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QECD WORKSHOP ON
LARGE MDLTEN POOL HEflT TRANSFER

An OECD Workshop on Large Molten Pool Feat Transfer was held in
Grenoble, France from 9th to 11th March 1994. It was sponsored by the NEA
Committee on the Safety of Nuclear Installations (CSNI) and organised in
collaboration with the Grenoble Nuclear Research Centre of the French
Commissariat à l'Energie Atomique (CEA). About fifty experts from twelve
countries and two international organisations attended the meeting (including
four experts from the Russian Federation). Twenty-three papers were presented in
five sessions. The proceedings have been published by the Grenoble Nuclear
Research Centre.

The subject of feasibility of in-vessel core debris cooling through
external flooding of the reactor vessel has recently given rise to strong
interest among the nuclear safety research community, utilities, and regulatory
bodies. Several countries have undertaken, or are preparing, analytical and
experimental work in that area, including large-scale experiments. NEA itself
is collaborating with the Russian Research Centre "Kurchatov Institute" to set
up in Moscow a new OECD Project, called RASPLAV. There are discussions at the
level of CSNI to organise a reasonable degree of collaboration, and perhaps some
co-ordination, among the experimental programmes.

Following recommendations made by groups of experts, CSNI decided to
sponsor a Workshop on Large Molten Pool Heat Transfer.

The scope of the Workshop has been limited to large-scale experiments,
and to recent and unpublished work. The expected technical content of the
meeting was the following :

- large scale molten pool heat transfer experiments : underway, in preparation
(including a discussion on their feasibility);

- U02 versus simulant materials, selection of simulants, simulation techniques;
- high temperature melt properties;
- instrumentation and measurement techniques;
- analytical techniques, interpretation of the results;
- aspects important to reactor safety; preliminary views on the feasibility of
core debris cooling inside the vessel through external cavity flooding.

The objective of the meeting was twofold :

- to exchange inrormation on the situation regarding large molten pool ̂ eat
transfer experiments, the state of knowledge in that area, needs for further
information;

- to discuss plans for future large-scale experiments, the need to perform
experiments with real (non-simulant) materials, the feasibility of these
experiments.

This dual objective has been met by the Workshop.
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WORKSHOP ON LARGE MOLTEN POOL HEAT TRANSFER

Conclusions and Recommendations

1. The cooling of debris in-vessel by external flooding is a reasonable
accident management objective. Studies for a number of plants are
encouraging. However, the capacity to implement this as an accident
management procedure will be plant dependent, and plant specific
questions must be addressed in any assessment. This became clear from
a number of scoping analyses presented at the meeting as well as from
two integrated studies for the Loviisa and AP600 designs.

2. Besides the ability to flood around the vessel, the major parameter is the
decay heat, which depends on the rating of the core and the timing when
external cooling is required to be implemented.

3. To validate the strategy, a number of aspects need to be considered in
addition to the steady state heat balance. These include early transient
effects, both in-vessel, through jet enhanced heat transfer in-vessel, and
ex-vessel, through the ability to establish nucleate boiling as the vessel
cools. Current work in these areas is encouraging. Provided nucleate
boiling is established on the outside of the vessel, it is necessary to
confirm that there are no other failure mechanisms, including the effect of
the mechanical loading during the transient. Fuel coolant interactions,
which were not discussed in detail at the meeting, need to be considered
both in assessing energetic failure of the lower head during melt
relocation into the lower plenum, and in considering the failure potential
of the possible weakened lower head if water was to be re-introduced late
in such a scenario. Clearly, if the cooling strategy was not proven to be
successful with adequate certainty, fuel coolant interactions in the cavity,
and other cavity phenomena, would have to be considered.

4. The peaking factor (the ratio of maximum local heat flux to the average)
found in experiments for heat transfer from the in-vessel debris to the
sidewall is sufficiently low that except for high decay heat scenarios,
homogeneous melt pools are likely to be coolable provided there is
nucleate boiling on the outside of the vessel. However, more extended
scenario analysis is required to ensure that this applies to the range of
likely debris conditions. In particular, the possible separation of a
metallic layer has been identified as a way of increasing the thermal
loading at the upper edges of the pool, while steel boiling and oxidic
debris in a metallic layer should also be examined. In the presence of
zirconium metal and separation, long term retention of a melt may also
depend on the chemical dissolution of the vessel at temperatures below
the melting point of vessel steel.
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5. New experimental data (COPO - a large scale slab simulation of VVER
lower head geometry; UCLA data for a hemispherical vessel) related to heat
transfer from molten pools are broadly consistent with those previously
available, specifically with the data for upward heat transfer from Kuîacki
and Emara (COPO gives higher upward heat fluxes at the highest Rayleigh
numbers), and with the more general data of Mayinger and co-workers,
obtained in rectangular and slab geometries. Much of the latter data were
not published in English, but are available in German; they include studies
of the combined effect of a molten pool and a falling liquid jet.

6. The phase structure of the melt will be important in determining its heat
transfer properties, particularly the nature of any crust at the wall and the
temperature reached by the melt. While the possibility was raised that
phase segregation when there is a gap between the solidus and liquidus
in the oxidic phase may modify heat transfer, this proved only to be a
minor effect in simulant experiments. Confirmation that this is the case
with prototypic oxide mixtures is desirable. More information is desirable
on the effects of pool size on the side-wall peaking factor; COPO is the
first experiment at large scale and shows only a small peaking of the
sidewall heat flux. COPO also showed that for near isothermal boundary
conditions the upward heat flux was greater than that to the sidewall for
Rayleigh numbers approaching those of a melt pool in a reactor lower
head; this result should be confirmed for other geometries.

7. The COPO data have been used to assess modelling codes based on
computational fluid dynamics. While good progress has been made in
this area, it was evident that considerable care is required to obtain mesh
independent solutions and that the standard turbulence models require
enhancements to match the experimental data. Further improvements
depend on obtaining reliable data to underpin the development of the
turbulence models. This was seen as part of a wider programme of work
on turbulence models leading to the development of general models,
which could then be tested for this specific application.

8. While it is desirable to have such detailed models, particularly for the
interpretation of experiments (including confirmation that they are
representative of reactor melt pools and considerations of scaling), they
are probably not necessary for safety assessments. However, if because of
low margins, they are required in a safety assessment they will need to be
enhanced to take account of other uncertainties such as those concerned
with the scenario (metallic layers, etc), and the physical properties of the
melt. Provided the external cooling provides i sufficient margin over the
decay heat production, relatively simple models should be acceptable.

9. To make optimum use of both the experimental data and the calculational
models, it is desirable to have improved physical properties, particularly
thermal conductivity, viscosity, and emissivity of the surface for prototypic
material and various compositions over the full temperature range of
interest.
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10. There has been good progress on establishing the heat flux that can be
removed by boiling on the outside of the vessel, and new experimental
results (ULPU, CYBL) were presented in this area. The data available
imply that, unless there is strong peaking on the sidewall, there is a good
hope to obtain efficient heat transfer through the (thinned) vessel. The
establishment of nucleate boiling on the outside of the vessel will be
encouraged by early depressurisation (allowing cooling of the vessel frcm
an initial temperature in the vicinity of that corresponding to minimum fim.
boiling conditions at containment pressure) and by the presence of oxide
layers on the outside of the vessel, which improves the prospects of
rewetting.

11. Having established that iarge heat fluxes can be removed in experiments,
it is necessary to consider the flow paths and flow recirculation in the
plant. The critical heat flux will be plant specific, and the phenomena to
be considered include the effects of large channels, low pressures, thick
walls and inclined and curved surfaces. Experiments, such as those in the
ULPU facility at Santa Barbara and the CYBL facility at Sandia are
providing prototypic data of direct utility to the plant provided the pertinent
geometric and boundary conditions are satisfied. These data and those
from the SULTAN facility at Grenoble, which is designed to obtain
fundamental boiling data, are available for the development of a model for
application to the plant. Preliminary work on calculational models for ex-
vessel heat transfer was reported at the meeting. However, the CYBL
experiments demonstrated the complexity of the phenomena to be
modelled (an axisymmetric pulsing of steam from the base; break-up into
bubbles; possible condensation, because of the static head and mixing of
the water; flashing as the static head falls close to the top surface in this
experiment).

12. The behaviour of the thermal insulation around the vessel needs to be
considered; it may be possible to optimise this in future designs to
maximise the heat removal by external boiling. The insulation should have
sufficient rigidity to cope with the violent boiling observed in some
experiments.

13. A number of new experimental programmes were discussed at the
Workshop. In general their purpose is to improve the understanding of
physical phenomena, confirm current hypotheses, provide new insights
into physical properties and provide data for code validation. These
experiments include the OECD/Russian RASPLAV project, which includes
tests with heated pools of prototypic materials, besides property
measurements of prototypic melts. Experiments with real materials are
also under development by CEA (VULCANO), which is oriented towards
validation of melt spreading and core catcher systems. Melt-spreading
and melt-structure interaction tests have also been proposed as an
extension to the FARO-LWR programme (which currently uses prototypic
melts for melt-water interaction investigations). These are long term
programmes, whose technical feasibility is under investigation, as is the
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development of new techniques, particularly for sustaining the heating in
the melt in the appropriate geometn/. Pre-test calculations make an
important contribution to the design and instrumentation of these
experiments.

14. In addition there are a number of programmes with melt simulants. These
include molten salt experiments in RASPLAV, the Swiss CORVIS tests,
which use an iron-alumina melt interacting with prototypical lower head
structures, and thermite spreading tests. Simulant low temperature tests,
such as COPO and BALI (both for natural convection, with BALI taking
account of gas sparging effects and solidification at the pool boundary)
will provide further data for the development and validation of computer
models.

15. The attention of CSNI is drawn to the desirability of establishing co-
ordination and collaboration between the various experimental
programmes.

16. While it was outside the formal scope of this Workshop, it is
recommended to prepare a situation report and a Workshop on melt
coolability bj spreading (as this is an alternative accident management
measure proposed to ensure debris coolability following a severe
accident) on a time-scale of 2 years.
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SESSION I

Title : Feasibility of iii-vessel core debris cooling through external cooling of the vessel

Chairman : K. Tranibauer (GRS, (îermany)

SUMMARY

Session I dealt with different NPP analyses to study the efficiency of in-vessel melt retention

through external cooling It was clearly recognised, that this approach requires individual plant

examinations, since configuration of RPV and the cavity, where it is situated, as well as decay

heat density vary for different NPPs

Sufficient external cooling requires a large water pool around the RPV as free access of

water to the cavity as well as unhindered escape of steam from the lower RPV region to the

containment Under these circumstances, the critical heat flux on the RPV outer surface is the

limiting factor It ranges from 0.2 MW/nr, at the center of the lower head, up to about 1 MW/m2

at the upper end of the lower head and above

Following assumptions are common in the analyses :

• as upper bound the whole core relocates into the lower plenum

• significant reduction of decay heat due to fission product release (30 - 80%)

• core slump 3 to 10 hours after shut down

The key parameters for the heat flux to the RPV wall are :

• decay heat density (less or greater than 1 MW/m1)

• molten pool volume to surface ratio

• peaking factor of heat transfer coefficient between lower crust on RPV wall (^ 1.5)

Also the melt composition -Zr content and degree of oxidation- as well as the possible

segregation of metallic melt yielding to a separated metallic layer at the top of the melt with

high heat conductivity to the RPV wall should be considered.
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Thermal insulation or neutron tlux shielding can inhibit the external cooling In the Loviisa

NPP those have to be withdrawn into the lower cavity region (AM measures) If thermal

insulation is attached to the outer RPY wall, external cooling is not sufficient If thermal

insulation is accidentally separated from the RPY outer wall, the insulation material might

blockage the steam escape from the cavity

Investigations of the stability of the natural convection along the flow path are required

Due to the large time constant of the thermal behaviour of the RPY wall, periodic alternations

with frequencies higher than 0.01 Hz do not diminish the heat transfer to the external coolant

The in-vessel debris cooling through external cooling is feasible for NPPs with low decay

heat density and sufficient external natural convection (YYER 440 Loviisa. AP 600)

If the decay heat density is high (q 1 MW/irT). the efficiency of external cooling is

questionable. To explore the margin to vessel failure fun her investigations are necessary

Structure mechanics analyses should distinguish between low external heat transfer

coefficient (q qm t) and high external heat transfer coefficient (q • qcnt) In case of low

external HTC special attention should be given to the internal heat flux distribution and to the

plastic instability of the RPV wall.

Melting or eutectic formation at the inner surface of RPY must be considered in this case

Further, if the failure of the RPY cannot be excluded, disadvantages of a wet cavity to the

containment integrity have to be evaluated

The feasibility studies should also include containment bypass sequences and shut down

conditions durum maintenance

Briefly, the individual papers focused on the following points

• The first presentation, authored by UCSB. IYO and Tenera Staff, discussed two integrated

approaches to in-vessel melt retention through external cooling for two different NPP

concepts, one -YYER 440 (Loviisa)- in operation since 1978 and the other -AP 600- in

design stage Common to both NPPs are the relative low decay power density (<1 MW/m')

and a flooded cavity with high gravity head and sufficient access of water to the RPV. The

main differences are the shape of the vessel lower head and the relative height of the molten

pool in the RPV
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Supported by experimental data from COl'O (nuilten pool heat tlux distribution) and ULPU

(critical heat fiux to external coolant) it could be shown, that tor both NPPs the local heat

flux from the molten pool to the RPY wall stays with a sutlicient margin below the local

critical heat flux at the vessel outer side This means, that the high heat transfer coefficient

at the RPV outer side keeps the wall temperature low enough with sufficient strength to

keep the melt inside the RPV. Under the assumption that n metallic melt layer (thickness

about 0.1 m), located on the top of the ceramic melt, directs the heat flow to the RPV, the

heat flux distribution did not alter smnificantlv

The British presentation (AEAT) highlighted open questions found during the study of in-

vessel coolahility by ex-vessel flooding for a 1100 M\V - 4 loop Westinghouse PWR Due

to higher decay heat density ( 1 M\V/m') local critical heat flux at RPY outer side will be

exceeded (3 hours after SCRAM)

In case of jet attack to the instrumentation penetration, conservative assumptions indicate

penetration ejection under high system pressure To narrow the failure margin more detailed

analyses are required These analyses should consider eutectic formation, concentration

profiles in case of conduction limited heat transfer, heat removal by latent heat transport

(remelting of freezed particles), and separation of ceramic and metallic melt layers due to

nietai segregation

Special attention will be given to the effect of in-vessel debris coolability due to in-vessel

water addition

The French presentation (1PSN, CEA) discussed the RPV lower head behaviour of a French

900 MW PWR In case of a large LOCA. dry vessel and dry cavity the PRV will fail in 1 to

2'/S hours Water in the vessel rises the potential not to fail the RPV, especially if the debris

size is large enough to enable debris bed coolability The failure margin for the case dry

vessel and wet cavity was investigated by parametric variation of internal heat flux in the

range of 200 to 1300 kW/m:, internal pressure and external heat transfer coefficient (2 and

10 kW/m~K). Based on the temperature distribution in the vessel wall, the creep failure time

was estimated. More detailed calculations to assess the creep failure time in case of

externally insulated RPV, under consideration of critical heat flux experiments (SULTAN)

and creep rupture experiments (RUPTHER) will be performed. Also advantages and

disadvantages (steam explosion) of a wet cavity will be evaluated.
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The first German presentation (KÏK) discussed the load-carrying capacity and failure due to

plastic instability of a pressurised and externally cooled RI'Y utilising the ABAQUS finite

element code. The temperature depended parameters of the model were fitted by

comparison to experimental data up to '-MlO'C

On a simplified geometry the effect of different external heat transfer coefficients and

various wall inner surface temperature on stress-redistribution and plastic instability for a

given pressure have been studied.

The model with axisymetric RPV geometry indicated a critical pressure of J9 M Pa for an

external heat transfer coefficient of 1000 W/m-.K. Comparison to three dimensional RPV

geometry with a limited local hot spot indicated that the axisymetric mode) yields a lower

critical pressure and that the simplified geometry is a loner bound for the load carrying

capacity of the RPV

The second German presentation (GRS, without paper) which were held instead of the

withdrawn paper of SIEMENS, discussed a new attempt to interpret TMI-2 observations.

The TMI-2 vessel investigation project resulted in the findings, that outside a hot spot the

vessel wall temperature did not exceed 1000 K Within the hot spot the maximum

temperature reached about 1400 K over .if) minutes Subsequently, a moderate cool down

to 1000 K within 15 to 45 minutes occurred. To reconstruct this thermal behaviour, an

attempt was made to get insight about the possible heat sink of water penetration in

between the lower crust of the melt poo] in the lower plenum and the vessel wall. Two

dimensional transient heat conduction in the vessel wall, one dimensional steady state heat

conduction in the crust, transient lumped parameter approach for the molten pool

temperature and one dimensional homogeneous coolant flow in the gap were modelled

using the ATHLET code It could be demonstrated that a coolant flow of 100 g/s can

terminate the continuous heat up at the hot spot. Coolant flow of 200 g/s, penetrating one

hour after melt slump the gap below the hot spot, yields the moderate cool down starting

from the maximum temperature estimated by the metallurgical examinations. Further

investigations to explain the quenching process are initiated.
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SESSION II

Title : Experiments on molten pool heat transfer

Chiiirmsin : .1. Bardehiy (IPSN)

SUMMARY

• The first presentation was performed by M Sonnenkalb of GRS. The title was "Summary of

Previous Herman Research Activities and Status of (1RS Program on Jn-l'esse/ Mo/fen

Pool Behaviour and 1-lx-l essel ( 'oo/ahi/ity".

The presentation was divided into two parts :

© Results of an experimental and theoretical program which was carried out by Pr.

Mayinger of Hanover in the years ll>70-5982.

This program was a study of the molten pool behaviour and especially the heat transfer

properties from the pool in the upward and downward directions. The experiments were

realised in a small scale test facility in a semicircular geometry by using simulant materials

for melt

The experiments were limited to 2D.

One conclusion from the first results is that at the lower and upper bounds, a local

distribution of Nusselt number exists The parameters characterising and influencing the

convection flow regime were studied : the basic convection flow regime does not change at

higher modified Rayleigh numbers greater than the critical Rayleigh number. Some semi

empirical equations describing the average Nusselt number were elaborated in two directions

on basis of a modified Rayleigh number in the range of 107«5 10'".

The free convection heat transfer at lower fluids levels were also studied.

An important part of the studies concerned a fluid jet flowing from above into the pool.

Many sets of experiments were performed with variations of parameters : velocity and

width of jet, height of fluid pool, temperature of jet, position of jet. As a result of different

analyses some empirical equations were established to describe the heat transfer as a

function of — -̂.
Re2
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® GRS program on accident management mitigation

Actual program started in \c)c)3 on the basis of previous programs. The activities are for

exemple :

— examination of différent severe accidents in German PWR and BWR by using codes

corresponding to the different accident phases

— examination of different accident management procedures:

• to maintain the RPV integrity,

• to maintain the containment integrity,

• to limit F.P release to the environment

— a preliminary situation report on in-vessel phenomena and ex-vessel coolability was

realised

The Germans think that the c.c-vessel cooling could be a realistic measure to maintain the

molten poo! within the vessel under specific boundary conditions. But the most realistic

simulation is a big problem

M. Turland (UKAEA) presented the paper entitled "Experiments on convection and

solidification in a binary system" prepared with SB. Schneider.

A series of experiments at Culham Laboratory were undertaken to investigate the

modification of the distribution of heat flux to the pool boundary if an hypothstical large

molten poo! was not a pure material, namely UO : - ZrOi The origin of modification may be

the precipitation of UO-, rich phase near a cold boundary with the change of stability of the

liquid layer, the accumulation of precipitate or remelting of precipitate in hotter region.

The experiments were performed in a well insulated tank (200 mm x 200 mm x 104.5 mm)

with aqueous salt solutions and employed a cooled top plate and a lower heating plate.

The following sets of experiments have taken place :

• Preliminary series with pure water for comparison with other convection

experiments and for being a reference for the salt solution experiments,

• A first series with a binary system used a sodium sulphate solution,

• A final series with a sodium nitrate solution which formed smaller crystals.

- 14 -



The results were :
D Pure water good agreement for relationship between heat flux and temperature

différence for experiments under transient and steady state conditions. It was found

possible to correlate Nusselt number and Rayleigh number for Rayleigh numbers

greater than 15 l()x. The comparison of this model with the correlation of Kulacki

and Emara give a difference of a factor 2.

• Sodium sulphate solution : a stable layer did form beneath the cooling plate due to

the salt precipitation. For low Rayleigh numbers, heat transfer coefficient were

lower than those determined for pure water, whereas there was no difference at

high Rayleigh numbers (turbulent mixing)

• Sodium nitrate solution : the results confirm the proceeding results but there was

some

evidence for enhancement of heat transfer due to cycling of precipitate but not at

high heating rates.

In conclusion, the transition in behaviour occurred at much lower Rayleigh numbers than

expected in a reactor scale melt pool, so these effects are not expected to be important at

fullscale But these results must be confirmed with prototypic materials if possible.

• M. Kymalainen presented a paper about "experiments on lieat jinx distribution from a large

voliimetriœl/y heated pool".

The study is motivated by an interest in arresting the progression of a hypothetical severe

accident in the reactor vessel by flooding the reactor cavity. For keeping the pool inside the

vessel it must be shown that nowhere the heat flux is high enough to cause significant local

wall thinning and that everywhere the local fluxes are below the local critical heat flux limits

on the outside. The study was performed for Loviisa plant which have a dished shape lower

head, a pool which extends into the cylindrical portion of the vessel and a maximum pool

height of 1.2 m which corresponds to a modified Rayleigh number of* 3 1014.

The experimental facility was COPO which is a 1/2 scale model of lower head of Loviisa

RPV (2D dimensional slice) The fluid is a conducting ZnSO^ - H20 solution.
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The interpretation of the results shows .

• Average heat fluxes .

For the upwards heat fluxes, it can be observed a deviation (--30%) between the

experimental data and the correlation of Steinberner and Reineke for Ra - 5 1014 with

lower Ra agreement is good. On the vertical boundary there is a good agreement.

For the downward heat flux, the agreement is seen good with the Mayinger

correlation. It depends on position along the curved wall

• Heat flux distributions :

For horizontal upward heat fluxes, there is no systematic tendency for peaking in the

upper portion of pool boundary. .

• The title of the last paper was "Sl'AHAHIili. HI• 1 experiment with a molten III)-, poof and

its interpretation"'. It was presented by M Kayser from CEA.

The aim of the experiments was to study the natural convection heat transfer in the pool in

the frame of fast reactor safety analysis. The test was performed in 1985 with 5 kg molten

UO2 in a 6 cm diameter stainless steel crucible cooled by flowing sodium. Different tests

were performed with specific powers Lip to 140 W/cmV Ultrasonic thermometers measured

the pool temperature up to J000°C.

The results were analysed by the THEBES code, by Seiler'1 correlations established through

the BAFOND water tests and by Kulacki and Emara's correlation for axial heat transfer.

It was been established that a futl crust building up or remaining on the wail is a very

effective protective layer. The crust has resisted to fluxes up to 200 W/cm2. The study of

convective heat transfer was performed but due to the experimental difficulties in measuring

high temperatures the numerical interpretations are not very precise. Some other

interpretations were interesting :

• The top heat removal through radiation was = 25% of total power

• The experimental heat transfer to the top was higher than the prediction (factor of 4).

This could be due to a phase change at the surface (solidification and subduction)

• The application of Seiler's correlation for radial heat transfer gives too small heat

transfer coefficients. The difference could be explained by uncertainties on physical

properties.

• Despite the uncertainties, for many applications in safety these correlations may give a

sufficient estimation of an order of magnitude.
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SESSION III

Title : Calculational Efforts on Molten Pool Convection

Chairman : B.D. Tmiand (AEA Technology)

SUMMARY

M. Dhir (UCLA) described experiments on natural convection heat transfer in

volumetrically heated spherical pools. The liquid was Freon 1 13, contained in a pyrex bell-

jar, heated by microwaves and cooled by a surrounding water pool. Calibration runs

indicated that this system provided a good simulation of volumetric heat generation.

Three different diameters were used 152 mm, 210 mm and 440 mm. Fill ratios for the

hemisphere (H/R) were varied from 0.26 to 1.0 ; most experiments had a free top surface,

but some used a rigid lid wish and without cooling. The data were well-correlated by a Nu-

Ra numbers relationship similar to that obtained by Mayinger.

Data and correlations for the dependence of heat transfer on position around the downward

facing surface were given , the peak heat tlux was found to be 2-2.5 times the average

• M. Pigny (CEA-Gr.ioble)) presented a preliminary study of flow and heat transfer in a

corium molten pool in a reactor lower head and in an ex-vessel core catcher.

Calculations were performed with the TR1O-VF code, which includes a k - e model for

turbulent flow. Rather than attempt to resolve the thermal boundary layers in detail, a local

heat exchange was used. Heat transfer in the walls and wall melting were considered. For

the lower head calculation only 21% of the heat was radiated from the top surface (low

emissivity of the surrounding steel) and the maximum heat flux to the wall is 1.3 MW/m2.

Unless nucleate boiling is assumed this leads to wall failure by melting. The ex-vessel

calculation assumed a separated vapor layer, and rapid failure of the container was

calculated.
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• M. Dinh (Electrogorsk) described calculations for the COPO experiments with the N'ARAL

code, which uses a 2-D co-ordinate transformation technique and the low Reynolds number

turbulence model of Chien

Dinh argued that a Reynolds stress model may be needed, but it was worth considering

whether acceptable results could be obtained using a modified k - E model. Using the

unmodified Chien model, the upward heat was underestimated by a factor of about 2.5,

whilst the lateral heat flux was overestimated by a small amount.

Grid refinement studies indicated that a converged solution had been obtained.

Modifications were introduced to the wall convection for the turbulent viscosity coefficient

and to the turbulent Prandtl number based on the local Richardson number (ratjo of buoyant

to shear turbulent production) With these modified functions the overall heat transfer

characteristics of the COPO tests could be reproduced

M. Strizhov (Russian Academy of Science) also presented calculations for COPO using a

code (RASPLAV) with a k - K turbulence model ; an analytical turbulence model was also

used. The model has been validated using data from a number of experiments, including

experiments with volumetric heating and isothermal walls. For the high Rayleigh numbers in

the COPO experiments, a strong mesh dependency on the calculated upward heat flux was

found : for convergence a sub-millimetre grid at the top surface is required.

Simulations were also presented for the RASPLAV facility, coupling an internal flow,

heating and melting of the vessel and external heat removal by convection.

Status of computational modelling

In principle, computational models based on CFD (Computational Fluid Dynamics) are

desirable for molten pool heat transfer The benefits include interpretation of the existing data

base, the possibility of limited extrapolation in Rayleigh number and geometry, and the

inclusion of effects which are difficult to achieve in simulant tests (e.g. radiative effects,

stratified oxidic/metallic layers).

The first object of the work is to establish a capability that is economic and can reproduce

the existing experimental data base. While work presented at the meeting and elsewhere has

demonstrated significant progress towards achieving this objective, the difficulty is that there is

no agreed model for turbulent heat transfer under strongly buoyant conditions. In the papers

presented the authors took three different approaches :
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/- Do not attempt to calculate the boundary layers Use the standard k - E for the bulk and a

local correlation for heat transfer at the wall

2- Modify a low Reynolds number k - e model by making the turbulent Prandtl number and

wall functions depend on the local stratification conditions.

3- Use standard k - e model or analytical turbulence models with minimal changes to obtain

reasonable agreement with the experimental data in the turbulent regime

Approaches 2 and 3 both compared reasonably well with COPO data - some difference in

convergence properties were noted, and it may be concluded that tests with a fine mesh close

to the surface should be done to ensure convergence However the work of Strizhov shows

that these calculations do not have to be particularly computer-intensive

In practical applications the need for detailed calculations depends on the likely margin If

this is high, relatively conservative assumptions (e.g. on peaking ratio) of the heat flux are

likely to be acceptable - and as easy to defend as the details of any particular turbulence model.

If the margin is non-existent, calculations will not help This probably leaves a relatively

narrow band of low margin where detailed calculations would support a safety case ; this

implies that the models should have a high degree of validation and robustness.

Recommendations for future work

© Based on the understanding of experimental data and the detailed simulations, consider

the development of a simplified practical pool model

© Effort now needs to be placed on validating the CFD models for low Prandtl number

materials, for application to steel layers

O Consideration needs to be given to other processes that might modify the heat transfer in

the reactor application such as freezing from multi-component systems at interfaces.
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SESSION IV

Tiîle : Heat Transfer to the Surrounding Water - Experimental Techniques

Chairman : H. Tuomisto (IVO, Finland)

SUMMARY

A basic element of the in-vessel retention of corium is to ensure sufficient heat transfer from

the submerged reactor vessel to the surrounding water. Obviously, the only way is to maintain

nucleate boiling regime on the vessel outer surface. The conditions of maintaining nucleate

boiling are that

- the vessel is submerged deeply to the water and an effective water circulation can be

sustained, and that

- the critical heat flux i.e. long-term film boiling conditions can be avoided

The vessel submergence requires that there is enough water available inherently or through

efficient accident management measures to flood the vessel up to the vessel supports.

Additionally, a free flow path has to be ensured to form a free circulation loop with a

downcomer section back to the cavity, ll has to be checked that the thermal insulation of the

vessel or loose insulation debris cannot clog these flow paths. The flow instabilities of the

circulation loop have to be accounted for.

The critical heat flux (CHF) studies involve several aspects. The boundary conditions come

from the heat transfer distribution inside the vessel. Most limiting conditions are those of the

convective corium pool. The CHF considerations outside the vessel are characterised by

- large flow channels

- thick heater walls i.e. the vessel wall having a very large thermal inertia

- downward facing, curved surfaces

- vertical vessel surface in some cases

- annulus geometry

» subcooling due to hydraulic head

- surface wetting properties
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• The first paper of Session IV by CEN-Cirenoble presented the draft of the report prepared

for CSNI/PWG4 on "Core Debris Cooling with Flooded Vessel or Core-Catcher Heat

Exchange Coefficients under Natural Convection" The purpose of this report is to

summarise state-of-art of the vessel outside cooling concentrating on the above mentioned

aspects.

• The second paper by Sandia National Laboratory and USDOE gives the results of the first

experiments from the CYBL facility. These full-scale tests demonstrated that the nucleate

boiling conditions on the surface of the fully submerged torospherical lower head can be

maintained for heat fluxes up to 200 kW/nr.

• The third paper by UCSB AND IVO International supported by USDOE presented the

results of the full-scale CHF studies through the curved, downward facing thick walls in the

ULPU-2000 facility The results indicate that the CHF lower bound of downward facing

curved surface is about 300 kVV/m-. When taking into account the heat flux distribution

from the molten pool, it seems evident that the limiting conditions of CHF do not take place

in the downward facing part of the lower head but near the upper part of hemispherical

bottom approaching to vertical vessel wall.

• The fourth paper by CEA-Cadarache concentrated on the TRIO-VF calculations of the

behaviour of a corium pool and TRIO-GENEP] calculations of the vessel external cooling

for a future PWR. The preliminary results emphasised the need for further development in

calculation methods to achieve realistic modelling of the in-vessel retention concept.

The general conclusions of Session IV are that the flow paths and the vessel submergence

require case-by-case very plant-specific evaluations. The available ULPU-2000 and CYBL

results show that the CHF values of downward facing surfaces are clearly higher than

corresponding downward heat fluxes from the corium pool. The limiting heat flux situations

arise when approaching to the vertical sections of the vessel lower head.
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SESSION V

Title : Future experiments and ex-vessel studies (open forum discussion)

Chairman : B. Kuczera (KfK, Germany)

SUMMARY

The session was composed of seven contributions which gave a perspective on future

experimental activities rather than on current experimental results. Its sequence was as follow :

• First, Mr V. Strizhov (Inst. of Nuclear Safety, Russian Academy of Sciences) presented a

profound overview on the OECD Project RASPLAV. The purpose of this international

project is the performance of integral in-vessel melt pool experiments with prototypical core

material compositions and core melt temperatures. This main part is accompanied by

separate effects test which should provide the necessary data base on relevant corium

material properties and by a broad model development program which may allow to transfer

experimental findings on real reactor conditions. The main test program is split up into two

parts :

- One part will be conducted in the RASPLAV a facility which represents the 2D slice

geometry of a VVER lower vessel head ;

- The second part will be performed in 3D hemispherical or elliptical lower vessel head

geometry.

Both facilities allow to treat with up to 200 kg Uranium melt ; the decay heat release is

simulated by corium heat through the graphite side walls (A) and by direct current heating

(B), respectively. Heat removal from the melt region will be realised by molten salt cooling

of the vessel wall. The extensive separate effects tests program will be performed in various

facilities already available. Current model developments both in 2D and 3D geometry is

supposed to support this ambitious program in the most efficient way.

• Model development was also the subject treated in the second paper. Mr B. Spindler (CEA,

France) reported on the French code TOLBIAC which wili be applied for the simulation of

the thermohydraulic behaviour of a molten core with simultaneous wall ablation. The model

is based on a 3D concept and treats three components : a metal liquid phase, an oxide liquid
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phase and a gas phase for the representation of the ablation products like carbon dioxide

and vapour. Two versions will be provided, one is oriented on the corium behaviour in the

lower vessel head, the other on corium behaviour in a core catcher. First results from a

simplified code version have illustrated preliminary results of both code versions. In this

context the need of appropriate material properties was again emphasized

The third contribution was entitled : "Feasibility of an experimental program on the coriitm

retention issue for AI.WR plants''. In the first part, Mr F. Parozzi (ENEL, Italy) illustrated

the current capabilities of the C0RIUM-2D model with regard to in-vessel and ex-vessel

corium behaviour, the second part presented by Mr D Magallon (.IRC Ispra, CEC)

summarise the present ideas on a FARO follow-on program

It is intended to become part of the fourth tramework program ( l(W5-98) of the CEC. For

this purpose the FARO facility could be modified which then would allow to handle corium

melt masses up to 350 kg In this context external water cooling and flooding of the melt

debris is taken into consideration An indicative test matrix of eight corium cooling and

retention experiments has been proposed as a contribution to the above cited CEC program.

In the fourth presentation Mr J.M. Seiler (CEA, France) illustrated the large scale projects

BALI and SULTAN devoted to core melt retention investigations.

While the BALI project is more oriented to large molten pool heat transfer phenomena in a

hemi-cylindric scale geometry, concentrates the SULTAN project more on ex-vessel or core

-catcher boiling phenomena. Tiie test section represents a rectangular 4 m long, channel

which can be fixed in various inclined positions. Both projects will extend the data base

which is used for the validation of the TOLBIAC code.

A status report on the Swiss CORVIS Project was presented by Mr H.M. Kottowski (PS1,

Switzerland). In the CORVIS experiments, the behaviour of a molten corium pool in the

lower vessel plenum is simulated The corium is represented either by up to 1000 kg oxide

melt or 1000 kg metal melt generated by a preceding thermite reaction ; a special DCarc

heating device simulates decay heat generation. The test CORVIS 02/1 recently carried out

was chosen, as an example for illustration. In this experiment a jet impingement of the melt

caused an unexpected failure of the sidewall of the caicible and major portions of the melt

were poured into the vicinity. Current post-test analyses lead to an improved understanding

of the complex material interaction processes. At the same time the CORVIS project serves

as an attractive nucleus for a broad international collaboration

A further ambitions, large scale UO2 program on corium behaviour and cooling for future

LWRs was presented by G. Cognet (CEA, France). The VULCANO Project is focused on
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key phenomena involved in the behaviour of"corium and its cooling possibilities under both,

in-vessel and ex-vessel conditions. There are two project phases VULCANO-E-30 will be

performed with corium masses between 30 and 100 kg in order to get the basic knowledge ;

for the second phase VULCANO-E-500, where the corium mass will be increased to 500

kg and above. Current investigations concentrate on a new plasma technique for corium

melting and on a refinement of the test instrumentation as well as on the corium sustained

heating technique The test matrix of E-500 will be defined in more detail on the basis of

experiences gained in E-30.

• Finally, an ad-hoc presentation on the French CORINE program was given by Mr J.M.

Veteau (CEA, France). In the current melt spread investigation program low melting point

simulant materials are used in order to extend the basic knowledge of relevant processes. In

so-called type-1 tests water-glycerol mixtures may provide some generic information, which

will be re-checked in type-2 tests to be performed with Bi-Sn alloys The spreading area is

represented by a planar I91' angular sector with a radius of 6,5 m. In subsequent, type-3

experiments the crust formation kinetics and the ablation velocity of the bottom material are

in the baseground of the investigations

Concluding remarks drawn from Session V :

The outlined future R&D activities on molten pool behaviour will support an improved

understanding of the complex severe accident phenomena and, thus, support the innovative

trend towards an enhancement safety quality of future LVVRs. The R&D work comprises

ambitious projects the generic and design specific results of which will probably not meet all

present objectives However, the investigations will provide essential information which will

contribute to the validation of the defence-in-depth strategy from deterministic point of view.

In any case, the activities will stimulate an intensivation of international collaboration in the

nuclear safety area.
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Abstract

This paper is basically a selective summary on the review that was performed by a group
of experts and published as an OECD/NEA/CSNI situation report on In-Vessel Core De-
bris Cooling through External Flooding of the Reactor Pressure Vessel [5]. The feasibility
of external vessel flooding as a severe accident management measure, and the phenomena
affecting the success in retaining molten core material inside the vessel, are discussed by
focusing on recent progress and work underway. The viability of external vessel flood-
ing has been found to depend strongly on the individual plant design. The variety of
research activities currently underway are essential in order to reduce phenomenoiogical
uncertainties, and to provide justification for decisions on possible plant modifications,
or new design features, related to external vessel flooding.

1 Introduction

If molten core material were arrested inside the reactor pressure vessel in a severe light
water reactor (LWR) accident, several phenomenoiogical concerns related to containment
integrity would be avoided. These include eg. molten fuel-coolant interactions in the
containment cavity of a pressurized water reactor (PWR) or in the pedestal or suppression
pool of a boiling water reactor (BWR); direct heating of the containment atmosphere
caused by core melt ejection through the vessel breach at high pressure; core melt attacks
against containment penetrations and structures; and slow basemat melt-through due to
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a possibly non-coolable core debris bed. Consequently, analyses and experiments have
been and are being carried out to investigate if core debris cooling and retention inside
the vessel were possible, in some existing p!c its or new designs, through external vessel
flooding (external vessel cooling, lower cavity flooding).

The potential concerns related to external vessel flooding are highlighted by the fact
that if a large molten corium pool were conserved inside the vessel, the potential of
energetic phenomena would exist for a long time period. In particular, if the reliability
of the measure were not high and the vessel eventually failed, some of the ex-vessel
phenomena described above could involve larger melt masses and energies. Since the
feasibility of the measure, and the phenomena related to its potential merits and concerns,
depend strongly on the individual plant design, a careful, design-specific safety assessment
is necessary prior to decisions on plant modifications or new design features. In addition,
some phenomena - concerning especially the in-vessel loads against the vessel lower head
and the ex-vessel heat rejection capability - include substantial uncertainties that have
to be reduced by design-specific and concerted research activities.

The feasibility of external vessel flooding, and the status of some actual plant and
design efforts, are discussed first in Chapter 2. Then the phenomena affecting the success
in retaining molten core material inside the vessel, and issues raising potential safety con-
cerns, are surveyed in Chapter 3, paying most attention to recent progress and important
experimental projects underway. Finally in Chapter 4, a very brief summary is given.

2 Feasibility

In this chapter, aspects and plant characteristics affecting the feasibility of external vessel
flooding are discussed, and the status of related efforts on some existing plants and new
designs is touched upon. Although the feasibility is highly design-specific, no attempt is
made here to describe differences among existing plants, and new designs, in detail.

2.1 Plant design

Containment and cavity design

In some existing PWR plants and new designs, the containment cavity is so small in
volume and the containment geometry is such that the cavity could become filled with
water, and the vessel highly submerged, merely due to depletion of the reactor coolant
system (RCS) water inventory into the containment (note that accumulators or specific
injection tanks in case of a low-pressure core meltdown, and ice melting in ice condenser
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containments, add to the containment water inventory). For such plant designs, external
vessel flooding would not necessarily require any separate actions or dedicated systems
to increase the containment and cavity water inventory. For cavities that are small in
volume, dedicated flooding systems should not be too difficult to implement either, but
inadvertent activation could be harmful due to wetting of the cavity equipment, including
thermal shocks of the reactor pressure vessel.

The above-described features do not apply to many PWR plant designs. On the
contrary, there are significant differences between existing PWR containments in the
expected level of inherent cavity water-filling and vessel submergence, as well as in the
flow paths, through which boiling water-steam mixture could travel upwards out of,
and condensate could drain down into, the cavity. In most PWR plant designs, extra
water would have to be delivered to the containment and cavity sump from outside the
containment, by the operation of emergency core/containment cooling systems or some
special measures, in order to submerge the vessel high enough; the required actions and
the possibilities of invoking them vary.

For most existing BWR plants, external vessel cooling could involve considerable
feasibility problems. A fast-acting water supply of high capacity would be required, due
to the large containment volume below and around the reactor pressure vessel. This is
especially so if any adverse effects of containment water-filling on pedestal equipment
were to be avoided and flooding thus activated only after clear symptoms of severe core
degradation emerge. Furthermore, the containment water-filling, needed to submerge the
vessel high enough, would compress the free gas volume available for non-condensable
gases, and containment venting might be needed very early in the accident. In some
BWR plants, modifications would be necessary also to ensure complete wetting of the
vessel lower head and water-steam venting up through the vessel support skirt.

Vessel and core design

The existence, number and type of penetrations, as well as their weldings, in the
reactor pressure vessel lower head depend on the vessel design. There are differences in
the geometry of the vessel lower head and its penetrations, for example, in their inner
diameter and wall thickness. The existence and type of external thermal insulation, and
other structures surrounding the vessel and lower head, are design-specific. They affect
the gaps available for water flowing along the lower head wall and water-steam mixture
escaping from the vessel vicinity. All these features can affect the success in retaining
molten corium inside the vessel by cooling the outer surface of the vessel wall, as well as
lower head penetrations if existing and prone to internal melt attacks.

The power density and the geometry of an in-vessel, molten corium pool, and the
subsequent margins to a vessel-coolant heat transfer crisis, depend on the core and R.CS
design. In many PWR's the corium power densities and heat fluxes could be high,
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especially if the accident started under full-power conditions and proceeded fast due to
a large and uncompensated loss of the RCS water inventory. On the other hand, as
far as substantial margins were demonstrated, concerns of a locally critical heat flux
might not necessarily be the most important determinant. The difficulties in providing
an adequate vessel submergence, and efficient water-steam natural convection in a more
integral respect, could instead be much more decisive.

2.2 Severe accident management

As a specific severe accident management measure, external vessel flooding has to be
developed together with the overall, design-specific strategy. The RCS and containment
behaviour in various accident sequences, and the influence of other preventive or mit-
igative accident management measures, must be systematically investigated in order to
compare the thermal and mechanical loads of the vessel to its external cooling conditions
and structural capability. For example, the availability of the RCS depressurization and
core/containment cooling systems could affect the reliability of melt retention inside the
vessel. Furthermore, if separate actions were required for cooling the vessel, the instru-
mentation and symptoms used to initiate flooding also would have to be studied. As a
long-term severe accident management aspect, the surveillance of plant conditions (con-
cerning vessel submergence, containment water inventory, RCS pressure, etc.) needed for
external vessel cooling and in-vessel melt retention, and the planning of possible corrective
countermeasures, are important.

Traditionally, the means to inject water into the RCS have been promoted to arrest
further accident progression and, in particular, to prevent any severe core degradation.
External vessel flooding could thus be viewed as an extraordinary accident management
action and active cavity flooding questioned by what would be the best injection point
from the overall safety perspective. On the other hand, passive cavity flooding and vessel
submergence, induced by suitable plant design features, is not disputable in this respect.
In addition, external vessel cooling could have some distinct benefits with regard to its
availability and effectiveness in protecting vessel integrity in case of core melting; it could
be facilitated by low-pressure injection or bleeding from a tank, and, if core had already
started to melt, coolant injection into the vessel would not necessarily be that efficient in
quenching and cooling all molten corium and preventing the vessel breach.

The potential pros and cons of external vessel flooding in severe accident management
do depend also on the containment and cavity design, on their ability to arrest various
severe accident sequences inside the containment.
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2.3 Current status

The viability of external vessel flooding, in existing plants and new designs, has been
studied in several countries. Related safety aspects are currently under research at least in
Belgium, Finland, France, Germany, Italy, Russia, the UK and the USA1. Some examples
on plant and design efforts are discussed below; see also Figure 1.

For the Finnish Loviisa PWR plants, external vessel flooding is being studied as a
corner stone of the proposed severe accident management strategy, since the features of
the VVER-440 RCS and the ice-condenser containment deem the measure particularly
attractive for Loviisa [13]. Additional enhancements concerning water drainage down
into the cavity, coolant entry onto the vessel lower head, and water-steam venting up to
the sump of the lower containment compartment, are under design. Decisions on possible
plant modifications will be based on the research projects underway [6, 7].

In the U.S. Zion-like PWR plants with large-dry containments, the features beneficial
for the feasibility of external vessel flooding have lead to serious investigations on the
potential success and effects of cavity flooding [2, 3], and their implications for severe
accident management and risk assessment. After studies on the effects of external vessel
flooding in the U.S. Mark-I BWR plants [4], it has been recommended that the strategy
of containment flooding should be assessed in detail also for BWR plants.

In addition to some existing LWR plants, external vessel flooding is of special interest
to new designs. In this context, the efforts to develop and qualify this strategy could
provide diversity to the containment core catcher or other cavity design features, the
purpose of which is to arrest and cool the corium after the vessel breach. Melt retention
in the vessel by external vessel cooling is, perhaps most notably, being investigated for
the AP-600, advanced PWR design.

Apart from LWR designs, the strategy of a flooded cavity and external vessel cool-
ing has been investigated for the U.S. New Production Reactor - Heavy Water Reactor
(NPR-HWR) concept, the further design of which is currently halted and the related
experimental efforts thus focused on LWR design interests [1].

3 Phenomena

In this chapter, phenomena affecting the success in retaining molten core material inside
the vessel by external vessel flooding, and issues raising potential safety concerns, are

lrThe proposed OECD/NEA-RASPLAV project, including melt-structure experiments with real ma-
terials, may involve wide participation and exchange of information also on external vessel flooding.
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Figure 1: The containments of the Loviisa PWR (free volume 57000 m3), the Zion PWR
(77000 m3) and the Peach Bottom Mark-I BWR (12000 m3 incl. suppr. pool 4000 m3).
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examined. While the importance of design-specific safety assessments is emphasized, all
potentially significant aspects are not described in detail, and also the discussion on results
of relevant research projects is rather rudimentary. More information and references can
be found in the original situation report [5], and particularly in other papers of this
workshop which include the most recent results, too.

3.1 Transient phase

A long-term melt retention inside the vessel could not be guaranteed if the vessel lower
head did not sustain the initial melt attaxk and, more generally, the transient from core
meltdown to a coolable corium pool configuration in the vessel bottom head.

The transient phase involves a wide spectrum of phenomena: late-phase core melt
progression and relocation (coherent vs. gradual slumping, melt jet characteristics);
energetic fuel-coolant interactions (impulsive loads); core melt fragmentation, quenching
and attack against the lower head and penetrations (thermal loads); the dryout and
remelting of an in-vessel core debris bed, and the establishment of convective currents
in molten corium (time scales, decay power level, pool homogeneity). The significance
of these phenomena with respect to vessel integrity is strongly design-specific, yet the
transient attack against the vessel lower head could, in some situations, be moie forceful
than the steady-state convection state. Furthermore, the vessel could fail also if flooding
actions were needed and taken too late to protect vessel integrity, the possibility of which
depends on the core meltdown accident sequence and its progression in time.

During the past few years, the understanding of lower head failure mechanisms after a
LVVR core meltdown (a failure or ejection of a lower head penetration, melt jet impinge-
ment on the lower head wall, a local or global creep rupture of the vessel wall) has grown
substantially. Extensive analytical work on potential lower head failure modes have been
conducted by INEL for all major types of the U.S. LWR plants [10], margins-to-failure
have been analysed for the lower head of the TMI-2 vessel within the OECD/NEA's TMI-
VIP project [12], and several other studies have been performed. In addition, experimen-
tal projects on late-phase core melt progression and melt-coolant-structure interactions
are underway due to uncertainties still involved.

As a draft, general conclusion of the completed studies, any success in preventing or
delaying vessel failure after the initial core melt attack appears to be strongly design-
specific, the likelihood of success increasing by measures lowering the pressure and ther-
mal loads against the vessel lower head and enhancing internal and external cooling of
the vessel. Some issues, such as the integrity of lower head penetrations (if any) and
the molten fuel-coolant interactions in the vessel bottom head (melt quenching, steam
explosions), need more attention, should the efficiency of a design-specific severe accident
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Figure 2: In-vessel core debris cooling through external vessel flooding,

management strategy depend on in-vessel melt retention.

In the following sections it is mostly presumed that the configuration of a large molten
corium pool in the vessel bottom head would be reached without a vessel failure.

3.2 In-vessel heat transfer

In a steady corium pool convection state, the thermal loads against the vessel would be
determined by the in-vessel heat transfer distribution involving convective and conductive
heat transfer from the decay-heated corium pool to lower head wall in contact with
corium, as well as convective and radiative heat transfer from corium to upper surfaces
of the vessel. A simplified description, elucidating also the importance of the driving
corium convection phenomenon, will follow; see also Figure 2 [2].

L" radiative heat transfer (or coolant boiling in case of late water delivery into the ves-
sel) upwards from the molten corium pool were efficient enough, the top surface would
get crusted in the same way as crust would be formed at the interface between oxidic
corium (higher) and metallic lower head wall (lower melting point). Molten corium would
be in a state of volumetrically heated liquid pool with uniform boundary temperatures
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at the melting/freezing point of corium. On the other hand, if radiative heat exchange
between corium pool top and cooler in-vessel surfaces were inadequate to pass the up-
ward heat flux driven by corium pool convection, no additional heat transfer resistance
could be sustained, the upper crust would vanish and convective heat become somewhat
redistributed. Assuming that the outer surface of the upper vessel wall remained under
nucleate boiling conditions, it would stay nearly at the coolant temperature, the inner
surface temperature would rise to conduct the local radiative heat flux through the wall,
and the wall could also melt partially. The thickness of crust between corium and lower
head wall, and the thickness of the lower head itself, would adjust according to the local
heat flux from corium convection and the driving temperature difference for heat conduc-
tion, that is, from corium freezing to wall melting temperature for the crust, and from
wall melting to coolant temperature for lower head wall with external nucleate boiling.

Natural convection in volumetrically heated liquid pools has been experimented with
and analysed extensively; see eg. [8, 14]. With isothermal pool boundaries, heat would
be convected predominantly to upper and side surfaces, and the bottom surface would
receive lower heat fluxes as physically reasonable. However, previous works are not, in
every detail, representative of a molten corium pool in the vessel bottom head involv-
ing specific conditions such as high Rayleigh numbers, turbulent boundary layers a low
height-to-diameter ratio, a hemi- or torospherical geometry, and perhaps an elevated up-
per boundary temperature, too. Therefore, any extrapolations to different geometries
and convection conditions have to be considered with caution. In addition, whereas in
many previous studies only the average heat transfer coefficients from liquid to surround-
ing walls have been correlated, also the heat flux profiles and their peak values are needed
for safety assessments concerning external vessel flooding.

In order to study reactor situations in more detail, experiments have been conducted
at the IVO's COPO facility in Finland [7] and are being planned with the CEA's BALI
facility in France. Both the COPO and BALI facilities use water as the corium simulant
and are designed as two-dimensional slices of the particular geometry of interest; the
results have to be complemented by studies on potential influence of real materials and
the three-dimensional nature of corium convection. The COPO experiments, in linear
scale 1/2 to the torospherical bottom head of the Loviisa VVER-440 vessel, have shown
that average convective heat fluxes agree rather well with existing correlations and the
local downward heat flux depends on the position along the curved wall; strong heat flux
peaking on the vertical side wall has not been observed [7].

In addition to the driving heat source from molten corium pool convection, several
complications caused by the uncertainties of a real core meltdown situation have to
be addressed for the in-vessel heat transfer distribution2. Such items include eg. the

2 It should be noted that the potential significance of any irregularity in the in-vessel heat flux dis-
tribution depends on the behaviour of the whole system (corium, vessel, coolant). Conduction through
the vessel wall on the one hand, and radiative heat transfer from the corium pool top on the other, may
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possibility and effects of metallic melt stratification on top or bottom of the corium pool:
the sensitivity of the in-vessel radiative heat exchange and distribution; the uncertainties
and inhomogeneities in material properties/composition of corium and their effect on
corium pool convection, heat transfer, eutectic interactions and crust formation: and the
behaviour and influence of in-vessel structures and lower head penetrations.

3.3 Ex-vessel he-̂ t transfer

The coolant flow conditions around the vessel and the vessel-coolant heat transfer effi-
ciency are crucial for the success of external vessel flooding, as described in the following.

If the ex-vessel heat transfer process departed from nucleate to film boiling, the sub-
sequent heat transfer crisis would raise vessel temperatures throughout the whole wall
thickness, and the vessel could fail at moderate RCS pressures or even due to the weights
of the vessel and internals alone. In order to prevent a local vessel-coolant heat transfer
crisis, a great deal of the corium decay power would have to be convected and radiated
to upper vessel surfaces. This is because, typically, the contact area between corium and
lower head wall is too small to limit heat fluxes below critical, and especially so since
critical heat fluxes are the lowest for downward boiling. In addition to locally subcrit-
ical heat fluxes, natural convection of the ex-vessel water-steam mixture would have to
be efficient enough, and the vessel submerged in water high enough, to prevent a more
extensive dryout of the vessel surface.

One-dimensional natural convection experiments have been performed by IVO at the
UCSB's ULPU facility in the USA [6] and are being planned with the CEA's SULTAN
facility in France [11]. In the first ULPU experiments of nearly full height compared
to the Loviisa VVER-440 vessel, neither unstable flow regimes nor critical heat fluxes
were observed with a vertical boiling surface and hea.t fluxes up to l.2MW/m2 at l.bbar
pressure [6]. Since then, experiments have been performed at the ULPU facility with
a downward-facing, curved boiling surface modelling an arc of the AP-600 vessel lower
head. The SULTAN tests also will address downward boiling, and experimental results
are expected from the SNL's CYBL facility in the USA, a vessel that can be used for
large-scale, three-dimensional testing of ex-vessel heat transfer [1].

The ex-vessel heat rejection capability has to be thoroughly examined, taking into
account design-specific cooling requirements and any restrictions or potential disturbances
for coolant flow; see eg. [3]. Because the decay power and thermal energy contents of
corium would decrease slowly, external vessel cooling would have to remain efficient for
a very long time period.

diffuse short (temporal), and spread out narrow (spatial), heat flux spikes.
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3.4 Structural integrity

After the in-vessel heating and ex-vessel cooling of the vessel have been studied, the solid
thickness and temperature profile of the vessel can be estimated. Structural analyses
estimate the loads that the vessel can sustain, and evaluate the success of external vessel
flooding with various vessel heat transfer and load conditions.

While thermal considerations may be sufficient to confirm vessel integrity at low RCS
pressures, detailed structural analyses are needed for elevated system pressures. The main
uncertainties in performing structural analyses for the vessel wall result from uncertainties
in the in-vessel heat flux distribution, high thermal gradients of the vessel wall, and lack of
data on material properties at high temperatures; see eg. [9]. However, compared to the
difficulties in performing structural analyses of the transient phase from core meltdown
to the formation of a molten corium pool, and defining boundary conditions for them, the
capabilities to conduct conservatively biased steady-state analyses appear rather mature.
In addition, the lack of high-temperature data on material properties has been partly
covered by recent lower head failure studies; see eg. [10, 12]. The behaviour of lower
head penetrations (if any), the molten fuel-coolant energetics against the vessel lower
head, and the potential effects of melt jst impingement upon the lower head, would
deserve further exploration. The critical vessel areas that could cause a vessel failure if
overheated by a vessel-coolant heat transfer crisis, as well as the effects of a late (internal
or external) floo-'ing of a structurally degraded vessel, should be studied in order to
understand the sensitivity of the system to various disturbances.

As a draft conclusion from completed analytical studies showing strong design de-
pendence, external vessel cooling could prevent both vessel and lower head penetration
failures provided that an in-vessel, molten corium pool were established at a low RCS
pressure and with outer vessel surfaces under nucleate boiling conditions. High RCS
pressures might not be sustained, and the transient phase, involving core meltdown and
subsequent melt-coolant-structure interactions and energetics, also requires more atten-
tion.

3.5 Safety concerns

The safety concerns related to in-vessel melt retention are probably even more design-
dependent than the afore-discussed phenomena, since they are affected both by the phe-
nomena of external vessel flooding and the potential outcome if the vessel failed.

The heatup of upper vessel structures, and more distant RCS components as a result
of natural gas convection, has to be addressed at least up to the point where structural
failures would cause depressurization of the RCS. The potential of natural gas convection
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in the RCS varies, and the significance of this phenomenon is affected by plant features,
the accident sequence in question, and available accident management measures such as
intentional RCS depressurization. For example, exposure of PWR steam generator tubes
to hot gases and fission product heating, and the subsequent concern of containment
bypass, would be influenced by the geometry, submergence and leakage points of the
RCS. The behaviour and effects of fission products, in a prolonged state involving a hot
corium pool and RCS gases and structures at elevated temperatures, have to be analysed.

In fact, also the beneficial role of upward convective and radiative heat transfer from
corium, in extending the heated vessel area and lowering local heat fluxes, might change in
the long run. Depending on the long-term vessel and RCS submergence in water, coolant
injection into the vessel could be required to quench the vessel. Whether intentional or
not, the possibility and effects of coolant injection into an internally dried-out vessel have
to be accounted for by estimating the effects of thermal shock loads, and the capability of
a heated and structurally degraded vessel to withstand molten fuel-coolant interactions
with energetic shock loads, and a slower RCS pressure increase, due to a stratificd-mode
interaction.

The outcome of a vessel failure is of interest, especially if the vessel integrity cannot
be guaranteed with high reliability. The loads caused by a large mass of melt penetrating
into a wet or dry cavity should be compared to the strength of the containment boundary,
assessing the consequences of a vessel failure at high or low RCS pressure. In addition to
energetic shock loads, the molten fuel-coolant interactions in a water-filled cavity could
lead to high quasi-static pressurization due to sudden, effective steam generation. At
high RCS pressures (if credible), the higher probability of a lower head rupture would be
accompanied by more severe threats to containment integrity. One also has to examine
the possibility that for an externally, and perhaps only temporarily, cooled vessel a global,
circumferential vessel head rupture could outweigh the other potential failure modes.

For melt retention in the vessel by external vessel cooling, the long-term severe ac-
cident management aspects, including monitoring of necessary plant conditions, are of
special importance. Any practical problems related to such a unique measure should not
be overlooked either. Indeed, the personnel most acquainted with the individual plant or
design, and its behaviour in different accident situations, should be integrated into the
design process.

4 Summary

Due to advantages of retaining molten core material inside the reactor pressure vessel in
a severe light water reactor accident, the in-vessel core debris cooling through external
vessel flooding is under investigation in several countries. The feasibility and success

40 -



- as well as the potential merits and concerns - of such a severe accident management
measure depend strongly on the individual plant design, and a careful, design-specific
safety assessment is therefore required prior to plant modifications or new design features.
The feasibility problems, pertinent to many existing plants, might be better overcome in
new designs. In this context, the strategy of external vessel flooding could be viewed as
diversity to the containment core catcher or other cavity design features, the purpose of
which is to arrest and cool the corium after the vessel breach.

The potential safety concerns related to external vessel flooding are amplified by con-
siderable uncertainties in severe accident phenomena. Both design-specific and concerted
research efforts are necessary to provide justification for the decisions on possible plant
modifications, or new design features, related to external vessel flooding. Recent lower
head failure studies have examined potential failure modes after core meltdown, the on-
going experiments on in-vessel corium pool convection and ex-vessel coolant behaviour
are crucial in determining fundamental driving forces and heat balances, and, further-
more, several studies are underway to explore other issues and safety aspects involved.
Due to the wide variety of activities underway, it is expected that the knowledge-base
of the viability of in-vessel core debris cooling through external vessel flooding will grow
and mature substantially during the next few years.
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A B S T R A C T

In this paper we have provided an integrated approach for evaluating the likelihood that

a molten core can be contained inside the lower head of an externally flooded reactor

pressure vessel. The approach includes formulation of a probabilistic framework and

quantification of its various components, along the lines of the Risk-Oriented Accident

Analysis Methodology (ROAAM), for two specific cases — the Loviisa reactors operating

in Finland, and a surrogate design based on the AP600, a passive ALWR currently being

pursued in the US. The paper also includes a summary of the technical bases used in the

quantification, and reference to reports where all the details can be found.

1. INTRODUCTION

The idea of arresting the progression of a severe accident by submerging the reactor vessel in a

water pool is relatively recent. Its technical feasibility was first demonstrated for the Loviisa nuclear

power plant, a Russian WER-440, in Finland (Theofanous, 1989). This reactor is equipped with

a Westinghouse ice condenser containment, and the cavity design happens to be, both in size and

location, most favorable for flooding by the ice melting during the course of any serious accident

Thus in-vessel retention formed the cornerstone of severe accident management in Loviisa (Tuomisto

and Theofanous, 1991). A related research program has been ongoing for the past several years
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(Kymâlainen et al., 1992; Kymàiàinen et al., 1993). Independently, the idea has been pursued

also for the Zion nuclear power plant by Henry et al. (1991), by Henry and Fauske (1993), and

by Hammersley et al. (1993a,b), and for the AP600 by Henry et al. 1993). Also, it has been

recommended as a potentially important accident mitigation measure for BWRs by Hodge (1991).

Interest around the world developed rapidly, a number of new research programs are in place, and

this specialists workshop is, therefore, of excellent timing. A comprehensive review of the technical

issues involved, an assessment of the current status, and the various research programs worldwide

have been prepared by a group of experts for the CSNI (Okkonen, 1993).

The purpose of this paper is to present two studies (Theofanous et al , 1994 and Kymâlainen et

al., 1994) that have just been completed. They are "first" in the sense that they are comprehensive

and, going beyond feasibility, they are intended to actually demonstrate the case quantitatively —

for regulatory use in the case of Loviisa, and for possible use by the vendor in licensing in the

case of the AP600-like design. Both studies are focused on what has been recognized as the main

problem; that is, long term coolability, under natural convection, in a configuration such as the

one illustrated in Figure 1. fin addition, the studies address transient relocation aspects which are

dominated by forced convection effects and produce rather localized thermal loads.] The reason for

the joint presentation is that these two studies have much in common, while any variations on the

specifics, due to the different designs, provide a useful complimentary perspective on the problem.

Steel
** Layer

Corium
Pool

Figure 1. Schematic of the in-vessel retention phenomenology and basic nomenclature used to
describe it.

Returning to Figure 1, the physical situation can be described as follows. The decay heat

generated in the corium pool is convected to the pool boundaries and conducted through the en-

veloping corium crusts to the surroundings. At all interfaces (of these crusts) with the reactor

pressure vessel (the lower head), this thermal load is dissipated through the steel wall directly to

boiling water. In the upward direction, the thermal load is convected through the molten steel
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layer and is dissipated in part by radiation to the upper portion of the vessel wall and through it to

water, and in part by convection to the portion of the vessel wall in contact with this molten layer

and through it, again, to boiling water in the cavity. Success is predicated upon the continuing

integrity of the reactor pressure vessel as it is subjected to the thermal loads just described. This

integrity can be violated by heat fluxes high enough to cause either boiling crisis (and hence wall

n^ltthrough) or wall thinning (by melting on the inside) and structural failure under the pressure

and dead-weight loads in effect at the time of interest Structural failure must also be considered

under dynamic loads due to potential energetic steam explosions during the core relocation phase

of a severe accident. In this "early" time frame a full-strength (no wall thinning) lower head is

appropriate. Finally, dynamic mechanicals loads can also arise in a very special case of "very late"

water supply into the reactor vessel, followed by a thermal interaction with the molten steel layer.

Thinned walls may be appropriate in this case, but the stratified contact regime is known to be

energetically benign; that is, reduced strength is to be faced with reduced loads. An overall view

of these three different domains (or regimes) of loading conditions and respective failure criteria

is provided in Figure 2. In this paper we limit attention to the thermal regime, and, in fact, only

to the long term portion of it. The dynamic mechanical load aspects are considered in a separate

study currently under preparation at UCSB, and they are not expected to present a very significant

structural challenge (Theofanous and Yuen, 1993).

Thermal Loading
(Long Term)

Power Level
Melt Quantity

Mel t Composition
Geometry, Properties

Mechanical (FCI) Loads
under Late Rellood ol RPV

'mût

Dynamic SE Loads (Early)

Melt Pour Rate
Geometry, Properties

J-/ , '*•(«.»)*

Thermal Failure Criteria

Geometry
Flow Paths

Weights (Net)
Thermal Stresses

Integrity under
Lon|T(imorTiinsiem

Ttaermil Loads

6F

Structural Failure Criteria
Dynamlc/Qua9l-Statlc

If

PF

Dynamic Structural Failure

Criteria Based on 6__

Geometry, Properties

1 * Integrity under
Dynamic Stem
Explosion Loads

' S i t u a Explodon R e f i n e '

Figure 2. An overall view of the in-vessel retention issue. The term Pmax is to represent an effective
pressure over the time frame appropriate for the quasi-static evaluation of structural response of the
wall.
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Besides the physics involved, there are four other systems aspects that are of significant

importance in evaluating the thermal regime. They are: system pressure, cavity flooding, water

access paths, and steam venting paths. They are treated in detail in the respective studies, but

for completeness, some key points are briefly mentioned here. In both cases the primary system

is expected to be completely depressurized. [Depressurization j s a m a j n feature in the passive

AP600 design, and Loviisa is to install a highly reliable depressurization system (Tuomisto and

Theofanous, 1994).] Also, in both designs the lower head is free of any penetrations. In both cases

the reactor cavity is expected to be flooded, submerging the vessel up to the main RPV nozzles

[in the AP600 by the passive ECCS, and in the Loviisa by melting of the ice in the ice-condenser

containment]. In Loviisa, the water access path to the lower head is ensured by lowering the

whole lower insulation/neutron-shield assembly (Tuomisto and Theofanous, 1994; Kymalàinen et

al., 1994). In the case of the AP600, the details of the insulation are not known, but a case has been

presented (Henry and Fauske, 1993) that shows that normal reflective insulation is so leaky that

no water access problems could be expected. Finally, for the steam venting padi, exit restriction

in Loviisa has been identified as a source of flow oscillation with potentially detrimental effects on

the coolability behavior, but followup experiments demonstrated that this concern is not warranted.

