, oriented to FCI and
MCCI. The testing complex, located in Kazakhstan, includes 3 experimental facilities,
"SLAVA", "LAVA" and "LAVA-M". Corium with mass up to 60 kg and with composition
UO,-steel-ZrO,-Zr is used, with temperatures up to 3200 K. The melt is produced in an elec-
tric induction melting furnace. To simulate decay heat, induction heating is also provided for
the crucible in MCCI tests.

In the FCI tests, melt jets of 50 mm diameter were dropped into water pools of vari-
able height and temperature. In all tests, nearly complete fragmentation of the melt occurred.
Steamn explosion was not observed. It was found that the first pressure peak could be corre-
lated with the mass median diameter of the fragmented corium particles. The correlation holds
also when FARO tests are included in the analysis.

Session Chairman:  Werner Scholtyssek (FZK, Germany)

The phenomena observed during flooding of a melt layer with water, either from top
or from bottom, were addressed in 7 presentations in this session. Results of primary interest
concerned :

- physics, chemistry and material properties important in MCCI and flooding
processes

- quenching characteristics

- final debris configuration

- thermal and mechanical loads.

Other interesting results were

- probability of steam explosion
- Hj-production
- source term related phenomena.
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In the first paper, ex-vessel debris cooling tests performed within the COTELS-project
were described. The LAVA-M facility was used with two types of concrete crucibles with
different aspect ratios. The corium melt with mass of about 60 kg and temperature of about
3200 K was dropped into the crucible which could be induction heated to simulate decay heat.
8 to 10 min after the drop water was injected at a rate of 2 I/s onto the top surface of the melt.
No steam explosion was observed in 10 tests. Although fragmentation of the debris beds was
not-complete, and in some tests solid "ingots" were observed, cooling of the melt was
achieved in all cases. This was partly attributed to formation of cracks and channels in the
corium and in the concrete around and below.

The second paper reported results of structural investigation of the COTELS tests and
comparison with other tests (WETCOR, MACE). Especially the absence of adhesion of the
top crust to the side walls was mentioned, which helped, together with concrete erosion and
formation of rubble in side walls and bottom concrete, to reach coolability and to stop con-
crete erosion. The particle size spectrum was analysed and found to correlate well with the
Rosin-Rammler-equation.

In the third paper, an overview on the MACE test program performed at Argonne Na-
tional Laboratory was given, and especially results of tests MO and M1b were presented. The
tests address the coolability - by water addition from above - of corium being in interaction
with concrete. Crucibles of different cross sections and melt masses from 100 to 2000 kg have
been used. The melt is heated by direct electrical heating. In all tests, crust formation and an-
choring of the crust to the crucible side walls and formation of gaps between crust and the
molten corium below led to significant reduction of the heat flux to the water on top so that
complete quenching of the melt could not be clearly demonstrated. In prototypic, large cav-
erns, however, the crust would very probably float on top of and remain in contact with the
melt, and therefore heat transfer mechanisms identified in the tests could lead to coolability.
This will be further investigated in separate tests which should increase the data base in sup-
port of model development and validation activities.

The fourth paper presented the CORQUENCH model that was developed at Argonne
National Laboratory to calculate corium coolability. The modeled heat sources and sinks in-
clude decay heat, chemical reactions, heat transfer into walls and to the overlying atmosphere
(gas or water). Options for 1-D and 2-D application are implemented. The model was vali-
dated on ACE/MCCI and MACE tests with reasonable success, when crust permeability was
assumed. Scoping calculations for representative plant conditions showed, that, compared to
the dry case, concrete erosion is significantly reduced by water addition and possibly arrested
if dryout limits exceed 200 kW/m”.

Papers five and six presented results of the COMET and COMET-PC investigations
that were performed at Forschungszentrum Karlsruhe. The COMET concept proposes
spreading of the melt and quenching by water injection from the bottom. This is achieved by
erosion of sacrificial concrete until a system of water-bearing channels (COMET) or porous,
water-filled concrete (COMET-PC) is reached. Within the program, a great number of tran-
sient tests and tests with decay heat simulation have been performed on different scales using
thermite as simulant for corium. Upon passive opening of the channels, evaporating water
fragments the melt and provides the conditions for rapid and efficient quenching. Tests at
ANL with prototypical corium confirmed the observations. No energetic interactions of melt
with water were observed; this can be attributed to the limited amount of water available at
any time. High fragmentation of the frozen melt guarantees long term stabilization and coola-
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bility. Consideration must be given to the pressure increase in the containment because of
steam production during the quenching process.

The final paper presented results of experiments performed at the Royal Institute of
Technology (Sweden) to study details of the quenching process during bottom flooding.
Coolant was injected from the bottom into simulant melt, for which non-eutectic oxidic salt
mixtures were used for high temperature tests, and paraffin oil for low temperature tests. The
latter allowed direct visual observation of the processes. The porosity formation was studied
depending on parameters including melt height, melt superheat, coolant inflow rate and pres-
sure, and number of coolant nozzles. Important parameters governing the fragmentation pro-
cess were identified to be melt viscosity, the temperature difference between melt and cool-
ant, and the flow rate.

Discussions on Sessions B4/B5

Concerning melt injection into water, it was stated that a significant data base has
been established. However, for ex-vessel situations some additional data would be needed.
Also, geometric as well as material scaling considerations deserve more consideration. From
the presently available data one can conclude that significant fragmentation of the melt is
likely to occur when a melt jet is injected into water. The debris configuration in the cavity
consists of a melt cake at the bottom and particulate debris on top which may form a coolable
system. Steam explosion is not likely to occur with corium material. However for confirma-
tion of this observation it would be necessary to put the differences that are observed between
thermite and corium behaviour in the FCI process on a quantitative and mechanistic basis. As
a consequence of the observations, cavity flooding before RPV failure as an accident man-
agement measure was generally considered to be beneficial.

In view of coolabity of a debris bed by top flooding, encouraging results have been
obtained. It was shown that under favorable conditions coolability can be reached. However,
the differences in the experimental findings on coolability in the COTELS and MACE ex-
periments require further analysis. In any case, a benefit from water addition can be expected
because erosion of the underlaying concrete layer would be slowed down and FP release
would decrease. The risk of steam explosion in such a configuration was considered to be
small. An enriched data base that could be used for modeling and upscaling of related phe-
nomena could help to confirm the findings.

The concept of bottom flooding of the melt was generally considered as very effective
for quenching and stabilizing of the melt. A core catcher based on this concept can provide a
reliable solution for future reactors and possibly for some existing ones. A better understand-
ing of the processes of fragmentation, debris formation, heat transfer and fission product be-
haviour could help to widen safety margins even further.
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Session C: Material Properties and Thermochemistry:

Session Chairman:  Gérard Cognet (CEA, France)

The list of physical and thermodynamic properties which play a role in corium pro-
gression during a severe accident is quite impressive : liquidus and solidus temperatures, en-
thalpy, density, viscosity, thermal conductivity, emissivity, surface tension,... Moreover, most
of these properties vary significantly with the composition and/or the temperature of the
mixture. However, their importance not being equivalent, a prioritization can be made. Thus,
the knowledge of phase diagrams and apparent viscosities is of utmost importance for the
description of ex-vessel corium behaviour and cooling.

Three papers were presented in this session, one devoted to the determination of the
liquidus and solidus temperatures of (U, Zr)O,.« mixtures, with various oxygen contents re-
flecting various stages of zirconium oxidation, and 2 devoted to the estimation of corium
mixture viscosity.

The solidus and liquidus temperatures of various PWR and BWR corium mixtures
were measured by ANL, using a Differential Thermal Analysis technique (DTA). For PWR
corium compositions (U/Zr molar ratio of 1.64), the solidus temperature was found to in-
crease from 2005°C at 30% Zr oxidation to 2105°C at 70% oxidation. The liquidus tempera-
tures for these compositions were nominally 400°C higher, ranging from 2465°C at 30% Zr
oxidation to 2520°C at 70% Zr oxidation. For BWR compositions (U/Zr molar ratio of 0.69),
the solidus temperatures were found to increase from 1930°C to 2042°C as the Zr oxidation
increased from 30 to 70%. The liquidus temperature for these compositions was found to be a
function of oxidation level, ranging from 2198°C at 30% oxidation to 2475°C at 70% oxida-
tion. These 2 data sets indicate that both the liquidus and solidus temperatures decrease with
increasing Zr content in the melt. Post-test analyses indicate also that Zr is soluble in the ox-
ide phase within the range 30 to 70% oxidation.

Questions from the audience showed that some discrepancies exist between the pre-
sented values and those predicted by GEMINI / TDBCR ; Further investigations are needed.

ANL measured the apparent viscosities of some typical BWR and PWR corium com-
positions by measuring the spreading rate in a 1D channel. The corresponding viscosity was
estimated from the analytical solution given by Huppert for the spreading of isothermal free
surface flows. Tests were conducted with compositions representative of Zr oxidation of 30,
50, and 70%. Data indicates that at a roughly constant temperature of 2500 °C, viscosity in-
creases by approximately one order of magnitude for PWR compositions and by as much as
three orders of magnitude for BWR compositions. At the highest Zr oxidation state consid-
ered (i.e. 70%), there is evidence that the increased viscosity is due to the development of a
solid phase within the melt as a result of the melt temperature falling below the liquidus tem-
perature.

Questions from the audience highlighted the following points:

- The accuracy which is sometimes poor and which depends on the realization of iso-
thermal conditions during tests;
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- The use of this method to measure the apparent viscosity in the solidification range.

A general methodology, presented by the CEA, has been thoroughly investigated to
calculate apparent corium mixture viscosities. This methodology, which extends the model
initially proposed by Seiler and Ganzhorn (1997), is based on three main steps:

- The determination of melt compositions and phases (solid and liquid) versus tem-
perature using a thermodynamic computer code;

- The use of either the Andrade model or the Urbain model to calculate the viscosity of
the remaining liquid phase versus temperature depending on the SiO; content;

- The use of a modified Arrhenius law to calculate the apparent viscosity in the solidifi-
cation range.

This methodology has proved its efficiency by recalculation of the evolution of the
viscosity of various mixtures, in particular those of a basalt with 18% UQ2 content and those
of a 50% corium - 50% concrete mixture. However, complementary measurements are needed
to check its validity for any corium - concrete composition. Questions were essentially ori-
ented towards the modified Arrhenius model and its spectrum of validation. In fact, this
model has been qualified on 2 types of metal melts and on 2 coriurn mixtures, one of which
published by Skoutajan et al. (1979) and the other by Roche et al. (1993).

The general discussion which followed this session underlined some important points:

- For ex-vessel applications, other phase diagrams (U, Zr, Fe, O) and (U, Zr, Fe, Si, O)
require more efforts to be made;

- Considering Mox fuel, phase diagrams with Pu could be needed;

- An effort has to be made to characterize crust stability;

- Suitable correlations or methodology should be developed for other properties such as
thermal conductivity (liquid phase and crusts), emissivity and surface tension; how-
ever here, the priority is lower.

Session Chairman:  Gérard Cognet (CEA, France)

This session was devoted to the study of the compatibility of various materials re-
garding long-term corium collection, stabilization and solidification. Five contributions were
presented, 3 of which described the results of corium ceramic interaction tests, 1, from the
CEA, proposed a model for solidification and the last, from Siemens, described, in detail, the
physico-chemical aspects of the EPR core-catcher concept.

The spreading area of the EPR core-catcher consists of 3 layers of different materials
(from top to bottom): sacrificial concrete, sacrificial iron layer and zirconia, each of which
playing a specific role. These roles were explained in detail by Dr. Hellmann, from Siemens,
who also presented the results of laboratory tests which demonstrated that the target of de-
creasing the initially high liquidus temperature of the melt down to 1800 - 1850°C could be
reached. Dr. Hellmann further reported about experiments performed at Siemens Erlangen on
the thermo-chemical stability of zirconia-based protective material in contact with steel melts.
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This contact mode is characteristic for the EPR melt retention concept since an interaction of
the zirconia layer with oxidic melt is avoided by the addition of sacrificial material. Sup-
ported by a physico-chemical model and available knowledge in the field of metallurgy, he
deduced that a zirconia protective layer is chemically stable against an EPR-type steel melt.
According to his argumentation, the oxygen concentration within such a steel melt and thus
the related FeO-activity remain safely below the corresponding threshold values for the for-
mation of liquid ZrO,-FeO phases and therefore chemical dissolution of the zirconia material
cannot occur. The performed experiments confirm this dependence between FeO-activity and
related extent of erosion. They also showed that at the current state of knowledge, the ZrO,
ramming mass is one of the most promising application forms for the bottom refractory layer.

Questions from the audience pointed out that, before final conclusions, more realistic
tests seem to be needed, which will be performed within the CORESA programme.

The experiments of corium ceramic interaction (2 papers: NITI and CEA) showed that
the ablation of the ceramic is limited and blocked by the temperature gradient in the ceramic
layer. Two dissolution models were proposed, one by S. Bechta from NITI and one by K.
Froment from the CEA. The first one is based on the assumption that the ablation rate is pro-
portional to the undersaturation degree, the second one is more complex because the authors
want to take more phenomena into account. A comparison between these 2 models showed
that the dependency of the ablation rate to the AT is not the same; Clarification seems to be
needed.

Based on their experiments and their model, the Russian team from NITI claimed that
the zirconia concrete (ZC) is well adapted as a protective material for core-catchers. How-
ever, based on the CEA study, any dissolution of a ceramic layer would be stopped, provided
that a cooling system allows a certain temperature gradient to be maintained.

Another paper of CEA discussed the possibility of ceramic attack by oxygen which migrates
from an oxidic corium layer through an iron layer. These tests proved this possibility exists,
but this attack is weaker than in the case of direct contact between corium and ceramic. A
theoretical estimate gives the right order of the dissolution process and shows that dissolution
can be avoided by reduction of the oxygen transfer. As regards the differences found on ero-
sion rates by Siemens and CEA, it was agreed that a common meeting will be needed to dis-
cuss in detail this issue in order to reach a joint position.

A theoretical study performed by the CEA on late phase severe accident processes has
shown the importance of a strong coupling between thermalhydraulics and physico-chemistry.
during melt attack. This coupling leads to 2 important conclusions:

- Instead of a mushy zone the solidifying corium melt would form a layer of segre-
gated refractory components at the cold boundary under thermalhydraulic steady state
conditions;

- The current computer codes which describe corium solidification and interaction
with concrete or ceramics have to be reviewed.

A first experimental proof of the coupling has been presented, however more experi-
ments are needed, in particular with a sufficient scale to enable thermalhydraulic effects to
develop; These are to be performed within the VULCANO programme.
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This presentation and its consequences, in particular the coupling of chemical thermo-
dynamic codes with thermalhydraulic codes was debated in the final discussions of this ses-
sion. Discussions also highlighted that R&D efforts have to be made on dissolution phenom-
ena and gas sparging effect.
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Session D: Reactor Application
Session Chairman:  Hideo Nagasaka (NUPEC, Japan)

The session D consisted of six papers. The first paper dealt with Level-2 PSA for
Spanish individual nuclear power plants (CSN). The second paper was devoted to summari-
zation of open problems of EPR core catcher and the corresponding R&D (GAREC). The
third paper considered two-phase flow with possible instabilities of a natural circulation
cooling system in EPR geometry (FZK). The remaining three papers dealt with the design
considerations of the EPR core catcher (Siemens-KWU).

CSN has conducted independent regulatory evaluations of Level-2 PSA for all NPPs
in Spain, focused on ex-vessel corium coolability issues using the MELCOR code. The effect
of wet cavity flooding on MCCI suppression and the possibility of basemat melt-through were
surveyed. Very wide range of containment failure probability due to the uncertainty of ex-
vessel debris coolability confirmed the necessity of further enhanced study of MCCI for ex-
isting NPPs. Pool depth and subcooling should be considered in cavity flooding accident
management to evaluate ex-vessel steam explosion probability.

The GAREC Working Group presented its view on major open problems with empha-
sis on the ex-vessel retention concept of EPR. Corresponding R&D programs were summa-
rized extensively. This paper included scenarios for core meltdown and corium transfer to the
lower head, corium behavior in the lower RPV head, vessel failure, risk of steam explosion,
corium-concrete interaction and coolability, corium spreading and accumulation, corium ce-
ramic interaction, and long term corium stabilisation. GAREC concludes that coolability
during MCCI by surface flooding is difficult to be demonstrated with the present knowledge.
But better understanding and modeling of the behavior of the corium melt in the freezing
range would predict rather low viscosity of the residual melt instead of formation of a mushy
zone. This would enhance melt ejection and thus improve corium coolability. - The main un-
certainties for the EPR corium cooling concept are seen in the melt-through of the gate and
the effects of late water injection.

Experimental and theoretical analysis on natural circulation and boiling induced con-
vection related to the debris cooling after the corium is spread over the melt catcher have been
conducted at FZK. It is shown that the decay heat can be removed from the flooded core by
heat exchangers in the sump of the containment. Special attention is given to flow instabilities
in the two-phase flow regime in the boiling induced mixed convection loop. The instabilities
are caused by the transition from bubbly to slug flow by flashing phenomena. Stable and os-
cillating flow conditions were observed depending on the degree of subcooling of the coolant
water, and a stability diagram correlates the occurrence of instabilities with the operational
characteristics of the cooling loop. Analytical models consisting of six equations of the two-
fluid model with the interfacial terms are expected to be validated against full height simula-
tion in the SUCOT test facility .

Main conceptual features of the EPR melt retention concept and the designed countermea-
sures to several problems were well summarized by 3 papers of Siemens-KWU. The retention
concept focuses on the temporary retention of the corium melt in the reactor pit to make co-
rium recovery independent of various scenarios, the fast release of the corium to the spreading
compartment, and the cooling by surface flooding. This EPR concept has triggered much of
the research which was discussed throughout the meeting. To achieve the required melt stabi-
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lization and cooling, the following features are described and their role for the cooling proc-
ess is explained: sacrificial concrete layer and melt plug in the reactor pit, transfer channel to
the spreading room, spreading room with an initially dry sacrificial concrete layer. After
complete spreading of the melt and erosion of the upper concrete layer, a sacrificial steel layer
would be melted which safely separates the potentially aggressive oxidic corium melt from
the zirconia layer underneath. The water cooling system under the zirconia layer would be
activated after melt spreading, flood the surface of the corium melt, and keep the ZrO, re-
fractory layer at low temperatures, so that no thermochemical attack of the refractory layer is
expected. The EPR melt stabilization concept was subject to various licensing discussions,
and after some recent conceptual improvements, is considered by the industry as a sound
technical solution with reasonable costs.
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GENERAL SAFETY
REQUIREMENTS

& defence in-depth concept

 prevention of incidents and accidents
» design, operation, maintenance
+ mitigation of accident consequences
B Design basis accidents => characteristics of safety
systems
« TODAY :
» LOCA, RTA
+ TOMORROW :
» Low pressure core-melt accident

B Accident management (4A3/) measures




OBJECTIVES OF SEVERE
ACCIDENTS MANAGEMENT
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® TO RESTORE CONTROL OF THE SITUATION
¢ for workers and public protection
o thresholds ? ? when and where ??
B TO DELAY CORE-MELTING AND/OR CONTAINMENT
FAILURE
+ more time to implement counter-measures

& TO MITIGATE THE CONSEQUENCES OF THE
ACCIDENT

+ radiological consequences

+ short, medium, long term
B TO OPTIMISE CRISIS MANAGEMENT
+ on-site/off-site decisions

= SEVERE ACCIDENT MANAGEMENT IN
PRESENT AND FUTURE REACTORS

B TODAY :

+ complementary procedures

+ non-conventional use of existing devices
+ limited complementary technical means

+ best-estimate assessment of the efficiency of these measures

@ TOMORROW :
¢ FUTURE REACTORS : evolutionary design

+ the design includes mitigation features for severe accidents
involving vessel melt-through
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@ ELIMINATION OF SITUATIONS LEADING TO EARLY
CONTAINMENT FAILURE, RESULTING IN LARGE
EARLY RELEASES :

+ containment bypass
+ reactivity accidents
« high pressure core-melt situations
« energetic steam explosions, hydrogen detonations
8 LOW PRESSURE CORE-MELTDOWN : IN THE DESIGN
+ radiological consequences : to be limited in space and time
» control of core-melt progression
» control of containment leaktightness
» control of fission products behaviour

SEVERE ACCIDENTS
PREVENTION AND MITIGATION
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» core degradation
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CONTAINMENT
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SEVERE ACCIDENTS RELATED

RESEARCH

Material interactions, FP and H2
In vessel release, material displacements
Material interactions, solidification
Ex-vessel plenomena, spreading and cooling
Aerosols || lodine
Fuel-coolant | | premicing, inseraction,
interaction mechanical ¢ffects FP release
Retention and chemustry
in the circuits
Retention and chemistry
in containment
Hvdrowen Production, distribation, combsstion, Mitigation devices
y g miltigation, meckanical cosnseguences 6
S

CORE DEGRADATION
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B+ THE CONTROL OF CORE DEGRADATION IS A
KEY FACTOR TO CONTROL SEVERE ACCIDENTS
CONSEQUENCES

# In-vessel core cooling

# Corium in the reactor pit
@ Ex-vessel corium cooling




POTENTIAL AM-MEASURES :

i Core-melt progression
(e R ) () D 68 1 19
& In-vessel core-melt progression
+ water injection inside the vessel
« flooding the reactor pit

B Ex-vessel core-melt behaviour
+ spreading
+ fragmentation
» water injection, specific core-catcher geometries
B+ NECESSITY TO ASSESS IN EACH CASE :
o feasability
+ efficiency B> R&D needs
+ potentially associated risks

S

SAFETY QUESTIONS ASSOCIATED
TO CORE COOLING POSSIBILITIES
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# WATER INJECTION INSIDE THE VESSEL
+ feasability depends on the delay to restore a failed systemn
(present reactors), or on the available systems (future)

+ efficiency is questionable (R&D focused on early degradation
phase)

¢ risks : H2 and FP release, FCI, thermomechanical constraints
+ no instrumentation on core status (i.e. no operator guidance)

# FLOODING THE REACTOR PIT
+ feasability is plant dependent (geometry, insulator)
« efficiency : questionable for large size vessel or late flooding
+ associated risk : FCI
+ may happen in a uncontrolled way in existing plants
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= SAFETY QUESTIONS ASSOCIATED TO
CORE COOLING POSSIBILITIES (2)
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B EX-VESSEL CORIUM COOLING

+ PHENOMENA INVOLVED :
» corium discharge in the containment
» jet and erosion phenomena in the reactor pit
» spreading
» cooling by water (top or bottom contact)
» debris and crust formation
» interaction with substrate
» hydrogen generation
» fission products release

- SAFETY QUESTIONS ASSOCIATED TO
CORE COOLING POSSIBILITIES (3)

+ SAFETY CRITERIA
» prevent penetration of the containment basemat by corium, in
order to avoid contamination of ground water and sub-soil

» leaktightness with regard to contaminated sump water

B SOME CHOICES TO BE DONE FOR AM EITHER IN
EXISTING REACTORS, EITHER FOR FUTURE
REACTORS

+ priority to in-vessel vs ex-vessel cooling

+ reactor pit flooding or not

+ spreading on a large area vs dedicated core catchers
¢ flooding the spreading area or not ; when ?

+ active vs Essive ﬂstems ?
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NECESSARY KNOWLEDGE
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# Improvement of physico-chemical knowledge

+ spreading

¢ FCl in stratified conditions

+ fragmentation mecanisms

» pools and shallow layers
+ heat removal capabilities and transfert to containment
+ crust formation and consequences
+ thermochemical aspects, segregation
¢ long term modelling of corium-substrate interaction
¢ long term thermo-mechanical behaviour
+ scaling aspects

NECESSARY KNOWLEDGE (2)

R R R I ER e
E Improvement of models and codes
« mechanistic and best-estimate tools
+ integrated tools :
» physical models, systems behaviour
B Necessity to study more representative situations
¢ more comprehensive initial conditions
» chemical composition of the corium, viscosity, solid fraction
+ complex accident scenarios
» successive corium discharge events, local effects
» understanding, repairing, management modes
+ other consequences : steam, heat, H2, FP to the containment
+ uncertainty and probabilistic studies
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& ON GOING RESEARCH WILL HELP TO :

& optimise design (conceptors)

@ contribute to safety assessment (safety organisations)

@ validate Accident Management procedures

B develop guidelines to operators

B provide knowledge useful for on-line accident assessment

B> [MPORTANCE OF REVIEWING AVAILABLE
KNOWLEDGE AND COMPLEMENTARY NEEDS
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ABSTRACT

Experiments are being performed in a scaled annular cavity design, typical for the
European Pressurized Reactor (EPR), to investigate melt dispersal from the reactor cavity
when the reactor pressure vessel lower head fails at low system pressure of less than 20 bar.
In the first part of the experimental program the fluid dynamics of the dispersion process are
studied using simulant materials, water or bismuth alloy instead of corium, and nitrogen or
helium instead of steam. The effects of different breach sizes and locations and different fail-
ure pressures on the dispersion are studied systematically. For central holes in the lower head,
the dispersal rates can be correlated by a Kutateladze number based on the velocity in the an-
nular space of the cavity.

1. INTRODUCTION

Concerning the mitigation of high pressure core melt scenarios, the design objective
for future European PWRs is to transfer high pressure core melt to low pressure core melt se-
quences, by means of pressure relief valves at the primary circuit, with such a discharge ca-
pacity to limit the pressure in the reactor coolant system (RCS) to lower than 20 bar, at the
moment of the reactor pressure vessel rupture. A failure in the bottom head of the reactor
pressure vessel (RPV), followed by melt expulsion and blowdown of the RCS, might disperse
molten core debris out of the reactor pit, with higher pressures at vessel failure leading to
larger fractions of dispersed material. The mechanisms of efficient debris-to-gas heat transfer,
exothermic metal/oxygen reactions, and hydrogen combustion may cause a rapid increase in
pressure and temperature in the reactor containment and are collectively referred to as direct
containment heating (DCH). Apart from the loads on the containment building due to DCH,
the ejection of a considerable amount of melt debris out of the reactor cavity by itself is a
problem, because the melt collecting and cooling concept of future PWRs would be rendered
useless.

A large amount of work has been done to investigate the melt dispersal/DCH-
phenomena for cavity designs with large instrument tunnels leading into subcompartments
(Nucl. Eng. Des. 1996). Only a few experiments have been done with an annular cavity
design (Blanchat, et al.,1997; Bertodano, et al.1996). Some European PWRs and the planned
European Pressurized Reactor (EPR) have an annular cavity design where the only large
pathway out of the cavity is the narrow annular gap between the RPV and the cavity wall
(Fig.1). The past experiments focused on relatively small holes at the center of the lower head
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Fig. 1 The Reactor pressure vessel and cavity planned for the EPR

and high failure pressures. Our investigations have been extended to low failure pressures and
larger breach sizes with a cavity design similar to the planned EPR cavity. Also, lateral
breaches are being investigated.

Recently two experiments were performed at the Sandia National Laboratories (SNL)
in cooperation with Forschungszentrum Karlsruhe (FZK), Institut de Protection et de Surete
Nucleaire (IPSN) and the U.S. Nuclear Regulatory Commission (NRC) (Blanchat, et al.,
1999). These tests were performed with thermite melt, steam and a prototypic atmosphere in
the containment in a scale 1:10. For the first time, a test with a large break at low pressure was
conducted. The initial pressure in the RPV-model was 11 and 15 bars, and the breach was a
hole at the center of the lower head with a scaled diameter of 100 cm and 40 cm, respectively.
The main results were: 78% of melt mass were ejected out of the cavity with the large hole
and 21% with the small hole; the maximum pressures in the model containment were 6 bar
and 4 bar, respectively.

At FZK the test facility DISCO-C has been built for performing dispersion experi-
ments with cold simulant materials in an EPR-typical geometry in a scale 1:18. Subsequently,
selected experiments in a DISCO-H facility in the same scale will be performed with thermite
melt, steam and a prototypic atmosphere in the containment. The ultimate objective of the ex-
periments is to find an upper bound of RCS pressures resulting in a minimum of melt dis-
persed out of the cavity in an optimized cavity geometry.

2. THE TEST FACILITY DISCO-C

A scheme of the test facility DISCO-C is shown in figure 2. There are two potential
flow paths out of the test cavity. A path straight up into the refueling canal is expected not to
exist in the final EPR design. The main flow path is the free flow area around the 8 main
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Fig.2 Scheme of the DISCO-C-test facility

coolant lines into the pump and steam gen-
erator rooms with a total flow area of about
10 m?. However, there is a flow constriction
below the nozzles at the RPV support struc-
ture with an minimum flow area of only 6 m?
in the present design. The other way out of
the reactor pit will be through four ventilation
openings in the lower part of the cavity (total
flow area 1.5 m?) leading to the spreading
compartment via an annular channel around
the pit, and a connecting channel. This second
path was closed in the first experimental se-
ries presented here. The pump and steam gen-
erator rooms are open to the dome in the
prototype and open to the atmosphere in the
experiment, only covered by filters for the
extraction of fog or droplets. The compart-
ments are volumetrically scaled and contain
some baffles (pump room 0.131 m?, steam
generator room 0.3 m®),

The dimensions of the cavity and the RPV are
shown in Fig. 3. The total volume of the pres-
sure vessel is 0.08538 m?® (scaled 498 m?),
simulating the volume of both the RPV and
part of the RCS. A disk holding 8 pipes (44
mm LD., 250 mm length) separates the two
partial volumes in a ratio 60:40 (RCS:RPV).

16%22,8"
@28 mm

Fig. 3 The configuration of the pressure ves-
sel with a rupture disk at the lower
head (dimension in mm).




The fluids employed are water (p = 1000 kgm™, o = 0.072 N/m) or a bismuth alloy (Bi-Pb-
Sn-In-alloy, MCP-58%, p = 9230 kgm'3, Tmeit = 60°C, 6 = 0.35 N/m), similar to Wood’s
metal) instead of corium, and nitrogen or helium instead of steam. The RPV lower head can
hold 3.4x10™ m® of liquid (liquid height in the hemisphere is 96 mm). This corresponds to 20
m® or 160 t of corium. The holes in all tests, except for test R-01, were at the center of the
hemisphere. They were closed by a rupture disk, that had an opening diameter larger than the
hole diameter. The pressure vessel was filled with gas to a pressure slightly lower than the
failure pressure of the rupture disk. A small auxiliary pressure vessel, filled to a somewhat
higher pressure was connected to the main pressure vessel. By opening a valve electro-
pneumatically the pressure in the main vessel increased up to the failing pressure of the rup-
ture disk and the blow down started. A break wire at the hole gave the signal for closing the
valve again and for the time mark t = 0.

Table 1 Parameters and dispersed liquid fractions in DISCO-C experiments

Liquid fraction found in

Test | Gas | Liquid | Hole | Burst Blow |Compart-| Cavity | RPV | Cavity | RPV

water/ | Diam. | Pressure | through| ments [ bottom | support| total

metal abs. th

10°m* | (mm) | (MPa) (s f, f,
D-11 | N, 34w 15 0.643 | 0.688 0.161 [ 0.583 | 0.256 |0.839 0
D-10 | N, 34w 15 1.141 | 0.419 0.382 | 0.387 |0.231 |0.618 0
D-15 | N, 34w 25 0.348 | 0.359 0.193 [ 0.537 10270 | 0.807 0
D-07 | N; 34w 25 0.620 { 0.106 0.518 {0224 [0.258 }0.482 0
D-04 | N, 34w 25 1.190 | 0.047 0.698 [ 0.056 | 0.245 |} 0.302 0
D-13 | N, 34w 50 0.353 | 0.032 0.551 0212 10237 |0.449 0
D-06 | N 34w 50 0.619 | 0.024 0.669 |0.061 {0270 |0.331 0
D-05 | N, 34w 50 1.200 | 0.018 0.759 10.012 | 0.229 | 0.241 0
D-14 [ N, 34w | 100 0.351 | 0.012 0.580 [ 0.136 |0.284 |0.420 0
D-08 | N, 34w | 100 0.613 { 0.013 0.717 {0.052 }0.231 }0.283 0
D-09 | N, 34w | 100 1.137 - 0.741 ]0.021 |0.239 | 0.259 0
D-12 | N, 34w 18 0.270 - 0.000 | 0.950 | 0.050 | 1.000 0
H-02 | He 34w 25 0.388 | 0.335 0.123 | 0.621 | 0.256 | 0.877 0
H-01 | He 34w 25 0.641 | 0.104 0.350 | 0.399 | 0.252 | 0.651 0
H-03 | He 34w 25 1.156 | 0.065 0.616 |0.123 | 0261 |0.384 0
R-01 | N; 1.8w | 25 0.611 - 0.029 ]0.423 [0.185 ] 0.608 | 0.363
D-17 | N, 1.8w 25 0.612 | 0.033 0.407 |0.123 | 0470 | 0.593 0
M-01 | N, 30m 25 1.045 | 0.515 0.358 | 0.428 | 0.215 | 0.643 0
M-02 | N, 3.0m 25 0.595 | 0.790 0.060 | 0.862 | 0.077° | 0.940 | 0.001
M-03 | N, 30m 50 0.582 | 0.090 0.379 {0.495 | 0.125" { 0.620 | 0.001

"Space behind conical ring at the support girder was filled with 0.6x10™ m® silicon rubber up to the
lower edge of the holes, so all liquid could flow back into the lower cavity, except a thin film and the
frozen material at the walls.

* horizontal rip, 40 x 12.5 mm
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3. EXPERIMENTAL RESULTS
3.1 Dispersal rates

The initial conditions of the experiments are given in table 1 together with the liquid
fractions found in the compartments and the cavity after the tests. If liquid reaches the RPV
support girder, approximately 0.8x10” m® are deposited there; 0.6x10 m? are kept behind a
conical ring (s. Fig.3), that prevents the liquid to flow back into the lower pit. The rest stays on
the horizontal surfaces in this area. Fig.4 shows the data as function of the initial pressure. For
comparison, data are shown from experiments performed at Brookhaven National Laboratory
(BNL) for a Westinghouse cavity design (Surry) with a large instrument tunnel (Tutu et al,,
1990). These data seem to change more sharply at a threshold from low to high dispersal rates
than in our case. However, for larger holes (>50 mm, >0.90 m scaled) there must be a sharp
drop at very low pressure differences (0.1 — 0.2 MPa). The effect of a different driving gas (He
versus Ny) is similar as found before, e.g. at BNL. The higher sound velocity of helium leads to
a faster blow down, but the lower density (app. /7 of Ny) causes less entrainment, with the net
result of a lower dispersal.

One special test was run with a horizontal rip at the side of the lower head (R-01). The
slot was app. 40 mm x 12.5 mm, having a 25-mm-hole equivalent flow area. The lower and
the upper edge of the slot were 55 mm and 64 mm above the bottom of the lower head, re-
spectively. The liquid volume used was only 1.8 10~ m’, and the liquid surface was at 67 mm
above the bottom. In this test very little liquid was dispersed into the compartments. The
small mass that was dispersed was found in the compartments on the opposite side of the
break. A considerable amount of liquid remained in the lower head of the RPV. The liquid
level of this rest water was at 39 mm above the bottom, or 16 mm below the lower edge of the
rip opening. A comparison test (D-17) with the same amount of liquid but a center hole of 25
mm diameter gave similar results as the test with the large liquid mass (D-07). The somewhat
smaller mass fraction in the compartments (0.4073 versus 0.5177) is due to the much larger
(relative) mass fraction at the RPV support in D-17, but with almost identical absolute masses
at the support in both tests.

1 Y ! L LA I | ——— r T I T
2 Fo ’ ' ' ‘ Hole size
£ 2 ——&——  100mm (1,80 m)
E ‘ 5 e 50 mm (0,90 m)
£ £ ~—G—  25mm (0,45m)
o £ —O6——  25mm He
kS ‘® + 18 mm (0.32m)
3 & —6—  15mm (0.27m)
T g —B— 25 mmMe
5 4 2] 50 mm Me
E :% 1 horiz. rip
@ E X BNL 9.5 (0.40 m)
£
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Fig. 4 Liquid mass fractions as function of the failure pressure of the rupture disk
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3.2 Blow down histories

The duration of the blow down process is inversely proportional to the flow area of the
hole (Fig.5). According to scaling laws it is also proportional to the length scale, so the blow
down times for the reactor would be between 3 s and 120 s with hole sizes between 1.8 m and
0.27 m diameter. However, with steam and thermal effects these times would be different.
Scaling laws predict a blow down time dependency on the initial pressure as t ~ In (po/p)
(Jacobs et al.,1997). The experiments show that the pressure effect is smaller than that. The
reason is the presence of the liquid. A pure gas blow down has an entirely different trend with a
steeper gradient in the beginning (Fig. 6).
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(a) (b)

Fig. 8 Water jet, (a) without fragmentation, hole was closed with a thin foil and pressure
was increased with a shock, (b) with fragmentation, hole closed by a rupture disk.