Some further opening of the steam venting paths is expected to be employed nevertheless. In the

AP600, no such flow restrictions appear to exist in the design.

Both studies follow the Risk-Oriented Accident Analysis Methodology (ROAAM), which was

especially devised for problems of this kind. Previous examples of application of the methodology

include one on Mark-I liner attack, which reached final resolution recently (Theofanous et al., 1991,

1993), and the other on direct containment heating, for which the ROAAM process has just begun

(Pilch et al., 1993). The two studies discussed here, therefore, constitute the third application.

The central, pivotal element of ROAAM is a probabilistic framework. Its purpose is to de-

compose the particular issue into a set of interrelated, computationally, elements, each of which

represents a weIl->--..ed technical problem. Each element is to be independently quantified and the

result is obtained by synthesizing these individual quantifications in the manner dictated by the

probabilistic framework. The emphasis in these individual quantifications is to represent uncertain-

ties and to envelop them in a reasonable fashion so that the final, computed result can be considered

to be a reasonably conservative estimate. Accordingly, a lot of emphasis is also given in assessing

the feasibility of quantification. That is, the quality and relevance of the available evidence is as-

sessed and quantifier «ion is not even attempted unless a reasonable standard of applicability can be

established. In cases where this is not possible, we examine the use of strictly bounding estimates,

or we make use of a logic-based approach to envelop the behavior by means of several "splinter"

scenarios, all of which need to be independently considered. If none of these options is possible,

the particular quantification must be left open until the technical quantification needs pointed out

can be met. In the quantification we use a probability scale, as in Table 1, that is completely
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arbitrary.a This means the final numerical result (of probability) has no intrinsic meaning; rather,

we must use the physical meaning corresponding to it according to the same probability scale.

Finally, the ROAAM process is to involve key experts in each technical topic and to continue until

an adequate level of synergism and convergence has been achieved.

Table 1. Definition of Probability Levels

Process
Likelihood

1/10

1/100

1/1000

Process Characteristics

Behavior is within known trends but obtainable only at
the edge-of-spectrum parameters.

Behavior cannot be positively excluded, but it is outside
the spectrum of reason.

Behavior is physically unreasonable and violates well-
known reality. Its occurrence can be argued against
positively.

Accounting for uncertainties, the generalized "loads" (i.e., heat flux, wall thickness) would

be probabilistically distributed, and so would the generalized "fragilities" (failure criteria). The

probability distribution of the failure probability (or frequency, as the case may be) could then be

obtained by the proper "intersection" of these two families (in the most general case) of distribu-

tions. In the present case the results did not produce any significant intersection, which allows a

conservative, deterministic treatment of both failure criteria, and a relatively simple representation

of uncertainties in the "loads." The failure criteria are developed in the next two sections. The

mathematical formulation for the determination of the loads is considered in Section 4, and the

quantification of the main uncertainty factors is provided in Section 5. The actual quantification

of loads is given in Section 6, which also includes a comparison to the failure criteria, and related

discussions about needs for additional work. The paper concludes in Section 7 with the envisioned

future implementation activities for each of the two studies.

2. T H E R M A L FAILURE C R I T E R I A

The key consideration here is that the two-phase boundary layer remains attached all along

the downward facing exterior surface of the lower head as it flows upward, driven by the available

gravity forces. These forces increase as surface orientation changes from essentially horizontal, at

0 ~ 0°, to vertical at the upper edge of the molten pool, and the intensity of the resulting flow

increases correspondingly. The flow regime is also expected to change from a relatively quiet, low

a Note, however, that the relative "distance" between the three probability levels in the scale in
effect defines what we mean by "physically unreasonable"; i.e., the independent combination of an
"edge-of-spectrum process" with one that is "outside the spectrum."



steam velocity regime near the bottom, to a highly turbulent, high void fraction regime near the

top. On the other hand, the gravity head provides ~15° C of subcooling, and depending on the

induced natural circulation flow around the reactor annulus, it may be very effective in inducing

condensation-driven motions and yet another potential regime relevant to the coolability limits of

interest here.

Because of the relatively flat lower head of Loviisa, the corium pool extends well into the

cylindrical portion of the vessel, and the thermal loading and coolability limits on these vertical

walls are of primary interest. Experiments carried out specifically for this purpose (ULPU facility),

and under the appropriate natural circulation flow conditions, failed to produce boiling crisis for heat

fluxes up to the available limit of 1.3 MW/m2 (Kymâlàinen et al., 1992). This can be considered,

therefore, a conservative estimate of the thermal failure criteria on a vertical wall.

In the AP600-like design, the hemispherical head can contain slightly more than the available

debris; therefore, the strongly curved, downward facing boundary is of interest. Experiments

carried out so far in an upgraded ULPU facility explored the saturated pool-boiling regime, which

is expected to conservatively bound the subcooled, circulating case of interest. The results of this

work, presented in another paper in this workshop (Theofanous et al., 1994) are summarized in

Figure 3, which also contains the vertical wall estimate mentioned above. As we will see below,

even though rather conservative, this failure criteria are more than adequate for our present purposes.
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Figure 3. Quantification of thermal failure criteria (CHF). The dashed line is a preliminary estimate
and the dotted line is interpolation.
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Experiments also have been carried out in the full-scale, axisymmeulc geometry of the CYBL

facility at Sandia, at power levels of up to 200 kW/m2, without disruption of the nucleate boiling

phenomena (another paper in this conference). Because of the torospherical shape, these results

are directly applicable to Loviisa, and to the AP600-like reactor in the hemispherical region near

3. S T R U C T U R A L FAILURE CRITERIA

The key considerations are that at the low pressures of interest here the mechanically-induced

stresses (due to the vessel's own weight and that of its contents) are very small compared to the

thermal stresses, that ductile behavior is appropriate and failures cannot be expected until strains

well in excess of 10%, while the ;naximum strains possible under the relevant thermal loads are

only 0.2%, and that significant loss of strength and susceptibility to creep occurs at temperatures

above ~900 K. Our approach is based on the idea that under these conditions there is always a

"core" of wall material that is stressed below yield, and that as long as this material can support

the applied mechanical loads high temperature creep, and thus failure, can be prevented. This is a

conservative approach because some of the yielding material is at low temperature and only slightly

strained, and hence capable of resisting failure on its own.

Not having quantified these margins, the approach can be considered as a near-zero-margin

criteria approach. However, at this time, it appears that the margins to failure are so very significant

(see Section 6) that they allow the possibility to build conservatism to the criterion itself (as done at

the end of this section), or alternatively, based on it to assign a probabilistically distribu*»'/] criteria

by using the scale of Table 1.

The minimum thickness of elastically stressed material needed to support the core debris on

the lower head without reaching yield is given simply by:

(1)

where R is the radius of the vessel, F is the applied load, and <ry is the yield stress. For a value of

the yield stress equal to 250 MPa, a total weight of 150 tons, and R = 2 m, we find 6 = 0.47 mm!

To illustrate the existence of the "core" material, let us consider the thermal stresses in a

cylindrical wall subject to a linear temperature gradient with a total temperature difference across it

of magnitude AT. For a wall thickness small compared to the vessel radius the analytical solution

for stress distribution on the elastic region can be simplified to:

aEAT , . „ . c . ,
0

and the resulting equivalent (von Mises) stress is shown in Figure 4. We note that there is a central

point at zero stress and a region around it that is subject to a low stress level. As AT increases the
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stresses in the outer regions eventually will reach yield, and assuming a perfectly plastic behavior,

the situation obtained would be as illustrated in Figure 5. Clearly, the size of the elastic core

decreases as the applied AT increases, and the elastic stress gradient increases with it. [Note that

this situation is fundamentally different in the case of an applied torque where stress redistribution

must occur within the elastic core to accommodate the loss of load carrying ability in the plastic

region, as illustrated in Figure 6.] For the case at hand, the overall AT is fixed at values of ~1250

K and 1350 K for the region of the wall in contact with the metallic and oxidic portion of the

molten pool, respectively, which gives the general result that the elastic core is about one-tenth

of the wall thickness. Thus, even for the case where the vessel wall thinned down to 5 cm (see

Section 6) we find an elastic core of material 5 mm in thickness which, according to Eq. (1), is

more than an order of magnitude greater that what would be required to carry the load.

S

sa

1
or

yield stress

r=r. Radial position r=r

Figure 4. Equivalent stress distribution due to temperature gradient across the thickness of a vessel
wall.

Interestingly enough, these rather simple considerations were confirmed quantitatively by

means of finite element calculations (using ABAQUS version 5.2) that accounted for the vessel

geometry (see Figure 7), local wall thinning to 5 cm, and the variation of material properties (carbon

steel SA106B) with temperature according to very recent data that extend to 1150 K (Chavez et

al., 1994; the tail end of these data has been extrapolated to 1500 K). The results are shown in

Figure 8, where we can see that the elastic core is about 1/10 the thickness of the wall. The effect

of material properties variation is to shift this zone toward the outside while much of the inside is

seen to have relaxed to a near stress-free level.
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Figure 5. Equivalent stress distribution due to temperature gradient across the thickness of a vessel
wall. The continuous line represents the stress distribution for perfectly plastic behavior, while the
dashed line represents the stress distribution for perfectly elastic behavior.
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Figure 6. Equivalent stress distribution across the thickness of a vessel wall under mechanical load.
The continuous line represents the stress distribution for perfectly plastic behavior, while the dashed
line represents the stress distribution for perfectly elastic behavior.
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Figure 7. The finite element model utilized in the computations.
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Figure 8. Stress distribution in most critical section of vessel from ABAQUS calculation. Dashed
line represents yield data at the temperatures corresponding to the various positions along the wall
(from Chavez et al, 1994).
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Now, on the basis of the general rule for the size of the elastic region, we can define a structural

failure criterion. Choosing 100% margin, the elastic core should be ~1 mm, and the wall thickness,

to avoid failure, at least 1 cm. That is, Sp = 1 cm.

4. CONSIDERATION OF THERMAL LOADS

4.1 In t roduct ion and Previous Work

The key element in this consideration is that the corium pool would be completely surrounded

by crusts. This defines an isothermal boundary condition on the natural convection process that

governs the transport of the volumetrically deposited decay power to the pool boundaries. As a

consequence, at steady state this process alone determines the heat flux distribution, q(6). Crust

thickrf-ss, 6w(6)y and the heat fluxes at the outer surface of the vessel wall, qw(0), are then

com' 'otely defined (in terms of this q(B)) over the portion of the vessel wall that is adjacent to the

cori>-..ii pool. For the portion of die vessel wall immediately adjacent to the steel layer, in addition

to the heat flux delivered to the pool top, q (180°), we must also consider the energy distribution

properties of the molten steel layer naturally convecting and radiating off its top.

Natural convection with volumetric heating has been studied under a variety of pool shapes

and conditions, as recently summarized by Schmidt et al. (1992). It is now estimated that the

key dimensionless group is the so-called modified Rayleigh number (Ra'), and as discussed also

by Hawkes and O'Brien (1991), among others, the key limitations of this prior work in relation to

the problem at hand is that it falls short, by several orders of magnitude, in the range of Rayleigh

numbers examined. In addition, information on heat flux distribution is found to be extremely

limited.

Preliminary assessments so far (Theofanous, 1989; Epstein and Fauske, 1989; Hawkes and

O'Brien, 1991, among others) have made use of correlations due to Mayinger and co-workers

(Mayinger et al., 1976). These correlations can be listed as follows:

.0.2

0.26
Nudn = 0.55 Ra' (3)

( rr

Nuup = 0.345 Ra'° " 8 (5)

NuAr = 0.85 Ra'°'" (6)

where the Nusselt numbers are average values over the hemisphere or hemispherical segment

(Nu,jn), pool top (Nuup), and the vertical segment above the lower head (Nufcr)-

Natural convection in liquid layers heated from below and cooled on the top has been studied

by Globe and Dropkin (1959), using a variety of fluids and Rayleigh numbers up to 7 x 109. The

correlation of the average Nusselt number is

-55 -



Nu = 0.069 Ra1/3 Pr0074 (7)

This equation has been used by Hawkes and O'Brien (1991) for the heat transfer through the steel

layer, but through an eddy diffusivity approach that appears to have ignored the boundary layers.

4.2 Discussion and Present Assessment

Two experimental efforts specifically connected to our present task are currently in place. The

one is at IVO International, Ltd. in Finland. It is called tide COPO experiment, and is specific

to the torispherical lower head shape of the Loviisa reactor. The other is at UCLA, and employs

a hemispherical lower head geometry. These two experiments provide the basis for the present

assessment. They have been described in some detail, including the results obtained so far, by

Kymàlâinen et al., 1993 and Frantz and Dhir (1992), respectively. In this section we provide some

comparative comments specific to the quantification carried out in the next section.

The COPO experiment has extended the Rayleigh number range for the upward and horizontal

(that is, to the vertical boundaries above the curved section) heat transfer to 1.5 x 1015, and for

the downward heat transfer over the curved portion to ~ 2 x 1013. This places it squarely over the

values relevant to the intended application for the upward and horizontal heat transfer, and within

one order of magnitude for the downward heat transfer. The heat flux over the curved portion

(downward) was found to be in good agreement with Eq. (4). At the upper end of the data range

the correlation underestimates by about 10%, and the comparison trend indicates a slightly greater

exponent on the Rayleigh number. This does not appear to be a sufficient basis to modify the

correlation, however, especially pending two new sets of experiments expected in the near future—

one in the present geometry at still higher Rayleigh numbers obtained by reducing pool boundary

temperatures to below freezing levels, and the other with a hemispherical shape. The heat flux to the

vertical pool boundary is in excellent agreement with Eq. (6). Finally, for heat flux to the top of the

pool the correlation, Eq. (5), is seen to significantly underestimate the data for Rayleigh numbers

above ~1015 . This discrepancy appears as a sudden "jump" with excellent agreement below, and

a parallel but displaced upward trend above what appears as a regime transition at Ra' ~ 5 x 10" .

This is expected to be clarified in the near future by the new sets of experiments mentioned above,

which will also employ along the pool top the same sort of small heat exchangers used previously

for the rest of the boundary to obtain local heat flux information. The UCLA experiment which

has had an adiabatic top boundary is also being extended to carry out investigations in this area.

For a hemispherical geometry the correlation in Eq. (3) is applicable, and the UCLA data for

a partially filled hemisphere confirm the correlation form of Eq. (4), giving:

~RJ
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These data extend up to Rayleigh numbers of 3 x 1013 and 8 x 1013 for a full and quarter-

full hemisphere, respectively. Incidentally, we note that even though the exponent on the Rayleigh

number is only slightly different, because of the large magnitude of the base involved the difference

is magnified significantly on the calculated Nusselt number. For example, for a full hemisphere a-*d

a Ra' — 1015, we obtain Nusselt numbers of 501 and 1000 from Eqs. (4) and (8), respectively. Such

a result could be anticipated because the slice geometry gives less weight to the more active upper

regions of the heat transfer surface, as discussed by Hawkes and O'Brien (1991). On the other

hand, it should be noted that these UCLA experiments have been run with an adiabatic pool top

boundary, and they exhibit significant pool stratification and a very sharp local flux, peaking in the

region 70° < 9 < 90°, as illustrated in Figure 9. Absence of this peak would reduce the average

Nusselt number, and it is interesting that such a difference could be absorbed by a slight change

of the exponent in Ra', while as we have seen already, the COPO data indicate perhaps a slight

increase from the 0.18 value shown in Eq. (4). Thus it is important that these trends are further

explored with the COPO experiments, as mentioned above, as well as with the UCLA experiments

with a cooled top.

The flux distribution over the curved boundary in the COPO experiments is approximately

linear with a peak-to-average ratio of ~2. The H/R in these tests is 0.28. In the UCLA experiments

the peak-to-average ratio is ~2.5 for the full hemisphere and only ~1.5 for H/R ~ 0.28. Also,

the distribution here is concave upward from the near-zero values of 8 ~ 0 (not shown in Figure 9)

to a highly peaked value at the upper pool edge. The UCLA correlation for flux distribution over

a hemisphere was represented by

where

0
d = -1.76 cos<j> + 2.75, C2 = 0.7 cos<j> - 0.45 for 0.6 < - < 1

Cx = 0.83, C2 = 0.28 for 0<9/<f>< 0.6

Note that for 6 = 0° this correlation gives a h(0)fh of 0.28, while the UCLA data give

actually 0.1, and the COPO data give zero. A direct comparison of the COPO and UCLA data is

possible if we renormalize the local fluxes measured in COPO so as to apply them to a spherical

segment (i.e., by applying the appropriate area weighting). The result is shown in Figure 10, which

also contains the correlation (Eq. 9). This indicates that the general shape of the heat flux to the

lower portions of, and for a partially filled, hemisphere can be reasonably well represented by both

sets of these data. More specifically, Figure 10 shows that the lower branch (see Figure 9) of the

UCLA correlation is reasonably consistent, while, as noted above, it would appear that the upper

branch may be as steep as it is because of the adiabatic top boundary, and hence inapplicable to the
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conditions of interest here. It could be (for a cooled top) that the peaking is as little as that obtained

by extending the lower branch to > 55°, but certainly we should not expect the fluxes in this upper

region to exceed those of Eq. (6). Thus, we believe it is conservative, at this time (until more data

become available), to truncate the upper branch by Eq. (6), as shown in Figure 9, for the relevant

range (order 1015) of Ra'. For the corium volumes of interest the <f> values (fill angles) of interest

are from ~67°, and the flux shape derived in the above manner is shown in Figure 11. Note that

in these truncations we used Eq. (8), and if this turns out to be a little high (as discussed already)

because of the eliminated portion of the data, the whole distribution should be shifted upward by

the factor Nudn/Nujn, where Nu<jn is from Eq. (8) and Nujn is a new, somewhat smaller, average

value, pertinent to a top-cooled experiment. In particular, if Eq. (10) with a Ra' exponent of 0.19

were to be utilized, as explained above, this factor would be

(10)

Turning next to the heat transfer through the steel layer, we must consider separately the

upper and lower boundaries from the side boundary. For the relevant Prandtl number (0.644) the

Globe-Dropkin correlation (Eq. 7) reduces to

Nu = 0.067 Ra1 '3 (11)

where the Rayleigh number is based on the overall temperature difference between the lower and

upper faces of the steel layer. The data range for this correlation is over 0.02 < Pr < 8750 and

3 • 105 < Ra < 7 • 109, and there was no apparent aspect ratio effect. There is considerable

indication in the literature that for turbulent flows (high Ra) the exponent should be less than 1/3,

and in fact, works by Silveston (1958) and O'Toole and Silveston (1961) recommend, respectively

Nu = 0.1 Ra031 Pr0-05 and Nu = 0.104 Ra0-305 Pr0084 (12)

while Goldstein and Chu (1969), for air (Pr~ 1) determined an exponent of 0.294. For Pr = 0.644,

Eq. (12) reduces to

Nu = 0.098 Ra0 3 1 and Nu = 0.1 Ra0-305 (13)

while the Globe-Dropkin correlation in the range Ra~1010 can be recast as

Nu = 0.108 Ra031 (14)

In other words, there is almost perfect agreement between all these independent results, and Eq.

(11) can be used with high confidence.
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For the side boundary the situation is one of heat transfer to an isothermal vertical plate, and

the appropriate driving force is the bulk liquid temperature, minus the wall temperature. The heat

transfer coefficient can be obtained according to Churchill and Chu (1975) from

= 0.825 + ° - 3 8 7 R a
 8 / 2 7 (15)

[l + (0.492/Pr)9/i6]8/27

which is valid for all Prandtl numbers and Ra < 1012. For Pr = 0.644, the reduced form is

Nu = 0.1 Ra1/3 (16)

which is used in our calculations. Note the similarity of this equation with those in Eq. (13) and

(14); however, also note that the Ra numbers are based on different temperature driving forces, as

already noted.

4.3 The Integral Heat Transfer Model

The basic ingredients of the model have been specified in the previous section, the wodel itself

is rather simple (it is along the lines of Theofanous, 1989; Epstein and Fauske, 1989; Hawkes and

O'Brien, 1991) and it can be explained with the help of Figure 12. We specify a decay power in

the corium pool (and crusts) of Q, the vessel radius R, and the volumes Vc and Vs of corium and

steel involved, respectively. From these the angles 6C and 6S and respective heights Hc and HB

can be obtained. The corium pool temperature is denoted by Tc, and the corium and steel liquidi

by Tcm and T,m , respectively.

The corium pool temperature can be obtained from an energy balance

QVC= I q(0)dS = qdnSdn + qupSuP (17)
Js

where dS is a surface element on the corium liquid/crust interface, and qdn, qup are expressed in

terms of respective heat transfer coefficients in Eq. (8) or (10) and Eq. (5) respectively, and the

melt superheat as the driving force (Tc — Tcm). Once Tc is found, these fluxes are also known.

The crust thickness, 6cr(0), can be obtained in a one-dimensional approximation by solving

simultaneously

• QScr(O) = K \ (18)
Ox,,

and
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where the local heat flux, q(0), is obtained from the qdn found above and Eq. (9). The heat flux
into the vessel wall, qw{6), can then be found from

qw{9) = q{9) + Q6cr{6) (20)

For the steel layer (6C < 6 < 8t) an overall energy balance (neglecting the corium crust
contribution which is negligible), yields

The ~qs,up and la,hr are obtained, as discussed in the previous section, with driving forces (T3ii —
Tgt0) and (T^j - Tam), respectively. The steel bulk temperature is taken as the average cf the inner
(T.,,-) and outer (Ta>0) steel layer temperatures. Equation (21) can be closed by relating the Tt<0 to
some representative inner vessel wall surface temperature (TttUJ) above the pool through radiative
exchange, and this Tuw temperature to T* through conduction heat transfer. That is:

t<i - T,,o) = ea(TÎ,0 - Ttw) (22)
T — T*

where Sv is the total effective upper surface area of the vessel. Finally, the vessel wall thickness
in contact with the steel layer and the heat flux (qaihr) through it are obtained from:

?.,kr = h.M{T..b - T.m) = k t
T t ^ * (24)

In the calculations we used a temperature-dependent thermal conductivity of steel also, with Eq.
(24) appropriately modified. The results are indistinguishable from those obtained with a constant,
effective value estimated at the wall-average temperature.

The steel wall melting temperature was determined from a consideration of the iron-rich
eutectic involving Fe-Zr-Uv, in what we call here the steel layer. The effect of U is very similar
to that of Zr, such that the ternary behavior can be approximated by the Fe-Zr binary, which is
shown in Figure 13. We see a eutectic at 1335 °C at a mole Zr fraction of ~0.1 . This is expected
to be high for the quantities of materials available, and thus we use the 1335 °C (~1600 K) value
as a bounding (conservative) estimate.
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Figure 13. The iron-zirconium phase diagram (Pelton et al.).

5. P R O B A B I L I S T I C F R A M E W O R K A N D QUANTIFICATION

As we have seen in the previous section, the wall thickness depends simply on the heat flux

going through it which, in turn, depends on a number of parameters such as the decay power level,

the quantity of steel on top of the corium pool, as well as several phenomenological and modelling

parameters of the natural convection, conduction, radiation and melting/dissolution (eutectics) pro-

cesses involved. The models describing these relationships are relatively straightforward, and a

number of modelling sensitivity studies (i.e., a complex radiation network above the molten pool

versus the simple two-body treatment described in the previous section) revealed no need for a

special effort on model uncertainty. Unceitaintiss were, therefore, quantised at the parameter level

and propagated through the model to obtain the uncertainty in the predictions.

The specific parameters identified for this purpose were: decay power level, volume of the

oxidic pool, depth of the steel layer, and emissivity of the top surface of the steel layer. All

four were quantified as probability density functions, using for this purpose the scale in Table 1.

Probability density functions for the resulting heat fluxes, as a function of angular position 6, and

respective wall thicknesses were calculated by Monte Carlo sampling of the input distributions and

running these samples through the model. The quantification of these input distributions is given

below. The results of the computations and comparisons with the respective failure criteria are

provided in the next section.
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The distribution of power density for Loviisa (Figure 14a) is based on the assumption that as a

base case the volume of the corium pool is 8.2 m3 and the total decay power between 7 and 9 MW.

As an edge of spectrum possibility (probability 1/10) the power can be between 9 and 10 MW.

As background, decay power of 9 MW corresponds to all the decay power excluding the volatile

fission products at time ~6-l/2 hours into the accident, covering in principle almost all postulated

accident sequences except for large break LOCAs with early failure in ECCS injection. The line

in Figure 14a is somewhat rough because the plot is based on the actual distribution generated in

the Monte Carlo simulation.

The distribution of power density for the AP600-like design (Figure 14b) is based on the

assumption that as a base case the volume of the corium pool is 11 m3 and on a total power as

determined by the time after shutdown for pool formation and by the fission products retained in

the debris. The nominal time after shutdown was taken as four hours based on an early evaluation

of the BC-1 case for the passive PWR that predicted the onset of material relocation near the top

of a debris pool formed in the core region at 3.25 hours. Additional time was allowed for the

accumulation of a significant debris fraction on the lower head (~75%). Volatile fission products

were assumed to have been released from the debris, and their impact on the decay heat generation

rate was estimated using the generic PWR data in EGG-PHYS-5698 (Schnitzler, 1981). Thus, the

decay power fraction at four hours was about 0.87%, with a further decrease of 25% due to volatile

releases for a net decay power level of 0.65%. The value would have been 5% higher (or lower)

one hour earlier (later) as the change in decay heat is partially offset by the time dependence of

the impact of the relatively short-lived volatile fission products. The value would be 17.5% lower

at ten hours. A 1/20 chance was assigned to the 3-4 hour interval and a 1/5 chance was assigned

to 7-10 hours with the expected value (3/4 chance) in the range 4-7 hours.

For Loviisa a relatively narrow and conservative distribution is used for the volume of the

ozidic layer. The total volume of UO2 and ZrO2 assuming 75% oxidation of all Zr in the core and

using material densities according to NUREG/CR-5273 (1990) is 8.2 m3. The chosen distribution

shown in Figure 15a is peaked narrowly around this value which, therefore, includes an assumption

of total fuel relocation in almost all cases.

The distribution for the oxidic material volume for the AP600-like design is dominated by

uncertainty in the degree of zirconium oxidation since the assumption of total fuel relocation is

made as for Loviisa. Oxidation of 75% of in-core zirconium is judged most likely (5/10 chance),

while 50% oxidation is also quite likely (3/10 chance). Low oxidation (30%) is assigned a 1.5/10

chance, while higher oxidation in-vessel (100% of in-core zirconium) is judged to be relatively

unlikely (0.5/10 chance). The probability distribution is shown in Figure 15b.

As for thickness of the upper metallic layer, in Loviisa, it can be noted that the total mass of

the steel in the core (fuel, control and dummy assemblies), in the lower plenum and in the core

basket, but excluding the upper p;ut of the core barrel, is 70000 kg. Using the estimate that the

downward heat flux from the corium pool is ~50 kW/m2 and knowing the thermal conductivities
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of pressure vessel steel and stainless steel debris, it can be estimated that the maximum amount of

steel to stay solid under the oxidic layer is of the order of 10000 kg. The mass is assumed to be

in most cases between 40000 kg and 60000 kg, whereas ranges 30000 kg < m, < 4000i> kg and

60000 kg < mA < 70000 kg are both assigned probability of 1/10. The probability distribution can

be shown in terms of the equivalent layer depth in Figure 16a.

The metal layer depth for the AP600-like design is determined by the steel and metallic Zr that

accumulates atop the debris pool on the lower head by the time a significant fraction of the core

debris has relocated (i.e., ~75%). While the initial debris relocation would likely be predominantly

oxidic as it was at TMI, significant metallic debris relocation is necessary to permit further oxidic

debris relocation to occur. The passive PWR internals package weighs about 1Ï6000 kg, including

the 22000 kg reflector and the 23000 kg core support plate. A metal layer depth based on the

equivalent of about half of the internals package plus or minus 10% was taken as the expected

range. The reflector and core support plate mass equivalent was estimated as a lower bound (about

1/3 of the total) and about 2/3 was taken as an upper bound (the sensitivity is such that more is

not a concern). Using an estimated density of 7000 kg/m3, these masses yielded the distribution

provided in Figure 16b.

Emissivity of the surface of the pool depends on the composition of the layer. It is known

that for carbon steel (VDI-WSrmeatlas, 1991) and pure molten iron, emissivity is about 0.45 at

the temperatures in question. The effects of zirconium, chrome, and nickel, as well as possible

oxidation and other impurities in the layer, are presently unknown; however, it is expected that

impurities would increase emissivity. Therefore, for the probability distribution it is assumed that

the emissivity is most likely between 0.5 and 0.6. For 0.4 < e < 0.5 the probability is assumed to

be 1/100 and for 0.6 < e < 0.7 it is assumed to be 1/10. The same distribution is used for both

studies, as shown in Figure 17.

6. P R O B A B I L I S T I C SYNTHESIS AND DISCUSSION

The main results of the computations are shown in Figures 18 and 19 as cumulative probability

distributions for the heat fluxes and wall thickness, respectively. These distributions express the

total probability of the heat flux exceeding the values in the abscissa, and of the wall thickness

being less than the values in the abscissa. Therefore, the values for a probability level of 10~3, the

physically unreasonable range, are of special interest We observe very similar results between the

two reactors; namely, maximum heat flux values of ~700 kW/m2 and minimum wall thicknesses

of ~5 cm. Both occur in the wall region adjacent to the steel layer. With reference to the failure

criteria developed in Sections 2 and 3, we can see that the margins to failure are very significant. At

the very bottom of the lower head, the fluxes, for both reactors, are ~100 kW/m2, and the margins

to failure are even greater. This is true for all the "in-between" region exposed to the oxidic pool,

as heat fluxes limited to under 400 kW/m2 produce significantly less wall thinning (see Figures 18b

and 19b).
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Figure 16a. Quantification of the height of the metallic (steel) layer for Loviisa.
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Figure 16b. Quantification of the height of the metallic (steel) layer for an AP600-like reactor.
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Figure 17. Quantification of the radiation emissivity.

The effect of not truncating the upper end of the flux distribution was explored in a sensitivity

study (for the AP600-like case) using the full distribution of Figure 11. The results as shown

in Figure 20 are very similar again. At a detailed level the effect is to produce a more gradual

transition from the oxidic to the metallic layer; however, this leaves less heat to be delivered to the

steel layer which, therefore, becomes somewhat less aggressive.

Remarkable is the effect of the steel layer in providing a mechanism to thermally load the side

walls. In the present formulation, this creates a "focusing" effect that increases the thermal load

as the thickness of this layer decreases. In reality, we expect the development of internal radial

gradients which should counteract, at least in part, this effect Preliminary experiments run with

simulant fluids at a 1/4-scale geometry of a layer heated from below and cooled from above and

from the sides confirmed this expectation. Also, as expected, the magnitude of the radial gradient

was found to be a function of the Rayleigh number. So far, these experiments also reaffirmed the

Globe-Dropkin correlation. Work is continuing to determine a way for quantifying these gradients

and also for checking the formulation used to estimate the sideward heat fl JX. In parallel, this topic

also will be addressed by the new series of the COPO experiments. In the same connection, the

emissivity of the metallic layer needs further attention.

7. C O N C L U D I N G R E M A R K S

In this paper we have provided an integrated approach for evaluating the likelihood that a

molten core can be contained inside the lower head of an externally flooded reactor pressure vessel.

The approach includes formulation of a probabilistic framework and quantification of its various
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Figure 18a. Computed cumulative probability distributions of the heat flux on the vertical wall in
contact with the steel layer in Loviisa.
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components, along the lines of the Risk-Oriented Accident Analysis Methodology (ROAAM), for

two specific cases — the Loviisa reactors operating in Finland, and a surrogate design based on the

AP600, a passive ALWR currently being pursued in the US. The paper also includes a summary

of the technical bases used in the quantification, and reference to reports where all the details can

be found.

The results in both cases show that a failure of this severe accident management concept is

so unlikely as to be considered physically unreasonable. However, it is emphasized that these are

two first quantifications that, according to ROAAM, need to be subjected to in-depth scrutiny, and

adjustments as necessary, before the respective assessments can be considered final. In the case

of Loviisa, this will be accomplished by submission to the regulatory agency in Finland (STUK),

while in the case of the AP600-like application, by engaging an independently appointed panel of

experts to a ROAAM peer review process. Certain areas where additional work is desirable have

been identified, and they are scheduled for completion during the same ROAAM review period.

A C K N O W L E D G M E N T

Support for this work has been provided by the U.S. Department of Energy's Advanced Reactor

Severe Accident Program (ARSAP) through contract DE-AC07-93ID13200 and ANL subcontract

#23572401. The contribution of Dr. Ronald Kulak of ANL to the development of the structural

criteria is gratefully acknowledged.

N O M E N C L A T U R E

F
H

h

h

k

Nu

Pr

Q

Q

q
R
Ra

Ra'
S
T

T*
V

applied load
height of corium or steel pool

heat transfer coefficient

average heat transfer coefficient

heat conductivity

Nusselt number, - ^

Prandtl number

volume decay heat

heat flux

average heat flux

radius

= g/3ATHl/aavs for steel pool

= gQPHç/acvckc for corium pool

surface area

temperature

water saturation temperature

volume of pool
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Greek
a

0
6
e

V

o

<$>

thermal diffusiviîy

thermal expansion coefficient

thickness of crust or vessel wall

effective emmisivity

kinematic viscosity

Boltzmann constant, stress

angle of corium top surface

Subscripts

b

c

cm.

cr

dn

hr

i

o

s

sm

up

uw

V

w

y

bulk or average

corium

corium melting point

corium crust

downward in corium pool

sideward in steel pool

inner or lower surface of steel pool

outer or top surface of steel poo!

steel

steel melting point

upward in steel pool or corium pool

upward wall above the steel pool

upper vessel internal area

interface between corium crust and vessel wall

yield
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PLANT CHARACTERISTICS

Plant under consideration - 4 loop Westinghouse PWR.

3411 MW thermal

The core contains approximately 100 tonnes of UO2 and 20
tonnes of Zr.

Vessel internal diameter is 4.39 m, while that of the lower
head is 4.49 m.

The lower head contains a massive steel support plate

The lower head is 147 mm thick (including internal
cladding).

The lower head is penetrated by 58 instrumentation tubes
(OD at the vessel wall 38.2 mm).

They are welded at the inner surface of the vessel, with a
minimum weld depth of 18 mm.

The penetrations cover an area of the head out to 1.68 m
from the centre line of the vessel.

The outer penetrations are 0.75 m above the base of the
vessel. The internal volume up to this height is 3.6 m3.

-79 -



SHORT TERM SURVIVABILITY

This needs to be considered as part of a case for ex-vessel
cooling.

Possible mechanisms -

Steam explosion -

Jet erosion of
penetration -

lower head failure by in-vessel
steam explosion.

attack on penetration welds by a
coherent jet.

relatively small masses likely to be
involved

venting through steam chimney

crusting of oxidic melts on contact
with steel limit driving temperature
difference to superheat of melt

small diameter jets unlikely to play
on one spot - fragmentation
uncertain

large diameter jets - lower heat flux
and shorter pour times

incoherent pours

bosses on guide tubes



Example for jet attack:

300 mm diameter jet

5 m/s

300 K superheat (high)

Heat transfer correlation from Zion Probabilistic Safety
Study (validated with Sandia data)

Half core inventory

Heat fluxes 4 MW/m2

Ablates 6 mm of vessel

Temperature at 18 mm (minimum depth of
penetration weld) just high enough to threaten
strength of weld at reactor pressure

NB Much higher heat fluxes are considered in the INEL lower
head failure study. Tube binding is predicted to lead to the
retention of the tubes.
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STEADY STATE CONSIDERATIONS

Typical decay heat at 3 hours into the accident sequence
30 - 40 MW for the whole core.

Reduced by 20 - 30% by release of volatiles.

Assume heat flux to vertical walls similar to that through the top
surface.

For half the core inventory:

Top surface area 11 m2

Area of contact with the vessel 15 m2

Average heat flux: 650 kW/m2

For whole core: 14 m2; 22 m2: 1 MW/m2 respectively

Conduction calculations for the vessel show that local heat fluxes
greater than about 350 kW/m2 would ablate the vessel to the
depth of the penetration welds.

Lower heat fluxes would cause significant weakening of the
welds.
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Raises the questions:

Is the heat flux at the outermost penetration less than about
one-half the average heat flux for half the core, or one-
third the average heat flux for the full core?

- Melt pool convection problem

Would the penetration be ejected (according to INEL work,
it would bind at high pressure, but not at low - doesn't
consider the asymmetries)?

- Vessel structural response problem

Would the oxidic crust prevent melt release? For
350 kW/m2- the crust could be about 10 mm thick.

- Crust behaviour problem

The answer (vessel survival) could lie in any of these
research areas.
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Melt pool convection studies may also be required depending or
the upper limit on the heat flux that can be removed ex-vessel.

Major interest is in the effect of stratification restricting the
heat flux to the lower boundary - demonstrated in simulant
experiments with single component liquids

But does the melt pool behave like a single component
liquid?

Desirable to show that the effects of having a liquid
that contains more than one component, which may
contain solids in slurry form (at least close to the
boundary, and therefore behave in a non-Newtonian
fashion there), does not lead to enhanced convection
over the lower surface.
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A second effect of considerable importance is the possibility of
enhanced convective heat fluxes to the sidewalls should metal
separate from the melt.

It is anticipated that the initial melt that relocates would consider
primarily of a single ceramic phase.

However, but in reaching a steady state:

steel would melt from the vessel wall and,

without water in-vessel, significant quantities of steel may
be added from the degradation of below-core structures as
they act as a heat sink for the upward heat flux.

Metal segregation is potentially a severe problem (irrespective of
penetrations) because:

(i) there is no crust at the sidewall of the vessel

(ii) the melting point is low, as is the emissivity

- if the top surface temperature is 2250 K, and the
effective emissivity is 0.3 the heat flux from the top
surface is only 435 kW/m2 if the surroundings are
close to ambient, and 275 kW/m2 if the surroundings
are at the melting point of steel. These are lower than
the anticipated heat flux from the ceramic layer.
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Taking a 0.2 m thick layer (equivalent to about 20 te of steel)
and a Nusselt number of 100 for the lateral heat transfer,

with a conductivity of 20 W/m/K

and a bulk superheat of 500 K

Gives a heat flux of 5 MW/m2

A bulk superheat of 500 K is quite possible because the ceramic
melting point is 800 - 1200 K higher than that of the metals.

- So are such large lateral heat fluxes realistic?

Main points: likelihood of metal segregation needs to be
assessed

can the emissivity be higher?

convection with cool sides and hotter base and
top for a low Prandtl number liquid

oxidic crusts would protect the vessel, as would
water penetration around the vessel surface
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TRANSIENT CALCULATIONS

Performed for a loss of electrics and feedwater transient (with
variants)

Used the LOWHED code.

Boiling curve (nucleate and film applied on outside of vessel)

- force nucleate boiling in some calculations.

Single and two liquid groups

- however can get segregation even for one liquid group if
ceramic precipitates at the top boundary in the code (may
be unphysical).

Did not assume any further addition of water to the lower head
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The LOWHED Code

Overview

LOWHED is a parametric model for events in the
lower head of a PWR/LWR following debris relo-
cation. It's primary purpose is to predict, for a given
input of debris and subject to the users choice of
parameters:

• The timing and mode of vessel failure

• The debris composition and temperature at failure

In addition, it provides a source of steam, hydrogen
and heat from the lower head to the rest of the circuit
(not modelled).
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The LOWHED Code

Vessel Thermal Response

2-D thermal response model.

• Implicit solution for radial wall cells. Coupled
to debris cells via h.t.coefficients and interface
temperatures.

• Explicit solution for heat conduction in the
azimuthal direction.

Vessel ablation is modelled.

Currently there is no option to retain the molten steel
in situ behind a crust. In many cases, vessel failure is
predicted prior to significant ablation.
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Debris - Vessel Mesh
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The LOWHED Code

Molten Pools

• Uses an equivalent heat transfer coefficient with the
functional form:

heff = h100 [0.01(T-Tso l)f

h1Oo is the heat transfer coefficient for a melt pool
with 100 K superheat,

a - user input.
Tsoj is the effective solidus temperature.

» heff is applied at the boundaries of the pool and is
arbitrarily raised within a convecting zone to drive
neighbouring cells to a similar temperature.

Additional modelling to discriminate between stabilising
and destabilising temperature gradients and to allow for
crusts between liquid layers.
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Results

In many cases the external cooling only had a very limited effect
on increasing the lifetime of the lower head (failure to establish
nucleate boiling was one, but not the only, reason).

For LOWHED calculations in which liquid segregation was
invoked a metal layer typically 0.10 m thick formed.

As anticipated very high local heat fluxes to the vessel resulted.

In the cases in which this layer formed, vessel failure was
predicted even if there had been nucleate boiling on the outside
of the vessel at earlier times.

This result, while based on a best estimate correlation for heat
transfer in the metal layer, and the expectation that the wall
boundary temperature will be somewhat lower than the top
surface temperature (supported by the LOWHED calculations
which include heat transfer from the top surface), is strongly
dependent on the convection in the supposed metal layer.

Thus further effort is required (irrespective of whether a lower
head has penetrations) to determine the likelihood of metal
segregation and, if it is possible, to improve treatments of
convective heat transfer in the slab-like geometry.

More recent calculations with water addition do indicate
survivalibility of the vessel in some circumstances.

- 92 -



Final Consideration

The addition of water to the melt.

Uncertain whether this is essential to stabilize the melt, even in
the presence of external cooling, but it is likely to be attempted
as a means of reducing the debris temperature.

At TMI-2, it seems that the continuing presence of water in the
lower head was able to provide sufficient cooling to prevent
lower head failure.

A further investigation of possible mechanisms by which water
addition may lead to a progressive quench of the debris from a
molten state is desirable.
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CONCLUSIONS

To establish cavity flooding as a means of preventing lower head
failure has implications for in-vessel research:

Once the ability of the external coolant to remove heat is
established, the allowable upper limits on convection to
downward facing curved surfaces will be known.

For a vessel with penetrations these limits may be more
severe, unless tube binding or oxide crust stability can be
demonstrated.

The possible non-Newtonian behaviour of the melt should
be considered.

Separation of metals is a very important issue, and cannot be
dismissed if it is assumed that there is no supply of water in-
vessel. There is a need for more work on convection in the
expected configuration.

The later addition of water to debris is an open issue which
requires more attention - can the TMI-2 debris quench be
generalised.
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The present study deals with a PWR hemispherical vessel lower head without

penetrations.

"DRY" VESSEL, DRY CAVITY PIT

PWR scaled to 900 MWe with a core at the end of an equilibrium cycle :
1/3 at 11000 MWd/tU , 1/3 à 22000 MWd/tU, 1/3 à 33000 MWd/tU :

Minimum time between scram and
beginning of core uncovery
Time to start a liquid corium pool (80% of
volatile FP are gone)
Total after scram :

Jet of corium :
Total after scram :

Superheated metal mass in the lower
head :
Total après A.U. :saEuammmmmm
Oxide molten pool :
Time for thermal permanent regime to be
established
Time of vessel melt through
when permanent regime established
Total after scram. :

Remelting of rty debris bed :
Time for thermal permanent regime to be
established for the metallic pool
Time of vessel melt through
when permanent regime established
Total after scram :

Low vessel pressure
Large LOCA :
Some minutes
1 h from ESCADRE calculations

around 1 h• • • • • • • • •
Vessel melt through in some minutes !
Vessel melt through around 1 h |• • • • • • • • • •
Vessel melt through in some minutes

Vessel melt through around 1 h

around 20 minutes

Immediatly, at the level of the free
surface of the pool
Vessel melt through around 1.5 h

1 h to 1 h 30 mn

Immediatly

Vessel melt through around 2 h to
2.5 h
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WATER IN THE VESSEL, DRY CAVITY PIT

In case of water injection in the vessel, there exists one example : the TMI-2

accident. The corium was cooled. Presently no modelling, able to predict this

cooling, exists in the core degradation codes.

Now, if one considers a debris bed formation, such debris bed is coolable if

the debris size varies between 5 mm and 10 cm. This theoretical result

assumes an homogeneous debris bed. The TMI-2 accident showed that this

condition is not a necessary one.

WATER IN THE VESSEL, WET CAVITY PIT

The main corium cooling reason is the injection of water in the vessel : an ex-

vessel cooling could only be considered as a complementary help in this case.

"DRY" VESSEL, WET CAVITY PIT

During the core degradation process, the in-vessel insulator prevent any

effective help in cooling the corium.

Later, when a molten pool is formed in the lower head, cooling depends on the

decay heat and internal pressure and effectiveness of the heat transfer to the

external water.

The goal of this paper is to evaluate, using some parametric studies, the

efficiency of cooling a corium in the vessel with the water available in the

cavity pit if :

. no steam explosion happens,

. the water can flood the external vessel lower head.



CREEP FAILURE METHODOLOGY

Goal :

A methodology is described to assess the creep failure of a PWR vessel

bottom, by using simplified equations avoiding the use of finite element

calculations.

Calculation assumptions

• The loaded structure is assumed to be a sphere submitted to an internal

pressure and a linear temperature profile through the thickness.

. The calculations are done assuming PandT(r) constant over time.

. The thermal stresses are not taken into account because the bending

secondary stresses release r&HUy with time. As a consequence, the only

effect of the thermal loading is to change the mechanical properties of the

steel through the vessel thickness.

Behavior of the vessel material :

The vessel material creeps when the temperature exceeds a given

temperature TO.

• For T(r) <= TO, the material behavior is elastic :
p*p

This assumption requires that the constant through thickness stress ^2*e
be less than the elastic boundary stress of the material ay(T).

. For T(r) >• TO, creep behavior :

The creep law is fitted as a Norton type one :p=A(T)*on(T)

p = accumulated creep strain c=Von Mises Stress
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Material behavior constituve laws

The total strain rate is : èT = éE+èc equation (1)

Elastic strain rate

From the Hooke law : sE = E"1 *S equation (2)

Creep strain rate
3 S°èc = - * p * — S° is the stress deviator matrix
2 a

Pressure loading

For an homogeneous material the stress matrix is (spherical coordonates) :

s=
ar 0 0
0 ao 0 so : <. c . c p equation (3)

p w — p — -

Asymptotic solution

The asymptotic solution of the problem requires S=o

From equation (2) it comes : éE = 0

From equation (1) it comes : èT = èc equation (4)

The deformation velocity of the vessel bottom is noted v(r).
dv

Equation (4) can be written as :
=

These 2 equations lead to : — + — ^
dr r

The solution of this equation is : <M
 r3

 v ; a= — ^ r T

[ po= constant lA(T) * r )

As the temperature distribution T(r) in the vessel thickness is known, A(T) and

n(T) can be expressed as a function of the radius r :
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g= . , ° , equation (5)

*5 O

The equilibrium equation is : —L = -*cr
ôr r

1

From this equation, radia! stress is ar = f - * —!-2__ dr-P equation (6)

1 / lA(r)*r3J1 / A(r)*r3J
because for r = R, : G=-P

This formulation is available only if T>T0 i.e. for R, <r<R0

(r = R0 whenT=T0)

This is the case because in our study the inner temperature is always greater

than the outer temperature of the vessel bottom.

When T<T0 i.e. when Ro <r<Re, the elastic solution is the following :

e < i u a t f o n ( 7 >

For r=R0, and from equations (6) and (7) :

A(r)*r3 ^ R ,

so:
R

W o d r « P 1
Rir {A(r)*r*) { Re

J-R/ ^ R£

From this last equation, the value of the constant p0 is calculated.
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Creep faiiure criteria and failure time

The creep failure is assumed to be obtained when the accumulated creep

strain p reaches the failure strain eF

From equation (5), it comes : p=po*t*-y (t = time)

so the creep failure time is : tF =—— - equation (8)
Po

Conclusion

In fact, the exact solution of the equations (1), (2), (3) depends on the time.

This solution approaches the asymptotic one after a time t0. The main

question is to decide whether or not this time t0 is small compared to the creep

failure time m the case of our problem. If yes, the equation (8) gives a simple

way to predict the failure time, avoiding complex calculations. Finite element

calculations are on going to check the accuracy of the proposed methodology.
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REACTOR APPLICATION

The choosen reactor is a PWR with an hemispherical vessel bottom without

penetrations. The inner diameter is 2 m and the lower head thickness is 0.10

m .

The REP is scaled to 900 MWe, with a core at end of life equilibrium (1/3 at

11000 MWd/tU ; 1/3 at 22000 MWd/tU ; 1/3 at 33000 MWd/tU) and all the

volatile species (Xe, Kr, I, Br, Cs) are supposed to be released from the core

before this state of the accident.

Thermal behavior

. Assuming some fraction of the core plus all the steel composing the internal

structures situated under the core to form a molten pool,

. Assuming no heat is released from this molten pool to the upper structures

the range of magnitude of the surfacic heat flux to be extracted is figure 1.

. Assuming that a corium pool cannot form before a minimum of 1,5 hour

after scram

Assuming that a maximum multiplicator factor of 1.5 can be applied

the heat flux to extract from the corium pool varies from a minimum of

350 kW/m2 to 1300 kW/m2.

. Using these values as the surfacic heat flux to extract,

. Assuming a constant thermal heat conductivity of the steel of 30 W/m.K,

. Assuming values for the heat transfer coefficient from 200 W/(m2 K) up to

1.E6W/(m2K),

1 D conduction permanent calculations have been done. The remaining vessel

thickness is presented figure 2.
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Creep calculation methodology

Due to the availability of the creep curves up to 1373 K for the SA 533 B steel

the reactor application is done using this steel.

TO = 800 K :

The creep failure criteria is assumed to be reached when the mean creep

s. sn reaches a failure strain of 10% . The choice of this data is not

validated.

Results of the calculations :

Flux = mean surface heat flux extracted from the corium, in kW/m2

T(X%) = time after scram with o when X% mass of UO2 is in the corium.

TF= creep failure time

H = heat transfer coefficient between the external vessel surface and the

water, W/(m2 K)

P = internal relative pressure in the vessel, MPa

Flux =

T(25%)

T(50%)

T(75%)

T(100)

TF

H

P =

200

15h

100 h

150 h

240 h

>1000 h

2000

-+10

300

3 h

20 h

48 h

72 h

>200h

>2000

- • 1 0

400

<1 h

7h

12 h

35 h

>100h

>2000

- • 1 0

500

• i
2h

7h

15 h

>40h

>2000

- • 1 0

600

• i
1 h

3h

7h

>30h

-2000

->10

700

Hi
<1 h

1.5 h

3h

>10h

-2000

- • 1 0
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Flux =

T(25%)

T(50%)

T(75%)

T(100%)

TF

H, W/(m2 K)

P,MPa

TF

H, W/(m2 K)

P,MPa

800

<1 h

< i h

2h

>10h

> 2000

900

• Imm
<1 h

1 h

>10h

> 2000

-»4

1000

•IE
<1 h

<1h

>10h

>2000

- • 1 . 5

>10h

> 1.E4

->10

1100

mm
WE

<1 h

<1 h

>10h

>2000

- • 0 . 4

>10h

> 1.E4

->10

1200

<1 h

-

>10h

> 1.E4

1300

<1 h

>10h

> 1.E4

->7

One can notice from these results that :

. for a value of the heat transfer coefficient between the external side of the

vessel lower head and the water of the cavity pit greater than 2000 W/(m2

K),

. for an in-vessel relative pressure up to 8 MPa,

. for mean surface heat flux values up to 800 kW/rn2, i.e. up to 2 h after

scram if 100% mass of the UO2 is in the corium,

the creep failure times are bigger than 10 h.

During this time, the in-vessel pressure and the surface heat flux decrease. As

a consequence, the real creep failure times are greater than the calculated

one.
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CONCLUSION

For an hemispheric vessel lower head with no penetrations, simplified creep

behavior formulation and parametric studies have shown that, if the corium is

present in the vessel bottom as a molten pool, in-vessel corium cooling by ex-

vessel flooding is achievable for surface heat flux values up to 800 kW/m2 and

for in-vessel relative pressure up to 8 MPa if an external heat transfer

coefficient between the vessel and the water of 2000 W/(m2 K) is possible.

FUTURE WORK

. Full resolution of the equations (1), (2), (3) to verify that the time t0 is small

compared to the creep failure time,

. Calculations with finite element code to check the validity of the creep

failure time,

. Thermal hydraulic calculations of the external flooding of the vessel when

an external thermal insulation is present.

. the SULTAN experiments, to measure the critical heat flux and heat

transfer between the vessel and the water,

. the RUPTHER experiments, to measure the creep failure criteria of the

vessel material.

If the calculations using the data from these experiments and the presented

methodology show the efficiency to cool the corium in the vessel by flooding

the cavity pit, there remains to evaluate the advantages versus disadvantages

of flooding a cavity pit, especially the effects on the general safety level of the

nuclear power plant. One important point concerning this safety question deals

with the effect on the containment tightness of a steam explosion occurring in

the cavity pit. This point will be analysed by CEA/IPSN.
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Abstract

The load-carrying capacity and failure due to plastic instability of a pressurised and

externally cooled reactor pressure vessel (RPV) was investigated with the ABAQUS finite

element code. The influence of axisymmetric and local heat-up on the failure behaviour

has been studied. A rate-independent constitutive law of tùe thermo-elastic-plastic type

with multi-linear isotropic hardening was used to describe the material behaviour. The

temperature-dependent parameters of the model were identified with uniaxial tensile tests.

The parameters were fitted in such a way that necking of the tensile rod was described in a

satisfactory manner. Localisation was obtained by a very small geometrical imperfection.

For the RPV geometry time-dependent inner wall temperatures were taken from the

paper of Park and Dhir [1], where two different heat transfer correlations for the natural

convection in the molten pool were discussed. For the vessel outer wall some heat transfer

coefficients were assumed. Due to the high temperature gradient in the wall, the failure

of the pressurised RPV is governed by the material behaviour near the vessel outer wall.

Three-dimensional finite element analyses indicated that the load-carrying capacity of the

RPV does not only depend on the external temperature, but also on the size of the hot

region.
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1 Introduction

Outside cooling of the reactor pressure vessel is one of the accident-management strategies

being proposed to ensure the integrity of the vessel after a severe core melt accident. In this

study the influence of high temperature gradients on the load-carrying capacity of an RPV is

discussed. The temperature distributions are taken from the literature [1]. In these scenarios

the relocated corium begins to heat-up, and the crust formed after relocation begins to remelt

at the upper surface of the pool, first because of natural convection inside the pool. For a chosen

set of parameters, inner wall temperatures are predicted to exceed the melting temperature of

steel near the free surface of the pool.

Here, for each calculated thermal loading history, the thermoplastic response of the vessel

was calculated in the subsequent stress analysis. A constant internal pressure of 16 MPa was

assumed. If no plastic instability of the vessel had occurred at the end of the prescribed thermal

loading history, the pressure was increased until plastic instability resulted. Due to the rapid

heat-up, non-axisymmetric remelting of the crust seems to be possible. Thus, the effect of

local heat-up on the failure due to plastic instability has been investigated by means of three-

dimensional finite element analyses.

2 Identification of the material parameters

A model for thermo-plasticity incorporating multi-linear isotropic hardening and v.Mises

yield criterion was applied to describe the mechanical behaviour of the ferritic-bainitic steel

20 MnMoNi 5 5 (similar to SA 533 B). The temperature dependent parameters of the model

were identified on the basis of uniaxial tensile tests. These tests had been performed by Miiller

and Kuhn [2] within a temperature range from room temperature up to 900 °C; the strain rate

was 1.67 x 10-* s"1 (see Tab. 1).
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Temperature

[°C] |

23

200

300

400

500

600

700

800

900

°u
[MPa]

620

570

590

545

420

305

150

81

57

[MPa]

460

400

420

370

355

290

147

61

45

E

[MPa]

194000

205000

175000

165000

150000

136000

130000

60000

16500

A

[%)

13.9

9.2

9.4

14.2

11.1

12.5

34.5

31.9

30.5

A,

[%]

9.2

6.8

7.2

8.0

2.6

1.0

1.0

17.0

22.6

Z

[%]

46.2

34.6

30.5

39.9

55.5

75.0

55.5

24.9

26.3

E

A

Z

ultimate strength

yield strength

Youngs's modulus

total elongation at fracture

total elongation at cu

reduction of area at fracture

Table 1: Material properties from [2]

For stresses below the ultimate strength, the parameters were calculated analytically from the

force-elongation curves. If elastic strains are neglected, it can be shown (see e.g. [3]) that the

condition of maximum load is
da

= a (1)

where a is the Cauchy stress and e is the logarithmic strain. Kecking of the tensile rod can be

treated as a bifurcation state for a perfect specimen or as imperfection triggered localisation. In

the present work, localisation was obtained using a very small sinusoidal geometrical imperfec-

tion. To determine the parameters describing the post-critical response of the rod, the tests had

been recalculated using finite elements. According to the experiments, the length-to-diameter

ratio is 10. For the finite element calculations one half of the tensile rod has been modelled

with axisymmetric 8-node quadrilateral elements and reduced integration (see Fig. 1).
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0

z

Figure 1: FE-mesh of the tensile rod.

The shape of the rod is given by

= (r0 — Ar) - Ar s i n ( - + 2x— I
V 2 la/

(2)

where Ar is the amplitude of the sinus-function, r0 is the nominal radius, and /0 is the initial

length of the rod. An amplitude of Ar/r 0 — 0.005 % of the nominal radius has been chosen.

Even with a small number of finite elements localisation of plastic deformation was achieved

(see Fig. 2).

Figure 2: Deformed and undeformed meshes of the rod.

(T = 23 °C, A///o = 21.3%)

The parameters had been varied by trial and error until the experimental results were fitted in

a satisfactory manner. In Appendix A experimental data are compared with numerical results.

The determination of parameters was restricted by the condition that no unstable material

behaviour (softening) is admitted. Consequently, in further calculations instabilities are caused

only by the geometry of the structure itself.
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3 Reactor geometry

For the finite element analyses an RPV design with an almost semi-spherical lower head without

penetrations was modelled. Cladding and weldings were neglected. The shape and the major

design parameters of the vessel are

shown in Fig. 3. ip denotes the angle

along the spherical part of the lower

head. At the upper end of the ves-

sel all nodes are constrained in axial

direction, and, in addition, the nodes

at the inner side are constrained in

radial direction. For the axisymmet-

ric calculations two different meshes

modelled with 8-node quadrilateral el-

ements were used (see Chap. 7.2 and

7.3), for the three-dimensional calcula-

tions half of the vessel was modelled

with 708 elements (see Chap. 7.3).

, I
rl = 2756 mm
r2 = 2500 mm
r3 = 2560 mm
TA = 2708 mm
zl = 5755 mm
z2 = 523 mm

Figure 3: RPV geometry.

4 Thermal loading

The thermal loading history of the vessel inner wall has been taken from the paper of Park

and Dhir [1], where two-dimensional transient and steady state heat transfer analyses including

convective and radiation heat transfer were performed. Two different heat transfer correlations

for natural convection are discussed. The emissivities of the pool free surface, the vessel wall

and the upper structure as well as the upper structure temperature and the volume of relocated

corium were varied. Liquid subcooling of 50 °C at 1 atm pressure was assumed. Correlations

are given for the heat transfer coefficients and the outside vessel temperature. With respect to

the formula indicated for a submerged hemisphere and a temperature range of 50 to 136 CC

a heat transfer coefficient of approximately 300 W/m2K at a temperature of 136 °C would

result. Compared to experimental results from Henry et al. [4], who measured heat fluxes on
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the order of 106 W/m2 and an outer vessel temperature of approx. 100 °C, this value for the

heat transfer coefficient seems to be too low. For example, in [5] a typical value in ambient air,

calculated by SCDAP/RELAP5 for h is 433 W/m2K, and for water environment, a value of

1900 W/m2K is given.

Here, the finite, element analyses are based on vessel inner wall temperature distributions, which

resulted from Mayinger et al.'s correlation for the boundary condition as follows [1]:

• Molten pool contains full core (vessel is covered with corium up to an angle of (p0 = 67.3°).

• Heat generation Qgfn = 29.5 MW ( « C.9 % of full power).

• Steady state temperature of corium TPt,tcajy = 2592 °C.

• Emissivity of the uncovered vessel wall ew = 0.5.

• Emissivity of the upper surface of the pool eu = 0.5.

• Emissivity of the upper structures e, = 0.5.

• Temperature of the upper structures T, = 1327 °C.

The temperatures along the vessel inner wall, 0000 s after core relocation, were taken from [1].

Due to the lack of data before this point in time, temperature distributions for lower times

are estimated and assumed, respectively. For the first 2000 s after relocation an inner wall

temperature of 720 °C was assumed for the covered part of the lower head. Uncovered parts

remain at the initial temperature, which was given as 350 °C. The temperature distribution

after 4000 s is estimated from the plotted time-dependent lower crust thicknesses along the

vessel inner wall [1]. The temperatures between 2000 s and 4000 s are interpolated linearly.

Figure 4 shows the inner wall temperatures on which the finite element analyses are based.

- 116-



Time after core relocation [s]

O

(D

CL

E

a;
c
c

— 4000 (estim. from [1])

0 10 20 30 40 50 60 70 80

Angle along the vessel inner wall <P [deg.]

Figure 4: Time-dependent inner wall temperatures.
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5 Thermal analysis

Uncoupled thermal analyses had been performed with the ABAQUS finite element code. This

means that in the energy balance the heat produced during plastic deformation is not taken

into account and changes of the geometry are neglected.

We consider a Lhree-dimensional body B with a sub-domain V (see Fig. 5).

Figure 5: Body subjected to heat transfer.
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Heat conduction is assumed to be governed by the Fourier law

f = - k G R A D T , (3)

where fis the heat flux vector, k is the conductivity matrix and T is the temperature. GRAD is

the gradient operator d( ) /5X, where X is the position in the reference configuration. Hence,

heat conducted through the surface Sy of the body V is

qk= f f - n d S , ( 4 )
JSr

where n is the unit outward normal at dS. Using the Gauss theorem (4) can be re-written as

qk = I DlVfdV . (5)
Jv

DIV is the divergence operator in the reference configuration. The finite element analysis is

based on the power balance

[ pÙdV- [ DIVfdV = f qdS+ f rdV , (6)
Jv Jv Js, Jv

where p is the density of the material, U is the material time rate of the internal energy, q is

the heat flux per unit area at the boundaries of B, flowing into the body, and r is the heat

supplied externally into the body per unit volume.

Neglecting latent heat effects during phase changes, the effect of heat capacity is described by

Hence, (6) can be re-written

/ pc(T)tdV- ! DlVfdV = ( qdS+ f rdV . (8)
Jv Jv Js, Jv

The temperature dependent conductivity, specific heat and density were taken from [6]. Since

in ABAQUS the density p is not a function of temperature, the specific heat c(T) for a chosen

density p = 7850 kg/m3 is given by

Pc{T) = p(T)*c{Ty , (9)

where p(T)" and c(T)* are experimental data given in [6].
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The material thermal properties used in

these calculations are listed in Appendix B.

Two different correlations for conductivity

are used for temperatures above the melting

temperature of 1520°C. For case A, conduc-

tivity resulting from (9) was given; in case B

a value of 100000 W/mK for T > 1530 °C

was assumed (see Fig. 6).

100-

80-

60

I ^
1 2OH

-c Cose B

—~ Case A
100000

0 200 600 1000 1400 1800 2200

Temperature [*C]

Figure 6: Conductivity correlations.

Latent heat effects are studied, too; a value of L=277 kJ/kg, as given in [7] for pure iron, was

specified. Equal values of solidus and liquidus temperatures, as given in [5], led to numerical

problems as predicted in the ABAQUS manual [8]. Thus, an arbitrary solidus temperature of

1450 °C and a liquidus temperature of 1520 °C were assumed.

At the outer side of the vessel constant heat transfer coefficients of 500, 1000, 1900, 5000 and

15000 W/m2K were assumed for the transient heat transfer analysis. As in [1], subcooling of

50 °C at 1 at m was assumed. The vessel outer wall was supposed to be cooled and a steady

state in the wall was attained before core relocation occurred. Thus, different vessel outside

temperatures resulted before core relocation (t = 0 s).

6 Stress analysis

The stress analysis is based on the theory of large deformations, where the rate of deformation

D is defined as the symmetric part of the velocity gradient in the current configuration L

(10)

In ABAQUS elastic deformations are assumed to be small, thus we get the classical strain rate

decomposition [8]

D « D e + D p (11)

with

D e = (12)
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D P = A ^ . (13)

D e and D p are the rates of elastic and plastic deformations, Ee is the rate of the linearised

Green's stain tensor describing elastic deformations, and F is the yield function

F = F ( T , s p , T ) = f - q (14)

Including v.Mises yielding criterion for isotropic hardening we get

/(*) = /(T(<)) = ( ^ T D - T D ) ' , (15)

,(<) = q{êp{t),T{t)) , (16)

where q is the current radius or the yield surface, T D is the deviator of the Cauchy stress tensor

T, T is the time derivative of T, T is the temperature, t is the time, and ip (t) is the work

equivalent plastic strain

From the so called consistency condition F = 0 we obtain

A T D T ^ rp

dsp

In the stress analyses the previously calculated thermal loading histories were used as input

data. In all analyses thermal expansion and in the calculations discussed in Chap. 7.2 the dead

weight of the vessel and the mass of the relocated corium (124 tons) were taken into account

in addition. Temperature dependent material properties were identified with uniaxial tensile

tests (see Chap. 2) or were taken from [6]. All material properties used in the stress analysis

are given in Appendix B. The vessel '.vas assumed to be stress-free at the initial temperature

Tina. = 350 °C. At the beginning, a constant internal pressure of 16 MPa was assumed in

all stress analyses. If, at the end of the prescribed thermal loading history, unstable response

of the vessel did not occur, the pressure was increased until plastic instability resulted. Thus,

the critical pressure indicates how the load-carrying capacity of the vessel is affected by the

given thermal loading history. Note that due to the mode] of thermo-plasticity time-dependent

material behaviour such as creep or relaxation is not taken into account. Hence, long-term

effects are not described in this study.
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7 Results and discussion

7.1 Simplified geometry

First, finite element analyses were performed for a simplified geometry to investigate the effect

of different heat transfer coefficients and of latent heat as well as the effect of both conductivity

correlations on the critical state. A small segment of a sphere (angle of the segment: 0.2°) was

modelled with 20 8-node quadrilateral axisymmetric finite elements in radial direction.