Fig.7.a shows the pressure in the RPV together with the pressure (P6) measured on the
cavity floor directly below the hole. The rupture disk opens at t=0 s, but the pressure still in-
creases because the valve between the auxiliary pressure vessel and the main vessel closes not
before t=0.07 s. Up to app. t=0.4 s the pressure falls only slightly. The pressure signal from P6
is identical to the RPV pressure signal up to t,=0.362 s. This indicates that there is a single-
phase liquid flow with the velocity of u, = (2 Ap/pL)”2 . At t,=0.362 s a blow-through occurs
and there is a two-phase flow up to app. t=0.78 s. From that point on there is a single-phase
gas flow, probably with very small droplets, and again the pressure signal P6 gives the total
pressure with payn=pc/2 ug”. Similar signals could be observed in all tests, but in most cases
the dynamic pressure in the initial liquid flow phase did not reach quite the RPV pressure
(Fig.7.b); probably because of the fragmentation of the jet (Fig.8 b). The blow through times
ty are listed in table 1. More information on t, can be found in Meyer, et al., (1999).

3.3 Analysis of the results

With the information of the pressure and the temperature in the RPV and in the cavity,
and the flow cross section of the annular space around the RPV, a mean gas velocity in the
annulus, ug, can be determined. Fig.9 shows the RPV pressure and the static pressure in the
cavity. Because of the choked flow at the reduced flow area below the nozzles we see a pres-
sure peak in the cavity in experiments with large holes. This sets an upper limit to the veloci-
ties in the annulus. Fig.10 shows some typical velocity histories which were determined as-
suming that the whole annular cross section is available for the gas flow. Of course, this is not
the case, because the liquid fills up part of the cross 12
section. Also the Veloc1t.y. distribution will not be uni- e e o
form. Thus, these velocities represent a lower bound. 101 e D9:100 mm
Local velocity measurements are going to be done, in : RPV .
order to determine the upper limit of the velocities in
the annulus.

o]
i
|

In Fig.11 we see a coarse correlation between
the dispersed fraction and the maximum gas velocity

Pressure (bar)
[o)]
]

in the annulus, ug, relatively independent of the hole 2: ey j
size. Considering the above mentioned uncertainties

in the detern}matlon of .the velocity, it Is surprising to T —

find such a simple relation. The tests with helium and 0 0.2 04 0.6 08
the tests with Wood’s metal lie outside this band. Time (s)

Fig. 9 Pressure in the RPV and cavity




There is no single correlation between the exit velocity of the liquid and the dispersed
fraction. However, the nitrogen and helium tests collapse on one curve, if they are correlated
by po ug” , and also the liquid metal tests can be joined into one curve if the dispersed mass
fractions are correlated by the Kutateladze number, Ku = pg uc*/(pL g o) (Fig.12). If the
threshold for droplet levitation up the annulus was applied according to the Kutateladze crite-
rion Ku > 14, the velocity limit for Ny/water would be 18 m/s, and for both, He/water and
No/Wood’s metal systems it would be 47 m/s. The results, however, show no sharp threshold
and dispersal occurs also at lower velocities. The above correlation should not be overrated. It
is a preliminary result and does not reflect the complexity of the blow down and dispersion
processes. Taking the maximum gas velocity as a correlation parameter does not seem to take
account of the several stages of the blow out, the single-liquid stage, the two-phase stage and
the single gas phase.
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Fig. 10 Gas velocities in the annular space in the cavity; (a) at the same initial pressure with different
hole sizes, (b) with an identical hole size of 25 mm, with different pressures and gases.
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In the experiment the parameter pg ug” is smaller for helium than for nitrogen, which
makes the fq-data collapse on one line for both driving gases. If we assume sound velocity at
the hole, pg ug> becomes proportional to kpy. This expression is larger for helium (x=1.667)
than for nitrogen (x=1.4). Obviously, the velocity in the experiment is smaller than theoreti-
cally possible, and more so for helium than for nitrogen. The ratio of the experimental veloci-
ties for helium and nitrogen is about 2, while the ratio of the sound velocities is 3. The reason
for that difference must be the presence of the liquid phase as noted above (Fig.6).

If the gas velocity in the annulus were the governing parameter for melt dispersal, a
reduction of this velocity could reduce the dispersion. Before a conclusion can be drawn for
the optimum cavity design, more and special experiments are necessary, especially with lat-
eral rips in the lower head.

4. CONCLUSIONS

A first series of 20 experiments has been performed in the DISCO-C facility with a
1/18-scale model of an EPR-typical reactor pit with simulant materials. Hole diameters be-
tween 15 mm and 100 mm (0.27 m and 1.80 m scaled) and initial pressures between 0.35 and
1.16 MPa were employed. With large holes and 1 MPa initial pressure, practically all liquid
(water) was ejected out of the lower pit, however, approximately 25 % was caught in the
space at the RPV support. The results of all experiments with central holes in the lower head,
regarding the dispersed fractions, with material combinations nitrogen/water, helium/water
and nitrogen/Wood’s metal, can be correlated as a function of the Kutateladze number,
Ku = pug® /(pLeo)'?, with ug, the maximum gas velocity in the annular space around the
RPV. The threshold pressure for dispersion is less pronounced in the annular cavity geometry
than in cavities with a chute. The experiment with a lateral rip in the lower head showed much
smaller dispersal rates than with central holes. More experiments with such a geometry will
be performed.
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ABSTRACT

If the reactor pressure vessel of a pressurized water reactor fails, corium may be
dispersed into the volumes below. The ejected corium may be subjected to chemical reactions.
If pressures and breaches are large enough, the corium may be further transported into
adjacent volumes without directly flowing into the core catcher. The dispersion is influenced
by entrapment and entrainment of corium at the adjacent walls.

The objective of the present work is to model the associated physical phenomena with
a computer code that combines mechanistic and parametric models. This is a way to take
advantage of existing lumped-parameter models for system codes and of the details of a
multicomponent transient fluid dynamics code. The result is a fast running code in r-z-
geometry with three velocity fields and two distinct oxidization processes. Entrapment and
entrainment models have been added to calculate the development of liquid corium films at
the walls outside of the pressure vessel.

The code has been tested on recalculations of the SANDIA thermite and DISCO
water and metal experiments which were designed to answer questions of low pressure
corium dispersion (Meyer, 1999). Details of the models and the flow at the breach will be
presented.

1. INTRODUCTION

If molten corium collected on the lower head of the reactor pressure vessel (RPV)
causes the vessel to fail while there is still overpressure left in the reactor coolant system, the
melt may be ejected in such a way that parts of it travel up in direction of the dome of the
reactor containment. The melt flows through the breach, it is dispersed, a part of it may collect
as a film on the adjacent walls, and parts of the film may be re-entrained into the main stream.
The gas-vapor mixture blowing out of the breach oxidizes the metal components of corium.
The reaction is exothermal and produces hydrogen which may burn downstream when mixing
with oxygen of the containment atmosphere.

The experimental data are abundant enough to start testing theoretical models which
are needed to assess conditions on prototypic scale. Besides the generally used lumped
parameter models, see (Washington, 1995), the present method takes advantages of the
proven technology of a multiphase code and adds specific dispersion models to it. The two
theoretical approaches are used in parallel and offer to mutually influence each other. While
the lumped parameter approach is justified by the lack of rigorously mechanistic models, a
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multiphase code has the advantage to resolve the geometry in greater detail. For example,
local velocities may have a substantial influence on how the corium is being dispersed which
demands for a model that resolves major flow paths. As the code geometry approaches that of
the experiment, code results can be compared to local measurements and physical details can
be obtained in order to understand relationships. The code has therefore been run in parallel to
the analysis of experimental results. With a detailed enough geometry, a scale-up to
prototypic conditions may ultimately be possible.

2. THE TRANSIENT FLUID DYNAMICS CODE

The multiphase code chosen is AFDM (Advanced Fluid Dynamics Model, (Bohl,
1992)) which has two dimensions and three velocity fields. This allows to track water, molten
corium, and a gas-vapor mixture. The code describes a multitude of energy fields and has a
transient model of interfacial areas between all energy fields. The numerical solution method
with its predictor-corrector method allows to add explicit models.

The AFDM cells are defined in order to model transient fluid flow on a few seconds
time scale. The explicit dispersion models are superposed to the r-z-geometry of the Eulerian
cell set of AFDM. There is no intention to resolve the velocity and mass concentration
profiles expected in the given geometry. This would require cells of only millimeter size, and
lead to inoperable cell numbers. Instead, there are only several hundred AFDM cells. This
number is subject to change, especially because it governs numerical diffusion and smearing
of distinct interfaces. However, it is large enough to model the main features of the given
geometry which is expected to play a major role in the dispersion process.

3. THE DISPERSION MODELS

By using predefined volumes consisting of clusters of Eulerian cells of AFDM, any
lumped parameter model can be imported from system codes. While AFDM distinguishes
only melt, water, steam, melt vapor, and noncondensable gas, the volumes of clusters need
two different kinds of melt, oxide and metal, and three different kinds of noncondensable gas,
nitrogen, oxygen, and hydrogen. These new components are only recognized by the added
models. AFDM receives information about the mixture of these gases and the exothermal
heat. Table I shows the components of both codes sections

Table I
AFDM standard code Velocity field Added model
structure - -
melt 1 Oxide melt
Melt particles 1 Metal melt
water 2 -
Melt vapor 3 Steam
Steam 3 Nitrogen
Noncondensable gas 3 Oxygen

3 hydrogen

There are two model sections added, the first is for the chemical reactions, and the
second for the hydrodynamics in the vicinity of liquid corium films at the walls outside of the
reactor pressure vessel (RPV).
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For the first model section, substantial work has already been performed to describe
the oxidization of melt and the combustion of hydrogen (Washington, 1995). There are two
volumes of cell clusters which allows to use correlations of the two-volume equilibrium
model (Pilch, 1994).

For the first model section, the volume is limited to the cavity, directly adjacent to the
RPV, and the flow paths to the reactor dome. In this volume, most of the oxidization of
metallic corium takes place. The second is the volume where the generated hydrogen may
burn if the combustion conditions are met. The corium oxidization is supposed to be diffusion
limited. This allows to introduce the necessary rate of oxidization for calculating the transient
heat generation of AFDM. The combustion is supposed to be advection limited, i.e. it depends
on the mass flow of hydrogen entering the oxygen-rich region of the containment.

While oxidization and combustion are important to assess system pressures and long
term behavior for the SNL/Sup experiments, dispersion rates were found to be hardly
affected by combustion in the present geometry. This permits to concentrate on one subject
each. At present, work has concentrated on entrapment and entrainment models.

For the second model section, the volume of cell clusters is reserved to describe the
formation of liquid films at the cavity walls and the entrainment of droplets out of the liquid
film. This volume is a part of the cavity volume. A liquid film is defined at sections of the
horizontal and vertical cavity wall. The film is supposed to have a negligible velocity. All
three velocity fields of the code are already occupied, and a moving film would need a flow-
regime dependent subdivision of given computational cells which are limited to use only cell-
averaged values. The entrainment model is based on a modified Whalley-Hewitt correlation
which depends, among others, on the liquid film thickness, 8, which happens to be an explicit
value of the present model.

The entrainment rate, €, of the modified correlation is

£ ='C.A.Lﬂﬂ.ﬁﬁﬂ.exp{—5+6.8tanh(6f'5j]
Oliq

where C is a constant to be adjusted to fit experimental data, A is the film surface area,
7 is the shear stress on the gas side of the film surface, 1 is the dynamic viscosity, and o is the
surface tension. To the original correlation has been added the ratio of the densities of gas and
liquid, pgas/piiq, an addition which was found to be necessary to match water and thermite data
at the same time. The exponential function is a tentative fit to a cluster of experimental points
published in (Hewitt, 1979).

For the entrapment of droplets on the walls, a simple model of mass transfer rate is

used which is proportional to the liquid droplet flow perpendicular to the wall. The
entrapment rate is

‘9=C'A.vjroplet°ﬁ'Ku—2

where C is a constant, A is the surface area of the wall, v is the velocity

perpendicular to the wall, p is the liquid density per cell volume, and Ku is the Kutateladse
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number which is pg,Vi, /J ga(p,iq - pgas) with the standard gravity g. From

manipulations with experimental results, see (Meyer, 1999), the Kutateladse number was
found to correlate with the fraction of liquid mass ejected out of the cavity if the velocity vgas
is the maximum value of the upward annular gas-vapor flow in the cavity. This led to the
above formula so that at large Ku, the entrapment is reduced because the droplets are swept
away by the gas-vapor flow.

As already criticized by (Williams, 1996), it is questionable whether the entrainment
rate is proportional to the liquid viscosity as in the original formulation. Better results have
been obtained by using a constant reference viscosity, or by the vapor viscosity as in the
formula above. For low pressure corium dispersions, the shear stress may not be well
represented by a formula with a two-phase friction multiplier established for annular flow in
pipes. A smooth film surface shear stress has given better results.

The flow is highly transient, and the dimensions of the cavity are such that flow
profiles cannot develop because of the abrupt changes of flow directions. Therefore, the
steady state entrainment formula may not be fully valid. This shows also the need for
adjusting the constants C in the entrainment and entrapment equations above. Local and
transient measurements of flow and film parameters are difficult which limits the assessment
of possible alternatives to standard entrainment models.

4. THE INFLUENCE OF GAS BLOWTHROUGH

Liquid corium is discharged through the breach in the RPV which is, for the present
analysis, located at the bottom center. The flow regimes that govern this discharge may have
a substantial influence on the way the liquid is subsequently being dispersed. As discussed in
(Pilch, 1992), the discharge starts single phase, but may switch to two phase later. During the
single phase discharge, the driving RPV gas pressure drives a solid liquid jet out of the hole
into the cavity where it is subjected to break-up processes. Parts of the jet form a spray of
droplets. Since the distance between the hole and the cavity bottom is small, the jet impacts
on the bottom wall and is further dispersed. At a given time of discharge, the pool depth in the
RPV becomes small enough to allow the high pressure gas to open a central voided channel in
the jet. This may lead to higher escape rates of gas out of the RPV. The liquid is no longer
pushed outside, but may also be entrained at the gas-liquid interface. However, the available
liquid may not be entrained totally or may be ejected at a smaller rate so that RPV pressures
come close to those in the cavity prior to total RPV voiding. This may influence the liquid
dispersion from the cavity to the adjacent plena.

The gas blowthrough occurs when the ratio of remaining pool depth, A, to the
diameter of the hole, d, falls below a threshold value. The report (Pilch, 1992) recommends
the formula

h

h, D
d

= O.4BEM(«/ Fr %j where the Froude number is Fr = v

Jed

The critical height, 4, is large for larger holes, so the present analysis is done on the
basis of the DISCO D06 experiment (water is the corium simulant) with a hole of d=50 mm.
The formula is valid for upright cylinders with or without hemispherical bottoms. The inner
cylinder diameter is D=276 mm. For the experiment D06, the exit water velocity, u, is about
32 m/s, and the Froude number becomes Fr=46. This yields a critical pool height of /;=100
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mm which is larger than the initial pool height of 95 mm suggesting that gas blowthrough
occurs early during the transient. However, measurements indicate a later gas blowthrough.
The reason for the difficulty with the analytic formula may come from the small initial pool
height of DISCO. Other experiments used to validate the formula may have started with
higher pools which allows a certain flow pattern to develop before the critical pool height is
reached.

Experimental evidence for later gas blowthrough is coming from the pressure
transducer P6 mounted flush with the cavity bottom directly below the discharge hole. Fig. 1
shows the experimental readings of the RPV pressure P1 and the cavity bottom transducer P6.
The transducer P6 shows a sharp increase from 1 bar to exactly the RPV pressure shortly after
hole opening. After 26 ms, the pressure falls sharply when the jet changes from single phase
to two phase. Given the time for the jet to traverse the 62 mm from the hole to the cavity
bottom at 32 m/s, the jet at the hole stops being single phase at 24 ms.

P
e P6 |

pressure (bar)

Fig.1 measured pressures of DISCO D06

The objective of modeling the fluid dynamics with the Eulerian code AFDM was to
not concentrate on jet details but to model the whole discharge space, from the RPV to the
reactor dome. The calculational grid was so coarse that the radial extension of the hole was
modeled by only one cell. This demands additional care when setting up the geometry of the
hole. Because of the staggered mesh and the associated interpolation for solving the
momentum equation, the hole must be at least two cells long. In the experiment, the pressure
difference across the hole is being totally transferred into kinetic energy of the liquid. At the
same time, one observes the typical constriction of the jet. In order to match observed exit
velocities, the upper hole cell has the nominal diameter while the lower hole cell needs to
model the cross section of the constricted jet.

Dispersion rates proved to be sensitive upon the time at which the jet became two
phase. As already explained, an early switch to two phase favors less dispersion of water out
of the cavity. The only way to change gas blowthrough inception with an invariable grid was
to specify different initial pool heights and diameters. The total initial pool mass stays always
at 3.4 kg. Large pools are shallow and favor early gas blowthrough. Unfortunately, code
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analyses are also influenced by the difficulty to model distinct open pool surfaces with
Eulerian codes that smear given mass inventories over a whole cell. Therefore, the proper
choice of the initial pool height is also a function of the chosen cell sizes. For the given coarse
cells, Fig. 2 shows the liquid water volume fractions in the discharge hole over time. The hole
opens at 0.05 s, see vertical line. The liquid volume fraction stays at 1.0 for the time the jet
remains single phase. Upon gas blowthrough, the liquid volume fraction decreases rapidly.
The time of blowthrough is specified by extrapolating the maximum downward slope up to a
volume fraction of 1. The figure shows that the increase in pool height postpones the time of
blowthrough.
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g 3 case pool height
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© 0.6 n mm
g g :
= ]
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0 0.1 0.2 0.3
Time (s)
Fig.2 code water volume fractions for different initial pool heights

Measuring the water mass dispersed out of the cavity, the dispersion increases with

pool height. This increase is at least equally important as that obtained by changing
entrapment and entrainment parameters of the specific melt dispersion models. Table II
collects the results of the experiment and compares them to those of five code runs.

Table II blowthrough and dispersion results

CASE pool height | time of gas blowthrough | dispersed water | dispersed water
(mm) (ms) (kg) fraction
experiment 95 24 3.19 0.94
1 84 13 2.50 0.73
2 89 14 2.89 0.85
0 107 18 3.12 0.92
3 133 35 3.33 0.97
4 223 50 3.39 0.98

Table II shows that Case 0 which has the blowthrough time closest to that of the
experiment produces also the best dispersion rates. The results show that prototypic
conditions for corium discharge can only be met if the fluid flow inside the RPV is being
modeled correctly.



5. THE INFLUENCE OF ENTRAPMEMT AND ENTRAINMENT PARAMETERS

If the pressure in the RPV is high and the breach is large enough, the dispersion of the
liquid is so violent that the liquid may be ejected out of the cavity. On its way out, it may
come into contact with the walls and form temporary films. Any liquid film which forms may
be subjected to entrapment and entrainment at the same time. If the local mass transfer rates
of both processes is equal, the local width of the film does not change. Fig. 3 shows the
development of the water film for DISCO D06 and D11. Both experiments have an initial
RPV pressure of about 6 bar. D06 has a hole of 0.05 m diameter, D11 of 0.015 m. For the
large hole, the film develops quickly to 4 mm when entrainment starts to decrease it.
Pressures are equilibrated between the RPV and the cavity after 0.5 s, but entrainment stops
already at 0.3 s, so that the residual film thickness is about 0.5 mm. For the smaller hole
(experiment D11), the transient is slower, and the film builds up to about 5 mm, with
entrainment processes going on beyond 1 s.
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Fig. 3 Average calculated water film thickness from DISCO recalculations

Looking at the present model equations (see chapter 3.), the rates calculated for both
processes depend heavily on four values: the two values of the constants C, the ratio of liquid
to vapor density, and the surface tension. The objective of the dispersion model was to select
equations with a single set of parameters which matches all experimental results, independent
of the material combination used.

The first difficulty is to find the proper values for the surface tensions, given the
possibly large influence of surfactants, especially for the thermite experiments where a
chemical reaction occurs where films are being formed. The surface tension has also an
influence on the transient calculation of the liquid droplet size which is governed by a
standard code model using a Weber-criterion. Droplet formation may be influenced by
additional physical phenomena like fragmentation upon impact and jet disintegration which
are presently not represented.

The second difficulty lies in the proper selection of the constants C. The C imply also
geometrical effects because the computational grid does not and could not resolve all the
profiles of physical quantities needed to develop strictly mechanistic models.



An empirical approach for finding the proper parameters has been followed. Code
results point towards a certain consistency of the present model equations when comparing
dispersion rates with those of the experiments.
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Fig. 4 Comparison between measured and calculated dispersion rates

Fig. 4 shows the comparison of measured and calculated dispersion rates. The rate is
defined by the ratio of the liquid mass collected downstream of the cavity exit to the total
initial mass. The cavity exit is at the upper end of the vertical annulus. Any liquid beyond the
RPV pipe support structures is supposed to be dispersed. The figure collects data of the
DISCO experiments and the two SANDIA (SNL) thermite tests. The DISCO experiments
were run with water as corium simulant, and nitrogen as vapor simulant. Additional DISCO
experiments with helium instead of nitrogen and wood’s metal instead of water are not shown
here because they would require a different value of C in the entrapment correlation. At this
stage of the analysis, the question whether only the entrapment rate is responsible for the lack
of consistency cannot be answered. It is quite possible that the processes of jet breakup (see
chapter 4.) are not sufficiently well represented by the standard droplet breakup model of the
AFDM code.

Summing up the experience with the present dispersion models, a set of equations and
initial conditions has been found which gives reasonable results for water and thermite
experiments. Several phenomena have been identified to influence dispersion rates. These are
the processes leading to a disintegration of the liquid jet leaving the RPV, the formation of
liquid films at the cavity wall and the entrainment of liquid from the film into the gas flow,
the levitation of droplets and the movement of the film under the forces exerted by the gas



flow. For the thermite experiments, the oxidization of the metal component by steam plays an
additional role because the pressures in the cavity are increased.

6. CONCLUSIONS

Low pressure corium dispersion models have been added to a multicomponent fluid
dynamics code. The results show the feasibility of the approach. The phenomena at the breach
through which the corium leaves the reactor pressure vessel are found to be as important as
those at the liquid film which may form at the cavity walls. A set of parameters and properties
has been identified to influence the film models and hence the dispersion rate. Dispersion
rates of the thermite test are additionally influenced by the oxidization of the metallic
component by steam. Reasonably good results for these rates can be presented at this early
stage of the analysis.
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ABSTRACT

In the sequence of a core melt accident in a light water reactor it is assumed that, after
melt-through of the reactor pressure vessel, the molten corium is released as a pressurized melt jet
which causes erosion in the substratum material of the reactor pit. Melt jet behaviour under dri-
ving pressures of up to 2 MPa and corresponding erosion rates in various substratum materials are
being investigated at Forschungszentrum Karlsruhe in so-called KAJET experiments using ther-
mite melts (either iron or alumina) as simulant materials. Masses of up to 150 kilogrammes at
temperatures of about 2100 °C can be provided for ejection. A special feature of the tests is to
prevent melt dispersal due to gas break-through by sharply reducing the driving pressure before
the end of melt release.

Performance tests carried out with both water and smaller melt masses (10 — 40 kg) prior
to the erosion tests aimed at finding the material for and appropriate geometry of a nozzle to pro-
vide a compact melt jet. Zirconia proved to be a good material for the nozzle. Good results have
been obtained with a nozzle having a length to diameter ratio of two and a contraction angle of
90°. This geometry is in good agreement with results from vessel-wall melt-through experiments
at other laboratories. The first erosion test, conducted with a melt mass of 40 kg (iron and oxide
in equal shares) ejected under a pressure of 0.3 MPa onto concrete plates, gives information about
erosion rates concerning the target as well as the nozzle. The erosion was larger in case of iron.

1. INTRODUCTION

In the event of a postulated LWR core melt-down accident, scenarios cannot be excluded
in which the reactor pressure vessel (RPV) fails and the core melt mixture (corium) is discharged
into the reactor cavity (Pilch, 1994). In this context, efforts are currently directed towards ex-
vessel corium behaviour with particular emphasis on long-term retention and cooling of the cori-
um in the containment (Azarian, 1997). Various core catcher concepts for future reactors are un-
der investigation that should prevent basemat erosion and stabilize and control the corium within

—_— 54 —



the containment (Cognet, 1997). Various modes of corium release out of the RPV may be envisa-
ged: metal or oxide jets released by gravity or driven by overpressures resulting in low or high
flow rates, respectively, liquid melts carrying solid debris, and intermittent melt discharge.

Scenario analyses performed by the GAREC group at CEA Grenoble (Micaelli, 1995)
predict pressure increases of up to 2 MPa inside the RPV. In case of wall failure, melt will be re-
leased as a compact jet causing an erosion in the substratum material. The degree of erosion is
determined by the following physical phenomena:

® mechanical stress caused by the impact of the jet

® melting of the substratum at the surface

o physico-chemical interaction of corium and substratum

® thermal-mechanical stress by temporary heating of the substratum

e stress by a fast decomposition of the substratum, which is particularly im-

portant in case of concrete.

The parameters that influence the erosion are the driving pressure, speed and temperature
of the jet, the duration of interaction, the compositions (physical properties) of the jet as well as
of the substratum material, and last but not least, the angle of inclination of the jet.

So-called KAJET experiments are being performed at the Forschungszentrum Karlsruhe
to investigate erosion of reactor pit substratum material by pressurized melt jets. On basis of re-
commendations established by the GAREC group, several jet parameters, such as the jet velocity
or a minimal time of ejection to get a noticeable degree of erosion, have been defined.

The main objective of the KAJET experiments is to investigate the features of a pressuri-
zed melt jet, e. g. its fragmentation behaviour, and its interaction with substratum materials or
sacrificial layers, respectively, to be used for the lining in the reactor pit. As for the erosion, com-
pact melt jets (rather than a spray-type melt release) are regarded to be most effective. In the ex-
periments, simulant melt materials (iron and alumina) are applied instead of corium. The melt is
provided by a thermite reaction:

3Fe;04 + 8Al — 9Fe + 4A1,05 + 3413 kJ/kg

The theoretical temperature of the melt amounts to 2500°C if a conversion of 95% is as-
sumed. Heat losses, however, lead to an actual melt temperature around 2100°C at the time of
release.

The data obtained in the experiments are provided to validate computer codes which then
are able to recalculate the experiments and transfer the results to reactor conditions.

Before the KAJET erosion experiments were started, the performance of jets under dri-
ving pressure was investigated in so-called performance tests. The first aim was to provide com-
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Fig. 1 Results of wall erosion tests performed at PNC and KTH with various simulant
materials.

pact melt jets. The second aim was to do this with nozzles close to realistic wall-hole geometries.
In searching designs of appropriate nozzles, advantage was also taken of previous work done at
other laboratories on melt/wall interactions. Experiments on wall ablation and hole enlargement
have been performed using oxidic melts as the simulant materials for the corium melt. In some
cases, simulant materials were used for both the melt and the wall. For example, experiments
with iron-alumina melt jets were performed at Sandia National Laboraties (Pilch, 1993). Experi-
ments were performed at PNC, Japan (Saito, 1990), and at the Stockholm KTH Institute of Tech-
nology (Dinh, 1996) with salt melts and PbO-B,O3 oxidic melt mixtures, respectively, acting u-
pon test plates whose materials had much lower melting points compared with the RPV wall ma-
terial. Figure 1 shows for example two typical results of these tests.

The FZK performance tests began with water. Later, small amounts of thermite melt were
used. Beginning with rather long nozzles made from varying materials to provide a compact jet,
we finally were able to generate compact jets using nozzles which reflect the above geometry.
With this type of nozzle, we conducted the first actual erosion test in March 1999. In this paper a
review of characteristic data of the performance tests is given and first results of the erosion test
are reported.




Table1  Conditions and some important data of the relevant performance tests

Test No Water tests | VIO5 V06 Vio7 KJo1
Melt material oxide oxide | l.ron+ 2.oxide | 1.iron + 2.oxide
Ejected mass (kg) 14 10 10 20 + 20 20 + 20
Nozzle: L/d 15+30 10 10 10 2.1
Temperature1 (°0) environm. 2000 2000 (not available) 2050
Max. driv. press. (MPa)| 0.5-2.5 0.92 1.5 1.5 11 1.5 1.1
Time of ejection (s) - 3.5 2.5 26 34 30 >3
Max. jet speed (m/s) 20-50 20.5 25 17 22.3 16.5 21.3
Jet diversion” D'/d 1.5-29 2.5 3-58 25 5 1.5 2.5

1Pyrometer data in the melt cases.
et expansion ratio at a distance of 300 mm (200 mm in the water case); D is the expanded jet
diameter.

2. PERFORMANCE TESTS
2.1 Test conditions of the performance tests

The major test conditions together with significant results are summarized in Table 1.
About 20 tests with water and eight tests with thermite melt (VIO1 - VJO7 and KJO1) have been
carried out. The KJO1 performance test was carried out in the KAJET erosion test facility.

The nozzle diameter was fixed to 12 mm for the performance tests as well as for the ero-
sion tests while considering the required jet speed, the maximum mass of melt available in the
erosion tests (150 kg), and a minimum nozzle width below which the danger of a blockage due to
freezing is given.

The driving pressure was increased within about one second from zero to the maximum
value given in the table. The pressure was reduced in the cases when the oxide melt component
was to be released after the iron. Details of the test procedures are given below.

The temperature of the melt near the nozzle exit was measured by a pyrometer. It was also
estimated on basis of reaction kinetics including heat losses. The calculation gives a value of
about 2100 °C at the time of release.
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2.2 Performance tests with water

The nozzle geometry (Fig. 2) was composed of two secti-
ons, a contraction and a pipe section. The parameters investigated
were the jet pipe length (L = 184 and 370 mm), the nozzle
contraction angle (o = 30/45/60°), and the driving pressure
(p =0.5/1.5/2.5 MPa).

The jet diameter expanded over a distance of 200 mm by a
factor of 1.5 — 2.9, depending on the conditions. The largest in-
fluence on the expansion ratio was exerted by the driving pressure,
whereas the effect of the nozzle length was small. The smallest jet
expansion ratios were achieved with the smallest contraction angle
(o= 30°).

2.3 Performance tests with thermite melt

Experimental facility

The major parts of the experimental facility (Fig. 3) were the melt generator capable of
providing 10 to 40 kg of melt, a wire netting used to measure the jet expansion and a melt cat-
cher. Auxiliary systems were a gas pipe work and a venting system used to remove smoke from

the melt release area which was filmed by a video camera.

The thermite powder was densely packed in the crucible and ignited at the top. During
reaction, the two melt components separated due to their different densities. When the reaction
front reached the bottom of the crucible, a steel membrane was molten that separated the thermite
powder from the nozzle tube; melt release started. About at that time, opening of an argon valve
was triggered which caused the driving pressure in the crucible to rise from ambient pressure to

the desired pressure level.
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The nozzle contraction angle (30°) found suitable in the water tests was also used in the
melt experiments. The 1/d ratio was reduced to a value of ten (Table 1).

Tests with iron and oxide (VJOI — VJ04)

In these tests, a total mass of about 10 kg was provided.
Iron was released first because of its larger density. In the first
three tests, a rather large diversion of the melt jet occurred,
D'/d ~ 15, caused by failing nozzles (Fig. 4). Moreover, the
formation of smoke strongly handicapped the visibility. Test
conditions and results have not been entered in Table 1. A few
percent of alumina were added to the thermite mixture to redu-
ce the actual melt temperature and by this the formation of
smoke. To get information about the jet diameter, a fixed wire
netting was mounted at a distance of 300 mm below the nozzle
in VJO2. The netting was equipped in the VJ03 and VJ04 tests '
with melt detectors that provided better information about the  Fig. 4 Expanding melt jet
jet extension versus time. The nozzles made of alumina in
VJO1 andVJO2 broke during the melt release. A stainless steel nozzle used in VJ03 was almost
completely molten off within one second. From the VJ04 test on, the nozzles were made of zircon
oxide. With this material, the nozzles did not break any more.

Tests with oxide only (VJO5 and VJ06)

In these tests, a melt generator was used in which the iron was retained in a compartment
sunk in the crucible bottom and mostly oxide (10 kg) was released. Break-through of gas in the
nozzle was prevented by sharply reducing the driving pressure well before the end of release.

Measuring with the wire netting was T N——" |
further improved: the netting was in-
stalled on a sledge that was moved in Melt generator

horizontal direction (Fig.5). The jet

produced in the netting a longish hole

whose width could be correlated to the

pressure time history. The zirconia Nozzle and
nozzles produced jets that had a nearly Jetpipe
compact slim shape (Fig. 6). The jet Melt jet
speeds given in Table 1 were obtained
for the times of maximum driving
pressure. The influence of the driving
pressure on the jet diversion was only Trace of melt
weak in VJO0S5. In VJ06, the jet diversi-
on ratio became larger with time, pro-
bably due to the larger ultimate driving
pressure applied in this test. By
restricting the release to the oxide melt

Movable grid

Moving direction

Fig 5 Detail: movable wire netting



component, no smoke was produced. We conclude
from this that the smoke in the former experiments
was mainly due to evaporating iron.

VJO7 test with iron and oxide

In this last test of the VJ series, a total melt
mass of 40 kg was provided. Iron and oxide melt were
released subsequently. The shape of the melt jet was
compact during both periods of release. The expansi-
on ratio was larger in case of oxide (Table 1). The vi-
sibility of the jet was very much improved by impro-
ving the venting system.

Fig. 6 Compact melt jet (oxide)

3. TESTS PERFORMED IN THE KAJET FACILITY
3.1 Test facility

The KAJET erosion test facility is
shown in Fig. 7. Total melt masses of up to
300 kg can be provided by various types of melt
generators. Driving pressures of up to 2.5 MPa
can be established. Melt release occurs down-
ward into a vessel which is 1100 mm in diame-
ter and 1900 mm in height and has at its bottom
layers of gravel and sand. The pressure inside
the vessel can be raised up to 0.3 MPa.

3.2 KJO01 performance test

The KJO1 performance test aimed at
checking the jet formation. A nozzle was used
whose dimensions were more oriented to the re-

Fig. 8 Nozzle design fitting better to
anticipated wall melt-through




sults of wall erosion tests mentioned above (see Fig. 1) than to the nozzles investigated in our VJ
tests. The shape of the nozzle (Fig. 8) having an angle of 90° and 25 mm in length resembles to
the hole in a pressure vessel wall (filled area in Fig. 8) generated by melt-through. Otherwise, the
KJO1 test conditions agree with those of the preceding VJO7 test (see Table 1).

Figure 9 shows some characteristic measurements. Release of iron started under gravity
conditions. When the driving pressure was increased at time 1.1 s, the mass flow rate grew su-
perproportionally. After having reached a maximum of 1.5 MPa, the driving pressure continu-
ously decreased from time 2.3 s on. At the time of three seconds, the melt material changed from
iron to oxide. From time 5.3 s on, the release of residual melt occurred under gravity conditions.
Movement of the netting was started at time 0.9 s.

The function of the melt speed drawn in Fig. 9 was calculated on a simple numerical mo-
del that is based on the one-dimensional flow of melt in a pipe. In the solution of the momentum
equation, both the geodetic height of the melt and the overpressure in the crucible are considered
as driving forces. Friction coefficients are assumed to be constant. The figure shows the melt
speed is approximately proportional to the pressure.

The trace burnt in the netting (bottom of Fig. 9) gives a constant width for the time of iron
release, i.e. no marked influence occurred of the pressure time history on the jet diversion. During
oxide release, the trace width and with it the jet diversion became larger. The films show that the
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Fig. 9 Characteristic data of the KJO1 performance test showing the course of events
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shape of the melt jet remained approximately constant over the pressure range applied. It is re-
markable that the jet expansion ratio was even smaller than that obtained in the preceding VJO7
experiment conducted with a smaller contraction angle (30°) and longer jet pipe (110 mm) were
applied (Table 1).

3.3 KJ02 erosion test

Test conditions

Test conditions together with significant results are listed in Table 2. The maximum dri-
ving pressure was 0.3 MPa. The arrangement shown in Fig. 10 helps to explain how the test was
conducted. The time scale begins with the start of ejection. The first melt component to be ejected
was iron. After 3 s, the plate carrier was turned by 90°. The action lasted about one second. Du-
ring that time, the melt changed to oxide as the second component to be ejected.

Table 2 Conditions and results of the KJO2 test

Melt material iron oxide
Ejected mass, kg 18.8 21.2
Duration of ejection, s 3.6 6.3
Temperature, °C 2100

Impact speed, m/s 7.7 11.5
Extension of erosion, mm X mm 65 x 50 55x70
Erosion depth, mm 25 15

The test plates consisted of concrete
produced from cement, sand & pebbles (0 -
32 mm), and water mixed at a mass ratio of 1
: 5.5 : 0.4, respectively. The plates were
instrumented by 25 thermocouples each. The
thermocouples were arranged in five
horizontal levels whose distances from the
upper surface were 5, 10, ..., 25 mm. In each
level, one thermocouple was in the centre,
the others were crosswise arranged at
distances of 25 mm to the central one. The
first two seconds of the procedure were
recorded by a CCD film camera. Then, the
camera was destroyed by heat and/or melt
impact.

melt source

melt jet,
here: oxide

revolving carrier
for the two test
plates

Fig. 10 Test arrangement, schematically




Results

The film taken by the camera shows a rather compact iron melt jet. In fact, the jet
decomposed and sprayed when hitting the test plate; this condition temporarily deteriorated the
view to the body of the jet.

(a) iron (b) oxide

Fig. 11 Post-test vertical cuts through the test plates

Figure 11 shows the extensions of erosion in both plates caused by the consecutive jets.
The cut was made along the narrow side centre line laying bare three of the thermocouple chan-
nels embedded in the concrete. The erosion in the case of iron did not occur exactly in the centre
but 25 mm apart. The cut in the oxide case does not show the maximum erosion depth (15 mm,
see Table 2). Crusts up to one millimeter thickness were found at the eroded surfaces. The
extensions of erosion in the surface of the plates are listed in Table 2.

The progression of erosion is expressed in the destruction of thermocouples made visible
in Fig. 12. Work is in progress which uses the information of the thermocouple data to evaluate
the erosion volume as a function of time.

Inspection of the nozzle after the test showed that the internal wall of the nozzle had been
eroded by five millimeters on average, i.e., the diameter was enlarged from 12 to 22 mm. Crusts
between one and two millimeter thickness were found at the surfaces that had contacted the melt.

Yt
|
Q

@
_.#...L.L.L.J
&

o

Temperature [°C]

|
]
4
!
)

o IO
[
N
[ox
£

Time [s]

Fig. 12 Signals of thermocouples arranged vertically (erosion by iron)



4. CONCLUSIONS AND OUTLOOK

Suitable conditons to be applied in the KAJET erosion experiments, such as geometry and
material of the nozzle, range of the driving pressure, have been found in performance tests. It was
shown that a compact jet can be produced by longer nozzles having an L/d ratio of ten as well as
by a short nozzle having a ratio of two.

Compact jets have been obtained by releasing a metal melt as well as an oxide melt with
almost no influence of the driving pressure. The melt release times were in the order of three se-
conds. Zirconia has proved to be a stable material for the nozzie. Unstable nozzle materials, such
as steel or alumina, may lead to spray-type jets.

The first erosion test, conducted with a melt mass of 40 kg (iron and oxide in equal sha-
res) ejected onto a concrete plate, gives good information about erosion rates concerning the tar-
get plate. At the same time, the erosion of the nozzle may be studied. The erosion was larger in
case of iron.

The evaluation of the data will be accompanied by theoretical investigations. The deve-
lopment of numerical models is under way to help in the interpretation of the phenomena obser-
ved in the tests and to allow an extrapolation of the results to large-scale reactor conditions. The
parameters to be varied in future erosion tests are:

e the materials used for the substratum (protective liners and sacrificial layers)
e the melt mass (up to 150 kg, either metal or oxide),

e the driving pressure, and

e the nozzle diameter.

Among others, the data will support the selection of substratum materials for the Europe-
an Pressurized Reactor EPR.

The last KAJET erosion test was performed in September 1999 using a melt mass of 112
kilogrammes. The maximum driving pressure raised from 0.3 MPa in KJ02 to 0.5 MPa in KJO3.
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ABSTRACT

In future Light Water Reactors special devices (core catchers) might be required to prevent
containment failure by basement erosion after reactor pressure vessel meltthrough during a
core meltdown accident. In the case of a postulated core melt down accident in the EPR
(European Pressurized Water Reactor) the ex-vessel melt shall be retained and cooled in a
special compartment inside the containment to exclude significant radioactive release to the
environment. After failure of the reactor pressure vessel the core melt is retained in the reactor
cavity for ~ 1 h to pick up late melt releases. The reactor cavity is protected by a layer of
sacrificial concrete and closed by a steel gate at the bottom. After meltthrough of this gate the
core melt should be distributed homogeneously in a special spreading room.

A series of experiments has been performed to investigate the erosion of the sacrificial
concrete as well as the gate ablation using alumina-iron thermite melts as a simulant for the
core melt. Two different sorts of sacrificial concrete have been studied so far: boro-silicate
glass concrete and a concrete based on Fe;O3/SiO;. Erosion velocities of the sacrificial
concrete, the homogeneity of the melt front and steel gate ablation results are presented in this
report.

1. INTRODUCTION

To exclude significant release of radioactivity to the environment even in the case of a
core melt accident, next generation LWR’s shall incorporate the ability to retain the core melt
within the containment. In the planned European Pressurized Reactor (EPR) this shall be
accomplished by spreading the core melt on a large area and cooling the spread melt by
flooding with water from top (Alsmeyer, 1999). Therefore a better knowledge of core melt
behaviour, especially concerning spreading and coolability is required. To achieve this,
various series of experiments are performed at Forschungszentrum Karlsruhe. In all these tests
the core melt is simulated by iron and alumina melts produced by the thermite reaction.
Thermite melts are excellent simulants of the core melt because both, the metallic and the
oxidic core melt component, are simulated, the melt temperatures (~ 2200 °C) are comparable
to that of the core melt (this is important to achieve representative high radiation heat losses),
and by admixture of other components (SiO,, CaO) to the alumina melt, the characteristics of




the oxidic corium melt after admixture of concrete components (large difference between
solidus and liquidus temperature) can be simulated.

After meltthrough of the reactor pressure vessel the corium melt is gathered in the cavity
below the vessel. It is foreseen to hold the melt there for about one hour. This time interval is
long enough to ensure that practically all corium inventory will be gathered in this cavity. The
corium melt interacts with the sacrificial concrete of the cavity. This interaction changes the
corium material properties drastically: metallic zirconium is oxidized, the admixture of
concrete with the oxidic melt lowers the liquidus- and solidus temperatures by several
hundred degrees and the density of the oxidic melt, originally above 9000 kg/m’ distinctively
higher than the metallic one (= 7000 kg/m’ ), is decreasing steadily, and eventually a flipover
of the two separated phases, oxidic and metallic melts, will happen. Once the concrete erosion
is finished, a steel gate will be eroded by the melt and spreading of the melt into the spreading
compartment starts. The KAPOOL experiments investigate the processes (corium-concrete
interaction and gate opening) inside the ractor cavity.

2. CONCRETE EROSION TESTS AND RESULTS

The corium melt is composed of a metallic (steel, zirconium) and oxidic (UO,, ZrO,,FeO)
phase. In the KAPOOL experiments these two phases are simulated by an thermitically
produced alumina/iron melt. The thermite reaction ( 8 Al + 3 Fe;03 — ALO; + 9 Fe )
produces about 50 wt% iron and 50 wt% oxidic melt. The reaction ist strongly exothermic, the
 maximum temperature of the melt is up to 2400 °C. As to the concrete erosion tests, the
reaction is performed inside the KAPOOL containers, fig.1. The sidewalls are made of
ceramics for lateral insulation. Thermocouples to measure the concrete erosion front are fed
through the bottom steel plate. Due to the different melt densities the iron melt is in contact
with the sacrificial concrete layer.

These concrete erosion tests are strongly transient because there is no additional
heating. The temperature of the melt decreases during the test period. Therefore it has to be
recorded constantly with high-temperature thermocouples which are dipped into the melt. For
the detection of the erosion front in the concrete, thermocouples have been embedded in the
concrete layer at different heights. The erosion front is not homogeneous, to investigate the
amount of inhomogeneity across the test surface thermocouples are installed at several lateral
locations in the concrete. The erosion rate, its amount of inhomogeneity and the temperature
of the melt are recorded as a function of time. From this a correlation between erosion rate
and melt temperature can be deducted.

The composition and size distributions of the two sacrificial concretes are shown in
Table 1. The grain size of the ironoxide and silica of the VM281Q concrete was < 1 mm,
rather small compared to the size distribution of the boro-silicate glass concrete. Ironoxide is
chosen as an oxidant for metallic zirconium. Water content of the concrete should be kept at
a minimum to reduce the production of hydrogen. Samples of concrete have been made
together with the concrete layer inside the KAPOOL container and underwent the same
history from production until the day of the test. The weight of these samples has been
controlled steadily. No mechanical properties like tensile strength have been investigated
because this concrete serves only as a sacrificial layer. The container together with the
samples were kept at room temperature at dry conditions for two days. The water content
decreased from 10 wt% to about 7 wt%. Afterwards the containers have been heated up to 200
OC for 24 hours. The final water content at the day of the test was 2 - 3 wt%.



Table 1 Composition and size distributions of the two sacrificial concretes

Compoeosition in wt%

Chemical compound of Borosilicate glass concrete VM281Q concrete
aggregates
Fezog, - 445
Si0, 45.6 39.1
B,0s 13.4 -
Al,03 2.3 -
LiO2 2.7 -
Na20 5.4 -
Ca0O 4.0 -
MgO 1.7 -
TiO2 0.9 -
Portland cement 15.0 6.4
Water 9.0 10.0
Distribution (%)
Grain size (mm) Borosilicate glass concrete VM281Q concrete
0-1 30 100
1-8 70 0

Table 2 lists all relevant data of the concrete erosion experiment. Three tests have been run
with the glass-concrete and three with the ironoxide/silicate concrete. In the last two tests,
zircaloy has been added. In KAPOOL-7 5 kg have been deposited on top of the concrete
layer, fig.1. Because no distinct change in melt temperature has been detected compared to
KAPOOL-6, in KAPOOL-8 10 kg of zircaloy have been added, again deposited on top of the
concrete layer, but additionally covered by a 10 mm layer of concrete. Fig. 2 shows the
transient temperature curves for the metallic melt during the melt/concrete interaction for all
six tests. The influence of zircaloy present in the tests (5 kg in KAPOOL 7 and 10 kg in
KAPOOL 8) is only weakly to recognize. There is some systematic deviation between the
data: Txaroors™Txkaroor7 >TxarooL s , yet the differences are not as has been precalculated
under the assumption that all zircaloy metal would oxidize.

From the recorded transient erosion fronts and melt temperatures a temperature
dependant erosion rate has been deducted, fig. 3. There is a rather large difference between
the two different sacrificial concretes, the erosion rate of the ironoxide / silicate concrete is
about twice as high than for the glass concrete. The reason may be due to the different sizes of
the concrete aggregates. A linear variation of the erosion rate with the pool temperature is
found for both sacrificial concretes.

— 58 —




Table 2 Experimental matrix of the melt/concrete erosion tests

KAPOOL # Sacrificial concrete Thermite Zircaloy Initial melt
(kg) additives | temperature (°C)
2 Borosilicate 150 0 2100
3 « « 0 2350
5 « « 0 2450
6 Ironoxide/silicate « 0 2250
7 « « 5kg 2250
8 « « 10 kg 2150

3. STEEL GATE ABLATION

Several tests have been conducted to investigate the gate ablation in the presence of an
iron- and oxidic melt. In these tests the gate was simulated by steel plates at the bottom of the
KAPOOL containers. They have been instrumented with thermocouples at several lateral and
vertical positions to detect the transient temperature fronts during the heating-up phase.

For the ablation test with an iron melt (KAPOOL-9) 150 kg thermite have been
ignited inside the KAPOOL container. A layer of 10 mm sacrificial glass concrete covered the
40 mm thick steel gate, except for a hole of 20 mm diameter in the center of the plate, fig. 4.
In this case early ablation starts there, where instrumentation with thermocouples was more
densely than for the rest of the plate. The bottom of the plate has been recorded during the test
with a video and an infrared camera. W-Re thermocouples, dipped into the iron melt,
measured the transient melt temperature. Weighing cells recorded the mass losses after
ablation of the plate. The results are shown in figs. 5 - 8. At the end of the thermite reaction
(ca 15 s after ignition), the ablation of the steel plate began at the center, the vertical ablation
was rather fast. Ten seconds later, the concrete was eroded and the attack of the steel plate
began over the whole area. A thin jet was first detected at 61 s, around 65 s the jet size
reached ist maximum diameter. This time was incident with the pouring end of the iron melt,
the oxidic melt did not ablate the steel plate further on. An analysis of this KAPOOL-9 test
has been done (Messaingueral, 1999).

In another test, KAPOOI-11, the attack of an oxidic melt onto the steel gate has been
investigated. As in KAPOOL-9, the steel gate was simulated by steel plate (25 mm thickness)
at the bottom of the container. It was also instrumented with thermocouples in lateral and
axial positions. 300 kg of thermite have been ignited in a reaction crucible, then 120 kg of
oxidic melt have been poured into the KAPOOL container, no metallic melt was present in
this container. The temperature of the oxidic melt was 1980 OC at the beginning and dropped
to 1900 OC within 100 s. Within that time the temperature in the steel plate rose to a
maximum of 600 0C (in the center of the plate, 1 mm below the contact surface), fig. 9, the
average temperature in the plate was less than 450 OC at that time. A first analysis showed a
much faster temperature rise in the steel plate in contact with the hot oxidic melt and crust
(Eppinger, 1999). The conclusion of this analysis is that gaps have been formed between the
oxidic crust and the steel gate surface, resulting in a rather large resistance in heat transfer.
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Abstract

This work concems ex-vessel situations (with and without gas injection and for variable
viscosity) and describes experimental resuits on heat transfer that have been obtained
recently on BALI facility. After a description of the facility, results are presented and
compared with existing heat transfer correlations.

Introduction

In the unlikely event of severe accident, in order to minimize the environmental
consequences, the retention of molten core material in the vessel or at least in the
containment is an important objective. Considering different severe accident scenarios, it
appears that the heat flux distribution at the boundaries of molten material is one of the key
parameters which influences directly the retention capability for both in-vessel and ex-
vessel situations.

In that framework, the BALI program has been designed at CEA/Grenoble with
FRAMATOME and EDF funding to improve the knowledge of heat flux distribution at corium
pool boundaries. In a first time, in-vessel configurations with homogeneous or stratified
pools have been considered to investigate the risk of vessel failure [1]. More recently, the
program was focused on ex-vessel configurations to simulate :

e the interaction between molten corium and concrete (MCCI), situation in which
concrete decomposition gases enhance significantly the heat transfer.

e the interaction between corium and ceramic which can be observed in a latest phase
for the core catcher concept developed in the frame of EPR project.

The objective of this work is to quantify heat transfer coefficients at pool boundaries
considering for homogeneous pool different cooling conditions, poo! viscosity effects and
effects related to superficial gas velocity.
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Description of the facility

In the frame of severe accident studies, the use of simulant materials is the easiest way to
perform large scale experiment. Nevertheless, it requires special cares to respect the
dimensionless parameters of the investigated physical phenomena and the boundary
conditions of reactor cases. Regarding natural convection heat transfer mechanism with
volumetric heating source, three main dimensionless parameters have to be respected : the
Prandtl number, the pool aspect ratio and the intemal Rayleigh number.

prol o H g, _8POH'
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The design of a rectangular slice test section at scale 1:1 respects the aspect ratio of the
pool. Moreover, it is the only way to respect the intemal Rayleigh number, due to the
exponent five affecting the pool height. The use of a more convenient slice geometry
introduces nevertheless a 2D aspect that has to be discussed. Dimensions of test section
are about 3m long, 50cm height and 15cm wide. Transparent front and back windows
permit flow visualizations. For ex-vessel situations, the Prandtl number depends strongly on
corium composition. When the weight fraction of decomposition concrete oxides increases
the viscosity increases. By using water with different weight fraction of cellulose compound
as simulant fiuid we can vary the viscosity of the pool independently from other physical
properties. In this way, the Prandtl number can vary in a range from 5 to 3000. Regarding
the additional convection mechanism induced by the gas sparging for MCCI, the use of
water solutions respects the order of magnitude of the Laplace constant. As a
consequence, same range of superficial gas velocity has been used to reproduce similar
void fraction in the pool. A range from 1 to 20 cm/s for superficial velocity takes into account
different concrete compositions and different phases of interaction corresponding to
different ablation rates.

in the BALI program, the stress is put also on the respect of boundary conditions : residual
power, uniform wall temperature or quasi-adiabatic condition and gas injection through the
lower wall. By using salted water solution in a rectangular shape test section, the residual
power was simulated by direct volumetric current heating from two electrode grids
considering the fluid itself as a resistor. In order to reproduce the uniform cooling conditions
induced by the presence of solid crust, ice crusts were produced at pool boundaries from
heat exchanger cooled at low temperature, generally -60°C. For corium-ceramic interaction,
the interface temperature is close to the maximum poo! temperature because the thermal
conductivity of the ceramic is small. It leads to a quasi adiabatic boundary condition
simulated by the use of thermal insulation at the bottom of the pool and by the stop of
coolant flow rate in the lower heat exchanger. Top, lateral and bottom heat exchangers
were used simultaneously or independently to represent different cooling conditions.

The most challenging boundary condition was to obtain homogeneous gas injection
simultaneously with ice crust formation. It has been made possible by using a multi-porous-
layers plate welded on the active surface of the low temperature heat exchanger. In this
way, by injecting gas during the freezing of water solution homogeneous repartition of
micro- gas channels in the ice crust has been observed. The gas was released from upper
heat exchanger through the 1cm gap created between heat exchanger and front or back
windows.

Regarding experimental procedure, special cares have been taken to avoid water entrance
in porous medium before freezing. But the technology was fragile and unfortunately the
covered parameters range has been reduced by a premature destruction of the porous
plate.



For each test, pool temperatures, heat flux distributions, void fraction distribution and tests
parameters (coolant temperature and coolant flow rates, dissipated power and gas flow
rates) were recorded.

The temperature distribution was measured from thermocouples uniformly implemented in
the middle plane of the test section. Average heat flux values were obtained for each heat
exchanger from classical thermal balances. The heat flux distributions at the lateral and
bottom pool boundaries were deduced from measurement of temperature differences in the
-heat exchanger wall or by measurement of both ice crust thickness and ice temperature
differences. The advantage of this latter method is to be more accurate for the lowest heat
fluxes which have been achieved.

Test Resuits

The description of the test results is split in two parts making a distinction between tests
without and with gas injection. The results presented hereafter are measurements
corresponding to steady state regime. They are obtained from averaging data over 30 mn to
60 mn periods when steady state criteria (regarding global thermal balance and pool
temperature evolutions) are satisfied.

Tests without gas injection

Tests without gas injection have been performed in a rectangular shape test section: 2.9m
long, 15cm wide and 0.4 to 0.5m high depending on the ice crust thickness or on the
presence of thermal insulation. For the tests with cooling only by the top, a 10 cm and a 10
mm thick PVC plates were added respectively at the surface of bottom and lateral heat
exchangers and their coolant flow were stopped.

In this test campaign, 9 tests have been performed with different cooling conditions and
different pool viscosities according to the following test matrix :

- Three different cooling conditions were investigated : -pool cooled only from the top
by change of state at 0°C, -pool cooled from the top and from lateral wall by change of
state at 0°C and -pool uniformly cooled by change of state at 0°C

- For each cooling conditions tests were performed for three different pool viscosities.
The viscosity is increased about 10 to 100 times by addition of hydroxyethylcellulose
(HEC) in water. As the salinity of HEC solutions was enough for direct current heating
no additional salt was required. As the viscosity of HEC solutions depends on
temperature, the following table gives order of magnitude of absolute viscosities and
Prandtl numbers.

Solutions Viscosity at 20°C | Prandt! at 20°C
V1 :water + ZnS04~1.3 g/l u=1 mPas P=7
V10 : water + HEC QP3L. ~2% u =26 mPa.s Pr= 180
V100 : water + HEC QP40 ~3% M =340 mPa.s Pr= 2400

- For each test, the injected power was adjusted to control the maximum pool
temperature. The nominal power values ranged from 5 to 15 kW

General observation
The situation where only the top of the pool was cooled is similar to the situation described

by Kulacki Emara [5]. The observation of the flow pattem shows thermoconvective
instabilities below the ice crust with wave lengths about 1icm. Coalescence of small




instabilities induces large scale motions with velocity of about a few cm/s which form large
unstable convection cells with a radius close to the height of the cavity. These observations
are consistent with the phenomenology described in the Bemaz’s thesis [2,3].

The addition of lateral cooling creates a falling down boundary layer flow which impacts the
bottom of the pool and spreads along the lower wall. This flow induced more instability in
the large scale motion. In case of bottom cooling and for small viscosity, the local reduction
of ice crust thickness is explained by this cold tongue spreading along the lower plate which

. increases locally the heat transfer coefficient. For higher viscosity the velocities are smaller
and this effect is reduced (see figure 2).

Pool temperature distribution

Due to the thermoconvective instabilities induced by the top cooling, the upper part of the
pool is well mixed and uniform in temperature. Because of the important power extracted
from the top, even for uniform cooling conditions, this upper area extend over 75% of the
total height. The lower zone, stratified in temperature, is reduced. Regarding the
temperature evolution at middle height versus the horizontal distance from vertical cooling
wall, a small “radial” temperature gradient is reported less than 1°C/m.
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Figure 1 : Example of vertical temperature profile

Heat flux distributions

For the upward heat transfer, regarding the ice crust thickness which is uniform we
conclude that the heat flux is also uniform. Results reported from COPO experiments [4] or
from analyses of the heat transfer mechanism described in [2,3] support this conclusion.
Furthermore, as the wave lengths of the thermoconvective instabilities, which control the

_ heat transfer, are 10 times smaller than the test section width we can conclude that 2D
results can be directly extrapolated to 3D reactor cases.

For the bottom wall, because the heat fluxes are smaller here, the best way to measure
these heat fluxes was to use measurements of the ice crust thickness and measurements
of the temperature difference between both sides of the ice layer. For V1 test, higher heat
fluxes are observed on the first meter from the lateral cooled wall (see figure 2). This is due
to the effect of the vertical cold boundary layer which impacts the lower wall and creates a
cold tongue spreading on the bottom ice crust.



This phenomenon induces higher local heat transfer coefficients and consequently greater
heat fluxes. For higher viscosities, the fluid velocities are smaller and this effect is less
important. For V10 and V100 tests, the heat flux distributions on the bottom plate are quite
uniform.
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Average heat transfer results

in order to compare our results with existing heat transfer correlations, we have plotted in
figure 3 upward, lateral and downward Nusselt numbers as a function of internal Rayleigh
number.
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Due to the large temperature differences observed in BALI experiment, the definition of the
reference temperature for the calculation of physical properties involved in dimensionless
numbers calculation is important. To check this effect, the physical properties of the fluid
are calculated both at bulk pool temperature and at film temperature (at average
temperature between bulk and wall temperatures). For each experimental point, both values
are plotted. In figure 2, the BALI results are compared with Jahn, Steinbemer and
Reinecke’s [6] heat transfer correlations. These correlations have been validated up to Ra;
= 10" with experimental results obtained in a rectangular volumetric heated square cavity
(800 mm in height and 35 mm in wide). -

A good agreement is observed for upper and lower walls. For V1 test, the discrepancy
observed for the lower wall can be explained by the effect of the cold tongue, previously
described which induced a larger heat transfer coefficient over the first 30% of the plate
length. If we consider only the heat flux values in the non affected area, the Nusselt number
is 20% smaller and agrees better with Jahn’s correlation. For vertical wall, the results
obtained for V1 tests are 20 to 40% greater than Nusselt numbers calculated with vertical
wall Steinbemer & Reinecke’s correlation. Regarding the effect of the reference
temperature, a better agreement is observed when dimensionless parameters are
calculated at bulk temperature.

The BALI tests have been performed at different viscosities, to observe the effect of Prantld
number on heat transfer mechanisms. For the upper wall, the heat transfer mechanism has
been extensively described in [2,3] and it is normal to observe that the results do not
depend on Pr number. For the lower wall, if we compare our resuits with Jahn’s or
Steinberner’'s pure water results we can conclude also that results do not depend on Pr
number.

For vertical wall, the average Nusselt numbers are also plotted in figure 4 as a function of
external Rayleigh number (based on bulk-wall temperature difference) and compared with
Chawla and Chan’s correlations [7].
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Because a function f(Pr) appears in both laminar and turbulent expression of Chawla and
Chan'’s heat transfer correlations, we have not plotted directly the average Nusselt number.
We have plotted the average Nusselt number divided by fr(Pr) for turbulent regime or f_(Pr)
for laminar regime. Moreover, to be consistent with Chawla’s definition, the reference
temperature for the calculation of physical properties is the film temperature.

In this way, we can observed in figure 4 the transition between laminar and turbulent regime
which is consistent with the simple criteria Gr~10"°. Since fr(Pr) and f (Pr) tends towards 1
when Prandtl number increases, these correction factors (13% for V1 tests) are less
important for tests performed at elevated viscosity. Because of the succession of laminar
and turbulent boundary layer regimes, the experimental average Nusselt value for V1 test is
smaller than Nusselt number calculated for pure turbulent regime.

Tests with gas injection

Tests with gas injection have been performed in a rectangular test section: 2.4m long, 15cm
wide and 0.5m high. The test section was cooled from the top and from the bottom by
change of state at 0°C. Three different pool viscosities were investigated by using V1, V10
and V100 solutions. The gas was injected through the bottom ice crust with superficial
velocities ranging from 1cm/s to 20 cm/s. Unfortunately, due to the premature mechanical
rupture of the gas injection porous plate, the superficial velocity range was limited from
1cm/s to 5em/s except for V100 test.

General observation

The gas injection induces greater liquid velocities and consequently enhances greatly the
heat transfer. Void fraction was not homogeneous in the pool : unstable cells were
observed with two phase fiow chimneys and single phase returning paths.
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The pool was very agitated and consequently the pool temperatures are uniform. Regarding
ice crust on lower or upper wall, even if its “roughness” may be more important than for
single phase tests we conclude that the heat flux distribution on wall surfaces is uniform.
For elevated viscosity and elevated gas superficial velocities, we have observed quite large
gas accumulations under the upper heat exchanger which remained nevertheless flooded.
The experimental average void fractions in the bulk agree quite well with the values
calculated from the Wallis expression in chum turbulent regime [13] except for elevated
,viscosity and elevated gas superficial velocities (see figure 5).

1

U, n
Co +E(I—A)

Wallis void fraction expression A = . For chum turbulent regime n=0 and

4
with Co~1 this expression becomes A = IU Terminal velocity U_ = 1.53[§gj .
1+ —= 101
Jg

Average heat transfer results

In order to compare our results with existing heat transfer correlations or recent results
obtained by Bilbao y Leon and Corradini [12], upper and lower heat transfer coefficients as
a function of superficial gas velocity have been plotted on figure 6.
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Figure 6 : Heat transfer coefficients comparison for V1 tests p~1.5 mPa.s

Large discrepancies between the different calculated heat transfer coefficients are
observed. Downward heat transfer coefficients for V1 tests agree reasonably well with
Blottner [9] or Kutateladze [8] downward correlations. Regarding upward heat transfer
coefficients, our results agree well with Felde’s [10] upward correlation. When we compare
downward and upward measured heat transfer coefficients, it is concluded that they are



similar. This result is very different than that obtained from Blottner's correlations [9],
Felde’s correlations [10] or more recently by Bilbao y Leon’s [12] For these authors, upward
heat transfer is respectively 5 times, 2.8 times and about 10 times higher than downward
heat transfer.

N.B. : As the correlations presented by Felde [10], correspond to pure water tests with
superficial velocities lower than 4 mm/s, we performed comparison with extrapolated
correlation.

‘Blottner derived heat transfer correlations for bottom, vertical and upper surfaces, but he
mentioned that this recommended heat transfer coefficients are probably no better than a
factor two of the correct results and in some cases only within an order of magnitude.
Moreover, the upper heat transfer correlation given by Blottner is valid for a liquid-liquid
interface which is certainly very different from a liquid and porous crust interface.

The difference with Bilbao y Leon’s results are more puzzling. For the moment, we can just
mention that experimental conditions for gas injection are similar. Differences in heat
transfer appear just for the upper plate; in our case the plate is not drilled and so the gas
escapes only by the sides. Pure hydraulic support tests have been performed. It is observed
through transparent upper plates drilled or not that gas accumulation show similar behavior
in respect to bubble repartition.

Since results are not presented in dimensionless coordinates, two additional figures
corresponding respectively to V10 and V100 mixtures are presented. The Bilbao y Leon’s
upward heat transfer correlation plotted in figure 7 or 8 corresponds to the viscous fluid
correlation (validity range from 10 to 200 mPa.s).
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Figure 7 : Heat transfer coefficients comparison for V10 tests p~23 mPa.s

At elevated viscosity, for V10 and V100 tests, measured downward and upward heat
transfer coefficients are still similar. The V10 results agree relatively well with Blottner’s,
Kutateladze'’s, or Felde’'s downward heat transfer correlations. For V100 tests, the
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differences are more important. However, the slope of our results (h versus j,) are similar to
those of Felde’s or Bilbao y Leon'’s correlations.
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Figure 8 : Heat transfer coefficients comparison for V100 tests py~320 mPa.s

The measured power split, which is defined by the ratio between power extracted from the
top and total dissipated power, has been plotted as a function of superficial velocity in figure
9.
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Figure 9 : Power split as a function of superficial gas velocity
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We have included in this graph the power split obtained for test without gas : it ranges from
90% to 96% respectively for Ra=10""" to 10" The power split decreases when superficial
gas velocity increases. This trend has been already reported by Fieg [11] for smaller
superficial gas velocities. The effect of viscosity which is taken into account in the indicated
dispersion is not significant, at least up to Jg=5 cm/s. For elevated superficial gas velocities,
the accumulation observed under the upper heat exchanger for V100 tests leads to the
conclusion that power split may be dependant on the gas evacuation thus on the geometry
of the holes in the upper boundary. If the accumulation of gas does not represent an
additional heat transfer resistance, we can conclude that power split tends towards 50%
when superficial gas velocity increases.

Conclusion

Regarding single phase tests, our results agree quite well with Jahn, Steinbemer and
Reinecke'’s correlations. No influence of viscosity is seen except for heat transfer on the
lateral surface where we have observed indirect effect with classical transition between
laminar and turbulent boundary layer regime. This transition and absolute lateral heat
transfer coefficients are in good agreement with Chawla and Chan's correlations. The
power split extracted from the top can reach 95% if the lateral wall is not cooled.

For MCCI configurations, large differences appear between existing correlations. From the
small number of BALI experiments, our preliminary objective was not to establish new heat
transfer correlations but to check, at large scale and with appropriate boundary conditions,
the validity of existing correlations. Regarding absolute heat transfer coefficient values we
conclude that the effect of pool viscosity is not correctly reproduced by the different
correlations considered here.

On the base of our experimental investigation, we conclude that for J, greater than 0.5cm/s
the power split (Wu/Wiatar) is @about 50% and in first approximation it does not depend
significantly on superficial gas velocity or on pool viscosity. The origin of difference with the
80 to 90% reported by Bilbao y Leon has to be investigated. Nevertheless, regarding MACE
M3B results, the power split seems to be about 50% during the period where the pool was
maintained in contact with the crust.
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h = heat transfer coefficient Nu = Nussel number, %— Power split =

total

ATH?
Ra = external Rayleigh number, &B——H— Gr = Grashoff number, Ra/Pr
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Ra; = interal Rayleigh number, g% Pr = Prandtl number, %
Vi

%)
f+(Pr) = Chawla’s f(Pr) for turbulent regime, (1 + (0'49%1) )

f_(Pr) = Chawla’s f(Pr) for laminar regime, Pr (2%1 +Pr)_%

Jg = superficial gas velocity A = void fraction
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ABSTRACT

In the very unlikely event of a severe reactor accident involving core melt and
pressure vessel failure, it is important to identify the circumstances that would allow the
molten core material to cool down and resolidify, bringing core debris to a coolable state.
To achieve this, it has been proposed to flood the cavity with water from above forming a
layered structure where upward heat loss from the molten pool to the water will cause the
core material to quench and solidify. In this situation the molten pool becomes a three
phase mixture: e.g., a solid and liquid slurry formed by the molten pool as it cools to a
temperature below the temperature of liquidus, agitated by the gases formed in the
concrete ablation process. The present work quantifies the partition of the heat losses
upward and downward in this multi-layered configuration, considering the influence of
the viscosity and the solid fraction in the pool, from data obtained from an intermediate
scale experimental facility that has been developed at the University of Wisconsin -
Madison. Recent experimental results showing the heat transfer behavior for multi-
layered pools with various viscosities and solid fractions are presented.

1. INTRODUCTION

In the design of the new generation of nuclear reactors and in the safety
assessment of currently operating nuclear power plants, it is necessary to evaluate the
probability of experiencing a severe accident and to identify the strategies to follow in
order to mitigate the possible consequences. For example, in the unlikely event of a
severe reactor accident involving core melt and pressure vessel failure, it is important to
identify the circumstances that would allow the molten core material to cool down and
resolidify, bringing core debris to a safe and stable state. In this type of postulated
accident, the molten material which escapes from the reactor pressure vessel is expected
to accumulate as a molten pool in the reactor cavity below. This material, usually called
corium, is formed mainly by urania, zirconia, zirconium and stainless steel. The molten
corium can thermally attack the concrete underneath and decompose it, producing gases
which agitate the pool, enhancing heat losses to the boundaries as fission product decay
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heat and chemical reactions continue to add energy to the process. To achieve coolability
of the corium in this configuration it has been proposed to flood the cavity with water
from above forming a layered structure where upward heat loss from the molten pool to
the water will cause the core material to cool and solidify. The effectiveness of this
procedure depends largely on the rate of upward heat loss as well as on the formation and
stability of an upper crust. In this situation the molten pool can become a three phase
mixture: the solid and liquid slurry formed by the molten pool cooled to a temperature
below the temperature of liquidus, agitated by the gases formed in the concrete ablation
process.

Because this process occurs at large scales and with materials whose physical
properties are not well determined, the phenomenology involved is not completely
understood. In addition, many of the currently most widely used models were not
specifically obtained to simulate this phenomenology and do not always predict the
experimental observations. Various attempts have been made to reproduce the problem
experimentally by using either prototypic or simulant materials. Some of these are
integral experiments that try to reproduce the entire scenario to pinpoint all the processes
involved (Farmer et al., 1992) (Thompson et al., 1992), while others are separate effect
studies focused on the more detailed analysis of very specific phenomena (Greene, 1982,
1988a, 1988b, 1991) (Felde, 1980). However, these approaches have always ignored the
effects of solids within the molten pool and their impact on the apparent viscosity of the
pool, as well as their effect on heat transfer.

The objective of this work is to quantify the heat losses upward and downward in
this multi-layered configuration, as well as the corresponding heat transfer coefficients,
considering viscosity effects, the solid fraction within the lower heated pool and the
presence of an overlying solid layer. To complete this task, an intermediate scale
experiment has been designed, in which simulant materials are used to model a molten
pool with another liquid layer above. The design includes volumetric heating, gas
injection from the bottom and solids within the pool.

2. THE EXPERIMENTAL TEST SECTION AND PROCEDURE

A diagram of the apparatus used in this study is displayed in Figure 1. It consists
of a rectangularly shaped test section 6.5 in wide (16.51 cm), 8 in long (20.32 cm) and 16
in tall (40.64 cm), whose walls were made of 0.5 in (1.27 cm) thick Lexan. The fluid cell
can be subdivided in two parts by insertion of a stainless steel wire mesh. The lower half
of the pool holds the heating assembly, which consisted of two stainless steel electrodes,
connected through a grid of high resistivity nickel-chromium heating wires wrapped into

a spiral shape and connected to a DC Power Supply. Air was injected into the steel
pressure box on the bottom and entered the pool through the bronze porous plate, which

ensured a uniform bubble distribution in the pool.

On the top and bottom of the fluid cell there are two cooling assembligs, formed
by two aluminum plates each. Machined into one of the plates was the cooling water
channel, which had a double spiral water flow pattern designed to altemate the hot zf.nd
cold legs of the flow, resulting in nearly isothermal cooling plates. In the bottom coollr}g
assembly, these two plates were mounted together with the porous plate. Holgs .Of 1/8 in
(3.175 mm.) diameter were drilled in all the aluminum plates to allow for the injected air

to go through.
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Figure 1. Schematic Diagram of the Test Section

The inlet and outlet cooling water temperature and the surface temperature in the
cooling assemblies, the temperature of the pool at several heights and the inlet and outlet
air temperature were measured with redundant E-type thermocouples. Flowmeters were
used to measure the air and cooling water flow rates. The electrical power input by the
DC power supply unit was measured by a digital multimeter and a DC current probe. The
relative humidity of the inlet and outlet air was measured with a humidity and
temperature transmitter. A DAS connected to a 486 PC was used to collect the voltage
signals from all the thermocouples. Each data point is the result of recording 300 samples
for each thermocouple at a sampling rate of 1 Hz. The simulant fluids used for this
investigation were water, glycerin and white mineral oil. The solid particles were
polystyrene beads, with an average size of about 0.020 in (0.5 mm), and a specific gravity
of 1.04.