In a first approach, critical temperature distributions or critical internal pressures were deter-

mined, assuming a constant inner wall temperature of 1520 °C. Melting of the structure was

not desired and latent heat effects were neglected. For a homogeneous initial temperature of

350°C, outside cooling with the heat transfer coefficients given in Chap. 5 was expected until

steady state was reached. Afterwards, the inner wall temperature was increased within 10 s up

to a constant value of 1520 °C. Table 2 indicates, on the one hand, the time at failure, if for

an internal pressure of 16 MPa plastic instability occurred. On the other hand, the maximum

internal pressure at failure is given for the case that steady state was achieved.

Heat transf.

coefficient

[W/m2K ]

500

1000

1900

5000

15000

Steady

state

reached

no

yes

yes

yes

yes

Time to

failure

[•]

1560

-

-

-

-

Critical

pressure

[MPa]

-

21.2

25.4

27.8

29.0

Outer wall temp.

at failure

[°cj

408

283

186

108

70

Heat

flux

[MW/ra2 }

0.187

0.236

0.262

0.291

0.303

Table 2: Failure map for the simplified geometry, Tj = 1520 "C.

For h = 500 W/m2K steady state would have been reached after 2320 s with an outer wall

temperature of 440 °C.
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In a second approach, the time-dependent

maximum inner wall temperatures, as shown

in Fig. 4, were prescribed at the inner wall

of the segment unifor nly. Additionally, as in

[l], an inner wall temperature of2230°C after

t = 8000 s was given (see Fig. 7).

2,500-

80002000 4000 6000

Time [s]

Figure 7: Thermal loading history for the

simplified geometry.

The influence of conductivity correlations A and B (see. Fig 6), in combination with ail heat

transfer coefficients, on the load-carrying capacity of a perfect sphere is shown in Tab. 3. The

latent heat is neglected in these calculations.

Heat transf.

coefficient

{W/m2K }

500

500

1000

1000

1900

1900

5000

5000

15000

15000

Conduct.

correl.

A

B

A

B

A

B

A

B

A

B

Time to

failure

[s]

5610

5542

6205

5581

6820

5596

-

5600

-

5605

Critical

pressure

[MPa]

-

-

-

-

-

-

18.1

-

19.7

-

[•C]

1640

1569

2080

1610

2170

1620

2230

1620

2230

1630

To

[°C]

412

407

320

273

242

185

135

109

80

70

Heat

flux

[MW/m? }

0.183

0.181

0.270

0.234

0.355

0.280

0.428

0.333

0.446

0.303

[%]

7

33

25

58

31

63

31

63

30

64

Ti : inner well temperature

To : outer wall temperature

Am : area of the wall where T > T,<«/,meft

Table 3: Failure map for the simplified geometry; temp, history.
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Table 4 indicates that latent heat effects (T,oIldu, = 1450 CC, TK,uiduj = 1520 °C, L=277 kJ/kg)

did not decisively affect the load-carrying capacity. As a result, latent heat was neglected in

subsequent analyses.

Heat transf.

coefficient,

[W/m2K ]

500

500

5000

5000

Latent

heat

yes

no

yes

no

Time to

failure

M
5610

5610

-

-

Critical

pressure

[MPa]

-

-

18.3

18.1

T,

[°C]

1640

1640

2230

2230

To

[•C]

412

412

134

135

Heat

flux

[MW/m2 }

0.183

0.183

0.424

0.428

Table 4: Failure map for the simplified geometry; latent heat effects.

In Fig. 8 some temperature and stress distributions inside the wall are shown. The conductivity

correlation B and a heat transfer coefficient of 500 W/m2K were given. Plastic instability

occurred after 5542 s (42 z after the inner wall temperature had exceeded for the first time the

melting temperature of steel).

In Fig. 8 the curves for tl represent the temperature und stress distributions in the wall 255 s

after the beginning of outside cooling. Again, the vessel is supposed to be cooled before core

relocation occurs. Core relocation was assumed to take place for t = 0 s. Even for a heat trans-

fer coefficient of 500 W/m2K, outside cooling leads to a strong stress-redistribution in the wall.

After steady state had been reached, hoop-stresses of 409 MPa (tension) and -233 MPa (com-

pression) resulted at the outer and at the inner vessel walls, respectively. For h — 15000 W/m2K

hoop-stresses of 413 MPa and -303 MPa were calculated near the outer vessel wall and at the

inner vessel wall before core relocation was assumed. During heat-up the peak of the compres-

sive stresses moves outwards and due to the decreasing strength of the material the compressive

stress peak decreases relative to the time, too.
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Figure 8: Time-dependent temperatures and v.Mises stresses inside the wall.

7.2 Axisymmetric RPV geometry

Thermal and stress analyses were performed for the time-dependent inner wall temperatures

shown in Fig. 4. The vessel was modelled with 234 8-node quadrilateral axisymmetric elements.

Assuming the conductivity correlation A, critical internal pressures were determined for heat

transfer coefficients of 1000, 1900 and 5000 W/m2K. The dead weight of the RPV and the

mass of corium (124 tons) were taken into account. The critical internal pressures are entered

in Tab. 5.
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Case

AX-1

AX-2

AX-3

Heat transf.

coefficient

[W/m2K ]

1000

1900

5000

Critical

pressure

[MPa]

24.8

28.0

30.7

T,

[°C]

2065

2065

2065

T

[•C]

412

187

135

Table 5: Failure map for the axisymmetric RPV geometry; temp, history.

For the simplified geometry and the temperature distribution, shown in Fig. 7, critical pres-

sures of 18.7 MPa (h = 1000 W/m2K), 22.2 MPa (h = 1900 W/m?K) and 24.9 MPa

(h = 5000 W/m?K) resulted after 6000s. The reason for this difference in critical pressures

was the moving temperature peak in the cases AX-1 to AX-3. Figures 9 and 10 show the load-

ing history, the critical stress distribution, and the post-critical RPV behaviour for case AX-2,

respectively.

30-,

Q.

S
"5
*

r700

.990 1.000 1.010 1.020 1.030

Normalised RPV—volume [ ]

148

Distance from inner vessel wall [mm]

Figure 9: Loading history and critical stress distribution for case AX-2.
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Figure 10: Post-critical deformation for case AX-2 (scale factor 1).

The normalised RPV-volume resulted from the time-dependent inner volume related to the

initial volume (p - 16 M Pa and Tinit. =350 *C). It can be seen that during the cooling phase

(line O-A) the vessel inner volume decreases, while during heat-up the volume increases (line A-

B). At point A core relocation was assumed (t = 0 s). Since at the end of the thermal loading

history (point B) plastic collapse of the vessel did not take place, the pressure was increased

until plastic instability resulted (point C). In Fig. 10 the post-critical deformation behaviour

at point D is shown. The maximum equivalent plastic strain attained 114.9% at an integration

point in the element at the outer vessel wall.
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7.3 Three-dimensional RPV geometry

The effect of local heat-up on the load-carrying capacity was investigated by three-dimensional

finite element analyses. The vessel was modelled with 660 20-node brick elements and 48 tri-

angular prism elements (see Fig. 11).

Figure 11: Finite element mesh and hot spot area.
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Neglecting the dead weight of the vessel and the mass of corium, an

almost circumferential hot spot with a 'diameter' of approx. 60 cm was

given. The prescribed time-dependent temperature distributions at the

inner vessel wall are shown in Fig. 12. Outside the hot spot, for t > 10 s,

the inner wall temperature remains constant at 720 °C in the lower head,

and at 350 °C in the cylindrical part of the RPV. It was assumed that

the material obeys the conductivity correlation A.

— 5500

- • 5000

- - 10 -

initiol

s

s

4000 s

temp. a.

o
S

a>
c
c

2,000-

1,500-

1,000-

500-

0-

K \

•s. N.

— 5500 s

- • 5OC0 s

- - 10 - 4000 s

initial temp.

50 55 60 65 70 75 80 85

Angle along the vessel inner wall V [deg.]

0 2 4 6 8 10 12

Angle along the vessel inner wall 8 [deg.]

Figure 12: Time-dependent inner wall temperatures in and near the hot spot;

T(<p) for 0 = 0° (left), T(0) for y> = 62.6° (right).

Note that, unlike calculated in the preceding chapter, the location of

the temperature peak remains constant relative to the time. Thus, to

compare three-dimensional calculations with two-dimensional finite ele-

ment analyses, further axisymmetric calculations had to be performed

with identical thermal loading histories. Therefore, a 2-D mesh with 102

8-node quadrilateral axisymmetric elements was modelled, as shown be-

side this paragraph. For the three-dimensional finite element calculations

three different cases are investigated. In case 3D-1, the load-carrying ca-

pacity of the RPV was determined for h = 1000 W/w?K and the tem-

perature distribution resulting after 5500 s (Tmax = 2065 °C). In cases

3D-2 and 3D-3 the critical internal pressure for h = 1900 W/m2K was

determined after 5000 s {Tmax = 1520°C) and 5500 s (Tmax = 2065°C),

respectively.
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In Tab. 6 the critical internal pressures resulting from the three-dimensional calculations are

compared with two-dimensional calculations in which the thermal loading history, shown in the

left diagram of Fig. 12 (0 = 0°), was considered. Additionally, the load-carrying capacity of a

vessel is indicated where no hot spot was assumed, this means that the inner wall temperature

remains constant at the value of Tt- = 720 °C between 10 and 5500 s.

Heat transf.

coefficient

[W/m2K ]

1000

1900

1900

Time

[«]

5500

5000

5500

Critical internal pressure [MPa J

3-D

50.69

52.27

52.27

2-D

26.84

40.03

29.87

without

hot spot

50.76

52.36

52.36

Table 6: Critical internal pressures for different geometries.

Table 6 indicates that the load-carrying capacity was not decisively afFected by the hot spots

assumed in this study. Although the limit loads for cases 3D-2 and 3D-3 are identical the

locations where maximum plastic deformations appeared are different. While for the cases

3D-1 and 3D-3 the maximum plastic deformations occurred in the center of the hot spot, in

case 3D-2 maximum plastic deformations are determined in the pole of the vessel. In Fig. 13

and Fig. 14 post-critical RPV deformations are shown for the cases 3D-1 and 3D-2.
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Figure 13: Post-critical deformation for case 3D-1, ep<mat = 60.0% (scale factor 1).
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Figure 14: Post-critical deformation for case 3D-2 (scale factor 1).

7.4 General remarks on the geometries

The influence of the different geometries considered here on the load-carrying capacity is shown

in Tab. 7. First, a homogeneous temperature of 400 °C was specified. In one case, where for the

axisymmetric geometry the dead weight and the mass of the corium were taken into account,

the critical pressure decreased by 0.05 MPa. Since failure occurs in the pole of the vessel, the

dead weight of the vessel does not affect the critical internal pressure. For case AX-2 (see

Chap. 7.2) the critical internal pressure increased by 0.07 MPa if the dead load of the vessel

and the mass of the corium were neglected. In addition to the results of Tab. 6 the load-carrying

capacity which resulted for the simplified geometry and the thermal loading history assumed

in Chap. 7.3, was determined.
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T=400"C

3-D

2-D

(coarse mesh)

2-D

(fine mesh)

simplified

geometry

Critical pressure

[MPa]

60.08

60.08

59.79

59.12

h = 1900 W/m?K, t = 5500 s

3-D

2-D

simpl.

Critical pressure

[MPa]

52.27

29.87

23.24

T

[•C]

177

183

189

Table 7: Limit loads of the different geometries for isothermal and non-isothermal cases.

For the isothermal cases the load carrying-capacity of the geometries discussed here do not

differ decisively. Since failure occurred in the pole of the vessel, this can be approximated

by the simplified geometry. The little deviations of critical pressures might result from the

different numbers of finite elements through the wall thickness (2 elements for the 3-D and 2-D

(coarse) meshes of the preceding chapter, 6 elements for the 2-D mesh of Chap. 7.2, and 20

finite elements for the simplified geometry). For the non-isothermal cases the differences in the

critical pressures in the 3-D and 2-D calculations obviously result from the size of the heat-

affected zone. While for the 3-D calculations local heat-up was assumed, axisymmetric thermal

loading was prescribed for the 2-D calculations. Since tlva temperature peak was outside the

pole of the vessel, the critical internal pressure which resulted from the simplified geometry was

below the limit load of the axisymmetic model. Thus, in any case, the critical internal pressure

which results from the simplified geometry is a lower bound for the load-carrying capacity of a

reactor pressure vessel.
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8 Summary and conclusions

The effect of axisymmetric and local heat-up of a pressurised and externally cooled reactor

pressure vessel on its load-carrying capacity was investigated with the ABAQUS finite element

code. Time-dependent inner wall temperatures were taken from the literature. At the outer

vessel wall, heat transfer in subcooled water was assumed. In the uncoupled thermal analyses,

time-dependent temperature distributions in the wall were calculated for different heat transfer

coefficients. With a model for thermo-plasticity, plastic limit-loads were determined in the

subsequent stress analyses. Since the inner wall temperatures exceeded the melting-temperature

of the vessel material, two different conductivity correlations were specified.

Basic investigations were carried out on a simplified geometry. Due to quenching of the outer

vessel wall and the subsequent heat-up of the inner wall, complex stress redistributions occurred.

Since the strength of the material decreases with increasing temperature, heat-up induces high

tensile stresses near the outer vessel wall. Consequently, the load-carrying capacity strongly

depends on the temperature distribution and, hence, on the heat transfer coefficient. But it

should be noted that, in contrast to the ultimate strength, the fracture toughness decreases

with decreasing temperature. Thus, the fracture toughness of the material may limit the load-

carrying capacity of the vessel.

In the two-dimensional finite element analyses localisation of plastic deformations was obtained

in the hottest region of the RPV after the limit point had been attained. The hot spots which

were given in the three-dimensional calculations did not decisively affect the load-carrying

capacity of the reactor pressure vessel. In one case the maximum plastic deformations were

even determined in the pole of the vessel.
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Appendix A

Comparison of experimental data with finite element results of tensile tests:
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Appendix B

Input data for the thermal analyses:

T

[•C]

20

200

400

600

800

1000

1200

1400

1600

2200

A (case A)

[W/mK }

44.4

43.2

39.4

33.0

27.0

27.0

30.0

32.0

33.0

34.0

c

[J/kgK ]

435.00

496.82

534.70

584.71

677.71

668.79

646.05

628.28

619.55

606.37

conductivity

specific heat

Density of steel: p,Ut\ = 7850 kg/m3
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Input data for the stress analyses:

T

[•C]

23

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

1700

E

[MPa]

194000.

-

205000.

175000.

165000.

150000.

136000.

130000.

60000.

16500.

10000.

-

-

-

-

-

-

10000.

V

I]
0.300

-

0.300

0.300

0.300

0.304

0.307

0.312

0.316

0.324

0.324

-

-

-

-

-

-

0.324

a

[IO- 6^- 1 ]

11.00

11.00

12.12

13.00

13.53

13.91

14.08

13.42

13.10

12.88

12.82

12.62

12.42

12.22

12.02

11.82

11.62

11.42

E : Young's modulus

v : Poisson 's ratio

a : mean coefficient of thermal expansion

Density of steel: p,,«,

Density of corium: pcor

Gravity constant: g

= 7850 kgfm3

= 8200 kg/m1

= 9.81 m/s1

• 138 -



23°C

q

[MPa]

460.00

578.32

632.43

666.94

696.50

739.95

769.95

779.95

782.95

[%]

0.00

3.03

5.00

6.97

11.31

20.00

30.00

40.00

70.00

500°C

q

[MPa]

355.00

387.08

409.31

429.06

435.39

493.80

538.80

540.80

h
[%]

0.00

0.30

0.80

1.85

3.31

20.00

50.00

70.00

900°C

[MPa]

45.00

53.16

57.00

68.39

74.38

265.94

[%]

0.00

3.30

5.49

17.83

26.34

300.00

200° C

g

[MPa

400.00

493.93

554.33

603.97

622.59

fp

[%]

0.00

1.69

3.35

5.50

8.54

648.-JÔ i". ;"J

65.? .!.: :•'/.(")

600° C

q

[MPa]

290.00

306.93

309.65

557.08

559.58

i .

[%]

0.00

0.41

1.29

125.00

150.00

1000°C

q

[MPa]

20.00

30.00

[%]

0.00

40.0

300

q

[MPa]

420.00

503.10

574.32

626.27

638.94

681.33

700'

q

[MPa]

147.00

151.30

152.13

525.51

1520°

[MPa]

1.00

3.00

g : ladius of yield surface

ip : work equivalent plastic strain

C

f p

[%]

0.00

1.31

3.07

5.62

7.61

50.00

C

ëp

[%]

0.00

0.75

1.29

300.00

400'

q

[MPa]

370.00

455.16

531.68

576.68

603.86

634.11

709.11

711.11

800°

q

[MPa]

61.00

69.50

76.73

86.09

99.34

351.02

C

[%]

0.00

40.0

C

h
[%]

0.00

1.02

2.96

5.33

9.92

20.00

50.00

70.00

C

[%]

0.00

1.26

2.77

6.41

20.35

300.00

The values of q and ip for T >1000°C are assumed.
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ABSTRACT

In the past an extended experimental and theoretical program was realized by Prof. May-

inger et. al. at the Technical University of Hanover in the years 1970 - 1982. The main

subjects of this pr_;3ram were experimental and theoretical activities on the molten pool

behavior and especially the heat transfer properties from the pool in the upward and

downward direction. The first part of the paper summarizes these results.

The second part of the presentation will concentrate on the part of the current GRS pro-

gram on "Accident Management Mitigation" with the subject of "In-Vessel Phenomena and

Ex-Vessel Pressure Vessel Coolability". Some findings of an prepared status report will be

presented as well as the status of calculations using the MELCOR code.
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1 Introduction

Within the last two to three years the subject of feasibility of in-vessel core debris cooling

through external flooding of the reactor pressure vessel has also raised interest in Ger-

many. New activities at GRS are part of our Accident Management Program which is

sponsored by German ministries.

This presentation is divided into two different parts according to with the subject of this

workshop:

- firstly, results of an extended experimental and theoretical program which was carried

out by Prof. Mayinger et. al. at the Technical University of Hanover in the years 1970 -

1982 are summarized (/JAN 74/, /JAN 75/, /MAY 75a/, /MAY 75b/, /MAY 80/, /REI

74a/, /REI 74b/, /REI 79/, /STB 80/) and

- secondly, a short overview of the GRS program on this subject together with first re-

sults will be presented.

The main subjects of this previous program at the TU Hanover were experimental and

theoretical activities on the molten pool behavior and the heat transfer properties from the

pool to the connecting walls under different boundary conditions and assumptions. In prin-

ciple three different steps were realized within this program:

a) assessment of free convection in a fluid with internal heat sources in different geome-

tries (e. g. rectangular, semicircular) in a range up to Ra' < ~2 x 1010,

b) assessment of free convection in a fluid with internal heat sources in a semicircular

cavity at different fluid levels and

c) assessment of convection forms and heat transfer properties to the lower bounds in a

fluid with internal heat sources in a semicircular cavity in combination with a fluid jet

flowing into the pool from above under different boundary conditions.



The main results will be presented in the first part of this presentation.

The new GRS activities concerning this topic started in 1993 with the preparation of a

status report on in-vessel severe accident phenomena and their influences on ex-vessel

cooling /SOM 93/. The main results of about 80 different reports, papers and presenta-

tions are included in this status report. Only few findings will be discussed in the second

part.

Also, in the last year we started calculations using the new MELCOR 1.8.2 code for a typi-

cal German PWR. Only a statement about the situation concerning MELCOR will be pre-

sented at the end of this paper.

2 Previous German Research Activities at TU Hanover

2.1 Free Convection Heat Transfer in a Fluid with Internal Heat Sources in a

Semicircular Cavity

At the beginning of these previous research activities in the early 1970s very few results

on free convection heat transfer in fluids mostly without internal heat sources were pub-

lished. Due to various problems in chemical engineering and energy conversion existing

at that time, heat transfer by free convection in a closed space, from an internally heated

fluid to the cooled container wall, was of significance. Otherwise in the field of reactor

safety the interest on examinations of so called "hypothetical accidents" has increased.

Therefore free convection in a fluid with internal heat sources was theoretically and ex-

perimentally examined for a rectangular and a semicircular cavity.

Because of the limited time available the first part of this chapter is focused only on results

of the examined semicircular cavity.
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2.1.1 Experimental Investigations and Results

The main goal of this investigations was to get first hand information on the main flow con-

ditions and heat transfer properties relevant to a molten pool in the lower plenum of the

pressure vessel under specific boundary conditions. Experiments with real materials with

real geometries were not possible and were also not necessary. Simple comparisons of

characteristic, dimensionles numbers Grashof and Prandii in that case had shown that the

typical, original conditions could be reached also in the model. The experimental results

were obtained from a small scale test chamber in a semicircular geometry by using simu-

lant material for the melt (Figure 1) /JAN 74/.

Fig. 1 Semicircular test chamber /JAN 74/

The technique of holographic interferometry was applied to measure the temperature

field. Therefore the experiments were limited to two-dimensional convection in flat, thin

test chambers.

The test fluid was water, in which the uniform heat source density was simulated by

Joules' heat, by means of an electric current. To allow recording of interference pictures

and to realize uniform heating of the fluid, the side glass walls of the test chamber were
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coated with SnO2. For the first tests, the upper and the lower wall of the chamber were

cooled by water. Different chambers with radii between R = 25 mm to 280 mm were used.

Figure 2 shows typical, measured temperature fields at four different points in time.

Fig. 2 Typical, measured temperature fields at four different points in time /JAN 75/

These pictures allow to identify three different areas of flow behaviour. Firstly, the non-

uniform turbulent flow in the liquid layer on the upper wall is similar as found in the rectan-

gular model (not shown in this presentation) /JAN 75/. It is characterized by decreasing

temperature and therefore increasing density contrary to the gravity field, which is an un-

stable configuration. The region with the highest temperature below this non-uniform tur-

bulent flow region is influenced by the turbulent flow cooled from above. Secondly, in the

lower part of the model a stable, calm liquid layer is formed. This temperature field is typi-

cal of a stratified flow field with low velocities. The fluid velocity in the mid lower region

near the bottom of the semicircular cavity is lower compared to the side region. Thirdly, in

-148 -



the upper half of the curved bottom isotherm patterns typical of a cooled vertical wall may

be observed.

Additionally the four figures show a relatively time-independent, stable flow situation (con-

vection) at the lower part of the semicircular cavity while at the upper part a nonsteady

state situation is dominât.

One conclusion to be derived from these first results is that at the lower and upper

bounds, a local distribution of the heat flux or of the Nusselt number may exist. Therefore

in addition to the average Nusselt number the local distribution of the relative Nusselt

number on the bottom of the cavity is also of special interest. Figure 3 shows for the first

discussion an example of measured Nusselt distributions at the upper and lower bound of

the cavity.

24

Nu

o UP

• down

o,s x/2r, f/9O'

Fig. 3 Distribution of Nusselt number at the upper and lower bounds of the semicircular

cavity (R = 25 mm, Ra" = 4 x 107) /JAN 75/
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Because of the non-uniform flow conditions at the upper bound, these distribution change

from time to time. Therefore local distributions of the Nusselt number are not of greater in-

terest. Typical at the lower curved wall is a much lower Nusselt number at the lowest point

than at the side of the cavity or near the fluid level. In this figure the maximum value is

placed near the fluid level and is comparable with the average value of the upper Nusselt

number. So far the first characteristics are of a free convection of an internally heated flow

in a i^micircular cavity.

2.1.2 Parameters Characterizing and Influencing the Convection Flow Regime

The dimensionless Rayleigh number which characterizes the flow conditions in a fluid be-

ing heated from below is defined as /REI 74a/, /REI 74b/:

This equation reflects the relation of buoyancy to viscosity forces in a fluid. For liquids with

internally heat sources this equation was adopted and in principle the relation between

convection and conduction heat transfer was added in a special form. The so-called modi-

fied Rayleigh number Ra1 is defined as /REI 74a/, /REI 74b/:

avkc

The characteristic length L of the fluid was substituted by the height H of the fluid. In this

case the height of the fluid in the cavity is equal to the radius. The definition of this pa-

rameter being in the fifth order of magnitude has a very strong influence on the calculated

Ra1 number. Otherwise the smaller the model of the pressure vessel bottom compared to

the reality is the lower are the possible Ra' numbers if the volumetric heat generation re-

mains constant. Therefore, the Ra1 number is often limited by the geometry and orders of
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magnitude lower than expected during severe accidents. This point will be discussed

again in brief in the second part of this presentation.

The following two pictures figure 4 + 5 demonstrate that the principle convection flow re-

gime does not change at higher Ra1 numbers greater than the critical Rayleigh number.

The higher Ra1 number is reached by a larger test chamber. Due to reducing the volumet-

ric heat source, the increasing of Ra' is not proportional to the fifths power of the length

scale.

Fig. 4 Temperature distribution at different Fig. 5 Temperature distribution at different

volumetric heat capacity or Ra' /JAN 75/ volumetric heat capacity or Ra' /JAN 75/

(R = 25 mm, Ra' = 3,8 / 6,3 /10,4 x 107) (R = 128 mm, Ra1 = 0,8 /1,72 x 1010)
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The differences between the measured temperature distributions are the decreasing

space between two isothermal lines at the lower part of the cavity with increasing

Ra' number and also the increasing non-uniformity at the upper part. At the upper side

wall a distinction of different isothermal lines is not possible at higher Ra1 numbers.

The local Nusselt number distribution (figure 6) /JAN 75/, /MAY 75a/ at the lower bound is

slightly different to the distribution shown in figure 3 before. The gradient of this distribu-

tion changes in that region at the side wall where the more stable flow regime is in contact

with the turbulent upper part.

Nu

•

60 •

-

0 -

I >

ÇA
NÛd= 32 W

O,5 x / 2 r ,

Fig. 6 Distribution of Nusselt number at the upper and lower bound of the semicircular

cavity at higher Ra1 number (R = 128 mm, Ra' = 1,2x1010) /JAN 75/, /MAY 75a/
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The most interesting outcome of this work so far are the following semiempirical equations

describing the average Nusselt number or heat flux in the upward (index u) and downward

(index d) direction dependent e. g. on the Ra1 number in the range of 107 < Ra' < 5 x 1010

/JAN 75/, /MAY 75a/:

Nu u=0,36xRa' 0 ' 2 3 Nud =0,54xRa'0 '1 8 eq. 3 + 4

or qu = 0.36 ^ L Ra'0'23 qd = 0.54 *s£L Ra'0.18 eq. 5 + 6

These equations are valid for a semicircular cavity with equal values of cavity radius R

and fluid level.

Before the results of the experimental investigations of partly filled cavities will be pre-

sented, some calculated temperature and stream function distributions are shown.

2.1.3 Calculated Temperature and Flow Distributions

For the numerical solution of this problem, a finite difference method has been used to

solve a system of differential equations under the assumption of only two-dimensional flow

conditions /REI 74a/, /REI 74b/, /MAY 75a/. An example of results is shown here without

presenting or discussing of the used equations and boundary conditions. Figure 7 shows

the calculated streamlines on the left hand side of each drawing and the isothermal lines

on the right hand side within a range of 7 x 10" < Ra' < 7 x 109 /REI 74a/.

A good agreement in principle has been found between the measured and the calculated

temperature distributions. The well known phenomena are reflected in the calculations.

These are the domination of heat conductivity at low Ra1 numbers and the increasing con-

vection heat transfer processes at higher Ra' numbers.
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a" = 7x10\ O', Pr«7

a< = 7x106. Pr Ra' = 7x1O7,

0

Q

Ra' = 7x108, Pr = 7 a' = 7x10*, Pr = 7

Fig. 7 Calculated streamlines and isothermal lines at different Ra' numbers /REI 74a/
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2.2 Free Convection Heat Transfer in a Fluid with Internal Heat Sources within a

Semicircular Cavity at Lower Fluid Levels

2.2.1 Experimental Results

In Figure 8 four measured temperature distributions at different fluid levels between H/R =

0,3 - 1,0 and with different Ra' numbers are revealed as an example /JAN 75/. Measured

temperature distributions at different levels with equal Ra' were not available.

h / r

h/r = 0
h/r = 1

Fig. 8 Measured temperature distributions at different fluid levels /JAN 75/
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It is obvious that in the presented range of Ra1 numbers no important differences in the

previously described temperature field can be observed independent of the fluid level. On

the other hand the more uniform temperature field in the lower part does not change sig-

nificantly, but in comparison to the height of the fluid it takes a larger part of the available

volume. Therefore, it can be concluded that the heat transfer to the lower bound is de-

creasing at lower fluid levels. The second influencing parameter for a lower heat transfer

is the increasingly flatter cavity at the side with decreasing fluid level resulting in lower

velocities.

In Figure 9 the average Nusselt numbers as a function of Ra' at four different fluid levels is

shown /JAN 75/.

100

1C

101 0 Ra' 101 1

Fig. 9 Average Nusselt numbers as a function of Ra' at four different fluid levels /JAN 75/

Investigations of the average Nusselt numbers at different fluid levels have shown that the

same equation to describe the average upward Nusselt number can be used if the
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maximum fluid height is used as characterise length for the calculation of the Ra1 number.

The average, downward Nusselt number can be calculated with the following equation

/JAN 75/:

n i Q /i_i\0,26
Nud=0,54xRa'u '1Bxl^ j 0,3<H/R<1,0 eq. 7

The Ra' number will also be calculated on the basis of the maximum fluid height. This

equation is same as previous one (eq. 4) shown in case of the height of the fluid and the

radius of the semicircular cavity are equal.

2.2.2 Results of Calculations

The used algorithm for the calculation of temperature and flow distributions has also been

adopted for the case of iower fiuid levels. The comparison between the experimental and

theoretical results available for the case with H/R - 0,5 shows only small differences and

will therefore not be presented here /REI 79/, /MAY 80/.

2.3 Free Convection Heat Transfer in a Fluid with Internal Heat Sources within a

Semicircular Cavity in Combination with a Fluid Jet flowing from Above into

the Fluid

This second part of the previous research program covered a broad spectrum of different

situations where a prebuilt small molten pool was filled up by a jet of the same material

from above /May 80/, /REI 79/, /STB 80/. All other known research activities on molten

pool behavior excludes the phase of pool building and use the assumption that the con-

figuration of the pool did not change during the examination. The results of this program

are so far of interest. This program were realized in about 5 to 7 years and a lot of results

were produced.
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2.3.1 Theoretical Background .

The expected flow regime within the semicircular cavity is a combination of a free convec-

tion flow regime in fluids with internal heat sources and a forced flow regime by the fluid

jet. The relation of momentum forces of the fluid jet to the buoyancy forces is relevant for

the actual flow regime. The main characteristic, dimensionless parameter in this flow re-

gime is the following quotient: Gr/ReB
2, if the enclosed, dimensicnles numbers are calcu-

lated with the same characteristic length (height of the fluid level). The Gr number

characterizes the free convection flow regime while the Re number characterizes the

forced flow regime. A large value of this quotient is relevant for a dominant free convec-

tion, while a low value denotes a forced flow regime. Other influencing parameters are the

temperature, the diameter and the velocity of the incoming jet, the volumetric heat source

or the flow conditions in the fluid pool and the geometrical characteristics /STB 80/.

In Figure 10 three typical situations are demonstrated /STB 80/. The part a) of this figure

shows the well known, undisturbed temperature field. The other two pictures are relevant

for cases where aï the central position a fluid jet flows into the cavity. The state were the

quotient Gr/Re2 reaches the critical value is shown in part b) of this figure otherwise there

is a domination of stagnation point flow regime (part c). In the last cases the very high

number of isothermal lines in the center of the bottom are typical of a higiier heat transfer

by the forced flow. Also the characteristic turbulent flow near the stagnation point can be

shown here. Finally it becomes obvious that the fluid jet does not change strongly the flow

regime in locations far from the jet.

-158 -



a) ... without a fluid jet flowing from above

b) ...with a fluid jet at the critical value of Gr/Re|B

c) ... with a fluid jet at a value below the critical of Gr/Re|

Fig. 10 Typical temperature distributions in a semicircular cavity with and without a fluid jet

flowing from above into the pool in central position /STB 80/
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As shown later, the jet temperature was found to be one important parameter influencing

the flow regime. The dimensionless temperature 0 used here is defined as follows /STB

80/:

„ T j -Tmax .
e = z~ — eq. 8

I max-1 w

Where T, is the jet temperature, Tw is the lower wall temperature and Tmax is the maximum

fluid temperature in the case of free convection. This definition allows a differentiation be-

tween the buoyancy and the momentum forces of the jet. The following cases are

possible:

0 < 0 buoyancy and momentum forces of the jet are oriented in the same

(downward) direction

- 0 = 0 the jet temperature and the fluid temperature are equal, influence of the

buoyancy forces can be neglected

- 0 > 0 buoyancy and momentum forces of the jet are oriented in different

directions

This differentiation is of importance in so far as the buoyancy forces may increase or de-

crease the impact of the fluid jet on the flow regime /STB 80/.

2.3.2 Experimental Investigations

In Fig. 11 the used test cavity is shown which is quite similar to the other one used before.
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Fig. 11 Semicircular test chamber /STB 80/

Here the entry point of the jet was at the central position of the cavity. In principal the in-

creasing fluid level was examined by varying the fluid level stepwise in different experi-

ments. Non-steady state measurement was not possible. Many sets of experiments were

performed with combinations and variations of the following parameters:

- velocity of the jet (ReB number),

- height of the fluid pool,

- width of the jet with variation of the pool height,

temperature of the jet with variation of the jet velocity,

- temperature of the jet with variation of the pool height,

position of the jet in relation to the center of the semicircular cavity.
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• Variation on jet velocity (Re number) and jet temperature

Figure 12 shows the measured temperature and local Nusselt number distribution at dif-

ferent situations. In the first presented case the jet temperature is equal to the wall tem-

perature of the test cavity (0 = -1) while in the second case the jet temperature is higher

than the maximum temperature of the fluid in the cavity (0 = 0,5) /STB 80/, /MAY 80/.

The strong increase in local Nusselt number within the stagnation point region and the in-

creasing maximum value corresponding to increasing Re number become obvious here.

Outside this region the local Nusselt number distribution will not be influenced strongly

compared to undisturbed distribution as presented in this figure.

A comparison of the maximum values of the Nusselt number at the center of the cavity be-

tween the two different cases 0 = -1 and 0 = 0,5 is not possible due to problems with the

measurement system where the jet temperature is equal to the lower wall temperature.

The differences within the temperature distribution results from the different jet tempera-

tures and velocities. The jets which has a higher temperature than the fluid influence a

larger part of the volume than in the other case.

• Variation of the height of the fluid level

Figure 13 gives an example of the case where the height of the fluid level was varied un-

der equal boundary conditions in 4 steps of H/R = 1,0 / 0,75 / 0,5 / 0,25. The test was per-

formed with 0 = 0 /STB 80/, /MAY 80/.

The results clarify that with decreasing fluid level the stagnation point region is increasing

under equal boundary conditions due to of decreasing fluid thickness at equal momentum

values of the jet. At very flat fluid pools the very big eddies also influence the heat transfer

at the upper hound. These situations were not examined in detail within this research

program.
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Fig. 12 Measured temperature and local Nusselt number distributions

(Ra1 = 3 x 109, H/R = 0,75, H/B = 48, R = 128 mm) /STB 80/, /MAY 80/
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Ra' = 1,34 -1010 ; H/R = 1 Ra1 = 3,12-ICT ; H/R = O,75

Ra1 = 4,05-1O ; H/R = 0,5 Ra' =1,25-1O ; H/R = O,25

B/R = 0,014, ReB = 72, 0 = 0, R = 128 mm

Fig. 13 Measured temperature distribution at different fluid levels /STB 80/, /MAY 80/

According to the results presented in the available reports, the heat transfer to the upper

bound can also be calculated with the same equation as derived from the first research

program (see point 2.1.2). The measured local Nusselt number distributions will be dis-

cussed in the next subchapter comparing with the results obtained from experiments at a

different width of the jet (Figure 14).
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• Variation of the width of the jet

Figure 14 presents two measured sets of normalized, local Nusselt number distribution at

the lower wall at two different widths of the jet being is characterized by the relation of the

jet width B and the radius R of the test chamber /STB 80/, /MAY 80/.

i

Nu

•A
O

H/R
1

0.75
0.5
0.25

0.75 0.5 e_?5

B/R = 0,014 B/R = 0,0625

Fig. 14 Local Nusselt number distribution at different values of H/R and B/R

(ReB = 72, 0 = 0, R = 128 mm) /STB 80/, /MAY 80/

The majority of measured distributions had confirmed the typical distribution seen in the

previous experiments. It is interesting to note that the maximum values of Nusselt number

from the central region are in the same order as jets with the double of width yield the

same Re number, if the mass flow is capped constant.

It is known that the momentum force of the jet is inversely proportional to its width at equal

ReB numbers. Due to lower momentum of the jet in the second case (B/R = 0,063), the
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convection flow regime dominates where H/R > 0.75. This is documented by the meas-

ured Nusselt number distribution (Figure 14) /STB 80/, /MAY 80/.

• Variation of the jet temperature and the height of the fluid

Figure 15 presents four sets of experimental results /STB 80/, /MAY 80/. Conclusions de-

rived from these results are that the stagnation point region increases with increasing jet

temperature and that the maximum Nusselt number increases with the decreasing fluid

level. At lower fluid levels it seems that the influence of the forced convection to trans-

verse heat transfer is larger because of greater differences between the undisturbed Nus-

selt number distributions and the measured ones. There is an overlaying effect which

could lead to misinterpretation of the results. For flat fluid levels and higher jet tempera-

tures the average Nusselt number is increasing.

• Variation of the position of the jet

Finally, one set of experiments was carried out to demonstrate quantitatively the influence

of different jet positions on the Nusselt number distribution, which is presented in figure 16

/STB 80/, /MAY 80/.

For these experiments a jet with a diameter of 2 mm was used differing from the previous

experiments thus resulting in higher Re numbers in the range of 160 and 320. Results ex-

ist only from one half of the test chamber. The figures revealed that a nonuniform local

Nusselt number distribution was measured with a local maximum equal to the location of

the jet. Two different tendencies are obvious. Firstly, in the region between the incoming

fluid jet and the center of the cavity the local Nusselt numbers are higher because of a

forced convection by the fluid jet.
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H/R = 1 Ra' = 1,3x10,10 •
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Fig. 15 Local Nusselt number distributions at different jet temperatures and heigths

of the fluid (B/R = 0,014 ReB = 72) /STB 80/, /MAY 80/
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ïï=0.39

Fig. 16 Temperature and local Nusselt number distributions measured at different jet

positions (Ra1 = 1,6 x 109, H/R = 0,78) /STB 80/, /MAY 80/
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Secondly, the measured peak values of Nusselt number are increasing with increasing

distance from the central position up to a relative distance of about x/R ~ 0,6. At larger dis-

tances the influence of the increasing angle of the wall dominates and leads to a reverse

tendency.

2.3.3 Results of Calculations

Because of the relatively great number of parameters influencing the flow regime and the

heat transfer conditions, simple solutions or equations could not be found /STB 80/. As a

result of different analyses some empirical equations were established describing special

problems of the heat transfer, e. g. ihe average heat transfer or the heat transfer within

the stagnation point. Also, it was possible to calculate the measured characteristic, critical

parameter Gr/Re2 dependent on different parameters in defined ranges as follows /STB

80/:

GrFK

ReB crit

= C(0)xRa lO-265xfj±l eq. 8

For the temperature-dependent parameters as well as for additional information available

literature are referenced since it would be beyond the limits of this presentation to go in for

further detail here.

2.4 Applicability of the Results to the Original, Three-Dimensional Situation

The application of experimental and theoretical results to the "reality" is a problem of spe-

cial interest. Within the reports covering mostly the experimental results a small chapter

deals with this question /JAN 75/. Private information on calculated three-dimensional

temperature and flow distribution fields revealed a fair quantitative harmony to the meas-

ured two-dimensional distributions /REI 79/. Further sludy /MAY 80/ was used to point out

that the applicability of the results is given.
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Within the previous project a code called THEKAR was written to calculate the three-

dimensional temperature and flow field in a real reactor pressure vessel bottom head ge-

ometry for different stages /MAY 75a/, /MAY 80/. In the THEKAR code, the used differen-

tial equations were solved with special solution algorithms. Equal flow and temperature

conditions were assumed in peripheral direction. Up to now it was not possible to have ac-

cess on main interesting report dealing this field. Only one report was available which

gives a short summary of results mostly at a partly filled bottom head.

A calculated local Nusselt number distribution for the case with H/R = 0,53 and at different

Ra' numbers Ra' = 107 -1010 was available and shown in figure 17 /REI 79/.

A
B
C
D

Ra'
107

108

109

1 0 1 0

Fig. 17 Free convection in a "bottom head" segment (H/R = 0,53) /REI 79/

The calculated distributions do not totally agree with the measured two-dimensional ones

/JAN 75/ when a local maximum of the Nusselt number on the side below the liquid level

was calculated. This difference was not discussed in the report /REI 79/. There it was only

written that the distributions are agree with those calculated for totally filled bottom heads.
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The comparison of the calculated, average Nusselt numbers in downward direction for the

real geometry with the measured ones is shown in figure 18 /REI 79/.

Num
50-

30-

25-

20-

15-

10-

• '

/

= 0 5 / m e a s u r e d

1.0 1
0.78 \
0. 53 /

x h = 1.0
O h = o.7 8 \ calculated
o h =

10' 108 109
Ra

Fig. 18 Average Nusselt number on the bottom head dependent on Ra' /REI 79/

Here the gradient of the calculated distributions is the same as for the measured ones but

the average value is bit slower. Therefore the constant factor in the equation for the calcu-

lation of the average Nusselt number was modified (107 < Ra' < 1010) as follows /RE! 79/:

OHO /u \0 .2S
Nud=0,48xRa'°'18x(nj H/R>0,2 eq. 10

"" H/P.<0,2 eq.
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The heat transfer process to the upper bound can be calculated with the same equation

as shown h a previous chapter (eq. 4).

3 GRS Program on Accident Management Mitigation

The second part of the presentation will concentrate on the GRS program on "Accident

Management Mitigation" being sponsored by different German ministries. We started our

current program in 1993 on the basis of our result of previous programs. Within this pro-

gram different research activities are foreseen, e.g.:

examination of different severe accidents in German PWR and BWR by using e.g.

codes like ATHLET, MELCOR, ESCADRE and RALOC corresponding to the accident

phases,

- examination and assessment of different AM strategies e. g.:

- measures to maintain the RPV integrity,

- measures to maintain the containment integnty and

measures to limit the fission product release to the environment.

3.1 GRS Activities on In-Vessel Molten Pool Behavior and Ex-Vessel Coolability

I will concentrate on activities to maintain i";e RPV integrity. As told in the introduction, we

started our program on this subject with the preparation of a status report on "In-Vessel

Severe Accident Phenomena and their Influence on Maintaining RPV Integrity by Ex-

Vesse! Cooling" /SOM 93/. We try to summarize thfc available information on in-vessel

phenomena to allow a better assessment of possible severe accident progression result-

ing in core slumping to the lower head. This information is needed fcr the assessment of
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the debris bed composition in the lower head in connection with the examination of an ex-

ternal cooling of the RPV.

Only some findings will be presented in the following part.

Depending on the accident progression principally two different debris bed compositions

are possible. One possibility of oxide rich debris bed having direct contact with the RPV

wall and at the other one of a debris bed with a small metallic layer between the RPV wall

and overlaying oxide rich debris bed is possible. Different criteria will support the determi-

nation of the ^,:pected debris bed composition. The following assumptions were made at

the different experimental and theoretical research programs concerning the molten pool

behavior:

start of the research activities during remelt of the debris in the lower plenum also in

combination with evaporation of the residual water

- no influence on the RPV bottom wall during core slumping process

mostly quasi-stationary behavior will be assumed, meaning no addition of any material

to the molten pool

crust formation was not modelled in experiments, but for calculations different as-

sumptions were used

- the rate of assumed core degradation is different, extended up to 100%

- the time-dependent process of the core slumping will not be described

different assumptions on debris bed composition and height, the residual heat will ac-

counted for depending on the examined type of PWR or BWR

- different assumptions on the height of the water level outside the RPV if there is water

assumed
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neglect of penetrations in the RPV bottom head and other equipment in the lower ple-

num for ail examined LWR

experiments were performed with smaller models of the bottom head in different ge-

ometry's and with simulant materials

These specifications show the problems and necessary assumptions to deal with a special

phase of severe accidents. Summarizing the results of the known work up to now, there is

an agreement in the following points:

- the formation of a molten pool is expected in principle at one characteristic stage of a

severe accident

the modified Rayleigh number will be used to characterize the convection flow regime

in an internally heated molten pool

a turbulent convection flow regime will be expected within a molten pool in a range of

Ra'~1014-1016

a chance to remove the heat from the bottom head is given:

because a larger part of the decay heat of the molten pool will be transported in

upward direction depending on the convection flow conditions or the Rayleigh

number

- if a critical heat flux on the outside of the bottom head may be prevented

if the flooding of the cavity will be initiated early enough

additional work is necessary before final conclusions are possible and the possibilities

to realize an external ci >oling are also different in each reactor type or power plant

The examination of the relation of upward and downward oriented heat flow in the molten

pool together with the examination of the local heat flux profile on the bottom head wall is
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one of the most interesting areas for research. Here we would like to point out that for a

comparison of the results, the published Ra numbers should be used with care because

different authors use different characteristic lengths for their calculations, as shown in the

following examples.

The published equations from Jahn, Mayinger and Reineke /JAN 75/, /MAY 75a/, /RE! 79/

for calculations of the average heat fluxes or Nusselt numbers which has used by others

are defined on the basis of the maximum fluid height in a semicircular cavity or bottom

head.

The published Finnish results /KYM 92a/, /KYM 92b/, /TUO 91/ obtained e.g. from the

COPO facility are also on the basis of the pool height included in calculation of Ra num-

ber. Here, the expected ratio of pool height to radius is less than 1 down to 0,15 - 0,25.

The Ra numbers resulting from previous work by Gabor et. al. at the Argonne National

Laboratory are based on the radius of the bottom head /GAB 80/. Here the first experi-

ments were performed at a totally filled bottom head were the pool height is equal to the

radius. For experiments with lower pool height the Ra number was also calculated on the

same basis. A low dependency of the measured downward oriented heat from the pool

height was found.

As another example of the research work by Henry and Fauske et. al. presented in /EPS

89/, /HEN 91a/, /HEN91b/, /HEN 93/ the equations from Mayinger et. al. were applied and

the Ra number was calculated as defined in those equations.

Lastly, an example for a combination of the pool height and the bottom head radius for the

calculation of the Ra number is shown. O'Brien and Hawkes /OBR 91/ from INEL used in

there calculations an average value which is half of the sum of pool height and radius.

This value was used in combination with the first equations from Mayinger for a 100%

filled cavity, and this is not correct in our opinion.
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It could be helpful to discuss within the workshop which geometric parameter is the most

characteristic one in relation to real geometry. In our opinion the case where the bottom

head is filled up to 100% in relation to its radius is the exception. The height of the pool

should used to calculate the Rayleigh number because at all other stages these dimen-

sions characterize the flow conditions more than the radius. This is also a conclusion of

assessed results of previous experiments in rectangular geometries.

Concerning the local heat flux profile on the bottom head and the ratio of heat transported

in upward and downward direction differences also exist there. Only the minimum in the

local distribution at the lowest point of the bottom head was found in all available presen-

tations. Concerning a local maximum in a region at the side far from the pool level or a

maximum close to or at the pool level existing differences could not be eliminated up to

now. These are only some unknown points with respect to the limits of this paper.

3.2 The use of MELCOR Code for Investigations concerning Ex-Vessel

Coolability

We started calculations using the new MELCOR code (version 1.8.2) for a typical German

PWR one year ago. Before hand we used MELCOR only for our BWRs. As you know

MELCOR is an engineering level code which allows to calculate the system behavior dur-

ing severe accident situations. The most representative physical phenomena are modeled

more or less in detail. Detailed investigations on the behavior within the molten pool in the

lower plenum are not possible so far because a new package dealing with this subject has

not been completed and can be used only for special problems in BWRs. Therefore we

engaged in studying the more global influences of heat removal by water in the reactor

cavity on the system parameters.
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Because of some difficulties we have some delay in our time schedule within this project.

The situation now is the following. On the basis of exemplified MELCOR input deck of a

Westinghouse PWR we built our own input deck of a typical German PWR. After success-

fully running steady state calculations we made a comparison of MELCOR results with

ATHLET for the early accident phase. This was necessary to validate the MELCOR input

deck and the used assumptions. The results of these comparison so far have been very

good, but some small differences were also detected. But there exist some problems with

the nodalisation of the pressure vessel bottom head in the code because German PWRs

are without penetrations. This was not foreseen in the actual code version and therefore

we would like to validate our results before we would present them. Therefore we make

here only a statement about the situation at GRS using MELCOR. The first results will be

presented and discussed with MELCOR specialists at the MCAP meeting at the end of

April 1994.

Some tests have also performed at GRS to clarify in principle whether the simulation of

ex-vessel cooling is possible with the new MELCOR code.

4 Summary

The main subject of this paper was the presentation of important results of previous work

performed at TU Hanover by Prof. Mayinger et. al. due to a limited number of results avail-

able up to now. The voluminous results of this work makes it difficult to go into detail e. g.

concerning the used algorithms for the theoretical examinations. Therefore anyone inter-

ested should try to get a copy of the original reports available in most cases only in Ger-

man. In our opinion the results are still of interest. Some of the results will be confirmed by
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the works of others and the basic equations for the calculation of the average heat flux, for

example, is also used today.

Especially the experimental and theoretical studies of the behavior of a molten pool in

combination with a fluid jet flowing into the pool from above may be also of interest in the

future. The heat transfer at the stagnated region represented by the local Nusselt number

may be some times higher in different situations than the average value. Therefore, the

thermal loading to the bottom head wall may be higher in this region. The consequences

of these results should be analyzed.

Only a brief account could be given on the results of a status report on severe accident

phenomena and corresponding problems prepared at GRS. As a final conclusion of this

report we found out so far that the ex-vessel cooling of the pressure vessel could be a re-

alistic measure to maintain the molten pool within the vessel under specific boundary con-

ditions. In our opinion because of the different geometry and construction of the plants,

the different power level, and other criteria, a global solution of this problem for all plants

is not possible. In connection with new planned experiments (for example in the

RASPLAV-project) the most realistic simulation of the internal heat sources is in our opin-

ion the biggest problem. The research work should be focused on this topic, too.

The GRS activities using the MELCOR code were also presented in some detail. Results

will be available in the near future.
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Nomenclature

B

C(0)

g

Gr

Gr,FK

H

L

n(0)

q. q.

width of a jet

temperature dependent factor

acceleration of gravity

Grashof number

Grashof number in case of free convection flow conditions

maximum height of the fluid pool

thermal conductivity of the molten core debris

characteristic length (e. g. fluid height in rectangular geometry)

temperature dependent exponent

volumetric heat generation
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q u , q d - upward and downward oriented heat flow rate

Nuu, Nud - Nusselt number in upward and downward direction
Nu, Num - average Nusselt number
Pr - Prandtl number

R - radius of semicircular cavity

Ra - Rayleigh number

Ra' - modified Rayleigh number

Re - Reynolds number

ReB - Reynolds number based on the width of the jet

T, - jet temperature

Tm,x - maximum fluid temperature

Tw - lower wall temperature

AT - superheat within the molten debris pool

x - distance to the center of the test chamber

a - thermal diffusion of the debris

p - thermal expansions coefficient

v - kinematic viscosity of the debris

(p - angle

0 - dimensionles temperature
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Abstract

If a large melt pool were to form in a light water reactor it would consist of more than one
component, so the distribution of heat flux to the pool boundary may be modified by
processes such as the formation of a stable layer when the denser component is precipitated
near the top boundary or by the cycling of precipitate between the cool boundaries and the
hotter bulk. A series of experiments using aqueous salt solutions (sodium sulphate and
sodium nitrate) were undertaken to investigate such phenomena. The experiments employed
a cooled top-plate and a lower heater plate. Control experiments were performed with pure
water, some with an insulated base-plate. These control experiments showed good agreement
for the relationship between heat flux and temperature difference for experiments under
transient and steady state conditions, although the heat fluxes were somewhat lower than
those predicted using data from Kulacki and Emara's experiments.

At low input power for both salt solutions a stable layer did form beneath the cooling plate
due to the salt being precipitated. This reduced the heat transfer by about a factor of 2.
However, as the power was increased, turbulence in the bulk disrupted this layer and the
heat transfer was then similar to that for pure water. There was some evidence in the tests
with sodium nitrate solution for enhancement of heat transfer due to cycling of precipitate,
but again, at high heating rates the effect was small.

The transition in behaviour occurred at much lower Rayleigh numbers than expected in a
reactor-scale melt-pool, so one might conclude that these effects are not important at full-
scale. However, if details of the heat flux distribution to the boundary is important, then
confirmatory tests with prototypic materials, or more realistic simulants would be desirable.
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1. INTRODUCTION

If a large melt pool were to form in a light water reactor, it would consist of more than one
component (ie it would not be a pure material). Indeed, if a significant amount of metal
were present there might be multiple liquid phases too. However, one might expect
convection to be modified even if the components are miscible as liquids. If we consider the
principal system expected in a ceramic melt-poo!, namely that of UO2-ZrO:, then the
freezing temperature is known to vary as a function of composition. According to published
phase diagrams [1] the liquidus is typically 50 K higher than the solidus. For the typical
PWR inventory, even if the clad is fully oxidised, the solid that precipitates as the
temperature falls below the liquidus is richer in UO2 than the liquid that remains, and is
therefore denser. Such precipitation of a UO2-rich phase may occur near all boundaries of
the melt pool, provided there is a source for nucleation. As heat transfer in natural
convection is usually governed by the processes occurring in a narrow boundary layer, the
possible precipitation of a dense phase might significantly modify the heat transfer from that
observed in tests with single component simulants. Modifications may occur because of
precipitation altering the stability of the liquid layer close to the boundary, accumulation of
precipitate at the base of the pool, or remelting of precipitate as it falls into a hotter region
of the pool, thus giving rise to a mechanism that transfers latent heat as well as sensible
heat. In addition the growth of dendrites from the surface may alter the boundary conditions
for the convective flow.

A number of experiments were performed at Culham Laboratory with salt solutions to
investigate these processes further. In these experiments it was anticipated that salt crystals
would precipitate from a saturated solution near a cold boundary. The experimental
apparatus is described in Section 2. A preliminary series of experiments were undertaker
in which water was cooled by a top plate alone, for comparison with other convection
experiments and to provide a set of data with which the salt solution experiments could be
compared. The results of this set of experiments is summarised in Section 3. The first series
of tests with a binary system used a sodium sulphate solution; these are described in Section
4. A final series of tests used a sodium nitrate solution, which formed smaller crystals on
cooling; the results of these tests are described in Section 5. Implications of these
experiments are discussed in Section 6.

2. EXPERIMENTAL APPARATUS

The experiments were performed in a well-insulated tank with a square cross-section, and
internal dimensions 200 mm (sides) and 104.5 mm (height). The base of the tank was either
an insulated perspex plate, or a copper plate with an embedded heater element, which could
be controlled to deliver between 0 and 2.5 kW. The top of the tank was a copper plate,
cooled using a Haake N3-T circulating cryostat. This had a cooling capacity of 2.5 kW at
20°C and 1.4 kW at -10°C, with flow rates of up to 25 litres/minute. The cooling fluid was
a 50% mixture of water and antifreeze. The internal design of the top plate was a single
channel which was folded back and forth to fill the whole plate. Typical temperature
differences between inlet and outlet were 1 to 1.5°C; the temperature at the centre of the
plate was monitored using a platinum resistance thermometer, which was used to control the
cryostat, and thus maintian the probe temperature to within 0.1°C. The operation of the
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cryostat led to fluctuations in the average plate temperature, defined as the ave- age of the
coolant inlet and outlet temperatures, but the average temperature remained stable within

The top plate contained a 12 mm diameter hole through which the temperature probe could
be inserted. This consisted of 12 minerally-insulated K-type thermocouples with a vertical
spacing of 8 mm. The thermocouple wires were contained in a ho;Iow glass tube and passed
through the glass to form junctions at the outer surface of the glass wall. Temperatures were
logged directly to a personal computer, using a data acquisition system (CIL alpha blocks)
incorporating cold junction compensation and linearisation. After compensating for zero
offsets of order 1°C, the accuracy of the temperature measurements was estimated to be +/-
0.2°C.

The primary insulation consisted of the 10 mm thick perspex walls and 100 mm of
polystyrene foam. Control experiments indicated that heat losses were at most a few Watts,
so in most cases negligible with respect to the heat fluxes to the cooling plate.

In all experiments the cooling plate was pre-cooled to the desired temperature prior to being
brought into contact with the water.

A number of experiments were performed with some thermal insulation removed, so that
shadowgraphs could be generated to provide information on the flow pattern. When the
temperature difference between the bulk and the cooling plate was about 25°C, the
shadowgraph pattern consisted of fingers flooding downwards and spreading gradually out.
These fingers are indicative of thermals, which originated from random positions on the
cooling plate. The motion appeared to be chaotic. For larger temperature differences there
are more fingers which overlap in the shadowgraph pattern to produce a random mosaic
effect. For smaller temperature differences there are fewer fingers, however their downward
velocity of about 5 mm/s does not seem to change. When the temperature difference was
reduced to 5°C, the contrast was insufficient for the pattern to be observed. It was concluded
that all the experimental data for a single component liquid (water) related to chaotic (or
turbulent) motion.

3. CONTROL EXPERIMENTS WITH PURE WATER

In the first series of control experiments the top cooling plate was used with an insulated
base-plate. The cooling plate was maintained at a fixed temperature (nominally 5°C, 15°C
and 25°C) and the driving temperature difference spanned the iange 55°C to 1°C, resulting
in heat fluxes between 30 kW and 0.1 kW.

The external Rayleigh numbers, defined as

Ra =
vk

where g is the acceleration due to gravity, |3 is the volumetric coefficient of expansion, p
is the density, c is the specific heat, AT is the difference between the average temperature
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and that of the cooling plate, L is the height of the fluid layer, v is the kinematic viscosity
and k the thermal conductivity, was in the range 2 x 107 - 5 x 109. The bulk temperature
was based on the average at depths of 24, 40, 56, 72 and 88 mm. The physical properties
were evaluated at the mean temperature in the boundary layer. Temperatures were recorded
every 30 s and averaged over 5 readings for both the bulk and plate temperatures that were
used for the data processing. The results of each experiment were plotted as a log(Nu) v
log(Ra) curve, where the Nusselt number, Nu is defined as

NU=
kAT

The heat flux <t> was calculated from the rate of change of the bulk temperature. An example
of a cooling curve is given in Figure 1. The scatter at the lower end of Rayleigh number is
due to the fact that AT is small and Nu is inversely proportional to AT. It was found
possible to correlate data from the six experiments undertaken by the relationship

Nu = 0 .13/?a°- 3 1 0 ± 0 - 0 1 6

for Rayleigh numbers greater then 1.5 x 108. The regressions for the different experiments
varied at most by 12% in the heat flux.

These transient data were compared with the correlation for steady-state volumetric heating
with a cooled top and an adiabatic base derived by Kulacki and Emara [2]. The correlation
of Kulacki and Emara, which used a modified Rayleigh number based on the volumetric
heating rate, was recast as a correlation between Nu and the standard Rayleigh number
defined above, to give

Nu = 0.253i?a0-292

This correlation is also plotted on Figure 1. There is agreement within experimental error
in the exponent of Ra, but t"*e multiplicative factor obtained in these experiments is a factor
of 2 lower than that found by Kulacki and Emara. This corresponds to a factor of 0.75 in
heat flux for a given temperature difference. It may be argued that this is the result of the
transient nature of these experiments, but if it is assumed that heat transfer is governed by
processes in the boundary layer next to the cooling plate, this has a thermal response time
of order 10 s, so the experiments can be considered to be quasi-static. The aspect ratio of
these tests (depth/breadth) was fixed at 0.5, while that in Kulacki and Emara's experiments
varied between 0.03 and 0.50. The lower heat flux in the present experiments may be caused
by increased wall effects at the higher aspect ratio. However, the very low dependence of
the heat flux on the length-scale in the correlation derived from the present series of tests
(O proportional to LT007) supports the conjecture that heat transfer is primarily controlled by
the boundary layer rather than processes in the bulk.

As a prelude to the salt-solution experiments, a number of control experiments were
performed with the lower insulating plate replaced by a heater. This allows a steady state
to be reached, when the input power and the temperature of the cooling plate are held
constant. As expected there are now two boundary layers in the system, one at the top plate
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and one at the base; the bulk temperature is approximately mid-way between the two plate
temperatures (any lack of symmetry being due to the variation of thermo-physical properties
with temperature). So, apart from the flow conditions at the adiabatic plane, the
configuration now corresponds closely to the transient tests, but with only half the layer
depth and half the temperature difference (based on the same temperature difference between
the plates in both cases). Assuming that the previous correlation applies to the half-layer one
obtains the predicted correlation

Nu = 0.055i?a0 '31

where the length-scale is the depth of the whole layer. Data from a series of experiments
in which the top plate was maintained at 4.6°C and the heater power was incremented from
50 W to 300 W in 50 W steps were correlated by the relationship

Nu = 0.133Ra0-261

While these two relationships look different, their numerical values are quite close in the
range of Ra where experimental data were acquired (they agree to within 10% at Ra = 108

and are identical at Ra = 109. Despite the fact that the top plate temperature was close to
that at which the maximum density of water occurs, the mid-plane temperature was within
3% of the average of that of the top and bottom plates.

An alternative way of correlating the data was also used, using a modified Rayleigh number
(RaP) based on the applied heat flux and the half-depth (L/2) of the layer, ie:

Rap =
k2v

It can be shown that RaP equals one sixteenth of the product of the Rayleigh number (Ra)
defined earlier (based on the full layer depth) and the Nusselt number (Nu). For pure water,
the correlations deduced from the experiments indicate that RaP = 1.5xlO9 is equivalent to
Ra = 8xlO8. RaP is useful in allowing a comparison of heat transfer in water alone with that
in salt solution at steady-state. The correlations derived from the transient and steady state
tests are then equivalent to Nu = 0.21 IRap0237, and Nu = 0.364RaP

O2n. Again, although these
correlations look different they give nearly identical heat transfer rates over the range of
experimental values of RaP

4. EXPERIMENTS WITH SODIUM SULPHATE SOLUTION

A solution was chosen such that on cooling the salt (the denser component) would
precipitate. This was intended to simulate the precipitation of UO2 from a core melt near a
cold boundary. The eutectic (minimum freezing) point for aqueous sodium sulphate solution
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occurs at a temperature of -1.2°C and a concentration of 3.8% by weight of the salt.
Experiments were performed typically with an 8.6% solution by weight.

In a typical experiment the cooling plate temperature was maintained at 1.6°C, above the
eutectic temperature, but well below the saturation temperature for the solution (12.4°C for
an 8.6% solution). The power applied to the heater plate was varied in the range 20-100 W.
During the experiment crystals formed in the region close to the upper cooling plate. Typical
nucleation points were the angle between the cooling plates and the wall around the access
holes on the plate and on the thermocouple probe; none formed on the smooth plate itself.
The crystals were long (several centimetres in some cases), broad and dagger-shaped.

At the lower heating rates (20 - 50 W) a definite fluid layer, of thickness 15 - 20 mm,
formed immediately below the cooling plate. It was visible because of the different
refractive index due to the lower concentration in the layer. On close inspection, this layer
appeared to be composed of many sub-layers. In one low power (20 W) experiment, samples
were taken at different depths from this sub-layer using a surgical needle and their refractive
indices measured using an Abbe refractometer. The concentration profile was then
determined using standard tables, and is shown in Figure 2, which clearly shows an
approximately linear concentration profile in the top 25 mm of the pool, and a uniform
concentration in the bulk. The final bulk concentration is lower than its initial value, and
also somewhat below that required to saturate the solution at the bulk temperature (13°C,
in this case).

At the higher heating rates (80 and 100 W) the fluid layer was no longer visible. It is
presumed that it had been mixed back into the bulk by the motion beneath. In this case the
convection was observed to be a single large roll filling the tank, as was evidenced by the
motion of the salt crystals. Crystals transported in this manner only partially redissolved in
the bulk. It was noted that, in general, solid that precipitated during cooling of the solution
did not appear to descend in the bulk, but fused to previously formed crystals. Hence
transfer of heat of solution would not be expected to greatly enhance the overall heat
transfer in this system.

Figures 3 and 4 illustrate the variation in temperature difference between the two plates as
the power level was increased in steps from 20 W to 100 W in an experiment; sufficient
time was allowed between steps to reach a steady-state. In the initial transient lasting several
hours, the solution became supercooled. As crystallisation occurs at the cold plate, the heat
transfer properties of the medium are reduced, presumably as the stably stratified layer
forms beneath the top plate. It is seen in Figure 4 that when the power was increased to
80 W, after an increase in temperature difference, it fell, indicating that the stratified layer
was being mixed back into the bulk. The ratio of the Nusselt numbers derived for these
experiments with those obtained from the correlation derived for pure water for the same
value of the modified Rayleigh number (Rap) is shown in Figure 5. This indicates that for
a fixed modified Rayleigh number and heat flux, the temperature difference is between 1.6
and 2.5 times greater for the salt solution when the modified Rayleigh number is below
2.5X108 (the effect is somewhat larger if the comparison is based on the standard Rayleigh
number). At higher modified Rayleigh numbers there is no difference, within experimental
error, between the pure water and salt solution correlations (and consequently, there is no
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difference if the comparison is based on fixed Rayleigh number). There are insufficient data
to determine whether the transition between regimes is gradual or abrupt. Thermocouple
measurements made in the top boundary layer for the low power experiments (less than
30 W), for which the top layer is more than 20 mm thick, are consistent with only small
enhancements of heat fiux over the conduction value, again indicating the stable nature of
the stratified layer at low Rayleigh numbers.

5. EXPERIMENTS WITH SODIUM NITRATE SOLUTION

The minimum freezing (eutectic) point for aqueous sodium nitrate solution is -17.5°C, with
a salt concentration of 38.5%. To ensure that the salt precipitates from solution, experiments
were performed with sodium nitrate solutions with concentrations varying from 44.2% to
45.25% by weight. These solutions are saturated at temperatures of 8.7°C and 13.4°C
respectively.