In order to include the effect of solids in a density stratified multi-layer
configuration, it was necessary to devise a way of keeping the solids within the
appropriate fluid layer. For that purpose, a stainless steel wire screen with mesh size
small enough to stop the solid polystyrene beads was placed at the interface of the fluid
layers. The light fluid in these tests was always low viscosity mineral oil. For the lower
layer, water, a mixture of water and 10% in volume of polystyrene beads, 96% pure
glycerine and a mixture of glycerine and 10% in volume of polystyrene beads were used.
Only the lower layer was heated. In addition, it was of interest to simulate the effect of a




porous solid crust in between the fluids. Due to the adequate density ratio among the two

fluids and the polystyrene beads, these tended to agglomerate at the interface of the
fluids, and the desired configuration was achieved. -

3. ANALYSIS OF THE EXPERIMENTAL RESULTS

Previous reports analyzed in detail the results of the other two series of
experiments, the tests with one fluid layer (Bilbao y Ledn et al.,, 1999b) and two fluid
layers (Bilbao y Leon, 1999a). In this paper we focus on the tests involving three layers:
two fluid layers with a solid interface in between.

Figure 2 shows the power split for these tests, where we observe a quite different
trend from what was observed in two previous series of tests: the power split up/down
has changed from 80/15 to about 60/35. This result is not surprising because of the effect
of inserting the wire mesh, which collects the solid particles as a crustal layer which
obstructs the process of heat and mass transfer at the interface by severely limiting the
surface renewal and entrainment processes. Therefore, the increase in thermal resistance
for the heat transfer upward results in a proportional increase in the fraction of the heat
transferred downward. Applying this observation to the MCCI phenomenology, one may
deduce that even if a full size solid crust does not form at the interface between the
molten pool and the coolant, the existence of a very porous layer would substantially
hinder the upward heat transfer. As for the influence of viscosity and solid fraction on the
power split, we observe that the fraction of power being transferred downward is slightly
larger for glycerine and its suspensions (pink symbols) than for water. This trend makes
sense because as the fluid gets more viscous the screen creates a more significant
obstruction to the flow and the heat transfer.
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Figure 2. Power Split for all the three layer tests'

! The results for the two layers tests have also been plotted for comparison purposes



When analyzing the heat transfer coefficients (HTC), the same trends as in single
layer tests were observed: overall, the HTC increases with the superficial gas velocity of
the injected air and decreases with the viscosity of the fluid mixture in the lower part of
the pool. No first order effect on the HTC has been detected as a direct consequence of
the presence of solids in the pool, only the effect resulting from the increase in the
effective viscosity due to the solids in the pool.

However, if we look at the results more closely, one observes that as the viscosity
of the pool increases, the heat transfer coefficients decreases. In addition, the heat transfer
coefficient decreases as the fluid in the pool changes to a different fluid of higher
- viscosity, but it increases as the viscosity of the pool increases for a given fluid within the
pool. We explain this behavior by coupling together all the phenomena happening in the
pool simultaneously: as the superficial gas velocity increases, the temperature of the pool
decreases due to the improvement in the heat transfer by the agitation of the pool. At the
same time, the overall viscosity of the pool increases because of the descent in
temperatures, which in turn induces a decrease in the heat transfer coefficient.
Furthermore, the void fraction in the pool increases with the superficial gas velocity,
inducing a descent in the effective three phase viscosity of the suspension. This means
that the viscosity and the superficial gas velocity induce opposite effects on the heat
transfer.

Several attempts were made in order to quantify this phenomenon. First, the
effective three phase viscosity of the pool, i.e. including the effect of the solids and the
void fraction was estimated. Since no model was found in the literature to estimate the
viscosity of this three-component three-phase mixture, a classical approach was taken.
The suspension formed by the fluid with the solid particles was assumed to be a
homogeneous fluid whose viscosity was given by Thomas equation (Seiler et al., 1996)
and the overall effective viscosity of the pool was estimated as

/LI3<D =a'/‘tair+(1—a).ll'12® (1)

where a is the average void fraction in the pool, which can be calculated using the well
known drift flux model. However, this approach failed to agree with the trends found
experimentally. A more successful approach was to find a way of expressing the heat
transfer coefficient as a dimensionless combination of the parameters that we considered
most significant to describe the phenomenology:

hzf(lLIZO’jsup) (2)

This HTC should be directly proportional to the superficial gas velocity, because
we expect an increase of the HTC when jqp increases. At the same time, the HTC will be
inversely proportional to the viscosity of the pool, since the HTC will become smaller as
the viscosity increases. Using the theorem IT for dimensionalization, we obtain the
parameter:

1 .
- — _He <§' )
Re. Fr p2® ' .]sup
This in turn will produce correlations of the form:
Nu=C-ReFr)) =C-¥? @




Figure 3 shows the appeareance of our experimental data for the upward and downward
heat transfer coefficients when using this approach. We observe that all the data, for both
fluids, with and without solids in the pool collapse very well, and behave as describe by
our hypothesis. As the dimensionsless parameter W increases, i.e. as the effective
viscosity in the pool increases and the superficial gas velocity decreases, the heat transfer
coefficient does decrease.

The interfacial heat transfer coefficients show they same trends than the upward
and downward ones but they are substantially larger (Figure 4). However, these values
are smaller than the ones found in the two layer series of tests due to the presence of the
intermediate layer that limits the entrainment and makes the heat and mass transfer a lot
less effective. Greene et al. (1982; 1988a; 1988b; 1991) and Werle (1978) performed
several experiments in similar conditions, using different fluid pairs with different density
ratios, which produced different levels of entrainment. In their experiments, however,
there was not intermediate layer between the two fluids. The comparison between these
previous data and ours is shown in Figure 5. Bilbao's data for both water and glycerine
show the same trends as Greene's data for mercury but they are substantially lower. This
behavior is more accentuated than expected because water and mercury have similar
viscosities, but the density ratio water/mercury or oil/mercury is a lot larger than water/oil
or glycerin which would translate into smaller rates of entrainment. With these premises,
for a fluid pair such as water/oil we would expect to obtain larger HTCs than for
mercury/oil. Therefore, it seems that the interlayer screen does have a significant effect
on the HTCs. Also in Figure 5, we have plotted the correlations suggested by Greene and
Szekely (1963) to represent the behavior of the interfacial heat transfer coefficient
between to fluid layers. It is observed, that both numerical correlations show trends
similar to our data. They predict relatively well our experimental results for glycerin
while they seem to underestimate the HTC for water.
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Figure 3. Upward and downward Nusselt numbers versus dimensionless number ¥



4. CONCLUSIONS

The analysis of the experimental data obtained in the present work, and the
comparison with previous models and correlations, allow us to draw some .important
observations:

First, we concluded that the viscosity of the fluid in the pool has a dominant effect
on the obtained heat transfer coefficients to the boundaries. The heat transfer coefficient
decreases as the viscosity of the pool increases. On the other hand, the solid fraction in
the pool does not have a first order effect on the heat transfer coefficients. The solids in
the pool increase the effective viscosity of the fluid, and in this sense the solids do have
an impact on the heat transfer coefficient, but this impact is not different than the impact
obtained by increasing the viscosity of the pool without adding solids.

In addition, a very imbalanced power split was found for the one and two layer
tests, with 80% of the power being transferred upward and only 15% downward. The
power split measured in the three layer tests is very different, with an up/down ratio of
60/35 approximately, due to the presence of a non-entraining interface between the fluid
layers.
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Figure 4. Interfacial Nusselt number versus dimensionless parameter ¥

For the configurations studied here, where there is gas injection into the pool, we

concluded that it is necessary to consider the overall effect. As the superficial gas
velocity increases, the temperature of the pool decreases due to the improved heat

transfer produced by the gas agitation. But, as the temperature of the pool decreases, the
viscosity of the pool increases too, producing the opposite effect. It is necessary to
account for both competing effects in order to predict successfully the behavior of the
system. Furthermore, for the study of the heat transfer between density stratified fluids,
the determination of the rate of entrainment between layers is of paramount importance in
order to model the behavior of the system adequately.
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numerical studies’.

Finally, we can say that the existing models and correlations are not able to
predict the new data for the entire range of viscosities and superficial gas velocities.
Empirical correlations have been provided for our data (Figures 3 and 4), but these need
to be used cautiously within the range of appropriate conditions.

NOMENCLATURE

A Laplace constant [m]

g Gravity [9.8 m/s?]

Superficial gas velocity [m/s]
k Thermal conductivity [W/m?K]
Fr Froude number, pj*/ApgD

Nu  Nusselt number, hA/k

Re  Reynolds number, pjD/u

o void fraction

m dynamic viscosity [N s/ m?]
o solid fraction

p density [kg/m’]

Subscripts

air air

1 liquid

S solid

20  two phase mixture or suspension

30 three mixture or

suspension

phase

2 The data from the two layer tests as well as Greene and Werle data with high entrainment have also been

plotted in Figure 4 for comparison purposes.
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ABSTRACT

The paper presents an interpretation of the ACE and MACE MCCI tests with the
TOLBIAC code. The phase segregation approach has been introduced in this code. The main
physical assumptions are described. Chemical reactions with Zr are believed to be achieved
when the ablation of concrete begins. Mass losses from the melt due to melt splattering are
taken into account, as well as formation of lateral crusts. The calculated evolution of melt
temperature fits well with measurements. The model predicts well the effect of a power
increase on the melt temperature; it is stated that the usual model (without phase segregation)
approach for heat transfer is not able to reproduce this effect. Sensitivity calculations are
performed. It is concluded that initial conditions, melt sparging and presence of lateral crusts
have a significant effect on melt temperature; on the contrary, physical properties (viscosity,
with reasonable variation range) and power split have a small effect on melt temperature.
Finally, the points in favour of the phase segregation approach are summarised. Further
development needs for TOLBIAC are also outlined.

1. INTRODUCTION

In the past, several theoretical developments have been devoted to the analysis of
corium-concrete interaction [WECHSL, CORCON, COSACOQ,...] which are based on
homogeneous model for the corium-concrete mixture (in the sense that solid and liquid phases
are supposed to be well mixed). Recently a new approach based on phase segregation has
been developed at CEA, which has been applied to the interpretation of limited aspects of the
existing MCCI tests [Seiler, 1996] and [Froment, Seiler, 1999-1]. This approach has now been
introduced in the TOLBIAC code in order to calculate the complete interaction transients. The
objective of this paper is to present an interpretation of some ACE and MACE tests with this
code.



2. ACE AND MACE

The ACE experiments [Wall et Sehgal, 1993] have been performed in the frame of an
international programme led by EPRI, in order to determine the concrete ablation rates and
release fractions of low-volatility fission product species. Researchers built a facility that
melted approximately 300 Kg of UO, by electrical resistance heating to simulate sustained
internal radioactive decay heat. The UO, was located on top of a concrete basemat embedded
with thermocouples to measure the ablation rate. The melt temperature was measured by
means of W-Re thermocouples. The interior cross section of the furnace was ~50cm by
~50cm. The space above the corium was filled with inert gas. A thermally insulated lid rested
on top of the box. Different types of concretes were tested: siliceous (1.2), limestone (L8),
siliceous-common sand (LS5, L6, L7) and composite (L4). Different initial amounts of
metallic zirconium were used. Also, some amounts of iron oxides were added to the corium in
some tests (L5). The test duration was variable: from ~30 minutes (L.7) to, maximum, 2 hours

14, LS).

The MACE tests have as main objective the coolability of corium during MCCI when
water is added on top of the melt. These tests have generally a longer duration of MCCI (~6
hours for M3B). Also, a very large test could be performed (1,2 m by 1,2 m for M3B).

3. TOLBIAC

The purpose of TOLBIAC code [Vandroux-Koenig and Spindler, 1999] is to model, in
two dimensions, the thermohydraulic of a corium pool in a structure (pressure vessel or core-
catcher), in order to simulate the behaviour of the melt and of the structure. Three components
are taken into account: oxides (divided into light and heavy oxides), metals and gas.

Ablation of sacrificial material is taken into account, both in the éimulation of
hydraulic (variable volume of cells, generation of gas and liquid) and of thermal phenomena
(variable thickness for conduction calculations).

The following phenomena can also be simulated: metal-oxide stratification or mixing
(depending on the presence of sparging gas), residual power, free surface heat transfer
(radiation or heat transfer with a water pool), crust formation. The gas field takes into account
variations in the level of the pool, and allowance is made for the geometrical volume occupied
by the crust.

The constitutive laws are taken from literature or from experimental assessment.

For a first approach, the ACE and MACE experiments are modelled with only one
hydraulic cell for the corium pool. A separate meshing is used for the wall thermic calculation
including ablation. This enables quick calculations, and thus easy sensitivity calculations. It is
however the complete version of TOLBIAC which is used. Only the data set is particular.

4. MAIN PHYSICAL ASSUMPTIONS

The heart of the model, which has been used for this work, is based on the assumption
of phase segregation [Seiler, 1996]. This effect is related to the solidification of the refractory
phases (mainly UO; and ZrO,) in the temperature gradients (at the corium-concrete interface
or on the lateral surface or, depending on heat losses, at the surface of the melt). These
refractory phases are supposed to form a sort of (porous) crust in these temperature gradients.
The non-refractory materials (mainly: decomposition products of concrete) are supposed to be
rejected in the liquid central part of the melt.




The interface between the solid material (crust) and the residual liquid is supposed to
stay at thermodynamic equilibrium. This imposes a supplementary quantitative relation
between the composition of the crust, the composition of the liquid and the interface
temperature. This relation is given by thermodynamic calculations which are performed with
the GEMINI code (equivalent to phase diagrams) and solidification processing considerations
[Froment, Seiler, 1999-2]. This supplementary equation implies for instance that, at constant
power, when the concentration of decomposition products of concrete increases, then the melt
temperature should decrease.

The thickness of the solid crust is also controlled by conduction heat transfer through it.

For the calculations, GEMINI has not been coupled with the TOLBIAC code. Thus, it
was necessary to pre-determine the thermodynamic relations which were introduced as
"pseudo-binary phase diagram". This is an important restriction for the application of
TOLBIAC. In some cases (for instance when iron oxides are present, as in L5), the direct
calculation was not possible with TOLBIAC due to the limited number of mass balance
equations in it. Some semi-analytic methods and separate calculations were used in this case.

Another consequence from the demixtion between solid and liquid phases is that the
viscosity of the liquid phase stays rather small (ranging from 0.01 to 0.2 Pa.s) [Seiler,
Ganzhorn, 1997]. Due to the fact that the variation of the heat transfer coefficient inside the
melt is supposed to be proportional to #~#3, only a small temperature gradient is suspected to

exist in the liquid phase and the main temperature gradient is located in the solid layers.

The temperature at the interface between the concrete and the solid layers is supposed
to be equal to ~1600 K. This is considered to be acceptable as the solidus-liquidus
temperature interval for siliceous concrete or limestone-common sand concrete is small. There
is an exception for limestone concrete for which the liquidus temperature is elevated (~2600
K) due to residual solid CaO phases . In this case, a CaO rich layer may form between the
concrete and the corium as shown by the post test investigation from L8.

The chemical reactions with zirconium have been calculated separately. From GEMINI
calculations, it seems that Zr may react completely with the water present in the insert
concrete and with silica (SiO;). These reactions seem to have time to take place before the
initiation of the basemat ablation. As the TOLBIAC calculations start at the initiation of the
basemat ablation, these reactions are not described in TOLBIAC. However, the consequent
changes in the initial composition of the melt are taken into account.

A very important aspect is relative to corium splattering on the side walls of the test
section. Quite all ACE post-test examinations have shown a significant splattering of corium
due to gas sparging through the melt. This effect reduces the amount of liquid melt during the
test. Thus, it decreases the liquid mass fraction and, as a consequence in the frame of the
phase segregation model, it may reduce significantly the melt temperature. The melt
splattering phenomenon has been taken into account in the model approach. The final
amounts of "lost" melt are known from the post-test examinations. The hypothesis is made,
that this "lost mass" varies linearly versus time. The composition of the splattered mass is
supposed to be time dependent and corresponds to the instantaneous composition of the liquid
melt.

The presence of lateral crusts due to heat losses through the side panels could be taken
into account.



A separate analysis was performed for the investigation of heat transfers within the
liquid melt [Seiler, 1998], taking into account the results from [Epstein, 1997]. It is concluded
that, when usual heat transfer correlations are used in the frame of the phase segregation
model, the calculations predict a up/down power split ranging from approx. 0.5 (for anchored
crust situations) to maximum 5 (for melt radiating to the upper lid) which corresponds to the
experimentally determined power splits. It is thus concluded that the power split is, in ACE,
strongly affected by the radiation heat transfer in the top volume of the cavity which are very
strongly system dependant (wall insulation, melt splattering, aerosols,...). Thus, in TOLBIAC,
the top surface conditions are adjusted depending on the experiment considered.

5. RESULTS

The experimental conditions and results are taken from [Thompson et al., 1997].
Calculated evolutions of melt temperatures appear on figures 1 through 6 for L2, L6, L7, L8,
L5 and M3B. There is a general agreement between experiments and calculations. However,
the temperatures are initially overpredicted for L6 (by ~100 K). There is a slight
underprediction at the end of the test for L7 (by ~100 K) and L8 and L2 (by ~50 K). The
general decrease of the temperature as a function of time is well predicted. The temperatures
calculated for L5 are really lower than for the other experiments, even if the calculation
overpredicts the experiments by ~100 K; this effect is due to the presence of iron oxides.
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Figure 7 presents the results obtained from TOLBIAC and given by the experiment for
a specific test: L2 with lateral crusts. It shows the evolution as a function of time of several
variables. The wall (lower crust) and surface (upper crust) crust thickness almost remains
constant. The melt temperature ‘is underpredicted by ~50 K. The light oxide (concrete)
concentration in the melt increases with ablation. The heat flux at the surface (upper heat flux)
and at the concrete wall (Jower heat flux) were adjusted to fit the experimental average heat
losses. Thus, the concrete thickness and the ablation rate fit the experimental valueswell.

For test M3B, a comparison between the usual homogeneous model calculation (also
introduced in TOLBIAC) and the phase segregation approach has been made. In M3B an
important power variation has been applied to the melt approximately at time 250 minutes. It
can be seen from figure § that the temperature in the melt did not increase significantly as a
result of this power variation

Such a power transient has been calculated with TOLBIAC, with arbitrary initial
conditions and a power increase of 50% after 1200s, in order to check qualitatively the
behaviour of both models. From figure 9 it is clearly seen that the phase segregation model
predicts quite no temperature variation which is consistent with the behaviour observed in
M3B. The usual approach (figure 9), however predicts a significant increase in temperature
which is not consistent with the experimental result. This means also that attempts to correlate

4

melt — 4 solidus

flux) have little chance to succeed. The phase segregation model predicts that the temperature
difference inside the liquid phase is small, thus the temperature in the melt is approximately
equal to the interface temperature between solid and liquid. When the power is increased, the
crust thickness decreases; however this decrease of the mass of solid phase does not induce a
large variation of the composition in the liquid phase all the more as the power increase
induces a quicker ablation of the concrete wall. As a consequence, considering the phase
diagram does not induce a large variation of the interface temperature (which is the liquidus
temperature in the residual liquid). In other words, the system behaves like a pure material with
the difference that the melting temperature is a function of the composition of the residual
liquid. This observation is considered as a supplementary validation of the phase segregation
approach.

the heat transfer in the melt on the basis of the ratio h = (where @ is the heat
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Fig. 7 Test L2 with lateral crusts: TOLBIAC results
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Fig. 8 Power variation in M3B and Fig. 9 Melt temperature as a function

corresponding melt temperature of time with usual model and phase
segregation model, and an arbitrary
power increase of 50% after 1200s on
the basis of an L2 calculation.

6. DISCUSSION

Some parametric calculations have been performed in order to check the sensitivity of
the model.

As stated above, the temperature prediction in the melt is not very sensitive to the
viscosity of the liquid if reasonable variations ranges are considered in the frame of the phase
segregation approach.

The effect of the presence of a lateral crust may be important as suggested in figure 1.
The presence of a lateral crust decreases the concentration of refractory phases in the liquid
and, as a consequence, decreases the liquidus temperature of the residual liquid temperature
(interface temperature). The melt temperature may decrease by, approximately, 100 K.

Initial conditions may have an important effect on the transient behaviour since the
characteristic time needed to reach thermal equilibrium is in the range 15 - 30 minutes. In the
reference calculations (presented in figures 1 through 6) it has been supposed that thermal
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equilibrium was reached at time t=0. This may not be the case in reality. Thus, sensitivity
calculation was made for L2 supposing that the system was not in thermal equilibrium at time
t=0: the measured initial temperature was imposed. The result appears on figure 1. During the
transient, the temperature stays nearer to the measured temperatures but the ablation rate of
concrete is then underpredicted.

The initial temperature profile in the concrete wall may also have an important effect.
Figure 1 enables to compare two calculations without lateral crust, one with a reference
profile obtained from the experimental data and one with a steeper profile. The corresponding
melt temperature differences are approximately 50 K.

Separate investigations have shown that the crust may be unstable due to possible
accumulation of decomposition products of concrete below this crust. The periodicity of crust
ruptures has been calculated (this crust rupture corresponds, in our opinion, to the periodic
bursts which have been observed in almost all ACE and MACE tests) and ranges
approximately from 15 min to 50 min depending mainly on the ablation heat flux. This
periodic process has not been introduced in our code. However the consequence of this is that,
if the observation time is too short (an hour or less) in comparison with this period, then the
obtained results cannot be interpreted as "steady-state” or "mean" values. In the frame of the
phase segregation model, this phenomenon has only a slight effect on the melt temperature but
has a very strong effect on the instantaneous concrete ablation rate.

It is also possible that the assumption of phase segregation is not valid during the
initial phases of the MCCI (during 10 to 20 minutes). However, the comparison between test
results and calculations does not allow to propose a criterion for the onset of segregation. For
reactor applications the delay for MCCI is of several days. Thus, it is claimed that a precise
description of the initial phase (first 30 min) is not necessary.

7. CONCLUSION
There are now several points in favour of the phase segregation approach for MCCIL:

- the temperature traces can be recalculated, even during the interaction transients,

- the material effects on melt temperature are explained (LS),

- the effect of power variation on melt temperature is well predicted,

- the post-test examinations evidence strong composition variations in the melt, with
an enrichment in refractory phases at the corium-concrete interface,

- the composition of the melt ejected in M3B could be well calculated,

- the approach offers a possible explanation of the periodic burst observed during the
tests. Periodicity could be calculated,

- the approach solves the temperature-viscosity contradiction.

A consequence of this approach is that the prediction of the melt temperature is largely
decoupled from the prediction of the power split.

To model ACE or MACE experiments with TOLBIAC, a pseudo-binary phase diagram
obtained from GEMINI is used. In some cases, (for example when adding iron oxides in the
melt), it would be necessary to take into account additional mass equations. This would lead
to further developments in TOLBIAC.

Moreover, the phase diagram can be more complicated than a pseudo-
binary, especially for the application of TOLBIAC to a real reactor case. The
necessity of a coupling between TOLBIAC and GEMINI codes can be discussed.
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ABSTRACT

The objective of the present paper is to compare the performance of statistical distri-

butions 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 distributions are employed along with the distribution
resulted from the sequential fragmentation theory (SFT) of Brown [1].The distributions are
fitted to two sets of experimental data obtained from jet fragmentation experiments under
FCI conditions. One set from JRC/Ispra, KROTOS experimental program and the other set
from RIT/NPS, MIRA-20L experimental program, are employed.

It is found, among the distributions examined, that the SFT model, using mass
mean diameter o and a free parameter -y, which represent the fractal dimension of the de-
bris, describe the measured data better than the other distributions. The fractal dimension
is found to vary between two and three, depending on the size of the fragments (¢). In the
case of corium debris the fractal dimension approaches three as the mass mean diameter
decreases. For three different oxide melts, the fractal dimension varies between approxi-
mately two and three. Additionally, the paper discusses the physical background and the
distribution parameters of the SFT.

1 INTRODUCTION

The introduction of a hot, molten liquid into a volatile coolant can, under certain
conditions, result in explosive interactions. Such molten fuel-coolant interactions (MFCI)
are characterised by an initial pre-mixing phase during which the molten liquid, metallic or
oxidic in nature, undergoes a fragmentation process which significantly increase the area
available for melt-coolant contact, and thus energy transfer. Although substantial progress
in the understanding of phenomenology of the MFCI events has been achieved in recent
years, there remain uncertainties in describing the fragmentation processes. The scale of
interest can vary from a single droplet up to a large diameter, high temperature, jet falling
into water. Of particular relevance to this work are those situations, during a hypothetical
severe accident in a nuclear power plant in which molten oxidic-metallic melts at tempera-
tures in excess of 2800 K interact with coolant either inside or outside the reactor pressure
vessel. In addition to nuclear safety, such fuel-coolant interactions are of interest to the
chemical, metallurgical and paper industries as well as to the study of volcanic eruption.
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The melt jet and drop fragmentation during the premixing phase of MFCI, deter-
mines the initial conditions for debris bed coolability. Those parameters are e.g. the particle
size distribution, debris bed porosity and stratification. It is essential to quantify these pa-
rameters, in order to determine whether the debris is coolable or not.

This work is focused upon analytical studies of the size distributions of the debris
particles created during the fragmentation process. The fragmentation process is respon-
. .sible for the .interfacial area evolution during the premixing and propagation phases of.
steam explosion. There are many statistical distributions which have been proposed to
fit the size distributions of debris fragments produced from the fragmentation processes.
The most popular empirical distributions are the Weibull distribution and the log-normal
(LN) distribution [2]. Fletcher [3] investigated the statistical distribution of uranium diox-
ide/molybdenum debris produced from MFCI experiments. He found out that the debris
distribution exhibited best agreement with the upper limit log normal distribution.

* Particle size distributions data from two MECI experimental programs: KROTOS,
performed at JRC/Ispra [4], employing corium and experiments performed at RTT/NPS [5],
- employing CaO-B; 03, MnO,-TiO, and WO;-CaO, are examined against four different sta-
tistical distributions; (i) the lognormal (LN) [6], (ii) the upper-limit lognormal (ULLN) [3];
(iii) the Weibull [7]; and (iv)'the sequential fragmentation theory (SFT) [1] distributions.
In the present work, results are reported on which of the four statistical distributions are
best to fit the experimental data produced from the MFCI events. Attempts are made to
investigate the fractal dimension, obtained from the SFT theory, and it’s dependence on the
mass mean diameter of the debris fragments.

2 STATISTICAL DISTRIBUTIONS
2.1 Empirical Fragment Size Distributions

The Weibull distribution, {7] has the following cumulative density distribution func-
tion
M(<)
Mz

=1 - exp [—(é)’“l )

where M (< 1) is the cumulative mass of fragments of size less than [, My is the total mass
of fragments in the distribution, o is related to the average size of the fragments, and & is
a free parameter. According to Brown [1] the Weibull distribution is identical to the Rosin
Rammler (RR) distribution, given by Eq.(2).

M2 e -0 @

The Rosin Rammler and Weibull distribution have been used to fit the data produced from
different fragmentation processes, from crushing of geological materials, such as coals and
stones, (Kittleman [8] and Geer and Yancey [9]), to the fragmentation of the universe,
(Brown et.al. [10]).

The LN distribution, [6] has been used extensively to fit debris size distributions.
The cumulative density function for the LN is

M]%;l—) - /_oo \/2i7rza exp [~(In(z) — m)?/20%] dz )
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Here m and o are free parameters to be fitted for the distribution. The lognormal distri-
bution has been recommended for fragmentation processes by several authors, e.g. Kol-
mogorov [11].

Recently Fletcher [3] suggested that the ULLN distribution was the most preferable
in fitting debris distribution produced from MFCI. The ULLN has the following cumulative
density function.

M(<l) T 1 In(zmz/(zm — =) — In u) 2‘{
My /;oo 2m)Y2(lno)z(z, — T) exp 2[ Ino ] | do
for 0<z< 2, ‘ 4)
=0 otherwise.

Where z,, is the maximum particle size in the distribution and p and o are measure of
location and scale respectively. The main difference between the LN and ULLN distribu-
tions is that the ULLN distribution tends to an asymptote at the maximum size, i.e. when
z approaches z,,. It should be noted that the Weibull and the LN distributions are two
parameter distributions and the ULLN is a three parameter distribution.

2.2 Sequential Fragmentation Theory

Brown [1] derived the theory of sequential fragmentation. He started with an equa-
tion for the conservation of mass.

n(m) = C /oo n(m') f(m' — m)dm' ©)

m

Here n(m) is the particle number distribution, which has the dimension: number of frag-
ments per unit mass between m and m + dm. The symbol C] is a constant. The single
event mass distribution, when a particle of mass m' breakes into particles of mass m, is
described by the function f(m' — m). It was shown by Austin [12] that fragmentation of
any particle results in branching tree of cracks. These branching trees show a similarity and
can be described as fractals, see figure (1). It is shown by Brown [13] that the following
function f can be determined from the fractal theory.

f(m— m)

Generation: 1 2 3

Fig. 1. The sequential fragmentation of each particle into smaller particles.

ot
— 73

(6)

f(m' - m)=m
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Where Dy is the fractal dimension, 0 < Dy < 3. By normalising the f with average mass

m; and setting parameter v = —Dy/3, —1 <y < 0 and 0 < Dy < 3, function f takes the
following form,

flm' —m) = ({%)“f )

By inserting Eq.(7) into Eq.(5) and choosing C; as m* the following is obtained.

o= (2) [ (2)

Integrating equation (8) gives,

Np (m\” (F)r+t
n(m) = — | — L LA 9
() = 2 (22 enp |1 ©
for (=1 < 7 < 0), where Ny is the total number of particles.
NT=/ n(m)dm (10)
0

The mass distribution for the sequential fragmentation is obtained by multiplying Eq.(9)
with the mass m, for (—1 < v < 0).

v+1 m \y+1
mn(m) = Ny (%) exp |:(—”;“_’_)—1} (11)

The most probable mass (mode) of the distribution m, can be obtained by differentiating
Eq.(11) and setting the result equal to zero.

Mo _ (s 1) ~
L=(r+1) (12)

Inserting Eq.(12) into equation Eq.(11) gives,
7+1 7+1
mn(m) = Np(y + 1) (%) exp [— (%) } (13)

The normalised mass distribution M (< m)/Mz, where M (< m) is the cumulative mass
of fragments and Mr is the total mass of all particles, is as follows.

M(<m) _ [) mn(m)dm

= =5 14
Mr [y mn(m)dm (14)
By inserting Eq.(11) or Eq.(13) into Eq.(14), it is obtained that,
M<m) Y@Lz T 5
Mr L) INER2))
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Where 1 is a free parameter and z is,

)™ _ (1

The mass distribution can be converted to size distribution by inserting (m/m; = (I/0)3)
into equation (16). As before, o is the mean size of the particles. The functions I'(c),
e, :z:cg and Y(a, z) are the complete, the complimentary incomplete and the incomplete
Gamma-functions, respectively. That is,

MNa,z) = /00 t* ! exp(—t)dt (17)

T(a,z) = /z t*~lexp(—t)dt (18)
0

Na) =T(a,z) + T(e, z) (19)

The distribution resulting from the SFT is a Gamma-like distribution. However it’s
parameters have a physical background. We note that a Gamma-distribution has also been
largely employed to fit fragmentation data, e.g. Rubio et al. [14]. The behaviour of the
cumulative mass distribution M (< m)/M7 can be seen in figure (2).

1
¥ v=-0.99
+ v=-0.95
- v=-0.90
X y=-0.70

O v=-0.50

Probability
o
(9]

107 10° 10
Diameter [mm]

Fig. 2: Plot of M(< m)/Mg for v values, -0.99, -0.95, -0.9, -0.7, -0.5.

3 PERFORMANCE OF THE STATISTICAL DISTRIBUTIONS

3.1 Comparison of Statistical Distributions

To determine which of the four statistical distribution, mentioned above, is most
suitable to fit debris data, two sets of MFCI experiments are used: One from KROTOS
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experiments, conducted at JRC/Ispra [4], using corium and one set from MIRA-20L ex-
periments, conducted at RIT/NPS [5], using CaO-B203, MnO,-TiO, and WO3-CaO melts,
respectively.

The statistical distributions are fitted to the experimental data by using non-linear
regression algorithm, the Levenberg-Marquart method, which minimises the global error
function,

e = Y [piesp(l) — pisie()))? (20)

where p; o5p (1) and p; 5i4(1) are the experimental and fitted number densities of the i-th ob-
servation. The unbiased estimate of the variance, o2, can be calculated from the following

|z
equation. !
- — . .. 2
2 = > [pz,emp](\i)— sz,fzt 0] @1)

Here N is the total number of observed data points. The denominator, shows that v degrees
of freedom have been lost, for a v parameter distribution. In the case of ULLN, v is equal
to three, and for SFT, LN and Weibull distributions, v is equal to two. The variance of the
fitting. and the average variance can be seen in table (1) and (2). Figure (3) illustrates a
typical comparison of the experimental data with the fitted distributions.

Table.1: Variance (s?): Fitting of corium ex- Table 2: Variance (s?): Fitting of CaO-
perimental data. B203, MnOy-TiOy and WO;-CaO data.

xp. | OLLN | SFT LN [ Weibull Exp. | ULLN T SFT LN 1 Weibu
1 100064 | 0.0371T | 0.0457 ] 0.1382 8 1 0.00301 0.0I18 [ 0.0162 | 0.0108
2 | 0.0497 | 0.0480 | 0.0551 | 0.1652 9 | 0.0054 } 0.0207 | 0.0306 | 0.0060
3 }0.0206 | 0.0201 | 0.0288 | 0.2132 10 | 0.0082 | 0.0269 | 0.0360 | 0.0118
4 1 0.0130 | 0.0251 | 0.0332 | 0.1311 11 } 0.0036 | 0.0176 | 0.0235 | 0.0059
5 | 0.0496 | 0.0503 | 0.0582 | 0.2837 12 | 0.0037 | 0.0094 | 0.0122 | 0.0117
6 | 0.0910 | 0.0836 | 0.0867 | 0.0680 13 | 0.0010 | 0.0025 | 0.0063 | 0.0207
7 10.1211 | 0.0693 | 0.0730 | 0.0712 14 | 0.0044 | 0.0057 | 0.0064 | 0.0201
Avg. [0.0502 ] 0.0476 1 0.0544 | 0.1529 15 | 0.0016 | 0.0076 | 0.0057 | 0.0233

16 | 0.0035 | 0.0044 | 0.0167 | 0.0081
17 | 0.0048 | 0.0080 | 0.0200 | 0.0034
18 | 0.0210 | 0.0198 | 0.0243 | 0.0305
Avg. ] 0.0055 7 0.0122 ] 0.0180 ; 0.0I38

A comparison between the variance of the three two-parameter distributions, see
table (1) and (2), shows that the SFT distribution exhibits the lowest average variance,
i.e. the best agreement with the distribution data. Furthermore, a comparison between the
variance of the SFT and the ULLN, for corium data, demonstrates that the average variance
is lower for the SFT. In the case of oxide melt data, the ULLN has a lower average variance
than the SFT. In order to investigate if adding one parameter made any difference between
the three parameter ULLN distribution and two parameter SFT distribution, an F-test was
employed, Chatfield [15]. The F test can be formulated as,

€a—-€y
F=nenl (22)
83

The value F follows the F distribution. The following hypothesis was then formulated,
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Fig. 3: A typical comparison between the experimental and fitted distributions.

H,: ULLN better than SFT. (F > F(a,ng —ny, N —v))
H;: SFT is as good or better than ULLN.  (F < F(a,ny — ny, N — v))

From equation (22) it is found that F has the average value of 2.2. The values for F'(c, ng —
n1, N — v) can be found in tables, [15]. With 95% confidence, the F(a,ny — ny, N — v)
values range from 5.99 to 10.13. It can be said with 95% confidence that SFT is as good or
better than the ULLN distribution for data fitting.

It should be noted that for the wide range of experimental data on debris fragments,
from low density C'aO — B,Os to high density corium, the SFT gives satisfactory fits to the
experimental data. For experiments performed with corium at high temperature and density,
~ was in the range from -0.76 to -0.90 and o in the range from 1.71mm to 0.92mm. For
oxidic melts, performed at lower temperature and with three, lower density, oxide melts,
parameters <y and ¢ vary from -0.63 to -0.87 and 6.2mm to 1.8mm, respectively.

3.2 Parameters of the SFT

The -y parameter of the SFT is defined in terms of fractal dimension, equation (6),

as v = —Dy /3. The equation for the fractal dimension can be written as,
log(NV)
D= -3y= 23
f 7= Tog1 Ir (23)

Where r represents fractional size and N is the number of new fragments, after each se-
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quential fragmentation. From this equation it can be shown that, as Dy — 3 the fragments
are more volumetric. As Dy — 2 a two dimensional shaped fragments are observed. Fig-
ures (4) and (5) show the fractal dimension, as a function of mass mean diameter for the
corium and the three oxidic melts. The figures show that the fractal dimension varies be-
tween approximately two and three which depends on the shape of the debris. In the case
of corium the particles become more volumetric as they become smaller. A Jagged orrough
debris is observed as the mass mean diameter becomes bigger.

.27 o : 2.6 - et
X %
£ 2.6 S04 X X
@ o 9 G <
c [
$2.5 g
S © 22 . b Ca0-B203
g 2.4¢ g X MnO2-TiO2
@ © g of + , [fWO3-CaO
w23 o w T
- . 1.8 : - .
2'%.5 1 1.5 2 0 2 4 6 8
Mass mean diameter [mm] Mass Mean Diameter [mm]

Fig. 4: Fractal dimension as a function of Fig. 5: Fractal dimension as a function of

-mass mean diameter for corium. mass mean diameter for oxidic melts, CaO-
By03 (*), MnO,-TiO, (X) and WO3-CaO
(+).

Examination of the data, obtained from the fitting of the SFT does not give any
clear correlation between the experimental conditions and the fractal dimension.

4 CONCLUDING REMARKS

Examination of four different statistical models for particle size distribution indi-
cates that the sequential fragmentation theory of Brown [1], which results in Gamma type
distribution, provides the best fit the debris distribution data. The parameter v for the data
was found to lie in the range of -0.62 to -0.9.

The fractal dimension varies between two and three for the experimental data anal-
ysed. There is no clear correlation between the experimental conditions and the fractal
dimension.
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NOMENCLATURE
Arabic

D Dimension
e Global error
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k Free fitted parameter
[

Sieve size
M (< l)Cumulative mass of fragments less than sieve size ]
M Mass
m Mass
mn  Mass distribution
N Number of fragments, total number of data points
n Number distribution, number of points
D Probability
T Fractional size
s Standard deviation
Greek
04 Free fitted parameter
7 Free fitted parameter, location
v Number of parameters
o Average size, scale
Subscript
1 Mean
f Fractal

¢t —ezp Experimental number density of i
i — fit  Fitted number density of i

D Most probable (mode)
T Total
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ABSTRACT

This paper presents the results of experimental investigation on dryout heat flux
of a particulate debris bed. A series of experiments on the POMECO (POrous MEdia
COolability) facility were performed for both homogeneous and stratified heated porous
beds. The porous beds were made of different sand particles. The porosity of particle bed
was varied from 25 to 40%, and the average particle size from 0.2 to 1 mm. Experimental
results for the dryout heat flux of homogeneous beds with top flooding compare well with
the predictions by Lipinski correlation. For the stratified particle beds, the fine particle layer
resting on the top of another particle layer is found to dominate the dryout processes. The
effect of a downcomer on the dryout heat flux was also investigated for both homogeneous
and stratified particle beds. It was found that the downcomer can enhance the dryout heat
flux from 50 to 350%.

1 INTRODUCTION

The Swedish BWRs employ a deep pool in the lower dry well as a severe accident
management scheme to cool the melt discharged from the failed vessel. In the absence of
a steam explosion, a deep debris bed may result, which maybe composed of a melt layer
topped by a crust, and a particle bed, resting on it. The particle bed will have a gradation
of particle sizes, with smaller size particles forming the very top layers, since they will be
levitated by the steam produced during melt-water interaction event depositing later on the
bed.

Numerous experimental and analytical studies have been performed to investigate
the dryout heat flux of a debris bed with top flooding. Significant progress in understanding
the characteristics of dryout heat flux has been achieved. For example, it was found that the
coolability of debris beds depends strongly on particle size, shape and porosity distribution.
Small particle size beds are more difficult to cool than the large size particle beds. Beds
with small porosity are more difficult to cool than those with large porosity.

Lipinski correlation [Lipinski, 1982] appears to work well for predicting bed dry-
out heat flux, with flooding, from top, of an one-dimensional debris bed. The FARO ex-
perimental results [Magallon, 1997] for a core melt jet injected into saturated water show
that the resulting debris bed may be stratified with a particulate debris bed resting on top
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of a ”cake” of agglomerated partially-molten particles having very low porosity. Melt jets
injected into subcooled water have been found to fragment into smaller size particles. In
addition, stratification will occur if a small steam explosion occurs producing submicron
size particles which will be blown upwards, to settle down later on top of the bed as a
very low porosity debris layer. Such a bed for the conservative acmdent scenarios may be
un-coolable [Sehgal, 1998].

Previously, Hofmann (1984) presented some results on dryout heat flux in a porous
debris bed with a downcomer. The liquid was driven by natural convection from the down-
comer annulus and entered the bed through a permeable base. The dryout started near the
top of the bed and the dryout heat flux was more than twice as high as in a comparable
top-flooded bed.

Previously, Becker (1990) also performed experimental investigations on debris bed
coolability by introducing vertical tubes into the debris bed. These tubes acted as down-
comers to channel water from an overlying water pool to the bottom regions of the bed.
In this approach the limitations associated with counter-current flows of steam and water
in a porous bed are reduced. Significant enhancement of dryout heat fluxes was found,
even for a stratified debris bed of small particles, resting on top of a bed of larger particles.
The database, and related theoretical background developed, however, were not sufficient
to develop reliable estimates for coolability enhancement as a function of the controlling
parameters.

In this paper, description and results of experiments performed to study the dryout
heat flux of a particle debris bed with different configurations is provided. The focus is
put on the dryout heat flux for low porosity, fine particle size, and different debris bed
configurations (homogeneous and stratified particle beds, with or without downcomers).

2 EXPERIMENTAL FACILITY

A schematic of POMECO facility, constructed in the laboratory of the Nuclear
Power Safety Division (NPS) of Royal Institute of Technology (RIT), is shown in Fig-
ure 1. The POMECO facility consists of a water supply system, a test section, a heater
system and measurement and DAS systems.

The particle beds employed in the experiments are made of different sand samples,
which have different mean particle size and porosity. Sand sample B is of 2-5 mm diameter
with mean diameter of 4.01 mm and packing porosity of 0.405; Sample C is of 0.5-2 mm
diameter with mean diameter of 0.92 mm and packing porosity of 0.375; and sample E is
of 0-2 mm diameter with mean diameter of 0.198 mm and packing porosity of 0.38. We
measured the porosities of different mixtures of these sand samples, and found that the
mixture of sample B, C and E with mass ratio of 7:7:6 had the lowest porosity of 0.256.
The top surface of the particle bed is covered by grids with small enough size to avoid
channel formation in the particle bed and the flying-off of small size sand particles.

2.1 Test section

The test section is a stainless steel vessel of 350x350mm square cross-section and
with an upper and a lower part. The height of the lower part is 500 mm and the height
of upper one 900 mm. The maximum height of 450 mm is available for the sand bed. A
porous plate was placed 50 mm above the bottom of the test section to provide enough
space for the distribution of water, coming from the downcomer, to the sand bed. The
downcomer is a tube of stainless steel with S550mm height and 30 mm internal diameter, it
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Schematic of POMECO facility
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Fig. 1: Schematic of the POMECO facility.

is fixed on the porous plate. Before the sand bed is formed, a grid is placed on this porous -
plate in order to prevent fine sand particles from falling into the bottom space.

In the POMECO facility, the sand bed is heated internally by 22 resistance heaters
with the maximum power delivery of up to 43KW.

2.2 Instrumentation and data acquisition system (DAS)

The temperature of vapor generated in the test section is measured in the steam flow
line, downstream the Vortex meter. The most important measurements in this experiment
are the temperatures of the coolant and the sand bed. Thirty-three thermocouples are dis-
tributed in presentative positions of the particle bed. The outputs of these thermocouple are
monitored carefully in order to determine the occurrence of the dryout.

The experiments are all performed at atmospheric condition. One pressure trans-
ducer ranging from O to 30 psi is installed downstream the vortex meter to measure the

pressure of the steam to evaluate the mass flow rate of the steam generated in the particle
bed.
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The steam flow rate is measured by a Vortex Flow Meter made by Omega Company,
which is installed into the steam drain line (as shown in Figure 1). The range of this meter
is up to 30 liter/sec. From the steam flow rate, we can evaluate the heat removal from the
particle bed at the point of the dryout.

All the parameters mentioned above were sampled by using a HP data acquisition
system. The sampling rate of 1 or 2 Hz is chosen. ‘

3 EXPERIMENTAL RESULTS AND DISCUSSION

Two series of experiments have been performed for both homogeneous and strati-
fied particle beds, respectively. The effects of porosity, mean particle size, and stratification
of the particle bed on the dryout heat flux have been tested.

3.1 Homogeneous particle beds

Table 1 shows the experimental matrix and sand particle specifications for the ho-
mogeneous particle beds. Three sand particle beds were tested, in which the porosities of
the particle beds are varied from 0.258 to 0.397, the mean (weight-averaged) particle sizes
are smaller than 1 mm. For each sand particle bed, two experiment were performed i.e.,
with and without a downcomer, respectively.

Table 1: Experimental matrix for homogeneous particle beds.

Test Number Sand Bed Type Downcomer
“Homo-1.1 Sand sample: 0-2mm diameter, Porosity = 0.397 No
Dean = 0.198mm
Homo-1.2 same as Homo-1.1 Yes
Homo-2.1 Sand sample: 0.5-2mm diameter, Porosity = 0.365 No
Diean = 0.92mm
“Homo-2.2 same as Homo-2.1 Yes
Homo-3.1 Sand sample: sand mixture-Mg:Mo:Mg=7:7:6 No
Porosity = 0.258, Deqn = 0.8mm
“Homo-3.2 same as Homo-3.1 Yes
M - mass fraction; Types of sand B: 2-5 mm; C: 0.5-2 mm; E: 0-2 mm

Table 2 shows the experimental results on the dryout heat flux for the homogeneous
particle beds with and without a downcomer. The predictions of dryout heat flux by Lipin-
ski’s zero-dimensional model [Lipinski, 1982] for the particle beds without a downcomer
are also listed in this table. It can be seen that for the particle beds with relatively large
mean particle sizes (test Homo-2.1 and Homo-3.1) and different porosities the experimen-
tal results on dryout heat flux agree quite well with the predictions by Lipinski’s model.
For the very fine particle bed (test Homo-1.1), the experimental result on dryout heat flux
is much higher than the prediction by Lipinski’s model. The porosity in this bed is not
low. This indicts that the capillary force may play a part to suck the water into the bed, and
results in the higher dryout heat flux. This also demonstrates that in the Lipinski’s model
the capillary force is weak, therefore, it underpredicts the dryout heat flux for the particle
beds with fine particles.

Form Table 2 it can be also seen that the contribution from a downcomer to the
dryout heat flux is significant. As the downcomer has a larger hydraulic head than that of
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Table 2: Experimental results on dryout heat flux for homogeneous particle beds.

Test Number | Experiment | Lipinski model | Enhancement
KW/m? KW/m? by downcomer
Homo-1.1 89.8 232
Homo-1.2 183.0 103.8%
Homo-2.1 222.04 215.1
Homo-2.2 33142 49.26%
Homo-3.1 44.9 514
Homo-3.2 202.04 348%

the particle bed, natural circulation can be established. Therefore, water can be channeled
to the bottom of the particle bed through the downcomer. The dryout heat flux consists. of
two parts. The first is the contribution of the water penetrating from the top of the particle
bed, which is governed by counter-current two-phase flow (CCFL), the only contribution to
the dryout heat flux of the particle bed without a downcomer. The second is the contribution
from the water channeled to the bottom of the particle bed through the downcomer, and
rising through the bed by natural circulation.

The experimental results show that larger enhancement of dryout heat flux by a
downcomer occurs for the particle beds with fine particles or low porosity. This clearly
indicates that besides the hydraulic head difference in the downcomer and particle bed, the
capillary force also contributes to the driving head of the natural circulation in the pool.
Strong capillary force can enhance the natural circulation (increasing the mass flow rate of
water), therefore, increasing the effect of a downcomer on the dryout heat flux. Basically,
the stronger capillary force is observed in smaller flow channels, e.g. lower porosity or
porous debris bed with finer particles. Between the experiments Homo-1.2 and Homo-
3.2, experiment Homo-3.2 shows larger enhancement of dryout heat flux by a downcomer.
Though the weight-averaged particle diameter in Homo-3.2 is three times larger than that
in Homo-1.2, the porosity of Homo-3.2 is much less than that of Homo-1.2. We believe
that the characteristic channel size in the experiment Homo-3.2 is smaller than that in the
experiment Homo-1.2, therefore, the capillary force in Homo-3.2 is larger than that in
Homo-1.2.

In the experiments for the particle beds without the downcomer the dryout always
occurs in the upper half of particle beds, which is similar to the previous observations.
However, the position of the dryout for the particle beds with downcomer is always higher
than that for the particle beds without the downcomer. This indicates that the downcomer
improves the mass flow rate of water in the particle bed by natural circulation.

3.2 Stratified particle beds

Table 3 lists the experimental matrix and sand particle bed configurations for the
stratified particle beds. Four beds were tested. Focus of the experiments is on the effects
of the configuration (such as porosity, mean particle size and the thickness) of the fine
particle layer, resting on the top of another particle bed, on the dryout heat flux. In all the
experiments, the lower particle layer employed the same particle configuration (mean size
and porosity). Like the experiments with the homogeneous particle beds, two experiment
were performed i.e., with and without a downcomer, respectively.
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Table 3: Experimental matrix for stratified particle beds.

Test Number Sand Bed Type Downcomer
Strat-1.1 Upper layer: 0-2 mm, H = 130 mm No
Lower layer: 0.5-2 mm, H = 240 mm
Strat-1.2 same as Strat-1.1 Yes
Strat-2.1 Upper layer: sand mixture No

-Mp:M¢c:Mg=7:7:6, H= 130 mm
Lower layer: 0.5-2 mm, H = 240 mm

Strat-2.2 same as Strat-2.1 Yes

Strat-3.1 Upper layer: 0-2 mm, H = 240 mm No
Lower layer: 0.5-2 mm, H = 130 mm

Strat-3.2 same as Strat-3.1 Yes

Strat-4.1 “Upper layer: sand mixture " No

MBZMclME=727Z6, H =240 mm
Lower layer: 0.5-2 mm, H = 130 mm
Strat-4.2 ‘ same as Strat-4.1 Yes

Table 4 shows the experimental results on the dryout heat flux for the stratified
particle beds with and without a downcomer.

Comparing the experiments Strat-2.1 and Strat-4.1 in Table 3 with the experiment
Homo-3.1 in Table 1, the upper particle layer of experiments Strat-2.1 and Strat-4.1 is the
same as the particle bed of experiment Homo-3.1, which has the low porosity configura-
tion. Experimental results on the dryout heat flux in these three cases (see Table 2 and 4)
show that stratification of the particle beds does not decrease the dryout heat flux below that
for the homogeneous porosity layer. This is much different from the analytical and exper-
imental observations by Lipinski (1983). Lipinski (1983) reported that the stratification of
the particle bed could significantly decrease the dryout heat flux because of the much lower
porosity at the interface of two different layers, which is caused by the large difference in
particle size between two different particles. In the experiments Strat-2.1 and Strat-4.1, the
porosity at the interface can not be lower than that of upper layer, which is the lowest to
be obtained from the sand particle samples. Thicker upper layer leads to the higher dryout
heat flux; this tendency agrees with the prediction of Lipinski’ model (1983).

The thickness of the fine particle layer has different effect from that of low porosity.
Comparing the particle bed configurations of Homo-1.1 in Table 1, Strat-1.1 and Strat-3.1
in Table 3, and experimental results on dryout heat flux for these three experiments in Table
2 and Table 4, it can be seen that the stratification decreases a little the dryout heat flux.
The decrease of the dryout heat flux may be caused by the reduction of the porosity at the
interface between the layers. However, as the particle size of the upper layer is too small,
the capillary force aids the water penetration processes. Therefore, the thickness of fine
particle layer has little effect on the dryout heat flux.

It can also be seen in Table 4 that the effect of the downcomer on the dryout heat
flux is significant. Minimum enhancement of the dryout heat flux by a downcomer is about
92.6%, and maximum reaches 242%. It is found that the thickness of the fine particle layer
(see the case Homo-1.2 in Table 2, Strat-1.2 and Strat-3.2 in Table 4) has little effect on
the dryout heat flux for the bed with a downcomer. This phenomenon is similar to that for
the bed without a downcomer. The effect of the thickness of the low porosity layer on the
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Table 4: Experimental results on dryout heat flux for stratified particle beds.

Test Number | Experiment, KW/m? | Enhancement by downcomer
Strat-1.1 87.64
Strat-1.2 186.77 113%
Strat-2.1 - 53.87
Strat-2.2 [38.28 157%
Strat-3.1 55.67
Strat-3.2 190.36 242%
Strat-4.1 122.1
Strat-4.2 235.26 92.6%

-dryout heat flux, however, is not clear for the stratified particle bed with a downcomer.

The positions of the occurrence of the dryout for the experiments Strat-2.1 and
Strat-4.1 are similar to that for the experiment Homo-3.1, so do the dryout positions, for the
particle beds with a downcomer. This is because the stratification in these two cases does
not decrease the porosity and mean particles size which is the most important parameter in
governing the dryout heat flux. However, for the experiments Strat-1.1 and Strat-3.1, the
dryout always occurs close to the interface between the layers, since that location has lower
porosity than the rest part of the particle bed. The position of the dryout occurrence for the
particle bed with a downcomer is always higher than that for the particle beds without a
downcomer. This ia similar to that in the homogeneous beds.

4 CONCLUSION

In this paper, two series of experiments performed on the dryout heat flux with
different configuration of the porous particulate bed have been described. One is with
homogeneous beds, another one is with stratified beds. The porosity of particle bed was
varied from 25 to 40%, and the average particle size from 0.2 to 1 mm.

The experimental results show that the dryout heat flux for homogeneous particle
beds, without downcomer, agrees well with the predictions by the Lipinski model. For the
stratified particle beds, the fine particle layer resting on the top of another particle layer is
found to dominate the dryout processes. The effect of a downcomer on the dryout heat flux
was also investigated for both homogeneous and stratified particle beds. The stratification
and height of fine particle layer show little effect on the dryout heat flux for the bed with
downcomer. It is found that the downcomer can enhance the dryout heat flux from 50 to
350%.

More experiments are needed to verify the effect of porosity on the dryout heat flux
for stratified particle beds.
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ABSTRACT

Within the frame of severe accidents research at Electricité de France, coolability of
particulate debris bed in multidimensional configurations is investigated, in the objective
of increasing knowledge on enhancing or reducing effects of corium coolability. Up to
now engineering codes like MAAP rely on zero- or one-dimensional concepts coming from
small scale experiments in homogeneous beds, to model boiling and dryout phenomena in
porous media with heat source term. On the contrary, real debris bed configurations may
exhibit a large horizontal extension : this could favor liquid circulations to occur.

The target of the SILFIDE! experimental program is to provide boiling and dryout results
closer to the real, multidimensional configuration taking in account natural circulation due
to the gravity contrast between liquid and vapor phase. The experiment focuses on spatial
and temporal dryout inception : growth, heating and stability of dry zones. The shape and
size of the facility have been designed to allow for multidimensional flows. It is composed
of a parallelepipedic vessel, whose width is sufficiently small to restrict the phenomena to a
two-dimensional configuration. Induction heated steel spheres, diameter ranging from 1.7
to 7.1 mm are used to simulate corium particles. A condensation loop allows to evaluate
mass and energy balances. The temperature field is measured during the process.

The purpose of this communication is to show the results obtained in the first dryout
tests, in comparison with calculations made with the numerical model WABE-2D?, dedi-
cated to boiling in porous media, with internal heat sources.

KEY WORDS
severe accident, dryout experiment, porous media
INTRODUCTION

In the improbable situation of a severe accident in a nuclear reactor, the major part of
the fuel and structure has melted, and results to a magma called corium. One of the inves-
tigated situations is when corium takes the form of a heat generating particulate bed, after
pouring in water. Corium debris granulometry is expected to range approximately between
1 and 10 mm. The particles keep generating an important amount of heat due to radioactive
decay, so it is important to know whether coolability can be attained through boiling mech-
anisms in the porous medium. Numerous experimental small scale tests have been per-
formed in the early 80’s to estimate coolability (see for example [Hardee and Nilson, 1977],
[Dhir and Catton, 1977], [Catton et al., 1983], [Reed et al., 1985], [Tsai, 1987]. These

1A French acronym for “simulation of fragmented debris with internal heat generation”
2Two-dimensional model under development at IKE Stuttgart
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studies exhibit a limit to internal heat generation, beyond which it is not possible anymore
to keep a steady state boiling regime. The influence of the bed height, pressure, particle
size distribution and porosity has been studied. The so-called dryout heat flux could be of
the same order of magnitude as the residual heat remaining a few hours after the accident
initiation. Nevertheless, regarding the great scattering of the results, the disparity of the
experimental methods and the impossibility to scale the results, only simple conservative
criteria have been retained and used in engineering codes. They rely mainly on the Lip-
inski model [Lipinski, 1984] or its derivatives, which prediction is rather good using the
experimental, but 1D and small scale, database.

Compared to the small scale analytical experiments, debris beds expected in the reac-
tor case would have reversed aspects ratios : small height and large horizontal extension.
(for example piles, cakes or slices ...). Numerous of these situations can favor liquid cir-
culation in the porous medium and enhance coolability, as shown in [Mayr et al., 1998].
In studying the effect of an inclined bottom, which represents the vessel lower head,
Horner et al. observed that no dryout occur at specific power larger than the Lipinski
value [Homer et al., 1998].

We have identified three ways of research about the problem of corium particulate bed
cooling :

e The momentum conservation laws used for two-phase flow in a porous medium,
with local vapor generation, are not clearly justified. Up to know no model, rely-
ing on theoretical or experimental basis, is known to be completely applicable in
this specific situation. This point remains an open problem, even in one-phase high
speed flow. Although some attempts have been done to refine the laws (see for ex-
ample [Tung and Dhir, 1988] and [Vujisic et al., 1991]), the validity of the Darcy-
Forscheimer formulation, with relative permeabilities and passabilities modifiers, is
most of the time assumed in recent models like WABE-2D [Mayr et al., 1998].

e In general we have little information about the flow patterns in the porous media.
This is not only essential for the momentum conservation laws but also for the form
of the local heat transfer coefficient, that could strongly be dependent of the local void
fraction, as shown by Petit [Petit, 1998]. Increasing knowledge in this field should be
useful to build a model valid for all the stages of the dryout process : boiling, dryout,
heat-up, quenching.

e Specific dryout data should be obtained in specific multidimensional configuration to
see the effect of the geometry on dryout conditions and to identify possible margins.

In the present work we propose a contribution to the last point : we are studying, on
both experimental and numerical points of view, boiling and dryout in a homogeneous 2D
particulate bed. In this paper we present the SILFIDE experimental facility and the first
experimental dryout results compared to the values calculated by the WABE-2D code.

1 THE SILFIDE FACILITY

The experimental setup is composed of a parallelepipedic crucible, which aspect ratio
favors the onset of two-dimensional phenomena. Concermning this important feature of the
experiment, a critical analysis has been done in [Décossin, 1999] to evaluate the patholog-
ical effects of heat losses through the walls of the crucible, increased porosity along the
walls and non-homogeneous heating due to electromagnetic skin effect. The horizontal
cross section area of the crucible is 600 mm x 100 mm (figure 1). The crucible, which can
receive particulate bed up to 500 mm in height is made with epoxide resin. Corium debris
are simulated by steel spheres heated by induction. Four different diameters, ranging from
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Fig. 1. Schematic of the SILFIDE facility

1.7 to 7.1 mm, are used. Water is used as the coolant, at atmospheric pressure. The gen-
erated vapor is led to a condenser. The liquid is reinjected at a controlled temperature to
the crucible from a electrically heated vessel (figure 1). In the experimental procedure, it
is planned to reach dryout by successive power steps, corresponding to steady-state boiling
regimes. Induction power can vary between 0 and 250 kW, and frequency between 3 and
8 kHz. Temperature measurements are carried out thanks to 26 thermocouples included
in the steel spheres. Pressure is measured at the top and the bottom of the porous bed.
Thermal balances are performed on the condenser (1), the induction coil (2) the test section
(3) and the hot water vessel (4) (figure 1). The facility is completely automated. An au-
tomaton is used to control the process and maintain the facility secured and safe. Scientific
measurements are transmitted to a separated data logger connected to a workstation where
the data are processed and archived. It is possible to define on the workstation level alert
criteria for each channel that will be useful to detect the dryout inception (temperature ex-
cursions). Heat generation programs and movements of the thermocouples are defined on
the workstation, then downloaded to the automaton that proceeds the test.

The experiment consists first in obtaining a good estimation of the heat generation dis-
tribution in the porous bed. Then the dryout heat flux for each geometrical configuration is
measured and the corresponding heatup of the bed is recorded, in order to understand the
phenomenology.

2 CALIBRATION TESTS

The electromagnetic heating method is simple to implement to simulate a heat generat-
ing porous bed, but it is quite difficult and even impossible to obtain a uniform heat source
term, because of the electromagnetic skin effect. Although this phenomenon is very attenu-
ated for a fragmented medium compared to a continuous metal block, it remains necessary
to determine the heat generation distribution. As a matter of fact the thermal two-phase
convection inside the bed could be driven by the heterogeneities of the heat source term.

In the following sections, the two stages of these preliminary calibration tests are de-

scribed. In a few word the method consists of estimating separately the shape of the distri-
bution pf and the global efficiency 7 of the induction heater, defined by equation (1).
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2.1 Power distribution

The experimental procedure to estimate the heat source distribution consists of heating
the bed with different induction powers, at the same frequency (2.8 kHz in the present case).
The bed can be initially dry or saturated with liquid water. The conduction characteristic
time through the bed is long (about 13 hours in the present case) so the local specific power
is proportional to the initial temperature slope.

The aim of these preliminary experiments is not to extract a general law valid for all the
configurations, because the dependence of the geometrical, physical and electrical param-
eters can be complicated. We simply require for each individual case the specific power
spatial distribution that will be an input term for later numerical simulations. Keeping this
in mind, the calibration tests have been performed for each particulate bed before the dry-
out experiments, using electric powers ranging from 40 to 100 kW. They show that the heat
source distribution is almost independent of the electric injected power. Moreover the same
result is obtained with dry of water-filled bed, which indicates that the local heat generation
does not depend of the local liquid fraction.

Both consequent axial and lateral heterogeneities have been found, with a ratio of 3
between the minimum and the maximum (figure 2). Lateral differences can be interpreted
by electromagnetic skin effect : the electric eddy currents are stronger close to the border
of the metallic matrix than in the center. Axial heterogeneities can be due to rapid opening-
out of the field lines at the extremities of the induction coil. In fact the heat generation
distribution exhibits two peaks close to the lateral walls. Their vertical position seems to
be dependent of the height of the bed and even more generally to the relative position of
the bed with the induction coil.
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Fig. 3: Estimation of the efficiency of induction heating
2.2 Heating efficiency

In order to know the local value of the heat generation, on one hand we need the shape
of the distribution, for example with the method described in 2.1, and on the other hand we
need the conversion ratio between the effective mean power in the steel spheres Qgpperes
and the electric power Q... This efficiency has been estimated for each (d,, H) point
of the test matrix using the numerous steady state boiling regimes observed before dryout
during the test. A thermal balance on the condensation loops yields to the mean power
generated by the steel spheres. Different measurements are plotted on figure 3. They show
a linear relation which slope is the efficiency of the heating process.

3 DRYOUT TESTS AND RESULTS
3.1 Experimental method

The dryout heat flux is defined by the dryout power divided by the horizontal cross
section of the bed. In the SILFIDE experimental its measurement is obtained using the
following procedure :

e First, successive power steps of 10 minutes each are applied to bed. The first step
where temperature excursions are detected gives a first approximation of the dryout
power.

e Second, the maximum power value for which no temperature excursion are observed
is used as a reference steady state boiling regime, maintained during 45 minutes.
Then different power excursions are tried : the lowest value for which temperature
excursions are observed correspond to the dryout power.

This method provides both a measurement of the dryout heat flux and the dryout tran-
sients (heat-up of the bed) for different power levels beyond the critical heat flux. This can
be useful for comparisons with numerical simulations.
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3.2 Critical heat flux

Up to now 7 dryout series have been performed. They concern the influence of bed
height for particle diameter d,=4.76 mm, and the influence of particle diameter for bed
height H=500 mm. In every case the debris bed is covered with a water pool on 300 mm
high. Dryout heat flux values are given on figure 4. In every case, the critical heat flux
is greater than the Lipinski 1D criterion usually employed in particulate bed models. So
one can expect enhancing effects on coolability in multi-dimensional configurations. As
already observed in the numerous experimental and numerical studies on this subject, the
measurements exhibit the same tendencies concerning the effect oh H and d,,. The dryout
heat flux increases with particle diameter and decreases with bed height. However the effect
of H seems to be more pronounced in the present work. Predictions of dryout heat flux have
been done with the numerical model WABE-2D, using the effective heat source distribution
measured for each experiments. The results, given on figure 4, are systematically lower
than the experimental ones, and the effect of bed height is not predicted. The explanation
for these differences is not entirely clear yet. One can suggest the following hypotheses :

e The dependency of H could not be so simple. As a matter of fact it is possible that
the results depend also on the relative position of the bed with the induction coil.
Complementary experiment are needed to know whether every position of a given
particle bed in the coil are equivalent or not.

e Liquid circulation could be stronger in thinner beds : the ratio H,,.,/H reaches 1
for H=300 mm. One can expect an important coupling between the water reservoir
and the porous bed, that we cannot take into account in the WABE-2D model.

3.3 Temperature field

Using the mesh of thermocouples, one can deduce the solid temperature field during post
dryout transient. The zones where temperature excursions above the saturation value are
detected correspond to the locations where the void fraction is very close to 1. Depending
on the power we have identified two regimes :

e For values a little lower than the dryout power, some temperature readings have a
chaotic behaviour (see figure 5). Alternative temperature excursions and fast returns
to saturation are observed. This could be the signature of a flow regime where the
vapour occupies most of the part of the pore space, and where non thermal equilib-
rium effects become important.

e For values higher than the dryout power, the temperature readings exhibit zones
where the solid temperature increases fastly and reaches 200 °C over about 1 minute
(figure 5). This corresponds to dry zones extension in locations where the liquid can-
not replenish anymore the pore space. The local power which cannot be evacuated
by boiling contributes directly to increase the temperature of the particles.

Concerning the location of the dry zones, figure 6 gives a typical example of the dryout
behaviour observed in all the tests. The first dry spots appear on the two lateral borders
of the test section, which are the places where the heat source, cumulated on the vertical
direction, is the highest. So the explanation for this first phase of the dryout transient is
straightforward. Moreover the WABE-2D code successfully predict these dry zones loca-
tions (see figure 6).

Another dry spot has been observed later in the transient (¢ > 1800 s on figure 6). The
dry zone extends in the center, in a place where the local heat source is minimal. Up to
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Fig. 4: Dryout heat flux measurements in the SILFIDE facility
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locations in the porous bed.

— 133 —



t=1850s t=1860s

t=1870s t=1880s

t=1840s t= 18508 {=1860s

1=1870s t=1880s t=1890s

v liquid
- 0.001 nvs

Fig. 6: Example of an experimentally measured solid temperature field (top), comparison
with a WABE-2D prediction - H=365 mm - d,=4.76 m

— 134 —



now, we have not found any acceptable explanation for this fact, that is not predicted by
the numerical model. As we said in 3.2 about dryout heat flux, coupling with the overlying
water pool may have an influence on the complete phenomenon. So we can expect stronger
sub-saturated liquid currents in the center of the bed, that could induce a vapor blockage in
this region. Nevertheless this has to be clarified with further investigations.

CONCLUSION

The SILFIDE experiment is dedicated to investigate boiling in porous media with inter-
nal heat sources, on order to simulate a heat generating corium particle bed that could be
encountered in a severe accident of a nuclear reactor. The objective of the experiment is
to provide a dryout heat flux database valid for multi-dimensional configurations, and val-
idation results, mainly temperature fields, for 2D numerical models, like WABE-2D. Prior
to the dryout tests themselves, we show that it is necessary to know the specific power
distribution in the bed, that cannot be homogeneous with induction heating and can have
an important influence on the results in a 2D configuration, where thermo-convective two-
phase flow can be driven by the power heterogeneities. The differences in specific power
can be of a factor of 3 in the present experiments. The first dryout results exhibit a mar-
gin with 1D dryout criteria, which is not not completely predicted by the WABE-2D code.
The numerical model only can explain the fist part of the dryout transient, due to the lat-
eral specific power heterogeneities. The experiment program is still in progress. Once the
dryout database completed for the 2D homogeneous bed, More complex, heterogeneous
configurations will be studied with the SILFIDE facility.

List of symbols
d Effective particle diameter m
H Bed height m
Hyer Height of water pool m
M, Mass of particles kg
@4,  Dryout heat flux W.m™?
q Specific internal power W.kg~!
Qetec  €lectric power W
of Heat source normalized distribution function -
T, Solid temperature °C
z Position vector m
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ABSTRACT

In the context of severe accidents, large R&D efforts throughout the world are currently
directed towards ex-vessel corium behaviour. Among the mitigation means which can be
envisaged, the European industries and utilities are considering the implementation of a core-
catcher outside the reactor pressure vessel in order to prevent basemat erosion and to stabilize
and control the corium within the containment.

The CSC project focused on two key phenomena for external core-catcher efficiency,
reliability and safety : spreading and coolability. An experimental programme, covering
different scenarios and including both simulant and real materials provided a lot of results
which constitute now a large database and which enabled the qualification of 2 computer
codes. After a brief presentation of the project, this paper presents the results obtained.

1.- INTRODUCTION

In the event of a highly unlikely core melt-down accident in Light Water Reactors, the
Safety Authorities of several EU countries have requested the industries and utilities to
consider severe accidents with reactor pressure vessel failure for the design of the next
generation of nuclear power plants. The objective is to preserve the integrity of the
containment as the main barrier of fission product release to the environment. This can only
be achieved if the core melt mixture (called corium and essentially composed of UO2, ZrO7,
Zr, Fe and fission products) is stabilized before it can penetrate the basemat. Consequently,
various core-catcher concepts are under investigation for future reactors in order to prevent
basemat erosion, and to stabilize and control the corium within the containment. Among
those, two catchers that can potentially achieve this goal are that of the current EPR spreading
concept and that of the COMET concept of volumetric quenching of the melt.

OECD_1_99.doc
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The two generic processes involved in these core-catcher concepts, namely spreading of the
corium under various initial and boundary conditions and cooling of the melt by direct water
contact are the main issues addressed by the CSC project (EC Contract : Cost-shared action n°
FI4S-CT96-0041) which was launched on January 1, 1997 for 2.5 years. The goal of this
project was the development of a sound scientific and technical basic knowledge to support
both the design of a reliable core-catcher, as is presently required by the European nuclear
industry, and its assessment by the Safety Authorities.

This paper presents the experimental results obtained on corium spreading with various
simulant and prototypic materials as well as the work achieved on specific computer codes. A
second part of the CSC Project was devoted to the COMET concept. Being extensively
presented in another paper of this conference (Alsmeyer , et al., 1999), this part is not included
in this paper.

2.- SPREADING PROGRAMME

Due to the various modes of corium release from the reactor pressure vessel (metal or
oxide jet under pressure, low or high flowrate pouring, liquid carrying solid debris, subsequent
discharge,...), a wide range of initial conditions (temperature, viscosity and composition) of
the melt at the time of spreading may be envisaged. From scenario analyses performed by the
GAREC group in the CEA (Micaelli, 1995) previous to this project, the spreading process
could be controlled not only by flowrate but also by the onset of freezing on the melt front, by
any change in the melt rheological behaviour (especially for oxidic or silica rich mixtures), by
a possible melt accumulation, by subsequent discharges, by substratum erosion and by
interaction with water if any. These phenomena are directly connected to the heat fluxes
exchanged between the corium and its environment.

Finally, the melt layer thickness after dry spreading, which is the critical parameter for corium
coolability success, would be the result of corium-concrete mixture behaviour, possible stable
accumulations and/or outpourings due to decay heat.

2.1- Spreading experimental programme

From the previous MCCI project of the Reinforced Concerted Actions (RCA) in the
previous Nuclear Fission Safety EC Programme (Alsmeyer, 1995), many results, obtained
with low melting-temperature simulants (CORINE programme), were available for the
following phenomena:

- hydraulic spreading of isothermal fluid of various viscosities;

- spreading and freezing of isothermal fluid on cooled substrata;

- spreading and freezing of hot fluid under water.
The experimental CSC programme aimed at studying, at higher temperatures and with various
materials, the spreading and cooling phenomena in order to reach, via a step by step approach,
the real conditions which could occur during a severe accident.
Considering the large number of thermo-physical and thermo-chemical phenomena involved
in spreading processes, only the experiments carried out with real material represent reality.
However, taking into account the fact that a complete analysis of all important aspects in a
few experiments cannot be expected, experiments with simulant materials were performed to
investigate in detail the most important phenomena. As a final step, prototypic corium melts
were used to validate the observed phenomena and models.
As regards corium composition, the risk of non-spreading being more crucial for oxidic melts
than for metallic melts, experiments were focused on oxidic melts. Moreover, various
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compositions of melt (with and without silica) were investigated in order to assess the role of
concrete erosion inside the reactor pit which should induce the spreading of a corium/concrete
mixture presenting a large solidus-liquidus temperature range.
Two facilities were used for simulant material tests :

- one at the Royal Institute of Technology (RIT) of Stockholm where experiments were
carried out with medium melting-temperature simulants (binary oxide mixtures);

- the other: KATS, in FZK at Karlsruhe, where a high melting-temperature simulant
(alumina thermite) was used.
According to the facility characteristics, prototypic material experiments were shared between
FARO of the JRC Ispra and VULCANO of the CEA Cadarache.