In the experiments the cooling plate was maintained at -15°C. In contrast to the sodium
sulphate solution experiments, nucleation occurred all over the top plate, and the crystals
were much smaller (1 -3 mm). Most of the crystals dropped to the base of the tank. When
the applied power was low (less than 40 W), a stable fluid layer was observed just below
the upper plate. At powers above 60 W, the fluid layer was no longer visible. At higher
power levels (above 150 W) no crystals remained in the vicinity of the plate and the
majority of the crystals that had fallen to the heater plate had dissolved. The motion of the
crystals indicated that a large convective roll filled the whole tank. Within experimental
error, the steady state concentration and temperature within the bulk were such that the
solution was saturated. Few measurements were made of the concentration within the upper
fluid layer that formed at low power, except to indicate that it was lower than that in the
bulk.

The steady state temperature difference between the hot and cold plate is plotted as a
function of input power in Figure 6. While the temperature difference for this system
increases monotonically with power, a plot in Figure 7 showing the ratio of the Nusselt
number for this binary system with that for pure water as a function of a modified Rayleigh
number (RaP) again shows the effect of the formation of a stable layer at low heat input
levels.

As for the sodium sulphate experiments, estimates of the temperature gradient across the
stable fluid layer were made from thermocouple readings taken in the layer. The conduction
heat flux was then estimated. At the lowest power levels the measured heat flux was within
30% of this conduction estimate, but at input powers of more than 30 W, the measured heat
flux was about 3 times the conduction estimate. As the density stratification appears stable,
it is suggested that this increased heat transfer rate is evidence of the transfer of heat of
solution (analogous to the transfer of latent heat in the reactor application). This suggestion
is supported by the fact that crystals which had been precipitated close to the cooling plate
were observed to descend into the bulk, where it is presumed they redissolved.
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6. IMPLICATIONS OF THE EXPERIMENTS

At the start of this experimental programme a number of possible features of heat transfer
from binary solutions to boundaries where preferential freezing/crystallisation of one of the
components would occur were identified. These included modification to the density profile
close to the cold surface and recycling of precipitate back into the buik providing a means
of transferring latent heat/heat of solution rather than just sensible heat. Modifications to the
density profile might be particularly important as the thickness of the boundary layer that
determines the resistance to heat transfer in convective flows is likely to be only a few
millimetres, when that layer is unstable.

The experiments that have been performed have clearly demonstrated a regime in which
precipitation of a denser component (the analogue of UO, in the reactor case) near a
downward facing cold boundary does produce a stably stratified layer, where for a single
component that layer would be unstable. However, in the experiments this stable layer only
formed at low Rayleigh numbers. As the heat flux to the top surface was increased,
turbulence in the bulk led to the break up of the stable layer, and the heat transfer properties
of the binary solution reverted to that of a single component liquid, even though
crystallisaion was still occurring at the top surface. The modified Rayleigh number at which
transition occurred to the improved heat transfer regime in these experiments was several
orders of magnitude below those likely in a reactor-sized melt-pool. Thus it is probable that
this effect will not be significant in the plant application (but might be in smaller scale
experiments with real materials).

The second effect, giving an enhanced heat transfer mechanism by crystals forming and
disappearing, appeared to be taking place in the experiments with sodium nitrate solution.
However, once the stable layer had been destroyed, this effect in the experiment did not
have a significant effect on enhancing the overall heat transfer beyond that expected from
natural convection.

The experiments concentrated on the behaviour at a downward facing cooled surface (ie the
top of the pool). For single component systems, stable stratification is expected at the base
of the pool, leading to significantly lower downward than upward heat fluxes. There is the
possibility that if binary solutions are used in which the more dense component precipitates,
what was a stable boundary layer in the single component system, will become unstable in
the binary system. This situation is complicated by the deposition of the precipitate on the
lower boundary.

The experiments illustrated a number of difficulties with simulant tests, for instance the type
of crystals formed and their subsequent behaviour will be material dependent. It was also
clear that local thermodynamic equilibrium was not being reached (eg crystals, once formed,
fell to the hot plate and were not re-dissolved, even though the bulk was not saturated); it
is unclear the extent to which this will apply at the higher temperatures of a ceramic melt
pool. The control experiments with water did support the view that the same heat transfer
correlations, based on Rayleigh number would apply in both transient and steady state
applications; in the experiments fixed heat fluxes were used for the experiments with binary
solutions as it was the easiest way to generate the data.
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In conclusion, while the experiments show only modest effects, which disappeared at higher
Rayleigh numbers, there is a danger in extrapolating simulant results of this kind from either
single component or binary simulants to the reactor case. So if details of the heat transfer
are likely to be important in a given application, some confirmatory test with real materials
or closer simulants would be desirable.
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A B S T R A C T

Experimental results are presented on the heat flux
distribution at the boundaries of volumetrically
heated pools at high enough Rayleigh numbers to
be directly relevant to the problem of retention of
a molten corium pool inside the lower head of a
reactor pressure vessel. The experimental facility,
named COPO, is 2-dimensional ("slice"), Joule-
heated and geometrically similar in shape (toro-
spherical at 1/2-scale) to the lower head of a VVER-
440 reactor. The results show that

• the heat flux on the side wall (vertical portion)
is essentially uniform,

• the downward heat flux strongly depends on
position along the curved wall, and

e average fluxes on the side and downward di-
rection are in agreement with existing corre-
lations, but somewhat underestimated in the
upward direction.

For the shape considered, the heat flux along the
lower curved wall seems to be independent of the
presence and extent of the liquid pool (contained
by the vertical sidewalls) portion above it.

I N T R O D U C T I O N

This study is motivated by an interest in ar-
resting the progression of a hypothetical severe ac-
cident in the reactor pressure vessel by submerg-
ing it in a pool of water (i.e., flooding the reac-
tor cavity). This is expected to occur in all risk-
significant severe accident scenarios in the Lovi-
isa plant, because it is equipped with an ice con-
denser containment; thus, it has formed the corner-
stone of the severe accident management approach
for it (Tuomisto and Theofanous [1]). The basic
requirement in this accident management concept
is that the thermal loads from the volumetrically
heated, naturally convecting corium pool are dissi-
pated through the lower head of the reactor vessel
without jeopardizing its integrity. For this, it is suf-
ficient to show that nowhere is the heat flux high
enough to cause significant local wall thinning (by

melting and/or chemical attack), and that every-
where the local fluxes are below the local critical
heat flux limits on the outside. The first condition
is interesting because existing data and numerical
simulations indicate the possibility of strong heat
flux peaking near the top of the vertical boundaries
of such pools (e.g., Steinberner and Reineke [2J).
The second condition arises because of the "in-
verted" boiling regime, expected to promote crit-
ical heat flux by forcing the two-phase layer to
flow (while vapor accumulates) along the surface.
Clearly, both processes (buoyancy driven) depend
on the shape of the boundary and the radial position
along it and knowledge of respective distributions
are a crucial part of the argument. In addition, to-
tal heat flows (or average fluxes) in the upward,
sideways, and downward directions are important
because through them one can conveniently esti-
mate the maximum pool temperatures required to
dissipate the volumetric heat source (decay power).
This, then, establishes the maximum driving force
for the local evaluations.

In the original assessment (Theofanous [3])
existing correlations were used in conjunction with
paramedics on local peaking to bioadly scope out
the problem. For a decay power level of 9 MW and
a maximum pool height of 1.2 m, a Rayleigh num-
ber of ~ 3 • 10" and a maximum pool superheat
(relative to the boundaries) of ~100 K were esti-
mated. By comparison, existing data were limited
to Rayleigh numbers smaller by at lease one order
of magnitude, than the 1014 order deemed relevant
Moreover, the Loviisa lowerhead is "dished" (tori-
spherical) and the pool extends significantly into
the cylindrical portion of the vessel, while previous
studies were limited to rectangular, hemispherical,
or semicircular shapes only. Thence was initiated
the present experimental program. A parallel ex-
perimental program on the critical heat flux aspects
of this problem is also in progress (Kymalâinen et
al. [4]).

Similar calculations and limitations of the ex-
isting data base were also noted recently by O'Brien
and Hawkes [5] and Frantz and Dhir [6]. For power
reactors of the 1000 M We class employing hemi-
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pherical pools (adiabatic top boundary) at Ra ~
5 • 1013 and "fill ratios," H/Re, of 0.4, 0.6 and
1.0, where H is the maximum pool height and Rc
is the equivalent radius corresponding to the pool
volume. These data were only slightly lower than
a numerically predicted result due to Mayinger et
al. P ]

Nudn = 0.55 Ra07 (1)

who used the data of Jahn and Reineke [8]. ob-
tained with semicircular pools, to benchmark the
analysis. A related experimental correlation for cir-
cular segments by Mayinger et al. [7] is

Nudn = 0.54 Ra° "GO
0.26

(2)

where H is the pool depth and R is the radius of
curvature of the segment. The experimental con-
ditions for this correlation cover the ranges 0.3 <
H/R < 1.0 and 107 < Ra < 5 • 1010. Note that
in eq. (1) the length scale cancels. This is also ap-
proximately true in eq. (2) when H/R = 1, and
in any case the length scale dependency is rather
small.

For the upward and sideways heat fluxes the
most pertinent are correlations obtained in a rectan-
gular (slice) geometry by Steinberner and Reineke
12],

Nuup = 0.345 Ra0233 (3)

Nuhr = 0.85 Ra0.19 (4)

The data range for these correlations was 8-1012 <
Ra < 4 • 1013. Note, again, that the length scale
very nearly cancels from both correlations, so the
application of them is not sensitive to the exact
definition of poo! height in cases of a curved lower
boundary, as is the case here.

Regarding the flux shapes, the data, and the
theoretical interpretations of them, are even more
limited. On the vertical wall of a rectangular pool
with aspect ratio of ~ 1 , Steinberner and Reineke
[2] found a peak-to-average value of ~ 2 . On a
hemispherical boundary, Frantz and Dhir ^mea-
sured peak-to-average values of ~ 2 also, with a
strong bias of strongly increasing flux with radial
positions (away from the centerline). On the other
hand, O'Brien and Hawkes [5] from a numerical
study (k-c model) noted the possibility, at high
Rayleigh numbers, of a more uniform behavior, i.e.,
higher fluxes to the more downward facing parts
of the lower head. No data exist for torispherical
shapes.

In this work we present data for the particu-
lar range of Rayleigh numbers, O (1015) and pool

shapes (torispherical) of interest to the Loviisa case.
However, comparisons with existing correlations
(obtained at lower Rayleigh numbers) provide in-
teresting insights of a more general nature, and the
local flux distributions on the lower torispherical
shape in conjunction with data from hemispheri-
cal shapes (obtained elsewhere) can be of value
for a more fundamental understanding in numeri-
cal modelling efforts.

1. E X P E R I M E N T A L FACILITY

The experimental approach is based on using a
two-dimensional "slice" of the Loviisa lower head,
including a portion of the cylindrical vessel wall.
This allows well-controlled, uniform heating (using
the fiats as the electrodes) and is convenient for
achieving large characteristic length scale and thus
large Rayleigh numbers. The test section of the
facility (called COPO) is illustrated in Figure 1, and
the shape is shown in more detail in Figure 2. It
is at half-scale, geometrically similar to Loviisa, it
measures a span of 1.77 m and allows a maximum
pool depth of 0.8 m. The thickness of the slice is
0.1 m.

Figure 1. Schematic of the COPO facility.

mi mi

Figure 2. The shape of the COPO test section
and identification of aie cooling units on it
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The flats of the test section are built from poly-
carbonate plates and are heavily insulated as shown.
On the inside the plates are lined by seven pairs of
electrode strips. At selected locations both elec-
trodes and insulation have 20 mm holes to gain
visual access to the fluid. The pool is a conducting
ZnSO4-H2O solution and the current through each
electrode can be individually adjusted, if necessary,
in order to produce uniform volumetric heating.

The side and bottom walls consist of 57 sep-
arate cooling units, as illustrated in Figure 2. Each
cooling unit consists of a 50 mm thick brass wall
electrically insulated from the pool by a 0.1 mm
thick teflon tape. Coolant water is circulated on the
back side of the brass walls. The units are grouped
into three groups (Group 1: 1-8 and 50-57 units;
Group 2: 9-18 and 40-49 units; and Group 3: 19-
28 and 30-39 units) and the flow is adjusted evenly
among the units of each group to obtain a nearly
isothermal boundary. The top surface cooling is
provided by two units (58 and 59). They are con-
structed out of aluminum sheet and arc electrically
insulated from the pool by a thin aluminum-oxide
coating. The cooling water passes through heat ex-
changers and its flow rate is measured by an elec-
tromagnetic flow meter.

The fluid and pool boundary temperatures are
comprehensively mapped by 140 thermocouples.
Power input is deduced from electric current and
voltage measurements. The local heat fluxes are
obtained from energy balances on the coolant cir-
culating through each cooling unit The overall
energy balance was found accurate within 10%.

2. E X P E R I M E N T A L RESULTS

The conditions for all experimental runs per-
formed are summarized in Table 1. The two pool
heights employed were chosen to provide a signif-
icant variation in the H/Hc ratio (see Figure 2),
that is, in the "curved" portion to the total pool vol-
ume. The table also gives t!ie maximum pool tem-
perature, TpmaT. and Rayleigh numbers achieved
in each experiment. The average temperatures at
the top (cooling units 58 and 59), vertical (cooling
units 1 to 10 and 48 to 57), and lower (cooling
units 11 to 28 and 30 to 47) pool boundaries, Tup,
Tad, and Tdn, respectively, are also reported as an
indication of the degree of isothermality achieved.
This degree can also be expressed by the parameter
r defined by

•*»mox ~ J- id
(5)

such that as r increases from 0 to 1 the upper
surface condition changes from isothermal to adia-
batic. In certain runs the conditions were purposely
selected to yield r 's in the 0.1 to 0.3 range, to test

the effect of the degree of partial cooling of the
upper surface on the heat transfer phenomena stud-
ied. This may be of interest to some special con-
ditions in reactor applications. For runs in which
r < < l , any deviations from zero are due to limi-
tations in controlling the surface temperatures by
handling the cooling units in three groups as dis-
cussed in section 1. A more complete view of this
control limitation in the present experiment can be
obtained from Table 1 by comparing the differences
in all pool boundary temperatures to the overall dif-
ference from the maximum pool temperature. In
some cases the deviations seem to be excessive;
however, no distinction could be made on the data
trends of these (including runs in which the r was
set as high as 0.3) as compared to runs in which the
condition of isothermality was more adequately ob-
served. In all present runs, even those with r's up
to 0.2 or 0.3, the pools appeared to be well mixed
and all temperature non-uniformities were confined
within narrow layers near the boundaries. This is
not at all the case for pools with adiabatic bound-
aries (as in the case considered by Frantz and Dhir
[6]), in which the bulk is strongly stratified.

2.1. Average heat fluxes

The experimentally measured local heat fluxes
were grouped and averaged over the pool top bound-
ary (cooling units 58 and 59), the vertical pool
boundary (cooling units 1 to 10 and 48 to 57), and
the lower, curved pool boundary (cooling units 11
to 47). Thus we have the "upwards," "horizon-
tal" and "downwards" heat transfer coefficients and
Nusselt numbers, respectively, denoted by Nuup,
Niihr and Nudn- They arc considered in turn, be-
low, in relation to the correlations quoted in the
introduction. The plots are given in linear coordi-
nates to make more evident the quantitative com-
parisons.

For the upwards heat flux the data arc shown
in Figure 3, together with eq. (3) for comparison.
While eq. (3) is seen to be in reasonable agreement
at the low end of the Rayleigh number range stud-
ied, we observe increasing deviations at the higher
end. At Ra = 1.6 • 10 l s the maximum deviation
of the prediction from the data is ~30%. As men-
tioned already, eq. (3) is very nearly independent of
the length scale; in plotting the data the maximum
pool depth was utilized; if one could visualize a
somewhat smaller equivalent pool depth (because
of the curved lower boundary), the deviation from
the correlation would be somewhat larger. It is
noted that for reactor assessments this trend is con-
servative since the upwards flux radiates to the ves-
sel side walls from which it is easily dissipated—a
lower upwards flux means higher thermal loads on
the lower head.

For the horizontal heat flux the data arc shown
in Figure 4 along with predictions from eq. (4).
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Table 1. Main Parameters of the COPO Tests

Run
No.
29a
29b
30a
30b
30c
30d
30e
32a
32b
32c
32e
32f
33a
33b
33c
40a
40b
40c
40d
41a
41b
41c
41d
42a
42b
42c
42d

H (m)

0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6

T
•* pmazCO
79.3
81.0
64.4
64.5
65.6
75.6
75.8
74.8
77.9
79.9
80.4
70.5
70.8
69.9
70.9
82.8
83.7
82.5
81.8
71.4
72.3

un
72.8
61.3
61.4
62.9
63.1

T
•l up(°C)
66.7
68.4
55.5
56.1
57.7
62.8
63.1
61.6
66.3
68.3
68.1
59.7
60.4
60.0
62.2
67.6
68.4
67.9
66.9
60.2
61.9
62.4
61.9
52.7
53.8
55.4
55.5

r,d
(°Q
65.3
66.1
55.4
53.0
53.5
61.6
61.3
62.7
64.2
65.5
65.7
59.1
59.5
57.5
58.1
66.6
66.5
64.9
63.8
60.2
60.2
61.2
61.1
54.6
54.2
55.5
54.8

CO
60.8
61.4
53.2
48.6
48.8
57.6
56.6
60.3
59.7
60.1
56.8
56.5
56.8
53.3
53.6
58.4
58.5
55.5
55.8
56.7
55.6
56.3
56.4
54.7
53.7
54.1
52.5

T

0.10
0.15
0.01
0.27
0.35
0.09
0.12

-0.09
0.15
0.19
0.16
0.05
0.08
0.20
0.32
0.06
0.11
0.17
0.17
0.00
0.14
0.10
0.07

-0.28
-0.06
-0.01
0.08

Ra

1.61 - 1015

1.53 10'5

6.79 • 10'*
7.24 • 10'*
6.79 • 10'*
1.52- 10'5

1.54 10'5

1.43- 10' s

1.59 10's

1.66 10'5

1.62 10'5

8.76 • 10'*
9.89-10'*
9.87-10'*
9.60 • 10'*

5.23 • 1014

5.70-10'*
5.57-10'*
5.34 • 10'*
2.65 • 10'*
2.70 -10'*
2.70 • 10'*
2.70 • 10"
1.38 • 101*
1.26 • 10'*
1.24 • 10M

1.34 • 10'*

20

16 -

© 12 -

4 -

upper surface
1
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Figure 3 . Variation of upwards heat fluxes with
Rayieigh number.

Figure 4. Variation of the heat fluxes on the verti-
cal boundary of the pool with the Rayieigh number.
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We see that the use of the maximum pool depth
works well considering the wide variation between
the HI He covered by the two pool depths utilized
in the experiments.

For the downwards heat flux the data are shown
in Figure 5, in comparison with eq. (2). In this
case eq. (2) was evaluated in terms of the height
of the curved position of the pool. He. and the
agreement is seen to be rather good. The radius of
curvature, R, was taken as that of the major por-
tion of the lowtr boundary, i.e., excluding the more
highly curved two ends. Including these ends, in
some fashion, would produce a somewhat smaller
"equivalent" radius of curvature and probably an
even better agreement with eq. (2). However, it is
more straightforward for our present purposes (i.e.,
the Loviisa shape and Ra number ranges) to ac-
count for slightly higher data trends by increasing
the Rayleigh number exponent slightly to 0.182.
Figure 5 also shows that for H > He the down-
wards heat flux is independent of the total pool
height. This is an interesting and not unexpected
result On the other hand, recognizing that besides
the significantly different shape the present data are
at Rayleigh numbers (based on He) 3 orders of
magnitude greater than the upper end of the data
base used in deriving eq. (2), the agreement is re- •
markable.
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3 60 '.

40

20

0

Lower boundary

a

-

1
 . . . . i . . .

*q. (2) 1 J
Q sxpsr. 1

5 10 12 15
Ffe x 1 0 " 1 2

c
20

Figure 5. Variation of the downwards heat fluxes
with the Rayleigh number.

2.2. Heat flux distributions

For horizontal heat fluxes, measured local val-
ues from six typical runs (3 for each pool depth) are
shown in Figures 6a and 6b. It is clear that there
is no systematic tendency for peaking in the upper
portion of the pool boundary. This is in contrast
to the significant peaking reported by Steinberner
and Reineke [2], but it could well be expected by
almost two orders of magnitude spread in Rayleigh
numbers between the two experiments, and, per-
haps more importantly, by the wide difference in

aspect ratio (width to depth) i.e.. 1 vs 3.4 or 5.6 for
the 0.8 and 0.6 m pools, respectively (pool depth
based on the rectangular portion of the pool only,
i.e., H — He) in the present experiment. Both these
aspects would tend to produce unsteady and "bro-
ken" recirculation flow patterns favoring uniformity
of heat flux on the vertical boundary.
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Figure 6a ,b . Distribution of heat flux on the
vertical pool boundary for three typical runs.

The data for the lower, curved boundary for
the same six runs are summarized in Figures 7a and
7b. The decrease as the test section centerline is ap-
proached is much more gradual (essentially linear)
than observed on a hemispherical shape (Frantz and
Dhir [6]), and this could be indicative of the strong
flow convergence not present in the slice geome-
try. However, this could also be the consequence
of the strong thermal stratification present in the
Frantz-Dhir experiments because of the adiabatic
upper boundary in them. It is also remarkable that
the flux shape seems to be largely independent of
pool depth and Rayleigh number variations within
the range covered in Table 1.
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Figure 7a,b. Distributor) of heat flux on the
lower, curved pool boundary for three typical runs.

3 . D I S C U S S I O N

Having achieved the proper range in Rayleigh
number, applicability of the results of these experi-
ments depends primarily on the relation of the slice
geometry to the "full" reactor geometry. This is the
question addressed here.

As noted in the previous section, at these high
Rayleigh numbers the pool is highly turbulent in
the bulk and basically at uniform temperature. This
certainly would be in the case of full geometry also.
Now, the thermal transport processes at the upper
and vertical boundaries would be controlled by thin,
turbulent boundary layers and the 10 cm gap in the
experiment is certainly large enough to have no
effect whatsoever. This is supported further by the
agreement of the present results with the results of
Steinbemer and Reineke [2] obtained with a 3.5 cm
gap.

For the downward heat transfer controlled by
descending boundary layers we do expect some dif-

ference because of the converging flow found in the
full geometry, which is absent in the slice geometry.
We would expect that this would produce more pro-
gressive "thickening" of the thermal boundary layer
as the vessel centerline is approached and, thus,
correspondingly lower heat transfer coefficients, as
compared to the slice geometry. If this is correct,
the flux shape obtained from the present experi-
ments can be used to conservatively bound the be-
havior. We plan to further investigate this issue by
a numerical modelling approach, benchmarked for
the turbulence treatment to the present data. On
the other hand, it is probably interesting to note
that the agreement of the present data to eq. (2),
which is closely related to eq. (1) obtained for a
full hemispherical geometry, offer two other possi-
bilities: (a) the flux shape from the slice geometry
may turn out to be reasonably applicable, or (b) the
average downwards flux, as obtained from the slice
geometry and predicted by eq. (2), is realistic for
the full geometry. In case (b) the calculated fluxes
for Loviisa are low enough (~200 kw/m2) to ex-
pect that absence of CHF could be demonstrated
for a uniform heat flux of this magnitude. Recog-
nizing that the flatest portion of the lower head is
controlling, this approach would be conservative.

C O N C L U S I O N S
Experimental results are presented on the heat flux
distribution at the (isothermal) boundaries of vol-
umetrically heated pools at high enough Rayleigh
numbers to be directly relevant to the problem of
retention of a molten corium pool inside the lower
head of a reactor pressure vessel. The results show
that

1. The heat flux on the side wall (vertical portion)
is essentially uniform and predicted well by
eq. (4),

2. The downward heat flux strongly depends on
position along the curved wall, and for the
shape considered it seems to be independent
of the presence and extent of the liquid pool
(contained by the vertical sidewalls) portion
above it, and

3. The heat flux to the top boundary is somewhat
underestimated by eq. (3), but the deviation
makes use of eq. (3) conservative.

The use of the heat flux distribution along the lower
curved boundary requires some further considera-
tion along the lines mentioned in the discussion.
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N O M E N C L A T U R E

g = gravitational acceleration (m/s2)
H = height of the pool (m)
Hc = height of the curved part of the pool (m)
A u H = 2h

Q
R

RaH

Rac

T_
T

heat flux (W/m2)
volumetric heat generation (W/m2 )
radius of curvature of a semicircular
cavity (m)

gQ0Hl
c

avX
temperature
average temperature

Greek
a = thermal diffusivity (m2/s)
8 = thermal expansion coefficient (a/K)
A I = difference between the maximum

temperature of the pool and the wall
surface temperature (K)

A = thermal conductivity (W/m K)
v = kinematic viscosity (m2/s)
T = relative difference between upper surface

temperature and the side wall temperature

subscr ipts
a r e = average
c = curved part of the pool
dn = downward or bottom boundary
H = height of the pool
;,r = horizontal, sideward direction
ioc = local
pmaz = maximum in the pool
,d = side wall, vertical portion of the boundary
up = upward or upper boundary
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ABSTRACT

The BF1 test was performed in the SCARABEE reactor in April 1985, with 5 kg molten UO2 in a

6cm diameter stainless steel crucible cooled by flowing sodium from the outside. The molten pool

was brought to different power plateaus, up to 140 W/cm3, in order to study the natural convection

heat transfer in the pool. Ultrasonic thermometers measured the pool temperatures up to 3000°C;

other valuable information was given through the lateral flux measurements and post test cuts.

The results were analized by the THEBES code, then by Seiler's correlations established through the

BAFOND water tests and by Kulacki and Emara's correlations for axial heat transfer.

It was shown that the heat radiation at the upper surface played an important role, and that the

experimental heat transfer was better than the different correlations would indicate.

For the axial heat transfer, we propose an explanation based on a phase change effect on the surface;

for the radial heat transfer, we give a likely correction coefficient.(slightly different than given in the

handout)

1. INTRODUCTION

In the frame of fast reactor safety analysis hypothetical accidents were considered where single fuel

subassemblies could melt down inside the core, due for instance to a supposed blockage at the

entrance of a sub-assembly, thus preventing the circulation of the cooling sodium.

A comprehensive test programme (14 tests) has been run between 1983 and 1990 in the Scarabée

reactor operated by the "Institut de Protection et de Sûreté Nucléaire" and located at Cadarache in

Southern France, in order to investigate the consequences of such an accident [1].

The test which we present here has a rather fundamental character, interesting also for many other

accident situations, as it studies the natural convection heat transfer in a molten, heat generating

oxide fuel pool at decay heat power levels.

Other tests were performed at higher powers, with boiling core materials, but are not reported here

(for instance [2]).
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2. TEST DESCRIPTION AND OBJECTIVES

The BF1 test was performed in April 85 with - 5 kg molten UO2 in a 6 cm diameter stainless steel

crucible, cooled by flowing sodium from the outside, and brought to different power plateaus giving

radial heat fluxes representative of those expected in a reactor after scram.

Figure 1 gives the principal data of the test section, the instrumentation (essentially thermocouples)

and the test conditions. One may notice the presence of two tungsten ultrasonic thermometers, each

comprising 4 measuring sections.

The test objectives were the answers to the following questions :

is it possible to contain molten fuel (T > 2840°C) in a sodium cooled crucible of stainless

steel (Tmelt = 1400°C) through the formation of a solid fuel crust on the steel walls ? Will such a

fuel crust remain stable for fluxes corresponding to decay heat power levels in a reactor, at the

boundaries of a 7 sub-assembly molten pool ?

what is the heat flux distribution on the boundaries of the pool, and especially the flux

concentration factor, that is the ratio of the maximum flux to the average flux ?

what will be, at a given power plate UJ, the temperature in the pool, or , put in another way,

the heat transfer coefficient between the pool and the walls ?

In the same frame of research, an extensive out-of-pile test programme, Bafond [3], was performed

at Grenoble, in order to study in a water mock-up in a more parametric way and with easier

measurements the two last points of the objectives (flux distribution and heat transfer).

The contribution of water tests is thought to be valuable as water and liquid UO2 have Prandtl

numbers in the same order of magnitude (UO2 : 0,36 < Pr < 1,53 ; water in Bafond : 2 (70°C) < Pr <

7 (20°C)).

3. TEST RESULTS

The power history is given on figure 2. Then, figure 3 shows the recordings of one of the ultrasonic

thermometers ; we see that a maximum temperature slightly over 3000°C is measured on section 1

(between level + 87 and + 117 mid-plane), then, at the end of the recording (1000 s) all the

measurements are comprised between 2910 and 2960°C, with an experimental uncertainty given in

the test report to be ± 60°C, but probably less in view of the recordings which show a plateau at the

expected melting temperature of 2840°C (see figure 3) . At about 1000 s, which is in the middle of

the first power plateau (fig. 2) the ultrasonic thermometer fails and no more pool temperatures are

available for the following plateaus.

For this reason, we study in some detail this first plateau. Among the other plateaus, the most

interesting is obviously the last because it gives the largest pool with the highest temperature and

Rayleigh number (Ra) and the post mortem observations give information on this state.

Figure 4 shows the radial flux distributions for these plateaus, as well as the crust thicknesses.
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We give the measured fluxes between the outside wall of the crucible and the sodium of the inter

assembly gap, then the calculated fluxes between the pool and the crust.

Several corrections were needed to obtain these latter values :

axial heat balance correction,

effect of cylindrical geometry,

influence of the crust.

The crust thickness was deduced from the post mortem observations for the last plateau. This

thickness was about 2 mm smaller than a theoretical crust calculated without taking into account a

contact resistance between the crust and the crucible. From this, we deduced an experimental contact

resistance, which could be modelled by radiative heat transfer ; then the contact resistance for the

first plateau could be calculated, and consequently the crust thickness for this first plateau.

The integral of the fluxes from the pool to the crust was compared to the total power generated in

the pool, and it was found for both plateaus that about 25 % of the total pool power was removed

through the top surface.

Finally, the best estimated characteristics of the molten pool for both plateaus are given on table 1.

We see that the radial flux concentration factors (that is 0max/0average) are comprised between 1,38

and 1,72.

Figure 5 shows the post-mortem cuts. The stainless steel crucible resisted well ; only a very small

erosion of 0,1 mm seems to have taken place at some locations.

4. INTERPRETATION

4.1. Recalculation by Thebes

After modification of the Thebes code (3D, 2 phase thermohydraulic code) [4], in order to take into

account the heat radiation from the top, both power plateaus were recalculated. The input data of

these older calculations present some differences with the last updated results from the

interpretations (contact resistance, crust thickness, specific power and geometry) but these

differences act in opposite directions and may therefore not play too big a role.

The most important results which are the maximum pool temperature and the percentage of axially

removed power, at the top, together with the experimental results, are given on table 2.

The important parameter is nevertheless not the maximum temperature but it's difference with the

boundary temperature which in all cases is assumed to be the fuel melting temperature, as the

boundary is composed of a solid fuel crust

AT = Tmax - Tmeltfiiei ; with Tmdt fuel = 2840°C

For the first plateau, the calculated temperature difference is not bad , (140 vs 120) ; for the last

plateau where no temperature comparison is possible, we see nevertheless that the top power is

correctly calculated.
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4.2. Recalculation by Seller's corrections deduced from Bafond

The Bafond tests performed with water in a cylindrical, volume heated cavity, in Grenoble, are

described in [3] by J.M. Seiler. He proposed heat transfer correlations, which, for a cylindrical

geometry, are given and further developed hereafter.

TURBULENT REGIME

The correlation given by Seiler in [3] is the following (see table 4 page 15 for nomenclature)

D a H = l , 9 7 ( R a H ) ï x -

f, (Pr) =
0,15

with Pr = ——- = Pr andtl number

1 +

RaH = — = Rayleigh number
Xva

(3)

(1)

(2)

Dav, =
ÀAT

= Dammkôhler number

The correlation (1) can be put in a more practical shape, by posing

then solving (1) (3) (4) and using (5), we get :

(4)

(5)

(6)

This equation shows the dependency of the temperature difference between the pool and the wall ; it

is interesting to notice that it has two groups of terms : the first group contains those which depend

only on the material properties, and which is, for a given material, a constant which we call KiT,urb

(= 6 x 10"3 , for UO2, with the usual physical properties of table 4).

ÀT = KATturbx[qDp (7)

The second group contains the pool data related to a given problem. We see that the temperature

difference does not depend on the pool height but only on its diameter.

The turbulent regime is normally considered for Ra > 1013
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LAMINAR REGIME

The relation proposed by Seiler in [3] for laminar regime is :

DaH = 1,3 x 1,56 (RaH)S f ^ Y Pr̂  (0,952 +
(8)

The factor 1,3 being an experimental correction factor coming from Bafond.

Again this equation can be put in the practical form, for cylinders

AT =
r <
(qD)iH5

(9)

with two groups of terms, the first being a constant for a given material and the second depending on

the pool data. Equation (9) can be written as :

AT = K AT lam (qD)s tf (10)

and we see that this time, AT depends en both the diameter and the neight.

(KAT iam = 3,6 x 10~3 for UO2, with the physical properties of table 4).

With the pool data of chapter 3 and the physical properties of table 4, we calculate the pool

maximum temperatures ; they are given in table 2, section 3.

They are much higher than the experimental value of the first plateau and Thebes results for both

plateaus (287 > 120, 140 ; 856 > 587).

We checked the influence of the uncertainty of physical properties. Even with the smallest Pr number

corresponding .0 an increased conductivity by a factor of 2, and a decreased viscosity also by a
factor of 2, the AT for the first plateau is still much higher than the experimental value (192 > 120).
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4.3. Proposed explanation of the difference between Seller's correlations from Bafond and BF1

and Thebes calculations

We think that at least a part of this difference could be due to upper radiative heat transfer which in

BFÎ, due to the high temperatures and a possibly liquid top surface, is expected to be much more

important than in the Bafond water tests where the upper surface was cooled in the same way as the

lateral one. (see top and lateral fluxes in table 1)

Experimentally, this upper heat removal in BF1 has been estimated to be 25 % of the total ; in

Bafond, we do not know this proportion.

In order to determine the conditions in which an important upper heat removal may take place, we

calculate this heat removal through two or three thermal resistances which are :

- (i) The heat resistance between the location in the pool where the temperature is maximum and

the top surface facing the pool. This heat transfer can be calculated by a correlation given by Kulacki

and Emara [5].

D a = 0,345 K0-226

with :

(11)

wall

(12)

(13)
XAT

Figure (a)

in the following domain of validity :

1 0 4 < R a < 2 x l 0 1 2 ; 2 ,7<Pr<7 ; 0,025 < ^ < 0,5

The top temperature TtOp is a constant.and equal to Tm e i t ftjei in case of a solid

crust. HT is the height of the layer which removes its heat upwards (see fig. a.); AT=Tmax-TtOp

Remark : In 151 the correlation is given as Nu = 0, 2015 Ra °>226 but with the following

significations :
,T Da n Rthis note . .... ., , , , ._ , .
Nu = — ; Ra = — = ; equation (11) can easily be deduced from this.
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- (ii) In case there is a solid crust on the top, the conduction through this crust

- (iii) The radiative heat transfer from the upper top surface to the crucible walls, given by

0 = Fe a (14)

with form factor F = 0,6 -» 1 emissivity e = 0,88 -» 1

The heat transfer from the poo! to the top will be maximum if the top is cold ; so we first

assume that there is a top crust with a temperature of the surface in contact with the pool equal to

the fuel melting temperature.

In this case, using Seiler's correlations for radial heat transfer (§ 4.2) to determine AT, then the

correlations for axial heat transfer (11) to (13) allow to determine HT, that is the height of the layer

which removes its heat upwards, hence the percentage of the pool power removed axially upwards.

The radiative calculations give the upper surface temperature at the top of the crust, which is needed

to remove this power, and conductive calculations through the crust allow the determination of its

thickness.

Results are given in table 3.

Table 3

Calculations Tor top heat removal

Height of top layer

percentage of pool power

removed through top

Crust thickness (depending

on F and e)

Top surface temperature

Tsurf (K)

1. Plateau

1,17 cm

6,3 %

1,7-4,5 mm

1923-2432 K

Last plateau

1,51 cm

8%

0,16-0,76 mm

2470 - 2896 K

The percentage of power removed upwards is much too small, as compared to the test (6,3 % and 8

% < 25 % experiment).
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Last plateau

Then, at least for the last plateau, the crust would be very thin, such that it has not much physical

probability to exist. (0,16 to 0,76 mm)

It would be cracked, and then as the density of the crust is much higher than the density of the liquid

PiUeisoiidus = 9700 kg/m3 Pfaei liquidus = 8740 kg/m3

it would sink.

So, we may assume that the top surface is liquid. In this case, much more heat will be radiated from

the top, but assuming Kulackis correlation is correct, this heat can no more be transported from the

pool to the top surface. The hotter becomes the top surface, the less heat may be transported to it.

We have to remark that Kulackis correlations have been established with water, and no phenomenon

of phase change happens at the top.

In BF1, there may be such a phase change. The fuel which at the top freezes into particies which

become much heavier than the liquid may be submitted to a quite different heat transfer mechanism

than water. The solid particles sink rapidly thus enhancing the transport of enthalpy. Then, their

specific heat will also be enhanced by the melting enthalpy. Of course, the viscosity will also be

enhanced by the presence of the particles.

The Rayleigh number which is supposed to govern the heat transfer :

Xvad

will be much increased because of the increase of P (density change) and Cp, (specific heat), but

limited by the simultaneous increase of the viscosity (v)

No correlation is available to calculate this heat removal in the conditions with phase change.

We assume that the upper surface is near to the melting temperature of fuel, which probably is not

far from the reality as there is a stabilizing mechanism at this value.

If the temperature was above the fuel melting temperature, then Kulackis correlation (without phase

change) would apply and not enough heat could arrive to the surface. Then the surface would cool

down and freeze till equilibrium of heat transfer by convection in the top layer of the pool and

radiation from the top is reached.

With the top temperature equal to fuel melting temperature (T = 3113 K) we calculate a top heat

removal of 15 kW which is ~ 23 % of the total pool power (with F = e = 1).

With a smaller value for F or e, some contribution of convection in the cover gas would have to be

considered, which is quite logical.
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First plateau

As the top heat removal is only 3,3 k\V (vs 16,7 kW at the last plateau) we would expect that the top

temperature is lower than the fuel melting temperature and thus that there is a crust at the top.

The calculations reported in table 3 give a possibly resistant crust thickness (1,7 - 4,5 mm) but the

proportion of the upwards removed power through convection in the top layer is also much too

small as compared to the test (6,3 % instead of 25 %).

So we have to look for another solution.

The upper surface may be solid, but with an enhanced heat transfer from the pool towards this crust,

by the same freezing process as described above.

If we assume a top heat removal of 25 % of the total power, that is a flux about four times higher,

the crust thickness would be about four times smaller and again we may question its stability. But

there is another configuration which is perhaps more likely.

We consider that a partial crust exists over the pool, leaving a

large hole in the centre (formed at an earlier stage in the test

scenario).

With the temperature at the surface of the pool equal to TmelI, the

T J heat from the pool would be transported to this surface by an

'- t0(* ' * enhanced mechanism with some phase change, as described for

the last plateau.

With the inner temperature of the top crust, facing the pool, also

equal to Tmelt, the pool would exchange no heat with this crust.

Its thickness would then be given by the conduction equation

combined with a radiative heat removal at the top.

Figure (b)

We find, with X = 2,5 W/mK (value admitted for solid fuel) and k = 1,

T,oP = 1777 K ; e = 1,18 x 10"2 m ; (j) = 5,66 x 105 W/m2

Such a thick crust could perfectly be stable at the border of the crucible, and besides reducing the

liquid area radiating to the top of the crucible, it would also reduce the form factor as is easily seen

from the figure.(b) We have checked that a solution for the hole diameter is possible, compatible

with the upwards radiated power.

But in this case also, we have to consider tnat in the pool, the upper heat transfer to the top surface

is enhanced through a freezing mechanism at the upper surface.

Of course, other geometrical configurations than a central circular hole could be imagined. But all

would involve an upper surface composed of solid and liquid parts.

For instance, one could imagine chunks of very thin solid crusts floating on the top and sustained

momentarily by surface tensions, till they grow and become heavy enough to sink.
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Other explanations for an increased upper heat transfer may also be proposed. As we did in § 4.2 we

investigated the influence of the uncertainties on physical properties. With the reduced Pr number the

upper heat transfer was increased, but still remained a factor of 2 below the experimental value.

Then, Kulackis experiments have been made in a geometry with a large horizontal dimension as

compared to the height of the layer. In our case this ratio was smaller, the side walls were cooled and

there was an important natural convection circulation down these side walls. This circulation may

also have enhanced the upward heat removal.

Finally, Kulacki's correlations are given for a rigid upper surface. A free upper surface, without

shear, whould lead to a higher heat transfer, perhaps up to 2 times higher as indicated in 161

4,4. Examination of the radial heat transfer alone

We now suppose that the axial heat transfer is explained ; we subtract the experimental values of

axial heat transfer from the total power and then, with a reduced power, apply Seilers correlations

for radial heat transfer alone and compare them to the test results and then to the results of Thebes

calculations.

The used correlations are (see § 4.2).

AT = KAT- [qD]4" (7)

AT = ^AT,lam
(qD)5 x H5 (10)

The results are given in table 2.

We see that now the AT calculated for the first plateau is smaller (228°C) but still above the

experimental value of 120°C, even with its maximum uncertainty (180°C).

For the last plateau where no experimental measure is available, we see nevertheless that the result of

the correlation is much higher that the Thebes result.

Some of this difference might be explained by the experimental power depression (we estimate its

effect at less than 10 %). A larger part of the difference could be explained by the physical

properties; with the Pr min (corresponding to X = 2 x \ef, v= — vnf) the results would be within

the uncertainty range of the test or Thebes extrapolations.

We do not really know the exact values of the physical properties of liquid UO2. Many scientists

question the values given in table 4. But before accurate physical measurements give more reliable

values, we think that it is cautious to stay with the commonly accepted reference values of table 4,

but then we have to correct Seiler's correlations for radial heat transfer alone by a factor reducing the

calculated AT by 0,65 in the laminar regime [— ( H ) ; see table 2, average between test and
2 228 181

587
Thèbes comparisons] and by 0,88 in the turbulent regime [ ., see table 2}

665
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5. CONCLUSIONS

The BF1 test was intended to prove the retention possibilities of molten, heat generating, uranium

dioxide in a stainless steel crucible cooled from the outside by flowing sodium, and to complement

the convective heat transfer studies made in water (Bafond) for a volume heated pool, by using real

reactor materials.

The first objective was a success ; it has clearly been established that a fuel crust builds up or remains

on the wall thus giving a very effective protective layer. In this test the crust has resisted to fluxes up

to 200 W/cm^ without erosion ; later tests have shown much higher values [7] but the present result

was important at the ti.ne it was acquired and helped to design the tests which followed.

Interesting elements have also been given for the study of convective heat transfer, but a precise

numerical interpretation is difficult.

Features which should have made this test easy in this respect were the small size, the well known

power distribution through nuclear fission and the good general instrumentation through many

thermocouples around the device. These allowed indeed to gather valuable information on the flux

distributions, but for determining a heat transfer coefficient, we were hampered by the problem to

measure temperatures above 3000°C.

Ultrasonic thermometers were used, and one of them worked up till approximately 2960°C, but with

an uncertainty which we estimate to be less than the indicated value of ~ ± 60°C. As fuel melts only

at 2840°C, and as the temperature difference to this value is the relevant parameter, it is easy to

understand why we may get uncertainties in this determination of up to 50 %.

Nevertheless, pre-test knowledge had still a much larger uncertainty range, and thus the test helped

to narrow this range; and the degree of validation of Thebes was increased.

Interesting information was made available on the following items :

The top heat removal through radiation was ~ 25 % of total power at both analyzed

plateaus ; this needed a liquid surface at the last plateau, and a partially liquid at the first.

These top heat losses have been analysed in some detail, taking into account a convective

heat transfer correlation, given by Kulacki & Ernara, [5] for the axial heat transport between the pool

and the top surface. For both plateaus, Kuiackis correlation used with conventional physical

properties could not explain the large amount of heat transported to the top (experiment = 4 x larger

than correlation). We proposed an explanation based on a phase change at the surface ; indeed, if the

surface temperature is near to the freezing temperature, solid particles forming at the surface sink

due to their higher density and may enhance the heat transfer, thus maintaining this surface liquid.

But we cannot exclude other explanations, for instance the effect of lateral heat transfer, or an upper

free surface and, to some degree, uncertainties in physical properties.

The application of Seilers correlations for radial heat transfer, deduced from the Bafond

water tests, even when taking the axial 25 % heat removal correctly into account, give too high

values for AT (or too small heat transfer coefficients).
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The difference could be explained by the uncertainties of the physical properties (essentially

conductivity and viscosity) but as we have no proof that these values are different, we prefer to keep

the conventional values (see table 4) and correct Seiler's correlations by a factor of 0,65 in laminar

regime and 0,88 in turbulent (this gives smaller AT).

Our best estimation for radial heat transfer alone in a liquid, pure UO2 pool is now :

Laminar regime :

ATlam = 2,34x10,-3 (q radxD)5 x (15)

Turbulent regime :

AT l u lb=5,28xlO- J |(qrad D)*\ (16)

with qrad the power per unit volume which is removed radially. This is obtained by

subtracting from the total power per unit volume the fraction which is removed axially, through the

top surface.

Although this is a best estimated conclusion of this study, we recall that the proposed correlations

(15) and (16) result mainly through water tests with only one experimental verification with TJO2

(Ra=9xl0l2i form factor H/D=4.37), and therefore they shall be used with the necessary caution.

But for many applications in safety, the uncertainty on the input data is still larger and the preceding

correlations may give a sufficient estimation of an order of magnitude.
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Table 1 : Main characteristics of moJten pools at the extreme power plateaus

Specific power in melt

Volume of melt in pool

Pool height Hp

Average pool diameter D

Slenderness ratio —-
D

Total power in pool transferred to :
lateral crust
bottom crust
top radiation

Average experimental fluxes 0 a v

lateral
bottom
top

Maximum experimental lateral flux 0max

Flux concentration factor
0maX/0av,lat

Unit

W/cm3

cm3

cm

cm

W
%

W/cm2

W/cm2

W/cm2

W/cm2

1. Power
plateau

48

270

18,7

4,28

4,37

12960
75%
0%

25%

38,3
0

216

66

1,72

Last power
plateau

140

473

20,5

5,42

3,78

66200
73%
2 %
25%

138
70
650

190

1,38

Table 2 : Experimental and recalculated results for main pool parameters

Experiment
T
1maxexp

AT = Tmax - 2840
fraction top removed power

Thebes
* max calc.

AT
fraction top power

Seiler's correlations
Ra
AT
1 max calc.

Seller's correlations for radial heat transfer
aloi?"

Applied to test AT

Applied to Thèbes geometry AT

Unit

°C
°c
%

°c
°c
%

°c
°c

°c
°c

1. Power plateau

2960 ±60
120 ±60

25

2980
140
43

9xlO12(lam)
287

3127

228

181

Last plateau

<4060
?

25

3427
587
24

4,2 x 1013 (turb)
856

3996

699

665
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Table 4 : Nomenclature and some constant values

Geometry :

H or Hp height of moiiten pool
HT

D
e

q
qrad

T
0

height of top layer, giving its heat to the
pool diameter
crust thickness
power per unit volume
fraction of power per unit volume which
temperature in °C or K, as specified
heat flux

Physical Drooerties :

X
H

V

p
Cp

B

ad

conductivity
dynamic viscosity

kinematic viscosity = —
p

density
specific heat
volumetric expansion coefficient

inci nidi Uinusiviiy
pCp

Dimensionless numbers :

Pr

Ra

Da

Nu

uCp
i lanuLi numutr

Rayleigh number 1

Dammkohler number \ Definitions in text

Nusselt number j

Radiative heat transfer :

k

KAT|

Steran Boltzmann constant = 5,67 x 10"^
coefficient for radiative heat transfer = e :

e emissivity
F form factor

top

is removed radially

Values for

2,5V\
7,6 x

8740
500 J
1,04:

1,53

W m"2 K-4

<F

coefficient in heat transfer correlation depending only on physical

UO2 at Tmdt (2840 °C)

f.m-1 K-1
10-3 kg.m-'.s"1

kg.m-3
kg-1 K-1

< 10-4

properties
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BEST ESTIMATE FLUX DISTRIBUTIONS AND CRUST
THICKNESSES FOR THE EXTREME POWER PLATEAUS

Fit-curve for fluxes tube-Na =
corrected fluxes crust-tube

Flux pool crust and
Experimental measures crust thickness with

radie tive contact resistance
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Flux distributions and crust thickness at the first power plateau
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Figure 4 : Flux distributions and crust thickness at the last power plateau
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Transverse post-mortem cuts
(levels above bottom of crucible)
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NATURAL CONVECTION HEAT TRANSFER IN
VOLUMETRIC ALLY HEATED SPHERICAL POOLS*

F.J. Asfia and V.K. Dhir
Mechanical, Aerospace and Nuclear Engineering Departmen

School of Engineering and Applied Science
University of California, Los Angeles

Los Angeles. CA 90024

Results of experiments conducted to determine the heat transfer to the bounding walls of
partially filled sperical cavities are reported. The pools were volumetrically heated and the
bounding wall was cooled from outside. Three types of boundary conditions namely: free
surface, nearly insulated rigid wall and a cooled rigid wall were employed at the pool surface.
In the experiments Freon-113 was contained in a pyrex bell jar and was heated using a 750
Watt magnetron of a conventional microwave. The jar was cooled externally with subcooled
water. The rigid wall on the pool surface was cooled with cold air. In the experiments, pool
depth and pool radius were varied parametrically. As such pool Rayleigh number was varied
between 1011 and 1014. Correlations for local and average heat transfer coefficients along the
curved boundary of the pool have been developed.

1 INTRODUCTION

Recently it has been suggested that flooding of the cavity of existing and advanced Pressur-
ized Water Reactors (PWR) or drywell of Boiling Water Reactors (BWR) can be used as a
mitigating procedure to prevent reactor vessel melt through in a severe core damage accident.
Thermal analysis carried out by Park and Dhir (1991), show that significant deviations in
the predicted temperatures of the vessel head containing molten material can occur because
of uncertainties in the natural convection heat transfer coefficients obtained from numerical
models and correlations. At present very limited data are available at high Rayleigh numbers
of interest in the calculation of natural convection heat transfer for a molten pool formed in
the reactor vessel lower head.

The earliest study of natural convection in volumetrically heated layers is that of Kulacki
and Goldstein (1971). In their experiments, the fluid layer was bounded by two isothermal
upper and lower plates held at a constant temperature and four insulated side walls. The
Rayleigh numbers covered a range of 200 < Ra < 1.21 x 107. Data were obtained using
interferograms and covered the laminar, transition, and turbulent regimes of natural convec-
tion. Upon examination of the temperature field, they discovered for Ra < 104 the existence

*Work jointly sponsored by EPRI and DOE Advanced Reactor Severe Accident Program under EPRI
Contract No. RP 8006-32.
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of cellular structures in the upper region. The? area occupied by the cells decreased with
increasing Rayleigh numbers until the cells were nonexistant in the turbulent regime. In this
regime, the temperature field consisted of an isothermal central region bounded by a thin,
unstable upper boundary layer and a thicker, more stable lower boundary layer. The energy
transport at the upper bounding surface was found to be much higher than that on the lower
surface.

Subsequently, Kulacki and Emara (1975) conducted natural convection experiments in
a horizontal fluid layer bounded from above by a plate at constant temperature and from
below by an insulated plate. For this set of boundary conditions, heat transfer coefficients
were obtained for Rayleigh numbers up to about 2 x 10!2. For Prandtl numbers varying from
2.75 to 6.85 the data were correlated as

Nuy = QA03Ra0-226 (1)

However, when explicit dependence of Nusselt number on Prandtl number was considered,
the data were correlated as

A'u, = 0.223/?aa223Pra239 (2)

Later, Min and Kulacki (1978) performed the same type of experiments but with the ex-
ception that the fluid layer was bounded from below by a spherical segment rather than a
horizontal plate. Aspect ratio, defined as L/D, where L is the depth of the fluid layer and D
is the sphere diameter, was found to play an important role in determining the relationship
between Nusselt and Rayleigh numbers. At low aspect ratios, the plot of Nusselt number
versus Rayleigh numbers was much flatter, which corresponds to the theory that conduction
is the primary source of heat transfer. However, when they increased the aspect ratio, the
Nusselt number versus Rayleigh number results approached those for a horizontal fluid layer.
This is due to the fact that as the volume of the fluid increases, the effect of the spherical
boundary diminishes.

An experimental and numerical study of natural convection in internally heated pools
contained in rectangular and semicircular cavities (trough) have been performed by Jahn
and Reineke (1974). In the experiments, holographic interferometry was used to record the
temperature field. The range of Rayleigh numbers for the computed data was 5 x 105 <
Ra < 5 x 108. Jahn and Reineke found that for the rectangular cavity, the temperature
field showed the presence of non-uniform eddies in the upper region of the pool with a stable
and calm liquid layer in the lower region. They concluded that for this particular geometry,
heat was transferred more effectively in the upper region as opposed to the lower region.
The results for the semicircular cavity were similar to those for the rectangular container in
that the temperature field in the upper and lower regions exhibited almost the same type
of behavior. The isotherm patterns for this curved region resembled that characteristic of
a cooled vertical wall. This pattern led to the conclusion that the Nusselt number varies
greatly along the cooled surface. Nusselt number was highest at the equator and lowest at
the bottom. Numerical results were found to compare favorably with the data.

Gabor et al's (1980) is the only previous experimental study in which natural convection
in internally heated pools has been studied experimentally for a spherical geometry. The
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outer surface of the spherical containers was cooled and the surface also served as one of
the electrodes. A disc placed in the middle near the pool free surface, served as a second
electrode. This arrangement of electrodes lead to non-uniformity in the heating process. In
the experiments. Zn5O4 — H20 pools were formed in three sizes of hemispherical copper con-
tainers and pool depth was varied parametrically. No attempt was made in the experiments
to calculate the variation of heat transfer coefficient along the curved surface. The average
heat transfer coefficient data for 2 x 1010 < Ra < 2 x 10" were correlated as

Nu = 0.ô5Ra°-l5(H/R)1-1 (3)

It was noted that the highest temperature occurred in the middle upper region of the pool.
In the experiments the pool surface was exposed to the atmosphere.

Mayinger et al (1976) used numerical analysis to determine the average heat transfer
coefficient on the wall of a hemispherical cavity. They used the experimental data of Jahn
and Reineke for a trough to validate the results of their numerical analysis. According to
their work, average heat transfer coefficient on the curved surface of a hemispherical pool is
given by

Nu = Q.DoRa0-2 (4)

A comparison of equation (3) of Gabor et al and equation (4) of Mayinger et al shows that
at a given Rayleigh number the heat transfer coefficient predicted from the correlation of
Mayinger et al is much higher. Also, the difference between the two increases as the Rayleigh
number becomes large. For nuclear reactor applications Rayleigh numbers of interest are on
the order of 1017. In this case, the average heat transfer coefficient predicted from Mayinger
et al's equation is about ten times higher than that obtained from the extension of the
correlation of Gabor et al.

Frantz and Dhir (1992) have reported results of natural convection heat transfer in volu-
metrically heated spherical cavities cooled from outside. Micro-wave heating was used in the
experiments and it was concluded that a large variation in heat transfer coefficient existed
along the vessel wall. Nusselt number based on average heat transfer coefficients were found
to be comparable to those obtained from equation (4). The present work is an extension of
the work of Frantz and Dhir. More recently Kymàlàinen et al (1993) have performed large
scale natural convection experiments in a two dimensional slice of torospherical lower head
of VVER 400 reactor. Joule heating was used to produce thermal energy in the liquid and
Rayleigh numbers (based on the curved height of the pool) of the order of 1013 were attained.
It was concluded that the data compared well with the correlation of Mayinger et al (1976)
for circular segments. Local heat transfer coefficient data showed a linear dependence on
angular position as opposed to a very rapid increase in heat transfer coefficient near the
equator found in the experiments of Frantz and Dhir. The objective of the present work is
to expand the data base of the experiments in a spherical geometry. This is the geometry of
interest for advanced reactors. Specifically in the experiments the role played by following
variable on local and average convective heat transfer coefficients in volumetrically heated
pools has been investigated:

(i) pool depth
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(ii) free or rigid boundary condition on the pool surface
(iii) cooled rigid wall boundary condition at the pool surface.

2 EXPERIMENTS

Apparatus

The apparatus used in this work consists of a rigid box which serves as a tank for subcooled
water as well as a support for a glass bell jar containing the test fluid. Figure 1 shows the
test setup. The box is a 3-layer water-tight container made of plywood and polyurethane
foam. The outer and inner layers are made of 0.635 cm thick plywood. The outer and
inner dimensions of the box are 0.927m x 0.927m x 0.762m and 0.762m x 0.762m x 0.686m,
respectively. The middle is a 7.62 cm thick layer of Hathane 1680-11(11 lb/ft3 density)
polyurethane foam. On the top of the box is a 1.90 cm thick. 0.927m x 0.927m piece of
plywood, with sixteen 2.54 cm diameter vent-holes and a 0.457m diameter hole cut out of
the center. The largest bell jar is 59.44 cm in length (from the top edge dowm to the center
of the spherical bottom), 45.54 cm in diameter (outer) and has a thickness of 1.1 cm in
the cylindrical portion. The vessel is strapped with a steel compression ring padded with
rubber on the inner side. The glass jar rests on the top of the plywood sheet, with the
ring supporting the weight of the vessel. Two double-paned 0.25m x 0.18m wooden picture
windows are built into the opposite sides of the box to allow viewing of the lower portion of
the vessel.

The fluid inside the vessel is heated uniformly with a 750 Watt magnetron, the power
to which is controlled with a conventional microwave oven. The magnetron is attached to
a 10.2 cm diameter copper tube serving as a waveguide for the microwaves. This device is
suspended by steel rods and aluminum clamps above the vessel. To control energy from the
microwave, bronze screens were placed along each inner wall of the large plywood box prior
to pouring of the polyurethane foam. The screen is set to ground in order to short out the
electromagnic charge. A lucite lid was made to cover the opening of the vessel. A square
opening with dimensions 11.4 cm x 11.4cm was cut in the center of the lid to allow the
waveguide to be lowered into the bell jar. Twenty eight holes 5 mm in diameter were also
drilled into the lid. Through these holes, twenty eight 4 mm ID Pyrex tubes, each containing
a chromel alumel thermocouple wire, are placed and held in position by brass compression
fittings. Seven additional thermocouples were attached to the inner wall and seven more
were added to the outer wall of the vessel using Omegabond 101 epoxy. Each thermocouple
wire is shrouded in a meshed steel braid for interference reduction. The lid is equipped
with four tabs which fit into notches placed on the vessel, to ensure that the thermocouples
return to their precise position whenever the lid is removed for cleaning and layer depth
adjustment. To impose rigid wall condition on the pool surface, another lid was fabricated
from plexi-glass sheets. Figure 2 shows a sketch of the lid. Air passages are formed in the
annular space created by the two bounding sheets. In the experiments with adiabatic wall,
inlet and outlet ports are closed. While for cold wall condition, air is passed through the

- 2 3 2 -



passages. Air is cooled by passing it through a copper tube placed in an ice bath. Three
thermocouples axe placed on the face of the lid touching the pool surface. Readings from the
thermocouples are taken with an Aero 900 Data Acquisition System. The data are stored
and later plotted using computer graphics.

A water cooling system is used to maintain the temperature of water surrounding the
vessel nearly constant with time. A 2.5 cm hole is drilled into the bottom of the box for
passing a copper pipe and flange to serve as both a water inlet and a drain when a particular
experiment is completed. A coil made of 1.27 cm copper tubing is used as a heat exchanger
for the apparatus. Through a series of flexible plastic tubing, copper valves, and a 1/25 H.P.
pmup, water is removed from the upper surface of the pool. It is then passed through the
copper coil, around which there is a continuous flow of cold water. Water exiting the heat
exchanger is returned back to the bottom of the pool. The free surface of the water was
generally kept 6-7 cm above the free surface of R-113 in the spherical pool.

To obtain data at different Rayleigh numbers, two more vessels with inner diameters of
21 cm and 15.2 cm were used. The apparatus had to be slightly modified by placing two
pieces of plywood, with a 22 cm and 17 cm hole cut out of the center, over the existing lid.

Procedure

Before the actual experiment was run, each thermocouple was calibrated. All thermocouples
were individually submerged sequentially in an ice bath, a pool of boiling Freon-113, and a
pool of boiling water. The output of the thermocouple was compared with the temperature
readings from a separate digital thermometer. Using these data, calibration curves were
drawn for each thermocouple. From these curves, relative error in reading from a particular
thermocouple could be determined. Once every thermocouple was properly calibrated, all
of the thermocouples were placed in their designated spots. With the lid in place and all of
the thermocouples checked, the waveguide was lowered and fastened in place.

Prior to every test run, the test liquid was pumped into the vessel to the desired pool
volume. Before adding water to the tank, a calibration run for heat generation rate in the
fluid (lasting approx. 25-30 min.) was made. This was done in order to calculate the power
output from the microwave and to determine the uniformity of heat generation rate in the
test liquid. The data from these runs were plotted and the slopes of the temperature vs.
time plots were used to calculate the heat input into the pool. Figure 3 shows a typical rate
of rise of fluid temperature at three locations in the pool when R-113 was used as the test
liquid. The heat generation rate at different locations in the pool was found to be within ±
6%.

After the calibration for heat input to the test liquid was performed, the tank was filled
with water and the cooling system was started. After assuring that everything was properly
running, the microwave was turned on again, and the pool was allowed to heat up. After ap-
proximately one hour, the pool acquired a nearly steady state temperature. The entire test
run was carried out for about six hours. Since R-113 vapor is heavier than air, evaporation
from the pool free surface is expected to not contribute in any significant way to the heat
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loss over long periods of time. Because of the inevitable interference from the microwave,
proper thermocouple readings could not be obtained unless power was shut off. To avoid
this problem, thermocouple readings were taken at 10 minute intervals. Thus, after every
570 seconds, power was shut off. Thereafter one set of thermocouple readings was taken
with ACRO at 585 seconds and another at 600 seconds. Recording of all of the thermo-
couples on the computer took about one second. After recording the second set. power was
immediately restored. These short power interruptions are considered to have little effect
on the behavior of the pool over the duration of the experiment. In experiments with cold
rigid wall, the mass flow raf -, inlet temperature and outlet temperature of air were measured.

3 REJL'U /TS AND DISCUSSION
One of the important considerations in the experiments conducted with internally heated
pooîs is uniformity of the heat generation rate. Heating rates in various liquids, such as
water, ethanol, olive oil, silicone oil, and R-113, using the microwave guide arrangement as
shown in Figure 1 were determined. A large difference in the heating rates near the pool
free surface and at the bottom of the pool was found to exist in all liquids except R-113. As
noted earlier with R-113, the rate of temperature rise at any location in the pool did not
differ by more than ± 6% from the mean value. Our lack of success in finding other liquids
which could be heated uniformly with microwaves limited the number of data points that
could be obtained.

Prior to conducting the experiments, the equivalent radii, Re, of the vessels were obtained
by noting the volume of liquid needed to fill the jar to a certain height. The volume of liquid
was measured before and after the experiments to obtain the rate of evaporation. The heat
loss from evaporation was less than 4% of input heat during the duration of the experiment.

Because of the spherical geometry of the pool, the heat transfer area changes significantly
with the angular position measured from the lower stagnation point. To determine the area
supported by each of the thermocouples located discretely on the bell jar surface, the angle
between any two neighboring thermocouples was determined. Half of this angle on either
side of a given thermocouple was assigned to that thermocouple. By knowing the total
subtended angle and the equivalent radius, the surface area and pool volume assigned to a
given surface thermocouple could be determined. Figure 4 shows the manner in which strips
are defined in the pool.

The heat transferred by conduction across the vessel wall and over the curved surface
subtended by each strip can be determined as

AQ}. = AAjkj/êiTn, - fwo) (5)

The above equation is written under the assumption that heat transfer across the vessel
wall is one dimensional. The assumption is realistic everywhere except the pool free surface
and the lower stagnation point. Near the pool free surface some heat is lost along the vessel

-234 -



passages. Air is cooled by passing il through a copper tube placed in an ice bath. Three
thermocouples are placed on the face of the lid touching the pool surface. Readings from the
thermocouples are taken with an Aero 900 Data Acquisition System. The data are stored
and later plotted using computer graphics.

A water cooling system is used to maintain the temperature of water surrounding the
vessel nearly constant with time. A 2.5 cm hole is drilled into the bottom of the box for
passing a copper pipe and flange to serve as both a water inlet and a drain when a particular
experiment is completed. A coil made of 1.27 cm copper tubing is used as a heat exchanger
for the apparatus. Through a series of flexible plastic tubing, copper valves, and a 1/25 H.P.
pmup, water is removed from the upper surface of the pool. It is then passed through the
copper coil, around which there is a continuous flow of cold water. Water exiting the heat
exchanger is returned back to the bottom of the pool. The free surface of the water was
generally kept 6-7 cm above the free surface of R-113 in the spherical pool.

To obtain data at different Rayieigh numbers, two more vessels with inner diameters of
21 cm and 15.2 cm were used. The apparatus had to be slightly modified by placing two
pieces of plywood, with a 22 cm and 17 cm hole cut out of the center, over the existing lid.

Procedure

P:ibre the actual experiment was run, each thermocouple was calibrated. All thermocouples
«ere individually submerged sequentially in an ice bath, a pool of boiling Freon-113, and a
pool oï boiling water. The output of the thermocouple was compared with the temperature
readings from a separate digital thermometer. Using these data, calibration curves were
drawn for each thermocouple. From these curves, relative error in reading from a particular
thermocouple ^ould be determined. Once every thermocouple was properly calibrated, all
of the thermocouples were placed in their designated spots. With the lid in place and all of
the thermocouples checked, the waveguide was lowered and fastened in place.

Prior to every test run, the test liquid was pumped into the vessel to the desired pool
volume. Before adding water to the tank, a calibration run for heat generation rate in the
fluid (lasting approx. 25-30 min.) was made. This was done in order to calculate the power
output from the microwave and to determine the uniformity of heat generation rate in the
test liquid. The data from these runs were plotted and the slopes of the temperature vs.
time plots were used to calculate the heat input into the pool. Figure 3 shows a typical rate
of rise of fluid temperature at three locations in the pool when R-113 was used as the test
liquid. The heat generation rate at different locations in the pool was found to be within ±
6%.