2.2- Spreading models and computations

Two detailed computer codes, one developed by SIEMENS (CORFLOW code) and the
other by the CEA/DRN (THEMA code) were used in the CSC project for qualification and
improvements of their models.

3.- EXPERIMENTAL RESULTS

& - RIT experiments

A series of experiments on spreading in both 1D and 2D channels were performed with
different simulant materials (such as Cerrobend, NaNO3-KNO; salt, CaO-B,03 binary oxide
mixture, etc) at temperatures varying from 100°C to 1300°C. The effects of the melt properties
and substratum (concrete or steel, with or without water) were investigated. The experimental
observations showed that the melt spreading into an open area is significantly different from
the 1D spreading. As the melt spreads in all directions, the hydrodynamic spreading time scale
is remarkably reduced, and the spreading efficiency is correspondingly enhanced. Scaling
models on the spreading efficiency for both 1 and 2 D have been developed, a good agreement
is obtained with all available experimental data (see Figure 1).
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Figure 1 : Comparison of scaling models with experimental data

The re-spreading of once spread and solidified melt pool was investigated both
experimentally and analytically. The results show that the natural convection of the internally-
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heated melt, contained within a crust vessel, is the controlling factor in crust remelting and
break. The break location was found to be always at the upper elevations.

K- KATS experiments

In the KATS experiments, ~ 320 kg thermite were used, the two melt components were
separated and spread on two different areas ; SiO, was added to the oxide melt to simulate
corium/concrete mixtures. The following parameters : melt material properties, pouring rate
and finally the material and geometry of the spreading area, were varied in the tests and their
influence on spreading were determined.
In the dry spreading tests, the metallic melt is generally strongly superheated (~ 400 K).
Spreading is terminated before freezing, after immobilization the iron melt front withdraws
partly due to increasing surface tension. The frozen iron slag withdraws further on during
cooling down to ambient temperature. The height of the melt at the time of immobilization is
about 10-20 mm.
Spreading of oxidic melts may be a critical issue, if the melt temperature is in the region
where viscosity increases strongly with decreasing temperature (case of melts with large
liquidus - solidus temperature range). In the KATS series, spreading on concrete was observed
to be remarkably less efficient than on to ceramic surfaces (see Figure 2).
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Figure 2 : 2-D spreading of oxidic melt on ceramic and concrete

As regards the presence of a shallow water on the spreading surface, three KATS tests
were performed to study spreading of separated iron and oxidic melts on epoxy-painted
concrete covered with 1 mm water. Only small energetic melt/water interactions were
observed. The influence on the overall spreading for both metallic and oxidic melts is small.

Coolability by flooding from the top was investigated. Separated iron and oxidic melts
were flooded after spreading in various KATS and KAPOOL tests. Flooding was performed
by a water film (100-250 ml/s) entering at the channel end over the whole channel width. In
all five tests, the water front progressed smoothly and in none of the tests any energetic
melt/water interaction was observed.

- FARO experiments

In the FARO facility, corium melts of 80 % UO, and 20 % ZrO; can be produced and
released to a spreading test section named SARCOFAGO. In the 2 experiments, performed in
the CSC project, the same spreading test set up was chosen. It consists of a collecting device
and a spreading test plate of stainless steel separated by a 4 cm high barrier.
In the first dry experiment, 130 kg melt were spread onto the plate with a temperature of about
2950 K. The flow rate was measured to be about 16.5 kg/s, i.e. 2.1 I/s. The duration of the
release was 9.7 s, the spreading time 11.5 s. The average velocity of the melt front could be
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estimated from the video observation to be about 0.10 m/s. The total spreading length was
1.1m and the average height was about 70 mm.

A second spreading test was performed with the same test section, but a small water layer of
10 mm in height was added on the spreading plate up to a dam at 2 m distance from the inlet.
The dam had a height of 10 mm to allow the water to flow over during the spreading of the
melt. A quantity of 100 kg of corium with a temperature of about 3100 K were spread on the
stainless steel plate. Only at the leading edge of the melt some evaporation was observed
forming a few centimeters of pillows of the melt. But no pressure build-up in the test vessel or
stronger melt/water interactions occurred. The melt spread to a distance of 80 cm. The flow
rate was 18.3 kg/s, or 2.3 I/s. The spreading time and the release time were about the same,
i.e. 7 s, leading to an average spreading velocity of 0.13 m/s. The average height of the melt
layer was about 60 mm. During cool down of the melt, gaps were formed between the
substrate and the solidified melt layer. Water flowing backwards could penetrate into these
gaps and enhance cooling of the steel plate.

It was clearly observed in these 2 tests that the spreading process is strongly
inhomogeneous. Crust formation and break up leading to further spreading alternated several
times. But the bulk of the melt layer remained liquid over the whole spreading process. It is
therefore obvious, that crust formation stops these kinds of melts with small solidus-liquidus
range, and not bulk freezing. Post test investigations after a few days showed that small cracks
had formed from the top to the bottom over the whole solidified melt layer. But these cracks
do not seem sufficient for water to penetrate from the top throughout the cracks to enhance
coolability. In both experiments with and without water the porosity of the solidified melt
layer is about the same and with only a few percent very small.

Fig. 3a : FARO L-268 cross section of solidified melt Fig. 3b : FARO L-328 view aof melt surface at 10 s

- VULCANO experiments

The VULCANO facility has been designed to heat up to 3000 K and to melt roughly
one hundred kilograms of corium composed of representative materials : UO,, ZrO,, FexOy,
Zr, Fe, SiO,... in various proportions. Since the launch of the CSC project, several tests have
been performed on dry corium spreading with low flowrate and various melt compositions
(both high temperature simulant and real materials) characteristic of corium discharge from
the reactor pit after ablation of the sacrificial gate (EPR configuration). The most important
results can be summarized as follows :

e The spreading of real corium-concrete mixtures is relatively efficient, even in
unfavourable pouring conditions ; for example, in VE-U3 (composition : 60%,, UO; + 25%,,
Zr0O; + 7%,, FexOy + 8%$Si0; ), in spite of a low temperature at the entrance of the test section
(~ 150 K below the liquidus temperature) and a low flow rate (1.2 kg/s), an early slackening
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and a creeping motion of the front was observed while the melt continued to be poured.
Moreover, spreading was never stopped, in any of these tests, by a crust formation at the front.
The spreading capacity of such melts is certainly due to the large solidus liquidus temperature
range (~ 900 K) and maybe to the physico-chemical behaviour of UO,.

e No segregation occurred during the spreading of a melt containing a low percentage
(~5%) of iron in the oxidic mixture (VE-06 test: 53%,HfO, +10%yZrO; +14%,Si0,
+13%.Fe Oy +10%yFe). Post-test analyses revealed that iron droplets of various sizes were
distributed throughout the spread melt.

e As regards the subsequent spreading, the VE-US test (load composition : 45.7%,, UO,
+ 9.8%y, Z10; + 24.3%y, FeOy + 19.7%Si0; + 0.4%,, CaO + 0.1%y, Al,03) showed that a
second corium-concrete flow can occur below the crust of the first spread melt provided that
the time delay is not too great (see Figure 4b).

e Coolability of a corium/concrete spread melt would be made easier by high porosity
and surface cracks if these cracks occurred early enough. The observed porous structure of
cooled real material mixtures results, without any doubt, from gas bubbles stopped in their
lifting motion (see Figure 4a). Among the possible explanations of the large gas release, the
most likely seems to be the release of UO as gas due to a sub-stochiometry of UO, resulting
from the reductive atmosphere of the furnace.

Figure 4a : VE-U1 test - View of the bottom
layer

Figure 4b: VE-US5 test - View of the
subsequent spreading ==

e Post test analyses generally revealed a homogeneous structure versus spread length but
the existence of five different horizontal layers. These layers have the same chemical
compositions but different crystalline phases which result from different cooling rates and for
the lowermost and uppermost (very thin layers of less than 50um) from interaction with
atmosphere. An attempt to re-calculate this structure with the thermodynamic computer code
GEMINI and different solidification models (thermodynamic equilibrium or Gulliver-Scheil
hypothesis) gave satisfactory agreement. It can be concluded that most of the corium solidifies
out of thermodynamic equilibrium and that, at the opposite of what is generally admitted, the
bottom part of the corium (in contact with zirconia bricks) cools with the smallest rate.

e A limited physico-chemical interaction between the corium mixture and zirconia
bricks is observed in the entrance area.
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4.- COMPUTATIONAL WORK

- CORFLOW improvements and calculations

The CORFLOW computer code (Wittmaack, 1997) is designed for the simulation of
free surface flow with heat transfer and phase transitions, in particular corium. The recent
code development includes the introduction of a new rheology model which incorporates
several types of non-Newtonian behaviour, e. g. Bingham, pseudoplastic and dilatant fluids.
Namely for the COMAS EU-2b test which operated with a melt containing 15.1 % of SiO;,
the application of Bingham rheology model caused a significantly different result than a
Newtonian approach. Furthermore, a dynamic geometry model was introduced to treat molten
structural material as fluid ; it can be applied for the analysis of structural material erosion.
Moreover, several numerical methods have been improved to make the calculations more
precise and to reduce the computation time.

A variety of analytical solutions of fluid flow and heat transfer problems was used for
the code verification so far (Wittmaack, 1997). In addition, for the verification of the discrete
phase transition model, numerical simulations related to the analytical solutions of two Stefan
problems were performed. Both solutions are fairly accurately represented by the related
CORFLOW predictions.

In addition to earlier analyses, many CORFLOW simulations of simulant material and
corium spreading tests were performed. These include post-calculations of the KATS-3, -5, -6
and -7 thermite spreading tests onto dry substratum, post-calculations of the COMAS-5a, -

EU4 and -EU2b tests as well as post-calculations of the VULCANO VE-U]1 test.
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Fig. 5 : COMAS EU-4 test - Calculated (left) and experimental (right) final free surface location

In general, the predictions of the simulant material tests provide a reasonable
representation of the experimental data, while the discrepancy between calculations and test
data is greater for real material spreading. In the uncertainty and sensitivity analysis of
CORFLOW calculations on COMAS EU-2b, the impact of the uncertainty of the input
parameters on the results is studied systematically and comprehensively (Wittmaack, 1999).
The uncertainty of the liquid phase dynamic viscosity is the major source of uncertainty of the
calculated front propagation. Furthermore, the uncertainty related to the inflow boundary
condition causes considerable uncertainty of the calculated front progression in the initial
phase.
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. THEMA improvements qualifications and calculations

The THEMA computer codes simulates 1D or 2D spreading of two possible phases
(metallic and oxidic) with ablation of the basemat. The mass, energy and momentum
equations are integrated over the melt thickness and the variations of the physical properties,
including density and viscosity are taken into account, A separate crust model is used both at
the free surface and at the interface with the substrate. The thermal behaviour of the basemat
is solved with a 3D conduction model.

CEA, ENEA and EDF contributed to the assessment of the code (Spindler, 1999) by
calculating the following tests : KATS12, KATS14, FAROL26S, VULCANO VEU! and
VEO07, RIT-3MDS-0x-1 and RIT-3MDS-Ox-2. This work led to the implementation of many
improvements in the code concerning mainly the physical properties, in particular viscosity
and the closure laws (wall shear stress and heat transfer coefficient). In terms of front
progression and spreading extent, discrepancy between the code predictions and the
experimental data depends on the test under consideration. It appears that the best results are
obtained for oxidic melts with a large solidus - liquidus temperature interval.

Thanks to a low run time, sensitivity studies have been performed with the conditions
and geometry of the VEO7 and VEUI tests (see Figure 6). The influence on the spreading
length of 11 parameters (melt physical properties and initial or boundary conditions) was
studied. About 500 calculations were performed for each study, giving a confidence level of
more than 98 %. This study pointed out that the prevailing parameters for the spreading
lengths are the liquidus temperature, the viscosity model, the initial melt temperature, the melt
flow rate, and the melt conductivity. The less influent parameters are the surrounding

temperature, the corium emissivity and the substratum conductivity.
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Figure 6 : THEMA calculations
The THEMA code has been also applied to reactor situations for the EPR concept.
Oxidic corium was injected with different mass flow rates and initial temperatures. Spreading
is observed in all cases investigated (see Figure 6). It remains however that a key issue is the
definition of more numerous relevant pouring scenarios.

5.- CLASSIFICATION

A general classification of spreading regimes observed in various spreading experiments
was attempted. A 2D representation, plane (Pem, T) in which Per, is a modified Peclet number
and 7 a dimensionless time t which includes the cooling rate at the surface, pointed out a clear
separation between iron (y >400000) and oxidic spreading tests (200 < y <10000) where v is
a characteristic time ratio (Y = Pey, . T) (see Figure 7).
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D- CONCLUSIONS AND BENEFITS

The CSC project has enabled a great step to be made in the understanding and
prediction of corium spreading and coolability phenomena. The most significant results are
the following :

e Spreading progression is generally not continuous, there are formation of tongues
and fingers.

e A better knowledge of the stopping mechanisms of spreading has been obtained :

o melts with large solidus-liquidus temperature range are stopped by an
increase of global viscosity which is itself due to an increase of solid fraction ;

X melts with a small solidus-liquidus temperature range seem to be stopped by
the formation of a crust.

e Spreading on concrete is remarkably less efficient than on ceramic surfaces.

e Subsequent spreading can occur after the stopping of a first spreading provided that
the time delay is not too great.

e A scaling rationale has been provided which gave some interesting insight on the
final parameters of spreading in particular the final average thickness of the melt.

e A large experimental data base is now available for qualification of spreading
computer codes.

e Two computer codes, THEMA and CORFLOW, have been qualified ; however,
some progress is still needed to reach a high level of confidence in any configuration.

e Sensitivity studies have highlighted the importance of material properties, in
particular the apparent viscosity of the melt.

e A tentative of classification has been made and has given some interesting trends,
but nothing appear obvious concerning fingering phenomenology.

e One of the most unknown parameters for reactor cases is the flow rate which
depends directly on the melttrough of the sacrificial gate.

e Physico-chemical interaction between corium and zirconia bricks is limited ;
However, in case of decay heat, this interaction could be more important and could
significantly change zirconia brick properties.

e In any of the performed tests, top flooding after spreading never leads to energetic
melt water interaction.
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e After spreading, real material melts present cracks and a high level of porosity
which could make coolability easier.
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ABSTRACT

In future Light Water Reactors special devices (core catchers) might be required to prevent
containment failure by basement erosion after reactor pressure vessel meltthrough during a
core meltdown accident. Quick freezing of the molten core masses is desirable to reduce
release of radioactivity. In the case of a postulated core melt down accident in the EPR
(European Pressurized Water Reactor) the ex-vessel melt shall be retained and cooled in a
special compartment inside the containment to exclude significant radioactive release to the
environment, After penetration of the lower head of the RPV the melt will first be collected in
the reactor cavity and will interact with sacrificial materials. After melt-through of the steel
gate the melt is released into the core catcher compartment where it will be flooded by water
to extract the decay heat and solidify the melt pool. Therefore the sufficiently homogeneous
melt spreading is important to ensure a large-surface and low-thickness melt distribution.
KATS is an experimental programme performed at FZK to investigate the basic factors of of
the spreading process by use of substitute materials for the corium melt. A series of
experiments has been carried out to investigate high temperature melt spreading into 1-dim
channels and on 2-dim flat surfaces using alumina-iron thermite melts as a simulant. The
oxidic and metallic phases of the melt are separated and spread on different surfaces. The
pouring rates and melt temperatures have been varied; furthermore, different substrates have
been studied (dry, inert ceramics, silicate concrete, epoxy-coated silicate concrete). Finally,
the influence of a shallow water layer on the surfaces onto the spreading behaviour has also
been studied.

1. INTRODUCTION

To exclude significant release of radioactivity to the environment even in the case of a
core melt accident, next generation LWR’s shall incorporate the ability to retain the core melt
within the containment. In the planned European Pressurized Reactor (EPR) this shall be
accomplished by spreading the core melt on a large area and cooling the spread melt by
flooding with water from top (Alsmeyer, 1997 and 1999).

Therefore a better knowledge of core melt behaviour, especially concerning spreading
and coolability is required. To achieve this, various series of experiments are performed at
Forschungszentrum Karlsruhe. In all these tests the core melt is simulated by iron and
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alumina melts produced by the thermite reaction. Thermite melts are excellent simulants of
the core melt because both, the metallic and the oxidic core melt component, are simulated,
the melt temperatures (~ 2200 °C) are comparable to that of the core melt (this is important to
achieve representative high radiation heat losses) and by admixture of other components
(Si0;, Ca0) to the alumina melt, the characteristics of the oxidic corium melt after admixture
of concrete components (large difference between solidus and liquidus temperature) can be
simulated.

The main goal of the KATS tests is to study the effect of important initial and
boundary conditions on spreading and to provide a broad basis of experimental spreading data
of oxidic and metallic melts for code validation. The small-scale miniKATS experiments are
complementary to the KATS tests and shall improve the understanding of important
phenomena during oxide melt spreading, crust formation and immobilization.

2. EXPERIMENTAL PROCEDURES

In all test series the thermite reaction 8 Al + 3Fe;04 — 4Al1,03 + 9Fe is used to provide
iron and alumina melts, each with ~ 50 wt% and with temperatures up to 2400 °C. Due to the
specific composition of the commercial thermite powder, the non-complete thermite reaction
and erosion of the reaction crucible, the alumina melt contains small amounts of other oxides
(iron oxides, SiO;, MgO etc). In addition, in the spreading tests, generally ~ 10 wt% SiO,
were added to the alumina melt to simulate the admixture of eroded concrete to the oxidic
core melt. In the KATS tests (Alsmeyer, 1999; Ehrhard, 1998; Fellmoser, 1998), ~ 300 kg of
thermite powder are ignited in a reaction crucible (fig. 1). For the spreading tests, generally ~
20 kg SiO, are added to the thermite powder to tailor the characteristics of the oxidic melt to
that of oxidic core melt containing eroded concrete. After the thermite reaction is completed,
first the heavier iron melt (~ 160 kg) and afterwards the oxide melt is released through a
nozzle. In the “low pouring rate” tests (< 2 I/s), the two melt components are separated during
release by a swiveling pipe which directs the two components in two different containers from
where they spread immediately on two spreading areas (fig. 1). In the “high pouring rate”
tests (< 13 I/s), both melts are first stored in a container, where they separate again due to the
different density. After separation, rather large windows in the upper, the central and the
lower part of the container are opened one after the other to release first the oxidic melt, then
a possibly mixed melt (not used in the test) and finally the iron melt on different spreading
areas. The time sequence (ignition, start of data acquisition, opening of windows, etc.) of the
tests is generally controlled by a PC system. The tests are instrumented with different video
cameras to register the overall performance and to observe the spreading of the melts, with
W/Re-thermocouples to measure the melt temperature, with type K thermocouples to detect
the arrival of the melt front and finally with an infrared video system to measure the surface
temperature of the spreading oxide melt. In addition, in the later KATS tests, the weight of the
reaction crucible is measured during melt release, which allows to determine the pouring rate.

3. PERFORMED TESTS AND RESULTS

3.1 Dry spreading

Details of the dry KATS spreading tests are summarized in Table 1. It should be
mentioned that in each test, both, the spreading of the oxide and of the iron melt is studied
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simultaneously. The spreading surface consisted of ceramic (cordierite: ~ 50 wt% SiO,, ~ 50
wt% Al;O;), silicate concrete or epoxy-coated silicate concrete.

In all KATS tests discussed here, SiO; was added to the thermite such that the
composition of the oxidic melt was about 85 wt% Al O3, 10 wt% SiO; and 5 wt% FeO. For
this composition the solidus temperature (Tso ~ 1577 °C), the liquidus temperature (Tjigu ~
1925 °C) and the solid volume fraction between Tiq and T were calculated with the
GEMINI code. Based on these data and the measured viscosity of alumina-silica mixtures
above Tiiq (Elyutin, 1969), the temperature-dependant viscosity of the oxidic KATS melts
has been estimated using the Stedman correlation.

3.1.1 Oxide melt

The 1-dim spreading behaviour of the oxidic KATS melts and the frozen slugs are shown
in figs. 2, 3 and 4. The most important observations are: the spreading velocity and especially
also the spreading length increase considerably with increasing pouring rate (see KATS-12
and -14, figs. 2 and 3) and the spreading length on concrete is considerably less than on
ceramic (see KATS-12 and -13, fig. 4). On epoxy-covered concrete a small fraction of the
melt (several ten kg) spreads in a first melt front with high velocity over a large distance,
whereas the main part of melt spreads, similar as on unpainted concrete, in a second front
with lower velocity over a smaller distance (KATS-11, fig. 4). This surprising spreading
behaviour is due to a fast gas production during melt/epoxy contact.

Important conclusions from the small-scale 1-dim oxidic miniKATS tests concerning
crust formation and its influence on spreading and immobilization are: At the top surface of
the spreading melts very soon floating crusts are formed, which retard, if at all, the further
spreading only slightly. Later on the crusts may stick to the walls and may be overflown by
the following melt. A remarkable fraction of the melt may thus be immobilized in sticking
crusts and is not available for further spreading. At the meltfront, crusts are formed much later
than at the top surface, probably only if the bulk melt temperature at the front has dropped to a
temperature at which the solid particle volume fraction in the melt is about 50 %. This is
because at the front the melt is steadily refreshed due to melt outfreezing in bottom crusts.

In fig. 5 the results of the 2-dim spreading experiments are shown. For the oxide melts the
time-dependant spreading and the final covered area is indicated. It is evident that for the
oxide melt again both, the pouring rate (KATS-8 high, KATS-15 low pouring rate) and the
type of substrate (KATS-15 ceramic, KATS-16 concrete) have a distinct influence on
spreading. At high pouring rates, the oxide spreads faster and covers a larger area (KATS-8,
3.9 m?) than at low pouring rates (KATS-15, 2.5 m?). On concrete two oxide spreading tests
have been performed: KATS-16 with very low flow rate and temperatures near the liquidus
temperature, and KATS-17 with medium flow rate and very high temperatures. In KATS-16
the oxide melt spread only over an area of 1 m?, whereas in KATS-17 ~ 3 m” were covered by
the melt with very high homogeneous height distribution.

KATS-16 is especially of interest because important parameters of oxide spreading are
considered to be EPR-representative (melt composition, melt temperature ~ Tiiqu, concrete as
substrate). The oxide melt spread first in the direction of the incoming melt over a distance of
~ 0.8 m. Then a dam formed at the melt front and the main part of melt spread perpendicular
to the incoming melt over ~ 1.5 m.
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The good spreading result of KATS-17 indicates that for sufficiently high flowrates and
temperatures the negative effect of a concrete substrate (erosion, higher heat losses, out-
gassing) can be compensated.

3.1.2 Iron melt

In all iron spreading tests (1- and 2-dim, on ceramic and on concrete), due to the large
superheat (= 400 °C, Table 1), the spreading is stopped due to surface tension effects before
massive freezing and the height of the spread melt (10 — 20 mm) is determined essentially by
the equilibrium between gravitational and surface tension pressure. Nevertheless an
interesting influence of the substrate on the spreading behaviour is visible: whereas on
concrete, the melt gathers near the melt inlet, on ceramic it spreads all the way to the opposite
wall.

3.2  Wet spreading

Two wet spreading tests, one with oxide and one with iron, were performed with
KATS-10 and a two-dim wet spreading test with iron was done in KATS-17. For KATS-10
all characteristic data were the same as in KATS-11 (Table 1), except that the epoxy-painted
concrete spreading surfaces for both, the oxide and the iron melt, were covered with a water
film of 1 mm average thickness.

For iron none and for oxide only one minor energetic melt/water interaction was
observed, leading to the ejection of a few kg of oxide and to a temporary stop of spreading.
For both melts, the overall time-dependant spreading and the final distribution of the melts
were essentially identical with those of the dry reference test KATS-11. From these results we
conclude that a thin (~ 1 mm) water layer on the spreading surface has essentially no
influence on the spreading of iron and oxidic melts.

In the wet spreading KATS-17 test no energetic melt/water interaction was observed.
Comparing the spreading result with the dry reference experiment (KATS-16) the conclusion
1s that a 1 mm waterlayer has no influence on 2-dim spreading.

4, CONCLUSIONS

In a series of KATS tests, 1- and 2-dim, dry spreading of both, oxidic and metallic
melts, was studied. All important parameters - melt temperature, melt pouring rate and type of
substrate (ceramic and concrete) - were varied in the tests and their influence on the spreading
behaviour was clearly demonstrated. A broad experimental basis for code validation is now
available and first calculations of oxide spreading on ceramic with CORFLOW are in
satisfactory agreement with experimental data. Wet spreading of an oxidic melt has been
studied in KATS-10, the wet spreading of an iron melt in KATS-10 and —17. In all cases the
spreading surfaces (epoxy-painted concrete) were covered with thin water layer of 1 mm
average thickness. Only one minor energetic melt/water interaction was observed and from
comparisons with the dry reference test (KATS-11) it is concluded, that thin (< 1 mm) water
layers have essentially no influence on the spreading behaviour of oxidic and metallic melts.
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ABSTRACT

Among the currently studied core-catcher projects, several concepts suppose corium
spreading before cooling. In particular, the EPR (European Pressurised Reactor) core-catcher
concept is based on mixing the corium with a special concrete, spreading the molten mixture on
a large multi-layer surface cooled from the bottom and subsequently cooling by flooding with
water. Therefore, melt spreading deserves intensive investigation in order to determine and
quantify key phenomena which govern the spreading.

In France, for some years now, the Nuclear Reactor Division of the Atomic Energy
Commussion (CEA/DRN) has undertaken a large program to improve knowledge on corium
behaviour and coolability. This program is based on experimental and theoretical investigations
which are finally gathered in scenario and mechanistic computer codes. Within this framework,
the real material experimental programme, VULCANO, conducted in collaboration with
European partners, is currently devoted to the study of corium spreading.

Since 1997, several tests have been performed on dry corium spreading with various
melt compositions. After a brief description of the general objectives and the facility, this paper
will present the most important spreading results.

1. INTRODUCTION

In the context of severe accidents, large R&D efforts throughout the world are currently
directed towards ex-vessel corium behaviour with particular emphasis on long-term corium
retention and coolability in order to keep it in the containment. There are various so-called
core-catcher concepts for future reactors under investigation, in order to prevent basemat
erosion, and stabilize and control the corium within the containment. Although numerous
patents deal with external core-catcher designs, their feasibility still has to be demonstrated as :
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e they are often based on the general qualitative view of phenomena whereas very few
significant quantitative results have, up to now, been obtained in representative conditions;

e they sometimes anticipate technological improvements which are supposed to be
achieved in the near future;

e their implementation and passive operation in plants must be studied.

Among the most advanced core-catcher projects, the EPR (European Pressurized
Reactor) is considering a core-catcher concept which is based on mixing the corium with a
special concrete located in the reactor pit, spreading the molten mixture on a large multi-layer
surface cooled from the bottom and subsequently cooling the spread melt by flooding with
water.

Due to the various modes of corium release from the reactor pressure vessel (metal or
oxide jet under pressure, low or high pouring rate, liquid carrying solid debris, stepwise
discharge,...) and the uncertainties on the spreading behaviour of corium-concrete mixtures, a
wide range of initial conditions (temperature, viscosity and composition) of the melt at the time
of spreading may be envisaged.

The spreading process should be controlled not only by flowrate but also by the onset of
freezing on the melt front and by any change in the melt rheological behaviour, especially for
oxidic or silica rich mixtures. These phenomena are directly connected to the heat fluxes
exchanged between the corium and its environment, for example thermal radiation, erosion of
the sacrificial concrete, interaction with water.... Moreover, a melt accumulation seems difficult
to exclude and could induce a strong erosion even in the case of top cooling. Accumulations
could result from stepwise discharges, crust formation, thermo-chemical interaction and melt
fragmentation during the spreading process. Finally, the melt layer thickness after spreading
would be the result of corium-concrete mixture behaviour, possible stable accumulations and/or
outpourings due to decay heat.

Therefore, melt spreading, which is one of the key phenomena in achieving ex-vessel
melt coolability, deserves intensive investigation.

In France, for some years now, the Nuclear Reactor Division of the Atomic Energy
Commission (CEA/DRN) has undertaken a large program to improve knowledge on corium
behaviour and coolability. This program (Cognet, 1997) is based on experimental and
theoretical investigations, the results of which are finally used in scenario and mechanistic
computer codes.

Within this framework, the VULCANO (name of an active volcano in Italy.)
experimental program (Versatile UO2 Lab for Corium Analyses and Observations) has been
Jaunched with the following main objectives :

e Better understanding of the key phenomena involved in the behaviour and cooling of
corium both in and out of the vessel,

e Contribution to the assessment of industrial solutions for core-catchers regarding
materials and mitigation possibilities ;
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e Performance of thoroughly instrumented experiments under various initial and
boundary conditions with the view to providing an experimental data-base and qualifying
computer codes.

In order to satisfy all the phenomena involved, in particular the evolution of corium
physical properties with temperature and the physico-chemical interactions between melt and
structure materials (metals, ceramics, concrete), the VULCANO experiments are performed
with real materials.

The VULCANO programme, conducted within a European framework, is currently
devoted to the study of corium spreading. Various situations must be considered : oxide corium
on concrete, oxide/metal corium on concrete and corium/concrete on concrete with a special
attention to low flowrate, crust and viscosity effects, possible phase segregations, influence of
released gases and coolability.

This paper presents the first results and interpretations obtained on low flowrate
corium/concrete spreading on a refractory substratum.

2. THE VULCANO FACILITY

The VULCANO facility ( Figure 1) is mainly composed of a furnace and test sections,
the geometry of which depends on the specific objectives of each experiment. The furnace
(Jegou, 1998), which is based on a plasma arc technique, has been designed to heat up to
3000K and consequently to melt roughly one hundred kilograms of corium composed of
representative materials : UO,, ZrO,, Fe,Oy, Zr, Fe, SiO; in various proportions.

A sustained heating device based on specific induction coils is under development in
order to subsequently simulate decay heat in accumulation and physico-chemical studies.
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Figure 1 : The VULCANO facility

A special laboratory has also been equipped in order to carry out post-test analyses :
optical and scanning electron microscopies, X-ray diffraction,...

The spreading test section substratum is horizontal and made of zirconia bricks. A
truncated 19° angular sector is materialised by magnesia walls. In order to follow and record
the corium flow, the test section is equipped with instrumentation composed of video cameras,
pyrometers, infrared thermography, thermocouples, flowrate devices, laser telemetry.

Among the video cameras (Journeau, 1998), a Panasonic NV-S85E camera is used to
obtained a zoomed view of the spreading area’s first 55 centimetres (see Figure 2). This
camera has been installed further away from the test section and thus was not cooled.
Geometrical calibration has been made by using a ‘checkerboard’ installed over the test section
and its walls. Contours, extracted from this image, form a regular grid which is later on added
to the image of the spreading melt. This type of geometrical calibration is also used for the
thermography camera although the contrast is lower.

Besides, a SONY XC999 camera has been mounted in an air-cooled jacket installed on
the spreading area downstream side. Three flow systems allow this camera to operate correctly
although it is located at less than 10 cm from the melt with a surface temperature of over 2000
K : a high pressure flow between the jacket double walls, an air circulation around the camera
and the optics and an air stream around the porthole permit to avoid condensation. A wide
angle (horizontal opening = 88°) lens is mounted on this camera so that both the slide and the
spreading area end can be viewed (Figure 3).
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Figure 2 ; Ché'gkerboard calibration and the spreading melt of the VE-07 test

3. EXPERIMENTAL RESULTS

Since 1997, several tests have been performed on dry corium spreading with
various melt compositions. According to the fact that there is no doubt on an efficient
spreading in case of high flowrate, these tests were focused on low flowrates (< 1L/s).

3.1 VE-01 to VE-07 tests

Six tests were successfully performed with high temperature simulant corium in
which urania was replaced by hafnia (roughly the same density and melting temperature).
Several compositions were studied, all of them presenting a large solidus-liquidus
temperature range (700 to 1000 K). In each of these tests, flow-rate was maintained at low
values, sometimes at the limit of a discontinuous flow. The characteristics of these tests
are summarised in Table 1
Table 1 Characteristics of these tests

Tests Load composition Mass |Fiowrate| pouring Main results
(weight percentage) (kg) (Ifs) [temp.(K)
50%wHIO+10%wZrOo+10%,,Si0z+15| 12 0,1 2370
VE-01 %wAl,03+15%,,Ca0 discont. very limited spreading
7 0% wHfO2+13%ZrO2+7 % SiOx+10 21 0,1 2470 length : <30 cm
VE-02 %wAl03 discont. thickness 5to 13 cm
35%HIOp+5%,Zr02+30%,Si0+25 | 22 0,1 2420
VE-03 YowF €,0y+5%yFe cont.
7 0% wHfO2+13%wZrOs+11%4Si0,+8 12 0,7 2620 accumulation
VE-04 Y%owFexOy cont. no spreading
53%wHIO2+10%wZrO2+14%,Si0x+13| 42 0,8 >2300 | spread. length : ~45cm
VE-06 YowFexOy+10%yFe cont. iron droplets throughout
the oxidic phase
high porosity
34%HIO2+26%Zr02+25%4Si0+15| 25 0,5 2270 | spreading length : ~ 55
VE-07 Y%owFexOy cont. cm
high compactness
homogeneous structure
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These tests, which are not detailed here, enabled the adjustment of furnace
parameters and provided information on:

e The behaviour of complex mixtures including refractory oxides, silica, iron
oxides and in one case (VE-06) iron metal. Thus, in the VE-03 test, a compound
(Hf,Zr,Si04), not predicted by thermodynamic computer code, was obtained. As regards
the metallic phase, the VE-06 test showed that when iron represents a low percentage (~
5%) of the mixture, it is transported by the oxidic phase; indeed, post-test analyses
revealed that no segregation occurred and iron droplets of various sizes were distributed
throughout the spread melt.

e Spreading, which was never stopped in any of these tests by a crust formation at
the front. Consequently, new assumptions are required to explain progression stopping.
Among all the possible hypotheses, an explanation has been proposed ; it is based on a
blockage due to the formation of solid particles (dendrites or globules) throughout the
fluid which induces an increase in apparent viscosity. This mechanism would be
characteristic of a melt exhibiting a large solidus liquidus temperature range.

e Physico-chemical interaction between the melt and the refractory substratum
(zirconia bricks) which, although quite limited, was observed on about 5 mm depth in the
upstream area.

3.2 VE-U1 test

The first spreading experiment with prototypical material (VULCANO VE-Ul)
was performed on December 2, 1997.

The melt composition (45%,, UO2, 20%,, Zr02, 20%, SiO2, 13%, Fe304, 2%,
Fe203) was characteristic of corium discharge from the reactor pit after ablation of the
sacrificial gate (EPR configuration). The solidus-liquidus temperature range of this
composition was about 900 K with a liquidus temperature of 2250 K. During the pouring
process, the corium temperature at the furnace outlet was maintained between 2450 and
2650 K. An amount of 47 kg was poured into the test section at an average flowrate of
about 2.5 kgfs.

As regards spreading phenomena, video cameras showed a discontinuous
progression of the melt, the formation of a skin at the free surface, the formation of hot
melt protrusions (fingers and tongues) which flowed out beneath the skin and wrinkled it.

The two photos below (Figure 3) show the skin which is colder than the corium
entering in the test section and hot tongues forming at the front.

In this experiment, unlike simulant material tests, spreading was quite efficient;

hence, the final spreading length was 1.2 m inducing an average thickness of between 2
and 3 cm.
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Figure 3 : VULCANO VE-U1 - View of the spreading

Thanks to the checkerboard calibration (see Figure 2), front progression history
(Figure 4) is determined by image processing. Since the spreading experiments are to be
compared with 1-D computer codes such as THEMA (Spindler, 1998), the radius of the
19° angular sector having, at each instant, the same area as the measured flow area, is
calculated. These data are quite consistent with the measurements provided by
thermocouples that were installed at the substratum surface. The time and space averaged
front velocity is around 10 cm/s with a maximum at 20 cm/s.
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Fig. 4 : Progression of the VEU1 melt front Fig. § : Surface temperature evolution

(entrance and front pyrometers)

Figure 5 shows that the corium free surface temperature in the entrance area was always
about 2000 K during the pouring process.

Thermocouples in the corium flow (Figure 6) gave, with a significant delay, a
slightly higher value, but never exceeded 2100 K which is lower than the liquidus
temperature of the melt. This information, if it is confirmed by other experiments, shows
that the corium/concrete mixture can easily spread, certainly thanks to a large solidus-
liquidus temperature range. Moreover, the front measurement pyrometer (Figure 5) points
out a front temperature higher than the solidus temperature of the melt.
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Post-test analyses showed that :
e The chemical composition of the spread melt was homogeneous and very close
to that of the load ;
e The structure of the spread melt was composed of 3 layers :
- a bottom layer of about 1 cm in thickness, in contact with zirconia bricks,
presenting large vertically-elongated cavities (see Figure 7) ;
- an upper layer of roughly the same thickness, in which there were a lot of
spherical cavities ;
- and between these two layers a lens-shaped void layer, the maximum
thickness of which being about 1cm, located in the central part of the spread melt.
e A limited physico-chemical interaction (about 40 cm?, 5 mm depth) between the
corium melt and zirconia bricks at the entrance of the test section.

The cavities, observed throughout the melt, result, without any doubt, from gas
bubbles stopped in their lifting motion. Among the possible explanations of the large gas
release, the most likely seems to be the release of UO as gas due to a sub-stochiometry of
UO2 resulting from the reductive atmosphere of the furnace.

Scanning electron microscopy revealed a homogeneous structure versus spread
length but three different structures versus height :

e A thin layer (~250 pm) at the bottom, the composition of which corresponds
approximately to thermodynamic equilibrium;

e The major part which is essentially composed of 2 cubic oxid solid solutions +
Fe2Si04 + silica in amorphous phase;

e A very thin layer (~40 um) located at the top which is also composed of 2 cubic
solid oxid solutions + Fe203 without silica.

An attempt to calculate this structure with the thermodynamic computer code
GEMINI gave satisfactory agreement when only the bottom layer was supposed in

— 163 —



thermodynamic equilibrium. It seems that the most of the corium solidified out of
thermodynamic equilibrium.

Due to the observed cavities, the porosity of the spread melt is quite high.
Moreover the spread melt surface presented large cracks, which indicates that there would
be no coolability problem if these cracks occurred early enough. However, the physico-
chemical interaction observed in the entrance area could significantly change zirconia brick
properties in case of decay heat.

3.3 VE-U3 test

The objective of the VULCANO VE-U3 test was to compare the spreading and
solidification of a highly refractory oxide content corium melt with the results observed in
the VE-U1 test, in which the corium melt represented the highest expected silica content
after reactor pit gate meltthrough in EPR configuration.

In VE-U3, the load was composed of 60%,, UO; + 25%,, ZrO, + 7% Fe, Oy +
8%Si0; . Although the liquidus temperature (2520 K estimated by the GEMINI computer
code) of this melt was higher than that of the VE-U1 melt (2250 K), the solidus-liquidus
temperature range was kept in the same order of magnitude (about 900 K) and, more
important for spreading, the difference between the liquidus temperature and the
temperature at which 50% of the melt is solid was quite similar (~ 250 K).

During all the final melting process, the rate of released smokes was always very
high, the most important observed up to now. In particular, it was considerably higher
than in all the experiments with HfO2, thus confirming a great behaviour difference
between UO2 content and HfO2 content melts and emphasizing the need for real material
test.

Due to a rupture of the plasma arc during the pouring phase, only 27 kg of the
melt flowed down continuously from the furnace at roughly 2570 K with an average
flowrate of about 1.2 kg/s (~ half the flowrate of the VE-U1 test) and spread onto
refractory zirconia bricks.

At the entrance of the test section, the melt temperature was only 2370 K, certainly
below the liquidus temperature, inducing a high viscosity which limited spreading. An
early slackening and a creeping motion of the front was observed while the melt continued
to flow. The final spreading length was roughly 37 cm and the melt thickness varied from
2 cm at the front up to 5 cm in the back. As in the VE-U1 test, very clear folds formed at
the surface during spreading.

The analyses of the recorded data and physico-chemical post-test examinations are
underway for further interpretations.

The first conclusion of this test is that although pouring conditions (melt
temperature and flow rate) were unfavourable, such a corium mixture effectively spread
certainly because its large solidus liquidus temperature range.
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4. INTERPRETATION WORK

The applications of these results on actual plant conditions need the use of
computer codes which must be qualified. To reach this objective, some of these tests, in
particular the VE-U1 test performed with UO,, have been calculated with the THEMA
computer code developed by CEA/DTP (Eberlé, 1997, Spindler, 1998). This code
describes the spreading of a fluid of complex composition, taking into account the
solidification and crust formation phenomena and conductive, convective and radiative
heat losses. It solves the following equations, after having performed an averaging on the
fluid melt depth: one mass balance equation for each melt material; two energy balance
equations, one for metals and one for oxides; one momentum balance equation (Navier-
Stokes equation) for the melt, using one velocity field. This approach is valid as long as
the melt depth is small compared to the spreading distance.

4.1 Assumptions used in the viscosity model

The examination of video records and of temperature measurements (section 3.2)
shows that spreading seems to be governed mainly by the melt viscosity and is not
stopped by the formation of a crust at the leading edge.

The viscosity of a melt composed of corium components (UO,, ZrQ,, Zr, Fe) and
of concrete ablation products (SiO;, CaO, Fe,Oy) may evolve considerably in the solidus
and liquidus temperature range, which may be large (up to 1100°K). The present approach
used for the evaluation of melt viscosity is based on many former studies (Arrhenius,
1917, Einstein, 1911, Thomas, 1965), which give the apparent viscosity m,,, as a

function of both the liquid phase viscosity m;, and the solid volume fraction ¢ of the melt,
according to a relation of the following type :

Napp = Mhiig * () (1)

In case of melts containing components of various melting points, the viscosity of
the liquid phase itself evolves throughout solidification and can be derived from the
evolution of its composition. For example, for melts containing silica, the silica content of
the liquid phase increases during the corium cooling because of its low melting point,
which induces an increase of the liquid phase viscosity. The thermochemistry GEMINI2
code (developed by Thermodata) is applied to determine the evolution of the solid volume
fraction and of the remaining liquid phase composition versus temperature (Seiler, 1997).
The model used for evaluating the viscosity of a liquid containing silica is that proposed by
Urbain (1965).

In a previous paper (Ramacciotti, 1998), it was shown, from comparisons with
other experimental data both on simulant and real corium material, that most of the
viscosity models are inadequate for this kind of melt, giving viscosity values which are too
low. Consequently, the author proposed that, for a mushy melt, the dependence of
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viscosity versus solid fraction can be described by a formulation of Arrhenius type with a
multiplicative factor C defined such as :

f(#)=exp(25C.¢) @
C being equal to 1 in the case of the nominal Arrhenius correlation. This C factor depends
on experimental conditions and values between 4 and 8 are found for corium melts.

4.2 Parametrical study

The goal of this study is to assess the impact of the viscosity model on corium
spreading. THEMA code calculations using a viscosity stopping model, consequently with
no crust formation, and different viscosity model assumptions, are compared with
experimental data from VE-Ul. For the sake of simplicity, we introduce a viscosity
formulation in the code which globally describes the combined effects accounting for the
viscosity increase of the melt containing silica during the cooling phase.

According to a study on basalts (Shaw, 1998), viscosity can be modelled by using
an empirical law such as :

Tlapp = Tlnq ‘exp[_ A(T - Tliquidus)]
A being the rheological parameter.

We use the methodology described in section 4.1 to calculate the liquid phase
viscosity versus temperature, then that of the mushy melt using an Arrhenius type law
with 3 values of the C factor equal respectively to 1, 5 and 6.1. We then fit, by a mean
square minimization method, the viscosity law corresponding to each C factor value, using

a Shaw type law with values of the A rheological parameter equal respectively to 0.01,
0.02 et 0.024 K™ (see Figure 8).
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Figure 9 compares experimental data with the spreading length calculated versus
time with the THEMA code for different values of the A parameter. The calculation
performed for a rheological parameter value of 0.024 K, corresponding to a coefficient
C equal to 6.1, gives the best agreement with experimental data. The overestimation
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during the first 7 seconds is thought to be related to the uncertainty on the measured mass
flow-rate or to a non-Newtonian effect. So, whereas the classical Arrhenius formula does
not allow the correct reproduction of the motion of the corium leading edge, a modified
Arrhenius relationship with a stronger dependence on temperature enables us to obtain a
rather satisfactory agreement, at least during most of the spreading phase.

5. CONCLUSIONS

These first tests provided important and encouraging information on :

e Spreading, which seems relatively efficient, even at low flowrates, for a melt
presenting a large solidus-liquidus temperature range, such as a corium/concrete mixtures ;

e Coolability, which would be made easier by the high porosity and the surface
cracks of a corium/concrete spread melt.

However, some questions are raised :

e The origin of the high porosity observed in spread melts after cooling, which is
not well explained at the present time ;

e The stopping melt progression phenomena which is not, up to now, clearly
identified ; the viscosity stopping model, combined with a modified Arrhenius viscosity
model, gives a reasonable prediction of spreading kinetics in VE-U1, but will have to be
checked further against other experiments ;

e What would be the physico-chemical interaction between melt and substratum in
case of decay heat ?

Therefore, before concluding that there is no problem of spreading in severe
reactor accident conditions, these results have to be confirmed by further experiments in
order to provide answers to the remaining questions. Thus with this view, zirconia
substratum will be replaced by steel and concrete, which should enable us to clarify the
effect of gas release from substratum on melt porosity. The physico-chemical corium
substratum interaction will be investigated in specific tests in which decay heat will be
simulated by induction.

The comparison of THEMA calculations with experimental results pointed out the
need of specific apparent viscosity models. Indeed, calculation results obtained with a
modified Arrhenius relationship exhibit a rather satisfactory agreement.

NOMENCLATURE

¢ solid volume fraction Subscripts

M dynamic viscosity app  apparent (for viscosity)
C coefficient introduced in the Arrhenius law lig liquid

T temperature
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ABSTRACT

Within the COMAS (Corium on Material Surfaces) project representative
experimental and analytical investigations on the ex-vessel spreading behaviour of prototypic
corium were performed to provide a realistic technical basis for the development of core
catchers for future nuclear reactor generations.

In various large-scale experiments melts in the Mg-range with real corium compositions and
temperatures around 2000°C were tested using different substratum materials (concrete,
ceramics, cast iron).

The COMAS results indicate that for a sufficiently high melt release rate a quick and
homogeneous coverage of an ex-vessel spreading compartment as realized in the Franco-
German EPR project can be expected. Regarding the analytical assessment it can be
concluded that some spreading codes have reached a sufficient level to provide guidelines for
the evaluation of spreading concepts. Open questions are mainly related to segregation and
immobilization of the melt. ~
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1. INTRODUCTION

In response to more stringent legislation in some EU member states, additional safety
margins are required for the development of the next generation of nuclear power plants.
These include the demand to ensure the integrity of the containment - even in the case of a
core melt accident - in order to render emergency measures outside the reactor plant
unnecessary. One essential requirement is to prevent basemat penetration by the molten core,
after failure of the reactor pressure vessel.

The related mitigation concept for the European Pressurized Water Reactor - EPR - is
based on a short-term retention phase within the reactor pit to accumulate and condition the
released melt, followed by its spreading over a dedicated large surface. There the melt will be
passively flooded with water. Finally it solidifies.

As a contribution to the validation of the EPR-concept a number of generic spreading
experiments have been performed in Europe over the last decade. Among them, the COMAS
experiments are unique due to the realization of large spreading masses (Mg range),
prototypic core melt compositions, realistic temperature levels and a broad spectrum of
material characteristics. Furthermore, the COMAS experiments have yielded valuable data
and better insight into relevant phenomena allowing the existing computer codes to be
improved and validated as a basis for the development of core melt retention systems.

The work is part of the European Union's R & D Framework Programme, as well as of
the German Reactor Safety Research Programme. The main project partners are
Siempelkamp, Ansaldo, Aachen University, Battelle and Siemens.

2. TEST FACILITY

The large-scale COMAS experiments are carried out in the CARLA plant at
Siempelkamp's Krefeld location, licensed for handling and melting of radioactively
contaminated materials and equipped with a highly-qualified redundant filter system,
according to nuclear standards.

The overall test arrangement for the COMAS experiments consists of the melting
furnace, a feed box with a plug system and the spreading compartment. Spreading is carried
out by using a 3-channel-arrangement (Fig. 1) with an overall length up to 8 m as well as a
2D-spreading area of approx. 15 m?. For the spreading tests with pure oxidic melts, a special
chamber arrangement for the feed box was developed to separate the oxidic and metallic melt
fractions. As substrata for the spreading process concrete, ceramics and cast iron have been
selected, in order to cover a broad spectrum of material characteristics.
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Fig. 1 Inner housing of the CARLA plant with the 1D-spreading facility

The medium-frequency induction furnace has a capacity of 3.2 Mg and allows a
maximum melt temperature of roughly 2,300°C. For each test campaign, a specific furnace
liner - consisting of a newly-developed material based on zirconia - is installed to adapt the
furnace to the high-temperature regime. This material is similar to that foreseen for the EPR
core catcher.
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The measurement programme is based on a broad instrumentation equipment as well
as an extended set of sampling and microanalysis technique.

For the COMAS test series, two compositions, representative of EPR conditions, have
been selected to reflect the main characteristics of the chosen mitigation concept (Fig. 2).

Fig. 2 Corium compositions type R and type R’

Both fully oxidized corium compositions type R and type R' are based on a ratio of
oxidic to metallic melt of 60:40 weight percent. Laboratory investigations and calculations
resulted in liquidus temperatures for both melts of around 1900°C. What's remarkable with a
view to the spreading process are small density differences between the oxidic and metallic
fractions (Hellmann, 1998).

3. EXPERIMENTS

In a total of 13 tests various mixed melts - as well as metallic and oxidic fractions
separated from the reference melts were investigated since 1995. The most important new
information came from the tests COMAS 5a, COMAS EU-2b and COMAS EU-4 which will
now be described in more detail.

In the test COMAS 5a 1 Mg of mixed corium R-melt was spread over three
1-dimensional courses (Fig. 3). With an initial spreading temperature of 1900°C - and an
average velocity of 1 to 1.5 m/s - a spreading length of roughly 5 m was reached.
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Fig. 3 COMAS 5a-test: 1D-spreading of Corium R

In the 2-dimensional test COMAS EU-2b approx. 630 kg of pure oxides - pre-
separated from corium R' melt - were spread. The initial spreading temperature was monitored
at 2070°C. This melt too stopped at approx. 5 m after 7 s.

Cast iron was chosen as substratum material for the 2-dimensional spreading test
COMAS EU-4 (Fig. 4). Approx. 2 Mg of mixed corium R melt was spread with an initial
temperature of roughly 2000°C. The maximum velocity reached nearly 2 m/s and maintained
an average value of 0.7 m/s before solidification. A spreading length of about 8.5 m along the
direct line was reached. This experiment can be regarded as a demonstration test for the
feasibility of the EPR spreading concept, especially in view of the large-scale of approx. 1:6.
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Fig. 4 COMAS EU-4: 2D-spreading of corium R

4. PHENOMENA

To gain more understanding about the complex spreading process, main emphasis
within the COMAS project has been focused on investigating specific phenomena and effects
governing the transport behaviour of the corium.

An interesting segregation mechanism for mixed melts was observed during the
spreading process (Steinwarz, 1999). It was detected by means of the infra-red technique
utilizing the largely different emissivities of the oxidic and metallic melt fraction. Using test
data from COMAS 5a and in particular the channel with a cast iron substratum the evaluation
revealed a clear increase of the heat flux density of the melt surface. The corresponding
temperature distribution showed a rise of the peak value between 2 s after the beginning of the
spreading process and 4 s in spite of the fact that the spreading melt is continuously cooling
down. This effect clearly demonstrated the strong increase of th oxidic melt portion at the
melt surface. Finally, the solidified melt showed a distinct separated layering of both
fractions, confirmed by the metallurgical post-test examinations.
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One of the predominant effects, in view of the immobilization of the melt, is the
formation of crusts on all melt surfaces; on top, at the front and at the contact area between
melt and substratum. Crust formation can be visualized by measuring the temperature
difference between the melt surface and the melt interior, immediately after immobilization of
the melt. In the case of the COMAS EU-3a test special dipping devices opened the crust. By
means of the infra-red cameras temperature differences of up to 260 K were detected. The
thermocouples, attached to the dipping devices, reached deep into the melt interior where they
found an even higher overall difference of approx. 400 K. Especially with the cast iron crust
formation at the contact surface between melt and substratum could be indirectly confirmed
by the lack of melting effects at the substratum surface, combined with the generation of a
thin insulating gap.

High ductility of the crust became evident in the COMAS EU-3a test when the front
area of the immobilized, initially-spread melt creased - due to pressure exerted by following
batches - but continued the inner melt.

5. ANALYTICAL WORK

As full-scale, real material experiments are hardly feasible, the development of
computational codes for the analytical simulation of a broader spectrum of spreading
scenarios is absolutely essential. These codes have to be validated by means of representative
experiments. Therefore, supporting the code development was one of the most important
aspects of the COMAS project, leading to detailed benchmarking using the COMAS 5a test.

By doing this, various modelling approaches with different characteristics, such as
Newtonian or Bingham flow behaviour, inclusion of crust formation and multi-component
melts etc. were implemented into the codes and tested.

All codes evidently had certain deficiencies when it comes to modelling the final
immobilization phase of the complex spreading process.

As one of the most effective post-calculations an analytical result of the 2D-

experiment COMAS EU-4 using the CORFLOW code (Wittmaack, 1998) should be shown
examplary. The good fitting of the analytical and experimental result is evident (Fig. 5).
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6. RESULTS

In summarizing the main current results of the overall COMAS project, the following

conclusions can be drawn;

- Spreading length was found to be virtually independent of the substratum, but did depend
on mass flow rate, melt temperature and, for mixed melts, on metal/oxide ratio
- Even for thin melt layers of only few cm good melt distribution over the spreading area

was observed

- Spreading behaviour is dominated first by inertia and later by viscous forces
- Good spreadability was observed even for oxidic melts with temperatures significantly

below liquidus
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- Prior to immobilization, mixed melts seperate into horizontal metallic/oxidic layers even at
small metal/oxide density differences

- Front immobilization is likely caused by crust formation

- Measured heat losses to the upper and lower surfaces were in the same order of magnitude,
but significantly higher than the decay heat during the spreading period

- For metal spread on cast iron the formation of an insulating gap was observed

- Analytical spreading codes have reached a sufficient quality level to provide the main
design requirements for corium retention systems based on the spreading concept. The
questions still open relate to segregation and immobilization of the melt.

7. CONCLUSIONS

The COMAS project has helped to identify the key phenomena which control corium
spreading and has provided an important basis for the validation of theoretical models which
are used to simulate melt spreading in real reactor geometries.

To improve understanding of complex spreading scenarios, further experimental
research work should be concentrated on a few process-dominating phenomena such as
segregation and crust formation. The results of this work should also help to finalize the
validation activities for the relevant codes. In addition, large-scale demonstration tests - under
representative conditions - should provide a significant contribution to final proof of a
convincing corium mitigation concept.
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Fig. 1: SARCOFAGO test set up with FARO furnace

water layer on the substrate. The test was conducted with 130 kg melt. The same spreading
steel plate was chosen as in the first test 1-26S. Therefore information on the spreading be-
haviour with a small water layer and comparison of the results with the former test was ob-

tained.

1. INTRODUCTION

In the FARO furnace (see Figure 1), the UOy-ZrOy mixture is melted by direct heating of a-

compacted granulate between two electrodes. The solidus-liquidus temperature range of this
melt composition of 80 wt-% UO7 and 20 wt-% ZrOp was calculated by GEMINI2. The
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solidus-liquidus temperature  1ab. 1: melt properties of the FARO melt at liquidus tem-
range is 50 K. In Figure 2 the perature for L-26S test

solid fraction between the immo- property symbol value
bilisation temperature (defined as | Initial temperature Tj 2950K
the temperature at which the melt | (measured by UTS)

is unmoveable) and the liquidus | Liquidus temperature T, 2910 K
temperature is given with the g R cTemperature Ts 2860 K

related viscosity calculated by the

Density 8.0 10° kg/m3

Stedman correlation (Stedman,

1990). Table 1 shows the melt | Surface tension 0.5 N/m

properties at liquidus temperature | Heat conductivity 3 WmK

Magallon, 1998). Dynamic viscosity 0.005 Pas

P
G
A
for the first test L-26S (Sllvern, Heat capacity cp 0.5 kJ/kgK
M
Wi

The SARCOFAGO test vessel js | Lnitial channel width 0.15m

connected to the FARO furnace | channel width at 0.8 m w0.8 0.39m

via the release tube, the | channel widthat1.0m w1.0 0.47m

intersection valve unit and the
release vessel. Ultrasonic temperature sensors (UTS) are located in the release vessel to
measure the initial temperature of the melt. Argon is flushed to the test vessel to perform the
test in inert conditions. Initially the test section is at room temperature and atmospheric pres-
sure. The spreading plate of stainless steel located in the SARCOFAGO vessel is shown in
Figure 3. It consists of the collecting device, in which the melt was poured from the release
vessel by gravity, and the spreading area forming a circular sector of 17°. A barrier of 4 cm in
height divided the collection device from the spreading surface.

The principal quantities measured in the o % Tscm—df?a?ﬁ rooee
SARCOFAGO during the corium 0s & ~dyn. visc. !! 1000
spreading were melt mass and . ‘ Wx } 100
temperature, substrate  temperatures g 041 2
plane to the surface and at different “,an k . solid fraction] " ;
depths and ambient pressures and ? ‘ . i1 8
temperatures. ~ The  thermocouples g02 ST tor
installed above the spreading plate were Nl s o
intended to monitor the horizontal o dyn|. VIS¢ 4\, oot
progression of the melt and to give an 0 i L1 0001
indication of its height during the 2870 2875 2880 2885 2890 2895 2900 2805 2910

Temperature , K

spreading phase. The whole spreading
plate was mounted on weight cells to the
floor of the SARCOFAGO to obtain a weight balance for detection of the melt mass versus
time. Displacement transducers were installed under the steel plate to measure the plate de-
formation. The discharge of the melt to the collecting device via the discharge tube (127 mm
above the plate) was chosen as time zero for this test. 6 video cameras and one infrared cam-
era filmed the test.

Fig. 2: mass fraction and related dynamic viscosity

2. Test FARO L-26S

About 190 kg of melt were produced and released to the test section via the release vessel. A
quantity of 160.4 kg was delivered by gravity to the test section. A quantity of 30.2 kg of
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material froze in the collecting
device and 130.2 kg spread on the
plate. Both UTS installed in the
. release vessel failed before reaching
stable conditions.

But the initial melt temperature
could be extrapolated from these
signals to be about 2950 K. The
duration of the release was
approximately 9.7 s, deduced from
the load cell signals. The mean
discharge flow-rate in the period up
to 9.7s was approximately 16.5
kg/s, i.e. about 2 I/s. The presence
of instrumentation in the central
region of the spreading plate
disturbed the visualisation of melt
discharge to the collecting cup by
the video cameras. But the different
spreading phases clearly could be
observed. These observations can
be seen in Figure 4 where the
leading edge position is depicted.
The spreading velocity was not
constant. There were sudden
decelerations due to crust formation
followed by melt flow over the
crust or by swelling of the crust
until the front broke and the melt
flow continued under the crust. The
maximum spreading velocity was
0.502 m/s. Six different periods for
the flow propagation could be
distinguished from image
processing and thermocouple
analysis:

- First period (up to time 3.2 s).
After the melt got beyond the
barrier that separated the col-
lecting device from the spreading
area, the leading edge propagation
was quite homogeneous. The
velocity ranged from 0.15 to 0.28
m/s.

- Second period (from time 3.2 to
4.2 s). The flow stopped for about
Is as a thin crust was formed. The
minimum of the leading edge
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Fig. 4: Leading edge for different lateral positions
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position is 460 mm, the maximum 510 mm.

- Third period (from time 4.2 to 7.4 s). The flow broke through the front of the crust. Initially
(up to 9.5 s) the flow velocity was very high ranging from 0.25 to 0.502 m/s (the maximum
value reached in the test). In a second phase the leading edge velocity decreased down to 0.1
m/s.

- Fourth period (from time 7.4 to 9 s). The flow stopped again due to crust formation.

- Fifth period (from time 9 to 11.5 s). The material passed below the crust. The flow velocity
that initially was 0.25 m/s progressively decreased down to 0.

- Sixth period (from time 11.5 s on). The flow stopped and the corium began to cool down.
The final leading edge position was between 1060 mm and 970 mm. During the cooling
phase, at approximately 15.3 s, a small amount of molten material, forming a hook shape,
broke through the crust. No flow was observed after 18 s.
The maximum plate surface temperature - i
reached during the spreading phase is 720°C,
see Figure 5. This temperature was reached
only by one thermocouple while all the
others remained at a temperature lower than 1
500°C. The long-term maximum plate ]
temperature was 1085 °C and was reached ap- w0 i XXX P25L KPOOOPOOVOOSOS

Temperature {"Cj

. . YYY P26L KP028,PO0V0.0738
proximately at 600s from time zero. The 0 0 i Kr0a P e
temperature gradient in the spreading plate . ' ( "

. o L Il L I 1
was very high close to the plate surface. The O W09 00 300 400 S00 800 7000 800 WS 10000

Time (8)

maximum temperature difference measured
was 270 K. Initially, the time dependent heat
flux to the bottom was about 0.9 MW/m?,
taking into account the temperature difference in the plate and the heat up of the plate. The
calculated long-term heat flux to the bottom was 0.28 MW/m>.

Fig. 5: Long-term surface temperatures of the
spreading plate

The pressure in the SARCOFAGO
did not increase throughout the test
due to the venting lines. The
temperature history was measured
close to the SARCOFAGO ceiling.
One thermocouple was located over
the spread melt and was therefore
heated by radiation to a maximum
temperature of 450 °C. The other
thermocouple was located at the end
above the spreading plate. It showed
a smaller increase up to 250 °C. The
remarkable differences between the
two temperatures showed the
different radiation heat fluxes in the
two regions. The debris thickness has
been measured in 154 points. A
mapping of the crust surface derived from these measurements is shown in Figure 6. The
mean value of the debris thickness was 70 mm. The maximum spreading length was 1.05 m
from initial barrier. The height of the bulk debris varied from about 10 mm at the leading edge
of the melt to about 135 mm at the outlet of the collecting device.

Fig. 6: Surface map of the spread melt
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Figure 7 shows a cross-section through the solidified melt at 535 mm from the inlet barrier.
The upper surface of the debris formed a layer with a thickness from 10 mm to 20 mm. The
layer was formed of small pieces with a size of a few mm. They were completely separated
from the lower debris. In the bulk, the debris consisted of discrete blocks of about 50 mm in
size, separated by vertical cracks. These blocks showed a solid structure, but could be de-
stroyed easily. The lower crust, a few millimetres in height, was formed by solidification on
the spreading plate during the spreading process. The three different layers observed can be
distinguished by the different
brightness of the reflected light.
Gaps of maximum height of 15
mm and length of about 50 mm
were observed, see Figure 7 at the
right part. The mean height of the
gaps was about 5 mm. Neither
pitting of the plate nor melt
adherence or ablation of the plate
was noticed.

2. TEST FARO L-328

In the second spreading test, Fig. 7: Cross-section through the solidified melt

principally the same test set up and test section was chosen. But a small water layer of 10 mm
was added on the spreading plate. A small dam was welded on the steel substrate at about 1.8
m from the initial barrier to keep the water layer in the beginning at the front part of the plate
between the initial barrier and this dam. Backwards, the plate was initially dry. During melt
spreading the water was enabled to flow over this small dam to the backside of the plate.
Therefore, the reflection of the water to the leading edge of the melt with possible melt water
interactions could be prevented.

In this second test, the instrumentation of the test section was slightly changed due to the ex-
periences gained in the first experiment. In the SARCOFAGO test vessel the temperature of
the melt in the collecting device was measured by two UTS sensors additionally to the UTS
sensors in the release vessel. A NiCr/Ni thermocouple was located at the barrier of the
spreading plate to detect the onset of melt spreading. The surface temperature of the melt was
measured by a pyrometer at a certain spot close to the barrier. An infrared camera was in-
stalled in the SARCOFAGO test vessel to get information about the temperature profile of the
whole melt surface during spreading.
The obtained data were compared with
the pyrometer temperature measurement
and with W/Re-thermocouples located
at the side wall of the spreading plate.
Totally, 8 W/Re-thermocouples were
located 25 mm from the left side wall
and 25 mm above the spreading plate.
On the right side wall 8 NiCr/Ni
thermocouples were located in the same
position to determine the melt front
progression at the outer part of the

spreading compartment. Fig. 8: Melt surface at 4.30 s
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The experimental course of melt spreading was taken from the observations of the video and
infrared cameras positioned in the SARCOFAGO, see Figures 8-10, and the measurement of
the data acquisition system, mainly weight balance and temperature recording at the test sec-
tion. Time 0.0 s for the infrared camera is equivalent to 9 s of the data acquisition system,
which is the onset of melt release to the spreading plate.

About 190 kg melt was produced and
at —2.5 s released to the release vessel.

After 2.5 seconds, the release to the _ o
collection device on the spreading Lo
plate started. Over all, 128 kg was - N
released to the test section. At the -
same time, some melt splashes started

to spread over the barrier, i.e. location — 10
0 cm at the spreading compartment. At

0.7 s this first melt had flown 25 cm -

on the spreading plate. But this melt

spread was only a first streamlet of a - rhl-ul?_

small melt amount.

At 2 s a second melt flow started. At 4
s the melt had spread to a distance of
50 cm on the plate. Then, the melt stopped due to crust formation. For the right part of the
melt, this was the final spreading position. At 4.5 s and a distance of 40 cm from the barrier,
i.e. 10 cm behind the leading edge, the
crusts started to break up at the left side,
which led to a third spreading. This

Fig. 9: Melt surface at 5.90 s

inhomogeneous spreading stopped at 75 - =
cm at time 5.9 s. The crust broke up _n
again at the right side of the left part of ™
the melt and led to a more homogeneous -
melt front. At 7.5 s, the melt front at the — L0
right side had reached a distance of 70 )
cm, but only due to the left part of the -
melt, which continued to flow to the

right side. More or less this was the final =
configuration of the melt. At 13.5 s two g

small melt tongues started to spread
very slowly, one in the centre of the _

leading edge, one at the left side wall. Fig. 10: Melt surface at 7.5 s
They combined at about 18.5 s, forming the maximum spreading length, which was reached at
about 28.5 s at 82 cm due to very slowly and small melt eruptions through the crust.

During melt spreading the water layer started to evaporate at the leading edge of the melt, and
accordingly, the melt formed at the front small pillows. But the most part of the water was
pushed forward and flowed over the dam at 1800 mm on the spreading plate. No melt water
interactions were observed. Remarkable was the inhomogeneous spreading behaviour. On the
right part, the crust stopped melt progression already 50 cm beyond the initial barrier. On the
left side, the crust broke up several times and led to an overall spreading length of about 80
cm at the left part and 70 cm at the right part of the test section.
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The weight measurement showed the initiation of melt release to the test section. The release
started 9 s after begin of data acquisition and lasted 7 s (see Figure 11). Post test examina-
tions showed that overall 128 kg were released to the test section, 100 kg on the spreading
plate and 28 kg to the collection device. About 30 kg remained in the release vessel. The post
test observations were in good agreement with the long-term weight balance. But after about
17 s the melt started to solidify in the release tube. This connection with the upper release
vessel led to virtually higher melt mass and must not be taken into account. After detachment
of the melt from the inlet tube due to shrinking, the weight balance showed again about 128
kg, which is the weight measured after the test. The flow from the release vessel to the test
section through a tube of 1300 mm length and 30 mm diameter was observed to be nearly
. constant 18.3 kg/s or 2.3 s,

@

conglde g a melt density of 8 . A
*10° kg/m”. ] e

The spreading velocities of the - tmepsuren //

leading edge of the melt were e /

determined mainly by the video g /,/

and infrared camera images. £ A

They were compared with the /

thermocouples located in the © a—

spreading compartment. Not = /|

taking into account the first melt {\/

SplaSh, the ﬁl‘st Spreading os e 7 & 9 10 u 12 13 14 5 8 17 1B 1 2
process at 2 s had a velocity of el

75 cm/s. The second current at Fig. 11: weight balance at the initial phase

45 s resulted in the same
spreading velocity of 25 cm/s. The melt ﬂowed up to 75 cm whlch was the final spreading
stage. The overall spreading velocity could be determined to about 13 cm/s. The observed
spreading behaviour in this experiment was clearly two-dimensional. No homogeneous
spreading over the whole channel width was observed and the left and right half of the melt
behave differently. Therefore
the presented results reflect
only the observations at the
melt front. This could also be
seen by the differences
observed in the thermocouple
measurements. The  melt
tongues formed at the end of
spreading were not taken into
account to determine the

g

g

g

g

temperature /C
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spreading velocity, because the 00 iywifs
amount of melt was too small o M o)

. e 5(85,110,0)
and the formation was very e so)
lrregular . mooo 3 o o 7 1

time/s

Fig. 12: Melt surface temperatures at different locations
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The maximum temperature
that was observed in the
collecting device by the
infrared camera was 2555 °C,
see the surface temperatures
measured by the infrared
camera (Figure 12). Curve 1
and 2 cannot show these
temperatures, because only
average values of a certain
area are depicted. Curves 3
and 4 show even the crust
formation and the break up of
the crusts with a continuation
of spreading.

Temperature {°C)

Two UTS sensors were
installed in the collecting
device additionally to the
release vessel (Figure 13).
The UTS sensors indicate the
onset of melt release and the
temperatures measured. The
average measured
temperatures were 3030 K in
the release vessel and 3000 K.
in the collecting device,
respectively. The melt was
therefore about 90 K
superheated at onset of
spreading. A few seconds
later, the temperature
measured by the infrared camera on
the surface of the melt was about
2850 K and crust formation started.
In Fig. 14 the temperatures of the
surface of the spreading plate are
shown. They did not exceed 900 °C.
At about 150-200 s water started to
flow backwards due to plate
distortion, which was confirmed by
the displacement transducers. Some
temperatures measured plane at the
surface remained on 100 °C for more
than 100 s. These thermocouples
were located close to the final
spreading length, where water still

temperatures /C
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Fig. 13: UTS-temperatures in the collecting device
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Fig. 14 Temperatures measured plane at the plate surface

helght distribution

Fig. 15: Surface map of the solidified melt

helght/cm

could flow to. Initially, the heat flux to the bottom was estlmated to be about 0.5 MW/m?. The
long-term heat flux into the plate was about 0.2 MW/m?. The comparison of the heat fluxes
estimated for L-26S and L-328 shows that the water layer in the latest experiment lowers the
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temperatures in the spreading plate. But overall, the influence is small. The ambient tempera-
tures measured in the SARCOFAGO test vessel did not exceed 350 °C, because the vessel
was constantly flushed with Argon. The height of the solidified melt was determined for 9
different angle every 5 cm at the spreading plate, see Figure 15. The maximum height of 14.5
cm (including the barrier) was achieved at the inlet. The height at the final spreading length
was in between 1 and 3 cm. The post test analysis showed that small caverns had been formed
between the melt and the substrate close to the final spreading length. But no influence of the
small water layer on this behaviour could be detected, because also in the dry spreading test
small gaps were observed.

3. THEORETICAL CONSIDERATIONS

The performed FARO L-328
numerical simulations
of the FARO 12
experiments led to
pronounced discrepan-
cies between theory
and experimental
results. These
discrepancies may be
due to experimental S rrabous: 6.7 Pas
inaccuracy as well as to —~gravity-inertia

. ——CORFLOW, Tin=2881K
poor models in the —+— CORFLOW: Tin=3000K
codes and to a not ~

sufficiently — qualified
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properties. The Fig. 16: FARO L-32S melt front progression

following analysis of the FARO experiments will be used to identify the source of discrepan-
cies between the THEMA (Spindler, 1995) and CORFLOW (Wittmaack, 1997) code results
(DeCecco, 1999) and the experimental findings. This consideration is based on the fact that
the spreading will be nearly isothermal during the first period of the melt release if the initial
melt temperature is well above the immobilisation temperature. The transition time (Huppert,
1982) at which the inertial and viscous forces are equal is given by Foit (1999).

by =27/ 0) (32 1 ¢ )W 7 g (T, )) 28 0 0.7 )
where ¥ is the volume flux, ¢ the angle of the sector, g the gravity constant and v(T, ) the

kinematic viscosity at the initial melt temperature. Eq. (1) yields 7, = 54 s for the initial data
of the experiment under consideration, i. e. the inertial forces govern the spreading and, con-
sequently, the motion does not depend on viscosity. The front progression is described as

Yrp = (4gV/(p )W (t +1, )3/4 —~7¥, )

where ¢, =7, 3(4gV/ (0)-1/3 is the time at which the front reaches the dam at 7,. Fig. 16

shows a good agreement of the CORFLOW results for the initial temperature of 3000 K with
the theoretical predictions (Eq. 2). Obviously, a variation of the melt viscosity in the tem-
perature range between the solidus and liquidus temperature, i. €. a use of different correla-
tions for the viscosity will not change the result of the code simulation. For the given super-
heat and the given flow rates, the heat losses due to radiation have no influence on the melt
front progression calculated by CORFLOW. The first stop of the melt front observed in the
experiment after only 2 s of motion indicates that the melt temperature cannot be much higher
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than the immobilisation temperature and, consequently, the viscosity of the melt must be
rather high. From this observation one can try to estimate the viscosity from the front progres-
sion of the gravity-viscous current:

Yrp = (p/27)°"° $yn (V3g /31/)”8 (t+1,)"" -n, (3)

with the initial condition r,,,,| =0.
=0

The time at which the front reaches the dam at r, is ¢, = (¢ / 27)" ' r}¢ 2 (gV3 / 3v)_w .

v2r
2

. . . . am
Using the experimental data for the melt front position at 2 s one obtains v =8-10" — or
s

u=6.7 Pa-s . In this case the transition time is ¢, A ~f, = 0.6s and therefore the spreading is

e
dominated by viscous forces. The front progression (Eq. 3) is also given in Fig. 16. Similar
results are obtained for the former test FARO L-26S. Assuming that the GEMINI 2 results are
correct, the temperature at which the melt reaches the estimated viscosity is about 2877 K if
the Stedman correlation

_ vors_ Ja@ Y
W(T)= V(T,,.q)(l 0.75 T (T)j 4)

is used where f,, is the solid mass fraction and f,,. =0.55. The temperature for which the
melt has a solid fraction of fi.x is the immobilisation temperature. Because of the heat losses
due to radiation, the melt temperature must be higher than 2877 K, estimated under isothermal
conditions. CORFLOW calculations with an initial temperature of 2881 K (Fig. 16) show a
good agreement with the observed melt front progression in the experiment up to the first
stop. In CORFLOW, the melt front stops if almost all nodes at the free boundary reach the
temperature at which the value of the viscosity becomes large and if the floating crust is con-
nected to the basement at the melt front. For temperatures close to the immobilisation tem-
perature, the CORFLOW results are very sensitive to a variation of the initial melt tempera-
ture. A temperature of 2881 K corresponds to a melt viscosity of 0.1 Pas (see Fig. 2), and is
about 120 K lower than the average value given by the UTS. The uncertainty on the UTS
measurements is normally about +60 K.