After the calibration for heat input to the test liquid was performed, the tank was filled
with water and the cooling system was started. After assuring that everything was properly
running, the microwave was turned on again, and the pool was allowed to heat up. After ap-
proximately one hour, the pool acquired a nearly steady state temperature. The entire test
run was carried out for about six hours. Since R-113 vapor is heavier than air, evaporation
from the pool free surface is expected to not contribute in any significant way to the heat
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loss over long periods of time. Because of the inevitable interference from the microwave,
proper thermocouple readings could not be obtained unless power was shut off. To avoid
this problem, thermocouple readings were taken at 10 minute intervals. Thus, after every
570 seconds, power was shut off. Thereafter one set of thermocouple readings was taken
with ACRO at 585 seconds and another at 600 seconds. Recording of all of the thermo-
couples on the computer took about one second. After recording the second set, power was
immediately restored. These short power interruptions are considered to have little effect
on the behavior of the pool over the duration of the experiment. In experiments with cold
rigid wall, the mass flow rate, inlet temperature and outlet temperature of air were measured.

3 RESULTS AND DISCUSSION

One of the important considerations in the experiments conducted with internally heated
pools is uniformity of the heat generation rate. Heating rates in various liquids, such as
water, ethanol. olive oil. silicone oil, and R-113. using the microwave guide arrangement as
shown in Figure 1 were determined. A large difference in the heating rates near the pool
free surface and at the bottom of the pool was found to exist in all liquids except R-l 13. As
noted earlier with R-113, the rate of temperature rise at any location in the pool did not
differ by more than ± 6% from the mean value. Our lack of success in rinding other liquids
which could be heated uniformly with microwaves limited the number of data points that
could be obtained.

Prior to conducting the experiments, the equivalent radii, Re, of the vessels were obtained
by noting the volume of liquid needed to fill the jar to a certain height. The volume of liquid
was measured before and after the experiments to obtain the rate of evaporation. The heat
loss from evaporation was less than 4% of input heat during the duration of the experiment.

Because of the spherical geometry of the pool, the heat transfer area changes significantly
with the angular position measured from the lower stagnation point. To determine the area
supported by each of the thermocouples located discretely on the bell jar surface, the angle
between any two neighboring thermocouples was determined. Half of this angle on either
side of a given thermocouple was assigned to that thermocouple. By knowing the total
subtended angle and the equivalent radius, the surface area and pool volume assigned to a
given surface thermocouple could be determined. Figure 4 shows the manner in which strips
are defined in the pool.

The heat transferred by conduction across the vessel wall and over the curved surface
subtended by each strip can be determined as

AQ: = AAjkj/ôÇTn - Two) (5)

The above equation is written under the assumption that heat transfer across the vessel
wall is one dimensional. The assumption is realistic everywhere except the pool free surface
and the lower stagnation point. Near the pool free surface some heat is lost along the vessel
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wall to the water layer above the pool surface. Two dimensional conduction analysis were
performed and equation (5) was accordingly corrected for the top and bottom strips. Aside
from the heat transfer by conduction across the vessel wall, the other contributor to the
heat loss is evaporation from the pool surface. This loss is only important when the pool
surface is exposed to ambient atmosphere. The evaporation loss was determined by knowing
the amount of liquid lost from the free surface over the duration of the experiment. Table
1 shows the heat input rate, heat lost by conduction through the wall and heat lost by
evaporation or through the cooled rigid wall placed on the pool surface. It can be seen from
Table 1 that in all cases total heat transferred from the vessel is within a few percent of the
heat input from the microwave.

Knowing the time-averaged maximum pool temperature and AQV the time averaged
heat transfer coefficient at a given location could be determined as

" • ' j l ' pmax 1 wi)

The maximum pool temperature, Tpmax occurred in the upper section of the liquid layer
almost between the middle of the pool and the vessel wall. The uncertainty in local heat
transfer coefficient (see Asfia (1995)) ranges from ±9% to ±15.8% for the largest bell jar
and from ±9% to ±30% for the smaller jars. Larger uncertainty in heat transfer coefficient
generally occurrs near the lower stagnation point. This is due to the fact /hat temperature
difference between inner and outer vessel walls is very small at the stagnation point.

Average heat transfer coefficient for the spherical segment is obtained as

hav = ~hi (7)

Free Pool Surface
Fig. 5 shows the ratio of the local to average heat transfer coefficient as a function of angular
position measured from the lower stagnation point. The plotted data are for free pool surface
and for H/R = 0.4 and H/R = 1.0. Heat transfer coefficient is lowest at the stagnation point
and increases along the periphery of the spherical segment. Similar behavior in the ratio
of local to average heat transfer coefficient was observed for other pool depths. Local heat
transfer coefficient is a function of the angular position measured from the lower stagnation
point, 6, and the height of the pool or poo! angle, (p. From these observations, a correlation
r >r the local heat transfer coefficient along the hemispherical wall when the pool surface is
free is developed. According to this correlation:

~ = Cx sin 0 - C2 cos G for 0.65 < - < 1 (8)
ii Sri
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where

Ci = - 1.25coso + 2.55

C2 = - 2 . 3 cos O + 3.6

0 = 0/© • !

a n d

^ = 0 .55 s i n 6 + 0 .25 for 0 < - < 0 .65 (9)
h a v o

All of the pool free surface data obtained in this study are compared with the above
correlation in Fig. 6. It is seen that most of data lie within ± 20% of the predictions from
the correlation.

Figure 7 shows the isotherms obtained by linear interpolation of temperatures obtained
from thermocouples placed at different locations in the pool. Isotherms are not exactly
symmetrical in the azimuthual direction. Stratification in the lower part of the middle
section of the pool is much stronger than in the upper part. Isotherm pattern shown on the
left hand side of Fig. 7 is indicative of the existence of a recirculatory zone in the corner
formed by pool free surface and the vessel wall.

After initial heat up of the pool, liquid and wall temperatures were observed to oscillate
with time. For H/R = 1.0, Fig. 8 shows as a function of time the temperature output of one
of the thermocouples located near the surface of the pool but closer to the cooled surface
of the bell jar. Similar data for other H/R showed that the time at which temperature
oscillations begin decreases with increase in depth of the pool.

From the temperature data, it is clear that magnitude of wall heat transfer coefficients
also oscillates with time.

The data for the Nusselt number based on heat transfer coefficient averaged over the
wetted surface of the pool are plotted as a function of Rayleigh number in Fig. 9. The
plotted data are for H/R = 0.26, 0.40, 0.55, 0.72 and 1.0, when the vessel with an inner
diameter of 44 cm was used. In this figure, H/R — 0.53 data for the 21 cm diameter and
H/R = 0.9 and 0.63 for the 15.2 cm diameter vessel are also plotted. The Nusselt and
Rayleigh number are defined as

From the data obtained in this study, a correlation for the Nusselt number dependence on
Rayleigh number and pool depth has been developed. This correlation can be expressed as

Nu = Q.M{Ra)°-2(H/R)0-25 (12)

The heat transfer data has been correlated with the above correlation within ± 10%. In
Figure 9 the results of numerical calculations of Mayinger et al and the present correlation
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for two different, pool heights, H/ll = 1.0 and 0.2. are also plotted. The data for H/R = 1.0
appear to lie very close to the numerical calculations of Mayinger et al. It can be concluded
that heat transfer coefficients predicted from the numerical work of Mayinger et al are also
representative of th>> present data. The present correlation covers Rayleigh number range
1011 < Ra < 1014, however, since Nu ~ Ra02, and Ra depends on the fifth power of R,
this suggests that at high Rayleigh numbers (turbulent flow) heat transfer coefficients for
a hemisphere are independent of the pool radius. However, this needs to be confirmed.
Experiments with a 30 cm radius jar are planned. For shallower pools the heat transfer
coefficient depends very weakly on pool radius. Therefore the results of the present study
can be easily extended to a reactor situation in which Rayleigh numbers of interest are on
the order of 1017.

Rigid Nearly Insulated Pool Surface
A few natural convection experiments with the largest bell jar were performed when a rigid
wall bounded the pool upper surface and little heat transfer occurred across this wall. Figure
10 shows the isotherms for the experiment with H/R = 1. A comparison of these isotherms
with the pool free surface case reveals that presence of a rigid wall tends to push the circula-
tory motion zone downward leading to a relatively larger stratification in the upper region.
Figure 11 shows that ratio of local to average heat transfer coefficient for the rigid wall case.
It is seen that a behavior similar to free pool surface exists except that location of maximum
heat flux is shifted downward. The average heat transfer coefficient was found to be about
5-10% higher than that given by equation (12).

Rigid Cooled Pool Surface
Isotherms in the pool formed in the largest bell jar with H/R = 1 are shown in Fig. 12 when
rigid wall was cooled with forced flow of air. Some circulatory motion in the upper region
appears to have re-emerged and propensity of stratification is weakened in comparison to a
rigid insulated wall. Figure 13 shows the variation of local heat transfer coefficient along the
curved and flat walls bounding the pool The heat transfer coefficient has been normalized
with the average heat transfer coefficients on the curved surface. The angular positions
beyond 90° represent the locations on the rigid wall at the pool surface. The horizontal
location at which thermocouples are located on the rigid wall are projections of the angular
positions shown in the figure. Again, the maximum heat transfer coefficient occurs below
the pool upper surface. From this location the heat transfer coefficient decreases both on
the curved as well as the horizontal surface. The average heat transfer coefficient on the
curved wall is found to be about 5-10% higher that given by equation (12). The average
heat transfer coefficient on the rigid wall bounding the pool surface is comparable to that
obtained from the correlation of Kulacki and Emara.
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4 FUTURE WORK
Experiments with a larger jar {R = 30 cm) will be performed. In ihese experiments Rayleigh
numbers as high as 4 x 1014 are expected to be attained. The data from this bell jar will be
used to confirm the conclusion drawn from the present work that at high Rayleigh numbers
the average heat transfer coefficient on the curved wall of a hemispherical pool is independent
of radius. In reactor severe accident scenarios when molten pool retained in the vessel lower
head is cooled by flooding of the cavity, a crust will exist between the vessel wall and
the pool. Experiments by cooling the pyrex jar with liquid nitrogen instead of water will
be performed to simulate the crust formation and its influence on natural convection heat,
transfer coefficient.

5 SUMMARY AND CONCLUSIONS

1. Using R-113 as the test liquid, natural convection heat transfer data in internally
heated pools contained in spherical segments cooled from outside have been obtained.
The data have been obtained for H/R = 0.26, 0.40, 0.55, 0.72, 1.00. Both free and
rigid wall conditions at the pool surface have been studied.

2. From the pool free surface data at different Rayleigh numbers a correlation for the
dependence of Nusselt number on Rayleigh number and pool depth has been found to
be

Nu = 0MRao-2(H/Rf2b 10n < Ra < 1014

3. Large variations in heat transfer coefficient occur along the pool surface. Heat transfer
coefficient is lowest at the stagnation point and increases along the curved surface.
The ratio of maximum to minimum heat transfer coefficient can be as high as 20. A
correlation for the local heat transfer coefficient has been developed.

4. The effect of a rigid wall is to suppress the circulatory motion in the upper portion of
the pool and push the location of maximum heat transfer coefficient downward.

N O M E N C L A T U R E

A Wetted curved surface area (m2)
Cp Specific heat (kJ/kgK)
g Gravitational acceleration (m/s2)

H Pool depth (m)
h{6) Local heat transfer coefficient (W/m2K)

h Time averaged heat transfer coefficient {W/m2K)
hav Time and area averaged heat coefficient (W/m2K)

k Thermal conductivity <W/mK)
Nu Nusselt number havR/K

- 2 4 0 -



Pr Prandtl Number
Q Rate of heat transfer (W)

Qgen Heat generation rate (W)
Qv Volumetric heat generation (W/ms)

g Heat flux (W/m2)
Ra Rayleigh number (Ra = gdQvR

5/ki/a)
R\ Inner radius of vessel lower head (m)
Re Equivalent radius corresponding to pool volume (m)

r Radial distance (m)
T Temperature (K)
t Time (sec)

V Volume

Greek Letters

<j> Pool Angle (deg)
9 Defined in Eq. (8)
9 Angle along the vessel wall (deg)
p Density
a Thermal diffusivity
P Coefficient of thermal expansion {\/K)

v Kinematic viscosity

Superscripts

- time average

Subscripts

av Average

j Indices
max Maximum
min Minimum

p Pool
wi Inside wall
wo Outside wall
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Table 1. Heat Trasfer Rate for Each Experiments

Pool Surface

Condition

Free

Surface

Insulated

Rigid Surface

Cooled

Rigid Surface

Bell Jar

Radius(cm)

22

10.5

7.6

22

22

H/R

1.0

0.72

0.55

0.4

0.26

0.53

0.9

0.63

1.0

0.43

1.0

0.43

dT/dt

degC/sec

3.72xlO"3±1.2%

3.22xlO~3±2%

3.4xlO-3±2.1%

4.4xlO~3±2.3%

5.7xlO"3±l%

4.23xl0~3±0.7%

5.5xl0-3±0.1%

4.64xlO"3±2.1%

4.31xlO"3±4.5%

4xlO"3±5.5%

4.07xl0~3±4%

3.53xl0"3±4.5%

Qin

W

123.4

72

53.5

37

30.1

10.1

9

3.8

134.2

36.6

134.3

32.3

QrigidwalliW)

3.9

2.4

1.0

0.7

0.5

0

0

0

1.5

0.8

21.2

7.3

Qout

w
116.9

65

52.7

37

29.5

10.9

8.4

3.1

117.7

36.1

103.6

25.75
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Fig. 2: Schematic Diagram of the lid used to impose cold rigid surface
boundary condition
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A»«'ooe Slope = 0.221 C/min

10 15

Time (min. )

Fig. 3: Heat Generation Rate at Different Location in the Pool

j = 1

Fig. 4: Location of Thermocouples in the Pool and the Wall, H/R = 1.0
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Fig. 5: Ratio of Local to Average Heat Transfer Coefficient with Respect
to Angle for 22 cm Radius Bell Jar
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Fig. 6: Comparison of Heat Transfer Coefficient Data with the Correlation
Developed in this Study
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Fig. 7: Isotherm Pattern for 22 cm Radius Bell Jar, H/R = 1.0
(All Temperatures are in Celsuis)
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Fig. 8: Variation of Temper?,true With Respect to Time for One of the Thermocouples
Located in the Pool
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Fig. 9: Camparison of the Present Data for Nusselt Number Based on
Average Heat Transfer Coefficient with Mayinger's Numerical
Results and Present Correlation
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Twater=25.4

Fig. 10: Isotherm Pattern for 22 cm Radius Bell Jar with Rigid Surface and H/R = 1.0
(All Temperatures are in Celsuis)
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Fig. 11 : Ratio of Local to Average Heat Transfer Coefficient wiht Respect
to Pool Angle for Rigid Wall with H/R =1.0
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Fig. 12: Isotherm Pattern for 22 cm Radius Bell Jar with Cold Rigid
(All Temperatures are in Celsuis)
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Fig. 13: Ratio of Local to Averager Heat Transfer Coeficient with Respect
to Angle for a Cold Rigid Wall
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1 I N T R O D U C T I O N

The thermal-hydraulic behaviour of a mass of molten corium is investigated, in the frame
of PWR severe accidents studies. The corium may be located in the vessel lower head or in
an external core-catche.. It is assumed to be present in the container instantaneously. Its
motion is described by one velocity field. It may be homogeneous or made of two stratified
fluids. The residual power is assumed to be constant, uniform, and located in the oxidic
phase. The radiative losses and the external water-cooling are taken into account. The
thermal resistance of a peripheral crust is considered. Conduction in the steel wall is
calculated.

In case of severe accident, in the absence of water injection, the core may degrade and
lose its geometry. The molten core can relocate into the lower plenum of the vessel or
into an external core-catcher, after the melting of the vessel shell. The thermal attack of
the container depends on the distribution of internal heat flux at the wall surface. In our
paper an emhasis is lain on the importance of natural convection phenomena inside the
pool of corium.

Studies of natural convection, in the frame of nuclear severe accidents have been carried
out by Chudanov et al. [1]. In their calculation the flow is assumed to be laminar. Another
study has been carried out Kelkar et al. [2], in which the flow is assumed to be turbulent.
In this study a good-validated k — e model is investigated. A general synthesis about
experimental and numerical studies is carried out by Okkonen [3].

The purpose of our study is to show the possibility of a calculation with the classical k — e
model far from the wall, and a special treatment for heat transfer near the wall. The
paper is divided in two parts. A transient numerical analysis is first performed. Thermal-
hydraulic quantities, such as velocity field and temperature distribution, are determined in
the corium. The thermal behaviour of the wall is secondly investigated. The results of these
studies lead to point out the necessity for complementary developments concerning the in-
vessel and external core-catchers. The needs for experiments are outlined, to investigate
multiphase pool thermal-hydraulics and external cooling conditions.

2 NUMERICAL ANALYSIS

2.1 The TRIO code

The velocity and temperature fields are determined by the mean of the TRIO system,
which is conceived for numerical predictions of complex 3D turbulent flows. Turbulent
heat transfer and momentum exchange are represented by the mean of classical k — e
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model. A detail description of the TRIO system is given by Grard et al. [4]

2.2 Geometry and flow regime

When the corium is assumed to be oxidic. its physical properties are approched by those
of liquid UO-2. exept for the solidus temperature. In case of a two fluid corium. the heavier
phase is supposed to be liquid oxide, the lighter is supposed to be liquid steel. Since the
height of the pool is of order of 2 meters in the lower head and in the cylindrical external
core-catcher, for the present design, the Rayleigh number is about 1016. In our situation,
where the liquid is heated by an uniform volumetric source, the relevant definition for the
Rayleigh number :

Ra = RQg = ?ML . (1)

Therefore the natural convection phenomena involve turbulent flow regime in the liquid
corium boundary layer. According to Seiler [5]. the boundary layer thickness near the wall
is about ICP^m. Since its thickness is much larger than the cell size in our mesh it cannot
be directly discribed by the code. An analytical approach is necessary to estimate the heat
transfer coefficient at the liquid-solid interface. The Chawla and Chan [6] correlation is
used. Its expression yields:

-Vu =
0.15

1 +
0.492

Pr

(2)

where Xu stands for the Nusselt number. The expressions of Rayleigh number and Prandtl
number are

Ra =
gâATmH3

(2)

Pr =V-
a (3)

One may notice that in the equation (2), the expression for the Rayleigh number is based
upon A i m , temperature difference between the center of the pool, where the temperature
is the highest, and the wall one. The reason is that the Chawla and Chan equation is
written with ATm. The values of the heat transfer coefficient are about 3000Wm~2K~3

when the corium is in the lower plenum, and about 1700Wm~2K~J in the external core-
catcher. The boundary conditions of our calculations are described in figure 1 and discussed
below.
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2.3 Initial and boundary conditions

Initially, the corium temperature is 3100K. the wall temperature is assumed to be 573K.
We assume the filling of the container to be instantaneous. According to Carslaw and
Jaeger [7]. the contact temperature Tco,,iact between two media is given by:

l-co _
ntact —

\J\\P\Cp\ + \ZX-2P2Cpo

where T\, \\. p\,Cp\. T2, A2. P2- Cp2 are respectively the initial temperature, the thermal
conductivity, the volumic mass and the heat capacity of each medium. The contact tem-
perature between liquid pool of pure oxide and solid steel wall may be estimated to be of
order of 1700K. A thin crust of oxide appears at the liquid oxide-solid wall interface. The
temperature of its surface is the melting temperature of oxide : 2700K. Under steady state
conditions.the crust thickness is determined by:

-its thermal conductivity (~ 3Wm"'K" ' )

-the heat flux crossing it (~ 106Wm~2)

-the temperature difference between liquid pool and solid wall (order of magnitude
: 1000K)

The crust thickness is found to be of order of some millimeters.

It results first that the presence of a crust does not change significantly the geometry of
the pool. Secondly, the thermal inertia of the crust may be neglected. Assuming that the
crust remains along the solid wall, its influence on heat transfer is taken into account in
considering that the pool boundary temperature is the melting temperature of the oxide,
the pool may be stratified in two non-miscible liquids : oxide and steel. At the contact
between liquid steel and the container, made of steel, no crust can appear at the liquid-solid
interface.

Oxidic and metallic pools are represented by the following heat exchange between liquid
pool and wall:

<j> = hint {Tpool — Tint) • (6)

where <p is the heat flux, T?oo\ is the local temperature of the pool and Tint is the melting
temperature of oxide 2700A'. If there is no crust, Tint is obtained from a conduction
calculation in the wall. The boundary conditions are given by the external cooling of the
container.

Above the free surface, steel upper structures are supposed to be at their melting point :
Text — 1658A". The emissivities are assumed to *e ecor = 1 for corium and eezt = 0.2
for steel. The density of radiative heat flux is :
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On the lateral side, the flooding by water is assumed and saturation conditions are con-
sidered : Ttxt = 323A'. The density of lateral heat flux is :

Olat ~ hezt (Twalt - Tezt) . (S)

where heit is a parameter of the calculation. The residual power is assumed to be
( 1.75MWm~i} ). located in the oxidic phase only. The melting temperature as bound-
ary condition for liquid pools leads to non coupling of the pool behaviour with external
cooling conditions, assuming that the wall is not completely molten.

3 RESULTS AND DISCUSSION

3.1 Corium in the vessel lower head

3.1.1 Natural convection in the pool

After a few minutes, a natural convection regime takes place in the oxidic pool. The steady
state regime is reached after about 6000 seconds. As shown in figure 2, a natural convection
flow and a temperature stratification develops in the vessel lower head. In steady state
regime, at the center of the pool, the maximum temperature is 3410K. The total residual
power is 32 MW. The radiative effect at the upper surface is responsible for a thermal heat
loss of 6.8 MW (21 % of the total power in steady state regime). The motion of the corium
leads to non uniform wall heat flux distribution. In figure 3 the heat flux distribution is
represented when the permanent regime is reached. Due to the radiative effect, the heat
flux is the largest at a short distance below the free surface. The value of the maximum
heat flux (1.3 M m " 2 ) exeeds the average one of about 37 %.

3.1.2 Thermal behaviour of the wall

In the case of a pure oxidic pool in the vessel lower head, the temperature field in the
steel wall is calculated using the TRIO code, by a finite elements approach. The model
is two dimensional and axisymetric. On the corium side, the evolution of the heat flux
is determined by the thermal-hydraulic calculation. The initial thickness of the wall is
10cm. The molten steel is eliminated as soon as molten. Several external conditions may
be considered. They correspond to different conditions of heat exchange to cooling water.
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In figure 4 isotherms are represented in the wall. The wall melts first just below the free
surface of corium.

The evolution of the molten thickness is plotted in figure 5 for different cases of external
cooling. In the absence of external cooling, the wall is molten after about 20 minutes
if molten steel is eliminated (curve b). after 25 minutes if it is not eliminated (curve
a). Under bad cooling, (a constant external heat exchange coefficient of 250\Vm~1K~I

is considered), the wall is molten after about 25 minutes if the molten steel is eliminated
(curve d) or not (curve c). For the last two cases, the molten steel is eliminated. If a
perfect cooling (hext = oc. nucleate boiling postulated) is considered, a residual solid
steel thickness of about 4 cm remains (curve e). In the last case of our study, a critical
heat flux threshold (oc = 3 10°\Vm~2) is considered. Since the external heat flux is
written o — hex t(Twan — Tex t). the external heat exchange is characterized by a film
boiling exchange coefficient :

if o < oc hext = oc;
(/ ù ^ oc hext — —ou\\ m Iv

The wall is molten after about 30 minutes. Generally, the wall is completely molten after
30 minutes. It is concluded that nucleate boiling on the external lower head surface is
necessary to keep the vessel temperature under its melting value.

In this study a thin crust is supposed to remain along the wall. If its initial presence is
expectable, the rising of the pool temperature may involve its melting. The heat flux may
be underestimated. Secondly, since the wall melts, the crust is bounded by two liquid
domains. Its stability should be discussed further. The main result of this study deals
with the necessity of taking into account the natural convection phenomenon on corium
beha\-iour analysis.

3.2 Stratified oxidic-steel pool in a cylindrical geometry.

In this case a two fluid and stratified corium (50 % oxide and 50 % steel, in volume) and a
steel wall are considered. The initial thickness of the wall is 2cm, The height of the pool is
2 m. the internal radius is 20 cm. The stratification process duration is supposed to last a
few seconds. This initial phase is not described. The natural convection regime takes place
after a few minutes. In each fluid one convection cell is present. The velocities are greater
in the oxidic pool, because of the residual power. The progression of i?otherms in the wall
is very quicker in front of the steel pool. The thermal behaviour of the wall is different
in front of the oxide and in front of the liquid steel : firstly the thermal conductivity is
different for liquid steel and for oxide ; secondly a protective crust is assumed to appear at
the level of the oxide pool, but not at the level of the steel pool. At the interface between
liquid oxide and solid wall, the heat flux is calculated with Tint = 2700A". At the interface
between liquid steel and solid wall, the temperature of steel melting wall stands for T,nt.
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Consequently, the melting of the wall in front of the steel pool appears very quickly. In
figure G. the progression of the liquid-solid interface is represented. After only 40 seconds,
the wall is locally molten over its whole thickness. The wall behaviour depends on the
nature of the nearest fluid. The interest of a refractory material layer to protect the wall
of a core-catcher is underlined.

4 CONCLUSION

In studies of the behaviour of an internal or an external core-catcher, some phenomena
have to be taken into account. The distribution of the internal wall heat flux is influenced
by the natural convection regime in the pool of corium. The non homogeneity of corium.
the melting of a sacrificial material and its presence in the pool may also change locally the
distribution of the heat flux on the wall of the core-catcher. The behaviour of such system
should be investigated in a multiphase and multicomponent approach. An experimental
program has to be realised to validate these models.
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radiative heat losses

Figure 1a : geometry of the pool, in the vessel lower head. If the whole core is molten.

The height of the pool is 2,12 meters.

radiative heat losses

Figure 1b : the geometry of the pool, in a cylindrical external core catcher

Figure 1 : the geometry and the thermic boundary conditions of the container
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Figure 4 : isotherms in the wall (Celsius degrees). The melting temperature of -teel is

1430° C.

The -.vail .-teel is eliminated as soon as molten.

External coolina; :

if O < Or l l e x t = ?£•
if o >oc hext = 250U'm"-K~1.

1442.172

TEMPERATURES 1800 SEC
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Figure S : molten thickness for different cases of external cooling
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Figure 6 : melting of the wall from 10 seconds to 40 seconds
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ABSTRACT

.Free convection in corium was theoretically examined for semicircular and WER-440

reactor geometry. The computer code NARAL-CV.CRV was applied for the theoretical

investigation. The 2-D co-ordinate transformation technique and the Low-Reynolds number

turbulence model of Chien were applied. Temperature and velocity fields were calculated. The heat

transfer relationships of the form Nu = f(Ra) and the side/bottom wall heat flux distribution were

compared with the experimental data. The Ra number range examined was from 108 to 1013 for

semicircular space and from 1014 to 1015 for reactor geometry. It was found that standard form of

Low-Reynolds number turbulence model failed in case of high Ra number turbulent flow

configuration. The reasons of its deficiency were analysed. The modification of Chien Low-

Reynolds turbulence model in case of flow with strong buoyancy effects (in presence of regions with

stable/unstable stratification) was proposed. This model was testified in wide range of Ra number

flow configurations with W E R reactor geometry and semicircular.
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NOMENCLATURE

c c c

c.
F

e

f f f

g
k
P

q
R
r
t

T
U
V

coefficients of turbulence model

specific heat

dissipation rate of turbulence
energy
near wall turbulent model
functions
gravity acceleration
turbulent kinetic energy
pressure
heat flux
cell Reynolds number
radial direction
time

temperature
mean velocity in z direction
mean velocity in r direction

y.
y

z

M
P

r
X

Subscripts

k , e

T
voUi

dimensionless distance

distance to wall

axial direction

dynamic viscosity
density
difrusivity
conductivity

values pertaining to kinetic
energy and dissipation rate
respectively
turbulence values
volumetric

INTRODUCTION

The corium-reactor vessel interaction during LWR severe accident is a complicated

phenomenon which includes thermal, mechanical and physics-chemical aspects. The core meltdown

process can occur some hours after reactor shutdown. Therefore, the decay heat rate remains quite

enough to destroy the pressure reactor vessel (RPV). The heat transfer from the corium to the vessel

depends on the natural circulation intensity in the large molten corium pool.

Today the corium-reactor vessel interaction is the objective of some experimental programs

such as COPO, CORVIS, FARO, RASPLAV and VULCANO. The high turbulent flow in the large

molten corium (Ra number higher 10") causes the necessity to obtain the according experimental

data and to develop the appropriate calculation techniques.

The systematical study of this problem should be based on wide range experimental

programs. Nevertheless the up-to-day data base is limited The series of experiments have been done
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on the COPO test facility [l.j , [2.], which used water as a simulant of molten corium. The

geometrical characteristics of cavity is chosen in scale 1:2 to lower head of WER-440 reactor. The

uniform internal heat source is supported to simulate the decay heat. The Ra number is from 1014 to

1015 . In the [3] the free convection in the volumetrically heated semicircular cavity under transition

Ra number conditions (108 to 1012) examined theoretically and experimentally. The buoyancy

convection in a fluid with internal heat sources in closed rectangular cavity was investigated in the

[4] experimentally and numerically at Ra numbers up to 3.71013. In the [5] natural convection in

spherical segments of volumetrically heated pools was investigated experimentally. In the above-

mentioned experimental works some experimental correlations for Nu number were developed. The

calculations of [3] and [4] were restricted by the low and transition Rayleigh number flows so the

laminar and the "standard Low-Reynolds number" turbulent approaches used in this works gave the

good results. In the [1.] the Lam&Bremhorst Low-Reynolds number turbulence model

overestimated the heat flux to side wall three times much as it has been measured in the COPO

experiments. So the further consideration of the problem of numerical calculation of high Ra

number natural convection is needed.

MATHEMATICAL DESCRIPTION OF THE PROBLEM

The mathematical model is based on the system of the axisymmetric two-dimensional form of

the time-averaged continuity, Navier-Stokes, and high Reynolds number (k-e) turbulence equations.

With this approach the equations for present flow configuration can be written in the following

general fortn:

)]
where (f> stands for different variables (U, V, k, e and T) for which the equations are to be solved.

The equations used in this paper summarized in the Table 1.
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Table 1. Summary of equations solved

Equation

continuity

z-momentum U dP d

r-momentum
dp a(

1-— l

dr di\

au\ l d
+

dr) r dr

dv

dr

temperature
Aeff

Qvol

turbulent energy

energy dissipation

rate

where:

in case of Chien Low-
Reynolds model [6.]

and constants are

"iff

Dk=p.e, V^C-t-Zj*-, De=C2-f?

f =l-exp(-0.0115y+), f^LO,

= -2.u.f4lexp(-0.5.y+)) Rt=^

0.09 1.44 1.92 1.0 1.3 0.9

- 2 7 2 -



Since the main interest was in the simulating of the flow and the heat transfer on the

boundaries, the Low-Reynolds number turbulence model of Chien [6] instead of high Reynolds

number formulation of (k-e)-model was chosen as the turbulence model to be primary used. The

functions f^, fv f2 and the terms D, E are implemented in order to allow the integration into the

laminar sublayer of the flow. Influence of buoyancy effect on production/annihilation of turbulence

was modelled by using of terms B^, B, in the (k-e)-equations. It must be noted that influence of

these terms has a negligible effect.

The 2-D co-ordinate transformation technique described in [7] is applied to set of equations

(1.). The last was solved by using control volume method [8.].

DEVELOPMENT OF TURBULENCE MODEL IN HIGH Ra NUMBER FLOW

At first we have conducted investigation of grid configuration influence on calculation

results. It has been discovered that the grid 41x61 (the mesh size decreased towards the wall with

the factor of 1.5) is enough for present flow configuration.

As it has been noted in [1.] the Lam&Bremhorst Low-Reynolds-number approach describes

poorly high Ra number flow. Our calculations with using of Chien turbulent model have given the

same results, the heat flux to the top side of the wall was underpredicted and overpredicted to the

side wall (table 2). Obviously, the first is related to the second: if we increase the heat removal to the

top wall we decrease the side wall heat flux.

Analysis of these results and peculiarities of flow configuration allows us to separate the main

influence trait of this flow. In the turbulent flows with natural convection there is a strong influence

of buoyancy force. In our case there are a strong temperature gradient in the vicinity of the walls and

a slow temperature stratification in the central part of the cavity. So in the near-wall regions the

influence of buoyancy effects is very strong. As known, there are three kinds of density/temperature

stratification- stable, neutral and unstable [9.]. In our case in the top part of the cavity there is an

unstable stratification when in the remaining part there is a stable stratification. The determining

parameter for condition of stratification is the Richardson number [10.]:
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u,T-, P-8z
T _

Op 1
~Z —

(2.)

This number is a negative value in case of stable stratification, positive value in case of

unstable stratification and zero in case of neutral stratification.

We separate two aspects of lacking of Low-Reynolds-number approach to modelling of our

flow:

• the deficiency of density/temperature stratification conditions description;

• the violating of the Reynolds analogy of momentum and energy transfer in the buoyancy force

influenced regions;

Table 2. Results of the COPO experiments and numerical calculations

COPO (run 32c)

Standard Chien model

(present work)

Modified Chien model

(present work)

COPO (run 32f)

Standard Chien model

(present work)

Modified Chien model

(present work)

COPO (run 42c)

Modified Chien model

(present work)

Ra

1.66 1015

1.66-1015

1.66 1015

8.761014

8.761014

8.76-1014

1.24 1014

1.24 1014

1500

580

1400

1300

490

1300

800

900

600

750

580

580

700

527

350

300

-T'inax
1 V

79.9

84.5

83

70.5

69

68

62.9

60

-274 -



As known, the Low-Reynolds-number models were developed for adaptation of standard

high Re number (k-e)-equation form to case qf flow with low Reynolds number conditions (viscous

sublayer, transition flow etc.) The common method of developing of Low-Reyncids number model is

• to add the viscous diffiisivity terms in the (k-e)-equations to account for the molecular diffusivity

of k and e;

• to introduce the damping functions which correct (k-e)-equation production and destruction

terms in case of low local turbulent Reynolds number;

• to add some terms which correct the turbulence value behaviour near wall in accordance with the

appropriate experimental data;

This procedure doesn't account the stratification conditions in the vicinity of wall (low

Reynolds number region). As known ([11.]), there is a strong dependence of turbulence structure on

these conditions. As it can be seen from fig. 1, the turbulence intensity (so and turbulent energy) is

higher in case of unstable stratification as compared with neutral stratification. Conversely, it is lower

in case of stable stratification.

So we propose to improve the near-wall description of Low-Reynolds-number model by

introducing some buoyancy condition influenced function in the relationship for f^. Th? last serves

to account the straight influence of molecular viscosity:

fH=l-exp(-0.0115y+-fB(Ri)) (3.)

In case of neutral stratification (standard case, Ri=0) fB=1; in case of Ri>0 (unstable

stratification) fB>\ and f^ (so and fiT) are higher; in case of Ri<0 (stable stratification) fB<\ and

fp are lower. We propose the next form of fB function:

fB(Ri) = 0.5 + 103 Fthf6.7-(y+)2-exp(-0.0195-y+)-Ri-4.147) + l (4.)

The violating of the Reynolds analogy of momentum and energy transfer in the high

buoyancy force influenced regions can be assigned to the second reason for failure of Low-Reynolds

number (k-e) models . In [9.] some experimental data on dependence of PrT number on Rf number

are presented: there are a growing tendency of PrT when the Rf is a negative (stable stratification)

and a reduction behaviour when Rf is a positive value (fig. 2). We account this tendency by

introducing the dependence PrT = f(Rf ):
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PrT = Pr°-fPri(Ri) (5.)

fPrT(Ri) = 0.01 + 50-| thf-6.7-(y+)2 -exp(-0.0195-y + ) -R i -2JO3I4 1 (6.)

By means of above-mentioned modifications of Chien Low-Reynolds-number turbulence

model we increased the turbulent conductivity (XT = —— ) in the vicinity of top wall (unstable
PrT

stratification) and decreased kj in the vicinity of side and bottom wall (stable stratification).

In the table 2 the results of the COPO experiment and our numerical calculations in case of

Ra =1.661015, Ra =8.761014 and Ra =1.241014 are presented. As it can be seen there are

considerable improvements in predictions of "Modified Low-Reynolds-number turbulence model".

The dependencies of Nu (Ra) and Nu (Ra) (calculated and experimental) are presented on

fig.3,4 respectively. As it can be seen, there is acceptable agreement between the experimental and

calculated results. The profiles of local Nu number arc presented on fig. 5-6. Although the calculated

local Nu number distribution is arranged some lower than measured in the COPO experiment its

tendency coincides with the experimental data. The velocity and temperature field distributions are

presented on the fig.7-8. For verification of the new model in case of transitional Ra number

flows and semicircular geometry we conducted calculations of experiment [3], The calculated

averaged side wall Nu number coincides with the experimental correlation (fig. 9). The side wall

local Nu number profile is presented on the fig. 10.

CONCLUSIONS

The new Low-Reynolds-number turbulence model developed in the work for calculation of

the convective heat transfer in conditions of high Ra number natural convection demonstrates its

possibility to predict heat transfer in high turbulent flow in the semicircular and reactor geometry

cavity. Although the further investigation of feasibility of this model must be developed, this model

can be applied to calculation of free convection of the corium in the LWR Severe Accident.
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Fig. 1 Axial turbulent intensity distribution for neutral (1), unstable (2) and stable (3)

density/temperature stratification [11.] (data for horizontal channel)
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Fig. 7 The velocity field (COPO experiment, grid system 41x61)
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Fig. 8 The temperature field (COPO experiment, grid system 41x61)
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VVER-500/600 SAFETY ANALYSIS
PROGRAM IN EREC

CODE DEVELOPMENT

1. SYSTEM CODE FOR SEVERE ACCIDENTS ANALYSIS

2. CORE DEGRADATION SIMULATION (EREC/MEI CODE)

3. MOLTEN CORIUM - RPV INTERACTIONS (NARAL.CV 1P/2P CODE)

4. EX-VESSEL COOLING THERMOHYDRAULICS (NARAL.FEM 2P CODE)

5. MELT-COOLANT INTERACTIONS (EREC.FDM 3P CODE)

6. VVER-500/600 CONTAINMENT (EREC.FEM 2D CODE)

7. RPV THERMAL REGIME DIAGNOSTICS (NARAL.IHC CODE)

EXPERIMENTS

1. MELT JET IMPINGEMENT AND SPREADING

2. WATER-PARAPHIN INTERNALLY HEATING NATURAL CONVECTION

3. EX-VESSEL TWO-PHASE NATURAL CIRCULATION

4. MELT-COOLANT INTERACTIONS
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ABSTRACT

1. CONFIGURATIONS:
SEMICIRCULAR CAVITY AND VVER-440 SCALE 1/2 (COPO)

2. MATHEMATICAL MODEL:
2-D MASS, MOMENTUM AXD ENERGY EQUATIONS

3. TURBULENCE MODEL:
K-e LOW-REYNOLDS MODEL (CHIEN)

4. DEVELOPMENT and MODIFICATION
FOR STABLE AND UNSTABLE STRATIFICATION REGIONS:

- NEAR-WALL TURBULENT VISCOSITY: fM = f(Ri)
- REYNOLDS ANALOGY: Prt = f(Ri)

5. COMPUTER CODE: NARAL

6. NUMERICAL METHOD:
2-D TRANSFORMATION TECHNIQUE FOR NON-ORTHOGONAL DOMAIN;

CONTROL VOLUME METHODOLOGY; SIMPLE ALGORITHM

7. FORM OF RESULTS PRESENTED:
- Nu=f(Ra)

- LOCAL HEAT FLUX AND NUSSELT NUMBER DISTRIBUTION

S. RANGE OF COMPARISON:
- SEMICIRCULAR: Ra number: 108 - 1012

- VVER REACTOR GEOMETRY: Ra number: 1014 - 10"
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OUTLINE

Importance of the problem

Current knowledge

Preliminary studies by NARAL code

Technical approach

Turbulence models
- Near-wall turbulence models
- Reynolds analogy

COPO heat flux distribution
Semicircular cavity NC experiments analysis

Conclusions
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IMPORTANCE OF THE PROBLEM

(From model development point of view

. Not agreement between empirical correlations

. Limited base of experimental data for high Ra
internally heating pool heat transfer

_ . Absence of a well-validated turbulence model
that can be used tor large molten corium heat
transfer

. Some models developed are basically phenomeno-
logical and uncertain in local heat transfer charac-
teristics
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CURRENT KNOWLEDGE

(From model development point of view)

EXPERIMENTS

Semicircular cavity.
Ra: 108 - 5xlOn; Jahn-Reineke, 1974

Plane fluid layer.
Ra: up to 1012; Kulacki-Emara, 1977

Rectangular cavity.
Ra: up to 3.7xlO13; Stainbrenner-Reineke, 1978

Spherical segmente.
Ra: 1012 - lO1^; Frantz-Dhir, 1992

VVER geometry.
Ra: 1014 - 1015; COPO experiments, 1992-1993
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CURRENT KNOWLEDGE (contd.)
(From model development point of view)

HIERARCHY OF TURBULENCE MODELS
(applicability, shortcomings, advantages)

1. Laminar flow model
2. Algebraic model of turbulence

3. Two-parametric turbulence model (KEM)

3.1. Standard k-e model using wall functions

3.2. Low-Reynolds-number (LRN) models (LS, JL. LB. C)

3.3. Modifications of LRN models for NC

4. Hybrid model

4.1. k-e model + non-isotropic buoyancy-induced Reynolds
stress

4.2. k-e model + non-isotropic turbulent heat flux (AHFM)

5. Reynolds stress model (RSM)

5.1. Algebraic stress model (ASM)

5.2. Partial differential stress model (DSM)

6. Direct numerical simulation
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TURBULENCE MODELS (contd.)

. ADEQUACY OF PHENOMENA MODELLED
Non-isotropic effects on the turbulence due to buoyancy

KEM : - cannot handle

RSM : H- able to modelling

. NUMERICAL CHARACTERISTICS
Buoyancy-driven flows are numerically very unstable

RSM : - serious convergence problems
much more expensive than KEM
wall-functions have to be validated even for simple flows
turbulence constant are not well-established yet

KEM : + KEM itself seldom leads to convergence problems
well-known and well-validated model

. DEVELOPMENT STRATEGIES

. At least, low-Reynolds-number k-6 models are required to
describe natural circulation heat transfer.

. Kelkar-Schmidt-Patankar (KSP) have used LRN KEM (JL)
with the phenomenological Yap correction. This term had been
carried out for external NC flows in a tall cavity. KSP:s calculated
averaged Nusselts numbers are compared with data upto Ra=1012

(plane fluid layer and semicircular cavity).

la
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TECHNICAL APPROACH

. A computer code is carried out by NARAL group for numerical
solution of 2D heat mass transfer problems in complex domain
by utilizing control-volume methodology, SIMPLE algorithm and
transformation technique.

. Low-Reynolds-number k-e model (based on Chien's dumping
functions) is used, f̂  in Chien's model has convenient form and
doesn't depend explicitly on k and e. Generation of turbulence
due to buoyancy is included.

. The model has been applied firstly to describe the COPO ex-
periments (very high Ra number) where the effects of buoyancy on
turbulence are most explicit. Figure out phenomenological aspects
to be developed, based on local heat transfer characteristics.

. Refinement of phenomenological corrections by comparing
with extended number of experiments and wider range of data.
This work continues now.
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continuity equation:

d(p) , d(pU) , id(rpV)
dt dz ' r dr

momentum equations:

axial direction:

d{pU) d(pU.U) ld(rpU.V) d. dU. Id, dU dP

(2)

radial direction:

d{pV) d(pV.U) id(rpV.V) _ d dV ld_. dV dP V

(3)

energy equation:

djpCpT) d(PCFT.U) ld(rpCpT.V) d ÔT 1 d dT
—dT-+ dz +r d? = 'd~z{Xeff ô 7 ) + ^ ( r A ^ ^

(4)
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turbulent kinetic energy k-equation:

ô(pk) , d(pU.k) , id(rpV.k) d
dt dz r or dz

dissipation rate e-equation:

d(pe) , d(pU.e) , id(rpV.e) d (. utsde\ l d

<7k dz)
1 d {
r dr \

fit dk \

ok or)
d)

dt ' dz r dr dz\^ a/dzj- rdr\^ a/dr
(2)

where

//e// = 11 +M Kff = A +

Gk; Se = [Cle.fi.{Pk + C3eGk) -

dV\2 ,

D = - 2 fik/y2; E = -kfexp(-0.5y+)

i.O; f2 = 1. - 0.22exp(-(i?e</6)2); f£hien = 1. - e;rp(-0.0115.y+)

C^ = 0.09; Cie = 1.35; C2t = 1.8; uk = 1.0; <jf = 1.3; Pr? = 1.0

= k2/ue
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PRELIMINARY STUDIES BY NARAL CODE

. Influence of the grid system on NARAL calculational results
COPO Test: Ra=4.2xlO14

Mesh
-

COPO data
20x30
41x41
61x61

Spatial grid
point/first mm

-
2
4
8

Qtop

kW/m2

6.1
2.1
2.6
2.7

Qside

kW/m2

2.5
4.7
4.8
4.9

. Feasibility of models
COPO Test: Ra=1.5xlO15

Control parameters
-

COPO data
Stainbrenner-Reineke (exp)

LRN KEM (LB) (PHOENICS)
Laminar model (NARAL)

LRN KEM (Chien) (NARAL)
Chien + Yap term (NARAL)

Present model (NARAL)

A T
°C

12.6
-
-
18
9.8

14.26
13.7

Qtop

kW/m2

| 18.5
12.2
<
6.5
3.8
5.74
15.7

Q hot torn

kW/m2

1.1
2.7
2.2
2.1

Qside

kW/m2

5.8
6.2

~ 18.6
11.1
14.8
11.24

6.4

Qbottom

kW/m2

2.6
0.35

-
7.1
7.
7.6
4.4
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COMPARISON OF XARAL CALCULATIOXS
and COPO EXPERIMEXTS DATA

. Analysis of the first série of COPO experiments by Chien 's
Low-Reynolds-number KEM

Control parameters
-

COPO run fhl
Chien KEM (NARAL)

COPO run fh2
Chien KEM (NARAL)

COPO run fh3
Chien KEM (NARAL)

Ra
-

1.31015

1.31015

1.51015

1.51015

4.21014

4.21014

AT
°C
14.

11.5

12.6
9.8

5.9
7.

qtop

kW/m2

15.2

L 3.5

18.5
3.8

6.1
2.5

Qside

kW/m2

6.2
10.

5.8
14.8

2.5
4.5

Çbottom

kW/rrr^
2.9 ;

9. J
2.6 I

1.1
2.7
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Fig. 12 The side/bottom wall heat flux distribution (COPO experiment, Ra = 1.5-ltfs)
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. THE DEPENDENCE OF Pr, ON
DENSITY/TEMPERATURE STRATIFICATION

0 _
Prt dz

qt = pCp(u.S) = pCp (-

dz

. | j > 0. (stable stratification) qt < qf

. | ^ < 0. (unstable stratification) qt > q°

. /it and Pvt depending on | j

. Violating of Reynolds analogy. Unstable stratification ( | j
< 0.) causes tempearture fluctuations and intensifies turbulent
heat flux in the boundary layer. Measurements in flat horizontal
channels show decreasing turbulent Prandtl number with increas-
ing Richardson number for unstable stratification, and vice verse
in stable stratification conditions.
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. THE DEPENDENCE OF Pr, ON
DENSITY/TEMPERATURE STRATIFICATION (contd.

RICHARDSON NUMBER

Ri = Gk/Pk = g.(u'p')/Pk = [vt9-^ (1)

EQUATION FOR VERTICAL TURBULENT HEAT FLUX

Qt =
O.SRi

(2)

qt/qf -»• 1.8, while Ri -> oo

Qt/q? -»• 0.2, while Ri -»• - o o
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Axial turbulent intensity distribution for neutral (1), ustable (2)
and stable (3) density/temperature stratification (data for

horizontal channel
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COMPARISON OF XARAL CALCULATIONS
and COPO EXPERIMEXTS DATA

. Analysis of the first série of COPO experiments by LRX KEM
implementing Pr* as a function of Richardson number

Control parameters
-

COPO run ml
Prt=f(Ri)(NARAL)

COPO run fh2
Prt=f(Ri)(NARAL)

COPO run fh3
Prt=f(Ri)(NARAL)

Ra
-

I 1.31015

1.31015

1.51015

1.51015

4.21014

4.21014

A T
°C

14.
15.1

12.6
13.7

5.9
5.8

Qtop

k\V/m2

15.2
13.8

18.5
15.7

6.1
5.9

Çside

kW/m2

6.2
6.5

5.8
6.3

2.5
2.3

Q bot torn

kW/m2

2.9
3.9

2.6
4.4

1.1
1.4
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"- COPO i
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N% of side wall cooling units.

Fig. 13 The side/bottom wall heat flux distribution (COPO experiment, Ra = 4.2-101*).
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Fig. 14 The calculated velocity field (COPO experiment, Ra = 4.2-1014, grid 61 x61).
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Fig. 15 The calculated temperature field (COPO experiment, Ra =4.2 1014, grid 61x61).
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Richardson number:

f

Turbulent conductivity:

Modified Low Reynolds number Chien Turbulence Model:

o-k2

1. The correction of eddy viscosity juT =CU- fu • - — :

fH = l-exp(-0.0115-y+fB(Ri))

fB(Ri) = 0.5 + 103- th|6.7-(y+)2-exp(-0.0195-y+)-Ri-4.147J+l

2. The correction of turbulent Prandtl number:

(Ri) = 0.01 + 50- th|-6.7-(y+)2-exp(-0.0195-y+)-Ri-2.303J+l
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Results of the COPO experiments and numerical
calculations

COPO (run 32c)

Standard Chien
model (present work)

Modified Chien
model (present work)

COPO (run 32f)

Standard Chien
model (present work)

Modified Chien
model (nresent work)

COPO (run 42c)

Modified Chien
model (present work)

Ra

1.66 1015

1.66 1015

1.66 1015

8.76-1014

8.76 1014

8.76-1014

1.24-1014

1.24 1014

Nuup

1500

580

1400

1300

490

1300

800

900

Nu

600

750

580

580

700

527

350

300

jmax
P

79.9

84.5

83

70.5

69

68

62.9

50

-306 -



Electrogorsk Research & Engineering Centre
of Nuclear Plants Safety

upper surface

2000

1600

1200

800

400

Nu-up

n

9

G

i
i I_J

i *

G *

Exp.COPO I
Calculation!

10

Ra x 1.E+14

15 20

Variation of upwards heat fluxes with Rayleigh number.
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side boundary
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Variation of the heat fluxes on the vertical boundary of the pool
with Rayleigh number.
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80 cm deep pool
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Fig. 8 Grid system for semicircular cavity
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Fig.9 Nusselt number as function of time (Ra=4.3 • 1010)
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Fig. 10 Averaged Nusselt number for semicircular cavity
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Fig. 11 Local Nusselt number for semicircular cavity
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Fig. 12 Calculated velocity field for semicircular cavity
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Fig. 13 Calculated temperature field for semicircular cavity
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Fig. 14 Calculated stream function field for semicircular cavity
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CONCLUSIONS

. Corrections to turbulence model for taking into account of
buoyance effects on near wall viscosity and turbulent Prandtl num-
ber are proposed.

. These corrections were employed in k-e model to produce very
good agreement with COPO measured data. We belief this is the
first time such agreement has been achieved.

. An advanced Reynolds stress turbulence model may be needed
for describing buoyancy flows. However, there are uncertainties
in the values of near wall parameters. A hybrid k-e model with
second-order corrections may be a good option.

FURTHER METHOD DEVELOPMENT

. Hybrid model

. 3-D modelling

. Initially stratified melt distribution
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Abstract

This paper provides numerical investigations of molten pool behavior in the
reactor vessel lower head with the help of the RASPLAV code. For description of
natural convection of a heat-generating fluid with uniformly distributed volumetric
heat sources the unsteady Navier-Stokes equations in the Boussinesq approximation
in the vorticity-stream function-temperature formulation are used. Mathematical
models used in the code make it possible to investigate laminar as well as turbulent
convection regimes. Brief description of the turbulence models being used is given.
Numerical results for free convection in a cavity with hot and cold walls are pre-
sented. Comparison of code predictions against existing experimental results such
as the COPO and the well-known correlations are given. Flow regimes correspond-
ing to Rayleigh number 108 - 1014 are investigated. The paper presents the results
of modeling the COPO experiment, simulation of natural convection of heat gen-
erating fluid with melting/solidification, prediction of conjugate problem including
heat transfer due to raturai convection in the molten pool, heat conductivity in the
vessel steel and external cooling of the vessel via natural convection of the coolant.

1 Introduction

One of the most important questions, arising in the analysis of severe accidents
with the core melt is the melting through and the failure of a reactor vessel. In the
course of qualitative and quantitative estimation of the cor» melt accidents for the
existing NPPs with respect to LHF problem the main question is the evaluation of
the temporal characteristics and modes of the lower head failure [1]. At the same
time concerning future designs the problem of a melt retention in the lower head is
being discussed. To solve the second problem, the following phenomena should be
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studied: thermal behavior of debris bed and/or molten pool in the lower head and
their thermal interaction with the vessel steel; interactions of core materials both in
debris bed and on the interface boundary with the reactor pressure vessel (RPV);
possibility of in-vessel cooling of debris bed/molten pool; external cooling of the
reactor walls by the reflooding of the reactor cavity; mechanical behavior of RPV
with the account of phenomena listed in the previous items.

From the point of view of a long term retention of core materials in the lower
head the problem of thermal behavior of molten pool is of great importance. Af-
ter simple estimates we can make a conclusion that a molten pool may be a final
state of the debris bed. In this situation heat transfer in the lower head will be
governed by free convectiou of a heat generating liquid determining heat loads to
the lower head. Analysis of a thermal behavior of a debris bed in the lower head
and mechanical response of RPV was performed in [1]. The main peculiarity of this
interaction is a very high Raleigh (Ra) number characterizing the flow pattern in
the fluid. Analysis of molten pool behavior was considered in [3]. The summary of
existing experimental data and correlations is presented in the review [3]. Salted
water was usually used as a liquid in these experiments. Recently, a special large-
scale experimental series was carried out at the COPO facility [16] to evaluate heat
transfer due to natural convection. These tests employed typical VVER-440 lower
head geometry with a 1 : 2 linear scale and salted water as a liquid. As a result of
these studies, correlations were obtained and compared with the data. It was found
that the correlation for a rectangular cavity is in a good agreement with the data
of COPO tests. Now there are no available data on thermal behavior of prototypic
core materials. In comparison with the data obtained in the tests with water, several
additional phenomena may play a significant role during interactions, namely, crust
formation on the interface boundaries, temperature dependence of the melt proper-
ties, mutual influence of ex-vessel cooling conditions on the internal convection, etc.
To simulate phenomena in the course of interaction consistently, a special model
has been developed in the framework of the RASPLAV code. Main aspects of this
model will be observed in this paper.

To validate developed models, a special analysis of the available test data is pre-
sented. This analysis covers a wide range of Raleigh numbers, boundary conditions
and shapes of the cavities. Validation on the prototypic core materials is foreseen
in the frames of RASPLAV project sponsored by OECD countries. Details of this
program are presented in a special paper. Here a full scale mathematical model of
RASPLAV facility is discussed.

2 Mathematical Models

Investigation of molten corium behavior in the reactor vessel lower head includes
consideration of the following principle processes:

• heating and melting of the internal wall of the reactor vessel;
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• natural convection in a heat generating fluid, which defines distributions of
lower head thermal loads;

• heat conduction through the vessel taking into consideration the process of
vessel melting;

• thermal mechanism of corium solidification at the corium/vessel boundary due
to essential difference between corium and steel melting temperatures;

• different mechanisms of external cooling as well as different cooling regimes of
the upper corium boundary.

2.1 Natural Convection

To investigate molten corium-vessel interaction, it is necessary to consider various
mechanisms of heat transfer in a melt, in particular, the processes of heat conduc-
tivity and natural convection. In this connection, two following formulations of the
problem deserve the attention. In the first one the transient process of corium/vessel
interaction is considered. In this case the vessel melting phenomenon is very im-
portant because it provides entire absorption of boundary heat flux. In this case
heat transfer is governed by natural convection in the melt under isothermal condi-
tions on the boundary of interaction. In the second formulation the conjugate heat
transfer accounting for external cooling is considered. In this case the regime of
natural convection will be defined by heat transfer processes on the upper surface.
This regime corresponds to conditions of low temperatures experiments, where heat
transfer in the melt depends on heat transfer of a system as a whole.

To study molten corium/vessel interaction, the following models will be con-
sidered: a model of natural convection in heat generating fluid for laminar and
turbulent regimes and a model of buoyancy-driven flow in the cavity with the side
walls maintained at fixed temperature of different value for various Raleigh numbers.

2,1.1 Natural convection of a heat generating fluid

Natural convection of a heat generating fluid with uniformly distributed volumetric
heat sources is governed by the unsteady Navier-Stokes equations in the Boussi-
nesq approximation. In the vorticity-stream function-temperature formulation these
equations can be written in the following form:

de d(u0) d{wd

dr dx dz P

du d(uu) d(wu) d ,, .du d , .du Ka.de . x
~fl~+ a + \ = â~(1 + ' / t ) ^ - + ^ - ( 1 + "t)-z- + r=—z-, (2)or dx oz ax ox oz oz ft ox

°2*
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Normalization is performed here via the cavity height H, the kinematic viscos-
ity u and the value sH2/k. Rayleigh number is defined by the expression Ra =
(g(3sH5)/(avk). For hydrodynamics equations (2)-(4) the no-slip and no-permeabi-
lity boundary conditions are imposed. For the heat conduction equation (1) condi-
tions of convective heat exchange are defined.

2.1.2 Natural convection in the cavity with different temperature on the side
walls

Free convection in a rectangular cavity with isothermal vertical walls with different
temperature is the standard benchmark problem for convective heat transfer. The
basic equation system in the vorticity-stream function- temperature is written in
the following dimensionless form:

dr
d(u&) d(w

dx
1/0,

Pr V ox
d .
dz ^ , (5)

du d(uu) d(wu>) _ d
dr dx dz dx

duj d du *^^v
dx dz dz Pr a~

u — w = -
dip

dz dx
The equation system (5)-(8) is normalized on the temperature difi'<
and cold walls AT, the cavity height H and the kinematic viscosity
ber for this problem is defined via temperature difference value Ra
In such a dimensionless form the temperature on the left( hot)
1 whereas on the right (cold) wall 0 = 0. On the upper and low
boundary conditions are imposed.

It should be noted that the used models (l)-(4) and (5)-(8) ai
laminar and turbulent regimes. In the laminar regime the coeffici<
turbulent transport and tarbulent diffusion are omitted. In the tu
effective coefficient of turbulent heat conductivity K< and the coefl
viscosity are defined by the expressions given below.

(7)

(8)

cnce between hot
v. Rayleigh num-

(g0ATH3)/(av).
all 0 is equal to
•r walls adiabatic

suitable both for
is responsible for
;>ulent regime the
• ient of turbulent

2.1.3 Natural convection with phase changes

Nowadays a great attention is given to the development of co
rithms for the solution of heat and mass transfer problems with i.
two-dimensional problem of thermal convection with phase chai
algorithms on the basis of variables vorticity, stream function an
often used. The heat- and mass transfer processes in a liquid pha
the time-dependent Navier-Stokes equations in the Boussinesq aj

du_ d{uQ) d(w6)
dr dx dz

d\j_ Ra.de
+ dz2 + Pr dx '

îputational algo-
iase changes. For
;e computational
temperature are
are governed by

iroximation:

(9)
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The temperature field is described by the following equation

which is correct for both liquid and solid phases. In this model the term Ste£(0 —
0*) takes into account the influence of the latent heat of a phase change on the
solid/liquid interface. The expression for Rayleigh number Ra, initial and boundary
conditions are similar to those described in section 2.1.2.

2.2 Turbulence Models

The analysis of the natural convection phenomenon in the molten pool [3] shows
that the flow pattern and, as consequence, the heat transfer inside corium depend
on convection regime, which is characterized by the Rayleigh number and the cool-
ing regimes on the external boundaries. While considering Rayleigh numbers, cor-
responding to the real conditions of molten fuel interaction with vessel, it was con-
cluded that the flow dynamics was turbulent. In this connection a problem of usage
of adequate turbulence models for studing natural convection for the reactor case
arises. The results of the recent papers [3] and [4] showed, that there is no standard
approach to the solution of this problem. Therefore, among a large number of tur-
bulence models we have selected the algebraic model and the standard (k — t) one,
as these models are used most frequently.

2.2.1 Algebraic models

Algebraic approach implies the consideration of turbulent viscosity in the form of
algebraic relation connecting the following parameters: mixing length, local velocity,
local Reynolds number.

In the first model the eddy viscosity is defined as follows:

0, - < Reo,

h I <12>
Reo, - > Re0,

where {lv)jv{ value defines the local Reynolds number.
In the second model the turbulent viscosity is connected not with a local velocity,

but with its gradient. In this case turbulent viscosity expression can be written in
following way:

l2w
0, < Reo,

VI
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when:

w2 =

This model is closely connected with Prandtl's theory [5] arid seems to be more
attractive.

According to the first model the turbulent viscosity is proportional to the local
melt velocity. In this case the redistribution of a flow core can take place. The
decreasing of flow and additional redistribution of heat flux are expected as a result.
In the second model local viscosity does not decrease the heat flow, but it only
rebuilds a thin structure of boundary layers. This circumstance is an additional
argument for the use of the second model.

The coefficient of turbulent heat transfer is calculated in the following way:

kt = Prr1

where Prandtl number
Pr, = 0.9

2.2.2 Turbulence (k - £)-model

The Launder (k — e)-model [6],[7] can be used for consideration of a problem of
natural convection in turbulent regimes. The turbulent stresses and fluxes in the
momentum and the energy equations can be written as follows:

Ui dU3

pUiU> = -
—. ^ de

PUi0 = — .
erg axj

The equations governing the transport of turbulent kinetic energy k, and dissipative
c, have the following form:

dk TT dk d

« + f U « . « (L+a) * ) + e i ' ( f t + Gt)_ ? + «sa
dt OXj dxj \\ crj dxj) k k p

The turbulent viscosity is given as follows:

The generation of kinetic energy due to the interaction of the mean flow and the
turbulent stresses Pk is given by

dU,
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The term Gk accounts for the effect of buoyancy on turbulence and is given by

Gk = -

The constant values in computing the diffusivities for k, t and temperature field are
as follows:

ak = 1.3, <7< = 1.3 ag = 0.9.

Note that the term containing dissipation in the equation for turbulent kinetic energy
contains dissipation e which relates to ? as follows:

3 .

u J
The second term on the right hand in the last equation is added to provide the
proper value of dissipation on the wall while imposing the boundary condition of
I = 0 on the wall. Finally, the expressions for c2 and cv are given below:

c2 = 1.92(1 - 0.3exp(-Re?)),

Here the turbulence Reynolds number Re* is defined as:

pk2

/«

Concerning free convection flows in the turbulent regime, there are layers with stable
and unstable stratification. The example is a buoyancy-driven flow in a cavity with
isothermal sides and corresponding thermal conditions on the upper and lower walls.
We can suppose, that in this case relations for the turbulent Prandtl number Pr«
will have various forms and will depend on different parameters, for instance, on
Richardson number Ri.

3 Validation

3.1 Solution Method

To solve equations of convective heat transfer, a new efficient finite-difference tech-
nique [11] has been developed and used. Let us observe briefly its main merits.
A new additive operator-splitting scheme developed by the authors is used in this
method. Boundary values of the vorticity are calculated implicitly in this approach.
The scheme is unconditionally stable for linearized equations, i.e. a time-step does
not depend practically on a spatial grid and is evaluated only from the temporal
accuracy constraints for the nonlinear phenomena considered. Further, convective
terms are approximated via special second-order formulae based on the central dif-
ferences. Doing this, we can obtain accurate results on enough coarse grids. And
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finally, in our predictions we employ modern high-performance iterative solvers of
preconditioned conjugate gradient-type which have a very high convergence rate.
All these peculiarities of the numerical method provide a possibility of solving com-
plex transient physical problems on personal computers such as IBM AT 486 and
workstation Sun.

3.2 Numerical Simulation of Natural Convection of a Heat-Generat ing
Fluid Without Phase Changes

A comprehensive verifying and validation of the numerical method on problems
with internal heat sources as well as the further parametric investigations have been
performed for the following range of dimensionless parameter values:

A — 105 < Ra < 108, 0.25 < / / /L < 1, Pr = 7;

B — Ra>10 1 0 , 0.25 <H/L< 1, P r = l .

The uniform grid used in calculations for the case A was 40 x 40 for the aspect
ratio H/L = 1 and,increased in the horizontal direction in proportion to enlarging
the rectangular cavity in this direction. The sufficiency of grids employed in our
predictions was validated via comparative calculations on more fine grids derived by
means of division by two. The quiescent state 0 = OJ = i\) = 0 was used as the initial
condition for the time integration. Steady-state solutions (if they exist) have been
obtained as a limit of a time-evolution process. The temporal accuracy of periodic
solutions was verified on predictions with various time-steps.

In all calculations the Prandtl number was Pr = 7. Various thermal boundary
conditions have been considered: the case with all isothermal walls was studied; con-
figuration with isothermal horizontal and adiabatic side walls was analyzed; variant
with isothermal top and insulated surfaces was investigated, too. It should be noted,
that the basic configuration for a comparison with measurements [8] and predictions
[9] was a square cavity with isothermal walls. The range of Rayleigh number consid-
ered in our calculations corresponds to laminar steady-state as well as periodically
oscillating flow regimes.

Our predictions for the case A are given in Fig. 1-2. Flow patterns and tempera-
ture fields are shown via equidistant isolines whereas time-evolution of the solution is
depicted by means of histories for the maximum temperature Qmax and the average
heat flow (Nusselt numbers) through the top and side surfaces.

Figure 1 presents the calculated structure of thermal and hydrodynamic fields
for Rayleigh number 3.2x 106. In the upper part of the cavity there are two additional
secondary vortices that lead to the appearance of a descending flow near the central
line. Such behaviour (change of a sign) of the vertical velocity at the centerline
in the upper part of the cavity under the given Rayleigh number is confirmed by
both experimental [8],[10] and numerical [9] data. Due to the four-vortex structure
of the flow, two local maximums of the temperature occur in the flow bulk and
two maximums of thermal flux appear on the upper surface. Strongly pronounced
vertical stratification of the thermal field with the increase of heat removal level
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through the upper surface is observed. Moreover, the flow in such regime becomes
periodically oscillating, what can be clearly seen in our calculations, but this fact
wasn't observed experimentally [8]. In this figure instantaneous pictures of the flow
and thermal field for. two moments of the half of the period are given. One of
them demonstrates practically symmetric solution whereas the second one shows
that the symmetry is ^.islurbed in the vicinity of the upper surface due to the shift
of secondary vortices a", t l r u>\> of the cavity.

0.0
0 0

X

0.0
0 0 0.5 1 .0 0.5

Figure 1: Oscillating regime (two moments), Ra = 3.2 x 106.

Histories of the temperature maximum and average Nusselt numbers through
the top and left surfaces of the cavity are shown in Fig. 2. A comparison with similar
periodic results [9] gives not only qualitative but also a good quantitative coincidence
in the period value as well as in oscillation amplitudes. At the same time, the time-
average values of 0 m a i obtained in our predictions are closer to the experimental
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data (discrepancy is less than 3 %), than the above mentioned calculations.

0.044. .

0.042...

0.040. .

0.038. .

0.OÏ6.

0.034.

0.032^

0.030.

0.028.
0 . 2 0 . 4 0 . 6 0 . 8 1 . 0 1 . 2 1 . 4 1 . 6 1 . 8 2 .

0 . 2 ' 0 . 4 ' 0 . 6 0 . 6 ' 1 . 0 ' 1 . 2 ' I 1 . * ' 1 . 6 1 . 8 2".

Figure 2: Oscillating regime. Evolution of the maximum temperature and Nusselt
number through the top and left boundaries, Ra = 3.2 x 106.

Free convection flows in the enclosure with isothermal boundaries were studied
numerically at high Rayleigh numbers (higher than 1O10) for the case B. Figure 3
demonstrates rather good agreement between our predictions and available experi-
mental results and well-known correlations [2].

Further, isotherms (right) and streamlines (left) are shown in Fig. 4 for free con-
vectioa in a flat layer [17] for aspect ratio equals to 0.5, Rayleigh number Ra = 1O10

and Prandtl number Pr = 1. Such flow regimes correspond to oscillating regimes (or
transient to turbulent flow). The flow pattern in this figure corresponds to a rather
late time moment (or developed regime) when the average temperature oscillates
very slightly. Nusselt number for this time moment corresponds to represented in
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Fig. 3, that is in a good agreement with experiments.

$ KiM - lUSCLAV ••mtiuJ

K«j. * I-MS1U"

ID" 10" 10" 10" ""

Figure 3: Comparison RASPLAV predictions with experiments.

Figure 4: Natural convection in a fiat layer.

3.3 Numerical Simulation of Natural Convection with Melting and
Solidification

A comprehensive validation of the code and numerical method on the problem of
natural convection with the phase changes were performed for a square cavity. Calcu-
lations were done on the sequence of the fine grids 41x41,81x81,161 xl81. Rayleigh
numbers for this model were selected from the following range 107 < Ra < 109,
which corresponds to laminar steady-state or periodical flow regimes. While numer-
ical studying of the problem received a good agreement with numerical results on
the sequence of fine grids.

Results of the calculation concerning the problem of natural convection with
phase changes in a cavity with different temperature on the side walls for Ra = 107

are shown in Figure 5.""This figure presents the temperature field in two illustrations:

- 331 -



equidistant isotherms in the whole region (upper picture) and three isotherms in the
vicinity of the melt temperature in order to indicate the phase change interface (lower
picture).

o a? 0.1 a< M

12

Figure 5: Standard problem. Figure 6: Heat-generating fluid.

Similar predictions for free convection cf a heat-generating fluid with phase
changes in the cavity with all isothermal walls ?re depicted in Figure 6 for Ra = 107.

3.4 Natural Convection with Moving Phase Change Interface

To verify the code and numerical method on the conjugate heat transfer problem
with moving phase change interface, results of experimental paper [12] were used.
In this article time-evolution and dependencies for the melting of the clean gallium
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with convective-diffusion heat transfer are presented. The problem was solved on
the sequence of the grids 81 x 81,161 x 161 and the results obtained very weakly
depend on the grid size. Besides a good agreement with experimental data was
achieved.

Figure 7 presents the time-evolution of the phase change interface.

i

0.B7S

0.7B-

0.A2C'

O.S'

0.37S-

0.26-

0.126-

0
Q.17G a 36 0.626 0.7

X
0.WB 1.06 1.226

Figure 7: Phase change interface at different time-moments.

3.5 Natural Convection with a Different Temperature on the Side Walls
Calculated with (k — e) Model

Modelling of free convection in the cavity with a different temperature on the side
walls has been performed on the basis of model (5)-(7). Calculations were done
on the grid 41 x 41 for Rayleigh number 1O10 < Ra < 1012. The influence of
turbulence on the basic heat transfer processes becomes stronger with the increase of
Rayleigh number. So, streamlines move to the hot and cold walls, where maximum
temperature gradients occur. Such performance is in a good agreement with the
results of the previous studies presented, for instance, in [13].

Figure 8 presents the temperature field for Ra = 1010. A more complete com-
parison of the predicted results with correlation relations [14] is presented in [15] for
the above mentioned range of the Rayleigh number.

3.6 Simulation of Natural Convection at Extremely High Ra

Experimental ^ata for free convection at high Rayleigh numbers (1014-1016) were
obtained in experiments with COPO device. Their geometrical and other character-
istics correspond to a hypothetical accident for VVER 440 with potential retaining
of molten corium in a reactor vessel. Basic characteristics of this experiment are
presented in [16].

Below there are the results of numerical modeling of natural convection in ge-
ometry corresponding to the COPO conditions for Rayleigh number 1014.
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Figure 8: Isotherms for Ra = 1O10.

The influence of the grid size on the average Nusselt number has been studied
on the sequence of rionuniform stretching meshes (see Tab. 1). In all cases the mesh

Table 1:

Mesh
.61 x 61
101 x 101
121 x 121

Nu u p

300 - 400
600 - 700
700 - 800

Spatial grid [point/mm]
1
4

20

was finer near the walls and coarser elsewhere.
Numerical calculations were carried out to achieve the steady-state value of the

volume-aver?ged temperature. Dependence of the dimensionless temperature on
time is shown in Fig. 9. It is easy to see, that a quasi-linear interval of temperature
exists, which corresponds to r = (0.0, 0.002) for the dimensionless time. It is
possible to suppose, that during this time interval the molecular mechanism of heat
transfer takes place in the bulk of the fluid whereas weak convection starts in the
vicinity of the boundary. The limit steady value of the temperature (-) is equal to
0.0025.

The history of Nusselt number is depicted in Fig. 10. Note that for this plot on
the time interval, where the temperature increases quasi-linearly, Nusselt number
slightly varies in time and has low values. This fact may be attributed to weak
laminar fluid motion. The temperature field presented in Fig. 11 indicates that heat
transfer in this case corresponds to the conductive regime.

Further development of free convection leads to transition of the How into the
oscillating regime (see Fig. 10) with the two-harmonic oscillation of Nusselt number.
The same oscillations .take place in flow patterns presented in Fig. 1 ] for different
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time moments.

0 0.001 O.00Ï 0.003 0.0M 0.005 0.000 0.U07

Figure 9: Volume-average temperature evolution. Ra = 10- in"

0 0.001 0.002 0.003 U.IW 0.U05 0.006 U.007

Figure 10: History of Nusselt number through the upper surface. Ra = 101

3.7 Conjugate Heat - and Mass Transfer Problem of
a Heat-Generating Fluid with External Cooling

Two calculations for Rayleigh number Ra = 1012 and Pr = 0.5 with different bound-
ary conditions on the upper surface (namely, adiabatic and isothermal ones) were
carried out. The other boundaries were maintained under the fixed temperature.
Calculations were conducted until the quasi-steady-state regime inside the cavity
was established. Figure 12 shows isotherms (lower picture) and streamlines (upper
picture) for adiabatic case, and Fig. 13 demonstrates the same results for the case
of isothermal upper boundary.

In the first case the clearly expressed stratification of temperature inside the
cavity is observed. The maximum temperature gradient is located near the cavity
wall and is distributed along the wall more or less uniformly.

In the second case the structure of flow differs considerably from the previous
one by relatively uniform mixing of fluid and uniform temperature distribution.
Besides the case of adiabatic boundary conditions in quasi-stationary regime only
two big vorteces are observed, at the same time in the isothermal case one can
observe a multicellular flow which mixes a fluid strongly.

The observed variants were solved without consideration of melting processes.
Numerical results were obtained on the sequence of the fine grids and demonstrated
a good convergence.
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Figure 11: Evolution of isotherms and stream lines. Ra = 101
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Figure 12: Adiabatic case. Figure 13: Isothermal case.
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4 Application to RASPLAV facility

4.1 RASPLAV facility

The RASPLAV facility is intended for physical simulation of molten corium inter-
action with tlic VVER and PWR reactor vessel. The scale of facility geometry is
1 : 10 of a real reactor vessel geometry. Two geometries of test facility are discussed:

A — "slice segment "- section of the vessel between two vertical walls;

B — hemispherical or elliptic vessel lower head geometry.

The experiments will be carried out with the real molten corium materials.
The choice of corium composition is based on the analysis of predictions of corium
heating up anil melting stage taking into consideration physical-chemical interaction
of various materials. Composition of corium relocated to the vessel lower head is
presented by the following components: uranium dioxide, zirconia, zirconium and
stainless steel.

Two ways of heat generation are considered. It is proposed that for slice ge-
ometry the sustained heating of corium will be performed by means of electrodes
submerged in t he melt and/or located on the side walls of the vessel. As a coolant
medium, the molten salt under the temperature of ~ 500 °C is used. Using such way
of heating it is possible to obtain regimes of convection which are close to natural
convection in heat generating fluid. In this realization the maximum permissible
temperature is restricted by heatproof properties of electrodes, i.e. maximum tem-
perature value is not greater than 2800 °C in the inert atmosphere. In figure 14 the
cross sectional view of RASPLAV-A geometry is presented.

Direct ele< trie heating is assumed to be used for hemispherical or elliptic lower
head model. Lorentz forces arising in the melt will influence convection pattern in
this case.

Main characteristics of the operating section of RASPLAV-A facility are shown
in table 2.

4.2 Model of Facility

Numerical modeling of molten corium behavior in the reactor vessel lower head,
which will be simulated in geometry of the RASPLAV-A facility, implies considera-
tion of the following principle processes:

• heat- and mass transfer in the molten corium;

• heat conductivity in the lower head taking into account vessel melting;

• oxide crust formation on the upper and side interface boundaries;

• external convection in the salt coolant.
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Table 2: Characteristic Parameters

Parameter

Radius, m
Melt height, m
Thickness of segment, m
Melt volume, m^
Interaction Area, m2

Upper Area, m*
Thickness of vessel, m
Mass of corium, kg
Heat generation rate, MW/m3

Characteristic flux*., kW/m2

Internal cooling, K

RASPLAV-A
Slice

0.2
0.2
0.1

0.0063
0.062
0.04
0.1

50-60
2-5
300

0.4
0.4
0.1

0.025
0.125
0.08

up to 0.1
200-250

2-5
600

Salt: 773
Water: 363

js/S////////////////////// \

1-Top cover, 2-Rea4tor vessel model, 3-Guide, 4-Bottom plate
5—Side plate

Figure 14: RASPLAV-A facility.
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The unsteady equation system in the vorticity-stream function- temperature
formulation is written in the following dimensionless form:

(l+Sto«<e-e-»(£+

(14)

Pr \ox ox oz az )
The term Pann may be equal to 1 or 0, i.e. in the cavity filled with the heat
generating fluid Parm is equal to 1, in other regions Parm is equal to 0.

du> ()(uu) diwuj) d ,, .du d . .du Rat>0 . x

Or dx dz dx dx dz dz Pr dx

"•£• — £
Equations (14)-(17) are supplemented by appropriate initial and boundary condi-
tions. The following initial conditions are defined:

• initial temperature of the external coolant;

• initial temperature of the corium;

• initial temperature of the lower head model.
On the external boundaries of the coolant convective heat transfer conditions or
isothermal conditions may be specified. On the upper boundary mixed-type condi-
tions or heat radiation conditions are imposed.

Figure 15 shows streamlines in the melt and coolant. Figure 16 presents isotherms
in the melt, vessel and coolant.

5 Conclusions

1. Efficient numerical methoa for conjugate heat and mass transfer problems is
developed. This method takes into consideration the following processes: nat-
ural convection of a heat generating fluid with phase change, heat conductivity
in the vessel and external cooling by natural convection. Preliminary numer-
ical results for the conjugate heat and mass transfer problem connected with
corium retention in the vessel are presented.

2. Several numerical tests of separate physical processes included in the conjugate
heat and mass transfer problem are presented.

3. The integrated computer model of RASPLAV facility is being designed on the
basis of developed and validated models.
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NOMENCLATURE

Cp - specific heat capacity, J/(kg • A');
g - free fall acceleration, m/s2;
H - cavity height, m;
Kt - coefficient of turbulent conductivity, Wj(m • K);
L - cavity length, m;
Nu — ̂ fj = — (grad Q)waii - local Nusselt number;
Pr = v/a - Prandtl number;
qw = —/:(grad T) - heat flux, BT/M 2 ;

Ra = ^—^— modified Rayleigh number;
s - volumetric heat generation source, W/m3;
T - temperature, K;
Tw - fixed temperature of the wall, K;
u = UH/v - dimensionless horizontal velocity;
U - horizontal velocity, m/s;
w = WHju - dimensionless vertical velocity;
W - vertical velocity, m/s;
x = X/H - dimensionless horizontal coordinate;
X - horizontal coordinate, m;
z = Z/H - dimensionless vertical coordinate;
Z - vertical coordinate, m;
a = -£— thermal diffusivity, m2/s;

f3 - heat expansion coefficient, K~l ;
0 = jjjrft - dimensionless temperature;
vt - coefficient of turbulent viscosity, m2/s;
vi - coefficient of laminar viscosity, m2/s;
p - density, kg/m3;
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r = tujH2 - dimensionless time;
i/p = -^ff - dimensionless stream function;
^ stream function;
u> = Q.H2/u - diinensionless vorticity;
$7 - vorticity;
/ - character length scale;
v - local velocity.
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ABSTRACT

External cooling by natural water circulation is necessary for molten core retention in
LWR lower head or in a core-catcher. Considering the expected heat flux levels (between 0 2
to 1.5 MWVm2) film boiling should be avoided. This rises the question of the knowledge of
the level of the critical heat flux for the considered geometries and flow paths

The document proposes a state of the art of the research in this field

Mainly small scale experiments have been performed up to now. These experiments are
not sufficient to extrapolate to large scale reactor structures. Limited large scale experimental
results exist These results together with some theoretical investigations show that external
cooling by natural water circulation may be considered as a reasonable objective of severe
accident R&D

This means that further research is necessary for the analysis of boiling at low pressure
levels and in channels of large hydraulic diameter in order to validate models which could be
used for extrapolations (lower-head cooling or core-catcher design). Analytical and also
specific tests are necessary to investigate 2D or 3D effects (two-phase flow boundary layers)
which are related to specific plant designs or to optimise the set up of the insulation around the
lower head (in order to increase the natural convection effects in case of flooded structures).

Also different heat exchange enhancement devices may be emphasised for the application
to core-catcher designs.
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1. INTRODUCTION

Severe accidents of Light Water Reactor (LWR) involving core melting give rise to
extensive studies for late phase corium (i.e molten material issued from the core) cooling
Molten corium may be arrested inside the reactor pressure vessel or outside on specific
devices (core-catchers). Corium is "arrested" means: corium may be contained and cooled in or
onto a structure which is mechanically able to contain the mass of corium This structure may
be the reactor lower head or the concrete floor of the reactor containment or a core-catcher

Water is needed to freeze and cool the molten corium and to extract the decay heat This
water may be in direct contact with the corium or indirectly through a metallic wall (as in the
case of corium contained in the lower-head).

Physical separation of corium and water by means of a metallic staicture has some
advantages: the risk of vapour explosion is minimised and the risk of long term lixiviation of
radioactive material is also minimised

Only the case of indirect cooling of corium is considered here.

The cooling of the lower head is a situation of particular interest

The cooling of a metallic structure by water must ensure sufficient low surface
temperature and sufficient residual thickness of the structure in order to avoid melt—through or
mechanical ruin of the structure.

Recently, an analysis of the margin-to-failure has been made for the TMI-2 vessel
[STICKLER et AI. 1993], The Authors conclude that "The background, or global,
temperature behaviour (of the lower head) is key to predicting 1'WR vessel failure at high
pressure conditions". E.S. BECKJORD J1W3J, from the IISNRC, considers that "Accident
management procedures should recognise: (1) the importance of cooling water not only for
the reactor core, hut also for limiting the reactor vessel Mall temperature; and (2) the need
for controlling pressure to avoid vessel creep failure"; and further: "External reactor vessel
cooling, by flooding the cavity surrounding the lower part of reactor vessel, could reduce the
potential for reactor vessel failure".

Sufficiently low vessel temperatures means sufficiently high heat exchange.

2. GENERAL REACTOR CONDITIONS

From a thermohydraulic point of view, the situation related to the cooling of a corium-
retention-structure by water is characterised by:

- low pressure conditions (ranging from atmospheric pressure to some bars depending
on the pressure level within the containment during the accident sequence),

- large channel dimensions (ranging from a few centimetres to some meters depending
on the geometries considered).
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- imposed heat flux distribution (the heat flux distribution is related to the corium
internal thermohydraulics),

- the base case is natural convection in water (passive safety designs)

The decay heat must be evacuated to a cooling device which may be located in the
containment. In this case, vapour carries the decay heat to the condenser which may be the
containment itself, as in the AP600 project. The structure containing the corium is only a part
of the water circulation path. This circulation may generally be divided into two main parts: a
hot leg [including 1- the structure containing corium: lower head or core-catcher 2- the flow
path of the vapour to the containment (for instance the gap between reactor vessel and thermal
insulation)] and a cold leg [including condenser, water sump and liquid water flow path to the
structure containing corium]. The heat transfer on the structure containing corium depends on
the water mass flow rate which is related to the general flow recirculation. As a consequence,
the cooling of the structure can generally not be separated from the general recirculation
problem; both problems must be considered together.

An Example of coupling is given by KYMÀLÂINEN et Al. [1992-2] for the cooling of
the lower head of the Loviisa reactor (figure 1). In this case, the sump level is considered to be
above the top of the lateral thermal insulation of the reactor vessel. In other situations, the
sump level may be lower than sketched on figure 2. Even in this later case, the vapour escapes
between the reactor vessel and the thermal insulation; the boiling in this more or less narrow
channel may have an effect on the recirculating flow rate and thus on the heat exchange on the
surface of the lower head.

Mainly three characteristic boiling situations may be emphasised:

1) A situation in which the distance between the heating surface and the surrounding
structures in low enough to allow for vapour to extend to the surrounding structures.

This situation tends to the situation of boiling in channels; thus general knowledge
concerning boiling in channels may be used for the analysis of such situations.

This situation will be depicted in the following as "channelling".

This is typically the situation which may occur between the vessel and the thermal
insulation if the gap is low enough (a few centimetres).

2) A situation in which the vapour stays nearby the downward facing vessel surface and
does not extend to the surrounding structure.

Under such conditions a "two-phase boundary layer" develops onto the heating
surface.

This is typically the case for the bottom of the lower-head in a situation as depicted on
figure 2.
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This situation will be depicted in the following as "Boundary Layer Boiling" or
shorter as "BLB" This leads to strong 2D and even 3D effects in the considered fluid
volume

3) A situation of upwards facing heat surface which will be depicted here as pool-
boiling.

The geometry of the thermal insulation which surrounds the reactor vessel may be
arranged (optimised) in such a way that a "channelling" effect is produced when
boiling appears. This tends to produce a buoyancy or "chimney" effect between the
vessel and the insulation and is aimed to increase the mass flow rate in this space
Thus the heat removal capability from the lower head should be increased. An
example of such an arrangement is given by HENRY & FAUSKE [1993] who
consider the situation shown on figure 3.

In the BLB situation the boundary conditions for the Boiling Boundary Layer are
rather simple, the two-phase boundary layer is driven by the liquid pressure gradient
which in the general case is reduced to the buoyancy term:

dp/dz = D g

where:

D is the density of the liquid

g is the acceleration of gravity

z is the vertical coordinate

In the general real cases, both situations (channelling and Boundary Layer
Boiling) may simultaneously be present; for instance considering the situation depicted
on figure 1 or 2, one can expect a development of BLB (Boundary Layer Boiling) in
the lower region of the vessel head (2D or 3D boiling) and a "channelling" type
situation (mainly ID) on the lateral cylindrical surface of the vessel.

Order of magnitude of Heat flux distribution to be considered:

The heat flux distribution is an important input parameter for the analysis of the structure
cooling and integrity; it is strongly related to the considered geometry.

For the case of a hemispherical lower head, the heat flux is expected to increase with the
elevation as a consequence of the natural convection within the corium pool contained in the
lower head. This problem has been addressed by OKKONEN [1992], with many pertinent
references, for the case of oxydic corium.

The case of molten pool of oxydic material may not be the only reactor situation to be
considered. Stratified pools of metallic and oxydic material or even pools of metallic material
with solid oxydic debris should also be considered.
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The magnitude of the heat fluxes to be considered seems also to be subjected to some
discrepancies. The magnitude depends mainly on:

- the mass of corium relocated within the lower-head,

- the structure of the debris and pool,

- the decay power level,

- the proportion of heat directed downwards and sidewards to the lower vessel head,

- the shape of the heat flux distribution.

We consider in the following only the situation of a molten pool of ceramic material

The proportion of heat which is delivered to the lower head depends on the height of the
pool and on the heat transfer at the upper surface of the pool.

Depending on different authors, this proportion varies between 25% to 80 or 90%:

* 80 to 90% corresponds to the situation of low heat transfer at the upper surface of the
pool (due, for instance, to a low emissivity of steel structures).

* 25% corresponds to a shallow pool with maximum heat directed upwards.

For a hemispherical pool and a solid crust at the surface, the estimated proportion of heat
which may be directed downwards is of the order of 45% to 55 %.

The natural convection within the pool is responsible for a non uniform heat flux
distribution with a maximum nearby the upper level of the pool and a minimum at the bottom
of the pool. Considering a turbulent boundary layer flow nearby the crust along the lower head
surface, the estimated maximum heat flux is about equal to 1.5 times the average heat flux for
a hemispherical pool.

The residual power to be considered lays around lMW/mJ but may be considered as
high as 3 MW/m-\

All these considerations lead to an estimation of the average heat fluxes which may vary
in the range 0.2 to 1 MW/m2 and peak heat fluxes in the range 0.3 to 1.5 MW/m2.

A typical heat flux distribution on a cylindrical lower-head is shown on figure 4 (result of
proper calculations with the TRIO VF code, see [S. PIGNY, 1994]). Figure 5 shows a heat
flux distribution measured on the COPO facility (KYMÀLÀINEN et Al.,[ 1992-1]).

If a cylindrical container is considered, the heat flux profile is expected to show a weak
linear function of the height (SCARABEE test BF1, BRETON et Al. [1990]).

For these examples, the maximum heat flux is located near the top of the heating height.
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3 FILM BOILING, NUCLEATE BOILING AND CRITICAL HEAT FLUX

As a first approach of the boiling heat transfer, the preceding heat flux levels have to be
compared with 1 MW/m-, the well known heat flux level which corresponds to the critical heat
rlux for a water pool boiling situation on a horizontal surface directed upwards at 1
atmosphere.

In the following it will be first be shown that an assumption of film boiling (worst
situation for heat exchange which may be considered) will lead to unacceptable temperature
levels and residual steel thicknesses for the considered heat flux range. It then will be shown
that nucleate boiling is able to save the vessel. Nucleate boiling may be maintained as long as
the critical heat flux level (CHF) is not exceeded; therefore an overview of the studies related
to the determination of critical heat flux for the relevant situations is given. As the critical heal
flux depends strongly on the development of two-phase flow on the heated wall, an overview
about relevant work is proposed

3.1 Vapour accu>milation and film boiling

The fact that the surface of the lower-head is directed downwards is expected to be a
non favourable situation. The vapour may accumulate by stratification along the downward
boiling surface. Vapour accumulation is expected to lead to film boiling

Film boiling however leads to very low heat exchange coefficients. Several theoretical
and experimental developments concern heat exchange with film boiling (HAMILL and
BAUMEISTER [1966], SURYANARAYAMA and MERTE [1972], LABUNTSOV and
GOMELAUR I [1979], BUI and DHIR [1985-1], LIU et Al. [1992], SAUER and LIN [1974],
HSU and WESTWATER [1960], NISHIO et Al. [1991], JUNG et Al [1987], WALLIS and
COLLIER (see HESTRONI [1982]).

The first established correlations (WALLIS and COLLIER, LABUNTSOV and
GOMELAURI) considered laminar or turbulent stable film boiling

SURYANARAYAMA and MERTE [1972] evidenced interfacial instabilities which were
also analysed by BUI and DHIR [1985] who sketched (figure 6) a repetitive phenomena
leading to an average heat exchange coefficient which does not depend on the dimensions of
the considered flat heating plate.

Effect of inclination was investigated, for instance, by SAUER et Al [1974].

The order of magnitude of the expected heat exchange coefficients by film boiling is of
the order of 100 to about 250 W/m2 K (radiation plays some role at elevated temperatures). If
the wall surface temperature has to stay below, say, 1000K, this would mean that the
maximum allowed heat flux is, in this case, of the order of 0.05 to 0.1 MW/m2, which is a
rather low value.

One is thus led to the conclusion that film boiling and vapour accumulation nearby the
wall surface has to be avoided unless the heat fluxes are lower than, say, 0.1 MW/m2.
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However, HENRY et AI., [1991], claim that the growth of interfacial instabilities
(KELVIN-HELMHOLTZ type) may lead to local contacts between the vessel and liquid water
and thus increase the heat transfer. This type of instabilities may be the same than the ones
which were studied by BUI and DHIR and by NISHIO et Al and which do not lead to a
significative increase of film boiling heat transfer.

3.2 Can nucleate boiling save the vessel?

Nucleate boiling implies very high heat exchange coefficients and this is equivalent to
suppose that the external surface temperature of the vessel is equal to the saturation
temperature.

Supposing now a heat flux level as high as 1.5 MW/m- it is possible to determine t!-
residual vessel thickness

This thickness is about 3.5 cm if a thermal conductivity of 30 W/mK is assumed. If it can
be shown that the mechanical integrity of the vessel may be assured with a residual thickness of
about 3.5 cm and an external surface temperature of about 100°C, it may be concluded that
nucleate boiling is able to save the vessel.

3.3 Critical heat flux

Nucleate boiling can be maintained as long as the critical heat flux is not exceeded. The
CHF is the maximum heat flux level which may be evacuated under nucleate boiling conditions.
If the CHF is exceeded, the heat transfer coefficient will decrease and the surface temperature
will drastically increase.

Critical heat flux: DNB or Dry-Out ?

DNB and Dry-Out are two theoretical typical ways which correspond to the CHF'.

Departure from Nucleate Boiling (DNB) is a situation which corresponds to vapour
accumulation nearby the heating surface. The presence of numerous vapour bubbles leads to
the progressive (transition boiling) formation of a continuous vapour film which isolates the
heating surface from the liquid water.

Dry-Out corresponds to the evaporation of the liquid film on the heating surface at high
quality boiling.

High quality boiling is generally associated with channel geoinetiits and low coolant
mass flowrates. Thi? may typically be the situation for boiling between the vessel surface and
the lateral thermal insulation.
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A pool boiling situation, such as the development of a Boiling Boundan Layer under the
lower-head in a large cavity may lead to CHF conditions which are closer to our definition of
DNB. This corre:f>on<js however to a macroscopic point c view which considers the Boiling
Boundary Layer as a vapour accumulation procès:.

If the physical processes within the Boiling Boundary Layer are examined with greater
details, it may be considered that locally the flow pattern is changing fiorn the location of the
boiling front to the location of CHF. The location of CHF should correspond, locally, also to
high void fractions and qualities which are characteristic:, of what has been previously defined
as Dry-Out.

Thus the differences between DNB and Dry-Out should be considered as a secondary
problem and the word CHF will mainly be used in the following

3.4 Existing experiments on CHF with inclined surfaces

Several experiments have been performed in order to evaluate the level of the critical
heat flux (CHF) in stagnant water pools with controlled temperature levels.

Up to now, mainly small surfaces (characteristic dimension of a few centimetres) have
been tested in water pools with different inclinations (V1SHNEV et AI [1976], BUI and DHIR
[1985-2], BEDUZ et AI. [1988], GUO and EL-GENK [1991], ISHIGAI et AI .[1961], CHI'
et Al [1992], EL-GENK and GUO [1992]).

Figure 7 shows the critical heat flux as a function of the angle of inclination (this f.gure
is taken from CHU et Al. [1992]). The critical heat flux is normalised by the critical heat flux
obtained for a horizontal upward facing surface (0 débe t s angle). It is found that there is a
rapid decrease in the critical heat flux as the surface approaches the horizontal downward
inclination (180 degree angle). TONG [1968], VISHNEV and A! , also EL GENK and GUO
[ 1992] propose correlations for the determination of the critical heat flux.

ISHIGAI and AI. [1961] showed that the critical heat flux is decreasing with the increase
in size of the heating surface

Also BUI and DHIR [1985-2] concluded to a decrease of the critical heat flux when a
transient heating situation is considered (see figure 8).

All these studies must be considered as indicative as they do not take into account the
scale and shape (bended surfaces, etc..) effects and do not considpr the effect of recirculating
Fow. To our opinion they cannot be used for extrapolations to all reactor situations as will be
discussed in the next section.
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4. ANALYSIS OF THE DIFFERENT BOILING SITUATIONS

From the previous section, it is concluded that the main emphasis must be devoted to the
prediction of the occurrence of CHF in reactor situations.

Three typical situations have been identifies:

- Situations with Channelling,

- Boiling Boundary layers for downward facing surfaces,

- Pool Boiling for upward facing surfaces.

4.1 Pool Boiling

For Pool Boiling with horizontal surfaces facing upwards the CHF is well known (about
1 MW/m2 in saturated water at 1 atmosphere) This should also stand, as shown by previously
described small scale experiments) for upwards facing inclined surfaces as the inclinations
varies from horizontal towards the vertical situation.

As the inclination approaches the vertical position, vapour accumulation on surfaces of
great size begins to play a role. For instance BUI and DHIR [1985-2] (figures 6 and 8) indicate
CHF values reduced to 0.3 to 0.6 MW/m- for a vertical plate in saturated water at 1
atmosphere.

The iimit of inclination for which vapour accumulation begins to play a role is not well
known, but should not be very far from vertical position.

4.2 Boiling Boundary Layer

For Boiling Boundary Layer situations on large surfaces quite nothing is known.

CHEUNG and EPSTEIN [1985] proposed a model for the calculation of Two-Phase
Gas Bubble-Boundary Layer Flow along vertical and inclined surfaces. The predictions of the
boundary layer thicknesses determined by this model are in reasonable agreement with
experiments performed by injecting argon through a porous inclined surface in stagnant water.
But non-condensable gas does not behave as vapour. Vapour condensation plays a very
important role on the development of the Boiling Boundary Layer.

Specific experiments for the validation of Boundary Layer Boiling models are necessary.
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4.3 Channelling

The Channelling situation is a more classical situation

We potentially can make use of the important knowledge gained for other reactor
analyses. However, most of this material concerns situations characterised by high pressures
(150 bar), small hydraulic diameters (a few millimetres), and vertical surfaces

CHF correlations which have generally been developed for very restricted conditions
cannot be used for CHF predictions for the situations of interest here

Moreover the predictions of CHF needs the knowledge of the recirculation mass flow rate

This mass flow rate corresponds to the equilibrium situation for which the pressures
drops over the two-phase flow (hot leg) are equilibrated by the pressure drop in the feeding leg
(cold leg).

The pressure drops in the two-phase flow depend on the void fraction distribution, the
velocity distribution which, of course depend on the mass flow rate.

Thus one is led to the conclusion that the prediction of CHF in the channelling situation
is strongly related to the ability to predict the void fraction distribution, velocities and pressure
drops (in one word the characteristics of the two-phase flow) in the geometry of interest.

If the geometry is well defined, tests in a representative situation could be performed in
order to obtain a direct measurement of the CHF limit under natural convection.

But this will not be sufficient for an optimisation of a design. Optimisation needs the
ability to predict the two-phase flow characteristics for different geometries. This may only be
done if analytical experiments are performed and mathematical models are developed and
qualified.

A simplified model is proposed by HENRY and FAUSKE [1993] for the description of
two-phase flow development between the lower head and the thermal insulation (a space of
about 2 cm is supposed). This model is based on a ID straight channel approach and supposes
that the critical heat flux is reached for qualities lying nearby 1. The authors conclude that up
to 20 MW may be evacuated without reaching critical conditions. This conclusion is quite
encouraging but needs clearly improvements and qualifications

4.3.1 (îencral approach to ihc description of hailing in a channelling situation: Suhcoolcd
Moiling region

In channels of large hydraulic diameters it may be expected that subcooled boiling will
play an important role.

The subcooled boiling region extends from the boiling front (from the location of the Net
Vapour Generation point (NVG) to the location of saturated boiling (also denominated
extended boiling) which corresponds to the location at which the mean quality of the flow is
equal to zero).
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A two-phase flow layer develops nearby the heating surface as soon as the net vapour
generation (NVG) conditions are exceeded The location of NVG point is usually predicted
with the SAHA and ZUBER correlation (SAHA and ZUBER [1974]) This correlation is only
valid for channel rlow under following conditions: Water and Freon, pressures from 1 to 14
MPa (10 to 140 bars), annular, tubular and rectangular geometries of small sizes (typically a
few millimetres).

This correlation has to be checked for the conditions of interest here.

Depending on the hydraulic diameter of the channel, boiling may extend to the whole
section of the channel (extended boiling). The quality and void fraction distribution between
the location of NVG Point and extended boiling, (subcooled boiling), is also generally
described with theories similar to those developed by ZUBER et Al [1966] and ROUHANI
and AXELSON [1969] These theories are based on a I D approach which is expected not to
be sufficient for large channels

A pressure drop may be calculated using a mesin void fraction which may be derived
from these theories But the realism of such an approach needs to be tested. A mean void
fraction may not have great significance if an important liquid layer exists on the opposite side
of the channel with internal (to the channel) recirculations.

4.3.2 1 ;.xi un clcd (or quality) hailing region

Also, in the extended (or quality) boiling region, pressure drop calculations have to be
validated for low pressure and high hydraulic diameter situations.

5. GENERAL APPROACH TO THE WATER RECIRCULATION PROBLEM
AND FLOW INSTABILITIES:

Different types of instabilities may affect the recirculating mass flow rate [BOURE et Al.,
1973]; two-phase flow instabilities are usually classified into two categories: static and
dynamic instabilities.

Static instabilities concern the mean mass flow rate. The classical example is a flow
redistribution between two parallel channels due, for instance, to the increase of inlet throttling
on one of these channels. Under some conditions, a slight change of the inlet throttling initiates
the development of a flow instability which may lead to very low mass flow rates and dry-out
in the channel of concern.

Dynamic instabilities are periodic flow oscillations around a mean value of the mass flow
rate (chugging, geysering,...). These oscillations may also lead to periodic dry-out and
rewetting of some parts of the heating surface.

Static instabilities will first be analysed.
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5. / Static instabilities

In order to cope with this problem, one can make use of a well known and powerful
approach based on the determination of the so-called External and Internal Characteristics EC
and IC).

This method is described in [HESTRONI, 1982] and has been extensively used for the
analysis of boiling flows under forced convection in nuclear reactor safety problems. As will be
shown below, this method is also applicable to natural convection flow problems.

First of all, the water recirculation flow must be divided into two arbitrary parts (figure
9) which will be considered as completely disconnected. The most physical choice would be to
consider the hot leg on one side and the cold leg on the other. Two precise separation points
must be considered. The first one may be the lower level of the staicture containing the corium
(point E) and the second is naturally the level of the surface of the water (point T) (or a
submerged junction); this Icel is generally characterised by a constant pressure: in the case of
a free water surface it is thy containment pressure

A "Characteristic" of a part of the circuit is defined as the variation of the pressure drop
versus the mass flow rate flowing through the considered part of the circuit, for a given power
level and a given cover (containment) pressure.

The term "Internal" will be attributed to the part of the circuit in which we are most
interested in: the hot leg (from point E through the staicture containing the corium and to the
surface of the water) The term "External" will be attributed to the cold leg (from point E
through the water return to the surface of the water).

The determination of the Internal and External Characteristics will provide:

- the recirculation mass flow rate and pressure drop at the intersection of both
Characteristics (the Working Point),

- an analysis of the stability of the Working Point from the point of view of static and
dynamic instabilities: a static instability (flow decrease) develops if the LEDINEGG
criterion is not fulfilled:

Static stability criterion: (DP/DQ)int.>(DP/DQ)ext

The dynamic instabilities are, to some extend, related to the slope differences of both
Characteristics at the Working Point.

Thus this analysis permits to determine the effect of specific changes in the water circuit
(introduction of pressure drops, ...) on the recirculating mass flow rate and flow stability.

In the following, examples and application to natural convection in reactor situations will
be outlined:
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5.1.1 The External ( 'luiractenstic

The pressure drop in the cold leg is mainly related to the liquid height

DP - dgH

d : liquid density
g : gravity acceleration
H : height
DP : pressure drop

If some friction pressure drops exist in the part in which water returns to the structure, it
has to be subtracted from the liquid height The resulting shape of the External Characteristic is
shown on figure 10.

J. 1.2 The Internal ( 'home/eristic

The pressure drop over the hot leg is mainly related to the two phase flow which
develops over the different parts of this hot leg and which depend on considerations such as:

- the geometry of the different parts,

- the two phase flow configurations (involving 2D or 3D effects)

As stated previously, the pressure drop over this part is clearly a very difficult thing to
determine with actual knowledge (see also KYMÀLÀINEN, 1992-2) since all existing codes
have been validated for normal core operation parameters ranges which are very far from the
parameter ranges of interest here(low pressure, large hydraulic diameter) and since 2D and 3D
effects are not easily handled and represented in 1 D approaches.

For low hydraulic diameter channels (a few millimetres) and forced convection the
Internal Characteristic has a classical S shape as represented on figure 11. At onset of boiling,
the friction pressure drop increases and this entrains generally an increase of the overall
pressure drop. In this case, if the external Characteristic is a constant pressure drop
corresponding to a natural convection liquid head as represented on figure 10, a stable
Working Point will not exist; in this case the recirculation mass flow rate would be very limited
leading to high qualities and low CHF.

Large hydraulic diameters and low mass flow rates IT:ay lead to subsequent modification
of the shape of the Internal Characteristic as it is represented on figure 12 for LMFBR
subassembly boiling under natural convection (RAMEAU et al., 1984). These
measurements reveal an important pressure drop at the onset of boiling: this effect is
related to sudden vaporisation in the outlet of the subassembly which was formed by a
cylindrical tube of large diameter. The voiding of this tube decreased the gravity
pressure drop which was not compensated by the increase of the friction pressure
drop. The friction pressure drop only increased when the flow was further decreased
and the quality increased. Application of the LEDINEGG stability criterion shows that
under some conditions, natural convection boiling was possible. For instance, if inlet
pressure drop was increased, the Working Point displaced from B to B'. At this point,
if inlet pressure drop was further increased, the flow stability criterion was no more
fulfilled and a flow excursion occurred which led to Working Point C
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(stable) and high qualities (flow limitation and subsequent dry out) The same behaviour
should be observed if outlet pressure drop was increased.

5.1.3 Application to reactor conditions

Jn order to get a first idea of the shape the Internal Characteristic may have for a specific-
hot leg geometry, some calculations have been performed at CEA GRENOBLE

Considered geometry:

- vertical, 4 meter long, heating structure,

- a 6 meter long vertical tube follows the heating structure,

- large hydraulic diameter ( 15 cm),

- low pressure conditions ( 1 bar) are considered.

The calculations are performed with the FLIC A code, which is a ID model not validated
in the considered parameter range; thus following results must only be considered with care.

The calculated Internal Characteristics are shown on figure 13 for different power levels.
It appears that these Characteristics show that the pressure drop decreases continuously with
the decrease of the mass flow rate. This would mean that every Working Point is
unconditionally stable. Furthermore the Working Point corresponding *o liquid head of 10
meters (External Characteristic) would correspond to high mass flow rates (higher than 1000
kg/m2sec). The calculations also indicate that the slopes of Internal and External
Characteristics are very close and near to horizontal at the Working Point which means that
every pressure disturbance would lead to large flow oscillations (instabilities). Under these
conditions, an increase of the pressure drops on the hot leg (at the inlet), see figure 13, would
lead to a more stable flow but the recirculating mass flow rate is decreased.

These analyses show that the approach using Internal and External Characteristic
methods are very useful and help to optimise overall design of the water circuit.

5.1.4 Limitations of application

Applications are limited to systems for which a clear water circuit may be identified.

Applications are not possible for the cases involving predominant 2D or 3D effects such
as Boundary Layer Boiling.
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5.2 Dynamic instabilities

Many different types of dynamic instabilities exist.

Dynamic instabilities are quite complicated phenomena which depend on many
parameters (among which: the whole flow path); they cannot be described with the preceding
approach.

Low pressure conditions with large liquid to vapour density ratios combined with low
heat fluxes are expected to favour the dynamic instabilities; the amplitude and period of flow
oscillations may be very high.

Flow oscillations involve local boiling characteristics oscillations (quality and void
fraction variations) which may lead to temporary dry-out.

Some studies concerning dynamic instabilities under natural convection boiling have been
made during the past ten years; but none of the experiments available represents the main
characteristics of the problem of concern here: large channel width, thick heating plates,
inclined surfaces with two-phase boundary layers.

One parameter which may affect the dynamic instabilities and which is expected to
concern the CHF is the thickness and the thermal characteristics of the heating wall. For a
given heat flux and a given period of flow oscillations, the amplitude of the temperature
variations will decrease with an increase of the thickness of the wall. If, at some moment
during the oscillation period, CHF conditions are reached the temperature of a thick wall wi!l
increase less then the temperature of the thin wall and thus rewetting of the thicker wall is
expected to be easier then the rewetting of the thin wall when the liquid water comes back. As
periodic dry-out and rewetting may be acceptable if the temperature does not increase too
much (the problem must also be analysed from the point of view of structure mechanical
behaviour), the thicker wall is expected to have higher heat flux removal capabilities then a thin
wall.

However, it must be noted that the thickness of the wall is, by far, not the only parameter
which may affect the dynamic instabilities. Outlet throttling, structure scale, pressure level (and
other parameters) may have a great influence on the development of dynamic instabilities.

6. LARGE SCALE TESTS

Tests are performed by the University of Santa Barbara with a 60 cm long vertical
heating plate in a 15 cm square channel prolonged by a vertical circular tube with a variable
pressure drop at the outlet (ULPU tests). The steel plate has a thickness of 1.4 cm). The
vapour is condensed and returns through a cold leg. Only qualitative results are presented in
[KYMÀLÀINEN-2]. It is indicated that the recirculating mass flow rate is high enough
to authorise good cooling for heat fluxes up to I MW/m2.

Analytical tests are foreseen at CEA Grenoble (SULTAN experiments, J.M. BONNET
et Al., 1994) with a 4 meter long (and 15 cm large) flat plate of variable inclination. The plate
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is direct current heated (plate thickness: 1,5 mm). The hydraulic diameter of the test section
may be varied (3 cm to 15 cm) so as the test pressure ( I to 8 bar). The tests may be performed
under forced convection conditions, (in order to determine the Internal Characteristics
(pressure drops) and CHF conditions and validate calculation codes (void fraction profiles and
temperature profiles measurements)), and under natural convection conditions The maximum
heat flux level will be 1 MW/m:

Both test should bring valuable informations for the analysis of the channelling situations
described previously

Full scale reactor lower head tests (CYBL) have been proposed by Sandia National
Laboratories [CHU and AI., 1992],[ CHU et AI., 1993], In these tests a real size reactor lower
head is planned to be heated internally by radiation (heat fluxes up to 0.4 MW/m2 may be
achieved for a total delivered power of 4,5 MW). The vessel has a thickness of about 14 cm
A 7 meters high cylindrical housing surrounds the test device and would be filled with water
(figure 14) The shape of the lower-head, the heat flux distribution, the water subcooling, and
the flow paths can be varied The impact of vessel insulation can be analysed

This test should bring valuable informations on what we previously called Boundary
Layer Boiling on a bended surface of real size A full scale 3 D experiments allows to take into
account divergence effects (the accumulation of steam generated over the increasing area is
counteracted by the increasing area over which the steam can be spread) this is not possible on
a 1 D experiment.

Also channelling situations can be analysed with the presence of a thermal insulation

Other tests:

Tests are performed at Pennsylvania State University under the sponsorship of USNRC
Following objectives have been set for these tests:

I ) Perform heat transfer measurements of downward facing surfaces (hemispherical or
toroidal shapes of various diameters)

2) Obtain a data base for CHF on downward-facing curved surface

3) Develop a comprehensive model for downward-facing boiling on a curved surface and
validate the model

4) Establish a proper scaling law and develop a design correlation.

To carry out these objectives, an experimental test set-up as shown in figure 15 is
proposed (SBLB for Subscale Boundary Layer Boiling Experiments).This experimental set-up
consists of a water tank/condenser unit and a heated hemispherical or toroidal test section. The
heated test section has five independently heated segments. Heating of the segments is
provided by resistive heating using nichrome coils attached to the back of segments. Stainless
steel and copper test sections (about 1,2 cm thick) with diameters ranging from 0.152 m to
0.381 m will be employed. The maximum heat flux level is 0.25 to 1 MW/m2. The experimental
pressure range is 1 bar to 2,5 bar.
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7. HEAT EXCHANGE ENHANCEMENT TECHNIQUES

Heat exchanges may be enhanced by different techniques involving a modification the
heating surface Massive fins or other structures may be emphasised A review of such devices
is given by [FARELLO, 1991] and by [CELATA and CUMO, 1991] Techniques like
VAPOTRON and HYPER-VAPOTRON have been proposed by [BEURTHERET ,1970]
These kinds of devices are able to remove up to 10 MW/m : ' They have up to now been used
only on small surfaces; the possibility of their adoption on large surfaces should also be
considered with caution since scale effects (such as vapour accumulation effects) may
significatively modify the performances of such techniques It also seems very difficult to
implement such devices on the external surface of a reactor lower head Nevertheless, there
may be an interest for application on core-catcher systems

8. CONCLUSIONS

External cooling of reactor lower-head or core catcher devices by natural water
circulation are considered as a reasonable objective Considering the expected heat flux levels
(between 0.2 to 1.5 MW/nr) film boiling should be avoided. This rises the question of the
knowledge of the level of the critical heat flux for the considered geometries and flow paths
Only small scale experiments have been performed for the investigation of critical heat fluxes
under natural convection It appears from the analysis that geometry, scale and circuit
effects (recirculating mass flow rate) strongly affect the critical heat flux level.

This means that further research is necessary for the description of boiling at low
pressure levels and in large hydraulic diameter channels in order to validate models which
could be used for extrapolations (core-catcher design). Also specific tests are necessary to
investigate 2D or 3D effects (two-phase flow boundary layers) which are related to specific
plant designs or to optimise the set-up of the insulation around the lower head (in order to
increase the channelling effects in case of external flooding)

Different heat exchange enhancement devices may be emphasised for the application to
core-catcher designs
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Nucleate boiling heat transfer has also been studied extensively on small inclined surfaces
in pool boiling situations As the heat transfer related to nucleate boiling is very high, the
analysis of the heat transfer variations with angular orientation and other parameters has no
great interest for present needs and will thus not be discussed here
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ABSTRACT

This paper presents results of ex-vessel boiling experiments performed in the CYBL (CYlindrical

BoiLing) facility. CYBL is a reactor-scale facility for confirmatory research of the flooded cavity

concept for accident management. CYBL has a tank-within-a-tank design; the inner tank simulates

the reactor vessel and the outer tank simulates the reactor cavity. Experiments with uniform and

edge-peaked heat flux distributions up to 20 W/cm2 across the vessel bottom were performed.

Boiling outside the reactor vessel was found to be subcooled nucleate boiling. The subcooling is

mainly due to the gravity head which results from flooding the sides of the reactor vessel. The

boiling process exhibits a cyclic pattern with four distinct phases: direct liquid/solid contact,

bubble nucleation and growth, coalescence, and vapor mass dispersion (ejection). The results

suggest that under prototypic heat load and heat flux distributions, the flooded cavity in a passive

pressurized water reactor like the AP-600 should be capable of cooling the reactor pressure vessel

in the central region of the lower head that is addressed by these tests..
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INTRODUCTION

Flooding a reactor cavity and immersing the reactor pressure vessel in water to extract decay heat

from core debris following a severe accident is appealing as a safety feature. A flooded cavity is

an accident management concept currently under consideration for advanced light water reactors

(ALWRs) as well as for existing light water reactors (LWRs) (O'Brien et al., 1991; Henry et al.,

1993a,b; CSNI, 1993). If a severe accident were to occur, successful cooling by the water in the

reactor cavity would help terminate the accident with the degraded core material contained within

the vessel. One of the uncertainties in the evaluation of the flooded cavity concept arises from the

uncertainties in the boiling heat transfer outside of the reactor pressure vessel (RPV) bottom head.

The boiling process can be described as boiling from a large downward-facing curved surface.

Because of the upside-down geometry, the vapor generated in boiling cannot readily move away

from the hot surface; rather, it must flow along the surface to the edge before it is released into

the bulk liquid. Based on two-phase boundary analysis, it can be shown that the heat transfer

process could be scale dependent (Chu et al., 1992).

Background

There is experimental evidence that the boiling process depends on both surface inclination

(Nishikawa et al., 1984; Guo and El-Genk, 1991) and scale (Babin et al., 1990). According to the

classical study of Nishikawa et al. (1984), at low heat fluxes (< 7 W/cm2) increasing (toward

horizontal) surface inclination was found to increase the effectiveness of heat transfer, but the
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surface inclination effect diminishes at high heat fluxes (> 17 W/cm2). Other studies tend to

confirm this general trend (Chen, 1978; Guo and El-Genk, 1991).

Despite the observed near independence of nucleate boiling from inclination for downward-facing

surfaces at high heat fluxes, critical heat flux (CHF) was found to decrease monotonically with

inclination (Guo and El-Genk, 1991, Vishnev et al., 1976; Beduz et al., 1988). The deterioration

of CHF accelerates as the surface inclination approaches horizontally downward-facing. Anderson

and Bova (1971) obtained boiling curves for downward-facing circular disks with diameters

ranging from 5 cm to 30 cm in saturated R-ll . They found that the critical heat flux varied

inversely with the disk diameter.

While the above mentioned small scale experiments show some alarming trends, recent

experiments give rather encouraging results. The integral experiments of Henry et al. (1993a)

demonstrated that for highly subcooled water, nucleate boiling heat flux from a 30 cm diameter

curved surface exceeds 100 W/cm2. Steady state experiments by Kymalainen et al. (1992) and

quenching experiments by Chu et al. (1994) showed that the critical heat flux from downward-

facing surfaces in saturated water is in the range of 50 W/cm2. These values are quite favorable

compared to the heat dissipation requirement of 10-20 W/cm2 for in-vessel core retention estimated

by Henry et al. (1993a,b).
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Department of Energy Program

Taking all of this information together, one comes to the conclusion that the flooded cavity design

appears to be a promising accident management scheme. The success or failure of in-vessel core

retention has a profound effect on the progression of severe accidents, and because engineering the

capability to flood the reactor cavity can have a significant impact on plant design, it is essential

that there be a solid technical understanding of large-scale, downward-facing boiling heat transfer

bete- '-k assessments or safety qualifications can credit a flooded cavity with ensuring in-vessel

core retention. But with only small scale downward-facing data and without a validated analytical

model to extrapolate existing data, large-scale testing is the only viable means for confirming the

required heat transfer capability. For this reason, the Department of Energy (DOE) New

Production Reactor (N?R) Program funded Sandia National Laboratories to develop a reactor scale

facility and to perform confirmatory testing of the effectiveness of boiling heat transfer of the

flooded cavity design for ïfWR-NPR (Heavy Water New Production Reactor). The facility is

named CYBL, short for Cylindrical BoiLing (facility). Despite the indefinite deferral of the

HWR-NPR program, DOE continues to sponsor the CYBL testing program through the Office of

Nuclear Energy (DOE-NE) because of the value of a large-scale vessel cooling demonstration for

ALWR applications.

Currently, Sandia is performing a series of tests for DOE-NE in support of the Advanced Reactor

Severe Accident Program. The objectives of the present testing program are to conduct tests

which demonstrate the required cooling capability for the central, most downward-facing region of
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the passive PWR lower head and to complete a test report by mid-1994. These tests are also

expected to initiate productive utilization of the CYBL facility.

The test series is as follows:

(A) Uniform heat flux experiments with heat flux up to 20 W/cm2 in a fully flooded cavity.

(B) Variable heat flux experiments with average heat flux up to 20 W/cm2 and edge to center

heat flux ratio of two in a fully flooded cavity.

(C) Additional complementary experiments in a final configuration to be determined after

evaluation of the first two test series, if needed.

The current estimated range of cooling requirements for the AP-600 reactor is 10-20 W/cm2

(Henry et al., 1993a,b). The target heat flux of 20 W/cm2 for the tests is based on providing data

at prototypic heat flux levels covering the uncertainty within the current cooling requirement

estimates. The test planning included an evaluation of the fact that the CYBL vessel is flatter at

the bottom than the hemispherical bottom head typical of many U.S. reactors. The general

consensus from a workshop of experts held at Sandia in July 1993 is that CYBL results would be

conservative when applied to surfaces with steeper angles of inclination (i.e., hemispherical heads

will be more efficient in ex-vessel boiling as they curve upward more rapidly).

Using the current test series as a point of departure, DOE has offered to make the CYBL facility

available to interested parties and has encouraged Sandia National Laboratories to invite

- 389 -



international sponsors to collaborate in conducting tests in the CYBL facility to investigate large-

scale vessel coolability issues not addressed by the current test series. Issues that could be

addressed include: the coolability of a hemispherical vessel head; the impact of vessel penetrations

or vessel insulation; the effect of an only partially flooded cavity; characterization of the two-phase

boundary layer; sensitivity to higher heat flux levels; and the effect of water subcooling and

recircuîating flow on vessel coolability.

APPARATUS

CYBL has a tank-within-a-tank design; the inner tank simulates the reactor pressure vessel, the

outer tank simulates the reactor cavity (Figure 1). The inner tank, made of 316 L stainless steel,

is 3.7 m in diameter and 6.8 m high. The outer tank, also made of 316 L stainless steel, is 5.1 m

in diameter and 8.4 m high. At present, the inner test tank has a torispherical head, but the test

fixture is designed to accept a test vessel of any configuration with a diameter of 3.7 m or less.

The present torispherical bottom has a crown radius of 3.35 m and a knuckle radius of 0.66 m.

The energy deposition on the bottom head is accomplished with an array of twenty radiant lamp

panels. Each panel measures 0.3 m by 1.2 m, and consists of a flat aluminum reflector and two

bus bars for installing up to sixty-three 480 V, 6 kW linear quartz lamps. The reflector and the

bus bars are water cooled. The panels are organized into twelve individually controlled heating

zones (Figure 2). Each numbered zone has two panels except the four panels (1, 9, 6, and 12) on

the outer rim of the array. By adjusting the power input to each zone, the density of lamps on
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each heating panel, and the three dimensional configuration of the panel array, the heat flux

distribution can be customized to the needs of the experimenter. The maximum total power

available is 4.3 MW from a 6 MW supply with the limitation based on the present connecting

cables between the substation and the power supply.

For uniform heat flux tests, the double-panel heating zones (2, 3, 4, 5, 7, 8, 10, and 11 zones in

Figure 2) are all operated at the same power and the four single-panel heating zones (1, 6, 9, and

12) are operated at 75% of the power of the double-panel zones. Therefore, the power density at

panels 1, 6, 9, and 12 is 1.5 times that of the other panels. For an edge-to-center heat flux ratio

of 2, the center four panels (zones 3 and 4) are off and the rest of the zones are powered at 120%

of the power required for uniform heat flux tests to achieve the same maximum heat flux. The

maximum achievable heat flux was determined from system design experiments to be about 40

W/cm2.

The CYBL test fixture is installed over an observation pit. The 51 viewing windows, ranging

from 30 to 60 cm in diameter on the side and bottom of the outer vessel, allow the boiling process

to be observed from a variety of directions. Nearly three-hundred data channels are used to

monitor vessel and surface temperatures as well as water temperatures. Temperature gradients

from in-depth and surface temperature measurements are used to calculate local heat fluxes. A

map of thermocouple array placement and thermocouple locations on the bottom head is shown in

Figure 3. Five thermocouples located 15 cm away from the surface, following the contour of the

bottom head, are used to measure the bulk water temperature. A thermocouple tree monitors the
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temperature of the water as well as the steam temperature at fifteen vertical locations over the

entire height of the outer vessel.

A ten-camera video system is used to view and record the boiling process. Additional cameras are

used to monitor key systems in the facility. The data acquisition and control system plots selected

heat transfer data as well as operating parameters in real time. The system is also used to "scram"

the test power, should thermocouples detect conditions that indicate departure from nucleate

boiling. Also monitored for operational safety are the cooling water flow rates and temperatures

for all the cooling water circuits.

EXPERIMENTAL RESULTS

A total of three test series have been completed in the CYBL facility: the NPR series under the

DOE-NPR program, and the NE1 and NE2 series under the DOE-NE program. Two kinds of

experiments performed were uniform heat flux and edge-peaked heat flux. The edge-peaked heat

flux distribution experiments are designed to examine the sensitivity of the ex-vessel boiling

process to a non-uniform heat flux distribution similar to the predicted edge-peaked distribution

resulting from melt convection.
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The typical edge-to-center heat flux ratio used is two. A summary of all the tests is given below:

Test

NPR-A

NPR-B

NE1-UA

NEl-UB

NE1-UC

NE2-A

NE2-B

NE2-C

NE2-D

NE2-E

Heat Flux*
W/cm2

16

16

16

18

20

8

16

17

18

20

Flux Distribution

uniform

edge-peaked

uniform

uniform

uniform

edge-peaked

edge-peaked

edge-peaked

edge-peaked

uniform

*Peak heat flux for edge-peaked tests.

Because of the large gravity head due to the water above the vessel bottom region, the bulk

condition near the bottom head area was subcooled, and in all cases, the entire bottom head was in

subcooled nucleate boiling.

The test data are still under assessment. Therefore, only a few examples will be reported here to

illustrate the general trend of the data.
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The heat flux distribution from two uniform heat flux tests (NPR-A, 16 W/cm2 and NE2-E,

20 W/cm2) and one non-uniform heat flux test (NPR-B) are shown in Figure 4. Arrays A/B and

E/F are two orthogonal arrays on the bottom head. Arc distances from 0 cm to 146 cm

correspond to the crown region and the knuckle region extends from 146 cm to 218 cm. The edge

of the crown region has a surface inclination of 25.7°; surface inclination reaches 90° at the edge

of the knuckle region. Within each region, the surface inclination increases linearly with arc

distance. The heat fluxes are calculated from temperature gradients given by in-depth

thermocouples at 0.95 cm into the surface and the surface thermocouples. Temperatures and

temperature gradients used are averaged over a 200-500 second interval. For the uniform heat flux

tests, NPR-A and NE2-E, the heat flux over the entire surface is constant to within about 10% to

an arc distance of 168 cm. Along the 0°-180° and 90°-270c axes, there is a gradual drop of about

20% to a distance of 213 cm and a sharp drop to zero at 229 cm. For the non-uniform heat flux

case, the heat flux peaks around 168 cm from the bottom-center location. The peak is relatively

broad; the heat flux is within 90% of the peak value 30 cm on either side of the peak.

All the tests indicate that the bottom center area is least effective in heat dissipation. This is

illustrated by examining the sunace temperature distribution as measured by array A/B for NPR-A

and NPR-B (Figure 5). It is interesting to note that for both the uniform heat flux distribution

(NPR-A), and the edge-peaked heat flux distribution (NPR-B), the highest temperature is in the

bottom center area. Preliminary calculations of the heat transfer coefficient indicate that the heat

transfer coefficient is lower than literature values (Nishikawa, 1984) obtained in laboratory-scale

experiments in the bottom center area, and higher than literature values in the knuckle area.
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PHENOMENOLOGY OF EX-VESSEL BOILING

The ex-vessel boiling process is best described as subcooled nucleate boiling. Visual observations

indicate that the boiling process near the bottom center is cyclic in nature and has four distinct

phases: direct liquid/solid contact, bubble nucleation and growth, coalescence, and vapor mass

dispersion (ejection). Because of the axi-symmetrical configuration, the flow patterns aie axi-

symmetric. The general direction of flow is in the radial direction. This radial flow gives rise to

an orderly progression of the four phases as a function of radius from the bottom center of the test

vessel. The progression of flow patterns has the appearance of waves of vapor emanating from the

bottom center of the test vessel, although vapor is actually produced over the entire surface. A

sequence of video frames illustrating this cyclic progression for a heat flux of 8 W/cm2 is shown in

Figure 6.

The frequency of the cyclic/pulsating pattern in the bottom center region increases with heat flux

but the rate of increase decreases with heat flux (i.e., the frequency only increases very slightly at

high heat fluxes). Each cycle starts v/ith nucleation near the bottom center region; in time, bubble

nucleation progresses outward from the bottom center. The growth of the bubbles eventually

results in a coalesced circular vapor mass of as large as one meter ir. diameter; a video frame

corresponding to a heat flux of approximately 14 W/cm2 is shown in Figure 7. Similar to the

trend in frequency, the size of the vapor mass increases rapidly with increasing heat flux for low

heat fluxes, but only increases lightly at higher heat fluxes. For the range of heat fluxes tested,
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Figure 6. Sequence of Video Frames Illustrating the Cyclic
Pattern in the Bottom Center Area, 8-9 W/cm2

Figure 7. Example of Vapor Mass at Bottom Center of the Test Vessel
and the Expanding Vapor Ring from Previously Dispersed
Vapor Mass, 14 W/cm2
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the maximum thickness of the central vapor mass varies approximately from one to three

centimeters.

The vapor mass disperses in the form of an expanding flat ring rising along the surface (Figure 7).

However, eventually the configuration becomes unstable and the ring thickens and breaks into

smaller arc segments. The broken vapor segments condense in the surrounding subcooled water

leaving essentially no trace. The radial location of this condensation zone is quite well defined;

the corresponding radius increases with heat flux. As a result, the boiling process beyond the

condensation zone is to a large degree decoupled from the cyclic pulsation of the center bottom and

is observed to be essentially steady in nature.

The vapor in the outer region also condenses in the bulk water a very short distance beyond/above

the bottom head region. Figure 8 is a plot of the vertical temperature distribution of the bulk

water for test NE2-E. The rim of the bottom head corresponds to 0 on the distance axis and the

bottom center of the vessel head is at -91 cm. The water steam interface is at 409 cm. Note the

temperature bulge near the rim of the bottom head (0 cm location) due to vapor condensation.

Locations above the rim of the bottom head are essentially occupied by single phase subcooled

liquid until within approximately 60 cm of the interface. Intense vaporization takes place in the

top 30 cm of the water. Figure 9 is a schematic of all the important physical mechanisms of the

ex-vessel boiling process. In a "real" accident, the vertical portion of the reactor vessel wall is

heated by radiation and convection. The condensation zone near the bottom head rim would

certainly be modified.
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There appears to be no qualitative difference in the boiling process between the non-uniform heat

flux and uniform heat flux cases. The bottom center region still exhibits the typical cyclic pattern.

There is still a well-defined condensation zone separating the cyclic central region and the steady

two-phase outer region.

SUMMARY

The ex-vessel boiling process is best described as subcooled nucleate boiling. The boiling pattern

is divided into two regions: a cyclic/pulsating bottom center region and an outer steady two-phase

boundary layer region. Condensation takes place at the edge of both regions. The bulk of the

water in the annular space between the reactor vessel and the cavity wall is single-phase liquid.

Intense vaporization takes place near the top surface of the water. The subcooling is mainly due to

the gravity head of the water flooding the simulated reactor cavity. But the degree of subcooling

is modified by the complex ex-vessel boiling pattern.

The results of three CYBL test series suggest that under prototypic heat load and heat flux

distributions, the AP-600 flooded cavity should be capable of cooling the reactor pressure vessel in

the central region of the lower head that is addressed by these tests.

It is important to observe that the ex-vessel boiling process is dominated by spatial structures of

meters in scale. Therefore, the large-scale tests performed in CYBL should prove valuable for an

accurate assessment of the potential of ex-vessel boiling for in-vessel core retention.
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A B S T R A C T

Experimental data are presented that provide a lower envelope on the critical heat flux

distribution over the external surface of a hemisphere submerged in water. The experiment

was designed and run so as to provide an essentially full-scale simulation of a reactor

pressure vessel lower head. Thus the data, and the correlation derived from them, can

be applied directly, and they are supportive of the important severe accident management

idea of retaining the core debris in the reactor vessel by external flooding ("in-vessel melt

retention").

1. I N T R O D U C T I O N

The purpose of this paper is to make available the first experimental data directly relevant

to establishing the coolability limits (critical heat flux) of reactor-scale hemispheres submerged in

water and heated internally. The situation arises in the management of severe accidents, and a

relatively recent idea that the relocation of molten corium could be arrested at the lower head of

a reactor pressure vessel by external flooding, as illustrated in Figure 1 (Theofanous et al., 1994).

For this idea to work, it is necessary that the thermal load created by natural convection of the

heat-generating pool on the inside be below what could cause a boiling crisis (BC) on the outside.

In relation to previous work on critical heat flux (CHF), the present situation involves two

unique and important aspects. One is that the vapor generated by boiling remains confined by

gravity within a two-phase boundary layer all along the heating surface. Flow velocities and phase
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Figure 1. Schematic of the in-vessel retention phenomenology and basic nomencalture used to

describe it.

distribution within this boundary layer depend veiy much on the local surface orientation to the

gravity vector, and on the cumulative quantities of steam generated in all upstream positions. The

other unique aspect is that the heating surface, typically up to 15 cm thick, has a very large thermal

inertia. It is clear that both the hydrodynamic ("repulsive") mechanisms and the surface-thermal

contributions to it (capillary-wetting effects, susceptibility to temporary/local dryouts) (Bui and

Dhir, 1985) can in the present situation be significantly different from anything examined in the

past.