In the opposite case, i. e. if the measured initial melt temperatures and the CORFLOW calcu-
lations are correct would mean that the freezing range of the melt and especially the immobi-
lisation temperature are higher than that calculated by GEMINI2. The thin water layer on the
substrate should not have a strong influence on the spreading process due to the thin thermal
boundary layer resulting from the high Peclet-number (>10") of the melt. Consequently, the
bulk temperature of the melt remains close to the initial temperature. On the other hand, ques-
tions came up whether the radiation heat losses from the upper surface would not lead to an
early stop of the melt front and can give an explanation for the observed melt behaviour.
However, calculations with CORFLOW with the given initial temperature of 3000 K show
that even if the energy loss from the upper surface in the first 2 seconds is artificially in-
creased by a factor 4, the melt front position at 2 s is reduced by about 10 cm only.

CONCLUSIONS

Two FARO spreading tests were performed in the 4th framework programme. The objective
was to get information on the spreading behaviour of a high temperature prototypic corium
melt and to investigate the spreading on a substrate covered with a shallow water layer. In the
first experiment, a steel plate was used as a substrate for the spread melt, in the second ex-
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periment, a shallow water layer was added on this steel substrate. This was a first of a kind
experiment, where the release of a prototypic corium melt on a substrate covered with water
was investigated. In both experiments, melt masses of about 150 kg were used to investigate
spreading processes with flow rates of about 2 I/s. The data obtained complement those ob-
tained with simulant materials and lower temperatures in other EU laboratories (see other pa-
pers at this workshop).

During the whole spreading process, several times crust break up and new formation of crusts
could be observed. The whole spreading time lasted about the same time as the melt release.
The average spreading velocity of the leading edge was about 0.1 m/s. Small tongues were
formed at the leading edge in the final spreading stage. The formation of small caverns below
the spread melt could be observed after solidification. Especially with the addition of a small
water layer, the spreading was observed to be inhomogeneous in lateral direction. But no melt
water interactions occurred. Only the formation of small pillows at the leading edge was ob-
served. Over all the influence of this water layer was small. In both experiments the tempera-
tures measured in the steel plate below the surface did not exceed 1400 K.

To understand the spreading process, different theoretical investigations were performed. If
the temperature of the melt entering the spreading area in test L-26S and L-32S were above
the liquidus temperature, the influence of the low viscosity of the melt would be negligible
and the inertial forces would govern the spreading. Consequently, the motion would not de-
pend on viscosity. Using the initial temperatures as measured in the experiments and the cor-
responding low viscosity, the calculated CORFLOW results are indeed in good agreement
with the theoretical prediction for gravity-inertia spreading, but front progression and spread-
ing length are considerably higher than the experimental data. To obtain a good agreement
with these data the use of a viscosity in the solidus-liquidus range is required. Due to the fact
that the bulk temperature of oxidic melts should remain close to the initial temperature during
this short term spreading process, the observed spreading behaviour of both experiments can
only be explained if a temperature in the solidus-liquidus range is assumed for the melt en-
tering the spreading area, with the corresponding high viscosity of the melt. With this as-
sumption, the observed spreading behaviour of these corium melts is in good agreement with
the spreading behaviour of other oxidic melts and can be calculated by CORFLOW.
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ABSTRACT

The goal of this paper is to present the GRS R&D achievments and perspectives of its
appraoch to simulate ex-vessel core melt spreading. The basic idea followed by GRS is the
analogy of core melt spreading to volcanic lava flows. A fact first proposed by Robson (1967)
and now widely accepted is that lava rheologically behaves as a Bingham fluid, which is
characterized by yield stress and plastic viscosity. Recent experimental investigations by
Epstein (1996) reveal that corium-concrete mixtures may be described as Bingham fluids. The
GRS code LAVA is based on a successful lava flow model, but is adapted to prototypic
corium and corium-simulation spreading. Furthermore some detailed physical models such as
a thermal crust model on the free melt surface and a model for heat conduction into the
substratum are added. Heat losses of the bulk, which is represented by one mean temperature,
are now determined by radiation and by temperature profiles in the upper crust and in the
substratum. In order to reduce the weak mesh dependence of the original algorithm, a random
space method of cellular automata is integrated, which removes the mesh bias without
increasing calculation time. LAV A is successfully validated against a lot of experiments using
different materials spread. The validation process has shown that LAVA is a robust and fast
running code to simulate corium-type spreading. LAVA provides all integral information of
practical interest (spreading length, height of the melt after stabilization) and seems to be an
appropriate tool for handling large core melt masses within a plant application

1 INTRODUCTION

Since a couple of years new design features for future reactors have been developed to
ensure the integrity of these reactors even under severe accident conditions. Considering the
case of a reactor pressure vessel melt-through measures to stabilize the core melt within the
containment may be designed. One of these measures being part of the EPR concept includes
the ex-vessel spreading of the core melt with subsequent water flooding and cooling. The
basic idea followed by GRS is the analogy of core melt spreading to volcanic lava flows. One
basic model assumption successfully used for the latter is the viscous thin-film-fluid theory.

2 THEORETICAL BACKGROUND

2.1 Hydrodynamics / Rheology

The subject of thin-film fluid flows, which is of strong interest in a broad variety of natural and
industrial applications, has been extensively investigated up to now /1/. These investigations
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have lead to numerous mathematical models and numerical simulations of the characteristic
physical phenomena that can be observed in such types of flows.

One essential feature of a hot corium (or corium-like) melt which is spread onto a cold
surface is the low height of the fluid film in relation to its spreading length. Gravitational
forces act on the viscous material and drive the flow further before the cooling processes
lead to a stabilization of the flow front. This phenomenon becomes important when the local
volume fraction of solidified material increases up to a large amount so that the fluid
properties are more those of a solid crust rather than those of a continuous solution of solid
particles dispersed within a fluid of low viscosity.

Among the various applications in which thin-film fluid flows are important, the subject of
volcanological lava-flows is very related to the problem introduced above. The most realistic
methodology for numerical simulations of lava flows seems to be the method of Ishihara,
which is based on Dragoni’s downslope model for Bingham fluids /2, 3, 4/.

The basic idea of that theory is the assumption of ‘plug’-regions in the flow domain at
locations, where the shear-stress ¢ is smaller than the yield-stress zy. Such a plug region is
defined by a zero shear rate Ov, / 0z =0 and thus has a common velocity v». Since the force
of gravity, which drives the flow further, causes larger shear stresses in fluid layers near the

base of the flow, these plug-regions can only exist near the top surface of the fluid film.
Considering a onedimensional fluid flow in direction of the x-axis the approximated velocity

profile v,(z) across the fluid height and directed parallel to the main direction of flow (x-axis)

has to satisfy the hydrodynamic boundary condition of zero velocity at the surface of the
sbustratum:

v, | 0. Eq. 1

2=0 =
If the local stress at a location (x,y) on the surface of the substratum (z=0), which is at the
same time the maximum stress across the fluid layer, is lower than the yield stress zy, then
there is no flow possible within the local control volume because Eq. 1 leads to v, = 0. Fluid

flow is possible if T (z = O)> 7, . This flow is driven by the force of gravity leading to pressure

gradients caused by the curvature of the fluid layer (given by the gradient VH of the fluid
height H(x,y) ) and the inciination « of the spreading plane.

With the assumption that the transient character of the hydrodynamic problem can be
approximated by a quasistationary approach, the stationary Navier-Stokes equation for
conservation of momentum can be written as

ov, &p o%v, %, :
pvx5;=—a+77 —a—x—z—'l'ng +pgsmno. qu

In case of sufficiently small fiuid velocities the pressure gradient can be expressed as a
function of fiuid height H

plz)=p, + pg(H - z)cosa, Eq. 3
leading to

L _H ecosa. Eq. 4

Ox Ox

if the geometry of the flow area is divided into cells of mesh size a which is chosen very
small in comparison to the lengthscale for critical variations in the flow characteristic, so that
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the change of the velocity component from one mesh to its neighbours in direction of the flow
can be neglected (Bvx [ox =0, 8%, [ox*~ 0), Eq. 2 simplifies to

2

oy ) oH
X 4 sma———cosa |=0 Eg. 5
n Py Pg( Ew j q

which can be integrated with respect to z along the interval 0<z < H — H_. The negiect of

the variation of velocity v.along the x-axis (main direction of flow) is a reasonable assumption
for the major part of fluid volume near the centre of the stream /5/. Only at locations near the

mass source and the leading edge of the flow strong gradients 6v, /ox are present for which

Eq. 5 is not valid. However, the error made by using Eqg. 5 is small particularly in case of low
Reynolds number flows which are dominated by viscous forces rather than inertial forces.
Viscous forces will become larger than inertial forces in these types of flows after a distinct
period of time /1/ and this characteristic time interval shrinks if the viscosity increases quickly
due to cooling of the material.

The value z=H-H. represents the z-coordinate, where the stress equals the yield stress:
7 (z=H-Hc) =1y, see Figure 1b. Within this interval, the flow can be characterized by a shear-
rate independent plastic viscosity n according to Eq. 5. For z>H-H. only plug flow with
constant velocity vp is present. So the value of H. is the critical height of the fluid column
(depending upon local curvature of the substratum and the free fluid surface, respectively) up
to which flow within a mesh is not possible due to the empircal Bingham model.

The integral of Eq. 5 is obtained by evaluation of three boundary conditions:

v

X

=0 T =7, T =0 Eq.6.a-6.c

=0 X2 \z=H-H, X2 |z=H

In Eq. 6 the stress 7 is defined according to the Bingham model (onedimensional case, see
Figure 1a):

T=Ty+na;);. Eq.7

This gives the critical height H. as function of the gradient of fluid height VH and the angle «

Ty

H, = Eq. 8

( N : j '

pPg|sina—~—-cosa
Ox

as well as the velocity profile along the z-axis v.(z) (Figure 1b) which can be integrated over

the fluid height A to calculate the mass flux m per mesh width a between two adjacent
meshes:

H
m:p.[v(z)dz
0
. 3 2 Eq. 9
poyHe | H ) 3( H +—l- cosa for H>H, !
= 377 HC 2 HC 2
0 for H<H,

In the presented system the equation for continuity can be written as
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oH o8 (%
P — - . O
>, +ax(£v(z)dzJ 0 Eq. 1

and thus a mass flux from one mesh to its adjacent meshes due to Eq. 9 causes updates of
the local fluid heights according to Eq. 10. The updating scheme is an explicit one, the new
values of variable H at time 1., are obtained from the old values at time ¢,.

In order to achieve realistic simulations of fluid flows on a twodimensional surface, a cellular
automaton method is applied /4/. The basic idea of that method is that the neighbouring
meshes in direction of the diagonals of the cartesian coordinate system (x,y) are in the
average more far away from the central mesh as the ones in direction of the main axes. For
that reason, mass flux to meshes in direction of the main axes is more strongly weighted
than mass flux in direction of the diagonals. This weighting is achieved by a stochastic
selection of a mesh’s neighbours to which the mass flux is being calculated. The method
leads to calculation results that show isotropic spreading of the melt on an isotropic surface
and no longer a strong bias towards the main axes of the system which was observed using
the original algorithm of Ishihara /3/. However, the obtained approximation is not a real
twodimensional solution of the Navier-Stokes equations and thus does not take the internal
relationship between the velocities v, and v, into account. Rotating flows etc. can not be
modelled, but the method consideres anisotropy (inclination, obstacles etc.) of the 2D-
geometry which is assumed to have the major influence on the flow characteristic. A further
benefit of this method is that it still maintains the efficiency of the basic algorithm.

For calculations of corium spreading tests temperature dependent viscosity and yield stress
data are needed. Temperature dependent viscosity data are based on open literature and
experiments like Rasplav /6/. The only available experimental yield stress data are found in
Epstein’s interpretation /7/ of Roche’s measurements for a corium concrete mixture with
27.5 wt.-% SiO,. The temperature dependence of the yield stress is approximated by an
Arrhenius fit with an upper limit of 60 Pa. This fit is the basis for the adaption to other
materials. Due to the lack of experimental data for other SiO,-contents its influence on the
yield stress is assumed to be linear.

2.2 Thermodynamics

Three basic heat transfer mechanisms are modelled by LAVA: heat transfer by mass
transfer, radiation from the free surface and conduction into the substratum. The calculation
of radiation and conduction is done seperately from the hydrodynamic problem and is based
on empircal heat transfer correlations. The flow properties (7, zy) are constant within the fluid
column at location (x,)), so a mean temperature 7(x,y) has to be calculated.

Heat losses at the free surface are given by

Graa = 0(T3 = T7). Eq. 11

The surface temperature T, can be much smaller than the maximal temperature T, in the
bulk of the fluid in case of crust growth at the free surface. The temperature difference is then
expected to be of size ~ 300K and this phenomenon requires a precise model for crust
growth at the free surface which has been added to LAVA.

Crust growth is possible, if the surface temperature of the fluid T falls below the interface
temperature T; between the liquid melt and the solid crust. In this model 7; is defined by the
‘softening’ temperature’ of the system. The softening temperature is the temperature below
which convection is weak or non-existent /8/. Hence, for temperatures below the softening
temperature the viscosity increases enourmously due to solidification effects and only heat
conduction is effective. T; is near Ty, and as a simple approach for T; the expression
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T~T, +2(T, -T,) Eq. 12

i lig 4 lig

is used based on findings in /9, 10/. When a crust begins to grow, a curved temperature
profile within the crust is formed because of transient heat conduction. The onedimensional
temperature profile is approximated by

T(z,t):z;+(2;-ﬂ)[x(l-;sz—}(l—g)@—gﬂ Eq. 13

with 7(0,¢)= T, and T(5,¢) = T,. The symbol & represents the thickness of the crust and y is

a time dependent coefficient describing the shape of the profile. Applying the Heat Balance
Integral technique (HBI, /11/) and considering the Stefan boundary condition at the interface
between liquid and solid the functions T(z# and the crust thickness & (f) are determined
numerically. The convective heat transfer from the bulk of the liquid melt to the interface is
expressed by a standard Nusselt correlation for convective heat transfer from a liquid to a
horizontal surface /12/:

Nu =0.14(Gr ~Pr)% Eq. 14

Heat conduction in the substratum is modelled by an explicit solver for onedimensional heat
conduction below each LAVA surface mesh. The convective heat flux from the moving liquid
to the surface of the substratum is approximated by a standard Nusselt correlation for a hot
liquid flowing on a horizontal surface /12/:

Nu = 0.664~/RePr'’ Eq. 15
3 Validation Calculations
3.1 Overview

LAVA is successfully validated against a lot of experiments using different materials spread
(see table below).

material spread 1D spreading 2D spreading
volcanic lava - Ishihara reference - case A
steel / iron COMAS -6 TEPCO - 206
oxidic phase of KATS -7 KATS - 15 (*)
thermite KATS - 14 (%) KATS - 17 (*)
corium COMAS - 5A (EU benchmark) COMAS - EU4
corium + SiO COMAS - EU2B ' VULCANO VE-U1
COMAS - EU3A (%)

(*) blindly pre-calculated with LAVA

A selection of validation results is shown in the following.
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3.2 COMAS EU-2b

In this large-scale experiment a total mass of approximately 630 kg oxidic corium melt
(31 wt.-% UO2, 24 wt.-% ZrO,, 19 wt.-% FeO, 15 wt.-% SiO,, 6 wt.-% Cr,03, 5 wt.-% Al,Os
and 1 wt.-% CaO) was spread with an initial temperature of 2090 °C into three spreading
compartments (each channel is 0.4 m wide and 6.3 m long) of different substratum material
types.

The data describing the exact boundary conditions were taken from /13/ and have been
completed by latest and preliminary results of additional post-test analyses. The post-test
calculation of the spreading on concrete performed with LAVA considers a transient mass
inflow profile resulting from the analysis of the CCD camera measurements and a linear
decrease of the initial temperature at the inlet which has been deduced from the experiment
by evaluations of the IR-measurements.

The results of the (preliminary) post-test calculation with LAVA show that the transient
character of the leading edge propagation is approximated very closely whereas the final
spreading length is underestimated by 0.4 m (~ -8 %), see Figure 2b. This might be due to
several uncertainties concerning the actual melt mass on the visible section of the spreading
compartments and a calculation with more exact data will have to be carried out in the future.

3.3 COMAS EU-4

The post-test calculation for the melt spreading experiment COMAS EU-4 is definitely a hard
task for a numerical simulation since the experiment is characterized by a large amount of
prototypic corium mass (1920 kg, composition; 29 wt.-% UQ,, 12 wt.-% ZrO,, 18 wt.-% FeO,
2 wt.-% Cr,0O; and 39 wt.-% Fe) spread in a two-dimensional, large-scaie geometry of about

15 m? ( = 1/6 EPR spreading area).

In the calculation (Figure 3a-d) as well as in the experiment the melt front stops flowing in the
direction of its initial momentum for a short time, in order to spread in lateral directions,
before the spreading process is being continued in forward direction. Figure 4 shows the
partial melt spreading on the original spreading area as a function of time calculated by
LAVA. For the experiment a partial spreading about 70 % was estimated /14/. This value is in
good agreement with the nearly 60 % percent given by the LAVA results.

3.4 KATS 17

A blind pre-test calculation of KATS 17 assumed 150 kg oxidic melt mass (85 wt.-% AlO3,
10 wt.-% SiO, and 5 wt.-% FeQ) to be spread with an initial temperature of about 1950 °C
and predicted a maximum spreading length along the x-axis of 2.25 m. The (preliminary)
post-test analysis of the experiment reports an actual temperature level of 2150 °C and a
total oxidic melt mass of about 121 kg. For that reason the results of the pre-test calculation
cannot be directly compared to the experimental results (Figure 5). However, the LAVA post-
test calculation with the actual boundary conditions applied shows excellent agreement
concerning the amount of spreading area being covered by the melt (Figure 7). The LAVA-
calculation predicts symmetrical melt contours at the beginning of the spreading process
(Figure 6), whereas the experiment showed a clear influence of inertia causing a bias of
spread melt towards the direction of the initial momentum (Figure 5). This discrepancy is
attributed to the neglect of inertial terms in the momentum conservation equation but has
only marginal influence on the time-course of the melt-covered area (Figure 7).
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3.5 VULCANO VE-U1

The data for the VULCANO test VE-U1 have been collected from references /15,16/. In this
twodimensional spreading experiment a corium melt mass of 47 kg (45 wt.-% UO, 20 wt.-%
ZrO,, 20 wt.-% SiO,, 13 wt.-% Fez04, 2 wt-% Fe,03) with an initial inflow temperature of
2100 K was spread at an average mass flow rate of 2.5 kg/s into a twodimensional test
section formed as a 19° angular sector with ZrO, substratum material. The mass inflow rate
was approximated by a parabolic profile (Figure 8a). The LAVA results demonstrate that with
these boundary conditions nearly 100 % of the spreading compartment is finally covered with
melt (Figure 8b, Figure 9).

4 Conclusions

All physical models considered today to be necessary for the reliable simulation of corium
spreading are incorporated in LAVA. The validation results gained up to now are very
encouraging. Blindly precalculated results for three KATS experiments and COMAS EU-3a
confirm this. The validation process has shown that LAVA is a robust and fast running code
to simulate corium-type spreading. LAVA provides the integral information of practical
interest (spreading length, height of the melt after stabilization) and seems to be an
appropriate tool for handling large core melt masses within a plant application.

For further validation it is necessary that the aiready performed experiments are analyzed
self-consistently and data prepared in this way should be free available to the code users.
Few future experiments indispensably need an improved instrumentation taking into account
all the knowledge about experimental spreading available up to now.
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Abstract

To reduce the radiological consequences of a postulated severe accident, the design of the European
Pressurized Reactor ( EPR ) includes measures to avoid basemat penetration in case of core melt-down.
The corresponding retention scheme includes a temporary retention of the debris in the reactor pit
followed by the spreading of the accumulated molten corium in one event with subsequent flooding and
cooling.

To contribute to the verification of this concept, numerical simulations of the spreading process with the
CORFLOW code were performed. They are based on an extensive verification and validation effort
summarized in the first part of this paper. It demonstrates that CORFLOW has successfully been applied
to several flow, heat transfer and phase transition problems of water, glycerol, cerrotru- ( low melting Bi-
Sn alloy ), thermite- and corium-melts.

The second part of the paper deals with calculations performed for the EPR geometry. As a result of the
intermediate melt retention in the reactor pit, the conditions for melt spreading have become widely
independent of the uncertainties of in-vessel melt behaviour and RPV failure modes. However, due to the
complexity of the physical processes during the erosion of the sacrificial material, there remains some
uncertainty related to the layering of the different corium constituents in the pit at the time of gate failure
and spreading.

These uncertainties are taken into account by simulated variations of the

- release sequence of the corium fractions (metallic and oxidic corium as well as slag),

- material properties of the oxidic corium,

- corium initial temperature and

- opening cross section area of the gate between pit and channel to the spreading compartment.

From the results of earlier CORFLOW analyses for the three-dimensional COMAS EU-4 spreading test
with prototypic, initially layered oxide and metal phases, it is deduced that the EPR spreading process
can be represented with reasonable accuracy by the single component fluid modelling of an emulsion,
with the metal phase mixed into the oxide. For this reference spreading case variations of all major
assumptions were investigated.

In addition, also the subsequent spreading of the metallic and oxidic phases were analysed. Among these,
the spreading of a pure oxidic corium (without slag-addition) is considered to be the most conservative
case. It was found that, in all analysed spreading cases, the corium will spread into an almost
homogeneous layer thickness within less than one minute.

As the shortcomings of the modelling, which are discussed in the paper, are not fundamental and taking
into account the conservatism of most of the assumptions, these results are considered to verify the
proper function of the spreading concept, which is, to provide a sufficiently equal final distribution of
corium in the spreading room, under all considered initial and boundary conditions.
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1 Introduction

As this paper presents a variety of CORFLOW calculational results, contributions to the code verification
and validation as well as reactor applications, we briefly describe the physical models of the code.

CORFLOW (Wittmaack 1998b) is designed for the simulation of free surface flow with heat transfer and
phase transitions. It is applicable to corium in liquid or solid state as well as to other fluids and solids.
The physical models simulate the free surface flow of a single-component, incompressible, homogeneous
fluid in a three-dimensional geometry. The fluid may be covered by air or an isothermal ideal fluid. In
" addition, several structural materials are considered as hydrodynamic obstacles or thermodynamic heat
structures. Molten structural material may be treated as fluid. The fluid is assumed to have Newtonian or
not explicitly time-dependent non-Newtonian rheology, e. g. Bingham plastic, pseudo plastic or dilatant.

The fluid dynamics are described by the continuity- and the momentum-equation with the Boussinesg-
approximation. Papanastasiou‘s (1987) rheological equation is employed to simulate Bingham fluids.
Volume expansion is neglected, turbulence models are not used. A free surface pressure boundary
condition includes viscous stress and surface tension. The free surface is represented by a height
function. Its dynamics is computed by the free surface kinematic boundary condition and integration of
the continuity equation.

For temperature dependent material properties, the hydrodynamics is coupled to the thermodynamics and
phase transition phenomena. For this reason, internal heat transfer and heat generation as well as heat
transfer to the surroundings are modelled. At the rigid boundaries, conduction heat transfer is considered,
whereas convection and radiant heat transfer are modelled at the free surface. A discrete phase transition
model is available to simulate, e. g., solidification and melting of the fluid and phase transitions of the
structural materials. Complex rheology and mechanical stability of crusts are not considered. A two-
phase flow model describes the mushy region of the phase diagram, where the solid phase is assumed to
be dispersed in the liquid phase. Below liquidus temperature it leads to fluid immobilization caused by an
increase of the mushy fluid viscosity.

2 CORFLOW verification by analvytical so]utions

For the verification of the hydrodynamic code models for ideal fluids, the oscillation of ideal fluid in an
U-tube is analysed as a system where the dynamics is influenced only by inertial and gravitational forces.
The numerical solution is compared to the analytical solution (Wittmaack 1998b).

Analytical solutions for isothermal plane and cylindrical viscous gravity currents on plane, horizontal
surfaces have been presented by Huppert (1982, 1986). These solutions are generalized by Sakimoto and
Zuber (1995) as well as by Foit (1997) to non-isothermal conditions with constant bulk temperature
( bulk freezing ). Huppert’s solutions are used to validate the modelling of the hydrodynamics and free
surface dynamics ( except surface tension effects ) in the flow regime where viscous and gravitational
Jforces are dominant (Wittmaack 1997, Wittmaack 1998b). Moreover, calculations of Foit’s analytical
solution contribute to the verification (Foit and Veser 1999).

Analytical solutions for stationary isothermal downslope flow of Newtonian and Bingham fluids onto an
inclined plane are given by Byron-Bird et. al. (1983). These are used to check the hydrodynamic models
for coordinate systems where the vertical axis is rotated with respect to the gravity as well as the
numerical models for the simulation of Newtonian and Bingham fluid rheology.

To verify the conduction heat transfer models, an analytical solution for instationary heat conduction in
a rectangular parallelepiped (Carslaw and Jaeger 1973) is considered (Wittmaack 1998b). Three
boundary surfaces of the parallelepiped are isothermal while the three other boundary surfaces are
adiabatic.

For the verification of the discrete phase transition model Neumann’s analytical solution for the
propagation of a freezing front (Carslaw and Jaeger 1973) is simulated. It considers an instationary one-
dimensional Stefan problem in Cartesian coordinates. The associated CORFLOW simulation shows a
slight underprediction of the freezing front propagation. The CORFLOW solution does not suffer from
smearing of the phase front due to numerical diffusion (Cognet et. al. 1999).
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Analysing the EPR heavy reflector leak increase caused by corium discharge through the leak, an
analytical solution was found and CORFLOW simulations were performed. Mathematically this
corresponds to a Stefan problem in cylindrical coordinates with complex turbulent heat transfer boundary
condition. Comparison of numerical and analytical results show that the simulation error in front
propagation is less than 1 %. Furthermore, the numerical result is almost independent of the grid.

3 CORFLOW validation by calculation of spreading experiments

Isothermal broken dam experiments in cylindrical geometry with water are performed at the FZK in
" Karlsruhe (Maschek et.al. 1990). To validate the hydrodynamic modelling for low viscosity fluid
including surface tension effects, some of these tests are post-calculated with CORFLOW.

The CEA in Grenoble, France, performs the CORINE spreading experiments with, e. g., water, glycerol
and cerrotru ( low melting Bi-Sn alloy ) onto a plane substratum in cylindrical geometry. Post-test
calculations are made for several tests with different inflow rate operating with water, glycerol and
cerrotru (Veteau and Wittmaack 1995). The calculations of the isothermal tests with water contribute to
the validation of the hydrodynamic code models for low viscosity fluids in the gravity-inertial regime. On
the other hand, the isothermal glycerol tests ( with a dynamic viscosity of about 0.35 Pa s ) correspond to
the gravity-viscous regime. The non-isothermal tests with cerrotru include spreading with subsequent
freezing.

Small scale experiments in channels with a heated bottom plate with woods-metal ( MCP58 ) and wax
( canauba ) are operated at the FZK in Karlsruhe (Ehrhard et. al. 1997, Kraut, Siegel and Ehrhard 1997,
Ehrhard et. al. 1998). These tests are aimed at investigating the impact of crust formation at the interface
to the substratum as well as the free surface. Calculations with CORFLOW contribute to the validation of
the code for spreading processes with different Prandtl numbers (Ehrhard et. al. 1998).

The KATS spreading experiments with thermite melts ( AL,O; - and Fe ) are made by FZK in Karlsruhe
(Fieg et. al. 1996). Several tests are performed with different substratum materials, dry and water covered
substratum in channels and in compartments with.other geometry. To support the layout of test section
geometry and thermocouple arrangement CORFLOW pre-calculations were performed. In addition, post-
calculations of, e. g., KATS-5 and -6 validate CORFLOW (Wittmaack 1997, Wittmaack 1998b). In these
tests liquid Al,O; and Fe is spread into dry, plane channels with subsequent solidification.
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Fig. 1 : Free surface ( top ) and front propagation ( bottom ).

Due to the underpredicted front velocity at the beginning, the calculated final leading edge location of
KATS-S is slightly less than the experimental value, see fig. 1. The KATS-6 calculation also
underestimates the front speed at the beginning but overestimates it in the following. For this reason the
experimental final front position of 8.5 m is exceeded. Moreover, KATS-7, -12 and -14 were successfully
calculated by CORFLOW (Foit and Veser 1999).
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In addition, miniKATS small scale thermite spreading tests are operated by the same team. These
inexpensive tests are accompanied by CORFLOW calculations. They investigate physical processes that
stop the melt progression ( crust formation, bulk freezing, non-Newtonian rheology, surface tension ).

At the FARO test facility of the JRC in Ispra, Italy, high temperature ( initial temperature about 2800 K )
spreading tests initiated by pouring of a UO,-ZrO, mixture onto a plane substratum, as well as pre- and
post-calculations with CORFLOW are performed (Wider 1998). At high temperature the radiant heat
transfer to the surroundings is dominant while for low temperature tests it is less important than heat
. conduction into the substratum. For this reason FARO experiments are important to check the modelling
of the radiant heat transfer. The calculational results compare reasonably well with the experimental data.

The VULCANO purely oxidic corium spreading tests are carried out by CEA in Cadarache, France. Four
CORFLOW simulations are performed on VULCANO VE-Ul, with different assumptions about the
shear rate versus shear stress relation of the corium below the liquidus temperature (Wittmaack 1998c) :
The Thomas (1965) and Stedman (1990) mushy fluid viscosity model are applied both without and with
yield stress. With the Thomas model an overprediction of the front propagation is calculated, whereas an
underestimation is obtained with Stedman’s model. A noticeable flow retardation and rapid damping of
the free surface gravity waves is observed if non-vanishing yield stress is taken into account.

At SNU in Krefeld the COMAS spreading tests with Fe and several corium melts onto different
substratum materials (Steinwarz et. al. 1997) were carried out. Two-dimensional tests in channels and
runs in three-dimensional compartments are performed. As some experiments operate with prototypic
reactor corium, calculations of these tests (Fischer et.al. 1998) are important for code validation.
Computations of the EU-1 Fe test provide a sufficiently accurate representation of the experimental data.
On the other hand, for the -5a and -6 tests with corium the total spreading length is overpredicted.
COMAS 5a was used for a benchmark, CORFLOW calculations were contributed by different
organizations (Koller and Ulbrich 1997).

The final front position of COMAS EU-4 can be reproduced by three-dimensional CORFLOW
simulations (Wittmaack 1998a) if linear volumetric averaging of the viscosity of the oxidic and the
metallic phase is performed and if the Stedman mushy viscosity model (Stedman et. al. 1990) is used.
The initial phase of the front progression is accurately predicted by the calculation, while subsequently
an overestimation of the front progression is observed. However, caused by the abrupt immobilization of
the fluid at the free surface the final front position resembles the experimental observation.
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Fig. 2 : Front propagation for specific parameter combinations and test data, COMAS EU-2b.

Our uncertainty and sensitivity analysis of COMAS EU-2b simulations (Wittmaack 1999), funded by the
german BMBF ( project 1501213 ), investigates the impact of computational input parameters on the
calculations results. All calculations of the uncertainty analysis overestimate the final melt front
position of 4.73 m, predicting values from 6 to 10.6 m. However, there are input parameter combinations
in the considered range of uncertainty that even lead to underprediction of the front propagation, with
final front positions down to about 2.2 m, see fig. 2. Run ‘Least propagation’ in fig. 2 uses for all
parameters those data in the range of uncertainty that hamper the spreading process. It differs from the
parameter combination ‘Reference’ in inflow height, initial temperatures and radiation emissivities which
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have best estimate values. Furthermore, the result for best estimate input parameters is given in fig. 2.
Our sensitivity analysis of the leading edge propagation shows that the uncertainty of the inflow height
in the initial phase and the uncertainty factor of the liquid phase viscosity later on have dominant impact
on the uncertainty of this result. All other parameters have much less impact, e. g. parameters of non-
Newtonian behaviour. Our study helps to identify the major sources of uncertainty of the key output
variables based on input parameter uncertainty. It systematically shows that research on more precise
estimation of the liquid phase dynamic viscosity will have high impact.

4 Simulation of EPR corium spreading

Major target of CORFLOW investigations is the corium flow from the cavity into the spreading
compartment related to the EPR spreading concept. After early two-dimensional calculations with mixed
oxidic-metallic corium and an inflow boundary condition, three-dimensional separate computations of
oxidic and metallic corium in more detailed geometry were carried out (Wittmaack 1997). This paper
presents recent EPR spreading simulations, that include the reactor pit on an enhanced height level and
consider a variety of corium compositions and geometrical configurations of the oxidic, metallic and slag
phases.

Our geometry model simulates pit, channel to the spreading compartment including the gate and
spreading compartment itself, see fig. 3. Thanks to the symmetry of the reactor the model includes only
one half of the real geometry. To also simulate the initial condition of a cavity filled with fluid on top of
an empty channel, the model operates with two symmetry planes. Fig. 3 shows the initial condition in a
side view from the vertical symmetry plane and a top view in the vertical position of the gate.
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Fig. 3 : Geometry model of the EPR spreading calculations.

The model simplifies the EPR geometry, e. g., the declination of the pit bottom and the channel is
neglected and round vertical pit walls as well as round and diagonal vertical walls of the spreading
compartment are modelled by steps. Furthermore, as a result of the free surface representation by height
functions in CORFLOW, the geometry model has a vertical gate. These simplifications are conservative
with respect to front propagation, as they reduce the mechanical energy of the fluid.

Related to the geometrical arrangement of the corium constituents in the pit, we consider following
spreading scenarios ( standard scenarios ) :

Case Standard scenario

la  Spreading of metallic corium onto the concrete in the spreading compartment and subsequent

1b  spreading of oxidic corium including slag formed by erosion of the sacrificial material onto the
already spread metallic corium.
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2 Spreading of oxidic corium, without slag, onto concrete.
3 Spreading of an emulsion of mixed corium ( oxide, slag and metal ) onto concrete.

The mixed corium spreading is considered as reference case, since it is the most probable scenario,
because of the intense interaction of corium and sacrificial material in the reactor pit. In addition, it
handles the entire corium mass in one run and not sequentially as in case 1, i. e. it is less conservative as
the pressure in the fluid is higher than for partial corium mass and the higher heat capacity reduces the
heat loss per unit mass of the fluid. Moreover, it is motivated by CORFLOW post-calculations of the
- COMAS EU-4 test with oxidic and metallic corium mentioned before. These computations suggest that
spreading can reasonably be simulated by the single-component-fluid model of an emulsion with the
metal mixed into the oxide.

Due to lack of -space we do not list corium composition and all material properties here. For mushy
corium we evaluate the dynamic viscosity by Stedman‘s model (1990) with X, = 0.5. To estimate the
impact of non-Newtonian effects, we use Epstein’s (1996) yield stress data ( fig. 4,‘outside immobile’),

scaled in temperature due to the different T, and T, for the oxidic corium without slag. With these data
and solid fractions calculated by the GEMINI code, we make a fit of k in7, = kx * Thomas (1961),

so ?
where 1, is the yield stress and X, the solid phase mass fraction. With k = 69 Pa, obtained from an
average of Epstein’s low temperature data, we extrapolate Epstein’s data to low temperatures and obtain :

TIK] Xso[-1 Ty [Pa] T[K] Xso [-] T, [Pa] T [K] Xso [ T, [Pa]
373 1 69 2688.5  0.509 21 2729 0.62 1.58
2573 1 69 2698 0.68 27.3 2745 0.58 0.26

2660 0.77 31.5 27145  0.65 3.75 2783 0 0
2679 0.75 26.3 :
Table 3 : Estima