Accordingly, we have adopted an experimental approach that is to evolve gradually from overall

parametric studies and simulations (of the reactor conditions of interest), to detailed investigation of

local phenomena, and thus eventually to identification of the crisis mechanism and, hopefully, to an

analytical model. The emphasis on simulations in the early part of this program derives from two

reasons. One is to afford an early identification and focus on the particular flow and heat transfer

regimes relevant to the problem of practical interest. The other, and perhaps more important one,

is that the practical need for reasonably robust estimates of CHF is imminent as reactor-specific

accident management schemes are now up against key decision points and regulatory scrutiny

(AP600, Loviisa). The results presented in this paper are intended to fulfill this immediate need.

In addition, these results provide an initial perspective on mechanisms as a starting point for the

more detailed investigations of the phenomena at the local level.

The experimental work is carried out in the ULPU facility, and the overall program involves

this facility in three significantly different configurations. The overall strategy in the design of this

experiment and its three configurations are given in the next section, while the details can be found

in Section 3. Experimental procedures and the test program are summarized in Section 4. The

experimental results are presented and discussed in Section 5, and concluding remarks are provided

in Section 6.
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2. E X P E R I M E N T C O N C E P T

Not surprisingly, the basic concept for this experiment was derived from the unique features of

the practical problem considered, as mentioned in the introduction; namely, the thick wall and the

two-phase boundary layer. The thick wall consideration is straightforward, easy to satisfy and, in

fact, it leads to certain important conveniences (in comparison to thin walls) in both the construction

and experimentation, as described in the following two sections. For the two-phase boundary layer,

we wish to match, in the experiment, its local structure and dynamics to the local surface inclination,

as they are to be found in the prototype, all along the vertical arc length from 9 — 0° to 6 ~ 90°.

This cannot be accomplished in sub-scale models, while a full-scale representation (in an experiment

with prototypic heat flux at all locations) is clearly impractical, if not impossible.* The approach

used takes advantage of the axial symmetry in the prototype, in combination with a power-shaping

approach in the experiment. The axial symmetry allows a "pie" segment representation of the

hemisphere, but this is still, for a variety of reasons, a formidable experimental geometry to work

with. By power-shaping we can effectively represent the flow behavior in such a pie segment with

a uniform (in thickness) vertical slice, which, as it turns out, is experimentally feasible. We call

this a "full-length" representation. A key conclusion of this paper is that this representation affords

an essentially perfect full-scale simulation.

Our task is to conduct simulation experiments that allow the determination of the critical heat

flux in the reactor, qp,Cr, as a function of the angular position 0 under the constraint of a specified

power shape, say qp{Q). Our approach is to make this determination for a discrete set of values of

the angular position, 6mi i = 1 . . . n, by a corresponding set of experiments, each simulating the

prototype for the particular angular position considered. For this we set

qPA6m) = <Ze,cr(0m) (1)

and require (a) that the superficial vapor velocities (expressed as volumetric How rate per

unit width) match up with those of the prototype for all 0 > 6m, and (b) that for 0 < 6m the

vapor Bow rates buildup gradually, so as to smoothly approach the value required at 6 — 6m,

while allowing a "natural" development of the boundary layer in all of the upstream region.

By satisfying these requirements, we ensure that the two-phase boundary layer is properly driven

in a broad neighborhood of the location under consideration (6m) as well as all of the downstream

region.

The situation is somewhat complicated by the presence of subcooling and the dynamic aspects

of vapor production and (partial) collapse. In the following, the derivation is limited for convenience

to saturated and steady conditions. It can be easily seen that that the same results can be obtained

* A full scale test with a torospherical lower head, in the CYBL facility (paper in this work-
shop), demonstrated a nucleate boiling condition for uniform heat fluxes up to 200 kW/m2 (under
subcooling corresponding to the gravity head).
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under moderate subcoolings, as in the case of interest here, if one considers the total energy (sensible

plus latent) flow per unit width, which, in turn, provides a more generalized similarity criterion,

reflecting the fact that the convected sensible heat is also important in the local behavior of the

two-phase boundary layer.

The relation of the constant-width test section to the pie-segment geometry is illustrated in

Figure 2. Let the superficial vapor velocity, at position 6, be denoted by J{6). One possible way

of meeting the above requirements is by selecting, in the upstream region:

for 9 < 9

For saturated conditions (no condensation), the superficial velocities can thus be written as:

(2)

J.(tf) = R' f
j0 sin

(3)

(4)

and their relative deviation can be derived to be:

A J{9) _ Jp{9) - Je{6) sin g
(5)

Figure 2. Geometric relationship between the constant-width test section in ULPU and the pie-
segment geometry, deduced from axial symmetry, for simulation. Both are shown unfolded, and
6m is the position at which the CHF is simulated.

This relation is shown in Figure 3, which also includes the upstream lengths within which the

"distortion" in the superficial vapor velocity is less than 10% or 20%. For 0m as small as 10°,
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the simulation is deemed to be acceptable, and it improves drastically as 9m increases, especially

beyond 40°. Interestingly enough, it is this outer region, 40° < 6 < 90°, in which cumulative

vapor flow can be expected to be the most important.
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Figure 3. Illustration of the distortion in superficial vapor velocity, AJ/JP, as a function of upstream
position, for various matching positions, 0m. Also shown are the upstream lengths within which
the distortion is less than 10% or 20%.

The inner region, 0 < 6 < 10°, can also be approached from a flux-matching standpoint alone;

that is, by applying a uniform heat flux and setting

<7p,cr(0) = g€,cr(0) (6)

while recognizing that within such a narrow region the variation in qp(0) is negligible and the most

limiting CHF position is at 6 ~ 0°. We do not expect cumulative vapor flow effects to be important

here, but it can be readily shown that now

A J _ 1 - cos 6 - 6 sk 6
Jn 1 - cos 9

1 for 0 < 6 < 10° (7)

and if anything, this strategy should provide a conservatively biased simulation for this region.

For the downstream region, the similarity of local superficial velocities requires that, for any

position 0 > 0m,

l (8)
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which can also be written somewhat more explicitly as

where gp is an "average" flux over 0 < 0 < 0m defined b>

In the region 0 < 0m < 6 < 30°, which is of interest in the experiments presented here, and the

relatively uniform qp(0) within it (see below), Eq. (9) can be shown to reduce to the simple result

1e{0) ~ \qP{0) 6m<6< 30° (11)

and it is interesting tu note that this creates a discontinuity with Eq. (1) at 0 — 6m. This discontinuity

arises because of the requirement to match the superficial velocity as well as the critical heat flux

at dm, and the need for choosing something like Eq. (2) for doing so. As we will see in Section

4, this discontinuity can be represented in the heater design selected, exactly at 0 = 30 or 60°,

and approximately at all other positions. Moreover, the importance of satisfying the downstream

conditions can be checked by means of sensitivity runs around the result of Eq. (9).

Local subcooling and vapor condensation effects are clearly to enhance the critical heat flux.

To understand this behavior, we follow a two-pronged approach. One prong is to obtain a lower

bound by running experiments at saturated, pool boiling conditions. The other prong is to allow

for a natural convection flow loop in which the downcomer fluid, while saturated at the top of the

facility, attains a subcooling equivalent to the gravitational head at the bottom of the test section.

An important condition for this second set of experiments is to simulate the vertical void fraction

profile over the entire length of the reactor vessel; it depends on the vapor supplied due to direct

heating through the lower head, plus the vapor created all along the vertical vessel walls which are

radiatively heated from the top of the molten corium pool (see Figure 1). An important object of

these experiments is to determine the radial distributions (distance from the wall) of local subcooling

and their evolution from 0 = 0° to 0 = 90°.

Based on the above considerations, we arrive at the conceptual design, involving three distinct

experiment configurations, as illustrated in Figures 4 and 5. Configuration I [to be denoted by C

(I)] is for studying saturated, pool boiling in —30° < 0 < 30°, and especially in the region around

0 ~ 0, which is not as well represented in the other configurations. Configuration II [C (II)] is for

simulating the complete geometry (a full one-quarter circle) under both loop flow (including the

effects of subcooling) or pool boiling (saturated) conditions. As seen in Figure 5, this configuration

is to represent an open-to-the-cavity geometry. A channel geometry, as it might arise from particular

thermal insulation designs with an inlet at the very bottom (0 ~ 0°), can be created by introducing

a baffle, as illustrated in Figure 5, to obtain Configuration m [C (HI)]. In this paper we present

data from Configuration I only.
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Figure 4. Schematic of Configuration I in ULPU- Figure 5. Schematic of Configurations II and III
2000. The heater blocks extend over the region in ULPU-2000. The heater blocks extend over
-30° < 6 < 30°. the region 0 < 9 < 90°.

3 . D E T A I L E D D E S C R I P T I O N OF T H E E X P E R I M E N T

The experiment (ULPU-2000) and the related technology in building the heater blocks evolved

from the original ULPU work which was aimed at the vertical (side) wall of the reactor vessel and

the exit restriction of the natural convection path in the Loviisa reactor (Kymalainen et al., 1992).

In that experiment the heater was limited both by design and available power to 1400 kW/m2,

and CHF could not be reached for the range of conditions investigated. In the present experiment,

both the power and the heater design were upgraded to allow a peak flux of 2000 kW/m2, hence

the name ULPU-2000. Another important requirement in the present experiment, as explained in

the previous section, was to have control of the power shape over the whole extent of the heater

surface, which is to cover, in Configurations II and HI, the region 0 < 6 < 90°; that is, a much

larger physical dimension than in the original ULPU. Finally, certain important improvements in

the installation of the heater blocks were made to essentially eliminate lateral losses and hence any

departures from the desired 1-D behavior (i.e., heat flux and temperatures varying only with angle
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Three heater blocks were built, each covering, nominally, a 30°arc of a circle, with a radius of
curvature of 1.76 m, which is well within the range of typical reactor dimensions. The actual arc is
27°, for a total length of 0.83 m. The block height and width were chosen as 7.6 and 15 centimeters
respectively, such as to ensure sufficient thermal inertia and to minimize side-wall effects. One such
block is illustrated in Figure 6, and in a photograph, prior to assembly, in Figure 7. The holes are
9.5 mm in diameter and allow two cartridge heaters (per hole) to be inserted, one from each side.
The "fit" must be very good, while precision machining is also required in the accurate positioning
of the holes, the 1.5 mm in diameter holes needed for the thermocouples, and the forming at the
smooth, curved faces. Copper stock was selected as the raw material. Voltage (217 V) is supplied
to the cartridge heaters through 32 relays which are individually computer controlled to cycle in
the "on-off" positions so as to obtain any desired power distribution on the heater block. The total
power obtained by summing the calculated power of each cartridge (from the voltage applied, the
known resistivity, and the fractional "on"-time), agreed to within 1% of the total power supplied by
the power generator. In Configuration I, we have used 2 heater blocks (Figure 4), which allows up
to 16 power zones on each block. In fact, such fine resolution is unnecessary, and we use only 8
power zones (i.e., 3.375°arc each). Temperatures are measured at 8 corresponding positions along
the length of each block.

Figure 6. Heater block design, showing the holes for the cartridge heaters and the thermocouples.

In Configuration I, each heater block fits onto the one (open) side of a similarly curved channel
of a rectangular cross-section (15 cm on the side), as illustrated in Figure 8. During operation, the
blocks and channels are well insulated, and relative losses to the outside have been estimated
to be negligible. On the sides the blocks overlap with the 0.5 mm stainless steel channel walls
by 12.7 mm, with a rubber gasket in between. Absence of steep temperature gradients in this
region assures that any "bypass" losses to water are also negligible, and this is confirmed by the
near-perfect agreement of the four thermocouples placed along the width of the heater block at
each of the 8 "axial" positions. As seen in Figure 4, the channels are equipped with windows,
for visualization. Also, the channels are equipped with thermocouple "trees" arranged at various
key positions (8 = 0°, 8 = 30°, etc.) to measure water temperatures. The overall experiment in
Configuration I is shown in Figure 9. At the ends of the U-tube, we have installed condenser coils
so that the facility can be operated open to the atmosphere without significant loss of steam (reflux
mode operation).

The exact positioning of the thermocouples, the heating zones, and the related nomenclatures
used in the subsequent discussions are given in Figure 10.

4. PROCEDURES AND TEST PROGRAM FOR CONFIGURATION I

An approach to the boiling crisis can be recognized quite easily by sporadic, small, in both
amplitude and duration, departures of thermocouple signals; usually following a small increase in
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Figure 7. One of the heater blocks immediately
after machining.

Figure 8. The test section of Configuration I.
Figure 9. An overall view of ULPU-2000 in
Configuration I.

power level, a steady excursion indicating boiling crisis is observed. In taking data the aim is

to bracket the CHF between a value where BC occurs and a value which can be sustained for a

sufficiently long time (see next section). The power, power shape, and all thermocouple signals are

recorded (at 0.5 Hz) so that a complete documentation of each run is retained.

Video records before, during, and after BC are also obtained. This is possible because of the

high heater thermal inertia which allows operation well past the BC. The temperature excursion can

be arrested at will (by reducing the power); rewetting can easily be established; and experimental

runs basically can be made back-to-back. This greatly facilitates the search for narrowing the range

between the CHFs and the fluxes at which nucleate boiling persists.

All but one experiment in the Configuration I program were run with saturated water at a height

of between 1.2 to 1.8 m in the U-tube, measured above the heater surface at 0 = 0°. The one "other"

run was made under transient subcooling conditions; that is, starting with a water temperature of

20° C and holding the power constant so as to deliver a uniform heat flux of 400 kW/m2. The

saturated water runs can be distinguished by the power shape employed. One group involves a

simulated flux shape, as discussed in Section 2, and consists of three subgroups, corresponding to

- 4 1 7 -



Top view

1 «

3 '

11
2

4
;

. 1.25 cm

. 5.0 an

10.0 an

13.75 an

/

Side view

3.0 nra
Figure 10. The heating zones and thermocouple positions on a heating block. In Configuration I
Zone 8 of each heating block is adjacent to 9 = 0°, and Zone 1 at ±30°.

simulated flux shape, as discussed in Section 2, and consists of three subgroups, corresponding to

CHF "matching" at zones 1, 3, and 5. These runs are denoted by the heating zone at which the

matching condition is specifid. That is, run SF-3 means a flux shape simulating CHF at heating

zone 3 (18.75° < B < 22.5°). The other group is aimed at the region 0 ~ 0° (zone 8), and it was

approached in three different ways, all employing a uniform flux around Q ~ 0°, but with different

shapes in the downstream region. These runs are indicated by the last included zone of the uniform

power segment, and the fractional power applied to the downstream region. Thus, run UF-6-50%
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means a uniform flux in the region of zones 8, 7, and 6 (-11.25° < 6 < 11.25°) and 50% of

this flux applied to the remainder of the heater blocks. Repeat runs are shown by the number in

parenthesis at the end as, for example, by SF-3 (1), UF-6-50% (3), etc. The whole experimental

program in Configuration I is summarized in Table 1.

Table 1. Summary of the Experimental Program in Configuration I,
ULPU-2000, and Related Nomenclature

Group

SF

UF

Subgroup

SF-5
SF-3
SF-1

UF-1-0%
UF-5-0%
UF-6-0%
UF-7-0%
UF-5-50%
UF-6-50%
UF-7-50%

Remarks

4 runs
4 runs
4 runs

4 runs
1 run
2 runs
2 runs
1 run
4 runs
1 run

The reference reactor power shape and the shape used in the simulations are shown in Figure

11. Clearly, in the absence of the 30° < S < 90° regions, these are only partial simulations;

however, within the context of the Configuration I program, they are believed to be appropriate.

The calculations were carried out with Eq. (9), and the resulting "wanted" flux shapes for runs SF-5,

SF-3, and SF-1 are shown in Figures 12,13, and 14, respectively. These figures also show the fluxes

delivered to each of the heating zones, and the resulting, actual, fluxes following the "smoothing"

effect of axial conduction. The latter were obtained by numerical simulations of 2-D conduction

in the heater blocks using the boundary conditions determined in the respective experiments. From

these figures, we obtain the correction factors of 0.85, 0.89, and 0.95 for converting peak input

to actually delivered peak fluxes for the three cases respectively. [The data reported in the next

section incorporate this correction.] These figures also show the discontinuity at 0 = 9m mentioned

in Section 2. Because the heater blocks can be insulated from each other, it is easy to see that the

discontinuity can be represented exactly at 30°and 60°(in Configuration II or HI, of course). In all

interior points the discontinuity can be represented approximately (because of axial conduction),

but it is noted that Figures 12 and 13 are only illustrative of the experimental capability — no

special efforts were made to represent the discontinuity quantitatively in these partial simulations in

Configuration I. That is, the delivered "discontinuity" can be improved by suppressing even further
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Figure 11. The reference reactor heat flux shape ( ) (from Theofanous et al, 1994), and the
shape used in the simulations ( ).
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Figure 13. The wanted, input-equivalent, and the actual heat fluxes for runs SF-3.
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Figure 14. The wanted, input-equivalent, and the actual heat fluxes for runs SF-1.
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the downstream power levels to the test section, as illustrated, for example, in Figure 15, made to
show the behavior in the UF-series of runs. [Here the position 9 = 0° is of interest, and as seen
in the figure, the correction due to axial conduction is negligible in all cases.] Returning to the
internal discontinuity, it may be of interest to note that the "wanted" fluxes in Figures 12 and 13
do not appear to exactly follow Eq, (11). This is because of the finite discretization combined with
the increasing trend of the prototypic flux shape (see Figure 11), especially for 8 > 15°.

5. E X P E R I M E N T A L RESULTS AND DISCUSSION

In the early shakedown experiments we saw successively increasing values of CHF over a

period of about one week. Having started with a clean, polished heater surface, this was due to the

expected aging effects. Eventually this behavior stabilized, and since our interest is for a fully-aged

carbon steel surface, only then did we enter the the actual test program described in the previous

section.

The thermocouple behavior during the approach to CHF and beyond its occurrence is illustrated

for a typical case in Figure 16. In each run we approached CHF from above, or from below, seeking

the lowest flux yielding CHF and the highest flux at which nucleate boiling would persist indefinitely.

Quite soon it became apparent that the behavior is asymptotic . That is, small reductions in power

below some level produce increasingly delayed BCs, as illustrated for the case of a series of UF-6-

50% runs in Figure 17. On this basis the nucleate boiling data points were obtained after a 50-minute

wait in nucleate boiling, and they may be taken to represent a reasonably conservative lower bound

for CHF. In addition, a set of 120-minute wait runs were made, at the end, to provide a more

definitive lower bound. One may think of these latter data as corresponding to deterministically

impossible CHF.

The data from all runs performed are summarized in Figure 18 and in Table 2. The most

important and interesting observation is that the simulation runs at positions 5, 3, and 1 lineup well

among themselves and also with the lower bound of the UF runs at 9 ~ 0°. The other key point

is that even with rather wide variations in the downstream flux shape in the UF-series of runs, a

reasonably consistent behavior, and lower bound of ~300 kW/m2 in CHF is quite evident. The

boundaries for the two CHF bounds defined above, as determined from the respective data sets, are

shown in Figure 18, and they can be described by:

Conservative Bound:

qcr(9) = 300 kW/m2 9 < 5°
(12)

= 300 + 12.60° kW/m2 5° < 9 < 30°

Deterministic Bound:

qcr(9) = 276 kW/m2 9 < 5°
(13)

= 276 + 12.60° kW/m2 5° < 9 < 30°
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6. C O N C L U D I N G R E M A R K S

Full-scale simulations of the critical heat flux distribution on the lower head of a reactor

vessel submerged in water are possible in the ULPU-2000 facility. In this paper we have presented

data from Configuration I, representing the lowermost (-30° < 0 < +30°) spherical segment

conservatively in saturated pool boiling. These data are enveloped by Eqs. (12) or (13) which can

be applied directly as conservative bounds to the reactor case. In future testing (Configurations n

and El) the effects of full geometry (0 < 0 < 90°), natural convection, subcooling, and flow path

geometry are to be considered, and detailed investigations of the local phenomena and mechanisms

are to be carried out.

As noted in Section 4, a preliminary investigation of the effect of subcooling was carried

out in Configuration I. The heat flux was set at a uniform value of 400 kW/m2 (over the whole

-30° < 6 < 30° region) and the experiment was started with water at 20° C (and the same level as

all other runs reported in this paper). As the experiment continued, the water heated up gradually,

leading to several distinct condensation regimes, both in terms of the intensity of the resulting

vibrations as well as in terms of the observed two-phase flow phenomena near the heating surface.

Nucleate boiling persisted throughout. The heatup transient and CHF occurred (at 9 = 0°) within

- 425 -



Table 2. Listing of the Experimental Runs Performed in ULPU-2000
(

UF-7-0

UF-6-0

UF-5-0
UF-1-0

UF-7-50
UF-6-50

UF-5-50

SF-1

SF-3

SF-5

Configuration I, Heat Fluxes, and Respective Waiting Times

Nucleate
Flux (kW/m2)

322
322
384
376
422
322
—
—
307
322
322
—
276
322
345

656
635
671
678
580
574
—
—
483
490
502
470

Boiling
Time (min)

20
44
18
40
24
30

20
40
41

120
120
30

21
50
44
42
50
20

50
16
42

120

Boiling
CHF (kW/ra2)

353
337
407
391
437
329
346
338
322
337
337
307
—
337
353

693
693
693
693
615
595
574
568
529
509
522

Crisis
Time (min)

*>
o
7
6

22
2

12
10
6
4

11
9

75

38
3

2
3
2

23
3
7

14
100

1
13
5

some tens of seconds after reaching saturation. This is consistent with Figure 17 and demonstrates

the important effect of subcooling to increase the CHF.

At this time we also have a preliminary result from Configuration III with one heated block

at position 60° < 9 < 90° (see Figure 4). In this experiment the flow channel used was as in

Configuration I in pool boiling at saturation. Boiling crisis was obtained with flux levels around

1000 kW/m2, and the point of inception could be made to move across the length of the block by

relatively small changes (less than 20%) in the power shape.

Finally, returning to the application, a perspective on the above results can be obtained with

a reference to Figure 11, indicating the predicted thermal loads distribution in the reactor. It can

be seen that near the bottom the available margins are of the order of 200%. From the preliminary

information presented here on the upper region, on the other hand, it appears that the margins could

be of the order of a few tens of percent. While experiments in Configurations II and in will clarify
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this point, it is already clear that contrary to the generally held opinion that the region 6 ~ 0c is

limiting; the real limitation may actually be around 6 ~ 90°.
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N O M E N C L A T U R E

/ superficial vapor velocity

q heat flux

R' radius of curvature divided by the latent heat per unit volume of vapor

W width

Greek

8 angle of surface inclination from horizontal

Subscripts

cr critical

e experiment

m matching point for experiment and prototype

p prototype (reactor)
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ABSTRACT:

In the framework of severe accident studies for future nuclear power plants, the possibility

of containing the corium inside the vessel by an external cooling water system has been investi-

gated by studies based on two kinds of thermalhydraulic computations:

- Calculations with the TRIO VF code of the behavior of a corium pool inside the lower

head of the vessel in order to assess the heat flux distribution on the wall;

- Calculations of the external cooling of the vessel with the TRIO-GENEPI code.

Calculations of the corium flow have been performed with the Finite Volume version of the

TRIO code and gave a heat flux distribution along the lower head of the vessel.

External cooling has been calculated by the finite element two-phase flow TRIO-GENEPI

code, with a constant heat flux of lMW/m2 (case 1) and using the heat flux distribution supplied

by the TRIO-VF computations (case 2).

Results show, for the case 1, a stratified boiling flow along the heating lower head of the

vessel and along its upper part for the case 2.

the critical heat flux was estimated with the Relap4 and Groeneveld models.

A dryout located near the top part of the vessel lower head was predicted by the

Groeneveld model in the constant heat flux (lMW/m2) case only.
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INTRODUCTION

In the severe accident event sequence, following a loss of coolant inside a Pressurized

Water Reactor core, it is essential to study ways of stopping corium progression within the con-

tainment, if possible inside the vessel or, failing that, inside a specific core catcher.

To preserve the integrity of the vessel when the core melts and the corium drops into the

lower head of the vessel, external cooling could be considered.

In view of the high value of the conduction heat flu;es rhrough the vessel wall, there is no evi-

dence that external cooling by natural convection with nucleate or film boiling can extract the

decay heat from the corium.

Although theoretical studies [1,2] indicated that external cooling under different conditions,

appeared efficients, this has to be demonstrated by experimentation. An experiment [3] using

alumina thermite showed that it is possible to cool the vessel by external cooling nucleate boil-

ing in transient conditions. However, considering the lack of sustained heating, this experiment

did not demonstrate that this cooling mode is fully long term efficient.

In order to study the interaction between a corium pool and the vessel walls, and long-term

external cooling, we intend to build an experimental set-up, VULCANO-C, pan of the VUL-

CANO programme launched by the French Atomic Energy Commission (CEA) to study the

behavior of the corium inside and outside the vessel as well as various ways of stopping accident

progression.

With a view to defining the facility and to preparing the experimental programme, we have

investigated the possibility of containing the corium inside the vessel by an external cooling sys-

tem using code computations. Although this computational approach is fainly limited, especially

as none of the computer codes has yet been suitably qualified for the global problem, it does

provide data for the scaling analysis [4]; it can also be used to better understand the phenomena

and to assess the relevance of the cooling mode. This paper focuses on computations in reactor

conditions.

The computational approach involved using two kinds of thermalhydraulic computations:

- Calculations with TRIO-VF code [5] of the behavior of a corium pool inside the lower

head of the vessel in orau- to assess the heat flux distribution on the wall,

- Calculations of the external cooling of the vessel with the two-phase flow TRIO-GENEPI

code [6,7].

The heat flux distribution given by the TRIO-VF code was used as an alternative boundary

condition by the TRIO-GENEPI code (case 2), the other boundary condition was a constant heat
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flux of lMW/m2 (case 1). Using the distribution of steam quality and mass velocities estimated

by the TRIO-GENEPI code, the critical heat flux along the wall was calculated using two

models: GROENEVELD [7] and RELAP4 [8].

CALCULATIONS OF THE BEHAVIOR OF THE CORIUM POOL INSIDE

THE LOWER HEAD OF THE VESSEL

In order to assess the heat flux distribution along the lower head of the vessel, we con-

ducted computations with the Finite Volume of the TRIO Code developed by the CEA |5| .

The TRIO-VF computer code is able to calculate two-dimensional or three-dimensional tur-

bulent or laminar flows with an internal volumic power and heat transfers through the walls.

Only the corium pool was computed. The crust and steel of the lower head of the vessel

were not modelled.

heat insulator

studied domain

vessel

Figure 1: Reactor geometry

Grid-meshes

The geometry of the computational field is shown in Figure 1. According to the symmetry

the problem was calculated using a two-dimensional approach in half geometry (Figure 2).
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The flow field was discretized with a rectangular mesh. Through a specific option of the

TRIO-VF code, it was possible to correctly describe the curvature of the lower head of the

vessel.

Computations were performed with various meshes. The results (velocity field, temperature

values and heat flux distribution) do not depend on the grid when the domain is divided into

more than 2100 cells (Figure 3).
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Figure 2: Geometry of the computational field Figure 3: Grid-mesh

Boundary conditions

A heat source (1 MW/m3) was uniformely supplied into the liquid corium.

The heat transfer coefficients and the melt corium temperature were fixed on the lower head

of the vessel and on the free surface (Figure 2).

The heat transfer coefficients were deduced from Mayinger's correlations established for hem-

ispheric geometry [9]:
NUfreesurface = 0.4 Ra*02

> a d = 0.55 Ra*02

where Rayleigh's number Ra* is defined by Ra* = ^ f
X. a v

On the free surface and the symmetry axis a sliding condition is applied to velocity.

The turbulent model used was the classical (k, e) model.

(1)

(2)

(3).
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Results

The steady state was established in about 7000 secondes. The maximum difference in tem-
perature obtained was about 414K (Figure 4).

400.
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Figure 4: Difference in temperature Figure 7: Heat flux distribution along

the lower head of the vessel

Figure 5: Flow field obtained with turbulent model
Figure 6; Flow field obtained with laminar model
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The flow field shows recirculation near the upper part of the pool (Figure 5).

When the calculations were performed with laminar model, the flow field showed recirculation

near the lower head and some unsteady vortices poped up below the free surface (Figure 6).

These vortices did not modify the heat flux distribution (Figure 7).

Along the wall, the lower part (teta < 45°), the heat flux distribution rapidly increased. Above

70°, the heat flux value was nearly constant (0.62 MW/m2).

68% of the decay heat (14 MW) was extracted by conduction through the wall. This value

agreed reasonably well with the percentage obtained with the Mayinger's correlations applied

directly to a homogeneous heat flux.

The heat flux distribution obtained on the surface of the corium pool along the lower head

of the vessel was applied on external steel walls as boundary condition for the external computa-

tions.

CALCULATIONS OF THE EXTERNAL COOLING WATER SYSTEM

The thermalhydraulic of the external cooling water system was studied with the TRIO-

GENEPI computer code which has numerous avantages for the present problem: its finite ele-

ment structure is well suited for complex geometry as well as its large set of two-phase flow

physical correlations.

Figure 8: Mesh in the (xôz) plane
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The finite element TRIO-GENEPI computer code [6,7] is another part of the TRIO Code

System developed by the CEA, and devoted to the study of two-phase flows in heat exchangers.

The local conservation equations for two-phase flows are volume averaged and lead to three-

dimensional governing equations: mass, momentum in each direction and enthalpy balances for

the two-phase mixture.

Mesh

The reactor pit is immersed in non-pressurized water, and the flow occurs by natural con-

vecti'jit through three traps located in the lower part of the heat insulator.

.'!ie geometry of the area studied (Figure 1) located between the heat insulator and the

vessel is revolution symmetry. The three-dimensional aspect (3D) is solely due to the three feed

traps, each of which is located 120° apart. However, owing to the complexity of the problem and

in order to gain a better understanding of the phenomena, the problem was treated using a two-

dimensional study in Cartesian geometry.

In this description the inlet mass flow rate, the heated surface and the volume were

preserved with maximum respect to the real 3D case. Due to evident symmetry conditions, cal-

culations were made on one-third of the vessel.

The mesh was created with the CASTEM 2000 software [10] and was built with eight-node

elements. The real geometry was respected in the (xOz) plane (Figure 8). In accordance with a

two-dimensional study, the mesh had one element in the y-direction whose lenght was calculated

in order to have the same volume as that in the 3D case. As can be observed in Figure 8, the

mesh was refined near the lower head of the vessel and at the outlet; it includes 3349 elements

with 7022 nodes.

Table 1 compares the surface of the real 3D geometry and the 2D approximation on one-third of

the vessel

Inlet surface (m2)

Outlet surface (m2)

Heated surface (m2)

Volume (m3)

Real 3D geometry

0.18

0.44

14.03

10.17

2D Approximation

0.18

0.29

14.40

10.17

Table 1: Surface of the real 3D geometry and the 2D approximation
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Boundary conditions

Inlet: The total inlet mass flow rate initially due to natural convection was estimated at 19

kg/s that is to say, 6.33 kg/s for each trap.

The inlet temperature was 50°C, which yielded an inlet quality of 0.16 and the inlet enthalpy of

208485 J/kg.

Outlet: The oulet pressure was 3 bars.

Others limits: For the momentum equation, wall laws were applied to solid walls.

For the enthalpy equation, the source term (flux supplied by the corium), in the first case, fixed

at lMW/m2 along the lower head of the vessel and, in the second case, obtained from 2D

TRIO-VF computations. In the latter case, all the decay heat was assumed to be transmitted

through the lower head, therefore it corresponded to the most pessimistic situation.

Results

TRIO-GENEPI results

The flow obtained was formed by an inlet jet, which continued in thin confinement with a

strong ascending movement near the vessel, before taking the oulet section (Fig. 9, 10).

Figure 9: Case 1 : Velocity distribution Figure 10: Case 2 : Velocity distribution
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Elsewhere and particularly on the lower pan, the velocities were more moderate. A? is

shown in the quality field (Figure 11, 12), this zone was strongly stratified.

On the lower head of the vessel where cooling occurs, the flow seemed to be stable. In the

case 1, the whole lower head of the vessel was cooled by two-phase flow (Figure 9) while in the

case 2, this two-phase cooling flow took place on its upper pan (Figure 10).

VAL - ISO

- 0 . 1 3

1 - 7 . 2 5 E - 0 2

Figure 11: Case 1 : Flow quality field Figure 12: Case 2 : Flow quality field

Critical heat flux (CHF) results

With knowledge of the mass flux and dynamic quality distribution obtained from preceding

calculations, it was possible to evaluate the critical heat flux on the lower head of the vessel with

two correlations: Groeneveld and Relap4 [8].

In each case, the critical heat fluxes are calculated and plotted versus the teta angle which

was created by the radius of the vessel with the perpendicular, the dryout was reached when the

local critical heat flux was lower than the heat flux taken as the boundary condition.

- Constant heat flux (lMW/m2), Figure 13

With the Groeneveld modelling, the critical heat flux was reached for teta = 0° (that is to

say in the middle of the vessel) and for teta greater than 67°.



On the other hand, the Relap4 modelling did not predict any dryout area.

W/M2
7.20K+06 J 1

P.S. 23-12-93

4.25E+05
0.00E+00

ATETA
9.00E+01

A « GROBNKVELD MODEL CRITICAL HEAT FLUX

B • RELAP4 MODEL CRITICAL HEAT FLUX

C • CONSTANT HEAT FLUX ( 1 MW/M2)

Figure 13: Constant heat flux calculations

- Heat flux distribution given by the TRIO-VF computations, Figure 14

With both modellings (Groeneveld and Relap4), the critical heat flux was much higher than

the heat flux given by the TRIO-VF computations. The dryout was never reached.

Comments

In these calculations, some problems are due to the fact that stationary solutions were not

obtained. At the boiling front, the interacting vorticies disturb the stable conditions found in the

surrounding area. Nevertheless the results obtained in the cooling zone were apparently not

affected by these disturbances.
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o.ooE+oo _:
O.OOE+OO

TETA
9.00E+01

FLUX (W/H2)

A * GROENEVELD MODEL CRITICAL HEAT FLUX

B » RELAP4 MODEL CRITICAL HEAT FLUX

C = HEAT FLUX

Figure 14: Variable heat flux calculations

CONCLUSION

Thermalhydraulics computational studies of the behavior of the corium pool inside a lower

head of the vessel and of the external cooling water system in a PWR were achieved. Although

several effects such as the oxide and metal composition of the corium, crust formation and abla-

tion of the wall were not taken into account, tl.e computation of the corium pool provided a heat

flux distribution through the wall so that external cooling computations could be performed.

As regards these computations, the results are encouraging since they pinpoint the different

exchange regimes before appearance of the critical heat flux. However, all the conclusions con-

cerning the proper cooling of the vessel remain premature. One of the main reasons is the use of

the critical heat flux modelling established for very simple geometries, another reason is the

kinematic disequilibrium and turbulent viscosity modellings.
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Nevertheless, this study has shown that:

- With a constant heat flux, there is two-phase flow all along the lower head of the vessel

and with the heat flux distribution given by the TRIO-VF computations, cooling of the lower

head is two-phase flow along its upper part only;

- Stratification of the water flow occurs below the boiling front;

- The flow on the boiling front was locally unsteady;

- In the constant heat flux case, it is difficult to come to any conclusions about the dryout

of the vessel since this may differ according to the model used (Groeneveld or Relap4). The

Groeneveld model predicts a dryout in the top part of the vessel, whereas the Relap4 model does

not. On the other hand, with the heat flux given by the corium pool computation, the dryout is

never reached.

For the future, improvements will be made. It is intended, regarding the corium pool, to

take into account the segregation of oxides and metals inside the melt, crust formation and the

ablation of the walls in relation to external cooling. Other models of kinematic desequilibrium,

turbulent viscosity and turbulent diffusivity are to be testing using the TRIO-GENEPI computer

code, which should better describe the physical phenomena encountered.

NOMENCLATURE

R

Nu;

Ra*

g

Q

P
a
v
X

Corium pool radius;

Nusselt's number into direction i;

Rayleigh's number;

Acceleration of gravite;

Volumetric heat generation rate (W.rrTJ)

Thermal expansion coefficient (K"1;

Thermal diffusivity (m2.s~');

Kinematic viscosity (rrr^s""1);

Thermal conductivuty (W.rrf'.K"*1).

,-3\
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Background and Purpose

1. Risk evaluations:

. Melt conditions at vessel failure

. Timing of Processes

. Mechanical Response of RPV: Criteria and Mode of Failure

2. Accident measurements to minimize the risk from LHF:

• RCS Depressurisation
. External Cooling of the LH by flooding of the reactor cavity.

3. Purpose of RASPLAV Project

. Integral experiments with prototypic core materials and temperatures and
integral experiments with molten salt melts

. Small scale and material tests to support the design, operation and analysis
• Models and computer code development to integrate the results



A most difficult problem is the simulation of thermal processes in the
corium. In addition to the uncertainty related to the chemical composi-
tion and the physical conditions in the corium, it is difficult to ensure the
simulation of the internal heat generation in the corium taking into ac-
count the formation of corresponding convective flows. Each of the known
methods of electric heating—induction, electroslag, ohmic. that enable the
internal heat generation at the required level of 0.2-0.4 kW/kg, has its own
shortcomings.

It was considered useful to form corium using various methods: in the
induction furnace with transport to the experimental section, in the exper-
imental section and in a combined way-wit h pre-heating in the induction
furnace and subsequent melting in the experimental section.
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The equipment layout is based on the following principles:

1. The experimental section (induction, electroslag or ohmic) is located
in a protective chamber and is accessible for maintenance from the
top (see Fig. 1 on page 7).

2. The melting furnace is fixed on the rotation column in such a way as
to allow its installation at the experimental section and is accessible
for maintenance from the bottom.

3. The power supply equipment is located as close as possible to the
corresponding device.

4. Electric, water and gas-vacuum communication lines are located ei-
ther below the floor, or high above it to prevent any interference with
the maintenance.

5. The disassembly of experimental devices is carried out using a bridge
crane or telpher.
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Experimental Facilities

1. RASPLAV-A Facility

2D slice geometry with hemispherical and elliptical LH model
UO2 and molten salt melts (about 200 kg of urania)
Heating through the graphite side walls
Corresponding Ra numbers of 10" -1012 (UO2) and 10« (salt)
Molten salt outside cooling

2. RASPLAV-B Facility

3D hemispherical or elliptical geometry
UO2 and molten salt melts (about 200 kg of urania)
Direct current heating method (electroslag) using the bottom electrode
Corresponding Ra numbers of 10" (UO2) and 10" (salt)
Molten salt outside cooling
Lorentz forces will influence the flow parameters



Figure 1: Layout of RASPLAV-B facility (electroslag heating) inside the protective cham-
ber
1-Cover, 2-Chamber vessel, 3-Bottom, 4-Emergency tank, 5-Current lead, 6-Reduction
gear, 7-Brake, 8-Electric motor, 9-Experimental section.
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The induction heating device consists of five water cooled copper plates
connected with bolts, that form the inner leak-tight plenum. "The horseshoe'
reactor vessel model, cooled with salt from a special leaktight plenum—is
installed on edge plates using heat resistant shoulders. There are a per-
manent and a rotation covers with carbon- graphite insulation on the top
surface to reduce radiant losses from the molten metal mirror.

The heating of side walls of the internal surface made of carbon-graphite
composite material is carried out by two flat spiral inductors of 100 k\V
each.

- 451 -



The sequence of the operation of the facility "furnace—induction heat-
ing device".

1. Loading the mixture into the inductor crucible using the loading bas-
ket.

2. Sealing the chambers.

3. Forevacuum pumping down (AB3-90 pump).

4. Filling the system with argon.

5. Checking the water cooling system.

6. Heating and melting the mixture in the induction furnace.

7. Heating (if the experiment so requires) the imitator in the bottom
chamber.

8. At the moment, when it is necessary to perform the corium casting,
the water supply to the plug is terminated, the cooling water is blown
down from the plug tubes with argon at increased pressure and then
the cooling system is closed from both sides with electromagnetically
driven valves.
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Table 2: Technical characteristics of induction heating stand

1. Maximum corium heating temperature, °C 2500

2. Generator installed power, k\V 630

3. Inductor supply current frequency, Hz 2400

4. Maximum power of each of two inductors, kW 100

5. Maximum voltage at each inductor, V 300

6. Cooling water flow rate, m3/hour 8

The electroslag heating device includes the reactor vessel model made
in the form of a cylinder with elliptical or spherical stainless steel bottom
with wall thickness of 60 mm. The model is located inside the water cooled
cylindrical vessel consisting of two semicylinders connected in such a way
as to form a leak-tight plenum. The semicylinders are made of 50 mm thick
copper sheet in which 30 mm diameter channels are vertically drilled along
its full height. The vessel cooling system is formed using these channels.
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Figure 2: Experimental section of RASPLAV-A facility with induction heating
1-Top cover, 2-Reactor vessel model, 3-Guide, 4-Bottom plate, 5-Side plate, 6-Heated
plate, 7-Mixture (graphite grit), 8-Plate (composite), 9-Tliermal insulation, 10-Mixture
shroud (asbestos board).
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Figure 3: Experimental section of RASPLAV-B (electroslag heating)
1-Electroholder, 2-Graphite eÎ2ctrode, 3-Cover, 4-Reactor vessel model, 5-Guide, 6-
VVater cooled vessel, 7-Tray, 8-Special bottom electrode.
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Parameter
Radius, m

Meii height, m
Thickness of segment, m

MeKt Volume, m?
Interaction Area, nfi

Upper Area,m2
Thickness of vessel, m

Mass of corium, kg
Heat generation rate,

MW/m3
Characteristic fluxi, kW/m2

External cooling

Characteristic

Reactor Case
2.3
1.0
•

10
14
11
0.2

80000
1.5

300-700

Parameters
RASPLAV-A

0.2
0.3
0.2

0.021
0.145
0.08
0.06
180
2-4

390

0.4
0.4
0.1

0.025
0.125
0.08

up to 0.1
220
2-4

500
Salt : T=773 K

RASPLAV-B

0.2
0.25

•
0.025
0.31
0.086
0.093
200
2-6

200
Salt

Calculated using heat generation rate 4 MVWm3



The vessel is installed on a square copper tray plate with a channel
cooling system. The model, vessel and tray form the plenum in which the
coolant circulation takes place. From the top, the plenum is closed by
a steel ring located between the model and the vessel. The electricity is
supplied to the corium using angular graphite electrode. The hole in the
graphite electrode is made in the form of truncated cone, the smaller base
of which is directed to the corium. The molten corium prepared in the
induction melting furnace is poured into the reactor vessel model through
the hole in the electrode.
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The stand operates in the following way:

1. The induction furnace for corium melting is positioned above the
electroslag heating device.

2. Before molten corium is poured into the reactor vessel model it is
necessary to turn on the water supply to the stand component cool-
ing system. The oil-type switch which supplies power to the stand
must be switched off. Before pouring the molten corium the graphite
electrode is in its utmost top position.

3. After the melting through of the plug in the induction furnace cru-
cible, „ je molten corium is poured into the electroslag heating stand.

4. After the corium pouring is terminated, the oil-type switch is turned
on and the voltage is applied to the stand.

5. The graphite electrode is moved down by the transport mechanism
till it gets into contact with the corium—this is demonstrated by the
current that emerges in the "graphite electrode—special electrode"
circuit.

6. The required power level introduced into the corium is set by switch-
ing voltage steps and by regulation of the graphite electrode position.
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The analysis of the available results allows the following conclusion:
processes of convective heat exchange prevail among the therrnophysical
processes occurring in the operating space of electroslag facilities. The
electrovortex flow (EVF) and natural convection (XC) are the main mech-
anisms of the convective heat exchange. The coriurn movement as a result
of their interactions has strong influence on the heat distribution in the
operating volume.
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Table 3: Technical parameters of electroslag stand

1. Mass of poured corium, kg 200

2. Transformer rated power, kVA 1000

3. High side voltage, V 6000-10000

4. Low side voltage, V 105-38.4

5. Maximum operating current, A 25

6. Power network frequency, Hz 50

7. Vessel model inner diameter, mm 400

8. Vessel model height, mm 535

9. Crystallizer inner diameter, mm 740

10. Crystallizer height, mm 1250

11. Graphite electrode diameter (outer), mm 280

12. Graphite electrode length, mm 350

13. Cooling water flow rate, m3/hour 8.0

14. Heating device mass, kg 3700
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Experimental Facilities (Cont'd)

3. TULPAN Facility

. Separate effect facility to investigate melt dynamics and chemical interactions
between core melt and lower head materials under convection conditions

. Utilize about 200 kg of urania

. Melts temperatures about 2000 C

4. Small Scale Facilities (TIGEL, KORPUS, KORKA and TEREK)

. Measurements of physical and chemical properties of coria and design
materials and their interactions

. Investigation of corium stratification and crusting

. Heating methods and heatproof properties of materials to be used in the
design of facilities

. Influence of temperature gradient conditions

Small scale tests will provide an initial data base to support integral test design, analysis
and model development.



Models and Computer Code Development

1. Produce simple models and estimates to support test design and analysis

2. Analyze experimental results

3. Develop and validate integral model to provide the extrapolation of results to
plant scale and conditions.

4. Qualitative estimates of Lorentz forces were made
N3



o
to

Models and Computer Code Development(Cont'd)

The following mathematical tools are being developed and applied

. 3D heat conductivity FEM model to investigate heating methods and average
thermal balance for the RASPLAV-A facility

- Different materials (Corium, SS, graphite, insulation, cooling salt, etc.)
- Phase transitions
- Radiative heat exchange between structures

• 2D heat conductivity FDM model to investigate average thermal balance for the
RASPLAV-B facility

. 2D natural convection model to estimate flow parameters
• 2D mechanical response code



Models and Computer Code Development(Cont'd)

The following mathematical tools are being developed to be applied for test analysis
and scaling to reactor conditions

. Full 2D RASPLAV-A and B facilities model which includes:
- natural convection in the corium melt
- natural convection in the cooling salt
- phase transitions in the materials involved

• 3D natural convection model to estimate flow parameters for RASPLAV-A facility
and provide scaling analysis

. Porous media heat conductivity model including models for thermal properties
and phase transitions

. Magnetic hydrodynamic model to be used for RASPLAV-B facility to account for
Lorentz forces (Under discussion)



Figure 1 : Layout of RASPLAV-B facility (electroslag heating) inside the protective cham-
ber
1-Cover, 2-Chamber vessel, 3-Bottom, 4-Emergency tank, 5-Current lead, 6-Reduction
gear, 7-Brake, 8-Electric motor, 9-Experimental section.
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Figure 2: Experimental section of RASPLAV-A facility with induction heating
1-Top cover, 2-Reactor vessel model, 3-Guide, 4-Bottom plate, 5-Side plate, 6-Heated
plate, 7-Mixture (graphite grit), 8-Plate (composite), 9-Thermal insulation, 10-Mixture
shroud (asbestos board).
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Figure 3: Experimental section of RASPLAV-B (electroslag heating)
l-Electroholder, 2-Graphite electrode, 3-Cover, 4-Reactor vessel model, 5-Guide, 6-
VVater cooled vessel, 7-Tray, 8-Special bottom electrode.
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ABSTRACT
The purpose of the TOLBIAC code is the simulation of the behavior of a

molten core within a structure (pressure vessel or core catcher), taking into
account the ablation of the wall ana the relative position of the core
components.

Three components are described: a liquid metal phase corresponding to
the metals from the molten core, a liquid oxide phase and a gas phase
corresponding to the gases generated by the ablation of the wall. The oxide
phase is divided into heavy oxides from the core and light oxides from the
ablation of the wall.

Four mass balance equations (liquid metals, liquid oxides, liquid light
oxides, gas), two energy balance equations (liquid metals and liquid oxides),
and three momentum balance equations (liquid metals, liquid oxides and gas)
are written. The discretization uses either a rectangular or a cylindrical 3D
meshing. The equations are solved with a two-step quasi-implicit method.

The constitutive laws of TOLBIAC version 1 are taken from the
littérature or very simple models with correct trends.

The ablation of the solid structure is taken into account: the geometry
of the cells in contact with a solid wall changes with time, and a liquid and
a gas mass is generated. The ablation velocity depends on the wall heat
transfer coefficient and on the proportion of the conduction heat flux to the
total heat flux. The crusts are only taken into account in the thermal
resistance between the fluid and the wall.

A ID conduction calculation is performed for the walls. A wall typically
consists of a concrete layer in contact with the coriurn and a steel layer,
with imposed external temperature and heat transfer coefficient.

Version 1 of TOLBIAC is in use: only two velocity fields are described
(metal and oxide), and simplified constitutive laws are used (interfacial heat
and momentum transfer, wall to fluid heat and momentum transfer). The fission
energy source is modelled and also the top radiation heat losses.

Some results are presented. The behavior of a molten core in a vessel
bottom head without ablation, and the behavior of a molten core in an external
core catcher with ablation.

1. INTRODUCTION

Frame
In the frame of severe accident studies, the behavior of a molten core

has to be predicted. Numerous processes occur and a predictive tool is of
great importance in order to investigate several situations, geometries,
events or scenarios.

TOLBIAC
The purpose of the TOLBIAC code is the simulation of the behavior of a

molten core within a structure (pressure vessel or core catcher).
A 3D discretization is used in order to describe the motions of the

molten core components resulting from the wall heat exchanges and from the
wall ablation.

Three components are taken into account: a liquid metal phase, a liquid
oxide phase and a gas phase.

The following main phenomena can be simulated: metal-oxide
stratification, residual power, wall heat transfer, free surface radiation.
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free surface heat transfer with water, wall ablation, crust formation.

2. The 30 model

Specifications
The thermal conductivity is about ten times higher for the metal than

for the oxides, and consequently the heat transfer coefficients are in the
same ratio. The other physical properties also depend or. the component, and
mainly the density.

The major part of the residual power is generated by the heavy oxides
and not in the whole volume.

The zirconium may be oxidized by the gases in ar. exothermal reaction.
This heat source has to be taken into account where the reaction takes place.

The relative position of the components has consequently to be known.
The model used in TOLBIAC agrees with these specifications.

The three components
The metal liquid phase is a mixture of iron, zirconium, nickel and

chromium, in proportions defined by the code user. The liquid metal phase is
characterized by its own volumetric fraction, temperature and velocity fieldB.

The oxide liquid phase is characterized by its own temperature and
velocity fields. It is divided into light and heavy oxides, e*ci; with its own
volumetric fraction. The heavy oxides are a mixture of uranium dioxide and
zirconia. The light oxides, issued from the concrete ablation, are a mixture
of alumina, silica and lime, depending on the nature of the concrete.

Finally the gas phase, characterized by its volumetric fraction and
velocity fields, is a mixture of carbone dioxide and water, issued from the
concrete ablation.

The system of equations
Four mass balance equations are used (metals, oxides, light oxides and

gases). The source or sink terms of these equations are the following:

component source or sink for the mass balance equations
ablation oxidization

metals r A - r A 0

oxides rx+rD +rAP+rgD
l i g h t oxides Tx
gas®9 rg -rg0

The nature of tha ablation source terms depends on the wall material:
metal (for instance the pressure vessel), heavy oxide (for instance zirconia),
or light oxides and gases (for instance concrete).

The oxidization terms appear in tha case of a concrete wall ablation
with a source of gases. The exothermic reaction between the gaaes (water and
carbone dioxide) and the zirconium is taken into account.

Two energy balance equations are used (metals and oxides). The energy
of the gas phase is not taken into account, due to its negligible value
compared to the energy of the metal and oxide phases. The temperature of the
gas phase is taken as the temperature of the liquid phase around. The source
or sink terms of these equations are the following:

component source or sink for the enery? balance equations
ablation oxidization interface fission wall

metals r»-11** ~rAO*HA "QAD ^AF Q»W

oxides r*.H£, r,,.^ <rAD+rgD).HD +Q A O Q D F Q ^

The enthalpy of the ablation sources terns is calculated at the fusion
temperature of the material. The interface term corresponds to the heat
exchange between the two liquid phases, and depends on the interfacial area.
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Part of the residual fission energy may be generated in the metal phase,
according to the user's choice.

Finally, three momentum balance equations are used (metals, oxides and
gases). They are projected in each direction. Two coordinate systems can be
used: Cartesian or cylindrical.

In addition, a diffusion term is included in the energy and momentum
equations, in order to account for the effect of the viscosity and
conductivity, which can reach high values.

Apart from the hydraulic equations, the temperature in the wall is
calculated by solving a ID conduction equation.

Numerical features
The equations are discretized with a finite difference scheme on a

staggered spatial meshing, and with the donor-cell method.
The numerical integration uses a two-step numerical method, in order to

avoid the time step Courant limitation. This method is issued from the 3D
module of CATHARE [1].

The first step (predictor) is written with a quasi-implicit scheme. The
equations are in a nonconserving form. The non-linear system of equations is
solved through a Newton-Raphson iteration procedure. Simple arithmetic
manipulations reduce the linear system by considering only the pressure ae
unknown. This reduction leads to a Jacobian linear system with a highly sparse
matrix.

A second step (corrector) is used to restore the conservation. It
involves a fully implicit set of equations for the scalar quantities. The mass
and energy balance equations generate one linear system for each phase. Since
these systems have the same sparse structure as the predictor Jacobian matrix,
they can be solved using the same method.

The resolution of the wall thermal equations uses a fully implicit
difference scheme (classical Thomas algorism).

3. Physical properties

The physical properties of the components are not well known,
particularly in case of mixing of several materials. Of these are two
properties of importance: the solidus temperature and the viscosity of the
oxides.

The solidus temperature is a key parameter for the crusts formation and
hence the wall heat transfer coefficient. The values used in TOLBIAC are
deduced from curves calculated with the code GEMINI2 of THERHODATA [2].

The oxides viscosity highly depends on the light oxides concentration,
and controls the diffusion effects. Its values in TOLBIAC are adapted from the
curves of Gonzales [3], who pointed out some inconsistencies in the values of
the littérature.

The other properties included in TOLBIAC are generally not far from
those of the WECHSL code [4]. The conductivity of a mixing is deduced from the
values of each material with a mass balance, whereas the density is deduced
from a volume balance.

4. Constitutive laws

Presentation
In TOLBIAC version 1, the constitutive laws are correlations from the

littérature, or simple models which lead to consistent trends.
However the uncertainties concerning the physical properties, the initial
conditions and the crusts formation for instance are large enough so that a
good precision of the constitutive laws is probably not necessary.

Besides, the code assessment will lead to an improvement of its
constitutive laws.
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Stratification
The sedimentation of the oxide and metal phases rapidly occurs. The

initial state is generally a stratified one: the metal phase is above the
oxide phase.

The oxides generated by the wall ablation mix with the oxides in the
bottom of the structure. The oxides generated in the metal layer either flow
up or down, depending on their density. The sedimentation remains, except
along the wall.

Reciprocally the metals generated by the wall ablation either mix with
the metal phase or flow up in the oxide layer.

The stratified configuration concerns then the main part of the
structure, during along time, until a sufficiently large amount of light
oxides are generated, so that the oxide phase becomes lighter than the metal
phase. An inversion of the stratified layers then occurs: metals at the bottom
and lightened oxides at the top.

To conclude, it is supposed that the stratified configuration prevails,
except along the walls, due to the ablation.

Energy balances
For the interfacial energy transfer coefficient in a stratified

configuration, the natural convection correlation of HABERSTROH and REINDERS
[5] is used. For the cells along the walls, a multiplicative factor is
applied.

The wall heat transfer depends on the configuration. If there is no gas
generation at the wall, a natural convection correlation is used (HABERSTROH
et REINDERS [5] for an horizontal wall; CHAWLA and CHAN [6] for a vertical
wall). In case of gas generation at the wall, a constant heat transfer
coefficient is used, the value of which is deduced from the complex WECHSL
code modal [4].

The wall heat transfer coefficient is modified due to the presence of
a crust between the molten liquid phase and the wall. The crust is taken only
as a thermal resistance. The crust thickness is evaluated with a simple model
of thermal balance, bassd on the following hypotheses:

- no contact resistance between the cruet and the wall;
- linear temperature profile in the cruat;
- physical properties of the crust same as the liquid phase properties

in the considered cell;
- instantaneous generation of the crust provided the conditions are

fulfilled.
The main parameters controlling the crust thickness are then the

conductivity and the solidus temperature and the wall melting temperature.
Besides, for the upper surface of the molten pool, a radiative heat

transfer is also taken into account, and, as an option, a heat transfer with
a water layer.

Momentum balances
For the interfacial momentum transfer, a constant value is used for the

three directions.
A wall momentum transfer is considered, depending on the flow

configuration. If there is no gas generation at the wall, a classical friction
factor model is used, with the whole structure diameter or height used as
hydraulic diameter. If gases are generated at the wall, with high velocities
compared to the liquid velocities, a small .-arry-over of the corium is taken
into account.

5. Ablation

Geometry
The variation of the volume and flow area* of the cells due to the wall

ablation are taken into account. It is supposed that the ablation is either
horizontal or vertical within a cell (both vertical and horizontal only for
the corner cells). The ablation is defined as the ratio of the liquid length
of a cell to its whole length. Hence there is five types of cellst solid calls
(not yet molten), cells partially liquid with horizontal ablation, cells
partially liquid with vertical ablation, calls partially liquid with
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horizontal and vertical ablation (corner), and liquid cells (fig. 1).
The cells geometry is calculated at each time step, and depends on the

ablation velocity. At the tine a cell becomes completely liquid, the ablation
of the following begins, with a minimum value imposed, in order to avoid
numerical problems with infinitesimal volumes.

vertical *£l«tion

noriion«4l iBletlen

Fig. 1. Different types of cells.

Ablation velocity
The ablation velocity is calculated from an energy balance in the wall

melting layer. During a time step, the heat flux transfered from the pool is
divided into a conduction heat flux and a heat flux used first to heat the
wall layer up to the melt temperature, and secondly to melt it. The hypotheses
of constant density and specific heat in the wall layer, and that the melting
layer is at temperature T1 before melting, yield:

(<{> T-4> c ) . A

and finally:

*{p f.Cp. [Tf-T(u)]+p f.Ht).du

"abl A t S. [pt.Cp. (TrTx)*fit.Ht]

In order to avoid a dependency on the wall meshing, the thermal
conduction calculation is made with the conduction heat flux imposed at the
pool-wall boundary. Temperature T1 is given by the conduction calculation. A
simple model is used for the conduction heat flux:

0) . Vc

_

. vcwhere vc"X.(p-Cp.«w>"
1 i> the conduction volocity and w a constant.

This model depends on the relative values of the conduction and ablation
velocities. Correct trends are obtained in the absence of ablation and the
absence of conduction in the wall. The constant w will be fitted with
assessment calculations.

-473 -



6. Tirst results

TOLBIAC version 1 and version 2
The first release of TOLBIAC ia a simplified version with only two

components: the liquid metal and oxide phases. TOLBIAC version 2 with the
addition of the gas phase is under development.

The assessment of TOLBIAC is beginning. Two calculations with TOLBIAC
version 1 are presented here. The first simulates the behavior of a
homogeneous molten core in a pressure vessel without ablation. The natural
convection is checked and compared with results given by the 3D code TRIO-VF
[7]. The second one simulates the behavior of a molten core in a core catcher
with a wall made of concrete.

Molten core in a pressure vessel
Initial conditions: pure uranium dioxide at 3100 K. Boundary conditions:

radiation at the top; solidus temperature (2700 K) imposed at the wall; no
ablation. The simulation is made with a 2D axisymetrical geometry of 15x16
cells. The results of the steady stata are presented.

A comparison is made with the results given by the code TRIO-VF (one
phase 3D code with a k-&turbulence model; semi-implicit scheme; simulation
made with 100x106 cells, with the same initial and boundary conditions as for
the TOLBIAC simulation.

Figures 2 to 5 show the velocity and temperature fields given by the two
codes, and figure 6 the heat flux map.

The results of TOLBIAC shows a rather simple configuration: a main eddy
and secondary eddiea at the top due to the radiation influence; The
temperature field is stratified. The configuration predicted by TRIO-VF is
much more complex, due to the fine meshing used and a much more complex
description of the turbulence. However the global values (wall heat flux)
calculated by the two codes are quite the same.

. . . . . T

T
* T

r >
. . t '
. * f '

Fig. 2. TOLBIAC, valocity field. Fig. 3. TRIO-V?, valocity field.

- 474 -



Fig. 4. TOLBIAC, temperature field. Fig. 5. TRIO-VF, temperature field.

1 . 2 -

1 0 -

TQL1XAC //

.z -

.3 .8 .9 1.2 1.3 1.8

Fig. 6. Wall heat flux (W.nf2 ) versus levai (m) in tha vasaal.

Molten cora in a cora catcher
Initial conditions: stratified molten cora at 2700 K (63% heavy oxides,

37 % metal*). Boundary conditions: radiation at tha upper surface; imposed
external wall temperature (300 K); ablation. The simulation is made with a 20
axisymetrical geometry of 11x25 cells (radiuss3.5 m height» 1.2 m) .

Figure 7 shows the metal-oxide level at different times. Due to tha
light oxide generation and temperature increase, the volume of the molten pool
increase. TOLBIAC version 1 is unable to simulate a gas volume above the pool.
As a consequence of the swelling of the pool, the upper layers of the
molten cora flow out of tha fixed calculation field.
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metal

tine 500 a

time 1000 s

Fig. 7. Metal-oxide level at different times.

Figure 8 shows the oxide velocity field at different times. The
generation of light oxide at the wall is responsible for the flow
configuration: the oxide flows up at the wall, which is the opposite situation
of the natural convection flow (fig. 2).

Figure 9 shows the oxide temperature field at different times. At 2 500
s, the oxide temperature has begun to deacrease. The wall liait variations are
also showned on figure 9. The ablation is still the dominant cooling mode at
the wall. After all the concrete ablation, conduction will take place in the
steel.

time 500 s time 1000 s

Fig. 8. Oxide velocity field at different times.
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t ime 500 s; Ttnax: 2800 K time 1000 B; Tmax: 2830 K

time 2 500 s; Tmax: 2800 K

Fig. 9. Oxide temperature at different times.

7. Conclusion

Tolbiac is a simulation tool developed to describe the behavior of a
molten core within a structure. A three dimensions three components model is
used. Ablation of the structure is taken into account, with variation of the
geometry and generation of molten materials.

TOLBIAC version 1, with only two components (metals and oxides) is in
use. The first results shot; the capacity of the code to simulate natural
convection on one hand, and ablation in a core catcher on the other hand.

NOMENCLATURE

variables
e thickness
c specific heat
Hp enthalpy
Q power
S flow area
T temperature
V velocity
&t time step
r mass transfer
f density
« heat flux

indices
abl ablation
A metal
C conduction
D oxid*
f fusion
F fission
g gas
o liquid at fusion t«mp*raturi
T total
w wall
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ABSTRACT

A key point of the next-generation LWRs is an improved design which explicitly takes into account
severe accidents. Therefore, general interest is focused on whether the core meltdown progression could be
stopped early within the reactor vessel itself by external flooding. Also, significant efforts are underway to set
up ex-vessel corium cooling strategies able to prevent containment challenges associated with a possible
molten corium-concrete interaction.

In order to verify the acceptability of corium cooling-retention strategies, the feasibility of an
experimental programme in the existing FARO facility of JRC-Ispra is addressed for carrying out tests on
corium retention structures.

These new tests, employing prototypical corium and sustained heating, are aimed at verifying the
material behaviour of test plates, representative of corium retention structures, at the expected temperatures,
the existence of unknown chemical reactions, and the effective heat transfer coefficients between the different
phases and components.

In particular, the key items which need to be investigated are the test plate material resistance to
corium jet impacts and to long-term ablation, the downward heat transfer inhibition caused by lower corium
crust formation, and the effect of flooding on the debris quenching. Employing up to 350 kg of melt, the real
corium confinement structure (reactor vessel bottom or catcher plate) could be adequately simulated, in terms
of thickness, by an experimental mock-up in 1:1 scale.
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L INTRODUCTION

As a key point of the next-generation LWRs is represented by an improved design in a

number of safety areas, where severe accidents are explicitly and systematically taken into account, a

worldwide effort is under way to investigate the possible use of new features to greatly reduce the

environmental impact from all reasonably conceivable accident scenarios.

Since corium debris cooling is the most crucial issue for severe accident termination, interest

is focused on whether the core meltdown progression could be stopped early, within the reactor

vessel itself, to prevent or terminate attack on the remaining fission product barriers. At the same

time, several studies are addressed to ex-vessel corium cooling techniques able to prevent

containment challenges associated to a possible molten corium-concrete interaction.

In particular, the Research and Development Division of ENEL is devoting significant efforts

to verify the acceptability of corium cooling and confinement strategies. This research, managed in

the framework of the CEC-RCA Molten Corium Concrete Interaction Project, mainly consist in the

definition of a new reactor cavity configuration equipped with adequate intervention systems, the

study of appropriate protection materials, the simulation of corium-structure thermal transients

through ad-hoc computer models, and the feasibility of an experimental programme in the FARO

facility, performed in the frame of an agreement with CEC JRC-Ispra.

2. BACKGROUND

2.1 In-vessel corium retention scenario

The TMI-2 accident showed that some accident situations could result in the relocation of

molten core debris into the vessel bottom, the boil-off of water in the lower plenum, and the inability

to add water into the reactor coolant system. In this regard, a promising strategy to avoid the vessel

failure and the subsequent attack of the containment structures, seems to be the retention of the core

debris within the reactor vessel itself by cooling the outside wall of the vessel. In advanced PWR

designs, as an example, vessel external flooding could be achieved because of the large amount of

water available in the containment. Also, the absence of bottom head penetrations, and the very low

probability of high pressure severe accidents should preclude failure during melt relocation

[Theofanous and Corradini, 1993].

Engineering considerations indicate that one has to maintain the vessel steel temperature

below a limit of 700°C in the whole bottom head, in order to avoid metallurgical transitions [Milella

and Pini, 1992], and with a corium-steel contact area corresponding to about 75% of the total

surface area of the molten pool, no more than 3 MW of decay heat can be dissipated by the bottom

head external flooding. Using the same assumptions, it is obvious that a double power can be

transferred to the coolant, if the target of 700°C would be limited to only half of the vessel

thickness, without reaching anyway the melting point of the vessel inside wall. Under these

conditions, the transfer of decay power to the external water will imply only 12 - 25 % of the
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burnout heat flux.

Thus, the external flooding strategy appears 10 be promising because the value of 6 MW

corresponds to about 50 % of the decay power transferred to the bottom head in the worst scenarios

(the other 50% would be lost from the :op). In this scenario, after about 5000 s, the corium matent I

could be completely dry and in direct contact with steel (availability of only primary system water

inventory, 75 % of core melted, and loss of 25 % of decay heat through the release of volatil; fL. :^n

products). However, the effective partition of thermal fluxes between the bottom head and the wall

of the vessel, the effects of the thermal transients on mechanical stresses, and the time required for

accident termination are likely to be predictable only through the knowledge of the involved

phenomena and, then, using dynamic computer simulators.

As a scoping calculation, a dynamic analysis of the heat transfer phenomena has been

performed using the CORIUM-2D code [Parozzi et al., 1994] on a typical advanced PWR small

LOCA scenario [Cavicchia and Di Gasbarro, 1993].

On the basis of STCP and ORIGEN2 calculations, 75 % of the reactor core mass was

considered relocated into the vessel bottom head, with 25 % of decay source previously lost through

volatile species [Parozzi and Locatelli, 1992]. Then, taking MAAP results as thermal-hydraulic

boundary conditions, the corium was considered dry and cool at the time required to completely

vaporise the water of the primary circuit and implied emergency cooling systems, i.e. about 6 hours

from the reactor scram [Borioli and Eusebi, 1993]. Fig. 1 shows the corium configuration at that

time, as used in CORIUM-2D simulation. Using an axisymmetric 997-cell configuration, supposing

the corium as homogeneous, and correcting the interface areas between the different materials for

sphericity, CORIUM-2D explored a transient of about 14 hours.

The results of this simulation show, as expected, that the corium-structure system undergoes

an initial heating because of the low value of solid corium conductivity which does not allow a

complete dissipation of the internal heat source. In fact, a time of about 13 hours is needed by the

system to dissipate 100 % of the decay power produced inside the corium (Fig. 2). During this

period, a great increase in the corium bulk temperature occurs, causing the melting of the central

region of the relocated material. As can be seen in Fig. 3, a phase transition of the corium mass

already starts after 3-4 hours after the beginning of the transient, when the first cell reaches its

melting point (here assumed to be 2540 K, weighting the melting points of the materials composing

corium). Once corium is molten, convective motions within the liquid pool trend to stabilise its bulk

temperature, that never exceeds 2750 K.

Concerning the vessel temperatures, they obviously undergo an initial increase too. A time

of about 7 hours, however, is sufficient to stabilise them, thanks to the very high values of thermal

flux allowed by nucleate boiling of the water outside the vessel. The vessel inner wall reaches a

maximum temperature of about 1000°C: this implies that most of the vessel bottom head thickness

(8-9 cm) does not exceed the limit of 700°C. The situation is obviously better near fhe corium-air

interface, where the vessel inner wall temperature stays below 400°C (Fig. 4).

An example of the evolution of the system is shown in Fig. 5, where the temperature fields

before the corium phase transition and when a molten pool is present are shown. It is evident, from

-481 -



the last figure, that most of the corium mass is predicted io melt, but a consistent solid crust

(20-25 cm thick) remains all around the molten pool.

2.2 Ex-vessel corium retention scenario

In case of vessel failure, the need to assure the corium cooling within the reactor cavity is

obvious: the thermal power developed by fission product decay and metal oxidation is so high that

the concrete basemat can undergo erosion phenomena jeopardising the containment integrity (liner

perforation, and overpressurisation due to gases generated from concrete ablation).

To reach this objective, the strategy of cavity flooding after the vessel failure has been

proposed by several experts. However, the limits of this strategy are basically related to the

incomplete knowledge of the corium-coolant interaction and the possibility of energetic molten fuel-

coolant interaction (steam explosion), based on which the ex-vessel corium coolability cannot be

guaranteed. If the containment integrity during a severe accident represents a target which cannot be

given up, a different approach of the corium ex-vessel phenomenology for the new LWR designs is

necessary. Indeed, several different proposals about devices dedicated to the ex-vessel corium

cooling and/or retention are available. Since the TMI-2 and Chernobyl-4 accidents, these proposals

are getting even more refined and "industrial", although a complete and theoretically well supported

design of corium catcher has not been developed until now [IDCOR, 1983], [Szabo et al., 1992].

As an example, the Research and Development Division of ENEL is focusing its attention on

the idea of a flat, large corium confinement device: the basic aspect of this kind of core-catcher

concept is its inherent simplicity (Fig. 6). This strategy pursues the philosophy of the "dry" catching,

because the structure is intended to confine the debris, avoiding, if possible, the contact between

molten corium and large amounts of water: in the absence of corium-coolant interaction, the

problem of steam explosions is bypassed [Parozzi and Tripputi, 1992]. The main concept is the

definition of a multi-material slab able to mechanically support the corium mass. The choice of a

sandwich of different materials is based on the a-priori hypothesis that several functions must be

accomplished by such a device. The refractory (and possibly sacrificial) upper shield should allow an

initial corium relocation and spreading without an excessive thermal stress of the supporting steel.

which is devoted to the structural function.

Engineering considerations indicate that, to keep the catcher temperature below reasonable

values, its lower surface should be cooled. In fact, in the absence of a coolant between the core-

catcher and the cavity basemat. the lower surface of the confinement material would become

adiabatic, because of the very low heat exchange with the containment floor, and a significant

decomposition of the concrete in the basemat could occur (Fig. 7).

For these reasons, a packaging of different layers, with specific functions, has been

considered for code simulation (Fig. 6). Here, a refractory layer of zirconium oxide is devoted to the

direct contact with corium, preventing the steel bulk structure from a thermal shock and its possible

erosion. The catcher is assumed to extend over a cavity surface satisfying the EPRI requirement of

0.02 m2/MW!h (rated). The structural steel thickness (4.3 cm) has been provisionally sized in order to

keep, at equilibrium, the steel temperature below 700°C, also with the heat fluxes associated to

- 482 -



worst scenarios (about 0.55 MW/m2). The thickness of the refractory layer has been chosen so as to

prevent its upper surface from melting under the same hypotheses: this implies a zirconium oxide

layer of 4 mm. The reference case is the small LOCA scenario, already considered for the in-vessel

cooling and previously analysed with the MAAP thermohydraulics [Borioli and Eusebi, 1993].

If no vessel external flooding is assumed to occur, the vessel is predicted to fail after about

41000 s from the scram, and the relocated corium initial temperature is predicted to be 2550 K.

Assuming, as for the in-vessel scenario, a corium melting temperature of 2540 K, this implies that

corium is initially liquid. The 75 % of the reactor core mass and 50 % of the vessel bottom head is

considered relocated into the core-catcher, with 25 % of the decay heat source previously lost

through volatile species reiease [Parozzi, Locatelli, 1992]. In the above conditions, the initial

"oritim volume is 13.24 m3, that implies an average corium height of about 37 cm (Fig. 6).

The results of a CORIUM-2D simulation show, as expected, a strong transient following the

initial contact between the corium and the catcher structure (Fig.8). This results in an initially large

increase in the catcher temperatures, although zirconium oxide seems to be effective in protecting

the steel plate, whose inner wall exceeds 700 °C only during the transient (Fig. 9). Corium crusts are

predicted to form immediately after the corium relocation, both upside and downside. Fig. 9 also

shows that the liquid corium bulk temperature is practically constant, because of the convective

motions inside the molten pool. Then, the crust growth is predicted to be very fast.

After about 1 hour the corium mass turns out to be completely solid, and, then, the corium

continues to cool by conduction only (in this case quite efficiently because of the high metal content

in the corium mixture). The whole relocation and resoh'dification transient can be considered

terminated after about 8 hours from the vessel failure (i.e. 20 hours after the start of the accident),

when the equilibrium between internal decay source and heat losses is reached (Fig. 8). From this

time, the thermal profiles of the corium structure system are expected, in the absence of

perturbations, to follow the decay heat curve trend.

3.2 Conclusion

According to the calculations and the discussion above, it seems that corium

confinement within the reactor containment building could be guaranteed only by external

flooding of the retention structure (RPV or core catcher). On the other hand, flooding the

debris from above once it has collected and spread in the retention device would be a good

way to preclude melting of the upper structures by radiation and to limit fission product

release, but it is associated with the steam explosion hazard.

It is proposed to address these issues experimentally.

3. PLANNING AN EXPERIMENTAL PROGRAM

3.1 Main features
As already stated, a general interest exists on whether the core melt-down could be stopped

early within the reactor vessel itself. Experimental programs focused to solve this issue by



reproducing the heat transfer conditions from the vessel to the coolant are supported by

international research organisations (e.g. CYBL tests at Sandia Nat. Labs, sponsored by US-DOE,

or RASPLAV Program at the Kurchatov Institute in Russia sponsored by US-NRC and OECD).

These programs should reduce or eliminate the uncertainties related to the downward facing heat

transfer process (nucleate or film boiling), and establish if the traditional correlations are valid also

for the specific geometries of the nuclear plant designs. Data from these tests, when combined with

data on corium phenomena coming from other experiments, will make it possible to define the

parameter ranges under which in-vessel retention could be successful [Chu and Bergeron, 1993;

Royen, 1993].

Concerning the ex-vessel aspect of the issue, investigations are made especially in Europe:

research efforts are addressed by the French CEA (AEROSTAT experiments) and the German KfK

(COMET experiments) to investigate about different ex-vessel phénoménologies and core-catcher

concepts.

In the frame of an agreement between ENEL and JRC-Ispra, the possibility of modifying the

FARO facility for carrying out experimental tests for both in-vessel and ex-vessel corium debris

coolability and confinement has been studied. Such a programme could be activated in a relatively

short time period, taking advantage of the experience gained in FARO in producing, handling and

cooling large masses of prototypical corium.

3.2 Objective

The objective would be to perform within the 1995-98 CEC framework programme a series

of tests involving up to 350 kg of corium melt of different compositions acting on typical in-vessel

(RPV) and ex-vessel retention structures, in transient and sustained heating conditions. The outcome

of this work should contribute understanding whether the core melt down progression can be

stopped in future reactors:

. in-vessel, with the molten corium accumulated on the bottom head of the reactor vessel, and

with external flooding (see section 2.1),

. ex-vessel, by using a steel structure, possibly protected with refractory materials and cooled

externally (see section 2.2).

According to section 2, the key items to investigate for both in- and ex-vessel situations

appear to be the folio wings:

. response of the retention structures to corium impact and spreading,

. downward heat removal capabilities: long term behaviour of the corium and the

retention structures when the heat is removed from below by natural circulation of

water,

. upward heat transfer capabilities: effect of flooding on debris quenching (including the

possibility of occurrence of energetic FCIs).
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3.3 Indicative test matrix

Table 1 presents a preliminary test matrix for these experiments. Transient tests, mainly

devoted to the study of the impact, have been grouped together and would be made in a first phase

of the programme. The sustained heating tests would be performed in a second phase. This

arrangement copes with the present FARO capabilities and the foreseen development (see next

section). Corium compositions typical of in-vessel and ex-vessel scenarios are considered. Except

for the Tests 1 and 5, with UO:-ZrO;-Zr mixture at 5% of metallic Zr, the composition of the

mixtures containing high percentages of steel is still open.

The transient tests are focused on analysing separately the response of the contact layers to

the impact of a large amount of melt. The study of the corium impact could be combined with that

of the spreading effect. Top flooding of the debris after spreading would give a first indication of the

behaviour of the corium/water system in these conditions. Test 1 would not require any change in

the present FARO facility and could be made early as a scoping experiment.

The series of tests dealing with composite bottom structures (3-4-7-8: core catcher

simulation) could be reiterated using different materials but would probably require the programme

to be extended beyond 1998.

Test

1
2
3
4
5
6
7
8

Melt
Mass
(kfl)
150
200
350
350
150
200
350
350

Melt Composition

(UO2+ZrO2+2r)1

(UO2+ZrO2+Zr+S/S)1

[UO2+ZrO2+Zr+S/S)i;

(UO2+ZrO2+Zr+S/S)ii

idem 1
idem 2
idem 3
idem 3

Structural
Material

Steel
Steel

Composite
Composite

Steel
Steel

idem 3
idem 3

Transient/
Sust. Htg

(T/SH)
T
T
T
T

SH
SHc/5

SH

External
Water

Cooling
possibly
possibly

no
no

yes
yes
yes
yes

Top
Flooding
of debris

no
no
no
yes

possibly
possibly

no
yes

1 in-vessel type
2 ex-vessel type

Tab. 1 - Indicative test matrix for the proposed program on corium cooling and retention.

4. SCALING CONSIDERATIONS

The objectives of the programme as presented in the previous sections do not require

necessarily a full scaling of a real accidental situation. The test matrix of section 3.3 allows focusing

each time on a particular aspect of the core retention issue with the aim of gaining information on

whether or not a concept for core retention can be retained, or whether or not it is suitable to

activate a specific procedure (for instance top flooding of the debris). Each aspect can be scaled

separately. At the present stage of the study, a scaling of the experiments according to the specific

objectives of the programme has not been completely addressed, especially for the sustained heating

tests which are envisaged to be performed from mid-1996. Aspects that need to be considered for
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each scenario of the test matrix are summarised here.

Concerning melt impact, the ablation due to the impingement of a corium jet on a structure

strongly depends on whether a stable crust forms or does not form on the structure [Magallon et al.,

1990]. When a stable crust is not expected to form on a steel structure (worst case, which can occur

for grazing incidence on RPV or with metal rich corium) the heat capacity of the structure is of

secondary importance and the ablation rate will not depend too much on the structure thickness.

This parameter will be disregarded in the experiment and the test plate will just be scaled to evidence

the ablation rate and possibly the effect of externally cooling the plate. According to the quantities of

concern in FARO, a few centimetres should be adequate.

For tests in which the emphasis is put on melt spreading, more precise scaling considerations

are required. Using the following correlation for dry spreading [Greene et. al., 1988]:

t a v~ 0 .03*(M/p) 1 / 3

where tav is the average thickness of the corium at the end of the spreading time, M the total melt

mass and p the density of the melt, the angle of the sector to which 200 kg of melt should spread in

FARO in order to adequately simulate the circular spreading of 50,000 kg of the same melt is found

to be 7°. For a pie-shaped channel with such a small opening angle the heat losses to the side walls

will become important. Walls covered with an insulating ceramic layer or even heated wails are

necessary.

In the case of sustained heating tests for the in-vessel retention study, it is relevant to

maintain the Rayleigh number. This reduces for real corium to scaling the product Q*IP (Q:

volumetric heat source; H: corium pool height) and is a difficult task. 200 kg of typical in-vessel

corium occupy a height of about 0.3 m in a crucible of diameter .32 m, to be compared with the

1.4 m of Fig.l, which corresponds to an AP600 core melt down. The conservation of the product

Q*fP would require multiplying the heat source by 2000 (which is unachievable) and would induce

unprototypical heat fluxes to the vessel. The problem can be bypassed by simulating partial core melt

downs (a 0.3 m height pool corresponds to about 9,000 kg of corium in the geometry of Fig.l). The

shallower depths of ex-vessel melts (e.g. 0.37 m for AP600 to .15 for EPR) can be directly

represented in the tests. A further problem arises from the limited lateral extension of the model. It

should be verified that the natural convection patterns are not prohibitively distorted.

Lastly, safety problems connected with the possibility of occurrence of steam explosions in

case of top flooding of the corium have to be addressed as being part of the design of new housing

vessels . This problem does not concern the existing TERMOS vessel (10 MPa, 300°C, height 4 m,

internal diameter 0.71 m) presently used for the quenching test programme, and which could be used

in the future for transient tests.
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5. SETTING-UP THE EXPERIMENTAL FACILITY

5.1 Present state

The FARO facility, already existing at JRC-Ispra, has been taken as a reference to work out

a preliminary design of a new experimental rig for tests on corium retention structures [Hohmann et

al., 1986: Magallon et al., 1993].

Presently, a maximum quantity of 150 kg of 76% UO2 - 19% ZrO2 - 5% Zr molten corium

can be produced in this installation. The oxide mixture is melted by Joule heating in a furnace, and,

then, is released into a vessel which contains solid zirconium wires. Upon contact with the molten

oxide at 3000 K, these wires melt and mix with it. From this vessel, the corium melt is delivered to

the test section of interest (currently a section for melt-water quenching experiments).

A venting unit, including a steam-water separator, can be connected to the test section to

discharge the steam on-line to a condenser.

5.2 Metal melting furnace

The present zirconium melting method precludes the production of corium with proportions

of metallic compounds larger than approximately 5%. In order to produce corium with metal

content of the order of 50%, as required especially for ex-vessel scenarios, an auxiliary furnace has

to be introduced. This metal melting furnace would be located adjacent to the main furnace, and the

release channels of both furnaces would be connected to a mixing vessel to form the required corium

mixture. Then, the melt would be released into the test section, as usual (Figs. 10 and 11).

Studies for such a metal furnace already started in 1992, and a medium-frequency power

supply for melting by induction was purchased. This device should allow to produce up to 200 kg

of molten steel (or steel-zirconium mixture) at 2300 K. This temperature has been found necessary

to obtain a molten corium upon mixing with 150 kg of oxide at 3000 K. To hold a metallic melt at

2300 K, classical crucibles in A12O3, like those used in foundries, where maximum temperatures of

1900 K are reached, are not usable, and laboratory tests have been addressed to determine a suitable

material. A furnace capable to produce 50 kg of metallic melt in a ZrCb crucible should be

operational at the end of 1994, which would allow to start the transient with 200 kg of melt early in

1995 using the existing containers represented in Fig. 10. The 200 kg furnace is expected to be

operational at the end of 1995 so that the transient tests with 350 kg of melt could be made in 1996.

5.3 Mixing , coElector and test vessels

For transient tests employing corium with a small quantity of metal, existing vessels can be

used (BLOKKER and TERMOS test vessels). For large proportions of metals, new vessels have to

be designed with internal crucibles made of the same material employed in the metal melting furnace,

particularly for the mixing vessel.

For the sustained heating tests, in addition, a housing vessel would be needed for the test

section. The mixing vessel, however, might be the test section itself.
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5.4 Water supply unit

À unit has to be set up in order to provide water for cooling externally the bottom plate and

possibly tor flooding the corium debris. The external cooling of the bottom plate could start in a

forced convection regime and then progressively move to natural convection.

5.5 Test section venting

In addition to the steam generated in case of flooding, non-condensable gases coming from

the oxidation of the metals in the reducing air-steam atmosphere, and from possible chemical attack

of the test plate, have to be considered.

To this purpose, the existing quenching unit is capable to condense 200 kg of steam at

0.1 MPa at a rate of 30 kg/s, while non-condensable gases could be stored up to 0.8 MPa in the

3 m3 free volume of the condenser. If required, further existing tanks could be added to the system.

The gases have to pass through absolute filters before being released to the open air.

5.6 Sustained heating

Induction heating seems to be the most appropriate to generate a reasonably uniform power

in a homogeneous mixture. A schematic illustration of the test device is given in Fig. 12.

By using the existing medium-frequency unit (3-5 kHz, 250 kWe), a prototypical decay

heating power of 200W/kg, i.e. equialent to 30 kW for 150 kg of UO2, could be simulated (actually,

the heating unit would allow powers up to 90 kW).

Contrarily to the real situation, however, the power tends to be generated preferentially

within the metallic phase. If the components are well mixed, the thermophysical behaviour of the

system should not be substantially different. If the metals, lighter than the UO2-ZrO, mixture, form

a separate pool above the oxides, most of heat is likely to be generated within that pool. No definite

statement on this possible separation of the components in a real case seems to have been made yet

Another problem concerns the role of the electromagnetic forces induced in the pool by the

medium frequency current. Even in a well homogenised mixture, these electromagnetic forces can be

preponderant over the natural convection forces, and in certain regions they could enhance the

mixing due to natural convection while in other regions they could cause an opposition to the

natural convection effect. This, in turn, can distort the mixing of the components with respect to the

real case. The consequences on the simulation have to be evaluated through pre-tests.

Lastly, to prevent the electromagnetic field from coupling with the bottom plate, a short-

circuit ring should be located as close as possible to the plate, in order not to disturb the heat

generation in the lowest part of the pool, as indicated in Fig. 12.

5.7 Instrumentation
The principal parameters monitored during the tests should be the input power to the melt,

the melt temperature, the temperature within the test plate, the cooling water temperature and flow

rate, the water volume and temperature in the condenser, the off-gas composition and flow rate, and

the pressure in the various components. The thermocouples within the test plate could be classical
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K-type. Just above it, higher temperature resistant probes must be used. In a corium without steel,

W-shielded W-Re thermocouples or ultrasonic sensors may be suitable. The latter, which have been

used for many years in FARO, could be used also to measure the melt temperature. In a corium

containing high amounts of steel, W-shields are no longer usable and different materials such as

molybdenum or ceramic shields have to be used.

6. CONCLUSIONS

Based on engineering considerations and on calculations with the CORIUM-2D code

of ENEL it has been shown that, in case of severe core melt down accidents, corium

confinement within the reactor containment building only by external flooding of the

.etention structure (RPV or core catcher device) should be possible. However, upward

radiation heat transfer has to be avoided. Flooding the debris from above once it has

collected in the retention structure is a good way both to preclude melting of the upper

components and to limit fission product release, but it is associated with the steam

explosion hazard.

It has been described how to address these issues experimentally in the FARO

facility of JRC-Ispra for both in-and ex-vessel scenarios. A matrix of at least 8 tests to be

performed within the 1995-98 CEC framework programme has been proposed. The

programme would be divided into two main steps dealing with transient and sustained

heating conditions, respectively. The transient tests on melt impact and spreading could

start early in 1995 with 150 kg of prototypical in-vessel corium (after completion of the

present quenching programme planned for end of 1994) because the FARO facility already

includes relevant features for this type of tests. The sustained heating tests could start in

1996 after completion of the feasibility study and fabrication of new components. For the

ex-vessel situation these tests could use up to 350 kg of prototypical corium.
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Fig. 1 - Reference case geometry for in-vessel corium cooling simulated by C0RIUM-2D.
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Fig. 2 - CORIUM-2D simulation of in-vessei corium cooling by external flooding: partition of

internal decay power source between the external coolant (in nucleate boiling regime) and upward

radiation.
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Fig. 3 - CORIUM-2D simulation of in-vessel corium cooling by external flooding: corium and vessel

temperatures at central axis, as a function of time.
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Fig. S - CORIUM-2D simulation of ex-vessel corium cooling over a flat core-catcher: partition of

interna! decay power source between the coolant (in nucleate boling regime below the steel

structure) and upward radiation.
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SULTAN: Boiling under Natural Convection

J.M. BONNET, S. ROUGE, J.M. SEILER
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1) Abstract:

BALI and SULTAN are two experimental facilities which are connected to the
investigation of heat transfer in a corium pool contained in a lower-head or in a core-catcher
and to external cooling by water natural circulation.

The paper presents actual needs related to corium pool thermalhydraulic investigations
and external cooling. The objectives of the experiment are detailed and the main features of
their design are given.

2) Introduction:

Many efforts have been engaged at CEA during the last 7 years, mainly since the
TCHERNOBYL accident, in the field of severe accidents involving large core melting.
Thermalhydraulic aspects related to the involved phenomena are investigated at the "Service
de Thermohydraulique des Reacteurs" from CEN Grenoble as a natural extension of its
competences in the fields of PWR accident thermalhydraulics (BETHSY and CATHARE)
and LMFBR severe accident investigations (Sodium Boiling, FCI, Melt relocation, Liquid
and Boiling Pool thermalhydraulics, . . .) .

This work is mainly oriented to the development and validation of calculation methods
which can be used for Safety Analysis or for the design of specific parts of future reactors
(core-catchers, . . . ) .

BALI and SULTAN are two experimental facilities which are connected to the
investigation of heat transfer in a corium pool contained either in a vessel lower head or in a
core-catcher and of external cooling by boiling water circulation.

3) Large Molten Pool Heat Transfer: the BALI Project:

The main objective of the investigation of core material behaviour is devoted to the
coolability. Core materials may take different configurations: frozen layers, debris beds.
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molten pools. Thus, molten pools are not, by far, the only configuration which must be
investigated but they play a great role in the progression of LWR severe accidents and
represent in many cases the most severe (i.e. the less coolable) configuration. They are
encountered in different situations:

1) in the core, contained in a "crucible" of solid corium crust,
2) in the lower vessel head
3) in the reactor pit
4) in a core-catcher structure.

One of the main uncertainties of interest is related to the heat flux distribution which
comes out of the pool as a result of the internal natural convection.

3-1) Short State of the Art:

In the past, many studies were devoted to the analysis of pool thermalhydraulics when
submitted to internal volumetric heating. This work was mainly concentrated on Liquid
Pools [see the synthesis proposed by OKKONEN, 1994], on Boiling Pools [BEDE et AL,
1993], and on MCCI (Molten Core-Concrete Interaction) thermalhydraulics.

Concerning liquid pools, the experiments were performed at too little scales (internal
RAYLEIGH number lower than 1012) and the lateral boundary layer flow regime may not
have been representative of reactor situations (internal RAYLEIGH number 1016> laminar to
turbulent regime transition in the lateral boundary layer expected to take place at 1013).
However this may not have a fondamental influence on the heat flux ditribution at the pool
boundaries. The actual knowledge concerning heat flux distribution related to homogeneous
liquid pools may perhaps be judged sufficient for reactor applications in the sense that other
phenomena which may have a fondamental impact on the vessel integrity, such as those
related to stratified metallic pools, have not been taken into account so far.

Boiling Pools, which have been studied in the frame of LMFBR safety analyses, are
not so relevant for LWR applications as the internal volumetric power generation (so the
void fraction) exceeds , by far, the volumetric power generation related to LWR accidents.

Thermalhydraulics related to MCCI is generally treated in a very simplified manner in
a coherent approach with the description of other complex phenomena related to Corium-
Concrete Interactions.

3-2) Future needs:

However some important topics have not been investigated up to now:

- The design of externally cooled core-catchers involving sacrificial materials requires
the knowledge of the heat flux distribution. The sacrificial material may have a low gaz
content and may be lighter than the core-melt. The ablation of the sacrificial material may
induce an inverse convection flow (upward flow at the pool boundaries and downward flow
at the pool center) which may move the location of the heat flux maximum to the bottom of
the pool. Gas release from the sacrificial material may have the same consequences.
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- Core-Melt pools may be heterogeneous. Some accident scenarios emphasize the
existence of situations involving solid oxidic debris embeded into a metallic melt. This
situation will be refered to henceforward as a Porous Pool situation.

- Some Core-Catcher designs are based on a spreading of the melt. Relevant scenario
analyses reveal that, due to possible incoherent ejection of the core-melt from the reactor
vessel, local accumulations of the melt on the spreading area cannot be excluded. The
analysis of these situations shows that the possibilities for re-spreading or for coolability of
the accumulated volume without too much ablation of the core-catcher material is strongly
related to the heat flux distribution in the accumulated melt layer to the upper, lower and
side boundaries.

3-3) Objectives of the BALI experiment:

The BALI experiment has mainly been designed to investigate the preceeding
situations. Profit should also be made of this experiment to complete the knowledge related
to "classical" situations of homogeneous liquid pools with main emphasis on size effects.

Following objectives were set for the BALI experiment:

- to provide a data base for internal temperature distribution, velocity distribution,
boundary layer behaviour and heat flux distribution at the boundaries of a homogeneous
liquid pool with variable viscosity,

- to cover different geometries: hemi-spherical, rectangular pools and shallow layers,

- to investigate the effects related to solidification at the pool boundaries,

- to provide a data base (internal temperature and velocity distributions, heat flux
distribution) for gas release at the pool boundaries,

- to investigate the thermalhydraulics of a porous pool.

These data will be used for the validation of the TOLBIAC code.

3-4) Experimental set-up:

Fluid: the fluid will be water with salt addition for direct JOULE heating.

Some experiments may be emphasized with stratified layers of lighter fluid (to
simulate stratified metallic layers), but their interest is limited in so far as the higher
thermal conductivity of a metallic layer cannot be reproduced.

The viscosity of the water may be varied by means of glycerin addition.

Test section arrangement: (see figure 1) slices will be used for the different
geometries to be investigated. The slices will be about 15 cm thick, 2 meters large at 2
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meters high. The wall of the slice will be made of glass allowing for visualisation and
optical (velocity) measurements. The pool will be direct current heated by two gridded
electrodes placed on the glass surfaces. The pool will be cooled through the bottom, lateral
and top surfaces.

Cooling surfaces: the cooling surface will be a metallic composite structure (the
electrodes will stop at a distance equal to the half the the pool thickness (about 5 cm) from
these metallic surfaces). A cooling cryogenic fluid (the temperature of this fluid may be
varied between +20°C and -80 °C) will circulate in this metallic structure. The cooling
fluid will be separated from the pool by two porous metallic layers. The gas will be injected
into a layer with large porosities and is distributed to the pool through a layer of small
porosities. The metallic structure ensures a low thermal resistance between the pool and the
cooling fluid. A frozen ice layer may be obtained on the wall surface simply by decreasing
the temperature of the cooling fluid. The frozen ice layer garanties for uniform boundary
temperature.

Instrumentation :

The pool will be instrumented with thermocouples.

Velocity measurements may be achieved with a LDA system or through particle
tracing.

The lateral heat flux distribution will be measured by means of three different
methods:

1 ̂ thermocouples will be embeded into the thickness of the porous metallic layers of
the wall. The thermal resitance of the porous layers will be measured in a preliminary step.

2)-thermocouples will measure the temperature differences between the wall surface
and the cooling fluid in the cooling channel,

3)-the thicknesses of the ice crust will be measured at several locations. This method
is complementary to the proceeding ones in the sense that it is the most sensitive for the low
heat fluxes whereas thermocouple methods are the most sensitive for high heat fluxes.

Void fraction in the pool will be measured by gamma absorption systems.

4) Water Boiling for ex-vessel or core-catcher cooling: the SULTAN Experiment.

External cooling of reactor lower-head or core-catcher devices by natural water
circulation is considered to be a reasonable technical objective. Considering the expected
heat flux levels (between 0.2 and 1.5 MW/m2) film boiling should be avoided. ThL raises
the questions of the knowledge of the level of the critical heat flux (CHF) for the
considered geometries and flow paths. Geometry, scale and circuit effects are expected to
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strongly affect the critical heat flux level. Three different types of boiling have been
identified [S. ROUGE, J.M. SEILER 1994]:

-situations with channeling (vapor spreads over the whole channel section) typical for
narrow channel,

-"boundary layer boiling" (vapor stays close to a downward facing surface),

-pool boiling (upward facing surface).

4-1) Needs:

Data concerning mainly channeling and "boundary layer boiling" situations are
required. These data should cover following items:

1)- provide a data base for code validation for low pressure and large hydraulic
diameter situations,

2)- investigate the "boundary layer boiling" regime: flow stability, layer thicknesses,
void fraction distribution, quality distribution, temperature distributions in the liquid water,
pressure drop as a function of channel size (this item is very important for the prediction of
the rate of flow recirculation), CHF;

3)- investigate the transition to channeling flow regime,

4)- investigate the channeling regime: flow stability, void fraction, pressure drops,
CHF.

4-2) Objectives of the SULTAN experiments:

The objective of the SULTAN experiments is to investigate previous items for a flat
heating surface of variable inclinations, variable pressures and variable hydraulic diameters.

4-3) Experimental set-up (see figures 2 and 3):

Experimental arrangement:

The experiment involves a flat heating plate (4 meters long and 15 cm wide) which
may be set vertically or in an inclined position. The inclination may vary from 0° (for
horizontally downward facing surface) to 90° (vertical) and even up to 120° (facing
upwards).

The heat flux delivered by the plate is uniform and may be varied up to 1 MW/m2.

The heating plate is positionned in a rectangular channel whose width may be varied
between 3 cm and 15 cm.
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The water is fed at different controled temperature levels with 50°C to 0°C
subcooling.

The test section is prolongated by an adiabatic tube up to the level where the cover-
pressure is imposed.

The cover-pressure may be varied between 1 bar and 5 bar.

Forced convection tests will be performed at first in order to measure two-phase
pressure drops over a wide extend of operationnal conditions. These results will be used for
code validation and will be very usefull for a pre-design of a natural circulation flow-path.

Measurements:

The heating plate is instrumented with thermocouples in order to detect the onset of
boiling and dry-out.

A set of thermocouples is also distributed on the surface opposite to the heating plate
in order to measure the axial temperature distribution in the liquid while "boundary layer
boiling" occurs.

Pressure drops are measured along the test plate (four pressure drops covering one
meter each). The test section inlet and outlet absolute pressures are measured.

Radial void fractions (optical fibers) and temperature distributions may be measured at
several levels. These measurements will help to characterize the boiling layer nearby the
heating plate.

Start of the SULTAN tests:

The tests have started in December 1993. The first configuration which is investigated
is a vertical channel with a 3 cm width. Tests are planned to extend over, about, 2 years.
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COR VIS achievements and international collaboration

H. Hirschmann,. H.M. Kottowski, Ph. Tipping

Laboratory for Safety and Accident Research
Paul Scherrer Institute,

Wiirenlingen and Villigen,
Switzerland

The prediction of the failure pattern of an RPV at core melting conditions is the crux in the field of
source term studies. The development of models and computation tools for the description of the
melting pattern and experiments for their validation are unconditionally necessary.
The purpose of the COR VIS (Corium Reactor Vessel Interaction Studies) / I / project is both to pre-
pare experimental data and to develop computational models. The experiments will be performed
under atmospheric pressure in a cylindrical steel container, the bottom of which represents a piece
of the RPV lower head with typical penetration tubes to a scale of 1:1.
The experimental program will start with the simulation of penetrations in the lower head as used in
the Swiss PWR and BWR reactors. The substitute for the core melt is either the metallic (iron) or
the oxidic (alumina) part of the thermit melt, or alumina on top of the iron. The amount of melt will
be up to 1000 kg of iron and up to 1000 kg of alumina. A sustained heating with a submerged elec-
tric arc is used to prevent resolidifying of the melt in the test section. Computational models, which
are under development, will simulate the observed phenomena with respect to the heat transfer and
flow pattern in the melt as well as stresses and deformations of the structure. The purpose of this
effort is to produce a model for RPV-failure simulation which can be applied for predictive analysis
of real reactor conditions.
Four main modes can be distinguished as the lower head failure due to core melt impact /10,12/:
* lower head global failure
* jet impingement
* heat up and melting or rupture of penetration tubes,
* tube ejection
The COR VIS experiments simulate a pool of molten corium in the lower plenum of an RPV. The
above enumerated phenomena which characterise the main processes of heat up and failure of the
lower head will be qualitatively or quantitatively investigated. Emphasis will be given to the fol-
lowing topics:
* Heat-up of the vessel wall and temperature dependent deformations due to the

weight of the structures and of the melt,
* the mechanism of the first melt release from the vessel; i. e. melt-through of a

penetration tube in the vessel above the welded joints to the vessel, failure of the welded
joints or failure of the vessel itself,

* the type and history of the vessel leakage; i. e. formation of one or several holes,
history of the growth of the holes (or large vessel wall break),

* the release rate and constitution of the melt released from the vessel,
* solidification of the melt inside the tubes and tube blockage.

Emphasis will be given in the paper to the most complete result of metallurgical examination of the
COR VIS test 02/1 and the international collaboration in the frame work of the COR VIS task force.
The CORVIS experimental facility has been described in detail elsewhere /2,3/.
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Metallurgical examination of ihe COR VIS test 02/1.

The fully instrumented COR VIS test 02/1 has been performed with 800 kg of thermit. The

Ï

I

Fig. 1 : Schematic Diagram of
CORVIS Test Vessel

carrying-out of the experiment is described in detail in /4/.
The uninsulated bottom section of the test vessel was 100
mm thick and 700 mm in diameter. It was made from low
carbon structure steel (St 37), welded to a 20 mm thick
cylindrical section (St 37), which was coated on the side
with a 50 mm thick layer of "Magnesital". Fig 1 gives a
schematic of the test vessel. A total number of 42
thermocouples and inductive displacement transducers
(not shown in Fig. 1) were distributed at different
locations.

Due to incomplete preparation of the test vessel and incor-
rect adjustment of the pouring trough, the melt jet hit di-
rectly on the bottom which caused local melting and melt
penetration.

Though the test vessel failed on the side wall due to loss
of "Magnesital", and the experiment, in this case a

demonstration of jet impingement, could be analysed in detail. Metallurgical examinations were
performed on the test vessel in order to determine the progression of the experiment and the way of
failure.

Views of the vertically
sectioned vessel are shown in
Fig. 2 and Fig. 3. The section
was taken through the centre of
the hole in the side wall breach.
Also indicated on Fig. 2 are the
areas from where specimens
were removed from the vessel.
This was to isolate regions of
particular interest. Probes for
chemical analysis were drilled
from adjoined areas.

Ceramic material (for X-ray
powder diffraction analysis)
was taken from an area near to
where the vessel wall had

Fig. 2 : View of the sectioned vessel CORVIS 02/1. m d t e d thrmgh T h e r e f r a c t o r y
[The posiUon , - 7 <--o.es where specimens rf ^ Magnesital

were removed. Position H shows thai ceramic is °
missing. -C» Giobuies of thermit Iron trapped In alumina] W a S P o w d e r e d and Subjected tO

an X-ray powder diffraction analysis.
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Fig. 3 : Sectioned vessel CORVIS 02/1.
[Shipe and extent of thermit iron atUck/pcnetration.

Maximum penetration 67 mm; at point 2)

Classical preparation methods were used on the steel specimens. A selection of micro graphs
relating to the various positions in the test vessel was prepared. A schematic, showing the extent of
the thermit iron penetration into the test plate, is given in Fig. 3. The surface of the test plate

. which had come into contact
with the thermit melt indicate
that a layer of thermit iron had
been deposited on top of it (Fig.
2, position 5). At the centre of
the plate, the total thickness was
some 120 mm; an increase of 20
mm compared to the original
thickness. Metallographic
examination showed that the
thermit iron had not only layered
on top of the test plate but had
penetrated into the plate as well
(Fig. 2, position 2). A compa-
rison between the thermit iron
and that deposited on the test
jplate showed the same
metallurgical structure and
chemical composition. Another
specimen, taken from the
underside of the test plate

revealed the extent which the thermit iron had penetrated (Fig. 2, position 2/3). The long holes
evident in Fig. 2, position 2/3, were arranged in a radial manner and immediately below the melt
impingement location. They could be either an effect of entrained gas due to turbulence of the
pouring process, normal metal shrinkage or insufficient or non-wetting of already frozen thermit
iron by liquid iron arriving at a later time. Metallographic examination revealed that thermit iron
had replaced the test plate material, fusing with it finally, at a depth of approximately 65 mm (Fig.
2, position 2/3). Chemical analysis confirmed the metallographic findings. The thermit iron had
washed out the test plate material, replacing it. The thermit iron test plate penetration depth
decreases progressively from left to right in the section examined (Fig. 3). The indications are that
the depth and shape of the penetration could be a function of the thermit mixture pouring position.
The use of alumina alone may lead to a different impingement pattern and penetration mechanism
since, as shown in Fig. 2 and Fig. 3, there is no evidence of wetting or fusion between the alumina
and the iron layer or test plate. Further experiments are needed to clarify this point.

International co-operation.
During the Board Meeting of the Advanced Containment Experiments (ACE) Program in Palo Alto
on November 1 and 2,1990, members from 18 countries made the following recommendation:
"The ACE Board supports Paul Scherrer Institute's (PSI) lead role and effort to resolve the issue of
reactor vessel lower head failure mode. To this end the ACE Board concurs with the need to per-
form experiments and analysis by PSI aimed at resolving this issue. The ACE Board urges the ACE
members to technically support mis project."
Based upon this, a CORVIS task force has been established. The mode of collaboration was set
formally in terms of a "Technical Arrangement". The essential point of the technical arrangement is
that the members agree to participate in the definition of the program and the evaluation of the re-
sults. Eighteen institutions joined the CORVIS project and are, at this time, members of the COR-
VIS task force.
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Two Task Force meetings have been held up to now. The first one, on June 1991, was dedicated
mainly to the design of the COR VIS facility and the definition of the frame of the program. The
second meeting was held July 1993.
Two types of direct contributions to the CORVIS project have been made at this stage of progress:

*
*

Post- and pre-test calculations for the preliminary tests and the CORVIS pilot test.
Experimental simulation of the melt convection in the CORVIS test crucible and of the
melting behaviour of lower head penetrations also applicable for the preparation of the
CORVIS penetration tube tests.

Pre-calculations have been performed by the PSI/LSU (Paul Scherrer Institute), CH; VTT, Techn.
Research Centre of Finland; the AEA Safety and Reliability, SRD Culham Office, UK; the Electro
gorsk Research Engineering Centre (EREC), GUS. The N. V. KEMA, NL and EPRI, US provided
pre-calculations and general analysis of the failure behaviour of lower head penetration tubes. A
critical review of the use of the CORVIS tests for US PWR and BWR needs has been made by
INEL, US.
The PSI/LSU performed thermal and structural analysis of the test vessel /3/. Finite element tem-
perature field calculations which uses solid material conduction elements have been performed.
Since the temperature front calculation can consider conduction in the solid structure, an
"engineering approach" was chosen to simulate the heat transfer by convection, leading to two ex-
treme cases.

The first condition (Fig. 4, case A) does not take convection in the melt into account. The second
condition (Fig. 4, case B), however, considers strong convection. This is simulated by prescribing a
very high conduction above the melting point. (The true value of the conductivity was multiplied
by a factor of 500). The material parameters were chosen within the spread of the material
parameter band based on conservative assumptions.

Failure lime
tn experiment

O 1600
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~ 800
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2 400
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Fig. 4 : CORVIS 0/3 Measured and Calculated
Temperature History at the Bottom Plaie surface.
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A reasonable agreement was found with the
experimental results (CORVIS 0/03) in the
temperature field calculations, considering the
inaccuracy of the initial boundary conditions.
Fig. 4 shows the curves for the mentioned
extreme assumptions, case A and case B,
which are compared with the thermocouple
measurement of the experiment. However, to
match the calculations with the experiment,
both calculated time histories were shifted
forwards by 12 s, which was the estimated
time of the thermit reaction. With these
adjustment a fair agreement was reached
between curve "A" and the experiment. The
structural analysis is still being researched and
the present results can therefore only be
estimated qualitatively.
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The Technical Research Centre of Finland (VTT) performed pre-calculations for the CORVIS 02/1
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test /5/. Emphasis was given to
• the calculation of the
temperature field history in the
test plate. Since the heat source
is an electric arc submerged in
the melt, this specific design
feature has been taken into
account for the assessment of
the boundary conditions. The
calculations may depend
strongly on these assumptions.
The insufficient knowledge of
the material properties at high
temperature and of the thermal
hydraulic behaviour of the melt

is another error source. The calculations were obtained assuming true heat conduction in the melt
only. An example of the temperature field calculations is shown in Fig. 5. It shows the temperature
profiles along the axis of the bottom plate for different time steps. The electrode was submerged up
to 150 mm from the bottom plate and 50 kW power input was
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Fig. 6 : Temperature history at the centre of the bottom plate surface
[ Electrode distance from the bottom plate :100 mm; ISO mm.
Power Input: 40 kW; 50 kW ]

assumed for the calculation.
Fig. 6 exhibits the temperature-
time history calculations for the
centre of the bottom plate sur-
face with the electrode sub-
merged for a distance of 100
and 150 mm from the bottom
plate and 40 and 50 kW heat
input. It can be seen from these
calculations that the tempera-
ture stabilises at about 1000 *C.
A failure due to melting cannot
be predicted definitely. The
Technical Research Centre of
Finland is continuing the work.

Melt convection and more appropriate material data will be taken into account in the future.
The Safety and Reliability Division of the Culham Laboratory also performed pre-test calculations
for CORVIS 02/1 161. The convection in the melt was taken into account. The flow of the melt in
the test vessel was modelled using the AEA Harwell code FLOW3D. Both laminar and turbulent
calculations were performed. Both laminar and turbulent calculations show a large convection cell
in the annular region above the bottom edge of the electrode. The model shows that with time,
thermal stratification builds up and destroys the convection cells. The solution was virtually a ther-
mal stratification after 6000 s.
The interaction of the debris with the bottom plate and the thermal response of the bottom plate was
modelled with the LOWCORV code (a modified version of the AEA LOWHED code) consistent
with the CORVIS geometry. LOWCORV does calculate the ablation of the bottom plate and
freezing of the melt at the bottom and the top of the melt pool. It provides vertical temperature
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profiles in the bottom plate which could be used as input for the structural analysis.
Two purely theoretical developments were contributed from the Electrogorsk: Research Engineering
Centre (EREC), GUS /7/. The first one is a multifield- multidimensional model which describes the
melt down of the core and the thermal hydraulics of the melt in the lower head. The second contri-
bution describes a 3D mathematical model of the problem of melt and lower head interaction. A
conjuncted heat transfer and thermal hydraulics multifield model is under development. The devel-
opment of these models is still at an early stage. Pre-test calculations for CORVIS are envisaged.
Experiments on lower head penetrations and instrument tube failure of EPRI have been reported at
the CORVIS task force meeting with the aim to provide some input data for the design and test per-
formance of the CORVIS test tubes /8/. The experiments provide information on the melting of the
welds and soaking of melt into the drain lines and instrument tubes.
At the Kernforschungszentrum Karlsruhe, Germany, experiments with water were performed to
simulate the melt convection in a cavity similar to the CORVIS test crucible with

9.03'loiÏM/S

Fig. 7 : Velocity profiles measured and computed
[ Heat Input: 440 W; Distance of the hater from the
bottom plate: 40 mm; elapsed time: 2110 s ]

the simulation of the arc heat source 191. The
influence of two parameters was investigated:
heating level and vertical position of the heater
plate above the base of the test tank. To analyse

- the effect of these parameters, temperatures were
measured along vertical and horizontal tracks.

«Also velocity measurements were performed
fusing the laser technique, and using stroboscopic
Iphotography. Accompanying computer
^calculations, using the FLUTAN code, were
performed and comparison was made. All tests
Know similar behaviour in developing natural
Iconvection cells as was also shown in the pre-test
^Calculations of AEA Culham. The time to reach
•quasi-steady state in the cavity ranges from 1200s
up to 2000 s. In all cases, convection was only
observed in the side-cavities next to the heater
insert. Velocities of about 1 cm/s upwards right

i

— 23°C

— 22°C

— 2i°c i l l
l=3CX)s t-5100s

-58°C

-30°C

Pig. 8 : Isotherm tines 300 s and 5100 s after start of experiment

next at the blockage above the
heater plate and about 2 mm/s
downwards in the outer region
were reached. Fig. 7 shows the
comparison of the velocity
pattern of the experiment and
computation for an experiment
1200 s after the start of the test
(with 400 W heat input and the
heater plate distance from the
bottom of 40 mm). The driving
force for the convection in the
melt is the temperature
distribution due to the heating
of the plate. Fig. 8 shows
diagrams of isotherms in the

fluid 300 s and 5100 s after start of the test. The lower portion of the cavity, below the heater plate,
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is stratified, with only little heating up and low convection. After about 1200 s the temperature
front reaches the bottom of the tank, 40 mm below the heater plate, and the overall temperature
level begins to rise continuously without destroying the stratification pattern. About 65 % of the
heat input is dissipated in the region of the cavity above the heating plate. The distribution of the
heat input is independent of both heating power and heater level. These findings are of importance
for the positioning of the arc heater in the COR VIS tests.
INEL, EG&G Idaho, US, made an applicability assessment of the CORVIS data for validating
models used in the NRC-sponsored lower head failure program /10,11/.

The conclusions are summarise': - s i.<uows:
Models predicting vessel and tube cponse at high pressure and longer term ex-vessel tube failure
due to debris decay heat cannot be ipve^: gated because of the CORVIS facility limitations.

Further limitations are:
(1) the lack of decay heat, especially with respect to long term ex-vessel freezing.
(2) the low pressure testing,
(3) the flat plate geometry without penetrations used for several tests,

The CORVIS facility has the potential to investigate:
(1) the ability of the melt to attack penetrations within the vessel,
(2) the ability of the melt to travel through penetrations following in-vessel attack,
(3) the ability for the melt that has travelled through a tube to locations below the lower head

to cause short term ex-vessel tube failure,
(4) the thermal response of a lower head subjected to high temperature.
Some CORVIS test parameters (e. g. test vessel geometry; penetration tube .geometry and mode of
welding of the penetrations in the vessel; material properties) differ from those expected in US-
LWR severe accident conditions. However, CORVIS data can be used to validate models over the
range of conditions tested in the CORVIS facility.
With respect to US reactors, data from CORVIS tests with penetrations will be useful for validating
models used in the lower head failure program.
CORVIS data will be useful for determining whether a conduction based or a bulk-freezing based
model is more appropriate for predicting melt penetration distances in instrument- and control rod
tubes.
CORVIS tests, as performed until now, without penetrations may not be applicable for validating
vessel thermal response. The test plate should be thicker and the heat flux to the plate lower.

Concluding remarks concerning short term planning.

* The recommendation of the CORVIS task force and the results of the pre-calculations are
taken into account for the planning of the experiments. As agreed on the last CORVIS Task
Force Meeting, the next experiment will be a drain-line experiment with the Swiss
Miihleberg-type drain-line.

* As suggested by several Task Force Members, the experimental program will be increased,
testing also penetrations of other design.

* Also the suggestion to lower the melt temperature (e. g. by adding temperature lowering
components in order to establish conditions were no melting of the penetrations will
will be taken into consideration.
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Modifications of the test section and melt conditions are under examination to make the thermal
response behaviour of the bottom plate more representative for LWR lower head simulation.
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ABSTRACT

In the framework of severe accident studies for future nuclear power plants, the CEA
(Atomic Energy Commission) has launched the VULCANO project, a large experimental facility
whose objectives are the understanding of corium behaviour from core melting up to vessel
meltthrough, and the qualification of cors-catcher concepts.

After a presentation of the project and its objectives, this paper deals with the strategy
adopted to overcome the difficulties of such experiments. In particular, it describes the feasibility
studies undertaken on corum production, and on sustained heating within the melt. Some
indications are also given on scaling studies for experiments devoted to vessel integrity.

INTRODUCTION

In France, for the last few years, Safety Authority have required that the risk of a severe
accident be taken into account in the design of future PWR plants.

In this context, the CEA Nuclear Reactor Division (CEA/DRN) has launched a major
program focused on the understanding and mitigation of core meltdown consequences. This
program, led by a Program Committee, is based on scenario analyses, on the improvement or
development of computer codes, and on the performance of experiments with both simulant and
real materials.

In this framework, a large scale UO2 project, VULCANO (Versatile UO2 Lab for Corium
ANalyses and Observation) has been undertaken with the following objectives :

better understanding of the key phenomena involved in the behaviour of corium and
its cooling, either in or out of the lower head of the vessel ;
qualification of industrial solutions for core-catchers regarding materials and
mitigation possibilities.
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This paper will present the project, with emphasis on the feasibility studies which are
already underway.

THE VULCANO PROJECT

In the case of a severe accident in a Pressurized Water Reactor, various scenarios can
occur, but it seems that only the lower head of the vessel and a core-catcher could actually stop
melt progression provided that the decay heat is extracted. To preserve the integrity of the lower
head, one means could be external cooling, another corium quenching as in TMI-2. As regards
the core-catcher, corium could be cooled either by reflooding, or by thermal radiation if a low
temperature of the wall is preserved, or again by external cooling if partionning of the corium has
been efficient.

In view of the large number of scenarios describing melt progression and the various
mitigation means, an experimental facility, built to run with a large mass of real corium, has to
take into account all these factors and must, therefore, be versatile.

At present, the two main experimental programs of the VULCANO facility are
VULCANO-C, whose essential purpose is the study of lower head integrity, and VULCANO-E,
devoted to the study of the spreading and reflooding of a melt.

VULCANO-C

AEROSTAT

VULCANO-E

Figure 1 : VULCANO Programs

In view of the great number of phenomena which arc not yet well-known, a special team,
named GAREC, has been created. This CEA team, composed of specialists in each of the
physical domains involved in corium progression, must specify R and D needs and the aims of
each experimental program. As recommended by the ISTIR work (ref. 1), the GAREC will study
the various scenarios which can occur either in and outside the vessel in order to identify generic
situations and to provide a "Phenomena Identification and Ranking Table" (PIRT), as well as
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scaling rules for both real and simulant material experiments. The flowchart below describes the
operations.

• Scenario Studies

Generic Situations
Criteria

PIRT

R and D needs

Test and Code Specifications
Scaling Analyses

UO2 Experiments

\ Physical pi

Direct \
extrapolation,

>

Role of physical properties

and coupling effects

ification
Epperties /

\ /

Computer Codes
Improvement or Development

Reactor Assessments

Simulant Material
Experiments

/ Physical models

From the ongoing analysis of the phenomena involved, it soon appeared that the physical
properties of the corium and of the mixture due to corium/wall interactions had to be respected
and consequently global experiments had to be performed with real materials (depleted UO2,
Z1O2, Zr, Fe ...)• Research has also been started to find efficient methods to measure viscosity,
thermal conductivity, mechanical strengths of crusts, etc ...
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PROGRAM STRATEGY

The program is divided into several phases so as to progressively solve the technological
difficulties through a step by step approach and ultimately make sure the objectives are correctly
achieved.

The first phase consists of feasibility studies which were undertaken in January 1992 and
will end mid-94. Its main objective is to select the most advanced solutions among various
techniques, first to produce the corium, then, to simulate the decay heat inside the melt by
sustained heating.

We are presently in the process of confirming the promising results already obtained with
ceramics such as zirconia, with real corium.

Besides the technological effort on heating problems, considerable work has also been
undertaken on scaling studies to specify the parametric conditions of the experiments.

According to industry and the utilities, the priority for the near future seems to be to install,
in the reactor pit and its surrounding, an external core-catcher based on spreading and reflooding.
Therefore, VULCANO-E will be the first experimental program which will begin with
VULCANO-E-30 devoted to carrying out tests with limited amounts of corium (from 30 to
100 kg) in order to qualify, on a reasonable reduced scale, the technological choices and
instrumentation. The actual test will be performed in a larger facility, VULCANO-E-500, where
the quantities of corium could vary from 500 kg up to more than one ton.

rfiKiFEBBfD PUSH»

Figure 2 : VULCANO-E-30. Schematic view
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Furthermore, VULCANO-E-30 also allows the performance of parametric tests to better
understand spreading phenomena and to identify key parameters, as well as core-catcher material
and structural behaviour. However, reflooding could not be studied in this facility.

For a reference geometry, the test matrix will cover :

corium characteristics (initial composition and temperature, volumic power versus
time, pouring conditions) ;
a choice of preselected materials for core-catcher structures.

VULCANO-E-30 will run from the beginning of 1995. A large effort will be made in 1994 in
instrumentation. The data we plan to measure are :

Total power injected into the melt ;
Temperatures at the surface and in the melt ;
Crust and total spreading melt thicknesses ;
Spreading melt velocity ;
Radiative thermal fluxes ;
Ablation thicknesses in the substratum ;
Released gas rates.

The large scale facility, VULCANO-E-500, scheduled to run from mid-1996, must achieve
the global qualification of the spreading core-catcher concept, in particular :

Spreading versus corium pouring rates ;
Spreading in a dry or already flooded reactor pit ;
Coolability by reflooding procedures and correlated vapour and aerosol production
rates ;
Material and structure behaviour ;
Corium, water interaction risk ;
Instrumentation qualification ;
Accident management procedures.

The test matrix will be defined more precisely from the conclusions of GAREC work and
through the E-30 tests.

Further phases will address other objectives, in particular the VULCANO-C program and
the qualification of other types of core-catchers.
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FEASIBILITY STUDIES

The major difficulties which have to be overcome in the studies of such experimental

facilities are :

The use of real materials, in particular UO2, which even depleted, implies Safety
Authority approval ;
The melting and pouring of the corium with a controlled temperature and flow-rate ;
The determination of a sustained heating mode which does not significantly affect the
wall temperature or melt behaviour ;
The risk of an explosive corium-water interaction ;
The need for special measurement devices.

Heating techniques

Several techniques to produce corium and simulate decay heat have been investigated.
Among all the techniques considered to melt corium (chemical reactions, electrical resistors,
direct electrical heating, induction, transferred plasma arc torch, micro-waves), we have chosen
the transferred plasma arc torch in a rotating furnace (see figure 3) whose advantages are :

Possibility of melting a large amount of corium with various compositions ;
Easy management of controlled pouring ;
Possibility of refuelling the furnace continuously or sequentially.

Figure 3 : Rotating furnace

Besides these advantages, there are also some drawbacks whose effects have to be assessed,
in particular the temperature gradients inside the melt and the segregation of materials due to the
angular velocity.

As regards decay heat simulation, our studies have shown that there is not just one way of
sustaining heating. The best way depends on the kind of experiment (lower head integrity,
spreading ...), the materials (corium and wall compositions) and the presence of water.
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Nevertheless, each sustained heating mode must provide sufficient power to respect scaling rules,
disturb the behaviour of the melt as little as possible, avoid heating the walls, and enable the
power distribution within the melt to be determined.

Two sustained heating modes have been selected, micro-waves which could be suitable for
in-vessel studies, and induction for in-vessel and spreading studies.

Micro-wave tests were performed with various ceramics (see figure 4), the results were
satisfactory for alumina and zirconia (see figure 5) but unfortunately the single test carried out
with UO2 was not decisive, other tests are needed before a conclusion can be reached.

Tharraoup».

Figure 4 : Microwave fusion test banch
recrystallisation trees

Figure 5 : melted Zirconia

As regards induction, tests conducted using a simulant corium composed of (CeC>2, steel,
Z1O2) and (CeO2, Ti, ZrC>2) showed that sustained heating worked properly. However, the
major drawback of this sustained heating mode is the magnitude of the velocity field due only to
the magnetic field. Indeed, the magneto-hydrodynamic effects were assessed with the FLUX-
EXPERT computer code (ref. 2) and the maximum value of the MHD velocities calculated
(figure 6) for a frequency of 10 MHZ was ten times greater than the maximum velocities
(figure 7) due only to natural convection (ref. 3).
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Figure 6 : MHD velocity field Figure 7 : Natural convection velocity field

Although it is possible to decrease these large velocities by using higher values of the
magnetic field frequency, it seems difficult to obtain negligible magnetic velocities compared to
natural convection velocities. This effect, however, could have no actual importance for sustained
heating in spreading studies.

Scaling analysis

With a view to having an idea of the volume power needed for the corium in a mock up of
the lower head of the vessel, a scaling analysis of a corium pool inside a cooled lower head was
performed using an analytical approach complemented by code computations (ref. 3).

From this study, a set of scaling parameters have been proposed and we recommend that the
geometry scaling ratio R and the volume heat generation ratio Q verify the equation :

R Q = l

CONCLUSIONS

A presentation of the VULCANO project has been made, describing the objectives and
focusing on some difficulties which have to be taken into account to make sure the objectives will
be correctly achieved.

A new technique for producing the corium by using a transferred plasma arc torch rotating
furnace will probably be set up. It apparently has outstanding advantages. Two sustained heating
modes were tested, neither seemed perfectly suitable, the importance of their drawbacks have to
be assessed.

A small scale facility, VULCANO-E-30, will run in 1995, it allows the performance of
parametric tests with limited amounts of corium (from 30 to 100 kg).
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The large scale facility, VULCANO-E-500, devoted to spreading phenomena studies is
scheduled to run from mid-1996.
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BACKGROUND

-Severe accident studies

-Validation of computer codes for prediction of out-vessel
Corium spreading

• Available experiments :

• Tests with very small amounts of low melting point
simulants and reduced instrumentation (Greene et al)

• Tests with Alumina-Iron thermite (Farmer et al.)

• Spread Experiments (steel) -Japan-

• Foreseen Experiments

• Vulcano Program (UO2-ZrO2)

• EPR Program : KfK/Siemens Tests (Alumina-IronThermite)
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REAL AND SIMULANT MATERIAL ADVANTAGES
AND DRAWBACKS

• REAL MATERIAL

. Drawbacks : . too few expenments

. crude instrumentation

• Advantages : REAL materials

• LOW MELTING POINT SIMULANT MATERIALS

• Advantages :more convenient for code validation

.large number of tests

.full instrumentation

.well controlled external parameters

•Drawbacks : SIMULANT materials

Pertinence of experiments with simulants will have necessarily
to be checked against tests with prototypical materials
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CORINE PROGRAM : OBJECTIVES AND METHODOLOGY

OBJECTIVES :
Validate a spreading code in order to predict the
spatial repartition of the Corium

METHODOLOGY:

• Analytical Experiments using simulating materials :

• Water-glycerol mixtures (type 1 tests):

-spreading under air
-with or without sparging gas
-variable viscosity
-variable pouring rates

• Bi-Sn alloys and molten salts with low freezing
temperature (up to 150 C)

- spreading under inert gas or under water

- with or without sparging gas

-on a clean (type 2) or an already crusted
surface (type 3).

• Modelling and introduction in the code

• Verification on experiments with real materials
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TYPE 1 TESTS : EXPERIMENTS WITH WATER-
GLYCEROL MIXTURES

OBJECTIVES : Validate a spreading code under the

• gravity-inertia

• gravity-viscosity

regimes

DESCRIPTION OF CHANNEL 1

-19° angular sector with radius 6.5 m

-Bottom injection

-Operating temperature :ambiant

-Operating pressure :atmospheric

-Fluid volume : 50 I

INSTRUMENTATION

-Flow rate measurement

•Weighing method

•electromagnetic flow meter (when possible)

-Front detection: Optical detectors

-Total fluid depth measurement iCapacitive method
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TYPE 2 AND TYPE 3 FREEZING TESTS

OBJECTIVES : Validate a spreading code in freezing situations

SIMULANTS selected among :

•.pure Tin

. Cerrobend (o^ Wood's metal)
12.5% Sn, 50% Bi, 25% Pb, 12.5 Cd

. Cerrotru
43% Sn, 57% Bi

• Hitec
7% Na2NC>3, 40% NaNO2, 53% KNO3
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TYPE 2 AND TYPE 3 FREEZING TESTS (cont'd)

SELECTION OF THE SIMULANTS

The 'best' simulant i? chosen so as to satisfy some criteria :

Type 2
preserve between experiment and the reference case (pure

UO2 on concrete) the order of magnitude of crust growth
kinetics on the substrate and at contact of the upper coolant
(water)

Use of GELPLAQ and GELSUP computer programs

Results : the 'best' simulants are :

For spreading under air : Cerrobend and Cerrotru

For spreading under water : Cerrotru

Substrate : .025 m thick stainless steel plate

TYPE 3

preserve ablation velocity of the bottom crust by the
superheated material between the reference case (pure UO2
on concrete) and the experiments.

Use of GELPLAQ computer program

Results : 'best' simulants is : HITEC
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TYPE 2 AND TYPE 3 FREEZING TESTS (cont'd)

DESCRIPTION OF CHANNEL 2

-Channel :19° angular sector with radius 6.5 m

-Bottom injection

- Operating fluid temperature :20 to 200 C

- Operating substrate temperature :-50 to 200 C

-Operating pressure :atmospheric

-Fluid volume : 50 I
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TEST MATRIX

Type 1 Experiments

-ambiant fluid : air

-Material: Water +glycerol

-Flow rate : .5 < Qexp <3.5 l/s

-concentration : 0 < C < 100 %

-viscosity : .001 < vise. <0.4 Kg/m/s

-sparging gas : 0 < sup. velocity < .1 m/s

-substrate : stainless steel and porous plate

Type 2 experiments

-ambiant fluid : inert gas (or air) and water

-Material : essentially Cerrotru

-Flow rate : .025<Qexp <3.5 l/s

-Initial superheat : 10 <DT <60 deg.C

-Sparging gas : 0 < sup. velocity < .1 m/s

-Substrate : stainless steel and porous plate
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TEST MATRIX (Confd)

Type 3 Experiments

-ambiant fluid : inert gas

-Material :essentially Hitec

-Flow rate : .025 < Qexp <.1 l/s

-initial superheat: 10 <DT <60 deg.C

-No sparging gas

- substrate :stainless steel
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RESULTS ON TYPE 1 TESTS

• GRAVITY-INERTIA REGIME

• Good repeatability of measurements

• Analysis completed

derivation of self-similar solutions valid for :

-linear (rectangular channel) and circular axisymetric
spreading

-constant flow rate and slumping of a fluid volume

Satisfactory agreement between modeling and
experiments

• GRAVITY-VISCOSITY REGIME

• Good repeatability of measurements

• Analysis in progress
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gravity - inertia regime : repeatability of fluid height measurements at 2.45 m from pouring
location (Q = 31/s)
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Gravity - inertia regime : Comparison of experimental results and calculations : Front position
(Q= 3 l/s)
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gravity - inertia regime : Comparison of experimental results and calculations : Fluid height at
1.45 m from pouring location (Q = 31/s)
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gravity - viscosity regime : repeatibility of fluid height measurements at 1.5 m from pouring
location ( Q=3 l/s, dynamic viscosity = .330 kg/m.s)
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O E C D

The Convention establishing the Organisation for Economic Co-operaticn
and Development (OECD) was signed on 14th December 1960.

Pursuant to article 1 of the Convention, the OECD shall promote policies
designed:

— to achieve the highest sustainable economic growth and employment ana a
rising standard of living in Member countries, while maintaining financial
stability, and this to contribute to the development of the world economy;

— to contribute to sound economic expansion in Member as well as non-member
countries in the process of economic development; and

— to contribute to the expansion of world trade on a multilateral,
non-discriminatory basis in accordance with international obligations.

The current Signatories of the Convention are Australia, Austria,
Belgium, Canada, Denmark, Finland, France, the Federal Republic of Germany,
Greece, Iceland, Ireland, Italy, Japan, Luxembourg, Mexico, the Netherlands,
New Zealand, Norway, Portugal, Spain, Sweden, Switzerland, Turkey, the
United Kingdom and the United States.

N E A

The OECD Nuclear Energy Agency (NEA) now groups all the European Member
countries of OECD and Australia, Canada, Japan, the Republic of Korea, Mexico
and the United States. The Commission of the European Communities takes part
in the work of the Agency.

The primary objectives of NEA are to promote co-operation between its
Member governments on the safety and regulatory aspects of nuclear development,
and on assessing the future role of nuclear energy as a contributor to economic
progress.

NEA works in close collaboration with the International Atomic Energy
Agency, with which it has concluded a Co-operation Agreement, as well as with
other international organisations in the nuclear field.

C S N I

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an
international committee made up of scientists and engineers. It was set up in
1973 tc develop and coordinate the activities of the OECD Nuclear Energy Agency
concerning the technical aspects of the design, construction and operation of
nuclear installations insofar as they affect the safety of such installations.
The Committee's purpose is to foster international co-operation in nuclear
safety amongst the OECD Member countries.
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